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Abstract
Maternal diabetes during pregnancy is responsible for the occurrence of diabetic embryopathy, a
spectrum of birth defects that includes heart abnormalities, neural tube defects, and caudal
dysgenesis syndromes. Here, we report that mice transgenic for the homeodomain transcription
factor Isl-1 develop profound caudal growth defects that resemble human sacral/caudal agenesis.
Isl-1 is normally expressed in the pancreas and is required for pancreas development and
endocrine cell differentiation. Aberrant regulation of this pancreatic transcription factor causes
increased mesodermal cell death, and the severity of defects is dependent on transgene dosage.
Together with the finding that mutation of the pancreatic transcription factor HLXB9 causes sacral
agenesis, our results implicate pancreatic transcription factors in the pathogenesis of birth defects
associated with diabetes.
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Diabetes of the mother during pregnancy is a major risk factor for congenital defects,
collectively termed diabetic embryopathies (1, 2). The most common abnormalities in
diabetic embryopathy are neural tube and heart defects (3), with caudal regression syndrome
particularly characteristic (4). This syndrome is now recognized as caudal dysgenesis (5)
and comprises a spectrum of growth anomalies, malformations of interior organs, and
deformities or lack of skeletal structures, in particular, defects of variable portions of the
lumbar spine and absence of the sacrum.

Corresponding author: Claudia Kappen, Center for Human Molecular Genetics, Munroe-Meyer Institute and Department of Genetics,
Cell Biology and Anatomy, 5455 University of Nebraska Medical Center Omaha, NE 68198-5455. ckappen@unmc.edu.

NIH Public Access
Author Manuscript
FASEB J. Author manuscript; available in PMC 2014 April 07.

Published in final edited form as:
FASEB J. 2003 July ; 17(10): 1349–1351. doi:10.1096/fj.02-0856fje.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



It has remained unclear how systemic metabolic changes result in developmental defects
that affect specific tissues and developmental processes (6). One hypothesis (7) is that
maternal diabetes alters the expression of developmental control genes that play important
roles for the morphogenesis of tissues affected in diabetic embryopathy. Consistent with this
proposition is the finding that Pax3 expression is reduced in mouse embryos from diabetic
mothers (8). As Pax3 is well known to be required for normal neural tube development
(9-13), its reduction would explain the occurrence of neural tube defects in diabetic
embryopathy. Genes that play a role in the etiology of other abnormalities in diabetic
embryopathy, however, have not been identified to date. We here present evidence from a
mouse model that invokes a second hypothesis for developmental anomalies in diabetic
embryopathy, namely that maternal diabetes leads to dysregulation of pancreatic
transcription factors. Pancreatic transcription factors are known to respond to metabolic
status (14-20), and therefore would be prime candidates for dysregulation by altered
metabolic state. As some pancreatic transcription factors are also expressed in non-
pancreatic tissues (21), or could be ectopically activated in such tissues by metabolic
disturbances, the tissue-specificity of diabetic embryopathies would be explained by the
particular expression patterns in normal or ectopic locations. This hypothesis is consistent
with our mouse model, in which experimental ectopic expression of the pancreatic
transcription factor Islet-1 leads to developmental defects that resemble caudal growth
defects in diabetic embryopathy.

MATERIALS AND METHODS
Generation of transgenic mice

To generate Islet-1 (abbreviated Isl-1) transgenic mice, we used the VP-16-based binary
transgenic system (22, 23) (Fig. 1A) because initial experiments showed that animals with a
conventional Hoxc-8-Isl-1 transgene die shortly after birth (24). The transactivator (TA)
transgenic lines express the viral transactivator VP16 under control of the Hoxc-8 promoter
(25). The transresponder (TR) transgenic lines carry the cDNA from the rat Isl-1 gene linked
to the 360 bp fragment from the immediate early (IE) gene promoter of the ICP4 gene of
herpes simplex virus (26). Mice double transgenic for the Hoxc-8-VP16 and IE-Isl-1
transgenes were obtained by crossing the two parental transgenic lines. The transgenic
mouse strains have been published previously (22, 25, 26), and genotyping was performed
according to protocols in those publications. Some double transgenic mice were viable and
could be further bred to generate mice homozygous for one or both transgene loci. To detect
homozygosity at either transgene locus, we performed semi-quantitative PCR by using DNA
isolated from yolk sacs of individual embryos (22, 26).

Skeletal preparations
Preparations of newborn skeletons were processed as described before (22), for embryos at
younger developmental stages, the same protocol was followed, except that embryos were
first cooled in PBS on ice for 10 min to stop circulation and heart beat.

Histology, in situ hybridization, and immunohistochemistry
Histological sectioning was done as described before (22, 27), typically at 10 μm thickness
for paraffin-embedded tissues, and at up to 30 μm thickness for frozen tissue (24). In situ
hybridizations were performed exactly as described (24), and immunohistochemistry
followed established protocols (22) by using the secondary anti-mouse immunoglobulin
reagents provided with the M.O.M. (Vector, Burlingame, CA) and DAB substrate (Pierce,
Rockford, IL) kits. Primary monoclonal antibodies specific for Pax-7, Isl-1, Nkx-2.2, HNF3-
β, and Shh were obtained from the Developmental Studies Hybridoma Bank (University of
Iowa), and the Nestin-specific antibody was purchased from PharMingen (Palo Alto, CA).
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Where indicated, sections were photographed at 1000× magnification and images were
composed by using Photoshop 5.5 (Adobe Systems, San Jose, CA).

TUNEL assays were performed using the ApopTag fluorescein direct in situ apoptosis
detection kit (Intergen, Purchase, NY). Normal and transgenic mouse embryos were isolated
at E10.5, E11.5, and E12.5; fixed in 4% paraformaldehyde; and embedded in paraffin.
Sections of 10 μm thickness were cut, deparaffinized, and treated with Proteinase K. DNA
fragments were tailed with fluorescein-nucleotide in a reaction containing TdT enzyme for 1
h at 37°C. The signals for apoptotic cells were confirmed to be specific by using an
independent Peroxidase-based in situ apoptosis detection kit (Intergen).

Measurements of glucose in serum
Serum was obtained from the tail vein of mice as described previously (28). Glucose was
measured by Elite XL glucometer (Bayer). Results were statistically evaluated using two-
sided t-tests.

RESULTS and DISCUSSION
We found caudal growth deficiencies in mice transgenic for the pancreatic homeodomain
transcription factor Islet-1 (Isl-1). These mice were generated by using the VP16-based
binary system (23) (Fig. 1A). Isl-1 transgene expression is under control of the Hoxc-8
promoter, which directs gene expression to the posterior region of the early developing
embryo (Fig. 1B) with restriction to mesodermal tissues at later stages (Fig. 1C). Expression
of the Isl-1 transgene in the posterior region of Isl-1 transgenic embryos could be detected
by RT-PCR (26) and by immunohistochemistry (Fig. 1D). Isl-1 transgenic newborn mice
were born with open eyes, and had either a short tail or no tail; those without tail often died
shortly after birth (Fig. 1E). Staining of newborn skeletons revealed absence of caudal
structures as well as some sacral vertebrae (Fig. 1F). This phenotype was specific for Isl-1
because i) it was also produced with a conventional Hoxc-8-Isl-1 transgene, resulting in
posterior truncation, hindlimb paralysis and postnatal death (data not shown); and ii) it was
found with multiple TA strains and TR mouse lines when the binary system was used (Table
1). Furthermore, in this system, Hoxc-8 and Hoxd-4 TR transgenes did not affect posterior
development. Developmental defects arose already with moderate activation of the Isl-1
transgene and, congruently, the severity of the Isl-1 induced phenotype was found to be
dependent on transgene dosage (Fig. 2). In the binary system, if animals hemizygous for the
TA and TR transgenes survive and are fertile, crossing of such parents will result in
offspring with homozygosity for either the TA or the TR transgene, respectively, or, at very
low frequency (see Fig. 2), homozygosity for both loci. Shortened tails were present in
animals hemizygous for both TA and TR (TA/+ TR/+; Fig. 3B, E). Compound transgenic
animals with transgene loci in excess of hemizygosity (TA/TA TR/+ or TA/+TR/TR or TA/
TA TR/TR) exhibited postnatal lethality and, in comparison to their littermates, more severe
caudal truncations of their skeletons (Fig. 3C, F). The caudal skeletal defects became
evident in developing embryos and, in some cases, they were associated with a pre-sacral
mass detectable at 13.5 days of development (Fig. 4). The extraneous tissue consisted of
neuroepithelial cells (Fig. 4D), suggesting that neural development itself was only
secondarily affected. Reproducibly, the posterior defects in Isl-1 transgenic mice were
characterized by the absence of caudal and sacral vertebrae, although the precise level of
truncation was variable (cf. Figs. 1F, 3C, and 3F). Taken together, the Isl-1 transgene
induced developmental defects phenocopy human caudal regression syndrome.

It has been suggested that malformations seen in caudal regression result from mesodermal
insult (29). Caudal regression was also found in mouse embryos exposed to retinoic acid,
which causes excessive cell death in the primitive streak, leading to absence of the tail (30).
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Vascular insufficiency in the caudal region has been suggested as a cause (31), as well as
inadequate separation of gut endoderm from the caudal eminence (32). Lynch et al. (33)
proposed that dominant inherited human sacral agenesis might be caused by incomplete
notochord development and defective signaling with impaired induction of sclerotomal cell
migration and failure in formation of caudal skeletal elements. To discern these possible
scenarios for the pathogenesis of posterior defects in our Isl-1 transgenic mice, we
performed histology and immunohistochemical studies.

During development, Isl-1 transgenic embryos exhibited no histological abnormalities
before day E11.5 (Fig. 5B–E). The absence of tail development was observed as early as
E12.5. In the caudal region of Isl-1 transgenic embryos isolated at E12.5 and E13.5,
development of the neural tube and mesoderm was incomplete. The neural tube was either
reduced in size (Fig. 5G) or failed to close (Fig. 5H). The presence of the notochord in the
Isl-1 transgenic embryos was clearly evident at E10.5 (C), E11.5 (E), and E12.5 (H). While
these data argue against the first part of the proposition by Lynch et al. (33), they leave open
the possibility that signaling from the notochord could be impaired. This prompted us to
investigate the expression of markers for notochord signaling.

Nestin was used as a marker for neuronal and muscle precursor cells (34) (Fig. 6A, H).
Pax-7 was used as a neuronal marker for the dorsal neural tube (35) (Fig. 6B, I), Isl-1 as a
marker for dorsal root ganglia and ventral cells (36) (Fig. 6C, J), and Nkx2.2 as a marker for
a subset of motorneurons (37, 38) (Fig. 6D, K). HNF3-β (Fig. 6E, L), and Shh (Fig. 6F, M)
were used as markers for the notochord and floor plate (39-41). Overall, there were no
differences in expression of these markers between control and transgenic mice at E11.5.
Most notably, Shh expression was found in notochord and floor plate of Isl-1 transgenic
embryos, demonstrating the presence of the notochord and one of its important signaling
molecules. Thus, with reference to marker genes whose expression is known to be
exquisitely sensitive to Shh signaling (42), these results argue against impairment of
notochord signaling in our Isl-1 transgenic mice.

Since Isl-1 transgene expression affects posterior growth particularly of skeletal structures,
we examined Pax-1 expression as a marker for skeletogenic cells (43, 44). In situ
hybridization revealed normal expression of Pax-1 in developing prevertebrae (Fig. 6G, N),
except for areas close to the site of truncation, where the pattern of cell condensations was
perturbed (Fig. 6N, arrowhead). This suggested that the caudal defect in our transgenic mice
resulted from an insult to sclerotomal cells, or their mesodermal precursors. We performed
“TUNEL” assays on sections of normal and transgenic embryos to determine whether cell
death could be responsible for the growth defects. Control and transgenic embryos isolated
at E10.5 showed no staining difference (not shown). At the stage of E11.5, some apoptotic
cells were detected in the mesoderm, but there was little difference between control (Fig.
7B) and transgenic mice (Fig. 7C). By E12.5, however, a striking increase of cell death was
observed in Isl-1 transgenic mice (Fig. 7E, F) as compared with normal embryos (Fig. 7D).
The cell death occurred predominantly in mesodermal cells, and only to a lesser extent in the
neural tube, consistent with the subsequent absence of skeletal development in the posterior
region.

Isl-1 is normally expressed in motor neurons and dorsal root ganglia during development
(36, 45). In our transgenic mice, the Hoxc-8 promoter directs expression of Isl-1 not only to
motor neurons and dorsal root ganglia, but also ectopically to neuroectodermal and
mesodermal tissues in the posterior region (25, 46) (see Fig. 1). Isl-1 transgene expression
was detectable by RT-PCR (26) and, albeit at low level, by immunohistochemistry in
mesodermal cells (see Fig. 1). Normally, these cells are proliferating and express
proliferating cell nuclear antigen (PCNA, not shown). In developing motorneurons and
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pancreatic cells, Isl-1 expression is correlated with exit from the cell cycle (42, 47). The
possibility that Isl-1 expression in proliferating cells may actively inhibit cell division is
consistent with the Isl-1 transgene induced phenotype. With the activation of Isl-1 transgene
expression in posterior tissues of the developing embryo, caudal growth defects were
observed with high penetrance and reproducibility. Growth inhibitory effects of transgenic
Isl-1 expression were particularly evident in mesodermal derivatives and are consistent with
earlier reports (29, 30) that implicate mesodermal insult in the caudal region of developing
embryos as the cause for malformations seen in syndromes of caudal dysgenesis. Our results
provide strong evidence that phenocopies of human caudal regression can be caused by
aberrant Isl-1 expression in the posterior mesoderm of developing embryos.

Caudal regression, neural tube defects, and heart abnormalities are hallmarks of diabetic
embryopathy in humans (48). These congenital abnormalities are significantly more frequent
in infants born to diabetic mothers and are thought to arise from yet unidentified insults
during early gestation (4, 49). It has been suggested that glucose toxicity and the
accumulation of metabolites (50), or depletion of important nutrients (51), could be
responsible for the malformations, possibly through oxidative stress (52). But it has
remained unclear how systemic changes in metabolism become translated into specific
developmental anomalies (6). The finding of caudal growth defects our Isl-1 transgenic
mouse model prompts the hypothesis that the Isl-1 gene may be a specific target of
metabolic deregulation. This proposition implies that altered metabolic state can aberrantly
regulate or activate Isl-1 gene expression through specific DNA regulatory elements. A
potential substrate for activation in the posterior region of developing embryos could be the
posterior region-specific enhancer that we have identified in the Isl-1 gene (Salbaum and
Kappen, unpublished results). Studies are currently underway to determine in which way
this element responds to metabolic imbalance in diabetic embryopathy.

Recently, it has been suggested that predisposition to diabetes may be caused by exposure to
a diabetic environment during pregnancy (49, 53-56), such that there is an association of low
birth weight and diabetes (57, 58). Interestingly, our double transgenic Isl-1 mice are born
smaller than their single transgenic littermates. Although there is no indication that the
transgene would be activated in the pancreas (25, 46, 59), we nevertheless investigated
whether those Isl-1 transgenic mice that survive after birth showed signs of metabolic
perturbations. Glucose levels were measured in serum starting from 3 weeks to 6 month of
age. Fig. 8 displays the results, which indicate that any differences are not statistically
significant. Thus, we do not detect abnormal glucose levels in the Isl-1 transgenic mice,
which is consistent with the fact that at the age of 2 weeks, internal organs such as pancreas
and kidney of surviving transgenic mice showed no obvious histological differences to
control mice (data not shown). Indeed, the surviving Isl-1 transgenic mice eventually grow
to a size indistinguishable from their control littermates by 8–10 weeks. However, these
results do not exclude the possibility that the Isl-1 transgenic mice with higher transgene
dosage, which die shortly after birth, may have metabolic defects. We are currently
investigating whether metabolic aberrations could be involved in postnatal lethality of Isl-1
transgenic mice.

Intriguingly, in human sacral agenesis, another pancreatic homeobox gene has been
implicated: HLXB9 was found to be mutated in Currarino triad (33, 60), a form of dominant
inherited sacral agenesis that consists of anorectal malformations, agenesis of sacral
vertebrae and presence of a pre-sacral mass (anterior meningocoele or teratoma; 61, 62). It is
intriguing that pre-sacral mass (in form of extruded neuroepithelial tissue) is also found in
our Isl-1 transgenic mice (Fig. 4), indicating that both Isl-1 and HLXB9 can be involved in
pathogenesis of similar phenotypes. Like Isl-1 (45, 47), Hlxb9 is essential for proper
pancreatic development (63, 64) and for differentiation of motorneurons in the spinal cord
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(65, 66). Hlxb9 in the mouse acts, as has been shown for in differentiating motorneurons and
pancreatic endocrine cells, in the same pathway as Isl-1 (21, 66), affecting subpopulations of
Isl-1 expressing cells at later stages of differentiation. This places Hlxb9 downstream of
Isl-1 in differentiated cells. Mice with null mutations in Isl-1 or Hlxb9 do not exhibit sacral
agenesis, and it is currently not known how mutated HLXB9 causes sacral agenesis in
humans (61). In analogy to the Isl-1 induced phenotype in mice, ectopic expression or
dominant-negative interference of Hlxb9 with cell growth would provide a plausible
explanation for the dominant inheritance of the human sacral agenesis phenotype. The
parallel phenotypes induced by HLXB9 mutation in humans and Isl-1 misexpression in mice
indicate that transcription factors from common cellular pathways can have comparable
pathogenic roles.

Interestingly, when Isl-1 was overexpressed during neural tube development, we found
neural tube defects (Yaworsky, Salbaum and Kappen, manuscript in preparation), indicating
that Isl-1 can also induce another developmental abnormality characteristic for diabetic
embryopathy. With regard to developmental defects, our results advance the hypothesis that
metabolic imbalance during diabetic pregnancy might lead to deregulation of pancreatic
transcription factors, which, in turn, induce phenotypes of diabetic embryopathy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Caudal growth defects in Isl-1 transgenic mice
The VP-16-based binary transgenic system (A) was used to overcome perinatal lethality, and
to consistently generate Isl-1 transgenics from stable parental transgenic mouse lines (22,
23). The transactivator (TA) lines express the viral transactivator VP16 under control of the
Hoxc-8 promoter (25), and transresponder (TR) lines carry the cDNA from the rat Isl-1 gene
linked to the VP16-responsive immediate early (IE) gene promoter from herpes simplex
virus (26). Mice double transgenic for both the TA and TR transgenes were obtained by
crossing the two parental transgenic lines. Some double transgenic mice were viable and
were further bred to generate mice homozygous for one or both transgene loci. B, C) The
domain of VP16 expression under control of the Hoxc-8 promoter is revealed by crossing
the Hoxc-8-VP16 transactivator to IE-LacZ transresponder mice. Blue staining for β-
galactosidase activity indicates the region of transgene activation in the posterior region at
E9.5 B) in mesoderm and neural tube, and at E12.5 (C), in the tail and mesodermal
derivatives. D) Ectopic Isl-1 protein (arrows) in posterior mesoderm of an Isl-1 transgenic
embryo at E11.5. As expected for a transcription factor, Isl-1 protein is localized to nuclei.
This picture was composed from photographs taken at 1000× magnification. E) Isl-1
transgenic newborn mouse with open eyes (open arrow) and absence of tail (closed arrow).
F) Skeletal preparation of an Isl-1 transgenic newborn mouse shows absence of the tail, of
caudal and sacral vertebrae, and unclosed neural arches of sacral vertebrae.
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Figure 2. Dosage dependency of caudal growth defects in Isl-1 transgenic mice
Occurrence of phenotypes/genotypes after crossing mice double hemizygous for the TA and
the TR transgenes (TA/+ TR/+ × TA/+ TR/+). Embryos were isolated at various days of
gestation. From day E12.5 on, phenotypes were visibly discernible, while for E9.5 to E11.5,
genotypes were determined as described (25-27). The expected frequencies and the observed
frequencies for occurrence of all genotypes correlate, as do the ratios of a given genotype
with expected phenotype. Thus, while severity is dependent on transgene dosage, the
phenotype is fully penetrant.
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Figure 3. Severity of growth defects in Isl-1 transgenic mice correlates with gene dosage
Skeletons were prepared from wildtype FVB (A) and Isl-1 transgenic newborns (B, C) and
E15.5 embryos (D–F). The skeletons from Isl-1 transgenic animals show normal pelvic bone
structure but partial or complete absence of caudal and sacral vertebrae. Severity of the
defects increases with transgene dosage: shortened tails are observed in double hemizygous
animals (TA/+TR/+), complete absence of the tail is found in animals with genotypes in
excess of double hemizygosity (TA/TA TR/+ or TA/+ TR/TR or TA/TA TR/TR). Wild type
skeletons exhibit normal posterior development.
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Figure 4. Pre-sacral mass in Isl-1 transgenic embryos
An Isl-1 transgenic embryo isolated at E13.5 shows absence of the tail and presence of pre-
sacral mass (A). E14.5 Isl-1 transgenic embryo with a pre-sacral mass. Skeletal cartilage
was stained with Alcian blue. The truncation of the vertebral column is obvious (B). Sagittal
section through an embryo at 13.5 days (C), and magnification of the area of the pre-sacral
mass (D). The pre-sacral mass consists of neuroepithelium in continuity with the neural
tube.
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Figure 5. Histological changes in Isl-1 transgenic mice during embryonic development
Sections from non-transgenic control (B, D, F, I, L) and Isl-1 transgenic (C, E, G, H, J, M)
embryos were stained with Hematoxylin/Eosin. Sections at 10 μm thickness from embryos
at E10.5 (B, C), E11.5 (D, E), E12.5 (F–H) and E13.5 (I, J) were taken at corresponding
transverse levels as shown in (A). For L (E13.5, normal) and M (E13.5, transgenic), para-
sagittal sections were taken as shown in (K). The phenotype of impaired posterior growth is
evident by day E12.5.
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Figure 6. Expression of markers for neural tube patterning in normal and Isl-1 transgenic mice
Immunohistochemistry was performed on 10 μm transverse sections taken at E11.5 at the
level shown for B in Fig. 5A for deparaffinized (A, B), and at level shown for I in Fig. 5A
for frozen sections (B–F, I–M). Sections from control (A–G) and Isl-1 transgenic (H–N)
embryos were stained using primary antibodies specific for neuron and muscle precursor
cell marker Nestin (A, H), Pax-7 (B, I), Isl-1 (C, J), Nkx-2.2 (D, K), HNF3-β (E, L) and
Shh (F, M). Sections were very lightly counterstained with methylgreen. All markers were
also tested in E10.5 embryos and did not reveal differences between normal and transgenic
mice (data not shown). In situ hybridizations for Pax-1 (G, N) were performed on frozen
sections with the direction of sectioning indicated by the light purple line in Fig. 5A, and
images composed from photographs taken at 1000× magnification. The broken line provides
an outline of the neural tube.
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Figure 7. Excessive cell death in mesodermal tissues of Isl-1 transgenic mice
TUNEL assays on sections from normal and Isl-1 transgenic embryos at E11.5 (B, C) and
E12.5 (D–F). The signals for apoptotic cells were confirmed to be specific by independent
colorimetric detection on adjacent slides (data not shown). The transverse sections were
taken as shown in (A).
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Figure 8. Measurement of glucose levels in Isl-1 transgenic mice
Glucose measurements were performed on serum from Isl-1 transgenic mice at various time
points. Each Isl-1 transgenic individual is represented by a filled circle, with mice transgenic
for transactivator only (open circles) and normal FVB mice (X) serving as controls. While
younger animals display greater variance than adults, statistical evaluation reveals no
significant differences between transgenic and control groups at comparable ages, indicating
normal glucose levels in isl-1 transgenic mice.
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Table 1

Caudal growth defects are Isl-1 transgene specific

Crosses of transactivator (TA) to transresponder (TR) strain Phenotype

TA-9 TR-Isl-1.5 viable: short, kinked, short and kinked tail

TA-9 TR-Isl-1.81 viable: short tail

TA-239 TR-Isl-1.16 lethal, no tail

TA-239 TR-Isl-1.50 viable and lethal: short to absent tail

TA-239 TR-Isl-1.73 normal

TA-239 TR-Isl-1.81 viable: short tail

TA-239 TR-Hoxc-8 tail normal, rib cartilage defect (Ref. 22)

TA-239 TR-Hoxd-4 tail normal, rib cartilage defect (Ref. 22)

Isl-1 transgenic mice were generated by crossing mice containing a transactivator (TA) transgene and a transresponder (TR) transgene,
respectively. The TA strains express the VP16 transactivator protein in the caudal region of developing embryos (25). The relative transactivation
capacity of the two independent TA lines is 1.69 and 5.7, respectively (26); both TA lines produced comparable phenotypes. Phenotypes of Hoxc-8
and Hoxd-4 transgenic animals were reported previously (22). Here, five independent Isl-1 TR strains were used, four produced caudal growth
defects. The pictures in Fig. 1 E,F show animals generated with the Isl-1.16 TR line, all other studies reported here used the Isl-1.50 TR strain.
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