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Protein tyrosine phosphatase, nonreceptor type 2 (PTPN2) is
mainly expressed in hematopoietic cells, where it negatively reg-
ulates growth factor and cytokine signaling. PTPN2 is an impor-
tant regulator of hematopoiesis and immune/inflammatory
responses, as evidenced by loss-of-function mutations of PTPN2
in leukemia and lymphoma and knockout mice studies. Benzene
is an environmental chemical that causes hematological malig-
nancies, and its hematotoxicity arises from its bioactivation in
the bone marrow to electrophilic metabolites, notably 1,4-ben-
zoquinone, a major hematotoxic benzene metabolite. Although
the molecular bases for benzene-induced leukemia are not well-
understood, it has been suggested that benzene metabolites
alter topoisomerases II function and thereby significantly con-
tribute to leukemogenesis. However, several studies indicate
that benzene and its hematotoxic metabolites may also promote
the leukemogenic process by reacting with other targets and
pathways. Interestingly, alterations of cell-signaling pathways,
such as Janus kinase (JAK)/signal transducer and activator of
transcription (STAT), have been proposed to contribute to ben-
zene-induced malignant blood diseases. We show here that 1,4-
benzoquinone directly impairs PTPN2 activity. Mechanistic
and kinetic experiments with purified human PTPN2 indicated
that this impairment results from the irreversible formation
(kinact � 645 M�1�s�1) of a covalent 1,4-benzoquinone adduct at
the catalytic cysteine residue of the enzyme. Accordingly, cell
experiments revealed that 1,4-benzoquinone exposure irrevers-

ibly inhibits cellular PTPN2 and concomitantly increases tyrosine
phosphorylation of STAT1 and expression of STAT1-regulated
genes. Our results provide molecular and cellular evidence that 1,4-
benzoquinone covalently modifies key signaling enzymes, impli-
cating it in benzene-induced malignant blood diseases.

Benzene is an organic compound of great industrial impor-
tance used as a solvent or starting material for the synthesis of
numerous chemicals. It is also found in gasoline vapors, motor
vehicle exhaust, burning coal and oil, cigarette smoke, and
wood-burning fires (1, 2). Benzene has long been recognized as
a group 1 carcinogen, and exposure to benzene is now estab-
lished as a cause of hematological malignancies in humans (1,
3–7). Recent studies indicate that benzene is one of the major
carcinogen air toxics that affect public health significantly in
the United States (8). To become carcinogenic and cause leu-
kemia, benzene must be metabolized in the bone marrow to
electrophilic metabolites, such as 1,4-benzoquinone, which are
considered as the ultimate hematotoxic species (1, 4, 9 –11), yet
the molecular mechanisms by which benzene and its metabo-
lites exert their leukemogenic effects have not been fully eluci-
dated (1, 12–15). Although oxidative DNA damage and chro-
mosome alteration through alteration of topoisomerases II
functions by benzene metabolites have been shown as contrib-
utors to benzene-induced leukemia, mounting evidence indi-
cates that additional mechanisms are also involved (1, 2, 4, 12,
15, 16). Alteration of critical hematopoietic cell signaling path-
ways has been recently proposed as a relevant mechanism by
which benzene could induce hematotoxicity and leukemia (1, 2,
4, 17). In addition, recent data indicate that chronic inflamma-
tion and aberrant immune response are likely to play a role in
benzene-induced malignancies (15, 16). Interestingly, global
gene expression profiling studies showed that key hematopoi-
etic and immune signaling processes, notably the JAK6/STAT
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pathway, were altered in individuals occupationally exposed to
benzene (4).

Maintenance of cellular homeostasis in the hematopoietic
system requires the STAT transcription factors, which are acti-
vated through tyrosine phosphorylation by a variety of cyto-
kines and growth factors (18, 19). However, aberrant activation
of STAT proteins and subsequent dysregulation of STAT sig-
naling are associated with leukemic transformation and altered
immune response (19 –21). Protein tyrosine phosphatases
(PTPs) play a major role in the down-modulation of STAT sig-
naling in the hematopoietic system through dephosphorylation
of JAK and/or STAT proteins (18, 19, 22, 23). PTPN2 (also
known as TCPTP, for T cell protein tyrosine phosphatase) is an
intracellular tyrosine phosphatase highly expressed in hemato-
poietic cells, where it serves as a key regulator of hematopoiesis
and immune and inflammatory responses (24, 25). PTPN2 defi-
ciency in mice (PTPN2�/PTPN2�) induces severe hematopoi-
etic defects (affecting lymphoid, myeloid, and erythroid lin-
eages) and progressive systemic inflammation leading to death
of the knockout mice within weeks (26 –29). In humans, dele-
tions or inactivating mutations of PTPN2 were identified in
T-cell leukemia and non-Hodgkin’s lymphoma and associated
with elevated STAT signaling and changes in gene expression
(25, 30 –32). In addition, loss of PTPN2 may also contribute to
resistance of chronic myeloid cells to imatinib through the
modulation of PTPN2-dependent signals downstream of
the BCR-ABL fusion protein (33). These studies highlight the
important role of PTPN2 in hematopoiesis, inflammation, and
immune response.

In this work, we show that 1,4-benzoquinone, the prime
hematotoxic metabolite of benzene, is an irreversible inhibitor
of PTPN2. Kinetic and biochemical analyses using purified
human PTPN2 indicated that this irreversible inhibition of the

enzyme is mainly due to rapid arylation of its catalytic cysteine
by 1,4-benzoquinone. Further studies in cells expressing
PTPN2 showed that exposure to 1,4-benzoquinone leads to the
irreversible inhibition of the endogenous enzyme with a con-
comitant overactivation of the STAT1 signaling and subse-
quent alteration of the expression of STAT1-regulated genes.
Altogether, our data provide the first evidence for the alteration
of a key hematopoietic and immune signaling pathway by ben-
zene. These findings shed a new light on our understanding of
the mechanism by which benzene may induce hematological
malignancies.

Results

The hematotoxic benzene metabolite 1,4-benzoquinone
impairs the catalytic activity of PTPN2

The leukemogenic properties of benzene are known to
rely on its bioactivation in the bone marrow into reactive
metabolites, in particular 1,4-benzoquinone (1, 4, 14). This
hematotoxic quinone arises in the bone marrow mainly from
myeloperoxidase-catalyzed conversions of phenolic metabo-
lites of benzene originating from the liver, mainly phenol (PH)
and hydroquinone (HQ) (Fig. 1A) (2, 34, 35). As shown in Fig.
1B, we found that, contrary to the phenolic metabolites of ben-
zene, 1,4-benzoquinone inhibited PTPN2 phosphatase activity
(IC50 � 1 �M). Whereas full inhibition of the enzyme was
observed with low micromolar concentrations of 1,4-benzoqui-
none (2 �M), no significant effects were observed with phenol
and hydroquinone even at concentrations 2 orders of magni-
tude higher (200 �M). To confirm that 1,4-benzoquinone inhib-
its PTPN2, an in vitro myeloperoxidase (MPO) activation sys-
tem that mimics the bioactivation of hydroquinone into 1,4-
benzoquinone in the bone marrow was used as described
previously (9, 34). In the presence of a functional MPO acti-
vation system (MPO, hydroquinone, and H2O2) able to con-
vert hydroquinone into 1,4-benzoquinone, PTPN2 activity
was fully inhibited (Fig. 1C). Conversely, in reactions con-

IAF, fluorescein-iodoacetamide; PBG, plumbagin; pNPP, para-nitrophenyl
phosphate; NEM, N-ethylmaleimide; FA, formic acid; ACN, acetonitrile; IFN,
interferon; qPCR, quantitative PCR.

Figure 1. Effect of benzene and its metabolites on human PTPN2 activity. A, schematic representation of the benzene bioactivation pathway (1). B, human
PTPN2 was incubated with increasing concentrations of benzene (BZ), phenol (PH), hydroquinone (HQ), or 1,4-benzoquinone (BQ) (0 –200 �M) for 20 min at
37 °C, and residual PTPN2 activity was measured using a pNPP assay. Error bars, S.D. values. C, human PTPN2 was incubated with or without BQ (10 �M) or HQ
in the presence of an active or inactive MPO hydroquinone-bioactivation system (including H2O2) for 20 min at 37 °C prior to residual PTPN2 activity assay. Error
bars, S.D. *, p � 0.05 compared with control (Ctrl).
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taining inactive MPO, no inhibition of PTPN2 was found
(Fig. 1C), thus confirming that this tyrosine phosphatase is
sensitive to 1,4-benzoquinone but not the phenolic metabo-
lites of benzene.

PTPN2 is irreversibly inhibited by 1,4-benzoquinone through
rapid covalent adduction with its catalytic cysteine

1,4-Benzoquinone is known to arylate directly protein thiol
groups through Michael addition (35–37). This arylating ability
of 1,4-benzoquinone is considered as a major mechanism
responsible for the toxicological effects of this quinone, in par-
ticular in the bone marrow (1, 2, 38, 39). Exposure of purified
PTPN2 to 1,4-benzoquinone led to the covalent arylation of the
enzyme as evidenced by the visualization of protein– quinone
adducts on nitrocellulose membranes using the quinone-spe-
cific nitro blue tetrazolium (NBT) staining (40) (Fig. 2A). More-
over, the covalent binding of 1,4-benzoquinone to PTPN2 was
accompanied by the concomitant loss of cysteine labeling by
fluorescein-iodoacetamide (IAF), thus supporting that 1,4-ben-
zoquinone arylation occurs on cysteine residues of PTPN2 (Fig.
2B). As shown in Fig. 2C, the activity of 1,4-benzoquinone–
inhibited PTPN2 could not be recovered by dialysis nor by DTT
treatment, further supporting the irreversible covalent nature
of the reaction between 1,4-benzoquinone and PTPN2 cysteine
residues. As shown in Fig. S1, we found that inhibition of
PTPN2 by 1,4-benzoquinone was inhibited by GSH, a major
physiological reducing agent known to react with 1,4-benzo-

quinone (35). To further ascertain that inhibition of PTPN2
relies on the arylating ability of 1,4-benzoquinone but not on
redox cycling mechanisms (that generate reactive oxygen spe-
cies), the inhibition assays were carried out in the presence of
catalase and/or superoxide dismutase as described previously
(41–43). As shown in Fig. 2D, no protection from 1,4-benzo-
quinone– dependent inhibition was afforded by superoxide dis-
mutase or catalase enzymes, thus confirming that inhibition of
PTPN2 by 1,4-benzoquinone is due to its arylating properties
(35, 37, 44). Western blot analyses with an antibody that detects
specifically oxidized forms of the catalytic cysteine of PTPN2
(45, 46) further support that 1,4-benzoquinone does not inhibit
the enzyme through redox cycling and oxidation of the catalytic
cysteine residue (Fig. 2E).

Taking into account the data reported above, we next carried
out experiments to test whether 1,4-benzoquinone– dependent
inhibition of PTPN2 was due to covalent binding of the quinone
to the catalytic cysteine residue of the enzyme. To this end, we
conducted active-site protection assays using orthovanadate,
a reversible inhibitor of protein tyrosine phosphatases, as
described previously (43). As shown in Fig. 3A, the inhibition of
PTPN2 by 1,4-benzoquinone was slowed down by the addition
of the competitive PTPN2 inhibitor orthovanadate, thereby
indicating that 1,4-benzoquinone reacts with the active site of
the enzyme. Computational covalent docking approaches fur-
ther indicated that 1,4-benzoquinone could react at the active

Figure 2. Arylation of PTPN2 cysteine residues by BQ. A, human PTPN2 was incubated with BQ (2 �M) for 20 min. Samples were separated by SDS-PAGE and
transferred onto nitrocellulose membrane. Quinone adducts were detected by NBT staining. Ponceau red staining is shown as a loading control. B, human
PTPN2 was incubated with BQ (2 �M) for 20 min at 37 °C and then incubated with 10 �M IAF for 10 min. Samples were separated by SDS-PAGE and transferred
onto nitrocellulose membrane. IAF adducts were detected by fluorescence. Ponceau red staining is shown as a loading control. C, human PTPN2 was incubated
with BQ (2 �M) for 20 min at 37 °C. Samples were either dialyzed overnight at 4 °C or incubated with DTT for 30 min at 37 °C. Residual PTPN2 activity was
measured using a pNPP assay. Error bars, S.D. values. *, p � 0.05 compared with controls. D, human PTPN2 was incubated with BQ (2 �M) for 20 min at 37 °C in
the presence or absence of catalase (20 units/ml) or superoxide dismutase (20 units/ml), and residual PTPN2 activity was measured. Error bars, S.D. values. *, p �
0.05 compared with controls. E, human PTPN2 was incubated with BQ (2 �M) or H2O2 (100 �M) for 20 min. Samples were subjected to immunoblotting analysis
using anti-oxidized PTP active site (PTPox) and anti-PTPN2 antibody.
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site of PTPN2 and form a covalent adduct with the catalytic
cysteine of the enzyme (Cys-216) (Fig. 3B).

To ascertain that the active-site cysteine of PTPN2 reacts
covalently with 1,4-benzoquinone, MS analysis was carried out.
However, no individual amino acid residues were identified in
these experiments. Similar technical difficulty was reported by
Bender et al. (47) for the identification of 1,4-benzoquinone

adducts on topoisomerase II�. This is likely to be due to the
ability of 1,4-benzoquinone to cross-link multiple residues in
the protein (47). To overcome this technical difficulty, we fol-
lowed the approach used by Bender et al. (47) to identify cova-
lent adducts of quinones in topoisomerase IIa cysteine residues.
These authors used plumbagin (PBG; a naphthoquinone that
has only a single reactive site) as a surrogate of 1,4-benzoqui-

Figure 3. Irreversible inhibition of PTPN2 by BQ occurs through modification of active-site cysteine. A, recombinant PTPN2 was incubated with BQ (2 �M)
for 20 min in the presence or absence of 1 mM orthovanadate (Na3VO4). Progress curves for residual PTPN2 activity were obtained by monitoring pNPP
hydrolysis over time (absorbance at 405 nm). B, molecular docking model of BQ bound to human PTPN2 protein structure. BQ adduct atom coordinates were
placed inside the PTPN2 active-site pocket as described under “Materials and methods.” BQ is displayed covalently bonded to the Cys-216 residue. C, chemical
structures of BQ and PBG. Black arrows, potential Michael adduction sites. D, recombinant PTPN2 was incubated with PBG (50 �M) for 20 min at 37 °C. Residual
PTPN2 activity was measured using a pNPP assay. Error bars, S.D. values. *, p � 0.05 compared with control (Ctrl). NBT staining and immunoblotting analysis
(using anti-PBG and anti-PTPN2 antibodies) of treated and nontreated samples are shown. E, recombinant PTPN2 was incubated with PBG (100 �M) for 20 min
and then incubated with iodoacetamide for 60 min. Samples were separated by SDS-PAGE and analyzed by MS. Mass spectra derived from iodoacetamide or
PBG-modified PTPN2 active-site cysteine (Cys-216) peptides are depicted.
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none (Fig. 3C) (47). Interestingly, certain naphthoquinones
have been described as protein tyrosine phosphatase inhibitors
(48). In addition, as shown in Fig. 3D, PBG was found to be able
to covalently bind to PTPN2 and to inhibit the enzyme. Mass
spectrometry experiments were thus carried out using PTPN2
treated or not with PBG. Free cysteine residues were alkylated with
iodoacetamide prior to trypsin digestion and MS. As shown in Fig.
3E, for the PBG-inhibited PTPN2, LC-MS/MS analysis of tryptic
digests showed an increase in mass of 130.02 Da of ion peptides
containing the catalytic cysteine of PTPN2 (y7, y9, and y12 peptide
ions). These data confirm the formation of a PBG adduct at the
catalytic cysteine (note that 130.02 Da corresponds to the differ-
ence between the monoisotopic masses of the PBG adduct and the
iodoacetamide-driven carboxyamidomethyl modification, which
are 187.04 and 57.02 Da, respectively).

Kinetic analyses of PTPN2 inhibition by 1,4-benzoquinone
were carried out under pseudo-first-order conditions. As
shown in Fig. 4A, the enzyme was inhibited in a time- and dose-
dependent manner by 1,4-benzoquinone, which is in agree-
ment with the irreversible nature of the inhibition of PTPN2
by 1,4-benzoquinone. Replotting the observed first-order con-
stants (kobs) against 1,4-benzoquinone concentration gave a
straight line passing through the origin consistent with a single-
step bimolecular reaction with a second-order rate constant
(kinact) equal to 645 M�1�s�1 (Fig. 4B). The stoichiometry of
PTPN2 inhibition by 1,4-benzoquinone was determined by
replotting ln(kobs) against ln(1,4-benzoquinone). The slope was
found to be very close to 1 (1.12), which further supports that
the inhibition of PTPN2 by 1,4-benzoquinone is due to the
reaction of one molecule of 1,4-benzoquinone with one mole-
cule of PTPN2 (1:1 stoichiometry). Altogether, the data
reported above support the notion that 1,4-benzoquinone irre-
versibly impairs PTPN2 phosphatase activity through covalent
adduction of its catalytic cysteine residue.

PTPN2 is inhibited in HEK293T cells exposed to
1,4-benzoquinone

To test whether the inhibition of PTPN2 by 1,4-benzoqui-
none occurs in a cellular context, the FLAG-tagged enzyme was
transiently transfected in HEK293T cells. Cell monolayers were
exposed to 1,4-benzoquinone or H2O2, and the FLAG-tagged

enzyme was immunoprecipitated. As shown in Fig. 5A, expo-
sure of HEK293T cells to 1,4-benzoquinone led to the inhibi-
tion of transfected PTPN2. Exposure to H2O2 (which is known
to inhibit PTPN2 through oxidation of the catalytic cysteine)
also led to enzyme inhibition as reported previously (49, 50). In
addition, whereas H2O2 induced the oxidative modification of
PTPN2 catalytic cysteine residue, 1,4-benzoquinone did not
(Fig. 5B). Labeling of the immunoprecipitates with IAF indi-
cated that inhibition of transfected PTPN2 by 1,4-benzoqui-
none or H2O2 is concomitant with the modification of cysteine
residues as shown with the purified enzyme (Fig. 5C). Overall,
these experiments are consistent with our data obtained using
the recombinant enzyme, supporting the notion that 1,4-ben-
zoquinone mainly impairs PTPN2 activity through covalent
modification of the active-site cysteine of the enzyme.

1,4-Benzoquinone impairs endogenous PTPN2 and increases
STAT1 signaling in Jurkat cells

Jurkat cells were exposed to different concentrations of 1,4-
benzoquinone. As shown in Fig. S2, endogenous PTPN2 was
inhibited by 1,4-benzoquinone in a dose-dependent manner.

To further analyze the effects of 1,4-benzoquinone on
endogenous PTPN2 and STAT1 signaling, we exposed Jurkat
cells to 1,4-benzoquinone prior to stimulation of STAT1 signal-
ing by IFN� (Fig. 6A). In contrast to Jurkat cells not exposed to
1,4-benzoquinone, we observed a significant increase in STAT1
tyrosine phosphorylation in cells pretreated with 1,4-benzoqui-
none (Fig. 6B). In line with these results, we found that cellular
PTPN2 was impaired in Jurkat cells exposed to 1,4-benzoqui-
none (Fig. 6C). To further confirm that 1,4-benzoquinone
increases STAT1 signaling, we measured the expression of
three genes (GBP1, IRF1, and APOL1) known to be regulated
by STAT1 (51, 52). As shown in Fig. 6D, qPCR analyses indi-
cated that the expression of GBP1, IRF1, and APOL1 is sig-
nificantly increased in Jurkat cells exposed to 1,4-benzoqui-
none. Altogether, these data show that 1,4-benzoquinone
inhibits PTPN2 in cells with subsequent increase in STAT1
tyrosine phosphorylation and higher expression of STAT1-
regulated genes.

Figure 4. kinetic analysis of PTPN2 inhibition by BQ. A, recombinant PTPN2 was incubated with increasing concentrations of BQ. Aliquots were taken every
30 s, and residual PTPN2 activity was measured using a pNPP assay. For each BQ concentration, the natural logarithm (ln) of the percentage of residual PTPN2
activity was plotted as a function of time. The apparent first-order inhibition constant (kobs) was calculated from the linear regression (slope). B, kobs values were
plotted against BQ concentrations, and the second-order inhibition constant (kinact) was extracted from the slope. C, ln(kobs) were plotted as a function of
ln[BQ], and the stoichiometry of the reaction was extracted from the slope.
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Discussion

PTPN2 is a protein tyrosine phosphatase that plays a key role
in hematopoiesis notably through the negative regulation of the
JAK/STAT pathway (25). In connection with this, inactivating
mutations or deletions of PTPN2 were found in leukemia and
lymphoma and are associated with aberrant STAT signaling
(30 –32). Knockout mouse models further support the impor-
tant role of PTPN2 in the homeostasis of the hematopoietic
system (26, 27, 29). Interestingly, alteration of critical hemato-
poietic signaling pathways, notably JAK/STAT, has been pro-
posed as a mechanism contributing to benzene-induced leuke-
mia (1, 4). In this study, we report that 1,4-benzoquinone, a
major leukemogenic metabolite of benzene, impairs the tyro-
sine phosphatase activity of PTPN2. We provide mechanistic
and kinetic evidence that the inhibition of PTPN2 by 1,4-ben-
zoquinone occurs through the irreversible formation of a cova-
lent adduct of 1,4-benzoquinone with the catalytic cysteine res-
idue (Cys-216) of the enzyme. As for other PTP enzymes,
PTPN2 activity depends on a conserved cysteine residue (22). It
has been shown that oxidative or covalent modification of this
cysteine residue in PTPN2 and other PTPs can lead to irrevers-
ible impairment of the enzyme functions (22, 53). Interestingly,
PTPs structurally related to PTPN2 have been shown to be
inhibited by quinones such as naphthoquinones through cova-
lent adduction of their catalytic cysteine (48, 54, 55). It is known
that the toxic effects of quinones, such as 1,4-benzoquinone,
rely at least in part on their reaction with cysteine residues in
target proteins, resulting in their loss of function (35, 36). Pro-
tection assays using orthovanadate, NBT staining, and all MS
analysis indicate that 1,4-benzoquinone covalently binds to the
catalytic cysteine of PTPN2. This is also in agreement with the
fact that 1,4-benzoquinone acts mainly as an arylating quinone
that covalently reacts with cysteine rather than a redox-cycling
quinone that generates reactive species that oxidize cysteine
residues (35–37). Western blotting studies using an antibody
that detects specifically oxidized catalytic cysteines of PTPs fur-
ther support that PTPN2 is inhibited by 1,4-benzoquinone
through direct covalent binding to its active-site cysteine (Figs.
2 and 5). The leukemogenic properties of benzene are known to
rely on its bioactivation into reactive metabolites in the bone
marrow, such as 1,4-benzoquinone (1, 14). Irreversible inhibi-

tion of topoisomerase II enzymes by 1,4-benzoquinone has
been put forward as an important mechanism involved in
benzene-dependent leukemogenesis through DNA damage (3,
9, 56, 57). As observed for PTPN2, irreversible inhibition of
topoisomerases II by 1,4-benzoquinone is due to covalent
adduct formations with cysteine residues of the enzyme (47). In
addition, as also reported for topoisomerase II enzymes, 1,4-
benzoquinone was much more efficient at inhibiting PTPN2
than benzene or phenol and hydroquinone metabolites, which
were found to have poor or no inhibitory action (9, 56). These
results are in agreement with the strong reactive electrophilic
nature of 1,4-benzoquinone and its propensity to readily react
with reactive thiols to form covalent adducts (35, 36). In line
with this, 1,4-benzoquinone has recently been shown to inhibit
urease activity through rapid adduction of its catalytic cysteine
with a kinact value of 1240 M�1�s�1, close to the value found for
PTPN2 (645 M�1�s�1) (58). In accordance with the data
obtained with purified enzyme, the irreversible inhibition of
PTPN2 was also observed in transfected HEK293T cells
exposed to 1,4-benzoquinone. As found with recombinant
human PTPN2, exposure to 1,4-benzoquinone led to the mod-
ification of cysteine residues of the cellular enzyme. In addition,
no significant oxidation of the catalytic cysteine residue of
transfected enzyme upon exposure of cells to 1,4-benzoquinone
could be evidenced. This is in agreement with the properties of
1,4-benzoquinone, which is known to readily arylate cysteine res-
idues through Michael addition (36, 37). The arylation of proteins
by 1,4-benzoquinone is considered as a major mechanism
involved in the toxicity of 1,4-benzoquinone, in particular in the
bone marrow (1, 38, 39). Further experiments carried out with
Jurkat cells indicated that 1,4-benzoquinone inhibited endoge-
nous PTPN2, led to increased tyrosine phosphorylation of STAT1,
and increased expression of STAT1-regulated genes. These data
support the notion that 1,4-benzoquinone may perturb STAT1
signaling pathway by impairing the activity of PTPN2. Interest-
ingly similar effects were observed in Jurkat cells, where PTPN2
was knocked down by RNAi (30). In addition, 1,4-benzoquinone
has also been shown to increase the extracellular signal–regulated
kinase/mitogen-activated protein kinase signaling pathway (59).
In addition, certain PTPs structurally related to PTPN2, such as
PTP1B, have been shown to be inhibited by other arylating quino-

Figure 5. Exposure of HEK293T cells to BQ leads to PTPN2 inhibition through an arylation mechanism. A, HEK293T cells were transfected with a
FLAG-PTPN2 plasmid and exposed to BQ or H2O2 for 30 min. Cells were lysed, and PTPN2 was isolated by immunoprecipitation (IP) using an anti-PTPN2
antibody. PTPN2 activity of immunoprecipitates was measured by RP-UFLC. Error bars, S.D. *, p � 0.05 compared with control (Ctrl). B, immunoprecipitated
PTPN2 was incubated with IAF for 20 min at room temperature. Immunobeads were separated and analyzed by Western blotting (WB) using anti-oxidized PTP
(PTPox). C, detection of IAF labeling was done by fluorescence. Anti-PTPN2 antibody was used as loading control.
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nes (54). For instance, 1,2-naphthoquinone was found to increase
EGFR tyrosine phosphorylation through irreversible inhibition of
PTP1B due to covalent adduction of active-site cysteine residues of
the enzyme (48). Interestingly, alteration of signaling pathways
critical for the hematopoietic system, such as JAK/STAT, by ben-
zene and/or its hematotoxic metabolites has been shown as a
mechanism contributing to benzene-dependent leukemia (1, 2,
17). Our data showing irreversible inhibition and altered STAT1
signaling by 1,4-benzoquinone through inhibition of PTPN2 sup-
port this notion. Recent studies also suggest that chronic inflam-

mation and aberrant immune response are involved in benzene-
related leukemogenesis (15, 16). Interestingly, impaired PTPN2
expression/activity is known to lead to altered immune response
and systemic inflammation (24, 25, 27).

Materials and methods

Chemicals

Benzene, hydroquinone, phenol, 1,4-benzoquinone, hydro-
genperoxide,N-ethylmaleimide(NEM),fluorescein5-iodoacet-

Figure 6. Exposure of Jurkat cells to BQ leads to inhibition of endogenous PTPN2 and subsequent overactivation of the STAT1 pathway. A, after a 30-min
treatment with BQ (1 �M) or vehicle (Ctrl) (corresponding to time tN.I.), Jurkat cells were incubated with IFN� for 20 min (corresponding to time t0). Cells were then
washed and cultured in fresh medium to remove IFN� and harvested every 15 min up to 60 min (corresponding to times t15, t30, t45, and t60). B, Jurkat cells treated as
described in A were taken at different times (tN.I. (30 min after BQ treatment) and t0, t15, t30, t45, and t60 (minutes after IFN treatment)) and were analyzed by Western
blotting using anti-pSTAT1, anti-STAT1, anti-PTPN2, and anti-tubulin. Quantification of STAT1 phosphorylation in Western blots was carried out using ImageJ software.
Error bars, S.D. *, p � 0.05 compared with control (Ctrl). C, Jurkat cells treated with 1 �M BQ for 30 min (corresponding to time tN.I.) were washed and lysed, and
endogenous PTPN2 was isolated by immunoprecipitation (IP) using an anti-PTPN2 antibody. PTPN2 activity of immunoprecipitates was measured by RP-UFLC. Error
bars, S.D. values. *, p �0.05 compared with control (Ctrl). D, Jurkat cells were treated with BQ (1 �M) for 30 min and then incubated or not with IFN� for 180 min. Relative
gene expression of GBP1, IRF1, and APOL1 was analyzed by RT-qPCR. Error bars, S.D. values. *, p � 0.05 compared with control (Ctrl).
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amide (IAF), plumbagin, p-nitrophenyl phosphate (pNPP),
sodium orthovanadate, NBT, DMSO, protein A–agarose,
bovine liver catalase, bovine erythrocyte superoxide dismutase,
His-select nickel resin, protease inhibitors, and polyclonal anti-
PTPN2 antibody were from Sigma-Aldrich (Saint-Quentin-
Fallavier, France). Benzene, phenol, hydroquinone, and 1,4-
benzoquinone were diluted in DMSO at a stock concentration
of 100 mM. The anti-plumbagin antibody was a kind gift of Dr.
Hiroyuki Tanaka (Kyushu University).

Expression and purification of recombinant human PTPN2
enzyme

The complementary DNA (cDNA) coding for full-length
human PTPN2 (TC45 variant) was cloned into pET28a plasmid
and used to produce His6-tagged PTPN2. pET28a-PTPN2 plas-
mid was transformed into Escherichia coli BL21 (DE3) cells for
production and purification of the PTPN2 enzyme. Briefly,
transformed bacterial cells were grown overnight at 16 °C in the
presence of 0.5 mM isopropyl-1-thio-�-D-galactopyranoside.
Cells were harvested by centrifugation and resuspended in lysis
buffer (20 mM Tris-HCl, pH 8, 300 mM NaCl, 0.2% Triton
X-100, 1 mg/ml lysozyme, and protease inhibitors). The lysate
was subjected to sonication on ice and pelleted (12,000 � g, 30
min, 4 °C). The supernatant was incubated with His-select
nickel resin (Sigma) in the presence of 20 mM imidazole for 2 h
at 4 °C. Resin was poured into an empty column and washed
with washing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl and
35 mM imidazole). Proteins were eluted in Elution Buffer (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, and 300 mM imidazole),
reduced with 10 mM DTT (20 min on ice), and then applied to a
PD-10 column (GE Healthcare, Paris, France). Proteins were
eluted with Tris-HCl buffer (20 mM Tris-HCl, pH 7.5, 150 mM

NaCl) and quantified using Bradford reagent. The purity of the
purified PTPN2 was assessed by SDS-PAGE. Proteins were kept
at �80 °C until use.

Determination of PTPN2 activity using p-nitrophenyl
phosphate (pNPP assay)

The phosphatase activity of recombinant PTPN2 was
assayed using the chromogenic phosphatase substrate pNPP as
described previously (60). Samples containing PTPN2 were
diluted 10 times with 100 mM sodium acetate, pH 6, containing
10 mM pNPP, and the formation of the product (p-nitrophenol)
was measured by reading the absorbance at 405 nm at 37 °C
using a thermostated microplate reader (BioTek, France). The
final concentration of PTPN2 during the assay was 50 nM in a
total volume of 250 �l/microplate well. Recombinant PTPN2
(0.5 �M) was incubated with different concentrations of ben-
zene, phenol, hydroquinone, or 1,4-benzoquinone in 100 mM

sodium acetate, pH 6, at 37 °C (in a total volume of 50 �l). After
20 min of incubation, samples were diluted 10 times in 100 mM

sodium acetate, pH 6, in the presence of 10 mM pNPP. The
formationofp-nitrophenolwasmonitoredbyreadingtheabsor-
bance at 405 nm at 37 °C using a thermostated microplate
reader (BioTek, Colmar, France).

Effects of benzene and benzene-phenolic metabolites on
PTPN2 activity

Recombinant PTPN2 (0.5 �M) was incubated with different
concentrations of benzene, phenol, hydroquinone, or 1,4-ben-
zoquinone in 100 mM sodium acetate, pH 6, at 37 °C (total vol-
ume of 50 �l). After a 20-min incubation, samples were assayed
for residual PTPN2 activity using a pNPP assay. Effects of PBG
on PTPN2 activity were analyzed as described above for ben-
zene and its metabolites.

MPO bioactivation of hydroquinone into 1,4-benzoquinone

Bioactivation of HQ into 1,4-benzoquinone by MPO was car-
ried out as described (39). Briefly, MPO (0.1 units/ml) was incu-
bated with hydroquinone (50 �M) and H2O2 (50 �M) in 100 mM

sodium acetate, pH 6.5, for 30 min at room temperature (in a
total volume of 500 �l). Conversion of HQ to 1,4-benzoquinone
was monitored by spectrophotometry (UV-1650PC, Shimadzu,
France) as described previously (39). Heat-inactivated MPO
(boiled for 30 min) was used as a negative control. 3 �l of reac-
tion mix was then added to recombinant PTPN2 (0.5 �M final)
in 100 mM sodium acetate, pH 6, and incubated for 20 min at
37 °C (total volume of 50 �l). After incubation, the residual
activity of PTPN2 was measured using the pNPP assay.

Effects of dialysis or DTT on 1,4-benzoquinone–inhibited
PTPN2

PTPN2 (0.5 �M) was first incubated with 1,4-benzoquinone
(2 �M) in 100 mM sodium acetate, pH 6, for 20 min at 37 °C
(total volume of 50 �l). Samples were then either dialyzed over-
night at 4 °C against 100 mM sodium acetate, pH 6, or incubated
for 30 min with 10 mM DTT at 37 °C prior to measurement of
residual PTPN2 activity using a pNPP assay.

Effects of superoxide dismutase or catalase on
1,4-benzoquinone– dependent inhibition of PTPN2

PTPN2 (0.5 �M) was incubated with 1,4-benzoquinone (2
�M) in 100 mM sodium acetate, pH 6, containing catalase (20
units/ml) or superoxide dismutase (20 units/ml) for 20 min at
37 °C. Samples were then diluted 10 times in 100 mM sodium
acetate, 10 mM pNPP, pH 6, and samples were assayed for resid-
ual PTPN2 activity using a pNPP assay.

Fluorescein-conjugated iodoacetamide labeling, nitro blue
tetrazolium staining, and detection of oxidized PTPN2
catalytic cysteine

PTPN2 (0.5 �M) was first incubated with or without 1,4-
benzoquinone (2 �M) in 100 mM sodium acetate, pH 6, at 37 °C
for 20 min followed by the addition of 10 �M IAF (final concen-
tration) for 10 min at 37 °C. For the detection of IAF labeling
and 1,4-benzoquinone adducts, samples containing 200 and
400 ng of PTPN2 were separated by SDS-PAGE and transferred
onto nitrocellulose membrane, respectively. IAF labeling of
PTPN2 cysteine residues was detected by fluorescence analysis
of the membranes (excitation, 494 nm; emission, 512 nm) using
a LAS-4000 apparatus (Fujifilm, Montigny le Bretonneux,
France). 1,4-Benzoquinone adducts were detected by incubat-
ing the membrane for 30 min in the dark with 0.6 mg/ml NBT
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diluted in 2 M potassium glycinate, pH 10, as described previ-
ously (40). The total amount of PTPN2 in membranes was
detected using Ponceau red staining.

For the detection of oxidized PTPN2 catalytic cysteine, sam-
ples (50 ng of PTPN2) treated or not with 1,4-benzoquinone (2
�M) or H2O2 (100 �M) were separated by SDS-PAGE and ana-
lyzed by Western blotting with an anti-oxidized PTP active-site
cysteine antibody (R&D Systems, Lille, France) as described
previously (45). An anti-PTPN2 mouse mAb was used to detect
total PTPN2 enzyme (R&D Systems) after stripping of the
nitrocellulose membranes.

Detection of PBG covalent adducts on PTPN2 treated or not
with (50 �M PBG) was carried out using NBT staining (see
above) of dot-blotted nitrocellulose membranes. PBG adducts
were also assessed on the dot-blotted membranes using a spe-
cific antibody against PBG adducts (61) as well as the anti-
PTPN2 mAb.

Kinetic analysis of PTPN2 inhibition by 1,4-benzoquinone

The kinetic data were analyzed as reported by Copeland (62)
for irreversible inhibitors. The data were fitted and plotted
using Qtiplot software. Briefly, PTPN2 (0.5 �M) was incubated
with various concentrations of 1,4-benzoquinone under pseu-
do-first-order conditions (excess of 1,4-benzoquinone) in 100
mM sodium acetate pH 6 at 37 °C. At different time points,
aliquots were removed and assayed for residual PTPN2 activity
using a pNPP assay. The equation rate of inhibition of PTPN2
by 1,4-benzoquinone can be represented as follows: ln(%
residual activity) � kobs � t (where t is time and kobs is the
apparent first-order inhibition rate constant). Provided that
1,4-benzoquinone is present in substantial excess compared
with enzyme, the apparent first-order inhibition rate constants
(kobs � kinact � [1,4-benzoquinone]) can be obtained for each
1,4-benzoquinone concentration from the slope of the natural
log (ln) of the percentage of residual activity plotted against
time. The second-order rate constant (kinact) was extracted
from the slope of kobs plotted against 1,4-benzoquinone
concentrations.

Determination of the reaction order of the reaction of
PTPN2 enzyme with 1,4-benzoquinone was carried out by
replotting the ln(kobs) values as a function of ln[1,4-
benzoquinone].

Protection of PTPN2 from 1,4-benzoquinone– dependent
inhibition by orthovanadate (Na3VO4)

PTPN2 (0.5 �M) was first preincubated with 1 mM Na3VO4
for 5 min on ice and then incubated with 1,4-benzoquinone (2
�M) in 100 mM sodium acetate, pH 6, at 37 °C for 20 min. Sam-
ples were diluted 10 times in 100 mM sodium acetate, pH 6,
containing 1 mM EDTA, and residual PTPN2 activity was mea-
sured using a pNPP assay.

Docking of 1,4-benzoquinone in PTPN2 active site

1,4-Benzoquinone structure was built with Maestro11
(Schrodinger, LLC) and minimized by Merck molecular force
field. The PTPN2 structure (PDB code 1L8K) was prepared by
the Protein Preparation Wizard. Waters were removed, and
hydrogens were added. Finally, the hydrogens’ orientations

were optimized with OPLS3 force field (63). The covalent dock-
ing was performed by the CovDock module. Cys-216 was set as
the reactive residue and as the docking site center. The reaction
type was set to be Michael addition. After docking, the confor-
mations were minimized by Prime, and the poses with the top
MMGBSA score were selected for further analysis. The struc-
tural representation was made by VMD1.9.3 (64).

A similar approach was used to dock PBG in PTPN2 active
site.

Mass spectrometry analysis

PTPN2 (0.5 �M) was incubated with 100 �M PBG for 20 min
at 37 °C in 100 mM sodium acetate, pH 6. Unmodified thiol
moieties of cysteines were blocked by the addition of 10 mM

NEM for 10 min, and reactions were stopped by the addition of
Laemmli sample buffer containing 100 mM DTT. Samples were
separated on a 12% SDS-polyacrylamide gel and stained with
Coomassie Blue R250. PTPN2 bands (�45 kDa) were extracted
from the gel and incubated overnight at 37 °C with trypsin
(Roche Applied Science) at 12.5 ng/�l in 25 mM ammonium
bicarbonate, 0.05% CaCl2. After the addition of 100 �l of 5%
aqueous formic acid (FA), the supernatant containing extracted
peptides was concentrated to 10 �l using a SpeedVac, desalted
on C18 stage tips (ZipTipTM, Millipore), and eluted in 4 �l of
60% ACN, 0.1% FA. Desalted samples were then diluted 10
times in buffer A (buffer A: 98% water, 2% ACN, 0.1% FA), and
2 �l were injected on a nano-LC HPLC system (RSLC, Thermo
Fisher Scientific) coupled to a hybrid quadrupole-Orbitrap
mass spectrometer (Q Exactive, Thermo Fisher Scientific).
Peptides were loaded on a reverse-phase C18 �-precolumn
(C18 PepMap100, 5 �m, 100A, 300-�m inner diameter � 5
mm) at 15 �l/min and separated on a C18 column (Acclaim�
PepMap100, 75-�m inner diameter � 50 cm) at a constant flow
rate of 220 nl/min, with a 45-min gradient of 2– 40% buffer B
(buffer B: 10% water, 90% ACN, 0.1% FA). MS/MS analysis con-
sisted of a Top10 DDA experiment (one survey MS scan 400 –
2,000 m/z; resolution 70,000 followed by 10 MS/MS of the 10
most intense precursors, with a dynamic exclusion time of 30 s).

The database search was performed against the PTPN2
sequence with Mascot version 2.5 software with the following
parameters: tryptic peptides only with up to 4 missed cleavages;
variable modifications: cysteine carbamidomethylation, cys-
teine plumbagin or cysteine NEM, methionine oxidation, and
N-terminal acetylation. MS and MS/MS error tolerances were
set to 10 ppm and 0.02 Da, respectively. Protein identification
was validated using myProms software (65), and the candidate
sequences modified by plumbagin were manually inspected for
de novo sequencing.

PTPN2 transfection in HEK293T cells and immunoprecipitation

HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal
bovine serum, 1 mM L-glutamine, and 50 mg/ml penicillin/
streptomycin at 37 °C, 5% CO2. Cells (4 � 106 cells) were seeded
in a 10-cm dish and transfected with 5 �g of FLAG-tagged
human PTPN2 plasmid (Origene) using Metafectene (Biontex,
Munich, Germany). One day after transfection, cells were
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exposed to 1,4-benzoquinone (5 and 20 �M) or H2O2 (200 �M)
in PBS for 30 min.

Cells were washed twice with PBS and resuspended in lysis
buffer (PBS, 1% Triton X-100, 1 mM sodium orthovanadate, and
protease inhibitor mixture (Sigma-Aldrich)) for 20 min. Cell
lysates were centrifuged at 15,000 � g for 10 min at 4 °C, and
supernatants (whole-cell extracts) were collected. PTPN2 was
immunoprecipitated by incubating 500 �g of whole-cell
extracts with 2 �g of polyclonal PTPN2 antibody (Sigma-Al-
drich) overnight at 4 °C. Samples were then rocked for 2 h at
4 °C in the presence of protein A-agarose (Sigma-Aldrich). The
immunobeads were collected by centrifugation, washed three
times with lysis buffer, and split into two pools. The immuno-
beads from the first pool were incubated with 50 �M FAM-
pSTAT1 peptide to measure residual PTPN2 activity by RP-
UFLC as described previously (50). Immunobeads from the
second pool were incubated with 10 �M IAF for 20 min (room
temperature) washed with PBS and eluted with Laemmli sam-
ple buffer containing 100 mM �-mercaptoethanol. Samples
were separated by SDS-PAGE and analyzed by Western blot-
ting using the specific anti-oxidized PTP active-site antibody
(see above) followed by stripping and reprobing using an anti-
PTPN2 antibody. IAF labeling of proteins on membranes was
detected by fluorescence (excitation, 494 nm; emission, 512
nm) using an LAS-4000 apparatus (Fujifilm, France).

Jurkat cell treatment and STAT1 phosphorylation kinetics in
cells

Jurkat cells were maintained in RPMI medium supplemented
with 10% heat-inactivated fetal bovine serum, 1 mM L-gluta-
mine, and 50 mg/ml penicillin/streptomycin at 37 °C, 5% CO2.
Cells were treated with DMSO (control) or 1 �M 1,4-benzoqui-
none for 30 min in PBS. Endogenous PTPN2 activity was
assessed by immunoprecipitation of PTPN2 followed by
RP-UFLC analysis as described above.

For the STAT1 phosphorylation kinetic, cells were treated
with DMSO (control) or 1 �M 1,4-benzoquinone for 30 min in
PBS, washed with fresh medium, and incubated for 20 min in
medium supplemented with 25 ng/ml human IFN�. Cells were
then washed and resuspended in fresh medium. Aliquots (2 �
106 cells) were collected at different time points and washed in
PBS. Cell extracts were done, and STAT1 activation was
assayed by Western blotting using anti-phospho-STAT1 (phos-
phorylated tyrosine 701). Membranes were stripped and suc-
cessively reprobed with anti-STAT1 (Cell Signaling, St-Cyr
l’Ecole, France), anti-PTPN2, and anti-tubulin antibodies.
Quantification of STAT1 phosphorylation in Western blots
was carried out using ImageJ software (National Institutes of
Health).

RNA extraction, cDNA synthesis, and RT-qPCR

Jurkat cells were treated with DMSO (control) or 1 �M 1,4-
benzoquinone for 30 min in PBS, washed with fresh medium,
and incubated for 180 min in fresh medium supplemented with
25 ng/ml human IFN�. Cells were then collected by centrifuga-
tion, and total RNA was extracted using TRIzol (Invitrogen,
Paris, France). cDNA synthesis was performed using the
M-MLV RT kit (Invitrogen) according to the manufacturer’s

instructions. LightCycler 480 SYBR Green I Master (Roche,
Boulogne Billancourt, France) was then used to amplify specific
cDNA fragments in the 7300 real-time PCR system (Applied
Biosystems, Illkirch, France), with oligonucleotides for differ-
ent STAT1-regulated genes: GBP1, IRF, and APOL1 (51, 52).
RPL19 was used as reference as reported earlier (66). Primer
sequences are given in Table S1.

Statistical analysis

The results are presented as means � S.D. of three experi-
ments. Statistical analysis was performed using one-way analy-
sis of variance followed by Bonferroni’s post hoc test using Qti-
plot software. If only two groups were compared, a mean
comparison t test was used.
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M. F., and Neel, B. G. (2011) Global proteomic assessment of the classical
protein-tyrosine phosphatome and “Redoxome”. Cell 146, 826 – 840
CrossRef Medline

PTPN2 inhibition and altered STAT1 signaling by benzoquinone

J. Biol. Chem. (2019) 294(33) 12483–12494 12493

http://dx.doi.org/10.1289/ehp.961041319
http://www.ncbi.nlm.nih.gov/pubmed/9118913
http://dx.doi.org/10.1016/S1383-5742(03)00053-X
http://www.ncbi.nlm.nih.gov/pubmed/15164977
http://www.ncbi.nlm.nih.gov/pubmed/8439949
http://dx.doi.org/10.1182/blood-2009-05-223990
http://www.ncbi.nlm.nih.gov/pubmed/19828700
http://dx.doi.org/10.1016/j.cbi.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20026094
http://dx.doi.org/10.1016/j.mrrev.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24731989
http://dx.doi.org/10.1016/j.envres.2018.05.029
http://www.ncbi.nlm.nih.gov/pubmed/29883905
http://dx.doi.org/10.1080/10408444.2017.1401581
http://www.ncbi.nlm.nih.gov/pubmed/29243948
http://dx.doi.org/10.1155/2014/937987
http://www.ncbi.nlm.nih.gov/pubmed/25202711
http://dx.doi.org/10.1038/sj.onc.1210757
http://www.ncbi.nlm.nih.gov/pubmed/17934481
http://dx.doi.org/10.1016/j.jbior.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24931719
http://dx.doi.org/10.1200/JCO.2008.21.3264
http://www.ncbi.nlm.nih.gov/pubmed/19667270
http://www.ncbi.nlm.nih.gov/pubmed/26586698
http://dx.doi.org/10.1038/nrm2039
http://www.ncbi.nlm.nih.gov/pubmed/17057753
http://dx.doi.org/10.4161/jkst.28087
http://www.ncbi.nlm.nih.gov/pubmed/24778927
http://dx.doi.org/10.1042/BJ20061548
http://www.ncbi.nlm.nih.gov/pubmed/17238862
http://dx.doi.org/10.1016/j.cyto.2015.12.025
http://www.ncbi.nlm.nih.gov/pubmed/26817397
http://dx.doi.org/10.1084/jem.186.5.683
http://www.ncbi.nlm.nih.gov/pubmed/9271584
http://dx.doi.org/10.1182/blood-2006-08-044370
http://www.ncbi.nlm.nih.gov/pubmed/17234741
http://dx.doi.org/10.1073/pnas.0812109106
http://www.ncbi.nlm.nih.gov/pubmed/19474293
http://dx.doi.org/10.1371/journal.pone.0036703
http://www.ncbi.nlm.nih.gov/pubmed/22590589
http://dx.doi.org/10.1038/ng.587
http://www.ncbi.nlm.nih.gov/pubmed/20473312
http://dx.doi.org/10.3324/haematol.2011.041921
http://www.ncbi.nlm.nih.gov/pubmed/21791476
http://dx.doi.org/10.1182/blood-2010-10-314286
http://www.ncbi.nlm.nih.gov/pubmed/21551237
http://dx.doi.org/10.1016/j.leukres.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23759247
http://dx.doi.org/10.1016/j.cbi.2009.12.023
http://www.ncbi.nlm.nih.gov/pubmed/20034485
http://dx.doi.org/10.1021/acs.chemrestox.6b00256
http://www.ncbi.nlm.nih.gov/pubmed/27617882
http://dx.doi.org/10.1021/tx300417z
http://www.ncbi.nlm.nih.gov/pubmed/23237669
http://dx.doi.org/10.1016/j.freeradbiomed.2016.05.019
http://www.ncbi.nlm.nih.gov/pubmed/27212016
http://dx.doi.org/10.1016/j.cbi.2005.03.014
http://www.ncbi.nlm.nih.gov/pubmed/15935805
http://dx.doi.org/10.1016/j.cbi.2005.03.024
http://www.ncbi.nlm.nih.gov/pubmed/15935818
http://www.ncbi.nlm.nih.gov/pubmed/1702437
http://dx.doi.org/10.1080/10715760500097906
http://www.ncbi.nlm.nih.gov/pubmed/16036343
http://dx.doi.org/10.1073/pnas.0501074102
http://www.ncbi.nlm.nih.gov/pubmed/15774585
http://dx.doi.org/10.1021/tx700213s
http://www.ncbi.nlm.nih.gov/pubmed/17655273
http://dx.doi.org/10.1093/toxsci/55.2.327
http://www.ncbi.nlm.nih.gov/pubmed/10828264
http://dx.doi.org/10.1016/j.cell.2011.07.020
http://www.ncbi.nlm.nih.gov/pubmed/21884940


46. Ostman, A., Frijhoff, J., Sandin, A., and Böhmer, F. D. (2011) Regulation of
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