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ABSTRACT
Objective: Defective or inefficient DNA double-strand
break (DSB) repair results in failure to preserve genomic
integrity leading to apoptotic cell death, a hallmark of
systemic lupus erythematosus (SLE). Compelling
evidence linked environmental factors that increase
oxidative stress with SLE risk and the formation of
DSBs. In this study, we sought to further explore
genotoxic stress sensitivity in SLE by investigating DSB
accumulation as a marker linking the effect of
environmental stressors and the chromatin
microenvironment.
Methods: DSBs were quantified in peripheral blood
mononuclear cell subsets from patients with SLE,
healthy controls, and patients with rheumatoid arthritis
(RA) by measuring phosphorylated H2AX (phospho-
H2AX) levels with flow cytometry. Phospho-H2AX levels
were assessed in G0/G1, S and G2 cell-cycle phases
using propidium iodide staining, and after oxidative
stress using 0.5 µM hydrogen peroxide exposure for 0,
2, 5, 10, 30 and 60 min.
Results: DSB levels were significantly increased in CD4+
T cells, CD8+ T cells and monocytes in SLE compared
with healthy controls (p=2.16×10−4, 1.68×10−3 and
4.74×10−3, respectively) and RA (p=1.05×10−3,
1.78×10−3 and 2.43×10−2, respectively). This increase in
DSBs in SLE was independent of the cell-cycle phase,
and correlated with disease activity. In CD4+ T cells, CD8
+ T cells and monocytes, oxidative stress exposure
induced significantly higher DSB accumulation in SLE
compared with healthy controls (60 min; p=1.64×10−6,
8.11×10−7 and 2.04×10−3, respectively).
Conclusions: Our data indicate that SLE T cells and
monocytes have increased baseline DSB levels and an
increased sensitivity to acquiring DSBs in response to
oxidative stress. Although the mechanism underlying DSB
sensitivity in SLE requires further investigation,
accumulation of DSB may serve a biomarker for disease
activity in SLE and help explain increased apoptotic cell
accumulation in this disease.

INTRODUCTION
Systemic lupus erythematosus (SLE or lupus)
is a complex disease characterised by

autoantibody production and the involve-
ment of multiple organ systems. Although the
pathogenesis of SLE remains unclear, there is
a well-established genetic predisposition to
the disease with ∼60 genetic risk loci con-
firmed to date.1–3 Several environmental
factors are also known to increase the risk for
SLE, including silica dust exposure, mercury,
ionising radiation, ultraviolet light and oxida-
tive stress.4 The overwhelmingly unifying
factor among almost all environmental expo-
sures known to induce SLE is the potential to
be genotoxic by producing reactive oxygen
intermediates and double-strand DNA breaks.
Double-strand breaks (DSBs) represent a

severe form of DNA damage that can cause
structural instability, genetic mutations and
cell apoptosis if the damage is not effectively
repaired.5 6 Defective DSB repair has recently
been associated with SLE with evidence for
inefficient or delayed repair of DSBs in
Epstein–Barr virus (EBV)-transformed B-cell
lines derived from patients with paediatric
SLE.7 In addition, both intrinsic and geno-
toxic stress-induced DSB accumulation were
shown to be increased in peripheral blood

KEY MESSAGES

▸ Double-strand DNA breaks are increased in
lupus T cells and monocytes independent of the
cell-cycle phase.

▸ Double-strand DNA breaks accumulation,
assessed using flow cytometry quantifying
phosphorylated histone H2AX, correlates with
disease activity in lupus.

▸ Lupus T cells and monocytes are more sensitive
to the genotoxic effect of oxidative stress com-
pared with healthy controls.

▸ Impaired double-strand DNA break repair in
lupus might contribute to increased apoptosis, a
hallmark of the disease.
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mononuclear cells (PBMCs) from patients with lupus
nephritis.8

In this study, we sought to further investigate the rela-
tionship between SLE and DSB accumulation through
in-depth analyses in primary CD4+ T cells, CD8+ T cells
and monocytes. DSB levels were assessed by quantifying
phosphorylation of serine 139 on H2AX
(phospho-H2AX), a well-established DSB biomarker,
which is involved in amplifying the DNA damage
response signalling cascade9 10 and is one of the earliest,
most robust cellular responses to DNA damage.11 12

Disease-associated changes in phospho-H2AX levels were
evaluated in CD4+ T cells, CD8+ T cells and monocytes
from patients with SLE compared with healthy controls
and patients with rheumatoid arthritis (RA) as disease
controls. We also examined the relationship between
phospho-H2AX levels and SLE disease activity. In each
of the three cell subsets, we investigated the effectiveness
of DSB repair in SLE by assessing phospo-H2AX levels
in response to oxidative stress.

MATERIALS AND METHODS
Patients with SLE and matched controls
Our study group comprised a total of 18 female patients
with SLE, 15 female healthy controls and eight female
patients with seropositive RA. Each patient with SLE ful-
filled at least four of the American College of
Rheumatology classification criteria for SLE.13 In add-
ition, none of the recruited patients had prior exposure
to either cyclophosphamide or calcineurin inhibitors. All
participants were recruited from the University of
Michigan rheumatology clinics, and signed an informed
consent approved by our institutional review board. The
disease activity of each patient was assessed using the SLE
disease activity index (SLEDAI),14 by trained individuals
in our Michigan Lupus Cohort. A summary of the demo-
graphic information, medications and SLEDAI scores for
each patient included in this study is shown in table 1.

Peripheral blood mononuclear cell isolation
Fresh peripheral blood samples (80 mL) were collected
from each study participant. Ficoll-Paque density gradi-
ent centrifugation (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) was used to isolate PBMCs. After isola-
tion, PBMCs were either stained for direct analysis by
flow cytometry or used for the hydrogen peroxide treat-
ment experiments prior to analysis.

Treatment of cells with hydrogen peroxide
PBMCs were incubated for 60 min in Roswell Park
Memorial Institute medium (Lonza, Walkersville,
Maryland, USA) supplemented with 10% of donor’s
serum, 10 000 U/mL penicillin and 10 mg/mL strepto-
mycin (Sigma-Aldrich, St. Louis, Missouri, USA). During
incubation, the cells were exposed to 0.5 µM H2O2

(Sigma-Aldrich, St. Louis, Missouri, USA) for 0, 2, 5, 10,
30 or 60 min at 37°C in a 5% CO2 atmosphere.

Flow cytometry and antibody staining
PBMCs were stained with Pacific Blue anti-human CD3,
APC anti-human CD4, PE anti-human CD8a and APC/
Cy7 anti-human CD14 (Bio Legend, San Diego,
California, USA). The stained cells were then fixed and
permeabilised using the Nuclear Factor Fixation and
Permeabilization Buffer Set (BioLegend, San Diego,
California, USA) as per the manufacturer’s instructions.
Intracellular staining was then performed using fluores-
cein isothiocyanate anti-phosphorylated (ser139) H2AX
(clone 2F3; BioLegend). For the cell-cycle experiments,
the PBMCs were additionally treated with 20 μg/mL
RNase A (Sigma-Aldrich, St. Louis, Missouri, USA), and
then stained with 40 μg/mL propidium iodide
(BioLegend) as per manufacturer’s instructions for 1
hour prior to analysis. Flow cytometry analysis was then
performed using a MoFlow Astrios Flow Cytometer and
Summit software V.6.2.3 (Beckman Coulter, Miami,
Florida, USA). Phospho-H2AX levels are reported as
median fluorescence intensity (MFI) values.

Statistical analysis
Phospho-H2AX levels were compared between SLE,
healthy control and RA groups using unpaired Student’s
t tests that assumed equal variance between groups. The
relationship between phospho-H2AX levels and SLEDAI
was assessed by Pearson correlation analyses. For H2O2

exposure time-course assays, phospho-H2AX levels were
compared in each cell subset by multiple t tests that
assumed equal variance, which were corrected for mul-
tiple testing using the Holm–Sidak method. Results were

Table 1 Demographic and medication information are

shown for patients with SLE and healthy matched

controls included in the study

Patients

with SLE

(n=18)

Healthy

controls

(n=15)

Patients

with RA

(n=8)

Demographics

Age (mean±SEM) 37±3 38±4 49±4

Sex Female Female Female

SLEDAI

(mean±SEM)

6±1 – –

Medications

Azathioprine 6% – –

Etanercept – – 25%

Hydroxychloroquine 67% – 63%

Methotrexate 11% – 75%

Mycophenolate

mofetil

33% – –

Prednisone 61% – 50%

Quinacrine 17% – –

Rituximab – – 25%

Sulfasalazine – – 13%

Tocilizumab – – 13%

RA, rheumatoid arthritis; SLE, systemic lupus erythematosus;
SLEDAI, SLE disease activity index.
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considered significant with a p<0.05, and all statistical
analyses were performed using GraphPad Prism software
V.6.07 (San Diego, California, USA).

RESULTS
Baseline DSB levels are increased in patients with SLE
We examined DSB accumulation in 14 patients with SLE,
10 healthy controls and eight patients with RA by measur-
ing levels of phospho-H2AX, a rapid and sensitive marker
for DSBs.15 Phospho-H2AX levels were measured in freshly
isolated primary CD4+ T cells, CD8+ T cells and monocytes
by flow cytometry. For each of the three immune cell
subsets, our results showed significantly higher levels of
phospho-H2AX in SLE than in either healthy controls
(average MFI; CD4+ T cells: 62.23 vs 37.28, CD8+ T cells:
65.56 vs 44.10, Monocytes: 84.60 vs 52.49; p=2.16×10−4,
1.68×10−3 and 4.74×10−3, respectively) or RA (average MFI;
CD4+ T cells: 62.23 vs 36.45, CD8+ T cells: 65.56 vs 39.29,
monocytes: 84.60 vs 57.11; p=1.05×10−3, 1.78×10−3 and
2.43×10−2, respectively; figure 1A).
We then determined if the increased phospho-H2AX

levels in SLE were independent of differences in cell-
cycle phases. We measured phospho-H2AX levels at G0/
G1, S and G2 cell-cycle phases in CD3+ T cells and
monocytes that were isolated from a subset of eight
patients with SLE and eight healthy controls. In SLE
compared with healthy controls, there were significantly
increased levels of phospho-H2AX in CD3+ T cells at
each of the three cell-cycle phases (average MFI; G0/
G1: 40.10 vs 23.18, S: 43.57 vs 24.99, G2: 54.50 vs 30.44;
p=5.41×10−3, 9.71×10−3 and 2.86×10−3, respectively;
figure 1B) and in monocytes at G0/G1 and G2 (average
MFI; G0/G1: 65.53 vs 39.76, G2: 76.75 vs 48.60;
p=3.85×10−2 and 3.90×10−2, respectively; figure 1B).
Together, these results demonstrate that patients with
SLE exhibit significantly increased phospho-H2AX levels
in CD4+ T cells, CD8+ T cells and monocytes.

Furthermore, we show that this SLE-associated differ-
ence is independent of cell-cycle phase.

DSB accumulation correlates with SLE disease activity
We investigated the relationship between the accumula-
tion of DSBs and disease activity in patients with SLE.
Our results showed a significant positive correlation
between SLEDAI and phospho-H2AX levels in CD4+ T
cells and CD8+ T cells (CD4+ T cells: r2=0.39,
p=2.88×10−2; CD8+ T cells: r2=0.30, p=4.20×10−2;
figure 2A). In addition, there was a significant positive
correlation in CD4+ T cells, CD8+ T cells and monocytes
when SLEDAI scores are adjusted to exclude criteria for
low complement levels and increased anti-dsDNA anti-
bodies (CD4+ T cells: r2=0.49, p=1.14×10−2; CD8+ T cells:
r2=0.39, p=1.79×10−2; monocytes: r2=0.32, p=3.38×10−2;
figure 2B). We then examined whether disease activity
correlates with the accumulation of DSBs in different cell-
cycle phases in a subset of eight patients with SLE. We
showed significant positive correlations between SLEDAI
and phospho-H2AX levels in CD3+ T cells (G0/G1:
r2=0.77, p=4.30×10−3; S: r2=0.84, p=1.45×10−3; G2:
r2=0.56, p=3.19×10−2; figure 3A) and in monocytes (G0/
G1: r2=0.79, p=3.16×10−3; S: r2=0.77, p=4.39×10−3; G2:
r2=0.54, p=3.87×10−2; figure 3A). Similarly, we showed sig-
nificant positive correlations between the adjusted
SLEDAI and phospho-H2AX levels in SLE CD3+ T cells
(G0/G1: r2=0.74, p=6.01×10−3; S: r2=0.82, p=1.80×10−3;
G2: r2=0.51, p=4.57×10−2; figure 3B) and monocytes
(G0/G1: r2=0.77, p=4.44×10−3; S: r2=0.76, p=4.85×10−3;
G2: r2=0.50, p=4.99×10−2; figure 3B).

Oxidative stress from hydrogen peroxide increases DSB
levels more rapidly in patients with SLE compared with
healthy controls
We tested whether patients with SLE have increased sen-
sitivity to DSB accumulation in response to oxidative

Figure 1 (A) Phospho-H2AX levels are significantly increased in CD4+ T cells, CD8+ T cells and monocytes from SLE

compared with those from healthy controls (p=2.16×10−4, 1.68×10−3 and 4.74×10−3, respectively) and RA (p=1.05×10−3,

1.78×10−3 and 2.43×10−2, respectively). (B) Phospho-H2AX levels at G0/G1, S and G2 cell-cycle phases are significantly

increased in CD3+ T cells in SLE compared with healthy controls (p=5.41×10−3, 9.71×10−3 and 2.86×10−3, respectively). In

monocytes, there was a significant difference at G0/G1 and G2 cell-cycle phases (p=3.85×10−2 and 3.90×10−2, respectively), but

the difference did not reach statistical significance at S phase (p=8.38×10−2). Phospho-H2AX levels were measured by flow

cytometry, and are provided as MFIs (mean±SEM). HC, healthy controls; MFI, median fluorescence intensity; Phospho-H2AX,

phosphorylated H2AX; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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stress. In six patients with SLE and in six healthy age-
and sex-matched controls, PBMC samples were isolated
and treated with 0.5 µM hydrogen peroxide (H2O2) for
0, 2, 5, 10, 30 or 60 min. We used 0.5 µM H2O2 as this
was the lowest concentration we tested in a preliminary
experiment that increased phospho-H2AX levels above
baseline. The exposure time points of 0, 2, 5, 10, 30 or
60 min were used to examine the trend between the
initial increase of phospho-H2AX, which occurs rapidly
following DNA damage, as well as the highest

phospho-H2AX levels, which are reached 30–60 min
after the damage.16 DSB accumulation in SLE and
healthy control samples was detected in CD4+ T cells,
CD8+ T cells and monocytes by measuring
phospho-H2AX levels in each cell type by flow cytome-
try. Our data show significantly increased
phospho-H2AX levels in SLE CD4+ and CD8+ T cells at
30 min (average MFI; CD4+ T cells: 893.16 vs 471.59,
CD8+ T cells: 888.50 vs 435.23; p=2.51×10−3 and
3.32×10−3, respectively; figure 4A, B), and significantly

Figure 2 Correlation between disease activity and phospho-H2AX levels in primary CD4+ T cells, CD8+ T cells and monocytes

from patients with SLE (n=12, 14 and 14, respectively). (A) SLEDAI scores were positively correlated with phospho-H2AX levels

in primary CD4+ T cells and CD8+ T cells from patients with SLE (p=2.88×10−2and 4.20×10−2, respectively), but statistical

significance was not reached in monocytes (p=6.24×10−2). (B) Adjusted SLEDAI scores, which excluded scoring criteria for low

complement levels and increased anti-dsDNA antibodies, were positively correlated with phospho-H2AX levels in SLE CD4+ T

cells, CD8+ T cells and monocytes (p=1.14×10−2, 1.79×10−2 and 3.38×10−2, respectively). Phospho-H2AX levels were

measured by flow cytometry, and are provided as MFIs (mean±SEM). MFI, median fluorescence intensity; phospho-H2AX,

phosphorylated H2AX; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index.

Figure 3 Correlation between disease activity and phospho-H2AX levels at G0/G1, S and G2 cell-cycle phases in primary

CD3+ T cells and monocytes from patients with SLE (n=8). (A) SLE disease activity index (SLEDAI) scores were positively

correlated with phospho-H2AX levels at G0/G1, S and G2 cell-cycle phases in primary CD3+ T cells (p=4.30×10−3, 1.45×10−3

and 3.19×10−2, respectively) and monocytes (p=3.16×10−3, 4.39×10−3 and 3.87×10−2, respectively) from patients with SLE. (B)

Adjusted SLEDAI scores, which excluded scoring criteria for low complement levels and increased anti-dsDNA antibodies, were

positively correlated with phospho-H2AX levels at G0/G1, S and G2 cell-cycle phases in primary CD3+ T cells (p=6.01×10−3,

1.80×10−3 and 4.57×10−2, respectively) and monocytes (p=4.44×10−3, 4.85×10−3 and 4.99×10−2, respectively) from patients

with SLE. Phospho-H2AX levels were measured by flow cytometry, and are provided as MFIs (mean±SEM). MFI, median

fluorescence intensity; phospho-H2AX, phosphorylated H2AX; SLE, systemic lupus erythematosus; SLEDAI, SLE disease

activity index.
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increased phospho-H2AX levels in all three cell types at
60 min (average MFI; CD4+ T cells: 1176.30 vs 465.65,
CD8+ T cells: 1233.01 vs 417.13, and monocytes: 421.87
vs 80.58; p=1.64×10−6, 8.11×10−7 and 2.04×10−3, respect-
ively; figure 4A–C). It is also worth noting that
phospho-H2AX levels decreased at the 60 min exposure
time in each control cell type, whereas the levels contin-
ued to increase in each SLE cell type. Interestingly,
monocytes from healthy controls showed limited change
from baseline phospho-H2AX levels at each H2O2 expos-
ure time point, suggesting a relative resistance in mono-
cytes to accumulating DSBs compared with autologous
CD4+ or CD8+ T cells.

DISCUSSION
SLE is characterised by increased levels of cellular apop-
tosis, inefficient clearance of apoptotic cells, and the
production of autoantibodies, which may arise from
increased exposure to nuclear self-antigens derived from
apoptotic debris.17–20 This SLE-associated increase in
apoptosis is thought to be contributed by defective DNA
repair mechanisms. Indeed, rare variants associated with
SLE were shown to impair protein function of RNase
H2, an essential enzyme that removes misincorporated
ribonucleotides during DNA replication. The ineffective
DNA damage repair that ensued resulted in increased
expression of interferon (IFN)-regulated genes and an
enhanced type-I IFN response in fibroblasts from
patients.21 Furthermore, defective repair of DSBs has
been associated with EBV-transformed B-cell lines in
paediatric SLE and PBMCs in lupus nephritis.7 8 More
recently, a polymorphism in the DNA repair gene
RAD51B has been associated with increased risk of SLE.2

In this study, we explored DSB accumulation for the first
time in SLE CD4+ T cells, CD8+ T cells and monocytes,
compared with healthy controls and patients with RA. In
addition, we measured intracellular DSB accumulation
with detailed analyses of phospho-H2AX by flow cytome-
try, which can quantify DSBs with high specificity and sen-
sitivity to genotoxicity (91% and 89%, respectively), while
offering statistical superiority to other phospho-H2AX
assays by analysing greater numbers of cells.22 23 The

anti-phospho-H2AX antibody used in this study specifically
detects phosphorylation of H2AX at serine 139, and has
been previously validated and repeatedly used to accur-
ately assess H2AX phosphorylation.21 24 25

For each of the analysed cell types, we revealed signifi-
cantly increased DSB accumulation in patients with SLE
compared with healthy controls. Further, DSB accumula-
tion was significantly higher in SLE compared with RA,
an inflammatory disease control. It remains to be seen,
however, how this increase in DSBs in SLE compares with
other conditions known to be associated with increased
oxidative stress, such as sepsis and radiation therapy. As
phospho-H2AX levels are known to be decreased in G1
compared with both S and G2 phases,26 27 we also
assessed DSB accumulation at G0/G1, S and G2 phases to
show significant DSB accumulation at each cell-cycle
phase in SLE T cells and at G0/G1 and G2 phases in SLE
monocytes. In combination, these findings suggest that
increased DSB accumulation in SLE immune cells is
independent of lineage and cell cycle.
Our analysis of the relationship between disease activ-

ity and DSB levels in patients with SLE showed a signifi-
cant positive correlation in CD4+ T cells and CD8+ T
cells, independent of the cell-cycle phases. When the
SLEDAI scores were calculated without criteria for low
complement binding and increased anti-dsDNA anti-
bodies, the correlation was also significant in CD4+ T
cells, CD8+ T cells and monocytes, independent of cell
cycle. These data might support a proof of concept for
the potential use of phospho-H2AX as a biomarker of
disease activity in SLE. Although the utility of this bio-
marker will require replication efforts with a larger
cohort for validation, the benefits of using
phospho-H2AX as a biomarker for early detection, prog-
nosis and treatment efficacy have been already described
in cancer.28 29

Previous studies have shown that SLE lymphocytes and
neutrophils are sensitive to oxidative stress.30 31 In this
study, we assessed the DNA damage response to oxida-
tive stress in specific immune cell types using a time-
course treatment of H2O2. In CD4+ and CD8+ T cells
from healthy individuals, our data showed that
phospho-H2AX levels did not increase further with

Figure 4 Phospho-H2AX levels in CD4+ T cells, CD8+ T cells and monocytes (A, B and C, respectively) are compared

between patients with SLE and healthy controls in response to hydrogen peroxide exposure (0.5 µM) at 0, 2, 5, 10, 30 and

60 min (n=6). Phospho-H2AX levels were measured by flow cytometry, and are provided as MFIs (mean±SEM). HC, healthy

controls; MFI, median fluorescence intensity; phospho-H2AX, phosphorylated H2AX; SLE, systemic lupus erythematosus.
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H2O2 exposures longer than 10 min. In addition,
phospho-H2AX levels of healthy monocytes did not
increase appreciably at any of the evaluated exposure
times, indicating that monocytes may have an alternate
or enhanced ability to handle oxidative stress. However,
SLE phospho-H2AX levels continued to increase with
H2O2 exposure times for each of the three immune cell
subsets. These data suggest that SLE is associated with
defective DSB repair or an intrinsically higher suscepti-
bility for DNA damage in CD4+ T cells, CD8+ T cells
and monocytes.
Taken together, these data provide evidence for defect-

ive repair of endogenous and oxidative stress-induced
DSBs in SLE CD4+ T cells, CD8+ T cells and monocytes.
In addition, DSB levels correlate with disease activity, and
suggest further investigation of phospho-H2AX as a
disease biomarker linking environmental exposures to
the chromatin microenvironment in SLE. Importantly,
our findings add to our current understanding of SLE,
and offer further evidence for the role of aberrant DSB
repair in disease pathogenesis.

Acknowledgements The authors are grateful to the University of Michigan
Lupus Program and the Michigan Lupus Cohort staff for their help with this
study.

Contributors All authors listed contributed and fulfil authorship criteria as
below: substantial contributions to the conception or design of the work; or
the acquisition, analysis or interpretation of data for the work; drafting the
work or revising it critically for important intellectual content; final approval of
the version to be published. Agreement to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity of any
part of the work is appropriately investigated and resolved.

Funding The research included in this report was supported by the National
Institute of Arthritis and Musculoskeletal and Skin Diseases grant number
T32AR007080-37 and the National Institute of Allergy and Infectious Diseases
grant numbers R01AI097134 and U19AI110502.

Competing interests None declared.

Ethics approval University of Michigan IRB.

Provenance and peer review Not commissioned; externally peer reviewed.

Data sharing statement No additional data are available.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

REFERENCES
1. Rullo OJ, Tsao BP. Recent insights into the genetic basis of

systemic lupus erythematosus. Ann Rheum Dis 2013;72(Suppl 2):
ii56–61.

2. Bentham J, Morris, DL, Cunninghame Graham DS, et al. Genetic
association analyses implicate aberrant regulation of innate and
adaptive immunity genes in the pathogenesis of systemic lupus
erythematosus. Nat Genet 2015;47:1457–64.

3. Bombardier C, Gladman DD, Urowitz MB, et al. Derivation of the
SLEDAI. A disease activity index for lupus patients. The Committee
on Prognosis Studies in SLE. Arthritis Rheum 1992;35:630–40.

4. Conrad K, Mehlhorn J, Lüthke K, et al. Systemic lupus
erythematosus after heavy exposure to quartz dust in uranium
mines: clinical and serological characteristics. Lupus 1996;5:62–9.

5. Oates JC, Gilkeson GS. The biology of nitric oxide and other
reactive intermediates in systemic lupus erythematosus.
Clin Immunol 2006;121:243–50.

6. Ohnishi T, Mori E, Takahashi A. DNA double-strand breaks: their
production, recognition, and repair in eukaryotes. Mutat Res
2009;669:8–12.

7. Davies RC, Pettijohn K, Fike F, et al. Defective DNA double-strand
break repair in pediatric systemic lupus erythematosus. Arthritis
Rheum 2012;64:568–78.

8. Souliotis VL, Sfikakis PP. Increased DNA double-strand breaks and
enhanced apoptosis in patients with lupus nephritis. Lupus
2015;24:804–15.

9. Celeste A, Fernandez-Capetillo O, Kruhlak MJ, et al. Histone H2AX
phosphorylation is dispensable for the initial recognition of DNA
breaks. Nat Cell Biol 2003;5:675–9.

10. Celeste A, Petersen S, Romanienko PJ, et al. Genomic instability in
mice lacking histone H2AX. Science 2002;296:922–7.

11. Rogakou EP, Pilch DR, Orr AH, et al. DNA double-stranded breaks
induce histone H2AX phosphorylation on serine 139. J Biol Chem
1998;273:5858–68.

12. Fernandez-Capetillo O, Lee A, Nussenzweig M, et al. H2AX: the
histone guardian of the genome. DNA Repair (Amst) 2004;3:959–67.

13. Hochberg MC. Updating the American College of Rheumatology
revised criteria for the classification of systemic lupus
erythematosus. Arthritis Rheum 1997;40:1725.

14. Petri M, Kim MY, Kalunian KC, et al. Combined oral contraceptives
in women with systemic lupus erythematosus. N Engl J Med
2005;353:2550–8.

15. Huang X, Darzynkiewicz Z. Cytometric assessment of histone H2AX
phosphorylation: a reporter of DNA damage. Methods Mol Biol
2006;314:73–80.

16. Banáth JP, Klokov D, MacPhail SH, et al. Residual gammaH2AX
foci as an indication of lethal DNA lesions. BMC Cancer 2010;10:4.

17. Tas SW, Quartier P, Botto M, et al. Macrophages from patients with
SLE and rheumatoid arthritis have defective adhesion in vitro, while
only SLE macrophages have impaired uptake of apoptotic cells. Ann
Rheum Dis 2006;65:216–21.

18. Baumann I, Kolowos W, Voll RE, et al. Impaired uptake of apoptotic
cells into tingible body macrophages in germinal centers of patients
with systemic lupus erythematosus. Arthritis Rheum
2002;46:191–201.

19. Kuhn A, Herrmann M, Kleber S, et al. Accumulation of apoptotic
cells in the epidermis of patients with cutaneous lupus
erythematosus after ultraviolet irradiation. Arthritis Rheum
2006;54:939–50.

20. Perniok A, Wedekind F, Herrmann M, et al. High levels of circulating
early apoptic peripheral blood mononuclear cells in systemic lupus
erythematosus. Lupus 1998;7:113–18.

21. Günther C, Kind B, Reijns MA, et al. Defective removal of
ribonucleotides from DNA promotes systemic autoimmunity. J Clin
Invest 2015;125:413–24.

22. Smart DJ, Ahmedi KP, Harvey JS, et al. Genotoxicity screening via
the γH2AX by flow assay. Mutat Res 2011;715:25–31.

23. Valdiglesias V, Giunta S, Fenech M, et al. γH2AX as a marker of
DNA double strand breaks and genomic instability in human
population studies. Mutat Res 2013;753:24–40.

24. Rossi DJ, Bryder D, Seita J, et al. Deficiencies in DNA damage
repair limit the function of haematopoietic stem cells with age.
Nature 2007;447:725–9.

25. Jha HC, Upadhyay SK, AJPrasad M, et al. H2AX phosphorylation is
important for LANA-mediated Kaposi’s sarcoma-associated
herpesvirus episome persistence. J Virol 2013;87:5255–69.

26. MacPhail SH, Banáth JP, Yu Y, et al. Cell cycle-dependent
expression of phosphorylated histone H2AX: reduced expression in
unirradiated but not X-irradiated G1-phase cells. Radiat Res
2003;159:759–67.

27. Löbrich M, Shibata A, Beucher A, et al. gammaH2AX foci analysis
for monitoring DNA double-strand break repair: strengths, limitations
and optimization. Cell Cycle 2010;9:662–9.

28. Bonner WM, Redon CE, Dickey JS, et al. GammaH2AX and cancer.
Nat Rev Cancer 2008;8:957–67.

29. Sedelnikova OA, Bonner WM. γ-H2AX in cancer cells: a potential
biomarker for cancer diagnostics, prediction and recurrence.
Cell Cycle 2006;5:2909–13.

30. McConnell JR, Crockard AD, Cairns AP, et al. Neutrophils
from systemic lupus erythematosus patients demonstrate
increased nuclear DNA damage. Clin Exp Rheumatol
2002;20:653–60.

31. Bashir S, Harris G, Denman MA, et al. Oxidative DNA damage and
cellular sensitivity to oxidative stress in human autoimmune
diseases. Ann Rheum Dis 1993;52:659–66.

6 Namas R, Renauer P, Ognenovski M, et al. Lupus Science & Medicine 2016;3:e000148. doi:10.1136/lupus-2016-000148

Lupus Science & Medicine

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1136/annrheumdis-2012-202351
http://dx.doi.org/10.1038/ng.3434
http://dx.doi.org/10.1016/j.clim.2006.06.001
http://dx.doi.org/10.1016/j.mrfmmm.2009.06.010
http://dx.doi.org/10.1002/art.33334
http://dx.doi.org/10.1002/art.33334
http://dx.doi.org/10.1177/0961203314565413
http://dx.doi.org/10.1038/ncb1004
http://dx.doi.org/10.1126/science.1069398
http://dx.doi.org/10.1074/jbc.273.10.5858
http://dx.doi.org/10.1016/j.dnarep.2004.03.024
http://dx.doi.org/10.1002/art.1780400928
http://dx.doi.org/10.1056/NEJMoa051135
http://dx.doi.org/10.1385/1-59259-973-7:073
http://dx.doi.org/10.1186/1471-2407-10-4
http://dx.doi.org/10.1136/ard.2005.037143
http://dx.doi.org/10.1136/ard.2005.037143
http://dx.doi.org/10.1002/1529-0131(200201)46:1<191::AID-ART10027>3.0.CO;2-K
http://dx.doi.org/10.1002/art.21658
http://dx.doi.org/10.1191/096120398678919804
http://dx.doi.org/10.1172/JCI78001
http://dx.doi.org/10.1172/JCI78001
http://dx.doi.org/10.1016/j.mrfmmm.2011.07.001
http://dx.doi.org/10.1016/j.mrrev.2013.02.001
http://dx.doi.org/10.1038/nature05862
http://dx.doi.org/10.1128/JVI.03575-12
http://dx.doi.org/10.1667/RR3003
http://dx.doi.org/10.4161/cc.9.4.10764
http://dx.doi.org/10.1038/nrc2523
http://dx.doi.org/10.4161/cc.5.24.3569
http://dx.doi.org/10.1136/ard.52.9.659

	Histone H2AX phosphorylation as a measure of DNA double-strand breaks and a marker of environmental stress and disease activity in lupus
	Abstract
	Introduction
	Materials and methods
	Patients with SLE and matched controls
	Peripheral blood mononuclear cell isolation
	Treatment of cells with hydrogen peroxide
	Flow cytometry and antibody staining
	Statistical analysis

	Results
	Baseline DSB levels are increased in patients with SLE
	DSB accumulation correlates with SLE disease activity
	Oxidative stress from hydrogen peroxide increases DSB levels more rapidly in patients with SLE compared with healthy controls

	Discussion
	References


