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Abstract

Systemic lupus erythematosus is a multi-system disease characterized by wide-spread DNA
methylation changes. To identify epigenetic susceptibility loci for lupus nephritis, genome-wide
DNA methylation changes in naive CD4+ T cells were compared between two sets of lupus
patients with and without a history of renal involvement. A total of 56 lupus patients (28 with
renal involvement and 28 without renal involvement), and 56 age-, sex-, and ethnicity-matched
healthy controls were included in our study. We identified 191 CG sites and 121 genes that were
only differentially methylated in lupus patients with but not without a history of renal
involvement. The tyrosine kinase gene TNK2 involved in cell trafficking and tissue invasion, and
the phosphatase gene DUSP5 which dephosphorylates and inhibits the ERK signaling pathway,
were among the most hypomethylated. Independent of disease activity, renal involvement is
characterized by more robust demethylation in interferon regulated genes differentially methylated
in both sets of lupus patients with and without renal involvement (fold change 1.4, P = 0.0014).
The type-I interferon master regulator gene IRF7 is only hypomethylated in lupus patients with
renal involvement. IRF-7 is an upstream transcription factor that regulates several loci
demethylated only with renal involvement such as CD80, HERCS5, 1F144, IRF7, ISG15, 1SG20,
ITGAX, and PARP12 (P = 1.78 x 1075). Among the CG sites only hypomethylated with renal
involvement, CG10152449 in CHST12 has a sensitivity of 85.7% and a specificity of 64.3% for
stratifying lupus patients for a history of renal involvement (P = 0.0029). Our data identified novel
epigenetic susceptibility loci that are differentially methylated with renal involvement in lupus.
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These loci will help better understand lupus nephritis, and provide a proof of principle for the
potential applicability of specific methylation changes as predictors for specific organ involvement
in lupus.
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1. Introduction

Systemic lupus erythematosus is a chronic relapsing autoimmune disease characterized by
the production of autoantibodies to nuclear antigens. The disease course is influenced by
~55 confirmed genetic predisposing loci and a number of environmental triggers [1,2]. DNA
methylation changes, particularly in T cells, also play an important role in the pathogenesis
of the disease [3]. Indeed, recent genome-wide DNA methylation studies have identified a
number of differentially methylated loci in lupus, and characterized several differentially
methylated genes and pathways that provided novel insight into disease pathogenesis [4-6].
DNA methylation studies in lupus T cells also suggest that dynamic DNA methylation
changes can provide potential novel biomarkers to monitor disease activity [4]. We have
previously provided evidence that interferon-regulated genes are hypomethylated in naive
CD4+ T cells in lupus patients, and this hypomethylation precedes active transcription of
interferon-regulated genes [5]. These data suggested that interferon-regulated genes are
epigenetically poised for transcription, therefore providing a mechanism to explain type-1
interferon hyper-responsiveness in lupus [5].

Renal involvement is estimated to occur in up to 60% of lupus patients, and its incidence
and severity varies between patients. Lupus nephritis also tends to be more common and
more severe in African-American compared to European-American lupus patients, and
patients of African-American, Asian, or Hispanic ethnicity are more likely to progress to
end-stage kidney disease from lupus nephritis [7]. Lupus nephritis is a major cause of
morbidity and mortality in lupus patients, but diagnosis and monitoring remains challenging.
Further, despite aggressive immunosuppressive therapy that is often complicated by serious
adverse events, the incidence of end-stage kidney disease from lupus nephritis has not
declined [7,8]. This emphasizes the need for a better understanding of the pathogenesis of
lupus nephritis and the development of novel biomarkers to predict and monitor renal
involvement in lupus patients.

In this study we performed a genome-wide DNA methylation study in naive CD4+ T cells
from lupus patients with and without renal involvement. We compared the methylation
patterns in each disease subset with normal healthy age, sex, and ethnicity matched controls.
We focused on naive CD4+ T cells to be able to capture epigenetic susceptibility loci for
renal involvement in lupus that pre-date T cell activation and differentiation. This approach
avoids identifying epigenetic changes that might result from T cell activation and
differentiation in lupus patients, and identifies epigenetic changes that more likely
predispose to rather than result from the inflammatory environment in lupus. Our data
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identify a uniqgue DNA methylation pattern that distinguishes lupus patients with a history of
renal involvement from patients with no renal involvement. We also suggest an interferon
methylation index (IMI) and report that lupus patients with renal involvement can be
characterized by significantly lower DNA methylation levels across interferon-regulated
genes. We then identified a specific CG site with reasonable sensitivity and specificity for
renal involvement in lupus patients.

2. Materials and methods

2.1. Lupus patients and controls

We studied 56 female lupus patients and 56 normal healthy controls matched for age, sex,
and ethnicity. All lupus patients included in this study fulfill the American College of
Rheumatology (ACR) classification criteria for SLE, and were recruited from the University
of Michigan rheumatology clinics, Oklahoma Medical Research Foundation, and Henry
Ford Health System rheumatology clinics. All study participants signed an informed consent
approved by the institutional review boards of our institutions. Our lupus cohort included 28
female lupus patients who met the ACR criterion for renal involvement as defined by the
ACR criteria for classification of systemic lupus erythematous (persistent proteinuria > 0.5 g
per day or > than 3 + if quantitation not performed, or the presence of cellular casts
including red cell, hemoglobin, granular, tubular, or mixed casts) [9,10], and 28 female
lupus patients who had no evidence for renal involvement. Both renal and non-renal lupus
patients groups included 17 European-American and 11 African-American lupus patients.
Healthy female controls were matched for age (+/- 5 years) and ethnicity for each patient
(Table 1). Basic demographic information, SLEDAI scores, and SLEDAI criteria present at
the time of blood draw and enrollment in our study for each patient are presented in
Supplementary Table 1.

2.2. Naive CD4+ T cell isolation and DNA extraction

Fresh peripheral blood samples (80 ml) were collected from each participant. Density
gradient centrifugation (Ficoll) was used to isolate peripheral blood mononuclear cells
(PBMCs). Naive CD4+ T cells were isolated using indirect labeling and magnetic bead
separation with the Naive CD4+ T Cell Isolation kit Il (Miltenyi Biotec, Cambridge, MA) as
previously described [5]. Naive CD4+ T cell purity was confirmed by flow cytometry using
fluorochrome-conjugated antibodies against CD3, CD4, CD45RA, and CD28 and was over
95%. DNA was extracted from each sample using the DNeasy Blood and Tissue Kit
(Qiagen, Valencia, CA), followed by sodium bisulfite treatment using the EZ DNA
Methylation kit (Zymo Research, Irvine, CA) for DNA methylation studies.

2.3. DNA methylation profiling

Analysis of genome-wide DNA methylation in naive CD4+ T cells isolated from lupus
patients with and without renal involvement, and healthy matched controls was performed
using the Infinium HumanMethylation450 BeadChip Kit (Illumina). This platform allowed
for simultaneous assessment of DNA methylation levels in over 485,000 DNA methylation
sites in over 99% of RefSeq genes and 96% of CpG islands. An average of 17 CG sites per
gene is included on the array to cover the promoter, 5’UTR, first exon, 3’'UTR, and CG sites
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within the gene body. Other regions covered include miRNA promoter regions and ~3000
non-CG methylation sites.

2.4. Statistical and bioinformatics analysis

Data processing and data analysis were performed as previously described in multiple
studies by our group. Briefly, following quality control assessment measures, probe intensity
values were normalized and used to determine the average methylation level on each DNA
methylation site in each sample as represented by beta values (). We excluded from the
analysis any probe with a known genetic variant within 10bp of its 3’ end. Probes that had a
detection P value (detection above array background) of =0.05 were also excluded. Case-
control analysis was performed to determine differentially methylated sites between lupus
patients with and without renal involvement and their matched healthy controls.
Differentially methylated sites in this study were defined as methylation sites with an
absolute difference in beta value (delta beta) of at least 0.1 and a P value of <0.01 after
correction for multiple testing using a Benjamini and Hochberg false discovery rate of 5%.

The variation in the estimate of f is a function of 8, and was estimated by Illumina for all
values of by repeatedly measuring loci with known methylation fractions ranging from 0
to 1, and then fitting a parabola to the standard deviation as a function of  (GenomeStudio
Methylation Module User Guide, Illumina, USA). The standard deviation estimate is then
calculated by

s=AB*+Bp+C, whereA= — 0.1511, B=0.1444, andC' =0.01646

P values for differential DNA methylation were calculated using the formula:

p=z lgpatient - lgcontrol
S control Spatient

control Npatient

where z s the two-sided tail probability of the standard normal distribution.

Differentially methylated sites identified were then mapped within the genome to determine
differentially methylated genes in both lupus subsets, and further investigated by
bioinformatic analysis using Ingenuity Pathway Analysis (IPA) and the Database for
Annotation, Visualization, and Integrated Discovery (DAVID) [11].

3. Results

Genome-wide DNA methylation changes were compared between two sets of lupus patients
with and without renal involvement and healthy age, sex, and ethnicity matched controls.
We identified 228 differentially methylated CG sites in patients with renal involvement
compared to only 63 differentially methylated CG sites in lupus patients with no renal
involvement. There were 37 shared differentially methylated CG sites in patients with and
without renal involvement. Lupus patients with renal involvement showed differential DNA
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methylation levels in 191 unique CG sites that are not differentially methylated in the same
number of lupus patients of similar ethnicity but without renal involvement. These sites
represent 121 differentially methylated genes in lupus patients with but not without renal
involvement (Fig. 1), (Supplementary Tables 2 and 3, and 4).

Of the 37 CG sites (27 genes) that are differentially methylated in both groups of lupus
patients with and without renal involvement, 20 CG sites are located in 15 interferon-
regulated gene loci. The majority of these CG sites (19 out of 20) are significantly
hypomethylated in both patients groups with and without renal involvement compared to
matched healthy controls. Bioinformatic analysis of the 27 shared differentially methylated
genes highlights interferon signaling as the most significant unifying canonical pathway (P
=6.41 x 1078) and interferon alpha 2 as the most significant upstream regulator in these
genes (P = 6.77 x 10723) (Table 2). Shared hypermethylated genes between lupus patients
with and without renal involvement include the SMAD family member signaling transducer
gene SMAD3, and BAG3 which plays a distinct role in non-canonical autophagy.

Next, we asked if the degree of DNA demethylation in interferon-regulated genes is
different in lupus patients with and without renal involvement. We measured demethylation
in interferon-regulated genes by calculating the average level of DNA methylation (beta)
across all 19 demethylated CG sites located in interferon-regulated gene loci shared between
patients with and without renal involvement. This interferon methylation index (IMI)
represents a global assessment for the degree of DNA demethylation in interferon-regulated
genes in lupus patients, and was significantly lower in lupus patients with renal disease
compared to lupus patients without renal involvement (IMI renal = —0.22, IMI non-renal =
-0.16, P = 0.0014). To determine if specific CG sites among these 19 sites used to calculate
IMI are more predictive for renal involvement in lupus patients, we calculated the difference
in AP between lupus patients with and without renal involvement at each of these CG sites
individually (Table 3). The methylation site CG21549285 in MX1 demonstrates the largest
divergence between patients with and without renal involvement among all 19 demethylated
CG sites located in interferon-regulated genes, with a A(AB) = —0.13, representing a 1.6 fold
difference (AP renal = —0.36, Ap non-renal = —=0.23, P = 0.011). The methylation fraction ()
in this CG site in lupus patients with renal involvement was 0.29 £ 0.15 and in patients
without renal involvement 0.42 £+ 0.19 (P = 0.0061).

Out of the 191 differentially methylated CG sites unique to lupus patients with renal
involvement, 64 were hypomethylated and 127 were hypermethylated compared to healthy
matched controls (Supplementary Table 2). There were 121 genes differentially methylated
only in lupus patients with renal involvement. The two most hypomethylated genes are
TNK2 and DUSP5, and the two most hypermethylated genes are MAN1C1 and PLEKHAL.
Other genes hypermethylated only in lupus patients with renal involvement include CD47
and CD247.

Lupus patients with renal involvement demonstrate robust DNA demethylation in other
interferon-regulated genes not demethylated in patients without renal disease. These include
|SG15, 1SG20, IF144, PARP12, and BST2 among others (Table 4). In addition, the interferon
regulatory factor family member gene IRF7 was demethylated only in lupus patients with
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renal involvement. Regulation by IRF-7 is shared between genes differentially methylated
only in lupus patients with renal involvement (P = 1.78 x 107). Therefore, these findings
emphasize a more robust evidence for DNA demethylation in interferon-regulated genes in
lupus patients with renal disease and suggest an important role for type-1 interferon signature
in lupus nephritis.

Next, we determined if any of the CG sites that are differentially methylated in lupus
patients with renal involvement compared to controls (but not differentially methylated in
patients without renal involvement) can accurately discriminate lupus patients with renal
involvement from patients with no evidence of renal involvement. We divided our cohort of
56 lupus patients into “training” and “testing” sets. Each set included 28 lupus patients, half
with lupus renal involvement. We determined the sensitivity and specificity for detecting
renal involvement using a test cutoff value equal to the mean + SD in 56 healthy controls.
Among CG sites differentially methylated only in lupus patients with renal involvement, the
training set identified 4 CG sites with a sensitivity of >85% and a specificity of >55% for
renal involvement in lupus patients. We then tested the sensitivity and specificity of these 4
CG sites in our “testing” set of patients with and without renal involvement. The CG site
CG10152449 in the gene CHST12 had the best sensitivity and specificity in our testing set
with a sensitivity of 85.7% and a specificity of 71.4%. Combining both training and testing
sets we obtain a sensitivity of 85.7% and a specificity of 64.3% for this CG site to detect
renal involvement in lupus patients. This was confirmed using receiver operator
characteristic (ROC) curve analysis (P for area under the ROC curve = 0.0029) (Fig. 2).

4. Discussion

DNA methylation is generally a repressive epigenetic mark that alters chromatin
accessibility and silences gene expression. Mapping DNA methylation changes in health and
disease can inform about disease-associated chromatin structure, and identify epigenetically
modified genetic targets that can help to better understand disease pathogenesis and
potentially identify novel targets for therapy [5,12—15]. Further, the dynamic nature of DNA
methylation changes makes them appealing targets to explore as disease biomarkers [13,16].

In this study we focused on exploring genome-wide DNA methylation changes in a group of
lupus patients with and without a history of renal involvement as defined by the ACR
criteria for classification of systemic lupus erythematous [9,10]. The goal of the study was to
identify and characterize unique and shared DNA methylation changes in naive CD4+ T
cells in the two groups of lupus patients compared to matched healthy controls. We studied
naive CD4+ T cells to identify epigenetic changes in T cells that are more likely inherent to
the pathogenesis of lupus, and minimize the effect of the disease environment and chronic T
cell stimulation and anergy, which could alter the epigenome in antigen-experienced T cell
pools.

We revealed a number of epigenetic changes that are unique to lupus patients with renal
involvement. In total, 191 CG sites and 121 genes were differentially methylated in lupus
patients with but not without renal involvement. Consistent with our previous data, lupus
patients with or without renal involvement demonstrate a robust demethylation in interferon-
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regulated genes [5]. Importantly, however, we demonstrate that this demethylation is
significantly more robust in lupus patients with renal involvement (fold change 1.4, P =
0.0014). There was no difference in disease activity as measured by SLEDAI scores
between patients with and without renal involvement at the time of enrolment in our study
(P =0.88), suggesting that increased demethylation of interferon-regulated genes in lupus
patients with renal involvement is not due to differences in disease activity. Further, we have
previously demonstrated that demethylation of interferon-regulated genes in naive CD4+ T
cells in lupus patients does not correlate with disease activity [5].

Among the most hypomethylated genes in lupus patients with but not without renal
involvement are TNK2 (tyrosine kinase, non-receptor, 2) and DUSP5 (dual specificity
phosphatase 5). TNK2 encodes a non-receptor tyrosine kinase that modulates a number of
downstream effector molecules, and is involved in cell trafficking, endocytosis, cell
migration, and tissue invasion [17]. Whether demethylation of TNK2 plays a role in T cell
migration and invasion of kidney tissues in lupus nephritis remains to be determined.
DUSP5 encodes a phosphatase that is capable of dephosphorylating phosphoserine/threonine
and phosphotyrosine residues, with the highest relative activity reported for
dephosphorylating mitogen-activated protein kinase/extracellular signal-regulated kinase
molecules (MAPK/ERK) [17]. DUSP5 dephosphorylates and inhibits the ERK signaling
pathway in T cells [18]. Indeed, ERK signaling is defective in T cells from lupus patients,
and inducing an ERK signaling defect in T cells using a transgenic murine approach resulted
in reduced DNA methyltransferase 1 (DNMTL1) expression, T cell DNA demethylation, and
autoimmunity in vivo [19,20]. Taken together, DUSP5 demethylation might contribute to a
defective ERK signaling pathway in lupus T cells, thereby inducing T cell autoreactivity.

A CG site located in the loci encoding microRNAs miR-497 and miR-195 was
hypomethylated in lupus patients with renal involvement. Both microRNASs target the
MAPK/ERK signaling gene MAPK3 (also known as ERK1). Several other MAPK signaling-
regulated genes were also differentially methylated only in lupus patients with renal
involvement but not lupus patients with no evidence of renal disease. Indeed, MAPKZ1 is the
most significantly identified upstream regulator in unique genes with altered DNA
methylation in lupus patients with renal involvement (P = 9.58 x 1078) (Table 2). Genes
hypermethylated only in lupus patients with renal involvement include CD47 which has
been recently shown to regulate the immunosuppressive function of VEGF in T cells [21],
and CD247 which encodes the T cell receptor zeta chain and is known to be down-regulated
in lupus T cells [22].

A number of interferon-regulated genes are demethylated only in lupus patients with renal
involvement. The gene encoding interferon-regulatory factor 7 (IRF7), which has been
previously identified as a lupus susceptibility gene [23], is demethylated only with renal
involvement in lupus patients in naive CD4+ T cells. At the transcriptional level and in total
CD4+ T cells, IRF-7 expression levels are increased in lupus patients with or without renal
involvement [6]. The lupus risk allele in IRF7 is associated with increased activity of IRF-7
as reflected by a 2-fold increase in interferon-regulated gene expression [23]. The
demethylation we identified in this locus is also consistent with increased transcriptional
accessibility. Subsequent studies have suggested the association between IRF7 lupus risk
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allele and renal disease in lupus patients [24]. IRF-7 is a critical regulator that orchestrates
the entire type-I interferon response [25], and our data indicate that IRF-7 is an upstream
regulator of multiple genes differentially methylated only in lupus patients with renal
involvement (P = 1.78 x 1075). Taken together, these data suggest a potential for genetic and
epigenetic alterations in the same genetic locus to predispose to a specific disease
manifestation, in this case lupus nephritis. Indeed, these data support a role for IRF-7 in
lupus nephritis, and pose the hypothesis that inhibiting IRF-7 might provide a potential
therapeutic benefit for renal involvement in lupus.

We provided evidence to suggest that specific DNA methylation changes might have the
potential to be developed into disease biomarkers. In a heterogeneous disease like lupus,
there is a dire need for the identification of novel biomarkers that can aid in predicting
disease manifestations, disease activity, and response to therapy. We demonstrated that a CG
site located in CHST12 was hypomethylated in lupus patients with renal involvement and
showed a relatively high sensitivity and a reasonable specificity for identifying lupus
patients with a history of renal disease. These data provide a proof of principle only, and
certainly require independent validation in a large cohort. CHST12 encodes carbohydrate
(chondroitin 4) sulfotransferase 12, and is localized to the golgi membrane. It belongs to the
sulfotransferase 2 family and modifies N-acetylgalactosamine residues that are constituents
of chondroitin. Chondroitin sulfate is a proteoglycan present in cartilage, extracellular
matrices, and on the cell surface. Expression profiles in normal human tissues suggest that
the highest levels of CHST12 mRNA expression occur in immune cells, including T cells
[17], though the exact function of this gene in immune responses remains unknown.

5. Conclusion

We performed the most extensive DNA methylation study in naive CD4+ T cells in lupus
and characterized DNA methylation changes in lupus patients with renal involvement. Our
data identified unique loci that are epigenetically altered in the presence of renal
involvement in lupus; some can be potentially useful as novel therapeutic targets.
Importantly, our study provides a proof of principle for exploring specific DNA methylation
changes as biomarkers for specific disease manifestations in lupus. Follow up studies in
larger cohorts, other cell types, and using a longitudinal approach are warranted.
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Fig. 1.

A Venn diagram depicting shared and unique differentially methylated CG sites and genetic
loci in lupus patients with and without renal involvement compared to matched healthy
controls, as well as the top canonical pathways representing these groups of genes.
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Receiver operator characteristic (ROC) curve showing the sensitivity and specificity of the
methylation level (beta) on CG10152449 for lupus renal involvement.

J Autoimmun. Author manuscript; available in PMC 2016 July 01.

100



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Coitetal.

Table 1

Basic demographic information for the patients and healthy controls included in this study.

Renal Non-renal P Value

Patients  Number 28 28 1

Age (mean + SD) 39.82+10.71 41.07+14.70 0.72

Sex (% female) 100% 100% 1

Ethnicity (EA, AA) 17,11 17,11 1

SLEDAI (mean £ SD) 3.36 +3.80 3.21+3.18 0.88
Controls  Number 28 28 1

Age (mean = SD) 40.07+£10.92 41.07+13.73 0.76

Sex (% female) 100% 100% 1

Ethnicity (EA, AA) 17,11 17,11 1

EA, European-American; AA, African-American, SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.

J Autoimmun. Author manuscript; available in PMC 2016 July 01.

Page 13



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Coitetal.

Page 14

Table 2

Upstream regulator analysis in differentially methylated genes shared in lupus patients with and without renal
involvement, differentially methylated genes only in patients with renal involvement, and differentially
methylated genes only in patients without renal involvement.

Upstream regulator P Value  Target differentially methylated genes
Shared IFNA2 6.77E-23 BAG3,CMPK2,DDX58,EIF2AK2,HERCS,|FI44L,IFITL,IFIT3,LY6E,MX1,PARPY,PLSCR1,STAT1,USP18
IFNL1 1.31E-19 DDX58,EIF2AK2,HERCS,|FI44L,IFIT1,IFIT3,MX1,PLSCR1,STAT1,USP18
STAT1 7.22E-16 CMPK2,EIF2AK2,HERC6,HLA-DRB5,IFITLIFIT3,LY6GE,MX1,SMAD3,STAT1,USP18
IFNG 2.54E-15 CMPK2,DDX58,DTX3L,EIF2AK2,HERC6,HLA-DRB1,HLA-DRBS5,IFI44L,IFIT1,IFIT3,LY6E,MX1,PARPY,S\
IRF7 4.67E-14 CMPK2,DDX58,IFI44L,IFIT1,IFIT3,MX1,PLSCR1,STAT1,USP18
Renal involvementonly MAPK1 9.58E-08 ARSB,BST2,CCDC82,EHD1,HERCS,IFI44,IRF7,1SG15,1SG20,PARP12,PPT2,RCAN3
IRF7 1.78E-06 CD80,HERCS,IFI44,IRF7,1SG15,1SG20, TGAX,PARP12
IFNL1 2.03E-06 BST2,CD80,HERCS,IF144,1SG15,1SG20
TLR3 3.53E-06 CD80,HERCS,IFI44,IRF7,1SG15,1SG20,NFE2L3,NFKB1,ZNF644
PAF1 3.88E-06 HERCS,IFI44,1SG15,1SG20,LRRN3
No renal involvement KLF8 1.58E-03 USP44
only
EIF3A 3.68E-03 RPA2
ANGPT2 4.27E-03 GSTT1,RPA2
miR-218 5.78E-03 MDGAlL
TSPYL5 1.20E-02 GABRP

Bolded and unbolded genes are hypermethylated and hypomethylated, respectively, in lupus patients compared to healthy controls.
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