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Mutations in the human Filamin A (FLNA) gene disrupt neuronal
migration to the cerebral cortex and cause cardiovascular defects.
Complete loss of Flna in mice results in embryonic lethality with
severe cardiac structural defects involving ventricles, atria, and
outflow tracts, as well as widespread aberrant vascular patterning.
Despite these widespread developmental defects, migration and
motility of many cell types does not appear to be affected. Instead,
Flna-null embryos display abnormal epithelial and endothelial
organization and aberrant adherens junctions in developing blood
vessels, heart, brain, and other tissues. Essential roles for FLNA in
intercellular junctions provide a mechanism for the diverse devel-
opmental defects seen in patients with FLNA mutations.

adherens junctions � cardiovascular morphogenesis � angiogenesis � neural
crest � neuronal migration

F ilamin A (FLNA) is a widely studied actin binding protein
whose specific cellular roles remain uncertain. First identi-

fied by its ability to cross-link actin filaments (1, 2), FLNA binds
more than 30 diverse proteins (3, 4), but the physiological
processes underlying these interactions are largely unclear. Hu-
man FLNA loss-of-function mutations cause periventricular
heterotopia (PH), with abnormally migrated neurons present
near the lateral ventricle, deep beneath their normal locations.
PH is an X-chromosome-linked, male-lethal disease in which
affected females have seizures (5–7). Because a FLNA-deficient
cell line shows motility defects (8), PH has been interpreted as
a cell-autonomous migratory arrest. Subsequently, specific
FLNA missense alleles were associated with otopalatodigital
syndromes 1 and 2, frontometaphyseal dysplasia and Melnick–
Needles syndrome (9), although the effects of these missense
alleles remain elusive.

Cardiovascular defects are increasingly associated with the
loss of FLNA function in humans. Hemizygous males with FLNA
mutations die prenatally or survive after birth with cardiac
malformations, often dying postnatally from blood vessel rup-
ture (5, 6, 10). PH patients also display congenital cardiovascular
defects, such as patent ductus arteriosus, cardiac valvular anom-
alies, and a propensity for premature stroke or vascular disorders
(11). Some patients also show Ehlers Danlos syndrome with
vascular fragility and connective tissue defects, suggesting roles
of FLNA in heart and vasculature.

Here we show that Flna-null mice die at midgestation with
widespread hemorrhage from abnormal vessels, persistent trun-
cus arteriosus (PTA), and incomplete cardiac septation. Con-
ditional Flna knockout (KO) in the neural crest causes abnor-
malities of the cardiac outflow tract despite apparently normal
migration of Flna-deficient neural crest cells. Moreover, Flna-
null vascular endothelial cells display defects in cell–cell con-
tacts. Our data suggest cell motility-independent functions of
FLNA in cell–cell contacts and adherens junctions (AJs) during
the development of many organs.

Results
Loss of Flna Results in Embryonic Lethality. Given the lethal effects
of FLNA loss in human males, a conditional KO strategy was

used with loxP sites inserted into introns 2 and 7 of the mouse
Flna gene (Fig. 1A). Cre-mediated recombination deletes exons
3–7, producing a nonsense mutation with early Flna truncation
at amino acid 121. Targeted ES cell clones transfected with a
plasmid expressing Cre-recombinase-generated Flna f loxed [or
conditional KO (Flnac)] and Flna KO alleles (FlnaK) confirmed
by Southern and Northern blot analyses (Fig. 1 B and C).
Western blot analyses with antisera to N- and C-terminal
portions of FLNA detected no Flna protein in FlnaK/y ES cells
or FlnaK/y embryos, whereas Flnac/y ES cells or embryos showed
normal Flna levels (Fig. 1D). Two ES cell lines carrying Flnac

alleles were injected into blastocysts to generate conditional
FlnaK mice. These mice were crossed with a �-actin Cre line to
generate FlnaK/y (Flna-null) mice. Breeding of Flna f loxed
Flnac/c females with �-actin Cre males gave rise to Flna het-
erozygous KO females (FlnaK/w) but no postnatal male progeny
(of �100 wild-type and FlnaK/w analyzed), suggesting that males
lacking Flna died before birth.

Some FlnaK/w females showed normal development, but
�20% of FlnaK/w females died in the first 3–4 months with many
anomalies, including lung edema and emphysema, liver thrombi
and necrosis, leukocytosis, and heart dilation (data not shown).
FlnaK/w females were very poor breeders. FlnaK/w female mice
were mated with C57BL/6 males, 24% of females at weaning age
were FlnaK/w (50% expected), confirming embryonic or early
postnatal lethality in some FlnaK/w heterozygotes (Table 1).

Vascular Defects in Flna-Null Mice. Male FlnaK/y mice die by
embryonic day (E)14.5 (Table 1) with vascular defects, including
dilated s.c. vasculature, hemorrhage (Fig. 2A), and edema,
suggesting abnormal vascular permeability. In situ hybridization
at E9.5–E10.5 shows FLNA mRNA enriched in limb buds and
intersomitic vessels (data not shown). Flna-null blood vessels
were coarse and dilated, suggesting failure of vascular remod-
eling (Fig. 2 A and C). Immunostaining of E10.5 FlnaK/y embryos
with platelet–endothelial cell adhesion molecule (PECAM)
revealed abnormal intersomitic blood vessels. Whereas normal
intersomitic vessels do not penetrate somites (Fig. 2B), Flna-null
blood vessels extended aberrant branches and sprouts into
somitic tissues (Fig. 2B). PECAM immunostaining at E12 also
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showed disorganized and exuberant blood vessels in Flna-null
mutants (Fig. 2C). Nidogen immunostaining showed an intact
basement membrane in mutant blood vessels at E14, but vessels
were coarser and not remodeled into fine branches (Fig. 2D).
Together, these data showed abnormal angiogenesis in Flna-null
mice.

Severe Cardiac Defects in Flna-Null Mice. Flna-null mice showed
prominent abnormalities of cardiovascular outflow tract and

aortic arch, including PTA and interrupted aortic arch (in 13 of
13 Flna-null mice at E13.5–E14.5). The pulmonary artery and
aorta originate as a common vessel and then septate into distinct
outflow tracts arising from right and left ventricles, respectively.
PTA constitutes a single ‘‘overriding’’ outflow tract spanning the
two ventricles, an abnormal outflow tract valve, and a membra-
nous ventricular septal defect (VSD) of the superior ventricular
septum. At E12.5, FLNA mRNA is concentrated in the devel-
oping endocardial cushion, the cardiac outflow tracts, and the
endothelial layer of blood vessels (Fig. 3A). Whole-mount im-
ages and H&E-stained sections showed a type I PTA with a
single outflow tract overriding the right and left ventricles, an
abnormally thickened and malformed outflow tract valve, in-
complete septation of cardiac ventricles with a VSD, and the
pulmonary artery arising from the truncal vessel (Fig. 3 B and C).
The arch was interrupted between the left internal carotid and
the left subclavian arteries, a type B interruption (Fig. 3B). More
severe cardiac defects were seen in some Flna-null mice, with a
single ventricle or with both atrial septal defect and VSD (Fig.
3C), demonstrating that Flna is essential for cardiac morpho-
genesis.

Migration-Independent Neural Crest Cell Defect. Because Flna is
important in cell motility and migration, the cardiac defect may
result from a migration defect of neural crest cells, which are
essential for cardiac morphogenesis (12, 13). We used the
Wnt1-Cre transgenic mouse (14) to excise the Flnac allele
selectively in neural crest. Flnac/y Wnt1-Cre� males showed
milder defects than FlnaK/y males and survived until birth in
Mendelian ratios but died on the first postnatal day (Table 2)
with cyanosis indicating hypoxemia (data not shown). All (seven
of seven) Flnac/y; Wnt1-Cre� males analyzed showed abnormal
cardiac outflow tracts ranging from PTA to interrupted aortic
arch type B, similar to FlnaK/y mice, although less severe (Fig. 4
A and B). Thus, cell-autonomous defects in neural crest cells are
partly responsible for cardiac and aortic defects in Flna-null
mice.

To determine whether Flna-deficient neural crest cells were
migrating normally, we introduced the ROSA26-LacZ Cre
reporter allele into the Flnac/c mice (15) to mark Flna-deficient
cells by expression of �-galactosidase. The Flna-deficient neural
crest cells appeared to migrate normally with robust blue
staining in all neural-crest-derived tissues, including endocardial
cushion, cardiac outflow tract (Fig. 4 C and D), cranial vascu-
lature, and brachial arch derivatives. LacZ staining and intensity
in Flnac/y Wnt1-Cre� males was indistinguishable from wild-type
and Flnac/w Wnt1-Cre� female controls; no aberrantly migrated
or mislocalized stained cells were seen (Fig. 4 C and D),
suggesting that abnormal migration of neural crest does not
explain the cardiac defects in Flna mutants.

Normal Filamentous Actin (F-Actin) Structure, Motility, and Locomo-
tion of Flna-Null Cells. Because Flna is required for the mainte-
nance of F-actin in cell lines (8), we examined F-actin structure
in cells from Flna-null mice. Sections of Flna-null mice stained
with rhodamine phalloidin showed no differences in intensity

Fig. 1. Targeting strategy for Flnac and null mutations. (A) A Neo-TK cassette
flanked by loxP sites was inserted downstream of a 2.3-kb fragment contain-
ing exon 2 and intron 2 and upstream of an 8-kb fragment containing exons
3–11 of mouse Flna. A third loxP site was inserted into intron 7. The targeting
vector was transfected into ES cells to generate Flna-targeted clones (Step I).
Flna-recombinant ES cells were transfected with a Cre-recombinase-
expressing plasmid, selected for ganciclovir resistance, and screened for de-
letion of the Neo-TK cassette alone (Step II) or with exons 3–7 of Flna (Step III).
(B) A Southern blot analysis of Flna-targeted (FlnAT), FlnAK, and Flnac [con-
ditional KO (CKO)] ES cells is shown. Genomic DNA was digested with KpnI.
The Southern blot probe (P) is shown. The targeted Flna allele showed an
8.4-kb band instead of the 9.7-kb wild-type band. The 8.4-kb band reduced to
7.5 kb in the FlnaK allele and to 9.7 kb in the conditional allele. (C) Northern
blot analysis of Flna-null and conditional-null ES cells. The blot was probed
with N- and C-terminal portions of Flna cDNA. FlnaK cells showed a single Flna
mRNA with deletion of exons 3–7. (D) An immunoblot of Flna mutant ES cells
shows the deletion of Flna protein in the FlnaK allele and unaltered Flna
protein in the Flnac allele (CKO). The blot was probed with antisera against
peptides from mouse Flna N-terminal (anti-FLNA-N) and C-terminal (anti-
FLNA-C) sequences. The blot was also probed with Flnb antiserum, which
showed that Flnb expression is not increased in the absence of Flna. �-Tubulin
(Tub) was used as loading control.

Table 1. Null mutation of Flna results in embryonic lethality

Genotype E10.5–E11.5 E12.5 E13.5 E14.5 E15.5–E16.5 P0–P21

K/y 17 18 10(1d) 8(2d) 1(3d) 0
K/w 19 26 6 13 17 83
w/w � w/y 44 34 28 23 33 w/w,261;w/y,NC

Genotypes of embryos and pups from Flna heterozygous female and wild-type male crosses. K/y, Flna-null
males; K/w, Flna heterozygous females; w/w, Flna wild-type females; w/y, Flna wild-type males; (nd), the number
of dead embryos (not included in the main count) that were necrotic and partially resorbed; NC, not counted; Pn,
postnatal day n.

Feng et al. PNAS � December 26, 2006 � vol. 103 � no. 52 � 19837

G
EN

ET
IC

S



and structure of F-actin (data not shown). Flna-null mouse
embryo fibroblasts showed normal stress fibers and focal adhe-
sions revealed by Vinculin immunoreactivity (Fig. 5A) and
normal motility and membrane ruffling (data not shown).
Flna-null ES cells or neural progenitor cells differentiated in
vitro into neurons with long axons and normal growth cones (Fig.
5B). Flna-null vascular endothelial cells showed normal inten-
sity, architecture, and distribution of F-actin (Fig. 5C) and
apparently normal filopodia and membrane protrusions (Fig.
5C), suggesting that Flna’s essential roles may not relate to
F-actin polymerization or cross-linking.

Cell–Cell Junction Defects of Flna-Null Endothelial Cells. Further
analysis of Flna-null mice showed extensive defects in cell–cell
junctions that were particularly well seen in vascular endothelial
cells. PECAM immunostaining showed disorganized and dis-
continuous vascular endothelial cells in Flna-null mutants with
irregular morphology (Fig. 6A, arrows). Vascular endothelial-
Cadherin (VE-Cadherin) immunoreactivity, normally localized
to AJs between vascular endothelial cells, was reduced or absent
in Flna-null vessels (Fig. 6B), suggesting abnormal AJs and
weakened cell–cell contacts. Ultrastructural analysis confirmed
that mutant AJs were abnormal, being less electron-dense or
unidentifiable, with excessive membrane ruffles at sites where

AJs normally form (Fig. 6C). Abnormal AJs likely cause the
hemorrhage and edema in mutants.

The widespread cardiac septation defect in Flna-null mice also
appeared to result from aberrant endothelial cell organization in
remodeling of the endocardial cushion. Wild-type endothelial
cells at E12.5, labeled with NFATc1 and PECAM antibody,
formed a continuous endothelial lining. In contrast, Flna-null
endothelial cells were poorly organized, with clusters or multiple
layers and gaps in both the endocardial cushion and outflow tract
(Fig. 6D). F-actin, cell proliferation, and mesenchymal organi-
zation appeared normal in the mutant (data not shown), con-
sistent with abnormal organization of endothelial cells in Flna-
null mice.

Flna in Brain Development. The defective cell–cell contacts not
only are central to the cardiovascular defects in Flna mutants,
they also provide a plausible explanation for the heterotopic
neurons lining the ventricle in humans with FLNA mutations.
The Flna protein showed a polarized localization at the ventric-
ular surface, where neuroepithelial cells are connected by AJs
(Fig. 7A) (16), analogous to its localization in endothelial cells.
Although �-catenin, �-catenin, zonula occludens-1, and F-actin
were normally distributed (Fig. 7B and data not shown), VE-
Cadherin (Cadherin 5) lost its normal localization in Flna-null
progenitors (Fig. 7B). Analysis of Flna-null males was limited
due to early lethality, but a few surviving E14.5 mutants showed
a smaller but grossly normal brain with a thinner cortical plate
that was normally positioned (Fig. 7C). Flna-null neurons were
not arrested in the ventricular zone, and at least some migrated
to the cortical plate by E14.5, with no heterotopic neurons
observed (Fig. 7D). The lack of migratory arrest, together with
the aberrant VE-Cadherin localization in Flna-null neuroepi-

Table 2. Flna neural crest conditional knockout mice (c/y
Wnt-Cre) die at birth

Age c/y Cre� c/w Cre� c/y Cre�; c/w Cre�

Total/
no. of
litters

E17.5–E18.5 21 21 48 90/7
P0 13(6d) 26 30 69/7
P1–P1.5 0 41 57 98/11

Genotypes of embryos and postnatal pups from crosses between homozy-
gous Flna floxed (Flnac/c) females and Wnt1-Cre males. c/y Cre�, conditional
Flna Wnt1-Cre mutant males; c/w Cre�, conditional Flna Wnt1-Cre mutant
females; c/y Cre� and c/w Cre�, conditional Flna mice that lack Cre recombi-
nase; (nd), number of dead pups (not included in the main count); Pn,
postnatal day n.

Fig. 2. Vascular defects in Flna-null mice. (A) A dying E14 Flna-null mutant embryo and wild-type littermate. Note the widespread hemorrhage, dilated blood
vessels, and edema in the Flna-null (K/y) mouse. (B) Immunostaining of E10.5 mouse embryo with PECAM antiserum shows disorganization of vasculature in the
Flna-null mice (K/y). The red arrow indicates intersomitic vessels, and the black arrow indicates somites. Boundaries between somites and intersomitic vessels are
missing in the Flna-null mutant. (C) Immunostaining of a spinal cord with PECAM antiserum (in red) at E12. Note the abundant and exuberant blood vessels in
an FlnA mutant. Sections are costained with FITC-conjugated phalloidin (for F-actin in green) and Hoechst (in blue). (D) Immunostaining of E14 cortical ventricular
epithelium with antisera to Nidogen (in red). Blood vessels in the Flna-null brain are dilated but show intact basement membranes.

Fig. 3. Cardiac morphogenesis defects caused by Flna deficiency. (A) Flna
expression in E12.5 mouse embryos is seen in the endocardial cushion (pink
arrowheads); outflow tract (red arrowheads); and cardiac valves (yellow ar-
rowheads). (B) Heart images of Flna-null (K/y) and wild-type littermates at
E13.5 show the single outflow tract (PTA, indicated by the arrow) in the K/y
mice. The K/y heart displayed PTA and interrupted aortic arch type B, with
interruption between the left internal carotid artery and left subclavian artery
(asterisk). Wild-type hearts show a normal aortic arch (arrowheads). (C) H&E-
stained coronal sections of an Flna mutant heart (K/y) and of wild-type (Upper
Left) littermates at E13.5. All Flna mutant embryos displayed incomplete
septation of the ventricles (VSD, arrows) and outflow tracts (PTA, arrowhead).
A single ventricle is seen (Upper Right), and combined atrial septal defect–VSD
is seen (Lower Right).
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thelial cells, suggests that a loss of AJs in the brain may create
periventricular nodules due to disruption of the ventricular
lining (17, 18).

Discussion
We show that a loss of Flna results in disorganized vasculature,
defective blood vessels, misshapen endothelial cells, and abnor-
mal AJs, with widespread edema, hemorrhage, and embryonic
death. Flna-null embryos showed cardiac morphogenesis abnor-
malities involving septation failure of ventricles, atria, and
outflow tracts, leading to PTA, VSDs, and atrial septal defects.
The outflow tract defect in Flna-null embryos appears to result
partially from abnormal neural-crest-derived cells because ab-
lation of Flna in neural crest cells alone impairs outflow tract
remodeling, whereas lack of Flna in non-neural-crest cells likely
also contributes to these defects. Surprisingly, the morphogen-
esis defects seen with Flna mutation are not associated with
detectable defects in F-actin stability, cell motility, or migration
in a variety of cell types. Rather, abnormal cell junctions in Flna
mutant cells suggest an unexpected role for Flna in AJs.

FLNA and AJs. Despite literature linking Flna to migration (4), the
most striking cellular defect in Flna mutants is aberrant AJs.

Along with structural defects of AJs, reduced AJ protein VE-
Cadherin was seen in vascular endothelial cells and in neuroep-
ithelial cells. By regulating endothelial cell growth and contact
inhibition, paracellular permeability, and homophilic cell–cell
adhesion, AJs are essential for the organization of vessels during
angiogenesis (19). Stable AJs require integration of cell surface
proteins with intracellular partners that anchor the actin cy-
toskeleton. Flna may stabilize F-actin at AJs, or it may connect
membrane molecules to cytoskeletal complexes. Although Flna
deficiency alters VE-Cadherin, we did not observe changes in
other components of AJs, such as �- and �-catenins, the tight
junction protein zonula occludens-1, or other membrane mole-
cules, such as ephrin B (data not shown). Therefore, Flna may
act in parallel with catenins to allow AJ molecules to signal to
the actin cytoskeleton or may act as a molecular switch to
regulate actin dynamics at AJs. Although we cannot exclude that
other membrane molecules are also altered by Flna mutation,
the reduced VE-Cadherin in blood vessels and neuroepithelial
cells suggests a role of Flna in AJs.

The role of Flna in AJs links early, hemorrhagic phenotypes
and late vascular phenotypes of FLNA deficiency. Severe in-
competence of vascular AJs leads to early defects in vascular
patterning and integrity. On the other hand, FLNA heterozygous
females generally survive embryonic development but are sub-
ject to postnatal vascular syndromes, including early onset stroke
and aortic dissection (6). Because FLNA heterozygous females
are mosaics of cells expressing and not expressing FLNA due to
the X chromosome location of the gene, mosaic dysfunction in
Flna-null endothelial cells in females could explain the variable
clinical features.

Flna in Cardiac Morphogenesis. Flna is one of three filamin iso-
forms essential for normal development in humans (6, 9, 20, 21).
Flnb has some overlapping expression with Flna and could
provide functional redundancy in some cell types (22, 23).
Although Flnc is fairly specific to muscle cells (24), it expresses
in some nonmuscle cells during development (data not shown).

Fig. 4. Migration-independent neural crest defect in cardiac morphogene-
sis. (A) Heart images of Flna Wnt1-cre mutant males (C/y Cre�) and wild-type
or heterozygous female litter mates. C/y Cre� animals display PTA and inter-
rupted aortic arch type B, with interruption between the left internal carotid
artery and left subclavian artery (asterisk). (B) Pathological analysis (H&E stain)
demonstrated that the outflow tract of male Wnt1-Cre Flnac mice (c/y Cre�)
failed to septate, resulting in PTA (arrows). (C and D) Fate mapping of neural
crest cells using ROZA26LacZ Cre reporter, in which the Flna mutant cells were
visualized by expression of �-galactosidase. At E12.5, E14.5, and E16.5, Flna-
deficient cells distribute normally in neural-crest-derived tissues, including the
cardiac outflow tract and endocardial cushion (red arrows).

Fig. 5. Normal F-actin structure, motility, and locomotion of Flna-null cells.
(A) The immunofluorescence of mouse embryo fibroblasts from Flna-null
embryos and littermates at E12.5. Cells were stained with a monoclonal
antibody to Vinculin (in green) and costained with rhodamine-conjugated
phalloidin (in red), and Hoechst (in blue). (B) The immunofluorescence of
Flna-null neurons derived by differentiation of Flna-null ES cells with 0.5 �M
retinoic acid or from cortical neural progenitor cells. Cells were stained with
rhodamine-conjugated phalloidin to visualize F-actin in the neuronal growth
cone. Cytoskeletal structures in Flna-null neurons are indistinguishable from
wild-type neurons. (C) Flna-deficient endothelial cells identified by PECAM
immunostaining (in red). F-actin intensity and structure visualized with FITC-
conjugated phalloidin are similar in Flna-null and wild-type cells.
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Nonetheless, loss of Flna alone results in severe defects in the
heart and blood vessels, suggesting that Flna is essential for
cardiovascular morphogenesis.

Flna’s role in heart morphogenesis may involve multiple cell
types. Loss of Flna in the neural crest disrupted cardiac outflow
tracts, suggesting a cell-autonomous role of Flna in neural crest.
Although failure of outflow tract septation is a hallmark of the

ablation of premigratory neural crest cells (12, 13), Flna-
deficient neural crest cells showed apparently normal migration
and targeting into the distal endocardial cushion. Therefore, our
data demonstrate an Flna-dependent, postmigratory mechanism
that is essential for the differentiation and remodeling of neural
crest derivatives after they reach the target tissue.

Because Flna-null hearts are more severely malformed than
Flna Wnt1-Cre mutants, Flna has critical functions in non-
neural-crest cells as well as neural crest cells. Flna is expressed
highly in endothelial cells and endocardial cushion mesenchymal
cells, and Flna deficiency appears to affect the development of
the endocardial cushion, which normally generates the upper-
most segment of the interventricular septum. The disorganized
endothelial cells in the endocardial cushion in Flna-null mutants
suggest that Flna plays a role either in organizing endothelial
cells or in the interaction of endothelial and mesenchymal cells.

Flna in Brain Development. The requirement of Flna in AJs
provides an unexpected explanation for its roles in other tissues,
notably in brain. The localization of Flna at AJs between
neuroepithelial cells suggests that defects in AJs, rather than
requirements in migration, produce the accumulation of neurons
at the ventricular surface in humans with FLNA mutations. This
hypothesis is supported by the loss of the normal localization of
VE-Cadherin in Flna-null mice and by cases of males with FLNA
mutations (6, 7, 10). These males, some of which are born to
mothers with heterozygous FLNA mutations and who are hence
not somatic mosaics, show that many FLNA mutant neurons
successfully migrated to the cerebral cortex (10). Similarly,
viable FlnaK/w mice showed no neuronal heterotopia at 1–3
months of age. Nonetheless, �50% of FlnaK/w mice died before
weaning and variably to the extent of the contribution of
Flna-null cells to various tissues, including brain, may contribute
to this poor survival. Mutations in �Snap and ARFGEF2 also

Fig. 6. Defective AJs in Flna-deficient vascular endothelial cells. (A and B)
Immunostaining with PECAM and VE-Cadherin antibodies showing that blood
vessel endothelial cells are abnormally organized and that the intensity and
distribution of VE-Cadherin are altered in the Flna-null mice at E12.5. Sections
were costained with FITC-conjugated phalloidin (green) and Hoechst (blue).
Arrows show disorganized and atrophic endothelial cells. (C) The transmission
electron micrographs of capillary endothelial cells from Flna-null mice (K/y)
and wild-type littermates. Arrowheads indicate AJs between neighboring
cells. Note that the AJs in K/y endothelial cells are malformed with reduced
electron density. (Magnification: �1,000 or �2,500, respectively.) (D) Defec-
tive endothelial cell organization in Flna-null hearts. Sections of developing
hearts from Flna-null embryos and wild-type littermates at E12.5 show endo-
thelial cells labeled with a monoclonal antibody to NFATc1 (in red). White
arrowheads show endothelial cell clusters or multiple layers; green arrow-
heads indicate regions with absent or defective endothelial lining.

Fig. 7. Brain development defects of Flna-null mice. (A) Immunostaining
with a monoclonal antibody to Flna shows that Flna is concentrated at the
apical surface of neuroepithelial cells in developing cerebral cortex. (B) Im-
munostaining with VE-Cadherin antibody (red) indicated its absence from the
apical surface of the epithelial cells in cerebral cortex of Flna-null mice at
E12.5. Sections also were costained with FITC-conjugated phalloidin (in green)
and Hoechst (in blue). (C) Histological analysis of Flna-null mice (E14.5–E15)
shows that the mutant brain was smaller, with reduced thickness in cortical
plate and dilated blood vessels. (D) Immunostaining with Doublecortin (DCX)
antiserum showed newly generated cortical neurons in the intermediate zone
and cortical plate in Flna-null and wild-type brain, with no accumulation of
neurons in cortical ventricular zone in Flna-null mutant. VZ, ventricular zone;
IZ, intermediate zone; CP, cortical plate; MZ, marginal zone.
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result in periventricular neuronal nodules in mice and humans,
respectively (18, 25, 26), and both are required for membrane
trafficking. As neuroepithelial cell polarity regulates progenitor
cell fate (18, 27), defects of cell polarity and adhesion due to Flna
deficiency may alter progenitor proliferation and neurogenesis
and lead to the ectopic neuronal nodules in PH patients as well
as cytoarchitectural defects of cerebral cortex seen in some males
with FLNA mutations (10).

Methods
Flna Mutant Mice. Genomic fragments containing exon 2 to intron
2 (2.3 kb) and exons 3–11 (8 kb) of the mouse Flna gene were
cloned into a loxP targeting vector (28). A loxP site was inserted
into intron 7. Gene targeting in 129SvEv J1 ES cells was
performed as described (28). Two positive, karyotyped clones
were transfected with a Cre recombinase plasmid as described
(28) and screened for deletion of the Neo-TK cassette alone or
with exon 3–7 of Flna. Two Flnac clones were injected into
C57BL/6 blastocysts. Germ-line males crossed with wild-type
C57BL/6 females yielded heterozygous Flna floxed females,
which were crossed with �-actin Cre males followed with wild-
type C57BL/6 males to generate Flna heterozygous (FlnaK/w)
mice. FlnaK/w mice were bred with wild-type C57BL/6 males;
one-fourth of the offspring is predicted to be an Flna-null male.

Histology and Immunohistochemistry and Antibodies. Timed em-
bryos (E10–E17) were fixed with 4% paraformaldehyde. Paraf-
fin sections were stained with H&E. Frozen sections were
analyzed with antibodies to PECAM, VE-Cadherin, NFATc1
(BD Pharmingen, San Diego, CA), Nidogen (Calbiochem, San
Diego, CA), Doublecortin (29), �-smooth muscle actin (DCX
and �SMA, respectively; Sigma, St. Louis, MO), phosphohistone
H3 (Upstate, Billerica, MA), Flnb, and Flna (kindly provided by
T. Stossel and J. Hartwig) (30). At least three mutant and three

wild-type littermates were analyzed. In situ hybridization and
staining of E10.5 embryos with anti-PECAM/CD31 monoclonal
antibody MEC13.3 (BD Pharmingen) were performed as de-
scribed (23, 31).

Cell Culture and Immunostaining. Primary mouse embryo fibroblast
lines were immortalized from E12–E13 mouse embryos (32) and
analyzed in early passages (before postnatal day 5). Primary
vascular endothelial cells from E10 mouse embryos were di-
gested with 0.25% trypsin; plated on extracellular matrix gel
(Sigma); cultured overnight in Ham’s F12K medium with 10%
FBS, 0.1 mg/ml heparin, and 5 �g/ml endothelial cell growth
supplement (Sigma); and stained as described (6). Neural pro-
genitors isolated from E13 cerebral cortex were cultured as
neurospheres and differentiated into neurons as described (33).

Note. During the submission of this work, the Dilp2 mouse mutant with
a Flna point mutation that truncates the protein at Ig-like repeat 22 was
reported with cardiac defects (30), although vascular defects were not
reported. The Dilp2 mutant showed normal recruitment of cardiac
neural crest cells, but the postmigratory role of Flna in neural crest was
not shown. However, our findings of defective cell–cell contacts provide
a mechanism underlying the functions of FLNA and form a unifying
hypothesis for its roles in human disease.
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