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ABSTRACT

We previously demonstrated that the upregulation of microRNAs (miRNAs) at the genomic imprinted Dlk1-Dio3 locus in murine lupus

is correlated with global DNA hypomethylation. We now report that the Dlk1-Dio3 genomic region in CD4+ T cells of MRL/lprmice is

hypomethylated, linking it to increased Dlk1-Dio3 miRNA expression. We evaluated the gene expression of methylating enzymes, DNA

methyltransferases (DNMTs), and demethylating ten-eleven translocation proteins (TETs) to elucidate the molecular basis of DNA

hypomethylation in lupus CD4+ T cells. There was a significantly elevated expression of Dnmt1 and Dnmt3b, as well as Tet1 and Tet2,

in CD4+ T cells of three different lupus-prone mouse strains compared to controls. These findings suggest that the hypomethylation

of murine lupus CD4+ T cells is likely attributed to a TET-mediated active demethylation pathway. Moreover, we found that deletion of

early growth response 2 (Egr2), a transcription factor gene in B6/lprmice markedly reduced maternally expressed miRNA genes but

not paternally expressed protein-coding genes at the Dlk1-Dio3 locus in CD4+ T cells. EGR2 has been shown to induce DNA

demethylation by recruiting TETs. Surprisingly, we found that deleting Egr2 in B6/lprmice induced more hypomethylated differentially

methylated regions at either the whole-genome level or the Dlk1-Dio3 locus in CD4+ T cells. Although the role of methylation in

EGR2-mediated regulation of Dlk1-Dio3 miRNAs is not readily apparent, these are the first data to show that in lupus, Egr2 regulates

Dlk1-Dio3miRNAs, which target major signaling pathways in autoimmunity. These data provide a new perspective on the role of

upregulated EGR2 in lupus pathogenesis. ImmunoHorizons, 2023, 7: 898–907.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a prototypical chronic
autoimmune disease characterized by autoimmune attacks
on multiple organs. Due to the complexity of this disease, the
precise etiopathogenesis of SLE remains elusive. The onset

and progress of SLE are attributed to the interaction of
multiple factors, including genetics, epigenetics, hormones,
and environmental factors. Recent studies have increasingly
acknowledged the interplay of two major epigenetic factors,
DNA methylation and microRNAs (miRNAs), in autoimmune
diseases (1�3).
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DNA methylation is an epigenetic process that regulates gene
expression at the transcriptional level via affecting DNA accessi-
bility at the regulatory regions (4). The importance of hypome-
thylation of CD41 T cells in lupus pathogenesis was strikingly
demonstrated by the findings that adoptive transfer of demethy-
lated normal human or murine CD41 T cells into nonautoim-
mune syngeneic recipient mice induced lupus-like disease (5�7).
The whole-genome bisulfite sequencing analysis revealed a global
DNA methylation loss. There was a common hypomethylation
of type I IFN signature genes in CD41 T cells, CD191 B cells,
CD141 monocytes, and neutrophils, resulting in heightened
type I IFN signaling in human patients with lupus (8�12). In
addition to type I IFN signature genes, many other hypome-
thylated genes (such as CD70, ITGAL, IL10, and IL17) have
been identified in lupus cells, which contributed to abnormal
immune cell activation and inflammation in lupus (13). miRNAs
are small non�protein-coding RNAs that regulate gene expres-
sion mainly at the post-transcriptional level through comple-
mentary binding to target mRNAs (14�16). In both human and
murine lupus, a number of dysregulated miRNAs have been
identified and linked to the disease pathogenesis (17, 18). Of
these dysregulated miRNAs in lupus, a group of miRNAs is
located at the genomic imprinted delta-like homolog 1�type 3
iodothyronine deiodinase (Dlk1-Dio3) locus, which possesses
the largest miRNA cluster in human and murine genome (3, 19).
In addition, the upregulation of Dlk1-Dio3 miRNAs has also
been implicated the pathogenesis of multiple sclerosis (MS) and
experimental autoimmune encephalomyelitis (a rodent model of
MS) (20, 21).

The interplay between DNA methylation and miRNAs has
been documented in autoimmune lupus. The upregulated miR-21,
miR-148a, and miR-126 in lupus contribute to DNA hypomethyla-
tion by repressing DNMTs directly or indirectly (22, 23). In
contrast, the upregulation of X-chromosome�linked miRNAs
in women patients with lupus is likely the result of the loss
of methylation at the X-chromosome (24). We have also re-
ported the association between the upregulation of Dlk1-Dio3
miRNAs and global DNA hypomethylation in the lympho-
cytes of MRL/lpr mice (19). DNA demethylation treatment of
splenic T cells of control MRL mice significantly increased
the expression of Dlk1-Dio3 miRNAs, suggesting an important
role of DNA methylation in regulation of Dlk1-Dio3 miRNAs
expression (19). However, the molecular mechanism underlying
the DNA hypomethylation and the upregulation of Dlk1-Dio3
miRNAs in lupus CD41 T cells remains unclear.

Early growth response 2 (EGR2) protein is a member of the
EGR zinc finger transcription factor family. The critical roles of
EGR2 in regulating T cell development and activation, adaptive
immune response, inflammatory cytokine production, and auto-
immunity have been widely investigated recently and well-
acknowledged (25�32). In contrast to the finding that conditional
Egr2 gene deletion in normal C57BL/6 (B6) mice led to the pro-
duction of anti-nuclear autoantibodies and increased total Ig G
(IgG) production mice (28), conditional Egr2 gene deletion in au-
toimmune prone B6/lpr mice significantly reduced anti-dsDNA

autoantibodies and total Igs production (31). This suggests that
the immune regulatory role of EGR2 is complex and depends
on the immune status and the reasons why Egr2 deletion had
different immune changes in B6 and B6/lpr need to be further
investigated.

This study aims to understand the molecular mechanism
underlying the DNA hypomethylation and the upregulation of
Dlk1-Dio3 miRNAs in lupus CD41 T cells. We found that the
ten-eleven translocation protein (TET)�mediated active DNA
demethylation pathway, rather than the DNA methyltransferase
(DNMT)�mediated passive DNA demethylation pathway, is more
likely to contribute to the DNA hypomethylation of lupus CD41

T cells. Further, we report that Egr2 deletion in B6/lpr mice
significantly reduced Dlk1-Dio3 miRNAs expression in CD41

T cells. Surprisingly, Egr2 deletion led to a global DNA meth-
ylation loss and hypomethylation at Dlk1-Dio3 locus in CD41

T cells. To our knowledge, our findings are the first to show
that EGR2 regulates the expression of miRNAs at the genomic
imprinted Dlk1-Dio3 genomic locus, although the mechanisms
need further investigation.

MATERIALS AND METHODS

Mice
All experimental animal procedures and housing have been
approved by the Institutional Animal Care and Use Committee
of Virginia Polytechnic Institute and State University. In this
study, MRL (MRL/MpJ) and autoimmune-prone MRL/lpr
(MRL/MpJ-Faslpr/J), B6/lpr (B6.MRL-Faslpr/J), and B6.sle123
(B6.NZMSle1/Sle2/Sle3) breeders were purchased from The
Jackson Laboratory and bred in-house. We also purchased
normal B6 (C57BL/6J) breeders from The Jackson Laboratory.
The conditional CD2-specific Egr2�/�B6/lpr strain was developed
in our laboratory and described in detail in a recent publication
(31). The Egr2�/�B6/lpr and littermate Egr2fl/flB6/lpr mice were
used for experiments as knockout and control groups, respec-
tively. The sexes and ages of the animals used for the experi-
ments are specified in the figure legends.

All mice were maintained in our Association for Assessment
and Accreditation of Laboratory Animal Care�certified animal
facility at the Virginia-Maryland College of Veterinary Medi-
cine, Virginia Tech. The mice were fed with the commercial
7013 NIH-31 modified 6% mouse/rat sterilizable diet (Harlan
Laboratory, Madison, WI) and given water ad libitum. We
euthanized mice by CO2 asphyxiation followed by cervical
dislocation or heart puncture at the designated age according
to the Institutional Animal Care and Use Committee�approved
protocol.

Splenic lymphocyte preparation and CD41 cell isolation
Whole splenic lymphocytes were prepared following standard
laboratory protocols described in detail previously (33, 34). Per
the manufacturer�s protocol, splenic CD41 T cells were isolated
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from whole splenic lymphocytes with anti-CD4 (L3T4) MicroBeads
(Miltenyi Biotec, San Diego, CA).

RNA extraction
As we previously reported (19, 34), total RNA containing small
RNA was extracted from CD41 T cells with an miRNeasy mini
kit (Qiagen) by following the manufacturer�s procedures. On-
column DNA digestion was conducted to remove residual DNA
in the RNA samples. The concentration and purity of RNA were
assessed by NANODROP 2000 spectrophotometer (Thermo
Fisher Scientific). Samples with OD260/280 ratios of around
2.0 were used for TaqMan miRNA assay and quantitative RT-PCR
(RT-qPCR) assays.

Reverse transcription and RT-qPCR
The SuperScript IV First-Strand Synthesis System (Invitrogen,
Waltham, MA) was used to synthesize the first-strand cDNA
from RNA samples per the manufacturer�s protocol. RT-qPCR
was conducted using Power SYBR green PCR mix (Applied
Biosystem, Waltham, MA) per our previous report (34). The
RT-qPCR primers for Dnmt1/3a/3b and Tet1/2/3 genes were
designed with the Primer quest tool and synthesized by Inte-
grated DNA Technologies (IDT, San Diego, CA). All the primer
sequences are listed in Table I.

The Dlk1 (Assay ID Mm00494478_m1) and Dio3 (Assay ID
Mm00548953_s1) Taqman assays were purchased from Thermo
Fisher Scientific to evaluate the expression of Dlk1 and Dio3
gene expression by following the manufacturer�s instruction.
Strain-specific RT-qPCR was performed to evaluate the expres-
sion of Rtl1 and antisense-Rtl1 (asRtl1) genes by following a previ-
ously published protocol (35). The RT-qPCRs were performed
with the 7500 Fast Real-Time PCR system (Applied Biosystem).
The relative expression level of mRNAs was normalized to 18s
and calculated by the 2�DDCt method.

TaqMan miRNA assay
The TaqMan miRNA assays (Applied Biosystems) was used to
quantify the expression level of miRNAs (miR-154, miR-127,
miR-379, miR-433, miR-300, miR-21, miR-503, miR-182, and
miR-183) as we previously reported (19, 36). The relative expression

level of miRNAs was normalized to endogenous control
snoRNA202 and calculated by the 2�DDCt method.

Genome-wide bisulfite sequencing and data analysis
CD41 T cell DNA was isolated with DNeasy blood and tissue
kit (Qiagen). The MRL and MRL/lpr CD41 T cell DNA samples
(n 5 3 each strain) were sent to Zymo Research for Methyl-
MiniSeq library preparation and sequencing. Briefly, 300 ng of
genomic DNA was sequentially digested with 60 U of TaqaI and
30 U of MspI (NEB) and then purified by DNA Clean & Con-
centrator-5 (Zymo Research). The purified DNA fragments were
ligated to preannealed adapters containing 50-methyl-cytosine

TABLE I. Primer sequences

Gene Name 50 to 30 Sequence

Tet1 Forward GAGCCTGTTCCTCGATGTGG
Reverse CAAACCCACCTGAGGCTGTT

Tet2 Forward AACCTGGCTACTGTCATTGCTCCA
Reverse ATGTTCTGCTGGTCTCTGTGGGAA

Tet3 Forward TCCGGATTGAGAAGGTCATC
Reverse CCAGGCCAGGATCAAGATAA

DNMT1 Forward CCTAGTTCCGTGGCTACGAGGAGAA
Reverse TCTCTCTCCTCTGCAGCCGACTCA

DNMT3a Forward GCCGAATTGTGTCTTGGTGGATGACA
Reverse CCTGGTGGAATGCACTGCAGAAGGA

DNMT3b Forward TCAGTGACCAGTCCTCAGACACGAA
Reverse TCAGAAGGCTGGAGACCTCCCTCTT

FIGURE 1. DNA hypomethylation in MRL/lpr CD4+ T cells when com-

pared with control MRL CD4+ T cells.

RRBS assays were performed to profile the DNA methylation in purified

splenic CD41 T cells from 14–15-wk-old female MRL/lpr and sex- and

age-matched control MRL mice (n 5 3 each). DMSs and DMRs were

identified as we described in detail in �Materials and Methods.�

(A) Mean methylation level of DMSs at different genomic regions

showed hypomethylation (Hypo) in CD41 T cells of MRL/lpr mice.

(B) Number of hypermethylated (Hyper) DMRs (false discovery rate

[FDR] < 0.05) and hypomethylated DMRs (FDR < 0.05) in CD41 T cells

of MRL/lpr compared with MRL mice. Meth Diff, methylation difference;

UTR, untranslated region.
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according to Illumina�s specified guidelines. Adaptor-ligated
fragments of 150�250 bp and 250�350 bp in size were recov-
ered from a 2.5% NuSieve 1:1 agarose gel using Zymoclean
gel DNA recovery kit and then bisulfite-treated using the EZ
DNA Methylation-Lightning kit. Amplification was performed,
and the resulting products were purified for sequencing on an
Illumina HiSeq. The Egr2�/�B6/lpr and Egr2fl/flB6/lpr CD41

T cell DNA samples (n 5 2 each) were sent to CD Genomics
(Shirley, NY) for classical reduced representative bisulfite se-
quencing (RRBS) library construction and sequencing. Briefly,
the genomic DNA was digested by Mspl (NEB) followed by
blunt-end repaired, A-tailed and adaptor ligation. Size selection
was performed using AMPure XP beads (Beckman Coulter) to
obtain DNA fractions enriched for the most CpG-rich regions
in the range of 150�300 bp. Subsequently, bisulfite conversion
and library preparation were conducted using the ZYMO EZ
DNA Methylation-Gold kit following the manufacturer�s in-
structions. Library quality and quantity were assessed with Qu-
bit 2.0 DNA HS assay and TapeStation high-sensitivity D1000
assay. Equimolar pooling of libraries was performed based on
quality control values and sequenced on an Illumina PE150.

The raw sequencing data were processed and analyzed as
described following. Briefly, the adapters and low-quality reads
were trimmed by Trim Galore (version 0.6.7). After trimming
the adapters and filtering low-quality reads, sequencing reads
were mapped to mouse GRCm39 genome assembly using Bismark
with Bowtie2 (version V0.23.1) (37). To determine the differen-
tially methylated sites (DMSs) (Egr2�/�B6/lpr versus control
Egr2fl/flB6/lpr; MRL/lpr versus control MRL), we performed
the Benjamini�Hochberg procedure to adjust the p value, and
the CpG sites with adjusted p value less than 0.05 were deter-
mined as DMSs by R (version 4.2.1). The DMSs adjacent to
each other (less than 500 bp in the distance) were merged as
candidates for DMRs. To ensure the methylation changes are
consistent throughout the entire region, we further selected
DMRs with more than 80% of DMSs showing 0.1 or more
methylation difference, and the overall methylation difference
is higher than 0.1.

Statistical analysis
Th equantitative data are presented in graphs as means 6 SD.
Student t tests were analyzed by GraphPad Prism software to
determine the statistical significance between two treatment
groups (MRL/lpr versus MRL; B6/lpr versus B6, B6.sle123 versus
B6; Egr2�/�B6/lpr versus Egr2fl/flB6/lpr). *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001.

RESULTS

Dlk1-Dio3 locus is hypomethylated inMRL/ lpr CD41 T cells
Our previous study has shown the correlation between global
DNA hypomethylation and upregulation of Dlk1-Dio3 miRNAs
in MRL/lpr CD41 T cells (19). DNA methylation plays a major
role in the regulation of the expression of genes located at the
genomic imprinted Dlk1-Dio3 locus (19, 38, 39). Since the Dlk1-
Dio3 region is too large for the target bisulfite sequencing, we
performed genome-wide methylation analysis with double en-
zyme RRBS to determine whether the Dlk1-Dio3 locus is differ-
entially methylated between the CD41 T cells from female

TABLE II. DMRs at Dlk1-Dio3 region in MRL/lpr compared with MRL mice

Chrom Start End Length nCG Meth Diff
MRL/lpr

Mean Meth
MRL

Mean Meth

chr12 109459844 109459901 58 7 �0.20677 0.19150 0.39827
chr12 109472727 109472844 118 9 �0.27901 0.58034 0.85936
chr12 109825628 109825805 178 4 �0.298149 0.62189 0.92004

Chrom, chromosome; Meth Diff, methylation difference; nCG, number of cytosine-guanine.

FIGURE 2. Increased Dnmts and Tets gene expression in CD4+ T cells

of lupus-prone mice.

RT-qPCR was performed to quantify the expression levels of Dnmt and

Tet genes in purified splenic CD41 T cells from female MRL/lpr (14–15

wk old), B6.sle123 (5–6 mo old), and B6/lpr (5-6 mo old) mice and their

respective sex- and age-matched control MRL and B6 mice. (A and C)

Summary graphs show the significant upregulation of Dnmt1/3b (A)

and Tet1/2 (C) genes in CD41 T cells of MRL/lpr mice compared with

MRL controls (n $ 2 each). (B and D) Summary graphs show a signifi-

cant increase of Dnmt1/3a/3b (B) and Tet1/2/3 (D) in two other types

of lupus-prone mice, B6/lpr and B6.sle123 mice compared with control

B6 mice (n $ 3 each). Horizontal bars in the summary graphs indicated

means 6 SD. Unpaired Student t test was performed to determine the

statistical significance in the comparison of gene expression levels be-

tween two groups (MRL vs. MRL/lpr, B6.sle123 versus B6, and B6/lpr

versus B6). Statistical significance is indicated by asterisks: *p < 0.05,

**p < 0.01, ****p < 0.0001.

ImmunoHorizons Egr2 REGULATES Dlk1-Dio3 miRNA EXPRESSION 901

https://doi.org/10.4049/immunohorizons.2300111



MRL/lpr and MRL mice. We obtained around 32 million uniquely
aligned reads, which covered 54�59% of cytosines in the CpG
context for MRL/lpr and MRL mice. Consistently, we observed a
global DNA hypomethylation in MRL/lpr CD41 T cells and a
methylation loss at different functional genomic regions (Fig. 1A).
Further, there were more hypomethylated (n 5 2369) differ-
entially methylated regions (DMRs) than hypermethylated
(n 5 225) DMRs in MRL/lpr CD41 T cells when compared
with control MRL CD41 T cells (Fig. 1B). Importantly, we
identified three DMRs located at the Dlk1-Dio3 region, and all
three of these DMRs were hypomethylated (Table II). These
data demonstrated an association between DNA demethyla-
tion at the Dlk1-Dio3 locus and the upregulation of Dlk1-Dio3
miRNAs in MRL/lpr CD41 T cells.

Increased Dnmts and Tets gene expression in MRL/ lpr
CD41 T cells
Reduced expression/activity of DNMT1 and/or DNMT3a/3b
has been identified in the PBMCs or CD41 T cells of human
patients with lupus, which contributed to the DNA hypomethy-
lation in human lupus cells (40�42). To our surprise, we found
a significant increase in the expression of Dnmt1 and Dnmt3b
genes, whereas the expression of Dnmt3a gene was unchanged
in MRL/lpr CD41 T cells when compared with MRL CD41

T cells (Fig. 2A). The increase of Dnmt gene expression was
also observed in the CD41 T cells of other lupus-prone mice
models, B6/lpr and B6.sle123 (Fig. 2B). This suggests that re-
duced DNA methylation in the murine lupus CD41 T cells is
likely not due to the reduced expression of Dnmt genes. Cur-
rent studies have implied that the TETs mediated the active
demethylation pathway in the DNA hypomethylation in human
lupus (13, 43, 44). Notably, we found that Tet1 and Tet2 expres-
sion was significantly increased in MRL/lpr CD41 T cells
when compared with MRL CD41 T cells (Fig. 2C). There was

no significant change in the expression of Tet3 gene. Further,
we demonstrated the upregulation of Tet1, Tet2, and Tet3 genes
in CD41 T cells of other two lupus strains, B6/lpr and
B6.sle123 (Fig. 2D). These data strongly suggested that the
TET-mediated active demethylation pathway likely plays a ma-
jor role in driving DNA demethylation in murine lupus CD41

T cells.

Conditional deletion of Egr2 gene specifically inhibits the
expression of maternally expressed Dlk1-Dio3miRNAs in
B6/ lprmice
DNA methylation is tightly regulated in a cell-specific manner
during immune cell development and differentiation (45). Spe-
cific transcription factors have been shown to be required for
regulating site-specific DNA methylation gene expression activ-
ities by recruiting DNMTs or TETs to their binding sites (46).
Of particular interest, in a recent study, EGR2 was found to
play a major role in the turnover of DNA methylation during
the differentiation of human monocytes by recruiting TET2 to
its binding sites (47). This study suggested an important epige-
netic regulatory role of EGR2 in immune cells, an aspect not
well known yet. We have recently developed conditional Egr2�/�

B6/lpr mice to investigate the autoimmune regulatory role of
EGR2 in the autoimmune lupus context. To test the potential
epigenetic regulatory role of EGR2 in lupus CD41 T cells,
we evaluated the expression of selected methylation-sensitive
Dlk1-Dio3 miRNAs, which are highly upregulated in lupus
(e.g., miR-127, miR-154, miR-300, miR-279, and miR-433).
Excitingly, we found that the expression of these Dlk1-Dio3
miRNAs was significantly reduced in CD41 T cells of Egr2�/�

B6/lpr mice when compared with the cells from control Egr2fl/fl

B6/lpr mice (Fig. 3A). Notably, there were no obvious differ-
ences observed in miRNAs outside the Dlk1-Dio3 locus (e.g.,
miR-21, miR-182, miR-183, and miR-503) (Fig. 3B). In addition

FIGURE 3. Egr2 deletion in B6/lpr mice significantly suppresses maternally expressed Dlk1-Dio3 miRNAs and mRNA expression.

The expression levels of miRNAs and mRNAs in splenic CD41 T cells from Egr2�/�B6/lpr at 5–6-mo-old and littermate control Egr2fl/flB6/lpr mice

were quantified by TaqMan miRNA assays and RT-qPCR. Both female and male mice were used. (A) Summary graph shows a significant decrease

in the expression of miRNAs located at Dlk1-Dio3 locus in Egr2�/�B6/lpr compared with controls. (B) Summary graph shows that Egr2 deletion had

no obvious effect on the expression of miR-21, miR-503, miR-182, and miR-183, which are located outside the Dlk1-Dio3 locus. Two independent

experiments were performed with four and six mice for each experiment. (C) Graph shows that Egr2 deletion in B6/lpr mice significantly inhibited

the expression of maternally expressed non–protein coding gene asRtl1 but not paternally expressed protein-coding genes, including Dlk1, Dio3,

and Rtl1. Horizontal bars in the summary graphs indicate the means 6 SD (n $ 6). Unpaired Student t test was performed to determine the statisti-

cal significance in the comparison of gene expression levels between Egr2fl/flB6/lpr and Egr2�/�B6/lpr. **p < 0.01, ****p < 0.0001.
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to the maternally expressed non�protein-coding miRNA genes,
the Dlk1-Dio3 region also contains paternal protein-coding
genes, such as Dlk1, Rtl1, and Dio3 (3). To distinguish asRtl1
and Rtl1 transcript, we performed strain-specific RT-qPCR as
previously reported (35). Although Egr2 deletion significantly
suppressed maternally expressed asRtl1, which encodes multiple
miRNAs, Egr2 deletion had no obvious effect on the expression
of paternally expressed Dlk1, Rtl1, and Dio3 genes (Fig. 3C). To-
gether, these data demonstrated that EGR2 specifically regu-
lates the expression of maternally expressed miRNA genes but
not paternally expressed protein-coding genes at the genomic
imprinted Dlk1-Dio3 locus in B6/lpr mice.

Conditional Egr2 deletion leads to methylation change at
Dlk1-Dio3 locus in B6/ lprmice
DNA methylation plays an essential role in the expression of
genomic imprinted genes. The above data indicated that Egr2
deletion suppressed methylation-sensitive Dlk1-Dio3 miRNAs
(Fig. 3). With the newly emerged epigenetic regulatory role of
EGR2, we therefore investigated whether Egr2 deletion promotes
the methylation at Dlk1-Dio3 locus to suppress Dlk1-Dio3 miRNA
expression. We performed RRBS to measure Egr2 deletion�
induced DNA methylation changes in CD41 T cells of B6/lpr
mice. We obtained around 36 million uniquely aligned reads
per sample, which covered 62.5 and 65% of cytosines in the
CpG context for Egr2�/�B6/lpr and Egr2fl/flB6/lpr, respectively.
To our surprise, we observed that Egr2 deletion led to a genome-
wide methylation loss (Fig. 4A). We noticed the difference in the
distribution of Egr2 deletion�induced hypermethylated DMSs
and hypomethylated DMSs in the different functional genomic
regions (Fig. 4B). There were 29.01% of hypermethylated DMSs
located at the promoter region, whereas only 14.55% of the hypo-
methylated DMSs were distributed at the promoter region. There
was a higher percentage of hypomethylated (41.21%) DMSs than
hypermethylated (24.26%) in the intergenic region. We then de-
termined the DMRs and found that the hypomethylated DMRs
(n 5 599) outnumbered the hypermethylated (n 5 426) DMRs
in CD41 T cells of Egr2�/�B6/lpr compared with the controls
(Fig. 4C). Also, we observed more hypomethylated DMRs in the
Dlk1-Dio3 locus in Egr2�/�B6/lpr mice (Table III). Our data re-
vealed that Egr2 deletion led to methylation loss at the global
level and at the Dlk1-Dio3 locus.

DISCUSSION

The dysregulation of miRNAs located at the genomic imprinting
Dlk1-Dio3 locus has been identified in various types of cancers
and autoimmune diseases, including MS and lupus. Although
direct evidence to show the relationship between Dlk1-Dio3
miRNAs and lupus pathogenesis is still lacking, Vinuesa et al.
(48) have reported that 49 of 72 autoimmune genes were pre-
dicted to be the targets of Dlk1-Dio3 miRNAs. The Kyoto Ency-
clopedia of Genes and Genomes pathway enrichment analysis
of the predicted target genes of the Dlk1-Dio3 miRNAs that are

upregulated in murine lupus or in MS showed the enrichment
of signaling cascades that have been implicated in autoimmune
disease pathogenesis (Supplemental Fig. 1) (20, 21). For example,
the Dlk1-Dio3 miRNAs targeted the PI3K/Akt/mTOR signaling
pathway, which has been associated with the pathogenesis of

FIGURE 4. Egr2 deletion in B6/lpr mice induces a methylation loss at

a genome-wide level.

RRBS assays were performed to profile the DNA methylation in purified

splenic CD41 T cells from female Egr2�/�B6/lpr mice at �5 mo old

and sex-matched littermate control Egr2fl/flB6/lpr mice (n 5 2 each).

DMSs and DMRs were identified as we described in detail in �Materials

and Methods.� (A) Mean methylation levels of DMSs at different geno-

mic regions showed reduced methylation at a whole-genome level

and at different genomic regions except the 50-untranslated region

(UTR) in CD41 T cells of Egr2�/�B6/lpr mice compare with control

Egr2fl/flB6/lpr mice. (B) Pie charts showed the distribution of hyperme-

thylated (Hyper) DMSs and hypomethylated (Hypo) DMSs at the four

genomic regions. (C) Graph showed the number of hypermethylated

DMRs (false discovery rate [FDR] < 0.05) and hypomethylated DMRs

(FDR < 0.05) in CD41 T cells of Egr2�/�B6/lpr compared with control

Egr2fl/flB6/lpr mice. Meth Diff, methylation difference.
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lupus nephritis and MS/experimental autoimmune encephalo-
myelitis (49, 50). In addition, there is a significant enrichment
of Ras-MAPK signaling, FcgR-mediated phagocytosis pathway,
TCR signaling, cAMP signaling pathway, HIF-1 signaling, and
Wnt signaling pathways in the predicted target genes of lupus-
related Dlk1-Dio3 miRNAs, which are also critically involved in
autoimmunity and lupus pathogenesis (51�55) (Supplemental
Fig. 1). In this study, we reported that Egr2 deletion significantly
reduced maternally expressed Dlk1-Dio3 miRNAs, suggesting
that EGR2 plays an important role in the upregulation of
Dlk1-Dio3 miRNAs in murine lupus CD41 T cells. These data
provide us with new insight into the autoimmunity regulatory
role of EGR2 and new knowledge in understanding the molecu-
lar regulation of Dlk1-Dio3 miRNAs in lupus.

The expression of the genes at the genomic imprinted Dlk1-
Dio3 locus was controlled by the two major differentially methyl-
ated regions, IG-DMR and Gtl2-DMR (MEG3-DMR in humans),
and other methylation changes across the Dlk1-Dio3 locus
(56, 57). Our previous report showed the correlation between
the upregulation and Dlk1-Dio3 miRNAs and global DNA hypo-
methylation in MRL/lpr CD41 T cells (19). Our RRBS analysis
consistently revealed a DNA methylation loss at the whole-
genome level and also at different genomic regions of MRL/lpr
CD41 T cells when compared with control MRL CD41 T cells.
Importantly, we identified three hypomethylated DMRs at the
Dlk1-Dio3 locus of MRL/lpr CD41 T. These data suggested a
link between the upregulation of Dlk1-Dio3 miRNAs and site-
specific DNA demethylation at the Dlk1-Dio3 region. Additional
study is necessary to determine whether these three hypome-
thylated DMRs contribute directly to the upregulation of Dlk1-
Dio3 miRNAs in MRL/lpr CD41 T cells.

Reduced Dnmt1 and/or Dnmt3a/b expression has been cor-
related with the global DNA hypomethylation in the human lu-
pus (40, 41). However, unchanged Dnmt1 expression and even
increased Dnmt3a/b gene expression have also been identified
in human lupus PBMCs or CD41 T cells in different studies,
despite the consistency of DNA hypomethylation in these lupus
cells (58�60). An early study has shown that MRL/lpr CD41

T cells have reduced Dnmt1 mRNA levels, correlating with
global DNA hypomethylation and disease development in
MRL/lpr mice (61). It is noteworthy that in this study, the
authors compared the expression of Dnmt1 in CD41 T cells
from MRL/lpr mice with active disease (16 wk of age) with
CD41 T cells from MRL/lpr at the prediseased stage (5 wk
of age) but not with age-matched MRL control mice (61). In

this article, we reported an increase of Dnmt1 and Dnmt3b in
CD41 T cells of MRL/lpr mice when compared with age-
matched MRL controls. With the finding of an increased ex-
pression of Tet1 and Tet2 in MRL/lpr CD41 T, we speculate
that the TET-mediated active DNA demethylation pathway
likely plays a major role in the global DNA hypomethylation
in CD41 T cells of MRL/lpr mice. However, we cannot rule
out the involvement of DNMT-mediated passive DNA demeth-
ylation pathway, because Dnmt gene expression level may not
reflect the protein expression level and/or activity. Although
Dnmt1, Dnmt3b, Tet1, and Tet3 were significantly increased in
CD41 T cells of MRL/lpr mice, they were either reduced
(Dnmt3b and Tet1) or not changed (Dnmt1 and Tet3) in whole
splenocytes of MRL/lpr mice when compared with MRL con-
trols (Supplemental Fig. 2). This suggested that either DNMT-
or TET-mediated DNA methylation changes could be cell- and
tissue-specific and/or signal pathway-dependent (13).

EGR2 was initially identified as a vital regulator of the de-
velopment of the hindbrain (62). The critical and complex roles
of EGR2 in immunity and autoimmunity have now been exten-
sively studied (25�32, 63�65). We recently reported that the
EGR2 apparently had a differential immune regulatory role in
normal B6 mice versus autoimmune-prone B6/lpr mice (31). In
contrast to how conditional Egr2 deletion in lymphocytes of
normal B6 mice promoted autoantibody production and in-
duced lupus-like disease, conditional Egr2 deletion in B6/lpr
mice had the opposite effect, with reduced autoantibodies, Ab
production, and pathogenic double-negative T cells (31). In the
current study, we found that Egr2 deletion in B6/lpr mice sig-
nificantly reduced the expression of DNA methylation�sensitive
Dlk1-Dio3 miRNAs, which are upregulated and implicated in
the pathogenesis of autoimmune diseases such as lupus and
MS (3, 19, 36, 48). It is possible that EGR2 regulates autoimmu-
nity in lupus mice via the regulation of Dlk1-Dio3 miRNAs.

To further understand how EGR2 regulates the expression
of methylation-sensitive Dlk1-Dio3 miRNAs, we investigated
Egr2 deletion�induced methylation changes in CD41 T cells of
B6/lpr mice. EGR2 has recently been shown to interact with
TET2 to induce site-specific active DNA demethylation during
monocyte differentiation, suggesting an epigenetic regulatory
role of EGR2 in immune cells (47). We therefore initially
thought that Egr2 deletion might increase DNA methylation at
Dlk1-Dio3 locus to suppress Dlk1-Dio3 miRNAs expression. To
our surprise, Egr2 deletion induced a greater loss of DNA
methylation than gain of DNA methylation in CD41 T cells of

TABLE III. DMRs at Dlk1-Dio3 region of Egr2�/� B6/lpr compared with Egr2fl/flB6/lpr mice

Chrom Start End Length nCG Meth Diff
Egr2�/�B6/lpr
Mean Meth

Egr2fl/flB6/lpr
Mean Meth

chr12 109560215 109560448 234 5 �0.10493 0.85655 0.96148
chr12 109828129 109828488 360 5 0.13927 0.74218 0.60291
chr12 109988263 109988389 127 5 �0.1327 0.76127 0.89397
chr12 110114252 110114532 281 5 �0.11043 0.67799 0.78842
chr12 110176792 110177223 432 11 �0.14076 0.55261 0.69337

Chrom, chromosome; Meth Diff, methylation difference; nCG, number of cytosine-guanine.
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Egr2�/�B6/lpr mice at whole genome level (Fig. 4) and at the
Dlk1-Dio3 locus (Table III). Researchers have devoted consider-
able attention to the reverse relationship between gene expres-
sion level and DNA methylation level at the genome, particularly
in the promoter region. Nevertheless, the role of DNA methyla-
tion in gene expression is much more intricate and depends on
the methylation patterns at genomic sites, cell and tissue types,
and developmental stages (66�68). For example, in both plant
and human systems, a positive correlation between the DNA
methylation within the intragenic regions (gene body) and gene
expression was observed (68, 69). Further, DNA hypermethyla-
tion has been associated with the upregulation of gene expres-
sion in prostate cancer tissues (70). Thus, although there is a
correlation between the expression of Dlk1-Dio3 miRNAs and
global DNA hypomethylation, as well as site-specific DNA hypo-
methylation, in MRL/lpr CD41 T cells, we cannot exclude the
possibility that Egr2 deletion�induced hypomethylated DMRs at
Dlk1-Dio3 locus might contribute to the suppression of Dlk1-Dio3
miRNAs in Egr2�/�B6/lpr mice. It is worth noting that the Egr2
deletion�induced DMRs in B6/lpr mice do not overlap with the
hypomethylated DMRs that were determined in MRL/lpr mice.
A site-specific modulation of the methylation status at Egr2
deletion�induced DMRs may provide insights into the di-
rect role of EGR2 in the epigenetic regulation of Dlk1-Dio3
miRNAs. Additionally, as a transcription factor, EGR2 may
regulate the expression of Dlk1-Dio3 miRNAs without altering
the methylation.

The current understanding of the role of EGR2 in immunity
and autoimmunity is primarily based on data derived from genet-
ically modified B6 mice that may not fully capture the function of
EGR2 in diverse pathological contexts. Our study revealed that
Egr2 deletion in autoimmune-prone B6/lpr mice altered the
methylation at the genome-wide level and suppressed the ex-
pression of methylation-sensitive Dlk1-Dio3 miRNAs. These
data provide us with a fresh perspective on comprehending
the pathogenic contribution of upregulated EGR2 in lupus, although
the detailed mechanism of EGR2 regulation of Dlk1-Dio3 miRNAs
needs to be further investigated.

DISCLOSURES

The authors have no financial conflicts of interest.

ACKNOWLEDGMENTS

We thank all colleagues and the animal care staff at the Virginia-Maryland
College of Veterinary Medicine facility.

REFERENCES

1. Richardson, B. C., and D. R. Patel. 2014. Epigenetics in 2013. DNA
methylation and miRNA: key roles in systemic autoimmunity. Nat.
Rev. Rheumatol. 10: 72�74.

2. Wang, S., W. Wu, and F. X. Claret. 2017. Mutual regulation of micro-
RNAs and DNAmethylation in human cancers. Epigenetics 12: 187�197.

3. Dai, R., Z. Wang, and S. A. Ahmed. 2021. Epigenetic contribution
and genomic imprinting Dlk1-Dio3 miRNAs in systemic lupus erythe-
matosus. Genes (Basel) 12: 680.

4. Jin, B., Y. Li, and K. D. Robertson. 2011. DNA methylation: superior or
subordinate in the epigenetic hierarchy? Genes Cancer 2: 607�617.

5. Quddus, J., K. J. Johnson, J. Gavalchin, E. P. Amento, C. E. Chrisp,
R. L. Yung, and B. C. Richardson. 1993. Treating activated CD41

T cells with either of two distinct DNA methyltransferase inhibitors,
5-azacytidine or procainamide, is sufficient to cause a lupus-like dis-
ease in syngeneic mice. J. Clin. Invest. 92: 38�53.

6. Richardson, B., L. Scheinbart, J. Strahler, L. Gross, S. Hanash, and
M. Johnson. 1990. Evidence for impaired T cell DNA methylation in
systemic lupus erythematosus and rheumatoid arthritis. Arthritis
Rheum. 33: 1665�1673.

7. Cornacchia, E., J. Golbus, J. Maybaum, J. Strahler, S. Hanash, and
B. Richardson. 1988. Hydralazine and procainamide inhibit T cell DNA
methylation and induce autoreactivity. J. Immunol. 140: 2197�2200.

8. Coit, P., M. Jeffries, N. Altorok, M. G. Dozmorov, K. A. Koelsch,
J. D. Wren, J. T. Merrill, W. J. McCune, and A. H. Sawalha. 2013.
Genome-wide DNA methylation study suggests epigenetic accessi-
bility and transcriptional poising of interferon-regulated genes in
naïve CD41 T cells from lupus patients. J. Autoimmun. 43: 78�84.

9. Absher, D. M., X. Li, L. L. Waite, A. Gibson, K. Roberts, J. Edberg,
W. W. Chatham, and R. P. Kimberly. 2013. Genome-wide DNA
methylation analysis of systemic lupus erythematosus reveals persis-
tent hypomethylation of interferon genes and compositional changes
to CD41 T-cell populations. PLoS Genet. 9: e1003678.

10. Coit, P., S. Yalavarthi, M. Ognenovski, W. Zhao, S. Hasni, J. D.
Wren, M. J. Kaplan, and A. H. Sawalha. 2015. Epigenome profiling
reveals significant DNA demethylation of interferon signature genes
in lupus neutrophils. J. Autoimmun. 58: 59�66.

11. Zhu, H., W. Mi, H. Luo, T. Chen, S. Liu, I. Raman, X. Zuo, and Q. Z.
Li. 2016. Whole-genome transcription and DNA methylation analysis
of peripheral blood mononuclear cells identified aberrant gene regu-
lation pathways in systemic lupus erythematosus. Arthritis Res. Ther.
18: 162.

12. Baechler, E. C., F. M. Batliwalla, G. Karypis, P. M. Gaffney, W. A.
Ortmann, K. J. Espe, K. B. Shark, W. J. Grande, K. M. Hughes, V. Kapur,
et al. 2003. Interferon-inducible gene expression signature in peripheral
blood cells of patients with severe lupus. Proc. Natl. Acad. Sci. USA 100:
2610�2615.

13. Hedrich, C. M., K. M€abert, T. Rauen, and G. C. Tsokos. 2017. DNA
methylation in systemic lupus erythematosus. Epigenomics 9: 505�525.

14. Bartel, D. P. 2004. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116: 281�297.

15. Dai, R., and S. A. Ahmed. 2011. MicroRNA, a new paradigm for under-
standing immunoregulation, inflammation, and autoimmune diseases.
Transl. Res. 157: 163�179.

16. O�Brien, J., H. Hayder, Y. Zayed, and C. Peng. 2018. Overview of micro-
RNA biogenesis, mechanisms of actions, and circulation. Front. Endo-
crinol. (Lausanne) 9: 402.

17. Shen, N., D. Liang, Y. Tang, N. de Vries, and P. P. Tak. 2012.
MicroRNAs�novel regulators of systemic lupus erythematosus patho-
genesis. Nat. Rev. Rheumatol. 8: 701�709.

18. Dai, R., and S. A. Ahmed. 2016. microRNA, an important epigenetic
regulator of immunity and autoimmunity In Translating MicroRNAs
to the Clinic. J. Laurence, ed. Elsevier, Amsterdam. p. 223�258.

19. Dai, R., R. Lu, and S. A. Ahmed. 2016. The upregulation of genomic
imprinted DLK1-Dio3 miRNAs in murine lupus is associated with global
DNA hypomethylation. PLoS One 11: e0153509.

20. Baulina, N., G. Osmak, I. Kiselev, E. Popova, A. Boyko, O. Kulakova,
and O. Favorova. 2019. miRNAs from DLK1-DIO3 imprinted locus at

ImmunoHorizons Egr2 REGULATES Dlk1-Dio3 miRNA EXPRESSION 905

https://doi.org/10.4049/immunohorizons.2300111



14q32 are associated with multiple sclerosis: gender-specific expression
and regulation of receptor tyrosine kinases signaling. Cells 8: 133.

21. Ruhrmann, S., P. Stridh, L. Kular, and M. Jagodic. 2015. Genomic
imprinting: a missing piece of the multiple sclerosis puzzle? Int. J.
Biochem. Cell Biol. 67: 49�57.

22. Pan, W., S. Zhu, M. Yuan, H. Cui, L. Wang, X. Luo, J. Li, H. Zhou, Y.
Tang, and N. Shen. 2010. MicroRNA-21 and microRNA-148a contribute
to DNA hypomethylation in lupus CD41 T cells by directly and indi-
rectly targeting DNAmethyltransferase 1. J. Immunol. 184: 6773�6781.

23. Zhao, S., Y. Wang, Y. Liang, M. Zhao, H. Long, S. Ding, H. Yin, and
Q. Lu. 2011. MicroRNA-126 regulates DNA methylation in CD41 T cells
and contributes to systemic lupus erythematosus by targeting DNA
methyltransferase 1. Arthritis Rheum. 63: 1376�1386.

24. Hewagama, A., G. Gorelik, D. Patel, P. Liyanarachchi, W. J. McCune,
E. Somers, T. Gonzalez-Rivera, F. Strickland, and B. Richardson; Mich-
igan Lupus Cohort. 2013. Overexpression of X-linked genes in T cells
from women with lupus. J. Autoimmun. 41: 60�71.

25. Zheng, Y., Y. Zha, G. Driessens, F. Locke, and T. F. Gajewski. 2012.
Transcriptional regulator early growth response gene 2 (Egr2) is required
for T cell anergy in vitro and in vivo. J. Exp. Med. 209: 2157�2163.

26. Du, N., H. Kwon, P. Li, E. E. West, J. Oh, W. Liao, Z. Yu, M. Ren,
and W. J. Leonard. 2014. EGR2 is critical for peripheral naïve T-cell
differentiation and the T-cell response to influenza. Proc. Natl. Acad.
Sci. USA 111: 16484�16489.

27. Okamura, T., K. Fujio, M. Shibuya, S. Sumitomo, H. Shoda, S. Sakaguchi,
and K. Yamamoto. 2009. CD41CD25�LAG31 regulatory T cells con-
trolled by the transcription factor Egr-2. Proc. Natl. Acad. Sci. USA
106: 13974�13979.

28. Zhu, B., A. L. Symonds, J. E. Martin, D. Kioussis, D. C. Wraith, S. Li,
and P. Wang. 2008. Early growth response gene 2 (Egr-2) controls
the self-tolerance of T cells and prevents the development of lupus-
like autoimmune disease. J. Exp. Med. 205: 2295�2307.

29. Miao, T., M. Raymond, P. Bhullar, E. Ghaffari, A. L. Symonds, U. C.
Meier, G. Giovannoni, S. Li, and P. Wang. 2013. Early growth response
gene-2 controls IL-17 expression and Th17 differentiation by negatively
regulating Batf. J. Immunol. 190: 58�65.

30. Miao, T., A. L. J. Symonds, R. Singh, J. D. Symonds, A. Ogbe, B.
Omodho, B. Zhu, S. Li, and P. Wang. 2017. Egr2 and 3 control adap-
tive immune responses by temporally uncoupling expansion from
T cell differentiation. J. Exp. Med. 214: 1787�1808.

31. Dai, R., Z. Wang, B. Heid, K. Eden, C. M. Reilly, and S. A. Ahmed.
2022. EGR2 deletion suppresses anti-dsDNA autoantibody and IL-17
production in autoimmune-prone B6/lpr mice: a differential immune reg-
ulatory role of EGR2 in B6/lpr versus normal B6 mice. Front. Immunol.
13: 917866.

32. Dai, R., B. Heid, X. Xu, H. Xie, C. M. Reilly, and S. A. Ahmed. 2020.
EGR2 is elevated and positively regulates inflammatory IFNg pro-
duction in lupus CD41 T cells. BMC Immunol. 21: 41.

33. Edwards, M. R., R. Dai, B. Heid, C. Cowan, S. R. Werre, T. Cecere,
and S. A. Ahmed. 2020. Low-dose 17a-ethinyl estradiol (EE) exposure
exacerbates lupus renal disease and modulates immune responses to
TLR7/9 agonists in genetically autoimmune-prone mice. Sci. Rep. 10:
5210.

34. Wang, Z., B. Heid, R. Lu, M. Sachdeva, M. R. Edwards, J. Ren, T. E.
Cecere, D. Khan, T. Jeboda, D. G. Kirsch, et al. 2022. Deletion of
microRNA-183-96-182 cluster in lymphocytes suppresses anti-
dsDNA autoantibody production and IgG deposition in the kidneys
in C57BL/6-Faslpr/lpr mice. Front. Genet. 13: 840060.

35. Hagan, J. P., B. L. O�Neill, C. L. Stewart, S. V. Kozlov, and C. M.
Croce. 2009. At least ten genes define the imprinted Dlk1-Dio3 cluster
on mouse chromosome 12qF1. PLoS One 4: e4352.

36. Wang, Z., B. Heid, R. Dai, and S. A. Ahmed. 2018. Similar dysregula-
tion of lupus-associated miRNAs in peripheral blood mononuclear
cells and splenic lymphocytes in MRL/lpr mice. Lupus Sci. Med. 5:
e000290.

37. Krueger, F., and S. R. Andrews. 2011. Bismark: a flexible aligner and
methylation caller for Bisulfite-Seq applications. Bioinformatics 27:
1571�1572.

38. Kojima, S., N. Shiochi, K. Sato, M. Yamaura, T. Ito, N. Yamamura,
N. Goto, M. Odamoto, S. Kobayashi, T. Kimura, and Y. Sekita. 2022.
Epigenome editing reveals core DNA methylation for imprinting
control in the Dlk1-Dio3 imprinted domain. Nucleic Acids Res. 50:
5080�5094.

39. da Rocha, S. T., C. A. Edwards, M. Ito, T. Ogata, and A. C. Ferguson-
Smith. 2008. Genomic imprinting at the mammalian Dlk1-Dio3 do-
main. Trends Genet. 24: 306�316.

40. Lei, W., Y. Luo, W. Lei, Y. Luo, K. Yan, S. Zhao, Y. Li, X. Qiu, Y.
Zhou, H. Long, et al. 2009. Abnormal DNA methylation in CD41

T cells from patients with systemic lupus erythematosus, systemic
sclerosis, and dermatomyositis. Scand. J. Rheumatol. 38: 369�374.

41. Nawrocki, M. J., D. Majewski, M. Puszczewicz, and P. P. Jagodzi�n-
ski. 2017. Decreased mRNA expression levels of DNA methyltrans-
ferases type 1 and 3A in systemic lupus erythematosus. Rheumatol.
Int. 37: 775�783.

42. Januchowski, R., M. Wudarski, H. Chwali�nska-Sadowska, and P. P.
Jagodzinski. 2008. Prevalence of ZAP-70, LAT, SLP-76, and DNA
methyltransferase 1 expression in CD41 T cells of patients with sys-
temic lupus erythematosus. Clin. Rheumatol. 27: 21�27.

43. Zhao, M., J. Wang, W. Liao, D. Li, M. Li, H. Wu, Y. Zhang, M. E.
Gershwin, and Q. Lu. 2016. Increased 5-hydroxymethylcytosine in
CD41 T cells in systemic lupus erythematosus. J. Autoimmun. 69:
64�73.

44. Sung, W. Y., Y. Z. Lin, D. Y. Hwang, C. H. Lin, R. N. Li, C. C. Tseng,
C. C. Wu, T. T. Ou, and J. H. Yen. 2022. Methylation of TET2 pro-
moter is associated with global hypomethylation and hypohydroxy-
methylation in peripheral blood mononuclear cells of systemic
lupus erythematosus patients. Diagnostics (Basel) 12: 3006.

45. Calle-Fabregat, C., O. Morante-Palacios, and E. Ballestar. 2020. Un-
derstanding the relevance of DNA methylation changes in immune
differentiation and disease. Genes (Basel) 11: 110.

46. Blattler, A., and P. J. Farnham. 2013. Cross-talk between site-specific
transcription factors and DNA methylation states. J. Biol. Chem. 288:
34287�34294.

47. Mendes, K., S. Schmidhofer, J. Minderjahn, D. Glatz, C. Kiesewetter,
J. Raithel, J. Wimmer, C. Gebhard, and M. Rehli. 2021. The epige-
netic pioneer EGR2 initiates DNA demethylation in differentiating
monocytes at both stable and transient binding sites. Nat. Commun.
12: 1556.

48. Vinuesa, C. G., R. J. Rigby, and D. Yu. 2009. Logic and extent of miRNA-
mediated control of autoimmune gene expression. Int. Rev. Immunol. 28:
112�138.

49. Stylianou, K., I. Petrakis, V. Mavroeidi, S. Stratakis, E. Vardaki, K.
Perakis, S. Stratigis, A. Passam, E. Papadogiorgaki, K. Giannakakis,
et al. 2011. The PI3K/Akt/mTOR pathway is activated in murine lupus
nephritis and downregulated by rapamycin. Nephrol. Dial. Transplant.
26: 498�508.

50. Ge, F., F. Wang, X. Yan, Z. Li, and X. Wang. 2017. Association of
BAFF with PI3K/Akt/mTOR signaling in lupus nephritis. Mol. Med.
Rep. 16: 5793�5798.

51. Raker, V. K., C. Becker, and K. Steinbrink. 2016. The cAMP pathway
as therapeutic target in autoimmune and inflammatory diseases. Front.
Immunol. 7: 123.

52. Shi, J., S. Chi, J. Xue, J. Yang, F. Li, and X. Liu. 2016. Emerging role
and therapeutic implication of Wnt signaling pathways in autoimmune
diseases. J. Immunol. Res. 2016: 9392132.

53. Deng, C., M. J. Kaplan, J. Yang, D. Ray, Z. Zhang, W. J. McCune,
S. M. Hanash, and B. C. Richardson. 2001. Decreased Ras-mitogen-
activated protein kinase signaling may cause DNA hypomethylation
in T lymphocytes from lupus patients. Arthritis Rheum. 44: 397�407.

906 Egr2 REGULATES Dlk1-Dio3 miRNA EXPRESSION ImmunoHorizons

https://doi.org/10.4049/immunohorizons.2300111



54. Salmon, J. E., R. P. Kimberly, A. Gibofsky, andM. Fotino. 1984. Defective
mononuclear phagocyte function in systemic lupus erythematosus: dis-
sociation of Fc receptor-ligand binding and internalization. J. Immunol.
133: 2525�2531.

55. Yang, Z. C., and Y. Liu. 2016. Hypoxia-inducible factor-1a and auto-
immune lupus, arthritis. Inflammation 39: 1268�1273.

56. Seitz, H., H. Royo, M. L. Bortolin, S. P. Lin, A. C. Ferguson-Smith,
and J. Cavaill�e. 2004. A large imprinted microRNA gene cluster at
the mouse Dlk1-Gtl2 domain. Genome Res. 14: 1741�1748.

57. Zhu, W., E. M. Botticelli, R. E. Kery, Y. Mao, X. Wang, A. Yang, X.
Wang, J. Zhou, X. Zhang, R. J. Soberman, et al. 2019. Meg3-DMR,
not the Meg3 gene, regulates imprinting of the Dlk1-Dio3 locus. Dev.
Biol. 455: 10�18.

58. Balada, E., J. Ordi-Ros, and M. Vilardell-Tarr�es. 2007. DNA methyl-
ation and systemic lupus erythematosus. Ann. N. Y. Acad. Sci. 1108:
127�136.

59. Wiley, K. L., E. Treadwell, K. Manigaba, B. Word, and B. D. Lyn-Cook.
2013. Ethnic differences in DNAmethyltransferases expression in patients
with systemic lupus erythematosus. J. Clin. Immunol. 33: 342�348.

60. Balada, E., J. Ordi-Ros, S. Serrano-Acedo, L. Martinez-Lostao, M.
Rosa-Leyva, and M. Vilardell-Tarr�es. 2008. Transcript levels of
DNA methyltransferases DNMT1, DNMT3A and DNMT3B in CD41

T cells from patients with systemic lupus erythematosus. Immunology
124: 339�347.

61. Sawalha, A. H., and M. Jeffries. 2007. Defective DNA methylation
and CD70 overexpression in CD41 T cells in MRL/lpr lupus-prone
mice. Eur. J. Immunol. 37: 1407�1413.

62. Swiatek, P. J., and T. Gridley. 1993. Perinatal lethality and defects in
hindbrain development in mice homozygous for a targeted mutation
of the zinc finger gene Krox20. Genes Dev. 7: 2071�2084.

63. Morita, K., T. Okamura, S. Sumitomo, Y. Iwasaki, K. Fujio, and K.
Yamamoto. 2016. Emerging roles of Egr2 and Egr3 in the control of
systemic autoimmunity. Rheumatology (Oxford) 55(suppl 2): ii76�ii81.

64. Okamura, T., S. Sumitomo, K. Morita, Y. Iwasaki, M. Inoue, S. Nakachi,
T. Komai, H. Shoda, J. Miyazaki, K. Fujio, and K. Yamamoto. 2015.
TGF-b3-expressing CD41CD25�LAG31 regulatory T cells control hu-
moral immune responses. Nat. Commun. 6: 6329.

65. Okamura, T., K. Yamamoto, and K. Fujio. 2018. Early growth response
gene 2-expressing CD41LAG31 re5ulatory T cells: the therapeutic po-
tential for treating autoimmune diseases. Front. Immunol. 9: 340.

66. Luo, R., C. Bai, L. Yang, Z. Zheng, G. Su, G. Gao, Z. Wei, Y. Zuo, and
G. Li. 2018. DNA methylation subpatterns at distinct regulatory re-
gions in human early embryos. Open Biol. 8: 180131.

67. Moore, L. D., T. Le, and G. Fan. 2013. DNA methylation and its basic
function. Neuropsychopharmacology 38: 23�38.

68. Shenker, N., and J. M. Flanagan. 2012. Intragenic DNA methylation:
implications of this epigenetic mechanism for cancer research. Br. J.
Cancer 106: 248�253.

69. Aran, D., G. Toperoff, M. Rosenberg, and A. Hellman. 2011. Replica-
tion timing-related and gene body-specific methylation of active hu-
man genes. Hum. Mol. Genet. 20: 670�680.

70. Rauluseviciute, I., F. Drabløs, andM. B. Rye. 2020. DNA hypermethylation
associated with upregulated gene expression in prostate cancer demon-
strates the diversity of epigenetic regulation. BMCMed. Genomics 13: 6.

ImmunoHorizons Egr2 REGULATES Dlk1-Dio3 miRNA EXPRESSION 907

https://doi.org/10.4049/immunohorizons.2300111


