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ARTICLE INFO ABSTRACT

Keywords: Metastatic cancer cells are highly plastic for the expression of different tumor phenotype hallmarks and orga-
EBP50 notropism. This plasticity is highly regulated but the dynamics of the signaling processes orchestrating the shift

SLC9-’_\3R1 from one cell phenotype and metastatic organ pattern to another are still largely unknown. The scaffolding
In"a;lon " protein NHERF1 has been shown to regulate the expression of different neoplastic phenotypes through its PDZ
g{‘:taas(t’g;sla domains, which forms the mechanistic basis for metastatic organotropism. This reprogramming activity was

postulated to be dependent on its differential phosphorylation patterns. Here, we show that NHERF1 phos-
phorylation on $279/S301 dictates several tumor phenotypes such as in vivo invasion, NHE1-mediated matrix
digestion, growth and vasculogenic mimicry. Remarkably, injecting mice with cells having differential NHERF1
expression and phosphorylation drove a shift from the predominantly lung colonization (WT NHERF1) to pre-
dominately bone colonization (double S279A/S301A mutant), indicating that NHERF1 phosphorylation also acts
as a signaling switch in metastatic organotropism.

Mesenchymal-vasculogenic transition
Vasculogenic mimicry

1. Introduction proteins, which allow for rapid phenotypical switches under micro-

environment changes [5-7]. Changes in the scaffolding protein con-

Metastasis is the primary cause of death in cancer patients.
Although some cancer cell properties involved in metastatic progression
(such as local invasion, intravasation, and organ colonization) have
been identified [1-3], the molecular mechanisms orchestrating both the
determination of a particular malignant phenotype [4] and a specific
metastatic organotropism [2] are still poorly understood. Signaling
complexes are spatially and dynamically coordinated by scaffolding

centration, subcellular localization and/or interaction specificities can
radically alter cell phenotype. This ability to reprogram cellular beha-
vior forms the basis for cancer progression towards aggressive stages.
A number of studies have identified a central role for the scaffolding
protein Na*/H* Exchanger Regulatory Factor (NHERF1) in cancer.
NHERF1 is upregulated in diverse cancers where its level of expression
correlates with aggressive stage and poor prognosis [8-19]. NHERF1
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contains two tandem PDZ domains and recruits membrane receptors
and transporters, cytoplasmic cytoskeleton and signaling proteins into
functional complexes that regulate cell processes that are relevant to
cancer progression [20], including cell proliferation [12,16,17,21-24],
survival [25], apoptosis [26], migration and invasion [8,27]. NHERF1
also controls growth factor receptor trafficking/function [12,23,28,29]
and is involved in the inhibition of both growth and invasion induced
by the EGFR inhibitors Gefitinib and Erlotinib [12,23].

In breast cancer cells, NHERF1 has been shown to organize mole-
cular pathways, through its PDZ domains, that differentially determine
the programs that regulate the expression of in vitro tumor phenotypes
[30]. This PDZ domain-dependent reprogramming capacity of NHERF1
was postulated to be regulated in vivo by the differential phosphoryla-
tion of different serine residues [30]. Indeed, changes in phosphoryla-
tion state by cell- and context- specific kinases and phosphatases is one
of the major mechanisms for regulating protein activities and functions,
and NHERF1 is phosphorylated both constitutively and by (patho)
physiological stimuli. The phosphorylation of serines 279 and 301 have
been shown to regulate cell cycle [31,32], cell morphology, actin cy-
toskeleton organization and cell adherence to the extracellular matrix
(ECM) [32] and the stability/half-life of NHERF1 itself [33].

In this study, we stably transfected the highly invasive, triple-ne-
gative (ER-, PR-, HER2-), human breast cancer cell line MDA-MB-231
with wild-type (WT) NHERF1, with NHERF1 mutated from serine to
alanine such that they could no longer be phosphorylated in serine 279
(S279A), in serine 301 (S301A) or in either (S279A/S301A double
mutant, Dmuts). We investigated the contribution of these residues of
NHERF1 to cancer cell phenotype and invasion in vitro and in tumor
growth and metastasis in vivo. Our results indicate that the NHERF1
phosphorylation state differentially controls (i) NHE1 activity and in-
vadopodial-dependent ECM degradation, (ii) vasculogenic mimicry
(VM) and the angiogenic secretome, (iii) soft-agar and 3D growth and
(iv) the metastatic organotropism of cancer cells. We conclude that the
possibility to phosphorylate the two serines separately or together
permits the cell to very finely tune its phenotypic behavior and eventual
metastatic organotropism.

2. Materials and methods
2.1. Reagents

Matrigel™ (Growth Factor Reduced) was from BD Bioscience. pH-
sensitive (BCECF-AM, 2,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxy-
fluorescein), and all fluorogenic or fluorescent probes were from
Molecular Probes. Primary antibodies: monoclonal anti-NHE1 (4E9,
Abcam) for Western Blotting and polyclonal anti-NHE1 (Alpha
Diagnostic) for immunocytochmistry, monoclonal anti-cortactin (4F1,
Millipore), polyclonal anti-MMP2 (Cell Signaling), PTEN (A2B1) anti-
body (sc-7974) was from Santa Cruz, active (cleaved) caspase 3 anti-
body was from Bio Vision (3015) and mouse monoclonal antibody
against actin was from Sigma. His-tag, p-AKT, AKT, p-ERK1/2 and
ERK1/2 antibodies were all from Cell Signaling Technology.
Rhodamine B, isothiocyanate, mixed isomers (TRITC) was purchased
from Sigma. Secondary antibodies: anti-mouse (Sigma) and anti-rabbit
(Cell Signaling) HRP-conjugated antibodies, goat anti-mouse and anti-
rabbit AlexaFluor568, donkey anti-mouse AlexaFluor647 (Molecular
Probes). The P4G11 antibody for Pl-integrin stimulation was from
Santa Cruz Biotechnology (sc-18845).

2.2. Cells and establishment of stable NHERF1 mutants
The human breast cancer cell line MDA-MB-231-Luc (expressing

luciferase gene) was grown as described [8]. Cells were transfected with
FuGene6 transfection reagent (Roche Molecular Biochemicals, USA)
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and 3 g of DNA construct, according to the manufacturers protocol.
Expression vectors for NHERF1-WT and NHERF1 mutated in the S279,
S301 or S279/S301 to alanine were developed as described [34]. The
transfected MDA-MB-231 cells were selected and maintained in com-
plete medium containing 500 pg/ml Hygromycin B (Calbiochem, Ger-
many). Clones were selected that had similar His-Tag expressions and
that also had similar increased levels of NHERF1 expression compared
to pcDNA stably transfected cells. When multiple clones had these si-
milar levels of expression, we then tested them for anchorage-in-
dependent growth, invasion and vasculogenic mimicry levels. Supple-
mental Fig. 1 displays a representative Western Blot showing NHERF1,
His-Tag and [3-actin levels for the pcDNA and stable cell lines expressing
the WT and various mutant clones.

2.3. ECM digestion using in situ zymography

Cells were seeded onto a layer of Matrigel™ (final concentration of
4 mg/ml) containing quenched DQ-Green BSA or DQ-red BSA, mixed to
a final concentration of 30 ug/ml, on 12mm round glass coverslips.
30,000 cells/coverslip were seeded onto the polymerized matrix and
grown for 6, 8 and 24 h, then fixed with paraformaldehyde 3.7% in PBS.
Invadopodia-dependent ECM digestion was evaluated microscopically.
Focal proteolysis produces fluorescence within a black background
which is used both to quantitatively measure proteolytic activity levels
and in co-localization analysis. Cells were imaged for F-actin (phal-
loidin-AlexaFluor594 TRITC, SIGMA) and quantification of ECM de-
gradation was done by counting degradation spots in 10 fields of view
(40 x objective) in 3 separate experiments for each cell line. The de-
gradation area was determined by using ImageJ 1.41 software and
normalized for the number of cells positive for focal degradation. ECM
degradation was calculated as total focal digestive activity of 100 cells.

2.4. Measurement of intracellular pH (pHi) and extracellular pH (pHe)

Cells were incubated for 30 min at 37 °C in Hank's medium con-
taining 2 uM BCECF-AM (Aexc 503/440 nm; Aem 530 nm). Excess dye
was removed by rinsing the cells twice with PSS. Changes in in-
tracellular pH (pHi) were measured and NHE1 activity calculated as H"
efflux as previously described [4,35,36].

2.5. Measurement of proteolysis-driven extracellular pHe in the
invadopodia

The pH of extracellular proteolysis areas was measured by fluores-
cence ratio imaging of unquenched fluorescein-conjugated gelatin DQ
(FITC)-gelatin, that had been liberated by proteolysis of the ECM in
which it was dissolved, as previously described [37]. Matrigel™ (4 mg/
ml) containing 30 pg/ml of DQ-FITC-gelatin was coated onto confocal
culture dishes (WillCo Wells BV, Amsterdam, Netherlands). 10° cells/
dish were seeded 12h before the experiment. Areas of digested ECM
were imaged on a Nikon Eclipse TE2000S epifluorescence microscope
equipped with a MicroMax 512BFT CCD camera (Princeton Instru-
ments, NJ) using a Nikon lamp shutter with a mercury short arc photo
optic HBO 103 W/2 lamp for excitation (OSRAM GmbH, Augsburg,
Germany) and a 40 X Nikon S-Fluor oil objective. Images were acquired
with 490 nm (pH sensitive) and 440 nm (isobestic pH insensitive) ex-
citation wavelength filters, using a 535 nm emission filter and analyses
were performed with the MetaFluor® 4.6r9 software (Universal Imaging
Corp.). Digested areas were selected and after signal stabilization (to
determine the steady state ratio value), an extracellular alkalinization
was produced by perfusing the cell layer with a Ringer solution (in mM:
140 NaCl, 5 KCI, 20 HEPES, 10 p-Glucose, 0.1 CaCl,, and 1 MgCl,) at
pH7.4 in which the fluid level of the dish was maintained by needle
aspiration and extracellular pH (pHe) was followed over time. After a
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lag time (4 to 6 min), cells began to re-acidify the areas of digested ECM
and the initial rate of acidification was determined by linear regression
analysis of the first 15 points taken at 4s intervals after the re-equili-
brium of the focal zones at pHe 7.4. The entire process was repeated to
determine its reproducibility. In situ calibration curves were obtained
by perfusing the cells with ringer solutions at different pH (6.2; 6.8; 7.2;
7.4; 7.8). At the end of the experiment, the dish was incubated with a
ringer containing 0.5mg/ml of crystal violet to quench all external
fluorescence [38]. The background ratio in each analyzed area was
subtracted.

2.6. In vitro invasion assays

In vitro cellular invasion was measured as the ability to traverse an
8-um polycarbonate membrane coated with 5pug of Matrigel™ as de-
scribed previously [30]. For 3D evasion assay, 7.5 X 10° cells were
included in serum-free Matrigel™ drops and incubated for 24h in
complete medium [30].

2.7. Colony formation in soft agar assays

The ability to grow in an anchorage-independent way was measured
by the formation of colonies on soft agar. The base layer was prepared
with DMEM:0.5% low melting temperature agarose (SeaPlaque, FMC
BioProducts, Rockland, Maine). The feed layer was then prepared by
resuspending 2 x 10* cells in DMEM:0.25% low melting temperature
agarose in the presence of hygromycin B and pouring onto the previously
prepared base layer (1/2 of the volume of the lower layer). Culture
medium was changed every 2 days and colonies counted after 21 days.
Diameter of produced colonies was measured.

2.8. In vitro 3D vasculogenic mimicry network formation assays

Unpolymerized growth factor-reduced Matrigel™ diluted to 7 mg/ml
in serum-free medium (DMEM) was mixed with 10* cells and plated on
dishes containing 22 mm glass coverslips. Dishes were carefully in-
verted for 30 min at 37 °C to allow Matrigel™ drops to polymerize and,
subsequently, complete DMEM plus Hygromycin was added to each
dish. After 5days incubation, cell growth and organization were ob-
served through an inverted phase-contrast light microscope (TE200,
Nikon, NY, USA). Fluorescent staining of cord networks in whole-mount
gels and subsequent reconstruction of vessel-like structures in 3D
Matrigel™ were performed by fixing the Matrigel™ drops with 4% PFA
(paraformaldehyde) for 20 min at RT. After washing with PBS, drops
were subsequently incubated at RT for 30 min with PBS containing
0.5% Oregon Green® 488 DHPE, and washed with PBS.

2.9. Angiogenesis array

1.5 x 10° cells/well were seeded in 24-well cell culture plates.
Medium was changed every 3 days. When reaching approximately 80%
confluence, cells were incubated with 1 ml of DMEM without FBS,
growth factors or antibiotics for 30 h. Conditioned media (CM) were
collected, centrifuged and the supernatants were collected in new tubes
and kept on ice. Each sample was prepared to 40 pug protein in a final
volume of 1.5ml. The ‘Human Angiogenesis Array’ Kit (R&D systems,
Minneapolis, USA) was used for the detection of proteins associated
with angiogenesis, according to manufacturer instructions.

2.10. Zebrafish invasion assays

The colonization of Zebrafish (Danio rerio) embryos by human
cancer cells was performed as previously described [39]. This was
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approved by the Bioethical Committee of the University Hospital Virgen
de la Arrixaca (Spain). Briefly, breast cancer cells were trypsinized,
washed and stained with fluorescent CM-Dil (Vibrant, Invitrogen).
50-100 labelled cells were injected into the yolk sac of dechorionated
zebrafish embryos. Fishes with fluorescently-labelled cells appearing
outside the implantation area at 2 h post-injection were excluded from
further analysis. All other fishes were incubated at 35 °C for 48h and
analyzed with a SteReo Lumar V12 stereomicroscope equipped with an
AxioCam MR5 camera (Carl Zeiss). The evaluation criteria for embryos
being invaded by human cancer cells was the presence of > 3 cells
outside of the yolk sac.

2.11. In vivo mouse tumor model

All animals were bred and housed at the In vivo platform of the
Cancéropdle Grand Ouest at Inserm U892 (Nantes, France) under the
animal care license n° 44278. The project was approved by the French
national ethical committee (ref n°00085.01). 2 x 10° MDA-MB-231-
Luc-derived cells (in 100 ul PBS) were injected into the lateral tail vein
of non-anaesthetized 6-week-old female NMRI Nude Mice (Charles
River laboratories, France), as previously described [36]. BLI mea-
surements were performed within 15min after b-luciferin in-
traperitoneal injection (150 mg/kg). Photons were counted with a pi-
mageur™ (BIOSPACE Lab) and expressed in counts per minute (cpm).

2.12. Statistical analyses

Statistical analyses on immunohistochemistry staining were per-
formed using the Yate's chi-squared test using the online interactive
software Quantsy (http://quantpsy.org). Data were displayed as
mean * standard error of the mean (SEM) (n = sample size) and were
analyzed using parametric statistical tests (Student's t-test, or ANOVA)
when they were following a normal distribution and equal variances.
Alternatively, data were displayed as box plots indicating the first
quartile, the median, and the third quartile, and squares for comparison
of means. In these cases, adequate non-parametric statistical tests were
used (Mann-Whitney rank sum tests, Dunn's tests, ANOVA on ranks).
Statistical analyses were performed using SigmaStat 3.0 software
(Systat software Inc.) and statistical significance is indicated as: *,
p < 0.05; **, p < 0.01 and ***, p < 0.001. ns stands for not statis-
tically different.

3. Results

3.1. Invitro and in vivo cancer cell invasiveness are controlled by
phosphorylable residues S279 and S301 of NHERF1

Activation of the B1 integrin pathway is a critical pro-invasive
signal that promotes invadopodial activity [40,41]. An unidentified
phosphorylated form of NHERF1 takes part in the 1 integrin-depen-
dent regulation of invadopodia formation and proteolytic function [42].
However, the potential involvement of phosphorylable S279 and S301
residues in NHERF1 in modulating cancer invasion is still unknown.
Supplementary Fig. 2A shows the effect on NHERF1 phosphorylation
levels of alanine substitution for serine in S279 and S301, either sepa-
rately (S279A or S301A) or together (S279A/S301A double mutant,
Dmut) in the absence and presence of 1 integrin activation with the
integrin B1 activating antibody P4G11 (5 pg/ml). While little effect was
observed on the total expression of NHERF1, these substitutions re-
duced both the levels and the molecular weight of the phosphorylated
bands, suggesting that S279 and S301 can be phosphorylated.

The role of S279 and S301 of NHERF1 in MDA-MB-231 cell inva-
sion, using the three different cell clones expressing NHERF1
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(phosphorylation-dead) mutants, was first analyzed in Matrigel™-based
invasion assays (Fig. 1A). In line with previously reported results [30],
the overexpression of WT-NHERF1 significantly increased invasion
(+152.9 + 12%, n =4, p < 0.01) and the mutation of S279 and
S301 into non-phosphorylable alanine residues, either separately or
together (Dmuts), completely abolished the invasive capacity attributed
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to NHERF1 overexpression. We then characterized the role of S279 and
S301 of NHERF1 in three-dimensional evasion assay, when cancer cells
were entrapped in Matrigel™. We found that MDA-MB-231 cells over-
expressing WT-NHERF1 exhibited a more invasive phenotype than
control cells (pcDNA), had a higher escape index (+ 161.9 + 15%,
n=3, p < 0.01), while all cell clones expressing mutant NHERF1

Fig. 1. S279 and S301 of NHERF1 regulate cancer
cell invasion and invadopodia dynamics.

(A) MDA-MB-231-Luc-derived clones to invade were
analyzed in Boyden chambers as described in
Material and Methods. Data are mean + SEM,n = 5
in triplicate. (B) The ability of the indicated MDA-
MB-231 clones to evade from a Matrigel drop in-
cubated at 37 °C for 6 days was analyzed as described
in Materials and methods. Data are mean = SEM,
n = 5 in triplicate. Representative microphotographs
of Matrigel evasion assays are presented in Supple-
mental Fig. 1B. (C) Left panel: representative images
of zebrafish embryos injected in the yolk sac with
MDA-MB-231-Luc-derived cells stained with the
vital fluorescent tracker CM-Dil and showing sites of
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remained entrapped in the Matrigel™ (Fig. 1B), under both the stimu-
lation or not of the Bl-integrin pathway (Supplementary Fig. 2B). In
line with these invasion data, the WT-NHERF1 cells exhibited a more
elongated cell morphology than the pcDNA cells and all cell clones
expressing mutant NHERF1 had a more rounded shape (data not
shown). We also assessed in vivo cancer cell invasiveness by employing
a Zebrafish (Danio rerio) embryo model (Fig. 1C-D). When injected into
the yolk sac, WT-NHERF1 overexpressing cells invaded organs of a
higher percentage of larvae (Fig. 1C) and positive larvae also displayed
higher numbers of invaded cancer cells compared to the control con-
dition (pcDNA) (Fig. 1D). In comparison, all NHERF1 mutant cell lines
had both a reduced percentage of positive larvae, and reduced numbers
of invaded cells in the positive larvae. These data indicate that phos-
phorylated S279 and S301 confer the invasive advantage attributed to
NHERF1 both in vitro and in vivo.

Proteolytic degradation of ECM is one of the key steps of cancer
invasion [43] and highly invasive cancer cells display focalized pro-
tease-dependent proteolytic protrusive structures called invadopodia
[44-46]. We have previously shown that overexpression of WT-
NHERF1 increases breast cancer invadopodia proteolytic activity
through its PDZ2 domain [30] and that a phosphorylated form of
NHERF1 binds to a protein-lipid-protein complex in the invadopodia
[42]. We, therefore, examined the distribution of invadopodia and their
ECM focal proteolytic activity by confocal fluorescent microscopy of
cells cultured on Matrigel™ containing quenched DQ-Green-labelled
BSA-BODIPY [37]. The total invadopodia-dependent focal digestive
activity was quantified by scoring the cells for the Invadopodial Index
as defined in Materials and methods (Fig. 1E). Overexpression of WT-
NHERF1 greatly increased invadopodia-dependent ECM digestion
(+186 = 8%, n =4,p < 0.001 compared to pcDNA cells) while the
over-expression of the S279A, S301A or S279A/S301A mutants was
ineffective, suggesting that also invadopodial activity is equally con-
trolled by the phosphorylation of NHERF1 at S279 and S301. Similar
results were obtained under Pl integrin stimulation (Supplemental
Fig. 2C-E).

Invadopodia formation and focal ECM proteolysis are known to
depend on the Na*/H" exchanger isoform 1 (NHE1) which drives
extracellular acidification at the invadopodia [37,47-49]. Therefore,
we measured the extracellular pH (pHe) and NHE1 activity at the in-
vadopodia using Matrigel™ containing DQ(FITC)-gelatin as fluorogenic
substrate of proteases in which the FITC released is pH-sensitive
[38,50] (Fig. 2A). This method permits an analysis of pHe specifically at
the invadopodia (Fig. 2B-C). An increased acidification of pHe was
observed at the invadopodia stimulated by the 1 integrin activating
antibody P4G11 (5ug/ml) and was prevented by the specific NHE1
inhibitor HOE642 (1 uM) (Fig. 2D, Supplemental Fig. 2F). The over-
expression of WT-NHERF1 potentiated invadopodial NHE1 activity
(+214 += 12%, n =8, p < 0.001) while the overexpression of the
S279A, S301A or Dmuts, completely abrogated this stimulation
(Fig. 2E).

3.2. S301 of NHERF1 negatively regulates anchorage-independent colony
and 3D spheroid growth

The ability of cancer cells to grow in an anchorage-independent
manner and to form colonies in semi-solid media or on ultra-low ad-
hesion plates is often regarded as one of the hallmarks of tumorigenicity
and metastatic potential [51]. In soft agar matrix (Fig. 3A), control
pcDNA cells formed numerous large colonies (> 100 um diameter)
while WT-NHERF1 cells mostly developed microcolonies (< 50 um
diameter). This suggests, as already proposed [30], that WT-NHERF1
overexpression reduces anchorage-independent growth of cancer cells.
Interestingly, cells overexpressing the NHERF1 mutant S279A residue
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formed significantly smaller colonies than pcDNA that were slightly but
significantly larger than the WT-NHERF1 cells, while cells expressing
the S301A mutant formed colonies comparable to those of pcDNA cells.
Dmuts cells formed intermediate-sized colonies to the S279A and
S301A (Fig. 3A, right panel).

In ultra-low adhesion wells cells grew as single spheroids, whose in-
crease in growth and change in morphology were analyzed after 7 days by
both MTT assay and microscopy analyses (Fig. 3B). Control pcDNA clones
formed round spheroids and the overexpression of WT-NHERF1 sig-
nificantly reduced their growth. The growth of the mutant clones in low-
adhesion wells closely followed that observed in soft agar: the S279A
clone grew slowest, the S301A clone was the fastest, and the Dmuts clone
grew at a slightly lower rate than the S301A clone (Fig. 3B, right panel).

Altogether, these data suggest that NHERF1 overexpression pre-
vents both anchorage-independent and 3D spheroid-growth growth
primarily via the phosphorylation of S301 and to a smaller extend to the
phosphorylation of S279. NHERF1 has been shown to regulate survival
through the PTEN-dependent inhibition of PI3K-phospho-AKT-medi-
ated signals [25], proliferation through the ERK pathway
[12,26,29,30,52-55] and increased apoptosis due to WT NHERF1
overexpression mediated by the suppression of ERK [26]. To verify if
indeed S279 and S301 of NHERF1 impact survival and proliferation by
altering PTEN-PI3K-AKT and ERK signaling, we analyzed by Western
Blotting the level of PTEN and the phosphorylation status of AKT and
ERK1/2 in pcDNA cells, NHERF1-WT cells and the phospho-dead mu-
tant clones (Fig. 3C). Indeed, NHERF1-WT overexpressing cells in-
creased PTEN expression compared to pcDNA cells and this required
S$279 and S301 as all phospho-dead-mutant cells (§279A, S301A and
the double mutated, Dmuts) had lower levels of PTEN than the WT
cells. In line with these data, WT-NHERF1 overexpressing cells showed
a reduced level of p-AKT compared to pcDNA cells, while the level of p-
AKT was progressively increased in S279A, S301 and Dmuts cells. Ac-
cordingly, NHERF1-WT overexpressing cells had a greatly reduced p-
ERK1/2 with respect to pcDNAcells and this phosphorylation was re-
stored in S279, S301 and Dmuts cells. We also found that WT-NHERF1
cells had increased active Caspase 3 expression respect to pcDNA cells
and this increase required NHERF1 phosphorylated on both S279 and
especially S301 as S279A cells, S301A cells and Dmuts cells had less
active Caspase 3 in comparison to WT cells. These results confirm that
NHERF1 growth-suppression function requires the phosphorylation of
$279 and S301 to suppress both the PTEN/AKT-mediated survival and
the p-ERK1/2 driven proliferation pathways and also increase Caspase
3-mediated death.

There is now clear evidence that NHE1-driven alkalinization of in-
tracellular pH is an important mechanism driving increased cancer
growth [56-58]. This paradigm was supported here since, in 3D non-
adhesive growth conditions, NHE1-dependent H* efflux activity was
strongly reduced in WT-NHERF1 cells and increased stepwise from the
S279A mutant to the S301A mutant and finally to the Dmuts (Fig. 3D).

3.3. 8279 and S301 are critical for NHERF1-dependent vasculogenic
mimicry and secretion of pro-angiogenic factors

When grown embedded in growth factor-reduced Matrigel™,
without added serum, some aggressive cancer cells, such as MDA-MB-
231, are able to trans-differentiate to form vascular-like networks
(vasculogenic mimicry, VM) [59]. This phenotype was increased by a
dominant-negative mutation in the binding motif of the NHERF1-PDZ2
domain, the HRF2 mutation, and was associated with increased bone
metastasis [30]. Therefore, we next analyzed the innate vasculogenic-
like ability of the different NHERF1 clones (Fig. 4A). Control cells
(pcDNA) generated a complex irregular 3D vascular-like tubular net-
work emerging from multicentric cellular nodes, to delimit completely
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Fig. 2. S279 and S301 of NHERF1 account for NHE1-dependent extracellular acidification at the invadopodia.

The pH of areas of extracellular proteolysis was measured by fluorescence ratio imaging of unquenched fluorescein-conjugated gelatin DQ(FITC)-gelatin, that had
been liberated by proteolysis of the ECM in which it was dissolved. In brief, Matrigel™ (ice cold) was diluted to 4 mg/ml with ice-cold serum free DMEM and DQ-
FITC-gelatin (final concentration of 30 ug/ml). (A) Images were acquired with 490 nm (pH-sensitive) and 440 nm (isosbestic pH-insensitive) excitation wavelength
filters, using a 535 nm emission filter. The use of the ratio of pH-sensitive and pH-insensitive signals permits an analysis of pH that is continuously corrected for any
changes in probe concentration that could occur during the experiment. (B) Scheme of the experimental apparatus. (C) Digested areas were selected and after signal
stabilization (to determine the steady state ratio value), an extracellular alkalinization (dashed line) was produced by perfusing the cell layer with a NaCl Ringer
solution (in mM: 140 NacCl, 5 KCI, 20 HEPES, 10 p-Glucose, 0.1 CaCl,, and 1 MgCl,) at pH 7.4 in which the fluid level of the dish was maintained by needle aspiration
and extracellular pH (pHe) was followed over time. When the values were stable, perfusion was halted (asterisk) and the ability of the cells to acidify the ECM was
measured and the process repeated to determine the reproducibility. After each experiment, in situ calibration curves were obtained by perfusing the cells with ringer
solutions having different pH (6.2; 6.8; 7.2; 7.4; 7.8). The background ratio was subtracted from each ratio value in each analyzed area, and the calibration ratio
values were used to build a calibration curve to convert each ratio value into a pH value. (D) extracellular matrix acidification occurred a few minutes after stopping
perfusion with ringer pH 7.4 and this acidification was stimulated by B1-integrin activation with the P4G11 antibody (5 pg/ml, upper panel) and reduced by the
NHE1 specific inhibitor HOE642 (500 nM, lower panel). (E) NHE1 activity was measured as proton (H*) extrusion into the ECM measured with a technique based on
the pH sensitivity of released FITC from quenched DQ(FITC)-gelatin dissolved in the Matrigel™. Data are mean * SEM, n = 7.

closed areas (lacunae, asterisk). This ability was abrogated in WT- capillary-like networks but these had few nodes and few lacunae. In
NHERF1 and the over-expressing cells. The S279A mutant generated contrast, the VM ability was completely restored in the Dmuts cells,
short, thin cord-like structures issuing out of the nodes, but did not form similarly to that previously reported in HRF2 cells [30]. These data

any lacunae while the S301A mutant initiated the formation of demonstrate that the double phosphorylation of S279 and S301 of
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Fig. 3. S279 and S301 of NHERF1 oppositely regulate anchorage-independent colony and 3D spheroid growth.

The indicated MDA-MB-231 clones stably expressing the empty vector (pcDNA), WT-NHERF1 (WT), the S279A- and the S301A-mutated constructs and the double
S279A/S301A mutated construct (Dmuts) were either plated onto soft-agar (A) or seeded into round bottom extra low adhesion 96 well plates (B).

(A) After 3 weeks, colony number counts and size were measured using Image J software. Left panel: representative photomicrographs of colonies for each cell
variant (bar, 10 um). Right panel: the box plots indicating the median, first and third quartile of colony size and whiskers indicate minimum and maximum values,
n = 4; ***p < 0.001 compared to pcDNA and "p < 0.01, 7p < 0.001 compared to the WT. (B) Left panel: representative photomicrographs of spheroids for each
cell variant at 0, 3, 5 and 7 days growth (bar, 10 um). Right panel: spheroid growth of the different clones measured as MTT incorporation. Data are mean + SEM,
n = 4; ***p < 0.001 compared to pcDNA and "p < 0.01, "'p < 0.001 compared to the WT clone. (C) Representive Western Blots for PTEN, phospho and total
AKT and phospho and total ERK1/2, active Caspase 3 and B-Actin. (D) NHE1 activity was measured as changes in pHi after the addition of 130 mM NaCl in NH,4Cl-
acidified clones in a Hank's solution in absence of NaCl measured using the pH-sensitive cell permeant BCECF-AM probe. Data are mean *+ SEM of H" efflux, n = 6,
#*p < 0.01, ***p < 0.001 compared to pcDNA and "'p < 0.001 compared to the WT clone.
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Fig. 4. NHERF1 inhibits vasculogenic mimicry-like ability principally through the phosphorylable S301.

(A) Representative microphotographs of capillary-like tubule formations obtained when cells were seeded inside Matrigel™ for 5 days. Cell membranes 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 um. (B)
Panels are XZ-zoomed vertical cross-section views of 3D reconstruction of z-stacked VM tubes of the regions of interest indicated by the open rectangle in the field
from pcDNA cells and Dmuts cells. Vertical sections of the 3D-reconstructed tubes show that they are open lumen-like structures surrounded by fluorescent cells. (C)
Substitution of phosphorylable S279 and S301 to alanine residues altered angiogenic secretion pattern in conditioned media. Results are expressed as mean + SEM,

n =4, *p < 0.05, **p < 0.01, ***p < 0.001 compared to pcDNA.

NHERF1 is necessary for the development of the VM network.

As both angiogenesis and VM can be regulated by the autocrine
release of angiogenic factors [60-62], we next analyzed both pro- and
anti-angiogenic factor levels in conditioned media of the different
clones (Fig. 4C). In line with the pattern of VM, the pcDNA clone cells
had a high release of pro-angiogenic factors (VEGF, uPA, TF3, IL-8, HB-
EGF and PDGF-AA), which were significantly reduced (from 30% to
80% decrease) in the WT and S279A clones. The increasing VM ob-
served from the S279A to the S301A mutants and finally to the Dmuts
was associated with a step-wise increase in the secretion of all factors,
such that the Dmuts cells had levels and a release pattern very similar to
the pcDNA cells. Importantly, both the released factors and their levels
of secretion of the Dmuts clone were very similar to that found in the
HRF2 clone.

3.4. Phosphorylable S279 and S301 of NHERF]1 orchestrates in vivo
metastasis dynamics and organotropism

We then tested whether the S279 and S301 of NHERF1 could determine
the ability of cancer cells to develop experimental metastases in vivo. For
this, control pcDNA, WT-NHERF1 or Dmuts cells, all expressing the luci-
ferase gene at comparable levels (data not shown), were injected in the tail
vein of NMRI SCID Beige nude mice. The colonization of mouse organs was
followed in vivo by bioluminescent imaging (BLI), after luciferin injection,
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every week for a total duration of 8 weeks (Fig. 5A). BLI analyses from
living animals indicated that pcDNA cancer cells formed fewer metastases
(4/8 mice), in the chest area, compared with WT-NHERF1 cells which
rapidly invaded and strongly colonized this region (8/8 mice). In contrast,
Dmuts cells, which demonstrated inhibited invasion and invadopodia
function (Figs. 1 and 2), but increased vasculogenic mimicry (Fig. 4),
showed metastases in 6/8 mice but with a significantly reduced signal
(Fig. 5A). At completion of the study, isolated organs (lungs, brain, liver,
bones from rachis/ribs and legs) were analyzed ex vivo by BLI (Fig. 5B).
Control (pcDNA) cells demonstrated a predominant lung colonization and
very low bone colonization. WT-NHERF1 cells showed an increased total
metastatic behavior, but with a similar organotropism to pcDNA cells. In
comparison, Dmuts cells had a strongly reduced total metastatic potency
(Fig. 5A) and were redirected towards bone colonization compared to both
pcDNA and WT-NHERF1 cells (Fig. 5B). Immunohistochemical analyses of
human cytokeratin 7 staining in lungs (Fig. 5C), indicated that the strong
lung metastatic load observed in mice injected with WT-NHERF1 cells
(Fig. 5D, left panel), was due to a large number (Fig. 5D, middle panel) of
small metastases (Fig. 4D, right panel), which verified results obtained in
soft-agar and 3D spheroids (Fig. 3). Importantly, Dmuts cells formed lung
metastases with similar size than those induced by pcDNA cells (Fig. 5D,
right panel), but a low number of foci (Fig. 5D, middle panel). These results
indicate that phosphorylable S279 and S301 of NHERF1 control both
metastatic potency and organotropism.
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Fig. 5. NHERF1 phosphorylation dictates levels and organotropism pattern of metastasis.

Six-week-old female NMRI mice were inoculated in the lateral tail vein with a suspension of pcDNA, WT, and Dmuts clone cells. n = 8 mice/group. (A) Left panel:
Representative in vivo BLI 8th week after cell injection in living animals. Right panel: Mean in vivo BLI value (expressed in cpm) as a function of time, recorded in the
whole body of mice coming from the three groups, mean = SEM, n = 8, **p < 0.01, ***p < 0.001 compared to pcDNA (B) Left panel: representative ex vivo BLI
after lung and rachis/rib dissection isolation, at completion of the study (8th week). Right Panel: BLI quantification of excised lungs. Mean + SEM, n = 8,
*p < 0.05, ***p < 0.001 compared to pcDNA of each organ. (C) Representative staining of tumor sections from lung metastases with anti-human cytokeratin 7
(brown staining) to identify human breast cancer cells and counterstained with haematoxylin (blue labelling). Scale bar, 100 um. (D) Analyses of metastatic load,
number and size of metastases in lungs for the MDA-MB-231 NHERF1 clones. Values are the mean = S.E.M. of four animals for pcDNA and 8 animals for WT-
NHERF1 and double mutants (Dmuts).

4. Discussion The phosphorylation of NHERF1 serines 279 and 301 has been
shown to be mediated by the cdc2/cyclin B kinase [31-33] and is in-

The complex set of processes required to produce metastatic lesions volved in NHERF1 ability to oligomerize during mitosis [31], in

is based on tumor cell phenotypic plasticity, which enables the cell to NHERF1 increased proteosomal degradation (by human papillomavirus
acquire pro-metastatic phenotypes and organotropism [3,63,64]. This oncoproteins) and subsequent PI3K/AKT signaling pathway activation
plasticity relies on specific signal transduction systems [65] which are [33] and in actin cytoskeleton remodelling and cell-ECM adherence
orchestrated by scaffolding proteins. NHERF1 has been shown to finely [32]. We indeed found that cdc2/cyclin B kinase is involved in phos-
regulate the various metastatic behaviors of cancer cells [6,7,30] and phoNHERF1-driven regulation of both anchorage-independent 3D
this capacity was demonstrated to occur through its PDZ binding do- growth and invadopodia-mediated ECM digestion since incubation of
mains, permitting the shift from one to another phenotypic outcome, WT-NHERF1 cells with the cdc2 kinase inhibitor, roscovitine, dose-
and thus conferring a specific metastatic competence to the cell dependently decreases NHERF1 phosphorylation and replicates the in-
[24,30]. However, the in situ mechanism(s) underlying this regulation crease in anchorage-independent growth and decrease in invadopodia
of PDZ function is still only partially known [32,66]. proteolytic activity observed in the Dmut clone (Supplemental Fig. 3).
Here, we have identified the phosphorylable S279 and S301 of NHERF1 Human breast cancer cells are able to form vasculogenic mimicry

as key determinants in the regulation of metastatic phenotype expression (VM)-like channels, and overexpression of WT-NHERF1 impairs this
and organotropic outcome. S279A and S301A phosphorylation-dead ability through its PDZ2 binding domain (HRF2 clone) [30]. Im-
NHERF1 mutant-expressing cancer cells have (i) a greatly reduced invasive portantly, VM and angiogenic secretome are increasingly regulated by

capacity (Figs. 1 and 2), suggesting that the cooperative action of phos- S$279 and S301, such that the double S279A/S301A mutant, like the
phorylation at S279 and S301 of NHERF1 are necessary for these proper- PDZ2 mutant, fully restored these abilities. These results suggest that

ties; (ii) a release of the inhibition of anchorage-independent tumor growth NHERF1 can orchestrate, via reversible phosphorylation, a bidirectional
observed in WT NHERF1-overexpressing cells, especially by the phos- transition program called “mesenchymal-vasculogenic transition”
phorylation of S301 (Fig. 3); (iii) an increased ability to form tumor vas- [30,67,68]. This transition could, in part, be regulated by the release of
cular channel-like structures (Fig. 4A-B); together with (iv) changes in pro-angiogenic molecules. Since VM was reported to be resistant to
angiogenic factor secretion (Fig. 4C), and finally (v) a switch in metastatic angiogenesis inhibitors in tumor therapy [68,69], elucidation of mo-
organotropic choice. Indeed, cells over-expressing WT-NHERF1 displayed a lecular mechanisms by which deregulated NHERF1 signaling promotes
greatly enhanced lung metastatic load consisting of high numbers of micro- both angiogenesis and VM could open new therapeutic strategies
metastases, while cells over-expressing the NHERF1 double S279A/S301A against tumor microcirculation.

mutant were almost completely redirected towards bone metastasis (i.e. In mice injected with WT-NHERF1 cells, the high lung metastatic
high osteotropism) (Fig. 5). load was due to a high number of micro-metastases, and not to the
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growth of large metastatic foci. On the contrary, mice injected with
Dmuts cells, showed a lower number of lung metastases, but with a size
similar to the pcDNA-injected mice (Fig. 5). These data, together with
those of the 3D growth (Fig. 3) and VM (Fig. 4), suggest that WT-
NHERF1 activates an invasive program allowing cells to infiltrate ex-
tracellular matrices, but restrains growth signals. These results further
validate the participation of the “mesenchymal-endothelial transition”
as a critical step in determining metastatic bone tropism. The vascu-
logenic program might confer an additional advantage in the highly
hypoxic microenvironments, such as in bone [70-75]. The secondary
organ selection might arise depending on a combination of (i) the in-
creased ability to enter the secondary tissue via invasion; (ii) the growth
when in place (3D anchorage-independent growth), especially in lungs,
and (iii)) the angiogenic competence (VM, angiogenic secretome),
especially in bones. In this scenario, an increased invasion would fa-
cilitate lung metastases, but with limited outgrowth capacity due to
increased apoptosis [30] and reduced angiogenesis, while the increased
VM/proangiogenic secretome together with increased 3D growth would
facilitate bone metastases. Importantly, our data support the idea that
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