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Objective: Histone modifications set transcriptional competency and can perpetuate 
pathologic  expression patterns. We defined systemic lupus erythematosus (SLE)-
specific changes in H3K4me3 and K3K27me3, histone marks of gene activation and 
repression, respectively. Methods: We used ChIP-seq to define histone modifications 
in monocytes from SLE patients and controls. Results: Both promoters and enhancers 
exhibited significant changes in histone methylation in SLE. Regions with differential 
H3K4me3 in SLE were significantly enriched in potential interferon-related transcription 
factor binding sites and pioneer transcription factor sites. Conclusion: Enhancer 
activation defines the character of the cell and our data support extensive disease 
effects in monocytes, a particularly plastic lineage. Type I interferons not only drive 
altered gene expression but may also alter the character of the cell through chromatin 
modifications.
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Systemic lupus erythematosus (SLE) is a sys-
temic autoimmune disease characterized by 
antibodies directed to nuclear antigens and 
chronic inflammation typically including 
skin, kidneys and joints. In spite of signifi-
cant advances in treatment, the majority of 
patients have life-long disease with loss of 
economic potential and quality of life  [1–3]. 
A consistent feature of studies designed to 
investigate the immunologic features of SLE 
has been the identification of an interferon 
signature  [4–6]. This is reflected in the acti-
vation of genes downstream of type I inter-
ferons. The mechanism by which type I 
interferons drive the disease process is not yet 
fully defined, but they contribute to antigen 
presentation and loss of B cell tolerance.

The type I interferon signature is seen in 
over half of SLE patients in spite of infre-
quent detection of the interferons them-
selves. Whether this relates to the sensitiv-
ity of the assays, episodic production of 
type I interferons or other mechanisms is 
not understood. One potential explanation 
is that the interferons reset the epigenetic 

landscape which facilitates the expression of 
downstream genes. To date, most investiga-
tions of the epigenome in SLE have focused 
on DNA methylation  [7–10]. Those studies 
have demonstrated that SLE is associated 
with a dramatic change in the overall DNA 
methylation pattern. DNA demethylation 
drives pathologic gene expression and may 
integrate diet, infection and hereditary influ-
ences  [8,11–12]. Furthermore, demethylated 
DNA is more immunogenic, contributing 
to autoantibody formation, thus participat-
ing in disease at multiple levels. Less atten-
tion has been paid to histone modifications. 
Our group and others  [13] have begun to 
assess specific histone modification patterns 
in SLE and have found a landscape that is 
highly dysregulated, as was seen for DNA 
methylation. Therefore, the epigenome is 
widely altered in SLE and additional stud-
ies are required to establish mechanisms and 
consequences. Our previous data demon-
strated that H4 acetylation was significantly 
different in SLE monocytes with increased 
H4 acetylation seen at potential IRF1 bind-
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ing sites and we went on to show that IRF1 binding is 
increased at loci with increased expression in SLE. The 
IRF1 binding sites seemed to be embedded in peaks 
of H3K4me3. This study was performed to examine 
whether the H3K4me3 pattern overall was impacted 
by SLE and whether examination of sequences within 
the H3K4me3 peaks altered in SLE could define 
pathways that for therapeutic targeting.

The myeloid lineage has been extensively examined 
because monocytes and macrophages are highly plas-
tic cells that modulate their character depending on 
developmental signals and environmental cues  [14–16]. 
Myeloid cell subsets are initially defined by the binding 
of pioneer transcription factors to enhancer elements. 
These set the enhancers to a poised state, defining a set 
of genes competent for expression in that lineage  [16]. 
Enhancers become reversibly activated upon addi-
tional environmental cues with distinct sets of enhanc-
ers defining the character of the cell. This model has 
recently been shown to be true in all terminally dif-
ferentiated cells  [17]. The regulatory motifs define the 
character of the cells and recent studies have found 
enrichment of disease-associated genetic variants in 
regulatory regions, leading to speculation that some 
variants contribute to disease susceptibility by alter-
ing binding of critical transcription factors  [18]. The 
current study was designed to investigate histone H3 
methylation using ChIP-seq to gain further insights 
into the altered epigenome of SLE patients. We found 
that H3 methylation at both promoters and enhanc-
ers was highly altered in SLE. Increased expression was 
associated with increased transcription start site (TSS) 
H3K4me3, activation of monocyte-specific enhancers 
and a higher number of enhancers. Enhancers largely 
determine cell-state specific gene expression and an 
altered enhancer landscape would be expected to 
contribute to aberrant cell behavior in SLE.

Methods
Patients & cells
Monocytes were purified from healthy female con-
trols (with no medical conditions other than inactive 
allergies) and female SLE patients by adherence as 
previously described [19–23]. CD14 staining confirmed 
>90% purity. The main identifiable contaminant was 
CD19 B cells; however, the majority of non-CD14+ 
cells were not identifiable using standard flow staining. 
The controls and the SLE samples were comparable 
in the average of non-CD14+ cells in the preparations. 
Clinical characteristics of the patients used for ChIP-
seq have been previously reported and are summarized 
in Supplementary Table 1 [24]. Patients were selected for 
low disease activity and minimal medications to limit 
confounders related to medications. The organ system 

involvement and autoantibodies given in the table are 
cumulative to the date of the sample and the SLEDAI is 
from the day of the sample. Samples for qRT-PCR also 
came from Johns Hopkins and clinical characteristics 
are summarized in Supplementary Table 2. All patients 
and controls were female and were age-matched. This 
study was approved by the Johns Hopkins Institutional 
Review Board.

THP1 cells were used as a monocytic cell line. They 
were maintained in 10% cosmic calf serum. Stimu-
lations were performed with IFN-α2 (PBL Assay 
Science, NJ, USA)

Chromatin immunoprecipitation & qRT-PCR
Immunoprecipiation of histones was carried out as pre-
viously described  [19–20,25–26] and utilized H3K4me3 
(Active Motif, Carlsbad, CA, USA) and H3K27me3 
(Millipore, Temecula, CA, USA). Immunoprecipita-
tion with anti-GST (Invitrogen, Camarillo, CA, USA) 
and input were used to define background. The same 
samples had parallel RNA-seq performed, which has 
been previously reported  [24]. The library preparation 
utilized the SOLiD ChIP-seq kit and was performed 
according to the manufacturer’s instructions. ChIP 
assays were performed to investigate target genes using 
the same antibodies. The signal was normalized to 
10% input using the following formula 2-ΔCT. Primer 
sequences for IFITM1 and IL18R ChIP assays were:

•	 IFITM1-TSS-Forward: TGCACAAGGAGGAAC 
ATGAG;

•	 IFITM1-TSS-Probe: CAGCACCATCCTTCCAA 
GGTCCA;

•	 IFITM1-TSS-Reverse: GTCTCGCTGTGGATG 
TTGAT;

•	 IFITM1-3801FWD: CTTCATCCAGGACCGA 
AGTAAG;

•	 IFITM1-3801Probe: TGCAGGAAATGAGTGT 
TTCACAGCT;

•	 IFITM1-3801Rev: TGACCAACCTGCTCATGA 
AA;

•	 IL18R1-6604F1: CCCAGACCGCTACACTC;

•	 IL18R1-6604Probe: TTAGCAGCCAGGAGCTG 
CCA;

•	 IL18R1-6604 R1: GGAACAGAAAGAAGAAT 
GTCAGG.
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Figure 1. The correlation between H3K4me3 and H3K27me3 around transcription start sites and transcription 
level of the genes associated with the transcription start sites. (A) The correlation coefficients were computed 
with nonparametric Spearman’s method. The strength of the correlation was tracked along the relative 
location toward the TSSs. Levels of H3K4me3 were positively associated with transcript abundance and levels 
of H3K27me3 were negatively associated with transcript abundance. (B) Classification of TSSs based on their 
H3K4me3 and H3K27me3. Average H3K4me3 and H3K27me3 between -250bp and +250bp of each TSS were 
computed and plotted after adjusting to background signals and log10-transformation. The bimodal and 
trimodal distributions of H3K4me3 and H3K27me3 were also plotted along the sides of the scatterplot. The 
circled dashed lines represent the borders of clustered TSSs. TSSs of these three clusters were used as seeds 
of an SVM model to classify other TSSs (Supplementary methods) and extra TSSs of each class were identified 
by the model. TSSs labeled in gray were ones that could not be definitively classified into any class, which 
accounted for about 8% of the total TSSs. (C) The barplot shows the average transcription level of genes 
associated with each class. Genes associated with class III TSSs had higher transcription level while class II TSSs 
were associated with transcription level lower than global average (the dashed line).  
TSS: Transcription start site. 
For color images please see online at www.futuremedicine.com/doi/full/10.2217/epi.15.47
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qRT-PCR was used to define quantitative differ-
ences in RNA abundance. The Clontech Advantage 
RT for PCR kit (Clontech, CA, USA) was used to 
generate cDNA. Gene expression was detected by 
real-time PCR using the TaqMan 7900. The primers 
for each target were purchased from Life technologies 
(NY, USA). Transcript levels were normalized to the 
18S signal.

Bioinformatics
Both histone modifications were measured by ChIP-
seq in six SLE patients and six control samples. The 
binding of transcription factor IRF1 and the transcrip-
tome of the same samples have been previously mea-
sured by ChIP-seq and RNA-seq, respectively  [24,27]. 
The ChIP-seq reads of both histone modifications 
were mapped to human reference genome (hg19), after 
which the sequencing depth around 27,588 uniquely 
located TSSs annotated by RefSeq was summarized to 
obtain a measurement for each TSS and sample. The 
measurements were first normalized between samples 

and then adjusted by subtracting background signal 
measured by input controls. We used the CHOP-seq 
pipeline we developed with further refinements  [28]. 
We defined promoters and TSS as -250-+250 bp from 
the TSS and distal promoters as -250–1 kb from the 
TSS. Enhancers were required to be >1 kb from the 
nearest TSS. Additional information is available in 
the Supplementary methods.

Results
Characteristics of H3K4me3 & H3K27me3 
patterns
We first evaluated our data for conformity with expected 
patterns as a validation strategy. H3K4me3 is a mark of 
gene activation that has been widely used to define reg-
ulatory regions and H3K27me3 is classically associated 
with repression. We identified peaks of H3K4me3 and 
H3K27me3 in 12 ChIP libraries (six SLE, six healthy 
controls) and using 4 libraries of DNA input samples 
as background controls. As expected, H3K4me3 
was predominantly enriched around TSSs whereas 
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H3K27me3 had broad peaks with slight enrichment 
around TSSs (Supplementary Figures 1 & 2). High 
H3K4me3 was associated with high RNA abundance 
and high H3K27me3 was associated with low RNA 
abundance (Figure 1A). H3K4me3 and H3K27me3 at 
TSSs were negatively correlated (correlation coefficient 
= -0.47), as expected). The levels of both modifications 
were not evenly distributed and formed three distinc-
tive classes (Figure 1B & C). Class I TSSs had low levels 
of both histone modifications and a moderate expres-
sion level of transcripts downstream of these TSSs; 
class II TSSs had high H3K27me3, low-to-medium 
H3K4me3 and repressed expression of downstream 
transcripts; class III TSSs had low H3K27me3 with 
high H3K4me3 and high expression of downstream 
transcripts. Over 90% of all RefSeq TSSs could be 
classified into one of these classes. Although not form-
ing a distinct set, genes with both high H3K4me3 and 
high H3K27me3 are considered poised. Therefore, 
our ChIP-seq results appeared to conform with the 
previously identified characteristics associated with 
H3K4me3 and H3K27me3 [29].

Differential H3K4me3 & H3K27me3 in SLE
To understand whether H3 methylation was affected 
in SLE monocytes, we first evaluated overall pat-
terns. Principal component analysis of H3K4me3 
and H3K27me3 at all TSSs showed that SLE patients 
had modified patterns of both histone modifications 
(Figure 2A). More TSSs had significant changes of 
H3K4me3 in SLE than H3K27me3 changes (1788 vs 
815; p < 0.01). Changes in the two histone modifica-
tions were negatively correlated (Pearson’s r = 0.091; 
p = 2.3E-52). TSSs not belonging to any of the three 
classes identified in Figure 1 were 3.3-times more likely 
to have significant changes of either histone modifica-
tion (p = 3.0E-18), suggesting that these poised sites 
were susceptible to inflammatory influence. The stron-
gest associations were between increased transcript 
abundance and increased H3K4me3 at the promoter. 
Strong associations were also seen between increased 
H3K4me3 and decreased H3K27me3 and vice versa 
(Figure 2B). These are expected relationships and give 
confidence in the validity of the data.

To gain insights into the types of genes impacted 
by H3 methylation changes in SLE, we used DAVID 
to identify gene sets  [30]. Genes with increased TSS 
H3K4me3 in SLE were enriched with the immuno-
globulin superfamily of genes (n = 15; p = 1.1E-7). 
Genes with decreased TSS H3K4me3 in SLE were 
enriched with immune response genes, particularly 
MHC class II genes (n = 7; p = 2.5E-10). There-
fore, TSS with altered H3K4me3 were enriched in 
immunologically active genes.

More than 80% of the sites with a significant 
change in H3K4me3 were intronic or intergenic 
(Supplementary Figure 3). We hypothesized that dif-
ferential H3K4me3 and H3K27me3 in SLE occurs 
in other regulatory regions, such as enhancers, insula-
tors and intragenic promoters. The ENCODE project 
identified 136,573 DNase hypersensitivity sites (DHS) 
in CD14+ monocytes. DHS sites typically mark regu-
latory regions. 3705 of these regions were generic to 
all 125 cell types included in the ENCODE data set 
whereas 5202 were unique to monocytes. In the fol-
lowing analyses, the 136,573 DHS regions found in 
monocytes will be referred to as the monocyte DHS 
regions. Monocyte DHS regions were more likely to 
have significant H3K4me3 changes in SLE than generic 
DHS (Supplementary Figure 4). This strongly supports 
the hypothesis that SLE-specific H3K4me3 changes 
preferentially occurred within regions with regulatory 
functions. We therefore examined regulatory regions 
in greater detail.

Differential H3K4me3 & H3K27me3 at 
promoters
The histone modifications associated with active, 
repressed, poised and intermediate transcription are 
now well understood. We used this framework to under-
stand the changes seen in SLE. Of the monocyte DHS 
regions, 16,194 had a promoter-like histone signature 
in ENCODE (high H3K4me3, low H3K4me1 and low 
CCCTC binding factor [CTCF] binding). About 90% 
of these regions were intragenic or located within proxi-
mal upstream regions of genes. 4583 of these promoter 
sites (28%) had SLE-specific alterations in H3K4me3 
and 1714 sites (11%) had SLE-specific alterations in 
H3K27me3. Promoters defined by annotation within 
1 kb of a TSS were 2.5-fold more likely have increased 
H3K4me3 than decreased H3K4me3. However, pro-
moters more distal to the TSS were more likely to have 
decreased H3K4me3 than increased H3K4me3 in 
SLE. This suggested a complexity to the architecture 
at each locus. Promoters with decreased H3K4me3 
and H3K27me3 were significantly overlapped with 
each other, possibly signifying nucleosome remodel-
ing (n = 486; odds ratio = 3.28; p = 8.8E-77). These 
data suggested that SLE monocytes had a promoter 
architecture that had been substantially altered.

Differential H3K4me3 & H3K27me3 at 
enhancers
To contrast with the promoter findings, we separately 
examined differential H3K4 methylation at puta-
tive enhancers. We identified 39,930 monocyte DHS 
regions that were at least 1 kb away from any known 
TSSs and had an enhancer-like histone signature, 
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Figure 2. H3K4me3 and H3K27me3. (A) Principal components analysis of H3K4me3 and H3K27me3 at transcription 
start sites. Both data sets included six control samples (blue) and six systemic lupus erythematosus patients 
(orange). Systemic lupus erythematosus and control samples are distinct. (B) Overlap between genes with 
differential expression and differential H3K4me3 or H3K4me3 at their transcription start sites. The total genes 
include ones with detectable transcription and both histone modifications. The OR and p-values were calculated 
by Fisher’s exact test. 
OR: Odds ratio. 
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based on the ENCODE data. The median distance 
of these regions to the nearest TSSs was about 25 kb. 
12,109 (30%) and 3046 (8%) of these enhancers 
had a significant change (p < 0.01) in H3K4me3 
and H3K27me3 (respectively) in SLE. H3K4me3 
at enhancers was about 2.5-times more likely to 
be decreased than to be increased in SLE (8634 vs 
3475) whereas H3K27me3 at enhancers was over 

seven-times more likely to be increased in SLE (2681 
vs 365). Enhancers with decreased H3K4me3 and 
increased H3K27me3 significantly overlapped with 
each other (n = 1038; odds ratio = 2.47; p = 1.8E-96). 
Enhancers with increased H3K4me3 in SLE had 
higher baseline levels of H3K27ac in controls, a 
mark of active enhancers (Figure 3). Enhancers with 
decreased H3K4me3 or increased H3K27me3 in SLE 
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Figure 3. Histone methylation at enhancers. Enhancers were grouped based on whether they had H3K4me3 or 
H3K27me3 change in systemic lupus erythematosus (SLE) and the change direction. The averages of four histone 
modifications and CTCF in CD14+ monocytes were compared across regions exhibiting changes in H3K4me3 or 
H3K27me3 in SLE. Enhancers generally had higher H3K4me1 and lower H3K4me3 and CTCF than other DHS regions 
(gray bars). Enhancers with increased H3K4me3 in SLE (red) had the highest level of H3K27ac, a mark of active 
enhancers. 
CTCF: CCCTC-binding factor; DHS: DNase hypersensitivity site.

H3K4me1

0.0

0.5

1.0

1.5

2.0
All DHS regions
All enhancers
H3K4me3 up
H3K4me3 down
H3K27me3 up
H3K27me3 down

A
ve

ra
g

e 
b

as
el

in
e 

le
ve

l

H3K4me3 H3K27ac H3K27me3 CTCF

future science group

Research Article    Shi, Zhang, Song, Leung, Petri & Sullivan

had lower H3K27ac in controls, suggesting that they 
had low or intermediate activity. These data suggest 
that SLE is associated with changes that restrict the 
set of active genes in SLE but augment activity at 
previously active enhancers.

Transcription factor binding sequences within 
differential H3K4me3 sites
We now understood that SLE monocytes had acquired 
an epigenome that exhibited significant changes 
and further that the changes impacted immunologi-
cally relevant genes. To understand the forces driving 
changes to histone methylation in SLE, we derived con-
served transcription factor motifs. We collected 2414 
known position weight matrices (PWMs) of DNA-
binding proteins from databases including ENCODE, 
TRANSFAC, Jasper and UniProbe  [29,31–34]. These 
PWMs were searched against the human genome to 
identify potential binding sites of transcription factors. 
By comparing the frequency of PWMs between sites 
with and without H3K4me3 change in SLE, we iden-
tified a subset of PWMs that were significantly more 
likely to be found at promoters and/or enhancers with 
altered H3K4me3 in SLE (Figure 4B). These transcrip-
tion factor motifs include those for known pioneer 
transcription factors (PU.1 and CEBPB)  [35,36], and 
monocyte development (BLIMP1)  [37]. SLE is associ-

ated with responses to type I interferons, and we also 
found transcription factor motifs related to interferon 
responses (STAT1, STAT6, IRF1, IRF4, IRF8) [5–6,38]. 
Most of these PWMs were over-represented within 
sites with decreased H3K4me3 compared with sites 
without significant H3K4me3 change. IRF4 sites were 
notable for being over-represented only among enhanc-
ers with decreased H3K4me3. CEBPB and STAT1 
sites were enriched at promoters with both increased 
and decreased H3K4me3. In fact, CEBPB sites were 
enriched at all four sets of regulatory regions, befit-
ting its role as a pioneer factor. These data implicate 
a relatively small number of signaling pathways in the 
altered epigenome of SLE. The pioneer transcription 
factors define monocyte-specific regulatory regions 
and the interferon-responsive transcription factors 
nucleate chromatin modifying complexes that set the 
level of gene expression at each locus. The same set of 
PWMs did not have any association with H3K27me3 
changes in SLE.

IRF1 binding activity around differential 
H3K4me3 sites
This in silico analysis of transcription factor binding 
sites showed enrichment of interferon-related sites 
where H3K4me3 was decreased. We had previously 
published ChIP-seq data for IRF1 [39] and therefore we 
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Figure 4. Position weight matrice analysis of promoters and enhancers impacted by systemic lupus erythematosus. 
(A) Enrichment of selected position weight matrices (PWMs) around subsets of promoters and enhancers having 
significant H3K4me3 change in systemic lupus erythematosus (SLE). The relative enrichment was computed 
using the promoters or enhancers without significant H3K4me3 change as background. Most of the PWMs were 
enriched (red) around promoters and enhancers with decreased H3K4me3 while some PWMs were less likely to be 
found (pale yellow) around promoters and enhancers with increased H3K4me3. (B) Differential H3K4me3 in SLE 
was associated with differential IRF1 binding at nearby sites. While IRF1 binding was increased around monocyte 
promoters in general, there was a positive correlation between IRF1 binding change and H3K4me3 change in SLE. 
At enhancers, increased IRF1 binding was associated with H3K4me3 change in either direction.
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examined actual IRF1 binding in these same patients 
and controls. Our previous study identified over 3000 
IRF1 binding sites with increased binding in SLE [27]. 
Consistent with the PWM matching analysis above, 

these sites were highly enriched within 500 bp of the 
promoter-like DHS regions, especially the ones with 
decreased H3K4me3 in SLE (Supplementary Figure 5).

To further clarify the relationship of IRF1 binding 
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and H3K4me3, we examined the relationship between 
changes in IRF1 binding in SLE and H3K4me3 
changes in the same samples. The direction of dif-
ferential H3K4me3 at promoters was positively cor-
related with the direction of differential IRF1 binding 
(Figure 4B). IRF1 binding activity at sites proximal to 
promoters with increased H3K4me3 was increased by 
about 20% in SLE. On the other hand, differential 
H3K4me3, toward either direction, within enhancers, 
was associated with increased IRF1 binding. This result 
suggests that IRF1 functions as a regulator of histone 
modifications at both promoters and enhancers. The 
association with increased H3K4me3 at promoters and 
any change in H3K4me3 at enhancers highlights the 
distinct mechanisms. The finding of actual IRF1 bind-
ing at sites with decreased H3K4me3 suggests nucleo-
some remodeling could have occurred. Nevertheless, at 
a subset of sites with increased IRF1 binding, H3K4me3 
also increased in SLE, suggesting a mechanistic link.

Impact of promoter/enhancer differential 
H3K4me3 on gene transcription
To investigate how differential H3K4me3 at promot-
ers and enhancers affects gene expression, we mapped 
all monocyte promoters and enhancers to known 
gene TSSs and obtained over 1.3 million TSS - pro-
moter/enhancer pairs. The differential H3K4me3 was 
strongly associated with differential expression of 
nearby genes in SLE, based on our RNA-seq data from 
the same patients and controls (Figure 5). Decreased 
H3K4me3 at promoters immediately upstream of 
TSSs was associated with decreased expression while 
increased H3K4me3 immediately downstream of the 
TSS was associated with increased expression. Differ-
ential H3K4me3 at intragenic promoters was associ-
ated with differential transcription from about 2.5 kb 
downstream of TSSs.

Differential H3K4me3 at enhancers, on the other 
hand, was associated with differential transcription 
from 25 kb or even longer distance both upstream and 
downstream. The positive correlation of differential 
H3K4me3 with differential expression suggests that 
increasing H3K4me3 at enhancers is associated with 
their activation. About 92% of the genes with signifi-
cantly increased transcription in SLE had at least one 
monocyte enhancer within 100 kb of their TSSs and 
over 50% of these genes had an enhancer with signifi-
cantly increased H3K4me3. These data highlight the 
profound impact of the altered enhancer landscape. 
Genes with increased transcription in SLE had more 
enhancers on average than other genes (12.8 vs 8.7). 
Therefore, differential histone modifications at enhanc-
ers plays an important role in differential gene expression 
in SLE, likely molding the character of the cell.

Histone methyltransferase & demethylase 
expression
We hypothesized that the changes in histone methyla-
tion in SLE monocytes could be due to dysregulated 
expression of histone methyltransferases and demeth-
ylase enzymes. Using new cohorts of 17 SLE patients 
and 17 controls and examining transcript abundance 
by qRT-PCR, we found that JMJD3 and DOT1L had 
increased expression in the SLE cohort. Conversely, 
SETD7 and EZH2 had decreased expression in the 
new SLE cohort compared with controls (Figure 6A). 
Increased JMJD3 and decreased EZH2 would be 
expected to favor H3K27 demethylation, consistent 
with our ChIP-seq data. Thus, there may be altered 
levels of chromatin modification enzymes that favor 
some of the changes observed in SLE.

Interferon effects
Type I interferons are a recognized contributor to the 
development of lupus [4,6]. We examined whether IFN-
α2 could mimic some of the effects we observed. Ini-
tially, we treated THP-1 cells with IFN-α2 or vehicle 
for 18 h. We measured levels of methyltransferases and 
demethylase enzymes by qRT-PCR. The expression 
of JMJD3 was decreased and SETD7 was increased 
(Figure 6B). To further investigate, we utilized primary 
human monocytes in the same assay, recognizing that 
primary cells behave differently than cell lines. The 
expression of EZH2 was significantly increased and the 
expression levels of CARM1, JMJD3, SETD7, MML1 
and MML5 were all decreased in interferon-treated 
cells (Figure 6C). We further validated these effects 
in the THP-1 cell line, a monocyte line. We found a 
similar but distinct set of histone methyltransferases 
regulated by IFN-α2. Thus, interferon may contribute 
to the decreased expression of JMJD3 seen in the SLE 
patients but IFN-α2 does not seem to globally mimic 
the altered expression levels of histone methyltrans-
ferase and demethylase enzymes we observed in SLE 
patients, at least within the time frame used experimen-
tally. We were intrigued by the regulation of JMJD3 by 
interferon. This histone demethylase typically targets 
H3K27me3 or H3K27me2 for demethylation  [40–42]. 
It has been implicated in inflammatory responses but 
not in interferon responses [43,44]. We performed a co-
immunoprecipitation to determine whether it could 
interact with IRF1. We found an interferon-dependent 
interaction between IRF1 and JMJD3 (Figure 6D).

We had previously observed that type I interfer-
ons could drive a pattern of histone acetylation that 
was similar to that seen in SLE patients  [22] and had 
demonstrated that type I interferons could drive 
protein–protein interactions related to histone acety-
lation  [45]. We therefore selected two known IRF1 
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Figure 5. Impact of differential H3K4me3 on differential gene expression in systemic lupus erythematosus had a 
distance-dependent pattern. All promoter/enhancer-TSS pairs were grouped based on their distance. Promoters 
(A) and enhancers (B) were split into subsets based on their differential H3K4me3. The number of stars represents 
the significance of difference compared with promoters or enhancers without H3K4me3 change (p = 0.05, 0.01 
and 0.001). The arrowhead of TSS indicates the direction of transcription. 
SLE: Systemic lupus erythematosus; TSS: Transcription start site.
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target genes that had exhibited increased H3K4me3 
in SLE monocytes and examined H3K4me3 in the 
THP1 monocyte cell line with and without inter-
feron treatment (Figure 7). ChIP assays for H3K4me3 
were performed and qRT-PCR used to detect DNA. 
IFITM1 had two peaks of H3K4me3, both of which 
were increased in SLE and IL18R1 had a single peak 
of H3K4me3 in the distal promoter that was increased 
in SLE. THP1 cells were treated for 18 h. For all three 

peaks, IFN-α2 led to increased H3K4me3. These 
data suggest that type I interferons can drive histone 
modifications directly.

Discussion
SLE is a disease with diverse effects on organ systems 
and profound effects on all cells within the immune 
system. We examined monocytes as a cell that is a key 
participant in inflammation and as a cell type that 
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Figure 6. Gene expression. (A) Histone methylation enzyme expression in SLE patients. New cohorts of 17 SLE patients and 17 controls 
were used to examine the expression pattern of some histone methyltransferases and demethylase enzymes. qRT-PCR was used to 
quantitate the abundance of RNA. JMJD6, CARM1, JMJD3, SET7, SETDB1, EZH2, DOT1L, MML1, MMl2, MML3, MML4, MMl5, SETD1B 
were examined. Only the four genes shown were significantly different between SLE and control groups. (B) Interferon treatment 
of THP-1 cells induces changes in the expression of SETD7 and JMJD3. Cells were treated with 1000U/ml IFN-α2 for 18 h. qRT-PCR 
was used to quantitate the RNA abundance of histone methylation enzymes. In the bar graph, the results are expressed as a fold 
change from the vehicle-treated sample to normalize across the broad expression levels seen. The error bars represent SEM. Asterisks 
indicate p < 0.05. n = 3. (C) Interferon treatment of female primary monocytes (as above) changes the expression of several histone 
methylation enzymes. Asterisks indicate p < 0.05. n = 4. (D) IRF1 was immunoprecipitated from D54MG cells and the blot was probed 
with anti-JMJD3. Treatments are as indicated. 
SLE: Systemic lupus erythematosus.
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influences cells in its surroundings. Monocyte func-
tion and survival have both been found to be abnor-
mal in SLE patients and monocyte infiltration into 
renal parenchyma has been associated with worse renal 
function in SLE [46,47]. We found that H3K4me3 was 
significantly altered across the genome. We found 
regulatory regions in general exhibited high levels of 
change with 28% of promoters and 40% of mono-
cyte enhancers exhibiting change in H3K4me3 in 
SLE. Proximal promoters with increased H3K4me3 
enriched with DAVID categories of phosphoprotein, 
acetylation, immune response, Toll-like receptor and 
chromatin DNA binding (p < 10-3). Proximal pro-

moters with decreased H3K4me3 were enriched with 
DAVID categories of regulation of leukocyte activa-
tion, regulation of cell activation, immune response, 
regulation of cytokine production, negative regulation 
of cell apoptosis and positive regulation immune sys-
tem process (p < 10-5). These changes are likely to have 
substantial effects on cell behavior. Although functions 
of monocytes have been described as aberrant in SLE, 
the magnitude of the changes in the epigenome in SLE 
was surprising. This level of change exceeds that seen 
in the polarization of primary monocytes and macro-
phages [16,48–50]. These data suggest that disease effects 
on cells can significantly change behavior.
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Figure 7. Interferon treatment of THP1 cells changes the H3K4me3 at two IRF1 target genes. Using the peaks 
identified by ChIP-seq, primers were designed to examine the changes in H3K4me3 at the major promoter peaks 
seen in systemic lupus erythematosus. There were two IFITM1 peaks at the TSS (A), and upstream (B) regions.  
There was a single promoter peak at IL18R1 (C). THP1 cells were treated with 1000 U/ml IFN-α2 for 18 h and 
ChIP assays performed. Interferon treatment induced H3K4me3 at the same peaks seen in the systemic lupus 
erythematosus patients for these two genes. The error bars represent standard error of the mean. GST is shown as 
a negative control antibody. The differences at each peak are significant with p < 0.05; n = 4. 
GST: Glutathione-S-transferase; TSS: Transcription start site.
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The overall findings of a transcriptome and epig-
enome that favor increased transcription are concor-
dant with the global DNA demethylation that has been 
described in lymphocytes in SLE [8,51–55], in the sense 
that both favor increased gene expression. About 1000 
genes with detectable expression in monocytes had no 
active promoter or monocyte enhancers within 100 kb 
of their TSSs. While this subset of genes already had 
low expression in normal monocytes, expression levels 
were further lowered by about one-third in SLE. Thus, 
the activation of genes in SLE was not uniform, sug-
gesting an epigenome molded by specific signals not 
wholesale changes. Increased expression in SLE was 
associated with a higher number of enhancers. Addi-
tionally, the increased H3K4me3 was associated spe-
cifically with enhancers active in monocytes. These 
data suggest that SLE is associated with activation of 
genes with monocyte intrinsic functions. Indeed, our 
transcriptome analysis found increased expression of 
genes involved in cytokine production and immune 
responses [24]. Enhancer status gives powerful insights 
into both the history of the cell and its specific pattern 
of gene expression [15–16,56–57]. This study is the first to 

examine enhancer status in SLE and our findings were 
remarkable for the extent of change observed. One 
interpretation is that the monocytes have been ‘polar-
ized’ by the diseases and this drives aberrant function. 
This is a subtly different interpretation of longstand-
ing data demonstrating that most hematopoietic cells 
exhibit aberrant function in SLE. In the past, these 
data were interpreted as representing dysfunction that 
predisposed to disease or dysfunction imposed by the 
disease acutely. Our data support a model where the 
cells become ‘polarized’ in the disease and become 
integrated into the disease process, both impacted by 
the disease and contributing to disease.

To gain insights into what cellular pathways could 
drive the altered epigenetic landscape, we used an 
analysis of PWMs. The identification of potential 
transcription factor binding sites can be a power-
ful approach because it is unbiased and it directly 
maps to the site of the histone modification. At the 
promoter, among sites with increased H3K4me3 in 
SLE, only CEBPB and STAT1 binding sites were 
enriched. CEBPB is a monocyte pioneer transcrip-
tion factor and STAT1 is a downstream effector 
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of interferon signaling. Among promoters with 
decreased H3K4me3 in SLE, we saw enrichment 
of STAT1 and CEBPB as well as enrichment of 
PU.1, SP1, IRF1, BLIMP1, IRF8 and STAT6. PU.1 
is another pioneer transcription factor and SP1 is 
associated with chromatin looping  [58]. BLIMP1, a 
monocyte differentiation factor, was previously iden-
tified by us as associated with increased H4 acetyla-
tion peaks in SLE [23,37]. IRF8 induces β-interferon. 
Consistently, IRF4 binding sites were under-repre-
sented with increased or decreased H3K4me3 at 
promoters and IRF4 acts to oppose IRF1  [59,60]. A 
similar finding was seen at enhancers, although the 
enrichment was less substantial. Thus, these poten-
tial transcription factors meet the test of biological 
plausibility because they all represent pioneer tran-
scription factors or transcription factors involved in 
type I IFN responses. We also noted that at ∼10% 
of sites, with decreased H3K4me3, H3K27me3 at 
promoters.was also decreased. We hypothesize that 
these cases represent nucleosome remodeling, a com-
mon feature where transcription factors bind [61–64]. 
Unfortunately, that important question cannot be 
answered with the current data set where the pri-
mary cells were exhausted. Decreased gene expres-
sion in SLE was strongly associated with decreased 
H3K4me3, suggesting that nucleosome remodeling 
to accommodate transcription factor binding may 
occur but is not the major mechanism of gene activa-
tion. Indeed, only about 10% of TSSs and enhanc-
ers exhibited concordantly decreased H3K4me3 and 
H3K27me3 in SLE, the expected finding at sites at 
nucleosome remodeling.

This study is unique because it utilized matched 
samples from the same patients and controls and 
because these same samples had previously been 
examined by RNA-seq and IRF1 ChIP-seq  [24,39]. 
This allowed us great power to define associations. 
This study fills an important knowledge gap by pro-
viding critical information on histone modifications 
in SLE. While DNA methylation has been examined 

and appears to mold the expression pattern of critical 
T cell genes in SLE [65,66], there has been only one prior 
study of histone methylation in SLE which examined 
total peripheral blood mononuclear cells [67]. Epigen-
etic changes in cells act in a combinatorial pattern 
and additional studies will be required to define the 
critical changes arising in SLE and understand the 
effects in multiple cell types, the role of the transcrip-
tion factors in driving these changes and how durable 
the changes are in this chronic disease. This study 
was also limited by a small sample size, imposed by 
the large blood volume requirement. Additional limi-
tations include data from a small number of samples. 
We utilized input and GST immunoprecipitation 
DNA as controls and did not have sufficient material 
to do additional marks such as total H3 as a control or 
marks of enhancers such as H3K4me1. Nevertheless, 
the findings from this study were statistically robust. 
It will be important to examine other histone marks, 
other cell types and additional patients. We selected 
patients with low disease activity to minimize the 
effects of medications. Moving forward, it will be 
important to examine different phenotypes of SLE 
patients.

In summary, this study demonstrated substantial 
differences in histone methylation patterns in SLE. 
The finding of interferon-related transcription factor 
binding sites embedded in the peaks with differential 
height in SLE supported an important role for type 
I interferons in remodeling the epigenome in SLE. 
We found that loci with increased H3K4me3 peak 
height in SLE also had increased IRF1 binding by 
ChIP-seq and had increased expression, supporting a 
mechanistic role.

Conclusion
The epigenome of SLE patients is highly altered and 
may contribute to pathologic cell behavior. We found 
influences of type I interferons and also found a dys-
regulated landscape of histone methyltransferases and 
demethylases in SLE. Regulatory regions were consis-

Executive summary

•	 Systemic lupus erythematosus (SLE) is an autoimmune disease with protean manifestations.
•	 Current therapies are unsatisfactory.
Methods
•	 ChIP-seq was used to identify SLE-specific changes in H3K4me3 and H3K27me3.
Results
•	 H3K4me3 was both increased and decreased at regulatory regions in SLE.
•	 Monocyte enhancers were more likely to have decreased H3K4me3 than increased H3K4me3 in SLE whereas 

promoters were more likely to have increased H3K4me3 in SLE.
•	 Type I IFN was able to mimic some effects found in SLE.
Conclusion
•	 Type I IFN and pioneer transcription factors represent powerful forces molding H3K4me3 in SLE monocytes.
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tently altered in SLE with 30% of monocyte enhancers 
impacted by SLE.

Future perspective
Targeting histone modifications has been a major 
pharmaceutical effort recently and resetting the epig-
enome may be required to interrupt the pathologic 
pattern of gene expression in SLE. This study suggests 
that targeting histone modifications may be benefi-
cial. Intensive efforts to direct chromatin modifying 
enzymes to specific subsets of genes remain preclinical 
but represent a new horizon for therapeutics.

Supplementary data
To view the supplementary data that accompany this paper 

please visit the journal website at: www.futuremedicine.com/

doi/full/10.2217/epi.15.47 
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