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1   |   INTRODUCTION

Rothmund–Thomson syndrome (RTS; OMIM #268400) 
is a rare autosomal recessive disorder with a diagnostic 
hallmark of a facial rash in infancy, growth delay leading 
to short stature, and, in some cases, intrauterine growth 

restriction during pregnancy (although there are no spe-
cific data on the fetal period) (Larizza et al., 2013). Other 
clinical features include thinning hair, sparse or absent 
eyelashes and eyebrows, juvenile cataracts, and suscepti-
bility to osteosarcoma (Kitao et al., 1999). The worldwide 
incidence of RTS II is less than 1/1,000,000 (Aymé, 2023), 
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Abstract
Introduction: Rothmund–Thomson syndrome (RTS) is a rare autosomal reces-
sive disorder that has been reported in all ethnicities, with several identifiable 
pathogenic variants. There have been reported cases indicating that RTS may 
lead to low birth weight in fetuses, but specific data on the fetal period are lack-
ing. Genetic testing for RTS II is currently carried out by identifying pathogenic 
variants in RECQL4.
Methods: In order to determine the cause, we performed whole-genome se-
quencing (WGS) analysis on the patient and his parents. Variants detected by 
WGS were confirmed by Sanger sequencing and examined in family members.
Results: After analyzing the WGS data, we found a heterozygous nonsense 
mutation c.2752G>T (p.Glu918Ter) and a novel frameshift insertion mutation 
c.1547dupC (p.Leu517AlafsTer23) of RECQL4, which is a known pathogenic/
disease-causing variant of RTS. Further validation indicated these were com-
pound heterozygous mutations from parents.
Conclusion: Our study expands the mutational spectrum of the RECQL4 gene 
and enriches the phenotype spectrum of Chinese RTS patients. Our information 
can assist the patient's parents in making informed decisions regarding their 
future pregnancies. This case offers a new perspective for clinicians to consider 
whether to perform prenatal diagnosis.
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and more than 400 cases have been reported in the lit-
erature to date (Larizza et al., 2010; Larizza et al., 2013). 
The current method for genetic testing for RTS involves 
identifying biallelic pathogenic variants in ANAPC1 (RTS 
I) or RECQL4 (RTS II) through molecular genetic testing 
(Ajeawung et al., 2019; Wang et al., 2003). The RECQL4 
gene is located in a small 6.5 kb genomic region on human 
chromosome 8q24.3 and belongs to the DNA helicase 
RecQ gene family. It spans 21 exons and contains many 
small introns of less than 100 bp (Kitao et  al.,  1999). 
Therefore, mutations in both introns and exons of RECQL4 
can lead to Rothmund–Thomson syndrome (RTS) (Wang 
et al., 2002). RECQL4 mutations are typically predicted to 
result in premature stop codons, missense mutations, or 
frameshifts that are expected to truncate the protein before 
the helicase domain (encoded by exons 8-14) (Siitonen 
et al., 2009) or disrupt the reading frame within (Siitonen 
et al., 2009). Over 100 clinically relevant mutations have 
been identified in the RECQL4 gene (Siitonen et al., 2009). 
The RECQL4 gene encodes a protein of 1208 amino acids 
in length, called the RECQL4 protein, and this protein 
contains a conserved core RecQ helicase domain (Kitao 
et al., 1998; Liu, 2010). The activity of this helicase is as-
sociated with various cellular processes, including the 
initiation of DNA replication, DNA damage repair, base 
and nucleotide excision repair, homologous recombina-
tion, chromosomal telomere maintenance, mitochondrial 
biogenesis, and genomic stability (Ghosh et al., 2012; Kim 
et al., 2021; Lu & Davis, 2021; Sangrithi et al., 2005; Xu & 
Liu, 2009).

2   |   MATERIALS AND METHODS

2.1  |  Ethics declaration

This study was approved and guided by the Shenzhen 
Maternity and Child Healthcare Hospital [project: SFYLS 
(2019)-137] and was conducted in accordance with the 
criteria of the Declaration of Helsinki. Informed consent 
was obtained from the patient's parents.

2.2  |  Patient information

The patient of the study is a 3-month-old Chinese male in-
fant with red rashes on his face, sparse hair, no eyelashes, 
and no eyebrows. We collected the umbilical cord blood 
and placenta of the patient and the peripheral blood of his 
parents from our cohort study on pregnancy. We also col-
lected and sorted out the pregnancy examinations of the 
child's mother and follow-up data of the patient from the 
Shenzhen Maternity and Child Healthcare Hospital.

2.3  |  Whole-genome sequencing (WGS)

To determine the cause of these symptoms, we col-
lected the patient's umbilical cord blood and placenta, 
along with peripheral blood from his parents in the 
prenatal cohort study of our research group. Whole-
genome sequencing (WGS) analysis was performed on 
all samples. The umbilical cord blood, placenta, and 
peripheral blood were stored at −20°C for a maxi-
mum of 3 days. Genomic DNA from the blood cells 
was extracted using the DNeasy Blood & Tissue Kit. 
The DNA concentration was measured using the Qubit 
Fluorometer 3.0, and WGS libraries were constructed 
using the BGISEQ-500 Library Kit. Each sample's li-
brary was sequenced on the DNBSEQ-T1 platform, 
generating at least 600 million reads in 2 × 100 paired-
end reads (~40× coverage from ~120 Gb raw data for 
each sample) (Kang et al., 2022).

2.4  |  Variant analysis

After the adapter trimming and filtering of the reads, 
Burrows–Wheeler Alignment Tool (BWA) was used to 
align the clean reads to the hg19 human genome ref-
erence. The Genome Analysis Toolkit (GATK) was 
utilized for the detection of single-nucleotide vari-
ants (SNVs) and insertion–deletions (Indels) (Ren 
et  al.,  2018). Copy number variants (CNVs) were de-
tected using PSCC software (Li et  al.,  2014). Public 
population databases, including the Single Nucleotide 
Polymorphism Database (dbSNP) (Sherry et  al.,  2001), 
1000 Genomes (phase III) (Fairley et al., 2019), NHLBI 
Exome Sequencing Project (ESP) (Exome Variant 
Server,  2022), and the Genome Aggregation Database 
(gnomAD) (Karczewski et al., 2020), were used for ref-
erence. All variants in the coding region were subjected 
to in silico prediction tools for mutation pathogenic-
ity, such as Scale-Invariant Feature Transform (SIFT) 
(Kumar et  al.,  2009), Polymorphism Phenotyping v2 
(PolyPhen2) (Adzhubei et  al.,  2010), likelihood-ratio 
test (LRT), and MutationTaster (Schwarz et al., 2014).

We screened thirteen terms related to the patient's 
phenotypes in Human Phenotype Ontology (HPO) 
(Köhler et  al.,  2021): Absent eyebrow (HP:0002223), 
Absent eyelashes (HP:0000561), Aplasia/Hypoplasia 
of the eyebrow (HP:0100840), Poikiloderma 
(HP:0001029), Erythema (HP:0001029), Facial ery-
thema (HP:0001041), Growth delay (HP:0001510), 
Short stature (HP:0004322), Small for gestational age 
(HP:0001518), Sparse eyebrow (HP:0045075), Sparse 
eyelashes (HP:0000653), Sparse hair (HP:0008070), and 
Sparse or absent eyelashes (HP:0200102). According 
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to the guidelines of the American College of Medical 
Genetics and Genomics (ACMG) (Richards et al., 2015), 
we interpreted all genes associated with these pheno-
types, aiming to identify potentially pathogenic vari-
ants (shown in Figure 2a). In this study, we employed 
classification criteria for determining pathogenicity, 
with each pathogenic criterion assigned a weight as 
follows: very strong (PVS1), strong (PS1-4), moderate 
(PM1-6), or supporting (PP1-5).

2.5  |  Sanger sequencing

Sanger sequencing was conducted for validating the vari-
ants identified in WGS data. Primers for amplification were 
designed based on the RECQL4 (GenBank NM_004260.3) 
sequence. The primer sequences were RECQL4_MIS_F: 
5′-GTTCA​GAC​GGC​AAT​GGGTAT-3′; RECQL4_MIS_R: 
5′-GCTGT​GAA​GAG​GCT​GGTACA-3′; RECQL4_INS_F: 
5′-GTTAG​GGG​ACA​AGC​AGCAGT-3′; and RECQL4_
INS_R: 5′-CAGTC​ATG​CGG​ATC​CTGTC-3′. The cor-
responding gDNA fragments from the patient and his 
parents were amplified, and the PCR products were se-
quenced using Sanger sequencing.

3   |   RESULTS

3.1  |  Clinical characteristics

Prenatal ultrasound showed that the fetus was consist-
ently about a week smaller (Leung et  al.,  2008) than 
expected and had decreased amniotic fluid in the later 
stages (shown in Table 1). After birth, the patient con-
tinued to experience growth retardation and was small 
in height and weight. At 2 months of age, he developed 
red rashes on his face which spread to his entire body. 
He had sparse hair, no eyelashes, and no eyebrows 
(shown in Figure 1).

3.2  |  Molecular genetic analysis

To determine the cause, we obtained all CNVs, SNVs, and 
Indels. The guidelines of ACMG were followed to iden-
tify pathogenic variants. Upon interpretation, none of the 
identified CNVs were classified as pathogenic or possibly 
pathogenic. However, two variants in RECQL4 (GenBank 
NM_004260.3) associated with RTS were identified, includ-
ing a frameshift variant c.1547dupC, p.Leu517AlafsTer23 
(exon 9), and a nonsense variant c.2752G>T, p.Glu918Ter 
(exon 16). The two compound heterozygous mutations 
were confirmed by Sanger sequencing, and it was also 
demonstrated that the patient inherited the frameshift 
and the nonsense mutations from both parents (shown in 
Figure 2b,c). Based on the ACMG guidelines, the two vari-
ants were categorized as pathogenic mutations. Due to the 
following evidence, the frameshift variant was classified as 
a pathogenic variation: (1) PVS1: null variant (frameshift) 
affecting gene RECQL4; (2) in ESP, 1000 Genomes Project, 
or gnomAD, the mutation is either absent from controls 
or has an extremely low frequency if recessive; (3) PM3: 
for autosomal recessive genes, a pathogenic variant de-
tected in trans in the patient; and (4) PP3: the computa-
tional analysis concluded that the variant is pathogenic, 
as GERP predicted one pathogenic effect and no benign 
effects were detected. Due to the following evidence, the 
nonsense variant was classified as a pathogenic variation: 
(1) PVS1: null variant (nonsense) affecting gene RECQL4; 
(2) PM2: variant not found in gnomAD exomes and gno-
mAD genomes; (3) PM3: for autosomal recessive genes, 
a pathogenic variant detected in trans in the patient; (4) 
PP3: the computational assessment determined that the 
variant was pathogenic based on two pathogenic predic-
tions from Genomic Evolutionary Rate Profiling (GERP) 
(Davydov et  al.,  2010) and Functional Analysis through 
Hidden Markov Models—Multiple Kernel Learning 
(FATHMM-MKL) (Shihab et  al.,  2013), with no benign 
predictions; and (5) PP5: ClinVar (Landrum et al., 2020) 
classifies the variant as pathogenic with one star (above 

T A B L E  1   Prenatal ultrasound.

Measurement 
gestational weeks BPD (cm) AC (cm) FL (cm) HC (cm) DVP (cm) AFI (cm) Fetal growth

23 weeks + 2 days 5.04 (5.1–6.3) 17.86 (16.4–20.4) 3.78 (3.5–4.3) 20.40 (19.1–22.6) 3.0 (3–7) 8.9 (8–25) 22 weeks + 1 day

27 weeks + 6 days 6.60 (6.4–7.7) 22.30 (21.0–25.6) 5.10 (4.5–5.4) 24.80 (23.9–27.6) 3.9 (3–7) 11.3 (8–25) 26 weeks + 5 days

31 weeks + 6 days 7.70 (7.4–8.8) 26.50 (24.6–29.9) 5.90 (5.3–6.3) 28.10 (24.6–29.9) 5.4 (3–7) – 30 weeks + 4 days

36 weeks + 3 days 8.70 (8.3–9.6) 31.60 (28.3–34.3) 6.62 (6.1–7.1) 31.24 (30.0–34.0) 3.7 (3–7) 9.4 (8–25) –

39 weeks + 2 days 8.86 (8.6–10.0) 30.88 (30.4–36.8) 7.19 (6.6–7.6) 31.46 (30.9–35.0) 1.6 (3–7) 4.6 (8–25) –

Note: Reference ranges are shown in parentheses (−2 SD/+ 2 SD) (Schwarz et al., 2014).
Abbreviations: AC, abdominal circumference; AFI, amniotic fluid index; BPD, biparietal diameter; DVP, deepest vertical pocket; FL, femur length; HC, head 
circumference.
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a minimum of 1 star), but there is no evidence from func-
tional or in vivo studies to support PS3 (shown in Table 2).

4   |   DISCUSSION/CONCLUSION

In this study, we carried out WGS of a trio with a RTS 
proband manifesting red rashes on face, sparse hair, no 
eyelashes, and no eyebrows and identified compound het-
erozygous mutations in the RECQL4 gene, which expands 
the mutation spectrum of RECQL4. We collected and ana-
lyzed follow-up data from the patient and conducted preg-
nancy examinations of the child's mother. We found that 
the fetal growth of the patient was consistently small for 
approximately 1 week, enriching the phenotype spectrum 
of Chinese RTS patients.

The c.1547dupC (p.Leu517AlafsTer23) variant we 
discovered is a newly identified truncating mutation. 
The c.2752G>T (p.Glu918Ter) variant was previously 
reported as a nonsense mutation (Clinvar database: 
VCV000597188.3). Neither of these two mutations was 
found in the population, based on 1000 Genomes, ExAC, 
and East Asian population databases, or our local data-
base. The c.2752G>A (p.Glu918Lys) and c.1547C>T 
(p.Ala516Val) variants were also identified in the Clinvar 
database (Clinvar database: VCV002387422.1 and 
VCV002189648.1) at the same site as our newly identi-
fied mutation. However, neither of these two variants had 
significant clinical significance or relevant case reports, 
indicating the variants we found were extremely rare in 
the general population. The RECQL4 gene comprises 21 

F I G U R E  1   Clinical features of the patient: red rashes on the 
face, sparse hair, and absence of eyebrows.
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F I G U R E  2   (a) The filtering and 
analysis process of variants from 472 
genes associated with 13 phenotypes in 
HPO. (b) Two compound heterozygous 
mutations were confirmed. The patient 
inherited the missense and the nonsense 
mutations from both parents. (c) Sanger 
sequencing results of the compound 
heterozygous variants of RECQL4.



6 of 8  |      ZENG et al.

exons (Ohlenschläger et al., 2012; Wang et al., 2003). The 
c.1547dupC (p.Leu517AlafsTer23) mutation occurred 
in the helicase domain (exons 9-13) (Mann et al., 2005), 
while the other identified mutation, c.2752G>T (p.Glu-
918Ter), occurred downstream of the helicase domain. 
The c.2752G>T (p.Glu918Ter) mutation is a nonsense 
mutation that results in the substitution of an amino acid 
with a stop codon, leading to the termination of protein 
translation. The c.1547dupC (p.Leu517AlafsTer23) muta-
tion is an insertion mutation that leads to reading frame-
shift and subsequent termination of protein translation. 
These mutations often lead to the destruction of the sta-
bility of mature mRNA through nonsense-mediated decay 
(Larizza et al., 2010). We predict that the new mutation, 
c.1547dupC, would destroy the helicase domain, resulting 
in the deletion, truncation, or damage of the helicase ac-
tivity of the RECQL4 protein.

The 3-month-old patient had red rashes on his face, 
sparse hair, no eyelashes, and no eyebrows, which is 
consistent with the main clinical diagnostic hallmark 
of RTS (Larizza et al., 2010; Wang et al., 2001). RTS pa-
tients are proportionately small in weight and height (Gui 
et al.,  2018; Yadav et al.,  2019; Zhang et al.,  2021). Low 
birth weight, slow weight gain, and linear growth defi-
ciency are present in at least two-thirds of RTS patients 
(Wang et  al.,  2001). The patient in this study not only 
experienced growth retardation and small in height and 
weight after birth but also showed consistently about a 
week smaller as early as 23 gestational weeks estimated by 
prenatal ultrasound tests. RTS-related bone abnormalities 
have been recapitulated in mouse models. Recql4 knock-
out mice died between embryonic days 3.5–6.5, showing 
that the DNA helicase functions fundamentally in embry-
onic development (Ichikawa et  al.,  2002). The homozy-
gous Recql4 exon 13-deleted mice exhibited severe growth 
retardation as early as embryonic day 14.5, showing short 
stature and low body weight (Hoki et  al.,  2003). Recql4 
conditional knockout mice targeting the skeletal lineage 
had limb defects, showing shorter forelimbs and hind-
limbs (Lu et  al.,  2015). An increased p53 response was 
seen in affected tissues, indicating Recql4 is critical for 
skeletal development by modulating p53 activity in vivo. 
Ng et al. (2015) also found that Recql4 bone cells specif-
ically removed mice also had shortened bones. Castillo-
Tandazo et  al.  (2021) investigated mouse models with 
combination of a Recql4 truncating mutation and a condi-
tional null allele and found that different mutations led to 
distinct phenotypes. Osx-Cre Recql4fl/R347X mice had lower 
body weight and shorter tibial length compared with Osx-
Cre Recql4fl/+ mice, while Osx-Cre Recql4fl/G522Efs mice 
were not different (Yadav et al., 2019). Collectively, Recql4 
functions in skeletogenesis as early as embryonic develop-
ment, and different mutations have different effects. We 

can infer that the compound heterozygous mutations in 
RECQL4 may be involved in the occurrence of the slow 
fetal growth of the proband. Knockin mouse models could 
help to elucidate the molecular pathogenesis.

This patient exhibited slow fetal growth for approxi-
mately 1 week during the fetal stage, but he did not meet 
the diagnostic criteria for fetal growth restriction (FGR), 
manifesting as fetal ultrasound estimated weight or ab-
dominal circumference below the 10th percentile for the 
corresponding gestational age (Fetal Medicine Subgroup, 
Chinese Society of Perinatal Medicine, Chinese Medical 
Association; Maternal-Fetal Medicine Committee, 
Chinese Society of Obstetrics and Gynecology, Chinese 
Medical Association, et al., 2022). His phenotype could be 
overlooked by clinicians. Therefore, this case also makes 
some suggestions for clinicians that pregnant women 
whose fetal growth and development consistently ex-
hibit being about 1 week behind and show no other sig-
nificant abnormalities during pregnancy might consider 
whether prenatal diagnosis should be advised in addition 
to the necessary nutritional intervention. The use of high-
throughput genome sequencing to identify pathogenic 
variants is a valuable tool for early disease diagnosis and 
has significant clinical implications for genetic counseling 
and fertility guidance. Additionally, carrier testing for at-
risk relatives and preimplantation genetic diagnosis can 
assist the patient's parents in making informed decisions 
regarding their future fertility.
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