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Abstract of the Dissertation

Regulation of intestinal chloride secretion by direct and indirect activation of the
epidermal growth factor receptor

by

Alfred E. Chappell Jr.
Doctor of Philosophy in Biomedical Science
University of California, San Diego, 2009

Professor Kim E. Barrett, Chair

Intestinal fluid transport is critical for mediating proper digestion, absorption of
nutrients, and clearance of waste, toxins, and pathogens, all without excessive
dehydration. Movement of water is largely passive and driven by osmotic gradients
established by active transport of ions. Apposite fluidity of intestinal contents is
achieved through tightly regulated coordination of a complex machinery of ion
transporters involved in both absorptive and secretory processes. The intestinal
epithelium must respond to an ever-changing luminal environment and fluid transport
is regulated in response to a variety of endogenous stimuli including neuronal,
hormonal, and immune mediators, as well as exogenous environmental factors such
as bacterial agents, nutrients, and toxins.

The epidermal growth factor receptor (EGFr) is an important regulator of
intestinal chloride secretion and can be differentially activated in response to a variety
of stimuli to elicit divergent effects. Furthermore, signaling through EGFr is modified
in the context of the overall physiological setting, for instance in the presence of

inflammation or infection. Different components of the secretory machinery are

Xii



regulated in response to differential activation of EGFr. A number of diseases and
conditions exhibit dysregulation of intestinal fluid transport characterized by
disturbances in absorption, secretion, or both. To fully address many of these
conditions, it is important to understand how EGFr activation regulates intestinal fluid
transport under various physiological conditions. To this end, we set out to identify
transporter targets subject to regulation by EGFr under conditions that differentially
activate the receptor. We have identified Na*, K*, 2 CI" Cotransporter 1 (NKCC1), a
widely expressed transporter important to chloride secretion, as being differentially
regulated through EGFr activation. When EGFr is transactivated in response to the
cholinergic agonist, carbachol, NKCC1 is endocytosed from its site of activity at the
basolateral plasma membrane through a mechanism that requires EGFr-dependent
activation of mitogen-activated protein kinase (MAPK) pathways. However, when
EGFr is activated through direct exposure to the bona fide ligand, epidermal growth
factor (EGF), phosphatidylinositide-3 kinase (PI3K) is recruited rather than MAPK and
NKCCH1 is not endocytosed. This divergent regulation of NKCC1 through differential
activation of EGFr has implications not only for the regulation of intestinal ion and
fluid transport and the treatment of their dysregulation, but also for a number of other

physiological processes and pathologies involving EGFr and NKCC1.
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Chapter One

Introduction



Intestinal water and electrolyte homeostasis

Maintenance of appropriate luminal fluidity is central to physiological functions
throughout the mammalian gastrointestinal tract. Efficient digestion and absorption of
nutrients relies on adequate hydration of chyme to facilitate interaction of enzymes
with substrates and to distribute nutrients across the vast surface of the epithelium.
Maintenance of mucosal pH, clearance of waste, and lubrication of the epithelium all
rely on apposite secretion and absorption of water. Human gastrointestinal
processes require about 8 to 9 liters of water each day; about 1 to 2 liters are
obtained orally and the remaining volume is provided primarily through secretions by
the stomach and intestines (1). The majority of this water is reabsorbed by the
intestines and remarkably, only about 200mL of water is lost in the stool each day.
Water transport is generally a passive process driven by active transport of
electrolytes: secretion is driven in large part by secretion of chloride and to a lesser
degree, bicarbonate, while absorption of water follows the active uptake of sodium
and nutrients. As solutes are actively conducted across the epithelial mucosa, water
follows the osmotic gradient passing either paracellularly through tight junctions, or
transcellularly through aquaporins or other passive transport (1, 2). The importance
of intestinal fluid secretion becomes evident in the pathological consequences of its
absence or dysregulation, as found in hyposecretory disease such as cystic fibrosis,
or hypersecretory conditions such as secretory diarrhea; the former presents with
intestinal obstruction while the later results in dehydration and both incur nutritive
malabsorption (3). Furthermore, chloride secretion is critical to the normal function of
a number of other organ systems outside the alimentary canal including the

respiratory, renal, pancreas, and biliary systems.



Vectorial chloride transport across polarized epithelial cells is complex and
dependent on the coordination of several transporters localized at both the
basolateral (serosal) and apical (luminal) plasma membrane domains. The general
mechanisms of chloride secretion in the intestine, illustrated in Figure 1.1, are similar
to other secretory tissues and have been well-characterized (4). At the basolateral
pole, chloride is taken up by intestinal epithelial cells through the sodium, potassium,
2-chloride cotransporter-1 (NKCC1) that employs the inwardly directed concentration
gradient of sodium to drive electroneutral influx of two chloride ions and one
potassium ion along with one sodium ion. Sodium, potassium ATPase, (Na'/K"
ATPase) expends ATP to establish and maintain the sodium gradient, while
basolateral potassium channels allow for potassium efflux, preventing depolarization.
Together these transporters facilitate an accumulation of chloride within intestinal
epithelial cells beyond its electrochemical equilibrium. Secretion of chloride into the
lumen is driven by the outwardly directed electrochemical chloride gradient and
proceeds through apically localized chloride transporters: the cAMP-dependent cystic
fibrosis transmembrane conductance regulator (CFTR), calcium activated chloride
channels (CaCCs or CLCASs), or one or more members of the CIC family of chloride
channels. All of these transport pathways are factors in chloride secretion and
theoretically, a change in any single pathway has an impact on net chloride secretion.
While CFTR was long viewed as the primary site for regulation of intestinal chloride
secretion, it is now clear that NKCC1 is an important regulatory locus (5), while the
role for CaCCs has been more appreciated as this family of transporters becomes
more thoroughly characterized (6-8). The molecular characterization and regulation

of many of these transporters is discussed in more detail later in this chapter.



There are two major and distinct pro-secretory intracellular signaling pathways
regulating epithelial chloride secretion, one characterized by increases in intracellular
cyclic nucleotides (cAMP and/or cGMP) and the other characterized by increases in
intracellular calcium (1). These pathways are activated by a number of endogenous
agents acting through endocrine, paracrine, neurocrine, and immune pathways.
Furthermore, these pathways are activated by exogenous agents such as bacteria,
bacterial toxins, and environmental toxins. Cyclic nucleotide-dependent
secretagogues generally evoke relatively large and sustained increases in chloride
secretion. The effects of a number of important endogenous secretagogues are
mediated through cAMP: prostaglandin E, (PGE,) and vasoactive intestinal peptide
(VIP) both act through G-coupled protein receptors (GPCR) to stimulate adenylyl
cyclase. Increases in cAMP lead to increased protein kinase A (PKA) activity which
directly activates apical CFTR (9) and the basolateral potassium channel, KCNQ1
(10), and indirectly leads to phosphorylation and activation of NKCC1 (5). In contrast,
calcium-dependent secretagogues elicit transient chloride secretion that remains
limited even in the continued presence of secretory agonist (1, 11, 12). Increases in
intracellular calcium result from ligation of Gg-coupled protein receptors such as the
acetylcholine M3 muscarinic and histamine H; receptors. Rises in intracellular
calcium and the consequent activation of protein kinase C (PKC) and calmodulin-
dependent kinase (CaMK) leads to activation of the basolateral potassium channel,
KCNN4 (1, 13, 14), and apical calcium-dependent chloride channels (1, 15, 16).
Studies examining the transient nature of calcium-dependent chloride section
revealed inhibitory pathways involved in regulating chloride secretion (17). Inhibitory
agents are as varied and diverse as secretagogues and include endogenous

endocrine, paracrine, autocrine, and neurocrine agents as well as exogenous



bacterial and environmental factors (4). Inhibitors of chloride secretion may act by
inhibiting increases in cyclic nucleotides or calcium and/or through inhibiting the
activity of transporters involved in chloride secretion. However, when cAMP and
Ca®*-dependent secretagogues are added simultaneously, the effects on chloride
secretion are synergistic, eliciting greater chloride secretion than would be expected
with an additive effect (12). This is thought to occur through limiting negative
regulators and perhaps the elimination of rate-limiting factors (1). That is, the
inhibitory pathways elicited by calcium-dependent secretagogues alluded to earlier
may be limited when accompanied by simultaneous cAMP-activated pathways.
Furthermore, cAMP and calcium-dependent secretagogues achieve their effects
through regulation of distinct components of the secretory machinery; transporter
processes that may be rate-limiting in the setting of one class of secretagogue may
be up-regulated by the other, accounting for the observed synergy when the two are

applied in combination.

Regulation of transporters involved in epithelial chloride secretion

There appear to be five major mechanisms by which epithelial transporters
are regulated, illustrated in Figure 1.2: direct modulation by cytoplasmic factors,
covalent modification, altered localization, changes in protein stability, and changes in
transport protein transcription and/or translation (1, 3, 4, 18). Channel activity can be
modulated as changes in cytoplasmic factors directly alter their open probability. For
instance, as their names suggest, calcium-activated potassium and chloride channels
are sensitive to changes in intracellular calcium and binding to calcium increases their
open probability allowing the efflux of potassium or chloride, respectively (4, 13-16).

Secondly, transport proteins may be regulated through covalent modification, such as



phosphorylation. Phosphorylation by PKA and PKC leads to activation of epithelial
CFTR (19). Phosphorylation of NKCC1 appears to play a role in modulating its
activity as well (5, 20-23). While direct modulation and covalent modification may
serve to acutely regulate transporter activity, in situ, at the plasma membrane, yet
another mechanism for regulating transporter activity involves altering surface
expression of transport proteins. In some instances, preformed transport protein may
be stored in vesicles localized just below the plasma membrane and these vesicles
are stimulated in an agonist-specific fashion to fuse with the plasma membrane,
increasing the number of transporters at the surface and thereby increasing the
overall rate of transport (24). Conversely, transport proteins can be retrieved from the
plasma membrane through endocytosis, reducing transport. Endocytosed
transporters may be available for recycling back to the plasma membrane, or
degraded (25, 26). With regard to intestinal chloride secretion, transport by both
NKCC1 and CFTR has been shown to be regulated through insertion and retrieval
from the basolateral and apical plasma membrane respectively (24-28). Lastly,
transporter expression can be regulated through changes in transcription and
translation. While previously discussed mechanisms are involved in acute regulation
of transport, de novo protein synthesis involves slower kinetics and may be
responsible for more sustained responses to physiological or pathophysiological

circumstances (4, 29-31).

CFTR (Cystic Fibrosis Transmembrane Regulator)
The Cystic Fibrosis Transmembrane Regulator, or CFTR, was identified as
the chloride channel that is defective in cystic fibrosis patients and was first cloned in

1989 (32). Located at the luminal membrane of enterocytes, it is the predominant



channel mediating chloride efflux in the intestinal epithelium. The channel consists of
12 membrane-spanning domains that form the pore of the channel, two nucleotide-
binding folds, and a large regulatory domain (R) with a number of consensus
sequences for phosphorylation by several different kinases. CFTR is primarily
activated through phosphorylation by PKA in response to increased cAMP, however,
other second messengers such as Ca?'/ CaMK, PKC, and cGMP-dependent kinases
may play a role in regulating CFTR. While PKC phosphorylation of CFTR does not in
itself activate the channel, it may be permissive or potentiate subsequent
phosphorylation by PKA. Studies in knockout mice and in vitro models have
demonstrated that cGMP-dependent kinase is capable of directly activating CFTR. In
some cell types, activation of CFTR by cAMP or cGMP-dependent phosphorylation
involves cAMP-dependent exocytosis of CFTR and insertion into the luminal plasma
membrane from a subapical store of preformed channels (33-35). However, it is
somewhat controversial as to this mechanism of regulation occurs in intestinal
epithelial cells. Patch-clamp studies with isolated rat colonic crypts and in vitro
perfused shark rectal glands demonstrated that large increases in cAMP-dependent
chloride transport occurs with very little or no change in membrane capacitance (9,
36). That is, chloride transport increased without a substantial increase in plasma
membrane surface area, measured by capacitance, which might be expected if CFTR
was introduced through exocytosis. However, more recent studies using surface
protein biotinylation and immunofluorescence in rat jejunum revealed an increase in
cell surface expression of CFTR and a shift from subapical vesicle compartments to
the plasma membrane (37). CFTR participates in a multiprotein complex at the
apical membrane comprised of several proteins containing PDZ-domains that are

important for protein interactions. The roles for these interactions with proteins such



as sodium/ hydrogen exchanger regulatory factor (NHERF1) and the PKA-binding A-
kinase anchoring protein (AKAP) are only recently becoming better understood.
Recent studies in airway epithelial cells have implicated a role for NHERF1 in
localizing and stabilizing CFTR at the apical membrane on epithelial cells (38).
Indeed, over-expression of NHERF1 rescues AF508 CFTR, the most common
mutation in humans that is structurally functional but deficient in trafficking to the
plasma membrane. Presumably, physical association of PKA with its substrates,
CFTR and NHERF1 via AKAP likely increases the efficiency of channel opening.
CFTR also serves to regulate other transporters, including activation of a basolateral
potassium channel, KCNQ1, discussed later, and down-regulation of ENaC, a sodium
channel important to epithelial sodium and water uptake. Thus, impaired secretion
resulting from absence of the major chloride efflux pathway is compounded by down-
regulation of potassium efflux and up-regulation of sodium absorption by ENaC. The
critical role CFTR plays in intestinal chloride secretion is apparent in the absence of
functional CFTR in cystic fibrosis patients, who present with impaired gastrointestinal
function including meconium ileus in 10% of newborn CF children and obstructive gut
disease later in life (38). Furthermore, the importance of CFTR is evidenced in the
setting of cholera infection. Cholera toxin results in uncontrolled CFTR activity
leading to profuse diarrhea and dehydration. Cholera toxin fails to elicit such a
response in CFTR knockout mice and heterozygous knockout mice showed only 50%
of the secretory response seen in wild type mice, lending support to the hypothesis
that heterozygosity may provide resistance to the effects of cholera infection and
account for the relatively high prevalence of CFTR mutations. This so-called
heterozygote advantage hypothesis has not been definitively established however,

and a study of patients with CF and heterozygotes suggest there is no genetic



advantage for heterozygotes as they exhibited the same chloride secretory response
as healthy subjects. However, the role for CFTR in intestinal chloride secretion and
cholera infection is clear and effective pharmacological inhibitors of the channel for

use as antidiarrheal agents are currently in development (39, 40).

Non-CFTR Conduits for Apical Chloride Efflux

Whether or not chloride channels other than CFTR play a significant role in
epithelial fluid transport is a matter of great interest with respect to potential
therapeutic targets for cystic fibrosis. The role of non-CFTR chloride conductance
channels is likely to be species and tissue-specific and perhaps age-dependent.
Airway epithelia of mice apparently have non-CFTR channels facilitating chloride
efflux, as the calcium-activated chloride conductance in CFTR (-/-) knockout mice is
up-regulated and even compensates for the lack of CFTR conductance and these
mice do not exhibit lung disease (41). However, these same mice present with
severe gastrointestinal disorders, underscoring the critical role for CFTR in this tissue
(42). Interestingly, an inbred strain of CFTR (-/-) mice has been found that does not
display any adverse physiology in the intestines suggesting that under certain
circumstances a functional non-CFTR chloride conductance channel is expressed in
intestinal epithelium as well (43). Additional evidence for a non-CFTR chloride
channel in the intestines comes from studies of the rotavirus toxin, NSP4, which
induces severe diarrhea in infants and young animals. NSP4 induces calcium-
mediated chloride secretion in the crypts of both non-CF and CF mouse pups (44,
45). The effect of NSP4 is not as significant in adult mice suggesting age

dependence for expression of the transporter (44). The severity of CF may correlate
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with relative expression of one or more non-CFTR chloride conductor(s) and may
explain the poor correlation between genotype and phenotype in CF patients (18, 43).

Calcium-activated chloride channels of the CLCA family could play a role in
intestinal chloride secretion. The murine channel, mCLCA3 is found in goblet cells
and appears to be involved in mucin production and/or secretion in intestinal,
respiratory, and uterine epithelia. In humans, CLCA1 (a.k.a. CaCC1) and CLCA4
(a.k.a. CaCC2) have both been found in the intestines (6). hCLCA1 is expressed
most strongly in the colon, with high expression also found in the small intestines and
appendix (46). The greatest mMRNA expression of hCLCA1 was found in cells at the
base of the crypts, especially in goblet cells. Much lower expression of hCLCA1 is
found in the stomach, uterus, kidneys, and testis (46). There are 9 potential sites on
hCLCAA1 for asparagine-linked glycosylation, 13 consensus sites for protein kinase C
(PKC) phosphorylation, and 3 consensus sites for phosphorylation by Ca*/
calmodulin-dependent kinase Il. There are no PKA or tyrosine phosphorylation
consensus sequences (6). Like hCLCA1, hCLCA4 is expressed most strongly in the
colon, however, relative expression in the small intestines is much lower (46). There
is some controversy as to whether these CLCA proteins could serve independently in
the transport of chloride. Indeed, while they are expressed in intestinal epithelia,
Anderson and Welsh have reported that there are no Ca**-dependent but only cAMP-
dependent CI” channels at the apical surface of intestinal mucosa. Defining the
molecular regulation of CLCAs has been difficult as they are often not expressed in
tumorogenic cell lines. They may serve as accessory proteins though, modifying the
activity of CFTR. In addition to the three C-kinase phosphorylation sites, the porcine
homologue of hCLCA1, pCLCA1, includes a fourth C-kinase site and an A-kinase

phosphorylation consensus sequence unique to pCLCA1. When pCLCA1 was
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transfected into NIH/3T3 cells, the cells expressed Ca®*-activated, but not cAMP-
activated chloride conductance. When transfected into Caco-2 cells, which do not
express hCLCA1, cAMP-activated chloride conductance was potentiated suggesting
that this transporter can contribute to net chloride secretion in the context of other
secretory machinery in intestinal epithelial cells (8).

Of the members of the CIC family of chloride transporters that may also serve
in intestinal epithelial chloride secretion, particular interest has been attached to CIC-
2. CIC-2 tissue distribution seems to vary across species (32). In humans, CIC-2
was found in the supranuclear compartment of colon cells with punctate staining at or
near the apical membrane (47). CIC-2 has also been identified in Tg, cells at or near
the apical plasma membrane (48). CIC-2 currents are inhibited by low concentrations
(0.085 - 0.17nM) of TGF-a in Tg4 cells, but potentiated by higher concentrations
(8.3nM). Both effects are mediated by PI3K and PKC. The inhibitory effects of
higher TGF-a concentrations appear to occur secondary to increased pH as a result
of NHE activation (49). Similarly, CIC-2 has been shown to be involved with apical
transport in Caco-2 cells. Some studies in Tg, cells have shown that a treatment for
constipation, lubiprostone, may activate CIC-2 without affecting CFTR activity,
suggesting lubiprostone could also serve to alleviate secretory dysfunction in CF (48,
50). There is, however, some debate as to the mechanisms of CIC-2 activation and a
recent study showed that lubiprostone activation of chloride conductance in Tg,4 cells
requires CFTR (51). Additional evidence for a possible role of CIC-2 in epithelial
chloride secretion lies in the finding that cholera toxin up-regulates CIC-2 expression,
presumably increasing chloride and thus, fluid secretion (52).

CIC-3 is another apically localized chloride channel with a potential for

participating in epithelial chloride conductance. There is some evidence implicating
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this transporter in CaMKIl-activated chloride conductance in HT29 and Tg cells
however, the physiological role for this transporter in intestinal fluid secretion remains
to be determined (32).

Yet another CIC transporter, CIC-4 has been shown to localize with CFTR at
the apical plasma membrane in human intestinal epithelia. This CIC may act as a CI’
/H* exchanger in endosomes, rather than a CI" channel (53, 54), suggesting that
some CICs, like some CLCAs may participate in chloride secretory processes through
modification of CFTR function, rather than contributing directly to vectorial chloride

conductance.

Basolateral Potassium Channels

Chloride secretion by intestinal epithelial cells also relies on the activity of
basolateral potassium channels. Efflux of potassium via basolateral potassium
channels is critical for maintaining hyperpolarization of intestinal epithelial cells to
sustain the driving force for chloride efflux. While the role of such potassium
channels in chloride secretion has been long recognized, only recently have specific
transporters been identified and characterized: a calcium-activated transporter,
KCNN4 (a.k.a. K..3.1, SK4, or IK1) (55) and a cAMP-activated transporter, KCNQ1
(10) (a.k.a. KvLQT1 or Kv7.1). Recent work in KCNN4 (-/-) knockout mice
demonstrated that KCNN4 is necessary and sufficient for supporting calcium-
mediated chloride secretion in the epithelium of both large and small intestines (13).
While colonic and jejunal tissues from KCNN4 null mice exhibited normal secretory
responses in response to cAMP-dependent secretagogues, calcium mobilization
failed to evoke any secretory response. Furthermore, these mice exhibited markedly

dehydrated stool, likely from impaired chloride and thus water secretion, suggesting a
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role for KCNN4 in normal intestinal physiology. KCNQ1 is activated in parallel with
CFTR in response to increased cAMP and PKA activity. The pharmacology of
KCNQ1 may be greatly influenced by another protein, KCNE3 (18). There is some
data indicating possible regulation of KCNQ1 by calcium and PKC. A recent study
employing KCNN4 knockout mice and a KCNQ1 specific inhibitor, 293B,
demonstrated that while the secretory response to the muscarinic agonist, carbachol,
was significantly attenuated in KCNN4 knockout mice, the small residual response
was completely inhibited by 293B, suggesting that both potassium transporters were
activated in response to carbachol, a Ca*-dependent secretagogue (14). Another
study using a derivative of 293B with higher affinity for KCNQ1, HMR1556, concluded
that KCNQ1 was not essential to chloride secretion as the inhibitor only partially
reduced (50%) PGE,-induced cAMP-dependent chloride secretion in rat intestinal
tissue and had no effect in guinea pig intestinal tissue (56). HMR1556 had no effect
on chloride secretion in response to another cAMP-dependent agonist, epinephrine,
in intestinal tissue from either rat or guinea pig. Interestingly, the synergistic
secretory effect of the addition of carbachol subsequent to PGE, was also partially
inhibited by HMR1556, providing additional evidence that KCNQ1 may be involved in
cholinergic and other Ca®*-activated secretory responses. Furthermore, the peak
secretory effect in response to carbachol was little affected by HMR1556, rather, it
was the inhibitory phase after carbachol stimulation that was most affected by
HMR1556, causing the secretory effect to shut down more rapidly, suggesting that
perhaps the inhibitory effect carbachol has on subsequent chloride secretion targets a
different basolateral potassium channel, perhaps KCNN4 and any sustained

secretion after the peak response to carbachol is due to KCNQ1 activity.
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Finally, there are some reports suggesting a role for large-conductance (BK)
potassium channels in chloride secretion. Tg, cells exhibit a potassium channel that
has yet to be identified, but is activated by arachidonic acid and appears to be distinct
from calcium and cAMP-activated channels and has properties consistent with BK
channels (32, 57, 58). Ussing experiments with colon and small intestinal tissue from
Kca1.1 (a BK channel) knockout mice have demonstrated however, that these mice
have normal secretory responses to both calcium and cAMP-dependent

secretagogues despite the absence of this BK transporter (14).

NKCC1 (Sodium, Potassium, 2 — Chloride Cotransporter-1)

NKCC1 is a fundamentally important locus for regulating intestinal chloride
and thus, fluid secretion. While apical chloride channels have long been viewed as
the primary site for regulating chloride secretion, it has become clear that NKCC1 is a
site for independent, rate-limiting regulation. Current data point towards a model in
which chloride secretion is turned on through the activation of CFTR and/or other
luminal chloride channels, while the magnitude of secretion is determined by NKCC1
activity (18). NKCC1 is responsive to intracellular chloride concentrations and is
generally activated secondarily to apical chloride efflux. Thus, as apical chloride
channels open, intracellular chloride falls, leading to activation of NKCC1. However,
a number of factors influence the activity of NKCC1 including protein phosphorylation,
membrane localization, and gene expression and this dynamic regulation of NKCC1
can serve to enhance or limit net chloride and fluid transport (20).

NKCC1 is phosphorylated at several threonine and serine residues.
Activation and phosphorylation occur in parallel in response to a variety of secretory

stimuli, including cell shrinkage, cAMP, and cholinergic stimulation (59). Furthermore,
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inhibition of serine/threonine phosphatases PP1 and/or PP2A increases
phosphorylation of NKCC1 and activates transport (60, 61). Consensus sequences
for several kinases have been identified within NKCC1 and for many years,
researchers have sought to identify the kinase responsible for activating NKCC1 (18).
While PKA, PKC, protein kinase G (PKG), myosin light chain kinase (MLCK), CaMK,
and mitogen activated protein kinase (MAPK) have all been demonstrated to be
involved in regulating NKCC1 activity, none have been shown to directly
phosphorylate the transporter. Recent studies have revealed that Ste20-related
kinases, SPAK and OSR1, directly interact with NKCC1 and that phosphorylation by
these kinases results in activation of the transporter (62, 63). This is a relatively new
family of kinases and researchers are rapidly elucidating the molecular biology
regulating their activity. They are tightly regulated by a family of chloride-sensitive
kinases, known as without-lysine kinases, or WNKs. WNK1 and WNK4 are
apparently sensitive to decreases in chloride concentrations and work together to
activate NKCC1 through stimulating SPAK/OSR1 phosphorylation of NKCC1. WNK3
has been shown to activate NKCC1 in a cell volume independent manner that does
not appear to rely on SPAK, suggesting that WNK3 may act directly on NKCC1.
Alternatively, some studies suggest that WNK3 may activate NKCC1 through
inhibiting protein phosphatases, or through influencing the activity of other WNK
kinases. A number of interactions between SPAK and other kinases have been
documented, many of which have established roles in regulating intestinal chloride
secretion, including p38 MAPK and PKC. Most research into the mechanisms of
WNK/SPAK/OSR1 activation of NKCC1 have been conducted in the context of cell
volume control and hypertension and it will be interesting to see how these kinases

are involved in intestinal epithelial chloride secretion. The consequences of
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phosphorylation of specific residues on NKCC1 have yet to be determined.
Phosphorylation of NKCC1 increases the affinity for bumetanide, a pharmacological
inhibitor thought to interact with the ion-binding domain, suggesting that a
phosphorylation-induced conformational change is necessary for ion transduction (20,
22).  Additionally, phosphorylation may regulate interactions with cytoskeletal
elements and transporter trafficking. Furthermore, while some phosphorylation
events certainly serve to activate NKCC1, others may negatively regulate transporter
activity. Ultimately, it is a balance between kinase and phosphatase activities that
regulate NKCC1 phosphorylation and activity in response to the overall cellular
requirements for chloride and fluid transport (20, 22).

In addition to regulation through phosphorylation, NKCC1 activity is acutely
regulated through modulation of expression of NKCC1 at the plasma membrane
surface. The current model postulates that a vesicular pool of preformed NKCC1
resides adjacent to the basolateral plasma membrane and can be shuttled to and
from the plasma membrane as dictated by cellular needs for chloride transport.
NKCC1 activity is dependent on interaction with the F-actin cytoskeleton (22, 64-66),
an interaction that may be regulated through phosphorylation. Studies have shown
that cAMP induces a marked increase in recruitment of NKCC1 to the basolateral
surface of intestinal epithelial cells that parallels an increase in NKCC1 activity (24,
26). In Tg4 cells, activation of PKC through PMA caused an increase in NKCC1
endocytosis and proteasome-dependent degradation, presumably leading to
sustained inhibition of NKCC1 activity (25). Carbachol, a physiological PKC agonist,
led to endocytosis of NKCC1, but rather than being directed toward proteasomal
degradation, NKCC1 was recycled back to the plasma membrane (25). Similarly,

using preparations of intestinal crypts, forskolin was shown to cause rapid expression
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of NKCC1 at the plasma membrane. Subsequent addition of carbachol further
increased the recruitment of NKCC1 to the plasma membrane, consistent with the
synergistic effects the two secretagogues have on net chloride secretion (26). Thus,
in addition to regulation of transporter open probability through phosphorylation,
NKCC1 activity can be modulated through changes in expression at the plasma
membrane surface.

Finally, while phosphorylation and changes in plasma membrane expression
may acutely regulate NKCC1 activity, more enduring changes in cellular capacity for
transport through NKCC1 can be instituted through changes in gene expression
and/or protein degradation. The former is observed in the normal development of
intestinal epithelial cells; secretory crypt cells lose NKCC1 expression as they
progress up the intestinal villus and differentiate into absorptive enterocytes. There is
evidence that the secretory capacity of enterocytes can be modulated through
regulation of NKCC1 expression in response to a variety of humoral stimuli.
Epidermal growth factor (EGF), tumor necrosis factor, interleukin 1-p and interleukin-6
all up-regulate NKCC1 gene and protein expression leading to increased capacity for
chloride transport, while prolonged activation of PKC and proinflammatory cytokines
like y-interferon have been shown to down-regulate NKCC1 gene expression (22). In
this way, the secretory capacity of enterocytes is modulated by the overall
physiological setting of the intestinal epithelium and this may be particularly important
in the setting of inflammation and mucosal repair. These mechanisms for chronic
regulation of chloride transport may prove to be effective sites for therapeutic
intervention. Certain diseases that present with chronic diarrhea might be treated
using therapeutic agents that down-regulate NKCC1 expression. In addition to

regulation of NKCC1 expression at the genetic level, NKCC1 protein levels can be
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regulated through changes in protein degradation. As discussed earlier, some
activators of PKC can result in proteasomal degradation of NKCC1, while others
maintain NKCC1 in an endosomal recycling pathway. Relatively little is known about
factors influencing NKCC1 protein turnover, however, studies presented later in this

dissertation will address some of these mechanisms.

The Sodium Pump (Na'/K* ATPase)

While Na*/K* ATPase is a key component of intestinal chloride secretion,
providing the electrochemical sodium gradient that serves as the driving force for
symport of chloride by NKCC1, there is little evidence that tight regulation of net
chloride transport is correlated with acute regulation of the sodium pump. Na*/K*
ATPase relies on ATP hydrolysis to pump sodium out of the cytosol, against its
concentration gradient, across the basolateral membrane of enterocytes. Inhibition of
the sodium pump with ouabain completely inhibits chloride conductance,
underscoring the importance of this transporter in chloride secretion. Certain factors,
such as EGF, have been shown to up-regulate transcription of Na’/K* ATPase and
there is evidence that the sodium pump is subject to proteasomal degradation; these
may be points of regulation of transport, but for the most part, the pump appears to

be constitutively active.

Role of EGFr in the regulation of intestinal chloride secretion

EGFr, also known as ErbB1, is a member of the ErbB family of receptor
tyrosine kinases, located at the basolateral membrane of intestinal epithelia (67).
Long understood to be involved in cell growth and differentiation in response to

growth factors such as EGF and TGF-a (68), EGFr has come to be realized as an
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important regulator of epithelial barrier function, restitution, and electrolyte transport,
including chloride secretion (67, 69-71). EGFr is a dynamic signaling nexus that can
be differentially activated to elicit divergent, even opposing effects on intestinal
chloride transport in response to the mechanism of activation and overall
physiological signaling milieu in which it is active (70, 72). In addition to activation of
EGFr though direct ligand binding, stimulation of other growth factor receptors or G-
protein coupled receptors (GPCR) can lead to transactivation of EGFr through the
activation of small soluble kinases and/or release of endogenous EGFr ligand (73-
76). Several different moieties on EGFr are amenable to phosphorylation.
Importantly, our lab and others have shown that direct versus indirect activation of
EGFr leads to differential phosphorylation of the receptor and recruitment of stimulus-
specific downstream signaling pathways (72, 77). In this way, the intestinal
epithelium utilizes a single receptor, EGFr, to respond to varying physiological
circumstances. With regard to chloride secretion by intestinal epithelia, for instance,
stimulation with the muscarinic agonist, carbachol (CCh), evokes a rapid, increase in
chloride secretion made transient by subsequent inhibition of chloride secretion that is
dependent on transactivation of EGFr (76). Direct stimulation with EGF also leads to
inhibition of CCh-stimulated chloride secretion, however, the inhibitory effects of
indirect transactivation of EGFr by CCh versus direct activation involve different
EGFr-dependent downstream mediators and regulatory targets (77).

Acute activation of EGFr by EGF or TGF-a inhibits both calcium and cAMP-
dependent chloride secretion without affecting increases in these secondary
messengers in colonic epithelial cells and the mechanisms for this have been well
delineated. Ligand binding of EGFr results in receptor heterodimerization with ErbB2.

The p85 subunit of PI3K is recruited to the heterodimer and phosphorylated (78).
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EGFr-dependent activation of PP2A leads to subsequent dephosphorylation of p85
serine residues resulting in activation of PI3K (79). Signaling from PI3-K through Akt
and PKCe ultimately inhibits colonic epithelial chloride transport (80), at least in part,
through inhibiting a basolateral potassium channel (77). EGFr-dependent activation
of phospholipase C (PLC), distinct from PKC activity, plays a role as well and
inhibition of colonic epithelial chloride secretion is mediated, in part, through
increases in Ins(3,4,5,6)P, (71). However, the details of this component of EGF
signaling are not as well defined.

In addition to direct activation of EGFr through binding of bona fide ligand,
inhibition of colonic epithelial chloride secretion by a number of signaling agents
acting through diverse receptors relies on activation of EGFr. The mechanisms for
EGFr activation are stimulus-specific with some relying on release of endogenous
ligand, activation of small soluble kinases, or a combination of such signaling leading
to transactivation of EGFr. Interestingly, the effectors and ultimate targets of
inhibition downstream of EGFr are also stimulus-specific. The inflammatory cytokine,
IFNy, stimulates release of TGFa and inhibits epithelial chloride secretion through
transactivation of EGFr that involves Src kinase (81). Growth hormone inhibits
chloride secretion through janus kinase (JAK2) dependent transactivation of EGFr
and subsequent activation of extracellular signal-regulated kinase 1/2 (ERK 1/2) (79).
The best-characterized transactivation of EGFr related to inhibition of epithelial
chloride secretion is that elicited by cholinergic agonists acting through M; muscarinic
receptors.

The Mj; muscarinic receptor is a Gq Protein Coupled Receptor (GgPCR)
localized to basolateral membranes of intestinal epithelial cells that responds to

cholinergic agonists such as the neurotransmitter, acetylcholine and its analogue,
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carbachol. Activation of Mj; receptors initially evokes an increase in intracellular
calcium through release from intracellular stores leading to calcium-dependent
chloride secretion in the intestinal epithelium. However, subsequent to calcium
mobilization, a signaling cascade that involves the soluble tyrosine kinases, Pyk2 and
Src, along with the proteinase-dependent release of TGFa, recruits Shc and Grb2 to
EGFr, leading to increased phosphorylation and activation of the receptor (73, 76, 82,
83). Similar to direct activation by EGF, this transactivation of EGFr results in
inhibition of epithelial chloride secretion, however, the downstream signaling
pathways recruited by activated EGFr differ from those recruited when EGFr is
directly stimulated by either EGF or TGFa. In contrast with direct activation, rather
than forming heterodimers with ErbB2 as described earlier, EGFr predominantly
forms homodimers in response to muscarinic agonism (78). While the p85 subunit of
PI3K is recruited to these homodimers and phosphorylated, PP2A is not activated,
leaving inhibitory serine residues phosphorylated and PI3K is not active (78, 79).
EGFr-dependent inhibition of chloride secretion in response to carbachol is instead
dependent on distinct signaling through ERK and p38 MAPK activation (82, 84)
(Figure 1.3). Furthermore, rather than ultimately inhibiting a basolateral potassium
efflux pathway as seen with direct activation of EGFr by EGF or TGFa, EGFr-
dependent antisecretory mechanisms in response to carbachol appear to rely, at
least in part, on inhibition of an apical chloride efflux pathway (77). This differential
activation of EGFr and recruitment of divergent downstream signaling is intriguing,
especially in light of the fact that transactivation of EGFr in response to carbachol
relies in part on release of EGFr ligand, TGFa. In a comprehensive study, McCole
and colleagues revealed that this differential signaling through EGFr is attributed to

differential phosphorylation of EGFr itself (72). EGFr has a number of tyrosine
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residues that are amenable to phosphorylation including sites of autophosphorylation
(Y992, Y1068, Y1086, Y1148, and Y1173) as well as those that serve as substrates
for modification by soluble kinases, such as Src (Y845). While EGF is the more
potent agonist, treatment of Tg4 cells with either EGF or TGFa resulted in qualitatively
similar phosphorylation of EGFr tyrosine residues, with all the aforementioned
tyrosines showing significant increases in phosphorylation in response to either
ligand. In contrast, stimulation of Tg, cells with carbachol resulted in increased
phosphorylation of tyrosines 845, 1086, 1148, and 1173, but had no consistent,
significant effect on tyrosines 992 or 1068. This led to the hypothesis that additional
signaling elicited by carbachol may be influencing EGFr activation, perhaps through
increased phosphatase activity. Indeed, McCole went on to demonstrate that broad
spectrum phosphatase inhibitors and specific knockdown of PTP1B uncovered
phosphorylation of Y992 and Y1068 in response to carbachol and redirected
signaling from ERK/p38 MAPK pathways to PI3K signaling (72).

While mechanisms of transactivation of EGFr in response to muscarinic
agonism have been well defined by these recent studies, there are a number of other
settings for EGFr transactivation that are less well understood. As mentioned earlier,

IFNy and growth hormone both elicit EGFr-dependent inhibition of epithelial chloride

secretion (75, 81). The versatility of signaling through EGFr is highlighted in the
finding that rather than serving to limit chloride secretion, several agents activate
epithelial chloride secretion through EGFr-dependent mechanisms. Transactivation
of EGFr is required to realize the full secretory effect in response to the GsPCR
agonist, vasoactive intestinal peptide (VIP) (74). Activation of yet another class of
GPCR, proteinase activated receptor-1 (PAR1) evokes chloride secretion in SCBN

and Tg, cells through an EGFr-dependent pathway that involves many of the same
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components of antisecretory signaling by other agents: EGFr transactivation through
Src, subsequent activation of MAPK pathways, phosphorylation of cPLA,, and
activation of cyclooxygenase (85). Similarly, PAR2 agonists induce both cAMP and
calcium-dependent chloride secretion in intestinal epithelial cells through EGFr-
dependent pathways that involve ERK 1/2 and increased cyclooxygenase activity
(86). Thrombin and other protease activators of PAR1 and PAR2 are elevated in
inflammation and transactivation of EGFr by these receptors may contribute to IBD-
associated diarrhea.

Furthermore, the transport response evoked by activation of EGFr is
modulated by the context in which it is activated: in healthy tissue versus inflamed
tissue, for instance. In healthy murine colonic tissue, acute pretreatment with EGF
attenuates any subsequent ion transport in response to either cAMP or Ca®'-
dependent secretagogues. Conversely, net ion transport is increased by acute
pretreatment with EGF in colonic tissue from murine models of colitis, which exhibit
impaired ion transport responses to both cAMP and Ca?*-dependent secretagogues.
An elegant study demonstrated that this increased ion transport is attributable to
increased electrogenic sodium absorption and while the focus of the work discussed
here is electrogenic chloride secretion, this finding highlights the versatility of the EGF
receptor (69).

In summary, EGFr plays a pivotal role in the regulation of intestinal chloride
secretion and general ion transport. The receptor can be differentially activated,
namely through variation of receptor phosphorylation, in response to specific stimuli
and in context of the overall cellular environment to recruit divergent signaling
pathways and impose differential regulation on relevant transporter. While some of

the general mechanisms leading to differential, stimulus-specific activation of EGFr
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have been delineated, in even the best characterized settings, namely binding of
bona fide ligand and transactivation by muscarinic agonism, the ultimate targets of
regulation, that is, transporters relevant to epithelial chloride secretion, and the
mechanisms by which they are regulated, have not yet been clearly identified. The
subject of the work presented here further elucidates differential stimulus-specific

targets of EGFr-dependent antisecretory responses.

Thesis research and dissertation

My thesis research began looking at the recruitment of divergent signaling
through differential phosphorylation of EGFr. As discussed earlier, many signaling
events rely on EGFr in mediating their full effects on epithelial chloride secretion and
differential effects of receptor activation are often realized through directing EGFr
signaling through one of two pathways: PI3K or MAPK. Early on, | explored models
for studying chloride secretory responses in the absence of EGFr. | investigated the
use of an EGFr null, conditionally immortal intestinal epithelial cell line, however, this
cell line required IFNy in the culture media and this made interpretation of chloride
secretory responses difficult, as IFNy has been demonstrated to inhibit chloride
secretion. Efforts pursuing knockdown of EGFr in established cell lines such as Tg,
using inducible shRNAI introduced through a lentiviral vector showed promise
however, these cells have proven difficult to stably transfect. In parallel with my
studies of EGFr knockout and knockdown models, | pursued identifying transporters
relevant to chloride secretion that were inhibited consequent to EGFr activation by
different stimuli. As discussed earlier, EGFr can be differentially activated to elicit
divergent stimulus-specific responses, however, the ultimate targets of regulation,

that is, the transporters most directly influenced by EGFr activation have yet to be
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identified. Early evidence in this vein pointed towards differential regulation of
NKCCH1 in response to EGFr activation through EGF versus transactivation of EGFr in
response to carbcachol. The primary focus of my thesis studies presented in this
dissertation addresses these differential mechanisms for EGFr-dependent inhibition
of the critically important function of epithelial chloride secretion.

The contents of Chapter One, in part or in full, are being prepared for
submission for publication. (Chappell AE and Barrett KE. “Divergent regulation of
NKCC1 through differential activation of EGFr: implications for intestinal ion transport”
In Preparation. Alfred Chappell was the primary researcher and author for these
chapters. Professor Kim Barrett supervised and directed the research that forms the

basis for these chapters.
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Figure 1.1 Mechanisms of chloride secretion in intestinal epithelial cells.
Chloride enters the cell basolaterally through secondary active transport
facilitated by NKCC1. The electroneutral symport of two ClI- ions along with one
Na* and one K*. By NKCC1 is driven by the electrochemical gradient of sodium
established by Na*/K* ATPase which hydrolyzes ATP in order to pump three
Na* out of the cell and two K* into the cell across the basolateral plasma
membrane. Basolateral potassium channels allow the efflux of K* along its
electrochemical gradient, preventing depolarization of the cell. The resulting
electrochemical gradient established by the basolateral influx of CI- and efflux of
K* drives the apical efflux of CI- via chloride channels. Diagram adapted from
Barrett and Keely, Physiology of the Gastrointestinal Tract (Fourth Edition),
2006.
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Figure 1.2 Regulation of ion channels and transporters. There are five
basic mechanisms by which ion transporters, and most membrane proteins, for
that matter are regulated. 1) Open probability of channels can be modulated by
direct interaction with cytoplasmic factors, such as calcium. 2) Covalent
modifications such as phosphorylation can modulate transporter and channel
activity. 3) Transporter activity can be regulated through exocytic insertion into
the plasma membrane, or endocytic retrieval. 4) Degradation of transporters
can down-regulate their activity for prolonged periods. 5) Changes in the rate
of transporter transcription or translation can modulate transporter abundance
and thus, net transport. Transporters are quite often regulated through a
number of different mechanisms.
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Figure 1.3 Divergent signaling through EGFr. EGFr can be differentially
activated to elicit divergent downstream signaling pathways. Signaling elicited
by direct activation of EGFr in response to bona fide ligands such as EGF or
TGFa is depicted in orange. Signaling elicited by transactivation of EGFr in
response to cholinergic agonism is depicted in green. When intestinal epithelial
cells or tissue are treated directly with EGF or TGFa,, EGFr is activated and
recruits PI3K and PKC signaling to inhibit chloride secretion. When intestinal
epithelial cells or tissue are treated with a cholinergic agonist, consequent
increases in cytosolic calcium result in an initial stimulation of chloride
secretion. However, cholinergic stimulation also results in transactivation of
EGFr through the release of endogenous TGFa. EGFr is differentially activated
in response to cholinergic stimuli compared with direct application of bona fide
ligand, a result, in part, of increased PTP1B activity and dephosphorylation of
specific tyrosine residues on EGFr. Rather than recruitment of PI3K,
cholinergic transactivation of EGFr results in recruitment of MAPK signaling.
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Materials

All materials were research grade and obtained commercially as indicated:
sulfo-NHS-SS-biotin, Neutravidin agarose, Protein G agarose (50% slurry), and
glycine (Thermo Fisher Scientific, Rockford, IL); carbachol, tyrphostin AG1478,
LY294002, PD98059, SB203580, MG132 (EMD Biosciences, San Diego, CA); PYR-
41 (BioGenove, Rockville, MD); EGF and Millicel-HA 12mm and 30mm transwell
inserts (Millipore, Billerica, MA); goat polyclonal anti-NKCC1 and mouse monoclonal
anti-ubiquitin antibodies (Santa Cruz Biotechnology, Santa Cruz, CA); rabbit
polyclonal anti-SUMO-1 (Cell Signaling Technology, Danvers, MA); rabbit polyclonal
anti-PanSUMO (Abgent, San Diego, CA); ®*Rb* as ®*RbCl (Perkin-Elmer, Waltham,
MA); DMEM/ Ham’s: F12 (1:1) media (Mediatech, Manassas, VA); and newborn and
fetal calf serum (Hyclone, Logan, UT). Ringer's solution contained (in mM): 115
NaCl, 25 NaHCO;, 2.4 K,HPO,4, 0.4 KH,PO,4, 1.2 MgCl,, 1.2 CaCl,, and 10 glucose.
Biotin stripping solution comprised 15.5mg/mL reduced glutathione (Thermo Fisher),
83mM NaCl, 10% fetal bovine serum, and 0.3% NaOH. Lysis buffer comprised of 1%
TritonX-100, 20uM NaF, 1mM each of EDTA and sodium orthovanadate (NazVO,),
1ug/mL each of antipain, pepstatin, and leupeptin, and 0.1mg/mL PMSF. N-
Ethylmaleimide (NEM) (Sigma-Aldrich, St. Louis, MO) was included (50mM) in lysis
buffer in experiments assessing ubiquitination. 2X electrophoresis loading buffer
consisted of 1mM Tris-HCI, pH6.8 with 4% SDS, 0.2% bromophenol blue, 20%

glycerol, and 10% dithiolthreitol. 1X Tris-buffered saline (TBS) contained

Cell culture
All experiments were performed using the Tg4, human colonic epithelial cell line

(passage 15 - 35). The Tg, cell line, derived from a human colonic carcinoma, was



34

first described as a model for epithelial chloride secretion in 1984 (87). T* cell
cultures form a polarized monolayer when grown on semipermeable supports and
exhibit high transepithelial resistance, similar to epithelial cells in colonic crypts.
Furthermore, the cells perform vectorial chloride secretion in response to a number of
physiologically relevant agonists (87, 88). The cell line has since served as a
valuable reductionist model for evaluating intestinal ion transport and
immunophysiology (4, 18, 88). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM)/ Ham’s: F12 (1:1) media supplemented with 5% newborn calf serum
in T75 culture flasks and incubated at 37°C with 5% CO,. Cells were split 1:5 every
two weeks and media was changed every 3 - 4 days. For internalization and %**Rb*
influx studies, ~5x10° cells were seeded onto 12mm transwell inserts. For
immunoprecipitation and other western blot studies, ~10° cells were seeded onto
30mm Millicell-HA transwell inserts. Cells were cultured on inserts for 10 — 20 days
before using in experiments with media changed every 3-4 days, but never less than

48 hours before an experiment.

Determining internalization of NKCC1

Internalization of NKCC1 was determined using a modification of a previously
described assay (25). Tg4 cells grown on 12mm transwell inserts were rinsed with
warm Ringer’'s solution and incubated for 1hr. at 37°C. Cells were rinsed with cold
Ringer’s solution on ice and basolateral surface proteins were biotinylated by
incubating cells at 4°C with a basolateral solution of 0.5mg/mL sulfo-NHS-SS-biotin
prepared in Ringer's solution for 30 minutes, exchanging the biotin with a fresh
solution at 15 minutes. Cells were rinsed basolaterally five times with 0.5mL 100mM

glycine prepared in cold Ringer's solution to remove unreacted biotin and then twice
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with cold Ringer’s solution to remove glycine. Cells were then exposed to basolateral
100uM carbachol or 100ng/mL EGF at 37°C. After treatment, cells were rinsed three
times with cold Ringer's solution on ice. The remaining biotin exposed at the
basolateral surface was stripped, incubating cells two times for 20 minutes on ice at
4°C with 0.8mL of biotin stripping solution on the basolateral side. Cells were then
rinsed three times with cold Ringer's before being lysed on ice at 4°C for 40 minutes
with 0.3mL lysis buffer. Cells were scraped from transwell membranes, transferred to
microcentrifuge tubes, and centrifuged at 18,000 relative centrifugal force (rcf) for 10
minutes at 4°C. The supernatant was saved as whole cell lysate. Equal quantities of
cellular proteins as determined by DC protein assay (BioRad) (~200uL of whole-cell
lysate) were precipitated overnight with 30uL high binding capacity Neutravidin
agarose. The agarose was washed 3X with a high salt buffer (0.1% TritonX-100,
500mM NaCl, 50mM Tris-HCI, pH7.5), followed by a final wash with a low salt buffer
(10mM Tris-HCL, pH7.5). Precipitated agarose was resuspended in 30uL 2X loading
buffer, boiled for 4 minutes, and centrifuged again at 18,000 rcf for 3 minutes. Whole
cell lysates were similarly prepared with 1:1 dilution in 2X loading buffer. Precipitated
proteins and those in whole cell lysates were separated by SDS-PAGE, transferred to
PVDF membrane, and analyzed by western blot. An increase in Neutravidin-
precipitated protein was interpreted as increased surface protein internalization. For
experiments involving pharmacological inhibitors, inhibitory agents were prepared in
Ringer’s solution and applied bilaterally 30 minutes before biotinylation, kept apically
(cold) during biotinylation and included bilaterally during 1 hour carbachol or EGF
treatments at 37°C: AG1478 (1uM), NazVO, (500uM), PD98059 (20uM), SB203850

(10uM), MG132 (10uM). The doses chosen for all pharmacological agents were
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based on our previous experiences and/or published studies using these reagents

(72, 82, 84, 89).

Determining ubiquitination and sumoylation of NKCC1

Tgs cells grown on 30mm transwell inserts were rinsed with warm Ringer’s
solution and incubated for 1 hour at 37°C. Cells were then treated with appropriate
inhibitors, followed by basolateral treatment with carbachol or EGF. Experiments
were terminated by rinsing cells with cold Ringer's solution on ice and cells were
lysed on ice for 40 minutes at 4°C with 0.5mL lysis buffer including 50mM NEM
added just before lysis. Cells were scraped from transwell membranes, transferred to
microcentrifuge tubes, and centrifuged at 18,000 rcf for 10 minutes at 4°C. The
supernatant was saved as whole cell lysate and 20uL of each whole cell lysate
prepared for electrophoresis by adding 20uL 2X loading buffer and boiling for 4min.
The protein concentration of each sample was determined using DCA protein assay
(BioRad) and equal amounts of protein (~300uL of whole-cell lysate) were aliquoted
for immunoprecipitation. 5ug anti-NKCC1, anti-Pan-SUMO, or anti-SUMO-1 was
added to each sample and rotated overnight at 4°C. 30puL of 50% Protein G agarose
was added to each sample and rotated for at least 1hr. at 4°C. After rotating, the
agarose beads were washed 3X with a cold solution of 1% TritonX-100 prepared in
PBS, centrifuging the samples at 18,000 rcf for 30sec. between each wash. After
removing the final wash from the centrifuged agarose, 30uL 2X loading buffer was
added to each sample and samples boiled for 4min. Samples of whole cell lysate
with equal protein and equal volumes of immunoprecipitated protein were separated

by SDS-PAGE and analyzed by western blot for ubiquitin, NKCC1, or SUMO-1.
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Some experiments analyzing sumoylation involved lysing cells under
denaturing conditions. In these experiments, 1% lauryl sulfate (SDS) was prepared in
1X TBS and brought to a boil. At the end of treatment periods, boiling SDS was
added directly onto the cells. Cells were scraped off the insert membranes,
transferred to 1.5mL microcentrifuge tubes and lysates boiled 10 minutes. Lysates
were then passed several times through an 18G needle. For Immunoprecipitation
from denatured lysates, lysates were diluted in six volumes of 1% TritonX-100
prepared in 1X TBS in order to bind up free SDS monomer before adding the

precipitating antibody.

Determining NKCC1 activity through *Rb* uptake

Bumetanide-sensitive, basolateral K* uptake by NKCC1 was measured with
®Rb* as a tracer using an adaptation of a previously described method (90).
Confluent monolayers of Tg4 cells grown on 12mm transwell inserts were rinsed three
times with warm Ringer’s solution and incubated for 1 hour at 37°C before being
transferred to basolateral solutions of 100 yM CCh or 100 ng/mL EGF for 1 hour.
After 1-hour treatment, solutions of 1uM forskolin (Fsk) = 10uM bumetanide prepared
in Ringer's solution were applied bilaterally. Inserts were then transferred to
basolateral solutions of 1uM Fsk with 1uCi/mL ®*Rb* + 10uM bumetanide prepared in
Ringer's solution.  After 3-min. incubation with basolateral 8®Rb*, influx was
terminated by rapidly immersing inserts in ice-cold MgCl, (100mM prepared in 10mM
Tris-HCI, pH7.5); insert membrane filters were immediately excised using a #5 cork
borer and placed in 5mL Ecoscint scintillation fluid. The ®Rb* content of the cells
was measured by standard scintillation methods. A 2uL aliquot of 1uCi/mL ®Rb*

influx buffer was assayed by scintillation to determine the specific activity (SA) of the
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influx buffer relative to [K'] (cpm/ umol K*). Two representative transwell inserts from
the same passage of cells used in each influx experiment were lysed with 2% SDS
and protein content assessed by DC protein assay (BioRad). ®*Rb* influx data were
expressed as pmol of K* influx/ g protein/ min. Bumetanide-sensitive ®*Rb* influx was
calculated by subtracting the rate of influx in the presence of bumetanide
(representing the bumetanide-insensitive component) from the rate of influx in the
absence of bumetanide (representing total influx). In experiments using AG1478,
cells were treated bilaterally with 1uM AG1478 for 30 minutes before and during
treatment with carbachol.

A concern in performing these experiments, given some of the short
incubation times and relatively large size of some experiments, was how to ensure
incubation times were precise and accurate. In order for each sample to be handled
similarly, and to ensure precision, accuracy, and reproducibility, experiments were
conducted so that each sample was staggered 2 minutes ahead of the next sample.
In this way, ample time was available to rinse, change treatment, excise, and
otherwise handle a sample before the next sample required attention.

The contents of Chapter Two, in part or in full, are being prepared for
submission for publication. (Chappell AE and Barrett KE. “Divergent regulation of
NKCC1 through differential activation of EGFr: implications for intestinal ion transport”
In Preparation. Alfred Chappell was the primary researcher and author for these
chapters. Professor Kim Barrett supervised and directed the research that forms the

basis for these chapters.
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NKCC1 is dynamically regulated through insertion into and retrieval from the
basolateral plasma membrane of intestinal epithelial cells (22). Several studies in the
early 90’s indicated a role for F-actin in regulating NKCC1 activity, presumably
through trafficking or anchoring of the transporter (22). A study in 1996 revealed that
cAMP, a potent activator of chloride secretion induced a rapid and significant
increase in surface expression of NKCC1 at the basolateral plasma membrane that
paralleled the increase in chloride secretion and was linked to F-actin cytoskeleton
stability (24). Recent studies have described PKC-dependent endocytosis of NKCC1.
Using surface biotinylation, Del Castillo and colleagues demonstrated that the PKC
activator, PMA induced PKCe-dependent internalization and proteasomal degradation
of NKCC1 in T cells (25). These findings supported earlier studies reporting that
PMA and cAMP had opposing effects on NKCC1 activity (91). A physiological PKC-
activator, the muscarinic M3 receptor agonist, carbachol, also induced internalization
of NKCC1, however, rather than directing the transporter towards proteasomal
degradation, the transporter was recycled between the plasma membrane and an
endosomal compartment (25). Remarkable fluorescent imaging in human colonic
crypt preparations by Reynolds, Williams, and colleagues confirmed such regulation
of NKCC1 through recycling at the plasma membrane in another model (26). In these
studies, while forskolin induced a prolonged recruitment of NKCC1 to the basolateral
membrane, cholinergic stimulation caused a rapid recruitment of NKCC1 followed by
a cycle of endocytosis, degradation, and insertion of new transporter at the plasma
membrane. Furthermore, simultaneous stimulation with forskolin and acetylcholine
induced dramatic basolateral recruitment of NKCC1 and prolonged recycling,

correlating with the synergistic effects of these secretagogues on net chloride
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secretion. In contrast with the biotinylation studies in Tgs cells that described
cholinergic-stimulated recycling of NKCC1 to and from an endosomal compartment,
these studies in colonic crypts indicated transporter degradation and increased
expression at the plasma membrane required new protein synthesis. Interestingly,
cholinergic-stimulated internalization of NKCC1 in this system was apparently
dependent on EGFr activation. Before the publication of this later study, | was
already investigating NKCC1 as a potential site for regulation by divergent signaling
through EGFr and these results agreed with my own findings, that cholinergic-
stimulated endocytosis was dependent on activation of EGFr. Furthermore, my
findings demonstrated that internalization was likely dependent on stimulus-specific
activation of EGFr, recruitment of MAPK signaling, and did not involve transporter
degradation.

Using the Tgs human colonic epithelial cell line, | employed a cell surface
protein biotinylation assay adapted from that used by D’Andrea and colleagues (24,

25) to assess NKCC1 internalization in response to carbachol and EGF.

Results

The cholinergic agonist, carbachol, but not EGF stimulates internalization of
NKCC1.

We first sought to determine if activators of EGFr, the cholinergic agonist,
carbachol, or the EGFr ligand, EGF, induced internalization of NKCC1 in Tg4 cells.
The basolateral surface of Tg, cells was biotinylated with a cleavable biotin, then cells
were treated with carbachol or EGF for up to one hour before basolaterally-exposed

biotin was cleaved. After cells were lysed, biotinylated proteins in cell lysates were
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precipitated using Neutravidin agarose and precipitates western blotted for NKCC1.
An increase in precipitated NKCC1 was interpreted as an increase in endocytosis
from the plasma membrane as the biotin-conjugate was protected from subsequent
cleavage. While carbachol induced significant endocytosis of NKCC1 within 1 hour of
stimulation, EGF had no effect (Figure 3.1 A-C). Several experiments included a
control sample that was not subjected to glutathione stripping, thus allowing for
labeling and recovery of all NKCC1 exposed at the plasma membrane surface at the
start of the experiment. Based on these controls, we estimate that between 5% and
14% of NKCCH1 is internalized in control cells over an hour, while 32% to 66% of

NKCCH1 is internalized in response to a one-hour treatment with carbachol.

Cholinergic-stimulated internalization of NKCC1 requires transactivation of
EGFr.

Inhibition of epithelial chloride secretion consequent to cholinergic stimulation
requires activation of EGFr. As internalization of NKCC1 could certainly serve to limit
chloride secretion, we next sought to determine if cholinergic-stimulated
internalization of NKCC1 is dependent on EGFr activation. To determine if EGFr
activation is required for cholinergic-stimulated internalization of NKCC1, we
performed surface-protein biotinylation experiments using a cleavable biotin
conjugate to assess NKCC1 internalization in response to carbachol in the presence
or absence of the EGFr kinase inhibitor, AG1478. While carbachol alone induced
significant internalization of NKCC1 in Tg, cells, pretreatment with AG1478 prevented
internalization, suggesting that transactivation of EGFr is required for carbachol-
stimulated internalization of NKCC1 (Figures 3.2 A-C). Interestingly, EGF itself did

not induce internalization of NKCC1 (Figure 3.1 A-C), indicating that while its activity
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is required for cholinergic-stimulated internalization, activation of EGFr alone is not
sufficient to effect internalization. A key distinction between activation of EGFr
through direct ligand binding and transactivation by carbachol is the recruitment of
phosphoinositide 3-kinase (PI3K) in response to direct ligand binding. The failure of
EGF to stimulate NKCC1 internalization could have been the result of antagonistic
signaling through PI3K. To test this possibility, internalization of NKCC1 in response
to basolateral EGF was assessed in the presence and absence of the PI3K inhibitor,
LY294002. Ty cells were pretreated with LY294002 for 30 minutes before
basolateral biotinylation and treatment with EGF. However, inhibition of PI3K failed to
uncover an effect of EGF on NKCC1 internalization (data not shown). Thus, the
failure of EGF to stimulate NKCC1 internalization is likely not the result of antagonistic
PI3K signaling, but may instead reflect the inability of direct EGFr ligand binding to

elicit the distinct EGFr-related signaling that occurs in carbachol-treated cells.

Cholinergic stimulation inhibits NKCC1 activity in Tg, cells, while EGF has no
effect.

To determine if carbachol-stimulated internalization of NKCC1 corresponds to
any change in NKCC1 activity, we assessed NKCC1 activity using ®*Rb* as a tracer
for K* transport. Using 1uM forskolin and 10uM bumetanide to assess cAMP-
dependent NKCC1 activity, we found that while incubating Tg, cells with EGF for 1
hour before treating them with forskolin had no effect on NKCC1 activity, treating cells
with carbachol significantly reduced subsequent forskolin-stimulated NKCC1 activity
(Figure 3.3), thus correlating cholinergic-stimulated internalization of NKCC1 with a

decrease in transporter activity.
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Cholinergic-stimulated inhibition of NKCC1 activity in Tg, cells is dependent on
transactivation of EGFr.

To determine if cholinergic-stimulated inhibition of NKCC1 activity was
dependent on transactivation of EGFr, as was seen with NKCC1 internalization,
forskolin-stimulated, bumetanide-sensitive, basolateral ®Rb* influx was determined in
the presence and absence of the EGFr-kinase inhibitor AG1478. Consistent with
previous results, 1-hour pretreatment of Tg, cells with carbachol inhibited subsequent
activation of NKCC1 in response to forskolin. However, incubating the cells with
AG1478 before stimulation with carbachol partially reversed the inhibitory effect on
NKCC1 activity, indicating that transactivation of EGFr is required for the cholinergic
agonist to exert its inhibitory effects on NKCC1 (Figure 3.4). This too, correlates
cholinergic-stimulated internalization of NKCC1 with an inhibition of transporter

activity.

Carbachol-stimulated NKCC1 internalization is dependent on tyrosine
phosphatase activity.

We have previously demonstrated that divergent activation of EGFr induced
by carbachol versus EGF reflects increased tyrosine phosphatase activity in response
to carbachol, leading to specific EGFr dephosphorylation and altered downstream
signaling.  Since carbachol-stimulated internalization and inhibition of NKCC1
appeared to be dependent on EGFr activation, yet direct stimulation with EGF did not
induce NKCC1 internalization or inhibit activity, we sought to determine if EGFr-
dependent internalization of NKCC1 in response to carbachol was the result of
increased tyrosine phosphatase activity. NKCC1 internalization was assessed in

response to 1-hour basolateral treatment with carbachol in the presence or absence
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of the tyrosine phosphatase inhibitor, sodium orthovanadate (Na3;VOy,). Internalization
of NKCC1 in response to carbachol was inhibited by sodium orthovanadate (Figure
3.5), suggesting that tyrosine phosphatase activity is required for internalization of the
transporter, perhaps as a result of its role in altering the phosphorylation state of

EGFr and redirecting EGFr signaling (72).

Carbachol-stimulated NKCC1 internalization is dependent on ERK and p38
mitogen-activated protein kinase (MAPK).

Two key signaling mediators that lie downstream of EGFr activated in
response to carbachol are ERK and p38 MAPK. Both have been implicated in the
inhibitory effect of carbachol on epithelial chloride secretion, resulting in the
characteristically transient burst of chloride secretion observed in response to
carbachol (82, 84). To further characterize the mechanisms of carbachol-stimulated
internalization of NKCC1, we assessed this response in the presence or absence of
the MEK inhibitor, PD98059, and the p38 MAPK inhibitor, SB203580. Both PD98059
(Figure 3.6 A-C) and SB203580 (Figure 3.7 A-C) inhibited internalization of NKCC1 in
response to carbachol. While PD98059 and SB203580 alone increased
internalization of NKCC1, carbachol failed to significantly induce additional
internalization, suggesting that these kinases may play a role in mediating the effect

of cholinergic-stimulation on NKCC1 internalization.

The proteasome inhibitor, MG132, inhibits carbachol-stimulated internalization
of NKCC1, however, neither carbachol nor EGF induce degradation of the

transporter.
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While western blots for total NKCC1 in whole cell lysates did not indicate any
degradation of NKCC1 in response to either carbachol or EGF (Figure 3.1 B),
degradation of NKCC1 could reduce recovery of biotinylated transporter and mask
true rates of internalization. If EGF did induce internalization of NKCC1, but
endosomes were directed to degradative pathways, internalized biotin-conjugated
NKCC1 may not be recoverable. To mitigate this, we repeated internalization
experiments in the presence of the proteasome inhibitor MG132. Preincubation of Tg,
cells with MG132 had no effect on recovered biotinylated NKCC1 in response to
EGF, indicating that the apparent failure of EGF to induce internalization of NKCC1
was not due to proteasome-dependent degradation (Figure 3.8). Nor did MG132
pretreatment increase recovery of internalized NKCC1 in response to carbachol, as
might be expected if NKCC1 was being directed to proteasomal degradation; rather,
the proteasome inhibitor unexpectedly decreased internalization of NKCC1 (Figure
3.8). While carbachol alone induced a significant increase in internalization, in the
presence of MG132, carbachol failed to cause any significant change in
internalization compared with MG132 alone, suggesting proteasome activity is
required in some capacity for internalization of the transporter. Neither EGF nor
carbachol caused any significant change in total cellular NKCC1 either in the

presence or absence of MG132.

Discussion

The studies presented here identify NKCC1 as a site of EGFr-dependent
regulation of intestinal chloride secretion, through control of NKCC1 localization
resulting from stimulus-specific activation of EGFr. Stimulation of Tg, cells with

carbachol results in EGFr-dependent internalization of NKCC1 that is paralleled by a
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decrease in cAMP-dependent NKCC1 activity. Direct stimulation with EGF alone,
however, had no effect on NKCC1 localization or activity. The divergent signaling
elicited through EGFr by carbachol stimulation versus direct stimulation with EGF
alone is likely the consequence of increased tyrosine phosphatase activity resulting in
differential phosphorylation of EGFr. Activation of EGFr by carbachol stimulation is
characterized by the predominant recruitment of ERK and p38 MAPK pathways
rather than PI3-K signaling evoked by EGF or TGFa alone. Consistent with
differential effects on internalization through divergent EGFr signaling, in these
studies, carbachol-stimulated internalization of NKCC1 relied on tyrosine
phosphatase activity and signaling through ERK and p38-MAPK. We considered that
PI3-K signaling effected by stimulation with EGF alone might inhibit simultaneous
signaling that would otherwise result in internalization of NKCC1, but the PI3-K
inhibitor, LY293003, had no effect on NKCC1 internalization in response to EGF (data
not shown).

Consistent with previous studies, carbachol-stimulated internalization of
NKCC1 does not result in degradation of the transporter, and NKCC1 is likely
destined to be recycled back to the plasma membrane. However, the internalization
of NKCC1 in response to carbachol does appear to be dependent on proteasome
activity, as it is blocked by the proteasome inhibitor, MG132. As NKCC1 is not
degraded, the exact nature of the role of the proteasome is unclear at this time.
While certainly well established for its role in protein degradation, the proteasome has
also been implicated in effecting the endocytosis of plasma membrane proteins
independently of degradation (92-94). Whether internalization is the result of direct
interaction of the proteasome with NKCC1, or its effect on an associated protein will

be a subject for further investigation. Chapter Four presents a discussion of the
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regulation of NKCC1 through covalent modification by ubiquitin and small ubiquitin-
like modifier (SUMO) and posits another hypothesis that may explain the effect of
MG132.

The contents of Chapter Three, in part or in full, are being prepared for
submission for publication. (Chappell AE and Barrett KE. “Divergent regulation of
NKCC1 through differential activation of EGFr: implications for intestinal ion transport"
In Preparation. Alfred Chappell was the primary researcher and author for these
chapters. Professor Kim Barrett supervised and directed the research that forms the

basis for these chapters.
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Chapter Four

The Regulation of NKCC1 Through Covalent Modification with

Ubiquitin and Small Ubiquitin-like Modifier
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Ubiquitin, and its cousin, SUMO (small ubiquitin-like modifier), are important
regulators of protein localization, stability, and function. These small (~20kDa),
structurally similar proteins covalently modify target proteins at specific lysine
residues. Ligation with ubiquitin or SUMO alters protein-protein interactions or
protein conformations thereby affecting protein trafficking and/or activity (95).
Ubiquitin has long been associated with targeting modified proteins for endocytosis
and proteasome-dependent degradation, but has also been demonstrated to play a
role in lysosomal degradation as well as non-degradative endocytosis (96, 97). While
the mechanisms for conjugation are similar and it is structurally homologous, the
effects of SUMO modification are less well understood and appear to be more diverse
than those of ubiquitin (98). Furthermore, there is a great deal of crosstalk between
ubiquitin and SUMO conjugating systems (99). As they both modify lysine residues,
ubiquitin and SUMO may at times act antagonistically, competitively modifying the
same lysine on a protein (98, 99). Alternatively, SUMO-modification may target a
protein for ubiquitination, serving as a recognition tag for ubiquitin E3 ligases (99).
SUMO itself can be ubiquitinated or serve as a site for ubiquitination of a sumoylated
protein (99). Additionally, ligases involved in ubiquitination can be modified by SUMO
(99).

There are several examples in which transporters responsible for trafficking
solutes between the cytosol and the extracellular environment are regulated through
modification by addition of ubiquitin or SUMO: the two-pore domain potassium
channel, K2P1 is inactive when sumoylated at a single lysine residue and has been
shown to be tightly regulated through reversible sumoylation (100); the epithelial
sodium channel, ENaC is internalized upon polyubiquitination (101) and may also be

regulated by SUMO as it associates with the E2 SUMO-1 conjugation enzyme, Ubc9
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(102); the voltage gated sodium channel Na(v)1.5 is ubiquitinated by the E3 ligase,
Nedd4 (101); monoubiquitination of the potassium channel, ROMK1, reduces surface
expression (101); CIC-5 is ubiquitinated in a Nedd4-2 dependent manner (101);
connexin43 is internalized and degraded upon polyubiquitination (89); and activity of
the glucose transporters, GLUT1 and GLUT4, is regulated through modulation of
transporter abundance by Ubc9 (103). Furthermore, there are examples of
transporter ubiquitination in response to EGF stimulation, most notably, a recent
study in rat liver epithelial cells demonstrated that upon stimulation with EGF,
connexin43 is ubiquitinated, internalized, and targeted for proteasomal degradation
via a MAPK dependent mechanism (89). We hypothesized that the effects of EGFr
activation on epithelial chloride secretion may be mediated by ubiquitin and/or SUMO
modification of relevant transporters and set out to determine if key transporters
involved in epithelial chloride secretion were modified by ubiquitin and/or SUMO in
response to EGFr activation.
Results

We initially looked at sumoylation of transporters in response to EGF in Tg,
cells. Tg4 cells were stimulated with EGF for a variety of times ranging from 1 to 10
minutes. Cell lysates were analyzed by western blot for sumoylated proteins using a
Pan-SUMO antibody that recognizes three isoforms of human SUMO (SUMO-1,
SUMO-2, and SUMO-3). A number of bands were revealed by western blot,
including a prominent smear correlating with proteins with molecular masses =
150kDa (Figure 4.1 A and B). Sumoylation appeared to occur early and decrease
over time.

As there appeared to be an abundance of sumoylated protein(s) with high

molecular mass, we proceeded to determine if key, high molecular mass, transporters
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involved with epithelial chloride secretion with were sumoylated: CFTR (mw
~170kDa), NKCC1 (mw ~170kDa), and Na'/K* ATPase (a-subunit mw ~90kDa).
After stimulation with EGF, cells were lysed and lysates were immunoprecipitated
using a Pan-SUMO antibody. Immunoprecipitates were then analyzed by western
blot using antibodies directed against specific transporters. While neither Na*/K"
ATPase nor CFTR were detected in Pan-SUMO immunoprecipitates, a 57% increase
in NKCC1 was observed in Pan-SUMO immunoprecipitates within 1 minute of EGF
stimulation (Figure 4.2 A and B). The modification appeared to be rapid and
transient, with a dramatic increase observed at 1 minute, but no effect seen after 3
minutes of stimulation with EGF (Figure 4.2 A and B).

Lysis under the conditions described are non-denaturing, so it was possible
NKCC1 could be co-precipitated with SUMO or a different SUMO-modified protein
without being covalently modified itself. To address this possibility, experiments were
repeated using a boiling solution of 1% sodium dodecylsulfate (SDS) to terminate cell
responses, simultaneously lysing the cells while denaturing proteins and disrupting
any non-covalent protein association. The Pan-SUMO antibody effectively
precipitated NKCC1 under these conditions, indicating NKCC1 is likely covalently
linked with SUMO (Figure 4.3).

To confirm that the EGF receptor is involved in mediating the observed
increase in SUMO-associated NKCC1, the experiment was repeated using Tg, cells
transfected with siRNA directed against EGFr alongside mock-transfected cells.
Mock-transfected cells responded similarly to previous experiments with
untransfected cells, however, siRNA transfected cells failed to respond to EGF

(Figure 4.4).
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The Pan-SUMO antibody recognizes three human SUMO isoforms. To
determine if the SUMO-1 isotype is involved in NKCC1 sumoylation,
immunoprecipitations and Western blot analysis were repeated using a rabbit
polyclonal antibody specific for SUMO-1. Western blot of SUMO-1
immunoprecipitates with anti-NKCC1 antibodies showed an increase in NKCC1 within
1 minute of EGF treatment (Figure 4.5 A). Likewise, western blot analysis of NKCC1
immunoprecipitates using the SUMO-1 antibody also showed an increase in SUMO-
NKCC1 within 1 minute of treating Ts4 cells with EGF (Figure 4.5 B), indicating that
NKCCH1 is likely modified by SUMO-1.

To determine if the EGFr mediated increase in SUMO-modified NKCC1 is a
stimulus-specific response, Tg, cells were treated basolaterally for various times with
the muscarinic agonist, carbachol. As discussed in detail earlier, stimulation of Tg,
cells with carbachol transactivates EGFr through the release of endogenous TGFa.
Interestingly, carbachol failed to induce the increase in SUMO-NKCC1 observed in
experiments with EGF (Figure 4.6) suggesting that sumoylation of NKCC1 may be
dependent on stimulus-specific activation of EGFr.

We proceeded to investigate ubiquitination of NKCC1, CFTR, Na*, K' -
ATPase, KCNN4, and CLCAZ2 in response to EGF or carbachol in Tg, cells. Cells
were pretreated with the proteasome inhibitor, MG132, to prevent possible
degradation, followed by EGF stimulation for 5 — 60 minutes. Cell lysates were
immunoprecipitated using antibodies specific for each transporter, and ubiquitination
of precipitated proteins was assessed by western blot. While no ubiquitination was
observed with NKCC1, CFTR, KCNN4, or CLCA2 (data not shown), ubiquitination of
Na'/K* ATPase was seen as early as 5 minutes after stimulation with EGF (Figure

4.7). While EGF did not stimulate ubiquitination of NKCC1, carbachol had a dramatic
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effect on NKCC1 ubiquitination (Figure 4.5). When considered along with what we
have described regarding the regulation of NKCC1 internalization, this presented us
with an interesting dichotomy: while carbachol, a cholinergic agonist that effects
transactivation of EGFr stimulates ubiquitination and internalization of NKCC1,
activation of EGFr through direct application of EGF stimulates sumoylation of
NKCC1 and does not result in any internalization of NKCC1. It occurred to us that
differential activation of EGFr might lead to divergent regulation of NKCC1 through
opposing covalent modifications of the transporter. To better understand the
relationship between ubiquitination and internalization, we proceeded to investigate
the molecular mechanisms regulating ubiquitination of NKCC1.

We first sought to determine if ubiquitination of NKCC1 in response to
cholinergic stimulation was dependent on transactivation of EGFr. Ubiquitination of
NKCC1 was assessed in the presence or absence of the EGFr inhibitor, AG1478.
Unlike the internalization of NKCC1, however, ubiquitination of NKCC1 appeared to
occur independently of EGFr activation, as AG1478 had no effect on this response
(Figure 4.9). This would suggest that either ubiquitination of NKCC1 is unrelated to
internalization of the transporter, or that there are at least two distinct and convergent
signaling pathways required for cholinergic-stimulated internalization of NKCC1, one
dependent on EGFr activation, the other involving EGFr-independent ubiquitination of
NKCC1. We hypothesized that the latter is true and that there are multiple, distinct
signaling pathways elicited by cholinergic stimulation that are required for NKCC1
internalization. It would be quite a coincidence if cholinergic stimulation
simultaneously induces NKCC1 internalization and modification by ubiquitin, a protein
so closely associated with endosomal trafficking (96) and yet the two effects were

unrelated.
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To correlate NKCC1 internalization with ubiquitination, we attempted to inhibit
ubiquitination using a newly described pharmacological inhibitor of ubiquitin E1
ligase, UBEI-41, or PYR-41 (104). While PYR-41 does indeed inhibit cholinergic-
stimulated ubiquitination of NKCCA1, at this time, studies examining the effect of PYR-
41 on NKCC1 internalization and activity remain inconclusive. Internalization of
NKCC1 using surface biotinylation, as described in Chapters Two and Three, was
assessed in response to cholinergic stimulation in Tg, cells preincubated with PYR-
41. PYR-41 did not appear to inhibit internalization of NKCC1 in response to
cholinergic stimulation, rather, PYR-41 alone induced internalization of NKCC1.
Similarly, in ®*Rb* uptake assays used to assess NKCC1 activity in response to
cholinergic stimulation, PYR-41 at times reversed the inhibitory effect carbachol had
on forskolin-stimulated NKCC1 activity, however, at other times, PYR-41 alone
inhibited forskolin-stimulated NKCC1 activity. Given the unexpected effect of PYR-41
alone inducing internalization of NKCC1 and inhibiting NKCC1 activity, we looked at
ERK MAPK and EGFr phosphorylation in response to PYR-41. We examined the
effect of a range of concentrations of PYR-41 from 5uM to 50uM on internalization of
NKCC1 and ubiquitination of NKCC1 and found that all concentrations of PYR-41 that
effectively inhibited ubiquitination (25uM to 50uM), also stimulated phosphorylation of
ERK MAPK, phosphorylation of EGFr, and internalization of NKCC1. This may
indicate that ubiquitination of NKCC1 is not required for internalization and that EGFr
and ERK MAPK activation are sufficient. Alternatively, the higher concentrations of
PYR-41 may have numerous off-target effects and may destabilize cytoskeletal
elements and increase general membrane protein endocytotic processes.

Another approach to correlating ubiquitination of NKCC1 with its

internalization involved taking a closer look at the effect of the proteasome inhibitor,
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MG132. As described earlier, while NKCC1 was not degraded in response to
cholinergic stimulation, MG132 inhibited internalization of NKCC1. We examined the
effect of cholinergic stimulation on ubiquitination of NKCC1 in Tg, cells pretreated with
MG132 and found that in addition to inhibiting internalization of NKCC1 as described
in Chapter Three, MG132 also inhibits ubiquitination of the transporter (Figure 4.10).
This suggests that internalization of NKCC1 may be associated with ubiquitination of
the transporter. This also raises the prospect that perhaps the proteasome is not
directly involved with internalization of NKCC1, rather, inhibiting proteasome activity
may alter ubiquitination processes and indirectly inhibit internalization of NKCC1
through inhibiting ubiquitination of the transporter. There are reports that proteasome
inhibitors including MG132 may inhibit ubiquitination processes in general, perhaps
through a reduction in available free ubiquitin (105).

It is plausible that sumoylation, however transient, in response to direct
stimulation with EGF may preclude subsequent ubiquitination and prevent
internalization of NKCC1. Perhaps differential activation of EGFr in response to
cholinergic stimulation fails to elicit or actively inhibits sumoylation mechanisms, thus
allowing for ubiquitination of NKCC1. The effect of sumoylation on NKCC1 activity is
a subject for further investigation, including any role it may play in altering
ubiquitination of the transporter.

The contents of Chapter Four, in part or in full, are being prepared for
submission for publication. (Chappell AE and Barrett KE. “Divergent regulation of
NKCC1 through differential activation of EGFr: implications for intestinal ion transport”
In Preparation. Alfred Chappell was the primary researcher and author for these
chapters. Professor Kim Barrett supervised and directed the research that forms the

basis for these chapters.
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Figure 4.2 NKCC1 is rapidly and transiently sumoylated in response to
EGF. T,, cells were treated basolaterally with 100ng/mL EGF for 1 to 20
minutes and cell lysates immunoprecipitated with a Pan-SUMO antibody.
Pan-SUMO immunoprecipitates were western blotted for NKCC1. A 57%
increase in coprecipitated NKCC1 was seen with 1 minute stimulation with
EGF, however, by 3 minutes, the effect is no longer observed. A
representative  NKCC1 western blot of Pan-SUMO precipitates. B
densitometric analysis of western blots (Means + SEM; statistical
significance determined using ANOVA, with Tukey-Kramer Multiple
Comparisons post-test: * p<0.05 versus control, n=4).
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Discussion
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The overall goal of the work presented in this dissertation was to further
characterize the role of divergent signaling through the EGF receptor in regulating
chloride transport by identifying transporters that are differentially regulated by
stimulus-specific activation of EGFr. To this end, we have determined that NKCC1 is
differentially regulated in response to EGFr activation through direct stimulation with
bona fide ligand versus transactivation in response to cholinergic stimulation. While
cholinergic stimulation down-regulates NKCC1 activity through EGFr-dependent
endocytosis of the transporter, activation of EGFr by direct application of EGF does
not alter NKCC1 surface expression at the plasma membrane. Furthermore,
endocytosis of NKCC1 involves modification of the transporter with ubiquitin, and
while cholinergic stimulation results in ubiquitination of NKCC1, EGF instead elicits
modification of NKCC1 by the closely related SUMO. Characterization of divergent
signaling pathways engaged by differential activation of EGFr and the ultimate targets
affected is important because EGFr plays a pivotal role in regulating the critical
function of ion transport in the intestinal epithelium (1, 4, 18, 69, 71). The important
nature of EGFr becomes even more apparent in light of the numerous examples by
which the receptor is activated, not only by bona fide ligand, but also in response to
seemingly disparate signaling initiated by GPCR agonists and other humoral and
luminal stimuli (71, 74, 75, 78, 81, 83). Thus, EGFr is differentially activated in
response to converging stimuli to effect divergent outcomes in net ion and water
transport. Understanding the mechanisms of EGFr activation and the effects of
differential activation of the receptor is important in addressing issues of infectious
diarrhea, inflammatory bowel diseases, cystic fibrosis, constipation, as well as fully
understanding the implications of targeting EGFr therapeutically in the treatment of

cancers.
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Proposed Model for Dynamic Regulation by EGFr

A relatively early point of divergent signaling from EGFr involves the
determination as to whether receptor activation recruits MAPK signaling or PI3K
signaling (70, 78, 82). Depending upon the nature of EGFr stimulation and the
physiological setting in which the receptor is activated, EGFr activation may recruit
MAPK signaling, PI3K signaling, or both with varying potency and the outcomes of
EGFr activation may be determined by the relative balance of these downstream
pathways (70).

We are proposing a model in which EGFr-dependent activation of MAPK
signaling, as seen with transactivation of EGFr in response to cholinergic stimulation,
induces internalization of NKCC1 in a process that also involves EGFr-independent
ubiquitination of the transporter and thus, inhibits NKCC1 activity and chloride
secretion (Figure 5.1 A). Alternatively, when EGFr activation results in predominant
signaling through PI3K, as seen in vitro with stimulation by EGF, NKCC1 is
maintained at the plasma membrane perhaps through SUMO modification that
precludes subsequent ubiquitination of the transporter (Figure 5.1 B). Thus, EGFr
stimulation may direct internalization of NKCC1 based upon whether the overall
signaling milieu favors the MAPK or the PI3K pathway downstream from EGFr.

Such a model for divergent, counteracting signaling through EGFr has also
been postulated to account for the discordant effects EGF stimulation has on sodium
absorption by the epithelial sodium channel (ENaC) in healthy versus inflamed
colonic tissues (69). Using ex vivo mouse models of colonic ion transport, McCole
and colleagues demonstrated that as predicted by in in vitro models, EGF stimulation
of healthy colonic tissue inhibited both chloride secretion and sodium absorption (69).

However, in dextran sulfate sodium (DSS) and multidrug resistance protein 1a
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(mdr1a -/-) mouse models of inflammatory bowel disease, which already demonstrate
impaired ion transport responses, stimulation with EGF actually increased sodium
absorption by ENaC while having no effect on chloride secretion (69). It has been
suggested that in healthy tissue, EGFr activation predominantly elicits ERK MAPK
signaling while under conditions of inflammation, signaling via EGFr predominantly
elicits PI3K signaling (69, 70). This shift in the principal signaling mediator recruited
by EGFr can account for the differential effects of EGF stimulation on ENaC activity.
Similar to the regulation we have described for NKCC1, wherein ERK activity leads to
ubiquitin-associated internalization of NKCC1, ERK activity promotes ubiquitination
and internalization of ENaC (106). Furthermore, PI3K signaling through PDK1 and
SGK1, inhibits ubiquitination of ENaC resulting in maintenance of the transporter at
the plasma membrane (106). Thus, it would appear that the ability for EGFr signaling
to alternate between directing signaling through ERK and PI3K can account for the
diverse and even opposing effects differential activation of EGFr has on ion transport.
From EGFr-dependent inhibitory effects of IFNy, growth hormone, and cholinergic
stimulation, to EGFr-dependent prosecretory effects of PAR1 and PAR2, to the
opposing effects bona fide ligand has in healthy versus inflamed tissue, the effects of
EGFr activation may be determined by the relative extent to which ERK or PI3K is
recruited by receptor activation (75, 76, 81, 85, 86). The experiments presented in
this dissertation identify NKCC1 as a key site for divergent regulation of ion transport
through EGFr and we hypothesize that NKCC1 may be down-regulated through
internalization in response to a number of stimuli that act through directing EGFr
signaling towards MAPK rather than PI3K. Conversely, conditions that direct EGFr
signaling toward PI3K may serve to maintain NKCC1 at the plasma membrane. It will

be interesting to examine how NKCC1 localization and activity are influenced in
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response to transactivation of EGFr by other agents. While we have described EGFr-
and MAPK-dependent internalization and inhibition of NKCC1 in response to GgPCR
agonism, it would be interesting to see how, for instance, transactivation of EGFr
through GsPCR agonism affects NKCC1. As discussed earlier, the full secretory
effect of the GsPCR agonist, VIP requires EGFr transactivation and recruitment of
PI3K signaling (74). Consistent with this, our hypothesis would predict a stabilization

of NKCC1 at the plasma membrane in response to EGFr-initiated PI3K activity.

Clinical Implications

Fully understanding the complex regulation of epithelial ion transport is critical
in the development of cystic fibrosis therapies. CF patients exhibit extremely
impaired epithelial secretory function as the major cAMP-dependent chloride efflux
conductor, CFTR, is dysfunctional (9). Of great interest, is the potential for treating
CF through upregulating calcium-dependent secretory pathways in order to
compensate for the lack of CFTR activity. As discussed in Chapter One, the promise
of such a pathway is validated by the fact that CFTR (-/-) mice have increased
expression of calcium-mediated secretion that compensates for the lack of CFTR,
and these mice do not present with lung disease (42). Furthermore, a strain of CFTR
(-/-) mice fails to exhibit any intestinal pathology as well (43). However promising,
calcium-dependent secretory responses, including cholinergic-stimulated secretion,
are characteristically transient due to concurrently or subsequently activated inhibitory
mechanisms that serve to limit chloride secretion. Any CF therapy attempting to
compensate for limited cAMP-dependent secretion by increasing calcium-dependent
responses will have to address the transient nature of these responses. The

identification of NKCC1 as a critical regulatory site in limiting cholinergic-stimulated,
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calcium-dependent chloride secretion distinguishes this transporter as a potential
therapeutic target for enhancing calcium-dependent chloride secretion.
Pharmacological activators of calcium-dependent chloride secretion may be applied
in combination with agents to direct EGFr signaling towards PI3K, rather than MAPK;
inhibit EGFr; or inhibit ubiquitination and internalization of NKCC1 to prolong resulting
chloride secretion. Work from Mark Williams’ group demonstrated that simultaneous
application of forskolin and carbachol results in rapid and sustained recycling of
NKCC1 to the plasma membrane (26), suggesting that that cAMP-dependent agonist
in conjunction with a calcium-dependent secretagogue could abrogate this limitation.

Our finding that cholinergic stimulation of chloride secretion is limited by EGFr-
dependent internalization of NKCC1 may have clinical significance with regard to the
use of EGFr inhibitors in the treatment of some cancers. An effective treatment of
some cancers, the most common side effect of orally administered EGFr inhibitors is
diarrhea (107, 108). We have demonstrated here that while NKCC1 is internalized in
response to cholinergic stimulation, when EGFr is inhibited, NKCC1 remains at the
plasma membrane. This may lead to prolonged chloride secretion in response to
physiological cholinergic stimulation and thus result in diarrhea when inhibitors of
EGFr are used therapeutically.

NKCC1 is widely distributed among many tissues and cell types beyond
secretory epithelia and elucidating mechanisms by which NKCC1 is regulated is
important for understanding, not only epithelial ion transport, but a variety
physiologically important processes. For one, NKCC1 may be involved in regulating
cell growth and proliferation, a well-established function of EGFr. EGF has long been
understood to promote cell growth and proliferation (68). Increased NKCC1 activity

has also been implicated in promoting cell proliferation (109-111). Our model in
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which EGFr-activation of PI3K leads to maintenance of NKCC1 at the plasma
membrane may describe a system that not only enhances epithelial chloride
secretion, but promotes cell proliferation, a function that could serve in epithelial
repair in the setting of inflammation. Thus, better understanding the regulation of
NKCC1 through EGFr is important for addressing cell growth and proliferation in

inflammation, cancer, and development.

Future Direction

A number of studies should be pursued in order to further evaluate our
hypothesis that it is the relative extent to which EGFr recruits MAPK or PI3K signaling
pathways that determines the effect of EGFr activation on NKCC1 localization and
activity. As discussed throughout this dissertation, EGFr is activated in response to a
great variety of stimuli. We would like to determine how NKCC1 regulation is affected
by different mechanisms of EGFr activation. GsPCR agonists, as mentioned earlier,
stimulate chloride secretion through EGFr activation of PI3K; growth hormone inhibits
chloride secretion through EGFr activation of MAPK pathways; does NKCC1
localization play a role in either of these responses? On the other hand, PAR1 and
PAR2 agonists stimulate chloride secretion through EGFr-stimulated MAPK. What
events under these conditions prevent MAPK-dependent internalization of NKCC1;
does ubiquitination, or lack thereof, play a role?

Having demonstrated an effect of differential activation of EGFr on NKCC1
trafficking and activity in an in vitro, reductionist model of epithelial transport, studies
in ex vivo and in vivo models should be examined to determine if this same effect is

observed in more physiologically relevant conditions. This would not only be
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important with regard to NKCC1, and its influence on chloride secretion, but ENaC
and its role in sodium absorption.

Furthermore, identifying physiological conditions and stimuli that drive EGFr
signaling toward predominantly MAPK signaling versus PI3K signaling is an important
undertaking in order to understand and predict physiological responses. For
instance, as alluded to earlier, preliminary studies from our group suggest that
inflammatory cytokines direct EGF signaling through PI3K pathways while minimizing
recruitment of MAPK pathways relative to signaling evoked in healthy epithelia. This
switch in EGFr signaling may have critical implications in the treatment of
inflammation in the clinic and may provide a basis for explaining how EGF inhibits
water and electrolyte transport in healthy tissue, but enhances, even restores such
transport in inflamed tissue already exhibiting impaired transport function. It will be
important to elucidate the responses elicited by EGFr activation under settings of
inflammation, as well as perhaps bacterial infections so as to better understand the
role of the receptor in regulating ion transport under these pathophysiological

conditions.

Conclusion

In conclusion, EGFr is a dynamic signaling nexus that is differentially activated
in response to a variety of stimuli to evoke a number of disparate effects on vectorial
ion and water transport in secretory and absorptive epithelia. We have identified
NKCCH1, a critical component of epithelial chloride secretion, as a site for differential
regulation in response to stimulus-specific activation of EGFr. Cholinergic stimulation
induces EGFr and MAPK-dependent internalization of NKCC1, an effect that is not

observed when EGFr is activated by bona fide ligand. Furthermore, cholinergic-
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stimulation results in EGFr-independent ubiquitination of NKCC1, an event that is
very likely required for internalization of the transporter. Activation of EGFr by bona
fide ligand stimulated transient modification of NKCC1 by the ubiquitin-like molecule,
SUMO. We propose a model for EGFr-mediated regulation of NKCC1 by which
recruitment of MAPK by EGFr allows for ubiquitin modification and induces
internalization of NKCC1, while recruitment of PI3K by EGFr results in SUMO
modification of NKCC1 that precludes ubiquitination of the transporter thus preventing
internalization and maintaining NKCC1 activity at the plasma membrane. This
mechanism of regulation of NKCC1 via EGFr may be relevant, not only to epithelial
ion transport, but a number of physiological settings in which NKCC1 plays a vital
role. Furthermore, this dichotomy of EGFr signaling dominated by ERK versus PI3K
may be a critical aspect characterizing signaling through EGFr.

The contents of Chapter Five, in part or in full, are being prepared for
submission for publication. (Chappell AE and Barrett KE. “Divergent regulation of
NKCC1 through differential activation of EGFr: implications for intestinal ion transport"
In Preparation. Alfred Chappell was the primary researcher and author for these
chapters. Professor Kim Barrett supervised and directed the research that forms the

basis for these chapters.
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Figure 5.1 Divergent regulation of NKCC1 in response to differential
activation of EGFr. Cholinergic stimulation of intestinal epithelium leads to
transactivation of EGFr that recruits MAPK signaling pathways (green). EGFr-
stimulated MAPK, in concert with additional signaling evoked by cholinergic
stimulation, leads to ubiquitination and internalization of NKCC1. Alternatively,
when EGFr is stimulated by direct application of bona fide ligand, PI3K
signaling is recruited (orange), rather than MAPK; NKCC1 is sumoylated, and
NKCC1 is maintained at the plasma membrane. Thus, EGFr stimulation may
direct internalization of NKCC1 based upon whether the overall signaling milieu
favors the MAPK or the PI3K pathway downstream from EGFr.
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