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Zusammenfassung

1. Zusammenfassung

CHARGE Syndrom, ein autosomal dominant vererbtes Malformationssyndrom wird
durch Mutationen im Chromodoménen Helikase DNA bindenden protein 7 (CHD7) Gen
hervorgerufen. In 10% der ,typischen* und 40-50% der ,atypischen® CHARGE Patienten
findet sich keine Mutation im CHD7 Gen und somit bleibt die Ursache der Symptomatik in
diesen Fallen unklar. CHD?7 ist ein nukleér lokalisierter chromatin remodeler, der in grof3en
Multiproteinkomplexen detektiert werden konnte und die Expression verschiedener Gene
reguliert. Die Charakterisierung von CHD7 Interaktionspartnern ist moglicherweise hilfreich
um die Pathogenese des CHARGE Syndroms zu verstehen. Fir einige andere genetisch
bedingte Erkrankungen konnte gezeigt werden, dass Mutationen in Interaktionspartnern zu
demselben oder einem &hnlichen Krankheitsbild fuhren. Daher vermuten wir, dass CHD7
Interaktionspartner gute Kandidaten sind, die mdglicherweise im mutierten Zustand ebenfalls
zum CHARGE Syndrom fuhren.

Im ersten Teil dieser Arbeit wurde CHDS8 als ein Interaktionspartner von CHD7
identifiziert. Die Interaktion des CHD7 Teilstiickes (Aminosduren: 1593-2178) mit einem
CHD8 Teilstiick (Aminoséuren: 1789-2302) wurde mittels verschiedener molekularer
Techniken validiert. Zusatzlich konnten wir zeigen, dass die Interaktion im Nuckleoplasma
stattfindet. Daruiber hinaus wurde der Einfluss von 3 in der Literatur beschriebenen Mutationen
(p.His2096Arg, p.Val2102lle und p.Gly2108Arg) und einer neu identifizierten (p. Trp2091Arg)
CHD7 missense Mutation auf die CHD7-CHD8 Interaktion mittels Yeast two hybrid (Y2H)
und Co-Immunoprazipitation (Co-IP) untersucht. Wéhrend wir mittels Y2H zeigen konnten,
dass die CHD7-CHDS8 Interaktion durch die CHD7 missense Mutationen p.Trp2091Arg,
p.His2096Arg und p.Gly2108Arg aufgehoben wird, konnte dieser Effekt mittels Co-IP nicht
nachgewiesen werden. Daher vermuten wir, dass CHD7 und CHDS8 einerseits direkt
miteinander interagieren (gezeigt durch die direkten Y2H Experimente) und zusatzlich indirekt
Uber sog. Linker Proteine, die zusammen mit CHD7 und CHDS8 einen groRen Proteinkomplex
formen (Erklarung fur die Co-IP Ergebnisse). Zusatzlich haben wir CHD7 negative CHARGE

Patienten auf Mutationen im CHDS8 Gen untersucht.

Im zweiten Teil der Doktorarbeit zeigen wir die Ergebnisse der SILAC und
Massenspektrometrie Analyse, bei der wir das bisher uncharakterisierte Protein FAM124B als
eine Komponente eines CHD7-CHD8 enthaltenden Komplexes identifizierten. Die Interaktion
mit dem CHD8 Teilstiick (Aminosauren 1789-2302) wurde mittels direktem Y2H und Co-IPs
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validiert, wahrend eine Interaktion mit dem CHD7 Teilstiick (Aminosauren 1593-2178) nur
mittels Co-IP bestétigt werden konnte, wodurch gezeigt wurde, dass FAM124B nicht direkt
mit der o.g. CHD7 Region interagiert. Zusétzlich erfolgte eine Charakterisierung von
FAM124B. Wir konnten zeigen, dass FAM124B, wie CHD7 und CHDS8 im Zellkern lokalisiert
ist. Fam124B wird bei der Maus in den Organen, die beim CHARGE Syndrom betroffen sind
expremiert. Eine starke Expression konnte in dem sich entwickelnden Gehirn, Herzen, Lunge
und im Ruckenmark von E12.5 Mauseembryonen nachgewiesen werden. Kirzlich konnte
gezeigt werden, dass Mutationen in CHD8 Autismus (ASD) und Entwicklungsstorungen des
Nervensystems (NDD) bewirken kénnen. Zusammenfassend, weisen unsere Daten darauf hin,
dass das bisher uncharakterisierte Protein FAM124B eine sehr wichtige Funktion in der
Embryonalentwicklung hat und méglicherweise an der Pathogenese des CHARGE Syndroms
und ASD/NDD beteiligt ist.

Um eine mdgliche Rolle von FAM124B an der Pathogenese des CHARGE Syndroms und
Neurocristopathien zu analysieren, planen wir die Herrunterregulierung von Fam124B in
Xenopus laevis um anschlieBend den Einfluss von Fam124B auf Gene, die an der
Neuralleistenzellformation beteiligt sind zu testen. Die Generierung eines Fam124B knockout
Mausmodels und die weitere Charakterisierung von CHD7 Interaktionspartnern werden zur
Erlangung tiefgreifender Kenntnisse des molekularen Mechanismus des CHARGE Syndroms

und Autismus Erkrankungen hilfreich sein.
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1. Summary

CHARGE syndrome, an autosomal dominant inherited multiple malformation syndrome is
caused by mutations in the chromodomain helicase DNA binding protein 7 gene (CHD7). In
10% of ‘typical’ CHARGE patients and 40-50% of ‘atypical’ CHARGE patients no mutation
in the CHD7 gene is detectable and therefore the molecular cause is still unknown. CHD7 is a
nuclear chromatin remodeling protein found in big protein complexes and regulating gene
expression of various genes. We suggested that the characterization of CHD7 interacting
partners can be useful for understanding the pathogenesis of CHARGE syndrome.
Furthermore, for other genetic diseases it was shown that mutations in interacting partners lead
to the same or a similar phenotype. Therefore, we hypothesized that CHD7 interacting partners
are good candidates, leading to CHARGE syndrome when they are mutated.

In the first part of the thesis, CHD8 was identified as an interacting partner of CHD7. The
interaction of the CHD7 part (1593 — 2178aa) with the CHD8 part (1789 — 2302aa) was
validated by different molecular techniques. Additionally, we could show that the interaction
takes place in the nucleoplasm. Furthermore, the influence of 3 known (p.His2096Arg,
p.Val2102lle and p.Gly2108Arg) and one (p.Trp2091Arg) newly identified CHD7 missense
mutation on the CHD7-CHDS8 interaction was elucidated by direct Yeast two hybrid (Y2H)
and co-immunoprecipitation (Co-IP) methods. By Y2H we could demonstrate that the
missense mutations p.Trp2091Arg, p.His2096Arg and p.Gly2108Arg disrupt the CHD7-CHD8
interaction, while no influence on the interaction could be seen in Co-IP assays. Therefore, we
suggest that CHD7 and CHDS8 interact directly (shown by Y2H) and indirectly via additional
linker proteins which build together with CHD7 and CHDS8 a large protein complex
(explaining the Co-IP result). In addition, we reported about the sequence analysis of the
CHD8 gene in CHD7 mutation negative patients with CHARGE syndrome.

In the second part of the thesis, we showed the results of a SILAC and mass-spectrometry
approach that identified the hitherto unknown protein FAM124B as a member of CHD7-CHDS8
containing complex. The interaction with the CHD8 part (1789 — 2302aa) was validated by
direct Y2H and Co-IP methods whereas the interaction with the CHD7 part (1593 — 2178aa)
could be only confirmed with the Co-IP assay, demonstrating that FAM124B interacts not
directly with the analyzed CHD?7 region. Furthermore, we characterized FAM124B. We could
show that FAM124B is localized in the nucleoplasm like CHD7 and CHD8. Murine Fam124B
is expressed in the organs affected in CHARGE syndrome. High expression could be observed

in the developing brain, heart, lung and spinal cord of E12.5 mouse embryos. Recently, CHD8
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mutations are shown to be a cause of autism spectrum disorders (ASD) as well as
neurodevelopmental disorders (NDD). In conclusion, our results indicate that the hitherto
uncharacterized protein FAM124B might be very important for embryonic development and
could be involved in the pathogenesis of CHARGE syndrome and ASD/NDDs.

Moreover, to analyse the possible role of FAM124B in the pathogenesis of CHARGE and
neurocristopathies, we plan to perform a knockdown of FAM124B in Xenopus laevis and test
its influence on genes related to neural crest formation. Generation of a knockout mouse model
for Fam124B and further characterization of the CHD?7 interacting complex members will help
to learn more about the molecular mechanism behind CHARGE syndrome and ASD/NDDs.
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2. Introduction
2.1 Chromodomain helicase DNA-binding family of chromatin remodelers

Chromatin is a DNA-protein complex offering the possibility to package large amounts of
DNA into the small area of the nucleus by wrapping the DNA. The basic unit of the chromatin
assembly is called nucleosome that consists of eight histone proteins (Ho & Crabtree 2010).
Depending on the chromatin condensation grade (loosely or tightly packed DNA), the
transcription of a certain gene is possible or not, because transcription factors and RNA-
polymerases need free access to their binding sites. Therefore, the condensation of DNA
provides an important mechanism to regulate gene expression in living cells (Wolffe 1992,
Hall & Georgel 2007). Chromatin remodelers can alter the structure of chromatin by different
mechanisms: nucleosome sliding, histone exchange, nucleosome eviction and alteration of the
nucleosome structure (Wolffe 1992, Allis et al. Epigenetics 2007, Hall & Georgel 2007) (Fig.
2.1).
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c. nucleosome eviction d. altered nucleosome structure

Figure 2.1. Mechanism for ATP-dependent chromatin remodeling. Different chromatin remodeling
models are described by showing the change in position or composition of nucleosomes relative to the DNA
wrapped around it. The central panel indicates a starting chromatin region where linker DNA is indicated in
yellow and nucleosomal DNA in red. a: nucleosome sliding movement along the DNA, b: exchange of a variant
histone for a standard histone to create a variant nucleosome, c: eviction of nucleosomes to open a large region of
DNA. This mechanism might depend on other proteins, such as histone chaperones or DNA-binding factors, in
addition of remodeling proteins, d: creating a loop on the surface of the nucleosome (Adapted and modified from
Allis et al. Epigenetics 2007).
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Several chromatin remodeling complexes are known. The Chromodomain Helicase DNA
binding (CHD) gene family belongs to the group of ATP-dependent chromatin remodelers (Ho
& Crabtree 2010). In human, the CHD family consists of 9 members. All of them share the
unique combination of two chromodomains (chromatin organization modifier) (Messmer et al.
1992), a sucrose non-fermenting (SNF2)-like helicase/ATPase domain and DNA-binding
domains (Hall & Georgel 2007; Marfella & Imbalzano 2007) (Fig. 2.2).

CHD1 e E— ) -
! ; . HExXDe holioas
1] . ) - c helicase
CHD2 I - £] ATP-helicase
o . % PHD domain
CHD3 T EEeEe = = SANT domain
Il cHDa G- BT — ) © BRK domain
CHD5 — GG K
CHD6 —  ag S E— = - B
" CHD7 e} = = . -
CHDB _\_.H__ g E : E:
CHD9 . = = 55

Figure 2.2. Structural domains of human CHD family of proteins. Full length protein sequences were
analyzed by SMART program and modified. (http://smart.embl-heidelberg.de/). CHD1-2 (Subgroup 1) have the
simplest protein structure which is N-terminal 2 chromodomains, in the middle part a DEXDc helicase (DEAD
like helicase), ATP-helicase (ATPase) domain and C-terminal a DNA-binding domain. CHD3-5 (Subgroup 1)
have in addition N-terminal double PHD (Plant homeo domain) domains followed by the chromodomains. CHD6-

9 (Subgroup I1) proteins have in addition a C-terminal SANT domain followed by two BRK domains.
The SNF2-like ATPase domain was found in many proteins which are involved in

chromatin assembly, transcription regulation, DNA repair, DNA replication, development and
differentiation (Tsukiyama 2002, Smith & Peterson 2005, de la Serna et al. 2006).

Mutational analysis of helicase and chromodomains revealed their crucial role for proper
binding with chromatin (Kelley et al. 1999). Detailed functional analysis of chromodomains
led to the suggestion that they mediate chromatin interactions through the direct binding of
DNA, RNA, and methylated histone H3 (Akhtar et al. 2000, Bouazoune et al. 2002, Fischle et
al. 2003, Min et al. 2003, Brehm et al. 2004, Flanagan et al. 2005, Pray-Grant et al. 2005, Sims
et al. 2005, Kim et al. 2006).

Because of additional domains, the CHD family of protein members is further divided into
3 subgroups (Hall & Georgel 2007, Marfella & Imbalzano 2007) (Fig. 2.2). CHD1 and CHD?2
belong to the first subgroup. They have the simplest protein structure among the other family

members consisting of 2 chromodomains, a SNF2-like helicase/ATPase domain and DNA-
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binding domains. Although the subgroup I members are highly homologous to one another,
they are significantly divergent in the 3' region.

The second subgroup contains CHD3, CHD4 and CHD5. They share in addition two N-
teminal PHD (plant homeo domain) zinc finger domains (Sims & Wade 2011) which are
known to be involved in special chromatin remodeling mechanisms (Eberharter et al. 2004,
Ragvin et al. 2004) as well as in epigenetic processes by binding to methylated histone
peptides (Pena et al. 2006, Shi et al. 2006).

CHDG6-9 belong to subgroup 1. All subgroup Il members have two BRK domains
(Brahma and Kismet domain) at C-terminus with unknown function, three conserved regions
(CR1-3) with unknown function and a SANT domain (Switching-defective protein 3, Adaptor
2, Nuclear receptor corepressor, Transcription factor I11B) (Janssen et al. 2012). The SANT
domain is suggested to act as a histone tail binding module (Boyer et al. 2004, Hall & Georgel
2007) (Fig. 2.2).

2.2 Function of CHD7

Table 2.1 gives an overview of all human CHD family members and their possible or
known functions in humans or other species as well as their existing mutant models. A more
detailed description is given for the CHD7 gene. CHD7 is involved in transcriptional
regulation (Schnetz et al. 2009) and mutations in this gene lead to CHARGE syndrome (see
2.4) (Vissers et al. 2004).

The CHDY7 gene is located on chromosome 8q12.1 and consists of 38 exons with the ATG
in exon 2 and the stop codon in exon 38. The genomic size is188kb and the gene encodes a
protein with a predicted size of 336kDa (http://www.sciencegateway.org/tools/
proteinmw.htm). CHD7 is evolutionary highly conserved among species (orthologs were
described in Xenopus, mouse, chicken, zebrafish, C.elegans and Drosophila melanogaster
(Bosman et al. 2005, Aramaki et al. 2007, Shrinivasan et al. 2008, Bajpai et al. 2010). CHD7
expression is tissue and embryonic stage dependent and its expression pattern in human,
mouse, chicken, zebrafish and in other species match with the developmental defects in
CHARGE syndrome (Bosman et al. 2005, Lalani et al. 2006, Sanlaville et al. 2006, Aramaki et
al. 2007). Since the discovery that CHD7 mutations lead to CHARGE syndrome in human, the
CHD7 gene has been studied more functionally. Several animal models for CHARGE
syndrome were created (Table 2.1) (Siebert et al. 1985, Bergman et al. 2005, Hurd et al. 2007,
Bajpai et al. 2010, Schnetz el al. 2010, Zentner et al. 2010, Patten et al. 2012).
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Genes | Molecular functions Mutants phenotype and in vivo function

CHD1 | Transcriptional repressor. Interacts with SSRP1. Maintenance of mouse embryonic stem cell. (Gaspar-
Transcription elongation , Transcription activator Maia A. et al. 2009)

(Gaspar-Maia A. et al. 2009)
CHD2 | Unknown Chd2 null mice embryos have growth retardation and die
before birth,
Decreased neonatal viability, non-neoblastic lesions
(Marfella et al., 2006)

CHD3 | Component of Nurd complex ( Tong et al. 1998, Xue | Several deficient model system of CHD3 suggest that it
etal. 1998, Zong et al. 1998) has a role in transcription repression ( Kehle et al. 1998,
Drosophila: Nucleosome-stimulated ATPase activity | Wade et al. 1998, Solari & Ahringer et al. 2000)
and mobilizes nucleosomes (Brehm et al. 2004)

Transcriptional repression (Sims et al. 2003)
CHD4 | Component of Nurd complex ( Tong et al. 1998, Xue | T-cell development, Lymphocyte differentiation
etal. 1998, Zong et al. 1998) (Williams et al. 2004)
Transcriptional repression (Sims et al. 2003)
CHD5 | Unknown Potential tumor suppressor in breast, colon, and
neuroectodermal cancers ( Sims and Wade 2011)

CHD6 | Localizes to sites of transcription and is induced by One patient with translocation t(18;20)(g21.1;q11.2) has

DNA damage (Jennifer et al. 2011) mild to moderate mental retardation and minor facial
anomalies, including a broad, square face, hypertelorism,
flat nasal bridge, prominent ears, and a short neck.
(Karlscheuer et al. 2008)
CHD6 mutation in some transitional cell carcinoma (Gui
etal. 2011)

CHD7 | CHDY binds in a cell type and developmental stage Whirligig Chd7 null mouse embryo dies at E10.5.
specific manner to methylated histone H3K4 in Heterozygous mice shows head bobbing and circling
enhancer region (Bergman et al. 2005) behavior due to inner ear defect, heart malformations,

cleft palate, choanala atresia, genital anomalies etc.
(Bergman et al. 2005, Bosman et al. 2010)
Transcriptional regulation of nuclear genes (Schnetz
el al. 2010) Homozygous Chd7 gene trap mutant mice die prénatally.
Heterozygous associated with defects in multiple
Transcriptinal regulation of ribosomal RNA developing tissues (Hurd et al. 2007)
biogenesis in nucleolus. Interacts through rDNA with
treacle, the protein involved in Treacher Collins Xenopus and human neural crest cell study showed it is
syndrome (Zentner et al. 2010) essential role for formation of multipotent migratory
neural stem cells.
Fine tuning effect on ES specific genes in mutant null | Chd7 is required for the organization of the neural retina
mouse ESCs. Chd7 colocalizes with ES cell master in zebrafish. Knockdown of Chd7 display an abnormal
regulators Oct4, Sox2 and Nanog. (Schnetz el al. organization of motor neurons and severe loss of the
2010) facial nerves (Siebert et al. 1985, Bajpai et al. 2010,
Patten et al. 2012)

CHD8 | CTCF-CHDS8 has arole in insulation and epigenetic
regulation at active insulator sites. (Ishihara et al. Duplin knockout mice show early embryonic lethality
2006) and growth retardation (Nishiyama et al. 2004)
CHD8 regulates HOXA2 gene expression negatively
(Yates et al. 2010)
Coregulator of androgen-responsive transcription
(Menon et al. 2010)
Xenopus: Duplin regulates Wnt signalling negatively
by binding beta-cathenin (Sacomoto et al. 2010)
CHDS8 regulates beta-cathenin targeted genes
negatively. CHDS8 interacts with the WAR complex
members (Thompson et al. 2008)

CHD9 | It might be involved in differentiation of osteogenic

cells (Shur and Benayahu. 2005, Shur et al. 2006)

Table 2.1. Overview of the functions of the CHD family of proteins.

Most of the malformations present in CHARGE patients have been observed in animal

models of mouse, xenopus and zebrafish, e.g craniofacial malformations and heart defects etc
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(Bosman et al. 2005, Adams et al. 2007, Hurd et al. 2007, Cleary et al. 2009, Layman et al.
2009, Randall et al. 2009, Bajpai et al. 2010, Bergman et al. 2010, Jacobs-McDaniels &
Albertson 2011, Layman et al. 2011, Patten et al. 2012). Recent functional studies could show
that CHD7 binding sites have features of enhancer elements (Heintzman et al. 2009). Indeed, a
comparative gene expression study in embryonic stem cells (ESCs) derived from wild type,
heterozygous and homozygous CHD7 mutant mice demonstrated that CHD7 binds
predominantly to methylated histone H3K4 in enhancer elements and regulates genes in a cell
type and stage specific manner (Schnetz et al. 2009, 2010).

Kismet is the ortholog of CHD supgroup Il (CHD6-9) members in Drosophila. Srinivasan
et al. (2008) studied Kismet and could demonstrate that it regulates gene transcription by
recruiting the ASH1 (Absent, Small or Homeotic 1) and TRX (Trithorax) histone
methyltransferases to chromatin.

In addition, a Chd7 knockdown in Xenopus multipotent migratory neural crest cells
revealed that crucial transcription factors like Sox2, Slug, and Twist are diminished. Therefore,
the authors suggest an important role for CHD7 in gene expression programs for neural crest
cell migration and specification (Bajpai et al. 2010). However, a recent study of Randall et al.
(2009) demonstrated that a Chd7 rescue in only neural crest cells cannot correct the phenotype
of pharyngeal arch defects, while a Chd7 rescue in both neural crest cells and in ectoderm

could do it. These findings demonstrate the necessity of CHD7 expression in ectoderm.

2.3. Role of CHDs in human diseases

To date, CHD3, CHD4, CHD5, CHD7 and CHDS8 are known to be involved in human
diseases (Table 2.2). In dermatomyositis, which is a connective tissue disease, CHD3 and
CHD4 have been characterized as autoantigens in inflammation of both muscle and skin (Airio
et al. 1995, Ge et al. 1995, Seelig et al. 1995, 1996). CHD3 is also suggested to play a role in
the pathogenesis of Hodgkin’s lymphoma by interacting with Ki-1/57 (Lemos et al. 2003), an
intracellular phosphoprotein which is a marker for malignant cells in Hodgkin’s lymphoma
(Schwab et al. 1982, Rhode et al. 1992).

CHDS?5 is found to be deleted in neuroblastoma and glioma cell lines (Thompson et al.
2003, Law et al. 2005, White et al. 2005). Neuroblastoma is an embryonal malignancy of the
sympathetic nervous system arising from neuroblasts. It frequently affects infants, usually
under two years old (www.nhs.uk/conditions/Neuroblastoma/Pages/Introduction.aspx). CHD5

is located on chromosome 1p36.31. Deletions of 1p36 are common in human neuronal,
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epithelial and hematopoietic cancers. Bagchi et al. (2007) demonstrated that CHD5 acts as a
tumor suppressor that controls proliferation, apoptosis, and senescence.

Recent bioinformatic studies of Neale et al. (2011), O’Roak et al. (2012) and Talkowski et
al. (2012) revealed chromosomal rearrangements, nonsense and missense mutations disrupting
the CHDS8 in patients with Autism Spectrum Disorders (ASD) and neurodevelopmental
disorders (NDD), suggesting a role of CHD8 in the pathogenesis of these diseases (Neale et al.
2011, O’Roak et al. 2012, Talkowski et al. 2012).

CHD Protein | Disease Reference
CHD3 Dermatomyositis Nilasena et al. 1995, Seelig et al. 1995, Seelig et al. 1996
Hodgkin's lymphoma Schwab U et al. 1982
CHD4 Dermatomyositis Nilasena et al. 1995, Seelig et al. 1995, Seelig et al. 1996
CHD5 Neuroblastoma Thompson et al. 2003, Law et al. 2005, White et al. 2005
Bagchi et al 2007
CHDS8 Autism spectrum disorders and NDD Neale et al. 2011, Talkowski et al. 2012, O’Roak et al. 2012
CHD7 CHARGE Syndrome Visser et al. 2004, Williams et al.2005
Kallman syndrome, hormosmic IHH Kim et al. 2008, Jongmans et al. 2009, Bergman et al. 2011a

Table 2.2. Human diseases associated with CHD proteins (Adapted and modified from Marfella & Imbalzano
2007). NDD = neurodevelopmental disorders, IHH = idiopathic hypogonadotropic hypogonadism.

2.4 CHD7 and CHARGE syndrome

CHARGE syndrome is an autosomal dominant inherited disease caused by heterozygous
CHD7 mutations (Vissers et al. 2004). The name “CHARGE” is an acronym describing
commonly occurring clinical symptoms like Coloboma, Heart malformation, Atresia of the
choanae, Retardation of Growth and development and Genital anomalies (Pagon et al. 1981,
Blake et al. 1998, Jongmans et al. 2006, Lalani et al. 2006, Bergman et al. 2011b). Additional
symptoms like cleft lip/palate and tracheoesophageal fistula can occur, leading to a high
variability in the clinical presentation of CHARGE syndrome patients. Therefore, diagnostic
criteria were set up to help clinicians finding the right diagnosis. The currently used criteria for
CHARGE syndrome were defined by Blake et al. (1998) and updated by Verloes in 2005.

According to Blake et al. (1998), major criteria are: anomalies of ear (90-100% of patients
with CHD7 mutation), ocular coloboma and/or microphthalmia (80-90%), cranial nerve
dysfunction, swallowing and breathing difficulties (70-90%). Minor criteria according to Blake
are: genital anomalies, developmental and growth retardation, congenital heart defects, cleft

lip/palate, tracheoesophageal fistulas and facial dysmorphism (Horsch & Scheele 2011). If four

10
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main or three main and three minor criteria are present, patients will be clinically diagnosed
with CHARGE syndrome. In Verloes’s criteria (2005) eight key features are proposed, three
major (coloboma, choanal atresia, semicircular canals anomalies) and five minors
(rhombencephalic anomalies, hypothalamic-hypophyseal dysfunction, external/middle ear
malformations, malformation of mediastinal viscera, and mental retardation). If 2/3 major
elements and at least 3/5 minor traits are present, CHARGE can be diagnosed. Verloes also
classified CHARGE ‘‘borderline phenotypes’ in two groups: partial (or incomplete)
CHARGE and atypical CHARGE. The diagnosis “partial CHARGE” get those patients who
present 2 major and only 1 minor sign, whereas the diagnosis “atypical CHARGE” is given to
those patients who have 2 major and no minor, or 1 major and at least 3 minor signs (Verloes
2005).

CHD7 mutations have been found also in patients with Kallman Syndrome (KS) (Table
2.2) (Kim et al. 2008, Jongmans et al. 2009, Bergman et al. 2011a). Kallman syndrome is a
clinically and genetically heterogenous disease which combines the absence of puberty
(Hypogonadotropic Hypogonadism) with defective sense of smell (hyposmia or anosmia)
(Dodé & Hardelin 2009). It is suggested that Kallmann syndrome is a mild variant of the
phenotypic spectrum of CHARGE syndrome.

Mutations in the CHD7 gene are distributed along the coding region, no mutation hotspots
could be observed. Most frequent are nonsense and frameshift mutations (approximately 75%
of all mutations) followed by missense and splice site mutations (20 % of all mutations).
Complete and partial deletions/duplications and chromosomal rearrangements are rarely found
in CHARGE syndrome patients (Fig. 2.3) (Janssen et al. 2012).

But not in all clinically diagnosed patients with CHARGE syndrome mutations in the
CHD7 gene were found (Jongmans et al. 2006, Lalani et al. 2006, Bergman et al. 2011a).
Depending on different studies and which diagnostic criteria are used, the CHD7 mutation
detection rate is in range of 33-100% for patients suspected of CHARGE syndrome and in
average calculated as 58% (Vissers et al. 2004, Aramaki et al. 2006, Felix et al. 2006,
Jongmans et al. 2006, Lalani et al. 2006, Sanlaville et al. 2006, Vuorela et al. 2007, Asakura et
al. 2008, Wincent et al. 2008, Lee et al. 2009, Wessels et al. 2010). The average detection rate
is much higher in patients diagnosed as “typical CHARGE syndrome patients”. For instance,
Jongmans et al. (2006) found CHD7 mutations in more than 90% of patients who fulfilled the
diagnostic criteria of Blake et al. (1998) and/or Verloes (2005). Therefore, in 10% of typical

11
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Frameshift

Nonsense —
Missense
Splice site
Balanced chromosomal ~ Complete or partial deletion/

rearrangement duplication of CHD7

Figure 2.3. Distribution of pathogenic mutation types in the CHD7 gene. Nonsense and frameshift mutations
are in over 75% of the patients with CHARGE syndrome. Missense and splice site mutations occur in 20%.
Complete and partial deletions/duplications and chromosomal rearrangements happen rarely (Adapted from
Janssen et al. 2012).

CHARGE syndrome patients the molecular cause of the disease is unknown. Similar as in
many other autosomal dominant diseases, also in CHARGE syndrome, genetic heterogeneity
of more than one gene resulting in the disease is realized. For example, Noonan syndrome is
caused by mutations in Ras/MAP kinase pathway genes such as PTPN11, SOS1, KRAS, RAF1,
NRAS, BRAF or MAP2K1 (Tartaglia et al. 2001, Carta et al. 2006, Schubbert et al. 2006, Nava
et al. 2007, Razzaque et al. 2007, Roberts et al. 2007, Zenker et al. 2007, Sarkozy et al. 2009,
Cirstea et al. 2010), while Cornelia de Lange syndrome is caused by mutations in NIPBL,
SMC1A and SMC3 (interaction partner of SMC1A) (Krantz et al. 2004, Tonkin et al. 2004,
Musio et al. 2006, Deardorff et al. 2007).

Therefore, we suggest genetic heterogeneity in CHARGE syndrome. Possibly, mutations
in CHD?7 interaction partners lead also to a CHARGE syndrome phenotype. Thus, aim of the
study was:

% to identify and characterize CHD7 interaction partners in order to understand the

genetic basis behind CHARGE syndrome

> Identification, validation and characterization of exact interacting area of CHD7
and CHDS

> What is the influence of some missense mutations of CHD7 to its’ interacting
capacity to CHD8

12
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> Identification of a novel interacting member of the CHD7-CHD8 complex by
SILAC (Stable isotope labeling by amino acids in cell culture) and mass-spectrometry
approach

> Characterization of FAM124B protein, a novel hitherto unknown interacting

member of CHD7 and CHDS8 containing complex.
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3. Results

3.1 CHDS8 interacts with CHD?7, a protein which is mutated in CHARGE syndrome
3.2 ldentification and characterization of FAM124B as a novel component of a CHD7 and

CHDS8 containing complex

Each chapter within the results starts with a brief description of the aims of the particular
manuscript in context of the complete thesis, the status of the manuscript, and the author’s

contribution to the work.
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3.1 CHD8 interacts with CHD?7, a protein which is mutated in CHARGE syndrome

In this part of my thesis, we identified CHD8, another member of the CHD family of proteins,
as an interaction partner of CHD7. CHD7 mutations are found in two-third of patients with
CHARGE syndrome. Because of the information that some hereditary diseases are caused by
alterations in several genes (genetic heterogeneity) of whom some of the gene products interact
with each other, we studied interaction partners of CHD7. We used a part of CHD7 (amino
acid 1593-2183) for a yeast two hybrid library screen and found CHD8 (amino acid 1789-
2091) as a potential interaction partner. The exact interacting area of both CHD proteins was
identified by direct yeast two hybrid. The interaction of CHD7 and CHD8 was confirmed by
direct yeast two-hybrid, co-immunoprecipitation and bimolecular  fluorescence
complementation assays. Furthermore, we studied the influence of 3 known (p.His2096Arg,
p.Val2102lle and p.Gly2108Arg) and one newly identified missense mutation (p.Trp2091Arg)
of the CHD7 gene on the CHD7 and CHD8 interaction. Therefore, we performed direct Y2H
and ColP experiments. Interestingly, the CHD7-CHDS8 interaction was disrupted by the
missense mutations p.Trp2091Arg, p.His2096Arg and p.Gly2108Arg in the direct Y2H
experiment, while no influence on the CHD7-CHD8 binding capacity could be observed in Co-
IP studies. We explained the different findings of direct Yeast two hybrid and Co-IP results in
that way that with Yeast two hybrid experiments a direct interaction between two proteins
could be tested while Co-IPs cleaned up a whole complex and possible linker proteins can
bridge the mutated area. In addition, twenty five CHD7 negative CHARGE patients were
screened for CHD8 mutations. But no mutation could be detected in the candidate gene CHD8
in our patients. As a result we hypothesized that CHD7 and CHDS8 interact directly and
indirectly via linker proteins. Further characterization of the complexes might help to better

understand the pathogenesis of CHARGE syndrome.
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CHARGE syndrome is an autosomal dominant disocrder caused in about two-third of cases by mutations in
the CHD7 gene. For other genetic diseases e.q. hereditary spastic paraplegia, it was shown that interacting
partners are invelved in the underlying cause of the disease. These data encouraged us te search for
CHD? binding partners by a yeast two-hybrid library screen and CHDB was identified as an interacting part-
ner. The result was confirmed by a direct yeast two-hybrid analysis, co-immunoprecipitation studies and by a
bimolecular fluorescence complementation assay. To investigate the function of CHDY missense mutations
in the CHD?7-CHD® interacting area on the binding capacity of both proteins, we included three known mis-
sense mutations (p.His2096Arg, p.Valz102lle and p.GlyZ108Arg} and one newly identified missense mutation
{p.-Trp2081Arg} in the CHDY gene and performed both direct yeast two-hybrid and co-immunoprecipitation
studies. In the direct yeast two-hybrid system, the CHD7-CHDS interaction was disrupted by the missense
mutations p.Trp2091Arg, p.His20868Arg and p.Gly2108Arg, whereas in the co-immunoprecipitation studies
disruption of the CHD7-CHDS interaction by the mutations could not be observed. The results lead to the
hypothesis that CHD? and CHDB proteins are interacting directly and indirectly via additional linker proteins.
Disruption of the direct CHD7-CHDS interaction might change the conformation of a putative large CHD?7 -
CHD8 complex and could be a disease mechanism in CHARGE syndrome.

INTRODUCTION

CHARGE syndrome (OMIM 214200) is an aufosomal domi-
nant malformation syndrome. The disorder is characterized
by variable combinations of coloboma, heart defects, afresia
of the choanae, refarded gmrowth and development, genital
hypoplasia, ear anomalies and deafhess (1-3). Additional fea-
fures such as cranial nerve palsy, semicircular canal agenesis,
cleft  lp/palate, taches-cesophageal fistula and remal
anomalies are described (4-6).

Mutations in the CHDYV gene are the major cause of
CHARGE syndrome (4,5,7-10). A large cchort of patients,
who had received the clinical diagnosis CHARGE syndrome,
was tested for CHD7 mutations and the clinical spectrum was
studied. Prominent differences in the phenotype could not be
observed between the mutation-positive and the mufafion-
negative groups (4).

CHD7 belongs to the CHD (chromodomain helicase
DNA binding) family of proteins, which share the combina-
tion of two N-terminal chromodomains, followed by a

T whom correspondence should be addressed at: Institote of Hmnan Genetics, Heinmich -Diileer -Weg 12, D-37073 Géttingen, Germany. Tel: 449
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SWI2/SNF2-like ATPase/helicase domain (11-13}. The CHD
group can be further divided into three subgroups according o
sequence similarities and additional functional domains.
CHD7 belongs together with CHD6, CHDE and CHDS 1o sub-
group I Distinctive features of this subgroup are the pres-
ence of three conserved regions (CRI1-CR3}), a SANT
domain and two BRK domains (14,15}, To date, the molecular
functions of subgroup I members are poorly understood.
CHD family members are involved in chromatin remodelling
as it was shown for CHD1 (14,16}, Alterations in chromatin
stcture are important for the regulation of gene transcription,
DNA repair, replication and recombination. Chromatin remo-
delling enzymes can be divided into two categories, those that
alter chromatin stucture by histone modification (17} and
those that alter the histone-DNA contacts within the micleo-
some by using enerpy of ATP hydrolysis (18} Members of
the CHD group belong to the SNE2 superfamily of ATP-
dependent chromatin remeodelers (12,15} For most SNE2-like
ATPases, it was shown that they are components of large multi-
subunit complexes. For some CHD family members, several
protein—protein interactions have been described. Chdl of
8. cerevisiae i3 a component of the two highly homologous
acetyltransferase complexes SAGA and SLIK (19), CHD3
acts together with CHD4 as components of the nucleosome-
remodelling and histone deacetylase (NURD} complex (14}
CHDE interacts directly with WDRS (20}, a component of the
histone H3 Lys-4 methyltransferase MLL complex (21}
CHD7 interacts in vitro with its chromodomains with
methylated forms of H3K4 (22}, It was shown that during
mouse ES cell differentiation, the CHD7 sites change with
the H3K4 pattern and the CHD7 sites are predominantly
located distal to transcription start sites (22}, Because of
these observations, it was suggested that CHD7 plays a role
in enhancer mediated transeription of key target genes (22).
On the basis of sequence similarities between CHD7 and
other CHD members, it can be suggested that CHD7 acts in
a large multisubunit complex. Therefore, binding partners of
CHD7 could be candidate genes for CHARGE syndrome.
For other diseases, e.g. hereditary spastic paraplegia (HSF},
it was shown that interacting partners are involved in the
underlying cause of the disease. Mutations in spastin {SPG4}
and in its binding partner ZFYVE2T (SPG33) lead to HSP
(23). In Cornelia de Lange syndrome, mutations in the cohe-
sion regulators NIPBL and ESCOZ2 and in different com-
ponents of the eohesion complex (SMCI1A and SMC3} were
reported (24). These data from the literature encouraged us
to search for CHD7T binding partners by a yeast two-hybrid
library screen using a part of CHD7 as bait. In our yeast two-
hybrid library sereen, we identified CHDS, another CHD sub-
group I member, as a specific interaction partner of CHD7.
We confirmed this result by direct yeast two-hybrid studies,
co-immunoprecipitation experiments and by a bimolecular fiu-
orescence complementation assay (BiFC-Assay). Furthermore,
we characterized the interacting part of CHD7 and CHDS,
introduced four missense mutations in the CHD7 interacting
part and performed direct veast two-hybrid experiments and
co-immunoprecipitation  studies. In the vyeast two-hybrid
system, the CHD7-CHDS interaction was disrupted by three
missense mutations (p.Trp2091Arg, pHis2096Arg and
p.Gly2108Arg), whereas in the co-immunoprecipitation

Human Molecular Genetics, 2010, Vol 18 No. 14 2850

studies ne disruption of the CHD7-CHDS interaction by the
mutations could be observed These findings indicate that
CHD7 and CHDS are interacting directly and indirectly via
additional linker proteins. Loss of the direct CHD7-CHDS
interaction might change the conformation of a possible
CHD7-CHDS comtaining complex, which might be a
disease mechanism in CHARGE syndrome.

RESULTS

Identification of CHDS8 as a potential binding partner of
CHD7 by Y2H library screening

To identify CHD7 interacting proteins, we screened a human
foetal brain ¢DNA library (BD Clontech}). The plasmid
CHD7-CR1-3-pGBKT7 (amino acids 1591-2181) containing
the three conserved regions CRI-CR3 and the SANT
domain of the CHD7 protein was used as bait. We screened
3.34 x 107 clones and identified 21 clones, which were able
to grow in selective media. Eighteen clones were also positive
for o-palactosidase expression. From these clones, plasmids
were isolated and sequenced. Eleven clones contained parts
of the coding region of CHDE. One clone showed a correct
reading frame, whereas in 10 clones the reading frame of
the CHDS region to the GAL4 activation domain was incor-
rect. The correct clone encodes the proiein region from
amine acids 1789-2091 (NP_065971.2} of the CHDS
protein and this clone was used in further experiments.

Confirmation of the CHD7 - CHDS8 interaction by direct
Y2H experiments

To specify the CHD7-CHDS interacting area, we performed
direct Y2H experiments uging the plasmids CHD7-CRI1-
pGBKT7 (amine acids 1593-1768), CHD7-CR2-pGBKT7
{amine acids 1701-1948) and CHD7-CR3-pGBKT7 (amino
acids 19502172} as bait, respectively. These plasmids
contain either the conserved region 1, or 2 or 3 (Figs 1 and
2A). CHD7-CHDS interaction could only be observed in
the part-spanning amine acids 19502172, containing the con-
served region 3 (CR3} of the CHD7 protein (Fig. 2A). The
three known missense mutations p.His2096Arp, pVal21021le
and p.Gly2108Arg (4,25,26} identified in CHARGE patients
are located within this CHD7-CHDS imteracting area. Fur-
thermore, we identified in a patient with atypical CHARGE
syndrome another new missense mutation (p.Trp2091Arg}
which resides also in this region. We created four new bait
constructs for the interacting region (amino acids 1950-
2172}, each containing one of these missense mutations
(CHD7-His2096Arg-pGBKT7, CHD7-Val2102Ile-pGBKT7,
CHD7-Gly2108Arg-pGBKT7  and  CHD7-Trp2091Arg-
pGBKT7Y, Fig. 1) and performed direct yeast two-hybrid
experiments with the CHDS-pGADT7-Rec plasmid as prey.
The CHD7-CHDS interaction was disrupted by the missense
mutations p.Trp2091Are, p.His2090Arg and p.Gly2108A1g,
but not by the missense mutation p.Val21021le.

Tonarrow down the interacting area of CHDSE, we created two
new prey constructs, CHDS-pGADT?-1 (amino acids 1785—
1983} and CHDS-pGADTY?-2 (amino acids 1985-2091}. The
CHDS-pGADT7-2 includes the first BRK domain, while
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dotnaing, fellowed by & SWIZSNF2-1ike ATPasehelicase dotnain, theee conserved regions (CR1 CR3), a SANT defoain and two BRK dotoaing, The plastodds
CHD7-CR1-pGEKT7, CHD7-CR2-pGBKTT and CHD7-CE3-pGEKTT divide the CHD7-CR1-3-pGBKTT bait plagnids (black lane spathitg amine acids
1581 2181} in three different parts. The bait plasmids (2} CHD7-Trpa081Arg pGEKTT, (b} CHD7-Hig2096 Arg pCEKTT, (¢} CHDT-Val 2120 e pSEKTT
and (4} CHD7-Gly2 11841g-pBETT wers gehetated by ittreducing one of the missense tautations [Trp2091arg, His2096Arg and Val2 1020 Gly21034tE)
inte the CHOT-CRI-pCBETT part spatniitye the amine acids 1950 2172 of the CHDT protein,

CHD3-pGADT7-1 does not code for a Imown profein domain
We performed again a direct yeast two hybrid with all four
CHD7 plasmids confaining missense mutations and with the
plasmid CHD7-CR3-pGBKT7 as posifive control and the
plasnid CHD7-CR1-pGBKTY7 as negative confrol. We identified
the CHD7—CHD8 interaction within the CHDS part sparining the
amino acids 1739-1%33. This result supports ouwr observation
that the missense mufaticns p. Tip20%1Arg, p.Hi2036Arg and
p.Gly2108 Arg disrupt the inferaction (Fig. 2B).

CHD7-CHDS inferacfion analysed by bimolecular
fluorescence complementation assay (BiFC-Assay)

To confinn the CHD7-CHDE interaction, we performed a
BiFC-Assay. The principle of this technique is based on the
observafion that splifted N- and C-termninal EGEP fragments do
not emit a bright Huorescence. Ifthe two splitted non-functional
EGFP halves are fused to proteins that interact, they can function-
ally complement and emit a bright fluorescence (27). HeLa cells
were either transienfly co-transfected with the plasmids
CHD7-FPCA-V] and CHDR-FPCA-V2Z or transfecied with a
single plasmid as negative control. After 24 h, the cells were ana-
lysed for the presence of flucrescence complementation As
shown in Figure 3, we cbserved in co-transfected cells a bright
green flucrescence in the nucleus. Single-transfected cells did
not show any fluorescence signal. Because flusrescence comple-
mentation was only cbserved in CHD7-CHDZ co-fransfected
cells, these results condfirm the CHD7-CHDE inferaction
shown in the yeast two-hybrid system.

CHDS co-immunoprecipitates with CHD7

To further verify the CHD7-CHDE inferaction, we performed
co-immunoprecipitation studies inFHela cells. After transfection

and cell culture for 24 h, the cells were Iysed and profein
extracts were prepared A part of the CHD7 protein (amine
acids 15%3-2178) was fused to an HA-tag, while a part of
the CHDSR protein (amino acids 1783—2302) was fused to a
c-Myc tag. The CHD7 part fased to the FA-fag was estimated
to produce a ~70kDa protein fragment, while the CHDS part
labelled with a c-Myc tag was calculated to have a size of
approximately €1 kDa. Using a o-Myc antibody for precipi-
tation, we detected with an HA antibody a ~70 kDa band cor-
responding fo the estimated size of the CHD7 part (Fig. 4A).
The reciprocal experiment, precipitation with an HA antibody
and detection with the c-Myc antibody lead to a specific band
of about 68 IiDa in size (Fig. 4B). To further confirm the speci-
ficity of the observed bands, we precipitated with c-Myc and
detected with the c-Myc antibody again the specific 68 kDa
band, stongly supporting that this band cowresponds to the
CHD&-c-Myc fusion protein The reciprocal experiment was
also performed (Fig. 4C and D).

To investigate the influence of the missense nmutafions in
the CHDV gene in the CHD7-CHDE inferacting area n an
in wvo system, we performed  co-immunoprecipitation
studies with the CHD7-His2096Arg-pCMV-HA, CHD7-
Val2102Tle-pCMV-HA, CHD7-Gly2108Arg-pCMV-HA and
CHD7-Trp2091 Arg-pCMV-HA plasmids, respectively. Infer-
estingly, in all four cases, the mwtated CHD7 part was
co-immunocprecipitated with the CHD® part (Fig. 4E and F).

DISCUSSION

Mutations in the CHDY gene lead to CHARGE syndrome,
which is a well-lnown congenital malformation syndrome.
The CHD7 protein belongs to the CHD (chromodomain heli-
case DNA-binding domain) family of ATP-dependent chroma-
tin remodelling enzymes. The human CHD family consists of
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Figure 2. Yeast two-hybrid assay.
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(A} Dirsct yeast two-hybtid experiroent with the constructs CHD7-CR1-pGBKT7, CHD7-CRZ-pGBKT7 and

CHD7-CR3-pGBKT7 as baits, which divide the CHD7-CR1-3-pGBKT7 bait plastnids (atoine acids 1591 2181} in three different parts. CHD7 CHDS inter-
action takes place in the part spanning arcine acids 1950 2172, containing the conserved region 3 (CR3} of the CHD7 protein. (B} Dirsct yeast two-hybrid
expetitoent with all four CHD7 plastoids containing a roissense routation and the plastoid CHD7-CR3-pGBKT7 as positive contrel and the plasreid
CHD7-CR1-pGBKT7 as negative contrel. The CHD3 plastoid CHDB-pGADTT-1 (atoine acids 1789 1983} was used as prey. The CHD7 CHDS interaction
was distropted by the roissense routations p.Trp20914rg, p His20964Arg and p.Gly2 1084rg.
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C
co-
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Figure 3. BiFC-Assay. HeLa cells were transiently co-transfected with the plasreids CHD7-FPCA-V1 (spanning CHD7 aroine acids areine acids 1596 2178)
and CHDB-FPCA-VZ (spanning CHDS aroine acids 1791 2302}, (A) Cell nucled were stained with DAPI (blue), (B} co-transfected cells showed a bright green
fluorescent signal detoonstrating CHDT  CHDS interaction by fluerescence coroplamentation and with lecalization in the nucleus, (C} ovetlay of (4} and (B). 4s

negative control HeLa cells were transfected with a single construct (D F).

nine members, which can be grouped in three subgroups based
on homologies in the sequence and domain architecture (12).
Chromatin remodelling is an important mechanism for the
regulation of gene expression and it is known that chromatin
remodelling is carrded out by mulfi-protein complexes (28).
It can be hypothesized that CHD7 is also a component of a
multisubunit complex. Identification and characterization of
CHD?7 binding proteins might provide insights into the mol-
ecular mechanism in which CHD?7 is involved.

In this study, we identified CHDS, another subgroup III
member of the CHD family of proteins, as an interacting

partner of CHD7 by a yeast two-hybrid library screen. The
specificity of the inferaction was confiimed by direct yeast
two-hybrid studies, co-immunoprecipitation experiments and
by a BiFC-Assay. CHDS8 consists, such as CHD7, of two N-
terminal chromodomains, followed by a SWIZ/SNF2-like
ATPase/helicase domain and specific for subgroup IO
members of three conserved regions (CR1-CR3), a SANT
domain and two BRK domains (12). It has been shown that
CHDR® interacts with human Staf (ZNF143), a zinc finger tran-
scription factor, which confrols the expression of the U6 gene
(29). Furthermore, CHDS was co-pwrified with components of
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protein (atoine acids 1789 2302} was fosed to 2 o tag. (A) Udng 2 ¢Myc antibody for precipitation, we detected a ~ T kDa band with an A antibedy
cotresponding to the estitnatad size of the CHDT patt (lane 1} Lane 1t cotransfected CodP, lane 20 CHDT sinple-trandectad Hela cells and CHDT co-IP a3
negative contrel, lane 3t untransfected HeLa cells as negative contrnl, lane 4 co-transfected input, lane 5 untransfected inpuot. (B) The reciprocal expetitost,
precipitation with an Ha antibody and detection with the oMyc antibedy leads to a specific band of approxitoately 68 KDa. Lane 1: CHDE input, lane 2:
co-transfected itput, lanes 3 and 4 co-trandfected Co-TP, lane 5 CHDB single-transfected HeLa cells and CHDB CodP as negative contrel, lane 6 untransfocted
HeLa cells as negative contrel. [C) Precipitation with ¢-Iyc and detection with the c-Myc antibedy. Lane 1: co-trangdected Co-IP, lane 2: untransectad Co-IF as
negative contrel. A specific 68 KDa band was detected, strongly supporting that this band cotrespends to the CHDB-<-Ilye fusion protein. (I) The reciprocal
expetitnent, Precipitation with Hoa and detection with the HA antibody. Lane 1) co-transfected Co-IP, lane 20 untransfocted Co-IF a8 hegative control. A specific
~T0 kD4 band, corresponding to the CHDV-HA fasien protein coold be detected. (E and F} Investipation of the inflnence of fror missense muotations in the
CHD? gete of the CHDT CHDE interaction by co-itatunopescipitation stodies. Lane 10 untransfected CoIP as nepative control, lane 20 wild-type
co-transfected CodP as poative contrel, lane 30 CHDT single-transfected HeLla cells and CHDT codP as negative contrel, lane & co-tranafected Co P with
the toutated CHDT-Trp20014rg-pNOV-HA plasmid, lane 5 co-transfected CodP with the mutated CHDT-His2096Arg-pCNOV-ELA plasteid, lane 6
co-transfected CoTP with the muntated CHDT-Val2120epCMY-HaA plastoid, lane 70 co-transfected CoIF with the mutated CHDT-(2y2 108 A0g-pCURV-Ha

plasmid. (E} Precipitation with c-Mye and detection with the LA antibody. (F} Precipitation with FLA and detection with the o-Nye antibedy.

the MLL1-WDRS complex (20,30) and was found to interact
directly with beta-caterin and playing a role in the regulation
of befa-catenin target genes (20). Mouse Chd2 was shown to
bind via its BRE domains Ctef, an insulator binding protein
mvolved I insulation and epigenefic regulation (31). With
its tandem chromodomains, CHDE binds ix vitro specifically
to histone H3 di-methylated at lysine 4 (32). CHD3 was also
found to be associated with the elongating form of RINA poly-
merase IT and to confrol the expression of cyclin E2 and thy-
midylate synthetase (32).

In Dvosophile melanogaster, Mumet is the only gene related
to the subgroup IT members of the CHD gene family. Eivmet
encodes for two isoforms, a large protein with a molecular
weight of 374 kDa (KI5-1) and a small isoform of 225 kDa
(KIS-5) (33,34). Kis-L is highly related to the human CHD7
or other CHD subgroup IT members. Kis-L belongs to the
trithorax group and was shown to play an important role in
body segmentation and segment idenfity of Drosophils
larvae (33). Fwrthermore, it was suggested that Ids-L is
involved in an early step of franscriptional elengation by
BNA Polymerase IT (Pol ID), because it is co-localized with
most RNA-Polvmerase IT sites (32,359,367, In Ksmet mutant
larvae, a reduction in the levels of elongating Pol I and the
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elongation factors SPTE and CHDI was ohserved (35). In con-
trast to Dvosophils, CHDZE depletion in mammals does not
reduce In general the levels of SerZ-phosphorylated RNA
Polymerase IT (32). It was suggested that in mammals, the
function of &Hamet iz overfaken by several subgroup I
members (CHDE—CHDY) and that depleticn of cne subgroup
IT member leads to a gens-specific and not a general effect
(32). In the presenf study, we could show that two subgroup
T members, namely CHD7 and CHDZ, interact. We hypoth-
esize that CHD7 and CHDS® together build a core component
of a complex with similar functions such as &smet. Interest-
ingly, the sifuation that two members of the same subgroup
interact was found for the subgroup I members CHD3 and
CHD4. In Prosophiln, there is only a single gene related to
subgroup II, named Mi-2. This Drosophile gene encodes
also for fwo franscripts (15,37). In mammals, CHD3 and
CHD4 were found to build together a core component of the
NuRD complex (14,38).

Mutations in CHD7 inferacting genes, which are nvolved In
the same molecular mechanism, may also cause CHARGE
syndrome. In three children with developmental delay, cogni-
tive impairment and similar dysmorphic features a submicro-
scopic delefion on chromosome 149112 was detected (39).
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The minimal overlapping region of approximately 35kb
includes only the SUPTI6H and the CHIDE gene, leading to
the suggestion that haplonsufficiency of CHDS plays a role
in the patient’s phenotype (3%). Because the patient’s pheno-
fype is different ftom the phenctype seen in CHARGE syn-
drome patients, we suggested that the heterozygous deletion
of CHD# is not a possible disease mechanism in CHARGE
syndrome. However, mucleotide alterafions (e.g. missense
mutations) in a gene can lead to a more severe or different
phenctype than gross delefions, because an aberrant protein
can disturh the function of its inferacting partner. Therefore,
we performed CHDE sequence analysis in 23 patients sus-
pected of CHARGE syndrome, where the sequence and
MLPA analysis of the CHD}YV gene revealed no mutations or
deletions/duplications. No pathogenic mutations in CHDS
were idenfified {data not shown). However, small exon del-
etions or duplications in the CHD# gene were not excluded
by the sequence analysis. Our results could neither indicate
that CHDE mutafions are causative for CHARGE syndrome,
not could CHDYE be excluded as a candidate gene in the patho-
genesis of this disease. Further investigations of the CHDA
gene in a larger cohort of CHIOW negative CHARGE patients
are needed to clarify this aspect. To investigate the effect of
CHD?V missense mutafions in the CHDT7-CHDE interacting
sequence on the binding capacity of both proteins, three
lmown CHD?7  missense  mufations  were  ncluded
(p.HisZ006Arg, pVal2l02Tle and p.GlyZ103Arg) (4,25,2€)
as well as a new identified missense mufation
(p.Trp20%1Arg) In the CHOV gene recently found by our
group in a CHARGE patient. We performed divect yveast two-
Iivbrid analyses and co-immnunoprecipitation studies. In the
direct yeast two-hybrid system, the CHD7-CHDS inferaction
was distupted by the missense mutations, p.Trp2081Arg,
pHis20%6Arg and p.Gly2103Arg. The missense mufation
p.GlvZ2108Arg was described in fwo different families with
five affected members (26). From the five affected members,
only one fulfilled the diagnostic criteria for CHARGE syn-
drome while the others showed a very mild phenctype. Our
patient with the missense mutation p.Trp20%lArg is also
affected with atypical CHARGE syndrome. She has bilateral
coloboma and microphthalmia of the left eye, microcephaly,
mental retardation and unilateral deafhess.

In confrast to the results cbtained in the direct yeast fwo-
hybrid experiments, co-immmunoprecipitafion studies did not
reveal a dismuption of the CHD7-CHDS inferaction by the
mutations described above. This discrepancy strongly indi-
cafes that CHD7 and CHD2 might be components of a
larger complex. Direct yeast two-hybrid studies analyse the
direct interacfion of fwo proteins. A complex of proteins
with different influences on binding parmers, eg. bridging
proteins, camnot be studied by this method. However,
co-mmuncprecipitation studies can defect linker proteins
between CHD7 and CHDE which stabilizes a possible
protein complex. For example, it was shown that mouse
Chd? binds Ctcf via its BRK domains (31). For human
CHD7, there was also an inferaction with CTCF via its BRE
domains observed (40). We suggest that CHD7 and CHDR
are inferacting directly (as we showed by our veast two-hybrid
results) and indirectly via additional lnker proteins such as
CTCF. Further studies are needed to discover such linker pro-
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teins, which could influence the severity of CHD7 mutaticns
or which could be another underlving cause of CHARGE syn-
drome, if present in a mufated condition

MATERIALS AND METHODS
Yeast two-hybrid analysis

Yeast two-fivbiid screen. For the identification of putative
CHD7 inferacting partners, we used the MATCHMAKER™
human foetal brain cDNA lbrary (BD, Clontech), which
was pre-fransformed info the yeast strain Y137, The bait
plasmid CHD7-CR1-3-pGBKT7 was constructed by subclon-
ing a fragment of CHD7 (amino acids 1591-21381, containing
the area of conserved regions 1-3) info the pGBKTT vecfor
(Clontech) in frame to the GATL4 DNA-binding domain. The
correct reading frame and the comrect sequence were confimed
by sequencing the plasmid.

The bait plasmid CHD7-CR1-3-pGBEKT7 was fransformed
into AHL0% yeast strain cells and was tested for toxicity and
aufoactivation of the bait reporfer genes. No toxicity for the
yeast cells and no self-activafion of the balf reporfer genes
could be observed. The AHI0% veast strain cells containing
the bait plasmid were mated with the MATCHMAKER
lbrary Y137 cells. After mafing, diploids were plated on
leucine —typtophan—histidine —adenine lacking 5D medium
(-LTHA-SD medium) plates. Colonles growing on the
-LTHA-SD medium plates were picked and spread on
-LTHA-SD medium plates containdng X-ne-Gal Blue colonies
were cultured for plasmid isclation, which was caried out
using the YEASTMAKER™ Yeast Plasmid Isolafion Kit
(BD, Clontech) according to the marufacturer’s instructions.
Isclated plasmids were subcloned info competent E coll
cells. Transformants were spread out on Ampicillin confaining
plates for the selection of clones bearing the pGADT7-Rec
library vector. Inserts of the pGADT7-Rec vector were charac-
terized by sequence analysis.

To avold false positive resulfs, the candidate plasmid
CHDE-pGADT7-Rec (amino acids 17839—2091) was refrans-
formed info AF109 veast cells together with the empty bait
vector pGBKT7 and selected on -LTHA-3D plates. No colo-
mes were able to swvive, indicating lack of self-activation
of the system by the CHDE-pGADT7-Rec plasmid.

Dhrect yeast two hybrid. Direct yeast two-Iivbrid analysis was
performed for confirmation of the CHD7 —CHDE inferaction.
For this pwpose, the identified CHDE-pGADT7-Rec prey
plasmid and the CHD7-CRI1-3-pGBKT7 bait plasmid were
co-transformed  info  AFI0®  weast strain  cells. The
co-transformants were grown on -LT-5D mediumn plates for
transfoemation confrol and the interaction was verified on
selective -LTHA-SD medium plates.

To specify the CHD7-CHDR interacting area, we generated
three constructs CHD7-CR1-pGBKT?, CHD7-CR2-pGBKT?
and CHD7-CR3-pGBKT? which divide the
CHD7-CR1-3-pGBEKT7 bait plasmids (amino acids 15%1-
21281) in three differenf parts (Figs 1 and 2A). The first frag-
ment consists of the CRI region and corresponds to amin
acids 15931763, The second fragment spans the CR2 part
{amino acids 1701-1543), while the third fragment consists
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of the SANT domain and the CR3 region, comresponding to
amino acids 1990-2172. These CHD7 fragments were sub-
cloned into the pGBKT7 vector (Clontech) and the three con-
structs  CHD7-CR1-pGBKT7, CHD7-CRZ-pGBKT7  and
CHD7-CR3-pGBKT7T were used as baits for direct yeast two-
hybrid analysis.

To study the effect of lmown CHD7 missense mutations on
the CHD7-CHDE interaction, the bait plasmids CHD7-
Hizs20%6Arg-pGBKT?, CHD7?-Val2102Ile-pGBKT?, CHD7-
Gly2108Arg-pGBET7? and CHD7-Tip20%1Arg-pGBETY
were generated by imfroducing one of the missense mufations
(His2 096 Arg, Val2102Tle Gly2108Arg and Trp2081Arg) into
the CHD7 region spanning amino acids 1250-2172. An over-
view of the used plasmids is given in Figure 1.

To narrow down the inferacting area of CHDE, we created
two prey constructs, CHDE-pGADT?-1 (amino acids 1739—
1%33) and CHDR-pGADT7-2 (amino acids 1985-2091) divid-
ing the CHDSZ inferacting area found in the initial library
screen All plasnids were checked for the comrect sequence
and reading frame by sequence analysis.

Cell culture

HeLa cells were cultwred in Dulbecco’s modified Fagle's
media (DMEM) (PAN BIOTECH), supplemented with 10%
foetal calf serum (PAN BIOTECH) and 1% penicillin/strepto-
mycin (PAN BIOTECH). For transfection, cells were plated
ints two chamber culture slides (BD Falcon) and 350 ml
flasks (Sarstedf). After 24h when the cells” confluence
reached about 70—30%, they were tvansfected with the
plasmid DNA using OptiMEM serum-free medium (Gibeo)
and Lipofectamnine 2000 fransfection reagent (Invifrogen)
according to the mamufacturer’s instruction After transfection,
cells were grown for addifional 24 h in DMEM.

Co-immunoprecipitation

For co-mmunoprecipitation studies, we generated the plasmid
CHD7-CR1-3-pCMV-HA by cloning a part of the CHDY gene
{amino acids 1393-2172, NP_D60250.2% in frame to the
hemagglutinin (HA) epitope tag into the pCMV-HA vector
(Clontech). A part of the CHDE gene (amino acids 1783%—
2302, NP_063%71.2) was cloned in frame to the N-ferminal
c-Myc epitope tag into the pCMV-Myc vector (Clontech) for
the construction of the CHDE-pCMV-c-Myc plasmid. The
CHD7 missense mutations [(His2096Arg, ValZl(Z2Ile
Gly2108Arg and Tip2091Arg) were Wmfttoduced info the
CHD7-CR1-3-pCMV-HA plasmid, leading to the four new
plasmids CHD7-His2096Arg-pCMV-HA, CHD7-ValZ102Tle-
pCMV-HA, CHD7-Gly2108Arg-pCMV-HA and CHD7-
Tp20%1 Arg-pCMV-HA. The comect reading frame and
sequence was confirmed by sequence analysis.

Hela cells cultured in 50 ml flasks (Sarstedt) were transi-
enfly co-transfected with one of the CHD7 constructs (wild-
type plasmid CHD7-CR1-3-pCMV-HA or mutant constructs)
and CHDE-pCMV-c-Myc. After incubation for 24 h at 37°C,
transfected cells were washed twice with ice-cold DPBS.
After washing, the cells were treated for 30 min on ice with
400 pl lysis buffer (Inmunoprecipitation kit, Roche). Cen-
trifugation at 14 000z for 20 min was carded out to remove
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cell debris. Forty microlitre of tofal protein extract was used
for western blot analysis. When both transfected proteins
were detected by western bBlot analvsis, the remaining
protein extract which was stored at 4°C was incubated with
either 1 pg of monoclonal anfi-HA (Roche) or 1:100 diluted
anti-c-Myc (Millipore) anfibody at 4°C ovemight. Eighty
microlite of protein G (Immunoprecipitation Ibt, Roche)
was added to the immunccomplex and incubated for 2h at
4°C. Centrifugation af 350 mpm for 3 min was camded ouf to
collect the agarose beads. The beads were washed two times
in 500 pl Iysis buffer to remove unbound proteins. A resus-
pensicn of the beads in NMuPAGE LDS Sample buffer (Tnvitro-
gen) with 0.1 v DTT followed. After denaturation for 10 min
af 75°C, the denaturated beats were loaded onfo a 4-12%
NuPAGE Bis—Tris gel (Invitrogen). Proteins were imrmuno-
blotted with the anfi-c-Myc anfibody (Millipore) at a dilution
of 1:300 or the antl-HA antibody (Roche) at a dilufion of
1:1000. The following secondary antibodies were used: allca-
line phosphatase labelled anfi-mouse antibody produced in
goat [ SIGMA) was used for anfi-c-Myc and horseradish per-
oxidase labelled anti-rat anfibody produced in goat (Themmo
Scientific) was used for anti-HA detection

Bimolecular fluorescence complementation assay
(BiFC-Assay)

For the BiFC-Assay, we cloned a part of the CHDV gene
{amino acids 1596-2178, NP_060250.2) in the FPCA-VI
vector and a part of the CHDS gene (amino acids 1751
2302, NP_0655712) in the FPCA-VZ vector. The FPCA-V]
vector was generated from the pEGFP-N1 vector (BD Bio-
science). The FPCA-V1 vector containg a CMV promotor fol-
lowed by a multiple cloning site in which we infroduced the
CHIDYV part, a spacer region and the C-terminal end of EGFP
(amine acids 133-23%). The FPCA-VZ vecior, generated
from the pOM-Ntag/B plasmid (Abcam, UK), confains a
CMV promoter, followed by an E2 tag, the N-terminal part
of EGFP (amino acids 1-157), a spacer and the multiple
cloning site in which we troduced the CHDE pat. Hela
cells were co-transfected with 0.5 pg of each construct.
After ncubation for Z4h at 37°C, the cells were washed
with DPBS, fixed with 4% paraformaldehyde and again
washed with DPBS. After the washing step, cover slips were
attached onfo slides using Vectashield mounting solution con-
taining DAPT (4,6-diamidine-2-phenylindole). Fluorescence
imaging was performed using the Olympus BX60 microscope
(Olympus, Hamburg, Germany).

Dutational analysis

CHDE analysis was performed in 25 patients suspected of
CHARGE syndrome, where the sequence and deletion analy-
sis (MIPA, MRC Holland) of the CHDYV gene revealed no
mutation. The coding sequence of all 37 coding exons and
flanking intronic sequences of the CHDE gene were analysed
by PCR and sequenced in both divections in CHD7 negative
CHARGE patients. Primer sequences and PCPE. condifions
are available on request.

The ethical approval was obtained from the Ethics Commit-
tee of the Georg- August University Gitfingen.
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3.2 ldentification and characterization of FAM124B as a novel component of a CHD7
and CHD8 containing complex

Mutations in the chromodomain helicase DNA binding protein 7 gene (CHD7) lead to
CHARGE syndrome, an autosomal dominant heterogeneous disorder. Earlier, we could show
that a part of CHD7 interacts with a part of CHD8, another chromodomain helicase DNA
binding protein which has been recently demonstrated to be involved in the pathogenesis of
neurodevelopmental (NDD) and autism spectrum disorders (ASD). We searched for novel
CHD7 and CHDS interacting partners using stable isotope labeling by amino acids in cell
culture (SILAC) in combination with mass spectrometry. As result we identified as a potential
interaction partner of both CHD7 and CHD8 a new uncharacterized protein, named FAM124B
(Family with sequence similarity 124B). Furthermore, the confirmation of the SILAC results
by co-immunoprecipitation and yeast two hybrid experiments demonstrated that FAM124B is
a potential novel component of a CHD7 and CHDS8 containing complex. Interestingly, our
studies of Fam124B expression in E12.5 mouse embryos and in adult mouse brain show an
overlap of the Fam124B expression with the expression patterns of Chd7 and Chd8. Therefore
we conclude that Fam124B is a novel protein possibly involved in the pathogenesis of

CHARGE syndrome and neurodevelopmental disorders.
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ABSTRACT

Background: Mutations in the chromodomain helicase DNA binding protein 7 gene (CHD7)
lead to CHARGE syndrome, an autosomal dominant multiple malformation disorder. Proteins
involved in chromatin remodeling typically act in multiprotein complexes. We could
previously demonstrate that a part of human CHD7 interacts with a part of human CHDS,
another chromodomain helicase DNA binding protein presumably being involved in the
pathogenesis of neurodevelopmental (NDD) and autism spectrum disorders (ASD). Because
identification of novel CHD7 and CHDS8 interacting partners will provide further insights into
the pathogenesis of CHARGE syndrome and ASD/NDD, we searched for additional associated
polypeptides using the method of stable isotope labeling by amino acids in cell culture

(SILAC) in combination with mass spectrometry.

Principle findings: The hitherto uncharacterized FAM124B (Family with sequence similarity
124B) was identified as a potential interaction partner of both CHD7 and CHD8. We
confirmed the result by co-immunoprecipitation studies and showed by direct yeast two hybrid
experiments a direct binding to the CHDS8 part. Furthermore, we characterized FAM124B as a
mainly nuclear localized protein with a widespread expression in embryonic and adult mouse

tissues.

Conclusion: Our results demonstrate that FAM124B is a potential interacting partner of a
CHD7 and CHD8 containing complex. From the overlapping expression pattern between Chd7
and Fam124B at murine embryonic day E12.5 and the high expression of Fam124B in the
developing mouse brain, we conclude that Fam124B is a novel protein possibly involved in the

pathogenesis of CHARGE syndrome and neurodevelopmental disorders.
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INTRODUCTION

In humans, CHD7 (NM _017780) is one of nine members of the chromodomain helicase DNA
binding domain (CHD) family that plays a role in controlling gene expression by ATP-
dependent chromatin remodeling. Mutations in the CHD7 gene are the major cause of
CHARGE syndrome (OMIM 214800), an autosomal dominant congenital malformation
disorder characterized by the combination of eye, ear, craniofacial structure, and heart defects
[1-6]. However, in 5-10% of patients with a typical presentation of CHARGE syndrome and in
40-60% of patients with an atypical presentation the underlying cause of the symptoms
remains unclear [7]. For other autosomal dominant disorders, e.g. Noonan syndrome, a genetic
heterogeneity is known, wherein mutations in different genes lead to a near similar phenotype.
Therefore, we suggest that also in CHARGE syndrome mutations in one or more unknown
genes are involved in the pathogenesis of this disease.

Proteins involved in chromatin remodeling are typically found in multiprotein complexes. In
recent and earlier studies different CHD?7 interacting partners have been described [8-13]. In
human neural crest-like cells CHD7 was shown to be associated with components of the BAF-
(Brahma associated factor complex) and PBAF - complexes (Polybromo containing complex)
[10]. Both belong to the SWI/SNF-family of ATP-dependent chromatin remodeling complexes
and can act as transcriptional activators or repressors [14]. In murine embryonic stem (ES)
cells a co-localization between Chd7 and the proteins p300, Oct4, Sox2, Nanog, Smadl and
Stat3 at enhancer elements was shown [9] leading to the hypothesis that these proteins are
cofactors in enhancer promoter interactions [9]. CHD7 was also found to be associated with
treacle, the protein that is involved in the pathogenesis of Treacher Collins syndrome [12].
These studies demonstrate that there are numerous CHD?7 interacting partners, leading to the
suggestion that there are cell type specific compositions of CHD7 containing complexes and
that the subunits may change during development [7].

Recently, we could demonstrate that a part of the human CHD?7 protein interacts with a part of
the CHD8 protein, another CHD family member. Studies in Drosophila melanogaster
demonstrated that kismet is the only gene related to the human subgroup 11l members (CHD6-
CHD9). Kismet has a functional role in transcriptional regulation by promoting early
elongation by RNA Polymerase Il as well as by recruiting the histone methyltransferases
ASH1 and TRX to chromatin [15]. Rodriguez-Paredes et al. suggested that in mammals the
function of kismet is overtaken by several subgroup 11l members (CHD6-CHD?9) [16] and we
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hypothesized that CHD7 and CHDS8 build a core component of a complex with similar
functions such as kismet [11]. CHD8 was found to be associated with the WAR complex [17].
This complex includes WDR5, ASH2L and RbBP5 (WAR) and is known as a subcomplex of
mixed lineage leukemia (MLL) complexes, the Drosophila homolog to TRX complexes. The
MLL complexes act as histone H3 Lys-4 methyltransferases [18].

Furthermore, CHD8 binds directly beta-catenin and regulates negatively beta-catenin-targeted
gene expression [17]. Microdeletions, chromosomal rearrangements disrupting CHD8 as well
as de novo missense and nonsense mutations in the CHD8 gene were described in autism
spectrum (ASD) and in neurodevelopmental (NDD) disorder patients, indicating that
alterations in CHD8 can contribute to ASD and NDD [19-22].

Identification of novel CHD7 and CHDS8 interacting partners will provide further insights into
the pathogenesis of CHARGE syndrome and ASD/NDD. Therefore, we tried to detect new
binding partners by using the method of stable isotope labeling by amino acids in cell culture
(SILAC) in combination with mass spectrometry. We identified FAM124B (Family with
sequence similarity 124B) as a potential interaction partner of both CHD7 and CHDS.
Additionally, we confirmed the interaction by co-immunoprecipitation and performed direct
yeast two hybrid experiments. Furthermore, we examined the intracellular localization and
tissue-specific expression of Fam124B during mouse embryogenesis and in adult mouse

tissues.

RESULTS

Identification of FAM124B as part of the CHD7 and CHD8 interactomes

In order to identify novel CHD7 and CHDS8 interaction partners we applied stable isotope
labeling by amino acids in cell culture (SILAC) in combination with mass spectrometry
[23,24] (Figure 1). To achieve differential isotope labeling of HelLa cells, one cell batch was
cultured in the presence of lysine and arginine containing light (L) isotopes of carbon and
nitrogen (*C and N, L-lysine and L-arginine) while the other batch was cultured in the
presence of lysine and arginine containing heavy (H) isotopes of carbon and nitrogen
(**C™N,-lysine and **Cg"°N;,-arginine). Accordingly, the two culture conditions confer distinct
molecular masses on the cellular proteins and in this way proteins derived from SILAC-labeled
cells can be distinguished and thus attributed to the L- or H-labeled cell batch by mass
spectrometry. For elucidation of the CHD7- or CHDS8 interactomes, the H-labeled cells were
firstly co-transfected with the plasmids CHD7-CR1-3-pCMV-HA (containing amino acids
1593 - 2178, NP_060250.2, in fusion with an HA-tag) and CHD8-pCMV-cmyc (spanning
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amino acids 1789 — 2302, NP_065971.2, in fusion with an cmyc-tag). 24 hours post
transfection, expression of the tagged proteins was confirmed by western blotting.
Subsequently the respective H-labeled cells were lysed and the CHD7 part was purified by
anti-HA immunoprecipitation. As a negative control the same immunoprecipitation was
performed in lysates of non-transfected L-labeled HelLa cells. The purified proteins from both
the H- and L-states were then pooled in equimolar amounts and subsequently digested with the
endoproteinase trypsin. Derived peptides were identified by liquid-chromatography (LC)-
coupled tandem mass spectrometry (MS/MS), allocated to the corresponding proteins by
database search and finally quantified using the MaxQuant software. An at least five-fold
enrichment of heavy versus light peptides was considered to mark proteins that were
specifically co-purified with the HA-tagged CHD?7 part. The same experimental workflow was
also performed with inverse labeling. In at least three biological replicates FAM124B was co-
purified with CHD7 and CHDS8, which identifies this so far uncharacterized protein as a novel
effector of the CHD7/8 interactome (Table S1-S3).

Full length cloning and transcript analysis of FAM124B

Information of the genomic and cDNA structure of FAM124B was obtained from NCBI
database. In humans, two transcript variants are described. Transcript variant 1 contains two
exons with the ATG in exon one and the stop codon in exon 2 resulting in a protein with 455
amino acids (NP_001116251.1). Transcript variant 2 contains an alternate exon with an in-
frame stop codon leading to a shorter protein product with 272 amino acids (NP_079061.2). In
mice, one transcript homologous to the human transcript variant 1 containing 456 amino acids
was described (NP_775601.1). We validated the information by full length cloning and
sequencing of human and mouse cDNAs derived from HelLa cells and mouse adult brain

tissue, respectively.

FAM124B co-immunoprecipitates with a part of CHD7 and a part of CHD8

Co-Immunoprecipitation studies on HelLa cells were performed to confirm the CHD7-CHD8-
FAM124B interaction. HeLa cells were co-transfected with either the CHD7-CR1-3-pCMV-
HA (amino acids 1593 - 2178, NP_060250.2) plasmid and FAM124B-1,3-pCMV-cmyc
(transcript variant 1, NP_001116251.1) or with CHD8-pCMV-cmyc (amino acids 1789 -
2302, NP_065971.2) and FAM124B-1,3-pCMV-HA (transcript variant 1, NP_001116251.1).
Total protein was isolated after 24 hours. Immunoprecipitation with either the anti-CHD7
(abcam, ab31824) or the anti-CHD8 antibody (abcam, ab84527) and detection with either the
anti-cmyc (abcam, ab9106) or anti-HA antibody (Roche) lead to an approximately 51 kDa
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band corresponding to the estimated size of FAM124B transcript variant 1 (Figure 2A).
Reciprocal immunoprecipitation with anti-cmyc antibody and detection with the anti-CHD7
antibody demonstrated a specific band of ~ 70 kDa, the estimated size for the CHD7 part
fused to the HA-tag (Figure 2B). Using the anti-HA-antibody for precipitation, we detected a
~ 68 kDa band corresponding to the estimated size of the CHDS8 part fused to the cmyc tag
(Figure 2C) by using the anti-CHD8 antibody.

The same experimental procedure was then performed with the plasmid FAM124B-1,2-
pCMV-HA (transcript variant 2, NP_079061.2). Similar to the results for the FAM124B
transcript variant 1, we could demonstrate an interaction with the CHD7 and CHD8 part with
FAM124B transcript variant 2 (Figure 2D-F).

FAM124B interacts directly with a part of CHD8

Y2H experiments were performed to determine a direct interaction between CHD7, CHD8 and
both variants of FAM124B using the following plasmids: FAM124B-1,3-pGADT7 (full
lengths transcript variant 1), FAM124B-1,2-pGADT7 (full lengths transcript variant 2),
CHD7-CR1-3-pGBKT7 (amino acids 1591-2181, NP_060250.2) and CHD8-pGBKT7 (amino
acids 1789-2302, NP _065971.2). The yeast two hybrid experiments revealed that both
transcripts of FAM124B directly interact with the CHD8 part, while no direct interaction with
the CHD?7 part, spanning the amino acids 1591-2181, could be observed (Figure 3). Because
FAM124B transcript variants 1 and 2 have in common exon 1, we hypothesized that the
FAM124B-CHDS8 interacting area is located within exon 1 of FAM124B.

Subcellular localization of FAM124B in HelLa cells

To determine the subcellular localization of endogenous FAM124B in HeLa cells, we
performed immunofluorescence staining by using a rabbit anti-FAM124B antibody
(ProteinTech). FAM124B is localized mainly in the nucleus (Figure 4A). To test the specificity
of the polyclonal anti-FAM124B antibody, we transiently transfected HeLa cells with either
the plasmid FAM124B-1,3-pCMV-HA or the FAM124B-1,3-pCMV-cmyc to overexpress
hemagglutinin (HA) or cmyc epitope tagged FAM124B-1,3 (transcript variant 1,
NP_001116251.1). By using the rabbit anti-FAM124B antibody, the overexpressed protein
was detectable mainly in the nucleus at an exposure time of 200 msec. By raising the exposure
time to 2 sec, overexpressed and endogenous FAMI124B could be observed.
Immunofluorescence staining of recombinant HA tagged FAM124B using the anti-HA

antibody (Roche) or staining of the recombinant cmyc tagged FAM124B using the anti-cmyc-

32



Results

antibody (abcam, ab9106) confirmed the results that FAM124B is preferentially expressed in
the nucleus and that the rabbit anti-Fam124B antibody is specific (Figure 4B, C).

Tissue specific expression of murine Fam124B

The expression pattern of murine Fam124B was studied by semiquantitative reverse
transcription polymerase chain reaction (RT-PCR) on RNA of wild type CD1 mouse tissues
and E9.5 and E12.5 embryos (Figure 5A). The RT-PCR results were validated by quantitative
real-time PCR (gRT-PCR) in 3 biological and 3 technical replicates (data not shown). Relative
MRNA expression levels were determined by using ACt values and were normalized to the
housekeeping genes Gapdh, Hprt and Sdha. Although, quantitative RT-PCR shows a high
variability of the Fam124B expression status in different animals, the semiquantitative RT-
PCR results could be confirmed, with highest expression rate in lung and lowest in liver.
Immunohistochemical staining (IHC) performed on adult mouse tissues confirmed the
semiquantitative and quantitative RT-PCR results (Figure 5B). Furthermore, we evaluated the
expression level of Faml124B in sections of adult mouse brains. Immunohistochemical
examination demonstrated an expression of Fam124B in different brain areas (Figure 6A).
Fam124B is highly expressed in the cortex, the hippocampus subfields 1-3 (CA1-3), the
dentate gyrus, the caudate putamen, and the cerebellum. In situ hybridization (ISH) of cortex
and hippocampus sections with a full-length Fam124B RNA probe supported the results
obtained by IHC (Figure 7A, B).

To explore the expression pattern of Fam124B during mouse development, we extended our
IHC studies to sections of E12.5 mouse embryos, the timepoint when organogenesis takes
place. Similar to adult mouse tissues, Fam124B expression at E12.5 was observed in different
inner organs, with lowest expression in liver tissue (Figure 8A-H). In the developing heart,
high expression was detected particularly in the endothelial cells of the atrium and along the
trabeculated endocardium of the ventricle, while no expression could be observed in blood
cells (Figure 8D). At E12.5 when the developing lung is not yet divided into lobes, Fam124B
expression could be observed in the stroma cells and in the epithelial cells of the segmental
bronchi (Figure 8G). Furthermore, Fam124B was expressed in the developing cochlea and the
surrounding tissue (Figure 8E) as well as in neural cells. The dorsal root ganglia and the
precartilage condensation zones in the neural arch showed Faml124B expression, while
Fam124B expression was significantly reduced in the cartilage (Figure 8B). High Fam124B
expression could be found in the spinal cord (Figure 8F) and in the developing brain (Figure
9).
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DISCUSSION

Loss of function mutations in CHD7 lead to CHARGE syndrome, a well known malformation
syndrome affecting several organs and sensory systems. CHD7 regulates the transcription of
tissues-specific target genes through the mechanism of ATP-dependent chromatin remodeling
[7-9, 12]. Chromatin remodeling proteins are typically found in large multiprotein complexes.
For CHD7 several tissues-specific interacting partners are described [9, 10, 12, 13]. Thus, it
can be suggested that there are cell type and developmental stage specific compositions of
CHD7 containing complexes. However, the precise complex compositions for each tissue are
still unknown. In an earlier study, we could demonstrate that a part of human CHD?7 interacts
with a part of human CHD8 both directly and indirectly, via potential linker proteins [11]. Loss
of function mutations in CHD8 as well as de novo missense mutations were described in
autism spectrum (ASD) and neurodevelopmental (NDD) disorder patients [19-22].
Interestingly, Betancur and colleagues described autism spectrum disorders in about two thirds
of children with CHARGE syndrome [25], which supports our hypothesis of a CHD7-CHD8
containing complex regulating the same cell type specific target genes.

The identification and characterization of associated factors of a CHD7-CHD8 containing
complex might play an important role in understanding the pathophysiology of CHARGE
syndrome and ASD/NDD. Therefore, to further characterize this complex and to identify
additional associated polypeptides interacting with the recently described human CHD7 and
CHDS8 part, we used the method of stable isotope labeling by amino acids in cell culture
(SILAC) in combination with mass spectrometry. As a result of three biological replicates we
identified the hitherto uncharacterized protein FAM124B as a potential interacting partner. In
humans, two FAM124B transcript variants are present, while in mice, only one transcript,
homologous to the human transcript variant 1, exists. The interaction of both human
FAM124B transcript variants with the CHD7 and CHD8 part was confirmed by co-
immunoprecipitation experiments. Direct yeast-two hybrid studies were performed to specify
the FAM124B - CHD7 - CHDS8 interaction areas. Both transcripts of human FAM124B
interact directly with the CHD8 part containing the amino acids 1789-2302 (NP_065971.2),
while the FAM124B - CHD?7 interaction is an indirect interaction or the interacting area is
outside of the used CHD7 part spanning amino acids 1591-2181 (NP_060250.2). The
biological role of human FAM124B or its orthologs in P.troglodytes, C.lupus, B.taurus,
R.norvegicus, M.musculus, G.gallus, D.rerio is still unknown. Bioinformatic analysis of the
amino acid sequence failed to identify any known functional domain. To gain further insight

into the biological role of FAM124B and its mouse ortholog, we examined the subcellular
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localization and the expression pattern. Immunofluorescence microscopy indicates that
endogenous FAM124B is localized mainly in the nucleoplasm. CHDS is described as a nuclear
localized protein [26]. Concerning CHD7, a dual localization in the nucleoplasm and in the
nucleolus was observed [12]. Therefore, we suggest, that the interaction between FAM124B,
CHD8 and CHD7 may take place in the nucleoplasm.

We could detect Fam124B expression in various adult mouse tissues, with highest expression
in lung and heart, followed by kidney, brain and testis, whereas it was lowest expressed in
liver. No Fam124B expression could be observed in blood cells. In adult mouse brain sections,
we demonstrated Fam124B expression in several areas. Within the brain, high expression
levels were found in the stratum granulosum of the cortex, stratum granulosum and
purkinjense of the cerebellum, thalamic nuclei, caudate putamen, and hippocampus.

CHD8 expression was previously found in various adult mouse tissues including heart, brain,
spleen, lung, liver, skeletal muscle, kidney, and testis [26]. CHD7 expression pattern was
determined by semiquantitative RT-PCR on several adult tissues including retina, cornea,
brain, skeletal muscle, heart, kidney and lung [1]. Accordingly to these previously described
data we could observe an overlapping expression pattern between CHD7, Chd8 and Fam124B
in adult mouse tissues. Because CHARGE syndrome is a developmental disorder and
NDD/ASD are caused by abnormal brain development, we extended our Fam124B expression
studies to embryonic tissues. The expression pattern of CHD7 during development has been
studied in embryos of different mammalian species, before [4, 5, 27-29]. During mouse
development, Chd7 was found to be expressed at E12.5 in a wide range of head tissues (several
brain areas with highest expression in proximity to the ventricles, in the choroid plexus,
developing olfactory epithelium, ganglia of the cranial nerves, otic and optic pits, and the
developing inner ear) and several regions of the body (especially the dorsal root ganglia and
lung epithelium, as well as stomach epithelium, kidney, and heart) [27]. Fam124B expression
at E12.5 was found in a variety of embryonic tissues (e.g. several brain areas, spinal cord,
dorsal root ganglia, developing cochlea and surrounding tissues, lung, heart, and kidney), as
well. Similar to the results of adult mouse tissues, Fam124B expression at E12.5 correlated in
many embryonic tissues with the Chd7 expression pattern, and therefore Fam124B was found
to be expressed in organs affected in CHARGE syndrome.

It has already been shown that CHD7 binds to methylated histone H3 lysine 4 (H3K4) at
enhancer elements and modify cell type specific gene expression in a fine-tuning manner [8,
9]. Schnetz and colleagues hypothesized that the binding of a CHD7 containing complex to

enhancer elements may modulate the expression rate of target genes through enhancer-

35



Results

promotor interactions [8, 9]. In mouse ES cells, a subset of Chd7 sites colocalize with p300,
Oct4, Sox2 and Nanog. The subset of Chd7 sites, which are not co-occupied by these proteins,
can also enhance transcription [9]. However, the associated factors of these Chd7 sites are still
unknown. Possibly, the newly identified Fam124B may serve as an associated factor involved
in Chd7 enhancer-mediated transcription. Furthermore, the high Fam124B expression in the
developing mouse brain and in neuronal tissues at embryonic day E12.5 might indicate a role
of FAM124B together with CHDS8 in neurodevelopmental and autism spectrum disorders.

In summary, we identified FAM124B, a nuclear protein, as a binding partner of a part of
CHD7 and CHDS8. We conclude that FAM124B is an associated factor of a CHD7 and CHD8
containing complex. Fam124B is widely expressed at mouse developmental stage E12.5 with
an overlapping correlation to Chd7 expression and high expression in the developing mouse
brain. Therefore, we assume a role for FAM124B in the pathogenesis of CHARGE syndrome
and NDD/ASD. The results of our interaction studies, the subcellular localization, and
expression profile of FAM124B provide valuable information and represent a starting point for
further functional investigations on FAM124B and its possible role in CHARGE syndrome and
NDD/ASD.

MATERIALS AND METHODS

Ethics statement/mouse strains
The animal studies are approved by the Institutional Animal Care and Use Committee of the

University of Goéttingen. All mouse studies were performed on CD1 wildtype mice.

Stable isotope labeling by amino acids in cell culture (SILAC) and mass spectrometry (MS)

Two Hela cell populations were grown in SILAC DMEM culture media (10% dialyzed FBS
and 1% penstrep) (PAA Laboratories GmbH, Pasching, Austria; Thermo Fisher Scientific,
Waltham, MA). The “light” SILAC medium was supplemented with unlabeled L-lysine and L-
arginine, while the “heavy” SILAC medium was supplemented with arginine and lysine
containing heavy isotopes of carbon and nitrogen (*3Ce-lysine and **Cg"*N,-arginine). Upon
metabolic labeling of the cells this lead to a mass shift of +6 and +10 Da per incorporated
arginine and lysine, respectively. After at least 5 cell passages, co-transfection with the
previously described plasmids CHD7-CR1-3-pCMV-HA and CHD8-pCMV-cmyc [11] into
either L- or H-labeled HeLa cells was performed. Non transfected L- or H-labeled cells were

used as negative control. After transient co-transfection, the cells were incubated at 37°C for
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24 hours, then washed with DPBS (PAN BIOTECH GmbH, Aidenbach, Germany) and
trypsinized (Invitrogen, Carlsbad, CA, USA). To isolate the same amount of protein from both
cell cultures, cell populations were accurately counted under microscope using counting
chambers (Neubauer haemocytometer) (approximately 1 - 1,2 x 107 cells were used) before
cell lysis, which was performed as described by Oellerich et al. (2011) [24]. Protein lysates
were incubated with 4 pg of monoclonal anti-Ha antibody (Roche Diagnostik GmbH,
Mannheim, Germany) at 4°C overnight. Proteins coupled with the antibody were incubated at
4°C with 100 pl of protein G (Immunoprecipitation Kit, Roche Diagnostik GmbH, Mannheim,
Germany) for further 2 hours. Centrifugation at 350 rpm for 3 min was carried out to collect
the agarose beads. To remove unbound proteins, the beads were washed two times in 500 ml
lysis buffer and one time with 1 ml washing buffer 2 (Immunoprecipitation Kit, Roche
Diagnostik GmbH, Mannheim, Germany). The beads were resuspended in 50 ul NUPAGE
LDS Sample buffer (Invitrogen, Carlsbad, CA, USA) supplemented with 0.1 M DTT. After
denaturation for 10 min at 95°C, the denaturated H- and L-labeled proteins were pooled in
equimolar amounts and subsequently the samples were separated by size using an 1D-PAGE
(Invitrogen, Carlsbad, CA, USA) followed by coomassie blue staining. Each gel lane was cut
into 23 gel slices. Proteins from each slice were in-gel digested with trypsin (Promega,
Madison, WI) according to the protocol described by Shevchenko et al. (2006) [30]. MS
measurements were carried out using a nanoflow HPLC (Agilent, Boeblingen, Germany)
coupled to a nanoelectrospray LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) as described by Nikolov et al. (2011) [31].

RNA isolation and semiquantitative reverse-transcription PCR

Total RNA was isolated from HeLa cells, MRC-CV1 cells or different mouse tissues using
Trizol reagent (Invitrogen, Carlsbad, CA, USA). Homogenizing was carried out with Tissue
lyser LT (Qiagen GmbH, Hilden, Germany). 5 ug of total RNA from each sample was reverse-
transcribed using Superscript Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA). For
each PCR reaction 0.5 ul undiluted cDNA and 0.2 ul platinum tag polymerase (Invitrogen,
Carlsbad, CA, USA) was used. Human cDNA isolated from HeLa and MRC-CV1 cells were
amplified using the following primers: 5’-CCTTCTACACACGCTGTCTTTG-3’as forward
primer and 5’-GGGGATGAGCTATGCAACCTAAG-3’ as reverse primer. RT-PCR on mouse
tissues was carried out wusing the following primer pair: forward primer 5’-
GGTGGCCTTCATCATAATCTTC-3" and reverse primer 5-CCAGTCACACTCTTGCT

TCTGT-3". The correct sequence was confirmed by sequence analysis.
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Quantitative RT-PCR

Realtime PCR reactions were performed using 1ul of 1:10 diluted cDNA from different CD1
mouse tissues, SYBR green (Invitrogen, Carlsbad, CA, USA) and the gene-specific primers
forward 5’-CCGTGTGTTCCCATCAGCAG-3’ and reverse 5’-
CTCCTCCTCCGGCTCCTTG-3". Relative mRNA expression levels were determined using
ACt values and were normalized to the housekeeping genes Gapdh, Hprt and Sdha. The
experiment was performed in three biological and 3 technical replicates.

Co-immunoprecipitation

For co-immunoprecipitation studies we generated the plasmids FAM124B-1,3-pCMV-HA
(transcript variant 1, NP_001116251.1), FAM124B-1,2-pCMV-HA (transcript variant 2,
NP_079061.2), FAM124B-1,3-pCMV-cmyc (transcript variant 1, NP_001116251.1) and
FAM124B-1,2-pCMV-cmyc (transcript variant 2, NP_079061.2) by cloning the human full-
length sequence of transcript variant 1 and transcript variant 2 in frame to the hemagglutinin
(HA) epitope tag into the pCMV-HA vector (Clontech, Mountain View, CA, USA) or in
frame to the N-terminal c-Myc epitope tag into the pCMV-Myc vector (Clontech, Mountain
View, CA, USA) by using the In fusion advantage kit (Clontech, Mountain View, CA, USA)
according to the company’s protocol. The correct reading frame and sequence was confirmed
by sequence analysis.

Hela cells were cultured in 50 ml flask (Sarstedt, Newton, NC, USA) and were cotransfected
with CHD7-CR1-3-pCMV-HA (amino acids 1593 - 2178, NP_060250.2) and either
FAM124B-1,3-pCMV-cmyc or FAM124B-1,2-pCMV-cmyc. Additionally, we co-transfected
HeLa cells with CHD8-pCMV-cmyc (amino acids 1789 - 2302, NP_065971.2) and either
FAM124B-1,3-pCMV-HA or FAM124B-1,2-pCMV-HA. After 24h of incubation at 37 °C, co-
immunoprecipitations were carried out as previously described [11]. For immunoblotting we
used the following antibodies: anti-c-Myc (abcam, ab9106) at a dilution of 1:2000, anti-HA
(Roche Diagnostik GmbH, Mannheim, Germany) at a dilution of 1:1000, goat anti-CHD7
(abcam, ab 65097) at a dilution of 1:2000, rabbit anti-CHD8 (abcam, ab84527) at a dilution of
1:2000. The following antibodies were used for detection: goat anti-rabbit 1gG peroxidase
secondary antibody (Sigma-aldrich, St.Louis, MO, USA) for anti-c-Myc and anti-CHD8, goat
anti-Rat secondary antibody conjugated with horseradish peroxidase (Thermo Scientific,
Rockford, IL, USA) for anti-HA, donkey anti-goat 1gG peroxidase secondary antibody (Santa-
Cruz Biotechnologies, California, USA) for anti-CHD7.
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Yeast two hybrid

For yeast two hybrid studies we generated the constructs FAM124B-1,3-pGBKT?7 (transcript
variant 1, NP_001116251.1), FAM124B-1,2-pGBKT7 (transcript variant 2, NP_079061.2),
FAM124B-1,3-pGADT?7 (transcript variant 1, NP_001116251.1) and FAM124B-1,2-pGADT7
(transcript variant 2, NP_079061.2). The human full-length sequence of transcript variant 1
and transcript variant 2 were subcloned in frame to the ATG of the pGBKT7 or pGADT7
vector (Clontech, Mountain View, CA) by using the In fusion advantage kit (Clontech,
Mountain View, CA). All constructs were transformed into Y2HGold strain cells (Clontech,
Mountain View, CA) and tested for toxicity and autoactivation of the bait or prey reporter
genes. No toxicity for the yeast cells could be observed, but the FAM124B-1,3-pGBKT7 and
FAM124B-1,2-pGBKT7 showed autoactivation. Therefore, the further experiments were
performed with the FAM124B-1,3-pGADT7 and FAM124B-1,2-pGADT7 constructs. These
both plasmids were co-transformed into Y2HGold strain cells together with either the CHD7-
CR1-3-pGBKT7 (amino acids 1591-2181, NP_060250.2) or the CHD8-pGBKT7 (amino acids
1789-2302, NP_065971.2) plasmids. The direct Yeast two hybrid was performed according to

the manufactures’ protocol.
Cryosections

Adult brains from CD1 mice were isolated and fixed overnight in 4% paraformaldehyde (PFA)
solution prepared in sterile PBS with DEPC water at 4°C with gentle shaking. On the next day,
the tissues were washed 3 times with sterile PBS/DEPC at 4°C and incubated in
autoclaved/sterile 30% Sucrose at 4°C with gentle shaking till the tissues sank down. Then the
brains were incubated for 30 minutes to 1 hour at 4°C in a 1:1 mixture containing 30% sucrose
and Jung tissue freezing medium (Leica Microsystems, Nussloch, Germany), following an
incubation in tissue freezing medium at 4°C for 30 minutes and embedded on dry ice in tissue
freezing medium. The frozen block was kept till usage at -80°C and cut by cryo-microtome
(Leica Instrument, Nussloch, Germany) with 20 um thickness and sticked on Menzel

Superfrost microscope slides (Thermo Scientific, Rockford, IL, USA).
In situ hybridization

In situ hybridization was performed on cryosections of adult brain from CD1 mice. The
following primer pairs were used to amplify by RT-PCR the whole coding region of Fam124B:
forward 5’- GCCATGGATGAGATACAGGAA-3’ and reverse 5’-
CATGAATGGGGCTGACTCTTA-3’. The PCR product was subcloned into pGEMT easy

vector (Promega, Madison, WI) and transformed into E.coli. Positive plasmids were isolated
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and sequenced. For probe amplification from a correct plasmid the following primers were
used for the Sp6 transcript: pGEM-T-Sp6-F (ACGTCGCATGCTCCCG) and pGEM-T-R2
(CCAGGCTTTACACTTTATGCTTCC) and for the T7  transcript: PCR-T7
(CTGCGCAACTGTTGGG) and pGEM-T-R1 (AGGCGGCCGCGAATTCAC). The PCR
products were gelextracted and DIG-labelled RNA probes were synthesized using the DIG
RNA Labeling Kit (SP6/T7) (Roche Diagnostik GmbH, Mannheim, Germany) according to the
manufacturer’s protocol. Synthesized probes were ethanol precipitated and resuspended in 100
pl of DEPC water/formamide 1:1 mixture and kept till usage at -20°C. Non-radioactive in situ
hybridization have been done according to Moorman et al. (2001) The results have been
observed using a BX60 microscope (Olympus, Hamburg, Germany) and images were
processed by the analysis program (CellSens Dimension, Olympus).

Immunohistochemistry on cells

HeLa and MRC-CV1 cells were transfected with the FAM124B-1,3-pCMV-HA construct. Cell
culture, staining procedure and fluorescence imaging was carried out as described previously
[11]. As a blocking solution 10% sheep serum diluted in DPBS with 0.1% Tween 20 (TPBS)
was used. Rabbit anti-FAM124B antibody (Proteintech Group, Chicago, IL) was diluted at 1:
50. As secondary antibody anti-rabbit 1gG conjugated with Cy3 (Sigma-Aldrich, St.Louis,
MO, USA) antibody was used at a dilution of 1:400.

Immunohistochemistry on paraffin embedded tissues

Adult wild type CD1 mouse tissues and E12.5 embryos were paraffin embedded according to
standard procedures. From the paraffin embedded tissues 7um sections were made and
incubated overnight at 45 °C. After a three time Xylene incubation (10, 5, 5 minutes) a series
of ethanol incubation (100%, 95%, 90%, 80%, 70%, 50%) and a washing step with DPBS for 2
minutes followed. Slides were cooked with antigen retrieval buffer (citric acid 0.1M; EDTA
0.01%, pH 6.2) in a steam cooker for 10 minutes and allowed retrieval buffer to cool down on
ice for at least 10 minutes. Endogenous peroxidase activity was blocked using 6% H,0,
solution in water for 15 minutes. The solution was tapped off from the slides and blocked with
horse serum (Vectastain Universal Quick kit, Vector Laboratories, Burlingame, CA) for 30
minutes in a humidity chamber at room temperature. Rabbit anti-FAM124B (Protein Tech),
rabbit anti-CHD7 (abcam, ab31824) and rabbit anti-CHD8 (abcam, ab84527) antibodies were
diluted at 1:50, 1:50 and 1:100, respectively. The primary antibodies were incubated at 4°C
overnight. After washing with TPBS for 5 minutes, a Pan specific secondary antibody

(Vectastain Universal Quick kit, Vector Laboratories, Burlingame, CA) was applied for
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maximum 10 minutes and washed again with TPBS for 5 minutes. Streptavidin peroxidase
(Vectastain Universal Quick kit, Vector Laboratories, Burlingame, CA) was applied on the
slides for 5 minutes. Slides were then transferred to TPBS washing buffer for minimum 5
minutes. The staining was developed with DAB substrate (Roche Diagnostik GmbH,
Mannheim, Germany) for around 2 minutes. The slides were rinsed for minimum 5 minutes
under tap water and counterstain could be done in mayor’s hematoxylin for 20-40 seconds and
washed with tap water 3-4 times. Mounting of slides were done with Aqua polymount
(Polysciences Inc., Warrington, PA). Imaging was performed and processed using a BX60
microscope (Olympus, Hamburg, Germany) and the analySIS program Cell-Sens Dimension.

SUPPORTING INFORMATION

Table S1 Proteins found by SILAC in combination with mass spectrometry 1% experiment
(XLS)
Table S2 Proteins found by SILAC in combination with mass spectrometry 2™ experiment
(XLS)
Table S3 Proteins found by SILAC in combination with mass spectrometry 3™ experiment
(XLS)
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FIGURES
Figure 1: Schematic overview of the SILAC
7 75 approach.
/ \ { \
|\‘ :. l‘-., (CHD7-HA @ J “Heavy”-labeled cells were co-transfected with the
s, 7 N / plasmids CHD7-CR1-3-pCMV-HA (containing amino
Jight" heavy* acids 1593 - 2178, NP_060250.2, in fusion with an
Hela cells Hela cells . .
‘ ‘ HA-tag) and CHD8-pCMV-cmyc (spanning amino
Immunoprecipitation Immunoprecipitation acids 1789 — 2302, NP_065971.2, in fusion with an
(x-HA) (a-HA) cmyc-tag). The CHD7 part was purified by anti-HA
\ / immunoprecipitation. As a negative control the same
11 immunoprecipitation was performed in lysates of non-
! transfected “Light”-labeled HelLa cells. Purified
1D-PAGE proteins from both cell cultures were pooled in
In-gel Digest equimolar amounts and in-gel digested, followed by
‘ liquid-chromatography (LC)-coupled tandem mass
LC-MS(MS) spectrometry.
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Figure 2: Co-immunoprecipitation of FAM124B with a part of CHD7 and CHDS.

HelLa cells were co-transfected with either the CHD7-CR1-3-pCMV-HA (amino acids 1593 - 2178,
NP_060250.2) plasmid and FAM124B-1,3-pCMV-cmyc/FAM124B-1,3-pCMV-HA (transcript variant 1,
NP_001116251.1) or with CHD8-pCMV-cmyc (amino acids 1789 - 2302, NP_065971.2) and FAM124B-1,3-
pCMV-HA (transcript variant 1, NP_001116251.1).

(A) Using the anti-CHD8 (abcam, ab84527) or the anti-CHD7 (abcam, ab31824) antibody for precipitation, we
detected with the anti-HA antibody (Roche) an approximately 51 kDa band corresponding to the estimated size
of FAM124B transcript variant 1. Lane 1: co-transfected Co-IP, lane 2: untransfected HeLa cells as negative
control. (B) Reciprocal immunoprecipitation with anti-cmyc antibody (precipitating FAM124B transcript variant
1), and detection with the anti-CHD7 antibody lead to a specific band ~ 70 kDa, the estimated size for the CHD7
part fused to the HA-tag. Lane 1: co-transfected Co-IP, lane 2: untransfected Hela cells as negative control. (C)
Reciprocal experiment with anti-HA antibody (precipitating FAM124B transcript variant 1) and detection with
the anti-CHDS8 antibody detected a specific band ~ 68 kDa, the estimated size for the CHD8 part fused to the
cmyc-tag. Lane 1: co-transfected Co-IP, lane 2: untransfected Hela cells as negative control. (D, E, F) The same
experimental procedure was performed for FAM124B transcript variant 2, demonstrating a specific interaction of
FAM124B transcript variant 2 with the CHD7 and CHDS8 part as well. Lane 1: co-transfected Co-IP, lane 2:

untransfected HeLa cells as negative control.

Figure 3: Yeast two hybrid assay.

(A) Direct yeast two hybrid experiment with the
constructs FAM124B-1,3-pGADT7 (full lengths
transcript variant 1) and CHD7-CR1-3-pGBKT7
(amino acids 1591-2181, NP_060250.2)
demonstrating no direct interaction between
FAM124B transcript variant 1 and the CHD7 part,
while (B) direct yeast two hybrid experiment with the
constructs FAM124B-1,3-pGADT7 (full lengths
transcript variant 1) and CHD8-pGBKT7 (amino
acids 1789-2302, NP_065971.2) shows a direct
interaction. The same experiments were performed
for FAM124B transcript variant 2. (C) Direct yeast
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two hybrid experiment with the constructs FAM124B-1,2-pGADT?7 (full lengths transcript variant 2) and CHD7-
CR1-3-pGBKT7 (amino acids 1591-2181, NP_060250.2). (D) Direct yeast two hybrid experiment with the
constructs FAM124B-1,2-pGADT7 (full lengths transcript variant 2) and CHD8-pGBKT7 (amino acids 1789—
2302, NP_065971.2). FAM124B transcript variant 2 interacts directly with the CHD8 part, while no direct

interaction with the CHD7 part could be observed.
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Figure 4: Subcellular localization of
FAM124B.

(A) Immunofluorescence staining using a
rabbit anti-Fam124B antibody
(ProteinTech) on untransfected HelLa cells
demonstrating a mainly nuclear localization
of endogenous FAM124B.

(B) Immunofluorescence staining using the
rabbit anti-Fam124B antibody and the anti-
HA antibody on HelLa cells transiently
transfected with the plasmid FAM124B-
1,3-pCMV-HA  (FAM124B transcript
variant 1 fused to an hemagglutinin tag)

confirmed the mainly nuclear distribution of

FAM124B and demonstrated the specifity of the FAM124B antibody.
(C) Immunofluorescence staining using the rabbit anti-Fam124B antibody and the anti-cmyc antibody on HelLa
cells transiently transfected with the plasmid FAM124B-1,3-pCMV-cmy (FAM124B transcript variant 1 fused to

an cmyc tag) confirmed the further results. Scale bar = 10 um.
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Figure 5: Expression pattern of murine Fam124B

(A) Expression pattern of murine Fam124B by semiquantitative reverse transcription polymerase chain reaction
(RT-PCR) on wild type CD1 mouse tissues and E9.5 and E12.5 embryos demonstrating expression in various
tissues and during development.

(B) Immunochistochemistry (IHC) performed in adult mouse tissues slightly counterstained with haemytoxylin
(blue) confirmed the semiquantitative RT-PCR results with high expression (brown) in lung, heart, kidney,

moderate expression in brain and testis, and very low expression in liver. Scale bar = 20 um.

Figure 6: Fam124B expression in the mouse central nervous system.
(A) Overview of horizontal paraffin embedded brain sections (B, C, D). (G) Overview of sagittal brain
cryosections (E,F). (B) Cortex, (C) Thalamic nuclei, (D) Hippocampus, (E) Caudate Putamen, (F) Cerebellum.

47



Results

Ctx = Cortex, CC = Corpus Callosum, Hipp = Hippocampus, CA1-3 = Cornu Ammonis areas, DG = dentate
gyrus, CP = Caudate Putamen, adt = anterior dorsal thalamic nucleus, dg = granual layer of dentate gyrus, v =
left ventricle, F = fornix, mdt = mediodorsal thalamic nucleus, Illv = third ventricle with choroid plexus, vpl =
ventral posterior thalamic nucleus, lateral part, SM = stratum moleculare, SP = stratum purkinjense, SG =
stratum granulosum, 1l = stratum granulosum externum. Scale bar = 100 pum.

Figure 7: In situ hybridization (ISH) of Fam124B on mouse brain cryosections in comparison with
immunostaining (IHC). (A) Cortex, (B) Hippocampus: An overlapping expression pattern could be

demonstrated confirming the specificity of the FAM124B antibody. DG = dentate gyrus. Scale bar =100um.

Figure 8: Fam124B expression at murine embryonic stage E12.5

Fam124B expression (brown) was found in a variety of embryonic tissues. Expression could be observed in
several brain areas, spinal cord, dorsal root ganglia, developing cochlea and surrounding tissues, lung, heart, and
kidney. Low expression was found in the developing liver and no expression (blue) in blood cells.
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(A) Overview of Fam124B immunostaining on sagittal section of an E12.5 wildtype embryo slightly
counterstained with haemytoxylin, scale bar = 200 um. Higher magnification of (B) dorsal root ganglia, scale bar
= 100 pm (C) nasal region, scale bar = 100 um (D) the developing heart, scale bar = 100 um (E) developing
liver, scale bar = 50 um (F) spinal cord (sc), scale bar = 50 um (G) developing lung with segmental bronchus
(sb), scale bar = 100 um (H) cochlea, and surrounding tissue, scale bar = 100 pum.

LV = lateral ventricle, ch.p = choroid plexus differentiating from fourth ventricle, co = cochlea, cd = cochlear
duct, ne = nasal epithelium, V gan = left trigeminal (V) ganglion, drg = dorsal root ganglion, VIII gan =
Vestibulocochlear (V111) ganglion, at = left atrium of heart, vt = left heart ventricle, ec = endothelial cells, car =

cartilage primordium of body of vertebra, ccp = cartilage condensation being primordium of vertebral body.

Figure 9: Fam124B expression in the developing brain at murine embryonic stage E12.5

(A) Overview of Fam124B immunostaining of the brain slightly counterstained with haemytoxylin. (B) Higher
magnification of the trigeminal ganglion, (C) aqueduct of sylvius with choroid plexus = AQ (D) Higher
magnification of the medulla (me) with spinal tract of trigeminal nerve (Vsp), nV = trigeminal nucleus, MLF=
medial longitudinal fasciculus (E) Higher magnification of the eye, nr = neural retina, If = lens fibers, vb =

vitreous body. Scale bar = 50 pm.
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between Chd? and Fam 1248 at murine embryonic day E 12.5 and the high expression
of Fam 1246 in the developing mouse brain, we conclude that Fam 1248 is a novel
pritein possibly involved in the pathogenesis of CHARGE syndrome and
neurodevel opmental disorders.
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4. Discussion

Mutations in the chromodomain helicase DNA binding protein 7 gene (CHD7) are the
underlying cause for CHARGE syndrome, an autosomal dominant inherited heterogeneous
multiple malformation syndrome (Vissers et al. 2004). In 10-20% of patients with typical
signs of CHARGE syndrome and in 40-50% of patients with an atypical presentation no
mutation could be found and therefore the molecular cause is unknown. The characterization of
CHD?7 interacting partners can help to understand the pathogenesis of the disease. In our
working group a part of CHD8, another member of the CHD family of proteins, was identified
by yeast two hybrid library screen as a putative interaction partner of CHD7. The interaction
was confirmed by bimolecular fluorescence assay (BiFC), direct Yeast two Hybrid and Co-IP
experiments. Furthermore, we investigated the CHD7-CHDS interaction in the presence of 4
CHD7 missense mutations. Indeed, three out of 4 mutations lead to a loss of interaction by
direct interaction studies, while the interaction still remained in Co-IP studies. Because of these
results we suggest that CHD7 and CHD8 interact directly (shown by the Y2H experiments)
and indirectly via additional linker proteins (in Co-IP results). Therefore we searched for
additional CHD7 and CHD8 associated proteins by using the method of SILAC in combination
with mass spectrometry. As a novel interacting partner of a part of CHD7 and a part of CHD8
we identified the unknown protein FAM124B. We further characterized the expression profile
and the subcellular localization of FAM124B. Moreover, our results let us suggest that
FAM124B might be very important for embryonic development and could play a role in the

pathogenesis of CHARGE syndrome and autism and neurodevelopmental disorders.

4.1 Known CHD7 complexes and function

Since the discovery that CHD7 mutations lead to CHARGE syndrome, its functions have
been studied to a greater extent. To date, CHD7 is known to be involved in several cell and
tissue specific complexes (Takada et al. 2007, Bajpai et al. 2010, Schnetz et al. 2009, 2010). In
human multipotent neural crest like cells, CHD7 regulates neural crest and placode formation
by binding to components of the BAF/PBAF complex (Bajpai et al. 2010, Fig. 4.1A).
BAF/PBAF complexes are chromatin remodeling complexes, which are involved in
developmental transitions. The composition of the complex is tissue and developmental stage
dependent (Ho & Crabtree 2010).

With an approach of chromatin immunoprecipitation and microarray-based sequence
analysis (ChIP-chip) in human colorectal carcinoma cells, human neuroblastoma cells, and

mouse ES cells before and after differentiation into neural precursor cells, CHD7 has been
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demonstrated to have tissue and cell type specific temporal functions via localizing to
methylated histone H3 lysine 4 (H3K4) in enhancer regions of various genes (Schnetz et al.
2009). A further study in mouse embryonic stem (ES) cells indicates that CHD7 colocalizes
with Oct4, Sox2, Nanog, and p300 and functions by binding to enhancers as a transcriptional
modulator and fine-tuning the expression levels of ES cell-specific genes in either a positive or
negative way (Schnetz et al. 2010, Fig. 4.1B). In addition, CHD7 forms a complex with NLK,
SETDB1 and PPAR-y and binds to methylated lysine 4 and lysine 9 residues on histone H3 at
PPAR-y target promoters in mesenchymal stem cells. Therefore it is suggested that CHD7 is
involved in the regulation of cell fate specification (Takada et al. 2007, Fig. 4.1C).

Furthermore, in Drosophila, Kismet, a homolog of the human CHD7 protein, has been
proven to be crucial for proper axon pruning and development of fly’s central nervous system
(Melicharek et al. 2010). Another functional study could demonstrate that Kismet promotes
early transcriptional elongation through RNA polymerase Il by recruiting the histone
methyltransferases ASH1 and TRX to chromatin (Srinivasan et al. 2008).

CHDY is localized in the nucleolus and the nucleoplasm (Zentner et al. 2010, Kita et al.
2012). Interestingly, recently it has been shown that CHD7 codes for two transcripts. The
shorter transcript is generated by alternative splicing of exon 6 and contains only one
chromodomain. This transcript variant was shown to localize in the nucleolus (Kita et al.
2012). CHDY7 regulates positively rRNA biosynthesis and is associated with rDNA (Zentner et
al. 2010). Indeed, it has been shown that both CHD7 transcripts regulate 45S precursor rRNA
production (Zentner et al. 2010, Kita et al. 2012). Moreover overexpression studies showed
that the long CHD?7 transcript (CHD7L) supports Sox2-mediated transcriptional regulation
whereas the short CHD?7 transcript (CHD7S) suppresses it (Kita et al. 2012). Treacher Collins
syndrome (TCS) is a multiple congenital anomaly caused by mutations in the TCOF1 gene,
encoding the protein treacle (Valdez et al. 2004, Dixon et al. 2007). TCS and CHARGE
syndrome are distinct diseases, but share some common features such as eye and ear defects.
Like CHD?7, treacle is associated on rDNA and act as a positive regulator of rRNA synthesis.
Indeed, Zentner et al. (2010) could show that CHD?7 is needed for treacle (TCOF1) to associate
with rDNA (Fig. 4.1D). These findings imply a functional link between CHARGE syndrome
and Treacher Collins syndrome.

These reports show crucial roles for CHD7 in the transcriptional regulation of target
genes, its effects on developmental stages and various tissue specific processes and the
pathogenetic connection between CHARGE syndrome and other malformation syndromes like

Treacher Collins syndrome.
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Figure 4.1. Models for CHD7 complexes. A: Human neural crest-like cells, BAF/PBAF complex (Bajpai et al.
2010), B: A complex in mouse embryonic stem cells (Schnetz et al. 2010), C: A complex in mouse bonemarrow
mesenchymal progenitor cells (Takada et al. 2007), D: CHD7 and Treacle association on rDNA (Zentner et al.
2010).

4.2 Known CHD8 complexes and function

Chromodomain helicase DNA binding protein 8 (CHD8) is a chromatin remodeling
enzyme that belongs to the CHD subgroup I1l. Typical additional domains of this subgroup are
three conserved regions (CR1-3), a SANT and two BRK domains. CHD proteins utilize ATP
hydrolysis to modify chromatin structure and to regulate transcriptional processes (Marfella &
Imbalzano 2007). CHDS8 was first described in Xenopus by Sakamoto et al. (2000). They
named the protein Duplin (for axis duplication inhibitor). It was shown that Duplin is a nuclear
protein that directly binds to B-catenin and inhibits Wnt/B-catenin signaling (Sakamoto et al.
2000). The second chromodomain is responsible for the B-catenin interaction. In addition, they
could show that Duplin regulates B-catenin- T-cell factor (Tcf)-dependent downstream genes
(Chung et al. 1997, Kobayashi et al. 2002). However, Duplin is an N-terminal fragment of
Chd8 which lacks the catalytic Snf2 helicase domain and all further domains. Later, full length
of CHDS has been shown to bind also directly to -catenin (Thompson et al. 2008).

Nishiyama et al. (2004) created Duplin knock-out mice. Duplin mutant homozygous
embryos show growth retardation accompanied by massive apoptosis leading to death at E7.5.
Later they demonstrated CHD8 binds to both p53 and histone H1 proteins. The p53-CHD8-

histone H1 complex is required for suppression of p53 target genes transcription, and therefore
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prevents apoptosis induced by genotoxicity (Nishiyama et al. 2009, Fig. 4.2A). Interestingly,
the Whnt signaling pathway is regulated by CHDS8 in a similar way. CHD8 promotes the -
catenin—~CHD8-histone H1 trimeric complex on chromatin (Nishiyama et al. 2012, Fig. 4.2B).

CHDS8 is shown to be involved in various protein complexes depending on the cell type
and developmental stage. Mouse Chd8 has been shown to play a role in Ctcf-dependent
insulator function by binding directly Ctcf (11-zinc finger protein or CCCTC-binding factor)
(Ishihara et al. 2006). Furthermore, various experiments on smooth muscle cells (SMCs) could
demonstrate that complexes including CHDS8, Serum Response Factor (SRF) and CCTF play
an essential role in differentiation and maintenance/survival of SMCs (Rodenberg et al. 2010,
Fig. 4.2C).

Additionally, CHD8 was copurified with a large protein complex including Wdr5, Ash2L,
and RbBP5 (WAR), which are known members of the Mixed Lineage Leukemia (MLL)
histone modifying complex (Dou et al. 2005, Thompson et al. 2008, Yates et al. 2010, Fig.
4.2D). MLL1 or 2, the trithorax orthologs in Drosophila, built together with RbBP5-WDR5
and ASH2L a complex which acts as a methyltransferase. This complex composition regulates
the HOXA2 gene transcription in a positive manner (Hess 2004, Wysocka et al. 2005). In
contrary, it has been demonstrated through CHD8 shRNA downregulation in pluripotent
human testicular embryonal carcinoma cell lines that CHD8 with the WAR complex members
WDR5, ASH2L and RbBP5 negatively regulates HOXA2 expression (Yates et al. 2010).

CHDS8 interacts with the human Staf protein for efficient U6 gene transcription in vivo and
it has been demonstrated by Chip analysis that CHD8 binds to both Pol Il and Pol 11 shRNA
promoters (Yuan et al. 2007). Moreover, CHD8 binds specifically to histone H3 di-methylated
at lysine 4 with its chromodomains (Rodriguez-Paredes et al. 2009). CHD8 also binds the
elongating form of RNA polymerase Il to control the expression of cyclin E2 and thymidylate
synthetase (TYMS) (Rodriguez-Paredes et al. 2009).

In addition, CHDS8 is associated directly with the androgen receptor (AR) which could
demonstrate a role for CHD8 in AR-mediated regulation of target genes (Menon et al. 2010).
Collectively, CHDS8 has various interaction partners depending on the cell type. Depending on
the complex partners CHD8 functions in different processes like repressing apoptosis,
differentiation and survival of SMCs, transcriptional repression and regulation of specific

target genes.
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Figure 4.2. Models for CHD8 complexes. A: p53-CHD8-histone H1 complex regulates apoptosis during
embryogenesis (Nishiyama et al. 2009), B: CHDS8 interacts with B-catenin and subsequently recruits histone H1,
resulting in chromatin compaction and transcriptional silencing of Wnt target genes (adapted and modified from
Nishiyama et al. 2012), C: CHD8, SRF and CCTF complex is important for differentiation and survival of smooth
muscle cells (Rodenberg et al. 2010), D: The human WAR (WDR5, RbBp5, ASH2L) complex repress HOXA2
gene expression when CHDS is included (Thompson et al. 2008).

4.3 CHD8 builds together with CHD7 a complex

In our working group we searched for CHD7 interaction partners by performing yeast two
hybrid library screen of a human fetal brain library. CHD8 was identified as a potential CHD7
interaction partner. The interaction was confirmed by direct yeast two hybrid and in HeLa cells
by Co-IP and BiFC-assay (bimolecular fluorescence complementation assay). Interestingly,
when we narrow down the interacting area of CHD8, a region of unknown functions without
predicted domains was identified. The predicted sizes of the CHD7 and CHD8 proteins are 334
kDa and 290 kDa, respectively. Because of such a huge size of the endogenous CHD7 and
CHD8 proteins, western blot detection needs to be done by a harsh nuclear isolation protocol
as well as wet blotting technique. CHDS8 is expressed relatively strong in HelLa cells
(Nishiyama et al. 2009, 2012), whereas endogenous CHD7 expression is very low. Therefore,
we were not able to perform Co-IP experiments with endogenous CHD7 in HelLa cells (data
not shown). To demonstrate, the endogenous CHD7-CHDS8 interaction we used the new
method of Proximity Ligation Assay (PLA, Olink) (Fig. 4.3). In this method, two target
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proteins can be detected with specific antibodies produced in two different species. Specific
oligonucleotide labeled secondary antibodies (PLA probes) generates fluorescence spots only
when the two PLA probes have bound in close proximity. In our case, the PLA probes produce

red fluorescence spots.

A
CHD7/CHD8 Duolink PLA

DAPI Phalloidin Duolink Qverlay

Negative control

CHDS8 CHD7

Figure 4.3. CHD7 and CHD8 endogenous interaction in HeLa cells shown by the Duolink PLA method.

Cell nuclei were counterstained with DAPI and cytoskeleton was stained by Phalloidin/FITC. Interacting areas are
visualized as red fluorescence spots. A: CHD7 and CHD8 interaction can be seen in the nucleus. B: Technical
negative control for the CHD7 and CHD8 antibodies. The primary CHD7 and CHD8 antibodies are used
separately with 2 PLA probes. There are very few red dots in negative control which indicates antibodies do bind
specifically (done by Yvonne Schulz 2011).

Moreover, in mammals CHD3 and CHD4, two other members of the CHD family, build
together a core component of the NURD complex (Xue et al. 1998, Hall & Georgel 2007). In
lower organisms like Drosophila, not all orthologs of the known human CHD genes are
existing. For instance, Kismet is the only ortholog of all human CHD subgroup Il members in
Drosophila. Kismet mutant Drosophila larvae showed more severe influence on some
transcription factors than CHD7, CHD8 or CHD9 solely did in mammals (Srinivasan et al.
2005, Rodriguez-Paredes et al. 2009). Because of these observations, it is suggested that other
CHD subgroup members might have overtaken functions of Kismet. Furthermore, it is

hypothesized that depletion of one CHD subgroup member leads to a gene-specific, but not a
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general influence (Rodriguez-Paredes et al. 2009). Deletions of the region 14q11.2 including
the CHD8 and SUPT16H gene have been found in three patients with facial dysmorphism,
developmental delay and cognitive impairments (Zahir et al. 2007). The authors concluded that
haploinsufficiency of either the CHD8 and/or the SUPT16H are the reason for the phenotype
in the patients (Zahir et al. 2007). Even though these patients’ phenotype is different from
CHARGE syndrome, we considered that missense mutations in the CHD8 gene disturbing the
function of its interacting partner CHD7 might lead to CHARGE syndrome. Therefore, we
analyzed in our working group 25 CHD7 negative CHARGE syndrome patients for missense
mutations in the CHD8 gene. We did not find a pathogenic CHD8 mutation in our collective
(Batsukh et al. 2010). Interestingly, it has been reported recently that some patients with
autism (ASD) and neurodevelopmental disorders (NDD) have de novo missense or nonsense
mutations in the CHD8 gene as well as microdeletions (Zahir et al. 2007, Neale et al. 2012,
O'Roak et al. 2012, Talkowski et al. 2012). Because of these results, it is now clear that CHD8
mutations are not an underlying cause of CHARGE syndrome, but interestingly about two
thirds of children with CHARGE syndrome suffer from autism spectrum disorders (Betancur
2011). Our findings that CHD7 and CHDS8 interact with each other might shed some light in
the understanding of the connection between ASDs/NDDs and CHARGE syndrome.

4.4 Evaluating the effect of 4 CHD7 missense mutations on the interaction between
CHD8 and CHD7

We wanted to check if the CHARGE syndrome causing CHD7 missense mutations have
an effect on the CHD7-CHDS8 interaction (Batsukh et al. 2010). We studied the three known
CHD7 mutations (p.His2096Arg, p.Val2102lle and p.Gly2108Arg) (Felix et al. 2006, Lalani et
al. 2006, Jongmans et al. 2008) as well as a mutation newly identified in our lab
(p.Trp2091Arg). All four missense mutations are within the CHD7 part involved in the CHD7-
CHDS8 interaction (Batsukh et al. 2010). Interestingly, all four missense mutations lead to a
phenotype in the patients classified as atypical CHARGE syndrome (Felix et al. 2006, Lalani
et al. 2006, Jongmans et al. 2008, Batsukh et al. 2010). In direct Y2H experiments three
(p.Trp2091Arg, p.His2096Arg and p.Gly2108Arg) of the four missense mutations disrupt the
CHD7-CHDS8 interaction. Our patient with the missense mutation p.Trp2091Arg has bilateral
coloboma and microphthalmia of the left eye, microcephaly, unilateral deafness and mental
retardation (Batsukh et al. 2010). Only one out of five affected members of two families with
the missense mutation p.Gly2108Arg fulfilled the diagnostic criteria for CHARGE syndrome

while the others showed a very mild phenotype (Jongmans et al. 2008)
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In contrast, Co-IP interaction study showed no disruption in CHD7-CHDS8 interaction by
the four missense mutations in the CHD7 part. While the Y2H is a good technique to test direct
interactions between proteins, the Co-IP is a method which allows purifying the whole
complex. Because of the Co-IP results, we hypothesize that there must be a linker protein
which still keeps the mutated CHD7 together with CHD8 in the same complex (Batsukh et al.
2010). Therefore, we further searched for possible linker proteins that could help us to
understand the pathomechanism behind CHD7 mutations (see next 4.5).

TATA  initiator \

Enhancer Promotor %

Enhancer

Promotor

Figure 4.4. Hypothetical Enhancer and Promoter interaction via CHD7 and CHD8 containing
protein/transcription factors (TF) complex mediated DNA-loop model. Protein and protein interactions
between various TFs (including CHD7 and CHD8) and RNA pol Il activate transcription (Modified from Garrath
& Grisham Biochemistry, 1999) (Thompson et al. 2008, Schnetz et al. 2010).

Collectively, from these studies we suggest a hypothetical DNA-loop model which is
mediated by CHD7 and CHD8 containing protein complexes and leading to an enhancer and
promoter interaction (Fig. 4.4). Furthermore, it can be postulated that CHD7 and CHD8 can
build a core component of one big complex, probably present in a cell type and developmental
stage specific manner. Further characterization of these complexes can help to understand the

pathogenesis of CHARGE syndrome.

4.5 FAM124B is associated with CHD7 and CHD8
Our interaction study of CHD7 and CHDS8 led us to conclude that both proteins are

components of a huge complex, with additional proteins acting as linker proteins between
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CHD7 and CHDS8. Therefore, we used the method of SILAC in combination with mass-
spectrometry to further characterize such complex. In particular, we could find FAM124B as a
potential interaction partner of CHD7 and CHDS in all three repetitions of the experiment
(manuscript in submission stage: Batsukh et al. 2012). We could confirm the interaction of
FAM124B with both CHD7 and CHD8 by Co-IP. However, a direct interaction investigated by
Yeast two hybrid experiments could only be demonstrated for both FAM124B transcripts with
a CHDS part, containing a region of unknown function and one BRK domain (amino acids
1789-2302). No interaction could be seen between FAM124B and the CHD7 part containing
the CR1-3/SANT domain region (amino acids 1591-2181). Probably FAM124B interacts with
CHD7 by binding to another than the tested region or via CHD8 or additional proteins (see
4.7).

4.6. Subcellular localization and expression profile of Fam124B in comparison of Chd7
and Chd8

We further investigated the subcellular localization of FAM124B. We could demonstrate
that endogenous FAM124B is localized mainly in the nucleoplasm. CHD8 is a nuclear protein
(Ishihara et al. 2006) whereas CHD?7 is shown to be expressed in nucleolus and nucleoplasm
(Zentner et al. 2010, Kita et al. 2012). Thus, we suggest the interaction between FAM124B,
CHD8 and CHD7 might be in the nucleoplasm.

CHD?7 expression patterns in all analyzed species (Human, mouse, chicken, zebrafish) are
congruent with the organs affected in CHARGE syndrome (Bosman et al. 2005, Lalani et al.
2006, Sanlaville et al. 2006, Aramaki et al. 2007, Patten et al. 2012). Therefore, we analyzed
the expression of Fam124B in comparison with Chd7 and Chd8 by immunostaining on
different adult and embryonic mouse tissues (Fig 4.5-7). All the positive stained cells show
brown color. The expression pattern of Fam124B correlates in the cornu ammonis of the
hippocampus and in the cortex nicely with the Chd8 expression pattern. Chd7, Chd8 and
Fam124B are all three highly expressed in the stratum purkinjense of the cerebellum (Fig. 4.5).
Because it is known that Chd8 and Chd7 are highly expressed during early embryogenesis and
the expression is decreased in some adult tissues (Nishiyama et al. 2004, 2009, Bosman et al.

2005) we expanded our studies on E12.5 mouse embryos.
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Figure 4.5. Immunostaining Fam124B of adult brain shown in comparison with Chd7 and Chd8.
Counterstained with hematoxylin eosin. A: Cerebellum, SP- stratum purkinjense; B: cortex area, C: Cornu

ammonis of hippocampus (CA) and dentate gyrus (DG) area.
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Figure 4.6. Chd7, Chd8 and Fam124B immunostainings on sagittal sections of an E12.5 wildtype embryo.
Counterstained with hematoxylin eosin. A: Overview of immunostainings on sagittal section of an E12.5 wildtype
embryo, LV = lateral ventricle, ch.p = choroid plexus differentiating from fourth ventricle, co = cochlea, cd =
cochlear duct, ne = nasal epithelium, V gan = left trigeminal (V) ganglion, drg = dorsal root ganglion, VIII gan =
Vestibulocochlear (V111) ganglion, L = liver, na-nasal region, ccp = B: the developing heart, at = left atrium of
heart, vt = left heart ventricle, ec = endothelial cells, C: dorsal root ganglion, car = cartilage primordium of body
of vertebra, ccp = cartilage condensation being primordium of vertebral body, In=lumbar nerve, drg=dorsal root
ganglion.
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Figure 4.7. Chd7, Chd8 and Fam124B immunostaining on coronal sections of the E12.5 mouse embryo.
Counterstained with hematoxylin eosin. A: Overview of the immunostaining of E12.5 embryo, B: Higher
magnification of the embryonic eye, nr = neural retina, If = lens fibers, vb = vitreous body, C: Higher

magnification of the trigeminal ganglion.

In sagittal and coronal sections of E12.5 embryos, the developing heart, the dorsal root
ganglia, and the developing eyes were strongly stained by the Chd7, Chd8 and Fam124B
antibodies (Fig. 4.6, 4.7). Our Chd7 results fit with the results of Chd7 expression study
performed on E12.5 mouse tissues, which demonstrated high expression in the developing
brain (ventricles, hypothalamus, olfactory epithelium, olfactory tissues, pituitary, olfactory

62



Discussion

sensory neurons, vestibulocochlear ganglion, dorsal root ganglia, developing lung and heart)
(Bosman et al. 2005). Lowest expression could be observed in the developing liver (Fig. 4.6).
Fam124B expression at E12.5 was found in several brain areas, spinal cord, dorsal root
ganglia, cochlea and surrounding tissues, lung, heart, and kidney. Therefore, Fam124B
expression pattern correlates in many embryonic tissues with the Chd7 expression pattern.

We demonstrated that FAM124B is a nuclear protein which possibly builds together with
CHD7 and CHD8 a complex. Fam124B is highly expressed at mouse developmental stage
E12.5 with an overlapping correlation to Chd7 expression and a correlation to Chd8 expression
especially in the developing mouse brain. Therefore, we assume a role for FAM124B in the
pathogenesis of CHARGE syndrome and ASD/NDD.

4.7 Structure and Function of FAM124B

FAM124B is localized on chromosome 2g36.2. It has two transcripts in human and
chimpanzee and only one in mouse and other species which is homologous to the longer
human transcript. FAM124B is an evolutionary highly conserved protein which could have an
important role in the cell (see 4.6). By bioinformatic prediction programs, we could not find
any functional domain in FAM124B. Interestingly, alignment of the amino acid sequence of
FAM124B from human to zebrafish revealed an area containing human amino acids 109-255
which show 100% homology between the species (Fig. 4.8). These data imply us that this
region could contain an important hitherto unknown domain motif or this region is of
functional relevance. Further investigations to clarify this aspect are needed.

In our study we could show that in vivo and in vitro FAM124B is localized in the
nucleoplasm (manuscript in submission Batsukh et al. 2012). No previous characterization and
functional studies on FAM124B gene have been performed. In order to identify additional
proteins which interact with FAM124B, we overexpressed the FAM124B transcript variant 1
(longer transcript variant, NP_001116251.1 3) in HeLa cells and performed a pull down with
the anti-Ha (Roche) antibody followed by SDS-PAGE electrophoresis separation and mass-
spectrometry analysis (data not shown). Interestingly, two times out of three repetitions of the
experiment we detected treacle, the protein mutated in Treacher Collins syndrome. It was
shown that treacle and CHD7 bind to rDNA. Furthermore, it was demonstrated that the
absence of CHD7 impaired the ability of treacle to bind rDNA (Zentner et al. 2010). Therefore,
the authors suggest a connection between CHD7 and treacle and moreover they hypothesized a
functional link between CHARGE and Treacher Collins syndrome (see 4.1). From our data we
suggested that possibly treacle builds a complex together with CHD7, CHD8 and FAM124B.
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Figure 4.8. A homologous part of FAM124B protein alignment from Human to Zebrafish by Constraint-
based Multiple alignment tool (COBALT, http://www.ncbi.nlm.nih.gov/tools/cobalt/). 145 to 224 amino acid

sequence of Human FAM124B shows 100% homology with all the other species.

Additionally, we could identify 3 times KU70, an ATP-dependent helicase Il as a
FAM124B interaction partner. KU70 was shown to interact with p53, a protein which interacts
with CHD8 (Feki et al. 2005, Nishiyama et al. 2009). Therefore, FAM124B might have like
CHD7 or CHDS8 different functions, is involved in different mechanisms and is part of

different complexes, maybe in a cell type and developmental stage dependent manner.

4.8 Future endeavors and perspectives

In the current study we have identified two new components of CHD7 containing
complexes, CHD8 and FAM124B.

CHD8 mutations or disruptions are reported to be responsible for ASD/NDDs. Autism
spectrum disorders are commonly associated with CHARGE syndrome. With the current study
we provide the first functional link between these two conditions. A further characterization of
CHD7 and CHDS8 containing complexes is necessary to get deeper insights into the
pathomechanism behind ASD/NDD and CHARGE or other related malformation syndromes.
Such functional link at the molecular level was described in the literature for CHARGE
syndrome and Treacher Collins syndrome, a clinically distinct disorder but affecting the same
organ systems. TCOF1, the gene mutated in Treacher Collins syndrome and CHD7 co-
associate at rDNA (Zentner et al. 2010). Possibly, the characterization of CHD7 and CHDS8
complexes can also explain the overlap in the clinical features between CHARGE and other
related disorders.

CHARGE syndrome belongs to the group of “neurocristopathies”. Many of the symptoms
seen in those syndromes are hypothesized to be the result from abnormalities in the
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development, migration, or interaction of the cephalic neural crest cells (Siebert et al. 1985).
Indeed, Bajpai et al. (2010) could demonstrate by CHD7 knockdown studies in Xenopus laevis
embryos that CHD?7 is crucial for neural crest cell (NCC) formation and migration into the

pharyngeal arches. We could observe the same effect in our group (Fig. 4.9).

A

Co MO, 20ng

CHD7 MO, 10ng
Figure 4.9. Effect of CHD7 knockdown on expression of transcription factor Twist involved in neural crest
formation. Two cell-stage Xenopus laevis embryos were injected with Control morpholino (CoMO, 20ng) and
CHD7 morpholino (CHD7 MO, 10ng and 20ng) asymmetrically into a single blastomere and analyzed by whole
mount in situ hybridization at neurula stage (st.21 and 26) to visualize expression pattern of Twist, a transcription
factor that controls early neural crest formation. A: Xenopus laevis stage 21. B: stage 26, left (L) and right (R)
side of the embryos. Red arrows indicate migrating neural crest cells while black arrow shows disrupted neural
crest migration which CHD7 MO was injected. In CHD7 knockdown part, neural crest formation is severely

affected which shows no expression of Twist (done by Yvonne Schulz 2012).

In the current study we identified the hitherto uncharacterized protein FAM124B as a
novel component of a CHD7 and CHDS8 containing complex. We examined the expression
profile and subcellular localization but functional studies are still needed. It will be interesting
to prove if a knockdown of FAM124B in Xenopus laevis embryos will lead to an abnormal
formation and migration of neural crest cells, as well. Furthermore, it will be of great interest if
an overexpression of FAM124B in Xenopus laevis embryos with a CHD7 knockdown can
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rescue the CHD7/CHARGE phenotype and if a knockdown of FAM124B and CHD7 together
show a more severe synergistic effect.

Additionally, the creation and characterization of a “loss of function” FAM124B mouse
model will provide information if a mutated FAM124B lead to CHARGE or a CHARGE
related syndrome. In our working group, a FAM124B mutation screening of CHD7 negative
CHARGE patients is already in progress. We believe that such studies can elucidate another
gene involved in CHARGE syndrome and can explain the multiple defects seen in the patients.
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6. Abbreviations

aa
ASD
ASH1
ATP
BAF
BiFC
bp
BSA
BRK
°C
cDNA
Co-IP
CHD
ChIP-chip

Chromo
COBALT
CR
Ctcf
Cy3
DAB
DAPI
dATP
DMEM
DNA
DNAse
DPBS
dpc
Duplin
EDTA
EGFP
ESC

et al.

amino acid

Autism Spectrum Disorder

Absent, Small or Homeotic 1
adenosintriphosphate

Brahma associated factor complex
bimolecular fluorescence complementation
base pair

bovine serum albumin

Brahma and Kismet domain

degree Celsius

complementary DNA
co-immunoprecipitation

chromodomain helicase DNA-binding
chromatin immunoprecipitation ("ChIP") with
microarray technology (“chip"”)

chromatin organization modifier
Constraint-based Multiple alignment tool
conserved region

11-zinc finger protein or CCCTC-binding factor
indocarbocyanine

3,3 -diaminobenzidine tetrahydrochloride
diamidino-2-phenylindole dihydrochloride
desoxyriboadenosintriphosphate
Dulbecco’s modified Eagle’s medium
deoxyribonucleic acid

deoxyribonuclease

Dulbecco's phosphate buffered saline

days post coitum

for axis duplication inhibitor

ethylene diamine tetra-acetic acid
enhanced green fluorescent protein
embryonic stem cell

et alii (and others)
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FAM124B
FBS
Fig.
FITC
Gapdh
HEPES
HPLC
Hprt
HRP
19G
ICC
IHC
IHH
IPTG
ISH

kb

kDa
LC

min

ml
MLL
MLPA
MRCV-CV1
MO
mRNA
MS
NCBI
NDD
ng
NIH3T3
NuRD
PAGE
PBAF
PBS

Family with sequence similarity 124B

fetal bovine serum

Figure

fluorescein isothiocyanate
glyceraldehyde-3-phosphate dehydrogenase gene
N-(-hydroxymethyl) piperazin, N’-3-propanesulfoneacid
High-performance liquid chromatography
hypoxanthine guanine phosphoribosyl transferase gene
horseradish peroxidase

immunoglobulin G

immunocytochemistry

immunohistochemistry

idiopathic hypogonadotropic hypogonadism
Isopropyl-3-thiogalactopyranoside

In situ hybridization

Kilobase pairs

kilodalton

liquid-chromatography

minute

milliliter

mixed lineage leukemia

Multiplex Ligation-dependent Probe Amplification
human fibroblast cell line

morpholino

messenger RNA

mass spectrometry

national center for biotechnology information
neurodevelopmental disorders

nanogram

mouse embryonic fibroblast cell line

nucleosome remodeling and deacetylase
polyacrylamide gel electrophoresis

Polybromo containing complex

Phosphate Buffered Saline
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PCR
PFA
pH
PHD
PLA
rDNA
RNA
rpm
RT
RT-PCR
SANT

Sdha
SDS
SILAC
SMC
SNF2
Taq DNA polymerase
TPBS
Tcf
TCS
TE

Tris
TRX
UTR
WAR
WT
X-a-gal
Y2H

ng

ul

polymerase chain reaction

paraformaldehyde

preponderance of hydrogen ions

plant homeo domain

proximity ligation assay

ribosomal DNA

ribonucleic acid

rotation per minute

room temperature

reverse transcriptase-PCR

Switching-defective protein 3, Adaptor 2, Nuclear
receptor corepressor, Transcription factor 111B
succinate dehydrogenase complex, subunit A
sodium dodecylsulfate

stable isotope labeling by amino acids in cell culture
smooth muscle cell

sucrose non-fermenting 2

Thermus aquaticus DNA polymerase

Phosphate Buffered Saline with Tween-20

T-cell factor

Treacher Collins syndrome

Tris-EDTA buffer
trihydroxymethylaminomethane

trithorax

untranslated region

WDR5, ASH2L and RbBP5

wild-type
5-bromo-4-chloro-3-indolyl-a-D-galactopyranoside
yeast two hybrid

microgram

microliter

The names of nucleic/amino acids are abbreviated in accordance with internationally

accepted codes.
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