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Abstract
Background  Meier–Gorlin syndrome (MGORS) is a rare autosomal inherited form of primordial dwarfism. Pathogenic 
variants in 13 genes involved in DNA replication initiation have been identified in this disease, but homozygous 
intronic variants have never been reported. Additionally, whether growth hormone (GH) treatment can increase the 
height of children with MGORS is unclear.

Methods  The medical history data of a young girl were collected and reviewed. Whole-exome sequencing (WES) 
and bioinformatic analysis were performed to identify any variants and predict their pathogenicity. Minigene 
constructs were generated and transfected into HEK-293T cells for in vitro splicing assays. The literature was reviewed 
to explore the mutational spectrum and efficacy of GH treatment for this disease.

Results  A girl with microtia, hypoplastic patellae, and severe growth retardation carried a novel homozygous intronic 
variant (NM_030928.4: exon 3: c.352–30 A > C) in CDT1. The variant was predicted to break a branch point and alter 
splicing, and the minigene assay confirmed abnormal splicing with exon 3 skipping. The patient was treated with 
GH for 5 years, with an increase in growth velocity from 4.0 cm/year to an average of 6.2 cm/year. A literature review 
revealed that the most common variant type and inheritance state were missense and compound heterozygous, 
respectively. Additionally, the vast majority of children with MGORS treated with GH had normal insulin-like growth 
factor 1 (IGF-1) levels, and half of them responded positively to GH therapy.

Conclusions  We reported a novel pathogenic homozygous intronic variant (c.352–30 A > C) of CDT1 in a girl with 
MGORS, and this mutation extended the genetic spectrum of the disease. GH therapy may be beneficial for height 
outcomes in children with MGORS with normal IGF-1 levels.
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Background
Meier–Gorlin syndrome (MGORS) is a rare autosomal 
inherited form of primordial dwarfism characterized by 
the triad of microtia, absent or hypoplastic patellae, and 
severe prenatal and postnatal growth retardation [1; 
2]. The exact incidence of MGORS has not been deter-
mined, and fewer than 150 cases have been reported 
worldwide. The characteristic cephalic and facial defor-
mities of MGORS include microtia, micrognathia, a high 
forehead, a narrow and convex nose, and a small mouth 
with thick lips. Other common features include feeding 
problems, microcephaly, mammary hypoplasia, external 
genital abnormalities, congenital pulmonary emphysema, 
and skeletal abnormalities [1]. Current treatments for the 
disease focus mainly on relieving related clinical symp-
toms. Only a few patients have been treated with GH 
to improve severe short stature, but its therapeutic effi-
cacy is controversial [2–7]. Pathogenic variants in genes 
encoding highly conserved components involved in the 
initiation of DNA replication cause this disease. To date, 
13 genes (ORC1, ORC4, ORC6, CDT1, CDC6, CDC45, 
GMNN, MCM3, MCM5, MCM7, GINS2, GINS3, and 
DONSON) have been reported to be responsible for the 
development of MGORS [8–11]. Most pathogenic muta-
tions of MGORS are inherited in a compound hetero-
zygous state [2; 10–12], and no homozygous intronic 
variant has been found yet.

Pre-messenger RNA (pre-mRNA) splicing, in which 
introns are removed and exons are strictly joined, is a pri-
mary step in protein expression. Mutations that interfere 
with normal mRNA splicing are critical contributors to 
rare genetic diseases [13; 14]. Canonical splice site (CSS) 
variants within 2 base pairs of the junctions of introns 
and exons are strong diagnostic candidates for genetic 
diseases, whereas the effects of noncanonical splicing 
variations on genetic disorders, including variants in 
branchpoints (BPs) and deep intronic regions (more than 
100 bases far from the exon‒intron junction), are becom-
ing increasingly recognized [15–17]. According to the 
estimate by Lord et al. [18], which is based on exomic 
sequencing data from approximately 8,000 patients, up to 
27% of mutations are located at noncanonical positions. 
Furthermore, 48 genetic variants in the human genome 
have been reported to cause diseases by disrupting BPs to 
alter splicing [19].

MGORS is a congenital genetic disorder in which more 
than 80% of patients have a typical triad and need mul-
tidisciplinary management from birth to adulthood [1]. 
Microtia may lead to hearing loss, and ear–nose–throat 
specialist assistance is required. In very few severe cases, 
patellar hypoplasia may lead to mobility difficulties, and 
knee surgeries are needed. Only a few patients have been 
treated with GH to increase their height. GH treatments 
for MGORS patients with low levels of IGF-1 have been 

recommended by some researchers [1; 3]. However, the 
levels of IGF-1 are normal in more than 80% of patients 
with MGORS, and the therapeutic effect of GH in these 
patients remains unclear.

Here, we report the case of a girl with MGORS carry-
ing a novel variant (c.352–30 A > C) in CDT1, making her 
the first known patient with MGORS caused by a homo-
zygous intronic variant. We confirmed the pathogenic-
ity of this variant via in vitro splicing assays. Five years 
of treatment with long-acting PEGylated recombinant 
human GH (PEG-rhGH) increased her height despite a 
consistently normal IGF-1 level. Moreover, the litera-
ture was reviewed to gain further insight into mutational 
features and whether GH treatment is helpful for height 
outcomes in children with MGORS.

Methods
Patient enrolment and growth data analysis
This study enrolled a 4-year-old Chinese girl with severe 
short stature from the Department of Paediatrics, Tongji 
Hospital. The clinical data and medical history of this 
patient were collected. Standard deviation (SDS) values 
for height, weight, and head circumference were cal-
culated using Chinese 2009 growth data [20]. The mid-
parental height (MPH) of the patient was calculated as 
(mother’s height + father’s height − 13 cm)/2 [21]. A com-
bined insulin–clonidine stimulation experiment was car-
ried out to evaluate the peak level of GH secretion, and 
a stimulated GH level ≥ 10 ng/mL was considered normal 
[22].

Genetic testing and bioinformatic analysis
The peripheral blood samples of the child and her par-
ents were collected in EDTA-containing tubes, and 
genomic DNA was extracted utilizing a QIAamp DNA 
Blood Mini Kit (Qiagen, Hilden, Germany) following 
the manufacturer’s recommendations. The genomic 
DNA was fragmented into 100–300  bp segments. xGen 
Exome Research Panel probes (IDT, USA) were used to 
capture the libraries, and the libraries were subsequently 
sequenced on the Illumina NovaSeq 6000 Sequencing 
platform. After quality control, the purified clean reads 
were mapped to the human reference genome (GRCh38/
hg38). Variants were analysed by GATK-HaplotypeCaller 
and further annotated via public databases (the 1000 
Genomes Project, gnomAD, ANNOVAR, and bSNP) 
[23]. The potentially pathogenic variants were confirmed 
by Sanger sequencing and evaluated according to the 
American College of Medical Genetics and Genomics 
(ACMG) guidelines [15]. Bioinformatic analysis tools, 
such as Human Splicing Finder (HSF), Splice AI, and 
dbscSNV, were used to assess the possible pathogenic 
effects of the splice site variants [24–26].
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Minigene plasmid construction
The fragment covering exons 2–4 of CDT1 was ampli-
fied by nested primers to generate the wild-type and 
mutant fragments. The wild-type and mutated fragments 
were cloned and inserted into pECMV vectors to pro-
duce pECMV-CDT1-wild-type (wt) and pECMV-CDT1 
mutant (mut) minigene constructs, respectively. Sanger 
sequencing was performed to confirm the sequence of 
the wt and mut fragments on the vectors. The primers 
used for the above operations are listed in Table S1. The 
pECMV vector was kindly donated by Cipher Gene.

In vitro splicing assay
The minigene constructs were transferred into human 
embryonic kidney 293T (HEK-293T) cells by using 
Lipo3000 Reagent (Invitrogen, USA) according to the 
manufacturer’s recommendations. After 24  h, RNA 
from the wt and mut constructs was extracted from the 
transfected cells utilizing RNA-Easy Isolation Reagent 
(Vazyme, China), and cDNA was synthesized via reverse 
transcription with an equal amount of RNA. The primers 
at both ends of the minigene vector were used for PCR 
amplification. The amplified transcription bands were 
detected by agarose gel electrophoresis, and each band 
was recovered for Sanger sequencing.

Literature review
The pathogenic variants of 13 MGORS-related genes 
were searched in the Human Gene Mutation Database 
(HGMD), and all the articles on MGORS carrying patho-
genic variants or with GH treatment were searched in 
PubMed and a Chinese public database (China National 
Knowledge Infrastructure). The search terms for muta-
tions were as follows: Meier–Gorlin syndrome, ORC1, 
ORC4, ORC6, CDT1, CDC6, CDC45, GMNN, MCM3, 
MCM5, MCM7, GINS2, GINS3, DONSON, primor-
dial dwarfism, or ear-patella-short stature syndrome. 
Genetic information was collected, and patients without 
MGORS-associated clinical phenotypes were excluded. 
The search terms for GH treatment were as follows: 
Meier–Gorlin syndrome, growth hormone treatment, 
growth hormone therapy, recombinant growth hormone, 
or ear-patella-short stature syndrome. The clinical data of 
all patients receiving GH treatment were collected at the 
beginning of the treatment (including sex, mutated gene, 
height SDS, growth velocity, bone age, and IGF-1 levels) 
and at the last follow-up (including age, height SDS, and 
growth velocity).

Results
Clinical history
A 4-year-old girl visited the paediatric endocrinology 
clinic of Tongji Hospital due to severe short stature, 
with a growth velocity of 4.0  cm/year. She was born by 

caesarean section at 38 weeks of gestation from non-
consanguineous parents. Foetal growth restriction was 
detected by routine ultrasound screening. The patient 
was born small for gestational age (SGA), with a birth 
weight of 1.98 kg (-3.1 SDS) and a birth length of 42 cm 
(− 4.5 SDS). She had feeding difficulties during the first 
year of life. At the first visit, her height was 86 cm (-4.4 
SDS), her weight was 10 kg (-3.2 SDS), and her head cir-
cumference was 47.9 cm (-0.8 SDS). Dysmorphic features 
included a high forehead, small mouth with full lips, 
irregular tooth alignment, retrognathia and microgna-
thia, low-set ears and bilateral microtia, and hyperex-
tended knees (Fig.  1). The fourth toe of the patient was 
shorter than the others, but her walking and motor abili-
ties were normal. No abnormalities were found in the 
breast, external genitalia, or hearing. The MPH of the girl 
was calculated to be 156.5  cm (-0.8 SDS) based on the 
heights of her father (168 cm) and her mother (158 cm), 
respectively.

X-ray examination revealed microretrognathia and 
irregular tooth alignment, slender humerus and ribs, and 
two-year-delayed bone age (the bone age was 6 years at 
the chronological age of 8 years) (Fig.  2 A-C). A knee 
radiograph of the patient revealed left patellar hypoplasia 
at 8 years of age (Fig. 2 D). GH stimulation tests revealed 
a peak GH concentration of 21.8 ng/mL. Endocrine 
examination revealed an IGF-1 level of 121 ng/mL and 
an IGFBP-3 level of 3970 ng/mL. Her adrenal function, 
thyroid function, and sex hormone levels were within the 
normal ranges, and no abnormalities were detected via 
cardiac ultrasound, abdominal ultrasound, or pituitary 
magnetic resonance imaging (MRI). MGORS was clini-
cally suspected given her typical triad of microtia, hypo-
plastic patella, and intrauterine and postnatal growth 
retardation.

Genetic and bioinformatic analysis
In conjunction with the clinical data from the patient, 
WES was performed on the patient and her parents to 
investigate the underlying causes of her severe short 
stature. The analysis identified a homozygous intronic 
variant, c.352–30 A > C, located in intron 2 of the CDT1 
gene, which was confirmed by Sanger sequencing. No 
variants in CDT1 were detected in her father; however, 
her mother was identified as a heterozygous carrier of 
the c.352–30  A > C variation (Fig.  3A). We employed 
computational algorithms to analyse the distribution of 
single-nucleotide polymorphisms (SNPs) on the basis 
of WES data from the patient’s family to detect poten-
tial regions of homozygosity (ROHs) [27; 28]. Based on 
ROHs that possibly correspond to uniparental disomy 
(UPD), we inferred that the patient’s homozygous vari-
ants are likely derived from maternal isodisomy. The 
CDT1 c.352–30  A > C variant appears to be novel, as 
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Fig. 2  Imaging features of the patient. (A) Plain radiography of the skull showing micrognathia, retrognathia, and irregular tooth alignment. (B) Plain 
chest radiograph showing slender long bones and ribs. (C) Anteroposterior X-ray radiograph of the left hand at age 8. (D) Knee X-ray showing the left 
patella hypoplasia

 

Fig. 1  Clinical features of the patient. (A-D) The patient has typical Meier–Gorlin syndrome features, including a high forehead, microtia, low-set ears, a 
small mouth with full lips, retrognathia and micrognathia, knee hyperextension, and a proportionately short stature
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it has not been previously reported in population data-
bases. Further investigation revealed that this intronic 
variant was located at a noncanonical splice site, and was 
predicted to disrupt the wild-type BP and affect splicing 
according to HSF software. This variant decreased the BP 
score by 31.79%, from 93.2 to 63.57. As CDT1 is one of 
the most common genes with pathogenic variants caus-
ing MGORS, this intronic variant was likely responsible 
for the clinical phenotype of the patient.

Functional study
Since this variant is a novel CDT1 mutation, a minigene 
splicing assay was carried out to validate whether the 
intronic variant interferes with CDT1 splicing. The exon 
2–intron 2–exon 3–intron 3–exon 4 fragments were 
inserted into the pECMV vector to obtain pECMV-
CDT1-wt/mut, which was subsequently transfected into 
HEK-293T cells to observe the splicing pattern of exon 
2–exon 3–exon 4. The extracted RNA was reverse-tran-
scribed into cDNA and amplified with specific primers 
for Sanger sequencing analysis. Analysis of band a from 
pECMV-CDT1-wt revealed that exons 2–4 formed com-
pletely mature mRNA via the splicing of all introns. In 
contrast, a single, shorter band b was detected from the 
pECMV-CDT1-mut construct, and sequencing analysis 
revealed exon 3 skipping (Fig. 3 B-E).

GH treatment and follow-up
According to the clinical characteristics, the outcomes 
of exon sequencing and the minigene assay, the patient 
was clinically and molecularly diagnosed with MGORS. 
Given the severe prenatal and postnatal growth retarda-
tion, the girl was treated with once weekly PEG-rhGH 
for 5 years with the consensus of her parents. PEG-rhGH 
treatment was started when the patient was 4 years and 
2 months old, with a body height of 86 cm (-4.4 SDS), a 
growth velocity of 4 cm/year, a bone age of 2 years, and 
an IGF-1 level of 121 ng/mL. The initial dosage of PEG-
rhGH was 0.18 mg/kg/week. After the first year of PEG-
rhGH treatment, her height increased to 93  cm (-4.0 
SDS), and her growth velocity accelerated to 7.6 cm/year. 
The dosage of PEG-rhGH was adjusted to 0.2  mg/kg/
week for the next 4 years according to her growth veloc-
ity. At the latest follow-up, the patient was 9 years and 
2 months old with a bone age of nearing 8 years and an 
IGF-1 level of 373 ng/mL, and her body height reached 
116.8  cm (-3.0 SDS) (Fig.  4A). Throughout the entire 
treatment period, her annual growth velocity acceler-
ated from 4.0 cm/year to 6.2 cm/year, with a prominent 
increase of 1.4 in height SDS, and the gap between the 
height SDS and the target height SDS was shown in 
Fig. 4B. The thyroid function, fasting glucose, and fasting 
insulin were tested every 3–4 months during the treat-
ment, and the results were all normal.

Fig. 3  (A) Sanger sequencing of the CDT1 mutation and the sequencing chromatograms showing the homozygous A to C transition. (B) Sequencing 
map constructed by Minigene: the top is wt, and the bottom is mut. (C) Agarose gel of the RT–PCR products from HEK–293T cells transfected with plas-
mids containing either wt (band a) or mut (band b). (D) Schematic diagram of the minigene construction strategy and splicing, with the red * indicating 
the mutation position. (E) Corresponding sequencing result map of splicing bands
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Literature review of genetic variants
To gain further insight into the patterns of genetic varia-
tions and the associations between the mutated genes 
and height outcomes in patients with MGORS, we 
reviewed the reported literature on pathogenic variants 
of this rare disease. This analysis identified a total of 79 
genetic variants, including the one we reported (Table 1). 
Among these variants, 12 were found in the PubMed 
database, 1 was found in the Chinese Journal of Medical 
Genetics, and the others were found in the HGMD.

A total of 79 pathogenic variants were identified across 
the 13 genes described above, involving a total of 88 
cases. Among these genes, only GMNN was associated 
with autosomal dominant inheritance, and all other vari-
ants were linked to autosomal recessive inheritance. As 
shown in Table 1, the highest number of mutations was 
observed in the ORC1, CDT1, and CDC45 genes, which 
were also involved in the largest number of cases. More-
over, compound heterozygous mutations were the most 
common type, followed by homozygous mutations, and 

4 monoallelic mutations were found in ORC1 and CDT1. 
The vast majority of the variants were located in exons, 
with only 7 variants found in introns. The primary effects 
of these variants on proteins were missense mutations, 
and other effects included splice site mutations, frame-
shift mutations, nonsense mutations, and deletions. 
Furthermore, we recorded the mutated genes and corre-
sponding height characteristics of MGORS patients with 
known molecular defects (Table S2). Patients were found 
at ages ranging from 0 to 49 years, with heights between 
− 9.6 and − 0.2 SDS. Through a literature review, we found 
that body height was strongly affected by mutations in 
the ORC1, CDC6, and GMNN genes, with mean heights 
of -6.0 SDS, -5.6 SDS, and − 5.6 SDS, respectively. In con-
trast, mutations in GINS2 (-0.6 SDS) and MCM5 (-2.5 
SDS) have a comparatively minor effect on height. Addi-
tionally, the mean height SDS for patients with CDT1 
mutations was − 3.6.

Fig. 4  (A) The growth curve of the patient. The start of treatment with the long-acting PEGylated recombinant human growth hormone (PEG-rhGH) is 
shown by the red arrow. (B) The gap between the height SDS and the target height SDS of the patient during PEG-rhGH therapy
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Gene Nucleotide
alterations

Amino-acid
changes

Inheritance 
and zygosity

Variant 
effect

Variant site Number 
of cases/
families

Variant reference ID

ORC1 c.266T > C p.Phe89Ser AR; 
Homozygous

Missense Exon 1/1 CM112288

[c.314G > A] +
[c.1482–2 A > G]

p.Arg105Gln + in-
tron 9 splice 
acceptor site

AR; Compound
heterozygous

Mis-
sense + splice

Exon + intron 2/2 CM112289/CS112292

c.1721 C > T p.Thr57Met Monoallelic Missense Exon 1/1 CM124031
[c.314G > A] +
[c.2159G > A]

p.Arg105Gln + p.
Arg720Gln

AR; Compound
heterozygous

Missense Exon 1/1 CM112289/CM112290

[c.314G > A] + 
[c.1999_2000delGTinsA]

p.Arg105Gln + p.
Val667fsX24

AR; Compound
heterozygous

Mis-
sense + frame-
shift

Exon 2/1 CM112289/CX112291

c.380 A > G p.Glu127Gly AR; 
Homozygous

Missense Exon 2/1 CM112287

[c.314G > A] + 
[c.1996 C > T]

p.Arg105Gln + p.
Arg666Trp

AR; Compound
heterozygous

Missense Exon 1/1 CM112289/CM112304

[c.2483 C > T] + 
[c.2484delC]

p.Ser828Phe + p.
Cys829ValfsTer30

AR; Compound
heterozygous

Mis-
sense + frame-
shift

Exon 1/1 CM218431/CD218432

[c1996C > T] +
[c.692del]

p.Arg666Trp + 
p.Pro231Glnfs*12

AR; Compound
heterozygous

Mis-
sense + frame-
shift

Exon 1/1 CM112304/CD210714

c.721 + 1G > C intron 5 splice 
donor site

Monoallelic Splice Intron 1/1 CS1515061

c.2292 C > T p.Ile764= Monoallelic Splice Exon 1/1 35,282,3251

ORC4 [c.521 A > G] + 
[c.874_875insAACA]

p.Tyr174Cys + p.
Ala292fsX19

AR; Compound
heterozygous

Mis-
sense + frame-
shift

Exon 2/2 CM112293/CI112294

[c.623 C > G] + 
[c.956 A > G]

p.Ser208X + p.
His319Arg

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 1/1 CM2112071/CM2112072

c.521 A > G p.Tyr174Cys AR; 
Homozygous

Missense Exon 4/3 CM112293

[c.521 A > G] +
CNV del

p.Tyr174Cys +
del

AR; Compound
heterozygous

Mis-
sense + dele-
tion

Exon 1/1 CM112293/CG112306

ORC6 [c.2T > C] + 
[c.449 + 5G > A]

p.Met1? + p.? AR; Compound
heterozygous

Mis-
sense + splice

Exon + intron 4/3 CM124028/CS124033

[c.257_258delTT] + 
[c.695 A > C]

p.Phe86X + p.
Tyr232Ser

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 3/1 CD112302/CM112301

c.67 A > G p.Lys23Glu AR; 
Homozygous

Missense Exon 1/1 CM174223

c.71 C > T p.Ala24Val AR; 
Homozygous

Missense Exon 1/1 CM2117278

c.602_605delAGAA p. Lys202Rfs*1 AR; 
Homozygous

Frameshift Exon 1/1 CD151918

c.712 A > T p.Lys238X AR; 
Homozygous

Nonsense Exon 1/1 37,730,2342

Table 1  Overview of mutations identified in 13 genes related to MGORS
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Gene Nucleotide
alterations

Amino-acid
changes

Inheritance 
and zygosity

Variant 
effect

Variant site Number 
of cases/
families

Variant reference ID

CDT1 [c.196G > A] + 
[c.351G > C]

p.Ala66Thr + p.
Gln117His

AR; Compound
heterozygous

Mis-
sense + splice

Exon 1/1 CM112298/CM112303

[c.1385G > A] + 
[c.1560 C > A]

p.Arg462Gln + p.
Tyr520X

AR; Compound
heterozygous

Mis-
sense + non-
sense

Exon 4/2 CM112296/CM112297

[c.351G > C] + 
[c.1385G > A]

p.Gln117His + p.
Arg462Gln

AR; Compound
heterozygous

Splice + mis-
sense

Exon 1/1 CM112303/CM112296

[c.1081 C > T] + 
[c.1357 C > T]

p.Gln361X + p.
Arg453Trp

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 1/1 CM112299/CM112300

[c.832G > T] + 
[c.1385G > A]

p.Glu278X + p.
Arg462Gln

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 2/1 CM124026/CM112296

c.1402G > A p.Glu468Lys AR; 
Homozygous

Missense Exon 1/1 CM112305

c.1385G > A p.Arg462Gln Monoallelic Missense Exon 2/1 CM112296
[c.1078_1080del] + 
[c.1276–24 A > G]

p.(Ala360del) +
intron 8 
branchpoint

AR; Compound
heterozygous

Dele-
tion + splice

Exon + intron 1/1 CD211848/CS211849

[c.1144delT] + 
[c.1385G > A]

p.Leu-
382Trpfs*34 + Ar-
g462Gln

AR; Compound
heterozygous

Frame-
shift + mis-
sense

Exon 2/1 CD1717227/CM112296

c.88,873,770 C > T p.Arg453Trp AR; 
Homozygous

Missense Exon 1/1 32,843,4143

c.352–30 A > C intron 2 
branchpoint

AR; 
Homozygous

Splice Intron 1/1 -

CDC6 c.968 C > G p.Thr323Arg AR; 
Homozygous

Missense Exon 1/1 CM112295

[c.230 A > G] + 
[c.232 C > T]

p.(Lys77Arg) + p.
(Gln78Ter)

AR; Compound
heterozygous

Mis-
sense + non-
sense

Exon 1/1 CM223644/CM223645

Table 1  (continued) 
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Gene Nucleotide
alterations

Amino-acid
changes

Inheritance 
and zygosity

Variant 
effect

Variant site Number 
of cases/
families

Variant reference ID

CDC45 [c.1 A > C] +
[ c.1388 C > T]

p.Met1? + 
p.Pro463Leu

AR; Compound
heterozygous

Missense Exon 1/1 CM168040/27,374,7704

[c.1270 C > T] + 
[c.1388 C > T]

p.Arg424X + p.
Pro463Leu

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 1/1 27,374,7705/27,374,7704

c.791 C > A p.Ser264Tyr AR; 
Homozygous

Missense Exon 1/1 CM168042

c.1660 C > T p.Arg554Trp AR; 
Homozygous

Missense Exon 3/2 CM168044

[c.1388 C > T] + 
[c.1532delC]

p.Pro463Leu + p.
Pro511Glnfs*36

AR; Compound
heterozygous

Mis-
sense + frame-
shift

Exon 1/1 27,374,7704/27,374,7706

[c.203 A > G] + 
[c.333 C > T]

p.Gln68Arg +
p.Asn111

AR; Compound
heterozygous

Splice Exon 2/1 CS168047/CS168049

c.[464 A > G; 961 C > A] 
+ [c.1440 + 14 C > T]

p.[Glu155Gly; 
Pro-
321Thr] + splicing 
effect

AR; Compound
heterozygous

Mis-
sense + splice

Exon + intron 1/1 27,374,7707/273747708/CS168060

[c.1541_1544del] + 
[c.630G > A]

p.(Lys514 
Thrfs*10) + p.(Arg 
210 = )

AR; Compound
heterozygous

Frame-
shift + splice

Exon 2/1 CD216726/CS216727

[c.326_329dup] + 
[c.1512 C > T]

p.As-
n111Ilefs*11 + p.
His504 =

AR; Compound
heterozygous

Frame-
shift + splice

Exon 1/1 34,000,9999/CM218068

[c.326_329dupTATA] + 
[c.1117 C > T]

p.V109fs +
p.R373W

AR; Compound
heterozygous

Missense Exon 1/1 CI205249/
CM174984

[c.686 C > A] +
[c.1512 C > T]

p.Ser229X +
p.His504 =

AR; Compound
heterozygous

Mis-
sense + splice

Exon 1/1 CJMGa/CM218068

GMNN c.16 A > T p.Lys6X AD; 
Heterozygous

Nonsense Exon 1/1 CM1513647

c.35_38delTCAA p.Ile12Lysfs*4 AD; 
Heterozygous

Frameshift Exon 1/1 CD1513648

c.50 A > G p.Lys17Arg AD; 
Heterozygous

Missense Exon 1/1 CM1513649

MCM3 c.2417 A > T p.(Gln806Leu) AR; 
Homozygous

Missense Exon 1/1 33,654,30910

MCM5 [c.850_851delAG] + 
[c.1397 C > T]

p.(Arg-
284Glyfs*49) + p.
Thr466Ile

AR; Compound
heterozygous

Frame-
shift + mis-
sense

Exon 1/1 CD174507/CM174506

MCM7 [c.415 C > T] + 
[c.1616 A > G]

p.(Gln139*) + p.
(Tyr539Cys)

AR; Compound
heterozygous

Non-
sense + mis-
sense

Exon 1/1 CM2121751/CM2121752

DON-
SON

c.631 C > T p.Arg211Cys AR; 
Homozygous

Missense Exon 3/3 CM1916550

[c.494T > C] +
[c.607-36G > A]

p.Phe165S-
er + intron 3 
branchpoint

AR; Compound
heterozygous

Mis-
sense + splice

Exon + intron 1/1 CM202233/CS202238

[c.1634 C > T] + 
[c.809 A > G]

p.Pro545Leu + p.
Tyr270Cys

AR; Compound
heterozygous

Missense Exon 1/1 CM202234/CM202241

[c.670 C > T] + 
[c.809 A > G]

p.Pro224Ser + p.
Tyr270Cys

AR; Compound
heterozygous

Missense Exon 1/1 CM202235/CM202241

c.1297 C > T p.Pro433Ser AR; 
Homozygous

Missense Exon 1/1 CM179298

GINS2 c.341G > T p.(Arg114Leu) AR; 
Homozygous

Missense Exon 1/1 CM2212866

Table 1  (continued) 
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Literature review of GH treatment
To explore whether GH therapy can increase height in 
children with MGORS, we reviewed the published litera-
ture and found that a total of 12 patients with MGORS 
were treated with GH [2–7], including the one we pre-
sented here (Table S3). At the initiation of GH treatment, 
the mean age of these patients was 3.7 ± 1.2 years (3 cases 
unknown), the mean height SDS was − 5.9 ± 1.2 (5 cases 
unknown), and the mean delayed bone age was 1.8 ± 0.7 
years (6 cases unknown). Only 2 patients had low IGF-1 
levels, but their stimulated GH levels were not low, at 11.4 
and 26 mIU/L, respectively [3]. The mean duration of GH 
therapy was 4.8 ± 2.9 years. These data suggested that 
these children initiated GH therapy at a young age, pre-
senting with significantly short stature, and the majority 
exhibited normal IGF-1 and stimulated GH levels. After 
treatment, a total of seven patients responded positively 
to GH therapy. Five of these patients presented increased 
height SDS, with an average increase of 2.2 ± 0.9. Two 
of the patients demonstrated an acceleration in growth 
velocity, with one increasing from 3 to 4  cm/year to 
6–7 cm/year, and the other increasing from an unknown 
growth velocity to 8–10  cm/year. Based on the avail-
able data, 58% (7/12) of the MGORS patients showed a 
positive response to GH therapy, and no adverse reac-
tions were reported among all the MGORS patients who 
received GH treatment.

Furthermore, we investigated whether the genotype 
of the MGORS patients was associated with the efficacy 
of GH treatment. Among the 12 patients, 11 had gene 
mutations: 3 in ORC1, 3 in ORC4, 2 in CDT1, 1 in ORC6, 
1 in CDC6, and 1 in GMNN. Among the three patients 
with ORC1 mutations, one exhibited a positive response 
to GH treatment, whereas the other two did not show a 
significant improvement in height. The responses to GH 
treatment in the three patients with ORC4 mutations 
were comparable to those observed in the three patients 
with ORC1 mutations. Among the two patients with 
CDT1 variations, one responded positively to GH treat-
ment, whereas the other did not demonstrate significant 
effects. Additionally, there was only one patient each with 

mutations in ORC6, CDC6, and GMNN who received GH 
treatment, and all three of these patients exhibited nota-
ble increases in height. These findings suggest that the 
response of MGORS patients to GH therapy may be par-
tially related to specific molecular defects, but more cases 
are needed to further investigate the interactions among 
genotype, phenotype, and GH treatment outcomes.

Discussion
In this study, we presented the case of a Chinese girl 
exhibiting the classic triad of MGORS. WES revealed a 
novel homozygous variant, c.352–30  A > C, located in 
intron 2 of the CDT1 gene. This noncanonical splice-site 
variant has not been reported in population databases 
but is predicted to disrupt the normal branch point. A 
minigene splicing assay confirmed that the intronic vari-
ant c.352–30  A > C adversely affects the normal mRNA 
splicing of CDT1 by causing the skipping of exon 3. Con-
sidering the clinical phenotype, genetic variation, and 
functional validation results, this variant can be classi-
fied as likely pathogenic according to the ACMG crite-
ria (functional characterization: PS3, population data: 
PM2, and family phenotype highly specific for gene: PP4) 
[15]. With the consensus of her parents, the girl has been 
receiving treatment with PEG-rhGH for five years, which 
has demonstrated considerable effectiveness in alleviat-
ing her severe height deficiency.

MGORS is a rare genetic disorder with pathogenic 
variations in genes associated with DNA replication. 
The first step in the initiation of DNA replication starts 
from late mitosis (M) and early G1 phase, when the 
MCM2-7 helicase complex is loaded onto the replica-
tion initiation site with the facilitation of the licensing 
factors CDT1 and CDC6 [29]. The CDT1 gene is located 
on chromosome 16q24.3 and contains 10 exons encoding 
a 546-amino-acid CDT1 protein. CDT1 is a fundamen-
tal protein ensuring that DNA replicates only once per 
cell cycle [30–32]. Pozo et al. [33] examined the CDT1 
mutations identified in MGORS patients and reported 
that these mutations led to cell proliferation defects, 
which resulted in growth deficiencies in these patients. 

Gene Nucleotide
alterations

Amino-acid
changes

Inheritance 
and zygosity

Variant 
effect

Variant site Number 
of cases/
families

Variant reference ID

GINS3 [c.71 A > G] +
[c.245G > A]

p.(Asp24Gly) +
p.(Arg82Gln)

AR; Compound
heterozygous

Missense Exon 1/1 35,603,78911/35,603,78912

c.70G > A p.(Asp24Asn) AR; 
Homozygous

Missense Exon 3/1 CM2014861

c.71 A > G p.(Asp24Gly) AR; 
Homozygous

Missense Exon 3/3 35,603,78911

AR, autosomal recessive; AD, autosomal dominant
1–12Variants were found in the PubMed database and are shown with a PubMed ID. aThe variant was found in the Chinese Journal of Medical Genetics (CJMG). Others 
were found in the HGMD and are shown with an HGMD access ID

Table 1  (continued) 
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According to our literature review, CDT1 (with 13 vari-
ants) was one of the most mutated genes in patients with 
MGORS, and the others were CDC45 (with 17 variants) 
and ORC1 (with 13 variants). Additionally, patients with 
CDT1 mutations accounted for the largest proportion 
of MGORS patients with specific molecular defects, 
approximately 19% (17/88). A study by Munnik et al. [2] 
revealed that among 35 MGORS patients with ORC1, 
ORC4, ORC6, CDT1, and CDC6 mutations, 10 carried 
CDT1 mutations, accounting for 29%. Notably, the lower 
percentage we acquired was most likely due to the expan-
sion of pathogenic variants and the number of cases.

Furthermore, the pathogenic variants associated with 
MGORS are predominantly inherited in a compound 
heterozygous manner, followed by homozygous muta-
tions. The majority of these variants are located in exons, 
with only a few exceptions reported in introns. To our 
knowledge, a total of seven cases of MGORS involving 
intronic variants have been documented; five of these 
were inherited in a compound heterozygous state, while 
one was monoallelic [2; 10; 34–37]. Only the variant 
we reported was a homozygous intronic mutation. Our 
novel genetic findings indicate that the homozygous 
intronic mutation of CDT1 can also lead to MGORS, 
which extends the genetic spectrum of this rare disease.

Since 2009, WES has been commonly used as the pri-
mary technique for identifying the molecular basis of 
rare diseases because of its notably lower cost than that 
of whole-genome sequencing (WGS) [38]. However, 
WES analysis of non-exonic variants generally includes 2 
base pairs of CSS variants, while variants in BPs and deep 
introns often remain overlooked [24; 39]. It has been 
reported that 80% of the BPs in annotated introns are 
located between 18 and 35 nucleotides upstream of the 
3’ splice site [40]. The identified variant c.352–30  A > C 
is located at a BP. Seven of the 79 variants identified by 
our literature review were intronic variants, 4 of which 
were in CSSs, and 3 of which were in BPs. Our findings 
suggest that intronic variants are increasingly common 
in MGORS, especially at BPs. We propose that WES 
analysis should include more intronic regions upstream 
and downstream of exons, especially BPs and reported 
introns, to increase the molecular diagnostic rate of rare 
diseases.

To date, there is no standard or targeted treatment 
for individuals with MGORS, and the main treatment 
approaches are focused on ameliorating their symp-
toms. The growth retardation of MGORS patients begin-
ning in utero and continuing through adolescence is well 
known. The mean birth length of these patients was − 3.9 
SDS, and the mean birth weight was − 3.4 SDS [41]. For 
adult MGORS patients, the mean height SDS was − 4.5 
SDS, with an average height of 137.7  cm for females 
and 147.0 cm for males [3]. In other words, infants with 

MGORS were born SGA, and they had no catch-up 
growth. Their height remained below the 3rd percentile, 
so it was important to improve their height outcomes. In 
this study, the patient was extremely short in height (-4.4 
SDS), so PEG-rhGH was used to increase her height. The 
patient received 0.18–0.2 mg/kg/week long-acting rhGH 
treatment for 5 years. Her growth velocity accelerated 
from 4.0 cm/year to 6.2 cm/year, with a 1.4 SDS increase 
in height after PEG-rhGH therapy. This finding suggested 
a possible effect of PEG-rhGH treatment on the height 
outcomes of children with MGORS.

Munnik et al. [3] described 9 MGORS patients treated 
with GH and reported that GH therapy was effective in 
only four patients. Two of these patients had low IGF-
1, so the researchers suggested that GH therapy should 
be considered for MGORS patients with low IGF-1. 
However, the two recently reported patients [4; 7] and 
the patient in our study had normal IGF-1 levels, and 
all showed an increase in height with GH treatment. 
Overall, the efficacy of GH therapy was 58% (7/12) in all 
MGORS patients receiving GH treatment, 100% (2/2) in 
those with low levels of IGF-1, and 50% (5/10) in those 
with normal levels of IGF-1. Our results are inconsis-
tent with those of previous studies suggesting that chil-
dren with MGORS with normal IGF-1 levels are unlikely 
to benefit from GH therapy [1; 3]. This discrepancy may 
be due to differences in the GH form, dosage, individual, 
and reactions to specific molecular defects. The limita-
tions of the study include the limited number of patients 
with this rare disease, with even fewer patients treated 
with GH and incomplete clinical data. Therefore, more 
patients need to be diagnosed and started on GH therapy 
as early as possible to determine its efficacy and molecu-
lar mechanism in children with MGORS with normal 
IGF-1 levels.

Conclusions
In conclusion, this study identified a novel homozy-
gous intronic variant, c.352–30  A > C, in the BP site of 
CDT1. The mutation was confirmed to be pathogenic 
for MGORS, extending the genetic spectrum of this rare 
disease. Through a literature review, we investigated the 
variant spectrum of MGORS and explored the potential 
efficacy of GH treatment for increasing height in these 
patients. This research highlights the emerging role of 
homozygous intronic mutations in MGORS and provides 
more information for GH treatment of children with this 
disease.
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