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Abstract

Van der Woude syndrome (VWS) is an autosomal dominant disorder characterized by lower lip
pits and orofacial clefts (OFCs). With a prevalence of approximately 1 in 35,000 live births, it is
the most common form of syndromic clefting and may account for ~2% of all OFCs. The
majority of VWS is attributed to genetic variants in IRF6 (~70%) or GRHL3 (~5%), leaving up to
25% of individuals with VWS without a molecular diagnosis. Both IRF6 and GRHLS3 function in a
transcriptional regulatory network governing differentiation of periderm, a single layer of
epithelial cells that prevents pathological adhesions during palatogenesis. Disruption of this
layer results in a spectrum of phenotypes ranging from lip pits and OFCs to severe pterygia and
other congenital anomalies that can be incompatible with life. Understanding the mechanisms of
peridermopathies is vital in improving health outcomes for affected individuals. We reasoned
that genes encoding additional members of the periderm gene regulatory network, including
kinases acting upstream of IRF6 (i.e., atypical protein kinase C family members, RIPK4, and
CHUK), are candidates to harbor variants resulting in VWS. Consistent with this prediction, we
identified 6 de novo variants (DNs) and 11 rare variants in PRKCI, an atypical protein kinase C,
in 17 individuals with clinical features consistent with syndromic OFCs and peridermopathies. Of
the identified DNs, 4 were identical p.(Asn383Ser) variants in unrelated individuals with
syndromic OFCs, indicating a likely hotspot mutation. We also performed functional validation of
12 variants using the enveloping layer in zebrafish embryos, a structure analogous to the
periderm. Three patient-specific alleles (p.Arg130His, p.(Asn383Ser), and p.Leu385Phe) were
confirmed to be loss-of-function variants. In summary, we identified PRKCI as a novel causal
gene for VWS and syndromic OFC with other features of peridermopathies.
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Introduction

Van der Woude syndrome (VWS, MIM:119300) is an autosomal dominant disorder that occurs
in approximately 1 in 35,000 live births!2, It is commonly characterized by bilateral lower lip pits
and an orofacial cleft (OFC)3#. Approximately 70% of VWS is caused by heterozygous variants
in IRF6, including whole gene deletions®® and structural variants’, missense variants, and
truncating variants®°, Another ~5% of VWS is caused by missense or truncating variants in
GRHL3Y, leaving up to 25% of cases unsolved. While all families with VWS may present with
lip pits, a cleft lip with or without a cleft palate (CL/P), and/or a cleft palate only (CP), there is
some evidence for a genotype-phenotype correlation. Individuals with GRHL3 variants are more
likely to have CP compared to those with IRF6 variants!. However, unsolved VWS families
span the phenotypic spectrum of OFCs and lip pits. Gene discovery for Mendelian conditions,
including VWS, is made easier when large, affected families are available, regions of significant
linkage have been identified, and there is genetic homogeneity. In the absence of these, as is
the case for many unsolved VWS families, gene discovery can be difficult unless unidentified
causal genes can be easily tied to associated biological pathways.

VWS belongs to a group of conditions now referred to as peridermopathies, which result
from disruption of the periderm. The periderm is a single epithelial cell layer lining the oral cavity
and other structures during development, and functions to prevent pathologic adhesions in early
embryogenesis'?. Disturbance of this cell layer can lead to clinical features ranging from mild to
incompatible with life. Peridermopathies include popliteal pterygium syndrome (PPS,
MIM:119500), caused by heterozygous variants in IRF6 that result in lower lip pits, OFCs,
sygnathia, pterygia (webbing) of the lower limbs, syndactyly, and urogenital abnormalities34,
Peridermopathies with more severe phenotypic manifestations include Bartsocas-Papas
syndrome (BPS; MIM 263650) and Cocoon syndrome (MIM: 613630) caused by homozygous or
compound heterozygous variants in RIPK4>1¢ and CHUK (also called IKK1 and IKKa)'’,
respectively.

The genes implicated in peridermopathies belong to a complex transcriptional regulatory
network (TRN) and signaling cascade that control cell differentiation. In mammalian embryos,
the periderm is derived from basal keratinocytes'?, whereas in zebrafish the periderm analog—
the enveloping layer (EVL)—is derived from blastomeres?®. Yet, there are many similarities
between the TRNs of mammals and zebrafish, and much of what is known about this network
comes from research in both model systems. IRF6 and GRHL3 are conserved transcription
factors that play key roles in periderm development in both mammalian'1®-2 and zebrafish?42’
embryos. IRF6 directly activates expression of GRHL3? leading to periderm differentiation.
IRF6 is phosphorylated and activated by RIPK42832% which also phosphorylates CHUK and
IKKb*, resulting in activation of NF-kB signaling®. The phenotype of Chuk/IKKa loss of function
mutants closely resembles that of Irf6 loss of function mutants in both mouse®? and zebrafish®3,
linking this kinase to periderm development. The activation of RIPK4 at the top of this TRN is
not well elucidated, but RIPK4 interacts with protein kinase C (PKC) and both overexpression
and knockdown of RIPK4 alters the keratinocyte differentiation response to PKC activation?834,
In addition, the atypical PKCs (aPKCs iota, PRKCI, and zeta, PRKCZ) are pivotal in determining
cell fate of the superficial ectoderm in frog embryos3>3,

Individuals in this cohort with VWS and without pathogenic variants in IRF6 or GRHL3
also lack pathogenic variants in RIPK4 or CHUK. Because VWS shares phenotypes with the
conditions associated with this network of genes, other genes upstream or downstream of IRF6
are excellent candidates to harbor variants resulting in VWS. Here we report that variants of
PRKCI, which encodes for the atypical protein kinase C iota (PKCu), are causal for a range of
syndromic orofacial clefts including VWS and other clinical features of peridermopathies. We
identified exome-wide enrichment of de novo variants (DNs) in PRKCI associated with
syndromic CP, including a recurrent variant, c.1148A>G, p.(Asn383Ser) found in four
individuals and several rare, protein-altering, predicted damaging variants. We tested the
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functional effects of 12 variants using a zebrafish model and found that 3 of these, including
p.(Asn383Ser), result in loss of function, consistent with the development of a peridermopathy
and other phenotypes in humans.

Materials and Methods

Study cohort

VWS: 17 families diagnosed with VWS with no known pathogenic variant in IRF6 or GRHL3
based on bidirectional Sanger sequencing were included in this study. Institutional review board
approval was obtained for each local recruitment center and coordinating centers including
University of lowa, University of Pittsburgh, and Emory University.

OFCs: We also analyzed two large OFC cohorts: one ascertained primarily on CP, which will be
referred to as CPseq, and the other ascertained on any OFC as part of the Gabriella Miller Kids
First (GMKF) Research Consortium. For CPSeq, a total of 435 trios with CP were recruited from
diverse ancestral backgrounds including European (recruited from Spain, Turkey, Hungary,
United States), Latin American (Puerto Rico, Argentina), Asian (China, Singapore, Taiwan, the
Philippines), and African (Nigeria, Ghana). For GMKF, case-parent trios originate from three
ancestral groups: 376 trios of European (recruited from sites in the United States, Argentina,
Turkey, Hungary, and Spain), 267 trios from Medellin, Colombia, and 116 trios from Taiwan. In
total, there were 1,511 affected individuals from both CPSeq and GMKF broken down into 608
CP, 897 CL/P, and 3 unknown OFC type. Phenotyping, recruitment, and details of local ethical
approval were previously described for CPSeq®” and GMKF®%, All recruitment was approved by
local review boards and/or coordinating centers at the University of lowa, the University of
Pittsburgh, Johns Hopkins University, or Emory University.

Sample preparation and whole genome sequencing (WGS)

VWS and CPSeq cohorts: WGS was performed at the Center for Inherited Disease Research
(CIDR) at Johns Hopkins University (Baltimore, MD). Alignment, variant calling, and quality control
was performed using the DRAGEN Germline v3.7.5 pipeline on the Illumina BaseSpace
Sequence Hub platform, producing single sample VCF files. Details on the full pipeline for
sequencing have been published in Robinson et al®’.

DNs were called using a separate pipeline than the full cohort multisample VCF. First,
the DRAGEN 3.7.5 aligner and variant caller was used to generate gVCF files for each trio. The
gVCF files along with a pedigree file for each trio were provided as input to the DRAGEN 3.7.5
joint caller, resulting in a trio specific VCF file including tags for potential de novo variants.
Genotypes were set to missing if GQ<20 or read depth <10. To be considered a DN, variants
had to have a quality score of 30, DQ>2, and parental genotypes had to be confirmed
homozygous reference (0/0), pass all filtering steps, and have an allele balance (AB) ratio of
<0.05. Only de novo variants with MAF of <0.5% in gnomAD exomes v2.1.1 or gnomAD v3.1.2
were retained.

GMKF: WGS was performed from blood samples in the majority of cases, but saliva was used
in cases when blood was unobtainable. Sequencing for European samples was carried out by
the McDonnell Genome Institute (MGI) the Washington University School of Medicine (St. Louis,
MO) followed by alignment to hg38 and variant calling at the GMKF Data Resource Center at
the Children’s Hospital of Philadelphia. Sequencing for Colombian and Taiwanese samples was
carried out by the Broad Institute, with alignment to hg38 and variant calling by GATK
pipelines®-4, Additional details on alignment and workflow used to harmonize these datasets
have been published in Mukhopadhyay et al*2.

Variant filtering and annotation
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Variants with a passing filter flag were included. Next, we removed variants aligning outside of
the standard chromosomes (1-22, X, Y) and with a minor allele count (MAC) of <1. Genotypes
with GQ<20 or read depths of <10 were set to missing, and sites with missingness values of >10%
were then removed. Sample-level quality control metrics included transition/transversion (Ts/Tv)
ratio, silent/replacement rate, and heterozygous/homozygous ratio; outlier samples with values
outside of 3 standard deviations from the cohort mean were discarded. Samples with high missing
data (>5% missing) were removed.

All variants were annotated with Annovar (version 201707)“3. Variants with a MAF of
<0.5% in any population in either gnomAD exomes v2.1.1 or gnomAD v3.1.2 were considered
rare for this analysis. We retained protein-altering variants, removing any annotated as
synonymous. We estimated predicted pathogenicity with the in silico tools SIFT*4, PolyPhen-24°,
and AlphaMissense*.

DN enrichment

Enrichment of DNs in PRKCI was calculated using the ‘DenovolyzeByGene’ function of the R
package ‘DenovolyzeR’ (version 0.2.0)*’. As 572 genes had at least 1 DN in the 475 CP trios,
we established significance at p-values less than 8.74 x10° (Bonferroni correction for 572
genes). Exome-wide significance is reached for p-values less than 1.30x10°°.

Protein 3D structure modelling

In silico modeling of PRKCI variants was conducted in PyMOL using PDB 1ZRZ. Variants were
modeled using a backbone-independent rotamer and measured using PyMOL Wizard
Measurement tool.

Zebrafish

All the procedures carried out in this project involving zebrafish were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Washington, Seattle
and follow NIH guidelines. Embryos from zebrafish wild-type AB strain were used for all the
experiments. Embryos were grown at 28.5°C and staged according to the standard protocol®.

OREF cloning and reverse transcription

Human PRKCI reference (with and without -CAAX sequence at 3’ end. C = cysteine, A =
aliphatic amino acid; X = any amino acid) were synthesized and cloned in pCS2+ vector by
GenScript (https://www.genscript.com/). PRKCI variants were generated by 1-bp site-directed
mutagenesis in CAAX-version of reference gene sequence. Reference and variant-containing
MRNAs were synthesized from 1pg linearized plasmids by using MMESSAGE mMACHINE™
SP6 Transcription Kit (Invitrogen; cat# AM1340). mRNA products were treated with DNase
(Invitrogen™ DNA-free™ DNA Removal Kit; cat# AM1906) and purified using RNA Clean &
Concentrator ™-25 kit (Zymo Research; cat# R1017).

Zebrafish studies

Zebrafish embryos were injected at 1-2 cell stage with samples containing approximately 200 pg
MRNAs encoding reference or variant PRKCI. Injected embryos were kept in embryo medium
(5.03 mM NaCl, 0.17 mM KCI, 0.33 mM CacClz, 0.33 mM MgSQ,, 0.1% Methylene blue) at
28.5°C until harvested for different assays.

Whole mount in situ hybridization and guantitative real-time PCR,

Antisense RNA probes for zebrafish krt4 were synthesized by using primers 5'-
TAAGACCCTCAACAACCGCT-3"and 5'-
TAATACGACTCACTATAGGGCTACCGTATCCTGACCCACC-3"° and DIG RNA Labeling Kit
(Roche; cat# 11175025910). Approximately 10 injected embryos per group were collected at
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50-percent epiboly stage (5.5 hpf). The Whole mount in situ hybridization procedure was
performed as described by Thisse and Thisse, 2008. Fixed in situ hybridized embryos were
washed 3 times with 1x phosphate buffer saline (PBS) and soaked in 35-percent Sucrose
solution for 4 hours. Embryos were stirred gently in Tissue-Tek optimal cutting temperature
(OCT) embedding medium (Sakura Finetek; cat# 4583) to remove addition sucrose solution.
Next, embryos were transferred to a cryomold filled with fresh OCT medium and frozen in
ethanol with dry ice pellets. Twenty-micron sections were prepared from frozen specimen blocks
using a Leica CM 1850 cryostat. Digital images of whole mount embryos and cryo-sections
were captured using a K3C camera attached to Leica MZFL stereoscope

Approximately 40 mRNA-injected Shield-stage (6-hpf) embryos per group were processed for
total RNA extraction using RNAqueous™ Total RNA Isolation Kit (Invitrogen; cat# AM1912).
cDNA was prepared from approximately 1ug DNase treated total RNA using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems; cat# 4368814). Zebrafish krt4 gene
expression was measured in 10-fold diluted cDNA samples using iTaq Universal SYBR Green
Supermix (Bio-Rad; cat# 1725121) on CFX Connect Real-Time PCR Detection System (Bio-
Rad; cat# 1855201). Fold-change in krt4 gene expression was calculated by using the 2724€T
comparative CT method®® and zebrafish actbl as reference gene. Primers are listed in
supplementary table S1.

PRKC inhibitor treatment

The un-injected and PRKCI mRNA injected embryos were incubated at 28.5°C with 2
micromolar PRKC inhibitor (PKC; Pseudosubstrate Inhibitor, Myristoylated — Sigma Aldrich; cat#
539624) in 0.5x Ringer’s solution with 0.01% DMSO. Embryos were photographed and scored
for the rupture phenotype at approximately 4 hpf.

PRKCI Western Blot

Approximately 40 zebrafish embryos (4 hpf) from every sample group were dechorionated and
deyolked following the protocol by S. O'Shea and M. Westerfield®'. Deyolked embryos were
lysed and homogenized in ice-cold RIPA buffer containing protease inhibitors (Roche, cOmplete
Mini) at 4 oC overnight with gentle shaking. The tissue lysate was centrifuged at 15,000 rpm for
10 minutes. The supernatant was quantified for the protein content using Pierce™ BCA Protein
Assay Kit (Thermo Scientific; Cat# 23227). Approximately 6 ug of protein lysate was prepared in
loading buffer (1x Laemmli sample buffer (Bio-Rad; Cat# 1610747), 2.5% 2-mercaptoethanol
(Sigma Aldrich; Cat# 63689), 2M Urea), incubated at RT for 15 minutes, and then loaded onto a
10% SDS-polyacrylamide gel (Bio-Rad #4568034). Protein was transferred to polyvinylidene
fluoride (PVDF) membranes (Thermo Scientific #88520). The membrane was blocked with 5-
percent BSA in TBS buffer (Sigma Aldrich; Cat# A8022) and incubated overnight with PKC iota
Antibody (Novus Biologicals; Cat# NBP1-84959) and GAPDH Antibody (Cell Signaling
Technology #2118S) in TBS-T buffer. The membrane was washed three times with TBS-T
buffer and incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (Thermo Scientific; Cat# 32460) for 1 hour at room temperature. Finally, the membrane
was washed three times with TBS-T buffer and developed using SuperSignal West Dura
Extended Duration Substrate (Thermo Scientific #34075) and imaged on iBright CL1500
Imaging System.

Mouse Studies

Mouse studies were performed in strict accordance with recommendations from the National
Institutes of Health’s “Guide for the Care and Use of Laboratory Animals.” The animal care
protocol for animals used in this study was approved by the University of Wisconsin-Madison
School of Veterinary Medicine Institutional Animal Care and Use Committee (protocol no.
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V005396). Wild-type C57BL/6J mice were purchased from The Jackson Laboratory and housed
in ventilated cages maintained at 22°C * 2°C and 30%—-70% humidity on a 12-hour dark cycle.
Mice were provided with Irradiated Soy Protein-Free Extruded Rodent Diet (catalog no. 2920x;
Envigo Teklad Global) until day of copulation plug after which pregnant dams received
Irradiated Teklad Global 19% Protein Extruded Rodent Diet (catalog no. 2919; Envigo Teklad
Global). Timed matings were achieved by placing one or two nulliparous female mice with a
singly housed male mouse for 1-2 hours and then checking for copulation plugs. The beginning
of the mating period was designated as gestational day 0 (GDO0), and pregnancy was confirmed
during gestation by assessing weight gain as previously described®?. Dams were euthanized via
carbon dioxide inhalation followed by cervical dislocation between GD11-GD14 + 1 hour for
embryo collection or GD15 + 2 hours for fetal collection.

For in situ hybridization (ISH) assays, embryos at GD11, GD14, and GD15 were removed from
the uterine horn in phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde in PBS
for 18 hours. Embryonic and fetal samples then underwent graded dehydration into 100%
methanol (1:3, 1:1, 3:1, v/v) for storage at -20 °C. ISH riboprobes were designed using IDT
PrimerQuest and their specificity was confirmed utilizing National Center for Biotechnology
Information Primer Basic Local Alignment Search Tool (NCBI Primer-BLAST) (Table S2).
Whole-mount ISH for Prkci was performed as previously described®>*, Subsequently, tissues
were embedded in 4% agarose and cut into sections using a vibrating microtome (50 uM for
GD11, 100 uM for GD14 and GD15). Images of both whole-mount and sectioned tissues were
captured using a MicroPublisher 5.0 camera (QImaging) mounted on an Olympus SZX-10
stereomicroscope.

Another cohort of embryos was used for quantitative gene expression analysis at GD11 and
GD14. Embryos were collected and micro-dissected in PBS and enzymatic separation of
ectoderm and mesenchyme from dissected maxillary processes (GD11) and palatal shelf
tissues (GD14) was performed as described previously®>®¢. Total RNA was isolated from pooled
tissue samples (from 6 embryos for GD11 samples and 3 embryos for GD14 samples) using the
QIAGEN RNeasy Mini Kit (catalog no. 74104) with on-column DNase | digestion as per the
standard protocol. A total of 100 ng RNA was used for cDNA synthesis using the Promega
GoScript Reverse Transcriptase kit (Catalog no. A5000). Real-time qPCR primers (Table S2)
were designed using IDT PrimerQuest and their target specificity was confirmed using the NCBI
BLAST. Quantitative real-time PCR was performed using the Bio-Rad SSoFast EvaGreen
Supermix (catalog no. 1725202) on a Bio-Rad CFX-Duet Real-Time PCR Detection

System. Gapdh was used as the housekeeping gene, and the expression of Prkci relative to
that of Gapdh was calculated using the 2722t method®°. Paired, two-tailed t-tests were used to
compare RNA expression in mouse embryonic tissues.

Results

PRKCI is enriched for de novo variants in VWS and OFC phenotypes

We performed whole genome sequencing (WGS) on 17 families diagnosed with VWS but
negative for pathogenic variants in IRF6 or GRHL3 confirmed with bidirectional Sanger
sequencing of both genes. This included 9 complete trios for which de novo variants (DNs) were
called and evaluated. We found an exome-wide significant enrichment for DNs in PRKCI
(p=8.56x10%), a gene moderately constrained to both loss of function variation (LOEUF in
gnomad v4.1.0=0.66) and missense variation (gnomad v4.1.0 Z-score = 3.07). Remarkably, this
enrichment was the result of two individuals with identical DNs in PRCKI (NM_002740:
€.1148A>G, p.[Asn383Ser]) and the same phenotype (lip pits with cleft soft palate). None of the
other individuals with VWS harbored variants in PRKCI.
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Lip pits are incompletely penetrant in VWS®’, and those affected can present with any
OFC. Therefore, we expanded our search to all rare variants (MAF <0.5%) in a cohort of 1,491
OFC case parent trios ascertained primarily on OFC but without restriction to additional clinical
features (598 CP, 888 CL/P, and 3 unknown OFC type). We identified a third individual with a
DN in PRKCI (NM_002740: c.407A>G, p.[Tyr136Cys]), who had a cleft soft palate as well as
abnormal lip morphology, though had not received a diagnosis of lip pits or VWS. Additionally,
there were 10 protein-altering, rare, inherited variants in 3 CP and 7 CLP probands.

Simultaneously, we queried clinical databases, such as GeneMatcher®® in which
individuals are not ascertained on an OFC. In these databases, there were 59 rare, protein-
altering variants with phenotypic information available for 25 individuals. Of these, 4 people had
OFCs with DNs identified in 3 of them. Strikingly, two of these DNs were additional
p.(Asn383Ser) variants. One individual was reported to have CP (subtype unspecified), global
hypotonia, developmental delays, and autism spectrum disorder, while the second was reported
to have a syndromic CL and CP with a prominent forehead and moderate intellectual disability.
The third identified DN was just two amino acids downstream (¢c.1155A>C, p.Leu385Phe),
reported in an individual with phenotypes consistent with a more severe peridermopathy: cleft
hard and soft palate, sygnathia (adhesions between the upper and lower jaw), ankyloblepharon
(adhesions between the upper and lower eyelids), elbow and knee contractures, as well as an
atrial septal defect.

In total we compiled 72 rare, protein-altering variants in PRKCI (Supplemental Table 3)
with phenotype information available for 38 probands (Figure 1, Table 1). In individuals with
OFCs, there were 14 unique variants found in 17 individuals, with 6 DNs and 11 inherited
variants. We did not see any clear clustering of variants based on protein domain, although 10
of 14 variants were within the large catalytic region (which makes up 61% of the protein).
However, both the p.(Asn383Ser) and p.Leu385Phe DNs are at predicted ATP-binding sites
with the catalytic region®%° which may directly interfere with kinase function®?.

Given compelling genetic evidence for a role of PRKCI in peridermopathy-related
phenotypes, we investigated its biological relevance in embryonic development.
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Figure 1. PRKCI structure, variant distribution, and proband phenotype descriptions. A) Lollipop plot of
rare PRKCI variants in individuals with OFCs (top) and without OFCs (bottom) across the linear structure.
The number of variants per site is indicated by the number in the circle, where a solid circle indicates a single
variant. B) Phenotype and variant description grid for all variants shown in 1A. Pathogenicity predictions:
green = predicted deleterious by 0 methods, yellow = predicted deleterious by 1 method, orange = predicted
deleterious by 2 methods, red = predicted deleterious by 3 methods (algorithms used include SIFT,
PolyPhen2, and AlphaMissense).
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Table 1: DNs and rare variants in PRKCI from all individuals with OFCs and/or functionally tested alleles

Variant CDS AA . Alpha Overexpression . .
(CHR:BP) | (NM_002740.6) | (NP_002731.4) Phenotype MAF SIFT | PolyPhen Missense assay Supporting Literature
Confirmed de novo variants

Y136 is a conserved Tyr
3:170267957 c.407A>G p.(Tyrl36Cys) |Cleft soft palate - 0 0.977 0.975 No effect? and plays an important role
in membrane binding®
VWS, cleft soft palate 8.80E-06 | 0.02 0.999 0.999
VWS, cleft soft palate 8.80E-06 | 0.02 0.999 0.999
3:170284541 c.1148A>G p.(Asn383Ser) CP . alobal h = devel L del Loss-of-function
» global hypotonia, developmental delay, 8.80E-06 | 0.02 0.999 0.999
autism
CL/P with a prominent _foreh_ead and 8.80E-06 | 0.02 0.999 0.999
moderate intellectual disability
Cleft palate, sygnathia, elbow/knee
3:170284548 c.1155A>C p.(Leu385Phe) |contractures, ankyloblepharon, atrial septal - 0.02 0.999 0.999 Loss-of-function
defect
Rare variants (inherited from unaffected parent unless noted)
3:170259975 €.230C>T? p.(Pro77Leu) |Autism, speech delay, elbow hyperextension | 6.56E-05 0 0.998 0.987 . Possible .
gain-of-function
3:170267920 c.370A>G p.(llel24val) |LCLP 6.04E-05 | 0.03 0.022 0.102 NT
3:170267939 |  ¢.389G>A? p.(Arg130His) |BCLP 8.82E-05| 0 0.983 0.874 Loss-of-function Pred('jcetfecgﬁobuesg'gh'y
Abnormal ultrasound findings: growth delay,
3:170270557 c.587C>T p.(Prol96Leu) |intrauterine growth restriction, OFC, and - 0.09 0.006 0.078 No effect
ventricular septal defect
3:170280249 C.728G>A p.(Gly243Asp) |BCLP 4.90E-03 | 0.02 0.082 0.319 NT
3:170281217 €.934C>T? p.(His312Tyr) |CP 9.65E-05 | 0.04 0.051 0.494 NT
3:170281953 €.1052C>T p.(Pro351Leu) |LCLP - 0 0.999 0.746 No effect
3:170291881 | c.1231A>C* p.(Ser411Arg) |BCLP 5.44E-05 0 0.911 0.986 NT
3:170291912 | ¢.1262C>G p.(Ala421Gly) |CLP - 0.01 0.999 0.974 No effect®
CP - 0 0.137 0.967 The recurrent somatic
. mutation p.R480C in cancer
3:170295932 c.1439G>A p.(Arg480His) Severe intrauterine growth restriction, . No effect affects supbstrate specificity
oligohydramnios, premature birth, hypoplastic - 0 0.137 0.967

left heart, aortic valve atresia, mitral valve

(LLGL2)8465
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atresia, hypoplastic aortic arch, and
upslanted palpebral fissures

Autism, global developmental delay, mostly
_nonverbal, t_oe Walk!ng,_not able to run or 1.18E-04 0 0.005 248 No effect
jump, chronic constipation, poor suck and
feeding difficulties

3:170299022 c.1615T>C p.(Phe539Leu)

3:170299091 €.1684C>T p.(GIn562Ter) |CP - . . . NT

Predicted to be highly

. : b
3:170303078 | ¢.1742G>T p.(Gly581val) |LCLP 2.94E05| O 1 0.998 No effect deleterious®

Control rare variant in unaffected parent

3:170270526 c.556G>A! p.(Vall86lle) |None 1.94E-04 | 0.05 0.025 0.141 No effect

*Maximum population frequency in gnomAD v2.1.1 or 3.1.2 excluding “Finnish European”, “Ashkenazi Jewish”, and “Remaining” populations, unless reported only in one of these groups
YInheritance data not available

2From unaffected father (mother is affected)

3From unaffected mother (father is affected)

“From unaffected father (father is homozygous)

#Membrane-associated tag may impede accurate results
bPossible hypormorphs

F=functional, LOF=loss-of-function, NT=not tested

BCLP=bilateral cleft lip and palate, LCLP=left cleft lip and palate, RCLP=right cleft lip and palate, CP=cleft palate, OFC=orofacial cleft
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PRKCI is expressed in palatal tissue

PRKCI encodes atypical protein kinase C (aPKC) iota (PKC1), a serine/threonine protein kinase. Unlike
conventional protein kinase C, aPKCs are Ca?* and diacylglycerol independent. PKC1 has three protein
domains (Figure 1A). The Phox/Bem 1 (PB1) domain is important for guiding cell polarity®®, the atypical
C1 domain is considered part of the regulatory region®’, and the protein kinase catalytic domain®6¢7 is
responsible for catalytic activity. Other functions associated with PKC1 have largely been studied in the
context of cancer®, finding a variety of roles in cell differentiation, migration, and proliferation®®.

PRKCI is expressed relatively ubiquitously, though expression appears dependent upon
developmental time point and cell type. In bulk RNA sequencing of human craniofacial tissue®, PRKCI
is expressed throughout Carnegie Stages (CS) 13-22 with a general trend downward over time (Figure
2A). At CS20, a single nucleus RNA sequencing dataset (also from craniofacial tissue)®® illustrates this
ubiquitous expression, though PRKCI expression is strongest in the ectoderm cell cluster, which gives
rise to the periderm (Figure 2B). Previous work of in situ hybridization in mice has shown Prkci
expression throughout development in multiple tissues including regions of the brain, olfactory
epithelium, liver, lungs, heart, stomach, and kidneys’®. However, as this work did not focus on
craniofacial development, we performed in situ staining for Prkci at several key stages of palatogenesis:
fusion of the medial and maxillary processes (gestational day (GD), GD11), vertical outgrowth of palatal
shelves (GD14), and subsequent horizontal outgrowth and fusion of the palate (GD15). Whole-mount
and sectional images demonstrated Prkci expression in the mesenchyme and ectoderm of the
developing maxillary processes and palatal shelves during palatogenesis (Figure 3A-C). Subsequent
guantitative analysis demonstrated that Prkci expression is significantly higher in the ectoderm
compared to the mesenchyme at both GD11 and GD14 (Figure 3D). The ectodermal expression of
Prkci was lower at GD14 compared to GD11, though the relative mesenchymal expression remained
comparable at both timepoints.

Figure 2: PRKCI is expressed in human craniofacial tissue during early embryogenesis. A) PRKCI
expression in bulk RNA sequencing data for neural crest cells (NCC) and human craniofacial tissue from
Carnegie Stages (CS) 13,14,15,17, and 22. B) PRKCI expression is highest in the ectoderm cell cluster in a
dataset of single nucleus RNA sequencing from human craniofacial tissue at CS20.
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Figure 3: In situ hybridization shows Prkci expression in the mesenchyme and ectoderm during
orofacial morphogenesis. A) Whole mount tissue of the face and A’) coronal section of the maxillary process
(mxp) at gestational day 11 (GD11). B) Whole mount tissue B’) coronal section of the oronasal cavity and
palatal shelves (ps) at GD14. C) Whole mount tissue and C’) coronal section of the palatal shelves (ps) at
GD15. D) Prkci expression by for separated mesenchyme and ectoderm from maxillary process/palatal shelf
tissue at the indicated time points. Bar graph shows the mean + SEM of n = 3 samples per time point.
Expression in the ectoderm was significantly higher than in the mesenchyme at both time points (p<0.001).
Scale bars, Imm.
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Multiple variants from affected individuals are loss-of-function, including recurrent variant Asn383Ser
Atypical PKCs are recruited to the cell membrane where they are activated by Rho-GTPase Cdc42'173,
Adding a prenylation domain (CAAX) targets aPKC to the plasma membrane and converts it to a
constitutively active form (aPKC-CAAX)** 74, Injecting Xenopus embryos with aPKC-CAAX mRNA
results in an expansion of the superficial cell layer of epidermal ectoderm at the expense of more basal
layers®, recapitulating the role of membrane-bound aPKC in specifying the superficial epidermal
ectoderm fate®¢. This ectodermal layer is analogous to the Danio enveloping layer (EVL), which we
used as a model for the periderm.

First, we found aPKC activity is necessary to induce the EVL, as has been reported for other
peridermopathy-associated genes irf62* and poky/chuk/ikk1*3. We also found that injecting lacZ mRNA
or mRNA encoding the reference variant of human PRKCI, i.e., PRKCI, had no effect on zebrafish
embryos (Fig. 4A,B) but that injecting PRKCI-CAAX mRNA led to ectopic periderm (Fig. 4C,D), similar
to injection of grhiI3 mRNA™. We quantified ectopic periderm by measuring krt4 mRNA levels relative to
in control-injected embryos (Fig. 4E). If overexpression of an allele induced ectopic EVL, it was
classified as functional; if it failed to induce ectopic EVL, it was classified as a loss of function (LOF)
allele and thus considered pathogenic. Utilizing this overexpression assay, we tested 12 variants for
functionality, selected using a combination of in silico pathogenicity predictors, minor allele frequencies,
inheritance patterns, and phenotype information.

We injected 1-cell stage zebrafish embryos with mRNAs encoding constitutively active forms of
the human PKC:t reference allele and the following variants: all DNs (p.[Tyr136Cys], p.[Asn383Ser],
p.[Leu385Phe]), 6 rare variants from individuals with OFCs (p.[Arg130His], p.[Pro196Leu],
p.[Pro351Leu], p.[Ala421Gly], p.[Arg480His], p.[Gly581Val]l), 2 rare variants from affected individuals
without an OFC (p.[Pro77Leu] and p.[Phe539Leu]), and a control variant we predicted would be benign
as it was only found in an unaffected parent (p.[Val186lle). At 50% epiboly, we measured the
expression levels of krt4, an EVL marker, to quantify the level of ectopic expression and compared the
fold change of each variant with respect to the reference mRNA to determine significant differences
(Figure 4E).
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The reference PKC1 and control variant (p.[Val186lle]) induced ectopic EVL, indicating these
variants retained function, as expected. Variants p.(Pro196Leu), p.(Tyr136Cys), p.(Pro351Leu),
p.(Arg480His), and p.(Phe539Leu) also induced ectopic EVL. Both p.(Ala421Gly) and p.(Gly581Val)
were deemed functional although they induced less periderm than the reference PRKCI sequence,
suggesting they may be hypomorphic. However, neither was statistically significantly different from the
reference sequence. Three variants, p.(Arg130His), p.(Asn383Ser), and p.(Leu385Phe), failed to
induce ectopic periderm, indicating these variants are LOF. Lastly, p.(Pro77Leu) was the only variant to
induce more ectopic periderm than the reference sequence, indicating a possible gain-of-function
effect.

To confirm the observed effects were due to changes in protein function, we performed Western
blots for the reference and four variants: p.(Arg130His), p.(Vall186lle), p.(Asn383Ser), and
p.(Leu385Phe). We injected 2-4 cell embryos with equal masses of mMRNAs (separately) encoding
constitutively active forms of the reference variant, harvested protein at 6 hpf, and evaluated it by
Western blot. Embryos injected with each PRKCI variant had comparable levels of PRKCI protein,
except those injected with p.(Arg130His), in which it was barely detectable (Figure 4F). However,
p.(Arg130His) has been predicted to diminish PKCu stability®®, which our results further support.

Figure 4: Patient-specific PRKCI alleles fail to induce ectopic enveloping layer in zebrafish embryos. A,
B) LacZ injected embryo with typical enveloping layer (EVL) development at 50% epiboly. C, D) Reference
PRKCI-CAAX injected embryo with ectopic EVL as indicated by white asterisks. E) Expression levels of krt4 for
patient-specific alleles quantified by RT-gPCR and with respect to expression induced by reference PRCKI-
CAAX. EVL is denoted by krt4 in situ hybridization. F) Western blot showing the presence of protein in control
and loss of function variants in injected embryos. *p<0.05, **p<0.005, ***p<0.001.
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Lastly, to confirm the effects of the p.(Asn383Ser) variant, we performed an additional assay
comparing the abilities of the reference variant and p.(Asn383Ser) to reverse the effects of an aPKC
inhibitor. This inhibitor disrupts the EVL, leading to embryonic rupture at about 6 hpf, similar to irfé
mutants®® (Figure 5A,B). Over-expression of PRKCI-CAAX rescued the rupture phenotype in PRKC-
inhibitor treated embryos (Figure 5C) but Asn383Ser-CAAX lacked this ability (Figure 5F). These
results confirm our findings in the overexpression assay, illustrating the lack of functionality of the
p.(Asn383Ser) variant.

In summary, variants p.(Arg130His), p.(Asn383Ser), and p.(Leu385Phe) lack the ability of the
PRKCI reference variant to induce ectopic EVL, which is consistent with their causing a spectrum of
peridermopathy phenotypes in humans, with p.(Asn383Ser) appearing to be a variation hotspot for
OFCs.. Additional characterization of the effects of the suspected gain-of-function p.(Pro77Leu) and
potential hypomorphs p.(Ala421Gly) and p.(Gly581Val) are needed. Overall, our findings suggest that
PRKCI functions within the same pathway as well-established VWS-associated genes IRF6 and
GRHL3, and that its disruption leads to peridermopathy and OFCs, among other phenotypes.

Figure 5: Recurrent PRKCI DN Asn383Ser fails to rescue aPKC inihibitor in zebrafish embryos
treated with aPKC inhibitor. A) Control embryo with no mRNA or aPKC inhibitor. B) Embryo treated with
no mMRNA and aPKC inhibitor. C) Embryo treated with both aPKC inhibitor and human reference PRKCI-
CAAX mRNA. D) Embryo treated with lacZ mRNA and no aPKC inhibitor. E) Embryo treated with lacZ
MRNA and aPKC inhibitor. F) Embryo treated with PRKCI-N383S mRNA and aPKC inhibitor.
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Structural modelling of LOF DNs
We performed variant structure modeling for loss-of-function alleles p.(Asn383Ser) and p.(Leu385Phe)
to investigate potential mechanisms of pathogenicity. Because the available crystal structure in the
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Figure 6: Loss-of-function variants p.(Asn383Ser) and L385 impact normal PRKCI protein structure. A)
Catalytic domain rendering highlighting the activation loop (light blue) and surface-exposed variants N383
(orange) and L385 (pink). B) Variation from N383>S and C) L385>F result in altered interactions of nearby
residues.
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Protein Data Bank®®7® only consists of the catalytic domain, we could not model the effects of
p.(Arg130His). Both Leu385 and Asn383 are proximal to the activation loop and are surface accessible
(Figure 6A), suggesting that alteration to these residues could influence interaction with the activation
loop or protein-protein interactions with PRKCI. As shown in Figure 6B, p.(Asn383Ser) introduces both
a repulsive force ~5A from Asp396 in the activation loop and an attractive force 4A from Lys380,
potentially modifying the protein structure or disrupting binding to the activation loop. The
p.(Leu385Phe) variant (Figure 6C) introduces an aromatic sidechain 3A from Thr395, suggesting the
potential for molecular interactions. This variant also leads to introduction of a residue with a larger and
bulkier sidechain near the activation loop and proximal to Gly338 and Asp339, which has the potential
for disruption of the activation loop structure and surrounding residues. Given both residues are
exposed, and the identified variants affect local interactions, this may provide an avenue of
investigation for understanding the mechanism by which these variants result in a phenotype.
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Discussion

Here we show that variants in PRKCI are associated with syndromic OFCs, including VWS and other
features of peridermopathy. We identified 3 variants with LOF effects in a zebrafish model, including
recurrent DN p.(Asn383Ser) found in 4 unrelated individuals with OFCs. Although our initial
investigation was focused on families with a clinical diagnosis of VWS and no molecular diagnosis,
individuals with LOF variants exhibited a wide range of phenotypes. These include clinical features
within the spectrum of peridermopathy as well as those unexplained by disruption of the periderm such
as congenital heart disease, intellectual disabilities, neurodevelopmental disorders such as autism
spectrum disorder, and metabolic disease.

Given the phenotypic spectrum across which peridermopathies can manifest, it is not surprising
that we observed something similar in this cohort. For example, VWS and PPS are allelic disorders
caused by variants in IRF6, sometimes the same variant, even though PPS typically manifests with
more severe phenotypes’’. Similar genetic and phenotypic overlap has been observed for other genes
in the periderm TRN, including RIPK4 implicated in both PPS!* and Bartsocas-Papas syndrome
(BPS)**1® and CHUK in BPS'* and Cocoon syndrome?’. The range of phenotypes associated with LOF
variants in PRKCI is striking as one individual had an isolated OFC, two had classic features of VWS,
and a third had features more reminiscent of PPS. Additional individuals with variants in this gene will
be needed to establish genotype-phenotype correlations, if they exist.

We also identified multiple individuals with non-peridermopathy phenotypes. Out of the
individuals with rare, protein-altering variants and recorded phenotypes, 12 had intellectual and
developmental disabilities (IDDs), only 1 of which co-occurred with an OFC (p.[Asn383Ser]). It is
important to note, however, that our OFC cohort is varied in age of ascertainment. Although most are
presumed to have isolated OFCs, individuals with OFCs are often recruited at a very young age for
research studies and IDDs may become apparent at a later timepoint, resulting in misclassification of a
syndromic case. Nevertheless, two of our functionally tested alleles were found in people with IDDs and
no OFC (p.[Pro77Leu] and p.[Phe539Leu]). Interestingly, p.(Pro77Leu) induced significantly more
ectopic EVL than the reference PRKCI, suggesting a gain-of-function effect. This variant is located
within the PB1 domain, and although there are too few samples to establish strong conclusions, the five
observed variants in this domain were all in individuals with IDDs and no OFCs. The impact of variants
in this region on risk for IDDs remains unclear—our experimental model is specific to the periderm, and
the effects of variation on PRKCI function in other tissues remain an area for future research. Our in
situ staining for PRKCI in mouse embryos confirms expression in the palatal mesenchyme, and
previous work describes PRKCI’s importance in neuronal differentiation and function’®, so it would be
reasonable to speculate that its disruption could result in the additional phenotypes.

With evidence for PKCs acting upstream of IRF6 and GRHL3?, and aPKC being necessary for
both structural analogs of the periderm in zebrafish and frog®>2¢, we hypothesize that PRKCI exerts its
effects near the top of the known TRN. RIPK4 phosphorylates both CHUK?®* and IRF6%. CHUK, in
combination with IKKb, goes on to activate NF-kB*! while, in parallel, IRF6 activates GRHL3?¢. Further,
RIPK4 is a known modulator of the PKC pathway?®, and although current data largely describes
interactions with typical PKCs, there is some evidence that RIPK4 interacts with PRKCI in vitro®. Thus,
we suspect that PRKCI plays a role upstream of RIPK4, and its dysregulation may lead to decreased
pathway activation. Alternatively, there is evidence that aPKC binds the IKKs to modulate NF-kB
signaling®! to promote pro-survival signals. In its absence, there may be an increase in cell death,
leading to disruption of the periderm and the observed clinical features. This discovery highlights the
utility of exploring TRNs for candidate disease genes, particularly for those that have a known
mechanism yet are missing molecular diagnosis in some individuals.

Our functional testing highlighted the limitations of inferring pathogenicity from in silico tools or
allele frequencies. Several variants, including p.(Tyrl36Cys), p.(Pro351Leu), p.(Arg480His), and
p.(Phe539Leu), retained function despite predictions of pathogenicity. For p.(Tyrl36Cys) and
p.(Arg480His), published research provides context in which to interpret the results of the zebrafish
overexpression assay. For p.(Tyr136Cys), in vitro evidence suggests this tyrosine plays an important
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role in the PKCt regulatory module and membrane binding. Previously, substituting Tyr136 for glutamic
acid led to a reduced level of the PKC1 kinase domain in HEK293T cells, presumably due to a
decreased thermostability of the protein®?. Because our model includes a membrane-guided tag, the
zebrafish overexpression assay may be unable to capture effects secondary to defective membrane
binding, and the effect of p.(Tyr136Cys) should be considered inconclusive for this assay.

The substitution p.Arg480His has also been reported as a somatic mutation in some cancers,
though p.(Arg480Cys) is more common in the Catalog of Somatic Mutations in Cancer (COSMIC,
cancer.sanger.ac.uk)®?. This change (p.Arg480Cys) is reported to result in a loss of substrate
specificity®®, and it is possible that a similar effect could occur in our observed p.(Arg480His) variant.
The individuals’ phenotypes included one with isolated CP and another with severe intrauterine growth
restriction and multiple congenital heart defects. The result of our assay may indicate that this variant is
not pathogenic, though it is also possible that p.(Arg480His) results in effects in tissues outside the
periderm which we are unable to detect in this model.

We also identified two variants as possible hypomorphs, p.(Ala421Gly) and p.(Gly581Val),
though it is important to note that our functional testing method is sensitive to variants with full loss-of-
function effects and does not easily allow for measurement of more nuanced effects. While there is little
in the literature to aid interpretation for p.(Ala421Gly), it is novel in gnomAD 4.1.0 and predicted to be
deleterious by SIFT, PolyPhen2, and AlphaMissense. Similarly, p.(Gly581Val) is rare in gnomAD (MAF
1.97x10°) and is predicted deleterious by the same algorithms but was also among the most likely
missense variants to be deleterious on the basis of in silico predictions of effects on protein stability and
conformational dynamics®3. Although we cannot draw strong conclusions about p.(Ala421Gly) and
p.Gly581Val, both variants warrant additional study to determine their pathogenicity. Ideally, a second
model system would help further elucidate functionality of these variants, however, due to the early
lethality in murine models, this may be limited to in vitro modeling or using conditional approaches.

Interestingly, p.(Arg130His) was found in a family with an affected proband and mother, yet it
was inherited from the unaffected father. Based on this inheritance pattern, we suspected this variant
would retain function and found the opposite to be true. It is worth noting that p.(Arg130His) has been
predicted to diminish PKCu stability3, which may indicate a more complex genetic background in this
specific individual. In contrast, p.(Asn383Ser) appears to be a mutation hotspot, although it is unclear
what is driving the recurrence of this variant. Common mechanisms that contribute to mutation hotspots
are GC-rich and highly repetitive sequences®, but neither applies at this residue; thus, the common
mechanisms of alteration® are unlikely factors at this residue.

Aside from zebrafish, mice are often used as a model organism for OFCs. However, PRKCI
plays vital roles in early development, which makes using a murine model challenging as knockout
results in early embryonic lethality. Loss of Prkci in embryoid bodies results in failed cavitation8* and
homozygous knockout of Prkci (which encodes PKCA in mice) leads to embryonic lethality by day E9.5
due to polarity defects®. A second challenge is that while homozygous knockouts are essentially lethal
at full penetrance, heterozygous mice do not exhibit abnormal phenotypes. However, all our variants of
interest are heterozygous in affected individuals. While this is consistent with an autosomal dominant
phenotype like VWS, it precludes mice as an easy model for study.

When we compare these findings to human data, such as the genome aggregate database
(gnomAD) v4.1.0, we find moderate intolerance to loss-of-function with a LOEUF score of 0.66
(threshold of <0.6 suggested for interpreting Mendelian diseases) and a missense Z-score of 3.07,
which is just below the threshold of 3.09 for significant constraint. For comparison, IRF6 and GRHL3
have LOEUF scores of 0.21 and 0.4, and missense Z-scores of 3.9 and 1.72, respectively. Although we
expected a lower LOEUF score based on mouse lethality, there is still a depletion of both LOF and
missense variants cumulatively across PRKCI. It is possible that disruption of a specific domain is more
lethal, for example loss of PB1 leading to cell polarity defects; however, there is currently no significant
regional constraint in gnomAD to support this hypothesis. Alternatively, there may be unknown
redundant functions between aPKC genes in humans, as has been shown for aPKC zeta (PRK{) and
PRKCI in mice®®®, Lastly, there may be additional modifiers not yet identified that contribute to both
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penetrance and expressivity of observed phenotypes in individuals harboring PRKCI variants.
Regardless, on an individual basis, all our confirmed LOF alleles are rare or novel, heterozygous,
missense variants with evidence for causality.

Taken altogether, we provide evidence that variants in PRKCI are causal for VWS and other
features of peridermopathies, with p.(Asn383Ser) being a particular hotspot. Of the ~20% of VWS
cases without a genetic diagnosis, we estimate around 2-3% may be due to variants in PRKCI.
Likewise, as PRKCI appears to work within the same periderm network as previously associated genes
IRF6 and GRHL3, we suspect additional candidate genes can be found within this TRN to further
explain undiagnosed cases. Ultimately our findings contribute a novel gene to VWS associations and
provide an avenue of future investigation for both additional VWS cases and the role of PRKCI in other
phenotypes.
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