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INTRODUCTION
Embryonic development requires complex events in morphogenesis
that are driven by changes in cell shape, migration, proliferation and
death. Although progress has been made in understanding some of the
mechanisms underlying morphogenesis (Lecuit and Lenne, 2007), our
knowledge is still limited. During early development of the ocular
lens, a region of surface ectoderm adjacent to the optic vesicle thickens
to form the lens placode. This placode then invaginates in
coordination with the presumptive retina and forms the lens pit and
optic cup. This relatively simple morphogenesis event serves as a
useful model with which to study the mechanisms involved.

There is a strong case that the genes required for fate decisions
during induction of the lens placode are closely linked to the
morphogenesis machinery. For example, mice mutant for Pax6
(Grindley et al., 1995; Ashery-Padan et al., 2000; Smith et al., 2009),
Bmp7 (Wawersik et al., 1999) or the Fgf receptor adaptor Frs2a
(Gotoh et al., 2004) all show failure of lens fate acquisition coupled
to a failure of morphogenesis. Although the phenotype of the Bmp7
and Frs2a2Fmutants is variable (Wawersik et al., 1999; Gotoh et al.,
2004), either germline or presumptive lens conditional mutation of
Pax6 gives a very consistent failure of lens placode invagination
(Grindley et al., 1995; Ashery-Padan et al., 2000; Smith et al., 2009)

that contrasts, for example, with lens placode conditional deletion
of Sox2, in which invagination is still initiated (Smith et al., 2009).
These observations raise the possibility of identifying components
of the morphogenesis machinery that provide the crucial links to
inductive pathways.

The individual epithelial cells within the prospective lens pit
undergo a cell shape change from cylindrical to conical during
invagination, in which the apical circumference of the cell is reduced
(Hendrix and Zwaan, 1974). This shape change, known generally as
apical constriction (AC), is a characteristic shared with the
prospective mesodermal cells of a gastrulating Drosophila embryo,
as well as with the neuroepithelial cells that contribute to the hinge-
point region during neural tube closure (Lecuit and Lenne, 2007).
The driving force behind AC is the activation of apical non-muscle
myosins (Dawes-Hoang et al., 2005), which induce contraction of
actin-myosin complexes and reduce the apical area. Analysis of
Drosophila gastrulation has determined that non-muscle myosin
activation during AC is triggered by Rho kinase (Rok), which is
activated and apically concentrated by RhoGEF2 and Rho1 (Barrett
et al., 1997; Hacker and Perrimon, 1998; Nikolaidou and Barrett,
2004; Dawes-Hoang et al., 2005; Kolsch et al., 2007). In vertebrate
morphogenesis, the requirement for non-muscle myosin-driven AC
has been demonstrated (Haigo et al., 2003; Hildebrand, 2005; Lee
and Harland, 2007); however, the mechanisms that regulate its
activity are less well defined than in Drosophila.

A potent inducer of AC in vertebrates is the cytoskeletal protein
Shroom3. Shroom3 is an actin-binding protein that is both necessary
and sufficient to induce AC during neural tube closure in frogs and
mice (Haigo et al., 2003; Hildebrand, 2005; Lee et al., 2007). Shroom3
loss-of-function in frogs and mice results in the accumulation of F-
actin at the base of the cell and a failure of AC (Hildebrand and
Soriano, 1999; Haigo et al., 2003). Shroom3 AC activity, which is
both Rho kinase- and non-muscle myosin-dependent, has been
mapped to the ASD2 domain of Shroom3, a region that also binds and
recruits the Rho kinases Rock1 and Rock2 (Hildebrand, 2005;
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SUMMARY
Embryonic development requires a complex series of relative cellular movements and shape changes that are generally referred to
as morphogenesis. Although some of the mechanisms underlying morphogenesis have been identified, the process is still poorly
understood. Here, we address mechanisms of epithelial morphogenesis using the vertebrate lens as a model system. We show that
the apical constriction of lens epithelial cells that accompanies invagination of the lens placode is dependent on Shroom3, a
molecule previously associated with apical constriction during morphogenesis of the neural plate. We show that Shroom3 is
required for the apical localization of F-actin and myosin II, both crucial components of the contractile complexes required for
apical constriction, and for the apical localization of Vasp, a Mena family protein with F-actin anti-capping function that is also
required for morphogenesis. Finally, we show that the expression of Shroom3 is dependent on the crucial lens-induction
transcription factor Pax6. This provides a previously missing link between lens-induction pathways and the morphogenesis
machinery and partly explains the absence of lens morphogenesis in Pax6-deficient mutants.
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Nishimura and Takeichi, 2008). Although this domain is found in all
members of the Shroom protein family (Shroom1-4), only Shroom3
is capable of inducing AC (Dietz et al., 2006). Other shared domains
in this family include a PDZ domain, which is dispensable for AC, and
the ASD1 domain, an actin-binding region implicated in cellular
localization of Shroom3 (Haigo et al., 2003; Hildebrand, 2005; Dietz
et al., 2006). Although its function has not been investigated, Shroom3
also possesses a proline-rich sequence (FPPPP or FPn) that matches
the consensus binding site of the EVH1 domain-containing proteins
(Hildebrand and Soriano, 1999; Ball et al., 2002). It is presumed that
another domain within Shroom3 is also required for its AC function
because the ASD2 domains from other Shroom proteins can induce
AC when fused to a large region containing the ASD1 and proline-
rich domains of Shroom3 (Dietz et al., 2006). Further analysis of the
Shroom3 domains is necessary to understand the mechanisms of
Shroom3 function.

Members of the Mena/Vasp family of proteins are also implicated
in vertebrate AC (Roffers-Agarwal et al., 2008). This family, which
comprises vertebrate homologs of the Drosophila protein Enabled
(Ena), is involved in many examples of actin dynamics, including the
assembly of actin filament networks (Krause et al., 2003). In
Drosophila, morphogenesis of epithelial tissues is disrupted and, as
for Shroom3mutants, the accumulation of apical actin is lost in ena
mutants (Baum and Perrimon, 2001; Gates et al., 2007; Gates et al.,
2009). Xena, the Xenopus homolog of Ena, is apically enriched in the
neural plate and is required for neuroepithelial AC, neural tube closure
and apical actin enrichment (Roffers-Agarwal et al., 2008). Similarly,
gene-targeted mice with different allelic combinations of its three Ena
homologs, Mena (Enah – Mouse Genome Informatics), Vasp and Evl,
also have neural tube closure defects and mislocalization of actin in
the neuroepithelium (Menzies et al., 2004; Kwiatkowski et al., 2007).
These data are consistent with a role for Mena/Vasp proteins in
facilitating the localized apical assembly of actin filaments in epithelia
undergoing AC. Interestingly, the Mena/Vasp proteins, via their EVH1
domain, bind to proteins that contain the proline-rich consensus found
in many actin-associated cytoskeletal proteins (Hildebrand and
Soriano, 1999; Ball et al., 2002). Currently, it is not known how
Ena/Vasp proteins are apically localized during vertebrate AC.

In the present study, we utilized a mutant gene-trapped mouse line
with a disruption in Shroom3 [the Shroom3Gt/Gt allele (Hildebrand
and Soriano, 1999)] to determine whether it is required for lens pit
cell AC. Cell shape analysis revealed that the cells within the lens
pit of these mutants fail to fully apically constrict, resulting in
smaller and misshapen lens pits. Mutant lens pits also displayed a
redistribution of F-actin, similar to what is observed with Shroom3
and Ena/Vasp loss-of-function mutations (Hildebrand and Soriano,
1999; Haigo et al., 2003; Menzies et al., 2004; Roffers-Agarwal et
al., 2008). Because of the similarity in phenotypes and the potential
for Shroom3 and Ena/Vasp proteins to interact, the function of the
proline-rich EVH1-binding domain was examined. We showed that
this domain is essential for Shroom3-mediated AC and apical Vasp
recruitment. It was also determined that Shroom3 expression in the
prospective lens is dependent on Pax6, thus defining a link between
inductive signaling and the morphogenesis machinery. Together,
these data provide novel insights into mechanisms of epithelial
morphogenesis and, more specifically, of lens pit invagination.

MATERIALS AND METHODS
Animal maintenance and use
Mice were housed in a specific pathogen-free vivarium in accordance with
institutional policies. A gestational age of 0.5 days was defined as the day of
detection of a vaginal plug [embryonic day (E) 0.5]. At specific gestational

ages, fetuses were removed by hysterectomy after the dams had
been anesthetized with isoflurane. Shroom3Gt/Gt mice [in full,
Shroom3Gt(ROSA)53Sor] have been described previously (Hildebrand and
Soriano, 1999).

Electroporation
Chicken embryos were obtained from standard pathogen-free (SPF)
fertilized chicken eggs (Charles River Laboratories) following incubation
in a humid environment at 37.5°C for ~45 hours (stage 11). Live embryos
were removed via filter paper rings centered around the embryo and placed
on a bed of thick albumin and overlaid with M199 media (Mediatech)
supplied with 1% Penn/Strep (Mediatech). Exogenous expression was
achieved by first mixing plasmid DNA (1-3 mg/ml) with particles of Fast
Green FCF (Sigma, F7252) to visualize the DNA solution, pipetting the
DNA using a pulled glass needle and mouth pipette (Sigma, A5177) into the
space immediately adjacent to the presumptive lens, placing an electrode
(BTX, 45-0116) on either side of the head and applying five 30-millisecond
pulses (100 milliseconds between each pulse) of 20 volts using a BTX ECM
830 electroporator. Embryos were returned to the incubator and analyzed
20-24 hours later.

Xenopus experiments
Ectopic lenses were induced by injecting Pax6mRNA into the animal pole
of half the blastomeres of two- or four-cell embryos as described previously
(Altmann et al., 1997; Chow et al., 1999). Shroom3 in situ hybridization and
animal cap assays were performed as previously described (Lee et al., 2009).

Immunofluorescence
Immunofluorescence (IF) labeling of cryosections was performed as
described (Smith et al., 2005). The primary antibodies used were: anti-b-
catenin (1:500, Santa Cruz, sc-7199), anti-ZO1 (1:500, Invitrogen, 61-7300),
anti-myosin IIB (1:5000, Covance, PRB445P), anti-Pax6 (1:1000, Covance,
PRB-278P), anti-Flag (1:500, Sigma, F1804), anti-V5 (1:500, Invitrogen,
46-0705) and anti-Vasp (1:1000, Cell Signaling, 3132). Alexa Fluor
secondary antibodies were used at 1:1000 (Invitrogen, A10680, A-11012,
A-11001, A-11019, A-21207). The Shroom3 (1:1000) and Vasp (1:1000)
specific rabbit polyclonal antibodies used for staining cryosectioned
embryos were generous gifts from Jeff Hildebrand (Hildebrand, 2005) and
Frank Gertler (Menzies et al., 2004), respectively. Phalloidin (Invitrogen,
A12381, A12379) staining to visualize F-actin was at 1:1000. For
visualization of nuclei, sections were counterstained with Hoechst 33342
(Sigma, B-2261). Whole embryo staining was performed in the same
manner as for the cryosections.

Immunofluorescence quantification
Apical/basal ratios of phalloidin and myosin II staining were calculated from
drawing a line along the apical and basal membranes of stained 10 m
cryosections using ImageJ v1.33 (NIH). The signal intensity of every pixel
along the drawn line was tabulated and averaged and expressed as a ratio for
each lens pit. The ratios for at least 11 lens pits were averaged. The IF
intensity along the apical/basal axis for Shroom3-, phalloidin- and Vasp-
stained cryosections was determined using ImageJ. The average IF profile
was quantified by first normalizing to the average IF intensity of each image,
normalizing to cell height, and calculating the average pixel intensity along
the apical/basal axis for at least 25 cells from four or five lens pits. Statistical
significance was determined by Student’s t-test.

Shape/area quantification
Cell profiles were traced and compiled from images of phalloidin- and b-
catenin-stained 10 m cryosections using Photoshop CS4 (Adobe). Width
measurements along the apical/basal axis and the height of every lens pit cell
within a mid-pit cryosection from at least six different embryos of each
genotype were taken using Axiovision (Zeiss). Only cells positive for the
transgene in electroporated chicken lens pit cells were quantified. Apical
area quantification was performed using images of phalloidin/ZO1-stained
whole embryos, tracing the apical areas in Photoshop and using ImageJ
v1.33 to measure the traced areas. Statistical significance was determined
by Student’s t-test. Analysis of lens pit curvature was performed as
previously described (Chauhan et al., 2009).
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DNA constructs/transfection
To generate Flag-tagged Shroom3 (Shroom3-Flag), the ~1500 bp
EcoRI/NotI-digested fragment of pCS2-Shroom3 (generously provided by
Jeff Hildebrand) was replaced with a PCR fragment [produced using the
following primers (5� to 3�): CAGAATTCCCAGGGTGATTGG, GAT -
TACAAGGATGACGACGATAAGTAGTCGCCGGATCCTCTAGAACT
and CTACTTATCGTCGTCATCCTTGTAATCAAGAGGAGAGG TCA -
ACGTTG] that contained the same sequence plus the Flag tag sequence.
Shroom3DFPn was generated by replacing a ~2100 bp AgeI/NotI fragment
from pCS2-Shroom3 with a PCR product generated from two rounds of
PCR and primers that skipped over the consensus EVH1-binding site
(GTGAATGGCACAGATCAAGCCCTGTGTGAG, CTCACACAGG -
GCTTGATCTGTGCCATTCAC, GTTACCGGTCACAGCTTGCC and
CCGCGGCCGCGAATTAAAAAACCTC). The dominant-negative
chicken Shroom3 (DN-cShroom3-V5) and dominant-negative mouse Mena
(DN-Mena-V5) constructs were generated by inserting a PCR product,
generated from chicken or mouse embryonic cDNA (SuperScript RT
Kit, Invitrogen) and the primers CACCATGGGGAG GAGCC GG -
CTCAGCTCT and GTGGGATCGCTCCCTGAGCAG (DN-cShroom3-
V5) or CACCATGAGTGAACAGAGTATCTGTC and TGAATTTAA -
CACTTCTAAGGCA (DN-Mena-V5), in frame into the pcDNA3.1/V5-
His-TOPO-V5 vector (Invitrogen). For transient transfections, MDCK cells
were grown to ~30% confluency and transfected with 1 g of plasmid DNA
using Lipofectamine reagent as per the manufacturer’s instructions (TransIT-
293, Mirus).

RESULTS
Shroom3 is required for apical constriction during
lens placode invagination
It has been established that invagination of the lens placode to form
a lens pit is accompanied by a transition in epithelial cell shape from
cylindrical to conical (Hendrix and Zwaan, 1975). Since Shroom3
is known to impose AC and thus a conical shape on epithelial cells

(Haigo et al., 2003), it was an excellent candidate for involvement
in lens pit invagination. To determine whether Shroom3 is expressed
during morphogenesis of the lens, we performed two analyses. First,
as the mouse Shroom3Gt locus splices lacZ into the Shroom3
transcript, we could use X-gal staining as a reporter of Shroom3
transcription. In E10.0 and E10.5 Shroom3+/Gt embryos stained with
X-gal, reporter activity was observed prominently in the lens pit
(Fig. 1A,B) and at a lower level in the presumptive retina at E10.5
(Fig. 1B). Immunofluorescence (IF) labeling showed that Shroom3
was localized at the apex of the epithelial cells that make up the lens
pit (Fig. 1C,D).

Embryos mutant for Shroom3 showed defects in lens
morphogenesis and reduced AC. At E10.5, control embryos
visualized in whole-mount showed a lens pit region that had
invaginated (Fig. 1E). In Shroom3Gt/Gt embryos at E10.5, the region
of the lens pit was smaller and of irregular shape (Fig. 1F).
Shroom3Gt/Gt and control embryos at 23, 27 and 28 somites were
labeled in whole-mount for F-actin and for the tight junction protein
ZO1 (Tjp1 – Mouse Genome Informatics) to mark the apex of the
lens pit cells. The lens placode or pit ectoderm was then visualized
en face (Fig. 1G-J) and the apical areas of the cells measured (Fig.
1K). This showed, as expected, that the apical area was decreasing
in control mice during this phase of invagination (Fig. 1K, gray
bars), whereas Shroom3Gt/Gt embryos showed an increased apical
area and thus reduced AC. These data showed that Shroom3 is
required for AC in the lens.

It has been observed previously that in Shroom3-deficient cells,
F-actin and myosin II complexes are reduced at the apex of the cell
(Hildebrand and Soriano, 1999; Hildebrand, 2005). This has led to
the suggestion that one function of Shroom3 is to direct actin-
myosin contractile complexes to the cell apex, where they can
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Fig. 1. Shroom3 is expressed in the invaginating lens pit and is required for apical constriction. (A,B)X-gal staining of cryosections through
the lens pit of Shroom3+/Gt mouse embryos indicating expression of Shroom3 mRNA. (C,D)Immunofluorescent staining of cryosections of wild-type
embryos indicating Shroom3 protein localization. lp, lens pit; pr, presumptive retina. (E,F)Whole-mount view of the eye region of control (E) and
Shroom3 homozygous mutant (F) embryos. The lens pit is outlined (dashed line). (G-J)Surface view of 28-somite (~E10.0) control (G,I) or Shroom3
homozygous mutant (H,J) lens placode immunofluorescently stained with a ZO1 antibody (red) and phalloidin (green) to identify apical junctions
between cells. Lens pit invagination is first detectable at 28 somites. I and J are magnifications of the bracketed area in G and H, respectively.
(K)Quantification of the apical area per cell for lens pit cells from control (gray) and Shroom3Gt/Gt (green) embryos that were somite-staged as
indicated. One-way ANOVA analysis was performed to generate P-values and indicate statistical significance. NS, not significant.
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mediate AC (Hildebrand and Soriano, 1999; Haigo et al., 2003;
Hildebrand, 2005). In control embryos at E10.5, F-actin (Fig. 2A,D)
in the lens pit epithelium was concentrated at both the apical and
basal surfaces. The quantity of F-actin complex at the apex was
higher, as indicated by an apical/basal quantification ratio of 1.5
(Fig. 2G). In Shroom3Gt/Gt embryos at E10.5, both mildly (Fig.
2B,E) and severely (Fig. 2C,F) affected embryos showed a change
in the distribution of F-actin, in which the basal intensity appeared
either equal to (Fig. 2B,E) or greater than (Fig. 2C,F) the apical
intensity. Quantification confirmed this, with an apical/basal F-actin
labeling ratio of 0.95 (Fig. 2G). A similar redistribution of myosin
II was observed within the lens pit epithelial cells of Shroom3Gt/Gt

embryos at E10.5 (Fig. 2H-N).
The overall shape of the lens pit in Shroom3Gt/Gt embryos was

abnormal (for example, Fig. 2B), being V-shaped rather than of
smooth curvature (Fig. 2A). The average change in lens pit shape
among many embryos was documented using a quantitative analysis
of curvature (Fig. 2O), as performed previously for other mutants
(Chauhan et al., 2009). This showed that the Shroom3Gt/Gt lens pit
has regions of low curvature (Fig. 2O, blue lines) that correspond to
straight stretches of epithelium (Fig. 2I, blue lines) and that these
straight stretches are separated by epithelial bends of very high
curvature (Fig. 2O,I, green lines). We have recently shown that
filopodia join the presumptive lens and retina and help coordinate
invagination (Chauhan et al., 2009). These filopodia might provide
an explanation for the lens pit invagination in the Shroom3Gt/Gt

mutants in which the cylindrical-to-conical shape transition is
defective (see Discussion). Regardless, reduced AC (Fig. 1) and
increased basal actin and myosin II accumulation (Fig. 2) suggest
that in the setting of the lens pit, the basic function of Shroom3 is
likely to be similar to that previously documented (Hildebrand and
Soriano, 1999; Haigo et al., 2003; Hildebrand, 2005).

The reduced apical area of the lens pit epithelial cells of
Shroom3mutants (Fig. 1) suggested that we might detect changes
in cell shape consistent with a failure to transition from
cylindrically to conically shaped cells. To assess this, we labeled
cryosections of control and Shroom3Gt/Gt lens pits for F-actin and
b-catenin (Fig. 3A-D) so that cell borders were easily detected,
and generated a series of cell shape profiles by manual tracing
(Fig. 3E,F). The cell profiles were placed on a grid (Fig. 3E,F) and
cell width and height measurements taken and presented
graphically (Fig. 3G-I). This showed that, consistent with
measurements of apical area (Fig. 1), lens pit cells in the Shroom3
mutant had a significantly increased apical width (Fig. 3G,I). The
Shroom3 mutant lens cells did not differ from control cells with
respect to basal width, but were significantly shorter (Fig. 3G,I).
These changes are consistent with a function for Shroom3 in the
elongation and apical constriction of cells (Haigo et al., 2003;
Hildebrand, 2005; Lee et al., 2007).

Shroom3 is known to mediate AC and elongation in cells of the
Xenopus neural plate (Haigo et al., 2003; Lee et al., 2007) and is
likely to have a highly conserved function throughout the vertebrates
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Fig. 2. F-actin and myosin II are mislocalized in the lens pits of Shroom3 mutant embryos. (A-F,H-M) Cryosectioned E10.5 lens pits from
control or Shroom3Gt/Gt mutant mice labeled with phalloidin to visualize F-actin (A-F) or with an antibody specific to myosin II (H-M). D-F and K-M
are magnifications of the indicated regions of A-C and H-J, respectively. The blue and green lines in I refer to regions of distinct curvature in control
and Shroom3Gt/Gt lens pit as quantified in O. lp, lens pit; pr, presumptive retina. (G,N)Quantification of F-actin (G) and myosin II (N) labeling
intensity along the apical and basal surfaces of the lens pit in E10.5 control and Shroom3Gt/Gt embryos. *, P<0.05 by Student’s t-test.
(O)Quantification of rate of change of curvature along the basal surface of control (gray line) and Shroom3Gt/Gt (red line) lens pits. Regions where
the mutant shows lower than normal curvature (blue lines) or higher than normal curvature (green line) are indicated.
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(Hildebrand and Soriano, 1999; Nishimura and Takeichi, 2008). To
determine whether Shroom3 activity was conserved in the avian
lens, we performed electroporations of both the wild-type and a
dominant-negative form of Shroom3 in the chick lens pit.
Electroporation was performed at stage 11 and the embryos allowed
to develop until about stage 19, by which time the lens pit has
normally invaginated. Cell shape was analyzed as for the mouse
Shroom3mutant with the exception that, in conjunction with F-actin
labeling, GFP or the epitope-tagged Shroom3 protein was detected
with antibodies as a way of defining cell shape. In this experiment,
we normalized for cell height and measured cell width over the
apical-basal axis.

When a GFP construct was electroporated, GFP-expressing cells
were readily detected within the lens pit epithelium (Fig. 3J).
Measurements of cell width (Fig. 3L, gray line) indicated that the

average cell within the chick lens pit has an apical dimension of ~14
m and an apical/basal ratio of 0.36 (Fig. 3M, gray). Electroporation
of a Shroom3 construct resulted in no significant change in the
absolute cell dimensions at either the base or the apex (Fig. 3L) and
in an apical/basal ratio of 0.44/0.820.53. Thus, for both these
controls, lens pit epithelial cells were apically constricted. By
contrast, dominant-negative Shroom3 resulted in cells with an apical
dimension of ~32 m. This resulted in an apical/basal ratio of
0.76/0.850.91, indicating that the cells had largely failed to apically
constrict. Consistent with changes observed in the Shroom3mutant
mouse lens pit, chick lens pit cells electroporated with the dominant-
negative Shroom3 construct frequently showed accumulation of
basal actin (Fig. 3K, arrowheads). These data indicate that both the
AC and F-actin-recruitment activity of Shroom3 is conserved in
avians.
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Fig. 3. Shroom3-deficient embryos have altered lens pit cell shapes. (A-D)Representative images of b-catenin (red) and phalloidin (green)
labeled lens pit cryosections from control and Shroom3Gt/Gt mouse embryos. The boxed areas in A and C are magnified in B and D, respectively.
(E-I)Outlines of individual lens pit cells were traced (dashed white lines) and cell profiles placed on a grid (E,F) to permit quantification of cell width
at seven evenly spaced positions (G). Cell height was also quantified (H) and an average cell shape calculated (I). In I, the average cell dimensions are
indicated relative to the basal dimension of the control cell. This shows that the Shroom3Gt/Gt lens pit cell is shorter and less apically constricted than
in the control. (G,H)Error bars are s.e.m.; *, P<0.05. (J,K)Chicken lens pits were electroporated with a GFP- or V5-tagged dominant-negative
chicken Shroom3-expressing plasmid. Cryosections were immunofluorescently labeled with phalloidin to visualize F-actin and with GFP or V5
antibodies. Positive cells are outlined (dashed white line). Arrowheads indicate ectopic basal actin. Gray lines between panels indicate that the
panels are separated color channels of the same image. (L)Quantification of cell width along the apical/basal axis of chicken lens pit cells expressing
GFP (gray, control), Shroom3-Flag (blue), DN-cShroom3-V5 (red) or Mena-dn (green). The error bars are s.e.m. The green asterisks indicate a
significant difference between Mena-dn and GFP and the red asterisks a significant difference between DN-cShroom-V5 and GFP (P<0.05). (M)The
average shape of cells expressing the indicated transgene is depicted with the relative change in apical and basal cell width. NS, not significant.
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The Shroom3 FPn domain mediates apical
constriction
Shroom3 is a multi-domain protein that can interact with and/or
recruit components of the cytoskeletal machinery, including actin
and Rho kinase (Rock1/2) (Hildebrand and Soriano, 1999; Lee et al.,
2007; Nishimura and Takeichi, 2008; Taylor et al., 2008). Shroom3
also possesses a proline-rich sequence (FPn) that matches the
consensus binding sequence of the Mena/Vasp family of proteins
and raises the possibility that there might be an interaction between
the FPn-binding (EVH1) domain of Mena/Vasp and Shroom3 (Fig.
4A,C). The biological rationale for this hypothesis is also strong, as
Shroom3, Mena and Vasp are all implicated in events of
morphogenesis, such as in neural tube closure that requires AC
(Hildebrand and Soriano, 1999; Menzies et al., 2004; Kwiatkowski
et al., 2007; Roffers-Agarwal et al., 2008).

Among the four mammalian Shroom proteins only Shroom3 can
induce AC and, although this activity has been localized to its ASD2
domain, it is clear that additional domains within Shroom3 are also
required (Dietz et al., 2006). Amino acid sequence alignment
revealed that the FPn domain within Shroom3 perfectly matches the
consensus binding sequence of EVH1 domains and is unique among
the four mammalian Shroom proteins (Fig. 4B) (Ball et al., 2000;
Ball et al., 2002). To determine whether the FPn domain of Shroom3
is required for AC, we transfected wild-type Shroom3 and the FPn
deletion mutant into MDCK cells (Fig. 4D). AC activity was
assessed by measuring the cell area at the apex and confocal
reconstruction of a z-axis image revealed the localization of
Shroom3 and ZO1, an apical marker (Fig. 4D). Shroom3 induced
AC, but the FPn domain deletion mutant showed greatly suppressed
activity (Fig. 4D,E).
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Fig. 4. The FPn domain of
Shroom3 is required for apical
constriction and apical Vasp
localization. (A)The wild-type and
mutant mouse Shroom3 proteins
used. (B)Alignment of the amino
acid sequences of human (h),
mouse (m) and chicken (c) Shroom
proteins in the proline-rich (FPn)
motif region. The consensus
binding site for the Mena/Vasp
EVH1 domain is indicated (shaded
orange, below the alignment: x, any
amino acid; f, hydrophobic amino
acid). The red box indicates the
amino acids that are deleted in the
Shroom3DFPn mutant. (C)The
domain structure of mouse wild-
type Mena, dominant-negative
Mena (Mena-dn), Vasp and Evl.
(D)MDCK cells were transiently
transfected with the indicated
plasmid(s) and immunofluorescently
labeled to detect protein expression.
Cells were co-labeled with ZO1 to
detect apical junctions. Apical
structures are detected in the xy
plane, whereas the apical-basal axis
is visualized in the xz plane.
(E)Quantification of the average
apical area for cells expressing the
indicated proteins. Error bars are
s.e.m. (F)MDCK cells were
transiently transfected with
Shroom3-Flag or Shroom3-DFPn-
Flag and immunofluorescently
stained to visualize ectopic
Shroom3 and endogenous Vasp. As
in D, apical structures are detected
in the xy plane, whereas the apical-
basal axis is visualized in the xz
plane. Hoechst 33258 labeling was
used to visualize nuclei.
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The requirement for the FPn domain implies that an interaction
with, or recruitment of, Mena/Vasp might be necessary for AC. To
determine whether interfering with Mena/Vasp function can inhibit
Shroom3-induced AC, a dominant-negative form of Mena (Mena-
dn), consisting of only the EVH1 domain, was co-transfected with
Shroom3 into MDCK cells. The EVH1 domain is capable of
inhibiting Mena/Vasp function both in vitro and in vivo
(Vasioukhin et al., 2000; Eigenthaler et al., 2003). When Mena-dn
was co-transfected with wild-type Shroom3, the AC of transfected
cells was also suppressed (Fig. 4D,E). To determine whether
interfering with Mena/Vasp function in vivo would inhibit AC in
the invaginating lens, Mena-dn was electroporated into the
prospective lens pits of chicken embryos (Fig. 3L,M). Mena-dn-
positive cells had an average apical width of ~37 m and an
average apical/basal ratio of 1.02, which differ significantly from
control cells with an average width of ~14 m and an average
apical/basal ratio of 0.36, indicating that these cells failed to
undergo AC (Fig. 3L,M).

Apical Vasp accumulation is dependent on
Shroom3
The malformed neural tubes of Shroom3 mutants and of
Mena/Vasp-deficient mouse or frog embryos have mislocalized F-
actin. Because of this similarity and the dependence of Shroom3
function on the FPn domain, we investigated the possibility that
apical Vasp localization is dependent on Shroom3.
Immunofluorescent labeling of E10.5 mouse lens pits demonstrated
that as with Shroom3 and F-actin (Fig. 5A,B), Vasp is strongly
localized to the apex of cells within the lens pit (Fig. 5C,D). Co-
staining for Shroom3/F-actin and Vasp/F-actin revealed that the
strong immunofluorescent signal of all three is apically co-localized
(Fig. 5A-D, merge). When analyzing Vasp immunofluorescent
labeling in Shroom3Gt/Gt lens pits we observed that the intense
apical Vasp signal is consistently reduced or absent (Fig. 5E,F). The
levels of Shroom3 (Fig. 5G), F-actin (Fig. 5H) and Vasp (Fig. 5I)
labeling throughout the cells of wild-type and Shroom3Gt/Gt lens pits
were also quantified by analyzing the normalized pixel intensity
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Fig. 5. Apical Vasp localization is reduced in the Shroom3 mutant lens pit. (A-F)Cryosections of control (A-D) and Shroom3 mutant (E,F)
mouse lens pits labeled with phalloidin to visualize F-actin, Hoechst to mark nuclei, and with antibodies specific to Shroom3 or Vasp. The indicated
regions of A, C and E are magnified in B, D and F, respectively. Single-channel and merged images are shown in each row. (G-I)Quantification of
labeling intensity for Shroom3 (G), F-actin (H) and Vasp (I) in control (gray lines) and Shroom3Gt/Gt (green lines) lens pit epithelial cells along a basal-
to-apical line interval. Statistical significance between the control and mutant was determined for each value along the axis using Student’s t-test
and subtracted from 1. The pixels with values above 0.95 (P<0.05) are indicated by the blue line.
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along the apical/basal axis of individual cells within the lens pit.
Consistent with our earlier F-actin quantitation (Fig. 2G), we
observed a decrease apically and an increase basally in F-actin
labeling in Shroom3Gt/Gt lens pits (Fig. 5H). On average, the Vasp
staining profile was not significantly different basally; however,
there was a significant reduction in staining intensity at the apical-
most region of the cell, whereas subapically there was a significant
increase (Fig. 5I). Similarly, when we assessed the localization of
endogenous Vasp protein in MDCK cells, we found that its
localization at the cell apex was induced by Shroom3 but was
absent when the FPn domain was deleted (Fig. 4F). Together, these
data demonstrate that apical Vasp accumulation is dependent on the
FPn domain of Shroom3.

Pax6 is necessary and sufficient for Shroom3
expression in the developing lens
The homeodomain transcription factor Pax6 is known to play a
crucial role in eye development (Grindley et al., 1995). Pax6 also
has an essential cell-autonomous function in the early lens (Fujiwara
et al., 1994; Ashery-Padan et al., 2000; Collinson et al., 2000; Smith
et al., 2009). One of the features of mouse embryos in which Pax6

is deleted from the presumptive lens is a complete failure of lens
placode invagination (Smith et al., 2009). This raised the possibility
that Shroom3 expression might be dependent on Pax6.

To examine this, mice were generated that were heterozygous for
the Shroom3 mutant allele and homozygous for the small eye
mutation (Pax6Sey/Sey). This eliminates functional Pax6 and results
in a complete lack of eye development. In contrast to Shroom3Gt/+

embryos (Fig. 6A,B), X-gal staining of E10.5 Pax6Sey/Sey;
Shroom3Gt/+ mutant embryos revealed a complete lack of Shroom3
expression in the surface ectoderm where the lens normally
invaginates (Fig. 6C). X-gal staining in the optic vesicle (Fig. 6C)
showed that Shroom3 dependence on Pax6 is limited to the
prospective lens. To ensure that the loss of Shroom3 expression was
not indirectly caused by a lack of Pax6 function in the optic vesicle,
mice deficient for Pax6 expression specifically in the surface
ectoderm via tissue-specific Cre recombinase-mediated deletion
were immunofluorescently labeled for Shroom3. At E9.5, Shroom3
expression is normally first detected apically in surface ectoderm
specifically in the region of the lens placode (Fig. 6I). When Pax6
was deleted from the surface ectoderm using Le-Cre or AP2a-Cre
(compare Fig. 6N,O with 6M), lens morphogenesis was inhibited
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Fig. 6. Pax6 is necessary and sufficient for Shroom3 expression in the lens. (A-C)Shroom3 expression from the lacZ promoter trap allele was
assessed in control (A,B) or Pax6Sey/Sey (C) mouse embryos by X-gal staining. (D-G)Control or Pax6 mRNA-injected Xenopus embryos were assayed
for Shroom3 expression by in situ hybridization. Arrowheads indicate ectopic Shroom3 expression. (H)RNA was isolated from animal caps derived
from control or Pax6 mRNA-injected Xenopus embryos and analyzed by RT-PCR using primers specific to Xenopus Shroom3 or the housekeeping
gene Ef1a. (I-L)Control mouse embryos (I) or those conditionally deficient for Pax6 (Le-Cre; Pax6flox/flox; AP2a-Cre; Pax6flox/flox) (J,K) or Sox2 (AP2a-
Cre; Sox2flox/flox) (L) in the surface ectoderm were cryosectioned and labeled for Shroom3. (M-P)Pax6 expression in E10.5 wild-type or conditional
mutant mouse lens pits as assessed by immunofluorescence. Hoechst 33258 labeling was used to visualize nuclei. lpl, lens placode; ple,
presumptive lens ectoderm; lp, lens pit; pr, presumptive retina.
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and Shroom3 expression absent at E9.5 (Fig. 6J,K). By contrast,
surface ectodermal deletion of Sox2, another transcription factor
important for lens development (Smith et al., 2009), did not affect
Shroom3 or Pax6 placodal expression (Fig. 6L,P). To determine
whether Pax6 is sufficient for Shroom3 expression, Pax6 mRNA
was injected into early Xenopus embryos, a procedure that has
previously been demonstrated to induce the formation of ectopic
eyes and lenses (Altmann et al., 1997; Chow et al., 1999). Embryos
were then analyzed for Shroom3 expression by in situ hybridization
(Fig. 6D-G). Control embryos did not produce ectopic lenses and
Shroom3 expression was observed at low levels in the developing
eye, otic vesicle, branchial arches (Fig. 6D,F) and in the lens at stage
25 (Fig. 6F). Pax6-injected embryos produced regions of intense
Shroom3 expression that were likely to represent ectopic lenses (Fig.
6E,G, arrowheads). The relatively intense in situ labeling of ectopic
Shroom3 compared with that of the endogenous lens might be a
consequence of abnormally high transcriptional activation of
Shroom3 and perhaps of differential probe accessibility. RT-PCR
analysis of animal caps derived from Xenopus embryos injected with
control or Pax6 mRNA also demonstrated an increase in Shroom3
expression (Fig. 6H). Together, these data demonstrate that Pax6 is
both necessary and sufficient for Shroom3 expression in the
developing lens.

DISCUSSION
The results presented here indicate that Shroom3 is required for cell
shape change within the lens pit during a critical stage of epithelial
morphogenesis. The lens pit of Shroom3mutant embryos is smaller
and misshapen, presumably owing to the reduction in cell height and
lack of AC. The Shroom3 mutant lens pit, in contrast to the wild-
type, shows regions of straight epithelium consistent with a
complete lack of AC. However, despite this, invagination does
occur. Recently, we described a role for filopodia that span the inter-
epithelial space between the lens pit and developing retina in
coordinating lens pit and optic cup morphogenesis (Chauhan et al.,
2009). These filopodia function as physical tethers and actively
regulate inter-epithelial distance. In mutants without these filopodia,
lens pits are shallow and have a disrupted morphology suggesting
that invagination forces are transmitted from the optic cup. Thus, it
is likely that the invagination of the lens pit in Shroom3Gt/Gtmutants
is a consequence of the action of the filopodia that tether
presumptive lens and retina. The lens pit bending that does occur in
Shroom3Gt/Gt mutant embryos might be a result of the abnormal
stresses that arise when the absence of AC and the consequent lack
of epithelial curvature work in opposition to the action of the
filopodia in pulling the lens pit down into the optic cup. Once the
appropriate tools become available, it will clearly be of interest to
determine whether the absence of filopodia on the Shroom3Gt/Gt

mutant background results in a flat, non-invaginated lens placode.
The AC activity of Shroom3 is Rho kinase-dependent and is

localized within its ASD2 domain, a region that interacts with
Rock1/2 (Hildebrand, 2005; Nishimura and Takeichi, 2008).
Interfering with the endogenous Shroom3-Rock1/2 interaction
disrupts chicken neural tube morphogenesis. However, it is currently
unknown whether this interaction is required for lens pit
invagination. Shroom3 is apically localized within the lens pit at the
onset of invagination, a time and place coincident with Rho kinase
activity in apically constricting epithelia. Interestingly, applying a
Rho kinase inhibitor to chicken embryos can inhibit lens pit
invagination (data not shown), suggesting that Rho kinase activity
is required. In addition, RhoA, a Rho GTPase capable of activating
Rock1/2, is apically localized within the chicken lens pit (Kinoshita

et al., 2008). It is therefore reasonable to speculate that Shroom3
regulates AC in the lens pit in part through its interaction with
Rock1/2. The mechanisms by which Rho kinases are activated once
recruited by Shroom3 are yet to be determined.

Both F-actin and myosin II are mislocalized in Shroom3 mutant
lens pits, where there is a reduction apically and, frequently, an
increase basally. Mislocalization of F-actin and myosin II is also
observed in the neural tube of Shroom3-deficient mice and frogs
(Hildebrand and Soriano, 1999; Haigo et al., 2003; Hildebrand,
2005). One of the requirements of AC is the presence of an apical F-
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Fig. 7. A model: Pax6-dependent expression of Shroom3 in the
lens pit induces apical constriction and facilitates placodal
invagination. A model illustrating Shroom3 activity is an important
component of the morphogenesis mechanisms required for
invagination of the lens pit. (A)The activity of Shroom3 becomes
important at ~E9.5, just prior to lens pit invagination. (B)At this time,
inductive signaling that involves Fgf receptor signaling via the Frs2a
adapter (blue), Bmp7 signaling (orange) and the Meis transcription
factors (gray), results in the transcriptional upregulation of Pax6 via the
EE and SIMO control elements. In turn, Pax6 is required, directly or
indirectly, for the expression of Shroom3 and engagement of the
machinery that results in apical constriction in lens pit epithelial cells.
(C)It is likely that Shroom3-induced apical constriction is one of several
mechanisms of morphogenesis that combine to achieve placodal
invagination and the formation of a lens pit at E10.5.
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actin/myosin network, and disruptions in morphogenesis often
accompany mutants that affect this network (Lecuit and Lenne,
2007). It is likely that the mislocalization of F-actin and myosin II
in Shroom3mutants is partially responsible for the failure of normal
AC. Similar to the Shroom3 mutants, Mena/Vasp doubly
homozygous mutants have neural tube closure defects and an
accumulation of basal actin (Menzies et al., 2004). The similarity in
phenotypes and the presence of the FPn domain in Shroom3
suggests that the Mena/Vasp proteins are apically recruited by
Shroom3 and facilitate the apical accumulation of F-actin in
invaginating lens pit cells. Consistent with this idea, Shroom3 is
both necessary (Fig. 5) and sufficient (Fig. 4D) for apical Vasp
localization. The level of apical Vasp observed in wild-type lens pit
cells is significantly reduced in the Shroom3 mutant. However,
subapically there appears to be a trend towards higher levels in the
mutant than in the wild type. In the absence of Shroom3, it is
possible that the Vasp protein that is normally recruited to the apex
now resides in the subapical region of the cell.

Chimeric protein analysis of all four Shroom proteins (Shroom1-
4) has demonstrated that the ASD2 domain of each is capable of
inducing AC provided that it is linked to the N-terminus of
Shroom3. However, the full-length Shroom1, 2 and 4 proteins
cannot induce AC themselves, suggesting that a domain within the
N-terminus of Shroom3 is also required for AC. We have
demonstrated that the proline-rich EVH1 consensus domain within
Shroom3 is required for AC (Fig. 4B) and, not surprisingly, the N-
terminus region of Shroom3 utilized in the chimeric protein analysis
included the proline-rich domain. A stretch of proline residues
preceded by a phenylalanine is present in both Shroom3 and
Shroom4, but not in Shroom1 and Shroom2. Shroom3 and Shroom4
differ at position 5 in this domain, a position that requires a proline
for EVH1 domain binding (Ball et al., 2000; Ball et al., 2002).
Because Shroom4 possesses an arginine instead of a proline at this
position and Shroom1 and Shroom2 completely lack this domain, it
is unlikely that they interact with EVH1 domain-containing proteins.
In light of the fact that this domain is required for Shroom3-induced
AC, the absence of this domain in other Shroom proteins potentially
explains why they cannot induce AC.

Expression analysis revealed that surface ectoderm expression
of Shroom3 is restricted to the lens placode at E9.5 (Fig. 6I) and
that prior to this stage, expression is not detected (data not
shown). This localized expression suggested that Shroom3 might
have a role in regulating cell shape and invagination
morphogenesis, as we have demonstrated. However, this regional
expression also suggested that lens-induction signaling (Lang,
2004) might result in Shroom3 upregulation. This conjecture was
confirmed with the observation that various types of Pax6-
deficient embryo, including homozygous Pax6Sey (Grindley et al.,
1995) and presumptive lens-conditional Pax6flox/flox (Ashery-
Padan et al., 2000; Smith et al., 2009) mutants, all failed to
upregulate Shroom3. Furthermore, Pax6 gain-of-function
experiments in Xenopus that are known to produce ectopic lenses
(Altmann et al., 1997; Chow et al., 1999) resulted in the ectopic
expression of Shroom3. These data make a strong case that,
directly or indirectly, Shroom3 expression is Pax6 dependent. This
is the first example of a mechanistic link between the inductive
signaling and morphogenesis machineries in the lens.

It is also constructive to compare the consequences of Pax6 and
Sox2 conditional deletion in the presumptive lens. Both of these
transcription factors are known to have an important role in the early
stages of lens development (Inoue et al., 2007; Smith et al., 2009),
but the consequences for lens placode invagination are distinct.

When Pax6 is deleted from the pre-placodal ectoderm, invagination
is never observed. By contrast, conditional deletion of Sox2 results
in the formation of a lens pit, albeit shallow. This corresponds very
closely to the failure of Shroom3 expression in the Pax6mutant and
normal Shroom3 expression in the Sox2 mutant. As discussed
above, placodal invagination clearly requires the cooperation of
several morphogenesis mechanisms. It will be very interesting to
understand which of these, like Shroom3 expression, are dependent
on Pax6 and which are dependent on Sox2.
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