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Abstract 

There are more than 7000 described rare genetic disorders; however, the molecular basis 

underlying approximately half of these disorders is unknown, and the majority are currently 

untreatable. Stature and growth abnormalities are a common clinical feature of many rare 

disorders including: Floating-Harbor syndrome (FHS), a short stature syndrome characterized 

by delayed osseous maturation, language deficits, and unique dysmorphic facial features; 

Weaver syndrome, an overgrowth syndrome characterized by advanced osseous maturation, 

developmental delay, and macrocephaly; and Sotos syndrome with cutis laxa, an overgrowth 

syndrome with marked tissue laxity in addition to the typical Sotos characteristics of 

developmental delay, macrocephaly, and a unique facial gestalt. The genetic basis underlying 

these three rare stature conditions were unknown at the outset of this study. We utilized high-

throughput exome sequencing approaches to investigate the molecular etiology of these rare 

disorders and identified truncating mutations in the final exon of SRCAP as the genetic cause 

underlying FHS, missense mutations in EZH2 in Weaver syndrome, and novel mutations in 

the Sotos syndrome gene NSD1 in Sotos syndrome with cutis laxa. Next, we investigated the 

spectrum of SRCAP mutations in FHS and established the clustering of truncating SRCAP 

mutations in the final exon as being highly suggestive of a non-haploinsufficiency mutational 

mechanism in FHS. Finally, global methylation array analysis identified a unique methylation 

‗epi-signature‘ in FHS individuals, providing further insight into FHS disease mechanism and 

a diagnostic signature. These studies have delineated the molecular etiology of these three 

rare stature/growth disorders, furthered our understanding of the associated clinical spectrum, 

and provided biological insight into disease pathogenesis.  
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Rare Genetic Disorders 

Approximately one in 12, or three million, Canadians are affected by a rare disorder 

(www.raredisorders.ca). The Online Mendelian Inheritance in Man database (OMIM) 

estimates that there are more than 7000 single-gene disorders (McKusick, 2007), which while 

individually rare, are collectively frequent. This subset of disorders, which typically result 

from mutations having severe effects on gene function, are of particular importance in 

pediatrics, as a significant fraction of pediatric hospital admissions involve genetic conditions 

(McCandless et al., 2004; Scriver et al., 1973; Yoon et al., 1997). Most recently data from 

Western Australia demonstrated the marked disparity between the number of individuals in 

the population with a rare disorder and their impact on combined health-care costs (Walker et 

al., 2016). While the rare disease cohort in this study constituted only approximately 2% of 

the state population, on average they had a higher length of hospital stay and a higher number 

of hospital discharges than the general population, and contributed up to 10.5% of the state 

in-patient hospital costs. These findings emphasize the need for rare disease research and the 

development of strategies aimed at improving the health of individuals living with rare 

conditions. 

 

At the onset of this thesis the causative genes underlying more than half of described rare 

genetic disorders remained unknown (McKusick, 2007). Moreover, the majority of rare 

disorders are currently untreatable and, as such, they represent one of the great unmet medical 

challenges of the 21st century. Therefore, the identification of the genetic variant(s) 

underlying these disorders, followed by downstream functional characterization of disease 
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mechanism, will make it possible to both accurately diagnose and manage children and, for a 

subset, provide insight which might lead to the development of a therapeutic strategy. 

 

Three rare disorders are examined in this thesis that share clinical features of abnormal 

stature and growth: Floating-Harbor syndrome (short stature); Weaver syndrome 

(overgrowth); and, Sotos syndrome (overgrowth) with concomitant insights into molecular 

mechanism, syndrome delineation, and disease mechanism.  

 

Skeletal Development and Endochondral Ossification 

Skeletal development is a complex and fluid process that continues into early adulthood. 

Skeletal bones are formed via intramembranous or endochondral ossification however, both 

initiate with condensation of mesenchymal cells. Intramembranous ossification, which is 

responsible for the generation of the cranium, parts of the clavicle and the pubic bone initiates 

with the condensation of neural crest-derived mesenchymal cells, which directly 

transdifferentiate into osteoblasts (reviewed in (Geister and Camper, 2015; Karsenty et al., 

2009)). Conversely, endochondral ossification, which is responsible for the generation of the 

axial and appendicular skeleton, and thus contribute to stature, originates with the 

condensation of paraxial and lateral mesoderm respectively, which differentiate into 

intermediary chondrocytes (reviewed in (Geister and Camper, 2015; Hojo et al., 2010)). As 

the chondrocytes undergo hypertrophic maturation into bone tissue, the cartilage template 

matures and mineralizes and undifferentiated chondrocytes become sealed within the 

epiphyseal/growth plate of the developing bone (Geister and Camper, 2015). The growth 

plate is made up of three distinct zones: resting, proliferative, and hypertrophic, followed by 
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an ossification region. In general, undifferentiated chondrocyte cells residing in the resting 

zone begin dividing longitudinally in the proliferative zone until cell signals trigger their 

differentiation into hypertrophic chondrocytes, resulting in a large cell volume. Recent 

studies have suggested that the final addition of bone matrix is generated by the terminal 

transdifferentiation of hypertrophic chondrocytes into osteoblasts (Yang et al., 2014; Zhou et 

al., 2014). The transition of chondrocytes through the growth plate is a dynamic process 

regulated by a number of cell signalling pathways including: Indian Hedgehog (IHH), 

fibroblast growth factor (FGF), bone morphogenetic protein (BMP), Notch, WNT, 

parathyroid hormone-related peptide (PTHrP), transforming growth factor β (TGFβ), C-type 

natriuretic peptide (CNP) (reviewed in (Geister and Camper, 2015)). The number of 

signalling pathways and molecules involved in bone development emphasize how complex 

this process is, and how genetic mutations impacting even one of these pathways can 

profoundly impact organization and function at the growth plate and result in stature 

aberrations. 

 

Rare Disorders Affecting Stature and Growth 

Abnormalities in stature are a frequent clinical feature of many rare genetic disorders and can 

involve either short or tall stature. A patient is considered to be short statured when their 

height is more than two standard deviations below the mean for their age and sex (Cheetham 

and Davies, 2014). A patient is considered tall when their height is more than two standard 

deviations above the mean for their age and sex (Davies and Cheetham, 2014). Tall stature 

can also be associated with a large head circumference and body weight; when these clinical 

phenotypes occur together they are collectively referred to as overgrowth.  
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Disorders with Short Stature 

Short stature disorders are relatively common and include hundreds of genetic disorders in 

OMIM. For example, microcephalic primordial dwarfism (MPD) disorders are autosomal 

recessive conditions characterized by microcephaly and severe pre- and post-natal growth 

retardation (Khetarpal et al., 2016). Four subtypes, Seckel syndrome, 

Majewski/microcephalic osteodyplastic primordial dwarfism (MOPD) types I/III, MOPD 

type II and Meier-Gorlin syndrome have been characterized and are shown to be the result of 

genetic mutations in: ATR, ATRIP, CENJP, CEP152, and RBBP8; U4ATAC; PCNT, IGF1R; 

and ORC1, ORC4, ORC6,  and CDC6 respectively (reviewed in (Khetarpal et al., 2016). 

Several of these genes function in multiple stages of the cell cycle, while others are involved 

in cell cycle progression. U4ATAC, however, encodes a component of the minor spliceosome 

complex, and mutations in this gene are anticipated to impact splicing for a number of genes 

including some involved in cell cycle. As such, MPD-causing mutations can result in the 

disruption of multiple functional pathways involved in cell cycle regulation and cell division 

including: DNA replication, centrosome duplication and/or maturation, DNA repair, and 

mitotic spindle formation (reviewed in (Geister and Camper, 2015; Khetarpal et al., 2016)); 

highlighting the broad range of biological processes that can be dysregulated yet lead to the 

same recognizable short stature syndrome. 

 

Another example, skeletal dysplasias (SkD), constitute a large group of individually rare 

cartilage and bone disorders which typically cause disproportionate short stature, but also 

some instances of overgrowth. More than 400 cases of skeletal dysplasia have been reported 

in the literature, with the genetic basis of less than 60 having been described in the 2011 

report of the Nosology and Classification of Genetic Skeletal Disorders (reviewed in (Geister 
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and Camper, 2015; Warman et al., 2011). Mutations in many of the causative genes have 

been shown to disrupt the organization and function at various zones of the growth plate, thus 

affecting growth. There are many forms of SkDs and can range from mild anomalies to life-

limiting conditions. One example is the most common nonlethal form of SkD, 

achondroplasia, a disproportionate short-limb dwarfism, caused by autosomal dominant 

mutations in the fibroblast growth factor receptor, FGFR3 (Shiang et al., 1994). FGFR3 is 

expressed in the resting cartilage of the growth plate and functions as a negative regulator of 

chondrocyte proliferation and differentiation; FGFR3 mutations in achondroplasia lead to 

constitutive FGFR3 expression thus resulting in growth inhibition (Deng et al., 1996; Horton, 

2006). Another example is IMAGe (intrauterine growth retardations, metaphyseal dysplasia, 

adrenal hypoplasia congenital, and genital anomalies) syndrome, a multisystem growth 

restricted condition caused by autosomal dominant (maternally imprinted) mutations in the 

cyclin dependent kinase inhibitor gene CDKN1C, a negative regulator of cell proliferation 

(Lee et al., 1995). CDKN1C has been shown to function as a negative regulator of cell 

proliferation and it is thought to be involved in the transition from proliferation to 

hypertrophic differentiation at the growth plate (Hirata et al., 2009). It is anticipated that 

IMAGe causing mutations of CDKN1C likely result in premature inhibition of chondrocyte 

differentiation thus impeding growth. 

 

Disorders with Tall Stature and/or Overgrowth 

Similarly, tall stature and overgrowth can be caused by dysregulation of a wide variety of 

biological processes. For example, Marfan syndrome is an autosomal dominant condition 

characterized by tall stature, long limbs, and connective tissue abnormalities including serious 
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aortic and mitral valve heart complications shown to be caused by mutations in fibrillin 1 

(FBN1) (Dietz et al., 1991). Fibrillins combine to form microfibril macromolecules, which 

provide extracellular matrix support thereby contributing to the integrity and function of 

elastic and non-elastic connective tissues (Sakai et al., 2016; Tsang et al., 2013). These 

microfibrils also store transforming growth factor β (TGFβ), which is involved in cell growth 

and division (von Kodolitsch and Robinson, 2007). Therefore, by regulating the availability 

of  TGFβ these microfibrils function as a mediator of TGFβ signalling (von Kodolitsch and 

Robinson, 2007). A deficiency of fibrillin, such as FBN1 mutations in Marfan syndrome, has 

been shown to result in an excess of TGFβ, leading to enlargement and cardiac valve disease 

in mice (Neptune et al., 2003; Ng et al., 2004). While there is currently no cure for Marfan 

syndrome, early diagnosis by confirmation of FBN1 mutation, followed by careful clinical 

management including: prescribing beta-receptor blockers, regular echocardiograms (every 1-

2 years), and prophylactic surgery in patients with an aortic root diameter >50 mm, 

dramatically improve the survival rates and quality of life of these patients (Pepe et al., 2016). 

 

Fragile X syndrome (FXS), is an X-linked condition characterized by intellectual disability, 

distinct facial features, which often presents with overgrowth during childhood (Cohen, 2003; 

de Vries et al., 1995). FXS is most often caused by >200 trinucleotide CGG repeats in the 5‘ 

untranslated region of the fragile X mental retardation gene (FMR1), which encodes fragile X 

mental retardation protein (FMRP) (Kremer et al., 1991; Mor-Shaked and Eiges, 2016) and 

results in the loss of FMRP, an RNA binding protein, which regulates translation of many 

mRNAs involved in synaptic plasticity (Darnell and Richter, 2012). The large CGG 

trinucleotide repeat expansion results in aberrant hypermethylation of this region, which leads 
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to the epigenetic silencing of FMR1 transcription (as reviewed in (Mor-Shaked and Eiges, 

2016).  

 

A final example is Proteus syndrome, an asymmetric and disproportionate overgrowth 

condition caused by a specific (c.49G>A; p.Glu17Lys) autosomal dominant (somatic mosaic) 

mutations in the protein kinase encoding gene AKT1, resulting in overactivation of the P13K-

AKT signalling pathway (Lindhurst et al., 2011). While there is some debate about the role of 

the P13K-AKT signalling pathway in bone development, the large majority of the literature 

agrees that this pathway is required to promote hypertrophic cell differentiation and 

endochondral ossification (Beier and Loeser, 2010). Therefore, overactivation of this pathway 

by mutations of AKT1 in Proteus syndrome may therefore lead to the disproportionately 

accelerated bone growth evident in this condition. 

 

What each of these examples of short and tall/overgrowth syndromes highlights is the 

complexity of the biological pathways impacted that result in the same or similar clinical 

feature in these rare disorders.  

 

Understanding of the Rare Stature Disorders in this Thesis at the Outset of 
the Study  

Floating-Harbor Syndrome 

Floating-Harbor syndrome (FHS) [MIM 136140] is a rare genetic disorder characterized by 

short stature, delayed osseous maturation, and language deficit (Leisti et al., 1975; Pelletier, 

1973; Robinson et al., 1988; White et al., 2010). There is a unique facial dysmorphology 

associated with this disorder where FHS patients tend to have a triangular shaped face, 
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prominent nose: long with a broad base, full tip and low-hanging columnella, short philtrum, 

and a wide flat mouth with a thin upper lip (Leisti et al., 1975; Pelletier, 1973; Robinson et 

al., 1988; White et al., 2010) (Chapter 2, Figure 1). FHS patients typically exhibit receptive 

and expressive language deficits and some level of learning or intellectual disability. The 

name ‗Floating-Harbor‘ is a portmanteau of the locations where the first two patients were 

described: the Boston Floating Hospital (Pelletier, 1973) and the Harbor General Hospital in 

Torrence, California (Leisti et al., 1975). Typically FHS occurs sporadically in families with 

an affected child being born to unaffected parents; however a few parent-child transmissions 

have been reported which is consistent with FHS being an autosomal dominant disorder 

(Arpin et al., 2012; Lacombe et al., 1995; Penaloza et al., 2003; Robinson et al., 1988). 

Despite the initial cases of FHS being described in the early 70‘s, the genetic basis of this 

disorder was unknown at the outset of this study. 

 

Weaver Syndrome 

Weaver syndrome [MIM 277500], which was first described in 1974 by Weaver et al., is 

characterized by overgrowth, advanced osseous maturation, developmental delay, and 

macrocephaly (Cole et al., 1992; Weaver et al., 1974). Weaver syndrome displays a high 

degree of phenotypic overlap with another overgrowth condition, Sotos syndrome; however it 

is occurs less frequently than Sotos syndrome, with approximately 70 cases having been 

reported in the literature (Coulter et al., 2008; Huffman et al., 2001; Weaver et al., 1974). The 

facial appearance of Weaver and Sotos syndrome patients are subtly different, enabling 

experienced clinical dysmorphologists to distinguish the two conditions. The unique facial 

features of Weaver syndrome include a broad forehead, widely spaced eyes, large and low set 
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ears, and a prominent chin crease (Chapter 3, Figure 1) (Weaver et al., 1974). There are a 

variety of other clinical features that Weaver individuals may have including: intellectual 

disability, speech delay, behavioural problems, campodactyly, and epilepsy (Cole et al., 1992; 

Weaver et al., 1974). The vast majority of reported cases of Weaver syndrome have occurred 

sporadically; however some instances of parent-child transmission have been reported, which 

is consistent with an autosomal dominant mode of inheritance (Fryer et al., 1997; Proud et al., 

1998). Despite the initial cases of Weaver syndrome being described in the early 70‘s, the 

genetic basis of this disorder was unknown at the outset of this study. 

 

Sotos Syndrome 

Sotos syndrome [MIM 117550], which was first described in 1964 (Sotos et al., 1964), is 

considered to be a well characterized and ‗relatively‘ common overgrowth syndrome, with 

>400 reported cases in the literature (Baujat and Cormier-Daire, 2007; Tatton-Brown et al., 

2009) The key features of Sotos syndrome include pre- and postnatal overgrowth, 

developmental delay, macrocephaly and a unique facial gestalt (which includes a prominent 

forehead with a high hairline, pointed chin, down-slanting palpebral fissures, and facial 

flushing) (Cole and Hughes, 1990, 1994; Douglas et al., 2003; Rio et al., 2003; Sotos et al., 

1964). In addition to these cardinal features, patients with Sotos syndrome may also have a 

variety of other symptoms including advanced bone age, cardiac anomalies, scoliosis, 

hypothyroidism, cataracts, conductive hearing loss, nystagmus, and umbilical hernia etc. 

(Tatton-Brown et al., 2005). In 2002, Kurotaki et al. identified heterozygous mutations of the 

nuclear receptor-binding SET domain containing protein 1 (NSD1) gene, resulting in 

haploinsufficiency, as the genetic cause of Sotos syndrome (Kurotaki et al., 2002). Since this 
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initial report, hundreds of NSD1 mutation positive Sotos syndrome patients, with genetic 

alterations including whole-gene deletions, partial-gene deletions, frameshift, nonsense, 

splice site and missense mutations, have been reported in the literature (Douglas et al., 2003; 

Tatton-Brown et al., 2005; Turkmen et al., 2003). NSD1 encodes a histone methyltransferase, 

which has been shown to be the catalytic force behind methylation of lysine residue 36 of 

histone 3 (H3K36) and lysine residue 20 of histone 4 (H4K20) (Huang et al., 1998; Qiao et 

al., 2011; Rayasam et al., 2003). 

 

Sotos-like Syndrome with Cutis Laxa 

In 1999, Robertson and Bankier reported three patients as having a Sotos-like phenotype with 

marked cutis laxa, joint hyperextensibility, vesicoureteric reflux, and aortic dilatation: ‗Sotos 

syndrome with cutis laxa‘ (Chapter 4, Figure 1A) (Robertson and Bankier, 1999). Despite 

mild connective tissue dysfunction being described in >15% of Sotos syndrome cases in a 

review of 266 Sotos individuals with  pathogenic NSD1 mutations (Tatton-Brown et al., 

2005), the pronounced nature of connective tissue dysfunction in these Sotos-like with cutis 

laxa patients suggested a more profound phenotype that what has been previously described. 

The authors therefore speculated that a second gene might be responsible for the disease in 

this subset of patients. The genetic basis of Sotos-like syndrome with cutis laxa was unknown 

at the outset of this study. 

 

The Impact of High-Throughput Sequencing 

Prior to the development of high-throughput sequencing technologies, studies utilized genetic 

linkage information and positional cloning strategies to identify the candidate genes 
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underlying rare genetic disorders. These approaches were work intensive and required robust 

familial information: preferably several multi-generational families with many affected 

individuals. As such, most of these studies took many years to complete; however, they led to 

the identification of genetic causes for many of the more ‗common‘ disorders including the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene as the cause underlying 

Cystic Fibrosis (CF) (Rommens et al., 1989), and expanded CAG trinucleotide repeats in the 

huntingtin (HTT) gene as the cause underlying Huntington‘s disease (1993). Studies of 

genetic disorders with increasing rarity have typically been more difficult to solve, especially 

in cases where researchers are studying families with few affected family members or 

instances where there is only a single affected individual (sporadic occurrences of disease) 

(Boycott et al., 2013). 

 

The emergence of high-throughput sequencing strategies has revolutionized modern genetic 

studies by enabling researchers to obtain DNA sequence information and elucidate novel 

biological interactions at an unprecedented rate.  These sequencing technologies have 

dramatically increased the success rate of identifying causative genetic variant(s) underlying 

rare genetic disorders (Boycott et al., 2013). Whole genome sequencing is an unbiased high-

throughput sequencing approach which enables researchers to examine variations throughout 

the entire coding and non-coding regions of the genome. This sequencing strategy provides 

users with a uniform level of sequence coverage, but is quite cost- and data-intensive. 

Conversely, whole exome sequencing is a high-throughput sequencing strategy which 

involves the selective capture and sequencing of only protein-coding regions of the genome 

(Choi et al., 2009; Ng et al., 2010b). This approach provides users with a high-depth of 

sequence coverage for the majority of protein coding genes; constituting approximately 1% 
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(30 Mb) of the human genome. As it is anticipated that more than 85% of disease-causing 

mutations are contained within protein-coding regions of the genome, exome sequencing is a 

cost-, data-, and time-efficient alternative to whole-genome sequencing for the identification 

of causative genetic variants. (Choi et al., 2009; Teer and Mullikin, 2010). The success of 

exome sequencing since the emergence of high-throughput sequencing technologies is 

apparent in Figure 1. Following the identification of novel genetic variants, functional 

approaches can be used to better understand impact of the mutation on biological processes 

(e.g. methylation) and, ultimately, provide insight into disease mechanism. 

 

DNA Methylation Abnormalities in Disorders of Stature 

DNA methylation involves the 5‘ covalent addition of a methyl group (-CH3) to the cytosine 

nucleotide of a cytosine-guanine dinucleotide (CpG) in a DNA sequence by a DNA 

methyltransferase (DNMT) enzyme (Mazzio and Soliman, 2012). It is a form of epigenetic 

modification, as the functional alteration occurs without changing the DNA sequence itself. 

CpG methylation is spread unevenly across the genome: with the majority of individual CpGs 

being methylated (~60-80%) (Jones and Takai, 2001), and regions with dense CpGs 

clustering together in high-frequency stretches called ‗CpG islands‘, most often being 

unmethylated (Deaton and Bird, 2011). CpG islands are associated with the 

promoter/regulatory regions of genes, and it is anticipated that approximately 1/2 to 2/3 of 

mammalian genes have a CpG island in their promoter (Hernando-Herraez et al., 2015). The 

methylation status of CpG islands within promoter regions can dramatically impact gene 

expression: in an unmethylated state they are in a transcriptionally-permissive or ‗open‘ state, 

whereas methylated promoter regions tend to render their corresponding genes   
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Figure 1. Cumulative number of novel gene discoveries made by WES and WGS 
since the emergence of high-throughput sequencing technologies between 2010 and 
2013. 
Abbreviations: WES: whole exome sequencing; WGS: whole genome sequencing.  
Figure reprinted with permission from Annual Reviews (see Rights and Permissions; 
Chapter 1, Figure 1) (Boycott et al., 2013). 
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transcriptionally inactive (a ‗closed‘ state) (Inbar-Feigenberg et al., 2013). This 

transcriptional inactivity can occur by one of two mechanisms. First, the attached methyl 

groups may themselves physically impede transcriptional activators from binding to the 

promoter region (Mazzio and Soliman, 2012). Second, proteins which contain a methyl-CpG 

binding domain (MBD) symmetrically bind methylated CpGs, and recruit histone deacetylase 

complexes (HDAC) and additional chromatin remodeling proteins, which results in the 

formation of compact, inactive chromatin and thus transcriptional repression (Roloff et al., 

2003). 

 

The link between abnormal methylation in cancer and tumour progression has been 

extensively studied (Baylin et al., 1998; Jones and Takai, 2001); however, far less is known 

about how methylation is impacted in rare genetic disorders. It is a logical assumption that 

mutations in genes involved in methylation regulatory pathways will impact global 

methylation status. For example, mutations in DNMT3b which causes the rare disease 

immunodeficiency, centromeric instability, facial anomalies syndrome (ICF) (Xu et al., 

1999), and mutations in MECP2, a MBD protein which causes Rett syndrome (Amir et al., 

1999), are both believed to be caused by alterations in the methylation machinery (Amir et 

al., 1999; Okano et al., 1999). Similarly, mutations in two chromatin remodeling proteins, 

lymphoid specific helicase (HELLS) and X-linked alpha thalassemia/mental retardation 

(ATRX), have also been shown to impact methylation status (Dennis et al., 2001; Gibbons et 

al., 2000; Zhu et al., 2006). Additionally, as mentioned previously, CGG tri-nucleotide repeat 

expansion alterations in the 5‘UTR of FMR1, in Fragile X syndrome (FXS), has been shown 

to result in aberrant hypermethylation of the FMR1 promoter, and transcriptional repression 

of the gene (Mor-Shaked and Eiges, 2016).  
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As described earlier, a characteristics of FXS is childhood overgrowth (Cohen, 2003; de 

Vries et al., 1995). Interestingly, two of the other disorders associated with altered 

methylation described above, ATRX and Rett syndromes, have also been associated with 

growth aberrations. Multiple studies have identified growth failure as a common 

characteristic of Rett syndrome, demonstrating that by 7-8 years affected children have an 

average height of approximately two standard deviations below the mean (Hagberg et al., 

2001; Oddy et al., 2007). Additionally, normal pubertal height increases appear to be absent 

in individuals with Rett syndrome (Tarquinio et al., 2012). Similarly, short stature is a 

relatively common feature present in individuals with ATRX syndrome (Basehore et al., 

2015). While not all ATRX patients have short stature, it has been a notable feature in a 

number of reported cases of ATRX. In fact, the original report which identified mutations in 

ATRX as the genetic cause underlying this syndrome reported short stature in half of the 

patient cohort (Gibbons et al., 1995). Based on this information, it is apparent that some rare 

disorders with stature abnormalities are associated with methylation alterations.   

 

The recent cost-effective development of high resolution methylation array technologies, 

such as the Infinium HumanMethylation450 Beadchip methylation array, have now made it 

possible to examine how other monogenic conditions impact methylation status. Recently, a 

unique methylation ‗epi-signature‘ was reported for the overgrowth condition, Sotos 

syndrome (Choufani et al., 2015). This study was able to distinguish between individuals 

with Sotos syndrome, NSD1 mutation positive, and those with the clinically similar Weaver 

overgrowth syndrome (Choufani et al., 2015). It may therefore be possible that mutations 

causing other rare stature disorders will also have an impact on global methylation status.  
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Thesis Rationale 

High-throughput exome sequencing has emerged as a disruptive tool for investigating the 

genetic etiology of rare disorders, which were intractable with previous approaches. Genetic 

insight into rare genetic disorders involving stature provides an opportunity to delineate the 

phenotypic spectrum of these conditions and begin to understand the complex biological 

mechanism involved in disease pathogenesis. 

 

Hypothesis and Specific Aims 

My hypothesis is that high-throughput exome sequencing can be used to facilitate our 

understanding of the molecular etiology, clinical spectrum, and disease biology associated 

with rare disorders impacting stature. To test my hypothesis, I set out to accomplish the 

following Specific Aims: 

 

Aim 1: Identify the genetic cause underlying these rare stature disorders 

a) Floating-Harbor Syndrome (FHS) 

We set out to use a high-throughput exome sequencing approach to identify the causative 

gene and mutation(s) underlying the short stature syndrome, FHS. To do so, we assembled an 

international patient cohort and employed a multi-proband exome sequencing strategy using 

DNA from five unrelated ‗classic‘ FHS patients. This strategy was aimed at first identifying 

rare variant(s) shared amongst the patients which may account for the disorder. Next, we 

would validate our findings by identifying mutations in the same gene in a second FHS 

cohort, and confirm that these mutations were de novo by screening parental DNA when 

possible. This analysis is presented in Chapter 2. 
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b) Weaver Syndrome 

We set out to use a high-throughput exome sequencing approach to identify the causative 

gene and mutation(s) underlying the overgrowth condition Weaver syndrome. To do so, we 

employed a trio-sequencing strategy, whereby we sequenced DNA from three Weaver 

patients and their parents. This strategy was aimed at first identifying the rare variant(s) in 

each Weaver patient that were not in their parents (de novo) and then comparing these de 

novo variants among the exome data from all the Weaver patients. Finally, we would validate 

these findings by Sanger sequencing additional Weaver patients to identify additional 

mutations. This analysis is presented in Chapter 3.  

 

c) Sotos-like Syndrome with Cutis Laxa 

We set out to use a high-throughput exome sequencing approach to determine the causative 

gene and mutation(s) underlying Sotos-like syndrome with cutis laxa. The currently accepted 

phenotypic spectrum of Sotos syndrome symptoms does not include cutis laxa and 

sequencing of one of the probands from the initial publication by Robertson and Bankier 

(1999) for changes in NSD1 was negative, suggesting a novel gene might be identified. To 

examine this, we exome sequenced DNA from this patient and their parents, to identify 

candidate de novo variants. Next, we would validate identified variants by Sanger sequencing 

and perform experiments to examine how candidate variants may impact gene function. 

These findings would be further validated by the study of three additional Sotos-like with 

cutis laxa patients (including the two other patients originally described by Robertson and 

Bankier (1999)) to determine if they have variants in the same gene. This analysis is 

presented in Chapter 4. 
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Aim 2: Establish the FHS mutation spectrum 

The initial gene identification manuscript (Chapter 2) included 13 mutation-positive FHS 

patients. However, despite FHS being a rare disorder, approximately 50 clinical cases had 

been reported in the literature (Arpin et al., 2012; Lacombe et al., 1995; Penaloza et al., 2003; 

White et al., 2010). We gathered additional patients world-wide and I focussed on the 

mutational spectrum while my clinical collaborators defined the phenotypic characteristics of 

the syndrome. This analysis is presented in Chapter 5. The intention was to use this 

information to facilitate a working hypothesis based on how these mutations might contribute 

to the FHS phenotype. In addition, as this disorder is quite difficult to diagnose, a more in-

depth examination into the phenotypic features of FHS would improve the diagnostic criteria 

for this disorder; ie. determine which symptoms are common to all patients and mandatory 

for diagnosis, versus those symptoms that occur in some patients, or are not a part of the FHS 

clinical presentation at all.  

 

Aim 3: Determine if mutations in FHS impact global methylation status 

The final aim of this study was to use high resolution methylation array approach to examine 

whether FHS-causing mutations impact global methylation status. To do so, we assembled a 

FHS patient cohort (18 individuals) for methylation analysis and methylation changes were 

compared across this group to determine a common methylation profile. Next, we would 

perform subsequent clonal bisulfite sequencing of four target regions to confirm methylation 

array results. This analysis is presented in Chapter 6. 
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In summary, three syndromes that impact growth and stature are examined in this thesis to 

gain insight into this subset of rare diseases.  The genetic basis of FHS (novel gene, SRCAP, 

Chapter 2), Weaver syndrome (novel gene, EZH2, Chapter 3), and Sotos-like syndrome with 

cutis laxa (novel mutations, NSD1, Chapter 4) were identified. The phenotypic spectrum of 

Sotos syndrome was expanded (Chapter 4), and the clinical spectrum of molecularly 

confirmed FHS was defined (Chapter 5). Finally, the abnormal methylation profile of FHS 

with concomitant insight into disease mechanism was elucidated (Chapter 6). 
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Preface 

The following chapter consists of data previously published in the American Journal of 

Human Genetics under the title ―Mutations in SRCAP, Encoding SNF2-Related CREBBP 

Activator Protein, Cause Floating-Harbor Syndrome‖ (PMID: 22265015) by Hood RL, Lines 

MA, Nikkel SM, Schwartzentruber J, Beaulieu C, Nowaczyk MJ, Allanson J, Kim CA, 

Wieczorek D, Moilanen JS, Lacombe D, Gillessen-Kaesbach G, Whiteford ML, Quaio CR, 

Gomy I, Bertola DR, Albrecht B, Platzer K, McGillivray G, Zou R, McLeod DR, Chudley 

AE, Chodirker BN, Marcadier J; FORGE Canada Consortium., Majewski J, Bulman DE, 

White SM, Boycott KM. 

 

Approval for this article to be reused in this thesis was granted by Elsevier (see Rights and 

Permissions; Chapter 2 Manuscript) 

 

Along with Dr. Sarah Nikkel, we determined the initial cohort to be sent for massively 

parallel (Illumina) sequencing. After the sequence was aligned and rare variants were 

computationally flagged by our McGill collaborators, I analyzed the variant files for all 

of the patients. I also performed all of the PCRs and Sanger sequencing validation of 

these variants to confirm the mutations identified in SRCAP. I performed all subsequent 

PCR and Sanger sequencing reactions in a secondary FHS cohort and analyzed all 

Sanger output files. I wrote the manuscript and generated figures. I responded to 

reviewers comments. 

 

The specific contributions of each author to this paper are listed below. 
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Hood RL: (see above) 

Lines MA: Co-wrote the manuscript. Generated figures for the manuscript. Responded to 

reviewers comments. 

Nikkel SM: Contributed to initial cohort to be sent for Illumina sequencing. Compared 

patient phenotypes and generated the patient symptom table in the manuscript.  

Schwarzentruber J: Performed bioinformatics analysis of the Illumina sequencing data. 

Wrote bioinformatics analysis methods section of the manuscript. Generated bioinformatics 

table for the manuscript. 

Beaulieu C: Project Manager of the FORGE Canada Consortium.  

Nowaczyk MJ, Allanson J, Kim CA, Wieczorek D, Moilanen JS, Lacombe D, Gillessen-

Kaesbach G, Whiteford ML, Quaio CR, Gomy I, Bertola DR, Albrecht B, Platzer K, 

McGillivray G, McLeod DR, Chudley AE, Chodirker BN: Collected and sent patient 

samples for sequencing analysis. 

Zou R: Performed the Sanger sequencing reactions. 

Marcadier J: Clinical Coordinator of the FORGE Canada Consortium 

FORGE Canada Consortium: Provided funding for this project. 

Majewski J: Oversaw bioinformatics analysis of the Illumina sequencing data. 

Bulman DE: Contributed to initial cohort to be sent for Illumina sequencing. Oversaw 

Sanger sequencing validation experiments. Contributed to writing/editing the manuscript. 

Responded to reviewers comments. 

White SM: Contributed to initial cohort to be sent for Illumina sequencing. Collected and 

sent patient samples for sequencing analysis. 
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Boycott KM: Oversaw the project. Contributed to initial cohort to be sent for Illumina 

sequencing. Contributed to writing/editing the manuscript. Oversaw the response to reviewers 

comments.  
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Abstract 

Floating-Harbor syndrome (FHS) is a rare condition characterized by short stature, delayed 

osseous maturation, expressive-language deficits, and a distinctive facial appearance. 

Occurrence is generally sporadic, although parent-to-child transmission has been reported on 

occasion. Employing whole-exome sequencing, we identified heterozygous truncating 

mutations in SRCAP in five unrelated individuals with sporadic FHS. Sanger sequencing 

identified mutations in SRCAP in eight more affected persons. Mutations were de novo in all 

six instances in which parental DNA was available. SRCAP is an SNF2-related chromatin-

remodeling factor that serves as a coactivator for CREB-binding protein (CREBBP, better 

known as CBP, the major cause of Rubinstein-Taybi syndrome [RTS]). 

Five SRCAP mutations, two of which are recurrent, were identified; all are tightly clustered 

within a small (111 codon) region of the final exon. These mutations are predicted to abolish 

three C-terminal AT-hook DNA-binding motifs while leaving the CBP-binding and ATPase 

domains intact. Our findings show that SRCAP mutations are the major cause of FHS and 

offer an explanation for the clinical overlap between FHS and RTS.  
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Main Text 

Floating-Harbor syndrome (FHS [MIM 136140]) is a rare condition characterized by short 

stature, delayed osseous maturation, language deficits, and a distinctive facial appearance. 

The dysmorphic features typical of this disorder include a triangular face, short philtrum, 

wide mouth with a thin vermilion border of the upper lip, and long nose with a narrow bridge, 

broad base, full tip, and low-hanging columella (Leisti et al., 1975; Pelletier, 1973; Robinson 

et al., 1988; White et al., 2010). Some degree of intellectual or learning disability is present in 

most individuals, and language (both receptive and expressive) is typically more severely 

affected. The name ―Floating Harbor‖ is a portmanteau of Boston Floating Hospital and 

Harbor General Hospital (Torrance, CA), the two institutions from which the initial case 

reports originated (Leisti et al., 1975; Pelletier, 1973). Of the 50 or so cases of FHS in the 

literature, the majority are sporadic, although four reported instances of parent-to-child 

transmission suggest that this is an autosomal-dominant disorder in at least some instances 

(Arpin et al., 2012; Lacombe et al., 1995; Penaloza et al., 2003; White et al., 2010). Some 

authors have highlighted the clinical overlap between FHS and Rubinstein-Taybi syndrome 

(RTS [MIM 180849]), which shares several key features (short stature, a long nose with low-

hanging columella, a thin vermilion border of the upper lip, and anomalous thumbs) (Arpin et 

al., 2012; Robinson et al., 1988). Despite the recognition of FHS as a distinct clinical entity 

more than 25 years ago, no causative mutations have been identified to date. 

 

To identify the genetic basis of FHS, we assembled a cohort of 13 unrelated probands, three 

of whom were previously reported (White et al., 2010).  The clinical details of these 

individuals are presented in Table 1 and Figure 1. To identify FHS-causing mutations, we  
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Figure 1. Floating-Harbor syndrome due to SRCAP mutations. 
Clinical photos depicting 9 of 13 unrelated FHS probands with a confirmed SRCAP 
mutation are shown with the characteristically triangular face, long eyelashes, typical nose 
(long and narrow nasal bridge, broad base, full tip, and low-hanging columella), short 
philtrum, wide mouth, thin vermilion border of the upper lip, short chin, and low-set, 
posteriorly rotated ears. Clinical details concerning all study participants are presented in 
Table 1. 
(A) Individual 1. Age 3 years; age 8 years. 
(B) Individual 3. Age 3 years, 7 months; age 11 years, 5 months. 
(C) Individual 4. Age 4 years, 6 months. 
(D) Individual 8. Age 4 years; age 10 years, 5 months. 
(E) Individual 9. Age 11 years. 
(F) Individual 10. Age 15 months; age 19 years. 
(G) Individual 11. Age 19 years, 7 months. 
(H) Individual 12. Age 4 years. 
(I) Individual 13. Age 3 years; age 7 years, 5 months. 
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performed exome capture and high-throughput sequencing of five unrelated affected persons 

(probands 1–5). Approval of the study design was obtained from the institutional research 

ethics board (Children's Hospital of Eastern Ontario), and free and informed consent was 

obtained from each study subject (or parent, if appropriate) prior to enrollment. We 

performed exome target enrichment by using the Agilent SureSelect 50 Mb All Exon Kit, and 

sequencing (Illumina HiSeq) generated 35–40 Gbp of 100 bp paired-end reads per sample. 

Reads were preprocessed (trimmed) and aligned to hg19 (see Web Resources for list of 

tools). We used an in-house annotation pipeline to identify coding and splice-site variants that 

met a minimum quality threshold (i.e., ≥20% of reads supported the variant). Next, we 

filtered the variants to exclude common polymorphisms (>1% minor-allele frequency) 

represented in dbSNP131, in the 1000 Genomes pilot release, or in 270 exomes sequenced for 

individuals with unrelated disorders at our center. 

 

Presuming FHS to be an autosomal-dominant condition, we identified genes containing a 

single rare variant in each of several probands in a combinatorial fashion. Table 2 lists the 

numbers of potential candidate genes containing rare variants in any n probands as n is 

increased. Of five sequenced individuals with classic FHS, we noted that all contained 

heterozygous truncating variants clustered in the final (34th) exon of a single 

gene, SRCAP (encoding SNF2-related CREBBP activator protein). To confirm SRCAP as 

the gene mutated in FHS, we identified SRCAP exon 34 mutations with Sanger sequencing in 

a validation cohort of eight more unrelated probands (Table 1 and Figure 2; Figure S1). All of 

these mutations are truncating (nonsense or frameshift) alleles, tightly clustered between 

codons 2,407 and 2,517; none are represented in dbSNP131, 1000 Genomes, or the National 
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Table 2. Variant analysis in Floating-Harbor syndrome probands. 
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Figure 2. Locations of FHS-causing mutations within SRCAP. 
(A) Intron-exon structure of SRCAP. Exon 34 mutation cluster is indicated by a red bar. 
(B) Domain architecture of SRCAP8–10 indicates amino acid positions of recognized 
domains and FHS-causing mutations. All probands are heterozygous for truncating 
mutations at the positions shown. The ATPase domain of SRCAP is divided into two 
sections, one containing conserved motifs I-IV and one containing V-VI. The following 
abbreviation is used: HSA, Helicase-SANT-associated domain. 
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Heart, Lung, and Blood Institute (NHLBI) Exome Variant Server (see Web Resources). Two 

mutations in particular, c.7330C>T (NM_006662.2) (p.Arg2444∗ [NP_006653]) in six 

individuals and c.7303C>T (p.Arg2435∗) in four individuals, accounted for the large majority 

of mutations. FHS-causing mutations were shown to be de novo in all six instances in which 

parental DNA samples were available. 

 

SRCAP encodes a switch/sucrose nonfermentable (SWI/SNF)-type chromatin-remodeling 

ATPase identified in a two-hybrid screen for interacting partners of CREB-binding protein 

(CREBBP, hereafter called CBP) (Johnston et al., 1999). In reporter assays, SRCAP is a 

potent coactivator for CREB and CBP-mediated transcription (Johnston et al., 1999; Monroy 

et al., 2001). In transgenic Drosophila, exogenous SRCAP colocalizes with transcriptionally 

active chromatin and augments CBP's presence at these sites (Johnston et al., 1999; Monroy 

et al., 2001). Affinity-purified SRCAP precipitates as a large complex that catalyzes ATP-

dependent substitution of the variant histone H2A.Z into nucleosomes (Eissenberg et al., 

2005). This activity has been confirmed by knockdown experiments with natural promoters, 

and it is correlated with in vivo target-gene expression (Wong et al., 2007). Separately, 

SRCAP has also been shown to transduce signals belonging to the nuclear (steroid) hormone 

receptor and Notch pathways, indicating that it has diverse roles in gene expression 

(Eissenberg et al., 2005; Monroy et al., 2003). 

 

In keeping with its multiple coactivator roles, SRCAP contains several discrete functional 

domains (Eissenberg et al., 2005; Johnston et al., 1999; Monroy et al., 2001). These domains 

include an SNF2-like ATPase, an N-terminal HSA (Helicase-SANT-associated) domain, and 

three C-terminal AT-hook DNA-binding motifs; the CBP interaction domain of SRCAP is 
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located centrally (Figure 2). Given the structure of SRCAP, the nonrandom clustering of 

truncating mutations seen in our study participants is strongly suggestive of a dominant-

negative disease mechanism due to loss of one or more critical domain(s), for instance the 

three C-terminal AT-hook motifs. Several more arguments support this. First, in reporter 

assays, the major transactivation function of SRCAP is located in a 655 residue C-terminal 

fragment abolished by FHS-causing truncations (Monroy et al., 2001). Second, expression of 

a construct solely consisting of the CBP interaction domain of SRCAP strongly inhibits 

CREB-mediated transactivation in a dominant-negative fashion (Monroy et al., 2001). Third, 

the Database of Genomic Variants (see Web Resources) contains two HapMap control 

individuals who bear a 208 kb deletion copy-number variation (#2,209) 

containing SRCAP and nine adjacent genes and who have no reported phenotype. 

 

In general, the phenotype of persons with SRCAP mutations is concordant with earlier 

clinical descriptions of FHS (Table 1 and Figure 1), and nearly all individuals have 

short stature and expressive-language impairment. Despite the remarkable similarity among 

mutations seen in our study subjects, cognitive outcomes ranging from ―normal‖ to 

―significant intellectual disability‖ were reported. It is unclear whether genetic modifier(s) 

and/or currently unidentified environmental factors are responsible. Many of our study 

subjects had additional systemic malformations, particularly genitourinary (eight individuals) 

and cardiac (three individuals) malformations. Again, genotype-phenotype correlations 

explaining these features are lacking. Given that FHS is a dominant condition exhibiting a 

high de novo mutation rate, one might expect a paternal age effect to be present, and indeed 

the mean paternal age of the affected individuals was advanced (36.9 years; range: 29–44 

years). 
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Importantly, our findings suggest a basis for the long-recognized phenotypic overlap between 

FHS and RTS, the latter of which is caused by alterations in CBP or its homolog, p300 (Petrij 

et al., 1995; Roelfsema et al., 2005; Stevens, 2002). Because alterations in both CBP and 

SRCAP are expected to produce widespread target-gene dysregulation, further studies are 

needed before we can determine which transcriptional targets are primarily responsible for 

each phenotype and whether any of these might be valid therapeutic targets. The availability 

of a molecular test for FHS will greatly improve the reliability of a formerly challenging 

clinical diagnosis. Historically, a diagnosis of FHS has relied upon the presence of typical 

facial features because many other key findings (e.g., short stature and language impairment) 

are nonspecific. The advent of molecular diagnosis for this condition will allow us to gain a 

better appreciation of the true prevalence and phenotypic spectrum of FHS. 
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Preface 

The following chapter consists of data previously published in the American Journal of 

Human Genetics under the title ―Mutations in EZH2 Cause Weaver Syndrome‖ (PMID: 

22177091) by Gibson WT, Hood RL, Zhan SH, Bulman DE, Fejes AP, Moore R, Mungall 

AJ, Eydoux P, Babul-Hirji R, An J, Marra MA; FORGE Canada Consortium., Chitayat D, 

Boycott KM, Weaver DD, Jones SJ. 

 

Approval for this article to be reused in this thesis was granted by Elsevier (see Rights and 

Permissions; Chapter 3 Manuscript) 

 

I performed the initial Sanger sequencing of the patient cohort to screen for NSD1 

mutations (which cause the phenotypically similar Sotos syndrome). I was involved in 

analyzing the computed variant sequencing data and performed all of the PCR and 

Sanger sequencing of EZH2 which confirmed the Illumina sequencing results. I 

performed all subsequent Sanger sequencing of the entire EZH2 gene in a secondary 

Weaver cohort. I performed PCR and Sanger sequencing to confirm that inheritance 

was de novo in all 3 instances. I analyzed all Sanger output files and generated the 

Sanger sequencing figure for the manuscript. I also contributed writing/editing of the 

manuscript.  

 

The specific contributions of each author to this paper are listed below. 
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Abstract 

We used trio-based whole-exome sequencing to analyze two families affected by Weaver 

syndrome, including one of the original families reported in 1974. Filtering of rare variants in 

the affected probands against the parental variants identified two different de novo mutations 

in the enhancer of zeste homolog 2 (EZH2). Sanger sequencing of EZH2 in a third 

classically-affected proband identified a third de novo mutation in this gene. These data show 

that mutations in EZH2 cause Weaver syndrome. 
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Main Text 

Weaver syndrome [MIM 277590] is a rare congenital anomaly syndrome first described in 

two families in 1974 (Weaver et al., 1974). It consists of generalized overgrowth, advanced 

bone age, marked macrocephaly, hypertelorism, and characteristic facial features. Intellectual 

disability is common. Approximately 40 cases are known from the literature. Typically, 

Weaver syndrome occurs as a sporadic condition, though cases of parent-to-child 

transmission have been documented (Fryer et al., 1997; Proud et al., 1998). Some patients 

thought to have Weaver syndrome have mutations in NSD1, which is mutated or deleted in 

most patients with classic Sotos syndrome [MIM 117550] (Baujat et al., 2005; Douglas et al., 

2003; Rio et al., 2003). This molecular finding has fuelled debate among clinical geneticists 

regarding whether the Sotos and Weaver syndromes represent variable expressivity of a 

single locus with allelic heterogeneity or whether they represent distinct disorders caused by 

mutations in different genes. Clinical features shared by both syndromes include 

developmental delay, overgrowth, and prominent macrocephaly, and features distinguishing 

Weaver syndrome from Sotos syndrome are retrognathia with a prominent chin crease 

(sometimes described as a stuck-on chin), increased prenatal growth, and a carpal bone age 

that is greatly advanced compared to metacarpal and phalangeal bone age. 

 

Whole-exome sequencing (WES) facilitates the identification of sequence changes in the 

protein-coding genome in small families and has enabled identification of rare and ultrarare 

Mendelian disorders that have hitherto been refractory to linkage mapping (Bamshad et al., 

2011; Iafrate et al., 2004). To search for disease-causing alleles in Weaver syndrome, we 

collected saliva-derived DNA by using kits (Oragene) from one of the probands included in 
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the original report describing Weaver syndrome (Weaver et al., 1974), from two other 

unrelated probands with classical features of the condition, and from all six unaffected 

parents. We obtained informed consent from the parents, assent from the affected individuals, 

and ethical review and approval according to the Finding of Rare Disease Genes (FORGE) 

Canada Consortium. Probands 1 and 2 were personally examined by D.D.W., who also 

reviewed photos and clinical details on proband 3 (examined in childhood; records of 

examination and referral provided by D.C.; proband was reexamined in adulthood by 

W.T.G.); probands were confirmed in childhood to have classical features of Weaver 

syndrome and not Sotos syndrome (Figure 1 and Table 1), and parents were confirmed to be 

unaffected. None of the three probands had submicroscopic abnormalities detectable by 

microarray analysis (Illumina Human Omni2.5-Quad chip, analyzed with CNVPartition from 

GenomeStudio V2010.3). None of the probands had expanded FMR1 alleles [MIM 309550] 

or abnormalities on clinical karyotyping. We also ruled out rare variants 

in NSD1 [MIM 606681] by using Sanger sequencing on saliva-derived DNA in all three 

probands (data not shown, primers available on request). 

 

We performed exome sequencing on samples from six individuals (probands 1 and 2 and the 

parents of both), and quantified the DNA concentration by using a Quant-iT dsDNA HS 

assay kit and a Qubit fluorometer (Invitrogen). We sheared approximately 500 ng DNA for 

75 s at a duty cycle of 20% and an intensity of 5 with a Covaris E210 and size fractionated 

the DNA on an 8% polyacrylamide gel. We excised the 200–250 bp size fraction, eluted it 

from the gel slice, and ligated it to Illumina paired-end adapters following a standard protocol 

as previously described (Morin et al., 2010). Adaptor-ligated DNA was amplified for 10 

cycles with the PE primer set (Illumina) and purified. The pre-exome capture library DNA  
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Figure 1. Proband from Weaver et al. (1974) and two additional probands described 
in this study. 
Proband 1 is shown at 18 months (A), 6 years (B), 11 years (C), 17 years (D), 21 years 
(E), and 30 years (F, G, and H). Proband 2 is shown at age 7 years (I) and 13 years (J, K, 
and L). Proband 3 is shown at birth (M), 12 months (N), 24 months (O), 42 months (P), 6 
years (Q),10 years (R), 11 years (S), 16 years (T), and 19 years (U and V). Proband 3 at 8 
years in a stance that shows elbow and knee contractures (W).  
Photos are published with the proxy consent of the parents and assent of the probands. 
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Table 1. Phenotypic manifestations of Weaver syndrome in patients with EZH2 
mutations. 
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Table 1. Phenotypic manifestations of Weaver syndrome in patients with EZH2 
mutations (continued). 
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was assessed with an Agilent DNA 1000 Series II assay and subsequently hybridized 500 ng 

to the 50 Mb exon probe with the Human All Exon Kit (G3370) following Agilent's 

SureSelect Target Enrichment protocol. The captured DNA was purified with a QIAGEN 

MiniElute column, and amplified for 12 cycles with the standard Illumina PE primer set. PCR 

products were separated by size on an 8% PAGE gel before gel extraction at the desired size 

range (320–370 bp). The samples were then assessed with an Agilent DNA 1000 series II 

assay. The final library was diluted to a concentration of 10 nM, which was confirmed via a 

Quant-iT dsDNA HS assay kit and a Qubit fluorometer as above, prior to cluster generation 

and exome sequencing. 

 

We performed paired-end tag (PE100) sequencing with an Illumina HiSeq2000 machine. 

Sequencing reads that failed chastity filtering were removed with Illumina's GA Pipeline 

(1.12.0 RTA 1.12.4.2), and the remaining reads were mapped to the reference genome 

sequence (hg18) with BWA 0.5.7 (Li and Durbin, 2009); duplicate reads and reads with a 

mapping score of 0 were removed. The aligned reads were exported to pileup format and 

called with SAMtools 0.1.13 (Li et al., 2009). We filtered single nucleotide variants and 

retained those with a minimum SNP quality of 20 at varFilter parameter −D 1000. Small 

insertions and deletions (indels) were processed similarly with varFilter parameters −D 1000, 

−d 2 and −l 30. We then imported all the variants into a local PostgreSQL database used to 

store and process human variation data (Fejes et al., 2011). We annotated the filtered 

variants as known or novel depending on whether they had been previously reported in a 

public database such as dbSNP (Sherry et al., 2001) or the 1000 Genomes Project (Marth et 

al., 2011) or previously observed in the in-house database of normal germline genomes 

sequenced at the British Columbia Cancer Agency, Genome Sciences Centre (BCGSC). 

Table 1. Phenotypic manifestations of Weaver syndrome in patients with EZH2 
mutations 



Chapter 3: EZH2 mutations in Weaver syndrome 

48 
 

Currently, this database contains over 1.47 billion observed sequence variants mapping to 

63.9 million unique base substitutions derived from over 1,360 individuals. Specifically, 

we sought to identify variations that cause nonsynonymous changes in protein-coding regions 

and those that fell within two bases of exon boundaries (such that they might interfere with 

intron splicing; Table S1). 

 

In proband 1, we identified a heterozygous c.457_459del (p.Tyr153del) variant in isoform A 

of EZH2 [MIM 601573] (RefSeq NM_004456.4). This was not seen in either of his parents, 

indicating that this was a de novo mutation. We also identified a heterozygous de novo 

missense variant c.2080C>T (p.His694Tyr) of the same gene in proband 2. These variants 

were seen at high coverage in both probands (in 121 out of 239 reads and in 153 out of 304 

reads, respectively) but were not seen in the parental reads. In our hands, coverage at this 

level has a positive predictive value of 100% for subsequent Sanger verification. We went on 

to validate the presence of both of these mutations and their de novo status by using Sanger 

sequencing (Figure 2, primers available on request). After filtering out parental variants, no 

other gene demonstrated private mutations in both of the probands (Table S1), where 

―private‖ is defined as not found in dbSNP, 1000 Genomes Project data, or among normal 

genomes (including the parents of the probands) sequenced in-house at the BCGSC. We then 

analyzed EZH2 by Sanger sequencing in a third trio (proband 3 and her parents) in whom we 

had not performed exome sequencing. We identified a c.394C>T (p.Pro132Ser) mutation in 

Proband 3 and confirmed that it was de novo (i.e., absent in both parents). 

 

The p.Tyr153 del mutation in Proband 1 lies six amino acid residues from the N terminus of 

the Simple Modular Architecture Research Tool (SMART) (Letunic et al., 2012) predicted  



Chapter 3: EZH2 mutations in Weaver syndrome 

49 
 

  

Figure 2. Sanger confirmation of sequence variants. 
(A) The c.457_459del mutation in Proband 1 (curly bracket) is de novo. 
(B) The c.2080C>T mutation in Proband 2 (arrow) is de novo. 
(C) The c.394C>T mutation in Proband 3 (arrow) is de novo. 
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SANT (switching-defective protein 3 [Swi3]), adaptor 2 [Ada2], nuclear receptor corepressor 

[N-CoR], transcription factor [TF]IIIB′) domain (Figure 3, annotated with InterPro (Hunter et 

al., 2009)). The deletion of an entire amino acid (p.Tyr153del) in EZH2 removes a bulky 

polar residue near the putative SANT DNA-binding domain, which is suggestive of 

functional consequences for the protein. Also, the deleted codon is evolutionarily conserved 

according to phyloP (Pollard et al., 2010). The placental mammalian genome-wide 

alignment-based phyloP score averaged across the three codon sites (chromosome 

7:148,157,778–148,157,780) is 1.59 (taken from the UCSC Genome Browser (Fujita et al., 

2011) Conservation track for the hg18 assembly). A positive phyloP score is interpreted as a 

signature of evolutionary conservation, which is consistent with functional importance. 

 

The Sorting Intolerant From Tolerant (SIFT) (Kumar et al., 2009; Ng and Henikoff, 

2003) scores for p.Pro132Ser and p.His694Tyr were 0.00 (with values ≤ 0.05 interpreted as 

damaging). With PolyPhen2 (Adzhubei et al., 2010) trained on the HumDiv data set, 

p.Pro132Ser and p.His694Tyr were both predicted to be probably damaging. Additionally, 

the nucleotide site (chromosome 7:148,157,843) where Pro132 occurs has a placental 

mammalian phyloP score of 3.17, and the nucleotide site (chromosome 7:148,137,365) where 

His694 occurs has a score of 2.90. The positive phyloP scores suggest that these nucleotide 

sites are evolutionarily conserved, whereas a score near 0 would have suggested neutral 

selection. Perhaps the most suggestive evidence for the pathogenicity of p.His694Tyr comes 

from the specific location of this histidine residue—it is located in the Su(var)3,9, Enhancer 

of zeste, Trithorax (SET) domain, within the knot substructure of the active site, and is 

predicted to form part of the binding domain for the enzymatic cofactor S-adenosyl-L-

methionine (AdoMet) (Jacobs et al., 2002). We made a 3D model of human EZH2 
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Figure 3. Schematic of human EZH2. 
Coding exons are indicated by rectangles and noncoding exons by open rectangles. The 
exons are numbered starting from the exon containing the 50 untranslated region (UTR). 
The putative SANT DNA binding domain is shown in orange, the SET domain in blue, 
and the WD-binding domain in green. The SMART or Pfam domain identifier is presented 
in parentheses. Exons with no InterPro annotation are indicated in gray. 
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p.His694Tyr by using SWISS-MODEL (Arnold et al., 2006) and ICM software (Abagyan, 

1994) (Molsoft) based on the structure of the related protein euchromatic histone-lysine N-

methyltransferase 1 ([MIM 607001] selected because of its lack of gaps and high-resolution 

crystal structure [1.6 Å]; see Figure 4) (Wu et al., 2010). The conformation of this conserved 

histidine is highly similar across known crystal structures for the SET domain. Because of its 

proximity to the AdoMet-binding site, replacement of this histidine with a bulkier tyrosine 

side chain could well interfere with cofactor binding and methyltransferase activity of the 

mutant molecule. Mutation of the histidine residue that occupies a similar position in 

SUV39H1 abolished its methyltransferase activity in an in vitro assay (Rea et al., 2000), and 

a mutation of this specific histidine residue to arginine (with functional effects) has been 

reported in a 41-year-old male with chronic myelomonocytic leukemia (Makishima et al., 

2010). Furthermore, mutations in nearby residues at positions 690 and 693 were also reported 

in other hematological malignancies (Makishima et al., 2010).  

 

The EZH2 protein partners with SUZ12 and EED to form the polycomb repressive complex 

(PRC2). This complex catalyzes the trimethylation of lysine 27 of histone H3 (H3K27), and 

EZH2 itself forms the catalytic subunit for this reaction. Thus, EZH2 forms a key component 

of molecular machinery that shuts off transcription of loci to which trimethylated H3K27 is 

bound. EZH2 is known to be mutated somatically in lymphoid and myeloid cancers 

(Makishima et al., 2010; Morin et al., 2010). Mutation of arginine 690 to histidine or histidine 

694 to arginine appears to block EZH2's ability to facilitate trimethylation of H3K27 

(Makishima et al., 2010), and mutation of tyrosine at position 641 also alters the affinity of 

EZH2 for H3K27 (Yap et al., 2011). Residues other than tyrosine at position 641 reduce the 

preference for unmethylated and monomethylated lysine and favor trimethylation of lysine 
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Figure 4. Ribbon model of the EZH2 SET domain. 
The wild-type histidine residue is shown in blue and the bulkier tyrosine in white and red. 
The nearby binding site of the S-Adenosylmethionine cofactor is also indicated. 



Chapter 3: EZH2 mutations in Weaver syndrome 

54 
 

 (Yap et al., 2011). It is worth noting that some patients with Weaver syndrome have been 

reported to develop tumors or malignancies, including acute lymphoblastic leukemia (Basel-

Vanagaite, 2010). The lifetime risk of malignancy in Weaver syndrome patients has been 

estimated at 11%, though this is likely an overestimate because of reporting bias. 

Nevertheless, constitutive EZH2 mutations might confer a mild predisposition to malignancy. 

Mutations that conferred a more profound effect on histone methylation might also confer a 

stronger selective advantage for cell growth. Such mutations might not be viable in the fully 

heterozygous state and would be observed in nature only as postzygotic somatic mutations. 

In vitro studies will be required to determine whether the p.His694Tyr mutation we have 

observed in this study affects the affinity of EZH2 for AdoMet and whether any of the three 

mutations affect H3K27 trimethylation. 

 

It is clear from the resulting phenotypes that EZH2 mutations and structural variants also 

affect developmentally important pathways. Several patients with deletions and duplications 

encompassing EZH2 are reported in the DECIPHER database (Database of Chromosomal 

Imbalance and Phenotype in Humans Using Ensembl Resources) (Firth et al., 2009), and one 

patient with a duplication (patient 250841) does manifest macrocephaly. The fact that there is 

little other concordance between the DECIPHER phenotypes (apart from intellectual 

disability) and those of our patients is likely attributable to the multiple other genes affected 

by these structural variants. It is also possible that the EZH2 protein variants expressed in our 

patients act through molecular mechanisms other than haploinsufficiency; subtle but 

important changes in specific subfunctions of EZH2 are known to occur in association with 

specific protein variants (Yap et al., 2011).  



Chapter 3: EZH2 mutations in Weaver syndrome 

55 
 

Animal studies are yielding insights into the specific role of mouse Ezh2 in organ systems 

other than the hemopoietic system. Ezh2 regulates proximodistal axis elongation and 

anteroposterior axis specification in the developing mouse limb (Wyngaarden et al., 

2011). Limb anomalies in humans with Weaver syndrome are relatively mild, though deep-

set nails, joint contractures, and dysharmonic bone age might be consequences of aberrant 

EZH2 signaling in human limb patterning. Mice with targeted knockout of Ezh2 in beta cells 

had reduced beta cell proliferation and beta cell mass (Chen et al., 2009), and mice with 

targeted knockout of Ezh2 in satellite cells had impaired regeneration of muscle (Juan et al., 

2011). None of our three probands had elevated fasting glucose, though probands 2 and 3 

continue to manifest hypotonia (Table 1). 

 

Several patients with Weaver syndrome are reported to have mutations in NSD1, a gene first 

associated with overgrowth in the Sotos syndrome (Baujat et al., 2005; Douglas et al., 2003; 

Rio et al., 2003). NSD1 mutations in Weaver syndrome appear to cluster toward the C 

terminus of the molecule, 5′ of the SET domain, though one frameshift mutation in exon 5 

and one mutation within the SET domain itself have been reported (Rio et al., 2003). Direct 

protein-protein interactions between EZH2 and NSD1 are not yet known, but the similarity 

of the human phenotypes caused by rare mutations in these genes suggests interactive links 

between gene networks containing these two SET-domain-containing proteins. 

 

Our data demonstrate de novo mutations in EZH2 in three families, including one of the 

original families that led to the definition of the disorder. These results illustrate the power of 

next-generation sequencing methods to identify rare disease-causing variants with a small 

number of samples (six individuals in this case, only two of whom are affected), provided 
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that detailed clinical studies first identify phenotypic concordance and additional families are 

available as a replication set. Because Weaver syndrome is a genetically heterogeneous 

condition, other genes associated with the condition might yet be identified. 

 

Finally, it is interesting to note the involvement of SET-domain proteins in molecular 

networks that, when perturbed, cause intellectual disability syndromes and/or cancer. 

Mutations in NSD1 cause Sotos syndrome and Weaver syndrome (Baujat et al., 2005; 

Douglas et al., 2003; Rio et al., 2003), and mutations in MLL2 (which also bears a SET 

domain) cause Kabuki syndrome (Ng et al., 2010a). Histone-modifying proteins such as 

NSD1, EZH2, and MLL2 appear repeatedly as targets of somatic mutation in hematological 

malignancies (Morin et al., 2011) and are emerging as a cause of neurodevelopmental 

disorders. Detailed studies of larger cohorts of well-phenotyped probands will assist in 

determination of the prevalence of mutations in EZH2 and other SET-domain proteins in 

Weaver and other syndromes and of their consequences on metabolism and cancer risk. At 

this time, the evidence from animal models is insufficient to recommend routine surveillance 

in Weaver syndrome for diabetes or myopathy, beyond what would ordinarily be performed 

in pediatric and adult practice. Data from long-term follow-up of adult individuals with 

Weaver syndrome will assist physicians in deciding the optimal time to screen for potential 

metabolic and neoplastic complications of this rare disorder. The possibility that dietary 

supplementation with methionine (or with other methyl donors such as betaine and choline) 

might improve the activity of certain EZH2 variants is attractive but awaits further 

investigation. 
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Preface 

The following chapter consists of data previously published in the American Journal of 

Medical Genetics Part A under the title ―Severe Connective Tissue Laxity Including Aortic 

Dilatation in Sotos Syndrome‖ (PMID: 26613968) by Hood RL, McGillivray G, Hunter MF, 

Roberston SP, Bulman DE, Boycott KM, Stark Z; Care4Rare Canada Consortium. 

 

Approval for this article to be reused in this thesis was granted by John Wiley and Sons (see 

Rights and Permissions; Chapter 4 Manuscript) 

 

I performed the initial Sanger sequencing of the full EZH2 gene in Patient 3 to rule out 

the gene which causes phenotypically similar Weaver syndrome. I helped determined 

the trio cohort to be sent for Illumina sequencing and analyzed the variant data. I 

performed the PCR and Sanger sequencing of NSD1 to confirm the Illumina sequencing 

results. I cultured a lymphoblastoid cell line derived from Patient 3, isolated RNA from 

this cell line, and performed RT-PCR experiments to determine the impact of the 

identified mutation on the NSD1 transcript. I also performed Sanger sequencing of the 

RT-PCR transcripts and analyzed the Sanger output files. I wrote the manuscript and 

generated the manuscript figure. 

 

The specific contributions of each author to this paper are listed below. 

Hood RL: (see above) 

McGillivray G, Hunter MF, Roberston SP: Collected and sent patient samples for analysis. 

Performed Conformational sensitive gel electrophoresis (CSGE) analysis of NSD1 in all 
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patients. Sent Patient 3 sample for sequencing of TGFBR1 and TGFBR2 genes, and SNP 

microarray analysis. 

Bulman DE: Oversaw Sanger sequencing and cell culture validation experiments. 

Contributed to writing/editing the manuscript. 

Boycott KM: Oversaw the project. Determined the initial cohort to be sent for Illumina 

sequencing. Oversaw Sanger sequencing validation experiments. Contributed to 

writing/editing the manuscript. 

Stark Z: Oversaw the project. Sent Patient 3 sample for sequencing of TGFBR1 and 

TGFBR2 genes, and SNP microarray analysis. Determined the initial cohort to be sent for 

Illumina sequencing. Co-wrote the manuscript. Contributed to editing the manuscript. 

Responded to reviewers comments. 

Care4Rare Canada Consortium: Provided funding for this project. 
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To The Editor 

Sotos syndrome (MIM 117550) is characterized by prenatal and postnatal overgrowth, 

macrocephaly, distinctive facial features, learning difficulties of variable severity and 

advanced bone age. It is caused by heterozygous mutations in NSD1 predicted to result in 

haploinsufficiency (Kurotaki et al., 2002). Over 15% of patients with Sotos syndrome display 

features suggestive of mild connective tissue dysfunction, including joint hyperextensibility 

and pes planus (Tatton-Brown et al., 2005). Herein, we report four patients with novel 

truncating mutations in NSD1 and severe connective tissue laxity, manifesting as redundant 

skin, joint hypermobility, vesicoureteric reflux and aortic dilatation. 

 

Three of these patients were originally reported by Robertson and Bankier in 1999 as ‗Sotos 

syndrome and cutis laxa‘ (Robertson and Bankier, 1999) and presented a diagnostic dilemma 

in the era before highly sensitive molecular testing was available. None of them had advanced 

bone age, a major feature of Sotos syndrome present in 75–80% of prepubertal individuals 

(Tatton-Brown et al., 2005). Two of the patients underwent bilateral uretric reimplantation for 

severe vesico-ureteric reflux, with one demonstrating megacystis and hypoplastic abdominal 

musculature. Given the extreme connective tissue laxity, echocardiograms were performed in 

all three patients, and two were identified as having diffuse dilatation of the ascending aorta, 

a previously unreported feature of Sotos syndrome. The diffuse ascending aortic dilatation 

has persisted on 5-yearly echocardiograms in adulthood, and one of the patients has been 

treated with β-blockers. The diagnostic considerations for these patients included the 

possibility of a novel phenotype, extreme manifestations of Sotos syndrome, or that they may 

have two co-existing conditions. In the absence of molecular confirmation of the diagnosis 
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and further reported cases, skepticism has remained regarding whether these Sotos-like 

patients lie within the Sotos syndrome phenotypic spectrum (Hennekam, 2010). 

Conformational sensitive gel electrophoresis (CSGE) of NSD1 was performed in patients 1–3 

in 2004, and revealed pathogenic mutations in Patient 1 (exon 5, c.2894C>G, p. (Ser965*)) 

and Patient 2 (exon 5, c.2859dupT, p. (Lys954*)), but did not yield a disease-causing 

mutation in Patient 3. 

 

Adult photographs of Patient 3 are presented in Figure 1A, demonstrating a long narrow face, 

prominent forehead and chin, downslanting palpebral fissures, arched eyebrows, deep set 

nails and statural disproportion. He remained under active investigation, and subsequent 

testing included SNP microarray analysis (Illumina HumanCytoSNP-12v2.1) and Sanger 

sequencing of the TGFBR1, TGFBR2 and EZH2 genes, all of which returned normal results. 

The possibility that Patient 3 represented a novel syndrome was considered so we performed 

whole-exome sequencing using peripherally derived blood DNA from the patient and his 

parents as described previously (Srour et al., 2014). In brief, genomic DNA was captured 

with the Agilent SureSelect v5 exome capture oligonucleotide library and sequenced with 

paired-end 100 bp reads on the Illumina HiSeq 2000. Sequencing analysis identified a de 

novo splice mutation in the 7th intron of NSD1 (c.4192+1G>A), which was confirmed by 

Sanger sequencing (Figure 1B). The mutation, which is expected to alter splicing of 

the NSD1, is located in the donor site of intron 7 and was not detected by CSGE. 

 

To determine how the mutation in Patient 3 impacts NSD1 splicing, RNA was isolated from 

a lymphoblastoid cell line derived from the patient and RT-PCR was performed using 

forward and reverse primers specific to NSD1 exons 6 and 8, respectively. Three PCR 
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Figure 1. Identification and characterization of the NSD1 mutation in patient 3. 
(A) Clinical photographs of Patient 3 at age 32 years of age, 
demonstrating long narrow face, prominent forehead and chin, downslanting palpebral 
fissures, arched eyebrows, deep set nails and statural disproportion.  
(B) Pedigree with sequencing chromatogram illustrating the de novo NSD1 mutation 
(c.4192þ1G>A) Patient 3.  
(C) Reverse transcriptase PCR amplification of NSD1 exons 6–8 using an unaffected 
control (single band 478 bp) and Patient 3 cDNA (wild-type 478 bp, heteroduplex, and 
alternatively spliced product 207 bp)  
(D) Comparison of the sequencing results of the wild-type 478 bp PCR amplicon with 
that of the alternatively spliced 207 bp PCR amplicon.  
(E) Schematic illustrating the effect of the mutation on the splicing of exons 6–8 of 
NSD1. 
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products were identified (Figure 1C). Sanger sequencing of the 207 bp band demonstrated a 

deletion of exon 7 from the transcript (r.[=,3922_4192del]); Figure 1D), leading to a 

premature  

 

truncation of the NSD1 protein after exon 7 (p.Val1308Glufs*21). The larger 478 bp band 

represented normal splicing of exons 6–8, while the middle band was a heteroduplex product 

(Figure 1C). A schematic illustrating the effect of the mutation on splicing is shown in 

Figure 1E. 

 

We recently identified a fourth patient with phenotypic features of Sotos syndrome including 

overgrowth, advanced bone age and typical facial gestalt, who also demonstrated extreme 

connective tissue laxity including loose redundant skin, bilateral hydronephrosis requiring 

ureterostomy, mildly dilated aortic root and moderate diffuse dilatation of the ascending 

aorta. Sanger sequencing of NSD1 (NM_022455.4) revealed a novel truncating mutation in 

exon 5, c.3618_3619insGAGTT, p. (Arg1207Glufs*14). The clinical features and results 

of NSD1 sequencing of the four patients are summarized in Table I. 

 

Sotos syndrome is caused by haploinsufficiency of NSD1 (Kurotaki et al., 2002). Hundreds 

of patients with Sotos syndrome have been reported in the literature with NSD1 alterations 

including whole-gene deletions, partial-gene deletions and frameshift, nonsense, splice site 

and missense mutations (Douglas et al., 2003; Tatton-Brown et al., 2005; Turkmen et al., 

2003). Truncating mutations of NSD1 have been reported throughout the gene sequence and 

mutation hotspots have not been observed. The phenotype of NSD1 mutation-positive 

individuals has been shown to be extremely variable with a broad range of clinical features.  
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Table I. Clinical features of the four Sotos syndrome with cutis laxa patients in our 
study. 



Chapter 4: NSD1 mutations in Sotos-like syndrome with cutis laxa  

67 
 

In addition to the key diagnostic features (characteristic facial gestalt, learning disability and 

childhood overgrowth), which are present in >90% of patients, there are also major features 

such as cardiac anomalies, scoliosis, and advanced bone age which occur in >15% of patients 

(Tatton-Brown et al., 2005). There are many additional features (>30) which occur less 

frequently such as hypothyroidism, cataracts, conductive hearing loss, nystagmus and 

umbilical hernia (Tatton-Brown et al., 2005) 

 

Given the variety of NSD1 mutations which cause Sotos syndrome and the broad phenotypic 

variability of the disorder, analyses have been performed to search for genotype-phenotype 

relationships (Tatton-Brown et al., 2005; Turkmen et al., 2003). It has been suggested that 

patients with the 5q35 microdeletion have more pronounced intellectual disability and less 

overgrowth than patients with intragenic mutations (Douglas et al., 2003; Fickie et al., 2011; 

Tatton-Brown et al., 2005). However, no other significant genotype-phenotype correlations 

are evident and specific mutations have not been linked to either disease severity or particular 

clinical features (Tatton-Brown et al., 2005; Turkmen et al., 2003). 

 

The four patients reported here with Sotos syndrome have significant features of connective 

tissue laxity and novel truncating mutations occurring in exon 5 (3 patients) or 8 (1 patient) 

(Table I). There is one other report in the literature describing a patient with ‗Sotos syndrome 

and cutis laxa‘ and this patient has a novel truncating mutation in exon 11 

of NSD1 (c.4558G>T; p.Glu1520*) (Cortes-Saladelafont et al., 2011). There are many 

previously reported truncating mutations in patients with Sotos syndrome across all 

functional domains of NSD1 and thus a genotype-phenotype correlation with connective 

tissue laxity is not readily apparent. In addition, there are reported patients without a marked 
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connective tissue phenotype and with mutations in close proximity to the novel exon 5 and 8 

mutations identified in this study, as well as to the exon 11 mutation reported previously, 

which further supports the absence of a genotype–phenotype correlation for marked 

connective tissue laxity. 

 

The identification of pathogenic NSD1 mutations in all four patients reported herein 

highlights that marked connective tissue laxity can be part of the clinical presentation of 

Sotos syndrome and resolves the diagnostic dilemma presented by Robertson and Bankier 

(Robertson and Bankier, 1999), providing the molecular explanation of the three originally 

reported cases of ‗Sotos syndrome and cutis laxa‘. Although structural cardiac abnormalities 

are a recognized association of Sotos syndrome, to the best of our knowledge aortic dilatation 

has not previously been reported and was observed in three of the patients reported here, the 

youngest being 17 months of age at the time of diagnosis. The prevalence of aortic dilatation 

may be underestimated as screening echocardiograms may not be performed in children with 

Sotos syndrome in the absence of cardiac signs or symptoms. Although the aortic dilatation 

has not been progressive to date in any of our patients, the long-term natural history is 

unknown, making screening and management recommendations challenging. 
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Jacob CM, Kant SG, Kim CA, Kirk EP, Knoers NV, Lacombe D, Lee C, Lo IF, Lucas LS, 

Mari F, Mericq V, Moilanen JS, Møller ST, Moortgat S, Pilz DT, Pope K, Price S, Renieri A, 
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Authors of articles published in the Orphanet Joural of Rare Disease are the copyright holders 

of their articles and therefore this article can be reused in this thesis (see Rights and 

Permissions; Chapter 5 Manuscript) 

 

My specific contribution to this paper was in performing the majority of molecular 

analysis on the patient cohort. I performed targeted PCR and Sanger sequencing of 

SRCAP, exons 31-34, for 83 individuals suspected to have FHS. Within this cohort, I 

identified SRCAP mutations in 46 instances, which corresponded to 46 of the 52 
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mutation positive cases reported in this paper (13 of these were also reported in the 

Chapter 2 manuscript). Amongst these, I identified two cases of parent-child 

transmission. I also performed PCR and Sanger sequencing to confirm that inheritance 

was de novo in 22 instances where parental DNA was available. I performed PCR and 

Sanger sequencing for the full SRCAP gene sequence in three individuals who were 

negative for SRCAP mutations in the targeted region, but who most closely resembled 

the FHS phenotype. In addition to contributing data to this paper I was involved in 

writing portions of the manuscript pertaining to my work and editing the final 

manuscript. 
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manuscript. 

Hood RL: (see above) 
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Abstract 

Background: Floating-Harbor syndrome (FHS) is a rare condition characterized by short 

stature, delays in expressive language, and a distinctive facial appearance. Recently, 

heterozygous truncating mutations in SRCAP were determined to be disease-causing. With 

the availability of a DNA based confirmatory test, we set forth to define the clinical features 

of this syndrome. 

Methods and Results: Clinical information on fifty-two individuals with SRCAP mutations 

was collected using standardized questionnaires. Twenty-four males and twenty-eight 

females were studied with ages ranging from 2 to 52 years. The facial phenotype and 

expressive language impairments were defining features within the group. Height 

measurements were typically between minus two and minus four standard deviations, with 

occipitofrontal circumferences usually within the average range. Thirty-three of the subjects 

(63%) had at least one major anomaly requiring medical intervention. We did not observe any 

specific phenotype-genotype correlations. 

Conclusions: This large cohort of individuals with molecularly confirmed FHS has allowed 

us to better delineate the clinical features of this rare but classic genetic syndrome, thereby 

facilitating the development of management protocols. 

Keywords: SRCAP, Floating Harbor syndrome, Phenotype, Short stature 
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Background 

Floating-Harbor syndrome (FHS [MIM 136140]) is a rare disorder characterized by short 

stature with delayed bone age, deficits in expressive language and a distinctive facial 

appearance. The name of the syndrome is derived from the two hospitals where the first 

patients were reported over 35 years ago (Leisti et al., 1975; Pelletier, 1973). Recently, we 

used exome sequencing to investigate a cohort of 13 unrelated individuals with classic 

features of FHS and identified heterozygous mutations in SRCAP [MIM 611421] as 

causative of this disorder (Hood et al., 2012). All reported mutations were truncating and 

occurred between codons 2,407 and 2,517 in exon 34 resulting in loss of three C-terminal 

AT-hook motifs. SRCAP encodes a SNF2-related chromatin-remodeling ATPase that serves 

as a coactivator for CREB-binding protein, better known as CBP, the major cause of 

Rubinstein-Taybi syndrome (RTS). The disrupted interaction between these two proteins 

likely explains some of the clinical overlap between FHS and RTS (Robinson et al., 1988). 

The mechanism of disease in FHS is suspected to be dominant-negative (Hood et al., 2012) 

due to the non-random clustering of truncating mutations in the final exon that result in the 

loss of the major transactivation function of SRCAP located in a 655 residue C-terminal 

fragment, evidence that expression of a construct solely consisting of the CBP interaction 

domain of SRCAP strongly inhibits CREB-mediated transactivation in a dominant-negative 

fashion (Monroy et al., 2001), and the existence of patients with haploinsufficiency 

of SRCAP who do not have features of FHS (Hood et al., 2012; Leisti et al., 1975; Pelletier, 

1973). 

 



Chapter 5: Characterization of SRCAP mutations in FHS 

77 
 

Many of the features of FHS are non-specific (short stature, delayed bone age, and language 

delays) and if the distinctive facial features are not recognized, this diagnosis can be difficult. 

Several years ago, Feingold (Feingold, 2006) provided a thirty-two year follow-up on the first 

reported patient accompanied by a review of the literature. He suggested that some of the 

patients reported to have FHS did not fit the classical description and likely had a different 

condition. With the availability of a molecular test, we are now able to further delineate the 

distinctive and recognizable features of this syndrome. 

 

Methods 

Subjects and Clinical Data 

Individuals with a presumptive clinical diagnosis of FHS were invited to be part of this study. 

Clinical data was collated from three sources: FORGE Canada Consortium (Finding of Rare 

Disease Genes in Canada), based at the Children‘s Hospital of Eastern Ontario, the Manton 

Center for Orphan Disease Research at Boston Children‘s Hospital, and the Radboud 

University Nijmegen Medical Centre. All samples that were referred for analysis were 

accepted for the study. Approval of the study design was in compliance with the Helsinki 

Declaration and was obtained from each of the participating institutions‘ research boards. 

Free and informed consent was obtained from each study subject (or guardian, if appropriate) 

prior to enrollment. Recruitment e-mails were sent to all members of the Floating-Harbor 

syndrome support group. Interested families or physicians contacted the genetic counselor at 

the Manton Center. A medical history questionnaire was administered to the family or 

physician via telephone, which reviewed all pertinent medical and developmental history, as 

well as FHS-specific questions (see Additional file 1). Referring providers who submitted 
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cases directly to the above institutions completed the same questionnaire. In most cases, 

clinical photographs were available prior to molecular testing and the likelihood of finding a 

mutation was noted. Due to the diversity of the sample sources, there was wide pre-test 

probability of referred individuals actually having FHS, as this is a rare condition and most 

clinicians do not have familiarity with it. The clinical information from the first 13 subjects 

described by Hood et al. (Hood et al., 2012) was also included. 

 

Molecular Analysis 

Sanger sequencing of exons 31–34 of SRCAP was performed using DNA samples from 

individuals with suspected FHS (see Additional file 2). When available, parental studies were 

performed to determine de novo or inherited status. The clinical information, from twenty-

seven individuals who did not carry a mutation in exons 31–34 of SRCAP, was used to help 

clarify key diagnostic features. For three individuals, who most closely resembled the FHS 

phenotype and for which no mutations were identified in exon 34, complete sequencing of 

the SRCAP gene was performed (primer sequences available on request). 

 

Results and Discussion 

Molecular 

In total, 24 males and 28 females were identified with mutations in SRCAP; 39 new 

individuals and 13 previously reported (Hood et al., 2012). Ages at time of data collection 

ranged from two years to 52 years of age. The average age of diagnosis was 8 years. Two 

mother/daughter pairs (Arpin et al., 2012; White et al., 2010) and a number of the other 

subjects have been previously reported in the literature (Feingold, 2006; Garcia et al., 2012; 
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Hood et al., 2012; Pelletier, 1973; Reschen et al., 2012; White et al., 2010; Wieczorek et al., 

2001). All the mutations identified in our cohort were truncating (nonsense or frameshift) 

alleles (Table 1). Two mutations are recurrent; the Arg2444* mutation was observed in about 

half (24/52) (including the original patient described by Pelletier and Feingold (Pelletier, 

1973), while the Arg2435* mutation was present in approximately one quarter (13/52) of the 

individuals with FHS. In our original cohort of 13 patients with FHS we delineated the 

boundaries of the critical region to between codons 2407 and 2517. The extended cohort of 

molecularly-defined patients we present here extends the critical region to between codons 

2389 and 2748, a further 249 amino acids in exon 34. Interestingly, the boundaries of this 

critical region are delineated by mutations observed in our two mother-daughter pairs 

(Table 1), however, the significance of this finding is unclear. 

 

Facial Gestalt 

The face of FHS is the most distinctive aspect of this syndrome (Figures 1, 2 and 3) and 

although there are changes with age, the cardinal features, as originally described (Leisti et 

al., 1975; Pelletier, 1973; Robinson et al., 1988), remain constant. The overall facial shape is 

triangular. The nose is narrow at the root and broadens to the tip. The columella is low 

hanging, nares are large and the philtrum is often short. The upper vermillion is typically thin 

and the lower lip is often everted. The lips tend to be in a horizontal plane at rest or when 

smiling. The eyes are frequently deep set and the eyelashes tend to be long. The ears can be 

low set and large in appearance. As seen in the photos, the FHS phenotype is more difficult to 

recognize in infancy.  
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Table 1. Mutations detected in exon 34 of SRCAP in individuals with FHS. 



Chapter 5: Characterization of SRCAP mutations in FHS 

81 
 

Figure 1. Facial photographs of 6 females with FHS with the common Arg2444* 
mutation. 
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Figure 2. Facial photographs of 4 individuals with FHS of varying ages with the 
Arg2435* mutation. 
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Figure 3. Facial photographs of 7 individuals with FHS as examples of the other 
mutations. 
A. A female with the Gln2407* mutation. 
B. A male with the Ala2440fs*3 mutation.  
C. A female with the Asn2618fs*11 mutation.  
D. A female and male with the Pro2459fs*125 mutation. 
E. A mother and daughter with the Arg2748* mutation. 
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Skeletal 

Of the 17 individuals where thumb morphology was formally assessed, broad thumbs were 

only seen in 10 individuals indicating that they are a frequent but not mandatory finding in 

FHS. The differential diagnosis of broad thumbs includes Rubinstein-Taybi syndrome, where 

they are a cardinal feature. FHS is also in the differential, which is logical as SRCAP 

interacts with CBP. Other skeletal findings include broad first toes and brachydactyly. Broad 

fingertips are seen frequently, and the fingers are often described as being clubbed, although 

would be more accurately classified as having broad fingertips (Figure 4). Leisti et al. (Leisti 

et al., 1975) reported a right-sided pseudoarthrosis-type anomaly of the clavicle noted at age 

two in one of their patients. Four individuals in our series have uni- or bilateral clavicular 

anomalies including pseudoarthroses or hypoplasia. Two individuals have 11 pairs of ribs and 

four have hip dysplasia. 

 

Growth 

Where available, growth parameters were plotted on aggregate graphs. Thirteen of 49 

individuals had birth weights less than the third percentile (Figure 5). For females, the 

maximum height was at the 20th percentile, with most data points between minus two and 

minus four standard deviations (SDs) (Figure 6). For the males, the height measurements 

varied more widely, with maximum height at the 25th percentile and two adult heights below 

four SDs (Figure 7). Occipito-frontal circumferences (OFC) were more variable, with most 

being well within the average range (Figures 8 and 9). Seven individuals had OFCs less than 

two standard deviations, and only one measurement was less than minus 3 SDs. This suggests 

relative sparing of head size in relation to stature. Body weights were not consistent to  
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Figure 4. Hands and feet of individuals with FHS.  
Clinical photos demonstrating the variability of features ranging from unremarkable to 
brachydactyly, short broad thumbs and big toes, broad fingertips. 
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Figure 5. Birth weights of individuals with FHS. 
Male birth weights - blue dots; Female birth weights – pink dots. The mean, 5th and 95th 
confidence intervals are indicated. 
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Figure 6. Height and weight of female individuals with FHS. 
Each point represents a single individual‘s measurements at the time of data collection 
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Figure 7. Height and weight of male individuals with FHS. 
Each point represents a single individual‘s measurements at the time of data collection. 
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Figure 8. OFCs of females with FHS.  
Each point represents a single individual‘s measurements at the time of data collection. 
The mean, 5th and 95th confidence intervals are indicated. 
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Figure 9. OFCs of males with FHS. 
Each point represents a single individual‘s measurements at the time of data collection. 
The mean, 5th and 95th confidence intervals are indicated. 
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suggest a particular body habitus for this syndrome, and probably reflect the variability seen 

in the general population. 

 

Bone Age and Endocrine 

Bone age values were plotted against chronological age (Figure 10) and all values in subjects 

less than 8 years old showed significant delays. There were no data values between ages 8–

10 years, however, the bone ages approached the chronological age or became advanced after 

age 10 years. A number of participants in this study have been on growth hormone (GH) 

therapy, which may alter the natural history of growth in this population. Two of our subjects 

have been assessed in more detail regarding this issue (Garcia et al., 2012; Wieczorek et al., 

2001). Some GH treated individuals with FSH had documented GH deficiency, while others 

had modest responses to treatment despite normal levels of GH (Galli-Tsinopoulou et al., 

2011; Garcia et al., 2012; Wieczorek et al., 2001). Early puberty has previously been reported 

(Stagi et al., 2007) in FHS and was documented in four individuals in our study. Some of our 

subjects are currently pre-pubertal, while others could not accurately report pubertal timing, 

rendering the data incomplete. However, early puberty could explain the advanced bone age 

seen in teenage individuals with FHS as well as contributing to shorter adult heights. 

 

Structural Anomalies 

A number of structural anomalies were detected in our cohort (Table 2), but no particular 

finding was seen with enough frequency to consider it a distinguishing feature of this 

syndrome. However, as some anomalies may affect clinical management, comprehensive 

screening is necessary in this population. 
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Figure 10. Bone age values plotted against chronological age for 25 individuals with 
FHS. 
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Table 2. Frequency of different clinical features in individuals with FHS. 
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Voice Quality and Language 

A high-pitched voice is often commented upon in individuals with FHS and was reported in 

8/11 individuals. Others noted a nasal quality to the voice. An additional individual had 

documented velopharyngeal insufficiency (VPI), which may indicate that VPI is under-

recognized. Expressive language delay is a cardinal feature of this syndrome, and was 

reported in all subjects. There was significant variability in severity with one individual who 

was bilingual, while another could only speak a few words as an adult. However, language 

development could potentially be hampered by the high frequency of recurrent otitis media 

and conductive hearing loss found in our cohort. 

 

Cognition 

The cognitive abilities in individuals with FHS range from average (IQ of 104) to significant 

intellectual impairment in a few instances. Most individuals had some modifications of their 

schooling (37/41). Obtaining full psychoeducational assessments on this cohort was beyond 

the scope of this study. However, when assessing global cognition in an individual with FHS, 

one must consider the language impairments, and in some instances sensory impairments, and 

adjust accordingly. 

 

Behaviour 

The caregivers, in comparison to physicians, who filled out the questionnaires, often 

commented upon behavioral issues for their children (5/25). It is likely that these issues are 

under-recognized in this population. Rigid mannerisms were observed (7/25), as were some 
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obsessive tendencies (e.g. skin picking). Parents often described their children as anxious 

individuals and attention deficit hyperactivity disorder (ADD or ADHD) was common (9/32). 

We acknowledge that the data collection in our study was incomplete as data was obtained 

from a number of sources without a centralized clinical assessment. We also recognize that 

the ethnic backgrounds of the study subjects were mostly Caucasian and that FHS may be 

more difficult to diagnosis in other populations. However, three individuals of Chinese origin 

were clinically diagnosed and identified to have mutations in SRCAP. In addition to growth 

and developmental issues, all of these subjects had classical FHS facial features, which were 

distinct from those of their family members. 

 

Lastly, we evaluated for the presence of a genotype-phenotype correlation in FHS. Upon 

review of the clinical data, no clinical features were identified which discriminated between 

the different mutations. Given that all mutations cause truncation in a very defined area of the 

gene, this observation was not entirely unexpected. 

 

Development of Diagnostic Criteria 

The indication for analysis of the SRCAP gene was a presumptive diagnosis of FHS. The 

majority of those who underwent testing had short stature, delayed bone age, language delays 

and a distinctive facial appearance, usually with a prominent nose. Clinicians very familiar 

with FHS were able to distinguish those who ultimately carried a mutation in SRCAP, by 

his/her clinical information and facial photographs, from those who did not have a mutation. 

Those individuals who were referred who did not have a mutation detected often had 

dysmorphic facial features, but these were distinct from the classical FHS gestalt, making 
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facial features the defining characteristic of FHS. The nose is quite distinctive in FHS with its 

overall triangular appearance, the orientation and size of the nares and the low hanging 

columella. The linear orientation of the mouth, at rest or when smiling, is also an important 

defining feature. Additional consistent features of those who tested negative were a formal 

diagnosis of autism or head circumferences at a comparatively smaller OFC percentile than 

that for height. Russell-Silver syndrome and 3-M syndrome are included in the differential 

diagnosis for FHS, but we do not believe any of the patients in our negative group had either 

of these diagnoses. 

 

Three individuals, whose phenotype most closely resembled FHS, had sequencing of the 

entire SRCAP gene to explore the possibility of mutations outside of exons 31–34. However, 

no mutations were detected. It is plausible that their phenotypes could be due to a mutation in 

another gene that codes for a protein, which interacts with SRCAP and CBP. Further research 

is needed to elucidate this possibility. Given that we have no evidence of genetic 

heterogeneity within our cohort, we conclude that the detection of a truncating mutation in 

exon 34 of SRCAP is a mandatory feature for a diagnosis of FHS. This is contrary to the 

report put forth by Le Goff et al. (Le Goff et al., 2013). Six of their nine subjects were found 

to have mutations in exon 34 within the boundaries we describe, and they proposed that their 

three mutation-negative individuals indicate genetic heterogeneity for FHS. However, we 

reviewed the two photographs of their SRCAP-negative patients and did not believe their 

facial features were consistent with a diagnosis of FHS. 

 

A high frequency of associated anomalies was seen in this study (33/52 had at least one major 

anomaly requiring medical intervention); however, none are pathognomonic for FHS. This 
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large cohort of FHS individuals clarifies which clinical features are observed frequently and 

informs patient management guideline development. For example, celiac disease was initially 

thought to be more common in FHS, however, only 2 of 52 subjects had this finding. 

Although this is more than expected in comparison to the general population, the numbers are 

not such to suggest generalized screening. In comparison, genitourinary, ocular and dental 

issues were seen often enough to warrant investigations. 

 

Suggestions for Management 

Based on our clinical data, we suggest the following guidelines for the care of individuals 

with FHS: 

1. Sequencing of SRCAP exons 31–34 in all suspected cases to confirm the diagnosis 

2. Complete assessments of auditory and visual systems 

3. Renal and urinary tract ultrasound 

4. Neurologic assessment if there is a suspicion of seizures 

5. Dental hygiene to prevent cavities and to monitor for malocclusion 

6. Evaluation for growth hormone deficiency at baseline, to be repeated if loss of growth 

velocity occurs 

7. Monitoring of bone age and pubertal timing. In cases of precocious puberty, referral to a 

pediatric endocrinologist 

8. Psychoeducational assessments corrected for deficiencies in expressive language and 

sensory issues 

9. Monitoring of behavioral disturbances and provision of early intervention 
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10. Counseling for families regarding recurrence risk (extremely low) and to offspring of 

individuals with FHS (50% chance). 

 

Conclusions 

We have assembled the largest cohort of individuals with Floating-Harbor syndrome; 

documenting pathogenic mutations in SRCAP in 52 affected individuals. Characteristic 

clinical findings include short stature, delayed bone age, distinctive facial features, expressive 

language delay, and broad thumbs. If the characteristic facial gestalt is not present, the 

likelihood of finding a mutation in SRCAP is very low. It is not uncommon for an individual 

with FHS to have additional anomalies and health complications that require medical 

intervention and thus comprehensive baseline screening and surveillance is warranted. In 

general, individuals with FHS are healthy and despite some impairments, enjoy a good 

quality of life. 
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Preface  

The following chapter consists of data previously published in Scientific Reports under the 

title ―The Defining DNA Methylation Signature of Floating-Harbor Syndrome‖ (PMID: 

27934915) by Hood RL, Schenkel LC, Nikkel SM, Ainsworth PJ, Pare G, Boycott KM, 

Bulman DE, Sadikovic B. 

 

Approval for this article to be reused in this thesis was granted by the Nature Publishing 

Group (see Rights and Permissions; Chapter 6 Manuscript) 

 

I determined the initial FHS patient cohort to be used for the methylation array. Based 

on results of methylation array data analysis, I determined the four regions (two hyper- 

and two hypo-methylated regions) for clonal bisulfite sequencing. I determined the FHS 

patient and gender matched control cohorts to be used for bisulfite confirmation 

experiments and performed the clonal bisulfite sequencing and analysis which included 

the design of the bisulfite primers. I cloned the PCR amplicons for each region into the 

pGEM-T Easy Vector, transformed them into Top10 cells, picked >20 colonies for each 

sample and region, and subsequently sequenced the clones. I analyzed the Sanger 

output files and analyzed this data. I wrote and generated figures for the manuscript 

and responded to reviewers comments. 

 

The specific contributions of each author to this paper are listed below. 

Hood RL: (see above) 
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Schenkel LC: Analyzed the methylation array data. Generated figures corresponding to 

methylation array data. Wrote portions of the manuscript pertaining to methylation array 

analysis. Responded to reviewers comments. 

Nikkel SM: Assisted with the collection of patient DNA samples. 

Ainsworth PJ, and Pare G: Oversaw performance of the methylation array experiments. 

Contributed to writing/editing the manuscript. 

Boycott KM: Oversaw the project. Determined the initial cohort to be used for methylation 

array. Contributed to writing/editing the manuscript. 

Bulman DE: Oversaw the project. Oversaw Sanger sequencing validation experiments. 

Contributed to writing/editing the manuscript. 

Sadikovic B: Oversaw the project. Based on the methylation array data, helped determine 

regions to use for clonal bisulfite sequencing confirmation analysis. Wrote portions of the 

manuscript pertaining to methylation array analysis and overall conclusions. Responded to 

reviewers comments.  
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Abstract 

Floating-Harbor syndrome (FHS) is an autosomal dominant genetic condition characterized 

by short stature, delayed osseous maturation, expressive language impairment, and unique 

facial dysmorphology. We previously identified mutations in the chromatin remodeling 

protein SRCAP (SNF2-related CBP Activator Protein) as the cause of FHS.  SRCAP has 

multiple roles in chromatin and transcriptional regulation; however, specific epigenetic 

consequences of SRCAP mutations remain to be described.  Using high resolution genome-

wide DNA methylation analysis, we identified a unique and highly specific DNA methylation 

―epi-signature‖ in the peripheral blood of individuals with FHS. Both hyper and 

hypomethylated loci are distributed across the genome, preferentially occurring in CpG 

islands. Clonal bisulfite sequencing of two hypermethylated (FIGN and STPG2) and two 

hypomethylated (MYO1F and RASIP1) genes confirmed these findings. The identification of 

a unique methylation signature in FHS provides further insight into the biological function of 

SRCAP and provides a unique biomarker for this disorder. 
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Main Text 

Floating-Harbor syndrome (FHS; MIM 136140) is a rare autosomal dominant genetic 

disorder characterized by short stature, delayed osseous maturation, expressive language 

impairment, and facial dysmorphology (Leisti et al., 1975; Pelletier, 1973; Robinson et al., 

1988; White et al., 2010). The facial features characteristic of FHS include: a triangular-

shaped face, prominent nose, short philtrum, and a wide flat mouth with a thin upper lip. 

Individuals with FHS typically exhibit language deficits and some level of learning or 

intellectual disability. FHS usually occurs sporadically; however, a few autosomal dominant 

parent-child transmissions have been reported (Arpin et al., 2012; Lacombe et al., 1995; 

Penaloza et al., 2003; White et al., 2010). In 2012, we identified heterozygous truncating 

mutations in the final exon of SRCAP (SNF2-related CBP Activator Protein) as the genetic 

cause underlying FHS (Hood et al., 2012). This report was followed by a more in-depth 

clinical analysis of a large cohort of 52 affected individuals, which better defined both the 

mutation and the clinical spectrum of FHS (Nikkel et al., 2013). SRCAP encodes a large 

SWI/SNF-type chromatin remodeling ATPase, which was first identified in a yeast two-

hybrid screen for CREB-binding protein (CREBBP) interaction partners (Johnston et al., 

1999). Mutations in CREBBP, or its homolog, p300, are known to cause Rubinstein-Taybi 

syndrome, another short stature disorder that shares some features with FHS (Petrij et al., 

1995; Roelfsema et al., 2005). Multiple coactivator roles have been described for SRCAP, in 

CREB and CREBBP-mediated, nuclear (steroid) hormone receptor, and Notch signaling 

pathways (Eissenberg et al., 2005; Johnston et al., 1999; Monroy et al., 2003).  SRCAP has 

also been shown to immuno-precipitate as part of a large chromatin remodeling complex 

involved in the ATP-dependent displacement of the histone variant H2A by H2A.Z (Ruhl et 
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al., 2006; Wong et al., 2007). Additionally, the SRCAP-complex is known to function as a 

regulator of DNA damage and double strand break repair (Dong et al., 2014). While many 

roles for SRCAP have been described, the downstream impact of disease-causing mutations 

remains largely unknown. 

 

DNA methylation, the addition of a methyl (CH3) group typically to a cytosine residue within 

CpG dinucleotides, is the most comprehensively described form of epigenetic modification. 

These epigenetic changes have an essential role in many nuclear functions, and in particular, 

transcriptional regulation and regulation of chromatin structure.  In general, promoter regions 

with unmethylated CpGs are associated with a transcriptionally permissive chromatin state, 

whereas methylated CpG islands (high density CpG regions observed at approximately 50% 

of gene promoters) are associated with transcriptional repression. As such, the fine regulation 

of methylation constitutes an extra layer of control over gene expression.  

 

Several genes, such as the DNA methyltransferases DNMT1, DNMT3A, and DNMT3B, have 

been linked with the regulation of methylation status through interaction with histone 

deacetylases (Bai et al., 2005; Fuks et al., 2001). Chromatin remodeling proteins, including 

two members of the same SNF2-ATPase chromatin family as SRCAP, Lymphoid Specific 

Helicase (HELLS) and X-linked alpha thalassemia/mental retardation (ATRX), have also 

been shown to impact methylation status (Dennis et al., 2001; Gibbons et al., 2000; Zhu et al., 

2006). It is therefore possible that other chromatin remodeling proteins, such as SRCAP, may 

also impact methylation status. In this case, we hypothesized that the truncating mutations of 

SRCAP seen in FHS could cause differential methylation, and that these differences may 
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provide insight into the pathogenesis of this disorder.  We therefore set out to determine if 

individuals with FHS have a unique DNA methylation epi-signature in their peripheral blood. 

 

Results 

Differential Methylation Attributed to Mutations in SRCAP  

The methylation array data identified a unique methylation profile specific to FHS 

individuals. Within the FHS cohort of 18 affected individuals, methylation differences with 

respect to the particular SRCAP mutation were not observed.  Additionally, there were no 

gender-specific global methylation differences or sex chromosome methylation changes 

found within the FHS cohort. Hierarchical clustering of significant probes (p<0.01, F>50, 

Estimate>15%) clearly demonstrated a unique methylation profile and sub-clustering for 

these patients compared with our large laboratory reference cohort (Figure 1). Overall, a 

higher frequency of hypermethylation was observed in individuals with FHS, regardless of 

genomic location and CpG island proximity (Supplementary Figure 1).  A comprehensive list 

of differentially methylated regions shows 116 loci, 31 of which are hypomethylated and 85 

are hypermethylated, with 73 of the 116 loci overlapping CpG islands and 8 overlapping CpG 

shore (Supplementary Table 1 and 2). The 116 DMRs represent regions with decreased cut-

off criteria (methylation difference > 15%), and include 28 regions (Table 1) where the more 

restrictive criteria were used (methylation difference > 20%).   Of the 28 identified FHS-

specific methylation regions: 19 regions were found to have significantly increased 

methylation (20.01-32.23% higher methylation estimates) in the FHS samples compared to 

controls, and 9 regions were found to have significantly decreased methylation (20.17- 
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Figure 1. Euclidean hierarchical cluster analysis.  
Hierarchical clustering of probes differentially methylated between FHS and controls 
demonstrating marked asymmetry of the 2 groups. Cases are represented in the columns 
and significant probes (p < 0.01) in the rows. 
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Table 1. Regions with significantly altered methylation (>20%) in FHS individuals 
identified by methylation array. 
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37.25% lower methylation estimates). The majority of these regions were located within 

genes (n=17), including 7 in promoters, 6 intragenic and 4 in intronic regions (Table 2). 

Although only 1/3 of the array probes map to CpG islands, approximately 2/3 (19 of the 28) 

of the identified regions with differential methylation correspond to locations within CpG 

islands. Specifically, of these 19 regions, 10 were hypermethylated while 9 were 

hypomethylated, the latter representing all of the hypomethylated regions identified in the set 

of 28 and demonstrating a relative increase in the proportion of hypomethylated regions 

within CpG islands as compared to non-CpG islands for FHS individuals (Supplementary 

Figure 1). 

 

DNA Methylation Age and Cell Counts Estimation 

Average age acceleration was used to determine whether the DNA methylation age of a FHS 

individuals is consistently higher (or lower) than expected (as in controls). We observed that 

the average age acceleration did not significantly differ between FHS patients and controls 

(1.48 ±12 and 2.66 ±3.4, respectively). In addition, the cell type estimation showed no 

significant differences of blood cell composition between FHS patients and controls 

(Supplementary Figure 2). Taken together these results indicate that changes in DNA 

methylation observed in the FHS cohort cannot be attributed to differences in DNA 

methylation age and/or blood cell type. 
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Table 2. Genomic region distribution of the 28 differentially methylated regions 
(>20%) in FHS individuals. 
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Validation of Methylation Assay 

Amongst the 28 regions found to be differentially methylated in FHS, two hypermethylated 

(FIGN and STPG2) and two hypomethylated (MYO1F and RASIP1) regions were selected 

based on robust methylation differences and statistical significance for comparative analysis 

of array data to bisulfite sequencing. Methylation array showed a mean of 32.23% and 

23.49% hypermethylation in FHS individuals at the FIGN and STPG2 gene loci, respectively 

(Table 1). Conversely, MYO1F and RASIP1 genes loci showed a mean of 37.25% and 

20.17% hypomethylation in the FHS cohort relative to the control cohort (Table 1). These 

loci were well represented on the array, with multiple probes spanning each of the respective 

differentially methylated regions.  Methylation profiles showed consistent hypermethylation 

in FHS individuals as compared to controls for both FIGN and STPG2 regions across 7 and 9 

probes respectively, and consistent hypomethylation for MYO1F and RASIP1 regions across 

4 and 12 probes, respectively (Figure 2). In addition, samples from the individuals with FHS 

had a higher average methylation level over the FIGN and STPG2 regions and a lower 

average methylation level over the MYO1F and RASIP1 regions as compared with controls 

(Supplementary Figure 3).  

 

Bisulfite sequencing analyses were performed to technically confirm the FHS-specific 

methylation profile by examining methylation status across FIGN, STPG2, MYO1F, and 

RASIP1 regions (Figure 3). Bisulfite sequencing analysis across the MYO1F and RASIP1 loci 

included 45 and 25 CpG sites, respectively. Consistent with the array findings, the average 

degree of methylation for FHS individuals across the MYO1F and RASIP1 regions 

determined by bisulfite sequencing was correspondingly lower than for controls (Figure 

2A,B). Additionally, the average percent methylation for MYO1F in FHS individuals was 
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37% compared to 92% in controls (Figure 3A). For RASIP1 the average percent methylation 

in FHS individuals versus controls was 73% and 91%, respectively (Figure 3B). The bisulfite 

data for these two regions supported the methylation array results, confirming that these two 

regions are hypomethylated in FHS individuals. For FIGN and STPG2 regions, 29 and 27 

CpG sites were examined, respectively. The bisulfite data demonstrated hypermethylation in 

FHS individuals versus controls (77% versus 49% for FIGN, and 24% versus 3% for STPG2; 

Figure 3C,D). The bisulfite data for the FIGN and STPG2 regions also confirm similar levels 

of hypermethylation in FHS patients relative to the microarray findings (Figure 2C,D). 

 

The results of the bisulfite data, which included one independent FHS patient that was not 

included in the microarray discovery cohort, corroborate the methylation data, confirm the 

existence of an epigenetic signature associated with FHS, and support the diagnostic utility of 

such an array-based approach.  

 

Pathway Analysis 

Pathway analysis, performed using the list of 116 differentially methylated genes (>15%; 

Supplementary Table 1) identified significantly enriched gene groups involved in a number 

of biological processes. More specifically, an over-representation of genes was found to be 

involved in synaptic transmission and the neurological system process (Supplementary Table 

3). Additionally, an overall enrichment was found for genes associated with developmental 

processes.  These findings suggest that altered methylation status may disrupt the expression 

of neurodevelopmental genes and may play a role in the pathophysiology of FHS. 
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Discussion 

The identification of a unique methylation profile associated with FHS suggests that 

truncating mutations of SRCAP, the genetic cause underlying FHS, result in recurrent, locus 

specific, DNA methylation alterations. These may be the direct result of altered function of 

the truncated SRCAP protein; alternatively, they may be the result of a secondary 

compensatory mechanism in response to altered SRCAP function. Regardless of the 

underlying molecular mechanism, these findings suggest a role for SRCAP in the regulation 

of genomic DNA methylation, which in turn may regulate the expression of specific genes. 

 

Rare genetic diseases caused by mutations in genes involved in the regulation of methylation 

have been recognized for more than 15 years.  For example, mutations in the epigenetic 

regulatory gene ATRX were shown to cause X-linked mental retardation with α-thalassemia 

(ATRX syndrome) in 1995 (Gibbons et al., 1995) and, in early studies, disease-causing 

mutations were shown to alter the methylation patterns of several repetitive genomic regions 

including Y-specific satellite and subtelomeric repeats (Gibbons et al., 2000). Mutations in 

the histone H3 lysine 4 demethylase, KDM5C, were identified to cause an X-linked form of 

intellectual disability syndrome in 2005 (Jensen et al., 2005). More recently, patients with 

mutations in KDM5C were studied using a DNA methylation array approach, providing 

evidence of recurrent global DNA methylation defects in the peripheral blood as well as post-

mortem brain tissue samples of these individuals (Grafodatskaya et al., 2013).  Most recently, 

a unique methylation epi-signature was reported for Sotos syndrome, a rare overgrowth 

disorder caused by mutations in the NSD1 gene, encoding histone H3 lysine 36 

methyltransferase (Choufani et al., 2015). This study utilized the same high resolution 
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methylation array used here and was able to distinguish individuals with Sotos syndrome 

(secondary to pathogenic NSD1 mutations) from individuals with non-pathogenic mutations 

of NSD1, as well as from cases of the clinically similar disorder Weaver syndrome, caused by 

mutations in the histone methyltransferase EZH2 (Enhancer of Zeste, Drosophila, Homolog 

2). This field is currently in its infancy and we anticipate that similar genome-wide epi-

signatures will be characterized for this emerging group of rare diseases in the years to come.    

How the epigenetic consequences of these disease-causing mutations actually result in the 

rare disease itself is not well understood. It may be anticipated that the methylation alterations 

could result in differences in transcriptional regulation. For example, hypomethylation in a 

gene promoter CpG island may result in increased transcription, whereas hypermethylation 

may result in decreased transcriptional activity. Our pathway analysis for FHS, and that 

recently reported for Sotos syndrome (Choufani et al., 2015), suggest impact on genes that 

might be relevant to the cardinal developmental processes disrupted in these rare diseases; 

however, further research is necessary to fully understand the downstream consequences of 

these methylation alterations, particularly given that their impact is predicted to be cell-, 

tissue- and developmental timing- specific. Such data will provide new insight into the 

pathogenesis of these developmental disorders.  

 

Here we presented a pipeline to sensitively and specifically detect regional methylation 

differences in a cohort of patients. Our analysis employs a region detection algorithm that 

controls for the most common limitations of the array. Probes containing SNPs may affect the 

assessment of DNA methylation when analyzing single-probe methylation, as described in 

the study by Price et al. (Price et al., 2013). One way to address this is to employ a region 

detection algorithm, which relies in multiple adjacent probes (at least 3) to meet significant 
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stringent p-value, F-value and mean methylation cut off criteria. A single polymorphic probe 

would not be expected to significantly affect the methylation results across a multi-probe 

region. Furthermore, the difference in performance of Infinium I and Infinium II was 

demonstrated to be minimum and so do not significantly affect differential methylation 

detection (Bibikova et al., 2011).The authors found an average shift on beta values of 2 to 8% 

on Infinium II assay probe sets. In fact, similarly to the SNP related effects, a region detection 

algorithm is used in part to address this feature. Considering that our analysis include a cut 

off of at least 15% methylation difference, and employs a multi-probe region detection 

algorithm, the effect of the  probe chemistry is expected to be negligible. Age-related and cell 

composition-related changes in the DNA methylation have been observed including our 

recent description of global DNA methylation changes with age using the Illumina 450K 

array (Schenkel et al., 2016a). Some possible explanations for this include differences in 

composition of nucleated cell subtypes in premature births versus newborns and children (ie. 

increased levels of nucleated red blood cells; differences in the levels of leukocyte subtypes), 

or alternatively global methylation differences associated with maturation of leukocytes. For 

this reason our methylation analysis includes a large reference cohort with a broad range of 

ages (from 1 month to 62 years). This allows the exclusion of sites with methylation changes 

related to age, and consequently cell type, as such genomic regions present with hyper 

variable DNA methylation profiles in the reference cohort, and would not meet the statistical 

cut off criteria.  Finally, the ability of our algorithm to sensitively and specifically detect 

methylation differences across this patient cohort was demonstrated by a confirmatory 

analysis on a subset of these regions using the ―gold standard‖ Clonal Bisulfite Sequencing. 
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In conclusion, our findings demonstrate the existence of a unique DNA methylation epi-

signature in the peripheral blood of individuals with FHS. The epi-signature provides further 

insight into the FHS disease etiology, and represents a potential diagnostic biomarker for this 

disorder. Identification of similar types of epi-signatures in constitutional genetic syndromes 

will further expand our understanding of these diseases and facilitate the efficient diagnosis 

of these individuals. 

 

Methods 

Methylation Array and Analysis 

Global methylation status of 18 individuals with mutation-confirmed FHS was performed 

using the Infinium HumanMethylation450 Beadchip (Illumina) methylation arrays at the 

Genetic and Molecular Epidemiology Laboratory at McMaster University, according to 

manufacturer‘s instructions. Blood-derived DNA samples were obtained from 9 FHS 

individuals with the most common FHS-causing SRCAP mutation (c.7330C>T; p.Arg2444*) 

and 9 additional FHS individuals with distinct mutations in SRCAP (c.7165G>T; 

p.Glu2389*, c.7218_7219delTC; p.Gln2407fs*35, c.7219C>T; p.Gln2407*, c.7282dupC; 

p.Arg2428fs*15, c.7303C>T; p.Arg2435*, c.7316dupC; p.Ala2440fs*3, c.7549delC; 

p.Gln2517fs*5, c.8117C>G; p.Ser2706*, and c.8242C>T; p.Arg2748*). FHS cohort included 

6 males and 12 females with mixed ethnicity, which ranged in age from 2 to 42 years 

(Supplementary Figure 4). The FHS individual cohort was compared to an unmatched 

reference control cohort of 361 individuals (151 females and 210 males) of mixed ethnicity, 

with average age of 8.5 years (0-62 years; Supplementary Figure 4). Our reference cohort 

included individuals that were previously preselected from a larger cohort of about 1000 
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individuals across the broad range of age, sex and ethnicity distribution. The methylation 

analysis of these individuals was performed in the same facility as patients and same data 

processing pipeline was used.  Based on the individual analysis (1 sample vs cohort) these 

reference controls showed no significant changes in DNA methylation relative to the entire 

reference cohort. This analysis takes into account the fact that significant portion of genomic 

DNA methylation is hyper-variable across individuals (including age-related hyper-variable 

regions). Such regions with the normal inter-individual and/or age-related methylation 

variability would not produce significant p-values when comparing an individual or a patient 

cohort to a reference. Therefore, this analytical approach is designed to take into 

consideration methylation variability including sex and age, while taking advantage of 

analytical power of a large reference control database and focuses on identification of unique, 

non-age/sex variable DNA methylation changes in individual patients. 

 

Methylation array coverage included >485,000 individual methylation sites, 99% of RefSeq 

genes and 96% of annotated CpG islands. Methylation values were generated using the 

Illumina Genome Studio Software, and data (.idat files) containing β-values were imported in 

the Partek Genomic Suite (PGS) software. Data (.idat files) were normalized using the PGS 

Genome Studio Normalization Algorithm that includes background subtraction and control 

normalization (normalized value = original value * target mean/control mean), while 

removing individual probes with poor signal intensity. An ANOVA test was performed to 

determine the methylation estimate (net methylation difference in FHS individuals as 

compared to controls) and generate probe-level statistics, including p-value (t-test), and F 

value (signal to noise ratio).  Genomic regions with significant DNA methylation patterns 

were identified that met the following statistical criteria: (1) minimum of 3 consecutive 
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probes with significant methylation change p<0.01; (2) mean F-value across the region >50; 

and, (3) methylation estimate value differing by more than 20%. Probes on the X 

chromosome were further analyzed by comparing sex matched FHS individuals and controls. 

Significant regions were mapped against the CpG islands and gene promoter regions using 

Hg19 as reference genome. Data was visualized using PGS genomic browser. Lastly, regions 

with the most significant methylation changes were annotated in reference to the location of 

the CpG islands and distance to gene promoters. This analytical methods have been 

developed and validated previously (Kernohan et al., 2016; Schenkel et al., 2016b) and were 

performed in accordance with the relevant REB guidelines and regulations. 

 

Age and Cell Composition Prediction 

DNA methylation age and blood cell composition measures derived from the DNA 

methylation data were performed using the Epigenetic Clock software developed by Horvath, 

2013 (Horvath, 2013). Briefly DNA methylation age, defined as predicted age, was 

calculated based on 21,369 CpG probes that were present both on the Illumina 450K and 27K 

platform and had fewer than 10 missing values. Age acceleration was measured by the 

difference between predicted age and chronological age. Blood cell proportions of CD8 T 

cells, CD4 T cells, natural killer cells, B cells, monocytes and granulocytes were estimated as 

described by Houseman et al. (Houseman et al., 2012).  

 

Clonal Bisulfite Sequencing and Analysis 

Blood-derived DNA samples from four FHS probands (three from the original array and an 

independent FHS sample) and two control subjects were bisulfite converted using the EZ 
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DNA Methylation-Direct Kit according to manufacturer‘s instructions (Zymo Research). 

Methylation-specific primers were designed for each region using the software program 

MethPrimer (Li and Dahiya, 2002). Converted DNA was PCR amplified using methylation 

primer pairs specific to each gene region and the resulting PCR amplicons were subcloned 

into the pGEM-T Easy Vector (Promega). For MYO1F, a nested-primer PCR strategy was 

used for amplification. Recombinant vectors were transformed into Top10 chemically 

competent E. coli cells (ThermoFisher). Transformant colonies were picked for clonal PCR 

amplification and subsequently Sanger sequenced. Chromatogram sequencing results for ≥20 

clones were manually analyzed and string diagrams were generated for each affected 

individual and region. 

 

Methylation Array Pathway Analysis 

The 116 differentially methylated genes identified by methylation array (Supplementary 

Table 1) were assessed using the pathway analysis tool in the Partek Genomics Suite 

software.   Briefly, statistical analysis included Fisher Exact test and Chi Square test, and was 

restricted to functional groups at least two genes.  Results show the Enrichment p-value (p-

value of the Fisher Exact test and Chi Square test reflective of the number of the genes in vs. 

not in the list or functional group) and the Enrichment score (negative log of the enrichment 

p-value; a high score indicates that the genes in the functional group are overrepresented in 

the gene list). 
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Ethical Approval and Consent to Participate 
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Supplementary Material 

Supplementary material includes three tables and four figures and can be found in Appendix 

6. 
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The advent of high-throughput sequencing technologies represents one of the greatest 

medical advancements of the 21st century in the field of rare disorders. These technologies 

have revolutionized and advanced genetic research and molecular diagnostics for these 

conditions in ways that only other disruptive techniques including, Southern blotting, PCR 

amplification and Sanger sequencing, have done. The identification of disease-causing 

mutations by high-throughput sequencing approaches have not only accelerated our ability to 

identify novel disease genes, but it has also opened up a realm of research focussed at gaining 

a better understanding of the clinical spectrum and biology underlying each respective 

genetic disorder.  

 

In this study, three rare syndromes impacting stature/growth were examined to gain insight 

into this subset of rare disorders.  The molecular mechanism of FHS, Weaver syndrome, and 

Sotos-like syndrome with cutis laxa were delineated using exome sequencing. Next, the 

clinical spectrum of two of these disorders, FHS and Sotos syndrome, was further refined. 

Finally, a combined high resolution methylation array/clonal bisulfite sequencing approach 

was used to determine how FHS-causing mutations impact global methylation patterns. 

 

While the exome sequencing approaches we utilized in these studies were ultimately 

successful in identifying the underlying genetic cause of the three rare disorders of stature 

studied, it should be noted that not all exome sequencing analyses succeed in this pursuit. As 

previously mentioned, exome sequencing involves the selective capture and sequencing of 

only the protein-coding regions of the genome, and while the vast majority of disease-causing 

variants are anticipated to be contained in these regions, not all disease-causing mutations are. 

Additionally, exome sequencing involves a hybridization-based capture and PCR 
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amplification steps, which can result in sequencing bias. As such, a whole genome 

sequencing approach may prove successful in determining the genetic basis underlying a 

disorder in instances where exome sequencing is not. 

 

Molecular Insights into Rare Disorders Impacting Stature and Growth 

Floating Harbor Syndrome is Caused by Mutations in the Final Exon of SRCAP 

The results of this study identified for the first time that heterozygous truncating mutations in 

SRCAP is the genetic cause of Floating-Harbor syndrome (FHS) (Hood et al., 2012). All five 

of the patients that underwent exome sequencing were found to have heterozygous truncating 

mutations clustering in the final (34th) exon of SRCAP. Subsequent Sanger sequencing of the 

final exon of SRCAP in an expanded cohort identified mutations in eight additional unrelated 

FHS patients. Following identification of SRCAP as responsible for FHS, we then focused on 

establishing a more extensive spectrum of mutations by screening additional patients from 

national and international collaborators. We collected clinical information and samples from 

83 referred patients. Truncating mutations of SRCAP were identified in an additional 39 

individuals (52 total), including 2 instances of mother-daughter transmission (Nikkel et al., 

2013). For all 52 individuals, the mutations disrupted the translational reading frame and 

were restricted to a small 359 amino acid coding region within the final exon of SRCAP 

(Figure 1).  

 

Thirty-seven patients from this cohort did not have a mutation in exon 34 of SRCAP; this 

finding was supported by detailed review of clinical photographs by our collaborator Dr. 

Sarah Nikkel who was blinded to molecular results and scored these patients as not  
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completely typical for FHS. We selected three whom were thought to be phenotypically most 

FHS-like and sequenced the entire coding region and flanking intron-exon boundaries of 

SRCAP and no mutations were detected. These results supported the hypothesis that FHS-

causing mutations are clustered in the 3‘ end of SRCAP.  Subsequently, a study by Seifert et 

al. (2014) identified five additional cases of FHS caused by truncating SRCAP mutations 

(Seifert et al., 2014). Interestingly, while their findings supported our conclusion that FHS-

causing mutations are clustered, they identified one case of FHS caused by a mutation in 

exon 33 of SRCAP. These findings were consistent with the idea that FHS-causing mutations 

may be exclusively clustered between the second ATPase domain and the AT-hook DNA 

binding motifs of SRCAP, rather than exclusively within SRCAP exon 34 (Figure 1).  

 

SRCAP is composed of several functional domains including an N-terminal Helicase, SANT-

associated (HSA), a bi-partite SNF2-like ATPase, and three C-terminal AT-hook motifs 

(Figure 1B; Chapter 2 Figure 2). Additionally, it contains a central CBP interaction domain 

(Johnston et al., 1999). The mutations of SRCAP shown to cause FHS are all clustered within 

a 419 amino acid residue region, from amino acids 2329-2748, which occur between the 

second ATPase domain and the AT-hook DNA binding motifs (Figure 1) (Hood et al., 2012; 

Nikkel et al., 2013; Seifert et al., 2014).  

 

SRCAP encodes a 3230 amino acid SWI/SNF-type chromatin remodeling ATPase, with a 

predicted molecular mass of 344 kDa, which was first identified in a yeast two-hybrid screen 

for CREB-binding protein (CREBBP/CBP) interaction partners (Johnston et al., 1999). As 

previously described, mutations in CREBBP or its homolog, p300 were identified as the 

genetic cause underlying the phenotypically very similar Rubinstein-Taybi syndrome (Petrij 
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et al., 1995; Roelfsema et al., 2005). The interaction of CBP and SRCAP may provide a basis 

for the long-recognized phenotypic overlap between these two disorders.  

 

SRCAP has been described as having multiple coactivator roles in CREB and CBP-mediated, 

nuclear (steroid) hormone receptor, and Notch signaling pathways (Eissenberg et al., 2005; 

Johnston et al., 1999; Monroy et al., 2003). SRCAP has also been shown to co-

immunoprecipitate in a large complex that catalyzes ATP-dependent displacement of the 

histone variant H2A by H2A.Z (Ruhl et al., 2006; Wong et al., 2007). More recently, in 2014, 

a novel role for the SRCAP complex as a regulator of DNA damage and double strand break 

repair was described (Dong et al., 2014). How mutations in SRCAP impact any of these 

biological functions and result in the clinical presentation of FHS is not yet well understood. 

Further insight into how the mutations in SRCAP cause FHS can be garnered from 

population and disease datasets. The Database of Genomic Variants lists one entry of a large 

deletion encompassing SRCAP in a participant of the HapMap project who had no obvious 

disease (Locke et al., 2006) and a second entry of another healthy middle-aged male who has 

an in-frame deletion encompassing the first coding exon of SRCAP (de Smith et al., 2007). 

Exome Variant Server (EVS) currently reports DNA sequence data from a total of 6497 

genomes from normal individuals (without congenital disease) enrolled in the National Heart, 

Lung, and Blood Institute (NHLBI) project. This data includes 189 missense variants within 

the coding region of SRCAP. These variants occur indiscriminately throughout SRCAP, 

including 20 located between amino acids 2329-2748 which is within the ‗FHS mutation 

region‘ (Table 1). Additionally, a known frameshift mutation (c.2896_2900delCGGCA; 

p.Arg966fs*15), located between sequences encoding the first ATPase domain and the CBP-

binding domain does not result in FHS. This finding suggests that the disease-mechanism in  
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Table 1. Missense variants located within the ‘FHS mutation region’ of SRCAP as 
reported in Exome Variant Server. 
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FHS is very specific, with only truncating mutations in SRCAP located between sequences 

encoding the second ATPase domain and the C-terminal AT-hooks causing disease. 

Formally, I would postulate that the FHS phenotype is at least partially due to the loss of the 

AT-hook DNA-binding motifs.  

 

Further data informing the possible mutational mechanism of FHS comes from allele-specific 

qPCR results of RNA isolated from FHS patient fibroblast cell lines which have shown that 

both wild-type and mutant SRCAP are expressed in these individuals at comparable levels 

(data not shown). Therefore, based on the genetic and molecular data available, it is likely 

that the loss of one allele, haploinsufficiency, is not the mechanism of FHS.  Rather, the 

clustering of the truncating mutations of SRCAP in FHS suggest that a stable truncated 

SRCAP protein may be produced which functions in an alternative manner to the wild type 

protein (such as a gain-of-function or by a dominant negative effect). 

 

Weaver Syndrome is Caused by Mutations in EZH2 

The results of this study identified for the first time that heterozygous mutations in EZH2 

cause Weaver syndrome (Gibson et al., 2012) These findings were corroborated by an 

independent group who later reported EZH2 mutations as the genetic cause underlying 19 

cases of Weaver syndrome (Tatton-Brown et al., 2011). Similar to NSD1 (Sotos syndrome), 

EZH2 encodes a histone methyltransferase, which when combined with the core components 

EED (embryonic ectoderm development protein) and SUZ12 (suppressor of Zeste 12, 

drosophila homolog) of the polycomb repressor complex 2 (PCR2), is the catalytic force 

behind the tri-methylation of lysine residue 27 of histone 3 (H3K27me3) (Cao et al., 2002). 
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As NSD1 and EZH2 are both histone methyltransferases, with similar functions and 

overlapping expression patterns, it is not surprising that mutations in these genes result in 

patients with phenotypic overlap. More recently, two groups have identified missense 

mutations in EED (an interaction partner of EZH2 in the PCR2 complex) in EZH2-negative 

Weaver syndrome patients (Cohen et al., 2015; Cooney et al., 2017). These findings suggest 

that Weaver syndrome is due to pathogenic mutations in either EZH2 or EED, and that 

dysregulation of the PCR2 complex results in overgrowth.  Additionally, a recent study 

identified aberrations in growth plate proliferation and hypertrophy in mice with a combined 

Ezh1/Ezh2 loss in cartilage (Lui et al., 2016). While this study was not designed to be a 

model of Weaver syndrome, their findings suggest roles for Ezh1 and Ezh2 in growth at the 

epiphyseal plate. 

 

Sotos-like Syndrome with Cutis Laxa is Caused by Mutations in NSD1 

Novel truncating mutations in NSD1 in four patients presenting with Sotos syndrome and 

cutis laxa identified that this clinical presentation is a phenotypic expansion of Sotos 

syndrome and not a novel syndrome or, alternatively, patients presenting with two different 

rare disorders (Hood et al., 2016a). These findings are consistent with two other reports 

which each describe an individual patient with Sotos syndrome and cutis laxa and NSD1 

mutations in exon 11 (Cortes-Saladelafont et al., 2011) and exon 15 (Bou-Assi et al., 2016). 

Mutations in Sotos syndrome have been reported across all functional domains of NSD1. The 

position of the NSD1 mutations identified for patients presenting with Sotos syndrome and 

cutis laxa are all in close proximity to previously reported Sotos syndrome mutations, which 
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suggests there is no obvious genotype-phenotype correlation for marked connective tissue 

laxity and that other factors (e.g genetic modifiers) are contributing to the clinical spectrum. 

 

Clinical Spectrum Delineation of Rare Disorders Impacting Stature and 
Growth 

The identification of disease-causing mutations for rare genetic disorders has a dramatic 

impact on our understanding of these syndromes. Not only do these discoveries provide much 

needed answers to affected individuals and families, but they also result in a critical 

examination and expansion of the phenotypic spectrum of the disorder. For example, in this 

study we identified mutations in the Sotos syndrome gene, NSD1, in a cohort of Sotos 

syndrome with cutis laxa patients (Hood et al., 2016a). It was initially presumed that mutation 

in novel gene would be responsible for this condition (Robertson and Bankier, 1999); 

however the un-biased exome sequencing approach we utilized in this study lead to the 

finding that the marked tissue laxity seen in these patients is a phenotypic expansion of the 

Sotos syndrome clinical spectrum. 

 

As we come to understand the true clinical spectrum of rare disorders they will be 

progressively easier to diagnose, ultimately leading to better clinical management. Prior to 

this study, the clinical recognition of FHS was extremely difficult, with approximately 50 

FHS clinical cases in the literature and disagreement in the clinical community that all cases 

actually had FHS. The identification of SRCAP as responsible for FHS (Hood et al., 2012), 

followed by the phenotypic characterization of 52 mutation-positive FHS patients (Nikkel et 

al., 2013) in this study provides the most comprehensive phenotypic and diagnostic analysis 

of FHS patients to date. 
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The advent of high-throughput sequencing approaches have resulted in unprecedented growth 

in our understanding of human disease. To truly understand the large amounts of genetic data 

generated by these technologies there is a need for parallel phenotypic annotation (Boycott et 

al., 2013). Such a global phenome initiative would provide clinicians with rapid access to the 

complete clinical spectrum of rare disorders, leading to improved clinical diagnosis and 

patient management. 

 

Global Methylation Abnormalities in Rare Stature Disorders Give Insight 
into Disease Mechanism 

As previously mentioned mutations in several genes have been shown to impact methylation 

status including: the DNA methyltransferases DNMT1 (Kernohan et al., 2016), DNMT3A 

(Fuks et al., 2001), and DNMT3B (Bai et al., 2005); two chromatin remodelling proteins, 

HELLS (Dennis et al., 2001; Zhu et al., 2006) and ATRX (Gibbons et al., 2000); the histone 

H3 lysine 4 demethylase, KDM5C (Grafodatskaya et al., 2013); and FMR1 (Kremer et al., 

1991; Schenkel et al., 2016b). Interestingly, mutations in three of these genes result in 

disorders associated with growth/stature aberrations: ATRX in ATRX syndrome (Basehore et 

al., 2015; Gibbons et al., 1995); FMR1 in FXS (Cohen, 2003; de Vries et al., 1995), and 

KDM5C in an X-linked form of intellectual disability syndrome (Jensen et al., 2005). Most 

recently, Choufani et al. (2015) identified a unique methylation ‗epi-signature‘ caused by 

Sotos syndrome mutations in NSD1 (Choufani et al., 2015). These studies suggest a possible 

link between methylation abnormalities and stature. 

 

In this study we identified a methylation signature unique to FHS individuals, regardless of 

their respective SRCAP mutation (Hood et al., 2016b). Amongst the 28 regions found to be at 
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least 20% differentially methylated as compared to controls, 19 were found to be 

hypermethylated and 9 found to be hypomethylated in FHS patients. Therefore, truncating 

mutations within SRCAP result in locus specific DNA methylation alterations. These 

alterations may either be a direct consequence of altered function of the truncated SRCAP 

protein, or the result of a secondary compensatory mechanism in response to altered SRCAP 

function. Further molecular investigation is required to determine the specific underlying 

molecular mechanism; however, these findings suggest a role for SRCAP in the regulation of 

genomic DNA methylation, which may in turn impact the expression of specific genes and 

thus contribute to the clinical features of FHS, including stature. 

 

Future Studies in FHS 

Based on the work presented here, which demonstrate that clustered truncating mutations of 

SRCAP cause FHS and that these mutations result in global methylation alterations, it is 

hypothesized that truncating mutations of SRCAP will result in widespread gene 

dysregulation; however the mechanisms and biological pathways underlying the FHS 

phenotype are currently unknown. As only patient lymphoblast and fibroblast cell lines are 

available for analysis, neither of which is implicated in the FHS phenotype, the best way to 

examine how mutations in SRCAP impact downstream gene expression is to utilize an 

induced pluripotent stem cell (iPSC) disease modeling approach. This approach would 

involve first reprogramming FHS patient (and control) fibroblasts into iPSCs and then 

differentiating these iPSCs into different cell lineages impacting in FHS (such as: 

chondroprogenitor, neural and neural crest lineaged cells). These generated cells could then 

be used to molecularly characterize how mutations of SRCAP in FHS contribute to particular 
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symptoms of the disorder. Such experiments would provide a better understanding of the 

precise mechanisms and biological pathways involved in various aspects of the FHS 

phenotype. 

 

Conclusion 

The development of high-throughput sequencing strategies has significantly advanced our 

knowledge of the genetics underlying many conditions. Utilizing this technology, along with 

downstream techniques, we were able to identify: mutations in EZH2 as the genetic cause of 

Weaver syndrome; NSD1 mutations in a cohort of Sotos with cutis laxa patients, thus 

expanding the phenotypic spectrum of Sotos syndrome; and truncating mutations in the 

chromatin remodelling protein SRCAP as the genetic cause of Floating-Harbor syndrome. 

Choosing to further our analysis of FHS, we expanded on our initial patient cohort and 

identified SRCAP mutations in 52 FHS individuals thus enabling us to better appreciate the 

full clinical spectrum of FHS mutations. Lastly, we have demonstrated that truncating 

mutations of SRCAP in FHS cause global methylation changes, which suggests a role for 

SRCAP in the regulation of genomic DNA methylation. These alterations may in turn alter 

downstream gene expression thus contributing to clinical manifestations of FHS. 
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Abstract 

Floating–Harbor syndrome (FHS) is a rare genetic disorder recently shown to be caused by 

mutations in the Snf2-related CREB-binding protein activator protein gene (SRCAP). It 

comprises three key clinical features of characteristic facies, expressive and receptive speech 

impairment and short stature. We report on a patient with this syndrome associated with early 

adult-onset hypertension and bilateral polycystic kidneys. Family screening for polycystic 

kidney disease was negative and mutations in polycystic kidney disease 1 and 2 genes (PKD1 

and PKD2) were absent. Sequencing of the SRCAP gene demonstrated a de novo mutation 

matching one of the known FHS-associated mutations. The patient required treatment with 

anti-hypertensives and will require lifelong renal monitoring. We suggest this patient's 

presentation may be due to the pleiotropic effects of SRCAP mutations. Further, the protein 

encoded by SRCAP is known to interact with CREB-binding protein, the product of the gene 

mutated in Rubinstein–Taybi syndrome, which is associated with renal abnormalities. A 

literature review of the renal findings in patients with Floating–Harbor syndrome identified 

another patient with possible polycystic kidneys, two patients with early onset hypertension, 

and a young patient with a ruptured intracranial aneurysm, which can be a feature of classic 

adult polycystic kidney disease. Collectively, these findings suggest that all patients with 

Floating–Harbor syndrome should undergo regular blood pressure monitoring and screening 

for polycystic kidneys by ultrasound at the time of the FHS diagnosis with imaging to be 

repeated during adulthood if a childhood ultrasound was negative. 

  



Appendix 2: Floating-Harbor syndrome and polycystic kidneys 

183 
 

Introduction 

Floating–Harbor syndrome (FHS) is a rare disorder, which comprises three key clinical 

features of characteristic facies, expressive and receptive language delay, and short stature. It 

is named after the Boston Floating Hospital in Massachusetts and the Harbor General 

Hospital in Torrance, California from where the first two cases were reported (Leisti et al., 

1975; Pelletier, 1973). In a recent report of 13 patients, the cause of FHS was attributed to 

dominant mutations in the SRCAP gene encoding the SNF2-related cAMP-response element 

binding protein binding protein (CREBBP) activator protein (Hood et al., 2012). SRCAP is 

an SNF2-related chromatin remodeling factor, so mutations are likely to exert pleiotropic 

effects (Ruhl et al., 2006). The exact mechanism by which the clinical features develop 

remains unknown. 

 

About 87 cases of FHS have been reported over the last 29 years and the phenotype 

delineated further. Reliable features such as a short neck, finger clubbing, brachydactyly, 

mild to moderate intellectual impairment, and a broad chest can aid diagnostic precision 

(Stagi et al., 2007; White et al., 2010). Various additional associations have been described 

including middle ear abnormalities (Hendrickx et al., 2010), ocular abnormalities (Asseidat 

and Kaufman, 2009), celiac disease (Chudley and Moroz, 1991), ruptured cerebral aneurysm 

(Paluzzi et al., 2008), precocious puberty (Stagi et al., 2007), spinal cord ganglioma (Nelson 

et al., 2009), cardiac septal defects (Lazebnik et al., 1996) and growth hormone deficiency 

(Femiano et al., 2000). It remains unclear whether these have arisen by chance or reflect 

genetic pleiotropism. We report on a patient with hypertension and polycystic kidneys in 

association with Floating–Harbor syndrome and discuss the implications for other patients. 
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Clinical Report 

A 25-year-old man diagnosed with FHS was referred to our nephrology clinic for assessment 

of recently diagnosed hypertension. The patient was born to nonconsanguineous white 

Caucasian parents and had two unaffected siblings. He was delivered at 40 weeks gestation 

with a birth weight of 3.57 kg. At the age of 2 months he was admitted to hospital with 

Haemophilus influenza meningitis, but made a good recovery. However, his post-natal and 

early development was characterized by markedly poor growth, expressive language delay 

and hearing problems. He was noted to have dysmorphic features, including a prominent nose 

and ears, which ultimately led to a clinical diagnosis of Floating–Harbor syndrome being 

made at the age of 7 years by a clinical geneticist (see Figure 1). Karyotype analysis was 

normal and wrist radiographs were consistent with a two and a half year bone age delay. 

Velo-cardio-facial syndrome was subsequently excluded by normal 22q11 FISH analysis. He 

was reported as Patient 5 of a series by White et al. (White et al., 2010). 

 

He was treated with growth hormone therapy with a good initial response. He attended a 

normal school, but his progress was slow and he required intensive speech therapy. At the age 

of 15 years his height remained below the 3rd centile and he still displayed paucity of speech, 

relying more on signing to communicate. He progressed through puberty and growth 

hormone therapy was discontinued. He currently lives in supervised accommodation and is 

employed in the retail sector. 

 

Two months prior to referral to the nephrology clinic his blood pressure was found to be 

elevated at 167/111 mmHg during a routine check for enrollment at a gymnasium. A history 
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revealed an episode of macroscopic hematuria and left flank pain 6 months previously which 

was treated empirically as a urinary tract infection by his primary care physician. There was 

no family history of renal problems or sudden death/intracranial haemorrhage. Repeated 

blood pressure measurements by his primary care physician confirmed stage 2 hypertension 

(Williams et al., 2004). Cardiovascular examination including fundoscopy was otherwise 

normal. Ambulatory blood pressure monitoring demonstrated an average of 147/106 mmHg 

and an echocardiogram demonstrated mild left ventricular hypertrophy. Urinary 

catecholamines were normal. An ultrasonographic examination of his kidneys revealed 

multiple bilateral cysts (see Figure 2), which were considered typical of adult polycystic 

kidney disease by a senior radiologist with a specialist interest in renal disease (an abdominal 

ultrasound at the age of 6 had noted normal kidneys). Laboratory tests revealed a creatinine 

of 87 micromol/L (1.14 mg/dl), commensurate with an estimated glomerular filtration rate 

(eGFR) of 99 ml/min/1.73 m2 with the MDRD equation or 106 ml/min/1.73 m2 with the 

more accurate CKD-EPI equation (normal range eGFR > 90) (Levey et al., 2009). Urinalysis 

revealed no blood and 30 mg/dl proteinuria. Magnetic resonance angiography of the brain 

demonstrated a left fetal posterior cerebral artery with a hypoplastic segment of the pre-

communicating part of the posterior cerebral artery and co-dominant vertebral arteries but 

intracranial aneurysms were not identified. 

 

Good blood pressure control was achieved with the angiotensin converting enzyme inhibitor 

lisinopril. The patient's parents and one of his two brothers were screened for polycystic 

kidneys by ultrasound, which revealed no abnormalities and all were demonstrated to have 

normal renal function. 
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Figure 2. Ultrasound image of the left kidney demonstrating multiple cysts. 
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Results of Genetic Testing 

Sequencing of the PKD1 and PKD2 genes [including multiplex ligation-dependent probe 

amplification (MLPA)] was unremarkable. An Agilent Custom 105K microarray test did not 

reveal any sub-microscopic chromosomal abnormalities. Sequencing of exon 34 of the 

SRCAP gene revealed a heterozygous truncating mutation (c.7303C > T;p.Arg2435*) which 

has been previously identified in other patients with FHS (see Figure 3) (Hood et al., 2012). 

The mutation was not present in either of his parents.  

 

Discussion 

Recently, whole-exome sequencing in a cohort of FHS patients revealed dominant negative 

mutations in the SRCAP gene as the major cause of FHS (Hood et al., 2012). All mutations 

were shown to be de novo where parental DNA was available. Our patient has the typical 

clinical features and a de novo SRCAP mutation matching one of the common FHS-

associated SRCAP mutations. The non-synonymous coding mutation in exon 34 is likely to 

cause truncation of the encoded protein, resulting in the loss of terminal AT-hook DNA-

binding motif domains. SRCAP is known to interact with CREBBP, which affects chromatin 

remodeling (Johnston et al., 1999). Mutations in CREBBP cause Rubinstein–Taybi syndrome, 

which has some phenotypic overlap with FHS and is associated with malformations of the 

renal tract (Melekos et al., 1987). 

 

This is the first report of bilateral polycystic kidneys in a patient with Floating–Harbor 

syndrome. A variety of genetic defects can give rise to diseases characterized by polycystic 

kidneys, but the commonest by far are mutation of the PKD1 and PKD2 genes in autosomal 
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Figure 3. Chromatogram of SRCAP mutation (c.7303C > T;p.Arg2435*) in the 
patient. 
Mutation denoted by arrow. 
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 dominant polycystic kidney disease. These mutations lead to extensive renal cyst formation 

over many years resulting in obliteration of the normal renal parenchyma and variable 

degrees of hypertension, episodic haematuria, nephrolithiasis, and reduced GFR (Torres et 

al., 2007) as well as susceptibility to intracranial aneurysms. We sequenced our patient's 

PKD1 and PKD2 genes but did not find a mutation. An Agilent Custom 105K microarray test 

did not reveal any sub-microscopic chromosomal abnormalities. Other rarer causes of 

polycystic kidneys include mutation in the PKHD1, SEC63, TSC1, TSC2, VHL, MCKD1, 

MCKD2, NPHP (1,2,3,4,5,6), JBTS2, BBS (1-11), MKS1/3, OFD1, and HNF1β genes. 

Diseases arising from these mutations typically have other characteristic phenotypic features 

lacking in this patient. 

 

To establish whether Floating–Harbor syndrome might be associated with renal abnormalities 

we scrutinized all previous case reports for evidence of renal problems, including 

hypertension. In the previous absence of a genetic test, an authoritative study by White et al. 

(White et al., 2010) divided the published cases into those for whom the diagnosis is certain, 

based on photographic and clinical evidence, and those for whom it cannot be definitely 

validated (see Supplementary Information). Several additional reports were not included in 

that review and we graded these using similar criteria (Supplementary eTable II). It should be 

noted that this second group may indeed have Floating–Harbor syndrome and are discussed 

separately in the supplementary materials in the online Supporting Information. Genetic 

testing for mutations in the SRCAP gene is likely to be highly useful in the future but has only 

recently become available on a research basis, thus it will be some time before long-term 

follow up data based on the SRCAP genotype will become available. 
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Thirty-five reports were identified in which the diagnosis of Floating–Harbor syndrome 

seemed certain (Supplementary eTable I). These included 71 patients (37 females, 34 males) 

with a mean age of 11 years (our patient was previously included in a case series as Patient 5 

(White et al., 2010) prior to the diagnosis of polycystic kidneys and hypertension). 

 

Renal Findings in Patients with a Clinical Diagnosis of FHS 

In a follow-up report on the original patient with FHS, then aged 37, Feingold reported that 

the patient had developed hypertension requiring medication for 20 years (Feingold, 2006). 

Hypertension was also reported in a 23-year-old male (White et al., 2010). In the other 68 

cases, blood pressure measurements were not mentioned. Notably the blood pressure was not 

reported for a patient who suffered a subarachnoid hemorrhage from a cerebral aneurysm at 

the age of 22 (Paluzzi et al., 2008). Therefore, it is difficult to assess the prevalence of 

hypertension from the literature. Furthermore, most patients were reported in childhood when 

their blood pressure may not have become elevated as with our patient whose blood pressure 

was 110/70 at aged 16 years. The finding of hypertension at a relatively young age in our 

patient, coupled with that reported by Feingold and White raises the possibility that this is a 

significant unrecognized feature of Floating–Harbor syndrome, which manifests in early adult 

life. 

 

Imaging of the urinary tract was specifically reported in 10 other patients and was abnormal 

in six of these. In one case, an ultrasound scan demonstrated a right polycystic kidney in a 7-

year-old girl—whether the left kidney was also polycystic is unclear (Stagi et al., 2007). 

Zabransky (Zabransky, 1984) reported a left duplex ureter and calyceal cyst demonstrated by 
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intravenous pyelography in a 14-year-old male. White et al. (White et al., 2010) reported that 

a 12-year-old girl had nephrocalcinosis and hydronephrosis. Hood et al. (Hood et al., 2012) 

reported on unilateral renal pelviectasis and posterior urethral valves in 4 and 19-year-old 

males, respectively. Normal ultrasound findings in the other four patients cannot exclude 

polycystic kidneys because the patients were aged 6 months to 5 years old and our patient had 

a normal renal ultrasound at 6 years of age. Cyst development can be a slow process and in 

adult polycystic kidney disease the cysts are typically not visible using routinely available 

ultrasound scanning techniques until early adulthood. 

 

Although our patient does not have a PKD1/2 mutation, given the similarity in presentation to 

classic adult polycystic kidney disease we scrutinized the literature for reports of intracranial 

aneurysms. There is a single report of a ruptured intracranial aneurysm in a 22-year-old 

patient with FHS although neither blood pressure nor renal ultrasound findings were reported 

(Paluzzi et al., 2008). A further 10 patients had reportedly normal CT or MRI brain imaging, 

although the use of intravenous contrast was mostly not commented upon, so small 

aneurysms cannot be excluded. 

 

The serum creatinine was not reported in any of the patients, but normal renal function was 

indicated in 14 patients from statements such as ―biochemical screening negative‖. Our 

patient had a normal serum creatinine at presentation. The onset of renal failure in patients 

with polycystic kidneys is variable and for patients with typical adult polycystic kidney 

disease caused by PKD1/2 mutations is often not apparent until beyond the fourth decade of 

life (Torres et al., 2007). Thus normal renal function cannot exclude the presence of 

polycystic kidneys in the reported Floating–Harbor syndrome patients. In addition, a 
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creatinine value in the normal range for adults of all ages can be associated with a reduced 

glomerular filtration rate in a young adult patient. Urinalysis results were not specifically 

reported in the literature apart from one case in which there was no proteinuria. See Table I 

for a summary of the renal findings in patients with FHS. 

 

Conclusions 

Our patient is the first patient with FHS and SRCAP mutation to be formally diagnosed with 

hypertension and polycystic kidneys. We have sequenced his PKD1/2 and excluded 

mutations in the two genes commonly associated with polycystic kidney disease. He is the 

third FHS patient with early adult onset hypertension requiring medication. There is a 

significant paucity of data regarding renal problems and hypertension in the literature for this 

condition. Various renal tract structural abnormalities were reported in five other cases, one 

of which was suggestive of polycystic kidneys. Interestingly a case of ruptured cerebral 

aneurysm has been reported which would be consistent with polycystic kidney disease, but 

renal imaging and blood pressure were not reported. Together, these data suggest that 

hypertension and/or polycystic kidneys are important associations with FHS. Given that 

blood pressure measurement and ultrasound examination are non-invasive tests, we 

recommend screening for these conditions in patients with FHS. On the basis of the current 

data, we suggest annual blood pressure measurement and a baseline ultrasound scan at 

diagnosis with a repeat scan in adulthood if the first scan occurred during childhood. Further, 

if the presence of polycystic kidneys is confirmed we would recommend that consideration is 

given to screening for intracranial aneurysms in the light of the report of a ruptured 

intracranial aneurysm in a 22-year-old patient with Floating–Harbor syndrome. Long-term  
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Table I. Summary of renal findings in patients with FHS. 
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follow-up data on patients with Floating–Harbor syndrome will expand on our observations 

and future genetic studies may shed light on the effect of chromatin remodeling on the 

development and health of the renal system. 
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Diagnosis of FHS‘ and ‗Renal Findings in Reports where the Clinical Diagnosis of FHS 

Cannot be Definitively Established Based on Reported Information‘ and two tables. These are 

located on the subsequent pages.  
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Supporting Information 

Criteria Used to Establish the Diagnosis of FHS 

We divided the published reports into two sets. Firstly, those where the clinical diagnosis of 

FHS was  secure based on the same criteria used by White et al., or on the basis of genetic 

testing and secondly, those for which it was difficult to definitively establish the diagnosis 

from the published information (White et al., 2010). The criteria consisted of photographic 

evidence and detailed reported clinical features comprising: marked speech delay, short 

stature, characteristic facies (including at least three of these features - distinctive nose, low 

hanging columella, triangular face, low set ears, wide mouth, short philtrum) and an absence 

of features suggestive of an alternative diagnosis. These features have proven robust 

predictors of the recently identified FHS-associated genetic mutation (Hood et al., 2012). 

Those cases in which it was difficult to establish a definitive diagnosis may indeed represent 

FHS and for completion we include a separate, but equally detailed analysis of these cases in 

Supplementary Table II.   
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Renal Findings in Reports where the Clinical Diagnosis of FHS Cannot be Definitively 

Established Based on Reported Information 

The clinical diagnosis of Floating-Harbor syndrome was difficult to definitively establish 

from the information or images available in 14 reports (Ala-Mello and Peippo, 1999; 

Cannavo et al., 2002; Davalos et al., 1996; De Benedetto et al., 2004; Fryns et al., 1996; Innis 

et al., 2000; Karaer et al., 2006; Lazebnik et al., 1996; Morel et al., 2003; Nagai, 2001; 

Penaloza et al., 2003; Rosen et al., 1998; Selimoglu et al., 2004; Smeets et al., 1996). These 

reports included 16 patients (8 females, 6 males, 2 undocumented). The mean age was 8.5 

years at the time of reporting. Hypertension could not be determined as no specific BP 

measurements were reported and hypertension was not mentioned in the reports. Renal tract 

imaging was only reported in one case and was normal. There were no reports of abnormal 

renal function. Normal renal function was reported in 7 cases, although serum creatinine 

values were not provided. There were no reports of aneurysms in cases where the brain was 

imaged, but use of intravascular contrast was not documented. Urinalysis was normal in the 

two cases in which it was mentioned. In no case was a family history of intracranial 

aneurysm/sudden death reported. 
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Appendix 3: Supplemental Data for Chapter 2 

The following is supplemental data (1 figure) previously published in the American Journal 

of Human Genetics under the title ―Mutations in SRCAP, Encoding SNF2-Related CREBBP 

Activator Protein, Cause Floating-Harbor Syndrome‖ (PMID: 22265015) by Hood RL, Lines 

MA, Nikkel SM, Schwartzentruber J, Beaulieu C, Nowaczyk MJ, Allanson J, Kim CA, 

Wieczorek D, Moilanen JS, Lacombe D, Gillessen-Kaesbach G, Whiteford ML, Quaio CR, 

Gomy I, Bertola DR, Albrecht B, Platzer K, McGillivray G, Zou R, McLeod DR, Chudley 

AE, Chodirker BN, Marcadier J; FORGE Canada Consortium., Majewski J, Bulman DE, 

White SM, Boycott KM. 
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Figure S1. Chromatograms demonstrating SRCAP mutations in FHS patients. 
Nonsense (red arrows) and frameshift (red brackets) mutations are indicated at the 
positions shown. 
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Appendix 4: Supplemental Data for Chapter 3 

The following is supplemental data (1 figure and 1 table) previously published in the 

American Journal of Human Genetics under the title ―Mutations in EZH2 Cause Weaver 

Syndrome‖ (PMID: 22177091) by Gibson WT, Hood RL, Zhan SH, Bulman DE, Fejes AP, 

Moore R, Mungall AJ, Eydoux P, Babul-Hirji R, An J, Marra MA; FORGE Canada 

Consortium., Chitayat D, Boycott KM, Weaver DD, Jones SJ. 
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Appendix 5: Supplementary Material for Chapter 5 

The following is supplementary material (the questionnaire used to collect the clinical data, 

and the primer pairs used for sequencing exon 34 of SRCAP) previously published in the 

Orphanet Journal of Rare Diseases under the title ―The Phenotype of Floating-Harbor 

Syndrome: Clinical Characterization of 52 Individuals with Mutations in Exon 34 of 

SRCAP‖ (PMID: 23621943) by Nikkel SM, Dauber A, de Munnik S, Connolly M, Hood RL, 

Caluseriu O, Hurst J, Kini U, Nowaczyk MJ, Afenjar A, Albrecht B, Allanson JE, Balestri P, 

Ben-Omran T, Brancati F, Cordeiro I, da Cunha BS, Delaney LA, Destrée A, Fitzpatrick D, 

Forzano F, Ghali N, Gillies G, Harwood K, Hendriks YM, Héron D, Hoischen A, Honey EM, 

Hoefsloot LH, Ibrahim J, Jacob CM, Kant SG, Kim CA, Kirk EP, Knoers NV, Lacombe D, 

Lee C, Lo IF, Lucas LS, Mari F, Mericq V, Moilanen JS, Møller ST, Moortgat S, Pilz DT, 

Pope K, Price S, Renieri A, Sá J, Schoots J, Silveira EL, Simon ME, Slavotinek A, Temple 

IK, van der Burgt I, de Vries BB, Weisfeld-Adams JD, Whiteford ML, Wierczorek D, Wit 

JM, Yee CF, Beaulieu CL; FORGE Canada Consortium., White SM, Bulman DE, Bongers E, 

Brunner H, Feingold M, Boycott KM. 
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Additional File 1: 

FLOATING-HARBOR QUESTIONNAIRE 

Patient 
Sex 
Ethnicity 
Paternal age (years) 
Gestation (weeks) 
Birth weight (g) 
Age at diagnosis 
Age at last assessment (ALA) 
Head circumference (cm) ALA 
Weight (kg) ALA 
Height (cm) ALA 
Age at puberty 
Pre-pubertal height  
Bone age years versus chronological age  
Triangular face 
Distinctive nose 
Low-hanging columella 
Short philtrum 
Thin upper vermilion 
Wide mouth 
Low set ears 
Broad thumbs 
Broad fingertips 
Brachydactyly 
Clinodactyly 
Other skeletal 
Dental issues 
Gastrointestinal problems  
Seizures 
Other health issues/ /serious illnesses/hospitalizations 
Behaviour issues  
Attention Deficit/Hyperactivity 
Psychiatric issues/Anxiety/Depression 
High pitched voice 
Speech delay 
Intellectual development/Developmental Delay/Mental Retardation 
 
*ALA – at last assessment 
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Additional file 2: 

Primer pairs used to sequence exon 34 of SRCAP 
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Appendix 6: Supplementary Material for Chapter 6 

The following data is supplemental information (3 tables and 4 figures) previously published 

in Scientific Reports under the title ―The Defining DNA Methylation Signature of Floating-

Harbor Syndrome‖ (PMID: 27934915) by Hood RL, Schenkel LC, Nikkel SM, Ainsworth PJ, 

Pare G, Boycott KM, Bulman DE, Sadikovic B. 

 



Appendix 6: Supplementary Material for Chapter 6 

211 
 

  

Supplementary Table 1. Regions with significantly altered methylation (>15%) in 
FHS individuals identified by methylation array. 
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Supplementary Table 1. Regions with significantly altered methylation (>15%) in 
FHS individuals identified by methylation array (continued), 
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Supplementary Table 2. Genomic region distribution of the 116 differentially 
methylated regions (>15%) in FHS individuals. 
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Supplementary Table 3. Pathway analysis of the differentially methylated genes in 
FHS. 
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Supplementary Figure 1. Histogram comparison of differential FHS methylation 
estimates (a) within CpG islands and (b) outside of CpG islands.  
The frequency of individual probes with significant methylation differences (Y-axis) with 
methylation estimates >20% (X-axis) in FHS individuals compared to controls. Positive 
estimate values show hypermethylation in FHS, negative values show hypomethylation in 
FHS. (a) Methylation of statistically significant regions within CpG Islands. (b) 
Methylation of statistically significant regions outside CpG Islands. 



Appendix 6: Supplementary Material for Chapter 6 

216 
 

Supplementary Figure 2. Blood cell measures.  
Estimated proportions of CD8 T cells (CD8T), CD4T cells (CD4T), natural killer cells 
(NK), B cells, monocytes (Mono) and granulocytes (Gran) in FHS patients and controls 
based on Illumina 450K methylation data. 
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Supplementary Figure 3. Methylation of significantly altered regions in FHS 
individuals compared to controls based on methylation array data.  
Methylation array data: level from 0 (not methylated) to 1 (100% methylated) is plotted 
for individual FHS individual and control samples for regions with significantly altered 
methylation in FHS: hypermethylated regions (MYO1F and RASIP1) and 
hypomethylated regions (FIGN and STPG2). Each individual in the control (red) and FHS 
individual (blue) groups are represented as a circle. Corresponding box and whisker plots 
illustrate the methylation median, upper and lower quartiles, and standard deviation for 
FHS individuals compared to controls. 
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