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ABSTRACT

Purpose: Double-strand breaks (DSB) repair and apoptosis are assumed to be key factors in the
determination of individual variability in response to radiation treatment. In this study we
investigated tumor protein p53 (TP53) binding protein 1 (53BP1) and phosphorylated histone 2A
family member X (yH2AX) foci, yH2AX pan-staining and late apoptosis/necrosis (LAN) in
lymphocytes from breast cancer (BC) patients undergoing radiotherapy.

Materials and methods: BC patients were subjected to local radiotherapy with fractionated doses
using linear accelerator. Adverse reactions of patients were classified according to the Radiation
Therapy Oncology Group (RTOG)/European Organization for Research and Treatment of Cancer
(EORTC) criteria. Blood samples were collected before treatment, at various time-points during and
after radiotherapy. Residual 53BP1 and YH2AX foci, yH2AX pan-staining were analyzed in peripheral
blood lymphocytes (PBL) using the Metafer system and confocal laser scanning microscopy. LAN
cells were counted by the trypan blue (TB) exclusion assay. Statistical analysis was performed using
Mann-Whitney test, Spearman rank correlation test and analysis of covariance (ANCOVA).

Results: No statistically significant changes were observed in the levels of yH2AX foci during
radiotherapy. In contrast, radiation-induced residual 53BP1 were detected already after the first
fraction. Increased individual variability in the 53BP1 focus formation was observed during
treatment. The background level of DNA repair foci and its individual variability in response to
radiotherapy decreased after the end of radiotherapy indicating successful removal of DNA-
damaging effects. A correlation between stage of cancer and 53BP1 focus formation was
established which suggests the prognostic value of this test. We show that the fraction of LAN cells
negatively correlates with the level of 53BP1 and positively correlates with individual radio-
sensitivity. Only weak correlation was observed between yH2AX pan-staining and LAN cells. Due to
large interindividual variability, both in vivo assays, LAN and focus formation, have shown relatively
low predictive power at the individual level.

Conclusions: It is likely that radiosensitive patients have less efficient mechanisms of elimination of
apoptotic cells with DNA damage resulting in accumulation of LAN cells and facilitating adverse
reactions. Our data suggested that the grade of adverse reaction may positively correlate with LAN
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cells in PBL before and during radiotherapy.

Introduction

Predicting normal tissue and tumor radiosensitivity has yet to
be routinely integrated into radiotherapy (Dikomey et al. 2003).
Severe side-effects from radiation therapy of cancerous tumors,
particularly breast cancer tumors, can work against optimal
radiation therapy for the individual patient. The main objective
of predictive testing is to tailor radiotherapy prescriptions to
the individual patient. This study examined possible bio-
markers for identifying patients for whom standard radiother-
apy may be unsuitable and others who may tolerate standard
radiation therapy without serious side-effects.

The data published so far about the cellular and the
molecular factors underlying the acute or late tissue reactions
upon radiotherapy appear to be contradictory (Dikomey et al.
2003; Goodarzi and Jeggo 2012; Henriquez-Hernandez et al.
2012). Lymphocytes, derived lymphoblastoid cell lines or
fibroblasts are usually used in attempts to correlate cellular
radiosensitivity with the individual radiosensitivity of the
patients undergoing radiotherapy (Greve et al. 2012;
Henriquez-Hernandez et al. 2012). In general, the analysis of
lymphocytes appears to be more promising than studies using
fibroblasts (Lobrich and Kiefer 2006). The radiosensitivity is
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often, but not always, correlated with alternations in cell cycle
checkpoints, and changes in cell growth and apoptosis
(Henriquez-Hernandez et al. 2012). Overall, measurements of
double-strand breaks (DSB) and DSB repair have widely been
used in order to validate correlation with radiosensitivity
(Lobrich and Kiefer 2006).

A recent development of technique based on analysis of
proteins that participate in DSB repair allows precise measure-
ment of DSB at doses relevant to radiotherapy (usually 2 Gy in
one fraction). The cytological manifestation of nuclear
rearrangements in response to ionizing radiation is the
formation of so-called ionizing radiation induced foci (IRIF)
(Bekker-Jensen et al. 2006). IRIF are dynamic structures
containing thousands of copies of proteins involved in various
aspects of DSB repair and signaling. These structures, which are
also referred to as DNA repair foci, can be microscopically
visualized as discrete foci around DSB. Following irradiation,
histone H2AX is phosphorylated by ataxia telangiectasia
mutated (ATM) and other phosphatidylinositide 3-kinase (PI-3
kinase) family members, ataxia telangiectasia and Rad3-related
protein (ATR) and DNA-dependent protein kinase (DNA-PK)
(Redon et al. 2002). Phosphorylated histone 2A family member
X (yH2AX) provides a chromatin scaffold structure for DNA
repair foci and DSB repair. This scaffold is organized on a
megabase-size chromatin domain containing DSB and func-
tions by recruiting proteins involved in the DSB repair
(Rogakou et al. 1999; Paull et al. 2000; Mochan et al. 2004).
These proteins include tumor protein p53 (TP53) binding
protein 1 (53BP1), which is a well-established marker of DSB
(Belyaev 2010).

The majority of DSB/DNA repair foci induced by radiation in
the dose range relevant to radiotherapy are repaired within a
few hours following irradiation. The initial number of DSB and
their repair within 24 h post-irradiation did not correlate with
acute side-effects of radiotherapy (Fleckenstein et al. 2011;
Greve et al. 2012). However, recent studies revealed that some
residual DNA repair foci, such as YH2AX and 53BP1, remain in
cells for a relatively long time after irradiation and may
correlate with cell death (lwabuchi et al. 2003; MacPhail et al.
2003; Markova et al. 2003; Rothkamm and Lobrich 2003; Kuhne
et al. 2004; Olive and Banath 2004; Taneja et al. 2004; Wykes
et al. 2006; Yu et al. 2006).

While yH2AX is usually used for enumeration of DSB, some
studies reported a lack of correlation between yH2AX and DSB
and suggested that some part of YH2AX foci deal with changes
in chromatin structure (Hamer et al. 2003; Banath et al. 2004;
Warters et al. 2005; Yu et al. 2006). In vitro application of yH2AX
assay to lymphocytes had a limited scope in predicting
individual radiosensitivity of cancer patients (Vasireddy et al.
2010; Werbrouck et al. 2010; Fleckenstein et al. 2011;
Brzozowska et al. 2012; Greve et al. 2012). Importantly, various
effects of radiation may significantly differ between situations
in vitro and in vivo (Girinsky et al. 1991; Lobrich et al. 2005;
Zarybnicka et al. 2011; Park et al. 2014). It is especially relevant
to peripheral blood lymphocytes (PBL), because in contrast to
in vitro irradiation, the in vivo situation includes also secondary
cytotoxicity released from irradiated tissues, elimination of
apoptotic cells by the immune system, and cell repopulation.
All these processes may contribute to the individual

radiosensitivity (Torudd et al. 2003; Markova et al. 2008). In
this study, we investigated the possible correlation between in
vivo formation of residual YH2AX/53BP1 foci in PBL of breast
cancer (BC) patients undergoing radiotherapy and acute side-
effects of radiation treatment. Our previous study has sug-
gested that residual 53BP1 foci may be linked to induction of
apoptosis in lymphocytes (Torudd et al. 2005). If removal of
apoptotic cells is affected in some patients, it may result in
accumulation of late apoptotic/necrotic (LAN) lymphocytes
followed by acute side-effects. To verify this hypothesis, we
have also analyzed correlation of acute side-effects with LAN
lymphocytes during radiotherapy.

Materials and methods
Ethics statement

The study was approved by the Institutional Review Board of
the National Cancer Institute (NCI), Bratislava. Written informed
consent was obtained from each participant prior to collection
of peripheral blood samples. The Ethics Committee approved
this consent procedure.

Patients and healthy controls

This study involved 38 patients treated for breast carcinoma
from February 2006 to February 2014. The patients were
undergoing local radiotherapy for treatment of breast cancer
at the Department of Radiation Oncology, NCI, Bratislava.
Carcinoma in vivo was diagnosed in four patients. Other
patients had stage | (n =21), stage Il (n=7), stage lll (n=4) and
stage IV (n=2) BC diagnoses. Mean age in the group of BC
patients was 61.2+10.2 years (from 29-82 years old). To
decrease heterogeneity and avoid difficulties in separating
effects of cytostatic treatment from radiotherapy, patients with
cytostatic treatment were not enrolled in this study.

The classification of Tumors, Nodes, Metastases (TNM) was
T0,n=4;T1,n=21;T2,n=12;T4,n=1,NO,n=32; N1, n=2;
N2, n=2:N3, n=2 and MO, n =36; M1, n = 2. The Scarff, Bloom
and Richardson (SBR) grade was |, n=14; Il, n=16; ll, n=1
and ductal carcinoma in situ (DCIS), n=5. The mean and
median histologic tumor size was 15.75mm and 13.5mm
(range 4-50), respectively. The incidences of axillary lymph
node involvement are presented in Table I. The Karnowsky
index of patients was 90-100%. The adverse reactions of all
patients were classified according to the Radiation Therapy
Oncology Group (RTOG)/European Organization for Research
and Treatment of Cancer (EORTC) criteria such as acute skin
erythema reactions after radiotherapy, as well as other markers
of adverse side-effects (Cox et al. 1995). Eight patients
exhibited no adverse reactions (GO); 25 patients had G1
adverse reactions (follicular, faint or dull erythema, dry
desquamation). Five patients exhibited severe side-effects
and were classified as G2 (tender or bright erythema, patchy
moist desquamation, moderate edema), n =4, and G3 (conflu-
ent moist desquamation, hyperpigmentation), n=1. A group
of healthy controls included 10 individuals without diagnosed
cancer and matched by age with a group of cancer patients
(58.1 £ 10.3 years, from 48-77 years old).
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Tumor Irradiated Dose
Patient Age (years) TNM Stage Histology size (mm) volume (ccm) (Gy) Boost (Gy) RTOG
BC1 75 pT2 pN3 MO 3b IDC G2 35 664 50 G1
BC2 72 pT2 pN1 M1 4 IDC G2-3 30 2634 50 G1
BC3 71 pT1b pNO MO 1 IDC G2 7 1044 50 G1
BC4 82 pT2 pN3 M1 4 IDC G2 50 592 50 G1
BC5 59 pT1c pNO MO 1 IDC G1 13x8 1600 50 G1
BC6 69 pT1a pNO MO 1 G1 4 928 50 G1
BC7 57 pT1-2 pNO MO 2a DcIS NA 1196 50 G1
BC8 69 pT4 pNO MO 3b G2-3 15 972 50 G1
BC9 68 pT2 pN2 MO 3a IDC G2 30 x 15 1307 50 G1
BC10 56 pT2 pNO MO 2a IDC G1 14 x 20 821 50 10 G1
BC11 72 pT2 pN2 MO 3a IDC GI2 8 1973 50 G1
BC12 29 pTis NX MO 0 DCIS 40 724 46 G1
BC13 60 pT1 pNO MO 1 G1 NA 2082 50 GO
BC14 57 pT1 pNO MO 1 IDC G1 12 1241 50 GO
BC15 69 pT1 pNO MO 1 IDC G1-2 7 1001 44 9 G1
BC16 66 pT1b pNO MO 1 G2 9 880 44 GO
BC17 56 pT1 pNO MO 1 IDC G2-3 10 NA 44 9 GO
BC18 63 pT1-2 pNO MO 2a NA 10 NA 44 GO
BC19 58 pT1 pNO MO 1 IDC G2 15 NA 50 GO
BC20 69 pT1 pNO MO 1 G3 7 NA 50 GO
BC21 70 pT1 pNO MO 1 G1-2 14 NA 50 GO
BC22 50 pT2 pNO MO 2a G2 22 NA 50 12 G1-2
BC23 68 pT2 pNO MO 2a NA 23 1012 50 G1
BC24 63 pTis pNX MO 0 DcIS 15 1076 44 G1
BC25 66 pTis NO MO 0 DcIS 15 1943 50 G1
BC26 50 pT1b pNO MO 1 G2 10 709 50 9 G1
BC27 55 pT1b pNO MO 1 G1-2 8 810 50 G1
BC28 52 pTis pNO MO 0 DCIS G3 15 2011 50 9 G1
BC30 52 pT1c pNO MO 1 G1 10 1407 50 G1
BC31 64 pT1b pNO MO 1 G2 7 1658 50 G1
BC32 56 pT1b pNO MO 1 G1 7 1055 50 G1
BC33 73 pT2 pN1mi(Sn) M0 2b G2 27 922 50 G2
BC34 52 pT1c pNO MO 1 IDC G1 15 674 50 10 G2
BC36 42 pT1b pNO MO 1 G1 6 498 50 G1
BC37 62 T1 NO MO 1 G1 7 1379 50 G2
BC38 56 pT1a pNO MO 1 G1-2 5 1998 50 G3
BC39 50 pT2 pNO pMX 2a G2 24 1546 50 10 G1
BC40 67 pT1c pNO pMO 1 G2 15 1227 50 10 G1

RTOG, Radiation Therapy Oncology Group; BC, breast cancer patient; ccm, cubic centimeter; NA, non-available; Tumors, Nodes, Metastases (TNM): pT, tumors; pN,
regional lymphatic nodes; pM, outlying metastases; MO, without metastases; M1, metastases present; MX, impossibly evaluate. Histology: G, histopathology grade;
G1, good differentiation; G2, middle differentiation; G3, poorly differentiation; G4, non-differentiation; IDC, invasive ductal carcinoma.

Radiation treatment

A total of 32 BC patients were treated with external beam
radiation therapy with radical intent (conventional fractionation
2 Gy per fraction, one daily fraction, five fractions weekly) to a
total dose 50 Gy to the whole breast and six patients were
treated with daily 2.2 Gy to a total dose 44 Gy. The total dose of
44 Gy (2.2 Gy/fraction) is equivalent dose in 2 Gy fractions (EQD2)
50 Gy. Thirty-one patients were exposed to 6 MV X-rays, and
seven patients were exposed to 18 MV X-rays. Radiation therapy
of most patients was delivered by linear accelerator (Clinac 2300
C/D, Varian, Palo Alto, CA) using two tangential fields (n =29);
others were exposed as field in field technique to 5 (n=2), 4
(n=1), and 3 fields (n =4). The dose rate was 300 MU (monitor
units) per minute which corresponded to 3 Gy/min delivered to
a point at the depth of maximum dose in a water-equivalent
phantom whose surface is at the isocentre of the machine. Eight
patients received a boost into tumor bed at total dose 9-12 Gy
(2 Gy per fraction, one daily fraction, five fractions weekly) with 9
MV electrons. Computed tomography (CT) scanning was used
to plan radiation treatment to the specific areas requiring
radiation therapy.

Collection of samples

Blood samples were obtained from BC patients locally
irradiated during radiotherapy and from a control group of
non-irradiated healthy persons. Some BC patients were not
able to participate in this study during the whole project and
did not donate blood samples at each time-point. Samples
were obtained twice before treatment and then 24 h after 1st,
5th and 10th fractions (n=33 for each time-point) during
radiation therapy, and also at 1 month (n=30) and 1 year
(n=11) after the end of radiation therapy. Mononuclear cells
(MNC) were isolated from peripheral blood by density gradient
centrifugation in Lymphocyte Separation Medium (LSM) (PAA
Laboratories GmbH, Pashing, Austria) as described previously
(Markova et al. 2005). After isolation, MNC were incubated for 2
h at 37°C to purify PBL from monocytes. LAN cells were
counted by Trypan blue (TB) exclusion assay (Gibco, Life
Technologies, Grand Island, NY). At least 400 PBL were
analyzed in Burker chamber at each data-point. By this assay,
loss of membrane integrity, which occurs late in apoptosis and
relatively early in necrosis can be detected (Zhivotosky and
Orrenius 2001).
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Chemicals

Reagent grade chemicals were obtained from Sigma-Aldrich
(St. Louis, MO), Merck KGaA (Darmstadt, Germany) and
Boehringer Mannheim, division Roche (Basel, Switzerland).

Antibodies and immunostaining

Levels of 53BP1 foci were analyzed in PBL of all patients,
whereas level of YH2AX foci were assessed only in a subgroup
of patients (n=20). For the analysis of 53BP1 foci following
combinations of primary and secondary 53BP1 antibodies were
used: (i) 53BP1 mouse monoclonal (1:20, kindly gifted by Prof.
T. Halazonetis, University of Geneva, Geneva, Switzerland), or
(ii) 53BP1 mouse monoclonal (1:500, #MAB3802, Millipore, MA)
with Alexa Fluor 488 goat anti-mouse antibody (1:200,
#A11029, Molecular Probes, Invitrogen, Life Technologies, NY)
and (iii) 53BP1 rabbit polyclonal (1:800, #NB100-304, Novus
Biologicals, Littleton, CO) with Alexa Fluor 488 goat anti-rabbit
antibody (1:200, #A11034, Molecular Probes). Respectively,
three combinations of primary and secondary yH2AX anti-
bodies were used along with 53BP1 antibodies: (i, ii) YH2AX
rabbit polyclonal (1:500, #NB100-384, Novus Biologicals) with
Alexa Fluor 555 goat anti-rabbit antibody (1:200, #A21429,
Molecular Probes), (iii) YH2AX mouse monoclonal (1:500,
#ab18311-100, Abcam, Cambridge, UK) or (iii) YH2AX mouse
monoclonal (1:400, #NB100-78356, Novus Biologicals) with
Alexa Fluor 555 goat anti-rabbit antibody (1:200, #A21424,
Molecular Probes). Levels of DNA repair foci obtained with
these antibodies did not differ statistically significantly and had
similar mean values and levels of variation. Thus, final statistical
analysis was performed in the group of all patients regardless
of antibodies used.

DNA repair foci and H2AX pan-staining

Blind scoring of DNA repair foci were performed in 500 or 1000
cells/variant by two different techniques: Confocal laser
scanning microscopy using confocal microscope LSM5/510
Axiovert 100M (Zeiss Microscopy, Jena, Germany) (Markova
et al. 2007) and using Zeiss Axio Imager Z1 (Zeiss Microscopy)
microscope combined with Metafer system MetaCyte
(MetaSystems, Altlussheim, Germany) for automated analysis
of samples (Sorokina et al. 2013; Vasilyev et al. 2013). The levels
of DNA repair foci assessed with these two methods were
compared in healthy control group and no significant differ-
ences were found between them. Therefore, statistical analysis
was performed on combined group of samples assessed by
both techniques. Diffuse nuclear YH2AX pan-staining, which is
a feature of early apoptosis, was assessed as previously
described (Vasilyev et al. 2013).

Statistics

All data are shown as mean values + standard deviation (SD) if
not indicated otherwise. Statistical analysis was performed
using Statistica 8.0 (Statsoft, Tulsa, OK). Differences between
groups of patients were assessed using Mann-Whitney test.
Wilcoxon matched pairs test were used for analysis of

differences between various time-points during radiation
therapy. Correlations were tested using the Spearman rank
correlation test and analysis of covariance (ANCOVA) was used.
Receiver Operating Characteristic (ROC) analysis was per-
formed using the Youden'’s index in order to assess sensitivity
and specificity at the individual level.

Results

Endogenous foci

Background level of 53BP1 foci in BC patients was 0.97 £0.57
foci/cell and did not differ significantly in comparison with
healthy control group (1.18+0.57 foci/cell, Mann-Whitney
test). Level of yYH2AX foci in PBL of BC patients (0.92 + 0.72 foci/
cell) was similar to that of 53BP1 foci and also did not differ
significantly as compared with group of healthy controls
(0.60 £ 0.32 foci/cell). While there was no statistical difference
in terms of foci per cell between control and BC patients, the
higher variation in foci per cell was observed in cells of BC
patients (Figure 1A and B).

During radiation therapy

A small but statistically significant increase in the level of
53BP1 foci was observed 24 h after the first fraction of radiation
therapy (n=35, p=0.039, Wilcoxon matched pairs test)
(Figure 1A) and in the middle of treatment 24 h after 5 and
10 fractions (n=36, p=0.05 and n=36, p=0.037, respect-
ively). Our previously published data have shown that residual
53BP1 foci detected in PBL 24 h post-irradiation with doses
below 2 Gy linearly depend on dose and persist up to 4 weeks
after irradiation in vitro (Markova et al. 2011). Based on this
long-time persistence and linear dose dependence of residual
IRIF, it might be expected that residual IRIF measured in PBL of
cancer patients 24 h after each irradiation fraction would
accumulate according to equation Y, = (n — 1)Y;, where Y; and
Y, is excess of radiation-induced foci after the 1st and nth
fraction, respectively. Thus, 4-fold and 9-fold increase in IRIF
after the 5th and 10th fraction, respectively, might be expected
in comparison to the 1st fraction. However, no such increase
radiation-induced 53BP1 was observed during two weeks from
the 1st to the 10th fraction (Figure 1A) suggesting efficient
elimination of damaged cells in vivo. Coefficient of variation
(CV) of the 53BP1 foci levels increased from 59.2% before
treatment to 95.8% after the first fraction of radiation therapy.
Increased variability in the 53BP1 focus formation persisted
during whole course of radiotherapy (CV=75.8% after 5 and
CV=90.8% after 10 fractions of radiation therapy) and at
1 month after the end of radiation therapy (CV = 102.5%). The
reason for such increase in variability could be the fact that
residual 53BP1 foci were induced by radiation only in the sub-
group of patients whereas smaller fraction of patients showed
stable level of 53BP1 foci during radiation therapy. However,
we found no significant differences in age, irradiated volume,
summary dose and stage of cancer between these subgroups
of BC patients (data not shown). The level of YH2AX foci did
not increase significantly and no accumulation of residual
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Figure 1. 53BP1 and yH2AX foci at different time-points before, during and after
therapy. Number of 53BP1 (A) and ~H2AX (B) foci in peripheral blood
lymphocytes (PBL) of breast cancer (BC) patients is shown before, during (24 h
after the 1st, 5th and 10th fraction) and after the end of radiation therapy (at 1
month and 1 year). Different symbols correspond to individual patients. The level
of 53BP1 foci was significantly higher after 1st, 5th and 10th fraction than before
radiation therapy (*p <0.05) and significantly lower one year after radiotherapy
(**p < 0.005). In general, number of foci was lower after the end of therapy than
before radiation therapy reaching statistical significance at 1 month for yH2AX
and 1 year for 53BP1 lower (*p<0.05). In all figures, error bars show the
standard deviation (SD) of the mean for n = 11-38 independent experiments if
not indicated otherwise.

vH2AX foci was observed during entire course of radiation
therapy (Figure 1B).

After radiation therapy

The number of 53BP1 foci at 1 month post-irradiation did not
differ from pre-irradiation levels (Figure 1). At 1 year after the
end of radiation therapy the levels of 53BP1 foci decreased and
were significantly lower in comparison with background level
before radiotherapy (n=11, p=0.004) (Figure 1). In line with
these data, the level of YH2AX foci decreased after treatment.
One month after the end of radiation therapy it was statistically
significantly lower than the background level before treatment
(h=17, p=0.044). Moreover, individual variability in 53BP1/
YH2AX focus formation measured by CV also decreased
reaching the background level identified before treatment
started. These data suggested successful removal of DNA
damaging effect and its individual component in PBL of
patients after the treatment.
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Effects of age and stage of cancer

The level of 53BP1 foci before radiation therapy significantly
increased with age of BC patients and this age dependence
was observed during whole treatment (Figure 2). There was
still positive correlation of 53BP1 foci with age of patients
1 month and 1 year after the end of radiation therapy while it
was not statistically significant. There was no correlation
between yH2AX foci and age of BC patients at any time-
point (data not shown).

Stage of cancer correlated with age of patients (r=0.43,
p=0.007) (Figure 3A) and 53BP1 foci (r=0.50, p=0.000001).
Similarly, 53BP1 foci correlated with tumor size (T) (r=0.49,
p =0.002), nodes (N) (r=0.43, p=0.006), and metastases (M)
(r=0.37, p=0.024). There was no correlation between yH2AX
foci and stage of cancer. The rational for this fact may be the
different kinetics for retaining of yH2AX and 53BP1 at the
locations of DSB. Indeed, all measurements were made 24 h
after irradiation when co-localization of yH2AX and 53BP1 foci
is up to about 30% as follows from this in vivo study and also
from our in vitro data (Markova et al. 2011).

Given the correlation of 53BP1 foci with age in groups of
both BC patients and healthy controls and lack of significant
difference in numbers of 53BP1 foci between two groups, the
correlation between 53BP1 foci and age of patients was taken
into consideration using ANCOVA. This analysis showed that
both T and stage of cancer significantly affect background level
of 53BP1 foci in PBL of BC patients prior radiotherapy
regardless to age of patients (p = 0.044 and p = 0.035, respect-
ively) (Figure 3B). Similarly, 53BP1 foci depend on age
regardless to stage of cancer and T (p=0.013 and p=0.002,
respectively) as analyzed by ANCOVA.

Adverse reactions, H2AX/53BP1 foci, LAN cells and
pan-staining

At some time-points, the levels of yH2AX and 53BP1 foci
differed between subgroups of BC patients with various level
of adverse reaction. Level of YH2AX was significantly lower in
G2 subgroup of BC patients than in GO subgroup after 10
fractions (p=0.037) of radiation therapy. Significantly lower
number of 53BP1 foci was seen in G2 as compared to GO group
after 1 fraction (p =0.017). In clinical practice, G3 acute toxicity
would be especially important to predict. Only one G3 patient
was enrolled in our study. Thus, all BC patients were divided
into groups of responders (patients with G1-G3 adverse
reaction to radiation therapy) and non-responders (GO patients
without adverse reaction) for further analysis. Levels of YH2AX
were significantly lower in responders than in non-responders
after 10 fractions (p=0.035) of radiation therapy. Also, the
grade of adverse reaction significantly correlated with the level
of yH2AX after 5 and 10 fractions (Spearman rank test,
r=-0.51, p=0.037; r=-0.46, p=0.036, respectively). The
grade of adverse reaction negatively correlated with yH2AX
foci and yH2AX/53BP1 co-localized foci when combined
analysis was performed for all samples from all time points
(r=-0.30, p<0.002; r=—0.33, p <0.047, respectively). At the
same time, the increased LAN level was generally seen with
increased side-effects (Figure 4). More LAN cells were observed
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in G1 subgroup of patients than in GO subgroup after 1 fraction
(p=0.004), 5 fractions (p = 0.005) of radiation therapy and at 1
month after the end of treatment (p =0.004) (Figure 4). The
fraction of LAN cells in the subgroup of five G2-G3 patients
was significantly higher than in GO patients before, during and
after radiation therapy (except for after 10 fractions, when the
difference was statistically insignificant). Fraction of LAN cells
was significantly higher in responders than in non-responders
after 1 fraction (p =0.004), 5 fractions (p =0.005) and 1 month
after the end of treatment (p=0.004). Also, the grade of
adverse reaction significantly correlated with the fraction of
LAN cells before radiotherapy, after 1 fraction, and 1 month
after the end of radiation therapy (r=0.33, p=0.047; r=0.47,
p=0.026; r =0.66, p =0.002, respectively). Fraction of LAN cells
correlated with the grade of adverse reaction at high signifi-
cance level (r=0.42, p<0.000001) when combined analysis
was performed for all samples from all time points. In line with
our data, Severin et al. (2006) found a correlation between
proportion of LAN lymphocytes and severe side reactions in
leukemic patients undergoing total body irradiation at 4 Gy.
Altogether our data suggested that the grade of adverse
reaction may negatively correlate with DNA repair foci and
positively correlate with LAN cells in PBL before and during
radiotherapy. In line with this suggestion, fraction of LAN cells
negatively correlated with level of 53BP1 foci before the start
of radiation therapy (r=—0.37, p=0.023) and at the 1 and 2
weeks during radiotherapy, r=—0.57, p=0.010 and r=—0.53,
p=0.017, respectively. At 1 month and 1 year after the
treatment, this correlation was not statistically significant.
However, fraction of LAN cells negatively correlated with level
of 53BP1 at high significance level (r=-0.37, p=0.00004)

when combined analysis was performed for all samples from
all time points (Figure 5A).

These data show that LAN cells are accumulated at the
expense of impaired elimination of cells with unrepaired or
misrepaired DNA damage and in dependence on individual
radiosensitivity. Thus, it is likely that radiosensitive patients
have less efficient mechanisms for eliminating apoptotic cells
with high DNA damage, which result in accumulation of LAN
cells and side effects in these patients.

In parallel with analysis of LAN, the fraction of cells with
YH2AX pan-staining, which are considered to be early apop-
totic cells (Turesson et al. 2010; Wen et al. 2010; Vasilyev et al.
2013), was assessed. Only weak correlation was observed
between YH2AX pan-staining and LAN cells (Figure 5B)
suggesting that the yH2AX pan-staining may be a worse
diagnostic marker. In line with these data, pan-staining did not
correlate with individual radiosensitivity showing that late
stage of apoptosis/necrosis may have a better prognostic role.
It is interesting that mean values for LAN cells and YH2AX pan-
staining were similar for all time points during and after
therapy (Figure 6).

Significant variation in LAN cells was observed inside each
group of patients. To estimate sensitivity and specificity of LAN
cells for prediction of G2-G3 acute adverse reactions at the
individual level, ROC analysis was performed and the optimal
cut-off value was determined using the data obtained before
treatment and 24 h after one fraction of radiation therapy
(Figure 7). When a fraction of LAN cells before treatment of
1.83% was used as the cut-off value, the sensitivity and
specificity in predicting G2-G3 acute adverse reactions were
80% and 56.3%, respectively. The area under the curve
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(AUC) was 0.688 (standard error [SE]=0.143). Similar AUC
values were obtained after 1st, 5th and 10th fraction of
radiotherapy indicating relatively low predictive power of LAN
cells for assessing G2-G3 acute adverse reactions at the
individual level. Even lower predictive power for assessment of
individual radiosensitivity was obtained using IRIF (data not
shown).

Breast irradiated volume varied from 298-2634cm?.
However, there was no significant effect of irradiated volume
on number of IRIF, fraction of LAN cells and level of nuclei with
vYH2AX pan-staining. The boost did not affect the results either.

Discussion

Endogenous DNA damage in PBL of BC patients

The level of endogenous 53BP1 foci in PBL of healthy controls
obtained in this study was comparable with those in our
previous studies (Torudd et al. 2005; Markova et al. 2011;
Vasilyev et al. 2013). In the group of BC patients, the level of
53BP1 foci before radiation therapy did not differ significantly
from that in the control group. To our knowledge, only one
study has assessed the level of yH2AX and 53BP1 foci in
lymphocytes of BC patients before and during radiation
therapy (Djuzenova et al. 2013). In comparison to present
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study, lower 53BP1 foci levels in both controls and patients
have been reported by Djuzenova et al. (2013). This discrep-
ancy between studies does not exceed usual interlaboratory
variations in focus enumeration (Greve et al. 2012), which may
be accounted for various experimental conditions but should
not affect the intralaboratory data analysis because the same
conditions are applied to all samples within each study
(Belyaev 2010). In line with our results, the combined data
did not differ between BC patients and healthy subjects in the
study by Djuzenova et al. (2013), while these authors have
found significant differences between patients with adverse
clinical reaction to radiotherapy and controls. While endogen-
ous YH2AX focus formation was slightly higher, about 0.1
vH2AX foci/cell, in lymphocytes of breast/rectal cancer patients
above 40 years of age in comparison to that of healthy
individuals, similar values were found in cancer patients and
healthy individuals younger than 40 years of age by Wenger
et al. (2014).

DNA damage during and after the treatment

To the best of our knowledge, no clinical data have
previously been published regarding the long-term monitor-
ing of 53BP1 foci in lymphocytes of cancer patients during
and after radiation therapy. We monitored the number of
53BP1 and yH2AX foci in lymphocytes of BC patients during
whole course of radiation therapy, 1 month and 1 year after
radiotherapy. Significant increase of 53BP1 foci number 24 h
after the first fraction of radiation therapy and its persistence
during two weeks of treatment (Figure 1A) suggested the
presence of misrepaired or unrepaired DSB. Given the high
variability of radiation-induced 53BP1 foci levels between
patients during the treatment, this effect was accounted for
increased 53BP1 foci level in a subgroup of patients whereas
other patients (29-42%, depending on time-point) demon-
strated levels of 53BP1 foci during radiation therapy lower or
similar to background. In line with our data, Djuzenova et al.
(2013) reported that 26% of patients had lower number of
53BP1 foci at one week of radiation therapy than before
treatment. We analyzed correlation of yH2AX foci during
radiotherapy with background yYH2AX level, patients’ age,
tumor size or variations in treatment. However, no significant
association was found. Our data show that yH2AX foci did
not accumulate in PBL during the whole course of
radiotherapy.

A new finding of this study is significantly decreased levels
of 53BP1/yH2AX foci and individual variability in 53BP1 focus
formation 1 year after the end of radiotherapy. This data
indicate elimination of DNA damaging factors most likely due
to successful treatment of tumor.

In vivo versus in vitro IRIF data

It was found, that residual 53BP1/yH2AX foci detected in PBL
24 h following irradiation in vitro linearly depended on dose up
to 2 Gy, the dose at which radiation-induced apoptosis in PBL is
saturated (Torudd et al. 2005; Markova et al. 2011). Moreover,
these dose-dependent residual foci persisted up to 4 weeks



Downloaded by [NUS National University of Singapore] at 07:41 06 November 2015

8 @ E. MARKOVA ET AL.

6. - - L B
| |:1|V:I i | @ |
2. - - L -
= ° o EIE = &
w 0r 1T i ]
. GO G1 G2-3 G0 G1 G2-3 GO Gl G23
g Before radiation therapy 1 fraction 5 fractions
8 . . : : , . ' . ‘
S
c 8 1T 10 ]
hel
) [l || @ |
£ I‘%
w2t 1t 1t :
o == I «
GO G1 G23 G0 G1 G23 GO 61 G23

1 month after the end of
treatment

10 fractions

1 year after the end of
treatment

Grade of adverse reaction
0 Mean [] MeantSE T Mean+SD

Figure 4. Late apoptosis/necrosis (LAN) cells in correlation with the grade of adverse reaction according to the Radiation Therapy Oncology Group (RTOG). Fraction of
LAN cells in peripheral blood lymphocytes (PBL) of breast cancer (BC) patients before, during (24 h after the 1st, 5th and 10th fractions) and at 1 month and 1 year
after the end of radiation therapy. The boxes show mean values and standard errors, and whiskers indicate mean + SD.

post-irradiation in vitro. Given similar persistence of residual
foci in PBL in vivo, accumulation of residual IRIF might be
expected in PBL after each fraction during whole course of
radiotherapy. Additional accumulation might be possible
because small areas of the bone marrow in the ribs behind
the breast, about 5%, are irradiated during radiotherapy of
BC patients (Huber et al. 1999). In line with the reported in
vitro data (Torudd et al. 2005; Markova et al. 2011), residual
53BP1 were detected in PBL of cancer patients 24 h after the
first fraction while no significant increase was seen in YH2AX.
Based on long-time persistence and linear dose dependence
of residual IRIF in vitro (Markova et al. 2011), 4-fold and 9-
fold increase after the 5th and 10th fractions, respectively,
might be expected in comparison to the 1st fraction.
However, no such increase of IRIF was detected. This finding
provide further evidence for the notion that radiation
response in vitro and in vivo may differ significantly
(Girinsky et al. 1991; Lobrich et al. 2005; Zarybnicka et al.
2011). The mechanism of the observed differences between
maintenance of cells with IRIF in vitro and in vivo is likely
based on efficient elimination of damaged cells from human
peripheral blood. While this mechanism has not completely
been elucidated, it is supported by a faster drop in cell
counts after irradiation in vivo than in vitro in studies
where radiation response of human lymphocytes (Girinsky
et al. 1991) and lymphocytes from large white pig
(Zarybnicka et al. 2011) was followed post-irradiation in
vitro and in vivo.

Effects of stage of cancer

While both 53BP1 foci and tumor stage correlated with age,
ANCOVA revealed statistically significant correlation of
endogenous 53BP1 foci with stage of cancer regardless of
the age of patients. Interestingly, we found no correlation with
stage of cancer for yH2AX. These data may provide evidence
for better prognostic value of 53BP1 focus analysis. To our
knowledge, this is the first report showing correlation between
53BP1 foci in PBL and stage of cancer. Djuzenova et al. (2013)
reported correlation of tumor size with neither 53BP1 nor
YH2AX foci. In Djuzenova'’s study, nodes and metastases were
not taken into account and only two patients were analyzed
with the advanced tumor sizes T3 and T4. These two patients
were at lower ages, 54 and 53 years, in comparison to the
group of stage lll-IV patients in our present study, >68 years.
The aforementioned differences in analysis and study groups
may underlie the discrepancy in results. More data from
extended groups of patients are needed to validate depend-
ence of DNA damage in PBL on stage of cancer.

Individual radiosensitivity

In healthy tissues of BC patients, DNA damage induced by the
fractionated radiotherapy varies between individuals (Huber
et al. 1999). In general, the white blood cell count tends to
decrease with time during radiotherapy (Catena et al. 1997;
De Ruyck et al. 2004). Lifespan of lymphocytes is estimated
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about 1 year for short-lived and about 6 years for long-lived
cell subsets (Michie et al. 1992; Bogen 1993). However, they can
be earlier eliminated by radiation-induced apoptosis during
radiotherapy. Apoptosis may be either directly induced by
irradiation of small part of lymphocytes circulating throughout
irradiated breast or indirectly induced by cytotoxic agents
released from the irradiated tissue into the blood. Presently, no
standardized method exists to assess accurately the absorbed
dose to the irradiated lymphocytes after partial-body exposure
because only a fraction of blood cells is exposed to irradiation.
Assuming that the irradiated tissue is 1kg, the weight of BC
patient is 75kg, and the blood is equally distributed, the
maximal dose in total blood can be estimated as about 3 cGy
after one irradiation fraction. Thus, the total maximum dose in
blood would be about 75 cGy during whole course of
radiotherapy. This estimate is within the total biological dose,
which averaged 0.33 Gy and varied between 0.1 and 1.1 Gy in
blood lymphocytes of similarly irradiated BC patients as
measured with chromosomal aberrations (Legal et al. 2002).
Given the limitations of our assumption on blood content in
the irradiated tissue, the aforementioned estimates may
suggest that the indirect effect of irradiation is negligible in
blood of most BC patients.

In parallel with the reduced cell count, apoptosis is
increased during radiation therapy (Catena et al. 1997).
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The physiologic importance of complete apoptosis and
removal of apoptotic cells by phagocytosis should not be
overlooked because this process might be critical to avoid the
persistence and release of toxic cellular components. The
phagocytosis of apoptotic cells occurs prior to their lysis,
thereby preventing the release of potentially proinflammatory
intracellular contents (Savill 2000). The acute side-effects may
be induced in some individuals if phagocytosis is not able to
remove all apoptotic cells and they reach the stage of lysis
becoming membrane-damaged LAN cells, which are usually
detected by the TB exclusion assay. Finally, cell repopulation is
accomplished by the bone marrow. This repopulation may also
be individually affected by radiation because about 5% of bone
marrow might be irradiated during radiotherapy (Huber et al.
1999).

An interesting new finding of this study is the increased
number of LAN cells with increased radiosensitivity. This
increase was accompanied by a decreased number of cells
with residual IRIF. The rational for selective removal of cells
with residual foci follows from our previous studies, which
show that PBL containing at least one residual IRIF undergo
apoptosis (Torudd et al. 2005). Thus, LAN cells may accumulate
in radiosensitive patients due to cells with residual IRIF that
likely contain unrepaired or misrepaired DNA damage.
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Such factors as phagocytosis of apoptotic cells and cell
repopulation may also contribute to mechanistic relationship
between radiosensitivity and residual foci/LAN cells measured
in vivo. On the other hand, the early apoptotic cells detected
by the yH2AX pan-staining did not correlate with individual
radiosensitivity showing that the late stage of apoptosis/
necrosis may have a better prognostic role. Altogether our data
suggest that: (i) LAN cells may accumulate due to incomplete
removal of apoptotic cells with unrepaired or misrepaired DNA
damage; (ii) more radiosensitive patients may have less
efficient mechanisms for elimination of cells with DNA
damage resulting in accumulation of LAN cells and facilitating
side-effects.

Both assays, LAN and IRIF, have shown large interindividual
variability inside each group of patients and relatively low
predictive power at the individual level. Thus, each of these
assays is not reliable test for individual radiosensitivity.
However, due to revealed correlations, these assays may
constitute the complementary tests.

To conclude, our data suggested that both endogenous and
radiation-induced 53BP1 foci increased with age of BC patients
and healthy controls while yH2AX focus formation did not
correlate with age in the studied group. The stage of cancer
correlated with the number of 53BP1 foci prior radiotherapy.
The yield of residual 53BP1 foci increased 24 h after the first
fraction of radiation therapy but did not accumulate upon
delivering further fractions. The level of 53BP1 foci significantly
decreased after the end of radiation therapy. This decrease,
also observed in yYH2AX foci, is likely to be caused by
disappearance of genotoxicity upon treatment. This study
has shown that kinetics of radiation-induced residual foci in
PBL of BC patients undergoing radiotherapy cannot be

predicted based on in vitro data. The difference between in
vitro and in vivo data is most likely due to immune and
hematopoietic systems, which may significantly contribute to
individual radiosensitivity by removal of apoptotic cells and cell
repopulation. The data suggested that the grade of adverse
reaction may positively correlate with LAN cells and negatively
correlate with IRIF in the in vivo tests, however, these measures
alone are unlikely to be sufficiently robust for clinical use.
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