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1  |   INTRODUCTION

Hyper-IgM (HIGM) syndromes are a heterogeneous group 
of genetic disorders characterized by low or absent serum 
levels of IgG, IgA and IgE with normal or elevated serum 
IgM (Bhushan & Covey, 2001). The defect caused by HIGM 
results in a failure of immunoglobulin class switch recom-
bination, with or without somatic hypermutation defects 
(Davies & Thrasher, 2010). X-linked HIGM (X-HIGM), 
which results from mutations in the CD40LG gene located on 
chromosome Xq26.3 (Allen et al., 1993; Aruffo et al., 1993; 

DiSanto et al., 1993; Korthauer et al., 1993; Ramesh et al., 
1993), is the most common form of HIGM. The membrane 
glycoprotein CD40L, also known as CD154 or gp39, which is 
encoded by CD40LG and belongs to the TNFα superfamily, 
is mainly expressed on the surface of activated CD4+ T cells 
(van Kooten & Banchereau, 2000). To date, more than 130 
variants of the CD40L gene have been reported. Most affect 
the extracellular domain, resulting in defective geometrical 
folding of CD40L or the prevention of CD40L/CD40 binding 
(Lee et al., 2005; Lopez-Saucedo et al., 2015; Wang et al., 
2014). Most X-HIGM patients become symptomatic during 
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Abstract
Background: X-linked hyper-IgM (X-HIGM), which results from mutations in the 
CD40LG gene located on chromosome Xq26.3, is the most common form of HIGM. 
To date, more than 130 variants of the CD40L gene have been reported. We described 
a patient with novel de novo nuclear mitochondrial DNA sequences (NUMTs) in the 
CD40LG gene that have resulted in X-HIGM.
Methods: Whole-exome sequencing (WES) analysis was used to screen for causal 
variants in the genome, and the candidate breakpoint was confirmed by Sanger 
sequencing.
Results: A new mutation of CD40LG, which deletes A at position 17 followed by 
a 147-nucleotide from mitochondrial DNA copies insertion in exon 1, was detected 
in a 20-month-old boy harbouring an X-HIGM combined with immunodeficiency 
syndrome.
Conclusion: This is one of the few cases of a human genetic disease caused by nu-
clear mitochondrial DNA sequences (NUMTs). The presented data serve to demon-
strate that de novo NUMT transfer of nucleic acid is a novel mechanism of X-HIGM.
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the first or second year of life, during which they exhibit 
severe recurrent bacterial upper and lower respiratory tract 
infections, opportunistic infections, autoimmune disorders, 
tumours and failure-to-thrive (de la Morena et al., 2017).

Numerous fragments of mitochondrial DNA are present 
throughout the human nuclear genome (Mourier et al., 2001; 
Tourmen et al., 2002; Wallace et al., 1997; Woischnik & 
Moraes, 2002). One possible by-product of these migrations is 
de novo disruption of nuclear genes. The occurrence of these 
events has been unequivocally demonstrated to be a cause of 
human genetic disease. Although reports of diseases caused 
by mitochondrial DNA insertion in humans are rare (Goldin 
et al., 2004; Shay & Werbin, 1992; Srinivasainagendra et al., 
2017; Turner et al., 2003), they do occur sporadically. In 
the present study, we describe a patient with novel de novo 
nuclear mitochondrial DNA sequences (NUMTs) in the 
CD40LG gene that have resulted in X-HIGM. To date, there 
has been no report of human X-HIGM caused by NUMTs. 
Therefore, the presented data not only enrich the library of 
human genetic diseases caused by NUMTs but also demon-
strate that NUMTs are a novel mechanism of X-HIGM.

2  |   MATERIALS AND METHODS

2.1  |  Ethical compliance and patient

The study was approved by the Medical Ethics Committee of 
the Children's Hospital of Zhejiang University (IRB No.2020-
IRB-185), School of Medicine, and was performed in accord-
ance with the Declaration of Helsinki. Clinical information 
about the patient was obtained at the Children's Hospital of 
Zhejiang University, School of Medicine. The participants in 
this study include the patient, his sister and his parents. Written 
informed consent was obtained from all participants.

2.2  |  Sample collection

Fresh whole venous blood (5  ml) samples were collected 
from the patient in sodium heparin anti-coagulated syringes 
and delivered to the laboratory within 4 hr. About 2 ml of 
blood was used for genetic sequencing, and the remainder 
was used for isolation of peripheral blood mononuclear cells 
(PBMCs). Additionally, 2 ml blood samples were collected 
from the participating family members for genetic analysis.

2.3  |  Genetic analysis and 
bioinformatics analysis

DNA was isolated from leucocytes using the QIAamp DNA 
Mini Kit (Qiagen Inc.) according to the manufacturer's 

instructions. For exome sequencing, 1–3 μg of genomic DNA 
was fragmented and extracted from the sample (at an aver-
age size of 180 bp) with a Bioruptor sonicator (Diagenode). 
Amplified DNA was captured with the GenCap Medical 
exon capture kit (Li & Durbin, 2009). The DNA probes 
were designed to tile along the exon regions and exon–
intron boundaries of the target genes. The Polymerase Chain 
Reaction product was purified using Solid Phase Reversible 
Immobilization beads (Beckman Coulter) according to the 
manufacturer's protocol. The enrichment libraries were ap-
plied to a Illumina HiSeq X ten sequencer for paired-read 
150 bp sequencing. The bioinformatics analysis was used to 
identify potential pathogenic mutations.

The sequence variants detected in the CD40LG gene were 
described according to the NCBI entry NM_000074.3. The 
filtered candidate breakpoint was confirmed by Sanger se-
quencing. The sequence that contains the breakpoint in exon 
1 was amplified with Ex Taq DNA polymerase (Takara). 
Purified PCR samples were sequenced on an ABI 3730 
Genetic Analyzer (Applied Biosystems). Sequence traces 
were analysed using the Mutation Surveyor (Softgenetics). 
The position of the breakpoint was confirmed in the patient's 
mother and sister using the same procedure. The obtained 
variant was first analysed with regard to existing databases 
(dbSNP, ExAC, HGMD, ESP6500, Genome Mutation, and 
1000 Genomes Project) to confirm whether it had been re-
ported before. The tertiary structures of the proteins were 
generated by homology modelling with SWISS-MODEL 
(http://swiss​model.expasy.org/), according to its amino acid 
sequence(NP_000065.1).

3  |   RESULTS

3.1  |  Clinical features of the patient

A 20-month-old boy was admitted to hospital with a 40.0°C 
fever on July 18, 2018. He was considered to have a bacte-
rial infection due to an increase in the presence of C-reactive 
protein (CRP). Although his fever was relieved after anti-
biotics and symptomatic treatment, it recurred several days 
later. The patient was the second child of his parents and was 
a full-term baby with a birth weight of 3250 g. He was hos-
pitalized for 7 days due to herpangina when he was 1 year 
old. Apart from that, he had no other serious infections or 
diseases, nor did he have adverse reactions to vaccines. The 
parents were non-consanguineous and healthy.

Physical examination at the time of admission revealed 
a body temperature of 38.3°C, pulse of 124/min, respiration 
of 30/min and blood pressure of 96/60 mmHg. Some white 
material was attached to the oral mucosa and was difficult 
to wipe off. There were no other changes upon physical 
examination. A complete blood count conducted as part of 

http://swissmodel.expasy.org/
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laboratory tests showed that the white blood cell count was 
9.33 × 109/L (reference value: 5–12 × 109/L) with an abso-
lute neutrophil count of 2.5  ×  109/L and an absolute lym-
phocyte count of 5.5 × 109/L. C-reactive protein (CRP) was 
up to 98.69 mg/L. A chest computed tomography (CT) in-
dicated pneumonia. Further immunologic results are shown 
in Table 1. The lymphocyte subpopulations were as fol-
lows: CD3+ cells, 67.89%; CD4+ cells, 44.82%; CD8+ cells, 
48.3%; CD16+ cells, 6.42%; CD19+ cells, 21.48%; transi-
tional B cells (CD19+CD38+CD24+), 15.82%; naive B 
cells (CD19+CD27−IgD+), 79.18%; and switched memory 
B cells (CD19+CD27+IgD−), 1.26%. Based on the clini-
cal and laboratory findings, the preliminary diagnoses were 
HIGM, pneumonia and thrush. He was treated with intrave-
nous cefoperazone-sulbactam to overcome infection and in-
travenous immunoglobulin (IVIG) for supportive therapy.

During the 1-year follow-up, although the patient was 
prescribed human IVIG replacement therapy at 500 mg/kg/
month, he presented with recurrent fevers and serious infec-
tions, including pneumonia (which he presented with twice) 
and tonsillitis. During one hospitalization in March 2019, 
the patient was admitted to the ICU due to severe adenovirus 
pneumonia.

3.2  |  Mutation in the patient's exon 
1 of CD40LG

Whole-exome sequencing (WES) analysis identified a break-
point on exon 1 of CD40LG. Furthermore, Sanger sequenc-
ing revealed a novel de novo mutation consisting of deleted 
A at position 17 followed by a 147-nucleotide insertion in 
exon 1 of CD40LG (c.17delAins147) (Figure 1b), which 
introduced a premature stop codon (TGA) (p.N6Ifs*). The 
patient's mutation was not found in any of the databases that 
were searched (dbSNP, ExAC, HGMD, ESP6500, Genome 
Mutation, and 1000 Genomes Project), confirming its nov-
elty. Because the mutation was located on the X chromo-
some, genetic analysis was also performed for the patient's 
mother to investigate the origin of the mutation. The results 
revealed that she also carried the mutation. Unfortunately, 
the mother was adopted, and her biological parents could 
not be found. We failed to further investigate the origin of 
the mutation. Genetic analysis was also performed on the 

patient's elder sister, and she was found to not carry the mu-
tation (Figure 1b). The family pedigree is presented in Figure 
1a. The inserted sequence was submitted to the Basic Local 
Alignment Search Tool (BLAST) database on the National 
Center for Biotechnology Information (NCBI) website. It 
achieved the highest score (100% identity) when aligned with 
a fragment of mitochondrial DNA (mtDNA) encoding 12S 
rRNA (GenBank NC_012920).

3.3  |  Structure prediction of the 
mutant protein

Protein structure prediction by SWISS-MODEL expected 
an obvious change in the local structure. Through sequence 
alignment, we found that the mutation resulted in a trans-
lational frameshift, and the premature stop codon appeared 
in codon 70, which produced a truncated protein product 
(Figure 2).

3.4  |  Treatment

The child exhibited a poor response to IVIG therapy; severe 
or persistent infection still occurred. Finally, he received al-
logeneic peripheral blood hematopoietic stem cell transplan-
tation (HSCT) therapy in November 2019. During the course 
of the 1-year follow-up, the patient presented with sporadic 
infections, which were easily treated, and good results were 
obtained with oral antibiotics.

4  |   DISCUSSION

We reported a 20-month-old male child with X-HIGM, 
a primary immunodeficiency (PID) characterized by de-
creased serum levels of IgG and IgA and elevated IgM lev-
els. CD40LG is the only gene known to cause X-HIGM, 
and more than 130 sense mutations, including deletions 
and insertions. Primarily, X-HIGM patients have exhib-
ited missense mutations, nonmutations and splice site 
mutations (http://struc​ture.bmc.lu.se/idbas​e/CD40L​base). 
CD40L is a type II transmembrane glycoprotein formed by 
four distinct structural domains: a cytoplasmic domain, a 

Immunoglobulin isotype 2018-7-16 2019-3-19 2019-5-30
Normal 
value

IgM [g/l] 1.23 2.26 1.58 0.4–1.28

IgG [g/l] 0.18 1.20 6.1 3.82–10.58

IgA [g/l] 0.01 0.02 0.01 0.04–1.14

IgE [IU/ml] <18.9 <18.9 <18.9 0–100

T A B L E  1   Patient's serum 
immunoglobulin levels at various periods

http://structure.bmc.lu.se/idbase/CD40Lbase


4 of 8  |      LI et al.

short transmembrane region, a unique extracellular domain 
and an extracellular C-terminal TNF-homologous domain 
(Iwata et al., 1995; Thusberg & Vihinen, 2007). CD40LG 

contains four introns and five exons. Exon 1 encodes the 
intracellular and transmembrane regions and a small por-
tion of the extracellular region, while exons 2–5 encode 

F I G U R E  1   Family pedigree and genetic analysis of CD40LG. Genetic analysis was performed on the patient and the patient's mother and elder 
sister with Sanger sequencing. (a) Family pedigree (the arrow indicates the patient). (b) Chromatogram showing the deletion of A and insertion 
of nucleotides in exon 1 in the patient and the heterozygous genotype of the patient's mother, in contrast to the patient's sister. (c) 147-nucleotide 
insertion shown by BLAST analysis of the mutation sequence and wild sequence
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the rest of the extracellular domain (Lopez-Saucedo et al., 
2015; Winkelstein et al., 2003). Interaction between CD40 
and CD40L can stimulate the activation of B cells, class 
conversion and high-frequency mutation of somatic cells. 
In addition, it can induce the formation of memory B cells, 
with the antibody produced by B cells switching from IgM 
to IgG, IgA or IgE. Finally, it produces a high-affinity an-
tibody against T-cell-dependent antigens (Xu et al., 2012). 
These effects influence the interaction between CD4+ T 
cells, dendritic cells and macrophages, and they damage 
cellular immunity (Chatzigeorgiou et al., 2009). A murine 
CD40LG ‘knockout’ lacks expression of IgG, IgA and IgE, 
similar to HIGMS in humans (Renshaw et al., 1994; Xu 
et al., 1994). The number of mature B cells in X-HIGM pa-
tients is normal, but they cannot be converted into memory 
B cells, so the number of memory B cells is reduced (Revy 
et al., 2000; Wang et al., 2014).

In this study, Sanger sequencing data identified the mu-
tation as c.17delAins147 in the CD40LG. Interestingly, the 
147-bp insertion was identified in sequence to the normal 
human mitochondrial genome sequence and did not match 
any known human nuclear genomic sequence. BLAST 
analysis revealed that the inserted sequence had 98% iden-
tity with the mitochondrial 12S rRNA between nucleotides 
664 and 805 of the human mtDNA sequence. This mutation 
results in p.N6Ifs*65, a frame-shift mutation producing a 
premature stop codon. Furthermore, protein structure pre-
diction with SWISS-MODEL expected a truncated protein 
product causing an obvious change in the local structure. 
The patient's protein structure suggests that severe HIGM 
mutation changes the protein structure much more than 
most single-site mutations, which mostly affect the folding 
and stability of proteins (Karpusas et al., 1995; Yazdani 
et al., 2019). Taken together, the data are consistent with 

the view that this patient possesses a genomic DNA muta-
tion caused by de novo mitochondrial–nuclear migration.

The transferred mitochondrial DNA (mtDNA) fragments 
in the nuclear genome are called nuclear mtDNA or NUMTs. 
Studies suggest that the rate of NUNTs in humans is about 
5.1–5.6 × 106 per germ cell per generation; every two human 
haploid genomes should be polymorphic for at least two 
NUMT loci (Bensasson et al., 2003; Ricchetti et al., 2004). 
There is increasing evidence of the involvement of NUMTs 
in human biology and pathology. For example, it can link a 
maternally inherited mitochondrial genotype with nuclear 
DNA polymorphism. The importance of NUMTs in human 
diseases is underscored by the fact that numtogenesis is an 
ongoing and frequent biological phenomenon. Integration 
of NUMTs results in not only neutral polymorphism but, 
more rarely, human diseases (Hazkani-Covo et al., 2010). 
An abundance of NUMTs is associated with cancer-related 
cases, such as HeLa cell (Shay & Werbin, 1992), gastric can-
cer (Yao et al., 2004), low-grade brain tumour (Liang, 1996) 
and colorectal adenocarcinoma (Srinivasainagendra et al., 
2017). Five genetic cases have been reported. One involved a 
41-bp mtDNA insertion at the breakpoint junction of a trans-
location (Willett-Brozick et al., 2001). Four others involved 
insertions in genes. One case study described a patient with 
Pallister-Hall syndrome, with a 72-bp NUMT insertion into 
exon 14 of the GLI3 gene serving as the causative mutation. 
The NUMT insertion created a premature stop codon and 
predicted a truncated protein product (Turner et al., 2003). 
In another case, a 36-bp NUMT insertion in exon 9 of the 
USH1C gene was associated with Usher syndrome type IC 
(Ahmed et al., 2002). Furthermore, a 251-bp insertion of 
mitochondrial origin resulted in severe plasma factor VII 
deficiency and bleeding disease (Borensztajn et al., 2002). 
Transfer of a mitochondrial DNA fragment to MCOLN1 

F I G U R E  2   Prediction of the structure 
of the mutant protein. (A) The mutant 
protein structure of CD40LG (CD40LG-
Mut) was predicted to produce a truncated 
protein product by the online software 
SWISS-MODEL. (B) The wild-type 
CD40LG protein structure (CD40LG-WT)
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was reported to cause an inherited case of mucolipidosis IV 
(Goldin et al., 2004).

The way in which mitochondrial nucleotide fragments es-
cape from the mitochondria and enter the nucleus during ga-
metogenesis, as well as the steps of DNA insertion, are poorly 
understood. For NUMTs to persist in nuclear genomes, mito-
chondrial DNA must first be exported from the mitochondria, 
physically reach the nucleus, and then must integrate into the 
nuclear chromosome, with subsequent intragenomic ampli-
fication, mutation or deletion. There are three main ways for 
mitochondrial genetic fragments to escape from mitochon-
dria and travel to the nucleus (Singh et al., 2017): (a) the deg-
radation of abnormal mitochondria (Campbell & Thorsness, 
1998); (b) fusion of the mitochondria and nuclear membranes 
(Thorsness & Weber, 1996); and (c) engulfment of mitochon-
dria by the nucleus (Jensen et al., 1976). In the laboratory and 
in nature, NUMTs enter nuclear DNA via non-homologous 
end joining at double-strand breaks (Hazkani-Covo & Covo, 
2008; Ricchetti et al., 2004).

The appearance of NUMTs is an ongoing and frequent 
biological phenomenon that plays an important role in evo-
lution and human diseases. NUMTs are one of the keys to 
revealing the mysterious biological implications of genomic 
analysis. To more clearly understand the effect of NUMT in-
sertion, more population-level genomic data and more accu-
rate genome sequences may be required.
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