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Detection of apoptotic cells in tumour paraffin sections

Joze Pizem!, Andrej Cor?
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Apoptosis is a distinct form of cell death characterised by specific morphological features and regulated by
complex molecular mechanisms. Its deregulation is fundamental for tumour growth and progression and,
moreover, anticancer therapies suppress tumour growth mainly by induction of apoptosis. Since the extent
of apoptosis in a tumour may have prognostic as well as therapeutic implications, much effort has been in-
vested in developing specific methods that can be routinely used to detect apoptotic cells in archival forma-
lin-fixed paraffin-embedded tissue.

Complex molecular pathways are involved in the regulation of apoptosis. Pro-apoptotic signals trigger acti-
vation of caspases that specifically cleave target proteins. Cleavage of proteins (caspase substrates) is re-
sponsible for morphological changes of apoptotic cells and DNA fragmentation. In the last decade, detection
of apoptotic cells in formalin-fixed tumour tissue sections has been based mainly on morphology and char-
acteristic DNA fragmentation. Recently, specific antibodies to activated caspases and cleaved target proteins
(including cytokeratin 18, actin and PARP) have been produced that enable accurate detection of apoptosis
in paraffin sections.
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Introduction inflammatory reaction. It is essential for the

maintenance of homeostasis in multicellular

Apoptosis, or programmed cell death, is a
complex, tightly regulated and conserved
process, whereby individual cells die without
injuring neighbouring cells or provoking any
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organisms and is a critical component in the
cellular response to injury.! Apoptosis is im-
plicated in the patogenesis of various condi-
tions, such as cancer, autoimmune disorders
and neurodegenerative diseases. An imbal-
ance between cell proliferation and apoptosis
is fundamental for tumour growth and pro-
gression. Because of its wide ranging implica-
tions and possible therapeutic interventions,
apoptosis is one of the most investigated ar-
eas in biological science.?

Since various proteins implicated in apop-



226 Pizem ] and Cor A / Detection of apoptotic cells in tumour paraffin sections

tosis regulation have been reported to be mu-
tated in cancer, and it has become evident
that different anticancer therapeutic modali-
ties suppress tumour growth mainly by in-
duction of apoptosis, accurate quantification
of the extent of apoptosis in tissue specimens
may have therapeutic as well as prognostic
implications.>*

Many different biochemical, cytochemical
and in situ methods are available for apopto-
sis detection,>® but only a limited number of
them are applicable on paraffin sections.
Because of the preserved cell morphology in
archival formalin-fixed paraffin-embedded
tissue, there has been considerable interest in
developing methods that could specifically
demonstrate apoptotic cells in tissue sec-
tions. In the last decade, the morphological
method and the TUNEL method (terminal
transferase mediated d-UTP biotin nick end
labelling) have been almost exclusively used
for apoptosis detection on paraffin sections.
Since great progress in understanding the
mechanisms of apoptosis has been made,
several new methods for apoptosis detection
on paraffin sections have been introduced re-
cently. This article deals with apoptosis de-
tection techniques applicable to archival
paraffin sections with an emphasis on tu-
mour tissue.

Apoptotic pathway

Initially, apoptosis was recognised on mor-
phological grounds as a well defined type of
cell death.’ During apoptosis, the cell
shrinks, it detaches from the surrounding
cells, the nucleus becomes condensed and
fragmented, and finally, apoptotic bodies are
formed. In the last two decades, the molecu-
lar basis of apoptosis has been elucidated. It
has become apparent that there is a cascade
of events from pro-apoptotic signalling to
well defined morphological changes.
Caspases (cysteine proteases that cleave
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their substrates following an aspartate
residue) have been recognised as key mole-
cules in the apoptotic cascade.”>'? At least 14
different caspases have been characterised to
date. They are constitutively expressed as in-
active pro-enzymes (pro-caspases) in virtually
all animal cells. Pro-caspases (32 - 56 kDa)
contain a large subunit (17 - 21 kDa), a small
subunit (10 - 13 kDa) and an N-terminal pro-
domain. Pro-caspase activation requires pro-
teolytic cleavage of the pro-caspase chain at
two caspase specific cleavage sites, yielding a
large and a small subunit. Active caspase is a
heterotetramer composed of two large and
two small subunits.

In mammalian cells, apoptosis can be initi-
ated by either intracellular or extracellular
pathways that induce initiator caspase activa-
tion (caspases 8 and 9). Activated caspase 8
and/or 9, in turn, induce cascade activation of
effector caspases (caspases 3, 6 and 7), which
cleave different target proteins. Demolition of
the target proteins induces DNA fragmenta-
tion and is responsible for morphological
changes of the apoptotic cells (Figure 1).
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Figure 1. Apoptotic pathway. Different pro-apoptotic
signals converge to induce activation of the caspase
cascade. Activation of initiator caspases (8 and 9) is
followed by activation of effector caspases which, in
turn, specifically cleave different target proteins (cas-
pase substrates). Cleavage of the target proteins in-
duces DNA fragmentation and provokes morphologi-
cal changes of the apoptotic cells.
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Detection of apoptotic cells based
on morphology

Apoptotic cells can readily be identified by
means of routine histological staining meth-
ods, such as haematoxylin and eosin.
Detection of apoptotic cells is based on char-
acteristic morphological features.'! The cyto-
plasm of apoptotic cells is condensed and
eosinophilic. Chromatin is condensed, mar-
ginated at the nuclear membrane, and nu-
clear fragments are later seen (Figure 2a).
Finally, the apoptotic cells desintegrate into
membrane-bound apoptotic bodies, which
are phagocytosed by neighbouring cells and
macrophages.'> During apoptosis, the cell
membrane retains its integrity and lysosomal
enzymes are not released to the surrounding
tissue, so no inflammatory reaction is elicit-
ed. All morphological features are best
viewed by electron microscope, but this is im-
practical for screening large tissue areas.!

Visible changes in cell morphology are the
final event of the apoptotic process and are
estimated to take from two to three hours,
compared to 12 to 24 hours that are needed
for the entire apoptotic process to be com-
pleted.'>!* The basis for changes in the apop-
totic cell morphology is caspase mediated
cleavage of the target proteins (Figure 1).

The asynchronicity of apoptosis, comple-
tion of the morphological phase in a few
hours and immediate clearing from the tissue
usually results in a very low number of apop-
totic cells in tissues.!! Because morphological
changes may be inconspicuous, the lowest
numbers of apoptotic cells are usually detect-
ed by morphological criteria only.'?

An apoptotic index is used as a measure of
the extent of apoptosis, which is defined in
tumour tissues as the percentage of apoptotic
cells of all tumour cells. Because apoptotic
cells frequently appear in clusters, enough
fields need to be included in the analysis. To
guarantee representativeness, at least 20
fields of 1000x magnification should be ex-

amined."® The identification of apoptotic
cells, and thus inter-observer variation, great-
ly depends on the magnification, so a higher
magnification should be used. Inflammatory
cells that are frequently found among tumour
cells may substantially influence the apoptot-
ic index. They may be difficult to differentiate
from apoptotic cells (inflammatory cells are
also frequently apoptotic) as well as from the
population of tumour cells analysed.!?

Generally, assessing apoptosis based solely
on its morphology is reasonably reliable and
inexpensive, although tedious and fairly inter-
observer dependent. It might be accurate for
some tissues,'>!” but for more accurate as-
sessment, morphology should be used in com-
bination with more specific methods, which
detect apoptotic cells earlier in the apoptotic
process. However, morphology based on rou-
tine staining methods remains, even today, a
major tool of apoptosis detection and is criti-
cal for validation of new techniques.

Detection of DNA fragmentation

In situ detection of DNA fragmentation has
been the most widely used method for detec-
tion of apoptosis.'? The orderly internucleoso-
mal fragmentation of DNA into 180 to 200
base-pair fragments is the biochemical hall-
mark of apoptosis.'® It is induced by caspase
mediated cleavage of ICAD (inhibitor of CAD)
leading to activation of CAD (caspase-activat-
ed deoxyribonuclease), which in turn, cleaves
DNA.'8

DNA fragments can be detected by enzy-
matic labelling of the 3’-hydoxyl ends with
modified nucleotides. The most sensitive and
specific in situ method for detection of DNA
fragmentation is the TUNEL method (terminal
deoxynucleotidyl transferase-mediated-dUTP
nick end labelling) (Figure 2b). It was intro-
duced for use in tissue sections in 1992 by
Gavrieli et al.’® As its name implies, the
TUNEL method is based on the addition of la-
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belled nucleotides to free 3’-hydoxyl ends of
single or double-strand DNA breaks catalysed
by a terminal deoxynucleotidyl transferase
(TdT) enzyme. Following in situ enzyme reac-
tion, the incorporated labelled nucleotides can
be detected by immunohistochemistry.
Nuclear counterstains are used to facilitate
recognition of apoptotic morphology.!!

There are many commercially available
apoptosis detection kits that rely on detection
of DNA fragments.!®

TUNEL labelling greatly depends on tissue
fixation, tissue pretreatment and the concen-
tration of TdT. Overlong formalin fixation and
insufficient pretreatment may give rise to false
negative results. On the other hand, excessive
pretreatment, necrosis, autolysis or extensive
DNA repair may lead to false positive re-
sults.’”?> In some tissues, proteinase pretreat-
ment may result in release of endogeneous en-
donucleases, which may cause false positive
results with TUNEL staining.?’ Generally,
TUNEL gives higher apoptotic indices than the
morphological method, at least partly because
DNA fragmentation slightly precedes light mi-
croscopic morphological changes.”* TUNEL
has been the most widely used method for
apoptosis detection on tumour material.
However, there are some drawbacks that war-
rant caution. TUNEL is an in situ enzymatic
method followed by an immunohistochemical
reaction and, due to its complexity, the results
depend greatly on tissue preparation, pretreat-
ment and reaction conditions.'?> Optimisation
of TUNEL staining therefore requires stan-
dardisation of the above mentioned technical
factors. Moreover, DNA fragmentation is a
late event in apoptosis, it is not an obligatory
feature of apoptosis, and may be absent.!

Immunohistochemical detection of cleaved
caspase 3

As a result of increased knowledge about the
molecular mechanisms of apoptosis, detec-
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tion of apoptotic cells based on morphology
and detection of DNA fragmentation is now
advancing to more specific methods. Proteins
selectively activated, or protein fragments
generated during the process of apoptosis,
have been characterised, and specific anti-
bodies against them allow reliable detection
of apoptotic cells, distinguishing them from
necrotic cells.!!

Caspase 3 is activated during most apop-
totic processes and is believed to be the main
effector caspase. Its activation is directly or
indirectly responsible for cleavage of the tar-
get proteins, which leads to characteristic
DNA fragmentation and morphological
changes of apoptotic cells.?! The appearance
of the active form of caspase 3 in the cell un-
dergoing apoptosis is an early event during
apoptosis and precedes the development of
classical morphological features. At the time
of caspase 3 activation, the cell is fully com-
mitted to death and apoptosis is said to run
beyond the ‘point of no return’.?> Detection
of cleaved caspase 3 enables detection of
apoptosis even before the morphological
changes of apoptosis appear.

Unprocessed caspase 3 is a 32 kDa protein
which is cleaved by upstream caspases into
17 kDa and 12 kDa active fragments.> This
cleavage creates or unmasks new epitopes.
Specific antibodies are available that recog-
nise specifically the large subunit of
processed caspase 3, but do not react with un-
processed caspase 3 and are therefore specif-
ic for the active caspase 3 (Figure 2c). These
antibodies have been shown to work on
paraffin sections.'?32* Processed caspase 3
is a highly specific marker for apoptosis,
since no activation of the caspase cascade has
been found in necrotic cells.!’ The detection
of active caspase 3 in cells can therefore be
used as a discriminating criterion to distin-
guish apoptosis from necrosis.

Different studies have confirmed the use-
fulness of antibodies to cleaved caspase 3 in
detecting apoptotic cells in non-tumour as well
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in tumour tissues.?>? In breast tissue, a strong
correlation between the apoptotic index as-
sessed by morphology in haematoxilin and
eosin stained sections and the apoptotic index
assessed using antibodies to cleaved caspase 3
has been reported. The immunohistochemical
reaction makes recognition of apoptotic cells
easier and reduces subjectivity in interpreta-
tion, thus reducing inter-observer variability.?*

One study investigating apoptosis detec-
tion in normal tissues, showed prominent im-
munostaining to cleaved caspase 3 in germi-
nal centres and in neutrophilic granulo-
cytes.3 A prominent granulocyte infiltration
can be found in tumour tissues. In our expe-
rience, many (but not all) granulocytes are
positive to cleaved caspase 3. It is not clear
whether this represents specific detection of
apoptosis of granulocytes. However, positive
granulocytes should not be confused with tu-
mour apoptotic cells.

In some tumours, no cleaved caspase 3
could be detected. This might reflect a low
level of apoptotic activity, but the expression
of uncleaved caspase 3 may nevertheless be
downregulated in tumours.?®

Immunohistochemical detection
of caspase-cleaved target proteins

It has become evident that caspase mediated
cleaveage of target proteins at specific consen-
sus sequences represents a unique feature of
apoptosis. At least 100 different caspase sub-
strates have been identified. Among them are
structural proteins, such as actin and cytoker-
atins, cell signalling molecules, regulators of
cell cycle and DNA repair, such as PARP
(polyADP-ribose polymerase), regulators of
cell-cell interactions, inhibitors of endonucle-
ases, such as ICAD, and others.>?” Their cleav-
age can result in their inactivation or activa-
tion, leading to morphological changes of
apoptotic cells and DNA fragmentation.
Cleavage of target proteins may generate

or unmask new epitopes. The generation of
antibodies to such epitopes, which recognise
cleaved but not uncleaved target proteins, has
been reported for several target proteins.

Cytokeratins are intermediary filaments of
epithelial cells. Different cytokeratins are
found in different epithelial cells as well as in
epithelial tumours, so they are considered
differentiation markers for epithelia and ep-
ithelial tumours.?® Cytokeratin 18 is ex-
pressed in simple nonstratified, ductular and
pseudostratified epithelia (hepatocytes, renal
tubular cells, ductular epithelia, mesotheli-
um, respiratory epithelium).'®?’ Caspase me-
diated cleavage of cytokeratin 18 leads to ex-
posure of an epitope that can be recognised
by the binding of specific antibodies. The
M30 antibody recognises cleaved but not un-
cleaved cytokeratin 18.52° This antibody
works on paraffin sections and has been
shown to detect apoptotic cells in neoplastic
simple epithelia as well in lung and colonic
carcinoma. Detection of cleaved cytokeratin
18 precedes TUNEL positivity, indicating that
cleavage of cytokeratin represents an early
event, but in the late phase of apoptosis, the
M30 epitope is lost. Its use is, however, limit-
ed to detecting apoptotic cells in epithelial tis-
sues or tumours expressing cytokeratin 18.

Actin filaments are present in all human
cells. During apoptosis, caspase-mediated
cleavage of actin generates an actin fragment,
which is specifically recognised by a poly-
clonal antibody, called fractin.3® Positive
fractin immunostaining of apoptotic cells has
been shown in several neoplastic and non-
neoplastic tissues. Fractin preferentially
stains apoptotic bodies, indicating that cas-
pase cleavage of actin filaments occurs late in
the apoptosis.

PARP (poly ADP-ribose polymerase) is a
116 kDa nuclear protein that is implicated in
DNA repair. During apoptosis, it is one of the
earliest proteins cleaved (and thus inactivat-
ed) by caspases.’® PARP cleavage generates
an 89 kDa C-terminal fragment and a 24 kDa
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N-terminal peptide. The 89 kDa fragment can
be detected by the use of specific antibodies
(Figure 2d).3? PARP degradation may precede
DNA cleavage, as evidenced by the presence
of the 89 kDa fragment in TUNEL negative
cells. Therefore, in addition to late apoptosis
(TUNEL positive), antibodies against cleaved
PARP can detect early apoptosis before DNA
cleavage.®

Conclusions

Three decades ago, based on the morphology,
apoptosis was recognised as a special type of

b

Figure 2. Apoptotic cells in tumour tissues. (a) Numerous apoptotic cells in multiple myeloma, as revealed by con-
densed eosinophilic cytoplasm and condensed and fragmented nuclei in haematoxylin and eosin sections. (b) An
apoptotic cell in hepatocellular carcinoma labelled by the TUNEL method. (c) Apoptotic cells immunostained
against active caspase 3, the same tumour tissue as in (a). (d) Apoptotic cells in squamous cell carcinoma im-
munostained against cleaved PARP. Magnification 400x a,c,d and 1000x b.
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cell death. Later, fragmentation of nuclear
DNA was recognised as a biochemical hall-
mark of apoptosis, and methods for detection
of DNA fragments were developed. Recently,
the apoptotic pathway has been elucidated
and caspases have been recognised as key
regulatory and executioner molecules of
apoptosis. Their activation, followed by the
cleavage of target proteins, precedes and is
responsible for DNA fragmentation and mor-
phological changes of apoptotic cells. Based
on this knowledge, new more specific and
sensitive in situ immunohistochemical meth-
ods for the detection of apoptotic cells have
been developed that enable accurate and rou-
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tine detection of apoptosis on formalin-fixed
and paraffin-embedded tissue.
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