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Abstract

Background: The study aimed to investigate the clinical and genetic features of
Rahman syndrome caused by HISTIHIE gene mutations.

Methods: We retrospectively analyzed the clinical information and genetic test-
ing results of a Rahman syndrome family in an outpatient clinic in August 2020
and summarized the clinical characteristics of the HISTIHIE gene mutations in
conjunction with peer-reviewed reports.

Results: A 4-year-old boy was diagnosed with severe developmental delay and
with specific features (large head, full cheeks, high hairline, low-set ear, sparse
eyebrows, and short neck) similar to his mother (mild intellectual disability, high
hairline, reduced hair, ptosis, sagging skin, and hyperkeratosis) and premature
aging. Trio whole exome sequencing (WES) revealed a novel maternal c.368dup
(p.G124Rfs*72) heterozygous mutation in the HISTIHIE gene. There have been
only a few reported cases with mainly de novo mutations. Only six peer-reviewed
articles in English and one in Chinese have been published regarding this syn-
drome. From 48 children with Rahman syndrome, 21 were males and 27 were
females encompassing 25 mutations in the HISTIHIE gene. All mutations lo-
cated in C-terminal tail were frameshift mutations leading to premature protein
termination.

Conclusion: Rahman syndrome, caused by the HISTIHIE gene mutation, is a
rare autosomal dominant disorder in which the patient has an unusual facial ap-
pearance with high hairline and full cheeks, and clinical manifestations of mild to
severe intellectual disability, motor delay and speech delay. Genetic testing may
assist in the diagnosis of these patients. This diagnosis will permit early speech

rehabilitation to improve their quality of life.
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1 | INTRODUCTION

HISTIHIE is a single exon gene encoding histone H1-
4, a component of the nucleosome-linked histone H1,
which is involved in the dynamic regulation of chro-
mosome structure and epigenetic modification of the
genome. Each H1 histone isoform has a “tripartite”
structure consisting of a highly conserved globular do-
main and two less conserved N-termini and C-termini
tails (Flex et al., 2019; Hergeth & Schneider, 2015).
Histones mediate the dynamic packaging of nuclear
DNA in chromatin, a process that is precisely con-
trolled in vivo to ensure efficient genome compactness
and proper chromosome segregation during cell divi-
sion, and to accomplish DNA replication, transcription,
and repair. Due to the important structural and regu-
latory roles of histones, the dysfunctional or abnormal
conditions of histones may have a serious impact on a
wide range of cellular processes that may affect devel-
opment or promote cellular transformation.

HIST1HIE (MIM *142220) gene-related disorder is
Rahman syndrome (RMNS, MIM #617537)/ HIST1H1E
neurodevelopmental syndrome (HNDS), which is au-
tosomal dominant. HISTIH1E syndrome is named as
a combination of abbreviations to facilitate identifica-
tion of the phenotype: H for hypotonia, I for intellec-
tual disability with behavioral problems, S for skeletal,
T for testicular (undescended) and thyroid, H for car-
diac abnormalities, and E for ectodermal problems
(including thinning hair, thin nails, and abnormal
dentition) (Burkardt et al., 2019). The main clinical
manifestations are mild to severe mental retardation
and peculiar facial features. Other possible symptoms
include skeletal abnormalities, visual disturbances,
dental abnormalities, and skin nevi. Fewer cases have
been reported nationally and internationally, with de
novo variants predominating (Tatton-Brown et al.,
2017).

All reported HIST1HIE pathogenic mutations to date
are frameshift mutations clustered at the C-terminus,
resulting in protein length changes and net charges
that disrupt normal binding between positively charged
H1-4 junction histones and negatively charged DNA,
affecting human epigenetic regulatory processes (Ciolfi
et al., 2020; Flex et al., 2019; Tatton-Brown et al., 2017).
At present, there are few reports related to RMNS, with
only one Chinese case, four English studies, and two
case reports of 46 patients. Herein, we report clinical
data and genetic test results of one child with RMNS and
review the relevant literature to summarize the clinical
phenotype, genetic features, and key points for diagnosis
and treatment.

2 | SUBJECTS AND METHODS

2.1 | Subjects and clinical information
At the age of 52 months, the child was admitted to Beijing
Children's Hospital because of his speech delay and de-
velopmental delay, intellectual disability, and the fact that
his parents had plans to have more children. The child,
P1G1, male, Han nationality, was full term, head circum-
ference was not measured, length of 54 cm (+2 SD), and
weighed 4.75 kg (+3 SD) at birth. At the time of presen-
tation (4 years, 19 August 2020), his head circumference
was 57 cm (+5 SD), body length was 105 cm (normal),
and his weight was 21.67 kg (+1 SD). Birth history and
feeding history was unremarkable. The child began to
walk independently at 2 years of age. He spoke his first
words at the age of 3 years, but only in simple, nonverbal
sentences to date. The child’s parents claimed that they
are not consanguineous and there is no family history
of hereditary diseases. The vital signs upon physical ex-
amination were normal. He had distinctive facial features
with full cheeks, broad forehead, high hairline, slightly
wide-spaced eyes, narrow eyelid fissures, low flat nasal
bridge, upturned broad nose, slightly low-set ear, sparse
eyebrows, short neck, and uneven teeth (Figure 1a). His
mother had similar peculiar facial features with a broad
prominent forehead, high hairline, shallow eyebrows,
narrow eyelid fissures, deep-set eyes, uneven teeth, and
mental retardation with premature aging (Figure 1b). His
parents claimed that their child had no visual, gonadal,
cutaneous, or skeletal problems and no bone fragments.
He was diagnosed with severe intellectual disability
with an intellectual developmental quotient (DQ) score
of 35, age-appropriate intelligence of 18.2 months, age-
appropriate motor skills of 18.9 months, age-appropriate
language skills of 19 months, and age-appropriate social
adjustment skills of 18.67 months. To further exclude
metabolic disorders, blood amino acids, blood lipid acyl-
carnitine profile, and urine organic acid analyses were
performed. The results suggest elevated C8/C3 in blood,
elevated ketone bodies in urine, and slightly elevated
bicarboxylic acid. The results from these tests were un-
remarkable. In addition, magnetic resonance imaging
(MRI) showed ventricular enlargement and Chiari mal-
formation (Figure 1c).

2.2 | Whole exome sequencing

To further clarify the diagnosis, 5 ml of peripheral blood
was drawn from the child and his parents for whole
exome germline gene sequencing after the parents signed
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Proband

Father

Mother

Refe CAAGC CTAAGS GT CTAA AARARA TGS
CICIeNCE ¢ , 2 6 ¢ ¢ T A A G G C TA AAAAGG G -

Reference protein

181 AKKGAQEPSE GQSS*

1 MSETAPAAPA APAPAEKTPV KKKARKSAGA AKRKASGPPV SELITKAVAA SKERSGVSLA
61 ALKKALAAAG YDVEKNNSRI KLGLKSLVSK GTLVQTKGTG ASGSFKLNKK AASGEAKPKA
121 KKAGAAKAKK PAGAAKKPKK ATGAATPKKS AKKTPKKAKK PAAAAGAKKA KSPKKAKAAK
181 PKKAPKSPAK AKAVKPKAAK PKTAKPKAAK PKKAAAKKK*

Protein predicted from variant coding sequence
1 MSETAPAAPA APAPAEKTPV KKKARKSAGA AKRKASGPPV SELITKAVAA SKERSGVSLA

61 ALKKALAAAG YDVEKNNSRI KLGLKSLVSK GTLVQTKGTG ASGSFKLNKK AASGEAKPKA
121 KKARRGQGQE ASRSGEEAQE GDGGGHPQEE RQEDPKEGEE AGCSCWSQKS EKPEKGESSQ

FIGURE 1 The HISTIHIE gene mutation and peculiar facial features. (a) Facial photographs. Note the full cheeks, broad forehead,
high hairline, slightly wide-spaced eyes, narrow eyelid fissures, low flat nasal bridge, upturned broad nose, slightly low-set ear, sparse

eyebrows, short neck, and uneven teeth. (b) Facial features of the proband and his parents. (¢) Brain magnetic resonance imaging (MRI)

results obtained for the patient in this case and revealed ventricular enlargement and Chiari malformation. (d) Sanger sequencing confirmed
the HIST1HI1E mutation is heterozygous maternal. (e) The amino acid changes of HISTIHIE gene mutation, c¢.368dup (p.G124Rfs*72),

were predicted online (https://www.mutalyzer.nl/). Normal amino acids of HISTIH1E (TOP): The sequence has A C-terminal (red), which
is mainly composed of lysine, alanine, and proline residues. Predicted amino acid change of HIST1H1E (bottom): The protein sequence is

expected to change after c.368 has undergone a nucleotide “A C” repeat, significantly reducing the number of lysine, alanine, and proline

residues (underlined) found at the C-terminal (red)

a written informed consent form. Genomic DNA was
extracted from peripheral blood using the HiPure Blood
DNA Maxi Kit (Magen), and was sequenced after using
the Q800R Sonicator (Qsonica) to fragment the genomic
DNA to 300-500 bp inserts. The xGen Exome Research
Panel v1.0 (Integrated DNA Technologies) was used for
in-solution hybridization to enrich for 19,396 genes of
the human exome. Enriched DNA samples were indexed
and sequenced on an Illumina NextSeq 500 sequencer
(Illumina) with a 150 bp single-end read length. Image

processing was performed using an Illumina software and
the raw data were presented as a FASTQ file. The data
were filtered by quality control analysis to produce “clean
data” (Q20).

Sequences were compared to the human reference
genome (GRCh37/hgl9, http://genome.ucsc.edu/) using
the NextGENe software (SoftGenetics) for true and false
variants identification. Single nucleotide variants (SNVs/
indels) were called and annotated by filtering high-
frequency variants in population frequency databases
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(dbSNP, http://www.ncbi.nlm.nih.gov/snp; EXAC, https://
ncbiinsights.ncbi.nlm.nih.gov/tag/exac/; and gnomAD,
https://gnomad.broadinstitute.org/), and literature data-
bases (OMIM, https://www.omim.org/; HGMD, ClinVar,
https://www.ncbi.nlm.nih.gov/clinvar/; and MasterMind,
https://mastermind.genomenon.com/). Multiple software
(SIFT, http://sift.jevi.org; Polyphen2, http://genetics.bwh.
harvard.edu/pph2; MutationTaster http://www.mutat
iontaster.org; and AlamutVisual, https://www.interactiv
e-biosoftware.com/alamut-visual/) predicted that the mu-
tation may cause harmful effects on gene products, includ-
ing conservative prediction, evolutionary predictions, and
splicing site effects. An in-house bioinformatics pipeline
based on read counts and Z-scores (AmCare Genomics
Lab) was used to detect copy number variations (CNVs;
Qi et al., 2020). The pathogenicity of CNVs was assessed
utilizing various databases such as DGV (http://dgv.tcag.
ca/dgv/app/home), DECIPHER (https://decipher.sanger.
ac.uk/), and OMIM and published literature (Qi et al.,
2020). SNVs and CNVs variants were classified according
to the American College of Medical Genetics (ACMG)
guidelines (Richards et al., 2015). Sanger sequencing was
used to verify the potential mutation in the child and his
parents.

3 | RESULT
3.1 | Whole exome sequencing and
mutation annotation

The whole exome sequencing trio analysis was performed
on the proband, father, and mother simultaneously. The
gene panel included 19,293 related genes with 204,866
coding regions containing a total of 38,957,069 bases,
with an average coverage depth of 146 + 206X, 99.9% re-
gions with >10X coverage depth, and 99.7% regions with
>20X coverage depth. Validation by WES and Sanger se-
quencing confirmed that the proband had a heterozygous
frameshift mutation, c.368dup (p.G124Rfs*72), in the
HISTIHIE (NM_005321, GRCh37/hgl9) gene and that
this mutation was inherited from his mother (Figure 1d).
Frameshift mutation, clear evidence that LOF of this gene
is associated with disease (HI score = 3), and protein trun-
cation >10%, since the gene has only one exon, the muta-
tion is not considered in the case of last exon degradation
(Figure 1e, PVS1_strong). To date, this novel mutation has
not been reported in relevant clinical cases and has not
been reported in population databases (PM2_supporting).
The proband and his mother had clinical manifestations
of intellectual disability and peculiar facial features that
were highly consistent with a certain monogenic genetic
disorder (PP4). In summary, this variant is classified as

“likely pathogenic” according to the ACMG guidelines
based on clinical information and pedigree analysis
(Richards et al., 2015; Riggs et al., 2020).

3.2 | Patient management

The patient was admitted in August 2020 and consulted
the doctor online in October 2020. As the child had
speech delay and severe intellectual disability, only advice
was given to speech rehabilitation, which was relatively
short-lived and not particularly effective. Furthermore,
we reminded his parents to pay attention to the child's
ophthalmologic abnormalities, hearing, skeletal abnor-
malities, abnormal echocardiogram, behavior, and timely
symptomatic treatment. In addition, this family was given
reproductive guidance, prenatal diagnosis, and preim-
plantation genetic diagnosis was required for further
pregnancy.

4 | DISCUSSION
In this case, a male child aged 4 years and 4 months pre-
sented to the hospital with speech delay and intellectual
disability. We ruled out metabolic disorders through labo-
ratory tests and MRI suggesting ventricular enlargement
and Chiari malformation (Figure 1c). However, the exact
etiology was not determined based on these findings alone.
In this study, using trio WES and Sanger sequencing, we
identified a novel heterozygous maternal HISTIHIE mu-
tation, c¢.368dup (p.G124Rfs*72), in a 4-year-old boy with
peculiar facial features (Figure 1). Due to concerns of the
relatives concerned, the corresponding mutation was not
detected to assess the source of the mutation, disease asso-
ciation, and genetic risk. Of note, in our retrospective co-
hort study, 97.2% (35/36) patients were reported with a de
novo mutation (Table 1). All 48 patients were described as
having intellectual disability, but only in 40 patients their
degree of cognition and motor development was deter-
mined. From the 40 patients, 12.5% (5/40) patients were
reported with severe intellectual disability, 65% (26/40)
patients were reported with moderate intellectual disabil-
ity, 17.5% (7/40) patients were reported with mild intellec-
tual disability, and 5% (2/40) patients were reported with
a normal intellectual disability (Table 1). Of note, many
patients reported a particular facial appearance: high hair-
line and full cheeks, 100% (48/48). In addition, teeth, hear-
ing, skin, hypotonia, cryptorchidism, sleep disturbances,
and behavioral issues (including anxiety and autism) were
common (Table 1).

The hot spot mutation region of HISTIHIE gene was lo-
cated at the C-terminal tail (NO. 108-219 amino acids, Table
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1), which is normally rich in lysine residues and almost com-
pletely free of acidic and highly hydrophobic amino acids
(Kasinsky et al., 2001), generating 30-50 net positive charges
(Subirana, 1990). The C-terminal tail of HISTIH1E protein
is important for chromatin stable folding (Allan et al., 1986)
and is also required for high-affinity binding to chromatin
in vivo (Michael et al., 2004). However, the mutation in the
HISTIHIE gene, c.368dup (p.G124Rfs*72), caused a de-
crease in lysine number (Figure 1e). The mutated protein
net charge calculation using the peptide property calculator
(http://pepcalc.com/protein-calculator.php) (Tatton-Brown
et al., 2017) produces only 13 net charges, disrupting the
normal binding between positively charged HISTIHIE and
negatively charged DNA, affecting the structure and func-
tion of chromatin, leading to the eventual clinical manifes-
tation of the HIST1H1E syndrome.

Previous HIST1H1E syndrome patients were reported to
have overgrowth with intellectual disability. Consistently,
the patients reported in this study exhibited overgrowth
in both head circumference and weight. In this case, as it
was with an outpatient case, the patient was subsequently
seen by the telemedicine service and no bone age test
was performed. There is only one case reported in China,
a 2-year-old and 8-month-old Uyghur boy with delayed
speech and motor development, 98 cm (+1 SD) in height,
19 kg (+3 SD) in body mass, 54 cm (+3 SD) in head cir-
cumference, with a bone age consistent with 5.5 years of
age, and showing overgrowth of the trunk. His face was
peculiar, with plump cheeks, high hairline, widened can-
thal spacing, narrow eyelid fissures, pale eyebrows, deep-
set eyes, severe dental caries, and cryptorchidism. The child
was diagnosed with RMNS after WES revealed a de novo
heterozygous mutation, c.446dupA (p.serl150Glufs*46), in
the HISTIHIE gene. After 1 year of follow-up, the child
underwent bilateral high cryptorchidism reduction and
fixation and has recovered after surgery (Li et al., 2020).
However, Takenouchi et al. (2018) suggested that skeletal
overgrowth may not be an essential feature of HISTIH1E-
related disorders. In their cohort study that included five
subjects with de novo heterozygous frameshift mutations
in the HISTIHIE gene associated with overgrowth syn-
drome with intellectual disability, 4 of 5 of the patients’
height percentages decreased over time, with three of them
starting out above average height but decreasing to aver-
age or below average height as they aged and did not have
skeletal overgrowth features. In this study, 37.5% (18/48) of
patients were reported with over growth features (Table 1).
This suggests that overgrowth is not the main clinical man-
ifestation of HIST1H1E syndrome.

The premature senescence phenotype is a previously
unrecognized feature of HISTIH1E syndrome. Flex's find-
ings identified an aberrant function of the C-terminal tail
of HISTIHIE gene that is a direct link between abnormal

chromatin remodeling, cellular senescence, and acceler-
ated senescence (Flex et al., 2019). To date, patients with
the HIST1H1E syndrome phenotype have frameshift muta-
tions and no other variant types have been reported (Tatton-
Brown et al., 2017). These frameshift mutations result in
unstable proteins residing in the nucleus (Flex et al., 2019),
binding to chromatin, disrupting chromatin structure and
nuclear lamina organization, and associated with specific
hypomethylation signatures (Ciolfi et al., 2020). Genomic
instability, epigenetic modifications, poor DNA repair, im-
proper chromosome compression and segregation, and
nucleolus breakage ultimately lead to cellular senescence,
and replicative stalemate (Flex et al., 2019). In our case, the
mother of the proband showed signs of premature aging
such as saggy skin (Figure 1). Additionally, in our retro-
spective cohort study, 62.5% (30/48) of the patients were re-
ported to have premature aging (Table 1). This suggests that
premature aging is one of the main clinical manifestations
of HIST1H1E syndrome.

There is no evidence that life expectancy was reduced
in individuals with HISTIH1E syndrome. The oldest in-
dividual reported was 49 years old (Flex et al., 2019). The
mother of the proband in our case was also a patient with
HIST1HI1E syndrome and had mild intellectual impair-
ment. Her disease was not recognized early on and no
genetic testing was performed. Therefore, adults with
HIST1H1E syndrome are likely to be underrecognized
and underreported. Additionally, no significant thyroid,
cryptorchid, cardiac, or skeletal abnormalities have been
found in this child and regular follow-up is required. As
HIST1HI1E syndrome involves multiple systemic issues,
management by multidisciplinary specialists is recom-
mended, including, but not limited to developmental pe-
diatrics/behavioral psychology, neurosurgery/neurology,
urology, cardiology, endocrinology, ophthalmology, ortho-
pedics, and dentistry. HISTIH1E syndrome patients need
multidisciplinary consultation for their management.

The limitations of this study include the following two
aspects: (a) Because of the limitations of sequencing meth-
ods, certain mutation types such as genomic structural
reorganization (e.g., inversion and translocation), large
segmental insertional mutations (e.g., ALU-mediated in-
sertion), promoters, deep introns, and variants in GC-rich
regions cannot be reliably detected. (b) The interpretation
of variants is based on our current knowledge of these
genes. As we gain more information about these genes
over time, our interpretation readings are likely to change.

5 | CONCLUSION

It is required to consider HIST1H1E syndrome in patients
with intellectual disability with particular facial features.
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Prenatal testing and preimplantation genetic testing are
required for offspring with HISTIH1E syndrome. In gen-
eral, WES may be indicated for children with intellectual
disability, speech delay, particular facial features, and sus-
pected genetic disease. It is critical to reach a diagnosis for
treatment and family planning.
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