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Potassium homeostasis is one of the most sophisticated processes involving
multiple organs in mammals. Many physiological functions, such as excitability of
muscles and neurons, rely on stable extracellular potassium concentration. To
maintain potassium homeostasis, endogenous factors including hormones and
peptides regulate the activity of potassium transporters in many organs, especially
skeletal muscles and kidneys, in response to different conditions.

To study the perplexed regulations of potassium transporters, | choose two
genetic models of human potassium disorders, hypokalemic periodic paralysis
(hypoPP) and pseudohypoaldosteronism type Il (PHA2). Patients with hypoPP are
characterized with ictal hypokalemia and muscle paralysis. HypoPP can be divided
into familial and non-familial forms. Recent studies have revealed the pathogenesis of
familial hypoPP. However, the pathogenesis of non-familial hypoPP, mainly
composed of thyrotoxic or sporadic periodic paralysis (TPP/SPP), is mostly unknown.
A novel muscle-specific inward-rectifying potassium (Kir) channel, Kir2.6, has been
recently suggested to play a role in TPP. Here, I focus on studying the role of Kir
channels in non-familial hypoPP and propose the disease mechanisms to explain

hypokalemia and muscle paralysis.
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PHAZ is a genetic disorder caused by mutations on with-no-lysine kinase 1 or
4 (WNK1/4) and featured with hyperkalemia and hypertension. Studies in PHA2
have revealed that WNK kinases regulate renal sodium transporters and potassium
channels. WNK1 enhances the endocytosis of renal outer medullary potassium
(ROMK) channel through an intersectin-dependent mechanism, but the upstream
regulator is still unknown. Here, | clarified that the phosphoinositol-3-kinase-induced
activation of Aktl/SGK can phosphorylate threonin 58 of WNK1 and thus inhibits
ROMK current in cultured cells. In addition to full-length WNKZ1, the kinase-
deficient WNK1 isoform, kidney-specific WNK1 (KS-WNKZ1), also participates in
the regulation of renal sodium and potassium handling. Previous studies have shown
that high potassium intake enhances KS-WNKL1 expression and suppresses renal
sodium reabsorption in thick ascending limb (TAL). However, the localization and
function of KS-WNKZ1 in TAL are still debatable. Here, | used KS-WNK1 genetic
mouse models to demonstrate that KS-WNK1 is present and function to inhibit
sodium reabsorption in cortical TAL. These results contribute to the understanding of

potassium homeostasis in skeletal muscle and kidney.
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CHAPTER ONE

INTRODUCTION

1.1 Background: Extracellular Potassium Homeostasis

Potassium (K™) is the major intracellular cation, and only 2% of total body K*
is present in extracellular space. This small amount of extracellular K*, however, is
the most important determinant of the resting membrane potential (Er) of many
excitable cells, including cardiomyocyte, skeletal myocyte and neuron, and is
normally under strict regulations to maintain plasma K* concentration in a small
range of 3.5-5 mM.! Skeletal muscles and kidney are the two major organs that
master the total body K" homeostasis with skeletal muscle serving as the largest
single pool of total body K* and kidney providing the major access of K* excretion.?
To transport K* ions across hydrophobic cell membrane, especially sarcolemma (cell
membrane of myocytes), specific K™ transporters on sarcolemma are required. In
general, the K" transporters-mediated K* movements are defined as influx (net
cellular K* gain, positive flux) or efflux (net cellular K* lost, negative flux).® In
kidneys, K" ions are freely filtered via glomeruli and then undergo avid reabsorption
(transtubular K* uptake) and relatively small amount of excretion (transtubular K*
secretion).” Under normal K* intake, kidney excretes 5-10% of total filtered K,
which nearly matches the amount of K* intake and maintains the net K* balance.
Various hormones and peptides regulate the activities of the K™ transporters in
skeletal muscle or kidneys and thus affect the total body K* homeostasis. Unlike the
K" secretion in kidneys, the transmembrane K* flux only redistributes but does not

change the total body K*, and affects extracellular K* much faster than the change of



renal K* secretion. This difference makes skeletal muscles and kidneys are prone to
be responsible for short-term and long-term regulations of K* homeostasis,

respectively.

1.2 Total Body Potassium Distribution

Total body K* is about 50 mmole per kg of body weight in human.® For an
average adult male (~ 70 kg), the total body K is ~3500 mmole. About 98% (~3430
mmol) of the total body K" is stored in the intracellular space, with muscle containing
80% of the intracellular K* with concentration around 150 mM.® The remaining 20%
is distributed in the bone, liver, and erythrocytes. Only 2% (~70 mmole) of the total
body K" is circulated in the extracellular space, including interstitial space (75%, 53
mmole) and plasma (25%, 17 mmole).* The daily dietary K* intake in adult human is
about ~80 mmol, in which 90% will be absorbed into extracellular space through
intestine. This amount (~72 mmol) of K" absorption can imaginably double the
plasma K* concentration in a situation when there is no acute or chronic regulation of

K* handling in skeletal muscle and kidney (Figure 1-1).

K~ intake ~80mmol/day

K= in stool, etc.
~8mmol/day

j K=
/ \l (K] ~I1C:0 mM N ECr
[ i (K] 3.5~5 mM
| [l TotalK=~3300mmol Total K= ~70mmol
| (80% in skeletal muscle) K* -£=3»

U

K*in urine
~72mmol/day



Figure 1-1. Total body potassium distribution and homeostasis.

Red arrow indicates transmemebrane K* movements (solid line: uptake, dotted line:
release) mediated by K™ transporters (oval: Na*, K* ATPase; column: K* channels).
Hallow arrows denote K™ intake (mainly from oral ingestion) and output (mainly
through urination). Black arrow reflects minor accesses of K* output including feces
and sweat. All the numbers of K* are estimated and can be varied among
individuals.

1.3 The Role of Skeletal Muscle in Extracellular Potassium Homeostasis

To illustrate the importance of skeletal muscle in K* homeostasis, | first
explain the role of skeletal muscle in two different scenarios and then introduce the

specific K* transporters in skeletal muscle.
1.3.1 Skeletal Muscle Buffer the Acute Dietary Potassium Load

One major factor that prevents the acute rising of plasma K* concentration
after meals is the acute K™ uptake by skeletal muscles and liver. As | mentioned
before, the K* in meals can easily induce an upheaval in the levels of plasma K™ if all
the absorbed K" ions stay in plasma. In reality, the postprandial plasma K*
concentration only increases by 0.5 mM at most in fed sheep.” Several hypotheses
have been put forward to explain this finding of relatively unchanged plasma K*
concentration following ingestion of a large K load. Among these is a feed forward
renal kaliuretic response induced by gut K* sensor. Although the gut K* sensor
hasn’t been discovered, plenty of evidences suggest the kidneys enhance K* secretion
in advance of any small increase of plasma K" concentration. Besides, immediate
disposal by splanchnic and hepatic uptake followed by redistribution to skeletal
muscle mediated by insulin and other hormones has also been proposed.® °

With respect to the K" redistribution to skeletal muscle, it is important to




point out that at the maximal capacity skeletal muscle can turn over the entire
extracellular K* in half a minute (see discussion in section of Na*, K*-ATPase later).
Thus, skeletal muscle, with its storage capacity of ~2800 mmole vs. 70 mmole
extracellular K*, can potentially take up K" added to plasma without a significant
increase in plasma concentration. Thereafter, K* stored in muscle may be released
slowly and excreted by kidney over many hours without causing significant changes
in the plasma concentration. One challenge for this idea is that Km of Na®, K'-
ATPase for extracellular K* is estimated at ~1 mM,® ! suggesting that activity of
pump is not sensitive to changes in plasma K* concentration at the normal
physiological range. This value of Km, however, is determined in vitro. The activity
of Na*, K'-ATPase is stimulated by many factors in vivo. It will be interesting to
investigate in the future whether the activity of Na*, K*-ATPase is more sensitive to
extracellular K* in vivo and K" uptake by muscle can adequately defend plasma K*

from dietary load.
1.3.2 Exercise and Potassium Homeostasis

Opposite to the role of buffering in dietary K* load, the K* stored in skeletal
muscles can be suddenly released and disturbs the extracellular K* homeostasis.
During exercise, intracellular K* is forced to release through K* channels to
repolarize the membrane potential of skeletal muscle, which is depolarized by the Na*
influx via voltage-gated Na* (Nav) channel opened immediately after the firing of
action potentials.'® Repeated action potential and skeletal muscle contraction thus
result in accumulation of considerable amount of K* in the extracellular space. If K
released by muscle freely enters the systemic circulation, the venous K* concentration

after 5 minute of cycling exercise can reach a level 7-fold higher than the pre-exercise



level.** However, the highest reported plasma K* concentration during strenuous
exercise is around 8 mM,* indicating that some defensive mechanisms prevent the

acute rising of plasma K" concentration during exercise.

First, people have noticed that most of exercise-induced K" release is retained
in the extracellular space of muscle, especially in the interstitium of transverse (T)-
tubules. Several groups have shown that diffusion of extracellular K* of skeletal
muscle into systemic circulation is limited; the diffusion coefficient is less than 20%
of its value in free solution.”® The K* accumulated in T-tubule causes high local K*
concentration, which subsequently depolarizes membrane potential of T-tubule, and
then leads to inactivation of Nav channel and muscle fatigue. To counter the high K*
concentration, Na*, K*-ATPase in muscle is activated during exercise and in periods
following exercise. In addition to the high extracellular K™ concentration, several
exercise-induced changes in muscle, such as intracellular Na* and lactic acid
accumulation, high B-adrenergic activity, increased muscle temperature, released
calcitonin gene-related peptide from nerve endings, contribute to the stimulation of
Na®, K*-ATPase activity."® Exercise may also induce translocation of Na*, K-
ATPase from cytoplasm to sarcolemma.’” Physical activity of muscle causes
upregulation of the abundance of Na*, K*-ATPase, and explains why athletic training
improves exercise endurance. Overall, increased uptake of K™ by Na*, K*-ATPase in
the T-tubule of skeletal muscle in conditioned individuals helps avoiding precipitous
rise of plasma K* concentration and cardiac arrhythmia during exercise.’® ** The
sustained upregulation of Na®, K'-ATPase activity in post-exercise periods also
explains why patients with hypokalemic periodic paralysis (HypoPP) may be

triggered by strenuous exercise.



1.3.3 Sodium, Potassium-ATPase in Skeletal Muscle

The K" uptake by muscle from the extracellular fluid is mediated
predominantly by the ubiquitous Na*, K*-ATPase. Discovered in 1957, the role of
Na*, K*-ATPase in skeletal muscle has been extensively studied and reviewed.” 13, 20-
2% Using the energy expenditure of hydrolysis of one ATP molecule to ADP (so-
called Albers-Post cycle), Na*, K*-ATPase extrudes three Na* ions out and brings two
K* ions in muscle cell via a ping-pong like mechanism.?* Thus, Na*, K*-ATPase is
primarily responsible for maintaining the high extracellular Na* and intracellular K*
concentration relative to the intracellular and extracellular space, respectively. These
transmembrane potassium and sodium gradients are essential for normal Er and active
transport of substrate that relies on Na* gradient, respectively. In the resting state, Na",
K*-ATPase consumes 20-30% of the total body ATP production. This huge amount

of energy consumption reflects high abundance of Na*, K*-ATPase in tissues.

Using [*H] ouabain binding assay, it is estimated that skeletal muscle
contains ~0.3 umole Na*, K*-ATPase per kilogram skeletal muscle wet weight, which
is only less than brain cortex (11 umole/kg) and cardiomyocytes (0.7 umole/kg) but
higher than smooth muscle (< 0.1 umole/kg) and other tissues.”® The capacity of K*
uptake through Na*, K*-ATPase is a function of the abundance and turnover rate
(maximal at ~8000 turnover per minute) of the pump. The estimated maximal
capacity of Na*, K'-ATPase-mediated K" uptake into skeletal muscle is 4.8 mmole -
kg - min? (0.3 mole - kg™ x 8000 min™ x 2).**?" In an adult male with skeletal
muscle about 42% of the body mass, the maximal K" uptake rate in skeletal muscle

amounts to ~134 mmole - min™. Considering the total extracellular K* is ~70 mmole,



maximal uptake by Na®, K*-ATPase in skeletal muscle can lead to a complete

turnover of the extracellular K* about every half a minute.

Both the activity and abundance of Na*, K*-ATPase are regulated.”” Acute
regulation tends to affect the pump activity, while chronic regulation affects the
abundance of pump protein. The activity of Na*, K*'-ATPase pump is stimulated by
its own substrate, i.e. by increased intracellular Na® and extracellular K*
concentrations. Various endogenous and exogenous factors, including thyroid
hormone, insulin, catecholamine, aldosterone and exercise, can stimulate the activity

of Na*, K*-ATPase pump via acute or chronic mechanisms.
1.3.4 Potassium Channels in Skeletal Muscle

The K* release from muscle into the extracellular fluid is via K* channels
including several inwardly rectifier K* channels (Kir) and voltage-gated K* channels
(Kv). Kv channels are closed at hyperpolarized membrane potentials and opened by
membrane depolarization. Several types of Kv channels are expressed in skeletal
muscle, but none are skeletal muscle-specific. Kir channels allow more inward than
outward potassium fluxes when open. The mechanism of asymmetric conductance
(i.e., rectification) is due to voltage-dependent block of channel pore by intracellular
magnesium cation (Mg*") and polyamines.®® When the membrane potential (E.) is
more positive than the equilibrium potential for K* (E,), intracellular Mg** or
polyamines are driven into the channel pore blocking outward K* flux.” Kir channels
are classified into seven subfamilies based on amino acid sequence homologies,
rectification properties, and mechanisms of regulation by intracellular factors.?® Each
subfamily has several membranes. Several Kir channel subtypes are present in

skeletal muscle and play important roles in the function of muscle and release of K*



from muscle. These include three members of Kir2 subfamily (Kir2.1, Kir2.2, Kir2.6)
and the ATP-sensitive Kir channels (Kir6.1 and 6.2, also known as Karp). Among
these, Kir2.1, Kir2.2 and Katp are expressed in human skeletal muscle as well as
many other tissues. In contrast, Kir2.6 is a skeletal muscle-specific Kir channel. The
role of Kir channels in extracellular K* homeostasis is best illustrated by the fact that
mutations of Kir2.1 and Kir2.6 cause muscle paralysis and hypokalemia, a disease

known as hypokalemic periodic paralysis.® *

1.4 Hypokalemic Periodic Paralysis.
1.4.1 Introduction

Hypokalemic periodic paralysis (HypoPP) is a heterogeneous disease
featured by episodic muscle paralysis associated with ictal hypokalemia as a result of
shift of K* from plasma into muscle cells.** The mechanism of cellular K* shift is
related to the pathogenesis of muscle paralysis, and not caused by any known acid-
base disorders or exogenously administrated substances. HypoPP exists in familial
and non-familial forms (Figure 1-2). Familial form is inherited in an autosomal-
dominant pattern, and is predominantly caused by mutations in genes encoding for
skeletal muscle-specific voltage-gated Na* channel Na,1.4 or the L-type Ca** channel
Ca,1.1.* ** Non-familial HypoPP can be associated with elevated thyroid hormone
function, called thyrotoxic periodic paralysis (TPP) or without, called sporadic
periodic paralysis (SPP).* The clinical presentation of muscle weakness and acute
hypokalemia in patients with non-familial HypoPP is indistinguishable from those

with familial HypoPP. Plasma K* levels are normal in HypoPP patients at the



baseline, and patients develop profound hypokalemia only during paralytic attacks.
The mechanisms of hypokalemia and muscle paralysis in these patients remained
mysterious.*! Recent studies in familial type hypoPP have shown some promising
evidences to explain pathogenesis of hypoPP, which might also be applied to non-

familial type hypoPP.

HypoPP

|
| Non-familial HypoPP |

Familial HypoPP

Hypokalemic Andersen-Tawil's High thyroid Normal thyroid
periodic paralysis syndrome hormone level hormone level
[ | I [
CACNALS KCNJ2 Thyrotoxic Miscellaneous:
[Cd‘_.l.l) 80% [KIer} 90% period\c paralysis I'I‘\to!\iciatioln:bariumor

fluoride salts
SCN4A Others? 10% | Overdose: b agonist,
[Nd,l.ﬁl} 10% theophyllin, caffeine,

Others? 10%

KCNJ18
(Kir2.6) 0~30%

chloroquine, barbituate,
insulin overdose

Spontaneous
periodic paralysis
I
KCNJ18 (Kir2.6) rare
CACNAIS (Ca,1.1)
rare
SCN4A (Na,1.4) rare

Figure 1-2. Heterogeneous etiologies of hypokalemic periodic paralysis.

This diaphragm depicts various causes of hypokalemic periodic paralysis (hypoPP),
categorizing into familial and non-familial hypoPP based on the presence or
absence of family history of HP. Italic capital letters denote the affected genes and
the word in parenthesis represents the transcribed protein (channel). The following
number indicates the percentage of diseased population carrying mutations in this
specific aene.

1.4.2 Hypokalemia-induced Paradoxical Depolarization

In general, the Er of cells is determined by the balance between outward K*
currents (l,) and inward leak currents (I;)) (See Figure 1-3A, where “I” indicates

current, and “,” and " indicate outward and inward, respectively). In the sarcolemma
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of skeletal muscle, the outward K* currents are mediated by K* efflux through two
types of K* channels: Kir and Kv channels. This is illustrated in Figure 1-3A using
current-voltage (I-V) relationship curve for Kir (I, red curve), for Kv (Iky, green
curve), and for leak current (I_cs, blue line). Note that outward K* current through I,
is hump-shaped because of reduced outward conductance at depolarized membrane
potentials (i.e., strong inward rectification) and that outward K* current through I,
becomes significant only at membrane potentials more depolarized than -65 mV (i.e.,
voltage-gated). As shown in Figure 1-3A, in normal individuals under normal serum
K" concentration 4 mM, the resting membrane potential is at -93 mV, where outward
K" current mediated by Iy;; and inward cation leak current (I ) are equal. Reducing
serum K™ concentration to 2.5 mM has two effects (Figure 1-3B). One is to shift the
equilibrium potential for K* (E,) to hyperpolarization (-110 mV) according to Nernst
equation (Ex = -58 mV x log {[K]i/[K]ow}). In addition, low extracellular K*
concentration suppresses the overall conductance of Kir (i.e., bring the 1-V curve
closer to the zero-current line).*® As a result, the resting membrane potential is shifted
from -93 mV to -98 mV, where a new balance between outward K current and

inward leak current can be reached (Figure 1-3B).

The hallmark of HypoPP is depolarization of the sarcolemma induced by
hypokalemia during attacks.*” This hypokalemia-induced depolarization is in contrast
to the prediction of Nernst equation and thus termed “paradoxical”. The paradoxical
depolarization occurs during hypokalemia is central to the pathogenesis of periodic
paralysis because it causes inactivation of Nav channels in skeletal muscle and thus
muscle inexcitability and paralysis. The mechanism of hypokalemia-induced

paradoxical depolarization in patients with familial HypoPP has been elucidated and
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is shown in Figures 1-3C and 1-3D.® Mutations of Ca,1.1 or Na,1.4 channels in
familial HypoPP create an aberrant conducting pore that allows passage of small
cations (Na™ and H") from outside into cells at (and only at) hyperpolarized resting
membrane potentials.***° This additional inward cation current through the aberrant
conducting pore adds to the existing leak current thus increases the total inward leak
current at hyperpolarized resting membrane potentials (shown as dotted blue line for
I eax in Figure 1-3C and 1-3D). In familial HypoPP patients at normal plasma K*
concentration, the increase in leak current results in slight depolarization in the
resting membrane potential (Figure 1-3C; E, shifts from -93 mV to -84 mV). The
increase in the total leak current in familial HypoPP patients, however, poses a
problem for the resting membrane during hypokalemia (when Ey is left-shifted and
Kir conductance is suppressed). Because of the increase in the total leak current at
hyperpolarized membrane potentials, it is now impossible for outward K* currents
and inward leak currents to reach a new balance during hypokalemia simply by
shifting E, to hyperpolarized membrane potentials (Figure 1-3D; note that outward K*
currents mediated by Ik [red curve] is always smaller than inward leak current at
hyperpolarized membrane potentials [dotted blue line]). As a result, the balance
between inward and outward currents for E, can only be reached at depolarized E
where outward K* current is mediated by lxpr (green curve). Thus, hypokalemia

causes paradoxical depolarization in patients with familial HypoPP.
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Figure 1-3. Models for paradoxical depolarization in patients carrying voltage-
sensor mutations on Cavl.1 or Nav1.4 channels.

Current-voltage (I-V) relationship curves for Kir channel (red curve), Kv channel
(green curve), and leak current (blue line). The reversal potential of leak current is 0
mV. Please note that aberrant gating pore current through mutated Ca®* and Na*
channels only occur in hyperpolarized potentials (< -60 mV). Thus, the total inward
leak current in familial HypoPP patients is increased in hyperpolarized potentials
(shown in dotted blue line). The model is intended for conceptual understanding.
Numerical value may be slightly different from true in vivo value.

1.4.3 The Role of Kir Channel in Hypokalemic Periodic Paralysis

Muscle paralysis and hypokalemia in HypoPP patients are frequently
precipitated by strenuous exercise, high carbohydrate food, etc and in the case of TPP
is associated with an increase in thyroid function. These precipitating factors
stimulate Na®, K'-ATPase-mediated K" uptake into muscles. Because of
compensation by increased K efflux through K* channels, increased uptake of K* by
Na’, K'-ATPase alone does not cause significant hypokalemia. Many of these
precipitating factors, such as insulin and catecholamines (released during exercise and

by high carbohydrate food), not only stimulate Na*, K*-ATPase but also inhibit Kir
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channels.®® Therefore, inhibition of K* efflux via Kir channels may be the additional
mechanism to develop severe hypokalemia with plasma K concentration < ~2 mM
and muscle paralysis. The role of Kir in hypoPP is best illustrated in another familial
hypoPP disease, Andersen-Tawil syndrome, an autosomal-dominant multisystem
disorder related to mutations on Kir2.1 channel. With the regard to non-familial
hypoPP, recent studies identified that mutations on a novel skeletal-muscle specific
Kir2.6 channel predispose TPP patients to hypokalemia and paralysis. This report
hinted that the similar pathogenesis of Andersen-Tawil syndrome may occur in TPP
patients. However, many questions about the role of Kir in non-familial hypoPP
remain unanswered. Mutations of Kir in patients with non-familial HypoPP may
contribute to hypokalemia, but cannot be solely responsible because their plasma K*
levels are normal in-between attacks. In my thesis, | plan to further investigate the
role of Kir channel in extracellular K* homeostasis and pathogenesis of non-familial
hypoPP (see detail in Chapter 2). The historic event of barium poisoning presenting
hypoPP-like phenotype shares common pathogenesis with hypoPP and gives me idea

of modeling the pathogenesis of non-familial hypoPP.
1.4.4 Lessons Learned from Barium Poisoning

It has been known for decades that hypokalemia and muscle paralysis
develops in patients with barium intoxication.** Barium inhibits many types of K*
channels, but is most potent for Kir2 subfamily of channels which are present in
skeletal muscle and the heart.”® *? Struyk et al show that in isolated muscle fibers
inhibition of I, by barium predisposes sarcolemma to the development of
paradoxical depolarization,”® supporting the hypothesis that the mechanism of

hypokalemia in barium poisoning is similar to that in Anderson’s syndrome with loss-
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of-function mutations of Kir2.1 and TPP/SPP with mutations of Kir2.6. The effect of
barium on Kir channels in the heart explains why cardiac arrhythmia develops in
patients with barium poisoning. Indeed, mutations of Kir2.1 (which is present in
cardiac as well as skeletal muscle) cause Andersen’s disease featured by cardiac

arrhythmia, skeletal muscle paralysis, and hypokalemia.*®

It is interesting to consider the role of Na*, K*-ATPase in the development of
severe hypokalemia and muscle paralysis in barium poisoning. The clinical syndrome
of barium poisoning was initially described by Dr. Allen in early 1940’s as an
endemic illness in rural China where villagers develop symptoms after ingestion of a
large amount of food contaminated with barium chloride.** In these scenarios after
large meals, insulin release and stimulation of Na*, K*-ATPase are invariable. On the
other hand, a large inhibition of myocyte K* efflux by barium may be sufficient to
trigger a vicious cycle of hypokalemia and paradoxical depolarization. Of note,
mutations of Kir2.1 in Andersen’s disease are so far heterozygous. A recent computer
modeling study suggests that 50% of total Kir current is required for maintaining

normal plasma potassium concentration.*

Barium sulfate used for radiographic contrast is not absorbable by the
gastrointestinal tract, but soluble salts including barium sulfide, carbonate, and nitrate
used in various pest and rodent-killer preparations can cause poisoning.*> “® Overdose
of other cation blocker of Kir such as cesium (used in the treatment of brain tumor) or
drugs that inhibit Kir channels, such as anti-malarial chloroquine or barbiturate

(thiopental) can cause hypokalemia by inhibiting potassium efflux.*"*°
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1.5 The Role of Kidneys in Extracellular Potassium Homeostasis

1.5.1 Introduction of Renal Potassium Handling

To maintain the long-term extracellular K* homeostasis, the K* intake from
diet and K" release from intracellular space have to be efficiently excreted through
kidney or intestine. In normal condition, kidneys excrete approximately 90% of
ingested K*. Only when renal function is severely impaired (e.g. in uremic state of
chronic kidney disease), the gastrointestinal K* excretion will be enhanced to
compensate for the insufficient renal K* excretion.” In kidneys, K* is freely filtered
through glomeruli and mostly reabsorbed in proximal tubules and thick ascending
limb of Henle’s loop (Figure 1-4). The K* secretion is mainly occurred in the
aldosterone-sensitive distal nephron (ASDN), including late distal convoluted tubule
(DCT), connecting tubule (CNT) and cortical collecting duct (CCD).”* In ASDN, the
K* conductance of paracellular pathway is low; thus any K* movement across the part
of renal tubule has to be mediated by the specific K* transporters on both luminal and
basolateral sides of tubules.® The mechanism of K* excretion in ASDN is shown in
Figure 1-4. The lumen-negative transepithelial potential difference (PD+g) built by the
electrogenic epithelial Na® channel (ENaC)-mediated Na® reabsorption and K*
channels on luminal surface are essential elements for K* excretion.® Renal outer
medullary K* (ROMK) channel and calcium-activated large conductance K* (Maxi-K)
channel are two major access of K* efflux from cells to tubular lumen.** ROMK
channel is constitutively open, and Maxi-K channel is quiescent in basal state and

stimulated by increased luminal (urinary) flow rate.
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Figure 1-4. Renal K™ handling and mechanisms of K* secretion in CCD.

This figure shows the big picture of K™ handling in one nephron, functional unit of
kidneys. A dotted line roughly separates the cortex (upper part) and medulla
(bottom part). Most (~90%) of filtered K" ions are reabsorbed in proximal tubule
(PT) and thick ascending limb (TAL). The remaining 10% enter the distal nephron,
in which K" ions in interstitium and plasma can be secreted mainly into aldosterone-
sensitive distal nephron (ASDN, dotted circle). The mechanism of K* secretion in
ASDN is magnified. In medullary collecting duct and intercalated cells of cortical
collecting duct, K* ions can be reabsorbed.

In medullary collecting duct (MCD) and CCD, K" ions can be further
reabsorbed through the colonic H*, K* ATPase on the luminal membrane of a-
intercalated cells.® The K* excretion and reabsorption in ASDN and MCD determine
the final urine K* output and are tightly regulated based on the total body K* balance.
In the circumstances of K* depletion, the surface amount of ROMK and Maxi-K
channels are downregulated, and the H*, K* ATPase activity is highly stimulated.>* *°
In contrast, high dietary K* enhances the efficiency of K excretion in ASDN but
suppresses the K* reabsorption in TAL and MCD. These regulations are controlled by
hormones, including aldosterone, tissue kallikrein, and with-no-lysine (WNK) kinases.

Here, | focus on the renal adaptive response to high K* intake and the role of WNK

kinases in the regulation of K* secretion via ROMK channel.
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1.5.2 Renal Adaptation to Chronic Potassium Load

When dietary K* intake is slowly increased, the efficiency of K* excretion in
distal nephron needs to be correspondingly enhanced, so-called K" adaptation, to
avoid K accumulation in extracellular space. Early studies have observed a broad
extension of the basolateral membrane of principal cells along with the increased
quantity and activity of Na*, K* ATPase, which is only found in CNT and CCD but
not in PT, TAL and DCT.> This site-specific activation of Na*, K* ATPase is co-
localized with ENaC, which is stimulated by aldosterone and thus creates negative
PD:e.® %° The increased Na* entry via ENaC may increase intracellular Na*
concentration and in turn stimulates Na*, K* ATPase. The activated Na*, K* ATPase
then pumps in more extracellular K* and increases the intracellular K* concentration
and results in a more favorable gradient for K* secretion. In addition, chronic K*
adaptation is known to increase the total and membrane abundance of ROMK and
Maxi-K channels.®® ® They provide the access for passive K efflux under the
favorable electrochemical gradients. Some of these adaptive responses have been
attributed to the effect of aldosterone, which stimulates ENaC via serum and
glucocorticoid-inducible kinase (SGK) mediated signaling and may directly enhance
the expression Na*, K* ATPase.®? However, aldosterone is obviously not the only
reason for all K™ adaptations since full renal adaptation to chronic K* loading can be

achieved in rodents with adrenalectomy.®

Another adaptive mechanism is to increase the Na* and flow delivered to
distal nephron, so-called K*-induced natriuresis, and helps maintain the favorable
electrochemical gradient for K* secretion in distal nephron by enhancing electrogenic

Na* reabsorption and dilutes the luminal K* concentration. This phenomenon was



18

discovered in the 1930s when people first noticed that high K* diet is a natural
diuretic.®®" Later experiments demonstrated that the natriuretic effect of K* can be
attributed to the inhibition of Na* reabsorption in the PT and Henle’s loop.%® %
Recently, these findings were further supported by the biochemical studies showing
reduced protein abundance of Na® transporters (Na', H" exchanger, Na*, HCO;
cotransporter, and NCC) in mice fed a chronic high K* diet.”>™ In contrast with PT
and Henle’s loop, Na" reabsorption via ENaC in distal nephron is stimulated by a
high K* diet probably through the aldosterone-SGK pathway. As a result of the shift
of Na" reabsorption from proximal tubule to distal tubule, the negative PDr¢ is
intensified without disturbing the total body Na* balance. Meanwhile, the increased
flow also helps activate the flow-dependent Maxi-K channel.” " This adaptive
mechanism involves not only K* and also Na* handling in kidneys. I plan to evaluate

the role of WNK kinases, especially kidney-specific WNK1, in the K*-induced

natriuresis (see detail in Chapter 4).

1.6 Pseudohypoaldosteronism Type Il

1.6.1 Introduction of WNK Kinases and Pseudohypoaldosteronism Type I1

Another human disease, called pseudohypoaldosteronism type Il (PHA2), has
widely expanded our understanding of K* homeostasis and renal K* handling.
Genetic linkage analysis has linked PHA2 to a newly discovered serine/threonine
kinase family, with-no-lysine (WNK) kinase.”” The funding member of WNK kinase,
WNK1, was first identified by Xu et al in 2000.” Since then, four members (WNK1-

4) have been found expressed in mammals. Difference from other serine/threonin
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kinase, WNK kinases have the conserved catalytic lysine upstream the traditional
place and therefore are named as with-no-lysine(K) (Figure 1-5A). Four WNK
kinases are encoded by different genes but all share highly conserved kinase domain,
auto-inhibitory domain, couple coiled-coil domains and proline-rich domains for

protein-protein interactions (Figure 1-5B).

Sub-domain I Il
PKA 50cTGS ¥ VMLVKHKATEQY YANK [ LDKQKVVEKLKQIEHTLNEKRILQAVNF 100
WNK1 218 GRGSjIVYKGLDTETTVEVLQDRKLTKSER QRFKEEAEMLKGLQH 268
B 2126
WNK1 CU:-]] [ 1
ks-wik1 [N ] LT N0 ]

whkz [ [ [N |
whks [ N |

whee | RN W

[J:Proline-rich domain [|:Kinase domain [|:4a domain

I:Autoinhibitorydomain I:Coiled-coildomain

Figure 1-5. With-no-lysine kinases in mammals.

(A)Alignment of partial amino acid sequence of the kinase domain of typical
serine/threonin kinase PKA and WNKZ1. The typical ATP-binding lysine (red color
K) is located in sub-domain Il (marked by red box) of PKA. WNKZ1 has its catalytic
lysine in sub-domain | (marked by blue box). (B) Domain structure of WNK kinases
in mammals.

In kidneys, four WNK kinases, WNK1, WNK3, WNK4 and kidney-specific
WNK1 (KS-WNKZ1), are expressed throughout the nephron. Human mutations of
WNK1 or WNK4 lead to PHA2, an autosomal dominant genetic disease.” Mutations
of WNK1 cause large deletion of intron 1 and thus lead to increased expression of

WNK1 mRNA and protein abundance. Mutations of WNK4 are missense mutations
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outside the kinase domain. Patients carrying PHA2 mutations are characterized with
adolescence-onset hypertension and hyperkalemia secondary to abnormally high Na*
reabsorption and low K* secretion in kidneys, revealing the role of WNK1 and
WNK4 in renal Na™ and K* handling. To understand the mechanisms of WNK in the
regulation of Na" and K" transporters/channels, the downstream pathways of WNK
have been extensively studied in vitro. The downstream targets of WNK kinases
include OSR1 (oxidative stress-responsive kinase-1) and its related kinase SPAK
(Ste20-related proline-alanine-rich kinase), and SGK. The WNK-OSR/SPAK
pathways regulate cation-chloride cotransporters, including NCC, NKCC and K*, CI
cotransporter (KCC).® The WNK-SGK pathway may regulate ENaC activity.®" The
upstream regulator of WNK is mostly unknown. Although osmotic stress is known to
stimulate WNKZ1 autophosphorylation, the underlying signaling pathway remained
unclear. In chapter 3, I designed experiments to test whether phosphatidylinositol 3-
Kinase (PI3K)-Akt1/SGK1 pathway is the upstream regulator of WNK1-ROMK (see

details in chapter 3).
1.6.2 Effect of WNK Kinases on Na" Transporters

WNK1 and WNK4 phosphorylate and activate OSR1 (oxidative stress-
responsive kinase-1) and its related kinase SPAK (Ste20-related proline-alanine-rich
kinase), which in turn phosphorylate and activate the thiazide-sensitive NCC and the
bumetanide-sensitive NKCC.® On the other hand, WNK4 is also reported to inhibit
the membrane trafficking of NCC independent of kinase activity and WNK1
antagonizes this effect.®” The precise mechanism of NCC regulation by WNK kinases
in vivo is still unclear. In regard to ENaC, in vitro study showed that WNKZ1 enhances

membrane trafficking of ENaC by preventing Nedd4-mediated ubiquitination and
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endocytosis of the channel. This regulation is dependent on the kinase activity of
WNK1 and signals through SGK1 kinase.®® In contrast, WNK4 inhibits ENaC
through kinase-independent mechanism and PHA2 mutations abrogate inhibitions.®*
Overall, these studies in heterogeneous cells make the current hypothesis that the
hypertension in PHA2 patients is resulted from enhanced Na* reabsorption via NCC

and ENaC in distal nephron.
1.6.3 Effect of WNK Kinases on ROMK Channel

ROMK channel, also known as Kirl.1, is first identified by Steven C. Hebert
in 1993.% Human ROMK1 cDNA encodes a polypeptide of 391 amino acids long
with a secondary structure containing two transmembrane (TM) domains, two
cytoplasmic termini (C- and N-terminal) and an extracellular loop between TM1 and
TMZ2. Each functional unit of ROMK channel is composed of four identical ROMK
polypeptides, which form a homotetramer. On the cytoplasmic termini of ROMK
channel subunit, many regulatory spots, including phosphatidylinositol 4,5-
bisphosphate (PIP2) binding sites, kinase (PKA, PKC, PTK) phosphorylation sites,
and ER retention signal, have been found.® In human kidneys, three ROMK isoforms
express on the apical membrane of renal tubules spanning from TAL to CCD.¥ In
normal condition, ROMK channel is the main access of K* secretion. Human
mutations on ROMK channel disrupt the K" recycling and thereby impair the Na*
reabsorption through NKCC2 in TAL and consequently lead to a genetic renal Na*
and K* wasting disorder, so-called Bartter syndrome.®® WNK kinases also regulate
ROMK channel through kinase-independent endocytosis mechanism in vitro.*® The
WNK-mediated ROMK endocytosis is appeared to be clathrin and dynamin

dependent process. He et al showed that the proline-rich motif of WNK1 and WNK4



22

bind to the SH3 domains of intersection. Intersection can further recruit dynamin and
synaptojanin and eventually form a clathrin-coated vesicle of ROMK channels. PHA2
mutations of WNK1 and WNK4 enhance the endocytosis of ROMK and
hypothetically cause the impaired renal K* secretion and hyperkalemia in PHA2

patients.
1.6.4 Mouse Models Targeting WNK Kinases or Related Proteins

The function of WNK kinases in vivo is still controversial, albeit the vast
array of mechanisms proposed based on in vitro studies. To explore the physiological
role of WNK kinases, people have created mouse models using different genetic
engineering strategies, including gene trapping, gene knockout, gene knockin, and
transgene over-expression.**® Here, | summarize the currently available animal
models regarding genetic modification of WNK kinases and its related proteins, and
compare their phenotype (Table 1). Although WNK1 was first discovered among four
WNK kinases, the development of WNK1 mouse model turns out not smooth
presumably mostly due to its huge genomic size. One WNK1-deficient (WNK1+/-)
mouse model was created using gene-trapping method and showed lower blood
pressure.®® With the regard to WNK4, three mouse models, including overexpression
of WNK4 wild type or WNK4 PHA2 mutant (Q562E) transgene (TgWNK4"T,
TgWNK4™2)  \WNK4 PHA2 mutant (D561A/+) knockin (WNK4P%™™") - and
hypomorphic WNK4, have been created.**® Both TgWNK4™2 and WNK4P*A*
displayed hypertension, hyperkalemia and increased abundance and activity of NCC,
supporting the pathogenic role of increased NCC-mediated Na* reabsorption in
PHA2.”" In WNK4P*"* mice, the phosphorylation on SPAK/OSR was enhanced,

indicating the association of WNK4 and SPAK/OSR in vivo.* Some uncertainties,
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such as the effect of WNK4 on ENaC, ROMK and Maxi-K, are still controversial.
Compared to full-length WNK1 (FL-WNK1) and WNK4, KS-WNKT1 lacks kinase
activity and has limited distribution at distal nephron.”® However, the abundance of
total KS-WNK1 expression in kidney is approximately 10 times higher than FL-
WNK1. In cultured cells, KS-WNK1 antagonizes the effect of FL-WNK1 in vitro.'®
To clarify the effect of KS-WNK1 in vivo, both KS-WNK1 knockout (KS-WNK1
KO) mice and KS-WNK1 transgenic (KS-WNKZ1 Tg) mice have been created.***
Two KS-WNK1 KO mouse models exhibited similar phenotype with blood pressure
intended to be higher and similar biochemical findings of enhanced abundance of
total and phosphorylated NCC in DCT.** % However, the physiological roles of KS-
WNK1 in TAL and CCD have not been entirely settled. On the other hand, KS-
WNKZ1 Tg mice basically presented the phenotype mirroring to that in KS-WNK KO
mice with hypotension, hypokalemia and decreased NCC and NKCC2 abundance.*®
% All these three KS-WNK mouse models strongly approved the role of KS-WNK1
in Na* reabsorption in distal nephron, albeit some discrepancies. Recently, mouse
models targeting two WNK kinase downstream targets, SPAK/OSR, have also been
created and showed the importance of SPAK/OSR in Na* reabsorption along the TAL
and DCT.?"® Taking the advantage of these animal models, the full understanding of

the roles of WNK kinases in kidneys is already on the horizon.
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Table 1 Mouse models targeting WNK kinases and related proteins

NCC ENaC

Mouse model BP [K*s NKCC2 p-NKCC2 NCC p-NCC activity ENaC activity ROMK Maxi-K
Human PHA2 1 1 ? ? 1 1 1 ? ? ? ?
WNK1+/-GT,® | |* o ND ND N N

TgWNK4WT | e ND ND l ND ND - ND 0 ND
TgWNK4PHA2 9L |4 1 ND ND 1 ND ND N ND N ND
WNKAPSARS gy g ND ND 1 1 1 1 i © i
WNK4Wpomoreh. 93 o, ND ND M l ND 0 ND N N
KS-WNK1KO* | «* ND ND 1 1 ND l ! 1P 0
KS-WNK1KO* | 17 o« 1 1 1 1 ND ND ND ND ND
KS-WNK1Tg* | | l l l l l ND ND ND 0 ND
SPAK KO ! ! 1 1 ! ! ! ND ND ND ND
Ksp-OSR KO ! ! - ! 1 1 - ND ND ND ND

Abbreviations: BP, blood pressure; [K*]s, serum K* concentration; GT, gene-trapping; ND, not determined.

*The result is disputed'®, “significant only in the period of high activity, * only diastolic blood pressure is
significantly higher, "non-quantitative immunofluoresence staining, © under high Na* diet. The reference for
individual mouse model is marked as a superscript number beside the model name.



CHAPTER TWO

IDENTIFICATION AND FUNCTIONAL CHARACTERIZATION OF
KIR2.6 MUTATIONS ASSOCIATED WITH NON-FAMILIAL

HYPOKALEMIC PERIODIC PARALYSIS

2.1 Introduction
Hypokalemic periodic paralysis (hypoPP) is a syndrome of ictal hypokalemia
and hypokalemia-related skeletal muscular paralysis. A vast array of etiologies can

cause hypoPP and can be divided into familial or non-familial form.**

Most patients
with familial hypoPP, inherited in autosomal-dominant pattern, have been linked to
mutations in genes encoding for skeletal muscle-specific voltage-gated Na* channel
Na,1.4 (SCN4A)(~30%) or Ca®* channel Ca,1.1 (CACNA1S)(~60%).* * About 10%
of cases of familial hypoPP remain genetically undefined.”’ Familial hypoPP is more
common among Caucasians.'®

Among diseases of non-familial hypoPP, thyrotoxic periodic paralysis (TPP)
is most common, especially in Asian and Hispanic populations with the incidence of
approximately 2% in patients with hyperthyroidism.* ** In Caucasians, the incidence
of TPP is estimated at between 0.1 to 0.2%.'® The clinical presentation of patients
with TPP is indistinguishable from those with familial hypoPP. TPP can occur in
association with any of causes of hyperthyroidism and may precede other symptoms
of hyperthyroidism. Despite no obvious clinical symptoms of hyperthyroidism in
some TPP patients, all of them have elevated blood levels of thyroid hormones and

depressed thyroid stimulating hormone (TSH) during attacks.* *° 1" The second

most common form of non-familial hypoPP, called sporadic periodic paralysis

25
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(SPP), also afflicts predominantly Asians and presents with normal blood levels of
thyroid hormones and TSH during attacks.

Despite the improved understanding of the disease mechanism of familial
hypoPP with Cavl.1 or Navl.4 channel mutations, the pathogenesis of non-familial
hypoPP remains elusive. Based on the phenotypic similarity between familial hypoPP
and TPP/SPP, a disease of channelopathy, malfunction of ion channels, has always
been considered in TPP patients and studied through genetic screening of various ion
channels. Indeed, a recent study reported that mutations in KCNJ18 gene encoding a
novel member of inward rectifier K* channel, Kir2.6, occur in some TPP patients.®!
Of note, the 5’ upstream promoter region of KCNJ18 gene contains a thyroid
hormone response element, which allows thyroid hormone to enhance the
transcription of KCNJ18. Ryan et al has hypothesized that mutations of Kir2.6 may
change the membrane excitability of skeletal muscle predisposing patients to muscle
paralysis and that the transcriptional upregulation of Kir2.6 by thyroid hormones
plays an important role in the pathogenesis of TPP.

In this project, | investigated whether mutations of Kir2.6 occur in other non-
familial hypoPP, specifically SPP, and the incidence of Kir2.6 mutations in Chinese
TPP patients. In addition, | also tested whether the mutant Kir2.6 channels exert
dominant-negative inhibition on wild type Kir2.6 and other Kir2.x channel in skeletal

muscle, especially the dominant Kir2.1.

2.2 Materials and Methods

2.2.1 ldentification of Patients with TPP or SPP
The study protocol was approved by the Ethics Committee on Human Studies

at Tri-Service General Hospital in Taiwan, R.O.C. Written informed consent was
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obtained from each patient. | collected DNA and clinical and laboratory data from
100 patients with the diagnosis of TPP and 60 patients with SPP admitted to Tri-
Service General Hospital or affiliated hospitals between 2002 and 2009. TPP is
defined as acute muscle weakness with inability to ambulate (muscle power less than
Medical Research Council [MRC] scale grade 3) accompanied by hypokalemia
(plasma K™ level less than 3.0 mEq/l) at presentation caused by a sudden shift of K*
into cells (urine transtubular K* gradient (TTKG) < 3) and hyperthyroidism,
confirmed by suppressed plasma thyroid-stimulating hormone (TSH) and elevated
levels of plasma triiodothyronine (T3) and free thyroxin (fT,). Renal and intestinal K*
wasting and medications as causes of hypokalemia were excluded based on TTKG >
3 (suggesting renal K* wasting), no medications including diuretics, laxatives,
amphetamine, beta-agonist, caffeine, and no history of increased gastrointestinal
output. Other identifiable causes of transcellular K* shift, such as fluid-electrolyte and
acid-base disturbances, are also excluded. SPP is diagnosed based on no family
history of episodic paralysis and fulfillment of the above criteria of hypokalemic
periodic paralysis except that with normal levels of plasma Ts;, fT, and TSH.
Screening of known genes mutated in familial hypoPP including CACNALS, SCN4A,
and KCNJ2 were performed. | found no mutations in CACNALS, SCN4A, and KCNJ2
in all TPP patients but one mutation (R1239H) in CACNA1S and two (R669H X2,
R1135H x1) in SCN4A in four separate SPP patients.'® Mutations in KCNJ18 (see
below) were found in SPP patients without mutations in CACNALS or SCN4A. Blood
and urine biochemical values and electrolytes were determined with the use of
automated methods (AU 5000 chemistry analyzer; Olympus, Tokyo, Japan). Thyroid

function tests were determined by radioimmunoassay (RIA) method.
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2.2.2 Mutational Analysis of KCNJ18 Gene

Genomic DNA was prepared from the peripheral blood of TPP and SPP
patients and healthy control subjects using the QlAamp (Qiagen). Sequencing of
KCNJ18 was performed as previously described.*> PCR primers were designed
against the GenBank accession NM_021012 sequence with the forward primer
containing two nucleotide mismatches to favor amplification of diverse products. |
performed nested PCR of Kir2.6 with 20 ng outer PCR product in 50 pl reaction
containing 10 mM Tris-HCI (pH 9 at 25°C), 50 mM KClI, 0.1% Triton X-100, 200
uM each dNTP, 1.5 mM MgCl,, 1 U Taq DNA polymerase, and 25 pmol forward and
reverse  primers (CGAGGAGGGCGAGTACATC/CAAGATGGTGATGGGCG)
under the following conditions: 5 cycles at 66°C for 30 s and 72°C for 1 min, plus 30
cycles at 64°C for 30 s and 72°C for 1 min, each cycle preceded by a 94°C step. The
resulting products were subcloned into pCR2.1 (Invitrogen, Carlsbad, CA) and
sequenced. The products were sequenced with the same primers used for
amplification, with BigDye terminator v3.1 mix and subsequent analysis by capillary
electrophoresis on an ABI Prism 377 Genetic analysis (Perkin Elmer Applied

Biosystems, Foster City, CA, USA).

2.2.3  Plasmid DNA and Transient Expression of Kir Channels in Cultured
Cells

Human embryonic kidney (HEK)-293 cells were maintained in Dulbecco’s
modified Eagle’s medium with 10% frozen bovine serum/2 mM L-glutamine/100
units/ml penicillin/streptomycin. Cells were transfected with wild type and/or mutant
cDNA of Kir2.6 (pEGFPC2-Kir2.6, a gift from Dr. L.J. Ptacek, University of

California, San Francisco) and/or Kir2.1 (in pcDNA3.1 vector) using Fugene HD
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(Roche). Point mutations were generated by site-directed mutagenesis (QuickChange
kit, Stratagene) and confirmed by sequencing. To avoid saturation of channel protein
expression, the maximal amount of cDNA for channels used for transfection was <
0.9 pg. The total amount of plasmid DNA in each experimental group was balanced

using empty vector.

2.2.4 Immunoblotting and Surface Biotinylation Assay

Transfected, cultured HEK cells were incubated with lysis buffer (50 mM
HEPES (pH 7.6), 150 mM sodium chloride, 0.5% Triton X-100, 10% glycerol, 0.1%
SDS) containing protease inhibitor cocktail (Complete Mini, Roche) and phosphatase
inhibitor cocktail (PhosSTOP, Roche). After shaking 30 minutes on the rotator at
4°C, extracts were clarified by centrifugation. Protein concentrations of supernatant
were measured by the Bradford assay using bovine serum albumin as a standard.
Equal amounts of lysates were mixed with Laemmli sample buffer and then separated
by SDS-PAGE under reducing conditions. Proteins were transferred to nitrocellulose
membranes, blocked by 5% nonfat milk and incubated with the anti-GFP antibody
(horseradish peroxidase conjugate; Invitrogen; 1:1000 dilution) to detect protein
expression of pEGFP-Kir2.6. Anti-p-actin antibody was used to detect endogenous B-
actin as a loading control. Bound antibodies were detected using ECL detection
reagent (Pierce).

For biotinylation of cell-surface Kir2.6, transfected HEK cells (per 35 mm
well) were washed with 1 ml ice-cold PBS thrice and incubated with 1 ml PBS
containing 1.5 mg/ml EZ-link-NHS-SS-biotin (Thermo Scientific) for 2hr at 4°C.
After quenching with glycine-containing PBS for 20 minutes, cell were lysed in a

RIPA buffer (150 mM NaCl, 50 mM Tris-HCI, 5 mM EDTA, 1% Triton X-100, 0.5
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% DOC and 0.1% SDS) containing protease inhibitor cocktail for 30 minutes.
Biotinylated proteins were precipitated by streptavidin-agarose beads (Thermo
Scientific) for 2 hrs at 4°C. Beads were subsequently washed 3 times with TBS
containing 1% Triton X-100. Biotin-labeled proteins were eluted in sample buffer,
separated by SDS-PAGE, and transferred to nitrocellulose membranes for Western
blotting using anti-GFP antibody. Biotinylation experiment was performed 4 times

with similar results.

2.2.5 Electrophysiological Recording

About 36-48 hours after transfection, cells were trypsinized and plated on
poly-L-lysine coated cover slips. Whole cell Kir2.x currents were recorded by using
an Axopatch 200B amplifier (Axon Instruments, Foster City, CA). The pipette
resistance was around 2-4 MQ. Transfected cells were identified by green
fluorescence using epifluorescent microscopy. In whole-cell current recordings, the
pipette solution contained (in mM) 110 K-aspartate, 20 KCI, 10 EGTA, 2 Mg-ATP, 5
glucose, 10 HEPES (pH 7.4); the bath solution contained 117 NaCl, 30 KCI, 1
MgCl,, 2 CaCl,, 10 HEPES (pH 7.3), 2 NaHCO3, and 5 glucose. The cell membrane
capacitance and series resistance were monitored and compensated (>75%)
electronically. The voltage protocol consisted of 0 mV holding potential for 50 ms
and 100-ms steps from -60 to 60 mV in 10 mV increments. After initial recording of
current, BaCl, (30 uM) was added to the bath solution to inhibit K*-specific currents.
Residual current in the presence of Ba®* was subtracted from the total current. Data
was sampled at 5 kHz with a 2 kHz low-pass filter. ClampX 9.2 software (Axon
Instruments) was used for data acquisition. Current density was calculated by

dividing current at designated holding potential (pA; measured at 25°C) by
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capacitance (pF). Results were shown as means + S.E.M. (n = 6-10). Each
experiment (i.e., set of results shown in each panel of a figure) was repeated two to
four times. For cell-attached single-channel recordings, pipette and bath solution each
contained (in mM) 150 KCI, 2 MgCl,, 1 EGTA, and 10 HEPES (pH 7.4). Currents
were recorded at 50 kHz continuously for 1-10 mins at the test voltage from 120 mV
to -120 mV with a 1kHz low-pass filter. Single-channel current were calculated by
curve fitting the sum of a number of Gaussian curves to the recorded data. Open
probability was calculated from the relative areas of these Gaussian curves. Single
channel conductance was calculated from the slope of single-channel current

amplitudes between -40 and -100 mV.

2.2.6 Statistical Analysis

Laboratory data of patients were presented as the mean + S.D. Two-tailed unpaired
Student’s t-test was used to compare the differences among TPP and SPP. In
functional experiments, data analysis and curve fitting were performed with the Prism
(v5.03) software (GraphPad Software, San Diego, CA, USA). Data were presented as
mean + S.E.M.. Statistical comparisons between two groups of data were made using
two-tailed unpaired Student’s t-test. Multiple comparisons were determined using
one-way ANOVA (analysis of variance). Statistical significance was defined as p
values less than 0.05 for single comparison and less than 0.01 for multiple

comparisons.
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2.3 Results

2.3.1 Clinical and Laboratory Characteristics of TPP and SPP Patients

| studied 120 Taiwanese patients with the diagnosis of TPP and 60 patients
with SPP. Identification and the diagnostic criteria for the patients were described in
the “EXPERIMETNAL PROCEDURES”. As shown in Table 2, the mean age of TPP
and SPP patients at diagnosis were similar. The male to female ratio was 116:4 and
60:0 for TPP and SPP, respectively. Thyroid function tests including Tz and free T,
(fT4) were markedly elevated in patients with TPP, but normal in SPP. Consistent
with the elevated thyroid hormone function, thyroid stimulating hormone (TSH) was
suppressed in patients with TPP. Both groups of patients had ictal hypokalemia. The
plasma K* concentrations however, were not different between two groups. As
reported previously,® plasma phosphate concentration during attacks was
significantly lower in TPP than SPP, presumably reflecting a transcellular shift of
phosphate stimulated by thyroid hormones. The spot urine K* concentration and
TTKG were very low in the presence of hypokalemia, consistent with the idea that an
increased shift of K* into cells was responsible for the hypokalemia in these patients.
As described in the “EXPERIMETNAL PROCEDURES”, other causes of
hypokalemia for these patients, including mediations, renal and intestinal K* wasting,

were excluded.



Table 2. Patient’s characteristics in TPP and SPP
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TPP SPP

Number 120 60
Age 296 25+ 8
M:F 116:4 60:0
Plasma

K* (3.5-5.1 mEqg/l) 2.1+ 0.2 22402
T (86-187 ng/dl) 334 + 91* 124 + 30
fT, (0.8-2.0 ng/dl) 4.0+ 1.1* 1.1+04
TSH (0.35-5.0 pU/1) <0.03* 23+1.0
Na* (136-142 mEg/l) 141 + 2 142 +5
CI" (98-106 mEq/I) 106 + 2 103+ 8
Phosphate (2.6-4.6 mg/dl) 2.0+ 0.5* 26+0.7
lonized calcium (4.5-5.3 mg/dl) 4.8+0.2 47+0.2
Magnesium (1.7-2.4 mg/dl) 1.8+0.3 20204
Urea nitrogen (12-20 mg/dl) 12+3 12+ 6
Creatinine (Cr) (0.7-1.2 mg/dl) 0.7+0.2* 1.0+£03
Urine

K* (mEg/l) 9+4 1145
Creatinine (mg/dl) 108 + 32 112+ 37
TTKG 24+09 21+04

*denotes p < 0.05 when TTP vs. SPP.
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2.3.2 Identification of Kir2.6 Mutations in Patients with TPP and SPP

In the TPP cohort, two of 100 patients carried the same V168M mutation. A
heterozygous guanine to adenosine single-base substitution at nucleotide 502
(G502A, GTG to ATG) in exon 3 resulted in a missense mutation from valine to
methionine at codon 168 (V168M) in the second transmembrane domain (Figure 2-1,
upper, Figure 2-2A). The thyroid function tests of these two TPP patients are as
follows: free T, 2.92 and 6.21 ng/dl, T; 235.8 and 334 ng/dl, respectively, TSH both
< 0.03 IU/L. In the SPP cohort, two of 60 SPP patients had different mutations in
Kir2.6. A heterozygous cytosine to thymine substitution at nucleotide 127 (C127T,
CGC to TGC) in exon 1 resulted in a missense mutation from arginine to cysteine at
codon 43 (R43C) in the N-terminal cytoplasmic domain (Figure 2-1, lower left,
Figure 2-2A). Another heterozygous guanine to cytosine substitution at nucleotide
598 (G598C, GCC to CCC) in exon 3 led to a missense mutation from alanine to
proline at codon 200 (A200P) in the C-terminal cytoplasmic domain (Figure 2-1,
lower right, Figure 2-2A). The thyroid function tests for these two SPP patients are as

follows: free T, 1.21 and 1.56 ng/dl, T; 102 and 125 ng/dl, TSH 3.1 and 2.3 1U/L.

V168M
AQ S I MG C I |

WT GCCCAGTCCATOUGTGGGCTGCATCATC
Mu GCCCAGTCCATOATGBEGCTGCATCATC

A
|
R43C A200P
QH R C C NR F V FSHNP V VAL
WT TTCAGCCACAACQGCCBETGGTGGCCCTG
WT CAGCACAGGTGCCGCRACCGCTTCGTC M
MuCRGOAC GGTG COGOTTOGTE U TTCAGCCACAACCCCGETGGTGGCCCTG

A
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Figure 2-1. KCNJ18 mutations in TPP and SPP patients.

Chromatograms of partial sequences of KCNJ18 showing one heterozygous point
mutation with guanine 501 mutated to adenosine (GTG>ATG) leading to single
amino acid substitution from valine to methionine (V168M) was found in two TPP
patient (26- and 32-year-old males); one heterozygous point mutation with cytosine
127 mutated to thymidine (CGC->TGC) leading to the substitution of arginine 43
by cysteine (R43C) was found in a SPP patient (24-year-old male); and one
heterozygous point mutation with guanine 598 mutated to cytosine (GCC->CCC)
leading to alanine 200 to proline (A200P) mutation was found in another SPP
patient (52-year-old male). Bold letters above nucleotide sequence represent
corresponding coding amino acids. Mutated nucleotides are pointed by arrows, and
mutated codons are surrounded by red box. “WT” and “Mu” designate wild type
allele and mutant allele respectively.

R43, V168 and A200 of Kir2.6 are identical or relatively conserved among Kir
channel families (Figure 2-2B). None of 100 healthy control subjects had these three

mutations in Kir2.6.

A B
R43 V168 A200
N 4 N J
€<Vv168M hKir2.6 R FV QSIV[cCI S A
hKirl.1 R VvV  OSIIGVI S S
RA3CS <A200P hKir2.1 Q RFV QSIVGCI S A
hKir3.1 RFV QSILGST SE S
NH2
COOH

Figure 2-2. R43, V168 and A200 are conserved residues among Kir members.
(A) Membrane topology of Kir2.6 showing relative locations of mutations. (B)
Amino acid sequence alignment of three mutation sites from each of the four
members of the inward rectifying K* channels. Mutations are indicated by red
rectangle.

2.3.3 Mutations in Kir2.6 Cause Reduced Currents
To investigate the functional impact of these mutations in Kir2.6 channel, |

measured K* currents through these mutant channels by ruptured whole-cell patch-
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clamp recording (Figure 2-3A). Wild type and three mutant channels expressed

similar amount of proteins in transfected HEK cells (Figure 2-3B).

A B
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Figure 2-3. Functional evaluation and protein expression of wild type and
mutant Kir2.6 channels.

(A) Configuration of ruptured whole-cell recording, voltage-clamp protocol (from -
60 mV to 60 mV with 10 mV increment), representative currents from Kir2.6- and
mock-transfected cells were shown. (B) Protein expression of wild type (WT) and
three mutant (R43C, V168M, A200) GFP-tagged Kir2.6 channels (GFP-Kir2.6) was
detected by Western blot. 3-actin was used as a loading control.

The current-voltage relationship showed that K* currents through Kir2.6 channels
were strongly inwardly rectifying with negative slopes for outward currents at highly
depolarized membrane potentials (Figure 2-4A, upper). Compared to that for wild
type Kir2.6, cells transfected with R43C and V168M mutants displayed reduced
currents. Current density in cells expressing A200P mutant were not significantly
different from mock-transfected cells (5.3 + 0.7 pA/pF versus 4.1 + 0.9 pA/pF at -60
mV for mock-transfection), indicating that A200P mutation in Kir2.6 resulted in a
complete loss-of-function. R43C and V168M mutations affected both inward and
outward currents. Inward currents through R43C and V168M mutants measured at -
60 mV holding potential were ~25% and ~60% of wild type, respectively (Figure 2-
4A, lower bar graph). For comparison, outward currents measured at -20 mV holding

potential were ~30% and ~40% of wild type, respectively (Figure 2-4B). Thus,
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mutations of Kir2.6 in patients with TPP and SPP result in hypofunction or non-

function of the channel.
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Figure 2-4. Functional characters of R43C, V168M, and A200P KCNJ18
mutations.

(A) Upper panel, Current-voltage (I-V) relationship curve of WT and mutant Kir2.6
channels were shown. Lower panel, representative bar graphs of wild type and three
mutant Kir2.6 current density (pA/pF; normalized to the cell surface area) at
holding potential -60 mV(inward current, dotted box) (B) The portion of outward
hump current in this I-V curve was magnified (dotted circle in A, in the range of
holding potential from -30 to 20 mV). Representative bar graphs of wild type and
three mutant Kir2.6 current density (pA/pF; normalized to the cell surface area) at
holding potential -20 mV (outward current, dotted box) (mean + S.E.M., n > 6 for
each). Single and double asterisk denote p < 0.05 and p < 0.01 respectively between
wild type and each mutation by unpaired two-tailed Student’s t test.

2.3.4 Disease Mutations in Kir2.6 Impair Membrane Trafficking

I went on investigate whether these disease mutations alter cell surface
abundance of Kir2.6 channels. In preliminary experiments, | found that wild type
Kir2.6 protein was barely detectable by cell surface biotinylation, likely due to the

fact that no amine group in extracellular loop of Kir2.6 available for biotinylation
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reaction. To overcome the problem, | mutagenized histidine-118 of Kir2.6, which is
located in the pre-selectivity filter “turret” region of the extracellular loop and not
conserved among Kir2.x families, to a lysine. Figure 2-5 showed that H118K
mutation did not affect protein expression or whole-cell current density of the
“normal” and disease Kir2.6 mutants (i.e., whole-cell current density of H118K
mutant was not significantly different from that of wild type; and current density of
double mutants carrying H118K and each of the three disease mutations relative to

H118K were not significantly different from results in Figure 2-4).
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Figure 2-5. Effect of H118K mutation on wild type and three mutant Kir2.6
channels.

(A) The protein expression of wild type and mutant Kir2.6 channels was detected by
Western blotting analysis. 3-actin was used as a loading control. (B) Kir2.6 inward
current density at holding potential -60 mV was measured and presented as a bar
graph (mean = S.E.M., n > 6 for each). Single asterisk denotes p < 0.05 between
H118-Kir2.6 and each double mutant channel. NS denotes not statistically
significant.
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The result of biotinylation experiment using H118K as the backbone showed
that R43C and A200P mutants had significantly less surface abundance than wild
type (Figure 2-6, lane 3, 5 versus lane 2), but V168M mutant was not different from
wild type (lane 4 versus lane 2). To recapitulate patients with heterozygous mutation,
we coexpressed equal amounts of wild type and each mutant Kir2.6 cDNA and
examined the amount of surface Kir2.6. The results showed that under these
heterozygous conditions cell surface abundance of R43C and AZ200P mutants
remained significant lower than wild type (lane 7, 9 versus lane 2). Interestingly,
A200P mutant exerted dominant-negative inhibition on the surface abundance of wild
type channel (lane 9 versus lane 6). Lane 1 and 10 showed negative control for
biotinylation (no biotinylation reagents added) and inefficient biotinylation of wild
type channel (lacking H118K mutation), respectively. As protein expression for wild
type and disease mutants are similar (Figure 2-3, 2-5), the effects of R43C and A200P
mutations on cell surface abundance likely represent defects in the forward membrane

trafficking and/or endocytosis of the channel.
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Figure 2-6. Cell surface abundance of mutant Kir2.6 channels.

Effect of three human Kir2.6 mutations on membrane abundance of channel. HEK
cells were transfected with wild type and/or mutant Kir2.6 cDNAs (in pg cDNA as
indicated). 2WT (lane 2) and WT (lane 6) reflect the ratio of protein expression
from two or single allele of KCNJ18 respectively. Homozygous (lane 3-5) and
heterozygous groups (lane 7-9) (marked by box) stand for homozygous mutation
with 2 mutant alleles and heterozygous mutation with one mutant allele and one
wild type allele respectively. Lane 1 is non-biotinylated group for negative control.
Lane 10 shows low efficiency of biotinylation reaction in wild type Kir2.6. Lysate-
and Biotin-Kir2.6 represent Kir2.6 channels in HEK cell lysates and in elute from
mixture of HEK cell lysates and streptavidin-agarose beads respectively. Bar graph
in the bottom is the relative surface density of Kir2.6 channel (normalized to lane
6). Mean = S.E.M. from four separate experiments is shown on top of each bar. *
denotes p < 0.05 each group versus lane 2. # denotes p < 0.05 lane 9 versus lane 6.
Gel shown is representative of four experiments with similar results. The abundance
of each band in the gel was measured by densitometry by the Image J program
available at the NIH website
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2.3.5 R43C and V168M Mutations Affect Single Channel Properties of Kir2.6
Channel

The effects of disease mutations on the conductance and open probability of
the channel was examined using cell-attached single channel recording (Figure 2-7A).
Figure 2-7B showed representative single channel recordings of wild type, R43C and
V168M Kir2.6 channels with 150 mM K in the pipette and bath solution and at -80
mV membrane potential (= -pipette holding potential). As shown, wild type Kir2.6
was constitutively active with a relatively high open probability over the displayed
time scale (upper tracing). Compared to wild type, R43C (middle tracing) and
V168M mutant (lower tracing) exhibited lower single-channel current amplitude and

lower open probability, respectively.
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Figure 2-7. Single channel properties of wild type and mutant Kir2.6 channels.
(A) Configuration of cell-attached single channel recording of Kir2.6. (B) Left,
representative tracings of wild type (WT, upper), R43C (middle) and V168M
(lower) Kir2.6 single channel recording at membrane potential -80 mV. Dotted line
indicates channel closed. “O” and “C” indicate open and closed state respectively.
Right, all-point histogram of the representative tracings. Bin width = 0.1 pA. Curve
red lines indicate fits by the sum of two Gaussian distributions.

The single channel slope conductance was measured from current amplitude
at between -40 and -120 mV membrane potentials (Figure 2-8A). As shown, R43C

mutation reduced the slope conductance by 45% (33.2 £ 2.0 pS for wild type versus
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18.4 + 1.2 pS for R43C, n = 5 for each, p < 0.01). V168M mutation has no effect on
the slope conductance. We analyzed single channel open probability of wild type and
mutant channels between -40 and -120 mV membrane potentials (Figure 2-8B). There
was a slight increase in the open probability from -120 mV to -40 mV. Over the
voltage range, V168M mutant, but not R43C mutant, showed a lower open
probability than wild type (for example, 0.67 = 0.02 for V168M versus 0.92 + 0.02
for wild type, at -80 mV, n =5 each, p < 0.0001). In conclusion, R43C and V168M
mutation in Kir2.6 reduce single-channel conductance and open probability,

respectively.

A I (pA) B ‘&.-:'_’-&:-_::3 1
120 -80 -40  JHPmV) g
o 0.8
&""Z".»;,’B @ o
T Y
T 2 razc |°0®
= ) AA
%"’;%, ‘e mTac 1 -HP (mV) o1 V168M
— -f-;; 0--0 V168M "4 _40
€S > NS
€ ©40 NS 2
4] c S .
ﬁ bt} 20 * % 4
55 :
c 2 o
“ 8 WT R43C V168M S23C Viesn

Figure 2-8. R43C and V168M mutant cause reduced conductance and open
channel probability, respectively. (A) Upper, single channel current-voltage (1-V)
relationship. Single channel currents were recorded at membrane holding potentials
(HP) ranged from -40 to -120 mV. Slope conductance (dotted line) were calculated
by linear regression. Lower, bar graph of single channel conductance. (B) Upper,
open channel probability (Po) of WT and mutant single channels were analyzed by
amplitude histogram at HP ranged from -40 to -120 mV. Dotted lines were linear
regressions of Po. Lower, bar graph of open channel probability of WT and mutants
at membrane potential -80 mV. Single and double asterisk denotes p < 0.05 and p <

0.01 respectively between wild type and each mutation. NS denotes statistically not
significant.




43

2.3.6 Disease Mutants Exert Dominant Negative Inhibition on Wild Type
Kir2.6

To better understand the in vivo impact of these heterozygous mutations, |
further examined potential dominant-negative effects of mutants on wild type
channel. In these experiments, | cotransfected HEK cells with wild type and/or
mutant Kir2.6 cDNA at indicated concentrations (0-0.9 ug). | have found that surface
expression of Kir2.6 channel proteins increased linearly with the amount of
transfected DNA within this range (for example, lane 6 versus lane 2, Figure 2-6).
Indeed, current density in cells transfected with 0.6 ug wild-type Kir2.6 plasmid was
approximately twice as much as in cells transfected with 0.3 pg wild-type plasmid.
As shown in Figure 2-9, current density in cells coexpressed R43C mutant and wild
type subunit was significantly reduced compared with that with expression of wild
type subunits, indicating that R43C mutant exerted dominant negative inhibition on

wild type channel.
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Figure 2-9. R43C exerts dominant negative effect on wild type Kir2.6 channel.
(A) Wild type (WT) and mutant pEGFP-Kir2.6 cDNAs (in pug as indicated) were
cotransfected into HEK cells to test the dominant negative effect of R43C. Bar
graph of whole-cell inward current density at pipette holding potential -60 mV
(lower) and -10 mV (upper) for different ratios of wild type Kir2.6 versus mutant
Kir2.6 channels (mean + S.EM., n > 6 for each). (B) Current-voltage (I-V)
relationship curves for each group (mean = S.E.M., n > 6 for each). WT/R denotes
the expressed protein ratio of wild type versus R43C mutant. Single asterisk denote
S p < 0.05 between indicated groups.

Similarly, co-expression of V168M or A200P with wild type channel decreased the
wild type current (Figure 2-10, 2-11), indicating dominant-negative inhibition exerted
by V168M and A200P, respectively. Interestingly, despite the relatively low cell
surface expression (see Figure 2-6 above), A200P mutant exerted a significant
dominant-negative inhibition on wild type when transfected at 1:1 ratio (Figure 2-11,
0.3 ug WT + 0.3 pg A200P). One potential explanation for the finding is that

incorporation of one A200P subunit is sufficient to render tetrameric channel non-

functional.
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Figure 2-10. V168M exerts dominant negative effect on wild type Kir2.6
channel. (A) Wild type (WT) and mutant pEGFP-Kir2.6 cDNASs (in pg as
indicated) were cotransfected into HEK cells to test the dominant negative effect of
V168M. Bar graph of whole-cell inward current density at pipette holding potential
-60 mV (lower) and -10 mV (upper) for different ratios of wild type Kir2.6 versus
mutant Kir2.6 channels (mean + S.E.M., n > 6 for each). (B) Current-voltage (I-V)
relationship curves for each group (mean + S.E.M., n > 6 for each). WT/V denotes
the expressed protein ratio of wild type versus V168M mutant. Single asterisk
denote s p < 0.05 between indicated groups.
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Figure 2-11. A200P exerts dominant negative effect on wild type Kir2.6
channel. (A) Wild type (WT) and mutant pEGFP-Kir2.6 cDNAs (in ug as
indicated) were cotransfected into HEK cells to test the dominant negative effect of
A200P. Bar graph of whole-cell inward current density at pipette holding potential -
60 mV (lower) and -10 mV (upper) for different ratios of wild type Kir2.6 versus
mutant Kir2.6 channels (mean = S.E.M., n > 6 for each). (B) Current-voltage (I-V)
relationship curves for each group (mean = S.E.M., n > 6 for each). WT/A denotes
the expressed protein ratio of wild type versus A200P mutant. Single and double
asterisk denote p < 0.05 and p < 0.01 respectively between indicated groups
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2.3.7 Kir2.6 Forms Heteromultimers with Kir2.1 and Kir2.6 Mutants Exert
Dominant Negative Inhibition on Kir2.1

Kir2.1 channel is also expressed in skeletal muscle and reportedly forms
heteromultimer with Kir2.6.2° | thus compared Kir2.1 and Kir2.6 channel properties
and explored potential interactions between disease mutant Kir2.6 and wild type
Kir2.1. Cells expressed more Kir2.1 than Kir2.6 currents when transfected with the
same amount of cDNA for each (Figure 2-12A). Moreover, the characteristics of
currents through Kir2.1 and Kir2.6 were different. As shown in bar graph (Figure 2-
12A) and I-V relationship curves (Figure 2-12C), Kir2.1 passed relatively more
outward currents than Kir2.6 at membrane potentials above the equilibrium, giving a
more prominent outward “hump-shaped” current relative to Kir2.6. This difference in
the I-V relationship is better illustrated in Figure 2-12B, where Kir2.6 currents are
normalized to Kir2.1. Thus, the rectification ratio, defined herein as inward current at
-60 mV over outward current at -10 mV was 6.7 for Kir2.1 and 33 for Kir2.6,
respectively. | next examined K* currents in cells co-expressing Kir2.1 and Kir2.6. |
found cotransfection with cDNA for Kir2.1 and Kir2.6 (0.2 pg each) produced
currents much less than currents from transfected with Kir2.1 alone (Figure 2-12A;
inward and outward current density were -126 and 6.8 pA/pF, respectively, for
cotransfection versus -237 and 38.4 pA/pF, respectively for Kir2.1 alone). The
rectification ratio for cotransfection was 18.5, a value between that for Kir2.1 alone
(i.e., 6.7) and for Kir2.6 alone (i.e., 33). Cotransfecting an increased amount of Kir2.6
DNA (0.6 pg) further increased the rectification ratio to 31.5, a value similar to that
for transfection of Kir2.6 alone (i.e., 33). These results support the idea that Kir2.1

and Kir2.6 can form functional heteromultimers at the cell surface.
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Figure 2-12. Currents and 1-V relationships of homomeric and heteromeric
Kir2.1 and Kir2.6 channels. (A) Kir2.1 and wild type Kir 2.6 (in ng cDNA as
indicated) were cotransfected in HEK cells. Bar graph of whole-cell inward current
density at pipette holding potential -60 mV (lower) and -10 mV (upper) for different
ratios of wild type Kir2.1 versus wild type Kir2.6 channels (mean + SEM., n> 6
for each). Number above or below each bar represents the mean current for each
group. Number enclosed in the parentheses in indicates the absolute value of the
ratio between inward current at -60 mV and outward current at -10 mV for each
group. (B) The overlap of normalized current voltage (I-V) relationships curves of
Kir 2.1 and wild type Kir2.6. (C) Current-voltage (I-V) relationship curves for each
group in figure A (mean + S.E.M., n > 6 for each). 2.1/2.6 denotes the expressed
protein ratio of wild type Kir2.1 versus wild type Kir2.6.

I examined potential effects of dominant negative inhibition on Kir2.1 by
disease Kir2.6 mutants. Cotransfection of A200P mutant with Kir2.1 at 1:1 and 1:3
cDNA ratios caused a dose-dependent inhibition of Kir2.1 current (Figure 2-13; for
example, inward current density was -277, -100, and -20 pA/pF for 0, 0.2, and 0.6 ug
A200P cDNA, respectively). For comparison, co-expression of a non-functional
Kir2.6 mutant carrying a glycine to alanine mutation within the GYG selective filter
caused a similar degree of inhibition on Kir2.1 currents (Figure 2-13A, last bar
highlighted by the box labeled “GA”). Figure 2-13B shows I-V relationships for

experiments in Figure 2-13A.
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Figure 2-13. Kir2.6 A200P mutant exerts dominant negative inhibition on
Kir2.1 (A) Kir2.1 and Kir 2.6 mutants (including A200P and G145A) (in ng cDNA
as indicated) were cotransfected in HEK cells to test the dominant negative effect of
A200P. Bar graph of whole-cell inward current density at pipette holding potential -
60 mV (lower) and -10 mV (upper) for different ratios of wild type Kir2.1 versus
wild type Kir2.6 channels (mean + S.E.M., n > 6 for each). Number above or below
each bar represents the mean current for each group. (B) Current-voltage (I-V)
relationship curves for each group in figure A (mean + S.EM., n > 6 for each).
2.1/A200P denotes the expressed protein ratio of wild type Kir2.1 versus Kir2.6
A200P mutant.

I next examined effects of R43C and V168M Kir2.6 mutants on wild type
Kir2.1. Cells co-expressing R43C or V168M mutant and Kir2.1 at 3:1 cDNA ratio
(Figure 2-14, 3" and 4™ bar from left, respectively) had currents smaller than cells
expressing Kir2.1 alone (1* bar from left) or cells co-expressing wild type Kir2.6 and
Kir2.1 (2" bar from left), indicating that R43C and V168M mutants also exert
dominant-negative inhibition on Kir2.1. Figure 2-14B shows |-V relationships for

experiments in Figure 2-14A.
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Figure 2-14. Disease mutant Kir2.6 exerts dominant negative inhibition on
Kir2.1 (A) Kir2.1 and Kir 2.6 (in ng cDNA as indicated) were cotransfected in
HEK cells to test the dominant negative effect of disease mutant Kir2.6. cDNA ratio
of Kir2.1 versus either wild type (WT) or disease mutant (R43C, V168M, A200P)
Kir2.6 are all 1/3 (Kir2.1 0.15 pg, Kir2.6 0.45 pug). Bar graph of whole-cell inward
current density at pipette holding potential -60 mV (lower) and -10 mV (upper) for
different ratios of wild type Kir2.1 versus wild type Kir2.6 channels (mean *
S.EMM., n > 6 for each). Number above or below each bar represents the mean
current for each group. (B) Current-voltage (I-V) relationship curves for each group
in figure A (mean + S.EM., n > 6 for each). 2.1/2.6 and 2.1/A200P, R43C, or

V168M denotes the cDNA ratio respectively
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2.4 Discussion

In this project, | found three novel mutations in KCNJ18 encoding the newly
identified skeletal muscle-specific Kir2.6 channel in patients with SPP as well as
patients with TPP. Ryan et al. recently reported that mutations of Kir2.6 in patients
with TPP.*! Based on that KCNJ18 contains a thyroid-responsive element and thyroid
hormone up-regulates the transcription of Kir2.6, Ryan et al suggested that
upregulation of Kir2.6 is important for mutations of the channel to contribute to the
pathogenesis of hypokalemic periodic paralysis. My finding that mutations of Kir2.6
occur in patients with SPP with normal levels of thyroid hormone does not support
this hypothesis. The mutations | identified in patients with TPP and SPP are
heterozygous, missense substitutions of amino acids that result in partial or complete
loss-of-function of Kir2.6 by decreasing single channel conductance, open probability
and/or cell surface expression. These disease mutations exert dominant-negative
mutations on wild type Kir2.6 and Kir2.1, both of which play an important role in
regulating resting membrane potentials of skeletal muscle. These results provide
important insights into the mechanism of pathogenesis of hypoPP.

It has been known for long that mutations of skeletal muscle voltage-gated
Ca®* channel Ca,1.1 or Na* channel Na,1.4 cause familial hypoPP. The majority of
mutations in Ca,1.1 or Na,1.4 occur in the S4 voltage sensors, changing positively
charged amino acids to uncharged.” One hallmark of hypoPP is paradoxical
depolarization of sarcolemma induced by hypokalemia during attacks, which is
believed to be a central mechanism of Na* channel inactivation thus inexcitability of
muscle. How mutations of cationic amino acids in the voltage sensor cause the
paradoxical depolarization of sarcolemma during hypokalemia, however, had been an

enigma. Recent studies showing that mutations in the voltage sensor create an
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aberrant conducting pore (“gating pore”) that allows passage of small cations (Na*
and H") at hyperpolarized resting membrane potentials provide a mechanistic
explanation for paradoxical depolarization of sarcolemma during hypokalemic
attacks.* 1

The resting membrane potential (E;) of cells is determined by the balance
between outward (l,) and inward (I;) current (Figure 2-15A). In the sarcolemma of
skeletal muscle under most conditions, this balance occurs between the outward
hump current of Kir (lxi) and inward cation leak current (I e). Under some
conditions, this balance can only be achieved by outward current mediated by the
delayed rectifying K* channel (Ixpr), Which are activated when membrane potentials
depolarized to > -65 mV. These features give rise to the bi-stable distribution of
resting membrane potentials of skeletal muscle sarcolemma. When extracellular K*
concentration ([K*],) decreases, the shift in the equilibrium potential for K (EK)
toward hyperpolarized membrane potentials decreases the outward K* current through
Kir relative to the leak current. In addition, decreased [K'], has a direct effect on Kir
to reduce K* conductance.® ™! As a result, the balance between inward and outward
currents for E, is reset to a hyperpolarized membrane potential (Figure 2-15B; E, -98
mV versus -93 mV in Figure 2-15A). In normal individuals, unless the [K™], is
extremely low (< 1 mM), Ik is able to maintain the balance with I gy at
hyperpolarized E,. The ability to balance inward leak currents and Iy during
hypokalemia by hyperpolarization of E, is disrupted in familial hypoPP. As shown,
increases in the leak current in familial hypoPP cause a slight depolarization at
normal [K"], (Figure 2-15C). The hyperpolarizing shift in E, in hypokalemia,
however, renders imbalance between outward current mediated by Kir and the large

inward leak current. As a result, E; is reset to a more depolarized membrane potential
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where outward K* current is mediated by delayed rectifier K™ channel in order to

reach a new balance between outward and inward current (Figure 2-15D).
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Figure 2-15. Schematic models illustrating reduced outward current of Kir
induces paradoxical depolarization in patients with Kir2.6 mutation.

The steady-state current-voltage (I-V) relationship curve for mammalian skeletal
muscle is a combination of 1-V curves of inward rectifying K* channel (Kir, red
line) and delayed rectifying K* channel (KDR, green line). Leakage current (blue
line) has a reversal potential of 0 mV. Because gating pore currents from mutations
of the voltage sensor only occur in hyperpolarized potentials, the inward leak
current in familial hypoPP patients is not linear (blue dotted line). The model is
intended for conceptual understanding. The numerical value may be slightly
different from true in vivo value. See text and ref. 110 for details. Abbreviations:
Ey: equilibrium potential of Kir channel; E,: resting membrane potential; I,: outward
cation current; I;: inward cation current; I current of inward rectifying potassium
channel; Ixpr: current of delayed rectifying potassium channel; I e.: inward cation
leak current; [K],: extracellular potassium concentration.
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The above model for hypokalemia-induced paradoxical depolarization
predicts that reduced K* current through ly;; could lead to same effect as enhanced
ILeax (Figure 2-15E, F). This notion is supported by a recent study by Struyk et al
showing that partial blockage of Ik by barium predisposes sarcolemma to the
development of paradoxical depolarization under relatively normal [K*],.** Moreover,
studies have shown that patients with non-familial hypoPP and experimental models
of TPP develop paradoxical depolarization under moderate hypokalemia despite no
evidence of aberrant inward cation leak. Recordings from external intercostals muscle

112, 113

biopsied from TPP patients and hindlimb muscle fibers of rat with

114

hyperthyroidism™ displayed persistently depolarized E,. In the study of intercostals

muscle of TPP patients, outward Kir currents were reduced along with diminished

voltage-activated inward Na* currents.'*?

My findings that mutations of Kir2.6 cause
decreased outward K* currents through Kir2.6 and/or through Kir2.1 and Kir2.6
heteromultimeric channels supports this model of hypokalemia-induced paradoxical
depolarization and muscle inexcitability as a central mechanism of pathogenesis for
paralysis in hypoPP (Figure 2-15E, F). These findings may also explain why hypoPP
patients develop severe hypokalemia. Due to heterogeneity, muscle fibers develop
paradoxical depolarization at different extracellular K* concentrations; the percentage
of muscle fibers that develop paradoxical depolarization increases proportionally with
decreasing [K*],."*® K* efflux at the paradoxically depolarized membrane potential is
much lower than that in the normal resting membrane potential (compare Figure 2-
15D &F with Figure 2-15A). Thus, an increase in the number of muscle fibers with

paradoxical depolarization from the initial mild hypokalemia may set in motion a

vicious cycle of worsening hypokalemia and paradoxical depolarization. The
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observation that hypokalemia and muscle paralysis develops in patients with barium
intoxication supports this notion.*% 1°

Many members of Kir2.x family including Kir2.1, Kir2.2, and Kir2.6 are
present in skeletal muscle.?? The subcellular distribution in the muscle and relative
contribution of each member remain largely unknown. Some insights can be gained
from human mutations and animal models. Mutations of Kir2.1 cause a multisystem
disease featured by prolonged QT syndrome, facial and skeletal dysmorphism, and
hypokalemic periodic paralysis known as Andersen-Tawil syndrome.*® The multi-
organ involvement is consistent with the broad distribution of Kir2.1 in these and
other organs.”® Mice homozygous for inactivation of Kir2.1 gene die at young age
due to palatal defects and difficulties in feeding.'*’” These findings indicate that Kir2.1
is essential for maintaining a normal E, in cardiac and skeletal muscle as well as other
tissues. Mice with knockout of Kir2.2 have no obvious phenotype.™*’ The report by
Ryan et al and ours indicate an important role of Kir2.6 in the regulation of skeletal
muscle membrane potentials.®* During the course of my present study, Dassau et al
reported that Kir2.6 co-assembles with Kir2.1 and Kir2.2.'° Based on
immunofluorescent staining of recombinant Kir2.6 in transfected rodent tissues, the
authors concluded that Kir2.6 is predominantly distributed to the endoplasmic
reticulum and functions as a dominant negative regulator of cell membrane
abundance of Kir2.1 and other Kir2.x channels. In this study, | find that Kir2.6
expresses on the cell surface of a human cell line (HEK cells) and is functional. Ryan
et al also observed functional expression in HEK cells.®* As acknowledged by Dassau
et al, different cell types may account for the apparent discrepancy. | also find that
Kir2.6 interacts with Kir2.1 to form functional channels with mixed properties on the

cell surface. Moreover, disease Kir2.6 mutants exert dominant-negative inhibition on



55

Kir2.1. Future study will investigate subcellular distribution of Kir2.1 and Kir2.6,
physiological significance of differential distribution and potential impact of disease
mutants on homomeric and/or heteromeric subunits.

Ryan et al reported mutations of Kir2.6 in ranging from zero to 33% TPP
patients from several different populations.®* In Taiwanese population, I found four
mutations in 160 SPP and TPP patients. Mutations in Ca,1.1, Na,1.4, and Kir2.1 have
not been reported in TPP (28-31)."**** Mutations in Ca,1.1 and Na,1.4, however,
have been reported in some SPP patients.’®® '?2 These patients may be variants of
familial hypoPP due to an incomplete penetration of female carriers or may be
afflicted by de novo gene mutations. Whether decreased protein expression and/or
function of Kir2.6, promoter polymorphism and/or deep intron mutations of KCNJ18
may account for disease phenotypes in some of TPP and SPP patients not mapped to
mutations of the coding region of Na’, Ca?', and Kir2.6 channels awaits further
investigation. Of note, insulin, of which an increased blood level is a predisposing
factor for hypoPP, was reported to inhibit Kir currents.'?

In conclusion, my present report provides the first evidence that mutations in
Kir2.6 occur in SPP as well as TPP, supporting the notion that decreased K* currents

predispose sarcolemma to paradoxical depolarization in hypokalemia leading to

muscle paralysis.



CHAPTER THREE

PHOSPHATIDYLINOSITOL 3-KINASE (PI13K)-AKT1/SGK1-
DEPENDENT PHOSPHORYLATION OF WNK1 STIMULATES

ENDOCYTOSIS OF ROMK

3.1 Introduction

Extracellular K™ concentration is tightly regulated with a small range between
3.5-5 mM and is a major determinant of resting membrane potential (Er) of many
excitable cells. Disruption of K* homeostasis can lead can life-threatening
consequences, such as cardiac arrhythmia and muscle paralysis. To maintain the
steady content of total body K*, ~90% of dietary K" intake is excreted through the
kidney with processes including glomerular filtration, tubular reabsorption and
secretion. The transepithelial K* secretion in the kidney occurs mainly in the
aldosterone-sensitive distal nephron (ASDN), where K* uptake into cells by the
basolateral Na*, K* ATPase and exit into lumen through two major apical K*
channels, maxi-K and ROMK (Kir1.1) channels.®>**

With constitutively high open probability of channel, the density of ROMK
channel at the lumen surface is the major determinate of renal K* secretion.'® The
clathrin-dependent endocytosis regulates membrane abundance of ROMK channel.
WNK (with-no-lysine [K]) kinases have been identified as important regulators of
renal handling of K. WNKs are serine-threonine protein kinases with an unusual
position of the catalytic lysine in sub-domain | instead of sub-domain 11.”®

Mammalian WNK family comprises of four members, WNK1-4, which share 85-

56
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90% sequence identity in their kinase domain.”® ™ **® Mutations in WNKZ1 and
WNK4 in humans cause a syndrome of genetic hypertension and hyperkalemia, so-
called autosomal-dominant disease pseudohypoaldosteronism type 2 (PHAZ2).”
Studies have shed light on the mechanisms of WNK1 and WNK4 in regulating renal
Na* and K" transporters and dysfunction of WNK kinases cause enhanced Na*
reabsorption for hypertension and impaired K* excretion for hyperkalemia in PHAZ2.
WNK kinases regulate renal Na* transporters through both catalytic and non-
catalytic mechanisms. Sharing 90% similarity in amino acid sequence of kinase
domain, both WNKZ1 and 4 phosphorylate and activate two Ste20-type kinases, OSR1
and SPAK, which in turn phosphorylate and activate the thiazide-sensitive Na*-CI
cotransporter (NCC) and the bumetanide-sensitive Na’-K*-2CI"  cotransporter
(NKCC)."" 1?8 Besides their catalytic activity, WNK1 and 4 also regulate ENaC and
NCC via non-catalytic mechanisms that involve protein-protein interaction with
serum- and glucocorticoid-induced kinase-1 (SGK1) for the regulation of ENaC and
with transporter directly for the regulation of NCC.% % With respect to K* transport,
WNK1 and 4 stimulate endocytosis of ROMK via a kinase-independent mechanism
that involves a direct interaction with an endocytic scaffold protein, intersectin.®
Compared to the downstream effects of WNKSs, the physiological upstream
regulators of WNKSs are less understood. Vitari et al showed that insulin-like growth
factor (IGF1) induces phosphorylation of endogenous WNKZ1 in cultured human
embryonic kidney (HEK) cells at threonine-60 (equivalent to threonine-58 of rat
WNK1)."® The effect of IGF1 is through activation of phosphatidylinositol 3-kinase
(PI3K) leading to activation of the 3-phosphoinositide-dependent protein kinase-1
(PDK1) and protein kinase B (PKB)/Aktl. Phosphorylation of WNK1 by Aktl does

not affect its kinase activity or subcellular distribution.® Jiang et al reported that
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insulin induces a similar phosphorylation of WNKZ1, which underscores the inhibition
of cell proliferation of 3T3-L1 preadipocytes by insulin.®® Xu et al reported that
WNK1 activates SGK1 through direct protein-protein interactions independently of
WNK1 kinase activity.®> Xu et al further showed that phosphorylation of rat WNK1
at threonine-58 by IGF1-Aktl pathway enhances the ability of WNK1 to stimulates
SGK1 kinase activity leading to activation of ENaC.* Others have also showed that
insulin stimulates ENaC via Aktl, although the role of WNK1 was not
investigated.’* The mechanism for WNKZ1 regulation of ROMK and ENaC are
fundamentally distinct, raising an interesting question as to whether phosphorylation
of WNK1 by PI3K-activating hormones, such as insulin and IGF1, affects its

regulation of ROMK. 1 investigated this question in this project.

3.2 Materials and Methods

3.2.1 DNA Constructs and Reagents

PEGFP-ROMK1, pCMV5-Myc-WNK1, PpIRES-Flag-KS-WNK1, and
dominant-negative intersectin and dynamin have been created and used in Dr. Chou-
Long Huang’s 1ab.*® The plasmids encoding N-terminal 60 amino acids truncated
and Flag-tagged wild type, S422D mutant and kinase-dead mutant SGK1 (pCMV?7-
3xFlag-ASGK1), HA-tagged wild-type, myristoylated and kinase-dead mutant Aktl
(pCMV-HA-Aktl), and myc-tagged PDK1 (pcDNA3-Myc-PDK1) were generous
gifts from M. Cobb (University of Texas Southwestern Medical Center). Point
mutations were generated by site-directed mutagenesis (QuickChange kit; Stratagene)
and confirmed by sequencing. Sense and antisense oligonucleotides (Dharmacon
RNA Technology) for human WNK1 siRNA were 5’-

UGUCUAACGAUGGCCGCUUdTdT-3’ and 5’-
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AAGCGGCCAUCGUUAGACAITAT-3". Sense and antisense oligonucleotides for
human SGK1 were 5’-GUCCUUCUCAGCAAAUCAAUU-3> and 5’-
UUGAUUUGCUGAGAAGGACUU-3’. Sense and antisense oligonucleotides for
human  Aktl were 5’-GACCGCCUCUGCUUUGUCAJTAT-3" and 5°-
UGACAAAGCAGAGGCGGUCATAT-3’. Insulin from bovine pancreas and IGF1
was purchased from Sigma. The following antibodies were used: anti-WNK1
antibody (Q256)(1:5000 dilution; gift from M. Cobb),'® anti-Flag antibody
(M2)(1:5000 dilution; Sigma) and anti-c-Myc (1:5000 dilution; Sigma), anti-HA
antibody (12CA5)(1:5000 dilution; Berkeley Antibody Co), anti-WNK21 phospho-
Thr-58 (1:1000 dilution; Abcam), anti-Aktl (AW24; 1:1000 dilution; Millipore), anti-
Aktl phospho-Thr-308 (C31E5E; 1:1000 dilution; Cell Signaling), anti-Aktl
phospho-Ser-473 (D9E; 1:1000 dilution; Cell Signaling), anti-SGK1 phospho-Thr-
256 (1:1000 dilution; Santa Cruz) and anti-GFP HRP conjugate (1:1000 dilution;

Invitrogen).

3.2.2 Cell Culture, Transfection, Preparation of Cell Lysates, Immunoblotting,
and Kinase Assays

HEK-293 cells were co-transfected with cDNA (0.3 pg per 6-well) for GFP-
ROMKT1 plus other indicated cDNAs using transfection reagent, Fugene HD (Roche).
In each experiment, the total amount of DNA for transfection was balanced by using
empty vectors. Transfected cells were identified by green fluorescence.
Approximately 36-48 hr after transfection, cells were dissociated and placed in a
chamber for ruptured whole-cell recordings. For knockdown by SsiRNA,
oligonucleotides (200 nM each) were mixed with cDNAs for ROMK1 and other

indicated constructs for cotransfection by PolyFect (Quagen). For serum deprivation
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studies, cells were washed by PBS for 2 times and cultured in serum-free DMEM
medium for different time periods as indicated.

Cultured cells were incubated with lysis buffer (50 mM HEPES, pH 7.6, 150
mM NaCl, 0.5% Triton X-100, 10% glycerol, protease inhibitor cocktail [Mini
EDTA-free, Roche], and phosphatase inhibitor cocktail [PhosSTOP, Roche]). After
shaking 30 minutes on a rotator at 4°C, extracts were cleared by centrifugation.
Protein concentrations of supernatant were measured by the Bradford assay using
bovine serum albumin as a standard. Equal amounts of lysates were boiled in
Laemmli sample buffer and then separated by SDS-PAGE under reducing conditions.
For western blotting, proteins were transferred to nitrocellulose membranes, blocked
using 5% nonfat milk, incubated with the appropriate antibodies, and detected using
ECL detection reagent (Pierce).

For kinase assays, epitope-tagged PDK1, Aktl and/or SGK1 were
cotransfected in HEK cells as indicated. Lysates (500 pg) were incubated with
respective antibodies (anti-rabbit anti-Myc for PDK1, anti-mouse anti-HA for Aktl
and anti-mouse anti-Flag for SGK1 each at 1:300 dilution) and 30 pul of 50% slurry of
protein A (for immunoprecipitating PDK1) or protein G (for immunoprecipitating
Aktl and SGK1) at 4 °C overnight. Then beads were washed 3 times by 1ml wash
buffer (0.25 M Tris, pH 7.4, 1 M NaCl, 0.1% Triton X-100, proteinase and
phosphatase inhibitor cocktails) for 10 minutes and followed by one wash with 1ml
kinase wash buffer (10 mM HEPES, pH 7.6 and 10 mM MgCl,). After removing
kinase wash buffer, beads were incubated with 2 pg WNKI(1-119) wild type or
T58A mutant proteins purified from E coli, in 30 pl of kinase buffer (20 mM HEPES,
pH 7.6, 5 uM ATP [5 uCi of y-32P ATP], 10 mM MgCl,, and 10 mM pB-glycerol

phosphate) at 30 °C for 45 minutes. The samples were then boiled with 7.5 ul 5-fold
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sampling buffer in 90°C for 5 minutes. Supernatants were separated by SDS-PAGE
for western blot and phosphoimager analysis. The radioisotope intensity of the bands
was determined by phospholmager, Storm 860 (GE Healthcare, Piscataway, NJ) and

ImageQuant 5.2 software (GE Healthcare, Little Chalfont, Buckinghamshire, UK).

3.2.3  Whole-Cell Patch-Clamp Recording of ROMK1 Channels

After 48-hour transfection, cells were trypsinized and plated on poly-L-lysine
coated cover slips. Whole-cell ROMK currents were recorded by using an Axopatch
200B amplifier (Axon Instruments, Foster City, CA). The pipette resistance was
around 1.5-3 MQ. Green fluorescence of GFP-ROMK in transfected cells were
identified by epifluorescent microscopy. The pipette solution contained 140 mM KCI
and 10 mM HEPES (pH 7.2); the bath solution contained 140 mM KCI, 1 mM
MgCl,, 1 mM CaCl,, and 10 mM HEPES (pH 7.4). The cell membrane capacitance
and series resistance were monitored and compensated (>75%) electronically. The
voltage protocol consisted of 0 mV holding potential and 500-ms steps from -100 to
100 mV in 25-mV increments. ClampX 9.2 software (Axon Instruments) was used
for data acquisition. Current density was calculated by dividing current at -100 mV
(pA; measured at 25°C) by capacitance (pF). Results were shown as mean + S.E.M.
(n = 6-10). Each experiment (i.e., set of results shown in each panel of a figure) was

repeated two to four times.

3.2.4 Surface Biotinylation Assay
For biotinylation of cell-surface ROMK, cells were washed with ice-cold
PBS and incubated with 0.75 mL PBS containing 1.5 mg/mL EZ-link-NHS-SS-biotin

(Thermo Scientific) for 1hr at 4°C. After quenching with glycine (100 mM), cell were
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lysed in a RIPA buffer (150 mM NaCl, 50 mM Tris-HCI, 5 mM EDTA, 1% Triton X-
100, 0.5 % DOC and 0.1% SDS) containing protease inhibitor cocktail. Biotinylated
proteins were precipitated by streptavidin-agarose beads (Thermo Scientific). Beads
were subsequently washed 4 times with PBS containing 1% Triton X-100. Biotin-
labeled proteins were eluted in sample buffer, separated by SDS-PAGE, and
transferred to nitrocellulose membranes for Western blotting. ROMK proteins on the
membrane were detected using anti-GFP HRP conjugate antibody. Biotinylation

experiment was performed 3 times with similar results.

3.2.5 Data Analysis

Data analysis and curve fitting were performed with the Prism (v5.03)
software (GraphPad Software, San Diego, CA, USA). Data were presented as mean +
S.E.M. Statistical comparisons between two groups of data were made using two-
tailed unpaired Student’s t-test. Multiple comparisons were determined using one-
way ANOVA (analysis of variance). Time-course and dose-response curve were
fitted by non-linear regression analysis. Statistical significance was defined as p
values less than 0.05 for single comparison and less than 0.01 for multiple

comparisons.

3.3 Results
3.3.1 Effects of Serum Deprivation, Insulin and IGF1 on ROMK
Whole cell recording of barium-sensitive K* current were performed on HEK
cells transfected with ROMK. All the recordings were done under the condition of
symmetrical 140 mM [K*], proved by reverse potential of barium-sensitive K* current

at 0 mV. The barium-sensitive K* current was defined as ROMK-mediated K*
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currents and displayed the characteristic weak inward-rectification (left panel, Figure
3-1). No currents were observed in mock-transfected cells. To allow for testing the
effect of insulin and IGF1 on ROMK, I first examined the effect of serum deprivation.
After culturing in the serum-containing media for 48 hours to allow maximal
expression of the channel, ROMK-transfected cells were deprived of serum for 3 to
25 hour before ruptured whole-cell recording. As shown, ROMK current density
(normalized to capacitance, pA/pF) increased progressively with increasing duration
of serum deprivation (right panel, Figure 3-1). Six hours after serum deprivation,
current density was significantly higher than that before deprivation. ROMK currents

continued to increase and reached a plateau at 16-20 hours (Figure 3-1).
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Figure 3-1. Serum deprivation increases ROMK current.

Left, configuration of whole-cell recording, voltage-clamp protocol (from -100 mV
to 100 mV), representative currents from ROMK- and mock-transfected cells are
shown. Right, ROMK current density (pA/pF at -100 mV; normalized to the cell
surface area) at different time of serum deprivation were shown (mean £ S.E.M., n
> 6 for each) and analyzed by nonlinear regression curve. Inset shows current-
voltage (I-V) relationship curve of ROMK with serum deprivation for 0, 13, and 25
hours. Data in each time point was compared to serum-containing group (0-hr
serum deprivation). Double asterisk denotes p < 0.01. All time points beyond 6-hr
are significant compared to serum-containing group (not indicated by asterisk). All
time points between 16 hrs and 25 hrs are not significantly different (not indicated).
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Addition of insulin thereafter caused a significant inhibition of ROMK
currents in 30 minutes (Figure 3-2, left). ROMK currents reached the nadir at ~2-hour

incubation with insulin (Figure 3-2, right).
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Figure 3-2. Time course of effect of insulin on serum-deprived ROMK current.
Cells were cultured in serum-free medium at least 16 hours before addition of
insulin (100 nM) for different time periods. Data points are mean + S.EIM. (n > 6
for each) and compared to serum-deprived (0-hour insulin incubation) and analyzed
by nonlinear regression curve (left panel). Right panel shows I-V curve of ROMK
current before and after 2 hour insulin.

The dose-response relationship for inhibition of ROMK was examined by
incubating insulin ranging from 1 nM to 100 nM for 2 hour. Insulin significantly
inhibited ROMK at the concentration as low as 1 nM (Figure 3-3A, left). The
concentration for half-maximal inhibition (ICsy) of ROMK for insulin was estimated
at 3.2 nM (Figure 3-3A, right). For the reference, the plasma concentration of insulin
in normal individuals is 10-150 pM at fasting but may reach 300-800 pM after

132

carbohydrate meals.™ IGF and insulin act on similar membrane receptors and elicit

overlapping cellular responses.® Accordingly, | found a similar inhibition of ROMK
by IGF1, with 1Cs, for IGF1 estimated at 18.5 ng/ml (= 2.4 nM) (Figure 3-3B). The

plasma concentration of IGF1 ranges from 50-1,000 ng/ml.***
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Figure 3-3. Dose-response curve of insulin and IGF1 on serum-deprived
ROMK.

ROMK current density (mean + S.E, n > 6) at -100 mV were measured in cells
cultured in serum-containing medium (SC), serum-free medium (SF) and 2-hour
incubation of different concentration of insulin (A) or IGF1 (B). Data of each
insulin or IGF1 treatment group were compared to SF group. Dose response curve
and ICs, of insulin or IGF1 on ROMK were resulted from nonlinear regression
analysis. One asterisk denotes p < 0.05 versus designated group by unpaired two-
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3.3.2 Effect of Insulin and IGF1 Is Dependent on PI3K and WNKZ1-T58
Phosphorylation

To investigate whether the insulin/IGF1-mediated inhibition of ROMK is
PI3K-dependent, ROMK-transfected cells were incubated with insulin or IGF1 with
or without a specific PI3K inhibitor, wortmannin. In these experiments, | also
compared the effects of insulin and IGF1 on ROMK with or without serum. | found
that 100 nM of insulin caused a significant inhibition of ROMK even in the presence
of serum (Figure 3-4, left), indicating that the receptors are not maximally occupied
by insulin present in the serum. For comparison, IGF1 at 100 ng/ml did not cause
further inhibition of ROMK in the presence of serum (Figure 3-4, right). As before,
serum deprivation increased ROMK currents and application of insulin or IGF1
thereafter inhibited the currents. Co-application of wortmannin (“WM”, 100 nM)
completely abolished the effect of insulin and IGF1 on ROMK, indicating that the

effect of insulin and IGF1 depends on PI3K.
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Figure 3-4. Effect of insulin and IGF1 on ROMK is blocked by wortmannin.
Cells cultured with or without serum were treated by DMSQO, insulin 100 nM or
insulin 100 nM plus wortmannin (“WM?”, 100 nM) respectively for 2 hours (Mean +
S.E.M., n>6). One and two asterisk denotes p < 0.05 and p < 0.01, respectively
between indicated groups by unpaired two-tailed Student’s t test.
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Stimulation of PI3K by hormones or growth factors produces 3-
phosphoinositides in the plasma membrane and leads to activation of downstream
Aktl and SGK1 via multiple concerted actions. First, it stimulates the mammalian
target of rapamycin complex-2 (MTORC2) complexes to phosphorylate Aktl or
SGK1 at the hydrophobic motif. Phosphorylation of Aktl or SGK1 by mTOR
enhances its binding with PDK1, which then phosphorylates Aktl or SGK1 at the T-
loop to activate its catalytic activity. Finally, the recruitment and binding of PDK1 to
Aktl is also facilitated by the production of 3-phosphoinositides in the plasma
membrane. To understand the role of PI3K in WNK1 regulation of ROMK, I
examined the phosphorylation status of endogenous Aktl and WNKZ1 in HEK cells
using respective residue-specific phospho-antibodies. In the absence of serum, there
was a basal level of phosphorylation of Aktl at threonine-308 (T308) of the T-loop
and serine-473 (S473) of the hydrophobic motif, respectively (Figure 3-5, lane 4).
Serum and/or insulin increased phosphorylation of Aktl at both residues (lanes 1, 2,
5). Wortmannin abrogated basal and serum or insulin-stimulated phosphorylation of
Aktl (lanes 3, 6). | demonstrated the same pattern of phosphorylation also occurred
on overexpressed SGK1 T256 because endogenous SGK1 in HEK cells is
undetectable by the anti-SGK antibody | used and similar results has been shown in
previous study by using other cell lines. Phosphorylation of WNK1 at threonine-60
(T60 = T58 of rat WNKZ1) was not detectable in the absence of serum (lane 4) but was
enhanced by serum and/or insulin in a wortmannin-sensitive manner (lanes 1, 2, 5).
Serum and insulin also stimulated wortmannin-sensitive phosphorylation of
overexpressed SGK1 at the T-loop (threonine-256) (Figure 3-5, bottom two gels).
Overexpressed SGK1 was used because endogenous SGK1 was below detection by

our antibody.
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Figure 3-5. Effect of serum, insulin and wortmannin on phosphorylation of
endogenous WNK1 & Aktl and overexpressed SGK1.

Phosphorylation on specific residues was determined by specific anti-
phosphoantibodies. Shown is representative of 3 separate experiments of similar
results.

To understand if insulin/IGF1 inhibits ROMK through reducing membrane
abundance of ROMK, I quantified the membrane ROMK by biotinylation. ROMK
without biotinylation served as a negative control (Figure 3-6, lane 1). Serum
deprivation increased membrane abundance of ROMK (lane 2, 3), which can be
brought back into cells by insulin and IGF1 in a wortmannin-sensitive way (lane 4-6).
These results indicate insulin/IGF inhibits ROMK possibly through enhancing

endocytosis pathway, where WNKZ1 plays an important role.
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Figure 3-6. Effect of Insulin/IGF1 on surface abundance of ROMK.

Insulin (100 nM), IGF1 (100 ng/ml) and WM (100 nM) were treated in designated
serum-deprived HEK cells for 2 hours before biotinylation (Biotin). ROMK in total
cell lysates (Lysate ROMK) and elute from avidin beads (Biotin ROMK) were
detected by western blot.

To confirm the role of WNK1 in the PI3K-mediated regulation of ROMK, |
knocked down endogenous WNKZ1 using small interference RNA (siRNA). Efficacy
of WNK1 siRNA was validated by blotting endogenous WNKZ1 in HEK cells (Figure
3-7A). Cells transfected with WNK1 siRNA (“WNKI1 siRNA”; white bar) or control
oligonucleotides (“Control oligo”, black bar) had similar ROMK current in the
absence of serum (“serum-free”). Addition of insulin inhibited ROMK currents in
cells transfected with control oligonucleotides, but not in cells whose endogenous
WNK1 was knocked down by siRNA.

Next, | used phospho-deficient T58A mutant to examine the role of T58
phosphorylation on WNK1 (Figure 3-7B). Insulin inhibited ROMK in cells
expressing endogenous (“vector”) or exogenous WNK1 (“WNK1(1-491)/WT”), but
not in cells expressing exogenous T58A mutant of WNK1 (“WNK1(1-491)/T58A”),

which exerted dominant negative effect on endogenous WNKZ1. These results
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strongly support the notion that phosphorylation on T58 of WNKZ1 is important for

inhibition of ROMK by hormones or growth factors that activate PI3K.
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Figure 3-7. Insulin inhibits ROMK through WNK1 T58 phosphorylation.
(A) Cells transfected with control oligonucleotide or WNK1 siRNA (200 nM each)
were deprived of serum for 16 hours (serum-free group). Insulin (100 nM) was
added for 2 hours (+Insulin group). Successful knockdown of endogenous WNK1
by siRNA is evident by western blot analysis. (B) Cells transfected with empty
vector, wild type (WT) or T58A mutant WNK1(1-491) were cultured in serum-free
medium for 16 hours and received insulin (100 nM) or not for 2 hours. Equal
amount of WT or T58A WNKZ1(1-491) expression is evident by western blot
analysis. Mean = S.E.M. (n > 6 each). One asterisk denotes p < 0.05 between

indicated groups by unpaired two-tailed Student’s t test. Double asterisk denotes p <
0.01. NS denotes statistically not significant.

3.3.3 Aktl and SGK1 Phosphorylate WNK1 at Threonine-58 In Vitro and In

Vivo

It is known that WNKU1 is a substrate for both Aktl and SGK1. However, the

kinase activities of different status of Akt and SGK1 on WNKZ1 phosphorylation have

not been clearly clarified yet. In this project, | designed experiments to examine

kinase activity of Aktl and SGK1 systematically with the goal to guide our

physiological studies. | first examined the ability of exogenously expressed Aktl and
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SGK1 to phosphorylate WNK1 in vitro with or without coexpressed PDKL.
Expressed epitope-tagged Myc-PDK1, HA-Aktl or Flag-SGK1 was
immunoprecipitated from HEK cell lysates by respective antibodies. Purified
bacterial His-tagged fragment of WNKZ1 consisting of amino acids 1-119 was used as
the substrate. T58A mutant WNK1 was used as the control for specific
phosphorylation at T58. As shown, PDKL1 by itself did not phosphorylate WNK1
(Figure 3-8, lane 1). For Aktl, both wild type Aktl and myristoylated Aktl, but not
their kinase dead mutant, phosphorylated WNK1 (lane 2-4). Though myristoylated
Aktl is reported catalytically more active than wild type toward certain substrates, |
did not find so using WNK1 as a substrate. Coexpression of PDK1 did not further
enhance the in vitro kinase activity of Aktl (lane 8-10). For SGK1, only S422D (not
wild type or kinase-dead mutant) phosphorylated WNKZ1 in the absence of PDK1
(lane 5-7). The SGK1-S422D mutant with serine-422 in the hydrophobic motif
substituted by aspartate is constitutively active because it does not require
phosphorylation by mTOR for activation by PDK1."** Co-expression of PDK1
enhanced the kinase activity of WT and SGK1-S422D (lanes 11-13). The increase in
the kinase activity on S422D mutant was so much that phosphorylation on WNK1
also occurred at residue(s) other than T58 (see lane 11, on WNK1(1-119)/T58A
mutant). The averaged relative kinase activity of Aktl and SGK1 (normalized to
“Akt1-Myr” in lane 2, which is given as 1) representing specific phosphorylation on
WNK1-T58 phosphorylation (i.e., after subtracting the phosphorylation signal on
T58A mutant from the signal on wild type of WNKZ1(1-119) from multiple

experiments is shown in bar graph in the bottom.
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Figure 3-8. In vitro kinase assay of PDK1, Aktl and SGK1.

Epitope-tagged (Myc-, HA- or Flag-) wild type SGK1 (SGK1-WT), kinase-dead
SGK1 (SGK1-KD), constitutively active mutant SGK1 (SGK1-S422D), WT Aktl
(Akt1-WT), myristoylated-Aktl (Akt1-Myr), and kinase-dead Aktl (Akt1-KD)
were expressed in HEK cells with or without wild type PDK1. Kinase activity of
immunoprecipitated PDK1, Aktl and SGK1 were assayed using wild type or T58A
WNK1 (1-119) as a substrate. Immunaoblots of precipitated proteins by respective
epitope antibody (labeled “IB” on the right) and autoradiograph of kinase assay
analyzed by phosphoimager (labeled “KA” on the right) are shown. Bar graph in the
bottom is the relative kinase activity (normalized to lane 2, “Akt1-Myr”) specific
for phosphorylation at T58 (i.e., subtracting non-T58 phosphorylation signal on
WNK1 (1-119)/T58A mutant from signal on wild type WNK1(1-119)). Mean +
S.E.M. from 3 separate experiments is shown on top of each bar.
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| further examined the activity of these kinases acting in vivo (i.e., in intact
cells). WNK1(1-220) (which lacks kinase domain thus avoiding autophosphorylation)
was coexpressed with epitope-tagged Aktl, SGK1 and/or PDK1 as indicated.
Phosphorylation at T58 was probed by anti-WNKZ1-T58 phospho-antibody. T58A
mutant of WNK1(1-220) was used as a negative control (Figure 3-9, lane 14, labeled
as “M” for mutant). As shown, there was a low basal level of phosphorylation on
WNK1(1-220) (lane 1), presumably from the endogenous Aktl. Myristoylated and
wild-type Aktl, but not kinase-dead mutant, caused phosphorylation of WNK1 above
the basal level (lanes 2-4). Coexpression with PDK1 slightly enhanced kinase activity
of myristoylated Aktl but not wild type Aktl (lanes 8-10). The increase in the kinase
activity of myristoylated Aktl by PDK1 in vivo, but not in vitro, may be due to
preferential targeting of the myristoylated Aktl to the cell membrane, thus increased
colocalization with PDK1. As in vitro studies, S422D and wild type SGK1
phosphorylated WNKZ1 in vivo (lanes 5, 6). PDK1 slightly enhanced SGK1 kinase
activity but not as much as the effect found in the in vitro experiments (lanes 11, 12).
Differences in the ratio of substrate relative to kinase and/or the efficiency of kinase
may account for the discrepancy. To our surprise, expression of kinase-dead SGK1
caused some phosphorylation of WNKZ1 above the basal level, though the activity is
less compared to wild type or S422D mutant (lanes 7, 13). At the moment, | don’t
have a good explanation for the finding, only to speculate that it may be due to altered
activity of endogenous Aktl. Overall, these results from in vitro and in vivo Kinase

assays support the idea that Aktl and SGK1 can phosphorylate WNK1 at T58.
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Figure 3-9. In vivo phosphorylation on T58 of WNK1 by Aktl and SGK1.

Cells were transfected with epitope-tagged Aktl, SGK1 or PDK1 with wild type
WNK1(1-220) (lanes 1-13) or with WNK1(1-220)/T58A mutant (lane 14 labeled
“M”). Protein expressions were blotted by specific antibodies. Phosphorylation on
T58 of WNK1(1-220) was detected by anti-phospho-T58 WNK1 antibody. Doublet
bands detected by anti-WNK1 and anti-phospho-T58 WNK1 antibodies were
always found in WNKZ1(1-119), WNK1(1-220) but not in WNKZ1(1-491). The
doublets probably represent different conformational forms of eukaryotic WNK1
proteins as they are not observed for purified His-tagged WNKZ1(1-119) proteins
produced in the bacteria (see Figure 3-8). The abundance of each band in the gel
reflecting kinase activity of Aktl or SGK1 was measured by densitometry by the
Image J program available at the NIH website. Basal level of T58 phosphorylation
on WNKZ1(1-220) without exogenous Aktlor SGK1 (lane 1) was defined as one for
relative kinase activity measurement. Mean + S.E.M. from 3 separate experiments is
shown on top of each bar.
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3.3.4 Aktl Inhibits ROMK through WNK1

In previous experiments (Figure 3-4), | found that supraphysiological
concentration of insulin can further inhibit ROMK in the presence of serum. This
result suggests that normally the endogenous Aktl and WNK1 are not maximally
activated. In line with the idea, exogenous WNK1 inhibits ROMK (Figure 3-7B and
ref. 100).2% | thus asked whether overexpression of Aktl may inhibit ROMK by
enhancing WNK1-T58 phosphorylation. Myristoylated Aktl was chosen because it
can be enhanced by PDK1 in intact cells. Myristoylated Aktl (“Akt1-Myr”) inhibited
ROMK but did not cause additional effect when WNKZ1(1-491) was cotransfected
(Figure 3-10A). Kinase dead mutant of Aktl (Akt1-KD) did not cause inhibition of
ROMK, but reversed WNK1(1-491)-mediated inhibition. Thus, Aktl and WNK1 act
on the same pathway. To confirm the role of Aktl is from phosphorylation on T58 of
WNKZ1, | showed that WNK1(1-481)/T58A had no effect on ROMK, but reversed

myristoylated Aktl-mediated inhibition of ROMK (Figure 3-10B).
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Figure 3-10. Aktl inhibits ROMK in a WNK1-T58 phosphorylation-dependent
manner.

(A) Effect of Aktl on ROMK. Cells were transfected with ROMK and with
myristoylated Aktl (Aktl-Myr), kinase-dead Aktl (Aktl-KD) and/or WNKZ1(1-
491) as indicated. (B) Effect of myristoylated Aktl (Akt1-Myr) on ROMK in the
presence of wild type (WT) or T58A mutant of WNKZ1(1-491). ROMK current
densities (pA/pF at -100 mV) were represented as mean £+ S.E.M. (n > 6). Double
asterisk denotes p < 0.01. NS denotes statistically not significant.
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Then, | knocked down endogenous WNK1 by siRNA and demonstrated that
myristoylated Akt failed to inhibit of ROMK without endogenous WNK1 (Figure 3-
11A). Finally, | tested the effect of insulin on membrane abundance of ROMK in the
absence of Aktl. Insulin failed to decrease membrane abundance of ROMK when

endogenous Aktl was knocked down by siRNA (Figure 3-11B).
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Figure 3-11. Effect of Aktl on ROMK endocytosis.

(A) Cells were transfected with ROMK and with control oligonucleotide or WNK1
SiRNA (200 nM each) and with empty vector or myristoylated Aktl (Aktl-Myr).
ROMK current densities (pA/pF at -100 mV) were represented as mean = S.E.M. (n
> 6). One asterisk denotes p < 0.05 between indicated groups by unpaired two-tailed
Student’s t test. NS denotes statistically not significant. (B) Effect of insulin on
membrane abundance of ROMK in the absence of endogenous Aktl. Cells were
transfected with ROMK and control oligonucleotide or Aktl siRNA (200 nM each)
and deprived of serum for 16 hours. Insulin (100 nM) was treated in designated
group for 2 hours before biotinylation (Biotin). ROMK in total cell lysates (Lysate
ROMK) and elute from avidin beads (Biotin ROMK) were detected by western blot.

3.3.5 SGKI1 Inhibits ROMK through WNK1 and Works Together with Aktl
I next examined the potential role of SGK1, another member of the AGC
kinase family that can also mediate downstream effect of PI3K, in regulating WNK1

inhibition of ROMK. Similar to Aktl, constitutively active SGK1 mutant, S422D,
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inhibited ROMK but did not cause additional effect when WNKZ1(1-491) was
coexpressed. Kinase-dead SGK1 did not inhibit ROMK, but reversed the inhibition
caused by WNK1 (Figure 3-12A). In the presence of T58A mutant of WNK1(1-491),
even constitutively active form of SGK1 cannot inhibit ROMK (Figure 3-12B).
Knocking down endogenous WNK1 by siRNA also abrogated the effect of SGK1 on
ROMK (Figure 3-12C). Thus, exogenous Aktl and SGK1 displayed similar

inhibitory effect on ROMK and both effects depend on WNK1-T58 phosphorylation.
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Figure 3-12. SGK1 inhibits ROMK in a WNK1-T58 phosphorylation-
dependent manner.

(A) Cells were co-transfected with ROMK and constitutively active SGK1 (SGK1-
S422D) or kinase-dead SGK1 (SGK1-KD) with or without WNK1(1-491). (B)
Cells were co-transfected with ROMK, wild type (WT) or T58A mutant WNKZ1(1-
491) and SGK1- S422D as designated. (C) Cells were transfected with ROMK, with
control oligonucleotide or WNK1 siRNA (200 nM each) and with empty vector or
SGK1-5422D. ROMK current density was measured and presented as mean +
S.E.M. (n > 6 for each group). Double asterisk denotes p < 0.01 between indicated
groups by unpaired two-tailed Student’s t test. NS denotes statistically not
significant. Equal expression of protein was confirmed by western blot.
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Next, | examined potential synergistic effects of Aktl and SGK1 on ROMK
by silencing endogenous Aktl and/or SGK1 using siRNA in the absence (“vector”) or
presence of exogenous WNK1 (“WNK1(1-491)”). Knocking down Aktl or SGK1
individually increased ROMK current significantly with or without exogenous
WNK1 (Figure 3-13). The effect of knocking down of both Aktl and SGK1 is greater
than knocking down each individually in the “WNK1(1-491)”-transfected, but not in
the “vector”-transfected group. Differences in the abundance of WNK1 substrate
likely account for the different results. In summary, both Aktl and SGK1
phosphorylate WNK1 and contribute to its regulation of ROMK. The importance of
Aktl versus SGK1 in vivo will depend on the relative abundance of each respective

kinase and WNK1 in the setting.
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Figure 3-13. Effect of sSiRNA of Aktl and/or SGK1 on ROMK.

Cells were transfected with ROMK, with siRNA for Aktl (siAktl) and/or SGK1
(siSGK1, 200 nM each) and with vector or WNK1(1-491). ROMK current density
was measured and presented as mean + S.E.M. (n > 6 for each group). One asterisk
denotes p < 0.05 between indicated groups by unpaired two-tailed Student’s t test.
Double asterisk denotes p < 0.01. NS denotes statistically not significant. Efficacy
of Aktl siRNA and equal expression of protein were confirmed by western blot.
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3.3.6  Inhibition of ROMK by SGK1 via Enhanced Endocytosis and Not by
Phosphorylation of ROMK

WNK1 inhibits ROMK by enhancing endocytosis through a dynamin-
dependent, clathrin-mediated pathway.'® '* This effect of WNKZ1 requires an
interaction with intersectin.®® Previous studies reported that SGK1 can directly
phosphorylate on ROMK1 at serine-44, though this effect is believed to result in an
increase of the cell-surface abundance of ROMK."® | found that co-expression of a

dominant-negative (“DN”) intersectin or dynamin prevented inhibition of ROMK by

SGK1-S422D (Figure 3-14).
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Figure 3-14. Effect of SGK1 on ROMK is dynamin and intersectin-dependent.

Cells were transfected with ROMK, with SGK1-S422D and with empty vector,
ITSN(intersectin)-DN or dynamin-DN. ROMK current density was measured and
presented as mean =+ S.E.M. (n > 6 for each group). Double asterisk denotes p <
0.01 between indicated groups by unpaired two-tailed Student’s t test. NS denotes
statistically not significant. Equal protein expression was confirmed by western blot.

These results, together with previous reports that these experimental
maneuvers abolish inhibition of ROMK by WNKZ, support that phosphorylation of

WNKZ1-T58 by SGK1 leads to inhibition of ROMK by increasing endocytosis of
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ROMK. In further support of this idea, | found that SGK1-S422D inhibited ROMK

bearing a mutation of serine-44 (S44D) as well as wild type ROMK (Figure 3-15).
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Figure 3-15. Effect of SGK1 on ROMK is not dependent on phosphorylation of
ROMK at S44.

Cells were cotransfected with ROMK, with SGK1-S422D and with wild type
ROMK (ROMK-WT) or S44D mutant of ROMK (ROMK-S44D). ROMK current
density was measured and presented as mean + S.E.M. (n > 6 for each group). One
asterisk denotes p < 0.05 between indicated groups by unpaired two-tailed Student’s
t test. Double asterisk denotes p < 0.01. Equal protein expression was confirmed by
western blot.

3.3.7 Kidney-Specific WNK1 Blocks SGK1 Effect on ROMK without
Interfering with Phosphorylation on WNK1

WNKZ1 has multiple isoforms among tissues, including the full-length WNK1
(also known as long WNK1) and a kidney-specific WNK1 (KS-WNK1) that lacks
most of the kinase domain and preceding amino acids in the N-terminus.”*” Long
WNKT1 contains T58, the target of Aktl/SGK1. In contrast, KS-WNK1 lacks T58. It
has been reported that KS-WNKZ1 binds and antagonizes long WNKZ1-induced

ROMK inhibition."® Here, | asked whether KS-WNK1 antagonizes the effect of long



83

WNKT1 in the presence of Aktl/SGK1. As reported previously, KS-WNK1 reversed
WNK1(1-491)-induced inhibition of ROMK (Figure 3-16, left 3 bars). The ability of
KS-WNK1 to antagonize WNK1(1-491)-induced inhibition of ROMK was unaltered
in the presence of exogenous constitutively active SGK1 (SGK1-S422D) (Figure 3-

16, the last bar on the right).

o . k% NS

w 1200 al r

<

R

2 800 -

‘B

c

Q

<

e 400

L

Q
WNK1(1-491)/WT — 4+ = _ T _
KS-WNK1(1-253) — -+ — _ +

SGK1-5422D + + 4

Myc-WNK1 >

Flag-KS-WNK1 >

—

Figure 3-16. Effect of SGK1 on ROMK is reversed by KS-WNK1.

Cells were transfected with SGK1-S422D, WNK1(1-491) and/or KS-WNK1(1-253)
as indicated. KS-WNK1(1-253) consists of amino acids 1-253 of KS-WNK1.
ROMK current density was measured and presented as mean + S.E.M. (n > 6 for
each group). Double asterisk denotes p < 0.01 between indicated groups by
unpaired two-tailed Student’s t test. Equal protein expression was confirmed by
western blot.

KS-WNK1 may antagonize long WNK1 inhibition of ROMK by interfering
with its phosphorylation by Akt1/SGK1 (Figure 3-17A, pathway “1”) or interfering
with its interaction with downstream effectors of endocytosis, such as intersectin

(pathway “2”). To distinguish between these two possibilities, | examined the effect
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of KS-WNKZ1 on serum-induced phosphorylation of WNKZ1(1-491) in HEK cells
coexpressed with SGK1-S422D. Serum deprivation decreased T58 phosphorylation
on WNKZ1, which was enhanced by SGK1-S422D (lane 1-3) (Figure 3-17B).
Coexpression of KS-WNKZ1 did not affect phosphorylation of WNK1 at T58 (lanes 4-
6). KS-WNK1 alone had no effect on WNK1 phosphorylation (lane 7). Thus, KS-

WNKT1 likely affects WNK1 interaction with downstream effectors.
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Figure 3-17. KS-WNKZ1 did not affect T58 phosphorylation of WNKZ1.

(A) Possible mechanisms for KS-WNK1 to block SGK1 effect on ROMK.
Mechanism 1: Interfering with WNK1 phosphorylation by SGK1. Mechanism 2:
Interring with WNKZ1 interaction with downstream effectors (intersectin, dynamin,
etc.). (B) Effect of KS-WNK1 on WNK1-T58 phosphorylation by SGK1. Cells
were all transfected with WNK1(1-491), KS-WNK1(1-253) (at DNA amount from
0-0.9 pg) and/or SGK1-S422D and incubated with or without serum as indicated.
Basal level of WNK1(1-491) phosphorylation was shown in lane 1. For experiments
shown in lanes 2-7, cells were incubated in serum-free media for 16 hours. Protein
expression was detected by specific antibodies. Phosphorylation on WNK1-T58 was
determined using anti-phospho-T58 WNKZ1 antibody.
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3.4 Discussion

Constitutive endocytosis is the main way to control ROMK abundance and
mediated by clathrin-dependent mechanism.’” By increasing ROMK endocytosis,
WNK kinases including WNK1 and WNK4 inhibit ROMK current.*® WNK1 and 4
interact with intersectin, an endocytic scaffold protein that binds dynamin and other
endocytic accessory proteins, to enhance the recruitment and assembly of endocytic
machinery.® Therefore, the interaction with intersectin promotes the formation of
ROMK-containing clathrin-coated vesicles and stimulate endocytosis of ROMK. In
this project, | show that the insulin/IGF-induced activation of PI3K (probably also
induced by other serum growth factors) enhances endocytosis of ROMK through
phosphorylation of T58 on WNK1. This effect on ROMK via WNKZ1 depends on
ACG kinases, Aktl and/or SGK1. Figure 3-18 summarizes this signaling process,
starting from the activation of PI3K stimulates mTOR complex-2 (mTORC2) to
phosphorylate Aktl and SGK1 at S473 and S422 in the hydrophobic motif,
respectively. The serine phosphorylated Aktl and SGK1 allow binding of PDK1,
which phosphorylates Aktl and SGK1 at T308 and T256 in the T-loop, respectively,
to fully activate their catalytic activity. The serine and threonine double-
phosphorylated Aktl and SGK1 phosphorylate T58 of WNK1 much more efficiently
than non-phosphorylated or single phosphorylated forms and result in increased
endocytosis of ROMK via an intersectin-dependent mechanism.

This PI3BK-Akt/SGK-WNKT1 signaling mechanism for ROMK regulation has
several potential physiological or pathophysiological relevancies. One of these is the
maintenance of K" homeostasis during chronic (about 1 week) K* deficiency. IGF1 is
produced in the kidney and the production is upregulated by dietary K* restriction.**®®

It is believed that upregulation of IGF1 plays a role in the K*-deficiency-induced
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renal hypertrophy. Through increased IGF1, the activated PI3K-Akt/SGK pathway
can reduce renal K* secretion via ROMK and helps to conserve K* during K*
deficiency. Indeed, intravenous injection of IGF1 in humans decreased renal K*
excretion without significant changes in glomerular filtration rate and the filtered load
of K*.* In contrast, mice with liver-specific deletion of IGF1 have ~80% reduction
in the circulating IGF1 and increased renal K* excretion despite a normal filtered load
of K" In humans, the normal range of plasma IGF1 is 50-1000 ng/ml, far
exceeding the 1Cx, for inhibition of ROMK by IGF1 in cultured cells measured in this
study (18.5 ng/ml). Inhibition of PI3K in CCD cells from mice on a low-K diet
increased ROMK-like small conductance K* channel through enhancing membrane

amount of channel ***

Insulin, IGF1 & other
serum growth factors

mTORC2 @ PI3-kinase é mTORC2

+P ¢ +P

Akt1-5473,-T308 SGK1-T256,-5422

ITSN, WNK1-T58-P

Dyn, etc \l'- KS-WNK1 €= Aldo

ROMK
Endocytosis

Figure 3-18. A working model for regulation of ROMK by PI3K-activating
hormones via Aktl/SGK1 and WNK1 and by aldosterone.
See texts for details.
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Insulin functions similarly to IGF1 in the stimulation of PI3K and thus
theoretically also inhibits renal K* excretion via the Aktl/SGK1-WNK1 pathway.
This inhibitory role of insulin on renal K" excretion in vivo, however, is not
universally accepted. While it is known that insulin decreases urinary K* excretion,
some suggested that the effect is entirely from the decrease in the plasma K* due to

the intracellular shift.}*?

Conversely, other studies did intravenous infusion of insulin
in humans and showed that the insulin-induced reduction of urinary K* excretion is
more than the decrease in the total filtered K* load secondary to the decreased plasma
K* concentration, supporting that insulin inhibits renal K* excretion in vivo.*** '
Furthermore, adding of insulin to the bath of isolated perfused rabbit CCD exerts
effect on the basolateral side of tubule through insulin receptor and turns out to
inhibit the net transepithelial K* secretion.*® In that microperfusion study, the
reported 1Cs, for inhibition of K* secretion in the CCD is 500 pM, which is higher
than the normal fasting level of insulin (10-150 pM) but within the normal
postprandial level (300-800 pM).** In this study, the minimal concentration of insulin
to effectively inhibit ROMK is 1 nM. This value is higher but not far from the
effective concentration of insulin in the microperfused CCD and the peak level of
insulin during the postprandial period in vivo. The difference could be resulted from
the different experimental systems. If insulin indeed inhibits ROMK-mediated renal
K" secretion in vivo, this K* conserving mechanism will help to maintain the
extracellular K* homeostasis during the postprandial state, in which a very active
intracellular shift of K™ occurs.

The finding that SGK1 inhibits ROMK in this study is different from other

reports that SGK1 stimulates ROMK.** ¢ Several animal studies supported that the

results in this study have in vivo importance and implication. First, mice homozygous
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for Sgk1 deletion have higher abundance of ROMK in the apical membrane of distal
nephron than their wild type littermates.%® It was hypothesized that the increased
abundance of ROMK in Sgk1 knockout mice was due to a compensatory response to
hyperkalemia mainly caused by reduced ENaC-mediated Na* reabsorption in CCD
and thus reduced the PDr¢ for K* secretion. Second, in mice with double knockout of
Sgk1 and Sgk3 (in which Na* wasting is evident in normal Na* diets), the fractional
urinary K* excretion is higher than that in wild type littermates despite a normal
blood K* level and an impairment in Na* reabsorption in the double knockout mice.**’
These results underpin the notion that SGK1 (perhaps also SGK3 or isoforms)
inhibit(s) ROMK in vivo. This finding does not exclude the possibility that SGK1 can
exert a stimulatory effect on ROMK under different physiological contexts or
presence of certain co-regulators. The present study, nonetheless, provides
compelling evidence to support the inhibitory effect on ROMK and renal K* secretion
from PI3K-activating hormones induced Aktl/SGK1-mediated phosphorylation of
WNK1.

Aldosterone, another upstream regulator of SGK1, appears to enhance K*
secretion. The finding in this study that SGK1 inhibits ROMK seems to be
counterintuitive to the kaliuretic effect of aldosterone. However, SGK1 is not the only
downstream target of aldosterone. It is known that aldosterone also stimulates the
transcription of KS-WNK1,"*® which antagonizes the effect of full-length WNKZ1 on
ROMK (see Figure 3-18 and ref. 100). Accordingly, insulin and IGF1 activate
Aktl/SGK1 to enhance WNK1 inhibition of ROMK. Aldosterone, in contrast,
activates two opposing pathways on WNKZ1 regulation of ROMK (SGK1 and KS-
WNK1) and therefore has no net effect on ROMK. The increase in the electrical

driving force (PD+g) for K* secretion secondary to enhanced ENaC-mediated Na*
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reabsorption is likely the predominant cause of stimulation of K* secretion by
aldosterone. Although this study is based on cell culture system, it still provides a
novel model for ROMK regulation. To better understand the effect on ROMK from
these SGK-activating factors, deletion of specific genes that critically involve in this
pathway in mice, such as SGK1- and WNKZ1-null mice, may serve as a good model

for future experiments.



CHAPTER FOUR

KIDNEY-SPECIFIC WNK1 INHIBITS SODIUM REABSORPTION

IN CORTICAL THICK ASCENDING LIMB

4.1 Introduction
With-no-lysine (WNK) kinases belong to serine/threonine kinase superfamily
and are comprised of four members (WNKZ1-4) in mammals. WNKZ1, first identified
by Xu et al in 2000, is the founding member of WNK family and ubiquitously
expressed in different tissues.”® The main function of WNK kinases is to regulate
renal handling of Na" and K" as is evident by findings that mutations in WNK1 and
WNK4 genes cause a syndrome of hereditary hypertension and hyperkalemia, called

pseudohypoaldosteronism type 11.”°

Many studies, mostly in vitro, have suggested
that WNK1 and 4 modulate the activities of various Na* transporters and K* channels
in the distal nephron via catalytic and non-catalytic mechanisms leading to increased
Na" absorption and impaired K" secretion.®” 8 8 12 Kijdney-specific WNK1 (KS-
WNKZ1) is a shorter splice variant of full-length WNKZ1 predominantly expressed in
distal nephron segments.’* The transcription of KS-WNK1 is initiated by an
alternative promoter in exon 4A, which resides in intron 4 between exons 4 and 5.
Thus, the transcript of KS-WNKU1 is shorter, containing exon 4a and the remaining
exon 5~28 of full-length WNKZ1 and the encoded protein lacks the kinase domain
encoded by exon 3 and 4.% Results of studies based on heterologous cells have
suggested that KS-WNKZ1 functions as an antagonist of full-length WNK1 with

respect to regulation of renal Na* and K* transporters.’®® *4°

90
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To explore the function of KS-WNKZ1 in vivo, KS-WNK1 knockout mice and
transgenic mice that overexpress KS-WNK1 in the kidney have been created.* % In
KS-WNKZ1 transgenic mice, the total and phosphorylated forms of NCC and NKCC2
in renal cortex are reduced. These mice display renal Na* wasting and lower blood
pressure under normal Na* diet.® Conversely, KS-WNK1 knockout mice have
increased expression of NCC and NKCC in renal cortex and hypertension when fed a
high Na* diet.*> Another group has also generated KS-WNK1 knockout mice and
reported similar findings of increased NCC abundance and mild expansion of volume
status in the mice.” These two studies are consistent with KS-WNKZ1 being an
inhibitor of NCC in the DCT. The role of KS-WNK1 on NKCC2, however, remains
unsettled despite our studies on KS-WNK1-KO and transgenic mice. This is in large
part due to previous reports based on in situ hybridization that KS-WNK1 was not
detected in thick ascending limb (TAL)® ' and that there have not been direct
functional studies of Na* transport in this nephron segment.

Dietary K™ is an important modulator of Na* reabsorption in the kidney. It has
been reported that dietary K* loading causes natriuresis in part from suppression of
Na" reabsorption in TAL.” The underlying mechanism of this K* adaptive response
in TAL is unknown. Previous study has demonstrated that a high K* diet increases the
expression of KS-WNK1 in whole kidney and transgenic mice that overexpress KS-
WNKU1 in the kidney have decreased NKCC2 expression.” *® In this project, | study
the effect of KS-WNK1 on Na® transport in TAL and its role in the regulation of

sodium transport by dietary K* using in vitro microperfusion.

4.2 Materials and Methods

421 Animals
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KS-WNK1 knockout (KS-WNK1 KO) by deleting exon 4A in 129/sv strain
and transgenic mice over-expressing amino acid 1-253 of KS-WNK1 (KS-WNK1
Tg) in C57BL/6 strain have been created by Chou-Long Huang’s lab. **® All of the
experimental procedures involving these animals were performed in accordance with
relevant laws and institutional guidelines approved by the University of Texas
Southwestern Medical Center at Dallas Institutional Animal Care and Use

Committee.

4.2.2 Balance Studies

For plasma biochemical data in control and high K diet, ten KS-WNK1 KO
mice and control littermates (129/sv wild type) (4 female, 6 male, ~4-month old)
were fed a control K* (1% KCI, 1 g per 100 g diet) or a high K* (10% KCI) diet
(Harlan Teklad, Madison, WI, USA) with free access to water for two weeks before
the collection of blood samples. Mice were anesthetized with isoflurane and whole
blood was drawn by retro-orbital bleeding into Na*-heparin-coated glass capillary
tubes. Plasma was recovered immediately by centrifugation. Plasma electrolytes were
analyzed using STAT-CCC Analyzer (Nova Biomedical, Waltham, MA, USA).
Plasma creatinine level was measured by capillary electrophoresis (P/ACE MDQ)
(Beckman Coulter, Brea, CA, USA).” For balance studies, ten KS-WNK1 KO mice
and control littermates (129/sv wild type) (4 female, 6 male, ~4-month old) were fed
the indicated diet and water ad libitum and placed in metabolic cages (Hatteras
Instruments, Cary, NC, USA) for collection of urine. The concentrations of Na* and
K" in urine were measured using a microflame-emission photometer (Jenway, Essex,

UK). The osmolality of plasma and urine were measured using an osmometer
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(Advanced Instruments, Model 3D3, Norwood, MA, USA). The osmole-free water
clearance (CH,0) was calculated by the equation:

Daily urine volume (pL) Plasma osmolality — Urine osmolalit
CH20 = 22 (n )X y y

1440 min Plasma osmolality
A positive value implies that the kidneys excrete solute-free water and dilute
urine. In contrast, a negative value implies that the kidneys retrieve water and

concentrate urine.

4.2.3 Mice Prepared for Microperfusion and Microdissection Studies

These experiments were performed on KS-WNK1 KO and KS-WNK1 Tg
mice at 8-10 weeks of age, and age- and gender-matched wild-type littermates
(129/sv strain for KS-WNK1 KO and C57BL/6 strain for KS-WNKZ1 Tg). The mice
were raised in a 12-hour day and night cycle and fed a control (1% KCI) K* or a high
(10% KCI) K" diet and plain drinking water ad libitum for two weeks before

sacrifice.

4.2.4 In Vitro Microperfusion, Sodium Flux and Transepithelial Potential
Difference.

After the mouse was sacrificed, the kidney was removed quickly, sliced in
thin coronal sections and placed in Hanks’ solution containing (in mM) 137 NaCl, 5
KCI, 0.8 MgS0O,, 0.33 Na,HPO,, 0.44 KH,PO,4 1 MgCI, 10 tris (hydroxymethyl)
amino methane hydrochloride, 0.25 CaCl,, 2 glutamine, and 2 L-lactate at 4°C. The
cortical thick ascending limb of Henle’s loop was then dissected free hand without
collagenase and transferred to a 1 ml temperature-controlled bathing chamber.

Tubules were perfused in vitro.*!
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Isolated cTALSs were perfused at a rate of ~5 nl/min. The perfusate contained
(in mM) 115 NaCl, 25 NaHCOs, 2.3 Na,HPO,, 10 Na acetate, 1.8 CaCl,, 1 MgSQ,, 5
KCI, 8.3 glucose and 5 alanine and had an osmolality equal to that of the bathing
solution which contained 6 gm/dl of albumin. There were at least 3 measurements of
the perfusion and the collected tubular fluid in each experiment. Na* transport (Jy.)

was calculated using the equation:
JNa (meI-min-l-mm-l) = ([Na] perfusate — [Na] collected)(v L)/ L

where Vv L is collection rate (~5 nl/min) and L is the tubular length (0.4-0.8 mm). The
transepithelial potential difference was determined using the perfusion pipette as a
bridge into the tubular lumen and referenced to the bathing solution using a Keithley
6517A programmable electrometer (Cleveland, OH, USA). Furosemide used to
inhibit NKCC2 was purchased from Sigma-Aldrich (St. Louis, MO, USA). Na*
concentrations of perfusate and collected drops were measured using a Na*-selective

electrode (Sodium lonophore 11-Cocktail A, Fluka)."****

4.2.5 Microdissection and Reverse Transcription-PCR.

Slices of kidney were placed into pre-warmed collagenase type |
(Worthington, Lakewood, NJ, USA) (1.5 mg/ml dissolved in DMEM/F12) solution in
15 ml test tube, which was then shaken vigorously on a titer plate shaker at 37°C for
10-15 minutes. After digestion, the individual nephron segments were dissected in
4°C Hank’s solution and transferred by adhering the tubules to small glass beads (0.5-
mm diameter, Thomas Scientific, Swedesboro, NJ, USA) and then transferring the
beads to 1.5 ml tubes containing 0.6 ml RNase inhibitor-containing lysis buffer. Total

RNA was immediately extracted using Quick-RNA™ MicroPrep kit (Zymo
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Research, Irvine, CA, USA). Reverse transcription was performed using TagMan®
Reverse Transcription Reagents (Applied Biosystems, Carlsbad, CA, USA).
Quantitative real-time PCR was carried out on MyiQ single color RT-PCR detection
system (Bio-rad, Hercules, CA, USA). | verified that no amplification was produced
when reverse transcription was omitted in each sample. Sequences of primers for RT-
PCR analysis were provided in Table 3.

Table 3. Primer sequences for RT-PCR of WNK isoforms and specific tubular

markers
Target Sequence (5°-3) Orientation
GTCTGGACACCGAAACCACT Sense
FL-WNK1
CGAACAATGTTGGGATGTTG Antisense
KS- AGAAACTACTAGTAGCAAAATCCCTGTC Sense
WNK1 GCTTCACTCCCTCATTTATACAATCC Antisense
CCAGAGCGTTGTCTAAAGCA Sense
NKCC2
TGGGCAGCTGTCATCACTTA Antisense
GGGTTTGTGTCATGAGGATG Sense
NCC
CTCGTCCGATCGTGGTAGA Antisense
CTGGCTGTCAATGCTCTCCAC Sense
AQP2
TTGTCACTGCGGCGCTCATC Antisense
CGTCCCGTAGACAAAATGGT Sense
GAPDH
TCAATGAAGGGGTCGTTGAT Antisense

Relative mRNA levels of target proteins were standardized with an internal

control (glyceraldehyde 3-phosphate dehydrogenase, GAPDH). For comparison
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between KS-WNK1 and FL-WNKZ1, the efficiencies of KS-WNK1 and FL-WNK1
primers in RT-PCR assay were calculated from the results of three serial (4-, 16-, 64-
fold) dilutions of cDNA, which encompass our working dilution (~10-fold
dilution).” The slope of threshold cycles obtained from KS-WNK1 or FL-WNK1

PCR reactions of serially diluted sample tubular cDNA was used to calculate the

-1
corresponding efficiencies (E) according to the equation: E= 105re? . Each sample

was assayed in triplicate.

4.2.6 Statistical Analysis
All results are expressed as mean + standard error mean (SEM). Difference
between groups was assessed using Student’s t test. A p value less than 0.05 (*) was

considered to be statistically significant.

4.3 Results
4.3.1 Characterization of WNK1 Isoforms mRNA Expression in Renal Tubules
in Control and High Potassium Diet.

The relative expression of WNK1 isoforms including FL-WNK1 and KS-
WNKT1 in individual renal tubules has not been studied. | measured relative mRNA
abundance of KS-WNK1 and FL-WNKT1 in renal tubules including the medullary and
cortical thick ascending limb (MmTAL, cTAL), distal convoluted tubule (DCT),
connecting tubule (CNT), and cortical collecting duct (CCD) using quantitative RT-
PCR. The purity of these samples was confirmed by measuring the mRNA abundance
of nephron segment-specific markers (NKCC2 for TAL, NCC for DCT, aquaporin-2

for CNT and CCD) (Figure 4-1).
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Figure 4-1. Purity of dissected tubules confirmed by measuring mRNA level of
tubule specific marker.

(A) NKCC2 expression relative to cTAL (B) NCC expression relative to DCT (C)
AQP2 expression relative to CCD in different nephron segments. (n = 10 for each
segments) Abbreviations: AQP2: aquaporin 2, CCD: cortical collecting duct, cTAL.:
cortical thick ascending limb of Henle’s loop, CNT: connecting tubule, DCT: distal
convoluted tubule, mTAL: medullary thick ascending limb of Henle’s loop, NCC:
sodium chloride cotransporter, NKCC2: sodium, potassium, and chloride
cotransporter, PT: proximal tubule. Data are presented as means + S.E.M.

To allow comparison of abundance of KS-WNK1 and FL-WNKZ1, | first
determined efficiencies of PCR primers used in KS-WNK1 and FL-WNK1 RT-PCR
assays (Figure 4-2A). The calculated efficiencies of KS-WNK1 and FL-WNK1 RT-
PCR assays were 1.94 and 1.92, respectively (Figure 4-2B), supporting the legitimacy

of direct comparison between two RT-PCR assays.*
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Figure 4-2. Comparable efficiencies of KS-WNK1 and FL-WNK1 RT-PCR
assays legitimate direct comparison between two PCR reactions.

(A) Schematic representation of WNK1 exons showing the positions of primers
(arrows) used for RT-PCR analysis of full-length WNK1 (FL-WNK1) and kidney-
specific WNK1 (KS-WNKZ1) in this study. (B) Similar efficiencies of KS-WNK1
and FL-WNK1 RT-PCR assays. Wild type cTAL cDNA was serially diluted % (4-,
16-, 64-fold dilution), and 3 pl of each dilution was used in the KS-WNKZ1 and FL-
WNKZ1 PCR assays. The threshold cycle was measured and plotted against the log
of the dilution.

Under control (1%) K* diet, the expression of KS-WNK1 was most abundant
in the DCT, but also present in the cTAL, CNT, and CCD (Fig 4-3, left panel). The
KS-WNKZ1 transcript was almost undetectable in mTAL and proximal tubule (not
shown for proximal tubule). As for FL-WNK1, its mRNA expression was more
evenly distributed along the nephron in lower abundance compared to KS-WNK1
(Fig 4-3, right panel). The ratio of KS-WNK1 to FL-WNK1 mRNA is ~18 fold in the
DCT, but closer to 1 in other segments (0.85, 2, and 0.5 for cTAL, CNT, and CCD,

respectively).
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Figure 4-3. Quantitative comparison of WNK1 isoform expression under
normal potassium diet in distal nephron.

The standardized mRNA expression levels of KS-WNK1 and FL-WNKT1 in each
individual tubular segments (mTAL: medullary thick ascending limb, cTAL:
cortical thick ascending limb, DCT: distal convoluted tubule, CNT: connecting
tubule, CCD: cortical collecting duct) under control (1%) K* diet. WNK1 isoforms
in each sample were standardized to the mRNA level of its own housekeeping
GAPDH gene. n=10
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To test the effect of a high K* diet on KS-WNK1 and FL-WNK1 mRNA
expression, mice were fed either a 1% K" or 10% K" diet for two weeks before
isolation of renal tubules. A high K™ diet increased KS-WNK1 mRNA expression in
cTAL and DCT (90% and 60% increase, respectively), but not in other segments

(Figure 4-4A). In contrast, a high K* diet had no effect on FL-WNK1 mRNA (Figure

4-4B).
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Figure 4-4. High K" diet upregulates KS-WNK1 mRNA expression in cortical
thick ascending limb of Henle’s loop and distal convoluted tubule.

(A, B) The effect of dietary K™ on the mRNA levels of KS-WNK1 (A) and FL-
WNKT1 (B). The standardized mRNA expression levels of KS-WNK1 or FL-WNK1
in each individual tubular segment under control (1%) K" diet were compared to
those under high (10%) K diet. WNK1 isoforms in each sample were standardized
to the mRNA level of GAPDH gene (n=10). For comparison, the standardized
mMRNA level of KS-WNK1 in DCT and FL-WNKZ1 in cTAL under control (1%) K*
diet were set as 1 respectively. Data are presented as means £ S.E.M. * p < 0.05
when compare to the same segment in 1% K diet.

4.3.2 KS-WNK1 mediates high potassium diet induced suppression of sodium
reabsorption in the cTAL

It has been reported that overexpression of KS-WNK1 decreases protein
abundance of total and phosphorylated NKCC2 in the TAL and knockout of KS-
WNK1 has opposite effects.®® Here | studied the physiological relevance of these

findings by measuring Na® reabsorption in isolated cTAL using in vitro
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microperfusion. In cTALSs isolated from wild type mice, Na* reabsorption occurred at
a rate 175 = 12 pmol.min“.mm™ (Figure 4-5A). This reabsorbed flux agrees with
previous reports in cTAL."® Addition of furosemide (100 uM) to perfusate caused
~90% reduction of Na" reabsorption in cTAL (Figure 4-5C), indicating that it is
mediated by NKCC2. A high K" diet suppressed Na" reabsorption in cTAL by ~24%
(Figure 4-5A, left panel). In KS-WNK1 KO mice, the baseline Na* reabsorption in
the cTAL under control K* diet was ~20% higher than control (Figure 4-5A). High
K" diet didn’t significantly suppress Na" reabsorption in the cTAL of KS-WNK1 KO
mice (Fig 4-5A, right panel). Na* reabsorption in TAL via NKCC2 generates a
lumen-positive transepithelial potential difference (PDtg). A similar pattern was

observed in measurements of PD+g (Figure 4-5B).
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Figure 4-5. KS-WNK1 mediates chronic K* load-induced natriuresis in cortical
thick ascending limb of Henle’s loop.

(A) Na' reabsorption (Jya) and (B) lumen positive PD+¢ in the cTAL isolated from
wild type (129/sv) or KS-WNK1 KO mice fed with control (1% K, white bars) or
high (10% K, hatched bars) K* diet for 2 weeks. (n = 10 for 1% K, n = 8 for 10%
K). (C) Effect of furosemide on Na" reabsorption in cTAL of wild type mouse
(C57BL/6, n = 8) fed with control K* diet. Data are presented as means = S.E.M. *
p < 0.05 between designated groups.

To further support the functional role of KS-WNK1 in cTAL, | measured Na*

flux in cTAL of transgenic (Tg) mice that overexpress KS-WNK1 in the kidney. Na*
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reabsorption in cTAL was ~33% lower in KS-WNK1 Tg mice than in control
littermates under control K* diets (Figure 4-6A). High K" diet did not cause further
reduction of Na* reabsorption in cTAL from KS-WNK1 Tg mice (Figure 4-6A, right

panel). Similar changes were observed in PDg measurements (Figure 4-6B).
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Figure 4-6. Overexpressed KS-WNKZ1 inhibits Na* reabsorption in cortical
thick ascending limb of Henle’s loop.

(A) Na" reabsorption and (B) lumen positive PDt¢ in the cTAL isolated from wild
type (C57BL/6) or KS-WNK1 Tg mice fed with control (1% K, white bars) or high
(10% K, hatched bars) K" diet for 2 weeks. (n = 8 for each group). Data are
presented as means + S.E.M. * p < 0.05 between designated groups.

These functional results, together with previous biochemical and
immunological analysis of NKCC2 in KS-WNK1 KO and KS-WNK1 Tg mice,”
indicate that KS-WNK1 inhibits NKCC2 in cTAL, and that KS-WNK1 mediates the

inhibition of Na" reabsorption in cTAL by a high K* diet.

4.3.3 KS-WNK1 Knockout Blunts the High Potassium Diet-induced
Natriuresis

A high K diet causes natriuresis by affecting Na* reabsorption at multiple
nephron segments.®® ™ To understand the contribution of KS-WNKZ1-mediated

inhibition of NKCC2 to the overall natriuretic response in renal K* adaptation, |
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performed whole-animal clearance studies. Mice were fed a control K* diet for 4 days
and then switched to a high K diet for 7 days. Daily urine volume and urinary Na*
and K" excretion during control K* diet were not different between KS-WNK1 KO
and wild-type mice (Table 4). A change to a high K* diet resulted in an increase in
urine volume in both wild type and KS-WNK1 KO mice starting from the first day of
high K* diet (Figure 4-7A). The high K*-induced diuretic response, however, was
blunted in KS-WNK1 KO mice relative to wild type littermates. Unexpectedly,
urinary Na* excretion in both wild type and KS-WNK1 KO mice decreased on the
first day of high K* diet (Figure 4-7B). This initial drop was likely due to palatability
of the high K" diet causing decreased intake (see below for K* excretion). A similar
observation has been made in mice by others.%® **° After the first day, urinary Na*
excretion increased in both wild-type and KS-WNK1-KO mice reflecting natriuretic
response to a high K* diet. Compared to wild-type, the natriuretic response in KS-
WNK1 mice was somewhat blunted on the 2" and 3" day of a high K* diet (Figure 4-

7C).
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Figure 4-7. KS-WNK1 knockout mice have blunted diuretic and natriuretic
responses to high K* diet.

(A) Urine volume (B) Urine Na* excretion in response to high K* diet. Wild type
(129/sv) or KS-WNK1 KO mice (n = 10 for each group) were fed a control (1%) K*
diet for 4 days and then a high (10%) K" diet for 7 days. The daily urine samples
were collected. (C) The magnitude of increased urine Na* excretion (AUrine Na* =
Urine Na* on Day 2-5 minus Urine Na* on Day 1) from Day 1 of high K* diet was
shown. The drop of urine Na* from control 1% K" diet to first day of high 10% K*
diet (dotted box) is explained in text. Data are presented as means + S.E.M. * p <
0.05 in the comparison between wild type (WT) and KS-WNK KO (KO) mice.
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As expected, urinary K* excretion increased on a high K* diet (Figure 4-8).
Likely because of the decrease in intake of the high K* diet, daily urinary K*
excretion increased only by ~7-fold rather than the expected 10-fold increase.
Importantly, the increase in K* excretion was also decreased in KS-WNK1-KO mice

relative to wild type mice on the 2" and 3" day.
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Figure 4-8. KS-WNK1 knockout mice have blunted kaliuretic responses to high
K" diet.

Urine K* excretion in response to high K* diet. Wild type (129/sv) or KS-WNK1
KO mice (n = 10 for each group) were fed a control (1%) K" diet for 4 days and
then a high (10%) K" diet for 7 days. The daily urine samples were collected. Data
are presented as means + S.E.M. * p < 0.05 in the comparison between wild type
(WT) and KS-WNK KO (KO) mice.

The above results support the hypothesis that KS-WNKZ1 contributes to high
K" diet-mediated diuresis and natriuresis. Serum K" levels, however, were not
different between KS-WNK1-KO and wild-type mice, even on a high K* diet (Table
4). Thus, other mechanisms must fully compensate for the transient K* excretion
impairment caused by loss of KS-WNKL. Interestingly, urine osmolality is
significantly higher in KS-WNK1-KO than in wild-type in control K* as well as high
K" diets (Table 4). Moreover, the increase of urine volume on the 7" day of a high K*

diet was much higher than the increase of urine osmole excretion (Table 4; ~6-fold vs.
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~3-fold). As the total daily urine osmole excretion was not different between the two
groups on either a control or high K* diet, these results suggest that potassium-
induced diuresis has more than an effect on osmotic diuresis, and may be in part be
due to a decrease in free water reabsorption (-Ciz0) (-5.9 £ 0.4 I/min [control K]
vs -4.7 £ 0.7  Umin [high K'], p <0.05; Table 4). Interestingly, free water
reabsorption was higher in KS-WNK1-KO mice than in wild-type mice. These results
are consistent with the idea that KS-WNKZ1 inhibits NKCC2, and increased NKCC2

activity in KO-WNK1-KO mice enhances urinary concentration ability.
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Table 4. Steady-state data for plasma & urine biochemistries and urine Na*, K*

& water excretion in control and high K* diets

Control (1%) K* diet

High (10%) K- diet

WT (n=10) KO (n=10)  WT (n=10) KO (n=10)
Body weight (g) 22.5+3.0 25.1+3.9 21.5+£2.7 24.0£2.9
Water intake (g) 3.9+1.0 3.1+0.7 10.622.9"  8.7x1.7"
Plasma
Na* (mmol/l) 1445426  1455+2.2 147.7+¢1.7°  146.1%1.7
K* (mmol/l) 5.0+0.3 45+0.2 5.0+£0.5 45+0.2
CI" (mmol/l) 116.4+2.8  115.9+1.9 117.4+2.0  116.1%2.9
Osmolality (mOsmo/kg) 290.9+3.0  290.745.5 297.3+7.6° 297.1+3.8°
Creatinine (mg/dl) 0.06£0.01  0.06+0.01
Urine
Na* (umol/day) 261+29 243+43 368+71" 362+48"
K* (umol/day) 451452 428+78 3048+571"  3197+396'
Osmolality (mOsm/kg) 22074522  2895+431*  1199+186"  1606+138"
Total osmoles (mOsm/day)  2.8+0.3 2.7+05 8.7x1.1" 8.5+1.0
Volume (ml/day) 1.4+0.5 1.0£0.3 8.1+2.2° 6.1+1.5"
CH,O (ul/min) -5.9+0.4 -6.7+0.6* -4.7+0.7°  -6.2¢0.9

Values in mean + S.D. * P < 0.05 KO versus WT in control K" diet, “P < 0.05 KO
versus WT in high K* diet. * P< 0.05 High K" versus control K*, "P< 0.001 High K*
versus control K*. CH,0, osmole-free water clearance.
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4.4 Discussion

Using quantitative measurement of mMRNA and in vitro microperfusion, |
show in this study that KS-WNK1 is expressed in cTAL and plays an important role
in inhibition of NKCC2-mediated Na* reabsorption in the segment. Moreover, KS-
WNK1 mediates the high K™ diet-induced inhibition of Na" reabsorption in cTAL.
Since the first discovery of KS-WNK1 in 2002,"*" two studies using in situ
hybridization of KS-WNK1 mRNA have shown that the expression of KS-WNK1 is
exclusively in the renal cortex® **° and that the DCT has strikingly high KS-WNK1
expression. Using a more quantitative and sensitive method, qRT-PCR, | show that
while KS-WNK1 transcript is most abundant in DCT, but it is also present in cTAL,
CNT, and CCD; the abundance in these segments relative to DCT are 30%, 17% and
8%, respectively. | confirm that KS-WNKZ1 is barely detected in mTAL and the
proximal tubule. The physiological importance of KS-WNK1 in cTAL is
demonstrated by microperfusion studies.

Transepithelial Na* reabsorption in ¢cTAL is mediated in large part by the
transcellular route, which requires Na® entry across the apical membrane
predominantly through NKCC2 and exit via the basolateral Na’'-K'-ATPase.
NKCC2-mediated Na“ reabsorption generates a lumen-positive PD, partly due to
apical recycling of K*. The Na*™-H" exchanger also contributes to the apical Na* entry,
but the role is relatively minor and it does not generate lumen-positive PD.'* Several
pieces of evidence indicate that effect of KS-WNKZ1 on Na* reabsorption in cTAL is
in large part through inhibition of NKCC2. First, it is inhibited by NKCC2 inhibitor,
furosemide. Second, the effect on Na* flux parallels that on lumen-positive PD. Third,
and perhaps more importantly, previous study has shown that KS-WNKZ1 negatively

regulates NKCC2 abundance by western blot analysis and immunofluorescent
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staining.*® The additional effects of KS-WNK1 on other transporters in cTAL,
nonetheless, is possible.

The other significant finding of this study is that KS-WNKZ1 appears to
mediate high K*-induced inhibition of Na* reabsorption in cTAL. It is known that a
high K* diet inhibits Na* reabsorption in the proximal tubule and TAL.% ™ ™
Previous study also showed that a high K* diet upregulate KS-WNK1 mRNA in the
whole kidney lysate."® Here, | further show that high K* diets upregulate KS-WNK1
MRNA in cTAL as well as DCT, but not in other segments. In microperfused cTAL,
a high K* diet inhibits Na* reabsorption, and the inhibition is obliterated in KS-
WNK1-KO mice. Thus, KS-WNK1 is important for inhibition of Na* reabsorption in
cTAL by a high K* diet. One important physiological role of a high K*-diet induced
natriuresis and diuresis is to maximize renal K* excretion during high K* intake. The
renal K* excretion occurs predominantly by secretion via K* secretory channels in
CNT and early CCD that requires lumen-negative PD generated by ENaC-mediated
Na* reabsorption. Several factors limit K* secretion via this mechanism. First,
continuing K™ secretion on top of water reabsorption accompanying Na* reabsorption
in the CNT and CCD raises the luminal K* concentration to an extent that it favors
reabsorption rather secretion in late CCD and the downstream outer medullary
collecting duct (OMCD). Second, Na* reabsorption in the more proximal segments
reduces delivery to distal segments. Inhibition of Na" reabsorption in the proximal
tubule and TAL by high a K* diet would increase Na* and fluid delivery to the CNT
and CCD to overcome the above limiting factors. Moreover, increased flow to distal
nephron segments also stimulate flow-activated maxi-K channels adding to K*
secretion. Surprisingly, | found that urinary K" excretion was only transiently

decreased in KS-WNK1-KO mice in the second and third days of a high K* diet.
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Serum K™ levels and urinary K* excretion at day 4 of a high K* diet and onward were
not different between KO and wild type mice. Apparently, other factors, such as
inhibition of Na* reabsorption in the proximal tubule by high K* diets, compensate
for the deficiency of loss of KS-WNKL.

It is well known that Na* reabsorption by medullary TAL is critical for
establishment of hypertonic medulla essential for the urinary concentration

" Water restriction increases NKCC2 abundance in TAL and

mechanism.™
vasopressin stimulates trafficking and insertion of NKCC?2 to the apical membrane.'*®
159 Bartter’s mutations in NKCC2 and pharmacological inhibition of NKCC2 impair
the urinary concentration mechanism.™ *** The role of cortical TAL in the urinary
concentration is less clear. The results in this study demonstrate that KS-WNKZ1 plays
a role in the urinary concentration mechanism. KS-WNK1-KO mice have a higher
baseline urinary osmolality and free water reabsorption. | speculate that this is due to
increased NKCC2 activity in the cortical TAL of KS-WNK1 KO mice. The role of
NKCC2 in medullary TAL is unlikely because KS-WNKZ1 is not expressed there. The

possibilities that KS-WNKZ1 regulates aquaporin2 and urea transporters also exit and

require further investigation.



CHAPTERS

CONCLUSION AND FUTURE DIRECTIONS

5.1 Regulations on Inward-rectifying Potassium Channels in Skeletal
Muscle

The reduced Kir outward current has been demonstrated to be critical in the
pathogenesis of non-familial hypoPP. However, there are still many questions
remained unanswered. The first, and most obvious, is how to explain the majority of
non-familial hypoPP patients do not have mutations on Kir2.6 channel. | have
discussed this issue in chapter 2 (see page 55). One explanation is the inhibition of
Kir channel from endogenous factors, including insulin, catecholamine and
hypokalemia itself.”™" ?* 1% Many precipitating events of hypoPP, such as large
amount of carbohydrate meal and strenuous exercise, increase the circulating level of
insulin and catecholamine, which also stimulate Na*, K* ATPase activity. Together,
insulin and catecholamine are strong enhancers of net K™ influx into muscles.
However, the effects of insulin and catecholamine on Kir channel were only tested in
myofibrils that contain four Kir2.x members, and expressed Kir2.1 channel in
cultured cells. Their effect on Kir2.6 channel alone has never been tested. Previous
studies have shown that IGF can phosphorylate tyrosine 242 in the C-terminal
cytoplasmic domain of Kir2.1 and inhibit Kir2.1 activity.*®® In addition, the small
GTPase Ras-mitogen-activated protein kinase (MAPK) pathway was also reported to
regulate the intracellular trafficking of Kir2.1.** Sharing the high homology of amino
acid sequence between Kir2.1 and Kir2.6, | will like to test the effect of insulin on

Kir2.6 and explore the downstream signaling pathways in cultured cells.
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Since skeletal muscle contains four Kir2.x channels and Kir2.x channel can

form heterotetramer with other Kir2.x members,*®

it will be interesting to
characterize the activity of Kir2.x heterotetramers, such as Kir2.1/2.6, in different
ratios of combination. In my previous study, the Kir2.1/2.6 heterotetramer behaves in
between Kir2.1 and Kir2.6 homotetramer (see page 46, Figure 2-13). With increased
expression of Kir2.6, the heterotetramer becomes more like a Kir2.6 homotetramer.
Using plasmid containing Kir2.1/2.6 concatemer, the activity of heterotetramers can
be measured more accurately than co-expression of Kir2.1 and Kir2.6.

Other than these pioneering in vitro studies, my ultimate goal is to delineate
the characters of Kir2.x channels in skeletal muscle. If the specific human Kir2.6
antibody can be created, the subcellular localization of Kir2.1 and Kir2.6 can be
examined by immunohistochemical staining. Previous study found that different
subcellular localization and function of Kir2.x channels in atrium and pulmonary
veins.’® The subcellular localization (T-tubule or sarcolemma) of Kir2.x channel may
also result in different functions in skeletal muscle. A recent genome-wide
association study of TPP patients identified a genetic variant rs623011 located at 75
kb downstream of KCNJ2 (Kir2.1) gene, which could potentially reduce the
transcription of Kir2.1 and total Kir current.®” Unlike the loss-of-function mutations
in Andersen-Tawil syndrome, the genetic variant rs623011 may slightly reduce the
transcription and total amount of Kir2.1 and cause only muscular symptoms but not
cardiac or skeletal symptoms. Alternatively, the rs623011 may be regulated by the
precipitating factors of TPP/SPP, such as insulin and catecholamine, and affects the
Kir2.1 abundance in a short-term manner. Examination of Kir2.1 transcript
abundance in leucocytes or biopsied muscle samples from patients carrying disease

rs623011 may be helpful to confirm the importance of this genetic variant.
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5.2 Functions and Distributions of WNK Kinases and Related Proteins
in Renal Tubules

It is widely accepted that WNK Kkinases and their related proteins, including
OSR, SPAK, and SGK, play important roles in renal Na* and K* handling. However,
their relative distribution and function in individual tubular segments are still
controversial. For example, people used to believe that KS-WNK1 is only expressed
and functions in DCT. In this thesis, | demonstrated that KS-WNKZ1 is also present
and functions in cTAL, mostly benefited from microdissection of specific tubular
segment and functional data from in vitro microperfusion. Using the same technique,
I will be able to characterize the localization and function of WNK kinases and
related proteins in renal tubules. In addition, additional manipulations, such as adding
vasopressin or insulin into basolateral bath, can also be tested in specific tubular
segment and/or genetic mouse model to answer more questions.

I will continue to exam the function of KS-WNK1 in CCD. Although the
expression level of KS-WNKU1 is relatively low in CCD (see page 98, Figure 4-3), the
physiological function of KS-WNK1 in CCD cannot be excluded. Previous studies
showed KS-WNKT1 antagonize the effect of WNK1-induced ROMK endocytosis in
vitro, and KS-WNK knockout mice had lower protein abundance of ENaC. The
functional results in vivo have not been provided. Second, it is still unclear whether
WNKZ1 stimulate Na* reabsorption in renal tubules other than DCT although in vitro
studies suggested WNK1 can stimulate ENaC activity. When the conditional (kidney-
specific) WNK1 knockout mouse model is available (undergoing project in Dr. Chou-
Long Huang’s lab), the effects of full-length WNK1 in TAL and CCD can be

specifically addressed.
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Studies in heterologous cell lines have shown that SPAK and OSR
phosphorylate and activate NCC, and two NKCC isoforms (NKCC1, NKCC2). To
study the function of SPAK in kidney, two SPAK mouse models, SPAK 24342434
and SPAK knockout mice, were created.”” % Both of them exhibited renal salt
wasting and decreased NCC abundance in DCT. However, the findings on NKCC2
were opposite with decrease of phosphorylated NKCC2 in SPAK™#AT2434 mjce hut
increase in SPAK knockout mice. None of them showed functional evidence of
SPAK in TAL, where NKCC2 is mainly expressed. Recently, a kinase-deficient
isoform of SPAK (KS-SPAK) was reported being mostly expressed in renal medulla

169

and may function as an antagonist of full-length SPAK.™ All of these issues can be

reevaluated in the future experiments using microdissected tubular segments.
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