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Abstract

Cornelia de Lange Syndrome (CdLS) is characterized by a wide variety of structural and 

functional abnormalities in almost every organ system of the body. CdLS is now known to be 

caused by mutations that disrupt the function of the cohesin complex or its regulators, and studies 

of animal models and cell lines tell us that the effect of these mutations is to produce subtle yet 

pervasive dysregulation of gene expression. With many hundreds of mostly small gene expression 

changes occurring in every cell type and tissue, identifying the etiology of any particular birth 

defect is very challenging. Here we focus on limb abnormalities, which are commonly seen in 

CdLS. In the limb buds of the Nipbl-haploinsufficient mouse (Nipbl+/− mouse), a model for the 

most common form of CdLS, modest gene expression changes are observed in several candidate 

pathways whose disruption is known to cause limb abnormalities, yet the limbs of Nipbl+/− mice 

develop relatively normally. We hypothesized that further impairment of candidate pathways might 

produce limb defects similar to those seen in CdLS, and performed genetic experiments to test 

this. Focusing on Sonic hedgehog (Shh), Bone morphogenetic protein (Bmp), and Hox gene 

pathways, we show that decreasing Bmp or Hox function (but not Shh function) enhances 

polydactyly in Nipbl+/− mice, and in some cases produces novel skeletal phenotypes. However, 

frank limb reductions, as are seen in a subset of individuals with CdLS, do not occur, suggesting 

that additional signaling and/or gene regulatory pathways are involved in producing such dramatic 

changes.
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 INTRODUCTION

The most frequent cause of Cornelia de Lange Syndrome (CdLS) is haploinsufficiency for 

NIPBL, which encodes a highly-conserved protein that is involved in loading cohesin onto 

chromosomes [Gillis et al., 2004; Krantz et al., 2004; Tonkin et al., 2004; Dorsett and 

Krantz, 2009; Liu and Krantz, 2009]. Studies in mice, zebrafish, fruit flies and human cell 

lines all point to altered gene expression as being the ultimate cause of the developmental 
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and physiological abnormalities in CdLS [Kawauchi et al., 2009; Liu et al., 2009; Schaaf et 

al., 2009; Muto et al., 2011, 2014], a view that is consistent with an emerging understanding 

that cohesin plays key roles in gene regulation [Dorsett, 2011; Dorsett and Merkenschlager, 

2013]. In cells and tissues examined to date, the gene expression changes caused by NIPBL 
haploinsufficiency usually number in the many hundreds, differ from one cell type to 

another, and are almost always modest (increases or decreases of rarely more than 1.5-fold) 

[Kawauchi et al., 2009; Liu et al., 2009; Muto et al., 2011, 2014]. Among dysregulated 

genes are often ones known to be controlled by long-range enhancers [Chien et al., 2011], 

consistent with a proposed role for NIPBL and cohesin in DNA-looping [Kagey et al., 2010; 

Chien et al., 2011; Dorsett, 2011; Guo et al., 2012; Remeseiro et al., 2013].

In the mouse model of Nipbl haploinsufficiency [Kawauchi et al., 2009], hereinafter referred 

to as the Nipbl+/− mouse, many of the structural abnormalities of CdLS are faithfully 

replicated, including small body size, craniofacial anomalies and heart defects. In contrast, 

abnormalities of limb development have not been noted in Nipbl+/− mice, whereas they are 

relatively common in CdLS, with an overall incidence of 20–30% [Jackson et al., 1993; 

Gillis et al., 2004; Oliver et al., 2010], which rises to ~40% among cases with documented 

frame-shift, splice site or nonsense mutations in NIPBL [Gillis et al., 2004]. The severity of 

limb alterations in CdLS differs greatly among individuals, varying from reductions in the 

sizes of hands and feet, to digit abnormalities (clinodactyly of fifth fingers, oligodactyly, 

proximally placed thumbs, syndactyly of the second and third toes), to frank reductions of 

the upper limbs.

Recent work suggests that the gene expression changes that give rise to these structural 

abnormalities might occur, at least to some degree, in Nipbl+/− mice, despite the lack of 

overt phenotype. Specifically, in a study of nipbl-deficient zebrafish [Muto et al., 2014], in 

which reduction defects of the pectoral fins (homologues of mammalian forelimbs) were 

linked to expression changes in key growth and patterning genes, we found that many of the 

same genes are similarly misregulated in Nipbl+/− mouse limb buds [Muto et al., 2014]. 

Genes affected in Nipbl+/− limb buds included Sonic hedgehog (Shh) genes, Hox genes, and 

genes encoding molecules involved in fibroblast growth factor (FGF), bone morphogenetic 

protein (BMP), and Wnt signaling pathways.

In most cases, gene expression changes in Nipbl+/− mouse limb buds were smaller than what 

was observed for the equivalent genes in nipbl-deficient fin buds, suggesting that the relative 

lack of phenotypic effect in mice may be due to a failure to reach a threshold of functional 

impairment. If this view is correct, we reasoned that Nipbl+/− mice might provide a 

“sensitized background” in which to test other genes or signaling pathways that, when 

reduced in mice that were already Nipbl-deficient, could cause that threshold to be crossed. 

Such experiments would identify pathways that are likely to be directly involved in limb 

abnormalities in CdLS, as well as help explain the wide variability in severity of limb 

defects observed in individuals with CdLS. Here, we use this strategy to specifically 

implicate Hoxd and Bmp gene expression in the etiology of CdLS limb abnormalities.
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 MATERIALS AND METHODS

 Mice

All animal experiments were approved by the University of California, Irvine, Institutional 

Animal Care and Use Committee. Nipbl+/− mice [Kawauchi et al., 2009] were maintained 

on a CD1 (Charles River) background, since their survival on inbred backgrounds is poor. 

ShhFlox/Flox mice (Shhtm2Amc/J) were obtained from Jackson Laboratories, and were 

maintained on a C57Bl6/J (Jackson Labs) background. Nanog-Cre mice were a kind gift 

from A. Economides [Economides et al., 2013], and Shh heterozygous mutant mice (Shh+/−) 

were generated by crossing Shhflox/flox mice with Nanog-Cre mice. HoxdΔ11-13 mice 

[Zakany and Duboule, 1996] were a kind gift from S. Mackem and were maintained on a 

FVB/N background; these mice have a simultaneous deletion of Hoxd11, Hoxd12, and 

Hoxd13. Mice harboring a targeted, inactivating insertion of a lacZ-neo fusion into the 

Bmp4 locus were a kind gift from B. Hogan [Lawson et al., 1999] and were maintained on 

both CD1 and C57Bl6/J backgrounds; they are referred to here as Bmp4+/−. Noon on the day 

of vaginal plug detection was designated as gestational day E0.5.

 Genotyping

Nipbl+/−; Bmp4+/− embryos and pups were genotyped with primers that detect the Nipbl null 

allele (Forward 5′-tcccgaaaaccaaagaagaa and Reverse 5′-gtgctgcaaggcgattaagt) and the 

Bmp4 null allele (Forward 5′-tacatcttgaccgtcggttg and Reverse 5′-gtgctgcaaggcgattaagt). 

Shh+/− mice were genotyped with the following primers: Forward 5′-ggacacc attctatgcaggg; 

Reverse 5′-gaagagatcaag gcaagctctggc. HoxdΔ11-13/+ mice were genotyped with the 

following primers: Forward 5′-ccaccctgctaaataaacgctg; Reverse 5′-ggttgcctcttttcctctgtctc).

 Bone Staining

Bone and cartilage staining was perfomed using Alician Blue and Alazarin Red S as 

described [Ovchinnikov, 2009], with minor modifications. Briefly, embryos or pups were 

euthanized and tissue fixed in 4% paraformaldehyde or 10% formalin until used. Carcasses 

were rinsed in several changes of water over 3–4 days. Skin was removed, and carcasses 

were dehydrated in 95% ethanol for 1–3 days, followed by staining in Alcian Blue solution 

for 2 days, rehydration, and incubation in 1% KOH for 2 days. Final staining was in Alizarin 

Red S for 2 days, after which excess tissue was removed, skeletons were cleared in glycerol, 

and photographs taken.

 Whole Mount In Situ Hybridization

Embryos were collected at E13.5 and placed in 4% paraformaldehyde overnight. Whole 

mount in situ hybridization was performed as published [Kawauchi et al., 1999]. The 463 bp 

Sox9 probe was generated by RT-PCR using the following primers (Forward 5′-

accaatacttgccacccaac; Reverse 5′-taggagccggagttctgatg).
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 RESULTS

 Postaxial Polydactyly in Nipbl+/− Mice

In our initial study of Nipbl+/− mice [Kawauchi et al., 2009], only mild skeletal changes 

were reported. The long bones of mutant mice were found to be ~10% shorter than those of 

wildtype littermates (consistent with overall smaller body size), and the process of 

ossification was somewhat delayed. We also noted some abnormalities in the shape of the 

olecranon process Kawauchi et al., 2009]. More recently, by carefully examining a large 

number of adult animals, we found that between one-fourth and one-third of Nipbl+/− mice 

possess a very small, supernumerary digit on the postaxial side of either forelimb (Fig. 1A). 

Bone staining (Fig. 1B) in such animals typically reveals a single phalangeal bone. No other 

structural abnormalities were observed in the fore- or hindlimbs of Nipbl+/− mice. 

Interestingly, polydactyly (postaxial and insertional) has also been reported in CdLS, at a 

frequency of ~6% [Kline et al., 2007]. Thus, although mice fail to reproduce the more severe 

limb alterations that are seen in CdLS, they do replicate at least one structural abnormality.

 Reducing Shh Function Fails to Elicit New Limb Abnormalities

As described previously [Muto et al., 2014], the limb buds of Nipbl+/− mice at E10.5—an 

early stage in growth and patterning—exhibit small changes in the expression of genes in a 

variety of signaling pathways. Some of the largest and highest-confidence changes are 

observed in Shh (Sonic hedgehog; decreased ~50%), 5′-Hox genes (e.g., Hoxd12, Hoxd13; 

reduced ~45–50%), and Bmp genes (Bmp2, Bmp4; reduced 10–20%). Shh plays a key role 

in directing both the growth and patterning of limbs, and limb-specific deletion of Shh in 

mice is known to produce dramatic distal truncation phenotypes [Galli et al., 2010], which 

bear strong similarity to the reduction defects observed in individuals with CdLS (e.g., ulnar 

hypoplasia terminating with a single digit).

In view of these observations, we wondered whether limb truncations could be elicited in 

Nipbl+/− mice by further reducing Shh function. This was accomplished by crossing 

Nipbl+/− mice onto backgrounds haploinsufficient for Shh (Shh+/− mice); haploinsufficient 

for Smoothened, which encodes the cell surface molecule that transduces Shh signaling 

(Smo+/− mice); or haploinsufficient for both genes together (N = 16 for Nipbl+/−; Shh+/−; N 

=15 for Nipbl+/−; Smo+/−; and N = 5 for Nipbl+/−; Shh+/−; Smo+/−). The resulting compound 

heterozygous mice were scored for limb abnormalities at E16.5–E17.5. In no cases were 

limb truncations observed. Furthermore, the frequency of polydactyly in such mice was not 

significantly different than that observed in Nipbl+/−mice alone (data not shown). These 

results imply that, even though Shh expression is reduced in developing Nipbl+/−limbs (see 

Fig. 4 in Kawauchi et al. [2016]), mice can tolerate even greater reduction in Shh function 

without a disruption in limb development. These findings suggest that genes other than those 

involved in the Sonic hedgehog pathway likely play more important roles in the etiology of 

limb defects in Nipbl-deficient models, and in CdLS.

 Bmp4 Haploinsufficiency Enhances Limb Abnormalities

The genes encoding at least two BMPs (Bmp2 and Bmp4) display reduced expression in 

Nipbl+/− limb buds [Muto et al., 2014]. To test whether further reducing Bmp expression 
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could enhance Nipbl-deficiency phenotypes, Nipbl+/− and Bmp4+/− mice were intercrossed, 

and progeny examined at E17.5. The results are shown in Figure 2. Like Nipbl+/− mice, 

Bmp4+/− mice are known to display partially-penetrant postaxial polydactyly [Selever et al., 

2004; Goldman et al., 2006]. In Nipbl+/−; Bmp4+/− compound mutants, however, the 

incidence of this phenotype increases substantially; moreover, rather than being 

predominantly confined to forelimbs, both fore- and hindlimbs are frequently involved (Fig. 

2A). Overall, the total proportion of polydactylous limbs (calculated by adding the number 

of unilateral cases to twice the number of bilateral cases) increased from 11% in Nipbl+/− 

mice and 27% in Bmp4+/− mice, to 60% in the compound mutants, implying a synergistic 

interaction between the two genotypes. Importantly, in forelimbs, the incidence of 

polydactyly in compound mutants was 96%, and was mostly bilateral; whereas in the single 

mutants, unilateral and bilateral polydactyly were about equally represented (Fig. 2A). 

Despite this dramatic increase in polydactyly, neither truncations nor other severe limb 

abnormalities were observed, even in the compound mutants. Phenotypes were similar 

whether the parental Bmp4+/− strain was maintained on outbred (CD1) or inbred (C57Bl6/J) 

backgrounds.

Interestingly, the polydactyly detected in Nipbl+/− mice, Bmp4+/− mice, and compound 

mutants was disproportionately observed on the right side of the body (Fig. 2A; see 

breakdown in yellow bars). Overall, 77% of unilateral forelimb polydactyly involved the 

right forelimb and 89% of unilateral hindlimb polydactyly involved the right hindlimb. A 

similar right-sided prevalence has been noted for the limb abnormalities that occur in CdLS, 

including the severe reduction defects [Mehta and Krantz, 2016].

The forelimb polydactyly we observe is, in all cases, postaxial, and the extra digit is never 

complete, although in compound (Nipbl+/−; Bmp4+/−) mutants the extra digit often appears 

larger and more fully-formed (Fig. 2B), especially when the Bmp4+/− allele has been 

introduced from a CD1 background (the same background on which Nipbl+/− mice are 

maintained). Using whole mount in situ hybridization for Sox9, a pre-chondrogenic marker, 

it is possible to visualize the formation of extra digits in Nipbl+/−; Bmp4+/− forelimbs as 

early as E13.5 (Fig. 2C). In the hindlimbs of Bmp4+/− and Nipbl+/−; Bmp4+/− mice, preaxial 

polydactyly is also sometimes observed (Fig. 2B). Unilateral preaxial polydactyly of the 

hindlimbs has previously been noted to occur in Bmp4+/− mice [Dunn et al., 1997; Goldman 

et al., 2006].

To better analyze the skeletal changes in these animals, Alizarin Red and Alcian Blue 

staining of E17.5 embryos and neonatal pups was carried out to reveal bone and cartilage, 

respectively (Fig. 3). Because penetration of Alcian Blue requires removal of skin, the 

smallest incomplete extra digits could not be stained by this dye, as it was impossible to 

remove the skin over them without disrupting or destroying them. Nevertheless, the absence 

of Alizarin Red staining in such structures (Alizarin Red penetrates skin well) suggested that 

they were primarily cartilaginous (Fig. 3A, top row, arrowheads). In larger supernumerary 

digits, which tolerated skin removal, Alcian Blue confirmed the presence of cartilage (Fig. 

3A, lower row, arrows).
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In those cases in which preaxial polydactyly occurred in the hindlimbs of Nipbl+/−; 

Bmp4+/−mice, Alizarin Red/Alcian Blue staining showed a wide range of degrees of digit 

duplication. For example, in one case examined at postnatal day 2, we observed a 

triphalangeal digit 1 that shared a metatarsal with the adjoining digit 1 (Fig. 3A, lower row, 

1*). In another case, complete duplication of digit 1 was observed on a right hindlimb (not 

shown). These abnormalities are similar to what Dunn et al., [1997] observed in 

Bmp4+/−mice.

Abnormalities were also observed in the carpal (wrist) bones of Nipbl+/−; Bmp4+/− 

forelimbs. Particularly striking were malformations of the falciform bone, which displayed a 

boomerang-like shape in both forelimbs in 6 of 13 Nipbl+/−; Bmp4+/− embryos (Fig. 3B, 

arrowheads); such malformations were not observed in wildtype or Nipbl+/− mice. Falciform 

bone malformation was only seen in animals in which the Bmp4+/− allele was introduced 

from a CD1 background, and was occasionally also present, unilaterally and in milder form, 

in Bmp4+/− mice on this background (one of four examined). As described previously for 

Nipbl+/− mice [Kawauchi et al., 2009], staining also revealed delayed bone ossification in 

Nipbl+/−; Bmp4+/− mice (compare wildtype with compound mutant in Fig. 3B).

Although duplications or reductions involving the long bones of the limb were not observed 

in any of the animals investigated, we did find that Nipbl+/−; Bmp4+/− mice frequently 

exhibited a small, misshapen, or completely absent deltoid tuberosity (asterisk, Fig. 3C) on 

one or both forelimbs (92%, N = 13). This phenotype was never observed in wildtype or 

Nipbl+/− mice, and was seen in only 1 of 10 Bmp4+/− mice.

 Axial skeletal phenotypes in Nipbl+/−; Bmp4+/− Mice

In Nipbl+/−; Bmp4+/−mice, defects were frequently observed in the axial skeleton as well as 

in the digits (Fig. 4). Rib abnormalities were seen in 85% (N = 13) of compound mutants. 

Severe abnormalities included thoracic rib fusions (Fig. 4A, asterisks) and misalignment of 

ribs at the sternum (Fig 4B). Less drastic anomalies, including blunting/squaring of the ends 

of free ribs (Fig. 4C) and lateral protrusions on the ribs (Fig. 4D, arrowhead) were also 

observed. Rare phenotypes included absent sacral and caudal vertebrae as well as occasional 

fused caudal vertebrae (not shown). None of these phenotypes was observed in wildtype 

mice or mice that were Nipbl+/− or Bmp4+/− alone. Interestingly, we did not observe the 

misalignment of ossification centers in the sternum that Smith et al. [2014] noted in a 

different strain of Nipbl+/− mice, although we did observe a further decrease in ossification 

of sternabrae in Nipbl+/−; Bmp4+/− embryos, compared to Nipbl+/− mice (not shown).

A phenotype of high penetrance emerged in Nipbl+/− mice when they were on a hybrid 

CD1;C57Bl6/J background: the development of an extra (14th) pair of ribs (92%, N = 12; 

Fig. 4E). On this hybrid background, wildtype and Bmp4+/− mice (N = 8) have 13 pairs of 

ribs, but both Nipbl+/− and Nipbl+/−; Bmp4+/− mice display 14 pairs of ribs at a frequency 

greater than 90%. We noted that in 8 of 11 mice with supernumerary ribs, these ribs had a 

stunted appearance; stunted extra thoracic ribs were also noted by Smith et al. [2014] in their 

study of a different line of Nipbl+/− mice, and are, importantly, a common finding in CdLS 

[Braddock et al., 1993; Bhuiyan et al., 2006]. Interestingly, supernumerary ribs were never 
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seen when mice were maintained on a CD1 background, in which 14 ribs is the normal 

wildtype number.

Apart from the abnormalities listed above, the only consistent skeletal change we detected 

was bifurcation of the neural arch of the C2 cervical vertebra, which occurred in 4 out of 6 

Nipbl+/−; Bmp4+/− mice on the CD1 background (arrowhead, Fig. 4F).

 Enhancement of Polydactyly in Nipbl+/−; HoxdΔ11-13/− Mice

The effect of Nipbl haploinsufficiency on Hox gene expression in developing mouse limbs 

mirrors what is seen in nipbl-deficient zebrafish fin buds, with expression of genes at the 5′ 

ends of Hox clusters being reduced [Muto et al., 2014]. In E10.5 mouse limb buds, the most 

significantly affected genes are those at the extreme 5′ end of the Hoxd cluster, namely 

Hoxd11, Hoxd12, and Hoxd13 [Muto et al., 2014]. The availability of a targeted mutant 

allele in which all three of these genes have been deleted [Zakany and Duboule, 1996] made 

it possible to test whether simultaneous haploinsufficiency for all three Hox genes might 

enhance Nipbl+/− limb phenotypes.

Nipbl+/− mice were thus crossed with HoxdΔ11-13/+ mice and progeny examined at E17.5. 

The data are shown in Figure 5. HoxdΔ11-13/+ mice exhibited some polydactyly on their own 

(25%), which involved the forelimbs, and was always unilateral. This phenotype has not 

been reported before in HoxdΔ11-13/+ heterozyogotes, although it is seen in homozygotes 

[Zakany and Duboule, 1996; Gonzalez-Martin et al., 2014]. It is possible that the genetic 

background of these crosses (CD1 × FVB/N hybrid) has some influence on the expressivity 

of these traits.

In Nipbl+/−; HoxdΔ11-13/+ mice, the incidence of forelimb polydactyly was markedly 

increased over the levels observed in either Nipbl+/− or HoxdΔ11-13/+ single mutants, with 

the total number of affected limbs rising to 62% and a marked shift toward bilateral 

presentation (Fig. 5). Overall the supernumerary digits in these animals were smaller than 

those observed in Nipbl+/−; Bmp4+/− mice (not shown). Hindlimb polydactyly was not seen 

in any of these animals, nor were defects such as limb truncations. These results suggest that 

reduced 5′-Hoxd function plays a role in the etiology of a subset of the limb defects 

produced by Nipbl deficiency.

 DISCUSSION

Mouse, zebrafish and fly models of Nipbl-deficiency have provided considerable insight into 

the gene expression changes that must underlie the structural and functional abnormalities of 

CdLS [Kawauchi et al., 2009, 2016; Schaaf et al., 2009; Muto et al., 2011, 2014]. Given the 

modest sizes of most gene expression changes in Nipbl-deficient tissues/cells, it is likely that 

most abnormalities are the result of collective effects at multiple genes [Muto et al., 2011, 

2014]. Identifying which combinations explain any particular defect is inherently 

challenging, given the very large number of gene expression changes that one must consider. 

Here we took advantage of observations suggesting that the genes dysregulated in Nipbl+/− 

mouse limbs are likely to include those that cause limb defects in CdLS, yet collectively 

seem to fall below a threshold level of impairment needed to bring about the same 
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phenotypes. This enabled us to use the Nipbl+/− mouse as a sensitized background in which 

to ask whether further reduction in function of Shh, Bmp or Hox gene pathways could elicit 

severe limb abnormalities.

With Shh, a variety of mutant backgrounds that reduce Shh expression or function failed to 

show any significant genetic interaction with Nipbl haploinsufficiency, even though Shh 
expression is markedly reduced in Nipbl+/− limb buds, and complete inactivation of Shh in 

limbs is known to cause truncating anomalies [Galli et al., 2010]. In contrast, synergistic 

interactions were observed between Nipbl haploinsufficiency and haploinsufficiency for 

Bmp4, as well as haploinsufficiency for the three 5′-most genes of the Hoxd cluster. In both 

cases, compound mutants exhibited enhanced penetrance of polydactyly, a known—albeit 

relatively uncommon—limb defect observed in individuals with CdLS [Kline et al., 2007]. 

Several aspects of the polydactyly that was enhanced by Bmp4 and Hox mutant backgrounds 

bear strong resemblance to what is seen in CdLS: These include predominantly post-axial 

positioning, and a much greater prevalence on fore- versus hind-limbs. In addition, 

polydactyly was strongly right-side biased, just as is observed with more severe reduction 

defects in CdLS [Mehta and Krantz, 2016, this issue].

Nipbl+/−; Bmp4+/− mice also displayed additional, intriguing skeletal abnormalities (Fig. 4), 

several of which have been reported to occur in CdLS. In no cases, however, did we observe 

overt limb truncations.

Overall, our findings suggest that dysregulation of Bmp4 and Hox gene expression may play 

an important role in the etiology of some limb defects in CdLS, but we will probably need to 

look elsewhere to find the causes of the most severe abnormalities. In this regard, it is 

noteworthy that the limb buds of E10.5 Nipbl+/− mice also exhibit alterations in the 

expression of genes involved in Wnt and Fibroblast growth factor signaling [Muto et al., 

2014]. It is also possible that there are additional gene expression changes that occur only at 

earlier or later developmental stages, and play a causal role in the etiology of limb defects in 

CdLS; such stage-specific influences on limb growth in CdLS remain to be investigated.
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Figure 1. 
Postaxial polydactyly in Nipbl+/− mice. (A) Forelimb of a postnatal P24 Nipbl+/− mouse 

shows a postaxial digit proximal to digit 5 (white arrowhead). (B) Alizarin red staining of 

the same forelimb in (A) indicates the presences of a rudimentary phalanx (arrowhead, 

inset).
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Figure 2. 
Deficiency of Bmp4 enhances the penetrance of forelimb and hindlimb polydactyly in 

Nipbl+/− mice. (A) Polydactyly observed in E17.5 embryos. Numbers in bar graph are the 

total number of mice of a given genotype that have no (white), unilateral (yellow) or 

bilateral (blue) polydactyly. R, right. L, left. (B) Forelimbs and hindlimbs from Nipbl+/− and 

Nipbl+/−; Bmp4+/− E17.5 mice. 27% of Nipbl+/− mice, and nearly all Nipbl+/−; Bmp4+/− 

mice display postaxial polydactyly of the forelimb (arrowheads). Postaxial polydactyly and 

preaxial polydactyly (white asterisk) of the hindlimbs is also observed in some Nipbl+/−; 

Bmp4+/− mice. (C) Whole-mount in situ hybridization for Sox9 reveals emergence of an 
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extra postaxial digit in Nipbl+/−; Bmp4+/− forelimbs (arrowhead) as early as E13.5. 1–5 

mark the corresponding digits.

LOPEZ-BURKS et al. Page 14

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2016 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Forelimb and hindlimb skeletal abnormalities in Nipbl+/−; Bmp4+/− mice. (A) Top row: 

Bilateral postaxial polydactyly of left (white arrowheads) and right (black arrowheads) 

forepaws in postnatal day 2 Nipbl+/−; Bmp4+/− mice. Cartilage and bone staining of these 

forepaws is shown in right two panels. Bottom row: Preaxial polydactyly in a hindlimb from 

a postnatal day 2 Nipbl+/−; Bmp4+/− mouse. Cartilage and bone staining indicate the 

presence of a triphalangeal digit 1* (middle panel), which larger magnification image shows 

a shared metatarsal (M) with digit1. Joints between phalanges are indicated by P. (B) 

Cartilage and bone staining of forepaws of wildtype (left two panels) and Nipbl+/−; Bmp4+/− 

(right two panel) littermates at E17.5. Nipbl+/−; Bmp4+/− mice on a CD1 background all 

(6/6) displayed abnormally-shaped falciform bones that extended towards the distal phalanx 

of digit 1 or was fused to a bifid distal phalanx of digit 1. Falciform bones indicated by 

arrowheads; higher magnification image of each forepaw, slightly tilted to view the 

falciform, is shown at right. Reduced red staining in forepaws of Nipbl+/−; Bmp4+/− mice, 

relative to wildtype, indicates reduced or delayed ossification, a consistent finding. (C) 

Abnormalities of the deltoid tuberosity were seen in 92% of Nipbl+/−; Bmp4+/− mice. The 

deltoid tuberosity is missing from the left humerus (asterisk), but is present on the right 

humerus (arrowhead) of a postnatal day 2 Nipbl+/−; Bmp4+/− mouse. Insets show higher 

magnification views of the affected areas.

LOPEZ-BURKS et al. Page 15

Am J Med Genet C Semin Med Genet. Author manuscript; available in PMC 2016 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Axial skeletal phenotypes of Nipbl+/−; Bmp4+/− mice. (A) Examples of rib fusion 

(asterisks), involving ribs 3 and 4 (on right and left) and ribs 5 and 6 (on the right side). (B) 

Misalignment of ribs at the sternum. (C) Minor anomalies such as blunting/squaring of rib 

ends and floating ribs (arrowheads and inset). Fusion of ribs 6 and 7 (on left side of sternum) 

is also observed in this case. (D) Lateral protrusions (arrowhead, dashed line), suggestive of 

costal rib bridging, were also observed. (E) Nipbl+/− and Nipbl+/−; Bmp4+/− mice on a 

hybrid CD1/C57Bl6 background often had an extra (14th) pair of stunted ribs (black 

arrows). (F) Bifurcated neural arches of the C2 cervical vertebra (yellow arrowhead) were 

observed in 4 of 6 Nipbl+/−; Bmp4+/− mice on CD1 background.
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Figure 5. 
Deficiency of Hoxd11, Hoxd12, and Hoxd13 enhances the penetrance of forelimb 

polydactyly in Nipbl+/− mice. E17.5 embryos of the indicated genotypes were examined for 

the presence of unilateral (yellow) or bilateral (blue) polydactyly. Numbers in bar graph are 

the total number of mice in each category.
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