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Abstract

Patients with autosomal dominant SPECCIL variants show syndromic malformations, including hypertelorism, cleft palate
and omphalocele. These SPECC1L variants largely cluster in the second coiled-coil domain (CCD2), which facilitates
association with microtubules. To study SPECCIL function in mice, we first generated a null allele (Specc114Ex4) lacking the
entire SPECCI1L protein. Homozygous mutants for these truncations died perinatally without cleft palate or omphalocele.
Given the clustering of human variants in CCD2, we hypothesized that targeted perturbation of CCD2 may be required.
Indeed, homozygotes for in-frame deletions involving CCD2 (Specc114CCD2) resulted in exencephaly, cleft palate and ventral
body wall closure defects (omphalocele). Interestingly, exencephaly and cleft palate were never observed in the same
embryo. Further examination revealed a narrower oral cavity in exencephalic embryos, which allowed palatal shelves to
elevate and fuse despite their defect. In the cell, wild-type SPECC1L was evenly distributed throughout the cytoplasm and
colocalized with both microtubules and filamentous actin. In contrast, mutant SPECC1L-ACCD2 protein showed abnormal
perinuclear accumulation with diminished overlap with microtubules, indicating that SPECC1L used microtubule
association for trafficking in the cell. The perinuclear accumulation in the mutant also resulted in abnormally increased
actin and non-muscle myosin II bundles dislocated to the cell periphery. Disrupted actomyosin cytoskeletal organization in
SPECCI1L CCD2 mutants would affect cell alignment and coordinated movement during neural tube, palate and ventral body
wall closure. Thus, we show that perturbation of CCD2 in the context of full SPECCIL protein affects tissue fusion dynamics,
indicating that human SPECCIL CCD2 variants are gain-of-function.
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Introduction

Many embryonic tissue morphogenetic events require move-
ment and fusion events. Examples include neural tube, palate,
ventral body wall and optic fissure closure (1,2). These processes
require a precise sequence of remodeling events in a narrow and
time-sensitive window of embryogenesis. Incorrect movement
or incomplete fusion in the three examples described above
leads to structural birth defects of anencephaly/exencephaly
(1/4000 live births), cleft palate (1/1700), omphalocele (1/4000)
and coloboma (1/2000), respectively (3).

We are studying the cytoskeletal protein sperm antigen with
calponin homology and coiled-coil domains 1-like (SPECCI1L)
that is proposed to associate with both actin filaments and
microtubules via its calponin homology domain (CHD) and
coiled coil domain 2 (CCD2), respectively (4-6). We and others
have shown that patients with autosomal dominant SPECCIL
variants manifest a range of structural birth defects, including
hypertelorism (97%), omphalocele (45%) and cleft palate (24%)
(4,7-9). Interestingly, all SPECCIL variants in these patients with
syndromic manifestation cluster largely in CCD2 and to a lesser
extent in CHD, indicating a critical role for these domains.

To understand the function of SPECCIL in the etiology of
these structural defects, we generated and evaluated several
different mouse alleles, including a C-terminal truncation that
also removed the CHD (Specc1l4%519) (6) and null allele lacking
any protein (Specc114E*4, Fig. 1). Homozygous mutants for these
alleles exhibited perinatal lethality but did not show cleft palate
or omphalocele (6). We did observe a delay in palatal shelf
elevation in Specc1141® compound heterozygotes with Speccil
genetrap alleles (Specc119¥4¢519), These compound heterozygous
mutants were also perinatal lethal and showed both palatal shelf
epithelial (6) and mesenchymal defects (10). Thus, due to the
lack of cleft palate or omphalocele occurrence in null mutants,
we hypothesized that patient phenotypes of cleft palate and
omphalocele were due to gain-of-function CCD2 variants.

To test this hypothesis, we targeted CCD2 with clustered
regularly interspaced short palindromic repeats (CRISPR)-based
genome editing. Here, we report two alleles with in-frame
genomic deletions removing portions of CCD2 (collectively
termed Specc1l4¢P?). Homozygous mutants for both alleles
showed either cleft palate or exencephaly and omphalocele at
high penetrance. In contrast, homozygous mutants for Specc114%4
null allele showed none at birth. In addition, we observed signif-
icantly higher penetrance of cleft palate in female Specc114¢CP%+
heterozygotes than male counterparts. We also provide cellular
and molecular evidence for a role of SPECCIL in regulating
actomyosin organization during tissue morphogenesis.

Results

Speccll null mutants show perinatal lethality with no
defects of fusion events

We previously generated three different mouse alleles for Specc1l
deficiency using a genetrap-based knockdown strategy (5,6).
Homozygous mutants for all three genetrap alleles showed early
embryonic lethality with a neural tube closure defect (5,6). We
also generated an allele (Specc1l4¢51%) with a C-terminal trunca-
tion that deleted 510 amino acids including the CHD (6). Homozy-
gous mutants for this allele were perinatal lethal but did not
show exencephaly or cleft palate; however, the truncated protein
was still expressed (6). To determine the true Speccll null phe-
notype, we have now used CRISPR guide RNAs (gRNAs) flanking
exon 4 (Fig. 1A and B) to generate a knockout allele lacking exon
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4 (Specc1l4®4, Fig. 1C) that does not show any SPECCIL protein
product (Fig. 1F and G). Homozygous mutants for Specc1145** are
also perinatal lethal and do not show exencephaly or cleft palate
(Fig. 2). Thus, we hypothesized that the human CCD2 variants
resulting in cleft palate and omphalocele were gain-of-function.

Speccll mutants with in-frame deletion of CCD2 result
in exencephaly, cleft palate and ventral body wall
closure defects

To test this hypothesis, we targeted CCD2 with a CRISPR
guide RNA (CCD2 gRNA; Fig. 1A and B) and identified alleles
with both out-of-frame and in-frame deletions. Two alleles
with in-frame deletions (Specc1l#?%*, Specc11457¢) were further
characterized. Genomic changes were confirmed (Fig. 1C), and
genotyping protocols were created (Fig. 1D and E). Predicted
protein level changes in ACCD2 proteins (Fig. 1F) were validated
for expression with western blot analysis using an N-terminal a-
SPECCIL antibody (Fig. 1G). Homozygous mutants for all alleles
with out-of-frame deletions were perinatal lethal and showed
no exencephaly, cleft palate or omphalocele at birth (data not
shown), similarly to homozygous mutants for Specc114¢1 ()
and Speccll#®* (Fig. 2). However, homozygous mutants for all
alleles with an in-frame deletion in CCD2—Specc114%* and
Specc1l4%76 are collectively referred to as Specc114¢“P2—showed
~43% anterior neural tube closure defect (exencephaly, Fig. 2B,
arrowheads; Supplementary Material, Fig. SIA-H), ~43% cleft
palate (Fig. 2G) and~60% ventral body wall closure defect
(omphalocele, Fig. 2B and C, arrows; Supplementary Material,
Fig. S2A-F). Embryonic penetrance values for all Specc1l4¢¢P?
alleles are graphed collectively in Fig. 2I, and the values for
individual alleles and phenotypic combinations are provided
in Supplementary Material, Table S1. Closer inspection of the
embryos at E15.5 also showed coloboma or incomplete fusion of
the optic fissure in Specc114°°P? mutants (Supplementary Mate-
rial, Fig. S3B and C versus Supplementary Material, Fig. S3A and
D; arrows). Thus, in-frame perturbation of CCD2 in the context of
full-length SPECCIL was more detrimental to embryonic tissue
movement and fusion events than complete loss of SPECCIL
protein, indicating a gain-of-function mechanism.

Homozygous Specc114°P? mutant embryos did not
simultaneously show exencephaly and cleft palate

In our phenotypic analysis, we noted that exencephaly (n=12)
and cleft palate (n=12) never simultaneously occurred in the
same Specc114¢CPZACCD2 embryo (Supplementary Material, Table
S1). In contrast, ventral body wall closure defect accompanied
both exencephaly (n=9/12, 75%) and cleft palate (n=5/12,
42%). Histologic analysis of embryos showed that at E13.5,
Specc114CCP/ACCD2 muytants with exencephaly had a narrower
oral cavity (Fig.3B) than either wild-type control (Fig.3A),
homozygous Specc1l4C¢CP¥ACCD2 mytants without exencephaly
(Fig. 3C) or homozygous null Specc114E4Ex4 mutants (Fig. 3D). In
addition to the narrow oral cavity, the palatal shelves themselves
were abnormally wide, deforming the shape of the tongue
(Fig. 3B, E13.5, arrowheads). This narrowing of the upper part
of the oral cavity in exencephalic Specc114¢P¥ACCD2 mytants was
statistically significant when compared with either wildtype
(WT) or non-exencephalic Specc114¢CP¥ACCD2 mytants (Fig. 3E-G).
At E15.5, Specc1146CP/ACCD2 mytants with exencephaly are able
to complete palatal shelf elevation and fusion (Fig. 3B), albeit
the oral cavity remains narrower (Fig. 3B, E15.5, arrowheads)
than those in wild-type (Fig. 3A) or Speccll4E¥¥4Ex4 mutants
(Fig. 3D). Most homozygous Specc1l4¢CP¥ACCD2 mytants without
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Figure 1. Generation of Speccll null and CCD2 deletion alleles. (A) Schematic of Speccll locus. The largest exon 4, which also encodes the coiled-coil domain 2 (CCD2),
is highlighted. The locations of the two guide RNAs (5" and 3’ gRNAs) used to delete exon 4 as well as the gRNA used to introduce deletions in CCD2 (CCD2 gRNA) are
indicated. Also shown are the approximate locations of the sequencing primers used for genotyping in D and E. (B) Sequences and genomic locations of the gRNAs used
in A. PAM, protospacer adjacent motif. (C) Schematic representation of the genomic deletions created by the two CCD2 in-frame (A234, A576 base pairs) and the null
exon 4 deletion (AEx4). (D) Genotyping analysis of the three alleles, showing heterozygous and homozygous occurrence of the slower migrating band corresponding to
deletion. Please note that the third hybrid band visible in heterozygous samples with small deletions are heteroduplexes—an expected PCR artifact. Due to the large
deletion in AEx4, wild-type and mutant alleles are genotyped separately. (E) Sequence for primer pairs used for genotyping shown in D. Primer locations are also shown
in the schematic of exon 4 in A. (F) SPECC1L protein schematics resulting from the CCD2 deletions and the null allele. CCD, coiled-coil domain; CHD, calponin homology
domain. (G) Western blot analysis of tissue from wild-type (WT) and homozygous mutants for the four alleles. WT SPECC1L band migrates at ~150 KDa. For the two
in-frame CCD2 deletion alleles (A234, A576), corresponding faster migrating bands are visible. There are no bands visible for the AEx4 null allele. Total protein and
comparative ratio are shown as loading control.
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Figure 2. Homozygous mutants with in-frame CCD2 deletions show omphalocele, cleft palate and exencephaly. (A-D) Gross images of wild-type (A, Specc1l/*),
Specc11ACCD2/ACCD2 with (B) or without (C) exencephaly, and Specc114EX#/AEx4 nyll embryos at embryonic day (E) 15.5. Exencephaly is indicated in B with arrowheads.
Omphalocele is indicated in B and C with arrows. (E-H) The palates are shown for E15.5 embryos with the jaws removed for the genotypes in A-D. The Specc114CCD2/ACCD2
mutant with exencephaly (F) and the Specc114E¥4/AEx4 ny] (H) embryos do not show cleft palate, whereas the Specc114CCD2/ACCD2 mytant without exencephaly does
(G, white arrow). (I) The prevalence (%) of omphalocele, cleft palate and exencephaly is shown in Specc114€CP2 and Specc114E*# heterozygous and homozygous mutants.

For this analysis, data from the two in-frame CCD2 deletion alleles (A234, A576) were combined as ACCD2. The Specc1lt/+, Specc114EX#/+ and Specc1l14EX4/AEx4 embryos
did not show any occurrence of omphalocele, cleft palate or exencephaly.

exencephaly showed permanent cleft palate (Fig.3C, arrow).
Specc114¢CP/ACCh2 mytants did not survive postnatally even those
without exencephaly or cleft palate. All ACCD2 mutants (n=4)
showed subtle abnormalities in palatal shelf rugae formation at
E18.5 (Fig. 3C,E18.5). Interestingly, Specc114Ex#4Ex4 mutants (100%,
n=4) showed the most drastic effect on palatal rugae formation,
indicating an overall defect in palatogenesis (Fig. 3D, E18.5).

Heterozygotes for Specc114°®®? show autosomal
dominant phenotypes and sex differences

The Specc1l4¢CP? alleles were generated on a mixed C57BL/6]
and FVB/N]J background. As we backcrossed the alleles to the
C57BL/6] background, we noticed an occurrence of ventral body
wall closure defect (10%), cleft palate (6%) and exencephaly (6%)
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Figure 3. Exencephaly narrows the oral cavity allowing Specc114C¢CP2/ACCD2 mytant palatal shelves to fuse. Wild-type (A), Specc114CCPZ/ACCD2 mytant with exencephaly
(B), Specc114CCP/ACCD2 mytant without exencephaly (C) and Specc114Ex4/AEx4 nyll (D) embryos at embryonic day (E) 13.5, 15.5 and 18.5 are shown. At E13.5 and E15.5,
coronal sections through the oral cavity were stained with hematoxylin and eosin. In the Specc114CCP2/ACCD2 mytant with exencephaly (B) at E13.5, it is clear to see a
narrowing of the oral cavity and the tongue (B, E13.5, arrowheads). Even at E15.5, the exencephalic mutant shows a narrowed dome-shaped palate and tongue (B, E15.5,
arrowheads). At E18.5, embryonic palates are shown with the lower jaw removed. In addition, palatal rugae pattern at E18.5 is shown schematically. Measurements
of the upper and lower regions of the oral cavity (E) in coronally sectioned E13.5 embryos showed that exencephalic Specc114CCD2/ACCD2 embryos have significant

narrowing of the upper region of the oral cavity (F). There was no significant change in the lower region (G), which serves as an internal size control. p, palatal shelf;
t, tongue; %, missing palatal rugae.

in the heterozygotes (Fig. 2I; Supplementary Material, Table S1). (13%) and not in male heterozygotes (0%) (Supplementary Mate-
This is consistent with the autosomal dominant manifestation rial, Fig. S4). This sex difference among heterozygotes was bor-
of human SPECC1L CCD2 variants. Interestingly, so far we have derline for ventral body wall closure defects (13% female versus
only identified cleft palate in female Specc114°°P%+ heterozygotes 8% male) and for exencephaly (4 versus 8%) (Supplementary


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab211#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab211#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab211#supplementary-data

Material, Fig. S4). Interestingly, as we further backcrossed the
alleles onto C57BL/6] to ~N6, we noticed that we were rarely
getting any female heterozygotes at weaning (data not shown).
We are therefore maintaining the colony on a mixed C57BL/6]
and FVB/N]J background. We also looked at male to female ratios
in homozygous Specc114°“®? mutants and found a prevalence
of cleft palate in male mutants (25% female versus 66% male;
Supplementary Material, Fig. S4) and of exencephaly in female
mutants (50% female versus 33% male). Again, a difference was
not observed in homozygous Specc114®®? mutants for ventral
body wall closure defects (62% female versus 58% male). These
results suggest an interplay between strain and sex differences
along with autosomal dominance.

Abnormal cellular expression of SPECC1L-ACCD2
protein in palatal shelf mesenchyme

SPECCIL protein was broadly expressed in both the palatal shelf
epithelium and mesenchyme. We have previously shown that
SPECC1L expression was more prominent at cell-cell boundaries
in epithelial cells (5,6). In Specc114¢CP¥ACCD2 mytant palatal shelf
epithelium and periderm, we did not observe a striking differ-
ence in staining pattern or localization of SPECC1L, filamentous
actin (F-actin) or microtubules (Supplementary Material, Fig.
S5). However, in the palatal mesenchyme, we observed that
SPECC1L-ACCD2 protein was not diffusely expressed throughout
the cell and was instead concentrated in various regions
of cells (Fig.4A and A’ versus Fig. 4F and F’; arrows). We also
previously showed that SPECCIL expression closely overlaps
with F-actin staining (5,6). Consistently, both wild-type and
SPECC1L-ACCD2 proteins showed co-localization with F-actin
(Fig. 4E and E’ versus Fig. 4] and J'). However, there are many
more, thick F-actin bundles in Specc114°CP#ACCD2 mytant palatal
mesenchyme (Fig. 4F’ and J’; arrows). Overall, the fluorogram
showed a moderate decrease in overlap with a reduced Pearson
correlation value (Fig. 4K and L; 0.66 versus 0.48). In contrast,
SPECC1L-ACCD2 protein showed much less co-localization with
microtubules (Fig. 4D and D’ versus Fig. 41 and I’; arrows). This
reduced overlap is also indicated by a bifurcated fluorogram
for SPECC1L-ACCD2 and tubulin (Fig. 4K versus Fig. 4L; arrows)
and a reduced Pearson correlation value (Fig. 4K andL; 0.37
versus 0.24). Microtubule immunostaining in the mutant tissue
(Fig. 4G and G’ versus Fig.4B and B’) appeared less intense;
however, overall tubulin levels (Supplementary Material, Fig.
S6) and microtubule staining in cultured mesenchymal cells
(Fig. 5) did not show any differences. Reduced co-localization of
ACCD2 protein with SPECCIL is consistent with our previous
assertion that SPECCIL CCD2 helps the protein associate
with microtubules (4,6,7). Thus, we argued that the gain-
of-function underlying at least the palate elevation defect
in SpeccllACCPZACCD2 mytants mainly affected palatal shelf
mesenchyme.

CCD2 is required for subcellular distribution of
SPECC1L

To further assess the subcellular mesenchymal effects of
SPECC1L-ACCD2 protein, we isolated primary mouse embryonic
palatal mesenchyme (MEPM) cells from E13.5 wild-type and
Specc114CCP/ACCD2 mutant embryos (10). Time-lapse imaging
of wild-type and mutant MEPM cell cultures revealed that
ACCD2 mutant cells exhibited a statistically significant deficit
in their ability to form streams, an attribute of collective
cell motility (Supplementary Material, Fig. S7). This deficit
in collective cell motility was consistent with our previous
studies in SPECC1L-deficient MEPM cells (10). At the cellular
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level, wild-type SPECC1L showed a diffuse punctate expression
pattern (Fig. 5A), which closely mimicked F-actin expression
pattern (Fig. 5C). In contrast, SPECC1L-ACCD2 protein showed
an abnormal perinuclear aggregation (Fig. 5E). This abnormal
perinuclear aggregation was even more vivid in migrating MEPM
cells in a wound repair assay (Supplementary Material, Fig.
S8). Although the mutant protein still co-localized with F-
actin (Fig. 5H), there appeared to be a drastic decrease in F-
actin staining in the perinuclear region where the SPECCIL-
ACCD2 protein had aggregated (Fig. 5E, G, H). We confirmed our
observation through a series of line scans through the images
(Fig. 5T and J; Supplementary Material, Fig. S9). The line scans
through WT cells showed even distribution of both SPECCI1L
protein and actin filaments (Fig. 5I; Supplementary Material,
Fig. S9), which we argue are in equilibrium. In contrast, mutant
SPECC1L-ACCD2 protein shows increased expression in the
central region of the cell, whereas F-actin shows increased
staining at the cell periphery (Fig. 5J; Supplementary Material,
Fig. S9). Super-resolution stimulated emission depletion (STED)
imaging revealed a general association of both WT (Fig. SM)
and mutant (Fig. 5Q) SPECCIL expression and actin filaments
with reduced intensity. The microtubule expression pattern
in cultured wild-type and mutant MEPM cells did not appear
altered (Fig. 5B versus Fig. 5F; Fig. 5N versus Fig. 5R). However,
in contrast to WT MEPM cells (Fig. 5N), there are clear regions
of microtubules devoid of SPECCIL protein in mutant MEPM
cells (Fig. 5R). Thus, we propose that SPECCIL protein requires
its CCD2-based association with microtubules for intracellular
trafficking and distribution. Furthermore, abnormal subcellular
aggregation of SPECC1L-ACCD2 protein largely affected the actin
cytoskeleton organization.

Abnormal staining of non-muscle myosin II in
Specc114ccoaccoz MEPM cells

Non-muscle myosin II (NM-II) family consists of three types—A,
B and C—that are distinguished by three heavy chains encoded
by Myh9 (NM-IIA), Myh10 (NM-IIB) and Myh14 (NM-IIC), respec-
tively (11,12). Although NM-IIC is not expressed in the palate
during development, both NM-IIA and NM-IIB have been impli-
cated in palatogenesis (13) and the etiology of cleft palate (14—
16). We looked at expression of both MYH9 and MYH10 in wild-
type and Specc114¢CP¥ACCD2 mytant MEPM cells. We observed that
both MYH?9 (Fig. 6A and B) and MYH10 (Fig. 6D and E) expression
pattern was abnormal in mutant MEPM cells. There was a partic-
ularly increased localization of both NM-IIA and NM-IIB to cell
periphery. There was also a change in cell shape, with many
mutant MEPM cells being more circular (Fig. 6C and F). We also
extended our analysis to the palate mesenchyme (Supplemen-
tary Material, Fig. S10) and found a similarly altered expression
to the cell periphery of both MYH9 (Supplementary Material,
Fig. S10A versus Supplementary Material, Fig. S10F) and MYH10
(Supplementary Material, Fig. S10K versus Supplementary Mate-
rial, Fig. S10P). There also appeared to be reduced co-localization
with microtubules of both NM-IIA (Supplementary Material, Fig.
S10D versus Supplementary Material, Fig. S10I; arrows) and NM-
IIB (Supplementary Material, Fig. S1I0N versus Supplementary
Material, Fig. S10S; arrow), which was also evident with less
diagonal pattern on the fluorograms and reduced Pearson cor-
relation values (Supplementary Material, Fig. S10U and V).

NM-IIB co-immunoprecipitates with SPECC1L

Given the altered expression pattern of NM-IIA and NM-IIB in
Specc11ACCPZ/ACCD2 myutant MEPM cells and tissue, we wanted
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Figure 4. Abnormal cellular expression of SPECC1L-ACCD2 in E13.5 palatal shelf mesenchyme. (A-J) Wild-type Specc1lt/+ (A-E, A’-E’) and Specc114CCD2/ACCD2 mytant
(F-J, F’-J’) embryonic day (E) 13.5 cryosections were co-stained with antibodies against SPECCIL (A, A’, F, F') and «-tubulin (B, B’, G, G’), and with phalloidin (C, C’, H,
H’). A’-J’ are magnified regions that are boxed in the corresponding A-J. Wild-type SPECCIL (A, A’) shows an evenly distributed subcellular expression that strongly
overlaps with both microtubules (D, D’) and filamentous actin (E, E’). In contrast, mutant SPECC1L-ACCD2 (F, F’) shows an abnormal expression pattern that appears
to be clustered in subcellular regions (arrows). This clustered expression of the mutant SPECCIL shows reduced co-localization with microtubules (I, I, increased
red staining), and results in abnormal bundles of F-actin (], J'). Scale bars=10 pm. (K-L) Fluorograms (pixel distribution diagrams) depicting the frequency of pixels
with various compositions of immunofluorescence (K, L). The immunofluorescence values are normalized to the intensity averaged over the entire field of view. The
Pearson correlation coefficient (PC) characterizes the degree of co-localization of the corresponding sample. Wild-type SPECC1L immunofluorescence shows a tighter
(diagonal) association with both F-actin and tubulin (K) compared with that of the CCD2 mutant (L). In particular, overlap of mutant SPECC1L-ACCD2 protein with
tubulin is drastically reduced (L, arrows). Ovals indicate the approximate area of the diagram corresponding to co-localized immunofluorescence, arrows point to

groups of pixels where only one of the immunofluorescence is present.
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cell, which resulted in an increase in F-actin at the outer edges of the cell. To better characterize the co-staining, super-resolution STED images were taken (L-N, P-R)
of the boxed regions shown in K (wild-type) and O (ACCD2 mutant). STED images show a strong overlap between SPECC1L and F-actin (M, Q). Interestingly, regions of
SPECC1L overlap in both wild-type and mutant cells show reduced F-actin staining. With microtubules, wild-type SPECC1L shows considerable overlap (N) compared
with ACCD2 mutant (R). However, the main difference is an inability of mutant ACCD2 protein to distribute throughout the cytoplasm. Scale bars =10 pm.



26 | Human Molecular Genetics, 2022, Vol. 31, No. 1

Specc1l** Specc1/ACCDZ/ACCD2 Specc1l*+

p<1.4 x 102
b elongated
= 1 A
o 104 i
3 { a
S ]| e
(@]
c s
Q2 L0
bl °
>
'% 54 m .
= { o0 Qeee
£
O A 4
R RS > circular
O 0
T T
WT CCD2
F)
p<2 x 1012
—
. . elongated
= 104 A
©
— [ J
3 >
L
= o
C
\Q/ e
> hnt b
:;__-_' 5 Y °
© L ]
= ]
2
O P \ 4
s ... circular
@]
0 T T
WT cep2

Figure 6. Abnormal non-muscle myosin II expression in Specc114CCD2/ACCD2 mytant primary mouse embryonic palatal mesenchyme cells. Wild-type (A, D) and
Specc11ACCD2/ACCD2 mytant (B, E) primary mouse embryonic palatal mesenchyme (MEPM) cells were co-stained with antibodies against non-muscle myosin IIA (NM-
11A) component MYH9 (A, B) or with NM-IIB component MYH10 (D, E), and with phalloidin marking filamentous actin (F-actin). Merged images are shown with DAPIL.
Wild-type MYH9 (A) and MYH10 (D) show a uniform subcellular expression pattern that overlaps F-actin staining. In contrast, in mutant MEPM cells, both MYH9 (B) and
MYH10 (E) show an abnormal clustered expression at the cell periphery along with F-actin. Compared with wild-type MEPM cells (A, D), the mutant MEPM cells also
show a more rounded appearance (B, E). This circularity was measured as a ratio of length/width with one being circular or cuboidal (C, F). Compared with wild-type
cells, the mutant cells showed much lower ratios (C, F), indicating increased circularity. Scale bars =10 pm.

to know if wild-type or mutant SPECC1L associated with NM-
II. We immunoprecipitated SPECCIL protein from wild-type,
Specc11ACCP/ACCD2 and Specc114C5107AC510 embryonic tissue (Fig. 7).
Wild-type SPECCIL strongly co-immunoprecipitated NM-IIB
(Fig. 7A) as well as NM-IIA (not shown), showing an association
in vivo. Interestingly, Specc1l4¢CP¥ACCD2 mutant protein also
co-immunoprecipitated NM-IIB (Fig. 7B), indicating that its
association with SPECC1L was not via CCD2. Therefore, we tested
lysate from Specc114¢51/AC510 myutants lacking the C-terminal
CHD. The SPECC1L-AC510 protein also co-immunoprecipitated
NM-IIB (Fig. 7C), suggesting that there was a novel interac-
tion domain for NM-IIB possibly in the N-terminal region
of SPECCIL.

Discussion

Patients with autosomal dominant SPECCIL variants show
several structural birth defects including omphalocele and
cleft palate (9). Yet in mice, we showed that a loss of the
C-terminal region with CHD (6) or even a complete absence
of SPECCIL protein (Fig.1) did not result in these defects
at birth. We hypothesized that these autosomal dominant
variants that largely cluster in CCD2 are gain-of-function.
We generated two mouse alleles with in-frame deletions in
CCD2 (Fig. 1). Homozygous mutants for these in-frame ACCD2
deletions showed highly penetrant omphalocele and -cleft
palate, confirming our hypothesis that CCD2 perturbations are
gain-of-function.
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Figure 7. SPECCIL associates with NM-IIB component MYH10. Wild-type (A),
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(lacking C-terminal CHD) mutant lysates. Thus, SPECCIL interaction with NM-
IIB is not via CCD2 or CHD, but rather via a novel, yet unidentified N-terminal
domain. WB, western blot.

Furthermore, some ACCD2 heterozygous mutants also
showed cleft palate. Interestingly, all ACCD2 heterozygous
mutants with cleft palate were female. This is important since, in
humans, non-syndromic cleft palate only phenotype is observed
more often in females (~1.41 times) than in males (17,18). We
also observed an effect of background strain on the survival
of ACCD2 heterozygotes, especially females. Together, these
results indicate that our mouse Specc114°°P2 alleles aptly model
the human condition.

Homozygous in-frame ACCD2 mutants also showed highly
penetrant exencephaly and coloboma. Although cleft palate and
omphalocele have been frequently observed in known patients
with SPECCIL variants, exencephaly and coloboma are not.
Coloboma was only observed in a small subset of homozygous
mutants, and not in heterozygous mutants, thus suggesting
that optic fissure closure may not be sensitive to one copy of
the CCD2 mutation. In contrast, the main reason for absence of
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exencephaly in the patients identified to-date is likely selection
bias. The current patient cohort was initially identified based on
SPECCIL association with craniofacial anomalies (4,7) and then
with omphalocele (8). Fetuses with exencephaly fail to survive
postnatally and are not currently associated with SPECCIL
variants.

SPECC1L appears to affect the efficiency of several embryonic
tissue movement and fusion events. Several pieces of evidence
for this efficiency argument come from our study of palatogene-
sis in various Speccll alleles. First is the incomplete penetrance of
the various defects of fusion events in ACCD2 mutants. Another
is that in SPECCIL truncation (6) and null (Fig. 2) alleles, there is
no cleft palate at birth, indicating that SPECCIL is not required
for the process, but there is a demonstrable delay in palatal shelf
elevation (6). We hypothesize that this elevation delay is more
severe in in-frame ACCD2 mutants, which results in cleft palate
at birth. A good case in point for this hypothesis is the absence
of cleft palate in ACCD2 mutant embryos with exencephaly
where the oral cavity is narrowed due to the loss of the cranium.
According to our hypothesis, even with reduced efficiency in
elevation, palatal shelves are able to fuse as they have a shorter
distance to cover. An important corollary to this argument is
that even subtle variants in SPECCIL may affect this efficiency
enough to function as genetic modifiers. This is consistent with
our identification of SPECCIL variants in patients with non-
syndromic cleft lip/palate with subtle functional consequences
(6) compared with variants identified in syndromic cases (4,7).
We propose that the same would be true in other defective fusion
events affecting the neural tube, ventral body wall and eye.

The basis for this reduced efficiency in the SPECC1L-deficient
palate is likely poor vertical to horizontal remodeling during
elevation (10). Several cellular mechanisms for this mesenchy-
mal remodeling have been proposed (19-22). Cell proliferation
is required, but not sufficient (23-25); however, migratory prop-
erties, potentially guided by WNTSA and FGF10 chemotactic
gradients (26), may be needed for elevation to occur. We posited
that, at the cellular level, SPECC1L deficiency leads to poor cell
alignment and motility (10), two key elements of coordinated
movement that can affect this remodeling. At the molecular
level, the ability of SPECC1L to associate with both microtubules
and actin via CCD2 and CHD, respectively, underlies its func-
tion. We had hypothesized that CCD2 based association with
microtubules was critical, as most human variants clustered
in this domain; however, the significance of the microtubule
association was not evident. Previous in vitro assays suggested
an ability to promote acetylation or stability of a subset of
microtubules (4,6). Our data now show that while there is some
reduction or mislocalization of microtubules in ACCD2 mutants,
the main effect of CCD2 perturbation is an inability of SPECC1L to
evenly distribute within the cell cytoplasm (Fig. 8). There can be
several reasons for the mutant protein to cluster—for example,
SPECC1L-ACCD2 protein may be tethered to the regions where it
is expressed or degraded near the periphery of the cell. However,
given the association of CCD2 with microtubules, we propose
that SPECCIL is using microtubule-based trafficking to move
throughout the cell potentially through association with kinesin
motor proteins. Furthermore, the subcellular regions, where the
mutant SPECC1L-ACCD2 protein aggregates, are conspicuously
devoid of strongly staining actin filaments. Conversely, there
is an increase in F-actin staining at the mutant cell periphery
lacking the SPECCI1L-ACCD2 protein. These observations are
consistent with a role for SPECC1L in actin depolymerization
or turnover, and with our previous reports of increased F-actin
staining in SPECC1L-deficient cells (5,6).
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The subcellular misorganization of F-actin in ACCD2 mutant
cells also provides a cellular basis for the gain-of-function.
We have previously shown that SPECCIL deficiency leads to
increased actin filament staining (4,5). However, this increase
is uniformly spread out in the mutant cell. In contrast, in
ACCD2 mutant cells, the clustered mutant protein is still able
to turnover actin, which results in subcellular regions within
the same cell with too much and too little actin filaments.
This abnormal subcellular pattern with peripheral increase
and perinuclear decrease in F-actin can be considered a toxic
gain-of-function, compared even with Speccll null cells. We do
not yet have any conclusive evidence that SPECCIL functions
as a dimer or multimer, but we hypothesize that this same
toxic gain-of-function can sometimes result in phenotypes in
heterozygotes.

Given our findings with actin cytoskeletal changes, we looked
at NM-IIA and NM-IIB. NM-IIA (MYH9) has been implicated in
association studies with non-syndromic CL/P (14-16) and in
palatogenesis (13). Interestingly, similarly to Speccll, NM-IIB
(Myh10) null allele did not show cleft palate or omphalocele
(11), whereas an Myh10 allele with a point mutation showed
cleft palate, omphalocele and other structural birth defects
(16). We observed an abnormal NM-IIA and IIB staining pattern
towards the periphery of mutant MEPM cells, likely associated
with branched actin filaments. We also observed a general
rounding of mutant MEPM cells, which is consistent with a
decrease in cytoplasmic association of NM-II with central long
anti-parallel actin filaments. Most importantly, we show that
SPECCIL physically associates with NM-II, independent of either
the CCD2 (microtubule) or CHD (actin) domains. This result
further establishes SPECC1L as a cytoskeletal scaffolding protein.

Our previous analysis with Speccll-deficient alleles placed
Speccll downstream of Interferon Regulatory Factor 6 (Irf6) and
showed oral epithelial defects including oral adhesions and
ectopic apical misexpression of adhesion molecules in the
periderm (6). However, the defects in Speccll deficient of null
alleles are not limited to the oral epithelium. We recently showed
that Speccll-deficient primary MEPM cells have migration and
directed motility defects (10). The IRF6-Transcription Factor
AP-2 Alpha (TFAP2A)-Grainyhead Like Transcription Factor 3
(GRHL3) pathway has been shown to play an important role
in both neural tube and palate closure (27). In addition, Tfap2a
and GRHL family member Grhl2 mutants show ventral body
wall closure defects (28,29). Although the IRF6-TFAP2A-GRHL3

pathway functions primarily in the ectoderm, there is evidence
that it also affects the mesoderm (30). Consistent with this
observation, in Irf6 null palatal shelves, SPECCIL expression
was reduced in both the epithelium and mesenchyme (6). Thus,
it is important to note that while our analysis of the palatal
shelves in Specc114¢CP? alleles did not show any drastic oral
epithelial changes, it does not mean that the ectoderm is not
affected. As a first-order analysis, we have looked at F-actin
staining during both neural tube (Supplementary Material, Fig.
S1G-N) and ventral body wall (Supplementary Material, Fig.
S2G and H) closure. In both cases, WT embryos show strong
supracellular alignment of actin cables, whereas the mutant
embryos show diminished organization. Poor supracellular
alignment of actin filaments has been implicated previously in
neural tube closure defects (31,32). In conclusion, by organizing
cellular actin and myosin, SPECC1L may participate in the global
alignment of actomyosin-based forces that play a critical role in
time-sensitive embryonic tissue movement and fusion events.

Materials and Methods
Generation of Speccll alleles

The general scheme for the CRISPR-based generation of Speccll
alleles is described in Fig. 1. Briefly, to generate the AEx4 null
allele, two gRNAs flanking exon 4 (Fig. 1A and B) were introduced
directly in F1 hybrid (C57Bl/6]:FVB/N]) zygotes at 2—4 cell stage.
Successful targeting was confirmed in the founders using poly-
merase chain reaction (PCR) based loss of exon 4. The CCD2 spe-
cific alleles were generated using a single gRNA located in CCD2
in exon 4 (Fig. 1A and B). Progeny from founders were sequenced
for in-frame deletions. Three of the in-frame deletions (A234,
AS576, A411 base pairs) were established as mouse lines and
further analyzed (Fig. 1C-G).

Mouse embryo processing and histological analysis

Timed matings were set up overnight and checked for plugs the
following morning. The embryos were classified as embryonic
day 0.5 (E0.5) at noon on the day that the plug was identified.
At the desired embryonic time point, the pregnant females
were euthanized using methods approved by the Institutional
Animal Care and Use Committee (IACUC). Embryos were
harvested, washed in 1x phosphate buffered saline (PBS) and
fixed overnight in 4% paraformaldehyde (PFA). Prior to fixation,
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whole-embryo bright-field images were obtained using a Nikon
SMZ 1500 stereomicroscope. Yolk sacs were taken at the time
of harvesting for genotyping. Sex was determined by PCR
using primers flanking an 84 bp deletion of the Rbm31x gene
relative to its gametolog Rbm31ly (Forward: CACCTTAAGAA-
CAAGCCAATACA; Reverse: GGCTTGTCCTGAAAACATTTGG). A
single product (269 bp) was amplified in female subjects and
two products (269 bp; 353 bp) amplified in male subjects (33).
Whole-mount 4’,6-diamidino-2-phenylindole (DAPI) staining
of the palate was achieved by decapitating fixed embryos,
removing the lower jaw and incubating the exposed palates
in 500-1000 nM DAPI solution overnight, then imaging on Nikon
SMZ 1500 stereomicroscope. Fixed embryo heads were paraffin
processed using Leica ASP300, embedded in paraffin blocks and
coronally sectioned. Hematoxylin and eosin (H&E) staining was
performed on these sections and imaged using the EVOS FL
Auto microscope. For cryosectioning, fixed embryo heads were
submerged in 20% sucrose until the tissue sank, embedded in
optimal cutting temperature (OCT) media, coronally sectioned at
a thickness of 10 pm, then stored at —80°C until immunostained.

MEPM isolation and culture

MEPM isolation was performed as described previously (10).
Briefly, harvested E13.5 mouse embryos were decapitated, the
lower jaw and tongue were removed, the palatal shelves were
excised and incubated in 0.25% trypsin (ThermoFisher, 25200056)
at 37°C for 10 min. The resulting MEPM cells were resuspended in
DMEM high glucose supplemented with 10% fetal bovine serum
(Corning, 35-010-CV), 40mM L-glutamine (Cytiva, SH30243.01)
and 50 units/ml penicillin/streptomycin (Corning, 30-002-CI).
MEPMs were plated into six-well plates and incubated at 37°C
with 5% CO,. Culture media was changed daily until the cells
reached confluency, whereupon they were cryopreserved. For
immunostaining, cells were thawed and seeded at the appropri-
ate density.

Spontaneous collective motility assay

For the analysis of stream formation and collective motility,
MEPM cells were seeded at high (450-900/mm?) densities into
selected areas of six-well plates, delimited by silicone insert
rings (Ibidi, 80209). Cultures were live imaged every 10 min with
a 4x phase contrast objective. The local spatial correlations of
cell movements were characterized by the average flow field
that surrounds moving cells as described in (10,34,35). Briefly, cell
motility was estimated using a particle image velocimetry algo-
rithm, with an initial window size of 50 pm (10,36,37), resulting
in velocity vectors at each frame and image location. A reference
system was then aligned to each vector and adjacent vectors
were registered in the appropriate bin (front, rear, etc.). The aver-
age velocity vector in each bin was used as a measure of spatial
correlation. The calculated average co-movement vectors were
fitted with an exponential function across the front-rear and
left-right axes to obtain the correlation length: the characteristic
distance local correlations in cell velocity disappear.

Western blotting

Protein was extracted by sonicating embryonic tissue in radioim-
munoprecipitation buffer with Halt™ protease inhibitor cocktail
(Thermo Scientific, 78440). Protein concentrations were quan-
tified using Bicinchoninic Acid (BCA) assay (Thermo Scientific,
23227). Samples were electrophoresed using Mini-Protean TGX
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Stain-Free 4-15% gradient pre-cast polyacrylamide gels (Bio-
RAD, #4568084). After electrophoresis, the stain-free gel was acti-
vated by exposing to ultraviolet light for 45 s using the ChemiDoc
MP imaging system (BioRad). This allows for fluorescent detec-
tion of total protein, which was quantitated using ImageLab
software (BioRad). The protein was then transferred to an Immo-
bilon polyvinylidene fluoride (PVDF) membrane (EMD Millipore,
IPVHO00010). Membranes were blocked using Odyssey Blocking
Buffer (Li-Cor, 927-5000) for 1-2 h at room temperature (RT),
incubated with primary antibody overnight at 4°C, secondary
antibody (1:10 000; Cell Signaling Technologies) for 1 h at RT and
developed using Femto Super Signal West ECL reagent (Thermo
Scientific, 34095). Membranes were imaged and analyzed using
ChemiDoc MP imaging system (BioRad) and Imagelab software
(BioRad). Primary antibodies used SPECC1L (1:2000; Proteintech,
25390-1-AP), MYH10 (1:1000; Sigma, M7939) and HRP-conjugated
beta-actin (1:5000, UBPBio, Y1059).

Immunofluorescence

For MEPM immunostaining, cells were grown on poly-lysine-
coated glass coverslips and fixed with 2% paraformaldehyde for
10 min at RT. Cells were permeabilized with 0.1% Trixon X-100
in 1x PBS for 10 min, washed with PBS 3x and blocked in 10%
normal goat serum (NGS) (Thermo Fisher Scientific, 50062Z) for
2 h at RT. Primary antibodies were incubated overnight at 4°C,
washed in 1x PBS, then incubated in secondary antibody for 2 h
and DAPI and/or F-actin stain for 30 min at RT. Stained coverslips
were mounted on slides with Prolong Gold Antifade Mounting
medium (Thermo Fisher Scientific, P10144). For ANp63 and g-
catenin, an antigen retrieval protocol was followed by heating
slides in sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) at 96°C for 10 min. Slides were washed in H,0
and PBS, permeabilized using 0.5% Triton X-100 in 1x PBS for
30 min, washed in PBS again, then blocked in 10% NGS. Primary
and secondary antibodies were incubated following the same
method as described above. Images were acquired using either
an EVOS FL Auto Inverted Imaging System or Leica SP8 STED 3x
white light laser (WLL) confocal microscope. Primary antibodies:
SPECC1L N-terminus (1:500 cells, 1:250 tissue Proteintech, 25390-
1-AP), a-tubulin (1:100, 1:500 cells, 1:1000 tissue, Sigma, T9026),
ANp63 (1:100, Biolegend, 619001), 8-catenin (1:500 Cell Signaling
Technology; 2677), MYH9 NM-IIA (1:100 Proteintech, 11128-1-AP),
MYH10 NM-IIB (1:100 Sigma, M7939). Secondary antibodies and
stains: Goat anti-Rabbit Immunoglobulin G (IgG) (H + L) Alexa 488
and 594 (1:1000 cells, 1:500 tissue Invitrogen; A-11008, A-11012),
Goat anti-Mouse IgG1 Alexa 488 (1:500 Invitrogen, A-21121), Goat
anti-Mouse IgG1 Alexa 680 (Jackson Immuno, 1156255205), Acti-
stain 555 phalloidin (1:140, Cytoskeleton, PHDH1-A), Actin-stain
670 phalloidin (1:140, Cytoskeleton, PHDN1-A), DAPI (5 pM).

Immunoprecipitation

Protein was extracted by sonicating embryonic tissue in a lysis
buffer containing 20 mM Tris-HCl, 1% NP-40, 131 mM NaCl, 2 mM
ethylenediaminetetraacetic acid (EDTA) and 10% glycerol. To
prevent non-specific binding to the protein beads, the lysate was
pre-cleared by incubating with Dynabeads Protein G (Invitrogen,
100-03D) for 4 h at 4°C while rocking. For each sample, equal
volume of lysate was incubated with 1pg of either SPECCIL N-
terminus antibody (Proteintech, 25390-1-AP) or Normal Rabbit
IgG control antibody (Cell Signaling Technology, 2729S). Dyn-
abeads Protein G were added to the lysate/antibody mixture
and incubated overnight at 4°C while rocking. The beads were
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washed with ice cold lysis buffer three times. Lysis buffer con-
taining 5x Laemmli buffer with 10% 2-Mercaptoethanol (Sigma,
M3148) was added to the beads, and then electrophoresed on
polyacrylamide gels as described above for western blotting.

Image quantitation and analyses

Oral cavity measurements were taken from E13.5 H&E- and
DAPI-stained palatal sections. Points along the upper and lower
portions of the medial aspect of the palatal shelves were manu-
ally selected, and then measured using the Measure tool in Fiji
Image]. Distribution of immunofluorescence in MEPM cells was
analyzed using Plot Profile plugin of ImageJ. Two independent
lines were measured through each cell, and the normalized
immunofluorescence was plotted on a graph. Cell circularity
was determined by taking the ratio of cell length over width.
Co-localization of cytoskeletal components was analyzed using
JaCoP Plugin of Image]J (38) as well as by the Python Imaging
Library. Statistical comparisons were performed using Prism
GraphPad software and by the SciPy and Matplotlib Python
packages.

Supplementary Material

Supplementary Material is available at HMG online.
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