.‘ frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY

Kerstin Nundel,

University of Massachusetts Medical
School

REVIEWED BY

Liubing Li,

The First Affiliated Hospital of Sun Yat-
sen University, China

Judy Savige,

The University of Melbourne, Australia

*CORRESPONDENCE
Xiangmei Chen
xmchen301@126.com
Xuejun Zhang
ayzxj@vip.sina.com

These authors have contributed
equally to this work and share
first authorship

SPECIALTY SECTION
This article was submitted to
Autoimmune and
Autoinflammatory Disorders,
a section of the journal
Frontiers in Immunology

RECEIVED 31 March 2022
ACCEPTED 16 September 2022
PUBLISHED 03 October 2022

CITATION

Song K, Zheng X, Liu X, Sheng Y, Liu L,
Wen L, Shang S, Deng Y, Ouyang Q,
Sun X, Li Q, Chen P, Cai G, Chen M,
Zhang Y, Liang B, Zhang J, Zhang XJ
and Chen X (2022) Genome-wide
association study of SNP- and
gene-based approaches to

identify susceptibility candidates

for lupus nephritis in the

Han Chinese population.

Front. Immunol. 13:908851.

doi: 10.3389/fimmu.2022.908851

Frontiers in Immunology

TyPE Original Research
PUBLISHED 03 October 2022
D01 10.3389/fimmu.2022.908851

Genome-wide association study
of SNP- and gene-based
approaches to identify
susceptibility candidates for
lupus nephritis in the Han
Chinese population

Kangkang Song™, Xiaodong Zheng?®, Xiaomin Liu®,

Yujun Sheng?, Lu Liu?, Leilei Wen?, Shunlai Shang?,

Yiyao Deng®, Qing Ouyang®’, Xuefeng Sun*, Qinggang Li*,

Pu Chen?, Guangyan Cai', Mengyun Chen?, Yuanjing Zhang?,
Bo Liang?, Jianglin Zhang?, Xuejun Zhang**

and Xiangmei Chen*>*

'Department of Nephrology, The First Medical Centre, Chinese PLA General Hospital, Medical School of
Chinese PLA, Chinese PLA Institute of Nephrology, State Key Laboratory of Kidney Diseases, National
Clinical Research Center for Kidney Diseases, Beijing Key Laboratory of Kidney Diseases, Beijing, China,
2|nstitute of Dermatology and Department of Dermatology at No.1 Hospital, Anhui Medical University,
Hefei, China, *Department of Rheumatology, The First Medical Centre, Chinese PLA General Hospital,
Beijing, China, “Institute of Dermatology and Department of Dermatology, Huashan Hospital, Fudan
University, Shanghai, China, *Haihe Laboratory of Cell Ecosystem, Tianjin, China

Background: Lupus nephritis (LN) is one of the most common and serious
complications of systemic lupus erythaematosus (SLE). Genetic factors play
important roles in the pathogenesis of LN and could be used to predict who
might develop LN. The purpose of this study was to screen for susceptible
candidates of LN across the whole genome in the Han Chinese population.

Methods: 592 LN patients and 453 SLE patients without renal damage were
genotyped at 492,970 single nucleotide polymorphisms (SNPs) in the genome-
wide association study (GWAS). Fifty-six SNPs were selected for replication in
an independent cohort of 188 LN and 171 SLE without LN patients. Further
quantitative real-time (qRT) PCR was carried out in 6 LN patients and 6 healthy
controls. Gene-based analysis was conducted using the versatile gene-based
test for GWAS. Subsequently, enrichment and pathway analyses were
performed in the DAVID database.

Results: The GWAS analysis and the following replication research identified 9
SNPs showing suggestive correlation with LN (P<10™%). The most significant
SNP was rs12606116 (18p11.32), at P=8.72x107°. The gRT-PCR results verified
the mMRNA levels of LINC0O0470 and ADCYAPL, the closest genes to rs12606116,
were significantly lower in LN patients. From the gene-based analysis, 690
genes had suggestive evidence of association (P<0.05), including LINC00470.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.908851/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.908851&domain=pdf&date_stamp=2022-10-03
mailto:xmchen301@126.com
mailto:ayzxj@vip.sina.com
https://doi.org/10.3389/fimmu.2022.908851
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.908851
https://www.frontiersin.org/journals/immunology

Song et al.

10.3389/fimmu.2022.908851

The enrichment analysis identified the involvement of transforming growth
factor beta (TGF-p) signalings in the development of LN. Lower plasma level of
TGF-B1 (P<0.05) in LN patients and lower expression of transforming growth
factor beta receptor 2 in lupus mice kidney (P<0.05) futher indicate the
involvement of TGF-B in LN.

Conclusions: Our analyses identified several promising susceptibility
candidates involved in LN, and further verification of these candidates was

necessary.

KEYWORDS

lupus nephritis, systemic lupus erythaematosus, genome-wide association study,
susceptibility gene, gene-based analysis

Introduction

Lupus nephritis (LN) is a major risk factor for morbidity and
mortality in systemic lupus erythaematosus (SLE), which is an
autoimmune disease characterized by the loss of self-tolerance
and formation of nuclear autoantibodies and immune
complexes (1, 2). Up to 60% of adult SLE patients will
develops to LN and 10% to 30% of severe LN (Class III and
above) cases might progress to end-stage renal disease (ESRD)
(3). Indeed, patients with LN often have higher mortality and die
earlier than the SLE patients without LN (4). LN is also
associated with a 6-fold increase in mortality compared with
the general population, and ESRD patients show a 26-fold
increase (5). Thus, it is important to be able to predict
individuals who might develop LN.

Genetic factors play an important role in the pathogenesis of
LN (6). Most studies aiming to identify susceptibility genes for
LN are candidate gene association analyses. In such studies, SLE-
associated genes, mostly related to immunology/inflammation,
are often selected to examine their role in LN. However, this
approach might lead to the omission of a large number of genes
with other roles in the pathogenesis of LN. Genome-wide
association studies (GWAS) can explore susceptibility genes in
the whole genome and have been successfully applied to multiple
complex diseases.

We aimed to find susceptible candidates of LN across the
whole genome in the Han Chinese population. We previously
performed a GWAS for SLE by genotyping 1,047 SLE cases and
1,205 healthy controls by using Illumina Human610-Quad
BeadChips in a Han Chinese population (7). Based on this
GWAS data set we performed whole genome single-nucleotide
polymorphism (SNP)- and gene -based analyses for the first time
to explore LN susceptibility polymorphisms, genes, or loci in the
Han Chinese population in the present study.
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Material and methods
Subjects and phenotype definition

All the samples used in this study were obtained from
multiple hospitals in China. Clinical information was collected
from questionnaires and clinical records. Informed consent was
obtained from all participants, and the study was approved by
the institutional review board at each institution.

In this study, LN patients were cases, while the SLE without
LN were the controls, who were genetically comparable to the
LN patients. All patients met the American College of
Rheumatology criteria (1997) (8). As shown in Table 1, there
were no significant differences in sex or age between the two
groups. LN was diagnosed according to the renal sub-phenotype
data using ACR classification (proteinuria of >500 mg/24 hours
or >3+, or the presence of cellular casts, or diagnosed as LN by
renal biopsy). SLE without LN was diagnosed as SLE without the
above renal disorder. There were 592 LN and 453 SLE without
LN patients in the discovery stage, 188 LN and 171 SLE without
LN patients in the replication study, 6 LN patients and 6 healthy
controls in the quantitative real-time PCR experiment and 39
LN patients and 35 healthy controls in the Enzyme-linked
immunosorbent assay experiment.

Genotyping and quality controls in the
discovery stage

This analysis was based on genotyping data from the
Chinese SLE GWAS, including 1,099 SLE cases. As described
previously, SNP genotyping was performed using Illumina
Human 610-Quard BeadChips (7).
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A total of 1,099 SLE cases were genotyped initially. Cases
with genotyping call rates less than 98% or repeated or related
samples were removed (52 SLE patients); 2 SLE cases without
renal information were also removed. Subsequently, principal
component analysis (PCA) was performed to assess genetic
heterogeneity using EIGENSTRAT. No outlier was revealed by
the PCA plots (S1 Figure). In total, 1,045 SLE patients (592 LN
patients and 453 SLE without LN patients) were included in
genome-wide association analysis.

All SNPs on the X, Y and mitochondrial chromosomes were
removed, after which SNPs with unclear cluster patterns of the
genotyping data were removed. SNPs with genotyping call rates
less than 90% or Hardy-Weinberg equilibrium P <107 were also
removed. Thus, 492,970 SNPs were included in genome-wide
association analysis.

Imputation

Genotypes were imputed on the basis of the 1000 Genomes
Project phase 3 (hgl9) using the IMPUTE program (v2.0). A
total of 14,076,911 SNPs were imputed. A quality control was
applied for the imputed SNPs: all SNPs on the X, Y and
mitochondrial chromosomes were removed. SNPs with
genotyping call rates less than 90% or Hardy-Weinberg
equilibrium P <107 were also removed.

SNP selection for replication analysis

As the P values of the imputed SNPs were also modest, the
SNP selection for the replication study was based on the results of
genome-wide association analysis without imputation. SNPs with
P<5x10™ in the genome-wide association analysis were selected,
and those with high P values of Hardy-Weinberg equilibrium
(P>5x10" in controls), high call rates (>95%), high minor allele
frequencies (>0.05 both in cases and controls), and proximity to
genes associated with LN pathogenesis (immunology,
inflammation, renal resident cell, and so on) remained. The top
one or two tag SNPs with the lowest P value were selected when
multiple SNPs were localized to one distinct genomic locus based
on physical location. Ultimately, 56 SNPs in 34 loci were selected
for replication analysis.

Genotyping and quality controls in the
replication study

The 56 SNPs were genotyped in 191 LN patients and 171
SLE without LN patients by using the Agena MassARRAY
system. Agena MassARRAY Assay Design 3.1 software was
used to design a multiplexed SNP MassEXTEND assay, and
SNP genotyping was performed using Agena MassARRAY
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RS1000 with the manufacturer’s protocols. Agena Typer 4.0
software was employed to perform data management and
analyses. Three cases with call rates <90% were excluded. Two
SNPs were excluded because of a call rate <90% or a P value of
Hardy-Weinberg equilibrium <0.001. The remaining SNP
cluster patterns from the genotyping data were checked to
confirm their good quality. After quality control, 54 SNPs in
188 LN patients and 171 SLE without LN patients were remained
in the replication stage analysis.

Association analysis

In the discovery stage, association analyses were performed
with PLINK using logistic regression with age and sex as
covariates. In the replication study, the 54 SNPs were analysed
with the same association test. To combine the association
evidence from the GWAS and SNP replication samples, a joint
analysis of all combined samples was performed using meta-
analysis with PLINK. SNPs with P<5x10™® were considered
genome-wide significant, and those with P<10™* were
considered as suggestive association.

Bioinformatics analysis and
expression analysis

To evaluate the potential biological function of the most
significant SNP, rs12606116, and related genes, we used
QTLbase (http://mulinlab.org/qtlbase/), GTEx (https://
gtexportal.org/home/), and GEO (https://www.ncbi.nlm.nih.
gov/geoprofiles/) databases to conduct expression quantitative
trait locus (eQTL) analysis and gene expression difference
analysis. The gene expression data of LN and normal kidney
tissues were downloaded from the GEO database. Those genes
around rs12606116 + 400 kb were focused on. The eQTL data of
rs12606116 and genes around rs12606116 + 400 kb were
downloaded from QTLbase and GTEx databases.

Gene-based and gene set
enrichment analysis

Gene-based analysis was performed with the versatile gene-
based test for GWAS (VEGAS), which uses SNP-level data to
incorporate information from a full set of markers annotated to
each gene and accounts for linkage disequilibrium (LD) between
markers (9, 10). The association P-values of a given gene with n
SNPs were converted to upper tail chi-square statistics with 1
degree of freedom. Then the empirical gene-based P-value was
calculated using the Monte Carlo simulation (11).

To explore the biological functions and cellular signaling
pathways, all genes with P<0.05 in the gene-based test were used
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as input to perform gene set enrichment analysis using Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG). GO analysis was performed in three aspects: biological
process (BP), cellular component (CC), and molecular function
(MF). GO analysis and KEGG pathway analysis were both
conducted by the Database for Annotation, Visualization, and
Integrated Discovery (DAVID).

Animals

Three 6-8 weeks old MRL/lpr mice were purchased from
Shanghai Model Organisms and subsequently maintained in the
animal facility at the Chinese People’s Liberation Army General
Hospital. Mice were monitored for lupus for 12 weeks, at which
time they were sacrificed for renal tissue. Renal tissue from three
BALB/c mice were served as control. All animal experiments
conducted have been approved by the Animal Ethics Committee
of the Chinese People’s Liberation Army General Hospital.

Quantitative real-time PCR

The gene expression differentiation of ADCYAP1 and
LINCO00470 genes was analysed in peripheral blood
mononuclear cell (PBMC) samples of 6 LN patients and 6
healthy controls. Besides, the gene expression of transforming
growth factor beta receptor 2 (TGFBR2) gene was analysed in
renal tissue of 3 MRL/Ipr lupus mice and 3 BALB/c mice. RNA
templates were extracted from PBMC or renal tissue samples
with TRIzol. cDNA was synthesized from 1 ug of RNA templates
using reverse transcriptase and oligo(dT) primers (NEB). The
sequences of the primers used for amplification are given in S1
Table. 18S was used as a reference for normalization. The qRT-
PCR reaction was carried out in triplicate using SYBR Green on
an ABI7500 Real-Time PCR System.

Enzyme-linked immunosorbent assay
Human transforming growth factor betal ELISA Kit

(ab100647; Abcam) was used to measure plasma levels of

TABLE 1 Characteristics of patients in the study.

Characteristics Discovery stage
LN (n=592)

Female 557(94.1%)

Age (year) 35(24-43)

*Compared with the LN group P<0.05.

Results are shown as means + SD or median (inter-quartile range) according to the distribution.
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425(93.8%)
34(24-42)
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transforming growth factor betal (TGF-B1) according to the
manufacturer’s instructions.

Statistical analysis

Data were analysed using SPSS 21.0 (SPSS, Chicago, IL,
USA) statistical software. Continuous variables were expressed
as median (inter-quartile range) or mean * standard deviation
according to the distribution, and categorical variables were
expressed as frequency (percentage). Differences between the
two groups were examined using the Mann-Whitney U-test or
Student’s t-test. For categorical variables, differences between
groups were analysed using the x> test. P values<0.05 were
considered statistically significant.

Results
Genome-wide association of LN

There were 592 LN patients and 453 SLE without LN
patients included in the GWAS discovery stage. As shown in
Table 1, there were no significant differences in sex or age
between the two groups.Manhattan and quantile-quantile plots
(q-q plots) are shown in S2 Figure (492,970 tag SNPs). The
genome inflation factor (Agc) of 1.018 indicated adequate
control for population stratification. Although no SNP
achieved genome-wide significance (P< 5x10°°), 44 SNPs
achieved suggestive significance (P< 107%) (S2 Table).
The most significant SNP was rs10151371 (P=9.90x10"°)
at 14q31.3.

Imputation

A total of 14,076,911 SNPs were imputed. After quality
control, the most significant imputed SNP was rs117609374
(P=3.67x10"°) at 14q31.3. Considering the modest P value
of the imputation results, only the imputed region plots of
the 9 SNPs from 7 loci described below are presented
in Figure 1.

SNP replication

LN (n=188) SLE without LN (n=171)

155 (82.4%)
32 (24-44)

150 (87.7%)
39 (27-48)*
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Replication study

To assess the association of possible SNPs with LN, 56 SNPs
in GWAS were selected for genotyping in another 191 LN and
171 SLE without LN patients. After quality control, 54 SNPs in
188 LN patients and 171 SLE without LN patients were analysed.
Due to limited power of the replication samples, only one SNP
rs12606116 exhibits P< 0.05 (S3 Table).

Meta-analysis of the GWAS and
replication results

In the meta-analysis of the GWAS and SNP replication
results, 9 SNPs showed a suggestive association with LN, at P<
10* (Table 2). The most significant SNP was rs12606116
(P=8.72x107°), located at 18p11.32. This SNP localizes to an
intergenic region close to LINC00470, a long intergenic non-
protein coding RNA gene, and the ADCYAPI1 gene, which
encodes a potent renoprotective peptide. The P values of the
remaining 8 SNPs were between 107 and 10™* (Table 2). Region
plots of the 9 SNPs from 7 loci are presented in Figure 1.

qRT-PCR

Further studies were applied to verify the biological function
of rs12606116 and related genes. Data in the GEO database
showed that mRNA expression of ADCYAP1, which was the
closest coding gene to rs12606116, was significantly different in

FIGURE 1

10.3389/fimmu.2022.908851

the renal tubules of LN patients and healthy controls (GSE32591,
P=1.06x10", logFC=0.16). The QTLbase database showed an
association between 1512606116 and LINC00470, which was the
closest gene, in CD4+ T cells and CD14+ monocytes cells. Thus,
we measured the mRNA levels of LINC00470 and ADCYAP1 in
PBMC:s of 6 LN patients and 6 healthy controls using qRT-PCR.
As shown in Figure 2, the expression of LINC00470 and
ADCYAPI in the PBMCs of LN patients was significantly
lower than that in healthy controls. These results further
indicated LINC00470 and ADCYAPI1 in 18pl11.32 might be
involved in the development of LN.

Results of gene-based and gene set
enrichment analysis

To explore additional susceptibility genes associated with
LN, we optimally use the GWAS data sets to conducted gene-
based analysis using VEGAS. In the gene-based analysis, the
SNPs in the GWAS were mapped to 14,012 genes (nSNP>1). In
total, 690 genes showed evidence of association with LN
(P<0.05), including LINC00470, identified by the above SNP-
based analysis (S4 Table).

Table 3 shows the top 10 genes ranked by their P-values
from the VEGAS analysis. The topmost hit was LINC01146 with
P=1.20x10"°. Two of the 10 genes also featured in the list from
the SNP-based analysis: CIT (P=2.78x10"*) and
WDR25 (P=3.39x107").

Furthermore, we carried out enrichment analysis with all
the 690 genes those presented P<0.05 in the gene-based

Region plots of the genome-wide association results of the suggestive single-nucleotide polymorphisms (SNPs). These region plots were made
in LocusZoom (http://locuszoom.sph.umich.edu) with hg19/1000 Genomes Nov 2014 ASN as the LD Population. The selected SNP was in
purple and its linkage disequilibrium values (r2) with nearby SNPs are indicated by different colours. (A) rs12606116 + 400 kb (18p11.32) (B)
rs11826924 + 400 kb (11p15.2) (C) rs203339 + 400 kb (rs433091, 12q24.23) (D) rs10151371 + 400 kb (rs17124022, 14q31.3) (E) rs10435744 +
400 kb (9p24.1) (F) rs7157731 + 400 kb (14932.2) (G) rs17146331 + 400 kb (5923.1). The Y axis was -log10 P values.
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TABLE 2 Summary results of 9 SNPs in the GWAS, replication and meta-analysis.

Meta GWAS Replication
SNP Chr Locus Position Gene Allele P OR MAF MAF P OR SE 95% P OR SE 95%
in in CI CI

case  con
rs12606116 18 18pl11.32 1443317  ADCYAPI/ T/C 872E- 067 0199 0275 743E- 067 0.1 054- 4.17E- 0.7 0.18 0.50-
06 05 081 02 0.99
LINC00470

rs11826924 11  11pl52 15301762 INSC c/T 1.71E- 071 035 0434 653E- 0.69 009 057- 9.13E- 076 0.16 0.56-
05 05 083 02 1.04
rs203339 12 12q24.23 120236754 CIT T/C 237E- 14 0451 0357 191E- 149 009 124- 266E- 1.18 0.5 0.88-
05 05 178 01 1.59
rs10151371 14 14q31.3 88494575 GPR65 A/G 259E- 173 0139  0.075 9.90E- 194 0.15 145- 459E- 122 026 0.73-
05 06 261 01 2.04
rs17124022 14 14313 88531526 GPR65 C/T 3.15E- 1.6  0.182 0.11 128E- 176 0.13 1.37- 451E- 1.19 023 0.76-
05 05 227 01 1.85
rs10435744 9 9p24.1 5486856 CD274 G/A 3.93E- 137 0502 0406 3.32E- 145 009 121- 3.05E- 117 015 0.87-
05 05 172 o1 1.58
rs433091 12 12q24.23 120228792 CIT C/T 4.03E- 137 049 0.402 9.88E- 142 0.09 1.19- 143E- 125 0.15 0.93-
05 05 169 01 1.69
rs7157731 14 14322 100935129 WDR25 G/A 7.77E- 073 0327 0405 229E- 0.71 0.09 059- 129E- 0.78 0.16 0.57-
05 04 085 01 1.07
rs17146331 5  5q23.1 119600027 PRR16 T/G 895E- 073 0378 0465 5.16E- 0.69 0.09 057- 3.70E- 0.87 0.15 0.65-
05 05 082 01 1.17

Allele: Minor/Major allele; GWAS: genome wide association study; MAF in case: minor allele frequency in 592 LN patients; MAF in con: minor allele frequency in 453 SLE without

LN patients

analysis. The ten most significant GO terms and pathways are
shown in Figure 3. Top associated GO terms included “cell
adhesion”, “positive regulation of MAPK cascade”, “protein
kinase activity”, “Chemokine signaling pathway”, “INF
signaling pathway”, and so on. Interestingly, “transforming
growth factor beta receptor signaling pathway”, “type I
transforming growth factor beta receptor binding” and
“transforming growth factor beta binding” were significantly
enriched, highlighting the involvement of transforming
growth factor beta (TGF-B) signalings in the pathogenic
mechanisms of LN.
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FIGURE 2

Detection of related molecules in TGF-3
signaling pathway

We further examined the key molecules, TGFBR2 and TGF-
B1, in TGF-B signaling pathway. The MRL/lpr mouse is a
spontaneous disease model for complement-associated
inflammatory kidney disease, similar to LN (12, 13). Thus,
qRT-PCR was performed to assess the expression of TGFBR2
gene in renal tissue of 3 MRL/Ipr mice (LN group) and 3 BALB/c
mice (control group). As shown in Figure 4A, the expression of
TGFBR2 gene in the LN group was significantly lower than that
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MRNA expression of LINC00470 (A) and ADCYAP1 (B) in PBMCs of 6 LN patients and 6 healthy controls assessed by qRT-PCR. *P<0.05
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TABLE 3 The top 10 genes from the gene-based analysis.

Chr Gene nSNPs Start

14 LINCO1146 15 88490893
3 TMEM207 6 190146443
3 FETUB 3 186358148
3 CLDN1 5 190023489
5 EFNAS 78 106712589
9 ZBTB26 2 125680377
12 CIT 19 120123594
14 WDR25 9 100842754
9 RABGAP1 8 125703287
1 GNL2 5 38032412

10.3389/fimmu.2022.908851

Stop Pvalue TopSNP TopSNP.pvalue
88553688 1.20E-05 rs10151371 3.68E-06
190167665 3.00E-05 152378570 2.93E-05
186370797 1.21E-04 rs4686434 1.43E-04
190040235 1.76E-04 rs10513846 2.06E-04
107006596 1.79E-04 15164699 9.04E-04
125693779 2.12E-04 1s3824535 3.16E-04
120315095 2.78E-04 15203339 1.34E-05
100996640 3.39E-04 157157731 224E-04
125867147 447E-04 rs10818781 3.00E-04
38061586 4.49E-04 1s7535432 1.37E-04

in controls. Then the plasma levels of TGF-B1 were detected
using ELISA in 39 LN patients and 34 healthy controls. It was
observed that plasma levels of TGF-B1 was significantly lower in
patients with LN comparing to control group (Figure 4B).

Discussion

We performed GWAS of SNP- and gene- based analyses to
identify susceptibility SNPs, genes and loci associated with LN in
the Han Chinese population for the first time. In the SNP-based
GWAS results, 9 SNPs showed suggestive associations with LN

(P< 107*), among which rs12606116 was the most significant
SNP. Subsequently, bioinformatics analysis and qRT-PCR
research verified the mRNA levels of LINC00470 and
ADCYAPI, the closest genes to rs12606116, in PBMCs were
significantly lower in LN patients than in healthy controls. Gene-
based analysis further validates the association of LINC00470
with LN. These results indicated that LINC00470 and
ADCYAPI in 18p11.32 might be involved in the development
of LN. Besides LINC00470, the gene-based analysis found 690
genes associated with LN (P<0.05). The subsequent gene set
enrichment analysis identified several pathways involved in LN,
especially the signalings of TGF-f. Lower plasma level of TGF-
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GO and pathway enrichment analysis of genes with P<0.05 in gene-based analysis. (A) top 10 biological process GO terms. (B) top 10 cellular
component GO terms. (C) top 10 molecular function GO terms. (D) top 10 KEGG pathway terms.
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Detection of TGFBR2 and TGF-B1 in TGF-f signaling pathway. (A) MRNA expression of TGFBR2 in renal tissue of 3 MRL/lpr mice (LN) and 3 BALB/c
mice (control) assessed by gRT-PCR. (B) the plasma levels of TGF-B1 in 39 LN patients and 35 healthy controls assessed by ELISA. *P<0.05

Bl in LN patients and lower expression of TGFBR2 in lupus
mice kidney futher indicate the involvement of TGE-f in LN.
This first GWAS of LN in the Han Chinese population provide
several promising susceptibility candidates involved in LN.

Two GWASs were performed to identify loci predisposing
individuals towards LN. Chung et al. completed a meta-analysis
of three GWASs of SLE, containing 588 European women with
LN and 1,412 SLE women without LN, to identify LN-associated
loci (14). The strongest evidence for association was observed
localizing to 4ql1-q13 (PDGFRA, P=4.5x10"7). Chen et al.
performed a meta-analysis of two GWASs of European SLE
(1,152 LN and 1,949 SLE without LN patients), they also did not
identify any genome-wide loci significantly associated with LN
(P< 5%107%) (15). Similar to the two GWASs, we did not find
SNPs with P< 5x10%, The less significance of those results might
be due to the control group, namely, SLE patients without renal
damage. Some of these patients in the control group might
already have kidney damage without clinical manifestations, or
they might develop LN in the future. All these factors potentially
reduce statistical power and increase type 2 error rather than
false positive findings. Nonetheless, there is a clear trend in our
results. We identified nine new suggestive SNPs associated with
LN (P< 107*). The most significant SNP was rs12606116
(P=8.72x107°), which is located close to LINC00470 and
ADCYAPI1 at 18pl11.32, the new locus reported in LN
GWASs. Thus, we believe that the results is a new suggestive
locus for LN in the Han Chinese population.

The qRT-PCR replication research in the PBMCs further
illustrated our findings. In the biological analysis, we found that
the mRNA expression of ADCYAP1 was different in the renal
tubules of LN patients and healthy controls. The QTLbase
database also showed an association between rs12606116 and
LINC00470. Further qRT-PCR replicated that the expression of
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LINC00470 and ADCYAP1 in the PBMCs of LN patients was
significantly lower than that of healthy controls. Especially,
LINC00470 was also identified in the gene-based analysis.

LINCO00470 is a long intergenic non-protein coding RNA
gene and is affiliated with the IncRNA class. Noncoding RNAs,
particularly microRNAs and IncRNAs, have been implicated in
multiple biological processes in normal and various diseases.
There are few reports about this gene. As reported, LINC00470 is
a new AKT activator that mediates glioblastoma cell autophagy
(16). It also facilitates malignant proliferation in hepatocellular
carcinoma, lung cancer, and gastric cancer (17-19). However, its
function in LN needs further study.

ADCYAPI1 encodes pituitary adenylate cyclase-activating
polypeptide (PACAP), which is a multifunctional
neuropeptide that might act as a potent renoprotective peptide
(20). Experiments in PACAP-deficient mice showed that a lack
of endogenous PACAP leads to higher susceptibility to in vivo
renal ischaemia/reperfusion, suggesting that PACAP protects
the kidney against oxidative stress (21, 22). In addition, PACAP
may have an immunomodulatory role. As reported, PACAP was
widely distributed in the organism including the immune
system, such as thymus, lymph nodes and spleen. While
exposed to proinflammatory stimuli, PACAP may prevent
inflammation by down-regulating a series of cytokines and
chemokines produced by innate immune cells (such as
macrophages). It has been also shown that PACAP can
participate in the immune response by inducing the
production of regulatory T cells (23, 24).

Interestingly, two genes (CIT and WDR25) showed
suggestive association with LN in both the SNP-based and
gene-based analyses. CIT gene encodes a serine/threonine-
protein kinase that functions in cell division. CIT has been
reported to play a role in cancer proliferation and central
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nervous system development (25). WDR25 encodes a protein
containing 7 WD repeats, involved in cell cycle progression,
signal transduction, apoptosis, and gene regulation (26). Gene-
based analysis also highlighted several other genes, including a
gene implicated in polycystic kidney disease (TMEM207), a gene
expressed at the tight junction of renal tubule epithelial cells
(CLDNI1), and a gene associated with cell proliferation (GNL2)
(27-29). It would be interesting to see whether these genes could
be replicated in future studies.

Our enrichment analysis revealed several pathways,
especially the TGF-B signaling pathways, including
“transforming growth factor beta receptor signaling pathway”,
“type I transforming growth factor beta receptor binding” and
“transforming growth factor beta binding”. There have been
many studies, including cohorts and animal models, suggesting
the involvement of TGF-f, especially TGF-B1, in SLE. Our
results also highlighted the important role of TGF-B in LN.
TGEF-B signalings regulate various biological responses,
including proliferation, migration, differentiation, apoptosis,
and the immune response (30). There are three TGF-B3 forms
(TGF-B1, 2, and 3) and three TGF-P receptors (TGFBR1, 2, and
3). Among them, TGF-B1 was the first fully cloned of the TGF-f3
superfamily members, and was crucial in the signaling pathway
(31). Besides, TGFBR2 is the receptor directly bounds to TGF-f,
and thus it is also a key molecule for activation of downstream
signaling (30). To verify the involvement of TGF-3 in LN, we
further detected TGFBR2 and TGF-B1. We found that TGFBR2
mRNA expression decreased in the LN mice kidneys, and
plasma TGF-B1 levels also decreased in LN patients. As
reported, SLE/LN patients often produce lower levels of TGF-
B1 when compared with healthy individuals (32-36). However,
there are limited studies on the mechanism of TGFBR2 in LN.
Saxena et al. reported that expression of TGF-f receptor type II
was increased in the kidneys of autoimmune-prone BWFI mice
(32). Differences in animal models might partly explain the
opposite results. Taken together, these findings in our study
indicate that reduced TGF-B production might predispose for
the development of lupus and target organ damage. However,
those association need to be verified in larger sample and the
mechanisms remains to be further tested.

Over the past decade, an explosion of SLE GWASs in
different races have greatly improved our understanding of the
genetic basis of SLE. Over 100 susceptibility loci and hundreds of
SNPs for polygenic, multifactorial SLE have been identified. We
systematically collected 405 SLE associated SNPs from the
GWAS catalogue (https://www.ebi.ac.uk/gwas/) and previous
reported SLE GWASs. Among them, 144 SNPs were
genotyped in this study. Results of the 144 known SLE
susceptible SNPs in this LN GWAS were listed in S5 Table.
Unexpectedly, only 9 SNPs showed P<0.05 in this LN GWAS,
and only 3 SNPs had consistant OR (rs4622329, rs3093030,
rs11117432). Furthermore, genes showed in Table 2 and Table 3
also have not been identified in SLE GWASs. It might suggest
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that, SNPs those play important roles in the pathogenesis of SLE
might not play an equally critical role in LN. There might be
some differences between SNPs involved in SLE vs. in LN. We
further paid attention to the monogenic causes of SLE and the
pathways involved. As reviewed by Demirkaya, there have been
more than 30 genes causing the monogenic form of SLE
identified, involved in pathways of complement, Type I IFN,
self-tolerance, RAS, and so on (37). One patient with
NS/Noonan-related syndrome phenotype and SLE
characteristics had been reported to have a PTPN11 mutation
(37). Coincidentally, PTPN11 gene showed a P value<0.05 in our
gene-based analysis. As a member of the RAS/MAPK cascade,
PTPNI1 plays pivotal roles in cell proliferation, differentiation,
survival and cell death (38). As we know, MAPK pathway is
closely related to renal physiology and pathophysiology (39).
The “positive regulation of MAPK cascade” was also enriched in
our analysis (Figure 3). We speculate that PTPN11 might be
involved in LN by activating MAPK downstream cytokine and
pathways. The mechanism remains to be verified. Mutation in
TNFAIP3, encoding the NF-kB regulatory protein A20, was also
reported to associated with SLE (40). TNFAIP3 is an ubiquitin-
editing enzyme with a critical function in the inhibition of key
proinflammatory molecules, mainly functions as an endogenous
regulator of inflammation through termination of nuclear factor
(NF)-«B activation (41). TNFAIP3 is downstream of TNF
signaling pathway and can be induced by TNF. In our
enrichment analysis, TNF signaling pathway was also
enriched, indicating that TNFAIP3 and other members of
TNF signaling pathway might play a role in the pathogenesis
of lupus and LN (Figure 3).

There are some limitations in this study. First, the sample
size in the discovery stage and SNP replication study was not
appreciable enough. With 1,404 SLE participants, we had limited
power, at a genome-wide significance level, to uncover an
association with small-to-moderate effect sizes. Studies with
larger sample sizes or multi-team cooperation of GWAS meta-
analyses might be helpful for identifying significant loci. Second,
as mentioned above, the control group, namely, SLE patients
without renal damage, was clinically evaluated, and some of
these patients might already have kidney damage without
clinical manifestations. In addition, some patients might
develop LN in the future. All these factors potentially reduce
statistical power and increase type 2 error rather than false
positive findings; thus, they do not decrease the robustness of the
associations reported here. Thirdly, compared with SLE without
LN patients, the heritability of LN might not be significant
enough. Some variants with lower allele frequencies and weaker
genetic effects that are difficult to identify might exist. Finally, the
expression data of ADCYAP1 and LINC00470 genes in the
kidney was not available. We have tried to analyse the gene
expression differentiation of the two genes in kidney tissues of
lupus prone mice. However, the expression of the two genes in
kidney was too low to acquire in the qRT-PCR. Thus, we
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collected the PBMC, which included both the CD4+ T cells and
CD14+ monocytes cells. Moreover, larger sample sizes in the
qRT-PCR and ELISA parts might be needed to verify
the differences.

Conclusion

In summary, we performed SNP- and gene-based GWAS of
LN for the first time in the Han Chinese population and found
some promising candidates that exhibit suggestive associations
with LN. In particular, the association between rs12606116 in
18p11.32 and LN was replicated, indicating that it was a new
suggestive locus for LN in the Han Chinese population. We also
identified several other promising genes and pathways for LN,
especially the involvement of TGF-B pathways. These findings
enrich our understanding of LN inheritance in the Han Chinese
population and provide important clues for future genetic
research on LN. However, further exploration in the future
is warranted.
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