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A B S T R A C T

Protein kinase C (PKC)-interacting cousin of thioredoxin (PICOT; also termed glutaredoxin 3 (Glrx3)) is a ubi-
quitously expressed protein that possesses an N-terminal monothiol thioredoxin (Trx) domain and two C-
terminal tandem copies of a monothiol Glrx domain. It has an overall highly conserved amino acid sequence and
is encoded by a unique gene, both in humans and mice, without having other functional gene homologs in the
entire genome. Despite being discovered almost two decades ago, the biological function of PICOT remains largely
ill-defined and its ramifications are underestimated considering the fact that PICOT-deficiency in mice results in
embryonic lethality.

Since classical Glrxs are important regulators of the cellular redox homeostasis, we tested whether PICOT
participate in the stress-induced DNA-damage response, focusing on nuclear proteins that function as integral
components of the DNA repair machinery. Using wild type versus PICOT-deficient (PICOT-KD) Jurkat T cells we
found that the anti-oxidant mechanism in PICOT-deficient cells is impaired, and that these cells respond to
genotoxic drugs, such as etoposide and camptothecin, by increased caspase-3 activity, a reduced survival and a
slower and diminished phosphorylation of the histone protein, H2AX. Nevertheless, the effect of PICOT on the
drug-induced phosphorylation of H2AX was independent of the cellular levels of reactive oxygen species. PICOT-
deficient cells also demonstrated reduced and slower γH2AX foci formation in response to radiation.
Furthermore, immunofluorescence staining using PICOT- and γH2AX-specific Abs followed by confocal micro-
scopy demonstrated partial localization of PICOT at the γH2AX-containing foci at the site of the DNA double
strand breaks. In addition, PICOT knockdown resulted in inhibition of phosphorylation of ATR, Chk1 and Chk2
kinases, which play an essential role in the DNA-damage response and serve as upstream regulators of γH2AX.
The present data suggest that PICOT protects cells from DNA damage-inducing agents by operating as an up-
stream positive regulator of ATR-dependent signaling pathways. By promoting the activity of ATR, PICOT in-
directly regulates the phosphorylation and activation of Chk1, Chk2, and γH2AX, which are critical components
of the DNA damage repair mechanism and thereby attenuate the stress- and replication-induced genome in-
stability.

1. Introduction

Reactive oxygen species (ROS) are routinely produced as by-
products of the normal metabolism and oxidative phosphorylation of
normal cells. They include molecules such as superoxide (O2-), hy-
drogen peroxide (H2O2) and hydroxyl ions (OH), and when generated
under regulated physiological conditions, they play important roles in
cellular signaling and homeostasis [1,2]. For example, ROS participate

in signaling pathways regulating cell cycle progression and prolifera-
tion, cell migration and differentiation, as well as inflammation and
other immune cell functions [3–6].

Nevertheless, the production of excessive ROS triggered by en-
vironmental stressors, such as ionizing radiation, ultraviolet light, or
chemotherapeutic drugs [7–9], may cause severe damages to cellular
components, especially the DNA, and induce single and/or double-
strand breaks that may result in cell death and tissue destruction

https://doi.org/10.1016/j.cellsig.2019.06.005
Received 7 April 2019; Received in revised form 15 May 2019; Accepted 4 June 2019

☆ This work was funded in part by the USA-Israel Binational Science Foundation (grant no. 2013034) and the Israel Science Foundation administered by the Israel
Academy of Science and Humanities (grant no. 1235/17). N.I. holds the Joseph H. Krupp Chair in Cancer Immunobiology.

⁎ Corresponding author at: The Shraga Segal Department of Microbiology, Immunology and Genetics, Faculty of Health Sciences, Ben-Gurion University, Beer-
Sheva, Israel.

E-mail address: noah@bgu.ac.il (N. Isakov).

Cellular Signalling 62 (2019) 109340

Available online 05 June 2019
0898-6568/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08986568
https://www.elsevier.com/locate/cellsig
https://doi.org/10.1016/j.cellsig.2019.06.005
https://doi.org/10.1016/j.cellsig.2019.06.005
mailto:noah@bgu.ac.il
https://doi.org/10.1016/j.cellsig.2019.06.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellsig.2019.06.005&domain=pdf


[10–13].
To prevent the harmful effects of these oxidative challenges, aerobic

organisms developed an array of defense strategies that rely on en-
dogenous non-enzymatic and enzymatic antioxidants. The first group
includes free radical scavengers such as vitamin C and E, glutathione
and uric acid [14], while the second comprises catalases, superoxide
dismutases, and glutathione peroxidases and reductases [15].

Thioredoxins (Trxs) and glutaredoxins (Glrxs) are two additional
groups of redox-regulating enzymes which promote protein reduction
by cysteine thiol-disulfide exchange and contribute to the maintenance
of redox homeostasis in living cells [16,17]. The mammalian Glrxs are
grouped into two major subfamilies. The classical Glrxs are small ubi-
quitous glutathione (GSH)-dependent oxidoreductases that possess a
Cys-Pro-Tyr-Cys (CPYC) motif in their active site and catalyze the re-
versible reduction of protein disulfide bridges or protein-GSH mixed
disulfide bonds [18]. The second group includes the monothiol Glrxs
that contain a single cysteine residue in their active-site (usually, a Cys-
Gly-Phe-Ser (CGFS) motif), are ubiquitously expressed and found in all
branches of the evolutionary tree [19,20].

While monothiol Glrxs in prokaryotes and eukaryotes are composed
of a CGFS signature-containing active site within a single domain, eu-
karyotes possess additional multidomain CGFS signature-containing
monothiol Glrxs, that include a single N-terminal monothiol Trx do-
main and one or more C-terminal monothiol Glrx domains [19,21,22].

The first mammalian monothiol Glrx was discovered in T lympho-
cytes during a search for protein kinase C (PKC)-binding partners [23].
Based on its structural similarity to Trx ability to interact with PKC this
newly discovered protein was termed PKC-interacting cousin of thior-
edoxin, abbreviated as PICOT (also known as TXNL2, Grx3 and Glrx3).

PICOT is a ubiquitous protein which possesses an N-terminal
monothiol Trx domain followed by a tandem repeat of monothiol Glrx
domains (also termed PICOT homology domains) [19]. It is critical for
embryogenesis since PICOT-deficient mouse embryos die towards the
end of the second trimester of pregnancy [24,25]. Several independent
studies demonstrated the involvement of PICOT in signal regulation in
different cell types [23,25,26] and supported some ill-defined reg-
ulatory functions of PICOT in T lymphocyte responses [23], cardiac
hypertrophy [25,27], and proliferation of various types of normal and
transformed cells [24,28–31].

We found that the PICOT protein undergoes tyrosine phosphoryla-
tion and nuclear translocation in response of T lymphocytes to hy-
drogen peroxide [32,33], and predicted a potential role for PICOT in
cellular responses to ROS.

Experiments performed in HeLa cells and mouse fibroblasts re-
confirmed that oxidative stress promotes PICOT translocation into the
nucleus and further demonstrated that this recruitment is reversible in a
redox-dependent manner [34]. In addition, low levels of PICOT ren-
dered cells susceptible to oxidative stress, whereas overexpressed nu-
clear-targeted PICOT protected cells from oxidative stress [34].

In vivo studies revealed that PICOT mRNA was induced during
oxidative stress [24], and that PICOT was able to alleviate myocardial
ischemia-reperfusion injury by regulating intracellular ROS and free
iron levels [35].

A role for PICOT in cellular iron homeostasis was further demon-
strated by showing that PICOT homodimers and PICOT-BolA2 hetero-
dimers operate as iron-sulfur cluster chaperones that can transfer
[2Fee2S] clusters to [2Fe-2S]-dependent enzymes [36–39]. PICOT
deficiency in HeLa cells led to decreased activities of several cytosolic
Fe/S proteins, which resulted in the downregulation of ferritin levels
and increased expression of transferrin receptors [38]. Since PICOT-
[2Fee2S]2+ clusters, which are not redox active, dissociate in the
presence of ferricyanide or S-nitroso glutathione, it has been suggested
that the redox-induced dissociation of PICOT-[2Fee2S]2+ clusters
serves as a cellular mechanism for activation of PICOT in response to
reactive oxygen and nitrogen species [36].

In the present study we further tested the role of PICOT in the stress-

induced DNA-damage response, focusing on nuclear proteins that reg-
ulate and/or execute this DNA damage response. We found that PICOT
knockdown led to increased intracellular ROS in hydrogen peroxide-
treated Jurkat T cells. In addition, following treatment with genotoxic
drugs, PICOT-deficient cells exhibited increased levels of active cas-
pase-3 and decreased survival. Nevertheless, the effect of PICOT on the
formation of γH2AX was ROS independent. PICOT-deficient cells also
exhibited a delayed and reduced phosphorylation of H2AX in response
to drug or irradiation. In addition, partial colocalization of PICOT with
the γH2AX-containing foci was observed at the double strand DNA-
breaks. Finally, PICOT knockdown resulted in inhibition of phosphor-
ylation of the H2AX-upstream kinases, supporting a positive role for
PICOT in the regulation of very early events of the stress-induced DNA-
damage response.

2. Materials and methods

2.1. Reagents and antibodies

Hydrogen peroxide (H2O2), Camptothecin, 3-(4, 5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 2′-7′-Dichloro-
Dihydro-Fluorescein Diacetate (DCFH-DA) were from Sigma-Aldrich,
Israel. Etoposide was from EBEWE Pharma, Austria. A mouse mono-
clonal antibody (mAb) specific for PICOT was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and a mAb anti-β-actin was from
Merck Millipore (Darmstadt, Germany). Rabbit polyclonal antibodies
specific for H2AX, ATR, phospho-Ser-139 of H2AX (γH2AX), and mouse
mAb anti-Chk1 were from Abcam Biotechnology Company (Cambridge,
UK). Rabbit polyclonal antibodies anti-phospho-Ser-1981 ATM,
phospho-Ser-428-ATR, phospho-Ser-345-Chk1 and phospho-Thr-68-
Chk2 were from Cell Signaling Technology Inc. (Danvers, MA).
Cyanine3 (Cy3)-conjugated goat anti-mouse IgG and Cyanine5 (Cy5)-
conjugated goat anti-rabbit IgG were from Jackson ImmunoResearch
Laboratories, Inc. (West Grove, PA) and Kirkegaard & Perry Laboratories
(KPL; Gaithersburg, MD), respectively. DAPI was from Biotium, Inc.
(Hayward, CA). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse and goat anti-rabbit immunoglobulin Abs were from Abcam
Biotechnology.

2.2. Cell lines and culture condition

The Jurkat human T-cell line (clone E6-1; ATCC® TIB-152™), PICOT-
deficient Jurkat-derived cell lines (1A, 2G) and control scrambled
plasmid sc-PICOT-expressing Jurkat-derived cell line (5A) were main-
tained at a logarithmic growth phase in complete RPMI (RPMI 1640
supplemented with 10% heat-inactivated fetal calf serum (FCS),
2 mM L-glutamine, 50 units/ml penicillin, 50 μg/ml streptomycin (all
from Biological Industries, Beit Haemek, Israel), and 0.5 μM β-mer-
captoethanol (Sigma)).

2.3. Preparation of PICOT-deficient Jurkat T cells

PICOT shRNA plasmids were designed and synthesized by
SuperArray Bioscience (Frederick, MD) and cloned into an expression
vector (pGeneClip) that directs the synthesis of small hairpin RNAs
(shRNAs) in mammalian cells, under the control of the polymerase III
promoter, and contain the neomycin resistance gene for selection of
stably transfected cells. We used a set of four sense strands of 21 nu-
cleotide sequences of human PICOT (CCAACATACCCTCAGCTGTAT;
CTACCCAGCGCTAATGAACAT; GTGGAAATTCTTCACAAACAT; ACTC
CCTCAAGTTTC ATTTGT), plus a control scrambled sequence. The
sense strand was followed by a 10-nucleotide spacer (CTTCCTGTCA)
and reverse complement of the same 21 nucleotide sequence. After
cloning these short sequences downstream of the U1 promoter of the
plasmid, the resulting pGeneClip-PICOT-shRNA plasmids were trans-
fected into Jurkat E.6 cells by electroporation using a BioRad Gene
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Pulser. G418 resistant stable transfectants were isolated and cloned and
their PICOT expression levels were determined by Western blot and
qRT-PCR.

2.4. Cell irradiation

Jurkat T cells were irradiated with X-rays at a dose of 2 Gy (1.3 Gy/
min, 160 kV, 25mA) using the Ben Gurion University RAD Source RS-
2000 (Biological system) X-ray cabinet. Cell irradiation was performed
at room temperature with cells kept submerged in 3ml of warmed
culture medium. Pre- and post-irradiation, cells were kept in a 37 °C,
5% CO2 incubator. Control treatments were performed using the same
protocol with no irradiation.

2.5. MTT cell viability assay

The MTT assay is a colorimetric assay for assessing cell metabolic
activity which correlates with the number of viable cells present [40]. It
is based on the ability of viable cells to reduce the yellow tetrazole,
MTT (3-(4, 5-dimethyl)-2, 5-diphenyl tetrazolium bromide) to a blue
formazan product. Cells (4× 104/well in 96-well microtiter plates)
were treated with different concentrations of H2O2 (30min) or etopo-
side (8 h) at 37 °C in a 5% CO2-incubator. Cells were then washed with
PBS and incubated with 25 μl of MTT solution (5mg/ml in PBS) for 2 h
at 37 °C. Reactions were terminated by the addition of 100 μl/well of
stop buffer (SDS 20%, DMFA, acetic acid 80%, HCl 1 N), which dis-
solved the resultant formazan crystals. Samples were kept overnight,
and the absorbance intensity was quantified using an ELISA microplate
reader (Bio-RAD 680, USA) at 490 nm, with a reference wavelength of
620 nm. All experiments were performed in triplicates and the relative
cell viability was calculated as a percentage relative to the results of
untreated cells, using the formula:

= ×(Viable cells) % 100 (absorbance of H O or etoposide treated cells

/absorbance of untreated cells).
2 2

2.6. In vitro ROS measurement

Intracellular ROS formation was measured using the oxidant-sen-
sing fluorescent probe 2′-7′-Dichloro-dihydro-fluorescein Diacetate
(DCFH-DA) (Sigma, St. Louis, MO), as described [41]. DCFH-DA is a
nonpolar dye that converts into a polar derivative, DCFH, by cellular
esterases that are non-fluorescent and switched to highly fluorescent
DCF when oxidized by intracellular ROS and other peroxides. Cells
(4× 104/well) were seeded onto wells of 96-well plates (black/clear
bottom, BD Biosciences, San Jose, CA) for an overnight incubation.
Samples were then treated with different concentrations of H2O2 for
30min at 37 °C in a 5% CO2-incubator. The wells were then washed
twice with PBS followed by the addition of 10 μM DCFH-DA (diluted in
100 μl complete RPMI with 5% FCS) for 60min at 37 °C, in a 5% CO2-
incubator. The extent of fluorescence was measured using a fluores-
cence microplate reader (TECAN Infinite, Mannedorf, Switzerland) at
fluorescence excitation and emission wavelengths of 485 and 525 nm,
respectively.

2.7. Analysis of DNA fragmentation

Jurkat and Jurkat.1A cells (5×105/ml) were treated with etoposide
or camptothecin at 37 °C in a 5% CO2-incubator. Cells were then col-
lected, washed in cold PBS and gently re-suspended in 0.5ml of lysis
buffer (10mM Tris-HCl, pH 7.4, 1 mM EDTA (Tris-EDTA; TE) and 10%
Triton X-100). The cell suspension was incubated for 30min at room
temperature and centrifuged at 12,000 RPM for 30min. The DNA-
containing supernatant was transferred to a new Eppendorf tube and
precipitated by the addition of 150 μl NaCl (5M) and 500 μl ethanol, for

1 h at−80 °C. Samples were then centrifuged at 12,000 RPM for 30min
and supernatants were removed, followed by the addition of 1ml of
70% ethanol to the DNA pellet. The samples were centrifuged once
more at 12,000 RPM for 15min, supernatants were removed, and DNA
samples were then dissolved in TE buffer and treated with RNase
(5mg/ml) for 1 h at 37 °C. The resulted DNA-containing solution was
quantitated spectrophotometrically at 260/280 nm, mixed with loading
buffer, and fractionated on a 1.5% agarose gel containing 0.45 μg/ml
ethidium bromide. After electrophoresis, gels were illuminated with
ultraviolet light for examination and photography.

2.8. Detection of cleaved caspase-3-positive cells in live cells

Detection of cleaved caspase-3 was performed in live cells using
NucView® 488 caspase-3 assay kit (Biotium, Inc., Fremont, CA). Jurkat
and Jurkat.1A cells (2×106/group) were either untreated or treated
with 10 μM etoposide for the indicated time points at 37 °C in a 5% CO2-
incubator. Cells were then centrifuged and cell pellets were treated
according to the manufacturer's instructions. Caspase-3-positive cells
were analysed using flow cytometer (BD FACSCanto™ II Flow cyt-
ometer). Ten thousand cells/group were screened and the percentage of
caspase-3 positive cells out of the total number of live cells was cal-
culated and presented as a bar graph. Images were taken using an
Olympus Fluoview 1000 laser scanning confocal microscope.

2.9. Preparation of whole cell lysates and cytoplasm and nuclei fractions

Whole cell lysates were prepared by re-suspension of cells in lysis
buffer (25mM Tris-HCl, pH 7.5, 150mM NaCl, 5 mM EDTA, 1mM
Na3VO4, 50mM NaF, 10 μg/ml each of leupeptin and aprotinin, 2 mM
AEBSF and 1% Triton X-100), and incubation (30min) on ice. Lysates
were centrifuged at 13,000 rpm for 30min at 4 °C and the supernatants
were collected as whole cell lysate.

Nuclear extracts were prepared as described [42]. Cells were re-
suspended in buffer A (10mM Tris-HCl, pH 7.4, 10mM NaCl and 1mM
EDTA) plus a mixture of protease inhibitors (2 μg/ml aprotinin, 2 μg/ml
leupeptin, 1 μg/ml pepstatin A, 2 μg/ml antipain, and 100 μg/ml PMSF)
and kept on ice for 15min. Samples were homogenized by passing
through a 21G needle (15 times), and cytosolic fractions (supernatants)
were obtained by 10min centrifugation at 13,000 rpm at 4 °C. The
pellets were resuspended in buffer B (10mM Tris-HCl, pH -7.4, 10mM
NaCl and 1.5mM MgCl2 supplemented with a mixture of protease in-
hibitors (as above) plus 1M (final concentration) NaCl, followed by
30min incubation on ice. The samples were centrifuged for 10min at
13,000 rpm and 4 °C in a microcentrifuge tube and the supernatants
were collected and designated as nuclear extract. Total protein con-
centration was determined using the Bio-Rad protein assay kit. Aliquots
of the extracts were stored at −20 °C.

2.10. Electrophoresis and immunoblotting

Whole cell lysates and cellular fractions were resolved by electro-
phoresis on 10% or 12.5% polyacrylamide gels using Bio-Rad Mini-
PROTEAN II cells. Proteins from the gel were electroblotted onto ni-
trocellulose membranes (Schleicher and Schuell) at 100 V for 1 h, using
BioRad Mini Trans-Blot transfer cells. After 1 h of blocking with 3% BSA
in PBS at 37 °C, the nitrocellulose membranes were incubated with the
indicated primary Abs, followed by incubation with HRP-conjugated
goat anti-mouse or goat anti-rabbit IgG. Immunoreactive protein bands
were visualized using an ECL reagent and autoradiography.

2.11. Cell staining and confocal microscopy

For irradiation studies, Jurkat and Jurkat.1A T cells (2× 106/
group) were irradiated (X-ray, 2 Gy) and left to recover for the indicated
time points in vitro at 37 °C in a 5% CO2 incubator. The cells were then
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seeded on poly-L-lysine-coated 8 well μ-slide (ibidi Ltd.) and deposited
on the slides by centrifugation at 1200 rpm for 5min. Then, cells were
fixed in 4% paraformaldehyde (Sigma)/PBS for 15min at room tem-
perature, permeabilized with PBS/0.2% Triton X-100 for 5min and
incubated with mouse anti-PICOT and rabbit anti-γH2AX Abs in a
blocking buffer (PBS containing 1% BSA) for 1 h at room temperature.
After three washes in PBS, the cells were incubated with Cy3-con-
jugated goat anti-mouse Ig Abs (1:500), Cy5-conjugated goat anti-
rabbit Ig Abs (1:500), and DAPI (1 μg/ml) in PBS for 1 h at room
temperature in the dark. Confocal microscopy analysis was performed
on Olympus Fluoview 1000 laser scanning confocal microscope.

Quantification of the green (PICOT) and red (γH2AX) fluorescence
colocalization was assessed by calculating the correlation coefficient on
~100 cells per condition using the JACoP plugin on ImageJ [43]. The
Manders' coefficient values after threshhold setting are shown. M1 re-
presents the fraction of green overlapping red and M2 value shows
fraction of red overlapping green.

For γH2AX foci quantification, the total number of nuclei and foci in
~5 arbitrarily selected microscopic fields were calculated using the
Image J software and the average number of γH2AX foci per nucleus
was determined. The statistical significance of the differences between
Jurkat and Jurkat.1A cells was determined using the t-test with the help
of GraphPad software Prism5 (GraphPad, La Jolla/CA, USA).

3. Results

3.1. Knock-down of PICOT in Jurkat T cells reduces cell survival, increases
intracellular ROS levels and promotes DNA fragmentation in response to
ROS-inducing agents

Based on its primary amino acid sequence and overall structure,
PICOT was assigned to the Glrx family, and although little is known
regarding its catalytic activity, indirect studies suggest a role for PICOT
in the regulation of intracellular redox homeostasis.

To analyse the potential involvement of PICOT in T cell resistance to
ROS-inducing stress conditions, we compared the effect of hydrogen
peroxide (H2O2) and etoposide treatment on the viability of Jurkat T
cells vs. Jurkat.1A T cells, which express lower levels of PICOT due to
constitutive expression of PICOT-shRNA (Fig. 1A). Cells were cultured
in wells of 96-well plates in the presence of the indicated concentration
H2O2 or etoposide and their viability was evaluated using the MTT
assay, which measures the ability of live cells to reduce MTT to a blue
formazan product. Cells viability in response to H2O2 (Fig. 1B) and
etoposide (Fig. 1C) was reduced in a concentration dependent manner,
and PICOT-deficient Jurkat.1A cells exhibited higher sensitivity to drug
treatment. The increase in the susceptibility of Jurkat.1A cells to drug
treatment correlated with an increase in intracellular ROS levels fol-
lowing cell treatment with hydrogen peroxide (Fig. 1D). We then
compared the susceptibility of Jurkat vs. Jurkat.1A cells to topoi-
somerase inhibitors, etoposide and camptothecin - two genotoxic drugs
that cause single and double-strand DNA breaks, leading to chromo-
somal DNA fragmentation [44–46]. Both drugs were found to induce
DNA fragmentation in a time and concentration dependent manner but
responses of the two cell types were quantitatively and qualitatively
different (Fig. 1E-G). Only very large DNA fragments, which serve as
early markers of T cell commitment to apoptosis [47] were detected in
Jurkat cells, compared to a DNA ‘ladder’ in Jurkat.1A cells, re-
presenting integer multiples of ~200 bp oligonucleosomal size frag-
ments. The results suggest that PICOT plays a role in cellular mechan-
isms that counteract stress-induced damages and increases cell survival
under stress conditions.

3.2. Knockdown of PICOT upregulates caspase-3 activity in etoposide-
treated Jurkat T cells

To further analyse the potential role of PICOT in the genotoxic

stress-induced DNA damage response, we tested the effect of PICOT
deficiency on the activation state of caspase-3, a cysteine-aspartic acid
protease that serves as a crucial mediator of programmed cell death
[48]. The caspase-3 proenzyme is inactive in healthy cells but under-
goes proteolytic cleavage in apoptotic cells into two subunits which
dimerize and form an active enzyme. In the presence of the cell mem-
brane-permeable NucView® 488 fluorogenic caspase substrate, cells
with an active caspase-3 become fluorescent and their frequency can be
determined.

In this assay, Jurkat and Jurkat.1A cells were treated with etoposide
and then with the DEVD-NucView 488 caspase-3 substrate, followed by
FACS analysis and confocal microscopy. The results demonstrate a di-
rect correlation between the time of incubation with etoposide and the
increase in the frequency and intensity of caspase-3 positive fluorescent
cells (Fig. 2A and B). Furthermore, the frequency of caspase-3 positive
cells was significantly higher in PICOT-deficient Jurkat.1A cells, both at
7 and 10 h post etoposide treatment. These results support the initial
observations indicating that PICOT plays a positive role in cell protec-
tion from etoposide-induced cell death.

3.3. Knockdown of PICOT results in decreased and delayed expression of
γH2AX in drug-treated and X-ray irradiated Jurkat T cells

The camptothecin and etoposide are chemotherapeutic agents that
target DNA topoisomerase I and II, respectively, and are commonly
used drugs in cancer treatment. Both drugs promote single and/or
double-strand breaks (DSB) in the DNA, which promote the phosphor-
ylation of the histone variant, H2AX (denoted as γH2AX) on Ser-139
[49]. In turn, γH2AX, which is critical for the maintenance of genome
stability, promotes the assembly of the DNA repair proteins at the da-
maged sites and regulates the activation of checkpoint proteins which
arrest the cell cycle progression.

Since the induction of γH2AX directly correlates with the detection
of DSBs by the cell's sensing machinery and the initiation of the DNA
damage response (DDR) [50], we tested whether PICOT knock down
can influence the DNA repair mechanisms by evaluating the effect of
PICOT on the intensity and/or time kinetic of phosphorylation of H2AX.

These studies were performed on wild type Jurkat T cells, PICOT-
deficient Jurkat sublines that constitutively express sh-PICOT, and
Jurkat sublines that constitutively express a control, scrambled sc-
PICOT DNA. The cells were initially treated with etoposide for different
time intervals and expression of γH2AX, compared to that of the non-
phosphorylated H2AX, was determined using Western blot analysis.
The results (Fig. 3A) demonstrated a gradual time-kinetic increase in
γH2AX expression levels following etoposide treatment of Jurkat T
cells. An increase of> 8-fold was observed at 10 h post-etoposide
treatment. A much slower time kinetic of γH2AX expression was ob-
served in PICOT-deficient Jurkat.1A cells, where the peak response at
10 h post etoposide treatment was ~2-fold lower than that of the wild
type Jurkat T cells. The time-kinetic of γH2AX expression levels in
Jurkat.5a which express scrambled sc-PICOT DNA and normal levels of
PICOT, were similar to those observed in wild type Jurkat.

Immunoblot of the non-phosphorylated form of H2AX showed si-
milar levels of protein expression in the three cell lines at all time points
(Fig. 3B). The reduced levels of PICOT in Jurkat.1A are demonstrated in
Fig. 3C and D, and expression of β-actin (Fig. 3D) serve to validate
usage of equal amounts of proteins per lane. The relative changes in
γH2AX vs. H2AX expression were quantifying by densitometry of the
corresponding protein bands and normalization to those of β-actin
protein bands (Fig. 3E).

We further tested the effect of camptothecin, a DNA topoisomerase I
inhibitor, on γH2AX expression in Jurkat T cells and once again de-
termined that drug treatment increased γH2AX expression by>2-fold
(Fig. 3F). In contrast, levels of γH2AX in Jurkat.1A and Jurkat.2G
sublines, which express low levels of PICOT, were barely detectable in
both untreated and camptothecin-treated cells (Fig. 3F). Immunoblot of
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H2AX (Fig. 3G) demonstrated similar protein expression levels in all
cell lines tested, with no effect of the camptothecin on H2AX protein
expression. Immunoblot of β-actin confirmed that equal amounts of
proteins were loaded per lane (Fig. 3H and I).

We then compared the kinetic of γH2AX foci formation in Jurkat
and Jurkat.1A cells in response to X-ray irradiation. The cells were
treated with 2 Gy X-ray and kept in an incubator for the indicated time
points. Formation of discrete nuclear γH2AX foci post-irradiation were
determined by fluorescent staining using anti-γH2AX Abs and cell
analysis by confocal microscopy. A relatively weak staining of γH2AX
was observed in resting Jurkat and Jurkat.1A cells (Fig. 4A, control

cells). A relatively small number of γH2AX foci was observed in Jurkat
T cells at 0.5 h post irradiation (Fig. 4A) and the number of foci in-
creased and reached a maximal value at 1 h post irradiation. In contrast,
the smaller number of γH2AX foci in Jurkat.1A cells was observed for
0.5 and 1 h time points and the time kinetics of γH2AX foci formation
was delayed (Fig. 4A & 4B).

3.4. The PICOT protein partially colocalizes with γH2AX nuclear foci in
irradiated Jurkat T cells

Cellular stress leading to double-strand DNA breaks (DSB) promotes

Fig. 1. Knockdown of PICOT decreases Jurkat-T cell resistance to genotoxic agents.
A. Whole cell lysates (20 μg proteins/lane) of wild-type Jurkat and Jurkat that constitutively express sh-PICOT (Jurkat.1A) were resolved by SDS-PAGE on 12.5% gels
followed by protein electroblotting onto nitrocellulose membranes that were incubated with mouse anti-PICOT Abs followed by washing and a second incubation
with an HRP-conjugated goat anti-rabbit Ig Abs. Membranes were then treated with immunoperoxidase ECL detection system followed by autoradiography. A
parallel membrane was immunoblotted with β-actin Abs and served to validate the equal loading of proteins per lane. B and C. Jurkat and Jurkat.1A T cells were
cultured in wells of 96-well plates (4×104 cells/well) in the presence of the indicated concentrations of H2O2 (30min) or etoposide (7 h) at 37 °C, in a 5% CO2

incubator. The cells' ability to reduce MTT to a blue formazan was measured, as an indication for the relative cell viability, and expressed as a percentage of the
response of control cells (UT, untreated) D. Jurkat and Jurkat.1A T cells that were treated with H2O2 (30min) were incubated with the fluorescence indicator DCFH-
DA for 60min and intracellular ROS levels were measured by fluorescence microplate reader. E-G. Jurkat and Jurkat.1A cells were treated with etoposide (E. 30 μM)
or camptothecin for the indicated concentrations (F; 12 h), or time intervals (G. 100 nM), at 37 °C in a 5% CO2 incubator. The relative fragmentation of DNA, as a
hallmark of apoptosis, was measured by agarose gel electrophoresis of DNA samples isolated from the treated cells, followed by ethidium bromide staining. ROS,
Reactive oxygen species; DCFH-DA, 2′-7′-Dichloro-Dihydro-Fluorescein-Diacetate; DCF, 2′-7′-Dichloro-Fluorescein. The data represent the mean ± SD of triplicate
samples. *P < .05. The standard DNA ladder samples in panels D-F are marked with an asterisk (*).

Fig. 2. Silencing PICOT results in increased caspase-3 activity in etoposide-treated Jurkat cells.
Jurkat and Jurkat.1A cells were treated with etoposide (10 μM) for the indicated time points and caspase-3 activity in live cell was detected using NucView® 488
caspase-3 assay kit. Cells were then analysed using confocal laser microscopy (A) and flow cytometry (B). The bar graph represents averages of caspase-3 positive live
cells ± SD of duplicate samples (* P < .05), and the results are representative of three independent experiments. DIC, Differential interference contrast.
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the phosphorylation of H2AX and formation of discrete γH2AX-con-
taining foci at the DNA damage sites [51]. We found that drugs, such as
etoposide, and irradiation induced higher expression levels of γH2AX,
which were correlated with the expression levels of PICOT. Since the
γH2AX-containing foci serve as platforms for the recruitment of chro-
matin modifying proteins, we tested whether PICOT colocalizes with
γH2AX within these foci. Staining of control cells revealed a relatively
weak expression of γH2AX in the cytoplasm and nuclei of Jurkat T cells
(Fig. 5, control). Stronger staining of γH2AX was observed in cells at
30 min post-irradiation, where staining was observed as discrete nu-
clear foci (Fig. 5, 0.5 h).

PICOT staining in the cytoplasm of untreated cells was slightly
brighter than in the nucleus, and irradiation had only a modest effect on
its subcellular distribution or intensity (Fig. 5). An overlay pictures of
PICOT and γH2AX staining demonstrated partial colocalization of
PICOT and γH2AX at 1 and 2 h post irradiation (Fig. 5).

The Pearson's correlation coefficients (P) and the Mander's overlap
coefficients that were used for quantifying the degree of colocalization

of green (PICOT) and red (γH2AX) fluorescence (using the JACoP
ImageJ plugin [43], indicated that the basal P values in control cells
increased gradually with the time post irradiation, from a P values of
0.136 ± 0.02 at 0.5 h post irradiation to a P value of 0.278 ± 0.02 at
2 h post irradiation.

The results suggest that the irradiation-induced PICOT colocaliza-
tion within the γH2AX foci might indirectly alter the extent of phos-
phorylation and activation of H2AX and thereby modulating DNA re-
pair mechanisms.

3.5. Knockdown of PICOT results in decreased and delayed expression of
nuclear γH2AX in camptothecin- and etoposide-treated Jurkat T cells

Our studies demonstrating that the γH2AX expression levels posi-
tively correlate with PICOT expression were performed using whole cell
lysates, and since γH2AX predominates in cell nuclei, we further tested
whether such a correlation exists in the nuclear compartment.

Jurkat and PICOT-deficient Jurkat.1A cells were treated with

Fig. 3. PICOT knockdown in Jurkat T cells leads to a reduced and delayed expression of phospho-H2AX-Ser139 (γH2AX) in response to etoposide and camptothecin.
Wild-type Jurkat, Jurkat that constitutively express sh-PICOT (sublines 1A and 2G) and Jurkat that express the control scrambled plasmid sc-PICOT (subline 5A)
(5× 106/group) were treated with etoposide (10 μM) for indicated time intervals at 37 °C in a 5% CO2 incubator (A-E), or with camptothecin (10 μM) for 1 h (F-J).
Whole cell lysates (20 μg proteins/lane) were then resolved by SDS-PAGE on 12.5% gels followed by protein electroblotting onto nitrocellulose membranes. Phospho-
H2AX (γH2AX) was visualized by membrane incubation with rabbit polyclonal anti-γH2AX Abs followed by washing and a second incubation with an HRP-
conjugated goat anti-rabbit Ig Abs. Membranes were then treated with immunoperoxidase ECL detection system followed by autoradiography (A, F). The membranes
were then stripped and immunoblotted with Abs specific for H2AX (B, G). Immunoblot of PICOT (C, D, H) served to demonstrate the extent of the reduction in its
expression in the sh-PICOT expressing lines, while immunoblot of β-actin (D, H, I) served to validate the equal loading of proteins per lane. The intensity of the
indicated protein band signals was determined by ImageJ software and the values of γH2AX divided by H2AX are presented as a bar graph (E, J). Molecular size
markers (in kDa, kilodaltons) are indicated on the left. The position of specific protein bands is indicated by arrows. Results are representative of three independent
experiments. IB, Immunoblot.
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etoposide for different time intervals or with different concentrations of
camptothecin, fractionated into cytosolic and nuclear fractions which
were then separated by standard SDS-PAGE and immunoblotted with
anti-γH2AX Abs.

The results demonstrated that the levels of γH2AX in untreated cells
were almost undetectable (Fig. 6A, F), and that γH2AX appeared almost
exclusively in the nuclei of etoposide or camptothecin treated cells
(Fig. 6A, F). However, the effect of drugs on H2AX phosphorylation was
significantly weaker in Jurkat.1A cells and occurred at a slower kinetic
rate, even though H2AX expression levels in both cell lines were similar
and were not altered by the drug treatment (Fig. 6B, G).

Western blot studies revealed that the majority of the PICOT pro-
teins reside in the cytoplasm and that only a small amount was ob-
served in the nuclear fraction (Fig. 6C, H, J). Immunoblot of histone H3
verified the relative purity of the nuclear fraction (Fig. 6D, K), and
immunoblot of β-actin served as a marker for the cytosolic fraction
(Fig. 6E, I, J). The latter results also validate that equal amounts of
proteins were loaded per lane.

The retarded phosphorylation of H2AX in PICOT-deficient cells was
induced by inhibitors of both topoisomerase I (camptothecin) and to-
poisomerase II (etoposide). This could imply that the PICOT-induced
effects on H2AX phosphorylation were not dependent on the type of
topoisomerase and/or restricted to DNA single- or double-strand
breaks, but reflected the general drug-induced increase in intracellular
ROS which promoted DNA damage [52–55].

To test this hypothesis, we used the well described antioxidant N-
acetyl L-cysteine (NAC), which was administered to the cells prior to
their treatment with etoposide. Nuclear fractions that were prepared
from the cells at 1 h post etoposide treatment were subjected to SDS-
PAGE and immunoblotting using anti-γH2AX Abs. The results (Fig. 7)
demonstrated that the expression levels of nuclear γH2AX in etoposide-

treated Jurkat T cells were significantly higher than those observed in
the PICOT-deficient Jurkat.1A cells. However, the impact of the anti-
oxidant, NAC, on the phosphorylation of H2AX in presence of etoposide
was almost negligible in both cell lines. The results suggest that the
impact of PICOT on etoposide-induced H2AX phosphorylation in Jurkat
cells is not dependent on mechanisms which regulate the intracellular
ROS.

3.6. Knockdown of PICOT results in decreased phosphorylation of the ATR,
Chk1 and Chk2 serine/threonine kinases in response to etoposide

Phosphorylation and activation of H2AX and formation of γH2AX-
containing foci at the DNA DSB sites occur within seconds following
DSB [56]. The H2AX upstream serine/threonine kinases include the
ATM (ataxia telangiectasia mutated), ATR (ATM and Rad3-related),
and to a lesser degree, the phosphatidylinositol 3-kinases, DNA-PK
(DNA-dependent protein kinase) [57]. Since many of the ATM and ATR
functions are mediated by their downstream targets, the Chk1 and Chk2
serine/threonine kinases, we tested the effect of PICOT knockdown on
the extent of phosphorylation and activation of these kinases in eto-
poside-treated cells.

Undetectable levels of phosphorylation of Chk1 on Ser-345 were
observed in resting Jurkat and Jurkat.1A cells (Fig. 8A). One-hour
treatment of cells with etoposide induced Chk1 phosphorylation on Ser-
345, which peaked at 4 h. A similar time-dependent increase in phos-
phorylation of Chk1 was observed in the PICOT-deficient cells line,
Jurkat.1A, except that the phosphorylation levels were ~2-fold lower
than those in the wild type Jurkat. Chk1 expression levels were similar
in both cell lines, and were not affected by the etoposide treatment
(Fig. 8B).

Etoposide treatment of Jurkat cells had almost no effect on the

Fig. 4. Knockdown of PICOT results in a reduced and delayed
formation of γH2AX foci in irradiated Jurkat T cells.
A. Jurkat and Jurkat.1A cells (2×106/group) were irra-
diated with X-ray (2 Gy) and left to recover in vitro for the
indicated time points at 37 °C in a 5% CO2 incubator. The
cells were then seeded on poly-L-lysine-coated slides and
deposited by centrifugation. After fixation and permeabili-
zation, the cells were incubated with mouse anti-PICOT and
rabbit anti-γH2AX Abs, followed by staining with Cy3
(green)-conjugated goat anti-mouse and Cy5 (red)-con-
jugated goat anti-rabbit Ig Abs plus DAPI (blue). Cells were
then analysed on an Olympus Fluoview 1000 laser scanning
confocal microscope. Control treatments were performed
using the same protocol with no irradiation. Scale bar equals
2.5 μM. B. Quantification of γH2AX foci in individual cells
was calculated in five different image fields using the Image J
software. Each bar represents the average number of foci/cell
number ± standard deviation (n=50). The level of sig-
nificance was determined using the t-test and obtained p
values are indicated.
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extent of phosphorylation of ATR-Ser-428 (Fig. 8C), although the
phosphorylation was reduced by ~2-fold in Jurkat.1A cells. The ex-
pression levels of ATR were similar in both cell lines and were not af-
fected by the etoposide treatment (Fig. 8D).

Numerical values of the Western blot data were obtained by mea-
suring the intensity of the protein bands and presentation of the relative
expression levels of the phosphoproteins in bar graphs (Fig. 8G, H).

Similar to its effect on Chk1, etoposide also induced the phosphor-
ylation of Chk2 in both cell lines, even though the phosphorylation
intensities were significantly weaker in Jurkat.1A cells at 4, 7, and 10 h
post-treatment (Fig. 9A). The expression levels of Chk2 were similar in
both cell lines and were unaffected by the etoposide treatment
(Fig. 9B).

Finally, we measured the effect of etoposide on the phosphorylation
of ATM. While ATM phosphorylation was also induced by etoposide, in
contrast to the effect on the three former kinases, ATM phosphorylation
was not inhibited, but slightly augmented, in PICOT-deficient Jurkat.1A
cells (Fig. 9C). Considering the fact that the basal level of phosphory-
lated ATM in untreated cells was significantly higher in Jurkat.1A cells,
the relative increase in phosphorylation in response to drug treatment
was notably higher in Jurkat compared to Jurkat.1A cells (Fig. 9C,H).
The relative intensities of the phosphoprotein bands were determined
by densitometry and presented in a bar graph (Fig. 9G, H).

4. Discussion

PICOT was discovered in the year 2000 [23], and because of simi-
larities in primary sequences and the 3-D conformations, it was as-
signed to the family of the glutaredoxins. Nevertheless, the

physiological functions of PICOT in mammalian cells remain poorly
understood and evidences for the glutaredoxin enzymatic activity of
PICOT are still largely unknown.

In this study, we used Jurkat T cell sublines that stably expressed
normal or reduced level of PICOT and tested the relevance of PICOT to
cell survival in the presence of cytotoxic agents or X-ray irradiation.

Our studies demonstrated that partial depletion of PICOT in Jurkat
T cells led to increased cell sensitivity to stress-inducing agents. We also
observed that camptothecin and etoposide induced time- and con-
centration-dependent accumulation of very large DNA fragments in
Jurkat cells, compared to a DNA ‘ladders’ in Jurkat.1A cells. While the
large DNA fragments represent the early commitment of T cell to
apoptosis [47] the DNA ‘ladder’ formed by integer multiples of ~200 bp
oligonucleosomal size fragments represents a more advanced stage of
the apoptotic process.

Additional studies revealed that PICOT is required for the normal
maintenance of genome stability and that can indirectly contribute to
the regulation of the ATR-Chk1/Chk2-γH2AX pathways which are cri-
tical for the stress-induced DNA-damage responses.

Recent studies demonstrated that PICOT alleviates myocardial
ischemia-reperfusion injury by reducing intracellular levels of ROS
[35], and other findings showed that PICOT knockdown in oral squa-
mous cell carcinoma triggered the generation of ROS concomitant with
a decrease in vitro cell migration and invasion [26]. These studies en-
dorse the assumption that PICOT functions as an antioxidant enzyme
that supports the maintenance of low intracellular levels of ROS, and
thereby prevents ROS-induced damages to DNA and other cellular
components. However, studies demonstrating that PICOT is over-
expressed in nasopharyngeal carcinoma (NPC) indicates that the

Fig. 5. PICOT partially colocalizes with nuclear γH2AX foci in X-ray irradiated Jurkat T cells.
A. Jurkat and Jurkat.1A cells (2×106/group) were irradiated with X-ray (2 Gy) and left to recover in vitro for the indicated time points at 37 °C in a 5% CO2

incubator. The cells were then seeded on poly-L-lysine-coated slides and deposited by centrifugation. After fixation and permeabilization, the cells were incubated
with mouse anti-PICOT and rabbit anti-γH2AX Abs, followed by staining with Cy3 (green)-conjugated goat anti-mouse and Cy5 (red)-conjugated goat anti-rabbit Ig
Abs plus DAPI (blue). Cells were then analysed on an Olympus Fluoview 1000 laser scanning confocal microscope. Control treatments were performed using the same
protocol with no irradiation. PICOT-γH2AX colocalization is demonstrated in a color overlay panel and areas of colocalization are marked by light blue arrows. Scale
bar equals 2.5 μM. Pearson's coefficient and Mander's overlap coefficient were calculated on ̴~100 cells and average values± standard deviation are included.
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requirement for PICOT in the induction of in vitro proliferation and in
vivo tumorigenesis of NPC cells, occurs independently of ROS produc-
tion [30].

We found that partial depletion of PICOT in Jurkat T cell had no

effect on the basal levels of intracellular ROS, but in response to hy-
drogen peroxide, ROS levels in PICOT-depleted cells were significantly
higher than in wild type Jurkat. We assume that under normal condi-
tions, activities of redox proteins, such as catalases and superoxide
dismutases are sufficient for maintaining ROS homeostasis, while under
acute stress conditions, the presence of PICOT might be essential for
optimal maintenance of the basal levels of ROS.

In order to test the relevance of PICOT to genotoxic drug-induced
cellular responses we treated Jurkat T cells with camptothecin or eto-
poside, two anti-cancer chemotherapeutic drugs that inhibit topoi-
somerase I and topoisomerase II respectively, and induce pre-
dominantly single- but also double-strand DNA breaks [58,59]. While
both drugs induced a time- and concentration-dependent DNA frag-
mentation and promoted caspase-3 activity in Jurkat T cells, both
phenomena were more prominent in the PICOT-deficient cells. Caspase-
3 plays a central role in the execution-phase of cell apoptosis [48], and
the increase in the extent of an active caspase-3 in PICOT-deficient cells
correlates with the increased cell death. This direct correlation is not
necessarily linear, since PICOT deficiency might also impact on other
proteins, such as inhibitor-of-apoptosis (IAP) family members [60],
and/or enzymes that modify caspase 3 post-translationally [61].

Since etoposide-induced cell apoptosis occurs concomitantly with
the phosphorylation of the nuclear histone variant, H2AX [62], we
tested whether PICOT might affect the extent of the drug-induced
phosphorylation of H2AX, and further analysed whether such alteration
might occur in the nucleus. We found that a partial depletion of PICOT
in Jurkat T cells resulted in a delayed and reduced expression of γH2AX
following cell treatment with either etoposide or camptothecin.

H2AX is a chromatin-bound histone [49] that plays a key role in the
DNA damage repair mechanism, and is required for the preservation of

Fig. 6. Knockdown of PICOT results in decreased and delayed expression of nuclear γH2AX in camptothecin- and etoposide-treated Jurkat T cells.
Jurkat and Jurkat.1A T cells were treated with A. etoposide (30 μM) for different time intervals, or B. different concentration of camptothecin for 1 h, at 37 °C in a 5%
CO2 incubator. Cell lysates were separated into cytoplasmic and nuclear fractions and equivalent amounts of proteins (12.5 μg) were loaded per lane and subjected to
SDS-PAGE on 12.5% acrylamide gels followed by electroblotting onto nitrocellulose membranes. Phospho-H2AX was visualized by membrane immunoblotting with
rabbit polyclonal Abs directed against phospho-Ser139-H2AX (A, F). The membrane was stripped and sequentially immunoblotted with Abs specific for H2AX (B, G),
PICOT (C, H), and β-actin (E, I), which was used to validate equal loading of cytoplasmic proteins. Equal loading of nuclear proteins was validated using Histone H3
specific Abs (D, K). Molecular weight markers (kDa) are indicated on the left and arrows mark the position of the indicated protein bands. Results are representative
of three independent experiments. h, hours; IB, immunoblot.

Fig. 7. The effect of PICOT on the induction of nuclear γH2AX expression in
etoposide-treated cells is ROS independent.
(A). Jurkat and Jurkat.1A T cells were treated with N-acetyl L-cysteine (NAC;
5 mM) for 1 h, followed by treatment with etoposide (10 μM) for 1 h, at 37 °C in
a 5% CO2 incubator. Nuclear fractions (12.5 μg/ lane) were subjected to SDS-
PAGE on 12.5% acrylamide gels and electroblotting onto nitrocellulose mem-
branes. Phospho-H2AX was visualized by membrane immunoblotting with
rabbit polyclonal Abs directed against phospho-Ser139-H2AX. The membrane
was stripped and sequentially immunoblotted with Abs specific for PICOT (B),
and histone H3 (C), to validate for equal loading of nuclear proteins. Molecular
weight markers (kDa) are indicated on the left and arrows mark the position of
the indicated protein bands. Results are representative of three independent
experiments.
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the cells' genomic integrity. Damage to DNA promotes the rapid phos-
phorylation of H2AX on Ser-139, which appears as discrete nuclear foci
at the site of each nascent DSB, and operates as a platform for the re-
cruitment of downstream mediators and chromatin modifying proteins
[51].

The increased DNA fragmentation and the reduced H2AX phos-
phorylation in PICOT-deficient cells, in response to the DNA damage-
inducing drugs, suggests that PICOT might be involved in the very early
stages of the DDR.

Evaluation of γH2AX foci formation in irradiated cells is a well-
known protocol for analyzing the early DNA damage response
[51,63,64]. New γH2AX foci appear within minutes post cell irradia-
tion, while their decline is considered as a marker for the DNA repair
[49,65,66]. We found similar results in irradiated Jurkat T cells, where
γH2AX foci were observed at 30min post-irradiation. The lower level
and the slower time-kinetic of γH2AX foci formation in irradiated
PICOT-deficient cells suggested that PICOT has a positive contribution
to the DDR. Moreover, immunofluorescence cell staining demonstrated
partial colocalization of PICOT with γH2AX foci, suggesting that PICOT
might affect some key players of DDR pathway.

Cellular induction of ROS in response to chemotherapeutic drugs,
such as etoposide and camptothecin is one of several potential me-
chanisms that promote cell necrosis or apoptosis [67,68]. To test

whether the contribution of PICOT to H2AX phosphorylation is ROS
dependent, we treated Jurkat and Jurkat.1A cells with NAC, a thiol-
containing antioxidant, which is widely used as a ROS scavenger
[54,69,70]. We found that the level of etoposide-induced γH2AX ex-
pression in both Jurkat and Jurkat.1A cells was not altered by NAC
treatment, suggesting that the effect of etoposide and the contribution
of PICOT to γH2AX expression is ROS independent. Other studies have
also demonstrated that etoposide-induced cell apoptosis may occur in
the absence of ROS, via a caspase3/7-dependent pathway [54].

Phosphorylation of H2AX is mediated by upstream kinases that are
members of the phosphotidyl-inositol-3-kinase (PI3K) family, and in-
clude the ATM, ATR, and to a lesser extent, the DNA-PK. These enzymes
respond to DSB by phosphorylation of H2AX at ser-139, which cur-
rently serves as an indicator of DNA damage [71,72]. Upon the for-
mation of γH2AX-containing foci at the DNA damage site, ATM and
ATR further phosphorylate the Chk2 and Chk1 kinases, respectively
[73]. These two enzymes, which play a pivotal role in maintaining the
DNA integrity, further phosphorylate multiple substrates that regulate
gene transcription, cell cycle progression, and apoptosis [74,75].

Our findings demonstrating that PICOT depletion downregulates
ATR, Chk1 and Chk2 phosphorylation following Jurkat T cell exposure
to etoposide suggest that PICOT might be required for the induction of
very early steps following DSB (See Fig. 10).

Fig. 8. Knockdown of PICOT results in inhibition of Chk1-Ser345 and ATR-Ser428 phosphorylation in response of Jurkat T cells to etoposide.
Jurkat and Jurkat.1A cells (5× 106/group) were either not treated (−) or treated with 10 μM etoposide (+) for the indicated time intervals at 37 °C in a 5% CO2.
Whole cell lysates, equivalent to 20 μg proteins/lane (A, B, E, F) and 40 μg proteins/lane (C, D) were resolved by SDS-PAGE on 10% and 6.5% polyacrylamide gels,
respectively. Proteins were then electroblotted onto nitrocellulose membranes which were incubated with anti-pChk1-Ser345 (A) or anti-Chk1 Abs (B), anti-pATR-
Ser428 (C) or anti-ATR Abs (D) Comparison of PICOT expression levels in Jurkat and Jurkat.1A were performed using anti-PICOT mAbs (E), while immunoblot of β-
actin served as a loading control (F). The relative intensity of protein band was determined using the ImageJ densitometry software and the relative expression of
pChk1 vs. Chk1 and pATR vs. ATR was calculated and plotted as a bar graph for each time point (G, H). Bar graph represent the mean ± standard error of three
independent experiments. The position of specific protein bands is indicated by arrows.
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The observation that phosphorylation of Chk2, but not ATM, is
downregulated in PICOT-deficient cells is not expected considering the
fact that a crosstalk exist between the ATM/CHK2 and ATR/CHK1
pathways [73,76], and the possibility that ATR might operate as an
upstream kinase that phosphorylates both Chk1 and Chk2 in the eto-
poside/camptothecin-treated Jurkat cells. The ATM/CHK2 and ATR/
CHK1 pathways are known to share multiple substrates, although they
cannot compensate for the loss of each other [77,78].

ATR is also found in the cytosol where it plays an anti-apoptotic role
in the mitochondria in response to UV damage [79]. However, this role
is independent of its checkpoint/kinase activity and of its partner
protein, ATR-interacting protein (ATRIP), which is required for sensing
stress-induced DNA damages, activating DNA repair mechanisms and
maintaining the DNA integrity [79,80]. Since ATR is an upstream reg-
ulator of Chk1 and H2AX, and phosphorylation of all three proteins is
downregulated in PICOT-deficient cells, we hypothesize that PICOT
might affect the activation state of the nuclear ATR and modulate the
nuclear ATR-dependent checkpoint pathway.

While PICOT is considered an antioxidant enzyme, other potential
regulatory activities of PICOT that may be involved in ATR-upstream
events cannot be ruled out. For example, PICOT might affect ATR by
physical interaction with and modulation of activity of proteins that

regulate ATR activity, the location of ATR within the nucleus, or the
availability of regulators required for the ATR-dependent DDR. The
present findings suggest that the effect of PICOT on etoposide-induced
DDR is ROS independent. Similar observations were made for the anti-
oxidant enzyme, Nuclear factor erythroid 2-like 2 (Nrf2), which con-
tributes to the radiation-induced DDR via a mechanism of homologous
recombination and independent of ROS [81].

Since the DNA repair process involves multiple enzymes that reside
or recruit to the γH2AX-containing foci, including 53BP1, MDC1, BMI1,
Rad51 and other proteins [82–85], we intend to test the effect of PICOT
on additional components of the DDR mechanism and test whether any
of these proteins serves as a direct target for PICOT, which affect the
entire process of the stress-induced DNA-damage response.
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