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Abstract

Introduction

When leukocytes are stimulated by reactive oxygen species (ROS), they release nuclear

contents into the extracellular milieu, called by extracellular traps (ET). The nuclear con-

tents are mainly composed of the histone–DNA complex and neutrophil elastase. This

study investigated whether leukemic cells could release ET and the released histone could

induce endothelial activation, eventually resulting in leukemic progression.

Methods

The circulating ET were measured in 80 patients with hematologic diseases and 40 healthy

controls. ET formation and ROS levels were investigated during leukemic cell proliferation

in vitro. Histone-induced endothelial adhesion molecules expression and cell survival were

measured by flow cytometry.

Results

Acute leukemia patients had high levels of ET, which correlated with peripheral blast count.

Leukemic cells produced high ROS levels and released extracellular histone, which was signifi-

cantly blocked by antioxidants. Histone significantly induced 3 endothelial adhesion molecules

expression, and promoted leukemic cell adhesion to endothelial cells, which was inhibited by

histone inhibitors (heparin, polysialic acid, and activated protein C), neutralizing antibodies

against these adhesion molecules, and a Toll like receptor(TLR)9 antagonist. When leukemic

cells were co-cultured with endothelial cells, adherent leukemic cells showed better survival

than the non-adherent ones, demonstrating that histone-treated endothelial cells protected leu-

kemic cells from both spontaneous and chemotherapy-induced death.
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Conclusion

Our data demonstrate for the first time that extracellular histone can be released from leu-

kemic cells through a ROS-dependent mechanism. The released histone promotes leuke-

mic cell adhesion by inducting the surface expression of endothelial adhesion molecules

and eventually protects leukemic cells from cell death.

Introduction

When leukocytes are stimulated by microorganisms or reactive oxygen species (ROS), they
release their nuclear contents into the extracellularmilieu, which results in the formation of so-
called extracellular traps (ET).[1] The released nuclear contents are mainly composed of the
histone–DNA complex and soluble enzymes including neutrophil elastase and cathepsin G. In
the innate immune response, the ET are responsible for microorganism entrapment and kill-
ing.[2] A recent report has shown that leukemic cell lines release ET upon chemical stimula-
tion.[3] Since leukemic cells are counterparts of normal leukocytes and produce excessive ROS,
[4] it is likely that ROS overproduction by these cells induces ET formation.

Histone, the main component of ET, induces inflammation and activates platelets through
Toll-like receptor (TLR) activation, thereby exhibiting detrimental effects on host.[5] Recent
reports have shown the increased circulating histone levels in inflammatory, autoimmune, and
thrombotic disorders.[6, 7] Research into the mechanisms of detrimental effects of ET on the
host has primarily focusedon inflammatory disorders, while the potential effect of ET in hema-
tologic malignancies remains underappreciated.

The normal endothelium physiologically provides anti-adhesive surface.[8] However, vari-
ous inflammatory stimuli induce expression of endothelial adhesion molecules such as endo-
thelial cell selectin (E-selectin), intercellular adhesion molecule-1 (ICAM-1), and vascular cell
adhesion molecule-1 (VCAM-1), resulting in leukocyte or leukemic cell adhesion to the acti-
vated endothelium. Leukemic cell adhesion to endothelium contributes to leukemic progres-
sion and chemotherapy resistance.[9–12]

In this study, we hypothesized that circulating histone released from leukemic cells induces
endothelial activation, which might protect leukemic cells from spontaneous and chemotherapy-
induced death. To test this hypothesis, we measured the circulating levels of 3 ET (histone–DNA
complex, cell-free dsDNA, and neutrophil elastase) in patients with several hematologic diseases,
and demonstrated a significant correlation between the histone–DNA complex and peripheral
blast count. We also demonstrated that several leukemic cell lines released the histone–DNA
complex, and this release was inhibited by ROS blockers. Furthermore, histone induced surface
expression of endothelial adhesion molecules and thus increased leukemic cell adhesion to endo-
thelium, which was inhibited by neutralizing antibodies against adhesion molecules and by a
TLR-9 antagonist. Finally, the adhesion of leukemic cells to histone-activated endothelial cells
prevented their spontaneous and chemotherapy-induced death.

Materials and Methods

Study populations

A total of 80 patients with hematologic diseases and 40 healthy normal controls were enrolled.
The study was approved by the Seoul National University Hospital Institutional ReviewBoard,
and written informed consent was obtained from all subjects.
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Cell culture

Human monocytic cell lines (U937, THP-1), a promyelocytic leukemia cell line (HL-60),
human endothelial cell line EA.hy926 (hEC), and human umbilical vein endothelial cells
(HUVEC) were used. All of them were purchased from ATCC.

For autonomous proliferation, three leukemic cells at a final concentration of 1×106 cells/
mL were cultured without media exchange for 5 days. Cell numbers were counted at each time
and the culture supernatants were collected. For experiments with inhibitors, Cl-amidine (Cal-
biochem, San Diego, CA), aurintricarboxylic acid (ATA), quercetin, N-acetyl-L-cysteine
(NAC), or 4-amino-2,4-pyrrolidinedicarboxylic acid (APDC; all from Sigma-Aldrich,
St. Louis, MO) was added into U937 cell suspensions and the cells were cultured for 5 days.

Quantitation of ET and ROS activity

The levels of ET were measured by commercial ELISA kits (Cell Death Detection, Roche Diag-
nostics, Indianapolis, IN; Quant-iT Picogreen dsDNA assay kit, Thermo Fisher Scientific;
Human PMN Elastase Platinum, eBioscience, San Diego, CA). Total ROS activity in cell lysates
was measured by an OxiSelect In Vitro ROS/RNS assay kit (Cell Biolabs, San Diego, CA).

Confocal microscopy

U937 cells (fresh or cultured for 5 days) were fixed with 4% paraformaldehyde, stained with
SYTOX green (Thermo Fisher Scientific) and mounted with Fluoroshield containing DAPI
(ImmunoBioScienceCorporation,Mukilteo, WA). Images were acquired on an Olympus Fluo-
View FV1000 confocal microscope (Olympus, Tokyo, Japan) with a 100× objective.

Flow cytometry

hEC or HUVEC were stained with PE-conjugated E-selectin, PE-conjugated ICAM-1, and
APC-conjugated VCAM-1 (all from BD Biosciences, Franklin Lakes, NJ).

U937 cells were suspended at a final concentration of 1×106 cells/mL in media and plated
on hEC layers pre-treated with 50 μg/mL histone for 1 h. The co-cultured cells were treated
with cytosine D–arabinofuranoside (Ara-C; Hospira Pty Ltd., Mulgrave, Australia) for 24 h or
without Ara-C for 48 h. Adherent and non-adherent U937 cells were collected separately and
stained with FITC-conjugated CD45 (BD Biosciences), PE-conjugated CD105 (BD Biosci-
ences), 7-AAD (BeckmanCoulter, Fullerton, CA).

Adhesion assay

hEC were incubated with or without 50 μg/mL histone for 5 h. U937 cells (1×106 cells/mL)
were added onto the hEC layer for 30 min. The non-adherent cells were collected. The adherent
round U937 cells were enumerated under a light microscope (Olympus).

For neutralizing histone, histone was pre-mixed with 62.5 μg/mL polysialic acid (Sigma-
Aldrich) for 1 h, 100 U/mL heparin (Sigma-Aldrich) for 10 min, and 100 nM activated protein
C (APC; Haematologic Technologies Inc., Essex Junction, VA) for 30 min. The mixtures were
then added to hEC.

Anti-E-selectin antibody (50 μg/mL), anti-ICAM-1 antibody (10 μg/mL), or anti-VCAM-1
antibody (30 μg/mL) (all from R&D Systems, Minneapolis, MN) was incubated with histone–
treated hEC for 10 min. Then U937 cells were added.

Before stimulated with histone, hEC were pre-treated for 1 h with 50 μg/mL isotype-IgG2a,
anti-TLR2, or anti-TLR4 antibody (all from eBioscience), or 5 μM TLR9 antagonist (ODN
TTAGGG; InvivoGen, San Diego, CA).
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Results

Circulating levels of ET markers in patients with hematologic diseases

The baseline characteristics of the study population are shown in Table 1. Final diagnosis of
patients was acute leukemia (n = 21), myeloproliferative neoplasms (MPN, n = 45), and aplastic
anemia (n = 14). The acute leukemia group was composed of acute myeloid leukemia (n = 14),
acute lymphoblastic leukemia (n = 6), and mixed phenotype acute leukemia (n = 1). MPN
patients were subdivided into 2 groups based on absolute neutrophil count (ANC): MPN with
neutrophilia (ANC� 7.5×109/L; n = 13) and MPN without neutrophilia (ANC< 7.5×109/L;
n = 32). Three ET markers (histone–DNA complex, cell-free dsDNA, and neutrophil elastase)
were measured. The level of the histone–DNA complex was significantly higher in the acute leu-
kemia group (311±402) than in the MPN groups either with or without neutrophilia (118±117,
P = 0.049 and 53±41, P = 0.008, respectively). No significant increase in the histone–DNA com-
plex level was observed in patients with aplastic anemia compared with normal control. The cir-
culating levels of cell-free dsDNA and neutrophil elastase were also highest in the acute leukemia

Table 1. The baseline characteristics and laboratory results of the study populations.

Normal control

(n = 40)

Acute leukemia

(n = 21)

MPN with neutrophilia

(n = 13)

MPN without neutrophilia

(n = 32)

Aplastic anemia

(n = 14)

Age (years) 41±10 46±16 60±15* 55±18* 41±22

Male/Female 19/21 15/6 5/8 16/16 7/7

Hemoglobin (g/dL) 8.6±2.1 14.1±4.4 12.9±2.4 8.5±2.3

WBC (x109/L) 43.16±51.85 16.32±3.79 7.48±2.4 2.62±0.98

ANC (x109/L) 5.11±10.44 12.39±3.27 4.82±1.66 0.98±0.53

Platelets (x109/L) 47±37 731±270 706±364 24±15

PT (sec) 13.5±2.0 13.2±1.9 12±1.3 11.1±1.3

aPTT (sec) 33.8±2.3 32±4.4 38.7±5.1 35.9±3.8 31.8±5.0

Antithrombin (%) 96±21 87±17 80±18 86±14 107±19

Fibrinogen (mg/dL) 226±51 309±125 244±68 250±82 280±132

PB blast count

(x109/L)

0±0 28.02±40.54 0±0 0±0 0±0

Histone-DNA

complex

Mean±SD (AU) 30±20 311±402** 118±117* 53±41* 18±18

Positivitya (n) 2 (5.0%) 17 (81.0%)** 9 (69.2%)** 9 (28.1%)* 0 (0%)

Cell free dsDNA

Mean±SD (ng/

mL)

62.7±11.7 121.5±62.1** 86.2± 25.5** 75.0± 14.4** 79.1±19.5**

Positivitya (n) 2 (5.0%) 15 (71.4%)** 7 (53.8%)** 6 (18.8%) 6 (42.9%)**

Neutrophil elastase

Mean±SD (ng/

mL)

26.1±13.9 126.4±275.9 100.6± 118.0* 45.0± 27.3* 20.2±10.2

Positivitya (n) 2 (5.0%) 6 (28.6%)* 4 (30.8%)* 4 (12.5%) 0 (0%)

Acute leukemia groups (n = 21) includes acute myeloid leukemia (n = 14), acute lymphoblastic leukemia (n = 6) and mixed phenotype acute leukemia (n = 1)

Values are presented as the mean ± standard deviation or number of subjects. aPositivity was defined when the circulating levels of histone-DNA complex,

cell free dsDNA and neutrophil elastase were above the upper normal cutoff of 69 AU, 84.2 ng/mL and 62.7 ng/mL, respectively.

*P <0.05

**P <0.001 vs normal control (t test for comparisons of mean values and Chi-square test for comparisons of positivity).

Abbreviations: MPN, myeloproliferative neoplasms; ANC; absolute neutrophil count; PT, prothrombin time; aPTT, activated partial prothrombin time; PB,

peripheral blood.

doi:10.1371/journal.pone.0163982.t001
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group (Table 1). Among patients with MPN, those with neutrophilia exhibited a higher level of
neutrophil elastase than those without neutrophilia. Based on the cut-off values (95 percentile of
normal control values), positivity for the histone–DNA complex and cell free dsDNA was highest
in the acute leukemia group (81.0% and 71.4%, respectively).

To investigate the factor(s) contributing to the circulating levels of the histone–DNA com-
plex, cell-free dsDNA, and neutrophil elastase, we performedmultiple linear regression analy-
sis (Table 2). Peripheral blast count (β = 0.495, SE = 0.001) was the most significant factor
contributing to the histone–DNA complex level; the ANC contribution was also significant
(β = 0.313, SE = 0.002). Likewise, peripheral blast count (β = 0.731, SE<0.001) and ANC
(β = 0.228, SE = 0.001) significantly contributed to the cell-free dsDNA level. ANC (β = 0.860,
SE = 0.002) was the only significant contributing factor for neutrophil elastase. In simple corre-
lation analyses, peripheral blast count was significantly correlated with the levels of the his-
tone–DNA complex and cell-free dsDNA, but not with that of neutrophil elastase (Fig 1B–1D).
There was a significant correlation between neutrophil elastase and ANC (r = 0.510, P = 0.018).

Extracellular histone is released from leukemic cells

Since peripheral blast count was the most significant contributor to the histone–DNA complex
level, it seemed plausible that leukemic blast cells may release the histone–DNA complex into
the circulation. To test whether these cells release the histone–DNA complex in vitro, we cul-
tured three leukemic cell lines (U937, THP-1, and HL-60) for 5 days without media exchange.
The cell number gradually increased (Fig 2A) and the levels of the histone–DNA complex and
cell-free dsDNA in the culture supernatant also gradually increased (Fig 2B and 2C). Neutro-
phil elastase levels in all culture supernatants were less than 0.1 ng/mL (data not shown). To
visualize the ET formation, we stained fresh U937 cells and U937 cells cultured for 5 days with
SYTOX green and DAPI (Fig 2D). Fresh cells had normal intact round nuclei, whereas those
cultured for 5 days showed irregular extracellular dsDNA structures stained with both SYTOX
green and DAPI.

We investigated whether ROS production in leukemic cells may induce the release of the
histone–DNA complex. As expected,U937 cells cultured for 5 days showed a significantly
higher intracellular ROS production than the fresh ones (Fig 2E). Cl-amidine, an inhibitor of
peptidylarginine deiminase that induces nuclear chromatin decondensation during ET

Table 2. Multiple regression analyses for determination of contributing factors to histone-DNA complex, cell free dsDNA and neutrophil elastase

levels in patients

Histone-DNA complex Cell free dsDNA Neutrophil elastase

Modified R2 0.711 0.495 0.677

Age 0.005 (0.836) -0.001 (0.185) -0.082 (0.566)

Hemoglobin -0.120 (5.306) -0.104 (1.175) -0.120 (3.595)

ANC 0.313 (0.002)** 0.228 (0.001)* 0.860 (0.002)**

Platelets 0.049 (0.045) -0.075 (0.010) -0.153 (0.031)

PT -0.003 (10.33) 0.116 (2.287) 0.015 (7.000)

Antithrombin 0.122 (0.965) 0.144 (0.214) 0.046 (0.654)

PB blast count 0.495 (0.001)** 0.731 (<0.001)** -0.091 (0.001)

Values are expressed in regression coefficients β (standard error).

*P <0.05

**P <0.001.

Abbreviations: ANC; absolute neutrophil count; PT, prothrombin time; PB, peripheral blood; dsDNA, double stranded DNA.

doi:10.1371/journal.pone.0163982.t002
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formation, significantly blocked the histone–DNA complex release (Fig 2F). In addition, four
antioxidants (ATA, quercetin, NAC, and APDC) also significantly blocked it to various
degrees.

Histone induces the expression of adhesion molecules on endothelial

cell surface

To explore whether circulating histones activate endothelial cells, the surface expression of
endothelial adhesion molecules were measured using flow cytometry. Histone increased the
surface expression of all 3 adhesion molecules examined (E-selectin, ICAM-1, and VCAM-1)

Fig 1. Circulating histone levels are increased in patients with acute leukemia and correlate with peripheral blast counts. (A) Circulating levels

of the histone–DNA complex in normal controls (n = 40) and in patients with acute leukemia (n = 21), myeloproliferative neoplasms (MPN) with

neutrophilia (n = 13), MPN without neutrophilia (n = 32), and aplastic anemia (n = 14). (B, C, D) Correlation of peripheral blast count with circulating levels

of histone–DNA complex, cell-free double-stranded DNA (dsDNA), and neutrophil elastase in acute leukemia patients.

doi:10.1371/journal.pone.0163982.g001
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Fig 2. Extracellular traps are released from leukemic cells. Three leukemic cell lines (U937, THP-1, HL-60) were cultured in

DMEM with 10% fetal calf serum without medium exchange for 5 days. (A) The numbers of autonomously proliferated cells are

expressed as mean ± SEM of 4 experiments. (B, C) The levels of the histone–DNA complex and cell-free dsDNA were measured in the

corresponding culture supernatants. (D) U937 cells (fresh or cultured for 5 days) were stained with SYTOX green and DAPI and

observed using a confocal laser microscope. Images shown are representative of 3 independent experiments. (E) Total ROS activity

Extracellular Histone Effects on Leukemia Progression

PLOS ONE | DOI:10.1371/journal.pone.0163982 October 5, 2016 7 / 15



in a dose-dependentmanner (Fig 3A, 3D and 3G, respectively). Among individual histones,
H3.3 and H4 significantly increased adhesion molecule expression, whereas H1 and H2A/H2B
did not (Fig 3C, 3F and 3I). Histone also increased the expression of these adhesion molecules
on the surface of HUVEC (S1 Fig).

Histone increases leukemic cell adhesion to endothelial cells

Since histones enhanced the expression of adhesion molecules on endothelial cell surface, we
investigated whether leukemic cells are more likely to adhere to histone-treated endothelial
cells than to the untreated ones. As expected, the adhesion of U937 cells was significantly
enhanced by histone treatment of endothelial cells (Fig 4A and 4B).

Since polysialic acid and heparin bind tightly to histones and APC cleaves histones into
fragments,[13–15] we investigated whether these histone inhibitors would reverse the histone
effect. Histone pre-incubated with polysialic acid, heparin, or APC failed to increase leukemic
cell adhesion when used to treat endothelial cells (Fig 4A and 4B). Accordingly, polysialic acid,
heparin, and APC inhibited (albeit partially) adhesion molecule expression on endothelial cells
(Figure A in S2 Fig). Neutralizing antibodies against the 3 adhesion molecules (anti-E-selectin,
anti-ICAM-1, and anti-VCAM-1) significantly inhibited the leukemic cell adhesion to histone-
treated endothelial cells (Fig 5A).

Endothelial cells expressed variable amounts of TLR2, TLR4, and TLR9 on their surface (S3
Fig). To investigate which receptor is involved in the histone-induced increase in endothelial
adhesion molecule expression, we pre-incubated endothelial cells with neutralizing antibodies
against TLR2, TLR4, or TLR9 before histone stimulation. Anti-TLR2 and anti-TLR4 failed to
block the histone-induced increase in endothelial adhesion, whereas anti-TLR9 almost
completely blocked it (Fig 5B). Accordingly, the histone-induced expression of adhesion mole-
cules was inhibited by anti-TLR9, but not by anti-TLR2 or anti-TLR4 (Figure B in S2 Fig), indi-
cating that TLR9 is involved in the histone-induced induction of endothelial adhesion
molecules.

Leukemic cells are protected from cell death by their adhesion to

histone-treated endothelial cells

To investigate whether spontaneous cell death differed between adherent and non-adherent
U937 cells, U937 cells were plated on histone-treated endothelial cells and cultured under
serum-deprived conditions for 48 h. Then the adherent and non-adherent U937 cells were col-
lected separately and stained with antibodies against CD45 and CD105, and with 7-AAD. After
removal of CD105-positive endothelial cells, both CD45-positive and 7-AAD-negative cells
(survivingU937 cells) were counted. When U937 cells were layered onto untreated endothelial
cells, 92.1±0.8% of adherent cells survived,which was significantly higher than 86.8±1.5% for
non-adherent cells (Fig 6). Likewise, the proportion of survivingU937 cells layered onto his-
tone-treated endothelial cells was significantly higher among the adherent cells (91.9±1.1%)
than among non-adherent cells (89.3±1.1%). Since the number of adherent U937 cells was
higher when they were layered on histone-treated than on untreated endothelial cells, the abso-
lute number of total survivingU937 cells (adherent + non-adherent) was also higher when

was measured in lysates of U937 cells prepared before and after culturing for 5 days (mean±SEM of 3 experiments). (F) U937 cells

were pretreated with an inhibitor of extracellular trap formation (200 μM Cl-amidine) or with antioxidants (ATA, 100 μM; quercetin,

100 μM; NAC, 50 μM; or APDC, 100 μM) and the histone–DNA complex levels were measured in the supernatants after 5 day-culture.

*P < 0.05 versus each leukemic cell line at 0 h. #P < 0.05 versus no inhibitor.

doi:10.1371/journal.pone.0163982.g002
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Fig 3. Histone induces surface expression of endothelial adhesion molecules. Endothelial cells (EA.hy926) were cultured with various

concentrations of calf thymus histone or 20 μg/mL individual human recombinant histones (H1, H2A/H2B, H3.3, or H4) for 5 h and then the surface

expression of (A, B, C) E-selectin, (D, E, F) ICAM-1, and (G, H, I) VCAM-1 were determined by flow cytometry. Histograms are representative of four

independent experiments. The bars indicate mean fluorescence intensity (MFI) of each adhesion molecule ± SEM of 4 experiments. *P < 0.05 versus

no histone addition.

doi:10.1371/journal.pone.0163982.g003
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histone-treated endothelial cells were used (87.6±7.4 × 106/L) than in the case of untreated
endothelial cells (36.0±5.3 × 106/L).

For evaluation of chemotherapy-induced cell death, Ara-C, a commonly used chemothera-
peutic agent, was added for 24 h after U937 adhesion to histone-treated or untreated endothe-
lial cells. Similar to the results for spontaneous cell death, the number of survivingU937 cells
was significantly higher among adherent cells than among non-adherent cells, and the number
of adherent cells was higher when histone-treated endothelial cells were used than in the case
of untreated ones (Fig 6). As a result, the total number of survivingU937 cells was significantly
higher when they were layered on histone-treated than on untreated endothelial cells.

Fig 4. Histone increases leukemic cell adhesion to endothelial cells (EA.hy926; hEC). (A) Calf thymus

histone (50 μg/mL) was pre-mixed with 62.5 μg/mL polysialic acid, 100 U/mL heparin, or 100 nM activated

protein C (APC) for 1 h, 10 min, and 30 min, respectively, and then added to hEC for 5 h. Then, U937 cells

were added onto histone-treated or untreated hEC layers for 30 min. After washing, the adherent small round

U937 cells on hEC layers were counted under a microscope (per ×100 field). (B) The numbers of adherent

U937 cells are shown as mean ± SEM of 4 experiments. *P < 0.05 versus control; #P < 0.05 versus histone-

treated.

doi:10.1371/journal.pone.0163982.g004
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Fig 5. Neutralizing antibodies against adhesion molecules and a Toll-like receptor (TLR)9 antagonist

inhibit leukemic cell adhesion to histone-treated endothelial cells (EA.hy926; hEC). (A) Histone-treated hEC

were treated with neutralizing antibodies against adhesion molecules (50 μg/mL anti-E-selectin, 10 μg/mL anti-

ICAM-1, or 30 μg/mL anti-VCAM-1) for 10 min. Then U937 cells were added and incubated for 30 min, and the

adherent U937 cells were counted. (B) Antagonists of TLR2 (50 μg/mL), TLR4 (50 μg/mL) and TLR9 (50 μM) were

Extracellular Histone Effects on Leukemia Progression
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Discussion

We demonstrated that the circulating histone level was elevated in patients with acute leuke-
mia, that leukemic cells released extracellular histone in vitro, and that this release was blocked
by antioxidants. Extracellular histone induced the surface expression of endothelial adhesion

pre-incubated with hEC before histone stimulation and the adhesion assays were then performed. *P < 0.05

versus control; #P < 0.05 versus histone-treated.

doi:10.1371/journal.pone.0163982.g005

Fig 6. Survival of leukemic cells is increased by their adhesion to histone-treated endothelial cells (EA.hy926). Representative adhesion assay

images and flow cytometry plots of CD45 and 7-AAD staining of adherent and non-adherent U937 cells in experiments on spontaneous cell death (48 h)

and Ara-C-induced cell death (24 h). Total surviving cells are the sum of total surviving adherent cells and total surviving non-adherent cells. *P < 0.05

versus histone-treated.

doi:10.1371/journal.pone.0163982.g006
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molecules and thus promoted the endothelial adhesion of leukemic cells, which protected them
from spontaneous or chemotherapy-induced cell death.

Elevated circulating histone levels were reported in various inflammatory, autoimmune,
and thrombotic disorders,[6, 7] but not for leukemia. Our study found a high histone level in
acute leukemia. Interestingly, the circulating histone level was strongly correlated with the
peripheral leukemic blast count. In multiple linear regression analysis, peripheral blast count
was the strongest contributor to the histone–DNA complex level. These findings suggest that
blast cells are a major source of circulating histone in acute leukemia.

We further investigated whether leukemic cells release the ET in vitro. Three leukemic cell
lines produced considerable amounts of the histone–DNA complex during culture. Similar to
our data, other reports also showed that cultured leukemic cell lines formed ET under certain
conditions.[3, 16] However, the detailedmechanism of ET formation is not known. Since it has
been reported that ROS are a potent ET inducer and leukemic cells over-produce ROS during
proliferation,[4, 16, 17] ROS may potentially cause ET formation by leukemic cells. As
expected, our results showed that U937 cells cultured for 5 days produced high levels of intra-
cellular ROS and that the ET formation was significantly inhibited by ROS inhibitors, suggest-
ing that ROS production during leukemic cell proliferation is an important cause of ET
formation.

In our study, patients with MPN and neutrophilia had higher levels of the ET markers than
patients with MPN without neutrophilia, and ANC was a significant contributor to the ET
markers, suggesting that neutrophils are also a source of circulating histone. Among the ET
markers, neutrophil elastase, which is secreted from neutrophils, was not correlated with leuke-
mic blast count and was not found in leukemic cell culture supernatants. This finding suggests
that neutrophil elastase originated from neutrophils, not from leukemic cells.

Endothelial cells establish a vascular niche that facilitates leukemic cell growth and drug
resistance.[18] Several lines of evidence indicate that endothelial activation is essential for leu-
kemia progression.[9–11] Hence, this study focused on the effect of histone on endothelial acti-
vation. Histone dose-dependently induced the surface expression of 3 endothelial adhesion
molecules,which facilitated leukemic cell adhesion to endothelial cells. The adhesion molecules
are usually induced by inflammatory stimuli such as endotoxin.[8] Histone is also known as a
strong inflammatory stimulus and its potential receptors have been suggested to be TLR2,
TLR4, and TLR9.[5, 19] In our study, TLR2 and TLR4 antagonists did not block the effect of
histone, but a TLR9 antagonist did, suggesting that histone induces endothelial activation
mainly via TLR9.

To verify whether leukemic cells adhere to endothelial cells through adhesion molecules, we
treated histone-induced endothelial cells with neutralizing antibodies against E-selectin,
ICAM-1, and VCAM-1. As expected, the 3 antibodies significantly blocked the adhesion, indi-
cating that it is mediated by adhesion molecules.Histone-neutralizing (polysialic acid and hep-
arin) and a histone-degrading (APC) substances almost completely blocked the effect of
histone, confirming that the histone used was pure and contained no endotoxin.

When cultured in vitro, leukemic cells gradually become apoptotic.[20] Our study demon-
strated that leukemic cells adhered to endothelial cells survived better than non-adherent cells;
this was true for both spontaneous and chemotherapy-induced cell death, indicating that adhe-
sion is an important survival factor. Our data therefore suggest that the histone-induced adhe-
sion molecules on endothelial cells and increased leukemic cell adhesion protect leukemic cells
from spontaneous and chemotherapy-induced death.

Although other stimuli such as direct contact of leukemic cells with soluble angiogenic cyto-
kines have been reported to induce leukemic cell adhesion to endothelial cells,[9–11] our data
demonstrate for the first time that another autocrine stimulus, histone, could be released from
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leukemic cells and promote their adhesion to endothelial cells by inducing endothelial adhe-
sion molecules. These effects would eventually promote leukemia progression through the res-
cue of leukemic cells from spontaneous and chemotherapy-induced cell death.

Supporting Information

S1 Fig. Histone induces adhesionmolecules.
(PDF)

S2 Fig. Effects of histone inhibitors on histone-induced endothelial adhesionmolecule
expression.
(PDF)

S3 Fig. Surface expression of Toll-like receptor (TLR)s.
(PDF)

Author Contributions

Conceptualization:HKK.

Data curation:HJY.

Formal analysis:HKK HJY JSL.

Funding acquisition:HKK.

Investigation:HJY JSL JEK.

Methodology:HKK.

Project administration:HKK.

Resources: JYG.

Supervision:HKK.

Validation: YIK IHK.

Visualization:HJY JSL.

Writing – original draft:HKK HJY JSL.

Writing – review& editing:HKK.

References

1. Goldmann O, Medina E. The expanding world of extracellular traps: not only neutrophils but much

more. Frontiers in immunology. 2012; 3:420. doi: 10.3389/fimmu.2012.00420 PMID: 23335924

2. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. Neutrophil extracellu-

lar traps kill bacteria. Science. 2004; 303(5663):1532–5. doi: 10.1126/science.1092385 PMID:

15001782

3. Nakayama T, Saitoh H. Tunicamycin-induced neutrophil extracellular trap (NET)-like structures in cul-

tured human myeloid cell lines. Cell biology international. 2015; 39(3):355–9. doi: 10.1002/cbin.10396

PMID: 25336229

4. Hole PS, Zabkiewicz J, Munje C, Newton Z, Pearn L, White P, et al. Overproduction of NOX-derived

ROS in AML promotes proliferation and is associated with defective oxidative stress signaling. Blood.

2013; 122(19):3322–30. doi: 10.1182/blood-2013-04-491944 PMID: 24089327

5. Allam R, Kumar SV, Darisipudi MN, Anders HJ. Extracellular histones in tissue injury and inflammation.

Journal of molecular medicine. 2014; 92(5):465–72. doi: 10.1007/s00109-014-1148-z PMID:

24706102

Extracellular Histone Effects on Leukemia Progression

PLOS ONE | DOI:10.1371/journal.pone.0163982 October 5, 2016 14 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163982.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163982.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0163982.s003
http://dx.doi.org/10.3389/fimmu.2012.00420
http://www.ncbi.nlm.nih.gov/pubmed/23335924
http://dx.doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
http://dx.doi.org/10.1002/cbin.10396
http://www.ncbi.nlm.nih.gov/pubmed/25336229
http://dx.doi.org/10.1182/blood-2013-04-491944
http://www.ncbi.nlm.nih.gov/pubmed/24089327
http://dx.doi.org/10.1007/s00109-014-1148-z
http://www.ncbi.nlm.nih.gov/pubmed/24706102


6. Martinod K, Wagner DD. Thrombosis: tangled up in NETs. Blood. 2013. doi: 10.1182/blood-2013-10-

463646

7. Kim JE, Lee N, Gu JY, Yoo HJ, Kim HK. Circulating levels of DNA-histone complex and dsDNA are

independent prognostic factors of disseminated intravascular coagulation. Thrombosis research.

2015; 135(6):1064–9. doi: 10.1016/j.thromres.2015.03.014 PMID: 25843168

8. Kim JE, Lee S, Han KS, Kim HK. Aurintricarboxylic acid inhibits the nuclear factor-kappaB-dependent

expression of intercellular cell adhesion molecule-1 and endothelial cell selectin on activated human

endothelial cells. Blood coagulation & fibrinolysis: an international journal in haemostasis and thrombo-

sis. 2011; 22(2):132–9. doi: 10.1097/MBC.0b013e32834356b6 PMID: 21245742

9. Poulos MG, Gars EJ, Gutkin MC, Kloss CC, Ginsberg M, Scandura JM, et al. Activation of the vascular

niche supports leukemic progression and resistance to chemotherapy. Experimental hematology.

2014; 42(11):976–86 e1-3. doi: 10.1016/j.exphem.2014.08.003 PMID: 25179751

10. Pezeshkian B, Donnelly C, Tamburo K, Geddes T, Madlambayan GJ. Leukemia Mediated Endothelial

Cell Activation Modulates Leukemia Cell Susceptibility to Chemotherapy through a Positive Feedback

Loop Mechanism. PloS one. 2013; 8(4):e60823. doi: 10.1371/journal.pone.0060823 PMID: 23560111

11. Maffei R, Fiorcari S, Bulgarelli J, Martinelli S, Castelli I, Deaglio S, et al. Physical contact with endothe-

lial cells through beta1- and beta2- integrins rescues chronic lymphocytic leukemia cells from sponta-

neous and drug-induced apoptosis and induces a peculiar gene expression profile in leukemic cells.

Haematologica. 2012; 97(6):952–60. doi: 10.3324/haematol.2011.054924 PMID: 22207686

12. Stucki A, Rivier AS, Gikic M, Monai N, Schapira M, Spertini O. Endothelial cell activation by myelo-

blasts: molecular mechanisms of leukostasis and leukemic cell dissemination. Blood. 2001; 97

(7):2121–9. doi: 10.1182/blood.v97.7.2121 PMID: 11264180

13. Mishra B, von der Ohe M, Schulze C, Bian S, Makhina T, Loers G, et al. Functional role of the interac-

tion between polysialic acid and extracellular histone H1. The Journal of neuroscience: the official jour-

nal of the Society for Neuroscience. 2010; 30(37):12400–13. doi: 10.1523/JNEUROSCI.6407-09.2010

PMID: 20844135

14. Pal PK, Starr T, Gertler MM. Neutralization of heparin by histone and its subfractions. Thrombosis

research. 1983; 31(1):69–79. doi: 10.1016/0049-3848(83)90008-7 PMID: 6612698

15. Xu J, Zhang X, Pelayo R, Monestier M, Ammollo CT, Semeraro F, et al. Extracellular histones are

major mediators of death in sepsis. Nature medicine. 2009; 15(11):1318–21. doi: 10.1038/nm.2053

PMID: 19855397

16. Kawata J, Kikuchi M, Saitoh H. Genomic DNAs in a human leukemia cell line unfold after cold shock,

with formation of neutrophil extracellular trap-like structures. Biotechnology letters. 2014; 36(2):241–

50. doi: 10.1007/s10529-013-1364-6 PMID: 24101247

17. Kirchner T, Moller S, Klinger M, Solbach W, Laskay T, Behnen M. The impact of various reactive oxy-

gen species on the formation of neutrophil extracellular traps. Mediators of inflammation. 2012;

2012:849136. doi: 10.1155/2012/849136 PMID: 22481865

18. Butler JM, Kobayashi H, Rafii S. Instructive role of the vascular niche in promoting tumour growth and

tissue repair by angiocrine factors. Nature reviews Cancer. 2010; 10(2):138–46. doi: 10.1038/nrc2791

PMID: 20094048

19. Esmon CT. Molecular circuits in thrombosis and inflammation. Thrombosis and haemostasis. 2013;

109(3):416–20. doi: 10.1160/TH12-08-0634 PMID: 23407677

20. Collins RJ, Verschuer LA, Harmon BV, Prentice RL, Pope JH, Kerr JF. Spontaneous programmed

death (apoptosis) of B-chronic lymphocytic leukaemia cells following their culture in vitro. British journal

of haematology. 1989; 71(3):343–50. PMID: 2930721

Extracellular Histone Effects on Leukemia Progression

PLOS ONE | DOI:10.1371/journal.pone.0163982 October 5, 2016 15 / 15

http://dx.doi.org/10.1182/blood-2013-10-463646
http://dx.doi.org/10.1182/blood-2013-10-463646
http://dx.doi.org/10.1016/j.thromres.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25843168
http://dx.doi.org/10.1097/MBC.0b013e32834356b6
http://www.ncbi.nlm.nih.gov/pubmed/21245742
http://dx.doi.org/10.1016/j.exphem.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25179751
http://dx.doi.org/10.1371/journal.pone.0060823
http://www.ncbi.nlm.nih.gov/pubmed/23560111
http://dx.doi.org/10.3324/haematol.2011.054924
http://www.ncbi.nlm.nih.gov/pubmed/22207686
http://dx.doi.org/10.1182/blood.v97.7.2121
http://www.ncbi.nlm.nih.gov/pubmed/11264180
http://dx.doi.org/10.1523/JNEUROSCI.6407-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20844135
http://dx.doi.org/10.1016/0049-3848(83)90008-7
http://www.ncbi.nlm.nih.gov/pubmed/6612698
http://dx.doi.org/10.1038/nm.2053
http://www.ncbi.nlm.nih.gov/pubmed/19855397
http://dx.doi.org/10.1007/s10529-013-1364-6
http://www.ncbi.nlm.nih.gov/pubmed/24101247
http://dx.doi.org/10.1155/2012/849136
http://www.ncbi.nlm.nih.gov/pubmed/22481865
http://dx.doi.org/10.1038/nrc2791
http://www.ncbi.nlm.nih.gov/pubmed/20094048
http://dx.doi.org/10.1160/TH12-08-0634
http://www.ncbi.nlm.nih.gov/pubmed/23407677
http://www.ncbi.nlm.nih.gov/pubmed/2930721

