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Abstract

Cornelia de Lange Syndrome (CdLS) is a dominantly inherited malformation syndrome. The
phenotype is very broad and heterogeneous including characteristic facial features,
intellectual disability, upper limb anomalies, growth disturbances and a large variety of other
signs and symptoms. In approximately 75% of patients clinical diagnosis can be confirmed on
genetic level. Before the beginning of my PhD studies, disease-causing variants in five genes
encoding structural components (SMC1A, SMC3, RAD21) or regulators (NIPBL, HDACS8) of the
cohesin complex have been identified as genetic cause of CdLS. At least 65% of CdLS patients
carry variants in NIPBL and these patients are often more severely affected, presenting with a
‘classical’ CdLS phenotype. The remaining four genes account for approximately 10% of cases.
However, genetic causes of the remaining ~25% of CdLS patients were unknown. Within my
PhD time, we were able to augment the spectrum of mutations in the five previously described
CdLS genes. Therefore, we have identified different mosaic variants that have escaped routine
diagnostic by Sanger sequencing approaches on lymphocyte DNA, by using DNA from other
tissues and more sensitive sequencing technologies such as pyrosequencing or SNaPshot
primer extension analysis. By this, we have identified patients with somatic mutations in N/PBL
as well as an unaffected mother of two siblings with a variant in HDAC8. We have shown that
somatic mosaicism further contributes to the broad phenotypical variation in patients with
CdLS and it is of utmost importance for patient counselling and risk prediction. Based on our
data, we recommend the use of more sensitive sequencing technologies even in testing for a
disease-causing variant in obviously unaffected parents, in order to exclude low-level
mosaicism.

In addition to variants in the five CdLS genes, we have identified variants in ARID1B, SETD5,
KMT2A and ANKRD11 encoding different components involved in transcriptional regulation or
chromatin organization. Interestingly, one of the ANKRD11 variants was also described as

somatic mosaicism.

In addition to genetic and functional characterization of protein-coding regions that represent
only ~2% of the entire human genome, we have started to investigate non-coding regulatory
elements relevant for expression of the ‘main CdLS gene’ NIPBL. By use of various technologies
such as chromatin conformation capture, genome editing and reporter gene assays, we have

identified an enhancer element upstream of NIPBL as well as the long non-coding RNA ‘N/PBL-
1



AS1’ transcribed antisense from NIPBL by a common bidirectional promoter. Identification of
the functional elements that drive NIPBL expression is of extreme importance not only for
understanding the complex regulation mechanisms but also because they represent putative
target regions for future therapies (e.g. modification of dosage-sensitive NIPBL transcript

levels).

Furthermore, we have identified a putative enhancer element within a 60 kb-spanning
genomic region by the use of different in silico analyses heterozygously deleted in three
members of a family, all diagnosed as CdLS-like. Genome editing in different cell lines,
expression analyses and various functional investigations have shown that this enhancer
regulates expression of the SMC2 gene, which is 1 Mb distant and encodes for a structural
component of the condensin complex. Condensin has structural and functional similarities
with cohesin, which might explain the phenotypical overlaps of these patients with CdLS. Very
recently we have identified two additional cases with a frameshift variant in the protein-
coding region of SMC2 and overlapping clinical features. Further investigations revealed a
common misregulation of several condensin genes in patient cells as well as model cells
generated by CRISPR/Cas9 genome editing. Our results highlight the role of condensin in
transcriptional regulation processes and further show functional relationships between
cohesin and condensin, providing a putative explanation for phenotypical overlaps found in

these patients.

Within this thesis, a combination of various genetic and functional approaches was used to
decipher the molecular mechanisms of CdLS and CdLS-overlapping phenotypes. Expanding the
spectrum of mutations in the known and new genes, including a high frequency of somatic
mosaicism, is of a high relevance for improving molecular diagnostics and genetic counselling.
In addition, our data delineate the importance of functional regulatory elements within non-
coding regions of the genome. While research in human genetics focused mainly on the small
protein-coding part of the genome, clinical relevance of the remaining 98% non-protein coding
genome has been poorly understood. With the rapid development of new sequencing
technologies, we have to be prepared to understand this large part of the genome, not only
to identify the genetic causes of human disease but also to understand phenotypical variability
and allow better prediction of the phenotype and/or disease progression based on genetic

information.



Zusammenfassung

Das Cornelia de Lange-Syndrom (CdLS) gehort zur Gruppe der seltenen Erkrankungen. Obwohl
das klinische Erscheinungsbild der Patienten mit CdLS sehr heterogen ist, zeigen Patienten mit
CdLS charakteristische faziale Merkmale, eine unterschiedlich stark ausgepragte
Intelligenzminderung, Wachstumsstérungen und oftmals Fehlbildungen der Arme und Hande.
Bei etwa 75 % der Patienten kann die meist initiale klinische Diagnose genetisch bestatigt
werden. Zum Zeitpunkt des Beginns meiner Promotionszeit waren genetische Varianten in
funf verschiedenen Genen als Ursache fiir das CdLS beschrieben. Alle finf Gene codieren fur
Strukturkomponenten (SMC1A, SMC3, RAD21) oder Regulatoren (NIPBL, HDAC8) des Cohesin-
Komplexes. Mindestens 65 % der CdLS-Patienten tragen Varianten im NIPBL-Gen. Diese
Gruppe der Patienten zeigen haufig einen eher stark ausgepragten Phanotyp, der auch als
,Charakteristischer CdLS-Phanotyp” bezeichnet wird. Genetische Varianten in den anderen
vier Genen sind als genetische Ursache fir circa weitere 10 % der Patienten beschrieben und
fir 25 % der Patienten blieb die genetische Ursache ungeklart. Wahrend meiner
Promotionszeit konnten wir das Spektrum und die Anzahl genetischer Varianten innerhalb der
finf CdLS-Gene erweitern. Besonders hervorzuheben sind hierbei sogenannte somatische
Mosaik-Varianten, die oftmals nicht innerhalb der bis dato etablierten Routine-Diagnostik
unter Anwendung von Sanger-Sequenzierung von Lymphozyten-DNA identifiziert werden
konnten. Durch die Verwendung sensitiver Sequenzierungstechnologien wie der
Pyrosequenzierung oder SNaPshot Primer Extension-Analyse und der Analyse von DNA-
Proben aus Urin, Hautbiopsien und Abstrichen der Mundschleimhaut konnten im Besonderen
somatische Varianten in NIPBL aber auch im HDAC8-Gen nachgewiesen werden. Durch die im
Rahmen meiner Promotionsarbeit erzielten Ergebnisse konnten nicht nur neue Erkenntnisse
Uber die Bedeutung somatischer Mosaikmutationen bei der phanotypischen Variation in
Patienten mit CdLS generiert werden, sondern es konnte auch aufgezeigt werden, dass ein
geringes Mal} eines somatischen Mosaiks bereits in nicht-betroffenen Elternteilen
nachweisbar sein kann, was direkte Implikationen fir die Beratung der Familien und die
Errechnung des Wiederholungsrisikos  hat.  Zusatzlich zur  Erweiterung des
Mutationsspektrums in den flinf bekannten CdLS-Genen konnten genetische Varianten in

ARID1B, SETD5, KMT2A und ANKRD11, die fiir verschiedene Regulatoren der Transkription



bzw. der Chromatinorganisation codieren, identifiziert werden. Interessanterweise konnte

eine der Varianten im ANKRD11-Gen ebenfalls als somatisches Mosaik beschrieben werden.

Zusatzlich zu Analysen genetischer Varianten innerhalb des Protein-codierenden Anteils des
humanen Genoms fokussierten sich ein grolRer Teil meiner Arbeiten auf funktionelle Analysen
des nicht-codierenden Anteils des Genoms. Hierbei wurden genetische Varianten innerhalb
regulatorische Elemente analysiert, die einen direkten Einfluss auf die Expression spezifischer
Gene haben. Durch die Anwendung einer Vielzahl molekularbiologischer Techniken wie
Chromatin Conformation Capture, Genome-Editing, Reportergen-Analysen konnten wir ein
Enhancer-Element identifizieren, welches die Aktivitat des NIPBL-Promotors reguliert.
Zusatzlich konnten wir zeigen, dass der NIPBL-Promoter die Expression einer nicht
codierenden (long non-coding) RNA reguliert, welche bidirektional zum NIPBL-Gen
transkribiert wird. Die ldentifizierung funktioneller Elemente, welche die Expression des
NIPBL-Gens regulieren, ist nicht nur wichtige Grundlage fir das Verstandnis komplexer
Regulationsmechanismen, sondern ermoglicht moglicherweise die Entwicklung neuer

Therapieansatze zur Modulation der NIPBL-Expressionslevel.

In einem weiteren Projekt wurde in einem Patienten mit einem CdLS-ahnlichen Phanotyp
mittels Array-CGH eine Deletion auf Chromosom 9 identifiziert. Diese Deletion wurde in zwei
weiteren Betroffenen innerhalb einer Familie und dem Indexpatienten mittels Bruchpunkt-
Uberspannender PCR bestatigt. Durch verschiedene in silico Analysen konnte innerhalb dieser
Region ein putatives regulatives Element identifiziert werden. In sich daran anschlieRenden
Untersuchungen wie Promotor-Enhancer-Reportergenanalysen, Expressionsstudien in Zellen
der Patienten oder mittels CRISPR/Cas9 generierten Zellmodellen konnte aufgezeigt werden,
dass ein ungefahr 3 kb grolRes regulatives Element innerhalb des deletierten Bereiches die
Expression des circa 1 Mb entfernten SMC2-Gens reguliert. Das SMC2-Genprodukt ist
struktureller Bestandteil des Kondensin-Komplexes. Kondensin hat strukturelle und
funktionelle Ahnlichkeiten mit Cohesin, was die phdnotypischen Gemeinsamkeiten dieser
Patienten mit CdLS erklaren konnte. Im Folgenden identifizierten wir zwei weitere Patienten,
die ahnliche phanotypische Merkmale aufzeigten und eine heterozygote Frameshift-Variante
innerhalb des SMC2-Gens aufweisen. Sich anschlieBende funktionelle Untersuchungen
zeigten eine gemeinsame Fehlregulation verschiedener Kondensin-Gene sowohl in

Patientenzellen als auch in mittels CRISPR/Cas9 generierten Zellmodellen. Die im Rahmen



meiner Promotion erzielten Ergebnisse zeigten Veranderungen der Expression und Funktion
von Kondensin-Genen als ursachlich fir ein CdLS-ahnliches Krankheitsbild. Zusatzlich konnten
neue Einblicke in die Funktion des Kondensin-Komplexes bei der Regulation der
Genexpression gewonnen werden. Diese lberlappenden molekularen Mechanismen des
Cohesin- und Kondensin-Komplexes innerhalb der Transkriptionsregulation bietet somit eine
mogliche physiologische Erkldrungsgrundlage der phinotypischen Ahnlichkeiten der hier

beschriebenen Patienten mit dem Cornelia de Lange-Syndrom.

Im Rahmen meiner Promotionsarbeit wurden verschiedene genetische und funktionelle
Untersuchungen genutzt, um die molekularen Mechanismen von CdLS und CdLS-
Uberlappenden Phanotypen aufzuklaren. Die Erweiterung des Spektrums von Mutationen in
bereits bekannten, sowie neuen Genen, die Identifizierung und Charakterisierung
somatischer Mosaike und deren Relevanz fir die phanotypische Variabilitat und fir die
Abschatzung des Wiederholungsrisikos bei ratsuchenden Paaren, hat zu einer Verbesserung
der molekularen Diagnostik und genetischen Beratung gefilihrt. Zusatzlich zeigen unsere Daten
die Wichtigkeit funktioneller regulatorischer Elemente innerhalb nicht-codierender Bereiche
des Genoms. Wahrend sich die humangenetische Forschung der letzten Jahrzehnte primar auf
den protein-codierenden Bereich des humanen Genoms konzentriert hat, ist die klinische
Relevanz der verbleibenden 98 % des nicht-codierenden Bereiches groRtenteils unbekannt.
Die schnelle Entwicklung neuer Sequenzierungstechnologien ermoglicht uns in Zukunft,
diesen groBen Teil des Genoms zu verstehen, um nicht nur genetische Ursachen fiir humane
Erkrankungen zu identifizieren, sondern auch phanotypische Variabilitdt zu verstehen und

bessere Vorhersagen zum Phanotyp und/oder zum Krankheitsverlauf geben zu kénnen.



1 Introduction

Cornelia de Lange syndrome (CdLS, OMIM #122470, 300590, 610759, 300882 and 614701) is
a clinically and genetically heterogeneous rare developmental disorder. It is dominantly
inherited and almost all disease causing genetic variants occur de novo. The exact incidence is

unknown but estimated to be 1 in 10,000 — 30,000 live births.

In 1933, Dutch pediatrician Cornelia de Lange (1871-1950) reported two unrelated infant girls
with similar clinical features such as severe intellectual disability, multiple abnormalities of the
skull, face and extremities, and named the disease ‘Typus Degenerativus Amstelodamensis’,
after the city in which she worked. Earlier in 1916, Winfried Robert Clemens Brachmann (1888-
1969) had described a child with similar features [de Lange, 1933; Brachmann, 1916]. Although
some examples in the literature refer to the disorder as Brachmann-de Lange syndrome it is

more widely referred as Cornelia de Lange syndrome.

Figure 1: Dr. Cornelia de Lange (A) and her first patient (B), described in 1933

1.1 Clinical features

Although rare, CdLS is widely known and clinically well described. While almost any organ
system can be affected, most commonly involved are neurodevelopmental, craniofacial,
gastrointestinal and musculoskeletal systems. Diagnosis can be established clinically as well as
molecularly, and the treatment is directed towards the specific symptoms that are apparent

in each individual.

Affected individuals often show striking prenatal and postnatal growth retardation, typically

with a microcephaly. Facial features are the clinical hallmark of the syndrome with a hirsute
6



forehead, synophrys, arched eyebrows, thick and long eyelashes, low-set and/or posteriorly
rotated ears, broad or depressed nasal bridge and anteverted nares. The philtrum is often long

and prominent, and the mouth is typically with a thin upper lip and down-turned corners.

Figure 2: Typical facial features of some CdLS patients, including a milder case on the left, and a severe patient

on the right (adapted from Liu and Krantz, 2009)

Appearance of the extremities can help to establish the clinical diagnosis. Hands and feet are
small in more than 90% of the cases, with disproportionate shortening of the first metacarpal,
proximately placed thumb, brachydactyly and fifth finger clinodactyly. Nearly one third of the
patients show malformations of the upper limbs, often asymmetrically, which range from
small hands to oligodactyly, ulnar deficiency and absent forearm (figure 3). Besides the upper
limbs deficiencies, orthopedic manifestations include hip dislocation or dysplasia, scoliosis and
delayed maturation of the bones. Lower limbs are less involved with occasional clubbed foot
deformity and syndactyly of 2" and 3™ toes [Halal and Preus, 1979; Jackson et al., 1993; Mehta
et al., 2016].

Figure 3: Malformations of the upper limbs in CdLS, including hypoplastic 5% finger (A), absent 5™ finger (B),
absent 3", 4™ and 5™ finger with ulnar hypoplasia (C) and oligodactyly (D) (adapted from Mehta et al., 2016)



There is general hirsutism in a large number of the patients, noticeable on the face, neck and
extremities. In addition, some of the patients present with cleft palate, dental problems and

hearing loss.

Multiple organ systems can be affected in CdLS. Feeding problems are typical in infancy and
early childhood, with gastroesophageal reflux disease (GERD) being rather common.
Congenital heart malformations, renal malformations and hypoplastic genitalia are also quite
common. Many patients display emotional changes, self-injury, obsessive-compulsive
behavior, anxiety and aggression. Development is mostly delayed with IQ ranging from
borderline values with learning difficulties to profound mental retardation. Speech and
language abilities are very often affected but acquiring of new skills occurs throughout life

without regression [Kline et al., 2007].

Initial diagnosis of CdLS is primarily based on characteristic clinical features. In approximately
75% of patients, clinical diagnosis can be confirmed on genetic level. In addition to the classical
phenotype that includes more severely affected patients, cases with milder phenotype have
constantly been reported. Based on specific diagnostic systems proposed previously [Halal
and Preus, 1979; Allanson et al., 1997; Clinical Advisory Board of the CdLS Foundation USA
(CAB) and Scientific Advisory Committee of the World CdLS Federation (SAC)], Kline and

colleagues have suggested minimal diagnostic criteria [Kline et al., 2007].

1.2 Genetic aspects

To date, disease-causing genetic variants in five different genes encoding either structural
components (SMC1A, SMC3, RAD21) or regulators (NIPBL, HDAC8) of the cohesin complex

have been identified in at least 75% of CdLS cases.

The first described gene was NIPBL [Krantz et al., 2004; Tonkin et al., 2004] and heterozygous
mutations in NIPBL still remain the main cause of the disease with approximately 65-70%
patients with a variant in this gene. The second and third most frequently mutated are the X-
linked genes SMC1A and HDAC8. SMC1A is mutated in ~5% of the cases [Musio et al. 2006;
Deardorff et al., 2007; Huisman et al., 2017] and HDACS8 in ~4% [Deardorff et al., 2012b; Kaiser
et al., 2014; Deardorff et al., 2016]. Finally, SMC3 and RAD21 are mutated in approximately
1% of the CdLS cases [Deardorff et al., 2007; Deardorff et al., 2012a].



1.2.1 NIPBL

NIPBL consists of 47 exons and encodes at least for two isoforms of delangin. Isoform A
contains 2804 and B 2697 amino acids [Krantz et al., 2004; Tonkin et al., 2004]. NIPBL contains
various domains including an N-terminal MAU2 interaction domain, a glutamine-rich, a
predicted coiled coil, an undecapeptide repeat domain, nuclear localization signal (NLS) and
five heat repeats, that represent putative platforms for interactions with other proteins

[Neuwald and Hirano, 2000; Yan et al., 2006] (figure 4).

Predicted Heat domain
MAU interaction coiled coi NLS (1761-2350)
domain Gin-rich Undecapeptice
r t
1 300 418 la62 637! 657 EPE2 s»lnd 1108-1124 H1 H2 H H4 HS

Figure 4: NIPBL protein and its domains: MAU2 interaction domain (1-300), glutamine rich domain (418-462),
predicted coiled coil (637-657), undecapeptide repeat (699-764), nuclear localization signal (NLS, 1108-1124) and
HEAT domain (1761-2350), consisting of five repeats (adapted from Mannini et al., 2013)

NIPBL and its orthologues, Nipped-B in Drosophila, Scc2 in Saccharomyces cerevisiae and Xscc2
in Xenopus encode a protein that acts as a regulator of the cohesin complex and is necessary
for loading cohesin onto chromatin [Ciosk et al., 2000; Gillespie and Hirano, 2004; Rollins et
al., 2004]. Although NIPBL depletion in Xenopus and Hela cells causes defects in sister
chromatid cohesion and association of cohesin with chromatin [Gillespie and Hirano, 2004;
Watrin et al., 2006] analysis performed on lymphoblastoid cell lines obtained from CdLS
patients revealed no obvious cohesion defects but altered binding to DNA [Castronovo et al.,
2009; Revenkova et al., 2009]. Interestingly, cells of CdLS patients with heterozygous loss-of-
function mutations in NIPBL and cells from heterozygous Nipbl knockout mice showed
reduction of mRNA levels only to ~70%, instead of the expected 50% [Liu et al., 2009a;
Kawauchi et al., 2009; Kaur et al., 2016]. In addition, defects in NIPBL might lead to
transcriptional changes and altered expression of developmentally important genes, causing

a CdLS phenotype [Zuin et al., 2014b].

Various types of mutations have been described in NIPBL affecting coding sequences, non-
coding regions and gross genomic alterations. Most of the mutations are unique but some

have been identified in more than one unrelated patients. The majority of these mutations
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are nonsense, splice site or frameshift variants, resulting in a truncated protein and loss of
NIPBL function, indicating haploinsufficiency as an underlying mechanism for CdLS [Mannini
et al., 2013]. Protein truncating mutations tend to be associated with severe phenotypes and
a high frequency of limb reductions, while missense mutations tend to cause a milder

phenotype (figure 5).

Figure 5: A-D: 28-year-old girl with a truncating mutation in NIPBL. E-H: 7-year old boy with a missense mutation

in NIPBL (adapted from Mannini et al., 2013)

Although most of the NIPBL mutations are de novo, some familial cases have been reported
[Gillis et al., 2004], as well as few cases of gonadal mosaicism [Niu et al., 2006; Weichert et al.,
2011; Slavin et al., 2012]. In addition, Huisman and colleagues showed that somatic mosaicism
in NIPBL is a frequent phenomenon. Namely, 23% of individuals with clinically diagnosed CdLS
negative for a mutation in lymphocytes DNA by Sanger sequencing were found to carry a

mutation in buccal mucosa DNA [Huisman et al., 2013].

1.2.2 SMC1A

SMCI1A consists of 26 exons and encodes for a protein of approximately 143 kDa size. It is
located on the chromosome X in a region that partially escapes X-inactivation in humans. Both
hemizygous male and heterozygous female individuals have been reported with a male-to-

female ratio 1:2 [Mannini et al., 2010; Gervasini et al., 2013]. It has been shown that the
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SMCI1A protein levels are approximately 50% higher in females than in males but there are no
significant differences in the total amount of the SMC1A protein comparing healthy females
and SMCI1A patients [Liu et al., 2009b; Parenti et al., 2014]. Until recently, all the reported
variants in this gene connected with CdLS were missense mutations or small in frame deletions

supporting the hypothesis that truncating mutations in SMC1A are lethal [Liu et al., 2009b].

The CdLS phenotype caused by SMC1A variants overlaps to some extend with the phenotype
of individuals with NIPBL variants. Individuals with SMC1A variants were originally reported to
have less marked facial features, less effects on growth and less severe limb malformations
[Musio et al., 2006; Deardorff et al., 2007]. Subsequent publications have reported a more

variable phenotype [Ansari et al., 2014; Gervasini et al., 2013; Hoppman-Chaney et al., 2012].

Figure 6: Facial appearance of two individuals with CdLS, carrying a missense mutation (F and F’) or a small in-

frame deletion (G and G") in SMC1A (adapted from Gervasini et al., 2013)

1.2.3 HDAC8

HDACS8 catalyzes deacetylation of SMC3 for its removal from chromatin to enable proper
dissolution of pro-cohesive elements and allow recycling of cohesin for the next cell cycle. Loss
of HDACS activity results in an increased SMC3 acetylation and inefficient dissolution of the
“used” cohesin from chromatin, leading to a CdLS phenotype [Deardorff et al., 2012b]. In
recent years, a number of children with clinical features resembling those of CdLS have been
found to have loss-of-function missense or nonsense mutations in HDACS8. Although facial
features of these patients certainly overlap with those of the patients caused by NIPBL
mutations, there are often some notable differences. Typical features for individuals with
HDAC8 mutations include abnormal skull formation and delayed closure of the anterior
fontanelle, hypertelorism, telecanthus and/or forehead nevus flammeus. Notably, Hdac8

knockout mouse demonstrates extreme growth failure and markedly delayed closures of skull
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structures [Haberland et al.,, 2009]. Additional facial features in individuals with HDAC8
mutations include hooding of the eyelids and dental anomalies, suggesting that facial features
might be useful in defining the phenotype more precisely (figure 7). In addition, these
individuals have a happy cheerful behavior in contrast to the “classical” CdLS phenotype that

includes aggressive and self-injurious behavior.

"p.R164X |

Figure 7: Facial features of individuals with HDAC8 mutations, labeled with the corresponding mutation and sex

(adapted from Deardorff et al., 2012b)

To date, nearly 60 patients with variants in HDAC8 have been reported and nearly 2/3 of the
reported patients are females. Located on the long arm of the chromosome X, HDACS is
among the genes that are subject to X-inactivation in females. This results in only one allele
either wild type or mutant being expressed in most cells. Enzymatic assays of all reported
missense mutations demonstrated reduced or absent activity, providing important insights
into biological function of HDACS8 catalysis and human developmental disorders [Kaiser et al.,
2014; Decroos et al., 2014; Decroos et al., 2015]. It has been reported that derivatives of N-
acylthiourea act as selective activators of low-activity HDAC8, and it appears that N-
(phenylcarbamothioyl)benzamide can restore catalytic activity of compromised HDACS8
mutants such as those identified in CdLS, providing a potential treatment strategy [Singh et

al., 2011; Deardorff et al., 2016].

1.2.4 SMC3

SMC3 consists of 29 exons encoding for a protein of approximately 141 kDa that forms a
heterodimer with SMC1A. Until recently, only one patient with a 3bp deletion in SMC3 has
been reported as a ‘mild CdLS’ phenotype [Deardorff et al., 2007]. Subsequently, a SMC3

missense mutation was reported within a large cohort of individuals with autism spectrum
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disorder, albeit without a clinical description [Sanders et al., 2012]. The low frequency of SMC3
mutation detection might suggest that this gene may play important roles beyond cohesion
[Mannini et al., 2013]. This is supported by the findings that SMC3 acetylation controls fork
processing in human cells. In addition, cohesion of sister chromatids is established during S
phase by SMC3 acetylation at tandem lysine residues K105 and K106, catalyzed by N-
acetyltransferases ESCO1 and ESCO2 [Zhang et al., 2008; Terret et al., 2009]. On the other
hand, SMC3 deacetylation by HDACS is involved in cohesin recycling during the cell cycle and
increased SMC3 acetylation leads to inefficient dissolution of cohesin from chromatin in both
prophase and anaphase [Deardorff et al., 2012b]. As SMC3 is a central determinant of these
processes, it is likely that its mutations are negatively selected and that only mutations in

specific regions will result in a CdLS phenotype.

Figure 8: A 57-year old man with a 3bp deletion in SMC3, also as a teenager in ‘Q" (adapted from Mannini et al.,

2013)

1.2.5 RAD21

RAD21 plays an important role in the structure and function of the cohesin complex as it
physically connects SMC1A/SMC3 heterodimer with STAG and regulates association and
dissociation of cohesin with chromatin [Nasmyth and Haering, 2009]. In 2012, Deardorff and
colleagues have reported six individuals with mutations in RAD21 with mild but overlapping

clinical features with CdLS. They have also speculated that the mild nature of this
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cohesinopathy could lead to an underestimation of the diagnosis. Cell lines expressing mutant
RAD21 showed lower cell survival after irradiation and higher levels of chromosomal

rearrangements compared to wild type cells [Deardorff et al., 2012a].

Figure 9: Facial features of the children with RAD21 mutations (adapted from Deardorff et al., 2012a)

1.3 The cohesin complex

Cohesin is a multi-subunit protein complex, well conserved throughout evolution and crucial
for cell survival. It is ring-shaped and consists of the four core subunits: SMC1A, SMC3, RAD21
and STAG. SMC (Structural Maintenance of Chromosomes) proteins are long polypeptides that
fold back on themselves by antiparallel coiled-coil interactions to produce molecules with a
"hinge” domain at one end and ATPase "head’ on the other end. The hinge domains of SMC1A
and SMC3 are tightly bound together while their heads are bridged by RAD21 (figure 10).
Loading of cohesin complexes on chromosomes is facilitated by the heterodimeric Kollerin
complex consisting of NIPBL and MAU2, orthologs of Scc2 and Scc4 in yeasts [Ciosk et al.,
2000]. Cleavage of the RAD21 subunit at the onset of anaphase releases cohesin from
chromatin and allows chromosome segregation. HDACS8 deacetylates SMC3 in vertebrates and

helps dissolution of the “used’ cohesin from chromatin [Deardorff et al., 2012b].

The cohesin complex was originally discovered as a protein complex required for sister
chromatid cohesion, a function that is conserved in all eukaryotes [Michaelis et al., 1997].
Besides the canonical function in sister chromatid cohesion, other roles of cohesin include
DNA repair, chromatin modification, DNA condensation, regulation of gene expression and

structural organization of the genome.
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Figure 10: Subunits and regulators of the cohesin complex, significant in CdLS (adapted from Haering and Gruber

2016)

The cohesin complex was originally discovered as a protein complex required for sister
chromatid cohesion, a function that is conserved in all eukaryotes [Michaelis et al., 1997].
Besides the canonical function in sister chromatid cohesion, other roles of cohesin include
DNA repair, chromatin modification, DNA condensation, regulation of gene expression and

structural organization of the genome.

1.3.1 Sister chromatid cohesion

DNA replication in synthesis (S) phase of the cell cycle creates two identical DNA molecules,
called sister chromatids. After nuclear envelope breakdown in eukaryotic cells the
chromosomes start to condense obtaining the specific mitotic shape when each of the sister
chromatids goes to an opposite spindle pole of the mother cell enabling its subsequent
division into two genetically identical daughter cells. This physical connection between the
replicated sister chromatids that lasts from S phase of interphase until anaphase of mitosis,
called sister chromatid cohesion (SCC), opposes the pulling forces that are generated by
microtubules. Without cohesion, sister chromatids would not be segregated symmetrically

between the forming daughter cells which would result in aneuploidies. Therefore, the
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integrity of the cohesin complex is crucial for the proper segregation of the mitotic
chromosomes [Gruber et al., 2003; Losada and Hirano, 2005; Nasmyth and Haering, 2005].
Different models propose the way cohesin binds sister chromatids either by topologically
embracing both of them [lvanov and Nasmyth, 2005; Haering et al., 2008] or binding a single
DNA molecule, where then the two cohesin rings interact to connect the two sister chromatids

[Huang et al., 2005; Zhang et al., 2008].

~ —

N7

sister chromatids

Figure 11: The two models for chromosome organization by cohesin: either the two sister chromatids are
entrapped within the same ring or two cohesin rings, each encircling a single sister chromatid, interact to provide

sister chromatid cohesion (adapted from Haering and Jessberger, 2012)

1.3.2 DNA repair

In addition to the canonical role of cohesin in mediating sister chromatid cohesion, cohesin is
also essential during G2 phase of the cell cycle to allow repairing of double-stranded DNA
breaks by homologous recombination. For homologous recombination to occur the two sister
chromatids have to be brought in the close proximity where the intact one will serve as a
template for repairing the damaged one. This proximity is thought to be established by
cohesin [Watrin and Peters, 2006]. Although it remains unclear how cohesin is recruited to
the sites of double-stranded DNA breaks there is evidence that SMC1A is phosphorylated in
response to ionizing radiation, which facilitates cohesin mobilization to these sites [Kim et al.,

2002; Yazdi et al., 2002; Musio et al., 2005].
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1.3.3 Chromatin modification

In eukaryotes, the basic units of DNA packaging are nucleosomes consisting of DNA segments
wrapped around histone octamers connected by stretches of “linker” DNA. In this way, large
eukaryotic genomes are packed within the nucleus still ensuring appropriate access to the
DNA and regulation of gene expression. Dynamic modification of chromatin structure that
allows access of condensed genomic DNA to the regulatory transcription machinery proteins
is called chromatin remodeling. It is carried out either by covalent histone modification
enzymes or by ATP- dependent chromatin remodeling complexes. In 2002, Hakimi and
colleagues reported that SNF2h, a component of the SWI/SNF chromatin remodeling complex
interacts with RAD21 subunit of the cohesin complex [Hakimi et al., 2002], suggesting that
SNF2h mediates association of cohesin and chromatin. It has also been hypothesized that
chromatin structure plays a role in determining whether and where cohesin binds to
chromosomes in eukaryotic cells [Riedel et al., 2004]. In addition, histone deacetylases 1 and
3 (HDAC1 and HDAC3) were described to interact with the cohesin loading protein NIPBL
[Jahnke et al., 2008], while HDAC8 deacetylates SMC3 component of the cohesin complex
[Deardorff et al., 2012b].

1.3.4 DNA condensation

Chromosome condensation is one of the key events in chromosome morphogenesis required
for their faithful segregation in mitosis. Condensation of mitotic chromosomes is mainly
mediated by condensin, a pentameric protein complex evolutionary similar to cohesin. The
balance between SCC and condensation is an essential determinant in shaping mitotic
chromosomes in eukaryotic cells [Losada and Hirano, 2001]. Various studies suggest that
cohesin can influence condensin localization on the chromosomes. In support of this, it has
been demonstrated in budding yeast that chromosome condensation occurs in two steps and
that the first step depends on cohesin [Lavoie et al., 2004]. In addition, D’Ambrosio and
colleagues have found that condensin DNA binding sites overlap with binding sites of cohesin-
loading Kollerin complex [D’Ambrosio et al., 2008]. This implies that condensin and cohesin
are recruited to the same sites, at least in budding yeast. However, precise molecular

mechanisms of interaction between cohesin and condensin are still unclear.
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1.3.5 Regulation of gene expression and 3D genome architecture

A first evidence that cohesin might play a role in transcriptional regulation was published by
Rollins and colleagues, who reported that Drosophila mutant flies carrying a variant in Nipped-
B (ortholog of mammalian NIPBL) show alterations in activation of homeobox genes [Rollins
et al.,, 1999]. In following studies, involvement of cohesin loader and cohesin subunits in
regulation of gene expression has been demonstrated in other model organisms such as
zebrafish, budding yeast, fission yeast, mice etc. The mechanism by which cohesin influences
transcription is still not fully understood and different mechanisms have been postulated. In
Drosophila, cohesin co-localizes with Nipped-B throughout the entire non-repetitive genome,
transcribed regions and overlapping with RNA polymerase Il [Misulovin et al., 2008]. In
mammals, besides co-localizing with NIPBL, cohesin also accumulates at the sites where
CCCTC-binding factor (CTCF) binds [Wendt et al., 2008; Parelho et al., 2008]. Therefore, these
two distinct types of cohesin sites might mediate cohesin’s roles in transcription: strong sites
coincide with the binding of CTCF, whereas weaker sites map to active promoters and
enhancers. At weaker sites cohesin is co-localized with its loader NIPBL, Mediator complex
and tissue-specific transcription factors. However, NIPBL was not found at CTCF sites [Kagey

et al., 2010; Merkenschlager and Odom, 2013; Mehta et al., 2013].

Cohesin/CTCF sites are involved in long-range interactions of the chromatin fibers, mediating
contacts between promoters and distal enhancers and gene activation at number of
developmentally important loci [Hadjur at al., 2009; Nativio et al., 2009]. Cohesin deficient of
CTCF also mediates long-range interactions and transcriptional activation, likely depending on
the co-binding of specific additional transcription factors. These long-range interactions are

mediated by DNA looping bringing together loci distant on the linear scale (figure 12).

Genome-wide chromatin interaction maps provided by the Hi-C technique show an
organization of chromatin into discrete domains named topologically associated domains or
TADs [Dixon et al., 2012]. TADs are conserved through cell types and species, confining the
interactions between enhancers and their target promoters. It is worth noting that both
cohesin and CTCF are enriched at TAD boundaries, suggesting their role as architectural
proteins in defining TADs. Zuin and colleagues proposed that cohesin is mainly involved in
chromatin interactions within a TAD, while CTCF is important for their spatial segregation [Zuin

et al., 2014a].
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Figure 12: Chromatin modifications and DNA looping, mediated by various transcription factors and proteins
including CTCF, cohesin, NIPBL, and Mediator complex. The picture in the middle represents two different
cohesin-binding sites: strong sites that correspond to cohesin/CTCF interactions and their insulating roles, and
weaker sites where cohesin co-localizes with NIPBL and Mediator. The figure shows regulatory elements of the

imprinted IGF2/H19 locus, as it is well studied (adapted from Merkenschlager and Odom, 2013)

Within a TAD, enhancers have access to and can interact with their receptive promoters. A
recent study has shown that rather than enhancers having an inherent specificity to their
cognate promoters, this communication is at least partially driven by the CTCF-mediated
chromatin architecture [Hanssen et al., 2017]. According to the authors, it seems likely that
intergenic variants within critical CTCF-cohesin binding site will underlie changes in gene
expression associated with wide variety of complex traits and diseases. Two additional very
recent studies have shown that depletion of cohesin complex from either non-dividing mouse
hepatocytes or HCT-116 human colon cancer cells causes disappearance of TADs genome wide
and dysregulation of certain genes and non-coding regions. On the other hand, genome
compartmentalization to active (A) and inactive (B) chromatin is still preserved, indicating that
chromatin has an intrinsic tendency to form compartments based on epigenetic landscape
and transcriptional activity, but cohesin interferes with these subdivisions by bringing

together loci with opposite states [Schwarzer et al., 2017; Rao et al., 2017].
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1.4 The condensin complex

Another complex structurally similar to cohesin is condensin. This complex plays important

roles in the cell, overlapping with cohesin.

Condensin is a large pentameric protein complex consisting of a SMC2/SMC4 heterodimer and
three non-SMC subunits: CAP-H, CAP-D2 and CAP-G are additional components of the
condensin |, while CAP-H2, CAP-D3 and CAP-G2 belong to the condensin Il complex (figure 13).

CAP-H/H2

ks .
CAP-D2/D3 CAP-G/G2

Figure 13: Subunits of the condensin complex. SMC2 and SMC4 proteins compose both condensin | and

condensin Il. However, these two complexes differ in their non-SMC subunits. In the picture are shown

components of condensin | and condensin Il, respectively (adapted from Haering and Gruber 2016)

This complex is highly conserved throughout evolution and plays important roles in many
cellular processes such as proper condensation and segregation of mitotic chromosomes, 3D
organization of genome architecture throughout the cell cycle, regulation of transcription and
DNA repair [Hirano and Mitchison, 1994; Saitoh et al., 1994; Hudson et al., 2003; Frosi and
Haering, 2015].

Despite structural similarities between condensin | and condensin Il their cellular localizations
and functions differ. Condensin | is located in cytosol and gains access to chromosomes after

nuclear envelope breakdown when it contributes to lateral compaction of chromosomes. On
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the contrary, condensin Il is located in nucleus during interphase and contributes to the axial
shortening of chromosomes [Hirota et al., 2004; Shintomi and Hirano 2011]. Besides being
enriched on the loci important for chromosome segregation, condensin | is enriched at

promoter regions of highly transcribed genes, tRNA and rRNA genes [Kim et al., 2013].

Mutations in genes encoding for components of the condensin complex have been associated
with gastric, colorectal and lung cancer [Davalos et al., 2012; Je et al., 2014; Zhang et al., 2016],

T-cell lymphoma [Woodward et al., 2016] and microcephaly [Martin et al., 2016].

1.5 Outline

Mutations in the five genes, NIPBL, SMC1A, HDAC8, SM(C3 and RAD21 can be identified as
genetic cause in at least 75% of the patients with a clinical diagnosis of CdLS. However, the
remaining ~25% of the CdLS cases are still unsolved, and this percentage was even higher at

the time | started my PhD studies (2013/2014).

Some of the previously unsolved cases were found to carry mosaic mutations in CdLS genes,
mainly in NIPBL, that are not detectable by conventional Sanger sequencing using DNA of
peripheral blood [Huisman et al., 2013]. Recently, variants in other chromatin regulators such
as ANKRD11, AFF4, EP300, or KMT2A were described in some patients with CdLS [Ansari et al.,
2014; Woods et al., 2014; Izumi et al., 2015; Yuan et al., 2015]. Notably, mutations in all these
genes have already been described as genetic causes of other developmental disorders that
share phenotypical features with CdLS, such as KBG syndrome, CHOPS, Rubinstein-Taybi, or
Wiedemann-Steiner syndrome. Furthermore, a direct interaction between Scc2, yeast
ortholog of NIPBL and SWI/SNF chromatin remodeling complex pertains to the similarities
between CdLS and Coffin-Siris syndrome [Lopez-Serra et al., 2014]. Recently, biallelic variants
in non-SMC subunits of the condensin complex have been reported to cause microcephaly,
short stature and intellectual disability [Martin et al., 2016]. However, variants in SMC
subunits of the condensin complex have still not been connected with any distinguishable

phenotype.
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1.6 Objectives of the present work

The first aim of the present work is to find molecular causes in patients clinically diagnosed as
CdLS and to functionally characterize identified variants. The second aim is identification and
molecular characterization of non-coding functional elements in the genome relevant for
expression of the 'CdLS genes’. Therefore, the work presented here is divided into the

following sections:

= |dentification of the causative mutations in the known and new CdLS genes

= Regulation of NIPBL

= |dentification and characterization of a non-coding regulatory element relevant for

expression of condensin gene SMC2
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2 Materials and methods

2.1 Materials

2.1.1 Reagents

Name Manufacturer
Acetic acid Merck
Aluminium sulphate Sigma Aldrich
Acrylamide (30 %) Carl Roth
Agar Fluka Biochem
Agarose StarLab
Ammonium sulphate Fluka Biochem
Boric acid Merck

Bromophenol blue

BSA (bovine serum albumin)
Buffer tablets pH 7.2

Calcium chloride

Chloroform

Cycloheximide

DMEM

DMSO (dimethyl sulfoxide)

DTT (dithiothreitol)

EDTA

Ethanol

Fetal bovine serum (FBS)
FUGENE® HD Transfection Reagent
Giemsa’s azur eosin methylene blue solution
Glucose

Glycin

HEPES

Kalium chloride

Kalium dihydrogen phosphate
Kalium acetat

KaryoMAX® Colcemid solution in HBSS
Lipofectamine RNAi max
Lithium chloride

Magnesium chloride

Midori Green

Milk (powder)

Methanol

B-mercaptoethanol

Natrium chloride

Natrium chloride, 0.9%

Natrium hydroxide

Natrium dodecyl sulphate
di-Natrium hydrogen phosphate
Natrium carbonat

Sigma Aldrich
Sigma Aldrich
Merck

Serva

Merck

Sigma Aldrich
Gibco

Sigma Aldrich
Sigma Aldrich
Merck

J. T. Baker
Gibco
Promega
Merck

Merck

Sigma Aldrich
Sigma Aldrich
Fluka Biochem
Merck

Sigma Aldrich
Life Technologies
Invitrogen
Sigma Aldrich
Sigma Aldrich
Nippon Genetics
Merck

J. T. Baker
Sigma Aldrich
Merck
Fresenius Kabi
Merck

Sigma Aldrich
Merck

Sigma Aldrich

23



NP-40 (Nonidet P-40)

PEG (polyethylene glykol) 4000
Pepton

Phenol

ProLong® Gold antifade reagent with DAPI
RPMI

TEMED

Tris base

Triton-X-100

Tryptone

Tween 20

gPCRBIO Probe Mix Hi-ROX
Yeast extract

Yeast nitrogen base

Fluka Biochem
Fluka Biochem
Gibco

AppliChem

Life Technologies
Gibco

Carl Roth

MP Biomedicals
Sigma Aldrich
Beckton Dickinson
Sigma Aldrich

PCR Biosystems
Beckton Dickinson
Beckton Dickinson

2.1.2 Devices

Name Manufacturer

Agarose gel electrophoresis system:

Electrophoresis chambers Serva

Dark chamber FAS-Digi Nippon Genetics

Camera MX-1 Pentax

Incubators:

Innova 4300 Incubator Shaker New Brunswick/Eppendorf
Galaxy 170S New Brunswick/Eppendorf
IN75 Memmert

Microscopes:

Axioplan 2 (HBO 100)

Axioskop 40

Fluorescent lamp ebq 100 isolated

Photometers/spectrophotometers:
Biospectrometer basic
puCuvette G1.0

TriStar? LB Multidetection Microplate Reader

SDS-PAGE and Western Blot:
PowerPack Basic Power Supply
Trans-Blot® Turbo™ Transfer System
Mini-PROTEAN Tetra Cell System
Glass plates

Thermocyclers:

Thermal Cycler 2720

Veriti 96 well Thermal Cycler
C1000 Touch Thermal Cycler

Carl Zeiss
Carl Zeiss
Kibler

Eppendorf
Eppendorf
Berthold

Biorad
Biorad
Biorad
Biorad

Applied Biosystems
Applied Biosystems
Biorad
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Centrifugation:

Centrifuge 5804

5415C

5415D

Microfuge 22R Centrifuge

Avanti J-30I Centrifuge

Biofuge 13

CombiSpinFVL-2400 Centrifuge/Vortex

Sequencing:

3130 Genetic Analyzer
3130x/ Genetic Analyzer
PyroMark Q24

Real time PCR:
7300 Real Time PCR System

Other:

Autoclave- CS/VFKT
Easypet-Pipetboy 9V DC

Fume hood

Ice machine

Laminar flow hood Hera Safe
Laminar flow hood Heraeus Lamin Air HLB 2448GS
Magnetic stirrer MR3002
Microprocessor pH meter WTW
Reax Overhead Shaker

Shaker Polymax 1040

Scale Kern

Scale Kern ABJ

Thermomixer comfort
Thermomixer compact

Vacuum pump WOB-L PRES/Vac-Dry
Vortex Top Mix 11118

Vortex Genie

Water bath GFL 1003

2.1.3 Solutions and buffers

Eppendorf

Eppendorf

Eppendorf

Beckmann Coulter

Beckmann Coulter

Heraeus Sepatech

Peglab Biotechnologie GmbH

Applied Biosystems
Applied Biosystems
Qiagen

Applied Biosystems

Webeco
Eppendorf
Kéttermann
Ziegra

Heraeus

Heraeus
Heidolph

WTW

Heidolph
Heidolph
Sartorius
Sartorius
Eppendorf
Eppendorf
Welch

Fisher Bioblock Scientific
Bender & Hobein
GFL

If not underlined differently all the solutions were prepared in distilled water (Aqua dest).

2.1.3.1 Agarose gel electrophoresis

Name

Composition

Agarose solution

1-2% (w/v) agarose
1x TBE buffer
Midori green DNA stain
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TBE buffer

DNA loading buffer

445 mM Tris-Base
445 mM boric acid
10 mM EDTA

0.1% bromophenol blue
0.1% xylene cyanol
25% glycerin

10 mM EDTA
2.1.3.2 DNA extraction
Name Composition
TNE buffer 10 mM Tris, pH 8.0

TNE plus buffer

Plasmid preparation ("Mini preparation’) buffers

Mini preparation buffer 1

Mini preparation buffer 2

Mini preparation buffer 3

2.1.3.3 SDS-PAGE and Western blot

100 mM NaCl
1 mM EDTA, pH 8.0

10 mM Tris, pH 8.0

100 mM NacCl

1 mM EDTA, pH 8.0

1% SDS

100 pg/ml Proteinase K

50 mM Tris-HCI, pH 8.0
10 mM EDTA
100 pg/ml RNase

0.2 M natrium hydroxide (NaOH)

1% SDS

3 M kalium acetate (CHs;COOK)

Name

Composition

10x SDS running buffer

4x resolving buffer

4x stacking buffer

2 M glycine
1.25 M Tris-Base
1% (w/v) SDS

1.5 M Tris-Base, pH 8.8
0.4 % (w/v) SDS

0.5 M Tris-base, pH 6.8
0.4 % (w/v) SDS
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4x loading buffer

Transfer buffer

Coomassie, colloidal

Destainer for colloidal Coomassie

RIPA buffer
(Radioimmunoprecipitation assay buffer)

TBST

2.1.3.4 Mediums and additives for human cells

62 mM Tris-Base, pH 6.8

2% (w/v) SDS

10% (v/v) glycerin

5% (w/v) DTT

5% (v/v) B-mercaptoethanol
0.025% (w/v) bromophenol blue

48 mM Tris-Base
39 mM glycine
0.05% (w/v) SDS
20% methanol

10% (v/v) ethanol

2% (v/v) orthophosphoric acid
5% (w/v) aluminium sulphate
0.02% (w/v) Coomassie G250

10% (v/v) ethanol
2% (v/v) orthophosphoric acid

50 mM HEPES

1 mM EDTA pH 8.0

1% Nonidet-P40 (NP-40)

0.5 M lithium chloride (LiCl)

pH 7.6 (adjust with NaOH)

Working solution is RIPA:PIC (protease
inhibitor cocktail) in ratio 250:1

1 M NacCl
1 M Tris
0.05% Tween

Name

Composition

Cycloheximide solution (CHX)

DMEM 101 (full medium)

Medium for freezing the cells

PBS

10 mg/ml cycloheximide
in DMSO

1x DMEM
10% FBS, heat inactivated
1% antibiotic/antimycotic solution

80% (v/v) DMEM 101
20% (v/v) DMSO

137 mM NacCl
2.6 mM KClI

6.5 mM Na;HPO4
1.5 mM KH2PO4
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RPMI (full medium)

Trypsin/EDTA

2.1.3.5 Mediums and additives for bacterial cells

1x RPMI 1640 medium
10% FBS, heat inactivated
1% antibiotic/antimycotic solution

40 g/l trypsin
0.7 mM EDTA
in PBS

Name

Composition

LB medium

Agar plates

2.1.3.6 Buffers for treating chromosomes

20 g/l tryptone peptone
10 g/l bacto yeast extract
20 g/l NaCl

LB medium

16 g/l agar

40 pg/ml X-gal

100 pg/ml ampicillin or 35 pg/ml kanamycin

Name Composition

TEEN 1 mM triethanolamine-HC| pH 8.5
0.2 mM NaEDTA
25 mM NacCl

RSB 10 mM TrispH 7.4

Giemsa solution

Propidium iodide staining solution

10 mM NacCl
5 mM MgCl,

1:5 in buffer pH 7.2 according to WEISE

50 pg/ml propidium iodide (PI)
10 pg/ml RNase A

in PBS
2.1.4 Human cell lines
Name Origin
HEK293 Human embryonic kidney, fibroblast-like
Hela Human cervix carcinoma, epithelial, female
1-7HB2 Human mammary epithelial cells
SH-SY5Y Human neuroblastoma, female
Fibroblasts Human (patients or healthy controls)
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LCLs (lymphoblastoid cell lines)

2.1.5 Vectors

Human (patients B-lymphocytes infected
with Epstein-Barr virus)

Name Manufacturer
PGEM-T Easy (cloning vector) Promega
pGL4.10 [luc2] (eukaryotic expression vector) Promega
pGL4.74 [hRluc/TK] Promega
pcDNA 3.1 (A, B, C) (eukaryotic expression vector) Invitrogen

pEGFP-N3 (eukaryotic expression vector)

pFLAG-N3 (eukaryotic expression vector)

pSpCas9(BB)-2A-Puro (PX459) V2.0

2.1.6 Oligonucleotides

Takara Clontech

from Dr. Tarik Mo6roy (Department of
Medicine, Division of Experimental
Medicine, University of Montreal, Canada)

from Dr. Feng Zhang via Addgene

Primers for sequencing reactions were synthesized by the company Microsynth, while cloning

primers were synthesized by Biomers.

TagMan probes were ordered from Thermo Fisher Scientific as follows: SMC2- Hs00197593 m1;

SMC4- Hs00374522_m1; SNAPIN- Hs00276176_m1; GAPDH- Hs99999905_m1; NADH-

Hs00190020_m1.

2.1.7 Size markers

Name

Manufacturer

GeneScan™-120 LIZ™ Size Standard
GENESCAN® 400HD ROX® Size Standard

Applied Biosystems
Applied Biosystems

Hyperladder | (DNA) Bioline

Low DNA Mass ladder (DNA) Invitrogen
Precision Plus Protein Standard: Dual Color (protein) Biorad
2.1.8 Enzymes

Name Manufacturer
ExoSAP-IT® Affimetrix
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Expand Long Range dNTPack
Fast Digest®

Hpall

RNase A

PrimeSTAR GXL DNA Polymerase
T4 ligase

Taq DNA polymerase

Roche

Thermo Fisher Scientific
New England Biolabs
Qiagen

Takara, Clontech

Roche

MP Biomedicals

Taq DNA polymerase Qiagen
Trypsin Serva

2.1.9 Kits

Name Manufacturer
Amaxa® Cell Line Nucleofector Kit V Lonza

BigDye® Terminator v3.1 Sequencing Kit
Dual-Luciferase® Reporter Assay
DNeasy Blood & Tissue Kit

DyeEx 2.0 Spin Kit
pGEM-T-Easy-Vector System
Monarch DNA gel extraction kit
Pierce BCA Protein Assay Kit

Plasmid Plus Midi Kit

Puregene® Buccal Cell Core Kit A
PyroMark Gold Q24 Reagents
ReliaPrep®RNA Cell Miniprep System
SNaPshot® Multiplex System

Super Script Il First Strand Synthesis System

SuperSignal West Femto Chemiluminescent Substrate

QlAquick Gel Extraction Kit

QuickChange Site directed Mutagenesis Kit

2.1.10 Antibodies

Applied Biosystems
Promega

Qiagen

Qiagen

Promega

New England Biolabs
Thermo Fisher Scientific
Qiagen

Qiagen

Qiagen

Promega

Applied Biosystems
Thermo Fisher Scientific
Thermo Scientific
Qiagen

Agilent Technologies

Name Manufacturer
Primary antibodies:
a-c-Myc (9B11) (mouse) Cell Signaling
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a-FLAG M2 (monoclonal, mouse)
a-HDACS (H-145) (polyclonal, rabbit)
a-SMC1A (ab21583) (polyclonal, rabbit)
a-SMC3

a-SMC2 (A300-058A) (polyclonal, rabbit)
a-SMC4 (A300-064A) (polyclonal, rabbit)
a-RAD21 (D213)

a-B-tubulin (monoclonal, mouse)
a-acetyl-Histone H3 (polyclonal, rabbit)
a-NCAPD2

Secondary antibodies:

Goat-a-rabbit IgG-HRP
Goat-a-mouse IgG-HRP

2.1.11 Antibiotics

Sigma Aldrich
Santa Cruz
Abcam

from Dr. Erwan Watrin (Institut de
Génétique et Développement de Rennes
Rennes, France)

Bethyl

Bethyl

Cell Signaling
Sigma Aldrich
Millipore

from Dr. Erwan Watrin (Institut de
Génétique et Développement de Rennes
Rennes, France)

Thermo Scientific

Thermo Scientific

Name and working concentration

Manufacturer

Ampicillin (200 pg/ml)
Antibiotic-antimycotic solution
Kanamycin (70 pg/ml)
Puromycin (10 mg/ml)

2.1.12 Programs and web sites

Roth
Life Technologies
Sigma Aldrich

Life Technologies

Name

Manufacturer

Chromas Lite
Edit Seq
ENCODE
Ensembl
ExAC Browser
ExPASy
Face2Gene
Flowlo

GeneMapper™ Software

Technelysium Pty Ltd

DNA Star Lasergene
http://genome.ucsc.edu/ENCODE/
http://www.ensembl.org/index.html
http://exac.broadinstitute.org/
http://www.expasy.org/
http://suite.face2gene.com/

FlowlJo LLC, Ashland, OR

Applied Biosystems
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Genome Engineering >°

gnomAD browser
Ikaros

Isis

Mutation Discovery
Mutation Taster
NebCutter V2.0
NCBI-Blast
PolyPhen-2
Segman

Sequencing analysis

http://www.genome-engineering.org/
http://gnomad.broadinstitute.org/
MetaSystems, Heidelberg, Germany
MetaSystems, Heidelberg, Germany
http://www.mutationdiscovery.com
http://www.mutationtaster.org/
http://www.labtools.us/nebcutter-v2-0/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://genetics.bwh.harvard.edu/pph2/
DNA Star Lasergene

Applied Biosystems

SIFT http://sift.jcvi.org/
Tag-Man Software Applied Biosystems
UCSC Genome Browser http://genome-euro.ucsc.edu/

2.2 Methods

2.2.1 DNA extraction

Genomic DNA was extracted from blood, cells in culture (fibroblasts, HEK293, SH-SY5Y), buccal
mucosa or urine cells.

DNA extraction from blood and cells in culture was performed with DNeasy Blood & Tissue Kit
(Qiagen) and from buccal mucosa with Puregene® Buccal Cell Core Kit A (Qiagen) according to
the manufacturer’s instructions. Starting material was 500 pl of whole blood, or ~ 5x10° cells.
DNA extraction from urine samples was performed using 50 ml of urine. Cells were
sedimented by centrifugation at 3500 rpm for 10 minutes at 4°C. The pellet was resuspended
in 1 ml TNE buffer and transferred into a 1.5 ml tube. Next centrifugation step was performed
at 3000 rpm for 10 minutes at 4°C and the pellet was resuspended in 400 ul TNE plus buffer.
This suspension was incubated overnight in a thermomixer at 55°C and 500 rpm. Next day,
200 pl phenol and 200 pl chloroform were added to the suspension, vortexed and incubated
for 5 minutes at the room temperature. Upon the incubation, centrifugation at 10000 rpm for
10 minutes at room temperature was performed in order to separate phases. DNA in the
supernatant was transferred into a new tube and precipitated with 40 pl of 3M Na-acetate

32



and 1 ml of isopropanol. Upon vortexing and centrifugation for 25 minutes at full speed and
4°C supernatant was discarded and DNA pellet was washed in 500 pl 70% ethanol
(centrifugation at full speed for 5 minutes at 4°C). Purified DNA was finally resuspended in 30
ul of distilled water and the concentration was measured using Biospectrometer basic

(Eppendorf).

2.2.2 PCR (Polymerase Chain Reaction)

Genomic regions of interest were amplified with specifically designed primers (please find
enclosed a list of primers as supplementary data). Denaturation step (95°C) was followed by
annealing step (temperature dependent on the primer length) and elongation (time
dependent on the product length). Appropriate Taq or other polymerases were chosen
specific for product length and the need for fidelity. For PCR products shorter than 1 kb, with
the aim of sequencing reaction Taq polymerase from MP Biomedicals or Qiagen was used
according to the protocol provided by the company. For amplification of longer products high
fidelity polymerases such as PrimeSTAR GXL DNA Polymerase, Expand Long Range, or
QuickChange Site directed Mutagenesis Kit were used according to the companies’

instructions.

2.2.3 Agarose gel electrophoresis

Agarose gel electrophoresis aims to separate different DNA fragments based on their size. In
an electric field negatively charged DNA migrates towards the anode (positively charged
electrode) and smaller fragments move faster than the bigger ones. Agarose gels of 2% were
used for separation of DNA fragments smaller than 1 kb, while 1% agarose gels were used for
larger fragments. Agarose was dissolved in 0.5 x TBE buffer and Midori Green was added to
the gel to stain the DNA. Simultaneously with loading the samples a DNA ladder was used in
order to recognize the correct fragment size. After separation DNA was visualized with Blue
Light LED illuminator (FAS-Digi Gel Documentation System, Nippon Genetics) and pictures

were captured with documentation system (Camera MX-1, Pentax).

2.2.4 Gel extraction

Upon agarose gel electrophoresis PCR products or products of DNA digestion were cut out

from the gel. DNA extraction from the agarose gel was performed either with QlAquick Gel
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Extraction Kit (Qiagen) or Monarch DNA gel extraction kit (New England Biolabs) according to

the manufacturers’ instructions.

2.2.5 Ligation

Within the first ligation step of the cloning procedure PCR products were inserted into the
PGEM-T Easy vector (Promega) according to the manufacturer’s instructions, taking into
account that the ratio between the vector and an insert should be 1:3. The linearized vector
contains a single 3’-terminal thymidine at both ends, while the Tag DNA polymerase adds an
adenine to the 3" end of the PCR product. For PCR amplification PrimeSTAR GXL DNA
Polymerase (Takara) was used. This high fidelity polymerase creates blunt ends, therefore an
additional step with another Tag DNA polymerase (MP Biomedicals) was added after the PCR
reaction in order to obtain 3’-terminal adenine and enable ligation. Ligation reaction was
catalyzed by T4 ligase which creates a phosphodiester bond between juxtaposed 5' phosphate
and 3' hydroxyl termini in duplex DNA.

Subcloning the correct insert from pGEM vector into an expression vector includes another
ligation step. Here, the insert and the vector have to be digested with the same restriction
enzymes (Fast Digest, Thermo Fisher Scientific). Finally, the products of the restriction

enzymes digestion were purified and ligated with T4 ligase (Roche).

2.2.6 Transformation

Introducing plasmid DNA into a bacterial cell is known as transformation. In this way, bacteria
are used for replication of plasmids. Besides the gene of interest, plasmids contain a bacterial
origin of replication and an antibiotic resistance gene. 50 ul chemically competent cells were
mixed with 5 ul of the ligated mixture and incubated for 10 minutes on ice, followed by 2
minutes incubation at 42°C. This "heat - shock” treatment improves membrane permeability
of bacterial cells and enables introducing the plasmids. Next, 450 pul of LB medium were added
to the mixture and samples were incubated for 1 hour at 37°C and 250 rpm, in order to copy
the bacteria (and the plasmid) before plating them on agar plates with an specific antibiotic.
The plates were incubated over night at 37°C allowing bacteria to form colonies, whereby each

colony originates from a single bacterial cell.
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2.2.7 Mini preparation

Mini preparation is a small - scale isolation of plasmid DNA from bacteria, based on the alkaline
lysis method. Clones that had previously grown on agar plates after transformation were
picked in 3 ml LB medium with an antibiotic and allowed to grow over night at 37 °C and 250
rpm.

In the first step of the purification, bacterial cells were pelleted by centrifugation at 5000 rpm
for 5 minutes and then resuspended in the buffer 1. In the next step, alkaline lysis of bacteria
cells was done with buffer 2 followed by neutralization reaction with buffer 3. Another
centrifugation step was performed at 10000 rpm, for 15 minutes, at 4°C, with the aim to
separate plasmid DNA from precipitated proteins and cell debris. Isolated plasmid DNA was
then washed twice in 100% or 70% ethanol, respectively. Finally, after evaporating ethanol in
a vacuum concentrator, plasmid DNA was resuspended in HPLC- purified water and analyzed

by restriction enzymes and Sanger sequencing.

2.2.8 Midi preparation

Once the correct plasmid was obtained it was amplified in larger amounts by midi preparation
for further functional experiments. Inoculation was performed in 50 ml LB medium with an
antibiotic and bacteria were grown over night at 37°C and 250 rpm. Plasmid purification was

performed with Plasmid Plus Midi Kit (Qiagen) according to the manufacturer’s instructions.

2.2.9 Plasmid digestion with restriction enzymes
Upon mini and midi preparation all the plasmids were checked for the correct insert with the

corresponding restriction enzymes used for cloning. The reaction was done as follows:

10x FastDigest buffer 1.5 ul
DNA (~500 ng) X ul
Enzyme 1 1l
Enzyme 2 1l
H.0 xul
15 pl

The samples were then incubated at 37°C for 20 minutes and analyzed by agarose gel

electrophoresis.
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2.2.10 Sanger sequencing

This method of DNA sequencing is based on the chain-termination method. Deoxynucleotides
(dNTPs) and dideoxynucleotides (ddNTPs) are incorporated in a growing chain by DNA
polymerase. The chain will be extended as long as dNTPs are incorporated but when a ddNTP
is incorporated the reaction will terminate. DANTPs lack a 3'-OH group required for the
formation of a phosphodiester bond between two nucleotides causing DNA polymerase to
stop extension of DNA when a modified ddNTP is incorporated. Each of the four ddNTPs is
labeled with a different fluorescent dye which enables detection. By this, DNA fragments of a
different length will arise with each of them having the specific fluorescent signal at the end
of the sequence. The fragments are then separated depending on their size through capillary
electrophoresis and fluorescence is detected. The outcome was illustrated by
electropherogram, where each peak represents a single base within the DNA sequence.

The sequencing reaction was performed as follows:

Plasmids PCR products
5x Sequencing buffer 0.5 ul 1.5 ul 96°C 1 min
Primer (5 uM) 1u 1ul 96°C 10sec
DNA (~500 ng) X ul X pl Ta 10sec  25x
BigDye® Terminator Mix v3.1 1.5 ul 0.5 pl 60°C__1-3 min
H,0 x ul x ul 4°C
10 pl 10 ul

Upon purification with DyeEx 2.0 Spin Kit (Qiagen), samples were run on 3130/3130x/ Genetic

Analyzer.

2.2.11 Pyrosequencing

This is a method of DNA sequencing based on detection of pyrophosphate release upon
nucleotide incorporation. A DNA segment of interest was amplified by PCR and biotinylated.
After denaturation the biotinylated single-stranded PCR amplicon was hybridized with a
sequencing primer and incubated with the enzymes DNA polymerase, ATP sulfurylase,
luciferase, and the substrates adenosine 5' phosphosulfate (APS) and luciferin. DNA
polymerase catalyzes addition of dNTPs to the sequencing primer and each incorporation
event is accompanied by the release of pyrophosphate (PPi) in a quantity equimolar to the

amount of incorporated nucleotide. ATP sulfurylase converts PPi to ATP in the presence of
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adenosine 5' phosphosulfate (APS). This ATP drives the luciferase-mediated conversion of
luciferin to oxyluciferin that generates visible light in amounts that are proportional to the
amount of ATP. The light produced in the luciferase-catalyzed reaction is detected by a charge
coupled device (CCD) camera and seen as a peak in the pyrogram. The height of each peak
(light signal) is proportional to the number of nucleotides incorporated. The allelic dosage was

guantified on PyroMark Q24, with PyroMark Gold Q24 Reagent Kit (Qiagen).

2.2.12 Array-CGH

Comparative Genomic Hybridization (CGH) is a method for analyzing copy number variations
(CNVs) of a test sample compared to a reference sample. Each DNA sample is independently
labeled with a different fluorophore, denaturized and hybridized competitively onto an array
with nucleic acid targets. Test sample is labeled with a red fluorophore (Cyanine 5), while the
reference is labeled with a green fluorophore (Cyanine 3). As the two DNA samples are loaded
in the same amount resulting ratio of the fluorescence intensities is proportional to the ratio
of the copy numbers of DNA sequences in the test and reference genomes.

Array-CGH analysis was carried out using Human Genome CGH 244k Microarray Kit (Agilent
Technologies, CA, USA) according to the manufacturer’s protocol. In order to precisely define

the deletion found by array-CGH, we have performed a breakpoint spanning PCR.

2.2.13 SNaPshot assay

This is a primer extension-based method developed for the analysis of single nucleotide
polymorphisms (SNPs) which uses fluorescently labeled ddNTPs. We have used SNaPshot®
Multiplex System (Applied Biosystems) in order to confirm low levels of the disease-causing
variants previously detected by next generation sequencing techniques. After PCR
amplification of the region of interest and purification of the PCR product with ExoSAP-IT®
(Affimetrix) SNaPshot reaction with single primers was performed. Products of the SNaPshot
reaction were purified and run on 3130/3130x/ Genetic Analyzer for fragment analysis
together with GeneScan™-120 LIZ™ Size Standard (Applied Biosystems). GeneMapper™

Software (Applied Biosystems) was used for data analyses.
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2.2.14 X-chromosome inactivation assay

Detection of the X-inactivation status was performed at the HUMARA (Human Androgen
Receptor) locus. 500 ng of DNA was digested with methylation-sensitive restriction enzyme
Hpall (New England Biolabs) overnight at 37°C. In parallel with the patients” samples a male
control DNA sample was treated the same way. In order to check if the digestion is complete
samples were loaded onto 1% agarose gel. Upon digestion, heat inactivation of the enzyme
was performed at 80°C for 20 minutes. Digested and nondigested DNA was PCR-amplified with
the primers targeting exon 1 of the HUMARA gene. Sequence of the forward primer is 5"-FAM-
CGGGCCCCAGGCACCCAGA-3, and sequence of the reverse primer is 5'-
GCTGTGAAGGTTGCTGTTCCTCAT-3". Upon purification, samples were run on 3130/3130x/
Genetic Analyzer for fragment analysis together with GENESCAN® 400HD ROX® Size Standard
(Applied Biosystems). GeneMapper™ Software (Applied Biosystems) was used for data
analyses. A deviation from equal (50%-50%) inactivation of each parental allele in a larger cell
population is defined as random X-inactivation, with skewed X-inactivation being defined as

inactivation of the same allele in 80-100% of cells.

2.2.15 RNA extraction and cDNA synthesis

RNA was extracted from fibroblasts, LCLs, HEK293 or SH-SY5Y cells with ReliaPrep™ RNA Cell
Miniprep System (Promega) according to the manufacturer’s protocol. The Super Script Ill First
Strand Synthesis System (Thermo Fisher Scientific) was used to reversely transcribe 1-5 ug of
RNA with random hexamers adjusting the same starting amounts of the RNAs between the

different samples.

2.2.16 Real time PCR

This method monitors amplification of a DNA molecule during the PCR (or in a real time),
unlike the conventional PCR which detects only the final product of the reaction. For
measuring gene expression levels TagMan assay was used, a technology that relies on 5'-3°
exonuclease activity of Taq polymerase.

TagMan probe consists of an oligonucleotide sequence specific for the gene of interest with a
covalently attached fluorophore on its 5" end and a quencher on its 3" end. As long as the
fluorophore and the quencher are in proximity quenching inhibits any fluorescent signals. As

the Taqg polymerase synthesizes the new DNA strand its 5°'-3" activity degrades the probe that
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had previously annealed to the template. Degradation of the probe releases the fluorophore
from it and breaks the close proximity to the quencher, thus relieving the quenching effect
and allowing fluorescence of the fluorophore. Hence, fluorescence detected in the
guantitative PCR is directly proportional to the fluorophore released and the amount of DNA
template present in the PCR.

TagMan gene expression assays were purchased from the Thermo Fisher Scientific and
expression levels of transcripts were measured on 7300 Real Time PCR System (Applied
Biosystems). Relative gene expression was determined using the AACt method, as previously

described [Livak and Schmittgen, 2001].

2.2.17 Cell culture

Handling the cells was performed under sterile conditions using a laminar flow hood with
sterile solutions and materials. All the mediums and adequate solutions were previously
warmed up in a water bath at 37°C. The cells were grown at 37°C in an atmosphere with 5%
CO,.

Skin biopsies were performed and used to establish fibroblast cell lines which were grown in
DMEM, supplemented with 10% FBS and 1% antibiotic/antimycotic solution (DMEM 101, full
medium). HEK293, Hela, HB2 and SH-SY5Y cells were grown under the same conditions in
DMEM 101 full medium. LCLs were grown in RPMI medium, supplemented with 10% FBS and

1% antibiotic/antimycotic solution (RPMI full medium).

2.2.18 Harvesting adherent cells

Medium was removed and the cells carefully washed 2 times with PBS. Upon washing,
incubating the cells in trypsin/EDTA solution for 3 minutes was performed in order to detach
the adherent cells. The activity of the trypsin/EDTA was stopped by adding medium.
Alternatively, cells were harvested with a cell scraper, upon two washing steps with PBS.
Finally, living cells were centrifuged for 5 minutes at the room temperature, at 1500 rpm, and

the supernatant was removed. Sedimented cells were stored at -80°C for further experiments.

2.2.19 Cryoconservation of cells

Cells were harvested, well resuspended and counted with an automatic cell counter. Amount

of the cells per cryotube was 2x10°, mixed with the medium for freezing the cells (80% (v/v)
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DMEM 101 and 20% (v/v) DMSO). Cryotubes with cells were kept for a while in an isopropanol-
filled container at -80°C, and then transferred into the liquid nitrogen, for a longer period of

storage.

2.2.20 Thawing the cells

Thawing the cryostocks of the cells was performed at 37°C in a water bath. When thawed,
cells were centrifuged for 5 minutes at 1500 rpm in order to remove the rest of the medium
and DMSO. Upon centrifugation, cells were resuspended in fresh DMEM 101 medium and

transferred into a sterile culture flask. After overnight incubation medium was changed again.

2.2.21 Transient transfection of the human cells with plasmid DNA
One day before the transfection cells were seeded and incubated to 70-80% confluency for
transfection. The amount of cells, medium, plasmid DNA and FUGENE® HD transfection

reagent are given in the following table:

Dish Amount of cells | Amount of medium | Amount of plasmid DNA | Amount of FUGENE
24-well plate 0.03-0.05x10° | 0.5 ml 0.2-2 ug 2 ul

6-well plate 0.3x10° 2ml 1-5 pg 4 ul

10 cm Petri dish | 2.2x10° 10 ml 2-8 ug 10 pl

On the day of transfection, fresh medium (DMEM 101) was given to the cells. Appropriate
amount of plasmid DNA and FUGENE® was mixed with DMEM pure (100 ul for a 24-well plate,
200 pl for a 6-well plate, 500 pl for a 10 cm Petri dish) and incubated for 20 minutes. Upon
incubation, the mixture was added dropwise to the cells and incubated at 37°C for 24 or 48
hours.

While HEK293 and Hela cells were transfected with FUGENE®, SH-SY5Y were transfected with

Amaxa® Cell Line Nucleofector Kit V, according to the manufacturer’s instructions.

2.2.22 Transient transfection of the human cells with siRNA

Hela or SH-SY5Y cells were transfected with 150-200 nM of each siRNA using Lipofectamine

RNAi max and Opti-MEM medium (Life Technologies) and incubated for 48 hours.
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2.2.23 CRISPR/Cas9

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) system was originally
discovered as a prokaryotic immune system that protects bacteria from invading DNA
molecules such as viruses and plasmids. The enzyme Cas9 (CRISPR-associated gene 9) is a DNA
endonuclease that creates site-specific double-stranded DNA breaks guided by an RNA
molecule (gRNA). This system can function in a variety of cells and organisms, allowing
permanent modification of the target DNA. Upon a double-stranded DNA break, the cell
repairs it either by non-homologous end joining or homologous recombination.

In order to mimic the deletion on chromosome 9 found in one of our patients, we have created
HEK293 and SH-SY5Y cell lines deficient for the 3 kb regulatory element. The appropriate
gRNAs were inserted in the plasmid (pSpCas9(BB)-2A-Puro (PX459) V2.0, Addgene) as
described by Ran et al., 2013. HEK293 cells were co-transfected with 1 pg of each gRNA,
marking the region for the double cut, with FUGENE-HD (Promega, Madison, USA). SH-SY5Y
cells were transfected with the same gRNAs, albeit with the Amaxa® Cell Line Nucleofector Kit
V (Lonza), according to the manufacturer’s instructions. 24 hours after the transfection,
puromycin was added as a selection marker to the final concentration of 2 mg/ml. Single
clones were picked, expanded, PCR analyzed and Sanger-sequenced for the presence of the
desired deletion. Upon the selection process, four independent homozygous clones were
obtained for the HEK293 cell line, whereas only one homozygous clone was obtained for the

SH-SY5Y cell line.

2.2.24 Luciferase reporter gene assay

In order to investigate transcriptional activity and interaction between a gene promoter and
a putative enhancer element, we have used the Dual-Luciferase reporter assay system
(Promega, Madison, USA). Luciferases are a class of oxidative enzymes found in several species
that enable the organisms to produce bioluminescence or emit light. In this assay, light is
produced by converting chemical energy of luciferin oxidation through an electron transition
forming the product molecule oxyluciferin. This reaction is catalyzed by Firefly (Photinus
pyralis) luciferase in the presence of ATP, oxygen and Mg?* (figure 14). The fluorescent product
of the reaction can then be quantified by measuring the released light. As an internal control

for the transfection experiment, Renilla (Renilla reniformis) luciferase was used. The
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luminescent reaction catalyzed by Renilla luciferase utilizes oxygen and coelenterate luciferin

(coelenterazine).

Recombinant Firefly _
HO 5 :[/ COOH Luciferase 0 g ]/0
H +ATPLO, T N; {s | +AMP+PP +C0,+Light
H *

Beetle Luciferin Oxyluciferin

o: / ‘4 }“3” Renilla o (—é %OH

B! 1O, Luciferase W +C0,+Light

R

HO HO
Coelenterazine Coelenteramide

Figure 14: Bioluminescent reactions catalyzed by firefly and Renilla luciferase (adapted from Promega manual)

One day before the experiment 3-5x10* cells per well were seeded in a 24-well plate. The
transfection mix per well consists of 400 ng pGL4.10 (firefly) construct, 1.2 pl FUGENE-HD
(Promega, Madison, USA), and 25 ng pGL4.74 (Renilla) in 100 ul of pure DMEM medium
(without serum or antibiotics).

Cells were transfected with different constructs containing firefly luciferase gene under the
control of the promoter of interest. With that aim, we have used pGL4.10 vector and the

cloning strategy is as described on the figure 15:

Ampicillin
empty
\ — —
pG |_4 10 "| Promoter+enhancer
., — X
\ o Promoter Enh
\\ Promoter+control DNA
— ¥ —
Enhancer -~ Contr
Firefly Luciferase

Figure 15: Cloning strategy and different constructs for the luciferase assay. Firefly luciferase is under the control
of the promoter, cloned in pGL4.10 vector together with either the putative enhancer, or the size-matched

control
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Activity of the firefly and Renilla luciferase was measured after 24 hours of incubation with
the Dual Luciferase Reporter Assay (Promega) in TriStar? LB Multidetection Microplate Reader
(Berthold, Bad Wildbad, Germany). All the measurements were verified in a minimum of three

independent experiments and as triplicates in each experiment.

2.2.25 Cycloheximide treatment of the cells

In order to block nonsense-mediated decay of the mutant mRNA transcript, we have treated
patients” cell lines with cycloheximide (CHX). Therefore, patients” fibroblasts or LCLs were
seeded in a 6-well plate (seeding density is 0.3x10°) one day before treatment. On the day of
the treatment medium was removed from the cells and a fresh medium containing
cycloheximide to the final concentration of 50ug/ml was added per well. The cells were

incubated with CHX overnight and pelleted the next day for further experiments.

2.2.26 Metaphase spreads

To obtain chromosomes at the mitotic stage, colcemid (Life Technologies) was added to the
cells at a final concentration of 0.1 pg/ml. Cells were incubated for 3 hours before harvesting
in order to depolymerize microtubules and block the cells in mitosis. This was followed by
hypotonic treatment and lysis of the cells with 0.56% KCI for 5 minutes. Following the
hypotonic treatment, the samples were fixed in a solution containing methanol and acetic acid
in ratio 3:1. Samples were then applied dropwise on the microscope slides, dried and stained
with Giemsa solution, and chromosomes were observed with immersion oil under the
microscope (Axioskop 40, Zeiss). For karyotyping we have used the lkaros software

(MetaSystems, Heidelberg, Germany). At least 15 mitoses were investigated.

2.2.27 ICS assay

Intrinsic Chromosome Structure (ICS) assay is a qualitative in vitro assay, described by Hudson
et al., 2003 and adapted by Martin et al., 2016. It assesses whether chromosomes are able to
recover their native metaphase structure when arrested in mitosis and treated with two
different buffers. The first one is a low-salt TEEN buffer, which increases DNA-DNA repulsion
forces through cation depletion and consequently leads to a decompaction of mitotic
chromosomes. In the next step, the chromosomes are treated with RSB buffer which aims to

recover their native structure. After two rounds of unfolding/refolding, mitotic chromosomes
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from all the patient cell lines were compared to the healthy control fibroblasts. Principle of

the assay is given in the figure 16:

/ normal
TEEN1 RSB1 x TEEN2 RSB2

intermediate disorganised

Figure 16: ICS assay is based on structural ‘'memory” of chromosomes, in a way that they can be swollen and
detangled by TEEN buffer, and can restore their original morphology by treatment with RSB buffer. Sequential
decompaction with TEEN and refolding with RSB buffer was used to establish the structural integrity of mitotic

chromosomes (adapted from Martin et al., 2016)

Primary fibroblasts were grown on coverslips and blocked in mitosis with 0.1 pg/ml colcemid
overnight. Cells were then lysed with 0.56% KCI for 5 minutes followed by TEEN buffer for 30
minutes and RSB for 10 minutes. The TEEN-RSB cycle was repeated, cells were fixed in
methanol:acetic acid (3:1) for 30 minutes, washed with PBS twice and mounted with DAPI
(ProLong® Gold antifade reagent with DAPI, Life Technologies). Several microscopic slides
were prepared for each sample in three independent experiments and at least 30 pictures
were taken per sample per experiment (approximately 100 per sample in total) using an
Axioplan 2 microscope. As fluorescence imaging platform we have used Isis software
(MetaSystems, Heidelberg, Germany). The pictures of the chromosomes were then scored
into three groups: normal, intermediate and disorganized, and results are shown as % of

mitotic cells.

2.2.28 Cell cycle analysis

The cell cycle is a series of events leading to cell division and duplication of its DNA to produce
two daughter cells. It consists of four distinct phases: G1, S, G2 and M. The first phase of the
interphase is G1 (gap 1), also called growth phase, because here the cell grows in size, along
with increased protein synthesis and production of organelles (mitochondria and ribosomes).

The next phase is S (synthesis) phase, when DNA synthesis starts and the DNA amount
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doubles. Production of histones occurs during this phase, while the rates of RNA transcription
and protein synthesis are very low. G2 phase occurs after DNA replication and corresponds to
a period of increased protein synthesis and rapid cell growth, to prepare the cell for mitosis.
Finally, mitotic phase consists of nuclear division (karyokinesis) and it is a relatively short
period of the cell cycle.

Fibroblasts and HEK293 cells were grown on a 10 cm Petri dish and fixed in cold 70% ethanol
at 70-80% of confluency. After washing cells with PBS and RNase A treatment, DNA was
stained with propidium iodide (PI). Pl is a fluorescent intercalating agent that binds DNA in a
stoichiometric ratio proportionally to the DNA amount present in the cell. By this, cells in S
phase will have more DNA than cells in G1 phase. The fixed and stained cells were then
analyzed with BD LSR Il flow cytometer (BD Biosciences, San Jose, CA, USA) and results were

processed in FlowJo software (FlowJo LLC, Ashland, OR) using Watson’s mathematical model.

2.2.29 Protein extraction

Sedimented cells were resuspended in RIPA lysis buffer that contains protease inhibitor
cocktail (PIC) in a ratio 250:1. Upon 5 minutes incubation at room temperature, the lysed cells
were centrifuged for 5 minutes at 10000 rpm and 4°C. RIPA buffer disrupts also the nuclear
membrane; therefore it can be used also for isolation of nuclear proteins. After centrifugation
cell debris were sedimented while the supernatant contains all soluble proteins. Supernatant
was transferred to a new tube and mixed with the 4x SDS-PAGE loading buffer for subsequent

analysis.

2.2.30 Protein quantification

Upon extracting cellular proteins, concentration was determined with Pierce BCA Protein
Assay Kit according to the manufacturer’s instructions. This assay is based on the well-known
reduction of Cu*? to Cu*! in an alkaline medium by protein (the biuret reaction). Protein
concentrations were determined with reference to standards such as bovine serum albumin
(BSA). A series of dilutions of BSA solutions with known concentration were prepared and
absorbance was measured along with the unknown samples at 562 nm. The standard curve,
which represents a correlation between the absorbance and the concentration of the

standards, was used to calculate the concentration of the investigated/unknown samples.
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2.2.31 SDS-PAGE

A very common method for separating proteins by electrophoresis uses polyacrylamide gel as
a support medium and sodium dodecyl sulphate (SDS) to denature the proteins. Therefore,
this method is called sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). SDS is a negatively charged anionic detergent that destroys complex structure of
proteins. At the same time, polyacrylamide gel restrains large molecules to move as fast as
the smaller ones. That means that the proteins will move in an electric field based on their

size. The polyacrylamide gel consists of the resolving and stacking gel:

Resolving gel 8 % 10% 12 % Stacking gel 4%

4x resolving buffer | 2.5 ml 2.5 ml 2.5 ml 4x stacking buffer |1.25 ml
Acrylamide 2.8 ml 3.33 ml 4.2 ml Acrylamide 0.65 ml
H,O 4.6 ml 4 ml 3.2ml H.0 3.1ml
10% APS 150 pl 150 pl 150 pl 10% APS 75 ul
TEMED 15 ul 15 ul 15 pl TEMED 7.5l

The samples were mixed with the 4x loading buffer that contains B-mercaptoethanol in a ratio
20:1, denatured for 5 minutes at 95°C and loaded onto the gel, along with the size marker

(Precision Plus Protein Standard: Dual Color, Biorad).

2.2.32 Western blot

After the separation by SDS-PAGE, proteins were transferred to a PVDF (Polyvinylidene
difluoride) membrane by semi-dry method. The PVDF membrane was first activated with
100% ethanol and then equilibrated in the transfer buffer for 30 minutes. Whatman paper
was previously also soaked in the transfer buffer and the transfer was done as shown in the
figure 17. Transfer of the proteins was performed in the Trans-Blot® Turbo™ Transfer System
(Biorad) for 30 minutes and with 1 A (25 V). After transfer, the membrane was briefly washed
in distilled water and unspecific bindings were blocked with 4% milk in PBS for one hour. As
next, the blocking solution was removed and a primary antibody, also diluted in 4 % milk in

PBS, was added to the membrane and incubated overnight at 4°C.
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Figure 17: Components for the western blot transfer

The next day primary antibody was removed and the membrane was washed 3 times for 10
minutes in TBST. Finally, the membrane was incubated for 1 hour at the room temperature in
the secondary antibody (diluted in 4% milk in PBS) before washing 3 times in TBST and
proceeding to the detection of the specific proteins. The secondary antibody is conjugated
with the horseradish peroxidase (HRP) which enables the detection by the chemiluminescent
reaction. SuperSignal West Femto Substrate enables detection of antigen by oxidizing luminol
in the presence of HRP and peroxide. This reaction produces chemiluminescence that can be

visualized on X-ray film or an imaging system.
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3 Results

3.1 Identification of the causative mutations in the known CdLS genes

Sequencing analysis was conducted on a cohort of patients clinically diagnosed as CdLS or
CdLS-overlapping phenotypes. The cohort consists of more than 200 patients and originates
from an international collaboration. We have used different sequencing approaches to
identify and confirm causative mutations, including Sanger sequencing, targeted gene panel

sequencing, SNaPshot, exome- and pyrosequencing.

3.1.1 NIPBL

Recent findings indicated a high percentage of CdLS-causing mosaic mutations in NIPBL,
previously not detected by conventional Sanger sequencing on DNA isolated from blood
samples [Castronovo et al., 2010; Huisman et al., 2013; Baquero-Montoya et al., 2014].
Huisman and colleagues detected a N/PBL mutation in buccal mucosa cells by Sanger
sequencing in 10 of 13 tested patients previously negative for a mutation in lymphocytes

[Huisman et al., 2013].

3.1.1.1 Identification of patients with somatic mosaicism in N/PBL

We have established a high-coverage targeted CdLS gene panel as described in Braunholz et
al., 2015. When possible the analysis was performed on tissues other than blood (preferably
fibroblasts or buccal mucosa) to enable the detection of mosaic mutations. By this technique
we have originally found three mosaic NIPBL mutations in the patients who were previously
negative for a mutation detection by Sanger sequencing in blood leukocytes DNA: a nonsense
(c.4094 T>A, p.(L1365X)), a missense (c.4751 T>G, p.(L1584R)) and a splice-site mutation
(c.5328+1G>C).

All mutations were verified by Sanger sequencing and SNaPshot analysis on DNA from three
different tissues: blood lymphocytes, buccal mucosa and fibroblasts. Interestingly, although
buccal mucosa DNA was previously suggested as a preferred tissue for detection of the mosaic
NIPBL variants [Huisman et al., 2013] we were not able to confirm the mutations in this tissue
by Sanger sequencing. However, all three mutations were detected on DNA extracted from
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fibroblasts. Besides conventional Sanger sequencing we have used SNaPshot assays to verify

the mutations in different tissues. These results are presented in figure 18.
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Figure 18: Verification of the identified mutations by SNaPshot analysis. The mutant allele is clearly visible in
buccal mucosa, fibroblast and urine DNA. Blood samples of patients 1 and 2 show only wild type allele, while the

blood sample of patient 3 shows a faint signal of the mutant allele (from Braunholz et al., 2015)

3.1.1.2 Expanding the clinical and molecular spectrum of NIPBL mosaicism

We have reported two additional patients with a clinical diagnosis of CdLS found to be
negative for pathogenic variants in the five CdLS genes by conventional Sanger sequencing
approaches on blood DNA. Disease-causing variants were subsequently identified by NGS and

confirmed by different sequencing approaches.

Patient 4 is a 32-years old male, presenting with facial features typical for CdLS, namely
synophrys, long eyelashes, depressed nasal bridge, upturned nose, thin upper lip and low set

ears. He also presents with split hand deformity on the left hand and ulnar oligodactyly with
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missing fifth finger on the right hand. He is able to write and read with certain limitations and
to take care of himself, even working in a carpenter’s shop. The unusually mild intellectual
disability indicates the presence of mosaicism and this is, to our current knowledge, a unique
combination of features among CdLS patients. He was found to carry a nonsense mutation in
30% of the sequencing reads (c.4399 A>T, p.(K1467X)). The variant was confirmed by Sanger
sequencing on buccal DNA, as well as on DNA obtained from epithelial urine cells, whereas it
was not detectable on blood DNA. Patient 5 is a female with facial features typical for CdLS,
including synophrys and long eyelashes. She displayed early feeding difficulties and foramen
ovale with right/left shunt. The patient was selected to undergo a trio-based exome
sequencing analysis, which was performed on the HiSeq2500 system (llumina, San Diego, CA,
USA). This analysis, performed on DNA extracted from fibroblasts, detected a de novo
missense mutation ¢.5483 G>A, p.(R1828Q) in 15% of the sequencing reads. Interestingly, we
were not able to confirm this mutation by Sanger sequencing neither on blood nor on
fibroblast DNA but on the buccal mucosa DNA. Subsequent pyrosequencing analysis revealed
the highest amount of the mutant allele in the buccal mucosa. Ratio between mutant and wild
type allele was found to be 2:98 in blood, 14:86 in fibroblast, and 17:83 in buccal mucosa DNA,

respectively (Figure 19).
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Figure 19: Photographs and sequencing analysis results of the patients 4 (A) and 5 (B), and pyrosequencing results

of three different tissues for the patient 5 (C) (from Pozojevic et al., 2017)
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3.1.2 HDACS

We have reported clinical and molecular characterization of 11 patients (8 females and 3
males) with 10 distinct variants in HDAC8. In order to find and verify the causative mutation,
different sequencing approaches such as Sanger sequencing, targeted CdLS panel, whole

exome sequencing, SNaPshot and pyrosequencing were applied.

3.1.2.1 Somatic mosaicism in HDAC8

Patients 6 and 10 are siblings and share the mutation ¢.839 C>T, p.(T280l) which was inherited
from their apparently healthy mother. To further investigate the mother, we have performed
SNaPshot analysis and pyrosequencing on her DNA from blood, buccal mucosa and urine.
Along with these three samples, we have used DNA from her affected daughter (patient 6) as
the positive control for the mutation. The ratio between wild type and mutant allele was found
to be 78:22, 88:12 and 64:36 in blood, buccal mucosa and urine sample, respectively (Figure
20). As an additional method for allele quantification pyrosequencing was performed by Dr.
Diana Braunholz and Dr. llaria Parenti. Pyrosequencing result showed 19% of the mutant allele
in the urine, 2% in the blood and a complete absence of the mutant allele in the buccal DNA

of the mother, while it showed 50-50% ratio of the two alleles in the patient’s DNA sample.
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Figure 20: SNaPshot analysis of mosaicism detected in the apparently healthy mother of the patients 6 and 10
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3.1.2.2 Functional analysis of a variant affecting a canonical splice donor site

Investigation of the patient 8 mMRNA showed that splice site mutation (c.910+1G>A) results in
an aberrantly spliced transcript causing frameshift that results in a premature stop codon
(p.(V247Ffs*37)). PCR amplification of the patient’s cDNA obtained from fibroblasts and
Sanger sequencing showed two bands: a wild type band of 712 bp and an aberrant band of

444 bps. Sanger sequencing of the aberrant band showed skipping of exons 8 and 9 (Figure

21).
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Figure 21: PCR amplification and Sanger sequencing of the patient 8 mRNA shows skipping of exons 8 and 9

3.1.3 SMCIA

Missense mutations and small in frame insertions/deletions in SMC1A cause CdLS. Within an
international collaboration, we have reported a cohort of patients with truncating mutations
in SMC1A. Mutations that result in premature stop of the protein encoding reading frame
were identified in 10 female patients presenting with drug-resistant epilepsy. None of these
cases were diagnosed as CdLS. All patients show developmental impairment, abnormalities in

electroencephalogram (EEG) and no expressive language. Short stature and progressive
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microcephaly were seen in the majority of cases. Facial appearances and the summary of

genetic findings for all 10 cases are presented in the figure 22.

Predicted effect
Case Base change Amino acid change on protein Zygosity Inheritance studies
| cINICT p.GIn531 Ter Truncation Heterozygous De novo Moderately
skewed
2 c345CT pArgl049Ter Truncation Heterozygous De novo Not done
3 c549G>A pGlu 183Gy Splice-site Heterozygous De novo Not done
interference
4 c2197G>T p.Glu733Ter Truncation Heterozygous De novo Normal
S €.3326_3330delATGGCinsC pAsp!109AkfsTer| 02 Truncation Heterozygous De novo Not done
6 c2923CT pArg975Ter Truncation Heterozygous De novo Not done
7 cSHOCT pArgl7ITer Truncation Heterozygous De novo Normal
8 c.2477delA Frameshife Truncation Heterozygous De novo Not done
9 c.2477delA Frameshift Truncation Heterozygous De novo Not done
10 c3SCT p.Ginl039Ter Truncation Heterozygous De novo 76:24 ratio
in blood

Figure 22: Facial appearances, from left to right, of the cases 6, 4, 8 and 10, along with summary of genetic

findings for all 10 cases (from Symonds et al., 2017)

Besides these data published as Symonds et al.,, 2017, additional functional investigations
were performed for case 10. Analyses of metaphase spreads revealed a normal karyotype

(figure 23).
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Figure 23: Metaphase spreads analyses of the case 10 reveals a normal karyotype 46, XX
53



Since SMCI1A is located on X-chromosome we have analyzed X-chromosome inactivation at
the HUMARA locus. Therefore, DNA samples from blood, fibroblasts and LCLs were used.
Blood shows borderline skewing with the ratio 76:24 between the two alleles, fibroblasts
show extreme skewing (90:10), while the ratio in LCLs was 65:35. Thus, our analyses of all

three cell types show expression of mutant as well as wild type SMC1A alleles.

We have also investigated nonsense-mediated decay (NMD) of the aberrant SMCI1A
transcript. To chemically block NMD, we treated patient’s fibroblasts and LCLs with
cycloheximide (CHX). While the CHX-treated cells showed similar amounts of both transcripts,

mutant transcript was almost completely degraded in non-treated cells (figure 24).
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Figure 24: NMD efficiency in the fibroblasts of the case 10. Electropherograms show cDNA of the non-treated

cells, compared to the cells treated with cycloheximide

3.2 Identification of genetic variants in new CdLS genes

During the period of my PhD studies, our group has identified variants in genes other than the
five known "CdLS genes’. Within an international collaboration and internationally assembled
cohort of patients with CdLS, disease-causing variants in ANKRD11, KMT2A, SETD5 and

different subunits of the SWI/SNF chromatin-remodeling complex were identified.
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3.2.1 ANKRD11

By exome sequencing we have identified two heterozygous loss-of-function mutations in

ANKRD11 in two patients with the initial clinical diagnosis of CdLS. Nonsense mutation

€.5483G>T, p.(S1828X) in the patient A was found in 31% of the sequencing reads, thus

indicating for a somatic mosaicism. Sanger sequencing on blood and fibroblast DNA showed

indeed a higher amount of the mutant allele in fibroblasts (figure 25). Subsequent

pyrosequencing (performed by Dr. Parenti) identified 68:32 ratio of the two alleles in blood

and 54:36 in fibroblast DNA.
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Figure 25: Sanger sequencing results of the patient A on blood and fibroblast DNA, indicating presence of the

mosaicism
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3.3 Deciphering roles of non-coding regulatory elements in CdLS

Thanks to the international collaboration with the groups of Dr. Kerstin Wendt (Rotterdam,
The Netherlands) and Dr. Erwan Watrin (Rennes, France), we have performed functional
investigations of various regulatory elements relevant for CdLS and chromatin-associated
processes. One project includes investigation of NIPBL regulation by a long non-coding RNA
(IncRNA) and a distal enhancer, while the other project includes identification and functional

characterization of a non-coding regulatory element on chromosome 9.

3.3.1 Regulation of NIPBL by a long non-coding RNA and a distal enhancer

In contrast to an expected 50% reduction of NIPBL expression, cells of CdLS patients with a
heterozygous loss of one NIPBL allele as well as heterozygous knockout cells from animal
models are able to maintain ~70% of NIPBL transcript levels [Liu et al., 2009a; Kawauchi et al.,
2009]. Further investigations revealed that in severely affected patients ~65% NIPBL
expression is observed, while ~75% NIPBL expression is observed in less severely affected
patients [Kaur et al., 2016]. This indicates an existence of unknown mechanisms which
upregulate transcription of the remaining wild type allele suggesting that precise N/IPBL
expression levels are critical for development. In order to investigate these mechanisms and
regulatory elements of the NIPBL gene we have applied different molecular approaches. We
investigated the role of the previously reported long non-coding RNA (IncRNA) upstream of
NIPBL [Velmashev et al., 2013] and demonstrated that a distal enhancer controls expression

of the NIPBL as well as the IncRNA.

3.3.1.1 Long non-coding RNA upstream and antisense of NIPBL: NIPBL-AS1

During the course of our project, Velmeshev and colleagues have identified a N/IPBL promoter-
associated antisense transcript as a part of a study aiming to analyze various autism-related
non-coding RNAs. They named it NIPBL-AS1 and reported that it is located upstream of NIPBL,
encoding a IncRNA of 5.3 kb size transcribed antisense to NIPBL [Velmeshev et al., 2013]. NIPBL
and NIPBL-AS1 are transcribed from the same bidirectional promoter, while their annotated

transcription start sites (TSS) are separated by 77 bps. The promoter is characterized by a
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DNase hypersensitive region flanked by H3K4me3 (trimethylation of lysine 4 on histone H3),

indicating active transcription in both directions (data not shown).

Because antisense transcription can be an important regulator of gene expression, we
hypothesized that NIPBL-AS1 transcript might be involved in NIPBL expression control. Upon
depletion of NIPBL-AS1 by Antisense Oligonucleotides (ASO), transcription of NIPBL was not
dramatically affected neither in HEK293 nor in HB2 cells. However, when the actual
transcription of either NIPBL-AS1 or NIPBL was blocked by inactive Cas9 enzyme (CRISPRi), it
affected expression of the other transcript (data not shown). Therefore, the results show that
the transcription of NIPBL and NIPBL-AS1 are interconnected and that active transcription of
NIPBL-AS1 is important to maintain transcription of NIPBL and vice versa. These experiments

were performed in laboratory of Dr. Kerstin Wendt by Dr. Jessica Zuin and Dr. Valentina Casa.

3.3.1.2 Identification of a distal enhancer that controls NIPBL expression

We next aimed to identify distal regulatory elements of NIPBL and NIPBL-AS1 using
chromosome conformation capturing (3C) technique in the HB2 and HEK293T cells. When a
viewpoint was located within the NIPBL promoter (VP1), contacts with two intergenic regions
R1 and R2 were identified. These two regions are located either 130 kb or 160 kb upstream of
the NIPBL promoter (figure 26). These experiments were also performed in collaboration with

the laboratory of Dr. Kerstin Wendt in Rotterdam.
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Figure 26: 3C-sequencing results with three different viewpoints (VP1-3) showing contacts with the intergenic
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regions R1 and R2, upstream of the NIPBL promoter. The result is shown for HB2 cell line (from Zuin et al., 2017)
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In order to validate these results, higher resolution 3C experiments were performed in
HEK293T and HB2 cells, confirming interaction with the R1 region but not with R2. In addition
to these data, chromatin immunoprecipitation (ChIP) sequencing data for different histone
marks and DNase | hypersensitivity tracks for six cell lines (GM1287, K562, HelLa-S3, HMEC,
HSMM, HUVEC) available from the ENCODE (ENCyclopedia Of DNA Elements) project revealed
that the R1 region correlated with open chromatin and enhancer marks in different cell lines.
Therefore, we hypothesized that this region might be a distal enhancer of NIPBL. The R2 region
correlated with enhancer marks only in one cell line (GM1287), and therefore might represent
a tissue-specific alternative enhancer. Consistent with our observations, publicly available Hi-
C data confirm the interaction between the R1 region and NIPBL promoter in seven different
human cell lines [Rao et al., 2014]. This indicates that this long-range interaction is conserved
through different cell types and possibly also species, since Hi-C data from mouse CH12 cells
also showed long-range contacts of the NIPBL promoter with a potential distal enhancer next

to the Sic1a3 gene (data not shown).

Within the R1 region of 11 kb size, we have identified two smaller regions hypothesized to act
as putative enhancers: R1-1 of 2 kb size and R1-2 of 3 kb size (genomic coordinates of these
two regions are given in the figure 27). Each of these two regions shows enriched histone
marks typical for enhancers, actively transcribed elements and contains CTCF sites (CTCF#1 in

R1-1 and CTCF#2 in R1-2).

chr5:36737782 chr5:36748901
R1-2; 3 kb
chr5:36738465-36742009 chr5:36743873-36745877
CTCF#2 CTCF#1
gRNA1 gRNA2 gRNA3

deletion 1 (5 kb)
- deletion 2 (12 kb)

Figure 27: The R1 region of 11 kb size and two smaller regions within it: R1-1 and R1-2, where each of them
contains a CTCF site (CTCF#1 and CTCF#2, respectively). The picture shows the two fragments investigated in the
luciferase assay, as well as the two deletions created by CRISPR/Cas9 in HEK293T cell line and guide RNAs (gRNAs)
targeting them. Genomic coordinates of the regions are according to the hg19 assembly, along with their sizes

in kilobases (kb)
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3.3.1.2.1 Investigating interaction of the two putative enhancers with the NIPBL promoter

To test if these two regions within R1 (R1-1 and R1-2) indeed interact with the NIPBL promoter
we have inserted each of them into the pGL4.10 plasmid that already contained the NIPBL
promoter. This reporter gene plasmid has been generated by Dr. Diana Braunholz and was
available within our laboratory. It contains the NIPBL promoter controlling the LUC2 luciferase
gene. As a control, DNA fragments of similar size to the candidate enhancers R1-1 or R1-2
were inserted into the pGL4.10 plasmid containing the NIPBL promoter. Please find the list of
primers used in the supplementary table. In comparison to a control DNA of the same size,
region R1-1 leads to a clear 2.5 fold increase of the luciferase activity, while R1-2 does not
seem to have an effect (figure 28). This result suggests a functional interaction of the R1-1

region with the N/IPBL promoter and its role of an enhancer.
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Figure 28: Relative luciferase activity obtained for the two investigated regions R1-1 and R1-2 within the R1
region. Each of the two regions is compared to a size-matched control DNA (2 kb or 3 kb). Blue bars represent

results for R1-1 and its size-matched control, while yellow bars represent R1-2 and its respective control

3.3.1.2.2 Investigating effects of the enhancer deletion on NIPBL and NIPBL-AS1 expression

We further wanted to test whether R1-1 and R1-2 regions within R1 display enhancer activity
in regulating NIPBL and NIPBL-AS1 expression. Therefore, the group of Dr. Kerstin Wendt used
CRISPR/Cas9 system to delete the R1 region in HEK293T cell line. This experiment was started

before we have verified the functional relevance of R1 with the previously described luciferase
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reporter gene assay. Three gRNAs were designed to specifically recognize regions at edges
(gRNA1 and gRNA3) or inside (gRNA2) the R1 region. By this, two deletions were generated as
shown in the figure 27. While a 5 kb deletion was generated using gRNA2 and gRNA3 ('deletion
1'), a 12 kb deletion was generated using gRNA1 and gRNAS3 ('deletion 2').

Gene expression analysis in genetically modified cells showed reduced NIPBL and NIPBL-AS1

transcript levels (figure 29). These results are in accordance with the luciferase reporter assay

data.
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Figure 29: Expression analyses results for NIPBL and NIPBL-AS1 in HEK293T cells, after deleting 5 kb (D1) or 12 kb
(D2) region. Ctrl stands for a control and represents wild type HEK293T cells. The blue and green bars represent

average transcript levels of the investigated clones (from Zuin et al., 2017)

3.3.1.3 Relevance for Cornelia de Lange Syndrome

After verifying R1-1 region as an enhancer regulating NIPBL expression, we screened a cohort
of patients with CdLS for a putative disease-causing variants within this region. In addition to
this experiment, we have checked NIPBL expression and quantified the two alleles in LCLs of

patients with N/IPBL truncating mutations.

3.3.1.3.1 Sanger sequencing of R1-1 overlapping region in patients with CdLS

We have screened a cohort of 30 CdLS patients by Sanger sequencing for a possible variant in
the NIPBL enhancer region R1-1. Genomic coordinates of the analyzed region are

chr5:36744148-36745929 (hgl19), and it was covered by four different PCR reactions (please
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see supplementary table for the primer sequences). However, sequencing analysis did not

reveal any variant that was de novo or without a Reference SNP cluster ID.

3.3.1.3.2 NIPBL expression and allele quantification

NIPBL transcript levels were found to be reduced in CdLS patients with N/PBL mutations, but
the cause of the downregulation remains unclear [Liu et al., 2009a; Zuin et al., 2014b]. We
aimed to investigate NIPBL and NIPBL-AS1 transcript levels in cells from CdLS patients with
heterozygous truncating mutations in NIPBL. Investigation of NIPBL transcript levels in three
patient LCLs (described in Liu et al., 2009a) showed a reduction to 60-70%, consistent with
previous reports [Liu et al., 2009a; Kaur et al., 2016] (data not shown; experiments performed
in the laboratory in Rotterdam). Since our data show that transcription of NIPBL and NI/PBL-
AS1 are coupled and NIPBL-AS1 levels were not found to be significantly affected (data not
shown), we have investigated nonsense-mediated mRNA decay in these LCLs. Therefore, we
guantified the amount of wild type and mutant allele by pyrosequencing. Here we observed
percentages of 38% (patient 1) or 24% (patient 3) of mutant NIPBL transcripts, which increase
up to 46-48% after blocking NMD with cycloheximide (table):

DMSO cycloheximide
Mutation wild type mutant | wild type mutant
patient 1 | c.4604C>T (nonsense) 62% 38% 52% 48%
patient 3 | c.2449_2450insG (frameshift) | 76% 24% 54% 46%

This result indicates at least a partial degradation of mutant NIPBL transcripts in patient cells,

while both alleles remain to be actively transcribed.
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3.3.2 A non-coding regulatory element on chromosome 9 and relevance of the

condensin complex for CdLS
3.3.2.1 Clinical description of the patient

This project initially started with a patient diagnosed as "CdLS-like” by Prof. Dr. Gillessen-
Kaesbach in Liibeck. The patient ("patient 1°) is the oldest son of non-consanguineous parents,
has a healthy sister and a younger brother that also shows the phenotype. Besides a
microcephaly reported at birth (25.5 cm, -3.8 SD) and Apgar score 1/4/6, a gastric tube was
embedded. The patient shows mild intellectual disability, aggressive behavior and hearing
loss. Clinical evaluation at the age of 9 years showed a more friendly behavior, albeit
microcephaly and short stature. He presented with hirsutism on his back and arms. Facial
features include synophrys, short nose with anteverted nostrils, long philtrum and thin upper
lip. Thumbs of the hands are hypoplastic. Based on these clinical features, Prof. Dr. Gillessen-
Kaesbach established the clinical diagnosis of a mild Cornelia de Lange syndrome. In addition,
based on the facial features, in silico diagnosis by Face2Gene also prioritized CdLS as clinical

diagnosis. Further clinical investigations of the patient’s mother also showed very similar
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clinical features (figure 30).

Comelia De Lange Syndrome

OR

Figure 30: Clinical features of the family diagnosed as CdLS-like. Facial features of the patient 1 and hirsutism at

his back at the age of 9 years (A). In silico clinical diagnosis with Face2Gene shows a high probability for a CdLS
phenotype, based on facial features (B). Patient’s mother (C) and the younger brother (D) showing similar facial

features. Family pedigree showing the affected individuals (E)
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3.3.2.2 Genetic analyses

Initial Sanger sequencing in the five CdLS genes did not identify any disease-causing variant.
As next, gene panel analysis was performed and a variant in SMARCB1, encoding for a
component of the SWI/SNF chromatin-remodeling complex was detected. However, the same
variant was identified in the patient’s healthy sister and therefore excluded to be disease
causing. The patient was then selected to undergo exome sequencing, but no putative

disease-causing variant was identified.

As next, array CGH revealed a deletion on chromosome 9 inherited from the mother and
shared by the younger brother. The exact breakpoints were mapped by Sanger sequencing to
chr9:105,763,201-105,823,296 (hgl9), confirming the array CGH analysis and defining a

heterozygous deletion of ~60 kb (figure 31).
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Figure 31: The deleted region on chromosome 9 is marked in blue; the exact coordinates of the deletion are

defined by the breakpoint spanning PCR

The deletion includes the exons 2 — 8 of eight exons encoding Cylicin 2 gene (CYLC2). CYLC2 is
exclusively expressed in testis and part of the cytoskeletal calyx of mammalian sperm heads.
Dr. Diana Braunholz has sequenced a cohort of CdLS patients for a putative disease-causing

variant in CYLC2 but no variant was found.

Because of the testis-specific expression and no obvious connection to the CdLS phenotype,

CYLC2 was excluded as the genetic cause of the disease. Additional in silico analysis to identify
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putative regulatory elements within the non-coding part of the deleted region revealed an
enhancer element of 3 kb. This prediction was based on ENCODE data such as histone
modifications, transcription factor binding sites, DNase | hypersensitivity regions and
chromatin state segmentation in human embryonic stem cells (hESC) and human testis

carcinoma cells (NT2-D1) (figure 32).
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Figure 32: In silico analysis of the 3 kb enhancer element within the deleted region on chromosome 9 found in
the patient. The figure represents a screenshot from UCSC browser with the ENCODE data information relevant

for our investigation (H3K4me1l- monomethylation of lysine 4 on histone H3; TF- transcription factor)

We then started searching for candidate genes that might be regulated by this enhancer. The
enhancer is approximately 1 mega base (Mb) distant from the next protein-coding gene SMC2,
so we aimed to investigate if it interacts with the SMC2 promotor and regulates SMC2

expression.

3.3.2.3 In vitro analyses

In order to investigate interaction between the SMC2 promoter and the putative enhancer on
chromosome 9, we have performed luciferase assays. Therefore, we inserted either the entire
3 kb region or one of its fragments (F1, F2 or F3) into the pGL4.10 vector that drives LUC2
reporter gene expression under control of the SMC2 promoter. This experiment was

performed under my supervision by our Bachelor student Barbara Geidner and is described in
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detail within her Bachelor thesis ("Funktionelle Charakterisierung eines nicht-kodierenden
Bereiches auf Chromosom 9 und dessen Relevanz bei der Entstehung eines CdLS-ahnlichen
Phanotypen’). Please find the list of primers used for cloning in the supplements. Strategy for
generation of reporter plasmids is illustrated in figure 33. Briefly, SMC2 promoter
(chr9:106,855,012-106,857,544; hgl9) was inserted into pGL4.10 vector, controlling
expression of the LUC2 gene. Next, full-length (3 kb) enhancer (chr9:105,799,735-

105,802,835; hg19) or one of its three fragments were inserted.
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Figure 33: Predicted enhancer (3 kb) and the cloning strategy for the luciferase assay

Relative luciferase activity shows almost total inactivation of the SMC2 promoter when
containing the full-length enhancer or enhancer fragment 1, compared to a vector containing

a size-matched control (figure34).
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Figure 34: Relative luciferase activity, obtained for the 3 kb enhancer/regulatory element and its three fragments.

Enh- enhancer; FL- full-length; F1/F2/F3- three fragments of the enhancer
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3.3.2.4 Expression analyses in “patient 1" cell line

After functional validation of the regulatory element by in vitro studies, we investigated SMC2
protein levels in patient’s cells by western blot analyses. Therefore, we obtained fibroblasts
from skin biopsies of the index patient and his healthy sister who does not carry the deletion.
As a control, we investigated SMC4, another condensin protein known to form heterodimers
with SMC2, as well as B-actin levels. Western blot analysis shows decreased SMC2 and SMC4

levels in patient cells compared to unchanged B-actin levels (figure 35).
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Figure 35: SMC2 and SMC4 protein amounts in the patient fibroblast cell line, compared to healthy control
fibroblasts. Different lanes (1/0.75/0.5/0.25) represent different concentrations for loading the samples on the

gel. B-actin serves as the loading control

Next, we investigated alterations on transcript levels by real time PCR. RNA was extracted
from fibroblast cell lines of the patient and his healthy sister and compared to five healthy
Caucasian controls. Analysis of cDNA could show 40% decrease of SMC2 expression and 70%
decrease of SMC4 expression in the patient cells compared to controls (figure 36). Expression

levels were normalized to SNAPIN, GAPDH and NADH expression.
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Figure 36: SMC2 and SMC4 transcript levels in the patient fibroblast cell line compared to the fibroblasts of his

healthy sister and five healthy Caucasian controls
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3.3.2.5 Generation of cells deficient for the 3 kb enhancer by CRISPR/Cas9 genome editing

To analyze the functional relevance of the enhancer/regulatory element on SMC2 expression,
CRISPR/Cas9 was used to delete the minimal 3 kb region characterized by luciferase reporter
gene assays (please see 3.3.2.3). Therefore, SH-SY5Y and HEK293 cells were transfected with
two gRNAs (gRNA1 and gRNAS5) targeting the region for the deletion (figure 37). After
puromycin selection, genomic DNA was isolated and the clones were genotyped. The strategy
of verifying clones for the deletion is illustrated in figure 37. Briefly, primers for PCR
verification were created approximately 100 base pairs left and right from the deletion (F and
R primer). In case of a deletion PCR product was 224 bp in size, but 3195 bp in case of missing
deletion. Clones with a single band of 224 bp were tested by Sanger sequencing, to check the
deletion. For illustration, data of the SH-SY5Y clone is presented. Thus, we obtained a single

SH-SY5Y clone and four different HEK293 clones homozygous for the deletion.

gRNA1 gRNAS
F primer v R primer
3 kb deletion p
PCR product without deletion: 3195 bp
PCR product with deletion: 224 bp
negative  CRIPSR/
control  Cas9
2000 4
1200 ¢4 !
800 Lud
400 i
224b
200 P
Region before gRNA 1 gRNA1 gRNAS Region after gRNA 5
.
1

Figure 37: Creation and verification of the clones, deficient for the 3 kb regulatory element. Guide RNAs (gRNA1
and gRNAS) are targeting the region for the deletion, while the verification primers F and R (forward and reverse)
bind approximately 100 base pairs (bp) before and after the deleted region. Only clones with a single 224 bp

band were selected for Sanger sequencing
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Gene expression analysis in HEK293de/de! ce||s revealed ~50% decreased SMC2 and SMC4
transcripts, in accordance to the results obtained in patient’s fibroblasts. However, SH-
SYsYydel/del cells show increased expression levels of SMC2 as well as SMC4 compared to SH-

SY5YWY/wtcells (figure 38).
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Figure 38: SMC2 and SMC4 transcript levels in CRISPR/Cas9 edited HEK293 and SH-SY5Y cell lines (3 kb deletion).

Darker blue bars represent wild type cell lines, while all edited cell lines are marked in light blue. The result in

edited HEK293 cells is in accordance with the results obtained in the patient fibroblasts cell line.

3.3.2.6 Identification of coding variants in SMC2

In collaboration with PD. Dr. Tim Strom from Munich an inherited frameshift mutation in SMC2
(c.1662_1663delAG, p.(Asp555Hisfs*6)) was identified by trio based whole exome sequencing
in an additional patient ("patient 2) and his mother. The patient was identified by Dr. Kirsten
Cremer from Bonn. This patient is the first child of non-consanguineous parents and has a
healthy sister. He was born by caesarian section 4 weeks before term. Breastfeeding was
impossible due to hypotonia. Besides the hypotonia and spine irregularities, the patient shows
mild to moderate intellectual impairment, speech developmental delay as well as aggressive,
self-aggressive and hyperactive behavior. The latter improved slightly after melatonin
treatment. At the last clinical examination, the patient was 10 years old and his height was
131 cm (P3), weight 33.3 kg (P50-75), while occipitofrontal circumference (OFC) was not
measured. The facial features included slight bilateral ptosis, defined eyebrows, high nasal
bridge, thin upper lip, prominent upper incisors and prominent ears. Refraction anomaly,

wide-spaced nipples and phimosis were further clinical features.
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The mother shows symptoms such as mild intellectual impairment and hearing problems.
Facial features include defined eyebrows with synophrys and thin upper lip. At the last clinical

examination, her height was 151 cm (<P3), weight 55.3 kg and OFC 52.5 cm (P4).

\/v\ *

Figure 39: Facial features of the "patient 2" (A), along with the pictures of his hands (B) and feet (C). Facial features

of the patient’s mother (D), who also has the mutation in SMC2 (E)

3.3.2.7 Expression analyses in ‘patient 2" cell line

Dermal fibroblasts from skin biopsies of the patient 2 and his mother were used to investigate
SMC2 and SMC4 expression and protein levels. While quantitative analyses of the transcripts
show decreased expression of SMC2 and SMC4, protein levels in the patient cell line were
slightly increased. However, no significant alterations with a tendency to decreased protein

levels were observed in cells obtained from the mother (figure 40).
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Figure 40: SMC2/SMC2 and SMC4/SMCA4 levels in the fibroblast cell line of the patient and his mother, compared

to healthy control fibroblasts

3.3.2.8 siRNA-mediated silencing of SMC2 affects SMC4 protein levels

To verify that decreased SMC2 expression affects SMC4/SMC4 levels, we specifically silenced
endogenous SMC2 by siRNA. Therefore, HelLa and SH-SY5Y were transfected with 8ul siRNA
(SMC2 5’-UGCUAUCACUGGCUUAAAUTT-3’; control 5-UUCUCCGAACGUGUCACGUTT-3") and

cells were incubated for 48 hours.

TagMan analyses as well as western blotting were used to analyze transcript and protein levels
of SMC2/SMC2 and SMC4/SMC4 as described (3.3.2.4). Thus, highly efficient silencing of SMC2
was proven on RNA (95% efficiency) as well as protein level, resulting in a decrease of SMC4

expression (33% decreased) that results in reduced SMC4 protein levels (figure 41).
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Figure 41: SMC2/SMC2 and SMC4/SMC4 levels upon transfecting the cells with SMC2-specific siRNA. The result

is shown for Hela cells, but we have obtained the same result in SH-SY5Y cells

70



3.3.2.9 Analyses of alterations in condensin functions

The second part of the project aimed to investigate consequences of these mutations on
cellular level. To investigate that, we have performed various experiments such as cell cycle

analysis, metaphase spreads and intrinsic chromosome stability (ICS) assay.

3.3.2.9.1 Cell cycle analysis

Fixed cells were stained with propidium iodide in order to quantify DNA amount within cells

and determine the amount of cells in each phase of the cell cycle.

Cell cycle analyses were performed for all the cell lines with the deletion on chromosome 9
(patient 1 fibroblasts and CRISPR/Cas9-generated cells) and compared to the respective
healthy/wild type cell line. Enrichment of cells in G1 phase and decreased number of cells in
G2/M were identified for all the cells compared to respective wild type controls. Strongest G1
enrichment was observed for heterozygous “patient 1" fibroblast cells (91.6% cells in G1 phase,
compared to 65.5% in control fibroblasts), although homozygous HEK293 and SH-SY5Y cells
show significant G1 enrichment as well (34.2% HEK9d! in G1 phase compared to 30.2%
HEK"Y"t; 69.1% SH-SY5YY/e! in G1 phase compared to 56.8% SH-SY5Y"/"!) (figure 42).
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Figure 42: Cell cycle analysis the cell lines with chromosome 9 deletion. First line represents fibroblasts of the

‘patient 1" compared to the wild type fibroblasts. Second and third line represent CRISPR/Cas9 modified HEK293

and SH-SY5Y cell lines with 3 kb deletion, compared to the respective wild type cells.

3.3.2.9.2 Metaphase spreads

Since the condensin complex plays an important role in chromosome condensation and
separation of sister chromatids, we investigated mitotic chromosomes in fibroblasts of patient

2 with the heterozygous frameshift variant in SMC2.
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Metaphase spreads revealed a tendency towards normal appearance of the chromosomes.
The result shown in the figure 43 represents one of ten photographs taken from fibroblast
sample of patient 2, demonstrating that all sister chromatids are connected in metaphase and

excluding precocious sister chromatid separation (PSCS).
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Figure 43: Metaphase spreads of the patient 2 fibroblast sample (A), along with a karyotype of a healthy control

fibroblast sample (B).

3.3.2.9.3 Intrinsic chromosome stability

It has been shown previously that condensin complex is required for structural integrity of
mitotic chromosomes [Hudson et al.,, 2003; Martin et al.,, 2016]. We have adapted the
protocols described in both papers (see 2.2.27) to investigate intrinsic chromosome structure
(ICS) in fibroblasts of patients compared to two healthy controls. Cells were grown on
coverslips, arrested in mitosis by colcemid and lysed. Chromosomes were then treated with
two consecutive rounds of TEEN and RSB buffer (please see figure 16), fixed and stained with
DAPI. Three independent experiments were performed and approximately 30 photographs
were taken per sample, per experiment (approximately 100 photographs in total for each cell
line). Ability of the chromosomes to recover their structure was scored according to the

criteria illustrated in figure 44 (normal, intermediate or disorganized chromosomal structure).
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normal intermediate disorganised

Figure 44: Criteria for scoring the pictures of the chromosomes in the ICS assay

Chromosomes of all mutated cell lines show decreased ability to recover their structure
compared to two controls (Normal chromosomes: 66.7% in control 1, 57.5% in control 2,
30.6% in patient 2, 37.8% in patient 2 and 48.3% in mother of patient 2. Disorganized
chromosomes: 4.9% in control 1, 10.9% in control 2, 29.6% in patient 1, 21.6% in patient 2 and
20.2% in mother of patient 2) (figure 45).
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Figure 45: Quantification of abnormal chromosome refolding in ICS assay, for the fibroblasts of two healthy
controls, patients and mother of the patient 2. The results are shown as % of mitotic cells (experiments=3; n>30

mitoses per sample per experiment). Two-tailed t-test, (*) p<0.05, proportion of disorganized and normal

chromosomes compared to control 1
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4 Discussion

CdLS is clinically and genetically heterogeneous. The clinical spectrum is very broad, ranging
from mildly to severely affected cases. Most patients display typical facial features which are
clinical hallmark of the syndrome and often very helpful for establishing the diagnosis. Other
typical features include growth retardation, upper limb malformations, hirsutism, problems
with inner organs and intellectual impairment. Severely affected patients with characteristic
facial features, growth retardation and malformations of the upper limbs are often delineated
as ‘classical CdLS patients’. However, clinical diagnosis is often challenging for patients with

milder or atypical phenotypes.

4.1 ldentification of the causative mutations in known CdLS genes

Mutations in the five genes encoding for regulators (NIPBL, HDACS8) or structural subunits
(SMC1A, SMC3, RAD21) of the cohesin complex have been described as genetic causes of CdLS
[Krantz et al., 2004; Tonkin et al., 2004; Musio et al. 2006; Deardorff et al., 2007; Deardorff et
al., 2012a; Deardorff et al., 2012b]. At the beginning of my PhD studies, it was considered that
~60% of CdLS cases are due to NIPBL mutations, 5% caused by mutations in SMC1A, HDAC8
and RAD21, while only a single CdLS patient was found to carry a mutation in SMC3 [Mannini
et al., 2013]. At that time, Sanger sequencing was the established gold standard in molecular
diagnostics and DNA obtained from blood lymphocytes used for mutation analysis. The
majority of remaining genetically unsolved cases (~35%) were patients with milder or atypical
phenotype. In 2013, Huisman and colleagues showed that somatic mosaicism in NIPBL is
frequent (23%) in reliably diagnosed CdLS patients. Of 13 individuals with CdLS tested negative
for a mutation in DNA from lymphocytes, in 10 of them variants in NIPBL were identified in
buccal mucosa DNA by Sanger sequencing [Huisman et al., 2013]. It has been described
previously that Sanger sequencing has limitations and cannot detect mosaic alleles bellow 15-
20% [Rohlin et al., 2009] explaining a certain portion of mutations that ‘escaped” routine
diagnostics. Therefore, Huisman and colleagues suggested buccal mucosa DNA as a reliable
way to investigate whether a patient may have somatic mosaicism, if lymphocyte analysis fails

to show a mutation.
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Based on these findings we have collected buccal mucosa samples from our patients with
clinical diagnosis of CdLS but negative for a known disease-causing variant by conventional
Sanger sequencing on blood DNA. In an initial pilot project using high-coverage gene panel
sequencing, we have identified three mosaic NIPBL mutations that were undetected by
classical Sanger sequencing analysis on blood as well as buccal mucosa DNA. For further
validation experiments, we have collected DNA from additional sources of these patients such
as urine samples and fibroblasts obtained from skin biopsies. While Sanger sequencing failed
to confirm the mutation on blood and buccal mucosa DNA, all three mutations were verified
on fibroblast DNA. Furthermore, NGS result was confirmed by sensitive SNaPshot analyses in
different tissues: the mutant allele was clearly visible in buccal mucosa, fibroblast and urine
DNA for all investigated samples. In blood samples of patients 1 and 2 only the wild type allele
was visible, while a faint signal of the mutant allele was visible in blood sample of the patient
3 (please see figure 18). Therefore, we recommended fibroblasts as the most suitable source
for DNA extraction to allow detection of somatic mosaicism in NIPBL in routine diagnostics for
those patients with clear clinical diagnosis but negative for a variant analyzing DNA from blood

samples [Braunholz et al., 2015].

However, we have recently described the first patient with a higher portion of somatic
mosaicism in buccal mucosa DNA compared to fibroblast or blood DNA [Pozojevic et al., 2017].
To further verify the mosaicism in this patient ("patient 5°) and quantify the ratio between wild
type and mutant allele we have used pyrosequencing analyses. While Sanger sequencing
detected the mutation only in buccal mucosa DNA, highly sensitive pyrosequencing analysis
revealed a ratio between wild type and mutant allele 98:2 in blood, 86:14 in fibroblast and
83:17 in buccal mucosa DNA (please see figure 19 B and C). This result is in accordance with
the previously reported threshold sensitivity of Sanger sequencing (15-20%) [Rohlin et al.,
2009], explaining why the mutation could not be detected in fibroblast DNA by conventional

Sanger sequencing.

Based on several publications and case reports of CdLS patients, there are no clear clinical
features that indicate for somatic mosaicism [Castronovo et al., 2010; Huisman et al., 2013;
Baquero-Montoya et al., 2014; Braunholz et al.,, 2015]. Thus, no correlation between the
mutation load and severity of phenotype has been described. As a part of my thesis, we have

described the very first patient with a mosaic nonsense variant in NIPBL with an unusually mild
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cognitive impairment (“patient 4°). Although dramatic reduction defects of the upper limbs
found in this patient are typical for severely affected patients with heterozygous NIPBL null
alleles, cognitive impairment that is only mild has not been previously reported in patients
with this type of genetic variant. The mutation was confirmed on buccal mucosa and urine
DNA by Sanger sequencing while it was not detectable in blood (figure 19 A). Based on these
findings, it is tempting to speculate that some other tissues such as specific neuronal tissues
might show only a small amount of the mutant allele, which might explain the unusual mild
cognitive impairment. Interestingly, a patient with similar clinical features such as a rather
mild cognitive impairment, characteristic facial features and severe limb reduction defects
was reported by colleagues from Amsterdam [Bhuiyan et al., 2006]. Unfortunately, this
patient was analyzed for a mutation only on DNA from blood and no variant was identified.
Additional DNA samples extracted from buccal mucosa or other tissues were not available.
Comparing the clinical features and based on our findings, it is tempting to speculate that this

patient might be mosaic for a disease-causing variant in NIPBL as well.

With identifying very high portions of somatic mosaicism in NIPBL, variants in this gene can be
found in at least 65-70% of patients with the clinical diagnosis of CdLS according to majority
of the current literature. Based on our own findings, this number is even higher if only those
patients with ‘classical CdLS phenotypes” would be included. The remaining 30-35% of
patients negative for NIPBL variants include a significant number of patients with CdLS-like or
overlapping phenotypes. Based on our findings, we recommend use of sensitive next
generation sequencing technologies with a large number of sequencing reads for a suitable
molecular diagnostics. In case no mutation can be detected on blood DNA, we recommend
use of DNA from fibroblasts or other easily accessible tissues such as buccal mucosa or urine

samples.

Identification of low-level mosaicism is of utmost importance not only for an accurate clinical
diagnosis but also for genetic counselling and risk prediction. Another intriguing issue is how
much mosaicism/mutant allele can be tolerated in healthy individuals and how much is
enough to develop the phenotype in patients. In this regard, Campbell and colleagues have
shown that somatic mosaicism in parents of children with simplex genetic disease is more
common than previously appreciated, influencing risk prediction [Campbell et al., 2014]. This

issue also is illustrated by the example of the two affected siblings from two independent
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pregnancies, both with the same disease-causing variant in HDACS8 inherited from their
apparently healthy mother (patients 6 and 10 from Parenti et al., 2016b). In order to
investigate mosaicism in the mother, we have collected DNA from different tissues and
performed SNaPshot and pyrosequencing analyses. First we performed the SNaPshot assay
with the aim to determine the ratio between two alleles, and we have obtained 78:22 ratio in
blood, 64:36 in urine and 88:12 in buccal mucosa DNA, compared to the sample of her affected
daughter (figure 20). As an additional method for allele quantification, pyrosequencing
showed 2% mutant allele in blood, 19% in urine sample and a complete absence of the mutant
allele in buccal mucosa DNA. Although these two experiments show discrepancies, trend was
the same, showing that the highest number of mutated cells is in the epithelial urine cells and
the lowest number is in buccal mucosa DNA. Although SNaPshot is a very sensitive technique
for detection of low rates of mosaicism, a robust quantitative analysis is often impossible
because of technical limitations. Namely, calculations for the SNaPshot experiment are
performed relative to the reference sample based on the surface of the area under the curve.
Pyrosequencing is on the other hand reproducible and gives a direct ratio between the two
alleles. Limitations of conventional sequencing approaches have already been emphasized
and shown on multiple examples. Even today, Sanger sequencing represents the gold standard
to exclude disease-causing variants in parents of affected individuals. We have proven
mosaicism in the mother only by investigating multiple tissues and by using sensitive target-
sequencing technologies. It is tempting to speculate that in the future new sensitive
technologies will completely replace Sanger sequencing even for validation of NGS findings,

to allow a more accurate molecular diagnostic.

Our work presented here provides the first description of a mosaic variant in HDAC8
expanding the spectrum of mosaic mutations in CdLS and underlying its relevance in genetic
counseling. HDACS8 is an X-linked gene and consequently hemizygous male patients tend to
present with a more severe phenotype compared to heterozygous females. In agreement with
this, the p.(T2801) missense variant described here causes a rather moderate phenotype in the
female patient (patient 6) while her brother was severely affected and died at the age of 2
years due to pneumonia. Interestingly, patients 6 and 8 were initially not diagnosed as CdLS.
While the clinical re-evaluation of the patient 6 (c.839 C>T, p.(T280l)) revealed features that
support the molecular diagnosis, clinical diagnosis of the patient 8 (c.910+1G>A) remained

unclear. Of note, Harakalova and colleagues previously reported a splice-site variant in HDAC8
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in a large Dutch family with seven males affected by intellectual disability, truncal obesity,
gynecomastia, hypogonadism and unusual facial features [Harakalova et al., 2012]. This family
was found to have a phenotype that overlaps with Borjesson-Forssman-Lehmann syndrome
and Wilson-Turner syndrome while no differential clinical diagnosis of CdLS is listed in this
publication. Thus, specific splice-site mutations resulting in aberrant transcripts encoding
aberrant but stable HDAC8 proteins may result in a different phenotype that does not

necessarily overlap with CdLS.

Within the last years, our group has also actively contributed to the expanding spectrum of
SMC3 mutations: in addition to the single patient reported previously by Deardorff and
colleagues [Deardorff et al., 2007], 15 new cases were reported [Gil- Rodriguez et al., 2015].
Interestingly, some of these causative variants in SMC3 were found by exome sequencing in

patients not initially diagnosed as CdLS but presenting some CdLS-overlapping features.

In addition, we were involved in an international study reporting a cohort of female patients
with heterozygous loss-of-function mutations in SMCIA [Symonds et al., 2017]. Mutations in
SMCI1A associated with CdLS are missense mutations or small deletions that preserve the
protein-reading frame. Although all these patients present phenotypic similarities to CdLS
including developmental delay, short stature, microcephaly and cardiac anomalies, none of
them was clinically diagnosed as CdLS. Within the last years and with the development of
novel sequencing technologies, several other patients with SMCIA truncating mutations
(mainly nonsense and frameshift) have been reported, all without a CdLS phenotype [Gilissen
et al,, 2014; Goldstein et al., 2015; Lebrun et al., 2015; Jansen et al., 2016; Huisman et al.,
2017]. All these patients present with a drug-resistant epilepsy and developmental delay with
some resemblance to individuals with Rett syndrome [Lebrun et al., 2015; Huisman et al.,
2017]. Whether truncating variants in this gene should be considered independently from
CdLS is a matter of debate. Currently, no male patients have been reported with loss-of-
function mutations in SMC1A, indicating that loss of SMC1A is lethal. This is in accordance with
the function of SMC1A as a core component of the cohesin complex that is essential for cell
survival. The disease-causing mechanism in female patients with heterozygous loss-of-
function mutations is currently not understood. Lebrun and colleagues demonstrated that
there is a decreased SMC1A expression in the fibroblasts of the female patient with a loss-of-

function mutation [Lebrun et al., 2015]. Interestingly, this gene is located on X-chromosome
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in a region that partially escapes X-inactivation. Healthy males were found to have 50%
reduced SMC1A transcript levels and 44% reduced SMC1A protein levels compared to healthy
females [Parenti et al., 2014], similar to the SMC1A levels in the affected female patients with
loss-of-function alleles. These observations indicate a gender-specific dosage sensitivity that
is currently not understood on functional level and is in the focus of several research projects
(personal communication, Prof. Dr. Kaiser). The level of SMCI1A “overexpression” in females
and X-inactivation data are sometimes discrepant comparing different studies and seems to
be tissue-dependent and sensitive for different X-inactivation technique used. Our analyses of
SMCI1A transcript levels in the "case 10" show efficient degradation of the mutant transcript
by nonsense-mediated mRNA decay, which could be chemically inhibited by CHX (figure 24).
Our X-inactivation studies show expression of both wild type and mutant allele with a ratio
65:35 in LCLs, borderline skewing in blood (76:24) and extreme skewing in fibroblasts (90:10).
It is still not completely understood how exactly cohesin plays a role in X-inactivation process
but it has been reported that it represses Xi transcription, synergistically with other factors

such as chromatin remodelers and modifiers. [Minajigi et al., 2015].

4.2 ldentification of new genes relevant for CdLS

Besides searching for the disease-causing variant in DNA extracted from “wrong tissues” or
with insufficient sequencing technologies (i.e. somatic mosaicism), a specific variant can cause
an unusual phenotype leading to a different/misleading clinical diagnosis. In addition to
expanding the numbers and spectrum of variants in the five known CdLS genes, we have
identified CdLS-causing variants in genes that were previously connected with other clinically
overlapping syndromes. Thus, we have reported two patients with variants in ANKRD11, one
patient with a variant in KMT2A, one with SETD5, and three patients with pathogenic variants
affecting ARID1B.

Mutations in ANKRD11 were previously described to cause KBG syndrome characterized by
intellectual disability, skeletal malformations and macrodontia [Sirmaci et al., 2011]. Variants
in KMT2A formerly named MLL cause Wiedemann-Steiner syndrome, recognizable by
excessive hair growth around elbows, short stature, intellectual disability and distinctive facial

appearance [Jones et al., 2012]. SETD5 mutations have previously been connected with 3p25
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microdeletion syndrome, characterized by intellectual disability, short stature, microcephaly,
hypotonia and heart defects [Grozeva et al., 2014; Kuechler et al., 2015]. Finally, mutations
affecting SWI/SNF chromatin remodeling complex gene ARID1B cause Coffin-Siris syndrome
with developmental delay, speech impairment and hypoplastic or absent fifth fingernail or
toenail [Santen et al., 2012; Tsurusaki et al., 2012]. Although all these syndromes are distinct
entities they share overlapping clinical features with CdLS and are often listed as a differential
clinical diagnosis for CdLS. For instance, Wieczorek and colleagues described a patient with a
clinical diagnosis of Coffin-Siris syndrome (CSS) who was later found to carry a NIPBL mutation
[Wieczorek et al., 2013; Parenti et al., 2017].

Although CdLS and KBG syndrome are distinct entities, they share overlapping features such
as cognitive impairment, growth retardation, brachycephaly, small hands and feet, etc. Our
patient A [Parenti et al., 2016a] shows some clinical signs common to both CdLS and KBG but
also additional features/signs typical only for CdLS including small head circumference,
synophrys, long eyelashes and depressed nasal bridge (figure 46 F). Interestingly, she was
found to carry ANKRD11 mutation in a mosaic state, which may explain her unusual
phenotype. Consistent with our observations that mutations in ANKRD11 could lead to a
clinical diagnosis that overlaps with CdLS, Ansari and colleagues had previously reported three
cases with de novo mutations in ANKRD11 and clinical diagnosis of CdLS [Ansari et al., 2014].
Although mutations in KMT2A are associated with Wiedemann-Steiner syndrome [Jones et al.,
2012], there are patients reported to carry mutations in this gene with a clinical diagnosis of
overlapping syndromes such as Coffin-Siris or Cornelia de Lange syndrome [Bramswig et al.,
2015; Yuan et al., 2015]. In addition, we have also reported a patient with a N/IPBL mutation
previously diagnosed as a CSS patient [Wieczorek et al., 2013; Parenti et al., 2017]. Clinical
diagnosis is often established based on the facial features, which can be overlapping between
different syndromes as illustrated in figure 46.

Interestingly, all these genes encode for different components involved in chromatin
organization and processes relevant for transcriptional regulation. While for some of these
proteins first molecular data indicate a functional interaction with the cohesin complex,
relevance of some proteins is currently unknown. It has been shown that in yeast the SWI/SNF-
related RSC chromatin remodeling complex recruits Scc2-Scc4 (yeast ortholog of NIPBL-MAU?2
cohesin loader) to broad nucleosome-free regions. Consequently, inactivation of the cohesin

loader or the RSC complex had effects on nucleosome positioning, gene expression and sister
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chromatid cohesion [Lopez-Serra et al., 2014]. Our work establishes for the first time the
clinical link between CSS and CdLS, supporting the molecular link described by Lopez-Serra

and colleagues.

Figure 46: Comparison of different but overlapping clinical phenotypes: a ‘classical CdLS" patient with a
truncating variant in NIPBL and a severe phenotype (A) and a milder CdLS case with a missense variant in NIPBL
(from Mannini et al., 2013) (B). A classical CSS patient with a mutation in ARID1B (from Santen et al., 2012) (C);
a patient with a clinical diagnosis of CSS but with a variant in NIPBL (from Parenti et al., 2017) (D). A classical KBG
patient with a variant in ANKRD11 (from Sirmaci et al., 2011) (E) and our patient with a nonsense mosaic variant

in ANKRD11 (from Parenti et al., 2016a) (F)

SETD5 and KMT2A act as histone modifiers and mediate chromatin activity/structure
associated with epigenetic transcriptional activity, e.g. promoter and enhancer activity and
accessibility. For instance, KMT2A catalyzes methylation of H3K4 and it is well known that
H3K4me3 is associated with active promoters, while H3K4me1l is a mark of enhancers. While
methyltransferase activity of KMT2A is well characterized, function of SETD5 has yet to be

determined. Based on the sequence similarity to other SET domain proteins it is predicted to
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act as a methyltransferase. It was shown that SETD5 regulates histone acetylation during gene
transcription and it was found to co-immunoprecipitate with histone deacetylases [Rincon-
Arano et al., 2012; Osipovich et al., 2016]. Finally, ANKRD11 has also been reported to recruit
histone deacetylases (HDACs) in order to inhibit ligand-dependent transcriptional activation
[Zhang et al., 2004]. However, it is still unknown if there is a direct functional interaction with
subunits or other regulators of the cohesin complex.

Shared molecular mechanisms and pathways might explain clinical features found in CdLS and
overlapping syndromes. All these genes encode for proteins involved in chromatin
organization and transcriptional regulation, further supporting the hypothesis that chromatin
dysregulation and transcriptional disturbances are crucial for understanding the pathogenesis
of all these phenotypical overlaps. Therefore, conventional sequencing analysis of the five
"CdLS genes’ is not sufficient and analyses of these additional genes should be considered for
those patients with a suspected clinical diagnosis of CdLS, especially when negative for a
variant in any of the five known CdLS genes. With the dropping costs of next generation
sequencing technologies, we believe that technologies such as exome or whole genome
sequencing will become the preferred technologies even in routine molecular diagnostic in

the future.

4.3 Regulation of NIPBL

Although variants in a growing number of genes have been described as genetic causes of
CdLS, NIPBL remains ‘the main CdLS gene” accounting for at least 65-70% of cases.
Heterozygous mutations resulting in null alleles are very often associated with a more severe
phenotype and haploinsufficiency has been postulated as the pathomechanism. Interestingly,
cells of CdLS patients with heterozygous loss-of-function mutations in NIPBL and cells from
heterozygous Nipbl knockout mice showed reduction of mRNA levels only to ~70%, instead of
the expected 50% [Liu et al., 2009a; Kawauchi et al., 2009; Kaur et al., 2016]. Therefore, we
were interested in the identification and functional characterization of genomic elements
involved in regulation of NIPBL expression. Besides understanding how exactly NIPBL is
regulated and expressed, this knowledge might be relevant for future therapeutic approaches.
Single nucleotide variations (SNVs) as well as copy number variations (CNVs) outside of the

coding genome can interfere with normal gene regulation, which was shown for various
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diseases [Bhatia et al., 2013; Weedon et al.,, 2014; Lupianez et al., 2015; Spielmann and
Mundlos 2017].

Within my thesis, | was involved in an international collaboration project focusing on the
function of the NIPBL promoter. We could give functional evidence for the bidirectional
activity of the NIPBL promoter driving expression of two divergent transcripts: NIPBL and the
long non-coding RNA NIPBL-AS1 transcribed antisense to NIPBL. Similar observations were
described for a large number of promoters in the human genome [Preker et al., 2008; Seila et
al., 2008; Bagchi and lyer, 2016] but precise regulatory mechanisms are still unknown. We
have shown for the very first time that blocking expression of one of each transcripts by
inactive Cas9 (CRISPRi) results in increased expression levels of the other transcript. This result

indicates that NIPBL and NIPBL-AS1 transcription is coupled.

By chromatin-conformation capture sequencing we have identified a putative enhancer
region (R1, chr5:36737782-36748901) 130 kb upstream of the NIPBL promoter. Analyses of
the ENCODE data for this region showed that it correlates with open chromatin and enhancers
marks in different cell lines. Subsequent functional studies such as reporter gene assays and
expression analyses on CRISPR/Cas9 modified cells narrowed down the actual enhancer within
this 11 kb region (R1) to approximately 2 kb (R1-1) (please see figure 27 for an explanation).
The interaction between the 2 kb enhancer (R1-1) and the NIPBL promoter was demonstrated
in the luciferase assay: in comparison to a size-matched control, R1-1 region leads to a clear
2.5 fold increase of the luciferase activity (figure 28). Of note, another region within the R1
was also investigated for the enhancer activity (R1-2) but the result was negative. In addition,
two deletions were created in HEK293 cell line by CRISPR/Cas9: a smaller 5 kb deletion
encompassing the R1-1 region, and a bigger 12 kb deletion encompassing the entire R1 region
(which includes both R1-1 and R1-2). Gene expression analysis in genetically modified cells
showed reduced NIPBL and NIPBL-AS1 transcript levels (figure 29). Since there was no
significant difference between the effects of the smaller and larger deletion on NIPBL and
NIPBL-AS1 expression, we conclude that the actual enhancer element is located within the

smaller deletion corresponding to the R1-1 region.

Due to its close proximity to the two transcription start sites, the enhancer might stimulate
transcription of both NIPBL and NIPBL-AS1 suggesting a competition between the two genes

for enhancer activity. This hypothesis was supported by findings that blocking the
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transcription of NIPBL using CRISPRi results in increased transcription of NIPBL-AS1 and vice
versa [Zuin et al. 2017]. Based on the presented data, we suggest that the actual transcription
of the IncRNA and the competition for the distal enhancer might be mechanisms relevant for
the regulation of NIPBL expression. These insights reveal a possibility to increase NIPBL
transcription by interfering with NIPBL-AS1 IncRNA and eventually manipulate gene

expression in patient cells.

We have also investigated NIPBL and NIPBL-AS1 levels in LCLs of patients with heterozygous
truncating mutations in NIPBL. While NIPBL showed a reduction to 60-70% consistent with
previous reports [Liu et al., 2009a; Kaur et al., 2016], NIPBL-AS1 levels were not significantly
affected. Explanations for decreased NIPBL levels could be either a downregulation of N/PBL
gene or a degradation of NIPBL mRNA by the nonsense-mediated mRNA decay. In the first
case, we would expect that NIPBL-AS1 levels would change, since our data show that
transcriptions of these two genes are interconnected. In the second case, we would not
observe a change in NIPBL-AS1 levels. Since NIPBL-AS1 levels were indeed not changed, we
investigated NMD in patient cell lines. The contribution of wild type and mutated allele in the
total RNA was determined by pyrosequencing of transcripts extracted from LCLs of two
different patients. We observed percentages of 38% (patient 1) or 24% (patient 3) of mutant
NIPBL transcripts, which increase up to 46-48% after blocking NMD with cycloheximide. This
result indicates at least a partial degradation of mutant N/IPBL transcripts in patient cells, while
both alleles remain actively transcribed. This result explains why NIPBL-AS1 transcription is
not changed and supports our finding that the NIPBL-AS1 transcript per se is not involved in
NIPBL transcription.

After characterization of regulatory elements such as the enhancer relevant for NIPBL
expression, we sequenced this enhancer region in a cohort of patients with clinical diagnosis
of CdLS. Unfortunately no disease-relevant genetic variant could be identified. This might be
explained by the fact that the majority of identified non-coding variants are larger copy
number variations (CNVs) that would not be identified by Sanger sequencing. Another reason
is that functionally relevant genetic variants in the non-coding regions are so rare that much
more than 30 patients have to be included in such a sequencing study. Finally, we have
identified and screened only a single enhancer that regulates NIPBL. Regarding current

knowledge, most genes are regulated by several cis-regulatory elements. For instance, the
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average number of distant elements interacting with a single transcription start site (TSS) is
3.9 and the average number of TSSs interacting with a distal element is 2.5, indicating a
complex regulatory network [The ENCODE project consortium, 2012]. Currently we do not
have enough information to interpret SNVs within regulatory elements and we do not know
if they would necessarily result in the same phenotype (if any visible). Understanding the non-
coding part of the genome is a new field in genetics that is growing, especially with the
establishment of use of genome sequencing instead of exome sequencing. Based on current
knowledge, it is still unclear how relevant single nucleotide variants within non-coding

regulatory elements of the genome are.

4.4 A non-coding regulatory element on chromosome 9 and relevance of the

condensin complex for CdLS

As described above, we and others have shown that besides the five known 'CdLS genes’
variants in other chromatin regulators and transcriptional factors can cause a CdLS phenotype.
Within the last years, it has become clear that besides the coding part which represents only
~2% of the entire genome, the remaining ~98% of the genome not coding for a protein plays

essential roles in gene regulation and disease manifestations [Mattick 2001].

Within our cohort of unsolved cases, we have identified a patient with clinical features that
indicated a clinical diagnosis of CdLS, established by Prof. Dr. Gabriele Gillessen-Kaesbach.
Moreover, based on the facial features only, this patient was also diagnosed in silico as CdLS
by Face2Gene suite of phenotyping applications. After we failed to identify a candidate variant
in the coding region by different sequencing approaches, we have identified a small deletion
on chromosome 9 by array CGH. Subsequent analyses of other family members have identified
the same deletion in the mother as well as the younger brother. Further clinical investigations
revealed similar clinical features shared by all three individuals. Although the deletion disrupts
the CYLC2 gene, it was excluded to be relevant for the phenotype. CYLC2 is exclusively
expressed in testis and encodes a structural component of the cytoskeletal calyx of
mammalian sperm heads. Nevertheless, a cohort of CdLS patients was sequenced for a

putative disease-causing variant but no variant was identified.

86



Additional in silico analyses based on a large number of epigenetic and functional data from
the ENCODE project were used to analyze the 60 kb deletion for putative regulatory elements.
Based on specific modifications of the N-terminal histone tails such as H3K4me1 in different
cell types, binding site of various transcription factors (MYC, STAT3, FOS) as well as DNase |
sensitivity, a putative enhancer element of 3 kb was predicted within the 60 kb deletion.
Further analyses of this genomic region showed the Structural Maintenance of Chromosomes
gene - SMC2 - as the first gene downstream from the predicted enhancer. Moreover,
according to publicly available Hi-C data the predicted enhancer and SMC2 are located within
the same topologically associated domain (TAD). It is well known that TADs are conserved
among species, cell types and tissues, preventing promiscuous enhancer activity. Co-
localization of the enhancer and SMC2 gene within the same TAD further supported a putative

functional interaction of the two genomic elements.

To investigate the interaction between the SMC2 promoter and the putative enhancer on
functional level we have performed reporter gene assays. By this, we could show a very strong
activity of the 3 kb enhancer element on the SMC2 promoter compared to a similar-sized
control. Although epigenetic analyses of this 3 kb region strongly indicated an enhancer
activity, we could see a total inactivation of the SMC2 promoter mediated by the 3 kb element
in luciferase reporter gene assays. This observation might be explained by technical limitations
of the assay such as the distance between the promoter and the enhancer in a circular plasmid
in comparison to Mb-scale distance on genomic level. However, this experiment clearly shows
a functional interaction between the two investigated regions further supporting relevance of
the investigated enhancer. By inserting different small overlapping fragments representing
the 3 kb enhancer into the reporter gene plasmid, we narrowed down the critical region that
mediates interaction with the SMC2 promoter to a fragment of ~1 kb maintaining the same
activity like the full length construct (figure 34). Interestingly, our result was in accordance
with the in silico predictions based on ENCODE data that show binding site for several
transcription factors, DNase | hypersensitivity as well as H3K4mel, already predicting a weak

enhancer activity (figure 33).

After validating interaction between the regulatory element and the SMC2 promoter, we have
obtained fibroblast cell lines of the index patient and his healthy sister for further functional

investigations. Western blot analyses showed decreased SMC2 levels in the patient cell line
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compared to his sister and additional controls, further supporting our results from in vitro
analyses and strongly indicating that this regulatory element affects SMC2 expression. Besides
using B-actin as a loading control, we analyzed SMC4 protein levels. SMC4 forms a
heterodimer with SMC2, building the structural core of the condensin complex (condensin |
and condensin ll). Interestingly, SMC4 levels were also decreased in the patient cell line
compared to his unaffected sister or controls (figure 35). It has been reported previously that
increased SMC4 levels occur in colorectal cancer cells as a consequence of increased
SMC2/SMC2 levels and that decreased SMC4 levels occur in SMC2°FF cells [Davalos et al., 2012;
Ohta et al., 2016], which is in accordance with our western blot result showing the regulation
on the protein level. We have further investigated transcript levels and could see that SMC2
mRNA amounts are decreased in the patient cell line, further supporting our previous findings
that the deleted enhancer regulates SMC2. Surprisingly, SMC4 mRNA levels were also
dramatically decreased in the patient cell line compared to fibroblasts of his healthy sister and
five healthy controls (figure 36). It has been assumed that this regulation occurs exclusively
on protein level, but the regulatory mechanisms by which reduced SMC2/SMC2 levels affect
SMC4 remained unknown. However, our results show decreased SMC4 transcript levels due

to a reduction of SMC2/SMC2, clearly indicating novel regulatory mechanisms.

To further confirm the relevance of the 3 kb enhancer region within the 60 kb deletion, we
have generated two different cell lines deficient for this 3 kb region by CRISPR/Cas9 genome
editing. While four independent homozygous clones were obtained for HEK293 cells, only a
single clone was obtained for SH-SY5Y neuroblastoma cells. Expression analyses in HEK293
cells were in line with the results obtained in patient’s fibroblasts with ~50% decrease of SMC2
and SMC4 transcript levels. However, the result obtained in SH-SY5Y cells showed ~50%
increase of SMC2 and SMC4 expression, which is contrary to the reduced expression levels in
all other investigated cell types (figure 38). Although these divergent results are still not fully
understood on molecular level, there are several putative explanations. Our data generated
for the SH-SY5Y cell line were obtained only from a single clone because additional biological
replicates were not available. Within this cell line, we cannot exclude potential off-target
effects introduced by CRISPR/Cas9 that might affect the transcriptional regulation
mechanisms. Although the targeting specificity of Cas9 is believed to be tightly controlled by
the 20 bp-gRNA sequence and the presence of PAM (protospacer adjacent motif), potential

off-target cleavage activity can still occur [Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013].
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Therefore, genome sequencing of the mutant cell lines should be performed in order to
exclude functionally relevant off-target effects. Another assumption for obtaining only a single
clone in SH-SY5Y cells is that the deletion significantly alters cell metabolisms and viability. The
single clone obtained might carry an additional “protective” variant. This is further supported
by own observations that show decreased growth efficiency of clones with homozygous
deletion compared to clones with heterozygous deletion or wild type cells. Another
explanation for the discrepancy in results between the different cell lines is that regulatory
elements might have different activity in different cell types. Their activity is restricted to a
particular tissue or cell type, a time point of life or to specific physiological, pathological or
environmental conditions. It has even been reported that a certain regulatory element can
either enhance or silence transcription depending on the cellular context [Bessis et al., 1997;
Ernst and Kellis, 2010; Soufi et al., 2012; ENCODE project consortium 2012; Heinz et al., 2015].
Therefore, their tissue-specificity makes their identification and interpretation of the results
more challenging. Our results show that the investigated 3 kb regulatory region acts as an
enhancer in HEK293 and fibroblast cell lines, while it appears to be a silencer in SH-SY5Y
neuroblastoma cells. If this discrepancy between the two CRISPR/Cas9 modified cell lines is
indeed due to the tissue-specificity or due to additional unknown genetic or epigenetic

variants is still unclear and needs to be investigated further.

Since we could show that impaired expression of SMC2/SMC2 results in a phenotype that
overlaps with CdLS, we aimed to find additional patients with variant within the protein-
coding region. After contacting PD. Dr. Tim Strom (Munich) and Dr. Kirsten Cremer (Bonn), an
additional patient with a frameshift mutation in SMC2 (c.1662_1663delAG, p.(Asp555Hisfs*6))
was identified by exome sequencing and the mutation was inherited from his mildly affected
mother. Gene expression analyses in fibroblast cells of the “patient 2 and his mother showed
decreased SMC2 levels similar to the patient with deletion of the enhancer element. In
agreement with our analyses on mutant HEK293 cells generated by CRISPR/Cas9 genome
editing as well as fibroblasts of the patient 1, we could also detect reduced SMC4 transcript
levels. These results were in contrast to the western blot analysis that indicated slightly
increased protein levels in the patient compared to healthy controls. Interestingly, the same
analysis shows no significant alterations with a tendency to decreased protein concentrations
in the fibroblasts of the patient’s mildly affected mother (figure 40). Whether these contrary

observations of decreased transcript levels but unaffected or even increased protein
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concentrations are based on limitations of the technologies used or represent the
physiological status can only be speculated. Interpretation of quantitative western blots is
often challenging and only obvious differences in protein amounts can be detected. In
addition, many steps in the procedure such as loading the samples, their transfer to
membrane and detection of the signal can be a prone to error. On the other hand, quantitative
measurement of transcript levels by real time PCR is a more robust method than western
blotting and we used several housekeeping genes for normalization. Finally, alterations of
transcript levels do not always correlate with alterations of protein levels and discrepancies
between mRNA and protein levels can occur. Transcription and translation are processes
regulated by different mechanisms that can be either connected or independent from each
other. For instance, it has been reported that transcription factor THAP1 regulates its own
expression by a feedback-loop mechanism, where decreased amounts of protein lead to
increased transcript levels [Erogullari et al., 2014]. Reasons for the absence of correlation
between mRNA and protein levels include various post-transcriptional and post-translational
mechanisms or differences between proteins in their half-lives in vivo, although many of these

mechanisms are still not well understood [reviewed in Greenbaum et al., 2003].

Patient 2 presents with mild to moderate intellectual impairment, speech delay, aggressive
behavior and distinctive facial features such as defined eyebrows, high nasal bridge, thin upper
lip and prominent ears. His mother shows significant overlapping features such as mild
intellectual impairment, hearing problems and facial features including defined eyebrows with
synophrys and thin upper lip, but the index patient is more severely affected. It is tempting to
speculate that these differences in the phenotype might be explained by different condensin
protein levels. While both individuals carry the same genetic variant in SMC2, additional
genetic variants, polymorphisms or even unknown epigenetic alterations could further explain

the observed differences.

To further validate whether decreased SMC2 expression directly affects SMC4 transcript levels
as well as SMC2/SMC4 protein concentration, we specifically silenced endogenous SMC2 by
siRNA in Hela and SH-SY5Y cells. By this, we have shown that reduced SMC2 levels result in
decrease of SMC4/SMC4, which is in agreement with our observations in patients” cell lines
(figure 41). Since these two proteins create a heterodimer within condensin complexes, their

mutual regulation is expected. However, a common regulation of these condensin
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components on transcriptional level was not described before. The amounts and activity of
protein complexes can be controlled at the level of mRNA transcripts (through transcription
and degradation) or protein components (through translation and protein degradation) while
control of activity can also be achieved by post-translational modifications such as
phosphorylation, controlling the assembly of complexes ‘just-in-time” [Lichtenberg et al.,
2005; Jensen et al., 2006]. Several in silico studies have reported that ancient protein
complexes present in every species are more likely to exhibit co-expression of their
components and that transcriptional regulation may be important for these complexes
associated with fundamental biomolecular processes [Simonis et al., 2006; Tan et al., 2007;
Webb and Westhead 2009]. In line with this, the condensin complex is both highly conserved
and ancient, predating histones [Kalitsis et al., 2017]. Therefore, our results showing that
condensin complex assembly is already regulated on transcript level is in accordance with
these observations. How exactly alterations of SMC2/SMC2 levels affect SMC4/SMC4

expression is unknown.

In addition, an increasing body of evidence suggests that besides their canonical roles in
chromatin condensation, condensin complexes play fundamental roles in long-range genome
interactions and transcription regulation [Kim et al., 2013; Huang et al., 2013; Murakami-
Tonami et al., 2014; lwasaki et al., 2015; Kim et al., 2016]. These findings are further supported
by unpublished data that indicate misregulation of a group of chromatin-associated genes
caused by mutations in different condensin subunits (own results and personal

communication with collaborators).

By subsequent functional investigations using patient cell lines as well as CRISPR/Cas9-
modified cells, we could identify alterations in canonical condensin functions. Cell cycle
analyses of all the investigated cell lines show an increased amount of cells in G1 phase and
decreased amount of cells in G2/M phase of the cell cycle. Since G1 arrest occurs in response
to DNA damage and SMC2 transcriptionally regulates DNA damage response genes in
cooperation with MYCN [Murakami-Tonami et al., 2014], our result of disturbed cell cycle
progression is expected. Although the investigated metaphase spreads appear to be normal,
we have shown that the cell lines of the patients lose their ability to recover chromosomes
after stressing them with law-salt TEEN buffer in accordance with the previous reports

[Hudson et al., 2003; Martin et al., 2016].
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In summary, this project started with the functional characterization of a predicted enhancer
element within a ~60 kb deletion identified in three related patients, all clinically diagnosed
as CdLS-like. Subsequent functional investigations could verify the interaction of this element
with the 1 Mb distant SMC2 promoter and its regulatory activity on SMC2 expression. In
addition, we present experimental evidence that misregulation of SMC2 transcription affects
expression of SMC4 by an unknown mechanism. SMC2 is the core subunit of both condensin
| and condensin Il complexes, well conserved throughout evolution and essential for the cell
survival. Although numerous studies have been performed to characterize condensin
function, variants in genes encoding condensin components are still rare. Most of mutations
have been associated with various cancers [Davalos et al., 2012; Je et al., 2014; Woodward et
al., 2016; Zhang et al., 2016], while biallelic mutations in non-SMC subunits have recently been
associated with microcephaly, short stature and intellectual disability [Martin et al., 2016]. Of
note, a single patient with a 12 Mb deletion on chromosome 9, that includes also SMC2, has
been reported to share common features with Cornelia de Lange syndrome [Cao et al., 2015].
However, this deletion includes several genes some of which also associated with other
phenotypes/syndromes. According to the data of a large exome study including 60,706
exomes from the Broad institute (EXAC study) SMC2 is intolerant to loss of function mutations
(probability of LoF intolerance, pLI=1) which is consistent with its essential role and a very low
number of reported cases. Therefore, our patient with the frameshift variant in SMC2
represents the first case with a distinctive phenotype (other than cancer) with a mutation in
this gene. He displays certain CdLS-overlapping features such as intellectual disability, speech
delay, aggressive behavior, high nasal bridge, defined eyebrows, thin upper lip and feeding
difficulties at birth. The three patients with the deletion of the SMC2 enhancer ("patient 1, his
brother and mother) were diagnosed as CdLS-like because of the facial features, mild
intellectual disability, aggressive behavior, hearing loss, hirsutism etc. Although there are
certainly some clinical overlaps between these patients, in has to be taken into account that
variants in regulatory elements might lead not only to milder but also to different
consequences than variants the protein coding parts of the respective genes. This might be
partially explained by tissue-specific activity of regulatory elements that restricts regulation of
the target genes to specific tissues or developmental processes as well as by data showing
that a regulatory element usually controls expression of more genes, just like a single gene

has more than one regulatory element to control specific expression pattern [The ENCODE
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project consortium, 2012]. Identification of regulatory elements is crucial for understanding
spatiotemporal transcriptional regulation during development as well as the functional impact
of disease-related noncoding genetic variants. Therefore, regulatory elements have to be
identified and functionally characterized to understand complex regulation of gene expression

that is of great relevance for haploinsufficiency syndromes such as CdLS.

With the development and dropping costs of high-throughput sequencing technologies such
as whole genome sequencing, ChIP-seq and chromosome conformation capture, importance
of non-coding DNA in gene regulation and 3D chromatin folding got into the focus of
numerous research projects. Loss of function and gain of function mutations in regulatory
elements, disruption of TADs, and impact of GWAS-identified SNPs have been described in
context of various monogenic and complex traits and diseases [Klopocki et al., 2008; Weedon
et al., 2014; Claussnitzer et al., 2015; Lupianez et at., 2015]. Of note, most of the genome-wide
association study (GWAS) signals map to non-coding regions and point to non-coding variants,
although their functional interpretation is challenging. Accumulating evidence has shown that
GWAS variants are enriched in the functional non-coding regions such as enhancers, DNase
hypersensitivity regions and chromatin marks [Degner et al., 2012; Trynka et al., 2013]. In
addition to SNVs/SNPs, large-scale structural variations (including CNVs) often encompass
more than one gene. Besides intergenic regions, non-coding regions within a gene and non-
coding RNAs could also be affected and therefore need to be taken into consideration. Finally,
a compound model of inheritance of a regulatory SNP and CNVs has also been described

[Albers et al., 2012; Wieczorek et al., 2014; Wu et al., 2015].

Variants in the coding regions have been considered the leading causes of Mendelian and
various complex disorders. Accordingly, Sanger-, gene panel- and exome sequencing are still
widely used in molecular diagnostic. However, recent progress in genetic and genomic studies
has delineated the importance of functional genetic variants in non-coding regions of genome.
Therefore, we expect that in the following years whole genome sequencing (WGS) will be the
preferred technology in molecular diagnostics together with technical and methodological
innovations. Understanding the non-coding and regulatory genome will give us insights into
mechanisms that are still not well understood, reduced penetrance, phenotypical variation,

genotype-phenotype correlation etc. Finally, new insights will increase the number of patients
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who receive proper genetic/molecular diagnosis with a hope to treat the cause of the disease

rather than palliate the consequences.
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Abbreviations

A-Adenine

ASO- antisense oligonucleotides

ATP- adenosine triphosphate

bp- base pair

BSA- bovine serum albumin

C- Cytosine

CdLS- Cornelia de Lange Syndrome

cDNA- complementary DNA

CGH- Comparative Genomic Hybridization
CHX- cycloheximide

CNVs- copy number variations

CRISPR- Clustered Regularly Interspaced Short Palindromic Repeats

CSS- Coffin-Siris Syndrome
CTCF- CCCTC-binding factor

DMEM- Dulbecco’s Modified Eagle’s Medium
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DNA- deoxyribonucleic acid

dNTP- deoxyribonucleotide triphosphate
ddNTPs- dideoxynucleotide triphosphate
EDTA- Ethylenediaminetetraacetic acid
ENCODE- Encyclopedia of DNA Elements
FBS- fetal bovine serum

G- Guanine

GERD- gastroesophageal reflux disease
gRNA- guide RNA

GWAS- genome-wide association study
h- hour

HDAC- histone deacetylase

HRP- horseradish peroxidase

ICS- intrinsic chromosome structure

kb- kilobase

kDa- kilodalton
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LB- lysogeny broth

LCLs- lymphoblastoid cell lines
IncRNA- long non-coding RNA
LoF- loss of function

Mb- megabase
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NGS- Next Generation Sequencing
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siRNA- small interfering RNA

SMC- structural maintenance of chromosomes

SNP- single nucleotide polymorphism
SNVs- Single nucleotide variations

T- Thymine

TAD- topologically associated domain
Tag- Thermus aquaticus

TBE- tris borat EDTA

TEMED- Tetramethylethylenediamine
TSS- transcription start site

UCSC- University of California, Santa Cruz
V- volt

3C- chromosome conformation capturing
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Gene, exon and

assay Forward primer (5°-3°) Reverse primer (5°-3°) Application
ATTATTGAGTGAGCTAGGTTATA

NIPBL ex18 CTTTATCTTCCAGGTTCTGTAGC | C Patient 1
CAGCTTACCTTAGATACTGAAA | CAGACAGAAATGAAGAATAAAT

NIPBL ex20 AC GTATGACGG Patient 4
GGTAGACAGATGACTGACATG | GAATTCATCATCTGTGAATCAGA

NIPBL ex23 TG G Patient 2

NIPBL ex26-30

cDNA CAGTGGTTTCGAGACACAAC CATCATTGACTCTGCGAATC Patient 3

NIPBL ex29 CTTGATATGCAACGAGGTG CAATATTCTTTCAATCAGCATATC | Patient 5

NIPBL ex29 pyro GATGGATAATTCGACTAGTG Patient 5

SMC1A ex20 cDNA GGAAGAGGGTAGCTCCCAG GCTGGCTTGTAGCTGTGGAT Case 10

HDACS8 ex8 TACCTCCAACTTGCCCTAC TCCAATGCAAGAAAGCCAAG Patient 6/10

HDACS8 ex8

SNaPshot CATGTGCTCCTTTAACATGA Patient 6/10

HDACS ex8-9 cDNA | GGCATCATGCAAAGAAAGATG | TAGACCACATGCTTCAGATTC Patient 8

ANKRD11 ex9 AGGACCTGGAGATCGAGGAG GCGGTAAAGGTTTGTGGAGA Patient A
GCTAGCTCCAGCCTTGTCCAGC | CTCGAGGTGTGTGTCTCTCTCTC

NIPBL Promoter F2 | GCCTCAG GTTCCGTC cloning

NIPBL Enhancer
R1-1

CAAATGTGGTAAAATCGATAAg
gatccGGCTGCGGATACACCTTG

CTCAAGGGCATCGGTCGACggatc
cAAGGGCAGATTCTGCCTC

cloning-Gibson

NIPBL Enhancer
R1-2

GGATCCTGGCGTTTCACCATGT
TGTC

GTCGACGTGGAATGGAAGGTTT
GTGTAG

cloning

NIPBL Enh R1 seq CCTGCTATTCTTCAGGTGC GCACCGTAGTCTCACACC cohort of patients
GAGGATCATATGTTTAGAAGG

NIPBL Enh R2 seq GTC CACTCGGGCAGCCCTGCG cohort of patients

NIPBL Enh R3 seq CAGTTCCAGCCGCGCTGCAG GTCGGAGCGCAGCCAGGTGAG cohort of patients

CTAAGGTAGTGTGTTGACACGAT

NIPBL Enh R4 seq CTGCAGTGGAGTCGGGAGC G cohort of patients

NIPBL ex22 cDNA CTTCAGGTTAAACAGTAGTG CTTACTACCACATTTTTTAAGG Patient 1

NIPBL ex22 cDNA

pyro CTCTTATGAAACAGCTATG Patient 1

NIPBL ex10 CACAGGCATGACAATAGG CTACTAGAGGATCTCAATG Patient 3

NIPBL ex10 pyro GTTTCTGAGTCACTAAGACG Patient 3

chr9del breakpoint

PCR CTACATTGTTGACAATGGG CAATGTCATACTGAATGGAG Patient 1
gagctcCGAGAAATATTTTCAAA | ctcgagCGAGGCAAAAACAGCAAC

SMC2 Promoter ATATAAGCCCATTCC GATAG cloning

SMC2 Enh full ggatccGCTGCAGCTACACTGTG | gtcgacGACTTTAGGTAGCCTAAT

length AGACAGGCG GACTATATGCCTTGG cloning
ggatccGCTGCAGCTACACTGTG | gtcgacGTGAAGTTGCCACACTCC

SMC2 Enh F1 AGACAGGCG AGGC cloning
ggatccCTGCCATTCACCCTGGT gtcgacGATTGGAATGATAGAGGT

SMC2 Enh F2 AG TTCTTG cloning
ggatccCTGACATGGCAGGGGA | gtcgacGACTTTAGGTAGCCTAAT

SMC2 Enh F3 GCTG GACTATATGCCTTGG cloning
CGACGTAGCACCGGTGAGTCC

CRISPR chr9del CAAGTGTGAGAGTTTTAGAGCT

gRNA1 AGAAATAGCAAGTTAAA CRISPR/Cas9
CGACGTAGCACCGGTATATATC

CRISPR chr9del TAGCTCGGCAGTTTTAGAGCTA

gRNAS GAAATAGCAAGTTAAA CRISPR/Cas9

CRISPR_verification | CAAGAAGCAATGCAGGAAC CTACTCTTAGAATTTGCTTC CRISPR/Cas9

ex-exon; pyro-pyrosequencing; F1/F2/F3-fragment 1/2/3; R-region; Enh-enhancer
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