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NHERF1/EBP50 Controls
Morphogenesis of 3D Colonic

Glands by Stabilizing PTEN and
Ezrin-Radixin-Moesin Proteins
at the Apical Membrane'-

Abstract

Na"/H™ exchanger 3 regulating factor 1/ezrin-radixin-moesin (ERM)-binding phosphoprotein 50 (NHERF1/EBP50),
an adaptor molecule that interacts with the ERM-neurofibromatosis type 2 family of cytoskeletal proteins through
its ERM-binding region and with phosphatase and tensin homolog (PTEN) and B-catenin through its PDZ domains,
has been recently implicated in the progression of various human malignancies, including colorectal cancer (CRC).
We report here that NHERF1 controls gland morphogenesis, as demonstrated in three-dimensional (3D) human
intestinal glands developing from a single nonpolarized cell. Starting from the early two-cell developmental stage,
NHERF1 concentrates at the cellular interface in a central membrane disc that marks the apical pole delimiting the
forming lumen. NHERF1 depletion leads to severe disruption of the apical-basal polarity, with formation of enlarged and
distorted cell spheroids devoid of a central lumen. This characteristic and the increased number of mitoses in NHERF1-
depleted spheroids, including multipolar ones, mimic high-grade dysplasia lesions observed in CRC progression.
NHERF1 ERM-binding or PDZ-domain mutants fail to localize apically and impair gland formation most likely by
outcompeting endogenous ligands, with the latter mutant completely aborting gland development. Examination of
NHERF1 ligands showed that even if both ezrin and moesin colocalized with NHERF1 at the apical membrane, moesin but
not ezrin depletion disrupted morphogenesis similarly to NHERF1. NHERF1 depletion resulted also in membrane
displacement of PTEN and nuclear translocation of -catenin, events contributing to polarity loss and increased
proliferation. These findings reveal an essential role of NHERF1 in epithelial morphogenesis and polarity and validate this
3D system for modeling the molecular changes observed in CRC.
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Abbreviations: 3D, three-dimensional; CIP, calf intestinal phosphatase; IF, immunofluorescence;
CRC, colorectal cancer; ERM, ezrin-radixin-moesin; NF2, neurofibromatosis type 2;
NHERF1/EBP50, Na*"/H" exchanger 3 regulating factor 1/ERM-binding phosphoprotein 50;
pHH3, phospho-histone H3; PIP,, phosphatidylinositol 4,5-bisphosphate; PIP3,

Introduction
Epithelial gland morphogenesis is the process resulting in the

establishment of polarized tubular or acinar structures formed by
tightly connected cells arranged on a basement membrane that delimit a
lumen by their apical surface. The polarized architecture of glandular
epithelia allows unidirectional fluid and solute transport, which is the
basis for the absorptive and secretory functions. Its alteration leads
to epithelial sheet disorganization and development of initially benign
glandular tumors, or adenomas, that, on further accumulation of
mutations, may become malignant, or adenocarcinomas. Epithelial
morphogenesis is initiated by cell adhesion molecules, such as cadherins,
followed by organization of the cytoskeleton and differential sorting of

phosphatidylinositol 3,4,5-trisphosphate; PM, plasma membrane
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proteins to the cortical apical and basolateral compartments [1]. Recently,
the compartmentalization of lipids, especially phosphoinosides, was shown
to maintain epithelial cell polarity, with phosphatidylinositol 4,5-bispho-
sphate (PIP,) enriched at the apical membrane and phosphatidylinositol
3,4,5-trisphosphate (PIPs), at the basolateral membrane [2]. PTEN tumor
suppressor, a phosphoinositide phosphatase that dephosphorylates PIP; to
PIP, [3] and opposes the activity of the phosphoinositol 3-OH kinase, has
been implicated in maintaining this balance [4].

Na®/H" exchanger 3 regulating factor 1/ezrin-radixin-moesin
(ERM)-binding phosphoprotein 50 (NHERF1/EBP50) is an adaptor
protein that interacts directly with PTEN [5] and is localized mainly
at the apical plasma membrane (PM) in human epithelial tissues [6].
NHERF1 knockout mice have ultrastructural defects of the apical
intestinal brush border membrane [7,8] and also show mammary
alveolar membrane polarity disruption with lactation deficit [9]. Our
mechanistic studies in cultured cells showed that NHERF1 behaves as a
tumor and epithelial-to-mesenchymal transition suppressor through its
effects on PTEN and B-catenin [5,10,11]. We and others have also
shown that NHERF1 is involved in a series of human cancers, including
adenocarcinomas of colon and breast [6,10,12]. We have now
examined the involvement of NHERF1 in three-dimensional (3D)
intestinal gland formation in which glands develop from single stem
cells. We found that NHERF1 is required for epithelial morphogenesis
by interacting with moesin and stabilizing PTEN at the apical
membrane. This morphogenetic study provides mechanistic support to
our previous observations of NHERF1 loss in human colorectal cancer
(CRC) that occurs as an early step in adenoma progression [10].

Materials and Methods

Plasmids and Retroviral Infections

The retroviral constructs encoding Myc-tagged NHERF1 wild type
and ASNL mutant in the pCX,, vector (blasticidin selection) and the
NHERF1 short hairpin RNA (shRNA) Nos 1 and 4, ezrin short
hairpin RNA (shRNA) No. 8, and moesin shRNA No. 4 used for
knockdown in pSIREN-RetroQ vector (puromycin selection) have
been described [11,13-15]. The Myc-tagged PDZ-domain double
mutant (PDZ1-2-DM) construct in pCX,, retroviral vector, which has
both PDZ-domain binding pockets disrupted by GF to AA substitutions
at positions 25 to 26 (PDZ1) and 165 to 166 (PDZ2), was obtained by
polymerase chain reaction mutagenesis. The retroviral constructs
encoding Akt, PTEN, and PTEN-APDZ (former PTEN-401) [16]
were obtained by inserting in the pCX,, vector (G418 selection) the
¢DNAEs in frame with HA or Myc tags, respectively. Transfections and
retroviral infections were performed as previously described [16].

Epithelial Morphogenesis Assay

Caco-2 human CRC cells were grown in a 50/50 mixture of
Dulbecco's modified Eagle's medium /Ham's F-12 nutrients supple-
mented with 10% FBS. Caco-2 cells were embedded in 40% vol/vol
Growth Factor—Reduced Matrigel (BD Biosciences, La Jolla, CA)/growth
medium to produce 3D glands as previously described [17]. Immuno-
fluorescence (IF) staining of glands was performed 2 to 8 days post-
embedding. The following primary antibodies were used at 1 mg/ml
overnight at 4°C: E-cadherin, ezrin, moesin, GM130 (BD Biosciences),
NHERF1 (Affinity BioReagents/Thermo, Rockford, IL), laminin,
B-catenin, (Sigma-Aldrich, St Louis, MO), ZO-1 (Zymed/Invitrogen,
Carlsbad, CA), atypical protein kinase C (aPKC) (C-20), PTEN
(A2B1), Myc (9E10) (Santa Cruz Biotechnology, Santa Cruz, CA), HA

(Bochringer Mannheim/ Roche, Indianapolis, IN), and phospho-
histone H3 (pHH3)-S10 (Upstate Biotechnology/Millipore, Billerica,
MA). Actin cytoskeleton was stained with rhodamine-labeled phalloidin
(Molecular Probes/Invitrogen, Carlsbad, CA) at 1:200. Both the
secondary antibodies Alexa Fluor 568 goat anti-rabbit IgG and Alexa
Fluor 488 goat anti-mouse IgG (Molecular Probes/Invitrogen) were used
at 1:200, with TO-PRO-3 iodide (Molecular Probes/Invitrogen) at
1:2000. The slides were mounted with the SlowFade Gold antifade
reagent (Invitrogen). The Carl Zeiss Microlmaging, Thornwood, NY
510 confocal microscope was used to acquire images, with x 63/1.40
objective with oil immersion.

CRC Resection Specimens and Histology

Resection specimens from patients with CRC were obtained from
the Gastrointestinal Tumor Bank at MD Anderson Cancer Center
(Houston, TX) and contained areas of adenoma, carcinoma, and
adjacent normal mucosa on the same slide [10]. The CRC specimens
were deparaffinated and hydrated as previously described [11], followed
by hematoxylin and eosin staining or immunohistochemistry with
NHERF1 antibody (Affinity BioReagents/Thermo), at 1:200.

Protein Analysis

Cell lysis and immunoblot analysis were performed as previously described
[5]. Antibodies for Western blot analysis were NHERFI, ezrin (BD
Biosciences), glyceraldehyde 3-phosphate dehydrogenase; Erk, extracellular
signal-regulated kinase (GAPDH) (0411), Myc (9E10), PTEN (A2B1),
moesin (C15), Ertkl (C16) and Erk2 (C-14) (Santa Cruz Biotechnology),
Akt (Cell Signaling Technology, Danvers, MA), and HA (Bochringer
Mannheim/Roche). Calf intestinal phosphatase (CIP) assay was performed as
per manufacturer's instructions (New England Biolabs, Ipswich, MA).
Briefly, cells were lysed in lysis buffer (40 mM Hepes (pH 7.5), 120 mM
NaCl, and 1% Triton X-100). Lysates were incubated with 10 U of CIP or
no enzyme control at 37°C for 1 hour and then analyzed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. Image] program (National
Institutes of Health, Bethesda, MD) was used for densitometric analysis.

Results

NHERF1 Controls the Morphogenesis of Intestinal
Cell Glands

NHERFI is a 50-kDa adaptor protein comprising two tandem
PDZ domains and a carboxyl (C)-terminal ERM-binding region
[18,19]. It associates with the PTEN tumor suppressor protein
through its PDZ1 domain [5] and with B-catenin through its PDZ2
domain [20] (Figure 1A4).

To model the development of adenocarcinoma, we examined
the effect of NHERF1, a molecule lost early in CRC progression [10],
on the development of 3D glands. We have previously shown that
NHERF]1 exhibits apical PM localization in Caco-2 CRC cells similarly
to normal colon epithelial cells [10]. Caco-2 cells have been used as a
model of normal intestinal cells because they form polarized cell
monolayers with well-developed apical microvilli in confluent 2D, two-
dimensional cultures [21] and 3D cysts with a central lumen when
grown in Matrigel [17]. These 3D cysts or glands develop from
nonpolarized single cells through successive symmetric cell divisions,
labeled by pHH3 (Figure 1B), and, progressing through two-cell, three-
cell, and multicell stages, reach the mature gland stage by 8 days in
culture (Figure 1C). As early as from the two-cell stage, polarity is
apparent (see also polarity markers in Figure 2B), and NHERFI strongly
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Figure 1. NHERF1 is localized at the apical PM in intestinal 3D glands. (A) Schematic NHERF1 structure shows N-terminal PDZ domains
(1 and 2) and C-terminal ERM-binding (EB) region with selected ligands. (B) Caco-2 cell gland development by successive divisions from a
nonpolarized single cell is shown by confocal IF with pHH3 antibody labeling mitoses. (C) Confocal IF with indicated antibodies of Caco-2
cells fixed 2 to 8 days post-plating in Matrigel shows progressive stages of gland development. (D) Immunohistochemistry with NHERF1
of human normal colonic mucosa and adenoma (green arrow) shows apical positivity of normal surface epithelium and glands

(purple arrowheads) and loss in adenoma.

concentrates at the membrane interface in a central disc that marks the
apical membrane (Figure 1C). It then remains tightly associated with
the apical PM at later stages until the lumen forms. In mature glands,
NHERF1 localizes at the apical PM, strongly supporting the notion
that this 3D model closely resembles the normal colonic gland
(Figure 1D).

In CRC, NHERF1 loss from the apical PM occurs from early
adenoma stages (Figure 1D) [10]. We depleted NHERF1 in Caco-2
cells by using two different shRNAs (Figure 24) and further used for
3D experiments ssNHERF1 No. 1 cells showing greater than 90%
NHERF1 depletion. A panel of markers for the apical PM (aPKC),
tight junctions (ZO-1), adherent junctions (E-cadherin), basement

membrane (laminin) (Figure 2B), and Golgi complex (GM130)
(Figure W1) were used to characterize the consequences of
NHERF1 depletion on cell polarity. The localization of these
polarity markers at one-cell and two-cell normal development stages
is also shown (Figure 2B, left columns). Control (shVector) glands
contain a spherical monolayer of polarized cells joined by adherens
(lateral PM) and tight (apico-lateral PM) junctions facing a central
lumen through their apical surface and sitting on a tightly apposed
basement membrane. In contrast, NHERF1 depletion severely
disrupted this morphology and induced the formation of compact
spheroids of larger size, lacking a central lumen or having multiple
aborted lumina and often showing distorted shapes (Figure 2B,
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Figure 2. NHERF1 controls 3D gland morphogenesis. (A) NHERF1 shRNA knockdown in Caco-2 cells. NHERF1 knockdown efficiency (%)
is shown as GAPDH-normalized NHERF1 levels. (B) Confocal IF with indicated markers of developing glands at various stages. Mature
glands formed by control cells (shVector) and NHERF1 knockdown cells (shNHERF1) highlight severe central lumen disruption, polarity
loss, and numerous mitoses (arrows) in NHERF1-depleted spheroids. (C) Unipolar and multipolar (arrows) mitoses in NHERF1-depleted

spheroids are shown.

right column). Individual cells preserved their lateral contacts
through E-cadherin but lost apical polarity, as indicated by the
latero-basal dispersion or even absence of aPKC and ZO-1. Laminin
was either absent (not shown) or unevenly distributed and detached

from the base of NHERF1-depleted spheroids. NHERF1 depletion
also induced random distribution of the Golgi apparatus around
a centrally displaced nucleus, contrasting with the normal basal
polarization of the nucleus and supranuclear Golgi complex
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localization in NHERF1-expressing cells (Figure W1). Careful
examination of the NHERFI-depleted spheroids also revealed
frequent mitotic figures (Figure 2B, arrows). Labeling with B-tubulin, a
marker for the mitotic spindle, and pHH3 showed rare typical bipolar
mitoses in control glands and frequent mitoses in spheroids, some of
which were multipolar (Figure 2C, arrows). Overall, NHERF1 depletion
induced massive cellular disorganization with inversion or loss of apical-
basal polarity, heterogeneous cell shapes and sizes, and increased mitotic
activity. These changes are reminiscent of the transition from normal
epithelium to adenoma and carcinoma seen in CRC progtession.

NHERF1 PDZ Domains and ERM-Binding Region Are
Required for Gland Morphogenesis

NHEREF1 is an adaptor protein that interacts with multiple ligands
through its domains [22]. To determine the molecular requirements

for gland morphogenesis, Myc-tagged NHERF1 wild type and two
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complementary mutants in the ERM-binding region (ASNL) or the
PDZ domains (PDZ1-2-DM) were overexpressed in cells (Figure 3,
Aand B). At the one-cell development stage, NHERF1 wild type was
expressed in the cytoplasm, but starting from the two-cell stage,
a notable fraction concentrated at the apical PM (Figure 3C, arrow-
heads), allowing cell polarity, as illustrated here by actin labeling.
In contrast, both mutants failed to localize at the apical PM and
prevented gland formation, implying that proper NHERF1 localiza-
tion at the apical PM is required for gland morphogenesis. However,
important distinctions were observed between these mutants
(Figure 3C). The ASNL mutant that abolishes ERM binding but
enhances PDZ-domain ligand binding [14] showed cytoplasmic and
nuclear localization and allowed the formation of small compact
spheroids. We have previously shown loss of apical PM localization
in 2D polarized epithelia for this mutant [14], most likely due to
disrupted interaction with ERM proteins. The PDZ1-2 double
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Figure 3. NHERF1 apical PM localization is required for 3D gland development. (A) Immunoblot with indicated antibodies of whole lysates
(30-ug proteins) from cells expressing Myc-tagged NHERF1 wild type, double PDZ domain mutant (PDZ1-2-DM), and ERM-binding—
deficient ASNL mutant is shown. (B) Immunoblot as in A shows collapse of phosphorylated forms (bracket) to a single form (arrowhead)
following CIP treatment. (C) IF analysis of early gland development from Caco-2 cells expressing the diagrammed NHERF1 and mutants.

Arrowheads indicate NHERF1 expression at the apical PM.
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mutant, which exhibits reverse binding capabilities, had drastic
consequences on morphogenesis, aborting it at the transition to the
two-cell stage, in which only few distorted forms were still viable.
Interestingly, this mutant was also hypophosphorylated compared
to NHERF1 wild type or the ASNL mutant (Figure 3B). Although
PDZ1-2-DM appears to have cytoplasmic expression in the few two-
cell stage forms, we found PM localization in 2D cultures of
glioblastoma cells (not shown), indicating that this mutant could
localize at the PM, but most likely, it prevented organoid growth before
polarity could be established. Overall, these experiments suggested that
NHEREF1 apical PM localization, most likely by interaction with ERM
proteins, is necessary for gland morphogenesis and that NHERF1 itself
organizes PDZ ligands essential for this process.
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Both Ezrin and Moesin Colocalize with NHERFI at the Apical
PM, but Only Moesin Controls Gland Morphogenesis Similarly
to NHERFI

To identify the specific ERM protein controlling morphogenesis
in association with NHERF1, we double-labeled one-cell and two-cell
stage 3D cultures with NHERF1 and either ezrin or moesin
(Figure 4A4). We could not perform similar studies for radixin, because
a radixin-specific antibody for IF could not be identified. Both ezrin and
moesin colocalized with NHERF]1 at the inner disc of the intercellular
membranes at the two-cell stage. Interestingly, at one-cell stage, they
also colocalized with NHERF1 in a juxtanuclear punctate structure
(see also Figure 2B), possibly an endosome-derived precursor form of
the apical membrane.
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Figure 4. Differential roles of ezrin and moesin in gland morphogenesis. (A) IF analysis with NHERF1 and ezrin (left) or moesin (right)
antibodies of early gland formation shows colocalization of both ERMs with NHERF1 at the apical PM. (B) Western blot of proteins from
Caco-2 cell lysates shows shRNA knockdown of ezrin (shE No. 8) and moesin (shM No. 4) and corresponding GAPDH-normalized levels (%).
(C and D) Confocal IF of moesin-depleted (shMoesin) (C) and ezrin-depleted (shEzrin) (D) mature structures shows disrupted gland

morphogenesis only by moesin depletion.
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We have previously developed a battery of shRNAs for knockdown
of individual ERM proteins [15]. In Caco-2 cells, ezrin shE No. 8 and
moesin shM No. 4 had relatively efficient knockdown (Figure 4B).
Moesin depletion resulted in loss of polarity and disrupted gland
morphogenesis with development of large deformed spheroids
(Figure 4C), exhibiting a phenotype similar to NHERF1. Surprisingly,
ezrin depletion did not impair morphogenesis, and normally formed
glands developed in the absence of ezrin (Figure 4D,
upper panels). We confirmed that these ezrin-depleted glands
express NHERF1 apically (Figure 4D, middle panels), implying
that the localization of NHERF1 is not dependent on ezrin
in this model. The localization of the apical polarity marker
aPKC was also correct, confirming the formation of structurally
normal glands in the absence of ezrin. Conversely, NHERF1
depletion had the expected effect on ezrin, inducing basal
mislocalization in compact spheroids (Figure W2). These results
indicate that, in this 3D colonic gland formation model, ezrin
is dispensable, whereas NHERF1 and moesin are both required
for gland morphogenesis.

NHERFI1 Loss Displaces PTEN from the Apical PM and
Induces Nuclear Shift of B-Catenin

NHEREF1 interacts with many ligands through its PDZ domains. Of
these, PTEN has been linked to the establishment of epithelial polarity
in MDCK cell cysts, resulting in the apical compartmentalization
of PIP, and baso-lateral distribution of PIP; [2] (Figure W3A4). We
confirmed the distribution of PIP; to the basal PM in Caco-2 glands by
expressing HA-tagged Akt that contains a PH domain with high affinity
for PIP; (Figure W3, Band C). Akt displayed a polarized distribution to
the basal PM, sparing the apical PM where NHERF1 was localized. To
analyze the localization of PTEN in Caco-2 glands, we stably expressed
Myc-tagged PTEN, as endogenous PTEN could not be detected by IF
analysis (Figure 54). PTEN localized to the cytoplasm and nucleus of
cells, as reported for other cell types [23], and a fraction localized at the
apical PM (Figure 5B, upper panels), confirming the reported findings
in MDCK cells [4]. By inducing polarity loss, NHERF1 depletion
led to dispersion of PTEN in the cytoplasmic and nuclear
compartments of the cells forming the spheroids (Figure 5, B, lower
panels, and C, right panels).

We have previously shown that NHERF1 interacts with PTEN
through the PDZ1 domain of NHERF1 and the PDZ-binding
motif of PTEN [5,14]. Costaining with PTEN and NHERF1
antibodies showed that apical PTEN colocalized with NHERF1
in 3D glands (Figure 5C). Moreover, deletion of the last three
amino acids that form the PDZ binding motif in PTEN
(PTEN-APDZ) (Figure 5A) prevented PTEN's apical PM
localization and resulted in its concentration in cell nuclei
(Figure 5C). These findings imply that the PDZ binding motif of
PTEN is required for PTEN apical PM localization, most likely through
interaction with NHERF1.

Although Caco-2 cells resemble normal intestinal cells, they
are derived from CRC and have mutated Apc [24] that however
does not seem to interfere with the degradation of B-catenin.
Accordingly, B-catenin colocalized predominantly with E-cadherin
at the baso-lateral membranes and was not observed in the nucleus
of cells from control glands (Figure 5D). In NHERF1-depleted
spheroids, a significant number of cells demonstrated nuclear B-catenin
(Figure 5D, arrows), confirming previous data in 2D tissue culture
[10,11].

Discussion

Accurate experimental modeling of pathologic changes observed
in human conditions is a powerful tool for understanding the
mechanism of disease and for therapy design. In this study, we
modeled the initiall NHERF1 molecular changes that we have
reported in CRC [10] in a previously described 3D model of human
intestinal gland formation [17], which was also tested by the
introduction of K-Ras and B-Raf mutations occurring in a subset of
human CRCs [25]. We noted strong correspondence between
the pathologic changes occurring in the transformation sequence of
CRC from normal-> adenoma -> carcinoma and the alteration by
NHEREF1 loss of the normal gland morphology toward tumorlike 3D
structures characterized by enhanced and disorganized growth
(Figure 6). These 3D spheroids share similar morphologic changes
with colonic-epithelium adenomatous growth, characterized by
crowded cells showing enlarged nuclei and increased number of
mitoses, some of which are atypical. High-grade dysplasia, a feature of
progression from adenoma to carcinoma characterized by cribriform
architecture and total loss of polarity has correspondent changes in the
formation of aborted lumina and polarity loss in NHERF1-depleted
spheroids. A break of the basement membrane with invasion of
neoplastic cells through muscularis mucosae characterizes adenocarcino-
ma. A detached or absent basement membrane in NHERF1-depleted
spheroids, sometimes with cells budding off the main structure, may
mimic initial phases of invasion (see Figure 2). The 3D changes induced
by NHERF1 loss are best consistent with high-grade dysplasia,
also called carcinoma in situ, and functionally implicate NHERF1 in
CRC progression.

The mechanism by which NHERF1 controls cell polarity is related
to its correct apical PM localization. NHERF1 is localized at the
apical PM in both normal intestine surface epithelium and glands.
As previously observed in polarized opossum kidney cells, disruption
of the ERM-binding region redirects NHERF1 to the cytoplasm
[14,26]. Expression of this ERM-binding deficient mutant with
altered subcellular compartmentalization is sufficient to prevent
Caco-2 gland morphogenesis with central lumen formation. These
observations suggest that apically localized NHERF1 is required to
maintain cell polarity, including the apical localization of ERM
proteins, and that it is the interaction with ERM proteins that
propetly localizes NHERF1 at the apical PM. In contrast to knockout
mice, where ezrin is the ERM protein involved in proper organization
of the apical intestinal brush border membrane similarly to NHERF1
[8,27], specific ezrin knockdown in the human Caco-2 gland model
had no effect on gland morphogenesis. This may be explained by
a compensatory interaction of NHERF1 with moesin, which also
colocalized apically with NHERF1 in 3D glands. Surprisingly,
moesin knockdown disrupted gland morphogenesis similarly to
NHERFI. Depletion of another ERM family member, neuro-
fibromatosis type 2 (NF2), was shown to promote formation of Caco-
2 3D glands with multiple lumens [28]. Interestingly, NF2 or
Drosophila moesin knockdowns were also shown to alter spindle
morphogenesis during mitosis, leading to chromosomal misalignment
and multpolar mitoses [28-30]. Most likely, the membrane
destabilization of ERM-NF2 proteins in NHERF1-depleted spher-
oids leads to defective cortical rigidity and spindle positioning during
mitosis, with multipolar spindle formation. ERM proteins have high
sequence similarity and functional redundancy, but nonredundant
functions are being investigated [31]. They have been found
differentially overexpressed or sometimes downregulated in various
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Figure 5. NHERF1 depletion induces displacement of apical PTEN and nuclear translocation of -catenin in 3D spheroids. (A) Western blot
of proteins (30 ug) from whole cell lysates with either Myc or PTEN A2B1 antibodies shows expression of Myc-tagged PTEN and
PTEN-APDZ mutant in Caco-2 cells. Endogenous PTEN is indicated by arrowhead. (B) IF of 3D structures developing from control and
NHERF1 shRNA-depleted (shNHERF1) cells expressing Myc-tagged PTEN is shown. (C) IF analysis of 3D glands expressing Myc-tagged
PTEN and PTEN-APDZ shows apical PM localization of wild-type PTEN (arrowhead) as in B but not of PTEN-APDZ that is partially localized to
the nucleus (arrows). NHERF1 depletion delocalizes PTEN to the cytoplasm (right panels). (D) Confocal IF shows strong nuclear 3-catenin

(arrows) in some cells of NHERF1-depleted spheroids.

cancers [15,32]. Interestingly, moesin was found overexpressed in
CRC compared to normal mucosa, and ezrin was found over-
expressed in metastatic CRC compared to primary tumors [33,34].
More studies are therefore warranted to characterize the individual
ERM protein expression and function in the CRC transformation
sequence, as well as in relationship to NHERF1.

An important step in gland morphogenesis also involves the PDZ
domain interactions of NHERF1. Of NHERF1's PDZ-domain
ligands, PTEN has been shown to maintain high PIP, levels at the
apical PM, which are critical for apical-basal polarity in Drosophila
photoreceptor epithelial cells and MDCK cell cysts [2,4,35].
Recently, PTEN knockdown has also been shown to disrupt Caco-2
3D gland morphogenesis [36]. However, how PTEN localizes at the

apical PM remained unknown. A polarized distribution of PTEN
was initially observed in migratory single cells of the slime mold
Dictyostelium  discoideum where PTEN and phosphoinositol 3-OH
kinase were shown to occupy distinct PM compartments during
chemotaxis [37,38]. Similar to MDCK cells, PTEN was required to
maintain phosphoinositide partition in Dictyostelium during chemo-
taxis, and the PIP,-binding motif from PTEN N terminus was required
for its PM localization [39]. Mutations in this motif were shown not
only to disrupt PM binding but also to inactivate PTEN's tumor
suppressor function in nonpolarized tumor cells [40-42]. In Drosphila
epithelial cells, PTEN interaction and colocalization with Bazooka/Par-3
at the developing apically situated cell-cell junctions were described

[35,43]. We show here that the C-terminal PDZ-binding motif, which is
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Figure 6. Parallelism between morphologic changes occurring in the CRC transformation paradigm and in 3D glands by NHERF1 apical PM
loss. Hematoxylin and eosin staining of a CRC resection specimen (original magnification, x 200) shows areas of normal mucosa, tubular
adenoma, and high-grade dysplasia, the latter showing cribriform architecture (arrows), mitoses (arrowhead), nuclear enlargement and
pleomorphism, and complete loss of cell polarity. The development of 3D spheroids by NHERF1 depletion reproduces high-grade dysplasia and

validates the 3D intestinal gland system.

dispensable for PTEN's growth-suppressive function in nonpolarized
tumor cells [16], provides the specialized signal for apical PM localization
in polarized epithelial cells. NHERF1 stabilizes PTEN apically through
PDZ-domain interactions [5], and NHERF1 loss leads to PTEN
cytosolic redistribution. This change will, in turn, alter the distribution of
PIP, and contribute to the more severe apical-basal polarity disruption.
Of note is that ERM proteins interact with PIP, [44] and they are required
for relaxing the “closed” conformation of NHERF]1, allowing interaction
with PTEN [14]. We conclude that the disruption of epithelial
morphogenesis seen after NHERF1 depletion or apical displacement is a
consequence of dissociation of NHERF1 complexes with both PTEN and
the ERM proteins from the apical PM, leading to polarity loss.
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Appendix A
Supplementary data

shVector shNHERF1

Actin & GM130

Figure W1. Loss of Golgi complex polarized distribution by NHERF1 depletion. Confocal IF analysis of Golgi complex distribution with
GM130 antibody, phalloidin labeling for actin cytoskeleton and TOPRO-3 iodide (blue) for the nuclei in the Caco-2 3D structures. Note
polarized supranuclear Golgi localization in glands formed by control cells (shVector) and its complete disorganization in NHERF1 shRNA-
depleted (shNHERF1) spheroids.

shVector shNHERF1

Actin & Ezrin

Figure W2. Loss of ezrin polarized distribution by NHERF1 depletion. Confocal IF analysis of ezrin distribution with ezrin antibody,
phalloidin labeling for actin cytoskeleton and TOPRO-3 iodide (blue) for the nuclei in the Caco-2 3D structures. Note apical PM ezrin
localization in glands formed by control cells (shVector) and its complete displacement to the basal membrane or to minute aborted
lumens in NHERF1 shRNA-depleted (shNHERF1) spheroids.
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Figure W3. Akt localizes at the basal cell membrane in 3D Caco-2
glands. A. Schematic drawing of a 3D gland with the polarized
distribution of phosphoinositides. B. Western blot of whole cell
lysates (30 ug proteins) showing expression of HA-tagged Akt and
vector control in Caco-2 cells. Endogenous Akt is indicated. C.
Confocal IF analysis of Caco-2 3D glands with HA and NHERF1
antibodies. Note basal membrane distribution of HA-Akt(arrow).
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