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ABSTRACT OF THE DISSERTATION

The KCNE2 potassium channel subunit in metabolic syndrome

By
So00-Min Lee
Doctor of Philosophy in Pharmacology
University of California, Irvine, 2016

Professor Geoffrey W. Abbott, Chair

Coronary artery disease (CAD) is the number 1 cause of death in the U.S and globally. The
traditional risk factors for CAD are hypercholesterolemia, hypertriglyceridemia, hypertension
including high levels of angiotensin, diabetes, aging, and smoking. Non-traditional risk factors
are chronic inflammation, hyperhomocysteinemia, high levels of C-reactive protein (CRP) and
left ventricular hypertrophy (LVH). We previously found that Kcne2 deletion causes
hypercholesterolemia, high levels of angiotensin, glucose intolerance and LVH. Here, we show
that Kcne2 deletion promotes CAD including hypertriglyceridemia, diabetes,
hyperhomocysteinemia, elevated CRP. In female western diet-fed mice, Kcne2 deletion
increases plague deposition and also causes premature ventricular complexes and sudden
death. Nonalcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease in Western countries. NAFLD displays not only increases liver-related complications but
also increases risk of developing diabetes and atherosclerosis. We discovered that Kcne2
deletion in mice causes early-onset NAFLD via iron deficiency arising from KCNE2-dependent
achlorhydria, while two other KCNEZ2-dependent defects, cardiac dysfunction and

hypothyroidism, do not contribute to early-onset NAFLD in Kcne2™™ mice. Last, we also found

Xiii



that Kcne2 deletion causes Type Il diabetes mellitus (T2DM) via a primary defect in insulin
secretion. Kcne2 deletion in mice impairs glucose tolerance as early as 5 weeks of age in pups
fed on a western diet, ultimately causing diabetes. In adult mice fed a normal diet, skeletal
muscle insulin receptor B and IRS-1 expression were downregulated by Kcne2 deletion,
characteristic of T2DM. Kcne2 deletion also caused extensive pancreatic transcriptome
changes consistent with T2DM, which included ER stress, inflammation and hyperproliferation.
Kcne2 deletion impaired isolated B-cell insulin secretion and diminished B-cell peak outward K*
current at positive membrane potentials, but also left-shifted its voltage dependence and
reduced inactivation. Metabolic syndrome refers to a clustering of the following medical
conditions: hypertension, insulin resistance, and hypertriglyceridemia. Metabolic syndrome is
associated with the risk of developing CAD, NAFLD and T2DM. The work described herein
demonstrates that Kcne2 disruption is a novel genetic predisposing factor for elements of

metabolic syndrome including CAD, NAFLD and T2DM.
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Introduction

Potassium channels are one of the most widely distributed types of membrane proteins and
they can be found in virtually all prokaryotic and eukaryotic cell types and control a wide variety
of cell functions (1,2). These channels selectively permit potassium ions to flow down their
electrochemical gradient (1,3). Potassium channels can be divided into four main classes based
on their domain structure and activation mechanisms: voltage-gated potassium (Kv) channels,
calcium-activated potassium (KCa) channels, inwardly rectifying potassium (Kir) channels and
two-pore domain potassium (K2P) channels (1,3,4,5). Among them, Kv channels are the
largest subset of potassium channels and play important roles in restoring the membrane
potential and returning the depolarized cell to its resting state (3,4,5). Kv channels play a critical
role in cellular signaling processes regulating neurotransmitter release, heart rate, hormone
secretion, neuronal excitability, epithelial electrolyte transport, and smooth muscle contraction
(3,5). Kv channels are a tetramer of alpha subunits forming a water-filled permeation pore.
Alpha subunits of Kv channels contain cytoplasmic N and C terminus domains and six
transmembrane segments (TM1-TM6) and a pore loop between TM5 and TM6. TM4 contains a
stretch with positively charged amino acids that is considered a key element for the voltage

sensor function (3,4,6).

Beta subunits are regulatory subunits that associate with alpha subunits and alter their functions
(8,9). One family of beta subunits is the KCNE family, comprising five known members, KCNE1-
5. All KCNEs contain a single TM segment, an extracellular N-terminus and an intracellular C-

terminus. KCNEs have been shown to modify several Kv channels via direct interaction (8,9) but



may also modulate non-channel proteins through macromolecular complexes (10).
Stoichiometry between KCNE and alpha subunits are still a matter of extensive debate. Current
data indicates a probable 4:2 KCNQ1-KCNE1 subunit stoichiometry (11,12,13), or 4:4 KCNQ1-
KCNE1 depending on expression levels (14). NMR studies of KCNQ1-KCNE1 suggests that
KCNEL1 interacts with pore helix residues of KCNQ1 and that the TM segment of the KCNEL1 is
located in a cleft between the voltage sensor domain of one KCNQ1 subunit and the pore helix

of a neighboring KCNQ1 subunit (15,16).

One of the KCNE family, KCNE2 markedly modifies Kv channel gating, conductance, regulation,
trafficking, and pharmacology (17, 18). KCNE2 regulates multiple types of cardiac voltage-gated
cation channels such as Kv1.5 (19), Kv4.2 (20), human ether-a-go-go-related gene (hERG)
(21), KCNQ1 (22) and HCN (23). Dysregulation of KCNE2 can cause ventricular arrhythmia and
Long QT Syndrome (LQTS) (21,24,25). Analysis of ventricular myocytes from Kcne2™~ mice
shows about 50% reduction in the 4-aminopyridine-sensitive IKslow current, mediated by Kv1.5,
and approximately 25% reduction in the I(to,f) current, mediated by Kv4.2 (19). KCNE2 also
governs hERG. In Xenopus laevis oocytes, KCNE2 appears to accelerate deactivation, shift the
activation curve to more positive membrane potentials, and decrease hERG current amplitude
(21). A variety of missense mutations in KCNE2 have been found in patients suffering from
inherited or acquired arrhythmia (21,26,27,28,29). Mutations to the KCNE2 gene have shown
that KCNEZ2 is critical for hERG channel normal activity, reduces IKr current, and causes LQTS.
For example, KCNE2-V65M and M54T show an acceleration of hERG channel inactivation
resulting in a decrease in IKr (27,30). N-terminus KCNE2 mutations (T8A, Q9E) greatly alter
hERG channel drug sensitivity, which correlates with drug-induced LQTS in respective mutation
carriers (21, 28, 30). KCNE2 co-localizes with KCNQL1 in cardiac myocytes (31, 32),
dramatically reducing the current amplitude of KCNQL1 in vitro, while also introducing a

constitutive component present even at hyperpolarized voltages (22, 32). In addition to the



heart, KCNE2 has been detected in a variety of other organs including stomach, lung, kidney,
choroid plexus epithelium (CPe) and thyrocytes. KCNE2 plays an important role in gastric acid
secretion (33). KCNQ1-KCNE2 is typically expressed on the apical membrane of gastric parietal
cells (34) and regulates gastric H+/K+-ATPase transporter through a luminal potassium
recycling mechanism (33). On the other hand, KCNEZ2 is highly expressed in the choroid plexus
epithelium (CPe), which is the major site of cerebrospinal fluid (CSF) production, secretion and
regulation (35). An important function of the CPe is to maintain physiological levels of potassium
in the CSF. Our lab recently identified KCNEZ2 to be prominently expressed in the apical
membrane of the CPe and interact with KCNQ1 subunits to regulate anion secretion into the
CSF (35). In Kcne2™ mice, KCNQL1 traffics incorrectly to the basolateral instead of the apical
membrane of the CPe and this consequently leads to an increase CSF chloride concentration

+H+

compared to Kcne2™ mouse (35,36). KCNE?2 also is expressed in thyrocytes. Moving of I' from
the blood into the central colloid is required for biosynthesis of thyroid hormones,
triiodothyronine (T3) and thyroxine (T4). This is mediated by the sodium iodide symporter (NIS)
(37). KCNE2 may play a critical role for NIS-mediated iodide uptake; Kcne2™™ mice have
impaired thyroid iodide accumulation, and have a phenotype consistent with hypothyroidism,
including cardiac hypertrophy, alopecia, dwarfism, and goiter (38). Furthermore, our lab has
shown that Kcne?2 deletion creates a multifactorial substrate for sudden cardiac death (SCD)
that includes diabetes mellitus and dyslipidemia, showing impaired glucose tolerance and high
blood LDL level, respectively, in mouse models (39). In this study, Kcne2™ mice also displayed
anemia, lowered mean corpuscular hemoglobin, lowered mean corpuscular volume, and
enlarged spleen - all symptoms of iron deficiency anemia (39). Interestingly, a single nucleotide
polymorphism (SNP) near the human KCNE2 locus was also previously linked to early-onset

myocardial infarction (Ml) (40). Anemia, hypercholesterolemia, and diabetes mellitus all diminish

myocardial oxygen supply and can cause Ml (41).



Because a Western diet is one of the major risk factors for Ml and diabetes, we have
investigated the effect of KCNE2 on atherosclerosis and diabetes using Kcne2 ™™ mice and
analyzed the impact of a Western diet in Chapter 1 and Chapter 3, respectively. Also, we have
studied potential metabolic defects in the liver and pancreas, aiming to gain a better
understanding of the molecular mechanisms for atherosclerosis, NAFLD, and T2DM caused by

Kcne2 deletion, in Chapters 2 and 3.
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Chapter 1

Kcne2 deletion promotes atherosclerosis and diet-

dependent sudden death



ABSTRACT

Coronary artery disease (CAD) is the leading cause of death worldwide. An estimated half of
cases involve genetic predisposition. Sequence variants in human KCNE2, which encodes a
cardiac and epithelial K* channel B subunit, cause inherited cardiac arrhythmias. Unexpectedly,
human KCNE2 polymorphisms also associate with atherosclerosis predisposition, with
unestablished causality or mechanisms. In Chapter 1, we show that germline Kcne2 deletion
promotes atherosclerosis in mice, overcoming the relative resistance of this species to plaque
deposition. In female western diet-fed mice, Kcne2 deletion increased plaque deposition >6-
fold and also caused premature ventricular complexes and sudden death. The data establish
causality for the first example of ion channel-linked atherosclerosis, and demonstrate that the

severity of Kcne2-linked cardiac arrhythmias is strongly diet-dependent.
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Introduction

CAD results in higher mortality in the United States and globally each year than any other single
cause of death (1). An estimated half of CAD cases involve genetic predisposition, yet it is
predicted that reduction of other risk factors could reduce CAD mortality and morbidity by >30%
(2). It is therefore crucial to develop more comprehensive prevention and treatment strategies
for both genetic and environmental risk factors for CAD (2), necessitating a fuller mechanistic

understanding of CAD.

Another form of fatal heart disorder, Sudden Cardiac Death (SCD), accounts for ~1000 deaths
per day in the United States. SCD is proposed to require an electric substrate, an ischemic
substrate, and perhaps a trigger (3). Despite significant advances in our mechanistic
understanding of SCD, there is still much to learn. Because most of the 25 genes linked to SCD
also serve roles outside the heart, the possibility arises that even monogenic forms of SCD may
involve complex, multi-system disease pathogenesis not confined to direct dysfunction of

cardiac myocyte electrical activity.

Many SCD-linked genes encode ion channel pore-forming (a) subunits, but the rest encode
proteins that regulate them (3, 4). KCNE2 (which we originally named MiRP1) is a relatively
promiscuous, single-transmembrane span ion channel 8 subunit best known for its ability to co-
assemble with and alter the trafficking and functional properties of voltage-gated potassium (Kv)
channels (5). Human KCNE2 mutations that result in impaired function of ventricular myocyte
Kv channels are linked to cardiac arrhythmias including Long QT syndrome (LQTS) (5, 7), which

predisposes to ventricular fibrillation and SCD.

11



In addition to the heart, KCNE2 is expressed in a variety of secretory epithelia (8-11), raising the
possibility of extracardiac effects of human KCNE2 disruption. Indeed, a SNP near the human
KCNEZ2 locus is associated with early onset (12), prevalence, and subsequent mortality (13) of
myocardial infarction (Ml); a different SNP within the human KCNE2 gene itself is associated
with predisposition to CAD (14). These findings suggested the possibility of a causal link
between KCNEZ2 disruption and CAD/MI, which we investigated here using germline Kcne2

deletion in mice.

12



Methods

All mice were housed in pathogen-free facilities and the study was approved by the Animal Care
and Use Committee at University of California, Irvine, in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The Kcne2™ mouse line was generated as we previously described (9),

+—

and mice used in this study were bred by crossing Kcne2™ ™ mice which had been backcrossed
>10 times into the C57BL/6 strain. After being genotyped and weaned at 3 weeks of age, mice
pups were assigned to, and maintained on, either a control diet (2020X, Harlan, 16% kcal from
fat; 19.1% protein, 2.7% crude fiber, 12.3% neutral detergent fiber and 0% cholesterol) or

western diet (TD.88137, Harlan, 42% kcal from fat, >60% of which is saturated; 34% sucrose;

0.2% cholesterol). Detailed methods appear in the online supplement.

Plague quantification

Mice were fed either a control or western diet starting at 3 weeks of age. All mice were
subjected to fortnightly 6-hr fasts prior to glucose tolerance tests. Some cohorts, including mice
used for plague quantification, had an additional fortnightly 20 to 24-hour fast commencing the
morning after glucose tolerance tests, between weeks 5 through 15-17, with similar fasting
protocols for mice of each diet and genotype. After euthanasia, perfusion to the left ventricle
with cold PBS and subsequently with cold buffered formalin, aortas were dissected. After
removing the external adipose tissue, aortas were placed in 10% neutral buffered formalin
overnight, then opened lengthwise the following day. The tissue was then stained for 15 minutes
with 0.5% Sudan IV solution in acetone and 70% ethanol (1:1), followed by decolorization for 5
minutes using 80% ethanol, and gently washing with water for several minutes. The en face
preparations were digitally photographed and then the percentage of aortic plaque deposition
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was calculated by quantification of Sudan IV staining using ImageJ, by an individual blinded to

the genotype, sex and diet of the mice from which the aorta were harvested.

Electrocardiography

Mice were anesthetized with 2 % isoflurane then maintained under 1% isoflurane and surgical
anesthesia was verified by a lack of response to toe pinch. The standard limb lead Il
configuration electrocardiographic system was inserted subcutaneously to limbs by needle
electrodes, and electrocardiograms (ECGs) were recorded in mice 5-7 months of age. QT and
QRS intervals and heart rate (HR) were analyzed offline after acquisition. QT was calculated
based on Mitchell’s formula specifically for mice (37): QT = QT/(RR/100)"2. The real-time data
were collected by Powerlab/8sp system (AD Instruments, Colorado Springs, CO). LabChart
7.2.1 software (AD Instruments, Colorado Springs, CO) was used for ECG data acquisition and

analysis. PVC frequency was quantified manually from 30 s ECG recordings.

Statistical analysis
Statistical analyses (student’s t-test or ANOVA, as indicated in the figure legends) were
performed assuming significance with p values < 0.05. Bonferroni and Holm corrections were

used for multiple comparisons. Survival curves were compared using the log rank test.
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Results

3.1. Kcne2 deletion promotes atherosclerosis
We first quantified plaque deposition as a percentage of aortic surface area in mice fed regular
mouse chow (normal diet), or a high-fat, high-cholesterol, high sugar (western) diet, comparing

++

Kcne2"* and Kecne2™ mice matched for age and sex. Plaques were visible in the aorta of
Kcne2™™ mice fed a western diet, suggesting a predisposition to atherosclerosis (Figure 1A,B).
We confirmed this by en face quantification of Sudan IV-stained plaques in the aorta of 5-7
month-old mice. In mice fed a control diet, plaque deposition was relatively low, but female and
male Kcne2 ™~ mice exhibited 10.2-fold (p = 0.035) and 2.5-fold (p = 0.1) increases in mean
plaque surface area respectively, at 5-7 months of age (n = 4-7). In mice fed a western diet,

Kcne2 deletion increased plaque deposition 6.2-fold (p = 8 x 10°) in females and 3.2-fold (p =

0.049) in males (Figure 1C,D).

3.2. A western diet potentiates the effects of Kcne2 deletion on arrhythmogenesis and mortality
Human KCNEZ2 gene variants cause LQTS (5, 23, 24), and Kcne2 deletion lengthens the QTc
interval in aging mice fed a normal diet (8, 22). Here, we discovered particularly prominent
effects of Kcne2 deletion on arrhythmogenesis and sudden death in female mice fed a western
diet. In Kcne2** mice, and in male Kcne2™™ mice, the western diet had negligible effects on
mortality during the study. In contrast, 4/7 western diet-fed female Kcne2™™ mice died suddenly
by the age of 15 weeks. In normal diet-fed Kcne2™ mice, the first mortality was observed at 18

weeks (Figure 2A).

Electrocardiographic analysis of surviving mice revealed that Kcne2 deletion increased the QTc
interval in male mice on a western diet, and in female mice on a control diet, the latter
recapitulating our previous findings (8, 22) (Figure 2B,C). The western diet did not greatly
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extend the already-long QTc in female Kcne2™™ mice, but it induced frequent premature
ventricular complexes (PVCs) in all 3 female mice still alive for testing beyond 15 weeks, at a
mean frequency of 4 PVCs per 100 beats (Figure 2B-E). The PVCs were typically immediately
followed by full compensatory pauses that were double the length of the preceding R-R interval
(Figure 2E, blue arrows), highly characteristic of PVCs observed on human ECGs. In contrast,
PVCs were not observed in any of the other groups (Figure 2B,D), nor in our previous studies

of normal diet-fed Kcne2™ mice (8, 22).
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Discussion

Our findings demonstrate for the first time that genetic disruption of an ion channel subunit gene
can cause atherosclerosis, and support recent human genetics studies in which polymorphisms
in or near the KCNE2 locus were associated with increased predisposition to atherosclerosis
and early-onset myocardial infarction (12-14). Mice are inherently resistant to development of
atherosclerosis. To our knowledge, only two other single-gene knockout mouse lines (Apoe™~
and LdIr™™") develop spontaneous atherosclerotic lesions, the Apolipoprotein E gene (Apoe)

——

knockout being the most striking (25, 26). Unlike Apoe™ mice, LdIr™"mice typically only

develop substantial plaques when fed an elevated cholesterol or a western diet (27), although a

semi-synthetic diet induced modest plaque development in LdIr™"

mouse aortic root (28).
Future studies targeted toward delineating other aspects of metabolic syndrome that may
contribute to the mechanistic basis for KCNE2-linked atherosclerosis are described in Chapters
2 and 3. We previously found that Kcne2 deletion raises serum LDL and impairs glucose
tolerance, by unknown mechanisms. Kcne2 deletion also causes hypothyroidism (11), which
can predispose to hyperlipidemia (30), and elevates serum Angiotensin Il (8), which can cause
vascular injury by a number of pathways (32). We suspect that Kcne2 deletion results in a
spectrum of factors, each either impairing lipid or carbohydrate metabolism, or favoring plague

development through other mechanisms.

Human KCNE2 sequence variants predispose to LQTS arising from loss of function of
ventricular Kv channels formed with hERG (KCNH2) (29). In adult mice, Kcne2 deletion

prolongs the QTc because of loss of function of Kv4.2 and Kv1.5 channels, which it normally
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regulates in mouse ventricles. In Kcne2™™ mice fed normal chow, QTc prolongation is not
observed until 7 months of age, unless facilitated by a QTc-prolonging medication (22). Here,
premature mortality and PVCs occurred only in female mice fed a western diet. The increased
susceptibility for Kcne2-linked atherosclerosis, PVCs and premature mortality in female versus
male mice we observed may be linked to estrogen regulation of KCNE2 expression, which is

presumed to make females more reliant than males upon KCNE2 (36).

When K* channel loss-of-function delays ventricular repolarization to the extent that an action
potential fires during phase 2 or 3 of the previous action potential, early afterdepolarizations
(EADs) can arise, and in turn cause PVCs. While human PVCs are in general not particularly
uncommon and often benign, when occurring in combination with LQTS they are highly
problematic as they promote potentially lethal polymorphic ventricular tachycardias including
torsades de pointes (33). Although it is possible that PVCs contributed to premature mortality in
western diet-fed female Kcne2™™ mice, the PVCs could alternatively represent solely an
electrocardiographic marker of their CAD (Figure 2A). Human PVCs are associated with
increased risk of coronary heart disease (34) and incidence of SCD (35). Our preliminary
findings suggest that, in addition to avoiding drugs known to prolong the QT interval, diet
management may be of paramount importance in individuals harboring potentially pathogenic

KCNEZ2 sequence variants.
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Figure 1. Kcne2 deletion promotes atherosclerosis.

A. External images of 9-10 month-old, western diet-fed Kcne2** (left) and Kcne2™ (right) aortic
arch (upper) and descending aorta (lower). Plague deposition is indicated by black rings.

B. H & E-stained aorta (left, scale bar 20 um) and aortic branch (center, scale bar 100 pm;
close-up of boxed region on right) showing plaques (yellow arrows) in a 6-month-old female
western diet-fed Kcne2™ mouse.

C. Representative images of aortic plaques (yellow arrows), visualized with Sudan IV solution,
from mice between 5.5 and 6 months of age; genotype, diet, age and sex as indicated.
Each aorta image was prepared by digital splicing of panoramic series captured with a
dissection microscope-mounted digital camera.

D. Quantification of the mean = SEM percentage of 5-7-month-old mouse aorta surface area
covered by plague as assessed by Sudan IV staining. n =5-7, male control diet; 6-8, male
western diet; 4-7, female control diet; 3-6, female western diet; p values are for 1-tailed,

unpaired t-tests for inter-genotype comparisons within equivalent sex and diet groups.
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Figure 2. Kcne2 deletion causes diet- and sex-dependent premature ventricular

complexes and sudden death.

A. Effects of Kcne2 deletion and a western diet on % survival of female (n = 7-13) and male (n =

6-14) mice. Log rank test of survival rates: * female Kcne2™~ western diet versus female

++ +/+

Kcne2™" control diet survival (p = 0.0028), versus female Kcne2™" western diet survival (p =
0.018), and versus male Kcne2™~ western diet survival (p = 0.034); all other comparisons p

> 0.05.

+/+

B. Representative ECGs recorded from control- or western-diet-fed Kcne2** and Kcne2™ mice.

C. Mean (x SEM) QTc values quantified from ECGs as in panel B (n = 3-8 mice per group).

D. Mean premature ventricular complex (PVC) incidence quantified for all groups, showing 4%
(4 PVCs per 100 beats) for female western diet-fed Kcne2™ mice and 0% incidence for all

other groups.

E. Representative ECG segments for all three western-diet-fed Kcne2™~ female mice that
survived sufficiently long for ECG recordings. Black arrows: PVCs; blue arrows, spacers

demonstrating a full compensatory pause following PVCs.
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Chapter 2

Kcne2 deletion causes early-onset nonalcoholic fatty

liver disease via iron deficiency
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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is an increasing health problem worldwide, with
genetic, epigenetic, and environmental components. In Chapter 2, we describe the first example
of NAFLD caused by genetic disruption of a mammalian potassium channel subunit. Mice with
germline deletion of the KCNE2 potassium channel 8 subunit exhibited NAFLD as early as
postnatal day 7. Using Kcne2™~ mouse genetics, histology, liver damage assays and
transcriptomics we discovered that iron deficiency arising from KCNE2-dependent achlorhydria
is a major factor in early-onset NAFLD in mice, while two other KCNE2-dependent defects did
not initiate NAFLD. The findings uncover a novel genetic basis for NAFLD and an unexpected
potential factor in human KCNE2-associated cardiovascular pathologies, including

atherosclerosis.
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Introduction

NAFLD is the predominant liver disorder in many developed and developing countries,
affecting as much as a third of the United States population (1). Characterized by abnormally
high hepatic lipid accumulation, NAFLD is of particular importance because it can progress to
more dangerous disorders including nonalcoholic steatohepatitis (NASH) and potentially fatal
liver cirrhosis (2). NAFLD is commonly associated with metabolic syndrome,
hypercholesterolemia and hypertriglyceridemia, and is often observed in obese or diabetic
individuals, those with poor eating habits, or people who have experienced rapid weight loss.
In addition, people without these risk factors can also develop NAFLD, and the incidence and
severity of the disease is influenced by a variety of genetic and epigenetic factors in addition

to lifestyle and other environmental influences (1).

Sequence variants in six genes have been both linked to human NAFLD and independently
validated (for review see 1). The 1148M variant inPNPLAS3, which encodes patatin-like
phospholipase domain-containing protein 3, is the major recognized genetic basis for NAFLD
in human populations (3). When the PNPLA3 1148M human NAFLD-associated
polymorphism (rs738409) is overexpressed in mice, it results in triacyglycerol (TAG)
accumulation. Similar results are obtained by targeted hepatic overexpression of wild-

type PNPLA3 in mice, via increased TAG and fatty acid synthesis and impaired hydrolysis of
TAG,; a relative depletion of long-chain polyunsaturated forms of TAG was also observed
(4,5). The other five genes are GCKR (which regulates glucokinase activity and hepatic
glucose intake) (6); PEMT, a catalyst for phosphatidylcholine synthesis (7); SOD2 (which

clears mitochondrial reactive oxygen species and protects against cell death) (8); KLF6 (a
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transcription factor that influences fibrogenesis) (9); and ATGR1 (angiotensin type 1 receptor)
(10). In addition to these genetic factors and metabolic syndrome, hepatic iron also

influences lipid metabolism and hepatic steatosis. Iron overload can cause oxidative stress
and lipid peroxidation, and can, for example, increase the formation of intracellular lipid
droplets in liver cells in vitro. Conversely, iron deficiency has been shown to increase
lipogenesis in rat liver, resulting in triglyceride accumulation and steatosis (11). Thus, NAFLD
is a common and highly complex pathological state affected by many different interacting

factors that can potentially influence its onset and development into more severe diseases.

We previously found that targeted deletion of the Kcne2 gene causes iron deficiency anemia,
and also hypercholesterolemia (12). KCNEZ2 is a potassium channel 8 subunit linked to
cardiac arrhythmias and atherosclerosis (13,14,15). The five-strong KCNE gene family
comprises single transmembrane span proteins (KCNE subunits, also referred to as Mink-
related peptides or MiRPs) that co-assemble with and alter the functional attributes of
voltage-gated potassium (Kv) channel pore-forming (a) subunits (16). Like other KCNE
subunits, KCNEZ2 is widely expressed in a variety of tissues, and can promiscuously

associate with several different Kv a subunits (17).

Aside from its roles in cardiac myocytes, where KCNEZ2 regulates hERG, Kv4.2, Kv1.5 and
Kv2.1 depending on the species (13,18,19,20,21), KCNE2 also co-assembles with the
KCNQ1 a subunit (22). This complex is important for various epithelial tissues, including the
stomach, thyroid and choroid plexus (18,19,23,24). Importantly, Kcne2™ mice exhibit
achlorhydria, because KCNQ1-KCNE2 channels are required for normal function of the
parietal cell H'/K*-ATPase, and therefore gastric acid secretion (24,25). Kcne2 deletion
results in mis-trafficking of KCNQ1 channels to the basolateral side of parietal cells, where

they cannot fulfil their normal function, and ultimately leads to gastritis cystica profunda and
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gastric neoplasia (26,27). Because the Kcne2-linked achlorhydria impairs iron uptake and
causes iron deficiency anemia, a potential cause of abnormalities in hepatic lipid metabolism,
here we investigated Kcne2-dependent hepatic lipid content and transcriptome remodeling,

and discovered that Kcne2 deletion causes NAFLD.
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Methods

Generation of mice and study protocol

The Kcne2™™ mouse line was generated as we previously described (24), and mice used in
this study were bred by crossing Kcne2"™ mice which had been backcrossed >10 times into
the C57BL/6 strain. After being genotyped and weaned at 3 weeks of age, mice pups were
assigned to, and maintained on, either a control diet (2020X, Harlan, 16% kcal from fat; 19.1%
protein, 2.7% crude fiber, 12.3% neutral detergent fiber and 0% cholesterol) or western diet
(TD.88137, Harlan, 42% kcal from fat, >60% of which is saturated; 34% sucrose; 0.2%
cholesterol). Cardiac-specific Kcne2™™ mice, used as a control in the liver analyses, were
generated using a mouse line expressing Cre-recombinase under the control of the aMHC
(alpha myosin heavy chain) promoter; a full phenotypic description of this mouse line will
appear in a separate, future study. Mouse tissue and blood serum were then collected for

further analysis or stored at =80 °C.

Whole-transcript Microarray analysis

Mice were euthanized, and then tissue was harvested and preserved in RNAlater (Invitrogen)
until use. Total RNA was collected from the liver, reverse-transcribed into cDNA and
analyzed by “whole-transcript transcriptomics” using the GeneAtlas microarray system
(Affymetrix) and manufacturer’s protocols. MoGene 1.1 ST array strips (Affymetrix) were
used to hybridize to newly synthesized sscDNA. Each array comprised 770,317 distinct 25-
mer probes to probe an estimated 28,853 transcripts, with a median 27 probes per gene.
Gene expression changes associated with Kcne2 deletion were analyzed using Ingenuity
Pathway Analysis (Qiagen) to identify biological networks, pathways, processes and
diseases that were most highly represented in the differentially expressed gene (DEGS)

identified. Expression changes of 21.5 fold and p <0.05 were included in the analysis.
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RNA isolation and Real-Time gPCR

Mice were euthanized by CO, asphyxiation. Gastric fundus tissue was harvested and washed
with PBS; livers were harvested, washed and perfused through left ventricle with PBS +
heparin, then all tissue either processed or stored at —80 °C until use. RNA was extracted
using 1 ml of Trizol (Invitrogen) per 100 mg of tissue and purified using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s protocol. RNA samples with A,go/Azg0 absorbance
ratios between 2.00-2.20 were used for further synthesis. 500 ng to 1 ug of RNA was used
for cDNA synthesis (Qiagen’s Quantitect Reverse Transcriptase) and stored at —20 °C until
use. Primer pairs for target gene Kcne2 (NCBI Gene ID: 246133) and Gapdh (NCBI Gene ID:
14433) produced amplicons of 175 bp and 123 bp respectively. The gPCR primer sequences

were as follows:

Kcne2, forward 5'-CACATTAGCCAATTTGACCCAG-3', and reverse 5'-
GAACATGCCGATCATCACCAT-3"; Gapdh, forward 5-AGGTCGGTGTGAACGGATTTG-3;
and reverse 5'-TGTAGACCATGTAGTTGAGGTCA-3. Primers (0.05 um synthesis scale,
HPLC purified) were acquired from Sigma. Real-time qPCR analysis was performed using
the CFX Connect System, iTaq Universal SYBR Green Supermix (BioRad) and 96-well clear
plates. Thermocycling parameters were set according to manufacturer’s protocol for iTaqg.
Samples were run in triplicate as a quality control measure and triplicates with a standard
deviation of 0.6 or higher were repeated. Melting curves were assessed for verification of a

++

single product. AACq values were normalized to those obtained for the Kcne2™" stomach

tissue.

Iron supplementation study

To determine the potential beneficial effects of alleviating iron-deficiency anemia, post-
partum dams were first intraperitoneally (IP) injected with iron dextran (25 mg/kg) or vehicle
control (saline) on the day their pups were born. Mouse pups were then injected with iron

dextran (12.5 mg/kg) or vehicle control (saline) at P7 and P14. Whole livers and blood serum
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were then harvested for analysis at P21. Liver section oil red O staining was performed by
UC Irvine pathology core facility, and then the extent of staining was quantified by a scorer
blinded to genotype, treatment, and hypothesis. Representative images were then chosen

based on the mean score for each group.

Blood analysis

To quantify triglycerides, serum was collected after euthanasia from 3-week-old male mouse
pups and then analyzed using a glycerol oxidation-based colorimetric assay (Abcam, United
Kingdom). CRP and homocysteine were quantified in serum collected after sacrificing 6—9-
month-old mice, using ELISA (R&D systems, MN) and the Mouse Homocysteine Assay kit
(quantifying hydrogen sulfide resulting from degradation of homocysteine by homocysteinase)
(Crystal Chem, IL, USA), respectively. Alanine transaminase (ALT), aspartate transaminase
(AST), and total and direct (conjugated) bilirubin concentrations in P21 mouse serum were
guantified using a Mindray BS-120 Chemistry Analyzer (Mindray Medical Corporation,
Shenzhen, China).

Statistical analysis

Statistical analyses (student’s t-test or ANOVA, as indicated in the figure legends) were

performed assuming statistical significance with p values <0.05.

Study approval

All mice were housed in pathogen-free facilities and the study was approved by the Animal
Care and Use Committee at University of California, Irvine. Studies were performed during
the light cycle and were carried out in strict accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
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Results and Discussion

Postnatal day 21 (P21) Kcne2™ pups exhibited lower bodyweight compared to wild-type
(Kcne2'™) counterparts (Figure 1 A), but had elevated serum triglycerides (Figure 1 B). Serum
ALT and AST levels were also elevated in P21 Kcne2™ pups (Figure 1 C) whereas bilirubin
was unchanged (Figure 1 D). These findings were consistent with early NAFLD, which was
further explored using histology. Livers from P21 Kcne2 ™~ pups had a more vacuolated
appearance than those from wild-type pups (Figure 1 E) and Kcne2 deletion caused marked
accumulation of lipid in both P7 (Figure 1 F) and P21 (Figure 1 G, H) pup livers, confirming that

Kcne2™ pups had early-onset NAFLD.

Microarray transcriptome analysis followed by regulator effect analysis (Ingenuity Pathway
Analysis, Qiagen) of differentially expressed genes (DEGS) in livers of P21 Kcne2™ pups

++

compared to Kcne2™" littermates identified the network with the highest consistency score as
one including beta-oxidation of fatty acids, glucose concentration and hepatic steatosis,
controlled by the transcriptional co-activator and regulator of genes important for energy
metabolism, Peroxisome proliferator-activated receptor gamma co-activator 1-a (PGC-1q,
encoded by PPARGC1A) (Figure 2A). The specific transcriptional changes observed within
functional gene networks in the liver were highly consistent with remodeling in response to lipid
accumulation, i.e., increased beta-oxidation of fatty acids in response to the lipid accumulation,
increased glucose-6 phosphatase expression (knockout of which causes hepatic steatosis in
mice (28). Thus, the associated transcriptome changes were likely not causing the NAFLD but

were the result of remodeling in response to it, indicating that the Kcne2™ liver was responding

(albeit insufficiently) to abnormally high lipid accumulation. These changes occurred despite the
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lack of Kcne2 expression in Kcne2™ mouse liver (Figure 2B), suggesting that Kcne2-

dependent NAFLD arose via an initially extrahepatic defect.

Kcne2 deletion-linked achlorhydria (24) causes iron-deficiency anemia (12,29), which can
predispose to dyslipidemia and NAFLD (11). Although data vary depending on the animal
model studied, iron deficiency in rats, for example, has been reported to increase hepatic
lipogenesis, causing steatosis; this may occur via increased de novo lipogenesis from glucose
(30). Here, to investigate the possible role of iron deficiency in Kcne2 deletion-linked NAFLD,
we initially utilized transcriptomic analysis in conjunction with iron supplementation. Non-treated
P21 Kcne2™ livers exhibited extensive transcriptome remodeling indicative of NAFLD and
anemia. The 6 top-ranked DEG networks as identified by pathway analysis were: increased
beta oxidation of fatty acids, elevated carbohydrates, hepatic steatosis, survival of erythroid
progenitor cells and red blood cells, and proliferation of embryonic stem cells (Figure 3).
Strikingly, supplementation with injectable iron (iron dextran) eliminated the differences in
concerted gene expression caused by Kcne2 deletion that are associated with anemia
(demonstrating that the iron supplementation we employed was effective in restoring iron levels
and preventing anemia) and also the gene expression changes associated with NAFLD. Thus,
only 5 of the 116 DEGs in the top 6 DEG networks were still differentially expressed in Kcne2™™

livers after iron treatment (Figure 3).

Consistent with the finding that iron supplementation prevented the transcriptome changes
associated with NAFLD in Kcne2™ pups, iron supplementation also prevented excessive
vacuolation in the liver and eliminated Kcne2-dependent differences in hepatic lipid
accumulation in the liver (Figure 4 A-C). A comparison of hepatic oil red O staining in iron-
treated versus non-treated Kcne2™~ pups indicated successful alleviation of hepatic steatosis by

iron supplementation (one-way ANOVA, p = 0.03). Thus, iron deficiency is a major factor in
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Kcne2-dependent, early-onset NAFLD. Note that the moderate increase in hepatic lipids of

++

Kcne2™" pups treated with iron likely arose from iron overload which, as with iron deficiency,

can also cause hepatic steatosis (11).

To increase confidence that iron deficiency played the major role in Kcne2-dependent NAFLD,
we examined other potential causes. Kcne2 deletion also causes cardiac dysfunction, which
can lead to right-heart failure and associated liver fibrosis (12,19,20). Although the livers
studied here were from global Kcne2™ pups at P21, at which age they do not show signs of
heart failure (12,19,20), we next examined livers isolated from mice with a cardiac-specific
Kcne2 deletion, to rule out a direct role for cardiac dysfunction in Kcne2-dependent NAFLD.
Accordingly, only 15/116 DEGs in the top 6 DEG networks identified in global Kcne2™ mouse
livers were also differentially expressed in cardiac-specific Kcne2™ mouse livers, strongly

suggesting against a cardiac role in Kcne2™~ NAFLD initiation (Figure 3).

Kcne2 deletion also results in hypothyroidism because KCNQ1-KCNE2 channels facilitate
thyroid iodide uptake by the sodium iodide symporter (19,31). Pups of Kcne2™~ dams are
hypothyroid regardless of their own genotype because they rely on milk for iodide and/or thyroid

+/—

hormones, whereas Kcne2™~ mice bred from Kcne2*~ dams do not exhibit signs of
hypothyroidism until adulthood (19). However, because hypothyroidism is a risk factor for
NAFLD and even upper-normal levels of TSH associate with human NAFLD (32), and because
we previously observed findings suggestive of liver fibrosis in hypothyroid Kcne2™™ mice (19),
here we nevertheless examined this possibility, by comparing livers of P21 Kcne2™ pups bred
from Kcne2"™ versus Kcne2™~ dams. Only 14 DEGs identified when comparing livers of

++

Kcne2™~ pups versus those of Kcne2™ pups (Figure 3) were also identified as being
differentially expressed in Kcne2™~ pups from Kcne2™~ dams versus those from Kcne2*~ dams
(Figure 5A), and none of these were within the 6 identified anemia/NAFLD networks (Figure 3).

40



Furthermore, network analysis of DEGs in livers of Kcne2™~ pups from Kcne2™~ dams versus

+/—

those from Kcne2™ dams revealed less-populated networks, spanning a range of physiological
processes and not biased toward NAFLD (Figure 5B). Kcne2-dependent NAFLD in pups from
heterozygous dams, as we used in the current study, is therefore not initiated by

hypothyroidism.

Taken together, our data support a primary role for iron deficiency, but not hypothyroidism or
heart failure, in initiating Kcne2-dependent NAFLD. Similarly, iron deficiency can predispose to
dyslipidemia and NAFLD in human populations (11), both of which are risk factors for

atherosclerosis (33), as are certain human KCNE2 polymorphisms (3).

In addition, we found that serum CRP, an atherosclerotic biomarker released by the liver in
response to inflammation, was elevated in Kcne2™™ mice - most prominently in western diet-fed
females (Figure 6A). This correlates with recently-discovered atherosclerotic predisposition in
Kcne2™ mice (15) and is also consistent with presence of NAFLD, although elevated CRP is
not a specific biomarker for NAFLD (34). Achlorhydria also causes hyperhomocysteinemia,
another atherosclerosis risk factor (35); accordingly, Kcne2 deletion increased serum
homocysteine (Figure 6B), providing another possible mechanistic link between achlorhydria
(impairing vitamin B absorption, causing hyperhomocysteinemia) and atherosclerosis in
Kcne2™ mice. Importantly, hyperhomocysteinemia has also been positively correlated with
NAFLD in human populations, and in mouse models has been suggested to lead to hepatic
steatosis via abnormal lipid metabolism (36). Thus, although iron supplementation prevents
hepatic steatosis in Kcne2™™ mice, it is possible that their hyperhomocysteinemia also

contributes or predisposes to NAFLD in the setting of anemia (perhaps in a double-hit scenario).
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In conclusion, our data support a substantial role for Kcne2-linked iron deficiency in the
development of NAFLD in mice. Future studies will determine if this novel genetic link is
recapitulated in humans, and investigate potential interactions between KCNE2-associated
atherosclerosis, dyslipidemia, NAFLD, and diet-dependent cardiac arrhythmogenesis and

sudden death (15).
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Figure 1. Kcne2 deletion causes NAFLD.

A.

++

Representative image (left) and mean body weight (right) of 3-week-old male Kcne2™ and
Kcne2™ mice (n = 8). Statistical analysis was by 2-tailed student’s t-test.
. Mean serum triglyceride concentration for normal diet-fed 3-week-old male Kcne2"* and

Kcne2™ mice (n = 3 per group). Statistical analysis was by 2-tailed student’s t-test.

++

Mean serum ALT and AST concentrations for normal diet-fed 3-week-old Kcne2™ and

Kcne2™ mice (n = 6-7 per group). Statistical analysis was by 2-tailed student’s t-test.

Mean serum total (t) and direct (d) bilirubin (Bil) concentration for normal diet-fed 3-week-old

++

male Kcne2"* and Kcne2™ mice (n = 5-7 per group). Statistical analysis was by 2-tailed

student’s t-test.
Representative images of hematoxylin and eosin-stained liver left lobe sections from 3-

++

week-old Kcne2** and Kcne2™ mice (n = 3).

Representative images of oil red O stained liver left lobe sections from 1-week-old Kcne2**
and Kcne2™” mice (n = 3).

Representative images of oil red O stained liver left lobe sections from 3-week-old Kcne2**
and Kcne2™ mice (n = 3).

Qil red O stain blinded scores for images as in panel G (n = 3). A score of 5 indicates

strongest staining.
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Figure 2. Kcne2-dependent changes in interacting hepatic gene networks

A.

The liver DEG interacting networks (after microarray transcriptome analysis of liver tissue
from global Kcne2™~ versus Kcne2™* mice, n = 8 mice per group) with the highest
consistency score comprised beta-oxidation of fatty acids, glucose concentration and
hepatic steatosis, with predicted hierarchical control by PPARGC1A (IPA software, Qiagen).
Real-time gPCR does not detect Kcne2 transcript expression in Kcne2™ mouse liver.

++

Kcne2™* stomach tissue was used as a positive control, Kcne2™ tissue as a negative

control; n = 3-4 mice per group, each quantified in triplicate.
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Figure 3. Iron supplementation prevents NAFLD-associated transcriptome changes in

Kcne2™ mouse livers.

A. Schema showing genotypes, treatment and analyses for Kcne2-dependent hepatic
transcriptome analysis.

B. DEG networks (IPA software, Qiagen) when comparing liver tissue harvested from 3-week-

+/+

old global-knockout Kcne2™ versus Kcne2™* pups (organized by cellular compartment), after
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microarray transcriptome analysis (n = 8 mice per group). Red, upregulated; green,
downregulated, in Kcne2™ versus Kcne2** livers. Venn analysis revealed that iron
supplementation from birth eliminated all but 5 transcript changes (subset: iron treated) and
that cardiac-specific Kcne2 deletion resulted in only 15 liver DEGs (subset: cardiac-specific

Kcne2™™) common to those altered by global Kcne2 deletion.
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Figure 4. Iron supplementation prevents Kcne2 deletion-associated NAFLD.

A. Representative images of hematoxylin and eosin-stained liver left-lobe sections from iron
dextran-treated P21 global Kcne2 ™~ versus Kecne2™* mice (n = 9-16).

B. Representative images of oil-red-O-stained liver left-lobe sections from iron dextran-treated
P21 global Kcne2™~ versus Kcne2™* mice (n = 9-16).

C. Oil red O stain blinded scores for images as in panel B (n = 9-16). A score of 5 indicates

strongest staining.
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Figure 5. NAFLD in P21 Kcne2™ pups is not altered by maternal genotype.

A. Left, schema showing genotypes, treatment and analyses for effects of maternal genotype on
Kcne2-dependent hepatic steatosis study. Right, the 14 DEGs identified when comparing
livers of Kcne2™™ pups versus those of Kcne2™* pups (Figure 3) that were also differentially

+/—

expressed in Kcne2™™ pups from Kcne2™ dams versus those from Kcne2™~ dams; none of
these were within the 6 identified anemia/NAFLD networks from Figure 3).
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B. DEG networks (IPA software, Qiagen) when comparing liver tissue harvested from 3-week-
old global-knockout Kcne2™ pups from Kcne2 ™~ dams versus Kecne2™ pups from Kene2*~

dams (organized by cellular compartment), after microarray transcriptome analysis (n = 8

++

mice per group). Red, upregulated; green, downregulated, in Kcne2™~ versus Kcne2** livers.
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Figure 6. Kcne2 deletion causes elevated serum CRP and homocysteine.

A. Mean serum C-reactive protein (CRP) concentration for 6-9 month-old Kcne2** and Kcne2™~
mice. n = 7-10, male control diet; n = 8, male western diet; n = 4-7, female control diet; n = 8,
female western diet; P values are for 2-tailed, unpaired t-tests for inter-genotype comparisons
within equivalent sex and diet groups.

B. Mean serum homocysteine concentration for Kcne2* and Kcne2™ mice. n = 4, male control
diet; 4, male western diet; 3-4, female control diet; 3-5, female western diet; p values are for

2-tailed, unpaired t-tests for inter-genotype comparisons within equivalent sex and diet

groups.
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Abstract

Type |l diabetes mellitus (T2DM) represents a rapidly increasing threat to global public health.
T2DM arises largely from obesity, poor diet, and lack of exercise, but also involves genetic
predisposition. We previously detected glucose intolerance in adult mice with germline deletion
of Kcne2, which encodes a K* channel ancillary subunit. In Chapter 3, we show that germline
Kcne2 deletion in mice impairs glucose tolerance as early as 5 weeks of age in pups fed a
western diet, ultimately causing diabetes. In adult mice fed normal chow, skeletal muscle
insulin receptor $ and IRS-1 expression was downregulated by Kcne2 deletion, characteristic of
T2DM. Kcne2 deletion also caused extensive pancreatic transcriptome changes consistent with
T2DM, including ER stress, inflammation and hyperproliferation. Kcne2 transcript was islet cell-
specific in mouse pancreas. Kcne2 deletion impaired isolated B-cell insulin secretion in vitro up
to 8-fold, and diminished B-cell peak outward K* current at positive membrane potentials, but
also left-shifted its voltage dependence and reduced inactivation. Thus, KCNEZ2 is crucial for
normal B-cell electrical activity and insulin secretion, and its deletion causes T2DM. KCNE2

may regulate multiple B-cell K* channels, including human T2DM-linked KCNQL.
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Introduction

T2DM prevalence is increasing globally, due in large part to alterations in lifestyle including poor
diet and lack of exercise. T2DM is thus often part of a larger syndrome, termed metabolic
syndrome, which often includes obesity, nonalcoholic fatty liver disease (NAFLD),
hypercholesterolemia and coronary artery disease (CAD) (1). However, not all individuals with
T2DM are obese, and there are other contributing factors, including genetic predisposition. For
example, a large number of studies have shown that inherited polymorphisms in KCNQ1, which
encodes a voltage-gated potassium (Kv) channel pore-forming (a) subunit, predispose to T2DM

(2,3).

Unlike Type 1 diabetes, which is predominantly genetically acquired and arises from immune
attack and destruction of pancreatic insulin-secreting p-cells, in T2DM the B-cells are present
but cannot secrete sufficient insulin to control blood glucose levels. T2DM is a balance between
insufficient insulin secretion, and insulin resistance, with the relative deficiencies in each insulin
secretion and sensitivity varying between individuals (4,5). Insulin resistance in itself is not

sufficient to cause diabetes, and must be combined with inadequate insulin secretion (6,7,8).
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Various potassium channels play roles in 3-cell function and insulin secretion. The best-
characterized in these respects is the Karp channel. Karp channels are each formed from an
octamer of two types of subunits — a tetramer of Kir6.2 a subunits that spans the plasma
membrane and forms the pore, and a tetramer of cytosolic sulfonylurea receptors (SURS) that
facilitates sensing of the metabolic state of 3-cells by the channel complex. Increased blood
glucose raises intracellular ATP levels in B-cells. Intracellular ATP binds to the SURs, resulting
in inhibition of the Karp channel. Because Karp channels are weak inward rectifiers that are open
at resting membrane potential, their inhibition initiates cellular depolarization. This opens (3-cell
voltage-gated Ca** channels, raising intracellular Ca** levels, signaling to the cell to secrete
insulin. The insulin signals to the liver to stop releasing glucose into the blood, and signals to
skeletal muscle to take up glucose from the blood (9,10). Inherited mutations in the genes
encoding Karp channel subunits can contribute to diabetes. Mutations that moderately increase
Karp channel activity can predispose to T2DM in adults. Mutations that dramatically increase
Karp channel activity to the extent that glucose-dependent insulin secretion is essentially

prevented can cause syndromic neonatal diabetes (11).

Several Kv channels are also expressed in 3-cells, and are involved in the repolarization phase
of B-cell action potentials and/or in regulation of insulin secretion. Inhibition of the repolarizing K*
currents the Kv channels generate augments insulin secretion. Kv1.4, Kv1.5, Kv2.1, Kv2.2,
Kv3.1 and Kv3.2 a subunits have been detected in the insulin-secreting cell line, INS-1. Their
inhibition by classic Kv channel blockers 4-aminopyridine, tetraethylammonium and tetrapentyl
ammonium enhanced tolbutamide-stimulated insulin secretion, but not basal insulin secretion
(12). Interestingly, Kv2.1 directly interacts with the exocytotic machinery of B-cells via syntaxin

1A, and this activity was recently postulated to be more important than its electrical activity in
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terms of effects on insulin secretion (13,14,15). Inhibition of Kv2.1 has been suggested as a
potential therapy for T2DM (16). Selective KCNQL1 inhibition using chromanol 293B also
augments glucose-stimulated insulin secretion from INS-1 cells (17) and mouse [-cells in vivo

and ex vivo (18).

Interestingly, KCNQ1, Kv1.4, Kv1.5, Kv2.1, Kv3.1 and Kv3.2 are all known to be regulated by
the KCNEZ2 single transmembrane domain ion channel ancillary subunit (19,20,21,22,23,24).
KCNEZ2, part of the five-member KCNE gene family, is ubiquitously expressed in both excitable
cells and in non-excitable secretory epithelial cells, and can exert marked effects on the
channels it regulates. These effects include altering voltage dependence and kinetics of gating,
trafficking, regulation by other factors, and pharmacology (25,26). In Chapters 1 and 2, we
showed that Kcne2 deletion in mice results in impaired glucose tolerance as part of a broader
syndrome that includes hypercholesterolemia, NAFLD, and atherosclerosis (27,28,29), but we
did not elucidate the mechanistic basis for glucose intolerance. Therefore, in Chapter 3, we
describe direct analysis of the effects of Kcne2 deletion on pancreatic function. We report the
discovery that KCNEZ2 is required for normal 3-cell electrical activity and insulin secretion, and

that Kcne2 deletion causes T2DM.
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Methods

Generation of mice and study protocol

The Kcne2™ mouse line was generated as we previously described (30), and mice used in this
study were bred by crossing Kcne2*~ mice which had been backcrossed >10 times into the
C57BL/6 strain. After being genotyped and weaned at 3 weeks of age, mice pups were
assigned to, and maintained on, either a control diet (2020X, Harlan, 16% kcal from fat; 19.1%
protein, 2.7% crude fiber, 12.3% neutral detergent fiber and 0% cholesterol) or western diet
(TD.88137, Harlan, 42% kcal from fat, >60% of which is saturated; 34% sucrose; 0.2%
cholesterol). All mice were subjected to fortnightly 6-hr fasts prior to glucose tolerance tests.
Some cohorts had an additional fortnightly 20 to 24-hour fast commencing the morning after
glucose tolerance tests, between weeks 5 through 15-17, with similar fasting protocols for mice
of each diet and genotype. Mouse tissue and blood serum were then collected for further

analysis or stored at -80°C.

Islet isolation

++

For each isolation, a pancreas each from a Kcne2™" and a Kcne2™~ mouse were harvested and
prepared in parallel, with both being placed in vials of collagenase solution containing (in
mmol/l) 2.25 p-glucose, 1.26 CaCl,, 0.49 MgCl,-6H,0, 0.41 MgS0,4-7H,0, 5.3 KClI, 0.44
KH,PO,, 4.2 NaHCOs3, 137.9 NaCl, 0.34 Na,HPO, [solution 1]; 0.1% collagenase P ; 0.2 %
BSA) at the same time, and then the vials were placed in a 37 °C water bath. The vials were
observed for 14-16 minutes and shaken every 2 minutes. The duration of the warm-up was

dependent upon the amount of tissue present. Afterwards, the vials were placed in a centrifuge

at 500 rcf for 8 minutes at 4 °C, to pellet the cells. The supernatant was then removed and the
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cells were filtered three times through cell strainers into 50 mL vials using [solution 1]. The cells
were then pelleted once more, 3 mL of solution 1 added, and then the mixture was added to 3

mL of Histopaque 1.100 (54% 1.119 density histopaque, 46% 1.077 density histopaque) in a 15
ml vial. The vials were then centrifuged for 18 minutes at 900 rcf at 4 °C as previously described

(31).

Whole cell patch electrophysiological recording.

We recorded B-cell K* currents by patch-clamping in the whole-cell configuration using an
Axopatch 200B amplifier and pCLAMP 9 software (Molecular Devices). Patch electrodes (2—4
MQ) were loaded with intracellular solution containing (in mmol/l) 140 KCI, 1 MgCl,[H,O]ls, 10
EGTA, 10 HEPES, 5 MgATP (adjusted to pH 7.25 with KOH). Islet cells were perfused with an
extracellular bath solution containing (in mmol/l) 20 (D)-glucose, 119 NacCl, 2 CaCl,[(H,O)g], 4.7
KCI, 10 HEPES, 1.2 MgSOQ,, 1.2 KH,PO,, (adjusted to pH 7.3 with NaOH). B-cells were

identified based on their morphology and response to glucose concentration.

Insulin secretion by isolated pancreatic islets.

After isolation, islet cells were used immediately for quantification of insulin secretion. Cells (in
200 pl per batch) were removed using a micropipette and placed into two vials. Two mL of 3 mM
glucose Kreb-Ringer Bicarbonate (KRB) solution containing (in mmol/l) 119 NaCl, 2
CaCl,[(H;0)q], 4.7 KCI, 10 HEPES, 1.2 MgSO0,, 1.2 KH,PO,, (adjusted to pH 7.3 with NaOH)
(presaturated in 5% CO, to buffer the cells) was added. The solution was centrifuged and the
supernatant removed, leaving solely the cells. KRB media (2 mL) was again added and the vials
incubated in a shaking water bath at 37 °C and rotating at 50-70 rpm. The vials were then
removed, centrifuged at 1.2 rpm for 0.5-1 minutes, and the supernatant removed. The cells
were counted using trypan blue and AO/PI (acridine orange and propidium iodide) dye to ensure

that the same amount of cells were being examined for each sample; if one had a substantially
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larger amount of cells present, then the solution was diluted. The number of cells for paired

++

Kcne2™* and Kecne2 ™ mouse pancreases was thus adjusted to a more equal ratio. For insulin
secretion in response to glucose, 200 pl of cell solution was mixed with 200 pl of 0, 6 and 16
mM glucose KRB media for 30 minutes at 37 °C. . The vials were then incubated for another 30
minutes at 37 °C.. The vials were centrifuged, and the supernatants extracted and stored in an -
80° C freezer pending analysis by ELISA according to manufacturer’s instructions (EMD
Millipore, St. Charles, MO, USA). ELISA plates were analyzed using a VERSA max plate

reader with SoftMax Pro 5.3 data system SoftMax Pro 5.3 data system (Molecular Devices,

Silicon Valley, CA, USA)

RNA isolation and Real-Time gPCR

Mice were euthanized by CO, asphyxiation. Gastric fundus tissue was harvested and washed
with PBS; Pancrease were harvested, washed and perfused through left ventricle with PBS,
then all tissue either processed or stored at —80 °C until use. For islet and non-islet cells,
pancreas samples were pooled from 4 mice per experiments and then isolated islet cells as
protocol of isolation islet cells. RNA was extracted using 1 ml of Trizol (Invitrogen) per 100 mg
of tissue and purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer’'s
protocol. RNA samples with A,s0/Azgo absorbance ratios between 2.00-2.20 were used for
further synthesis. 100 ng to 1 ug of RNA was used for cDNA synthesis (Qiagen’s Quantitect
Reverse Transcriptase) and stored at —20 °C until use. Primer pairs for target

gene Kcne2 (NCBI Gene ID: 246133) and Gapdh (NCBI Gene ID: 14433) produced amplicons
of 175 bp and 123 bp respectively. The gPCR primer sequences were as follows:

Kcne2, forward 5'-CACATTAGCCAATTTGACCCAG-3', and reverse 5'-
GAACATGCCGATCATCACCAT-3'; Gapdh, forward 5-AGGTCGGTGTGAACGGATTTG-3'; and
reverse 5-TGTAGACCATGTAGTTGAGGTCA-3. Primers (0.05 um synthesis scale, HPLC

purified) were acquired from Sigma. Real-time qPCR analysis was performed using the CFX
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Connect System, iTagq Universal SYBR Green Supermix (BioRad) and 96-well clear plates.
Thermocycling parameters were set according to manufacturer’s protocol for iTaq. Samples
were run in triplicate as a quality control measure and triplicates with a standard deviation of 0.6
or higher were repeated. Melting curves were assessed for verification of a single product.

++

AACq values were normalized to those obtained for the Kcne2™" stomach tissue.

Islet cell RNA isolation and whole-transcript Microarray analysis

Mice were euthanized, and then islet cells were isolated. RNA was extracted using Trizol
(Invitrogen) and purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. RNA samples with Axs0/Azg0 absorbance ratios between 2.00-2.20 were stored at -
80°C until being used for further synthesis. Reverse-transcribed cDNA was analyzed by “whole-
transcript transcriptomics” with the GeneAtlas microarray system (Affymetrix) and
manufacturer’s protocols. MoGene 1.1 ST array strips (Affymetrix) were used to hybridize to
newly synthesized sscDNA. Each array comprised 770,317 distinct 25-mer probes to probe an
estimated 28,853 transcripts, with a median 27 probes per gene. Gene expression changes
associated with Kcne2 deletion were analyzed using Ingenuity Pathway Analysis (Qiagen) to
identify biological networks, pathways, processes and diseases that were most highly
represented in the islet cell differentially expressed gene (DEGS) identified. Expression

changes of 22 fold and p<0.05 were included in the analysis.

Western-blotting

For quantification of insulin receptor B protein expression, skeletal muscle tissue from Kcne2**
and Kcne2™™ mice was homogenized using a dounce homogenizer with 5 mL ice-cold lysis
buffer (150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, 1mM EGTA, 1% Triton x-100, 0.5%
Nonpidet P-40, 100 mM NaF, 10 mM sodium orthovanadate). Fresh protease inhibitor mini

tablets (Pierce) were added for every 10 mL of lysis buffer. After homogenization, samples were
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kept ice for 30 minutes, then centrifuged at 600 rpm (29 rcf) for 20 minutes at 4 °C. Supernatant
was centrifuged again at 13,000 rpm (13,793 rcf) for 45 minutes at 4°C and then the final lysate
was collected. For quantification of Insulin receptor substrate 1 (IRS-1), skeletal muscle was
homogenized using a dounce homogenizer with 2.5 mL ice-cold lysis buffer. Lysis buffer was
composed of 20mM Tris (pH 8.0), 137 mM NacCl, 2.7 mM KCI, 10mM NaF, 1 mM MgCl, 1mM
NaszVO,, 10% glycerol, 1% Triton X-100. Fresh protease inhibitor mini tablets (Pierce) were
added for every 10 mL of lysis buffer. After homogenization, samples were kept rotating in 4°C
for one hour then centrifuged at 12,000 rpm (11,752 rcf) for 10 minutes at 4°C, and final lysate
was collected. Subsequent steps were identical for all samples. The final lysate was collected
and protein concentration was quantified using BCA Protein Assay (Thermo Fisher, Rockford,
IL, USA). Samples of equal target protein concentration were separated on NUPAGE 4-12%
Bis-Tris gels and transferred onto PDVF membranes. Primary insulin receptor B-subunit, IRS1,
and phospho-IRS1 antibodies (EMD Millipore) were diluted 1:1000 in 5% milk in Tris Buffered
Saline with 1% Tween-20 (TBST) and incubated either at room temperature for 2 hours or
overnight in 4°C on a rocker. GAPDH antibody (Abcam) was used as loading control in 1:1000
dilution. Secondary antibodies (BioRad) were added at 1:5000 dilutions in 3% milk in TBST.
Antibodies were incubated at room temperature on a rocker for 1 -2 hours. Membranes were
then exposed to HRP substrate (EMD Millipore) for 5 minutes at room temperature, and
chemiluminescence visualized with on a Gbox system (Syngene, Frederick, MD, USA). Images

were saved and analyzed with ImageJ (National Institutes of Health, Bethesda, MD, USA).

Glucose tolerance test

Glucose tolerance tests were performed fortnightly after weaning. Mice were injected
intraperitoneally (IP) with 20% glucose in 0.9% NaCl solution (2g of glucose/kg body weight)
following a 6-hour fast. Blood samples were taken via tail vein before injection as well as 15,

30, 60, 90, and 120 minutes after injection for determination of blood glucose metabolism. Blood
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glucose in tail-vein blood samples was quantified using OneTouch Ultra Glucose Monitors
(LifeScan, Milpitas, CA, USA). The corresponding relative area under the curve (AUC) for

glucose concentration was calculated using the trapezoid rule.

Statistical analysis
Statistical analyses (student’s t-test or ANOVA, as indicated in the figure legends) were
performed assuming significance with p values < 0.05. Bonferroni and Holm corrections were

used for multiple comparisons.

Study approval

All mice were housed in pathogen-free facilities and the study was approved by the Animal Care
and Use Committee at University of California, Irvine. Studies were performed during the light
cycle and were carried out in strict accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the National Institutes of Health.
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Results

Kcne2 deletion causes T2DM in mice

We previously found that Kcne2 deletion impairs glucose tolerance in adult mice fed regular
mouse chow (27). Here, we discovered that feeding with a western diet has a dramatic effect
on glucose tolerance of Kcne2™ pups, causing glucose intolerance within 2 weeks, by 5 weeks

+/+

of age, versus no effect in Kcne2™" pups at this age (Figure 1 A). By 21 weeks, after 18 weeks
on the western diet, Kcne2™ mice were diabetic (baseline serum concentration of >200 mg/dl,
and serum glucose concentration of >400 mg/dl measured 2 hours after injection) whereas

+/+

Kcne2™" mice were only moderately less glucose tolerant than those on a control diet (Figure 1

B).

Given the severity of effects of Kcne2 deletion on glucose tolerance, we tested for hallmarks of
T2DM in Kcne2™™ mice. All other experiments in this study utilized adult mice fed regular
mouse chow. Decreased skeletal muscle expression of insulin receptor B (IRB), and insulin
receptor substrate 1 (IRS-1), is indicative of insulin resistance and characteristic of T2DM
(32,33). Here, using western blotting analyses demonstrated that Kcne2 deletion decreases IR
and IRS-1 expression twofold in skeletal muscle (Figure 2).

++

We also performed microarray analysis of the islet cell transcriptomes of Kcne2™* and Kcne2™

mice. From a total of 35556 gene transcripts, 1426 were found to be differentially expressed

++

between female Kcne2™™ and Kcne2™* mice using default filter criteria: fold change (linear) < -2

or > 2, and ANOVA p-value < 0.05. A total of 653 genes were up-regulated and 773 genes

++

were down-regulated in Kcne2™~ compared to Kcne2*™* mice (Figure 3). The transcriptome
changes in Kcne2™~ mice were highly consistent with T2DM, and included altered expression of
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T2DM markers, and gene expression changes indicative of islet cell proliferation, ER stress,
increased ATP synthesis, and inflammation (Figure 4). Furthermore, pathway analysis of islet
cell Kcne2 deletion-associated DEG networks showed changes highly consistent with T2DM,
including islet cell proliferation (networks associated with protein synthesis and metabolism;
Supplementary Figure 1) and ER stress (EIF2 and EIF4 signaling pathways were the top two
canonical signaling pathways activated; Supplementary Figures 2 and 3). In addition, gene
networks associated with amyloid precursor protein (APP) and ERK signaling were notably

altered in Kcne2 ™™ mice (Supplementary Figures 4 and 5).

Kcne2 is expressed in pancreatic islets and its deletion impairs insulin secretion

We previously detected Kcne2 transcript expression in mouse pancreas by real-time qPCR (27).
Here, we discovered that pancreatic Kcne2 transcript is expressed exclusively in mouse
pancreas islet cells, and is undetectable in pancreatic non-islet cells (Figure 5). Crucially,
germline Kcne2 deletion resulted in dramatically impaired glucose-stimulated insulin secretion
by B-cells freshly isolated from mouse pancreas. 3-cells isolated from 3-5 month-old mice
showed a Kcne2 deletion-dependent 8-fold lower insulin secretion in response to 12 mM

glucose, and lesser insulin secretion deficits at baseline and 4.5 mM glucose (Figure 6).

Kcne2 deletion impairs B-cell K* currents
Finally, we examined the effects of Kcne2 deletion on freshly isolated B-cell K* currents, using
whole-cell patch clamp. Peak outward current at +40 mV was 30% lower in B-cells isolated

+/+

from 3-6 month-old Kcne2™™ mice compared to those from age-matched Kcne2** mice, but
Kcne2 deletion also produced a crossover of the IV relationships at -10 to -30 mV because of a
left-shift in the voltage dependence of the K™ current in this range (Figure 7 A-B). This left-shift,

of about 10 mV, was also apparent from normalized tail current-voltage relationships (Figure 7
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C). In B-cells isolated from 10-13 month-old mice, current densities were lower than in B-cells
isolated from same-genotype 3-6 month-old mice, but Kcne2 deletion had an even greater effect
on peak K* current than in younger mice, diminishing it by 45% at +40 mV (Figure 8 A, B).
Kcne2 deletion in older mice again resulted in a left-shift of voltage dependence to whole-cell

K+ current, this time in the wider range of -10 to -80 mV (Figure 8 B). Interestingly, Kcne2
deletion reduced the amount of current decay during depolarizing pulses, only in 10-13 month-

old mice (Figure 8 C).
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Discussion

KCNEZ2 is widely expressed in mammalian tissues and is associated with a variety of disease
states in both humans and mice. The promiscuity of KCNE2 makes defining its exact
physiological roles and the molecular etiology of its associated disease states quite challenging
(26). Human KCNE2 polymorphisms within the coding region are associated with inherited and
acquired (drug-induced) Long QT syndrome, with the primary mechanism probably being direct
disruption of K* currents generated by KCNE2 and various ventricular myocyte Kv channels with
which it forms heteromeric complexes, the prime candidates being hERG and Kv4.2/3
(23,34,35,36,37). KCNE2 polymorphisms outside the coding region, and also one near the
KCNEZ2 locus, are associated with atherosclerosis, early-onset myocardial infarction, and
coronary artery disease (38,39,40). The precise mechanism for these associations is unclear,
but we recently found that Kcne2 deletion also causes atherosclerosis in mice, establishing
causality (29). Kcne2™™ mice also exhibit hypercholesterolemia, hypokalemia and non-alcoholic
fatty liver disease (NAFLD), as part of a multisystem syndrome (27,28). Further, they exhibit
increased susceptibility to stringent ischemia/reperfusion-induced sudden cardiac death (27),
yet in cases of less stringent induced ischemia/reperfusion injury, they paradoxically exhibit less
cardiac tissue damage, because of chronic upregulation of cardioprotective pathways involving

GSK-3B inactivation (41).

The NAFLD in Kcne2™™ mice arises at least in part from iron deficiency caused by achlorhydria,
which in turn arises because KCNE2-KCNQ1 channels are required for normal function of the

gastric parietal cell H'/K*-ATPase that acidifies the stomach lumen(28,30). In addition, KCNE2-
KCNQ1 channels are required for efficient functioning of the sodium/iodide symporter in thyroid
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epithelial cells; thus, Kcne2 deletion also causes hypothyroidism in pregnant and lactating
dams, and in their pups (42). By adulthood, non-gestating/lactating Kcne2™~ mice are euthyroid

but can begin to show further signs of hypothyroidism at advanced age (>1 year).

We also previously found that Kcne2™™ mice are glucose-intolerant and deficient in regulating
glucose levels after fasting (27), but we did not pursue the mechanism until now. Despite the
wide range of tissue defects caused by Kcne2 deletion, in the current study we have been able
to establish that Kcne2™™ mice become diabetic as young adults when on a western diet, and
that Kcne2 deletion causes a primary defect in B-cell insulin secretion, in mice fed regular
mouse chow. Young adult Kcne2™™ mice exhibit classic signs of T2DM, including the
combination of impaired insulin secretion by the pancreas, and impaired insulin sensitivity of

skeletal muscle, together contributing to glucose intolerance.

Microarray analysis of islet cells revealed that Kcne2 deletion causes remodeling highly
consistent with what is known of the molecular pathology of T2DM. We detected in Kcne2™~
mice islet cells changes in the transcripts and/or signaling networks of a number of markers of
T2DM, including cystatin C (43), vitronectin (44), keratin 8 (45), and APP (46) (Figure 4 A and
Supplementary Figure 4). ER stress, transcriptomic signatures for which were prominent in the
islet cells of Kcne2™™ mice (Figure 4B; Supplementary Figures 2 and 3), results from
glucolipotoxicity and is considered to be one of the main mechanisms underlying B-cell failure in
T2DM (47,48,49,50). Detection of the EIF2 pathway as the predominant canonical signaling
pathways altered in islet cells of Kcne2™™ mice is highly consistent with its known role in islet
cell ER stress and islet cell development, physiology and survival (51), and identification of EIF4

related signaling as the second-highest altered pathway is also of interest with respect to beta
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cell function (52). Inflammation, also suggested by transcript expression changes in our
microarray data (Figure 4 C) is another source of p-cell dysfunction in T2DM (53); the same
applies to mitochondrial dysfunction (Figure 4 D) (49). Hyperproliferation, transcript changes
associated with which we also detected in Kcne2™ islets (Figure 4 E, Supplementary Figure

1), is also characteristic of T2DM (54).

Further, we found that B-cells from young adult Kcne2™~ mice exhibit a K* current signature
distinct from that of their wild-type littermates, with reduced peak currents at depolarized
potentials but relatively more current at mildly negative potentials. Interestingly, we show for the
first time, to our knowledge, that aging of mice (to 10-13 months) reduces B-cell K* current

density even in wild-type mice, and that this is further diminished in Kcne2™ mice.

The K current changes are suggestive of two events. First, we speculate that the reduced peak
current at depolarized potentials arises from loss of KCNE2 from complexes with one or more of
the various Kv channel a subunits that are both expressed in islet cells, and known to be
upregulated by KCNE2. One possible candidate is Kv1.5, given that KCNE2 increases Kv1.5
activity 2-fold in vitro, Kcne2 deletion decreases Kv1.5 current ~2-fold in mouse ventricular
myocytes (23), and Kv1.5 is expressed in B-cells (55). Another less likely candidate would be
Kv2.1, although we previously found that KCNE2 co-expression inhibits Kv2.1 in vitro, and
reduces its inactivation (22), so this does not match with our 3-cell data (which shows similar
effects but for deletion of KCNEZ2, not addition). It is possible, that Kv2.1 forms complexes with,
for example, Kv6.4 in B-cells, but these heteromers are not noticeably affected by KCNE2 in
vitro (David JP et al Sci Rep 5:12813, 2015) and so this is also an unlikely explanation for the

effects we observe in mouse pancreas..
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Second, we suggest that the relative increase in K* current at mildly hyperpolarized potentials
arises at least partly from loss of KCNE2 from complexes with KCNQ1. Although co-assembly
with KCNE2 converts KCNQL1 to a channel with left-shifted voltage dependence, able to remain
constitutively open at resting membrane potentials, KCNE2 reduces KCNQ1 current magnitude
2-3-fold between -50 and 0 mV (24). KCNE2 co-expression in vitro also inhibits Kv2.1, as
mentioned above, and so removal of this inhibition could also contribute; however, Kv2.1
activates ~10-20 mV more positively than KCNQZ1 (in our hands), and so increased Kv2.1
current would not explain current increase in B-cells from Kcne2™~ mice across the entire
voltage range it is observed (-80 to -10 mV in 10-13-month-old adult mice). At this stage, the
technical difficulties encountered in isolating sufficient 3-cells, maintaining them in healthy
condition, and recording from them, has limited the scope of our analyses to defining the
changes in whole cell current associated with Kcne2 deletion, but future analyses may involve

identification of the specific Kv a subunits affected.

Previous studies showed that pharmacological inhibition of Kv1.5 or Kv2.1 increased insulin
secretion and also diminished B-cell apoptosis (12). Likewise, inhibition of KCNQ1 with
chromanol 293B enhanced glucose-stimulated insulin secretion in mice and in INS-1 cells
(17,18). Germline deletion of Kcngl in mice was previously found to enhance insulin sensitivity
in the liver (56), but recently to not alter insulin secretion from pancreatic islets (57). However,
Kcngl deletion did impair glucose tolerance and reduce -cell mass when parental origin of the
null allele was taken into account, and was associated with paternal heterozygous transmission.
This was deduced to arise from loss of imprinting control and associated epigenetic modification
of neighboring gene Cdknlc. This is because the Kcngl gene is overlapped by the noncoding

RNA KCNQZ1 overlapping transcript (Kcnglotl) which regulates neighboring genes on the
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paternal allele. For this reason, it has been very difficult to ascertain the mechanisms underlying
the mechanisms by which KCNQ1 regulates pancreatic function and diabetes, via its role as an

ion channel or otherwise.

Our finding that Kcne2 deletion impairs insulin secretion and insulin sensitivity tallies well with a
role for KCNE2-KCNQ1 complexes in regulating insulin secretion, as by enhancing KCNQ1
currents in the moderately hyperpolarized range, we would be predicted to obtain results
opposite to pharmacological inhibition of KCNQ1, which we did. If a role for KCNE2-KCNQ1
complexes in regulation of insulin secretion is further supported in future studies, it could have
important implications for new therapeutic avenues, and for avoidance of side-effects if targeting
KCNQ1 channels in other tissues, given that each KCNE isoform lends specific attributes to
KCNQ1 pharmacology (58,59,60). Interestingly, Ixs channels, formed by KCNQ1 and KCNE1,
are activated by increased intracellular ATP, independent of the augmenting effects of PIP, on
KCNQL1 (61). This effect is opposite to that of Katp channels, which are inhibited by ATP to
trigger the cascade of events that induces insulin secretion. Therefore, we hypothesize that
KCNE2-KCNQ1 channels in 3-cells could provide a brake to prevent excessive insulin secretion
and help return B-cells to resting membrane potential. By deleting Kcne2, we may have
increased the activity of this brake at mildly negative potentials, to the extent that insulin
secretion is impaired. This hypothesis would also fit with previous findings that inhibition of
KCNQL1 increases insulin secretion (18), and that overexpression of KCNQ1 in the MING6 B-cell

line impairs insulin secretion (62).
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Figure 1. Kcne2 deletion causes western diet-exacerbated glucose intolerance

Glucose tolerance tests in 5-week-old pups fed a control or western diet for 2 weeks. * P<0.05;
** P<0.01, for western diet-fed Kcne2™~ mice compared to all other groups. AUC (Area Under
the Curve) by ANOVA. Values are expressed as mean + SEM; n = 14-18 per group (A).
Glucose tolerance tests in 21-week-old mice fed a control or western diet for 18 weeks. *
P<0.05; ** P<0.01, by ANOVA, for western diet-fed Kcne2™ mice compared to all other groups.

Values are expressed as mean = SEM; n = 8-11 per group (B).
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Figure 2. Kcne2 deletion reduces expression of insulin receptor  and insulin receptor
substrate-1 in skeletal muscle.

Left panels, western blots of Kcne2™ (n = 3) and Kcne2™ (n = 3) mice skeletal muscle lysates
showing expression of (A) insulin receptor B (IRB) and (B) insulin receptor substrate 1 (IRS-1),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a loading control (each lane
using lysate from a different mouse). Right panels, mean GAPDH-normalized band intensities
guantified from blots on left. Error bars represent SEM. P values are for 2-tailed, unpaired t-tests

for inter-genotype comparisons.
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Figure 3. Whole-transcript microarray of islet cells from 5~6-month-old Kcne2™ and
Kcne2™ mice. A) Principle component analysis (PCA); B) heat map display of global transcript
expression differences, after microarray analysis of the pancreas islet transcriptomes of

Kcne2™ (n = 4) and Kene2™ (n = 4) mice.

79



Cystatin C Vitronectin
120
12
80 80
40 40
0 0
APP Keratin 8
40
100
20 H
50
] il
DAP Tpt1 RhoA

120

60

Ifitm3

407
Profilin 1

20

30 80
60
20 40
40
10i 20
0

Ptger1

Pdcd4

Herpud1 Serp1 Edem2
60
1204 160
120 40
804
80
401 20
40
0- 0 0
1207 Hsp90ab1
Hspa8
80
1 Hsp1a
Hsp90b1
407 ’_-|

Calreticulin

40

20

Hspb6

ul o

Decorin

D 160 |

120

80

40

| A

Reg1 Reg3d
600+ | ] 40
80
4001
40 20
2001
L. Ll ;

Reg2

100 7

507

Cds2

"
Atp5g1
- Kcne2 +/+
Atpbb Atp5d |:| Kcne2 -/-
Cox6c

Atp5j ;

Atp5j2

N .‘ -ﬂ [ |

Pa2g4 Clusterin Adipor1

20 T 80 L

40 20
0 0 0'-III

80




Figure 4. Kcne2 deletion causes concerted islet cell transcriptomic changes
characteristic of T2DM.

Graphs show Tukey's Biweight signals of differentially expressed genes (DEGS) (quantified by
microarray analysis, all changes show reached the P<0.05 significance level, n = 4 mice per

++

group) in islet cells isolated from 6 month-old Kcne2™* (solid columns) and Kcne2™ mice (open
columns).

A. Kcne2 deletion alters expression of known T2DM marker genes. APP: amyloid (3 precursor
protein.

B. Kcne2 deletion causes transcript expression changes consistent with islet ER stress.
Herpudl: homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain
member 1, Serpl: stress-associated endoplasmic reticulum protein 1, Edem2: ER degradation
enhancer, mannosidase alpha-like 2, Hsp90b1: heat shock protein 90, 3 (Grp94), member 1,
Hsp90abl: heat shock protein 90 alpha (cytosolic), class B member 1, Hspa8: heat shock
protein 8, Hspala: heat shock protein 1A, Hspb6: heat shock protein, alpha-crystallin-related,
B6

C. Kcne2 deletion causes transcript expression changes consistent with islet inflammation.
DAP: death-associated protein, Tptl: tumor protein, translationally-controlled 1, RhoA: ras
homolog gene family, member A, Ifitm3: interferon induced transmembrane protein 3, Ptger1.:
prostaglandin E receptor 1, Pdcd4: programmed cell death 4.

D. Kcne2 deletion increases islet expression of mitochondrial ATP synthesis-related genes.
Atp5b: ATP synthase, H* transporting mitochondrial F1 complex, B subunit, Atp5g1: ATP
synthase, H+ transporting, mitochondrial FO complex, subunit c1 (subunit 9), Atp5d: ATP
synthase, H+ transporting, mitochondrial F1 complex, delta subunit, Cox6c: cytochrome c
oxidase, subunit Vic, Atp5j: ATP synthase, H+ transporting, mitochondrial FO complex, subunit

F, Atp5j2: ATP synthase, H+ transporting, mitochondrial FO complex, subunit F2.
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E. Kcne2 deletion increases expression of proliferation-related genes in islets. Reg1:
regenerating islet-derived 1, Reg3d: regenerating islet-derived 3 delta, Reg2: regenerating islet-

derived 2, Pa2g4: proliferation-associated 2G4, Adipor1: adiponectin receptor 1.
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Figure 5. Kcne2 location in mouse pancreas.

Kcne2 transcript was detected by real-time gPCR in Kene2™ but not Kecne2™ mouse pancreas
islet cells, and was not detectable in non-islet cells. Stomach tissue data are shown for
comparison. Data are means of n = 6 independent measurements per group. Each independent
measurement was itself a mean of triplicate quantifications from cells isolated from 4 mice and

pooled (total of 24 mice used per group).
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Figure 6. Kcne2 deletion impairs glucose-stimulated insulin secretion by isolated B-cells.
Mean insulin secretion from islet 3-cells were incubated in buffer containing 1.5, 4.5, or 12 mM

++

D-glucose from 3-4 month-old Kcne2™* and Kcne2™ mice (n = 5 mice per genotype). Error bars

indicate SEM. P values are for 2-tailed, unpaired t-tests for inter-genotype comparisons.
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Figure 7. Kcne2 deletion diminishes delayed rectifier K* currents in B-cells isolated from
young adult mice.

A. Exemplar current traces recorded in response to depolarization in 10 mV increments from -
80mV to +40mV in islet B-cells from 3-5 month-old Kcne2™* (n = 9) and Kene2™ (n = 8) mice.
B. Mean raw current-voltage relationship (left) and normalized current-voltage relationship
(right) from cells as in panel A (n = 8-9 cells from 4 mice). Error bars indicate SEM.

C. Mean raw (left) and normalized (right) -30 mV tail current versus prepulse voltage

relationship for cells as in panel A. (n = 8-9 cells from 4 mice). Error bars indicate SEM.
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Figure 8. Aging and Kcne2 deletion diminish delayed rectifier K* currents in B-cells
isolated from older adult mice.

A. Exemplar current traces recorded in response to depolarization in 10 mV increments from -
80mV to +40mV in islet B-cells from 10-13 month-old Kcne2™* (n = 15) and Kcne2 ™ (n = 7)
mice.

B. Mean raw current-voltage relationship (left) and normalized current-voltage relationship
(right) from cells as in panel A (n = 7-15 cells from 4 mice). Error bars indicate SEM.

C. Mean % decay (inactivation) over 4 seconds of K* currents recorded as in panel A from (left)
3-5 month-old and (right) 10-13 month-old Kcne2** and Kcne2™ mice (n = 7-15 cells from 4

mice). P values are for 2-tailed, unpaired t-tests for inter-genotype comparisons.
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Supplementary Figure 1. The top 3 biological processes altered by Kcne2 deletion in
islet cells. The 3 processes identified by pathway analysis of microarray data as containing the
greatest net change in transcript expression were catabolism, metabolism, and synthesis of

protein.
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Supplementary Figure 2. Kcne2 deletion activates EIF2 signaling pathway in islet cells.
The EIF2 signaling pathway, which is activated during ER stress, was the top canonical
pathway (by z-score) activated by Kcne?2 deletion in mouse islet cells, identified by pathway
analysis of microarray data. Magenta lines surround affected parts of the pathway; colors within

gene-labeled symbols reflect degree of activation (red indicates highest upregulation; green

indicates highest downregulation).
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Supplementary Figure 3. Kcne2 deletion activates EIF4 signaling pathway in islet cells.
The EIF4 signaling pathway, which is activated during ER stress, was the second highest (by z-
score) canonical pathway activated by Kcne2 deletion in mouse islet cells, identified by pathway
analysis of microarray data. Magenta lines surround affected parts of the pathway; colors within
gene-labeled symbols reflect degree of activation (red indicates highest upregulation; green

indicates highest downregulation).
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Supplementary Figure 4. Kcne2 deletion alters the APP signaling network in islet cells.
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Pathway analysis revealed one super-network of 6 connected networks, shown here. The DEG
with the most connections within the 6 networks was amyloid precursor protein (APP),

highlighted. Solid lines, direct interactions; dashed lines, indirect interactions.
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Supplementary Figure 5. Kcne2 deletion alters the ERK signaling pathway in islet cells.
Pathway analysis revealed one super-network of 6 connected networks, shown here. The DEG
with the second-most connections within the 6 networks was ERK, highlighted. Solid lines,

direct interactions; dashed lines, indirect interactions.
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Conclusion

The metabolic syndrome refers to a cluster of CVD risk factors that come together in a single
individual. These CVD risk factors include insulin resistance, hypertension and
hypertriglyceridemia. Metabolic syndrome is quite common. According to the National Health
and Nutrition Examination Survey (NHANES) of 1999-2006, prevalence of metabolic syndrome
is 34% of the population in the U.S (1). There are several animal models of metabolic

syndrome, the LepR®®

mouse being the most well-known. This model loses leptin receptor
function due to a point mutation in the leptin receptor gene, LepR. This mutation causes cardiac
contractile dysfunction (2, 3, 4), reduced cardiac efficiency (5,6) and other CVD risk factors

including hyperglycemia at 4-8 weeks of age (7, 8, 9), insulin resistance (5, 10, 11, 12),

hyperlipidemia (13, 14, 15), and hypertriglyceridemia (16).

Previous studies from the Abbott lab have shown that Kcne2 deletion causes sudden cardiac
death exhibiting elevated angiotensin I, which is a major hormone in blood pressure
homeostasis (17). In Chapter 1, we showed that Kcne2 deletion promotes atherosclerosis and
diet-dependent sudden death. In Chapter 2, we showed that Kcne2 deletion increases CVD risk

factors, hypertriglyceridemia, hyperhomocysteinemia and high levels of CRP.

Metabolic syndrome is considered to be a risk factor not only for CVD but also for NAFLD and
T2DM. Two key components of metabolic syndrome, glucose and triglyceride levels, are

elevated in NAFLD patients. Itis of little surprise then that approximately 85% of patients with
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diabetes also have metabolic syndrome (18). Many risk factors for CVD are also predisposing
factors for NAFLD and T2DM. Hypertriglyceridemia is also a risk factor for T2DM and
conversely, and T2DM can lead to significant hypertriglyceridemia (19). Homocysteine not only
degrades the formation of the components of arteries, but also causes ER stress (20,21,22)
which is one of the main mechanisms underlying B-cell failure in T2DM (23,24). Homocysteine-
induced ER stress also causes dysregulation of the cholesterol and triglyceride biosynthetic
pathways (20). In Chapter 3, we confirmed by microarray transcriptome analysis that in islet
cells, Kcne2 deletion causes ER stress and increases expression of homocysteine-inducible,
endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 (Herpudl) which plays
a role in maintaining intracellular Ca2" homeostasis (25,26). CRP is a substance produced by
the liver in response to inflammation. Elevated CRP levels in blood may indicate CVD and

pancreatitis as well as liver disease (27).

In Chapter 2, we also showed that Kcne2 deletion causes early-onset NAFLD as early as
postnatal day 7 via iron deficiency, and hypertriglyceridemia as early as postnatal day 21.
Microarray transcriptome analysis showed that Kcne2 deletion activates PGC-1a downstream
pathways including beta-oxidation of fatty acids, glucose concentration and hepatic steatosis. In
Chapter 3, we demonstrated that Kcne2 deletion impairs glucose tolerance as early as 5 weeks
of age in pups fed a western diet, ultimately leading to T2DM. In adult mice fed a normal diet,

Kcne2 deletion causes T2DM, showing insufficient insulin secretion and insulin resistance.

There is a strong association between T2DM and NAFLD. T2DM and NAFLD are common
conditions that regularly co-exist (more than 90% of obese patients with T2DM also have
NAFLD) (28). The two symptoms can act synergistically to drive each other (28). In both
conditions, insulin resistance and PGC-1 a play important roles. It has been reported that PGC-
1a is upregulated in the livers of rodents in models of T2DM, and that increased PGC-1a

expression contributes to elevated hepatic glucose output and the development of
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hyperglycemia (29). In Chapter 2, we showed that Kcne2 deletion activates PGC-1a pathways
in liver, suggesting that these activated pathways may contribute to the development of
hyperglycemia. Because increased PGC-1a by hyperglycemia also induces diabetic vascular
dysfunction (30,31), activation of PGC-1a by Kcne2 deletion may also contribute to induction of
CVD, which we described in Chapter 1. There is also a strong correlation between T2DM and
CVD, wherein high blood glucose levels can lead to increased plaque formation and worsened
atherosclerosis (32,33,34). Thus, hyperglycemia caused by Kcne2 deletion may increase

plaque formation in Chapter 1.

Our findings demonstrate for the first time that genetic disruption of an ion channel subunit gene
can cause multiple aspects of metabolic syndrome, including atherosclerosis, NAFLD and
T2DM. Each factors likely act synergistically to induce or worsen the others. These studies may
potentially help in developing novel therapeutic strategies targeting KCNE2-containing Kv
channel complexes for the treatment of CVD and metabolic syndrome, or in the shorter term by
directing genetic screening studies to help identify those at risk. Future mechanistic studies will
be directed at delineating exactly which Kv channels KCNE2 regulates in pancreatic islets, and
comparing the effects of, e.g., cardiac myocyte or islet-cell-specific Kcne2 deletion with global

Kcne2 deletion.
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