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ABSTRACT

Developmental Signaling Requires Inwardly Rectifying K™ Channels
in Drosophila melanogaster

Giri Raj Dahal
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy

Inwardly rectifying potassium (IRK/Kir) channels regulate intracellular K*
concentrations and membrane potential. Disruption of Kir2.1 causes dominantly inherited
Andersen Tawil Syndrome (ATS). ATS patients suffer from cardiac arrhythmias, periodic
paralysis, and cognitive impairment. These symptoms are consistent with current understanding
of the role of ion channels in muscle cells and neurons. However, ATS symptoms also include
craniofacial and digital deformities such as cleft palate, dental defects, wide set eyes, low set
ears, and crooked or fused digits. These developmental defects were not consistent with current
understanding of developmental signaling or previously described roles for ion channels. We
found that phenotypes exhibited by the Kir2.1 knockout mouse recapitulate ATS symptoms. The
Kir2.1 knockout mouse phenotypes are strikingly similar to those that occur when Transforming
Growth Factor B/Bone Morphogenetic Protein (TGF/BMP) signaling is disrupted. Based on this
observation, we hypothesized that Kir2.1 may play a role in TGF/BMP signaling. We tested
this hypothesis using Drosophila melanogaster. We reduced a Kir2.1 homologue Irk2 by siRNA,
eliminated the Irk2 channel with a deficiency, and abolished heteromeric Irk channel function
with a dominant negative Irk2. Reduction of Irk2 function caused wing patterning defects and
size reduction that are similar to BMP/Decapentaplegic (DPP) mutant phenotypes. Ubiquitous
expression of Irk2DN is lethal. Wing specific Irk2DN expression caused severe defects
compared to irk2Df demonstrating that Irk channels are heteromeric. We found that two
downstream targets of Dpp were reduced in irk2Df and siRNA expressing wing discs showing
that Dpp requires Irk2 activity. We found that wing specific expression of /rk2DN completely
prevents Mad phosphorylation and induces apoptosis. Suppression of apoptosis does not rescue
MAD phosphorylation showing that apoptosis is caused by lack of an external signal. We
systemically tested the components of the Dpp signaling cascade to find at what point in Dpp
signaling Irk2 is required. We found that Irk2 is not directly required for the intracellular
propagation of the Dpp signal. Irk2DN could not eliminate the phosphorylation of Mad by a
constitutively activated Tkv. We showed that Irk2 affects Dpp spread across the disc. We
speculate that Irk2 affects the endocytic pathway that transports Dpp from medial cells to lateral
cells. We tested the impact of irk2DN on the development of the Drosophila eye where Irk2 is
expressed and Dpp is required for normal patterning. We found that abolition of Irk channels
causes eye defects that are similar to those that occur with the loss of Dpp signaling. Trachea
development also depends on Dpp. Blocking Irk2 in the developing trachea results in severe
defects. We conclude that Irk2 plays a global role in Dpp signaling. Kir/Irk channels could be
therapeutic targets to treat diseases that are impacted by TGFB/BMP signaling, such as cancer.
Furthermore, the demonstration that Irk2 is a node for BMP-like signaling could be used to
control cell fate decisions for regenerative medicine or stem cell therapeutics.

Key words: Irk, Kir, ATS, DPP
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CHAPTER 1: INTRODUCTION

CELL FATE DECISIONS

How does a cell differentiate into a specific type? Cell fate can be acquired by lineage or
by receiving an external signal. One mode of cell type specification involves signal transduction
from neighboring cells. The ‘inducer cells’ send out inductive signals to promote changes in the
neighboring cells called ‘responders’. Inductive signals can require cell to cell contact through
surface proteins, such as Hippo and Notch!. Alternatively, inductive cells can release
morphogens that diffuse to target responder cells. These morphogens diffuse long or short
distances. The fate of responder cells depends on the amount of morphogen they receive.
Examples of the signal transduction pathways that determine cell fate include; Hedgehog,
Wingless, Transforming Growth Factor B (TGF) /Bone Morphogenetic Protein (BMP), c-Jun
N-terminal Kinase (JNK), Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB), Janus Kinase (JAK)- Signal Transducer and Activator of Transcription (STAT), Epidermal
Growth Factor ( EGF), Fibroblast Growth Factor (FGF), and retinoic acid'.

Here, I focus on inductive cell fate determination comprising three major signaling

pathways: TGF-f/BMP, Wnt and Hh and pathways.

SIGNAL TRANSDUCTION PATHWAYS
TGF-fi/BMP signaling

Transforming Growth Factor Beta (TGF-p) is a family of conserved proteins that control
the process of cell growth, differentiation, migration, adhesion, and death in a multitude of
developmental contexts®>*. This superfamily consists of 5 families: TGF-B, Bone Morphogenetic

Protein (BMP), Growth and Differentiation Factor (GDF) Nodal and Activin®. Members of the



TGF-P superfamily share a simple, but elegant mechanism. A dimeric ligand is released from the
inducer cells. The dimer binds cell surface receptor proteins on the responding cell. The receptor
proteins are transmembrane serine-threonine kinase receptors that consist of an intracellular
kinase domain and a phosphorylation site. Ligand binding causes two receptors (type I and type
IT) to come together and start a chain of unidirectional phosphorylation events. First, the type 11
receptor is phosphorylated, then its kinase domain phosphorylates the type I receptor®”. The type
I receptor phosphorylates the R-SMADs that carry the extracellular signal to the nucleus.
Phosphorylated R-SMADs recruit another set of SMADs called Co-SMADs to form a complex”.
This complex enters into the nucleus to act as a transcription factor to express or inhibit target
genes. Inhibitory SMADs (I-SMADs) block the signal by interfering with R-SMAD
phosphorylation®. Since this signaling pathway is involved in so many cellular processes,
mutations of different members disrupt the pathway and lead to similar phenotypes. This can
cause several diseases such as hereditary chondrodysplasia, persistent mullerian duct syndrome,’

and cancer'”.

Whnt signaling

Wnt signaling consists of a family of conserved signaling molecules that regulate cell fate
decisions from embryogenesis to organogenesis across species. Wnt family proteins pattern
Xenopus neural systems'!, vertebrates limbs '? and Drosophila wings and eyes'*!*. Typically,
Whnt ligands are released from the inducer cells and diffuse into the territory of the responder
cells. The ligand binds with the receptor complex composed of frizzled family proteins'>-16,
When Wnt binds its receptor, it suppresses the B-catenin destruction complex (Axin,

adenomatous polyposis coli (APC) and Glycogen synthase kinase 3 (GSK-3)!”. An increased

level of hypo phosphorylated B-catenin in the cytoplasm makes its entry into the nucleus



possible. In the nucleus, B-catenin directs expression of target genes through cell-specific
transcription factor/lymphoid enhancer-binding factor 1 (TCF/LEF) family of transcription
factors'®. In the absence of Wnt binding, the B-catenin destruction complex maintains the p-
catenin level low in the cytoplasm by making it a target of proteasomal destruction. Because this
pathway is well conserved and essential in many development processes, irregularity of the
signaling causes various diseases. For example, loss of signaling components causes X-linked
focal dermal hypoplasia'®, early coronary disease, osteoporosis?’, and obesity?!. On the other

22-23

hand, gain of function mutations have been associated with type II diabetes**>, colon?* and skin

CEIIlCGI'S25 .

Hedgehog signaling

The hedgehog signaling pathway patterns organs such as the heart, lung, bone, cartilage,
neurons, and teeth. Disruption of hedgehog signaling leads to a multitude of diseases?®.
Mammals have three types of Hedgehog: Sonic hh, Indian hh, and Desert hh, whereas
Drosophila has only one. In Drosophila, Hh induces the expression of decapentaplegic
(dpp)/BMP in the eye and wing disc to pattern those organs®’. Hh binds to a 12 pass
transmembrane receptor protein called Patched. Patched suppresses the expression and activity
of a heptahelical transmembrane protein called smoothened 3. Hh binding of patched releases
smoothened from its suppresser and allows it to accumulate in the cytoplasm. Smoothened
prevents the cleavage of transcription factor Gli by sequestering it to a microenvironment with
the help of kinesin-like protein Costal-2?°. In the absence of smoothened, several kinases such as
Protein Kinase A, Glycogen synthase kinase 3 3, and Casein kinase 1(CK1) phosphorylate Gli

to make it a target of proteolytic cleavage. In the nucleus, uncleaved Gli activates the expression

of Hh specific genes whereas cleaved Gli suppresses them. Vertebrates require a cilium for the


http://en.wikipedia.org/wiki/CAMP-dependent_protein_kinase
http://en.wikipedia.org/wiki/GSK-3
http://en.wikipedia.org/wiki/Casein_kinase_1

Hh signaling. In the absence of hedgehog (Hh) binding, Patched inhibits the Smoothened from
entering the cilia and converts the Gli and suppresser of fused (SUFU) complex to make the
repressor Gli*!. Binding of Hh relieves the suppression of Smoothened which accumulates in the
cilium and signals downstream?!. Misregulation of the Hh signaling pathway causes several
developmental diseases such as Postaxial polydactyly type 3, Smith-Lemli-Opitz syndrome,
Holoprosencephaly, Pallister-Hall syndrome, and cancers such as Sporadic medulloblastoma and

Glioblastoma*?.

Bioelectric signaling

Manipulating membrane potential to induce changes in cellular function is called
bioelectric signaling. Bioelectric signaling plays an important role in signal transduction of
excitable cells such as neurons and muscles, but its role in other tissues has been appreciated
only recently. Modulation of ion channels, pumps, and gap junctions changes membrane
potential or drives electric current across the cells*>. This mode of signaling occurs in parallel or
upstream of protein based signal transduction. Bioelectric signals can induce apoptosis or cell
growth®¥. Changes in membrane potential can be a mechanism to achieve signaling®*¥. A H+,
K-+-ATPase ion pump creates bioelectric signal, that shapes the head and organ size in planaria®*.
Artificial induction of membrane potential changes in non-eye tissue can induce ectopic eyes>°.
Voltage potential is involved in Xenopus tail regeneration’’, planaria head regeneration®®

40-42

embryonic neural tube patterning°, cell migration***?, and wound healing®.

INWARDLY RECTIFYING K" CHANNEL 2 (KIR2.1/IRK2)
Inwardly rectifying K* channels are a group of channels that regulate the cellular resting
membrane potential, control cell volume, maintain pH, and balance the ion concentrations. These

channels allow K into the cells liberally at negative resting potentials, but allow outward current



sparingly at positive membrane potentials so they are called inwardly rectifying. A crystal
structure of a typical Kir channel shows that four Kir protein subunits assemble to form a
functional channel. Each consists of a cytoplasmic amino and carboxyl terminal and a pore-
forming domain (H5) surrounded by transmembrane domains (M1 and M2) (Figure 1-1). These
channels can either be homo or heterotetrameric. The functions of inwardly rectifying K*
channels are diverse. Human Kir proteins are classified into four functional groups, namely:
constitutively active classic Kir channels (Kir2.x), G protein gated Kir channels (Kir3.x), ATP-

sensitive K™ channels (Kir6.x), and K* transport channels (Kirl.x, 4.x, 5.x and 7.x)*.

Selectivity filter

D

( o N > Side helix

Figure 1-1. Molecular architecture of Kir channels showing transmembrane domain. It comprises three
helices: TM1, Pore and TM244-4¢

Irk channels are well-conserved from prokaryotes to eukaryotes. Drosophila Itk 1 and 2 are
related to human Kir2, Kir3, and Kir6*’. Kir2 subtypes (Kir2.1, Kir2.2, and Kir2.3) are constitutively
active and maintain a strong inwardly rectified current. Kir 2.1 knockout animals have a complete cleft
in their secondary palate that prevents them from feeding. In addition, these animals die within 12 hours
after birth because of respiratory problems*®. Kir2.1 knockout or dominant negative mice have a slower

heart rate than wild type mice*® because Kir channels are expressed in cardiac myocytes**>°. Similarly,



Kir2.1 is also necessary for differentiation of myoblasts®! and for the fusion of mononucleated
myoblasts to form skeletal muscle fibers®?. Abnormal Kir2.1 function is also associated with short Q-T
syndrome, a distinct cardiac disease resulting in syncope, atrial fibrillation, and a high incidence of
sudden cardiac death, among young patients>>. Kir protein function is partially redundant. Loss of one
Kir channel subunit can be restored by another subunit®*; for example Kir 2.1 and 2.2 knockout mice

exhibit no abnormal neuronal phenotype*® which may be due to the compensation by other channels.

MUTATIONS THAT DISRUPT KIR2.1 CAUSE ANDERSEN-TAWIL SYNDROME

Mutations in the gene encoding Kir2.1 (KCNJ2) result in a rare dominantly inherited
disorder called Andersen-Tawil Syndrome™. Andersen et al, described a peculiar case of an eight
year old boy who had cardiac arrhythmia, periods of muscular weakness, and several
developmental defects such as dwarfism, hypertelorism, low set ears, aplasia of teeth, curved
fingers, bilateral ptosis, a broad nose and other abnormalities>®. More than two decades later,
Tawil et al, characterized the syndrome as “potassium sensitive, periodic paralysis, ventricular
ectopy, and dysmorphic features™’. Furthermore, Tawil and others mapped the cause of
Andersen’s syndrome to chromosome locus 1723 with KCNJ2 gene that codes for inwardly
rectifying potassium channel Kir2.1%%. The syndrome was renamed as Andersen-Tawil syndrome
(ATS) after the scientists A.D. Andersen and R. Tawil for their roles in the identification of this
disease. Andersen-Tawil syndrome is an autosomal disorder characterized by the triad of
periodic paralysis, heart arrhythmias and dysmorphic features. Since the description provided by
Andersen and Tawil, research interest in this syndrome has increased dramatically, especially

after the identification of the causative KCNJ2 mutations. As more subjects were analyzed, the



identification criteria have also been expanded and have been tabulated by Yoon and colleague

in Table 1-1°°.

Over 30 mutations in KCNJ2, which encodes Kir2.1, have been found to be associated
with ATS (Fig 1-2). These mutations cause a dominant negative effect on the function of the Kir
channel that leads to symptoms of ATS. The patients are heterozygous for the mutant KCNJ2
allele. The severity of the disease depends on the specific mutations. Some mutations cause all
three phenotypes (periodic paralysis, heart arrhythmias and developmental defects) whereas
others cause fewer phenotypes or no phenotypes and symptoms are usually more severe in

males®0-6!,



Table 1-1. Current and Proposed expansion of phenotype for ATS diagnosis>

Current dysmorphic diagnostic

criteria

Proposed expansion of diagnostic criteria

Two or more of :

Low set of ears

Hypertelorism

Small mandible

Clinodactyly

2-3 Syndactyly

Major features :

Characteristic faces (broad forehead, short palpebral fissures, full nasal
bridge with bulbous tip, malar, maxillary and mandibular hypoplasia, thin
upper lip, triangular shape, mild asymmetry) palate (high arched or
cleft)Dental abnormalities (persistent primary dentition, oligodontia, or
abnormally long dental roots with open apices, narrow upper and lower

dental arches, short jaw, notching of the lower mandible, dental crowding)

Small hands and feet

Variable brachydactyly

Toe clinodactyly and 2-3 syndactyly

Minor features: hypertelorism, 5th finger clinodactyly, small head
circumference, short stature, prominent frontal sinuses, gracile ribs and

long bones,

Other features seen in ATS: scoliosis, scapular winging, copper beaten

skull, delayed bone age
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Figure 1-2.Topology of Kir2.1 channel with known mutation and deletions involved in ATS patients and
carriers®> %,

ATS is caused by mutations that disrupt conserved regions of Kir2.1 (Figurel-2). Most
of the mutations that occur in ATS cases are in the cytoplasmic side of the C-terminus (Figurel-
2). For example V302 lies in the c-terminus on the cytoplasmic side of the channel. It is located
in the G-loop that makes a flexible barrier for the K conductance. The V302M mutation alters
the G-loop structure obstructing the proper channel function’®. The C-terminus is important
because it binds with Mg™" and polyamines so that K* cannot pass through the channel towards
the outside of the cell. Mutations that disrupt the conserved GYG pore domain disrupt the K*

channel. Mutations in this region compromise the selectivity of the channel. The N-terminus site



of the cytoplasmic region is important because it helps to anchor the protein to the cell

membrane. Most mutations encode proteins that act in a dominant negative fashion.

ANDERSEN- TAWIL SYNDROME SYMPTOMS

Periodic paralysis

Traits associated with ATS can vary in penetrance. One of the identifying characteristics
of ATS is periodic paralysis. In one large kindred with ATS, Kir2.1 R67W causes an autosomal
dominant trait of periodic paralysis only in males, but not in females®’. Periodic paralysis can
happen early in life-usually within the first 20 years of the life’!. In a study of ten patients, nine
showed episodic weakness with a mean age of 5 years and ranging from 8 months to 15 years’?.
The cause of periodic paralysis in ATS patients is Kir malfunction in the skeletal muscle. Kir is
expressed ubiquitously in the skeletal muscle and shifts the resting potential (Eres) towards
hyperpolarization**. Mutations that disrupt Kir2.1 in ATS patients cause the resting potential to
shift, reversing it towards depolarization. Depolarization leads to inactivation of Na* channels.
Na" channels are needed to initiate and propagate action potential, so inactivation of the Kir
channel ultimately leads to periodic paralysis. Kir channels are also important for differentiation
of myoblasts®' and to form multinucleated skeletal muscle fibers®2. For both processes, Kir
channels change the resting potential from -10mV to -70mV”?. This change in membrane
potential allows Ca™" channels to open for Ca*™ entry. Ca™ is required for these processes. Kir2.1

null mice have mild muscle development defects because of impairment of channel properties’.

Heart arrhythmias

Kir2.1 is the major contributor to the inward Ixi current, which plays an important role in
normal heart beat. Therefore, an Ix; anomaly causes heart arrhythmias. Ix; supplies current in the

plateau phase of depolarization and controls the diastolic membrane potential. This is the reason
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behind the heart arrhythmias and periodic paralysis in ATS patients. The penetrance of heart
arrhythmias is variable in different individuals. Various mutations that affect Kir2.1 induce a
different degree of cardiac arrhythmias. The most prevalent heart arrhythmia is prolongation of
the QT interval causing rhythm abnormalities due to premature ventricular contractions (PVC-
extra abnormal heartbeats), bidirectional couplets (PVC in a row), and polymorphic ventricular
)75

tachycardia (100 or more heart beats per minute)”. A boy with prominent ventricular

17°, Reconstituted wild

arrhythmias and mild periodic paralysis had a S369X mutation in Kir2.
type Kir2.1 and S369X mutant Kir2.1 in a cultured cell line showed that this mutation causes
defective transport from the ER to the plasma membrane. Increasing expression of the WT
Kir2.1 subunit in comparison to the mutant partially restores the trafficking to the plasma

membrane’®. Some of the variability in ATS symptoms may have to do with the relative amounts

of each channel subunit.

Dysmorphic features

Dysmorphic features are the early clues that patients have ATS because they appear in a
high percentage of ATS patients and are apparent at birth. Like other ATS symptoms,
dysmorphic features also have a high order of heterogeneity. Common dysmorphic features
include syndactyly (fused fingers or toes), cleft palate, wide spaced eyes (hypertelorism), broad
forehead, low-set ears, short stature, micrognathia (small jaw), broad nasal roots, curved fingers,
scoliosis, and incomplete dentition®® 7%, A 25 kindred study found that 78% of all Kir2.1
mutation carriers showed multiple dysmorphic features including low-set ears (39%) and
hypertelorism (36%), small mandible (44%), clinodactyly (36%) syndactyly (11%), cleft palate

(8%), and scoliosis (11%)°®,.
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Dysmorphic features are more common in ATS patients with mutations in Kir2.1 than are
other common symptoms like heart arrhythmia, and periodic paralysis. A study of 96 ATS
patients with 24 different mutations found that 74% of the Kir2.1 mutant carriers showed
dysmorphic features whereas only 52% had periodic paralysis and 41% had cardiac

arrhythmias®’.

The intracellular C terminal portion of Kir2.1 is essential for normal morphological
development. The dysmorphic features are visible among 69% of N-terminus and M1 pore
region mutation carriers, whereas those features are visible among 84% of C-terminus mutation
carriers®’. The Kir2.1 T192A mutant allele encodes a non-functional channel, but co-expression

with the gene encoding wild type Kir2.1 makes it a functional channel in cell culture’’.

THESIS OVERVIEW

Mutations that disrupt the Kir2.1 channel cause periodic paralysis, heart arrhythmias and
developmental defects. Kir2.1 has long been studied for its role in excitable cells such as cardiac
muscle cells and skeletal muscle cells to explain the symptoms of periodic paralysis and heart
arrhythmias respectively. However, there was no explanation for the dysmorphic features that
result from mutations that disrupt Kir2.1. The developmental defects that are common in ATS
patients are also associated with the disruption of developmental signaling pathways such as

TGF-B/BMP, Wnt, and Hh.

In chapter 2, I ask the question, does blocking or reducing Kir/Irk channel function in the
mouse and the fruit fly Drosophila melanogaster recapitulate ATS phenotypes? Kir2.1 knockout
mice have cleft palate and joined and curved digits. Similarly, deletion of a Kir2.1 fly

homologue, Irk2, causes wing patterning defects. Thus disruption of Kir2.1 or Irk2 can be a
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model for developmental defects recapitulating ATS phenotypes. The mouse craniofacial and
limb patterning defects and fly wing patterning defects are reminiscent of defects that occur
when BMP/DPP signaling goes awry. Is Kir2.1/Irk channel function important for Dpp/BMP
signaling? By checking different components of the Dpp, Wg and Hh signaling pathways, |
showed that Irk channels are specifically required for Dpp signaling while these channels are not
necessary for Wg or Hh signaling. The results also showed that blocking Irk channels decreases

Dpp signaling to cause apoptosis because loss of Dpp causes apoptosis.

In chapter 3, I characterize the mechanism by which Irk2 interacts with Dpp signal
transduction. I determined if Irk2 is required for expression of components of the Dpp signal
transduction pathway (the ligand dpp, the receptor tkv and dally, a Dpp stabilizing factor). Using
immunohistochemistry in the wing precursor, I checked whether Irk2 is specifically required for
the phosphorylation of a Drosophila homologue of R-SMAD (Mad). We found that Irk2 is not
directly required for the type I Dpp receptor (Tkv) to phosphorylate Mad. In summary, I found
that Irk2 impacts Dpp signaling downstream of Dpp and receptor translation and upstream of
Mad phosphorylation. In other words, Irk2 is required for the release of Dpp from the inducing
cell or for the spread of the ligand across the tissue to Dpp responding cells. Alternatively, it
could be required for the processing of Dpp. Lastly, I tested whether the spread of the Dpp ligand
is affected by blocking Irk2 in the wing discs. I found that Irk2DN expressing discs grow

abnormally and the peak intensity of Dpp is different than normal.

In chapter 4, I ask whether Irk2 is required for Dpp signaling globally. I used the
Drosophila eye and trachea because Dpp plays important roles to pattern these organs. The

results showed that reducing function of Irk channels causes defects in both the eye and the
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trachea. In conclusion, the answer to my question is that Irks plays a global role in patterning

different organs as expected from its interaction with Dpp signaling.
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CHAPTER 2: AN INWARDLY RECTIFYING K+ CHANNELS IS REQUIRED FOR
PATTERNING

Adapted from: Dahal, G. R.; Rawson, J.; Gassaway, B.; Kwok, B.; Tong, Y.; Ptacek, L. J.; Bates,
E., An inwardly rectifying K+ channel is required for patterning. Development 2012, 139 (19),
3653-3664.

ABSTRACT

Mutations that disrupt function of the human inwardly rectifying potassium channel
KIR2.1 are associated with the craniofacial and digital defects of Andersen-Tawil Syndrome, but
the contribution of Kir channels to development is undefined. Deletion of mouse Kir2.1 also
causes cleft palate and digital defects. These defects are strikingly similar to phenotypes that
result from disrupted TGF/BMP signaling. We use Drosophila melanogaster to show that a
Kir2.1 homolog, Irk2, affects development by disrupting BMP signaling. Phenotypes of irk2
deficient lines, a mutant irk2 allele, irk2 siRNA and expression of a dominant-negative Irk2
subunit (Irk2DN) all demonstrate that Irk2 function is necessary for development of the adult
wing. Compromised Irk2 function causes wing- patterning defects similar to those found when
signaling through a Drosophila BMP homolog, Decapentaplegic (Dpp), is disrupted. To
determine whether Irk2 plays a role in the Dpp pathway, we generated flies in which both Irk2
and Dpp functions are reduced. /rk2DN phenotypes are enhanced by decreased Dpp signaling. In
wild-type flies, Dpp signaling can be detected in stripes along the anterior/posterior boundary of
the larval imaginal wing disc. Reducing function of Irk2 with siRNA, an irk2 deletion, or

expression of Irk2DN reduces the Dpp signal in the wing disc. As Irk channels contribute to Dpp
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signaling in flies, a similar role for Kir2.1 in BMP signaling may explain the morphological

defects of Andersen-Tawil Syndrome and the Kir2./ knockout mouse.

INTRODUCTION

Mutations in inwardly rectifying K™ channels are associated with patterning defects. For
example, mutations that disrupt Kir2.1 are associated with the morphological defects of
Andersen-Tawil Syndrome (ATS): cleft palate, micrognathia, hypertelorism, dental
abnormalities, clinodactyly, syndactyly and shortened phalanges®®>"-%% 717278 Fyrthermore,
deletion of the mouse Kir2./ gene (Kcnj2 — Mouse Genome Informatics) causes cleft palate and
narrow maxilla®®,

Inwardly rectifying K* channels comprise four subunits”-*°, Mutations that disrupt Kir2.1
cause periodic paralysis, heart arrhythmia and morphological defects in individuals with ATS.
The most severe defects in such individuals are caused by dominant-negative Kir2.1 subunits
that complex with other subunits and alter the selectivity filter, affecting K™ conductivity of the

49.80-81 * The electrophysiological consequences of dysfunctional

entire heteromeric channels
Kir2.1 are understandable, but the mechanism underlying the developmental abnormalities is

unclear.

Despite the growing body of evidence for a role of K™ channels in development, the
mechanism by which they influence pattern formation is not understood. Similar cleft palate and
digit defects can be caused by loss of transforming growth factor B (TGFf)/bone
morphogenetic protein (BMP), Wnt-Wingless (Wg) or Notch signaling®*>. We tested the

hypothesis that inhibiting Kir2.1 channels interferes with TGF/BMP signaling.
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The TGFB/BMP superfamily has orthologous pathways in multicellular organisms®®-1%,

In Drosophila, Dpp is a BMP homolog that is required for embryonic development, growth and
patterning of adult structures, including the wing!°!"!%. Dpp binds type 1 and type 2 kinase
receptors! % 105-106 Upon Dpp binding, type 2 receptors phosphorylate type 1 receptors
(thickveins), which phosphorylate Mothers against Dpp (Mad) to propagate the signal

intracellularly'®’.

Drosophila is an excellent system for determining the mechanism underlying
developmental defects, because conserved developmental signaling pathways are well-defined
and non-redundant. Kir2.1 has three homologs in Drosophila. Irk2 is 50% identical and 69%
similar to Kir2.1. Two other homologs, Irk1 and Irk3, may form heterotetrameric channels with
Irk2 as with some Kir channels in mammals. Electrophysiological and expression studies
demonstrate that these channels function similarly to mammalian Kir channels*’. In this study,
we test the hypothesis that Irk2 function is necessary for developmental signaling. We use an
Irk2 dominant-negative allele, /rk2-deficient alleles, an /rk2 p-element allele and siRNA to
show that Irk channels are necessary for patterning and growth of the Drosophila wing. We
conclude that disruption of Irk channels leads to reduction in Dpp signaling and wing defects.
These studies explain the mechanism by which K* channels regulate development and provide

one possible explanation for the defects in individuals with ATS and in Kir2.1 knockout mice.

RESULTS

Kir2.1 mouse phenotypes

Deletion of the gene that encodes Kir2.1 in mice results in patterning defects that

are similar to BMP knockout phenotypes. For example, Zaritsky et al. reported that homozygous
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Kir2.1 knockout mice have cleft palates*®. We further characterized skeletal deformations in

homozygous Kir2.1 knockout animals (n=13) (Figure 2-1).The anterior and posterior palatine

of the right limb is shown. Anterior is upwards.

processes and vomer bones are reduced in size. In
addition to the defects that were previously
published, we found digit defects in all homozygous
Kir2.1 knockout animals (Figure 2-1). It has
previously been reported that heterozygous Kir2.1
animals appear normal. However, dissection of
heterozygous Kir2.1 mice revealed reduction in the
size of anterior and posterior palatine processes and
apparent decreased ossification in 98% of
heterozygous pups (n=40) (Figure 2-1 C, D). By
contrast, no palate or digit defects were found in

wild-type siblings (n=41).

Figure 2-1. Knockout of mouse Kir2.1 causes cleft of the
secondary palate and patterning defects of the skeletal
digits. (A-D) Ventral view of Alizarin Red (bone) staining of
palates of newborn wild-type (A), Kir2.1 knockout (B) and
Kir2.1 heterozygous knockout (C, D) pups. (E, F)Ventral
view of wild-type palate (E) and Kir2.1 knockout cleft of
secondary palate (F). (G, H) Forelimb of wild-type (G) and
Kir2.1 knockout (H). (I, J) Ventral view of a wild-type (I) and
Kir2.1 knockout (J) forepaw. (K, L) Whole-mount forelimb
skeletons from newborn animals stained with Alcian Blue and
Alizarin Red: wild-type (K); preaxial digit duplication of the
forelimb is shown in the Kir2.1 knockout (L). The dorsal view

The developmental defects of Kir2.1 knockout mice are similar to the cleft palate defects

of Tgfb2 and Tgfb3 knockout animals'®1%_ Disruption of TGFp co-factors, regulators and

receptors also leads to cleft palate in mice®* 11!, Kijr2. I knockout digital defects are similar to

18



the BMP2/4 limb conditional knockout®?. Other signaling pathways, such as Notch and Wnt,
also contribute to these developmental processes®> 8792 We tested the hypothesis that
defective inwardly rectifying K* channels interfere with TGFB/BMP signaling using the genetic
tools of Drosophila melanogaster. The role of Dpp, a Drosophila BMP ligand, is well

characterized in the wing'*"- 112

, where Drosophila homologs of Kir2.1 are expressed (Figure 2-
2)% Thus, Drosophila provides an ideal system for investigating whether inwardly rectifying K*

channel function is necessary for BMP signaling.

Irk2 deficiency disrupts wing patterning

To define the role of Irk2 in development, we examined the phenotypes of flies that lack
irk2 and the surrounding region from 19260K to 19350K of chromosome 3R (Figure 2-3). Irk2-
deficient flies (irk2DfA/irk2DfB) were compared with wild-type flies. When Irk2DfA/TM6 is
mated to irk2DfB/TM6, more than the expected 33% of the progeny are Irk2DfA/Irk2DfB,
indicating that Irk2 is not necessary for viability (n=380). The wings from irk2-deficient flies
have wing venation defects: incomplete or branched posterior cross veins, incomplete L5 vein,

bifurcations of L3 and L4 veins, and wing bristle transformations (Figure 2-4; Table 2-1).

Figure 2-2. irk2 expression. (A-H) In situ
with irk2 sense (A,B,D) and irk2 antisense
(C, E-H) probes showing expression of irk2
in the third instar larval imaginal wing disc
(A,E), larval trachea (B,F), embryonic
trachea and mouth hooks (C,D,G,H). We
assayed for the presence of irk2 mRNA

transcripts in the embryo, the imaginal discs
and other larval structures by in situ
hybridization. An irk2 antisense probe
revealed that irk2 is expressed in the
Drosophila wing disc. irk2 is also expressed
in the embryonic larval trachea, mouth
hooks and tracheal branches. (I) the

location of the in situ probe is shown in a
schematic.
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k308 — Figure 2-3. Map of genomic region including irk2

showing the start and end points of each deficiency
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A Figure 2-4. Reduced Irk2 function wing phenotypes. (A)
1004 = severe defects
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= moderate defects

Quantification of wing defects when irk2 function is decreased

(n>100 flies). Error bars indicate s.e.m. (B) Bifurcation of L2

and L3 wing veins from irk2DfA/irk2DfB female. (C)

Reduced wing size, angled hinge and bifurcation from L4 of

irk2DfA/irk2DfB female. (D) Bristle transformations and

incomplete L5 from male irk29%%%°. (E) Wild-type male wing

L2-5 longitudinal veins; anterior (a) and posterior (p)

%, crossveins are labeled. (F) irk2DfA/irk2DfB male fly wing.

£4 (G) Wing expansion defects from daughterless-GAL4;irk2
siRNA female. (H) Ubiquitous expression of irk2 siRNA

%, causes patches of wing tissue necrosis. (I) Small wing and

hinge defects from MS1096-GALA4, irk2 siRNA female. (J)

Small wing, hinge and venation defects from MS1096-GAL4;
Irk2 siRNA male. (K) Rescued male irk2DfA/irk2DfB;
engrailed-GAL4; UAS-irk2WT fly wing. Arrows indicate wing

hinge defects. Scale bars: 100 pm.

To verify that venation defects were the

result of irk2 deficiency, irk2WT was expressed

ectopically in whole /rk2-deficient flies. Wing

venation defects other than L5 defects are

completely rescued by the ectopic expression of

Irk2WT. Only 22% of wings of irk2DfA/irk2DfB;
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UAS-irk2WT flies had L5 venation defects compared with 92% of irk2-deficient flies that had

wing venation defects when raised under the same conditions (Table 2-1; Figure 2-4 F).
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Table 2-1. Wing venation defects

Genotype L2 L3 L4 L5 Anterlo.r Posterlqr
crossvein crossvein
irk2DfB/irk2DfA (n=192) 12% 21% 14% 92% 14% 9%
irk2dfB/irk2DfA engrailed-Gal4 UAS-irk2WT (n=50) 0% 0% 0% 37% 1% 0%
engrailed-Gal4 (n=59) 1% 0% 0% 2.5% 0% 0%
irk2dfB/irk2DfA actin-Gal4-irk2WT (n=81) 0% 0% 0% 22% 0% 0%
actin-Gal4 (n=59) 0% 0% 8% 0% 0% 0%
irk29%%%5 (n=107) 2.8% 11% 36% 33% 0% 6.5%

Wing venation defects are quantified: in irk2DfA/irk2DfB, in the wing —specific rescue flies engrailed-irk2WT; irk2dfA/irk2DfB; in
the ubiquitous rescue flies actin-irk2WT: irk2df/irk2Df: in engrailed-GAL4 (control); and in irk29%6%. All flies represented are male.



To test for the tissue specificity of the requirement for Irk2, irk2 WT was expressed using
engrailed-GAL4 in the posterior compartment of irk2-deficient wing discs. Wing L5 venation
defects were decreased to 37% in flies that express exogenous irk2WT in an irk2-deficient
background. All other irk2Df/Df wing defects were rescued by engrailed-GAL4; UAS-Irk2WT
(Figure 2-4 F,K), indicating that loss of irk2 function is responsible for wing venation
phenotypes and the requirement is partially fulfilled if i7k2 is expressed in the posterior
compartment of the wing. As a comparison, only 4% of the male flies harboring the engrailed-
GALA4 driver without the irk2 transgene had wing venation defects (Table 2-1). We verified that
endogenous irk2 was deleted and that exogenous /rk2 was provided in rescued flies by
amplifying irk2 DNA from single flies with primers specific to either genomic Irk2 or the UAS-
irk2 transgene (Figure 2-4). These data show that irk2 is required non-cell-autonomously in the
wing disc to specify wing venation patterning and that the loss of irk2 is responsible for venation

phenotypes that are observed in irk2-deficient flies.

Irk2 siRNA expression disrupts wing patterning

To characterize the tissue-specific requirement for Irk2, we expressed small-interfering
irk2 RNA (siRNA) under the control of either ubiquitous (daughterless) or wing-directed
(MS1096) GAL4 drivers. When irk2 siRNA was expressed ubiquitously using daughterless-
GAL4, we found defects in 84% of the wings: 73% of the wings had venation defects, 9% failed
to expand correctly (Figure 2-4 G) and 4% of the wings had tissue necrosis (Figure 2-4 H).
Wing-directed expression of irk2 siRNA causes reduction in wing size, wing venation defects and
hinge defects that result in the held-out wings phenotype for all surviving flies (Figure 2-4;
Figure 2-5). We designated venation defects and reduction in wing size as moderate defects; any

additional defects are designated as severe. Male flies that express /rk2 siRNA have more severe
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wing phenotypes than female flies of the same genotype. Ubiquitous expression of irk2 siRNA
can lead to wing expansion defects, whereas wing-directed irk2 siRNA does not. The difference
in phenotypes suggests that expansion of the wing requires Irk function outside the wing whereas

patterning requires Irk channel function in the wing disc itself.

Figure 2-5. Reducing function of irk2 causes
hinge defects similar to the Dpp ‘wings held-
out’ phenotype. (A) Heterozygous irk2Df/+ with
wild-type wing hinge. (B) The wings held out
phenotype of irk2DfA/irk2DfB male fly. (C)
Graph showing prevalence of the wings held out
phenotype for the irk2DfA/irk2DfB, MS1096-
GALA4; irk2 siRNA. (D) Side view of the hinge
defect that results in the wings held-out phenotype
of a MS1096-GAL4; irk2 siRNA male fly.
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Phenotypes that result from

% ubiquitous or wing-directed expression
of the irk2 siRNA are more severe and more penetrant than phenotypes associated with irk2
deficiency. We reasoned that expression of irk2 siRNA could affect the transcription of other irk
subunits (irk/ and irk3). To determine whether irk2 siRNA changed the expression of irk/ and
irk3, we used quantitative RT-PCR to quantify irkl, irk2 and irk3 mRNA from flies that
ubiquitously express Irk2 siRNA and compared mRNA levels with those from flies with the
daughterless-GAL4 driver without the irk2 siRNA transgene. irk2 mRNA is reduced 85.7% in
flies that express irk2 siRNA demonstrating that the irk2 siRNA effectively reduces expression of
irk2. Surprisingly, irkl was increased 14-fold and irk3 mRNA levels are increased 4.6-fold in

flies that express the irk2 siRNA (Figure 2-6).

To determine whether a similar increase in irk/ and irk3 expression occurred in irk2-
deficient flies, we compared irkl, irk2 and irk3 mRNA levels in wild-type and irk2-deficient

flies. As expected, no Irk2 mRNA was detected in irk2-deficient flies. irk3 mRNA levels
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increased 3.4-fold, but irkl transcript levels were not significantly different in irk2-deficient flies
compared with wild-type flies (Figure 2-6 B). Phenotypes of the irk2-deficient wings are less
severe than those of irk2 siRNA. This leads to the conclusion that Irk subunits are not entirely

functionally equivalent.

Figure 2-6. Reducing function of irk2

A. B. increases expression of other irk
1.5 1.5 subunits. Quantitative RT PCR of irk/,
& irk2 and irk3 transcripts isolated from
S daughterless-GAL4; irk2 siRNA
T 40 J_ 1.07 compared with daughterless-GAL4,;
(5: GFP (A) and irkl, and irk3 transcripts
@ ® from irk2DfA/irk2DfB compared with
- = Berlinw!!!8, Error bars represent s.e.m.
:g} 0.57 g 0.57 Graph represents five independent
é t experiments (B).
£ 2
& O ik iR k3 S B R
8 5
s T .
S 05 f g5 To block the function of
3 g
O ~d
S the entire Irk channel, we
g -1.04 1.0
- . .
generated a dominant-negative
-1.5 -1.5 Irk2 subunit.

Expression of dominant-negative Irk2 causes severe wing defects

Inwardly rectifying K* channel subunits can form heterotetrameric channels in mammals.
Incorporation of a single subunit with a mutated selectivity filter (GYG to AAA) into the
complex completely blocks ion flow through the channels in mammals ®!. We used the
UAS/GALA4 system to express dominant-negative Irk transgenes to block the Irk channel in a
tissue- and time-specific manner. A transgenic animal expressing this /rk2 (Irk2DN) gene is
expected to demonstrate the effects of the loss of the entire channel. By contrast, in an irk2 null,
Irk1 and Irk3 could theoretically form a functional channel without Irk2, thereby at least partially

compensating for reduced Irk2 function. We generated three transgenic /rk2DN lines:
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Irk2DNS. 1, Irk2DN5.2 and Irk2DN13. Ubiquitous expression of [rk2DN or Irk2WT was
accomplished by mating transgenic UAS-irk2WT/balancer and UAS-Irk2DN/balancer flies with
actin-GAL4 or daughterless-GAL4 transgenic flies. An approximately equal number of
transgenic and balancer adult progeny result from the UAS-irk2WT cross. No Irk2DN5. I- or
Irk2DNS5. 2-expressing flies survive from the UAS-Irk2DN cross whereas over 90 balancer sibling
adults survive (Figure 2-7 A). Irk2DN 13- expressing flies survive to adulthood when raised at
25°C, but only 20% of Irk2DN13 survive when flies are raised at 18°C. Larvae that express
Irk2DN are marked with actin-GFP and can be compared in survival to their balancer siblings
after hatching. Only 17% of the larva expected to ubiquitously express /rk2DN hatch and none of
these survive 48 hours after hatching (Figure 2-7 B). Endogenous Irk2 functions in the

developing wing, so we directed expression of /rk2DN to block Irk channels in the wing disc.
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Figure 2-7. Phenotypes of flies expressing Irk2DN. (A, B) Graphs of adult (A) and larval (B) survival of actin-
GAL4; UAS-irk2WT, actin-GAL4,; UAS-Irk2DN and siblings without transgene. Error bars indicate s.e.m. (C) L2-3
fusion in wing from MS1096-GAL4; Irk2DNS5.1 female at 25°C. (D) Bifurcated wing from MS1096-GAL4;
Irk2DN5.1 at 25°C. (E) engrailed-GAL4, UAS-irk2WT. (F) Wing of MS1096-GAL4; [rk2DN5.1 male at 25°C. (G)
MS1096-GAL4; UAS Irk2DN5.1 at 29°C. (H) engrailed- GAL4, UAS Irk2DN5.1 at 25°C.

27



A 0o Bm 100 :
= B
g W aGALs | 3 I moderate
% 50 Balancer g 50 SEVEre
o] T
# £
2
] % 0 7
‘%‘ D t."/'{p/ 4{“/
ﬁ-’w % %";&G‘ %, G
=) U Ee s £
% ¥ ‘r,-'t’
= = %% 49%? L4
C .
g I Actin-GAL4
g 50 Balanter
’ I I
o &
T, % % %
{'f% ”'F( /ff'u: “Ff,_;
%, %z, A
D35 € 3 = Fas
- 2 =5 .
: 5 s % s %
= =
e (=]
15 . 215 2 15
o . = =
= ] 2
LR L 5 lethal | & ¢
no dala
— - . 4 __‘__,_ —y
‘&f 0‘%‘/‘(% o‘?f‘ 9‘7‘ (f%{ &'?‘-'.'(Gv i (/ﬂzk (5‘?":{
4‘5‘/ (9- ‘%" 4 fd‘/ Q(’-y #‘\9, (cf /’:P _Qg:,v ;IP’Q%‘?'
2 “ %

Figure 2-8. Irkl and Irk3 siRNA phenotypes. (A) Ubiquitous expression of Irk1 and Irk3 siRNA causes lethality.
(B) Wing-directed irk/ and irk3 siRNA causes wing venation defects and a reduction in wing size. (C) Irk1-AAA or
Irk3-AAA ubiquitous expression does not decrease survival. (D) Quantification of Irkl mRNA in wild-type, actin-
GAL4-UAS; irkIWT and actin-GAL4-UAS; IrklAAA. (E) Quantification of Irk2 mRNA in wild-type, actin- GAL4-
UAS; irk2WT and actin-GAL4-UAS; Irk2AAA. (F) Quantification of Irk3 mRNA in wild-type, actin- GAL4-UAS;
Irk3WT and actin-GAL4-UAS; Irk344AA. Data are meants.e.m.

All of the flies that express Irk2DN in transgenic line 5.1 have wing defects with 6% of
the wings classified with moderate defects and 94% with severe defects. Expression of /rk2DN
in transgenic line 5.2 resulted in 42% moderate wing defects and 4% severe defects (Figure 2-9

G). Less than 25% of MS1096-GAL4, UAS-irk2WT flies have minor venation defects, similar to
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MS1096-GAL4 without a UAS transgene. Expression of Irk2DN3.2 using the engrailed-GAL4
driver causes wing venation and blistering defects, whereas expression of irk2 WT with the same
driver does not cause defects (Figure 2-7 E, H). As Irk2DN expression causes defects that are
more severe than loss of /rk2, we conclude that Irk2 forms a heteromeric channel that is
necessary for patterning of the adult wing in Drosophila. We reasoned that heteromeric channels
could be made up of a combination of Irk1, Irk2 and/or Irk3 subunits. Thus, Irk1 and Irk3 could
form a partially functional channel when lacking the Irk2 subunit. If this was the case, we would
expect that reduced irk/ and irk3 function should cause similar phenotypes to irk2Df, siRNA or
Irk2DN. Ubiquitous expression of irkl siRNA results in 88% lethality and ubiquitous expression
of irk3 siRNA results in 98% lethality (n=145) (Figure 2-8 A). As irk2-deficient flies survive to
adulthood, it is likely that Irk1 and Irk3 play a more substantial role in embryonic development
than does Irk2. It is likely that ubiquitous expression of /rk2DN causes embryonic lethality by

blocking the function of a heteromeric channel that includes Irk1 and/or Irk3.

To examine the contribution of Irk1 and Irk3 to the development of the wing, we
expressed irkl and irk3 siRNA in the wing with MS1096-GAL4. Wing-directed expression of
Irk1 and Irk3 siRNA in the wing results in venation defects in 100% of wings from animals of
both genotypes (n=117 and n=92, respectively) (Figure 2-8 B). Expression of [rk3 siRNA caused
a reduction in wing size and hinge defects in addition to venation defects in 40% of the wings.
Wing defects that result from reduced irk1 and irk3 support the conclusion that Irk1, Irk2 and

Irk3 form a heteromeric channel that is necessary for wing development.

To determine if the conserved GY (F) G of Irk1 and Irk3 play the same structural role as
for Irk2, we generated mutant alleles of both, changing the conserved GY (F) G to AAA.

Ubiquitous expression of irkl-AAA, irkI WT, irk3-AAA or irk3WT did not decrease survival or
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cause wing defects (n=127 Irk1-AAA, 129 IrkIWT, 132 Irk3-AAA and 124 Irk3WT) nor did wing-
directed expression of mutant irk/-AAA or irk3-AAA cause wing defects (n=107 and 113) (Figure
2-8). We ensured that the Irk2DN and Irk2WT constructs were expressed using QRT-PCR (n=3
trials) (Figure 2-8 D-F). We conclude that Irk1, Irk2 and Irk3 are important to channel function,

but play different structural roles in the heteromeric Irk channel.

Reduced Dpp signaling enhances Irk2DN phenotypes

Disruption of irk2 function with siRNA, irk2 deficiency or expression of I[rk2DN
causes defects in the wing that are similar to defects caused by compromised Dpp signaling '°*
103, 113-116 * A possible explanation for Irk2 developmental defects is that Irk channels are
necessary for proper Dpp signaling. We undertook genetic interaction studies by disrupting the
function of Dpp (BMP ligand) or Thickveins (Tkv, BMP type I receptor) in an [rk2DN

background.

To determine how defective Dpp signaling affects the /rk2DN wing phenotype, either the
Irk2DN or the irk2WT transgene was expressed in wings of dpp™°%/+ or %7/+ flies. Owing to
differences in phenotype severity, we report defects from females only. Defective Dpp signaling

enhances /rk2DN phenotypes (Figure 2-9).
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Figure 2-9. Reduced Dpp or Thickveins function enhances Irk2DN phenotypes. (A, B) Irk2DNS5.2 female
incomplete L5. (C) Thickened, bifurcated veins of dpp"?/+ female wing. (D) Irk2DN35.2/+; dpp*?/+ female wing is
small and missing veins. (E) Thickened, bifurcated L2, L3 and L4 veins, and incomplete anterior crossvein of #kv’/+
female wing. (F) Irk2DN5.2/+; thv’/+ female wing is small and missing veins. (G) Quantification of wing defects of
MS1096-GAL4; UAS-irk2WT, UAS-Irk2DN5.1; UAS-Irk2DN 5.2 and with dpp"**/+ or thv’/+. n>100 for all
genotypes. Data are meants.e.m.

When Irk2DN35.2 is expressed in a tkv’/+ mutant background, total wing defects
increased from 46% to 72%. When Irk-2DN35.2 is expressed in a dpp"®?/+ background, 84% of
flies have wing defects and 29% are severely defective, whereas without compromised Dpp
signaling, only 4% are classified as severe in the /rk2DN5.2 line (Figure 2-9). In the more severe
Irk2DNS5. 1 transgenic line, 94% of flies have severe wing defects and when [rk2DN35.1 is
expressed in a tkv’/+ background, 99% of the flies have severe wing defects. Similarly, 97% of
flies have severe wing defects in [rk2DN35.1; dpp"™**/+ flies. Expression of the wild-type Irk2
transgene caused minor wing venation defects in 20% of the flies, but these defects did not

increase in penetrance or severity when the transgene was expressed in the dpp"°%/+ or tkv’/+
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background (16% and 15%, respectively). Thus, Irk2DN phenotypes are enhanced by reducing

function of Dpp or its type 1 receptor, Tkv.

Dpp signaling is disrupted by aberrant Irk2 function

Enhancement of /rk2DN phenotypes by reduced Dpp or Tkv function suggests that Dpp
signaling is compromised in flies with defective Irk channel function. To explore this possibility,
we looked at Dpp signaling in the larval wing imaginal disc, a precursor to the adult wing. Dpp-
bound Tkv phosphorylates the C-terminal of Mothers against Dpp (Mad) in two stripes that form

the border between the anterior and posterior compartments of the wing disc!!”.

To determine whether Dpp signaling is interrupted by disruption of irk2 function, we
used an antibody to measure phosphorylation of the C-terminal site of Mad (p-Mad). Two stripes
of p-Mad are intact in irk2 deficient and irk2 siRNA-expressing wing discs, but the stripe
intensity is lessened compared with wild type (Figure 2-10). TUNEL staining shows that
reducing function of irk2 does not cause apoptosis, and therefore is not the cause of decreased p-
Mad (Figure 2-10). Spalt (Sal), a transcriptional target of Dpp, was reduced in irk2DfA/irk2-DfB
wing discs and was not detectable in /rk2DN-expressing wing discs, supporting the conclusion
that Dpp signaling is disrupted by blocking Irk channels (Figure 2-11). By contrast, patterns of
two genes that are not regulated by Dpp, wingless and achaete, are intact in irk2-deficient wing

discs (Figure 2-11).
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Figure 2-10. Reduced Mad phosphorylation in Irk2DfA/Irk2DfB and Irk2 siRNA wing discs. (A-D) TUNEL-
stained wing discs. Anterior is rightwards. (E-H) Anti-p-Mad stained wing discs. (I-L) Relative fluorescence
intensity across a posterior to anterior cross-section of the anti-p-Mad-stained wing disc shown in E-H. (M-0)
Graphs of average peak intensity of control and irk2DfA/irk2DfB (M), control and MS1096-GAL4;UAS irk2 siRNA
(N), and control and daughterless-GAL4,irk2 siRNA (O). Control and experimental discs were stained and imaged in
parallel. Graphs represent average peak intensities for n>7 anti-p-Mad-stained discs. Peak intensity is determined by
subtracting minimum from maximum fluorescence intensity in a posterior to anterior cross- section of the anti-p-
Mad stained wing disc. Data are mean+s.e.m. Scale bars: 50 pm.
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Figure 2-11. Immunohistochemistry demonstrates that Dpp signaling is reduced in Irk2DN and
Irk2DfA/Irk2DfB. Wild-type wing discs (A-C), irk2DfA/irk2DfB (D,E) and Irk2DN5.1 (G-I) stained with anti-Spalt

(A,D,G), anti-Wingless (B,E,H) and anti-Achaete (C,F,I). (Bottom row) endogenous expression pattern of
Spalt''®, Wingless''® and Achaete!?’. Scale bars: 50um.

34



TUNEL

p-Mad

irk2-WT irk2-DN irk2-DN; P35
G

adult wings

Figure 2-12. Irk2DN expression causes apoptosis and eliminates p-Mad staining in the third instar larval
imaginal wing disc. (A-C) TUNEL stained wing disc. (D-F) Anti-p-Mad stained wing disc. (A, D) MS1096-
GALA4-Irk2WT. (B, E) MS1096-GAL4;UAS-Irk2DN. (C, F) MS1096-GAL4-UAS- Irk2DN; P35. n>10 discs. (G)
MS1096-GAL4-UAS-Irk2DN; P35 male wing. (H) Control MS1096-GAL4-UAS-Irk2DN male wing. (I) MS1096-
Gal4; UAS-GFP showing the wing pouch specific expression of MS1096 Gal4 promoter. Scale bars: 50 pm.

Expression of Irk2DN causes the most severe wing phenotypes and is predicted to block
the Irk channel completely. We found that when MS1096-Gal4 drives expression of Irk2DN,
phosphorylation of Mad is completely blocked in the anterior/posterior boundary of wing pouch
(Figure 2-12 E). P-Mad staining was intact when flies expressed the irk2WT transgene. [rk2DN
expressed by other wing- directed Gal4 drivers'?!, en-Gal4; Irk2DNS5.1, A9-Gal4, Irk2-DN13

and A9-Gal4; Irk2-DN35. 1, also profoundly decreases p-Mad staining and can decrease the size of
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the wing disc (Figure 2-13). Less that 5% of en-Gal4, Irk2- DN5.1 and A9 Gal4-DN35.1 flies

survive past early larval stage.

MS1096-Gal4; UASIrk2DNS5. 1 wing discs are fragile and thinned in the wing pouch
region that becomes the wing blade and hinge. TUNEL staining shows that apoptosis occurs in
the wing pouch of MS1096-Gal4, UASIrk2DN wing discs. Very little apoptosis is detected in
the wing discs of flies expressing irk2 WT (Figure 2-12). In Irk2 DN-expressing wing discs,

wingless and achaete patterns are normal surrounding the region that dies via apoptosis (Figure

2-11).

UAS-irk2-WT en-irk2DN5. 1 AQ-rk2DN13 AQ-rk2DN5. 1

o . . . .

Figure 2-13. Expression of Irk2DN using wing-directed Gal4 drivers decreases anti-
p-Mad staining. Wing discs of third instar larva stained with Anti-phospho-Smad 1/5
antibody (A) en-Gal4; UAS-irk2WT. (B) A9-Gal4; UAS-irk2DN13. (C) A9-Gal4; UAS-
irk2DN13 (D) A9-Gal4; UAS-irk2DN5.1

Disruption of the K* current with Irk2DN causes complete loss of the two stripes of p-
Mad that form the proximal-distal axis of the wing disc and also causes apoptosis of many of the
cells that are under the influence of the Dpp signal. At least two possibilities explain these
phenotypes. First, as Dpp protects against apoptosis in the wing!%3-1% 122125 "plocking the K*
current could interfere with Dpp signaling, leading to apoptosis and wing defects. Alternatively,
blocking Irk could directly cause apoptosis, leading to reduced Dpp signaling. To test which of

these possibilities explains /rk2DN wing defects, we blocked apoptosis in cells of the wing discs
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that express /rk2DN and asked whether Dpp signaling occurs and whether the wing defects are
rescued. P35 is a baculovirus protein that acts as pan-caspase inhibitor that suppresses the
apoptosis'?6127, Exogenous expression of P35 blocks caspase activity, preventing apoptosis'®.
TUNEL staining confirmed that apoptosis does not occur in the wing pouch cells that express
both Irk2DN and P35 (Figure 2-12). Wing pouch cells give rise to the wing blade. The severe
wing phenotypes of MS1096-GALA4-Irk2DN; P35 are indistinguishable from those of wings that
express only Irk2DN (Figure 2-12). As blocking apoptosis in the wing pouch does not rescue the
wing phenotype, we conclude that apoptosis is fully responsible for wing blade defects.
Apoptosis occurs in periphery of the wing disc, but not in the center where both P35 and Irk2DN
are expressed. Therefore, Irk2DN does not cause apoptosis cell- autonomously, but could cause

apoptosis of peripheral cells by compromising a Dpp gradient'??. Together, these data suggest

that Dpp signaling is disrupted by /rk2DN, which leads to apoptosis and Irk2DN wing defects.

DISCUSSION

The morphological defects associated with ATS suggest that Kir2.1 function is necessary
for human development. We and others have shown that these defects are recapitulated in a
mouse knockout of Kir2.1*. Here, we show that reducing function of the Irk2 ion channel causes
developmental defects in reducing function in Drosophila, probably by disrupting Dpp signaling.
Four points support this conclusion. First, mouse and fly Kir2.1/Irk2 phenotypes are
similar to TGFB/BMP mutant phenotypes. Second, reduced Dpp signaling enhances Irk2DN
phenotypes. Third, phosphorylations of Mad and Spalt expression are decreased in mutant /rk2
wing discs. Last, Irk2DN induces apoptosis of cells within the region of Dpp influence, but

outside the region of Irk2DN; P35 expression.
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Our data show that the Drosophila Irk channel is heteromeric. Loss of any Irk subunit
alone causes minor defects compared with severe defects caused by an /rk2DN subunit predicted
to block the channel. This suggests that, in the absence of one Irk subunit, the others partially

compensate.

Irk2 phenotypes are more severe and penetrant when flies develop at colder temperatures,
regardless of the mechanism by which Irk2 function is reduced: transgenic /rk2DN expression,
irk2 deletion, p-element insertion or irk2 siRNA expression. We observed this temperature effect
for three independent Irk2DN transgenic lines under the control of many different GAL4 drivers.
Although the GAL4 system generally increases transgene expression at higher temperatures,
Irk2DN phenotypes are most severe at 18°C, less severe at 25°C and least severe at 29°C. This
suggests that the process by which Irk channels contribute to signaling is dependent on

temperature.

Irk2 phenotypes are reminiscent of mutant dpp, tkv and punt wing phenotypes!® 128130,

The L2-3 and L4-5 collapse and loss of the majority of the wing blade are similar to mutant dpp
or its target, optomotor-blind (omb)!'3 116 131 jyf2_deficient flies, mutant irk2 and irk2 siRNA
flies have similar hinge phenotypes to those caused by mutant dpp alleles'®> !'*!15 Furthermore,
Irk2DN phenotypes are enhanced by reducing function of Dpp or its receptor. Together, these

data suggest that irk2 wing phenotypes can be explained by disruption of Dpp signaling.

Reducing function of irk2 by deletion, siRNA or Irk2DN reduces p-Mad in the wing disc.
We confirmed that loss of irk2 reduces Dpp signaling by measuring decreased levels of Spalt, a
p-Mad transcriptional target. Activation of the Wg pathway negatively regulates Dpp signaling

by reducing perdurance of p-Mad, presenting the possibility Wg is affected by Irk2!32-134,
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Expression of both wingless and achaete are normal in irk2-deficient wing discs and outside the
region where cells have died via apoptosis in /rk2DN-expressing wing discs. However, we have
not ruled out the possibility that Wingless or other developmental pathways are also affected by

Irk channel function.

We find that blocking apoptosis in the cells that express Irk2DN does not rescue the
associated wing phenotypes. A wing can develop with normal size and patterning after x-
irradiation-induced apoptosis of half of the wing disc cells during development!?® 135138 Dpp
signaling is responsible for compensation for the lost apoptotic cells and preservation of
patterning in damaged wing discs'®’. The failure of Irk2DN; P35-expressing discs to compensate
for apoptotic cells supports the hypothesis that Dpp signaling is disrupted in tissues that express

Irk2DN.

How could Irk2 affect Dpp signaling? It could be that maintenance of membrane
potential is important for the production, distribution or propagation of the Dpp signal.
Alternatively, there may be communication between Irk channels and the Dpp signaling cascade
upstream of Mad activation. Distribution and propagation of Dpp and other BMP/TGFJ signals
are aided by the heparan sulfate proteoglycans (HSPGs)'**-1%2, Changes in sodium concentrations
inhibit sulfation of heparan sulfate and reduce the sensitivity of cells to FGF. It is interesting to
speculate that a change in local K* concentrations could interfere with HSPGs, receptor
localization, stabilization of the receptor complex, phosphorylation events or production or
distribution of the Dpp ligand (Figure 2-14). It is also possible that Mad requires K" for

recruitment to the membrane as actin requires Ca* for that purpose'**

. We have not directly
established whether Irk2 is required cell-autonomously, but we favor the model that Irk2

function is required for Dpp signaling events outside the cell rather than for intracellular
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phosphorylation for two reasons. First, en-GAL4 expresses UAS-irk2WT in the posterior
compartment of the wing disc, but rescues irk2 deficient phenotypes in the whole wing. Second,
when Irk2DN and P35 are expressed together, apoptosis occurs well outside of the region of

MS1096 expression, consistent with morphogen causation.
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Figure 2-14. Model for Irk channels in Dpp signaling. (A) With functional Irk channels, Dpp binds type 1
(Thickveins) and type 2 (Punt) kinase receptors that are stabilized by proteoglycans (Dally, not shown). Upon Dpp
binding, activated type | receptors phosphorylate Mad. P-Mad binds Medea and enters the nucleus to affect
transcription. (B) Blocking Itk channels hinders Mad phosphorylation. Irk channels could be necessary for Dpp
production/distribution, receptor complex stabilization or Tkv/Mad phosphorylation.
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If inwardly rectifying K" channels are necessary for Dpp signaling to designate wing
patterning, how could Irk subunits have been missed in Dpp modifier screens? The partial
redundancies of the Irk subunits make severe phenotypes unlikely unless all of the subunits are
compromised. Phenotypes are not severe at 25°C, the temperature at which development occurs
for most screens. Third, the necessity of Irk2 seems to be tissue specific. Dpp is required for
patterning of multiple structures, but in screening multiple GAL4 drivers, expression of Irk2DN

causes defects in only a few of these.

Many BMP/TGF-dependent processes go awry when Kir2.1 is not functional in humans
and in mice. The phenotypes of Kir2.1 knockout mice are reminiscent of the morphological
defects of ATS: cleft palate, incomplete dentition and digit abnormalities. All of these
phenotypes have also been associated with defects in TGFf superfamily signaling. For example,
TGFp2 and TGFB3 knockout animals have cleft palate!®1%, Loss of BMP4 impedes proper
tooth development®*% 144145 Deletion of Pax9, which activates BMP4 transcription, causes
cleft palate, incomplete dentition, and extra digits in mice'!!. A conditional knockout of BMP2
and BMP4 in the forepaw causes extra digits like the Kir2.1 knockout®. BMP signaling is
responsible for inhibiting growth of extra digits and initiating apoptosis to separate digits in
mice!**1%8 Although the developmental defects associated with Kir2. knockout are
incompletely characterized in the mouse, these BMP-like phenotypes support the hypothesis that

disruption of Kir2.1 interferes with TGF/BMP signaling in mammals.

The finding that inwardly rectifying K* channels are necessary for BMP signaling in the
Drosophila wing alters the landscape of current research by demonstrating that K™ channels
contribute significantly to development. How broadly can these findings be applied to other K™

channels? A gain-of-function GYG to SYG change in the selectivity filter of the G protein-

41



coupled Irk2 (GIRK2) channel allows it to pass Na" and Ca'", which alters cerebellar
development in the weaver mouse!*"!>*, However, deletion of GIRK2 allows mice to develop
normally'>. Therefore, developmental defects of weaver mice are presumed to be due to
changes in Na" and Ca'", rather than changes in K*, levels. By contrast, the mutations that are

44,156 and the Kir2. 1 knockout mouse has

associated with ATS cause loss of Kir2.1 function
severe developmental defects. Our data presents a rationale for inquiry into the putative

contribution of other K™ channels to developmental signaling.

Altering Irk channels interferes with BMP signaling to contribute to morphological
abnormalities in Drosophila. 1t is likely that the developmental defects associated with ATS
and the Kir2./ knockout mouse are similarly due to defective TGFB/BMP signaling. If
Kir2.1 channel function is necessary for TGF/BMP signaling in mammals, the Kir channels

could represent new potential therapeutic targets for slowing tumor growth and metastasis.

MATERIALS AND METHODS
Maintenance of Drosophila stocks

Stocks were maintained on cornmeal food at 25°C or 18°C in a Percival incubator model

122 vL (Percival Scientific).

Generation of the UAS-Irk2DN and UAS-Irk2WT fly strains

irk2A4 from Berlin"!!''® fly cDNA was cloned into the EcoRI and Xhol sites of the pUAST
vector. PCR was performed with cDNA template and primers
(GGAATTCCATGCGTTTCAATTTCTCC and CCGCTCGAGCGGCTA-
GGAGGCCTGGTCAGA) to add EcoRI and Xhol sites. Sequencing ensured fidelity of the
construct. UAS-Irk2 DN was constructed by cutting irk2A out of UAS-irk2 WT with EcoRI and

Xhol, and ligating into pET. The GYG of pET-Itk2A template plasmid was mutated to
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AAA using a QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with the
following primers: ACGCAGCACACTATTGCCGCTGCCGTCC- GAACCACCTCG and
CGAGGTGGTTCGGACGGCAGCGGCAATA- GTGTGCTGCGT. Irk2-DN was removed
from the pET vector with EcoRI and Xhol restriction enzymes and ligated into pUAST. All
constructs were sequenced to verify the GYG to AAA mutations. We injected UAS-Irk2 WT or
UAS-Irk2 DN plasmid with transposase DNA into 1-hour-old Berlin*!!'® embryos. Matured

injected flies were crossed to Berlin™!!!®

and progeny with the transgene were selected by eye
color. Irk1-AAA and irk3-AAA were generated with the same strategy using primer pairs:
ACCCAGACGAC- GATAGCCGCTGCCAATC/CGTCACATAGCGATTGGCAGCGGCTAT-
C (Irk1-AAA) and ATCGAGTCCAAGATACGAGTCTACATCATC/GAT-

GATGTAGACTCGTATCTTGGACTCGATGGA (Irk3-AAA).

Drosophila strains

The Vienna Drosophila RNAi Center (VDRC) provided stocks that express short RNA
hairpins complementary to irk channel genes under control of an inducible upstream activating
sequence (UAS) promoter'>’"1%8, The GAL4 activator controls expression of genes behind UAS.
Ubiquitous expression of GAL4 (and thus the irk siRNA or irkX-AAA subunits) was achieved
with the daughterless or actin promoter. Wing-directed expression was achieved with MS1096-
GALA4 or engrailed-GAL4. To accomplish irk siRNA, VDRC stocks irk2 108140, irkl 28430 and

irk3 101174 were mated to the flies with appropriate GAL4 driver.

Generation of Irk2Df strains

An irk2-deficient stock was from the Exelixis custom deficiency generation system'>’.

For clarity, we refer to this strain as irk2DfA. The irk2DfA deficiency covers 280 kb and removes

25 genes, including irk2 and is homozygous lethal. We used the same scheme '*° to generate a
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second irk2 deficiency. FLP recombinase expression was induced in Drosophila larva carrying
PyH7-ZhsFLP)I2 " p(WH)D02619 5y q pBacRB)eOL487 ot 37°C in daily 1 hour increments. FLP expression
induced recombination between PiggyBac P"/%0261% and PBac®®<V*87 generating flies that
lack the genomic region between the two insertion sites, including irk2 (designated

Irk2DfB). Irk2DfA/irk2DfB flies are viable and lack irk2 entirely without removing more than

five surrounding genes. The deletion was verified by PCR.
Irk2 in situ

Standard irk2 in situ was performed '®. The irk2 probe sequence was:

AGGCCTGGTCAGAATGATTGTGGGACAGTTGAC-
GCATGGTAAAGGTGGTTTCTGGTGTGCGGAATCCCTCCTG-
GATCTTGTAGATCTCGTTCAATTCCCGAGCACTGCACAACG-
GAGTGTCCACCTGAGTGGTTTCGTTAAAGCGAGCGTAGTC-
GATTTCATAGGCCTGCAGATCCTTGTTGTACAACACCACTG-

GATCGAAACGATGTCCCCAAAGGATCTCA.

Quantitative RT-PCR

Total RNA was isolated from third instar larvae (SV Total RNA Isolation System,
Promega). Total cDNA was reverse transcribed in vitro using Super Script III reverse
transcriptase (Invitrogen, Grand Island, NY). Real-time PCR was accomplished with 100 ng of
template cDNA, the Syber Green Assay kit (Applied Biosystems) and 200 nM primers in a Step
One plus Real-Time PCR thermal cycling block (Applied Biosystems, Carlsbad, CA).
Primer sequences are as follows: RP49, AAGAAGCG- CACCAAGCACTTCATC and

TCTGTTGTCGATACCCTTGGGCTT; irkl, GCCATCGTTTCGTGAATGTGGTGT and
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AGTGTCCACGTCG- TAGGTGTTGTT; irk2, ATGGCCGGAATAGTGTTTGCCAA and
GGCAAATTACGGCGTGTTTGGAGA; irk3, TTATTCTCTGGCCC- GATGTGGTGT and
GGCAGCATTGAAGAGTTTCGCTGT. The data were obtained using Step one software V2.1

(Applied Biosystems, Carlsbad, CA). Fold difference was calculated with AACT ¢!,

Immunohistochemistry and TUNEL staining

Wing discs were isolated from third instar larvae. Discs were stained with anti-phopho-
Smad1/5 Ser463/465 (Cell Signaling)'®? and 1:250 goat anti-rabbit IgG CY3 (Millipore). Anti-
Spalt staining was accomplished with 1:250 anti-Spalt' ®3 from Adi Salzberg (Technion-Israel
Institute of Technology, Haifa, Israel) and 1:200 goat-anti-rabbit IgG CY3. Achaete was stained
with 1:5 mouse-anti- achaete [Developmental Studies Hybridoma Bank (DSHB), lowa'®*], a
1:200 dilution of the secondary antibody, Alexa Fluor 488 anti-mouse IgG (Invitrogen).

Wingless was stained with 1:20 mouse-anti-wingless [DSHB, lowa'®’]

. The secondary antibody
was 1:200 goat-anti-mouse IgG CY5 (Millipore). Apoptosis was detected using DeadEnd
Fluorometric TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling) system

(Promega, Madison, WI). Wing discs were mounted with Vectashield mounting medium (Vector

Laboratory, Burlingame, CA).

Imaging

Wing discs were imaged at 20 magnifications with a Zeiss Axioscope Al (Carl Zeiss
Microscopy LLC, NY) in bright field with a Texas-red filter for anti-pMAD, anti-Spalt, CY5 for
anti-Wingless staining, and a GFP filter for anti-Achaete TUNEL and Achaete staining. An
AxioCam HRc digital camera with the Axioscope Al computer program photographed images.
For the intensity analysis of anti-pMad staining, control and experimental samples were

processed and imaged in parallel with identical settings for exposure (33.2 ms). The fluorescent
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microscopy images were analyzed with Slidebook (Intelligent Imaging Innovations). Peak
intensity was determined by subtracting the minimum fluorescence from the maximum
fluorescence intensity in an anterior-to-posterior cross-section of the wing disc. Five independent

cross-sections were used for each disc.

Kir2.1 mouse

Generation of the Kir2.1-knockout mouse has been described previously*®. Bone and
cartilage were dissected from newborn pups and placed into 95% ethanol. Ethanol was replaced
with 0.03% Alcian Blue, 80% ethanol and 20% acetic acid. Tissue was washed with 95% ethanol
before incubation in 2% KOH. Tissue was incubated in 0.03% Alizarin Red. Skeletons were

cleared in 20% glycerol. All mouse protocols were approved by the UCSF IACUC.

Statistical analysis

Error bars represent the standard error of the mean (s.e.m.). Raw P values were
determined using a two-tailed Student’s t-test. Each experiment consisted of at least three

repeated trials. The number of flies tested is given for each figure in the legend.
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CHAPTER3: THE MECHANISM OF THE KIR2.1/IRK2 CONTRIBUTION TO DPP
SIGNALING

INTRODUCTION

Drosophila wing development can be used to study cellular signaling for organogenesis.
Like other appendages in Drosophila, the wings are developed from larval structures called wing
imaginal discs. These discs start with a mere 50 cells in the first instar larval stage. After 4 days
of development, 50,000 cells make up the disc in the third instar larval stage. At puparation,
cells arrest at the G2 phase and divide 2 more cycles to exit the dividing cycle at the G1 stage'®.
Finally, after metamorphosis, the adult fly emerges with intact wings'°¢-1¢7 Initially, all the wing
disc cells are identical. As time passes, these discs become patterned into compartments with
restricted fates. Cells from each compartment behave as an independent unit and form a
boundary so that cells from other compartments do not mix. These compartments are also called
growth units'®®. The compartments are defined by the morphogens secreted by the organizer cells
within the compartments. The wing is formed by juxtaposed sheets of epithelium on dorsal and
ventral sides. These cells release cuticular exoskeleton'®!. The wing contains stereotypical
structures of veins that strengthen the structural integrity of the wing and provide vessels for

trachea, nerves, hemolymph, and blood cells'‘!.

Inducer cells produce and release proteins called morphogens to control cell proliferation
and patterning across a long range of cells within a developing tissue. Some examples of
morphogens include Dpp, Wg, and Hh'?%: 1917 Dpp is a morphogen that is secreted by cells that
are located immediately anterior to the anterior posterior (A/P) boundary of the wing disc. The
Dpp ligand is secreted from those cells to form a gradient across the wing disc, with higher
concentrations of Dpp in the middle and lower concentrations at the edges. The anterior and

posterior compartment identity is determined by expression of engrailed'’". The region where
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engrailed expresses becomes the posterior compartment whereas the region where it does not
express becomes the anterior compartment. Engrailed induces secreted protein Hh at the

172 Hh in turn induces dpp at the

posterior compartment and suppresses Dpp at the posterior
anterior cells!”"> 173, Dpp controls the expression of its receptor Thickveins (Tkv); if cells receive
a higher level of Dpp, then tkv expression becomes low and vice versa. When Dpp binds a
complex of its receptors, Tkv and Punt or saxophone (Sax) and punt, Tkv or Sax phosphorylates
Mad, an R-SMAD. Phosphorylated Mad can complex with Medea, a Co-SMAD. This p-
Mad/Medea complex enters into the nucleus to induce expression of Dpp target genes such as
spalt, optomoter-blind and vestigial. At the edges of a wing disc, a Dpp antagonist called brinker
is expressed to sharpen the slope of Dpp activity. There is no consensus on how the Dpp ligand
spreads. Three mechanisms have been suggested: diffusion through the extracellular matrix,

diffusion through cellular extensions called cytonemes, and through endocytosis!’+!7

Precise levels of Dpp are essential for the proper development of the Drosophila wing.

Decreased Dpp signaling reduces wing size severely!!'*

. Higher levels of Dpp cause increased
disc growth ''® and can duplicate the wing pattern'?®. Some research suggests that decreased dpp
expression in the A/P boundary causes apoptosis'?> 77, Others argue that cell clones that lack

Dpp signaling do not die but are removed from the epithelium!7817,

Another important pathway necessary for the wing patterning is wingless. A ligand called
Wg is expressed by dorso-ventral (D/V) boundary cells and diffuses into the sides making a
concentration gradient to express target genes achaete, distal-less, and vestigial depending on the
concentration gradient of Wg!7% 189181 Ip the third instar larvae wing disc, wg is expressed in the
D/V boundary, hinge, and notum regions of the disc, and regulates the patterning of the notum,
hinge, blade, and wing margin'®!.
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We established that Irk2 is essential for Dpp signaling to pattern the Drosophila wing.
Here, we attempt to define role of Irk2 in the Dpp signaling cascade. We found that the Irk
channels are necessary downstream of Dpp ligand translation and upstream of
activation/phosphorylation of Mad. Preliminary evidence suggests that Irk2 is necessary for the
release of Dpp from the inductive cells or the spread of Dpp from the source cells to the

responding cells.

RESULTS
Irk2 is not required for Hedgehog signaling

In chapter 2, we showed that Dpp signaling requires the Irk2 channel for the proper
development of the wing. In contrast, we showed that wg expression and expression of its target
gene achaete are not affected by the loss of Irk channels. This means that the developmental

requirement for Irk2 is specific to Dpp signaling and is not general to all signaling pathways.

Another essential signaling pathway for correct development of the wing is Hedgehog
(Hh). Hh signaling induces expression of Dpp. Therefore, if Irk2 were necessary for Hh

signaling, we would also see a loss of Dpp signaling, consistent with our previous results.

To determine if Hh is expressed normally when Irk2 is compromised, we used an
enhancer trap system where the 44 expression is monitored by a beta galactosidase reporter
(LacZ) fused to the promoter of Hh. We expressed irk2DN in the whole wing pouch using
MS1096-Gal4. We then used an antibody against LacZ to ask whether blocking Irk2 would
affect the Hh expression pattern. The result showed that blocking Irk2 did not change Hh-LacZ

expression in the disc (Figure 3-1 A, C). Therefore, 4/ expression does not depend on Irk2.
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While Hh is expressed normally, it could also be that Hh signaling is compromised by the
loss of Irk2. To address this hypothesis, we assayed the expression of patched, a gene whose
expression depends on Hh signaling in the wing disc. The Hh target gene, patched, forms a sharp
stripe in the A/P boundary. We checked patched expression when Irk2 was compromised by
expression of irk2DN in wing discs and by deletion of Irk2 (irk2Df). In the wild type wing discs,
Patched forms a stripe at the A/P boundary. In Irk2DN expressing discs, patched expression is
lost, where cells also die via apoptosis, but is otherwise intact (Figure 3-1 B, D). Loss of patched
expression is expected because Irk2DN expression induces apoptosis of those cells. We checked
the patched expression in irk2df wing discs because discs with this genotype do not have
increased apoptosis. patched expression is not lost or decreased in the irk2df discs indicating that

Hh signaling is not compromised by the loss of Irk2 (Figure 3-1 B, E).
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Anti-LacZ Anti-Patched

Wild Type

Irk2DN

Figure 3-1: Hedgehog signaling is not involved in Irk2 mediated wing patterning.
Early third instar larvae wing discs were stained with anti-LacZ antibody to Hh-Lacz
enhancer trap lines alone (A) and Hh-Lacz enhancer trap lines with MS1096 Gal4; UAS-
Irk2DN (C). Late third instar larvae were stained with anti-patched antibody for wild
type (B), MS1096 Gal4,; UAS-Irk2DN (D), and irk2df (E) (Anterior is left and posterior
right)

Expression of Dpp, Tkv and Dally remains normal in the Irk2DN expressing wing disc

Are all of the essential components of the Dpp signaling pathway expressed when Irk2 is

blocked? To determine if the essential components of the pathway are expressed, we used
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antibodies against Beta galactosidase (LacZ) in enhancer trap flies, where LacZ is fused to the

promoter of different components of the Dpp pathway.

First we asked whether dpp expression is altered when Irk2 channels are blocked by
expressing Irk2DN in the wing pouch. The ligand, Dpp, is expressed in the bordering anterior
cells of A/P boundary cells by Hh signal at the posterior compartment'®>. We expressed Irk2DN
in the whole wing pouch using MS1096-Gal4 in Dpp-LacZ enhancer trap lines to determine
whether Irk2 was required for transcription of Dpp. We found that Irk2DN did not affect Dpp
transcription (Figure 3-2 A, B). This shows that Irk2 is required downstream of Dpp transcription

in the Dpp pathway.

We assessed whether the expression pattern of Tkv, a Dpp receptor, is altered when Irk
channels are blocked. Two type I receptors Tkv and Saxophone (Sax), can bind to Dpp. However
the interaction between Dpp and Tkv is stronger than the interaction between Dpp and Sax'®.
Sax binds to another ligand, Gbb, with a higher affinity!®*. In the wing disc, Tkv expresses in a

well-restricted area. In contrast, Sax is expressed ubiquitously'®®

. We checked Tkv expression
because it is the primary receptor through which Dpp signals in the context of wing disc
development. Tkv expression is low in the medial cells where Dpp is expressed, giving Dpp
more room for dispersal because there are fewer Tkv receptors to bind!'*®. Tkv expression is
strongly suppressed in cells immediately in the center of the A/P boundary. Since Dpp signals
through Tkv, the Dpp signaling is not transmitted in the very center of the A/P boundary. Thus
Mad (Tkv's phosphorylation target) remains unphosphorylated in this region. Immediately
adjacent to the center cells, Mad is phosphorylated in response to Dpp signaling through Tkv.

This pattern of Dpp activity is measured with an antibody against the phosphorylated form of

Mad (p-Mad)'*°. We blocked Irk channels using expression of dominant negative Irk2 (Irk2DN)
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in the wing pouch. We then monitored Tkv expression by immunostaining (Figure 3-2 C, D).
Irk2DN expression did not change the Tkv expression pattern meaning that Tkv transcription

does not depend on Irk2 function.

Division abnormally delayed (Dally) is a glycoprotein that is necessary for Dpp to spread
from inducer cells to target cells. Dally covalently attaches to a heparin sulfate chain in the

extracellular matrix '’

. Dally helps to transport Dpp dimers that are released from medial inducer
cells to the lateral responder cells by association-dissociation interactions’ 3%, We expressed
Irk2DN in the wing discs of the Dally-LacZ enhancer trap line and monitored the LacZ

expression by immunohistochemistry. We found that blocking Irk channels using Irk2 does not

change the transcription of Dally (Figure 3-2 E, F).
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Irk2 DN

Tkv-LacZ

Dally-LacZ

Figure 3-2: Irk channel function is not required for transcription of Dpp, Tkv or
Dally. Late third instar larvae wing discs were stained with anti-LacZ antibody to
Dpp-LacZ enhancer trap lines alone (A) Dpp-LacZ enhancer trap lines with MS1096
Gal4; UAS-Irk2DN (B); Tkv-Lacz enhancer trap line alone (C) or Tkv-Lacz enhancer
trap line with MS1096 Gal4; UAS-Irk2DN (D) Dally-LacZ enhancer trap line alone
(E) or Dally-LacZ enhancer trap line with MS1096 Gal4; UAS-Irk2DN (F). Scale bar-
50uM.
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Irk2 is not directly required for phosphorylation of Mad

Our previous work showed that loss of Irk2 in the wing disc caused reduced expression
of the Dpp target gene spalt. Similarly, blocking or reducing the function of Irk2 reduced
phosphorylation of Mad (p-Mad)'®°. We also found that expression of Dpp signaling components
dpp, tkv and dally remain normal in discs that express dominant negative Irk2 channels. Now we
asked, does phosphorylation of Mad directly require the Irk2 channel? To determine if Mad
could be phosphorylated without the function of Irk2, we expressed constitutively activated Tkv
in cells to by-pass all upstream requirements in the signaling cascade. Activated Tkv (tkvP)

substitutes Q 253 to D transduce a downstream signal without Dpp binding'*°

. We expressed
tkvPP in the wing pouch alone or along with Irk2DN and asked whether Irk2DN expression
allowed phosphorylation of Mad within those cells. P-Mad signal is retained in the disc where
Irk2DN is expressed with activated tkvP? suggesting that phosphorylation of Mad does not
directly require Irk2 (Figure 3-3). In other words, Irk2 is required in a different step of Dpp

signal transmission.

Wild type Activated Tkv Activated Tkv + Irk2DN
B C

Figure 3-3: Irk2 does not directly target Mad. Wing discs of wild type (A), MS1096 Gal4; UAS-

#®”" (B) and MS1096 Gald; UAS-Irk2DN; thv?”""” (C) were stained with anti-P-Mad antibody.

Scale bar-50 uM
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Diffusion of the Dpp ligand is affected by Irk2

Proper spreading of a morphogen is important to pattern the structure of an organ because
the level of morphogen activity at a target cell determines its cellular fate. Dpp is expressed in
the cells of the A/P boundary. After translation, Dpp pro-protein gets cleaved into different
isoforms. The longer isoform forms dimers, is released from producing cells, and binds receptors
of target cells to affect wing patterning'®®. In the wing disc, Dpp localization peaks in the middle
of the A/P boundary and decreases gradually towards the anterior half, but declines sharply at the
posterior half. A Dpp receptor, Tkv, is highest at the edges of the disc and lowest at the middle.
Hence, the absolute amount of the ligand concentration and its relation to neighboring cells in
medial or lateral regions of the disc is important to properly pattern the disc. Uniform
distribution of Dpp in the medial cells causes a change in disc size!”!. To understand how the
ligand distribution was affected when Irk?2 is inhibited, we expressed /rk2DN along with Dpp in
the inducer cells. To this end, we designed transgenic flies that express both irk2DN and a DPP-
GFP fusion gene under the control of the upstream activator sequence (UAS) and the dpp-Gal4
driver. We found that discs of dpp-Gal4 UAS::Irk2DN; UAS:: DPP-GFP were larger in size
compared to DPP-GFP flies. Ectopic expression of Dpp alone can increase the disc size so we
made a quantitative comparison of discs from both genotypes. To accomplish this, we crossed
the flies and let them lay eggs for 4 hours and let larva grow for 130-134 hrs. We checked the
Dpp expression using anti-GFP antibody to determine the compartment size. Discs with DPP-
GFP expression alone (n=12) have an average posterior compartment size of 132.3 +/- 4.7 pm
and an anterior compartment size of 189 +/- 7 um whereas discs with /rk2DN expression along
with DPP-GFP (n=16) have an average posterior compartment size of 162.6 +/-7.3um and an
anterior compartment size of 257.6 +/- 15.5 um. Blocking Irk2 in Dpp producing cells changes

the ratio of size of the posterior to anterior compartments from 0.702 +/- 0.02 in DPP-GFP
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expressing discs to 0.64 +/- 0.02 in Irk2DN and DPP-GFP expressing discs (Figure 3-4 A-C).
The cells expressing Dpp-GFP mark the A/P border. We measured the distance from the A/P
boundary to the anterior edge and to the posterior edge when those A/P border cells express

Irk2DN and Dpp-GFP compared to discs that only express Dpp-GFP in those A/P border cells.
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Figure 3-4: The spread of Dpp is impacted by Irk channels loss. (A-C) Wing discs from third instar
larvae (130-134 hr. after egg lay (A.E.L.). Discs were stained with anti-GFP antibody and imaged using a
fluorescence microscope to measure compartment size (A) dpp-Gal4; UAS-DPP-GFP (n=12) (B) Dpp-
Gal4; UAS-Irk2DN,; UAS-DPP-GFP (n=16) (C) The size of anterior and posterior compartments are
measured. The ratio of posterior over anterior compartments in Irk2DN expressing wing discs is
significantly different from wild type (P= 0.029). (D-F) Wing Discs from third instar larvae (130-134 hr
A.E.L.) were stained with anti-GFP antibody and pictured using confocal microscope. Intensity profile of
each discs were obtained using Fiji/Image J from anterior to posterior within wing disc pouch. (D) Dpp-
Gal4; UAS-DPP-GFP (n=25) (E) Dpp-Gal4; UAS-Irk2DN; UAS-DPP-GFP (n=33) (F) The profiles of
average intensity for each group is plotted. Notice the breadth of UAS-Irk2DN, UAS-DPP-GFP is wider
than in wild type.
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We found that Dpp-GFP spreads farther from its source when Irk2DN is expressed in Dpp
producing cells (Figure 3-4 D-F). This spread explains the larger disc size because lateral cells

receive a large amount the Dpp compared to wild type.

The requirement for Irk2 is non-cell autonomous

We showed that Irk2 is required for Dpp signal transmission. If Irk2 is blocked in one
group of cells, does it only affect Dpp transmission in those cells or does it affect Dpp
transmission in other cells? We showed that expression of irk2DN in the wing pouch causes
apoptosis in the pouch '*°. We blocked apoptosis using the caspase inhibiting protein P35 and
blocked Irk2 in the same cells. P35 blocked Irk2DN-induced apoptosis in the wing pouch where
both Irk2 and P35 were expressed. However, apoptosis occurred at the edge of the pouch, outside
the region where Irk2DN was expressed'®’. Therefore, Irk2DN causes cell death in cells where it
is not expressed. This is consistent with the hypothesis that apoptosis occurs because Irk2DN
changed an extracellular signal (such as Dpp). The result also suggests that the requirement for

Irk2 is not cell-autonomous.

To directly test whether Irk2 is required for cells to receive the Dpp signal, we expressed
Irk2DN in a set of clones within a wing pouch surrounded by wild type cells and measured
phosphorylation of Mad (the intracellular transmission of the Dpp signal). The clones expressing
Irk2DN are marked with GFP to distinguish them from their wild type neighbors. We monitored
P-Mad intensity across the disc inside and outside of the clone and found that the level of Mad
phosphorylation does not change in clones that express Irk2DN compared to those that do not
(Figure 3-5). This shows that Irk2 is not required for the transmission of the Dpp signal within a

Dpp receiving cell.

58



Merged

Anti-PMad
(Anti-Pmad + Anti-GFP)
o .
C
Irk2DN * GFP
clones

Figure 3-5: Irk2 channel is not required for reception of the Dpp signal.
Clones of cells expressing GFP alone (A, B) or GFP+Irk2DN (C, D) were
generated in third instar wing discs with wild type background and stained with
anti-Pmad antibody and imaged in confocal microscope at 60x magnification. Left
column (A, C) shows red channel alone and right column (B, D) shows merged
image of red and blue channel on the same picture. Notice the red staining in (A,
C) does not change within the trace line for clone and outside of it. The picture
shows the center of wing pouch.
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Figure 3-6. Model for Irk channels in Dpp signaling. Complete loss of Irk channel function causes
disruption of Dpp secretion, transport, or diffusion. Irk channels are required upstream of Mad
phosphorylation and downstream of Dpp translation.

DISCUSSION

We showed that reducing Irk2 channel function throughout the wing disc reduces Dpp
signaling, leading to dpp-like wing phenotypes, reduced expression of Dpp transcriptional
targets, and apoptosis'®. However, when Irk2 is blocked only in the Dpp producing cells, Dpp
seems to spread further from its source cells and, as a result, the disc size increases (Figure 3-4).
These seemingly paradoxical results may show a role of Irk2 in the dispersal of Dpp by altering
transcytosis (Figure 3-6). Transcytosis is the process in which a ligand is captured in a vesicle by

endocytosis and transported across long distances where it is released by exocytosis'*2.
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A homolog of Irk2, Kir6.2, has been shown to be important for depolarization-induced

193

exocytosis'°. We can speculate that Irk2 may play similar role to affect Dpp release and

transport in the wing disc.

Further support for a mechanism by which Irk2 affects Dpp distribution can be taken
from other genes that similarly affect Dpp signaling. Mutations that disrupt coronin, a
component of the cytoskeleton, reduce Dpp signaling'®!. coronin mutations reduce expression of
Dpp transcriptional targets (spalt and optomoter-blind) and cause wing and eye phenotypes
similar to those when Irk2 is disrupted'®” ! (Figure 4-3). However, if Dpp is over-expressed in
the same coronin mutant background, Dpp is increased in the lateral cells resulting in disc
overgrowth similar to /rk2DN''. Coronin interacts with syntaxin, a component of the soluble N-
ethylmaleimide-sensitive fusion protein-attachment protein receptor (SNARE) complex that
plays a role in vesicle fusion "4, Thus, it is thought that the role of Coronin in endocytosis
affects the release of Dpp from producing cells or transport of Dpp to receiving cells'!.
Additionally, a mammalian homolog of Irk2 also interacts with syntaxin'®>. Therefore, it could
be that Irk2 is necessary for vesicle fusion for the release or transport of Dpp. Ours is the first
suggestion that an ion channel is necessary for developmental signal transmission. More broadly,
this presents the provocative idea that developmental signaling may require specific membrane

potentials. In other words, developmental signaling may require an evoked response similar to

that of neurotransmitter release in neural communication.

We ruled out the possibility that Irk2 affects transcription of components of the Dpp
signaling pathway. We checked dpp, tkv, and dally expression in the discs expressing l[rk2DN
and found expression to remain normal compared to wild type (Figure 3-2). We demonstrated

that phosphorylation of Mad does not directly require Irk2. We co-expressed activated Tkv
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(tkvPP) along with Irk2DN to determine whether channel blockage disrupts the signal from the
activated Tkv and found that it does not (Figure 3-3). This result suggests that Irk2 is required

upstream of the Mad phosphorylation event.

Hh, Wg and Dpp are the major signaling pathways that pattern the wings. We ruled out
the possibility that Irk2 is required for Wg signaling by showing that both expression of Wg and
its transcriptional target Achaete are normal when Irk2 is compromised in the wing disc.
Similarly, when Irk2 is compromised in the wing disc, the expression patterns of Hh and its
transcriptional targets patched and dpp are similar to wild type (Figure 3-1). Thus, Irk2 is
required for Dpp signal transduction for wing development, but is not necessary for Wg or Hh

signaling.

We do not rule out the possibility that phosphorylation of receptor Tkv might require
Irk2. Further studies are necessary to rule out the possibility that Irk2 affects Tkv
phosphorylation. To this end, we will reduce the function of Irk2 and directly measure activation
of Tkv with a fusion protein reporter called UbiTIPF. In this genetic tool, yellow fluorescence
protein (YFP) fused to Tkv is quenched while the receptor is not active. Upon Dpp binding, Tkv
is phosphorylated by the type II receptor. When Tkv is phosphorylated, the quench is released
from YFP and fluorescence can be measured!®®. UbiTIPF expresses TIPF ubiquitously which

allows direct measurement of Tkv activation throughout the wing disc'*®.

Finally, our study of Irk2 in Drosophila development opened a new frontier in ion
channel function in development. Since ion channels are readily targeted pharmacologically,

further knowledge about the role of ion channels in development will enhance the probability of
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finding cures for different developmental disorders and may have applications in regenerative

medicine.

MATERIALS AND METHODS

Drosophila strains used

ry’%P{PZ}hh*°, cn!P{PZ}dpp'%®¥'Cy0; ry>%, tkv (y'wb7¢2% P {lacW } tkv¥!¢713/Cy0),
(P{PZ}dally***P {PZ}1(3)87Df64¢* 139 TM3, ryR¥Sb!Ser! and w"; wgP"!/CyO; P{GAL4-
dpp.blk1}40C.6/TM6B, Tb! were purchased from Bloomington Drosophila Stock Center, IN.
w P {UAS-tkv.Q253D.Nb}3/TM3,Sb'Ser! is a kind gift from Dr. Robert E. Ward (University of
Kansas, KS). hs flp; Actin>Y "> Gal4: UAS-DPP-GFP/Cyo is from Dr. Lily Jan and Dr. Yuh
Nung Jan, (University of California San Francisco, CA). UAS-DPP-GFP/TM3, Sb is a kind gift

from Dr. Edwin Ferguson (University of Chicago, IL).

Clone generation

hsflp; Actin>Y ">Gal4, UAS-GFP/CyO virgin females flies were crossed with UAS-
Irk2DN/CyO-GFP males. Clones were generated by heating the larvae for 1hr in a 37°C water

bath every day after egg lying.

Immunohistochemistry

Discs were isolated from larvae in ice cold PBS. Isolated discs were fixed in 4%
paraformaldehyde in PBS solution to fix for 30 minute, washed with PBS, permeabilized using
0.3% triton and washed with 0.1% saponin. The samples were blocked in a blocking buffer
(3%BSA, 5% goat serum, 0.1% saponin in 1X PBS) for 1 hr. at room temp. Afterwards, primary
antibody diluted in blocking buffer was added to the sample and incubated at 4 C overnight.
They were washed with 0.1% saponin in PBS and put in secondary antibody for 2 hr. at room
temp, washed again with 0.1% saponin. Finally samples were put in slide and mounted in
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Vectashield mounting medium (Vector Lab). Antibody used: primary antibodies (mouse anti-
LacZ: 1:50 (developmental hybridoma bank); rabbit anti-P-mad1:20 (Cell signaling). Secondary
antibody used: Alexa flour 488 Goat anti-mouse IgG (1:700) (Invitrogen), and Goat anti-rabbit
IgG CY3 (1:700) (Invitrogen).

For staining extracellular DPP-GFP, wing discs were isolated on Schneider 2 culture
medium (Life technologies) incubated on mouse monoclonal anti-GFP (1:50) for 1 hr. at ice.
Briefly washed with PBS and fixed in 4% Paraformaldehyde. The rest of procedure is same as
the other staining procedure for anti-LacZ. Secondary antibody used Alexa flour 488 Goat anti-
mouse IgG (1:700) (Invitrogen).

Wing discs were stained with mouse anti-patched (1:50) (developmental hybridoma bank)
and secondary antibody Goat anti-mouse IgG Cy5 (1:200) (Millipore) using protocol described in

chapter-2.

Imaging

Fluorescence imaging is described in chapter 2. Confocal imaging is done using Confocal
Laser Biological Microscopes FV1000 FLUOVIEW (Olympus). Control and experimental
samples were imaged in the same setting. Intensity analysis is done using Fiji/ImgelJ software

(http://fiji.sc/Fiji).

Wing disc measurement

Anterior and posterior sizes were measured using an Axioscope Al program and a Zeiss
Axioscope Al (Carl Zeiss Microscopy LLC, NY) microscope. A straight line is drawn just above
the D/V boundary to measure the anterior and posterior compartment. The compartment

boundary is defined by the Dpp expression.

64


http://fiji.sc/Fiji

CHAPTER 4: IRK2 PLAYS A GLOBAL ROLE IN DROSOPHILA DEVELOPMENT

INTRODUCTION

Drosophila Eye Development

The Drosophila compound eye is composed of 750-800 eye units called ommatidia that
are arranged in a beautiful hexagonal array'®’. The two eyes form an anterior-posterior reflection
of each other'®®. Each light sensing ommatidium consists of 8 photoreceptors, 4 cone cells, 6
pigment cells and a mechanosensory bristle!®. The photoreceptors express rhodopsin and are
classified into three types according to the absorption pattern. R1-R6 absorb green light, R7
ultraviolet light and R8 absorbs light in the blue range®”. Information is transmitted from the eye
to the brain via axons that extend into optic lobes of the brain in two separate ganglion structures,

the lamina and the medulla®®.

Like all other Drosophila appendages, the compound eye is developed from a larval
structure called the eye imaginal disc. A simple bilayer of undifferentiated cells turns into a
precise, complex, stereotypical adult eye. The patterning of the eye starts in the third instar larvae
with the origin of a transient vertical groove called the morphogenetic furrow (MF) at the
posterior end of the eye disc!®’. The apical-basal region of the disc tightens and the apical region
shrinks to form the morphogenetic furrow?®!. The morphogenetic furrow progressively moves
from the posterior to the anterior of the disc causing differentiation of cells along the way. The
cells anterior to morphogenetic furrow are undifferentiated and arrested in G1 phase. As the
morphogenetic furrow moves, it causes cells to enter the second mitotic wave**?. The second
mitotic wave expands the number of cells which become the source of the majority of the cell

types2%* 19 It takes two days for the morphogenetic furrow to sweep across the disc causing a
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precise sequence of events to differentiate cells into approximately 30 columns of regularly
clustered photoreceptor cells!”2°1:2%4_ The patterning event in the eye disc is different than in
the wing disc. Wing disc patterning is controlled by factors that are expressed in a static space
and these factors direct the differentiation of cells within their field of influence. In the eye disc,
the factors are not static; they change their position constantly to carry out the differentiation in a
smaller, specific field of cells?®!. It is interesting to note that eye development depends on

positional information, but not on cell lineage!'®” 2%,

Morphogenetic Furrow and cellular signaling for cell fate decisions

Initiation of the morphogenetic furrow (MF) is controlled by the Epidermal Growth
Factor Receptor (EGFR), a member of the receptor tyrosine kinase (RTK) pathway and the
Notch signaling pathway?%. These two pathways act upstream of Hh and Dpp but downstream of
Wg?%. Progression of the morphogenetic furrow depends on Hh and Dpp signaling®"’. i/ is
expressed at the posterior end and remains there while the morphogenetic furrow initiates and
progresses??2%_ Loss of Hh prevents the morphogenetic furrow from progressing?: 210-211,
Expression of hh causes differentiation of anterior cells and these differentiated cells start to
secrete Hh, inducing the differentiation cycle*'?. 44 induces the expression of Dpp which helps
the movement of the morphogenetic furrow from the posterior to the anterior side of the eye
disc'. wg is expressed in the lateral margins of the disc and suppresses initiation of the
morphogenetic furrow and its progression. Thus, Wg helps to maintain the eye in its correct
position'®. Wingless and Dpp suppress each other?'42!% in such a way that loss of Dpp can cause

increased activity of Wg. Wg overexpression disrupts ommatidia development and causes

disorganized bristle growth, loss of the cornea nipple array (smoothened/glazed), planar cell
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polarity defects. In severe cases, Wg overexpression causes tissues that should become eye to

become head tissue instead?'®22!,

dpp expresses at the posterior end of the disc at an earlier stage of disc growth and moves
along with the MF. Dpp induces transcription of eyeless, eye absent, sine oculis and dachshund,
which are the transcription factors that specify cell fate within the homogenous epithelium of the
eye disc?*’. Ectopic expression of dpp at the anterior edge causes duplication of the eye???. If a
clone of cells loses the ability to respond to Dpp in the eye disc, pigment is lost, ommatidia
develop aberrantly and eye size is reduced?!’. Dpp is responsible for the hexagonal shape of the
ommatidia because it acts as a functional component of the cadherin adhesion system along with

Hibris-Roughest and De-cadherin®?.

Drosophila trachea development

The trachea is a respiratory organ of Drosophila. It is composed of interconnected tubes
with stereotypical branching for gas exchange. The trachea system is analogous to lungs in
higher animals??*. Trachea starts out with 80 precursor cells during the embryonic stage and
develops into approximately 10,000 interconnected tubes?**??>. Transcription factors trachealess
(trh) and ventral veins lacking (vvl) are essential for tracheal tube specification®?6-?*’, In wild
type animals, embryonic dorsal branch cells will join the Dorsal Trunk (DT)***2%°, Dpp signaling
induces trh and vvI which then set the anterio-posterior field and control the cell fate decision?*°.
Because Irk2 was required for Dpp signaling to pattern the Drosophila wing, we hypothesized
that Irk2 would also be required for the development of other tissues that require Dpp: the fly eye

and the trachea.
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We report that eye development requires Irk2 function. Loss of Irk channel function in
the eye causes the loss of planar cell polarity, abnormal bristle arrangement, loss of integrity of
hexagonal shape of ommatidia, and loss of cornea nipple array. These phenotypes are typical of
Wg overexpression. Since Dpp antagonizes Wg in eye development, these phenotypes are
consistent with the hypothesis that Irk2 is necessary for Dpp signaling in Drosophila eye
development. Expression of irk2DN in trachea causes its incomplete development and eventual
death of fly larva prematurely. Our findings in eye and trachea suggest that Irk channels are
essential to Dpp signaling universally in fly development rather than constrained to one tissue or

organ.

RESULTS
Irk2 is expressed in the eye disc

To determine the signaling pathway involved in the Irk channels mediated adult eye
phenotype, we relied on the eye imaginal disc as a model. The eye imaginal disc has been
extensively used for the genetics of eye development. We wanted to find out whether Irk2 is
expressed in the eye disc to ensure that phenotypes observed in the adult eye are due to reduction
of complete loss of endogenous Irk2. We used anti-Irk2 antibody to stain the disc at early and
late stages of the third instar larvae eye disc. We found that Irk2 is expressed throughout the eye

disc (Figure 4-1).

Loss of Irk channels causes visible eye phenotypes

We found that Irk2 is necessary for the Dpp signaling pathway to pattern the Drosophila
wing. Because Dpp plays an important role in patterning of different organs we hypothesized

that Irk2 may also play such a role in the development of these structures.
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Anti-Irk2

Early third instar larva eye disc

Late third instar larva eye disc

Figure 4-1: Irk2 expresses in the eye disc. Wild type eye discs were isolated from early
and late third instar larva and stained with anti-Irk2 antibody.

To test this hypothesis, we examined development of the Drosophila eye in the absence
of Irk2 function. The Drosophila eye has been studied by generations of scientists as a model for
organ development. Thus a detailed map of eye development has been described. We expressed
the dominant negative Irk2 in the eye using an eye specific promoter and examined the eye with
a light microscope. We found that blocking Irk channels causes white patches due to the loss of
red eye pigment (Figure 4-2). In some eyes, we found complete loss of pigment and a dark black
spot in the center of the eye. We scored the penetrance of the defects. We found that Irk2 DN5.1
caused eye defects in 47% of the flies when they were raised at 25°C (n=119). We found that

raising flies at 18 C did not change the penetrance of the eye phenotype. Expression of irk2DN in
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a different transgenic line increased penetrance and severity of the defects: [rk2DN5.2 (n=117)
caused eye defects in 90% of the flies at 25 'C and 81% eye defects at 18 °C. No defects were

visible in the irk2WT (n=195) expressing eyes (Figure 4-2).

m25C o018C

% flies with eye defects
o 3

Irk2 WT Irk2 DN5.1 Irk2 DN5.2

Figure 4-2: Irk2DN expression causes eye defects. A. UAS:irk2WT and UAS:Irk2DN5.1 and
UAS:Irk2DNS5.2 were expressed in the eye disc using ninaE. GMR Gal4 promoter at 18 °C and 25 °C
and eye phenotypes were counted using light microscope. (A) Normal eye in the wild type and loss of
eye pigment in Irk2DN expressing eye (B) ninaE.GMR Gal4; UAS:irk2WT and UAS:Irk2DN5.1 and
UAS:Irk2DN5.2 flies with eye defects were quantified using light microscopy.
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Eye phenotypes due to loss of Irk2 are similar to Wg overexpression phenotypes

To determine the role of Irk2 in eye development, we examined eyes of Irk2 deficient
(Irk2Df) and Irk2DN expressing fly eyes using a scanning electron microscope. We found that
Irk2 deficiency and blockade of channels by Irk2DN causes disruption of the surface of the
compound eye, loss of corneal nipple array, loss of integrity of the hexagonal shape of
ommatidia and aberrant positioning of mechanosensory bristles (Figure 4-3). These phenotypes
are similar to those caused by up regulation of Wg signaling and down regulation of Dpp

signalingz 10, 216-221, 223 .

For example, ectopic expression of wg suppresses bristle formation. Bristle formation can
be rescued in these eyes by expressing dominant negative TCF, a downstream target of Wg?*!,
Dpp and Wg are antagonists in the eye. Dpp is required to make the hexagonal shape of

ommatidia. Thus it is possible that loss of Irk2 reduces Dpp activity leading to loss of ommatidia

integrity®**(Figure 4-3).

Irk2DN does not cause apoptosis in the eye disc

We showed that expression of Irk2DN in the wing disc causes apoptosis'®. To determine
if Irk2DN causes apoptosis in the eye and leads to structural defects, we expressed irk2DN in the
eye disc using ninaE. GMR-Gal4: UAS-Irk2DN?5. 1 and stained for apoptosis using TUNEL. We
found that expression of irk2DN does not cause apoptosis (Figure 4-4). The few apoptotic cells
that are seen in the Irk2DN expressing eye discs are the same number as occur in the wild type

eye disc.
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Wildtype

irk2 deficient

irk2 DN

Wildtype irk2 deficient irk2 DN

Figure 4-3: Loss of Irk2 causes various eye phenotypes. (A-C) Wild type eye. (A) Light
microscope image of WT (B, C, J) SEM image of WT eye. (D-F, K) irk2Df eye. (F) Light
microscope image. Notice loss of pigment. (D, E, K) SEM image. Notice rough eye (D) and
disorganized bristle, loss of hexagonal shape of ommatidia (E, K). (G-I, L) ninae. GMR. Gal4,
UAS-Irk2DN eye. (1) light microscope image. Notice the loss of red pigment. (G-H) SEM images.
Abnormal eye shape (G) and bristle polarity changes (H, L)
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Irk2DN

Figure 4-4: Irk2DN does not cause apoptosis in the eye disc. Wild type and
ninaE.GMR.Gal4; UAS Irk2DN eye discs were isolated from third instar larva and stained
for apoptosis using TUNEL.

Irk2 is expressed in the trachea

Irk2 is expressed in the embryonic and larval trachea systems!®. The expression is visible
in the embryonic stage and persists in the larval stage (Figure 4-5). Since Dpp signaling patterns
the development of the trachea and Irk2 is necessary for Dpp signaling in the wing, we
hypothesized that Irk2 would also be important for Dpp signaling to correctly pattern the

trachea3>>%,

s
D

C
Figure 4-5. irk2 is expressed in trachea. In situ with irk2 sense (A) and irk2 antisense (B, C, D) probes
showing expression of isolated larval trachea (A, C) and embryonic trachea (B, D)
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Irk2 is required for trachea development

To test our hypothesis, we used a trachea specific breathless-Gal4 driver to express
dominant negative Irk2 during trachea development. We found that expression of irk2DN causes
thinning of branches, loss of branching, and complete loss of some sections of the main trachea
trunks (Figure 4-6). The larvae were docile and 83% died before the third instar larval stage. The

result confirms that Irk channels are important for proper patterning of the trachea.

Loss of proper trachea development could be one of the causes of earlier death in animals

expressing [rk2DN ubiquitously (Figure 2-7 B).

WT Irk2DN

Figure 4-6: Irk2DN expression causes defects in trachea development. Trachea specific GFP was
expressed using btl-Gal4; UAS-GFP. (Left panel) wild type larvae with normal tracheal pattern. (Right
panel) btl-Gal4; UAS-Irk2DN larvae. Notice the two dorsal tubes are lost in the middle and anterior side,
thinning of the tubes and loss of branching. Larva head is up

DISCUSSION

Irk2 is essential for the development of the Drosophila wing, trachea, and eye. All of

these structures require Dpp signaling. We also showed that Irk2 is necessary for the Dpp

189

signaling pathway to pattern the wing ®". Components of the Dpp signaling cascade and Irk2 are
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expressed in the developing wing, trachea, and eye. These data led us to hypothesize that Irk2
plays a universal role in Dpp signaling for the development of multiple structures. We expressed
irk2DN in the eye and trachea because Dpp patterns both structures. Both eye and trachea
showed defects reminiscent of defects that occur with reduced Dpp signaling, consistent with our

hypothesis.

Loss of Irk2 function causes eye phenotypes that include compromised hexagonal shape
of ommatidia, aberrant bristle patterning, loss of the cornea nipple array, and loss of the planar
cell polarity of the eye tissue. These phenotypes are similar to those that occur when Dpp

d223

signaling is reduced®*® or Wg activity is enhanced®*!?*!, Since Wg and Dpp suppress each other

in eye development, less efficient Dpp signaling would lead to more Wg activity?!42!,
Therefore, our data are consistent with the hypothesis that that reduction of Irk2 channel function
compromises Dpp signaling to cause Wg overexpression. If Wg expression completely
suppresses Dpp signaling the cells in the eye disc doesn’t commit to the eye structure fate. If Dpp
is completely absent or more significantly compromised, cells along the border take on head or
antenna fate instead of eye fate***” | This could mean either that the requirement for Irk2 is
after eye fate has been determined or that the nina-E Gal4 driver expresses Itk2DN after eye fate
has been determined. Further analysis is needed to confirm that downstream eye specific
transcriptional targets of Dpp are compromised by the loss of Irk2 before we can make a
definitive conclusion that the Dpp signaling pathway requires Irk2 in the eye. Unlike the wing
disc, irk2DN expression in the eye disc does not cause apoptosis (Figure 4-4). Dpp plays
different role in the wing and in the eye. Similarly, though loss of Dpp in the wing disc causes

apoptosis, loss Dpp has not been shown to cause apoptosis in the eye disc. Loss of Hh and

EGFR causes apoptosis in the eye disc?*32*. We conclude that Irk2 is likely not required for Hh
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and EGFR signaling because blocking Irk2 does not cause apoptosis. The lack of apoptosis in
Irk2DN expressing eye discs is consistent with the hypothesis that Irk2 inhibits Dpp signaling

rather than one of the other pathways to cause Dpp-like phenotypes.

In the trachea, loss of Irk channel function causes defects similar to loss of Dpp signaling
(Figure 4-6). Loss of Dpp signaling causes disruption of dorsal branch fusion, disruption of
tracheal cell migration, loss of dorsal branches, defective ganglion, and defective lateral branches
in the embryo??%22°-233_ More data are needed to fully appreciate the phenotypes observed when
Irk channels are blocked compared to those observed with the loss of Dpp. However, the severe
tracheal defects observed when Irk2 is blocked in tracheal cells is consistent with our hypothesis
that Irk2 is necessary for Dpp signaling in tracheal development as it is in the wing. Since the
trachea is a vital organ, blocking Irk channels in this tissue causes premature death of the fly

before adulthood.

Altering Irk channels interferes with BMP signaling to contribute to morphological
abnormalities in Drosophila. It is likely that the developmental defects associated with ATS and
the Kir2.1 knockout mouse are similarly due to defective TGFB/BMP signaling. If Kir2.1
channel function is necessary for TGF/BMP signaling in mammals, the Kir channels could

represent new potential therapeutic targets for slowing tumor growth and metastasis.

MATERIALS AND METHODS
Drosophila strains used

ninaE.GMR-Gal4 is from BDSC. Btl-Gal4; UAS-GFP is a kind gift from Dr Mark

Metzstein (University of Utah). Other flies were described in earlier chapters.
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Scoring eye phenotype
Equal numbers of irk2WT and Irk2DN transgenic flies were crossed with ninaE.GMR-

Gal4. Parents were discarded and adult progeny flies (F1) were scored for defects.

Drosophila eye light microscopy imaging

Adult flies were anesthetized using CO2 and imaged in LEICA microscope.

Drosophila eye preparation for Scanning Electron Microscopy

Adult live flies were cut and put into 2% Gluteraldehyde in 0.06M Cacodylate buffer to
fix overnight. The samples were washed with 0.06M Cacodylate buffer for 5 times 10 minutes
each and fixed again in 1% Osmium tetra oxide (OsO4) for 2hr. The samples were washed with
water 5 times for 10 minutes each and dehydrated in a series of acetone 10%, 30%, 50%, 70%,
90% and 100%. The samples were further dried in critical point dry (CPD) (Tousimis 931.66)
and coated with AuPd to make them conductive for SEM observation and took pictures using

SEM microscope FEI XL-30 ESEM FEG.

Immunohistochemistry

Eye discs were immunostained with primary antibody guinea pig anti-Irk2 (1:20) (kind
gift from Dr Hong-Sheng, University of Massachusetts Medical School) and secondary antibody
goat anti-guinea pig IgG alexa flour 488, using the protocol mentioned in chapter 3 and images

were taken using fluorescence microscope.

TUNEL staining

TUNEL staining is done as described in chapter-2.
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