
 
 

 

UNIVERSITA’ DEGLI STUDI DI MILANO 

PHD in TRANSLATIONAL MEDICINE 

 

CYCLE XXXIV 

DOCTORAL THESIS 

BIO/13 

 

Activation of defective WNT pathway in Cornelia de 

Lange Syndrome in in vitro models 
 

 

PhD Student: Chiara PARODI 

Matricola N° R12169      

 

 

Tutor: Prof.ssa Valentina MASSA 

 

PhD Coordinator: Prof.ssa Chiarella SFORZA 

 

A.A. 2020/2021 





 

 

 

 

 

“Mastering others is strength, mastering yourself is true power" 

 

 

 

 

 



 

 



 

TABLE OF CONTENTS 

ABSTRACT ..................................................................................................................... 2 

LIST OF ABBREVIATIONS .............................................................................................. 3 

RESEARCH INTEGRITY STATEMENT ............................................................................ 4 

1. INTRODUCTION ........................................................................................................ 5 

1.1 HISTORICAL NOTES ................................................................................................... 5 
1.2 EPIDEMIOLOGY ........................................................................................................ 5 
1.3 CLINICAL FEATURES OF CDLS ..................................................................................... 6 
1.4 PRENATAL ASPECTS ................................................................................................ 11 
1.5 FACIAL FEATURES ................................................................................................... 14 
1.6 CLINICAL ASPECTS .................................................................................................. 15 
1.7 GENETICS OF CDLS ................................................................................................. 20 
1.8 CDLS CAUSATIVE GENES .......................................................................................... 24 
1.9 COHESIN COMPLEX ................................................................................................ 30 
1.10 WNT PATHWAY ..................................................................................................... 35 

2. AIM .......................................................................................................................... 41 

3 MATERIALS AND METHODS ................................................................................... 43 

3.1 LYMPHOBLASTOID IMMORTALIZED CELL LINES ........................................................... 43 
3.2 FUCCI2 MURINE PRIMARY CULTURES ......................................................................... 46 
3.3 DATA ANALYSIS AND STATISTICS .............................................................................. 48 
3.4 SALIVA MOLECULAR TESTING FOR SARS-COV-2 INFECTION ......................................... 50 

4. RESULTS .................................................................................................................. 53 

4.1 LITHIUM RESTORES PROLIFERATION RATE IN CDLS LYMPHOBLASTOID CELL LINES ........... 53 
4.2 WNT ACTIVATORS RESTORES PROLIFERATION IN CDLS LINES ....................................... 57 
4.3 LITHIUM RESTORES NEURONAL RATE DIFFERENTIATION IN FUCCI2 PRIMARY CULTURES ... 60 
4.4 CLINICAL TRIAL DESIGN ........................................................................................... 63 
4.5 PROTOCOL TO DETECT SARS-COV-2 INFECTION ........................................................ 69 

5. DISCUSSION ............................................................................................................ 71 

6. CONCLUSIONS ....................................................................................................... 78 

7. REFERENCES ........................................................................................................... 79 

APPENDIX 1. List of Publications…...………………….…………………..……………..107 

ACKNOWLEDGMENTS……….…………………………………………………………… 

 

 

 



 

“Activation of defective WNT pathway in Cornelia de Lange Syndrome in in vitro models “ 
PhD in Translational Medicine, Parodi Chiara 

 

2 

Abstract 

Background: Cornelia de Lange Syndrome (CdLS) is a rare genetic disease caused 

by de novo mutations in cohesin genes. CdLS phenotypic features vary from mild to 

severe and is characterized by an array of congenital malformations, 

neurodevelopmental delay, and autism-spectrum disorder. Current hypothesis is 

that CdLS clinical signs arise from deregulation of developmental molecular 

pathways, and we have previously shown that canonical WNT pathway is perturbed.  

In this study, our goal was assessing possible ameliorative effects of canonical WNT 

pathway chemical activation in Lymphoblastoid cell lines (LCLs) from CdLS patients 

and ex vivo FUCCI2 murine neurons. 

Methods: LCLs from CdLS patients (6) and from healthy donors (4) were exposed to 

different concentrations of WNT pathway activators: lithium chloride (LiCl), BIO, IQ-

1, DCA, CHIRR99021 or vehicle for 24h. Proliferation/death rate were measured 

using Tripan blue staining, TUNEL and Ki67 assays. CyclinD1 gene expression was 

analysed by qPCR.  Primary cultures of murine neurons from day2 pups (FUCCI2) 

harvested from cerebellum were cultured and treated with PCI34051(HDAC8 

inhibitor) and LiCl for 13 days. Immunostaining for Tuj1 was performed. 

Results: Upon WNT activation, proliferation rate is restored and CyclinD1 gene 

expression increased, rescuing physiological levels. Immunostaining for Tuj1 on 

FUCCI2 primary cultures, markers of neurons, demonstrated that LiCl treatment 

increases the rate of neuronal differentiation. 

Conclusions and Perspectives: I confirmed the impairment of WNT canonical 

pathway in CdLS models and described that WNT activators such as lithium are 

capable of rescuing adverse phenotype. Due to SARS-CoV-2 pandemic, clinical trial 

for lithium in CdLS patients is still under development. During this period, I was part 

of the team that worked for optimization of a new device for saliva collection and 

molecular testing to detect SARS-CoV-2 RNA – an exceptional tool for fragile 

patients such as CdLS. When enrolment begins, I plan to use the new device for 

COVID-19 surveillance in CdLS patients enrolled in the trial. 
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1. Introduction 

1.1 HISTORICAL NOTES 

Cornelia De Lange Syndrome (CdLS) [OMIM #122470, #300590, #610759, 

#614701, #300882] is a rare genetic disorder well-characterized at physical, 

auxological, cognitive and behavioural level, affecting almost any organ, 

including the Central Nervous System (CNS). CdLS is a genetically 

heterogeneous disorder mainly caused by dominant autosomal or X-linked de 

novo mutations (Kline et al., 2018). The syndrome takes its name from Cornelia 

de Lange (1871-1950), the Dutch paediatrician who first described the clinical 

presentation of two girls from Amsterdam in 1933. Clinical manifestations shared 

by the two patients were growth failure with proportional microcephaly, feeding 

difficulties and distinctive facial features, overall defined as “Typus 

Degenarativus Amstelodamensis” (De Lange, 1933). Following studies 

described the clinical differences among patients highlighting the wide spectrum 

of the phenotype presentation (Brachmann, 1916; Eekelen and Hennekam, 

1994; JM, 1994).  

 

1.2 EPIDEMIOLOGY 

The real incidence of this syndrome is difficult to estimate both due to a high 

number of misdiagnoses and a fair number of inappropriate diagnoses (Beck, 

1976).  

In 1967, with the first epidemiological data Pearce defined the prevalence of 

CdLS as 1:100,000 (Pearce and Pitt, 1967). Years later, the incidence of CdLS 

was still estimated to be 1:100,000 new-borns (Beck, 1976; Beck and Fenger, 

1985) then corrected to 1:10,000-30,000 (Kline et al., 2007) probably due to an 

underestimation of milder cases (Barisic et al., 2008). Indeed, diagnosis of CdLS 

might be arduous because of the mild presentation of several patients and the 

discordance cases between molecular diagnosis and clinical evaluation.  
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Others provided to assess the incidence of this syndrome: an important 

contribution was offered by Beck and Fenger who estimated the incidence of 

CdLS around one per 50,000 new-borns (Beck and Fenger, 1985). In the same 

year, in an "Editorial Comment" published in "American journal of Medical 

Genetics", Opitz proposed an incidence of 1: 10,000 (Opitz, 1985). A more 

recent study (Allanson et al., 1997), in which the characteristics of patients with 

a classical phenotype were compared to those with a mild one, suggested an 

incidence of about 1: 40,000. In the same year, Ireland and colleagues argued 

that cases with a milder phenotype represented about 20-30% of all affected 

subjects, thus assuming a higher incidence of the condition (Allanson et al., 

1997). On the contrary, in 2008 a prevalence of the classical form of CdLS of 1: 

81,000 births was proposed and an overall prevalence of CdLS of 1: 45,450-

62,500 (Barisic et al., 2008). 

Currently, according to data both collected in public Databases (OMIM, 

GeneReviews and GeneticsHomeReference) and reported by the most recent 

clinical reviews (Dorsett, 2007b; Kline et al., 2007), the incidence can be 

estimated around 1: 10,000. 

 

1.3 CLINICAL FEATURES OF CdLS 

The features of this disorder vary widely among affected individuals in a range 

from relatively mild to severe. CdLS is characterized by the simultaneous 

presence of specific dysmorphisms, pre- and post-natal growth retardation, 

microcephaly, psychomotor and intellectual development delay, hirsutism, 

abnormalities of bones in the arms, hands and fingers, and disorders in gastro-

intestinal tract. Associated major malformations may be present in any organ and 

system, although the presence/absence of these anomalies is not an 

indispensable element for clinical diagnosis. Both in childhood and in adulthood, 
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medical complications and behavioural problems can frequently arise. About 

one third of patients have upper limbs reduction defects. 

 

Cardinal Features Score 

Synophrys (HP:0000664) and/or thick eyebrows (HP:0000574) 2 

Short nose (HP:0003196), concave nasal ridge (HP:0011120) and/or 
upturned nasal tip (HP:0000463) 

2 

Long (HP:0000343) and/or smooth philtrum (HP:0000319) 2 

Thin upper lip vermilion (HP:0000219) and/or downturned corners of 
mouth (HP:0002714) 

2 

Hand oligodactyly (HP:0001180) and/or adactyly (HP:0009776) 2 

Congenital diaphragmatic hernia (HP:0000776) 2 

Suggestive Features  

Global developmental delay (HP:0001263) and/or intellectual disability 
(HP:0001249) 

1 

Prenatal growth retardation (<2 SD) (HP:0001511) 1 

Postnatal growth retardation (<2 SD) (HP:0008897) 1 

Microcephaly (prenatally and/or postnatally) (HP:0000252) 1 

Small hands (HP:0200055) and/or feet (HP:0001773) 1 

Short fifth finger (HP:0009237) 1 

Hirsutism (HP:0001007) 1 

Interpretation of the Score  

Score ≥ 11 points, of which at least 3 are cardinal features classical CdLs 

Score between 9 or 10 points, of which at least 2 are cardinal features non-classical CdLs 

Score between 4-8 points, of which at least 1 is cardinal feature 
molecular testing for 

CdLS indicated 

Score <4 points 

Insufficient to 
indicate molecular 

testing for CdLS 
indicated 

Table 1. Diagnostic algorithm modified from the Consensus Statement 

(Selicorni et al., 2021) 
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Patients present distinctive facial features, including arched eyebrows, long 

eyelashes, low-set ears, small and widely spaced teeth, and a small and upturned 

nose. CdLS patients present intellectual disability (ID) and autism-like behaviour 

(Deardorff et al., 1993, 2007; Avagliano et al., 2017). 

In general, individuals with CdLS have a growth-weight deficit: growth 

retardation is often evident in the prenatal period (IUGR) and it is maintained in 

the post-natal period (PNGF) (Bruner and Hsia YE, 1990; Kline et al., 1993; 

Kousseff et al., 1993; Boog et al., 1999). This aspect is often related to the 

presence of gastroesophageal reflux and difficulty in sucking/swallowing which, 

in some cases, can make enteral nutrition via a nasogastric tube or gastrostomy 

necessary. These difficulties are usually transient as in later life most patients 

acquire the ability to feed orally without any problems. In contrast, overweight 

or obesity are rather common in young adults, often due to a high-calories diet 

and low physical activity (Mariani et al., 2016). 

Due to phenotypic variability of CdLS, a consensus statement was drawn up by 

an international group (Kline et al., 2018) to help physicians for addressing 

clinical diagnosis. In this huge work authors drafted a diagnostic algorithm 

represented in Table 1 (Selicorni et al., 2021), which is made up of “cardinal” 

and “suggestive” features of CdLS. After establishing a specific score for every 

clinical sign, the final sum of all scores reached by the patient can discriminate 

the spectrum of belonging (classical or non-classical CdLS). Specific growth 

curves, which run parallel to those of the general population, have been 

generated but fall below the fifth centile during early childhood. The use of these 

curves monitoring growth is therefore fundamental, especially in the neonatal 

and infantile period (Fig. 1 and 2) (Kline et al., 1993). However, it should be noted 

that the curves available today were generated by the auxological trend of 

subjects diagnosed in the pre-molecular era, in which the diagnosis was made 

only on a clinical basis. On the other hand, growth curves divided by genotype 
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are not available. This information is important because growth is influenced by 

the genetic variant type and causative gene: growth trend is less impaired in 

individuals with mutations in the SMC1A gene than in those with mutations in 

NIPBL (Kline et al., 1993). 

 

Figure 1: Growth curves for weight (top) and height (bottom) in males (left) and 

females (right) from birth to 36 months  (Kline et al., 1993) 
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Figure 2. Growth curves for weight (top) and height (bottom) in males (left) and 

females (right) aged 2 to 18 (Kline et al., 1993) 
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1.4 PRENATAL ASPECTS 

Few data in literature report CNS malformations in CdLS. Neurulation is the 

known process that leads to the formation of the human CNS and occurs 

between the 20th and 27th day after fertilization. During the previous phase of 

development, called gastrulation, the ectoderm is formed through the response 

to molecular signals from the underlying notochord, which originates from the 

neural plate. This layer of ectodermal cells will form the neural tube by merging 

along the midline across its anterior-posterior axis (Nikolopoulou et al., 2017). 

During gastrulation, neural crest cells are organized at the edges of the neural 

plate (Fernández-Garre et al., 2002). The cells of the neural crest are initially 

located on the dorsal part of the neural tube: during the closure of the tube, cells 

migrate along the embryonic axis differentiating into different neuronal cell 

types and other structures (Mishina and Snider, 2014; Noisa and Raivio, 2014). 

Before the neural tube closes, the anterior end of the tube begins to expand, 

forming the three primitive cerebral vesicles: forebrain, midbrain and hindbrain 

(Stiles and Jernigan, 2010). The forebrain and hindbrain soon divide to form 

secondary cerebral vesicles (telencephalon and diencephalon rostrally and 

metencephalon and myelencephalon caudally). All these structures are visible 

from the 49th day after fertilization (Stiles and Jernigan, 2010). At 9 weeks of 

gestation the encephalic lobes are formed and the formation of the corpus 

callosum begins, which represents the interhemispheric connection point (Stiles 

and Jernigan, 2010). To ensure adequate formation and function of the CNS, the 

complex development process must be coordinated by the activity of a large 

number of genes and proteins, including the cohesion complex (D’Mello, 2019). 
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Figure 3.  Brain abnormalities in CdLS. Comparison between sagittal section of 

normal brain (on the left) with the sagittal section of affected brain (on the 

right) (Avagliano et al., 2017) 

 

To date, published data agree on excluding that the age of the parents is a 

predisposing factor for this syndrome (Opitz, 1985), with the only exception of 

X-linked forms. Generally, pregnancy has a regular course without significant 

complications. A higher incidence of premature birth is reported than in the 

general population (Jackson et al., 1993). Diagnosing CdLS in the prenatal 

period is very difficult, especially in the first and second trimester. Non-specific 

plasma markers (beta-HCG and pregnancy-associated plasma protein A, PAPP-

A) and ultrasound (to see nuchal translucency) are used: some studies have 

reported PAPP-A values below normal in pregnancies with foetuses affected by 

CdLS (Westergaard et al., 1983; Aitken et al., 1999; Arbuzova et al., 2003; Chong 

et al., 2009; Avagliano et al., 2017) and increased nuchal translucency in 51% of 

cases (Sekimoto et al., 2000; Huang and Porto, 2002). However, it is not clear 

whether the decrease in PAPP-A values is specifically related to CdLS. 
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The most frequently encountered ultrasound features are intrauterine growth 

retardation, upper limb malformations (visible in 66% of foetuses), diaphragmatic 

hernia (28%), cardiac anomalies (15%) and characteristic facial profile (small nose, 

anteverted nostrils, protruded upper lip, micro-retrognathia) evident in about 

50% of cases (Jackson et al., 1993; MA et al., 1993; S et al., 1996; Marino et al., 

2002; Vaillant et al., 2004; Gregori et al., 2007; Chong et al., 2009; Sepulveda et 

al., 2009; Wilmink et al., 2009; Pajkrt et al., 2010). Manifestation of ultrasound 

abnormalities in the second and third trimesters leads to a suspected diagnosis 

only in a small proportion of patients (less than 30%). 

Some parameters are therefore detectable in the prenatal period in a few 

patients, but currently the definitive diagnosis is almost always given at birth 

(Pajkrt et al., 2010). In case of known familiarity and increased risk of recurrence, 

it would be possible to carry out research for specific mutation on foetal DNA 

obtained from chorionic villus sampling or amniocytes or by analysing embryonic 

cells obtained by in vitro fertilization. The use of non-invasive screening tests on 

free circulating foetal DNA of gene panels, which also include CdLS genes, is 

currently not an applicable approach in clinical practice, due to the complexity 

of interpreting the results of molecular investigations. The validity and 

informative value of the results of prenatal analyses and the possible ethical 

implications for family choices must be considered and deeply discussed with 

couples before engaging on the prenatal diagnosis process (Avagliano et al., 

2017). 
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1.5 FACIAL FEATURES 

The peculiar dysmorphisms represent the most specific aspects of the syndrome 

and are present in all individuals with CdLS. 

The face is characterized by a low and narrow forehead and frequent frontal 

lanugo. The ears may appear with the pavilion dislocated downwards and/or 

rotated backwards and externally thickened. In about 98% of cases the 

eyebrows, well drawn and arched, join on the median line (synophrys), giving an 

arched conformation which can also be accentuated by a marked eyelid ptosis. 

Lashes are typically long, thick and very curved both upwards, starting from the 

upper edge, and downwards, from the lower one (Kline et al., 1993). The central 

portion of the face is flattened, the root of the nose is depressed and enlarged, 

with a saddle-like conformation, while the nostrils are anteverted in 85% of 

patients and the tip of the nose is slightly triangular (Jackson et al., 1993). In 

most cases (94%), the lips are thin, especially the upper lip, and terminate in 

downward-oriented commissures; the upper lip has a median prominence which 

corresponds to a sort of hollow at the level of the lower lip. In some cases, cleft 

lip and palate may be present and dental malposition and excessive tooth 

spacing may be found, which can cause malocclusion in several patients (Jackson 

et al., 1993). The neck is generally short (Fig. 4). 

One of the peculiar elements of the clinical picture is represented by hirsutism. 

Typically, there is a hair increase on the forehead, on the back, in particular at 

the level of the lumbo-sacral region, and on the forearms. 
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Figure 4. Typical facial features of a CdLS patient carrying a mutation in NIPBL 

gene, modified from (Avagliano et al., 2020) 

 

1.6 CLINICAL ASPECTS 

In CdLS one or more major malformations and medical problems are usually 

present (Table 2 and 3). From an early age, subjects with CdLS can also have a 

wide range of associated medical problems (Jackson et al., 1993; Kline et al., 

2007; Ayerza Casas et al., 2017). It is important to provide careful monitoring as 

many of these complications if not diagnosed and treated adequately, can cause 

chronic pain and thus contribute to behavioural problems (hyperactivity, 

agitation, self and hetero aggression). 

The most frequent gastrointestinal malformations in CdLS are the annular 

pancreas, duodenal atresia, Meckel's diverticulum, imperforate anus and 

congenital diaphragmatic hernia. Pyloric stenosis is reported in more than 7% of 

patients and inguinal hernia is common in children. Two papers described a 

certain frequency of intestinal malrotation with acute presentation as caecal 

volvulus (Kline et al., 2007; Mariani et al., 2016). Bowel malrotation is an atypical 

symptom and can be difficult to diagnose due to the communication difficulties 

of affected individuals. However, it can be recurrent and can present as a surgical 
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emergency at any age. Complications related to the presence of intestinal 

malrotation are the first cause of death in CdLS subjects after the second year of 

life. This malformation causes significant mortality – due to intestinal obstruction, 

often not recognized also due to high pain threshold and communication 

difficulties – which is why it should be sought in all patients with CdLS by 

performing an X-ray of the digestive system with contrast medium (Jackson et 

al., 1993; Masumoto et al., 2001; Kline et al., 2007, 2018b; Schrier et al., 2011).  

Eating difficulties are reported in 70-100% of the subjects observed. Structural 

abnormalities of the digestive tract or functional abnormalities are common. The 

most important medical complication is represented by gastroesophageal reflux, 

which is present among 70-90% of patients (Cates et al., 1989; Jackson et al., 

1993; Luzzani et al., 2003; Kline et al., 2007; Macchini et al., 2018). This condition 

can lead to severe lung infections which are one of the most frequent causes of 

death in CdLS subjects (Schrier et al., 2011). The presence of reflux can be 

complicated in young adulthood by the early onset of metaplasia of the 

oesophageal mucosa (Barrett's esophagus) in about 10% of cases (Luzzani et al., 

2003; Kline et al., 2007; Macchini et al., 2018). This condition can develop as 

malignant degeneration into oesophageal adenocarcinoma (DuVall and Walden, 

1996; Fitzgerald et al., 2014). 

 

 

 

 

 

 

 



 

“Activation of defective WNT pathway in Cornelia de Lange Syndrome in in vitro models “ 
PhD in Translational Medicine, Parodi Chiara 

 

17 

Malformation Prevalence 

Heart malformations (no specific defect) 25% 

Palate 20% 

Eyes 

Unilateral or bilateral nasolacrimal duct 
obstruction 

60-80% 

Central Nervous System 47% (in the wider cohort reported) 

Limb defects About one third 

Urinary tract 10% 

Genitalia  

Cryptorchidism 80% 

Micropenis 37% 

Hypospadias 9% 

Bicornuate uterus 19% 

Gastrointestinal system  

Intestinal malrotation 5-10% 

Pyloric stenosis 7% 

Diapharagmatic Hernia rare 

Table 2. CdLS major malformations modified from Selicorni et al. (Kline et al., 

2018b; Selicorni et al., 2021) 

 

An Italian study reports clinical symptoms referable to gastroesophageal reflux 

in 71% of individuals with CdLS, only partially confirmed from a molecular point 

of view (Mariani et al., 2016). A genotype-phenotype correlation work showed 

that gastroesophageal reflux is more frequent in individuals with variants in 

NIPBL (71%) than in SMC1A (60%) (Huisman et al., 2017). 

Other studies report a high prevalence in individuals with classical phenotype 

variants (usually associated with variants in NIPBL) and it is evidenced by a 

positive endoscopic examination for esophagitis (Luzzani et al., 2003; Nizon et 
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al., 2016). This disorder may not manifest itself with the classical symptoms - 

vomiting, regurgitation, poor growth - but can express itself with atypical 

symptoms characterized by nocturnal agitation, recurrent infections of the upper 

and lower respiratory tract, hyperactivity, self-aggression and Sandifer-like 

dystonic events (Luzzani et al., 2003; Macchini et al., 2018)(Bull et al., 1993; 

Sommer et al., 1993). Luzzani and colleagues (2003) suggested a gastrointestinal 

evaluation in all subjects with CdLS and in patients being treated for esophagitis, 

the behavioural evaluation as a clinical indicator of the evolution of oesophageal 

lesions. They observed that a partial or total regression of the oesophageal 

lesions in response to treatment (medical or surgical therapy) leads to a 

corresponding important improvement in the patient’s behaviour. 

The consensus work on CdLS  shows that the first-line treatment involves a 

dietary approach and therapy with proton pump inhibitors (Kline et al., 2018b). 

Surgery is performed only on individuals who do not respond satisfactorily to 

nutritional and pharmacological treatments or individuals at risk of inhalation. 

Other gastrointestinal aspects found in 10-15% of adults with CdLS are 

constipation and rumination, diarrhoea (18%), bloating (48%) and lactose 

intolerance (18%). An increased prevalence for celiac disease is not reported 

(Macchini et al., 2007). About 10% of CdLS patients have palate malformations 

(cleft palate or submucosal cleft of the palate) (Jackson et al., 1993; Kline et al., 

2007). 
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Medical Problem Prevalence 

Gastrointestinal problems  

-Feeding problems Frequent 

-Enteral nutrition 40% 

-Gastro oesophageal reflux 60-75% 

-Batter oesophagus 9% 

-Eosinophilic esophagitis 16% 

-Constipation 10-15% 

Neurology  

-Seizures 45% (SMC1A gene) 15% (NIPBL gene) 

-Autonomic nervous system disfunction 81% (mild) 26%(severe) 

-Sleep problems 12-72% 

Orthopaedics  

- Perthes disease 4% 

-Leg length differences 46% 

-Congenital hip dislocation 10% 

-Scoliosis One third of patients after 10 years 

-Kyphosis A quarter of patients 

-Joint contractures 18-25% 

-Bunions 75% 

Visual problems  

-Palpebral ptosis 37% (unilateral) 44%(bilateral) 

-Blepharitis 25% 

-Nystagmus 14-17% 

-Strabismus 16-26% 

-Visual impairment 44-53% 

-Pigmented peripapillary ring 83% 

Hearing problems  

-Conductive hearing loss 75% 

-Neurosensorial hearing loss 25% 

-Otitis media with effusion 80-85% 

Immunological defects 33% (only one specific report) 

Thrombocytopenia rare 

Cancer No increase of risk 
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Table 3. Medical problems in CdLS from Selicorni et al 2021(Kline et al., 2018b; 

Selicorni et al., 2021) 

 

1.7 GENETICS OF CdLS 

The first hypothesis of the CdLS genetic aetiology was formulated by Opitz in a 

Letter to Editor published by Lancet in 1964 (Opitz et al., 1964), in which he 

suggested autosomal recessive transmission. Subsequently, over thirty 

chromosomal anomalies involving different chromosomes were associated with 

the CdLS phenotype (Broholm et al., 1968; Borck et al., 2004; Gervasini et al., 

2008). 

However, the diagnosis of CdLS in patients with chromosomal abnormalities is 

hampered either by the rarity of familial cases and by the presence of 

chromosome abnormalities also in healthy individuals (Beratis et al., 1971). 

Boue and colleagues in 1974 highlighted the phenotypic similarity between 

CdLS and the 3q duplication syndrome, suggesting chromosomal partial 

aneuploidy as a possible cause of CdLS (A and J, 1974). A family, whose 

components were previously described as CdLS patients (Falek et al., 1966), was 

later shown to carry a partial duplication of the long arm of chromosome 3 

(Wilson et al., 1985). However, these patients reported important differences 

compared to the typical CdLS phenotype i.e. mild growth retardation, absence 

of synophrys and anteversion of the nostrils, normal pronation and supination of 

the elbow, convulsions. Considering these differences, the CdLS diagnosis was 

contested by Opitz and Smith in a Letter to Editor at Paediatrics. The description 

of anomalies on the long arm of chromosome 3– in particular 3q26.3 – in patients 

with classical form of CdLS lead to an in-depth genetic investigation aimed both 

at balanced translocation identification and at phenotypic similarity between 3q 
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duplication syndrome and CdLS assessment (Holder et al., 1994; Tonkin et al., 

2004); Steinbach et al., 1981; Wilson et al., 1985; Ireland et al., 1991). 

Russell and co-authors (2001) studied family cases contributing to the analysis of 

the transmission modalities of CdLS (Fig.5) (Russell et al., 2001). 25 families were 

examined: 60% suggested an autosomal dominant transmission, while 40% was 

compatible with a recessive transmission. More rarely, a X-linked, mitochondrial 

modality or the presence of germinal mosaicism was hypothesized. However, 

the most quoted hypothesis was that the disease transmission occurred in an 

autosomal dominant manner since 99% of the cases described were sporadic. 

Further, any consanguineous parents or a more susceptible population for CdLS 

were identified.  
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Figure 5. Family cases identified up to 2001 (Russell et al., 2001) 

 

Considering the observed phenotypic variability, the hypothesis that CdLS could 

be subjected to the phenomenon of genetic heterogeneity, i.e. the disease can 

be caused by different mutations in the same gene or different genes, could not 
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be excluded (Allanson et al., 1997; Russell et al., 2001). In 2004 two independent 

groups identified NIPBL as the first causative gene: Emma Tonkin and her 

collaborators,  analysing the breakpoint region of the translocation t (5; 13) 

(p13.1; q12.1) found in a child with classical signs of CdLS (Tonkin et al., 2004), 

and Ian Krantz's team, through a genome-wide linkage analysis in nine CdLS 

affected families with more than one family member affected (Krantz et al., 2004). 

In 2006 SMC1A was identified as the second causative gene of CdLS, 

responsible for almost 5% of cases at present day and for a milder phenotype 

than the one associated to NIPBL mutations (Musio et al., 2006), and one year 

later, mutations in SMC3 were also linked to CdLS (Deardorff et al., 2007). 

The advent of next generation sequencing (NGS) techniques led to a more 

precise definition of the transmission process. In fact, from 2018 CdLS spectrum 

could account on other four causative genes thanks to the identification of 

RAD21 (Deardorff et al., 2012), HDAC8 (Deardorff et al., 2012), ANKRD11 (Ansari 

et al., 2014) and BRD4 (Kline et al., 2018a), confirming the genetic heterogeneity 

hypothesized for this syndrome (Fig. 6 and 7). 

 

Figure 6. Molecular diagnostic pathways for the identification of CdLS (Kline et 

al., 2018). 
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1.8 CdLS CAUSATIVE GENES 

NIPBL  

NIPBL (Nipped-B like) is the commonest gene mutated in CdLS. About 70% of 

CdLS patients carry a mutation on this gene (OMIM #608667 – CDLS1). Human 

NIPBL is located on chromosome 5p13.2, occupies a region of 188 kb and 

consists of 47 exons; whose coding sequence comprehends exon 2-47. NIPBL 

encodes a protein called delangin which belongs to a family of evolutionarily 

conserved proteins known as adherins, involved in chromosomal cohesion and 

in the loading of the cohesive complex at the chromosomal level (Rollins et al., 

2004). 

The NIPBL gene presents homology with the Nipped-B gene of Drosophila 

melanogaster and its homologues have also been identified in worms 

(Caenorhabditis elegans) and in yeast (Saccharomyces cerevisiae, with the name 

of Scc2) (Tonkin et al., 2004). This gene encodes for the homolog protein 

Nipped-B in the Drosophila melanogaster and cohesion proteins of fungal Scc2-

type sister chromatid.  

NIPBL forms a heterodimeric complex – cohesin loading complex – with 

MAU2/SCC4 which mediates the loading of the cohesin core onto chromatin 

(Bermudez et al., 2012; Rhodes et al., 2017). NIPBL plays a fundamental role in 

the loading of the cohesin complex onto the DNA and it has a role in cohesin 

loading at sites of DNA damage (Bot et al., 2017). 

Analysis showed that NIPBL expression is ubiquitous, although variable among 

different tissues. Expression is higher in the heart and skeletal muscle, and is very 

low in the brain, lungs, colon and intestine (Krantz et al., 2004; Tonkin et al., 

2004; Bettini et al., 2018). Interestingly, a major level of expression is required in 

some tissues for the regulation of embryonic development (Strachan, 2005). In 

fact, the embryonic expression of NIPBL correlates with the pathogenesis of 
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CdLS: it is expressed in the limbs, craniofacial bones and muscles, in the 

craniofacial mesenchyme, in the respiratory, gastrointestinal and genitourinary 

systems, in the renal tubules and, finally, in the heart (Tonkin et al., 2004) which 

are compromised tissues and organs in CdLS (Fig. 7). 

The role of NIPBL in regulating the cohesion of sister chromatids pushed the 

search for the other causative genes towards the components of the cohesin 

complex. 

 

SMC1A  

2006 was the year of the discovery of the second CdLS causative gene, SMC1A 

(Structural Maintenance of Chromosomes 1A) (OMIM #300040 – CDLS2), 

currently identified in about 5% of CdLS individuals (Borck et al., 2004; Musio et 

al., 2006; Deardorff et al., 2007; Mannini et al., 2010; Huisman et al., 2017). 

SMC1A is localized at the level of chromosome Xp11.22, a region that partially 

escapes inactivation (Brown et al., 1995).  In fact, in seven out of nine cases the 

allele located on the inactive X chromosome is expressed, while expression 

levels of the inactivated allele range from 15 to 30% (Carrel and Willard, 2005). 

The protein product SMC1A is one of the core proteins of the cohesin complex. 

Heterozygous missense or ins/del in frame mutations in SMC1A interfere with 

the structure of the cohesin complex subunits and its function, thus causing CdLS 

(Deardorff et al., 2007; Revenkova et al., 2009). 

Patients with mutations in the SMC1A gene usually show milder symptoms and 

fewer structural abnormalities than those with the NIPBL mutation. However, all 

patients manifest some degree of cognitive defect (Deardorff et al., 2007; 

Rohatgi et al., 2010), suggesting that SMC1A plays a crucial role during brain 

development in the embryo. In some cases, it has been reported that females 
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are less affected than males (Musio et al., 2006; Huisman et al., 2017) because 

of SMC1A X-chromosome inactivation escape (Carrel and Willard, 2005). 

 

SMC3 

Mutations in SMC3 (Structural Maintenance of Chromosomes 3) (OMIM # 

606062 - CDLS3) are present in approximately 2% of patients with CdLS. SMC3 

gene pathogenetic variant was reported by Deardoff et al. (2007) in a patient 

with a clinical diagnosis of CdLS. Missense or in-frame ins/del variants usually 

occur (Gil-Rodríguez et al., 2015), but nonsense mutations have also been 

reported (Gil-Rodríguez et al., 2015). The SMC3 gene, located at chromosome 

10q25, encodes a protein that is a central component of the cohesin complex. 

With SMC1A, SMC3 forms a ring and mediates the cohesion of sister chromatids. 

SMC3 mutations were also identified in patients with similar clinical features to 

CdLS (short stature and ID) but did not fully met the clinical diagnostic criteria of 

non-classical CdLS (Ansari et al., 2014; Gil-Rodríguez et al., 2015). 

 

RAD21  

CdLS can also be caused by mutations in a gene encoding for another structural 

protein of the cohesin complex, RAD21 (RAD21 Cohesin Complex Component) 

(OMIM # 606462 - CDLS4), including heterozygous deletions and missense 

mutations (Deardorff et al., 2012). RAD21 is located on chromosome 8q24.11. 

Deardorff and colleagues first described mutations on six patients resulted 

negative for NIPBL, SMC1A and SMC3, and who were characterized by slow 

growth, minor skeletal anomalies, and other features similar to CdLS. Patients 

with these pathogenetic variants have even milder symptoms (Deardorff et al., 

2012). The RAD21 protein is encoded by a highly conserved gene which was 
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also found in the yeast Schizosaccharomyces pombe. The RAD21 protein is a 

nuclear phospho-protein that becomes hyperphosphorylated during the M 

phase of the cell cycle, showing a strong specific association in the centromere 

region, and it is part of the main nucleus of the cohesin complex. It is involved 

both in the repair of DNA double strand breaks and in the cohesion of 

chromatids (Nasmyth and Haering, 2009). Cultured cells from patients showed 

high sensitivity to radiation, consistent with its important role in the response to 

DNA damage (Deardorff et al., 2012). To date, RAD21 mutations represent only 

a small percentage of CdLS causes (about 1%) in fact only 23 patients have 

RAD21 variants and usually show a non-classical CdLS phenotype (Deardorff et 

al., 2012; Ansari et al., 2014; Boyle et al., 2017). 

 

HDAC8  

Individuals with HDAC8 (Histone Deacetylase 8) pathogenetic variants (OMIM # 

300882 - CDLS5) (Deardorff et al., 2012; Harakalova et al., 2012; Ansari et al., 

2014; Feng et al., 2014; Kaiser et al., 2014; Parenti et al., 2016) account for 

approximately 5% of CdLS cases. Mutations in the HDAC8 gene are currently 

described in more than 60 individuals with a wide variability of clinical expression 

(Deardorff et al., 2012; Harakalova et al., 2012; Feng et al., 2014; Kaiser et al., 

2014; Parenti et al., 2016). 

The HDAC8 gene is located on the X chromosome (Xq13.1) and encodes a 

protein responsible for the deacetylation of lysine residues on the N-terminal 

part of the core histones (H2A, H2B, H3 and H4). Contrary to SMC1A, HDAC8 

may be inactivated (Kaiser et al., 2014) and female carriers of the mutated alleles 

may be affected or be completely healthy.  

 HDAC8 regulates epigenetic repression and plays an important role in 

transcriptional regulation, cell cycle progression and developmental events. 
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Furthermore, it is involved in the deacetylation of non-histone proteins such as 

SMC3, which regulates the release of cohesin complexes from chromatin (Fazio 

et al., 2016). Interestingly, patients phenotype associated to HDAC8 mutations 

is typically non-classical and can vary widely. 

 

BRD4  

BRD4 (Bromodomain Containing 4), whose chromosomal localisation is at 

19p13.12, has recently been described as a causative gene of CdLS (Kline et al., 

2018b). It was identified in an individual with a non-classical CdLS phenotype 

where a de novo mutation (deletion that included BRD4) was found (Olley et al., 

2018) (Fig. 7). Subsequently, the specific sequencing of BRD4 allowed to identify 

de novo intragenic variants and demonstrate molecular association with NIPBL 

(Alesi et al., 2019; Luna-Peláez et al., 2019). BRD4 encodes a protein with a 

chromatin reader function and plays a key role in the transmission of epigenetic 

memory through cell division and transcription regulation by recognizing and 

binding acetylated histones (Mochizuki et al. 2008). NIPBL was identified as the 

predominant interacting protein with BRD4 by mass-spectrometry and it was 

shown that mutations in BRD4 decreased its interaction with acetylated histone 

while maintaining NIPBL (Olley et al., 2018). Therefore, this mechanism suggests 

that NIPBL capture could underlie the pathogenic mechanism. 

 

ANKRD11 

ANKRD11 (Ankyrin Repeat Domain 11) has been recently classified among the 

causative genes of CdLS. To date, only five ANKRD11 de novo variants have 

been described in patients with a non-classical CdLS phenotype (Ansari et al., 

2014; Parenti et al., 2016a) and some additional variants have been identified in 

research cohorts (Kline et al., 2018b). ANKRD11 (16q24.3) is a chromatin 
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regulator, which modulates histone acetylation and gene expression in neural 

precursor cells. It inhibits ligand-dependent transactivation by interacting with 

HDACs to the p160 coactivator/nuclear receptor complex (Zhang et al., 2004) 

and also plays a role in the proliferation and development of cortical neural 

precursors (Gallagher et al., 2015). Mutations in ANKRD11 are usually related to 

KBG syndrome, another rare genetic disorder, whose name is due to the initials 

of the surnames of the first three families identified in 1975 (Herrmann et al., 

1975). KBG syndrome has features partially overlapping with CdLS: short stature, 

developmental anomalies of the limbs, vertebrae, extremities and/or 

underdevelopment of the skeletal bones and possible craniofacial dysmorphism 

(Fig. 7). Most patients have some degree of ID and developmental delay (Morel 

Swols et al., 2017). 

 

In recent years, thanks to NGS techniques and the use of Whole Exome 

Sequencing (WES), pathogenetic variants in several additional genes have been 

identified in patients with non-classical CdLS phenotype. These patients showed 

some features overlapping with the ones of other chromatinopathies (disorders 

whose causative genes belong to the epigenetic machinery) (Fahrner and 

Bjornsson, 2014), but they still exhibited a CdLS-like phenotype which however 

did not fulfil all clinical diagnostic criteria (Izumi, 2016). It has been reported that 

patients diagnosed with a chromatinopathies - e.g. Rubinstein-Taybi syndrome 

(#180849), Wiedemann-Steiner syndrome (#605130), Coffin-Siris syndrome 

(#135900) - may show clinical signs common to CdLS (Woods et al., 2014; Yuan 

et al., 2015; Parenti et al., 2017). It is hypothesized that this clinical overlap may 

be due to the functional network shared between the complexes associated with 

chromatin and the complex of cohesin. AFF4 (Izumi et al., 2015), EP300 (Woods 

et al., 2014), KMT2A (Yuan et al., 2015; Parenti et al., 2017), NAA10 (Saunier et 

al., 2016), SETD5 (Parenti et al., 2017), SWI/SNF complex genes (Parenti et al., 
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2017), TAF6 (Yuan et al., 2015) are the new candidate genes which however 

require further studies to be associated with CdLS (Avagliano et al., 2020) (Fig. 

7). 

 

Figure 7. CdLS differential diagnosis (Avagliano et al., 2020) 

 

1.9 COHESIN COMPLEX 

The genes encoding for proteins of the cohesin complex (i.e. NIPBL, SMC1A, 

SMC3, RAD21, HDAC8, BRD4 and ANKRD11), a multimeric system highly 

conserved across species, from the most primitive life forms to human cells 

(Haering et al., 2002; Nasmyth, 2011; Deardorff et al., 2012; Banerji et al., 2017), 

have been found to be implicated in the pathogenesis of CdLS.  
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Genetic variants causing functional alterations of this complex underly a broad 

group of congenital pathologies named "cohesinopathies", and Cornelia de 

Lange Syndrome is the most common among them (Liu and Krantz, 2009).  

Cohesins are essential Structural Maintenance of Chromosomes (SMC) protein-

containing complexes that interact with chromatin modulating its organization.  

The components of the cohesin complex form a ring-like multimeric structure 

(Fig. 8) responsible for holding sister chromatids together (Nasmyth and 

Haering, 2009). Specifically, the different subunits forming the complex are 

SMC1, SMC3, STAG1/STAG2 (or STAG3 in germ cells) and RAD21, and other 

factors (PSD5, WAPL) (Onn et al., 2008; Nasmyth, 2011). In addition, NIPBL with 

its partner MAU2 is involved in the loading of the cohesin complex onto 

chromatin during S-phase, while HDAC8 regulates the deacetylation of SMC3 

following its removal from chromatin in both prophase and anaphase to allow a 

correct mechanism up to the following cell cycle (Deardorff et al., 2012). The 

cohesin complex is fundamental for chromosomal segregation, regulation of 

gene expression, maintenance of genome stability, chromatin structure and 

genome organization, thus regulating most aspects of cell biology (Michaelis et 

al., 1997; Kagey et al., 2010; Watrin et al., 2016; Kamada and Barillà, 2018). 

Particularly, thanks to the interaction with the adherins, at the beginning of the 

cycle, the cohesins are loaded on the chromatin and, with the help of factors 

such as PDS5 and ESCO2, keep the sister chromatids stabilized together after 

the duplication of the genome. Subsequently, with the onset of mitosis and 

meiosis processes, the cohesins are concentrated at the centromere for 

compacting the structure. Finally, the proteolytic cleavage of the cohesin ring in 

anaphase allows the segregation of chromatids (Nasmyth and Haering, 2005). 
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Figure 8. Cohesin Complex modified from (Selicorni et al., 2021) 

Furthermore, this complex acts – in its non-canonical role – as one of the many 

players involved in transcriptional regulation: the cohesin complex is important 

for controlling gene expression together with tissue specific transcription factors 

and/or in combination with the CCCTC-binding factor (CTCF) insulator protein 

(Kagey et al., 2010; Zuin et al., 2014; Bettini et al., 2018). 

To date, several genes have been associated with chromatinopathies classified 

as “Cornelia de Lange Syndrome-like”. It is known that the phenotype of these 

patients can overlap with characteristic features of other syndromes caused by 

genetic variants that affect different regulators of chromatin structure and 

function. 

Interestingly, it has been observed that the cell lines of CdLS patients, although 

presenting mutations affecting the cohesins, do not show cohesin defects  

(Castronovo et al., 2009; Dorsett and Krantz, 2009). It may depend on the 

alteration of the role of cohesins and their regulators in the balancing of gene 

expression, rather than by the alteration of the cohesion activity of sister 
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chromatids (Liu and Krantz, 2009), a function probably maintained by 

compensatory factors and altered only in homozygosity.  

An analysis of the binding sites of cohesins to chromatin showed that these sites 

are overrepresented for many gene promoters (Pichè et al 2019). This suggests 

that cohesins can regulate gene expression by acting directly as transcription 

factors. However, most of the expressed genes do not appear to have any 

cohesin binding sites in their intragenic region, indicating that most genes in the 

human genome could be regulated in a cohesin-independent manner, or that 

cohesins could be involved in the regulation of such genes with different 

mechanisms, or that only some specific genes are regulated by cohesins. 

Molecular bases of CdLS are still not fully understood, but it is known that the 

cohesin complex has a fundamental role in CdLS pathogenesis due to its non-

canonical role in gene expression regulation. 

 

The canonical role of cohesins 

The DNA damage repair capacity of the cohesin complex is the philologically 

preserved function inherited from the proteins responsible for maintaining the 

chromosome structure (SMC) of bacteria (Dorsett and Ström, 2012). In 

eukaryotes, this activity was identified in a model of Schizosaccharomyces 

pombe, when it was observed that a mutation of Rad21 gave the cells a particular 

sensitivity to ɣ radiation, making DNA repair mechanisms ineffective (Birkenbihl 

and Subramani, 1992).  

Later it was shown that this function is maintained even in more complex 

organisms. Cohesins are involved in DNA damage through the cohesion of 

chromatids during the S and G2 phases of the cell cycle  (Schmitz et al., 2007); 

the recruitment of cohesins at the DNA breakpoints, regardless of the cohesion 

of sister chromatids (Potts et al., 2006) and the correct activation of the cell cycle 



 

“Activation of defective WNT pathway in Cornelia de Lange Syndrome in in vitro models “ 
PhD in Translational Medicine, Parodi Chiara 

 

34 

checkpoints, which have the role of delaying the progression of the cell cycle, 

until the integrity of the double strand is restored. Also in the latter case, the 

action is mediated by the cohesins themselves, regardless of the cohesion of the 

sister chromatids (Callegari and Kelly, 2007; Watrin and Peters, 2009). 

The second canonical role of cohesins consists in keeping the sister chromatids 

adherent during cell division, arranging themselves to form a ring structure that 

surrounds the two DNA molecules. As previously mentioned, these proteins bind 

to DNA during interphase and the complex is firmly stabilized during the S 

phase, while cell replication takes place (Moldovan et al., 2006). From phase G2 

onwards, the complex responsible for stabilizing cohesins on DNA (Esco1/2) and 

those that promote their removal (PDS5 and Wapl) compete until the PDS5 and 

Wapl complex prevails. At metaphase, almost all the cohesins are removed from 

the chromatids, except for those located in the centromeric region, which will be 

removed during the anaphase (Horsfield et al, 2012). 

 

The non-canonical role 

The non-canonical role concerns the regulation of gene expression, in particular 

during embryonic development (Dorsett, 2007). This is a very complex function 

and the mechanisms through which it works is not yet fully elucidated. It is known 

that this function is independent from the role that cohesins play in the cohesion 

of sister chromatids (Pauli et al., 2010). The first data derived from studies on D. 

melanogaster which proved that Nipped-b, NIPBL homolog, activates the 

expression of the ultrabithorax gene, while Smc3 inhibits the cut genes (Dorsett, 

2009). From several studies on Drosophila cell lines, in Drosophila salivary gland 

cells, HeLa cells, human lymphocytes, murine embryonic stem cells and partly 

also in human thymocytes and murine B lymphocytes, it was found that cohesins 

and NIPBL bind to different DNA sites scattered throughout the genome – 
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particularly in the proximity of the transcription initiation sites of active genes 

(Misulovin et al., 2008; Liu et al., 2009; Wendt and Peters, 2009). In human 

lymphoblastoid cells, an overlap has been observed between the bonds of the 

cohesive protein complex and the CCCTC binding sites (CTCF), a protein that 

promotes bonds between enhancers and promoters, through the formation of 

chromatin loops (Göndör and Ohlsson, 2008). In recent years, several studies 

have highlighted the role of cohesins and CTCF in controlling the expression of 

genes involved in the maturation of the immune system, in maintaining the stem 

cell and germ cell pool (Rubio et al., 2008; Wendt and Peters, 2009)  

Several studies have highlighted a direct role of cohesins in the formation of 

loops of chromatin portions of different gene loci (Hadjur et al., 2009). Therefore, 

it is believed that these proteins regulate gene expression in synergy with other 

gene transcription factors (Dorsett et al., 2011). 

Cohesins regulate other genes involved in maintenance of neuronal identity such 

as genes that encode for protocadherins, proteins capable of "building" 

synaptic connections. Even the processes of neuronal migration and axonal 

development appear to be regulated by the cohesin complex (Pauli et al., 2008, 

2010; Mönnich et al., 2009, 2011). 

 

Both the canonical and non-canonical role of the cohesin complex are based on 

the ability to create topological links between two segments of the chromatin 

fiber (Watrin et al., 2016). 

 

1.10 WNT PATHWAY 

A signalling pathway involved in all steps of CNS development is the WNT 

pathway (Mulligan and Cheyette, 2012). WNT signals are involved in the genesis 

and migration of neural crest cells (Lee et al., 2004; Brugmann et al., 2007; 
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Mishina and Snider, 2014; Noisa and Raivio, 2014), and are implicated in 

craniofacial development (Geetha-Loganathan et al., 2009; Song et al., 2009; Fu 

et al., 2011). WNT proteins provide information for the arrangement of the neural 

plate along the embryonic axis (Klecker et al., 2001), regulating the 

morphogenesis of the neural tube (Pinson et al., 2000; Kokubu et al., 2004; 

Carter et al., 2005) (Fig. 9).  

WNT signalling is involved in numerous events of animal development and in 

the maintenance of adult tissue homeostasis. It participates in the formation of 

neurons from neuronal stem cells, neuronal proliferation, neuron migration and 

maturation (including axon growth), dendrite formation and synaptogenesis, 

differentiation (including the proliferation of stem cells and the specification of 

the neural crest), migration, genetic stability and apoptosis (Mulligan and 

Cheyette, 2012; Inestrosa and Varela-Nallar, 2015), as well as being involved in 

the maintenance of adult stem cells in a pluripotent state (Kahn, 2015). 
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Figure 9. Expression of WNT genes during the brain development process with 

space-time overlapping of the gene expression pattern (Avagliano et al., 2017). 

 

Our current hypothesis is that CdLS malformations arise from a deregulation of 

developmental molecular pathways and in this context, our and others previous 

studies have shown that canonical WNT pathway is perturbed (Pistocchi et al., 

2013; Avagliano et al., 2017; Bottai et al., 2019; Grazioli et al., 2021).  

WNT intracellular pathway plays a fundamental role in all steps of development 

of the CNS, and in fact, its alterations have been associated to a plethora of CNS 

abnormalities (Avagliano et al., 2017). 
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WNT pathway enclose two categories that differ for the mechanism of the 

intracellular cascade (Florian et al., 2013; Thrasivoulou et al., 2013): the canonical 

WNT pathway (Wnt/β-catenin dependent pathway) and the non-canonical WNT 

pathway (β-catenin independent pathway). The non-canonical pathway has been 

further divided into additional branches: the planar cell polarity (PCP) and the 

Wnt/calcium pathways (Komiya and Habas, 2008). 

WNT consists in a group of proteins that pass signals into a cell through cell 

surface receptors. WNT-proteins bind to a frizzled family receptor (GPCR), which 

passes the biological signal to the dishevelled protein inside the cell. This leads 

to β-catenin translocation in the nucleus which in turn regulates key 

developmental genes expression (Miyabayashi et al., 2007). The non-canonical 

pathway of WNT (or β-catenin-independent pathway) is known to regulate both 

cell polarity and movements of dorsal mesodermal cells during convergent 

extension and later during neural tube closure in vertebrates (Komiya and Habas, 

2008; De, 2011). 
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Figure 10.  Mutations effects in CdLS genes on the WNT pathway and brain 

development. WNT pathway consists in a group of proteins that binds to a 

membrane receptors family known as GPCRs, which pass the biological signal 

inside the cell, determining the passage of β-catenin in the nucleus and the 

consequent expression of key developmental genes. The independent β-

catenin WNT pathway regulates cell polarity and movements of mesodermal 

cells, first during extension and then, closure of the neural tube in vertebrates. 

Modified from (Avagliano et al., 2017) 

 

β-catenin is a fundamental player of the canonical WNT pathway. When WNT 

ligands are not bound to the membrane frizzled family receptor, the intracellular 

level of β-catenin decreases because this protein undergoes proteasomal 

degradation by the “destruction complex”(Jackstadt et al., 2020). When this 

situation happens, the mechanism does not allow the nuclear translocation of 

the β-catenin which finally ends with gene transcription inhibition (MacDonald et 

al., 2009) (Fig.10). 
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2. AIM 

Pathogenetic variants affecting cohesin complex cause functional alterations and 

induce an array of congenital pathologies named "cohesinopathies", Cornelia 

de Lange Syndrome being the commonest among them.  

CdLS is a rare condition that leads to multiple malformations with wide variability 

of expression.  CdLS phenotypic features vary from mild to severe and is 

characterized by different malformations, neurodevelopmental delay and 

behavior of the autism-spectrum disorder (ASD). The prevalence of specific 

anomalies affecting the different organs is not well defined yet. The molecular 

mechanisms underlying the etiopathogenesis are not fully elucidated and this 

represents one of the main problems that hinder the progress of a possible 

therapeutic approach, as for many Mendelian genetic conditions. Thus, a deeper 

understanding of the biology of CdLS is urgently needed to develop much 

essential targeted therapies. 

From a biological point of view, our working hypothesis is that an 

haploinsufficiency of the cohesins, genetic basis of the syndrome, can lead to a 

downregulation of the canonical WNT pathway. This alteration can cause a drop 

of CylinD1 expression which leads to an increase in cell death at specific times 

in specific tissues in embryos.  

WNT pathway plays a fundamental role in all the steps necessary for the 

development of the CNS and, has been associated with several brain anomalies, 

in particular involving structures derived from the hindbrain. WNT signalling is 

involved in a plethora of developmental events and in the maintenance of 

homeostasis of adult tissues by regulating cell proliferation, differentiation, cell 

migration, stability and apoptosis as well as the maintenance of adult stem cells 

in the state of pluripotency.  
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Previous studies performed in our laboratories using in vivo models of CdLS – 

Danio rerio and Drosophila melanogaster – have shown that an alteration of the 

development of the CNS is correlated to a defective WNT pathway. The results 

have been confirmed by in vitro studies on fibroblasts from CdLS patients.  

My PhD project aimed at validating the relevance of canonical WNT pathway 

and assess possible ameliorative effects of its chemical activation in 

Lymphoblastoid cell lines from CdLS patients and in an ex vivo murine model. 
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3 Materials and Methods 

3.1 Lymphoblastoid immortalized cell lines 

Cell culturing 

Lymphoblastoid lines (LCL) from patients with different mutations were used: 6 

lines from CdLS patients carrying mutations in NIPBL (3), HDAC8 (1) or SMC1A 

(2) (Gervasini et al., 2013)(Table4) and 4 lines from healthy donors (HD) serving 

as controls. The cell lines were developed in specialized and authorized biobanks 

(the Gaslini Genetic Bank service - Telethon Network of Genetic Biobanks, 

Genoa). After immortalization process, mutations were confirmed in Medical 

Genetic laboratory in collaboration with professor Gervasini, DiSS – Università 

degli Studi di Milano. Cells were cultured using 25ml flasks in suspension in 

RPMI-1640 medium supplemented with 20% foetal bovine serum (FBS), 1% 

penicillin/streptomycin and were maintained at 37°C in a humidified incubator 

with 5% CO2. The cells were checked daily and divided as needed (depending 

on the rate of proliferation) until the exponential growth phase. 

 

Lines Gene Exon Gene mutation Protein mutation 

Sp47 NIPBL - t(5;15);inv(5p) - 

Sp11 NIPBL 19 c.4253G>A p.(Gly1418Glu) 

Sp12 NIPBL 4 c.231-2_231-1delAG p.(Glu78Valfs*4) 

Sp35 SMC1A 2 c.173del15 p.(Val58-Arg62) 

202 SMC1A 15 c.T2351C p.(Ile784Thr) 

Sp59 HDAC8 10 c.1022delG p.(Gly341Valfs*33) 

 

Table 4. Patients lines and related mutations (CE approval number 99/20) 
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Lithium exposure and additional compounds 

Cells were exposed to a canonical WNT pathway activator, lithium chloride (LiCl, 

PM 42.39 g/mol). I used three different concentrations: 1 mM, 2.5 mM, and 5 

mM ( Abu-Baker et al., 2013) or water (vehicle) as control. Lithium solution was 

freshly prepared for use. In addition, we used 4 other WNT activators 

compounds: BIO (6-bromoindirubin-3’-oxime) (0.1 μM, 0.5 μM, and 1 μM); IQ-1 

(5 μM, 10 μM, and 20 μM); Deoxycholic acid (DCA) (5 μM, 100 μM, and 250 μM); 

and CHIRR99021 (1 μM, 5 μM, and 10 μM) (Pai et al., 2004b; Naujok et al., 2014a; 

Rieger et al., 2016) or water/DMSO (vehicle) as control. Cells were treated for 24 

hours during exponential phase of growth and counted at 2 different timepoints: 

before and after chemical exposure (0, 24 hours). Proliferation/death rates were 

measured counting cells upon trypan blue staining (cells n° x dilution (2) x ml x 

104) using Bürker chamber to evaluate compounds’ effects on viability and 

cytotoxicity (Fig. 11). 

 

TUNEL assay 

Apoptosis rate in LCLs was evaluated using terminal deoxynucleotidyl 

transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay, designed to detect 

apoptotic cells during the late stages of apoptosis, as previously described 

(Bottai et al., 2019). Cells were cytospinned on glass slides (50µl per field) and 

then fixed with 4% paraformaldehyde PFA for 10 minutes at room temperature 

(RT) and washed three times in phosphate buffer saline (PBS) for 5 minutes. 

Staining for apoptotic cells was performed using the AP-In situ Cell Death 

Detection Kit (Roche Diagnostics, Penzberg, Germany) following manufacturer’s 

protocol. Slides were mounted for microscope imaging with homemade glycerol 

based mounting media with DABCO (1,4-diazabicyclo [2.2.2]octane) as anti-

fading compound. Apoptotic cells were detected with NanoZoomer-XR Digital 

slide scanner (Hamamatsu, Japan) for counting. 
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Immunofluorescence assay 

For assessing cell proliferation rate, Ki67 immunoassay (Gerdes et al., 1984) was 

used. Cells were cytospinned on glass slides (50µl per field) and then fixed with 

4% paraformaldehyde PFA for 10 minutes at RT and washed three times in PBS 

for 5 minutes. Cells were permeabilized using PBS Triton X-100 (PBT) 0,5 % for 

15 minutes and then aspecific sites were blocked with PBT 0,25 % + Foetal 

Bovine Serum (FBS) 10%, for 1 hour at RT. Slides were stained with anti-Ki-67 

primary antibody (1:250, #9129 (D3B5), Cell Signaling) overnight at 4°C, 

followed by 3 washes and then incubation with Alexa-488 anti-rabbit secondary 

antibody (1:1000, #6441-30 SouthernBiotech) for 2 hours. Slides were mounted 

for microscope imaging with EverBrite Hardset Mounting Medium with DAPI 

(#23004, Biotium) and positive cells were detected and acquired with 

NanoZoomer-XR Digital slide scanner (Hamamatsu, Japan) for counting. 

 

qPCR analysis 

RNA was extracted with Trizol (Sigma Aldrich, Italy) following the manufacturer’s 

protocol. First strand cDNA was synthesized using SensiFAST™ cDNA Synthesis 

Kit (#BIO-65054, Bioline, Italy) following manufacturer’s protocol. qPCR was 

carried out using TB Green Premix Ex Taq (Tli RNase H Plus) (#RR420A, Takara 

Bio Inc., Kusatsu, Japan) and the Applied Biosystems StepOnePlus™ Real-Time 

PCR System (Thermo Fisher Scientific, Waltham, MA, United States). Primers 

used are reported in (Table 5). Each sample was assayed in technical triplicates 

and CCND1 levels were quantified relatively to the expression of GAPDH gene. 

Data are shown as fold change, calculated as 2−ΔΔCt. 
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Homo sapiens qPCR primers 

CCND1_Fw CTGGAGGTCTGCGAGGAA 

CCND1_Rv GGGGATGGTCTCCTTCATCT 

GAPDH_Fw GAGTCAACGGATTTGGTCGT 

GAPDH_Rv TTGATTTTGGAGGGATCTCG 

 

Table 5. Primers used for Homo sapiens qPCR analyses. 

 

3.2 FUCCI2 murine primary cultures 

For modelling CdLS in primary neurons from mouse cerebellum, neurons from 

day2 transgenic mice pups FUCCI2 (Fluorescence Ubiquitin Cell Cycle Indicator) 

were harvested from cerebellum and cultured in collaboration with professor 

Bollini, DIMES – Università degli Studi di Genova. FUCCI2 technology makes 

possible the distinction between live cells in the G(1) and S/G(2)/M phases by 

dual-colour imaging. Cells were cultured in adhesion, first using Neurobasal 

Plating Media (Neurobasal Media containing B27 Supplement, 0.5 mM 

Glutamine Solution, 25 μM Glutamate, Penicillin (10,000 units/ml)/Streptomycin 

(10,000 μg/ml), 1mM HEPES, 10% Heat Inactivated Donor Horse Serum) and 

then using Neurobasal Feeding Media (Neurobasal Media containing B27 

Supplement, 0.5 mM Glutamine Solution, Penicillin (10,000 

units/ml)/Streptomycin (10,000 μg/ml), 1 mM HEPES). Cells were maintained at 

37°C in a humidified incubator with 5% CO2 (Fig. 11). 

 

Brain dissection and cell culturing 

Neurons from day2 FUCCI2 pups were harvested from cerebellum and cultured. 

The cerebellum from different pups was first isolated, then they were pooled in 
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a 1.5ml vial with cold Hanks' Balanced Salt Solution (HBSS) and kept on ice. 

Collected all the organs, HBSS was removed and a solution with 500μl of HBSS 

and 200μl of trypsin was added. After an incubation for 15 minutes at 37°C, a 

cold HBSS wash was performed and then added the plating medium. Finally, 

tissue was mechanically disrupted to single cells, which were placed in a coated 

polyethyleneimine (PEI) support using the plating medium. After at least 3 days 

– only checking daily – half volume of culture medium was changed with 

neurobasal feeding medium and the process was repeated twice a week. 

Then, cells were exposed to different conditions:  

1. FUCCI2 

2. FUCCI2 + 5 μl of DMSO (PCI-34051 vehicle) 

3. FUCCI2 + PCI-34051 5 μM 

4. FUCCI2 + PCI-34051 5 μM + LiCl 3 mM 

Drugs were added after 2-3 days, when cells were attached. 

 

Immunohistochemistry assay 

Following 18-20 days of culture, to evaluate presence of neuronal marker, DAB 

(3,3′-Diaminobenzidine) (Vector Laboratories, Inc., Burlingame, VCA 94010) 

assay was performed. Slides were stained with anti-Tuj1 primary antibody 

(neuron-specific class III beta-tubulin) (1:1000) overnight, followed by incubation 

with ABC solution (avidin-biotin complex) (Vectastain ABC kit) for 1 hour. After 3 

washes, slides were incubated in a peroxidase substrate solution (DAB, Vector 

Laboratories, Inc., Burlingame, VCA 94010) for a maximum of 20 minutes. Slides 

were mounted for microscope imaging.  

 

Immunofluorescence assay 

For assessing cell differentiation rate, immunoassay was performed. Slides were 

stained with primary antibody anti-Tuj1 (1:1000) and anti-GFP (1:500) overnight, 
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followed by incubation with anti-mouse Alexa555 and anti-rabbit Alexa488 

secondary antibodies (1:1000) for 2 hours. Slides were mounted for microscopic 

imaging with EverBrite Hardset Mounting Medium with DAPI and positive cells 

were detected and acquired with Confocal Microscope (Nikon A1R). 

 

3.3 Data analysis and statistics 

LCL counting were made picking three randomly selected fields per 

experimental group (20X magnification), and positive cells were calculated by 

counting within the three fields, by two operators blinded to experimental 

groups. Sample size was determined considering two independent study 

groups, with primary end point continuous (mean), with α error: 0.05, β error 0.2 

and power: 0.8. MRI data from CdLS patients were analysed using Fisher test. 

For all the analyses, p ≤ 0.05 (*) was set as statistically significant, p ≤ 0.01 (**), 

p ≤ 0.005 (***). Graphs were made using GraphPad Prism 7 and figures were 

assembled using either GIMP-2.1 or Adobe Photoshop CC. 

qPCR data for LCL were analysed with student’s unpaired t-test. 
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Figure 11. Materials and Methods 
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(A) LCL-CdLS and HD lines were cultured and exposed to different doses of 

lithium chloride (LiCl), and other known WNT modulating compounds (BIO, IQ-

1, DCA and CHIRR99021) for rescuing pathway downregulation. Cells were 

treated for 24 hours during exponential phase of growth and counted before 

and after chemical exposure. Cell death and proliferation assays (TUNEL test and 

Ki67 immunostaining) were performed. qPCR real-time gene expression analysis 

has been assessed to quantify the downstream targets of the WNT pathway. (B) 

Neuronal primary cell cultures derived from 2days pups of FUCCI2 transgenic 

mouse model have been evaluated. (C) The ultimate aim is the clinical trial with 

CdLS patients. 

 

3.4 SALIVA MOLECULAR TESTING FOR SARS-CoV-2 INFECTION 

Protocol to detect SARS-CoV-2 infection 

To detect severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), saliva 

sampling was used. Saliva was collected with two methods. 

1. a sterile dental cotton roll was used and it was kept for at least one minute 

next to lower premolar-molar area in the vestibular space (Fig. 12). Once 

properly soaked in saliva, the dental roll was stored in a sterile 50 ml tube, at RT 

until analysis process (stable up to 7 days). 

 

 

Figure 12 - Cotton dental roll for saliva self-collection (Borghi et al., 2021) 
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Saliva was processed under sterile conditions and recovered by using a 10 ml 

syringe for squeezing the cotton roll.  

2. LolliSponge ™ device was used and it was held in the mouth allowing the 

sponge to soak the saliva for a minute. The device could be safely stored in a 

collection tube and the contact between the hands and the sponge was avoided. 

Saliva sample could be kept at RT and being the saliva self-preserving, without 

the aid of a transport medium. LolliSponge ™ was centrifuged for 1 min at 500 

× g and saliva was recovered.  

 

 

Figure 13. Saliva Direct Protocol (modified from Vogels et al. 2020) 

 

The saliva collected was processed as recommended by Vogels et al (Vogels et 

al., 2020), making a modification of the thermocycler profile which foresees a 

passage of 5 'at 95 ° C followed by 5' at 4 ° C (Fig.13). After inactivation in pk, 

5μl of saliva were used for RT-qPCR for simultaneous detection of N1 (FAM 

probe), N2 (SUN) and human RNase P genes (RP, ATTO647) (Table 6) using the 

protocol published by the Centers for Disease Control (Real-time RT-PCR 

Primers and Probes for COVID-19 | CDC)(Borghi et al., 2021). The sample in 

which N1 and / or N2 is detected (Ct <40) are positive. Invalid samples were 

evaluated by RP (Ct> 35). 
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Description Oligonucleotide Sequence (5’>3’) 

2019-nCoV_N1 Forward 
Primer 

GAC CCC AAA ATC AGC GAA AT 

2019-nCoV_N1 Reverse 
Primer 

TCT GGT TAC TGC CAG TTG AAT CTG 

2019-nCoV_N1 Probe FAM-ACC CCG CAT TAC GTT TGG TGG ACC-BHQ1 

2019-nCoV_N1 Probe FAM-ACC CCG CAT /ZEN/ TAC GTT TGG TGG ACC-3IABkFQ 

2019-nCoV_N2 Forward 
Primer 

TTA CAA ACA TTG GCC GCA AA 

2019-nCoV_N2 Reverse 
Primer 

GCG CGA CAT TCC GAA GAA 

2019-nCoV_N2 Probe FAM-ACA ATT TGC CCC CAG CGC TTC AG-BHQ1 

2019-nCoV_N2 Probe FAM-ACA ATT TGC /ZEN/ CCC CAG CGC TTC AG-3IABkF 

RNAse P Forward Primer AGA TTT GGA CCT GCG AGC G 

RNAse P Reverse Primer GAG CGG CTG TCT CCA CAA GT 

RNAse P Probe FAM – TTC TGA CCT GAA GGC TCT GCG CG – BHQ-1 

RNAse P Probe FAM-TTC TGA CCT /ZEN/ GAA GGC TCT GCG CG-3IABkFQ 

 

Table 6 . (Real-time RT-PCR Primers and Probes for COVID-19 | CDC). 
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4. Results 

4.1 Lithium restores proliferation rate in CdLS lymphoblastoid cell lines 

I studied lymphoblastoid cell lines from CdLS patients and healthy donors to 

evaluate possible ameliorative effects of lithium treatment in patients in vitro. As 

expected (Yuen et al., 2016), I observed, when compared to control lines, a 

reduced proliferation rate in CdLS patient-derived cells (Kline et al., 2017). 

Interestingly, proliferation of CdLS cells was significantly increased upon lithium 

exposure (Fig. 14, 15A and 16A, B).  

CdLS lines were exposed to different concentrations of lithium chloride (LiCl, 

1 mM, 2.5 mM, and 5 mM). Interestingly, upon LiCl exposure, proliferation in 

CdLS cells was increased (Fig. 14, 15A and 16A, B). Very intriguingly, patient-

derived cells - light blue bars - showed a significant increase in proliferation after 

exposure to LiCl compared to the untreated cells, and also compared to lithium-

exposed healthy donor lines (HD) (Fig. 14, 15A and 16A, B).  

Such ameliorative effects mediated by WNT activation was confirmed evaluating 

Cyclin D1 expression. Cyclin D1 is a well-known gene target of WNT canonical 

pathway and is required for progression through the G1 phase of the cell cycle, 

regulating proliferation. Cyclin D1 showed a trend of increased expression 

following lithium exposure in CdLS cell lines (Fig. 15C). 

Cyclin D1 expression increased with a significant p-value ≤ 0.01 in both lines 

with mutation in SMC1A. Similarly, Cyclin D1 expression significantly increased 

in all three lines with mutation in NIPBL: we observed a significant increase in p-

value ≤ 0.05 in two lines and in p-value ≤ 0.005 in the third cell line derived from 

the patient. The HDAC8 did not show statistical significance.  
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Figure 14. Lithium rescues cell survival in CdLS LCLs through WNT activation 

using different concentrations 

(A) Proliferation of patient-derived cells (CdLS H2O, white bar) is reduced 

compared to the proliferation rate of controls (HD H2O, dots white bar). All CdLS 

lines (striped bar) exposed to lithium chloride (1mM, 2.5 mM and 5mM) showed 

increased proliferation compared to untreated CdLS cells (CdLS H2O, white bar) 

and compared to treated HD cells (solid blue bar). Data are shown as fold 

change, calculated as 2−ΔΔCt ± SD. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.005 (***). 
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Figure 15. Lithium rescues cell survival in CdLS LCLs through WNT activation 

(A) Proliferation of patient-derived cells (CdLS H2O, white bar) is reduced 

compared to the proliferation rate of controls (HD H2O, white bar). All CdLS lines 

(striped bar) exposed to lithium chloride (2.5 mM) showed increased proliferation 

compared to untreated CdLS cells (CdLS H2O, white bar) and compared to 

treated HD cells (solid blue bar). (B-C) CyclinD1 gene expression was significantly 

increased upon lithium exposure (2.5 mM) in LCLs, especially in CdLS lines 

(SMC1A: blue dotted bars, NIPBL: blue oblique bars) except for HDAC8 (blue 

horizontal bar). (B) In pulled CdLS lines (blue striped bar) CyclinD1 gene 

expression was increased upon lithium exposure (2.5 mM) compared to controls 

(blue solid bar). (C) CdLS lines are shown separately. Data are shown as fold 

change, calculated as 2−ΔΔCt ± SD. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.005 (***). 
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Importantly, these effects on proliferation rate were associated with changes in 

cell death and assay analyses showed a decrease in death in cells derived from 

patients treated with lithium (Fig. 16C-D). Remarkably, lithium exposure showed 

an increase in proliferation in vital count mirrored by a trend in decrease of cell 

death in patient-derived cells, both compared to untreated cells or to HD control 

lines. 

 

 

Figure 16. Viability in CdLS LCLs through WNT activation 

(A, B) Proliferation assay using Ki-67 was performed to evaluate the viability in 

CdLS LCLs compared to healthy donors (HD). (A) In standard conditions, the 

proliferation of patient-derived cells (CdLS H2O, white bar) is reduced compared 

to the proliferation rate of healthy donors (HD H2O, white bar). CdLS cell lines 

(blue striped bar) exposed to LiCl (2.5mM) have an increased proliferation 

compared with untreated CdLS cells (CdLS H2O, white bar) and treated HD cells 
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(blue solid bar). On the axis are reported: the experimental groups (x-axis), and 

numbers of cells in proliferation at 24 hours of lithium exposure, normalized on 

water/vehicle (y-axis). Bars express mean ± SEM. (B) Examples of cells in 

proliferation following Ki-67 immunoassay. Images were taken at 40X, while 

insets display magnification of the white square (80X). (C, D) TUNEL assay was 

used to evaluate cytotoxicity in CdLS LCLs compared to healthy donors (HD). (C) 

Upon lithium exposure, CdLS cell lines (blue striped bar) show a decrease in cell 

death compared to untreated CdLS cells (CdLS H2O, white bar) and treated HD 

cells (blue solid bar). On the axis are reported: the experimental groups (x-axis), 

and numbers of TUNEL positive cells at 24hours of lithium exposure, normalized 

on water/vehicle (y-axis). Bars express mean ± SEM. (C) Examples of positive 

TUNEL cells. Images were taken at 40X, while insets display magnification of the 

white square (80X). Scale bar represents 50 µm.  

 

4.2 Wnt activators restores proliferation in CdLS lines 

The same positive effects on proliferation rate were observed exposing the cell 

lines to other chemical compounds such as BIO, IQ-1 (Rieger et al., 2016), DCA 

(Pai et al., 2004a) and CHIRR99021(Naujok et al., 2014b) with known WNT-

activation effects (Fig. 17A-D). 

These chemical compounds activate the canonical WNT pathway on different 

levels (Table 7) and we can observe a significantly increase in proliferation using 

different concentrations.  

BIO and CHIRR99021 are GSK3β inhibitors. When chemical inhibition of GSK3β 

occurs, it leads to a pharmacological activation of the canonical WNT signalling 

pathway. However, the compound to be used in a study must be carefully 

selected as small molecules can exhibit cytotoxicity, side effects and differ in 

activity. DCA increase tyrosine phosphorylation of β-Catenin. IQ-1 is a cell-
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permeable compound that works as specific inhibitor of p300/β-Catenin 

interaction: IQ-1 modulates Wnt/β-catenin signalling by targeting a subunit of 

PP2A and thereby blocking PP2A/Nkd complex formation, resulting in 

diminished β-catenin/p300 interaction.   

BIO showed a significance of p ≤ 0.05 in increased cell proliferation in CdLS 

patient-derived lines after exposure, using different concentrations: 0.1uM, 

0.5uM and 1uM. Likewise, CHIRR99021 exhibited the same significance (≤ 0.05) 

with all three concentrations – 1uM, 5uM and 10uM. 

Upon cells exposure to DCA 5uM concentration, we observed a higher 

significant increase equal to p-value ≤ 0.01. Exposure to a concentration of 

100uM lead to a significance equal to p-value ≤ 0.05. We did not find a 

significant increase in proliferation rate using 250uM concentration.  

IQ-1 showed a similar trend with the other activator compounds. We observed 

an increase in cell proliferation using different concentrations (1uM, 10uM and 

20uM) compared to untreated patients-derived lines. 

 

 

Compound Level of action 

BIO GSK3β inhibitors 

CHIRR99021 GSK3β inhibitors 

IQ-1 PP2A activator 

DCA β-Catenin activator 

 

Table 7. WNT activators compounds. 
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Figure 17. Vital counts of LCLs. 

(A-D) Treatments with others WNT pathway activators are shown (HD untreated: 

dotted bars; treated HD: solid-colored bars). Untreated CdLS cells (white bars) are 

exposed to different concentrations of the compounds (oblique striped bars). 

Treatments with (A) BIO 0.1 μM, 0.5 μM, 1 μM; (B) CHIRR99021 1 μM, 5 μM, 10 μM; 

(C) Deoxycolic acid 5 μM, 100 μM, 250 μM (D) IQ-1 5 μM, 10 μM, 20 μM are 

represented. On the axis are reported: the experimental groups (x-axis), and 

numbers of number of live cells at 24 hours of exposure divided by number of live 

cells at T0, normalized on water/vehicle (y-axis). * p< 0.05, ** p<0.01. 

 



 

“Activation of defective WNT pathway in Cornelia de Lange Syndrome in in vitro models “ 
PhD in Translational Medicine, Parodi Chiara 

 

60 

4.3 Lithium restores neuronal rate differentiation in FUCCI2 primary cultures 

Performing immunostaining for neuron-specific class III beta-tubulin (Tuj1) on 

FUCCI2 primary cultures, I confirmed that LiCl treatment restores the rate of 

neuronal differentiation, compared to where the HDAC8 inhibitor was present – 

mimicking CdLS (Fig. 18). 

Beta-tubulins are one of two structural components that form microtubule 

network. Beta tubulin III is specifically localized to neurons and beta III tubulin’s 

expression correlates with the earliest phases of neuronal differentiation. For this 

reason, we used beta tubulin III that has implications in neurogenesis, axon 

guidance and maintenance.  

Immunofluorescence showed a normal neuronal rate in FUCCI2 when not 

treated (Fig 18 A, B). The presence of the vehicle did not interfere with the 

neurons capability to differentiate (Fig. 18 C, D).  Instead, we observed a reduced 

neuronal differentiation with HDAC8 inhibitor. 

Upon PCI-34051 (5uM) treatment we observed an inhibition effect on neuronal 

differentiation (Fig. 18 E,F).  

Remarkably, rate of neuronal differentiation rescue following exposure to lithium 

(3mM) in combination with PCI-34051 (Fig. 18 G,H). 
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Figure 18. Immunostaining for Tuj1 on FUCCI2 primary cultures 
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(E-H) Treatments with PCI-34051 and lithium. Examples of cells in neuronal 

differentiation following Tuj1 immunoassay. (A,B) FUCCI2, (C,D) FUCCI2 + 

DMSO, (E,F) FUCCI2 + PCI-34051 5 μM and (G,H) FUCCI2 + PCI-34051 5 μM + 

LiCl 3 mM. (A-H) Cell nuclei are displayed in blue (DAPI); neurons in red (TUJ1); 

green signal is present during S and G2 phases and it disappears rapidly in M 

phase (GFP). Images were acquired at 63X.  

 

CdLS patients 

Considering the results obtained in our previous studies, with our clinical 

collaborators we decided to evaluate the presence of malformations in the CNS 

in a cohort of CdLS patients. Correlations between CNS malformations and 

clinical symptoms, such as severity of intellectual disability, presence of epilepsy, 

behavioural problems or other major malformations, in particular reducing 

defects in the limbs, were evaluated. 

Analysis of the cases showed a statistically significant correlation between CNS 

anomalies, in particular of the structures of the posterior cranial fossa of 

rhomboencephalic derivation, and the presence of autistic traits. 

These findings represent an element in support of the potential relationship 

between cerebellar anomalies and behavioural issues in CdLS patients. They 

further support that brain malformations in CdLS subjects are secondary to an 

abnormal expression of the WNT pathway. It is known that WNT plays a 

fundamental role in the development of the CNS but in particular of the 

hindbrain (Avagliano et al., 2017). 
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4.4 CLINICAL TRIAL DESIGN 

Cornelia de Lange Syndrome: assessing positive effects of Lithium treatment – 

CloSER 

The purpose of this study is to evaluate the effectiveness of lithium carbonate 

therapy on behavioural modifications in patients with CdLS (Fig. 19). The 

proposal is to perform a multicentre, non-commercial pilot clinical study. The 

specific objectives are as follows: 

 

Primary outcomes 

Improvement in the following parameters: 

¨ Behaviour assessed using the Aberrant Behavior Checklist (ABC scale1) which 

measures psychiatric symptoms and behavioural disorders even in patients 

with intellectual disabilities; 

¨ SCQ questionnaire (SCQ; Rutter, Bailey & Lord, 20032) to assess 

communication skills and social functioning; 

¨ Childhood Autism Rating Scale (CARS 2 -T3) for the assessment of autistic 

behaviour; 

¨ Cognitive Performance through the Leiter scale (Leiter-R, Roid & Miller, 

19974), a non-verbal scale that can be used for subjects between 2 and 20 

years of age. 

¨ Vineland Adaptive Behavior Scales 2 to also evaluate the adaptive 

functioning in the different areas (motor, communication, autonomy, 

socialization). Furthermore, for very serious patients, for whom a direct 

evaluation with the Leiter might be insignificant or impossible, it would allow 

to have adaptation quotient (QD). 

 

Secondary outcomes 

To evaluate improvement of the following parameters: 
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¨ Sleep quality through the Sleep disturbances scale for children (SDSC5), 

to be administered to parents; there are two versions, one for subjects 

between 6-16 years, the other for children 3-6 years; 

¨ Impression of Change Clinical Global Impression of Change (CGI-C) filled 

in by the clinician at each visit; 

¨ Improvement of the quality of life through Pediatric Quality of Life 

Inventory (PedsQL6); 

¨ Specific biomarkers (TBARS - thiobarbituric acid reactive substance assay) 

used to measure lipid peroxidation in cell, tissue, and biological fluid 

extracts. 

 

Study centres and number of subjects  

It is planned to enrol at least 15 subjects affected by CdLS, belonging to the 

Childhood Epilepsy-Neuropsychiatry Center of the A.O. San Paolo ASST-Santi 

Paolo e Carlo of Milan, at the U.O. Department of Pediatrics of the ASST Lariana 

and the Child and Adolescent Neuropsychiatry Operating Unit (UONPIA) IRCSS 

Ca 'Granda Foundation Ospedale Maggiore Policlinico di Milano.  The 

laboratory analysis will be carried out at the ASST-Santi Paolo e Carlo 

laboratories in Milan and the Applied Biology laboratories of Prof. Valentina 

Massa at the Department of Health Sciences, Università degli Studi di Milano. 

 

Inclusion criteria 

The patient must meet all the following inclusion criteria to be eligible for study 

participation: 

à Age> 4 years 

à Body weight within the normal range in the reference range for CdLS, based 

on age and height; 
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à Diagnosis of CdLS based on consensual clinical criteria and a confirmed 

mutation in the NIPBL gene; 

à Stable medication treatment for 4 weeks before starting the study; 

à Written consent signed by the parent / legal guardian / representative prior 

to the screening visit; 

à Ability to take study drug provided in capsules or drops (for younger patients 

and those with swallowing difficulties) or combined with food / drink 

à The caregiver must be able to understand the instructions and consciously 

participate in the study. 

 

Exclusion criteria 

The presence of one of the following cases excludes a patient from participation 

in the study: 

à The patient is participating in another clinical trial; 

à QT interval prolongation, thyroid dysfunction, renal or hepatic insufficiency, 

leukopenia or other currently clinically significant medical disorders 

(determined by the investigator), in addition to those directly related to 

CdLS; 

à QTcF interval on ECG greater than 450 msec; 

à Severe diabetes mellitus or hereditary metabolic dysfunction. 

 

Figure 19. Study design: 52-week prospective treatment study to evaluate the 

efficacy of lithium carbonate in CdLS. 
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Patients will receive a drug supply at T0 for the following 2–4-week period. Dose 

titration to dose level 2 should be completed by day 15. If there are no 

tolerability issues, patients will continue with the maximum tolerated dose (MTD) 

even if it represents the final dose. Patients will receive a supply of study drugs 

at each visit. The date, time and number of capsules administered by the 

caregiver will be recorded on the Case Report Form (CRF). If intolerance 

develops at any time during the study, the investigator can reduce the patient's 

dose by interrupting the single dose and dosing every other day. Patient unable 

to tolerate treatment even after dose interruption should be discontinued from 

the study.  

Whenever the patient access to the hospital for a visit, a saliva collection for 

SARS-CoV-2 detection using LolliSponge™ will be performed, if pandemic is still 

ongoing. 

 

Sample size 

The study foresees the enrolment of at least 15 patients. The sample was 

calculated based on the expected changes in the Biomarker levels (5% 

difference on the average of the general population 0.374 StDev 0.02, alpha 

0.05, power 80%, n = 9) and the expected changes in the scales used (15% mean 

difference general (80 ± 5), alpha 0.05, power 80%, n = 12), also taking into 

account the expected size of treatment effects. 

Patients will be considered to have completed the study after conducting the 

last follow-up visit. Patients can withdraw from the study at any time according 

to their decision or the investigator can decide to leave the study for lack of 

compliance or safety reasons. 

The study aims to evaluate whether lithium treatment may represent a valid 

option for improving behaviour and cognitive performance in CdLS patients. 
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Study protocol 

The study will include the following phases: 

à Screening / Baseline (T0): Subjects will be considered for the study if they 

meet the inclusion criteria. This phase includes medical history, including 

drug history in treated patients and evaluation of concomitant medications, 

and clinical evaluation. 

Each subject will undergo cognitive assessment (Leiter-R scale and Vineland 

Adaptive Behavior Scales 2), behavioral scales (ABC and CARS-T) 

communication and social function scales (SCQ), sleep quality scales (SDSC) 

and quality of vita (PedsQL) in collaboration with Dr. Ajmone of the UO of 

Childhood and Adolescent Neuropsychiatry (UONPIA) IRCSS Ca 'Granda 

Foundation Ospedale Maggiore Policlinico of Milan. Laboratory tests 

(hematology, biochemistry, urinalysis, serum pregnancy test for post-

pubertal women and thyroid function tests) and 12-lead ECG will be 

performed at the Epilepsy Center, ASST Santi Paolo Carlo in Milan. Plasma 

levels of TBARS, known to be associated with lithium treatment, will be 

evaluated. 

Written informed consent will be collected from the parents / legal 

representative of eligible CdLS patients willing to participate in the study. 

à Start Drug Treatment (SDT, 1 week after T0): Patients included in the study 

begin taking the drug after the clinical evaluation of the tests performed at 

T0. A blood sample will be taken for the preparation of lymphoblastoid lines 

derived from patients by immortalizing lymphocytes with Epstein-barr virus 

(EBV) at the "Istituto Giannina Gaslini" in Genoa and the mutation of the 

immortalized cell lines will be confirmed thanks to the use of molecular 

genetics techniques such as PCR and Sanger sequencing at the Medical 

Genetics laboratory of the University of Milan. The preparation of the lines 
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guarantees genetically characterized material on which to carry out molecular 

and cytotoxicity tests. 

à T1 (2 weeks ± 3 days after SDT): clinical evaluation, laboratory tests including 

serum lithium levels, renal and thyroid function, and ECG. Any adverse events 

will be recorded and concomitant medications evaluated. 

à T2 (2 weeks ± 3 days after T1): clinical evaluation, blood tests including serum 

lithium levels, renal and thyroid function and ECG, as well as safety concerns. 

à T3 (1 month ± 1 week after T2): clinical evaluation, laboratory tests 

(haematology, biochemistry, urinalysis, serum pregnancy test for post-

pubertal women and thyroid function tests) and ECG. Plasma levels of TBARS 

will be evaluated. 

à T4 (1 month ± 1 week after T3): clinical evaluation, blood tests including 

serum lithium level, renal and thyroid function and ECG, as well as safety 

concerns. 

à T5 (3 months ± 1 week after T4) - Laboratory tests (haematology, 

biochemistry, serum lithium level, urinalysis, serum pregnancy test for post-

pubertal women and thyroid function tests) and 12-lead ECG will be 

performed. Plasma levels of TBARS will be evaluated. 

à T6 (3 months ± 1 week after T5): end of the first study period: Laboratory 

tests (haematology, biochemistry, serum lithium level, urinalysis, serum 

pregnancy test for post-pubertal women and thyroid function tests will be 

performed) and '12-lead ECG. 

à Follow-up T7 (3 months ± 1 week after T6): all patients will return for final 

evaluations. A final safety level (laboratory tests, ECG, vital signs) and efficacy 

evaluation will be performed. The scales and tests carried out at the baseline 

will be repeated.  
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Patients benefiting from lithium therapy will be guaranteed the continuation of 

the treatment and the relative controls relating to the tolerability / safety of the 

drug. 

The other analyses are part of the clinical practice of managing the CdLS patient. 

 

Statistical analysis 

Clinical, demographic, and biochemical data will be presented as mean and 

standard deviation, if normally distributed, otherwise as median and interquartile 

range for continuous variables, and as percentages for categorical variables. For 

pre / post comparisons the differences in continuous variables will be analysed 

by t-test for paired data (or non-parametric equivalent - Wilcoxon test-) or 

McNemar's test for qualitative variables; the Chi-square test or Fisher's exact 

test, as appropriate, will instead be used for categorical variables. Specific 

statistical tests and corrections can be used where necessary. 

 

4.5 Protocol to detect SARS-CoV-2 infection 

During the SARS-CoV-2 pandemic, I was part of the team who worked on a new 

tool for SARS-CoV-2 infection. We started from the SalivaDirectTM protocol of 

Yale University (Vogels et al., 2020)  – FDA emergency approved – and we 

optimized a saliva collection method able to guarantee a correct self-sampling 

or caregiver-guided sampling.  

The following months, a new device for saliva collection was developed and 

optimized thanks to the collaboration between Prof. Elisa Borghi of Medical 

Microbiology laboratory and Professor Valentina Massa of Applied Biology 

laboratory, University of Milan, and Copan Italia S.p.A. (same manufacturer of 

nasopharyngeal swabs) – called LolliSponge ™ (Fig. 20).  
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Figure 20. (Self - LollispongeTM buccal sponge and swabs | Copan).  

(Ottaviano et al., 2021) 

This tool represents a possible advantage of an active saliva sample surveillance 

for early detection of SARS-CoV-2 (Wyllie et al., 2020). Viral replication in saliva 

begins in the very early stages of SARS-CoV-2 infection and the viral load is 

independent of symptoms severity (O’Donnell et al., 2020), thus allowing to 

identify the (even asymptomatic) infected subjects in a timely manner (Wang et 

al., 2004). 
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5. Discussion 

CdLS is a rare genetic disorder characterized by growth retardation, mental 

delay, peculiar facial dysmorphism and, in most cases, by abnormalities of the 

upper limbs. The causative genes known for this syndrome encode proteins that 

belong to the cohesin protein complex.  The basic research on cohesins had a 

growing interest in recent years since the "non-canonical" role of cohesin was 

identified, i.e. control of gene expression by the complex (Horsfield et al., 2012). 

Several studies tried to clarify which role was involved in cohesinopathies and in 

particular in the CdLS, and thanks to in vitro and in vivo experimental studies, it 

is currently believed that the "non-canonical" role is the main altered as a result 

of mutations underlying this condition (Dorsett, 2007; Horsfield et al., 2012). 

In several works, researchers found that inactivating somatic mutations in genes 

that encode for cohesin subunits were a major cause of human cancer. These 

mutations (genes encoding SMC1A, SMC3, and the nipped-B-like protein) were 

heterozygous missense mutations of unknown functional significance. 

Subsequent sequencing of the cancer genome demonstrated that mutations in 

genes encoding the cohesin subunits (most commonly truncating mutations in 

STAG2, but also heterozygous missense mutations in RAD21, SMC1A, SMC3 

and NIPBL) were present in bladder cancer, myeloid leukaemia, brain tumours, 

other types of cancer. That cohesin genes were involved in tumorigenesis was 

an unexpected discover. Cohesins are fundamental component of the basic 

cellular machinery that controls mitosis (Guacci et al., 1997; Michaelis et al., 

1997; Losada et al., 1998) and their inactivation was expected to be incompatible 

with cellular proliferation. This may help explain why many tumour-derived 

mutations of these genes are heterozygous missense mutations that not 

completely inactivate functions of the encoded protein. Furthermore, it was 

already known that hereditary heterozygous mutations in the NIPBL gene were 

responsible for an inherited neurodevelopmental syndrome which is not known 
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to be a cancer predisposition syndrome: Cornelia de Lange syndrome (Nasmyth, 

2002; Krantz et al., 2004). 

The control and regulation of different gene pathways could be responsible for 

the heterogeneity of the clinical involvement of CdLS patients. Experiments here 

discussed further demonstrate how the WNT pathway - which plays a crucial role 

in the development of the central nervous system - is altered in CdLS. The 

canonical WNT pathway is mediated by the activation of β-catenin, which 

translocates to the nucleus where it binds DNA for the regulation of gene 

expression. In several studies this mechanism has been observed to be defective 

and reduced in CdLS models (Clevers et al., 2000; Tortelote et al., 2017). 

Our previous studies focused on central nervous system development, here we 

aimed at studying modelling cells response to a possible chemical treatment.  

Lymphoblastoid cell lines (LCLs) have been selected for our set of experiments, 

considering the nature of this cell type which allows abundant repetitive 

experiments compared to primary cultures. We used LCLs derived from CdLS 

patients with pathogenic variants in several causative genes. LCLs represent a 

useful cohesin-defective in vitro system, because of their role in the bone marrow 

structure and development (Bettini et al., 2018; Fazio et al., 2019; Mazzola et al., 

2020). Despite it would be interesting to have data on prolonged treatments, 

the effect was evaluated only after 24h, that might probably explain the modest 

effects observed and represent. In the future, we plan to evaluate the impact of 

WNT modulation on gene expression and/or 3D chromatin organization in 

patients' cells. 

Studies on CdLS in vivo models have shown an increase in cell death in the 

developing brain (Horsfield et al., 2007; Pistocchi et al., 2013; Fazio et al., 2016) 

associated with a reduced activation of the canonical WNT pathway further 

demonstrating that its chemical activation is able to rescue the affected 
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phenotype in nipbl and smac1a knocked-down D. rerio (Avagliano L. et al 2017). 

Interestingly we showed that WNT activators, such as lithium chloride (LiCl), 

induce an increase in proliferation, especially in cell lines that normally grow 

slowly compared to controls (i.e., CdLS LCLs). This significant boost has been 

also observed when cell lines have been exposed to other WNT compound 

activators (BIO, IQ-, DCA and CHIRR99021). At the same time, we further 

investigated cell viability, appreciating a reduction in cell death after LiCl 

exposure in patient-derived cells.  

Among the known targets of WNT canonical pathway, Cyclin D1 (CCND1) is the 

most widely described (Shtutman et al., 1999). In particular, CCND1 is known to 

play a pivotal role during neurogenesis, and it is required for progression 

through the G1 phase of the cell cycle. Reduced regulation of Cyclin D1 and 

increased apoptosis are common features of cohesinopathies (Fazio et al. 2016). 

The importance of the balance of apoptosis levels of CNS modelling in model 

systems are extensively described (Hayashi et al., 1996; Massa et al., 2009). Our 

group demonstrated that cohesins are highly expressed in the cerebellum 

(Bettini et al., 2018) accordingly, zebrafish CdLS models displayed aberrant 

structure in the hindbrain region (Fazio et al., 2016). Furthermore, a mouse 

model study of neurological damage and cerebellar hypoplasia suggests a direct 

correlation between reduced levels of CCND1, increased apoptosis and 

morphological abnormalities in the developing cerebellum. In our experiments, 

Cyclin D1 expression significant increases after exposure to lithium, in most of 

CdLS lines. Interestingly, the activation of WNT pathway (although it is not yet 

understood the underlying mechanism) seems to rescue in vitro the expression 

of genes involved in CdLS pathogenesis and in pathway sensitive to a cohesins 

haploinsufficiency. 

We confirm our data mimicking CdLS in CNS ex vivo model exploiting FUCCI2 

technology (Sakaue-Sawano et al., 2008), that provides a powerful model system 
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to study the coordination of the cell cycle and development. FUCCI2 emits a 

detectable mCherry signal during the G1 phase of the cell cycle, but decreases 

upon entry into the S phase, while the mVenus signal is present during the S and 

G2 phases. Both mCherry and mVenus are absent during the advanced M phase, 

therefore no fluorescence signal is detected. During the transition from G1 

phase to S phase, cells emit both red and green fluorescence appearing yellow. 

This tool allows us to study death and proliferation at the level of the CNS, an 

extremely complex system. 

Some studies performed by our group on an in vitro model of hiPSCs (useful tool 

for studying neural development through its lineage differentiation) revealed 

concordant results. Cells were treated with PCI-34051, a specific HDAC8 

inhibitor, implicated in the pathogenesis of CdLS, (Bottai et al., 2019) and the 

dynamics with which an impairment of the cohesin complex could be reflected 

in a human cell model was observed. At the same time, the canonical WNT 

pathway was activated chemically. Downstream analyses showed that the 

differentiation capabilities of cells, in which HDAC8 was inhibited, were 

improved and the activation of the WNT pathway reflected on the hiPSC 

phenotype. By treating hiPSCs during the neuronal differentiation process, we 

highlighted that HDAC8 inhibition interfered with the correct neuronal 

differentiation process. Curiously, this damage appeared to be recovered by 

activating the canonical pathway of the WNT through exposure to LiCl.  

These data are in line with previous results, using murine neural stem cells (Bottai 

et al., 2019). Moreover, using in vitro CdLS model, we further demonstrated how 

cohesin genes, through the WNT pathway, play a determining role compared to 

the maintenance of the CNS and how the chemical activation of the pathway 

could rescue the normal functionality of the mechanism. 

Studying Drosophila melanogaster it has been shown that, through the 

administration of LiCl, the canonical activation of the WNT pathway results in a 
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morphological improvement in mushroom bodies (MB) in adult flies. MB are a 

symmetrical CNS structures involved in olfactory learning and memory.  

Nipped-B407 CdLS flies showed abnormal morphology of MB. After breeding 

parental flies on LiCl, the rescue of MB morphology was observed in a significant 

percentage of mutants. Treatment with lithium succeeded in improving the 

phenotype not only in the embryo, but also in adult animals of the F1 generation. 

So, it was shown that a molecular improvement resulted in a macroscopic 

structural recovery. 

Wnt1-/- embryos show severe malformations with no midbrain and cerebellum 

originating from the anterior metencephalon (McMahon et al., 1990; Thomas et 

al., 1990). In addition, it has been shown that β-catenin inactivation caused by 

WNT1 deletion results in severe brain malformations and craniofacial failure 

(Brault et al., 2001). In CdLS patients, the most frequently reported anomaly is 

microcephaly. 

Kline and colleagues published a series that includes 15 clinically diagnosed 

individuals with CdLS, describing them from a neuroradiological point of view. 

Authors failed to demonstrate a significant correlation between brain 

abnormalities observed on MRI and the behavioural aspects of the investigated 

patients (Roshan Lal et al., 2016). 

Nonetheless, the limited number of neuropathological studies available confirm 

these anomalies. The 2018 Consensus highlights the indication to perform an 

MRI scan for individuals suffering from CdLS with neurological manifestations. In 

fact, the mere presence of microcephaly in an individual with CdLS with 

molecular confirmation does not in itself constitute an indication to perform 

neuroradiological investigations (Kline et al., 2018). 

Our  collaborators obtained clinical data on the largest cohort (n=155) of CdLS 

patients ever published (Grazioli et al., 2021). In particular, CdLS patients have 
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been analysed evaluating the type and the prevalence of anomalies affecting the 

central nervous system. Prior to that, studies describing CNS abnormalities of 

CdLS patients were performed by Whitehead (Whitehead et al., 2015), who 

compared the neuroradiological characteristics of 8 CdLS patients, and by 

Roshan Lal (Roshan Lal et al., 2016) who obtained data from 15 CdLS patients 

by nuclear magnetic resonance (NMR), but most information was reported in 

individual case reports. 

CdLS patient data analysis has highlighted a statistically significant correlation 

between CNS anomalies and clinical-neurological variables, such as autism and 

severe cognitive retardation.  

With this work we demonstrated – using in vivo and in vitro CdLS models – how 

the cohesin genes, through the WNT pathway, have a determining role with 

respect to the structure of the CNS. The comparison with clinic showed a higher 

prevalence of CNS anomalies of hindbrain derivation, in full consistency with the 

data of the experimental models. 

To date, only medical and surgical therapeutic interventions aimed at improving 

the quality of life are recommended for these patients. No drug therapy is 

validated for cognitive / behavioural disorders. 

Lithium is already widely used in psychiatry and has a long history of clinical 

efficacy as the first drug used in the treatment of mental illness. This drug is 

approved for the treatment of bipolar disorder due to its ability to stabilize mania 

and depression. Its use must be properly monitored so that ideal blood 

concentrations (0.4-1.2 mequiv / L) are maintained and to monitor possible side 

effects. 

Currently, some studies are evaluating the effects of lithium in non CdLS patients 

which however present overlapping features to CdLS. A clinical trial has 

proposed lithium therapy for treatment of Fragile X Syndrome showing 
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promising results (Liu and Smith, 2014). These patients share phenotypic 

characteristics with CdLS patients, in particular intellectual disability and a 

character profile that includes the autism spectrum disorder. Another work 

demonstrated the efficacy of lithium treatment as a mood stabilizer in two 

patients with mutations in SHANK3 gene who were diagnosed with autism 

spectrum disorder in childhood (Serret et al., 2015). 

The project we present intends to transfer the preliminary data obtained from in 

vitro and in vivo studies to patients with CdLS (Deardorff et al., 2012; Barbero, 

2013; Fazio et al., 2016; Bettini et al., 2018; Bottai et al., 2019; Luna-Peláez et 

al., 2019; Grazioli et al., 2021). Given the currently untreatable nature of the 

syndrome, this treatment could represent a possible therapeutic strategy aimed 

at improving the behavioural and intellectual disabilities typical of CdLS. The 

study aims at evaluating whether lithium treatment may represent a valid option 

for improving behaviour and cognitive performance in CdLS patients. 

In the contest of fragile individuals and in children, LolliSponge™ represents a 

simple tool for testing for SARS-CoV-2 infection. Italy was the first European 

Country to be involved in the COVID-19 pandemic and Lombardy region was 

the epicenter (first pandemic spread in spring 2020). During the first wave peak 

of SARS-CoV-2, there was a particular risk in specific fragile populations for 

severe COVID-19. LolliSponge™ allows an active and simple surveillance on 

patients who refer to medical examinations, moreover without specialized staff 

for sampling. 
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6. Conclusions 

My data on LCLs confirm the impairment of WNT canonical pathway in CdLS. 

Importantly, based on my in vitro and ex vivo studies and complementary studies 

in animal models – which do not include mouse model as it does not recapitulate 

CdLS phenotype as well – WNT activators such as lithium can rescue adverse 

phenotype. 

Because of pandemic, the planned clinical trial for treating CdLS patients with 

lithium was delayed, however the study design has been completed and ready 

to start. 

The purpose of this study will be to evaluate the effectiveness of lithium therapy 

on behavioural modifications, communication skills and social functioning sleep 

quality and other different areas in patients with Cornelia de Lange syndrome. 

Specific biomarkers (TBARS - thiobarbituric acid reactive substance assay) will be 

used to measure lipid peroxidation in cell, tissue, and biological fluid extracts. 

Moreover, should the pandemic still be undergoing, I plan to use a new method 

for molecular testing to detect SARS-CoV-2 RNA when such clinical trial starts.  

Indeed, I was part of the team  to develop a new device for saliva collection and 

molecular testing to detect SARS-CoV-2 RNA.  Starting from the FDA emergency 

approved SalivaDirectTM protocol of Yale University, we optimized a saliva 

collection method able to guarantee a correct self-sampling or caregiver-guided 

sampling.  In the contest of fragile individuals, like CdLS patients, this tool can 

be the breakthrough for infection surveillance. 
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Abstract

Monitoring the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) community-
wide transmission with a suitable and effective sampling method would be of great support for
public health response to the spreading due to asymptomatic subjects in the community.
Here, we describe how using saliva samples for SARS-CoV-2 detection has allowed for a
weekly surveillance of a small business company and the early detection of coronavirus disease
2019 cases.
As on 23rd March, two cases were detected and investigated, and control measures were
rapidly applied.

At the beginning of November 2020, a small business company implemented a weekly surveil-
lance of all employees based on molecular detection of severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) infection using saliva as sampling method (planned surveillance).
Active surveillance in closed communities based on multiple saliva testing could be a compre-
hensive approach to identify asymptomatic subjects and to reduce the transmission of
SARS-CoV-2 infection [1, 2]. Saliva specimens allow for self-collection and repetitive testing
by reducing the discomfort, thus increasing subject compliance [3, 4]. Hence, this strategy was
envisaged for an elevated compliance and attendance to the surveillance activity. All 32
employees located in the surrounding area of Milan agreed to participate in such surveillance.
The small business company consists of 10 different open space offices (three to six people per
office, depending on the office size) located on two different floors, and one office with six
employees in a nearby building. In the main building two kitchen areas for coffee breaks (max-
imum three people at one time) and a lunchroom (maximum six people at one time) were
accessible for all the employees.

Employees were asked to provide a self-sampled saliva and a self-evaluation form with
information on body temperature and presence of commonly referred coronavirus disease
2019 (COVID-19) symptoms.

COVID-19 cases were defined by a positive SARS-CoV-2 test. SARS-CoV-2 laboratory con-
firmed cases and their close contacts were tested every three days from the first positive
SARS-CoV-2 test for 14 days (tight-mode).

Self-sampled saliva was collected using an ad hoc designed disposable prototype
(LolliSponge™, Copan, Brescia, Italy) consisting of sponges inserted on a plastic shaft, fixed on
a screw cap. A plastic tube allows to protect collected samples during transport to the laboratory.
This system was validated by comparing paired nasopharyngeal swab (NPS) and LolliSponge™
samples (Supplementary Fig. S1).

Briefly, the LolliSponge™ was kept for one minute in the mouth allowing for the sponge to
soak true saliva. The device is conceived so that the sponge does not come in contact with
hands whereas can be safely stored in a collecting tube. Samples, maintained at room tempera-
ture (RT) and without transport medium as saliva is self-preservative, were delivered and
tested for SARS-CoV-2 by quantitative reverse transcription polymerase chain reaction
(qRT-PCR) assay at the microbiology laboratory of the Department of Health Sciences of
the University of Milan, as previously described [5] with few adaptations. Saliva was recovered
by centrifuging the device for 1 min at 500 ! g. Briefly, 5 !l of saliva, upon treatment with pro-
teinase K and heat inactivation, were used for RT-qPCR for the simultaneous detection of N1
(FAM probe), N2 (SUN) and human RNase P (RP, ATTO647) genes using the protocol pub-
lished by the Centers for Disease Control [6]. Samples were considered positive upon detection
of N1 and/or N2 (Ct <40). Invalid samples were assessed by RP (Ct >35).
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A total of 32 subjects (mean age 39.5 years, range 25–71), 22
females and 10 males, underwent weekly testing. According to
National laws [7], 30%–70% of staff was allowed to work in the
office, leading to a variation in the planned frequency of sampling.

Starting from the 6th of November, a total of 397 samples were
analysed, with a mean of 12.41 samples/persons during the sur-
veillance time and 2.5 samples/month/persons.

On the 17th of February, the first positive case was detected
(N1 Ct = 34.8, N2 Ct = Undetected, RP Ct = 27.5). The subject
(C1) was a healthy 38-year-old female and was promptly isolated
and contact tracing started. Because of the National Law, the sub-
ject was attending work fortnightly, and did not report any direct
contact with colleagues or family members for the previous seven
days. She recounted a meeting with few friends that were later
found positive by National Health Service (NHS) NPS testing.
The planned tight-mode surveillance did not highlight any
other positive results. C1 was always asymptomatic.

On the 5th of March another case (C2), a healthy 71-year-old
man, tested positive (N1 Ct = 20.5, N2 Ct = 25.5, RP = Ct 26.6)
triggering contact tracing and tight-mode surveillance (work and
household contacts of positive cases were offered testing every 3
days). The day after, his family member (C2.1), a previously
healthy 71-year-old woman, also tested positive, and developed
fever. Both subjects presented with interstitial lung disease (ILD)
on the 15th of March, about 10 days after their positivity in saliva.

In the company, five people were considered at risk for sharing
open space and three for sharing the lunch break. All these close
contacts tested negative for SARS-CoV-2 on the 5th of March.
They were all advised to increase protective measures at home.
On the 8th of March, two (C2.2 and C2.3) of the eight contacts
became positive to SARS-CoV-2 infection, all of whom shared

the open space office with the index case. C2.2, a healthy
42-year-old man, presented mild symptoms and remained posi-
tive for 11 days. He was isolated from his family on the 6th of
March and none of his four family members showed positive
results. C2.3, a healthy 43-year-old woman, did not implement
any isolation measures at home and both her family members
(C2.3.1 and C2.3.2) tested positive in saliva on day 6. Four days
after the detection in saliva, C2.3 and her family members pre-
sented COVID-19 symptoms. At the end of the 14 days-tight sur-
veillance none of the 29 other employees was infected (Fig. 1). To
note, hospitalised cases in our study resulted from a sustained
exposure (at home).

In this report, we present the possible advantage of an active
surveillance using saliva samples for the early detection of
SARS-CoV-2 [8] and the mitigating effects on COVID-19 outbreak
in a small business company in the metropolitan area of Milan,
Lombardy, one of the areas most affected by SARS-CoV-2 pan-
demic in Italy. In our study, positive cases were detected during
the two peaks of viral circulation in Lombardy (November 2020
and March 2021) [9]. Given that, in our country, mainly symptom-
atic subjects are normally tested, the percentage of positive subjects
in our asymptomatic cohort is difficult to be compared with
officially reported numbers.

Further, it is possible to hypothesise a higher compliance to
suggested mitigation measures – i.e., masking, distancing, air
changing etc. – in a population actively seeking for surveillance.

Viral replication in saliva starts in the very early phases of
SARS-CoV-2 infection, and viral load is independent of symptom
severity [10], thus permitting to identify infectious subjects
timely, also in asymptomatic individuals [11]. Clearly, saliva dro-
plets represent a too often underestimated but extremely efficient

Fig. 1. Timeline of the active surveillance: in grey, planned surveillance; in purple, tight-mode surveillance; in green, self-reported clinical data.
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route of transmission, as described also for other respiratory
viruses [12].

This study exemplifies how measures based on case-based sur-
veillance ! i.e., of notified cases, mostly symptomatic [13]! fail to
control or mitigate viral spread. All the positive subjects identified
by the planned surveillance were asymptomatic at the time of test-
ing, with no recognised risk of exposure.

Based on our data, whereby implementing recommended con-
trol measures led to interrupting the outbreak [14], we suggest
designing active surveillance based on saliva for closed communi-
ties, even on a bigger scale such as schools and residential care
home. Timing could be fine-tuned according to local epidemio-
logical situation and tightened upon positive cases. Larger studies
evaluating costs, logistics and feasibility are currently undergoing
in our country.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0950268821001473.
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Prenatal exposure to valproate (VPA), an antiepileptic drug, has been associated with

fetal valproate spectrum disorders (FVSD), a clinical condition including congenital

malformations, developmental delay, intellectual disability as well as autism spectrum

disorder, together with a distinctive facial appearance. VPA is a known inhibitor of

histone deacetylase which regulates the chromatin state. Interestingly, perturbations

of this epigenetic balance are associated with chromatinopathies, a heterogeneous

group of Mendelian disorders arising from mutations in components of the epigenetic

machinery. Patients affected from these disorders display a plethora of clinical

signs, mainly neurological deficits and intellectual disability, together with distinctive

craniofacial dysmorphisms. Remarkably, critically examining the phenotype of FVSD

and chromatinopathies, they shared several overlapping features that can be observed

despite the different etiologies of these disorders, suggesting the possible existence of

a common perturbed mechanism(s) during embryonic development.

Keywords: fetal valproate syndrome, chromatinopathies, anti-epileptic drugs, neurodevelopment, HDAC inhibitor

INTRODUCTION

Prenatal exposure to antiepileptic drugs (AEDs) are subject to the teratogenic e�ects associated
with all of the frontline AED medications. Most women with epilepsy receiving adequate prenatal
care will have uneventful pregnancies, but they are at a well-documented increased risk for having
infants with congenital malformations compared to the general population (Viale et al., 2015).
In utero AED exposure places their o�spring at increased risk not only for major congenital
malformations, but also for adverse neurological developmental outcomes. However, many of these
risks can be mitigated through comprehensive prenatal maternal care by carefully selecting the
type and dose of AEDs prior to conception and continuing to follow a proper therapeutic regimen
throughout pregnancy (Tomson et al., 2011). Among all AEDs, valproate (2-propylpentanoic
acid, VPA) exposure has been associated with the greatest risks of inducing severe teratogenicity
(Lammer et al., 1987; Tomson et al., 2015). Several studies demonstrated a correlation between
chronic exposure to VPA treatment and higher risk of displaying fetal anomalies–such as neural
tube defects (NTDs), distinctive facial dysmorphia, craniofacial, and skeletal defects–in both in
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humans and in animal models (Massa et al., 2005, 2006). Among
the teratogen-induced congenital malformations, the most
commonly observed include spina bifida, atrial septal defects,
cleft palate, hypospadias, polydactyly, and craniosynostosis
(Macfarlane and Greenhalgh, 2018).

Animal experiments demonstrated morphogenic
anomalies throughout the entire axial skeleton and vertebral
transformations in rat embryos due to VPA exposure, suggesting
a possible compromise of the expression of genes involved in
vertebral segments development (Menegola et al., 1998, 1999). In
addition, an altered serotonergic di�erentiation, which correlates
with autism-like behavioral abnormalities, was observed both in
rodent and zebrafish models in response to prenatal valproate
exposure (Dufour-Rainfray et al., 2010; Jacob et al., 2014). The
amount of fetal harm appears to be linked to the maternal
concentration of the drug (Nau et al., 1981; Nau, 1985), especially
when it occurs in the first trimester during fetal organogenesis
(Macfarlane and Greenhalgh, 2018). In animal models, such
as Xenopus and Hyperolius, the beginning of gastrulation was
delayed up to neurulation upon embryonic exposure to VPA,
and eventually they displayed NTDs of di�erent types and degree
(Oberemm and Kirschbaum, 1992). To date, the correlation
between typical dysmorphic facial features and developmental
outcomes is unclear (Kini et al., 2006; Nicolini and Fahnestock,
2018).

Fetal valproate syndrome (FVS, OMIM #609442) is a
condition resulting from the therapeutic management of epileptic
mothers with VPA during their pregnancy, and it is observed
in up to 20–30% of children exposed to high VPA dosage in
utero (Nau et al., 1991; Ornoy, 2009; Tomson et al., 2011). FVS
is characterized by a constellation of congenital malformations
and developmental delay, with patients displaying intellectual
disability (ID) as well as autism spectrum disorder (ASD),
and a distinctive facial appearance strikingly similar to the
one described in genetic disorders known as chromatinopathies
(DiLiberti et al., 1984). A new term “fetal valproate spectrum
disorder” (FVSD) has recently been proposed to describe the
range of clinical and developmental e�ects that are attributed to
in utero VPA exposure (Clayton-Smith et al., 2019).

Valproate has been commonly used as an anti-seizure
medication for over half a century (Meunier et al., 1963).
Given its broad antiepileptic e�ect, it has also been clinically
utilized as a mood stabilizer in the treatment of bipolar
disorders and in other neurological conditions–i.e., migraine and
neuropathic pain, exposing many more women of reproductive
age to this medication (Johannessen and Johannessen, 2003). In
addition, this antiepileptic drug has shown anticancer properties
for several tumors (Shah and Stonier, 2019), and its use in
combination regimens with cytotoxic chemotherapy seems to
be promising (Brodie and Brandes, 2014). VPA is also known
to be a potent histone deacetylase inhibitor (HDACi) and
therefore acts on chromatin. It is known to have dose-related
teratogenic properties resulting in altered gene expression and
potent inhibition of the histone deacetylases (HDAC) enzymes
family (Schölz et al., 2015). Among the various hypotheses that
have been proposed for the teratogenicity of VPA, its HDACi
e�ects that is believed to be represent the principle underlying

teratogenic mechanism. VPA’s anti-seizure activity can also be
explained by its ability to modulate gene expression through the
inhibition of HDAC enzymes (Göttlicher et al., 2001; Jacob et al.,
2013; Brunton et al., 2018).

Valproate perturbs the cell’s epigenetic machinery controlling
its chromatin state. In this context, a group of heterogeneous
genetic disorders known as the chromatinopathies, are believed
to be caused bymutations in genes that regulate the conformation
and function of chromatin, thus acting in concert with epigenetic
mechanisms. Defects in the functional network between the
complexes associated with chromatin could lead to alterations
in gene expression and protein function. As estimated, there
are over 80 Mendelian diseases associated with incorrect
functioning of the “epigenetic machinery”, the majority of
which presents with neurological defects and ID (Fahrner
and Bjornsson, 2019). Kabuki syndrome (OMIM #147920 and
#300867) (Niikawa et al., 1981) and CHARGE syndrome (OMIM
#214800) (Pagon et al., 1981) are among the most well-known
and studied chromatinopathies, for the cascading e�ect of the
causative genes on di�erent cell pathways. These syndromes are
associated with ID and distinctive craniofacial dysmorphisms
that are pathognomonic.

In this review, we explore shared features between FVSD and
selected chromatinopathies, leading us to the hypothesis that
these disorders, despite divergent etiologies (i.e., environmental
or genetic), could operate through a common perturbed
mechanism during embryonic development. As such, VPA-
induced FVSD is a phenocopy of select chromatinopathies.

VALPROATE MECHANISM OF ACTION

Valproate has multiple cellular mechanisms of action consistent
with its broad clinical e�cacy. This compound appears to
suppress repetitive high-frequency neuronal focus by blocking
voltage-dependent sodium channels, but at sites that are
di�erent from other AEDs. VPA also appears to increase GABA
concentrations in the brain at clinically relevant doses, without
having direct e�ects on the GABA (A) receptors, potentiated
by a presynaptic e�ect of valproate on GABA (B) receptors. In
addition, VPA can increase GABA synthesis by activating the
enzyme glutamic acid decarboxylase (GAD).

The molecular mechanisms underlying FVSD have not been
fully established, although the consequences of in utero VPA
exposure have been investigated for several decades. Such e�ects
include apoptotic neurodegeneration observed in the developing
rat brain (Bittigau et al., 2002), enhanced synaptic plasticity
exhibited in the rat medial prefrontal cortex (Sui and Chen,
2012), and a decrease in folic acid (Wegner and Nau, 1992),
suggesting that inadequate embryonic and fetal antioxidant
defense mechanisms and consequent oxidative stress could be
responsible for brain damage secondary to VPA teratogenicity
(Ornoy, 2009).

Despite the fact that VPA has been shown to be
neuroprotective in neurons through Bcl-2 upregulation (Chen
et al., 1999), its administration in critical developmental stages
causes morphological defects and impaired social behavior in
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rats (Kim et al., 2011). In utero VPA exposure in mouse pups
on gestational day 11 leads to dysfunctional pre-weaning social
behavior, together with delayed development, impaired olfactory
discrimination and reduced cortical Bdnf expression, suggesting
that VPA-driven perturbations in neuronal plasticity may
underlie the behavioral phenotype (Roullet et al., 2010). Similar
to the results of VPA exposure of pregnant rats, neural progenitor
cells (NPCs) of murine embryos exposed on gestational day E12
showed a reduced apoptotic cell death, which is fundamental to
the proper regulation of NPCs during a developmentally critical
period, suggesting another possible mechanism underlying
FVSD defects (Go et al., 2011).

Alterations in embryonic gene expression following VPA
exposure appears to be one of the primary mechanisms
underlying VPA’s teratogenicity. Previous studies showed that
VPA alters Wnt signaling by inducing Wnt-dependent gene
expression at doses that cause developmental e�ects (Phiel
et al., 2001; Wiltse, 2005). This is due to its role as an HDAC
inhibitor, which consists of deregulating class I HDACs, thus
counteracting their normal activity of histone acetylation marks
removal. This action induces chromatin changes converting
segments of heterochromatin into euchromatin. VPA exposure
can lead to hyperacetylation of histones and following activation
of genes related to cell cycle and apoptosis, possibly explaining
its teratogenic action (Göttlicher et al., 2001). For instance,
hyperacetylation of all Hoxb developmental genes has been
observed in mouse embryonic stem cells exposed to VPA, with
increased levels of H3K9ac at upstream, promoter and coding
regions across the entire Hoxb cluster (Boudadi et al., 2013).

Previous studies showed how HDACi is involved in early
neuronal processes: exposure of neurulation-stage mouse
embryos to VPA can cause NTDs and skeletal malformations
(Finnell et al., 2002), supported by in vivo studies on chick
embryos in which a complete failure of neural tube closure
occurred (Murko et al., 2013). Since VPA exposure alters gene
expression in the somitic tissues of mouse embryos (Massa
et al., 2005) and an increased histone H4 acetylation in the
caudal neural tube was observed, modulation of acetylation was
hypothesized as mediating the e�ect of VPA on neurulation
(Massa et al., 2005, 2009; Menegola et al., 2005).

VALPROATE IN CLINICAL PRACTICE

Valproate is a wide-spectrum anti-seizure medication that can be
used to treat almost all types of seizure disorders (tonic clonic
seizures, absence seizures, myoclonic seizures, less frequently
in clonic seizures, tonic seizures and atonic seizures) (Perucca,
2002). It is used as first-line antiepileptic drug in generalized
seizures; VPA may also be used in focal seizures, although it is
no longer the first choice of neurologists (Tomson et al., 2015).

Valproate is also a mood stabilizer that is used in the treatment
of bipolar disorders and other psychiatric conditions, including:
anxiety disorders, post-traumatic stress disorder, substance
abuse, and schizophrenia. VPA also appears to be an e�ective
treatment for tardive dyskinesia thanks to its GABA-potentiating
properties (Swann et al., 2002), for migraine prophylaxis, and for

the treatment of neuropathic pain, in particular for trigeminal
neuralgia (Johannessen and Johannessen, 2003).

Typically, the initial dose of oral valproate is 10–15 mg/kg
per day. If necessary, the dose can be increased with weekly
increments of 5–10 mg/kg up to a maximum dose of
60 mg/kg/day. It is recommended to monitor VPA blood level
during treatment, as well as blood count, liver enzymes, and
coagulation tests, in order to avoid any potential side e�ects
of the drug.

Valproate can alter vitamin D metabolism and a�ect bone
mineral density, therefore 25-hydroxyvitamin D levels should
be monitored. It may be useful to obtain serum amylase and
lipase levels in cases where symptoms suggestive of pancreatitis,
such as abdominal pain, nausea, vomiting and anorexia have
occurred. Furthermore, ammonium levels should be monitored
in patients receiving VPA who exhibit signs of vomiting or
lethargy as the treatment inhibits N-acetyl glutamate, leading
to systemic disruption and hyperammonemia (Bruni et al.,
1979; Batshaw and Brusilow, 1982; Asconapé et al., 1993;
Patsalos et al., 2008).

It is strongly recommended that VPA administration should
be avoided during pregnancy; however, if necessary, a slow-
release formulation that limits peak concentrations of the drug
using the lowest e�cacious dose possible should be given along
with the administration of a high dose of folic acid. While folic
acid has not be shown to be e�ective in reducing the prevalence
of NTDs, it has been shown to be protective in limiting adverse
cognitive consequences of VPA treatment, especially with respect
to language skills (Meador et al., 2020).

CLINICAL FEATURES ASSOCIATED
WITH FVSD

Studies conducted by Robert and Guibaud (1982) first drew
attention to the increased risk of spina bifida after exposure to
VPA in pregnancy. Subsequently, the initial reports of children
su�ering from FVSD were published (DiLiberti et al., 1984).
FVSD is characterized by major and minor malformations, facial
dysmorphia and impaired development with particular risks
related to NTDs (Lindhout and Schmidt, 1986), congenital heart
disease, ophthalmological, (Glover et al., 2002) and genitourinary
abnormalities (DiLiberti et al., 1984; Ozkan et al., 2011), cleft
palate (Jackson et al., 2016), overlapping fingers, and scalp defects
(DiLiberti et al., 1984; Clayton-Smith and Donnai, 1995; Clayton-
Smith et al., 2019).

Neurological development is impaired in many a�ected
individuals. An increased risk of attention deficit hyperactivity
disorder (ADHD) and ASD is often observed in these patients
(Bromley et al., 2013, 2014, 2019; Christensen et al., 2013).

The typical facial features of FVSD include: swelling of the
metopic suture, highly-arched eyebrows, hypertelorism, wide
nasal bridge, short nose with anteverted nostrils, small mouth
with thin upper lip and flat filament of the inverted lower lip
(Ardinger et al., 1988; Clayton-Smith and Donnai, 1995; Kozma,
2001; Schorry et al., 2005; Kini et al., 2006; Chandane and Shah,
2014; Mohd Yunos and Green, 2018) (Figure 1).
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FIGURE 1 | Facies of fetal valproate spectrum disorders (FVSD) and related overlapping chromatinopathies. Distinctive facial phenotypes of patients affected by

FVSD (Schorry et al., 2005), KLEFS (Willemsen et al., 2012), KS (Makrythanasis et al., 2013), CHARGE (Hefner and Fassi, 2017), MRD1 (Talkowski et al., 2011),

ARTHS (Kennedy et al., 2019), and ICF1 (Gössling et al., 2017).

DIFFERENTIAL DIAGNOSES OF FVSD

Fetal valproate spectrum disorder diagnosis has been challenging
in many ways, from gathering correct information about prenatal
VPA exposure, to obtaining a comprehensive grasp of the
clinically varied diagnostic phenotypic signs. Indeed, clinical
presentations of a�ected patients show variability and the
prevalence of neurocognitive dysfunction is higher than the
prevalence of structural malformations, complicating the path
toward reliable diagnosis (Clayton-Smith et al., 2019). In fact,
not all the FVSD individuals even display dysmorphisms, which
can be age dependent and rather subtle, thus recognizable
only by experienced dysmorphologists. When FVSD signs are
ascertained, physicians are often challenged by overlapping
phenotypes associated with the following syndromes (Figure 1
and Table 1).

Kleefstra Syndrome
Kleefstra syndrome (KLEFS, OMIM #610253, #617768) is a rare
condition characterized by heterozygous genomic deletions at
chromosome 9q34.3 removing the EHMT1 gene or EHMT1
point mutations (KLEFS1), or pathogenic variants in KMT2C
on chromosome 7q36.1 (KLEFS2), mostly de novo. EHMT1
and KMT2C genes encode two histone methyltransferases. The
prevalence is estimated to be 1:120,000 individuals a�ected by
neurodevelopmental disorders. Patients with Kleefstra syndrome
exhibit a distinctive phenotype including hypotonia; major
anomalies such as congenital heart defects and genitourinary
abnormalities; behavioral and developmental manifestations with

ID of variable severity, and in some cases severe speech delay.
Typical facial dysmorphisms include: microcephaly, arched or
straight with synophrys eyebrows, mildly up-slanted palpebral
fissures, hypertelorism, short nose with anteverted nares and
bulbous nasal tip, thick mouth, and everted lower lip (Kleefstra
and De Leeuw, 1993; Kleefstra et al., 2006, 2012; Koemans et al.,
2017) (Figure 1).

Fetal valproate spectrum disorders has been recently defined
as a “phenocopy” of Kleefstra syndrome by Arora et al. (2018).
Despite a preliminary diagnosis of FVSD–due to maternal intake
of VPA during pregnancy and with clear facial characteristics that
are typically attributable to FVSD–a more thorough examination
of the facial features revealed subtle di�erences. Specific features
of the proband included the presence of a broad forehead
and brachycephaly in a child with FVSD, who had cephalic
deformation due to the premature fusion of the metopic
suture, scattered eyebrows, and pointed chin. Genetic testing
revealed a de novo deletion on 9q34.3 that is known to cause
Kleefstra syndrome. The convergent mechanism present in both
conditions is their role in epigenetic modulation that mediates
the modification (acetylation, methylation, etc.) of histone
proteins and DNA demethylation, which might be responsible
for the overlapping phenotype of FVSD and Kleefstra Syndrome
(Willemsen et al., 2012; Hadzsiev et al., 2016; Arora et al.,
2018) (Table 1).

Kabuki Syndrome
Specific dysmorphisms, postnatal growth delay, skeletal
anomalies, and ID are typical features of another
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TABLE 1 | Fetal valproate spectrum disorders (FVSD) clinical signs in chromatinopathies.

FVSD clinical signs KLEFS KS CHARGE MRD1 ARTHS ICF

Facial dysmorphisms

Scalp defects � � � � � �
High/prominent
forehead

+ � + Broad � ±

Bitemporal narrowing � � ± � + �
Arched eyebrows + + � + � ±
Hypertelorism + ± ± � � +

Epicanthal folds + � + � ± +

Ears abnormalities + + + + ± +

Midface hypoplasia + � + ± � �
Short nose + � ± + � ±
Broad/flat nasal bridge + + � + Broad tip +

Anteverted nostrils + � � � � ±
Long smooth philtrum + � � � � �
Small mouth � � � � � �
Thin upper lip � � ± + + �
Downturned corners of
the mouth

+ � + ± �

Congenital anomalies

Cleft palate + + + ± ± ±
Macroglossia � � + � � ±
Micro/retrognathia � + + + ± ±
Microcephaly + + + + + na

Trigonocephaly � � � � � �
Brachycephaly + � � + ± �
Other malformations

Neural tube or CNS
defects

+ + + � ± ±

Ophthalmological
defects

± + + ± + �

Muscoskeletal
anomalies

� + + + ± �

Congenital heart
defects

+ + + + + ±

Genitourinary
anomalies

+ + + ± ± �

Developmental delay + + + + + ±
Intellectual disability + + + + + ±
Speech delay + + + + + +
Behavioral problems + ± + + + �
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chromatinopathy such as Kabuki syndrome (KS, OMIM
#147920 and #300867) (Kuroki et al., 1981; Niikawa et al., 1981;
Adam et al., 2019). KS is caused by heterozygous pathogenic
variants inKMT2D orKDM6A genes (Ng et al., 2010; Banka et al.,
2012; Lederer et al., 2012; Miyake et al., 2013), on chromosome

12q13.12 and Xp11.3, causing KS1 and KS2, respectively. These
genes altered in KS encode for a histone methyltransferase and
a histone demethylase exerting their e�ect on di�erent histone
residues that favor the opening of chromatin and leading to
the same downstream e�ects on gene expression, ultimately
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resulting in the same condition. Aside from ID, developmental
impairment and congenital heart defects, KS shares with FVSD
specific craniofacial features such as arched eyebrows, wide nasal
bridge, and cleft palate (Makrythanasis et al., 2013; Adam et al.,
2019; Shangguan et al., 2019) (Figure 1 and Table 1).

CHARGE Syndrome
CHARGE syndrome (OMIM #214800) is an acronym that
summarizes the main clinical manifestations, namely Coloboma
of the eye, Heart defect, choanal Atresia, Retardation of
psychomotor development and growth, Genital hypoplasia, and
Ear abnormalities. This syndrome is caused by heterozygous
pathogenic variants in CHD7 (OMIM # 608892), encoding
an epigenetic regulator that is involved in the ATP-dependent
remodeling of chromatin (Vissers et al., 2004; van Ravenswaaij-
Arts and Martin, 2017). Interestingly, Shah et al. (2014) and
Jackson et al. (2014) reported on five children a�ected by
FVSD exhibiting unilateral or bilateral ocular coloboma, one
of the main manifestations of CHARGE syndrome. Indeed,
VPA acting as a HDAC inhibitor reduces the expression of
PAX2 and PAX6, which are implicated in ocular development
(Pennati et al., 2001; Balmer et al., 2012). Of note, CHARGE
syndrome shares autism-like disturbances, congenital anomalies
and malformations together with specific facial features with
FVSD (Hefner and Fassi, 2017; van Ravenswaaij-Arts andMartin,
2017) (Figure 1 and Table 1).

Mental Retardation Autosomal
Dominant 1
Mental retardation autosomal dominant 1 (MRD1, OMIM
#156200) or MBD5 haploinsu�ciency is a neurodevelopmental
disorder caused by heterozygous variants in MBD5 or a deletion
encompassing all or part of this gene sequence on chromosome
2q23.1 (Vissers et al., 2003; Talkowski et al., 2011).MBD5 encodes
for a methyl-CpG-binding domain protein. MBD5 is part a class
of proteins that bind to DNA with a transcriptional repressor
activity. In Camarena et al. (2014) MBD5 was shown to act as
transcriptional activator in vitro. Hence, MBD5 is considered a
“reader” of the epigenetic machinery (Camarena et al., 2014).
Patients display ID and developmental delay, sleep disturbances,
seizures, severe speech impairment, behavioral problems, feeding
di�culties, congenital anomalies mainly a�ecting the skeletal
and cardiovascular systems, and dysmorphic signs. Among
them, MRD1 is characterized by broad forehead, highly arched
eyebrows, outer ear abnormalities, short nose with broad nasal
bridge, thin upper lip, and downturned mouth angles, which
are remarkably overlapping with FVSD (Van Bon et al., 2010;
Talkowski et al., 2011; Hodge et al., 2014; Mullegama et al., 2016)
(Figure 1 and Table 1).

Arboleda-Tham Syndrome
Pathogenetic variants in the KAT6A gene, located on
chromosome 8p11.21 cause Arboleda-Tham syndrome
(ARTHS, OMIM #616268) or Mental retardation autosomal
dominant 32 (MRD32), a recently described disorder a�ecting
neurodevelopment and associated with ID (Arboleda et al., 2015;

Tham et al., 2015). KAT6A is a lysine-acetyltransferase involved
in chromatin opening, transcriptional regulation, cellular
replication and therefore, in multiple developmental programs
(Voss et al., 2009). Kennedy et al. (2019) extensively described
phenotypes of novel and previously reported ARTHS patients,
who display distinctive clinical signs such as ID, developmental
and speech delay, cardiac and ophthalmological defects,
gastrointestinal problems, sleep disturbance, autism-like
behavior and typical dysmorphisms (Arboleda et al., 2015; Tham
et al., 2015; Millan et al., 2016; Murray et al., 2017), many of them
overlapping with the FVSD phenotype (Figure 1 and Table 1).

Immunodeficiency, Centromeric
Instability and Facial Anomalies
Syndrome
Immunodeficiency, centromeric instability and facial anomalies
syndrome 1 (ICF1, #OMIM 602900) is a rare autosomal recessive
disorder characterized by hypogammaglobulinemia leading to
severe recurrent infections, instability of pericentromeric regions
of chromosomes 1, 9, and 16 in mitogen-stimulated lymphocytes,
and facial dysmorphisms (Maraschio et al., 1988; Ehrlich et al.,
2006). When the mapping of a locus associated to ICF syndrome
on chromosome 20 was performed in 1998 (Wijmenga et al.,
1998), pathogenic variants in de novo DNA methyltransferase
gene DNMT3B were identified, occurring in about half of ICF
patients (Hansen et al., 1999; Xu et al., 1999). DNMT3B is
involved in the establishment of DNA methylation patterns in
early life and during cell di�erentiation. Hypomethylation of
pericentromeric satellite 2 and 3 repeats represents the molecular
hallmark of ICF syndrome (Jeanpierre et al., 1993), making
it the first human disorder linked to a constitutive defect in
DNA methylation. In addition to distinctive signs such as
immunoglobulin deficiency and consequent recurrent infections
(mainly respiratory and gastrointestinal), ICF1 patients also
display some features that are common to FVSD: hypertelorism,
epicanthus, flat nasal bridge, macroglossia, micrognathia, low-
set ears, speech, and developmental delay, and–in a minority
of a�ected individuals–CNS anomalies, congenital heart defects
and ID (Hagleitner et al., 2008; Weemaes et al., 2013; van den
Boogaard et al., 2017; Kamae et al., 2018) (Figure 1 and Table 1).

Other Genetic Disorders
Qiao et al. (2019) recently described a 19 years-old man
with ID and distinctive facial features who had a clinical
diagnosis of FVSD and was later found to carry a de novo
pathogenic variant in the PURA gene on chromosome 5q31.
PURA-related neurodevelopmental disorders include Mental
Retardation autosomal Dominant 31 (MRD31, #OMIM 616158)
or PURA syndrome, caused by heterozygous mutations in
the PURA gene or a 5q31.3 deletion a�ecting completely or
partially eliminating the PURA sequence (Brown et al., 2013;
Hunt et al., 2014; Lalani et al., 2014; Tanaka et al., 2015).
This causative gene encodes for a DNA- and RNA-binding
protein critical for survival and development of mammalian
hematopoietic and central nervous systems (Daniel and Johnson,
2018). Shared phenotypic features between PURA disorders
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and FVSD are ID and developmental delay, heart defects,
urinary and ophthalmological abnormalities, and distinctive
facial dysmorphism such as high/broad forehead, hypertelorism,
wide nasal bridge, and thin upper lip (Reijnders et al., 2018).
Furthermore, fetal valproate exposure has been reported to cause
other malformation complexes such as Baller-Gerold syndrome
(BGS, OMIM #218600), an ultra-rare disorder caused by
pathogenic variants in the RECQL4 gene on chromosome 8p24,
and inherited in an autosomal recessive manner (Baller, 1950;
Gerold, 1959). BGS patients display a plethora of phenotypic
features (Van Maldergem et al., 1992), some of which are
overlapping with FVSD. These include: ID, developmental delay,
limb and congenital heart defects, genitourinary anomalies
and facial dysmorphisms (Iype et al., 2008). Mutations in the
RECQL4 gene that codes for an ATP-dependent DNA helicase

essential for genome integrity and involved in DNA replication,
recombination and repair (Bachrati and Hickson, 2008) have also
been reported in Rothmund-Thomson (RTS, OMIM #268400)
families (Kitao et al., 1999). In particular, children a�ected with
type II RTS share a variety of clinical features with BGS patients
(Rothmund, 1868; Thomson, 1936; Megarbane et al., 2000; Van
Maldergem et al., 2006; Larizza et al., 2010). Considering the
similarities among BGS and RTS patients, there are multiple
overlapping features with FVSD that can be observed–e.g., head
and nose dysmorphisms, developmental delay, cardiac defects
and skeletal anomalies. Although these neurodevelopmental
disorders are not considered chromatinopathies, it is worthy of
note that PURA and RECQL4 are transcriptional regulators, and
helicases are considered a guardian of the genome, such that they
are involved in proper chromatin maintenance.

TABLE 2 | Shared pathways between FVSD and chromatinopathies.

Shared pathways KLFS KS CHARGE MRD1 ARTHS ICF1

Axon guidance

Beta1 integrin cell surface interactions

Cyclins and cell cycle regulation

ECM-receptor interaction

Ensemble of genes encoding core extracellular matrix including ECM glycoproteins, collagens and

proteoglycans

Ensemble of genes encoding extracellular matrix and extracellular matrix-associated proteins

Epithelial cell signaling in Helicobacter pylori infection

Eukaryotic translation elongation

Eukaryotic translation termination

Extracellular matrix organization

Formation of a pool of free 40S subunits

GABA receptor activation

GABA ergic synapse

GTP hydrolysis and joining of the 60S ribosomal subunit

HIF-1-alpha transcription factor network

Interactions of neurexins and neuroligins at synapses

L13a-mediated translational silencing of ceruloplasmin expression

L1CAM interactions

MAPK signaling pathway

Morphine addiction

Neuronal system

Non-sense mediated decay (NMD) enhanced by the exon junction complex (EJC)

Non-sense mediated decay (NMD) independent of the exon junction complex (EJC)

Non-sense-mediated decay (NMD)

p73 transcription factor network

Peptide chain elongation

Protein-protein interactions at synapses

Rac 1 cell motility signaling pathway

Regulation of Commissural axon pathfinding by Slit and Robo

Ribosome

Selenoamino acid metabolism

Selenocysteine synthesis

SRP-dependent cotranslational protein targeting to membrane

Transmission across chemical synapses

Viral mRNA translation

KLEFS, Kleefstra syndrome; KS, Kabuki syndrome; CHARGE, CHARGE syndrome; MRD1, mental retardation autosomal dominant 1; ARTHS, Arboleda-Tham syndrome;
ICF1, immunodeficiency, centromeric instability, and facial anomalies syndrome 1.
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SHARED EPIGENETIC AND GENE
EXPRESSION ALTERATIONS

Gene expression deregulation by VPA has been widely
investigated over the last few decades (Marchion et al.,
2005; Jergil et al., 2009, 2011; Chiu et al., 2013; Shinde et al.,
2016; Balasubramanian et al., 2019; Kotajima-Murakami et al.,
2019; Lin et al., 2019; Sanaei and Kavoosi, 2019). Interestingly,
some of the causative genes of the aforementioned syndromes
are dysregulated in di�erent experimental models. Ehmt1 was
found to be downregulated in brains of mice exposed to VPA
in utero, Kdm6a, and Dnmt3b appeared to be upregulated
in the same model (Kotajima-Murakami et al., 2019), while
Chd7 was downregulated in embryonal carcinoma cells upon
VPA exposure (Jergil et al., 2009). In addition, Ehmt1 and its
human orthologs were downregulated in neural stem/progenitor
cells of a mouse model for KS1 (Carosso et al., 2019) and in
lymphoblastoid cell lines derived from 2q23.1 deletion syndrome
patients (Mullegama et al., 2016), respectively. Expression of
DNMT3B was decreased in iPSCs derived from KS1 patient
(Carosso et al., 2019). Furthermore, Kdm6a and Chd7 have been
reported to be interlinked in terms of gene expression regulation
(Mansour et al., 2012; Hsu et al., 2020), and in a mouse model
expressing catalytically inactive Dnmt3b, they share opposite
behavior (Lopusna et al., 2021).

In Table 2, shared pathways with genes deregulated by VPA
and downregulated in models of causative genes for KLEFS,
KS, CHARGE, MRD1, and ARTHS or ICF1 are summarized
(Katsumoto et al., 2006; Issaeva et al., 2007; Min et al., 2007; Fan,
2008; Gupta-Agarwal et al., 2012; Mansour et al., 2012; Balemans
et al., 2014; Chen et al., 2014; Kim et al., 2014; Schulz et al.,
2014; Turner-Ivey et al., 2014; Gigek et al., 2015; Dhar et al.,
2016, 2018; Fang et al., 2016; Mullegama et al., 2016; Sheikh
et al., 2016, 2017; Feng et al., 2017a,b; Shpargel et al., 2017;
Whittaker et al., 2017; Baell et al., 2018; Marie et al., 2018; Yao
et al., 2018, 2020; Carosso et al., 2019; Machado et al., 2019;
Nowialis et al., 2019; Cieslar-Pobuda et al., 2020; Frega et al.,
2020; Hsu et al., 2020; Kong et al., 2020; Liu et al., 2020; Xu et al.,
2020; Ying et al., 2020; Fei et al., 2021; Lopusna et al., 2021).
Of note, the most commonly shared pathways involve either
morphogenesis signals (for example, beta1 integrin cell surface
interactions and extracellular matrix organization), or possible
defects of the central nervous system (such as axon guidance
and neuronal system). As such, given the recent description of
ARTHS, it would be interesting to reassess this matter in the
future utilizing state of the art molecular studies.

CONCLUSION

It is well established that the mammalian epigenome can change
during embryonic development and be influenced by genetic
and/or environmental factors, even though some molecular
mechanisms underlying these modifications are yet not clear
(Finnell et al., 2002; Xu and Xie, 2018). Chromatinopathies
represent a heterogeneous group of Mendelian disorders with
defects in the epigenetic apparatus, leading to an imbalance in

the chromatin state and consequent aberrant gene expression.
As described above, these disorders share several overlapping
clinical signs, though with some specific features allowing
dysmorphologists to recognize each individual syndrome. We
highlighted similarities between the discussed chromatinopathies
and FVSD, pointing out shared features in these genetic- and
teratogen-induced disorders. As reported in Table 1, overlapping
clinical signs are primarily ID and developmental delay, present
in 5 out of 5 chromatinopathies described herein (6/6), speech
delay (6/6), ASD-like behavior (5/6), microcephaly (5/6), cardiac
(6/6) and ophthalmological defects with di�erent degree of
severity (5/6), cleft palate (6/6), musculoskeletal anomalies (4/6),
and dysmorphic features such as highly arched or thick eyebrows
(4/6) and ears abnormalities (6/6).

Intriguingly, despite the di�erent etiology of a FVSD and
the chromatinopathies, the action of VPA–i.e., an HDACi acting
on chromatin–can suggest a similar pathogenetic mechanism
common to the other rare genetic disorders, giving rise to the
observed shared phenotypic signs. Furthermore, recent work
showed that recognition of FVSD facies can identify individuals
with high risk of cognitive deficits, independently of VPA
exposure and even in the absence of major malformations
(Bromley et al., 2019). Taken together, these pieces of evidence
support the hypothesis that FVSD may be considered as
a phenocopy of chromatinopathy, caused in this case by
environmental factors, and that a further investigation of this
aspect could help elucidate the correlation between typical
congenital anomalies and neurodevelopment.
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Abstract: The short-chain fatty acid butyrate, produced by the gut microbiota, acts as a potent histone
deacetylase (HDAC) inhibitor. We assessed possible ameliorative effects of butyrate, relative to other
HDAC inhibitors, in in vitro and in vivo models of Rubinstein–Taybi syndrome (RSTS), a severe
neurodevelopmental disorder caused by variants in the genes encoding the histone acetyltransferases
CBP and p300. In RSTS cell lines, butyrate led to the patient-specific rescue of acetylation defects at
subtoxic concentrations. Remarkably, we observed that the commensal gut microbiota composition
in a cohort of RSTS patients is significantly depleted in butyrate-producing bacteria compared to
healthy siblings. We demonstrate that the effects of butyrate and the differences in microbiota
composition are conserved in a Drosophila melanogaster mutant for CBP, enabling future dissection of
the gut–host interactions in an in vivo RSTS model. This study sheds light on microbiota composition
in a chromatinopathy, paving the way for novel therapeutic interventions.

Keywords: Rubinstein–Taybi syndrome; butyrate; microbiota; HDACi; histones

1. Introduction

Gene expression regulation is mediated by tightly balanced epigenetic mechanisms
involving histone modifications, such as acetylation and methylation. Correct histone
acetylation levels on lysine residues are fundamental for several physiological processes,
including embryonic development [1,2]. Two classes of functionally antagonistic enzymes,
the acetyltransferases (HAT) and deacetylases (HDAC), are known to modulate histone
acetylation levels [3]. Histones hypoacetylation has been associated with alterations in
synaptic plasticity, neuronal survival/regeneration, memory formation [4], while defects
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in epigenetic components acting on acetylation status cause several neurodevelopmen-
tal/malformation syndromes [5]. Among them, Rubinstein–Taybi syndrome (RSTS, OMIM
#180849, #613684) is a rare (1:125,000) autosomal-dominant disease characterized by a wide
and heterogeneous spectrum of clinical signs [6]. These include intellectual disability of
variable entity (ranging from mild to severe), postnatal growth deficiency, distinctive dys-
morphisms, skeletal abnormalities (such as typical broad thumbs and large toes), multiple
congenital anomalies (e.g., heart defects), and several additional clinical problems such as
constipation [7]. Albeit the growth in height is constantly reduced in RSTS patients, growth
in weight is reduced neonatally and in the first infancy, but at puberty an excessive weight
gain is observed [8].

Most RSTS cases are caused by de novo monoallelic variants of one of two highly
conserved genes: CREBBP, located at 16p13.3, coding for the CREB (cAMP response
element-binding protein) binding protein (CBP) and EP300, mapping at 22q13.2, coding for
the E1A-associated protein p300. CREBBP is found mutated in >50% RSTS patients, while
EP300 gene mutations have been described in a minor fraction of patients [9].

Somatic mutations in CREBBP and EP300 are reported in different benign and ma-
lignant tumors, and an association between RSTS patients and tumor development has
been investigated. This disorder is related to an increased risk of malignancies up to 5%, in
particular involving cutaneous, hematological, and brain tumors such as pilomatrixoma,
leukemia, and meningioma, respectively [10,11].

CBP and p300 have ubiquitously expressed paralog proteins belonging to the lysine
acetyl transferases (HAT) family [12]. CBP and p300 act as co-factors for transcription and
are required in multiple pathways controlling cell growth, DNA repair, cell differentiation,
and tumor suppression [13–16]. Their acetylation of target histone tails enables the opening
of chromatin, thus promoting gene expression [13,15,17].

In recent years, a novel class of compounds, termed HDAC inhibitors (HDACi), has
been used to increase histone acetylation in different pathologies [18,19]. Preliminary stud-
ies testing the efficiency of HDACi to revert acetylation defects in RSTS lymphoblastoid cell
lines (LCLs) supported the hypothesis that RSTS is caused by an acetylation imbalance [20].
Animal model studies introduced the idea that the chromatin alterations observed in RSTS
could be reverted [21].

It has been demonstrated that protein acetylation can be modulated by the commensal
microbial community (microbiota from here on) [22]. In fact, short-chain fatty acids (SC-
FAs), such as acetate, propionate, and butyrate, the most abundant products of anaerobic
fermentation of the gut microbiota, can act as HDACi. Among SCFAs, butyrate is exclu-
sively produced by commensal microorganisms and widely reported for its epigenetic
activity, making it the most potent HDACi among natural compounds [23,24]. However,
the role of butyrate or the composition of the microbiota in RSTS have not been investigated.
Altered gut microbiota could itself affect the endogenous levels of SCFAs in patients, it
could participate in their typical RSTS growth trend, characterized by a deficit in infancy
and excessive weight gain after puberty, and/or it could contribute to the comorbidities
often associated with RSTS, such as gastrointestinal discomfort [8].

On these premises, in the present study, we compared butyrate to other HDACi
molecules in vitro on lymphoblastoid cell lines (LCLs) derived from RSTS patients. We
have found it effective in modulating the acetylation impairment associated with reported
CBP/p300 defects [20]. Remarkably, we also find that the microbiota of RSTS patients is
poor in SCFA-producing bacteria, perhaps further contributing to acetylation imbalance.
Finally, using Drosophila melanogaster, we model the effects of butyrate and microbiota
alterations for future in vivo studies. Our work points to the importance of the microbiome
in the pathogenesis and treatment of ultra-rare diseases.
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2. Results

2.1. HDACi Exposure Counteracts Acetylation Imbalance in RSTS Lymphoblastoid Cell
Lines (LCLs)

To investigate the effect of SCFAs as HDACi in RSTS, we exposed LCLs derived from
eight patients, four with CREBBP and four with EP300 mutations (Table S1) and seven
healthy donors (HD) to sodium butyrate (NaB), and we compared the effect to that of three
other HDACi: trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA), and valproic
acid (VPA) (Table S2). By AlphaLISA® assay, we analyzed the acetylation levels of lysine
27 of histone H3 (H3K27ac) in LCLs upon three different conditions: HDACi treatments,
exposure to the vehicle (DMSO or H2O), and untreated cells (Figure 1).
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Figure 1. Histone acetylation on Rubinstein–Taybi syndrome (RSTS) lymphoblastoid cell lines (LCLs) upon acetyltrans-
ferases (HAT) and deacetylases (HDAC) inhibitors exposure. H3K27 acetylation levels normalized on H3K4 unmodified,
assessed by AlphaLISA®; levels of acetylation upon HDAC inhibitors (HDACi) are expressed as a ratio between the
treatment and respective vehicle (HDACi/vehicle); on the Log scale, Y-axis H3K27 acetylation levels normalized, on X-axis
lists of epigenetic treatments or untreated/treated single LCL or LCLs means. (a) Means of values of H3K27 acetylation in
healthy donors (HD, in blue) and patients LCLs (RSTS, in pale brown) untreated and exposed to four different HDACi
(trichostatin A (TSA) 2 µM, suberoylanilide hydroxamic acid (SAHA) 2 µM, valproic acid (VPA) 2 mM, and sodium butyrate
(NaB) 5 mM). (b) H3K27 acetylation in eight RSTS LCLs (CREBBP LCLs in shades of red, EP300 LCLs in shades of pink)
after exposure with the four different HDACi, compared to treated HD and RSTS means. (c) Insight on the single-patient
response (RSTS 114) to the four compounds compared to untreated RSTS means and RSTS 114. Groups were compared
using Student’s t-test as statistical method (* p < 0.05; ** p < 0.01; *** p < 0.001).
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All the compounds succeeded in boosting histone acetylation in RSTS LCLs compared
to healthy donor (HD) LCLs, with VPA exposure resulting highly significant (p < 0.01).
This increment was particularly manifest in patient derived LCLs compared to untreated
samples (Figure 1a).

We also observed that HDACi compounds induced a variable acetylation response,
in a patient-specific manner when compared to treated HD LCLs (Figure 1b). As shown
in Figure 1b, treatment with TSA 2 µM boosted acetylation levels significantly in LCLs
RSTS 176 (p < 0.001), RSTS 25 (p < 0.001) and RSTS 39 (p < 0.01), while SAHA 2 µM
showed highly significant effect on RSTS 176 and RSTS 25 (p < 0.001). VPA 2mM treatment
particularly increased H3K27ac of RSTS 114, RSTS 120, RSTS 176, and RSTS 54 (p < 0.001),
while exposure to NaB 5 mM significantly affected acetylation of RSTS 176 and RSTS 39
(p < 0.001), RSTS 54, and RT010-15 (p < 0.05).

Of note, when analyzing specific RSTS patient-derived LCLs response to HDACi
compared to the relative untreated conditions, we observed that at least one HDACi
significantly boosted acetylation and that RSTS-LCLs response varied among different
drug treatments (Figure 1c and Figure S1). These data indicate that SCFAs as NaB show
patient-specific acetylation increases, as is the case of other HDACi.

Considering HDACi applications as anticancer drugs for their role in cell cycle arrest,
cell death, and immune-mediated mechanisms [25], we studied NaB and other HDACi effects
on cell proliferation and apoptosis, performing Ki67 and Tunel assays upon exposure of LCLs
with HDACi (Figures S2 and S3). For both assays, we did not observe a significant correlation
with H3K27 acetylation (Figure S4), indicating that the HDACi rescue did not impair cell
cycle progression or promote cell death under the experimental conditions used.

2.2. RSTS Patients Are Depleted in the Major Butyrate-Producer Faecalibacterium spp.
Because in vitro evaluation indicated that SCFAs can act as HDACi in RSTS, we focused

on investigating the production of SCFAs by the commensal microbiota of the patients. To
this end, we enrolled 23 RSTS subjects (mean age 10.2 ± 6.4 years; 12 females) and 16 healthy
siblings (healthy donors, HD), mean age 12.7 ± 7.2 years; 6 females), as a control group to
minimize environmental factors having a well-recognized role on gut microbiota. The dietary
survey revealed no differences in intake of macronutrients. However, energy intake was
lower in RSTS subjects when compared to HD controls (p = 0.0054). Nutritional parameters
are detailed in the relative supplementary table (Table S3) [26].

Microbiota profiling was performed through 16S rRNA gene-targeted sequencing.
After quality filtering processes, we obtained a mean count of 90,759 reads per sample. The
alpha-diversity analysis of the gut microbiota showed no significant differences between
RSTS and HD fecal samples in terms of richness (Observed species: p = 0.255; Phylogenetic
Diversity (PD) whole tree: p = 0.279—see Figure 2a) and of richness and evenness (Chao1:
p = 0.151; Shannon: p = 0.287—see Figure S5). Beta-diversity analysis, instead, showed that
RSTS fecal microbiota differed significantly from that of HD according to both unweighted
(p = 0.013) and weighted (p = 0.022) Unifrac distances (beta-diversity, Figure 2b).
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0.0021) in Faecalibacterium spp. (Figure 2d). 

Afterward, we directly measured SCFA abundance in patient fecal samples. A de-
creasing trend in butyrate content was observed (4.13 ± 1.40 vs. 5.14 ± 1.79 mg/g feces, p = 
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Figure 2. RSTS gut microbiota analysis. (a) alpha diversity. The violin plot shows biodiversity values for observed species
and Faith’s phylogenetic metrics. No statistically relevant differences were seen. (b) Principal coordinate analysis (PCoA)
according to weighted and unweighted Unifrac distances. Microbial communities are statistically different (Adonis test:
unweighted p = 0.019; weighted p = 0.023). The first and second principal coordinates are shown in the plot for both
distances. (c) Bacterial composition of HD and RSTS groups. Relative taxonomic abundances are shown at phylum,
family, and genus phylogenetic levels. All bacterial taxa present at <1% relative abundance were grouped into the “Other”
classification. ***: p < 0.005; **: p < 0.01; *: p < 0.05. (d) Faecalibacterium spp. and Oscillospira spp. relative abundances (both
significantly different between RSTS and HD) were compared within matched family members (patient/sibling, n = 16).
For Oscillospira we did not observe a common pattern; Faecalibacterium spp. was significantly reduced in RSTS (p = 0.0021,
Wilcoxon signed-rank test).

The overall composition of the intestinal microbiota (Figure 2c; Table S4) showed a
decreased relative abundance of the Firmicutes phylum (58.5% in RSTS vs. 73.4% in HD,
p = 0.019), of the Ruminococcaceae family (32.2% vs. 41.9%, p = 0.049) and of the SCFA-
producing Faecalibacterium spp. (3.3% vs. 9.8% in HD, p = 0.001) in RSTS subjects. On the
other hand, RSTS samples showed an enrichment in the Bacteroidaceae family and in Bac-
teroides spp. (21.1% vs. 10.3%, p = 0.021), as well as in Oscillospira spp. (5.1% vs. 2.4% in HD,
p = 0.007). Matched-pair analysis (Wilcoxon signed-rank test), performed on RSTS/sibling
pairs showed a significant and environment-independent decrease (p = 0.0021) in Faecal-
ibacterium spp. (Figure 2d).

Afterward, we directly measured SCFA abundance in patient fecal samples. A de-
creasing trend in butyrate content was observed (4.13 ± 1.40 vs. 5.14 ± 1.79 mg/g feces,
p = 0.0741, Mann–Whitney test), whereas acetate, propionate, and branched-chain fatty
acids (iso-butyrate and iso-valerate) concentrations were similar (p = 0.194, p = 0.874,
p = 0.786, and p = 0.467, respectively). These data indicate that RSTS patient microbiota
produces low levels of endogenous butyrate.
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2.3. HDACi Exposure Leads to Partial Rescue of RSTS Phenotype in Drosophila CBP Mutants
To establish an in vivo model to study the effect of SCFAs and the microbiome on

RSTS pathogenesis, we analyzed Drosophila melanogaster mutants in the CBP homolog nejire
(nej). Homozygous nej loss of function results in abnormal embryonic development leading
to early lethality [27,28]. In particular, mutations in nej lead to defects in morphology
caused by misregulation of wingless (wg) and other signaling pathways at stage 9 of
embryonic development [27]. To test whether NaB, or VPA as a control HDACi, upon
supplementation in the food could modulate emergence of nej mutant defects in vivo, we
collected embryos deposed by females fed with the drugs and assessed their morphology
at stages 8–12 (Figure 3 and Figure S6).
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Figure 3. Developmental and morphological defects in nej mutant embryos are partially ameliorated
by VPA or NaB treatment. (a) wingless (wg) staining of nej mutant embryos treated as indicated.
Representative projections of confocal imaging from stages 8 to 12 are shown. The defects detected
in nej mutant embryos with or without treatment include loss or uneven wg staining (Drilled,
arrow), twisting (arrowhead), presence of bottlenecks (double-arrowheads), or cracks (dashed-arrow).
(b) Quantification of embryo survival and of the above phenotypes in nej mutant embryos at stages 8
to 12. VPA or NaB treatments partially rescue embryo development, allowing nej mutant embryos
to survive beyond stage 8 although with aberrant phenotypes, with significant embryo survival at
stage 10 compared to untreated embryos (p > 0.01). Student’s t-test was used as statistical method for
comparing nej groups survival, with p < 0.05 considered significant.
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Compared to nej+/� siblings, we have found that the majority of nej�/� embryos die
between stages 8 and 10 with the reported twisting of embryo morphology [28] (Figure 3a,
quantification in Figure 3b). Upon NaB or VPA treatment, nej�/� embryos display a
partially rescued embryonic development, statistically significant at stage 10 (p < 0.01).
Importantly, both treatments extended the survival of nej�/� embryos to stage 12, although
twisting of the embryos is morphologically visible as bottleneck and cracks (Figure 3
and Figure S6). The reported twisting phenotype in treated nej�/� embryos is often less
dramatic than in untreated nej�/� embryos allowing segmentation. Notably, both VPA
and NaB treatment did not show any developmental delay or morphological defects in
control embryos (data not shown). Altogether, these results indicate that NaB acts as
a HDACi in vivo to ameliorate the developmental defects associated with acute loss of
CBP homologs.

2.4. The Fly Gut Microbiota of Heterozygous Drosophila CBP Mutants
Because RSTS patients possess a defective microbiota, we analyzed that of heterozy-

gous nej (nej+/�) flies. In contrast to nej�/� embryos, nej+/� animals progress to adulthood
and display no overt defects. However, they have been shown to reveal genetic interac-
tion with genes involved in developmental processes regulated by CBP [28]. Hence, we
reasoned that adult nej+/� animals could be used to investigate the fly gut microbiota.

A total of 10 samples were obtained from the two experimental groups (yw and nej+/�),
with five replicates each (three dissected guts in each replicate, with a total of 15 flies
per group).

Alpha diversity metrics (Figure 4a) revealed that nej gut microbiota were enriched
in low abundant species (Chao1 metric, p = 0.005), whereas the phylogenetic diversity
between groups showed no significant differences (PD whole tree metric, p = 0.668).

Similarly, beta-diversity analysis (Figure 4b) highlighted clear discrimination between
yw and nej microbial communities considering both abundant and rare species within the
microbiota (unweighted Unifrac distance, p = 0.007),

As for the bacterial composition, the Firmicutes phylum was found more abundant in
the nej flies (64.7% vs. 53.9% in yw), with a concurrent reduction of Proteobacteria (31.6
vs. 41.1% in yw). The taxonomic analysis revealed a remarkable increase in Lactobacillaceae
(58.8% in nej vs. 7.5% in yw; p = 0.0000254), and a profound decrease in the Enterococcaceae
family (0.2% vs. 12.9% in yw; p = 0.00784) (Figure 4c). These results were confirmed
at genus level, with a significant enrichment in Lactobacillus (58.4% in nej vs. 3.4% in
yw; p = 0.00000806) and a depletion in Enterococcus (0% vs. 3% in yw; p = 0.00772) (data
not shown).
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3. Discussion

Current therapeutic approaches for RSTS patients are not targeted towards modulation
of acetylation and are rather directed towards alleviating clinical symptoms and preventing
possible known comorbidities. Common interventions include behavioral support and
surgical procedures for the correction of orthopedic or cardiac malformations. In this
context, exploring the effects of drugs with an established and specific molecular function
in acetylation in preclinical studies is a fundamental step to devise effective future therapy.
In the case of RSTS, HDACi are available and have already been used to treat neurological
disorders [29]. Hence, the presented work explored the effects of HDAC inhibition in RSTS
experimental models, focusing on natural SCFAs such as butyrate.

Treatment with a number of HDACi used in cancer therapy [30–33] showed a general
boost in histone acetylation levels in RSTS patient-derived cell lines. Such increment was
significant in a patient-specific manner. Each line derived from different RSTS patients
with discrete pathogenic variants responded differently to tested compounds. These data
provide evidence for HDACi’s ability to restore acetylation levels in an in vitro model of
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RSTS, strongly pointing to the possibility of future therapies tailored to individual patients,
a central tenet of personalized medicine.

HDACi are tested in oncology trials for their ability to stop tumor cell proliferation by
inducing selected and dose-dependent apoptosis [34]. Thus, our observation that selected
HDACi dosing does not modulate cell proliferation or death in RSTS cells indicates that
HDACi can boost acetylation at a sub-toxic concentration, at least in vitro.

Due to the HDACi function exerted by SCFAs, they have been tested in clinical trials
for recurrent malignant gliomas or myelodysplastic syndrome and they have also been stud-
ied in vitro against Burkitt lymphoma, primary acute myeloid leukemia, retinoblastoma,
medulloblastoma, prostate cancer, and hepatocellular and colon carcinoma [35,36].

Importantly, NaB, a natural SCFA with potent HDACi activity [37], performed on par
with other HDACi in RSTS cells. We propose that it should be evaluated for the treatment of
patients, considering that it is present in human diets as a product of the human microbiota
or a well-tolerated supplement.

To investigate whether butyrate is normally produced by commensal bacteria of
RSTS patients, we sequenced the V3–V4 hypervariable regions of the 16S rRNA genes
and measured SCFAs as main microbial metabolites. While we scored no differences in
nutritional parameters and in microbiota biodiversity in patients versus healthy siblings,
we observed a distinct and highly interesting microbial signature characterized by loss of
the butyrate-producer genus Faecalibacterium [38] in the microbiota of RSTS patients. Such
change could participate in the syndrome comorbidity insurgence, perhaps in the gut, and
further study should now aim at elucidation of possible genetic-microbial additive negative
effects. Interestingly, a reduction of Faecalibacterium relative abundance was also reported
in patients affected by Rett syndrome, autism spectrum disorder, and down syndrome,
suggesting a shared microbiota signature in neurodevelopmental disorders [39].

A recent study reported that a ketogenic diet, highly impacting microbiota composition
and metabolism [40], induces the production of deacetylase inhibitors in a mouse model
of Kabuki syndrome (OMIM# 147920, # 300867), a rare disease sharing traits and histone
modification defect with Rubinstein–Taybi syndrome [41]. Thus, nutritional interventions
could also aim at rebalancing the microbiota of RSTS patients. In line with this approach,
brain functions and behavior appear more and more influenced, through a bottom-up
modulation, by the gut microbiota [42].

It is worth noting that carbohydrates, and in particular fermentable dietary fibers, the
most important substrates for short-chain fatty acid production [43], were very similar in
RSTS patients and healthy siblings, inconsistent with the reduction in the relative abun-
dance of Faecalibacterium genus, or with the lower butyrate fecal concentration. Nutritional
recommendations for RSTS comorbidity management are currently lacking as no studies
focused on this. Our findings represent a starting point for the evaluation of specific
nutritional regimens, which could also shed light on the basis of observed differences.

Studies with nej flies underscored the role of CBP during embryogenesis and as coacti-
vators of critical signaling pathways involved in patterning [28,44]. In support of results
from our in vitro RSTS model, we observed that rearing flies with food supplemented with
NaB lead to partial rescue of embryogenesis and patterning, suggesting that nutritional
intervention may ameliorate RSTS traits in vivo.

However, even if the Drosophila model has been used for investigating how different
levels of nutrients and drugs influence the development and the metabolic phenotypes of
emerging Drosophila embryos [45], our data are model behavior of oviparous animals, in
which development occurs outside the mother’s body. In mammals, maternal HDACi cross
the placenta and affect embryogenesis; hence any future intervention should be envisaged
after birth when the mammalian central nervous system is still developing.

Lack of an anoxic compartment in the Drosophila gut shapes a microaerophilic mi-
crobiota constituted, in laboratory strains, by few genera [46]. The most abundant taxa
are Firmicutes, mainly Lactobacillus spp. and alpha-Proteobacteria, mainly Acetobacteraceae.
Despite evolutionary divergence with the human microbiota, recent studies showed that an
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altered relative abundance of these genera can result in gut homeostasis disturbance [47],
growth delay [48], and behavioral changes [49]. Considering the results obtained from
microbiota analysis of RSTS patients, we analyzed the microbial community of heterozy-
gous nej insects compared to control animals. Results showed that, accounting for the
species-specificity of the microbiota, the differences observed in RSTS patients compared
to healthy siblings are recapitulated in RSTS flies compared to control animals, suggesting
that patients–microbiota interactions could be modeled in Drosophila.

Overall, our results are in line with other studies [12,20,50], making a strong case for
HDACi drug repurposing for future RSTS therapy. We envisage that the use of Drosophila
melanogaster as an information rich in vivo RSTS model will speed up the transition from
preclinical studies to clinical practice.

4. Materials and Methods

4.1. Cell Cultures
Lymphoblastoid cell lines (LCLs) from eight different RSTS patients (four carrying

CREBBP mutations and four carrying EP300 mutations, listed in Table S1) [20,51–53]
and seven healthy donors were obtained in collaboration with the Gaslini Genetic Bank
service (Telethon Network of Genetic Biobanks); their use was approved by Ethics Com-
mittee of Università degli Studi di Milano (Comitato Etico number 99/20, 17 Novem-
ber 2020). Cells were maintained in RPMI 1640 culture medium supplemented with
L-glutamine (Euroclone, Pero, Italy), 20% fetal bovine serum (Euroclone, Pero, Italy), and
penicillin/streptomycin (Euroclone, Pero, Italy), and cultured in an incubator with 5% CO2
at 37 �C.

LCLs were exposed to four different HDAC inhibitors: Trichostatin A (TSA) (sc-3511,
Santa Cruz Biotechnology, Dallas, TX, USA), Suberoylanilide hydroxamic acid (SAHA)
(MK0683, Selleckchem, Houston, TX, USA), Valproic acid (VPA) (P4543, Sigma Aldrich, St.
Louis, MO, USA), and Sodium Butyrate (NaB) (B5887, Sigma-Aldrich, St. Louis, MO, USA).
We tested three different concentrations for each HDACi (Table S2) [54–59] and selected
the maximum dose and timing of exposure, ensuring acceptable LCLs survival (data not
shown). Cells were incubated with vehicles (H2O or DMSO) at the maximum time (24 h),
TSA 2 µM for 2 h, SAHA 2 µM for 24 h, VPA 2 mM for 24 h, or NaB 5 mM for 24 h as
suggested from the literature (Table S2). Data were normalized on untreated cells and in
vehicles for accounting for proliferation rate differences in basal condition between HD
and RSTS lines.

4.2. AlphaLISA® Assay
After treatments, lymphoblastoid cellular pellets were obtained by centrifugation

and frozen at �80 �C. An amount of 10,000 cells/well resuspended in 60 µL of culture
media was used in order to perform AlphaLISA® assay (PerkinElmer, Waltham, MA,
USA) according to the manufacturer’s protocol. Briefly, cells were incubated 15 min with
Cell-Histone Lysis buffer and 10 min with Cell-Histone Extraction buffer; 30 µL of lysates
were incubated with 10 µL of Acceptor mix 1h at room temperature (RT) and then 10 µL
of Donor mix was added overnight at RT. Replicates were tested with both AlphaLISA
Acetylated-Histone H3 Lysine 27 (H3K27ac) Cellular Detection Kit (AL720, PerkinElmer,
Waltham, MA, USA) and AlphaLISA unmodified Histone H3 Lysine 4 (H3K4) Cellular
Detection Kit (AL719, PerkinElmer, Waltham, MA, USA) for normalization. PerkinElmer
EnSight™ plate reader was used for the detection of the chemiluminescent signal.

4.3. Ki67 and TUNEL Assay
After treatments, at least 1.5 ⇥ 104 LCLs were seeded in duplicate on SuperFrost Plus

slides (Thermofisher Scientific, Waltham, MA, USA) through 5 min of cytospin at 500 rpm,
followed by 10 min of incubation with PFA 4% and washed. Slides were stored at 4 �C
until Ki67 or TUNEL assays were performed.
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Briefly, for Ki67 assay slides, samples were put in a wet chamber and cells permeabi-
lized with PBT buffer (Phosphate-Buffered Saline (PBS) with 0.2% Triton) for 10 min at
room temperature (RT); blocking of non-specific sites was obtained by slide incubation with
PBT supplemented with 10% FBS for 30 min at RT. Slides were first incubated overnight at
4 �C with the anti-Ki67 antibody (#9129 Cell Signaling, Danvers, MA, USA, 1:400), washed
with PBT, and then incubated with Alexa-488 anti-Rabbit secondary antibody (#6441-30
SouthernBiotech, Birmingham, AL, USA, 1:250) for 2 h. Slides were washed with PBT and
water, mounted with EverBrite Mounting Medium with DAPI (23002, Biotium, Landing
Parkway Fremont, CA, USA), and fluorescent microscopic images of proliferative cells
(Ki67+) were acquired and analyzed with ImageJ software (National Institute of Health,
Bethesda, MD, USA).

Terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) assay
was performed using In Situ Cell Death Detection kit, AP (Roche Diagnostics, Basilea,
Switzerland), in order to detect apoptotic cells, according to manufacturer’s protocol. Cells,
previously seeded on slides were incubated with a permeabilization solution (0.1% Triton
100X and 0.1% sodium citrate) for 2 min at 4 �C, then washed with PBS and incubated with
TUNEL mixture (composed by Enzyme Solution added to Label Solution) in a wet chamber
for 1h at 37 �C. After 3 PBS washes, slides were incubated with Converter AP for 30 min at
37 �C and then with Substrate Solution (2% NBT/BCIP stock solution in NBT/BCIP Buffer)
for 10 min at RT and dark. Finally, following PBS washes, mounted with DABCO mounting
medium and brightfield microscopic images of apoptotic cells (TUNEL+) were acquired
and analyzed with ImageJ software (National Institute of Health, Bethesda, MD, USA).

Both fluorescent and brightfield slide images were acquired by NanoZoomer S60
Digital Slide Scanner (Hamamatsu Photonics, Hamamatsu City, Japan) at 20⇥ and 80⇥
magnification, and two randomly selected fields for each experimental group at 20⇥ were
selected for blinded cells counts by three different operators. Panel images of Ki67+ cells
were instead acquired by confocal microscopy A1/A1R (Nikon Corporation, Tokyo, Japan)
at 60⇥ and 100⇥ magnification. The number of Ki67+ and TUNEL+ cells was normalized
on the total cell number per image.

4.4. Subject Recruitment and Sampling for Gut Microbiota Profiling
For this study, 23 RSTS subjects and 16 healthy siblings were enrolled. All subjects

were recruited in collaboration with the Italian family RSTS association “Associazione RTS
Una Vita Speciale ONLUS”.

For both patients and controls, exclusion criteria were treatments with antibiotic
and/or probiotic/prebiotic assumption during the previous 3 months. For RSTS patients,
inclusion criteria were confirmed clinical diagnosis with (20/23) or without (3/23) demon-
strated CREBBP/EP300 mutation. RSTS diagnosis of all patients was confirmed by an
expert geneticist (DM) and genetic tests were performed in our laboratory (CG).

In conjunction with the stool sample collection, a 3 day dietary survey (preceding the
sample collection) was filled by caregivers. Dietary food records were processed using
commercially available software (ePhood V2, Openzone, Bresso, Italy).

The study was approved by the Ethics Committee of San Paolo Hospital in Milan
(Comitato Etico Milano Area 1, Protocol number 2019/EM/076, 2 May 2019); written
informed consent was obtained from enrolled subjects or caregivers.

4.5. Bacterial DNA Extraction and 16S rRNA Gene Sequencing of Human Gut Microbiota
Bacterial genomic DNA in stool samples was extracted as previously described [60]

by using the Spin stool DNA kit (Stratec Molecular, Berlin, Germany), according to the
manufacturer’s instructions. Briefly, after homogenizing fecal samples in the lysis buffer for
inactivating DNases, Zirconia Beads II were added for a complete lysis of bacterial cells by
using TissueLyser LT. Bacterial lysates were then mixed with InviAdsorb reagent, a step de-
signed to remove PCR inhibitors. Bacterial DNA was eventually eluted in 100 µL of buffer.
Then, 25 ng of extracted DNA was used to construct the sequencing library. The V3–V4
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hypervariable regions of the bacterial 16S rRNA were amplified with a two-step barcoding
approach according to the Illumina 16S Metagenomic Sequencing Library Preparation (Il-
lumina, San Diego, CA, USA). Library quantification was determined using the DNA High
Sensitivity Qubit kit (Thermofisher Scientific, Waltham, MA, USA) and Agilent 2100 Bioan-
alyzer System (Agilent, Santa Clara, CA, USA); libraries were pooled and sequenced on a
MiSeq platform (Illumina, San Diego, CA, USA) in a 2 ⇥ 250 bp paired-end run. Obtained
16S rRNA gene sequences were analyzed using PANDAseq [61], and low-quality reads
were filtered and discarded. Reads were then processed using the Quantitative Insights Into
Microbial Ecology (QIIME) pipeline (release 1.8.0) [62] and clustered into Operational Taxo-
nomic Unit (OTUs) at 97% identity level and discarding singletons (i.e., OTUs supported by
only 1 read across all samples) as likely chimeras. Taxonomic assignment was performed
via the Ribosomal Database Project (RDP) classifier [63] against the Greengenes database
(version 13_8; ftp://greengenes.microbio.me/greengenes_release/gg_13_8_otus, accessed
on 22 February 2021), with a 0.5 identity threshold. Alpha-diversity was computed using
the Chao1, the number of OTUs, Shannon diversity, and Faith’s Phylogenetic Diversity
whole tree (PD whole tree) metrics throughout the QIIME pipeline. Beta-diversity was
assessed by weighted and unweighted UniFrac distances [64] and principal coordinates
analysis (PCoA).

4.6. Fecal Short-Chain Fatty Acid Quantification
Concentrations of acetate, propionate, iso-butyrate, butyrate, and iso-valerate were

assessed according to Bassanini et al. [65]. The measurement of SCFAs was performed by
gas chromatography, using a Varian model 3400 CX Gas chromatograph fitted with FID
detector, split/splitless injector, and a SPB-1 capillary column (30 m ⇥ 0.32 mm ID, 0.25 µm
film thickness; Supelco, Bellefonte, PA, USA). Calibration curves of SCFAs in concentration
between 0.25 and 10 mM were constructed to obtain SCFAs quantification, and 10 mM
2-ethylbutyric acid was used as an internal standard. Results are expressed as mg/g of dry
weight of feces.

4.7. Drosophila Melanogaster Stocks and HDACi Feeding
The following fly strains were used in this study: Drosophila yw strain used as control

and w[*] P{w[+mC]=lacW}nej[P]/FM7c known as nejire (nejP/+) mutant strain (#3728; Bloom-
ington Drosophila Stock Center, Bloomington, IN, USA). nejP contains a P-element 347bp
upstream of the second exon of nej gene and behaves as a loss of function mutant [27]. Flies
were maintained and raised into vials containing a standard food medium composed of
yeast, cornmeal, molasses, agar, propionic acid, tegosept, and water. All the strains were
kept at 25 �C. To prepare food with HDACi, stock solutions of VPA (1 and 2.5 mM) and
NaB (10 and 20 mM) solutions were diluted 1:10 in the food before solidification but under
65 �C to prevent heat damage of the compounds.

4.8. Fly Treatment and Embryo Immunostaining
To identify homozygous animals in sibling crosses, nej mutants were balanced over

FM7, kr-GAL4 UAS-GFP chromosome. Adult nej mutant flies were life cycle-synchronized
and treated with mock, VPA (2.5 mM) or NaB (20 mM) for four days. The drugs were mixed
with standard food as described above at room temperature. For egg collection, adult flies
were placed in cages for 4 h and then removed. Fertilized eggs were collected after 8h and
stained as previously described [66]. Briefly, embryos were collected, dechorionated and
fixed with a mixture of 4% paraformaldehyde and heptane. Following washes, embryos
were permeabilized and blocked with PBT (PBS containing 0.1% Triton X-100 and 1%
BSA) for 3 h. Staining was performed overnight with primary mouse anti-wg 1:50 (4D4,
Developmental Studies Hybridoma Bank, Iowa City, IA, USA). Secondary goat anti-mouse-
Cy3 (1:500) was used for 2 h. Images were taken with a Nikon AR1 confocal microscope
using a 10X objective (Nikon Corporation, Tokyo, Japan).
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4.9. Bacterial DNA Extraction and 16S rRNA Gene Sequencing of Drosophila Melanogaster
Gut Microbiota

For microbiota sequencing, adult fly guts were dissected to avoid environmental con-
tamination. Briefly, flies were anesthetized in ice for 5 min in a Petri dish and transferred,
one by one, to the dissection dish and immersed in 50 µL-drop of cold PBS. First, wings
and legs were removed. Surgical forceps were used to gently separate the insect head from
the body and exposing the foregut. The abdominal cuticle was then cut and dissected out,
and the hindgut pulled outside the abdominal cavity. To completely free the entire gas-
trointestinal tract, the insect head and Malpighian tubes were removed. Only undamaged
organs were further processed. Dissected guts, three per experimental condition, were
immediately transferred into vials containing 100 µL of cold PBS and kept at �80 �C until
use. A total of 15 nej and 15 yw flies were processed.

Bacterial DNA was extracted by means of QIAamp DNA Microbiome Kit (Qiagen,
Hilden, Germany), designed to achieve enrichment of bacterial DNA from low biomass
samples. Briefly, the depletion of host cells was performed by adding lysis buffer and
benzonase to samples. Bacterial cell lysis was carried out by bead beating in the TissueLyser
LT instrument (Qiagen, Hilden, Germany). Lysates were transferred to QIAamp UCP Mini
Columns and processed according to the manufacturer’s instructions. DNA was eluted
in 30 µL of the provided buffer. Library preparation and sequencing were performed as
described above for human samples on the Illumina platform.

4.10. Statistical Analysis
Biological cell data were analyzed using Prism software (GraphPad Software, Sand

Diego, CA, USA) and expressed as mean ± Standard Deviation (SD). Student’s t-tests
were used to compare means between groups in AlphaLISA, Ki67, and TUNEL assays
(LCLs acetylation, proliferation, and death rate), and in phenotypic evaluation (Drosophila
embryo survival), with p < 0.05 considered significant (* p < 0.05; ** p < 0.01; *** p < 0.001 for
graphics relative to in vitro model); the correlation between HDACi-induced acetylation
and proliferative or apoptotic cells was calculated using Pearson correlation coefficient
(�1 < r < 1) and Pearson correlation p-value, significant for p < 0.05.

For microbiota analysis, statistical evaluation among alpha-diversity indices was
performed by a non-parametric Monte Carlo-based test, using 9999 random permutations.
The PERMANOVA test (adonis function) in the R package vegan (version 2.0-10) was
used to compare the microbial community structure of RSTS and HD subjects within
the beta-diversity analysis. For evaluating differences in taxonomic relative abundances,
the pairwise t-test from the package “rstatix” (version 0.6.0) in the RStudio software
(version 1.2.1335; R version 3.6.3) was used. p-values < 0.05 were considered significant for
each analysis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ijms22073621/s1, Figure S1: Insight on single-RSTS LCLs histone acetylation, Figure S2:
HDAC inhibitors cytotoxicity analysis on RSTS LCLs, Figure S3: Insights on cell proliferation and
cell death rate of RSTS LCLs upon HDAC inhibitors exposure, Figure S4: Correlation between
HDACi-induced acetylation versus cell proliferation and apoptosis in RSTS LCLs, Figure S5: Gut
microbiota composition in HD and RSTS subjects, Figure S6: Normal and altered phenotypes of nej
mutant embryos from stage 8 to 12 treated or not with HDACi, Table S1: RSTS LCLs used for in vitro
treatments, Table S2: Conditions of in vitro treatments used on LCLs, Table S3: Nutritional values of
the enrolled patients, Table S4: Gut microbiota composition in HD and RSTS subjects.
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Lithium as a possible therapeutic strategy
for Cornelia de Lange syndrome
Paolo Grazioli 1, Chiara Parodi 1, Milena Mariani2, Daniele Bottai 1,3, Elisabetta Di Fede1, Aida Zulueta1,
Laura Avagliano 1, Anna Cereda4, Romano Tenconi5, Jolanta Wierzba6, Raffaella Adami1, Maria Iascone4,
Paola Francesca Ajmone7, Thomas Vaccari8, Cristina Gervasini1,3, Angelo Selicorni2 and Valentina Massa1,3

Abstract
Cornelia de Lange Syndrome (CdLS) is a rare developmental disorder affecting a multitude of organs including the
central nervous system, inducing a variable neurodevelopmental delay. CdLS malformations derive from the
deregulation of developmental pathways, inclusive of the canonical WNT pathway. We have evaluated MRI anomalies
and behavioral and neurological clinical manifestations in CdLS patients. Importantly, we observed in our cohort a
signi!cant association between behavioral disturbance and structural abnormalities in brain structures of hindbrain
embryonic origin. Considering the cumulative evidence on the cohesin-WNT-hindbrain shaping cascade, we have
explored possible ameliorative effects of chemical activation of the canonical WNT pathway with lithium chloride in
different models: (I) Drosophila melanogaster CdLS model showing a signi!cant rescue of mushroom bodies
morphology in the adult "ies; (II) mouse neural stem cells restoring physiological levels in proliferation rate and
differentiation capabilities toward the neuronal lineage; (III) lymphoblastoid cell lines from CdLS patients and healthy
donors restoring cellular proliferation rate and inducing the expression of CyclinD1. This work supports a role for WNT-
pathway regulation of CdLS brain and behavioral abnormalities and a consistent phenotype rescue by lithium in
experimental models.

Introduction
Cornelia de Lange Syndrome (CdLS, OMIM #122470,

#300590, #610759, #614701, #300882, # 611192, #608749)
is a rare genetic disorder affecting a variety of organs,
including the Central Nervous System (CNS). This syn-
drome is mainly caused by dominant autosomal or X-
linked de novo mutations and it is a genetically and
clinically heterogeneous disorder.
The recent International Consensus Statement1 has

de!ned the phenotypes classi!ed as CdLS as a spectrum
including the classic CdLS phenotype with or without a
pathogenic variant in a gene involved in cohesin functioning,

as well as individuals with a non-classic CdLS phenotype
with a pathogenic variant in a cohesin function-relevant
gene. The spectrum does not include those patients with a
variant in a cohesin gene without the CdLS phenotype.
The prevalence of CdLS is estimated to be

1:10.000–30.000 newborns but, most likely this represents
an underestimation, as milder cases may not be recognized2.
The features of this disorder vary widely among

affected individuals and range from relatively mild to
severe. CdLS is characterized by slow growth, abnorm-
alities of the bones in the arms, hands, and !ngers, and
disorders in the gastro-intestinal tract. Patients present
distinctive facial features, including arched eyebrows,
long eyelashes, low-set ears, small and widely spaced
teeth, and a small and upturned nose. CdLS patients are
characterized by intellectual disabilities and behavior of
the autism-spectrum indicating neural development
alterations3,4.
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CdLS is primarily caused by mutations in one of 7
genes: NIPBL, SMC1A, SMC3, RAD21, HDAC8,
ANKRD11, and BRD41,4. These genes encode for proteins
of the cohesin complex that is a multimeric system, highly
conserved in the course of cellular evolution from the
most primitive life forms to human cells5–7. Cohesins are
essential Structural Maintenance of Chromosomes (SMC)
protein-containing complexes that interact with chro-
matin and modulate chromatin organization. Cohesins
mediate sister chromatid cohesion and cellular long-
distance chromatin interactions affecting genome main-
tenance and gene expression8–10.
The current hypothesis regarding CdLS pathogenesis is

that malformations arise from a deregulation of devel-
opmental pathways1 and in this context, ours and other
previous studies4,11–13 have shown that the canonical
WNT pathway is perturbed.
The WNT pathway regulates cell-cell signaling by

means of two branches. A canonical pathway acts through
frizzled family receptors, which relay the signals to the
intracellular transducer protein Dishevelled and regulates
the expression of key developmental target genes14. In
vertebrates, a non-canonical WNT pathway (also called
!-catenin-independent pathway) is known to regulate
both cell polarity and dorsal mesodermal cell movements
during convergent extension, and later during neural tube
closure15,16.
WNT signaling is involved in numerous events in ani-

mal development and in the maintenance of adult tissue
homeostasis by regulating cell proliferation, differentia-
tion (including the proliferation of stem cells and the
speci!cation of the neural crest), migration, genetic sta-
bility, and apoptosis, as well as by maintaining adult stem
cells in a pluripotent state17.
The WNT pathway plays a fundamental role in all

steps of development of the CNS. In fact, WNT sig-
naling alterations have been associated with a plethora
of CNS abnormalities4. We have previously shown that
the canonical WNT pathway is perturbed in CdLS
models and underlies the observed cellular and devel-
opmental alterations. It is well known that lithium, a
clinically effective therapeutic agent for bipolar dis-
orders18, also recently used for amyotrophic lateral
sclerosis19, is a speci!c inhibitor of the conserved WNT
transducer GSK-3!20,21. Indeed, our group recently
reported that lithium activates the WNT pathway and is
able to rescue phenotypes of nipbl and smc1a knock-
down zebra!sh mutants. Moreover, we observed that
lithium-dependent activation of WNT pathway was able
to rescue phenotypes of nipbl and smc1a knockdown
zebra!sh mutants11,12. Other research groups also took
advantage of zebra!sh CdLS models to demonstrate a
phenotype rescue using L-leucine or anti-oxidant
treatments22,23.

Based on these data, our working model for CdLS is that
the canonical WNT pathway is downregulated as a con-
sequence of a haploinsuf!ciency of cohesin genes. Such
downregulation leads to lower expression of CylinD1
which, in turn, leads to an increase in cell death at speci!c
times and in speci!c tissues of the developing
embryo8,11,12.
Our experimental data was placed in context with CdLS

patient clinical !ndings: in particular, with radiological
anomalies and behavioral and neurological phenotypes.
Thus, herein we decided to investigate the possible ame-
liorative effects of treatment with lithium, exploiting
in vivo and in vitro CdLS models.

Results
Cognitive and behavioral de!cits in CdLS patients are
associated with abnormalities of hindbrain-derived
structures
The relationship between WNT pathway and cohesin

complex genes haploinsuf!ciency has been previously
demonstrated especially in the case of hindbrain
embryonic development4. For this reason, we sought to
ascertain if alterations in cognitive, neurological, and
behavioral aspects of CdLS patients could be associated
with morphological abnormalities in hindbrain-derived
structures24. To this end, we evaluated magnetic reso-
nance imaging (MRI) images of a CdLS cohort (Supple-
mentary Fig. 1B). Among the 66 brain MRI, 31 showed
brain abnormalities, half of which exhibited more than
one anomaly (Fig. 1A; Supplementary Fig. 2A). The cer-
ebellum and cisterna magna were the most frequently
affected structures among recorded abnormalities (both
affecting 25% of patients) and the most frequently coex-
isting anomalies. Subdividing MRI data according to
individual behavioral assessment, we observed a sig-
ni!cant correlation between CNS abnormalities and
autism-spectrum disorder (ASD) (Fig. 1B, C). Subdividing
MRI data according to cognitive level, we observed a
signi!cant correlation between CNS malformations and
severe cognitive impairment (Supplementary Fig. 2B-C).
MRI !ndings were not associated with the presence/
absence of seizure (observed in 13/66 individuals).
Importantly, behaviors associated with ASD signi!cantly
correlated to abnormalities of structures derived from the
hindbrain (Fig. 1C).

WNT activation restores correct mushroom body
development in CdLS "ies
To study the effects of lithium on organ development, we

next moved on to an in vivo CdLS model. To this end, we
decided to evaluate the morphology of mushroom bodies of
Drosophila melanogaster, a well-studied specialized CNS
structure involved in olfactory learning and memory in
adults (Fig. 2A). Indeed, "ies heterozygous for an
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inactivating mutation in the "y NIPBL ortholog gene
Nipped-B (Nipped-B407 haploinsuf!cient animals from here
on), often display mushroom bodies anomalies such as
aberrant or missing lobes (Fig. 2C), when compared to
control animals (Fig. 2B and ref. 25). Importantly, upon
rearing Nipped-B407 haploinsuf!cient animals on food sup-
plemented with lithium (100mM), a statistically signi!cant
(p= 0.0036) ratio of adults did not show signs of altered
mushroom body development (Fig. 2D). In particular, the
percentage of Nipped-B407 haploinsuf!cient animals with
abnormal mushroom body morphology decreased from 88%
in the untreated sample to 30% in the treated animals (Fig.
2E). To assess whether such signi!cant anatomic rescue was
WNT-dependent, we analyzed gene expression in our
experimental groups. We observed a signi!cant increase in
expression of engrailed (en Fig. 2H, I)—a known "y WNT
signaling target26, in the Nipped-B407 haploinsuf!cient "ies
treated with lithium, when compared to "ies reared on
unsupplemented food. As expected27, we did not observe
gene expression changes in armadillo (arm, the "y ortholog
of vertebrate !-catenin. Fig. 2F, G) both in yw, control strain,
and in Nipped-B407 haploinsuf!cient animals.

WNT activation restores physiological proliferation and
increases neuronal differentiation in CdLS mouse neural
stem cells
To study the possible bene!cial effects of lithium

treatments in CdLS models, we exploited mouse neural
stem cells (NSCs) treated with a selective inhibitor of
HDAC8 enzymatic activity (PCI34051), to mimic the
molecular defects observed in patients1,7,28. We have
previously shown that PCI34051 was able to alter the rate
of mouse NSCs proliferation and differentiation13. Thus,
we tested the effects of lithium to prevent the detrimental

effects of HDAC8 inhibition (Fig. 3A, C). We con!rmed
that PCI34051 exposure induces a drastic reduction of
NSCs proliferation. However, simultaneous exposure to
3 mM lithium reduced the adverse effects of HDAC8
inhibition, inducing a signi!cant increase in NSC pro-
liferation (Fig. 3A, C). The protective effect of lithium was
also tested using Nipbl knockdown by siRNA. Such
knockdown caused a signi!cant reduction of NSCs pro-
liferation as expected. However, lithium exposure was
able to completely correct the effect of Nipbl knockdown,
leading to a signi!cantly increased proliferation when
compared to siRNA treatment, ultimately restoring pro-
liferation levels to those observed in control NSCs (All-
Star/control siRNA or AllStar/control siRNA + lithium)
(Fig. 3B, D). In order to con!rm that the ameliorative
effects of lithium were mediated by WNT activation, we
analyzed the expression of the Wnt target Ccnd1 and
observed a signi!cant increase (Fig. 3E).
Selective chemical HDAC8 inhibition also impairs

NSCs differentiation toward the neuronal lineage13.
Hence, we sought to mitigate the adverse effects of che-
mical WNT activation in this context. Lithium exposure
induced a signi!cant increase in differentiated Tuj1-
positive cells (neuronal lineage) in CdLS NSCs, which is
comparable to the differentiation rate observed in con-
trols (Fig. 3F–H), in essence counteracting the inhibitory
effect of PCI34051.

Lithium restores proliferation rate in CdLS lymphoblastoid
cell lines
To evaluate possible ameliorative effects of lithium

treatment in patients in vitro, we studied lymphoblastoid
cell lines from CdLS patients and healthy donors. As
expected29, proliferation appeared to be reduced in

Fig. 1 CdLS brain abnormalities in hindbrain-derived structures correlate with cognitive and behavioral alterations. A MRI data distribution
in the cohort of CdLS patients. Purple: MRI negative (35/66); mauve: MRI positive—single anomalies (16/66); pink: MRI positive—multiple anomalies
(15/66). B CNS anomalies and intellectual disabilities. Solid mauve: MRI negative; striped mauve: MRI anomalies. C CNS anomalies and behavioral
disabilities—autistic traits. Solid purple: MRI negative; striped purple: MRI anomalies; solid mauve: MRI negative; striped mauve: Rhombencephalon
derivation; dotted mauve: Prosencephalon derivation. *p < 0.05; * vs MRI negative.
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patient-derived cells, when compared to control lines.
Interestingly, upon lithium exposure proliferation of
CdLS cells was signi!cantly increased (Fig. 4A and Sup-
plementary Fig. 3A, B). In fact, CdLS lines exposed to a
range of lithium chloride (LiCl) concentrations (1 mM,
2.5 mM, and 5 mM) showed increased proliferation, when
compared to untreated CdLS cells, or to treated healthy
donors (HD) cells (Fig. 4A and Supplementary Fig. 3A, B).
Importantly, these effects on proliferation were associated
with changes in cell death. In fact, assay analyses showed a
decrease in death cells derived from patients treated with
lithium (Fig. 4B-C). Interestingly, lithium exposure
showed an increase in proliferation in vital count mir-
rored by a trend in decrease of cell death in patient-
derived cells, both compared to untreated cells or to HD
control lines. To con!rm that such ameliorative effects

were mediated by WNT activation, we evaluated Cyclin
D1 expression, a known target of WNT canonical path-
way. In CdLS cells, Cyclin D1 showed a trend of increased
expression following lithium exposure in CdLS cell lines
(Fig. 4D-E). Finally, the same positive effects were
observed exposing the cell lines to other chemical com-
pounds (i.e. BIO, IQ-1, deoxycholic acid, CHIRR99021)
with known WNT-activation effects (Supplementary Fig.
3C–F).

Discussion
Basic research on cohesins, whose haploinsuf!cient

inactivation causes cohesinopathies such as CdLS, has had
a growing impetus in recent years since the role of
cohesins on gene expression regulation was identi!ed30.
This function adds to those which have long been

Fig. 2 Lithium rescues mushroom bodies morphology in CdLS D. melanogaster through WNT activation. A Schematic representation of the
drug-treatment protocol. B–D Mushroom bodies of adult animals labeled with anti-FasII are shown in green. B Normal morphology of mushroom
bodies was observed in yw controls where !, ", and # lobes can be distinguished by their distinct projection patterns (arrows). C Abnormal
mushroom bodies morphology was observed in Nipped-B407 haploinsuf!cient adults with a twisted structure (arrowhead in the upper brain) or
lacking both ! lobes (arrowhead in the lower brain) as example. D Rescue of mushroom bodies morphology is shown in Nipped-B407 haploinsuf!cient
adults upon treatment with LiCl. E The table reports the total number and percentage of normal or abnormal adult mushroom bodies. Data were
analyzed using Fisher’s exact test (***p < 0.005). F–I Histograms show arm (F, G) and en (H, I) gene expression levels in whole "ies as 2-$$Ct ± SD.
Analyses of yw controls are shown in the panels (F–H) and analyses of the Nipped-B407 mutants are shown in the panels (H, I). White: water; dark blue:
LiCl 100 mM treatment. ***p < 0.005; * LiCl 100 mM vs H2O.

Grazioli et al. Cell Death Discovery �����������(2021)�7:34� Page 4 of 11

Of!cial journal of the Cell Death Differentiation Association



extensively studied in the control of DNA damage and in
the regulation of chromatid separation during the cell
cycle, which have been de!ned as the “canonical role”7.
Several studies have attempted to clarify which cohesin
function is most commonly implicated in CdLS patho-
genesis: thanks to in vitro and in vivo experimental stu-
dies, it is now currently believed that the “non-canonical”
functions are mainly altered by pathogenic mutations7,31.
Control and regulation of different gene pathways could

account for the heterogeneity of the clinical involvement
of patients with CdLS:32 in fact, these patients have multi-
organ malformations, as well as mental retardation and
medical complications depending on the degree of
disability.
In a previous work of our group8, aimed at de!ning the

cohesins expression in the different mammalian tissues, a
signi!cant expression of cohesins was demonstrated in the
developing hindbrain and in the adult cerebellum. The

share of replicating cells in the adult cerebellum is limited,
so it is possible to assume that the role of cohesins in
maintaining the correct adhesion of sister chromatids is
marginal in this context, and that there may be involve-
ment of the “non-canonical” role of these proteins. Our
previous studies on a D. rerio embryonic model of CdLS
found a high expression of nipblb in the hindbrain, the
structure from which the cerebellum originates12. Mor-
phological alterations have been identi!ed precisely at the
development of the rhombencephalon and a disruption of
the WNT pathway was shown11. It would be extremely
signi!cant to pinpoint the molecular cascade regulated by
cohesins in differentiating CNS cells, and cohesin con-
tribution to proper hindbrain and hindbrain-derived
structures patterning. The dif!culty in performing an
accurate and objective neurological examination in a CdLS
patient, stemming from the seriousness of the cognitive
delay, explains the apparent absence of symptoms referable

Fig. 3 Lithium rescues proliferation and differentiation capabilities in CdLS mouse NSCs through WNT activation. A Analysis of the effects of
PCI34051 and lithium exposure on the proliferation capabilities of the NSCs. White: NSCs treated with DMSO; yellow: NSCs treated with PCI34051; light
blue: NSCs treated with DMSO+ LiCl; dark green: NSCs treated with PCI34051 and LiCl. *** p < 0.001; $ p < 0.05; * DMSO vs PCI34051; $ PCI34051 vs
PCI34051+ LiCl. B Analysis of the effects of Nipbl knockdown and lithium exposure on the proliferation capabilities of the NSCs. White: NSCs treated
with AllStar; light green: NSCs treated with siRNA against Nipbl; light blue: NSCs treated with AllStar and LiCl; dark green: NSCs treated with siRNA
against Nipbl and LiCl. *** and °°° p < 0.001; * AllStar vs siRNA against Nipbl; ° siRNA against Nipbl vs siRNA against Nipbl+ LiCl. C Representative pictures
of the neurospheres growing in the well during various treatments as in panel (A). Scale bar: 2 mm. D Representative pictures of the neurospheres
growing in the well during various treatments as in panel (B). E Analysis of the effects of PCI34051 and lithium exposure on the gene expression of
Ccnd1 in the NSCs. White: NSCs treated with DMSO; yellow: NSCs treated with PCI34051; light blue: NSCs treated with DMSO+ LiCl; dark green: NSCs
treated with PCI34051 and LiCl. ** p < 0.01; * p < 0.05; ** DMSO+ LiCl vs PCI34051; * PCI34051+ LiCl vs PCI34051. F Analysis of the effects of PCI34051
and lithium on the differentiation capabilities of the NSCs. Cells were immunostained for neuron and nuclei detection. White: NSCs treated with DMSO;
yellow: NSCs treated with PCI34051; light blue: NSCs treated with LiCl; dark green: NSCs treated with PCI34051 and LiCl. G Comparison of the effects of
PCI34051 and PCI34051+ LiCl of NSCs differentiation. ** p < 0.01; * PCI34051 vs PCI34051+ LiCl. H Representative staining of the differentiated NSCs.
Differentiated neurons were labeled with "-tubulin III antibody (red) and nuclei were labeled with DAPI (blue). Scale bar: 50 µm.
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to anomalies affecting the cerebellum. The CNS anomalies
reported in the scienti!c literature often concern single
case reports or cases with a small number of patients. In
the context of rare conditions, it is in fact dif!cult to have
large cohorts of patients and, in particular, for problems
and complications that do not involve all affected indivi-
duals. Previous studies are represented on small cohorts,
i.e. 8 and 15 patients33,34. The cohort presented in this
study, therefore, represents the largest ever described, with
66 patients undergoing a brain MRI examination. The
number of neuroradiological tests is limited considering
the original cohort (155 patients), but this is in line with
what has also been highlighted by recent international
guidelines that recommend performing brain MRI only in
the case of manifest neurological symptoms1. The evalua-
tion of the MRI reports showed that in a considerable
percentage of patients, morphological alterations of the
cerebellum are present. Cerebellar anomalies are, in fact,
visible in 24.5% of the patients whose MRI data are avail-
able. These primarily include hypoplasia of the cerebellar

vermis. The !nding of cerebellar hypoplasia in patients
with genetic syndromes is relatively frequent and, to date,
there is much debate regarding the clinical neurological
consequences that this malformation may entail35. Over
the years, pathological !ndings of the cerebellum have been
frequently linked and held responsible for the development
of behavioral problems attributable to the autistic spec-
trum: many autopsies of patients with ASD have demon-
strated a decrease in the number of Purkinje cells and
hypoplasia of the cerebellar vermis or cerebellar lobes36.
The analysis of our cohort shows a statistically signi!cant
correlation between CNS anomalies, in particular the
structures of the posterior cranial fossa of rhombencephalic
derivation, and the presence of autistic features. Analyzing
the case history of 15 patients, the Kline group34 had not
reported a correlation between behavioral problems and
CNS anomalies, perhaps precisely because of the small
number of patients evaluated. Our !nding represents
additional support of the potential relationship between
cerebellar anomalies and autism.

Fig. 4 Lithium rescues cell survival in CdLS LCLs through WNT activation. A Proliferation of patient-derived cells (CdLS H2O, white bar) is
reduced compared to the proliferation rate of controls (HD H2O, white bar). All CdLS lines (striped bar) exposed to lithium chloride (2.5 mM) showed
increased proliferation compared to untreated CdLS cells (CdLS H2O, white bar) and compared to treated HD cells (solid blue bar). B, C TUNEL assay
was used to evaluate cytotoxicity in CdLS LCLs compared to healthy donors (HD). B Upon lithium exposure, CdLS cell lines (blue striped bar) show a
decrease in cell death compared to untreated CdLS cells (CdLS H2O, white bar) and treated HD cells (blue solid bar). On the axis are reported: the
experimental groups (x-axis), and numbers of TUNEL positive cells at 24 h of lithium exposure, normalized on water/vehicle (y-axis). Bars express mean
± SEM. C Examples of positive TUNEL cells. Images were taken at !40, while insets display magni!cation of the white square (!80). Scale bar
represents 50 µm. D, E CyclinD1 gene expression was signi!cantly increased upon lithium exposure (2.5 mM) in LCLs, especially in CdLS lines (SMC1A:
blue dotted bars, NIPBL: blue oblique bars) except for HDAC8 (blue horizontal bar). D CdLS lines are shown separately. E In pooled CdLS lines data
(blue striped bar) CyclinD1 gene expression was increased upon lithium exposure (2.5 mM) compared to controls (blue solid bar). Data are shown as
fold change, calculated as 2!$$Ct ± SD. p ! 0.05 (*), p ! 0.01 (**), p ! 0.005 (***).
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We then used Drosophila to model CdLS brain
abnormalities in vivo. We have shown how the activation
of WNT through the administration of lithium helps
recover the morphology and structure of brain mushroom
bodies also in adults. Our data show how molecular
recovery can lead to macroscopic structural improvement.
It would be interesting to assess possible feedback in
circadian behavior, as it has also been associated with
WNT and mushroom bodies patterning in "ies37 and it is
known to be disturbed in CdLS patients38. It is known
that WNT has a fundamental role in the development of
the CNS, speci!cally the development of the rhomben-
cephalon4. Hence, we assessed lithium effects in CdLS
mouse NSCs13. Upon Nipbl knockdown by siRNA or
Hdac8 inhibition by PCI34051 administration, we
observed decreased proliferation and increased apoptosis.
By administering lithium, proliferation/death rate was
restored to control levels. Furthermore, lithium exposure
restores neuronal differentiation capabilities. We also
con!rmed that this effect was mediated by WNT activa-
tion, through the observed increase of Ccnd1 expression.
Finally, we studied LCLs derived from CdLS patients
(with pathogenic variants in several causative genes)
which were compared to healthy controls. In this
experimental model, we con!rmed results on CdLS-WNT
pathway relationship.
The correlation between rhombencephalic anomalies

and autistic features suggests that the use of lithium may
represent a therapeutic strategy aimed at improving the
behavioral disability of CdLS patients. As previously
described, the WNT pathway modulated by lithium, has
an essential role in the development of the CNS and a
reactivation of the signaling of this pathway determines
effects in terms of proliferation and differentiation that
could potentially improve cellular de!cits caused by an
altered timing and differentiation success. We believe
that it would be fundamental to study at the cellular level
in the CNS possible defects and their correlation with
neurological signs. A clinical trial has proposed lithium
therapy for the treatment of fragile X syndrome showing
promising results39 compared to the effects on beha-
vioral problems. Another work showed the ef!cacy of
lithium as a mood stabilizer in two patients with
SHANK3 mutation who had been diagnosed with an
ASD40. Furthermore, hypoplasia of the cerebellum has
been linked to psychomotor retardation of varying
degrees even in patients without autistic symptoms41. In
our case history, we !nd a statistically signi!cant cor-
relation between CNS abnormalities and severe mental
retardation but not a relationship with speci!c
abnormalities. Our group42 has recently developed a
prognostic score capable of predicting the severity of
intellectual impairment of patients on the basis of clin-
ical features detectable in the !rst 6 months of life.

Should the data emerging from this work be con!rmed,
the presence of CNS anomalies could represent one of
those markers, indicative of a more unfavorable prog-
nosis in terms of intellectual impairment.
In conclusion, in the present study, we have further

analyzed the signi!cant role of the canonical WNT
pathway in the development of the CdLS adverse phe-
notype. We have demonstrated with in vivo and in vitro
models how lithium, a known WNT-activator, amelio-
rates phenotypes associated with CdLS by modulating
WNT pathway. The comparison with the clinical data
revealed a greater prevalence of anomalies of the central
nervous system of rhombencephalic derivation, in full
consistency with the data of the experimental models.
Our !ndings should be con!rmed, possibly through an
ad hoc prospective study, designed with prede!ned
neuro-behavioral parameters functionally assessed and a
homogeneous analysis of the MRI images. This could
allow for assessing the use of prognostic brain MRI data
with respect to prevalence of behavioral disorders and
severity of intellectual impairment.

Materials and methods
CdLS imaging
MRI brain analyses
The cohort of patients was composed of 155 patients

(10 Polish and 145 Italian) with a diagnosis of CdLS
according to diagnostic criteria43. 51.6% were males, and
age spanned between 1 month and 53 years (mean 19.83
years old). Exclusion criteria were genetic rearrangement
not involving known causative genes (Supplementary
Fig. 1B). Behavioral and cognitive parameters were
assessed by specialized clinicians. Among them 66
patients had performed brain MRI (Fig. 1A).

Drosophila melanogaster
Husbandry
Flies were reared on cornmeal, yeast and molasses

media in agar at 25 °C. For all experiments, heterozygous
Nipped-B407 haploinsuf!cient mutants (yw; Nipped-B407,
pw+/CyO, Kr-GPF)25 and yw controls were grown at the
same time with the same batch of food preparation. The
loss of function allele Nipped-B407 was obtained by "-ray
mutagenesis and previously described44.

Animal treatments
LiCl was added during the cooling step (temperature

below 60 °C), of the food cooking process, to reach a !nal
concentration of 100mM; this concentration was deter-
mined according to the literature37,45–47. Treatments’
outcomes have been assessed after 15–20 days of cultur-
ing on the offspring of the "y population exposed to
control or supplemented food.
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Mushroom bodies immunostaining
The protocol for dissection and staining has been

optimized from the literature48. Drosophila brains were
dissected in 1% Triton-X 100 in phosphate buffered saline
(PBT), then !xed in paraformaldehyde (PFA) 4% for 1 h
and stained with mouse anti-FasII 1:20 (clone 1D4;
Developmental Studies Hybridoma Bank) for 2 nights,
followed by incubation with Alexa-488 anti-mouse sec-
ondary antibody (1:1000 - ThermoFisher Scienti!c,
#A21202) for 1 h. Between each step, samples were
washed with PBT on mild agitation. Brain samples were
then whole mounted in glycerol based mounting media
and slides were sealed. Mushroom bodies were visualized
using a "uorescence microscope (Leica DMRB) and
acquired using a digital camera (Leica DFC480).

qPCR analysis (Drosophila melanogaster)
Total RNA was extracted from 15 "ies per genotype

using the RNeasy Mini Kit (#74106, Qiagen) following the
manufacturer’s protocol. RNA was quanti!ed using a
NanoDrop™ One (#ND-ONE-W, ThermoFisher Scien-
ti!c) and 2 #g per sample were used for cDNA synthesis
by performing a retro-transcription reaction with the
SuperScript™ VILO™ cDNA Synthesis Kit (#11754050,
Invitrogen) following manufacturer’s protocol. SsoFast™
EvaGreen® Supermix (#1725201, Biorad) with 500 nmol
primers were used for qPCR analyses on a CFX96 Touch
Real-Time PCR Detection System (#1855196, Biorad).
Primers used were home-made designed and tested
(Supplementary Table S2). The experiments were per-
formed with three independent biological samples (n= 3)
and carried out with technical triplicates. Data are shown
as fold change, calculated as 2!$$Ct using RpL32 as the
calibrator gene.

Mouse neural stem cells
Neural stem cells preparation
Primary cultures and cultivation of the NSCs from adult

mice, their differentiation and their immunostaining were
carried out as previously described49,50 (Supplementary
materials and methods). Cells were maintained in the
proliferation state using an optimized medium (pro-
liferation medium PM) described in a previous work51 as
neurospheres that were mechanically dissociated every
4–6 days and replated. Every dissociation represents a
passage; in the present study, we used cells cultivated for
less than 15 passages.

Proliferation assays on NSCs exposed to PCI34051 and
lithium
Cells maintained in the proliferative state were treated

with PCI34051 25 µM for inhibiting HDAC8. For WNT
pathway activation LiCl was used52. For each experiment,
4 groups were studied: (1) DMSO 1:1000 (as control), (2)

PCI34051 25 µM, (3) DMSO 1:1000 + LiCl 3 mM and (4)
PCI34051 25 µM + LiCl 3 mM. Three different NSCs
cultures were used for each experiment and the experi-
ments were run in triplicate. Cells were counted by dis-
sociating the neurospheres in the well and counting the
single cells in suspension to determine the total number
of cells in the well.

Differentiation assays on NSCs exposed to PCI34051 and
lithium
The differentiation of NSC was accomplished by plating

the dissociated neurospheres. 40,000 cells were seeded
into a 48-multiwell plate containing one 10mm coated
(Cultrex, Tema Ricerca, Italy) round glass coverslip
without epidermal growth factor (EGF) for 2 days, then a
medium containing 1% of fetal calf serum was used.
During this step, the treatment with dimethyl sulfoxide

(DMSO) (1:1000 as control), PCI34051 (25 µM) or LiCl
(3 mM) and PCI 34051 (25 µM) + LiCl (3 mM) was also
performed. Differentiation was reached after 7 days at
37 °C, 5% CO2

13,53. Cells were then washed once with PBS
and !xed with 4% paraformaldehyde (PFA) for 10min at
RT, then kept in PBS until the staining. Two-way
ANOVA analysis of the effect of different combinations
of PCI34051, and LiCl on NSCs differentiation was
carried out.

Immunostaining of differentiated NSC
To assess the differentiation of treated NSCs, we used

an approach previously described13 based on antibodies
against and !-Tubulin III (Tuj1 1:250, Immunological
Sciences AB-10288) and Glial Fibrillary Acidic Protein
(GFAP 1:250, Immunological Sciences AB-10635). The
cells immunolabeled with !-Tubulin III were counted and
the percentage of these cells was calculated by dividing for
the overall number of cells (counting the nuclei stained
with DAPI).

Silencing of proliferating NSCs
Silencing of Nipbl was performed using the same pro-

tocol described for HDAC813. We used Qiagen siRNA
(Flexitube siRNA 5 nmol cat. no. SI00853111 and cat. nr.
SI00853118) and AllStars Negative Control siRNA (cat.
no. 1027280). For allowing siRNA to penetrate into the
cells, we used a speci!cally designed Qiagen Transfection
Reagent, HiPerFect.
LiCl treatment was used to assess possible ameliorative

effects. To this end, four experimental groups were
established: (1) control with scramble miRNA (Allstar);
(2) Nipbl-siRNA obtained using a mix of two different
siRNAs at the total concentration of 20 nM;13 (3) control
with LiCl treatment (AllStar+ LiCl); and (4) Nipbl
knockdown with LiCl. Three different NSCs cultures were
used and the experiments were performed in triplicates.
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Cells were counted dissociating the neurospheres in the
well, counting the single cell suspension and calculating
the total number of cells in the well.

qPCR (NSCs)
Cells were resuspended in Trizol reagent (Sigma-

Aldrich); subsequently, RNA extraction was performed
and contaminating DNA was removed with DNase I
(#E1010, Zymo Research) following manufacturer’s pro-
tocol. First strand cDNAs were synthesized using Sensi-
FAST™ cDNA Synthesis Kit (#BIO-65054, Bioline)
following the manufacturer’s protocol. qPCRs were car-
ried out using TB Green Premix Ex Taq (Tli RNase H
Plus) (#RR420A, Takara Bio Inc., Kusatsu, Japan) and the
Applied Biosystems StepOnePlus™ Real-Time PCR System
(Thermo Fisher Scienti!c, Waltham, MA, United States).
Each sample was assayed in technical triplicates and
Ccnd1 levels are expressed as 2-$$Ct ± SEM and normal-
ized on values derived from the geometric mean of two
tested housekeeping genes (Actb and Rn18s). Both bio-
logical and technical triplicates were used and paired
groups. The primers used are reported in (Supplementary
Table S1). Experiments were performed using RNA from
two NSCs colonies cultured in biological triplicates.

Lymphoblastoid immortalized cell lines
Cell culturing
Lymphoblastoid lines (LCL) from patients with different

mutations were used: 6 lines from CdLS patients carrying
mutations in NIPBL (3), HDAC8 (1), or SMC1A (2)54

(Supplementary Table S3) and 4 lines from healthy
donors (HD) serving as controls (Gaslini Genetic Bank
service - Telethon Network of Genetic Biobanks, Genova).
Cells were cultured in suspension in RPMI-1640 medium
supplemented with 20% fetal bovine serum (FBS), 1%
penicillin/streptomycin and were maintained at 37 °C in a
humidi!ed incubator with 5% CO2.

Lithium exposure and additional compounds
Cells were exposed to three different concentrations of

LiCl: 1 mM, 2.5 mM, and 5mM or water (vehicle) as
control55,56. In addition, we used 4 other WNT activators
compounds: BIO (6-bromoindirubin-3!-oxime) (0.1 #M,
0.5 #M, and 1 #M); IQ-1 (5 #M, 10 #M, and 20 #M);
Deoxycholic acid (5 #M, 100 #M, and 250 #M); and
CHIRR99021 (1 #M, 5 #M, and 10 #M)57–59 (Supple-
mentary Fig. 3C–F). Proliferation/death rates were mea-
sured counting cells upon trypan blue staining to evaluate
the compounds’ effects on viability and cytotoxicity.

TUNEL assay
Apoptosis rate in LCLs was evaluated using terminal

deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling (TUNEL) assay, designed to detect apoptotic

cells during the late stages of apoptosis, as previously
described13. Brie"y, cells were cytospinned on glass slides
and then !xed in 4% PFA for 10min at room temperature
(RT) and washed three times in phosphate buffer saline
(PBS) for 5 min. Staining for apoptotic cells was per-
formed using the AP-In situ Cell Death Detection Kit
(Roche Diagnostics, Penzberg, Germany) following the
manufacturer’s protocol. Slides were mounted for
microscopic imaging with home-made glycerol-based
mounting media with anti-fading (1,4-diazabicyclo[2.2.2]
octane, DABCO). Apoptotic cells were detected with
NanoZoomer-XR Digital slide scanner (Hamamatsu,
Japan) for counting.

Immuno!uorescence assay
For assessing cell proliferation rate, Ki67 immu-

noassay60 was used. Slides were stained with primary
antibody anti-Ki-67 (1:250, #9129 (D3B5) Cell Signaling)
overnight, followed by incubation with Alexa-488 anti-
rabbit secondary antibody (1:1000, #6441-30 South-
ernBiotech) for 2 h. Slides were mounted for microscopic
imaging with EverBrite Hardset Mounting Medium with
DAPI (#23004, Biotium) and positive cells were detected
and acquired with NanoZoomer-XR Digital slide scanner
(Hamamatsu, Japan) for counting.

qPCR (Lymphoblastoid cell lines)
RNA was extracted with Trizol (Sigma Aldrich, Italy)

following the manufacturer’s protocol. First strand cDNA
was synthesized using SensiFAST™ cDNA Synthesis Kit
(#BIO-65054, Bioline, Italy) following the manufacturer’s
protocol. qPCR was carried out using TB Green Premix Ex
Taq (Tli RNase H Plus) (#RR420A, Takara Bio Inc.,
Kusatsu, Japan) and the Applied Biosystems StepOne-
Plus™ Real-Time PCR System (Thermo Fisher Scienti!c,
Waltham, MA, United States). Primers used are reported
in (Supplementary Table S4). Each sample was assayed in
technical triplicates and CCND1 levels were quanti!ed
relative to the expression of the GAPDH gene. Data are
shown as fold change, calculated as 2!$$Ct.

Data analysis and statistics
Morphological analysis of Drosophila mushroom bodies

was performed by two operators blinded to experimental
groups, and results were analyzed with Fisher’s exact test.
The sample size was determined considering two inde-
pendent study groups, with primary end point dichot-
omous (normal/abnormal), with % error: 0.05, ! error 0.2
and power: 0.8. qPCR data for Drosophila and LCL were
analyzed with Student’s unpaired t test. NSCs prolifera-
tion statistical analysis was performed using student’s t-
test and two-way analysis of variance followed by Bon-
ferroni’s Multiple Comparison Test. NSCs immunos-
taining statistical analysis was performed using the One-
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way analysis of variance followed by Bonferroni’s Multiple
Comparison Test. The sample size was determined con-
sidering two independent study groups, with primary end
point continuous (mean), with % error: 0.05, ! error 0.2
and power: 0.8. qPCR data for NSCs were analyzed
multiple comparison in one-way ANOVA. LCL counting
was made picking three randomly selected !elds per
experimental group (!20 magni!cation), and positive cells
were calculated by counting within the three !elds, by two
operators blinded to experimental groups. Vital count
(Fig. 4A), TUNEL apoptotic assay (Fig. 4B) and qPCR
analyses (Fig. 4E) data were pooled based on cell deriva-
tion (HD vs. CdLS) and treatment (H2O vs. LiCl). The
sample size was determined considering two independent
study groups, with primary end point continuous (mean),
with % error: 0.05, ! error 0.2, and power: 0.8. MRI data
from CdLS patients were analyzed using the Fisher test.
For all the analyses, p ! 0.05 (*) was set as statistically
signi!cant, p ! 0.01 (**), p ! 0.005 (***). Graphs were made
using Graphpad Prism 7 and !gures were assembled using
either GIMP-2.1 or Adobe Photoshop CC.
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Abstract

Background: Neural tube defects (NTDs) result from failure of neural tube clo-

sure during embryogenesis. These severe birth defects of the central nervous sys-

tem include anencephaly and spina bifida, and affect 0.5–2 per 1,000 pregnancies
worldwide in humans. It has been demonstrated that acetylation plays a pivotal

role during neural tube closure, as animal models for defective histone

acetyltransferase proteins display NTDs. Acetylation represents an important

component of the complex network of posttranslational regulatory interactions,

suggesting a possible fundamental role during primary neurulation events. This

study aimed to assess protein acetylation contribution to early patterning of the

central nervous system both in human and murine specimens.

Methods: We used both human and mouse (Cited2!/!) samples to analyze the

dynamic acetylation of proteins during embryo development through immuno-

histochemistry, western blot analysis and quantitative polymerase chain reaction.

Results: We report the dynamic profile of histone and protein acetylation sta-

tus during neural tube closure. We also report a rescue effect in an animal

model by chemical p53 inhibition.

Conclusions: Our data suggest that the p53-acetylation equilibrium may play

a role in primary neurulation in mammals.

KEYWORD S

acetylation profile, Cited2, neural tube defects, neurodevelopment, p53

1 | INTRODUCTION

The neural tube is the embryonic precursor of the brain
and spinal cord, and formation of this structure is a criti-
cal process in embryonic development. In humans, neu-
ral tube closure occurs during the third and fourth weeks

after conception. Neural tube defects (NTDs) arise if clo-
sure is not completed, and the neuroepithelium remains
vulnerable to damage as it is not covered or protected.
The most common open NTDs include anencephaly and
spina bifida (Avagliano et al., 2018). Neurulation requires
the coordinated function of many gene products, as
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revealed by the large number (more than 290) of genetic
mouse mutant strains in which closure fails, resulting in
NTDs (Copp, Greene, & Murdoch, 2003; Harris &
Juriloff, 2007). Defects in mice closely parallel the
corresponding severe birth defects in humans which
affect 0.5–2 per 1,000 pregnancies (Greene & Copp, 2014;
Wallingford, Niswander, Shaw, & Finnell, 2013).
Although mouse mutants implicate a large number of
genes in neural tube closure, the molecular basis of NTDs
is not well understood in the majority of human cases.

Acetylation is a post-translational modification occur-
ring on histones and non-histone proteins that is capable
of regulating protein functions, localization, and stability
(Narita, Weinert, & Choudhary, 2018). A potential
requirement for acetylation in neural tube closure has
been suggested by the observation of cranial NTDs in
mouse embryos that carry even one null allele of p300, a
transcriptional co-activator that has potent histone
acetyltransferase (HAT) activity (Harris & Juriloff, 2007).
Interestingly, NTDs also occur at high frequency in null
embryos for Cited2 (Barbera et al., 2002), a
CBP/P300-interacting transactivator protein containing a
Glu/Asp-rich C-terminal domain. Null embryos for the
acetyltransferase gene Gcn5, die early in gestation with
developmental delay and extensive apoptosis in mesoder-
mal lineages (Bu, Evrard, Lozano, & Dent, 2007; Xu
et al., 2000). Double mutants of Gcn5 and p53 survive
longer and have reduced levels of apoptosis but they still
do not develop to the stage of neural tube closure
(Bu et al., 2007). A knock-in allele: Gcn5hat, was gener-
ated which incorporates point mutations in the catalytic
domain that result in specific ablation of HAT activity.
Homozygous Gcn5hat/hat embryos exhibit cranial NTDs,
without growth retardation or excessive apoptosis (Lin
et al., 2008). Thus, both decreased acetylation (HAT
mutants) and increased acetylation (Cited2) might be
associated with the development of NTDs. A possible role
for disturbed acetylation in NTDs also arises from consid-
eration of possible mechanisms underlying teratogenic
effects of antiepileptic drugs such as valproic acid (VPA),
whose use during pregnancy is a major risk factor for spi-
nal NTDs in humans (Wlodarczyk, Palacios, George, &
Finnell, 2012) and in animal models (Finnell, 1991;
Hughes, Greene, Copp, & Galea, 2018). VPA has efficient
histone deacetylase (HDAC) inhibitor activity, especially
in embryonic tissue susceptible to its toxicity (Menegola
et al., 2005).

In summary, acetylation represents an important
component of the complex network of post-translational
regulatory interactions. Evidence from mouse models
indicates a possible fundamental role during primary
neurulation events. It is assumed that acetylation also
occurs during human development (Goodman & Smolik,

2000), but is not known whether this alters with stage or
is affected in NTDs. In mice, the overall acetylation status
during neurulation stages has not been evaluated. Hence,
the aim of this study was to assess protein acetylation in
the context of early development of the mouse and
human central nervous system.

2 | MATERIALS AND METHODS

2.1 | Human samples

2.1.1 | Human cohort

Controls: formalin fixed, paraffin-embedded samples were
obtained from four healthy Caucasian women undergoing
legal termination of singleton pregnancy from 9 to
26 weeks of gestation (WG). Samples were obtained from
archival tissues from the Unit of Human Pathology of the
San Paolo Hospital Medical School, Milano, Italy. In this
group, fetuses did not exhibit any malformations. The NTD
case was from legal termination at 21 WG of a singleton
pregnancy affected by spina bifida in a Caucasian woman
with epilepsy who was treated with VPA. Termination of
pregnancy occurred at Department of Obstetrics and Gyne-
cology, Foundation MBBM, Monza, Italy.

2.1.2 | Immunohistochemistry

Immunohistochemistry was performed as previously
described (Avagliano et al., 2016) on 5 !m sections of
paraffin-embedded tissue using a Ventana system
(Ventana Medical Systems, Tucson, AZ) according to the
manufacturer's instructions. The primary antibody was
specific for acetyl-histone H4 (Acetyl-Histone H4 (Lys5)
(D12B3) Rabbit mAb #8647, Cell Signaling). Staining was
achieved using Ultraview Universal DAB detection kit
(Ventana Medical Systems) and counterstained with
hematoxylin. One fetus per stage was selected for this
study. Slides were immunostained in the same batch to
prevent technical variability and ensure identical condi-
tions for comparison.

2.1.3 | Counting

Images were digitalized and captured using a
NanoZoomer-XR Digital slide scanner (Hamamatsu,
Japan). After scanning the entire section, five randomly
selected fields of view per case and controls were photo-
graphed at !20 magnification and analyzed using ImageJ
1.47v software (Bethesda, MD). Images were calibrated
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with a stage micrometer. H4 positive cells were calcu-
lated by counting within the five fields, by three opera-
tors blinded to experimental groups.

2.2 | Animal studies

2.2.1 | Animals

Animal studies were carried out under regulations of the
Animals (Scientific Procedures) Act 1986 of the UK Gov-
ernment, and according to guidance issued by the Medi-
cal Research Council, United Kingdom, in Responsibility
in the Use of Animals for Medical Research (July 1993).
Random-bred CD1 mice were purchased from Charles
River Laboratories, United Kingdom. Cited2 mutant, het-
erozygous and corresponding wild-type embryos were
obtained from four litters in each experimental group
and genotyped as previously reported (Barbera et al.,
2002). Animals were paired overnight and females
checked for vaginal plugs the following morning, desig-
nated embryonic day (E) 0.5. Embryos were dissected
from the uterus at desired developmental stages, morpho-
logically assessed, somites counted for staging, and frozen
at !80!C for further analyses. Pifithrin-" (Komarov et al.,
1999) (2 mg/kg) or vehicle (PBS and saline) was adminis-
tered by intraperitoneal (i.p.) injection at E7.5, E8.5,
and E9.5.

2.2.2 | Western blot

Total proteins were extracted from embryos by standard
procedures (n = 3 embryos per pool per genotype). Fol-
lowing protein quantification, equal amounts of quanti-
fied extracts were used for western blot analyses as
previously described (de Castro et al., 2012) using anti-
bodies against acetylated lysines (Acetylated-Lysine Anti-
body #9441, Cell Signaling) or acetylated-p53 (Acetyl-p53
[Lys379-specific for mouse] Antibody #2570, Cell Signal-
ing). Positive bands were quantified, and analyses were
performed using GraphPad.

2.2.3 | Quantitative polymerase chain
reaction

RNA was extracted with TRIzol (Invitrogen, United King-
dom) as previously described (Fazio et al., 2017). First
strand cDNA was synthesized using a Superscript first-
strand Synthesis system (Invitrogen) following manufac-
turer's protocol. GreenER qPCR Supermix (Invitrogen)
with Biotaq DNA polymerase (Bioline, United Kingdom)

was used for quantitative polymerase chain reaction
(qPCR) analyses on a Fast System 7500 with SDS system
software (Applied Biosystems). Primers used were:

p53_Left: GCTTCTCCGAAGACTGGATG
p53_Right: CTTCACTTGGGCCTTCAAAA
GAPDH_Left: ATGACATCAAGAAGGTGGTG
GAPDH_Right: CATACCAGGAAATGAGCTTG

2.2.4 | Data analysis

For human data, acetyl-histone H4 positive cells were
counted as described and Mann–Whitney test was used
to compare cases and controls. For animal studies, t test
on qPCR data was applied. In both cases p " 0.05 was set
as significant. GraphPad 6 software (San Diego, CA) and
Photoshop (Adobe Photoshop CC) software were utilized
for data analysis and figure preparation.

3 | RESULTS

To assess the overall histone acetylation profile during
early human spinal cord development, immunohisto-
chemical analysis was used to enable counting of
acetylated-histone H4 positive cells. At 9 WG, many posi-
tive cells could be detected in the developing spinal cord
(Figure 1a,b). The density of acetylated-histone H4
expressing cells decreased at 12 WG, and then remained
constant until at least 26 WG (Figure 1a,b). An NTD-
affected fetus (open spina bifida following VPA exposure,
21 WG) displayed a similar density of positive cells as
controls of comparable developmental stages.

Neural tube closure events occur at earlier stages of
development, 3–4 weeks, than in this group of human
fetuses. Therefore, for an assessment of the acetylation pro-
file during neurulation we turned to the mouse, in which
the neurulation process is similar to humans. In wild-type
embryos, global protein acetylation levels were compared,
using an antibody to acetylated lysine, shortly after initia-
tion of neural tube closure (E8.5), during cranial and upper
spinal closure (E9.5), and during the final stages of closure
when the low spine is formed (E10.5). This analysis
showed a dynamic pattern (Figure 1c), with an overall
increase of protein acetylation at E9.5. Intriguingly some
protein bands (e.g., 50 K protein in Figure 1c) showed a
distinct up-regulation of acetylation status at E9.5, showing
a temporal correlation with neurulation events.

We asked whether the observed changes in acetyl-
lysine staining are likely to reflect differential regulation
of acetylation. For this analysis, we used Cited2 mutants
as a positive control. Cited2 interacts with the known
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HAT, p300, hence we studied the acetylation profile of
mouse embryos from litters carrying a loss-of-function
mutation in Cited2 (Bhattacharya et al., 1999). Embryo
protein samples from E10.5 wild-type embryos were com-
pared with those from littermate Cited2 null embryos that
were either unaffected (closed brain) or with an NTD
(open brain; exencephaly). Intriguingly, a consistent dif-
ference in acetylation profile was observed in the three
pools of embryos. In particular, a band at around 50 KDa,
was absent from wild-type extracts, became visible in
unaffected Cited2!/! embryos, and appeared strongly
acetylated in Cited2!/! embryos in which neural tube clo-
sure had recently failed (Figure 1d).

Considering the importance of p53 in cell death and
differentiation during embryonic development (Van
Nostrand, Bowen, Vogel, Barna, & Attardi, 2017), and the

requirement for acetylation to prevent p53 degradation
(Reed & Quelle, 2014), we explored the possibility that
p53 is itself acetylated to a greater extent in affected
Cited2!/! mutants compared with wild-type embryos.
Protein extracts from wild-type and affected Cited2!/!

embryos were used for western blot analysis of
acetylated-p53 and, a 30% increase in normalized band
intensity was found in mutant samples (Figure 2a). Anal-
ysis of Trp53 mRNA abundance found no significant dif-
ference between wild-type, Cited2+/! and Cited2!/!

embryos at E9.5 (Figure 2b), showing that p53 abundance
was not misregulated at the transcriptional level. Hence,
acetylated-p53 shows a specific increase in abundance in
affected Cited2 mutant embryos.

We explored the possible functional relevance of p53
activity in the causation of NTDs in this mouse model.

FIGURE 1 Acetylation status is dynamic during human and mouse neural tube development. (a) Cells staining for acetylated-histone
H4 antibody are present in the normal developing human neural tube (Control), both at 9 and 20 WG. Note positive-staining cells also in the
spinal cord of a 21 WG individual with spina bifida (Case). Bar represents 250 !m. The orange line represent the level of histological
section (lumbar for all analyzed fetuses). (b) Quantification of acetylated-histone H4 staining: the median value is shown as a horizontal line
inside the boxes; upper and lower limits of the boxes represent upper and lower quartiles, respectively; whiskers represent the maximum and
minimum values. Among normal fetuses (controls), an early stage of gestation (9 WG) has a higher number of acetylated-histone H4 positive
cells per unit area than stages from 12 WG onward. The fetus with spina bifida (case) shows a similar density of positive cells as unaffected
individuals of a comparable stage. (c) Western blot demonstrates the dynamic acetylation profile of wild-type mouse embryos at different
developmental stages. Note the band at 50 KDa which has a peak of expression intensity at E9.5. (d) The acetylation profile of wild-type and
Cited2!/! embryos without (closed) and with (open) exencephaly. A 50 KDa band is upregulated in Cited2!/! embryos compared with wild-
type, with particularly strong acetylation in mutants with open neural tube
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Pregnant Cited2+/! females were treated by i.p. injection
either with vehicle (PBS and saline) or with a chemical
compound known to selectively inhibit p53 activity
(pifithrin-") at three time-points (E7.5, E8.5, and E9.5).
On morphological evaluation of litters at E10.5, pifithrin-
" treatment was found to result in a significant reduction
in the frequency of NTDs in Cited2!/! embryos. Hence,
while 80% of control mutant embryos had exencephaly,
only 20% of pifithrin-" treated mutants had such defects
(p < 0.05). This experiment suggests a direct role of
increased p53 function in the development of NTDs in
Cited2 mutants which we hypothesize to be mediated
through altered acetylation.

4 | DISCUSSION

In contrast to N-terminal acetylation, which occurs co-
translationally on most proteins, selected proteins are
also subject to post-translational acetylation of specific
lysine residues. The lysine acetylation status of specific
proteins depends on a finely tuned equilibrium between
histone acetylases (HATs), which catalyze acetylation,
and HDACs, which remove acetyl groups (Glozak, Sen-
gupta, Zhang, & Seto, 2005).

Exposure of neurulation-stage mouse embryos to
pharmacological inhibitors of HDACs, such as VPA and
trichostatin A (TSA), can cause NTDs as well as skeletal
defects (Finnell, Waes, Eudy, & Rosenquist, 2002).
Pivotal work in chick embryos in vivo demonstrated that
TSA treatment induces NTDs with a complete failure of

neural tube closure, accompanied by morphological mod-
ifications in neuroepithelial cells and induction of
apoptosis (Murko et al., 2013). In previous studies, micro-
array approaches were used to analyze gene expression
alterations in somitic tissues of mouse embryos following
VPA exposure (Massa, Cabrera, Menegola, Giavini, &
Finnell, 2005). Cluster analysis showed major
misregulation of expression in the HDAC ontology group,
suggesting a possible role in the subsequent skeletal
defects. Modulation of acetylation was hypothesized to
mediate the effect of VPA on neurulation, and accord-
ingly increased acetylation of histone H4 in the caudal
neural tube was found (Menegola et al., 2005).

Considering the potential clinical relevance of altered
acetylation in NTDs and skeletal development, we sought
to ascertain the relevance of protein acetylation during
spinal cord development in human and mouse embryos.
Using different experimental approaches, our study
shows a dynamic profile of protein acetylation during the
stages of nervous system development in both humans
and mice. We also found p53-acetylation levels to be
abnormal in a mouse NTD model, the Cited2 gene knock-
out, in which occurrence of NTDs is associated with
increased acetylation. p53 was the first nonhistone pro-
tein to be shown to be subjected to acetylation modifica-
tion by HATs and HDACs, with important effects on its
stability and consequently on its transcriptional activity
(Brooks & Gu, 2011). Importantly, our data are in line
with a report of shRNA-mediated knock-down of
CITED2, resulting in increased acetylated-p53 in human
cancer cells (Wu, Sun, & Chao, 2011). Notably, rescue of

FIGURE 2 p53 acetylation
contribution to the Cited2!/! NTD
phenotype. (a) Quantification of
acetylated p53, normalized to actin
expression, shows an increase in
affected Cited2!/! embryos (three
embryos per pool per genotype were
used. Three replicates were performed).
Bars show standard deviation.
(b) Relative western blot analysis of
acetylated p53. (c) In contrast, total p53
gene expression (qPCR) does not differ
between Cited2 genotypes at E9.5.
(d) Chemical inhibition of p53 activity
using pifithrin-" results in a significant
decrease in the frequency of NTDs in
Cited2!/! embryos (Fisher's exact test:
*p = 0.023)

MASSA ET AL. 5



the adverse effects of Cited2 loss of function was observed
following pifithrin-"-mediated inhibition of p53 activity,
suggesting a direct role for p53 in causing the
exencephaly observed in this model. In conclusion, this
study reports a dynamic profile of histone and protein
acetylation during CNS development and suggests
p53-acetylation equilibrium as fundamental for primary
neurulation in mammals.
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Abstract

In recent years, many genes have been associated with chromatinopathies classified

as “Cornelia de Lange Syndrome-like.” It is known that the phenotype of these

patients becomes less recognizable, overlapping to features characteristic of other

syndromes caused by genetic variants affecting different regulators of chromatin

structure and function. Therefore, Cornelia de Lange syndrome diagnosis might be

arduous due to the seldom discordance between unexpected molecular diagnosis

and clinical evaluation. Here, we review the molecular features of Cornelia de Lange

syndrome, supporting the hypothesis that “CdLS-like syndromes” are part of a larger

“rare disease family” sharing multiple clinical features and common disrupted molecu-

lar pathways.

K E YWORD S

chromatin disorders, cohesinopathies, Cornelia de Lange syndrome, genotype-phenotype

relationship

1 | INTRODUCTION

Cornelia de Lange syndrome (CdLS, OMIM #122470, #300590,

#610759, #614701, #300882) is a rare and clinically variable

syndrome manifesting with developmental disability, growth impair-

ment, multi-organ abnormalities (including limb anomalies, congenital

heart defects, gastrointestinal dysfunction and neurodevelopmental

alterations) and typical facial dysmorphisms (such as hirsute forehead,

arched eyebrows with synophrys, short nose with depressed nasal

bridge, anteverted nares, long and smooth philtrum, thin lips,†Cristina Gervasini and Valentina Massa contributed equally to this study.
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downwards turning corners of the mouth).1,2 According to the recently

published international consensus statement, “CdLS-spectrum” includes

the classical and non-classical phenotype caused by pathogenic variants

in genes encoding the cohesin complex and its interactors.3

Genetically, CdLS is a cohesinopathy disorder caused by autoso-

mal heterozygous or X-linked mutations in the cohesin core subunits

SMC1A, SMC3, RAD21, or in the cohesin-associated factors NIPBL and

HDAC8.4-8

Cohesin is a chromatin-associated multi-subunit protein complex,

highly conserved during evolution and involved in several aspects of

chromosome biology9: cohesin is involved in chromatids cohesion,

fundamental for a correct mitosis.10 Sister chromatid cohesion is also

pivotal both for DNA recombinational repair11,12 and for correct dis-

tribution of chromosomes upon cell division.13,14

In addition to its canonical role, this complex acts as one of the

many players involved in transcriptional regulation. In fact, the cohesin

complex is important in controlling gene expression together with tis-

sue specific transcription factors and/or in combination with the

CCCTC-binding factor (CTCF) insulator protein,15 although mostly indi-

rectly through chromatin organization and architecture control.16,17

In particular, SMC1, SMC3, RAD21 and STAG1/STAG2 (or STAG3

in germ cells) assemble to form a structure, defined as ring-shaped, for

holding sister chromatids together.18 NIPBL is implicated in loading

the cohesin complex onto chromatin during S-phase, G1 and G2.19

HDAC8 regulates the deacetylation of SMC3 following its removal

from chromatin in both prophase and anaphase pathways to permit

correct dissolution of pro-cohesive elements and allowing for

recycling of “refreshed” cohesin for the following cell cycle8 (see

Table 1).

Interestingly, cells from CdLS patients do not display sister chro-

matid cohesion defects20 suggesting that the pathogenesis of CdLS

may not be directly linked to the disruption of sister chromatid cohe-

sion but to inability of the complex to regulate other cellular functions

such as gene-expression regulation.21

The aim of this review is to summarize the relationship between

CdLS and these alterations, focusing on chromatin dysregulation

pathways.

2 | CHROMATIN REGULATION AND CdLS:
CLINICAL AND GENETIC FEATURES

Almost 20 years ago, before precise molecular confirmation, it has

been hypothesized that CdLS was a developmental disorder resulting

F IGURE 1 Classical facial
dysmorphisms of CdLS and related
overlapping syndromes. Patient's
representation in the middle of the
figure displays typical CdLS
phenotype with mutations in NIPBL
(representative of classic CdLS
dysmorphisms); all the other patients'
representations surrounding NIPBL
display all the related phenotypic
variants that overlap with the classic
CdLS: AFF4,32 ANKRD11,33 KMT2A,30

SETD5,30 EP300,31 BRD4,36 SWI/
SNF.30 CdLS, Cornelia de Lange
syndrome [Colour figure can be
viewed at wileyonlinelibrary.com]
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from defective expression of a multi-functional protein involved in

chromosome function, gene regulation and double-strand DNA

repair.22

More recently, in the post human genome era, CdLS has been cat-

egorized as a “cohesinopathy.” According to the concept that the

cohesin complex functions in sister chromatid cohesion, and also plays

a role in the regulation of gene expression, it has been suggested that

the five aforementioned genes associated with CdLS are involved in

transcriptional regulation8,23-28 and structural maintenance of

chromatin.

Moreover, multiple next-generation sequencing (NGS) technolo-

gies identified mutations in key chromatin-associated factors, geneti-

cally different from cohesin, in patients presenting features of CdLS

or CdLS-like phenotype. These mutations affect genes coding for met-

hyltransferases such as KMT2A,29 for subunits of the chromatin-

remodeler SWItch/sucrose non-fermentable (SWI/SNF) complex30

and for transcriptional regulators such as EP300, AFF4, ANKRD11,

SETD529-35 or the Bromodomain-containing protein 4 BRD4 gene,

encoding a chromatin-associated protein.3,36 In Figure 1 the facial

dysmorphisms associated with the genes mentioned above are shown

and clinical features associated with mutations in these genes are

summarized in Table 2.

Applying NGS techniques, new genetic variants have also been

associated to CdLS phenotypes: a homozygous TAF6 variant was

found in patients with clinical features overlapping with those of

CdLS,29 whereas a variant in NAA10 was reported in a patient with

periorbital region features comparable to individuals with CdLS.37

In this review, genes recently described associated to CdLS phe-

notype are described.

2.1 | AFF4

AFF4 is a scaffold protein comprising the core component of the

super elongation complex. Gain-of-function missense mutations in

AFF4 create a resistance to ubiquitination-dependent proteasomal

degradation, resulting in the accumulation of excessive amounts of

mutant AFF4 protein32 leading to increased transcriptional

activation,32 as observed in patients with CHOPS syndrome (cognitive

impairment and coarse facies, heart defects, obesity, pulmonary

involvement short stature and skeletal dysplasia, OMIM #616368).32

Patients with CHOPS or CdLS display a similar disruption in RNAP2

(RNA polymerase II) distribution,32 suggesting a common molecular

pathogenesis for both conditions. Such impairment leads to distur-

bance of transcriptional elongation and consequent gene-expression

alterations.

2.2 | ANKRD11

ANKRD11 mutations have been originally reported as cause of KBG

syndrome (OMIM #148050). ANKRD11 codes for the ankyrin repeat-

containing protein 11, also known as ankyrin repeat-containing co-

factor 1 (ANCO-1).38,39 This protein recruits the histone deacetylases

HDAC3, HDAC4 and HDAC5, leading to transcriptional silencing of

nuclear receptors targets.38,39 Heterozygous loss-of-function muta-

tions in ANKRD11 have been identified by exome-sequencing

approaches in CdLS-like patients.33,34 Similar to the cohesin complex,

also ANKRD11 is involved in transcriptional regulation, mediating

both its activation and repression. It is therefore licit to hypothesize

that dysregulation of functionally interconnected genes regulated by

the cohesin complex or ANKRD11 leads to overlapping phenotypical

features.33

2.3 | BRD4

Recently, BRD4 variants have been reported in patients with clinical

features of CdLS.36 Recently, a study reported overlap of gene-

expression regulation between NIPBL and BRD4, consequence of

promoters co-occupancy.40 Both BRD4 and cohesin are known to

bind super-enhancer regions, controlling cell fate decision, hence a

role of super-enhancers function has been postulated in the patho-

genesis of CdLS. Overlapping features between the facial phenotype

of CdLS patients with canonical mutations and patients with mutation

associated with “chromatin dysregulation disorders” are shown in

Figure 1.

2.4 | EP300

EP300 mutations are generally associated with Rubinstein-Taybi syn-

drome (RSTS, OMIM #180849, #613684). EP300 coded protein

(p300) has a histone acetyltransferase domain involved in chromatin

remodeling and acts as transcription co-factor by bridging transcrip-

tion factors and intergenic RNA polymerase II.41 Therefore p300 is

involved in the regulation of genes important for embryonic develop-

ment, cell growth and cellular differentiation.31 A possible association

between EP300 and known genes causative of CdLS has been

suggested: both p300 and HDAC8 control p53 transcriptional activ-

ity.42,43 Moreover, p300 and other chromatin-associated proteins,

including NIPBL, SMC1A, and SMC3, have been found at enhancer

regions in different cell types although further studies needed to clar-

ify their interaction.44 It is therefore possible to hypothesize that

EP300 and canonical CdLS-related genes are part of a common gene

network/pathway and, accordingly, alterations in the expression of

specific genes will result in superimposable phenotypic features.34

2.5 | KMT2A

KMT2A is one of the most frequently mutated gene in patients with

non-syndromic intellectual disability. In addition, genetic variants in

KMT2A can also cause Wiedemann-Steiner syndrome (WDSTS,

OMIM #605130).45 With the establishment and application of exome

sequencing and other NGS in molecular diagnostics the number of

identified pathogenic variants in KMT2A is rapidly increasing.46-48

KMT2A is a histone methyltransferase that preferentially targets his-

tone H3 lysine 4, known to play fundamental role in controlling tran-

scription with direct effects on embryogenesis and cell-cycle

progression.29 The clinical findings of CdLS observed in patients with

AVAGLIANO ET AL. 5



KMT2A mutations suggest that KMT2A may potentially contribute to

the phenotypic expansion of CdLS.29

2.6 | SETD5

SETD5 loss-of-function mutations have been shown to cause both

syndromic and non-syndromic intellectual disability and

haploinsufficiency of SETD5 is thought to be the main cause of the

clinical manifestation in 3p25 microdeletion syndrome (MRD23,

OMIM #615761).49-54 SETD5 is a chromatin-regulatory protein

involved in transcriptional regulation. In the pioneer work by Parenti

and colleagues, the two described patients showed some CdLS classi-

cal features combined with typical SETD5 phenotypical presentation

(ie, intellectual disability, short stature, microcephaly, hypotonia and

heart defects54), opening the possibility of a wider clinical presenta-

tion of CdLS patients with variants in SETD5.30

2.7 | SWI/SNF complex

The chromatin-remodeler SWI/SNF complex, a conserved nucleo-

some remodeler, is generally involved in Coffin-Siris syndrome (CSS,

OMIM #135900) and Nicolaides-Baraitser syndrome (NCBRS, OMIM

#601358). SWI/SNF complex presents functions overlapping to those

of cohesins55,56 such as transcriptional regulation, chromatin remo-

deling and epigenetic modifications.57 Moreover, in yeast, a direct

functional interaction between the cohesin loader NIPBL and the

SWI/SNF complex has been observed,57 where the SWI/SNF complex

recruits NIPBL for maintaining chromatin in an open and active state.

These observations suggest a combined role of cohesin and SWI/SNF

complex in regulating the expression of common target genes and/or

genomic regulatory elements leading to CdLS or CdLS-like phenotype.

Four patients have been described with mutations in SMARCB1 and

ARID1B encoding subunits of the SWI/SNF complex28 presenting

several CdLS-like features, such as typical facial dysmorphisms,

growth delay, intellectual disability and three out of four showing limb

abnormalities.

2.8 | CdLS as an endo-phenotype of
chromatinopathies

According to the international consensus statement published in

2018,3 classical CdLS phenotype includes characteristic facial features

that are easy to identify, such as thick eyebrows that meet in the mid-

line, short nose with depressed nasal ridge, anteverted nares with

upturned nasal tip, long and smooth philtrum, a thin upper lip and

downturned corners of the mouth (Figure 2).

Conversely, a wide spectrum of CdLS phenotype exists from clas-

sical to mild, with little or no similarity. In this huge clinical variability,

patients with mutations in “canonical CdLS genes” (ie, NIPBL, SMC1A,

SMC3, RAD21, HDAC8) can display a wide range of phenotypes, even

in the presence of variants affecting the same causative gene.

The phenotype of CdLS-like patients can overlap with features

characteristic for other syndromes, typically chromatin disorders.58

Reciprocally, patients with diagnosis of chromatin disorders (eg,

WDSTS, RSTS, CSS) can present with clinical signs characteristic for

CdLS.29-31 Clinical diagnosis of these cases is often challenging or

rather impossible without genetic evidence. CdLS and other chroma-

tin disorders are genetically heterogeneous and causative genes are

not always identified, leaving a consistent fraction of patients without

a molecular cause.

The clinical overlap among CdLS and other chromatin disorders

can be explained molecularly by the functional network between

cohesin and other chromatin-associated complexes that might lead to

alterations in the expression of overlapping genes and proteins net-

works. Indeed, it is conceivable that mutations in cohesin or chromatin

remodelers impair a common protein network and are therefore

F IGURE 2 Five major CdLS facial features and their different severity. Classical facial features characteristic of Cornelia de Lange syndrome
are shown on the left and include thick eyebrows that meet in the midline (called synophrys), depressed nasal ridge with a short nose and
upturned nasal tip, a long and smooth philtrum, a thin upper lip vermilion and downturned corners of the mouth. Variants of this classical
phenotype are shown on the right, from mild to little features. Indeed, clinical diagnosis of Cornelia de Lange syndrome based on facial features
may be challenging due to different degree of manifestation. CdLS, Cornelia de Lange syndrome [Colour figure can be viewed at
wileyonlinelibrary.com]
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responsible for a similar, albeit wide, clinical presentation30-33 called

“CdLS-spectrum.”

In CdLS-like patients, mutations in different but functionally

related genes leading to a phenotype characterized by variable clinical

signs can be identified. Clearly, the consistency with CdLS signs, pre-

sent variability in these patients, both in type and severity (Table 3).

Hence, are CdLS, cohesinopathies and chromatin disorders different

but overlapping syndromes? Recent publications describing over-

lapping phenotypes among different syndromes and molecular

etiopathogenesis converging to transcription dysregulation suggest

that each syndrome (ie, CdLS, WDSTS, RSTS, etc) could be considered

to be part or an endo-phenotype of a larger “disease family” sharing

different clinical features. We believe that this consideration should

be taken into account when evaluating each patient with her/his

proper clinical presentation in the context of a same multifaceted

group of syndromes. An open debate would help caregivers, including

experienced clinicians practiced in recognizing distinctive dysmor-

phisms, that might not match the molecular alterations.

In conclusion, the increasing number of identified genetic variants

associated to clinically defined syndromes and the better understand-

ing of their molecular interactions might generate confusion for

patients and caretakers for the definitive diagnosis. However, the

understanding of common molecular mechanisms and overlapping

clinical features caused by different type of mutations in different

genes or syndromes will allow the development of common support

programs and treatment strategies. Furthermore, the exchange of per-

sonal daily life experience of individual families and patient support

groups might help to identify similarities and differences between dif-

ferent patient groups and syndromes. We believe that this will be an

opportunity for clinicians that, maintaining the specificity of single

patient needs, might manage the entire group in a more efficient and

wiser manner. This is a transition era with consequent inevitable chal-

lenges for all subjects involved but continuous improvement in tech-

nologies and the fundamental cooperation between clinicians and

scientists will significantly improve patient care and open up new

strategies in treatment and the development of future therapies.
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TABLE 3 Patients clinical features accordingly to the first international consensus statement on CdLS

Clinical features AFF4 ANKRD11 BRD4 EP300 KMT2A SETD5
SWI/SNF
complex gene

Cardinal
features

Synophrys and/or thick eyebrows + + + + + + +

Short nose concave nasal ridge and/or
upturned nasal tip

+ ! + ! + +/! +

Long and/or smooth philtrum + + + + + +

Thin upper lip vermilion and/or downturned
corners of mouth

+ + ! + +/! +

Hand oligodactyly and/or adactyly ! ! ! ! ! ! !

Congenital diaphragmatic hernia

Suggestive
features

Global developmental delay and/or intellectual
disability

+ + + + + + +

Prenatal growth retardation + + + +

Postnatal growth retardation + + + + + + +

Microcephaly + + + + + ! +

Small hands + + +

Short fifth finger ! ! + ! ! ! !

Hirsutism + ! + + +

Note: Empty cells indicate unreported clinical sign.
Abbreviation: +, present; !, absent; +/!, seldom; CdLS, Cornelia de Lange syndrome; SWI/SNF, SWItch/sucrose non-fermentable.
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Abstract
Cornelia de Lange syndrome (CdLS), which is reported to affect !1 in 10 000 to 30 000 newborns, is a multisystem organ
developmental disorder with relatively mild to severe effects. Among others, intellectual disability represents an important
feature of this condition. CdLS can result from mutations in at least !ve genes: nipped-B-like protein, structural
maintenance of chromosomes 1A, structural maintenance of chromosomes 3, RAD21 cohesin complex component and
histone deacetylase 8 (HDAC8). It is believed that mutations in these genes cause CdLS by impairing the function of the
cohesin complex (to which all the aforementioned genes contribute to the structure or function), disrupting gene regulation
during critical stages of early development. Since intellectual disorder might result from alterations in neural development,
in this work, we studied the role of Hdac8 gene in mouse neural stem cells (NSCs) and in vertebrate (Danio rerio) brain
development by knockdown and chemical inhibition experiments. Underlying features of Hdac8 de!ciency is an increased
cell death in the developing neural tissues, either in mouse NSCs or in zebra!sh embryos.
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Introduction

During embryonic development and, in mouse, up to 4 weeks
after birth, the brain is shaped by immature neurons generated
in excessive number that die before maturation is completed.
This process is fundamental for achieving optimal brain con-
nectivity, and a number of brain disorders have been associ-
ated with altered neuronal cell death (1,2). It has also been
shown that disturbing this !nely tuned developmental process
exerts detrimental effects on cell composition and global brain
activity impacting on cognition (3). Signals involved in this bal-
ance are numerous and vary both during developmental stages
and within involved brain areas. Some signals are considered
‘core’, thereby inhibiting cell death allowing for proliferation
and differentiation, others are ‘neuron-type speci!c’ re"ecting
differences in receptors expressed on the cell membrane (4,5).
Neurogenesis during embryonic development, hence, envisages
excessive differentiated neurons that will be removed if not
fully integrated, starting from a pool of progenitor cells named
neural stem cells (NSCs). In lower mammals such as mice prim-
itive NSCs are present from embryonic day 5.5 (E5.5). At E7.5,
neural induction begins and the forming neural tube gives rise
to the brain and the spinal cord. The cell population com-
posing the neural tube consists of a relatively homogenous
population of neuroepithelial cells that proliferate and expand
through symmetric division. In the developing embryo, radial
glial cells comprise NSCs that divide symmetrically to increase
pool size and originate progenitors that migrate away from the
periventricular germinal zone (6). In adults, the subventricu-
lar zone (SVZ), which extends along the length of the lateral
wall of the lateral ventricles, and the dentate gyrus of the hip-
pocampus represent the two most important reservoirs of NSCs
(7). NSCs’ self-renewal, expansion, division and differentiation
are controlled by a number of factors, both extrinsic (such as
morphogens) and intrinsic (such as epigenetic modi!cations).
Among these, hierarchically prominent role has been shown for
chromatin remodeling, including accessibility and histone mod-
i!cations (8). Interestingly, Cornelia de Lange syndrome (CdLS)
is a genetic disorder caused by mutations in genes codifying
for proteins regulating both chromatin features (CdLS1 MIM
Mendelian Inheritance in Man 122470, CdLS2MIM 300590, CdLS3
MIM 610759, CdLS4 MIM614701, CdLS5 MIM 300882). Indeed,
80% of CdLS patients present mutations in one of !ve genes:
NIPBLNipped-B-like protein, structural maintenance of chromo-

somes 1A (SMC1A), structural maintenance of chromosomes 3
(SMC3), RAD21 cohesin complex component (RAD21) and histone
deacetylase 8 (HDAC8) (9). The !rst four genes are part of the
cohesin complex, a multimeric structure controlling chromoso-
mal cohesion in all eukaryotic cells (10). The !fth gene, HDAC8,
encodes for a class I histone deacetylase, hence considered an
‘eraser’ in the epigenetic machinery components (11) with a
known target (SMC3) in the cohesin complex (12). The present
study sought to ascertainHDAC8 role inmammalianNSCs’ capa-
bilities and during vertebrate embryonic brain development,
with a particular emphasis on cell death as previous studies have
shown the fundamental role of cohesin complex to maintain
viable cells during embryonic development in neural tissues and
given the importance of HDAC8 in regulating a master regulator
of cell death (i.e. p53) (13–18).

Results
HDAC8 inhibition reduces murine NSCs’ proliferation
rate, inducing apoptosis and differentiating capabilities

During the proliferative phase, cells continuously treated
with a speci!c inhibitor of HDAC8 activity N-hydroxy-1-[(4-
methoxyphenyl)methyl]-1H-indole-6-carboxamide showed a
lower proliferative capability. The proliferation of PCI34051-
treated NSCs was signi!cantly lower compared to controls, as
shown in Figure 1A, in which the average of three experiments
for each culture is shown. The slopes of the growth curves are
signi!cantly different (P < 0.044) and the overall number of cells
treated with PCI34051 decreased during culture whereas the
number of the cells treated with dimethyl sulfoxide (DMSO)
(CTR) Control exponentially increased during the experiment.
Analysis of cell death revealed a signi!cant increase in apoptosis
following treatment with the inhibitor (Fig. 1B).

Treatment with HDAC8 inhibitor caused a change in differen-
tiation capabilities signi!cantly reducing the levels of expression
of !-tubulin III P < 0.01 (Fig. 2) of !50% at both time points
(Fig. 2B and C).

Hdac8 silencing reduces murine NSCs’ proliferation rate
and differentiating capabilities

The knockdown of Hdac8 transcript in NSCs using speci!c small
interfering ribonucleic acids (siRNAs) induced a signi!cant
reduction of the proliferative capability. siRNAs effects were
synergist, although of less impact compared to inhibitor

Figure 1. Growth curve and apoptosis of the PCI34051 treated cells. Reddish colors represent the controls, greenish colors represent PCI34051 treated cells. (A) In red
#A DMSO, in purple #B DMSO, in pink #C DMSO; in light green #A PCI34051, in green #B PCI34051, in bright green #C PCI34051; in purple with dashed line represents
the mean of the three samples treated with DMSO, in green with dashed line represents the mean of the samples treated with PCI34051. (B) Apoptosis levels induced
by PCI34051treatment expressed as absorbance (Y axis) per samples (x axis).
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Figure 2. Immuno"uorescence analysis of NSCs differentiation. (A) DMSO-treated sample (controls). (B) PCI34051-treated sample for 3 days. (C) PCI34051-treated sample
for 5 days. (A’) Magni!cation of white box in A showing !-tubulin III and GFAP positive cells. (D) White column CTR (DMSO-treated), gray column PCI34051-treated cell
between days 5 and 7 of the differentiation, black column PCI34051-treated cell between days 3 and 7 of the differentiation. !!= P < 0.0017. Scale bar indicates in
A = 25 µm, in A’ = 10 µm, Blue DAPI, green GFAP, red !-tubulin III.

Figure 3. Proliferative changes induced in NSCs by the knockdown of Hdac8
NSCs. The knockdown of Hdac8 transcript causes a signi!cant reduction of
NSCs proliferation in all three analyzed cultures. The analysis was performed
comparing also PC134051 effects. Bars represent from left to right, for each
dataset, CTR, PCI34051, CTR siRNA, HDAC8.1, HDAC8.2 and HDAC8.1+ HDAC8.2.

treatment (Fig. 3). The knockdown of Hdac8 transcript in NSCs
induced a signi!cant reduction of proliferation in all analyzed
samples, with a stronger effect upon using a combination of
HDAC8.1 and HDAC8.2 siRNA (10 nM each). Nevertheless, even

Figure 4. Changes in differentiation induced in NSCs by the knockdown of
Hdac8 NSCs. The knockdown of Hdac8 transcript causes an alteration of NSCs’
differentiation. The analysis was performed comparing also PCI34051 effects.
Bars represent from left to right CTR (3/7), PCI34051 (3/7), CTR siRNA (3/7),
HDAC8.1 + HDAC8.2 (3/7), CTR siRNA (5/7) and HDAC8.1 + HDAC8.2 (5/7).

the single treatments were able to induce a signi!cant (P < 0.05;
sample A) or highly signi!cant (P < 0.001; sample C) reduction
of NSCs’ proliferation. The knockdown of Hdac8 transcript in
differentiating NSCs reduces, !30%, in a not signi!cant fashion
the expression of !-tubulin III (Fig. 4), supporting the outcome
observed following chemical inhibition.
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Figure 5. Expression analysis of hdac8 in zebra!sh. (A andB) RT-PCRperformed ondifferent embryonic stages: hdac8 and!-actin expression are shown. (C–D”) hdac8WISH
analyses on zebra!sh embryos at 24 and 48 hpf developmental stages. (C) 24 hpf embryo showing hdac8 expression in different regions of the CNS (eyes, diencephalon,
mesencephalon, hindbrain), in muscles and in the gut. (C’) Dorsal view (anterior to the left) of the different regions of hdac8 expression in the CNS. (C”) Transverse
histological sections (section level is indicated in C with black line) of a previously hybridized embryo at 24 hpf. hdac8 was expressed in the hindbrain. (D–D’) hdac8
WISH at 48 hpf. The transcript persisted in the eyes, diencephalon, mesencephalon, hindbrain and muscles. hdac8 expression was present also in the !n buds at 48
hpf. (D”) Transversal sections of the head at 48 hpf (section level is indicated in D with black line). ep, epiboly; e, eye; di, diencephalon; m,midbrain; h, hindbrain, fb, !n
bud; mus, muscles; g, gut. Scale bars indicate 100 µm.

Zebra!sh hdac8 identi!cation and expression
analyses

The humanHDAC8 amino acid sequence was used as a query for
identifying in silico the zebra!sh hdac8 gene. NCBI (http://www.
ncbi.nlm.nih.gov/BLAST/),ClustalW(http://www.ebi.ac.uk/Tools/
clustalw/) and SMART (http://smart.embl-heidelberg.de/) tools
were used for basic handling and analyses of the nucleotide and
protein sequences. Zebra!sh hdac8 is present in a single copy on
chromosome 7 (nucleotide position: 51 710 354–51 749 895).

Characterization of zebra!sh hdac8 expression, using reverse
transcription-Polymerase Chain Reaction assays (RT-PCR) tech-
niques, revealed that the transcript was present from the !rst
stages of development up to 4 days post-fertilization (dpf ), thus
including maternal and zygotic transcription (Fig. 5A). Moreover,
zebra!sh hdac8was found to be expressed through development
and in adult organs such as muscles, oocytes, brain and gut
(Fig. 5B).

Whole-mount in situ hybridization (WISH) expression anal-
yses in embryos at 24 h post-fertilization (hpf ) with a speci!c
probe for zebra!sh hdac8 showed the presence of the transcript

in the central nervous system (CNS), speci!cally in the dorsal
part and eyes (Fig. 5C–C”). Moreover, in line with the expression
in adult organs,hdac8was expressed inmuscles and gut (Fig. 5C).
At 48 hpf, hdac8was expressed in the CNS, eyes, muscles and !n
buds (Fig. 5D–D”).

hdac8 loss-of-function results in increased cell
death in the CNS

Loss-of-function studies were carried out by injecting a
morpholino (hdac8-MO; Gene Tools LLC, Philomath, OR, USA),
a modi!ed antisense oligonucleotide which binds speci!cally
to hdac8 messenger RNA (mRNA) blocking the production of
protein. Embryos were initially injected with different con-
centrations of ATG- or splice-hdac8-MO (0.5, 1 and 1.5 pmol
per embryo) in order to assess the dose-dependent effect.
One picomole per embryo was identi!ed as the dose capable
of generating the greatest number of embryos with typical
phenotypic defects without causing global or drastic alter-
ations in the body plane development. Embryos injected with
1 pmole per embryo of ATG- or splice-hdac8-MOs were devel-
opmentally abnormal with defects in the cephalic structures
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Figure 6. Phenotypical analysis of embryos with hdac8 loss of function. (A–D) Phenotypical analysis of embryos at 24 hpf microinjected with hdac8-MO. (B and C)
compared to control embryos (A). (A’, C’) higher magni!cation of the cephalic region of the embryo in A and C. (D) Quanti!cation of embryos microinjected with hdac8-
MO presenting phenotypes with different degree of severity classi!ed as: class I mild phenotype and class II severe phenotype. (E and F) Western blot analyses showed
reduced levels of Hdac8 (42 kDa) in the 24 hpf ATG-hdac8-MO injected embryos compared to controls at the same developmental stage (E) and in splice-hdac8-MO
injected embryos compared to controls at the same developmental stage (F). Gapdh (36 kDa) housekeeping in (E) and Vinculin (120 kDa) in (F). (G) RT-PCR performed on
control and splice-hdac8-MO injected embryos at 24 hpf. RT-PCR primers were designed in exon1 and intron1. The ampli!cation product was 277 bp and comprehended
the intron1 in splice-hdac8-MO injected embryos, while in ctrl-MO there was no ampli!cation as the intron1 was removed. Scale bars indicate 100 µm.

(eye size, structure of the CNS) and in the formation of the
tail (curved tail). Similar morphological phenotypes were
obtained with the injection of the two different morpholinos
directed against hdac8. These defects were used as benchmark
to classify hdac8-MO into two phenotypic classes (class I
mild phenotype and class II severe phenotype) (Fig. 6A–C’).
The distribution of the phenotypical classes was comparable
between the ATG- and splice-hdac8-MOs, strongly suggesting
that the morphological defects were caused by hdac8 loss of
function (Fig. 6D). To further validate the hdac8-MO ef!ciency,
we analyzed Hdac8 protein levels in 24 hpf embryos injected
with ATG- or splice-hdac8-MOs. Quanti!cation analyses indi-
cated that, at this concentration, the ef!ciency of Hdac8
reduction was !50% (Fig. 6E–F). Since splice-hdac8-MO was
designed against the hdac8 exon1–intron1 junction, the retention
of intron1 in morphant embryos was veri!ed by PCR technique
(Fig. 6G).

CNS malformations are caused by augmented
apoptosis rescued by WNT pathway activation

The abnormal development of cephalic CNS was associated
with the presence of apoptotic/necrotic tissues. Hence, TUNEL
assays were conducted in hdac8-loss-of-function embryos at
24 hpf for evaluating rate of programmed cell death. Analysis
showed increased apoptosis at the level of the midbrain, hind-
brain optic vesicles and spinal cord in embryos injected with

hdac8-MO compared to the control embryos (Fig. 7A–B). As we
have previously shown in zebra!sh models of cohesinopathies
(13,14) that augmented apoptosis was caused by altered canoni-
cal WNT pathway, hdac8-loss-of-function embryos were treated
with lithium chloride (LiCl) for activating the WNT pathway.
Following treatment with LiCl, TUNEL assay showed signi!-
cantly reduced levels of apoptosis compared to control embryos
(83.3%; N = 42; Fig. 7C). Moreover, injecting an in vitro synthe-
sized zebra!sh hdac8-mRNA a rescue of the apoptotic pheno-
type caused by the splice-hdac8-MO was observed, con!rming
the role for hdac8 in preventing apoptosis (Fig. 7D). For these
experiments, the splice-hdac8-MO was utilized for avoiding the
possible direct impact of the ATG-hdac8-MO against the injected
hdac8-mRNA.

The ef!cacy and speci!city of the hdac8 loss of function were
extensively tested with the two hdac8 morpholinos as shown in
Fig. 8. Increased apoptosis was obtained with the injection of
the ATG or splice-hdac8-MO (Fig. 8B–C) in comparison to con-
trols (A); the levels of apoptotic cells were increased in class II
embryos with more severe phenotype than class I (Fig. 8B’–C’).
Moreover, to address a synergistic effect of the two morpholi-
nos, we injected subcritical doses of ATG-hdac8-MO (0,5 pmol/
embryo) or splice-hdac8-MO (0,5 pmol/embryo) that singularly
did not cause any effects on cell death. When co-injected with
subcritical doses of each MO, the typical apoptotic phenotype
previously observed by means of full doses injections was found
(Fig. 8D).
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Figure 7. Apoptosis is increased in hdac8-MO-injected embryos and rescued by LiCl treatment or hdac8-mRNA injection. (A–C) Analysis of the apoptotic cells by visual
TUNEL staining in embryos at 24 hpf microinjected with hdac8-MO (B) compared to control embryos (A). Dying cells were present in particular at the level of the CNS
(arrows in brain and spinal cord) and in optic vescicles as shown by transverse histological sections carried out at the level of the black line (I and II) in A and B (AI, AII,
BI, BII). (C) Reduced apoptosis in hdac8-MO injected embryos upon LiCl treatment. (D) Reduced apoptosis was also observed in embryos co-injectedwith splice-hdac8-MO
and hdac8/mRNA. Scale bar indicates 100 µm.

Figure 8. Speci!city of the apoptotic phenotype observed following hdac8 haploinsuf!ciency. The increased apoptosis was speci!cally due to the hdac8 haploinsuf!-
ciency as it was obtained by injecting of the two different ATG and splice-hdac8-MO. (A–C) Speci!city of the apoptotic phenotype following hdac8 loss of function. The
increased apoptotic levels were present in both ATG- and splice-hdac8-MO-injected embryos (B and C) in comparison to controls (A). Fluorescent TUNEL staining in
embryos injected with different morpholinos con!rmed the speci!city of the phenotype. The class II embryos (B’–C’) presented more apoptotic cells than embryos of
class I (B and C). (D) Injection of subcritical doses of ATG- and splice-hdac8-MO that singularly did not generate apoptosis demonstrated a synergistic effect on apoptotic
levels. SC, spinal cord; di, diencephalon; h, hindbrain; n, notocord. Scale bar indicates 100 µm.

Discussion
Regulation of neuronal cell death is a fundamental process dur-
ing both embryonic and adult life (19). During embryonic devel-
opment, neurons are produced in excess number probably to
ensure an adequate number of nerve cells at birth (20). Increased
apoptosis during brain development has been associated to
abnormal morphology and to adult behavioral abnormalities

(21). In the present study, inhibition of HDAC8 enzymatic activity
leads to an excessive apoptosis both in murine NSCs and in the
developing vertebrate brain. HDAC8 is a histone deacetylase
known to act on SMC3 availability; hence, it is considered a
player in the cohesin complex (12). Indeed, deacetylation of
SMC3 is a critical step for protein recycling in cells. Cohesins
and condensins are protein complexes acting prominently as
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regulators of cell division, controlling deoxyribonucleic acid
(DNA) content separation in daughter cells. Intriguingly, germ
line mutations in both complexes are associated with human
conditions affecting brain development. Biallelic mutations
in condensin components NCAPD2, NCAPH, or NCAPD3 cause
microcephaly in humans (22). Dominant autosomal or X-linked
mutations in cohesin complex genes cause CdLS, a congenital
multiorgan syndrome that presents microcephaly and autistic
self-aggressive behaviors (9). Previous studies on models of
CdLS have reported increased cell death in the developing brain
(13,14,23) associated to an impaired activation of the canonical
WNT pathway or mitotic imbalance in the rad21 model, in
which molecular analyses have shown both by array and RNA
sequencing deregulation of the WNT pathway (24,25). Canonical
WNT pathway is mediated by activation of !-catenin, reduced in
CdLSmodels, that translocates in the cell nucleus where it binds
to DNA for gene expression regulation (26,27). Among known
targets, Cyclin D1 (CCND1) is extensively described (28). Notably,
CCND1 is known to play a pivotal role during neurogenesis.
Indeed, it has been shown that overexpression of the cyclin-
dependent kinase 4 (cdk4)–cyclinD1 complex, positive regulators
of cell cycle progression, inducesNSCs’ expansion (29).Moreover,
several studies indicated that shortening of NSCs’ cell cycle in
embryonic and adult brain is suf!cient for inhibiting neuronal
differentiation (30,31). Hence, we sought to evaluate a model of
CdLS NSCs. We inhibited HDAC8 using PCI34051, a chemical
compound known to speci!cally act on HDAC8 deacetylase
activity (12) in proliferating and differentiating murine NSCs.
Our results clearly showed that upon HDAC8 inhibition NSCs
reduce their capability of proliferating, con!rming recent
!ndings shown in cell lines (32). Likely, this is because of the
observed increased apoptosis and it does not translate into
an augmented differentiation as expected in physiological
condition in smooth muscle (33) and brain (34). It was already
demonstrated, in cellular model of glioblastomas, that the
knockdown of another cohesin, SMC1A, led to the signi!cant
decrease in proliferation of U251 and U87MG cells (35). These
results are on line with our in vitro analysis of the role of
HDAC8 in NSCs. Importantly, we found a signi!cant reduction
in cells positive for the neuronal marker !-tubulin III, indicating
that their neurogenic differentiating capabilities are hampered.
Importantly, it has been recently shown that retinoic pathway
response is impaired in CdLS patients !broblasts, suggesting
a weaken activation following exposure to a master player
in neuronal differentiation (36). A neuronal reduction in CdLS
patients could explain part of the behavioral and morphological
features often reported after birth [as reviewed in (37,38)].
Hence, a detailed analysis in mammals should be conducted
for better dissecting this possibility. To note, a consistently high
expression of CdLS–cohesins in the developing mouse embryos
and human adult CNS, especially in hindbrain and hindbrain-
derived structures (39), notwithstanding the non-proliferative
characteristics of such organs, has been recently reported.
In the present study, Danio rerio models of hdac8 de!ciency
obtained by morpholino antisense injections con!rmed an
increased apoptosis in the developing CNS associated with
altered canonical WNT pathway. Molecular and morphological
alterations could be rescued upon chemical activation by LiCl
treatment as previously shown in other CdLS models (13).

In conclusion, we report an association between HDAC8 inhi-
bition—model of CdLS—and increased cell death in the devel-
oping neural tissues, both in vitro and in vivo with a consequent
reduction in neuronal differentiation capabilities, which could
be involved in the severe mental retardation observed in CdLS.

Materials and Methods
Neural stem cells

NSCs obtained fromSVZ of 4months old C57 BL6malemicewere
used. Cells were cultivated in a medium containing epidermal
growth factor (EGF) and !broblast growth factor (FGF) (40–42).
Three different cultures from three mice were used for the
experiments.

PCI34051 treatment

Cells were !rstly grown in a large culture "ask and then
plated in a 12 wells tissue culture plate at the concentration
of 10 000 cell/cm2. Experiments were performed in triplicate for
each culture. For proliferating cells experiments, cultures were
treated either with PCI34051 25 µ#, a known HDAC8 inhibitor
(12), or with DMSO 1:1000, a concentration that does not alter
NSCs’ properties, such as proliferation and differentiation. After
5 days of culture, spheres were harvested and mechanically
dissociated to single cells and counted. The fold change was
determined dividing the total number of cells by the initial
number of plated cells. Differentiation was achieved by plating
cells in presence of adhesion molecules Cultrex (Tema Ricerca,
Italy) and in absence of growth factors. In a 48 well plate, round
sterile coverslip of the diameter of 1 cm was inserted. Wells
were coated with 150 µl of Cultrex for 1 h and 40 000 cells were
loadedwith 500 µl ofmedium containing FGF but not EGF (40–42)
for 2 days. Following growth factor removal, treatment with
HDAC8 inhibitor was started. Two different time points (from
day 3 to day 7 and from day 5 to day 7) were used. As control,
treated cells with DMSO 1:1000 for days 3 to 7 were used. At
the end of the treatment, the medium was removed, the cells
washed once with Phosphate-Buffered Saline (PBS) and !xed
with 4% paraformaldehyde for 10 min. Cells were then washed
once with PBS and either used for immunocytochemistry or
stored at 4"C. Experiments were run in duplicates.

Silencing NSCs

A 48 multiwell plate was coated with laminin (Synthetic
Laminin Peptide, Sigma SCR127, Darmstadt, Germany) using a
concentration of 150 ug/ml as suggested by the supplier. Two
siRNAs (Qiagen, Germantown, MD, USA) expected to anneal
different regions of the HDAC8 transcript (Flexitube siRNA
5 nmol cat nr SI01063895 and catalogue number SI01063902)
were used. As negative control AllStars Negative Control siRNA
(cat nr 1027280) with no homology to any known mammalian
genes and minimal non-speci!c effects was selected. HiPerFect
Transfection Reagent (Qiagen) was used for siRNAs delivery.
Four different cultures of NSCs were used, and experiments
were run in triplicates. We !rst plated dissociated cells (10 000
cells per well) on laminin-coated wells as a monolayer in
500 µl of proliferative medium (PM) for 1 day. The following
day, incubation medium (with siRNAs and Transfection Reagent
prepared following the manufacturer instruction) was added
drop-wise onto the attached cells that were incubated under
their normal growth conditions for 3 h before adding the
PM medium. The medium was changed after 24 h and cells
were cultured for 2–3 days. The cells were then harvested,
dissociated and counted. siRNAs concentrations were selected
in pilot studies, choosing 20 nM as experimental concentration.
For analyses of Hdac8 silencing in differentiating NSCs, three
different cultures were used.
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Immunostaining of differentiated NSC

Differentiation capabilities were assayed bymeans of immunos-
taining. For this purpose, antibodies against glial !brillary acidic
protein (GFAP; 1:250, Immunological Sciences AB-10635) and
!-tubulin III (1:250, Immunological Sciences AB-10288) were
used. Brie"y,!xed cells were permeabilizedwith 0.1% Triton-X in
PBS for 10min at room temperature, then the primary antibodies
were added overnight at 4"C in PBS with 10% normal goat serum
NGS. Secondary antibodies conjugated with "uorophores were
used: Alexa-"uor 488 (Goat anti mouse Immunological Sciences
IS20010) and Alexa-"uor 555 (Goat anti rabbit Immunological
Sciences IS20012). Nuclei were stained with 4#, 6-Diamidine-2#-
phenylindole dihydrochloride (DAPI) 300 nM (43). Images were
acquired using a Leica SP2 microscope, Buccinasco, Milan, Italy
with Helium/Neon and Argon/Kripton lasers. The number of
positive cells was counted and compared within treatments.
Experiments were repeated twice. A minimum of 1400 cells for
each sample and for each treatment were counted.

Apoptosis assay

Apoptosis in NSCs was quanti!ed using a Caspase-3/CPP32
Colorimetric Assay (BioVision,Milpitas, CA, USA) followingman-
ufacturer’s protocol. Brie"y, NSCs were harvested after 5 days of
culture, resuspended in chilled lysis buffer and centrifuged and
supernatant
(representing cytosolic extract) was used. Following protein con-
centration measurement, spectrophotometric detection of the
chromophore p-nitroaniline (pNA) after cleavage from the
labeled substrate DEVD-pNA allowed for cell death assessment.
Samples were run as experimental triplicates and technical
duplicates.

Animals

Breeding wild-type !sh (zebra!sh, D. rerio) of the AB strain were
maintained at 28"C on a 14 h light/10 h dark cycle. Embryos
were collected by natural spawning, staged according to Kimmel
and colleagues (44) and raised at 28"C in !sh water (Instant
Ocean, Blacksburg, VA,USA, 0,1%methylene blue) in Petri dishes,
according to established techniques. Zebra!sh embryos were
raised and maintained under standard conditions and national
guidelines
(Italian decree 4 March 2014, n. 26). All experimental procedures
were approved by Institutional Animal Care and Use Committee,
N. OPBA 93 2017. Embryonic ages are expressed in hpf and dpf.

LiCl was added to !sh water for 30 min at the 10–12 somite
stages at a concentration of 0.3 M at 28"C as previously described
(13). Treated embryos were then washed three times with water
and allowed to develop to 24 hpf.

Reverse transcription-PCR assays

Total RNA from 12 samples (an average of 30 embryos per
sample) was extracted with the TOTALLY RNA isolation kit
(Ambion, Life Technologies, Paisley UK), treatedwith RQ1 RNase-
Free DNase (Promega Madison WI, USA) and oligo(dT)-reverse
transcribed using SuperScript II RT (Invitrogen, Carlsbad, CA,
USA), according to manufacturers’ instructions. PCR products
were loaded and resolved onto 1% agarose gels. The !-actin
expression was tested in parallel with the gene of interest as a
housekeeping gene control for the complementary DNA loaded.

The following primers were used:

hdac8pr sense 5#-ACATGAGGGTCGTGAAGCCT-3#

hdac8pr antisense 5#-ACCGCGTCATTCACATAACA-3#

hdac8! sense 5#-ATGAGTGAAAAAAGCGACAG-3#

hdac8! antisense 5#-CGATCCTAAACTACATTCTTC-3#

hdac8E1 sense 5#-GTCCAAAGTCAGCAGACT-3#

hdac8I2 antisense 5#-GTGAGATGAACTGCACTCT-3#

In situ hybridization and histological analysis

WISH experiments were carried out as described by Thisse and
colleagues (45). For each experiment a minimum of 30 con-
trols and MO-injected embryos were analyzed. hdac8 probe was
cloned using RT-PCR primers. For histological sections, stained
embryos were re!xed in 4% PFA Paraformaldehyde, dehydrated
and stored in methanol, wax embedded and sectioned (5 µm).
Images of embryos and sections were acquired using a micro-
scope equipped with digital camera with LAS Leica Imaging
software (Leica,Wetzlar,Germany). Imageswere processed using
Adobe Photoshop software and, when necessary, different focal
planes of the same image have been taken separately and later
merged in a single image.

TUNEL staining

For (Terminal deoxynucleotidyl transferase dUTP nick end label-
ing) assay, a minimum of 24 embryos (per experimental group)
were !xed in 4% PFA for 2 h at room temperature. Embryos
were washed with methanol at $20"C and then twice with PBC
Phosphate-Buffered Saline with Citrate (0.001% Triton X-100;
0.1% sodium citrate in PBS) for 10 min. Staining for apoptotic
cells was performed using the AP-In situ Cell Death Detection
Kit (Roche Diagnostics, Penzberg, Germany) carefully leaving
labeling reagents to react for the same length of time for all
experiments. Embryos were incubated at 37"C for 1 h and "uo-
rescent apoptotic cells were detected under a "uorescent micro-
scope (Leica). For the visual staining, embryoswere thenwashed,
stained and mounted for microscopic imaging.

Injections

To repress hdac8 mRNA translations, two morpholinos were
synthesized (Gene Tools LLC) targeting hdac8-ATG and exon1–
intron1 junction (splice-hdac8-MO) (46),

ATG-hdac8-MO: 5#-CATTACTGTCGCTTTTTTCACTCAT-3#

splice-hdac8-MO: 5#-TGCAGAGTGCAGTTCATCTCACCCG-3#,

and used at the concentration of 1 pmole per embryo in 1x
Danieau buffer (pH 7.6). A standard control morpholino oligonu-
cleotide (ctrl-MO) was injected in parallel (47).When co-injected,
ATG- and splice-hdac8-MOs were used at subcritical doses of
0.5 pmole per embryo in 1x Danieau buffer (pH 7.6). In all exper-
iments, hdac8-MO-injected embryos were compared to embryos
injected with the same amount of ctrl-MO at the same develop-
mental stage. For the in vivo test of the speci!city of morpholino-
mediated knockdown, the rescue of morphants phenotype was
evaluated by co-injecting zebra!sh hdac8-mRNA at the concen-
tration of 500 pg per embryo.

Western blot

Fish embryos (minimum 30 per experimental group) were
lysated in RIPA buffer (5 µl for each embryo) and homogenized.
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Samples were boiled for 10 min at 95"C. A total of 20 µl of
protein sample was size-fractionated by gel Pre-cast (Invitrogen)
and transferred with iBlot (Invitrogen). The nitrocellulose
membranes were blocked with 5% non-fat dry milk in PBST
(PBS containing 0.1% Tween 20) for 30 min at room temperature
and subsequently incubated with the primary antibody:
rabbit anti-Hdac8 [1:1000, HDAC8 (H-145) sc-11405, Santa Cruz
Biotechnology, Santa Cruz, CA, USA and mouse anti-GAPDH
(1:2500, Developmental Studies Hybridoma bank)] and mouse
anti-Vinculin (1:6000, Sigma), diluted in 4%milk/PBST over night
at 4"C. Horseradish peroxidase-conjugated secondary antibody
(Sigma Aldrich, St Louis MO, USA) was used for 1 h at room
temperature. The antigen signal was detected with the ECL
chemiluminescence detection system (Amersham, Piscataway,
NJ, USA) as speci!ed by the manufacturer.

Data analysis

Proliferation statistical analysis was performed using Student’s
t-test. NSC immunostaining analysis was performed using the
one-way analysis of variance followed by Bonferroni’s multiple
comparison test. Apotosis assay was analyzed using student’s
t-test. P % 0.05 was set as statistically signi!cant. For graphs,
Graphpad Prism softwarewas used; for!gures,Adobe Photoshop
was used.
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