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Abstract

Cornelia de Lange Syndrome (CdLS) is a multisystem birth defects disorder that affects every 

tissue and organ system in the body. Understanding the factors that contribute to the origins, 

prevalence, and severity of these developmental defects provides the most direct approach for 

developing screens and potential treatments for individuals with CdLS. Since the majority of cases 

of CdLS are caused by haploinsufficiency for NIPBL (Nipped-B-like, which encodes a cohesin-

associated protein), we have developed mouse and zebrafish models of CdLS by using molecular 

genetic tools to create Nipbl-deficient mice and zebrafish (Nipbl+/− mice, zebrafish nipbl 
morphants). Studies of these vertebrate animal models have yielded novel insights into the 

developmental etiology and genes/gene pathways that contribute to CdLS-associated birth defects, 

particularly defects of the gut, heart, craniofacial structures, nervous system, and limbs. Studies of 

these mouse and zebrafish CdLS models have helped clarify how deficiency for NIPBL, a protein 

that associates with cohesin and other transcriptional regulators in the nucleus, affects processes 

important to the emergence of the structural and physiological birth defects observed in CdLS: 

NIPBL exerts chromosome position-specific effects on gene expression; it influences long-range 

interactions between different regulatory elements of genes; and it regulates combinatorial and 

synergistic actions of genes in developing tissues. Our current understanding is that CdLS should 

be considered as not only a cohesinopathy, but also a “transcriptomopathy,” that is, a disease 

whose underlying etiology is the global dysregulation of gene expression throughout the organism.
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 INTRODUCTION

Cornelia de Lange syndrome (CdLS) is a birth defects disorder that affects every system in 

the body. Although long understood by clinicians to be a distinctive syndrome [Opitz, 1985], 

it was not until the discovery that the majority of individuals with CdLS carry mutations in 

NIPBL [Krantz et al., 2004; Tonkin et al., 2004], which encodes a protein that binds to the 

cohesin complex of chromosomal structural proteins, that CdLS was recognized as the 

prototypic cohesinopathy [Dorsett and Krantz, 2009]. Subsequent to the identification of 

NIPBL as the major causative gene for CdLS, researchers have gone on to identify a number 

of cohesin-and/or cohesin regulatory protein-encoding genes which, when mutated, give rise 

to the classical spectrum of features and deficits associated with CdLS: these genes include 

NIPBL, SMC1A, SMC3, RAD21, and HDAC8 [Deardorff and Krantz, 2005]. For most of 

these genes, animal models have been generated, including models from Drosophila, 

Xenopus, zebrafish, and mouse; these model systems have been widely used as tools for 
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understanding the etiology of CdLS related syndromes [Horsfield et al., 2012; Singh and 

Gerton, 2015]. In the present paper, we review studies from our group on two vertebrate 

animal models of CdLS: nipbl-morphant zebrafish and Nipbl-deficient mice. These two 

model systems have been particularly useful for understanding how Nipbl deficiency leads 

to global changes in gene expression, and how global gene expression changes act additively 

and synergistically to generate the structural birth defects that are the hallmarks of CdLS.

 DEVELOPMENT OF MOUSE AND ZEBRAFISH ANIMAL MODELS OF 

CDLS

The discovery that most individuals with CdLS carry mutations in, and are likely 

haploinsufficient for, NIPBL [Krantz et al., 2004; Tonkin et al., 2004], led to the rapid 

realization that understanding the etiology of CdLS would require a deeper understanding of 

how the NIPBL protein, which associates with the cohesin complex of chromosomal 

proteins, functions in the regulation of chromatin structure and gene expression [Dorsett, 

2009]. Since a Drosophila model of Nipbl deficiency already existed [Rollins et al., 1999], 

and increased insight into the interplay between gene expression and the origins of structural 

birth defects in CdLS was most likely to arise from studies of vertebrate models of the 

syndrome, our group decided to generate mouse and zebrafish models of CdLS. Mouse and 

zebrafish models of Nipbl deficiency recapitulate many of the important structural and 

functional deficits observed in individuals with CdLS, and have proven invaluable for 

gaining information about the molecular etiology of the syndrome.

Mouse and zebrafish models of Nipbl deficiency recapitulate many of the important 

structural and functional deficits observed in individuals with CdLS, and have 

proven invaluable for gaining information about the molecular etiology of the 

syndrome.

In mouse, we generated a line carrying one null allele of Nipbl. Nipbl+/− mice, created by 

introduction of a gene trap into Intron 1 of the Nipbl gene, show a high degree of perinatal 

lethality (~18% of mutant animals survive to weaning), are much smaller than their wildtype 

littermates, and have numerous structural, physiological, and gene expression defects that 

mimic the defects seen in CdLS (see below and Fig. 1A). The high incidence of perinatal 

lethality and small size of Nipbl+/− mice are heritable phenotypes and have been reproduced 

over many generations [Kawauchi et al., 2009]. Nipbl-deficient zebrafish embryos (Fig. 1B) 

were created by using translation-blocking morpholinos (MOs) to knock down expression of 

the two zebrafish nipbl genes (nipbla and nipblb), which our group first cloned (Fig. 1C; 

since the two zebrafish nipbl genes have functions that do not overlap completely, both are 

knocked down for most analyses [Muto et al., 2011]). Zebrafish nipbl morphants die at 

larval stages and exhibit stunted growth: embryos begin to exhibit obvious phenotypes 

within 24 hr postfertilization (hpf), with growth retardation—especially of the head and tail

—and deficits in heart and circulatory system becoming progressively more pronounced 

over time (Fig. 1B).
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 NIPBL-DEFICIENT MICE AND ZEBRAFISH SHOW PRONOUNCED 

DEFECTS IN HEART AND GUT DEVELOPMENT RELATED TO CHANGES IN 

ENDODERMAL GENE EXPRESSION

Heart and gut malformations are a prominent part of the pathology of CdLS. Structural heart 

defects are well-documented, and occur in about 30–40% of individuals with CdLS 

[Selicorni et al., 2009; Chatfield et al., 2012]. In our examinations of Nipbl+/− mice, we also 

noted structural defects in the heart. In particular, defects in atrial septum formation (ASD) 

were noted in the hearts of about half of embryos taken between E15.5 and 18.5 (Fig. 2A 

and B). Although no ASDs or other obvious cardiac malformations are observed in Nipbl+/− 

mice that survive to adulthood, these results strongly suggest that perinatal mortality in 

Nipbl-deficient mice may be caused by cardiac defects [Kawauchi et al., 2009]. Because of 

the prominence and severity of cardiac defects in Nipbl+/− mice, their underlying cellular 

and genetic etiology is being studied in detail [Santos, Kawauchi, Calof; unpublished 

results].

Defects in early development of internal organs are readily visualized in zebrafish embryos, 

so we took advantage of nipbla/b morphants to study the early development of heart and 

other visceral organs when Nipbl is deficient in this model. As shown in Figure 2C, the 

developing heart tube of zebrafish embryos is readily visualized by in situ hybridization 

(ISH) for cmlc2. Pronounced defects in early heart development, ranging from reduced heart 

tube looping (“type A defects”) to cardia bifida (“type B” defects), are observed in the 

majority of nipbla/b morphants. Early development of organs such as eyes is not affected 

(Fig. 2C, ath5 ISH), suggesting that heart development is particularly sensitive to decreases 

in Nipbl levels. As development proceeds, impaired heart function is observed in nipbla/b 
morphants, accompanied by circulation defects, pericardial edema, and premature death 

[Muto et al., 2011].

Gastrointestinal (GI) reflux is a hallmark of CdLS. Many individuals with CdLS die as a 

result of adverse events affecting the GI system, with gut obstructions and volvulus being 

reported frequently [Luzzani et al., 2003; Schrier et al., 2011]. We therefore examined 

nipbla/b morphant embryos for malformations of the developing gut and associated organs 

(pancreas, liver) using ISH for foxa3, which is expressed by early gut and associated 

endodermal derivatives. The defects observed in nipbla/b morphants, which range from 

decreases in gut size to severe patterning defects as extreme as duplications and even 

absence of associated organs, are shown in Figure 2D [Muto et al., 2011].

To gain insight into the genetic origins of these defects, we performed transcriptome analysis 

using mRNA obtained from gastrulation-stage (6-hr postfertilization [hpf]) uninjected and 

nipbla/b morphant embryos. Many small, but significant, gene expression changes were 

observed when Nipbl levels were reduced, consistent with our findings in mice (see below) 

and the findings of our colleagues in human CdLS cell lines [Liu et al., 2009]. In particular, 

genes that function as regulators of endoderm development, such as sox17 and foxa2, were 

found to be significantly downregulated in their expression. These genes play important 

roles in heart and visceral organ development [Ober et al., 2003; Fukuda and Kikuchi, 2005; 
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Pfister et al., 2011], and since our experiments indicated that they are directly affected by 

decreases in Nipbl levels, we performed further studies to determine if knockdown of one or 

both would result in gut defects similar to those observed in nipbla/b morphants. As shown 

in Figure 2E and F, reduction of sox17 or foxa2 levels alone causes gut defects in a 

significant fraction (~5–7%) of morphants. Importantly, when levels of both sox17 and 

foxa2 are reduced simultaneously, the fraction of morphants with gut defects increases 

drastically, with almost 60% of morphants displaying severe defects such as gut bifurcation 

(Fig. 2E and F). Thus, reductions in expression of sox17 and foxa2 act synergistically to 

reproduce the types of defects in gut development seen in nipbla/b morphants [Muto et al., 

2011]. These data strongly support the hypothesis that defects in GI structure/function, 

observed in individuals with CdLS, arise from the collective effects of multiple gene 

expression changes resulting from reductions in NIPBL levels.

 CRANIOFACIAL, NEUROANATOMICAL, AND BRAIN GENE EXPRESSION 

ABNORMALITIES IN NIPBL+/− MICE

Individuals with CdLS display distinctive craniofacial features that play an important role in 

clinical diagnosis [Jackson et al., 1993]. Micro-CTanalysis of adult Nipbl+/− mice 

demonstrated that they exhibit microbrachycephaly and an upward deflection of the snout 

(“upturned nose”), two of the most distinctive features of CdLS (Fig. 3A and [Kawauchi et 

al., 2009]). The smaller skull size of Nipbl+/− mice is reflected in their smaller endocranial 

volume and smaller overall brain size relative to control littermates (Fig. 3B and C). Overall 

the brains of adult Nipbl+/− mice are grossly normal (aside from their reduced size), 

although cerebellar hypoplasia is observed (Fig. 3D), consistent with clinical reports 

[Hayashi et al., 1996; Ozkinay et al., 1998]. The neuroanatomical abnormalities observed in 

Nipbl+/− mice are reflected in aberrant behaviors and in impairment of neurological 

functions such as hearing (which is frequently impaired in CdLS [Sakai et al., 2002; 

Kawauchi et al., 2009]).

To gain insight into the gene expression changes that underlie the behavioral and 

neurological abnormalities we observe in Nipbl+/− mice, we performed transcriptome 

analysis on gestational day 13.5 (E13.5) brain RNA from large cohorts of mutant and 

wildtype embryos. Expression of 978 genes was found to be changed significantly in E13.5 

Nipbl+/− brain compared to normal; interestingly, all gene expression changes (which 

included both increases and decreases in expression) were small, with the single greatest 

change being only 2.5-fold. Significant expression changes were observed for numerous 

genes with obvious roles in neuronal function, including genes encoding ion channels, 

neuropeptides, neurotransmitter receptors, axon guidance molecules, and so on. However, 

expression changes for genes encoding proteins associated with chromatin structure and 

function, metabolism, lipoprotein binding, and many other functions and were also observed 

[Kawauchi et al., 2009]. These data are consistent with studies by us and others, which 

indicate that Nipbl deficiency results in global dysregulation of gene expression in many—if 

not all—tissues [Kawauchi et al., 2009; Liu et al., 2009; Muto et al., 2011; Muto et al., 2014; 

Yuan et al., 2015].
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 EFFECTS OF NIPBL DEFICIENCY ON DEVELOPMENT AND GENE 

EXPRESSION IN LIMBS

Alterations in limb and digit development, ranging from mild oligodactyly to frank 

truncations of the arms, are a hallmark of CdLS [Jackson et al., 1993]. Interestingly, limb 

truncations are not seen in Nipbl+/− mice, in which only aberrations in ossification, 

formation of the olecranon process, and mild digit defects are observed (see Lopez-Burks et 

al. [2016]; and Kawauchi et al. [2009]). As a result, we have concentrated our studies of how 

Nipbl deficiency affects limb development on the zebrafish model system, where we 

hypothesized that Nipbl deficiency may be more effective at triggering limb defects than in 

the mouse.

We performed an extensive analysis of alterations in gene expression and cellular/structural 

changes in the development of pectoral fins (the structural homologues of mammalian 

forelimbs) in zebrafish morphants, which yielded a number of significant findings. As 

predicted, zebrafish embryos injected with nipbla/b MOs showed impaired pectoral fin 

development, which was dramatic at 76 hpf, when the limbs of morphants were 40% shorter 

than those of controls. Importantly, partial rescue of limb defects was observed when 

morphants were co-injected with nipbla mRNA, indicating that effects of MOs were specific 

to Nipbl depletion (Fig. 4A and B).

Genes known to be of general importance in vertebrate limb development were examined in 

nipbla/b morphants, and many were found to be misregulated in their expression. Some of 

the most important of these were fgf genes (expression of fgf4, fgf8a, and fgf16 were altered 

in the fin bud apical ectodermal ridge/limb mesenchyme of morphants) and shha, whose 

expression in the fin bud zone of polarizing activity (ZPA) was reduced in morphants (Fig. 

4C). Importantly, Shh expression was also reduced in the ZPA of E10.5 limb buds in 

Nipbl+/− mice (Fig. 4D and E), indicating that regulatory genes for limb development are 

similarly affected by Nipbl deficiency in both zebrafish and mice. Transcriptome analysis of 

E10.5 Nipbl+/− and wildtype littermate limb buds demonstrated that approximately 1,000 

genes are significantly altered in their expression when Nipbl is deficient, and that many 

changes in gene expression observed in mouse limb bud mirrored those observed in nipbla/b 
morphant zebrafish fin buds [Muto et al., 2014].

Appropriate spatial and temporal expression of Hox genes is important for limb 

development in all vertebrates [Zakany and Duboule, 2007]. Many hox genes show altered 

expression in the fin buds of nipbla/b morphant embryos, and expression of different hox 
genes is either up-or down-regulated in morphants [Muto et al., 2014]. Regulation of hox 
gene expression by Nipbl is dependent on the relative location of a given gene within its 

cluster (5′ versus 3′), and the implications of such positional effects for understanding the 

mechanism(s) by which Nipbl levels effect global changes in gene expression is discussed 

below. Our analysis of gene expression changes in mouse limb buds also indicated that 

genes encoding some subunits of Mediator, a protein complex affecting chromatin 

conformation and global regulation of transcription [Yin and Wang, 2014], are altered in 

their expression when Nipbl levels are reduced (Table I in Muto et al. [2014]). Because it 

had been shown by Kagey et al. [2010] that Mediator, cohesin, and Nipbl all interact to 
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regulate gene expression, and since other investigators showed that loss-of-function 

mutations in med12 disrupt fin development in zebrafish [Rau et al., 2006], we generated 

med12 morphants and studied pectoral fin development in them. Zebrafish med12 
morphants display disrupted fin development and misregulated hox gene expression similar 

to that observed in nipbla/b morphants. Importantly, when zebrafish embryos are injected 

with low doses of both med12 and nipbla/b MOs (each of which gives only partial 

reductions in fin size), a strong synergistic effect is observed (Fig. 4F and G). Moreover, 

simultaneous reduction of nipbls and med12 have a synergistic effect on alterations in hox 
gene expression (Fig. 4H). Altogether, these data are consistent with Nipbl and Mediator 

acting in a common pathway to regulate gene expression and development in the vertebrate 

limb.

 NIPBL, CHROMATIN CONFORMATION, AND GLOBAL REGULATION OF 

GENE EXPRESSION

Despite the fact that we know that small changes in the expression of many genes contribute 

to the spectrum of birth defects in CdLS, we do not yet understand mechanistically how this 

occurs. Past and ongoing studies of Nipbl-deficient animal models do, however, provide a 

way forward. Transcriptome analyses performed on multiple Nipbl+/− tissues yield common 

findings, among them the observations that tens to hundreds of transcripts are significantly 

altered in a given tissue, with effects on gene expression being modest in size (the vast 

majority of gene expression changes are less than two-fold). Distinctive profiles of gene 

expression changes for specific tissues are also evident, and have provided insights into 

genetic pathways that underlie defects in different tissues. One instance is the dysregulation 

of endodermal gene expression that is hypothesized to underlie, at least in part, the 

development of heart and visceral organ defects in CdLS (Fig. 2 and Muto et al. [2011]). 

Similarly, the depletion of fat observed in Nipbl+/−mice is likely attributable to 

dysregulation of genes regulating the adipocyte differentiation pathway: expression of genes 

in the pathway that regulates adipogenesis is altered in Nipbl+/− mouse embryonic 

fibroblasts (MEFs), which are themselves defective in their ability to differentiate into 

adipocytes [Kawauchi et al., 2009]. Our findings are consistent with the hypothesis that the 

severe developmental defects observed in CdLS and in Nipbl-deficient animal models are 

the consequence of the collective action of many small changes in gene expression in every 

tissue throughout the organism.

Our findings are consistent with the hypothesis that the severe developmental 

defects observed in CdLS and in Nipbl-deficient animal models are the 

consequence of the collective action of many small changes in gene expression in 

every tissue throughout the organism.

Are there types of genes, and/or gene loci, that are especially sensitive to Nipbl deficiency? 

One clue comes from the analysis of transcriptional effects that are shared across multiple 

tissues. In the Nipbl+/− mouse, for example, significant changes in the expression of genes in 

the protocadherin-beta (Pcdhb) cluster, located on chromosome 18, have been observed 

repeatedly in embryonic brain, MEFs, limbs, and even skin ([Kawauchi et al., 2009; Muto et 

al., 2011] and unpublished observations). As shown in Figure 5A and B, Pcdhb genes are 
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both up- and down-regulated in their expression when Nipbl is deficient, with genes at the 3′ 

and 5′ ends of the cluster showing the greatest percent change in expression. An in-depth 

analysis, in which changes in expression of individual Pcdhb genes were evaluated as a 

function of Nipbl levels in the same samples, demonstrated that expression of Pcdhb genes 

closest to the 5−and 3− ends of the cluster are most sensitive to Nipbl levels, while 

expression of genes in the middle of the cluster are relatively insensitive to Nipbl levels (Fig. 

5C). Therefore, within the Pcdhb gene cluster, position-specific effects of Nipbl on gene 

expression can clearly be demonstrated [Kawauchi et al., 2009]. Similarly, studies of hox 
gene expression during zebrafish limb development demonstrate a relationship between the 

positions of specific hox genes in a given chromosomal cluster and their expression changes 

when Nipbl levels are depleted (Fig. 5D and Muto et al. [2014]). Altogether, our results from 

studies in both mouse and zebrafish models support the hypothesis that chromosomal 

location is an important factor in the sensitivity of gene expression to NIPBL levels.

Altogether, our results from studies in both mouse and zebrafish models support the 

hypothesis that chromosomal location is an important factor in the sensitivity of 

gene expression to NIPBL levels.

How do these topological changes in NIPBL sensitivity come about? One possibility, for 

which there is increasing evidence, is that Nipbl—together with cohesin and proteins of the 

Mediator complex—physically brings together gene enhancers and their promoters, resulting 

in global changes in chromatin architecture that bring about widespread changes in gene 

expression [Kagey et al., 2010; Whyte et al., 2013; Yin and Wang, 2014]. Indeed, both Nipbl 

and Mediator are important in limb development; and in the zebrafish model of CdLS, 

deficiencies of nipbls and med12 together act synergistically to regulate gene expression and 

the severity of limb defects (Fig. 4F–H and Muto et al., [2014]). Importantly, depletion of 

both Nipbl and Med 12 have been shown in 3D-fluorescence ISH experiments to affect long-

range chromosomal interactions at the hoxda locus in zebrafish limb buds [Muto et al., 

2014]. The importance of Mediator, cohesin, and other general transcriptional regulators as 

collaborators of Nipbl in regulating chromatin conformation and gene expression is an 

ongoing subject of investigation in our attempt to understand the etiology of birth defects in 

CdLS.
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Figure 1. 
Nipbl-deficient mutant animals show growth abnormalities. (A) Nipbl+/− mouse is markedly 

smaller than wildtype (+/+) sibling at 4 weeks of age. (B) Nipbl a+b morpholino (MO) co-

injected zebrafish larvae (nipbl a/b morphants) resemble uninjected and mixed MO controls 

at 18.5 hr post-fertilization (hpf), but show marked circulatory defects, pericardial edema 

(asterisk) and tail defects (arrowheads) by 34 hpf. Scale bar ¼ 100 mm. (C) Structural 

comparison of NIPBL orthologues among different species. H.s., Homo sapiens, 2,804 

amino acids (aa).; M.m., Mus musculus, 2,798 aa; D.r. (a), Danio rerio, form a, 2,876 aa; 

D.r. (b), form b, 2,381 aa; D.m., Drosophila melanogaster, 2,077 aa; S.c., Saccharomyces 

cerevisiae, 1,493 aa. Numbers indicate percent amino acid sequence identity compared to 

human NIPBL. Adapted from [Kawauchi et al., 2009; Muto et al., 2011].
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Figure 2. 
Heart and gut abnormalities in Nipbl-deficient animals. (A and B) Cryosections, stained with 

hematoxylin/eosin, of wildtype and Nipbl+/− littermate embryos at gestational day 17.5 

(E17.5). A well-formed atrial septum is apparent in the wildtype heart, but absent in a 

significant fraction of mutants. Scale bar ¼ 1 mm. (C) Zebrafish embryos injected with 

nipbla/b MOs show a range of defects in heart tube formation at 32 hpf, ranging from mild 

(type A) to severe (type B). Dashed white lines indicate heart tube, labeled by in situ 

hybridization (ISH) for a cmlc2 probe (ath5 ISH shows that eye is relatively unaffected). (D) 

Gut and visceral organ morphology assessed by ISH for foxa3 in nipbla/b morphants at 52 

hpf. Defects ranged from mild looping defects (type I) to more severe defects such as 

bifurcation (type II) and even absence (type III) of gut parenchyma. gu, gut tube; li, liver; pa, 

pancreas. (E) Frequency of gut bifurcation in sox17 and foxa2 single and double morphants 

at 52hpf. (F) Example of severe gut bifurcation in sox17/foxa2 double morphant embryo. 

Scale bar in D and F ¼ 50 mm. Adapted from [Kawauchi et al., 2009; Muto et al., 2011].
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Figure 3. 
Craniofacial and neuroanatomical abnormalities in Nipbl+/− mice. (A) Top two panels show 

representative reconstructions of individual scans based on micro-CT analysis of wildtype 

(top panel) and Nipbl+/− (middle panel) adult mice. Dorsal, relateral, and ventral views are 

shown. Bottom panel shows shape distance heat maps of wildtype overlaid with mutant 

skulls, from the entire dataset. The degree of shape change in specific bones is shown by 

different colors, as indicated in the heat map at right. (B) Endocranial volume (measured 

from CT scans) is reduced by 25% in in Nipbl+/− mice compared to wildtype. (C) Nissl-

stained coronal sections of wildtype (+/+) and Nipbl-deficient (+/−) adult brains. MHb, 

medial habenular nucleus; fr, fasiculus retroflexus; mt, mammillothalamic tract; dg, dentate 

gyrus; cc, corpus callosum. Scale bar ¼1 mm. (D) Cerebellar vermal hypoplasia in Nipbl+/− 

mice. Folium IX (bracket) and its ventral subfolium (arrow, asterisk) are affected. Scale bar 

¼ 500 mm. Adapted from [Kawauchi et al., 2009].
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Figure 4. 
Limb defects and gene expression changes in Nipbl-deficient zebrafish and mice. (A) 

Defects in pectoral fin development are observed in nipbla/b morphants; defects are partially 

rescued by injection of exogenous nipbla mRNA. Dorsal view of zebrafish larvae at 76 hpf. 

(B) Plots of fin lengths in morphants and controls at 76 hpf. (C) Expression of shha (ISH) in 

pectoral limb buds (arrows) is reduced in nipbla/b morphants at three indicated stages of 

development. (D) Whole-mount ISH for Shh in E10.5 mouse embryos; expression is 

reduced in Nipbl+/− hindlimb buds compared to wildtype (WT). Arrowheads indicate 

hindlimbs; arrows indicate forelimbs. Scale bar ¼ 0.5 mm. (E) Quantification of Shh ISH 

shown in D; *P < 0.05, **P < 0.01. (F) Zebrafish larvae injected with low doses of med12 or 

nipbla/b MOs display small reductions in fin size compared to controls; defects are 

enhanced when morphants are treated with combined nipbla/b and med12 MOs. (G) Plots of 

fin lengths in morphants and controls in the four conditions. (H) Changes in hox gene 

expression in morphants treated with nipbla/b, med12, and nipbla/b + med12 MOs at 36 hpf. 

Adapted from [Muto et al., 2014]
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Figure 5. 
Position-specific effects of Nipbl on gene expression. (A) Schematic of protocadherin beta 

(Pcdhb) locus (consisting of 22 genes) on chromosome 18 in mouse. (B) Quantitative RT-

PCR results showing changes in gene expression in 14 of the 22 Pcdhb genes in E17.5 

Nipbl+/− brain compared to wildtype controls. (C) Representative graph showing sensitivity 

of Pcdhb gene expression levels to Nipbl levels in the same samples. Sensitivities and error 

bars were plotted on an abscissa corresponding to the location of the transcriptional start 

sites of each of the Pcdhb genes. The dashed line is a smooth polynomial fit to the data. Data 

indicate that sensitivity of Pcdhb gene expression to Nipbl levels is highest at the 50 and 30 

ends of the cluster, lowest in the middle. (D) ISH demonstrating mis-expression of hox 

genes in nipbla/b morphant zebrafish embryos (over-expression: hoxc4a; under-expression: 

hoxc8a). Schematic diagram represents effects of reduced nipbl levels on hox gene 

expression, with 50 hox genes showing reductions in expression (red) and 30 hox genes 

showing expanded expression (green). Adapted from [Kawauchi et al., 2009; Muto et al., 

2011].
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