to B-2-microglobulin mRNA. *p<0.05, **p<0.01(n=3).

Figure 4

Soft x-ray features of the transplanted complexes. A: 1 week after transplantation of
control complex (GS-B/COFs). B: 1 week after transplantation of GS-B/BMP-2/COFs.
C: 2 weeks after transplantation of control complex (GS-B/COFs). D: 2 weeks after

transplantation of GS-B/BMP-2/COFs. E: 2 weeks after transplantation of GS-B/BMP-2.

Figure 5

Hi‘stology of transplanted complexes. A-F and H are undecalcified sections and G is
decalcified paraffin section prepared as described in Materials and Methods. A:
Histology of transplanted control complex (GS-B/COFs) after 1 week of thé
transplantation. Note that mineralized GS-f (brown to black) and non-mineralized GS-
(pink) are observed, but no ALP-positive cells are observed. B: Histology of
transplanted GS-B/BMP-2/COFs complex after 1 week of the transplantation. Note that
ALPépositi\?e cells (blue) are observed around mineralized GS-B/bone (brown to black).
C, D: Histology of transplanted GS-B/BMP-2 complex after 2 weeks of the
transplantation. ALP-positive cells (blue) are observed around mineralized bone (brown
to black). D is a higher magnification of C. E, F: Histology of transplanted
GS-p/BMP-2/COFs complex after 2 weeks of the transplantation. Note that Numerous
ALP-positive cells (blue) are observed around mineralized bone (brown to black). G:
Histology of decalcified section of the transplanted GS-B/BMP-z/COFs complex after 2
weeks of the transplantation. Numerous osteocytes are embedded in bone matrices.

Hematoxylin and eosin stain. H, I: Cartilage appeared in the transplants of GS-B/BMP-2
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complex (H) and GS-B/BMP-2/COFs coimplex (D) after 2 weeks of the transplantation.

Alcian blue stain. Bars: 100pmin A, B, Cand E, 50 ymin E, 25 yumin D, F, G, Hand L.

Figure 6

Localization of ALP-positive cells and GFP-positive cells in the ectopically formed
bones at 2 weeks after transplantation of GS-p/BMP-2/COFs complex. GFP-positive
cells were monitored before staining both ALP and von Kossa. Blue cells in A and C
are ALP-positive cells, and mineralized bone is shown in brown. Pictures of B and D
were taken by fluorescence microscopé. Green cells in B and D are GFP-positive cells.
Red arrows indicate the cells showing both positive for ALP and GFP, and yellow
arrows indicate the cells showing GFP-positive but ALP-negative. Pink asterisks

indicate the rests of GS-B. Bars indicate 20um.
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1. ','Introduction

The skeleton of vertebrate limbs develops from limb buds
that are 1n1t1ally composed of undlfferentlated mesenchymal
cells covered by ectoderm. The skeletal pattern is predeter-
mined during a relatively early phase of limb development
by pre cartilaginous  condensation, in which mesenchymal
cells are recruited to form aggregates (Capdevlla and Izpisua
Belmonte, 2001; Niswander, 2003; Tickle, 2002). The molecular
mechanisms governing condensation are not fully under-

stood, though several genes have been implicated in this pro-

cess (Delise et al,, 2000; Hall and Mlyake, 2000). Mesenchymal
cells differentiate into connective tissues including tendons,
ligaments, and chondrocytes, wh1ch form carulage templates
based on the limb skeleton (Francis-West et al., 2003; Oldfield
and Evans, 2003). Outgrowth of the limb skeleton is regulated
by the coordinated expansion and differentiation of chondro-
cytes in the growth plate through a process known as endo-
chondral ' ossification. . During endochondral- ‘ossification,

chondrocytes proliferate, undergo hypertrophy and die; the

last of which deposit bone on remnants of the cartilage ma-
trix (Erlebacher et al;; 1995; Karsenty, 2003; Kronenberg, 2003).

During limb development programmed cell death (PCD) of
1nterd1g1tal mesenchyme is a predictable process for digit sep-
aration in vertebrate species with free digits, and is controlled
by a vanety of signals. that result in distinct temporal and
special ‘areas ‘in - which cells die
and Covarmblas 2011) Among the variety of signals involved
in 1nterd1g1tal programmed cell death (ID-PCD), bone morpho-
genetic protems (Bmps) play p1vota1 roles, and are required to

- separate digits and prevent. soft tlssue syndactyly (Robert, . -
2007) Bmps, 1nclud1ng Bmp2, Bmp4 and Bmp7, are involved .

in early pattermng (Basuda et al;; 2009; Maatouk et-al., 2009;

Pizette et-al;, 2001), as well as bone and cartilage formanon

. (Hernandez Mamnez‘

Several studies have shown that Cdc42 plays important
roles in chondrocyte biology, including chondrogenesis, chon-
drocyte prolit’eran’on hypei'trophy, and apoptosis (Wang and
Beier, 2005; Woods et al., 2007b). Furthermore, a recent com-
prehensive examination of the role of Cdc42 in osteoclast reg--
ulation in mouse models found that. Cdc42 regulates the
receptor actlvator of nuclear factor kappa-B ligand (RANKL)
mediated bone resorption process (Ito et al., 2010). However,
little is known about the functlon of Cdc42 in chondrogenesis
in vivo and during limb development. To investigate the roles
of Cdc42 at various stages of limb patterning and skeletogen--
esis, we used a well- charactenzed transgene in which Cre-
recombmase is expressed under the control of the Prx1 limb

* enhancer (Logan et al, 2002) This transgene expresses Cre

very early inlimb development resulting in complete recom-
blnatlon of floxed alleles in early hmb bud stages. We prev1-

member, in mouse hmb bud mesenchyme by use of a condl-

uonal floxed allele of Racl and the Prx1-Cre transgene led to

‘ skeletal deformmes inthe autopod and soft tissue syndactyly,

with the latter caused by a complete absence of ID-PCD.
Those ﬁndmgs in Racl conditional knockout mice (Ract;
Prxi-Cre) indicate crucial roles for Racl in limb bud morpho-
genesis; espec1ally ID-PCD (Suzuk1 etal, 2009).

In the _present study, Cdc42 - conditional ‘knockout mice

: (Raclﬂ’ﬂ Prx1- -Cre) showed short limbs, caused by a failure of
‘endochondral OSSIﬁCBtIOI’l, and syndactyly, caused by fusion

of metacarpals and fallure to remove interdigital limb mesen-
chymal cells by PCD Our findings suggest that Cdc42is essen-

‘tal for chon

(Macias et al., 1997; Pizette et al., 2001; Zou et al., 1997), joint  inacti

spec1ﬁcatlon (Merino et al,, 1999) and PCD signals for both the
ectoderm of the apical ectodermal ridge (AER) and mesoderm :

(Robert 2007). Homeobox genes, including. the Msx genes

Msx1 and Msx2, downstream targets of BMP 51gna11ng, are ex-

pressed in the major areas of PCD in developing limbs; which
indicates that they have roles as positive regulators of PCD
(Chen and Zhao, 1998 Ovchinnikov et al,, 2006)

The Rho family of small GTPases are molecular switches

that control a wide vanety of s1gna1 transductton pathways
in all eukaryotic cells (Blshop and Hall, 2000). RhoA, Racl,
and Cdc42 are the best charactenzed members of small Rho
GTPases, of Wthh Cdc42 plays plvotal rolesin regulatmg actin
cytoskeleton cell polarity, microtubule dynarmcs membrane
transport pathways, and transcription factor activity (Bur-

ridge and Wennerberg, 2004; Etienne-Manneville and Hall, -

2002). Recently, the ‘in vivo functions of Cdc42 were demon-

strated using tissue-specific Cdc42 knockout mice (Cdc42 con- -

ditional knockout mice), as Cdc42 global knockout mice show
embryonic lethality and die before embryonic day (E) 7.5
(Chen et al, 2000; Heasman and Ridley, 2008; Melendez
et al, 2011). Cdc42-null embryonic stem cells show defects
in organization of the actin cytoskeleton, including a failure
of filopodia forrna'aon (Chen et al,, 2000).

: t(ﬂoxed) mutatior

_mice, Cdc42ﬂ’ﬂ rmce) were crossed with mice expressing Cre

" recombinase under the control of a Prx1 limb enhancer to ob-

*tain- Cdedo*; _Prx1-Cre mice. Then, Cdc42'/*; Prx1-Cre mice
~ males were crossed with Cdcaof females to obtain Cdcd2™:

- used as controls,

:usmg Prx1- Cre mice (E g' 1A) since no Cdc42~/~ offspnng were
: born and no Cdc42 /- 'embryos were recovered early in -

embryogenes1s (Chen et -al,, 2000). Mice with a conditional
in both alleles of the Cdc42 gene (Cdc42 flox

Prx1-Cre mice, while Cdc42ﬁ/ﬂ mice from thls crossmg were

To verify recombmanon of the Cdc42 condmonal allele by

Cre leading to the Aexon2 allele of the Cdc42 gene, we used

PCR and Western blot analyses of genomic DNA and protein
isolated from hmb buds at E12.5 (Fig. 1B), and E11.5 and
E12.5 (Fig. 1C) To 1nvest1gate the expression patterns and lev-

“els of Cdc42 in Cdc42™ and Cdc42™; Prx1-Cre mice, we per-
: formed whole-mount  in situ hybndlzatlon analysis using

limb buds obtamed at E115 E125 ‘and- E13.5." A distinct

. expression of Cdc42 Was observed in the interdigital region
~ of the Cdc42ﬂ/ﬂ limb buds at E12 5 and E13.5. However, that
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Fig. 1 - Generation of Cdc42 conditional knockout mice. (A) Schematic drawing of targeting strategy for production of Cdc42
conditional knockout mice. Different primers (F1, R1 and R2) were used for PCR assessment of Cdc42 exon2 deletion (Aexon2).
(B) Samples for PCR were obtained from Cdc42™f and Cdc42/f; Prx1-Cre limb buds obtained at E12.5. Gonditional allele-specific
(F1-R1; 162 bp) and Aexon2 allele-specific (F1-R2; 350 bp) bands were detected. A band for the Prx-1-Cre transgene (Cre) was
detected only in Cdc42™/%; Prx1-Cre embryos. (C) Westem blot analysis for Cdc42 was performed using limb buds from Cdc42™f
and Cdc42™f; Prx1-Cre embryos obtained at E11.5 and E12.5. Equal protein loading was documented by blotting for p-Actin at
the same stages. (D) Whole-mount in situ hybridization analysis of Cdc42 was performed at the indicated embryonic stages.
All panels present dorsal views of forelimb buds from Cdc42™"® and Cdc42%; Prx1-Cre embryos, anterior to the top, and are
shown at the same scale.

expression was scarcely detected in the Cdc42™%; Prxi-Cre  demonstrated that Cdc42™; Prx1-Cre mice had abnormal

limb buds (Fig. 1D). calcification of the craniums, including frontal, parietal, and
interparietal bone (black arrow in Fig. 2C), as also seen in mi-

2.2, Cdc42 conditional mutants have severe skeletal cro-computed tomography images (white arrow in Fig. 2C).
defects More than 85% of the Cdc42™; Prx1-Cre mice (40 of 46) demon-
strated a cleft palate (black arrowhead in Fig. 2D) and there

Cdc42™M, Prx1-Cre neonates appeared weaker and smaller, was no fusion of the secondary palate. Histological analyses
and no milk was found in their stomachs as compared to of postnatal day 0 (P0) Cdc42/; Prx1-Cre mice showed a failure
their Cdc42™? littermates (black arrows in Fig. 2A). Although of palatal shelf elongation for the process of palate closure,
most of the Cdc42™™; Prx1-Cre neonates were viable at birth, = whereas completed palatal fusion was observed in Cdc42”
more than 90% (42 of 46) died within a few days. Cdc42%; mice (black arrows in Fig. 2E). In addition, Cre recombinase
Prx1-Cre mice, which remained alive until the weaning stage, activity was observed in the palates of Prx1-Cre transgenic
had shorter limbs and body as compared to their Cdc42™! mice at E13.5 (Fig. S1). We considered that a suckling disorder
littermates (Fig. 2B). To perform anatomical analysis, we sub- is caused by the cleft palate in Cdc42™; Prx1-Cre mice, which
jected skeleton preparations of Cdc42™? and Cdc42™, Prx1-Cre may be a reason for their early neonatal mortality (black
neonates to Alcian blue, which stains all cartilaginous arrow in Fig. 2A). Furthermore, the sternal bar was frequently
elements, and Alizarin red, which stains mineralized bone bifurcated, while the xiphoid process was malformed or lost

matrix (Summary of phenotypes in Table S1). Those findings in these mice (black arrowhead in Fig. 2F).

Please c1te this amcle in press as: Alzawa R. et al, Cde42 is reqmred for chondrogenesns and mterdlgltal programmed cell death dunng limb
development ‘Mech. Dey. (2012), doi: 10 ]016/} mod. 70]2 02, 002 : ,
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Fig. 2 - Skeletal phenotypes of Cdc42 conditional knockout mice. (A) Gross morphology at postnatal day 0 (P0). Cdca2f; prx1-
Cre neonates demonstrated shortening of the limbs and body as compared to Cdc42 littermates. No milk was observed in
the stomachs of Cdc42™/f; Prx1-Cre mice (black arrows). (B) Gross morphology at P18. Cdc42™7; Prx1-Cre mice at the weaning
stage demonstrated shortening of the limbs and body as compared to Cdc42V# littermates (upper panels). Representative X-
ray radiographs of a whole body (lower panels). (C) Alcian blue- and Alizarin red-stained skeletal preparations (upper panels),
and micro-computed tomography images (lower panels) of dorsal views of skulls obtained at P0. Retarded fusion was seen in
the fontanel of Cdc42™f; Prx1-Cre mice (black arrow in upper panel, white arrow in lower panel). (D) Cdc42™"; Prx1-Cre mice
had a cleft palate at PO (black arrowhead). (E) Hematoxylin- and Eosin-stained transverse histological sections from P0 mice.
Palatal shelves were fully fused in Cdc42f! mice, but not in Cdc42™¥; Prx1-Cre mice (black arrows). Boxed areas are enlarged in
the lower panels. P, palate; T, tongue. (F) Alcian blue- and Alizarin red-stained skeletal preparations of flat mounted dissected
ribs from PO mice. Disruption of the xiphoid process was seen in Cdc42™; Prx1-Cre mice (black arrowhead). (G) Alcian blue-
and Alizarin red-stained skeletal preparations of forelimbs (FL) and hindlimbs (HL) from PO mice. (H) Gross observations and
micro-computed tomography images of PO mice FL and HL. Fusion of the 2nd and 3rd metacarpals was seen in the FL (red
arrowhead in f), but not the HL of Cdc42™/%; Prx1-Cre mice (h). (I) Gross observations and micro-computed tomography images
of P18 mice FL and HL. Severe malformation and hypoplasia were seen in Cdc42/%; Prx1-Cre FL (double red asterisks in e). Soft
tissue syndactyly was seen in Cdc42™f; Prx1-Cre HL (single red asterisks in g). Fusion of the phalange between the 2nd and
3rd digits was seen in the FL of Cdc42#; Prx1-Cre mice (red arrowhead in f), but not the HL of Cdc42Vf; Prx1-Cre mice (h).

Sternum

All of the present Cdc42™%; Prx1-Cre mice had developmen- other hand, Cdc42™; Prx1-Cre hindlimbs showed soft tissue
tal defects in both the fore- and hindlimbs. Cdc42™; Prx1-Cre syndactyly, while no fusion of the phalanges/metatarsals in
neonates had shorter and thicker mineralized bones in the their hindlimbs was observed (Fig. 2Ig and h). Cdc42 deficient
fore- and hindlimbs as compared to their Cdc42™ littermates forelimb buds were more severely affected than the hindlimb
(Fig. 2G). The most striking feature of the limbs in Cdcg2™, buds, a result in line with the more robust Prx1-Cre activity
Prx1-Cre mice was deformity, as the neonates had short, thick, occurring in the emerging forelimb than in the hindlimb
and webbed limbs, and micro-computed tomography images bud (Logan et al., 2002).
of the forelimbs indicated fusion of the 2nd and 3rd metacar-
pales (red arrowhead in Fig. 2Hf). On the other hand, no fu- 2.3 Defects in growth plate development in Cdc42
sion of the phalanges/metatarsals in Cdc42™" Prxi-Cre  conditional mutants
hindlimbs was observed (Fig. 2Hh). Furthermore, Cdc42™7;

Prx1-Cre forelimbs obtained at P18 showed syndactyly caused Development of the long bones was also affected in Cdc42/"%;
by fusion of the phalanges/metatarsals (Fig. 2le and f). On the Prx1-Cre mice (Fig. 2G). To analyze the phenotypes of the long

Please cite this article in press as: Aizawa, R, et al, Cdc42 is required for chondrogenesis and interdigital programmed cell death during limb
development, Mech. Dey. (2012), doi:10.1016/j.mod.2012.02.002
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bones in detail, we performed histological analyses of Cdca2ff:
Prx1-Cre neonates. Disorganized growth plates with wider
hypertrophic cartilage and columnar disorganization of the
proliferating and hypertrophic chondrocytes were seen in neo-
nates, while non-resorbed hypertrophic cartilage remained in
growth plates (Fig. 3A and B). In situ hybridization analyses of
Cdc42; Prx1-Cre tibiae obtained at E18.5 showed that the
expression levels of Col10 and Mmp13 were reduced, while that
of Col2 was not different as compared to Cdc42™" control
(Fig. 3C-E). These results indicate that deletion of Cdc42 inhib-
ited chondrocyte terminal differentiation.

A Villanueva staining
Cdc42i
/1
Gged? ,Prx1-Cre
5
=
(7]
[T
B H-E staining
M
Cdcd 2 Cdc42

‘Prx1-Cre

Femur

2.4. Effect of Cdc42 deficiency on autopod skeleton

To analyze the phenotype of the autopods in detail,
skeleton preparations of fore- and hindlimbs obtained at
E14.5, E15.5, E16.5, E18.5, and PO were stained with Alcian blue
and Alizarin red. Ectopic cartilages were found between the
2nd and 3rd digits in Cdc42™; Prx1-Cre forelimbs at E14.5
(red arrow in Fig. 4A), whereas no ectopic cartilages were
found in the hindlimbs at the same stage (Fig. 4F). At E15.5,
E16.5, E18.5 and PO, the autopods showed thick cartilages
and abnormal joints, while ectopic cartilages between the
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Fig. 3 - Histological analyses of growth plate defects in Cdc42 conditional knockout mice. (A) Villanueva stained sections of
femur obtained at PO. Long bones of Cdc42%; Prx1-Cre mice were shorter and thicker than those of Cdc42™f mice. PZ,
proliferating zone; HZ, hypertrophic zone. (B) Hematoxylin- and Eosin-stained sections of femur obtained at PO. Severe
defects were found in growth plate cartilage of Cdc42™; Prx1-Cre mice, which was characterized by loss of columnar
organization in proliferating chondrocytes and massive accumulation of hypertrophic chondrocytes. PZ, proliferating zone;
HZ, hypertrophic zone. (C-E) In situ hybridization analyses for the indicated genes were performed using tibiae obtained at
E18.5. Reduced expressions of Col10 (D) and Mmp13 (E) were apparent in Cdc42™; Prx1-Cre mice. Boxed areas are enlarged in

the lower panels (A-E).
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Fig. 4 - Analysis of endochondral ossification in Cdc42 conditional knockout autopods. Skeleton preparations of fore- (FL) (A-E)
and hindlimbs (HL) (F-J) obtained from mice at E14.5 (A and F), E15.5 (B and G), E16.5 (C and H), E18.5 (D and I), and PO (E and J)
were made. Analyses of those preparations revealed ectopic cartilage between the 2nd and 3rd digits in Cdc42™%; Prx1-Cre mice
(red arrow in A). After E15.5, Cdc42™F; Prx1-Cre FL showed an abnormal calcification pattern and fusion of the 2nd and 3rd
metacarpals (black arrowheads in B-E). On the other hand, fusion of the metacarpals did not appear in Cdc42"; Prx1-Cre

HL (F-)).

2nd and 3rd metacarpals were seen only in forelimbs (black
arrowheads in Fig. 4B-E). These observations strongly suggest
an essential role for Cdc42 in control of chondrocyte function
during endochondral bone formation in limbs.

25, Deletion of Cdc42 inhibits chondrocyte differentiation

We employed in vitro micromass culture assays to further
define the underlying chondrogenic defect identified in our
in vivo analysis. For these experiments, cells were harvested
from fore- and hindlimbs at E12.5, and maintained in culture
for 7 days. Micromass cultures derived from Cdc42"; Prx1-Cre
limbs lacked the Alcian blue staining profile (Fig. SA). We next
examined the effect of Cdc42 deficiency on organization of
the actin cytoskeleton, as control of actin remodeling is one
of the best characterized roles of Rho GTPases and actin
dynamics seem to control chondrocyte differentiation (Woods
et al., 2007a). Formation of stress fibers was lost in Cdc42f,
Prx1-Cre (red arrows in Fig. 5B). Quantitative real-time PCR

analyses revealed that deletion of Cdc42 decreased expres-
sions of the chondrocyte differentiation marker genes Col2
and Aggrecan, while proliferation rate between Cdc42™" and
Cdc42ﬂ/ﬂ; Prx1-Cre mice derived micromass cultured cells are
not different (Fig. SC and D). These results suggest that
changes in actin organization are connected to altered differ-
entiation of chondrocytes.

2.6. Reduced interdigital programmed cell death in Cdc42
conditional mutant limbs

We observed that Cdc42™: Prxi-Cre mice had webbed
limbs (Fig. 2He, Ie, and g), and fusion of the 2nd and 3rd meta-
carpals, while that of the 3rd and 4th metacarpals was not
seen (Fig. 4B-E). Thus, itis possible that the webbed limb con-
dition was caused by not only ectopic cartilage formation and
fusion of metacarpals, but also an absence of ID-PCD. In wild-
type mice, PCD occurs between E12.5 and E13.5, and elimi-
nates cells in the interdigital region, with only a residual
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Fig. 5 - Micromass cultures of chondrocyte differentiation and organization of actin cytoskeleton in Cdc42 conditional

knockout mice. (A) Forelimb (FL) and hindlimb (HL) mesenchyme from E12.5 embryos were placed in micromass culture for
7 days, after which time the cells were stained with Alcian blue. (B) Micromass cultures of E12.5 embryos were cultured for
7 days and stained with the anti-Actin antibody. Boxed areas are enlarged and shown in lower panels. A decreased number
of stress fibers was seen in cultured cells from Cdé42ﬂ/ﬂ; Prx1-Cre mice as compared with those from Cdc42"? mice (red
arrows). (C) Cell proliferation in micromass cultures was assessed using an MTT method. Absorbance of MTT-formazan
formed in Cdc42™? (white column) and Cdc42™#; Prx1-Cre (black column) derived micromass cultured cells. (D) Expression

levels of Cdc42, Col2, and Aggrecan were determined using real-time PCR. Amplification signals from target genes were
normalized against that from 18S. Results in (C) and (D) are shown as the mean = SD (error bars) of 4 independent

experiments p < 0.05; NS, not significant.

interdigital space remaining at the most proximal level by
E14.5, leading to separation of individual digits (Fernandez-
Teran et al., 2006).

To determine whether the webbing in Cdc42™M; Prx1-Cre
mice was due to not only ectopic cartilage formation and
fusion of metacarpals, but also an absence of ID-PCD, TUNEL
assays were performed using limb buds obtained at E12.5-
E14.5, which demonstrated a significant reduction in ID-PCD

in the limb buds (Fig. 6A; compare f with i, and 1 with o). When
we counted TUNEL-stained cells in the interdigital regions of
the 1st to 2nd, 2nd to 3rd, and 3rd to 4th digits obtained at
E13.5 and E14.5, the number of apoptotic cells in Cdc42™%,;
Prx1-Cre embryos was significantly reduced (p < 0.01) as com-
pared to Cdc42™! embryos (Fig. 6B). The characteristic Cdc42™;
Prx1-Cre webbing was observed between the 1st and 2nd, 2nd
and 3rd, and 3rd and 4th digits, while it was not observed

development, Mech. Dev. (2012), doi: 10.1016/j.mod.2012.02.002
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Fig. 6 -~ Reduced programmed cell death in interdigital regions of Cdc42 conditional knockout mice. (A) TUNEL assays were
performed using forelimbs obtained at E12.5 (a-d), E13.5 (e-j), and E14.5 (k-p). Boxed areas are enlarged and shown in lower
panels. There was a significant reduction of interdigital programmed cell death in Cdc42/%; Prx1-Cre limbs at E13.5 and E14.5
as compared to Cdc42™/ limbs. (B) Numbers of TUNEL-stained cells in interdigital regions between 1st and 2nd, 2nd and 3rd,
and 3rd and 4th digits in Cdc42 and Cdc42%; Prx1-Cre mice at E13.5 and E14.5. Average and standard deviation values for
those 3 regions in 3 slides (total 9 regions) are shown for each data point (p < 0.01).

between the 4th and 5Sth digits (Fig. 2H and I). This phenotype
was consistent with the results of our TUNEL assays, which
demonstrated no significant reduction of ID-PCD between
the 4th and 5th digits in those limbs (Fig. 6A; compare g with
j, and m with p). These findings suggest that ID-PCD in
Cdc42™f; Prx1-Cre limb buds is incomplete as compared to
Cdc42"? mice, while the Cdc42 phenotype may be associated
with ID-PCD in the limbs.

2.7. Expressions of limb-patterning genes in Cdc42
conditional knockout limb buds

We performed a comprehensive analysis of the candidate
gene set by comparing expression patterns in the limb buds
of Cdc42™® and Cdc42"; Prx1-Cre mice using whole-mount
in situ hybridization analyses. Expressions of Fgf8, an AER
marker, and Sonic hedgehog (Shh), a zone of polarizing activ-
ity (ZPA) marker, were clearly present and appeared to be cor-
rectly positioned in the Cdc42™; Prx1-Cre limb buds at E11.5
(Fig. 7A and B). These results indicate that loss of Cdc42 in
the limb bud mesoderm does not affect the formation of
AER and ZPA. Furthermore, we analyzed the expression
of Sox9, a master transcription factor during condensation

of the skeletal anlagen. Sox9 was ectopically expressed be-
tween the 2nd and 3rd digits of the Cdc42™; Prxi-Cre limbs
at E12.5 (yellow arrowhead in Fig. 7C). These results indicate
that ectopic Sox9 expression is associated with deformity of
the limbs in Cdc42™?: Prx1-Cre mice.

2.8.  Expressions of Bmps and Msxs in Cdc42 conditional
knockout limb buds

It has been reported that several BMP family members
have multiple roles in limb development, including AER
maintenance, skeletal formation, and apoptosis in the inter-
digital regions (Bandyopadhyay et al., 2006; Robert, 2007).
Therefore, we analyzed the expressions of genes related to
mesenchymal BMP signaling to determine whether the
webbed limbs of Cdc42™; Prx1-Cre mice might be explained
by interdigital BMP signaling. Whole-mount in situ hybridiza-
tion analyses revealed reduced interdigital and peri-digital
expressions of Bmp2 at E12.5 and E13.5 in Cdc42™®, Prx1-Cre
limbs (red arrowheads in Fig. 8A). Ectopic expression of
Bmp?7 also appeared in the limb buds of Cdc42™®; Prx1-Cre mice
as compared to those of Cdc42" mice (yellow arrowheads in
Fig. 8B). The closely related homeobox genes Msx1 and Msx2
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Fig. 7 - Expressions of limb-patterning genes in Cdc42
conditional knockout limb buds. (A-C) Whole-mount in situ
hybridization analyses of the indicated genes were
performed using Cdc42™ and Cdc42™/%; Prx1-Cre forelimb
buds at the indicated embryonic stages. The results showed
no significant differences for the expressions of Fgf8 (A) and
Shh (B). An abnormal expression pattern of Sox9 was
apparent in Cdc42™f; Prx1-Cre mice (yellow arrowhead in C).
All panels present dorsal views of Cdc42™? and Cdc42™%;
Prx1-Cre forelimb buds, anterior to the top, and are at the
same scale.

are key downstream targets of BMP signaling, and expressed
in the PCD zones of developing limbs, including the interdig-
ital regions (Houzelstein et al., 1997). Expressions of Msx1 and
Msx2 were reduced in the Cdc42%; Prx1-Cre limbs at E12.5 and
E13.5 as compared to Cdc42™ mice (red arrowheads in Fig. 8C

and D). Our results indicate that abnormal or insufficient
expressions of Bmp2, Bmp7, Msx1, and Msx2 may cause a lack
of ID-PCD, which is associated with syndactyly in Cdc42™;
Prx1-Cre mice.

3. Discussion

Recent studies that utilized tissue- and cell-type specific
gene targeting of Cdc42 in mice have revealed definitive infor-
mation regarding the physiological functions of various tis-
sues (Melendez et al., 2011). However, the roles of Cdc42 in
skeletogenesis, especially during limb development, are not
fully understood. These are the first results to demonstrate
that Cdc42 plays a critical role in early chondrogenesis,
including mesenchymal condensation, followed by differenti-
ation of cells into chondrocytes and ID-PCD during limb
development.

It is intriguing that the abnormalities of ID-PCD followed
by soft tissue syndactyly appear in both Cdc42™", Prx1-Cre
and Rac; Prx1-Cre mice (Suzuki et al., 2009). A hierarchical
relationship has been proposed, in which Cdc42 is a proximal
mediator that signals to Racl (Hall, 1998). Cdc42 and Racl
share some effectors, including p21 activated kinases (Paks),
and participate together in regulation of important cellular
functions (Bishop and Hall, 2000; Etienne-Manneville and
Hall, 2002). In the present as well as previous studies, down-
regulation of Msx1 and Msx2 was shown to be correlated with
a decrease in apoptosis in the interdigital regions of both
Cdc42™f: Prx1-Cre and Ract™; Prx1-Cre limb buds (Suzuki
etal., 2009). Msx1 and Msx2 are considered to be downstream
target genes of BMP signaling, and these results suggest that
Cdc42 and Racl might share functions of limb bud ID-PCD
via BMP signaling.

On the other hand, comparison of the phenotypes ob-
served in Cdc42; Prx1-Cre and Rac"#; Prx1-Cre mice indicate
that the functions of Cdc42 and Racl do not completely over-
lap during palate (Fig. 2D and E) and forelimb (Fig. 4A-E) devel-
opment (Suzuki et al, 2009). Most of the Cdc42™!; Prx1-Cre
mice exhibited a cleft palate, whereas Rac; Prx1-Cre mice
did not. Furthermore, all of the Cdc42/"; Prx1-Cre mice exhib-
ited fusion of the metacarpals, whereas the Ract', Prx1-Cre
mice exhibited no fusion between bones of adjacent digits.
Cdc42 regulates chondrogenesis at stages later than conden-
sations in ATDCS cells, while Rac1 signaling regulates chon-
drogenesis by exerting its effects at the stage of cellular
condensation formation (Woods et al., 2007b). However, our
results suggest that Cdc42, but not Racl, regulates chondro-
genesis during mesenchymal condensation. In many- cases,
results with knockout mice correlate with those observed
in vitro, but, analysis of knockout mice sometimes gives oppo-
site effects to what has been predicted from in vitro study.
Additional studies are needed to identify signaling molecules
regulated by Cdc42 and Racl in limb bud mesenchyme.

Chondrocyte differentiation is characterized by drastic
changes in cell shape and size, thus organization of the actin
cytoskeleton plays an important role in this process. Wang
et al. demonstrated that over-expression of Cdc42 in the
chondrocyte cell line ATDCS resulted in filopodia formation,
followed by earlier induction of hypertrophic markers, such
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Fig. 8 - Expressions of Bmps and BMP signaling target genes in Cdc42 conditional knockout limb buds. (A-D) Whole-mount
in situ hybridization analyses of the indicated genes were performed with Cdc42? and Cdc42™; Prx1-Cre forelimb buds at the
indicated embryonic stages. The expressions of Bmp2 (A), Msx1 (C), and Msx2 (D) were down-regulated in the interdigital
regions of Cdc42/f; Prx1-Cre limbs as compared to those of Cdc42# mice (red arrowheads in A, C, and D). An abnormal
expression pattern of Bmp7 was apparent in Cdc42f; Prx1-Cre mice (yellow arrowheads in B). All panels present dorsal views

of Cdc42™M and Cdca2™%; Prx1-Cre forelimb buds, anterior to the top, and are at the same scale.

as Col10 expression and matrix mineralization. These results
suggest that Cdc42 signaling is required for normal hypertro-
phic differentiation of chondrocytes accompanied by changes
in actin organization and cell morphology (Wang and Beier,
2005). In our experiments, micromass cultures derived from
Cdc42?%; Prx1-Cre limb buds developed less cortical actin orga-
nization. Zanetti et al. suggested that disrupted actin forma-
tion using the actin binding drug cytochalasin D induced
immediate cell rounding and subsequent accelerated termi-
nal differentiation of chondrocytes (Zanetti and Solursh,
1984). Analyses of micromass cultures partially supported
our in vivo data, suggesting that deletion of Cdc42 within
embryonic limb mesenchyme of Cdc42™%; Prx1-Cre embryos
leads to defects in cartilage condensation and formation of
mature cartilage elements.

Cdc42%: Prx1-Cre mice displayed an expansion of hyper-
trophic cartilage in growth plates (Fig. 3A and B), while
expressions of Coll0 and Mmpl3 were clearly decreased
(Fig. 3D and E), indicating functional derangement. Trans-
genic mice mis-expressing Sox9 in hypertrophic chondro-
cytes showed features in growth plates that were similar to
those of Cdc42; Prx1-Cre mice, including delayed endochon-
dral bone formation associated with reduced bone growth
due to deficiencies of vascular invasion into hypertrophic car-
tilage and cartilage resorption (Hattori et al., 2010). A study of
TGF-B type II receptor (Tgfbr2) conditional knockout mice

(Tgfbr2™?; Prx1-Cre mice) also found that Col2 expressing cells
at PO displayed a less organized columnar distribution than
the controls, while hypertrophic chondrocytes were larger
but showed a decreased expression of Coll0 (Spagnoli et al,,
2007). It is possible that accumulation of hypertrophic chon-
drocytes in vivo may be attributed to delayed terminal matu-
ration of chondrocytes and apoptosis induced in the
chondro-osseous junction in Cdc42™; Prx1-Cre mice (Shapiro
et al.,, 2005; Zhang et al., 2011).

Recently, the significance of CDC42 during development
has been shown in several human diseases and syndromes.
Interestingly, ARHGAP31, a candidate gene for Adams-Oliver
syndrome (AOS), characterized by a combination of aplasia
cutis congenital (ACC) and terminal transverse limb defects
(TTLD), was shown to be a CDC42 GTPase regulator, which
plays a key role in controlling temporal and spatial cytoskel-
etal remodeling necessary for precise control of cell morphol-
ogy and migration (Lalonde et al., 2006). Gain-of-function
mutations of ARHGAP31 in humans who possess phenotypes
of limb abnormalities typically have effects on the distal pha-
langes or entire digits, or rarely, more proximal limb struc-
tures (Southgate et al, 2011). In addition, recessive
mutations in DOCK6, which encodes an atypical guanidine
exchange factor (GEF) known to activate CDC42, lead to AOS
(Shaheen et al., 2011). Phenotypes of this syndrome are iden-
tical to those of Cdc42™"; Prx1-Cre mice.

Plase o o

cell death during limb
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In conclusion, our results demonstrated that Cdc42 is re-
quired for chondrogenesis and interdigital programmed cell
death during limb development. ' :

4. Experimental procedures
4.1. - Generation of mice
The animal experiments were conducted in accordance

with the guidelines of Showa University and University of To-
kyo. The targeting vector consisted of !oxP flanked exon 2

* (first coding exon) of the Cdc42 gene and FRT-ﬂanked neo gene,.

both of which were linked between the 5/- and 3'- homologous

sequences of the Cdc42 locus The targetlng vector was trans- .

fected into embryonic stem cells ahd homo]ogous recombi-
nants were identified by Southern blot analysis. Chimeric
mice were generated by injecting targeted ES cell clones into
blastocysts, then crossed with Actin-Flp transgenic mice
(Rodriguez et al.,2000) for excision of the neo gene via Flp-
FRT recombination. Cdc42 was: knocked out via Cre-loxP
recombination by crossing Cdc42 flox with Prx1-Cre trans-
genic (Prx1- Cre) mice (Logan et al,, 2002). Offspring were gen-
otyped by PCR analysis using the following primer pairs: for
Prx1-Cre,;: 5'- GACGATGCAACGAGTGATGA 3’ and 5'-AGCAT
TGCTGTCACTTGGTC 3'; for Cdc42 F1 5'-ATCGGTCACTGTTG-
TACTT TG- 3’ and RI 5’-TACTGCTATGACTGAAAACCTC 3%
Both conditional and Aexon2 alleles were 1dent1ﬁed using
the following primers; F1, R1,and R2'5'- GTTTT GCGTGCATG-
TATGTCTG-3' (Fig. 1A) The genenc background of the mice

- used in this'study is a hybnd of C57BL/6 129013, and ICR. Inf ‘
an analysis of the expressmn pattern of Prxl- medlated Cre :
recombination, both Prx1- Cre transgeruc line and. R26R condl— L
tional reporter allele were prevrously described (Sonano :
1999). Mating Prx1- Cre and R26R mice generated transgenic

GAGGACAA-3' and 5'-CACCCCATGCTCATAGCTTC-3', then
cloned into pCRII-TOPO (Invitrogen) and linearized with Xho
I to synthesize the antisense probe. With this probe, we were
able to detect Cdc42 mRNA transcribed from not only exon2
(reglon deleted by Prxl Cre) but also other exons containing
a whole codmg sequence In addition, the following probes
were used: Sox9 (Suzuk1 et al.; 2009), Bmp2 (gifted from Dr. Y.
Takahashi), Bmp7 (gifted from Dr. PJ. Hurlin), Msx1 and Msx2
(gifted from Dr. RE. Hill), Fgfs (gifted from Dr. G.R. Martin),
and Shh (grfted from Dr. AP McMahon) The numbers of em-
bryos used for measurements were as follow (values for

© Cdcq2? and Cdc42™; Prx1-Cre, respectively, shown in paren-

theses): Cdc42 (4 and 4), Sox9 (7 and 7), Bmp2 (4'and 4), Bmp7
(4 and 4) Msxl (6 and 6), Msx2 (4 and 4), Fgf8 (3 and 3), and
Shh (3 and 3). All results of analyses of the indicated genes
were nearly umform :

4.4. A‘nato’micalkand histological analyses

For skeletal staining, mice were skinned, eviscerated, and
dehydrated 'in'95% ethanol overnight. The skeletons were
then stamed overnight with 0.015% Alcian blue and 10% ace-
tic acid in 75% ethanol, and soft tissues were dissolved over-
night in 2% KOH, while the skeletons were additionally
stained overnight with 0.0075% Ahzarm red in 1% KOH. Final-
ly, the skeletons were cleared in 0. 5% KOH and 20% glycerol
for several days; and stored in glycerol/ethanol (1:1). For gen-
eral morphologlcal examinations; all samples were fixed in

% paraformaldehyde and processed into serial paraffin sec-
edures Deparafﬁmzed sections were
> hn and Eosm or V1llar1ueva In srtu

mice (R26R; Prx1-Cre mice). Detection of p- galact051dase (acz)  (gifted

activity'in both whole embryos and tissue sections ‘was per- &

formed as preV’lously descnbed (Chal et al, 2000)
42, Western blot analysrs ‘

Western blot analys1s was performed as prev:lously de-

scnbed (Yamada et al,, 2005) Briefly, sample lysates were sub-
" jected to 15% SDS-PAGE and transferred to Immobilon- P
membranes (Mﬂhpore) ‘The membranes were then incubated

with antibodies agalnst ‘mouse Cdc42 (Active Cdc42 Pull-
Down and Detectlon Kit, Thermo Sc1ennﬁc) following incuba- -
tion with a- horseradlsh peroxrdase -conjugated secondary

antlbody (GE Healthc are UK Ltd.). Protein bands were detected
using an ECL plus Western blot detection system (GE Health-
care UK Ltd.) and exposed to medlcal X- -ray film (FU}IFILM)

4.3. Whole mount in situ hybndrzatlon

Whole-mount inrsitu hybridization was performed using
embryos according to a method previously reported (Sagai
et al., 2005). Briefly, digoxigenin-labeled riboprobes were tran-
scribed in vitro according to the manufacturer’s protocol
(Roche Diagnostics Co.). For the Cdc42 probe, 1724-bp mouse
Cdc42 cDNA containing the whole coding sequence was gen-
erated by RT-PCR using oligonucleotides, 5'-GGCGGAGAAGCT-

entﬁeses) Col2 (7 and 7), Col10 (7 and 5)
7). All results of analyses of the indicated

S genes were early umform

45 Mi oiCT‘fs'ca‘nning

Scanmng was performed using a microfocus X-ray com-

fputed tomography system, according to the manufacturer’s

protocol (1nspeX1o SMX-90CT, Shimadzu, Japan), with a tube
voltage o,f,90 k\[ and tube current of 110-90 pA.

4.6. Micromass culture

E12.5limb buds were collected in Dulbecco’s modified PBS
at 4 °C. Mesenchymal cells were dissociated in Dulbecco’s
modlﬁed PBS containing 0.1% trypsin, 0.4 mM EDTA, and

;-1% collagenase at 37 °C for 10 min, then resuspended in D-
MEM/Ham’s F-12 (Wako) with 10% fetal bovine serum, 1 mM
B-Glycerophosphate, 50 pg/ml L-ascorbic acid, 50 U/ml penicil-
lin, and 50 mg/ml streptomycin at 2x 107 cells/ml. Next 10-pl
drop of the ‘C’eH suspension were placed in the center of wells
in a standard 48-well polystyrene tissue culture dish. Cells
were allowed to adhere for 2h(at 37°C and 5% CO,, and




12 ‘ MECHANISMS OF DEVELOPMENT XXX (2012) XXX XXX

1 ml of medium was added to the culture. Alcian blue staining
and immunocytochemistry using the antibody against actin
(Molecular Probes) were performed as prevmusly descnbed
(Furusawa et al., 2006). :

4.7. MTT assay»

One Solution cell prohferatlon assay, accordmg to the manu-
facturer’s protocol (Promega) :

4.8. Quantltatwe 'rea'l-tinf‘le PCR

Total RNA samples were extracted and reverse- -transcribed
usinga Fast SYBR Green Cells-to-Ct Kit (Invitrogen). Quantita-
tive real-time PCR was performed using a SYBR green Fast
PCR system (GE Healthcare UK Ltd.), with the followmg
primer sequences:

Cdc42, S' GAAACTTGCCAAGAACAAACAGAA 3 and 5'-CCG

CGCCAGCTTTTCA—3’ '

Col2, 5'- GCTCCCAGAACATCACCTACCA 3’ and 5’-TACATT

. GGAGCCCTGGATGAG-3’
- Aggrecan, 5’-CAGCTGCCCTTCACATGTAAA-3’ and 5'-TGG

ACAAAGCCCTCAGTACACT 3/ i

18sS, 5’ -AACTTTCGATGGTAGTCGCCG-3' and 5-CCTTGGAT

- GTGGTAGCCGTTT-3".

49.  Cell death analysis

Emlgr’yos were rinsed with PBS, placed in sterile molds, and

~embedded in the frozen tissue embedding medium OCT com- -

pound (Tissue-Tek OCT compound, Sakura Finetechnical Co.,
. Ltd.). Frozen sections were cut on a cryostat at 8pm and
mounted on pre-cleaned mlcroscope glass slides (Starl’-’rost
Muto Pure Chemlcals Co., Ltd.). Assays ‘of cell death were per-
formed using TdT-mediated dUTP nick-end- -labeling (TUNEL)
analysis of frozen sections, accordlng to the manufacturer’s

protocol(Wako Pure Chemical Industries, Ltd.). Three sec-

tions were selected from each slide (3 slides; total 9 sections).
For statistical analysis, the 2-tailed Student’s t test was used.
p Values less than 0.05 were con31derecls1gmﬁcance
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