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Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by T cell overactivation and
B cell hyper-stimulation. Hematopoietic progenitor kinase 1 (HPK1, also called MAP4K1) negatively
regulates T cell-mediated immune responses. However, the role of HPK1 and the mechanisms that
regulate HPK1 expression in SLE remain poorly understood. Using chromatin immunoprecipitation

KeyWOf"“" (ChIP) microarray data, we identified markedly increased histone H3 lysine 27 trimethylation
;ﬁimlc lupus erythematosus (H3K27me3) enrichment at the HPK1 promoter of SLE CD4+ T cells relative to controls, and confirmed
IMD3 this observation using ChIP and real-time PCR experiments. We further found that HPK1 mRNA and
EZH2 protein levels were significantly decreased in CD4+ T cells of patients with SLE, and that this decrease
H3K27me3 was not caused by exposure to standard SLE medications. Down-regulating HPK1 in healthy CD4+ T cells
T cells significantly accelerated T cell proliferation and production of IFNy and IgG. Consistent with these

findings, overexpressing HPK1 in SLE CD4+ T cells caused a significant decrease in T cell reactivity. In
addition, we observed a striking decrease in jumonji domain containing 3 (JMJD3) binding, but no
marked change in enhancer of zeste homolog 2 (EZH2) binding, at the HPK1 promoter region in SLE
CD4+ T cells compared to healthy controls. SiIRNA knock down of JMJD3 in healthy CD4+ T cells led to
decreased JMJD3 binding and increased H3K27me3 enrichment at the HPK1 promoter region, thus
inhibiting the expression of HPK1. Concordantly, plasmid-induced overexpression of JMJD3 in SLE CD4-+
T cells led to increased JMJD3 binding, decreased H3K27me3 enrichment, and up-regulated HPK1
expression. Our results show for the first time that inhibited HPK1 expression in SLE CD4+ T cells is
associated with loss of JMJD3 binding and increased H3K27me3 enrichment at the HPK1 promoter,
contributing to T cell overactivation and B cell overstimulation in SLE. These findings suggest that HPK1
may serve as a novel target for effective SLE therapy.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Autoimmune diseases are multifactorial in their pathogenesis.
Contributory factors include: genetic predisposition and environ-
mental factors [1,2]. Autoimmune diseases are always female-
predominant [3—5]. As a typical chronic autoimmune disease,
systemic lupus erythematosus (SLE) is characterized by T cell
overactivation and the overproduction of autoantibodies against
multiple self antigens [6]. Although the molecular mechanisms that
initiate these autoimmune responses in SLE remain unclear, it is
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widely accepted that epigenetic alterations in the promoters of
certain immune-related genes play critical roles in the onset and
progression of SLE [7—10]. The term “epigenetics” refers to stable
and heritable changes in gene expression that are not related to
changes in the DNA sequence [11,12]. The major mechanisms of
epigenetic regulation include DNA methylation, histone modifica-
tions, chromatin modifications, noncoding RNA regulation, and so
forth [11—14]. Among histone modifications, histone H3 lysine 27
trimethylation (H3K27me3) is a hallmark of gene silencing [15—18],
via its binding to Pc protein, which forms part of the polycomb
repressive complex 1 (PRC1). PRC1 then blocks the access of tran-
scriptional activation factors and chromatin remodeling factors to
DNA, and prevents initiation of transcription by RNA polymerase II.
Furthermore, PRC1 is known to associate with histone deacetylases
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(HDACs, which can inhibit transcription), and PRC1 and H3K27me3
can block positively-acting imprints such as H3K4 methylation
[15,17]. It is well-known that the histone demethylase jumonji
domain containing 3 (JMJD3) [19—22] and the histone methyl-
transferase enhancer of zeste homolog 2 (EZH2) [23,24] can both
regulate H3K27me3 levels.

Hematopoietic progenitor kinase 1 (HPK1, also known as
MAP4K1) is a mammalian Ste20-related serine/threonine protein
kinase. It belongs to the germinal center kinase (GCK) family and
can be activated by a variety of signal stimuli, such as epidermal
growth factor (EGF) [25], prostaglandin E; (PGE,) [26], trans-
forming growth factor-p (TGF-B) [27], erythropoietin (EPO) [28],
and TCR and BCR stimulation [29—32]. It is also involved in various
cellular events, such as MAPK [33—36], NF-kB [29,37—39] and
cytokine signalings [28,40,41], as well as cellular proliferation and
apoptosis [31,42—44]. In addition, HPK1 negatively regulates TCR
signaling and T cell-mediated immune responses [40,43]. Shui et al.
found that HPK1~/~ mice T cells become hyperproliferative in
response to stimulation with anti-CD3 and anti-CD28 antibodies,
and that these cells can produce more proinflammatory cytokines
when immunized with T cell-dependent antigens. Furthermore,
T cell-dependent humoral responses in HPK1 -~ immunized mice
are more vigorous than in controls, and HPK1~/~ mice demonstrate
even more severe autoimmune phenotypes in an experimental
autoimmune encephalomyelitis (EAE) model [43]. The T cell
phenotypes observed in these HPK1-deficient mice are reminiscent
of those observed in the T cells of patients with SLE, suggesting that
HPK1 may play a causative role in SLE pathogenesis.

In then present study, chromatin immunoprecipitation (ChIP)
microarray analysis revealed that H3K27me3 enrichment at the
HPK1 promoter was significantly higher in CD4+ T cells of patients
with SLE than in healthy controls. According to this clue, we set out
to further investigate the putative roles of HPK1 in the develop-
ment of autoimmunity in SLE and epigenetic regulation of its
expression. To achieve this, we first confirmed that HPK1 mRNA
and protein expressions were significantly decreased in SLE CD4+ T
cells. Secondly, we showed that HPK1 negatively regulated CD4+ T
cell activation and production of IFNy and IgG in both healthy and
SLE CD4+ T cells. We also observed elevated H3K27me3 enrich-
ment and decreased JMJD3 binding at the HPK1 promoter in SLE
CD4+ T cells, with no change in EZH2 binding. By down- and up-
regulating JMJD3 expression using JMJD3-siRNA and JMJD3-
plasmid, respectively, we demonstrated that changes in HPKI1
expression were associated with changes in JMJD3 binding and
H3K27me3 enrichment at its promoter. Together, these results
provide novel insights into the mechanisms that cause SLE, and
suggest a new approach for the treatment of SLE.

2. Materials and methods
2.1. Subjects

15 patients with SLE and 15 age- and sex-matched healthy
controls were enrolled in this study. Relevant patient information is
listed in Table 1. All patients (n = 15, age: 28.60 + 6.25 years) were
recruited from the out-patient clinic and in-patient ward of the
Department of Dermatology of the Second Xiangya Hospital, Central
South University, China. All patients fulfilled at least 4 of the
American College of Rheumatology (ACR) Classification Criteria for
SLE [45]. Disease activity was assessed using the SLE Disease Activity
Index (SLEDAI) [46]. Healthy donors (n = 15, age: 27.27 +6.42 years)
were recruited from staff and graduate students at the Second
Xiangya Hospital. Written informed consent was obtained from all
subjects. This study was approved by the Human Ethics Committee
of the Central South University Second Xiangya Hospital.

Table 1
Patient profiles.
Patient Gender Age SLEDAI Medications
1 Female 22 8 Pred® 15 mg/d
2 Female 21 4 Pred 10 mg/d
3 Female 31 15 None
4 Female 32 10 Pred 20 mg/d
5 Male 42 4 TGP 30 mg/d, HCQ 0.2 g/d
6 Female 32 2 None
7 Female 35 2 Pred 5 mg/d
8 Female 30 18 None
9 Female 21 3 Pred 5 mg/d
10 Female 20 6 TG 30 mg/d, Pred 10 mg/d
11 Female 26 0 TG 30 mg/d
12 Female 31 20 Pred 20 mg/d
13 Female 28 0 None
14 Female 24 10 None
15 Female 34 14 Pred 15 mg/d

2 Prednisone.
b Tripterygium glycoside.
¢ Hydroxychloroquine.

2.2. Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll-Hypaque density gradient centrifugation (GE Healthcare).
CD4+ T cells and CD19+ B cells were then isolated by positive
selection using magnetic beads (Miltenyi), according to the
protocol provided by the manufacturer. The purity of both enriched
cell subsets was generally higher than 95%, as evaluated by flow
cytometry.

2.3. ChIP microarrays

CD4+ Tcells from 5 patients with SLE and 5 age- and sex-matched
healthy controls were fixed with 1% formaldehyde for 10 min to
cross-link histones to DNA, and then lysed with lysis buffer. Patient
and healthy control lysates were pooled respectively and sent to
Capitalbio (Beijing, China) for ChIP microarray analysis. ChIP quality
control, labeling, hybridization, and scanning were performed by
Capitalbio. Anti-H3K27me3 antibody-precipitated DNA and unpre-
cipitated DNA (input) were labeled with Cy5 and Cy3, respectively.
Samples were then cohybridized to the microarray panels, and
Cy3/Cy5 ratio images of the microarrays were generated. In these
images, diversified color intensities indicate relative H3K27me3
enrichment at various gene promoters. Statistical analyses were
performed by Capitalbio. Compared to control CD4+ Tcells, a relative
increase or decrease in H3K27me3 promoter enrichment in SLE
CD4+ T cells of at least two-fold was considered significant.

2.4. RNA extraction and real-time RT-PCR

Total RNA was isolated from CD4+ T cells with TRIzol Reagent
(Invitrogen) according to the manufacturer’s instructions, and
stored at —80 °C. Real-time RT-PCR was performed with a Rotor-
Gene3000 thermocycler (Corbett Research). mRNA levels were
quantified using a SYBR PrimeScript RT-PCR kit (Takara). B-actin
was also amplified as an endogenous control. A series of five dilu-
tions from a RNA sample were included in order to generate
a standard curve used to calculate the relative concentrations of
transcript in every RNA sample. Negative controls (using water
instead of RNA) were run for every experiment. All reactions were
run in triplicate. Primers used were as follows: for HPK1, forward
5'-CTGCTGGAACGGAAAGAGAC-3’ and reverse 5'-CGGACAAGCAGG
AATTTGTT-3'; for B-actin, forward 5’-CGCGAGAAGATGACCCAGAT-
3’ and reverse 5'-GCACTGTGTTGGCGTACAGG-3'.
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2.5. Western blotting

CD4+ T cells were lysed with whole cell lysis buffer and dena-
tured at 100 °C for 5 min. Proteins were then separated by SDS-
polyacrylamide gel electrophoresis, and transferred onto PVDF
membranes (Millipore). The membranes were blocked in TBST
buffer containing 5% non-fat dry milk, and incubated overnight at
4 °C with HPK1 antibody (1:100, Santa Cruz), JMJD3 antibody
(1:100, Abgent), or B-actin antibody (1:1000, Santa Cruz). Experi-
ments were repeated three times, and relative expression levels
were quantified with Quantity One software (Bio-Rad).

2.6. Transfections

The PcDNA3.1 blank plasmid and pcDNA3.1-JMJD3-expressing
plasmid were gifts from Dr. Charlie Degui Chen (Chinese
Academy of Sciences). The PcDNA3 blank plasmid and pcDNA3-
HPK1-expressing plasmid were gifts from Dr. Riidiger Arnold
(German Cancer Research Center). Control-siRNA, JMJD3-siRNA,
and HPK1-siRNA were all designed and synthesized at Guangzhou
RiboBio in China. Plasmid and siRNA transfections were performed
using Human T Cell Nucleofector kits and a nucleofector (Amaxa),
according to the manufacturer’s instructions. Transfected cells
were rested in human T cell culture medium containing 10% fetal
bovine serum (FBS). CD4+ T cells transfected with JMJD3-siRNA,
JMJD3 control-siRNA, pcDNA3.1-JM]D3-plasmid, or pcDNA3.1 blank
plasmid were rested for 48 h in this medium before being subjected
to further analysis. 5 h after transfection, CD4+ T cells transfected
with HPK1-siRNA, HPK1 control-siRNA, pcDNA3-HPK1 plasmid, or
pcDNA3 blank plasmid were incubated with 5.0 pg/ml anti-CD3
and 5.0 pg/ml anti-CD28 antibodies for the remaining 43 h, in
order to activate HPK1.

2.7. Cell proliferation assays

5 h after transfection, 2 x 10° CD4+ T cells were seeded into
every well of 96-well flat-bottomed plates, and stimulated with
anti-CD3 and anti-CD28 antibodies for 43 h. 10 ul of 5 mg/ml MTT
(Roche) was then added to each well. After 4 h, the plates were
centrifuged and supernatants were removed. CD4+ T cells were
subsequently dissolved in 100 ul DMSO with gentle shaking at
room temperature. Absorbance at 570 nm was then measured
using an ELISA reader (Bio-Tek ELx800 Absorbance Microplate
Reader). Three replicate wells were used for every sample.

2.8. T-B cell cocultures for costimulation assays

Isolated B cells were cultured in RPMI 1640 medium with 10%
FBS, 100 U/ml penicillin G, and streptomycin. After stimulation,
CD4+ T cells were cocultured with autologous B cells at a ratio of
1:4 in 96-well round-bottomed plates for 8 d. Medium was sup-
plemented on day 4, and supernatants were collected on day 8 to
measure IgG concentrations.

2.9. ELISA

IFNy concentrations in the supernatant of stimulated T cells
were examined with an IFNy quantification ELISA kit (Excell), and
IgG concentrations in the supernatants of T-B cell cocultures were
measured using an IgG quantification ELISA kit (Senxiong), both
following the manufacturers’ protocols. Three replicate wells were
used for every sample, and all experiments were performed in
triplicate. OD values were read at 450 nm for IFNy examination and
490 nm for IgG quantification, using an ELISA reader (Bio-Tek
ELx800 Absorbance Microplate Reader).

2.10. ChIP and real-time PCR

Chromatin immunoprecipitation (ChIP) assays were performed
with a ChIP kit (Millipore), according to the manufacturer’s
protocol. In brief, CD4+ T cells were fixed with 1% formaldehyde for
10 min to cross-link histones to DNA, then lysed with lysis buffer.
Cell lysates were sonicated to shear the DNA, and the sonicated
extracts were then clarified by centrifugation. After preclearing
with protein G-agarose beads, antibodies were added and incu-
bated at 4 °C overnight on a 360° rotator. The next day, protein G-
agarose beads were added and rotated for 1 h at 4 °C to collect
immunoprecipitated complexes. The complexes were washed once
with low-salt buffer, once with high-salt buffer, once with LiCl
buffer, and twice with Tris—EDTA buffer, and then eluted with
elution buffer. After reversing cross links between protein and DNA
by heating at 65 °C for 4 h, the DNA was purified and subjected to
real-time PCR analysis, with input DNA (total chromatin) as
endogenous control. All experiments were performed in triplicate.
The primers used to amplify the HPK1 promoter were: forward 5'-
TTGTAGGGATGGGTTCTTGC-3' and reverse 5-ATCTTGGGGACTG
CAAATGA-3'. The anti-H3K27me3 antibody was purchased from
Millipore, the anti-JMJD3 antibody from Abgent, and the anti-EZH2
antibody from Abcam.

2.11. Statistical analysis

Results are expressed as mean + SD. Variables were compared
by Student’s t-test (data from different transfections were
compared by paired t-test, others by two-group t-test). Correlations
were determined using Pearson’s correlation coefficient. P values
less than 0.05 were considered significant. All results were
analyzed by SPSS 16.0 software (SPSS Inc.).

3. Results

3.1. Increased H3K27me3 enrichment at the HPK1 promoter
in SLE CD4+ T cells in the result of ChIP microarrays

We first used ChIP microarray analysis to examine H3K27me3
enrichment at various gene promoters in pooled CD4+ T cell lysates
from 5 SLE patients and 5 age- and sex-matched healthy controls.
Based on the microarray results, out of 20,832 distinct gene
promoters screened, 552 showed a greater than two-fold difference
in H3K27me3 enrichment between SLE and control CD4+ T cells.
Among these, H3K27me3 enrichment at the HPK1 promoter in SLE
CD4+ T cells was approximately five times higher than in control
CD4+ T cells (Fig. 1A and B).

3.2. Decreased HPK1 expression in CD4+ T cells of patients with SLE

We next compared HPK1 mRNA expression in SLE and control
CD4+ T cells using real-time RT-PCR, and found that HPK1 mRNA
levels were significantly decreased in SLE CD4+ T cells compared
with healthy controls (Fig. 2A). The decreased expression of HPK1
in SLE CD4+ T cells was further confirmed at the protein level by
western blotting (Fig. 2B and C). In addition, HPK1 mRNA levels
were found to negatively correlate with disease activity as
measured by SLEDAI (Fig. 2D).

Of the 15 patients with SLE, 10 had been treated with drugs
including corticosteroids, antimalarials, and immunosuppressive
agents (see Table 1). In order to investigate whether the changes
in HPK1 expression observed in patients with SLE could be
ascribed to drug treatment, we separately compared the 10 drug-
treated patients and the 5 untreated patients with healthy
controls. We found that both groups of SLE patients exhibited
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Fig. 1. ChIP microarray analysis of H3K27me3 enrichment in SLE and control CD4+ T cells. A. ChIP microarray panels showing relative H3K27me3 enrichment at various gene
promoters in CD4+ T cell lysates pooled from 5 healthy controls (left-hand panel) and 5 patients with SLE (right-hand panel). Anti-H3K27me3 antibody-precipitated DNA and
unprecipitated DNA (input) were respectively labeled with Cy5 (red) and Cy3 (green), and samples were subsequently cohybridized to microarray panels. Each individual dot shows
the Cy3/Cy5 ratio representing relative H3K27me3 enrichment at a specific gene promoter. The HPK1 promoter dot (indicated by a blue line) is located in the second column, eight
from the bottom. B. Relative H3K27me3 enrichment at the HPK1 promoter in SLE and healthy CD4+ T cells, quantified from the results shown in A. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

significantly decreased HPK1 mRNA levels when compared
with healthy controls (Fig. 2E). We also compared HPK1 mRNA
levels between treated patients and untreated SLE patients, and
found that there was no significant difference between the two
groups (Fig. 2E). These data suggest that altered HPK1 expression
in SLE is unlikely to be caused by exposure to standard SLE
medications.

3.3. Inhibiting HPK1 expression in healthy CD4+ T cells
increases T cell reactivity

Subsequently, we determined the effects of HPK1 down-
regulation on CD4+ T cell reactivity. CD4+ T cells from 3 healthy
donors were isolated and transfected with HPK1-siRNA or control-
siRNA. 5 h after transfection, they were stimulated with anti-CD3
and anti-CD28 antibodies for 43 h, after which supernatant IFNy
concentrations were measured by ELISA and CD4+ T cell prolifer-
ation was measured with an MTT assay. After stimulation, CD4+ T
cells were cocultured with autologous B cells for 8 d, after which
supernatants were collected to measure IgG concentrations.
Compared to control-siRNA-transfected CD4+ T cells, we observed

significantly decreased HPK1 protein levels (Fig. 3A and B) and
greater cell proliferation (Fig. 3C) in cells transfected with HPK1-
siRNA. Furthermore, supernatants collected from HPK1-siRNA-
transfected CD4+ T cells showed higher levels of IFNy than controls
(Fig. 3D), and higher IgG supernatant concentrations in the B cell
cocultures (Fig. 3E).

3.4. Overexpressing HPK1 in SLE CD4+ T cells inhibits
T cell reactivity

We also transfected an HPK1 expression plasmid (pcDNA3-
HPK1) or a control-plasmid (pcDNA3) into CD4+ T cells from 3
patients with SLE. As expected, marked overexpression of HPK1
was observed in HPK1 plasmid-transfected CD4+ T cells (Fig. 3F and
G). Significantly inhibited T cell proliferation (Fig. 3H), decreased
IFNYy secretion (Fig. 3I), and reduced IgG production (Fig. 3]) were
all observed in SLE CD4+ T cells transfected with pcDNA3-HPK1, as
compared to control-plasmid-transfected cells. These results indi-
cate that HPK1 is a negative regulator of CD4+ T cell activation and
reactivity, and that inhibition of HPK1 in SLE CD4+ T cells may lead
to T cell overactivation and B cell hyper-stimulation.
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Fig. 2. HPK1 mRNA and protein expressions in SLE and healthy CD4+ T cells. A. Relative HPK1 mRNA levels in CD4-+ T cells from 15 patients with SLE and 15 healthy controls were
assessed by real-time RT-PCR and normalized to B-actin. B and C. HPK1 protein levels in CD4+ T cells from 15 patients with SLE and 15 healthy controls were measured by western
blot analysis and normalized to B-actin. D. Negative correlation between HPK1 mRNA levels and SLEDAI score in CD4-+ T cells of patients with SLE. E. Relative HPK1 mRNA levels in
CD4+ T cells from 15 healthy controls, 10 drug-treated and 5 untreated patients with SLE were examined by real-time RT-PCR and normalized to B-actin. All data represent the mean

of three independent experiments.

3.5. Increased H3K27me3 enrichment at the HPK1 promoter
in SLE CD4+ T cells

To verify whether the epigenetic status of HPK1 was altered in
SLE CD4+ T cells, we carried out ChIP and real-time PCR experi-
ments to examine H3K27me3 enrichment at the HPK1 promoter of
the 15 patients with SLE and 15 healthy controls. Compared to
healthy controls, H3K27me3 enrichment at the HPK1 promoter was
significantly increased in SLE CD4+ T cells (Fig. 4A), consistent with
our previous ChIP microarray findings. Moreover, H3K27me3
enrichment at the promoter was negatively correlated with HPK1
mRNA levels in SLE CD4+ T cells (Fig. 4B).

3.6. Loss of JMJD3 binding at the HPK1 promoter in SLE CD4+ T cells

The increase in H3K27me3 levels in SLE CD4+ T cells prompted
us to evaluate the status of two enzymes, J]MJD3 and EZH2, which

together modulate the methylation status of histone H3K27. ChIP
followed by real-time PCR was performed to detect the levels of
JMJD3 and EZH2 binding at the HPK1 promoter in CD4+ T cells from
15 patients with SLE and 15 healthy controls. A striking decrease
was observed in JMJD3 binding at the HPK1 promoter in SLE CD4-+
T cells compared with controls (Fig. 5A). In addition, the levels of
JMJD3 binding were negatively correlated with H3K27me3
enrichment at the HPK1 promoter (Fig. 5B), and positively corre-
lated with HPK1 mRNA levels (Fig. 5C). In contrast, EZH2 binding at
the HPK1 promoter did not differ significantly between SLE and
control groups (Fig. 5A).

3.7. JMJD3 down-regulation reduces HPK1 expression
in healthy CD4+ T cells

In order to determine whether HPK1 down-regulation in SLE
CD4+ T cells was due to loss of JMJD3 binding at the HPK1
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promoter, we transfected CD4+ T cells from 3 healthy donors with
JMJD3-siRNA and evaluated the consequences on H3K27me3 and
HPK1 expression. 48 h after transfection, JMJD3 expression was
significantly inhibited by JMJD-siRNA compared to the control-
siRNA group (Fig. 6A and B). JM]D3 binding at the HPK1 promoter
was also decreased in the JMJD3-siRNA group (Fig. 6C). Concor-
dantly, H3K27me3 enrichment at the HPK1 promoter was
increased after JMJD3 down-regulation (Fig. 6D). As expected,
western blot analysis showed that HPK1 expression was also
markedly decreased in CD4+ T cells transfected with JMJD3-siRNA
compared with controls (Fig. 6A and B).

3.8. Overexpressing JMJD3 in SLE CD4+ T cells restores
HPK1 expression

To ascertain the effects of JMJD3 on HPK1 expression, we also
transfected SLE CD4+ T cells with a JMJD3 expression plasmid
(pcDNA3.1-JM]D3). 48 h after transfection, J]MJD3 was significantly
overexpressed in SLE CD4+ T cells compared to pcDNA3.1 blank
plasmid-transfected controls (Fig. 6E and F). Concordant increases
in JMJD3 binding at the HPK1 promoter were also detected
(Fig. 6G), while H3K27me3 levels were decreased after JMJD3
overexpression (Fig. 6H). Interestingly, the repression of HPK1
expression in SLE CD4+ T cells was successfully reversed by
transfection of the JMJD3 expression plasmid (Fig. 6E and F). These
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results indicate that JMJD3 can regulate HPK1 expression in SLE
CD4+ T cells by modulating the status of H3K27me3 at the HPK1
promoter.

4. Discussion

In recent years, accumulating evidence has demonstrated that
epigenetic alterations play essential roles in the pathogenesis of SLE
[7—10]. In particular, considerable interest has been focused on
DNA demethylation, and a growing number of studies indicate that
demethylation of regulatory sequences can result in the over-
expression of certain immunity-related genes, including perforin
(PRF1) [47], CD11a (ITGAL) [48,49], CD70 (TNFSF7) [48,50], and
CD40 ligand (CD40L) [51—-53]. Up-regulation of these genes leads to
T cell autoreactivity and immunoglobulin overproduction, ulti-
mately contributing to the development of SLE. However, studies
examining the role of histone modifications in SLE are limited.

H3K27me3 is known to inhibit gene transcription, and our ChIP
microarray analysis showed that H3K27me3 enrichment at the
HPK1 promoter of SLE CD4+ T cells was markedly higher than in
healthy controls. We thus speculated that increased H3K27me3
levels may repress HPK1 expression in SLE CD4+ T cells. Since HPK1
is a negative regulator of TCR signaling and T cell-mediated
immune responses [40,43], we hypothesized that the loss of
HPK1 may play a causative role in the pathogenesis of SLE.
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To understand the specific function of HPK1 in SLE CD4+ T cells is unlikely to be the result of medication use, because drug-treated
and the mechanisms that regulate HPK1 expression, we first and untreated SLE patients both exhibited significant decreases in
determined that HPK1 protein and mRNA levels were both signif- HPK1 expression relative to healthy controls, and there was no
icantly reduced in CD4+ T cells of patients with SLE. This difference significant difference between the drug-treated and untreated
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groups. We also observed that HPK1 mRNA expression negatively
correlated with disease activity in patients with SLE. Taken
together, these data strongly suggest that HPK1 is involved in the
development of SLE.

SLE is characterized by T cell overactivation and the over-
production of autoantibodies. The inflammatory cytokine IFNy has
also been found to play an important role in the development of
SLE, and serum levels of IFNy are increased in patients with SLE.
Moreover, serum IFNYy levels correlate positively with SLE disease
activity and levels of antibodies to DNA, and negatively with serum
C3 levels [54,55]. Reducing the production of IFNy can prolong
survival, inhibit the onset of disease, and mitigate glomerulone-
phritis in lupus-prone mouse models [56,57]. To further charac-
terize the role of HPK1 in SLE, we knocked down HPK1 expression
in healthy CD4-+ T cells using siRNA, and observed increased T cell
proliferation, overproduction of IFNy, and excessive B cell stimu-
lation. On the other hand, plasmid-induced overexpression of HPK1
in SLE CD4+ Tcells led to reduced T cell proliferative activity, and to
decreased IFNy and IgG synthesis. Therefore, we demonstrate for
the first time that HPK1 plays important roles in SLE pathogenesis.
These results agree with previously reported findings by Shui et al.
[43], who investigated the role of HPK1 in mouse T cells, and with
those of Alzabin et al. who demonstrated that HPK1~/~ mice T cells
can withstand PGE,-mediated suppression of T cell proliferation
and produce more IFNy [40].

HPK1 can activate the o and B subunits of the IkB kinase (IKK)
complex, resulting in IkB degradation and NF-«kB activation
[31,37,58]. During the proliferation phase that follows T cell acti-
vation, caspase-3 cleaves HPK1 into two fragments (the N-terminal
region and the C-terminal region) [42,59,60], and the C-terminal
domain becomes an inhibitor of NF-kB [44,59,60], a well-known
pro-survival factor [37,61,62]. CD4+ T cells transfected with
HPK1-siRNA not only lack full length HPK1, they also fail to produce
the C-terminal region [58]. Thus, knocking down HPK1 relieves the
negative regulation of NF-«kB, which leads to CD4+ T cell hyper-
proliferation [63]. In contrast, overexpressing HPK1 decreases the
proliferative activity of CD4+ T cells during the proliferation phase.

SLP-76 is a very important adaptor protein for HPK1. HPK1 is
able to directly phosphorylate serine residues on SLP-76, conse-
quently creating 14-3-3-binding sites and inducing the binding of
14-3-3¢ and 1 isoforms to serine-phosphorylated SLP-76 [43,64].
The proteins 14-3-3{ and 1 are negative regulators of the TCR
signaling pathway [43,64], and can bind and inhibit both PI3K and
PKCO. PI3K can trigger TCR-induced calcium signaling [43], and
PKCH is able to elevate the activity of Ras-related protein 1 (Rap1)
[65]. Rap1 mediates LFA-1 integrin activation through its binding to
RapL (a regulator for cell adhesion and polarization enriched in
lymphoid tissues) and, as a result, assists T cells in adhering to
ICAM-1 and spreading [65]. Moreover, upon TCR stimulation,
adhesion and degranulation promoting adaptor protein (ADAP)
binds SLP-76, which causes membrane recruitment of active Rap1.
HPK1, which also binds SLP-76, will compete with ADAP for SLP-76
and reduce Rap1 recruitment [65]. In addition, HPK1 also has the
potential to dampen Rap1 activation by sequestering C3G through
the interaction of HPK1 with Crk-like protein (CrkL), which inhibits
T cell activity [65]. Therefore, we speculate that decreased HPK1
expression is one of the reasons for CD4+ T cell overactivation in
SLE.

Using real-time RT-PCR, we confirmed our ChIP microarray
findings that H3K27me3 levels within the HPK1 promoter in SLE
CD4+ T cells were significantly higher than in healthy controls.
Furthermore, we detected a significant negative correlation
between the levels of H3K27me3 and HPK1 mRNA. These findings
suggest that increased H3K27me3 may be the main cause of HPK1
down-regulation in SLE CD4-+ T cells. We also observed that J]MJD3

binding at the HPK1 promoter was significantly reduced in SLE
CD4+ T cells, and JMJD3 binding was negatively correlated with
H3K27me3 levels, as well as positively correlated with HPK1 mRNA
levels. On the other hand, there was no difference in EZH2 binding
at the HPK1 promoter between patients with SLE and healthy
controls. These data suggest that it is not an increase in EZH2, but
a decrease in JMJD3 binding at the HPK1 promoter that leads to
H3K27me3 up-regulation, which in turn inhibits the expression of
HPK1. Moreover, we noticed that EZH2 binding at the HPK1
promoter was mildly decreased in patients with SLE, although this
decrease was not significant.

Using siRNA-mediated knock down, we demonstrated that
down-regulating JMJD3 in healthy CD4+ T cells reduced HPK1
levels and JMJD3 binding at the HPK1 promoter, while it increased
H3K27me3 enrichment within the same region. In contrast,
plasmid-induced overexpression of JMJD3 in SLE CD4+ T cells
induced the opposite effects: an increase in HPK1 levels and JMJD3
promoter binding, with a corresponding decrease in H3K27me3
levels within the HPK1 promoter. Together, these data indicate that
JMJD3 regulates the expression of HPK1, that this regulation is
accomplished at least in part via the association of JMJD3 and
H3K27me3 within the HPK1 promoter, and that the down-
regulation in JMJD3 binding at the HPK1 promoter contributes to
the reduction of HPK1 in SLE CD4+ T cells. Since our manipulations
not only affected JMJD3 promoter binding, but also altered total
JMJD3 levels, we cannot at this time eliminate the possibility that
JMJD3 also regulates HPK1 in other ways.

In conclusion, the results of our study indicate that JMJD3
binding within the HPK1 promoter region is reduced in SLE CD4+ T
cells, while H3K27me3 is enriched in the same area. These two
factors inhibit HPK1 expression, leading to abnormal T cell reac-
tivity and ultimately contributing to autoimmunity in SLE. Our
findings also reveal that HPK1 is subjected to epigenetic regulation
in SLE CD4+ T cells, and suggest that HPK1 may serve as an
important target for effective SLE therapy.
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