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Misclocalized scaffolding by the Na-H exchanger NHE1

inhibits fibronectin production and assembly

Anastasios Karydis

Abstract

Secretion and assembly of the extracellular matrix protein fibrobnectin (FN)
regulates a plethora of normal cell and tissue functions, including development,
cell growth, differentiation and cell migration, and is dysregulated in diseases such
as fibrosis, diabetes, and cancer. My thesis work revealed that mislocalized
scaffolding by the plasma membrane Na-H exchanger NHEI dominantly
suppresses FN expression, secretion, and assembly, and inhibits cleavage of latent
to active TGF-B. By catalyzing an electroneutral exchange of extracellular Na*
and intracellular H*, NHEI has recognized functions in intracellular pH and
osmotic homeostasis. Recent evidence indicates NHE1 also functions as a plasma
membrane anchor for the actin cytoskeleton by binding directly to ERM (ezrin,
moesin, radixin) proteins and a PI(4,5)P2-binding scaffold, which are independent
of ion translocation by NHE1. Endogenous NHET1 localizes to the distal margin of
membrane protrusions in lamellipodia, however a mutantNHE1-KRA2, lacking
binding sites for PI(4,5)P2 and the ERM proteins ezrin, radixin and moesin, is
mislocalized and distributed uniformly along the plasma membrane. Fibroblasts
expressing NHE1-KRA?2 but not wild-type NHE1 have impaired FN expression,

secretion, and assembly, and reduced active but not latent TGF-f3. We found that
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FN production is not regulated by changes in intracellular pH, nor is it attenuated
in NHEI1-deficient cells, indicating FN expression and TGF-f activation are
independent of NHEI activity. However, treating NHE1-KRA2 fibroblasts with
recombinant TGF-f3 restores FN secretion and assembly. These data suggest that
scaffolding by NHE1-KRA2 sequesters and mislocalizes signals necessary for FN
synthesis and TGF-f activation. Although the precise signals sequestered by
NHE1-KRA2 remain unknown, these findings suggest that NHE1-KRA2 could be
a valuable tool for obtaining a mechanistic understanding of how FN production
and TGF-f} activation are regulated, and more speculatively for therapeutic control
of increased FN production in pathological conditions such as fibrosis and

inflammation.
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1. Introduction

The extracellular matrix (ECM) provides a scaffold with positional and
environmental information that is essential for tissue organization and function
and for many cell processes and behaviors. By providing support and anchorage
for cells that bind to its components, the ECM separates tissues from one another
and forms amazingly diverse structures. Variations in the type and amount of
ECM components can create diverse tissues including tendons, bands of fibrous
connective tissue with great tensile strength; the cornea, the outer tough fibrous
transparent layer that covers the pupil and the iris; and teeth and bones, calcified
hard structures. By binding to cell surface receptors that anchor actin filaments,
the ECM also determines organization of the cytoskeleton and cytoskeleton-
dependent adhesive and protrusive structures. The ECM also acts as a reservoir
for growth factors and hormones, which are usually bound within ECM
components in inactive form that are released by protease cleavage. With
structural components and bound proteins, the ECM provides signaling cues that
affect intracellular signaling pathways and determine cell processes, including
survival, development, proliferation, adhesion and migration (Lodish et al., 1999).
Understanding the components of the ECM are regulated and organized is key to

understanding the complex dynamics of cell and tissue functions.

The ECM components are produced intracellularly and secreted in the

extracellular space where they are organized in networks. The most abundant



ECM components include collagens that provide strength and resilience,
proteoglycans like heparan sulfate that are highly hydrated and cushion cells,
hyaluronic acid that resists compression and facilitates cell migration, and proteins
with structural and functional roles including fibronectin (FN), elastin and
laminins that bind to cell surface receptors and to ECM components. Elastin gives
elasticity to tissues allowing them to stretch and return to their original state.
Laminins are major components of the basal laminae that support the epithelium
and separate it from the underlying connective tissue. FN creates a network where
cell surface receptors and other ECM components bind and plays an important role
in development, wound healing and blood clotting. A better understanding of how
FN is regulated will provide important information on its physiological and

pathological processes.

1.1. Fibronectin

Function in normal and pathological processes

Fibronectin, a high molecular weight glycoprotein of 250 ~kDa, is a major
component of the ECM that surrounds cells in most tissues. There are two
predominant forms of FN: plasma and cellular (Figure 1). The plasma soluble FN

(Figure 1A) forms dimers, is synthesized predominantly by hepatocytes and is
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Figure 1.

Diagram of the fibronectin (FN) molecule: (A) Plasma and (B) cellular FN
monomers, consisting of three types of repeating units (FN repeats), type I, Il and
ITI. Alternative splicing generates multiple FN variants and occurs within the type
III repeats (extra domain EDB between repeats III7-11I8, extra domain EDA
between repeats II111-11112, and variable region V between repeats [1114-11115).
(C) FN binding sites for members of the integrin receptor family. (D) FN binding
sites for other biologically important molecules, including heparin, collagen,
gelatin and fibrin. (E) FN self-association sites involved in fibrillogenesis. Some
of these self-association sites are exposed, while others are cryptic and become
accessible after conformational changes by cell-driven mechanical stretching of

the FN molecule. (modified, from Pankov and Yamada, 2002)



secreted into the bloodstream reaching a fairly high concentration (approximately
300 wg/ml). The cellular FN (Figure 1B), usually in a multimeric cross-linked
form, is secreted by fibroblasts, chondrocytes, myoblasts and epithelial cells and
assembled as fibrils in the ECM (Tamkun and Hynes, 1983; Hynes, 1990).
Secreted cellular FN initially forms dimers through interchain disulfide bonds (S-
S) at the C-terminus and subsequently assembles into a fibrillar extracellular
network that depends on FN binding to cell surface adhesion receptors of the

integrin family.

FN production and assembly play critical roles in normal development,
tissue morphogenesis and wound healing, cell differentiation, adhesion, migration
and thrombus formation (Grinnell, 1984; Hynes, 1990; Yost, 1992; Clark et al.,
1997; Sottile et al., 1998; Wylie, 1999; Cho and Mosher, 2006). The critical role
of FN in development is highlighted by the early embryonic lethal phenotype of
homozygous mice with engineered FN gene deletion (George et al., 1993). FN-
null embryos have a greatly shortened anterior-posterior axis, a bent neural tube,
severe defects in mesoderm-derived tissues, including absence of somites and a
notochord, and impaired formation of heart and embryonic vessels (Francis et al.,
2002). Mesodermal defects are attributed to loss of FN-dependent mesenchymal
cell migration, proliferation and differentiation. Consistent with these findings,
inhibition of FN assembly in Xenopus embryos impairs the direction of mesoderm
cell migration in early stages of development (Winklbauer and Nagel, 1991), and

inhibition of FN-cell interaction results in defects in amphibian gastrulation and



mesoderm architecture, and inhibits avian neural crest cell migration (Boucaut et

al., 1984; Darribére and Schwarzbauer, 2000).

Aberrant FN production is associated with a number of pathological
conditions. Increased FN synthesis occurs in hepatic fibrosis and leads to hepatic
dysfunction and portal hypertension. The increased accumulation of FN, collagen,
and other proteoglycans is a result of abnormal inflammatory reaction and
abnormal wound healing after chronic exposure to infectious or toxic agents
(Kershenobich Stalnikowitz and Weissbrod, 2003; Rockey, 2006). Excessive
synthesis of FN and collagens I and III occurs also in pulmonary fibrosis and leads
to respiratory insufficiency (Crouch, 1990; Hetzel et al., 2005; Muro et al., 2008).
Increased FN deposition is observed during demyelinating diseases in the central
nervous system, as in multiple sclerosis, and is implicated in the microglial
activation that initiates and promotes tissue damage (Milner et al., 2007). FN
synthesis is also increased in diabetic nephropathy, retinopathy, and
macroangiopathy (Andresen et al., 1998; Hohenadel and van der Woude, 2004).
In contrast, decreased FN production and reduced cell adhesion is observed in
some cancer cells, including human breast cancer (Labat-Robert et al., 1980) and
human cervical cancer (Larizza et al., 1982). Moreover, increased expression of
FN in cancer cells is associated with decreased metastatic activity and explains the
low degree of metastatic potential of basal cell carcinoma (Peltonen et al., 1988),
where secreted FN is deposited in the tumor’s periphery, compared with other
carcinomas. Increased FN expression is suggested as an indicator of better

prognosis in invasive breast carcinomas and increasing FN synthesis lowers the



risk for metastasis and prolongs survival (Christensen et al., 1988), and may be
used as a prognostic factor (Takei et al., 1995). In addition, a stronger link has
been reported between tumorigenicity and short immature FN fibrils, as opposed
to longer branched FN fibrils (Der and Stanbridge, 1980; Stanbridge et al., 1982),
indicating also a role for FN assembly and organization in disease. Imbalances in
FN synthesis, abundance and assembly are associated with numerous diseases and

highlight the critical role of FN regulation.

Regulated expression

The FN gene belongs to the broad superfamily of early response genes that rapidly
increase their expression within two hours after quiescent cells are stimulated with
serum or growth factors. In addition to FN, early response genes include the
transcription factors c-fos, c-jun and c-myc, actin, and integrin receptors (Blatti et
al., 1988; Ryseck et al., 1989). The early expression of FN after cell stimulation
underlines the role of FN as an early regulator in cell differentiation, development,

growth and migration.

FN expression is regulated at the promoter, transcription, splicing and
secretion levels and 1is tissue-specific, and development- and age-related
(Schwarzbauer, 1991). The unique FN gene is ~ 75 kb, contains ~ 50 exons and is
transcribed from a single promoter to a single primary transcript. Regulation of

the FN promoter relies on a number of different regulatory elements. The human



(Dean et al., 1987), rat (Patel et al., 1986) and mouse (Polly and Nicholson, 1993)
FN promoters have been cloned and share extensive homology for many
regulatory elements. A cAMP responsive element (CRE) at position —170 is
necessary for increased FN expression with serum (Dean ef al., 1990). Two more
CRE sites are located at —260 and —450 regions and are conserved in human and
rat FN gene promoter (Bowlus et al., 1991; Schwarzbauer, 1991). The human FN
promoter also includes a TATA box at —25 region and other regulatory regions
upstream, including a CCAAT box at —150, promoter specific transcription factor
SP1boxes at —102 and —45 regions, and Arabidopsis APETALA2 AP2 sites at —120
and —67. The early growth response transcription factor Egr-1 binds to GC-rich
sequences in the —105 to +14 region of the human promoter and regulates cell
growth, differentiation and development (Liu et al., 2000). Members of the
Nuclear Factor kB (NF-xB) family of transcription factors are also key regulators
in immune and inflammatory responses, although paradoxically some members
activate and inhibit FN expression. The NF-xkB p65/p50 variant binds to the
responsive element at —41 and inhibits FN expression while NF-xB p65 binds to
the responsive regulatory element at position —1180 and activates the FN

transcription (Lee et al., 2000; Lee et al., 2002).

Regulation of FN transcription is induced by a myriad of intrinsic and
extrinsic signals. The FN gene is activated by serum, cAMP, growth factors,
including epidermal growth factor (EGF), platelet-derived growth factor (PDGF),
and transforming growth factor beta (TGF-p) (Blatti er al., 1988; Dean et al.,

1988), and cytokines (Baeuerle and Baichwal, 1997). FN induction by growth



factors is thought to be mediated by the transcription factor Egr-1 (Liu et al.,
2000) and increased transcription by cytokines is likely mediated by the
transcription factor NF-xB (Lee et al., 2002). FN gene expression is also sensitive
to cell density and cell shape changes, increasing with higher cell density and
smaller cell area (Perkinson efr al., 1996). Consistent with decreased FN in
cancers, viral oncogenes inducing cell transformation attenuate FN transcription

(Nakajima et al., 1992; Nakamura et al., 1992).

TGF-p peptides are recognized as important inducers of FN transcription.
TGF-Bs are multifunctional proteins with potent and direct effects on many cell
types and they regulate fibroblast gene expression and promote FN deposition.
There are three structurally similar isoforms of TGF-f (TGF-f1, 2 and B3)
encoded by three distinct genes (Schiller et al., 2004). The three isoforms bind to
the same plasma membrane type I and Il dimeric receptors and have similar
cellular targets, although they have tissue specific expression and are controlled by
distinct promoters (Letterio and Roberts, 1998). TGF-f1 is the most prevalent
isoform and is found almost ubiquitously, while the other isoforms are expressed
in a limited number of cells and tissues. TGF-Bs regulate in a wide range of
sometimes contradictory biological processes, including stimulation of
mesenchymal cell proliferation, regulation of ECM deposition and degradation,
maintenance of tissue architecture, inhibition of growth, induction of apoptosis,
inhibition of epithelial cell growth, regulation of inflammation and of the immune
response, and wound repair (O’Kane and Ferguson, 1997; Fleisch et al., 2006;

Wahl, 2007). The distinct roles of the TGF-p isoforms are indicated by knockout



experiments in mice revealing that each isoform plays an important but
independent role in embryonic development. Half of the TGF-f1 null mice die in
utero due to defective vasculogenesis and hematopoiesis (Dickson et al., 1995).
The remaining mice die two-four weeks after birth by a wasting syndrome
associated with multifocal inflammation and massive lymphocyte and macrophage
infiltration primarily in the heart and lungs (Kulkarni et al., 1993). It is possible
though that the variability in embryonic lethality of TGF-B1” mice is due to their
mixed genetic background and modifier genes may be involved in modulation of
the TGF-B1" phenotype. TGF-B2 knockout mice exhibit perinatal mortality and a
wide range of developmental defects, including cardiac, pulmonary, craniofacial,
spinal and urogenital defects (Sanford et al., 1997). TGF-B3 null animals exhibit
defective epithelial-mesenchymal interactions that cause cleft palate and abnormal
lung development (Proetzel et al., 1995). The distinct phenotypes of the TGF-f
knockout animals highlight the non-compensatory and independent functions of

the three isoforms.

Regulation of FN splicing is responsible for the distinct functions of the FN
variants in FN secretion, cell adhesion and assembly. FN comprises three repeated
homology units of 40, 60 and 90 amino acids, known as type I, II and III repeats,
respectively. Although there is only a single FN gene (Kornblihtt et al., 1983;
Schwarzbauer et al., 1983), three alternatively spliced segments (EDA, EDB and
the V region) generate subunit diversity (Figure 1B). The single FN gene is
responsible for approximately 20 different variants in humans through alternative

splicing (Schwarzbauer, 1991). FN diversity can also be generated by the
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combination of different FN subunits that are assembled into dimers. The
alternatively spliced segment EDA is located within the III,,-III,, repeats, the EDB
within the III,-111, repeats and V or IIICS region within the III,,-1II,5 repeats. The
extra domain A (also known EDA, EDI or EIIIA) is distinctive of cellular FN
(Kornblihtt et al., 1984), is overexpressed in proliferating tissues, such as the
developing embryo (Norton and Hynes, 1987) and by fibroblasts and macrophages
at the site of cutaneous wound (Brown et al., 1993), indicating a role in wound
healing. The extra domain B (also known EDB, EDII or EIIIB) is also expressed
during embryonic development, at sites of wound healing and after transformation
with RNA and DNA tumor viruses (Mosher, 1989; Hynes, 1990), and is stimulated
by TGF-B1 (Borsi et al., 1990). The V (for variable) region, also known as IIICS
region (to denote that it is a type III repeat Connecting Segment), has five human
variants and is necessary for FN dimer secretion (Schwarzbauer et al., 1989), as
FN V-0 homodimers do not reach the cell surface and get degraded intracellularly.

The V region regulates protein trafficking and dimer secretion.

Adhesion and FN assembly

Regulation of FN assembly depends on FN binding to cell surface receptors and
other ECM molecules (Figure 1C and 1D). The type I, II and III FN repeats are
organized into domains that have distinct binding activities. FN binding to
integrins is mediated by two major FN domains that both locate at the type III

repeats. The main cell-binding domain contains the RGD (Arg-Gly-Asp) sequence

11



and is located in repeat III,,. The RGD sequence is present in all FN variants and
is recognized by different cell types mainly through the integrin as8,. The second
domain is located in the adjacent 111, FN repeat and contains the PHSRN sequence.
It is also described as the synergy site because, although the PHSRN sequence has
no binding activity by itself, it acts synergistically with the flanking RGD
sequence and causes a ~100-fold increase in cell adhesion to the RGD site by a;f3,
integrin (Obara et al., 1988; Nagai et al., 1991; Aota et al., 1994). Both the RGD
and synergy sites along with the heparin-binding domain of the V region appear to
cooperate for maximal effect on cell adhesion. The second major binding domain,
also located in the V region, contains the LDV (Leu-Asp-Val) sequence, is
conserved in human, rat, bovine and avian FN, and is recognized by o,f, integrin
present in lymphocytes, monocytes, and neural crest and melanoma cells
(Humphries et al., 1988; Guan and Hynes, 1990; Mould et al., 1990; Komoriya et
al., 1991). Also known as the CS1 site, the LDV sequence is located within the
alternatively spliced V region and promotes RGD-independent FN binding and
assembly. The FN carboxy-terminal region therefore provides critical binding

sites necessary for cell adhesion.

FN binding sites for other FN molecules are also required for FN assembly
(Figure 1E), while binding sites for other matrix components facilitate ECM
organization. The amino-terminal region of FN contains several binding sites
mainly for other ECM molecules, including fibrin, gelatin, heparin, collagen and
other FN units, while the FN carboxy-terminal region includes more binding sites

for heparin, heparan sulfate and other FN molecules (Heremans et al., 1990;

12



Mosher, 1993; Barkalow and Schwarzbauer, 1991; Sechler et al., 1998). The type
I and II repeats predominantly mediate associations with FN and other ECM
molecules. During FN assembly, these interactions stabilize the matrix, posing FN
as a central player in this functional extracellular network. Sites involved in cell

attachment reside within the type III repeats.

FN assembly into fibrils is a regulated, stepwise process that includes
initiation, elongation and stabilization of the FN matrix. It involves the binding of
the FN molecule to integrins and other FN molecules through multiple FN
domains. Initially, secreted FN is a soluble, inactive dimer, folded into a
conformation that does not undergo fibril assembly (Williams et al., 1982;
Erickson and Carell, 1983; Johnson et al., 1999) due to its compact structure that
retains many binding sites cryptic (Figure 1E). FN binding to integrins leads to
partial unfolding and conformational changes of the FN molecule that expose
cryptic binding sites and allow FN self association and assembly initiation.
Initiation depends on interactions between the FN cell-binding domains and
integrin receptors, usually osf, integrin binding to the RGD site. The RGD
sequence in repeat II1,, and the synergy site in IIl, co-operate for maximal osf3,
integrin-mediated matrix assembly. Cell-associated FN is initially distributed
diffusely over the cell surface. The initiation of FN assembly leads to formation
of short detergent-soluble fibrils. During the initiation stage, FN self-association
induces integrin clustering by binding to multiple integrins, and integrin binding
immobilizes the dimeric FN. The integrin-FN clusters create a relatively high

local concentration of FN that further assists the FN association with other FN

13



molecules and promotes the FN fibril growth phase. Immobilization of FN
induces conformational changes that expose FN-binding sites and activate the
protein to bind more FN dimers. Dimeric FN forms short deoxycholate-soluble
fibrils. The incorporation of additional FN dimers generates fibril elongation and
conversion of fibrils into a detergent insoluble form. As assembly progresses, the
FN fibrils are subsequently converted into a dense, stable network containing
longer detergent-insoluble fibrils (McKeown-Longo and Mosher, 1983; Sechler et

al., 1997; Pankov et al., 2000; Wierzbicka-Patynowski and Schwarzbauer, 2003).

1.2. Integrins: fibronectin receptors and focal adhesions

Integrins are heterodimeric adhesion receptors formed by the non-covalent
association of o and f subunits. Each subunit is a glycoprotein with a relatively
large exracellular domain and a short cytoplasmic tail. Integrin extracellular
domains bind to diverse ECM ligands to mediate cell-substrate and cell-cell
adhesion. The integrin cytoplasmic tail translates ligand binding to a dynamic
cellular process tethering the receptor to the cytoskeleton and interacting with
multiple signaling molecules (Critchley, 2000; Calderwood, 2004). Integrins are
present in all metazoans and play a critical role in development, adhesion and
migration (Hynes, 1992). In mammals, twenty-four different heterodimers form
from 18 o subunits and 8 [ subunits. Each heterodimer binds to specific cell

surface, ECM or soluble ligands and has distinct functions.
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The interaction of the cells with FN and other ECM components mediates
the formation of focal adhesions (FAs) by clustering integrin receptors, which
recruits signaling molecules at the integrin cytoplasmic tail and assembles bundled
actin filaments. FAs in cultured cells are initially formed at the leading edge of
the cell in the lamellipodia and consist of an ECM component, integrins and some
adapter proteins such as talin and paxillin bound to integrin’s cytoplasmic tail.
These immature FAs are often also called focal contacts. As FAs mature, they
recruit additional adapter and signaling proteins such as focal adhesion kinase
(FAK), zyxin and proteins that bind the actin cytoskeleton including vinculin, a-
actinin and filamin that like talin link the integrins with the actin-based
cytoskeleton. Focal adhesions are dynamic protein complexes that connect the
ECM to the cytoskeleton and transmit mechanical forces and regulatory signals
(Schoenwaelder and Burridge, 1999). At the leading edge of migrating cells, focal
adhesions undergo rapid cycles of assembly and turnover, creating and disrupting,
respectively, sites of traction necessary for forward movement of the cell body. Hence,
FAs have considerable functional diversity, including cell anchoring, cell motility,

and signal transduction.

Integrin o5f3, is considered the major cell-surface receptor that supports FN
assembly, although other integrins have also been identified in RGD-independent
FN assembly pathways. Integrins a,p,, a,p; and a,,p; have all been reported to

be able to promote and initiate FN assembly in various cell models (Wu et al.,
1995; Wennerberg et al., 1996; Yang and Hynes, 1996; Wu, 1997; Sechler et al.,

2000). FN assembly into fibrils is mediated by a series of events involving both

15



the actin cytoskeleton and the integrin receptors. While integrin binding to its
ligand is required for integrin activation and matrix assembly (Clark et al., 2004),
additional post-occupancy events involving the 3 integrin subunit cytoplasmic
domain interaction with the actin cytoskeleton are necessary as well (Wu et al.,
1995; Hughes et al., 1996; Magnusson and Mosher, 1998). The P integrin
cytoplasmic tail is linked to F-actin by direct binding of the actin-binding proteins
talin, a-actinin, filamin and by indirect binding through vinculin (Critchley et al.,
1999). Rho-A mediated contractility generates the tension that exposes cryptic FN
binding sites within the FN molecule that are required for FN assembly (Hocking
et al., 1994, Zhong et al., 1998, Sechler et al., 2001). Disruption of the actin
cytoskeleton with cytochalasin D or truncation of the P cytoplasmic domain
abolishes FN matrix formation independently of the integrin activity status (Wu et
al., 1995). Signaling networks downstream of integrins involving active Src and
PI 3-kinase also regulate early stages in FN matrix assembly because cells lacking
Src family kinases or pharmacological inhibition of PI 3-kinase attenuates FN
matrix assembly in SYF fibroblasts and CHO cells respectively (Wierzbicka-
Patynowski and Schwarzbauer, 2002). However, despite integrin activation and
signaling being necessary for FN matrix assembly, integrins do not regulate FN

production (Wu et al., 1995; Feral et al., 2007).
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1.3. Na-H exchanger NHE1

Established role in ion transport

The plasma membrane Na-H exchanger NHE1 plays a central role in intracellular
pH (pH,) and cell volume homeostasis by catalyzing an electorneutral exchange of
extracellular Na® and intracellular H*. The NHE gene family is evolutionarily
conserved in metazoans and includes nine isoforms with tissue-specific expression
and functions (Putney et al., 2002). The ubiquitously expressed NHE1 isoform in
mammals is a resident plasma membrane protein, in contrast with NHE2 and
NHE3 isoforms that recycle between the plasma membrane and endosomes and
have limited expression in epithelia. NHEI1 (Figure 2) contains two structural and
functional domains: the NH2-terminal domain or ion translocation domain that
includes 12 transmembrane a-helices and is sufficient for basal exchange activity,
and the relatively long (~300 amino acids) COOH terminal cytoplasmic domain or
regulatory domain that confers regulation of exchanger activity by growth factors,
hormones, integrins and osmotic stress (Meima et al., 2007). Reduced pH;
(Aronson et al., 1982), hosmotic challenge by hypertonic media (Grinstein et al.,
1992), treatment with the epidermal growth factor EGF (Liaw et al., 1998) and the
platelet-derived growth factor PDGF (Di Sario ef al., 1999) and integrin activation
by plating cells on FN (Ingber et al., 1990) or treating with insoluble FN

(Schwartz et al., 1991) all stimulate NHE1 activity, while somatostatin (Barber et
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al., 1989) and dopamine (Ganz et al., 1990) inhibit NHEI activity. NHEI has an
established permissive role in cell proliferation and promotes cell survival (Putney
et al., 2002) and is necessary for cell migration, polarity, membrane protrusion
and adhesion (Denker and Barber, 2002; Denker and Barber, 2002b; Patel and
Barber, 2005). Recent evidence indicates these functions depend not only on ion
translocation by NHE1 but also on newly identified functions in cytoskeletal

anchoring and scaffolding of signaling complexes by NHE1.

Role in cytoskeletal anchoring and scaffolding signaling complexes

Emerging evidence indicates that many ion transport proteins, including channels,
pumps and exchangers, are directly or indirectly anchored to actin filaments.
Actin anchoring by NHE1 is mediated by binding of charged Lys-Arg residues in
the COOH terminal juxtamembrane domain to ERM proteins ezrin, radixin, and
moesin (Denker et al., 2000), which belong to the protein 4.1 superfamily. The
NH,-terminal FERM domain of protein 4.1 and ERM proteins binds integral
membrane proteins and their COOH-terminus binds actin filaments. ERM binding
to NHE1 is also necessary for dynamic reorganization of the actin-based
cytoskeleton. ERM binding to NHE1 spatially restricts the clustered localization
of NHE1 at the distal margin of membrane protrusions in the lamellipodia of
fibroblasts, and data suggest that localization of NHEI1 at the leading edge of
migrating cells is necessary for polarity, actin filament assembly, and efficient

directed movement (Denker and Barber, 2002; Patel and Barber, 2005; Frantz et
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al.,2007).

In addition to binding ERM proteins the COOH terminal cytoplasmic
regulatory domain of NHET1 directly interacts with at least 10 different signaling
molecules (Figure 2). A current view is that NHE1 functions as a scaffolding
platform for the assembly of signaling complexes (Meima et al., 2007). In
addition to NHEI1, other ion transport proteins have recently been shown to
scaffold macromolecular complexes, including TRP channels in photoreceptor
cells (Popescu et al., 2006), and potassium channels in neurons (Kaczmarek,
2006). The juxtamembrane region of the NHEI COOH regulatory domain binds
phosphatidylinositol(4,5)bisphosphate (PI1(4,5)P2) (Aharanovitz et al., 2000),
ERM proteins (Denker et al., 2000), and the calcineurin homologous protein CHP
— a ubiquitously expressed essential cofactor for NHE1 activity (Lin and Barber,
1996; Mishima et al., 2007). The middle region of the COOH terminus includes
high and low-affinity binding sites for calmodulin (Bertrand et al., 1994) and a
binding site for the Ste20-like Nck-interacting kinase (NIK) (Yann et al., 2001;
Baumgartner et al., 2006). NIK phosphorylates serine residues in the distal COOH
terminus of NHEI - a region termed the phosphorylation domain. The
extracellular signal-regulated kinase (ERK) downstream effector kinase p90Rsk
(Takahashi et al., 1999), p38 mitogen-activated protein kinase (Khaled et al.,
2001) and Rho-activated kinase (ROCK) (Tominaga et al., 1998) also
phosphorylate serines in this domain. Phosphorylation of NHE1 at Ser703 by
p90Rsk promotes binding of the adaptor protein 14-3-3 after serum-dependent

activation (Lehoux et al., 2001).
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The role of NHEI as a scaffolding platform for signaling molecules is likely
both dependent and independent of its ion transporter activity. A reciprocal action
between ion transport proteins and the cytoskeleton is proposed, where ERM
binding localizes ion transport proteins, and in turn, localized activity of ion
transport proteins regulates the assembly and organization of actin filaments to
promote actin-dependent processes (Denker and Barber, 2002b). Changes in
intracellular pH and cell signaling are gaining attention based on emerging data
indicating that the activities or binding affinities of selective proteins are pH
sensitive (Srivastava et al., 2007). In contrast, transport-independent scaffolding
by NHE1 could facilitate signal relay through the forced proximity of functionally
interacting proteins. Localized scaffolding by NHE1 permits ERM proteins to
bind PI(4,5)P2 and be phosphorylated in order to adopt an open conformation for
binding transmembrane proteins and actin. ERM proteins are also directly
phosphorylated by NIK (Baumgartner et al., 2006) and ROCK (Matsui et al.,
1998), which also assemble with NHE1. Additionally, localized scaffolding of the
calcium binding proteins CHP and CaM could facilitate shared actions in calcium-
dependent signaling pathways (Lin and Barber, 1996). Transport-dependent
scaffolding is predicted to function in pH-dependent signaling processes such as
cell proliferation and migration by localized changes in the protonation state of
selective pH-sensitive proteins (Putney and Barber, 2003, Meima, 2007;

Srivastava et al., 2007).

In fibroblasts, ERM binding and ion transport activity by NHE1 are both

necessary for dynamic remodeling of FA and for directed migration. Both the
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assembly of focal adhesions and actin stress fibers by the activation of integrins
and Rho are impaired in fibroblasts lacking NHEI, but are restored in fibroblasts
expressing wild-type NHE1 (Vexler et al., 1996; Tominaga and Barber, 1998;
Tominaga et al., 1998; Denker et al., 2000). Fibroblasts expressing NHE1 with
mutations that disrupt ERM binding but not ion translocation activity have
decreased assembly of FAs and attenuated assembly of actin stress fibers (Denker
et al., 2000; Denker and Barber, 2002). In contrast, fibroblasts expressing a
mutant NHE1 that lacks ion translocation have decreased assembly of actin
filaments and decreased turnover of FAs in response to migratory cues (Srivastava
et al., 2008; Frantz et al., 2008). Both ERM binding and ion translocation by
NHE1 are necessary for efficient polarized migration of fibroblasts (Denker and

Barber, 2002).

NHEI fibroblast cell model

To investigate the effects of NHE1 on cell adhesion and regulation of FAs, we
used NHE1-deficient PS120 fibroblasts without and with stable expression of WT
or mutant NHE1 (Figure 3A):

- PS120 NHEI-deficient cells generated from CCL39 hamster lung

fibroblasts that express only the Na-H exchanger isoform NHEI.
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Figure 3.

(A) Fibroblast cell model of WT NHE1 and NHE1 mutants. Schematic diagram of
NHET1 indicating positions of the HA-epitope tag, the WT-NHEI1 that retains ion
translocation activity and ERM/PI(4,5)P2 binding, the KRA2-NHE1 with alanines
substituted for lysine and arginine residues that abolishes ERM/PI(4,5)P2 binding
and actin cytoskeleton anchorage but retains ion translocation, and E2661-NHE1
that abolishes ion translocation but retains actin cytoskeletal anchorage. Through
the ERM/actin cytoskeleton binding WT-NHE1 and E266I-NHEI localize at the
lamellipodia of WT and E266I cells respectively, while KRA2-NHEI is evenly
distributed along the plasma membrane as shown by immunolabaling for the HA
epitope in WT, KRA2 and E266I fibroblasts. (B) Fibroblasts expressing
mislocalized NHE1-KRA?2 have decreased abundance and size of FA complexes.
Paxillin immunolabeling reveals decreased abundance and size of FA complexes

in KRA2 cells compared with WT cells. Bar, 5 mm.
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- WT cells: PS120 NHE1-deficient fibroblasts stably expressing WT NHE1,

- KRAZ2 cells: PS120 fibroblasts expressing a mutant NHE1 with impaired
PI(4,5)P2 and ERM binding that contains alanine substitutions of lysine and
arginine residues in the COOH-terminal juxtamembrane domain, and

- E266I cells: PS120 cells expressing a mutant ion translocation-defective

NHEI1 containing an isoleucine substitution for glutamine 266.

Wild type NHEI1, either endogenous in CCL39 fibroblasts (Sardet et al.,
1990; Grinstein et al., 1993) or recombinant expressed in NHE1-deficient PS120
fibroblasts localizes to the distal margin of membrane protrusions in the
lamellipodia. In E266I cells NHEI is also localized at the leading edge of the cell
because ERM protein binding is retained. In contrast, in KRA2 cells NHE1 is not
clustered in lamellipodia but is uniformly distributed along the plasma membrane
(Figure 3A). Moreover, the assembly of focal complexes (Figure 3B) and actin
stress fibers is impaired in KRA?2 cells, and wound closure is significantly delayed

compared with WT in would healing assays (Denker and Barber, 2002).

The secretion of ECM proteins was tested as a possible explanation for the
impaired focal complex assembly and wound closure in KRA2 fibroblasts. My
thesis work reveals that KRA?2 fibroblasts expressing a mutant NHEI1 that lacks
PI1(4,5)P2 and ERM protein binding have markedly decreased FN production. The
next question was whether FN production is impaired in KRA2 cells because H*
efflux is decreased and mislocalized or because KRA2-NHEI is mislocalized,

since KRA2-NHEI is uniformly distributed along the plasma membrane instead of
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clustering in lamellipodia. Decreased FN production is due to mislocalized
scaffolding by NHEI1 and not mislocalized H+ efflux. Because FN expression is
regulated by TGF-f3, I next asked whether TGF-p activation and downstream
signaling of TGF-f3 receptors is impaired in KRA2 cells. TGF-f activation but not
downstream signaling by the TGF-3 Type 1 Receptor to SMAD3 is decreased in
fibroblasts expressing mislocalized NHE1 and FN production is restored by
exogenous TGF-f. These data suggest that mislocalized NHE1 sequesters and

mislocalizes signals necessary for FN synthesis and TGF-f activation.
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2. Methods

Cell culture

NHE1-deficient PS120 fibroblasts derived from hamster lung CCL39 fibroblasts
that express NHE1 (Pouyssegur et al., 1984) were obtained from J. Pouyssegur
(INSERM, Nice, France). Wild type and mutant NHE1 containing an HA-epitope
at the COOH terminus and stably expressed in PS120 cells (WT, E266I, and
KRA2) were previously described (Denker et al., 2000). PS120 cells stably
expressing the System N1 transporter (SN1 cells) are previously described
(Chaudry et al., 1999) (description of all cell lines, Table 1). All cell types above
were maintained in DME-H21 medium containing 25mM NaHCO, and
supplemented with 5% FBS and 1% Pen-Strep (growth medium) at 5% CO,. Mink
lung epithelial cells (MLEC) were cultured in DME-H21 medium containing
25mM NaHCO, and supplemented with 10% FBS, 1% Pen-Strep and 250 ug/ml

Geneticin (G-418) (Gibco BRL, Grand Island, NY) at 5% CO,.

Constructs

The mammalian expression vector pCMV-WT-NHE1-HA was previously
described (Orlowski, 1993) and was used to generate two mutant constructs

(pCMV-E266I-NHE1-HA where the glutamate 266 was replaced by isoleucine;
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Table 1. Cell lines used in this study

Cell line

Description

Reference

CCL39

clonal hamster lung fibroblasts with

endogenous NHE1

Pouyssegur et al., 1984

PS120

NHE1-deficient cells derived from CCL39
fibroblasts

Pouyssegur et al., 1984

WT

PS120 cells stably expressing wild-type NHE1-
HA

Denker et al., 2000

KRA2

PS120 cells stably expressing KRA2-NHE1-
HA, which contains alanine substitutions for
COOH-terminal juxtamembrane lysine and
arginine resiudes and does not bind P1(4,5)P2

or ERM proteins but does retain H+ efflux

Denker et al., 2000

E2661

PS120 cells stably expressing E2661-NHE1-
HA, where glutamate 266 was substituted by
isoleucine; does not have H+ efflux but does

retain PI(4,5)P2 and ERM binding

Denker et al., 2000

K2E

KRAZ2 cells stably co-expressing E2661-NHE1-
Myc

This study

CK

CCL39 cells stably co-expressing KRA2-
NHE1-HA

This study

SN1

PS120 cells stably expressing the System N1

gluamine- H+ transporter

Chaudry et al., 1999
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and pCMV-KRA2-NHE1-HA where lysine and arginine in the 553-564 region
where replaced by alanine, as previously described (Denker er al. 2000). All
constructs above contain the sequence of the HA epitope (YPYDVPDYA) at the

extreme carboxyl terminus of the rat NHE1 sequence; this epitope was preserved

in the relevant stable cell lines: WT-NHE1, KRA2-NHE1 and E266I-NHE]1.

The Myc epitope (LDEESILKQE) was added by PCR and replaced the HA
epitope of the pCMV-E266I-NHE1-HA vector (forward primer sequence 5’AAG
CTT GGA TCC GAT ATC ATG CTA AGG TGG TCT GGC ATC TGG3’;
backward primer sequence 5’GCG GCC GC CTA CAG ATC TTC TTC AGA AAT
AAG TTT TTG TTC GCC CTG CCC TTT GGG GAT GAA AGG3’). The new
NHE1-E2661-Myc construct was inserted in pCDNA3.1 Hygro (+) and stably
expressed in KRA?2 cells (named K2E cells) by using Lipofectamine™ 2000 for
transfection (Invitrogen, Carlsbad, CA). The NHEI1-KRA2-HA construct of the
pCMV-KRA2-NHEI-HA vector was stably expressed in the parental CCL39
fibroblasts (named CK cells) by using Lipofectamine™ 2000 for transfection

(Invitrogen). (For description of all cell lines, Table 1).

Immunolabeling

Unless otherwise indicated, cells were grown for 48 hours on glass coverslips,

washed twice with PBS, fixed with 4% Parafolmadehyde in PBS for 20 min,
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washed twice with PBS, permeabilized with 0.1% Tx-100 in PBS for 10 min, then
blocked for 5’ to 15° with 10% Fetal Bovine Serum FBS in PBS. Incubation for 1
hour with the primary antibody was followed by three washes with PBS and

incubation for 45 min with the secondary antibody.

Primary antibodies and dilutions included anti-paxillin mAb (1:100, Zymed
Laboratories Inc., South San Francisco, CA), anti-FN rbAb (1:100, Sigma, Saint
Louis, MI), anti-B1 integrin rbAb (9EG7; 1:100, BD Pharmingen, San Diego, CA),
anti-HA mAb (12CAS5; 1:100; Roche Molecular Biochemicals, Mannheim,
Germany), anti-Myc mAb (9B11; 1:200; Cell Signaling Technology Inc., Danvers,

MA).

For live-cell staining of extracellular FN, cells were incubated at 4°C with
the antibodies for FN for 1 hour and then fixed as described above without
permeabilization.  For f1 integrin labeling, the Avidin/Biotin/Streptavidin
Blocking Kit was used (Vector Laboratories, Burlingame, CA): the cells were
incubated with Avidin D for 15 min, rinsed with PBS and then incubated with

Biotin blocking solution for 15 min before the incubation with 9EG7.

Secondary antibodies were conjugated to FITC or Texas-red (Invitrogen,
Carlsbad, CA), and were used at 1:200. The avidin conjugate was used for 1

integrin labeling.

To visualize nuclei, cells were incubated for 5 min with Hoechst 33342
(1:10,000, Invitrogen). Immunolabeling was visualized using a Zeiss Axiovert 35

and images were collected with a Spot RT cooled CCD.
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FN induction with TGF-B1: FN production and assembly was induced by
treatment with 0.5, 1, 2 and 5ng/ml of thTGF-p1 (PeproTech) on WT and KRA2
cells grown on coverslips. Cells were treated with the corresponding thTGF-f1
concentrations six hours after plating. Control cultures were treated with 10 uM
of specific inhibitor of TGF-f1 Receptor Kinase activity, SB-431542 (Tocris
Bioscience, Ellisville, MI; gift from R. Derynck, University of California San
Francisco) that inhibits FN synthesis (Laping et al. 2002). Cells on coverslips

were processed 48 hours after plating for FN immunolabeling, as described above.

Collagen expression

Collagen expression was determined by reverse transcription-polymerase chain
reaction (RT-PCR) analysis for hamster Collagen al (V) chain. Total RNA
extracted using the RNeasy kit (Qiagen, Valencia, CA) and 2 mg were reverse
transcribed using random decamer primers and amplified with PCR Supermix
High Fidelity (Invitrogen) for 30 cycles at 94°C, 56°C and 72°C. Oligos included:
F2 forward primer 5° TAC CCT GGA AGA CAA GGG CC 3’ and R2 reverse
primer 5° TCC TGG AGG GCC AGT CTT GC 3’, which yielded a 322-bp
product, and F3 forward primer 5> ATG GTG AAC CTG GAC AGA CG 3’ and R3
reverse primer 5 TCC TTT GAG TCC AGG GAG TC 3’, which yielded a 329-bp

product. Primers against 18S RNA were used as a control.

31



Immunoblotting

Immunoblotting for secreted FN was performed after chloroform-methanol
precipitation of cell culture medium (conditioned medium) from cell cultures 48
hours after plating. Briefly, the conditioned medium was mixed with an equal
volume of methanol and 1/4 volume of chloroform. The mix was vortexed for 2
min, then centrifuged at 10,000 g for 5 min. The upper phase was discarded,
leaving the interface intact, and the remaining mixture was washed with 300 ul
methanol and centrifuged for 5 min. Pellets were resuspended in 1x Laemmli
buffer according to the concentration of the corresponding cell lysate. Proteins
were separated by SDS-PAGE, transferred to PVDF membranes, and processed for
immunoblotting as described previously (Denker et al., 2000). Membranes
containing conditioned medium samples were probed with anti-FN rbAb (1:2000,
Sigma-Aldrich, St; Louis, MO) and membranes containing cell lysate samples

were probed with anti--actin (C4; 1:5,000; Millipore/Chemicon, Temecula, CA).

Immunoblotting for NHE1 and the TGF-f3 receptor type I (TGF-B-RI) was
performed using NHE1-HA immune-precipitated complexes. Cells plated in 100
mm dishes and maintained in growth medium for 48 h were washed 3X in PBS and
lysed in a modified RIPA buffer (50 mM Tris-HCI, 135 mM NaCl, 3 mM KCl, 1
mM EDTA, 1% NP-40, and 0.1 TIU/ml aprotinin, 2 uwg/ml leupeptin and 1 mM
PMSF). Equal amounts of protein from post-nuclear supernatants (850 g for 3
min) were incubated for two hours with Sepharose-conjugate anti-HA antibodies

(Roche Molecular Biochemicals). Immune complexes were recovered by
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centrifugation at 10,000 g for 3 min, washed 3X and released from the beads by
boiling for 5 min in 1x Laemmli sample buffer. Immunoprecipitated proteins
separated by SDS-PAGE and transferred to PVDF membranes were probed with
antibodies to NHEI (1:2000; Millipore/Chemicon), Myc (9B11; 1:1000), HA
(12CAS5; 1:1000), or TGF-B-RI (1:500; vendor and location). Proteins in total cell
lysates were immunoblotted using antibodies to p-actin (C4; 1:5,000;

Millipore/Chemicon).

Bound antibody was detected by using the enhanced chemiluminescence

system (Amersham, Piscataway, NJ).

Northern blotting

Cells were plated in 100 mm culture dishes to achieve 95%, 50% and 25%
confluency after 48 h. Total RNA was extracted using the RNeasy kit (Qiagen,
Valencia, CA). RNA (20 ug) was separated on 1.0% agarose gels containing
formaldehyde and transferred to a nylon membrane (Hybond-N+, Amersham
Pharmacia). A FN DNA fragment (FN N29; provided by C. Damsky, University
of California, San Francisco) was used as a template to prepare radiolabeled probe
by using the Rad Prime DNA system (Invitrogen) according to the manufacturer’s
directions. Hybridization was performed under stringent conditions with wash
buffer 1x SSC (Roche), 0.1% SDS at 65°C for two hours. GAPDH was used to

confirm equal loading of samples.
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Luciferase assays

FN promoter assay: The pGLFN105 promoter vector (Promega, Madison, WI)
containing the FN promoter region between -105 and +14 was provided by D.
Mercola (Sidney Kimmel Cancer Center, San Diego, CA) and previously described
(Liu et al., 2000 ). pRKS5-betagal plasmid containing beta-galactosidase under the
control of a human CMV promoter was provided by R. Derynck (University of
California, San Francisco) and previously described (Feng ef al., 1995). Cells
were transfected by wusing Transfast according to the manufacturer’s
recommendations (Promega). For each transfection the total quantity of
transfected plasmid DNA pGLFNI105 and pRKS was kept constant. Forty-eight
hours after transfection, cells were harvested and lysed in Reporter Lysis Buffer
(Promega) prior to analysis of reporter activity using a luciferase assay system
(Pharmingen) and f-galactosidase detection kit (Tropix). Luciferase was detected
using a luminometer (Molecular Devices, Sunnyvale, CA), luciferase activity was
reported as relative light units (RLU) and results were normalized for transfection

efficiency by beta-galactosidase activity.

TGF-B activity assay: Mink lung epithelial cells (MLEC) were used, stably
expressing a construct containing a truncated plasminogen activator inhibitor-1
(PAI-1) promoter fused to the firefly luciferase reporter gene, and previously
described (Abe et al., 1994). The cell lines tested (WT, KRA2 and PS120) were

cultured as mentioned above for 24 hours to reach 90% confluency and the
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medium from these cultures (conditioned medium) was used on the MLEC reporter
cell line. Conditioned medium collected from the indicated cells maintained for 18
h in DMEM supplemented with 0.2% FBS was directly applied to MLEC cells for
determining secreted active TGF-f3 or heated at 80° C for 10 min before applying
for determining secreted latent TGF-f. In parallel cultures, MLEC cells were
incubated in DMEM supplemented with rhTGF-f1 (0.1 to 5000 ng/ml;
PeproTech). Cell extracts were prepared and assayed for luciferase activity using
the Luciferase Assay System (Promega, Madison, WI) according to the
manufacturer’s instructions. Luciferase units obtained from conditioned medium
samples were normalized to cell number and secreted TGF-f was quantified

relative to luciferase units from samples supplemented with thTGF-f1.

All assays were performed in triplicates and were repeated at least three

times. Error bars represent the standard deviation of the sample.

FITC-FN labeling, assembly assays and FN induction with TGF-f1

Fibronectin assembly was determined by plating cells on glass coverslips coated
with 15 ug/ml or 50 ug/ml of exogenous FITC-labeled bovine FN, or by adding
exogenous FITC-labeled FN in the medium (McKeown-Longo and Mosher, 1985).
Bovine plasma FN (Calbiochem-Novabiochem Corp, La Jolla CA) was labeled
using the FluoReporter® FITC protein labeling kit (Molecular Probes Inc.

Invitrogen) according to the manufacturer’s directions. Controls included adding
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medium without cells to FITC-FN coated coverslips. Cells were maintained for 48
hours, unless otherwise indicated, and then washed with PBS, fixed, and
visualized as described for immunolabeling. FN assembly was similar either cells
were plated on FITC-FN or the FITC-FN existed in the medium. Assembly on
data shown was on pre-coated glass coverslips with FITC-labeled FN, unless

otherwise indicated.

Integrin expression and FITC-FN binding

B1 integrin expression by biotinylation: To determine 1 integrin expression,
cells were biotinylated on ice for 90 min, lysed in RIPA buffer (50 mM Tris-HCI
pH 7.4, 150 mM NaCl, ImM EDTA, 1% NP-40, 1 mM Pefablock, 1 ug/ml
Leupeptin, 1 ug/ml Aprotinin, 1 mM Na-orthovanadate), and the lysate was
incubated with an antibody directed against f1 integrin (9EG7, 1:100) for 60 min,
followed by incubation for 1 hour with protein A-Sepharose beads. Eluted

proteins were probed for biotin with streptavidin-HRP.

B1 integrin expression by flow cytometry analysis: Integrin expression was
confirmed by flow cytometry analysis. One million cells per sample were
incubated in 1 ml PBS with 3% PBS-based dissociation buffer (Gibco BRL) and
2% FBS. collected in culture medium, washed twice with PBS and kept in
suspension in PBS containing 2% FBS. After incubating cells with anti-f1

integrin antibodies in PBS at 4°C for 1 hour, cells were washed with PBS and
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incubated with Alexa Fluor® 488 (A488) anti-rabbit (Invitrogen; gift from T.
Wittmann, University of California, San Francisco) at 4°C for 30 min. Cells were
washed in PBS and analyzed on a FACS Vantage SE cell sorter (Becton Dickinson
Inc., San Jose CA). Flow cytometry data were analyzed using CellQuest Pro 4.0.1

software (Becton Dickinson Inc.).

FN binding assays: 31 integrin binding to FN, cells in suspension were mixed
with the indicated concentrations of FITC-labeled FN. After incubating cells with
the labeled protein for 60 min, FITC-positive cells were analyzed as described

above.

Intracellular pH Measurements

NHE! activity and intracellular pH were determined in cells plated at 25 X 10° per

well in 12-well plates and loaded with the fluorescent pH-sensitive dye 2,7-
biscarboxyethyl-5(6)-carboxyfluorescein (BCECF; Invitrogen, Carlsbad, CA) by
modifications of previously described methods (Denker et al., 2000). Ratios of
BCECEF fluorescence at Ex 490/Em 530 and Ex 440/Em 530 were acquired using a

SpectraMax M5 plate reader (Molecular Dynamics, Sunnyvale, CA). Fluorescence
ratios were converted to pH; by calibrating each experiment with 10 uM nigericin

(Invitrogen) in 105 mM KCI. NHE1 activity was determined by measuring the rate

of pHj recovery (dpH;j/dt) from an acid load by evaluating the derivative of the

slope of the time-dependent pHj recovery at intervals of 0.05 pH units.
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Statistical Analysis

All experiments were performed at least three times. Data was analyzed with
Prism 4 GraphPad Software (GraphPad Software, Inc., La Jolla, CA). Statistical
significance between tested cell lines and consecutive experiments was evaluated
with two-way analysis of variance. The statistical significance level between cell
lines was determined by unpaired two-tail t-test analysis, unless otherwise
indicated. Blots were quantified with the Image]J 1.38x Software, National

Institutes of Health, USA.

Error bars in graphs represent the standard error of the mean of the samples.
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3. Results

FN expression and transcription are decreased in cells with

mislocalized NHE1

ERM and PI(4,5)P2 binding by NHE1 is necessary for focal adhesion formation
and directed cell migration. In KRA2 fibroblasts expressing NHE1 with
mutations in charged clusters of lysine and arginine residues substituted by alanine
in the juxtamembrane region of the COOH-terminus that constitute binding sites
for ERM proteins (Denker et al., 2000) and for PI(4,5)P, (Aharonovitz et al.,
2000) NHE1 is not clustered in lamellipodia but is uniformly distributed along the
plasma membrane (Figure 3A) and FA complexes are fewer and smaller (Figure
3B). The migratory rate of fibroblasts expressing mutant NHE1 that does not bind
to ERM and PI(4,5)P2 is also impaired in wound assays. Wound closure is
significantly delayed in the fibroblasts expressing the mislocalized mutant NHEI,
compared with the WT cells (Denker and Barber, 2002). In asking why FA
complexes and migration are attenuated in KRA2 cells, extracellular matrix
proteins were examined. More specifically, the expression of collagen and FN

was tested.

Immunolabeling extracellular FN in live confluent fibroblasts on ice
without permeabilization shows a marked decrease in secreted FN in KRA?2 cells

compared with WT cells (Figure 4A) or CCL39 fibroblasts (Figure 5A). KRA2
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cells have decreased total FN (both extracellular and intracellular) (Figure 4B),
determined by immunolabeling of permeabilized cells, and decreased secreted FN,
determined by immunoblotting the culture medium (Figure 4C). Decreased total
FN is not a clonal variation and is observed in all cell clones generated from
separate transfection experiments and stably expressing mislocalized mutant

NHE1-KRA2 (Figure 5B).

After establishing that FN secretion is decreased in KRA2 cells, FN
transcription was tested. FN transcription has been reported to be sensitive to cell
density and cell shape, increasing with increased cell density or decreased cell
area (Perkinson ef al., 1996). To test whether cell density is playing a role in FN
transcription, cells at 25, 50 and 95% confluency were tested. Northern blot
analysis reveals a significant decrease in FN mRNA in KRA2 cells compared with
WT cells at all three densities (Figure 6A and B) (p<0.001; n=3), while cell
density does not affect FN transcription in either WT or KRA?2 cells (Figure 6C)
(p>0.05; n=3). FN promoter activity also is significantly decreased in the KRA2
cells compared with WT cells, determined by expression of the pGLFNI105
promoter vector containing a fragment (-105 and +14) of the human FN promoter
(Figure 6D) (p < 0.05, n = 3). These data indicate that in KRA2 cells FN

production is decreased at the level of transcription and promoter activity.

Collagen V Expression is similar in KRA2 and WT cells as shown by RT-

PCR analysis (Figure 6E). Although available antibodies to collagen I, IT, III and
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Fibronectin expression is decreased in fibroblasts expressing mislocalized NHEI-
KRA2. (A) Live-cell immunolabeling with FN antibodies reveals a marked
decrease in secreted FN in KRA?2 cells compared with WT cells (red: extracellular
FN, blue: Hoechst staining for nuclei). (B) Total FN in permeabilized cells is
decreased in KRA2 cells compared with WT cells (green: total FN, blue: Hoechst
staining for nuclei). (C) Immunoblotting culture medium indicates secreted FN is
attenuated in KRA2 cells compared with the WT cells. Immunoblotting for actin
in cell lysates was used to confirm equivalent amount of total protein used to

measure secreted FN.
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Figure 5.

FN production is attenuated in KRA?2 cell clones compared with CCL39 cells. (A)
Immunolabeling of secreted (left) and total (right) fibronectin in NHE1-expressing
CCL39 fibroblasts, which are parental cells for NHE1-deficient PS120 cells. (left,
live cell labeling, red: extracellular FN, blue: Hoechst staining for nuclei) (right,
fixed cell labeling, green: total FN, blue: Hoechst staining for nuclei). (B)
Immunolabeling of total FN in the indicated KRA2 clones confirms that attenuated
FN production is not a clonal variation (green: total FN, blue: Hoechst staining for

nuclei).
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Figure 6.

Fibronectin transcription is decreased in fibroblasts expressing mislocalized
NHE1-KRA2. (A and B) Northern blot analysis shows attenuated FN mRNA in
KRA2 cells compared with WT cells, with GAPDH used as a loading control.
Data are representative of blots from mRNA isolated from 3 separate experiments
and cell preparations (p < 0.01, n = 3). (C) FN transcription is not affected within
each cell line by cell density and was similar for 95%, 50% and 25% confluency
(WT: p>0.05,n=3; KRA2: p> 0.05, n = 3). Data represent means + sem. (D)
FN promoter activity, determined using a fragment of the human FN promoter
between -105 to +14, is markedly decreased in the KRA2 cells compared with WT
cells (p < 0.05, n=3). Data represent means + sem. (E) RT-PCR showing
transcripts for hamster collagen al (V) chain in WT and KRA?2 fibroblasts. Bands
indicated are products using different collagen primers (F2 to R2 and F3 to R3),
and products of control primers for 18S RNA. Data are representative of two

independent cell preparations.

45



V did not immunolabel hamster WT and KRA2 fibroblasts, RT-PCR indicated
both cell types express collagen V. Primers designed from the mouse collagen I

for RT-PCR did not yield any results for the hamster WT and KRA?2 fibroblasts.

Fibronectin assembly but not integrin expression or FN binding is

impaired in KRA?2 fibroblasts

In addition to having decreased FN production and secretion, KRA2 cells are
unable to assemble exogenous FN into a fibrillar matrix. When plated for 48 h on
FITC-labeled FN (15 wg/ml) or with soluble FITC-labeled FN in the medium (15
ug/ml), WT cells but not KRA2 cells assemble a fibrillar matrix (Figure 7A and
B). Cell-dependent assembly of FN is confirmed in control incubations without
cells (Figure 7A, right panel). KRA2 cells also do not assemble a fibrillar matrix
with 30 or 50 ug/ml of exogenous FITC-labeled FN (data not shown), indicating
impaired matrix assembly is independent of the exogenous FN concentration.
Because fibronectin assembly is dependent on integrin activation (Wu et al., 1995;
Wennerberg et al., 1996; Sechler et al., 2000), impairment of integrins activation
is considered as a possible cause of the impaired FN production and assembly, and
integrin activation might induce either FN assembly or production or both in
KRAZ2 cells. By activating integrins with MnCl, and integrin activating 9EG7

antibodies, FN assembly is partially restored in KRA2 cells. After plating KRA2
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Figure 7.

Fibronectin assembly is impaired in KRA2 fibroblasts. (A) WT cells but not
KRAZ2 cells plated for 48 h assemble a matrix of exogenous FITC-labeled FN.
FITC-FN coated coverslips without cells are included as a control to confirm cell-
dependent FN assembly (right panel). The right end of the FITC-FN coated
coverslip was scraped with a pipette tip (across the dotted line). (B) KRA2 cells
do not assemble a matrix of exogenous soluble FN. Fluorescence images of KRA2
and WT cells maintained for 48 h in medium containing FITC-labeled FN (15

ug/ml) (Bar, 20 um).
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cells on FITC-FN for 24 h, very limited matrix assembly is seen with the addition
of MnCl, (Figure 8, two left columns) (or with the addition of 0.5 ug/ml 9EG7
antibody, data not shown). More assembled FN is seen with the combination of
MnCl, and 9EG7 antibodies compared with MnCl, or 9EG7 alone, however,
assembly is still less than that seen with WT cells (Figure 8). Addition of MnCl,
and/or 9EG7 does not affect endogenous FN synthesis, as shown by
immunolabeling of permeabilized WT and KRA2 cells for total FN (Figure 8, two

right columns).

Three approaches were used to show that expression of P1 integrin is
similar in WT and KRA2 cells: immunolabeling live, unpermeabilized cells with
B1 antibodies (Figure 9A), Blantibodies were used to immunoprecipitate lysates of
biotinylated cells and immunoblotted immune complexes with streptavidin-HRP
(Figure 9B), and flow cytometry analysis of dissociated cells labeled with pP1
antibodies (Figure 9C and Figure 10) (p > 0.05, n = 3). There also is no difference
in total cell binding of FITC-labeled bovine FN quantified by flow cytometry for
WT and KRA2 cells between 45 to 450 nM FN (Figure 11A and C) (p > 0.05,n =
5). Specificity of FITC-FN binding is confirmed by blocking binding to WT cells
with increasing concentrations of a FN RGD fragment (Figure 11B). These data
suggest that Bl expression and FN binding are not impaired in KRA2 cells,
although attenuated integrin avidity, which cannot be directly measured in

fibroblasts, might contribute to the inability of KRA2 cells to assemble a FN
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Figure 8.

Impairment of FN assembly but not FN production in KRA2 cells is partially
rescued by integrin activation. (A) Exogenous FITC-labeled FN assembly in WT
and KRA2 fibroblasts at 24 hours after integrin activation with 0.05 mM MnCl,
alone or with 0.5 ug/ml integrin activating antibody 9EG7. MnCl, plus 9EG7
accelerates FN assembly in WT cells and partially restores FN matrix assembly in
KRAZ2 cells (green: exogenously added FITC-labeled FN, blue: Hoechst/nuclei).
(B) Immunolabeling of total FN in WT and KRA2 cells 48 hours after integrin
activation with 0.05 mM MnCl, alone or with 0.5 pg/ml integrin activating

antibody 9EG7. (green: total FN, blue: Hoechst/nuclei).
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Figure 9.

B1 integrin expression is similar in WT and KRA2 fibroblasts. (A) Live-cell
immunolabeling the surface of WT and KRA2 fibroblasts with 1 integrin
antibodies (red: extracelllular f1 integrin, blue: Hoechst staining for nuclei). (B)
Cell surface expression of P1 integrin in WT and KRA2 cells determined after
biotinylation, immunoprecipitation with 9EG7 anti-f1 antibodies, and
immunoblotting the immune complex with streptavidin-HRP. (C) Cell surface
expression of B1 integrin in WT and KRA?2 cells determined by flow-cytometry
analysis using the indicated concentrations of anti-B1 9EG7 antibodies. Secondary

antibody (A488) alone was used to show non-specific binding.
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Figure 10.

B1 integrin expression is not decreased in KRA2 cells compared with WT cells.
(A) Cell surface expression of B1 integrin with flow-cytometry analysis using the
indicated concentrations of anti-f1 9EG7 antibodies. Secondary antibody (A488)
alone was used to show non-specific binding (p > 0.05, n=3). Data are means =*
sem of 3 separate binding assays. (B) Representative data from flow-cytometry
analysis showing surface expression of f1 integrin in WT and KRA?2 cells at 0 and

5 ug/ml anti-pB1 9EG7 antibody.
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Figure 11.

B1 integrin affinity for FN is similar in WT and KRA?2 cells. (A) Binding of FITC-
FN determined by flow-cytometry analysis indicates no difference between WT
and KRA2 cells (p > 0.05, n=5). Data are means = sem of 5 separate binding
assays. (B) Integrin affinity to 112.5 nM FITC-FN is inhibited by incubation with
increasing concentrations of an integrin antagonist RGD fragment. Data are
means of 3 separate binding assays. (C) Representative data from flow-cytometry
analysis showing FN binding of WT and KRA2 cells with FITC-labeled FN at 0

and 450 nM.
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matrix. However, integrin activity is not necessary for FN biosynthesis (Wu et al.,
1995; Feral et al., 2007), suggesting that decreased FN transcription in KRA?2 cells
is independent of possible impaired integrin signaling. Moreover, these data
indicate that decreased FN production in KRA2 cells does not attenuate 1

integrin expression.

H? efflux by NHEI is not necessary for FN production or assembly

The next question was whether FN production and assembly are impaired in KRA2
cells because H efflux is decreased or mislocalized. Although KRA2 cells have

regulated NHE1-dependent H" efflux, NHE1 activity is attenuated compared with
that in WT cells (Aharonovitz et al., 2000). However, live cell immunolabeling
reveals that extracellular FN matrix abundance and organization is not impaired in

cells lacking H" efflux by NHE1 (Figure 12). This is confirmed in NHEI-

deficient PS120 cells and in PS120 cells stably expressing a mutant inactive
NHE1-E2661 (E2661 cells) (Denker et al., 2000). These data also suggest that
decreased steady-state intracellular pH (pH;) does not inhibit FN production
because although the steady-state pH; of KRA2 cells is ~7.2 and less than the ~ 7.4
pH; of WT cells, the pH,; of PS120 and E266I cells is ~ 7.0 (Denker et al., 2000;

Frantz er al., 2007).
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Figure 12.

pH; is not a determinant for FN production or assembly. NHEI1-deficient PS120
cells and PS120 cells stably expressing mutant inactive NHE1-E2661 lacking H*
efflux have a FN matrix similar to the WT cells. Steady-state pH, is given for
indicated cell types. (green: extracelllular FN, blue: Hoechst staining for nuclei).
Steady-state pH;is indicated for each incubation condition. Data are representative

of 3 separate cell preparations.
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Although NHE1-E2661 is inactive, it retains binding to ERM proteins and
PI(4,5)P2 and localizes like wild-type NHE1 at the distal margin of lamellipodia

(Denker et al., 2000). Therefore, it is speculated that perhaps FN production is
attenuated in KRA2 cells because H' efflux is mislocalized. To test this

prediction PS120 cells were used that stably express the system N1 transporter
(SN1 cells). SN1 is a plasma membrane amino acid transporter expressed in the

central nervous system that couples uptake of extracellular glutamine with efflux
of intracellular H" efflux. When expressed in PS120 cells, SN1 is uniformly
localized along the plasma membrane and increased H efflux can be driven

acutely by increasing the concentration of extracellular glutamine (Chaudry et al.,
1999). However, extracellular FN secretion by SN1 cells is similar to that by WT

cells at extracellular glutamine concentrations of 25 uM, in which SNI1 is

quiescent and pH; is 7.01, at 400 uM, which increases H' efflux by SN1 resulting
in pH; of 7.3, or when maintained in DMEM growth medium that contains 4 mM

of glutamine and pH, is 7.45 (Figure 13). FN secretion by WT cells is independent
of extracellular glutamine concentration. These data confirm that FN production

and matrix assembly is independent of pH, regulation.
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Figure 13.

Mislocalized H" efflux by NHE1 is not necessary for FN production or assembly.
Live-cell FN immunolabeling of WT cells and SN1 cells (PS120 fibroblasts stably
expressing the SN1 amino acid transporter) maintained in glutamine-free DMEM
supplemented with 25 mM and 400 uM extracellular glutamine or in growth
medium, which contains 4 mM glutamine (green: extracelllular FN, blue: Hoechst
staining for nuclei). Steady-state pH; is indicated for each incubation condition.

Data are representative of 3 separate cell preparations.
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Localized scaffolding by NHEI restores FN production in KRA2 cells

Attenuated FN production and assembly in KRA2 cells is not determined by

decreased or mislocalized H" efflux, and NHE1 expression is not necessary for FN

production. In addition to catalyzing Na* and H* exchange, NHE1 is recognized

as a scaffolding platform through its direct binding of more than ten signaling
proteins. NHEI1-KRA2 might act in a dominant negative manner, perhaps by
sequestering and mislocalizing a signaling molecule necessary for FN production.
To test this prediction NHE1 with normal localization in membrane protrusions

was co-expressed in KRA2 cells to observe whether FN production could be
restored. To confirm independence of H" efflux NHE1-E266I-Myc was stably co-

expressed in KRA2 cells (K2E cells). Expression of E266I-NHE1-Myc is
confirmed by immunoblotting and has no effect on the abundance of NHEI-
KRA2-HA expression (Figure 14A). Immunolabeling confirms the clustered
localization of E266I-NHE1-Myc in K2E cells at membrane protrusions (Figure
14B) while the HA-NHE1-KRA2 is evenly distributed along the membrane,
similar in the K2E and the KRA2 cells (Figure 14C). Immunolabeling
unpermeabilized cells for extracellular FN (Figure 14D) and permeabilized cells
for total FN (data not shown) and immunoblotting for secreted FN in the medium
(Figure 14E) indicate that FN production and assembly are restored in K2E cells

compared with KRA2 cells and is similar to FN production in E266I cells.
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Figure 14.

FN production in KRA2 cells is restored by co-expression of NHEI1-E2661
localized at membrane protrusions in K2E. (A) Expression and (B and C)
localization of NHE1-E2661-Myc and NHE1-KRA2-HA in the indicated cells
determined by immunoblotting and immunolabeling, respectively, with antibodies
to Myc and HA. Immunoblotting with antibodies to actin was used as a loading
control. (B and C, Bar, 5 um) (D) Live-cell immunolabeling of FN in KRA cells,
E266I cells and K2E cells co-expressing NHE1-KRA2 and NHE1-E2661 indicate
co-expression of NHE1-E266I restores FN production and matrix assembly (green:
extracelllular FN, blue: Hoechst staining for nuclei). (E) Immunoblot of secreted
FN in KRA2, E2661 and K2E cells confirms K2E cells have restored FN matrix

compared with KRA?2 cells.
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There was no clonal variation in FN production, which was seen in three different
selected clones from two different transfection experiments (Figure 15). FN
production is restored probably because scaffolding by NHEI1-E2661 might

suppress a dominant negative action of NHE1-KRAZ2.

Mislocalized scaffolding by NHE1 does not impair FN production in

CCL39 parental cells

To test whether mislocalized scaffolding by NHE1 might decrease the FN
production in CCL39 cells, the mislocalized NHE1-KRA2 was co-expressed in
CCL39 parental fibroblasts with endogenous NHE1 (CK cells). Fourteen CK
clones were generated by two independent experiments (clones CK 2.1 - 2.8 and
3.1 - 3.6). The expression of NHE1-KRA2-HA in the indicated CK cell clones, as
determined by immunoblotting with antibodies to HA, is variable (Figure 16A).
Immunoblotting for actin is used as a loading control. The variablility of the
expression of NHE1-KRA2 in the CK cells does not translate to any obvious
decrease in the FN production, as shown by live-cell immunolabeling of FN in CK
cells co-expressing NHE1-KRA2-HA with WT-NHEI1 (Figure 16B). These data
indicate that the localized scaffolding by the endogenous NHEI1 in the CK cells
may outweigh the effect of the mislocalized scaffolding of the co-expressed

KRA2-NHE]1 in CCL39 fibroblasts.
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Figure 15.

The restored FN production in KRA?2 cells by co-expression of NHE1-E266I is not

a clonal variation (green: extracellular FN, blue: Hoechst staining for nuclei).
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Figure 16.

FN production in CCL39 cells is not impaired by co-expression of mislocalized
NHE1-KRA?2 in CK cells. (A) Expression of NHE1-KRA2-HA in the indicated CK
cell clones determined by immunoblotting with antibodies to HA. Immunoblotting
for actin was used as a loading control. (B) Live-cell immunolabeling of FN in CK
cells co-expressing NHE1-KRA2-HA with WT-NHEI1 indicates no effect in FN
secretion (green: extracelllular FN, blue: nuclei). CK clones 2.1 - 2.8 and 3.1 - 3.6

were generated in two independent experiments.
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KRA?2 cells have delayed autophosphorylation of FAK

Several cell processes are impaired in KRA2 cells, including bundling of actin
filaments into stress fibers and assembly of FA complexes (Denker er al. 2000;
Figure 3B). However, because these processes are also impaired in NHEI-
deficient PS120 cells (Denker et al, 2000; Denker and Barber, 2002) that express
and assemble FN (Figure 12), they likely do not determine attenuated FN
biosynthesis in KRA2 cells. Autophosphorylation of focal adhesion kinase
(FAK)-Y397 with plating on FN is delayed in KRA2 cells compared with WT cells
(Figure 17B) (p > 0.05, n = 7), however this delay is also seen in PS120 cells and
in E2661 cells (Figure 17A). Additional signaling mechanisms associated with
regulating FN production, including expression of the transcription factor CREB,
phosphorylation of extracellular signaling kinase ERK, and increased glycolytic
flux, are attenuated in E226I cells (Putney and Barber, 2004; Meima and Barber,
unpublished observations) and are therefore unlikely causes of decreased FN

synthesis in KRA2 cells.
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Figure 17.

KRA2 cells have delayed autophosphorylation of FAK. (A) Time-dependent
increase in autophosphorylation of FAK after plating cells on FN (10 mg/ml)
determined by immunoblotting cell lysates with antibodies to phosphorylated
FAK-Y397 is delayed in KRA2, E2661, and PS120 cells compared with the WT
cells (p > 0.05, n = 7). Data are means + sem of 7 separate experiments.

(B) Abundance of FAK autophosphorylation relative to total FAK, determined by
immunoblotting, after plating WT and KRA2 cells for the indicated times on FN

(p> 0.05, n = 7). Data are means * sem of 7 separate cell preparations.
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Active TGF-B is decreased, and exogenous TGF-f restores FN pro-

duction and assembly in KRA2 cells

Because cytokines, particularly TFG-f, stimulate FN expression (Blobe efr al.,
2000), we asked whether FN production could be restored in KRA2 cells with
exogenous TFG-f3. Two approaches were used to test whether TGF-f signaling is
involved in the impairment of FN production in KRA2 fibroblasts: the first
approach by asking whether inhibiting TGF-f3 could impair the FN production in
WT cells and the second by asking whether FN production could be restored in
KRA2 cells treated with active TFG-f. Treating WT cells with the
pharmacological inhibitor of TGF-f-Type 1 receptor kinase activity SB-431542
(Laping et al., 2006) inhibits FN production, as shown by immunolabeling for
extracellular FN of live unpermeabilized WT and KRA2 cells treated for 48 h with
the TGF-B-RI inhibitor SB-431542 (10 mM) in the absence and presence of TGF-f
(5 ng/ml) (Figure 18). These data indicate that FN production in WT cells is TGF-
p-dependent, and therefore impaired TGF-f§ signaling and/or activity may be
responsible for the attenuated FN production in fibroblasts expressing the

mislocalized KRA2-NHETI1.
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Figure 18.

Pharmacological inhibition of TGF -f3-RI inhibits FN production. Immunolabeling
for extracellular FN of live WT and KRA2 cells treated with the TGF-B-RI
inhibitor SB-431542 (10 mM) in the absence and presence of TGF-f. (green:

extracellular FN, blue: Hoechst staining for nuclei).



To test whether FN production can be restored in KRA2 cells with TFG-f3,
cells were treated with exogenous TFG-B (5 ng/ml) for 48 h. The TFG-f
treatment restores FN production and assembly by KRA2 cells and appears to
increase fibrillogenesis in WT cells (Figure 19A), as shown by immunolabeling of
unpermeabilized cells for extracellular FN. These data confirm that FN production
in WT and KRA2 cells is TGF-p-dependent and indicate that impaired TGF-f

activation or signaling may be responsible for the attenuated FN production.

To test whether the level of active TGF-f§ might be attenuated in
KRAZ2 cells, a luciferase assay was used with MLEC cells expressing a truncated
PAI-1 promoter that is activated by TGF-f3 (Abe et al., 1993). Secreted active
TGF-f in conditioned medium of KRA2 cells is significantly less compared with
WT cells (p < 0.001, n = 6) or PS120 cells (p < 0.01, n = 6 cell preparations') but
similar in WT and PS120 cells (p > 0.1, n = 6) (Figure 19B, left panel). However,
secreted total or latent TGF-f, determined in boiled samples of conditioned
medium, is not significantly different in KRA2 cells compared with WT or PS120
cells (p > 0.1; n = 4) (Figure 19B, right panel). Activation of latent TGF-f is
regulated by a number of conditions including proteolytic cleavage of LLC and by
transmission of cell traction forces to latent TGF- bound to integrins and the
ECM (reviewed by Wipff and Hinz, 2008), and whether decreased activation by

KRA2 cells is determined by lack of FN production or by other factors such as

' Experiments were repeated by the mentor’s lab
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Figure 19.

TGF-fB1 restores FN production and assembly by KRA2 cells. (A) FN production
and assembly, determined by immunolabeling for extracellular FN, is similar in
WT and KRA2 cells treated with 5 ng/ml of rhTGF-f1 for 48 h. Data are
representative of 4 separate cell preparations. (B) Active (left panel) and total
(right panel) TGF-3 determined by luciferase assays using MLEC cells expressing
a truncated plasminogen activator inhibitor-1 (PAI-1) promoter and treated with
conditioned medium from WT, KRA2 and PS120 cells. The relative TGF-f
concentration (ng/ml/10° cells) is quantified by luciferase assays of MLEC cells
treated with control concentrations of recombinant human TGF-81 (0, 0.1, 0.5 and
2ng/ml) and is expressed in. Active TGF-p is significantly reduced in KRA2 cells
compared with WT (p < 0.001, n = 6) and PS120 cells (p < 0.01, n = 6cell
preparations) but similar in WT and PS120 cells (p > 0.1, n = 6). but total (active
and latent) TGF-f, as determined in boiled samples of conditioned medium, is not
significantly different for KRA2 cells compared with WT or PS120 cells (p > 0.1,
n = 4 cell preparations). Data are expressed as means + sem of relative TGF-f

concentration normalized per 10° cells.
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decreased abundance or activity of extracellular proteases remains to be

determined.

A hypothesis that would explain the reduced TGF-f3 activity in KRA2 cells is
that mislocalized NHE1 interferes with TGF-3 signaling, as NHE1 (Bullis et al.,
2002; Bourguignon et al., 2004) and TGF-pB-R1 (Razani et al., 2001) co-sediment
in caveolin-enriched plasma membrane fractions. Endogenous TGF--R1 co-
precipitates with wild-type and mutant NHE1-E2661 and NHE1-KRA?2 (Figure
20A), suggesting the proteins co-localize in a membrane microdomain. However,
increased phosphorylation of SMAD3, a downstream effector of TGF-B-R1
activation, is similar in KRA2 and WT cells treated with exogenous TGF-f3
(Figure 20B). These data suggest that active TGF-f but not intracellular signaling

in response to TGF-P is impaired in KRA2 cells.
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Figure 20.

TGF-B-RI co-precipitates with NHE1 but TGF-b signaling is not inhibited and
SMAD3 phosphorylation is not affected in KRA2 compared with WT cells. (A)
TGF-B-RI co-precipitates with WT and mutant NHE1-HA. Equal amounts of
protein in lysates from the indicated cell types were incubated with antibodies to
HA and immune complexes were immunoblotted with antibodies to TGF-f-RI.
Aliquots of lysates were immunoblotted for actin to confirm equivalent amount of
protein used for immunoprecipitation. Data are representative of 2 separate cell
preparations. (B) Time-dependent increase in phosphorylated SMAD3 (pSMAD?3)
is similar in WT and KRA2 cells treated with 5ng/ml of TGF-pf1. Immunoblotting
for total SMAD3 indicates similar abundance in WT and KRA2 cells in the

absence and presence of TGF-f3.
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4. Discussion

Localized scaffolding by NHE1 is necessary for establishing polarity and
directionality in migrating fibroblasts and the mislocalized NHE1 in fibroblasts
expressing the mutant NHET that lacks binding sites for P1(4,5)P2 and the ERM
proteins ezrin, radixin and moesin attenuates the FA assembly and impairs cell
migration in wounding assays. The current data now reveal that the localized
scaffolding by NHE1 also regulates FN production in fibroblasts. Mislocalized
scaffolding by PI(4,5)P2/ERM binding mutant KRA2-NHE1 inhibits the FN
secretion, expression, transcription and promoter activity in hamster fibroblasts.
Mislocalized NHET1 also impairs the exogenous FN assembly but does not affect
integrin expression or affinity to the ligand. Ion exchange activity and pH,
regulation by NHE1 are not necessary for FN production or assembly. Co-
expression of the mislocalized NHE1 with the H* efflux deficient NHE1 restores
the FN production and assembly. Moreover, exogenous TGF-f restores the FN
phenotype (both production and assembly) in fibroblasts with mislocalized NHE1,
which present decreased active TGF-f but similar total (active and latent) TGF-f3
compared with the WT-NHE1 fibroblasts. These findings suggest a previously
unrecognized link between NHE1 and FN and indicate that localized NHE1 at the
lamellipodia, but not ion transport activity, is important for the FN production and

assembly most likely through a TGF-f-dependent mechanism.
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The assembly of a FN matrix requires a number of recognized signaling
mechanisms, including activation of integrins and integrin-regulated kinases
(reviewed in Wierzbicka-Patynowski and Schwarzbauer, 2003), and the low
molecular weight GTPase Rho, the Rho kinase ROCK, and Rho-regulated myosin
contractility (Zhong et al., 1998; Zhang et al., 1999; Yoneda et al., 2007).
However, less is known about signals regulating FN synthesis. FN gene
expression is increased by serum, growth factors, cytokines, and viruses, and is
attenuated by many oncogenes (Kornblihtt et al., 1996), although these regulatory
mechanisms primarily occur in pathogenic conditions, including fibrosis,
inflammation, or malignant transformation. Our understanding of physiological

regulation of FN production remains limited.

Previous reports indicate a functional interaction between integrin signaling
and NHEI1. Localized NHEI regulates integrin-dependent attachment and
spreading (Tominaga and Barber, 1998) through a reciprocal regulation with
integrins. NHEI-dependent cell spreading is likely due to its ability to promote
integrin clustering and recruitment of focal adhesion proteins. NHEI1 is necessary
for integrin-induced increases in FAK activity (Tominaga and Barber, 1998) and
FN induction of the early response gene c-jun (Dike and Ingber, 1996).
Additionally, activation and clustering of integrin receptors by FN binding
stimulates NHE1 activity (Schwartz, et al., 1991; Tominaga and Barber, 1998).
These reports confirm that there is extensive cross-talk between integrins and

NHEI.
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Even though B1 integrin expression and affinity to the ligand is not affected
by mislocalizing NHE1 in the current fibroblast cell model, integrin clustering
may be affected and could be responsible for the FN phenotype. Certainly, ligand
occupancy has been reported to stimulate integrin clustering (Erb et al., 1997, Li
et al., 2003) and propagation of intracellular signals (Humphries et al., 2003). The
FN ligand’s absence in KRA2 fibroblasts may by itself impair integrin clustering.
If some integrin clustering by initial binding to soluble secreted FN is required to
provide positive feedback and downstream signaling important for FN regulation,
then necessary interactions with intracellular regulatory proteins may also be
disrupted and impaired in KRA2 cells. However, although integrin function is
necessary for assembly of secreted FN, it has not been reported to be necessary for

FN production.

KRAZ2 cells are unable to assemble an exogenous FN matrix, indicating an
additional defect that is independent of decreased FN production. This defect is
likely also due to a dominant-negative effect of mislocalized NHE1-KRA2
because matrix assembly is not impaired in E226I or PS120 cells, is partially
restored in KRA?2 cells treated with MnCl, and integrin activating antibodies, and
is mostly restored in KRA2 cells co-expressing NHE1-E266I or treated with TGF-
. Assembly of FN into a fibrillar matrix requires tension generated by interaction
of clustered FA proteins tethered to the actin cytoskeleton (Wierzbicka-
Patynowski and Schwarzbauer, 2002). NHEI1-KRA2 might dominantly
mislocalize cytoskeletal proteins such as spectrin, and cytoskeletal anchoring

proteins such as ankyrin. Like ERM proteins, ankyrin binds directly to wild-type
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NHE1 (Denker and Barber, unpublished findings), although whether it binds to
NHE1-KRA?2 is unknown. Hence, mislocalized scaffolding by NHE1-KRA?2 could
dominantly inhibit FN assembly through changes in cytoskeletal contractility or
additionally by mislocalizing focal adhesion regulators such as ROCK, which

directly phosphorylates NHE1 (Tominaga et al., 1998).

The cytoskeleton plays also an important role in FN regulation. Disruption
of actin microfilaments blocks the induction of FN gene expression by serum
(Michaelson et al., 2002) and F-actin disrupting agents or inhibition of RhoA
prevent matrix assembly (Christopher et al., 1997, Zhang et al., 1997, Zhong et
al., 1998), highlighting the crucial role of actin cytoskeleton in FN expression and
assembly. Rho-A mediated contractility may generate the tension required for the
exposure of self-assembly and adhesion sites that are cryptic within the soluble
unbound FN molecule (Hocking et al., 1994, Zhong et al., 1998, Sechler et al.,
2001). Actin filament binding by the COOH-terminus of ERM proteins bound to
NHE1 could regulate the assembly or stability of FA through the cytoskeleton.
Moreover, FAK activity is necessary for FN matrix assembly (Wierzbicka-
Patynowski and Schwarzbauer, 2002), but it has not been reported to regulate FN

synthesis.

The impaired FN assembly (and possibly production too) may be a result of
the cytoskeleton changes in KRA2 cells. The cytoplasmic domain of NHEI
directly binds the NH2-terminal FERM (4.1, ezrin, radixin, moesin) domain of
ERM proteins (Denker et al., 2000). FA-associated proteins talin and FAK

contain FERM domains that might associate with NHEI1, and this association
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might be disrupted in KRA2 cells. Bundling of actin filaments into stress fibers
and FA are also attenuated in cells expressing a mutant NHE1 that lacks
ERM/PI(4,5)P2 protein binding (Denker et al., 2000). However, actin stress fibers
and FA assembly, but not FN expression and assembly, are attenuated in PS120
cells (Tominaga and Barber, 1998; Denker et al., 2000). Moreover,
autophosphorylation of FAK-Y397 is delayed and attenuated in KRA?2 cells plated
on FN, but E2661 cells expressing the Na*/H" ion translocation defective
exchanger, and NHE1-deficient PS120 cells that have FN production similar to
WT cells also have delayed and attenuated FAK autophosphorylation. The above
data suggest that the FA impairment and the actin cytoskeleton disruption are not

responsible for the impaired FN phenotype.

Ion transport activity and pHi homeostasis by NHE1 are not necessary for
FA assembly or FN production. E266I cells form abundant FA (Denker et al.,
2000; Srivastava et al., 2008) and the current data indicate normal FN production
and assembly in E266I cells and in SNI1 cells maintained in 25 yM glutamine,
which induces a lower pHi compared with KRA2 and WT cells. Together these
findings indicate that NHE1 ion translocation activity is not critical for FN

production.
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NHEI1 as a scaffold protein at the lamellipodia with a dominant-negative

effect

The NHE1 cytoplasmic domain at the COOH-terminus acts as a scaffold with
binding sites for PI(4,5)P,, the actin-binding proteins ezrin, radixin, moesin (ERM
family of proteins) through their FERM (4.1, ezrin, radixin, moesin) domain
(Baumgartner et al., 2004; Meima et al., 2007) and a-actinin via charged clusters
of the COOH-tail (Meima and Barber, data not published). Moreover, the talin
head possesses a FERM domain (Calderwood efr al., 2002) and might bind to
NHEI1. Talin binds to integrin f tails and is essential for 31 and B3 integrin
activation (Tadokoro et al., 2003). NHEI is normally restricted to membrane
protrusions or lamellipodia retaining these proteins in specialized membrane
domains. The ERM and PI(4,5)P, binding deficient KRA2-NHE1 is uniformly
distributed at the plasma membrane, mislocalizing also its binding partners which
may regulate signaling cues important for FN production. We reported that
fibroblasts expressing the mislocalized NHE1-KRA2 have fewer and smaller FA
compared with fibroblasts expressing wild-type NHE1. Although wild-type NHE1
does not localize to FA, its function as a scaffolding platform might promote the
recruitment of FA-associated proteins to membrane protrusions, including talin,
FAK, and vinuclin. The mislocalized NHEI1 scaffolding sequesters and

mislocalizes FA proteins that may be necessary for FN production.

Mislocalized NHE1 may divert signaling cues from growth factors that are

necessary for FN production. The platelet-derived growth factor (PDGF) and the
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epidermal growth factor EGF activate NHE1 and regulate its function (Ma et al.,
1994; Di Sario et al., 1999; Liaw et al., 1998). FN gene is rapidly induced by
serum and growth factors (Ryseck et al., 1989) and mislocalized downstream
growth factor signaling may be critical for the FN phenotype in KRA2 fibroblasts.
Moreover, mislocalization of ROCK in KRA2 may play a role in the impaired FN
assembly, since ROCK I or II downregulation blocks FN assembly, and cortical
myosin II-driven contractility, but not stress fibers, may be critical for this
(Yoneda et al., 2007). However, the impaired FN production and assembly could
be due to a combination of the possibilities described above, one determining FN

production and another determining FN assembly.

NHE1-KRA2 might also act in a dominant-negative manner for impaired FN
synthesis by mislocalizing cytoskeletal or other proteins such as spectrin and
ankyrin. Although NHE1-KRA?2 does not bind ERM proteins it remains enriched
in P100 particulate fractions (Barber Lab, unpublished findings), suggesting it
retains cytoskeletal association. Like ERM proteins, ankyrin binds directly to
wild-type NHE1 (Denker and Barber, unpublished findings), although whether it
binds to NHE1-KRA2 is unknown. Additional factors that could be affected by
mislocalized scaffolding of NHEI1 include changes in membrane tension and
cytoskeletal contractility, or mislocalized signaling proteins such as ROCK, which

directly phosphorylates NHE1 (Tominaga et al., 1998).

The current data suggest that mislocalized NHE1-KRA2 might have a
dominant-negative function in sequestering and hence mislocalizing signals

necessary for FN production and assembly. This possibility is supported by the
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ability of co-expressed NHE1-E266I to restore FN production in cells expressing
NHE1-KRA2. NHEI-E2661 was co-expressed instead of wild-type NHE1 to
confirm pH;-independent effects on FN synthesis. When NHE1-KRA2 was co-
expressed in the parental fibroblasts CCL39 to test whether variable amounts of
expressed NHE1-KRA2 protein affects the FN production of the parental
fibroblasts in a dose-dependent manner, no obvious dose-related effect on FN
production or assembly was observed in the generated clones with variable NHE1-
KRA2 expression. These data indicate that the localized scaffolding by NHEI in
the CK cells is sufficient to sequester enough signaling cues at the lamellipodia for

FN production.

Mislocalized NHE1 impairs TGF-B activation

TGF-f signaling has an established role in promoting extracellular matrix
deposition, maintenance of tissue architecture, and wound repair (O’Kane and
Ferguson, 1997; Letterio and Roberts, 1998; Fleisch et al., 2006; Wahl, 2007). In
addition to its other functions, TGF-f is also a key mediator in the pathogenesis of
cardiac hypertrophy by inducing interstitial fibrosis, and in the matrix deposition
in the infarct by wupregulating collagen and FN synthesis (Bujak and
Frangogiannis, 2007). NHEI1 has also been reported to play a role in matrix
deposition in the pathogenesis of cardiac hypertrophy and myocardial infarction.
NHE1 activity increases in hypertrophic myocardium, but the hypertrophy is

prevented by NHEI inhibition (Perez et al., 1995; Ennis et al., 2003) suggesting a
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role of NHEI in matrix regulation and a possible cross-talk with TGF-f.
Moreover, inhibition of NHE1, which is the cardiac specific NHE isoform,
attenuates matrix deposition in myocardial infarction-induced hypertrophy
(Yoshida and Karmazyn, 2000; Kusumoto et al., 2001). Although NHE1 activity
is known to be regulated by growth factors and integrins (Meima et al., 2007), no
link has been reported between NHE1, ECM deposition and TGF-f3 activation. In
addition, the current understanding of the role of TGF-B in ECM regulation is

incomplete, partially because of the intricate mechanisms of TGF-f3 activation.

Activation of TGF-p is a complex and tightly regulated process. All TGF-f3
isoforms are synthesized in a latent inactive pro-TGF-f form, consisting of TGF-f3
that is covalently linked to the latency associated protein (LAP). While LAP is
cleaved from TGF-f intracellularly, it retains high affinity for TGF-$ and
assembles into the non-covalent inactive small latent complex (SLC) that
comprises of a LAP homodimer and the active TGF-f3 molecule. TGF-f is usually
secreted as part of a large latent complex (LLC), with a covalent disulfide bond
between SLC and a family member of the latent TGF-B1-binding proteins
(LTBPs). LTBPs belong to the superfamily of fibrillin-like ECM proteins and
bind to other ECM molecules including FN (Taipale et al., 1994), vitronectin
(Schoppet et al., 2002) and fibrillin-1 (ten Dijke and Arthur, 2007; reviewed in
Wipff and Hinz, 2008; and Jenkins, 2008) and can thus sequester TGF-f in the
ECM and regulate its distribution and availability. Latent TGF-f3 is unable to
associate with its receptors and its activity is regulated by various mechanisms,

primarily by conversion of latent TGF-p to active TGF-f by proteolytic cleavage
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of the latent complex (Annes et al., 2003). Cleavage of LLC and release of active
TGF-f is achieved by matrix metalloproteinases (MMPs), including membrane-
type-1(MT-1) MMP (Mu et al., 2002), bone morphogenetic protein-1 (BMP-1),
MMP-2 (Ge and Greenspan, 2006), MMP-3 (Maeda et al., 2002), MMP-9 (Yu and
Stamenkovich, 2000) and MMP-13 (D’Angelo et al., 2001), thrombin, plasmin
(Taipale et al., 1992), elastase (Taipale et al., 1995), chymase (Lindstedt et al.,
2001) and tryptase (Berger et al., 2003). Latent TGF-f is also activated by
integrins and the ECM, by transmission of cell traction forces that are translated in
biochemical signals and growth factor activation. Integrins a,fB;, a,ps (Wipff et
al., 2007), o,pBs (Jenkins et al., 2006), a,ps (Mu et al., 2002), 3, (Wipff et al.,
2007) have been reported to participate in activating the TGF-f3 through a
mechanism that involves the cytoskeleton, cell contraction and a mature ECM.

In addition to decreased FN synthesis, KRA2 cells with mislocalized
scaffolding by NHE1 have decreased activation of TGF-f, but secretion of latent
TGF-f is not impaired. Although treating KRA2 cells with exogenous TGF-f
restored FN synthesis and assembly, the complex functional interplay between
growth factors and FN makes it difficult to understand the primary defect in KRA2
cells. One possibility is that decreased FN production is the primary defect that
secondarily inhibits TGF-f activation. The latent TGF-f is bound to FN (Fontana
et al., 2005) and integrins (Wipff et al., 2007), which regulate TGF-f activation
and the absence of a mature FN matrix impairs the activation of TGF-f.
Alternatively, decreased TGF-f§ activation could be the primary defect that

secondarily suppresses FN expression. Activation of TGF-f is regulated by
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proteases, low extracellular pH, and binding to integrins and FN (Annes et al.,
2003; Fontana et al., 2005); Jenkins et al., 2006; Wipff et al., 2007; Wipff and
Hinz, 2008). Although TGF-f activation was not reduced in NHE1-deficient
PS120 cells, mislocalized H* efflux by NHEI-KRA2 might inhibit a pH-dependent
cleavage of latent TGF-f3. TGF-B-RI co-precipitates in an immune complex with
the WT-NHE1, as well as with the mislocalized KRA2-NHE]1, and the deficient
ion transporter E266I-NHEI1. It is unknown whether TGF-f-RI binds directly
NHE1 but most likely co-localizes with NHEI in a plasma membrane
“signalosome” microdomain and mislocalization of this complex inhibits FN
production and possibly TGF-f3 activity regulation. FN has been reported to be
necessary for TGF-f activation that requires cell adhesion of latent-TGF-f3 via
a,Bs and binding of LTBP to FN (Fontana er al., 2005). However, KRA2 cells
retain TGF-f signaling, as indicated by similar abundance of pSMAD3 in WT and
KRA2 cells with exogenous TGF-f treatment. The hyaluronan receptor CD44
may also be a link between NHE1 and TGF-f signaling. CD44 co-precipitates
with NHE1 (Bourguignon et al., 2004) and TGF-f-RI (Ito et al., 2004) and
regulates the function of both proteins.

NHET1 is necessary for the organization of the actin stress fibers and may
have a critical role in regulating contractile forces necessary for both FN assembly
and extracellular TGF-f regulation. The assembly of actin cytoskeleton and FAs
and the activation of integrins and Rho are impaired in fibroblasts lacking NHE1,
but are restored in fibroblasts expressing wild-type NHE1 (Vexler et al., 1996;

Tominaga and Barber, 1998; Tominaga et al., 1998; Denker et al., 2000). KRA2

91



fibrobasts expressing the mutant KRA2-NHE1 with disrupted ERM binding also
show attenuated assembly of focal complexes and actin stress fibers (Denker et al.,
2000; Denker and Barber, 2002) and may be unable to exert the necessary
contractile forces for the exposure of cryptic sites in FN (Zhong et al., 1998) when
cultured with exogenously added FN. In addition, cell contraction and mechanical
tension are pivotal for the activation of extracellular latent TGF-f3, which requires
the resistance of functional stress fibers (Wipff er al., 2007) and the impaired
cytoskeleton in KRA2 cells may also inhibit the transmission of forces through
integrins necessary for TGF-f3 activation. A unifying hypothesis that links the
findings in KRA?2 fibroblasts is that NHE1 is critical for transduction of tension

necessary for TGF-f3 activation and FN matrix assembly by integrins.
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5. Significance and future directions

My thesis work revealed that scaffolding by NHEI1, but not ion translocation,
regulates the FN production and assembly, the TGF-f3 activation, and provides
insight on how FN may be regulated. The critical importance of FN matrix in
morphogenesis and tissue remodeling underscores the importance of understanding
how production of FN is regulated in physiologic conditions and how this is
affected during disease. The current findings indicate that NHE1-KRA?2 could be
a valuable tool for obtaining a mechanistic understanding on FN biosynthesis and
more speculatively for therapeutic control of increased or decreased FN
production. Such information is necessary since FN production changes in several
pathological conditions, including hepatic fibrosis, inflammation and malignant

transformation.

An important next step will be to determine whether NHE1-KRA2 impairs
TGF-f activation indirectly via the absence of a mature organized FN matrix or
through the inhibition of a latent TGF-f protease, or NHE1-KRA2 impairs
primarily TGF-f activation, which then attenuates FN synthesis and assembly.
Reduced TGF-f activity in KRA2 fibroblasts may be a mere result of the lack of
assembled FN, as FN™ fibroblasts fail to activate latent TGF-B and deficient FN
assembly also suppresses TGF-f activation (Fontana et al., 2005). Further
investigation of TGF-f acivation in KRA?2 fibroblasts plated on mature assembled
FN matrix from WT fibroblasts would determine whether the impaired FN is the

result of reduced levels of TGF-3 activation or vice versa.
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Localized NHE1 scaffolding recruits FA proteins at the lamellipodia and
may direct growth factor signaling critical for FN production and assembly as part
of a plasma membrane “signalosome” microdomain. However NHEI1-deficient
PS120 cells have FN production and assembly similar to WT-NHEI1 cells,
indicating that NHEI is not necessary for FN production, but it may modify and
regulate TGF-f activity, probably by sequestering a factor necessary for FN
biosynthesis and/or TGF-p activation. Further investigation is necessary to reveal
how mislocalized scaffolding by NHEI attenuates active TGF-f and FN
production. If inhibition of FN assembly in WT fibroblasts with integrin-function
blocking antibodies or the saturation of the integrin receptors with an RGD
fragment also suppresses TGF-f3 activation, then the attenuated FN matrix in
KRAZ2 fibroblasts is responsible for the reduced TGF-f activity. Otherwise, if the
impaired FN assembly in WT fibroblasts has no effect on the activation of TGF-f3,
then NHE1 localization at the lamellipodia, in a plasma membrane “signalosome”
microdomain, is sufficient for activation of TGF-f. In addition, NHE1-KRA2 may
impair inside-out signaling necessary for conversion of the inactive latent TGF-f3
to active TGF-PB by inhibiting the proteases involved in the cleavage of the latent
complex and the liberation of active TGF-f3. The mislocalized scaffolding by
NHE1 might also impair one or more of the proteases involved in TGF-p

activation, including MT-1 MMP, MMP-2, MMP-3, MMP-9, MMP-13.

Egr-1 1is another candidate whose regulation may be affected by
mislocalized NHE1-KRA2 and may be responsible for the decreased FN

production in KRA2 cells. Egr-1 is a 59 kDa transcription factor that has
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significant tumor suppressor properties, and regulates TGF-f gene in epithelial
growth (Baron et al., 2006). The promoter of the human TGF-f1 gene contains at
least two Egrl binding sites both of which can lead independently to the initiation
of transcription (Dey et al., 1994; Liu et al., 1996). FN is a direct target gene of
Egrl via Egrl-response elements in the proximal region of the promoter (Liu et
al., 2000) and the impaired FN promoter activity in KRA2 cells may be due to
reduced Egrl in the mutant fibroblasts expressing the mislocalized KRA2-NHEI.
NHE1-KRA2 may impair both TGF-f and FN regulation by independently
regulating the transcription factor Egr-1 that controls both FN and TGF-f
transcription. The above findings suggest that NHE1 with its established function
as a scaffolding protein and a spatial integrator of signaling cues could participate
in the regulation of FN and the modification of TGF-f3 activity, and could be used

to expand our understanding in FN and TGF-f regulation.
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6. Conclusions

The mislocalized scaffolding by NHE1 dominantly suppresses FN secretion,
expression, transcription and promoter activity in hamster fibroblasts.
Mislocalized NHET1 also impairs the exogenous FN assembly but does not affect
integrin expression or affinity to the ligand. Moreover, ion exchange activity and
pH; regulation by NHE1 are not necessary for FN production or assembly. Co-
expression of the mislocalized NHE1 with the H* efflux deficient NHE1 restores

the FN production and assembly.

Exogenous TGF-f restores the FN phenotype (impaired production and
assembly) in fibroblasts expressing mislocalized NHEI, and mislocalized
scaffolding by NHEI inhibits activation of TGF-f. It remains to be determined
whether the FN production is the primary defect in fibroblasts with mislocalized
NHE1 that secondarily inhibits TGF-f activation, or, alternatively, misocalized
scaffolding by NHE1 inhibits TGF-f activation that secondarily suppresses FN

production.

These findings suggest that scaffolding by NHEI1-KRA2 sequesters and
mislocalizes signals necessary for FN synthesis and assembly, and TGF-f
activation. Although the precise signals sequestered by NHEI-KRA2 remain

unknown, these data suggest that NHEI-KRA2 could be a valuable tool for
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obtaining a mechanistic understanding of how FN production and TGF-p

activation are regulated.
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