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CD3Z hypermethylation is associated with severe
clinical manifestations in systemic lupus
erythematosus and reduces CD3f-chain expression
in T cells
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Ornella J. Rullo4, Jennifer M. P. Woo4, Deborah K. McCurdy4, Lisa G. Rider5,
Frederick W. Miller5 and Yeong-Wook Song6,7

Abstract

Objective. The importance of hypomethylation in SLE is well recognized; however, the significance of

hypermethylation has not been well characterized. We screened hypermethylated marks in SLE and

investigated their possible implications.

Methods. DNA methylation marks were screened in SLE whole-blood DNA by microarray, and two marks

(CD3Z and VHL hypermethylations) were confirmed by a methylation single-base extension method in two

independent ethnic cohorts consisting of 207 SLE patients and 151 controls. The correlation with clinical

manifestations and the genetic influence on those epigenetic marks were analysed.

Results. Two epigenetic marks, CD3Z and VHL hypermethylation, were significantly correlated with SLE:

CD3Z hypermethylation (odds ratio = 7.76; P = 1.71�10�13) and VHL hypermethylation (odds ratio = 3.77;

P = 3.20�10�8), and the increased CD3Z methylation was correlated with downregulation of the CD3z-
chain in SLE T cells. In addition, less genetic influence on CD3Z methylation relative to VHL methylation

was found in analyses of longitudinal and twin samples. Furthermore, a higher CD3Z methylation level was

significantly correlated with a higher SLE disease activity index and more severe clinical manifestations,

such as proteinuria, haemolytic anaemia and thrombocytopenia, whereas VHL hypermethylation was not.

Conclusion. CD3Z hypermethylation is an SLE risk factor that can be modified by environmental factors

and is associated with more severe SLE clinical manifestations, which are related to deranged T cell

function by downregulating the CD3z-chain.
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Rheumatology key messages

. CD3Z hypermethylation in SLE T cells is correlated with SLE disease severity.

. CD3Z methylation can be related to the reduced CD3z-chain expression in SLE T cells.

. Controlling CD3Z methylation in SLE patients can provide a new therapeutic approach.
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Introduction

SLE is a prototypic autoimmune disease that is related to

abundant production of autoantibodies and formation of

immune complexes. Epigenetic factors are important in

the pathogenesis of SLE [1] because demethylating

agents cause lupus-like symptoms [2, 3]. In accordance

with this, significant epigenetic differences have been re-

vealed in SLE-discordant twins [4], and several hypo-

methylated epigenetic marks in such genes, including

ITGAL (CD11a), PRF1 (perforin), CD70, GADD45A and

IFNs [5�8], were identified, which strongly implicates the

aetiological role of epigenetic factors in SLE. Most stu-

dies, however, have focused on hypomethylated marks,

and hypermethylated marks have not been well charac-

terized thus far. Hypermethylated epigenetic marks can

potentially provide another mechanism for SLE pathogen-

esis. In addition, the associations between epigenetic

marks and clinical manifestations are unclear.

In the present study, we used a microarray method to

screen hypermethylated epigenetic marks in SLE patients

and controls. The methylation single-base extension

(MSBE) method was used to validate those marks in

Korean and American cohorts comprising 207 patients

with SLE and 151 controls. The correlation between the

hypermethylated level of an epigenetic mark and the ex-

pression of its protein was evaluated by FACS analysis.

Environmental and genetic influences on the hypermethy-

lated marks were studied with serial samples collected at

two time points and samples collected from monozygotic

(MZ), dizygotic (DZ) and SLE-discordant MZ (DMZ) twins.

Additionally, the associations between hypermethylation

and clinical manifestations of SLE were evaluated.

Methods

Patients and controls

All patients with SLE met the ACR classification criteria [9].

Use of samples and clinical information for this study was

approved by the Institutional Review Boards of Seoul

National University Hospital, University of California Los

Angeles Medical Center and the National Institutes of

Health. The subject’s written consents were obtained in

compliance with the Declaration of Helsinki, excepting

those for the Korean samples obtained before 2005 for

which consents were waived by the Insitutional Review

Board of Seoul National University Hospital owing to

lack of any relevant law in Korea at that time. The demo-

graphic or clinical characteristics of the American and

Korean study subjects relevant to the microarray analysis

and/or validation are summarized in supplementary

Tables S1 and S2, available at Rheumatology online.

Use of blood DNA samples from patients with breast

cancer was approved by the Institutional Review Board

of the National Cancer Center.

Genome-wide methylation microarray analysis

The Illumina HumanMethylation27 BeadChip (Illumina, San

Diego, CA, USA) was used to screen candidate epigenetic

marks in DNA samples purified from whole blood using the

DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA).

The EZ DNA methylation kit (Zymo Research, Irvine, CA,

USA) was used for bisulfite conversion of blood DNA sam-

ples (500 ng). DNA amplification, hybridization and allele-

specific extension preparatory to the Beadchip array

procedure were performed according to the manufac-

turer’s protocol (Macrogen, Seoul, Korea). The array

slides were scanned on a BeadArray Reader (Illumina).

The image intensities were extracted using Illumina’s

BeadScan software, and the resulting intensity files were

analysed with Illumina’s GenomeStudio software, which

generates b-values (i.e. M/(M + UM), where M is methy-

lated signal intensity and UM is unmethylated signal inten-

sity). The microarray data for all samples are publicly

available at Gene Expression Omnibus (GSE57869,

http://www.ncbi.nlm.nih.gov/geo).

Significant epigenetic marks were selected based on

the following criteria: presence of the probe in the

promoter CpG islands, P < 0.05 by t-test and change in

b-values (mean signal value difference)>0.08 or <�0.08

between the patients with SLE and the controls.

Hierarchical clustering of selected marker genes was per-

formed using Ward’s linkage with Euclidean distance for

samples and Pearson’s correlation coefficients for the

probes. Genes for which DNA methylation levels changed

significantly were analysed for gene networks using the

Ingenuity Pathway Analysis software (Ingenuity Systems;

http://www.ingenuity.com).

Determining promoter methylation

The quantitative MSBE method was used to validate dif-

ferent methylation levels (supplementary Fig. S1A and B,

available at Rheumatology Online). After bisulphite con-

version on 500 ng of whole-blood DNA samples with the

EZ DNA methylation kit (Zymo Research), gene-specific

amplification was performed using the PCR primers

shown in supplementary Table S3, available at

Rheumatology Online, in the following conditions: initial

incubation at 95 �C for 10 min, followed by 35 cycles of

30 s at 95 �C, 30 s at 56 �C and 1 min at 72 �C in a mixture

containing 1�PCR buffer II (Roche, Mannheim, Germany)

with 1.5 mM MgCl2, 0.2 mM dNTPs, 10 pmol of each pri-

mer and 50�100 ng bisulphite-treated genomic DNA. The

amplified products were purified using the AxyPrep PCR

Clean up kit (Axygen, Union City, CA, USA), and the

single-base-extension reaction was performed using the

SNaPshot kit (Applied Biosystems, Foster City, CA, USA)

and the extension primers (supplementary Table S3, avail-

able at Rheumatology Online) in the following conditions:

15 cycles of 10 s at 96 �C, 5 s at 50 �C and 30 s at 60 �C.

The single-base-extended product was analysed on an

ABI sequencer (Applied Biosystems), and the M/UM

ratio was calculated, where M is the peak height of methy-

lated cytosine and UM is that of unmethylated cytosine.

Bisulphite sequencing from cell-line DNA

Bisulphite modification and PCR amplification were per-

formed as described above. Then, the PCR-amplified
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products were subcloned into a T-vector (pGEM-T Easy;

Promega, Madison, WI, USA) and sequenced using the T7

primer. The ratio of methylated-to-unmethylated cytosine

residues within the amplified sequence was used to com-

pare the MSBE results.

T cell sub-fractionation

T cells were isolated by magnetic cell sorting using the

Pan T cell isolation kit II (MACS; Miltenyi Biotech, Bergisch

Gladbach, Germany) in 22 peripheral blood samples from

the patients with SLE. Briefly, a freshly prepared periph-

eral blood lymphocyte suspension in MACS buffer (0.5%

BSA and 2 mM EDTA in PBS) and antibody in the kit were

incubated for 10 min at 4 �C. After adding microbeads, the

mixture was incubated for 15 min at 4 �C and applied to

the column. The eluate was used as an enriched T cell

fraction.

CD3z-chain-expressing T cell fraction by FACS
analysis

Peripheral blood lymphocytes were separated from

heparinized peripheral blood of 22 SLE patients by

Ficoll-Paque PLUS (GE Healthcare, Uppsala, Sweden)

density-gradient centrifugation and immediately sub-

jected to FACS, using a FACScan flow cytometer (BD

Biosciences, San Diego, CA, USA), CellQuest software

(BD Biosciences), anti-CD3e-FITC for the T cell surface

glycoprotein CD3e-chain (BD Biosciences) and anti-

CD3z-chain phycoerythrin for the T cell surface glycopro-

tein CD3z-chain (Beckman Coulter, Marseille Cedex 9,

France). CD3z-chain expression was determined by the

bright/dim ratio of the cells expressing high (CD3z
bright) or low (CD3z dim) levels of the T cell surface glyco-

protein CD3z-chain, as described previously [10].

Clinical analysis

The patients’ clinical information was obtained by review-

ing patient records within 1 month of blood sampling.

Based on the daily CS dosage and use of immunosup-

pressants throughout the 3 months before the sampling

date, the patients were classified as follows: low-dose CS

(lowS; 410 mg/day prednisolone); high-dose CS (highS;

>10 mg/day prednisolone); and immunosuppressant sub-

groups (Imm; use of CYC, AZA, MTX, tacrolimus or MMF)

regardless of CS use.

Statistical analyses

Student’s unpaired t-test was used to select the candi-

date epigenetic marks from the BeadChip microarray

data, and the two-sided Mann�Whitney U-test was used

to validate the candidate epigenetic marks. The bisulfite

sequencing and MSBE results were analysed using the

two-sided Pearson’s correlation analysis after logarithmic

transformation. Logistic regression was used to estimate

the odds ratios (ORs) and 95% CIs for the SLE risk of DNA

methylation. The intraclass correlation (ICC) test was used

to analyse the correlation in methylation levels between

the MZ, DZ or SLE DMZ twin pairs. The two-sided

Pearson’s correlation test was used after logarithmic

transformation to correlate CD3Z methylation from

whole-blood or T cells with the CD3z-chain bright/dim

ratio. Correlations between CD3Z methylation level in

the whole-blood and T cell DNA were tested using the

two-sided Pearson’s correlation test after logarithmic

transformation. Correlations between CD3Z methylation

and clinical parameters were analysed using the two-

sided Mann�Whitney U-test. SAS (SAS Institute, Cary,

NC, USA) and GraphPad Prism version 5 software

(GraphPad Software, San Diego, CA, USA) were used

for all statistical analyses.

Results

Screening of SLE epigenetic marks by microarray

Epigenetic marks with differential methylation levels in the

patients with SLE were screened by microarray using six

SLE and six control blood DNA samples. Thirty-seven

candidate epigenetic marks (Fig. 1A) were selected after

screening across �27 000 probes, based on the criteria

specified in the Methods section; 14 were hypomethy-

lated in the patients with SLE and 23 hypermethylated

(Fig. 1A).

Validation of epigenetic marks

Out of 37 candidate marks, eight candidate ones (CD3Z,

VHL, ADA, S100G, LPIN2, UBE4A, EPHA2 and KCNA3),

for which immunological functions have been reported

(supplementary Table S4, available at Rheumatology

Online), were validated with the MSBE method for their

differential methylation. An analysis using the Ingenuity

Pathway Analysis program revealed a gene list with differ-

ential promoter CpG island methylation (supplementary

Table S5, available at Rheumatology Online), on which

the two marks, namely those in CD3Z and VHL, were

most significant.

MSBE assays were established for eight candidate epi-

genetic marks, and two of these are shown in supplemen-

tary Fig. S1A and B, available at Rheumatology Online.

Significant correlations were observed between the

MSBE and bisulfite sequencing results for two epigenetic

marks (R = 0.9429, P = 0.0167 for CD3Z; and R = 0.9367,

P = 0.0059 for VHL; supplementary Fig. S1C and D, avail-

able at Rheumatology Online), indicating the reliability of

the MSBE method to quantify the methylation level. With

the MSBE method, the whole-blood DNA samples of 14

patients and 14 controls were tested. Significantly higher

methylation levels of three marks, namely those in CD3Z

(P = 0.0002), VHL (P = 0.0229) and ADA (P = 0.0203), and

significantly lower methylation levels of two marks, namely

those in EPHA2 (P = 0.0366) and KCNA3 (P = 0.0326),

were reproduced (Fig. 1B�I).

Given that general T cell hypomethylation [11] and sev-

eral hypomethylated marks [5�7] have already been re-

ported, only two marks with higher methylation levels

(i.e. CD3Z [CD247, OMIM 186780] and VHL [OMIM

608537]) were further validated in the present study

using 157 Korean patients with SLE and 101 Korean con-

trols. A significant increase in DNA methylation was also
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observed in the Korean patients with SLE (Fig. 2A and B;

P< 0.0001 for the two marks). The age-adjusted ORs

for SLE risk, when the cut-off value was set at the

median for the methylated vs the unmethylated peak

ratio in the controls, were 15.49 for CD3Z and 3.85 for

VHL (Table 1).

The significance of two marks found in the Korean

patients with SLE was also observed in another validation

set comprising 50 American patients with SLE (USA-SLE

in Fig. 2A and B) and 50 American controls (USA-C in Fig.

2A and B); the age-adjusted ORs for SLE risk were 4.53

for CD3Z and 4.18 for VHL (Table 1). When the all cases

and controls for both countries were analysed together,

the age-adjusted ORs for SLE risk were 7.76 for CD3Z

(P = 1.71�10�14) and 3.77 for VHL (P = 3.20�10�8).

Downregulation of the CD3z-chain in T cells has also

been reported in patients with breast cancer [12]. The

CD3Z methylation level was measured in whole-blood

DNA from patients with breast cancer (n = 21), but no sig-

nificant difference (Mann�Whitney U-test, P = 0.5911) was

found from that of the controls (supplementary Fig. S2,

available at Rheumatology Online). At the same time, the

VHL methylation level was not significantly different in pa-

tients with breast cancer (P = 0.9471; supplementary Fig.

S2, available at Rheumatology Online).

We compared our data with the previously reported re-

sults of Coit et al. [13], who identified 44 significant epi-

genetic marks (for 86 probe sites). When we applied our

criteria on those marks, four marks (CD3Z, PLSCR1,

PRIC285 and TRIM22) were significant, and the directions

FIG. 1 Microarray analysis for epigenetic marks and validation using the methylation single-base extension method

(A) Heatmap of genes showing differential DNA methylation levels in their CpG islands between patients with SLE

(SLE1�SLE6) and controls (C1�C6). Thirty-seven candidate epigenetic marks were selected and hierarchical clustering

was performed. Hypermethylated marks are shown in the upper panel and hypomethylated marks in the lower panel.

Higher methylation levels are shown in red and lower methylation levels in green. Colour intensity reflects the magnitude

of the methylation level. Among the 37 marks, eight epigenetic marks in the CD3Z (B), VHL (C), ADA (D), S100G (E), LPIN2

(F), UBE4A (G), EPHA2 (H) and KCNA3 (I) genes, which have known immunological functions, were further validated

using the methylation single-base extension method. Statistical differences were determined by the Mann�Whitney U-

test for each mark. Horizontal lines are the median M/UM values, where M is height of the methylated cytosine peak, and

UM is that of the unmethylated cytosine peak, in the methylation single-base extension results.
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of the methylation level increase or decrease were con-

sistent for all marks (supplementary Fig. S3, available at

Rheumatology Online). Even after extending our criteria as

shown in the legend of supplementary Fig. S3, available at

Rheumatology Online, the directions were again consist-

ent for all seven significant marks.

Correlation between CD3Z methylation level and the
CD3z-chain-expressing T cell fraction

A significant positive correlation of CD3Z methylation

levels was found between whole-blood cells and T cells

in 22 SLE patients (P = 0.0293; Fig. 3A). Furthermore, the

CD3z-chain-expressing T cell fraction was inversely cor-

related with the CD3Z methylation level in whole-blood

DNA (P = 0.0086; Fig. 3D) and with that in T cell DNA

(P = 0.0064; Fig. 3E), indicating that CD3Z methylation in

whole-blood cells is related to both CD3z-chain-express-

ing T cells and the CD3Z methylation levels in T cells. For

this analysis, CD3z-chain expression in the T cell fraction

was evaluated by the CD3z-chain bright/dim ratio among

the CD3e-chain-positive cells (Fig. 3B and C).

DNA methylation levels for two marks during the SLE
disease course

Serial samples from 16 SLE cases at two time points were

analysed to evaluate changes in DNA methylation

levels during the SLE disease course. The median time

difference between the two blood samples was 24.2

FIG. 2 CD3Z and VHL methylation levels in Korean and American patients with SLE and controls

The Korean patients with SLE (Ko-SLE, n = 157) showed significantly higher CpG islands methylation levels for the CD3Z

(A) and VHL (B) marks than those observed in controls (Ko-C, n = 101). Significantly higher methylation for the two marks

was also observed in the American cohorts (USA-SLE, American patients with SLE, n = 50; and USA-C, American controls,

n = 50). P-values were determined with the Mann�Whitney U-test. The Y-axis is the M/UM ratio, where M is height of the

methylated cytosine peak, and UM is that of the unmethylated cytosine peak, in the methylation single-base extension

results. Horizontal lines are the median M/UM values, and the first and third quartile values for each group are shown.

TABLE 1 Higher CD3Z or VHL methylation levels in patients with SLE

Gene Country M/UM ratioa
Control Case

Odds ratiob (95% CI) P-valuen (%) n (%)

CD3Z Korea High (50.755) 48 (50.0) 147 (74.9) 15.49 (7.10, 33.78) 5.58�10�12

Low (<0.755) 48 (50.0) 10 (25.1)

USA High (51.010) 25 (50.0) 41 (82.0) 4.53 (1.78, 11.49) 1.47�10�3

Low (<1.010) 25 (50.0) 9 (18.0)
Total High (50.833) 73 (50.0) 183 (88.4) 7.76 (4.50, 13.38) 1.71�10�13

Low (<0.833) 73 (50.0) 24 (11.6)
VHL Korea High (50.333) 51 (50.0) 123 (78.3) 3.85 (2.20, 6.73) 2.25�10�6

Low (<0.333) 50 (50.0) 34 (21.7)

USA High (50.341) 25 (50.0) 40 (80.0) 4.18 (1.67, 10.44) 2.21�10�3

Low (<0.341) 25 (50.0) 10 (20.0)

Total High (50.336) 76 (50.3) 162 (78.3) 3.77 (2.35, 6.03) 3.20�10�8

Low (<0.336) 75 (49.5) 45 (21.7)

aThe median M/UM ratios in the controls were used as cut-off values. bOdds ratios are adjusted by age, sex and ethnicity.

M: peak height of methylated cytosine; UM: peak height of unmethylated cytosine.
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months (interquartile range: 16.3�118.3 months). The cor-

relation of the CD3Z methylation levels between the two

time points from each patient was not significant

(Mann�Whitney U-test, P = 0.055, R = 0.488; Fig. 4A), indi-

cating that the CD3Z methylation level can change during

the SLE disease course. In contrast, the DNA methylation

levels between the two time points from each patient were

closely correlated for VHL (P< 1.00� 10�5, R = 0.942;

Fig. 4B), suggesting that the VHL methylation level is rela-

tively stable during the SLE disease course.

Correlation of CD3Z and VHL methylations between
MZ, DZ or SLE DMZ twin pairs

Methylation levels in whole-blood DNA were compared

between pairs of MZ or DZ healthy female twin controls

to determine the genetic or environmental influences.

CD3Z methylation levels were not correlated between

the MZ (ICC coefficient, 0.354; 95% CI:�0.053, 0.660;

Fig. 4C) or DZ twins (ICC = 0.229; 95% CI:�0.275,

0.634; Fig. 4D), indicating an effect of environmental fac-

tors on CD3Z methylation level. However, VHL levels were

significantly correlated between the MZ pairs (ICC = 0.665;

95% CI: 0.362, 0.841; Fig. 4F) but not between the DZ

pairs (ICC = 0.148; 95% CI:�0.350, 0.581; Fig. 4G), sug-

gesting less influence of environmental factors on VHL

methylation level. Likewise, CD3Z methylation level was

not correlated between pairs of DMZ twins with SLE (ICC

= 0.039; 95% CI:�1.306, 0.755; Fig. 4E). However, VHL

methylation level was correlated (ICC = 0.945; 95% CI:

0.754, 0.989; Fig. 4H), demonstrating that the SLE disease

process or therapy may have no effect or a minimal effect

on VHL methylation level, which is consistent with the re-

sults for the healthy twin pairs.

Correlations between methylation level and various
clinical parameters in patients with SLE or with var-
ious treatments

In the clinical correlation analysis of DNA methylation

levels, higher CD3Z methylation was significantly corre-

lated with the SLE disease activity index (P = 0.034),

proteinuria (5500 mg/day, P = 0.018), thrombocytopenia

(<100 000/mm3, P = 0.012), haemolytic anaemia

(P = 0.001) and higher anti-dsDNA antibody titre

(P = 0.027; Fig. 5A). However, higher VHL methylation

was not significantly correlated with these clinical param-

eters (Fig. 5B). The correlation between methylation levels

and the other clinical parameters is shown in supplemen-

tary Fig. S4, available at Rheumatology Online.

The three treatment subgroups (lowS, highS and Imm)

were analysed to determine correlations between methy-

lation level and SLE drug treatment. Use of HCQ was not

considered, because no correlation with methylation level

was found (data not shown). CD3Z methylation levels dif-

fered significantly among the subgroups (Fig. 5C); the

highS (P = 0.002) and the Imm subgroups (P = 0.009) had

significantly higher CD3Z methylation levels than those in

the lowS subgroup. Considering that highS or immuno-

suppressant treatments are usually administered to pa-

tients resistant to lowS, CD3Z hypermethylation could

be related to a more severe disease course. However,

VHL (Fig. 5D) methylation levels were not significantly dif-

ferent among the three treatment subgroups.

FIG. 3 Correlations between whole-blood or T cell CD3Z methylation level and CD3z-chain-expressing T cells

(A) CD3Z methylation levels between whole-blood and T cells of the 22 patients with SLE were significantly correlated. (B

and C) A flow-cytometric analysis was performed to measure the CD3z-chain-expressing T cells, and the CD3z-chain

bright/dim ratio was determined among the CD3e-chain-positive cells in the controls (B) and the patients with SLE (C). (D

and E) The number of CD3z-chain-expressing T cells was correlated with the CD3Z methylation levels in whole-blood

cells (D) and T cells (E) of the patients with SLE. Pearson’s correlation analysis was performed after logarithmic trans-

formation of the values. WB: whole blood.
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Discussion

In the present study, we identified two hypermethylation

marks in the CD3Z and VHL gene promoters in SLE pa-

tients, and these marks were confirmed in two independ-

ent cohorts, suggesting that they are epigenetic risk

factors for SLE. A significant inverse correlation between

CD3Z methylation level and CD3z-chain-expressing T

cells in the present study suggests that CD3Z hyper-

methylation can be a mechanism for downregulation of

the CD3z-chain in SLE T cells. In clinical correlation,

CD3Z hypermethylation was related to more severe clin-

ical manifestations of SLE and with more intensive drug

treatment.

Abundant production of autoantibodies and the forma-

tion of immune complexes cause tissue damage; there-

fore, SLE is considered a B cell disease. However, the

importance of helper T cells for triggering B cell immunity

has also been recognized with the defective CD3z expres-

sion or function [14�17]. Reduced expression of the CD3z-
chain has also been recognized in patients with cancer,

infection and other autoimmune diseases, such as RA, but

it is transient [18]. In contrast, reduced CD3z-chain ex-

pression is maintained throughout the SLE disease

course in more than half of patients [19�21].

Several mechanisms for the CD3z-chain downregula-

tion in patients with SLE have been suggested, including

low transcriptional activity, increased ubiquitination

and increased caspase 3-dependent proteolysis [18].

Mutations or deletions in CD3Z [22] and abnormal CD3z-
chain transcripts [15, 22�24] have also been reported, but

their roles in CD3z-chain downregulation in SLE T cells are

not clear. In our present study, a significant increase in

CD3Z hypermethylation in patients with SLE and its sig-

nificant correlation with the reduced CD3z-expressing T

cell fraction suggest that CD3Z hypermethylation may

be a mechanism for CD3z-chain downregulation.

Although downregulation of the CD3z-chain has also

been reported in patients with breast cancer [12], our re-

sults show that the CD3Z methylation level was not sig-

nificantly different in patients with breast cancer, which

was related to previous reports suggesting that the mech-

anism of reduced CD3z-chain expression in cases other

than SLE may be different [18�21]. Therefore, CD3Z

hypermethylation in patients with SLE may be a mechan-

ism for the sustained downregulation of the CD3z-chain in

patients with SLE. To the best of our knowledge, this is the

first report suggesting a relationship between CD3Z

hypermethylation and CD3z-chain downregulation in pa-

tients with SLE.

CD3Z methylation levels were significantly higher in pa-

tients with higher SLEDAI and more severe clinical mani-

festations, such as proteinuria, thromobocytopenia,

haemolytic anaemia and a higher anti-dsDNA titre.

Furthermore, CD3Z methylation levels were significantly

higher in patients with more intensive drug treatments,

which are administered to patients with severe symptoms

or to patients unresponsive to low-dose CS treatment,

suggesting that a higher CD3Z methylation level is related

to more severe disease. SLEDAI [25] and the anti-dsDNA

titer are the most commonly used indicators for disease

activity, but our results suggest that CD3Z methylation

may be another excellent indicator.

We suggested that CD3Z methylation can be one of the

environmentally modified epigenetic factors, which drew

attention because they explain several characteristics that

single nucleotide polymorphisms cannot, such as age de-

pendency and the disease severity of multifactorial dis-

eases [26]. Correspondingly, several twin studies have

identified non-heritable epigenetic modulations occurring

FIG. 4 Longitudinal changes and environmental influences in methylation levels

(A and B) The longitudinal changes in CD3Z (A) and VHL (B) methylation levels from blood samples taken at two time

points (P1 and P2, where P1 is the earlier point) in SLE patients (n = 16) are shown. (C�H) Difference in methylation level

between pairs of monozygotic (MZ; C and F; n = 22), dizygotic (DZ; D and G; n = 15) and SLE-discordant MZ (DMZ; E and

H; n = 8) twins were analysed. The MZ and DZ twins were controls without SLE. Twin sisters 1 and 2 (MZ1 and MZ2 or

DZ1 and DZ2) were assigned randomly.
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during ageing or disease processes [27�30]. In SLE, non-

heritable epigenetic modulation has also been demon-

strated in discordant twin samples [4]. In the present

study, we showed that CD3Z methylation was not con-

sistent in MZ SLE twins and not stable during the disease

course, suggesting a greater environmental influence on

CD3Z methylation. Notably, the OR for SLE risk of envir-

onmentally modifiable CD3Z methylation was higher (OR

= 15.49 in Korean patients with SLE) than for VHL methy-

lation, which may underscore the importance of non-

heritable epigenetic factors in the pathogenesis of SLE.

Our analyses of twin and serial SLE samples indicated

that VHL methylation can be a heritable risk factor for SLE.

The VHL methylation level was maintained stably in the

serial samples during the median 2-year SLE disease

course. In addition, the VHL methylation level was signifi-

cantly correlated between the MZ twin pairs, but not be-

tween the DZ pairs. Furthermore, the VHL methylation

level was significantly correlated between the SLE DMZ

twin pairs. These results point to a more heritable nature

for VHL methylation. Although epigenetic inheritance in

humans is not considered a major determinant of disease

susceptibility because of an efficient eraser of epigenetic

marks during the early embryonic period [31], recent re-

ports suggest the existence of such inheritance in Lynch

syndrome [32, 33] or chronic lymphocytic leukaemia [34].

The suggestion that VHL methylation is a heritable risk for

SLE in the present study may be preliminary because of

the limited twin samples, but this could be another dem-

onstration of the heritable epigenetic risk for multifactorial

FIG. 5 Correlations between DNA methylation level and clinical parameters

(A) Higher CD3Z methylation was related to higher SLEDAI, proteinuria, thrombocytopenia (TCP), haemolytic anaemia

(HA) and a higher anti-dsDNA titer (a-DNA). Median values were used to divide the SLEDAI and anti-dsDNA titre sub-

groups. (B) VHL methylation was not correlated with any of the clinical manifestations. (C) The CD3Z methylation level

was significantly higher in the high-dose CS-treated subgroup (highS; prednisolone >10 mg/day, P = 0.002) and im-

munosuppressant-treated subgroup (Imm; P = 0.009) than that in the low-dose CS-treated subgroup (lowS; prednisolone

410 mg/day). (D) VHL methylation levels were not different among the three treatment subgroups. Horizontal lines are

median M/UM values, where M is height of the methylated cytosine peak, and UM is that of the unmethylated cytosine

peak, in the methylation single-base extension results. Case number (N) is shown.
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diseases. The involvement of VHL product in immune

regulation has been posited [35, 36]. However, no role

for VHL has been described in SLE. Identifying VHL

methylation as a risk factor for SLE in the present study

could provide further insights into SLE pathogenesis.

In conclusion, we identified novel hypermethylation

marks, such as CD3Z and VHL hypermethylation, as

risks for SLE. In particular, CD3Z hypermethylation,

which is an environmentally modified epigenetic mark,

could provide an important mechanism for the CD3z-
chain downregulation in SLE T cells. Furthermore, we

found that DNA hypermethylation of CD3Z was asso-

ciated with more severe clinical manifestations in patients

with SLE, suggesting that CD3Z hypermethylation is a dis-

ease severity marker. Our results will contribute signifi-

cantly to the current understanding of the epigenetic

factors at play in the pathogenesis of SLE; thus, opening

avenues for further research into epigenetic pathogenesis

in human multifactorial complex diseases.
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