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Regulated mesoderm migration is necessary for the proper mor-
phogenesis and organ formation during embryonic development.
Cell migration and its dependence on the cytoskeleton and signaling
machines have been studied extensively in cultured cells; in
contrast, remarkably little is known about the mechanisms that
regulate mesoderm cell migration in vivo. Here, we report the
identification and characterization of a mouse mutation in striatin-
interacting protein 1 (Strip1) that disrupts migration of the meso-
derm after the gastrulation epithelial-to-mesenchymal transition
(EMT). STRIP1 is a core component of the biochemically defined
mammalian striatin-interacting phosphatases and kinase (STRIPAK)
complexes that appear to act through regulation of protein phos-
phatase 2A (PP2A), but their functions in mammals in vivo have
not been examined. Strip1-null mutants arrest development at
midgestation with profound disruptions in the organization of
the mesoderm and its derivatives, including a complete failure of
the anterior extension of axial mesoderm. Analysis of cultured
mesoderm explants and mouse embryonic fibroblasts from null
mutants shows that the mesoderm migration defect is correlated
with decreased cell spreading, abnormal focal adhesions, changes
in the organization of the actin cytoskeleton, and decreased ve-
locity of cell migration. The results show that STRIPAK complexes
are essential for cell migration and tissue morphogenesis in vivo.
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Gastrulation and the subsequent movements of the mesoderm
are essential for the generation of the body plan and pat-

terning of mammalian embryos (1). Before gastrulation, the
embryo proper is composed of a single pseudostratified epithe-
lial layer, the epiblast. During gastrulation, beginning at embry-
onic day 6.25 (E6.25), cells of the posterior epiblast, the primitive
streak, undergo an epithelial-to-mesenchymal transition (EMT).
The ingressing cells immediately acquire mesenchymal proper-
ties and migrate away from the site of the streak to form two new
germ layers, the mesoderm and the definitive endoderm (2–4).
By E7.5, cells of the mesoderm layer have spread around the
entire embryonic circumference. The early mesoderm cells give
rise in sequence to distinct mesodermal populations: the extra-
embryonic mesoderm, cardiac and cranial mesoderm, lateral
plate mesoderm, and paraxial mesoderm of the anterior somites
(5). After E7.5, mesoderm cells that will contribute to the par-
axial mesoderm continue to be added from progenitors in the
streak to generate the more posterior somites. Epiblast cells at
the anterior (distal) tip of the primitive streak at E7.5 undergo
EMT, ingress, and then immediately undergo a mesenchymal-to-
epithelial transition to give rise to the axial mesoderm, the node
and notochordal plate (6–8).
The molecular processes and pathways that regulate the

movements of the mesoderm cells are not well understood. It is
well established that FGF signaling at the streak activates expres-
sion of the transcription factor SNAIL1, which in turn represses
transcription of the E-cadherin gene, and down-regulation of

E-cadherin is essential for mesoderm migration (9, 10). In the
chick, directional migration of the nascent mesoderm appears
to depend on chemorepulsion by FGF andWnt3a ligands expressed
at the primitive streak (11), but it is not clear whether the same
signals operate in the mouse. The ability of mesoderm cells to mi-
grate depends on a complete reorganization of the actin cytoskel-
eton, and motility depends on the WAVE complex and the small
GTPase RAC1 (12, 13).
Experiments in cell culture recently implicated the striatin-

interacting phosphatases and kinases (STRIPAK) complexes in
the migration of mammalian cells (14). Striatins, core components
of the complex, are calmodulin-binding WD-repeat proteins that
were first identified based on their strong expression in the stria-
tum of the mammalian brain (15). Striatin was shown to form a
complex with the catalytic and regulator subunits of protein phos-
phatase 2A (PP2A) (16) and was then shown to be part of larger
complexes that include the kinases STK24 (MST3), STK25, and
STK26 (MST4), now called the STRIPAK complexes (17), that are
conserved from fungi to humans (18).
There are more than 200 isoforms of the serine/threonine

phosphatase PP2A, accounting for their diverse cellular func-
tions (19). Each isoform includes a catalytic subunit, a scaffold-
ing (A) subunit, and a regulatory (B) subunit (20). Striatins act as
noncanonical B-type regulatory subunits for PP2A, controlling
its localization and specificity. The STRIPAK complexes are
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believed to regulate PP2A activity in response to the activity of
the kinases within the complex; in addition, kinases within the
STRIPAK can be substrates for the phosphatase activity of PP2A
(18, 21, 22).
Mouse striatin-interacting protein 1 (Strip1), a core component of

the STRIPAK, is a moderately large (837-aa) protein that lacks
informative protein motifs. The in vivo functions of Strip1 were
described first in Neurospora, where ham-2, the Strip1 homolog, and
other components of the STRIPAK are required for hyphal fusion
(23). The homologous budding yeast gene, Far11, was identified
based on its requirement for normal recovery from pheromone
arrest (24). Neurospora Ham-2 associates with a vesicular com-
partment (25) and the yeast FAR11 complex localizes to the en-
doplasmic reticulum (26, 27). The Caenorhabditis elegans homolog,
farl-11, also localizes to the endoplasmic reticulum and is required
for endoplasmic reticulum integrity (28).
We identified a mutation in mouse Strip1 based on its profound

disruption of the body plan. The absence of STRIP1 causes a
dramatic shortening of the anterior–posterior axis, so that the
head is connected directly to the tail and there is essentially no
trunk. This embryonic phenotype is similar to the phenotype
caused by the absence of RAC1 (12), suggesting a role for STRIP1
in RAC1-dependent cell motility. We show that the Strip1 pheno-
type is caused by a failure of anterior–posterior elongation in both
the axial and paraxial mesoderm due to the abnormal migration of
these cell populations. Cell-based studies indicate that STRIP1 is
essential for organization of the actin cytoskeleton and of focal
adhesions, which are crucial for normal mesoderm migration. The
dramatic phenotype of Strip1 embryos highlights the important role
of mesoderm cell behaviors in driving the elongation of the ante-
rior–posterior body axis of the mouse embryo.

Results
Strip1 Is Essential for the Morphogenesis of the Early Mouse Embryo.
In a genetic screen to isolate recessive mutations that disrupt
mouse embryonic development at midgestation (29), we isolated
a recessive mutant based on the striking abnormal morphology
and early lethality of the mutant embryos. At E8.5, the anterior–
posterior axis of the mutants was extremely short and appeared
to consist of only a head connected to a swollen primitive streak,
without an obvious trunk (Fig. 1A). One day earlier, at E7.5, the
mutants were smaller than wild-type littermates, and about one-
half of the mutants (44/84) showed a constriction at the embry-
onic/extraembryonic boundary; we therefore named this mutant
“cinchy” (Fig. 1B and Fig. S1 A–D).
Embryos with the cinchy phenotype were isolated from several

independently mutagenized males and the phenotype segregated
with the backcross strain (29), suggesting that the cinchy mutation
arose spontaneously in the nonmutagenized backcross (FVB/N)
strain. Using classical genetic mapping, Sanger sequencing and
next-generation sequencing (Materials and Methods), we identi-
fied a single change: a three-nucleotide (CTG) in-frame deletion
in exon 16 of the gene Strip1 (formerly known as Fam40a or
6330569M22Rik), which encodes an 837-aa protein that is a core
component of the STRIPAK complexes. This mutation would
lead to the deletion of one leucine (L) in a highly conserved
stretch of five leucines (amino acids 537–541) (Fig. S1E).
To assess the functional consequences of this in-frame deletion

on the STRIP1 protein, we engineered constructs expressing either
wild-type or mutant STRIP1 proteins fused to GFP and expressed
them in HEK293T cells. Western blot analysis showed that the
STRIP1cinchy-GFP fusion protein was expressed at much lower
levels (<15%) compared with the wild-type fusion protein (Fig.
S1F), suggesting that the mutation greatly decreased the stability
of the STRIP1 protein.
To confirm that the Strip1mutation caused the cinchy phenotype,

we obtained mouse embryonic stem cells carrying a Strip1 knockout-
first allele from the International Knockout Mouse Consortium

(IKMC) (30, 31) to generate both gene trap and null alleles of
the gene. Transheterozygotes of cinchy with the gene trap
(Strip1cin/gt) allele showed the characteristic cinchy phenotype, as
did the gene trap and null homozygotes (Fig. 1A). Western blot
analysis using two different antibodies against endogenous
STRIP1 showed that the protein could be readily detectable in
wild-type but not null mutant E8.5 embryos or in mouse embryonic
fibroblasts (MEFs) (Materials and Methods) derived from Strip1gt/gt

embryos (Fig. 1 C and D), indicating that both Strip1gt and Strip1−

are null alleles of the gene. As the three alleles of Strip1 (Strip1cin/cin,
Strip1gt/gt, and Strip1−/−) showed indistinguishable embryonic
phenotypes, cinchy also appears to be a null or severe hypo-
morphic allele.

STRIP1 Acts in Epiblast-Derived Cells and Is Required for Paraxial
Mesoderm Morphogenesis. At E7.5, Strip1 mRNA was expressed
in all of the germ layers of wild-type embryos but was expressed
at highest levels in in the mesoderm layer (Fig. S2 A and B),
suggesting that it could act in the mesoderm cells during the time
that they are migrating. At later stages, Strip1 mRNA and protein

Fig. 1. cinchy is a mutant allele of Strip1, which is essential for embryonic
morphogenesis. (A) Dorsal view of wild-type (WT), cinchy (Strip1cin/cin), and
Strip1−/− embryos at E8.5. Note the defect in body elongation in cinchy and
Strip1−/− embryos, which show almost identical phenotypes, compared with
WT. Anterior is up. (B) Side view of a WT and a Strip1cin/cin mutant at
E7.5 with a cinch in the mutant. Posterior is to the Right. (C and D) Western
blot analysis using anti-STRIP1 antibodies on WT and Strip1−/− embryos at
E8.5 as well as MEFs lysates derived from WT and Strip1gt/gt embryos
(STRIP1 antibody clone 7G7). STRIP1 is not detectable in the Strip1 mutant
embryos or MEFs compared with WT. (E and F) Anterior (E) and side (F) views
of WT and epiblast-deleted (Sox2-Cre) Strip1mutant embryos at E7.5. Note the
absence of the cinch but abnormal head folds in the mutant. n ≥ 4 embryos
per genotype. (Scale bars: 300 μm.)
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were more broadly expressed and present in both the mesoderm
and neural ectoderm (Fig. S2 C and D). At the subcellular level,
a STRIP1-GFP fusion protein transiently transfected into mIMCD3
epithelial cells or MEFs was enriched in the perinuclear area; it
was also enriched in cellular protrusions in MEFs (Fig. S2 E and
F, arrowheads).
To test whether STRIP1 was required in embryonic or extra-

embryonic lineages, we generated a Strip1 conditional allele from
the knockout-first allele (flox, fl;Materials and Methods) and crossed
it to the Sox2-Cre transgenic line, which expresses the Cre recom-
binase only in the epiblast and its derivatives (the “embryo proper”)
but not in extraembryonic lineages (32). The E7.5 Strip1 epiblast-
deleted embryos lacked the constriction at the embryonic/extraem-
bryonic border (Fig. 1 E and F), but at E8.5 showed the same
profound defects in body elongation seen in the embryos that
lacked the gene in all lineages (Fig. 2).
Despite the clearly abnormal morphology of the Strip1 mutant

embryos, many aspects of tissue organization appeared normal in
the mutants. Proliferation, as judged by the mitotic index, was
not significantly different in either whole E7.5 mutant embryos
or individual germ layers, relative to wild type [wild type: 7.6 ±
1.2% (total) and 7 ± 1% (mesoderm); mutant: 6.7 ± 0.4% (total)
and 6 ± 1% (mesoderm); P = 0.37 (total) and 0.38 (mesoderm)].
The organization and polarity of the E8.5 neural and epiblast
epithelium appeared normal: ZO1, a tight junction protein, was
localized apically; GM130, a cis-Golgi marker, and F-Actin were
apically enriched in both wild type and mutant; RAB11 was
enriched in apical vesicles in both wild type and mutant (Fig. S3).
In contrast, analysis of the expression of cell type-specific markers

revealed profound defects in the morphogenesis of mesodermal
tissues in the mutants. Nascent mesoderm, marked by the ex-
pression of Tbx6, was specified in E8.5 Strip1 mutants, but the
Tbx6-positive (+) cells failed to move away from the streak and
instead accumulated in a midline ridge that overlapped with the
domain of Brachyury (T) expression (Fig. 2 A and B). Paraxial
mesoderm gives rise to the segmented somites of the trunk. It
appeared that fewer paraxial mesoderm cells, marked by ex-
pression of Meox1, were specified in the mutant (Fig. 2C). Most
strikingly, the Meox1+ cells failed to extend in the anterior–
posterior axis and no segmented somites were detected in either
the Strip1−/− or Strip1 epiblast-deleted embryos (Fig. 2C). The
mesoderm cells of the heart primordium, marked by Nkx2.5,
were specified and formed a cardiac crescent in Strip1 mutant
embryos, but they failed to converge to the midline to generate
the single heart tube (Fig. 2D).

STRIP1 Is Required for the Organization of the Axial Mesoderm.
Analysis of cell type-specific markers by in situ hybridization
showed that the axial mesoderm was profoundly disrupted in the
mutants. T is expressed in both the primitive streak and in the
thin line of axial mesoderm of E8.5 wild-type embryos. In con-
trast, T was expressed in a short broad strip in E8.5 Strip1 mu-
tants that appeared to correspond to the streak and a very short
midline (Fig. 2B). Sonic hedgehog (Shh), which is expressed in
the midline of wild-type embryos, was expressed in a short patch
on the midline (axial mesoderm and floor plate) of the Strip1
mutants (Fig. 3A, arrowheads). Foxa2 is expressed in the axial
mesoderm and the endoderm in wild type (Fig. 3B). Consistent
with the T and Shh expression patterns, the axial mesoderm
domain of Foxa2 was reduced to a small spot in the Strip1 mu-
tants (Fig. 3B, arrowheads). Thus, the axial mesoderm was re-
duced and failed to extend anteriorly in the mutants.
To assess the organization in the axial mesoderm at cellular

resolution, we examined the distribution of F-Actin and ex-
pression of T protein at E7.75 by immunostaining (Fig. 3C). The
node is a transient cup-shaped structure that, together with the
notochordal plate, occupies the ventral midline of the embryo.
The mesendodermal cells forming the node and the notochordal

plate are highly polarized and have constricted apical surfaces, so
these cells can be clearly marked by enriched apical F-Actin and
nuclear T expression. Based on T expression, the mutant node
was small and irregular in shape (Fig. 3C) and the notochordal
plate was short and failed to extend in Strip1 mutants compared
with wild type (Fig. 3C).

Fig. 2. STRIP1 acts in cells derived from the epiblast to organize the paraxial
mesoderm. (A) Dorsal view of WT and Strip1 mutant embryos at E8.5
showing the accumulation of Tbx6+ cells, using in situ hybridization, at the
bulging primitive streak in the mutant. (B) Ventral view of WT and Strip1
mutant embryos at E8.5 showing in situ hybridization signals using T (streak
and axial mesoderm). (C and D) Ventral view of WT, Strip1−/−, and epiblast-
deleted (Sox2-Cre) Strip1mutant embryos at E8.5 showing in situ hybridization
signals usingMeox1 (somites) and Nkx2.5 (heart) markers. The epiblast-deleted
Strip1 mutant is similar to the null mutant and both have a deficit and/or
abnormal morphogenesis of the paraxial and cardiac mesoderm. n ≥ 3 em-
bryos per genotype. Anterior is up in all panels. (Scale bars: 300 μm.)
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Each cell of the cup-shaped node extends a long single cilium
that can be visualized by scanning electron microscopy (SEM) at
E7.75 (Fig. 3D). Scanning electron micrographs of the node
showed that the cilia-bearing node cells formed an irregular and
flat plate in the Strip1 mutant, in contrast to the pit structure
typical of wild type (Fig. 3D).

The Strip1 Phenotype Is Caused by Abnormal Migration of the
Mesoderm. A shortened anterior–posterior axis is frequently as-
sociated with a deficit in mesoderm and has been seen both in
mutants that disrupt formation of mesoderm during the gastru-
lation EMT and in mutants that interfere with migration of the
mesoderm. In both classes of mutants, extra cells accumulate in
the region of the primitive streak: cells accumulate in the epiblast
layer in mutations that disrupt the EMT, and cells accumulate in
the mesoderm layer below the streak in mutants with defective
mesoderm migration (4, 8, 12, 13, 33).
To determine the origin of the mesoderm defects in Strip1

mutants, we examined the primitive streak region of E7.5 and
E8.5 embryos. By staining for SOX2, SNAIL1, and LAMININ1
(LAM) in E7.5 embryo sections, we found that the primitive
streak formed where the basement membrane was broken, as
marked by the position of LAM expression (Fig. 4A, vertical bar),
and the mesodermal cells had spread around the embryonic cir-
cumference (Fig. 4A, arrowheads). SOX2 expression was limited to
the epiblast, and SNAIL1 was correctly expressed in the nascent
mesoderm, indicating that the SOX/SNAIL switch took place nor-
mally (34) (Fig. 4A). However, some SNAIL1+ nascent mutant
mesodermal cells accumulated near the E7.5 streak (Fig. 4A, ar-
rows). Staining for E-cadherin (E-CAD) and N-cadherin (N-CAD),
to mark the epiblast epithelium and mesoderm, respectively,
showed the greater thickness of the mutant mesodermal wings at
E7.0 (Fig. 4B, arrowheads) and the accumulation of mesoderm
cells near the mutant streak at E7.5 (Fig. 4C, arrows). The en-
doderm layer in E7.5 Strip1 mutant embryos expressed endo-
dermal markers (SOX17 and FOXA2; Fig. S4A) and showed
normal apical/basal polarity (Fig. S4B), but formed a cuboidal
rather than the squamous endoderm layer (Fig. 4 A–C). As the
endoderm layer in E7.5 embryos forms by intercalation of de-
finitive endoderm cells originating from the mesoderm layer into
the visceral endodermal layer (35), the intercalation process may
be delayed or abnormal in Strip1 mutants.
By E8.5, the accumulation of mesoderm cells near the streak

in Strip1 mutant embryos was much more prominent (Fig. 4D).
SNAIL1+ cells in E8.5 wild-type embryos moved efficiently away
from primitive streak site, whereas SNAIL1+ cells in E8.5 Strip1
embryos accumulated adjacent to the streak, causing the epiblast
to bulge into the amniotic cavity (Fig. 4D). Altogether, the data
indicate that STRIP1 is not required for the EMT but is required
for normal mesoderm cell migration at E7.0 and later stages.

Actin Organization, Focal Adhesions, and Migration Are Disrupted in
Strip1 Mesodermal and Mesenchymal Cells. To confirm that the
disruption of the organization of the embryonic mesoderm was
due to autonomous changes in mesoderm cell behavior, we
cultured explants of the mesodermal germ layer dissected from
E7.5 Strip1 and wild-type embryos (Materials and Methods) (Fig.
5A). Wild-type cells that had migrated out of mesodermal ex-
plants were well-spread and showed typical lamellipodia and
filopodia morphology, as well as F-Actin in stress fibers at 48 h.
Wild-type cells had many well-defined focal adhesion contacts,
marked by VINCULIN (VIN). In contrast, mutant mesoderm
cells appeared much more compact, with enriched cortical F-Actin

Fig. 3. Morphogenesis of the node and notochordal plate is defective in
Strip1 mutants. (A and B) Ventral view of WT and Strip1 mutant embryos at
E8.5 showing in situ hybridization signals using Shh (midline) and Foxa2
(midline and endoderm) probes. The mutants have clear defects in body
elongation and axial mesoderm formation. n ≥ 5 embryos per genotype.
(C) Ventral view of 3D images of WT and Strip1 mutant embryos at E7.75
stained with a T antibody (green; axial mesoderm and streak) and F-Actin
(phalloidin; red). The node and notochordal plate (Noto) regions in the
mutant are wide and fail to extend anteriorly. n ≥ 5 embryos per genotype.
(D) Scanning electron microscopy (SEM) images of the node in WT and Strip1
mutant embryos at E7.5. The mutant node, with ciliated cells (magnification

of the center of the node, Bottom), has an irregular flat shape compared
with the cup-shaped WT node. n ≥ 2 embryos per genotype. Anterior is up in
all panels. (Scale bars: A–D, 300 μm; D, Bottom, 3 μm.)
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and a smaller surface area, and the focal adhesions appeared to be
fused and fewer in number (Fig. 5A).
For more quantitative analyses, we used the MEFs derived

from Strip1 mutant embryos. Mutant MEFs were less spread than
controls, with an area only ∼40% (∼1,800 versus ∼4,600 μm2, P <
0.0001) that of control cells (Fig. 5 B and C). This contracted

phenotype of Strip1 mutant cells was similar to the phenotype
seen after Strip1 knockdown in several cell lines (14, 36) and was
consistent with the cell shape change in the endoderm (Fig. 4 A–C).
Cortical F-Actin was enriched in the Strip1 mutant cells compared
with control MEFs, perhaps contributing to the smaller cell area
(P = 0.0003; Fig. 5D), and the mutant MEFs were more circular

Fig. 4. Defects in mesoderm migration in Strip1 mutant embryos. (A–C) Cross-sections of E7.0–E7.5 WT and Strip1 mutant embryos. The region of the streak
is marked with a vertical line, the nascent mesoderm adjacent to the streak is marked by an arrow, and the mesodermal wings are indicated by arrowheads.
The asterisk (*) indicates nonspecific staining in the visceral endoderm cells. Note the variable thickness of the mesoderm layer and the cuboidal shape of
endodermal cells in the mutants (A–C). The extent of the interruption of the basement membrane (LAM), which marks the position of the primitive streak,
appears the same in the Strip1 mutants as in WT. (A) SNAIL1+ cells accumulate near the streak (arrows). (B and C) The E-CAD to N-CAD switch is normal in the
mutant embryos, but the N-CAD+ mesoderm wings are thicker (B) and accumulate near the streak (C). (D) Cross-sections of E8.5 WT and Strip1 mutant
embryos show a greater accumulation of mesoderm cells adjacent to the primitive streak than at earlier stages. The epiblast is marked by expression of SOX2
(red), SNAIL1 (green) marks the nascent mesoderm, and the position of the break in LAM (white) marks the position of the primitive streak. The SOX2 to
SNAIL1 switch is normal in Strip1 mutant embryos. n ≥ 6 embryos per genotype. Posterior is to the Right in A–C. The epiblast is at the top, and endoderm is
down in D. (Scale bars: 30 μm.)
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than control cells (P < 0.0001; Fig. 5E). The mutant MEFs had
about one-third as many focal adhesion contacts per cell as present
in control MEFs (an average of 85 versus 239 per cell; P < 0.0001;
Fig. 5F), as assayed by PAXILLIN (PXN) foci, and the average area
of each focal contact in mutants was more than double that of
control MEFs (4.7 ± 3.6 versus 2.0 ± 1.0 μm2; P < 0.0001) sug-
gesting that focal adhesions may be clustered.
We performed scratch healing assays on confluent MEF cul-

tures and recorded live videos of the cells migrating and closing
the gap (Fig. 6A and Movies S1 and S2). The Strip1 mutant
MEFs took ∼6–10 h (494 min) to close the scratch, ∼1.6 times
longer than control MEFs, which closed the scratch in 4–6 h
(307 min; P = 0.03) (Fig. 6B). The delay in closing the scratch
was due to a slower velocity of migration: the Strip1 mutant
MEFs migrated 30% more slowly than control cells on average
(0.40 versus 0.58 μm/min, P < 0.0001; Fig. 6C). A subset of Strip1
mutant MEF cells appeared to pause during migration, showing
no movement in higher fraction of the frames than in controls
(5% versus 1%, P < 0.0001; Fig. 6D). Even without including the
data from paused cells, the velocity of migrating Strip1 mutant
MEFs was significantly less than that of the controls (0.48 ± 0.24
versus 0.69 ± 0.41 μm/min; P < 0.0001). The migrating Strip1

mutant MEFs had ∼30% more filopodia-like and F-Actin–based
protrusions at the leading edge compared with controls (12.2 ±
4.7 versus 9.5 ± 3.3 per cell; P < 0.0001; n = 130 and 97 for
mutant and control, respectively).

Discussion
The data show that STRIP1 is required for normal migration of
the mesoderm in the mouse embryo. In the absence of STRIP1,
the full range of mesodermal cell types is specified, but both
paraxial and axial mesoderm fail to elongate in the anterior–
posterior axis. Because STRIP1 mutant mesodermal cells show
profound defects in cell shape, actin organization, focal adhe-
sions, and cell movement, we infer that STRIP1 acts in meso-
derm cells to promote cell migration and that normal mesoderm
migration is essential for the organization of the body axis. The
defect in the anterior–posterior extension of the mesoderm is
especially striking and suggests that STRIP1 has a central role in
the process of convergent extension of the mesoderm (37, 38).
The failure of axis elongation in Strip1 mutants is likely to be

due to the loss of the integrity of the STRIPAK complex, as the
only known role of STRIP1 is as a core component of the complex
(17). Mice carrying a targeted null mutation in mouse Strip2 (also

Fig. 5. Cell spreading, actin organization, and focal adhesion defects in Strip1mutant cells. (A and B) Immunofluorescent staining of mesodermal explants (A)
and MEFs (B) from control (Ctrl) and Strip1mutant (Mut) embryos using F-Actin (red, phalloidin) and VINCULIN (A, VIN in green) or PAXILLIN (B, PXN in green).
(C) Quantification of the cell area (in square micrometers) based on F-Actin staining. ****P < 0.0001; Ctrl, 4,610 ± 3,446 μm2, n = 84; Mut, 1,773 ± 1,456 μm2,
n = 123. (D) Quantification of cortical F-Actin fluorescence intensity, 4 μm from the cell edge normalized to that of the cytoplasm. ***P = 0.0003; Ctrl, 0.72 ±
0.51, n = 83; Mut, 1.01 ± 0.61, n = 137. The total cellular F-Actin intensity (arbitrary units) per square micrometer was not significantly different. P = 0.22; Ctrl,
3,251 ± 1,130; Mut, 3,081 ± 923. (E) Quantification of the circularity index. ****P < 0.0001; Ctrl, 0.22 ± 0.17, n = 84; Mut, 0.34 ± 0.17, n = 127. (F) Quantification
of the number of focal adhesions per cell based on PXN staining. ****P < 0.0001; Ctrl, 239 ± 214, n = 89; Mut, 85 ± 97, n = 135. All quantifications on MEFs
were performed on cells from four independent Ctrl or Strip1 Mut MEF lines. The data are presented as the mean ± SD. (Scale bars: 30 μm.)

Bazzi et al. PNAS | Published online December 4, 2017 | E10933

D
EV

EL
O
PM

EN
TA

L
BI
O
LO

G
Y

PN
A
S
PL

U
S

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713535114/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1713535114/video-2


known as Fam40b), the paralog of Strip1, are viable and fertile,
with physiological heart defects in older animals (39, 40). Thus,
STRIP2 has only a subtle function in vivo, despite the strong
phenotypes reported in cell-based knockdowns (14), whereas
STRIP1 has an essential, nonredundant function in the embryo.
In contrast, other components of the STRIPAK complexes are
likely to have overlapping roles; there are, for example, three mouse
Striatin genes and mutations in Strn3 lead to cardiovascular defects
in late in gestation (41). The dramatic phenotype caused by the
absence of STRIP1 in the early embryo suggests that STRIPAK is
likely to be a general regulator of cell migration that is used in both
development and tumor progression, as suggested by misexpression
of the components of the STRIPAK in tumors (14).
PP2A is likely to be a major effector of the STRIPAK complexes,

and mouse mutations have implicated PP2A in mesoderm cell
migration. Mouse embryos homozygous for a null allele of the

gene encoding one of the two PP2A catalytic subunits, Ppp2ca,
survive until after implantation but lack mesoderm (42, 43). Re-
cently, it was reported that a null mutation in the Aα scaffolding
subunit of the holoenzyme, encoded by Ppp2r1a, also causes em-
bryonic lethality at the time of gastrulation (44) and that the
classical mouse mutation tw18 (45) is caused by a deletion of the
Ppp2r1a gene. As originally described, tw18 homozygotes survive
past gastrulation, with an enlarged primitive streak and partial or
complete duplication of the neural tube. Another mutation in the
same complementation group, t9 (46), also causes lethality at
around E9 (47). Ultrastructural analysis of the mesoderm in early
t9 homozygotes defined specific defects in the organization of the
mesoderm and the structure of projections on mesodermal cells
(48), supporting a key role for PP2A in mesoderm migration.
Although not a core component of the STRIPAK complex,

the kinase MAP4K4 can associate with STRIPAK complexes

Fig. 6. Strip1mutant MEFs migrate slowly in scratch assays. Strip1 mutant cells take longer to close the scratch, move at slower velocities, and take more pauses
while migrating. (A) Snapshots fromMovies S1 and S2 showing the control (Ctrl) and Strip1mutant (Mut) MEFs at the beginning (0 h) and at 6 h after performing
the scratch. Dotted rectangles at 6 h indicate the zoomed images (Bottom row). Note the smaller area and protrusions of the mutant cells. (B) Quantification of
the time to close the scratch (in minutes) from Ctrl andMutMEF lines. Four independent MEF lines of each genotype were used. *P = 0.03; Ctrl, 307 ± 48min; Mut,
494 ± 155 min. (C) Quantification of the velocity of the cells (micrometer per minute) from three independent Ctrl or Mut MEF lines. ****P < 0.0001; Ctrl, 0.58 ±
0.21 μm/min, n = 219; Mut, 0.40 ± 0.15 μm/min, n = 255. (D) Quantification of the fraction of cases (in percentage) in which the cell showed no movement or
displacement between frames in the scratch assay. ****P < 0.0001; Ctrl, 1 ± 1%; Mut, 5 ± 5%. The data are presented as the mean ± SD. (Scale bar: 30 μm.)
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through binding to STRN4 (49). The morphology of embryos that
lack Map4k4 is strikingly similar to that of Strip1 mutants (50). Like
Strip1 mutants, Map4k4 (Nik) mutant embryos arrest before em-
bryonic turning at ∼E9.0, lack somites, and accumulate T+ and
Tbx6+ cells in a bulged primitive streak region, suggesting that the
two proteins may act in a common process. Loss of MAP4K4 from
endothelial cells or mouse skin epithelial cells impairs cellular mi-
gration by reducing the speed of focal adhesion disassembly (51, 52).
Knockdown experiments suggested that STRIP1 determines

the mode of cell migration in human epithelial cell lines through
the regulation of the contractility of the actomyosin cortex and
its connection to the plasma membrane (14). Knockdown or
overexpression of Strip1 in PC3 cells, a prostate cancer epithelial
cell line, led to cell spreading defects, indicating that the level of
STRIP1 is important for cytoskeletal organization and cell
spreading (36), consistent with our findings in fibroblasts.
The data show that STRIP1 is required for mesenchymal cell

migration and is enriched in cellular protrusions in mesenchymal
migrating cells. As a major proposed role for the STRIPAK
complexes is to compartmentalize the activity of the PP2A phos-
phatase and balance its activity with the associated kinases. we
suggest that the STRIPAK complex in embryonic mesenchymal cells
regulates the activity of PP2A to coordinate actin organization and
focal adhesions during the directed cell migration that is required for
elongation of the anterior–posterior body axis during embryogenesis.

Materials and Methods
Animals, Genotyping, and Mapping of the cinchy Mutation. The Strip1
knockout-first ES cell line (EPD0316_1_G03) was obtained from the
IKMC (Strip1tm1a(KOMP)Wtsi) (www.mousephenotype.org/data/alleles/MGI:2443884/
tm1a(KOMP)Wtsi). The null allele was generated by crossing Strip1tm1a(KOMP)Wtsi

mice to CAGG-Cre mice (53). Actin-FLP transgenic mice [B6.Cg-Tg(ACTFLPe)
9205Dym/J; Jax stock #005703] (54) were used to excise the gene trap and ob-
tain the Strip1+/fl (fl, floxed allele) conditional allele. Sox2-Cre transgenic mice
were used to delete Strip1 from all embryonic tissues excluding the extraem-
bryonic lineages (32). It is important to note that another Strip1 knockout-first
cell line EPD0316_1_A02 had a mixture of improperly targeted and correctly
targeted ESC clones, based on Southern blotting, and was not used in this
study. Phenotypes were analyzed in the FVB/NJ background. Genotyping was
carried out using standard PCR protocols. Animals were housed and bred
under standard conditions in accordance with Institutional Animal Care and
Use Committee (IACUC) guidelines. The Memorial Sloan Kettering Cancer Cen-
ter (MSKCC) IACUC and Landesamt für Natur, Umwelt, und Verbraucherschutz
Nordrhein-Westfalen (LANUV) approved the experiments.

To genetically map the cinchy mutation, which segregated with the FVB/N
DNA, the mice carrying the cinchy mutation were crossed to C57BL/10J. SNP
mapping narrowed down the interval containing the mutation to ∼0.3 Mb in
distal chromosome 3 (rs49331364: 107.384293 Mb to rs29591692: 107.748461
Mb), which harbors nine protein-coding genes. Using Sanger sequencing as well
as SOLiD next-generation sequencing (Thermo Fisher Scientific) of the entire
genomic interval identified a three-nucleotide (CTG) in-frame deletion in
exon 16 of the gene Strip1 leading to the deletion of one leucine (L) in a
highly conserved stretch of five leucines (amino acids 537–541).

Embryo Explant and Cell Culture. For embryo mesodermal explant cultures,
embryos were dissected at E7.5 and incubated in a pancreatin/trypsin mixture
on ice for 20min, and thegerm layerswere separated and cultured, as described
elsewhere (10, 13). The explants were cultured on fibronectin-coated chamber
slides (LabTek) at 37 °C with DMEM supplemented with 10% FBS and 1% peni-
cillin–streptomycin (Thermo Fisher Scientific).

MEFs were prepared from E8.5 embryos by removing the heart and trit-
urating before seeding onto gelatin-coated and cell culture-treated 12-well
plates. MEFs were cultured in the same media as above. Immortalized MEF
lines were derived from double-mutant embryos that lacked both Strip1 and
p53 (Trp53tm1Tyj null allele; The Jackson Laboratory; stock no. 002080) with
p53 mutant controls, and were used at passages 6–12.

Constructs, Immunofluorescence, Imaging, and Image Analyses. To generate
the wild-type and mutant STRIP1-GFP fusion proteins, the corresponding
Strip1 cDNA was PCR amplified from wild-type or mutant cDNA and subcloned
into a pEGFP-N1 vector using SacI (forward primer: TTAGAGCTCGTGTGGAGC-
AGCCAAGATGGAG) and XmaI (reverse primer: TTACCCGGGTTCTGCAGCAGC-

TCTTCCCAGGAA) restriction sites. Transient transfections of the plasmids were
carried out using Lipofectamine 2000 or 3000 (Thermo Fisher Scientific) accord-
ing to the manufacturer’s recommendations. Cryosections of embryos were
prepared using standard conditions (55). Immunofluorescence staining on whole
embryos, embryo sections, and cells was performed using 4% paraformaldehyde
fixation, 1× PBS, and 0.1% Triton X-100 wash buffer, appropriate-sera (10%)
blocking, and the corresponding primary antibodies overnight at 4 °C. Images
were obtained using Leica SP5 or SP8 confocal microscopes (Leica Microsystems)
unless otherwise stated. Confocal images were analyzed using the Volocity
software package (Improvision).

The mitotic index was calculated based on the ratio of phosphohistone-H3
(mitotic cells) and DAPI (total cells) stainings using the Cell Counter plug-in in
ImageJ (NIH). n = 3,000–4,000 cells (total) and 1,000–1,400 cells (mesoderm)
from two to three whole embryos of each genotype.

The scratch assay was performed on confluent cultures of the four in-
dependent MEF lines of each genotype grown on gelatin-coated 35-mm cell
culture dishes (Falcon). The scratches were performed using a sterile tip, and
the videos were captured using 4× objective fitted on a JuLi Br Live Cell
Analyzer (Peqlab) at 10-min intervals for 12 h. The experiment was per-
formed four times on different independent MEF lines. The cell velocity (in
micrometers per minute) was calculated from three independent lines of
each genotype in three independent experiments using the position of the
nucleus with the Manual Tracking plug-in in ImageJ and the Chemotaxis and
Migration Tool, version 2.0 (ibidi).

For the measurements in Fig. 5 of cell area, F-Actin, and focal adhesions,
the four independent lines of MEFs from each genotype were cultured on
gelatin-coated coverslips, and then stained with paxillin and rhodamine-
conjugated phalloidin and imaged under a 63×, 1.4 N.A. oil objective fitted
onto a Leica DM2000 wide-field microscope using a Leica DFC 450C camera. The
cell area and circularity measurements were performed using ImageJ. The total
cortical actin (4 μm from the cell edge) normalized to cytosolic actin was
quantified using the QuimP (version 17.06.02) plug-in in ImageJ. The number
and area of focal adhesions were based on paxillin staining and quantified as
described (56).

For the analyses of cellular protrusions, the four independent lines ofMEFs
from each genotype were cultured on ibidiTreat eight-well μ-slides fitted
with two-well silicone culture inserts, the inserts were removed 24 h later to
create a standardized gap, and then the cells were left to migrate into the
gap for ∼2 h to be fixed and stained with rhodamine-conjugated phalloidin
and GM130 (a Golgi marker to indicate the leading edge of migration). The
images were acquired under a 20×, 0.72 N.A. objective with 1.7× digital
zoom on a Leica SP8 and analyzed manually for protrusions at the leading
edge using ImageJ. A lamellipodium was counted as one cellular protrusion,
and most of the protrusions on the mutant MEFs were small filopodia.

LacZ Staining and in Situ Hybridization. β-Galactosidase activity was detected
and whole-mount in situ hybridization was performed on embryos following
standard methods (55). The Strip1 in situ probe was amplified with the
following primers: forward, AGAGGGCTGGAAAAGACCAT; reverse, AAAA-
CCCCACCATGACACC. The embryos were photographed using an HRC Axiocam
(Zeiss) fitted onto a Leica stereomicroscope (Leica).

Western Blot Analysis. Embryos were dissected in cold 1× PBS with 0.1%
Tween 20 and frozen at −80 °C to be lysed later in Laemmli buffer (Bio-Rad).
Western blots were performed according to standard protocols. The lumi-
nescent detection reaction was performed using ECL Plus or Prime reagent
(Amersham) according to the manufacturer’s recommendations.

Antibodies. The following primary antibodies were used in this study: mouse
anti-Snail1 (1/200; a kind gift from Antonio García de Herreros, Institut
Hospital del Mar d’Investigacions Mèdiques, Barcelona, Spain); mouse anti-
STRIP1 (clone 7G7; 1/1,000; Origene); rabbit anti-STRIP1 (1/5,000; Bethyl Labora-
tories); mouse anti-SOX2 (E-4; 1/2,000; Santa Cruz Biotechnology); rabbit
anti-pericentrin (1/3,000; Biolegend); rabbit anti-FOXA2 (1/200; Abcam);
goat anti-Brachyury (T; 1/500; R&D Systems); rabbit anti–N-Cadherin (1/100)
and rabbit anti-RAB11 (1/200; Cell Signaling); rabbit anti–phospho-histone
H3 (1/500; Millipore); from Sigma-Aldrich, rabbit anti-LAMININ (1/500) and
mouse anti-VINCULIN (1/200); from Thermo Fisher Scientific, rabbit-anti-GFP
(1/1,000; Life Technologies) and mouse anti-ZO-1 (1/200; Zymed); from BD
Biosciences, goat anti-SOX17 (1/200), mouse anti-E-Cadherin (1/400), mouse
anti-GM130 (1/1,000), and mouse anti-PAXILLIN (1/200). Rhodamine-conjugated
phalloidin (1/1,000) and secondary antibodies (1/1,000; Alexa Fluor 488, 568, 594,
633, or 647) were obtained from Thermo Fisher Scientific. HRP-conjugated
secondary antibodies for Western blots were from GE Healthcare and used
at 1/10,000.
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SEM. Embryos for SEM were dissected in 1× PBS at room temperature and
directly fixed in half-strength Karnovsky’s fixative (2% PFA, 2.5% glu-
taraldehyde, and 0.1 M cacodylate buffer) (Electron Microscopy Sciences)
overnight or longer at 4 °C and processed as previously described (57).
SEM embryos were observed using Zeiss SUPRA 25 FESEM.

Protein Alignment and Statistical Analysis. Multiple protein alignment was
performed using the Clustal Omega tool (EMBL) and the BoxShade server.
Two groups of data were compared using a two-tailed Student’s t test with a
cutoff for significance of <0.05 (Excel or Prism software; GraphPad). The
data are presented as the mean ± SD.
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