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Abstract

Dominant TBXS5 mutation causes Holt-Oram syndrome (HOS), which is characterized by limb defects in humans, but the
underlying mechanistic basis is unclear. We used a mouse model with Tbx5 conditional knockdown in Hh-receiving cells
(marked by Glil+) during E8 to E10.5, a previously established model to study atrial septum defects, which displayed
polydactyly or hypodactyly. The results suggested that Tbx5 is required for digit identity in a subset of limb mesenchymal
cells. Specifically, Tbx5 deletion in this cell population decreased cell apoptosis and increased the proliferation of handplate
mesenchymal cells. Furthermore, Tbx5 was found to negatively regulate the Hh-signaling activity through transcriptional
regulation of Ptchl, a known Hh-signaling repressor. Repression of Hh-signaling through Smo co-mutation in Tbx5
heterozygotes rescued the limb defects, thus placing Tbx5 upstream of Hh-signaling in limb defects. This work reveals an
important missing component necessary for understanding not only limb development but also the molecular and genetic

mechanisms underlying HOS.

Introduction

Digit patterning is controlled by the secretion of Sonic hedgehog
(Shh) protein at the posterior limb bud mesoderm, in the zone
of polarizing activity (ZPA). In mice, Shh is activated 12 h after
the initiation of the limb bud (1), and Gli3 is required throughout
limb development (1-5). Shh mediates patterning by regulating
Gli, especially Gli3 protein, whose full length or truncated forms
act as either an activator (Gli3A) or a repressor (Gli3R) of Shh.
A proper ratio and expression pattern of Gli3A:Gli3R along the

anterior-posterior axis specifies limb digit number and iden-
tity (3,5-8). Gain- and loss-of-function studies of Shh or Gli3
have shown phenotypes of syndactyly including polydactyly and
oligodactyly, thus suggesting that Shh-signaling progressively
controls digit formation, with more posterior identifies and in
a dose-dependent manner (2,9-11).

Tbx5, a member of the T-box transcription factor family,
plays a pivotal role in early cardiovascular morphogenesis. In
humans, TBXS haploinsufficiency causes Holt-Oram syndrome
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(HOS), which is characterized by forelimb deformities, often
together with congenital heart defects (12,13). In patients with
upper limb anomalies, the abnormalities range from minor, such
as syndactyly, to severe, such as reduction deformities (14). Digit
abnormality is the most prevalent abnormality and includes
both oligodactyly and polydactyly (14-18).

Tbx5 is essential in forelimb bud initiation, because Tbx5
knockout (KO) mice and zebrafish fail to form forelimbs (19-23).
Tbx5 activates Fgf10 expression in the limb mesenchyme, which
in turn activates Fgf8 expression in apical ectodermal ridge and
supports continued limb outgrowth (20,22-25). Before Carnegie
stage 15, TBXS is expressed throughout the limb bud, and TBXS
expression extends into the presumptive thumb domain after
Carnegie stage 16. There, the overlapping expression of Tbx5,
Hoxal3, Gli3R and Hoxd13 defines the thumb domain (26-28).
Tbx5 regulates Sall4 transcription, and the interaction of Tbx5
with Sall4 finely regulates patterning and morphogenesis of the
anterior forelimb and the heart in both a positive and negative
manner (28). This finding reveals a potential molecular and
genetic mechanism for how Tbx5 mutation causes HOS. How-
ever, abnormalities in digit patterning have never been reported
in Tbx5 mutant mouse embryos. Given that digit abnormality is
the most common limb defect in HOS patients, the mechanistic
basis of how Tbx5 mutations influence HOS remains to be
clarified.

Our previous study has reported that Tbx5 acts upstream of
Hh-signalingin the cardiac mesoderm and regulates the prolifer-
ation and cell cycle progression of cardiac progenitor cells, thus
further contributing to the formation of the dorsal mesocardium
protrusion for atrial septation (29). The interaction between
Tbx5 and Hh-signaling during heart development suggests a
potential role of those in limb development, which has yet to be
elucidated. Here, we show that Tbx5 inhibits the Hh-signaling,
thereby influencing digit patterning through regulation of Ptchl
transcription.

Results

Tbx5 expression in the developing limb overlapped
with the Hedgehog-receiving region

To investigate the potential interaction between Tbx5 and Hh-
signaling pathways in limb development, we first examined the
expression of both Tbx5 and the Hh-signaling responder, Glil.
At E10.5 and E12.5, the expression of Tbx5 in the developing
limb was detected via immunohistochemical staining (IHC). In
agreement with a previous report (20,23), Tbx5 expression was
observed exclusively in the forelimb bud at E10.5 (Fig. 1A-D).
Because Shh is known to be expressed in the limb from E9.5 to
E11.5 and is required for limb growth and patterning during the
first 12 h (1), we used genetic inducible fate mapping (GIFM), with
induction by tamoxifen (TMX) administration at E8.5, to mark
the Gli +limb precursor cells that receive Hh signals during limb
patterning and growth. Through the Cre-inducible lacZ reporter
R26R (30) with Gli1Cre:ERT2, cells responding to Hh-signaling and
TMX were labeled on the basis of g-galactosidase expression.
The location of marked Glil+ progenitors was tracked through
a time course analysis at E10.5. The Glil+ progenitors and their
descendant cells were limited at the proximal portion of the limb
bud and more concentrated at the posterior-proximal limb bud
and were found to overlap with the ZPA (Fig. 1E and F). Clearly,
Tbx5 expression overlapped with the Glil+ progenitors and their
descendant cells at E10.5.

Disruption of Tbx5 expression in Hh-receiving limb
precursors resulted in both polydactyly and
oligodactyly

In our previous study, using GlilCre:ERT2, we found that TMX
induces conditional Tbx5 haploinsufficiency in second heart
field (SHF) Hh-receiving cells and results in high penetration
(40%) of atrial septal defects (29). To study the interaction
between Tbx5 and Hh-signaling in limb development, and to
determine the ontogeny of HOS regarding both heart and limb
malformation, we adopted the same strategy (TMX at E7.5
and E8.5) to simultaneously disrupt Tbx5 expression in the
developing limb and in cardiac precursor cells. We confirmed
significantly decreased expression of Tbx5 at E10.5 within
the posterior limb bud (Fig. 2A-D), within the TMX interfering
window from E8.0 to E10.5, whereas the expression of Tbx5 in
the limb bud was not affected at E11.5 (Fig. 2E-H). These results
confirmed that the TMX-induced Tbx5 abrogation affected only
the limb mesenchymal cells from E8.0 to E10.5.

At E14.5, the Tbx5V* embryos displayed normally pat-
terned limbs with five well-developed digits (97.0%, 160/165,
Fig.2Iand]). The limb defects observed in five embryos
(3% of total) might have resulted from mild TMX toxicity.
However, 11.0% of the Tbhx5/+;Gli1-CreER™* embryos developed
polydactyly (7/82) or oligodactyly (2/82) (Fig. 2K and L). In Tbx5
KO (Tbx5M!; Gli1-CreER™*) embryos, the incidence of digit
abnormality was as high as 54.1% (Table 1, 60/111 total embryos,
Fig. 2M and N). Among the abnormalities, polydactyly accounted
for ~83.3% (50/60, Fig. 2M) and oligodactyly accounted for the
remainder (Table 1, 10/60, Fig. 2N). The polydactyly occurred
primarily at the first digit side (Table 1, 37/50, 74%, Fig. 2M,
right hand), although additional digits were also found in other
locations (Fig. 2M, left hand). A characteristic feature of HOS
patients is that the left limb is more severely affected than the
right (31). However, we did not observe a left-right difference on
either the severity or the incidence of the digit defects in our
Tbx5 mutant mouse model.

Tbx5 deletion inhibited the apoptosis of autopod
mesenchymal cells associated with polydactyly

We wondered whether Tbx5 deletion might lead to increased
cell death in the developing limb bud. Therefore, we examined
cell apoptosis via TUNEL assays at E11.5 and E12.5. At E11.5,
the morphology of the late-distal tissue in wild-type and
mutant limb buds was indistinguishable, whereas at E12.5, the
polydactyly or the oligodactyly was recognized. Apoptotic cells
were counted from five serial sections, and the total numbers of
TUNEL-positive cells in each embryo were analyzed with one-
way ANOVA. At E11.5, we observed significantly fewer apoptotic
cells at the center region of the proximal border of the handplate
mesenchyme, previously recognized as the opaque patch in
bird limb bud (32), in Tbx5"Gli1-CreER™* than in Tbx5V+
embryos (Fig. 3Aand B vs. C and D and Fig. 3E, 125+20 vs.
66 +22,P=0.004). At E12.5, programmed cell death was observed
at the foyer preaxial primaire (ffp) in Thx5/V*+ embryos; however,
the apoptotic cells in ffp were nearly absent in Tbx5Gli1-
CreER™* embryos with obvious polydactyly (Fig. 3G and] vs.
F and I and Fig. 3L, 8+4 vs. 65+7, P=0.000017). Interestingly,
the Tbx5Wf,Gli1-CreER™* embryos without polydactyly still
displayed programmed cell death at this zone (Fig. 3H and K vs.
F and I and Fig. 3L, 73+12 vs. 65+7, P=0.307). Unfortunately,
with the very low incidence of oligodactyly (<10% of all
embryos), we were unable to collect enough replicates that
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Figure 1. Tbx5 expression in the developing limb overlapped with the location of the Hh-signaling receiving limb precursors. (A-D) Tbx5 expression was detected in
the developing limb in wild-type mouse embryos by IHC at E10.5. Red frames indicate the enlarged images shown in B and D. (E-F) LacZ staining of Glil-expressing
cells in the developing limb in R26R/V+; Gli1-CreERT+ embryos at E10.5. The embryos were administered TMX at E7.5 and E8.5.

displayed oligodactyly at this stage to evaluate whether this
digit abnormality was associated with enhanced apoptosis at
E12.5.

Tbx5 deletion promoted proliferation of autopod
mesenchymal cells

We hypothesized that Tbx5 might be required for autopod
mesenchymal cell proliferation, whose disruption is closely
related to polydactyly or oligodactyly. We assessed proliferation
through IHC staining of phosphorylated H3S10, which marks
cells in the G2-M phase. The total number of positive cells in
the autopod mesenchyme was counted in three serial mid-
sections and analyzed for significant differences between the
Tbx5Y,Gli1-CreER™+ embryos and the Tbx5+ embryos. At
E11.5, the number of proliferating autopod mesenchymal cells
in Tbx5Gli1-CreER™* embryos was significantly greater than
that in Tbx5+ embryos (Fig. 4A and B, 195+ 13 vs. 120+19,
P=0.00027). At E12.5, most H3S10+ cells were located within
the interdigit mesenchymal region. Compared with the Thx5/V/+
embryos, the Tbx5f;Gli1-CreER™* embryos with polydactyly,
but not those with normal digits, had more proliferating
cells present within the most anterior peridigit mesenchymal
region (Fig.4C and D, red circle, 40+8 vs. 19+2, P=0.0048).
Interestingly, the number of the proliferating cells within the
most posterior peridigit mesenchymal region of the Thx5";Gli1-
CreER™* handplate was similar to that of the Thx5+ embryos
(Fig. 4C and D, pink circle, 39 +4 vs. 39 + 3, P=0.88). The number
of H3S10-positive cells in the middle region of the Thx5/;Gli1-
CreER™* handplate was also significantly elevated in embryos
with polydactyly but not normal digits.

Tbx5 deletion resulted in extension of Hh-receiving
precursor cells toward the anterior mesenchyme of the
limb

To examine the cellular mechanism through which Tbx5 KO
caused digit malformation, we tracked the migration of Hh-
receiving limb precursors via GIFM, with induction by TMX
administration at E7.5 and E8.5, in R26Rf/+;Thx5f1;Gli1Cre-ERT2/+
embryos and littermate control embryos. At E10.5, g-galacto

sidase-positive cells were observed at the proximal-posterior
limb bud of the R26RV*;Gli1¢¢ER™>+ embryos (Fig. SA and A').
The region of g-galactosidase-positive cells in R26RV+;Tbhx5+;
Gli1¢ERT2+ embryos was similar to that in R26RV+;Gli1CreERT/+
embryos (Fig. 5B and B’). However, that region extended to a
more anterior region of the limb bud in the R26RV*;Thx5/Vf;
Gli1¢ERT2+ embryos (Fig. 5C and C).

Ptch1 was identified as a direct downstream target of
Tbx5 in the developing limb

Shhis required for development of both the posterior-distal limb
skeleton and the posterior digits in vertebrate animals (33-35).
Our previous study has reported that Tbx5 positively regulates
the activity of Hh-signaling in the splanchnic mesoderm during
early-stage heart development (29). Thus, we aimed to address
the potential interaction between Tbx5 and Hh-signaling in limb
development. E10.5 limb buds were collected for RNA extraction
and RT-PCR evaluation to determine the key modulator genes
involved in Hh-signaling. Expression changes were observed in
several genes, including downregulation of Ptchl and upregu-
lation of Smo and Glil in the Tbx5V!;Glil-CreER™* versus the
Thx5"+ embryos (Fig. 6A), thus suggesting overall Hh-signaling
activation in the limb in Tbx5;Gli1-CreER™+ embryos.

Our previous report has shown that Gasl, a mediator of
Hh-signaling, is a downstream target of Tbx5 in the SHF (29).
Therefore, we first tested weather Gasl was also a Tbx5 target
in the developing limb. Tbx5-response elements were evaluated
by ChIP-gPCR with primers covering the previously reported
genomic regions (29) (Table 2) and genomic DNA extracted from
both the microdissected E9.5 SHF and the E10.5 limb bud. We
confirmed one Tbx5-binding site (Gas1-3) in the SHF. This result
was consistent with our previously reported data from luciferase
reporter assays (29). However, Tbx5 occupancy at the same site in
the limb bud was not observed (Fig. 6B). The other two potential
sites (Gas1-1 and Gas1-2) were not responsive to Tbx5 in either
E9.5 SHF or the limb bud.

The downregulation of Ptchl led us to further address
whether this gene might be a direct downstream target of
Tbx5. We bioinformatically interrogated Ptchl loci for potential
Tbx5-response elements. We used the overlap of evolutionary
conservation and Tbx5 occupancy at a conserved Tbx5-binding
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Figure 2. Disruption of Tbx5 expression in Hh-receiving limb precursors resulted in digit defects. (A-H) Tbx5 expression in the developing limbs of mouse embryos was
detected by IHC at E10.5 (A-D) and at E11.5 (E-H). Magnification: A-F, x100; C-H, x400. (I-N) Histology of the Tbx5 transgenic mouse embryo limb at E14.5.

Table 1. Incidence of digit defects in Tbx5 mutant embryos (TMX at 7.5 and 8.5)?

Genotype Polydactyly/ Total Total vs. control P value
oligodactyly defects embryo
Conditional Tbx5 mutant embryos
Tbx5/V+;Gli1-CreER™+ 7/2 9 82 Tbx5V+ (5/165) 011
Tbx51; Gli1-CreER™+ 50/10 60 111 Thx5V+ (5/165) .000
Smo — Thx5 compound mutant embryos
Tbx5/V+;SmofV+;Gli1-CreER™+ 0/0 0 44 SmofV/+;Gli1-CreERT%+ (0/35) 1
Forelimb Tbx5/V+;Gli1l-CreER™+ (9/82) .023
Tbx5fV+;SmofV+;Gli1-CreER™+ 0/0 0 SmofV/+;Gli1-CreERT%+ (0/35) 1
Hindlimb Tbx5/V+;Gli1l-CreER™+ (0/82) 1
Tbx5/+;SmoM2fV+;Gli1-CreER™?/+ 7/0 7 39 SmoM2fV+;Gli1-CreERT?+ (3/29) .381
Forelimb Tbx5/V+;Gli1l-CreERT+ (9/82) .290
Tbx5/+;SmoM2fV+;Gli1- 11/0 11 39 SmoM2fV+;Gli1-CreERT+ (12/29) .288
CreER™/*Hindlimb Thx5V+;Gli1-CreER™/+ (0/82) .000

aSignificance in digit defects incidence between Tbx5 mutant embryos and littermate controls was analyzed by x? test.

sequence in HL-1 cells (36) and found two potential Tbx5-binding
sites (Ptch1-1 and Ptch1-2) within the promoter region of Ptchl
(Fig. 6C and Table 1). This conserved Tbx5-binding site was
confirmed by our ChIP-PCR analysis. The enrichment in Ptch1-1
and Ptchl-2, but not the negative control regions (Ptchl-neg)
either upstream or downstream (Tbx5-Frl and Tbx5-Fr3), was
observed in Tbx5-precipitated DNA fragments extracted from

both the microdissected SHF and the E10.5 limb buds of the
wild-type embryos (Fig. 6D).

Proper expression of GLI3 protein has been found to specify
limb digit number and identity (3,5,37,38). In our study, we
observed no changes in expression intensity or expression
patterning of Gli3 in the limb in Tbx5/;Gli1-CreER™* embryos
compared with Tbx5V* embryos via either RT-PCR or ISH
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Figure 3. Tbx5 deletion inhibited the apoptosis of the autopod mesenchymal cells that was associated with polydactyly. (A-D) TUNEL staining in both Thx5ff1; Gli1-
CreERT?+ embryos and control embryos at E11.5. Magnification: x100 (A and B) and x400 (B and D). (E) Quantification of apoptotic cells of the developing limb at E11.5.
Data are presented as mean =+ SE, *P < 0.05, n= 3-5. (F-K) TUNEL staining in both Tbx5//f1; Gli1-CreERT+ embryos and control embryos at E12.5. The image panels from
I to K are the enlarged images of the circled regions in panels F to H. Magnification: x40. (L) Quantification of apoptotic cells of the developing limb at E12.5. Data are

presented as mean =+ SE, *P < 0.05, n=3-5.

(Fig. 6A and E). Because the expression of Gli3 does not reflect
the changes in the ratio of Gli3A and Gli3R, we therefore
measured the expression of the Gli3 downstream gene Jagl
(39). The expression of Jagl, which encodes the Notch ligand,
was low in the posterior mesenchyme in wild-type forelimbs,
and the expression did not overlap with the ZPA. Strikingly, the
Jagl expansion extended into the anterior mesenchyme of the
Tbx51; Gli1-CreER™* embryos at E10.5 (Fig. 6E).

We further examined the expression of Hand2, a known
transcription factor interacting with Gli3, thus further restricting
its activation within the posterior limb mesenchyme. In Tbhx5//+
mouse embryos, Hand2 expression was observed at the poste-
rior limb mesenchyme and the mesenchyme of the progress
zone (Fig. 6F, left panels). Interestingly, Hand2 expression in the

mesenchyme of the progress zone was lost in the Tbx5/+;Gli1-
CreER™* limb buds (Fig. 6F, middle panels). In the Tbx5";Gli1-
CreER™* limb, the expression of Hand2 was clearly limited to
only the posterior limb mesenchyme (Fig. 6F, right panels).

Recent studies have established that the HoxD family
genes (Hoxd10-Hoxd13 and Hoxal3) play an important role
in organizing the digital pattern (40). We performed RT-PCR
of E10.5 limb buds to assess the molecular regulation of the
digital pre-pattern of limbs in Tbx5f;Gli1-CreER™* versus
littermate control Thx5/V* embryos. The expression of Hoxd10,
Hoxd11, Hoxd12 and Sox9 was significantly lower in the E10.5
limb buds in Tbx5f;;Gli1-CreER™* embryos than in littermate
control Tbx57/* embryos (Fig. 6F), thus suggesting a disruption
of digit pre-patterning.
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mid-sections of the limb. Data are presented as mean = SE, n=3-5, *P < 0.05. (C) BrdU staining in both Tbx5/Vf1; Gli1-CreERT+ embryos (right and middle panels) and
control embryos (left panel) at E12.5. The red circle indicates the anterior region of the handplate, and the orange circle indicates the posterior region of the handplate.
Circled area is enlarged in the lower panel. (D) Quantification of BrdU-labeled cells counted from the posterior, anterior and middle regions of the handplate from three
serial middle sections of the limb. Data are presented as mean + SE, n=3-5, *P < 0.05, Student’s t test.
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Figure 5. Tbx5 deletion resulted in extension of Hh-receiving precursor cells toward the anterior mesenchyme of the limb. (A-C and A’-C’) LacZ staining of Glil-
expressing cells in the developing limb in R26RV/+; Gli1Cre-ERT2/+ (A: left limb and A': right limb), R26R/V+; Thx5fV/+;Gli1Cre-ERT2/+ (B: left limb and B': right limb) and
R26R/V+; ThxSfUfLGli1Cre-ERT2/+ (C: left limb and C': right limb) embryos at E10.5. The embryos were administered TMX at E7.5 and E8.5.
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Table 2. Genomic regions of Ptch1 and Gas1 assessed by ChIP-qPCR®

Primer sequences

Amplified region
Ptch1-1 chr13: 63565495-63565660
Ptch1-2 chr13: 63566782-63566860
Ptchl-neg chr13: 63567588-63567662
Gasl-1 chr13: 60176246-60176431
Gas1-2 chr13: 60177033-60177198
Gas1-3 chr13: 60176893-60177052
Gasl-neg chr13: 60175035-60175216

5/-CCGGCGGCGTTACCAGC-3'
5’-ACGGCCGCAGCACCCG-3’
5/-AGCAAATACTGGGAGGTCCG-3
5'-ACACACTGGCGCACTATCC-3
5/-CGGGATTCTGCTACGTCCTA-3'
5/-TTGACTCCTCACTACTCCGGT-3/
5'-GTTGAAAAGCTTGCCGCAGTA-3’
5'-GACGAACACTGCAGGTCCAC-3’
5'-GTCCGGTAGACGGTTGGAG-3'
5'-CCAGAGCTGCGAAGTGCTAC-3'
5/-AAAGTTTGTCCGAGTTCCGC-3
5/-CCTCCAACCGTCTACCGGAC-3'
5/-CCTAGATGGCAGTACCGAGC-3'
5'-GGGGCTTCCCCGAAATTACA-3

3All genomic coordinates are shown for mouse genome build mm?10.

Tbx5 fl/+, Smo fl/+, Smo fl/+,Tbx5fl/+,
Glilcre-ERT2/+ Glilcre-ERT2/+ Glilcre-ERT2/+
(polydactyly) (normal) (normal)

S5mm

Tbx5 fl/+, SmoM2 fl/+, SmoM_2 fl/+,Tbx5fl/+,
Glilcre-ERT2/+ Glilcre-ERT2/+ Glilcre-ERT2/+
(hypodactyly) (hindlimb polydactyly) ~ (forelimb+hindlimb polydactyly)

5mm

Figure 7. Downregulation of Hh-signaling rescued the forelimb defects in Tbx5//f1; Gli1-CreERT?/+ embryos. (A-F) Histology of the Tbx5 transgenic mouse embryo limb
at E14.5. The red arrow indicates forelimb defects, and the pink arrow indicates hindlimb defects.

Downregulation of Hh-signaling rescued the limb
defects of Tbx5V;Gli1¢E™+ embryos

Because Tbx5 physically occupied the Tbx5-responsive region
in the Ptcl locus in the limb mesenchyme, we sought to
determine whether Tbx5 might functionally inhibit Hh-signaling
in digit development. We performed a genetic study by creating
embryos with compound heterozygous knockdown of Tbx5
and Smoothened, the latter of which encodes the obligate
hedgehog receptor (SmofV+;Tbx5/V+;Gli1-CreER™). As expected,
no limb defects were observed at E14.5 in SmofV*;Gli1¢eERT2/+
embryos (0/35), whereas 15.9% (13/82) of the Tbx5/V*;Glil-
CreER™* littermate control embryos displayed dactyly problems
(Fig. 7A). Importantly, compound heterozygous Tbx5 and Smo
rescued the dactyly problems observed in the forelimb in
Tbx5+;Gli1-CreER™+ embryos at E15.5 (Fig. 7C, 0/44 vs. 13/82,
P=0.0226).

We next combined conditional dominant loss of Tbx5 in Hh-
receiving cells with Glil:Cre-dependent expression of SmoM2,

a constitutively active Smo mutant (41). In SmoM2/V+;Glil-
CreER™* mouse embryos, we observed polydactyly at both
the forelimb and the hindlimb, with a higher ratio in the
hindlimb (Fig. 7E, 3/29 in the forelimb vs. 13/29 in the hindlimb,
P=0.0079). Combining Tbx5 knockdown with Hh-signaling
overactivation did not rescue the forelimb defects of either the
SmoM2/V+;Gli1-CreER™* (P = 0.3812) or the Thx5V*;Gli1-CreER™/+
(P=0.2899) mouse embryos at E15.5 (Fig. 7F, red arrow). Because
Tbx5 does not play roles in hindlimb development, we did
not observe incidence changes of hindlimb polydactyly of the
SmoM2/V+;Thx5V+;Gli1-CreER™*+ (11/39 vs. 12/29, P=0.2883), as
expected (Fig. 7F, pink arrow).

Discussion

One of the characteristics of HOS is that the upper-extremity
malformations are fully penetrant, and digit abnormality is
highly prevalent. Previous studies have demonstrated that Tbx5
positively regulates Hh-signaling activity in the SHF, thereby



influencing atrial septation (29,42). Recent elegant study has
used a Tbx5 hypomorphic mouse model to recapitulate the
HOS phenotype that the defects are more severe in their
left arm than right and to explain why (43). However, no
vertebrate model recapitulates the limb-heart defects with TBX5
haploinsufficiency. Although previous studies have shown that
Tbx5 is crucial for forelimb initiation (20,21,23,44) and is an
important regulator of thumb length (25,28), it was unknown
whether Tbx5 is crucial for digit identity. Our study provides
the first report of a Tbx5 haploinsufficient mouse model that
recapitulates both the dactyly defects and the heart defects of
HOS in humans, although the penetration for dactyly defect is
lower in our model than in human patients.

Although previous studies have disclosed the requirement
of Tbx5 for limb development, the cell lineage that harbors the
dosage sensitive requirement for Tbx5 in digit identity is not
identified. By deletion of Tbx5 induced at specific times in Glil+
cells, we were able to knock down the Tbx5 expression in some
of the Hh responders (Glil+) between E8 and E10.5 which further
caused the digit abnormalities. Our results suggest that a narrow
time window and a subpopulation of Hh-receiving precursor
cells are necessary and that Tbx5 is crucial, for formation of
the normal number of digits during limb development. Notably,
this short time window overlaps with the previously reported
window in which SHF cardiac precursors are required for atrial
septation (29). More to be noted, even though we used the
Cre-inducible lacZ reporter R26R (30) with Glilcre:ERT2 to create
Tbx5 haploinsufficiency, we have no evidence to conclude if the
subpopulation of Hh responders were specifically Glil+ cells,
because Glil and Gli3 expression overlaps during the time period
with TMX induction (45).

Our data support a mechanism through which digit identity
requires Tbx5’s negative regulation of Hh-signaling in the limb
bud. The Gli3R:Gli3A gradient along the AP axis is important
for digit development (8). Notably, an increase in digit number
in the forelimb together with posterior re-specification of the
anterior forelimb has been reported to occur after conditional
ablation of functional Ptchl, thus suggesting that Ptchl is
a crucial determinant of asymmetry and digit number in
vertebrate limbs (46). Here, we showed decreased expression
of Ptchl in the E10.5 limb bud and further identified two Tbx5-
responsive regulatory regions. These data provide molecular
evidence that Ptchl is a downstream target of Tbx5, suggesting
an overactivation of Hh-signaling in the limb bud in Tbx5
haploinsufficient embryos. In agreement with it, the Tbx5
haploinsufficient limb bud enhanced the expression of Glil
and Smo detected by real-time PCR. In addition, although the
Gli3 mRNA expression pattern was unchanged in Tbx5 mutant
embryos, the expression of Jagl, which acts downstream of Gli3
depression (39), diffused more anteriorly, thereby suggesting
a more extended anterior Gli3A expression. Thus, our data
provide a working model in which Tbx5 negatively regulates
Hh-signaling, through direct transcriptional regulation of Ptch1,
resulting in Gli3A repression. Clearly, the Tbx5-Hh-signaling
cascade is biologically functional during digit identity: the digit
abnormalities in the Tbx5 mutant embryo were rescued by
downregulation, but were severer by constitutive activation,
of Hh-signaling through conditional ablation of functional
Smo.

Furthermore, our data suggest that Tbx5 positively regulates
cell apoptosis and negatively regulates cell proliferation during
handplate development. At the presumptive thumb region ffp,
GLI3R has been reported to enhance apoptosis and inhibit digit
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formation (3,5,8). Here, we showed decreased apoptosis of the
handplate mesenchyme, especially at the presumptive thumb
region, thus suggesting that the increased cell survival in Tbx5
mutant forelimbs might be mediated through the downregula-
tion of Gli3R. We observed an increased number of proliferating
cells in the E11.5 handplate mesenchyme and in the E12.5 pre-
sumptive thumb region of the Tbx5 mutant embryos. This find-
ing is inconsistent with those from a previous report indicating
that the reduced limb size of the Tbx5 mutant embryo is due
to a decrease in cell proliferation (25). One possible explanation
for these findings is that Tbx5 may inhibit cell proliferation
in the handplate mesenchyme through Gli3R at the presump-
tive thumb region. In fact, active Hh-signaling is required for
supporting cell proliferation through its role of positively con-
trolling the expression of genes encoding cell cycle regulators
(1,34,47,48).

Clearly, although we demonstrated that Tbx5-Hh-signaling
is a major signaling cascade affecting digit identity in Tbx5
mutant embryos, other important signaling pathways and pro-
teins are involved. Hand2 controls Shh expression in the polar-
izing region and is actively repressed in the anterior region of
the limb buds, owing to the transcriptional repressor Gli3R (49).
In Tbx5 mutant embryos compared with wild-type embryos,
Hand2 expression was restricted to a further posterior region
of the forelimb bud, whereas Glil expression extended more
anteriorly, thus suggesting an interaction between Tbx5-Hh-
signaling and Hand2 expression. The decreased expression of
HoxD family genes in the forelimb bud also suggested the impor-
tant roles of factors downstream of Tbx5 or Tbx5-Hh-signaling in
re-organizing the digital pattern. Importantly, in agreement with
this possibility, disrupted HoxD family gene expression during
the patterning stages of limb development has been reported
in both Tbx5 mutant embryos and the Ptchl mutant embryos
(46,50).

Interestingly, Tbx5 negatively regulates Hh-signaling in
limb development but plays a positive role upstream of Hh-
signaling in the SHF during the same developmental stage
(29). This differential activity might be achieved through
distinct transcriptional regulatory networks involving Tbx5
and other transcription factors on different gene targets. In
the SHF, we identified Gasl, an activator of Hh-signaling, to
act downstream of the Hh-signaling pathway. In the limb
mesenchyme, similar Tbx5-responsive regulatory regions of
Gasl are absent, whereas two Tbx5-responsive regions in
Ptchl were found. However, these two regions were also
identified in SHF. Thus, other important components must
be required to coordinately interact with Tbx5 in transcrip-
tionally regulating tissue-specific gene targets for activation
or repression of Hh-signaling. GATA4, whose mutation also
causes atrial septal defects (51,52), physically interacts with
TBX5 and NKX2-5, forming macromolecular complexes that
activate cardiac gene expression (52,53). We have previously
reported that Gata4 and Tbx5 interact and function upstream
of Hh-signaling in atrial septation, and we have identified
Gata4-responsive genomic regions of Glil (54). Indeed, we
observed decreased Glil expression in Tbx5 heterozygous
SHF (29). In the limb mesenchyme without Gata4 expression,
a direct transcriptional regulatory link from Tbx5 to Glil is
disrupted. Instead, Ptchl, a direct target of Tbx5, plays a major
role in repressing Hh-signaling. Similar to Gata4, Gata6é and
Tbx5 synergistically transcriptionally activate atrial genes, for
example through co-occupying the atrial natriuretic factor
promoter (55). Given that Gata6 is a crucial regulator of
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Hh-signaling in the limb bud (56), it should be interesting to
address whether and how Gata6 and Tbx5 interact in regulating
limb development.

In summary, the interaction between Tbx5 and Hh-signaling
in digit determination of the forelimb, together with existing
knowledge of Tbx5 and Hh-signaling interaction in SHF (29),
provides an important missing component for understanding
not only limb development but also the molecular and genetic
mechanisms underlying HOS.

Materials and Methods
Mouse lines

All mouse experiments were performed in a mixed B6/129/SvEv
background. The Tbx5V*+, Glil-CreER™* and SmoY* mouse
lines were obtained from Dr Ivan Moskowitz Lab (University of
Chicago, Chicago). The SmoM2f/+ and R26R+ mouse lines were
purchased from the Jackson Laboratory. Mouse experiments
were performed according to a protocol reviewed and approved
by the Institutional Animal Care and Use Committees of the
University of North Dakota and Texas A&M University, in
compliance with the US Public Health Service Policy on the
Humane Care and Use of Laboratory Animals.

TMX administration and X-gal staining

TMX-induced activation of CreERT2 was accomplished through
oral gavage of mice with two doses of 75 mg/kg TM at E7.5 and
E8.5 (57). X-gal staining of embryos was performed as previously
described (57).

IHC staining

Standard procedures were used for histology and IHC. IHC
was performed with rabbit anti-mouse p-Histone-H3 (H3510)
(Abcam) and rabbit anti-mouse Tbx5 (Santa Cruz). For colori-
metric staining, slides were incubated with rabbit ImmPRESS
reagent (Vector Labs), developed with a DAB substrate kit (Vector
Labs) and counterstained with hematoxylin. For TUNEL staining,
an ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit (EMD
Millipore) was used.

RNA extraction and RT-PCR

To obtain limb mesoderm for use in quantitative RT-PCR, E10.5
embryos were dissected, and the limb buds were collected in
RNAlater and then stored at —20°C until genotyping was com-
pleted. Total RNA was extracted from the PSHF regions of mouse
embryos with an RNeasy Mini Kit (Qiagen), according to the
manufacturer’s instructions. Two hundred nanograms of total
RNA was reverse transcribed with a SuperScript™ III Reverse
Transcriptase Kit from Invitrogen. gPCR was performed with
Power SYBR Green PCR master mix from Applied Biosystems.
Results were analyzed with the delta-delta Ct method, with
Gapdh used as a normalization control.

In situ hybridization

In situ hybridization was performed as previously described (29).
Specifically, sense and antisense probes were generated with
a digoxigenin RNA labeling kit (Roche). Probes were hybridized

overnight at 65°C onto E10.5 embryos for whole mount in situ
hybridization. Digoxigenin-labeled probes were detected with
anti-digoxigenin-AP Fab fragments (Roche) and precipitated
with BM Purple AP substrate (Roche).

Chromatin immunoprecipitation

The limb buds of E10.5 embryos were collected in cold PBS
containing protease inhibitor cocktail (Roche). Approximately 20
pairs of limb buds were pooled as one sample. Tissues were
cross-linked with 1% formaldehyde for 15 min at room tem-
perature, and the reaction was terminated with glycine. After
being washed several times in PBS, tissues were dissociated by
shaking at 37°C for 1-2 h at 100 rpm in collagenase, type II (Gibco)
solution. Sonication was performed with a Covaris S220 soni-
cator to generate an average fragment size of 600 bp. Samples
were incubated with anti-Tbx5 antibody (Santa Cruz, sc-1237X)
overnight at 4°C, then incubated with Dynabeads Protein G (Life
Technologies) for 2 h and washed, and the cross-linking was
reversed.

Statistical analysis

Incidence of digit defects was analyzed using chi-squared test
(x? test). One-way analysis of variance (ANOVA) was used for
assessing the other data including TUNEL assay, H3S10 staining,
RT-PCR, ChIP-gPCR, etc. A P value less than 0.05 was considered
a significant difference. All analyses were carried out using SAS
JMP software (SAS Institute Inc., Cary, NC, USA).
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