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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
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(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
B-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

883

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 (NHERF?) 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 ESKARP, 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

lAbbreviations: AR, adrenergic receptor; CFTR, cystic fibrosis
transmembrane conductance regulator; CRLR, calcitonin receptor-
like receptor; CT, carboxyl terminus; E3KARP, NHES3 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; P;, 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.

encoded a protein of 451 residues, which they named
E3KARP (NHES kinase A regulatory protein). ESKARP 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
NHERFS3 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 Ila 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.> NHERF1 (SLC9A3R1) and NHERF2 (SLC9A3R2)
possess two nonidentical, type 1 tandem PDZ domains
and a carboxyl-terminal ezrin-binding domain (EBD),

31In all cases, we refer to human NHERF proteins and genes
unless otherwise noted.
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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 NHES 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/P; cotransporter carboxyl-terminal-associated
protein-1 (NaPi-Capl); PDZ domain-containing protein-1 (PDZD1)
NHERF4 PDZD3 Intestinal and kidney-enriched PDZ protein (IKEPP); natrium-phosphate cotransporter Ila

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

(PDZK2)

whereas NHERF3 (PDZKI) 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 B-sheets
and two a-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
IIT 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 B-sheet and the second a-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 a-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.

NHERF1  {iil—{—
NHERF2  {iiil—{—
NHERF3 (=

NHERF4 s e =

= 100 aa =] PDz
[ J EBD

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.

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).
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Fi1c. 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 a2-helix is displayed as a ribbon. The carboxylate binding
loop (Gly-163, Tyr-164, Gly-165, and Phe-166) and B2 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 (B3 strand) are depicted. (Graphic kindly pre-
pared by Dr. T. Mamonova.)

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
Bs-adrenergic receptor (82-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
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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,
NHERF?2 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
NHERF 1

Tissue

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

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

Kidney, gastrointestinal tract, liver

Kidney, gastrointestinal tract

NHERF 2

NHERF 3
NHERF 4
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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).

NHERF1 is expressed at the apical cell surface of intes-
tine and kidney epithelia (Gisler et al., 2001; Thelin et al.,
2005). NHERF1 is distinct from the other family members
in that it displays the most restricted tissue expression of
all the NHERFsS, being found only at significant levels in
the gastrointestinal tract and kidney (Thelin et al., 2005).

Subcellular localization of NHERF's 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). NHERF'1 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).

NHERFS 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 NHERF'1 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

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

Brush-border membranes

Cell surface structures with ERM proteins

Apical and subapical regions and cytosol

Brush-border membranes

Apical and subapical structures

Subapical regions and cytosol

NHERF 2

NHERF 3

NHERF 4

ARDURA AND FRIEDMAN

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 PTHIR 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
Ga, and/or Ge, 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
PTHI1R 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 Ge; and increasing PLCSB in
PS120 cells transfected with the PTH1R. Thus, a signal-
ing switch mechanism consisting of NHERF2-mediated
assembling of PTHI1R to PLCp and inhibition of a Ga,-
based adenylyl cyclase activity by Ga; 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-
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TABLE 4
G protein-coupled receptors interacting with NHERF proteins

887

GPCR PDZ-Binding Motif NHERF Target Function Reference
PTHR E-T-V-M PDZ1 NHERF1 Ga,, Ga,, Ga;, PLCB, PKA, PKC, Mahon et al., 2002; Sneddon
MAP kinase signaling 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
B2-AR D-S-L-L PDZ1 NHERF1 NHE3 & CFTR regulation Hall et al., 1998; Naren et
PDZ1,2 NHERF2 al., 2003; Taouil et al.,
PDZ2 NHERF3 2003; Singh et al., 2009
«kOR 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 PLCpB 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 Gay,, Ga;, PLCB, Akt, MAP kinase Oh et al., 2004
signaling 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 & Hammad et al., 2010
dimerization
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
TXA, Indirect PDZ 1&2 NHERF1 Ga, & PLCB signaling Rochdi et al., 2002; Rochdi
and Parent, 2003
Fzd (Fzd4) X-S/T-X-V/L (ETVV) PDZ2 NHERF2 Wnt/B-catenin signaling Wheeler et al., 2011

Tumor suppressor in breast cancer

MAP, mitogen-activated protein; AKAP, A kinase anchoring protein; Akt, protein kinase B.

vations in opossum kidney (OK) cells that Ge;-dependent
activation of PLC by PTH induces Ca®" signaling (Mahon
and Segre, 2004), the induction of calcium responses by
NHERF1 was not due to the activation of PL.C in ROS cells
(Wheeler et al., 2008). In the latter, upon activation of the
PTHI1R, G.-dependent adenylyl cyclase produces high local
concentrations of cAMP, which, in turn, activate PKA lo-
cally, inducing the phosphorylation of voltage-dependent
Ca?"* channels, thus allowing Ca®" 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 PTHI1R signaling at the level of G proteins.

NHERF1 directs interactions with the PTH1R that en-
hance receptor-mediated stimulation of Ga, but has no
effect on stimulation of Gg; or Ga, (Wang et al., 2010). In
contrast, PTHIR association with NHERF2 augments re-
ceptor-mediated stimulation of both Ga, and Go; but de-
creases stimulation of Ga,. 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 Ga,, and Ga;, whereas NHERF1
interacted only with Ga, (Wang et al., 2010).

PTHI1R 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
B-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-
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Fic. 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. NHERF'1 interactions with the PTHR increase
the binding for Ga, [INHERF1 and -2] or Ge; [NHERF2] proteins (Wang et al., 2010). Upon PTH stimulation, NHERF1 increases PLCB activity,
internalizes the Npt2a Na-P,; cotransporter, and decreases B-arrestin recruitment to the receptor. B, upon agonist stimulation, the D-S-S-L-binding
domain at the carboxyl terminus of the 82-AR) binds to PDZ1 of NHERF1 or PDZ1 or PDZ2 of NHERF2 (Lau and Hall, 2001). Interactions of the S, AR
with NHERF's 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 B2-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 PLCB and increasing calcium (Ca®*) 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 PLCB and increasing Akt and ERK1/2 phosphorylation (P) and activity
upon LPA stimulation (Oh et al., 2004; Yun et al., 2005). NHERF?2 interactions with LPA,R also increase the binding for Ga, or Ge; (Li et al., 2005;
Lee and Zheng, 2010). Recruitment of Ge; decreases adenylyl cyclase activity, reducing cAMP accumulation, and decreasing Cl~ transport by the
CFTR (Li et al., 2005; Singh et al., 2009).
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TABLE 5
NHEREF effects on PTHR signaling

Cell type NHERF Isoform Effect Reference

PS120 NHERF1/2 Increased PLC activity Mahon et al., 2002
Increased Go; and decreased adenylyl cyclase activity

ROS NHERF1 Increased PLC activity and cAMP and Ca?* 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 Ca®* accumulation

HEK293 NHERF1/2 NHERF1: increased Ge, activity and Ca?" accumulation Wang et al., 2010

NHERF2: increased G, and Ga; and decreases Ga, activity
Increased Ca®* and decreases cAMP accumulation

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 NHERF'1 to bind
to PTHIR and anchor it to the cytoskeleton, altering sig-
nificantly the cellular distribution and diffusion of PTHI1R
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 PTHI1R are controversial. Several
observations support models of NHERF1 interfering dy-
namically with the binding of arrestin to the PTHI1R after
ligand stimulation (Wang et al., 2007, 2009; Wheeler et al.,
2007). It was suggested that NHERF'1 sterically interferes
with or displaces B-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 B-arrestin-2 into prox-
imity of the PTH1R. This model would facilitate p-arres-
tin-2 recruitment after receptor activation by stabilizing a
ternary complex (Klenk et al., 2010). Such interactions
may briefly occur when B-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 B-arrestin1/2 then recruited to
the PTHI1R, thereby initiating receptor internaliza-
tion (Ardura et al., 2010).
