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Abstract

Mutations that disrupt the inwardly rectifying potassium channel Kir2.1 lead to Andersen-Tawil
syndrome that includes periodic paralysis, cardiac arrhythmia, cognitive deficits, craniofacial
dysmorphologies and limb defects. The molecular mechanism that underlies the developmental
consequences of inhibition of these channels has remained a mystery. We show that while loss of
Kir2.1 function does not affect expression of several early facial patterning genes, the domain in
which Pou3f3 is expressed in the maxillary arch is reduced. Pou3f3 is important for development
of the jugal and squamosal bones. The reduced expression domain of Pou3f3 is consistent with the
reduction in the size of the squamosal and jugal bones in Kcrj2K9’K0 animals, however it does not
account for the diverse craniofacial defects observed in Kcnj259/K0 animals. We show that Kir2.1
function is required in the cranial neural crest for morphogenesis of several craniofacial structures
including palate closure. We find that while the palatal shelves of Kir2.1-null embryos elevate
properly, they are reduced in size due to decreased proliferation of the palatal mesenchyme. While
we find no reduction in expression of BMP ligands, receptors, and associated Smads in this
setting, loss of Kir2.1 reduces the efficacy of BMP signaling as shown by the reduction of
phosphorylated Smad 1/5/8 and reduced expression of BMP targets Smadé and Satb2.

Introduction

Inwardly rectifying potassium (Kir/lrk) channels are best known for their role in setting
resting membrane potential in neurons, muscle, and pancreatic beta cells[1-3]. Through
their effects on membrane potential, Kir channels regulate neuron firing, muscle contraction/
relaxation, and insulin release. Mutations that disrupt several different ion channels lead to
syndromes of birth defects in humans and in several other organisms, but the molecular
mechanism that underlies developmental consequences of these defects has remained a
mystery. For example, Andersen-Tawil Syndrome is caused by mutations in KCNJZ, which
encodes Kir2.1, with patients exhibiting periodic paralysis, cardiac arrhythmia, and
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cognitive deficits, dental defects, cleft lip and palate, micrognathia, hypertelorism, low set
ears, and limb patterning defects including syndactyly, clinodacyly and brachydactyly [4-7].
Disruption of another member of the Kir/Irk superfamily, Kir7.1 (encoded by Kcrj13) also
leads to cleft palate and other craniofacial defects suggesting that multiple Kir channels play
a significant role in palate closure and craniofacial development [8]. While the periodic
paralysis and cardiac arrhythmia both are logical consequences of a mutation in a potassium
channel, it is less apparent why mutations that disrupt Kir2.1 and Kir7.1 would cause defects
in morphological development. This requirement for Kir channels in development is
conserved across organisms. For example, disruption of Kir2.1 also leads to limb defects,
hypoplastic craniofacial structures, and cleft palate in mice, craniofacial defects in frogs, and
morphological defects in flies [9-11].

Genetic models provide insight into potential mechanisms by which ion channels may
influence morphological development. For example, the Kcrj2X’K0 mouse has the same
polydactyly phenotype as limb-specific removal of BMP4 or BMP2 [10, 12]. The complete
cleft of the secondary palate is similar to the defects that occur when the BMP2/4 receptor,
BMPR1A, is deleted from the cranial neural crest (CNC) that will make up the palate [10,
13]. Deletion of BMP2 and 4 from the CNC cells also results in similar phenotypes
including an enlarged fontanella and a smaller mandible [14]. In frogs, injection of a
dominant negative Kir2.1 subunit disrupts expression of early craniofacial patterning genes
[9]. In flies, disruption of Irk channels leads to wing defects reminiscent of those that occur
when fly BMP ligands (Dpp and Gbb) or receptors (Punt and Thick veins) are disrupted [10,
15-20]. The similarities between phenotypes when Kir channels are disrupted and BMP
signaling is disrupted suggest that Kir channels could act in the same pathway as BMP
signaling.

BMP signaling is initiated when BMP binds a complex of type 1 and type 2 serine-threonine
kinase receptors, the type 1 receptor phosphorylates receptor associated Smads 1, 5, or 8.
The phosphorylated Smad (p-Smad) can then associate with Smad 4 and translocate to the
nucleus where they can bind BMP response elements to activate transcription. Kir channels
are important for BMP signaling in Drosophila[10, 21]. Specifically, Kir/Irk channels
regulate the secretion of BMP [21]. Reduction of Kir/Irk channel function reduced
phosphorylation of Mad, a Drosophila receptor associated Smad, and expression of Dpp
transcriptional targets [10, 21]. Mammalian Kir2.1 can substitute/rescue developmental
consequences of loss of native Drosophila Kir/lrk channels [21].

The goal of this work was to determine how Kir2.1 contributes to mammalian craniofacial
development. Here we show that Kir2.1 is important for morphogenesis of several
craniofacial structures. We find that loss of Kir2.1 function reduces proliferation of the
palatal shelf mesenchyme to result in cleft of the secondary palate. We show that Kir2.1 is
required in the cranial neural crest and not in the ectoderm for its developmental role. Lastly,
we show that BMP signaling is reduced in developing craniofacial structures of Kcrj2Ko’kO
embryos compared to their wild type and heterozygous littermates. These data show that
similar to flies, Kir2.1 is important for BMP signaling in mice.
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Results

Kir2.1is important for development of several craniofacial structures

Several structures that derive from cranial neural crest cells develop abnormally in
Kcnf2KO/KO animals. For example, embryonic day (E)18.5 Kcrj2K9/KO embryos have
hypoplastic pre-nasal, pre-maxilla, nasal bones, and maxilla. The majority of the tympanic
ring does not form in Kcnj2K9’KO animals (Fig. 1A—F). Components of the zygomatic arch
(the maxillary and squamosal zygomatic processes and the basispenoid bone), and the
squamosal and jugal bones are reduced in size in Kcrj2X/KO mice compared to their wild
type siblings (Fig. 1C,D). Kcnj2<9KO mandibles are reduced in size and lack the coronoid
process (Fig. 1Q-T). Kcnj2K9’K0O have an enlarged anterior fontanelle compared to their
wild type siblings (Fig.1G-J, U). Furthermore, the sagittal suture is wider in Kcnj2K/Ko
embryos than their wild type siblings (Fig.1G-J, U). Kcrnj2KKO mice also have a well-
documented cleft of the secondary palate and limb patterning defects [10, 11]. All of these
phenotypes were fully penetrant among all of the analyzed Kcrj2<9K0 embryos including
males and females (n=8 of each genotype).

Early patterning of the mouse face is grossly normal in Kcnj2KO/KO embryos

To determine whether Kir2.1 functions in early patterning of the embryonic face, we
performed RNA /n situ hybridization to detect transcripts of several craniofacial patterning
genes in Kcnj2KkO’KO and control littermates. FoxL 2 is expressed just below the eye in the
dorsal maxillary first pharyngeal arch and at the mandible maxillary junction [22]. We found
that loss of Kir2.1 function did not affect expression of Fox/2at E10.5 (Fig. 2A, B). DIx5
marks the mandibular process and was unchanged in Kcrj2<9’K0 embryos at E 10.5 (Fig.
2C, D). Similarly, loss of Kir2.1 did not affect expression domains of two wide spread
craniofacial markers Hand2and DIx2 (Fig. 2E-L). Pou3f3is broadly expressed in the
mesenchyme of the maxillary portion of the first pharyngeal arch[22]. Deletion of Kcnj2
resulted in a posterior and ventral shift of the Pou373boundary in the maxillary processes of
E10.5 and E11.5 embryos (Fig. 2M-P). These data show that loss of Kir2.1 causes a specific
domain change in gene expression rather than a general change in several different
patterning genes.

Kecny2is expressed in cells along the neural folds in the mouse at E8.5 [9]. Kcrj2 mRNA is
detected in the frontal nasal process in E9.5 and E10.5, pharyngeal arches 1 and 2 in E9.5,
and in the mandibular process at E10.5 [9]. Kcriil2 mRNA is detected in the mesenchyme of
the palatal shelves, Meckel’s cartilage, and the olfactory epithelium at E12.5 (Figure 3A, B,
C and [9]). At E13.5, Kcnj2 mRNA is apparent in the mesenchyme of the palatal shelves,
the Meckel’s cartilage, and tongue, but by E14.5 Kcnj2 is no longer apparent in the palate,
but is detected surrounding the tooth bud ([9] and Figure 3 D-F).

Kir2.1is required cell-autonomously in the cranial neural crest

We asked whether Kir2.1 is required in cranial neural crest cells by specifically deleting
Kcnj2in the cranial neural crest using the WhntZ-Cretransgene. We found that the
craniofacial structures of Wntl-Cre*’T9: Kcnj2KO/f embryos were indistinguishable from
Kcnj2KO0/KO animals (Fig. 4) including hypoplastic mandibles, maxilla, components of the
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zygomatic arches, tympanic rings, and prenasal bones (Fig. 4B, D, F, H,J,L, N, P, R, T).
The anterior frontanelle and the sagittal suture are enlarged in WntI-Cre*/79; Kenj2kon
E18.5 embryos compared to controls that lack Cre recombinase or the Kcrj2%C allele (Fig. 4
G-J). Furthermore, Wnt1-Cre*’T9: Kcnj25O/ palatal shelves are reduced in size leading
ultimately to complete cleft of the secondary palate (Fig. 6D). We used Crect to remove
Kcnj2from the ectoderm [23]. Crect”’79; Kcnj2K9/f animals are indistinguishable from wild
type have grossly normal development of craniofacial structures (Fig. 5) including the palate
(Fig. 6F). Therefore, our data indicate that Kir2.1 is required in the cranial neural crest and
not in the overlying ectoderm.

Disruption of Kir2.1 hinders proliferation of the palatal mesenchyme

By E14.5, Kcnj2KO/KO palate shelves remain small and separate in contrast to wild type
(WT) and heterozygous siblings that have a completely fused palate at this stage (Fig.
6A,B). Many steps are required for the palate to develop correctly. First, the CNC cells need
to proliferate, migrate, and differentiate to form palatal shelves. Palatal shelves then extend,
elevate and fuse along the midline to form a complete palate [24, 25]. Lastly, some of the
cells of the palate differentiate into osteoblasts that will uptake calcium for ossification [26—
30]. We found that Kcrj2<O/K0 palate shelves form and elevate at all axial levels examined
(anterior, middle, and posterior), but are reduced in size (medial palatal tissue shown in Fig.
6A, B). Palatal shelves that fail to extend to the midline or fuse were observed in WntiCre
#19: Kenj2KO/ but not in control littermates (Fig. 6C, D) or Crect'’79: Kenj2K9/f (Fig. 6E,
F). To determine whether reduced proliferation of palatal mesenchyme could account for
reduced palatal shelf size in Kcrj2K0’KO animals, we injected 5-ethynyl-2’deoxyuridine
(EdU) into pregnant dams to mark proliferating cells 40 minutes before harvesting E13.5
embryos. We found 58% less proliferating palatal mesenchymal cells in Kcrj2Kk0/koO
animals compared to wild type siblings at the same stage and same axial plane ((Fig. 6G-J,
p> 0.05 T-test). Apoptosis in the palate mesenchyme as detected by TUNEL staining was
insignificant in all genotypes including less than an average of 7 cells out of 150 in counted
in all genotypes (Fig. 6K-N).

Proliferation and differentiation of cranial neural crest—derived mesenchyme of the palate
shelves requires BMP signaling [31] and function of Kir2.1, supporting a role for both in the
same cells at the same time. We asked whether loss of Kir2.1 function affected the BMP
signaling pathway in two ways: by examining expression of BMP pathway genes and by
quantifying phosphorylation of Smads. To determine if loss of Kir2.1 affected expression of
BMP ligands, receptors, and Smads, we quantified their expression in total RNA from
Kenj2K0/KO and WT sibling E13.5 whole palatal shelves. We found that loss of Kcrj2
caused no significant reduction in expression of BMP ligands, receptors, or Smads (Fig. 7A-
C). However, we found Kcnj2K9’K0 caused a significant increase in expression of BMP5
(Fig. 6A, p=0.007, T-test). We found no significant difference in expression of BMP or TGF-
[ receptors or associated Smads (Fig. 7B, C). In addition, we found that expression of a
BMP inhibitor called Chordin was significantly increased as were two TGF-B inhibitors:
TGFbi and TGFBrapl (Fig. 7D). We quantified expression of two established BMP target
genes (Smad6 and Satb2[14]) in Kcrj2KO’KO and WT palate shelf lysates and found a
significant decrease in expression of Smad6and Satb2in Kcnj2K9’K0 (p=0.007 and p=0.03
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respectively by T-test). While the components of the BMP signaling pathway were
expressed, two different BMP target genes were not efficiently transcribed without
functional Kir2.1.

To determine if Kir2.1 is important for BMP signaling, we quantified p-Smad 1/5/8 in the
facial lysates (including prenasal, premaxilla, nasal, maxilla, and mandible, but excluding
the brain) from E13.5 Kcrj2K0/KO and wild-type siblings. We found that phosphorylated
Smad 1/5/8 was significantly reduced in Kcrj2KO’K0O nuclear enriched lysates compared to
WT siblings when we normalize to Histone H3 (Fig. 7E,F), indicating that Kir2.1 promotes
effective BMP signaling. However, when we normalize to total Smad 1/5/8, there is not a
significant decrease in Smad phosphorylation indicating that Smad protein levels are also
reduced in these lysates. BMPs are members of the transforming growth factor beta (TGF-p)
superfamily. To determine if Kir2.1 plays a role in TGF-B signaling like it does in BMP
signaling, we quantified phosphorylation of Smad 2/3 (p-Smad 2/3) in craniofacial lysates
from E13.5 Kcnj2X0/K0 and wild-type siblings. We found no significant difference between
phosphorylated Smad 2/3 in Kcnj2K9’K0 and WT siblings when we normalize to Histone
H3 or total Smad 2 (Fig. 7G,H), indicating that the requirement of Kir2.1 is specific to BMP
signaling.

Materials and Methods

Mouse strains

Mouse colonies were maintained in the vivarium at the University of Colorado Anschutz
Medical Campus according to IACUC protocol # B-104216(03)1E. Kcrnj259* mice [11]
were purchased from Jackson Laboratory (FVB.129-Kcnj2im1SwzJ Stock No. 005057/
Kir2.1). Kenj2™* mice were a generous gift from Dr. Mark T. Nelson at the University of
Vermont [32]. Wnt1-Cre mice were a gift from Dr. Jenna Galloway at Harvard Medical
School. Crect mice [23] were a gift from Dr. Trevor Williams at the University of Colorado
Anschutz Medical Campus. Tail snips were used to isolate DNA for genotyping by PCR.
The following primers were used to determine genotypes. For Kcrj2%0 we use primers
CACGAGACTAGTGAGACGTG, GGAGGGAGCTGGAAGCTACT, and
CCTCCGCTAGTCATTCCACT in a multiplex reaction. For Kcrj2°X we use primers
GGACTCTCCGATGACACTGAGAACC and TGGTCAGTTCCACATCGAAACCAACA.
For detection of the gene encoding Cre recombinase, we use primers
GCAGAACCTGAAGATGTTCGC and ACACCAGAGACGGAATCCATC.

Ages of mice are provided as embryonic day (E) and the day that vaginal plugs were
observed is considered E0.5. When embryos were harvested, pregnant dams were euthanized
by isofluorane followed by cervical dislocation.

Whole mount RNA in situ

Embryos were harvested at E10.5 (for DIx2, Dix5, Hand2, FoxL2, and Pou3f3) and E11.5
(for Pou3f3). Whole-mount in situ hybridization was performed using a protocol described
by the Clouthier lab [33]. Probes were detected using 4-nitro blue tetrazolium chloride and
5romo-4-chloro-3-indolylphophate (Roche). Probes for whole mount RNA in situ were
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provided by Dr. David Clouthier at the University of Colorado Anschutz Medical Campus.
For sections, OCT-embedded, developmentally staged specimens were serially
cryosectioned at 10 pm intervals. E12.5, E13.5, and E14.5 mouse heads were sectioned
coronally. The mouse KCNJ2 cDNA clone was purchased from Open Biosystems (Lafayette
CO, USA,; clone 8860860). A 518 bp fragment of the 5" untranslated region of the KCNJ2
cDNA clone was cloned into PCRII vector (Life Technologies, Grand Island, NY, USA).
DIG- labelled antisense riboprobe was generated using the DIG RNA Labelling Kit (Roche
Applied Science, Indianapolis, IN, USA).

Skeletal staining

H&E

Mouse embryos were harvested at E18.5. Following removal of the skin and internal organs,
skeletons were fixed in 95% ethanol for three days and acetone for two days. Skeletons were
incubated in 0.3% Alcian Blue and and 0.1% Alizarin Red for five days at 37°C. Skeletons
were cleared with 2% KOH for two days at room temperature. Skeletons were stored with
successively more concentrated glycerol 50% and 80% in 1% KOH for 24 hours each.
Skeletons were stored in 100% glycerol. Images were acquired with a Nikon SM218
microscope.

Mouse embryos were harvested at E14.5 and fixed in 10% Formalin. Heads were embedded
in paraffin. Sections are 5 um thick. Hematoxylin and Eosin staining was performed with a
Hematoxylin and Eosin stain kit (ScyTek Laboratories, Inc.) according to the protocol that
accompanies the reagents.

Quantification of proliferation/EdU

TUNEL

To quantify proliferation of cells in the palate of E13.5 embryos, 50ug per gram of body
weight 5 ethynyl-2” deoxyuridine (EdU) by intraperitoneal injection into pregnant dams 40
minutes before euthanasia. Embryos were harvested and hind paws were removed for
genotyping. The head of the embryo was fixed in 10% buffered formalin before embedding
in paraffin. Tissue sections (5um thick) were mounted. Sections were deparafinized and
rehydrated. Subsequently, EJU was detected using the Invitrogen Click-iT® EdU Imaging
Kit (#C10337). Vectasheild® mounting medium with DAPI (#H1200) identified nuclei.
Slides were kept in 4° C overnight before imaging. Imaging was performed on a Nikon
eclipse 80 microscope at 10x. Analysis consisted of determining the ratio of EdU positive to
DAPI positive nuclei in a 120 by 120 pixel region of interest.

TUNEL staining was conducted using the DEADEnd TUNEL staining kit (Promega Cat#
G3250). Sections were deparaffinized in a graded ethanol series, re-fixed in 10% Formalin,
and permeabilized with 20 ug/ml of Proteinase K. All other steps were followed according
to the manufacturer’s instructions. Sections were counterstained with DAPI (Vector
Laboratories, Inc, Burlingame, CA Cat # H-1200). Mesenchymal and ectodermal TUNEL
positive cells were quantified independently.
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Western blot

Kenj2Ko’KO and WT littermates were harvested at E13.5 in ice cold PBS. Red blood organs
were collected for genotyping. Craniofacial sections including the prenasal, premaxilla,
nasal, maxilla, mandible, and excluding the posterior and dorsal regions of the head and the
brain were flash frozen and stored at —80°C. Tissue was homogenized in 20 mM Tris-HCL
pH 7.4, 10mM NaCl, and 3mM MgCl, using a motorized pestle on ice for 1 minute. An
aliquot of 10% NP-40 was added to the homogenate, vortexed, and centrifuged for 10
minutes at 3,000 rpm at 4°C. The supernatant was transferred to a new tube and the pellet
was washed with 1x PBS, re-centrifuged for 10 minutes at 3,000 rpm at 4°C and the
supernatant was discarded. 100 uL of 200 mM Tris-HCL pH 7.4, 100 mM NaCl, 1% Triton
X-100, 1ImM EDTA, 1mM EGTA, 10% glycerol, 0.1% SDS, and 0.5% sodium deoxycholate
was added to the pellet, mixed by vortexing, and incubated on ice for 2 hours. The
homogenate was centrifuged at 12,000 rpm at 4°C for 20 minutes. The supernatant was
transferred to a new tube and quantified using a 1:10 dilution with a PierceTM BCA Protein
assay kit with BSA used as a protein standard (Thermo Scientific Prod # 23227). All buffers
had Halt Protease Inhibitor and PhosStop phosphatase inhibitor cocktails added at 1x
immediately before use (Thermo Scientific #87786 and Roche Cat #04906845001).

A total of 15ug of protein lysate was loaded onto 4-20% polyacrylamide gels (Bio Rad Cat
#456-1095) electrophoresed and transferred onto 0.2 um nitrocellulose membranes (Bio Rad
Cat #1704158) using a Trans Blot Turbo transfer system (BioRad). Membranes were
blocked in 5% milk/1x TBS-T and incubated with primary antibodies overnight at 4°C. The
blots were probed using primary antibodies against pSmad 1/5/9 (1:500, Cell Signaling
#13820), pSmad 2 (1:500, Cell Signaling #3108), Smad1 (1:1000, Cell Signaling #6944),
Smad2 (1:1000, Cell Signaling #5339), and Histone H3 (1:2000, Cell Signaling #4499).
Western blots were analyzed with ProSignal Femto (Prometheus) or Clarity Western ECL
substrate (BioRad).

RNA isolation and real-time PCR

Embryos were harvested at E13.5 and whole palate shelves were dissected in ice cold PBS
and flash frozen. Total RNA was extracted from frozen Kcrj2<9KO and WT palate shelves
using an RNeasy Plus Mini kit (Qiagen). cDNA synthesis was carried out using the RT2
First Strand Kit with 25 ng/uL of total RNA from each sample. RT-qPCR was performed
using SYBR Green and a RT2 Profiler PCR Mouse TGFb/ BMP signaling pathway array
(Qiagen) on the LightCycler 480 (Roche).

BMP target genes that are expressed in craniofacial tissue during E13.5 were assessed
separately using 100 ng/ul of cDNA per reaction. Smad6 (reference sequence NM_008542)
and Sarb2 (reference sequence NM_139146) expression was assessed using KiCqgStart
SYBR Green Primers (Sigma-Aldrich) and normalized to endogenous mB2m (primer
sequences ACTGACCGGCCTGTATGCTA and TGAAGGACATATCTGACATCTCA).
PCR was performed on a bioRad cFX Connect Real time system with 10 minutes at 95 °C
followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute followed by a melting
curve. Fold changes were calculated according to the AACt method [34].
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Discussion

Here we show that Kir2.1 is required for development of several craniofacial structures that
derive from the cranial neural crest including the mandible, the maxilla, the prenasal bones,
the premaxilla, the zygomatic arch, the tympanic ring, and the palate. The hypoplastic
craniofacial structures and reduction in the size of palate shelves of the Kcrj2KO/KO
demonstrate that Kir2.1 is required for proper development of all of these structures. We find
that Kir2.1 is important in the cranial neural crest and not in the overlying ectoderm for its
developmental role. Finally, we find that BMP signaling is reduced in Kcrj2<9’K0 embryos
compared to wild type sibling controls. In contrast, TGF-p signaling is not significantly
affected by the loss of Kir2.1 function.

To determine how early changes in craniofacial patterning in Kcrj2€9’K0 embryos could be
detected, we performed RNA in situ to reveal expression of established craniofacial
patterning genes. Kcnj2K9’K0 embryos did not display obvious shifts in the expression of
several early patterning genes. In contrast, in Xenopus, RNA/ reducing and overexpression
of Kcny2 affected several early neural crest markers [9]. We did detect a specific shift both
posteriorly and dorsally in expression of Pou3f3in Kcnj2k’KO embryos in the maxillary
domain (Fig. 2). Interestingly, DIx1 and 2 positively regulate Pou3f3 and DIx1 is a BMP4
transcriptional target gene [22]. However, DIx5 and 6 repress expression of Pou3f3 in the
mandibular arch [22] and DIx5 is also a BMP4 target [35-37]. By RNA in situ, it is difficult
to assess levels of gene expression, and quantitative PCR would be needed to assess whether
there are significant changes in expression levels of any of these genes at E10.5. Pou3r3
mutant animals lack squamosal bones and jugal bones, but do not have cleft palate, smaller
mandibles, smaller maxilla, or frontal bone defects that are characteristic of Kcrj2K/KO
mice [22]. Thus, the reduced expression domain of Pou3f3 is consistent with the reduction
in the size of the squamosal and jugal bones in Kcrj2K9’KO animals. However, the reduction
in the Pou373 expressing domain does not explain the wide spread craniofacial phenotypes
of Kcnj2KO’KO gnimals and thus these defects likely arise at a later time point and/or may be
do to more subtle changes in expression of other genes.

Kir2.1 and BMP signaling are required for development of the same structures. Deletion of
BMP receptors and ligands from specific populations of cells reveal where BMP signaling is
required. Deletion of one BMP receptor, Alk2, from the cranial neural crest results in cleft
secondary palate and hypotrophic mandible, in addition to loss of the posterior bones of the
zygomatic arch, hypoplastic tympanic ring, and defective squamosal bone formation [38].
Conditional deletion of another BMP receptor, Bmprla (Alk3), decreases proliferation of the
maxillary and palatal mesenchyme and results in cleft of the secondary palate [39, 40].
BMP5 and BMP7 ligands have redundant functions in modulation of proliferation of cells of
the pharyngeal arch [41]. Deletion of BMP2, BMP4, and BMP7 from the cranial neural crest
enlarges the anterior fontanelle in a dose dependent manner [14]. Cranial neural crest
specific deletion of the combination of BMP2, BMP4, and BMP7 results in severe
mandibular defects, while deletion of only one of the ligands or heterozygous deletion of a
combination of BMP ligands causes less severe mandibular defects [14]. For example,
deletion of only BMP2 from the CNC impacts the formation of the coronoid process of the
mandible, but loss of BMP4 or 7 does not impact the coronoid process[14]. Interestingly,
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deletion of any of the single BMP ligands examined, did not cause defects in prenasal or
nasal bone formation [14], but deletion of BMP2 and 4 from the cranial neural crest resulted
in very similar defects in nasal and prenasal bone formation to deletion of Kcnj2. Loss of
Kir2.1 function impacts each of the structures that are impacted by loss of BMP2, 4, or 7,
but to a lesser extent than complete deletion of all three BMP2, BMP4, and BMP7 from the
cranial neural crest ([14] and Fig. 2). This comparison suggests that while Kir2.1 may
contribute to BMP signaling, its loss does not completely abolish BMP signaling ([14] and
Fig. 2). While deletion of Kcrnj2 does not completely phenocopy deletion of any one of the
specific BMP signaling components, the overlap between affected structures may suggest
that Kir2.1 may be important for the efficient BMP signaling for all BMP ligands.

We assessed whether BMP signaling is reduced by measuring transcription of BMP target
genes and quantifying phosphorylated Smad 1/5/8. BMP signaling is significantly reduced
in Kcnj2KO’KO embryos by both measures demonstrating that Kir2.1 is necessary for
efficiently transmitting the BMP signal. However, loss of Kir2.1 function does not decrease
expression of BMP ligands, receptors, or Smads. In fact, BMP5 transcripts are significantly
increased in Kcnj2K9KO palatal shelves compared to wild type siblings. These data show
that while components of the BMP signaling pathway are present when Kcn/2is deleted, the
BMP signal is somehow not efficiently transmitted without the function of this channel.

How can we explain how expressed BMP ligands and receptors are not able to transmit a
signal? We may be able to take hints from the BMP signaling in Drosgphila. In the
Drosophila wing disc, inhibition or loss of inwardly rectifying K* (Irk2) channel function
increases the total Dpp (BMP homolog) and does not significantly change receptor levels,
but decreases phosphorylation of Mad (Smad homolog) [10, 21]. Loss of Irk2 function
caused Dpp loss-of-function phenotypes and down-regulation of Dpp target genes in the
wing primordium [10]. In Drosophila, inhibition of Irk channels changed the dynamics of
Dpp release [21] suggesting that the timing of presentation of the BMP ligand matters for it
downstream consequences. Human Kir2.1 was able to rescue the developmental role of
native Drosophilainwardly rectifying K* channels for wing development [21]. It is
intriguing to speculate that the role of Irk/Kir channels in BMP signaling may be
evolutionarily conserved from flies to mammals, but further studies are needed to draw that
conclusion.

Kir channels dictate when secretion occurs by regulating membrane potential in different
cellular environments. For example, Kir6.1 and Kir6.2 are ATP-sensitive and couple the
availability of energy (ATP/ADP ratio) to the need to secrete insulin from pancreatic beta
cells [42-44]. Thus Kir6.1 and Kir6.2 regulate release of insulin through their role in
regulating membrane potential. Mutations that disrupt the function of Kir6.1 or Kir6.2
depolarize beta cells resulting in excessive unregulated secretion of insulin otherwise known
as hyperinsulinemia [45, 46]. Mutations that activate Kir6.1 or Kir6.2 cause neonatal
diabetes [2, 47-51]. Kir6.2 is also essential in the ventromedial hypothalamus glucose
response in neurons for the secretion of glucagon in hypoglycemic conditions [52]. Kir4.1 is
expressed in the parietal cells and regulates the secretion of acid in the stomach [53]. Kir
channels that are expressed in dopamine (D2) neurons regulate dopamine release [54-57].
We do not generally think of cranial neural crest or its derivatives as excitable cells.
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However, no one has tested this hypothesis. It could be that these cells regulate the secretion
of BMP via a similar mechanism as pancreatic beta cells regulate the secretion of insulin. In
support of this hypothesis, we found that Irk channels regulate the release of Dpp, a BMP
homolog for the development of the Drosophilawing [21]. While expression of Dpp and its
receptors was not reduced, phosphorylation of Mad (Smad homolog) was significantly
reduced as a result of the change in the temporal pattern of exposure to the Dpp ligand [21].

If Kir channels regulate release of BMP by modulating changes in membrane potential, it is
likely that other channels control different currents to affect membrane potential for the
same process. Human channelopathies that include morphological defects reveal likely
candidates for channels that participate in modulating membrane potential of cranial neural
crest cells. Mutations in several ion channels lead to human syndromes of morphological
abnormalities. Craniofacial abnormalities associated with mutations in KCNJZ2 (Andersen-
Tawil syndrome) commonly include cleft or high-arched palate, hypertelorism, low set ears,
micrognathia, and dental defects. Mutations in KCNJ6, which encodes another inwardly
rectifying K* channel called GIRK2, also cause cleft or high-arched palate and micrognathia
in Keppen-Lubinsky syndrome [58, 59]. Patients with Keppen-Lubinsky syndrome also have
microcephaly, large protruding eyes, a narrow nasal bridge, and lipodystrophy [58, 59].
Mutations in KCNHJ, a voltage gated potassium channel lead to Temple-Baraitser (also
known as Zimmermann- Laband) syndrome have craniofacial defects: cleft or high arched
palate, hypertelorism, dysmorphic ears, dysmorphic nose, gingival hypertrophy, an abnormal
number of teeth, and limb defects such as absent or hypoplastic phalanges and nails [60-66].
Morphological defects are not limited to channelopathies that disrupt potassium channels.
Timothy Syndrome is caused by mutations that disrupt CaV1.2, a voltage gated calcium
channel [67]. Disruption of CaV1.2 leads to high-arched or cleft palate, low set ears,
flattened nasal bridge, thin or cleft upper lip, and syndactyly (fusion of digits) [67, 68].

Alternatively, it could be that Kir channels impact BMP signaling via a different mechanism
than has been demonstrated in flies. Inhibitors of BMP (Chordin)and TGF-p (Tgfbiand
Tofbrapl) are significantly up-regulated in Kcrj2<9/KO palate shelves. There could be a
biochemical signaling cascade that impacts transcription of BMP and TGF-beta inhibitors
that account for the reduction in phosphorylated Smad 1/5/8. Further studies exploring the
mechanism that connects Kir2.1 function to BMP signaling are warranted.
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HIGHLIGHTS
* Kcnj25O/KO mice phenocopy cranial neural crest specific deletion of BMPs
or receptors
& Kir 2.1 is required in the cranial neural crest for craniofacial development.
i Loss of Kir2.1 decreases expression of BMP target genes in E13.5 palate

& Loss of Kir2.1 reduces phosphorylated Smad 1/5/8

shelves.
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Figure 1.

Alizarin red and Alcian blue skeletal stains of E1I8.5 WT (A, C,E, G, I, K, M, O, Q, S, U)
and Kcrj2kOKO (B, D, F, H, J, L, N, P, R, T, V) mice shows that deletion of Kcrj2 causes
hypoplastic mandible (MD, yellow arrow), maxilla (MX, purple arrow), premaxilla and
prenasal bones (PM, PN red arrow), components of the zygomatic arch (ZA, green arrow),
and tympanic ring (TR, black arrow). Skeletons are represented in lateral views (A-F),
dorsal views (G-J), ventral views with mandible attached (K, L), and without mandible
attached (M, N). Mandibles are compared in lingual (O, P), and lateral (Q, R), and lingual
(S, T) views. Seven Kcrj2Kk0/KO skeletons were analyzed and compared to six wild type
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skeletons. The sagittal sutures and fontanelles are significantly larger in Kcrnj2KkO/kO
compared to WT siblings, p= 0.006 and p= 0.03 by T-test (U).
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Figure 2.
RNA in situ hybridization shows early craniofacial patterning genes in kcrj2<9’K0 mice

compared to WT controls. Lateral views of WT (A) and Kcnj2Kk9/KO (B) show similar
expression of FoxL2 (black arrows). Ventral views of WT (C) and Kcrj2K9’K0 (D) show
similar expression of Dix5. Ventral views of WT (E) and Kcrj2K9’K0 (F) and lateral views
of E10.5 WT (G) and Kcrj2K9’KO (H) show that loss of Kir2.1 function does not affect
DIx2 expression. Ventral views of WT (1) and Kcrj2KKO (3) E10.5 embryos show similar
expression of Hand2. Lateral views of WT (K) and Kcrj2K9’K0 (L) E10.5 embryos show
similar expression of Hanad?2. Lateral views of WT (M) and Kcrj2K9’K0 (N) E10.5 embryos
show a slightly reduced domain of Pou373 expression (yellow arrow, compared to red arrow
marking the eye) so that it does not extend to under the eye. Lateral views of WT (O) and
Kenj2KO’KO (P) show posterior shift in the domain of Pou3f3expression (yellow arrow
compared to red arrow marking the eye) in E11.5 Kcnj2XKO embryos. N=3 embryos of
each genotype for each probe.

ETLSWT E 115 Kcnj2KO/KO!
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Figure 3.
RNA in situ hybridization reveals Kcrj2 mRNA is expressed in mesenchyme of the palate

shelves and in the Meckel’s cartilage at E12.5 (A and B) and in the olfactory epithelium

(C). At E13.5, Kcnj2is still apparent in the mesenchyme of the palate shelves and also in the
Meckel’s cartilage (D and E). By E14.5, Kcnj2 mRNA is not apparent in the palate, but can
be detected surrounding the tooth bud in wild type mouse embryos (F).
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Figure 4.

Alizarin red and Alcian blue skeletal stains of Kcri2"* control (A, C, E, G, I, K, M, O, Q,
S, U) compared to Wnt1-Cre; Kir2.17%K0 (B, D, F, H, J, L, N, P, R, T, V) E18.5 mice show
that deletion of Kcnj2from the cranial neural crest cells causes hypoplastic mandible (MD,
yellow arrow), maxilla (MX, purple arrow), premaxilla and prenasal bones (PM, PN red
arrow), components of the zygomatic arch (ZA, green arrow), and tympanic ring (TR, black
arrow). Skeletons are represented in lateral views (A—F), dorsal views (G-J), ventral views
with mandible attached (K, L), and without mandible attached (M, N). Mandibles are
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compared in lingual (O, P), and lateral (Q, R), and lingual (S, T) views. Six Wnt1-Cre,
Kcnj2™KO skeletons were stained and compared to four control siblings.
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Figure 5.
Alizarin red and Alcian blue skeletal stains of Kcrj2"* control (A) compared to Crect:

Kir2.1KO (B) E18.5 mice show that deletion of Kcrj2 from the cranial neural crest cells
does not significantly affect mandible (MD, yellow arrow), maxilla (MX, purple arrow),
premaxilla and prenasal bones (PM, PN red arrow), components of the zygomatic arch (ZA,
green arrow), and tympanic ring (TR, black arrow). Skeletons are represented in lateral
views (A—F), dorsal views (G-J), ventral views with mandible attached (K, L), and without
mandible attached (M, N). Mandibles are compared in lingual (O, P), and lateral (Q, R),
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lingual (S, T) views. Five Crect; Kcnj2KO skeletons were stained and compared to five
Kenj2™* control sibling skeletons.
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Figure 6.
H&E staining of E14.5 WT (A) and Kcrj2K0/KO (B) shows that the palate has fused at this

stage for WT, but for Kcrj2k9KO mice, palate shelves (PS) have elevated, but remain small
and have not fused. H&E staining of E14.5 Wnt1-Cre; Kcnj2™"* (C) and Whtl-Cre;
Kcnj2™"KO (D) shows that the palate shelves are small and elevated and fail to fuse in Wnt1-
Cre; Kenj2"KO when it has fused in Wntl-Cre: Kcnj2™"* siblings at the same stage. H&E
staining of E14.5 Crect; Kenj2™* (E) and Crect: Kcnj2KO (F) shows that the palate fuses
for both genotypes by E14.5. EdU staining of proliferating cells in E13.5 WT (G),
Kenj2Ko* (H), Kenj2KO/KO show that there is less proliferation in palate mesenchyme in
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Kcnj2K0/KO animals compared to WT and heterozygous siblings. A graph quantifies the
percentage of cells marked with EdU in WT, Kcrj2K9%, and Kenj2Ko’KO (J), p< 0.05 by
two-tailed T-test comparing each genotype. EdU was quantified in 3 sections for 3 animals
of each genotype. TUNEL staining marks apoptotic cells in E13.5 WT (K), Kcrj259/* (L),
Kcnj2KO/KO (M) palate shelves. The number of TUNEL positive cells out of 75
mesenchymal and 75 ectodermal DAPI stained nuclei were quantified in 3 sections for 3
animals of each genotype. There was no significant difference in TUNEL positive cells
between Kcrj250/KO compared to WT siblings and heterozygous siblings, p>0.05, two
tailed T-test.
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Figure 7.

Quantification of expression of BMP and TGF- ligands shows that expression of BMP5 is
significantly increased in Kcnj2K0’KO E13.5 palatal shelves compared to WT controls
(p=0.007, T-Test). (A). Quantification of expression of BMP and TGF-f receptors shows
that expression of receptors in E13.5 palatal shelves is not significantly different between
Kenj2Ko’KO compared to WT controls (B). Expression of SMADs in E13.5 palatal shelves
is not significantly different between Kcnj250/K0 compared to WT controls (C).
Quantification of MRNA levels encoding BMP and TGF- inhibitors shows that Chordin,
Tgfbi and Tgfbrap1 are significantly increased in Kcrj2K9’KO compared to WT controls
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(D). Expression of BMP target genes Smad6 and Satb2 are significantly reduced in E13.5
Kcnj2KkO/KO palatal shelves compared to WT, n= 6 WT and 4 Kcrj2K0/KO, T-test p= 0.007
and 0.01 respectively (E). A western blot shows that phosphorylated Smad 1/5/8 is reduced
in Kenj2kO’KO E13 5 craniofacial structures compared to WT sibling controls (F).
Phosphorylated Smad 1/5/8 is quantified and normalized to Histone H3 (G) Phosphorylated
Smad 1/5/8 is quantified and normalized to total Smad 1/5 (H). Protein was quantified from
lysates from 3 animals of each genotype. A western blot shows that phosphorylated Smad 2
is not significantly different in Kcrj2KO’KO E13.5 palate shelves compared to WT sibling
controls (1). Phosphorylated Smad 2 is quantified and normalized to Histone H3 and is not
significantly different between Kcrj2K9KO and WT controls. (J). Phosphorylated Smad 2 is
quantified and normalized to total Smad 2 (K).
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