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Abstract

An understanding of how each individual 5q chromosome critical deleted region (CDR)

gene contributes to malignant transformation would foster the development of much needed

targeted therapies for the treatment of therapy related myeloid neoplasms (t-MNs). Early

Growth Response 1 (EGR1) is a key transcriptional regulator of myeloid differentiation

located within the 5q chromosome CDR that has been shown to regulate HSC (hematopoi-

etic stem cell) quiescence as well as the master regulator of apoptosis—p53. Since resis-

tance to apoptosis is a hallmark of malignant transformation, we investigated the role of

EGR1 in apoptosis of bone marrow cells; a cell population from which myeloid malignancies

arise. We evaluated radiation induced apoptosis of Egr1+/+ and Egr1-/- bone marrow cells in

vitro and in vivo. EGR1 is not required for radiation induced apoptosis of murine bone marrow

cells. Neither p53 mRNA (messenger RNA) nor protein expression is regulated by EGR1 in

these cells. Radiation induced apoptosis of bone marrow cells by double strand DNA breaks

induced p53 activation. These results suggest EGR1 dependent signaling mechanisms do

not contribute to aberrant apoptosis of malignant cells in myeloid malignancies.

Introduction

Myeloid malignancies are clonal diseases which arise from hematopoietic stem or progenitor

cells [1]. Based on the reported cases, it is estimated that there will be 28,000 new cases and

11,000 deaths in the United States this year due to myeloid malignancies [2]. Several genetic

alterations have been identified in myeloid neoplasms (MN) but our understanding of their

individual effects and how they each contribute to disease development is still limited [1]. Such

understanding will facilitate separation of driver mutations from the plethora of background

mutations, hence enhancing our ability to develop targeted treatments as was demonstrated by

the identification and characterization of the break point cluster region-abelson (Bcr-Abl)
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driver genetic alteration in chronic myeloid leukemia [3]. Deletions in chromosome 5 (del

(5q)) or complete loss of the entire chromosome 5 (-5) is one of the most common cytogenetic

abnormalities observed in therapy related myeloid neoplasms (t-MNs) [4, 5]. t-MNs are

thought to occur as a late complication of cytotoxic therapy (radiotherapy and or chemother-

apy), typically for a primary malignancy [6]. Though the 5q chromosomal deletions that occur

in t-MNs are typically very large, uncharacteristically smaller deletions occur in a few patients

[7, 8]. These uniquely smaller deletions facilitated delineation of the critical or common

deleted region (CDR) by gene mapping [4, 7, 8].

A hallmark of malignant cells is the evasion of tumor suppressors [9]. Several genetic mech-

anisms mediate malignant cell evasion of tumor suppressors including deletion of a genetic

locus or complete chromosome loss [10]. According to Knudson’s ’two-hit’ hypothesis, both

alleles of a tumor suppressor gene have to be mutated in order for malignancy to occur [11].

The deletions in chromosome 5 observed in myeloid malignancies suggest the likelihood that

one or more tumor suppressor genes may be present in the CDR [12, 13]. The genes located in

the CDR of chromosome 5q have been identified [4, 14] but they do not conform to Knudson’s

’two-hit’ model of tumor suppressor genes as there are no known genetic lesions on the unde-

leted allele in t-MNs [4, 15, 16]. Growing evidence supports the possibility that haploinsuffi-

ciency of one or more genes can promote malignancy [17–19]. Therefore, it is of paramount

importance to delineate the role of individual 5q chromosome CDR genes in malignant

transformation.

Early Growth Response 1(EGR1) is a putative tumor suppressor gene located in the CDR

[4, 7]. EGR1 is a zinc finger DNA-binding protein that is rapidly induced, within minutes, by

mitogens in cultured cells [20, 21]. EGR1 has been shown to modulate murine hematopoietic

stem cell (HSC) proliferation and mobilization by promoting HSC quiescence and retention

in the bone marrow niche [22]. It is a key transcriptional regulator of myeloid cell differentia-

tion [23, 24], therefore a good tumor suppressor candidate gene in t-MNs. In fact, there is evi-

dence to suggest it directly regulates well known tumor suppressors TGFβ1, PTEN, p53 and

fibronectin [25]. EGR1 positively regulates the expression of macrophage specific genes while

repressing neutrophil specific genes [24]. Interestingly, haploinsufficiency of EGR1 increased

the frequency of myeloproliferative disorder (MPD) and decreased latency in mice treated

with a DNA alkylating agent-N-ethyl-nitrosourea (ENU), to induce secondary mutations [26].

These studies did not elucidate the mechanism by which loss of EGR1 promotes malignant

transformation in ENU treated mice. One other mechanism by which EGR1 could enhance

MPD is through its effects on the apoptosis pathway in the hematopoietic stem or progenitor

cell populations.

Resistance to apoptosis is another hallmark of malignant transformation [9]. Studies defin-

ing the role of EGR1 in apoptosis are conflicting. EGR1 has a proapoptotic function in murine

intestine and embryonic fibroblasts owing to its ability to stabilize p53 protein [27, 28]. The

proapoptotic effect of EGR1 has also been observed in patients with advanced laryngeal and

hypopharyngeal squamous cell carcinoma (LHSCC) receiving chemoradiation therapy [29]. In

these patients, high EGR1 expression significantly correlated with therapy response and sur-

vival rate. Conversely, EGR1 rescued pancreatic β-cells from apoptosis[30] and counteracted

p53-dependent apoptosis in the human fibrosarcoma cell line HT1080 [31]. Differential regula-

tion of EGR1 downstream targets, p300 and CREB binding protein (CBP) in different cell types

could explain the opposing effects of EGR1 on apoptotic signals [32]. Cells in which EGR1

represses p300/CBP transcription receive pro-apoptotic signals while cells which increase EGR1

driven p300/CBP expression receive anti-apoptotic signals. The effect of EGR1 on apoptosis,

pro- or anti, appears to be p53 dependent and cell specific [27, 28, 31, 33, 34]. The role of EGR1

in the apoptotic response of primary bone marrow cells has not been elucidated. This could
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have implications in the leukemogenesis of myeloid malignancies with chromosome 5 genetic

alterations. The purpose of this study, therefore, was to determine if EGR1 plays a role in radia-

tion induced apoptosis of bone marrow cells, and to determine whether the EGR1-p53 pathway

is activated to mediate this apoptotic response. Our data suggest that EGR1 does not play a sig-

nificant role in radiation-induced apoptosis of murine bone marrow cells. Interestingly, we

show that radiation induces upregulation of p53 protein levels equally well in EGR1 deficient

and sufficient bone marrow cells. It is likely that radiation induced activation of the double

strand DNA break (DSB) repair pathway induces p53 in bone marrow cells, which may be

responsible for their apoptosis response.

Materials and Methods

Reagents

Recombinant mouse stem-cell factor (mSCF)–(455-MC-050), mouse interleukin-3 (mIL-3)–

(403-ML-010), and human interleukin-6 (hIL-6)–(206-IL-050) were purchased from R & D

Systems (Minneapolis, MN). Biotin conjugated rat anti-CD45R/B220 (553086), anti-CD11b

(553309), anti-Gr-1 (553125), anti-CD8a (5532029), anti-Ter-119 (553672), anti-CD5 (553019);

streptavidin APC CY7 (554063) and anti c-KIT-APC (553356) were purchased from BD Phar-

Mingen (San Diego, CA). Anti-Sca-1-PB (122520) was purchased from BioLegend (San Diego,

CA). Dynabeads sheep anti-rat IgG (11035) was obtained from Life Technologies (Carlsbad,

CA). Annexin V apoptosis detection kit (88-8103-72) was purchased from eBioscience (San

Diego, CA). Antibodies to p53 (2425S), cleaved caspase-3 (9661S), P-Chk2 (2661T) and γ-H2AX

(Ser139) (9718P) were purchased from Cell Signaling Technology (Danvers, Massachusetts).

Alexa Fluor 488 conjugated anti-γ-H2AX (Ser139) (9719) and rabbit IgG (4340) were also pur-

chased from Cell Signaling Technology. DyLight 488 conjugated AffiniPure F(ab’)2 goat anti-

rabbit antibody was from Jackson Immunoresearch (#111–486–046). Peroxidase coupled goat

anti-rabbit (SC-2004) and anti-mouse (SC-2005) Ig secondary antibodies were obtained from

Santa Cruz Biotechnology (Santa Cruz, CA).

Mice

Egr-1+/- breeding pairs were obtained from The Jackson Laboratories (Bar Harbor, ME) and

bred at the University of Kentucky’s Division of Laboratory Animal Resources (DLAR) AAA-

LAC certified animal facility. The Jackson Laboratories genotyping protocol by polymerase

chain reaction (PCR) was used to type pups. Egr1+/+ and Egr1-/- littermates were used for the

study. The primer sequences for genotyping were as follows: WT forward, 5’- AACCGGCCC
AGCAAGACACC-3’; KO forward, 5’-CTCGTGCTTTACGGTATCGC-3’; common reverse

primer, 5’-GGGCACAGGGGATGGGAATG-3’ (IDT Technologies Inc. Coralville, Iowa). Ani-

mals had free access to food and water, and were housed with a 12-hour light–dark cycle and

constant temperature. Mice were monitored by body posture and activity level [35] daily for a

week after irradiation and 3X a week thereafter until the experiment was terminated. Euthana-

sia was performed by carbon dioxide and cervical dislocation. The University of Kentucky’s

Institutional Animal Care and Use Committee (IACUC) approved these studies.

Isolation of bone marrow mononuclear cells (BM-MNCs), enrichment of

LIN-ve cells, normal B cells and cell culture

Tibiae and femora were harvested from mice (15–20 WT and Egr1-/-). The bones were flushed

with a 26G syringe in HBSS containing 2% fetal bovine serum (FBS) (Atlanta Biological Sys-

tems). Ficoll-paqueTM plus (GE Healthcare 17-1440-03) was used to isolate BM-MNCs from
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pooled bone marrow cells. BM-MNCs were incubated with normal rat IgG (10μg/1 × 106 cells)

at 4˚C for 15 min to block Fcγ receptors. The cells were then labeled with biotin coupled rat

anti-mouse lineage specific antibodies to CD11b (Mac-1), B220, Gr-1, CD8α, Ter-119 and

CD5. Labeled BM-MNCs were incubated with anti-rat IgG coupled magnetic beads at a bead

to cell ratio of ~ 3:1. Labeled mature lymphoid and myeloid cells bound to beads were depleted

three times by magnetic field separation. Lineage negative (LIN-ve) enriched BM-MNCs that

did not bind the beads were washed 2X in HBSS-2% FBS and suspended at 1 × 106/ml in

complete medium (IMDM supplemented with 15% FBS (HyClone) and 2% Penicillin-Strepto-

mycin-Amphotericin B (Lonza)– 200 units/ml). LIN-ve enriched BM-MNCs (1 × 106/ml)

were stimulated with cytokines (mSCF-50ng/ml, mIL3-10ng/ml, hIL6-10ng/ml) in complete

IMDM for 2 days to induce proliferation. Normal spleen B cells were prepared by T cell deple-

tion as previously reported [36].

Irradiation of BM-MNCs and mice

LIN-ve enriched BM-MNCs (1 × 106/ml) suspended in complete medium + cytokines were

exposed to 2 Gy or 6 Gy irradiation in a Mark I-68 137Cesium γ-irradiator (J.L Shepherd and

Associates). Mice were exposed to a 6.5 Gy sub-lethal dose of irradiation. Cells and mice were

irradiated on a rotating platform.

Apoptosis assays

24 Hrs after irradiation, LIN-ve enriched BM-MNCs were incubated with normal rat IgG

(10μg/1 × 106 cells) at 4˚C for 15 min to block Fcγ receptors. The cells were then stained with

c-KIT-APC, Sca-1-PB and streptavidin APC CY7 antibodies for 30 min at 4˚C in the dark.

Stained cells were washed 2X with fluorescent activated cell sorter (FACS) buffer (1X phos-

phate buffered saline without calcium or magnesium, supplemented with 25mM Hepes, 5mM

EDTA and 1% FBS) and stained with annexin-V-PE CY7 following manufacturer’s protocol.

Positively stained cells were detected by the BD LSRII flow cytometer and the data was ana-

lyzed by the FlowJo (Ashland, OR) single cell analysis software.

The apoptosis assay by intracellular staining for activated or cleaved form of caspase-3 was

performed according to the Cell Signaling Technology protocol. BM-MNCs were stained 6

Hrs after exposure to 6 Gy irradiation. The recommended antibody dilution for flow cytome-

try (1:800) was used. Cells were then stained with secondary DyLight 488 conjugated Affini-

Pure F(ab’)2 goat anti-rabbit antibody (1:200) for 1hr in the dark. After washing 2X with

FACS buffer, positively stained cells were detected by the BD LSRII flow cytometer and the

data was analyzed by FlowJo single cell analysis software.

Measurement of blood cells after total body irradiation (TBI)

Recovery of blood cells was monitored after TBI by analyzing blood samples from irradiated

mice with an HEMAVet 950FS automatic veterinary hematology analyzer (Drew Scientific,

INC, France). Blood was obtained from live mice by submandibular bleeding, which enabled

sequential measurements over time on the same mouse [37].

Immunoblotting

Cells were lysed in Cell Signaling lysis buffer (#9803) containing 1mM PMSF (Sigma P7626),

2mM NaF (Sigma S-1504), 2mM Na3VO4 (Sigma S-6508) and 1x protease inhibitor cocktail

(Roche 5892953001). 50μg total protein/sample of total lysate was subjected to sodium

dodecyl sulfate polyacrylamide gel electrophoresis. Separated proteins were transferred to
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polyvinylidene difluoride membranes (EMD Millipore IPVH00010). The membranes were

then probed with appropriate primary antibodies, followed by horseradish peroxidase-conju-

gated secondary antibodies. The blots were developed with HyGLO chemiluminescence

reagent (Denville Scientific #E2400) and exposed to HyBlot CL autoradiography film (Denville

Scientific #E3012), which was scanned with a flat-bed scanner (UMAX Technologies, Hsinchu,

Taiwan). Band densitometry analysis was performed using the NIH ImageJ program. Protein

expression was normalized to either Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),

(Cell Signaling, #2118S) or β-actin (Sigma #A5441) expression.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from BM-MNCs using TRIzolR reagent (LifeTechnologies #15596–

018) according to the manufacturer’s instructions. cDNA was synthesized from total RNA

with qScript reverse transcriptase (Quanta Biosciences #95048–100) using random and oligo

(dT) primers as per manufacturer’s protocol. The StepOnePlus™ Real-Time PCR thermal

cycling instrument (Invitrogen, Carlsbad, CA) was used with the iTaqTM universal SYBRR

green fluorescent supermix (Biorad #172–5121) to quantify mRNA expression of p53 in a one-

step reaction following manufacturer’s instructions. GAPDH was used as the housekeeping

gene. Primer sequences used were as follows; p53 forward, 5’-TATGTGCACGTACTCTACTC
TCCTC-3’; p53 reverse, 5’-TGCTGTGACTTCTTGTAGATG-3’; GAPDH forward, 5’-AC
CACAGTCCATGCCATCAC-3’;GAPDH reverse, 5’-CACCACCCTGTTGCTGTAGCC-3’
(IDT Technologies). Specificity of the PCR reactions was confirmed by melting curves. p53

mRNA expression was normalized to the relative amount of GAPDH expression.

γ-H2AX foci detection by immunocytofluorescence

Alexa Fluor 488 conjugated anti-γ-H2AX (Ser139) antibody was used to detect DNA DSBs fol-

lowing the manufacturer’s protocol. BM-MNCs were exposed to 6 Gy irradiation. Irradiated

cells were fixed 4 Hrs post exposure, blocked for 1 Hr in cell signaling blocking buffer and

stained with the anti- γ-H2AX (Ser139) antibody (1:1000) or rabbit IgG isotype control

(0.025μg/ml) overnight at 4˚C. After three rinses with phosphate buffered saline (PBS), the

cells then stained with DAPI (Life Technologies, #D1306) for 15 min at room temperature.

ProlongR Gold Anti-Fade Reagent (Life Technologies, #P36930) was used to mount the cells

after washing the cells following DAPI staining. Slides were viewed and pictures taken on a

FV1000 v1.5 confocal microscope (Olympus, Shinjuku, Tokyo, Japan).

Statistics

Statistical significance of differences between groups was evaluated by Student’s t test or

Tukey’s multiple comparisons test as appropriate and p values < 0.05 were considered

significant.

Results

Radiation induces a similar increase in apoptosis of Egr1+/+ and Egr1-/-

primary bone marrow cells in vitro

Myeloid malignancies arise from hematopoietic stem or progenitor cells and expansion of

myeloid blasts drives progression [1, 38]. Radiation and chemotherapy treatments used to

treat many types of cancer induce apoptosis in the bone marrow stem cell compartment.

EGR1 has been shown to be important for apoptosis induction in several model systems and is

one of the deleted genes located in the CDR of t-MNs with del (5q). To determine the role of
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EGR1 in apoptosis of bone marrow cells, Egr1+/+ (wildtype) and Egr1-/- (knockout) bone mar-

row mononuclear cells (BM-MNCs) enriched for primitive cells by depletion of mature lym-

phoid and myeloid cells were exposed to ionizing radiation (2 Gy and 6 Gy) and apoptosis was

assessed by annexin-V staining 24Hrs post radiation. LIN-ve cells were defined by the absence

of cell surface expression of mature differentiation markers while stem cells were defined by

double positive expression of both Sca-1 (stem cell antigen-1) and c-KIT on lineage negative

cells (LSK) as illustrated in Fig 1A. Radiation significantly increased apoptosis of both wildtype

and knockout BM-MNCs (Fig 1B). We observed that Egr1-/- both lineage negative and LSK

cells underwent radiation induced apoptosis as well as their Egr1+/+ counterparts (Fig 1B).

Consistent with the annexin assay, we observed a significant increase in the activation of cas-

pase-3 by wildtype and Egr1 knockout BM-MNCs 6 Hrs post radiation exposure (Fig 1C).

Although the percentage of cells with radiation induced activated caspase-3 was slightly higher

for Egr1-/- BM-MNCs compared to Egr1+/ + (p<0.05) (Fig 1C), this difference did not translate

to a statistically significant increase in annexin positive cells (p>0.05) (Fig 1B). The differing

outcomes could be due to the timing of two assays, caspase activation being measured at six

hours and annexin expression at 24 hours. These data suggest that EGR1 is not required for

radiation-induced apoptosis of murine bone marrow cells.

Egr1+/+ and Egr1-/- mice recover equally well after exposure to a sub-

lethal dose (6.5 Gy) of total body irradiation (TBI)

We next evaluated if EGR1 contributed to radiation induced cell death in an in vivo system. It

has been previously shown that BM-MNCs of wildtype (WT) mice recover almost completely

to normal levels by 28 days post sub-lethal (6.5 Gy) TBI [39]. We investigated whether EGR1

improved or delayed this recovery by monitoring peripheral blood numbers of different cell

types in Egr1+/+ and Egr1-/- mice exposed to 6.5 Gy TBI. There was no statistically significant

difference between Egr1+/+ and Egr1-/- mice in the recovery of white blood cells, lymphocytes,

monocytes, red blood cells (RBC) and platelets during the 28 days monitoring period after 6.5

Gy TBI (Fig 2). These results are in agreement with the in vitro data suggesting that EGR1 does

not play a significant role in radiation-induced apoptosis of hematopoietic progenitors and

stem cells in the bone marrow.

DNA double strand break damage upregulates p53 protein levels in

Egr1+/+ and Egr1-/- BM-MNCs

EGR1 was shown to be required for radiation induced apoptosis of several cell types by virtue

of its ability to induce upregulation of p53 [27, 28, 33]. Hence we evaluated if radiation induced

increase in p53 levels in BM-MNCs was dependent on EGR1. Wildtype and Egr1 knockout

BM-MNCs were exposed to two different doses of ionizing radiation (2 Gy and 6 Gy) and p53

protein and mRNA expression were determined by western blot and qRT-PCR respectively.

Radiation rapidly upregulated p53 protein levels in both Egr1+/+ and Egr1-/- BM-MNCs (Fig 3A

and 3B) even in the absence of significant upregulation of p53 mRNA (Fig 3C). These results

suggest radiation induced increase in p53 protein levels in BM-MNCs is independent of EGR1.

Accordingly, we found that neither EGR1 protein nor mRNA expression in Egr1+/+ BM-MNCs

was significantly changed by exposure to radiation (Fig 3D). In fact, EGR1 protein was unde-

tectable in irradiated BM-MNCs using same conditions for which it was readily detectable in

phorbol 12-myrsitate 13-acetate (PMA) stimulated normal splenic B cells. This radiation

response of BM-MNCs is unlike that of mouse embryonic fibroblasts (MEFs) where radiation

induced increase in p53 protein and subsequent apoptosis is EGR1 dependent [27]. Increase in

p53 protein by ionizing radiation that is independent of transcription can be due to activation
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of the DNA damage response pathway. Ionizing radiation induces more of the deleterious DNA

DSBs than single strand breaks [40].

DNA DSBs induce apoptosis through a signaling cascade that is triggered by recruitment

and activation of DNA damage-responsive kinase, ataxia telangiectasia mutated (ATM) [42].

Fig 1. Ionizing radiation induced apoptosis of primary Egr1+/+ and Egr1-/- BM-MNCs equally in vitro. (A) Representative analysis of

irradiated lineage negative (Lin–ve) enriched BM-MNCs by flow cytometry. BM-MNCs isolated from WT and Egr-1 KO mice were enriched for

Lin–ve cells (as described in the methods). After 2 days of cytokine stimulation (mSCF-50ng/ml, mIL3-10ng/ml, hIL6-10ng/ml), Lin–ve enriched

BM-MNCs were left untreated, or exposed to 2 Gy or 6 Gy irradiation (1 × 106/ml). 24Hrs after irradiation, cells were stained with c-KIT-APC,

Sca-1-PB and streptavidin APC CY7 antibodies, and annexin-V-PE CY7 to identify LSK and apoptotic cells respectively. A minimum of 500,000

cells were collected per sample on the BD LSR II flow cytometer and the data was analyzed using the FlowJo single cell analysis software for

the percentage of apoptotic cells (by annexin) in the various cell populations (all cells, lin–ve cells and LSK cells). (B) Annexin +ve cells in the

BM-MNC, and gated subpopulations from WT and Egr-1 KO mice are shown. (C) BM-MNC were stained for cleaved caspase-3. Left panel

shows representative flow cytometry profile of irradiated WT or KO BM-MNCs (clear histograms) overlaid on untreated BM-MNCs (gray

histograms). Summary of data from triplicate cultures is shown in the right panel. Results represent mean ± SE of triplicate cultures. *Indicates

p<0.05 comparing untreated cells to cells exposed to radiation. Results from one of two experiments with similar outcomes are shown.

doi:10.1371/journal.pone.0169767.g001
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Activated ATM phosphorylates several substrates, its mediator check point kinase 2 (chk2)

and histone H2AX included. Chk2 relieves p53 from Mdm2 directed proteasomal degradation

by phosphorylating it at serine 15 (Ser15), hence stabilizing p53 protein levels [42, 43]. Phos-

phorylated histone H2AX (γ-H2AX) spreads the damage signal along the chromatin making it

an acceptable marker for DNA DSBs [44].

We next evaluated if radiation induced DSBs to a similar extent in Egr1+/+ and Egr1-/-

BM-MNCs. Immunofluorescence analysis showed that radiation induced γ-H2AX foci in

BM-MNCs from Egr1+/+ and Egr1-/- mice equally well (Fig 4). Furthermore, immunoblotting

also showed a similar increase of γ-H2AX in irradiated Egr1+/+ and Egr1-/- BM-MNCs (Fig

Fig 2. Egr1+/+ and Egr1-/- mice have comparable recovery kinetics of blood cells after sub-lethal TBI. Mice were exposed to

6.5 Gy TBI. Blood cells were enumerated at 3, 9, 15, 22, and 28 days after TBI by the HEMAVet 950FS automatic veterinary

hematology analyzer. Baseline (day 0) measurement was done before irradiation. The results are expressed as the mean of blood

cells concentration ± SE (n = 8 mice/ group). Results from one of two similar experiments are shown.

doi:10.1371/journal.pone.0169767.g002
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5A). In line with this, we investigated if radiation induced ATM activation by evaluating the

levels of phosphorylated Chk2 in irradiated Egr1+/+ and Egr1-/- BM-MNCs. Shown in Fig 5B,

radiation clearly increased ATM activity of both wildtype and knockout BM-MNCs to a simi-

lar extent, as reflected by increased levels of phospho-Chk2.

Discussion

EGR1 is zinc finger transcription factor located in the CDR of chromosome 5q [4, 7]. Several

studies have demonstrated that it is a tumor suppressor in several model systems, human

malignancies included [29, 45–48]. Haploinsufficiency of EGR1 cooperates with other muta-

tions in the development of murine myeloid neoplasms [19, 26, 49], suggesting it might play a

significant role in malignant transformation of stem cells leading to t-MNs. The ability of

Fig 3. Increased p53 protein expression in irradiated Egr1+/+ and Egr1-/- BM-MNCs is independent of mRNA expression. (A) Cell lysates from

irradiated Lin–ve enriched BM-MNCs (2 Gy or 6 Gy) at different time points (15’, 30’ and 45’) after radiation exposure were used for immunoblotting for p53.

A549 and H358 cell lysates were used as positive and negative controls respectively. (B) Intensities of p53 bands were normalized to β-actin. Values are

expressed as densitometric ratios. (C) BM-MNCs were lysed 45’ or 60’ after irradiation (2 Gy or 6 Gy). The RNA extracted from these lysed cells was used

to determine p53 mRNA expression by qRT-PCR. (D) Cell lysates from phorbol 12-myristate 13-acetate (PMA) stimulated (30ng/ml) or irradiated Lin–ve

encriched Egr1+/+ BM-MNCs (2 Gy or 6 Gy) at different time points (60’) and (45’, 60’) respectively. Lysate of normal splenic wildtype B cells stimulated with

PMA (30ng/ml) for 60’ was used as a positive control for EGR1 expression [41]. RNA extracted from wildtype BM-MNCs in (C) was used to determine

EGR1 mRNA expression by qRT-PCR.

doi:10.1371/journal.pone.0169767.g003

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 9 / 16



EGR1 to maintain HSC quiescence and retention in the bone marrow niche [22] suggests

hyperproliferation of stem cells is a plausible mechanism by which haploinsufficiency of this

protein could promote malignant transformation in t-MNs. EGR1 regulates cell growth and

apoptosis in part by regulating expression of p53 [25, 27, 33, 34, 47]. In normal murine fibro-

blasts, normal hippocampal neurons, melanoma cells, a variety of human tumor cell lines, glio-

bastoma, non-small cell lung cancer, breast carcinoma, skin cancer as well as head and neck

cancer, EGR1 is either pro-apoptotic or suppresses growth [27–29, 33, 34, 47, 48, 50–53]. On

the contrary, in pancreatic beta cells, glioma and colorectal cancer cells, prostate cancer, B-cell

lymphoma and normal B cells EGR1 has anti-apoptotic or pro-proliferative role [25, 28, 30, 41,

Fig 4. Radiation induces DNA DSBs in Egr1+/+ and Egr1-/- BM-MNCs. Immunofluorescence analysis of irradiated BM-MNCs for γ-H2AX foci

was performed as described in the methods. Representative immunofluorescence images of γ-H2AX foci in BM-MNCs 4Hrs after exposure to 6

Gy irradiation.

doi:10.1371/journal.pone.0169767.g004
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54–57]. Decreased expression of EGR1 could lead to resistance to apoptosis of stem cells and

may possibly contribute to malignant transformation in t-MNs. Presently, it is unknown if

EGR1 has a pro- or anti-apoptotic role in radiation induced apoptosis of BM cells. We investi-

gated this never before studied possibility by utilizing radiation induced apoptosis as a tool to

evaluate the role of EGR1 in apoptosis of bone marrow cells. Focus on the bone marrow was

imperative because myeloid malignancies arise from this tissue [1]. Interestingly, we found

that EGR1was entirely expendable for the radiation induced apoptotic response of murine

bone marrow lineage negative cells that contain LSK cells which are comprised of multipotent

progenitor, short term, and long term hematopoietic stem cells. Furthermore, unlike in many

other cell types and some cancers [27, 34, 47], p53 induction in murine bone marrow cells by

radiation was surprisingly independent of EGR1.

The aforementioned results, though unexpected are not unusual as they highlight the com-

plexity of biological systems. An indication to such complexity as it pertains to EGR1 regula-

tion and its downstream effects is highlighted by the fact that while it is thought to be a tumor

suppressor in most malignancies, EGR1 seems to be surprisingly oncogenic in prostate cancer

[25, 54, 55]. This observation parallels the evidence suggesting that it can be a positive [27–29,

33, 34, 47, 48, 50–53] or a negative [25, 28, 30, 41, 54–57] regulator of apoptosis in different

systems. Instead, we found that EGR1 is neither a positive nor a negative regulator of radiation

Fig 5. Radiation activates the DSB DNA response pathway in Egr1+/+ and Egr1-/- BM-MNCs. (A) Left: γ-H2AX protein expression by

immunoblotting in irradiated BM-MNCs 30’, 45’ and 60’ after radiation exposure (2 Gy or 6 Gy). Right: Intensities of γ-H2AX bands were normalized

to β-actin and are expressed as densitometric ratios. (B) Left: p-Chk2 protein expression by immunoblotting in irradiated BM-MNCs at different times

after radiation exposure (2 Gy or 6 Gy). Right: p-Chk2 band intensities were normalized to those of GAPDH and are expressed as densitometric

ratios. Results are representative of two experiments.

doi:10.1371/journal.pone.0169767.g005
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induced apoptosis in murine bone marrow cells. There is evidence suggesting that EGR1 can

regulate radiation induced p53 by stabilizing the p53 protein [27] as well as increasing its tran-

scription [34, 47]. We investigated this question and found that irradiation does not increase

p53 mRNA in EGR1 sufficient as well as deficient BM cells. Rather, we found that phosphory-

lation of Chk2 and histone H2AX was increased in both wild type and EGR1 null bone mar-

row cells subjected to radiation. Chk2 is known to phosphorylate Mdm2 and prevent its ability

to target p53 for proteasome mediated degradation. Accordingly, radiation induced increase

in p53 protein in murine bone marrow cells is likely achieved by protein stabilization through

DSB induced DNA repair response mechanisms that are independent of EGR1. These results

are important in the context of the findings that incidence of t-MNs is on the rise as the num-

ber of cancer survivors at risk increases with improvements in cancer treatments [49]. The

prognosis of t-MNs is generally very poor with a median survival time ranging from 9–36

months and median remission duration of just a few months [6].

In summary, radiation appears to induce DNA damage and Chk2 phosphorylation in

bone marrow mononuclear cells leading to p53 activation and apoptosis. The data presented

here indicate that EGR1 may not significantly regulate the aberrant apoptosis response of

hematopoietic stem and progenitor cells in myeloid malignancies. Nevertheless, it plays a sig-

nificant role in regulating HSC quiescence and has been shown to promote development of

murine myeloid neoplasms [19, 22, 26, 49]. Hence the observation that 5q chromosome aber-

ration that includes loss of one Egr1 allele is associated with t-MNs [6, 58] suggests that hap-

loinsufficiency of EGR1 may cooperate with other mutations in the development of myeloid

malignancies.

Acknowledgments

This work was supported in part by the Edward P. Evan’s Foundation, the National Institutes

of Health (CA 165469), and, the flow cytometry and cell sorting shared resource of the Univer-

sity of Kentucky Markey Cancer Center (P30CA177558).

We are particularly thankful to Dr. Greg Bauman, Jennifer Strange and Grant Jones for

their help with flow cytometry. We are equally grateful to Dr. Min Chen for providing the p53

WT (A549) and null (H358) lung cancer cell lines. We thank Garretson Epperly for help with

confocal microscopy.

Author Contributions

Conceptualization: KZO SB.

Data curation: BWG SSA MKM KZO.

Formal analysis: SSA KZO SB.

Funding acquisition: SB.

Investigation: KZO SB.

Methodology: KZO YL VMR DKSC SB.

Project administration: SB.

Resources: KZO SB.

Supervision: SB.

Validation: KZO SB.

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 12 / 16



Visualization: SB.

Writing – original draft: KZO.

Writing – review & editing: SSA MKM VMR YL DKSC SB.

References
1. Murati A, Brecqueville M, Devillier R, Mozziconacci MJ, Gelsi-Boyer V, Birnbaum D. Myeloid malignan-

cies: mutations, models and management. BMC cancer. 2012; 12:304. Epub 2012/07/25. PubMed

Central PMCID: PMCPmc3418560. doi: 10.1186/1471-2407-12-304 PMID: 22823977

2. American Cancer Society, Estimated number of new cases and deaths, by sex, US 2016. Cancer facts

and figures. 2016.

3. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning S, et al. Effects of a selective inhibi-

tor of the Abl tyrosine kinase on the growth of Bcr-Abl positive cells. Nature medicine. 1996; 2(5):561–6.

Epub 1996/05/01. PMID: 8616716

4. Zhao N, Stoffel A, Wang PW, Eisenbart JD, Espinosa R 3rd, Larson RA, et al. Molecular delineation of

the smallest commonly deleted region of chromosome 5 in malignant myeloid diseases to 1–1.5 Mb and

preparation of a PAC-based physical map. Proceedings of the National Academy of Sciences of the

United States of America. 1997; 94(13):6948–53. Epub 1997/06/24. PubMed Central PMCID:

PMCPmc21265. PMID: 9192672

5. Le Beau MM, Albain KS, Larson RA, Vardiman JW, Davis EM, Blough RR, et al. Clinical and cyto-

genetic correlations in 63 patients with therapy-related myelodysplastic syndromes and acute nonlym-

phocytic leukemia: further evidence for characteristic abnormalities of chromosomes no. 5 and 7.

Journal of clinical oncology: official journal of the American Society of Clinical Oncology. 1986; 4

(3):325–45. Epub 1986/03/01.

6. Godley LA, Larson RA. Therapy-related myeloid leukemia. Seminars in oncology. 2008; 35(4):418–29.

Epub 2008/08/12. PubMed Central PMCID: PMCPmc2600445. doi: 10.1053/j.seminoncol.2008.04.012

PMID: 18692692

7. Le Beau MM, Espinosa R 3rd, Neuman WL, Stock W, Roulston D, Larson RA, et al. Cytogenetic and

molecular delineation of the smallest commonly deleted region of chromosome 5 in malignant myeloid

diseases. Proceedings of the National Academy of Sciences of the United States of America. 1993; 90

(12):5484–8. Epub 1993/06/15. PubMed Central PMCID: PMCPmc46745. PMID: 8516290

8. Boultwood J, Fidler C, Lewis S, Kelly S, Sheridan H, Littlewood TJ, et al. Molecular mapping of unchar-

acteristically small 5q deletions in two patients with the 5q- syndrome: delineation of the critical region

on 5q and identification of a 5q- breakpoint. Genomics. 1994; 19(3):425–32. Epub 1994/02/01. doi: 10.

1006/geno.1994.1090 PMID: 8188284

9. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646–74. Epub

2011/03/08. doi: 10.1016/j.cell.2011.02.013 PMID: 21376230

10. Levine AJ. The tumor suppressor genes. Annual review of biochemistry. 1993; 62:623–51. Epub 1993/

01/01. doi: 10.1146/annurev.bi.62.070193.003203 PMID: 8394683

11. Knudson AG Jr. Mutation and cancer: statistical study of retinoblastoma. Proceedings of the National

Academy of Sciences of the United States of America. 1971; 68(4):820–3. Epub 1971/04/01. PubMed

Central PMCID: PMCPmc389051. PMID: 5279523

12. Oshimura M, Koi M, Ozawa N, Sugawara O, Lamb PW, Barrett JC. Role of chromosome loss in ras/

myc-induced Syrian hamster tumors. Cancer research. 1988; 48(6):1623–32. Epub 1988/03/15. PMID:

2449958

13. Karlsson C, Stenman G, Vojta PJ, Bongcam-Rudloff E, Barrett JC, Westermark B, et al. Escape from

senescence in hybrid cell clones involves deletions of two regions located on human chromosome 1q.

Cancer research. 1996; 56(2):241–5. Epub 1996/01/15. PMID: 8542573

14. Boultwood J, Fidler C, Strickson AJ, Watkins F, Gama S, Kearney L, et al. Narrowing and genomic

annotation of the commonly deleted region of the 5q- syndrome. Blood. 2002; 99(12):4638–41. Epub

2002/05/31. PMID: 12036901

15. Ebert BL. Deletion 5q in myelodysplastic syndrome: a paradigm for the study of hemizygous deletions

in cancer. Leukemia. 2009; 23(7):1252–6. Epub 2009/03/27. doi: 10.1038/leu.2009.53 PMID:

19322210

16. Lai F, Godley LA, Joslin J, Fernald AA, Liu J, Espinosa R 3rd, et al. Transcript map and comparative

analysis of the 1.5-Mb commonly deleted segment of human 5q31 in malignant myeloid diseases with a

del(5q). Genomics. 2001; 71(2):235–45. Epub 2001/02/13. doi: 10.1006/geno.2000.6414 PMID:

11161817

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 13 / 16

http://dx.doi.org/10.1186/1471-2407-12-304
http://www.ncbi.nlm.nih.gov/pubmed/22823977
http://www.ncbi.nlm.nih.gov/pubmed/8616716
http://www.ncbi.nlm.nih.gov/pubmed/9192672
http://dx.doi.org/10.1053/j.seminoncol.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18692692
http://www.ncbi.nlm.nih.gov/pubmed/8516290
http://dx.doi.org/10.1006/geno.1994.1090
http://dx.doi.org/10.1006/geno.1994.1090
http://www.ncbi.nlm.nih.gov/pubmed/8188284
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1146/annurev.bi.62.070193.003203
http://www.ncbi.nlm.nih.gov/pubmed/8394683
http://www.ncbi.nlm.nih.gov/pubmed/5279523
http://www.ncbi.nlm.nih.gov/pubmed/2449958
http://www.ncbi.nlm.nih.gov/pubmed/8542573
http://www.ncbi.nlm.nih.gov/pubmed/12036901
http://dx.doi.org/10.1038/leu.2009.53
http://www.ncbi.nlm.nih.gov/pubmed/19322210
http://dx.doi.org/10.1006/geno.2000.6414
http://www.ncbi.nlm.nih.gov/pubmed/11161817


17. Fodde R, Smits R. Cancer biology. A matter of dosage. Science (New York, NY). 2002; 298(5594):761–

3. Epub 2002/10/26.

18. Mullighan CG, Goorha S, Radtke I, Miller CB, Coustan-Smith E, Dalton JD, et al. Genome-wide analysis

of genetic alterations in acute lymphoblastic leukaemia. Nature. 2007; 446(7137):758–64. Epub 2007/

03/09. doi: 10.1038/nature05690 PMID: 17344859

19. Stoddart A, Fernald AA, Wang J, Davis EM, Karrison T, Anastasi J, et al. Haploinsufficiency of del(5q)

genes, Egr1 and Apc, cooperate with Tp53 loss to induce acute myeloid leukemia in mice. Blood. 2014;

123(7):1069–78. Epub 2014/01/02. PubMed Central PMCID: PMCPmc3924928. doi: 10.1182/blood-

2013-07-517953 PMID: 24381225

20. Christy B, Nathans D. DNA binding site of the growth factor-inducible protein Zif268. Proceedings of the

National Academy of Sciences of the United States of America. 1989; 86(22):8737–41. Epub 1989/11/

01. PubMed Central PMCID: PMCPmc298363. PMID: 2510170

21. Milbrandt J. A nerve growth factor-induced gene encodes a possible transcriptional regulatory factor.

Science (New York, NY). 1987; 238(4828):797–9. Epub 1987/11/06.

22. Min IM, Pietramaggiori G, Kim FS, Passegue E, Stevenson KE, Wagers AJ. The transcription factor

EGR1 controls both the proliferation and localization of hematopoietic stem cells. Cell stem cell. 2008; 2

(4):380–91. Epub 2008/04/10. doi: 10.1016/j.stem.2008.01.015 PMID: 18397757

23. Nguyen HQ, Hoffman-Liebermann B, Liebermann DA. The zinc finger transcription factor Egr-1 is

essential for and restricts differentiation along the macrophage lineage. Cell. 1993; 72(2):197–209.

Epub 1993/01/29. PMID: 7678779

24. Laslo P, Spooner CJ, Warmflash A, Lancki DW, Lee HJ, Sciammas R, et al. Multilineage transcriptional

priming and determination of alternate hematopoietic cell fates. Cell. 2006; 126(4):755–66. Epub 2006/

08/23. doi: 10.1016/j.cell.2006.06.052 PMID: 16923394

25. Baron V, Adamson ED, Calogero A, Ragona G, Mercola D. The transcription factor Egr1 is a direct reg-

ulator of multiple tumor suppressors including TGFbeta1, PTEN, p53, and fibronectin. Cancer gene

therapy. 2006; 13(2):115–24. Epub 2005/09/03. PubMed Central PMCID: PMCPmc2455793. doi: 10.

1038/sj.cgt.7700896 PMID: 16138117

26. Joslin JM, Fernald AA, Tennant TR, Davis EM, Kogan SC, Anastasi J, et al. Haploinsufficiency of

EGR1, a candidate gene in the del(5q), leads to the development of myeloid disorders. Blood. 2007;

110(2):719–26. Epub 2007/04/11. PubMed Central PMCID: PMCPmc1924479. doi: 10.1182/blood-

2007-01-068809 PMID: 17420284

27. Das A, Chendil D, Dey S, Mohiuddin M, Mohiuddin M, Milbrandt J, et al. Ionizing radiation down-regu-

lates p53 protein in primary Egr-1-/- mouse embryonic fibroblast cells causing enhanced resistance to

apoptosis. The Journal of biological chemistry. 2001; 276(5):3279–86. Epub 2000/10/18. doi: 10.1074/

jbc.M008454200 PMID: 11035041

28. Zhao DY, Jacobs KM, Hallahan DE, Thotala D. Silencing Egr1 Attenuates Radiation-Induced Apoptosis

in Normal Tissues while Killing Cancer Cells and Delaying Tumor Growth. Molecular cancer therapeu-

tics. 2015; 14(10):2343–52. Epub 2015/07/25. doi: 10.1158/1535-7163.MCT-14-1051 PMID: 26206332

29. Yoon TM, Kim SA, Lee DH, Lee JK, Park YL, Lee KH, et al. EGR1 regulates radiation-induced apopto-

sis in head and neck squamous cell carcinoma. Oncology reports. 2015; 33(4):1717–22. Epub 2015/02/

25. doi: 10.3892/or.2015.3747 PMID: 25710185

30. Cheong MW, Kuo LH, Cheng YN, Tsai PJ, Ho LC, Tai HC, et al. Loss of Egr-1 sensitizes pancreatic

beta-cells to palmitate-induced ER stress and apoptosis. Journal of molecular medicine (Berlin, Ger-

many). 2015; 93(7):807–18. Epub 2015/03/05.

31. de Belle I, Huang RP, Fan Y, Liu C, Mercola D, Adamson ED. p53 and Egr-1 additively suppress trans-

formed growth in HT1080 cells but Egr-1 counteracts p53-dependent apoptosis. Oncogene. 1999; 18

(24):3633–42. Epub 1999/06/25. doi: 10.1038/sj.onc.1202696 PMID: 10380885

32. Yu J, de Belle I, Liang H, Adamson ED. Coactivating factors p300 and CBP are transcriptionally cross-

regulated by Egr1 in prostate cells, leading to divergent responses. Molecular cell. 2004; 15(1):83–94.

Epub 2004/07/01. doi: 10.1016/j.molcel.2004.06.030 PMID: 15225550

33. Nair P, Muthukkumar S, Sells SF, Han SS, Sukhatme VP, Rangnekar VM. Early growth response-1-

dependent apoptosis is mediated by p53. The Journal of biological chemistry. 1997; 272(32):20131–8.

Epub 1997/08/08. PMID: 9242687

34. Liu C, Rangnekar VM, Adamson E, Mercola D. Suppression of growth and transformation and induction

of apoptosis by EGR-1. Cancer gene therapy. 1998; 5(1):3–28. Epub 1998/02/26. PMID: 9476963

35. Nunamaker EA, Artwohl JE, Anderson RJ, Fortman JD. Endpoint refinement for total body irradiation of

C57BL/6 mice. Comparative medicine. 2013; 63(1):22–8. Epub 2013/04/09. PubMed Central PMCID:

PMCPMC3567373. PMID: 23561934

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 14 / 16

http://dx.doi.org/10.1038/nature05690
http://www.ncbi.nlm.nih.gov/pubmed/17344859
http://dx.doi.org/10.1182/blood-2013-07-517953
http://dx.doi.org/10.1182/blood-2013-07-517953
http://www.ncbi.nlm.nih.gov/pubmed/24381225
http://www.ncbi.nlm.nih.gov/pubmed/2510170
http://dx.doi.org/10.1016/j.stem.2008.01.015
http://www.ncbi.nlm.nih.gov/pubmed/18397757
http://www.ncbi.nlm.nih.gov/pubmed/7678779
http://dx.doi.org/10.1016/j.cell.2006.06.052
http://www.ncbi.nlm.nih.gov/pubmed/16923394
http://dx.doi.org/10.1038/sj.cgt.7700896
http://dx.doi.org/10.1038/sj.cgt.7700896
http://www.ncbi.nlm.nih.gov/pubmed/16138117
http://dx.doi.org/10.1182/blood-2007-01-068809
http://dx.doi.org/10.1182/blood-2007-01-068809
http://www.ncbi.nlm.nih.gov/pubmed/17420284
http://dx.doi.org/10.1074/jbc.M008454200
http://dx.doi.org/10.1074/jbc.M008454200
http://www.ncbi.nlm.nih.gov/pubmed/11035041
http://dx.doi.org/10.1158/1535-7163.MCT-14-1051
http://www.ncbi.nlm.nih.gov/pubmed/26206332
http://dx.doi.org/10.3892/or.2015.3747
http://www.ncbi.nlm.nih.gov/pubmed/25710185
http://dx.doi.org/10.1038/sj.onc.1202696
http://www.ncbi.nlm.nih.gov/pubmed/10380885
http://dx.doi.org/10.1016/j.molcel.2004.06.030
http://www.ncbi.nlm.nih.gov/pubmed/15225550
http://www.ncbi.nlm.nih.gov/pubmed/9242687
http://www.ncbi.nlm.nih.gov/pubmed/9476963
http://www.ncbi.nlm.nih.gov/pubmed/23561934


36. Muthusamy N, Baluyut AR, Subbarao B. Differential regulation of surface Ig- and Lyb2-mediated B cell

activation by cyclic AMP. I. Evidence for alternative regulation of signaling through two different recep-

tors linked to phosphatidylinositol hydrolysis in murine B cells. Journal of immunology (Baltimore, Md:

1950). 1991; 147(8):2483–92. Epub 1991/10/15.

37. Golde WT, Gollobin P, Rodriguez LL. A rapid, simple, and humane method for submandibular bleeding

of mice using a lancet. Lab animal. 2005; 34(9):39–43. Epub 2005/10/01. doi: 10.1038/laban1005-39

PMID: 16195737

38. Amin HM, Yang Y, Shen Y, Estey EH, Giles FJ, Pierce SA, et al. Having a higher blast percentage in cir-

culation than bone marrow: clinical implications in myelodysplastic syndrome and acute lymphoid and

myeloid leukemias. Leukemia. 2005; 19(9):1567–72. Epub 2005/07/29. doi: 10.1038/sj.leu.2403876

PMID: 16049515

39. Wang Y, Schulte BA, LaRue AC, Ogawa M, Zhou D. Total body irradiation selectively induces murine

hematopoietic stem cell senescence. Blood. 2006; 107(1):358–66. Epub 2005/09/10. PubMed Central

PMCID: PMCPmc1895367. doi: 10.1182/blood-2005-04-1418 PMID: 16150936

40. Scholz V, Weidner J, Kohnlein W, Frekers D, Wortche HJ. Induction of single- and double-strand breaks

in plasmid DNA by monoenergetic alpha-particles with energies below the Bragg-maximum. Zeitschrift

fur Naturforschung C, Journal of biosciences. 1997; 52(5–6):364–72. Epub 1997/05/01. PMID:

9232893

41. Gururajan M, Simmons A, Dasu T, Spear BT, Calulot C, Robertson DA, et al. Early growth response

genes regulate B cell development, proliferation, and immune response. Journal of immunology (Balti-

more, Md: 1950). 2008; 181(7):4590–602. Epub 2008/09/20. PubMed Central PMCID:

PMCPmc2592513.

42. Matt S, Hofmann TG. The DNA damage-induced cell death response: a roadmap to kill cancer cells.

Cellular and molecular life sciences: CMLS. 2016. Epub 2016/01/23.

43. Brooks CL, Gu W. p53 ubiquitination: Mdm2 and beyond. Molecular cell. 2006; 21(3):307–15. Epub

2006/02/04. PubMed Central PMCID: PMCPmc3737769. doi: 10.1016/j.molcel.2006.01.020 PMID:

16455486

44. Mariotti LG, Pirovano G, Savage KI, Ghita M, Ottolenghi A, Prise KM, et al. Use of the gamma-H2AX

assay to investigate DNA repair dynamics following multiple radiation exposures. PloS one. 2013; 8

(11):e79541. Epub 2013/12/07. PubMed Central PMCID: PMCPmc3843657. doi: 10.1371/journal.

pone.0079541 PMID: 24312182

45. Huang RP, Fan Y, de Belle I, Niemeyer C, Gottardis MM, Mercola D, et al. Decreased Egr-1 expression

in human, mouse and rat mammary cells and tissues correlates with tumor formation. International jour-

nal of cancer Journal international du cancer. 1997; 72(1):102–9. Epub 1997/07/03. PMID: 9212230

46. Liu C, Yao J, de Belle I, Huang RP, Adamson E, Mercola D. The transcription factor EGR-1 suppresses

transformation of human fibrosarcoma HT1080 cells by coordinated induction of transforming growth

factor-beta1, fibronectin, and plasminogen activator inhibitor-1. The Journal of biological chemistry.

1999; 274(7):4400–11. Epub 1999/02/06. PMID: 9933644

47. Krones-Herzig A, Mittal S, Yule K, Liang H, English C, Urcis R, et al. Early growth response 1 acts as a

tumor suppressor in vivo and in vitro via regulation of p53. Cancer research. 2005; 65(12):5133–43.

Epub 2005/06/17. doi: 10.1158/0008-5472.CAN-04-3742 PMID: 15958557

48. Levin WJ, Press MF, Gaynor RB, Sukhatme VP, Boone TC, Reissmann PT, et al. Expression patterns

of immediate early transcription factors in human non-small cell lung cancer. The Lung Cancer Study

Group. Oncogene. 1995; 11(7):1261–9. Epub 1995/10/05. PMID: 7478546

49. Stoddart A, McNerney ME, Bartom E, Bergerson R, Young DJ, Qian Z, et al. Genetic pathways leading

to therapy-related myeloid neoplasms. Mediterranean journal of hematology and infectious diseases.

2011; 3(1):e2011019. Epub 2011/06/30. PubMed Central PMCID: PMCPmc3113274. doi: 10.4084/

MJHID.2011.019 PMID: 21713073

50. Liu C, Yao J, Mercola D, Adamson E. The transcription factor EGR-1 directly transactivates the fibro-

nectin gene and enhances attachment of human glioblastoma cell line U251. The Journal of biological

chemistry. 2000; 275(27):20315–23. Epub 2000/04/28. doi: 10.1074/jbc.M909046199 PMID: 10783396

51. Calogero A, Arcella A, De Gregorio G, Porcellini A, Mercola D, Liu C, et al. The early growth response

gene EGR-1 behaves as a suppressor gene that is down-regulated independent of ARF/Mdm2 but not

p53 alterations in fresh human gliomas. Clinical cancer research: an official journal of the American

Association for Cancer Research. 2001; 7(9):2788–96. Epub 2001/09/14.

52. Calogero A, Lombari V, De Gregorio G, Porcellini A, Ucci S, Arcella A, et al. Inhibition of cell growth by

EGR-1 in human primary cultures from malignant glioma. Cancer cell international. 2004; 4(1):1. Epub

2004/01/09. PubMed Central PMCID: PMCPmc324562. doi: 10.1186/1475-2867-4-1 PMID: 14711380

53. Goguel AF, Fouquet F, Duverger A, Arvelo F, Jacrot M, Poupon MF, et al. Evolution of chromosomal

alterations and biologic features in two small cell lung carcinoma cell lines established from one patient

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 15 / 16

http://dx.doi.org/10.1038/laban1005-39
http://www.ncbi.nlm.nih.gov/pubmed/16195737
http://dx.doi.org/10.1038/sj.leu.2403876
http://www.ncbi.nlm.nih.gov/pubmed/16049515
http://dx.doi.org/10.1182/blood-2005-04-1418
http://www.ncbi.nlm.nih.gov/pubmed/16150936
http://www.ncbi.nlm.nih.gov/pubmed/9232893
http://dx.doi.org/10.1016/j.molcel.2006.01.020
http://www.ncbi.nlm.nih.gov/pubmed/16455486
http://dx.doi.org/10.1371/journal.pone.0079541
http://dx.doi.org/10.1371/journal.pone.0079541
http://www.ncbi.nlm.nih.gov/pubmed/24312182
http://www.ncbi.nlm.nih.gov/pubmed/9212230
http://www.ncbi.nlm.nih.gov/pubmed/9933644
http://dx.doi.org/10.1158/0008-5472.CAN-04-3742
http://www.ncbi.nlm.nih.gov/pubmed/15958557
http://www.ncbi.nlm.nih.gov/pubmed/7478546
http://dx.doi.org/10.4084/MJHID.2011.019
http://dx.doi.org/10.4084/MJHID.2011.019
http://www.ncbi.nlm.nih.gov/pubmed/21713073
http://dx.doi.org/10.1074/jbc.M909046199
http://www.ncbi.nlm.nih.gov/pubmed/10783396
http://dx.doi.org/10.1186/1475-2867-4-1
http://www.ncbi.nlm.nih.gov/pubmed/14711380


during the course of the disease. Cancer genetics and cytogenetics. 1995; 80(1):47–54. Epub 1995/03/

01. PMID: 7697632

54. Baron V, De Gregorio G, Krones-Herzig A, Virolle T, Calogero A, Urcis R, et al. Inhibition of Egr-1

expression reverses transformation of prostate cancer cells in vitro and in vivo. Oncogene. 2003; 22

(27):4194–204. Epub 2003/07/02. doi: 10.1038/sj.onc.1206560 PMID: 12833142

55. Baron V, Duss S, Rhim J, Mercola D. Antisense to the early growth response-1 gene (Egr-1) inhibits

prostate tumor development in TRAMP mice. Annals of the New York Academy of Sciences. 2003;

1002:197–216. Epub 2004/01/31. PMID: 14751836

56. Muthukkumar S, Han SS, Rangnekar VM, Bondada S. Role of Egr-1 gene expression in B cell receptor-

induced apoptosis in an immature B cell lymphoma. The Journal of biological chemistry. 1997; 272

(44):27987–93. Epub 1997/11/05. PMID: 9346950

57. Ke J, Gururajan M, Kumar A, Simmons A, Turcios L, Chelvarajan RL, et al. The role of MAPKs in B cell

receptor-induced down-regulation of Egr-1 in immature B lymphoma cells. The Journal of biological

chemistry. 2006; 281(52):39806–18. Epub 2006/10/27. doi: 10.1074/jbc.M604671200 PMID: 17065146

58. Takeyama K, Seto M, Uike N, Hamajima N, Ino T, Mikuni C, et al. Therapy-related leukemia and myelo-

dysplastic syndrome: a large-scale Japanese study of clinical and cytogenetic features as well as prog-

nostic factors. International journal of hematology. 2000; 71(2):144–52. Epub 2000/04/04. PMID:

10745624

Radiation Induced Apoptosis of Bone Marrow Cells

PLOS ONE | DOI:10.1371/journal.pone.0169767 January 12, 2017 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/7697632
http://dx.doi.org/10.1038/sj.onc.1206560
http://www.ncbi.nlm.nih.gov/pubmed/12833142
http://www.ncbi.nlm.nih.gov/pubmed/14751836
http://www.ncbi.nlm.nih.gov/pubmed/9346950
http://dx.doi.org/10.1074/jbc.M604671200
http://www.ncbi.nlm.nih.gov/pubmed/17065146
http://www.ncbi.nlm.nih.gov/pubmed/10745624

