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Glucose Homeostasis

Glucose is the primary energy source for nearly all living organisms. In humans, glucose
metabolism utilizes glycolysis, production of pyruvate that enters the citric acid cycle, and
oxidative phosphorylation to produce ATP. Precise regulation of glucose levels in the
blood (between 4.0-6.0 mM?) is critical to maintaining normal cellular ATP production and
thus function. For example, glucose is the primary energy source of the brain; therefore,
if blood glucose drops below 4.0 mM then neuronal function in the central nervous system
becomes impaired. Alternatively, hyperglycemia (above 6.0 mM) results in glucose
toxicity which causes cellular dysfunction through changes such as advanced protein
glycation? 3, activation of protein kinase C-dependent (PKC) pathways resulting in gene
expression changes* °, and the initiation of oxidative stress® 7. Dr. Michael Brownlee
proposed a model in which increased glycation end products and PKC activation is due
to hyperglycemia-induced increases in reactive oxygen species (ROS)2. In this model,
ROS activates poly(ADP-ribose) polymerase, thereby reducing GAPDH, and activating
both protein glycation and PKC. Therefore, proper maintenance of blood glucose

homeostasis is critical for cellular energy utilization and function.



The Pancreas

The pancreas is an organ that functions in both the digestive and endocrine systems. As
a part of the digestive system, the pancreas uses acinar cells to secrete digestive
enzymes into the duodenum through the pancreatic duct. The endocrine component of
the pancreas is made up of pancreatic islets (Islets of Langerhan®) which are dispersed
throughout the pancreas and make up 1-2% of the pancreatic mass. Islets are clusters of
B-cells, a-cells, and &-cells which regulate blood glucose levels through the secretion of

the hormones insulin, glucagon, and somatostatin, respectively.

Insulin is released when blood glucose levels rise above 6 mM, both suppressing hepatic
glucose production (HGP) and initiating glucose uptake by peripheral muscular tissues.
Insulin directly reduces HGP by binding to the hepatic insulin receptor thereby signaling
a reduction in glycogenolysis'®1?, Insulin mediates muscle tissue glucose uptake by
binding to insulin receptors and initiating a phosphorylation cascade that activates insulin
responsive substrates (IRS)'3. Phosphorylated IRS1 then activates PI3K which promotes
the translocation of the glucose transporter GLUT4 to the plasma membrane thereby
initiating glucose uptake®® 14, Insulin also functions as a paracrine regulator of glucagon
release (Figure 1.1). Specifically, insulin receptor signaling modulates the glucose signal

that is required for glucagon secretion to be suppressed by high glucose levels?®.

In contrast to insulin, glucagon is released when blood glucose levels are low (typically
below 4 mM); stimulating hepatic glucose production and output, specifically
glycogenolysis, thereby raising blood glucose levels!!. Glucagon binds to G-protein
coupled glucagon receptors (Gs -coupled glucagon receptor) on the plasma membrane of

liver cells. This initiates a phosphorylation cascade that activates glycogen phosphorylase
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Figure 1.1: Islet paracrine regulation.

Insulin secretion from B-cells inhibits glucagon secretion from a-cells while glucagon secretion increases both
somatostatin and insulin secretion. Somatostatin secretion from &-cells inhibits both glucagon and insulin
secretion.



to catalyze the breakdown of stored glycogen into glucose!® 16 17 Furthermore, studies
have shown that glucagon acts as a paracrine regulator to stimulate insulin secretion by
activating glucagon and GLP-1 receptors on B-cells® 1° (Figure 1.1). Recent studies
have also shown that glucagon can increase somatostatin secretion in a dose dependent

manner (Figure 1.1)%,

Somatostatin functions as a local paracrine regulator of 3-cell and a-cell function (Figure
1.1)?1. Somatostatin functions locally at the islet, as opposed to systemically, as it is
quickly degraded by systemic peptidase enzymes. Somatostatin binds to somatostatin
receptors on the membranes of B-cells and a-cells, initiating Gai cascades that inhibit
insulin and glucagon release. Somatostatin receptor signaling in B-cells inhibits insulin
secretion by hyperpolarizing the B-cell membrane through the activation of G-protein-
coupled inward rectifying K* channels (GIRK) and inhibition of Ca?* entry through L-type
Ca?* channels (detailed below)?% 23, Through capacitance measurements done by Kailey
et al., somatostatin has also been shown to directly inhibit exocytosis of insulin granules

downstream of Ca?* influx23.

In a-cells, somatostatin receptor signaling inhibits glucagon release by reducing cAMP
levels?*, activating hyperpolarizing GIRK channels?®, inhibiting Ca?* entry, and
suppressing exocytosis of secretory granules?. The ability of d-cells to function as
paracrine regulators lies, in part, in their unique morphology. These &-cells contain
neuron-like processes that extend up to 20 um allowing the &-cell to make contact with,
and therefore regulate, B- and a-cells throughout the islet?’. Together this indicates that
local paracrine signaling between the different islet cell-types is critical for normal

function.



As paracrine regulation is local, the architectural makeup of an islet would be predicted
to affect paracrine regulation of cells within an islet. There are significant differences in
the architecture of mouse and human islets. Mouse islets are made up of approximately
75% B-cells, 19% a-cells and 6% 0-cells while adult human islets are made up of
approximately 54% B-cells, 34% a-cells, and 10% d-cells?®. Additionally, mouse islets
contain a core that is made up of B-cells surrounded by a- and d-cells while human
islets contain these three cell types evenly dispersed throughout the islet?® (Figure 1.3).
Interestingly, the architecture of juvenile human islets tend to closely resemble that of
mouse islets. This suggests that the islet architecture seen in adult human pancreata
evolves during human development?®. Islet architecture has been shown to be critical
for the islets proper function. Stress, such as over nutrition, has been shown to alter
islet architecture®® and dispersion of mouse and human islets results in a loss of

physiological function®.

In addition to the three main hormone secreting cells described above, islets also contain
other cell-types such as PP-cells, e-cells, neurons, vasculature, and macrophages. PP-
cells secrete pancreatic polypeptide while e-cells secrete ghrelin. Pancreatic islets are
innervated by both the parasympathetic and sympathetic nervous system. While human
islets have much less innervation compared to mouse islets, the autonomic effects seem
to be similar between the two3% 32, Parasympathetic innervation of the islets potentiates
glucose-stimulated insulin secretion (GSIS) through the through the release of
acetylcholine which binds to B-cell muscarinic receptors®:. The sympathetic nervous

system affects both a- and S-cell function.



Figure 1.3: Mouse islet architecture.

Immunofluorescence from a mouse pancreata (A) and human pancreata (B) stained with insulin (red),
somatostatin (yellow), glucagon (green), and nuclei (blue).



Noradrenaline stimulates glucagon secretion by binding to a-cell 2-adrenergic receptor,
whereas it inhibits insulin secretion by binding to the B-cell a2-adrenergic receptors3*. The
islets are also highly vascularized (receiving approximately 10-fold the blood supply of
the exocrine tissue by volume)3® 3¢, This allows the islets to quickly sense and respond
to changes in blood glucose levels. Macrophages within the islet contribute to proper islet
function and are key contributors to B-cell proliferation and death®’. While all of these cell
types are critical for proper islet function, in this thesis we will focus on the pancreatic [3-

cell.

The roles of Ca?* in requlating B-cell insulin secretion

Ca?* influx

GSIS is dependent on B-cell membrane potential (Vi) depolarization. B-cells are
electrically excitable and express multiple ion channels that regulate Vm. Resting 3-cell
Vm is primarily regulated by current through the ATP-sensitive K* channel (Katep)3®. Katp
is active under low glucose conditions where it shifts the 3-cell Vi towards the equilibrium
potential of K*. Glucose is transported into the B-cell where it is metabolized to increase
the intracellular ATP levels. This along with decreased ADP levels increases the
ATP:ADP ratio. Increased ATP:ADP ratio under high glucose conditions inhibits Karp
channels thereby allowing a background depolarizing current to depolarize the B-cell Vm
to an excitatory potential known as the plateau potential. When this depolarization
reaches the threshold for the activation of voltage-dependent Ca?* channels (VDCCs),

Ca?* influx occurs and the B-cell fires action potentials from a depolarized plateau Vm.



In mouse B-cells, the opening of VDCC’s and subsequent Ca?* influx stimulates each
action potential depolarization phase. Two types of VDCC channels have been identified
in these [B-cells, low-threshold voltage activated current and high-threshold voltage
activated current. These currents are carried by T-type and L-type Ca?* channels,
respectively. While T-type Ca?* channels are important for initial depolarization, the L-type
channels have been shown to be the major voltage-dependent depolarizing current in

both mouse and human B-cells3% 40,

Glucose-stimulated Ca?* influx results in GSIS. Ca?* controls GSIS by binding to the
primary Ca?* sensor for exocytosis, synaptotagmin, which is expressed on the insulin
granule membrane. Binding of Ca?* to synaptotagmin initiates an interaction of the
granule with the SNARE proteins, such as, syntaxin and SNAP25 on the plasma
membrane near the L-type Ca?* channels**3 A mechanical force is then produced to pull
the granule and plasma membranes together until exocytosis occurs*4. It has also been
shown that Ca?* activated protein kinase C stimulates insulin release. This is likely caused
by reorganizing the actin network and phosphorylating the SNARE proteins, munc18 and
SNAP25%, Thus, tight regulation of Ca?* homeostasis has been shown to play a critical

role in insulin exocytosis.

Insulin secretion from the B-cell is not continuous, instead it is pulsatile. This is due to the
B-cell displaying waves of depolarization separated by silent phases, thereby resulting in
[Ca?*]c oscillations and pulsatile insulin secretion. These insulin pulses are critical for
glycemic control. Under diabetic conditions (described in more detail below) Ca?
oscillations are lost thereby terminating insulin pulsatility and resulting in hyperglycemia.

Interestingly, at super-physiological glucose levels, B-cells display sustained [Ca?*]c



increases instead of displaying [Ca?*]c oscillations, indicating that insulin pulsatility is
affected by glucose levels and diabetic conditions*®. Indeed, low grade inflammation seen
under diabetic conditions initiates increased [Ca?*]c oscillations thereby enhancing insulin

secretion as an acute protective effect?’.

Intracellular Ca?* stores

Endoplasmic reticulum (ER) Ca?* ([Ca?*]gr)

In pancreatic B-cells, the ability of the ER to store Ca?* is a key contributor to both basal
cytosolic Ca?* as well as glucose-stimulated Ca?* oscillations. High [Ca2*]er is maintained
by sarco-endoplasmic Ca?* ATPases (SERCA) pumps, which pump Ca?* against its
concentration gradient and into the ER. However, the ER has ion channels which allow
Ca?* efflux, such as InsPs receptors, ryanodine receptors, and currently unknown Ca?*
leak channels®® 4%, Therefore, when SERCA pumps are inhibited, [Ca?*]er stores are
quickly released into the cytosol through ER Ca?* leak channels (Figure 1.4). When the
B-cell depolarizes, the ER buffers [Ca?*]cinflux by taking up Ca?* through SERCA pumps.
The ER then releases it again through InsPs receptors and ryanodine receptors
(ryanodine receptors are expressed at extremely low levels in the B-cells) in a mechanism
known as Ca?*-induced Ca?* release (CICR). Some of the Ca?* that contributes to CICR
enters the cell through store-operated Ca?* channels where it is then taken up by the
ER®0, ER Ca?* release during the oscillation activates a Vm repolarizing current, Ksiow
(discussed in more detail below)*® which terminates [Ca?*]c oscillations. Increased
[Ca?*]er leak during repolarization also provides a tail to the Ca?* oscillation between

silent phases. Therefore, eliminating [Ca?*]er handling by inhibiting or limiting the SERCA



pump®? results in a loss of Ksiow current as well as increases both the frequency and
amplitude of B-cell [Ca?*]c oscillations®?. In some cases this leads to increases in second-
phase insulin secretion®, but prolonged loss of SERCA can lead to ER stress and

therefore reduced insulin secretion®3

Additionally, [Ca?*]er is a critical regulator of B-cell health. During stressful conditions,
such as diabetes, B-cell [Ca?*]er drops as a result of increased [Ca?']er leak through IP3
receptors®®. In addition, SERCA expression is also reduced under diabetic conditions,
further reducing [Ca?*]er®3. As the ER is responsible for protein folding and quality control,
if [Ca?*]er drops too low, Ca?*-dependent protein folding chaperones will fail, resulting in
misfolded proteins, and ER stress*® %4, In response to this stress, the B-cell will prompt
the activation of the unfolded-protein response; however, if the stress is not remedied,
the B-cell will initiate apoptosis. This is a main contributor to B-cell failure in diabetes which
will be discussed in detail below. As the ER and mitochondria are closely linked, stress-
induced drops in [Ca?*]er results in large increases in mitochondrial Ca?* uptake and

apoptotic signaling.
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CPA inhibits [Ca%**]er uptake thereby
allowing [Ca?*]er stores to be depleted
into the cytosol through normal [Ca?*]er
release.
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Figure 1.4: CPA induced [Ca?*']er release.

CPA induces [Ca?*]e release by inhibiting [Ca%*"]er uptake through SERCA channels (A). Fura2am [Ca%].
measurements of a representative control mouse islet upon CPA-induced SERCA inhibition (B).
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Mitochondrial Ca2* ([Ca?*]mito)

In addition to the ER, mitochondria also function in B-cell Ca?* storage. Mitochondria are
double-membrane-bound organelles which supply the cell with energy while also
modulating cellular Ca?* signaling and apoptosis®®. The double membrane organization
of mitochondria results in each mitochondrion containing five parts: the outer
mitochondrial membrane, the intermembrane space, the inner mitochondrial membrane,
the cristae space, and the matrix. The inner membrane maintains a membrane potential
due to the electron transport chain shuffling H* ions back and forth across the inner
mitochondrial membrane to produce ATP through the ATP synthase in the matrix. Ca?*
regulates respiration by activating mitochondrial dehydrogenases, thereby increasing
respiration, and by modulating the mitochondrial membrane potential. In addition to Ca?*
being a critical regulator of ATP production through respiration, Ca?* also regulates

cellular ATP hydrolysis by modulating the activity of SERCA and PMCA pumps.

Under basal conditions, [Ca?*]mito is similar to [Ca?*]c, but upon depolarization [CaZ*]mito
increases up to 70 uM°®6, This [Ca?*]mito influx occurs through the mitochondrial Ca?*
uniporter (MCU) and is critical for dehydrogenase activation and subsequent
mitochondrial respiration. Indeed, B-cell mitochondrial ATP levels have been shown to be
dependent on [Ca?*]c levels and to oscillate out-of-phase with electrical oscillations®”: 58,
[Ca?*]mito uptake through the MCU is balanced by the mitochondrial Na*/ Ca?* exchanger
(NCLX) which becomes activated after cell depolarization resulting in mitochondrial Na*
uptake and [Ca?*]mito release. Mitigating [Ca?*]mito uptake is critical as too much [Ca?*]mito

results in apoptosis.
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While [Ca?*]c is a major source of [Ca®*]mito uptake, [Ca?*]er has also been shown to
contribute to [Ca®']mito Uptake through Ca?* “hotspots” located at the mitochondrial
associated membrane (MAM)%°. The MCU has a fairly low affinity for Ca?*, so it is
predicted that the high Ca?* concentration found at the MAM is critical for MCU function.
Furthermore, as [Ca?*]mitc has been shown to reach 70 uM®8, the low [Ca?*]c would not
provide the concentration driving force needed for [Ca?*]mito uptake. [Ca?*]er however is
much higher and would be able to provide the needed driving force at the MAM for
[Ca?*]mito uptake. Taken together, this shows that, [Ca?*]c, [Ca?*]er, and [Ca?*]mito function

together to regulate B-cell membrane potential and function.

K* channel regulation of B-cell membrane potential and Ca?* handling

Ca?* activated and voltage gated K* channels

Each glucose-induced B-cell action potential repolarization phase is regulated by VDCC
inactivation, as well as Na* channel inactivation in human B-cells, and the opening of K*
channels. These K* channels are characterized as either ligand gated K* (Kca) channels

or voltage gated K* channels (Kv).

Kca channels consist of big conductance (BK), small (SK)®° or intermediate conductance
(IK), and a slowly activated K* conductance (Ksiow)®% ¢2. Blockade of B-cell BK channels
results in increased action potential height®3 64 while inhibition of SK channels results in
increased action potential duration when the voltage-dependent K* channel, Kv2.1, is also
inhibited or ablated®. This indicates that both BK and SK current are important

contributors to B-cell action potential repolarization. The molecular identity of Ksiow has yet
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to be discovered; however, it is sensitive to the SK channel blocker, UCL1684, indicating
that it might be part of the SK channel family®2. Current through Ksiow is responsible for
the termination of the action potential slow wave and the start of the silent phase thereby
contributing to insulin secretion pulsatility®!. Ksiow is unique in that it has been shown to
be activated by [Ca?*]er release®®. The current through Ksiow inactivates during the action
potential silent phase in a time course that is similar to the restarting of the action potential
slow wave®! indicating that termination of Ksiow conductance may allow for the reactivation
of action potential firing. Together, Kca channels function to polarize the B-cell Vm after

depolarization-induced [Ca?*]cinflux and [Ca?*]er release.

Kv currents are classified by the biophysical and pharmacological properties: delayed-
rectification, sensitivity to 4-AP or TEA, and Vm sensitivity. In mouse B-cells, the Kv
channel that is most responsible for voltage-dependent Vm repolarization is Kv2.1. This
was established in-part through adenovirus-mediated expression of a truncated Kv2.1
subunit that reduced delayed rectifier currents by 60-70% and enhanced (-cell insulin
secretion by 60%°%. Human B-cells express two types of voltage-gated K*, Kv2.1 and
Kv2.2. These studies indicate that Ky current regulates B-cell [Ca?*]c influx and insulin

secretion by repolarizing the B-cell Vm®6-68

ER K* channels

In addition to being functional on the plasma membrane, K* channels also function on the
ER membrane where they allow K* to move from the cytosol into the ER. Movement of
K* into the ER is critical to maintain the ER membrane potential away from the equilibrium
potential of Ca?* so that [Ca?*]er efflux can be maintained across the ER membrane®.

Knockout of the K* channels, TRIC-A or TRIC-B, results in increased [Ca?']er,

14



presumably due to the loss of a K* countercurrent which regulates the [Ca?*]er efflux
described above® 71, Studies have also shown that both SK channels and the potassium—
proton exchanger leucine zipper-EF-hand-containing transmembrane protein 1 (LETM1)
are present on the ER membrane’2. Importantly, inhibiting SK channels affects the ability

of the ER to take up Ca?*"2.

Two-Pore Domain K* channels

In addition to Kca and Ky channels, two-pore domain K* (K2P) channels also regulate Vm
repolarization. K2P channels are open at resting Vm and their current results in an outward
leak of K* ions that drives a slight polarizing influence on the V. There are 15 genes in
the mammalian K2P channel family and they are categorized into 6 subfamilies based on
amino acid sequence and functional properties’®. K2P current can be regulated by a
variety of stimuli such as membrane stretch, pH, neurotransmitters, heat,
phosphorylation, voltage, and in some cases Ca?* 7476, These regulation differences allow

K2P channels to play very diverse roles despite their similar structures.

All K2P channel structures consist of two-pore domains in each subunit and the subunits
then dimerize to form a single functional pore, containing four pore domains, in the
membrane (Figure 1.5) 3 7": 78 In the center of the pore is a K* selectivity filter (G-Y-G)
which allows only dehydrated K* ions to pass. Each subunit also consists of four
transmembrane domains which results in both the short NH2 and long COOH-termini
being positioned in the cytosol. After the first trans-membrane domain is a large

extracellular “cap”. This cap is positioned above the K* selectivity filter and renders K2P
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Figure 1.5: General structure of a K2P subunit.

K2P channels contain 2 pore domains and 4 transmembrane domains, resulting in intracellular N- and C-
termini. The first pore domain (P1) contains a large extracellular “cap”.
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channels insensitive to toxins and molecules that successfully inhibit other K* channels.
This characteristic is useful for experimentally recording K2P current, as other
endogenous K* channels can be blocked with inhibitors such as TEA so that the
remaining K* current is that of K2P channels’®. The open and closed structures of K2P
channels have yet to be clarified,® but it is clear that they are regulated by a “C-Type”
gate®l 82 “C-Type” gates, which are also found in Kv channels®3, inhibit ion conductance
by inducing a conformational change within the pore. Members of this functionally diverse
K2P channel family are expressed in the brain, peripheral nervous system, muscles,
heart, and pancreas. Here, we will focus on K2P channels expressed in the pancreas:

this includes TWIK-1, TASK-1, and TALK-1.

TWIK-1

TWIK-1 was first identified by Dr. Florian Lesage in 1996 through a Gen Bank search for
sequences related to the pore domains of previously cloned K* channels®. TWIK-1
contains 336 amino acids and has the typical K2P channel structure of 2 pore and 4
transmembrane domains®. It is expressed at significant levels kidney, heart, brain, lung,
placenta, and both the endocrine and exocrine pancreas® 8 TWIK-1 K* currents
expressed in Xenopus laevis oocytes were weakly inward rectifying and were activated
by protein kinase C but inhibited by acidification®. TWIK-1 is a unique K2P channel in
that at acidic pHs when TWIK-1 K* current is inhibited, it can conduct Na*8. TWIK-1 K*
current was found to be active at all membrane potentials and to exhibit time-independent
gating, indicating that it was probably a background K* conductance channel®*. It also

exhibits low K* channel activity at the plasma membrane, most likely due to its
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predominant localization to endosomes. Interestingly, the acidic pH of endosomes (~pH
6.0) changes the ionic preference of TWIK-1, causing it to conduct Na* instead of K*. This
results in a depolarizing Na* current at the plasma membrane. Indeed, TWIK-/- B-cells
are hyperpolarized compared to WT cells and this is exaggerated when Katp channels

are closed, indicating the TWIK-1 regulates B-cell Vm during glucose stimulation®.

TASK-1

TASK-1 is a part of the TWIK K* channel family and was first identified a year after TWIK-
1 by searching the GenBank database for sequences related to TWIK-187, TASK-1
contains 395 amino acids and has the typical K2P channel structure of 2 pore domains
and 4 transmembrane domains®’. The electrophysiological properties of TASK-1 were
determined after expression in Xenopus laevis oocytes and COS cells. At low
extracellular K* concentrations, TASK-1 displays outward rectification of a K* selective,
instantaneous, non-inactivating, and voltage-insensitive current®’. TASK-1 is sensitive to
extracellular pH, with 90% of the maximum current at pH 7.7 and only 10% at pH 6.787.
The lack of inactivation kinetics, as well as the lack of voltage sensitivity indicates that
TASK-1 possesses all of the characteristics of a background “leak” channel. Indeed, it
has been shown to function as a background leak channel in both pancreatic 3-cells and

a-cellsss: 89,

In both human and rodent B-cells, TASK-1 is highly expressed and localizes to the plasma
membrane®. Both pharmacological inhibition (A1899) and genetic ablation of TASK-1

significantly depolarizes the glucose-stimulated B-cell Vm thereby resulting in greater
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glucose-stimulated Ca?* influx®. This increased Ca?* influx resulted in increased glucose-
stimulated insulin secretion as well as improved glucose tolerance®. Interestingly, insulin
secretion in low glucose, and fasting blood glucose levels were not changed, indicating
that TASK-1 can only affect B-cell function under glucose-stimulated conditions when
Katp would be closed. Together, this indicates that TASK-1 limits glucose-stimulated

insulin secretion by limiting B-cell electrical excitability and Ca?* influx.

TASK-1 is also expressed on the plasma membrane of pancreatic a-cells®. Similarly, to
TASK-1 in B-cells, A1899 inhibition of TASK-1 increases a-cell electrical excitability in
high glucose resulting in increased glucose-stimulated Ca?* influx and glucagon
secretion®. Inhibition of TASK-1 also reduces glucose-inhibition of glucagon secretion.
Studies shave also shown that TASK-1 is activated by ATP. This could contribute to the
glucose-sensitivity of TASK-1 in alpha-cells. In contrast to inhibition with A1899, genetic
ablation of a-cell TASK-1 reduced glucagon secretion thereby resulting in improved
glucose tolerance®. This contrast could be explained by the fact that TASK-1 is also
expressed on the ER membrane where it modulates ER Ca?* handling® %% 91, Acute
inhibition with A1899 would be expected to primarily affect plasmalemmal TASK-1 while
genetic ablation would be expected to affect both plasmalemmal and ER TASK-1. This
indicates that TASK-1 on the ER membrane may play a more important role in modulating

glucagon secretion than plasmalemmal TASK-1.
TALK-1

The focus of this dissertation will be on the K2P channel, TALK-1. TALK-1 was identified
in 2001 by the Lesage group when they searched for homologs of known K2P channels®?.

In this study, they identified three novel K2P channels, TALK-1, TALK-2, and THIK-2%,
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All three of these K2P channels showed expression in the pancreas; however, TALK-1
was the only one that seemed to be restricted to the pancreas. Studies on mRNA
expression showed that KCNK16, the gene that encodes TALK-1, was highly expressed
in pancreatic tissue, but low or undetectable in most other tissues®-°, with the only
exception being d-cells in the gut which express TALK-1. While TALK-1 mRNA is found
in pancreatic -, 6-, and a-cells, TALK-1 protein is only expressed in pancreatic (3-cells
and &-cells and is absent from a-cells and the surrounding exocrine tissue’®. Not only is
TALK-1 expressed in B-cells, TALK-1 is the most highly expressed K* channel transcript
within B-cells®3 % | Additionally, a study in 2003 verified that all four TALK-1 splice-variants
were expressed in the pancreas®’. This expression pattern, along with the evidence that
a non-synonymous polymorphism in KCNK16 is associated with T2DM?®8: 9 (discussed in

more detail below), makes TALK-1 an interesting candidate for diabetic therapeutics.

As mentioned above, TALK-1 has four splice variants, TALK1a (the original variant
identified by the Lesage group in 200177) , TALK1b, TALK1c, and TALK1d®’. TALK1a and
TALK1b contain all 4 transmembrane domains that are typical to K2P channels and form
functional channels in the membrane®’. TALK1c and TALK1d; however, lack the fourth
transmembrane domain and therefore do not have the ability to form functional channels
in the membrane®’. Once formed in the plasma membrane, TALK1a and TALK1b allow
K* to move down it's concentration gradient and out of the cell, resulting in cell membrane
polarization”® °2, Regulation of this TALK-1 K* flux thereby modulates B-cell membrane

potential.

Recent studies indicate that TALK-1 contains two phosphorylation sites for protein kinase

C (PKC) and a phosphorylation site for the cAMP-dependent protein kinase (PKA) in the
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C-terminus, two N-linked glycosylation sites after the first transmembrane domain, and a
leucine zipper motif in the fourth trans-membrane domain®2. In addition to regulation at
these sites, TALK-1 is also regulated by pH®2. As pH increases, the TALK-1 channels
become more activated. This function could be important in intestinal d-cells that express
TALK-1; however, as the pH of the pancreas remains rather stable, it does not seem to
affect TALK-1 in the pancreas. Instead, TALK-1 functions as more of a background leak

channel in the pancreas, thereby regulating membrane potential and excitability.

Mechanisms of TALK-1 islet cell requlation.

In B-cells, when glucose metabolism closes Katp channels, the outward rectifying, non-
inactivating K* current of TALK hyperpolarizes the B-cell membrane, thereby limiting
VDCC channel activation and subsequent insulin secretion’®. This was shown in the B-
cell tissue culture line, EndoC-BH1. The EndoC-BH1 cell line were generated from human
fetal pancreas, and they express numerous beta-cell markers as well as responding to
elevated glucose with stimulation of insulin secretion?% 101 They also show a very similar
electrophysiological profile as human B-cells!??, Knockdown of KCNK16 in EndoC-BH1
cells via siRNA resulted in increased GSIS'%3, More importantly, this effect of TALK-1
current on insulin secretion was also shown in a global TALK-1 KO mouse model. In this
model, TALK-1 KO causes the B-cell membrane potential to depolarize thereby increasing
action-potential firing frequency’. This increased action potential frequency results in
increased Ca?* oscillations, and therefore increased first-phase pulsatile-insulin

secretion’®.
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Interestingly, TALK-1 not only forms functional channels on the B-cell plasma membrane,
it can also form function channels on the ER memrane®. Indeed, many of the proteins
that have been found to interact with TALK-1 are ER resident proteins®4 195 At the ER
membrane, TALK-1 allows K* to move down its concentration gradient and into the ER
thereby providing a counter-current for [Ca?']er release®. This was established with
studies that showed increased [Ca?*]er in global TALK-1 KO cells and reduced [Ca?']er
in cells expressing TALK-1 with a gain-of-function polymorphism®> 7°. Reduced [Ca?*]er
results in ER stress and reduced insulin secretion® 6 This suggests that polymorphisms
or mutations in TALK-1 that result in a gain-of-function would result in ER stress, reduced

insulin secretion, and diabetes (discussed in more detail below).

Within &-cells, glucose metabolism also results in Karp channel closure and VDCC
activation. However, in contrast to insulin secretion, Ca?* influx through the VDCC is not
the most critical contributor to somatostatin secretion. Instead, due to high expression of
RyRs!%, somatostatin secretion is dependent on CICR from the ER%7. Therefore, TALK-
1 activity on the &-cell ER membrane reduces CICR, which reduces somatostatin
secretion'%, Indeed, a global TALK-1 KO mouse demonstrated increased [Ca?*]er and

reduced somatostatin secretionl08,

Due to the high level of islet cell paracrine regulation described above (Figure 1.1); TALK-
1 regulation of insulin and somatostatin secretion was hypothesized to affect glucagon
secretion. Indeed, even though TALK-1 protein is not expressed in a-cells, TALK-1 KO
islets showed increased glucagon secretion'®®, Binding of somatostatin to somatostatin
receptors on a-cells activates GIRK channels thereby polarizing the membrane, limiting

VDCC activity, and reducing glucagon secretion. Therefore, increased glucagon
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secretion in global TALK-1 KO islets was hypothesized to be caused by reduced
somatostatin-induced a-cell inhibition%, Indeed, an SSTR inhibitor eliminated the impact
of TALK-1 ablation on glucagon secretion. As these TALK-1 studies were completed with
a global TALK-1 KO, it is difficult to distinguish what effects are due to changes in
somatostatin secretion and what are due to insulin secretion. Therefore; a 3-cell specific
TALK-1 KO mouse model is needed to identify the exact contributions of TALK-1 in the

development of diabetes.

Diabetes

Type-2 Diabetes Mellitus (T2DM)

Type 2 diabetes mellitus (T2DM) is characterized by chronic hyperglycemia, resulting
from B-cell dysfunction induced insulin deficiency and tissue insulin resistance®®. If left
untreated, T2DM causes several severe complications including diabetic retinopathy?*©,
diabetic ketoacidosis'*!, peripheral neuropathies!'?, and an increased risk for
cardiovascular and kidney disease0% 113116 Worldwide, 422 million people have diabetes
mellitus, with 1.6 million deaths directly attributed to it!*’. T2DM is the most common form
of diabetes mellitus, and with the prevalence of T2DM continually rising, defining the
mechanisms which cause this disease is critical for improving its worldwide diagnosis and

treatment.

Islet cell K* channels have been identified as major contributors to the development of
diabetes. Genome-wide association studies (GWAS), which analyze the genomes of

large populations to identify genetic markers associated with disease, have identified
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candidate loci which regulate islet cell function and contribute to diabetes risk. To date,
this approach has identified four K* channel GWAS signals associated with T2DM
susceptibility, including KCNJ11118-121 ' KCNJ15122, KCNQ1123, and the TALK-1 gene,
KCNK169%: 99; 124; 125 - gpecifically, the studies on KCNK16 established that KCNK16
contains a single nucleotide, non-synonymous, polymorphism (rs1535500) associated
with an increased risk for T2DM in Pima-American Indians as well as individuals of East
Asian ancestry®: 124 126 These findings, as well as the above studies®> 79 104 108 that
highlight the mechanisms of TALK-1- mediated islet cell regulation make TALK-1 a viable

candidate for diabetic therapies.

As mentioned above, insulin resistance is a major contributor to hyperglycemia. Insulin
resistance occurs when peripheral tissues, such as the muscle and the liver, stop
responding normally to insulin signaling; therefore, reducing glucose uptake from the
blood'?”: 128, The development of insulin resistance is the result of multiple perturbations
to cellular signaling?®® 130, One mechanism of insulin resistance is impaired
phosphorylation of insulin receptor substrate, IRS1. IRS1 is a scaffolding protein and its
phosphorylation is one of the first events in insulin signaling. Studies reveal that insulin-
stimulated tyrosine phosphorylation of IRS-1 is impaired in non-obese and obese Type 2

diabetic patients3-133,

Other studies show that increased serine phosphorylation of IRS-1 (specifically of serine
312134 and 636%) can also result in insulin resistance. Interestingly, one proposed
mechanism of increased IRS-1 serine phosphorylation is through the accumulation of

lipids in the liver and muscle. Accumulated lipids can activate stress-induced protein
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kinases such as the novel protein kinase C (nPKCs) and the c-Jun N-terminal kinases

(INKs)13%: 136 These kinases then go on to phosphorylate IRS-1.

Another proposed mechanism of insulin resistance is NF-kB activated pro-inflammatory
cytokines. Activation of these cytokines results in inflammation, insulin signaling inhibition,
and insulin resistance through the accumulation of macrophages!®’-14°, Furthermore,

PKCe can also be activated through the accumulation of the lipid, diacylglycerol*4*.

One way in which hyperglycemia results in (-cell failure is through ER stress.
Hyperglycemia results in an increased demand for insulin which leads to 3-cell ER stress,
the UPR, and eventual 3-cell dysfunction. As described above, in addition to limiting both
glucose-stimulated insulin and somatostatin secretion by hyperpolarizing the membrane,
TALK-1 also enhances [Ca?']er release and ER stress®. Therefore, limiting TALK-1
current on the ER membrane is predicted to reduce B-cell ER stress during diabetes.
Indeed, a global TALK-1 KO mouse model shows reduced expression of ER stress

markers while on a high fat diet (HFD) compared to control®®,

In addition to ER stress, mitochondrial dysfunction also leads to B-cell failure through the
production of reactive oxygen species (ROS) and the initiation of apoptosis. As described
above, the ER and the mitochondria are closely linked at the MAM. Furthermore, defects
in the MAM are suggested to play a role in the pathogenesis of diabetes'#?. Tubbs et al.
showed that knockdown of IP3R1 to reduce MAM integrity triggers mitochondrial
dysfunction and glucose intolerance in obese mice!*3. Additionally, treatment with
metformin reinforced MAM integrity thereby improving glucose homeostasis'*®. As TALK-

1 regulates [Ca?*]er and ER stress, it is predicted that it would also regulate diabetic-
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induced mitochondrial dysfunction. This makes TALK-1 a possible target for improving [3-

cell mitochondrial function, reducing ROS production, and preventing 3-cell dysfunction.

Another contributor to B-cell dysfunction during diabetes is the presence of elevated
cytokines, reflection a state of low-grade inflammation. Conditions of over-nutrition result
in low-grade systemic inflammation during which pro-inflammatory cytokine
concentrations increase dramatically**% 145, These cytokines contribute to insulin
resistance and diminished B-cell function'#6. Interestingly, cytokine exposure has been
shown to decrease KCNK16 transcript abundance as well as the associated TALK-1
protein expression, thereby increasing [Ca?']er storage and glucose-stimulated insulin
secretion?’. These findings indicate that TALK-1 plays an important role in altered B-cell
function during low-grade inflammation and suggests that cytokines may reduce TALK-1
expression to acutely protect 3-cells from dysfunction. This highlights yet another reason
why TALK-1 makes an interesting target to reduce B-cell dysfunction during the

pathogenesis of diabetes.

Mature-onset Diabetes of the Young (MODY)

Maturity-onset diabetes of the young (MODY) is a rare monogenic form of familial
diabetes. To date, 13 genes have been predicted to cause MODY, all involved in
pancreatic B-cell function and all with autosomal dominant transmission!4’. The most
common types are HNF1A-MODY (also known as MODY3)'4®, which accounts for 50-
70% of cases, and GCK-MODY (MODY2)'49, accounting for 30-50% of cases. GCK-

MODY is caused by mutation in the gene that encodes glucokinase. Glucokinase is an

26



enzyme that facilitates the phosphorylation of glucose into glucose-6-phosphate, allowing
glycolysis to occur. As glucokinase mutations prevent glucose metabolism, these
mutations impact glucose-stimulated elevations in the ATP/ADP levels and thus closure

of Katp. This results in blunted glucose-stimulated insulin secretion.

MODY-related mutations have also been shown to cause B-cell ER stress. For example,
mutations in glucokinase have been shown to result in improper protein folding thereby
activating the unfolded protein response'#°. Furthermore, mutations in WFS-1 have also

been shown to cause MODY through the initiation of B-cell ER stress®°.

Up to 2-2.5% of pediatric diabetes cases carry pathogenic/likely pathogenic variants in
MODY genes!®t 152 however, MODY is often undiagnosed, either because the diagnosis
is not considered!>® or because genetic screening is limited. There are also cases with
compelling clinical histories in whom, despite comprehensive screening of known MODY
genes, a genetic diagnosis cannot be made!®?, suggesting as-yet-unidentified genetic

cause(s).

As TALK-1 function reduces insulin secretion and reduces ER Ca?*, TALK-1 gain-of-
function mutations would be predicted to cause ER stress and diabetes similarly to
mutations in GCK and Kate. This makes KCNK16, the gene that encodes TALK-1 an
interesting candidate for a possible unknown MODY gene. Indeed, in this dissertation, we
will describe a significant gain-of-function mutation (Leull4Pro) in KCNK16 that is

associated with exogenous insulin-specific MODY.

Neonatal Diabetes
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Neonatal diabetes is a rare form of monogenic diabetes that presents within the first 6
months of life. Half of neonatal diabetic cases are transient, meaning they resolve within
the first 12 weeks of life; however, the other half are permanent. A large international
cohort study found that 80% of neonatal diabetics had a known genetic diagnosis!®.
Interestingly, 40% of these cases are due to mutations in the genes encoding the Katp
channel subunits, ABCC8'%% 156 and KCNJ11156, showing that B-cell K* channel activity is

a critical contributor to neonatal diabetes.

We have identified a novel recessive mutation in KCNK16 (TALK-1 R13Q) that has been
associated with neonatal diabetes in a consanguineous family. This mutation ablates
TALK-1 current at the plasma membrane but maintains current on the ER membrane.
This is presumably due to altered palmitoylation-mediated TALK-1 trafficking and results

in abnormal B-cell Ca?* handling and reduced GSIS.

ER stress is a major contributor to neonatal diabetes. Mutations in WFS1157 and INS1158
result in the unfolded protein response, B-cell ER stress, and neonatal diabetes. As TALK-
1 functions on the ER membrane and has been shown to regulate B-cell ER stress®®, the

TALK-1 R13Q mutation might also increase B-cell ER stress.

As there are still many neonates with diabetes and unknown genetic etiology, it is
important to consider other B-cell K* channels as possible causes. Indeed, this
dissertation will discuss the possibility that the novel recessive mutation (R13Q) in

KCNK16 is a new neonatal diabetic mutation.

Goals of this Dissertation
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Diabetes affects 422 million people worldwide, including almost 10% of the American
population, and it is caused in-part by pancreatic (3-cell failure. TALK-1 is the most highly
expressed K* channel transcript in B-cells and is also restricted to the islet. This, along
with the association of TALK-1 with T2DM, makes TALK-1 an interesting candidate for a
novel therapeutic target. The goal of this thesis was to determine the mechanisms by
which TALK-1 modulates B-cell ER stress and mitochondrial dysfunction, and therefore
the risk of B-cell failure during the pathogenesis of diabetes. These findings are expected
to significantly contribute to our understanding of how B-cells become impaired during
diabetes and illuminate a new, islet-specific, target for the treatment of metabolic
diseases. In the following chapters, | describe how changes in TALK-1 current regulates
intracellular B-cell Ca?* handling to modulate ER stress, mitochondrial function, and
insulin secretion under physiological conditions, as well as T2DM, MODY, and neonatal

diabetic conditions.

First, we utilized B-cell specific TALK-1 KO mice (B-TALK1-KO) to identify the specific
role of B-cell TALK-1 in regulating B-cell function, whole islet function, and therefore
whole-body glycemic control. We found that ablating TALK-1 current specifically in -cells
increases B-cell [Ca?*]c oscillations and increases [Ca?*]er storage. The increase in [Ca?*]c
and [Ca?*]er also resulted in increased mitochondrial Ca?* ([Ca?*]mit). This is predicted to
depolarize the mitochondrial Vim and indeed, B-TALK1-KO islets have reduced glucose-
induced mitochondrial hyperpolarization which interestingly leads to increased ATP
production. Finally, we showed that under diabetic conditions (60% HFD) p-TALK1-KO

mice have improved glucose tolerance but show reduced GSIS compared to controls.
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This suggests that TALK-1 regulating the B-cell function may affect insulin resistance

under diabetic conditions or altered pulsatile insulin secretion.

The association between TALK-1 current and T2DM made us want to investigate the role
of TALK-1 in other diabetic conditions. We investigated the effects of two TALK-1
mutations, TALK-1 L114P and TALK-1 R13Q that were associated with MODY and
neonatal diabetes, respectively. We first assessed how TALK-1 L114P affects channel
activity. Interestingly, this mutation results in a drastic gain-of-function, leading to an over
300-fold increase in current. This TALK-1 current increase leads to [-cell
hyperpolarization, a loss of glucose-stimulated Ca?* influx, reduced [Ca?']er, and a

reduction in GSIS.

We next assessed how TALK-1 R13Q impacts TALK-1 channel activity and Ca?*
handling. Interestingly, in contrast to the gain-of-function seen with TALK-1 L114P, TALK-
1 R13Q results in a complete loss of function on the plasma membrane. It does however
maintain function on the ER membrane leading to reduced B-cell [Ca?*]er and a complete
inhibition of GSIS. This uniqgue TALK-1 activity profile is hypothesized to be due to
improper trafficking of the TALK-1 protein. The TALK-1 R13Q mutation is adjacent to
palmitoylation sites on TALK-1 that we have shown regulate TALK-1 R13Q trafficking
from the ER membrane to the plasma membrane. Together, this suggests that TALK-1
R13Q causes B-cell dysfunction through an intracellular, opposed to plasmalemmal,
mechanism. Therefore, as we have shown TALK-1 regulates mitochondrial function, it we
investigated whether TALK-1 R13Q is causing mitochondrial dysfunction, thereby

inhibiting GSIS.
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Together the findings in this dissertation suggest that TALK-1 controls the (3-cell response
to ER stress leading to B-cell dysfunction under diabetic phenotypes. Specially, by
modulating B-cell [Ca?]c, [Ca?*]er, [Ca?]mito, and therefore mitochondrial function.
Furthermore, mutations in TALK-1 that increase either plasmalemmal or intracellular
TALK-1 current, can result in -cell dysfunction and diabetes. Overall, these studies have
enhanced our understanding of the most highly expressed -cell K* channel transcript
and have nominated TALK-1 as a possible therapeutic target for treatment of T2DM,

MODY, and neonatal diabetes.
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Chapter I
B-cell TALK-1 ablation increases cytoplasmic and mitochondrial Ca?* leading to

increased insulin secretion and improved glucose homeostasis.

Abstract

The two-pore domain K* channel, TALK-1 modulates islet Ca?* handling and hormone
secretion. However, the exact role(s) that TALK-1 plays in modulating 3-cell function is
still unknown. Therefore, we generated a B-cell specific TALK-1 KO mouse model (B-
TALK1-KO) which shows increased B-cell [Ca?*]c oscillation frequency and [Ca?']er
storage. The increase in [Ca?*]c and [Ca?*]er also resulted in increased mitochondrial
Ca?* ([Ca?*]mito). This is predicted to depolarize the mitochondrial membrane potential
(Vm) and indeed, B-TALK1-KO islets have reduced glucose-induced mitochondrial
hyperpolarization. We next determined how these changes in B-cell Ca?* handling
influence respiration and found that B-TALK1-KO increases ATP production. Finally, we
tested how B-TALK1-KO mice respond to diabetic conditions. B-TALK1-KO mice have
improved glucose tolerance on a high-fat diet but interestingly show reduced GSIS
compared to controls. This suggests that, instead of increased insulin secretion, the
kinetics of GSIS from the (B-cell TALK-1 could be responsible for the improved glucose
tolerance. These data suggest that TALK-1 modulation of B-cell mitochondrial function
may tune GSIS pulsatility in a manner that controls peripheral tissue insulin action under

diabetic conditions.
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Introduction

Pancreatic B-cell insulin secretion is a key regulator of blood glucose homeostasis.
Glucose-stimulated insulin secretion (GSIS) is coupled to B-cell [Ca?*]c influx through
voltage-dependent Ca?* channels (VDCCs), which are active at depolarized B-cell
membrane potentials (Vm). Under low glucose conditions Katp hyperpolarizes the -cell
Vm limiting [Ca?*]c influx through VDCCs and following glucose stimulation closure of Katp
channels depolarizes Vm activating VDCCs, [Ca?*]c influx, and insulin secretion. During
glucose-stimulated Katp channel inhibition, the B-cell Vm is modulated by two-pore domain
K* (K2P) channels such as the TWIK-related alkaline pH-activated K2P-1 (TALK-1)"°
channel. In human islets the KCNK16 gene that encodes TALK-1 is the most abundant
K* channel transcript and is also functionally expressed in 3- and &-cells. Importantly, a
non-synonymous, gain-of-function (GOF), polymorphism in KCNK16 (rs1535500) has
been associated with an increased risk for T2DM%: 9 and may increase the risk of
developing T2DM by reducing B-cell insulin secretion”®. TALK-1 is also expressed in d-
cells where it limits glucose-stimulated [Ca?*]c elevations, somatostatin secretion, and
controls paracrine regulation of a-cell glucagon secretion'®. Therefore, TALK-1 and/or
changes to the activity of TALK-1 (e.g. rs1535500 non-synonymous polymorphism) could
be affecting both B-cell and &-cell function to control glucose homeostasis. Furthermore,
when on a high-fat diet (HFD), global TALK-1 KO mice did not gain as much weight as
WT mice. It is important to examine if TALK-1 loss in B-cells is responsible for the reduced
weight, and if not, if the changes in weight are responsible for the alterations in fasting
glucose seen in global TALK-1 KO animals. Therefore, it important to identify the 3-cell

specific role(s) of TALK-1 function in the context of B-cell function or dysfunction.
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B-cell insulin secretion occurs in a pulsatile manner from the pancreas due to oscillations
in electrical excitability and [Ca?*]c influx*®. In addition to [Ca?*]c influx, intracellular
endoplasmic reticulum (ER) Ca?* stores ([Ca?*]er) contribute to controlling B-cell [Ca?*]c
oscillations. The kinetics and amplitude of [Ca®*]er release is regulated by TALK-1 which
provides a K* countercurrent across the ER membrane that promotes [Ca?*]er release by
enhancing the electrical driving force for [Ca?*]er efflux®®. TALK-1 augmentation of
[Ca?*]er release during glucose-stimulation activates the Ca?* sensitive K* current, Ksiow,
which increases the inter-burst interval between [Ca?*]c oscillations and reduces [Ca?*]c
oscillation frequency. In d-cells, TALK-1 current has also been shown to limit somatostatin
secretion by modulating Ca?* induced Ca?* release (CICR) from the ER!%, TALK-1
control of [Ca?*]er is also important for controlling the ER stress response under diabetic
conditions and may also contribute to the impact of a TALK-1 GOF polymorphism

(rs1535500) on B-cell dysfunction.

Mitochondria are very sensitive to [Ca?*]er as well as [Ca?*]c levels and undergo dynamic
Ca?* changes that regulate B-cell respiration. Under basal conditions mitochondrial Ca?*
([Ca?*]mito) is similar to [Ca?*]c, but glucose-stimulation can increase B-cell [Ca?*]mito tO
approximately 12 um?°. Other groups have shown that that B-cell Vi, depolarization can
increase [Ca?*|mito all the way up to 70 pM>5: 160, While [Ca?*]cis a major source of [CaZ*]mito
uptake, [Ca?*]er has also been shown to contribute to [Ca?*]mito handling through Ca?*
“hotspots” located at junctions between ER and mitochondria, termed mitochondrial
associated membrane (MAM)®>°. The high [Ca?*]c at the MAM is critical for [Ca?*]mito Uptake
for two reasons: the mitochondrial Ca?* uniporter has a low affinity to Ca?* and glucose-

stimulated [Ca?*]mito levels reach much higher levels (approximately 12 ym?*%%) than that
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of [Ca?*]c (approximately 1 yum). TALK-1 control of the driving force for [Ca®*]er release is
thus likely to regulate [Ca?*]mito. Furthermore, TALK-1 regulation of [Ca?*]c is also
predicted to modulate [Ca®]mite. As elevations in B-cell [Ca®]mito are critical for
dehydrogenase activation and mitochondrial respiration, TALK-1 may play an important

role in regulating B-cell mitochondrial function and ATP production.

Here we tested how TALK-1 control of B-cell Ca?* handling affects B-cell function and
glucose homeostasis. This was accomplished by creating a 3-cell specific TALK-1 KO (B-
TALK1-KO) mouse model. B-TALK1-KO mice have increased B-cell Ca?* oscillation
frequency, increased [Ca?*]er storage, increased ATP production, and improved glucose
tolerance. Furthermore, we find that B-TALK1-KO mice have increased B-cell [Ca?*]mito,
depolarized mitochondrial membrane potential, and elevated mitochondrial respiration.
Interestingly, under diabetic conditions B-TALK1-KO mice show improved glucose
tolerance with reduced GSIS. This suggests that, instead of increased insulin secretion,
the kinetics of GSIS from the B-cell TALK-1 could be responsible for the improved glucose
tolerance. Together, these data indicate that TALK-1 regulates glucose tolerance and
insulin sensitivity in a B-cell specific manner and therefore suggests that TALK-1 could be

a B-cell specific target for treating insulin resistance and T2DM.

Results

Development of a 3-cell specific TALK-1 KO mouse model

The B-cell specific TALK-1 KO mouse model was created by the Vanderbilt Genome
Editing Resource via microinjection of genetically modified mouse ESCs into 3.5-day old

mouse embryos. Within the KCNK16 gene, loxP sites were placed on either side of exons
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2 and 3. Mice expressing the floxed KCNK16 gene were then crossed with mice
expressing the Ins1° to allow for the removal of the floxed exons specifically in B-cells.

These mice will here on be referred to as B-TALK1-KO micel6,

Immunofluorescence staining on isolated pancreata was used to confirm that B-TALK1-
KO mice had B-cell specific TALK-1 ablation. We found that, in contrast to WT C57BI/6J
islets, B-TALK1-KO islets lacked TALK-1 protein expression in insulin-positive 3-cells, but
maintained TALK-1 protein expression in somatostatin-positive d-cells (Figure 2.1 A). We
next used patch clamp electrophysiology to determine whether TALK-1 currents were
successfully ablated in B-cells from B-TALK1-KO islets. For specific examination of K2P
channels, Katp channels were blocked with tolbutamide (100 pymol/L), voltage-gated
K* channels were blocked with tetraethylammonium (10 mmol/L), and Ca?* was removed
from the extracellular buffer to prevent activation of Ca?*-activated K* (Kca)
channels. Indeed, compared to B-cells from control islets (fl/fl), B-cells from B-TALK1-KO
islets demonstrated significantly reduced K2P current, indicating successful loss of

functional TALK-1 channels (Figure 2.1 B and C).

B-cell specific TALK-1 requlates whole-islet cytosolic Ca?* handling

To investigate whether the previously shown TALK-1 regulation of islet [Ca?*]c handling”®
was a result of TALK-1 function specifically in B-cells, we measured glucose-stimulated
islet [Ca?*]c oscillations in B-TALK1-KO islets compared to control islets (fl/fl). In response
to an increase from 1 mM to 11 mM glucose, [Ca?*]c oscillation frequency was increased
in the B-TALK1-KO islets compared to control (fl/fl), indicating that B-cell TALK-1 is able

to modulate whole islet [Ca?*]c handling (Figure 2.2).
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Figure 2.1. B-TALK-1-KO islets show loss of B-cell TALK-1 protein and current.

Representative immunofluorescent staining of control and B-TALK-1-KO islets for insulin,
somatostatin, and TALK-1 (nuclei in blue labeled with Hoechst) (A). B-cells from either
control mice or B-TALK-1-KO mice were recorded for TALK-1 currents by voltage clamp, in
response to a ramp from -120 mV to 60 mV. Representative control cell and B-TALK-1-KO

cell (B) as well as average responses (C). Mean + SEM, N = 4 control and 5 B-TALK-1-KO. P <
Nn.0Ns.
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Figure 2.2: B-cell TALK-1 ablation increases glucose-stimulated Ca** oscillation frequency.

B-cells from either control or B-TALK1-KO mice were stimulated with 11 mM glucose and cytosolic Ca%
was measured with Fura2am. Representative traces (A) and average oscillation peaks per minute (B);
mean + SEM; N=44 Control islets from 3 animals; N = 44 B-TALK1-KO islets from 3 animals. **P < 0.01
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B-cell specific TALK-1 requlates mitochondrial Ca?* handling

To determine the intracellular effects of B-cell TALK-1 [Ca?*]c regulation, we investigated
[Ca?*]mito handling in B-cells within B-TALK1-KO islets and compared them to B-cells within
control islets (fl/fl). To measure [Ca?*|mito, We utilized the [Ca?*]mito indicator, Cepia2mt!62,
We created a lentivirus that utilized a rat-insulin promoter expressing Cepia2zmt so that
we could measure [Ca?']mito specifically in B-cells. Islets from B-TALK1-KO and control
(fl/fl) mice were transduced with the virus and imaged on a Zeiss LSM780 confocal with
a 20X objective. B-cells within both B-TALK1-KO and control (fl/fl) islets [Ca?*]mito
decreased upon glucose stimulation, presumably due to the activation of the
mitochondrial Na/Ca?* exchanger (NCLX) which becomes activated after cell
depolarization resulting in mitochondrial Na* uptake and [Ca?*]mito release'®® (Figure
2.3A). Interestingly, B-cells within B-TALK1-KO islets showed increased [Ca?*]mito
compared to control (fl/fl) in both low (ImM) and high (11mM) glucose (Figure 2.3A) .
NCLX-mediated [Ca?*]mito efflux is triggered by depolarization-mediated Na* influx that
occurs alongside depolarization-induced [Ca?*]mito influx through the MCU. Therefore, a
glucose-stimulated [Ca?*]mito influx is expected to be seen with cepia2mt prior to the
glucose-stimulated decrease. Increasing line scan resolution by raising the number of
pixels per cell, increased the data generated per field and allowed for more dynamic
cepia2mt measurements to be recorded. Under these measurement conditions, cells
displayed the expected glucose-stimulated [Ca?*]mit influx followed by an overall [Ca?*]mito
efflux (Figure 2.3B and C). These measurements showed the same increased 3-TALK1-

KO basal [Ca?*]mito but interestingly showed that B-cells within B-TALK-1 KO islets do not
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have as large of a glucose-stimulated [Ca?*]mit increase as control (fl/fl) (Figure 2.3D).
This is presumably due to the finding that B-cells within B-TALK-1 KO islets have
increased basal [Ca?*]mito, thereby reducing the driving force of Ca?* through the MCU.
Similarly, the overall glucose-stimulated [Ca?*]mito decrease was enhanced in B-cells
within B-TALK-1 KO islets compared to control, presumably due to the increased driving

force for [Ca?*]mito efflux in the B-TALK-1 KO islets (Figure 2.3E).

As cepia2mt is not a ratiometric indicator, it is possible that the increased basal [Ca?*]mito
seen in B-TALK-1 KO islets is only due to increased cepia2mt expression. To test this,
we created a lentivirus expressing a mitochondrial calcium fret-based indicator'®* on the
B-cell specific rat-insulin promoter. Following transduction with this virus, B-cells within -
TALK1-KO showed increased basal [Ca?*]mito compared to control (fl/fl), supporting the
finding that B-TALK1-KO B-cells do indeed have increased [Ca?*]mito compared to control

and it is not just a difference in cepia2mt expression (Figure 2.4).

B-cell specific TALK-1 mitochondrial Ca?* requlation modulates mitochondrial
membrane potential

Mitochondria have been shown to hyperpolarize during metabolism'%®; however, the
increased [Ca’*|mito seen in in B-TALK-1 KO islets is predicted to depolarize the
mitochondrial Vm. Therefore, we utilized the mitochondrial Vm indicator dye, TMRE to
measure glucose-stimulated mitochondrial Vm in B-TALK-1 KO and control (fl/fl) islets.
Interestingly, B-TALK-1 KO islets do not hyperpolarize in response to glucose as much

as control (fl/fl) islets do, presumably due to increased [Ca?*]mito (Figure 2.5).
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Figure 2.3. B-cells in B-TALK1-KO islets have increased basal mitochondrial Ca%, a smaller transient
increase in glucose-stimulated mitochondrial Ca?*, and an increased overall glucose-stimulated
mitochondrial Ca** decrease.

B-TALK1-KO and Control (fl/fl) islets were transduced with a lentivirus expressing Cepia2mt on a RIP
promoter and imaged on the LSM 780. Representative traces at 0.5X magnification (A) and 1X
magnification (B) with markers for what regions were quantified. Average Cepia2mt fluorescence in
1mM glucose (C), the transient percent increase due to glucose (D) and the prolonged overall glucose
stimulated decrease in mitochondrial Ca?* were all quantified (E). Mean + SEM; N = 3 control mice and
N = 3 B-TALK1-KO mice (A). Mean + SEM; N = 4 control mice and N = 4 B-TALK1-KO mice (B-E).
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Figure 2.4. A lentivirus expressing a FRET-based mitochondrial Ca?* indicator also shows increased basal
mitochondrial Ca% in B-cells from B-TALK1-KO islets.

B-TALK1-KO and Control (fl/fl) islets were transduced with a lentivirus expressing a Fret based
mitochondrial Ca%* indicator expressed on a RIP promoter. Representative traces (A) and average responses
from the highlighted portion (B). Mean + SEM; N = 51 control islet cells and N = 41 B-TALK1-KO islet cells.
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Figure 2.5. B-TALK1-KO mitochondria do not hyperpolarize in response to glucose as much as control.

B-TALK1-KO and control islets were loaded with TMRE and incubated in low glucose (3 mM). TMRE
fluorescence was recorded while the islets were perfused with low glucose (3 mM) followed by high
glucose (17mM). TMRE fluorescence was normalized to minimum fluorescence. Mean + SEM. N = 10
B-TALK1-KO islets from 5 animals; N = 10 Control (fl/fl) islets from 5 animals. *P < 0.05
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ATP production is increased with B-cell specific TALK-1 ablation

Glucose-stimulated [Ca?']mito influx activates mitochondrial dehydrogenases!®® 167
thereby stimulating mitochondrial respiration and ATP synthesis6%: 168 169 Therefore, we
wanted to investigate whether the increased [Ca?*]mito seen in B-TALK-1 KO islets affected
mitochondrial metabolism. To accomplish this, we utilized a Seahorse XFE96 with an
Agilent Seahorse XFe96 Spheroid Microplate!’® to measure oxygen consumption rate
(OCR) in B-TALK-1 KO islets compared to control (fl/fl) islets on either a chow or HFD
diet (Figure 2.6A and B). The Agilent Seahorse Cell Mito Stress Test kit, which is a well-
accepted standard for measuring mitochondrial function, was used to add glucose
(20mM), oligomycin (4.5 uM), FCCP (1 yM), and Rotenone/AA (2.5 uM) at different assay
timepoints. On a regular chow diet, B-TALK1-KO islets showed increased ATP production
compared to control islets (fl/fl) (Figure 2.6C). Interestingly, there was no difference in -
TALK1-KO and control (fl/fl) on a HFD, presumably because the control (fl/fl) islets had
to increase their ATP production in response to the HFD while the B-TALK1-KO islets
already had increased ATP production. (Figure 2.6C). Therefore, B-TALK1-KO islets
produce just as much ATP on a chow diet as control (fl/fl) islets do on a HFD diet. This
could indicate that mitochondria in the B-TALK1-KO islet are protected from the stress of
the HFD initiation. There was no difference in glucose response, basal respiration, spare
respiratory capacity, proton leak, or coupling efficiency between 3-TALK1-KO and control

(fl/f1) islets (Figure 2.6 D-H)
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TALK-1 ablation specifically in B-cells requlates whole-body physiology

As B-TALK1-KO islets showed altered B-cell Ca 2* handling and mitochondrial function,
we were interested in whether or not the whole-body glucose response was affected.
Male B-TALK1-KO mice show improved glucose tolerance on a chow diet and an even
further improvement when put on a HFD for only 2-weeks, (Figure 2.7A-D). Female B-
TALK1-KO mice had improved glucose tolerance on both a chow diet and a HFD as well
(Figure 2.7E-H). This indicates that TALK-1 regulation of B-cell Ca?* handling and
mitochondrial function improves whole-body glucose tolerance; especially under

conditions of increased insulin demand such as a HFD.

As indicated with the GTT zero timepoints (Figure 2.7A,C,E,G), there was no difference
in fasting blood glucose between the B-TALK1-KO and control mice. This is in contrast to
the global TALK-1 KO mice which showed improved fasting blood glucose levels. This
indicates that TALK-1 regulation of fasting blood glucose is not a B-cell intrinsic
mechanism and instead could be due to another islet cell, such as the a-cell. The reduced
glucagon secretion seen in the global TALK-1 KO mice'’* may be responsible for

regulation of fasting blood glucose (described in more detail in chapter V)7°.

Furthermore, B-TALK1-KO mice showed no difference in weight gain on a HFD compared
to control (Figure 2.8). This is again in contrast to the global TALK-1 KO mouse which
showed reduced weight gain compared to WT. This indicates that TLAK-1 regulation of
weight gain is not a B-cell intrinsic mechanism and instead could be due to another cell

type that expresses TALK-1, such as the d-cells in the gut.
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Figure 2.7. B-TALK1-KO animals have improved glucose tolerance compared to control.

B-TALK1-KO mice and control mice (fl/fl) were given an IP GTT (2mg of glucose per gram of body weight) both pre
and post high fat diet (HFD). Pre- HFD male B-TALK1-KO mice showed a trend towards an increase in glucose
tolerance (A and B) and significantly improved glucose tolerance 2-weeks post HFD (C and D). Pre- HFD female B-
TALK1-KO mice showed improved glucose tolerance both pre and post-HFD (E-H). Mean = SEM N = 5 male B-TALK1-
KO mice; N = 4 male Control (fl/fl); N = 4 female B-TALK1-KO mice; N = 5 female Control (fl/fl) mice on chow and N
=5 female B-TALK1-KO mice; N = 4 female Control (fl/fl) mice on HFD mice. *P < 0.05 **P < 0.01 ***P < 0.001
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Figure 2.8. There is no difference in weight between the B-TALK1-KO and control animals on a HFD.

Male (A) and female (B) B-TALK1-KO and control mice (fl/fl) were weighed after the indicated amount of time on
a HFD. Mean = SEM N = 5 male B-TALK1-KO mice; N = 5 male Control (fl/fl); N = 5 female B-TALK1-KO mice; N =5

female Control (fl/fl) mice.
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Despite improving glucose tolerance, B-cell specific TALK-1 ablation reduces insulin
secretion on a HFD

We next wanted to investigate whether or not this improved glucose tolerance was due
to increased insulin secretion. Interestingly, after a HFD, B-TALK1-KO islets showed
reduced insulin secretion compared to control (fl/fl) (Figure 2.9A). Further, both global
TALK-1 KO mice (data generated by Dr. Nicholas Vierra) and 3-TALK1-KO mice showed
reduced serum insulin compared to control after an IP injection of 2 mg/g dextrose in PBS
(Figure 2.9B and D). This interesting finding led us to investigate whether this could be
explained by changes in insulin sensitivity upon a HFD with TALK-1 ablation. Interestingly
there was no difference in insulin tolerance in either global TALK-1 KO mice (data
generated by Dr. Nicholas Vierra) or B-TALK1-KO mice compared to control (Figure 2.9C
and E). This indicates that even though insulin secretion is reduced, and insulin sensitivity
is unchanged, somehow TALK-1 ablation still improves glucose tolerance on a HFD. One
possible explanation for this is a change in insulin pulsatility. Dr. Peter Butler's group
showed that B-TALK1-KO mice show increased we decided to look at liver insulin
sensitivity with TALK-1 ablation. Global TALK-1 KO (data generated by Dr. Nicholas
Vierra) islets have increased levels of pAKT in response to insulin compared to control

(Figure 2.9F), indicating that TALK-1 is somehow regulating liver insulin sensitivity
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Figure 2.9. Global TALK-1 KO and B-TALK1-KO animals have reduced serum insulin compare to control.

B-TALK1-KO mice (A) or global TALK-1 KO mice (D) were given an IP GTT (2mg of glucose per gram of body weight)
and then serum insulin was measured at the indicated time points. Islets from B-TALK1-KO mice were isolated and
insulin was measured in response to differing glucose levels (B). B-TALK1-KO (C) or global TALK-1 KO mice (E) were
given an IP ITT (0.75U/kg body weight) and blood glucose was measured at the indicated time points.
Phosphorylated and total AKT were measured by western blow in global TALK-1 KO mice (F). Mean = SEM. *P <
0.05 **P < 0.01 ***P < 0.001
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Discussion

The K2P channel TALK-1 hyperpolarizes the B-cell Vm and limits GSIS’. In addition to
being expressed in B-cells, TALK-1 is also expressed in d-cells where it regulates
somatostatin secretion and therefore a-cell glucagon secretion!®®, The results presented
here demonstrate the role of B-cell TALK-1 in regulating mitochondrial function and

peripheral insulin delivery.

Glucose stimulation causes B-cell Vm depolarization and action potential firing. Action
potentials are not continuous, instead the (B-cell displays bursts of electrical excitability
separated by hyperpolarized silent phases*® that are initiated by K* current through Kare,
Ksiow®% 62, and TALK-15%: 62 65 79 Electrical oscillations result in [Ca?*]c oscillations and
pulsatile insulin secretion’3. Glucose-stimulated [Ca?*]c oscillations are also modulated
by [Ca?']er handling. SERCA pumps Ca?* across its concentration gradient and into the
ER thereby increasing [Ca?*]er stores. When the B-cell depolarizes, the ER buffers [Ca?*]c
influx by taking up Ca?* through SERCA pumps. At the end of each Ca?* oscillation, the
ER releases Ca?* “6. This Ca?* release modulates [Ca?*]c oscillations and stimulates the
Ca?* activated Ksiow current that contributes to the termination of B-cell action potentials.
In human islets, KCNK16, the gene that encodes TALK-1 is the most highly expressed
K* channel transcript. A global TALK-1 KO model showed that TALK-1 regulates [Ca®*]c
through the release of [Ca?*]er and the subsequent regulation of Ksiow®® 7°. However, the
Global TALK-1 KO also demonstrated increased somatostatin secretion. As somatostatin
is known to regulate insulin pulsatility, a B-cell specific TALK-1 KO was required. Here we

show that B-cell specific TALK-1 KO (B-TALK1-KO) islets have increased [Ca?']c
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oscillation frequency, indicating that B-cell TALK-1 current provides a hyperpolarizing

influence that can control whole islet [Ca?*]c oscillations.

Mitochondrial Ca?* handling is critical for respiration and ATP production. Under basal
conditions, [Ca?*]mito is similar to [Ca?*]c, but upon depolarization [Ca?*]mito increases up to
70 uM?®8, This [Ca?*]mito influx occurs through the mitochondrial Ca?* uniporter (MCU) and
is critical for dehydrogenase activation and subsequent mitochondrial respiration. Indeed,
B-cell mitochondrial ATP levels have been shown to be dependent on [Ca?*]c levels and
to oscillate out-of-phase with electrical oscillations®’: %8, [Ca?*]mito uptake through the MCU
is balanced by the mitochondrial Na*/ Ca?* exchanger (NCLX) which becomes activated
after cell depolarization resulting in mitochondrial Na* uptake and [Ca?*]mito release!®.
Indeed, after the initial [Ca*]mito increase, we show that B-cell depolarization results in a
subsequent [Ca®*|mito drop (Figure 2.3), presumably due to the activation NCLX.
Importantly, the frequency of B-cell [Ca?*]c oscillations can control the amplitude of
glucose-stimulated [Ca?*]mito influx®6. Indeed, as described above, B-TALK1-KO islets
have increased [Ca?*]c oscillation frequency and we show that B-TALK1-KO islets also
have increased [Ca?*]mito. This suggests that TALK-1 regulation of [Ca?*]c also regulates

[Ca?*]mito dynamics.

In addition to being regulated by [Ca?*]c, [Ca?*]mito is also tightly associated with [Ca?*]er.
A close contact, known as the mitochondrial associated membrane (MAM), occurs
between the membranes of the ER and the mitochondria and is crucial to Ca?*
transmission between the two. At the MAM, Ca?* is released at high concentrations from
the ER through IP3sR and then immediately taken up by MCU on the mitochondrial

membrane. The MCU has a low affinity for Ca?*, so it is predicted that the high
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concentration of Ca?* found at the MAM is critical for MCU Ca?* uptake®. As previously
described, TALK-1 KO islets have increased [Ca?*]er presumably due to a reduced K*
counter-current®. Increased [Ca?*]er would be predicted to provide more Ca?* for Ca?*
release at the MAM. As [Ca?']er is kept relatively high at all glucose concentrations, this
could explain why we see increased [Ca?*]mito in B-TALK1-KO islets at both high and low

glucose.

B-TALK1-KO islets, which show increased basal [Ca?*]mito, also show increased ATP
production in high-glucose. This indicates that TALK-1 regulation of B-cell [Ca?*]mito
regulates mitochondrial function and islet ATP synthesis. It has also been shown that
cytosolic ATP levels drop during B-cell activation, possibly due to increased ATP
hydrolysis by SERCA and PMCAS®8. As B-TALK1-KO islets have increased [Ca?']c
oscillations, it is possible that they also have increased PMCA and SERCA activity

thereby requiring more ATP production.

Increased [Ca?*]c oscillations, increased [Ca?*]er stores, and increased ATP production
are all predicted to increase B-cell insulin secretion and improve glucose tolerance.
Indeed, on a HFD, B-TALK1-KO mice have improved glucose tolerance. However, -
TALK1-KO islets show reduced insulin secretion while maintaining improved glucose

tolerance. One explanation for this is altered insulin action.

In fact, before being delivered to the peripheral tissues, insulin first reaches the liver where
40-80% of secreted insulin is cleared!’4. The mass of the insulin pulse that signals at the
liver can determine the amount of hepatic insulin clearance that occurs!’®. Furthermore,
Dr. Peter Butler's group showed that Specifically, when the pulsatile pattern of insulin

secretion is disrupted, hepatic insulin receptor substrate (IRS)-1 and IRS-2 signaling is
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delayed, along with activation of downstream insulin signaling effector molecules'’2. This
also results in decreased expression of glucokinase!’?. B-TALK1-KO mice show
increased we decided to look at the effect of TALK-1 ablation on liver insulin sensitivity.
Indeed, TALK-1 ablation increases liver pAKT in response to insulin (Figure 2.9F),

suggesting that TALK-1 may regulate liver insulin signaling.

Therefore, it is possible that TALK-1 regulation of B-cell [Ca?*]c oscillations and pulsatile
insulin secretion modulates the amount of insulin being cleared by the liver thereby
lowering the amount of insulin that B-cells need to secrete. Furthermore, an adequate
insulin pulse frequency is required for inhibition of endogenous glucose production®’®.
Therefore, it is possible that TALK-1 regulation of pulsatile insulin secretion results in -
TALK1-KO mice having reduced hepatic glucose production. Together, this can lead to

improved B-cell health and improved glucose tolerance.

In summary, our findings demonstrate that B-cell TALK-1 current slows [Ca?*]c oscillation
frequency, reduces B-cell [Ca?']er storage and B-cell [ Ca?*|mito leading to reduced
mitochondrial ATP production. Together this modulates B-cell insulin secretion and
glucose tolerance. Importantly, this chapter also identifies for the first time that (-cell
TALK-1 channels may regulate peripheral insulin action under diabetic conditions. Thus,
these findings have implications for how the GOF single nucleotide polymorphism in
KCNK16 (rs1535500) results in an increased risk for developing T2DM. Furthermore,
these findings suggest that TALK-1 could be an important, B-cell specific, target for

treating B-cell dysfunction and improving insulin sensitivity in T2DM.

Chapter Il
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A KCNK16 mutation causing TALK-1 gain-of-function is associated with maturity-
onset diabetes of the Young

Abstract

Maturity-onset diabetes of the young (MODY) is a heterogeneous group of monogenic
disorders of impaired glucose-stimulated insulin secretion (GSIS). Mechanisms include
B-cell Katp channel dysfunction (e.g., KCNJ11 (MODY13) or ABCC8 (MODY12)
mutations); however, no other 3-cell channelopathies have been identified in MODY. Our
collaborators identified a novel non-synonymous genetic mutation in KCNK16
(NM_001135105: ¢.341T>C, p.Leul14Pro) segregating with MODY. KCNK16 is the most
abundant and 3-cell-restricted K* channel transcript and encodes the two-pore-domain
K* channel TALK-1. Whole-cell K* currents in transfected HEK293 cells demonstrated
drastic (312-fold increase) gain-of-function with TALK-1 Leull4Pro vs. WT, due to
greater single channel activity. Glucose-stimulated cytosolic Ca?* influx was inhibited in
mouse islets expressing TALK-1 Leull4Pro (area under the curve [AUC] at 20 mM
glucose: Leul14Pro 60.1 vs. WT 89.1; P =0.030) and less endoplasmic reticulum calcium
storage (cyclopiazonic acid-induced release AUC: Leull4Pro 17.5 vs. WT 46.8; P =
0.008). TALK-1 Leull4Pro significantly blunted GSIS compared to TALK-1 WT in both
mouse (52% decrease, P = 0.039) and human (38% decrease, P = 0.019) islets. Our data
identify a novel MODY-associated gene, KCNK16; with a gain-of-function mutation
limiting Ca?* influx and GSIS. A gain-of-function common polymorphism in KCNK16 is
associated with type 2 diabetes (T2DM); thus, our findings have therapeutic implications

not only for KCNK16-associated MODY but also for T2DM.
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Introduction

Maturity-onset diabetes of the young (MODY) is a rare monogenic cause of familial
diabetes. To date, 13 possible MODY genes have been identified, all involved in
pancreatic B-cell insulin secretion and with autosomal dominant transmission!4’. 2-2.5%
of pediatric diabetes cases carry pathogenic/likely pathogenic variants in MODY genes!>t
152- however, MODY is often undiagnosed, either because the diagnosis is not
considered®>® or because genetic screening is limited. There are also cases with
compelling clinical histories in whom, despite comprehensive screening of known MODY
genes, a genetic diagnosis cannot be made!®?, suggesting as-yet-unidentified genetic

cause(s).

B-cell glucose-stimulated insulin secretion (GSIS) is dependent on Ca?* influx, through
voltage-dependent calcium channels (VDCC)": 178, Reduced Ca?* influx decreases
GSIS; thus, mutations that disrupt B-cell Ca?* entry can cause MODY or the closely-
related condition neonatal diabetes!’® 180, For example, gain-of-function mutations in
KATP channel subunits hyperpolarize the B-cell membrane potential, reducing VDCC
activity, Ca2+ influx and GSIS'7® 181 QOther B-cell K* channels, including two-pore domain
K* channels (K2P), also affect VDCC activity’®. Expression of KCNK16, which encodes
TWIK-related alkaline pH-activated K2P-1 (TALK-1)%, is the most abundant and B-cell-
selective of all human K* channel transcripts!8% 183 and TALK-1 gain-of-function

mutations would be predicted to cause diabetes similarly®.
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Here we have used exome sequencing to identify the first family with MODY likely due to
a mutation in KCNK16. The Leull1l4Pro substitution in TALK-1 sits near the K* selectivity
filter, causing a profound increase in K* current, altering B-cell Ca?* flux, and decreasing

GSIS in both human and mouse islet cells.

Results

Exome sequencing in a family with MODY identifies a novel variant in KCNK16

Exome sequencing and analysis of known MODY genes in the proband identified a splice
site mutation in ABCC8 (NM_000352 c.1332+4 delC); however, this variant was not

predicted to affect splicing'®* and did not segregate appropriately in the pedigree.

Exome sequencing and analysis of the extended pedigree identified novel good-quality
coding variants (with minor allele frequency (MAF) <0.05) in two genes, KCNK16 and
USP42, with appropriate segregation (Fig. 3.1A and 3.1B; coverage statistics for exome
sequencing, Table 3.1; exome data filtering, Table 3.2). USP42 (Ubiquitin-specific
peptidase 42) is involved in spermatogenesis!® and is not expressed in the pancreas;
and was considered an unlikely MODY candidate. However, KCNK16 (Potassium
channel, subfamily K, member 16) encodes for TALK-1, with its established role in

GSIS™. Further, the KCNK16-containing locus is associated with T2DM"®

The KCNK16 variant (NM_001135105: ¢.341T>C) has not previously been reported in
EXAC (http://exac.broadinstitute.org), 1000 Genomes (http://www.1000genomes.org), or
dbSNP137 (http://www.ncbi.nlm.nih.gov/projects/SNP/) databases. It affects a highly
conserved base (GERP score 5.65) with the resultant amino acid change (p.Leul14Pro)
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Figure 3.1: A novel KCNK16 mutation co-segregates with MODY in a four-generation family and is
predicted to affect the K*-selectivity channel of TALK-1.

Family pedigree (Panel A: asterisks indicate individuals that underwent WES; filled-in shapes indicate individuals
with diabetes; arrow indicates proband), with chromatogram of KCNK16 variant (c.341T>C) (Panel B; red arrow
indicates variant). Location of the predicted protein change (p.Leu114Pro), within the first pore domain and K*-
selectivity channel of TALK-1 (Panel C), with alignment of Pore Helix 1 and Filter 1 amino acid sequences of KCNK16
with other KCNK channels (Panel D; mutation position indicated in red; selectivity filter indicated in purple).
Predicted conformational shifts (indicated by the arrows) in the K* selectivity filter, modelled using TREK2

crystalline structure (Panel E).
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Table 3.1 Coverage statistics for exome sequencing

-data generated by Dr. Emma Duncan and Dr. Stephanie Johnson at the University of Queensland

coverage >30x

MODY_IlI.1 MODY _Ill.1 MODY_IV.1 MODY_IV.3
Total bases 5835073129 | 5386986408 | 5187196181 | 1824158333
% bases on target
EXONS 38.4 35.9 47.9 35.8
Target exon
median base 52.9 44.2 32.0 12.8
coverage
Target exon mean
base coverage 64.4 535 37.6 14.2
% target exon
bases with 98.2 98.6 91.0 95.5
coverage >1x
% target exon
bases with 93.6 94.5 94.4 90.4
coverage >5x
% target exon
bases with 88.0 88.7 79.2 80.1
coverage >10x
% target exon
bases with 65.9 63.0 54.6 59.9
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Table 3.2: Bioinformatic filtering of identified variants

-data generated by Dr. Emma Duncan and Dr. Stephanie Johnson at the University of Queensland

Filtering steps MODY-II.1* MODY-III.1* MODY-IV.1* MODY-IV.3

Variants identified with

MAF<0.05 7114 7389 8368 7320

Remaining variants of
potentially damaging
consequence** of good 659 639 434 (NA)
guality after removal of
platform-related artefact

Heterozygous variants

remaining with MAF <0.001 343 333 213 (NA)

Remaining variants
segregating appropriately
with observed autosomal
dominant inheritance

13

Remaining variants with high
conservation (GERP >2.5)

KCNK16 (NM_001135105) ¢.341T>C; p.Leull14Pro;

- . : MAF = 0
Remaining variants predicted USP42 (NM_032172) ¢.C3569G: p.Prol1190Arg:;
to be damaging”; MAF MAF=0
reported from ExAC KIAA1407 (NM_020817) c.2687G>A; p.Arg89GIn;

MAF 0.00007 (rs144192553)

Remaining variants in
candidate genes known to be KCNK16 (NM_001135105) ¢.341T>C; p.Leull4Pro
involved in insulin secretion

*affected individuals

**potentially damaging consequences defined as honsynonymous single nucleotide variants (SNVs),
splice site SNVs, frameshift substitution, stopgain or stoploss SNVs.

#Using protein prediction algorithms SIFT?, Mutation Taster Human Splicing Finder v3.018 and
PolyPhen2187

MAF: minor allele frequency. EXAC: Exome Aggregation Consortium. QC: quality control. GERP: genomic
evolutionary rate profiling score.
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predicted to involve the pore domain one of TALK-1, immediately downstream of the

GYG K* selectivity filter (Fig. 3.1C). The GYG motif, and leucine 114 specifically, shows
strong sequence homology with other K2P channels (Fig. 3.1D). As the crystal structure
of TALK-1 is unpublished, TREK-2 was used to model the p.Leul14Pro mutation which
demonstrated a conformational shift in both the GYG motif and pore domain (Fig. 3.1E),

strongly suggesting that TALK-1 Leul14Pro would significantly affect K* permeability

Extended Clinical Data

The non-obese proband (individual IV.1) was diagnosed with antibody-negative diabetes
age 15 years. Now age 32 years she only requires a maximum of 1-2 units of basal insulin
to maintain an HbAlc 5.7-6.5%. She has not had ketosis or other diabetes-related
complications. Sanger sequencing screening for mutations GCK, HNF1A and HNF4A

was negative.

The proband’s identical twin sister (individual 1V.2) was diagnosed with diabetes
contemporaneously with the proband. This individual is managed with multiple daily
injections of insulin. She has never experienced ketosis or diabetes-related

complications. Other clinical information for this individual is unavailable.

The proband’s mother (individual 111.2) and aunt (individual 111.2), both of normal weight,
presented aged 15 and 13 years respectively with antibody-negative diabetes. Neither
has experienced ketosis or diabetes-related complications after many decades. The
proband’s mother requires 8-11 units isophane insulin daily, maintaining an HbAlc of 6-
7%. Her aunt requires 9-10 units of mixed insulin (Mixtard® 30/70 mane), maintaining an

HbAlc <6%.
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The proband’s maternal grandmother (individual 11.1) was diagnosed with diabetes during
pregnancy, aged 30 years. She required <10 units/day of basal insulin, maintaining an
HbAlc 6-6.5%. She recently died aged 82 years, without experiencing ketosis or

diabetes-related complications.

The proband’s maternal great-grandmother (individual 1.1) also had diabetes. Further

details of this individual are not available.

The proband’s brother (individual 1V.3), currently aged 26 years, does not have diabetes.

TALK-1 Leull14Pro results in a gain-of-function

K* currents were recorded using HEK293 cells transfected with either TALK-1 WT or
TALK-1 Leull4Pro followed by a P2A mCherry (Figure 3.2). Expression levels of the
TALK-1 WT and TALK-1 Leull4Pro constructs were similar (Figure 3.3). TALK-1
Leull4Pro caused a massive (312-fold) increase in whole-cell K* currents compared to
TALK-1 WT (current at -40mV: TALK-1 Leull4Pro 774.16 + 218.75 pA vs. TALK-1 WT
2.48 = 1.86 pA, Fig. 3.4A, 3.4B). Individual TALK-1 channel activity showed a 3.6-fold
increase in current amplitude and a 2.9-fold increase in open probability at 200 mV for
TALK-1 Leull4Pro compared to TALK-1 WT (Fig. 3.4C, 3.4D, 3.4E, 3.4F). Thus, TALK-
1 Leull4Pro is a gain-of-function mutation, predicted to cause hyperpolarization of the
B-cell membrane potential. The reversal potential for TALK-1 Leull4Pro currents (-79
mV) was near the equilibrium potential of K* (Ex) and the single channel currents also
reversed near Ek. Thus, channels containing TALK-1 Leull1l4Pro subunits are likely still

selective for K*.
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As this TALK-1 mutation causes MODY in a dominant manner, we also measured the
TALK-1 current under heterozygous conditions by creating a TALK-1-WT-P2A-TALK-1-
Leull4Pro construct which allows for equivalent expression of the TALK-1 WT and
TALK-1 Leull4Pro subunits. Currents from HEK cells transduced with the TALK-1-WT-
P2A-TALK-1-Leul14Pro construct displayed significant increases in TALK-1 currents
(Fig 3.5- data generated by Dr. Matthew Dickerson) equivalent to cells expressing the
TALK-1 Leull4Pro alone (Fig. 3.4). Therefore, heterodimeric TALK-1 channels with a
LeulldPro and WT version are likely to show significant gain-of-function, predicted to

cause B-cell Vin hyperpolarization.

TALK-1 Leull14Pro inhibits glucose-stimulated B-cell depolarization.

Changes to TALK-1 K* current is predicted to modulate B-cell membrane potential. To
monitor this, the glucose-stimulated membrane potential (Vm) of B-cells transduced with
either TALK-1 WT or TALK-1 Leul14Pro was recorded. Glucose was ramped from 2 mM
to 14 mM and then back to 2 mM glucose. While cells expressing TALK-1 WT depolarized
and fired action potentials as expected, 10% of B-cells expressing TALK-1 Leull4pro
demonstrated glucose-stimulated Vm depolarization but not action potential firing while
80% of B-cells expressing TALK-1 Leull4Pro neither depolarize nor fired action
potentials in response to glucose (Fig 3.6A, 3.6C, 3.6D, 3.6E, 3.6F-data generated by Dr.
Matthew Dickerson). This is presumably due to the large TALK-1 Leull4Pro K*
conductance. However, 10% of the B-cells expressing TALK-1 Leull4Pro both

depolarized and fired action potentials, demonstrating that while TALK-1 Leull4Pro
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prevents glucose-stimulated action-potential firing in most 3-cells, some B-cells are able

to
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respond normally (Figure 3.6B).

Figure 3.2. Lentiviral plasmids designed for TALK-1 WT and TALK-1 Leul14Pro expression in HEK
cells and B-cells.

Lentiviral Plasmids were designed with either a CMV promoter or a Rat-Insulin Promoter
expressing TALK-1 followed by a P2A cleavage site and either mCherry (for electrophysiology a
calcium experiments) or Pro-insulin Luciferase (For insulin secretion experiments). The TALK-1
cloned into these constructs were either Wild-Type (WT) (Panel A) or TALK-1 Leu114Pro (Panel B).
Plasmids were sequenced and chromatograms show the correct TALK-1 WT (Panel C) and TALK-1

Leul14Pro (Panel D) sequences
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Figure 3.3. Expression of TALK-1 WT and TALK-1 Leu114Pro is similar in HEK cells for current recordings.

HEK cells were transfected with constructs containing a CMV Promoter expressing TALK-1 followed by a P2A
cleavage site and mCherry. TALK-1 expressing cells are represented by mCherry fluorescence (red) and all
nuclei were stained with Hoescht (blue); cells expressing TALK-1 WT (Panel A) or TALK-1 Leu114Pro (Panel
B) (images shown were taken at 20X magnification). Equivalent mCherry fluorescence in TALK-1 WT- and
TALK-1 Leull4Pro-expressing cells indicates similar TALK-1 expression levels (Panel C) (N = 3 cells

expressing TALK-1 WT; N = 26 cells expressing TALK-1 Leu114Pro).
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Figure 3.4: TALK-1 Leu114Pro causes a drastic gain-of-function in TALK-1 K* current.

K* currents monitored from HEK293 cells expressing TALK-1 WT or TALK-1 Leul14Pro with whole-cell voltage
clamp recordings, in response to a voltage ramp from -120 mV to 60 mV (Panel A); mean + SEM; N = 11 control
cells; N = 10 TALK-1 Leu114Pro cells (Panel B). Single-channel plasma membrane K* currents monitored through
TALK-1 Leul14Pro or TALK-1 WT with attached patch voltage clamp recordings, in response to the indicated
voltage steps (Panel C and Panel D). Single channel recordings were analyzed for current amplitude (Panel E) and
channel open probability (Panel F); mean £ SEM; N = 8 TALK-1 WT cells; N = 11 TALK-1 Leu114Pro cells *P < 0.05,

**Pp<0.01, ***P <0.001.
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Figure 3.5: Average whole cell TALK-1 current recordings in HEK cells expressing TALK-1 WT P2A
Leul14Pro construct vs. TALK-1 WT.

Average whole cell currents from TALK-1 WT P2A TALK-1 Leu114Pro expressing cells (in red) is
dramatically greater than the K2P currents from cells expressing TALK-1 WT (in blue) (Panel A). The
mean K2P current recorded at -120 mV, -30 mV, and 60 mV for cells expressing either TALK-1 WT
(blue bars, N = 11) or TALK-1 WT P2A TALK-1 Leul14Pro (red bars, N = 15) + SEM (Panel B).
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Figure 3.6: TALK-1 Leu114Pro hyperpolarizes the B-cell membrane and prevents action potential firing

Vmwas monitored from B-cells transduced with either TALK-1 WT or TALK-1 Leu114Pro, in response to a 2 or 14
mM glucose as indicated in the figure. (Panel A, B, C, D). Average resting and plateau Vi, were calculated for
TALK-1 Leu114Pro and TALK-1 WT (Panel F) mean = SEM; N = 15 control cells; N = 17 TALK-1 Leu114Pro cells *P
<0.05, **P<0.01, ***P < 0.001.

68



TALK-1 Leull4Pro reduces B-cell Ca?* influx and ER Ca?* stores

Ca?* handling was monitored in mouse B-cells following transduction of either TALK-1
WT or TALK-1 Leull4Pro followed by a P2A mCherry (Figure 3.2). Glucose-stimulated
(20mM) B-cell Ca?* influx was abolished by expression of TALK-1 Leul14Pro (Fig. 3.7A,
3.7C, and 3.7D). TALK-1 has been previously shown to modulate Ca?*er homeostasis by
providing a countercurrent for Ca?*er release®®; thus TALK-1 Leul14Pro control of Ca?*er
storage was also examined. Inhibition of SERCAs with CPA (50uM) resulted in
significantly less Ca?'er release in B-cells expressing TALK-1 Leull4Pro compared to
TALK-1 WT (62.6% decrease; Fig. 3.7E, 3.7F- (data generated by Arya Nakhe)
suggesting reduced Ca?*er storage with TALK-1 Leul14Pro. B-cells expressing TALK-1
Leull14Pro also showed elevated basal [Ca?*cyto] compared to B-cells expressing TALK-
1 WT (28.8% increase in AUC; Fig. 3.7A, 3.7B). Taken together, this suggests that under
basal conditions, TALK-1 Leull4Pro enhances Ca?‘er leak, thereby increasing basal
[Ca?*eyto]. Furthermore, the usual transient drop in B-cell [Ca?*cyto] following glucose
stimulation of Ca?*er uptake (termed phase-0) was amplified with TALK-1 Leul14Pro

compared to TALK-1 WT. These changes would be predicted to diminish GSIS.

TALK-1 Leul14Pro reduces glucose-stimulated insulin secretion

To monitor insulin secretion specifically from B-cells transduced with either TALK-1 WT
or TALK-1 Leull14Pro, we first employed viral constructs containing a p2A pro-insulin
luciferase reporter where the insulin C-peptide has been replaced with luciferase (Figure

3.2), B-cells expressing TALK-1 Leull4Pro showed comparable basal (5 mM glucose)
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insulin secretion but reduced GSIS (14 mM glucose) compared to TALK-1 WT, in both
mouse (52% decrease in GSIS) and human (38% decrease in GSIS) islets (Figure 3.7).
This reduction cannot be attributed to difference in construct expression, as expression
levels were identical between the TALK-1 WT and TALK-1 Leul14Pro constructs (Figure
3.8). Transduction efficiency was also similar between the two constructs, approxixmately

559% for TALK-1 WT and 61% for TALK1 Leull4Pro.

However, this pro-insulin luciferase plasmid is not the standard for measuring insulin
secretion; therefore, we also measured insulin secretion from mouse islets using a
standard radioimmunoassay. Similar to the pro-insulin luciferase assay, islets expressing
TALK-1 Leull4Pro had reduced GSIS compared to TALK-1 WT (Figure 3.9A). These
changes in insulin secretion were not due to changes in total -cell insulin content, which
were equivalent in mouse islets expressing either TALK-1 Leul14Pro or TALK-1 WT (Fig.

3.9B).
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Figure 3.7: TALK-1 Leul14Pro modulates B-cell Ca?* homeostasis.

Representative B-cell Ca?* measurements in response to 2 mM and 20 mM glucose (Panel A). Area under the curve

(AUC) analysis of B-cell Ca?* under low (2 mM) glucose (Panel B) and high (20 mM) glucose conditions (Panel C).

AUC percent change from low glucose to high glucose (Panel D). Representative B-cell Ca?* measurements in

response to [Ca®'er] depletion by CPA (Panel E) and the AUC analysis of the CPA response (Panel F). mean + SEM;

N = 3 animals for TALK-1 WT and TALK-1 Leul14Pro Ca®" experiments except the for the 2 mM condition that

included N =9 animals. *P < 0.05, **P < 0.01, ***P < 0.001.



Mouse Human
A * B *

o~ 0127 HE WT I . 0187 HE WT
S @ 1ol HH LeutidPro S Bl Leuti4Pro
§ 8 § 5 0144
w 50081 3 0.10
= [ gp— -
. a = m
25°% 23
= = = =
E ‘% 0.04 fg g 0.064
T 5 0.02 E5 00l
c8 2 § o0
S + <+ S

Figure 3.8: TALK-1 Leul14Pro reduces glucose-stimulated insulin secretion.

Mouse (Panel A) and human (Panel B) islets transduced with viruses selectively expressing either TALK-1 WT or TALK-
1 Leull4Pro and the NanoLuc-proinsulin luciferase insulin reporter. Islets were monitored for total secreted
luciferase following exposure to 5 mM or 14 mM glucose; mean = SEM; N=6 animals (14 mM glucose, Panel A), N =
3 animals (5 mM glucose, Panel A); N = 8 Human Donors (14 mM glucose, Panel B), N = 5 Human Donors (5 mM

glucose, Panel B). *P < 0.05
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Figure 3.9. Expression of TALK-1 WT and TALK-1 Leu114Pro is similar in mouse B-cells.
Dispersed islet cells were transduced with the viruses containing a Rat-Insulin Promoter
expressing TALK-1 followed by a P2A cleavage site and mCherry. TALK-1 expressing B-cells
(shown in red) imaged with a 10X objective compared to total islet cells (nuclei stained with
Hoescht (marked in blue)) for TALK-1 WT (Panel A) and TALK-1 Leu114Pro (Panel B). Average
mCherry fluorescence shows similar expression levels between TALK-1 WT and TALK-1
Leul14Pro (Panel C) (N = 48 cells expressing TALK-1 WT; N = 42 cells expressing TALK-1
Leul14Pro).
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Figure 3.10 TALK-1 Leul14Pro reduces glucose-stimulated insulin secretion but does not change insulin
content.

Total insulin secretion was measured via RIA following exposure to 5mM or 14mM glucose (A). Total insulin content
was measured by RIA in islets expressing both TALk-1 WT and TALK-1 Leur114Pro (B); mean + SEM; N = 3 animals *P

<0.05
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Discussion

We have identified the first family with KCNK16 associated MODY. The novel TALK-1
gain-of-function p.Leu114Pro mutation increases [-cell K* efflux resulting in membrane
hyperpolarization, altering B-cell Ca?* handling and decreasing GSIS. Unlike the only
other MODY-associated K* channelopathy (i.e., Katp channel dysfunction), TALK-1 is
unresponsive to sulfonylureas’. Thus, our data suggest not only a novel therapeutic

target for KCNK16-associated MODY but for other forms of diabetes also.

TALK-1 belongs to the K2P channel family characterized by constitutive K* flux, which
serve critical roles setting the Vm of electrically excitable cells. The KCNK16 transcript
encoding TALK-1 is the most abundant K* channel transcript in the human B-cell'8% 183;
and KCNK16 shows the most islet-selective expression of all ion channel transcripts®%
188 Similar to other K* channels, such as Katp'®®, TALK-1-mediated hyperpolarization of
mouse and human B-cell membrane potential limits VDCC activity, Ca?* entry and GSIS™®.
However, the Katp K* conductance is significantly greater than the small constitutive
conductance of TALK-179 92189190 Thys, TALK-1 mainly regulates the B-cell membrane
potential following glucose stimulation, when Kartp channels close: their activity limits islet
Ca?* oscillation frequency and hence GSIS”. A gain-of-function TALK-1 mutation would
be predicted to affect glucose tolerance adversely resulting in hyperglycemia, as

demonstrated here.
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The KCNK16-containing locus is strongly associated with T2DM, in multiple genome-wide
association studies including populations with differing ethnicities!?4 126 191-193 " jjth
strongest association (p<2x10®) observed with the common nonsynonymous
polymorphism rs1535500 (minor allele frequency 0.41, EXAC database, non-Finnish
European descent subjects). The protein change (p.Ala277Glu) affects the C-terminal tail
of TALK-1 and causes a modest (1.4-fold) increase in TALK-1 channel current, with both
enhanced open probability and increased cell surface localization”®. The risk haplotype is
also associated with increased expression of the adjacent gene KCNK17 which encodes
another K2P channel, TALK-21%4, TALK-2 is also expressed in islet cells with high
specificity, though lower than TALK-1 (islet expression specificity index for KCNK16=0.98
and for KCNK17=0.76)'%. These data suggest that the association of this locus with
T2DM is driven by more than one mechanism, with combined effects from overactive
TALK-1 and overexpression of TALK-2, each of which potentially contributing to
hyperpolarization of the B-cell membrane potential, reducing glucose-stimulated Ca?*
influx and GSIS. That association is seen in T2DM with a common variant in the same
gene in which we are now reporting a novel mutation potentially causing MODY indicates
that the encoded protein (i.e., TALK-1) is not functionally redundant; rather, that it is likely
relevant to a high proportion of T2DM cases. These properties increase the potential of

TALK-1 as a therapeutic target for T2DM.

Mutations in K2P channels causing significant changes in K* channel currents typically
affect the pore domains of these channels%-1%7, For example, loss-of-function mutations

in the first or second pore domains of KCNK3 (respectively, p.Gly97Arg and p.Gly203Asp)
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cause pulmonary hypertension®®. Similarly, a loss-of-function mutation in the first pore
domain of TASK-2 (p.Thrl08Pro) causes Balkan Endemic Nephropathy!®. A gain-of-
function mutation (p.Gly88Arg) in the first pore domain of TALK-2, coded by KCNK17,
causes a severe cardiac arrhythmia®®’; and is the only previously identified disease-

associated mutation in TALK channels.

Gain-of-function mutations in Karp significantly increase B-cell K* flux, resulting in
neonatal diabetes and MODY?7% 181 |n contrast, TALK-1 p.Leu114Pro results in a more
modest diabetes phenotype despite the 300-fold increase in whole-cell TALK-1 activity.
This may because TALK-1 activation shows voltage-dependence’® 2. Unlike Katp, which
is active at all voltages, TALK-1 is an outward rectifying channel that shows increased
activation during depolarization’® 92, Therefore, a gain-of-function in TALK-1 would be
most active post-B-cell depolarization — limiting, but not abrogating, insulin secretion. The
p.Leull4Pro mutation does increase TALK-1 current near the resting membrane
potential (Fig. 3.2A, and Figure 3.3A, 3.3B); however, this current is still less than the total
B-cell Katp conductance under euglycemic conditions. These data concord with the
proband’s clinical phenotype, with dramatic glucose elevation after an oral glucose load

but only a modest increase in fasting plasma glucose.

TALK-1 is expressed on both the B-cell plasma membrane and the ER membrane®®.
Ca?*er release is balanced by negative charge on the luminal ER membrane; this charge
is dissipated by ER TALK-1 K* influx leading to enhanced Ca?'er release®. Thus,

overactive TALK-1 channels (e.g., TALK-1 Ala277Glu) increase Ca®*er release, whereas

77



TALK-1 ablation reduces Ca?*er release®. Importantly, enhanced B-cell Ca®*er release
under hyperglycemic conditions results in ER-stress, contributing to B-cell dysfunction!®,
TALK-1 Leu114Pro may contribute to B-cell dysfunction via ER-stress, as observed in
some MODY subtypes (e.g., INS mutations in MODY-10'%); however, this remains
speculative. Additionally, although highly B-cell specific, TALK-1 is also expressed in
human pancreatic 5-cells where it negatively regulates somatostatin release 1. TALK-1
KO mice show increased somatostatin secretion under low and high glucose conditions,
due to enhanced Ca?'er release'’?; thus, a gain-of-function mutation in TALK-1 may
reduce d-cell somatostatin secretion. The glycemic effects of this would be complex given
the inhibitory effect of somatostatin on both insulin and glucagon secretion'’!; and require

future investigation.

Some MODY subtypes (e.g., ABCC8-, KCNJ11-, HNFla- and HNF4agMODY) are
manageable through Katp inhibitiont’® 200 201 _ j e  sulfonylurea use. Although B-cell
membrane potential depolarization with sulfonylureas may allow greater VDCC activity,
potentially increasing insulin secretion in affected individuals in this family, TALK-1 itself
is not sensitive to sulfonylureas’. Further, and as detailed above, TALK-1 primarily
modulates B-cell membrane potential during active insulin secretion when Kartp is closed
(i.e., during hyperglycemic conditions)’®. Thus, Katp inhibition may not completely
normalize 3-cell membrane potential or insulin secretion in individuals with TALK-1 gain-
of-function MODY. This raises the possibility of TALK-1 inhibition as a druggable target.
Genetic evidence whether from rare (e.g., MODY) or common (e.g., T2DM124 126; 191-193)

human disease is a strong predictor of future successful drug development?°2, Thus, our
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data have important therapeutic implications not only for TALK-1 MODY but also for the

far more common form of diabetes T2DM.

In conclusion, we have identified a novel mutation in KCNK16 causing a gain-of-function
in TALK-1, reducing glucose-stimulated Ca?* influx, Ca?*er storage, and GSIS; which is
associated with MODY. TALK-1 is the first ion channel linked to MODY after Katp; and is
expressed more selectively in islet cells compared to Karp. The KCNK16 locus is
associated with T2DM risk in the general population. Our data suggest TALK-1 as an
efficacious and islet-selective therapeutic target for both KCNK16-associated MODY and

T2DM.
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Chapter IV
A novel, neonatal diabetes-associated, mutation in KCNK16 limits plasma

membrane TALK-1 function and increases ER TALK-1 function, thereby ablating

glucose-stimulated insulin secretion.

Abstract

Neonatal diabetes mellitus is a monogenic form of diabetes that results from impaired
glucose-stimulated insulin secretion (GSIS). Genetic causes of neonatal diabetes include
the genes encoding the ATP-activating K* channel subunits as well as the insulin gene.
Not all neonatal diabetic cases have a known genetic etiology. TALK-1 is the most highly
expressed B-cell K* channel transcript, it regulates both cytosolic Ca?* ([Ca?*]eyto) influx
as well as ER Ca?* ([Ca?'Jer) handling, and has been associated with both T2DM and
MODY. Here we identified a glutamine for arginine substitution mutation in TALK-1
(TALK-1 R13Q) associated with neonatal diabetes. Other neonatal diabetic K* channel
mutations increase channel current at the plasma membrane; however, whole-cell K*
channel currents from cells expressing TALK-1 R13Q show complete abolishment of
plasmalemmal TALK-1 current. Interestingly, normal, single-channel TALK-1 current
remained at the endoplasmic-reticulum (ER) membrane despite the mutation and [Ca?*]er
was reduced, suggesting an increased number of TALK-1 channels on the ER
membrane. TALK-1 contains two palmitoylation sites near the mutation that allows it to
traffic from the ER membrane to the plasma membrane. When these palmitoylation sites
are mutated (C7A, C9A), TALK-1 R13Q regains normal plasmalemmal TALK-1 current,

suggesting that the mutation affects TALK-1 palmitoylation and therefore inhibits
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trafficking to the plasma membrane. Interestingly, despite not displaying any current on
the plasma membrane, TALK-1 R13Q completely abolishes glucose-stimulated [Ca?*]cyto
influx at the plasma membrane. TALK-1 R13Q completely inhibits glucose-stimulated
insulin secretion (GSIS) suggesting that intracellular TALK-1 current can still affect 3-cell
membrane activity. This highlights a potential new intracellular role for TALK-1 and thus

has implications for both B-cell function and dysfunction in diabetes.

Introduction

Neonatal diabetes mellitus is a rare form of monogenic diabetes that typically presents
during the first 6-months of life'°, Half of neonatal diabetic cases are transient, meaning
they resolve later in life, but the other half are permanent, resulting in life-long
complications?®3, The most common genetic causes of neonatal diabetes are mutations
in the genes encoding the two subunits of Karp, KCNJ11 and ABCCS8, as well as
mutations in the insulin gene (INS)!95: 156; 180; 204; 205 These mutations result in impaired
GSIS by impairing B-cell cytosolic Ca?* ([Ca?*]c) influx or by causing ER-stress

respectively.

Oscillations in B-cell [Ca?*]c influx and endoplasmic reticulum (ER) Ca?* ([Ca?']er) are
essential for glucose-stimulated insulin secretion (GSIS) and become perturbed during
the pathogenesis of diabetes?°®. Disruptions in B-cell [Ca?*]c and [Ca?*]er also cause ER
stress and B-cell failure under diabetic conditions?*: 207 208 K* channels regulate K* flux
across the plasma membrane, which tunes Ca?* influx by controlling the membrane
potential (Vm) and therefore voltage-dependent Ca?* channel activity (VDCC)3®°. K*
channels also regulate K* flux across the ER membrane, which maintains ER

electroneutrality and sustains the driving force for [Ca?*]er release®® 70 210212 The K2P
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channel TALK-1, is an important K* channel that serves to modulate 3-cell Vm at the
plasma membrane and ER membrane®® 7°. KCNK16, which encodes TALK-1, is the most
highly expressed B-cell K* channel transcript and is almost exclusively expressed in
pancreatic islets’® 97 190 |mportantly a nonsynonymous, coding sequence (cds)
polymorphism (rs1535500) in KCNK16 increases the risk for developing T2DM?®8: %° and
a Leucine to Proline substitution near the K* selectivity filter potentially causes MODY
(See chapter 3 of this dissertation). Altogether, this makes TALK-1 an interesting target

for the treatment of diabetes.

Here, we have identified a novel mutation in KCNK16 (TALK-1 R13Q) that has been
associated with neonatal diabetes. This mutation ablations TALK-1 current at the plasma
membrane but maintains current on the ER membrane. This is presumably due to altered
palmitoylation-mediated TALK-1 trafficking. This results in abnormal B-cell Ca?* handling

and reduced GSIS.

Results

Novel KCNK16 mutation associated with neonatal diabetes ablates plasmalemmal
TALK-1 current.

A novel, recessive, mutation in TALK-1 (TALK-1 R13Q) was identified in a neonatal
diabetic patient from a consanguineous family. This mutation occurs in the N-terminal
domain of TALK-1 and is conserved in both TALK-1 and TALK-2 (Figure 4.1A and 4.1B).
K* currents were recorded using HEK293 cells transfected with either TALK-1 WT plus

mCherry, TALK-1 R13Q plus mCherry, or mCherry alone. K* recordings in response to a
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voltage ramp from -120mV to OmV demonstrated that TALK-1 R13Q resulted in a
complete abolishment of TALK-1 current at the plasma membrane (Figure 4.1C). This is
highlighted by the fact that K* currents from cells expressing TALK-1 R13Q were identical

to K* currents from cells expressing mCherry alone (Figure 4.1C).

TALK-1 R130 maintains single-channel current on the ER membrane.

To investigate whether TALK-1 R13Q functions on the ER membrane, we used nuclear
patch clamp electrophysiology®® 213 to measure K* channel activity on the outer nuclear
membrane, which is continuous with the ER membrane. In response to voltage
stimulations between -100mV and +100mV, cells expressing TALK-1 R13Q showed
similar single-channel ER TALK-1 currents compared to cells expressing TALK-1 WT
(Figure 4.2A and 4.2B). ER TALK-1 R13Q currents were identical to TALK-1 WT currents
in both amplitude and open probability (Figure 4.2C and 4.2D). Therefore, despite being
a loss-of-function on the plasma membrane, TALK-1 R13Q maintained normal current on

the ER membrane.
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Figure 4.1: A novel KCNK16 mutation found in an individual with neonatal diabetes ablates plasma membrane
TALK-1 current.

A novel mutation in the C-terminus of TALK-1 (A) has been identified in a patient with neonatal diabetes. This mutation (red) is
conserved in both TALK-1 and TALK-2 and is only 3 amino acids away from palmitoylation sites (purple) found in TALK-1 (B). K*
currents monitored from TALK-1 WT, TALK-1 R13Q, and HEK293 control cells with whole-cell voltage clamp recordings, in

response to a voltage ramp from -120mV to OmV. Mean + SEM (C)
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Figure 4.2: TALK-1 R13Q maintains current on the ER membrane.

Nuclear Patch clamp, single channel recordings of nuclei expressing TALK-1 WT and TALK-1 R13Q stimulated at either +100, +75,
0, -75, or -100mV (A and B) Single channel recordings were analyzed for average current and open probability of single channel,

nuclear patch clamp currents (C and D). Mean + SEM.=; N=12 control cells; N=9 TALK-1 R13Q cells.
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TALK-1 R130Q reduces [Ca?*]er stores

To assess whether TALK-1 R13Q current affects [Ca?*]er handling differently than TALK-
1 WT, we transfected the MIN-6 B-cell line with either TALK-1 R13Q or TALK-1 WT, plus
mCherry and measured [Ca?*]eyto UpON inhibition of SERCAs with cyclopiazonic acid
(CPA) (Figure 4.3A and 4.3B). Inhibition of SERCA pumps prevents [Ca?']er uptake,
therefore dumping [Ca?*]er stores into the cytosol where it can then be measured with
FURA2-AM"®. MIN-6 cells expressing TALK-1 R13Q showed a reduction in [Ca?']er
stores compared to MIN-6 cells expressing TALK-1 WT (Figure 4.3A and 4.3B).
Furthermore, we also utilized another B-cell line, INS-1, to directly measure [Ca?*]er with
the [Ca?*]er indicator D4ER (Figure 4.3C and 4.3D). Cells transfected with D4ER plus
either TALK-1 WT or TALK-1 R13Q showed that TALK-1 R13Q reduces [Ca®']er
compared to TALK1- WT (Figure 4.3C and 4.3D). This suggests that cells expressing
TALK-1 R13Q have more K* current on the ER membrane, most likely due to an
increased number of TALK-1 channels that have not been properly trafficked to the
plasma membrane. This would increase the driving force for [Ca?*]er release and deplete

[Ca?*]er storage.

TALK-1 is palmitoylated and preventing this palmitoylation recovers plasmalemmal
TALK-1 R130 currents.

Reduced [Ca?*]er storage in cells expressing TALK-1 R13Q suggests that there is more
TALK-1 current on the ER of TALK-1 R13Q expressing cells than on the cells expressing
TALK-1 WT. This, together with the fact that TALK-1 R13Q current is not on the plasma

membrane led us to investigate possible mechanisms for the loss of plasma membrane
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Figure 4.3: TALK-1 R13Q reduces [Ca?*]¢r.

Cyclopiazonic Acid (CPA) was used to inhibit SERCA pumps on the ER membrane, resulting in [Ca®*]er depletion, was measured
by the FURA-2AM Ca? indicator in MIN-6 cells (A and B). Rat insulinoma cells (INS-1) alone or expressing either wild-type TALK-1
or TALK-1 R13Q monitored for ER Ca?* with the genetically encoded indicator, D4ER (C and D). Mean + SEM; N = 3 animals; *P <

0.05, **P <0.01.
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Figure 4.4: TALK-1 is palmitoylated on C7 and C9 and preventing this palmitoylation recovers TALK-1 R13Q currents.

A palmitoylation pull-down shows that TALK-1 is palmitoylated and mutating C7 and C9 to an alanine prevents this palmitoylation
(A). K* currents monitored from TALK-1 WT, TALK-1 R13Q Palmitoylation mutant in response to a voltage ramp from -120 mV to

60 mV (B). Mean = SEM
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TALK-1. One mechanism that regulates trafficking of proteins such as ion channels is
palmitoylation®!4. Indeed, with a palmitoylation pull-down, we found that TALK-1 is
palmitoylated on Cysteine 7 (C7) and Cysteine 9 (C9) (Figure 4.4A -data generated by
Dr. Matthew Dickerson), two residues in close proximity to the R13Q mutation.
Palmitoylation of some proteins is known to facilitate protein trafficking away from the
ER?15>218; therefore, it is possible that palmitoylation on TALK-1 C7 and C9 regulates
TALK-1 trafficking from the ER membrane to the plasma membrane. Mutating TALK-1
C7 and C9 to alanines (C7AC9A) prevents palmitoylation (Figure 4.4A), so we
investigated whether TALK-1 C7AC9A affected the plasmalemmal current ablation seen
with TALK-1 R13Q. To accomplish this, we transfected HEK293 Cells with either TALK-
1 WT or TALK-1 R13Q C7ACO9A. Interestingly, TALK-1 R13Q C7AC9A showed a
recovery of plasmalemmal K* current up to the level of TALK-1 WT current (Figure 4.4B
-data generated by Dr. Matthew Dickerson). This suggests that palmitoylation at C7 and
C9 may be affected by R13Q and that, like other proteins?16-218 palmitoylation could
prevent trafficking of TALK-1 from the ER membrane to the plasma membrane. This
would result in an increased number of TALK-1 channels on the ER membrane and

explain the reduction in [Ca?*]er storage we see with TALK-1 R13Q.

TALK-1 R130 completely abolishes glucose-stimulated insulin secretion.

To see the affect that TALK-1 R13Q has on GSIS, islet clusters were transduced with
lentiviral vectors hat contained a RIP promoter driving expression of either TALK-1 WT
or TALK-1 Leull4Pro followed by a P2A cleavage site and the Nano-Luc Pro-insulin

Luciferase reporter?1% 220, Mouse islets expressing TALK-1 R13Q showed loss of GSIS

89



when compared to mouse islets expressing TALK-1 WT or TALK-1 R13Q Dominant
Negative (Figure 4.5A). Furthermore, human islets expressing TALK-1 R13Q showed

both loss of GSIS and reduced basal insulin secretion (Figure 4.5B).

The impact of TALK-1 R130 on GSIS is not due to increased ER-stress or altered
insulin granule processing.

As TALK-1 R13Q seems to only have functional current on the ER membrane and it
reduces [Ca?*]er storage we were interested in whether the ablated GSIS was caused by
increased ER-stress, which has been shown to cause beta-cell failure due to other
mutations (e.g. in insulin and WFS1) that result in neonatal diabetes>” 158 221 Tqo
investigate this, we utilized both an ATF-6 luciferase reporter assay??? and a qRT-PCR to
monitor ATF-6 cleavage and ER-stress marker expression levels respectively. Although
TALK-1 R13Q reduced [Ca?']er storage, we found no difference in ER-stress with either
of these assays when comparing cells expressing TALK-1 R13Q and TALK-1 WT (Figure

4.6A and 4.6B).

As the loss of GSIS does not seem to be caused by ER-stress, we next investigated
whether it could be due to improper ER insulin-processing and insulin granule formation.
To test this, we transduced islet clusters with a lentivirus containing a RIP promoter
expressing either TALK-1 WT or TALK-1 R13Q followed by a P2A cleavage site and the
Nano-Luc Pro-insulin Luciferase reporter (Figure 4.7A). We then fixed the islets and

stained for luciferase to visualize insulin production and trafficking into granules.
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Figure 4.5: TALK-1 R13Q ablates glucose-stimulated insulin secretion.

Mouse and Human islets were transduced with viruses containing the RIP promoter expressing either wild-type TALK-1, TALK-1
R13Q, or TALK-1 R13Q Dominant Negative (DN) followed by a P2A cleavage site and the NanoLuc-proinsulin luciferase. Average

secreted luciferase at 2 mM and 20 mM glucose from mouse (A) and human (B) islets; Mean + SEM, N = 3 mice, N = 6 humans.
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Cells expressing an ATF6 reporter construct (contains an ATF6 DNA binding domain upstream of a luciferase) plus either TALK-1

WT, TALK-1 DN, or TALK-1 R13Q were exposed to either tunicamycin (TM) or vehicle for 16-20 hours and then a luciferase assay

was run (A). INS-1 cells expressing either TALK-1 R13Q or TALK-1 WT were treated with either TM or vehicle for 16-20 hours and

RNA was isolated and a qRT-PCR was run (B); mean + SEM; N = 3
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Figure 4.7: TALK-1 R13Q does not overtly affect insulin staining patterns.

Islet clusters were transduced with a virus containing a RIP promoter expressing either TALK-1 WT or TALK1- R13Q followed by a
P2A cleavage site and the Nanoluc-proinsulin luciferase (A). Transduced islet clusters were fixed and stained for luciferase (B and

Q).
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Islets expressing TALK-1 R13Q did not show any obvious or immediate differences in
insulin granule staining compared to islets expressing TALK-1 WT, which suggests that
insulin production in the presence of TALK-1 R13Q is packaged into granules and

properly trafficked (Figure 4.7)

TALK-1 R130 abolishes glucose-stimulated Ca?* influx.

As TALK-1 R13Q did not show any obvious ER function defects, we next assessed
[Ca?*]eyto handling. To accomplish this, we utilized B-cells that were transduced with a
virus containing the RIP promoter expressing either TALK-1 R13Q or TALK-1 R13Q
Dominant Negative (DN) followed by a P2A cleavage site and mCherry (Figure 4.8A)
and measured glucose-stimulated [Ca?*]eyto influx with the [Ca?*]eyto indicator, Fura2-AM.
The DN was designed by mutating the K* selectivity filter of TALK-1 (TALK-1 G110E)".
TALK-1 with this G110E point mutation prevents channel activity by dimerizing with
endogenous TALK-1 subunits and disrupting the channel’s K* selectivity filter to abolish
K* flux’® 223, Remarkably, B-cells expressing TALK-1 R13Q had a complete loss of
glucose-stimulated [Ca?*]cyto influx (Figure 4.8B). Whereas B-cells expressing the control
TALK-1 R13Q DN displayed normal glucose-stimulated [Ca?*]eyto influx (Figure 4.8B).
This suggests that while TALK-1 R13Q does not have functional current on the plasma
membrane, it can still greatly affect plasma membrane ion channel activity and may

indicate a novel role for intracellular TALK-1 current.
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Figure 4.8: TALK-1 R13Q ablates glucose-stimulated Ca?* influx.
B-cells were transduced with a virus containing the RIP promoter expressing either TALK-1 R13Q or TALK-1 R13Q DN followed by

a P2A cleavage site and mCherry (A). Transduced cells were then monitored for [Ca*]cyto UpON stimulation from 2 mM to 14

mM glucose. Mean + SEM; N = 97 R13Q DN cells; N =121 R13Q cells.
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Discussion

We have identified the first case of neonatal diabetes that is likely due to a mutation in
KCNK16. The novel TALK-1 R13Q mutation results in a loss of K* efflux at the plasma
membrane, but maintains current on the ER-membrane, presumably due to a loss of
proper TALK-1 trafficking from the ER to the plasma membrane. While, TALK-1 R13Q is
only functional intracellularly, it still results in abolished B-cell [Ca?*]cyto influx and
therefore, abolished GSIS. This highlights a critical role of intracellular TALK-1 function in
B-cell physiology. Unlike other neonatal diabetes-associated K* channelopathies, TALK-
1 is unresponsive to sulfonylureas’. Thus, our data suggest not only a novel therapeutic

target for KCNK16-associated neonatal diabetes but for other forms of diabetes as well.

TALK-1 belongs to the “leak” K2P channel family characterized by constitutive K* flux.
TALK-1-mediated hyperpolarization of B-cell membrane potential limits VDCC activity,
Ca?* entry and GSIS”°. Neonatal diabetic mutations in Kate result in neonatal diabetes by
activating the channel thereby hyperpolarizing the B-cell membrane and preventing
insulin secretion!®: 205 We predicted that this would also be the case for TALK-1 R13Q;
however, we find that TALK-1 R13Q is a loss-of-function mutation at the plasma
membrane. This would be predicted to increase 3-cell insulin-secretion, however, that is
not what we see with TALK-1 R13Q. Instead, the TALK-1 R13Q plasmalemmal loss-of-

function shows complete abolishment of GSIS.

This made us turn to a possible intracellular role for TALK-1 R13Q. Indeed, while TALK-
1 R13Q is a loss-of-function at the plasma membrane, it maintains potassium permeable
channel function on the ER-membrane. This suggests that TALK-1 is not efficiently

trafficked to the plasma membrane. Although the exact mechanisms that regulate TALK-
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1 trafficking have not been conclusively defined, palmitoylation has been shown to play
an important role in regulating other potassium channels trafficking to the membrane.
Interestingly, TALK-1 has a strong palmitoylation motif near R13Q with two cysteine
residues separated by a serine. Interestingly, arginine residues that reside near
palmitoylation motifs have been implicated in the ability of enzymes to palmitoylate their
targets?24 225, Here, we show that preventing that palmitoylation rescues TALK-1 R13Q
current on the plasma membrane, indicating the R13Q mutation could be preventing de-
palmitoylation and trafficking to the plasma membrane. Preventing this trafficking would
result in an increased number of TALK-1 R13Q channels on the ER membrane and
therefore reduced [Ca?*]er stores. Indeed, we show that compared to cells expressing

TALK-1 WT, cells expressing TALK-1 R13Q have reduced [Ca®*]er stores.

Other neonatal-diabetic mutations, such as mutations in INS-1 and WFS-1, cause B-cell
ER-stress!®” 221, Mutations in INS-1 result in ER stress by prohibiting proper insulin
processing thereby initiating the unfolded-protein response!®’. Specifically, mutations in
WFS-1, a transmembrane protein, deplete [Ca®*]er stores leading to B-cell apoptosis??6.
This apoptosis can be prevented by overexpressing SERCA to restore [Ca?*]er stores??6.
Furthermore, SERCA activity has been shown to control proinsulin processing and
secretion®3. Based on this, we predicted that the reduction in [Ca?*]er stores seen with
TALK-1 R13Q would cause ER-stress, thereby causing the un-folded protein response,
improper insulin processing, and B-cell failure. However, expression of TALK-1 R13Q in
B-cells did not result in ER-stress or alterations of insulin granule staining. Therefore, we

had to consider other possible explanations.
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We found that while there are no functional TALK-1 R13Q channels on the plasma
membrane, TALK-1 R13Q still completely abolished B-cell glucose-stimulated [Ca?*]cyto
influx. This loss of glucose-stimulated [Ca?*]eyto influx explains the complete loss of GSIS
we see with TALK-1 R13Q. Future studies are needed to clarify how a K* channel that is

not functional on the plasma membrane could affect plasma membrane Ca?* influx.

As described in chapter II of this dissertation, TALK-1 activity controls mitochondrial
function. Specifically, we showed that a B-cell specific TALK-1 KO has increased
mitochondrial Ca?* ([Ca?*]mito) and increased mitochondrial respiration. Therefore, it is
possible that the TALK-1 R13Q mutation resulting in an increased number of TALK-1
channels on the ER-membrane is depleting [Ca?*]er stores to the point that it is limiting
Ca?* transfer from the ER to the mitochondria at the mitochondrial-associated membrane
(MAM). This would reduce [Ca?*]mito and therefore reduce ATP production , ATP-mediated
closure of Katp channels, and eventually GSIS. Pyruvate kinase activity is also affected
by cellular Ca?* signaling, and Dr. Merrins group recently developed a model in which
pyruvate kinase generates the ATP/ADP ratio required for GSIS??’. Interestingly TALK-
1 has already been shown to interact with a protein found at the MAM, TMX2104, TMX2
shows increased MAM expression upon palmitoylation??® suggesting that changes to
TALK-1 R13Q palmitoylation could alter TALK-1 localization to the MAM. This highlights

an exciting new possibility that intracellular TALK-1 function is linked to neonatal diabetes.

In conclusion, we have identified a novel mutation in KCNK16 causing a plasmalemmal
loss-of-function in TALK-1, improper TALK-1 palmitoylation, possible alterations in TALK-
1 cellular trafficking, which result in reduced [Ca?*]er stores, loss of glucose-stimulated

Ca?*influx and inhibition of GSIS. Our data suggest that the role of TALK-1 in regulating
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ER function, as well as possibly mitochondrial function, can result in reduced VDCC
channel activation, limit GSIS, and control 3-cell function independently from its role on

the plasma membrane.
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Chapter V
Summary and Future Directions

Diabetes affects 422 million people worldwide, including almost 10% of the American

population, and is caused by pancreatic B-cell failure'!’. Islet cell K* channels are
contributors to B-cell dysfunction. Furthermore, targeting K* channels has proved to be
an effective treatment for diabetes. Indeed, inhibition of B-cell Katp insulin secretion
lowers blood glucose levels. GWAS studies have identified four K* channel loci possibly
associated with T2DM susceptibility, including KCNJ11118-121 ' KCNJ15122, KCNQ1123, and
the TALK-1 locus, KCNK1698: 99 124: 125 gpecifically, the studies on KCNK16 established
that KCNK16 contains a single nucleotide, non-synonymous, polymorphism (rs1535500)
associated with an increased risk for T2DM in Pima-American Indians as well as
individuals of East Asian ancestry®: 124126 The observations described in this dissertation

suggest the exciting possibility that TALK-1 could be targeted as a diabetic therapy.

During B-cell glucose stimulation, the outward rectifying, non-inactivating K* current of
TALK hyperpolarizes the B-cell membrane, thereby limiting VDCC channel activation and
subsequent insulin secretion’®. Global TALK-1 KO causes the B-cell membrane potential
to depolarize thereby increasing action-potential firing frequency?’®. This increased action
potential frequency results in increased Ca?* oscillations, and therefore increased first-
phase pulsatile-insulin secretion”. At the ER membrane, TALK-1 allows K* to move down
its concentration gradient and into the ER thereby providing a counter-current for [Ca?*]er
release®. This was established with studies that showed increased [Ca?*]er in global
TALK-1 KO cells and reduced [Ca?*]erin cells expressing TALK-1 with a gain-of-function

polymorphism?®® 79, Reduced [Ca?*]er results in ER stress and reduced insulin secretion*%
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65, While these studies elucidated that TALK-1 modulates glucose homeostasis, the exact
role(s) that TALK-1 plays in modulating B-cell function remained unknown. Therefore, in

this dissertation, we generated a 3-cell specific TALK-1 KO mouse model (3-TALK1-KO).

TALK-1 Control of Mitochondrial Function.

Similar to the global TALK-1 KO mouse model, the B-TALK1-KO showed increased 3-cell
[Ca?*]c oscillation frequency (Figure 2.2). Both [Ca?*]c and [Ca?*]er are known to be tightly
associated with mitochondrial function. Indeed, B-TALK1-KO islets also showed
increased [Ca?*|mito (Figures 2.3 and 2.4). These changes to B-cell Ca?* handling resulted
in B-TALK1-KO islets also having increased mitochondrial ATP production (Figure 2.6).
Our data indicates that TALK-1 regulates B-cell [Ca?*]mito thereby modulating

mitochondrial function and islet ATP synthesis.

It has also been shown that cytosolic ATP levels drop during B-cell activation, possibly
due to increased ATP hydrolysis by SERCA and PMCA%8. As B-TALK1-KO islets have
increased [Ca?*]c oscillations, it is possible that they also have increased PMCA and
SERCA activity thereby requiring more ATP production. To test this in future studies, we
could first measure PMCA and SERCA mRNA expression in both B-TALK1-KO and
control islets. We can then utilize a microplate technique that concurrently measures
[Ca?*]lerand SERCA ATP hydrolysis??° to test whether SERCA activity does indeed utilize
more ATP in B-TALK1-KO islets compared to control. Furthermore, we could utilize a
SERCA inhibitor to see if ATP levels become similar between B-TALK1-KO and control

islets upon SERCA inhibition.
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ATP is required for B-cell Katp channel closure and GSIS. Therefore, it would be
interesting to measure Karp current in B-TALK1-KO mice to see if the increased ATP

production increases Katp currents.

TALK-1 Requlation of Insulin Resistance

We next tested how B-TALK1-KO mice respond to diabetic conditions. B-TALK1-KO mice
have improved glucose tolerance on a high-fat diet (Figure 2.7) but interestingly show
reduced GSIS compared to controls (Figure 2.8). Interestingly, the mass of the insulin
pulse that signals at the liver can determine the amount of hepatic insulin clearance that
occurs!’, specifically, hepatic IRS-1 and IRS-2 signaling becomes delayed when the
pulsatile pattern of insulin secretion is disrupted’2. Dr. Peter Butler's group showed
thatTALK-1 affects B-cell pulsatility, TALK-1 inhibitors could improve insulin efficacy and

thus prevent B-cell dysfunction under diabetic conditions.

B-TALK1-KO mice show increased (Figure 2.2)we decided to look at liver insulin
sensitivity with TALK-1 ablation. We showed that global TALK-1 KO islets had increased
levels of pAKT in response to insulin compared to control (Figure 2.8), indicating that

pancreatic TALK-1 channels are somehow regulating hepatic insulin sensitivity.

An adequate insulin pulse frequency is also required for inhibition of endogenous glucose
production'’®, Therefore, it is possible that TALK-1 regulation of pulsatile insulin secretion
results in B-TALK1-KO mice having reduced hepatic glucose production. This will be
accomplished by measuring mRNA expression of gluconeogenic enzymes such as

PEPCK and glucose-6-phosphatase?3° or by using labeled glucose?.
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If neither of these hypotheses are able to explain the interesting glucose handling in -
TALK1-KO mice, we could also test the possibility that there is diminished glucose
reabsorption by the kidney and glucose is lost in the urine. To test this a simple urine
glucose test on B-TALK1-KO and control mice could be performed. Alternatively, it could
be insulin resistance in another tissue, such as muscle tissue, that is being affected by
the B-TALK1-KO. Indeed, preliminary studies by Arya Nakhe in the Jacobson lab indicate

higher basal insulin sensitivity in B-TALK1-KO skeletal muscle when compared to control.

These studies will verify whether or not B-cell TALK-1 channels regulate peripheral insulin
sensitivity under diabetic conditions. If this is indeed true, these findings will have
implications for how the GOF single nucleotide polymorphism in KCNK16 (rs1535500)
results in an increased risk for developing T2DM. This could be tested by using CRISPR

to generate the rs1535500 cds change in a mouse model.

TALK-1 and Monogenic Diabetes

These findings, along with the currently known T2DM associated polymorphism
(rs1535500) described above, highlight TALK-1 as a viable candidate for diabetic
therapies. Therefore, in this dissertation we next sought to describe the role of TALK-1 in
the pathogenesis of diabetes. To accomplish this, we studied a mutation in KCNK16 that
potentially causes MODY (Leull4Pro) and a mutation in KCNK16 that is associated with

neonatal diabetes (R13Q).

Mature-Onset Diabetes of the Young
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We first demonstrated that whole-cell K* currents were drastically increased with TALK-1
Leul14Pro expression vs. TALK-1 WT expression, due to greater single channel activity
(Figure 3.4). This is due to the location of the proline substitution. This substitution occurs
in the pore domain right near the selectivity filter. Homology modeling indicated that the
proline substitution results in a kink that could hold the pore in an open state (Figure 3.1).
This would result in both the increased amplitude and frequency of channel openings we

see in Leul14Pro when compared to the small, fast, openings of normal K2P channels.

This increased hyperpolarizing current resulted in an inhibition of glucose-stimulated
[Ca?*]c influx and less [Ca?*]er storage (Figure 3.6). Together, these alterations to B-cell
Ca?* handling resulted in TALK-1 Leull4Pro significantly blunting GSIS compared to
TALK-1 WT in both mouse and human islets (Figures 3.7 and 3.9). Complete GSIS
inhibition most likely does not occur due to TALK-1 Leu114Pro activity in d-cells. Global
TALK-1 KO results in increased somatostatin secretion!’!; therefore, the gain-of-function
seen with TALK-1 Leull4Pro would be expected to reduce somatostatin secretion. This
would lower somatostatin inhibition of insulin secretion thereby mitigating the effects that

B-cell TALK-1 Leul14Pro has on insulin secretion.

Further studies are required to determine the in-vivo effects of this mutation; on
parameters such as insulin sensitivity, ER stress, and B-cell destruction. Arya Nakhe in
the Jacobson lab is developing a TALK-1 Leull4Pro mouse model with which she will

investigate the effects of TALK-1 in the pathogenesis of diabetes.

Neonatal Diabetes
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In contrast to TALK-1 Leull4Pro, whole-cell K* channel currents from cells expressing
TALK-1 R13Q show complete abolishment of plasmalemmal TALK-1 current (Figures
4.1). Interestingly, despite not displaying any current on the plasma membrane, TALK-1
R13Q completely abolishes glucose-stimulated [Ca?*]cyto influx at the plasma membrane
(Figure 4.8). TALK-1 R13Q also completely inhibits GSIS (Figure 4.5) suggesting that
intracellular TALK-1 current can still affect 3-cell membrane activity. This could be due to
effects on store operated Ca?* entry (SOCE). When [Ca?'Jer is low, stromal interaction
molecule (STIM1) localizes to the ER-plasma membrane junction where it activates the
Ca?* channel, Orail, thereby initiating SOCE. Studies have shown that STIM1 can inhibit
L-type Ca?* channels?®?; therefore, as TALK-1 R13Q reduces [Ca?']er, it is possible that
it upregulates STIML1 localization to the ER-plasma membrane junction and therefore

reduces L-type Ca?* channel current.

Additionally, normal, single-channel TALK-1 current remained at the ER membrane
despite the loss of function at the plasma membrane (Figure 4.2), and [Ca?*]er was
reduced (Figure 4.3), suggesting increased TALK-1 ER current. This suggests improper
trafficking of the TALK-1 protein. While the exact mechanisms that regulate TALK-1
trafficking have not been conclusively defined, palmitoylation has been shown to play an
important role in regulating other potassium channels trafficking, such as TMX and
calnexin trafficking to the MAM?28, Interestingly, TALK-1 has a strong palmitoylation motif
near R13Q with two cysteine residues separated by a serine. When these palmitoylation
sites are mutated TALK-1 R13Q regains normal plasmalemmal TALK-1 current (Figure
4.4), suggesting that the mutation affects TALK-1 palmitoylation and therefore inhibits

trafficking to the plasma membrane. In this dissertation we show that preventing
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palmitoylation at these sites rescues TALK-1 R13Q current on the plasma membrane,
indicating the R13Q mutation could be preventing de-palmitoylation and trafficking to the
plasma membrane. This is the first indication that improper TALK-1 trafficking can lead

diabetes.

Future studies need to be completed to investigate whether insulin secretion can be
rescued with TALK-1 R13Q palmitoylation mutants. If so, this would provide a novel new
therapeutic target for treating loss of insulin secretion in diabetes. Furthermore, studies
on the exact mechanism of TALK-1 palmitoylation will provide invaluable insights into -
cell K* channel regulation. Perhaps TALK-1 palmitoylation localizes it to the MAM where
it can modulate [Ca?*]mito and ATP synthesis. To test this, seahorse measurements could

be done to compare respiration in TALK-1 R13Q islets and control islets.

Elucidating the &-cell specific role of TALK-1

In this dissertation we focus on the role of TALK-1 in pancreatic p-cells. However, we also
created a &-cell specific TALK-1 KO mouse model (8-TALK1-KO) to investigate the role
of TALK-1 in regulating &-cell function (Figure 5.1). We found that in, contrast to B-TALK1-
KO mice, &-TALK1-KO mice show no difference in glucose tolerance but interestingly
show improved fasting blood glucose under a HFD (Figure 5.1). This is presumably due
to increased somatostatin secretion and reduced glucagon secretion'’? and suggests that
o-cell TALK-1 regulation of somatostatin secretion has a larger effect on a-cell glucagon
secretion than it does on B-cell insulin secretion. These effects explain why global TALK-

1 KO mice had improved fasting blood glucose by no changes to GTT. However,
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extensive studies on 6-TALK1-KO islets are required to understand the mechanism of &-
cell TALK-1 glucose regulation. Arya Nakhe in the Jacobson Lab will continue these

studies.

Furthermore, the GOF TALK-1 Leul14Pro mutation described in this dissertation would
also be affecting TALK-1 in d-cells and may reduce &-cell somatostatin secretion. The
glycemic effects of this could be very complex given the paracrine inhibitory effect of
somatostatin on both insulin and glucagon secretion'’?; however, elucidating this
mechanism will provide great insight into potential MODY caused by TALK-1 Leul14Pro.

Arya Nakhe in the Jacobson Lab will continue these studies.
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Figure 5.1. 6-TALK-1-KO pancreata show improved fasting blood glucose.

Representative immunofluorescent staining of control and &-TALK-1-KO islets for insulin,
somatostatin, and TALK-1 (nuclei in blue labeled with Hoechst) (A). 6-TALK1-KO mice and
control mice (fl/fl) were given an IP GTT (2mg of glucose per gram of body weight) post 2-
weeks HFD. Glucose tolerance (B) and fasting blood glucose (A and B) were measured.
Mean + SEM, N = 4 control and 5 6-TALK-1-KO. P < 0.05.
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Chapter VI: Research Design and Methods

Islet and B-Cell Isolation

Islets were isolated from mouse pancreata as previously described’®. Some islets were
dispersed into cell clusters or single cells and then cultured for 12—18 hours’®. Cells were
maintained in RPMI 1640 with 15% FBS, 100 IU/mL penicillin, and 100 mg/mL
streptomycin in a humidified incubator at 37°C with an atmosphere of 95% air and 5%

COa..

TALK-1 Whole-Cell Currents

Voltage-clamp mode on an Axopatch 200B amplifier (Molecular Devices) was used to
measure whole-cell TALK-1 currents. A Digidata 1440 was used to digitize currents that
were low-pass—filtered at 1 kHz. To record only whole cell TALK-1 currents in B-cells,
Ca?* was removed from the extracellular buffer and TEA, a general K* channel inhibitor
that does not affect TALK-1, was also added. A giga-ohm seal was first created between
the electrode pipette and the cell, followed by the addition of more pressure to rupture the
membrane and the pipette tip and gain access to the cell. The B-cell Viwas then ramped
from OmV to 60mV and the corresponding currents were measured. The whole cell

currents were analyzed using ClampFit and Excel.

Cyvtosolic Calcium Handling Measurements
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Islets were incubated for 25 min in RPMI supplemented with 2 yM Fura-2, AM (Molecular
Probes), followed by incubation in Krebs-Ringer—-HEPES buffer with 2mmol/L glucose for
20min’°. Cells were then imaged every 5 second using a Nikon Eclipse Ti2 microscope
equipped with a Photometrics Prime 95B 25 mm sCMOS Camera. The 535 nm emission
ratios of Fura-2AM fluorescence excited at 340 and 380 nm (F340/F380) were measured.
The cells were perifused at a flow rate of 2 mL/min at 37°C. For glucose stimulated

measurements, perfusion was switched from 2 mM glucose to 11 mM glucose.

Lentivirus Production

To measure [ Ca®*|mito specifically in the B-cell, Cepia2mt'®? and MitoFret'®* were cloned
into a lentiviral plasmid and expressed by a RIP promoter. To turn these plasmids into
working lentiviruses, HEK293FT cells were cultured in DMEM GlutaMax with 10% FBS,
1001U/mL penicillin, and 100mg/mL streptomycin to 50-70% confluency in 2100mm dishes.
The media was then switched to DMEM GlutaMax with 10% Heat-Inactivated FBS for
transfection. Chloroquine was added to the cells and allowed to sit for 10 minutes. The
following DNA mixture (46.7 pl of 2.5M CaCl2, 18.65 ug lentiviral plasmid, 13.9 ug
packaging plasmid (pCMV-dR7.74psPAX2), and 5.56 ug envelope plasmid (pMD2.G)
brought up to 470 ul with water) was added to 470ul of 2X HBS and then added dropwise
onto the cells. Cells were incubated with DNA mixture for 5-7 hours and then the
transfection media was aspirated off and replaced with fresh DMEM GlutaMax with 10%
FBS, 100 IU/mL penicillin, and 100 mg/mL streptomycin. Media containing lentivirus was

harvested 72 hours later and frozen at —80°C before use in mouse and human islet cells.
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Lentivirus Expression

To transduce B-cells with the lentiviruses, islets were isolated from mouse pancreata and
dispersed into clusters through trituration in 0.005% trypsin. After overnight recovery, the
islet clusters were transduced using polybrene with 3rd-generation lentiviruses containing
the appropriate lentiviral plasmids. The virus was left on the cells for 5-7 hours and then

replaced with fresh media. The virus was then allowed to express for 2-3 days.

Mitochondrial Calcium Measurements

[Ca?*]mito was measured using the Cepia2mt and MitoFret lentiviruses described above.
After transduction, B-cells expressing Cepia2mt or MitoFret were incubated in 1 mM
glucose Krebs-Ringer—HEPES buffer for 20 minutes and then imaged. 3-cells expressing
Cepia2mt were imaged on a Zeiss LSM780 with a 20X objective at either 0.5X or 1X
magnification and excited with with a wavelength of 488 nm with an emission of 535 nm
every 5 seconds. B-cells expressing MitoFret were imaged on a Nikon Eclipse Ti2
microscope equipped with a Photometrics Prime 95B 25mm sCMOS Camera with a 20x
objective excited at 410nm. The ratio of the emissions for CFP (480 nm) and YFP (535
nm) were measured. For both Cepia2mt and Mitofret measurements, the cells were
perifused at a flow rate of 2 mL/min at 37°C and glucose stimulation was achieved by
switching from 1 mM glucose to 11 mM glucose. Only B-cells expressing Cepia2mt or

MitoFret were analyzed.
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Seahorse Assays

Seahorse Assays were run using a Seahorse XFE96 with an Agilent Seahorse XFe96
Spheroid Microplate and Agilent Seahorse XFe96 Spheroid Flux Pak (102960-000) as
previously described’®. Whole islets were isolated from either control or B-TALK1-KO
mice that had either been on a standard chow diet or a high-fat diet (HFD) (D12492; 60%
kcal% fat; Research Diets, Inc.) and allowed to rest over-night in RPMI supplemented
with 0.5% BSA. 15 mouse islets were seeded into wells of a CellTak coated XF96
spheroid plate containing 170 ul/well of warm assay medium (Seahorse XF base medium
minimal DMEM, supplemented with 2 mM glucose and 0.1% FBS). To seed the islets, 15
islets were collected in 5 pl of RPMI. The pipette containing the 5 ul RPMI was inserted
to the bottom of the spheroid well and held steady to allow the islets in the pipette to drift
down towards the tip of the pipette. The pipette was then lifted straight up, allowing the
islets to be pulled out of the pipette and settle directly into the bottom of the well. The
plate was then allowed to incubate for 1 hour in a 37°C incubator with no CO2. The sensor
cartridge was prepped according to the protocol (Agilent 102960-000) and the assay was

run with the Agilent Seahorse XF Cell Mito Stress Test Kit (103015-100).

Glucose Tolerance and Insulin Tolerance Tests

Mice were placed on either a standard chow diet or a high-fat diet (HFD) (D12492; 60%
kcal% fat; Research Diets, Inc.). Glucose tolerance testing (GTT) and insulin tolerance
testing (ITT) were performed as previously described?33-235, Briefly, mice were fasted for

5-6 hours and then intraperitoneally injected with either 2mg/g body weight of dextrose in
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PBS or 0.75 units/kg body weight of human regular insulin. Tail glucose measurements

were then taken at the indicated time points.

Serum Insulin Measurements

Mice were fasted for 5-6 hours and then intraperitoneally injected with either 2mg/g body
weight of dextrose in PBS. Tail blood samples were collected in Sarstedt EDTA coated
Microvette CB 300 K2E (16.444.100) tubes at the indicated time points. Serum insulin
was then measured by the Vanderbilt University Hormone Core through

radioimmunoassay.

Clinical Recruitment for MODY

A four-generation family with six affected family members with autosomal dominant
diabetes was identified through a non-obese proband who presented aged 15 years
(Fig.1A) with elevated fasting plasma glucose (7.8 mmol/L) and an abnormal oral glucose
tolerance test (glucose 19.6 mmol/L two hours after 75 g glucose). Antibody testing (islet
cell, islet antigen 2, and glutamic acid decarboxylase-65) was negative. Over two
decades, the proband required minimal insulin to maintain HbAlc of 5.7-6.5%; and she
did not experience ketosis or other diabetes-related complications. Sanger sequencing
for mutations in GCK, HNF1A and HNF4A (the commonest MODY genes) was negative.
Other family members manifest diabetes similarly. The study protocol was approved by
the relevant human research ethics committee (approval HREC/12/QPAH/109). All living

family members gave written informed consent.
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Exome sequencing

DNA was extracted from blood or saliva and sequencing libraries constructed according
to each manufacturer’s instructions. Exome capture was performed using either
Nimblegen SeqCap EZ Human v3.0 Exome Enrichment Kit for the proband (Roche,
Basel, Switzerland) or NexteraTM Rapid Capture Exome kit for subsequent family
members (lllumina, San Diego, CA, USA). Pre- and post-capture quality and yield were
assessed by Agilent High Sensitivity DNA assay (Agilent, Santa Clare, CA) using
Bioanalyzer 2100 (Agilent, Santa Clare, CA) and by qPCR using the KAPA Library

Quantification Kit (Kapa Biosystems, Wilmington, MA).

Multiplexed massively parallel sequencing (six samples per flowcell lane) was performed
on an Illumina HiSeqg 2000 for the proband or HiSeq 2500 for additional family members

(llumina, San Diego, CA, USA), generating 100-base pair paired-end reads.

Data were demultiplexed using lllumina Data Analysis Pipeline software (Bcl2fastq
v1.8.4) and aligned to the current reference human genome (hgl9, released February
2009) using the Novoalign alignment tool (V3.00.02). Sequence alignment files were
converted using Picard tools (v1.124). Variants were called using the Genome Analysis
Toolkit (GATK v2.7-2) and annotated using ANNOVAR. Further analysis of sequence

data was performed using custom scripts employing R and Bioconductor.

Exome data from the proband was analyzed for good-quality likely damaging rare variants
in known MODY genes!#’, using a conservative minor allele frequency (MAF) threshold
of <0.001, based on: (a) prevalence of pediatrics diabetes of 0.2%2%; and (b) prevalence

of MODY mutations in 2% of a pediatric diabetes population!®!; further, most MODY
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mutations are private. After quality control and exclusion of artifact, good quality variants
with minor allele frequency (MAF) <0.05 (assessed against internal and external
databases, including EXAC1, 1000 Genomes2, and dbSNP1373) were retained for

analysis.

Plasmids for TALK-1 Leul14Pro studies

Lentiviral plasmids expressing TALK-1 WT and TALK-1 Leull4Pro were designed for
HEK cell and B-cell studies. A cartoon representation of the different lentiviral constructs
that were utilized in these experiments is presented in Figure 3.2. For whole-cell current
recordings, a lentiviral plasmid was created that contains the CMV enhancer and CMV
promoter placed immediately upstream of either TALK-1 WT or TALK-1 Leull4Pro
followed by a P2A cleavage site and mCherry. For the B-cell Ca?* experiments, a lentiviral
plasmid was created that contains the B-cell specific RIP1-mini-CMV promoter placed
immediately upstream of either TALK-1 WT or TALK-1 Leull4Pro. To utilize the Nano
Luc Pro-insulin Luciferase as a read-out of insulin secretion we developed lentiviral
plasmids that contained the same RIP1-mini-CMV Promoter mentioned above expressing
either TALK-1 WT or TALK-1 Leul14Pro followed by a P2A cleavage site and the Nano-
Luc Pro-insulin Luciferase. A CMV promoter expressing GFP was also inserted into the
plasmid to enable visualization of plasmid expression. The sequences for TALK-1 are
those corresponding to transcript variant 3 (NM_001135105). Transcript Variant 3 was
used for these experiments because it is the most highly expressed ion channel producing
variant of KCNK16 in human 3-cells. Expression levels were identical between the TALK-
1 WT and TALK-1 Leull4Pro constructs (Figure 3.8). Transduction efficiency was also
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similar between the two constructs, approxixmately 55% for TALK-1 WT and 61% for

TALK1 Leull4Pro.

TALK-1 Single Channel Currents

Single Channel currents were measured in HEK cells using attached-patch voltage-clamp
technique. Electrodes were pulled to a resistance of 8 to 10 megaohms and then coated
with Sigmacote. Extracellular solution contained 135 mM NaCl, 5 mM KCI, 1 mM MgCI2,
1 mM CaClz, and 10 mM Hepes (pH 7.3 with NaOH). Intracellular pipette solution
contained 150 mM KCI, 1 mM MgCI2, 5 mM EGTA, and 10 mM HEPES (pH 7.3 with
KOH). Single channel current openings were analyzed for open probability and current
amplitude during a 5-second period of stimulation with 100 mV, 50 mV, and 0 mV. A
threshold of 0.75 pA was set to determine channel openings. Only mCherry positive cells
were recorded. Our reported amplitude and open probability for TALK-1 WT is similar to

that previously published for TALK-19%% 190,

B-cell Vi recordings

Mouse islet clusters transduced with TALK-1 WT-P2A-mCherry or TALK-1 Leull4Pro-
P2A-mCherry were washed twice with Krebs-Ringer-HEPES buffer (KRHB) with (in
mmol/L) 119.0 NaCl, 2.0 CaClz, 4.7 KCI, 25.0 HEPES, 1.2 MgSO4, 1.2 KH2PO4 (adjusted
to pH 7.4 with NaOH) supplemented with either 2 or 14 mM glucose and cultured in KRHB
for 20 min at 37°C, 5% CO2. Patch electrodes (4-6 MQ) were filled with Vm IC with (in
mmol/L) 140.0 KCI, 1.0 MgClz, and 5.0 HEPES (adjusted to pH 7.2 with KOH)

supplemented with 20 pg/mL amphotericin B. The Vm of individual mCherry positive 8-
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cells within islet clusters (10-20 cells) was recorded in current clamp mode using an
Axopatch 200B amplifier with pPCLAMP10 software. The electrical activity of patched [3-
cells was recorded in response to treatments indicated in figure legends. Cells were

identified as B-cells if electrical activity ceased with 2 mM glucose.

Insulin Secretion Measurements

Islet clusters were cultured in a 96-well plate at 20 islet equivalents per well. Islet clusters
were transduced as described above with lentiviral plasmids that contained the RIP1-
mini-CMV Promoter!’ expressing either TALK-1 WT or TALK-1 Leul14Pro (Chapter IlI)
or TALK-1 R13Q (Chapter 1V) followed by a P2A cleavage site and the Nano-Luc Pro-
insulin Luciferase?!® 220, The islet clusters were starved for one hour in 100ul media
(DMEM) containing 5 mM glucose before running the assay. The assay was then run
using the protocol for Promega Nano-Glo® Luciferase Assay System. In short, the
starvation media is replaced with fresh media containing 5mM glucose and the islet
clusters are allowed to secrete for one hour. The media is then collected and replaced
with media containing 14 mM glucose and the islet clusters are again allowed to secrete
for one hour. After the secretion the cells are lysed and collected. The total lysate, the 5
mM glucose secretion media, and 14 mM glucose secretion media are mixed with the
Promega Nano-Glo® substrate and imaged for luminescence using a BioTek Synergy™
H4 Hybrid Microplate Reader. Luminescence from the low and high glucose secretion

media were divided by total luminescence from the lysate.
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Human Islet Cells

Human islets were obtained for the Nano-Luc Pro-insulin Luciferase studies from the
Integrated Islet Distribution Program (IIDP). Human donors were both male and female
as well as from multiple ethnic backgrounds. Information on each human donor is

presented in Table 6.1.

Plasmids for TALK1-R130 studies

Plasmids expressing TALK-1 WT and TALK-1 R13Q were designed for HEK cell and [3-
cell studies. For whole-cell current recordings, a plasmid was created that contains the
CMV enhancer and CMV promoter placed immediately upstream of either TALK-1 WT or
TALK-1 R13Q. For the B-cell Ca?* experiments, a lentiviral plasmid was created that
contains the B-cell specific RIP1-mini-CMV promoter?®’ placed immediately upstream of
either TALK-1 WT or TALK-1 Leul14Pro. To utilize the Nano Luc Pro-insulin Luciferase
as a read-out of insulin secretion we developed lentiviral plasmids that contained the
same RIP1-mini-CMV Promoter mentioned above expressing either TALK-1 WT or TALK-
1 Leull4Pro followed by a P2A cleavage site and the Nano-Luc Pro-insulin Luciferase.
A CMV promoter expressing GFP was also inserted into the plasmid to enable
visualization of plasmid expression. The sequences for TALK-1 are those corresponding

to transcript variant 3 (NM_001135105).
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Table 6.1. Human islet donor information.

Human islets received for human insulin secretion studies from the Integrated Islet Distribution Program.

Islet Isolation | Age | Gender | Ethnicity [ Weight Height | BMI | Cause of Purity Average blood
Center (k9) (cm) Death (%) glucose in mmol/L

Southern 53 | Male White 83.9 182.9 25.1 | Stroke 96 6.2

California

Southern 51 | Male White 76 177.8 24.0 | Head 96 7.8

California Trauma

Miami 57 | Female | Black 79.5 165.0 29.2 | Stroke 95 9.6

Scharp/Lacy 50 | Male Hispanic | 83.9 160.0 32.8 | Anoxia 90 7.5

Scharp/Lacy 57 | Male Hispanic | 72.6 167.6 25.8 | Stroke 95 7.8

Wisconsin 53 | Female | White 38.1 145.0 40.0 | Stroke 92 7.0

Scharp/Lacy 45 | Male Black 106.1 180.3 32.6 | Anoxia 95 7.3

Southern 33 | Male White 106.4 179.0 33.2 | Anoxia 80 7.8

California

*1 mg/dL = 0.0555 mmol/L
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TALK-1 Nuclear Patch Clamp Single Channel Currents

Nuclear patch clamp experiments were performed using the approach described by Mak
and colleagues?!3. Briefly, HEK293 cells were transfected as described above, lifted from
the cell culture plate, and then disturbed with a pestle to pop out the nuclei. The isolated
nuclei were patched in a solution containing 150 mM KCI, 10 mM Hepes, 0.5 mM EGTA,
and 0.36 mM CacClz (pH 7.3 with KOH). Patch electrodes were pulled to a resistance of 8
to 10 megaohms, loaded with recording solution, and coated with Sigmacote. Single-
channel currents were low-pass—filtered at 1 kHz and sampled at 50 kHz. Our reported
amplitude and open probability for TALK-1 WT on the ER-membrane is similar to that

previously published for TALK-165,

Real-time quantitative polymerase chain reaction

gRT-PCR of mouse islet cDNA was performed according to previous described

methods®3.

ATF6 ER-stress luciferase assay

INS-1 (832/13) cells were cultured in RPMI 1640 supplemented with 15% fetal bovine
serum and penicillin-streptomycin and then transfected (as described above) with
P5XATF6-GL3%%? (#11976, Addgene) and plasmids encoding TALK-1 WT, TALK-1 R13Q,
or TALK-1 DN. Cells were incubated overnight with vehicle (DMSO) or tunicamycin (0.25
pug/ml) for 16 to 20 hours before performing a luciferase assay using the Steady-Glo

Luciferase Assay System (Promega) according to the manufacturer’s instructions.
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Immunofluorescence Staining

Islet clusters were transduced (as described above) with a virus containing a RIP
promoter expressing either TALK-1 WT or TALK1- R13Q followed by a P2A cleavage site
and the Nanoluc-proinsulin luciferase. The clusters were then fixed with 4%
paraformaldehyde and stained with a primary antibody against NanoLuc® Luciferase

(R&D Systems MAB100261).

Statistical Analyses

Functional data were analyzed using Clampfit, GraphPad Prism, or Microsoft Excel and
presented as mean £ SEM. Statistical significance was determined using Student’s t-test;

a two-sided P-value <0.05 was considered statistically significant.
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