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Abstract

SPECCI1L mutations have been identified in patients with rare atypical orofacial clefts and with syndromic cleft lip and/or
palate (CL/P). These mutations cluster in the second coiled-coil and calponin homology domains of SPECC1L and severely
affect the ability of SPECCIL to associate with microtubules. We previously showed that gene-trap knockout of Speccll in
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mouse results in early embryonic lethality. We now present a truncation mutant mouse allele, Specc114¢%, that results in
perinatal lethality. Specc114¢5174¢510 homozygotes showed abnormal palate rugae but did not show cleft palate. However,
when crossed with a gene-trap allele, Specc11¢74%1° compound heterozygotes showed a palate elevation delay with
incompletely penetrant cleft palate. Specc11¢74¢1° embryos exhibit transient oral epithelial adhesions at E13.5, which may
delay shelf elevation. Consistent with oral adhesions, we show periderm layer abnormalities, including ectopic apical
expression of adherens junction markers, similar to Irf6 hypomorphic mutants and Arhgap29 heterozygotes. Indeed,
SPECCIL expression is drastically reduced in Irf6 mutant palatal shelves. Finally, we wanted to determine if SPECCIL
deficiency also contributed to non-syndromic (ns) CL/P. We sequenced 62 Caucasian, 89 Filipino, 90 Ethiopian, 90 Nigerian
and 95 Japanese patients with nsCL/P and identified three rare coding variants (p.Ala86Thr, p.Met91Iso and p.Arg546Gln) in
six individuals. These variants reside outside of SPECC1L coiled-coil domains and result in milder functional defects than
variants associated with syndromic clefting. Together, our data indicate that palate elevation is sensitive to deficiency of
SPECCIL dosage and function and that SPECCI1L cytoskeletal protein functions downstream of IRF6 in palatogenesis.

Introduction

Orofacial clefting is the most common craniofacial congenital
malformation, with an incidence of ~1 in 800 live-births (1,2).
Among orofacial clefts, ~70% of cases manifest as isolated or
non-syndromic cleft lip with or without cleft palate (nsCL/P) (3),
while the remaining 30% consists of >275 different syndromic
forms of clefting (4).

The underlying pathology of many syndromic CL/P cases
can be narrowed down to a single causative gene and shows a
Mendelian inheritance pattern in affected families. In contrast,
nsCL/P often presents in families with incomplete penetrance
and represents a complex disorder with a heterogeneous
genetic component (1,5-7). Genome-wide association studies
in conjunction with traditional candidate gene and linkage
analyses have contributed to the identification of several nsCL/P-
associated genes (8-10). One method of conceptualizing the
effect of these many genes is by organizing them into regulatory
networks. For instance, both IRF6 and GRHL3 mutations have
been identified in patients with Van der Woude syndrome (VWS)
(11-14). Common variants in these two genes also increase
the risk for CL/P in cases with isolated CL/P (15-20). Previous
studies have shown that IRF6 regulates GRHL3 expression
(21,22), and mouse mutants for the two genes show similar
phenotypes (14,23,24). Together, these studies implicate func-
tional deficiency of an IRF6-GRHL3 network in nsCL/P (12,17,18).
This network has been expanded to include ARHGAP29
(25-28).

The IRF6-GRHL3 network is required for specification and
proper differentiation of the periderm (14,22,29); a single layer
of specialized epithelial cells that prevents abnormal epithe-
lial adhesions during embryonic development (30). The perid-
erm achieves this non-adhesive property by localizing adhe-
sion molecules away from its apical surface, preventing cell-cell
adhesion (29,30). During palatogenesis, the periderm is selec-
tively removed at the medial edge epithelium to allow palatal
shelves to adhere at E14.5 (31). Deficiencies in the IRF6-GRHL3
network result in an absent or abnormal periderm layer. Irf6
mutants lack periderm and result in ectopic permanent adhe-
sions all over the body, including the oral cavity, which causes
cleft palate (23,24). Heterozygotes for Irf6f84¢ and Irf6?" alleles, as
well as heterozygotes for an Arhgap29 null allele, show transient
oral adhesions (23,24,32). These transient oral adhesions fre-
quently accompany a delay in palatal shelf elevation at E14.5 (32).
Considering that rare and common variants in IRF6 have been
associated with nsCL/P (15,19,20), IRF6 regulation of the periderm
represents a critical pathway in palatogenesis. Identification
of additional members of this pathway is necessary to further
elucidate nsCL/P etiology.

We first identified SPECCIL mutations in two patients with
atypical clefts (33). At the time, we posited that atypical clefts
are a severe manifestation of more common cleft lip and palate
phenotype. Thus, we proposed that pathogenetic mechanisms
underlying SPECC1L deficiency would also result in more com-
mon syndromic and nsCL/P. Consistent with our proposition,
10 additional SPECCIL mutations were identified in a total of
31 patients originally diagnosed with clefting-associated auto-
somal dominant Opitz G/BBB (OMIM #145410) and Teebi hyper-
telorism syndromes (OMIM #145420) (34-36). Bhoj et al. (34) com-
piled a relatively distinct phenotypic profile of patients with
SPECCIL mutations that includes hypertelorism, orofacial cleft-
ing, wide short nose with large tip and ventral body wall closure
defects (omphalocele). This range of malformations led them to
propose an independent autosomal dominant SPECC1L mutation
syndrome. Interestingly, these syndromic mutations cluster in
either the second coiled-coil or the calponin homology domains
of SPECCIL.

To validate that a decrease in SPECCIL dosage or function
can affect midface development, we generated gene-trap and
truncation Speccll mutant mouse alleles. Indeed, compound het-
erozygotes with a gene-trap and a truncation allele exhibit a
delay in palate elevation. Furthermore, we identify defects in
the periderm of Speccll compound heterozygous embryos and
show that SPECC1L expression in the palate requires IRF6. We
also sequenced 426 individuals with nsCL/P from five different
populations and identified three rare SPECC1L variants. A total of
six individuals (1.4%) were heterozygous for one of these three
variants. Functional analyses indicate that these variants result
in partial loss of function. These studies show that deficiency of
SPECCIL is sufficient to disrupt palate development and impli-
cate SPECCIL in the expanding IRF6-GRHL3 orofacial clefting
gene network.

Results

Moderate reduction of Speccll in mouse results in
palate elevation defect

We previously reported that severe deficiency of Speccll using
gene-trap constructs results in early embryonic lethality by
embryonic day E9.5 (37). These mutants exhibited an open neural
tube and defects in cranial neural crest cell delamination from
the anterior neural folds. While a deficiency in neural crest cell
function is a plausible cause of a craniofacial defect (38,39), early
embryonic lethality prevented confirmation of a direct role for
SPECC1L in midface or palate development. Therefore, we sought
to generate alternative Speccll-deficient alleles that would allow
embryos to survive longer in gestation to study these perinatal



phenotypes. We utilized zinc finger nuclease (ZFN)-based
genomic deletions to target the 3’ end of exon 4, which yielded
a 154 bp deletion (Fig. 1A). Sequencing of reverse transcription
polymerase chain reaction (RT-PCR) product revealed that the
deletion abolished the exon 4 splice donor site (Fig. 1A), resulting
in the use of a cryptic splice site within intron 4 and the
subsequent introduction of a novel coding sequence (Fig. 1B).
This novel sequence coded for nine amino acids followed by
a stop codon, leading to premature truncation of the protein
(Fig. 1C). For clarity, we have termed this allele Specc114¢%°, as
it results in the loss of the 510 amino acids at the C-terminal
end of the protein (Fig. 1C). To validate this truncation, we
performed western blot analysis with an antibody targeting
the N-terminal end of SPECC1L. Indeed, a band can be seen at
~100 kDa in the mutant, compared to wild-type (WT) SPECC1L at
~150 kDa (Fig. 1D; right). In contrast to the embryonic lethality
seen in gene-trap homozygotes, SpeccllAC1/AC510 mytants
showed perinatal lethality (Fig. 1D). Examination of mutant pups
immediately after birth revealed a gasping behavior followed by
death within 24 h. Potential causes of this respiratory distress
including esophageal adhesions (23,24), autonomic nervous
system and neuromuscular defects (40) are under investigation.
Specc114C5107/AC510 homozygotes showed no gross malformations,
apart from occasional size differences and curly tail phenotypes
(Fig. 1D; arrow). Additionally, we did not detect instances of cleft
palate at E18.5 on the C57BL6/J background (N=6). However,
when we looked at palate rugae, we observed patterning defects
and poorly developed or missing rugae 7 and 7b (Supplementary
Material, Fig. S1, A vs. D).

We hypothesized that a further reduction in Speccll dosage by
crossing gene-trap and truncation alleles would result in palate
defects. To achieve this, we utilized a newly generated gene-trap
allele, termed Specc1l¢™* (abbreviated Specc1l“” from here on)
using a multifunctional gene-trap cassette adapted for targeted
trapping (Fig. 1A) (41,42). Homozygous Speccll¢7®T mutants
undergo embryonic lethality at E9.5 (Fig. 1E), consistent with our
previous gene-trap alleles, SpecclIfRH04 and Specc1IP™O0% (37).
Interestingly, Specc1l¢™/*6T homozygotes often show complete
neural tube closure failure (Fig. 1E; arrows), while Specc1RRH048
and Specc1lP™0% mutants only show closure defects in the
cranial neural tube (37). This is indicative of an increased
trapping efficiency of the Specc1l“T allele. Consistently, western
blot analysis of lysates from Specc11¢™<T mutant E8.5 embryos
showed almost no observable WT SPECCIL (Fig. 1E).

To evaluate the impact of Specc1l®¢/A¢510 compound het-
erozygosity on palate development, we harvested embryos at
E13.5-E15.5. Compared to control embryos (Fig.2A, C and E),
Specc1lCT/ACS10 mutants (Fig. 2B, D, F and G) appeared smaller
and manifested subepidermal blebbing at E13.5 (Fig.2B;
arrowheads), and at E14.5 (Fig. 2D; arrowheads). This blebbing
resolved by E15.5, except in occasional cases of hemorrhaging
(Fig. 2F and G; arrowheads). Importantly, ~57% (n=14) of
Specc11°€T/AC510 mutants showed vertically oriented (unelevated)
palatal shelves when compared to littermate controls at E14.5
(Fig. 2D, arrows; P < 0.0004, Fisher Exact Test). This delayed palate
elevation was also observed in Specc1IPTM0%/AC510 compound het-
erozygotes, albeit at only ~40% (n=5) (Supplementary Material,
Fig. S2). Consistently, western blot analysis of Specc11:¢/A¢510
embryo tissue showed lower WT SPECCIL level than that in
Specc1PTMO%6/ACS10 mytant tissue (Supplementary Material, Fig.
S2). The palate elevation defect persists in ~8% of Specc11°¢T/A¢510
mutants at E15.5 and later (n=12), resulting in cleft palate
(Fig. 2G; arrows).
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Given that the elevation defect we identified resolves in most
embryos by E15.5, and we wanted to confirm a palate-specific
defect in these compound mutants. We argued that if this was
a simple delay in overall development, the palate would eventu-
ally develop normally. So, we closely examined closed mutant
palates of E18.5 embryos and observed that all mutants had
discontinuous patterning and missing rugae when compared to
controls (Supplementary Material, Fig. S1), showing that even
when these mutants recover from a delay in elevation, palate
development is still disrupted. Furthermore, cell proliferation
levels were also unchanged in mutant palatal shelves relative
to WT (Supplementary Material, Fig. S3). Together, these results
demonstrate that reduced Specc1l dosage is sufficient to specifi-
cally disrupt palate development.

Speccll A1 mutants show ectopic oral adhesions
and abnormal periderm

A delay in palatal shelf elevation is also found in other mouse
models (43-45). Most notably, Arhgap29 heterozygotes showed
a palate elevation delay (32), accompanied by ectopic transient
oral adhesions. Therefore, we histologically scanned the oral
cavity of our mutants. Indeed, our Speccll compound mutants
showed several occurrences of ectopic adhesions (Fig. 3). Evi-
dence of oral adhesions was found in the anterior nasal cavity
(Fig. 3A vs. B), the palate hinge region (Fig. 3C vs. D) and between
palatal shelf and buccal or lingual epithelia (Fig. 3E vs. F). These
oral adhesions almost always accompanied a dissociation of
epithelia from the underlying mesenchyme in paraffin sections
(Fig. 3A’ vs. B/, C' vs.D’ and E' vs. F).

Speccll €7Ac510 myutants show abnormal adherens
junction staining in the periderm

To investigate how SPECCIL deficiency in our compound
mutants could cause both a delay in palatal shelf elevation
and transient oral adhesions, we first evaluated SPECCIL
expression in the palate by co-staining cranial E13.5 and
E14.5 sections for SPECCIL and ANpé63, a marker for the
basal epithelium (Fig. 4A-C and , A'-C’). Indeed, we found that
SPECCIL is expressed in the cranial neural crest derived palatal
mesenchyme (Fig. 4A-C and A'-C’), as well as both the ANp63-
positive basal cells (Fig. 4A’) and ANp63-negative periderm cells
of the palatal shelf (Fig. 4A’; arrow).

Previous studies have shown that ectopic oral adhesions
involve abnormalities of the periderm (46). Irf6 mouse mutants
exhibit a complete absence of periderm cells (29), resulting
in severe oral adhesions and permanent cleft palate (23,24).
However, partial loss of IRF6 function has been shown to result
in the mislocalization of adherens junction markers to the apical
surface of the periderm, which is normally devoid of cell adhe-
sion molecules (29,30). IRF6 deficiency also results in increased
actin stress fiber formation (47). Similarly, we previously showed
increased actin filament and adherens junction marker staining
upon SPECCIL deficiency (33,37). Therefore, we examined these
markers in the oral periderm of our compound mutants. Co-
staining for ANp63 and g-catenin (Fig. 4D-K) revealed abnormal
apical expression of membrane-associated g-catenin in mutant
periderm (Fig. 4G vs. K; arrows). Manual scoring of cells along
the buccal and lingual palatal shelf interfaces revealed a signifi-
cantly greater number of abnormal periderm cells in compound
mutant sections (20/386 cells) compared to WT (4/365 cells),
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A) Schematic of Speccll introns and exons depicting the locations of the cGT construct (red) and zinc finger nuclease

(ZFN) deletion A154 (orange). (B) A154 ZFN deletlon removes the canonical splice donor of exon 4, resulting in the usage of cryptic splice donor within intron 4 (RT-
PCR; underlined green sequence) and subsequent truncation of the protein due to the introduction of a stop codon (RT-PCR; red highlighting). Genotyping by PCR
amplification of genomic DNA and RT-PCR reveals a size difference between WT and A154 bands. (C) Diagram of WT and AC510 SPECCI1L protein. Orange section
represents the nine novel amino acids. (D) Specc114C510/AC510 embryos die shortly after birth and are occasionally smaller than wild-type (WT) littermates. Western
blotting shows a ~50 kDa size decrease in AC510 homozygotes compared to WT control lysates. (E) Specc11°GT/<GT embryos exhibit embryonic lethality with open neural
folds (arrows) at E9.5, compared to littermate control. Western blotting shows a loss of SPECCI1L protein in ¢cGT homozygotes compared to WT control lysates.

consistent with the occurrence of transient oral adhesions
(P <0.001; Fisher Exact Test).

We also stained for filamentous actin (F-actin) using phal-
loidin and found a generally increased staining in mutant palate

epithelium and mesenchyme with regions of disorganized
filaments (Fig. 4L-S; arrows). This increase in staining was less
pronounced than the changes seen in gene-trap homozygotes
(37) but more pronounced than in Speccll4¢19/4C510 mutants
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Figure 2. Specc11?GT/AC510 compound mutants exhibit palatal shelf elevation delay. (A-G) Representative whole mount images (top row) and coronal H&E palate sections
(bottom three rows) of control and Specc11°67/AC510 embryos from E13.5 to E15.5. Compound mutants show edema, midline subepidermal blebbing (B and D; arrowheads)
and occasional hemorrhaging (F and G; arrowheads) compared to control embryos. At E14.5, ~66% of mutant embryos had palatal shelves that had not elevated (D;
arrows) compared to littermate controls (C; arrows). By E15.5, most mutants had closed palates (F), indicating that these mutants experience a delay in palatal shelf

elevation. However, cleft palate can occur in mutant embryos with severe phenotypes (G; arrows).

Nasal Region

Palatal Shelf

R

Control

Specc 1ICG T/AC510

Figure 3. Specc11°GT/AC510 compound mutants show transient oral adhesions. (A-F) Coronal H&E palate sections of WT and Specc11GT/AC510 mytant embryos at E13.5.
Compound mutants show evidence of adhesions between the oral and nasal cavity epithelia (A vs. B; arrows) and between the oral and tongue epithelia (C vs. D; arrows).
Adhesions were also identified at the junction between the tongue and palatal shelf (E vs. F; arrows), which resulted in separation of the palatal shelf epithelium from

the mesenchyme (F’; arrows). Scale bars are 50 pm.

(Supplementary Material, Fig. S4), supporting a dosage depen-
dent effect of SPECC1L levels on F-actin. Together, these results
indicate that both adherens junction markers and F-actin within
the palate epithelial cells are sensitive to reduced Speccll dosage
and present abnormal expression of adhesion markers as a
potential mechanism for oral adhesions in our compound
mutants.

SPECCIL expression in the palate is dependent on IRF6
transcription factor

The similar adhesions and molecular changes in Irf6 and
Arhgap29 heterozygotes and our Speccll mutants suggest that
SPECC1L regulation of the periderm may functionally overlap
with the IRF6 pathway. To test if SPECCI1L could be connected to
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Figure 4. Periderm of Specc11¢GT/AC510 embryos show changes in F-actin and adherens junction markers consistent with abnormal adhesion. (A-C) Immunostaining
for SPECCIL (red) and ANp63 (green; basal epithelial marker) on coronal sections between E13.5 and E14.5. SPECCIL expression is present in the periderm and basal
layers of the epithelium (A’; arrow), as well as the underlying mesenchyme. Scale bar for A-C is 2 mm and for A’-C’ is 50 pm. (D-K) Coronal sections of E13.5 WT and
Specc11°GT/AC510 palatal shelve epithelia co-immunostained for cell junction marker g-catenin (D and H) and basal epithelium marker ANp63 (E and I). Both WT and
mutant sections contain flattened, ANp63-negative periderm cells (G and K; arrows). However, the mutant sections have abnormal apical g-catenin staining on some
periderm cells (G vs. K; arrows). (L-S) Sections stained with phalloidin (L and P) show increased F-actin staining in the mutants compared to controls (O vs. S). Scale
bars are 10 pm. p, palatal shelf; mx, maxillary process; mn, mandibular process; t, tongue; ns, nasal septum.

the IRF6 regulatory pathway, we looked at SPECCIL expression
in the palate of Irf6 knockout embryos (Irf6~/~) (23). Indeed,
SPECC1L expression was reduced in the epithelium of the Irf6=/~
palatal shelves (Fig. S5A vs. B). It was previously shown that K14

promoter-based transgenic expression of Irf6 in the oral epithelia
(Tg¥41fe/+) partially rescued the oral adhesion phenotype in
Irf6 knockout mice (48). Consistent with this rescue, SPECC1L
expression was restored in the oral epithelium of Irf6~'—;
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Irf67- TgK14-Irfs/+

Figure 5. IRF6 is required for SPECC1L expression in the palate. Immunostaining of coronal embryonic palate sections at E15.5. (A) SPECC1L is expressed widely (red) in
the palate in WT mice. (B) Irf6 null mice exhibit abnormal oral adhesions throughout the oral cavity and loss of SPECC1L expression. (C) These phenotypes are rescued
with transgenic expression of Irf6 in the oral ectoderm using a Keratin 14 promoter. Grayscale insets are of red channel. Scale bar is 100 pm.

TgX¥!4f/+ embryos (Fig. 5B vs. C). Furthermore, IRF6 expression
was not altered in our Specc1l67/A%10 mutants (Supplementary
Material, Fig. S5). Together, these results show that SPECCIL
expression in the palatal shelves requires IRF6 function.

Identification of non-synonymous SPECCI1L coding
variants in nsCL/P patients

Given that SPECCIL mutations were identified in patients with
atypical and syndromic CL/P (33-36), we posited that variants
might also contribute to nsCL/P. To test this, we sequenced
the coding region of SPECCIL (NM_015330.5; NP_056145.4) in
426 nsCL/P patient samples. These included 62 samples from
Iowa Caucasians, 89 from the Philippines, 90 from Ethiopia,
90 from Nigeria and 95 samples from Japan (Fig.6). One
novel (c.273G>A, p.Met91Iso), two rare (c.256G>A, p.Ala86Thr;
c.1637G>A, p.Arg546Gln), and one population specific (895A>G,
p-Thr299Ala) variant were identified. The variants p.Met91Iso,
p.Arg546GIn and p.Thr299Ala were identified once each in the
Filipino, Iowa Caucasian and Japanese samples, respectively. The
p-Met91Iso variant was not present in either EXAC or gnomAD
databases (n=372576) (49). The p.Arg546GIn variant was not
present in the EXAC database (n=121096), but was present
in six individuals in the gnomAD samples (n=282708; allele
frequency = 0.0000025). The p.Thr299Ala variant (rs146907080)
was encountered a combined 88 times only in East Asian
samples of the ExAC and gnomAD databases (n=28606;
allele frequency=0.00308), indicating that it is an East Asian
population-specific variant. Interestingly, the p.Ala86Thr novel
variant was identified in four different Japanese individuals
with nsCL/P (n=95; allele frequency =0.021) compared to 0/8654
and 1/18394 occurrence in East Asian samples in ExAC and
gnomAD databases (n=27048; allele frequency =0.000037). To
determine if p.Ala86Thr was perhaps a Japanese population-
specific common variant, we looked closely into gnomAD
database (152 Japanese alleles) as well as into TogoVar database
containing 3.5k Japanese exome data (3.5k_JPN, 7104 alleles) and
extensive Japanese SNP data (JGA-SNP, 364 306 alleles) (50). We
did not find any occurrence of p.Ala86Thr among any of these
Japanese alleles. In contrast, the p.Thr299Ala East Asian variant
was identified in 2/152 (~1%) gnomAD Japanese alleles, 75/7104
(~1%) 3.5k_JPN alleles and 3729/364306 (~1%) SNP-JGA alleles, as
expected. These data suggest enrichment of p.Ala86Thr variant
in Japanese CL/P samples.

Enrichment of SPECC1L variants in nsCL/P is predicated upon
these variants being inherited with incomplete penetrance or
working in conjunction with other variants not yet described.

We did not have parental samples to determine whether these
variants—particularly pAla86Thr in four Japanese individuals—
occurred de novo or were inherited with incomplete penetrance
of the CL/P phenotype. However, we have identified the
p-Arg546GIn variant in another patient with classic features
associated with syndromic SPECCIL variants, including hyper-
telorism and CL/P (34). This is the first instance of a SPECC1L vari-
ant outside of second coiled-coil or calponin homology domains
manifesting syndromic anomalies. This individual inherited the
p.Arg546GIn variant paternally, and the father does not manifest
any overt phenotypes. This finding is consistent with our
hypothesis that these rare SPECC1L variants are not de novo, but
enriched in individuals with CL/P. Interestingly, this syndromic
individual with p.Arg546Gln variant also carried a de novo 14q22.3
microduplication, involving the OTX2 and TMEM260 genes.
According to DECIPHER (decipher.sanger.ac.uk) and DGV (http://
dgv.tcag.ca), OTX2 (n=4; DECIPHER 288272, DGV nsv1048136)
or TMEM260 (n=2; DECIPHER 288575) microduplications do
not show any craniofacial phenotypes. Larger duplications
involving OTX2 and 5-6 downstream genes have been identified
in individuals with micrognathia (n=1; DECIPHER 328344) or
hemifacial microsomia (n=1) (51). Therefore, the SPECC1L R546Q
variant, in combination with this microduplication or as yet
unknown genetic or environmental perturbation, may underlie
the syndromic manifestation in this patient. These results are
consistent with the hypothesis that SPECCIL variants with
subtle effects on SPECCI1L function, in combination with other
genetic/environmental insults, lead to CL/P.

Expression analysis of SPECC1L variants shows reduced
acetylation of SPECC1L-associated microtubules

The identification of one novel and two very rare variants sug-
gested that they may affect SPECCIL function. None of these
variants lie in any of the coiled-coil domains of SPECCIL pro-
tein, in contrast with previously identified SPECCIL mutations
in patients with atypical facial clefts (33), autosomal-dominant
Opitz G/BBB syndrome (36) and Teebi hypertelorism syndrome
(34,35). Thus, we hypothesized that these variants from nsCL/P
patients will affect SPECCIL function to a different or lesser
degree than those identified in syndromic patients.

We previously analyzed pathogenic SPECCIL variants
identified in syndromic patients in a qualitative overexpression
assay, wherein a SPECC1L-GFP fusion construct was transfected
into U20S osteosarcoma cells, followed by examination of the
cells 24 h after transfection (33,36). In brief, we found that over-
expressed WT SPECC1L-GFP strongly associated with a subset
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Figure 6. SPECCIL variants in patients with non-syndromic orofacial clefting. (A) Schematic representation of SPECCI1L protein showing positions of the eight coiled-coil
domains (CCD; gray), calponin homology domain (CHD; black), as well as the heterozygous mutations identified in patients with non-syndromic cleft lip/palate (A86T,
M91I, T299A, R546Q). Also shown are the previously identified mutations found in a patient with Oblique Facial Clefts [Saadi et al., (33); asterisk], two multigenerational
families with autosomal dominant Opitz G/BBB syndrome [Kruszka et al. (36); gray arrowheads], patients with Teebi hypertelorism syndrome [Bhoj et al. (35); black
arrowheads], and the additional syndromic patients identified in [Bhoj et al., (34); black arrows]. (B) Chart describing the source of the patient samples that were
sequenced this analysis including the patient population, the incidence of each variant within that population, Polyphen2 and SIFT substitution predictions, and

occurrence in ExAC, gnomAD and TogoVar databases (49,50,63,64).

of microtubules in an elaborate ectopic pattern. We also showed
that this subset of microtubules is heavily acetylated (33,36). In
contrast, introduction of syndromic SPECCIL variants (33,36)
resulted in severely disrupted microtubule association and
acetylation. We utilized this disruption as a readout to evaluate
the impact of our non-syndromic SPECC1L variants.

Compared to WT SPECC1L-GFP, none of the four variants
showed any demonstrable differences in the ability to associate
with microtubules after 24 h of transfection (not shown). To
sensitize the assay, we first removed the C-terminal GFP tag to
prevent any ectopic microtubule association or aggregation that
may be mediated by the tagitself, and instead used anti-SPECC1L
antibody to detect transfected cells (Fig.7; Supplementary
Material, Fig. S6). We also added an 8 h time-point following
transfection and co-stained for acetylated microtubules. We
found that even without the GFP tag, WT SPECC1L associated
with a subset of microtubules that formed an elaborate
cytoplasmic pattern within almost 80% of transfected cells
(Fig. 7A and D). Only a small fraction of cells showed an
incomplete microtubule pattern, which may represent cells

where the elaborate pattern is not yet developed. As expected,
a syndromic mutation (Q415P) failed to generate this elaborate
pattern in ~90% of the transfected cells (Fig. 7C and D). Instead,
cells transfected with the Q415P construct showed a fine,
punctate, incongruent pattern, which we described previously
for pathogenic syndromic variants (33,36). However, cells
transfected with any of the four nsCL/P variants were able
to form this elaborate pattern to near-WT levels—between
70 and 80% (Fig. 7D). Thus, we concluded that the kinetics of
microtubule association is not affected by these nsCL/P variants.

Next, we evaluated the levels of acetylation among these
SPECC1L-associated microtubules (Fig. 7E-G). To minimize
variability, we only assayed cells with elaborate microtubule
pattern in WT and all four variants. Interestingly, we found
that ~95% of WT transfected cells showed strong or moderate
microtubule acetylation just 8 h after transfection, while ~5%
showed low acetylation (Fig. 7H). These results suggest that
this phenomenon is a two-step process, wherein SPECCI1L first
associates with a subset of microtubules, and then facilitates
microtubule acetylation. We then analyzed acetylation of
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Figure 7. SPECCIL variants from non-syndromic patients result in reduced association with acetylated microtubules. (A-C) Representative images of U20S cells
transfected with WT (A and B) and Q415P (C) SPECCIL in U20S cells. SPECCIL (green) was visualized by immunofluorescence and counterstained with DAPI (blue). (D)
Transfected cells were scored for elaborate (A) or incomplete/abnormal microtubule patterning (B and C). The four variants identified in syndromic patients showed no
changes, while the Q415P syndromic mutation resulted in a markedly reduced proportion of elaborate patterning. (E-G) Transfected cells were co-stained with SPECC1L
(green) and acetylated-«-tubulin (red) and binned into high (E), moderate (F), or low (G) groups based on the extent of SPECC1L-associated acetylated tubulin staining.
(H) Compared to wild-type, cells transfected with the A86T- and R546Q-SPECC1L constructs exhibited a significantly increased proportion of cells in the low group, and
a significantly decreased proportion in the high (A86T, R546Q) and moderate (A86T) correlation groups. Scale bars are 20 pm.

microtubules in cells expressing the nsCL/P variants 8 h after
transfection. We found a statistically significant reduction in
the number of highly acetylated microtubules, and a statistically
significant increase in microtubules with low acetylation for the
A86T and R546Q variants (Fig. 7H). The M91I and T299A variants
did not show statistically significant differences from WT
(Fig. 7H). It is possible that no significant change was identified
in M91I samples because either the functional consequence on
SPECCIL was too mild to be detected in our assay or it impacted
SPECCIL function in a manner that did not alter microtubule
acetylation. Compared to syndromic variants (Q415P) (33,36),

which fail to form the elaborate pattern, the two nsCL/P variants
(A86T and R546Q) show a moderate reduction in SPECCIL
function where they are able to associate with microtubules
and form an elaborate pattern, but are delayed in subsequent
acetylation of these microtubules.

Discussion

Rare SPECCIL variants were found in patients with atypical
(33), syndromic (35,36) and now non-syndromic orofacial
clefting. Interestingly—even with a small number of mutations
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identified—SPECCI1L variants from atypical and syndromic
orofacial clefting patients cluster in the second coiled-coil and
calponin homology domains. In contrast, the present variants
from nsCL/P patients reside outside of these SPECC1L domains
(Fig. 6). Functional analysis also indicates that the nsCL/P
mutations are less severe than their syndromic counterparts
(Fig. 7). As we better understand SPECCIL function at the
molecular level, especially of the second coiled-coil domain,
the functional differences between variants will become clearer.

We utilized a mouse model with a novel Speccll truncation
allele to confirm a role for SPECCIL in the regulation of
palate development, consistent with the cleft palate phenotype
observed in some patients with SPECCIL mutations (33,34,36).
Our results show that palatal shelf elevation is particularly
sensitive to Speccll deficiency. While most Specc1l¢T/AC510
mutants eventually completed palatal shelf fusion, they all
showed abnormalities in palate rugae pattern (Supplementary
Material, Fig. S1), consistent with a palate-specific defect.

Palate elevation delays have been identified in several
other mouse models (43-45,52,53). For instance, roughly half
of Fgfr2¢3#2Y/+ gain-of-function heterozygotes experience a delay
in elevation, but only 4% penetrance of cleft palate (54). We
propose that such delays represent a predisposing factor for
cleft palate at birth, wherein a delay would result in cleft palate
upon additional genetic or environmental insult. Thus, a delay in
palatal shelf elevation represents a potential model for both the
incomplete cleft palate penetrance that is frequently observed
in syndromic CL/P (6,8) and for the complex etiology of nsCL/P.

We have shown previously that SPECCI1L affects cell adhe-
sion (33,37) and cell migration (33). Adherens junction markers
E-cadherin and g-catenin, as well as F-actin, show increased
expression upon SPECCIL deficiency in vitro and in vivo (37).
Consistently, E-cadherin expression is decreased upon ectopic
IRF6 expression (55). In the Specc11<¢/A%10 mutants, we again see
a general increase in F-actin staining. Importantly, 8-catenin is
mislocalized to the apical surface of the periderm cells in regions
where the palatal shelf epithelium interfaces with both the
tongue and buccal region. Such ectopic localization of adherens
junction molecules has previously been shown in the periderm
of Irf6 mutants (29), suggesting that transient oral adhesions can
slow palatal shelf elevation due to increased ‘friction’.

IRF6 mutations result in Van der Woude (1/35 000) and
Popliteal Pterygium (1/300 000) syndromes. Several studies have
also associated common IRF6 variants with nsCL/P at large
(15,19,20). One of these variants is located in an upstream
enhancer element of IRF6 (19) and affects IRF6 expression levels
(56), and it is also associated with the severity of nsCL/P (57).
We now show that SPECCI1L expression in the palate epithelium
and mesenchyme is dependent upon IRF6, thereby expanding
the IRF6 network. However, since transgenic Irf6 expression in
the oral epithelium of Irf6 mutants results in increased SPECC1L
expression in the mesenchyme as well (Fig. 5C), it suggests that
Irf6 has a non-cell-autonomous role in the regulation of SPECC1L.
Irf6 has been shown previously to non-cell-autonomously
regulate genes (58,59). It is currently unclear whether this non-
cell autonomous regulation of SPECCIL is at the mRNA level, or
rather a result of the disrupted cytoskeletal elements present
in Irf6 mutants (47,58). In the future, it would be interesting
to explore expression levels of SPECCIL in mouse mutants for
other genes known to interact with Irf6, including Grhl3 (14),
Tfap2a (60,61) and Spry4 (60). In conclusion, our data suggest
SPECCIL is a downstream cytoskeletal effector molecule in the
palate, regulated by IRF6 transcription factor.

Materials and Methods
Patient information

For nsCL/P samples (Fig. 6), the study was approved by the eth-
ical committee or by the Institutional Review Boards at all the
participating sites in Ethiopia, Iowa, Nigeria and Philippines in
accordance with the relevant guidelines and regulations. Study
participants gave written informed consent for participation
in this study in accordance with the Declaration of Helsinki
and for the publication of this study. We also have adhered
to standard biosecurity and institutional safety procedures in
this study. Parent samples were not available for the six nsCL/P
individuals identified with SPECC1L variants, therefore, we could
not determine if these variants were inherited or de novo.

At Mayo Clinic (Rochester, MN), a second patient with
SPECCI1L p.Arg546GIn (c.1637G>A; Hgl9/37) variant was iden-
tified with cleft lip and palate as well as hypertelorism, left
eye vision loss, mild conductive hearing loss, gastroesophageal
reflux disese, hypotonia, abnormal striae, kyphosis, small hand
joint laxity, umbilical hernia, syncope, chronic pain, migraines,
and mild motor, speech and developmental delay. She is pri-
marily of Caucasian/European descent. The p.Arg546GIn variant
was identified through clinical whole exome sequencing at
Mayo Clinic Laboratories. This variant was paternally inherited;
however, her father appears unaffected. She also carries a de
novo 909 kb duplication involving the OTX2 and TMEM260 genes
(arr[hg19] 14q22.3(56 702 987-57 611978) x 3). This copy number
variant was identified through clinical chromosomal microarray
testing also performed at Mayo Clinic Laboratories.

Generation of Specc1l 251 truncation allele

A ZFN was targeted to exon 4 of mSpeccll near the exon 4/intron
4 boundary. 0.25 ng of targeting primer was co-injected with
the ZFN expression construct into FVB/C57BL6/] hybrid blas-
tocysts at the University of Kansas Medical Center Transgenic
Facility. The injected embryos were transplanted into pseudo-
pregnant females. The resulting progeny were analyzed by PCR
for genomic deletions. A founder animal carrying one or more
deletions was outbred with WT C57BL6/] females to establish a
line. Specc114¢51° was identified in such a manner. The deletion
is 154 bp in length and spans the mSpeccll exon 4/intron 4
boundary (NM_153406.3:c.1825_1941 + 37del). RT-PCR and west-
ern blot analyses were performed to determine the functional
consequences of this genomic deletion. Primer sequences can
be found in the Supplementary Material, Table S1).

Generation of Speccll «“T gene-trap allele

This strategy for generating a multifunctional gene-trap target-
ing construct has been described previously (Supplementary
Material, Table S2) (41,62). In brief, 5 and 3’ genomic homology
regions (HRs) from the second intron of Speccil were PCR-
amplified from genomic DNA isolated from EDJ#22 (ATCC SCRC-
1021) mouse 129S5/SvEvTac embryonic stem cells and cloned
into pENTR-5HR and pENTR-3’HR Entry clones. The three
entry clones, pENTR-5'HR, pENTR-3'HR and prsFlipROSABgeox
TTO-ENTR11, and the pPNT-DEST-R4-R3 destination vector
described previously (41) were combined to create the final
~20 kb targeted trapping vector, prsFlipROSABgeox-Speccllin2,
via the in vitro Multisite GATEWAY recombination system
using LR Recombinase II Plus enzyme following manufacturer’s



protocols (Thermo Fisher Scientific). Linearized plasmid DNA
was electroporated into EDJ#22 ES cells. Positive ES colonies were
selected first by Neomycin resistance using G418 (250 pg/ml) and
then by RT-PCR for Speccll-Bgeox fusion gene-trap transcript.
Correctly targeted ES cells were microinjected into C57BL6/J
blastocysts (KUMC Transgenic and Gene-Targeting Institutional
Facility, Kansas City, KS). Chimeras were crossed to C57BL6/J
mice for germline transmission. Heterozygous progeny was
confirmed by PCR genotyping to identify the Specc1lT allele.
All animal studies were performed consistent with protocols
approved by the KUMC Institutional Animal Care and Use
Committees.

Embryo processing and histological analysis

Mating pairs were set up in timed-matings and then checked
for plugs on the following morning. Noon on that day, the plug
was identified and is classified as embryonic day 0.5 (EO.5).
At the given embryonic time-point, females were euthanized
using a primary and a secondary method as approved by the
institutional IACUC. Embryos were then harvested, washed in
1x PBS, imaged and fixed overnight in 4% paraformaldehyde
at 4°C. For whole mount 4,6-diamidino-2-phenylindole (DAPI)
imaging, the jaws of fixed embryo heads were removed and the
exposed palates were then submerged in 500 nM DAPI dilactate
overnight at 4°C, followed by imaging. For paraffin sectioning,
embryos were gradually dehydrated in increasing concentra-
tions of ethanol and processed for paraffin embedding using
the Leica ASP300 tissue processor. For cryosectioning, embryos
were submerged in 30% sucrose until the tissue sank, embedded
in OCT solution and stored at —80°C until use. Sections were
obtained between 8 and 10 pum. Brightfield and DAPI whole
mount images were captured using a Nikon SMZ 1500 stere-
omicroscope. H&E paraffin histology images were captured on
a Nikon Eclipse 80i upright microscope.

Immunostaining analysis

For the U20S transfection experiments, coverslips were fixed
with ice cold 4% paraformaldehyde for 10 min, permeabilized
with 0.5% Trixon X-100 in 1x PBS for 10 min, washed and then
blocked in 10% normal goat serum (Thermo Fisher Scientific,
50062Z) for 1 h at room temperature. The primary antibody was
incubated overnight at 4°C, washed in 1x PBS, then incubated in
secondary antibody for 1 h at room temperature covered from
light. Finally, the coverslips were washed again in 1x PBS and
mounted on slides with Prolong Gold with DAPI (Invitrogen,
P36930).

For immunostaining on embryo sections, conditions varied
depending on the antibody used. Briefly, antigen retrieval was
performed by heating the slides in sodium citrate buffer (10 mm
Sodium Citrate, 0.05% Tween 20, pH 6.0) at 96°C for 10 min. The
slides were then washed in H,0, permeabilized with 0.5% Triton
X-100 in 1x PBS for 30 min, washed in PBS, then blocked in
10% normal goat serum. Primary and secondary antibodies were
incubated as described above. For phalloidin staining, antigen
retrieval was not used, and the stain was included during sec-
ondary antibody incubation. Confocal images were captured on
a Nikon A1R confocal laser microscope.

Primary antibodies: SPECCIL C-terminus (33), SPECCIL
N-terminus (Proteintech, 25390-1-AP), acetylated-a-tubulin
(Sigma, T6793), ANp63 (Biolegend, 619001), B-catenin (Cell
Signaling Technology; 2677), KI-67 (Cell Signaling Technology;
12202).

Human Molecular Genetics, 2020, Vol. 29, No. 5 | 855

Secondary antibodies and stains: Goat anti-Rabbit IgG
(H+L) Alexa 488 and 594 (Invitrogen; A-11008, A-11012), Goat
anti-Mouse IgGl Alexa 488 (Invitrogen, A-21121), Goat anti-
Mouse IgG2a Alexa 594 (Invitrogen, A-21135), Goat anti-Mouse
IgG3 Alexa 594 (Invitrogen; A-21155), Acti-stain 555 phalloidin
(Cytoskeleton, PHDH1-A).

Quantification of periderm cells with abnormal
expression pattern

Confocal Z-stacks of coronal sections stained by immunofluo-
rescence were captured on a Nikon A1R confocal laser micro-
scope. Periderm cells along the buccal and lingual interfaces
of the palatal shelves were manually scored either as normal
(no apical expression) or abnormal (apical expression). Cells
were only scored if they could be classified as a periderm
cell (flattened nucleus and/or Np63-negative) and if their
boundaries were clearly identifiable by scanning through the
Z-stack.

Western blot analysis

Protein extraction was performed by sonicating flash-frozen
embryonic tissue in radioimmunoprecipitation assay buffer
with HALT protease inhibitor Cocktail (Thermo Scientific, 78440).
Samples were then spun down for 10 min at 13 000 rcf and the
supernatant collected. Lysates were then electrophoresed in 4-
15% gradient Mini-Protean TGX Stain-Free precast gels (Bio-RAD,
#4568084) and transferred onto Immobilon PVDF (polyvinylidene
difluoride) membranes (EMD Millipore, IPVH00010). PVDF
membranes were then blocked in Odyssey Blocking Buffer
(Li-Cor, 927-5000) either overnight at 4°C or at room temper-
ature for 1 h. Primary antibodies used were anti-N-SPECCIL
(1:2000; Proteintech, 25390-1-AP) and anti-IRF6 (1:2000; Sigma,
SAB2102995). The secondary antibody used was HRP-linked goat
anti-rabbit IgG (1:10000; Cell Signaling Technologies). Femto
SuperSignal West ECL reagent (Thermo Scientific, 34095) was
used to develop the signal. Image Lab software (Bio-Rad) was
used for quantitative analysis of the western blots.

Cell culture and transfection analysis

Human U20S osteosarcoma cells (ATCC, HTB-96) were cultured
in DMEM media with high glucose and pyruvate, supplemented
with 10% fetal bovine serum and penicillin/streptomycin. U20S
cells were transfected with either WT SPECC1L-expressing con-
struct (33) or with constructs carrying the Q415P (33), A86T,
MO1I, T299A and R546Q variants (present study). The GFP tag
from previous studies (33) was removed in favor of visualizing
the overexpressed protein by immunofluorescence. Transfected
cells were analyzed for qualitative differences in the ability
of SPECCIL to associate with microtubules and the extent of
acetylation of associated microtubules (33,36).

Supplementary Material

Supplementary Material is available at HMG online.
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