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Abstract——Many G protein-coupled receptors (GPCR)
exert patterns of cell-specific signaling and function.
Mounting evidence now supports the view that cy-
toplasmic adapter proteins contribute critically to
this behavior. Adapter proteins recognize highly
conserved motifs such as those for Src homology 3

(SH3), phosphotyrosine-binding (PTB), and postsyn-
aptic density 95/discs-large/zona occludens (PDZ)
docking sequences in candidate GPCRs. Here we re-
view the behavior of the Na�/H� exchange regula-
tory factor (NHERF) family of PDZ adapter proteins
on GPCR signalling, trafficking, and function. Struc-
tural determinants of NHERF proteins that allow
them to recognize targeted GPCRs are considered.
NHERF1 and NHERF2 are capable also of modifying
the assembled complex of accessory proteins such as
�-arrestins, which have been implicated in regulat-
ing GPCR signaling. In addition, NHERF1 and
NHERF2 modulate GPCR signaling by altering the G
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protein to which the receptor binds or affect other
regulatory proteins that affect GTPase activity, pro-
tein kinase A, phospholipase C, or modify down-
stream signaling events. Small molecules targeting

the site of NHERF1-GPCR interaction are being de-
veloped and may become important and selective
drug candidates.

I. Introduction: Historical Background
and Discovery

The discovery of the Na�/H� exchange regulatory fac-
tor (NHERF1) family of scaffolding proteins has its ori-
gins in two distinct lines of investigation. The first has a
longer history and began with studies directed at uncov-
ering the structural basis for the targeting and asym-
metric association of membrane-delimited proteins in
polarized epithelial cells. This work led to the identifi-
cation of ezrin, which was shown to link cell membranes
with the cytoskeleton (Bretscher, 1983). These studies,
in turn, led to a search for additional proteins that bind
to ezrin and its related family members radixin, moesin,
and merlin and that regulate cytoskeletal-plasma mem-
brane interactions. Using immobilized N-terminal pep-
tide fragments of ezrin and moesin, Reczek et al. (1997)
identified a 50-kDa protein that they called ezrin-ra-
dixin-moesin-binding phosphoprotein 50.2 During the
same time frame, Weinman et al. (1993) independently
were searching for a phosphoprotein cofactor that was
required for the inhibition of renal Na�/H� exchanger
isoform-3 (NHE3). Those studies uncovered a cytoplas-
mic protein that was a substrate for protein kinase A
phosphorylation and was distinct from the Na�/H� ex-
changer but regulated its activity. They named the protein
NHERF for Na�/H� exchanger regulatory factor (Morell et
al., 1990; Weinman et al., 1995). It was appreciated that the
two proteins were identical (Reczek et al., 1997).

The closely related gene product E3KARP, now called
NHERF2 (Table 1), was discovered by Yun and Donowitz
(1997, 1998) by using a yeast two-hybrid screen for cDNAs
encoding proteins that interact with the cytoplasmic do-
main of NHE3, which was used as bait. The identified cDNA

encoded a protein of 451 residues, which they named
E3KARP (NHE3 kinase A regulatory protein). E3KARP and
NHERF share 44% identity, mostly within the first 260
amino acids. Although they differ importantly in other ways,
as detailed below, it is noteworthy that in tissues where they
are coexpressed, they largely can support the same functions.

PDZK1, now called NHERF3 (Table 1), was also discov-
ered using a yeast two-hybrid screen searching for proteins
that were up-regulated in response to dietary phosphate
restriction (Custer et al., 1997; Gisler et al., 2001).
NHERF3 possesses four PDZ domains but lacks the car-
boxyl-terminal ezrin-binding domain found in NHERF1
and NHERF2 (Fig. 1). It is noteworthy that although
NHERF3 plays an important role in phosphate homeosta-
sis, its role is clearly different from that of NHERF1
(Kocher et al., 2003; Giral et al., 2011). Hence, they would
not seem to have biologically redundant roles.

Finally, NHERF4, which closely resembles NHERF3
(Fig. 1) was identified in a search for proteins interacting
with the type IIa sodium-phosphate cotransporter (Npt2a)
and was initially named NaPi-Cap2 (Gisler et al., 2001)
and independently GCC “interacting protein intestine and
kidney enriched PDZ protein” (IKEPP) (Scott et al., 2002).
It has since been designated PDZK2 and, now, NHERF4
(Table 1) (Thelin et al., 2005).

II. Structure and Structural Determinants of
Na�/H� Exchange Regulatory Factor Proteins

Mounting evidence highlights the role of cytoplasmic
adapter proteins that are responsible for the cell-specific
pattern of signaling of select GPCRs and contribute to
the ligand bias displayed by these receptors. Most
adapter proteins interact with their targets through well
conserved modular protein-protein domains. Common
modular motifs include SH2, SH3, WW, PTB, and PDZ
domains (Scott and Pawson, 2009). Proteins containing
PDZ domains, named for the first three proteins in
which they were described (postsynaptic density 95/
discs-large/zona occludens), are the most abundant pro-
tein modules that function as scaffolding agents to as-
semble multiprotein signaling complexes. Scaffolding
proteins may harbor single or multiple PDZ domains
and may include other protein-protein interaction mod-
ules as well. The Na�/H� exchanger regulatory factors
form a family of adaptor proteins consisting of four mem-
bers.3 NHERF1 (SLC9A3R1) and NHERF2 (SLC9A3R2)
possess two nonidentical, type 1 tandem PDZ domains
and a carboxyl-terminal ezrin-binding domain (EBD),

1Abbreviations: AR, adrenergic receptor; CFTR, cystic fibrosis
transmembrane conductance regulator; CRLR, calcitonin receptor-
like receptor; CT, carboxyl terminus; E3KARP, NHE3 kinase A reg-
ulatory protein; EBD, ezrin-binding domain; ERE, estrogen response
element; ERK, extracellular signal-related kinase; GPCR, G protein-
coupled receptor; GRK, G protein-coupled receptor kinase; LPA,
lysophosphatidic acid; LPA2R, lysophosphatidic acid receptor 2;
NF2, neurofibromatosis 2; NHE3, Na�/H� exchanger isoform-3;
NHERF, Na�/H� exchange regulatory factor; Npt2a, type IIa sodi-
um-phosphate cotransporter; OK, opossum kidney; OKH, subclone of
OK cells that expresses only modest levels of NHERF1; OR, opioid
receptor; PDGFR, platelet-derived growth factor receptor; PDZ, post-
synaptic density 95/discs-large/zona occludens; Pi, inorganic phos-
phate; PICK1, protein interacting with C kinase 1; PKA, protein
kinase A; PLC, phospholipase C; PTEN, phosphatase and tensin
homolog; PTH, parathyroid hormone; PTH1R, parathyroid hormone
receptor 1; RAMP, receptor activity-modifying protein; ROS, rat
osteosarcoma; TXA2R, thromboxane A2 receptor.

2 Gene designations and synonyms for human NHERF proteins
are summarized in Table 1.

3 In all cases, we refer to human NHERF proteins and genes
unless otherwise noted.
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whereas NHERF3 (PDZK1) and NHERF4 (PDZD3)
have four PDZ domains but lack an EBD (Fig. 1) (Seidler
et al., 2009).

PDZ domains consist of an 80- to 90-amino-acid three-
dimensional globular structure composed of six �-sheets
and two �-helices (Karthikeyan et al., 2001b). The carbox-
ylate-binding loop contains a core motif of GLGF (Ponting
et al., 1997) or a related sequence (GYGF in the case of the
NHERF proteins). Three classes of PDZ domains have
been described on the basis of the binding motif of the
ligand with which they interact. Class I PDZ proteins
interact with ligands terminating in the sequence [S/T]-
X-�, where X is promiscuous and � is a hydrophobic res-
idue, generally Leu but also Ile, Val, or Met. By convention,
numbering of the ligand sequence begins with 0 for the
terminal position. Some class I PDZ proteins such as
NHERF additionally favor [D/E] at -3. Class II PDZ mod-
ules prefer a ligand motif of the form X-�-X-�; and Class
III PDZ proteins recognize [D/E/K/R]-X-� (Songyang et al.,
1997; Stricker et al., 1997). PDZ ligands dock in a groove
between the second �-sheet and the second �-helix. For
Class I PDZ proteins, the terminal hydrophobic amino acid
of the ligand occupies a hydrophobic cavity at the top of the
groove (Fig. 2). The ligand preferences of class I and II PDZ
domains result from the presence at the distal end of the
second �-helix of a histidine in class I, which favors Ser or
Thr at the -2 position of the ligand, and a hydrophobic
pocket in class II that favors a hydrophobic amino acid at
the corresponding location.

Based on the particular amino acid sequence, a PDZ
domain of either class may favor specific ligands on the
basis of residues located at the -3, -4, and -5 positions
(Songyang et al., 1997; Hock et al., 1998). The preferred
carboxyl-terminal motifs for interaction with NHERF1
PDZ1 were first worked out independently by two different
groups (Hall et al., 1998a; Wang et al., 1998a). Although
different technical approaches were applied to define the
preferred NHERF1 PDZ1-binding motif [unbiased screen-
ing of a peptide library (Wang et al., 1998a) versus tar-
geted mutagenesis (Hall et al., 1998a)], both groups iden-
tified D-T-R-L as the sequence favored for binding by
NHERF1 PDZ1. This sequence is found as the last four
amino acids of CFTR. This led to the recognition of CFTR
as a binding partner of NHERF family proteins (along with
work by Short et al. (1998), who independently discovered
the CFTR/NHERF1 interaction in a manner that did not
involve working out the optimal motif for NHERF1 PDZ1
binding.

The PDZ domains of NHERF1 contain an arginine that
can electrostatically interact with a glutamate or aspartate
at the -3 position of the target binding partner (Fig. 2)
(Karthikeyan et al., 2001a,b). Although it prefers targets
with Glu/Asp at the -3 position, NHERF1 is still able to
interact with targets that have a different amino acid at -3
(e.g., Npt2a, which terminates in A-T-R-L) (Shenolikar et
al., 2004). Additional selectivity arises from upstream po-
sitions 5 to 7 that further define the specificity of interac-
tion with the respective PDZ protein (Zhang et al., 2006).
Residues as far as 18 amino acids upstream of the carboxyl
terminus of NHERF1, for example, participate in estab-
lishing the recognition site (Mahon and Segre, 2004).

A. Na�/H� Exchange Regulatory Factor Dimerization

NHERF1 and NHERF2 may homo- or heterodimerize.
The precise means of multimerization is unclear. Two
mechanisms of NHERF1 dimerization have been de-
scribed. The first involves head-to-tail dimerization (Mo-
rales et al., 2007), whereas the second involves dimeriza-
tion of PDZ domains (Fouassier et al., 2000; Lau
and Hall, 2001; Shenolikar et al., 2001). Head-to-tail
dimerization of NHERF1 is mediated by the interaction
of the carboxyl terminus, which itself is a PDZ-binding
sequence (F-S-N-L) with PDZ2 (Morales et al., 2007).

FIG. 1. Schematic representation of human NHERF proteins dis-
cussed in this review. PDZ domains are indicated by the red rectangular
boxes and EBDs by purple ellipses. The relative scale is shown on the
bottom.

TABLE 1
Gene names and synonyms for NHERF isoforms

All terminology is from http://www.uniprot.org (UniProt Consortium, 2011).

Isoform Gene Synonyms

NHERF1 SLC9A3R1 Ezrin-radixin-moesin-binding phosphoprotein-50 (EBP50)
NHERF2 SLC9A3R2 NHE3 kinase A regulatory protein (E3KARP); tyrosine kinase activator protein-1 (TKA-1);

SRY-interacting protein 1 (SIP-1)
NHERF3 PDZK1 CFTR-associated protein of 70 kDa (CAP70); Na/Pi cotransporter carboxyl-terminal-associated

protein-1 (NaPi-Cap1); PDZ domain-containing protein-1 (PDZD1)
NHERF4 PDZD3 Intestinal and kidney-enriched PDZ protein (IKEPP); natrium-phosphate cotransporter IIa

carboxy-terminal-associated protein-2 (NaPi-Cap2); PDZ domain-containing protein-2
(PDZK2)

NHERF EFFECTS ON GPCR FUNCTION C
has not been copyedited and formatted. The final version may differ from this version. 

Pharmrev Fast Forward. Published on 26 August 2011 as DOI 10.1124/pr.110.004176 This article
at A

SPE
T

 Journals on A
pril 18, 2024

pharm
rev.aspetjournals.org 

D
ow

nloaded from
 

http://pharmrev.aspetjournals.org


In some instances, NHERF dimerization is promoted by
the presence of a carboxyl-terminal PDZ-recognition pep-
tide, such as PDGFR-CT (Maudsley et al., 2000) or the
�2-adrenergic receptor (�2-AR)-CT (Lau and Hall, 2001).
Similar results occur with the parathyroid hormone recep-
tor type I (PTH1R)-CT (B. Wang and P. Friedman, unpub-
lished observations). Limited evidence for in vivo NHERF1
dimerization is available (Hammad et al., 2010), and it is
uncertain whether dimerization occurs in vivo and its bio-
logically meaning has been questioned (Garbett et al.,
2010).

III. Tissue, Cell, and Subcellular Localization

Biochemical and cell biological studies suggest that
where they coexist, NHERF proteins perform overlap-
ping functions as regulators of transmembrane recep-
tors, transporters, and other proteins localized at or
near the plasma membrane (Voltz et al., 2001). Super-
ficially, each of the NHERF family of PDZ proteins
seems quite similar. Closer inspection, however, reveals
many differences in cellular expression, subcellular lo-
calization, and biochemical properties. Despite the
resemblance between their PDZ domains, NHERF
proteins exhibit different affinities for PDZ-binding
partners (Wang et al., 2010) that may determine unique
localizations and functions for each family member.
These differences probably affect in vivo function and
will help explain the unique aspects of the NHERF pro-
teins and the coexpression of such seemingly similar
proteins within tissues such as kidney tubules and
gastrointestinal tract (Thelin et al., 2005). Table 2

summarizes tissues exhibiting high levels of NHERF
expression.

Expression studies show that mRNA for the four mem-
bers of the NHERF family is differentially and widely
expressed (Reczek et al., 1997; Yun et al., 1997; Kocher et
al., 1998; Su et al., 2004). NHERF1 and NHERF2 seem to
be the most broadly distributed and abundantly expressed
(Thelin et al., 2005).

NHERF1 is enriched in tissues possessing extensive po-
larized epithelia. These include kidney, placenta, and liver
(Reczek et al., 1997). NHERF1 is generally described as a
brush-border protein in kidney proximal tubules and re-
gions of the gastrointestinal tract (small intestine, colon); it
is additionally found in the airway epithelium, gastric pa-
rietal cells, and brain (Weinman et al., 1995; Reczek et al.,
1997; Yun et al., 1997; Mohler et al., 1999; Ingraffea et al.,
2002; Scott et al., 2002; Kocher et al., 2003).

NHERF2 has a more restricted tissue distribution, with
the highest expression found in lung. It is coexpressed with
NHERF1 in kidney, albeit with a distinct distribution.
Whereas NHERF1 is localized to proximal tubules,
NHERF2 is expressed in glomeruli and in collecting ducts
and not in proximal convoluted tubules. NHERF2 is also
found throughout the renal vasculature, including the de-
scending vasa rectae (Wade et al., 2001; Ingraffea et al.,
2002).

Using antibodies specific to NHERF1 or NHERF2 for
localization in murine tissues, Ingraffea et al. (2002) found
that the cellular distribution of NHERF1 and NHERF2 is
mutually exclusive. NHERF1 and ezrin are generally co-
expressed in epithelial cells, such as intestinal epithelial
cells, gastric parietal cells, tubular epithelial cells of the
kidney proximal tubule, the terminal bronchiole of the
lung, and in mesothelia. This correlation is not absolute,
insofar as cells of the mucous epithelium of the stomach
and in the glomerulus express ezrin but not detectable
NHERF1, whereas the hepatic bile canaliculi express
NHERF1 but not ezrin. NHERF2, conversely has no pref-
erence for coexpression with ezrin in polarized epithelia
(Ingraffea et al., 2002). NHERF2 has also been localized in
astrocytic processes and postsynaptic neuronal elements of
the mouse brain (Paquet et al., 2006).

NHERF3 shares much of the tissue distribution with
NHERF1 and NHERF2 including expression in the brush-
border of epithelial cells forming the kidney proximal tu-

TABLE 2
Tissues highly enriched with NHERF family members

NHERF Tissue

NHERF 1 Kidney (proximal tubules), gastrointestinal tract
(small intestine, colon, and gastric parietal cells),
airway epithelium, liver, mesothelium, breast,
placenta, brain

NHERF 2 Kidney (glomeruli, peritubular capillaries, collecting
duct principal cells and weakly in proximal
tubules), gastrointestinal tract (small intestine
and colon), lung, colon cancer, brain

NHERF 3 Kidney, gastrointestinal tract, liver
NHERF 4 Kidney, gastrointestinal tract

FIG. 2. Position of the carboxyl-terminal PTHR (PTHR-CT ligand) in
the binding groove of the PDZ2 domain (only the peptide backbone is
shown). The �2-helix is displayed as a ribbon. The carboxylate binding
loop (Gly-163, Tyr-164, Gly-165, and Phe-166) and �2 strand (Asn-167
and Leu-168) are shown as the polypeptide backbone chain (stick repre-
sentation). The carbon atoms of the PTHR-CT ligand are yellow, the
oxygen atoms are red, and the nitrogen atoms are blue. H-bond interac-
tions are indicated by black dotted lines. The proximity of Ser-162 to this
site is evident. Predicted electrostatic interactions between the Glu -3
side chain and Arg-180 (�3 strand) are depicted. (Graphic kindly pre-
pared by Dr. T. Mamonova.)
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bule and the small intestine (Kocher et al., 1998) and is
present also in liver (Custer et al., 1997; Gisler et al., 2001).

NHERF4 is expressed at the apical cell surface of intes-
tine and kidney epithelia (Gisler et al., 2001; Thelin et al.,
2005). NHERF4 is distinct from the other family members
in that it displays the most restricted tissue expression of
all the NHERFs, being found only at significant levels in
the gastrointestinal tract and kidney (Thelin et al., 2005).

Subcellular localization of NHERFs varies depending on
the family member and the tissue (Table 3). In general,
NHERFs are primarily localized at or near the actin cyto-
skeleton underlying the apical plasma membrane (Yun et
al., 1998). NHERF1 and NHERF2 are predominantly
found in brush-border membranes, although some
NHERF1 is present in basolateral membranes (Weinman
and Shenolikar, 1997; Wade et al., 2001). NHERF1 and -2
are substantially enriched at specialized cell surface struc-
tures associated with the ezrin-radixin-moesin family of
proteins (Bretscher et al., 2002). NHERF1 and NHERF2
possess carboxyl-terminal ezrin-binding domains that in-
directly tether these proteins to the actin cytoskeleton by
additional protein interactions (Bretscher et al., 1997; Rec-
zek et al., 1997; Short et al., 1998; Sun et al., 2000).

NHERF2 is found in the brush-border membranes with
NHERF1 but also at an adjacent site below this region,
where NHERF2 but not NHERF1 colocalizes with clath-
rin. Electron microscopic studies showed that NHERF1
was exclusively detected in the brush-border microvilli.
NHERF2, on the other hand, was largely restricted to an
apical band of small vesicles and minimally associated
with microvilli (Seidler et al., 2009). NHERF2 is commonly
found in conjunction with moesin and radixin, especially in
pulmonary alveoli (Ingraffea et al., 2002).

NHERF3 resides on or immediately under the plasma
membrane (Gisler et al., 2003; Donowitz et al., 2005). In
human colon cancer Caco-2 cells and renal proximal tubule
cells, NHERF3 is predominantly found in apical brush-
border membranes (Gisler et al., 2003; Donowitz et al.,
2005). NHERF3 and NHERF1 are highly localized to the
brush-border, whereas the targeting of NHERF2 varies
somewhat between apical, at the base of this area, as well
as more diffusely in the cytosol among different tissues
(Sun et al., 2000; Wade et al., 2001; Ingraffea et al., 2002).

NHERF4 is found within vesicular structures of the
subapical region of kidney proximal tubules but is largely

absent from the brush-border membrane (Gisler et al.,
2001). Although brush-border expression of NHERF4 is
minimal or absent, it is distributed throughout the cyto-
plasm. Similar observations have been made in human
Caco-2 colon cancer cells (Donowitz et al., 2005).

Despite the colocalization and interaction of some
NHERF family members with GPCRs and transporters at
apical membranes of polarized epithelial cells, the role of
NHERFs in apical membrane targeting is controversial
and unclear because many NHERF-binding partners re-
tain their apical localization in the absence of NHERF
(Nies et al., 2002; Benharouga et al., 2003; Ostedgaard et
al., 2003; Milewski et al., 2005; Mahon, 2009), whereas
others exhibit impaired apical localization (Shenolikar et
al., 2002; Seidler et al., 2009). The overall thrust of the
findings suggests that the main role of the NHERF family
is transiently to assemble multiprotein complexes that
modulate trafficking, transport, and signaling in polarized
cells (Thelin et al., 2005).

IV. G Protein-Coupled Receptor Partners and
Effects of Na�/H� Exchange Regulatory Factor-1

on Trafficking and Signaling

Depending on the stringency of the PDZ-binding se-
quence, from a handful to a potentially large number of
mammalian GPCRs have the ability to engage NHERF
proteins. Table 4 summarizes selected GPCRs for which
such interactions have been convincingly established
and specifically linked to function. These interactions
and their functional consequences are described below.

A. Parathyroid Hormone Receptor

The PTH1R is a family B G protein-coupled receptor
present primarily in bone and kidney. Interactions with
its cognate ligands, parathyroid hormone (PTH) and
parathyroid hormone-related protein, led to activation of
G�s and/or G�q triggering activation of adenylyl cyclase-
cAMP-protein kinase A- (PKA) and phospholipase C-
(PLC) dependent pathways, respectively. A PDZ-binding
motif (E-T-V-M) in the carboxyl-terminal tail of PTH1R
allows the receptor to bind preferentially to the PDZ1 of
NHERF1 or PDZ2 of NHERF2 (Fig. 3A) (Wang et al.,
2010). NHERF1 and NHERF2 interactions with the
PTH1R have been extensively studied, and the effects
are summarized in Table 5. Mahon et al. (2002) reported
that NHERF2 inhibited PTH-activated adenylyl cyclase
by stimulating inhibitory G�i and increasing PLC� in
PS120 cells transfected with the PTH1R. Thus, a signal-
ing switch mechanism consisting of NHERF2-mediated
assembling of PTH1R to PLC� and inhibition of a G�s-
based adenylyl cyclase activity by G�i was proposed.

Despite the described effect of NHERF1 and NHERF2 to
suppress cAMP signaling (Mahon et al., 2002; Mahon and
Segre, 2004), NHERF1 increased PTH-stimulated cAMP
accumulation in rat osteosarcoma (ROS) 17/2.8 cells
(Wheeler et al., 2008). Moreover, in contrast to the obser-

TABLE 3
Subcellular distribution of NHERF proteins

Location

NHERF 1 Brush-border and basolateral membranes (slight)
Actin-rich structures including membrane

ruffles, microvilli, and filopodia
Cell surface structures with ERM proteins
Apical regions in the membrane

NHERF 2 Brush-border membranes
Cell surface structures with ERM proteins
Apical and subapical regions and cytosol

NHERF 3 Brush-border membranes
Apical and subapical structures

NHERF 4 Subapical regions and cytosol
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vations in opossum kidney (OK) cells that G�i-dependent
activation of PLC by PTH induces Ca2� signaling (Mahon
and Segre, 2004), the induction of calcium responses by
NHERF1 was not due to the activation of PLC in ROS cells
(Wheeler et al., 2008). In the latter, upon activation of the
PTH1R, Gs-dependent adenylyl cyclase produces high local
concentrations of cAMP, which, in turn, activate PKA lo-
cally, inducing the phosphorylation of voltage-dependent
Ca2� channels, thus allowing Ca2� entry (Wheeler et al.,
2008).

Adding to the variability of these effects, no differences
in PTH-stimulated cAMP formation were found in wild-
type and NHERF1-null proximal tubule cells (Cunning-
ham et al., 2004, 2005) or in Chinese hamster ovary CHO-
N10-R3 cells in the presence or absence of NHERF1 (Wang
et al., 2007).

Independent of the effects on adenylyl cyclase, both
NHERF1 and NHERF2 increase PTH-stimulated PLC or
intracellular calcium in PS120 cells, OK cells, and ROS
17/2.8 cells (Mahon et al., 2002; Mahon and Segre, 2004;
Wheeler et al., 2008). Consistent with these observations,
PTH activation of PLC is impaired in NHERF1-null mice
(Capuano et al., 2007).

Recent findings demonstrate that NHERF interactions
regulate PTH1R signaling at the level of G proteins.

NHERF1 directs interactions with the PTH1R that en-
hance receptor-mediated stimulation of G�q but has no
effect on stimulation of G�i or G�s (Wang et al., 2010). In
contrast, PTH1R association with NHERF2 augments re-
ceptor-mediated stimulation of both G�q and G�i but de-
creases stimulation of G�s. These studies reveal that
NHERF interactions with the PTH1R can directly modu-
late receptor coupling to G proteins. NHERF2 formed cel-
lular complexes with both G�q and G�i, whereas NHERF1
interacted only with G�q (Wang et al., 2010).

PTH1R also signals through mitogen-activated protein
kinases and extracellular signal-related kinases 1 and 2
(ERK1/2). NHERF1 regulates ERK1/2 activation through
a PTH1R-independent mechanism whereby decreasing
the stimulatory effect of 14-3-3 binding to B-Raf inhibits
ERK1/2 activation, whereas increasing the inhibitory in-
fluence of AKT negatively regulates ERK1/2 activation
(Wang et al., 2008).

NHERF proteins also affect trafficking and desen-
sitization of the PTH receptor. PTH1R undergoes
�-arrestin/dynamin-mediated endocytosis in response
to the biologically active forms of PTH, PTH(1–34),
and PTH(1– 84), but the synthetic antagonist PTH(7–
34) and the naturally circulating PTH(7– 84) peptide
induce PTH1R endocytosis through an arrestin-

TABLE 4
G protein-coupled receptors interacting with NHERF proteins

GPCR PDZ-Binding Motif NHERF Target Function Reference

PTHR E-T-V-M PDZ1 NHERF1 G�s, G�q, G�i, PLC�, PKA, PKC,
MAP kinase signaling

Mahon et al., 2002; Sneddon
et al., 2003; Mahon and
Segre, 2004; Wang et al.,
2007

PDZ2 NHERF2 Receptor trafficking & desensitization Wheeler et al., 2008
Npt2a regulation Wang et al., 2008, 2009,

2010; Weinman et al.,
2009, 2011

�2-AR D-S-L-L PDZ1 NHERF1 NHE3 & CFTR regulation Hall et al., 1998; Naren et
al., 2003; Taouil et al.,
2003; Singh et al., 2009

PDZ1,2 NHERF2
PDZ2 NHERF3

�OR N-K-P-V PDZ1 NHERF1 Receptor recycling Li et al., 2002
NHE3 regulation Huang et al., 2004;

Liu-Chen, 2004
mGluR5 S-S-S-L PDZ2 NHERF2 Prolong calcium mobilization Paquet et al., 2006

Potentiate cell death
P2Y1 D-T-S-L PDZ1 NHERF1 PLC� signaling Hall et al., 1998

AKAP activity (via ezrin) Fam et al., 2005
PDZ1, PDZ2 NHERF2 CFTR regulation Guerra et al., 2004

Receptor dimerization Choi et al., 2008
LPA2 (LPA5) D-S-T-L PDZ2 NHERF2 G�q, G�i, PLC�, Akt, MAP kinase

signaling
Oh et al., 2004
Choi et al., 2010

CFTR regulation (LPA5: NHE3) Li et al., 2005; Singh et al.,
2009

Antiapoptotic signaling Yun et al., 2005; E et al., 2009;
Lee et al., 2011

Cell migration Cha et al., 2010; Lin et al.,
2010

CCR5 S-V-G-L PDZ2 NHERF1 Receptor internalization &
dimerization

Hammad et al., 2010

MAP kinase signaling
CLRL D-T-L-L PDZ1 NHERF1 Receptor internalization Bomberger et al., 2005a,b
RAMP3
A2b ? NHERF2 Membrane anchoring Sitaraman et al., 2002
TXA2 Indirect PDZ 1&2 NHERF1 G�q & PLC� signaling Rochdi et al., 2002; Rochdi

and Parent, 2003
Fzd (Fzd4) X-S/T-X-V/L (ETVV) PDZ2 NHERF2 Wnt/�-catenin signaling

Tumor suppressor in breast cancer
Wheeler et al., 2011

MAP, mitogen-activated protein; AKAP, A kinase anchoring protein; Akt, protein kinase B.
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FIG. 3. Models of NHERF effects on GPCR signaling. Activation (�) or inhibition (�) of signaling pathways is shown with blue or red lines,
respectively. A, E-T-V-M-binding domain at the carboxyl terminus of the PTHR binds to PDZ1 of NHERF1 or PDZ2 of NHERF2. In turn, through the
EBD, NHERF1 associates with merlin, ezrin, radixin, or moesin (MERM) with the actin cytoskeleton. NHERF1 interactions with the PTHR increase
the binding for G�q [NHERF1 and -2] or G�i [NHERF2] proteins (Wang et al., 2010). Upon PTH stimulation, NHERF1 increases PLC� activity,
internalizes the Npt2a Na-Pi cotransporter, and decreases �-arrestin recruitment to the receptor. B, upon agonist stimulation, the D-S-S-L-binding
domain at the carboxyl terminus of the �2-AR) binds to PDZ1 of NHERF1 or PDZ1 or PDZ2 of NHERF2 (Lau and Hall, 2001). Interactions of the �2AR
with NHERFs increase cAMP accumulation and also increase (NHERF1) or decrease (NHERF2) CFTR of anion extrusion (Naren et al., 2002; Taouil
et al., 2003; Singh et al., 2009). Inhibitory effects of NHERF1 on NHE3 transporter activity decrease after NHERF1 releases the transporter when
recruited to �2-AR. C, the D-T-S-L-binding domain at the carboxyl terminus of the P2Y1R binds PDZ2 of NHERF2 (Hall et al., 1998a; Fam et al., 2005),
tethering the receptor indirectly to PLC� and increasing calcium (Ca2�) signaling (Fam et al., 2005). NHERF2 associates with ezrin through the EBD
and in turn ezrin bind PKA, which increases CFTR Cl� efflux (Guerra et al., 2004). D, the DSTL-binding sequence at the carboxyl terminus of the
LPA2R binds to PDZ2 of NHERF2, thereby tethering the receptor indirectly to PLC� and increasing Akt and ERK1/2 phosphorylation (P) and activity
upon LPA stimulation (Oh et al., 2004; Yun et al., 2005). NHERF2 interactions with LPA2R also increase the binding for G�q or G�i (Li et al., 2005;
Lee and Zheng, 2010). Recruitment of G�i decreases adenylyl cyclase activity, reducing cAMP accumulation, and decreasing Cl� transport by the
CFTR (Li et al., 2005; Singh et al., 2009).

NHERF EFFECTS ON GPCR FUNCTION G
has not been copyedited and formatted. The final version may differ from this version. 

Pharmrev Fast Forward. Published on 26 August 2011 as DOI 10.1124/pr.110.004176 This article
at A

SPE
T

 Journals on A
pril 18, 2024

pharm
rev.aspetjournals.org 

D
ow

nloaded from
 

http://pharmrev.aspetjournals.org


independent mechanism (Sneddon et al., 2003).
NHERF1 inhibits the arrestin-independent PTH1R
endocytosis effects of the N-terminally truncated
PTH(7–34) and PTH(7– 840) (Sneddon et al., 2003;
Sneddon et al., 2004).

In addition to the PDZ domains that interact with the
PTH1R, NHERF1 and NHERF2 contain a carboxyl-
terminal EBD (Fig. 1) that enables the tethering of ezrin,
merlin, radixin, and moesin to the actin cytoskeleton (Rec-
zek et al., 1997; Reczek and Bretscher, 1998; Yun et al.,
1998; Voltz et al., 2001; Weinman et al., 2006a). These
motifs were found to be essential to allow NHERF1 to bind
to PTH1R and anchor it to the cytoskeleton, altering sig-
nificantly the cellular distribution and diffusion of PTH1R
and reducing the rate of ligand-induced PTH1R endocyto-
sis (Wang et al., 2007; Wheeler et al., 2007, 2008). A dual
mechanism to explain PTH1R endocytosis inhibition by
NHERF1 was suggested; NHERF1 decreases the rate of
arrestin binding to the receptor and blocks arrestin-
independent endocytosis (Wang et al., 2007; Wheeler et al.,
2007). Studies on the interactions of NHERF1 with arres-
tin and their effects on PTH1R are controversial. Several
observations support models of NHERF1 interfering dy-
namically with the binding of arrestin to the PTH1R after
ligand stimulation (Wang et al., 2007, 2009; Wheeler et al.,
2007). It was suggested that NHERF1 sterically interferes
with or displaces �-arrestin-2 binding to the PTH1R. The
mechanism proposed may explain the decrease of PTH1R
desensitization and endocytosis caused by arrestins (Wang
et al., 2007, 2009; Wheeler et al., 2007). However, an al-
ternative model has been suggested in which NHERF1
may serve as an adaptor, bringing �-arrestin-2 into prox-
imity of the PTH1R. This model would facilitate �-arres-
tin-2 recruitment after receptor activation by stabilizing a
ternary complex (Klenk et al., 2010). Such interactions
may briefly occur when �-arrestins are recruited to
NHERF1-bound PTH1R. In contrast to this static model of
PTH1R-NHERF1-arrestin interaction proposed by Klenk
et al. (2010), results from our group suggest dynamic in-
teractions between NHERF1 and the PTH1R. Upon PTH
stimulation, we observed rapid dissociation of NHERF1
from the PTH1R, with �-arrestin1/2 then recruited to
the PTH1R, thereby initiating receptor internaliza-
tion (Ardura et al., 2010).

NHERF1 not only regulates PTH1R signaling and traf-
ficking but also modulates receptor effects on transporters,
such as Npt2a. Mahon et al. (2003) showed that OK cells
display PTH-mediated inhibition of inorganic phosphate
(Pi) uptake via regulation of the Npt2a. However, a sub-
clone of OK cells that expresses only modest levels of
NHERF1 (OKH) was defective in PTH-mediated inhibition
of Npt2a. Overexpression of NHERF1 in OKH cells res-
cued PTH-mediated inhibition of Npt2a. In vivo studies
demonstrated increased urinary phosphate excretion in
NHERF1-null mice compared with wild-type animals
(Shenolikar et al., 2002). Npt2a protein was aggregated
within the cytoplasm of renal proximal tubule cells of
NHERF1-null mice. Mislocalization of Npt2a suggested
that NHERF1 plays a role in the apical targeting and/or
tethering of Npt2a in the mammalian kidney (Shenolikar
et al., 2002; Cunningham et al., 2005, 2006). In addition,
phosphate transport was inhibited by activation of PKA
and protein kinase C, the two major signaling pathways of
the PTH1R, in wild-type proximal tubule cells but not in
NHERF1-null cells (Cunningham et al., 2006). Studies to
test whether PTH-mediated phosphorylation of NHERF1
could affect Npt2a/NHERF1 complexes showed that mu-
rine NHERF1-null renal proximal tubule cells infected
with an S77A-mutated NHERF1 exhibited increased phos-
phate transport compared with a phosphomimetic S77D
mutation. Furthermore, these cells were resistant to the
inhibitory effect of PTH on phosphate transport compared
with cells infected with wild-type NHERF1 (Weinman et
al., 2007). Together with the phosphorylation of NHERF1,
the stimulation of PTH1R induced the dissociation of the
Npt2a/NHERF1 complex, thereby increasing the mem-
brane diffusion of Npt2a (Weinman et al., 2011). On the
basis of these observations, Npt2a/NHERF1 complexes
seem to be dissociated by PTH1R-dependent protein ki-
nases releasing Npt2a, allowing its internalization and
thus inhibiting phosphate transport at the apical surface of
renal proximal tubule cells.

B. �2 Adrenergic Receptor

Three �-AR subtypes have been identified: �1-AR,
�2-AR, and �3-AR. Ligand binding to these receptors
leads to heterotrimeric G protein stimulation; all �-AR
subtypes can activate the G�s/adenylyl cyclase signaling

TABLE 5
NHERF effects on PTHR signaling

Cell type NHERF Isoform Effect Reference

PS120 NHERF1/2 Increased PLC activity Mahon et al., 2002
Increased G�i and decreased adenylyl cyclase activity

ROS NHERF1 Increased PLC activity and cAMP and Ca2� accumulation Wheeler et al., 2008
Renal tubule cells NHERF1 Increased PLC activity Cunningham et al., 2005

No changes in cAMP accumulation Capuano et al., 2007
CHO-N10-R3 NHERF1 No changes in cAMP accumulation Wang et al., 2007

Decreased ERK1/2 stimulation Wang et al., 2008
OK NHERF1/2 Increased PLC activity Mahon and Segre, 2004

Increased Ca2� accumulation
HEK293 NHERF1/2 NHERF1: increased G�q activity and Ca2� accumulation Wang et al., 2010

NHERF2: increased G�q and G�i and decreases G�s activity
Increased Ca2� and decreases cAMP accumulation
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pathway, but only �2-AR and �3-AR are able to activate
G�i (Xiao et al., 1995; Gauthier et al., 1996). Probing
tissue extracts from various organs in blot overlay ex-
periments, Hall et al. (1998b) showed that NHERF1
binds to the �2-AR tail, becoming the first GPCR de-
scribed to interact with a NHERF family member. The
residues responsible for �2-AR binding to NHERF1 were
elucidated by mutagenesis and were located at the car-
boxyl terminus of the receptor. NHERF1-binding by the
�2-AR is mediated by the last four amino acids (D-S-L-L)
of the intracellular tail. The �2-AR binds preferentially
to PDZ1 of NHERF1. In addition, the �2-AR carboxyl
terminus binds strongly to NHERF2 PDZ1 and PDZ2
and to NHERF3 PDZ2 (He et al., 2006).

�2-ARs are characterized by their rapid and efficient
recycling to the plasma membrane after agonist stimula-
tion in human embryonic kidney 293 cells (Cao et al.,
1999). Truncation of the distal portion of the cytoplasmic
tail that includes the NHERF-binding motif caused pro-
nounced, ligand-induced degradation. Candidate proteins
involved in this sorting operation and that bind to the
cytoplasmic tail of the wild-type �2-ARs were searched
(Cao et al., 1999). NHERF1, with its EBD, can assemble a
network of protein connectivity linking integral membrane
proteins to actin (Bretscher et al., 2000). NHERF1 was
suggested as the �2-AR sorting protein based on indirect
actin connectivity as the source of �2-AR recycling (Cao et
al., 1999). However, neither NHERF1 nor NHERF2 are
known to localize to endosomes, and although actin con-
nectivity is sufficient to promote recycling of engineered
receptors in the absence of a natural PDZ motif, this con-
nectivity does not fully recapitulate the natural character-
istics of �2-AR recycling (Lauffer et al., 2009). In fact,
simultaneous knockdown of NHERF1 and -2 did not have
a major effect on �2-AR recycling. Other PDZ proteins that
might function in endosome-to-plasma membrane traffick-
ing of �2-AR were considered and, sorting nexin 27
(SNX27) arose as the PDZ-bearing protein with a key role
on �2-AR directed recycling (Lauffer et al., 2010).

Agonist-induced association of NHERF1 with the �2-AR
proved to modulate cell pH by regulating NHE3 by a mech-
anism distinct from G-protein activation (Hall et al.,
1998b). Preliminary studies showed that phosphorylation
of both NHE3 and NHERF mediated by PKA lead to
NHERF1 binding to and subsequent inhibition of NHE3
(Weinman and Shenolikar, 1993; Kurashima et al., 1997).
Based on these findings and on the �2-AR–NHERF1 in-
teraction, direct agonist-promoted association of the �2-AR
with NHERF1 was postulated to displace NHERF1 from
NHE3, thereby preventing NHE3 inhibition that would
normally be expected to follow adenylyl cyclase activation
by �2-AR (Fig. 3B) (Hall et al., 1998b).

In addition to NHE3, regulation of the cystic fibrosis
transmembrane conductance regulator (CFTR) anion
channel in vivo is believed to be accomplished by activation
of surface receptors that couple to adenyl cyclase and raise
cellular cAMP (Chan et al., 1997). This was demonstrated

for human airway mucosa, where �2-AR stimulation with
isoproterenol activated CFTR-dependent Cl- transport in
vivo (Walker et al., 1997). Moreover, interactions of
NHERF1, as well as NHERF2 and NHERF3, with CFTR
had been previously proposed (Hall et al., 1998a; Short et
al., 1998; Wang et al., 1998b; Guggino and Stanton, 2006;
Lamprecht and Seidler, 2006). These studies suggest a
model where CFTR, �2-AR, and NHERF1 exist as a com-
plex at the apical surface of epithelial cells (Fig. 3B). In this
setting, agonist activation of the receptor increases local
concentrations of cAMP and subsequent compartmental-
ization and specific signaling of CFTR (Naren et al., 2003;
Taouil et al., 2003). An in vivo study in mice lacking one or
more of the NHERF proteins linked �2-AR signaling to
CFTR-mediated duodenal HCO3

� secretion (Singh et al.,
2009). Total abrogation of the HCO3

� secretory response to
the �2-AR agonist clenbuterol was observed in duodenum
of NHERF1-null mice. However, deletion of NHERF2 re-
sulted in increased HCO3

� secretion after forskolin stimu-
lation, suggesting that NHERF2 exerts an inhibitory effect
on intestinal CFTR function. In contrast to NHERF1 or
NHERF2 ablation, the secretory response to forskolin in
NHERF3-null mice was normal (Singh et al., 2009). Thus,
the absence of each of the three CFTR-interacting NHERF
proteins resulted in distinct alterations in the regulation of
CFTR-dependent murine duodenal HCO3

� secretion by the
�2-AR.

C. Opioid Receptors

Opioid receptors (OR) belong to GPCR family A and
are divided in different subclasses, �, �, �, and nocicep-
tin, each with distinct and characteristic splice variants.
Opioid receptors are well known for their roles in pain
modulation/analgesia and reward (Waldhoer et al.,
2004; van Rijn et al., 2010).

The �OR was the first opioid receptor shown to interact
with NHERF proteins (Li et al., 2002). �OR immunopre-
cipitated with NHERF1 PDZ1 but not PDZ2. It is notewor-
thy that the carboxyl-terminal sequence of the �OR, N-K-
P-V, was established as the region interacting with
NHERF1 although it is not a canonical PDZ ligand of the
form [D/E]-[S/T]-X-�. Thus, NHERF proteins may have a
broader binding specificity permitting interaction with a
subset of different GPCRs that do not possess canonical
PDZ-binding motifs. Binding of NHERF1 to the carboxyl-
tail of the �OR is much weaker than its binding to the
carboxyl-tail of the �2-adrenergic receptor (Li et al., 2002).
However, upon agonist stimulation, coimmunoprecipita-
tion of NHERF1 with �OR significantly increased indicat-
ing that the agonist-occupied receptor has greater binding
affinity for NHERF1 (Li et al., 2002).

NHERF1 binding to the �OR carboxyl terminus blocked
agonist-induced down-regulation of the receptor; this effect
was due to an increase in the recycling rate of internalized
receptors and not to decreased �OR endocytosis. NHERF1/
�OR association seems to serve as a signal for internalized
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�OR to be sorted to the recycling pathway for receptor
resensitization (Li et al., 2002; Liu-Chen, 2004).

In addition, it was shown that the �OR enhanced
Na�/H� exchange in OK cells, stimulating NHE3 activity
(Huang et al., 2004). However, this stimulatory effect was
pertussis toxin-resistant, indicating that �OR regulated
the activity of NHE3 by a mechanism independent of Gi/Go
protein activation, the main G protein pathway triggered
by �OR (Law et al., 2000). OK cells that expressed low
amounts of NHERF1 showed no �OR activation of NHE3
but increasing NHERF levels in these cells by transient
transfection restored the stimulatory effect of �OR on
NHE3 activity. On the basis of these results it was hypoth-
esized that binding of the �OR to NHERF1 facilitates
oligomerization of NHERF1, leading to Na�/H� exchange
acceleration by NHE3 stimulation (Huang et al., 2004).

A key role for NHERF1 on �OR translocation to the
membrane of neural synapses recently has been identified
(Bie et al., 2010). NHERF1 normally exhibits low affinity
and interaction with the carboxyl terminus of the �OR
(Heydorn et al., 2004; Huang et al., 2004). However, in
brainstem from rats treated with the opioid receptor ago-
nist morphin, the amount of NHERF1 coimmunoprecipi-
tated with �OR significantly increased (Bie et al., 2010). In
many types of central neurons, the �OR is normally sorted
to the lysosomal pathway for degradation or is constitu-
tively retained in intracellular compartments, resulting in
a low level of functional �OR at the plasma membrane
(Tsao and von Zastrow, 2000; Wang and Pickel, 2001; Ma
et al., 2006). Nevertheless, �OR is driven to the surface
membrane of central synaptic terminals and becomes func-
tional by a mechanism that depends on NHERF1. Accord-
ing to the model proposed, up-regulation by morphin of
NHERF1 expression induced by the activation of the neu-
rotrophic tyrosine kinase receptor/PLC�/phosphatidylino-
sitol 3-kinase/Ca2�/calmodulin-dependent protein kinase
II pathway increases the interaction between NHERF1
and phosphorylated �OR, leading to exocytotic transloca-
tion of intracellular �OR to surface membrane. Thus,
NHERF1 may redirect the sorting of intracellularly tar-
geted �OR to the plasma membrane (Bie et al., 2010).

The key role of NHERF proteins in the efficient recycling
of �OR was recently established by generating an engi-
neered receptor ligated to an interaction module that binds
directly to actin filaments and mimics the ability of
NHERF proteins to bind receptors to the actin cytoskele-
ton. The domains mediating direct actin connectivity pro-
moted receptor recycling with similar high efficiency to
PDZ protein-binding determinants such as NHERF1 but
without its capabilities to regulate receptor trafficking
(Lauffer et al., 2009).

D. Purinergic P2Y1 Receptors

Extracellular nucleotides are a class of signaling mol-
ecules that mediate different biological effects by bind-
ing to and activating their respective cell surface puri-
nergic (P2Y) GPCRs. They can be divided in adenine

nucleotide-preferring receptors that respond mainly to
ADP and ATP (P2Y1R, P2Y11R, P2Y12R, P2Y13R) and
the uracil nucleotide-preferring receptors (P2Y2R, P2Y4R,
P2YR6) (Abbracchio and Burnstock, 1994; Guerra et al.,
2004).

Among the P2Y receptors, the P2Y1R contains a canon-
ical NHERF1-binding motif (D-T-S-L), whereas the P2Y2R
ends in a motif that is less ideal because of the lack of a
hydroxyl-bearing amino acid at the -2 position (D-I-R-L).
Consistent with this scheme, the P2Y1R tail exhibits ro-
bust binding of NHERF1 and NHERF2, whereas the
P2Y2R tail exhibits poor NHERF binding (Hall et al.,
1998a; Fam et al., 2005).

P2Y1R and NHERF2 interaction in C6 glioma cells fa-
cilitates tethering of the receptor to key downstream effec-
tors such as PLC�, thereby prolonging P2Y1R-mediated
Ca2� signaling (Fig. 3C) (Fam et al., 2005).

Moreover, P2Y1R stimulation of Cl� efflux induced by
the agonist 2-methylthio-ADP is inhibited by truncation of
the PDZ1 domain of NHERF2 (Guerra et al., 2004). P2Y1R
stimulates CFTR by a mechanism mainly involving the
PKA-dependent signal transduction pathway, which can
be amplified in a PKC-dependent manner. These data sug-
gest that NHERF may play an important role in facilitat-
ing activation of CFTR at the cell membrane. According to
this view, ezrin, by virtue of its AKAP (A-kinase anchor
protein) activity, promotes CFTR phosphorylation by form-
ing a CFTR-NHERF2-ezrin macromolecular complex,
thereby anchoring the catalytic subunit of PKA in the
vicinity of CFTR (Fig. 3C) (Guerra et al., 2004).

NHERF2 affects not only P2Y1R signaling but also its
dimerization (Choi et al., 2008). Excision of the carboxyl-
terminal DTSL motif of the receptor blocked constitutive
dimerization. This effect of NHERF2, it was proposed,
suggests that P2Y1R clustering on a scaffold favors the
presence of constitutive homodimerization (Choi et al.,
2008).

E. Lysophosphatidic Acid Receptors

Lysophosphatidic acid (LPA) mediates its effects pre-
dominantly through the GPCRs LPA1R, LPA2R, and
LPA3R. LPA2R, but neither LPA1R nor LPA3R, specif-
ically interacts with the PDZ2 of NHERF2, thereby po-
tentiating LPA-induced PLC� and ERK activation in
COS-7 cells, HeLa cells, and Rat-1 cells (Oh et al., 2004;
Choi et al., 2010). PDZ2 of NHERF2 indirectly links the
LPA2R to PLC-�3 to form a ternary complex (Oh et al.,
2004). At the apical surface of intestinal epithelial cells,
another macromolecular complex consisting of LPA2,
NHERF2 and the anion transporter CFTR was reported
(Fig. 3D) (Li et al., 2005; Singh et al., 2009). In the model
proposed, upon LPA2R stimulation, Gi inhibits adenylyl
cyclase, resulting in decreased cAMP levels. This de-
creased local or compartmentalized accumulation of
cAMP results in the reduced activation of CFTR (Li et
al., 2005). Furthermore, in vivo studies with NHERF2-
null mice show increased duodenal HCO3

� secretion
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(Singh et al., 2009). Conversely, LPA inhibited forskolin-
stimulated HCO3

� secretion in wild-type mice but not in
NHERF2-null animals. These observations suggest that
NHERF2 modulates duodenal HCO3

� secretion by cou-
pling the LPA2R to CFTR.

In colon cancer cells, LPA2R signaling is largely medi-
ated by its ability to interact with NHERF2 (Yun et al.,
2005). Silencing NHERF2 significantly attenuated activa-
tion of Akt and Erk1/2. LPA2 activity is dynamically reg-
ulated by NHERF2 and by another PDZ- protein, MAGI3.
NHERF2 competes with MAGI3 for binding to LPA2R and
PLC�3. NHERF2 preferentially promotes interaction be-
tween LPA2 and G�q, whereas MAGI3 increases the in-
teraction of LPA2R with G�12, favoring migration and
invasion of colon cancer cells or inhibiting these processes,
respectively (Lee et al., 2011).

LPA2R also elicits prosurvival responses to prevent
and rescue cells from apoptosis. This effect depends on
the formation of a ternary complex consisting of
LPA2R, NHERF2, and the zinc finger protein TRIP6
(E et al., 2009). This complex provides a ligand-
dependent signal amplification mechanism required
for LPA2R-mediated activation of antiapoptotic sig-
naling.

Signaling through LPA5R, LPA is a potent stimu-
lant of NHE3 and fluid absorption by the intestine.
Stimulation of NHE3 by LPA5R requires coexpression
and interaction with NHERF2 in colonic epithelial
cells (Lin et al., 2010). LPA stimulates NHE3 and
fluid absorption, in part, by increasing NHE3 abun-
dance at the brush-border membrane of intestinal ep-
ithelial cells. Finally, it was recently reported that
upon LPA stimulation NHE3 acutely increased its
mobility by a NHERF2-dependent mechanism that
allows NHE3 to transit dynamically over the mi-
crovilli (Cha et al., 2010).

F. Effects on Other G-Protein-Coupled Receptors

1. Thromboxane A2 Receptor Thromboxane A2 re-
ceptors (TXA2Rs), part of the GPCR superfamily, signal
through G�q/11 (Kinsella, 2001). Studying the role of
NHERF1 on TXA2R signaling through the G�q path-
way, Rochdi et al. (2002) reported that agonist stimula-
tion of the TXA2R increased the interaction between
NHERF1 and G�q, implying that NHERF1 preferen-
tially interacts with activated G�q. Moreover, NHERF1
inhibited G�q signaling by preventing the interaction
between G�q and the TXA2R and also between activated
G�q and PLC�1. Both NHERF PDZ domains are in-
volved in this interaction. Further studies revealed that
constitutively active G�q induces TXA2R internalization
through a PLC�- and protein kinase C-independent
pathway that was blocked by NHERF1 (Rochdi and Par-
ent, 2003).

2. Adenosine 2b Receptor Adenosine is a ubiquitous
extracellular signaling molecule that is released during
inflammation and interacts with four different adeno-

sine GPCR subtypes A1, A2a, A2b, and A3 (Palmer and
Stiles, 1995). Upon agonist stimulation the A2bR is re-
cruited to the membrane of intestine cells, where it
interacts directly with NHERF2 and ezrin (Sitaraman et
al., 2002). A2bR does not contain a consensus PDZ-
binding motif in the classic carboxyl terminus location,
but this sequence is present in the third intracellular
loop. The authors speculate that the interaction between
the A2bR and NHERF2 may not only anchor the recep-
tor to the surface of the membrane but also function to
stabilize it in a signaling complex at the plasma
membrane.

3. CCR5 Chemokine Receptor Chemokine receptors
are a specialized subset of the GPCR superfamily that
mediate immune responses and, like some GPCRs, are
able to dimerize (Agrawal et al., 2007; Sohy et al., 2009).
The CCR5 chemokine receptor carboxyl-terminal tail
contains a PDZ recognition motif constituted by S-V-G-L
that binds to PDZ2 of NHERF1 (Heydorn et al., 2004).
Studies of homo- and heterodimerization of CCR5 and
CXCR4 (a chemokine receptor lacking a PDZ binding
motif) showed that that NHERF1 binds only to the
CCR5 homodimer and not to other combinations
(CXCR4 homodimer or CXCR4-CCR5 heterodimer)
(Hammad et al., 2010). These findings underscore the
selectivity of receptor signaling complexes for NHERF
family members. NHERF1 enhanced ERK activation
and increased the internalization of CCR5 (Hammad et
al., 2010).

4. Adrenomedullin Receptor The calcitonin receptor-
like receptor (CRLR) is a GPCR that requires associa-
tion with receptor activity-modifying proteins (RAMPs)
for plasma membrane expression and determination of
ligand specificity and receptor phenotype. Coexpression
of RAMP1 with CRLR yields a functional calcitonin
gene-related peptide receptor, whereas coexpression of
RAMP2 or RAMP3 with CRLR produces a receptor re-
sponsive to adrenomedullin (McLatchie et al., 1998;
Bühlmann et al., 1999). Similar to the C terminus of the
�2-AR, RAMP3 possesses a carboxyl terminus type-I
PDZ motif (-D-T-L-L). The CRLR itself, as well as
RAMP1 and RAMP2, does not contain a PDZ motif
(Bomberger et al., 2005a). The CRLR-RAMP3 complex
interacts with NHERF1 via the PDZ domain of NHERF1
(Bomberger et al., 2005b). Furthermore, NHERF1 al-
tered the trafficking pattern of the receptor complex,
inhibiting CRLR internalization by tethering the recep-
tor complex to the actin cytoskeleton through interac-
tions between RAMP3 and NHERF1.

5. Metabotropic Glutamate Receptors Metabotropic
glutamate receptors are members of GPCR family C.
Three mGluR subtypes based on sequence, signaling,
and pharmacology are now defined. mGluRs engage sev-
eral PDZ proteins including PICK1, shank, tamalin,
syntenin, and glutamate receptor-interacting protein in
an isotype-specific manner. Group I mGluR5, but not
mGluR1, binds NHERF2, even though both possess
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identical S-S-S-L carboxyl-terminal PDZ recognition li-
gands (Paquet et al., 2006). NHERF2 potentiates Gq-
coupled Ca2� signaling by mGluR5a, but not mGluR1a.
No trafficking function of this interaction has been
reported.

6. Frizzled Receptors The Frizzled group of GPCRs
(Fzd) transduces signals from the Wnt/�-catenin path-
way (Wawrzak et al., 2009). Eight of the 10 human
Frizzled receptors terminate in a canonical PDZ ligand
(X-S/T-X-V/L): E-T-T-V (Fzd1, Fzd2), E-T-V-V (Fzd4),
L-S-H-V (Fzd5), E-T-A-V (Fzd7), L-S-Q-V (Fzd8), P-T-
H-L (Fzd9), and P-T-C-V (Fzd10), which makes these
receptors potential candidates to bind NHERF family
members. Frizzleds and their downstream effectors,
�-catenin and cyclin D1, have been implicated in malig-
nant transformation and acquisition of an invasive tu-
mor phenotype in breast cancer (Shtutman et al., 1999).
A recent report showed that NHERF1 expression caused
Fzd4 to aggregate along actin fibers and impaired Wnt-
induced �-catenin activation by Fzd2, -4, and -7
(Wheeler et al., 2011). Moreover, loss of NHERF1 in
mammary tissue revealed enhanced Wnt/�-catenin sig-
naling by increasing the recruitment and activation of
disheveled (Dvl) (Wheeler et al., 2011). Dvl is otherwise
recruited by Frizzled and prevents the constitutive de-
struction of cytosolic �-catenin complex. Thus, in the
model proposed binding of NHERF1 to Fzd reduces Fzd-
Dvl precoupling, impairing Wnt signaling and decreas-
ing epithelial-to-mesenchymal transition, malignancy,
and tumor metastasis (Wheeler et al., 2011).

V. Hormonal Regulation of Na�/H� Exchange
Regulatory Factor-1 Expression

Estrogens are presently the only known regulators of
NHERF1 expression. Studies using a luciferase reporter
system, in which promoter region fragments of mouse
NHERF1 ranging from �2500 to �161 base pairs up-
stream of the transcription start site were ligated into
firefly luciferase, failed to disclose a stimulatory action
of estradiol on MCF7 breast cancer cells, which are
highly estrogen-responsive (Weinman et al., 1999). In
contrast, estradiol directly stimulated NHERF RNA lev-
els in MCF7 cells by 6-fold in a time- and concentration-
dependent manner (Ediger et al., 1999). Other steroid
hormones were without effect, and antiestrogens blocked
the stimulatory action of estradiol. Further analysis re-
vealed that although NHERF1 does not possess a canoni-
cal estrogen response element, it contains numerous ERE
half-sites (TGACC and GGTCA) (Ediger et al., 2002). Sub-
cloning of the 3.5 kilobases of the 5�-flanking region, which
contains all 13 ERE half-sites, in a CAT reporter and
cotransfection with the estrogen receptor � in MDA-MB-
231 breast cancer cells displayed a 29-fold stimulation in
response to estradiol. Subsequent experiments established
that the estrogen receptor binds to the half-palindromic
ERE sequences. These observations are consistent with

the finding that endometrial NHERF expression varies
directly with estrogen levels (Stemmer-Rachamimov et al.,
2001). Likewise, estradiol treatment substantially in-
creases NHERF1 expression in MCF7 cells (G. Romero
and P. Friedman, unpublished observations). The reason
for the discrepancy between the mouse and human NHERF1
promoters is unclear. The mouse studies employed a 5�
sequence sufficiently long to contain putative ERE half-
sites (Weinman et al., 1999). Moreover, the limited pub-
lished sequence of the mouse promoter indicates the
presence of several of these half-sites (GenBank acces-
sion no. NM_012030). Further inspection of the human
genomic NHERF1 sequence reveals the presence of half-
palindromic vitamin D response elements. Given the
importance of NHERF1 on mineral ion economy, it
might be productive to explore the vitamin D responsive-
ness of NHERF1 expression.

VI. Biological Actions of Na�/H� Exchange
Regulatory Factors

NHERF proteins apparently interact in vitro with a
disarmingly large array of cell membrane-delimited pro-
teins, including GPCRs. The range of their biological
actions may be more accurately represented by the phe-
notype of NHERF-null mice and by the symptoms of
patients harboring polymorphisms or mutations of
NHERF1. Mice genetically deficient in NHERF1 were
generated by homologous recombination of exon 1 (She-
nolikar et al., 2002) or exons 1 to 4 (Morales et al., 2004).
Both strains of NHERF1-null mice exhibit a spectrum of
mineral ion disorders that includes prominent hy-
pophosphatemia. The animals were noted to have lower
bone mineral density and mineral content and high
rates of fractures (Shenolikar et al., 2002). The dimin-
ished bone mineralization was interpreted to arise from
renal phosphate and calcium wasting. Polymorphisms
(L110V, R153Q) or mutation (E225K) was found only in
patients with a low threshold of renal phosphate excre-
tion (tubular maximum for phosphate corrected for glo-
merular filtration rate) (Karim et al., 2008). These pa-
tients presented with renal phosphate wasting (similar
to the NHERF1-null mice), recurrent renal stones, and a
history of bone fracture or low bone density. Again, the
skeletal findings were thought to be a secondary conse-
quence of the mineral ion disorder. Together, these find-
ings point to an important role for NHERF1 in the
regulation of mineral ion homeostasis.

NHERF2-null mice were generated by a retroviral gene-
trapping procedure that resulted in protein abolition from
kidney, lung, stomach, heart, brain, and colon (Broere et al.,
2007). No evident morphological, behavioral, mineral-ion, or
uric acid wasting phenotype was evident. (Broere et al., 2007;
Cunningham et al., 2008). Recent results indicate morpho-
logical changes of the intestine of NHERF2-null mice with
shorter villi, deeper crypts, and decreased epithelial cell num-
ber (Donowitz et al., 2011; Murtazina et al., 2011). NHERF2-
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null mice display augmented forskolin-stimulated intestinal
HCO3

� secretion and are refractory to the inhibitory action of
lysophosphatidic acid on forskolin-stimulated HCO3

� secre-
tion (Singh et al., 2009). Thus, NHERF2 exhibits specificity
for regulating LPA signaling, where actions on CFTR are
mediated by the LPA2 receptor (Li et al., 2005), whereas
actions on NHE3 involve the LPA5 receptor (Lin et al., 2010).
Select aspects of acute regulation of intestinal NHE3 is dis-
rupted in NHERF2-null animals (Murtazina et al., 2011). A
proteomic analysis of NHERF2-null mice indicates signifi-
cant, albeit slight, up-or down-regulation of proteins associ-
ated with ion transport, signaling, and cytoskeleton (Donow-
itz et al., 2011).

NHERF3-null mice were generated by homologous recom-
bination (Kocher et al., 2003). The mice developed normally,
lacked gross phenotypic abnormalities, and exhibited normal
mineral-ion homeostasis (Kocher et al., 2003). Like NHERF2-
null mice, the absence of NHERF3 was associated with mod-
est reduction of forskolin-induced Na and HCO3

� transport
(Hillesheim et al., 2007). These results contrast with others
showing reduced basal but normal forskolin-induced HCO3

�

secretion (Singh et al., 2009). More strikingly, NHERF3-null
mice develop lipoprotein abnormalities and atherosclerosis
(Kocher et al., 2008; Kocher et al., 2010). NHERF3 may also
uniquely be associated with the intestinal organic anion-
transporting polypeptide (Sugiura et al., 2010). It is notewor-
thy that at this juncture it would seem that only NHERF1
and NHERF2 abnormalities are associated with disordered
GPCR function.

VII. Post-Translational Modifications

A. Phosphorylation

NHERF1 contains 31 Ser and 9 Thr residues, which
make up roughly 12% of the molecule. This suggests that
there is ample opportunity for regulated post-transla-
tional phosphorylation. It is noteworthy that although
NHERF2 harbors a nearly equal number of Ser/Thr
residues, it is not a phosphoprotein (Lamprecht et al.,
1998). NHERF1 is devoid of canonical PKA (K/R-K/R-X-
S/T) or PKC (S/T-X-R/K) phosphorylation motifs. None-
theless, both PKA and PKC phosphorylate NHERF1.
NHERF1 is phosphorylated at Ser-77 (Voltz et al., 2007)
and Thr-95 (Weinman et al., 2010b), and in a serine
cluster at 287, 289, and 290, which is required for bio-
logical activity, and is located between PDZ2 and the
ezrin-binding domain (Weinman et al., 1998). Two Ser
residues in particular exert pivotal actions on NHERF1
activity: Ser-289 is constitutively phosphorylated in rab-
bit (Ser-290 of human sequence) and its mutation abro-
gates NHERF1 oligomerization (Lau and Hall, 2001);
Ser-77, located in PDZ1, is phosphorylated by PTH and
is critical in supporting NHERF1 action on Na�/H�

exchange and Na-Pi cotransport (Weinman et al., 2007,
2010a).

The mechanism and sites of NHERF1 phosphorylation
are somewhat enigmatic. Neither 8-bromo-cAMP (Lam-

precht et al., 1998) nor purified PKA phosphorylates full-
length NHERF1 or recombinant PDZ1 (Weinman et al.,
2007), respectively. However, cAMP induced phosphoryla-
tion in vivo. Furthermore, mutation of Ser-287, Ser-289,
and Ser-290 abolishes NHERF1 phosphorylation but does
not prevent 8-bromo-cAMP mediated inhibition of NHE3
(Zizak et al., 1999). Thus, PKA-mediated phosphorylation
either occurs through a noncanonical site or is mediated
downstream by another kinase first activated by PTH (see
below). In contrast, PKC directly phosphorylates PDZ1
(Weinman et al., 2007) and full-length NHERF1 (Thr-71,
Ser-77, Ser-277, Ser-287, Ser-288, Ser-299, Ser-337, and
Ser-338; Ser-339, Ser-340- in human NHERF1) (Fouassier
et al., 2005). The latter two sites were identified as the
primary residues phosphorylated by PKC.

Likewise, PKC mediates phosphorylation of Ser-162, al-
though this site is may be shielded from the kinase by the
engaged carboxyl-terminal EB domain (Raghuram et al.,
2003; Li et al., 2007). Ser-162 is present in human and
cynomolgus monkey NHERF1 (Fig. 4) but is otherwise not
conserved across species, and its physiological relevance
has been questioned (Voltz et al., 2007). Nonetheless, Ser-
162 phosphorylation is required for microvillar clustering
and function (Raghuram et al., 2003; Garbett et al., 2010).
Moreover, Ser-162 is closely located to two other critical
domains of PDZ2. Ser-162 is immediately adjacent to the
core-binding motif of PDZ2 163GYGF166. Thus, it is not
unreasonable to theorize that Ser-162 phosphorylation af-
fects binding of PDZ ligands that prefer PDZ2. Ser-162 is
also close to Arg-153 in the PDZ binding loop, which may
be critically altered in some inherited disorders (see
section VIII). These findings may be especially rele-
vant for PTH1R, which activates both PKA and PKC
(Friedman et al., 1996) and underscores the limita-
tions of reliance upon predicted consensus sites for
analyzing NHERF1 phosphorylation.

GRK6a terminates in a three-residue class 1 PDZ li-
gand, T-R-L, that mediates its specific interaction with
NHERF1 (Hall et al., 1999). GRK6a mediates the consti-
tutive phosphorylation at Ser-289 (Hall et al., 1999;
Fouassier et al., 2005). This site is a consensus GRK6
phosphorylation motif (R-X-X-S/T). Moreover, the interac-
tion of GRK6a is required for phosphorylation. GRK6a
constructs harboring mutations of the PDZ ligand, or
GRK6 isoforms lacking the carboxyl-terminal PDZ ligand
fail to phosphorylate NHERF1. It is noteworthy that
GRK6a itself harbors several canonical PKA phosphoryla-
tion sites, leading to the possibility that PKA phosphory-
lates GRK6a, which in turn phosphorylates NHERF1.

VIII. Na�/H� Exchange Regulatory Factor
Mutations and Polymorphisms

A. Phosphate Wasting

All four NHERF proteins are capable of binding the
Npt2a renal phosphate transporter in vitro, though only
NHERF1 seems to be critically involved in native tissues
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or whole organisms (Gisler et al., 2001; Capuano et al.,
2005; Cunningham et al., 2008). NHERF1-null mice ex-
hibit pronounced renal phosphate excretion accompa-
nied by hypophosphatemia (Shenolikar et al., 2002;
Morales et al., 2004). Likewise, patients harboring poly-
morphisms or mutations of NHERF1 exhibit similar
symptoms (Karim et al., 2008). The limited ability of the
kidneys to absorb phosphate stems from reduced teth-
ering of the Npt2a phosphate transporter at apical
brush-border membranes of the proximal nephron
(Biber et al., 2009; Cunningham et al., 2010). In OKH
cells, a strain expressing only low levels of NHERF1,
PTH stimulates cAMP formation but does not inhibit
NaPi cotransport. Transfection with NHERF1 restores
the normal inhibitory action of PTH (Mahon et al.,
2003). OK cells transfected with the mutant NHERF1
variant L110V, R153Q, or E225K displayed impaired
phosphate uptake (Karim et al., 2008). These loss-of-
function mutations had no effect on basal phosphate

transport but potentiated PTH-induced cAMP accumu-
lation and thereby inhibition of phosphate transport.
The structural basis whereby mutations in the linker
region between PDZ1 and PDZ2, or mutations in PDZ2
but remote from the core-binding motif, affect NHERF1
function is unclear, especially since Npt2a binds PDZ1
(Gisler et al., 2001; Gisler et al., 2008).

B. Bone Disease

Mature mice lacking NHERF1 and adult humans har-
boring NHERF1 mutations display osteopenia (Wein-
man et al., 2006b; Karim et al., 2008). Initial assess-
ments concluded that the bone defects were secondary to
renal phosphate wasting because of high urinary phos-
phate excretion, and that NHERF1 was not detected in
osteoblasts (Shenolikar et al., 2002; Karim et al., 2008).
Mice lacking the renal Npt2a Na-Pi cotransporter; how-
ever, exhibit equivalent or greater urinary phosphate
loss and lower serum phosphate that is accompanied by

FIG. 4. Alignment of NHERF1 by species. The consensus sequence and percentage conservation are shown at the bottom.
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a complex, age-dependent bone phenotype, but not by
osteomalacia or a mineralization defect (Beck et al.,
1998). Resolution of growth plate abnormalities in
Npt2a-null mice is associated with transient increases of
serum 1,25(OH)2-vitamin D (Miedlich et al., 2010). In
contrast to Npt2a-null mice, where the bone phenotype
spontaneously resolves with age, the osteopenia and
osteomalacia associated with NHERF1-null mice or pa-
tients with NHERF1 mutations, the skeletal changes
persist. NHERF1-null mice and humans with NHERF1
variants also exhibit elevated 1,25(OH)2-vitamin D lev-
els (Shenolikar et al., 2002; Weinman et al., 2006b;
Karim et al., 2008). Hence, the bone phenotype associ-
ated with NHERF1 cannot be attributed to compromised
vitamin D status per se, although altered vitamin D
receptor levels cannot be excluded. NHERF1 is well
expressed in mouse mineralizing osteoblasts and on hu-
man osteoblasts (H. Blair and P. Friedman, unpublished
observations). Together, these findings are consistent
with the view that the bone phenotype likely arises from
a combination of intrinsic and extrinsic factors including
hypophosphatemia, some element of the vitamin D axis,
and the absence of NHERF1, or its mutations, in bone.

C. Breast Cancer

As noted earlier, NHERF1 possesses an estrogen re-
sponse element (Ediger et al., 1999, 2002). Thus, high
correlation between NHERF1 and estrogen receptor ex-
pression comes as no surprise (Stemmer-Rachamimov et
al., 2001; Cardone et al., 2007; Song et al., 2007; Wheeler
et al., 2011). But whether this is a positive or negative
correlation is extremely controversial and contradictory.
NHERF1 has been proposed to function as a tumor
suppressor by some (Schindelmann et al., 2002; Dai et
al., 2004; Kreimann et al., 2007; Zheng et al., 2010;
Wheeler et al., 2011) but has been associated with inva-
siveness, metastatic progression, and poor prognosis by
others (Cardone et al., 2007; Song et al., 2007; Mangia et
al., 2009). Knockdown of NHERF1 increases cellular
proliferation and migration of various breast cancer cell
lines (Pan et al., 2006; Pan et al., 2008). Furthermore,
when introduced in a mouse xenograft model, NHERF1-
null cells were more aggressive and produced greater
numbers of metastases (Pan et al., 2006). NHERF1 mu-
tations occur in 3% of the human breast tumors,
whereas loss of heterozygosity at the NHERF1 locus
(17q25.1) occurs in more than 50% of primary beast
tumors (Dai et al., 2004). Both are associated with a poor
prognosis and early death (Dai et al., 2004). Recent
results show that loss of NHERF1 heterozygosity in
breast cancer cell lines enhances canonical Wnt signal-
ing and Wnt-dependent cell proliferation (Wheeler et al.,
2011). Furthermore, the mammary glands of NHERF1-
knockout mice exhibit increased mammary duct density
accompanied by increased proliferation and �-catenin
activity. Finally, NHERF1 and nuclear �-catenin in
human breast carcinomas are negatively correlated

(Wheeler et al., 2011). How can the various and conflict-
ing results be reconciled? Georgescu (2008) advanced an
attractive comprehensive explanation for these contra-
dictory results. She proposed that NHERF1, when local-
ized at the cell membrane, acts as a tumor suppressor,
whereas when it is localized to the cytoplasm, it behaves
as an oncogenic protein.

The mechanism by which NHERF1 modulates its tumor
suppressor or oncogenic activity involves an array of ezrin-
like molecules or proteins harboring PDZ ligands with
which NHERF1 interacts. These proteins include phos-
phatase and tensin homolog (PTEN) (Takahashi et al.,
2006; Morales et al., 2007), NF2 (Voltz et al., 2001; Dai et
al., 2004; Hennigan et al., 2010), �-catenin (Shibata et al.,
2003; Kreimann et al., 2007; Morales et al., 2007; Theisen
et al., 2007; Wheeler et al., 2011), PDGFR (Maudsley et al.,
2000; Demoulin et al., 2003; Takahashi et al., 2006;
Theisen et al., 2007), epidermal growth factor receptor
(Lazar et al., 2004; Curto et al., 2007). The tumor suppres-
sor PTEN has a carboxyl-terminal PDZ-binding sequence
(T-K-V) and coimmunoprecipitates with NHERF1 (Taka-
hashi et al., 2006). More importantly, NHERF1 assembles
a ternary complex consisting of PTEN-NHERF1-PDGFR.
Through this association, PTEN suppresses PDGFR sig-
naling. In cells devoid of NHERF1, PDGF increases phos-
phatidylinositol-3-kinase signaling, whereas in cells ex-
pressing NHERF1, downstream signaling of AKT controls
cell proliferation and survival. Consistent with these ob-
servations, NHERF1 is overexpressed in glioblastomas but
is now primarily expressed in the cytoplasms rather than
associated with the plasma membrane (Molina et al.,
2010).

NF2 (merlin) is one of the FERM proteins that engage
the EBD of NHERF1, thereby interacting with the cyto-
skeleton. NF2/merlin regulates the Hippo/SWH (Sav/Wts/
Hpo) signaling pathway, which plays a pivotal role in tumor
suppression by restricting proliferation and promoting
apoptosis (Li et al., 2010b). Paradoxically, whereas NF2/
merlin acts as a tumor suppressor, ezrin exerts oncogenic
actions (Hunter, 2004; Khanna et al., 2004; Li et al., 2010a).

IX. Conclusions and Future Directions

The interaction between NHERF proteins and their
binding partners is a subject of expanding investigation
(http://www.gopubmed.com)4 and consequently a rap-
idly changing arena. It is now clear that many of the
heretofore inexplicable or apparently contradictory re-
ported findings between GPCR signaling, trafficking,
and function in different cells or in response to distinct
ligands now can be attributed to the participation of
NHERF proteins and their ability to confer ligand- and
cell-specific actions on GPCRs, thereby adding to the
remarkable diversity of actions a single receptor can

4 Enter “NHERF” as the search term. Then, click on “statistics” to
see the number of publications by year, demographics, and network-
ing associated with NHERF.
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display. Much of this work examined stable interactions
of PDZ proteins with GPCRs. However, for the most
part, these are low-affinity and transient interactions.
To understand better the dynamic mechanisms by which
PDZ proteins assemble multiprotein complexes, we need
now to apply techniques that permit analyzing these
short-lived interactions. Such approaches, including
time-resolved fluorescence resonance energy transfer,
fluorescence recovery after photobleaching, bimolecular
fluorescence complementation, and total internal reflec-
tion fluorescence, take advantage of high-quantum-yield
fluorescence proteins that permit analyzing protein-pro-
tein interactions in time and space. Moreover, the exam-
ination of the interactions of PDZ proteins with GPCRs
has largely relied upon heterologous cell models and
extensive overexpression. Under these circumstances it
is not surprising that many putative interactions can be
detected that do not fit with described phenotypes from
animal models or humans harboring spontaneous or
engineered mutations in the PDZ protein. Hence, it will
be critical for future work to concentrate on native cells
and tissues that express constitutive levels of the GPCR
and PDZ protein partner if we are to understand their
true biological actions.
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