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Abstract

Many structural birth defects occur due to failure of tissue movement and fusion events during
embryogenesis. Examples of such birth defects include failure of closure of the neural tube, palate,
and ventral body wall. Actomyosin forces play a pivotal role in these closure processes, making
proteins that regulate actomyosin dynamics a priority when studying the etiology of structural
birth defects. SPECCL1L (sperm antigen with calponin homology and coiled-coil domains 1 like)
cytoskeletal protein associates with microtubules, filamentous actin, non-muscle myosin 11, as well
as membrane-associated components of adherens junctions. Patients with SPECCI/. mutations
show a range of structural birth defects affecting craniofacial development (hypertelorism, cleft
palate), ventral body wall (omphalocele), and internal organs (diaphragmatic hernia, bicornuate
uterus). Characterization of mouse models indicates that these syndromic mutations utilize a
gain-of-function mechanism to affect intra- and supra-cellular actin organization. Interestingly,
SPECCI1L deficiency appears to affect the efficiency of tissue dynamics, making it an important
cytoskeletal regulator to study tissue movement and fusion events during embryonic development.
Here we summarize the SPECCI1L-related syndrome mutations, phenotypes of Specc/mouse
models, and cellular functions of SPECCL1L that highlight how it may regulate embryonic tissue
dynamics.
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Introduction

Embryonic development involves many instances of tissue movement that culminate in
adhesion and fusion. Improper or incomplete movement or fusion of these tissues leads
to common structural birth defects. Examples of such instances in development include
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closure of the neural tube, palatal shelves, ventral body wall, optic cup, and diaphragm;
failure of these processes lead to birth defects of exencephaly (or spina bifida), cleft
palate, omphalocele, coloboma, and diaphragmatic hernia, respectively (1, 2). While each
individual event is complex and involves different cell types and movement events, there
may be a common role for actomyosin forces (3, 4). In order for these actomyosin forces
to participate in tissue movement, the actin filaments (F-actin) and non-muscle myosin

I1 (NMIT) need to be organized at both the intracellular and supracellular levels. Many
cytoskeletal proteins that play a role in such organization of F-actin and NMII have

been identified (5). Sperm antigen with calponin homology and coiled-coil domain 1 like
(SPECCLL) is another actomyosin regulator with one important distinction — SPECC1L is
not necessary for the initiation or even completion of these tissue movement and fusion
events, but rather SPECC1L appears to modulate the efficiency or dynamics of the process.

In a cell, SPECCI1L is found to associate with F-actin (6, 7), microtubules (6-8) and
non-muscle myosin I1 (NMII) (6). In addition, SPECCLL expression concentrates at cell
boundaries, particularly in epithelial cells at high density or in tissue, likely associated

with adherens junction markers (9, 10). Expression is also observed in pericentriolar

region and, in a dividing cell, in the mitotic spindle (8). Thus, SPECC1L appears to
function as a cytoskeletal scaffolding protein. SPECCL1L protein contains several coiled-coil
domains (CCDs) — depending on the stringency of the prediction criteria, there are at

least 3 CCDs (Fig.1) (7, 8, 10). CCD1 can be further split into two, and CCD3 into

five smaller CCDs (Fig.1). While the role of CCD1 and CCD3 is not yet clear, several
studies have confirmed that CCD?2 is critical for association with microtubules (6-8, 10,
11). In addition to CCDs, SPECCLL also contains a calponin homology domain (CHD),
known to bind F-actin. Most of the work thus far has been performed on CCD2 and

CHD due to their significance in human disease. Human autosomal dominant mutations
that largely cluster in CCD2 and CHD result in similar consequences (Fig.1), both at the
level of human phenotypic manifestation (12, 13), and in the cell where they result in poor
association with microtubules (8, 10, 11). Thus, we will begin with summarizing human
SPECCI1L mutations and accompanying defects, then present data from mouse models that
support these mutations as being gain-of-function, and lastly present cellular and molecular
evidence indicating SPECCI1L likely functions to regulate actomyosin forces underlying
tissue movement and fusion dynamics.

Phenotypic profile of patients with SPECC1L mutations

SPECCI1L-related syndrome mutations

SPECCIL mutations were first reported in two patients — the first with bilateral Tessier

IV type oblique facial clefts, cleft palate, severe bilateral ocular hypoplasia and clubfoot,
and the second with unilateral Tessier 1V cleft, contralateral Tessier VII lateral cleft, cleft
palate and unilateral ocular hypoplasia (8). The first patient had a balanced chromosomal
translocation resulting in apparent SPECCIL haploinsufficiency, while the other patient
had a Q415P mutation affecting the CCD2 domain. Autosomal dominant SPECCIL
mutations were later reported in several patients originally identified with either autosomal
Opitz G/BBB or Teebi hypertelorism syndrome (11, 12, 14). The phenotypic similarity
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among these patients has led to this being characterized as SPECCIL +elated syndrome
(13) or SPECCI1L +elated hypertelorism syndrome (Orphanet, #ORPHA:1519). The main
structural anomalies included hypertelorism, cleft palate, omphalocele, ventriculomegaly,
diaphragmatic hernia and bicornuate uterus (Fig.2). In addition, several patients suffered
with developmental delay, intellectual disability or behavioral deficits including autism.
While several of the structural defects involve tissue movement and fusion, not all do. Due
to the range of systems affected, it is important to note that SPECCLL has a broad role in
embryonic development beyond tissue movement and fusion.

The most striking aspect of SPECCIL related syndrome autosomal dominant mutations is
that they largely cluster in CCD2 and CHD (Fig.1), indicating a significant role for both
SPECC1L-microtubule and SPECC1L-actin interactions.

Nonsyndromic CL/P mutations

Hall et al. (10) identified a few functional SPECCIL variants in nonsyndromic cleft lip
and/or palate (nsCL/P) patients (Fig.1). While CL/P is associated with humerous well-
characterized syndromes (ex. SPECCIL related syndrome), most instances of CL/P are

not associated with a syndrome and manifest as isolated or nsCL/P. The genetic etiology

of nsCL/P is complex with both genetic and environmental influences. Variants in many
syndromic CL/P genes have been identified in nsCL/P patients. The consensus in the field
is that these nsCL/P associated variants have subtle functional consequences compared to
syndromic variants in the same gene, and that nsCL/P variants in multiple genes combine to
reach the genetic threshold sufficient to manifest this complex disease (15-18). Consistent
with this general opinion, Hall et a/. (10) found that nsCL/P associated SPECCIL variants
were outside of CCD2 or CHD, and showed milder functional consequences than SPECCIL
syndromic variants.

Loss-of-function mutations?

According to gnomAD (19, 20), a large database containing exome and genomic sequences
of >140,000 individuals from the general population, there is a significantly lower
occurrence of heterozygous SPECCIL loss-of-function alleles than expected. The gnomAD
LOEUF (loss-of-function observed/expected upper bound fraction) score is a conservative
estimate of the observed/expected ratio, based on the upper bound of a Poisson-derived
confidence interval around the ratio. SPECCIL LOEUF score is a 0.33 on a scale

of 0-1. Low LOEUF scores indicate strong selection against predicted loss-of-function
(pLoF) variation in a given gene, while high LOEUF scores suggest a relatively higher
tolerance to inactivation. A low LOEUF score indicates a strong selection against predicted
loss-of-function variants, implying that heterozygosity of the gene is not tolerated well
during development and that the gene may be associated with severe disease or mortality.
Consistently, there is no evidence of homozygous loss of SPECCIL in any database, likely
because it is embryonic lethal based on our mouse data summarized below. This also
suggests that SPECC1L heterozygosity likely leads to a different phenotypic manifestation
than that for CCD2/CHD based SPECCI1L-related syndrome. However, no SPECCI1L loss-
of-function mutations, associated with any embryonic deficits or lethality, have yet been
reported in the literature.
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Mouse models of Speccll deficiency

Null and truncation alleles

Several Specc/mouse alleles with truncations or overall deficiency have been generated
(6, 9, 10). In general, homozygous mutants for null and truncation alleles showed perinatal
lethality (6, 10), indicating that SPECC1L function is needed for survival. These null
homozygous mutant embryos in general show midgestational edema, which in severe cases
would extend medially from the cranium down along the length of the spine. In addition,
these mutants showed short stature, abnormal craniofacial features and syndactyly of digits
2/3 in both forelimbs and hindlimbs (21). Further characterization showed palatogenesis
defects in these null mutants, including a delay in palatal shelf elevation as well as

delayed and incomplete palatal rugae formation (10). Prevalence of the delayed palatal shelf
elevation phenotype was ~67% among homozygous null mutant embryos on the C57BL/6J
background. Yet, remarkably, none showed cleft palate at birth (6, 10). Hall et a/. (10)
proposed that this delay in palatal shelf elevation makes these mutants susceptible to cleft
palate, and asserted that SPECCIL variants identified in nsCL/P patients may serve to
increase susceptibility to CL/P.

CCD2 in-frame deletion alleles

The Specci/null allele was perinatal lethal and showed palatal shelf elevation delay, but did
not show cleft palate phenotype at birth (6). In contrast, homozygous mutants for mouse
alleles with short in-frame deletions removing portions of the CCD2 (collectively termed
ACCD2) showed ~50% exencephaly (open cranial neural folds) and ~50% cleft palate at
birth (6). Importantly, 10-20% of ACCDZ heterozygotes, depending on background, showed
cleft palate, consistent with the autosomal dominant manifestation human patients with
SPECCI1L mutations. Interestingly, none of the ACCDZ2 exencephalic mutants showed cleft
palate. A more detailed analysis showed a severe palatal shelf elevation delay in all ACCD2
homozygous mutants, however, the oral cavity was found to be narrower in mutants with
exencephaly. Thus, Goering et al. (6) argues that the narrow oral cavity in exencephalic
mutants allowed palatal shelves to elevate and close despite the delay. In addition to the
neural tube and palatal shelves, Goering et al. (6) also observed failure in closure of

the ventral body wall (omphalocele), optic cup (coloboma), and eyelids at birth. These
results indicated that loss of SPECC1L-CCD2 function impacted the efficiency of movement
and fusion of multiple tissues. Importantly, in addition to cleft palate, the omphalocele
phenotype occurred in ~48% of patients with SPECC1L-related syndrome (Fig.2) (12).
Thus, recapitulation of the patient phenotypes in the ACCD2 mutant alleles, but not the null
alleles, indicated a gain-of-function mechanism for syndromic CCD2 (and CHD) mutations.

Taken together, the difference in phenotypes between null and 4CCD2 mouse mutants
further suggest that, when identified, SPECCI1L loss-of-function variants in humans will
likely manifest in a different phenotypic spectrum than that from CCD2/CHD point
mutations.
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Cellular function of SPECC1L

Association with microtubules required for cell trafficking

Association

In a normal cell, there is some overlap of SPECC1L expression with that of microtubule
markers such as beta-tubulin (6). As stated above, SPECC1L associates strongly with the
mitotic spindle, which consists of acetylated microtubules. Further, when a SPECC1L-GFP
construct was overexpressed ectopically, it associated with a subset of microtubules that
were also acetylated (8, 10). This ectopic association was diminished with the introduction
of SPECC1L +elated syndrome CCD2 mutations (8-11). Thus, SPECCL1L association with
microtubules likely requires CCD2. Interestingly, overexpression of the subtle nonsyndromic
CL/P variants identified outside of CCD2 or CHD, showed no change in association

with microtubules but the acetylation of SPECC1L-bound microtubules was delayed (10),
suggesting that SPECC1L binds to a subset of microtubules and facilitates acetylation.

It remains to be seen whether SPECCI1L functions similarly /in vivo in acetylation of
microtubules in the cytoplasm or that form the mitotic spindle.

In primary mouse embryonic palate mesenchymal (MEPM) cells (22-24) from ACCDZ2
mutants, the SPECC1L-ACCD?2 protein did not associate with microtubules and
accumulated in regions around the nucleus (6). In these ACCD2 mutant cells, the
microtubule network itself did not appear to be altered, thus indicating that CCD2-based
microtubule association is mainly required for intracellular trafficking of SPECCLL (Fig.3)
(6). It remains possible that other regions of SPECC1L may facilitate other SPECC1L-
microtubule functional interactions.

with actin filaments and their turnover

As mentioned previously, the most prominent expression of endogenous SPECCLL in

the cell is observed overlapping that of F-actin (6, 7), likely due to presence of the
C-terminal CHD, which is known to facilitate association with F-actin (25, 26). Recent
studies by Mehta et a/. (7) show presence of two WASP homology domain-2 (WH2)

motifs (Fig.1), which facilitate binding to monomeric actin (27, 28). The significance of
SPECCIL association with monomeric actin is not yet understood. Importantly, the most
prominent cellular defect upon SPECCLL deficiency is in the organization of F-actin (6,

8, 9). In Specc1/homozygous null mutant MEPM and knockdown cells, F-actin staining

is increased indicating that SPECC1L may participate in F-actin turnover. In homozygous
ACCD2 mutant MEPM cells, the region around the nucleus where the SPECC1L-ACCD2
mutant protein clusters showed a drastic decrease in F-actin staining. In contrast, at the

cell periphery of these ACCD2 mutant cells, there was a significant increase in F-actin
staining (6). Thus, while CCD2 is required for subcellular localization of SPECCLL, it

does not appear to be required for the F-actin turnover function of SPECCI1L (Fig.3). How
SPECCIL facilitates F-actin turnover is not yet known. The best-known mechanism of
F-actin turnover is via actin depolymerizing factor cofilin (ADF/Cofilin) (29, 30). Since
SPECC1L-associated actin filaments are generally thinner and F-actin turnover occurs at the
site of SPECCLL cellular localization, determining whether SPECC1L recruits ADF/Cofilin
will be of interest.
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While the mechanism of SPECC1L-based F-actin turnover is not yet clear, the current
evidence strongly indicates that the extent of actin cytoskeletal disorganization upon
SPECCI1L deficiency correlates with the severity of tissue movement and fusion defects.
The Specc1/-ACCD2 mutant cells show a much more disorganized actin cytoskeleton than
the Specci/ull mutant cells (6). Consistently, the ACCD2 mutant embryos show multiple
fusion defects at birth (exencephaly, cleft palate, omphalocele, coloboma), while the null
mutants show some delay but no tissue movement and fusion defects at birth (6).

Association with non-muscle myosin Il and myosin phosphatase complex

Association

SPECCI1L was shown to associate with both non-muscle myosin 1A (NMIIA, MYH9)

and NMIIB (MYHZ10) in co-immunoprecipitation assays (6). This interaction appears
independent of CCD2 or CHD, implying that there is a separate NMI|I interaction domain in
SPECCIL. Further, this interaction implicates SPECCLL in the regulation of actomyosin
forces. Both neural tube and ventral body wall closure have been shown to involve
actomyosin-based contraction (31-34). While actomyosin contractility has not been directly
implicated in palate closure, mouse mutants for a point mutation in My#A10resulted

in cleft palate, omphalocele and diaphragmatic hernia (35). Further, single nucleotide
polymorphisms in MYH9have been associated with nsCL/P in humans (36, 37). The NMI|I
organization also showed more deterioration in ACCDZ2 mutant cells than in Specc1/-null
cells (6). There remains a possibility that NMII organization defects are secondary to those
of F-actin turnover. Specific deletion of SPECC1L NMII binding domain is required to
dissect out the significance of SPECC1L-NMII interaction.

The importance of SPECCLL in actomyosin dynamics is further illustrated by the recent
discovery of its direct association with the myosin phosphatase complex MYPT1/PP1p

(7). Through its role in dephosphorylation of the myosin light chain, this complex is

an important regulator of actomyosin dynamics in both muscle and non-muscle cells.
SPECC1L, which is known to associate with both microtubules and F-actin, may play an
important role in the distribution of the myosin phosphatase complex between these two
cytoskeletal components (Fig.3). SPECCILL and the MYPT1/PP1p3 complex likely work in
concert to influence the phosphorylation status of NMII, which influences cell migration and
adhesion (38, 39).

with adherens junctions

In epithelial cells, SPECC1L is localized to cell-cell boundaries where it likely associates
with membrane-bound p-catenin and E-cadherin, both components of actin-based adherens
junctions (9). Upon SPECCLL deficiency in knockdown or null cells, there is an increase

in adherens junction markers p-catenin and E-cadherin, as well as abnormally elongated
apico-basal electron dense regions in electron micrographs at the membrane (9). Wilson ef
al. (9) argued that these defects suggested stronger cell-cell adhesions between SPECC1L -
deficient cells. Consistently, in some severely affected Specc1/mutant mouse embryaos, these
cell-cell adhesion defects lead to abnormal delamination (9) and clustering of migratory
neural crest cells (40). Further, edema is observed rostro-caudally in all Specc1/null mutant
embryos around midgestation, either as midline subepidermal blebs on the cranium or from
the head all along the spine (10). Subepidermal blebs and edema are found in mutants in
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the FREM/FRAS and PDGFRA-PI3K pathways (24, 41-44), which play important roles in
cell-cell and cell-matrix adhesion.

Hall et al. observed abnormal oral adhesions between the palatal shelves and the tongue, also
at midgestation (10). Pathological oral adhesions were first described in mouse mutants of
/rf6 hypomorphic alleles or of other genes in the IRF6 network (e.qg., Arfigap29, Jagged?Z,
Grhl3), which resulted in palate elevation delay or cleft palate (18, 45-50). These ectopic
oral adhesions occurred either due to a loss or abnormality of the transient embryonic
superior-most epithelial layer, called the periderm (51). The periderm is specialized

such that adhesion molecules are not expressed at its apical surface, thus preventing
abnormal adhesions between embryonic epithelial surfaces (45, 51). Later in gestation, the
periderm is replaced by the keratinized epithelium. Hall et a/. (10) showed that SPECC1L-
deficient periderm frequently displayed adhesion molecules, including again p-catenin and
E-cadherin, at its apical surface (10). However, these periderm adhesion defects in Specc1/
null mutants appear to be transient or weak, such that they only delayed palate closure.
Further, consistent with previous findings involving ectopic oral adhesions, Hall et al.

(10) showed that SPECC1L expression was lost in /rf6 null palatal shelf epithelium and
mesenchyme. Taken together, these data suggest that SPECC1L functions downstream of
IRF6 to sequester adhesion molecules away from the apical surface in periderm cells.

Interestingly, neither edema nor ectopic oral adhesions were observed in Specc1/-ACCD2
mutants (6), suggesting that CCD2 interaction with microtubules may be less important
for SPECCLL association with adherens junctions. However, it is important to note that
while Specci/null mutants do not show tissue movement and fusion defects, they are
developmentally more severely affected and are embryonic lethal. It is likely that these
epithelial adherens junction defects underlie the phenotypic severity and lethality in the
Specc1/null mutants.

Modulation of collective cell migration of attributes

Saadi et al. (8) initially showed that SPECC1L-deficient U20S osteosarcoma cells
performed poorly in wound-closure assay. Wilson et al. (9) later showed that these
SPECCI1L*kd U20S cells, when plated at high density, formed abnormally increased
cell-cell adhesions. Goering et al. (6) then showed that both SPECC1/ -kd U20S cells
and SPECCL1L-deficient primary MEPM cells formed narrower streams under regular
culture conditions but at high density. Further, in wound-repair assays, these SPECC1L-
deficient cells showed poor directionality of movement. Both cell stream formation and
cell directionality are attributes of collective cell movement. Interestingly, these defects in
cellular attributes could be largely rescued with the administration of PI3BK-AKT pathway
activators (see below).

Other potential cellular roles

An early finding of Wilson et a/. (9) was that of downregulation of PI3BK-AKT pathway
upon SPECCIL deficiency in cells. The reduction in PI3K-AKT signaling was also
consistent with increased E-cadherin levels and increased adherens junction markers.
This relationship between PI3K-AKT pathway and adherens junctions has been well-
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characterized in cancer cells, where increased PI3K-AKT signaling is associated with
reduced E-cadherin and adherens junctions leading to increased metastatic features (52, 53).
Consistent with a functional role of reduced PI3K-AKT signaling in SPECCL1L deficiency,
treatment with PI3K-AKT activators rescued several cell adhesion and migration defects

of Specc1/ kd and mutant MEPM cells (9, 10). Interestingly, while activated phospho-S473-
AKT was reduced in SPECC1L-kd cells, this reduction was commensurate to pan-AKT
reduction (9). In Specci/mouse mutant tissue, AKT2 was more reduced than AKT1 or
AKT3 (10). Regardless, reduction in pan-AKT (or AKT2) levels, rather than phospho-AKT,
is rare and likely regulated by AKT stability (9). AKT activation requires localization to

the membrane. Prevention of this step leads to instability and degradation of AKT (54, 55).
Whether SPECCI1L plays a direct role in maintaining AKT stability or whether reduced
AKT stability is secondary to the membrane defects upon Specci/deficiency remains to be
determined.

Confocal imaging of SPECCL1L cellular expression indicates that SPECCLL is also present
in the nucleus. Recent domain annotations using the Eukaryotic Linear Motif (ELM)
resource (56) suggested that SPECC1L may indeed possess both a nuclear localization
signal (NLS) and a nuclear export signal (NES) (Fig.1). The veracity of these domains

and their function remains to be determined. However, as mentioned previously, SPECC1L
does associate with the mitotic spindle microtubules (8) and SPECC1L deficiency leads to
abnormal cell division (7, 57). Whether the nuclear expression of SPECCLL is related to its
role in cell division or is an entirely independent function is unclear. A future experiment
may be to observe SPECC1L dynamics in live cells to parse out the relationships of its
diverse roles during different cellular processes.
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DEO032515 (1.S. and P.T.), and F31DE031181 (B.M.H.). I.S. and P.T. were also supported in part by the Center of
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Kansas IDeA Network for Biomedical Research Excellence grant (National Institute of General Medical Sciences
P20 GM103418), and Kansas Intellectual and Developmental Disabilities Research Center (KIDDRC) grant
(Eunice Kennedy Shriver National Institute of Child Health and Human Development, US54 HD090216).

References

1. Martin P, Wood W. Epithelial fusions in the embryo. Curr Opin Cell Biol. 2002;14(5):569-74;
10.1016/s0955-0674(02)00369-1. [PubMed: 12231351]

2. Ray HJ, Niswander L. Mechanisms of tissue fusion during development. Development.
2012;139(10):1701-11; 10.1242/dev.068338. [PubMed: 22510983]

3. Clarke DN, Martin AC. Actin-based force generation and cell adhesion in tissue morphogenesis.
Curr Biol. 2021;31(10):R667-R80; 10.1016/j.cub.2021.03.031. [PubMed: 34033797]

4. Murrell M, Oakes PW, Lenz M, Gardel ML. Forcing cells into shape: the mechanics of actomyosin
contractility. Nat Rev Mol Cell Biol. 2015;16(8):486-98; 10.1038/nrm4012. [PubMed: 26130009]

5. Zaidel-Bar R, Zhenhuan G, Luxenburg C. The contractome--a systems view of actomyosin
contractility in non-muscle cells. J Cell Sci. 2015;128(12):2209-17; 10.1242/jcs.170068. [PubMed:
26021351]

6. Goering JP, Wenger LW, Stetsiv M, Moedritzer M, Hall EG, Isai DG, et al. In-frame deletion
of SPECC1L microtubule association domain results in gain-of-function phenotypes affecting

Biochem Soc Trans. Author manuscript; available in PMC 2023 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saadi et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 9

embryonic tissue movement and fusion events. Hum Mol Genet. 2021;31(1):18-31; 10.1093/hmg/
ddab211. [PubMed: 34302166]

. Mehta V, Decan N, Ooi S, Gaudreau-Lapierre A, Copeland JW, Trinkle-Mulcahy L. SPECC1L

binds the myosin phosphatase complex MYPT1/PP1beta and can regulate its distribution between
microtubules and filamentous actin. J Biol Chem. 2023;299(2):102893; 10.1016/j.jbc.2023.102893.
[PubMed: 36634848]

. Saadi I, Alkuraya FS, Gisselbrecht SS, Goessling W, Cavallesco R, Turbe-Doan A, et al.

Deficiency of the cytoskeletal protein SPECCLL leads to oblique facial clefting. Am J Hum Genet.
2011;89(1):44-55; 10.1016/j.ajhg.2011.05.023. [PubMed: 21703590]

. Wilson NR, Olm-Shipman AJ, Acevedo DS, Palaniyandi K, Hall EG, Kosa E, et al. SPECC1L

deficiency results in increased adherens junction stability and reduced cranial neural crest cell

delamination. Sci Rep. 2016;6:17735; 10.1038/srep17735. [PubMed: 26787558]

. Hall EG, Wenger LW, Wilson NR, Undurty-Akella SS, Standley J, Augustine-Akpan EA, et al.
SPECCLIL regulates palate development downstream of IRF6. Hum Mol Genet. 2020;29(5):845—
58; 10.1093/hmg/ddaa002. [PubMed: 31943082]

Kruszka P, Li D, Harr MH, Wilson NR, Swarr D, McCormick EM, et al. Mutations in SPECCI1L,
encoding sperm antigen with calponin homology and coiled-coil domains 1-like, are found in
some cases of autosomal dominant Opitz G/BBB syndrome. J Med Genet. 2015;52(2):104-10;
10.1136/jmedgenet-2014-102677. [PubMed: 25412741]

Bhoj EJ, Haye D, Toutain A, Bonneau D, Nielsen IK, Lund IB, et al. Phenotypic spectrum
associated with SPECCLL pathogenic variants: new families and critical review of the nosology
of Teebi, Opitz GBBB, and Baraitser-Winter syndromes. Eur J Med Genet. 2019;62(12):103588;
10.1016/j.ejmg.2018.11.022. [PubMed: 30472488]

Wild KT, Gordon T, Bhoj EJ, Du H, Jhangiani SN, Posey JE, et al. Congenital diaphragmatic
hernia as a prominent feature of a SPECC1L-related syndrome. Am J Med Genet A.
2020;182(12):2919-25; 10.1002/ajmg.a.61878. [PubMed: 32954677]

Bhoj EJ, Li D, Harr MH, Tian L, Wang T, Zhao Y, et al. Expanding the SPECC1L

mutation phenotypic spectrum to include Teebi hypertelorism syndrome. Am J Med Genet A.
2015;167A(11):2497-502; 10.1002/ajmg.a.37217. [PubMed: 26111080]

Dixon MJ, Marazita ML, Beaty TH, Murray JC. Cleft lip and palate: understanding genetic
and environmental influences. Nat Rev Genet. 2011;12(3):167-78; 10.1038/nrg2933. [PubMed:
21331089]

Rahimov F, Jugessur A, Murray JC. Genetics of nonsyndromic orofacial clefts. Cleft Palate
Craniofac J. 2012;49(1):73-91; 10.1597/10-178. [PubMed: 21545302]

Adeyemo WL, Butali A. Genetics and genomics etiology of nonsyndromic orofacial clefts. Mol
Genet Genomic Med. 2017;5(1):3-7; 10.1002/mgg3.272. [PubMed: 28116324]

Kousa YA, Schutte BC. Toward an orofacial gene regulatory network. Dev Dyn. 2016;245(3):220-
32; 10.1002/dvdy.24341. [PubMed: 26332872]

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, et al. Analysis of
protein-coding genetic variation in 60,706 humans. Nature. 2016;536(7616):285-91; 10.1038/
nature19057. [PubMed: 27535533]

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The mutational
constraint spectrum quantified from variation in 141,456 humans. Nature. 2020;581(7809):434—
43; 10.1038/541586-020-2308-7. [PubMed: 32461654]

Goering JP, Moedritzer M, Stetsiv M, Isai DG, Hufft-Martinez BM, Umar Z, et al. Novel insights
into the fundamentals of palatal shelf elevation dynamics in normal mouse embryos. bioRxiv.
2022:2022.06.02.494562; 10.1101/2022.06.02.494562.

Goering JP, Isai DG, Czirok A, Saadi I. Isolation and Time-Lapse Imaging of Primary Mouse
Embryonic Palatal Mesenchyme Cells to Analyze Collective Movement Attributes. J Vis Exp.
2021(168); 10.3791/62151.

Goering JP, Isai DG, Hall EG, Wilson NR, Kosa E, Wenger LW, et al. SPECC1L-deficient primary
mouse embryonic palatal mesenchyme cells show speed and directionality defects. Scientific
Reports. 2021;11(1):1452; 10.1038/s41598-021-81123-9. [PubMed: 33446878]

Biochem Soc Trans. Author manuscript; available in PMC 2023 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saadi et al.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 10

Fantauzzo KA, Soriano P. PI3K-mediated PDGFRalpha signaling regulates survival and
proliferation in skeletal development through p53-dependent intracellular pathways. Genes Dev.
2014;28(9):1005-17; 10.1101/gad.238709.114. [PubMed: 24788519]

Gimona M, Djinovic-Carugo K, Kranewitter WJ, Winder SJ. Functional plasticity of CH domains.
FEBS Lett. 2002;513(1):98-106; 10.1016/s0014-5793(01)03240-9. [PubMed: 11911887]

Yin LM, Schnoor M, Jun CD. Structural Characteristics, Binding Partners and Related

Diseases of the Calponin Homology (CH) Domain. Front Cell Dev Biol. 2020;8:342; 10.3389/
fcell.2020.00342. [PubMed: 32478077]

Marchand JB, Kaiser DA, Pollard TD, Higgs HN. Interaction of WASP/Scar proteins with actin
and vertebrate Arp2/3 complex. Nat Cell Biol. 2001;3(1):76-82; 10.1038/35050590. [PubMed:
11146629]

Paunola E, Mattila PK, Lappalainen P. WH2 domain: a small, versatile adapter for actin monomers.
FEBS Lett. 2002;513(1):92-7; 10.1016/s0014-5793(01)03242-2. [PubMed: 11911886]

Wioland H, Guichard B, Senju Y, Myram S, Lappalainen P, Jegou A, et al. ADF/Cofilin
Accelerates Actin Dynamics by Severing Filaments and Promoting Their Depolymerization at
Both Ends. Curr Biol. 2017;27(13):1956-67 e7; 10.1016/j.cub.2017.05.048. [PubMed: 28625781]
Bleicher P, Sciortino A, Bausch AR. The dynamics of actin network turnover is self-organized by
a growth-depletion feedback. Sci Rep. 2020;10(1):6215; 10.1038/s41598-020-62942-8. [PubMed:
32277095]

Roper K Supracellular actomyosin assemblies during development. Bioarchitecture. 2013;3(2):45-
9; 10.4161/bi0a.25339. [PubMed: 23760352]

Nikolopoulou E, Hirst CS, Galea G, Venturini C, Moulding D, Marshall AR, et al. Spinal neural
tube closure depends on regulation of surface ectoderm identity and biomechanics by Grhl2. Nat
Commun. 2019;10(1):2487; 10.1038/s41467-019-10164-6. [PubMed: 31171776]

Shimizu Y, Thumkeo D, Keel J, Ishizaki T, Oshima H, Oshima M, et al. ROCK-I regulates closure
of the eyelids and ventral body wall by inducing assembly of actomyosin bundles. J Cell Biol.
2005;168(6):941-53; 10.1083/jch.200411179. [PubMed: 15753128]

Ma X, Adelstein RS. The role of vertebrate nonmuscle Myosin Il in development and human
disease. Bioarchitecture. 2014;4(3):88-102; 10.4161/bioa.29766. [PubMed: 25098841]

Ma X, Adelstein RS. A point mutation in Myh10 causes major defects in heart

development and body wall closure. Circ Cardiovasc Genet. 2014;7(3):257-65; 10.1161/
CIRCGENETICS.113.000455. [PubMed: 24825879]

Chiquet BT, Hashmi SS, Henry R, Burt A, Mulliken JB, Stal S, et al. Genomic screening identifies
novel linkages and provides further evidence for a role of MYH9 in nonsyndromic cleft lip and
palate. Eur J Hum Genet. 2009;17(2):195-204; 10.1038/ejhg.2008.149. [PubMed: 18716610]
Birnbaum S, Reutter H, Mende M, de Assis NA, Diaz-Lacava A, Herms S, et al. Further
evidence for the involvement of MYH9 in the etiology of non-syndromic cleft lip with or without
cleft palate. Eur J Oral Sci. 2009;117(2):200-3; 10.1111/j.1600-0722.2008.00604.x. [PubMed:
19320731]

Xia D, Stull JT, Kamm KE. Myosin phosphatase targeting subunit 1 affects cell migration

by regulating myosin phosphorylation and actin assembly. Exp Cell Res. 2005;304(2):506-17;
10.1016/j.yexcr.2004.11.025. [PubMed: 15748895]

Horvath D, Sipos A, Major E, Konya Z, Batori R, Dedinszki D, et al. Myosin phosphatase
accelerates cutaneous wound healing by regulating migration and differentiation of epidermal
keratinocytes via Akt signaling pathway in human and murine skin. Biochim Biophys Acta Mol
Basis Dis. 2018;1864(10):326-880; 10.1016/j.bbadis.2018.07.013.

Bertol JW, Johnston S, Ahmed R, Xie VK, Hubka KM, Cruz L, et al. TWIST1 interacts with
beta/delta-catenins during neural tube development and regulates fate transition in cranial neural
crest cells. Development. 2022;149(15); 10.1242/dev.200068.

Fantauzzo KA, Soriano P. PDGFRbeta regulates craniofacial development through homodimers
and functional heterodimers with PDGFRalpha. Genes Dev. 2016;30(21):2443-58; 10.1101/
gad.288746.116. [PubMed: 27856617]

Biochem Soc Trans. Author manuscript; available in PMC 2023 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saadi et al.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 11

Brachmann SM, Yballe CM, Innocenti M, Deane JA, Fruman DA, Thomas SM, et al. Role of
phosphoinositide 3-kinase regulatory isoforms in development and actin rearrangement. Mol Cell
Biol. 2005;25(7):2593-606; 10.1128/MCB.25.7.2593-2606.2005. [PubMed: 15767666]

Klinghoffer RA, Hamilton TG, Hoch R, Soriano P. An allelic series at the PDGFalphaR locus
indicates unequal contributions of distinct signaling pathways during development. Dev Cell.
2002;2(1):103-13; 10.1016/s1534-5807(01)00103-4. [PubMed: 11782318]

Petrou P, Makrygiannis AK, Chalepakis G. The Fras1/Frem family of extracellular matrix proteins:
structure, function, and association with Fraser syndrome and the mouse bleb phenotype. Connect
Tissue Res. 2008;49(3):277-82; 10.1080/03008200802148025. [PubMed: 18661360]

Richardson RJ, Hammond NL, Coulombe PA, Saloranta C, Nousiainen HO, Salonen R, et

al. Periderm prevents pathological epithelial adhesions during embryogenesis. J Clin Invest.
2014;124(9):3891-900; 10.1172/JC171946. [PubMed: 25133425]

Peyrard-Janvid M, Leslie EJ, Kousa YA, Smith TL, Dunnwald M, Magnusson M, et al. Dominant
mutations in GRHL3 cause Van der Woude Syndrome and disrupt oral periderm development. Am
J Hum Genet. 2014;94(1):23-32; 10.1016/j.ajhg.2013.11.009. [PubMed: 24360809]

Richardson RJ, Dixon J, Malhotra S, Hardman MJ, Knowles L, Boot-Handford RP, et al.

Irf6 is a key determinant of the keratinocyte proliferation-differentiation switch. Nat Genet.
2006;38(11):1329-34; 10.1038/ng1894. [PubMed: 17041603]

Richardson RJ, Dixon J, Jiang R, Dixon MJ. Integration of IRF6 and Jagged? signalling

is essential for controlling palatal adhesion and fusion competence. Hum Mol Genet.
2009;18(14):2632-42; 10.1093/hmg/ddp201. [PubMed: 19439425]

Ingraham CR, Kinoshita A, Kondo S, Yang B, Sajan S, Trout KJ, et al. Abnormal skin, limb and
craniofacial morphogenesis in mice deficient for interferon regulatory factor 6 (Irf6). Nat Genet.
2006;38(11):1335-40; 10.1038/ng1903. [PubMed: 17041601]

Paul BJ, Palmer K, Sharp JC, Pratt CH, Murray SA, Dunnwald M. ARHGAP29 Mutation

Is Associated with Abnormal Oral Epithelial Adhesions. J Dent Res. 2017;96(11):1298-305;
10.1177/0022034517726079. [PubMed: 28817352]

Hammond NL, Dixon J, Dixon MJ. Periderm: Life-cycle and function during orofacial and
epidermal development. Semin Cell Dev Biol. 2019;91:75-83; 10.1016/j.semcdb.2017.08.021.
[PubMed: 28803895]

Larue L, Bellacosa A. Epithelial-mesenchymal transition in development and cancer: role

of phosphatidylinositol 3’ kinase/AKT pathways. Oncogene. 2005;24(50):7443-54; 10.1038/
sj.onc.1209091. [PubMed: 16288291]

Jiang BH, Liu LZ. PISK/PTEN signaling in angiogenesis and tumorigenesis. Adv Cancer Res.
2009;102:19-65; 10.1016/S0065-230X(09)02002-8. [PubMed: 19595306]

Yang WL, Wu CY, Wu J, Lin HK. Regulation of Akt signaling activation by ubiquitination. Cell
Cycle. 2010;9(3):487-97; 10.4161/cc.9.3.10508. [PubMed: 20081374]

Chan CH, Jo U, Kohrman A, Rezaeian AH, Chou PC, Logothetis C, et al. Posttranslational
regulation of Akt in human cancer. Cell Biosci. 2014;4(1):59; 10.1186/2045-3701-4-59. [PubMed:
25309720]

Kumar M, Michael S, Alvarado-Valverde J, Meszaros B, Samano-Sanchez H, Zeke A, et al. The
Eukaryotic Linear Motif resource: 2022 release. Nucleic Acids Res. 2022;50(D1):D497-D508;
10.1093/nar/gkab975. [PubMed: 34718738]

Mattison CP, Stumpff J, Wordeman L, Winey M. Mip1 associates with both the Mps1 kinase
and actin, and is required for cell cortex stability and anaphase spindle positioning. Cell Cycle.
2011;10(5):783-93; 10.4161/cc.10.5.14955. [PubMed: 21325884]

Zhang T, Wu Q, Zhu L, Wu D, Yang R, Qi M, et al. A novel SPECC1L mutation causing

Teebi hypertelorism syndrome: Expanding phenotypic and genetic spectrum. Eur J Med Genet.
2020;63(4):103851; 10.1016/j.jmg.2020.103851. [PubMed: 31953237]

Wolf E, Kim PS, Berger B. MultiCoil: a program for predicting two- and three-stranded coiled
coils. Protein Sci. 1997;6(6):1179-89; 10.1002/pro.5560060606. [PubMed: 9194178]

Biochem Soc Trans. Author manuscript; available in PMC 2023 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saadi et al.

Page 12

Perspective

. Structural birth defects are observed in approximately 3% of all babies born.
Regulation of cytoskeletal actin and NMII organization, and thus actomyosin
forces, in embryonic development is critical in understanding the etiology of
many structural birth defects.

. SPECCILL is a novel cytoskeletal scaffolding protein that appears to modulate
propagation of actomyosin forces. SPECC1L associates with actin, NMII,
myosin phosphatase, microtubules and adherens junction components.

. Identification and characterization of SPECCLL intracellular dynamics,
protein interactors and mutant mouse alleles will help elucidate the regulation
of embryonic tissue movement, adhesion and fusion processes.
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Figure 1: Schematic of SPECCLL protein with known domains, motifs, and human mutations.
Schematic shows SPECCLL protein with human mutations identified in patients with

SPECCIL -related syndrome (black) or with non-syndromic cleft lip and/or palate (blue)

(8, 10-14, 58). The probability that each amino acid is part of a coiled-coil (CC), as
predicted by MultiCoil (59), is shown as a color gradient (white = 0% CC, blue =

100% CC). Three broad CC Domains (CCDs) can be predicted based on the MultiCoil
probabilities. Additional selected motifs using Eukaryotic Linear Motif (ELM) resource
(56) shown, include Nuclear Export Signal (NES, purple), Nuclear Localization Signal
(NLS, green), WASP-Homology 2 (WH2) domains (pink), and Calponin Homology Domain
(CHD, yellow).
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SPECC1L-related syndrome anomalies
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Figure 2: Developmental defects associated with SPECCI1L -related syndrome.
Some of the phenotypes commonly associated with SPECCI1L -related syndrome are

depicted. Clockwise from right: orbital hypertelorism (~97%), cleft palate (~23%),
omphalocele (~48%), bicornate uterus (100% among females), diaphragmatic hernia
(~23%), prominent forehead (~86%), and enlarged ventricles (~67%). Phenotypes depicted
here are not exhaustive. For additional information, please review Bhoj et a/. (2019) (12).
Schematic partially created with BioRender.com.
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Figure 3: Cellular Functions of SPECCLL.

Myosin Non-Muscle
Phosphatase  Myosin II

Complex

Schematic representation of known and proposed SPECCLL roles in the cell. SPECC1L
traffics in the cell via its association with microtubules (A), and likely facilitates filamentous
actin (F-actin) turnover (B). SPECCLL physically interacts with non-muscle Myosin 11
(NMII) phosphatase complex (MYPT1), and likely regulates distribution of the NMI|I
phosphatase complex between F-actin and microtubules (C). SPECCLL also physically
interacts with NMIIA (MYH9) and NMIIB (MYH10), directly influencing actomyosin
organization within the cell (D). Schematic partially created with BioRender.com.
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