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SEC14 and Spectrin Domains 1 (Sestd1) and Dapper
Antagonist of Catenin 1 (Dact1) Scaffold Proteins
Cooperatively Regulate the Van Gogh-like 2 (Vangl2)
Four-pass Transmembrane Protein and Planar Cell Polarity
(PCP) Pathway during Embryonic Development in Mice*�
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XiaoYong Yang and Benjamin N. R. Cheyette1

From the Nina Ireland Laboratory of Developmental Neurobiology, Department of Psychiatry, University of California,
San Francisco, California 94158-2324

Background: Dact1 and Vangl2 regulate the planar cell polarity (PCP) pathway during development.
Results: Sestd1 genetically and biochemically interacts with Dact1 and Vangl2 and mediates PCP.
Conclusion: Sestd1 cooperates with Dact1 to regulate Vangl2 and PCP.
Significance: The discovery of PCP pathway regulators and components uncovers molecular mechanisms contributing to
neural tube defects, other birth defects, and disease processes in humans.

The planar cell polarity (PCP) pathway is a conserved non-
canonical (�-catenin-independent) branch of Wnt signaling
crucial to embryogenesis, during which it regulates cell polarity
and polarized cell movements. Disruption of PCP components
in mice, including Vangl2 and Dact1, results in defective neural
tube closure and other developmental defects. Here, we show
that Sestd1 is a novel binding partner of Vangl2 and Dact1. The
Sestd1-Dact1 interface is formed by circumscribed regions of
Sestd1 (the carboxyl-terminal region) and Dact1 (the amino-
terminal region). Remarkably, we show that loss of Sestd1 pre-
cisely phenocopies loss of Dact1 during embryogenesis in mice,
leading to a spectrum of birth malformations, including neural
tube defects, a shortened and/or curly tail, no genital tubercle,
blind-ended colons, hydronephrotic kidneys, and no bladder.
Moreover, as with Dact1, a knock-out mutation at the Sestd1
locus exhibits reciprocal genetic rescue interactions during
development with a semidominant mutation at the Vangl2
locus. Consistent with this, examination of Wnt pathway activ-
ities in Sestd1mutantmouse embryonic tissue reveals disrupted
PCP pathway biochemistry similar to that characterized in
Dact1mutant embryos. The Sestd1 protein is a divergent mem-
ber of the Trio family of GTPase regulatory proteins that lacks a
guanine nucleotide exchange factor domain. Nonetheless, in
cell-based assays the Sestd1-Dact1 interaction can induce Rho
GTPase activation. Together, our data indicate that Sestd1
cooperates with Dact1 in Vangl2 regulation and in the PCP
pathway during mammalian embryonic development.

Wnt signaling plays important roles in embryonic develop-
ment and in adult physiology (1, 2). It can be divided conceptu-
ally into a “canonical” �-catenin-dependent pathway and mul-
tiple �-catenin-independent pathways. �-Catenin-dependent
Wnt signaling is initiated by binding of Wnts to a transmem-
brane receptor complex consisting of Frizzled proteins and low
density lipoprotein receptor-related protein 5/6 (LRP5/6).
Through inhibition of glycogen synthase kinase 3, this leads to
cytoplasmic/nuclear�-catenin stabilization and�-catenin-me-
diated transcriptional changes in gene expression (3). Evolu-
tionarily conserved �-catenin-independent pathways have also
been described downstream of some Wnt ligands and Frizzled
receptors, including theWnt/Ca2� pathway that regulates cal-
cium flux and calcium-activated intracellular pathways, and the
planar cell polarity (PCP)2 pathway that regulates cell polarity
and cell migration during development (4–6). In mice mutant
for any one of several core PCP molecules, including Dishev-
elled 2 (Dvl2), Scribble (Scrib), cadherin-EGF-LAG-seven-
pass-G-type-receptor-1 (Celsr1), and Vang-like-2 (Vangl2),
one major developmental consequence is defective neural tube
closure resulting in spina bifida and related neural tube defects
(NTDs) (7–10). Mutations in these genes are also a cause of
NTDs in humans (11–14), and this is one of the most common
birth defects in our species (15, 16). The Rho family of small
GTPases are effectors downstream of �-catenin-independent
Wnt pathways, including PCP (17, 18). These GTPases affect
polarized cell morphology and movements via regulation of
actin dynamics (19–21).
The Dapper-antagonist-of-catenin (Dact) family of scaffold
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tions with the Dvl proteins central to virtually all forms of Wnt
signaling (22–24). Three Dact family members (Dact1–3) have
been identified in vertebrates (25), where based on a variety of
in vitro and in vivo assays, they appear to have both overlapping
and divergent signaling functions (26–31). In studies using
genetically engineered mice, we have shown previously that
Dact1 is required for normal post-translational regulation of
Vangl2 during the epithelial-mesenchymal transition at the
primitive streak, for normal PCP in posterior embryonic tis-
sues, and that defects in these developmental processes in
Dact1 null embryos lead to complex birth malformations,
including NTDs (29). Consistent with the notion that this
reflects conserved developmental functions for this protein,
several rare mutations at this locus have been identified in
human patients with NTDs (32).
In this study, we identify SEC14 and spectrin domains-1

(Sestd1) as a Dact-interacting protein, initially through a two-
hybrid screen in yeast and a proteomic approach in immortal-
ized mammalian cell lines. Sestd1 exhibits moderate sequence
conservation with the Trio family proteins in an amino-termi-
nal SEC14 domain and three carboxyl-terminal spectrin-like
domains (33). To probe Sestd1 function in vivo, we generated a
Sestd1 knock-out allele inmice and show that homozygosity for
this allele phenocopies homozygosity for the Dact1 knock-out
allele, causing an identical spectrum of posterior malforma-
tions. Moreover, mice that are null for both Sestd1 and Dact1
display the same spectrum of phenotypes as mice that are null
for either locus alone, suggesting that these two proteins func-
tion in a unitary pathway during embryonic development. Con-
sistent with the above findings, in cell-based assays loss of
Sestd1 specifically disrupts PCP but not Wnt/�-catenin path-
way activity, and Sestd1 cooperates with Dact1 to activate the
PCP effector, Rho GTPase. Finally, we show that mutations at
the Sestd1 and Vangl2 loci exhibit reciprocal rescue interac-
tions in mice, highly reminiscent of genetic interactions
between Dact1 and Vangl2. Together, our findings strongly
support that the Sestd1 and Dact1 proteins closely cooperate
during mammalian embryonic development in the regulation
of Vangl2 and the PCP pathway.

MATERIALS AND METHODS

Generation of Sestd1�/� Mice—Approximately 8.4 kb of
Sestd1 genomic DNA from the C57BL/6J mouse strain was
inserted into PGKneoF2L2DTA2 to create the Sestd1 targeting
vector. This targeting vector allows for Cre-mediated excision
of exon 4, intron 4, and exon 5. Homologous recombination at
the 5� and 3� arms of the targeting construct in G4 ES cells (34)
was carried out under a service contract by the University of
Washington Transgenic Resources Program and was con-
firmed by PCR in the Cheyette laboratory at University of Cal-
ifornia at San Francisco. Note that the G4 ES cell line is genet-
ically distinct from the ES cell line previously used for Dact1
locus targeting (29). Mice carrying the targeted allele were gen-
erated by standard mouse embryo manipulation and chimera
founder breeding techniques. To discriminate between Sestd1
KO and wild type (WT) alleles in mouse (tail) tissue extracts,
specific PCR primer pairs were designed as follows. A pri-
mer pair (5�-GGATTAGATGTGGCGCATACAAGCTTTC-

AGTC-3� and 5�-GACTTTCCTCATAACCCTGAAGGGAG-
AAGGC-3�) flanking the first LoxP site in the targeted allele
was separated by 498 bases of genomic sequence inWT. Simil-
arly, a primer pair (5�-GGATTAGATGTGGCGCATACAAG-
CTTTCAGTC-3� and 5�-TCTTGGCTCAGCTTCTTGGGA-
TGTGGTTTTCC-3�) flanking the first and second LoxP site
was separated by 630 bases of genomic sequence in the Sestd1
Cre-excised allele.
Reagents—The following reagents were used: p3�FLAG-

CMV-10 (Sigma); pcDNA3.1(�) and pcDNA 5/FRT/TO
(Invitrogen); SRE.Luciferase reporter (provided by K. Kaibuchi,
Nagoya University, Nagoya, Japan); pSuperTOP luciferase
reporter and pRenilla (provided byRandall T.Moon,University
of Washington); pC3-transferase (provided by Louis F. Reich-
ardt, University of California at San Francisco); mouse IgG-
agarose bead, anti-FLAG M2-conjugated agarose beads, and
anti-HA-agarose beads (Sigma). The following antibodies were
used for immunoblotting: FLAG (Sigma); HA (Roche Applied
Science); Active �-catenin “ABC,” phospho-Mypt1 (Thr-696)
(Millipore); �-catenin, Mypt1 (BD Biosciences), and Sestd1
(Thermo Scientific).
Cell Culture—HEK293T cells were grown in Dulbecco’s

modified Eagle’s medium high glucose (DMEM H21) supple-
mentedwith 10% fetal bovine serum (FBS), 1� penicillin/strep-
tomycin at 37 °C under 5% CO2, 95% air. 3T3 cells were main-
tained in DMEM H21 supplemented with 10% calf bovine
serum and 1� penicillin/streptomycin at 37 °C under 5% CO2,
95% air. Mouse embryonic fibroblasts (MEFs) were prepared
fromE13.5/14.5 embryos of the Sestd1�/� (WT) and Sestd1�/�

(mutant) genotypes by cross-breeding Sestd1 heterozygous
parents. Primary MEFs were cultured as described previously
(35). Briefly, embryos were decapitated, eviscerated, minced,
and trypsinized. The dissociated cells were cultured in DMEM
H21 containing glutamine, nonessential amino acids, penicil-
lin/streptomycin, �-mercaptoethanol, and 10% FBS.
Yeast Two-hybrid Screen—TheMatchmaker two-hybrid sys-

tem (Clontech) was used with a Xenopus laevis unfertilized
oocyte cDNA library. Full-length XDpr1 was used as bait to
recover a cDNA corresponding to the carboxyl-terminal half of
Xenopus Sestd1.
Proteomics—Human embryonic kidney 293T cells were

grown to confluence in culture dishes and transfected with
FLAG-Dact1 plasmid. Stable transfected cells were lysed and
incubated with anti-FLAG M2 beads for 3 h. Beads were col-
lected, washed, and eluted by 3�FLAG peptide. The eluted
supernatant was digested with trypsin, and the resulting pep-
tides were analyzed by mass spectrometry.
Luciferase Reporter Activity Assays—Luciferase vectors were

co-transfected with a Renilla vector for normalization of trans-
fection efficiency. 3T3 cells and MEF cells were seeded in
24-well plates the day before transfection. Cells were trans-
fected with the indicated plasmids using Lipofectamine 2000.
For the SRE.Luciferase reporter assay, transfected cells were
maintained in low serummedium (0.5% FBS) to sustain a basal
RhoGTPase activity. Luciferase activitywasmeasured24hpost-
transfection using the Dual-Luciferase Reporter System (Pro-
mega) in a plate-reading luminometer (Veritas). The data are pre-
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sented as the relative luciferase activity, calculated as the ratio of
the firefly to Renilla luciferase activity (mean � S.E. (n � 4)).
Immunoprecipitation—HEK293T cells were plated in main-

tenance medium without antibiotics for 12 h and transfected
with Lipofectamine 2000 (Invitrogen). After 48 h, transfected
cells were lysed in a buffer containing 50 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100 supplemented
with protease inhibitor tablets (Roche Applied Science). Cell
lysates were pre-cleared and incubated with anti-FLAG M2
beads or anti-HA beads for 3 h. Beads were collected and
washed as described previously (36). Protein complexes were
separated by SDS-PAGE followed by detection using the other
antibody as appropriate.

RESULTS

Sestd1 Is a Novel Binding Partner of all Dact Family Mem-
bers—Dact1 is a scaffold protein that regulates Wnt signaling,
and loss of Dact1 causes a phenotypic spectrum inmice resem-

bling the lower mesodermal defects sequence in humans (29,
37). To dissect and elucidate the biochemical pathway involv-
ing Dact1, we sought to identify new binding partners of this
protein. We used two complementary approaches to accom-
plish this using Dact1 as a molecular starting point. First, we
performed a yeast two-hybrid screen using Xenopus Dapper
(Dpr), a close homolog of mammalian Dact1, as bait. In a sec-
ond strategy, we generated a HEK293T cell line that stably
expressedmouseDact1with an amino-terminal FLAG epitope,
allowing us to biochemically purify Dact1 alongwith associated
proteins that could be identified through proteomic analysis
(i.e.mass spectrometry). Both approaches independently iden-
tified Sestd1 as a binding partner of Dact1 (data not shown). To
confirm this interaction, murine Sestd1 was recombinantly co-
expressed in an immortalized cell line with each of the three
murine Dact paralogs, and co-immunoprecipitation (co-IP)
assays were performed. Sestd1 formed complexes with all three
Dact family members in these assays (Fig. 1A).

FIGURE 1. Sestd1 is a novel binding partner of Dact family members. A, Sestd1 interacts with all three Dact paralogs in HEK293T cells. HA-Sestd1 was
expressed with or without FLAG-Dact1, FLAG-Dact2, and FLAG-Dact3 in HEK293T cells. Protein complexes were immunoprecipitated (IP) with anti-FLAG-
agarose beads, and associated proteins were detected by immunoblot (IB) with anti-HA antibody. B–D, amino terminus of Dact1 interacts with the carboxyl
terminus of Sestd1, including the third spectrin domain (Spec3). Appropriate FLAG-, HA-, or enhanced GFP-tagged proteins were recombinantly expressed in
HEK293T cells. The co-IP assays were performed as in A. E, schematic summary of complex formation between Dact1 and Sestd1. Interacting regions are
indicated by gray braces.
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Identification of Binding Regions between Sestd1 and Dact1—
Like Dvl, both Dact and Sestd1 are “scaffold” proteins, essen-
tially meaning that they are intracellular proteins with con-
served protein-protein interaction domains but whose primary
structure reveals little else about their potential cellular func-
tions, let alone about how they might cooperate mechanisti-
cally. As an initial step toward tackling this problem, we
mapped the domains of their primary sequence that contribute
to their interaction. Plasmids encoding full-length or truncated
FLAG-Dact1 proteins were co-transfected with HA-Sestd1 in
HEK293T cells and protein complexes analyzed by co-IP.Dact1
amino-terminal deletion mutants, including one lacking only
the first 84 amino acids of the Dact1 protein (Dact1(150–778),
Dact1(109–778), and Dact1(85–778)), failed to form com-
plexes with full-length Sestd1 (Fig. 1B), whereas a polypeptide
consisting of only the amino-terminal 84 amino acids of Dact1
(Dact1(1–84)) upstream of the leucine zipper domain could
form complexes with Sestd1 (Fig. 1C). These data demonstrate
that the amino-terminal 84 amino acids of Dact1 are both nec-
essary and sufficient for complex formation with Sestd1 (Fig.
1E). Interestingly, this amino-terminal region of Dact1 is dis-
pensable for interactions with all previously described Dact
partnering proteins (24, 29, 38–41). The co-IP assayswere sim-
ilarly performed using a panel of Sestd1 truncations to identify
the Dact-interacting region of Sestd1. Sestd1 mutant proteins
lacking amino-terminal residues, including the first two
spectrin domains (Sestd1(275–696), Sestd1(381–696), and
Sestd1(498–696)), can form complexes with the N terminus of
Dact1 (Dact1(1–84)), whereas a Sestd1 truncation mutant
lacking only the carboxyl-terminal 94 residues (Sestd1(1–602))
forms complexes with Dact1 only very weakly (Fig. 1C). Never-
theless, this carboxyl-terminal polypeptide, which is unstable
when expressed by itself (data not shown), is insufficient to
mediate complex formation with Dact1(1–84) when expressed
as a fusion with enhanced GFP (enhanced GFP-Sestd1(604–
696)) (Fig. 1D). Taken together, these co-IP data suggest that
the carboxyl-terminal 198 residues of Sestd1 (Sestd1(498–
696)), including both the third spectrin domain and the C ter-
minus, are required for complex formationwithDact1 (Fig. 1E).
The fact that Dact1-Sestd1 complex formation is mediated by
well circumscribed regions in each protein supports the notion
that these proteins are uniquely allied in function.
Generation of Sestd1-deficient Mouse Lines—To further

probe the biological functions of Sestd1, we created Sestd1
knock-out mice using standard homologous recombination,
embryonic stem (ES) cell manipulation, and mouse genetic
techniques. In brief, a Sestd1flox allele was engineered and intro-
duced into mice by homologous recombination in ES cells fol-
lowed by chimeric animal generation. Once this allele was
established in a mouse line, a constitutive null allele was gener-
ated through mouse husbandry, including crossing to a trans-
genic mouse line expressing Cre recombinase in the germ line,
resulting inCre-mediated excision of exon 4, intron 4, and exon
5 to produce a constitutive null allele (Fig. 2A). Genotyping
PCR (Fig. 2B) was employed to identify all targeted alleles in
mice. Loss of the Sestd1 protein was verified by immunoblot in
mice homozygous for the null allele (Fig. 2C), hereafter referred
to as Sestd1mutants or KO.

Loss of Sestd1 Phenocopies Loss of Dact1 in Mice with a Spec-
trum of Posterior Malformations—Sestd1 mutant mice survive
to birth but typically die within 24 h. Remarkably, these mice
display a spectrum of birth malformations, including a short
tail, no genital tubercle, no anus, blind-ended colons, hydrone-
phrotic kidneys, and no bladder (Fig. 3, A–D), that precisely
phenocopies the spectrum of birth malformations in Dact1
mutant mice described previously by ourselves and independ-
ently by another group (29, 31). The amazing correspondence
of this otherwise unique phenotypic spectrum in two mouse
lines with mutations at separate loci (and also engineered in
distinct ES cell lines; see under “Materials and Methods”) pro-
vides compelling evidence that Sestd1 and Dact1 closely coop-
erate during development. LikeDact1mutants, Sestd1mutants
also display partly penetrant neural tube defects, including
spina bifida (Fig. 3B), and some also have the curled tail com-
mon to many PCP mutants in mice, including mutants for
Vangl2 and Scrib (7, 9). We traced birth defects in Sestd1
mutants back to the earliest defects observable during develop-
ment at embryonic day 8.5 (E8.5). Compared with wild type
(WT) embryos, Sestd1 mutants at this stage had a more
rounded posterior contour (Fig. 4, A and B), very similar to
Dact1mutant embryos at the same stage (29). To quantify this
morphological difference between wild type and Sestd1mutant

FIGURE 2. Targeted inactivation of the Sestd1 gene. A, schema of the Sestd1
genomic locus and gene targeting intermediates. Exons 4 and 5 partially
encode the functionally important SEC14 domain of Sestd1. Excision of exons
4 and 5 by Cre recombinase yields a truncated transcript followed by a frame-
shift. B, PCR genotyping of genomic tail DNA. Using the PCR primer pairs
indicated under “Materials and Methods,” WT and Sestd1 mutant loci gener-
ate 498- and 630-bp fragments, respectively. C, immunoblot analysis of
Sestd1 protein levels. A band at �79 kDa disappears in Sestd1�/� brain tissue
lysates.
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embryos, the whole embryo length-width ratio (LWR) and pos-
terior LWRweremeasured. Comparedwithwild type, we could
measure no significant difference in whole embryo LWR of
Sestd1 mutant embryos (WT: 8.37 � 0.29 versus KO: 7.21 �
0.51, p � 0.066) (Fig. 4C). However, we measured a highly sig-
nificant reduction in posterior LWR between WT and Sestd1
mutant embryos (WT: 1.57� 0.038 versusKO: 1.19� 0.038, p�
0.001) (Fig. 4D). Similar reductions in posterior LWR at this stage
are detected in Dact1mutant and Vangl2Lp/� embryos, in which
they are associated with abnormal convergent-extension move-
ments in primary germ tissues (29). In brief, our phenotypic ana-
lyses suggest that the embryonic basis for posterior birthdefects in
Sestd1mutants is identical to that inDact1mutants.
To genetically test the hypothesis that Sestd1 and Dact1

operate in a single pathway during embryonic development as
opposed to different pathways that just happen to produce the
same phenotypic outcome, an intercross was made between
Sestd1�/�;Dact1�/� (double heterozygous) mice and the phe-
notypes of all newborn pups, which include both double and
single homozygous mutant animals, examined. Sestd1�/�;
Dact1�/� (doublehomozygousmutant) offspring showedpheno-
types identical to their littermates that were homozygous mutant

at either locus alone (Table 1). In other words, the two loci are
phenotypically epistatic, a genetic result most consistent with the
interpretation that the two gene products operate in a linear bio-
chemical pathway. Taken together, our protein interaction data
plus phenotypic observations in Sestd1 andDact1mutant animals
suggest that Sestd1 closely cooperates withDact1 in a single path-
way during embryonic development in mice.
PCP Pathway Abnormalities in Sestd1 Mutant Embryonic

Tissue—We previously showed that the Dact1 mutant pheno-
typic spectrum, which we also observe in Sestd1 mutant
embryos, closely correlates with altered PCP but not altered
Wnt/�-catenin signaling in affected tissues of mutant embryos
(29). To extend these findings while using an independent
methodology to determine which Wnt pathways are most
altered in the absence of the Sestd1 protein, we isolated MEFs
from the Sestd1 mutant and WT littermate embryos and ana-
lyzed pathway biochemistry in these cells. We first quantified
relative levels of activated �-catenin and of phosphorylated
Mypt1 (a substrate of Rho associated kinase) as endogenous
biochemical correlates of the Wnt/�-catenin and Wnt/PCP
pathways, respectively. In comparison withWT, there were no
significant differences in levels of activated �-catenin in Sestd1
mutantMEFs, whereas phosphorylatedMypt1 protein was sig-
nificantly decreased in Sestd1 mutant MEFs, supporting an
effect on Rho GTPase but not on Wnt/�-catenin signaling in
mutant embryonic cells (Fig. 5A). To confirm these findings
more quantitatively, we employed plasmid-based luciferase
reporter assays for both the Wnt/�-catenin and Rho GTPase
pathways. For Wnt/�-catenin signaling, we used a well estab-
lished luciferase reporter assay based on transient transfection
of cells with the SuperTOP reporter plasmid containing a mul-
timer of an optimal T cell factor-binding site upstream of the
luciferase cDNA (42, 43). For Rho GTPase, we used the SRE.L
reporter, containing a mutant serum-response element (SRE)
upstream of the luciferase cDNA, and which is thereby respon-
sive to activation downstream of Rho (44). These luciferase-
based assays confirmed that althoughWnt/�-catenin signaling

FIGURE 3. Loss of Sestd1 causes a spectrum of posterior defects that phe-
nocopies loss of Dact1. A, Sestd1 KO phenocopies Dact1 KO in mice. Sestd1
mutants (mut) die before or within 1 day of birth, and at postnatal day 0 they
have a short tail (arrow). B, Sestd1 mutant neonates lack genital tubercle (gt)
and anus (a) (filled arrowhead and empty arrowhead). Some Sestd1 mutant
neonates also have spina bifida (SB) and curled tails. C, Sestd1 mutant neo-
nates have blind-ended colons (cn). D, Sestd1 mutant neonates have hydro-
nephrotic horseshoe kidneys (hk) and no bladder (b). Scale bar, 500 �m. Other
abbreviations: wt, wild type; mut, Sestd1 mutant; c, cecum; k, kidney; hn,
hydronephrosis (cf. Fig. 1 in Ref. 29).

FIGURE 4. Sestd1 mutant embryonic phenotype. A and B, early Sestd1
mutant embryos have a more rounded posterior contour than WT littermate
embryos. C and D, length-width ratio (LWR) measurements in wild type and
Sestd1 mutants for whole (C) and posterior (D) embryo. n.s., not significant
(p 	 0.05); **, p � 0.01.
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is unaffected in the Sestd1 mutant MEFs (WT: 0.22 � 0.02
versus KO: 0.24 � 0.03, p � 0.68; WT�Wnt1: 6.06 � 0.79
versusKO�Wnt1: 6.26� 0.65, p� 0.85) (Fig. 5B), RhoGTPase
activity is significantly decreased compared with WT (WT:
3.22 � 0.26 versus KO: 2.14 � 0.21 p � 0.032) (Fig. 5C). Our
signaling pathway assays in Sestd1mutantMEFs closely parallel
and strongly support our prior findings in Dact1 mutant
embryos, demonstrating that the principal Wnt pathway
affected by deletion of either of these proteins inmouse embry-
onic tissues activates Rho GTPase, in this context most likely
representing PCP.
Sestd1 and Dact1 Cooperatively Activate Rho GTPase in

Cells—Sestd1 shares partial sequence similarity with Trio fam-
ilymembers in its amino-terminal SEC14 domain and spectrin-
like domains (33), but it lacks a GEF domain typically required
for activating RhoGTPases. On this basis, we hypothesized that

Sestd1 and Dact1 might regulate Rho GTPases via recruitment
of a separate GEF protein. To test whether Sestd1 and Dact1
can indeed cooperatively regulate Rho GTPase activity in cells,
we further employed the SRE.L reporter assay, but now in the
context of recombinant expression of either wild type or
mutant proteins. As achieving consistent relative levels of each
of the two proteins was essential to test the hypothesis of co-
operative activation, we molecularly engineered a panel of
FLAG-Dact1–2A-HA-Sestd1 co-expression plasmids. The 2A
sequence inserted between cDNAs in these plasmids impairs
normal peptide bond formation between final glycine and pro-
line codons of the 2A sequence via ribosomal skipping; the
result is co-translation of distinct gene products from a single
transcript, leading to equal levels of both translation products.
Dact1, Sestd1, or Dact1–2A-Sestd1 plasmid was transfected in
3T3 cells along with the SRE.L and Renilla control plasmids,
and luciferase levels were assessed 1 day later. Using this sys-
tem, we found that Dact1 and Sestd1 by themselves had no
effect on Rho GTPase activity (SRE: 1.0 � 0.08 versus
SRE�Dact1: 1.16 � 0.15, p � 0.38; SRE: 1.0 � 0.08 versus
SRE�Sestd1:, 0.86 � 0.05, p � 0.20) (Fig. 6A, 1st to 3rd bars).
However, significant activation above base line was observed in
cells co-expressing full-length Dact1 and Sestd1 (SRE: 1.0 �
0.08 versus SRE�Dact1�Sestd1: 3.63 � 0.06, p � 0.0001) (Fig.
6A, 4th bar).Moreover, when cells were co-transfected with C3
transferase, an ADP-ribosyltransferase that specifically inacti-
vates Rho activity by catalyzing ribosylation of RhoA (45),
SRE.L reporter induction by Dact1 and Sestd1 was sharply
reduced (SRE�Dact1�Sestd1: 3.63 � 0.06 versus SRE�
Dact1�Sestd1�C3: 1.93 � 0.18, p � 0.0009) (Fig. 6A, 5th bar).
This confirmed that cooperative induction of luciferase activity
by Dact1 and Sestd1 in this assay occurs primarily through Rho
GTPase activation.
Analysis of SRE.L reporter activation by co-expressed Dact1

and Sestd1 truncation mutants further demonstrated that the
SEC14 domain of Sestd1 is important for Dact/Sestd1-medi-
ated Rho activation (Dact1�Sestd1: 2.62 � 0.19 versus
Dact1�Sestd1(275–696): 1.72 � 0.09, p � 0.014) (Fig. 6B, 2nd
bar from right). In addition, the previously mapped amino-ter-
minalDact1 domain necessary for theDact1-Sestd1 interaction
is required (Dact1�Sestd1: 2.62 � 0.19 versus Dact1(85–
778)�Sestd1: 1.27� 0.11, p� 0.0039) (Fig. 6B, right-most bar).
These data strongly support that Dact1 and Sestd1 cooperate in
a complex to activate Rho GTPase and further show that this
activation also requires the well conserved SEC14 domain in
Sestd1.
Reciprocal Genetic Rescue between Sestd1 and Vangl2

Mutant Alleles in Mice—Dact1 biochemically and genetically
interacts with Vangl2 (29). Because Sestd1 and Dact1 work in

TABLE 1
Sestd1�/�;Dact1�/� combination mutants show the same phenotypes as either Sestd1�/� or Dact1�/� single mutants
An intercross was made between Sestd1�/�;Dact1�/� mice. Genotype and phenotype (tail length and genital tubercle (GT)) of each newborn pup were determined.

Genotype

WT Dact1�/� Sestd1�/�
Sestd1�/�

Dact1�/� Dact1�/� Sestd1�/�
Sestd1�/�

Dact1�/�
Sestd1�/�

Dact1�/�
Sestd1�/�

Dact1�/�

Number 5 3 4 7 3 3 8 3 4

Phenotype Normal Normal Normal Normal Short tail, no GT Short tail, no GT Short tail, no GT Short tail, no GT Short tail, no GT

FIGURE 5. Disruption of the PCP pathway in Sestd1 mutant embryos.
A, levels of phosphorylated MYPT (pMYPT; a target of Rho-associated kinase),
but not of activated �-catenin, are reduced in Sestd1�/� MEFs. Cell lysates of
WT and Sestd1�/� MEFs were subjected to immunoblot with the indicated
antibodies. The relative density of active �-catenin was normalized to total
�-catenin in the same sample, and the relative density of pMYPT was normal-
ized by total MYPT. B, Sestd1�/� MEFs do not show reduced basal activation
nor Wnt1-responsive activation of a Wnt/�-catenin-dependent luciferase
reporter. MEF cells were transfected with Top flash, Renilla, or Wnt1 plasmids,
and luciferase activity was measured 24 h post-transfection. n.s., not signifi-
cant (p 	 0.05). C, Sestd1�/� MEFs do show reduced basal activation of the
Rho GTPase-dependent SRE luciferase reporter. MEF cells were transfected
with SRE.L and Renilla plasmids in the presence of 0.5% serum for 24 h before
luciferase activity was measured. *, p � 0.05.
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the samepathway to activate RhoGTPase presumably as part of
PCP signaling, we speculated that Sestd1 might also interact
with Vangl2. To test this hypothesis biochemically, we used
co-IP to assess whether the Sestd1 and Vangl2 proteins form a
complex when expressed in cells. This confirmed that Sestd1
can form a complex with Vangl2 (Fig. 7A). Tomap the domains
of their primary sequence that contribute to Sestd1-Vangl2
interaction, plasmids encoding full-length or truncated HA-
Sestd1 proteins were co-transfected with FLAG-Vangl2 in
HEK293T cells, and protein complexes analyzed by co-IP. A
Sestd1 carboxyl-terminal deletion mutant lacking all three
spectrin domains (Sestd1(1–274)) failed to form complexes
with Vangl2 (Fig. 7B). Sestd1 deletion mutants lacking one or
two spectrin domains (Sestd1(381–696) and Sestd1(498–696))
recruited less Vangl2 protein than a truncationmutant that had
all three spectrin repeats but no SEC14 domain (Sestd1(275–
696)) (Fig. 7B). These data demonstrate that all three spectrin
domains in Sestd1 contribute to complex formation with
Vangl2 (Fig. 7C). Interestingly, compared with full-length
Sestd1, Sestd1 truncation mutants that lack the SEC14 domain
(Sestd1(275–696), Sestd1(381–696), and Sestd1(498–696))
consistently recruit more Vangl2 protein in these co-IP exper-
iments (Fig. 7B). This suggests that the presence of the SEC14
domain somehow inhibits complex formation with Vangl2 in
cells. Moreover, because the region of Sestd1 responsible for
Vangl2 complex formation (Fig. 7C) overlaps but does not pre-
cisely coincide with the region responsible for Dact1 complex
formation (Fig. 1E), we conclude that Sestd1-Vangl2 complex
formation is not mediated exclusively and indirectly through
Dact1, but it must include other intermolecular interactions
involving the first two spectrin domains, which are negatively
regulated by presence of the amino-terminal SEC14 domain.
Having shown that Sestd1 biochemically interacts with

Vangl2, we next askedwhether the Sestd1 knock-out mutation
we engineered in mice genetically interacts with the
semidominant Looptail (Lp) mutation in Vangl2, as we previ-

ously found for knock-out mutations at the Dact1 locus (29).
The Vangl2Lp allele corresponds to a missense point mutation
at the Vangl2 locus that semidominantly impairs function of
both Vangl family members (Vangl1 and Vangl2) in mice (46).
We crossed Sestd1�/�;Vangl2�/� to Sestd1�/�;Vangl2Lp/�
mice and examined resultant phenotypes in newborn littermate
offspring corresponding to the different genotypic combina-
tions of these alleles. With regard to the semidominant curly
“Loop-” tail phenotype, 40% (6/15) of Vangl2Lp/�;Sestd1�/�

pups had curly tails as compared with 75% (21/28) of Vangl2Lp/�;
Sestd1�/� pups and 82% (69/84) ofVangl2Lp/�;Sestd1�/� pups
(Fig. 7D). These genetic outcomes demonstrate that complete
loss of Sestd1 partly rescues the Vangl2Lp/� phenotype. Con-
versely, 36% (4/11) of Sestd1�/�;Vangl2�/� pups from this
cross displayed reduced tail length, and 54% (6/11) displayed
genitourinary defects, but the penetrance of these phenotypes
dropped to �7% (1/15) and �13% (2/15), respectively, in
Sestd1�/�;Vangl2Lp/� pups (Fig. 7E). These genetic outcomes
demonstrate that the Sestd1 null phenotype is substantially res-
cued by the semidominant Vangl2Lp allele.

To summarize, genetic experiments demonstrate that muta-
tions at the Sestd1 and Vangl2 loci mutually rescue, mimicking
our genetic results for the Dact1 and Vangl2 loci. These data
provide support for the conclusion that Sestd1 cooperates
closely with Dact1 in the post-translational regulation of
Vangl2 during embryonic development in the mouse, as we
have previously shown for Dact1 (29).

DISCUSSION

RhoGTPases have emerged as key effectors of the PCP path-
way and of other �-catenin independent branches of Wnt sig-
naling, altering cytoskeletal dynamics and leading to changes in
cell shape and migration during embryonic development (21).
Dact1 null embryos have defects in biochemical correlates of
PCP, including reduced activity of the Rho-associated kinase
and elevated activity of c-Jun amino-terminal kinase (JNK) (29).
In this report, we identify Sestd1 as a close functional partner of
Dact1 during development. The two proteins can form a com-
plex via circumscribed domains that have not been reported to
be involved in other protein-protein interactions. Loss of
Sestd1 in mice closely phenocopies loss of Dact1; in fact, loss of
Sestd1 produces a neonatal phenotypic spectrum indistin-
guishable from that caused by loss of Dact1, including the
highly penetrant truncation of posterior mesoderm and endo-
derm derivatives, along with less penetrant NTDs and the
curled tails characteristic of othermouse PCPmutants. In addi-
tion, Sestd1 mutant embryonic tissues, as exemplified here by
MEFs, have reduced basal Rho GTPase activity but do not have
reductions in activated �-catenin either in the presence or
absence of exogenous Wnt1. In genetic epistasis experiments,
Sestd1;Dact1 double mutant mice show the same phenotypic
spectrum and severity as either Sestd1 orDact1 single mutants,
and like the Dact1 null allele, the Sestd1 null allele reciprocally
rescues the semidominant Lp mutation in Vangl2. Together,
the biochemical, genetic, and signaling data presented here
provide compelling evidence that the Sestd1 and Dact1 pro-
teins function tightly together in the PCP pathway upstream of
RhoGTPase activation inmouse embryos.Our prior findings in

FIGURE 6. Sestd1 cooperates with Dact1 in the PCP pathway. A, Dact1 and
Sestd1 synergistically activate the Rho GTPase. The SRE.L reporter and Renilla
plasmids were co-transfected with Dact1, Sestd1, or Dact1–2A-Sestd1 plas-
mids in 3T3 cells, and luciferase activity was measured 24 h later. Specificity of
reporter activation for Rho GTPase activity is confirmed with the Rho-specific
inhibitor, C3 exoenzyme (last lane). B, activation of Rho requires Dact1-Sestd1
complex formation and the Sestd1 SEC14 domain. The SRE.L reporter and
Renilla plasmids were co-transfected with Dact1, Sestd1, Dact1–2A-Sestd1,
Dact1–2A-Sestd1(275– 696), or Dact1(85–778)-2A-Sestd1 and luciferase
assayed as in A. n.s., not significant (p 	 0.05); *, p � 0.05; **, p � 0.01.
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Dact1 mutant animals combined with our genetic data here
further indicate that these proteins participate in the post-
translational regulation of Vangl2 during epithelial-mesenchy-
mal transition and associated mesendodermal cell movements
at the primitive streak in the posterior embryo (29).
Although Sestd1 exhibits moderate sequence conservation

withTrio familymembers in its amino-terminal SEC14 domain
and carboxyl-terminal spectrin-like domains (33), it lacks a
GEF domain and exhibits no GEF activity toward Rho GTPases
based on cellular Rho activation assays. Instead, we demon-
strate here that Sestd1 and Dact1 cooperate to activate Rho
GTPase activity in cells and that this cooperation requires both
the Sestd1 SEC14 domain and the amino-terminal domain of
Dact1 necessary for physical interaction with Sestd1. On the
basis of these data, we infer that activation of Rho GTPase
downstream of these proteins may occur via recruitment of

another GEF protein into a Dact1-Sestd1 complex. Interest-
ingly, in ongoing proteomic studies we have identified just
such a GEF-containing protein, rho/rac-guanine nucleotide
exchange factor-2 (Arhgef2), as a potential Sestd1 binding part-
ner (data not shown). Future work in our laboratory will be
aimed at addressing whether Arhgef2 is directly involved in
Sestd1 and Dact1-mediated Rho activation.
Although there are many members of the Trio protein fam-

ily, Sestd1 is among themost divergent and is unique in lacking
its ownGTPase regulatory domain. The single copy of Sestd1 in
the mammalian genome is highly conserved; the mouse and
human Sestd1 proteins are 	98% identical, consistent with a
critical nonredundant physiological function. Notwithstanding
its apparent importance, little has been previously established
about the function of Sestd1. To our knowledge, the only prior
investigation of this protein focused on its role in vascular tis-

FIGURE 7. Sestd1 is a novel binding partner of Vangl2 and mutations in Sestd1 and Vangl2 reciprocally rescue. A, Sestd1 interacts with Vangl2 in HEK293T
cells. FLAG-Sestd1 was expressed with or without HA-Vangl2 in HEK293T cells. Protein complexes were immunoprecipitated (IP) with anti-HA-agarose beads
and associated proteins detected by immunoblot (IB) with anti-FLAG antibody. B, carboxyl terminus of Sestd1, including all three spectrin domains, interacts
with Vangl2. Appropriate FLAG- or HA-tagged proteins were recombinantly expressed in HEK293T cells. The co-IP assays were performed as in Fig. 1A.
C, schematic summary of complex formation between Sestd1 and Vangl2: Interacting regions are indicated by gray braces. D, loss of Sestd1 partly rescues the
semidominant Vangl2Lp phenotype. An intercross was made between Sestd1�/�;Vangl2�/� and Sestd1�/�;Vangl2Lp/� mice, and neonatal offspring were
genotyped and phenotyped. In the bar graph, the numbers of offspring corresponding to each phenotype/genotype are shown in white. E, heterozygosity for
the Vangl2Lp allele partly rescues the Sestd1 null phenotype, graphed as in D.
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sues where it was implicated in nonselective cation channel
regulation downstream of phospholipid signaling (47). Com-
binedwith thework presented here, this suggests the intriguing
possibility that Sestd1 could be part of a signaling node linking
the regulation of cation-dependent pathways (e.g. the Wnt/
Ca2� pathway) with the regulation of Rho GTPases down-
stream of Vangl2 (i.e. the Wnt/PCP pathway). Intriguingly, the
Sestd1 SEC14 domain required for co-activation with Dact1 of
Rho GTPase activity and that may also regulate Sestd1 interac-
tions with Vangl2 has previously been implicated in the regula-
tion of cation channels (47). Given the distribution of Sestd1
during embryonic development and inmature vascular, neural,
and other tissues, studies inmicewith the conditional Sestd1flox
allele that we have generated will enable a molecular dissection
of cross-talk between these important signaling pathways and
an exploration of consequences of postnatal Sestd1 gene dis-
ruption, including contributions to cardiovascular, neuropsy-
chiatric, and other pathophysiology.
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