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Abstract

In parthanatos, a PARP-1 (poly (ADP-ribose)
polymerase 1)-mediated cell death, dissipation
of mitochondrial membrane potential, large-
scale DNA fragmentation and chromatin con-
densation were observed. In contrast to apop-
tosis, it does not cause apoptotic bodies forma-
tion. Although PARP-1-mediated cell death
presents loss of membrane integrity similar to
necrosis, it does not induce cell swelling. The
purpose of the study was to correlate the
immunohistochemical parameters of PARP-1
reactivity and the selected cytomorphological
features of parthanatos: the lack of apoptotic
bodies and the absence of necrosis in breast
cancer (BC) specimens. Immunohisto -
chemistry for PARP-1 was performed on 83 BC
specimens. Correlations between parameters
of PARP-1 expression and sub-cellular localisa-
tion and the presence of apoptotic bodies and
necrosis were evaluated. High expression of
PARP-1 (immunoreactive score =6) was asso-
ciated with the lack of apoptotic bodies
(P=0.013) and with the absence of necrosis
(P=0.002). The presence of apoptotic bodies
was correlated with re-distribution of PARP-1
from the nucleus to cytoplasm in BC cells
(P=0.029). Additionally, a tendency was
observed between necrosis and loss of nuclear
PARP-1 expression (P=0.049). Our study sug-
gests that PARP-1 may play a crucial role in
induction and regulation of specific type of cel-
lular death called parthanatos.
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Introduction

PARP-1 has an important role in DNA dam-
age repair and maintaining genome integrity
by repairing DNA single strand breaks (SSBs)
by base excision repair (BER). It is also
involved in chromatin remodelling, regulation
of transcription, proliferation processes and
differentiation as well as specific cell death
called parthanatos. The so-called damage sen-
sor model is proposed in which activated
PARP-1 identifies DNA breaks and temporarily
binds to the ends of the damaged DNA.-?
PARP-1’s enzymatic activity can increase 500-
fold on its binding to the damaged DNA, which
results in quick elongation of PAR chain.* ADP-
ribose polymers situated on PARP-1 molecules
attached to the damaged DNA function as spe-
cific enticements which facilitate repair by
recruiting repair enzymes to the site of dam-
age. Additionally, ADP-ribosylation of XRCC1
(vital for BER) greatly enhances its affinity for
BER pathway main enzymes, i.e. DNA ligase III
and AP endonuclease.>’

Current knowledge and results of recent
studies suggest that the initiation of death cell
called parthanatos is closely related with the
accumulation of PAR in response to DNA dam-
age.’ The polymers function as specific signals
and cytophysiological messengers informing
about DNA damage that is too extensive to be
repaired by the cell itself. Their excess induces
parthanatos to prevent and protect against fur-
ther loss of energy for ineffective DNA repair.5”

PARP-1-mediated cell death is morphologi-
cally and molecularly distinct from other
known forms of cell death such as apoptosis,
necrosis or autophagy. Parthanatos has been
shown to involve mitochondrial transmem-
brane potential dissipation, chromatin conden-
sation and large DNA fragmentation.® Unlike
apoptosis, it does not cause apoptotic body for-
mation or small scale DNA fragmentation. /n
vitro experiments with cell lines and caspase
inhibitors (z-VAD-fmk, boc-aspartyl-fmk) have
conclusively confirmed that the process is cas-
pase-independent and it is not regulated by
Bcl-2 proteins.®® It is worth noting that PARP-
1-mediated cell death involves loss of mem-
brane integrity similar to necrosis, yet it does
not induce cell swelling.’ Parthanatos is dis-
tinct also from autophagy as it does not involve
autophagic vacuoles formation or lysosomal
degradation.2

PARP-1 was widely examined in some types
of human tumors,'*! but it must be stressed
that there are no reports that would describe
cytomorphological features of parthanatos in
clinical material obtained from breast cancer
(BC) patients in correlation with overexpres-
sion of PARP-1 as the main protein involved in
this type of cell death. The purpose of the study
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was to correlate the immunohistochemical
parameters of PARP-1 reactivity and the select-
ed cytomorphological features of parthanatos,
namely the presence of apoptotic bodies and
necrosis in BC specimens.

Materials and Methods

Patients

Tissue samples were obtained from 83
patients treated radically for stage II ductal BC,
diagnosed between 1993-1994 in the Lower
Silesian Oncology Centre in Wroclaw, Poland.
The mean age of the patients was 55.2 years.
The patients were selected based on the avail-
ability of tissues. All patients underwent sur-
gery (Madden mastectomy) with or without
adjuvant treatment. Following the applied
treatment, the patients were subjected to per-
manent control in the Lower Silesia Oncology
Centre. The study was approved by the
Institutional Review Board of the Wroclaw
Medical University, Poland.

Tumor samples and immunohisto-
chemistry

Tumor specimens were fixed in 10%
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buffered formalin and embedded in paraffin.
All haematoxylin and eosin (H&E) stained sec-
tions were examined by two pathologists. One
representative slide from tumor was evaluated
(the minimal diameter of tumor tissue was 5
mm, maximal was 16 mm). Formalin-fixed,
paraffin embedded tissue sections were fresh-
ly prepared (4 pm). Immunohistochemistry
was performed as previously described.'>'7 For
the detection of PARP-1, a polyclonal rabbit
antibody (clone ab6079; Abcam, Cambridge,
UK) was diluted 1:150 in the Antibody Diluent,
Background Reducing (DakoCytomation,
Gdynia, Poland). The tissue sections were
incubated with antibodies for 1 h at room tem-
perature. Subsequent incubations involved
biotinylated antibodies (15 min, room temper-
ature) and a streptavidin-biotinylated peroxi-
dase complex (15 min, room temperature)
(LSAB+, HRP, DakoCytomation). NovaRed
(Vector Laboratories, Peterborough, UK) was
used as a chromogen (10 min, at room temper-
ature). All sections were counterstained with
Meyer’s haematoxylin. In each case control
reactions were included, in which the specific
antibody was substituted by a Primary Mouse
Negative Control (DakoCytomation).

In classical H&E staining, three or more
apoptotic body per high power field x400 was
defined as a positive case with presence of
apoptotic bodies.

Evaluation of immunohistochemical
reaction intensity

The immunohistochemical reaction was
estimated independently by two pathologists.
Intensity of PARP-1 expression in BC cancer
cells was evaluated using a semi-quantitative
scale of the ImmunoReactive Score (IRS),!*
with the author’s own modifications, in which
the intensity of the colour reaction and the
percentage of positive cells were both taken
into account. The final, integrated scores
ranged from 0-12. Additionally, we observed
that normal breast tissue, which was included
in some slides was characterized by weak to
moderate  nuclear-cytoplasmic ~ PARP-1
immunoreactivity. In stromal cells and lym-
phocytes, nuclear and cytoplasmic PARP-1
staining was also detected. Nevertheless, at
the stage of subsequent statistical analyses a
two-grade scale system was applied, allocating
0 points for expression of PARP-1 <6 (low
level of PARP-1 immunoreactivity) and 1 for
expression of PARP-1 =6 (high PARP-1
immunoreactivity). Definition of these two
groups and determination of the cut-off point
is a specific consensus of histopathological
observations and statistical analyses, and of
the review of literature concerning PARP-1
expression evaluation.
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Statistical analysis

Statistical analysis was performed using the
Statistica 9.1 software package (StatSoft Inc.,
Tulsa, OK, USA). The exact Fisher was used to
analyse associations between PARP-1 protein
expression parameters and cytomorphological
features of parthanatos. Differences between
two groups were tested with the Mann-
Whitney U test. P values <0.05 were consid-
ered statistically significant.
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Brief Report

Results

Presence of necrosis and apoptotic

bodies in breast cancer specimens
In classical H&E staining, necrosis was

observed in 12 cases (14.5%) (Figure 1A).

Apoptotic bodies were identified in 19 patients
(22.9%) (Figure 1B).

pD

Figure 1. A) Presence of necrosis (arrows) in breast cancer specimen (H&E; magnifica-
tion: 40x; scale bar: 200 pm). B) Apoptotic body formation (H&E; magnification: 600x;
scale bar: 25 pm). C) Cytoplasmic topography of PARP-1 expression (ImmunoReactive
Score (IRS) 95 haematoxylin; magnification: 200x; scale bar: 100 pm). D) Cytoplasmic
expression of PARP-1 in breast cancer cells (IRS 9; haematoxylin; magnification: 400x;
scale bar: 50 pm). E) Nuclear-cytoplasmic topography of PARP-1 expression (IRS 9;
haematoxylin; magnification: 200x; scale bar: 100 pm). F) Nuclear-cytoplasmic expres-
sion of PARP-1 in breast cancer cells (IRS 9; haematoxylin; magnification: 400x; scale

bar: 50 pm).
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PARP-1 immunostaining in breast
cancer tissue

PARP-1 expression defined as IRS >0 was
found in the entire group of 83 patients subjected
to investigation. The average IRS was 6.48+2.5
and the median was 8. For the purposes of statis-
tical analysis enhanced immunoreactivity of
PARP-1 was defined as IRS =6 (55 patients,
66.27%), while low immunoreactivity was
assigned to IRS values between 0 and 4 (28
patients, 33.73%).

Histopathological evaluation of the specimens
revealed two patterns of PARP-1’s sub-cellular
localisations. Cytoplasmic localisation alone was
observed in 48 cases (57.83%) (Figure 1 C)D),
whereas nuclear-cytoplasmic localisation was
identified in 35 cases (42.17%) (Figure 1 EF).

Correlation between selected
cytomorphological features

of parthanatos and enhanced PARP-1
immunoreactivity

High expression of PARP-1 (IRS =6) was asso-
ciated with the lack of apoptotic bodies (P=0.013)
and with the absence of necrosis (P=0.002).
Moreover, the presence of apoptotic bodies was
correlated with re-distribution of PARP-1 from
nucleus to cytoplasm in BC cells (P=0.029).
Additionally, a tendency was observed between
necrosis and loss of nuclear PARP-1 expression
(P=0.049).

Correlation between the lack of apop-
totic bodies and the absence of necro-
sis, and clinicopathological parame-
ters of breast cancer patients

The lack of apoptotic bodies and the absence of
necrosis were correlated with negative status of
steroid receptors (P=0.000). Moreover, the lack of
apoptotic bodies and the absence of necrosis were
associated with the lack of nodal metastases (N-)
(P=0.022 and P=0.041, respectively) (Table 1).
Presence of necrosis was correlated with lower
age at the moment of BC diagnosis (P=0.037).
Interestingly, the lack of apoptotic bodies and the
lack of necrosis were correlated with higher
tumor grading (P=0.000). We did not observe any
significant relationships between overexpression
of HER-2, tumor staging according to the Union
for International Cancer Control (UICC), type of
recurrence and the lack of apoptotic bodies and
the lack of necrosis.

Relationship between triple negative
immunophenotype of BC and
cytomorphological features

of parthanatos

ER and PgR positive status was observed in 61
patients (73.5%), and HER-2 overexpression
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Table 1. Correlation between the lack of apoptotic bodies and the absence of necrosis and
clinicopathological parameters of breast cancer patients.

ER°® 0.000 0.000
PgR® 0.000 0.000
HER-2° 0.632 0.229
Tumor size (pT)° 0.435 0.102
Nodal metastases (N+)* 0.022 0.041
TNM (UICC)b 0.493 0.211
Grading# 0.000 0.000
Age® 0.129 0.037
Menopause status* 0.229 0.337
Recurrence? 0.542 0475
Adjuvant therapy*

Chemotherapy 0.044 0.084

Endocrine therapy 0.556 0.598

Radiotherapy 0.508 0.541

TNM, tumor-nodes-metastasis; UICC, Union for International Cancer Control. Statistically significant results (P<0.05) are in italics.

°Pvalue of Mann-Whitney’s U test; *P value of Fisher’s test.

(in immunohistochemistry) was observed in
19 patients (22.9%). We selected a group of
triple negative breast cancer (15 cases; 18.1%)
and, surprisingly, we observed that in this
group, 9 patients were characterized by low
PARP-1 immunoreactivity (IRS <6). In 11
patients (form 15 patients of triple negative
phenotype) it was observed only cytoplasmic
expression of PARP-1. In this triple negative
group, we revealed in 9 patients (9/15; 60%)
presence of necrosis and in 10 patients (10/15;
66.7%) presence of apoptotic bodies. Due to
the small number of patients, we did not per-
form additional statistical analysis.

Discussion

In this study we investigated the relation-
ship between enhanced immunoreactivity of
PARP-1 in breast cancer cells and selected
cytomorphological features of parthanatos,
namely the lack of necrosis and the absence of
apoptotic bodies in BC specimens. To the best
of our knowledge, this is the first clinical
analysis of the correlation between PARP-1
expression and morphological features of
parthanatos in clinical specimens of BC.

Research into PARP-1-mediated cell death
revealed two putative mechanisms which may
be responsible for its induction. Initially, a
hypothesis of the so-called energetic catastro-
phe followed by necrotic cell death was pro-
posed."” Adverse effect of enhanced enzymatic
activity of PARP-1 in response to DNA damage
was attributed to the reduction in the level of
NAD+ which is an important cofactor in glycol-
ysis processes and tricarboxylic acid cycle that
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drive the synthesis of the basic energy sub-
strate ATP. However, further analyses revealed
that the decreased intracellular level of NAD+
is by itself not sufficient for initiating cell
death.2?0%! The results of recent studies clearly
indicate that cell death initiation is closely
related with the accumulation of PAR in
response to DNA damage.5 The polymers func-
tion as specific signals and cytophysiological
messengers informing about DNA damage that
is too extensive to be repaired by the cell itself.
Their excess induces parthanatos to prevent
and protect against further loss of energy for
ineffective DNA repair.’” Additionally, poly
(ADP-ribosyl)ation of cellular proteins might
lead to cell death. Kanai et al.?* revealed that
PARP-1-mediated p53 poly(ADP-ribosyl) ation
blocked the interaction of p53 and nuclear
export receptor Crm1, resulting in the accumu-
lation of p53 in the nucleus. It is worth noting
that cytophysiological functions of poly(ADP-
ribosyl)ation of some cellular proteins are still
under investigation. It is worth noting that a
statistically significant correlation was found
related with re-distribution of PARP-1 from the
nucleus to the cytoplasm in the presence of
apoptotic bodies. It is an important finding
which confirms that proper sub-cellular distri-
bution of PARP-1 is essential to ensure its
proper biological functioning (in this case
parthanatos induction). The analysis of PARP-
1 subcellular localization revealed that this
protein has two patterns of immunohisto-
chemical expression: nuclear-cytoplasmic and
only cytoplasmic. It is generally assumed that
PARP-1 is a nuclear protein, able to detect and
bind damaged DNA. The finding of a fraction of
PARP-1 within the cytoplasm concomitant with
the appearance of apoptotic bodies needs a
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careful discussion, possibly considering that a
proteolytic fragment of PARP-1 is extruded
from the nucleus in the final steps of caspase-
dependent apoptosis.??* We need to empha-
size that in clinical material from BC patients
two scientific groups observed two different
patterns of PARP-1 expression in BC cells. Von
Minckwitz et al.% described predominant cyto-
plasmic immunoreactivity, on the other hand,
Rojo et al.* observed only nuclear expression
(without cytoplasmic topography). Due to con-
tradictory results, further studies are neces-
sary to fully understand and describe proper
pattern of PARP-1 expression.

The present brief note is an attempt at
showing and confirming, with the use of clini-
cal material obtained from BC patients, that
strong correlations exist between overexpres-
sion of PARP-1 which is the key parthanatos
inducing protein, and relatively simple
(observed during a routine histopathological
evaluation) cytomorphological features of this
specific form of cell death (absence of necrosis
and apoptotic bodies). It must be clearly
stressed that immunohistochemistry cannot
substitute for sophisticated techniques of
molecular biology in exploring the mechanism
of induction and course of parthanatos, yet the
present paper is an interesting voice in the
discussion on this extremely intriguing form
of cell death. Furthermore, due to contradicto-
ry results and unclear correlations, further
studies are necessary to fully understand the
mystery of parthanatos.
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