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Abstract

Background: Rubinstein—Taybi syndrome (RSTS) is a rare genetic disease char-
acterized by broad thumbs and halluces, facial dysmorphisms, short stature, and
intellectual disability. RSTS is mainly caused by de novo variants in epigenetics-as-
sociated gene, CREBBP. To date, there is no cohort study of CREBBP variants in
Chinese RSTS patients.

Methods: In this study, 18 kids who meet the main criteria of RSTS were recruited.
Molecular diagnoses were analyzed by clinical exome sequencing (CES), and the
medical records were reviewed retrospectively.

Results: Nineteen novel CREBBP variants in 18 RSTS patients were identified, includ-
ing two missense, four nonsense, five frameshift, one splicing variants, and seven intra-
genic deletions. A higher incidence (37%, 7/19) of intragenic deletions was detected. One
patient who had two de novo missense variants c.[4112T > A, 4118C > A] in cis and
one patient who had a de novo frameshift variant ¢.5837delC in homozygous state (90%)
were found in this study. Compared with the previously reported populations, seven clini-
cal features were different, including the higher incidence of polydactyly, syndactyly,
microcephaly, and micrognathia, and the lower incidence of angulated thumbs, autistic
behavior, and epilepsy. One patient with obesity in the first year was diagnosed with
CREBBP gene exon 2 deletion, was initially suspected of Prader—Willi syndrome.
Conclusion: We reported the genetic and clinical information of 18 RSTS patients
from Chinese population with novel CREBBP variants. This study provides a new
insight into RSTS and illustrates the value of applying CES which increases the

diagnostic yields and enhances the clinical care of RSTS patients.
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1 | INTRODUCTION

Rubinstein—Taybi syndrome (RSTS; OMIM 180849) is a rare
multiple congenital abnormality syndrome, with an estimated
incidence of 1:125,000 live births (Hennekam, 2006). This
condition was first described in 1963 by Dr. Jack Rubinstein
and Dr. Hooting Taybi (Rubinstein & Taybi, 1963). The main
manifestations of the disease include distinctive facial fea-
tures, broad thumbs and big toes, postnatal growth delay,
and mild to severe intellectual disability (Milani et al., 2015;
Rubinstein & Taybi, 1963).

RSTS is an autosomal dominant inherited disor-
der mainly caused by variants in the homologous genes
CREBBP (OMIM 600140) and EP300 (OMIM 600140);
however, most cases of RSTS are sporadic. Several studies
revealed about 55% and 8% of RSTS patients are caused
by mutant CREBBP and EP300 genes, respectively, while
the cause of the rest case is not defined (Rusconi et al.,
2015). The rare heterozygous variants found in CREBBP
typically arise de novo although several RSTS cases were
inherited (Bartsch et al., 2010; Negri et al., 2015). The mu-
tational spectrum of CREBBP consists of point variants
(30%—50%) and deletions (~10%; Rusconi et al., 2015).
CBP (also known as cAMP response element-binding pro-
tein (CREB)-binding protein, encoded by CREBBP gene)
is a coactivator for numerous transcription factors that can
influence diverse physiological processes (Shiama, 1997).
CBP is ubiquitously expressed and was demonstrated to
possess an intrinsic histone acetyltransferase (HAT) ac-
tivity which influences chromatin activity via modulating
nucleosomes histones (Chan & Thangue, 2001). Moreover,
previous research demonstrated that point variants affected
mainly the HAT domain of CBP that the loss of HAT ac-
tivity is sufficient to cause RSTS (Kalkhoven et al., 2003).

Despite the hallmarks of RSTS, striking facial feature,
broad thumbs and hallux, the diagnosis of RSTS is sometimes
challenging because of the high variability in phenotype and
genotype (Spena, Gervasini, & Milani, 2015). Clinical exome
sequencing (CES) is a reliable and rapid diagnostic tool for
suspected genetic disorders, and has been powerfully used
in medical practices (Lee et al., 2014). What is more, with
the rapid development of the bioinformatics algorithm, copy
number variations (CNV) can be detected coupled with point
variants and indels simultaneously. Implementation of this
strategy can increases diagnostic yields and enhances clinical
care (Ellingford et al., 2017).

To our knowledge, no cohort study of CREBBP variants
in Chinese RSTS patients has been reported currently. Here,
we analyze the clinical and genetic characterization of 18
RSTS patients who had pathogenic variants in CREBBP gene
detected by CES. More importantly, the clinical characteris-
tics of patients with CREBBP variants in China were com-
pared with those patients reported in western countries. This

research can provide some new insight for the genotype and
phenotype of RSTS.

2 | MATERIALS AND METHODS

2.1 | Patients

From May 2014 to July 2018, patients referred to our labo-
ratory for genetic test and fulfilled the following criteria
were analyzed for CREBBP variants: (a) less than 17 years
of age, (b) clinical information was available, and (c) strong
suspected genetic disorders. Clinical manifestations, bio-
chemical tests, and imagological exam results were obtained
from both electronic medical records and patients’ parents.
Birth weight, occipitofrontal circumference (OFC), height,
and weight were evaluated based on the clinical used criteria
from Chinese reports (Li, 2009; Zhu et al., 2015).

The genetic testing was approved by the ethics commit-
tees of Children's Hospital, Fudan University (2014-107 and
2015-130). Informed consents were obtained from patients’
parents.

2.2 | Genetic studies
2.2.1 | Variant analysis using Clinical
exome sequencing

Genomic DNA was extracted from whole blood using the
QIAamp DNA Blood Mini Kit (QIAGEN, Germany) ac-
cording to the manufacturer's protocol. DNA fragments were
enriched for panel sequencing using the Agilent ClearSeq
Inherited Disease panel kit (2,742 genes; #3, #4, #5, #7, #8,
#9, #10, #12, #13, #14, #15, #16, #17, #18) or exome se-
quences using the Agilent SureSelect XT Human All Exon
50 Mb kit (#1, #2, #6, #11). CREBBP variants were identified
from the Clinical exome sequencing (CES) data.

Sequence data were mapped to the human reference
genome (GRCh37/hgl9). Variants were annotated by
ANNOVAR and VEP software (McLaren et al., 2010), with
a minor allele frequency of less than 5% according to ei-
ther the 1,000 Genomes Project or the Exome Aggregation
Consortium (ExAC). We used the CANOES tool to detect
CNYV from exon-based reads count (Backenroth et al., 2014).
Detected CNVs were further annotated and filtered, con-
sidering the known pathogenicity, variant size, and affected
genes of CNV. Detail workflow of CNV screening was de-
scribed in our previous study (Qian et al., 2018). Missense
variants were evaluated by the SIFT, PolyPhen2.2, and
MutationTaster (Adzhubei et al., 2010; Kumar, Henikoff,
& Ng, 2009; Schwarz, Rodelsperger, Schuelke, & Seelow,
2010). The effect of variants on splicing was predicted by
Human Splicing Finder v.3.1 (HSF; http://www.umd.be/
HSF3/HSF; Desmet et al., 2009).
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The pathogenicity of the candidate variants was analyzed
according to the standards and guidelines recommended by
the American College of Medical Genetics and Genomics
(ACMG:; Richards et al., 2015) and only pathogenic vari-
ants were enrolled in the present study. The candidate vari-
ants were validated by Sanger sequencing on an ABI 3730
Genetic Analyzer (Applied Biosystems), and the same vari-
ant was detected in their parents to confirm whether the vari-
ant was germline derived.

222 |

The 3D models of human wild-type CREBBP and its mu-
tant proteins (V1371D, P1373H) were performed using
Mutalyzer (https://www.mutalyzer.nl/) and Swiss-model
severs (https://www.swissmodel.expasy.org). We selected
template Su7g.1A as the protein structure template (Park et
al., 2017) and used computer program MODELLER (Marti-
Renom et al., 2000) for automated modeling. The protein
structures were visualized with PyMOL 1.7.4. 5. To predict
the secondary structure of wild-type CREBBP and its mu-
tant proteins (V1371D, P1373H), we used an online software
platforms SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_
automat.pl?page=npsa_sopma.html).

Prediction of protein structure

2.2.3

Seven pathogenetic small deletions in 16p13.3 identified
by exome sequencing were confirmed by quantitative PCR
(qPCR) assay. The assay was performed using TaKaRa
SYBR® Premix Ex Taq™ II kit (Tli RNaseH Plus) on the
ABI StepOnePlus™ Real-Time PCR System (v.2.0). Three to
five primer pairs for each CNV were designed. The real-time
PCR mixture (10 pl) contained 5 ul SYBR Green MIX, 0.2 ul
ROX dye 50, 0.5 pmol/L of each primer for the target region
and for LDHA as the reference gene, and 20 ug of DNA. The
thermal profile for the qPCR included: a preincubation step
of 45 s at 95°C, followed by 40 cycles of amplification (5 s at
95°C, 30 s at 60°C, 30 s at 72°C). The relative quantification
analysis was performed with 2742CT method and one sample
t test for significance analysis (Schmittgen & Livak, 2008).

Real-Time quantitative PCR

2.24 | Multiplex ligation-dependent probe
amplification

Multiplex ligation-dependent probe amplification (MLPA)
experiments were also carried out on the seven 16p13.3 mi-
crodeletions. The assay was performed using commercially
available SALSA MLPA kits (P313-B2 CREBBP, MRC-
Holland) following the manufacturer's protocol (Schouten,
2002). The amplification products were separated by cap-
illary electrophoresis using ABI 3130xl genetic analyzer
(Applied Biosystems). Data were visually inspected and
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analyzed using GeneMarker software V2.7.0 (SoftGenetics,
LLC). All samples were found with dose imbalances were
tested at least twice.

3 | RESULTS

3.1 | Clinical characteristics

Investigation of patients using CES and complemen-
tary technologies showed 19 pathogenetic variations of
CREBBP gene in 18 unrelated patients, who met the main
criteria of RSTS described in literatures. Seventeen pa-
tients were of Chinese Han, one was of Uygur (#12). The
average diagnosis age was 17 months (from 2 months to
12 years), while four patients died in neonate (#14, #16,
#17, #18) and one died at 4 months (#1). Detailed clinical
findings are summarized in Table 1. The photographs of
face and limb are illustrated in Figure 1.

3.1 |

All these patients have typical facies, including micrognathia
(18/18), heavy/ arched eyebrows (16/16), down-slanted pal-
pebral fissures (16/16), low set ears (16/16), hypertelorism
(16/16), arched palate (16/16), grimacing smile (13/13), et
al. The relatively prominent beaked nose was observed in
15/16 of patients (#14 and #17 photographs not available).
Moreover, eyelid ptosis was observed in 57% of patients
(8/14) and all were in left-eyelid ptosis.

Facial dysmorphisms

3.1.2 | Organ malformations

All of these 18 patients showed broad big toes and widen distal
phalanges, 16 of them had broad thumbs, which were the most
common anomalies of skeleton in reported literatures. In ad-
dition, polydactyly (2/18), syndactyly (2/18), polysyndactyly
(3/18), and congenital hip dysplasia (2/16) were observed,
which were rarely reported. However, angulate thumbs (2/18)
and angulate big toe (3/18) were relatively rare in our patients.
Brain MRI records were available for 14 patients, 57% (8/14)
of them exhibited brain structural abnormalities. Abnormality
of the corpus callosum was reported in 29% (4/14) of patients
(#6, #7, #13, #15); delayed myelination was reported in 21%
(3/14) of patients (#3, #9, #15); abnormality of lateral ventricle
was observed in 19% (3/14) of patients (#2, #6, #7); and Chiari
malformation type 1 was observed in patient #6 (Figure 4).
Ocular anomalies were reported in 38% of patients (6/16),
including extra- and intra-ocular abnormality. Patient #7 had
strabismus, corneal leukoma, glaucoma, nystagmus, iris abnor-
malities simultaneously, with TORCH test positive. Other four
patients (#2, #6, #8, #9) presented with strabismus, patients
#1 with corneal leukoma, patient #2 with mild hypermetro-
pia. Patients #6 and #7 presented with bilateral congenital
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FIGURE 1

Photographs of patient face, hands, and feet described with CREBBP variants. Representative facial photograph of patient

#6. Micrognathia, arched eyebrows, down-slanted palpebral fissures, hypertelorism, prominent beaked nose, and grimacing smile are observed.
Skeletal photographs of the 14 patients. All had broad thumbs/halluces and widened distal phalanges; patients #1, #4, #5, #6, #1 1 had polydactyly/
syndactyly; patients #4 and #11 had angulated thumbs; patients #2 and #8 had angulated hallux

nasolacrimal duct obstruction (CNLDO), and patient #9 had
severe bilateral trichiasis and underwent surgery at 3 years old.

Cardiovascular malformations were present in 59% of pa-
tients (10/17), from mild patent foramen ovale (PFO), patent
ductus arteriosus (PDA), to atrial septal defect (ASD), and
aberrant subclavian artery (ASA). Laryngeal cartilage mal-
formation was reported in 76% (13/17) of patients. Urogenital
malformation was noted in five patients, including testic-
ular hydrocele (#16) and cryptorchidism (#3, #4, #8, #18).
However, none of the patients was noted with abnormality
of the kidney.

3.13 |

Polyhydramnios was observed in 5 of 16 patients (#2, #3, #4,
#6, #7), and intrauterine growth restriction (below average)
was observed in 19% probands (3/16; #2, #5, #10). Feeding

Development

problems (during neonatal period) were observed in 76% of
patients (13/17), and two patients (#5, #7) have been suffer-
ing from this problem till now.

During childhood, postnatal growth retardation (weight
and/or height <—2 SD) was observed in 89% (16/18) of
patients, including one patient (#5) with height <<-3 SD
and two patients (#5, #16) with weight <<—3 SD; while
patient #12 presented with obesity from 7 months old.
Microcephaly (OFC< —2SD) was observed in 88% of pa-
tients (14/16), and OFC was <<—3 SD in two patients (#5,
#13; Table S1).

Psychomotor development was evaluated in 13 patients
at the follow-up, all of them presented with developmental
delay, ranged from mild (#12) to moderate (#2, #4, #7, #8,
#13) and severe (#6, #9, #15), three patients (#3, #5, #10,
#11) were too young to evaluate the rate. In addition, age
of the onset walk was available for five patients and mean
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FIGURE 2 Schematic of CREBBP with two de novo mutations in patient #2 (a) and homozygous state (90%) de novo mutation in patient
#11 (b). a. The sequence reads of the mutation were highlighted in black frames, from Sequence Miner in WuXi NextCODE Genome Browser. b.
Pedigree and genotypes of CREBBP variations analyzed by Sanger sequencing showing de novo variants. c. Alignment of CREBBP orthologues.
Amino acids in the mutation site are conserved from human to mouse and are highlight in red frames. d. Sanger sequencing, the presence of the
mutated alleles is indicated by red frames e. 3D modeling of CBPYT and the CBPvmlD, CBPP1373H, CBPVI¥7IP+PI3T3H 1y tants. HAT domain of
CBP protein is shown as green. The important residues for the changed amino acids are shown as sticks and all of the residues located in the flexure
of a loop

age was 28 months; age of the first words was recorded for  reported in 36% of patients (5/14), including autism-like be-
five patients and mean age was 25 months, and one patient  havior (#2, #15), irritability and short attention span (#6, #7,
(#6) did not speak at 4 years old. Behavioral problems were ~ #12). However, no patient had experienced epilepsy.
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FIGURE 3 Localization on CBP protein of all point mutations and seven deletions (a) and predicted effects of nonsense and frameshift
mutations on CBP protein (b). (a) Schematic representation of the CREBBP gene, exons, protein, and its functional domains. The location of
variants is depicted by arrows. Seven deletions, depicted by gray bars. TAZ1 = zinc finger, TAZ-typel (347-433); KIX = CREB-binding domain
(587-666); Bro = bromodomain (1,103-1,175); HAT = histone ac TAZI = zinc finger, TAZ-typel (347-433); KIX = CREB-binding domain
(587-666); Bro = bromodomain (1,103-1,175); HAT = histone acetyltransferase domain (1,323-1,700); ZZ = zinc finger, ZZ-type (1,701-1,744);
TAZ2 = zinc finger, TAZ-type2 (1,765-1,846). Deducted from http://www.uniprot.org/uniprot/Q92793. Exons were numbered as in https://www.
ncbi.nlm.nih.gov/nuccore/NM_004380.2. (b) Schematic representation of wild-type CBP protein and domains. Below, bars indicated the truncated
hypothetical CBP proteins, patient number are placed on the right side and the corresponding variants are listed on the left. Solid lines at the C-
terminus of the truncated proteins represent aberrant amino acids

3.1.4 | Medical complications Gastroesophagea'l s<.:1nt1graphy indicated that patient #4

had pulmonary aspiration (trace), and gastroesophageal re-
Eleven of 18 (61%) patients were admitted in neonatal inten-  flux was found in patient #6. These two patients were treated
sive care unit (NICU) with severe complications, such as se- with nasogastric tube feeding and got improved.

vere pneumonia, hypoglycemia, and septicemia. Five of them
(#1, #14, #16, #17, #18) died of severe complications. Seventy
percent (12/17) of patients suffered recurrent respiratory tract

3.2 | Analysis of the CREBBP gene variants

infections; and 56% (9/16) of patients suffered intractable con- ~ Nineteen variants of CREBBP gene in 18 patients were
stipation. However, these symptoms slowly eased with ages,  identified, including four nonsense, five frameshift, two
with an average remission age of 21 months for recurrent respir- missense, one splicing variant, and seven intragenic dele-

atory tract infections and 28 months of intractable constipation. tions (Table 1, Figure 3). Eighteen heterozygous variants


http://www.uniprot.org/uniprot/Q92793
https://www.ncbi.nlm.nih.gov/nuccore/NM_004380.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_004380.2
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FIGURE 4 Brain MR images (a, b) and other examinations (c) of presently described patients with CREBBP mutations. (a) Brain MRI,
agenesis of corpus callosum in wide white arrow: #7, complete agenesis; #15, shorter and thickened corpus callosum; #13, shorter corpus callosum;
#6, thinner corpus callosum and Chiari type 1 malformation (red arrow) at 14 months. #6 shows normal brain MRI at 48 days. (b) Brain MRI: #9,

#15 show delayed myelination (thin white arrow); #2, #6, #7 show abnormality of lateral ventricle (thin white arrow); #2 also shows globus pallidus

hyperintensity (red arrow). (c) ® 3D reconstruction of enhanced computed tomography (CT) showing partial esophageal dilatation (red arrow);

@ aberrant right subclavian artery (red arrow); @ squared iliac bones, abnormality of the femora, and small acetabular angle; ® corneal leucoma.

Patient numbers correspond to text, tables, and other figures. d, day; m, month; y, year

are novel, one reported variant (NM_004380.2:¢.5837delC,
p. Pro1946Hisfs*30) of #11 was found at homozygous state
(90%). Besides, all point variants confirmed as de novo, with
an exception (NM_004380.2:c.5638C > T, p. GIn1880%*),
without parental samples, and four of seven deletions were
also confirmed as de novo (#12, #15, #16, #18). All variants
were classified as pathogenic according to the ACMG criteria.
The main clinical findings in different CREBBP variant types,
including missense, splicing, truncating, and deletions were
analyzed, and compared with western populations (Table S2).

Two de novo missense variants NM_004380.2:c.[4112T > A,
4118C > A], p.(Val1371Asp; Pro1373His) were found in cis in
patient #2 (Figure 2A). The protein structures affected by the
single or double variants were also analyzed. The Vall371
and Pro1373 residues are highly conserved across the different
species. Three-dimensional modeling showed that CBPY!371P,
CBP"7H and CBPY!¥IP + PI3H §iq not cause structure
changes. However, both of the residues located in the flexure of
aloop and the HAT domain of CBP protein. Secondary structure
reflected that CBPY'*"'P causes minor change compared to the
CBPYT, CBPP33H and CBPY!37IP+PI3T3H [ oeins.

Four nonsense and five frameshift variations are distributed
throughout the CREBBP gene, with no hot spot (Figure 3).

However, three truncating variants (NM_004380.2:¢c.1062dupA,
p-GIn355Thrfs*12; NM_004380.2:¢c.1129_1131delinsCAATG,
p-Val377GInfs*13 and NM_004380.2:c.1279_1280delTG, p.
Cys427Leufs*11)wereobservedclusteredinthe TAZ1domain,and
another three truncating variants (NM_004380.2:¢.5638C > T,
p-GIn1880*, NM_004380.2:¢c.5905C > T, p.GIn1969* and
NM_004380.2:¢.5837delC, p.Pro1946Hisfs*30) were clustered
inexon 31. Six of nine truncating variants are predicted to lead to
premature translation stops before or at the HAT domain of CBP.
The remaining three variants are predicted to cause the synthesis
of a C-terminal-truncated CBP protein which retains all func-
tional domains, including two nonsense variants (#5, #6) and
one frameshift variant (#11). For the latter, aberrant amino acid
is predicted to synthesis at the C-terminal of the truncated CBP
protein. The variant (NM_004380.2:¢c.5837delC) in the patient
#11 was found at homozygous state (90%), with 5/45 raw reads
in wild type. Suspicious low heterozygotic peaks can be verified
by Sanger sequence. The variant was not detected in her parents’
blood DNA (Figure 2B).

The splicing variant (NM_004380.2:c.1941 + 1G>T) at
1-bp splice sites of the codon 647 is predicted to alter the
wild-type acceptor site and most probably affect splicing by
HSF software (Figure S1).
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Seven small heterozygous deletions within CREBBP gene
were identified by CES and confirmed by qPCR and MLPA.
Four deletions (#12, #15, #16, #18) were de novo (Figure S2).
Three deletions were observed clustered at the 5" end of the
CREBBP gene, with #14 involved exon 1-2, and #12, #13 only
exon 2. Three deletions (#12, #13, #18) spread in the CREBBP
gene, and #15 has 20 exons deletion (Table 1, Figure 3).

4 | DISCUSSION AND
CONCLUSION

RSTS is a very rare genetic disorder mainly caused by de
novo variants in CREBBP gene. To date, more than 360 vari-
ants in CREBBP gene have been described in HGMD (The
Human Gene Mutation Database). Deletions of the 16p13.3
have long been recognized as causative in 10% of RSTS pa-
tients (Bartsch et al., 1999; Lai et al., 2012).

With the advantages of massively parallel next-generation
sequencing (NGS) technologies, clinical and molecular labo-
ratories are now adopting NGS in the genetic testing. In addi-
tion, potential disease-causing CNVs can be identified from
NGS data except for the SNV findings, and 37% (7/19) of
deletions involved CREBBP gene from CES were detected. In
the reported point variants of CREBBP gene, missense vari-
ants account for 17%-22% (Lee et al., 2015; Spena, Milani, et
al., 2015). However, we found a lower incidence (2%; 2/12)
of missense variants of point variants, which reinforces the
previous hypothesis that missense variants may account for a
very low proportion of RSTS cause (Lee et al., 2015).

Two relative “hot spot” regions in CREBBP gene for trun-
cated and deletion variants were observed in our study. One
is a 461-nt long region (codons 1931 and 2086) in exon 31 of
CREBBP gene. Two frameshift and one nonsense clustered in
this region (Figure 3). Spena et al. also reported eight of 21
frameshift variations clustered in this region (Spena, Milani,
et al., 2015). Hence, this region, especially base pairs 5,837
which have related four frameshift variants involved four
RSTS patients (Rokunohe, Nakano, Akasaka, Toyomaki, &
Sawamura, 2016; Spena, Milani, et al., 2015), may be a “hot
spot” for frameshift and nonsense variants in RSTS patients.
Another region locates in exon 2 at the 5" end of the CREBBP.
Three of seven deletions are embedded in the region in our
study. Previous study had demonstrated that repetitive ele-
ments (mainly Alu and LINESs) in this region is significantly
higher than that in the entire gene or the average in the ge-
nome and pointed out that this region is a peak of breakpoints
underlying rearrangements (Gervasini et al., 2007).

Homozygous Cbhp-deficient mice were revealed embry-
onic lethality, mental retardation, hemorrhage, neural tube
defect, decreased vascularization, and decreased hematopoi-
esis (Oike et al., 1999; Tanaka et al., 2000). Unexpectedly, a
homozygous variant (90%; ¢.5837delC, p. Pro1946Hisfs*30)
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was identified in the blood DNA of patient #11 (Figure 2B). In
addition, neither the parents nor the healthy brother, carry this
variant in hematologic cells. This frameshift variant has been
reported in a 5-year-old Italian girl with RSTS and anomalies
of kidney and ureters, with heterozygotes (Spena, Milani, et
al., 2015). Different from the reported case, our patient had
bilateral cutaneous syndactyly of the second to fourth digits
in hands and of 1/2 toes in feet. Her broad angulated thumbs,
broad big toes, microcephaly, and facial changes are typical
of RSTS (Figure 1). In the follow-up, she was found in de-
layed developmental milestone but with normal height (Table
S1). Other features, such as brain MRI anomalies, urogenital
anomalies, and cardiovascular anomalies, were not observed.

Compared with western population, seven clinical features
(microcephaly, micrognathia, angulated thumbs, syndactyly,
polydactyly, autistic behavior, and epilepsy) are significantly
different in our Chinese patients (p < .05; Table S2). None of
these 18 patients displayed epilepsy which is frequent in RSTS
patients with CREBBP variants; more patients had microceph-
aly and micrognathia; few patients had angulated thumbs.
Herein, ethnic heterogeneity may contribute to the differences.
However, the average age of our patients is 32 months currently,
in whom epilepsy may not yet have appeared. Simultaneously,
the reason of population special cannot be excluded.

Polydactyly and syndactyly have been rarely reported in
RSTS patients (Milani et al., 2015). However, a high incidence
(7119, 37%) of polydactyly and/or syndactyly was observed in
our study. Postaxial polydactyly is more common (80%) than
preaxial polydactyly (20%), different from the previous study
which showed preaxial polydactyly (3/4) is more common
(Spena, Milani, et al., 2015). The syndactyly exhibits great
clinical variability. Two patients had bilateral cutaneous syn-
dactyly of the second to fourth digits of the hands, although
they had different syndactyly of toes (#6 had bilateral syndac-
tyly of 1/2 and 3/4 toes, #11 had bilateral syndactyly of 1/2
toes). Patient #4 had unusual bilateral bifid big toe and patient
#1 had unilateral bifid small toe. Therefore, the polydactyly
and/or syndactyly of hands and feet may be a hallmark of
RSTS and more prevalent in patients with point variants.

Our study found that corpus callosum anomalies (agene-
sis or dysmorphisms) are the most frequent MRI anomalies in
RSTS patients, 29% of patients had corpus callosum anomalies
ranged from mild to severe (Figure 4). Delayed myelination
was observed in 21% of patients. It should be noted that in
patient #6, brain MRI at 48 days was reported as normal; how-
ever, at 14 months, the MRI showed Chiari malformation type
I, corpus callosum thinner, and hydrocephaly. Chiari malfor-
mations have been described frequently in RSTS in association
with craniovertebral junction anomalies (Ajmone et al., 2018).

Recurrent upper respiratory infections and severe consti-
pation are common complications in RSTS patients (Milani
et al., 2015), while the pathogenesis is still unknown. Seventy
percent (12/17) of patients suffered recurrent respiratory tract
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infections; and 56% (9/16) of patients had intractable consti-
pation. Gastroesophageal reflux and pulmonary aspiration
(trace) may be possible causes for recurrent upper respiratory
infection in patients #4 and #6. However, these symptoms were
observed slowly eased with ages, with an average remission
age of 21 months for recurrent respiratory tract infections and
28 months for intractable constipation. This finding may pro-
vide professional management and follow-up care to RSTS.

Obesity can be onset in adolescence in RSTS patients (Milani
et al., 2015). To our knowledge, only a 9-year-old boy RSTS
patients was reported obesity in childhood (Zucconi, Ferini-
Strambi, Erminio, Pestalozza, & Smirne, 1993). However, a
Uygur origin girl presented with obesity and hyperphagia from
7 months in our study. Her weight was >>3 SD, BMI was 35 at
age 12 and with short stature (< —2 SD). She has been studying
in normal school, but could not write words or calculate, with
mild developmental delay. She was suspected with Prader—Willi
syndrome at the age of 10; however, her Prader—Willi syndrome
DNA methylation testing revealed a negative result.

In conclusion, we analyzed 18 RSTS patients with 19
novel variants in CREBBP gene in Chinese population. Our
results reveal critical insights into the genetic and phenotypic
heterogeneity of RSTS and show key differences in the phe-
notypes among different populations. Furthermore, our study
illustrates the value of applying CES to optimize the detec-
tion of CREBBP variants/deletions.
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