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The bone marrow (BM) is one of the organs that is sensitive to acute exposure of ionizing radiation (IR); however, the
mechanism of its high sensitivity to IR remains to be elucidated. BM is differentiated into dendritic cells (DC) with granu-
locyte macrophage-colony stimulating factor (GM-CSF). Using this in vitro model, we studied whether radiosensitivity
is distinctly regulated in undifferentiated and differentiated BM. We discovered that levels of DNA damage repair (DDR)
proteins are extremely low in BM, and they are markedly increased upon differentiation to DC. Efficiency of both homolo-
gous recombination (HR)- and non-homologous end joining (NHEJ)-mediated repair of DNA double strand breaks (DSBs)
is much lower in BM compared with that of DC. Consistent with this, immunofluorescent yH2AX is highly detected in BM
after IR. These results indicate that increased radiosensitivity of BM is at least due to low expression of the DNA repair

machinery.

Introduction

The first report of bone marrow (BM) damage by ionizing
radiation (IR) was reported more than 80 y ago.! Failure of
development of hematopoietic lineage has been extensively stud-
ied when BM is exposed to IR, however, the mechanism under-
lying this high sensitivity remains to be elucidated. IR-induced
DNA damage results in the activation of biological responses
collectively, namely the DNA damage response (DDR). The
DDR represents a network of signaling pathways that regulates
a response within the cells to DNA damage. Numerous proteins
have been implicated as a component of the DDR pathway: (1)
DNA damage-sensing proteins, such as Ku70/80 and MRN
complex (Mrell, Rad50, Nbsl), and signaling proteins, includ-
ing ATM, ATR and DNA-PKcs; (2) transducer proteins that
relay and amplify the DNA damage signal, establishing a local
self-feeding loop that leads to accumulation of upstream DDR
proteins, which including YH2AX, MRN complex (Mrell,
Rad50, Nbsl); (3) effector proteins that determine biological
outcomes, such as cell cycle checkpoint, DNA repair, tran-
scriptional regulation, apoptosis, and senescence, which includ-
ing Chkl, Chk2, Rad51, and p53.% Thus, cellular phenotypes
caused by DNA stress are determined by an orchestrated regula-
tion and function of the signal cascade controlled by these mul-
tiple proteins.

DC were first recognized by Steinman and Cohn in 1973 as a
“novel cell type in peripheral lymphoid organs of mice”.? DC are
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central modulators in both innate and adaptive immune responses
and are specialized for presentation of antigens to T cells.* From
transfer studies in rodents and bone marrow transplantation in
humans, it was demonstrated in vivo that DC originated in the
bone marrow.” GM-CSF is the major growth factor required for
DC development from bone marrow precursors, as well as for
DC differentiation.®® Thus, primary BM has often been used to
investigate a mechanism of cell differentiation.

In the present studies, we investigated increased radiosensitiv-
ity and the mechanism of DNA repair in un-differentiated BM
and differentiated DC induced by GM-CSF treatment.

Results

Differential expression of the DDR proteins in BM and
GM-CSF-induced DC

HR- and NHE]J-mediated DNA repair pathways have been
implicated to repair the DNA lesion when cells are exposed to
genotoxic insult. Many different proteins are involved in these
pathways, such as ATM/ATR/DNA-PKcs. We began to char-
acterize whether DNA repair pathways could be differentially
regulated when BM is differentiated to DC upon treatment with
GM-CSEF. We examined first the levels of a panel of the DDR pro-
teins and their mRNA by western blot and RT-PCR, respectively
(Fig. 1). BM was isolated from B129Sv/] mice (male, age 10 wk),
followed by treatment with GM-CSF (20 ng/mL) to induce
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Figure 1. Levels of expression of the DDR proteins in BM treated or
untreated with GM-CSF. BM obtained from B129Sv/J mice (day 0/DO0)
were immediately treated with GM-CSF (20 ng/mL) for 3, 6, and 9 d (D3,
D6, and D9, respectively). (A) Indicated proteins were immunoblotted
with BM cell lysates obtained at DO, D3, D6, and D9. Actin serves as a con-
trol. (B) RT-PCR analysis of mRNA of the indicated proteins. Total RNA was
extracted from BM of D3, D6, and D9. PCR primers are shown in Table S1.
GAPDH serves as a control.

differentiation to DC, as described previously.”’ Protein and
mRNA samples were obtained after 3, 6, and 9 d. Surprisingly,
some of the DDR proteins examined are not expressed, or are
expressed at only extremely low levels, in BM, including DNA-
PKcs, ATM, ATR, Rad50, NBS1, BRAT1, Chkl, Chk2, and
p53 (Fig. 1A). Ku70 and DNA ligase IV were expressed in BM
(DO0). After GM-CSF treatment, Chkl and Chk2 were weakly
induced on day 3 (D3), and DNA-PKcs, ATM, NBS1, BRATT,
and p53 became detectable on day 6 (D6) through day 9 (D9).
Levels of ATR and Rad50 were highly expressed on day 6 and
decreased on day 9. We next attempted to study whether induced
expression of these proteins is transcriptionally regulated. mRNA
was extracted at D3, D6, and D9, and transcripts of these pro-
teins were analyzed by RT-PCR (Fig. 1B). Interestingly, even
though protein expression of DNA-PKcs, ATM, ATR, Rad50,
NBSI1, BRAT1, Chkl, Chk2, and p53 were not detected in BM
at D3, their mRNA was transcribed. mRNA of DNA-PKcs and
DNA ligase IV decreased on D9, and p53 mRNA increased from
D3 to D6. mRNA of Ku70 and Chk1 slightly decreased in D9.
mRNA of ATR was high at D3, and decreased from D6 to D9.
These results demonstrate that protein expression of significant
numbers of the DDR proteins is posttranscriptionally regulated
in the process of the DC differentiation.
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Figure 2. Efficiency of HR- and NHEJ-mediated repair of DSBs in BM.
BM cells cultured in GM-CSF-containing media (20 ng/mL) at day 1,
day 3, and day 5 were transfected with HR- or NHEJ-substrates plas-
mids together with |-Scel expression vector and pDsRed2-N1 plasmid.
Fluorescent signals were analyzed as described in Methods to quantify
NHEJ or HR events during DC development by flow cytometry at 24 h
after transfection. The DsRed-positive cells were used to validate trans-
fection efficiency, and the ratio of GFP/DsRed

Homologous recombination (HR)- and non-homologous
end joining (NHE])-mediated repair are impaired in BM

Given that expression of ATM, ATR, and DNA-PKcs is
induced when BM is differentiated into DC with GM-CSF
treatment, we reasoned that HR- and NHE]J- DNA repair pro-
cesses are impaired in BM, compared with those in matured
DC. This hypothesis was confirmed by using artificial chromo-
some substrates to detect HR- or NHE]-mediated DNA repair.
GFP-Pem1 containing DNA DSBs substrates to quantify the
efficiency of both HR- and NHE]-mediated repair have been
established previously.!” BM treated with GM-CSF for 1, 3, or 4
d was transfected with the plasmid DNA of either HR or NHE]
substrates together with I-Scel expression vector that introduces
DSBs into these substrate DNA. Efficiency of repair of the HR-
and NHE]-substrates was determined by the ratio of emitting
green fluorescence to red fluorescence signals after 24 h (samples
are from D2, D4, and D5). We found that efficiency of both
HR- and NHE]J-mediated repair is much lower in D2 and D4
BM, compared with that of D5 (Fig. 2). We assume that low effi-
ciency of DNA repair activity in un-differentiated BM is due to
much lower levels of the DDR proteins. These results are consis-
tent with the immunoblot data shown in Figure 1, demonstrat-
ing that ATM, ATR, and DNA-PKcs, key molecules for HR- and
NHE]-mediated repair become detectable only after differentia-
tion is induced by GM-CSF treatment.

BM is not extensively radiosensitive compared with DC

The orchestrated regulation of the DDR proteins is essential
in order to induce DNA damage checkpoint. Since many of the
DDR proteins are undetectable in BM and they increase as the
cells differentiate into DCs, it is assumed that radiosensitivity
of BM is higher than DC due to low expression of these pro-
teins. BM at D2 and D5 was treated with 2, 5, or 10 Gy of IR
and apoptosis was determined by FACS analysis of Annexin V
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Figure 3. BM(D2) is more radiosensitive than BM(D5). BM at D2 and D5 were

These results indicate that DNA repair machinery is
not completely compromised in DC at D2, and DSBs
are more rapidly repaired in differentiated DC than in

untreated (mock) or treated with ionizing radiation (2, 5, and 10 Gy). After 24 h BM.
(D3 and D6, respectively), apoptosis of these cells were quantified with FITC-
conjugated Annexin V (as early apoptotic marker) and Pl (as marker for late apop-

totic and necrosis). Representative results of two independent experiments are

shown.
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Figure 4. Immunocytochemical analysis of yH2AX in BM after IR treatment. BM at
D2 or D6 after GM-CSF treatment were irradiated (4 Gy), followed by immunostain-
ing analysis of yH2AX (green). DAPI was used for nuclear staining (blue). Cells were

fixed at 0.5, 2, and 4 h post-IR.

staining after 24 h (Fig. 3). BM at D3 showed constitutive levels
of apoptosis (8.2%), which was further increased by IR treatment
(total of early-to-late apoptosis is 12.0% [2 Gy], 13.9% [5 Gyl,
17.8% [10 Gy], respectively). When BM at D5 was irradiated,
induction of apoptosis after 24 h was lower than BM at D3 (8.2%
[2 Gy], 10.2% [5 Gy], 10.6% [10 Gy]). Of note, induced levels
of apoptosis were not remarkably high even though expression of
the DDR proteins is extremely low in BM at D2 (Fig. 1), suggest-
ing that unidentified DNA repair mechanism(s) functions in the
early stage of BM (see below).

Repair of DSBs in BM

Immunofluorescence analysis of YH2AX has been implicated
in determining the appearance and completion of repair of DSBs
when cells are exposed to IR.!*" We irradiated asynchronous BM
populations (at D2 and D6) with physiological doses of IR (4 Gy)
and applied immunofluorescence analysis to study DSBs repair
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Discussion

Homologous recombination (HR) and non-homol-
ogous end joining (NHE]) represent two conceptually
different pathways for repairing DNA double-strand
breaks (DSBs), the lesion at the heart of many physi-
ological and pathophysiological processes in mam-
malian cells. NHE] repairs DSBs without requiring
sequence homology and involves the core components
DNA-PKcs/Ku70/Ku80 and DNA ligase IV/XRCC4/
XLE.!>1 Recent studies have also illustrated that ATM
is involved in the initiation of the HR-mediated DNA
repair by phosphorylating cellular substrates such as
NBS1 and BRCA1." It was surprising that many com-
ponents of the DNA repair system were not detectable
at early phase BM before DC differentiation is induced
by GM-CSF. Interestingly, transcripts of these proteins
exist during differentiation. These results demonstrate
that expression of these DDR proteins is posttranscrip-
tionally regulated in the process of the BM-to-DC dif-
ferentiation. We did not observe retardation of the cell
growth of BM in the presence of GM-CSEF, showing
that low expression of those proteins does not affect
cell proliferation significantly. However, cell growth of
BM obtained from ATM-deficient mice is much lower
than that of wild type BM, indicating ATM’s essential roles in
GM-CSF-mediated cell growth (submitted).

On the basis of these observations, we assumed that HR- and
NHE]-mediated DNA repair pathways do not function normally
when BM is exposed to genotoxic stress because of a low expres-
sion of these DDR proteins in undifferentiated BM.

As shown in Figures 2 and 3, although efficiency of both
NHE] and HR DNA repair in eatly stage BM is lower than in late
stage BM (BMDC), we found that rate of IR-induced apoptosis
in early stage BM is not extensively higher than in DC (Fig. 3).
Importantly, IR-induced YH2AX staining confirmed that repair
of DSBs is more effective in BM at D6 than at D2 (Fig. 4).
YH2AX have been implicated in existence and localization of
DSBs, and we showed here that immunofluorescence signals of
YH2AX eventually decreased in early stage BM, suggesting at
least two possibilities: (1) a potential YH2AX phosphatase(s) is
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similarly activated in both BM and DC, even though DSBs are
not fully repaired in BM; (2) other uncharacterized DNA repair
pathway(s) is activated in early stage BM. Of note: Even though
levels of major DDR kinases are not detectable in early stage
BM, phosphorylation of H2AX is observed, suggesting that an
unknown kinase(s) is activated in response to DNA damage and
that the DDR pathway is not completely compromised. There
is another less-characterized repair mechanism, called alternative
non-homologous end joining (Al-NHE]).">'¢ Al-NHE] is also
referred to as microhomology-mediated end joining (MME]J).
This process depends on the Mrell/NBS1/Rad50 complex'*">"
and is regulated by ATM." Because levels of any of these proteins
are extremely low in BM, it is unlikely that AleNHE] repairs
DSBs in BM.

Bone marrow (BM) damage by ionizing radiation (IR) has
been investigated for more than 80 y.! Failure of development
of hematopoietic lineage has been extensively studied when BM
is exposed to IR. We have demonstrated that levels of many of
the DDR proteins are extremely low in BM, those including
DNA-PKcs, ATM, ATR, Rad50, Nbsl, BRAT1, Chkl, Chk2,
and p53. Since mRNA of most of these proteins is comparably
expressed in both BM and DC, these results illustrate that post-
transcriptional mechanism determines the levels of these pro-
teins. Thus, our studies point out that not only gene expression
array but also proteome analysis are essential to understand BM’s
radiosensitivity.

The mechanism underlying BM’s high sensitivity to IR is
largely unknown. Considering that our studies of apoptosis in
response to IR are determined by the isolated BM, it is possible
that extensive BM damage caused by IR in vivo might be regu-
lated by microenvironment, such as presence of BM stromal cells.

Materials and Methods

Bone marrow preparation and DC development

Mice were housed in animal facilities of Roswell Park Cancer
Institute under SPF (specific pathogen free) conditions. Bone
marrow cells were isolated from femora and tibiae of 10 wk old
male B129Sv/] mice (Jackson Lab) through flushing method
using a syringe. Single cells of BM were treated with 20 ng/
mL murine GM-CSF (PeproTech) to develop DCs, as described
previously.”’

Immunoblot studies of the expression of the DDR proteins

BM were harvested at DO (day 0), D3 (day 3), D6 (day
6), and D9 (day 9) after GM-CSF treatment, and cell lysates
were prepared in ice-cold lysis buffer (50 mM TRIS-HCI [pH
7.6],150 mM NaCl, 1 mM EDTA [pH 8.0], 20 mM NaF, ] mM
Na,VO,, 1% NP40, 0.5 mM dithiothreitol) in the presence of
protease-inhibitor mix (leupeptin, aprotinin, and PMSF, 10 mg/
mL, respectively). Total cell lysate (20 pg/sample) was loaded
and separated by 6% SDS-polyacrylamide gels and transferred
to PVDF membranes (Immobilon-P). Membraines were blocked
in 5% non-fat dried milk in Tris-buffered saline/0.1% Tween-
20 and incubated with primary antibodies and horseradish
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peroxidase (HRP)-conjugated secondary antibodies (Santa Cruz
Biotechnology). Primary antibodies used in this study were
anti-ATM (GeneScript), anti-SMC1, anti-Nbsl, anti-Chk1/2,
anti-Rad50, anti-Ku70, anti-DNA-KPcs, anti-DNA ligase IV
(Santa Cruz Biotechnology), anti-BRAT1 (Abcam), and anti-
p53, anti-ATR (Cell Signaling). Anti-actin antibody (Santa Cruz
Biotechnology) was used to validate protein amounts.

RT-PCR analysis

Total RNA was isolated from D3, D6, and D9 BM using
TRIzol Reagent (Invitrogen), according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 2 pg total
RNA using moloney murine leukemia virus (MMLV) reverse
transcriptase. PCR was conducted using specific primer sets for
DNA damage response genes (Table S1).

Immunohistochemistry

BM at D2 and D6 were irradiated with 4 Gy in a '¥’Cs irra-
diator (MARK2, JL Stephen and Associate). Immediately after
irradiation, BM was seeded in cell culture plate for indicated
times. Suspended BM was placed onto a glass slide by cyto-
centrifugation (Cyto-Tek, Fisher Scientific) after fixed in 2%
paraformaldehyde. After blocking with PBS-TT (PBS contain-
ing 0.5%Tween-20 and 0.1% Triton X-100) containing 5%
bovine serum albumin (BSA, Santa Cruz), cells were incubated
with anti-y-H2AX (Novus Biologicals, CO) in PBS-TT con-
taining 1% BSA for 2h followed by three washed with PBS-TT.
Cells were stained with Alexa Fluor 488-conjugated goat anti-
rabbit IgG (Invitrogen) for 1 h. Slides were mounted with
VECTASHIELD mounting medium containing DAPI (Vector
Laboratories) followed by sealing with nail polish. Fluorescent
images were captured using Nikon TE2000-E inverted micro-
scope equipped with a Roper CoolSnap HQ CCD camera
(Melville).

Flow cytometry analysis for apoptosis after IR

Suspended BM at D2 and D5 were irradiated with 2, 5, or
10 Gy and cultured in fresh media for 24 h. Cells were stained
with FITC conjugated anti-AnnexinV and propidium iodide
(PI) according to manufacturer’s instructions (BD Biosciences)
and analyzed by flow cytometer (FACSCalibur, BD). The green
(AnnexinV) and red (PI) fluorescence from each cell were sepa-
rated and quantified using Cell Quest pro software (BD).

Analysis of the efficiency of HR- and NHE]-mediated DSBs
repair

BMs (2 x 10° cells/mL) were isolated from B129Sv/] mice
as described. These cells were cultured in a 24 well cell culture
plate for 2 to 5 d with RPMI media supplemented with 10% fetal
bovine serum containing GM-CSF (20 ng/mL). To analyze the
efficiency of HR or NHE] repair, reporter plasmids were cotrans-
fected with I-Scel endonuclease expression vector and a control
plasmid vector, DsRed-expressing plasmid (pDsRed2-N1), for
24h as described previously.”® Transfection was performed with
Lipofectamin LTX (Invitrogen) by following manufacturer’s
instructions.
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