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Abstract. Systemic lupus erythematosus (SLE) is an auto-
immune disease, and its genetic causes remain to be fully
elucidated. Previous studies have identified several suscepti-
bility genes for SLE, such as deoxyribonuclease 1-like 3. In the
present study, whole-genome sequencing (30X coverage) was
performed on the leukocytes of a monozygotic twin discordant
for SLE to assess the potential association of de novo variants
and copy number variations (CNVs) with the susceptibility to
SLE. After analyzing the genomic data, 8 putative discordant
exonic variants between the twins were selected. However,
the 8 variants that were chosen for validation with Sanger
sequencing exhibited no discrepancy in the leukocytes from
the twins. Of note, CN'V alterations in genes of SLE-associated
pathways were identified between the twins, which may be
linked with the phenotype of the monozygotic twin discordant
for SLE. The above results suggest that genomic sequences
of leukocytes in the monozygotic twins may exhibit a rare
difference, and that CNV changes may be associated with
phenotype differences in the twin discordant for SLE.

Introduction

Systemic lupus erythematosus (SLE) is an autoimmune
disease (1,2). The pathological mechanism comprises the
attack of numerous parts of healthy tissues in the body by
the patients' own immune system (3). SLE patients present
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with painful and swollen joints, fever and chest pain (4). The
exact causes of SLE have remained to be elucidated; however,
hormonal, environmental and genetic factors are thought to be
associated with the causes of SLE (5). At present, no cure is
available for SLE, and the life expectancy of SLE patients is
relatively short (6). Therefore, further research is required in
the field of SLE. Understanding the exact causes of SLE will
facilitate the therapy and drug design for SLE.

In the past several years, numerous susceptibility genes
for SLE have been discovered, including interferon regulatory
factor (IRF)S5, signal transducer and activator of transcrip-
tion 4, IKAROS family zinc finger 1, ETS proto-oncogene
1 and deoxyribonuclease 1-like 3 (7-11). Although the exact
functional association between these genes and SLE require
further investigation, these results indicate a link of genetic
factors with SLE. Comparing the genomes of monozygotic
twins discordant for phenotypes is a tool to identify possible
mutations and copy number variations (CNVs) causing these
discordant phenotypes (12-14). Kondo et al (15) studied a
monozygotic twin discordant for Van der Woude and popliteal
pterygium syndromes. They identified genetic differences
in the IRF6 gene that are associated with the phenotype
discordance for the monozygotic twin. In the present study,
whole-genome sequencing (WGS), a widely used research tool
for studying genetic disease (16-18), was applied to assess a
monozygotic twin discordant for SLE to identify the possibly
responsible mutation(s).

In the present study, a monozygotic twin discordant for SLE
was assessed by using WGS. Although the putative discordant
exonic variants between the twins were selected from the
WGS data, it was not possible to further verify these variants
by conventional Sanger sequencing. Of note, CN'Vs changes in
SLE pathway genes were detected in the twin discordant for
SLE. Therefore, CNVs changes in SLE genes may be associ-
ated with the pathology of the twin discordant for SLE.

Materials and methods

Patients and genomic DNA isolation. Whole blood samples of
twin A and twin B were obtained at the First People's Hospital
of Yunnan Province (Kunming, China) during their visit to
the clinical center in August 2016. The affected individual
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(twin A) was diagnosed with SLE. The parents of the twins
are healthy.

The present study was approved by the Ethics Committee
of the First People's Hospital of Yunnan Province (Affiliated
Hospital of Kunming University of Science and Technology).
Written informed consent was obtained from the participants.
Genomic DNA from the whole blood samples were extracted
using the E.Z.N.A.® Blood DNA Kit (cat. no. D3392-02;
Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
manufacturer's protocol.

WGS and single nucleotide variant (SNV)/insertions or
deletions (indel) and CNV analysis. WGS was performed on
the genomic DNA of the leukocytes from each of the twins
by using the HiSeq X Ten platform (Macrogen, Inc., Seoul,
South Korea). All of the experiments were performed by
using TruSeq Nano DNA kit (cat. no. 20015965; Illumina,
San Diego, CA, USA) based on the Illumina TruSeq Nano
DNA library preparation guide (Illumina). In brief, genomic
DNA was fragmented by Covaris sonicator system to obtain
300-400 bp fragments. The DNA fragments were converted
into blunt ends using the End Repair mix (Illumina). A single
‘A’ nucleotide was added to the 3' ends of the blunted fragments
to prevent them from ligating to one another during the adapter
ligation reaction. The ends of the DNA fragments were ligated
to multiple indexing adapters. The DNA fragments were then
sequenced using a HiSeq X Ten sequencer (Macrogen, Inc.).

Candidate SNVs, indels and CNVs were extracted and
annotated by software including Isaac Aligner (19), Isaac
Variant Caller (19), SnpEff (20), Control-FREEC (21) and
Manta (22). The detailed steps of analyzing WGS data
are displayed in Table I. In general, the non-synonymous,
splicing, stop gained, stop loss and frame shift variants were
extracted from the total variants. The SNVs/indels were
further filtered by using the dbSNP (23), 1000 genome (24)
and ESP6500 databases (http://evs.gs.washington.edu/EVS/)
with a threshold of minor allele frequency (MAF)<0.01. The
candidate discordant SN'Vs/indels between the twins were
identified by comparing the above variants of twin A (the
affected individual) with those of twin B. The discordant
SNVs/indels observed in twin A and twin B were determined
as a candidate discordant SNVs/indels set. These vari-
ants were further filtered by using SIFT score <0.05 (25),
Polyphen-2 score >0.85 (26) and other criteria [insufficient
coverage (<5) and obvious false-positive variants]. Integrative
Genomics Viewer software (27,28) was used to exclude the
obvious false-positive variants by visualization of alignment
data from the two twins. After the above filtrations, the puta-
tive discordant SN'Vs/indels were selected out and validated
by conventional Sanger sequencing.

In the CNV analysis, the CN'Vs between twin A and twin
B were compared. The discordant CN'Vs between twin A and
twin B were respectively subjected to Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis by
using PERL and the R programming language. R's phyper was
used to calculate the P-value in the KEGG pathway enrich-
ment analysis.

Polymerase chain reaction (PCR) amplification and sequ-
encing. The fragments of candidate genes harboring the
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discordant SN'Vs/indels (Table I) were amplified using PCR.
The primers used for amplification and sequencing of zinc
finger protein 595, ankyrin repeat domain 20 family member
(ANKRD20)A2, ANKRD20A4, ArfGAP with GTPase
domain, Speedy/RINGO cell cycle regulator family member
E2B, y-glutamyltransferase 1 (GGT1) and eukaryotic transla-
tion initiation factor 3 gene fragments were obtained from the
Beijing Genomics Institute (Shenzhen, China). The sequences
of the primers are available on request. Amplification of the
fragments was performed in a volume of 25 ul containing
30 ng genomic DNA, 50 M deoxynucleoside triphosphate,
10X LA Tagq™ PCR buffer, 2.5 units of Takara LA Taq™
(Takara Bio Inc., Otsu, Japan) and 0.2 M of each forward and
reverse primer. The PCR amplification for these gene frag-
ments was performed using a denaturation step of 94°C for
5 min, followed by 35 cycles of denaturation at 94°C for 30 sec,
annealing at 60°C and extension at 72°C for 30 sec, and ended
with a final extension step at 72°C for 7 min.

The PCR products were purified using a Genomic DNA
Purification kit (cat. no. DP204-02; Tiangen Biotech Co., Ltd.,
Tiangen, China) and were sequenced using sequencing primers
(available upon request) and the Big Dye Terminator v.3.1
Cycle Sequencing kit (cat. no. 4337456; Applied Biosystems;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) on an ABI
Prism 3730 DNA sequencer (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Sequences were compared between the
two twins to verify the discordant variants.

Results

WGS. To identify a potential association of de novo variants
and CNVs with SLE, WGS was performed on the DNA of
leukocytes from the two twins. A total of 3,585,567 and
793,057,758 variants were identified in twin A and B, respec-
tively. The number of non-synonymous, splicing, stop gained,
stop loss and frame shift variants in twin A and B was 22,120
and 22,125, respectively. The above potentially functional
variants were further filtered with the dbSNP (23), 1000
genome (24) and ESP6500 databases (http://evs.gs.washington
.edu/EVS/), as well as SIFT score <0.05 (19) and Polyphen-2
score >0.85 (26), as presented in Table I. At last, 8 putative
variants in 7 genes were finally selected out for subsequent
Sanger sequencing (Table II). Of the 7 genes, only the GGT1
gene has records in the Online Mendelian Inheritance in Man
database (29). The GGT1 gene has been reported to be associ-
ated with diseases, including glutathionuria and extrahepatic
cholestasis. The 8 discordant variants were validated by
conventional Sanger sequencing. None of the above discordant
variants was successfully validated by Sanger sequencing
(Fig. 1). To tell from the results, the discordant variants from
the WGS may have exhibited minor differences between twin
A and twin B.

CNYV analysis. As presented in Table I, twin A as well as twin
B displayed changes in CN'Vs. The discordant CN'Vs in twin
A and twin B were respectively subjected to KEGG pathway
enrichment analysis. Of all discordant CN Vs in twin A and twin
B, only the genes with discordant copy number losses in twin
A (the affected individual) were significantly enriched in path-
ways including SLE, alcoholism and olfactory transduction, as
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Table I. Sequencing results and exclusion criteria for whole genome sequencing data analysis.
Parameter Twin A Twin B
Total reads 782,904,696 793,057,758
Total yield (Mbp) 117,435 118,958
Mappable yield (Mbp) 100,041 101,845
Mappable mean depth (X) 35.00 35.60
SNVs and Indels
No. of total variants 3,585,567 3,586,390
No. of non-synonymous, splicing, stop gained, stop loss and frame shift variants 22120 22125
No. of variants after dbSNP, 1,000 genome and ESP6500 databases filtering 234 234
(Minor allele frequency<0.01)
No. of variants in twin A but not in twin B and filtered by SIFT (<0.05), polyphen-2 17
(>0.85) and other criteria[insufficient coverage (<5) and obvious false-positive variants]
No. of putative discordant exonic variants chosen for Sanger sequencing (Table II) 8
No. of chosen putative discordant variants validated by Sanger sequencing 0
Copy no. variants
Gains (>2) 554 572
Losses (<2) 285 316

Values are expressed as n unless otherwise specified. SNVs, single nucleotide variants; Indels, insertions or deletions.
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Figure 1. Sanger sequencing results of the 8 selected discordant variants between the monozygotic twins. The sequencing results of twin A (affected by
systemic lupus erythematosus) and the discordant twin B are presented in the upper and lower electropherograms of each panel, respectively. ZNF595, zinc
finger protein 595; ANKRD20, Ankyrin repeat domain 20 family; AGAP7, ArfGAP with GTPase domain, ankyrin repeat and PH domain 7; SPDYE2L,
Speedy/RINGO cell cycle regulator family member E2B; EIF3A, eukaryotic translation initiation factor 3 subunit A; GGTI, y-glutamyltransferase 1.
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presented in Table I1I. Enriched SLE pathway genes with copy
number losses in twin A were histone cluster 2 H2A family
member A3 (HIST2H2AA3), HIST2H2A A4, HIST2H3A,
HIST2H3C,HIST2H4A and HIST2H4B. The results suggested
that CNV changes may be associated with the phenotype of
the monozygotic twin discordant for SLE.

Discussion

At present, studies assessing monozygotic twins discordant
for SLE by using WGS are rare. Due to the possibility of
the existence of de novo variants and alterations of CNVs
in monozygotic twins (13,15,18,30), the present study used
WGS to explore the possible disease-causing variants which
are responsible for the discordance in monozygotic twins
regarding SLE. A total of 8 putative discordant variants in
the DNA of leukocytes were selected out for validation by
Sanger sequencing. However, no difference was identified in
these variants between the monozygotic twins. Of note, copy
numbers in certain SLE pathway genes exhibited alterations in
monozygotic twins discordant for SLE.

The invalidation of the selected discordant variants in the
present study was consistent with previous similar studies.
The studies by Baranzini er al (31), Chaiyasap et al (32) and
Solomon et al (33) did not identify any discordant variants in
monozygotic twins discordant for multiple sclerosis, congenital
heart defect or vertebral defects, anal atresia, cardiac defects,
tracheo-esophageal fistula, renal anomalies and limb abnor-
malities, respectively. By contrast, Reumers et al (30) and
Tang et al (18) identified discordant variants in the monozygotic
twins discordant for schizophrenia. The results of these studies
suggested that the de novo mutations in the monozygotic twin
discordant for certain phenotypes may be specific for certain
types of disease. Furthermore, as for the unsuccessful identi-
fication of discordant variants in the present study and certain
previous studies, the following considerations were raised for
using next-generation sequencing (NGS) to study monozygotic
twins discordant for certain phenotypes: i) Although NGS tech-
nology is able to efficiently sequence a large amount of genes at
a time, it also has high error rates (34). The discordant variants
obtained by WGS in the present study may be due to sequencing
errors. In addition, the average sequencing depth in the present
study was 30 X, so that not all genomic regions were completely
sequenced. It is possible that the sequencing coverage of
the present study had no sufficient power to identify de novo
variants linked with SLE. ii) DNA in leukocytes may not be
an ideal sample for studying monozygotic twins discordant for
phenotypes (32,35). In pregnancy, most monozygotic twins are
monochorionic. As they share the same blood circulation, it is
possible that monozygotic twins share the same hematopoietic
systems. Tissue samples displaying discordant phenotypes from
monozygotic twins may be better for studying the discordant
variants, since they are directly associated with the discordant
phenotypes. iii) The analyzing tool and standard for WGS data
used in the present study mainly focus on the functional vari-
ants, e.g. exonic missense variants. It did not sufficiently assess
the variants in non-coding regions and may have missed the
significant discordant variants of the monozygotic twins.

SLE is an autoimmune disease in humans. The mecha-
nisms in monozygotic twins discordant for autoimmune
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disease still remain to be fully elucidated. As for SLE,
Javierre et al (36) reported DNA methylation pattern changes
in a study of monozygotic twins discordant for SLE. In the
present study, CNVs changes of SLE pathway genes were
identified in monozygotic twins discordant for SLE. The
above results indicated that epigenetic changes and CNV
changes in SLE pathway genes may be responsible for mono-
zygotic twins discordant for SLE. The detailed mechanisms
require further investigation.

The present study employed the WGS technique to reveal
discordant variants and CNVs in monozygotic twins discor-
dant for SLE. The results suggested that CNV changes may be
associated with the occurrence of monozygotic twins discor-
dant for SLE. The results of the present study will be helpful
in the future analysis of mechanisms of monozygotic twins
discordant for SLE.
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