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Introduction

Originally observed approximately 60 years ago by three
orthopedic surgeons, the Rubinstein-Taybi Syndrome
(RSTS; OMIM #180849, #613684) derives the name from
the pediatrician and the radiologist, respectively, who de-
scribed it for the first time in 1963.

One of the over 8,000 known rare diseases, RSTS affects
males and females equally with a birth prevalence of
1:100,000 to 1:125,000. Notwithstanding its rarity, more
than 1,000 clinical cases have been up to now reported in
literature and details of clinical features have been collected,
revealing a wide range of multiple congenital anomalies.
Despite the presence of pathognomonic signs and symptoms
of variable entity concerning cognitive impairment (the
estimated incidence of RSTS in patient with intellectual
disability [ID] older than 5 years is two- to four fold higher
than in general population),® postnatal growth deficiency,
craniofacial dysmorphisms and skeletal abnormalities (such
as broad thumbs and large toes), several additional signs and
symptoms have been reported, which complicate and make
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Rubinstein—-Taybi syndrome (RSTS) is a rare, congenital, plurimalformative, and neuro-
developmental disorder. Clinical diagnosis can be complicated by the heterogeneous
clinical presentation and the lack of a consensus list of diagnostic criteria, and it is
confirmed by molecular tests in approximately 55 to 78% of cases. The etiology is
partially known with mutations in two functionally related genes: CREBBP and EP300.
Notwithstanding the knowledge on clinical, genetic, and allelic heterogeneity, no clear
genotype—phenotype correlation has yet been established. Standardized guidelines for
the management of pediatric patients are available and therapy for RSTS patients is
currently only symptomatic. In this article, several clinic and genetic aspects of RSTS are

the clinical picture heterogeneous, sometimes making the
clinical diagnosis more difficult.

The genetic bases of RSTS were elucidated in 1995, when
the cAMP response element-binding protein (CREB)-binding
protein (CREBBP), located on chromosome 16p13.3, was
identified by positional cloning.? The heterogeneous etiology
of RSTS was confirmed in 2005, as the leading functional
candidate E1A-associated protein p300 (EP300), located on
chromosome 22q13.2, was found mutated in RSTS-affected
patients.4

To date, approximately 230 causative mutations in
CREBBP (www.lovd.nl/CREBBP)*>~® and 28 genetic defects in
EP300 (http://chromium.liacs.nl/LOVD2/home.php?select_
db=EP300)°!2, almost all private, have been described, ac-
counting for approximately 50 to 70% and 5 to 8% of cases,
respectively.

RSTS is an autosomal-dominant disease; almost all cases
are sporadic and result from de novo mutations. To the best of
our knowledge, only seven familial RSTS cases have been up to
now described: five inherited as autosomal-dominant trait
(two of them showing incomplete penetrance)’'>~'® and two
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somatic mosaicism in very mildly affected fathers of RSTS
children.”'” In addition, two cases of germline mosaicisms
have been speculated.''® Owing to the finding of such
mosaicisms, the estimated risk for a couple with a previous
child affected by RSTS is roughly estimated in the range of 0.5
to 1%.

The purpose of the present article is to summarize current
knowledge about the clinical presentation, the clinical and
differential diagnosis as well as the genetic defects underlying
RSTS, the genotype-phenotype correlation, and the notions
on current and future therapeutic approaches.

Clinical Diagnosis and Management

Nowadays, the diagnosis of RSTS is essentially clinic and
established by clinical geneticists after psycho/physical and
dysmorphological evaluation.

The clinical diagnosis is often made at birth or in early
childhood and it is based on characteristic facial appearance
(in particular down slanting of palpebral fissures and a broad
nasal bridge/beaked nose), broad short thumbs and/or big
toes, a reduced growth, and early medical problems consist-
ing of a failure to thrive caused by gastroesophageal reflux
(GER), recurrent infections, and hypotonia (~Table 1).

Still now some patients with RSTS are diagnosed in
adulthood as a consequence of a misleading diagnostic clas-
sification that hampers a promptly and personalized patient
care and increases costs for diagnostic workup. As a matter of
fact, an early clinical diagnosis of RSTS is sometimes difficult
due to the lack, as for other rare diseases, of a consensus
definition of the diagnostic criteria (i.e., quantity and type of
clinical symptoms and features). Moreover, the clinical diag-
nosis is made more complex by the wide spectrum of
anomalies, their variable degree, and the different combina-
tion of signs and symptoms, as indicated in the following
section.

In addition, some features of RSTS become more evident or
worsen with age. This is the case of facial traits (detailed
later), growth delay, and behavioral and psychiatric prob-
lems.'® Prenatal development is usually believed normal,
although in a recent work performed in a cohort of 46 RSTS
patients, intrauterine growth retardation was reported in
approximately 38% of analyzed patients.” Growth delay in
infancy was reported, mainly due to feeding problems, fol-
lowed by the lack of pubertal spurt which results in short
stature and a final average height of 162.6 cm in males and
151.0 cm in females.?® Patients with RSTS can be character-
ized by an excessive weight gain at puberty (earlier in males
than in females) with sometimes obesity. Recently, specific
growth charts have been revised for appropriate growth
evaluation of RSTS patients.?’

In this respect, an updated proposal for medical guidelines
in RSTS patients has been recently published.?! Based on
literature data and personal experience of the authors, medi-
cal evaluations were recommended from 6 to 30 months at 6-
month intervals and later after 3 years of age and at the
adolescent age (=Table 2). The management, adjusted by age,
consists in: audiological and orthopedic evaluations at each
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age, dental evaluation from 1 year of age, ophthalmologic
evaluation from 6 months and then at 1-year interval, and
endocrinological evaluation at 30 months. In addition to all
these medical examinations, neuropsychiatric, cardiologic,
and dermatologic evaluations, as well as brain and medullary
NMR, renal ultrasonography and genetic counselling were
proposed for the diagnosis and follow-up at adolescence age
when pressure measurement was also advised (~Table 2).

No standardized guidelines for the management of adult
RSTS patients are yet available. Despite more than 90% of
individuals with RSTS survive to adulthood,?? few reports of
adult patients have been reported, revealing excessive weight
gain, relevant medical problems, worsening of neuropsychi-
atric and behavioral problems (anxiety, mood instability, and
aggressiveness in 37% of cases), and decreased abilities over
time (32% of individuals).2=3° Life expectancy is generally
normal but may be reduced in RSTS individuals particularly
susceptible to infections or with severe congenital heart
defects.

Clinical Presentation

As a multisystem disorder, RSTS is mainly characterized by
manifestations that should be grouped into three categories:
craniofacial dysmorphisms, skeletal malformations, and de-
lay of growth and psychomotor development (=Table 1). In
addition, several major malformations affecting ocular sys-
tem, heart, kidney, and genitalia and medical complications
primarily involving eyes, teeth, hearing, skeletal system, and
heart have been reported (~Table 1).

Facial anomalies are always present. A low anterior hairline
is typical, occasionally with a nevus flammeus at forehead.
Microcephaly seems also to be frequent (35-94%).

Down slanting of the palpebral fissures is a frequent sign
(82% of cases) and can be associated with high-arched and
thick eyebrows, long eyelashes, ptosis, and epicanthus.

A protruding beaked nose (92%) with a prominent colu-
mella is characteristic. Ears are usually low-set and dysplastic.
High arched palate, malocclusion, supernumerary teeth, fre-
quent talon cusps (73%), enamel hypoplasia were re-
ported'32 and thin upper lip with a characteristic
“grimacing” smile was observed.

Micrognathia, together with obesity and larynx weakness,
can promote nocturnal obstructive apnea and complications
due to anesthetic and intubation, as well as recurrent respi-
ratory infections (75%).33:34

Hypoacusia (24%) and recurrent middle ear infections are
reported.3>3¢

Among ocular anomalies, strabismus (60-71%), refractive
errors (41-56%), lacrimal duct obstructions (38-47%), glau-
coma, unilateral/bilateral iris/retinal/optic nerve coloboma
(9-11%), and cataract (peripheral avascularity) in order of
prevalence have been described.?”-38

Skeletal malformations mainly concern thumbs and big
toes, which are frequently broad and short (96%) and laterally
deviated in one-third of cases. Broadening of distal phalanges
of all fingers, not always taken into account and hence likely
underestimated, was recently found in many patients (36%)
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Table 1 Signs and symptoms in RSTS patients

Rubinstein-Taybi Syndrome Spena et al.

Craniofacial dysmorphisms

Skeletal malformations

Microcephaly

Broad short halluces/big toes with radial deviation

Low anterior hairline

5th finger clinodactyly, preaxial polydactyly

Nevus flammeus at forehead

Delayed bone age

Down slanting palpebral fissures

Increased fractures

High-arched eyebrows, long eyelashes

Orthopedic problems (scoliosis, kyphosis, lordosis)

Ptosis, epicanthus, strabismus

Joint anomalies (patella/hip dislocation, femur head
inflammation, femoral epiphysis)

Broad nasal bridge, beaked nose

Cervical vertebral anomalies (C1-C2 instability,
fusion, hypoplasia of the dens, stenosis)

Prominent columella

Neuroradiological issues (corpus callosum dysgen-
esis, Chiari type | malformation, Dandy-Walker
malformation, hydrocephalus, tethered cord)

High arched palate

Micrognathia

Additional signs/symptoms

Dental malposition, talon cups, enamel hypoplasia

Ocular anomalies (strabismus, refractive errors,
obstruction of tear ducts, glaucoma, coloboma,
cataract)

Short upper lip

Hear anomalies (hypoacusia, middle ear infections)

Grimacing smile

Renal malformations (pyelectasia, double district,
horseshoe kidney)

Low-set ears

Heart defects (PDA, VSD, ASD, aortic coarctation
and aortic/pulmonic stenosis,

BAV, pseudotruncus, dextrocardia, vascular rings,
hypoplastic left heart, conduction disorders)

Growth delay

Vascular anomalies (spontaneous dissection of the
supra-aortic arteries, aneurysm of the anterior
cerebral artery)

Growth delay in infancy

Genital anomaly (cryptorchidism)

Lack of puberal spurt

Gastrointestinal problems (GER, constipation,
megacolon/Hirschsprung disease)

Excessive weight gain at puberty

Endocrine anomalies (hypothyroidism, hypoplasia,
growth hormone deficiency, pituitary hypoplasia)

Extranumerary nipples

Psychomotor development delay

Skin anomalies (hirsutism, keloids, pilomatrixomas,
hirsutism, ingrown toenails, paronychia)

Hypotonia

Increased risk of benign and malignant tumors

Intellectual disability

Nocturnal obstructive apnea

Speech delay

Recurrent infections

Behavioral/neurological problems (mood swings, obsessive-
compulsive disorders, attention deficit, motor stereotypies,
seizures, poor coordination)

Abbreviations: ASD, atrial septal defect; BAV, bicuspid aortic valve; GER, gastroesophageal reflux; PDA, patent ductus arteriosus; RSTS, Rubinstein-

Taybi syndrome; VSD, ventricular septal defect.

Note: Frequent clinical characteristics are in bold, and those useful for an early clinical diagnosis are in bold italics.

and hence should be considered a typical and frequent sign of
RSTS.” Other features of hands and feet include abducted
thumb, clinodactyly of fifth finger, and, rarely, preaxial
polydactyly.

Other skeletal anomalies include delayed bone age (74%)
and increased fractures, orthopedic problems (scoliosis, ky-
phosis, lordosis), joint anomalies (patella/hip dislocation,

inflammation of the femur head, and rarely slipped capital
femoral epiphysis), and cervical vertebral abnormalities (in-
stability of C1-C2, fusion of the cervical vertebrae, hypoplasia
of the dens).39-4

Possible cervical myelopathy due to stenosis at the cra-
niovertebral junction, complex neuroradiological issues such
as corpus callosum dysgenesis (17%),*>*> Chiari type I
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Table 2 Recent proposal for medical guidelines in RSTS patients

Diagnosis | 6 M | 12 M

18 M

24M | 30M | >36 M (yearly) | Adolescent age

Brain and medullary NMR?

Neuropsychiatric evaluation

Dermatologic evaluation®

Genetic counseling

Cardiologic evaluation®

XX | X | X[ X

Renal US scan?

Pressure measurement

Endocrinological evaluation®

Ophthalmologic evaluation X X

Odontoiatric evaluation X

X

Orthopedic evaluation X X X

X

Audiologic evaluation X X X

X | X | X | X

>
XIX|X[IX|X|X|X|X|[X]|X|[X]|X

XX | X | X | X
X | X | X | X

X

Abbreviations: M, months; NMR, nuclear magnetic resonance; RSTS, Rubinstein-Taybi syndrome; US, ultrasonography.
Note: Medical evaluations and examinations are in order of number and earliness in the first 3 years of age.

?Follow-up if necessary.

malformation with or without syringomyelia,“z"46 Dandy-
Walker malformation and hydrocephalus,*”® and tethered
cord*>*? have been reported in few cases.

Renal malformations (52%), including pyelectasia, double
district, and horseshoe kidney,”>° and several congenital
heart defects (24-38%), including atrial/ventricular septal
defect, patent ductus arteriosus, coarctation of the aorta,
pulmonic stenosis, bicuspid aortic valve, pseudotruncus,
aortic stenosis, dextrocardia, vascular rings, hypoplastic left
heart, and conduction disorders (24-38%),>">? have been
described.

Vascular anomalies have also been occasionally noticed
(spontaneous dissection of the supraaortic arteries®> and
aneurysm of the anterior cerebral artery>*).

Cryptorchidism is frequently described in males as genital
anomaly (78-100%).

Gastrointestinal problems include early GER (68%), consti-
pation (40-74%), and megacolon/Hirschsprung disease.>®>>

In addition, hypothyroidism,”®>’ thyroid hypoplasia,
growth hormone deficiency,®® and pituitary hypoplasia®®
have been reported as endocrine anomalies.

Skin is also affected, and keloids (24%), single and multiple
pilomatrixoma, hirsutism, ingrown toenails, and paronychia
are described.”%-'

Finally, increased risk (5%) of benign (meningioma, odon-
toma, choristoma, dermoid cyst, and pilomatrixoma) and
malignant (oligodendroglioma, medulloblastoma, neuroblas-
toma, pheochromocytoma, rhabdomyosarcoma, leiomyosar-
coma, seminoma, embryonal carcinoma, leukemia, and
lymphoma) tumors, mostly affecting the central nervous
system and arising from the neural crest, have been reported
in patients with RSTS.?4-28:62-68 Recently, synchronous ovari-
an and endometrial carcinoma were also reported.69

As previously described, growth delay involves approxi-
mately 21% of patients, whereas ID, the most disabling aspect
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of the disease, is always present (100%). Almost all patients
suffered from a variable degree of cognitive impairment
(from mild to profound). Psychometric test evidences an
intelligence quotient (IQ) score ranging from 25 to 79 with
an average value of approximately 51.'%7 In our knowledge,
a low-normal psychomotor development was until now
found in only two RSTS patients who are carrier of the
same RSTS-causing mutation.’

Speech delay (90%) and hypotonia (70%) are also frequent.

Despite a preservation of good communication skills and
friendly and sociable features, RSTS patients show behav-
ioral and neurological problems. In particular, mood swings,
obsessive-compulsive disorders, attention deficit, motor
stereotypies, autistic features (i.e., seizures [25%]), and
poor coordination have been described. Electroencepha-
lography frequently shows nonspecific abnormalities (57-
66%).71'72

Differential Diagnosis

The peculiar facial features and abnormalities of the hands
and feet generally allow the clinical diagnosis of RSTS. How-
ever, owing to the high variability in the clinical presentation
(ranging from mild to severe phenotype) and the sharing of
some RSTS features (microcephaly, facial dysmorphisms,
growth delay, short stature, skeletal dysplasia, ID, and expres-
sive language delay) with other diseases, RSTS enters the
differential diagnosis with the genitopatellar syndrome
(GTPTS; OMIM #606170), the Floating-Harbor syndrome
(FLHS; OMIM #136140), and the Cornelia de Lange syndrome
(CdLS; OMIM #122470)° (~Fig. 1).

GTPTS is characterized by microcephaly, broad nose and
small chin, severe psychomotor retardation, genitourinary
anomalies, and absent or hypoplastic kneecap, which is a
distinctive feature of GTPTS.
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Fig. 1 Schematic representation of clinical features shared by Rubinstein-Taybi, genitopatellar, floating harbor, and Cornelia de Lange
syndromes. The main clinical characteristics of RSTS, GTPTS, FLHS, and CdLS are grouped by continuous, dashed, dotted, and double lines,
respectively. CdLS, Cornelia de Lange syndrome; FLHS, Floating—Harbor syndrome ; GTPTS, genitopatellar syndrome; RSTS, Rubinstein-Taybi

syndrome;

The clinical features of the FLHS are much more similar to
RSTS. Nevertheless, besides the presence of short stature and
delayed bone and language development, facial dysmor-
phisms, differently from RSTS, become less severe with
advancing age.

GTPTS and FLHS are caused by mutations in KAT6B and
SRCAP genes, respectively, as recently highlighted through
massive sequencing techniques.”>~’> Both genes code for
proteins functionally related to CBP/p300; KAT6B is a histone
acetyltransferase (HAT) involved in the early step of embry-
onic development and SRCAP is the catalytic component of a
chromatin remodeling complex of which CBP is coactivator.

CdLS is a multisystem malformation disease characterized
by pre- and postnatal growth delay, facial dysmorphisms (low
anterior hairline, arched eyebrows, synophrys, anteverted
nares, maxillary prognathism, long philtrum, thin lips, and
“carp” mouth), ID, hirsutism, and typical skeletal reduction
defects at the upper limbs. CdLS-causative mutations have
been found in five genes: NIPBL, SMC1A, SM(C3, and RAD21,
encoding components of the cohesin complex involved in
chromosome segregation during mitosis, and the histone
deacetylase HDACS8. A similar localization of NIPBL, SMC1A,
SMC3, and p300 proteins on enhancer regions has been
described as well as a similar involvement of HDAC8 and
p300 on p53 transcriptional activity.”®~78

Genetic Defects

Before the identification of CREBBP and later of EP300 as
causative genes, clinical diagnosis of RSTS was supported only
by radiological examination (i.e., X-ray of the hands and feet).

As the molecular bases were elucidated and the molecular
screening in these two genes has been performed, the muta-
tional spectra were understood. A high degree of allelic
heterogeneity is upheld by the numerous (~230 and 28)
genetic alterations found, respectively, in the CREBBP and
EP300 genes (~Fig. 2).

Owing to the different mutational “burden,” CREBBP, in-
volved in approximately 50 to 70% of RSTS patients,’2/9-81
and EP300, mutated in approximately 5 to 8%410:82 of al|
analyzed cases, are currently defined as the “major” and
“minor” gene, respectively.

Thus, the clinical diagnosis of RSTS is confirmed by genetic
screening in 55 to 78%, while the molecular basis remains
unknown in a consistent fraction of RSTS patients (~Fig. 2).

The difference in the mutation detection relies on the
laboratory techniques used. The ideal molecular diagnostic
flowchart should provide a multiapproach study ranging
from molecular-cytogenetic analyses to molecular-biology
screening focusing first on CREBBP gene scanning and on
EP300 gene screening in CREBBP-negative patients. In
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Unkown
22%-45%

CREBBP

‘o’ (~230 mutations)

EP300
(28 mutations)
5%-8%

A CREBBP

Rearrangements

74.4%

Point mutations

EP300
Rearrangements

85.7%

B Point mutations

50%-70%

Traslocation (2,1%)
Inversion (0.8%)

Splicing
Deletion 7
A Missense
29.0%
Nonsense

Frameshift

Splicing 3.6%

H 0,
Deletion Missense 3.6%

Nonsense

Frameshift

Fig. 2 Mutational spectra of RSTS. (A) Genetic and allelic heterogeneity of RSTS. The relative frequency of CREBBP and EP300 mutations found in
RSTS patients is reported in the pie chart. (B) Frequency of mutations found in CREBBP (upper panel) and EP300 (lower panel). Proportion of point
mutations versus rearrangements is on the left. Details of specific type of point mutations versus rearrangements are on the right.

particular, the reference centers for the molecular diagnosis
of RSTS (whose list is available at the Orphanet website:
http://www.orpha.net/consor/cgi-bin/index.php) should be
taken into account the frequency of different type of genetic
defects and the cost of specific diagnostic tests.

Since in both CREBBP and EP300 genes point mutations
(including frameshift, nonsense, missense, and splicing in
order of prevalence) are the majority of genetic defects (74.4-
85.7% of cases) (=Fig. 2), denaturing high-performance liquid
chromatography and direct sequencing analyses, for longtime
used in the molecular screening, and the innovative next
generation sequencing approach, that recently enables the
detection of a mutation in EP300,° should be chosen as
screening techniques.

Nevertheless, since these approaches are time consuming,
the identification of chromosome rearrangements (i.e., dele-
tions, translocations, and inversions, representing 14.3-
25.6% of all reported abnormalities) (=Fig. 2) should be
preferred as first step of genetic test. Intragenic differently
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sized deletions are easily detected by fluorescence in situ
hybridization, multiplex ligation-dependent probe amplifi-
cation, long-range PCR, and by the more expensive quantita-
tive (multiplex) PCR and array-comparative genomic
hybridization. Translocations, the first type of rearrange-
ment associated with RSTS identified,3334 intergenic dele-
tions, and inversions are rare in RSTS (=Fig. 2), so the
karyotype analysis, which enables the detection of these
chromosomal aberrations, is not the suitable molecular
diagnostic tool.

CREBBP and EP300

CREBBP, located in a 156-kb region on chromosome 16p13.3,
and its paralog EP300, located in a region of approximately
88 kb on chromosome 22q13.2, consist of an equal number of
exons (31) that are transcribed into mRNAs of comparable
length coding for the CBP (2442 aa) and its structural and
functional homologue p300 (2414 aa), respectively.
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Both are nuclear proteins ubiquitously expressed
that possess a HAT and non-HAT activity and multiple
protein-binding domains: three cysteine/histidine-rich
regions (CH1-CH2-CH3), the CREB interacting domain
(KIX), and the acetyl-lysine binding domain (BROMO). As
acetyltransferases belong to the KAT3 family, CREBBP and
EP300 have been renamed as KAT3A and KAT3B,
respectively.®®

Acting as epigenetic regulators by promoting chromatin
remodeling and as network “hubs” by interacting with
more than 400 protein partners, they regulate gene expres-
sion and coordinate many cellular pathways during embry-
onic development and postnatal life such as cell growth and
differentiation. By promoting the acetylation of more than
70 non-histone proteins, CBP/p300 is involved into the
DNA'’s replication and repair. They also possess a polyubi-
quitin-ligase activity that is responsible for the rapid
turnover of p53 and they have been postulated to act as
transcriptional repressors of the H3K9me3-specific meth-
yltransferase which leads to condensation of pericentro-
meric chromatin structure.®®

In vivo studies on nullizygous, hemizygous, conditional
knockouts, and knock-in mice, aimed to understand the
pathogenetic role of CBP and p300 in RSTS, showed that
they have both partially overlapping and few distinct func-
tions. In particular, the role of p300 in cognition seems to be
less relevant or more easily compensated as compared with
CBP.

Currently, two pathogenetic mechanisms have been pro-
posed. The loss of function (i.e., haploinsufficiency) is sus-
tained by the identification of heterozygous CREBBP/EP300
mutations in RSTS patients and by a mimicked RSTS pheno-
type in hemizygous (cbp*/~) mice.®’ In addition, a dominant
negative inhibition relies to the finding that injection of KIX
domain into fibroblast nuclei blocks transcriptional activa-
tion of CRE-lacZ reporter gene (i.e., the abnormal product
derived from the mutant allele inhibits the wild-type product
as a result of competitive binding for CREB) and that
cbp (*+/truncatedy mijce retaining the KIX domain exhibit a
more severe phenotype than cbp (*/~) mice.3®

A deeper assessment of molecular mechanisms underlying
RSTS could help in deciphering the extreme RSTS clinical
heterogeneity. In this context, since genetic defects in known
genes account for about two-thirds of all reported cases
leaving remaining patients without molecular diagnosis,
the discovery of novel RSTS-causative genes should provide
insights into the molecular pathophysiology of the syndrome,
disclosing the role of currently unknown proteins, their
possible interaction with CBP and/or p300, and ultimately
leading to a better understanding of the pathway/s that are
perturbed in RSTS and a better comprehension of genotype-
phenotype correlation.

Genotype-Phenotype Association

Despite the great number of clinically diagnosed patients and
numerous genetic defects reported, no clear genotype-phe-
notype correlation has been up to now established.

Rubinstein-Taybi Syndrome Spena et al.

The lack of a consensus list of the diagnostic criteria and
score for the multiple signs and symptoms found in RSTS
patients does not allow a consistent clinical classification of
analyzed patients. Moreover, many RSTS individuals enrolled
for the molecular screening lack a detailed clinical descrip-
tion. In addition, many reported genotype-phenotype rela-
tionship relies on the analysis of small case studies. Taken
together, these issues make it difficult to draw a clear,
systematic, and statistically significant analysis and
correlation.

Nevertheless, as the discovery of the EP300 as novel gene
involved in RSTS and hence of the genetic heterogeneity
underlying RSTS, insights into the correlation between a
specific genotype (i.e., affected gene) and a specific pheno-
type (i.e., type and/or severity of clinical sign(s) or the
global severity of clinical presentation) have been
addressed.

Recent studies on 28 clinical and molecular characterized
EP300-mutated patients evidenced a milder phenotype than
that observed in CREBBP-mutated probands, although in one
patient the genetic defect was incompatible with life.® In
particular, faint skeletal anomalies at thumbs and toes are
reported as well as mild/absent IDs. Among behavioral prob-
lems, anxiety is reported as frequent and pilomatrixomas and
nevi are often described as cutaneous anomalies. In addition,
preeclampsia, as common complication during pregnancy,
has frequently reported in mother of child carrying mutation
of EP300 gene.m'B'gz’89

Concerning genetic defects in CREBBP, single studies,
involving few RSTS patients, showed mild RSTS phenotype
in patients with mosaic microdeletions®® and the absence of
microcephaly and mental retardation/growth delay in pa-
tients carrying a same recurrent missense mutation localized
in the BROMO domain. By contrast, a severe neuropsychiatric
involvement (i.e., hyperactivity, attention deficiency, self-
injurious behavior, aggressiveness toward people, and autis-
tic-like behavior) was reported in a patient with the unique
missense mutation in the KIX domain. A major involvement
of the HAT domain in RSTS dysmorphic/malformative phe-
notype was also hypothesized.”

Although not supported by other studies, a severe pheno-
type has been described in RSTS patients with deletion of
CREBBP and contiguous genes.’! Moreover, association be-
tween lower IQ and autistic features with large deletions are
also reported’? and recently, a slightly increase in cardiac
malformations and growth retardation was described in
patients carrying deletions of CREBBP and neighboring
genes.® Anyhow, no specific, clear, and convincing correlation
between size of CREBBP deletion/involvement of genes other
than CREBBP and patient’s clinical presentation has been to
date established.?

The possibility to cluster RSTS patients according to a
specific clinical presentation (in terms of type/severity of
clinical sign/s and/or symptomy/s) and to correlate a “sub”-
phenotype to a specific genetic defect could lead to an
optimization of the molecular diagnostic practice resulting
in a rapid and early molecular diagnosis (in the perinatal
period) of the newborns affected by RSTS, with global
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improvement of the clinical management and benefits for
patients.

Therapeutic Approach

Currently, therapy for RSTS patients is only symptomatic and
includes logotherapy, physiotherapy, ergotherapy, tube feed-
ing, antibiotic prophylaxis for airway infections, and surgery
in case of heart or kidney defects or life-threatening
malformations.®’

Nevertheless, several efforts have been made to develop
therapeutic approaches aimed to improve symptoms of RSTS.

In this respect, evidences of a mitigated skeletal defects in
cbp*/~ new-born mice come from a replacement therapy
based on the in utero administration of the bone morphoge-
netic protein.®?

Evidences of a therapeutic strategy enabling to rescue the
epigenetic alterations due to the CBP/p300 acetyltransferase
dysfunction/deficiency were also obtained. Treatments with
histone deacetylase inhibitors (HDACi) such as suberoylani-
lide hydroxamic acid and trichostatin A were shown to
improve deficits in synaptic plasticity and cognition in several
CBP mutant mice®> and HAT activity of CBP in RSTS lympho-
blastoid human cell lines.**

A phase II clinical trial using sodium valproate, acting as a
class 1 HDACI, is in progress (https://clinicaltrials.gov/ct2/
show/NCT01619644). Owing to the lack of specificity of HDACi
which could change the general epigenetic pattern of histone
acetylation, alternative methods are worth considering, such
as the use of HDACi selective for CBP/p300 and the activation of
CBP/p300 by overexpression or by pharmacologic methods.2®

Progression in the comprehension of functional effects of
mutations will provide the basis for a possible future molec-
ular treatment of RSTS patients.
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