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Detection of Apoptotic Cellsin Human Colorectal Cancer by Two Different
in situ Methods: Antibody against Single-stranded DNA and Terminal
Deoxynucleotidyl Transferase-mediated dUTP-biotin Nick End-labeling

(TUNEL) Methods
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We comparatively investigated the extent of apoptotic cell loss in human colorectal cancers evalu-
ated by two methods, namely the conventional terminal deoxynucleotidyl transferase (TdT)-
mediated deoxyuridine triphosphate (dUTP)-biotin nick end-labeling (TUNEL) method and
immunohistochemistry for single-stranded (ss) DNA. The apoptotic index (Al) obtained with the
TUNEL method was higher than that shown by the immunohistochemistry for ssDNA. However, a
significant correlation in Als evaluated by these methods was found. The Als obtained by both
methods were significantly higher in the advanced cancers than in the early cancers. Cellular pro-
liferation activity was assessed in terms of positivity rate (PR) for expression of proliferating cell
nuclear antigen (PCNA). The PR of advanced cancers was significantly higher than that of early
cancers. The present results indicate that immunohistochemistry for ssDNA is useful (as is the
TUNEL method) for evaluation of apoptotic tumor cells in colorectal carcinomas. In addition, it
was confirmed that there is a remarkable increase of not only proliferation activity, but also
tumor cell apoptosisin the process of progression of colon cancer from early to advanced stages of

the disease.
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Apoptosis is characterized morphologically by large
chromatin fragments,¥ by extensive margination and frag-
mentation of the chromatin viewed electromicroscopi-
caly,? and by a characteristic “ladder formation” of DNA
fragments of about 180—200 base pairs by endonuclease
activation in gel electrophoresis.?

The terminal deoxynucleotidyl transferase (TdT)-medi-
ated deoxyuridine triphosphate (dUTP)-biotin nick end-
labeling (TUNEL) method, which detects apoptosis and
programmed cell death has been utilized to identify apo-
ptotic cells at the single-cell level.® In contrast, Tomei has
speculated that apoptosis involves the modification of
chromatin, which results in a break-down of the supercoil-
ing organization and the formation of individual super
breaks. He has further proposed that single-stranded (ss)
DNA modification in the nucleosomal linker region might
congtitute a critica early step in apoptosis.® Naruse et al.
showed that the antibody against sSDNA is a good marker
of both drug-induced apoptosis and programmed cell
death during embryogenesis. A polyclonal antibody
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against ssDNA has been used to immunohistochemically
detect apoptotic cell death in epithelial cells.®

There is, to our knowledge, no report on the relation-
ship between apoptosis detected by immunohistochemis-
try for ssDNA and cellular proliferation activity assessed
in terms of the positivity rate (PR) of proliferating cell
nuclear antigen (PCNA) in colorectal carcinoma. In the
present study, we investigated the extent of apoptotic cell
loss in human colorectal cancers by the conventional
TUNEL method and by immunohistochemistry for
ssDNA. In addition, we compared the apoptotic indices
(Als) obtained by these two methods to determine
whether the immunohistochemistry for ssDNA can reli-
ably and accurately demonstrate the apoptosis of colorec-
tal cancer.

MATERIALS AND METHODS

Materials We anayzed the tumor specimens of 76
patients who had undergone tumor resection for adenocar-
cinoma of the colon or rectum. The tumor tissues were
obtained from the routine surgical procedure performed at
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the Department of General and Gastroenterological Sur-
gery, Osaka Medical College, in the period from January
1994 to December 1995. The ages of the patients (40 men
and 36 women) ranged from 39 to 80 years (mean age,
61.3 years). The classification of the tumors was per-
formed according to the Japanese Classification of Colo-
rectal Carcinoma.” All tissue samples were fixed rou-
tinely in 10% formalin overnight at room temperature
(RT), embedded in paraffin, and cut into 4-um-thick sec-
tions. The sections were deparaffinized in xylene, dehy-
drated through graded alcohols, and washed in freshly
prepared 0.01 M phosphate-buffered saline (PBS).
TUNEL method protocol The nuclei of tissue sections
were stripped from proteins by incubation with 160 ul/ml
proteinase K (PA) (Sigma Chemical Co., St. Louis, MO)
in 0.01 M PBS, pH 7.2, a RT for 20 min, and the slides
were then washed three times in H,O for 5 min each time.
Endogenous peroxidase was inactivated by covering the
sections with 2% H.,O, for 7 min at RT, followed by rins-
ing 3 times in distilled water (DW) at RT for 5 min each
time. The TUNEL method was performed for visualizing
the 3'-OH ends of DNA fragments in apoptotic cells
according to the protocol described by Gavrieli et al.?
The sections were soaked in the TdT buffer (30 mM Tris-
HCI, pH 7.2, 140 mM sodium cacodylate, 1 mM CaCl,)
for 10 min and then incubated at 37°C for 90 min in a
moist chamber with 50 ul of the TdT buffer containing
0.3 eu/ul terminal deoxynucleotidyl transferase (TdT; Lot.
No. FAJ401; GIBCO, Grand Island, NY) and 0.04 nmol/
ul biotin-16-deoxyuridine triphosphate (dUTP; Boehringer
Mannheim, Mannheim, Germany). The reaction was
stopped by soaking the sections in TB buffer (300 mM
sodium chloride, 30 mM sodium citrate), followed by
rinsing 3 timesin DW at RT for 5 min and PBS at RT for
5 min. The biotinylated dUTP molecules incorporated into
nuclear DNA were visualized by incubation with horse-
radish peroxidase-conjugated streptavidin (Dako, Glost-
rup, Denmark) diluted 1:100 at 37°C for 30 min in a
moist chamber. After further rinsing of the sections in
PBS for 5 min 3 times, the peroxidase coloring reaction
was performed by immersing the sections for 5 min in
0.05 M Tris-HCI buffer, pH 7.4, containing 30 mg/dl
diaminobenzidine tetrahydrochloride, 65 mg/dl sodium
azide, 10 mM imidazole, and 0.005% H,O,. The nuclei
were counterstained with 5% Mayer’'s hematoxylin buff-
ered with 0.1 M verona acetate, pH 4.0 for 10 s. A positive
control slide was prepared by nicking DNA with DNase |
(0.7 ug/ml; Stratagene Co., La Jolla, CA) for the first
staining procedure. A specimen known to be positive for
apoptotic cells was used as the positive control for subse-
quent staining. For the negative control, TdT was replaced
with DW. The sections were counterstained with hema-
toxylin.

Immunohistochemical staining method The immuno-
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histochemica studies were performed on strictly 24-h for-
malin-fixed, paraffin-embedded tissue using the labeled
streptavidin-biotin immunoperoxidase technique. One rep-
resentative paraffin block from each patient, in which via-
ble tumor tissue was present, was used for this study.
Four-micrometer-thick sections, mounted on glass dlides
were dewaxed in xylene, dehydrated in ethanol, and then
incubated with 3% hydrogen peroxide for 20 min. After
having been washed with PBS, the sections were incu-
bated in 10% normal bovine serum for 5 min, followed
by incubation for 1 h with a rabbit polyclona antibody
(PoAb) against ssDNA at a 1:100 dilution and a mouse
monoclonal antibody (MoAb) against PCNA (PC10, Dako
Japan, Kyoto) at 1:50 dilution. The immunohistochemical
study for PCNA was performed on tissues which were
prepared by formalin fixation for precisely 24 h, because
the fixation period significantly influences the staining.
The rabbit 1gG is specific for ssDNA and the mouse 1gG
is specific for PCNA. Biotinylated goat anti-mouse 1gG
and anti-rabbit 1gG (Dako LSAB kit; Dako Japan) were
used at a dilution of 1:500. Finally, 0.02% diaminobenzi-
dine and 1% hydrogen peroxide (Dako Japan) in PBS
were used as the substrate. The sections were counter-
stained with hematoxylin.

Determination of Al The Al was expressed as the num-
ber of positively staining tumor cells and bodies among
1,000 tumor cells. At least five representative areas with-
out necrosis in a section were selected by light micros-
copy using 200-fold magnification. Positively staining
tumor cells with the morphological characteristics of apo-
ptosis were identified using standard criteria, including
chromatin condensation, nucleolar disintegration, and for-
mation of crescentic caps of condensed chromatin at the
nuclear periphery.® Single, relatively large (= 4 um diam-
eter) and roundish nuclear residues existing in extra- or
intratumoral cells with intensive staining were identified
as apoptotic bodies. Positively staining cells or bodies
located in the stroma and lumen were excluded, because
these apoptotic cells or bodies may have originated from
other cell types.

Determination of PR The PR was expressed as the ratio
of positive cells for PCNA staining to all tumor cells, as a
percentage. At least five representative areas in a section
were selected by light-microscopic examination at 200-
fold magnification and a minimum of 3,000 cells was
counted.

Evaluation and statistical methods The correlation
between Als assessed by the TUNEL method and those
assessed by the immunostaining method (antibody against
ssDNA) was analyzed using the Spearman rank correla-
tion coefficient. Both the x? and Wilcoxon tests were used
to determine the statistical correlation between clinico-
pathological parameters and Al or PR. For all statistical
analyses, the criterion of significance was defined as
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P<0.05. The term tendency is used where the P value lies
between 0.05 and 0.1.

RESULTS

Al and morphological characteristics of apoptosis By
the TUNEL method (Fig. 1), positive staining for apopto-
sis was observed in 92% (70 of 76) of the slides, with Als
from O to 83. The mean Al was 27.4 (SD 20.5). Various
stages of apoptosis could be found in the same area, and
intensive staining was observed even in some “normal-
looking” tumor cells. Non-specific necrotic foci showed a
faint and diffuse staining and could be distinguished from
apoptotic nuclei by simple morphological examination.
The immunohistochemical analysis with rabbit PoAb

Fig. 1. Apoptotic features visualized by the TUNEL method,
with dark brown dots easily recognized (x110).

with ssDNA
PoAb. Nuclei of cells were strongly stained brown, with non-
specific weak staining in the cytoplasm (x120).
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against ssDNA revedled strong staining in the nuclei of
tumor cells together with weak, non-specific cytoplasmic
staining (Fig. 2). Positive staining for apoptosis was
observed in 92% (70 of 76) of the dlides with Als from O
to 28. The mean Al was 7.2 (SD 5.7). The Als obtained
by the TUNEL method were higher than those obtained
by the immunohistochemical method using 1gG specific
for ssDNA.

Correlation between Al values obtained by the two
methods Regression anaysis with the Spearman rank
correlation coefficient, on plots of Al values obtained by
the TUNEL method versus those obtained with the immu-
nohistochemical method using 1gG specific for ssDNA on
a per case basis, showed a highly significant positive cor-
relation between the two sets of Als (Fig. 3; r=0.6613,
P<0.0001). The Al values in advanced cancers were sig-

Al : ssDNA

100

Al TUNEL

Fig. 3. Correlation between Al values obtained by the TUNEL
method and Al values obtained by the immunohistochemical
method using 1gG specific for ssDNA. r=0.6613, P<0.0001,
Spearman.
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Fig. 4. Al values obtained by the TUNEL method and by the
immunohistochemical method using 1gG specific for ssDNA in
early and advanced colorectal cancers. [ P<0.01.



Table I.
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Relationship between Clinicopathological Features and Al Vaues Obtained by the

Immunohistochemical Method Using 1gG Specific for sSDNA or PR Assessed by the Immuno-
histochemical Method Using a Mouse MoAb against PCNA

ical featuresis shown in Table |. Significant differencesin

Variable No. of cases Al ssDNA P value PR PCNA P value
Depth of invasion
m-sm 16 23122 19.0+6.7
mp-si(a) 60 85157 <0001 oo 154 <005
Lymph node metastasis
Negative 47 5.8+4.5 255+13.1
Positive 29 05:60 100 579,155 NS
Lymphatic invasion
Negative 22 49+4.3 25.3+14.9
Positive 54 82:60 005  Dpgiizg <00
Venous invasion
Negative 30 54150 22.4+105
Positive 46 gar59 1005 550,155 <005
Peritoneal metastasis
Negative 73 7.4+£5.8 27.2+x20.5
Positive 3 2.7+31 j NS 31.0+23.8 ] NS
Liver metastasis
Negative 64 7.5%5.9 26.0£19.6
Positive 12 6.0£4.6 ] NS 34.8+24.5 ] NS
Histological typing
Well-differentiated 43 6.7£6.5 23.1+175
Less differentiated 33 7.914.5 ] NS 33.0x22.9 ] NS
Tumor size (cm)
<3 19 55+5.6 20.4+6.4
>3 57 7.8+5.7 ] 0.06 28.4+15.4 ] NS
Al: apoptotic index, PR: positivity rate, NS: not significant.
nificantly higher than those in early cancers obtained not Tl LR N oy i
only by the TUNEL method but also by the immunohis- b P : ; . 3t N ;
tochemical method using 1gG specific for sSDNA (Fig. 4; v WS R Sl v oy, Gl it J
P<0.01). o 30N patst S g WUV &l
Relationship between Al values and clinicopathological | AR ¢ o s Ty
features The correlation between Al and clinicopatholog- S S TR ¢ ’7!\;;; v

Als assessed by using an antibody specific to ssDNA
were noted according to various tumor pathologies,
including depth of tumor invasion, lymph node metastasis,
lymphatic invasion and venous invasion. The Als for
invading to mp-si(ai) were significantly higher than those
for tumors confined to m-sm. The Al values for positive
lymph node metastasis, positive lymphatic invasion and
positive venous invasion were significantly higher than
those for corresponding negative items, respectively. The
Al vaues for tumors of 3 cm or more in diameter tended
to be higher than those of tumors smaller than 3 cm.

Relationship between PCNA labeling indices and clini-
copathological features Each colon cancer tissue section
was stained with the PCNA MoAb for evaluation of pro-
liferative activity. The nuclel of the PCNA-positive cells
were stained brown (Fig. 5). The relationship between the

3 & g ¥ o g Y
B L eE Bl Wil 5
B 1k ‘i"’ Voge 1 ; ® a "
I' %,:‘L Qe g; ! Q‘"' i ’a' N
: 2 ¥ : %" 4
o RN TR

Fig. 5. Photomicrograph of colon cancer stained with PCNA
MoAb. Nuclei of cells stained brown are seen (x 100).

PR values and clinicopathological features is summarized
in Table |. There was a significant difference in PR
according to the depth of tumor invasion; the PR values
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of the depth of tumor invasion mp-si(ai) were signifi-
cantly greater than those of the depth of tumor invasion
m-sm. The PR values for tumors with positive lymphatic
invasion and positive venous invasion were significantly
greater than those for tumors with negative lymphatic
invasion or negative venous invasion, respectively. The
PR values of tumors 3 cm or more in diameter tended to
be higher than those of tumors smaller than 3 cm.

DISCUSSION

DNA fragmentation in apoptotic cells represents an
active breakdown of the supercoiled DNA organization by
endogenous endonucleases.® The method of in situ end-
labeling of fragmented DNA (i.e., the TUNEL method)
has been utilized to identify apoptotic cells at single-cell
level. The feasibility of programmed cell death (PCD)
labeling in situ by the TUNEL method was first estab-
lished in the small intestine in humans. The epithelium of
this tissue has a high turnover rate. TUNEL findings
clearly revealed a distinct pattern of nuclear staining. The
TUNEL sequence labels the apoptotic cells in formalin-
fixed, paraffin-embedded sections of thymus and lym-
phoid organs. Epithelia cells at the tip of the villa of the
small intestine, surface columnar cells of the colon,
desguamating endometrial cells, follicular cells of the
ovary, and a few parenchyma cells in the pancreas, liver,
and kidney also show positive signals.?

The formation of apurinic or apyrimidinic sites, induc-
ing single-strand modification of the DNA chain, is
closely associated with the mutagenic activity of a variety
of DNA-damaging agents.’>) Tomei has speculated that
apoptosis involves the modification of chromatin, which
results in a break-down of the supercoiling organization
and the formation of individual super breaks. He has fur-
ther proposed that ssDNA modification in the nucleoso-
mal linker region might constitute a critical early step in
apoptosis.” The experiments presented by Naruse et al.
showed that the antibody against sSDNA is a good marker
of both drug-induced apoptosis and programmed cell
death during embryogenesis.® SSDNA stretches 3—4 bases
long or longer are detectable by this antibody, with strong
reactivity being seen against sSDNA of 5—-6 bases long or
longer.*?

In the present study, we comparatively investigated the
extent of cell loss in colorectal cancers by the conven-
tional TUNEL method and by immunohistochemistry for
ssDNA. The Al values obtained by the TUNEL method
were higher than those obtained by the immunohis-
tochemical method. Generally, TUNEL stains not only
apoptotic, but also necratic cells.*® Study of apoptosis and
necrosis in the liver demonstrated that TUNEL can be
severely misleading as a method for evaluation of cell
death mechanism.* Also, sensitivity of TUNEL is limited
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by the detection of only late apoptotic events accompa
nied by internucleosomal DNA degradation.’® In contrast,
PoADb to ssDNA detected cells at an early stage of apopto-
sis, which preceded al detachment and DNA fragmenta-
tion. 1) Our data suggested that anti-ssDNA PoAb may
be a more specific (no staining of necrotic cells) and
sensitive (staining of early apoptosis in the absence of
internucleosomal DNA fragmentation) reagent for the
detection of apoptotic cells. In the present study, indeed,
positive staining for ssDNA was not observed in necrotic
cells, especially within the lumen. However, higher Als
by TUNEL compared to those by anti-ssDNA PoAb
directly conflict with this. A possible explanation is non-
specific nuclear staining, including necrotic cells and
disintegrated nucleoli from non-apoptotic cell debris. The
Als obtained by immunohistochemistry for ssDNA as
well as those by the TUNEL method were significantly
higher in the advanced cancers than in the early-stage
cancers, especialy with regard to the depth of tumor inva-
sion, lymph node metastasis, lymphatic invasion and
venous invasion. A significant positive correlation was
found between Al values assessed by the TUNEL method
and those by immunohistochemistry. Thus, immunohis-
tochemistry for ssDNA is valuable (as is the TUNEL
method) for detecting apoptosis.

PCNA is the auxiliary protein of DNA polymerase-d.
The nuclear protein is known as cyclin, with a relative
molecular mass of 36,000 (36 kDa); its synthesis is corre-
lated with the proliferative state of the cell. PCNA is also
a cell cycle-related nuclear protein that is maximally ele-
vated in the late G, and S phases of proliferating cells.
The percentage of PCNA-positive cells of the advanced
colorectal cancers (28.4%) was significantly higher than
that of the early cancers (19.0%). Our study thus demon-
strated that an increase of cellular proliferation activity
was found in the progression of colon cancer from the
early to the advanced stages of the disease.

The Al values obtained by the immunohistochemistry
for ssDNA were significantly higher in the advanced can-
cers than in the early-stage cancers, while a higher per-
centage of PCNA-positive tumor cells was also seen in
more advanced tumors, indicating that the rates of cellular
proliferation and cell loss are increased in the advanced
stage compared to the early stage of cancer. More
advanced tumors tended to have a relatively greater
degree of cell proliferation than less advanced tumors. In
addition, apoptosis is not only involved in cell turnover in
many normal tissues, but also accounts for extensive
spontaneous cell loss in malignant neoplasms.? It remains
controversial whether proliferative indices correlate posi-
tively with apoptotic indices®® and whether a higher
occurrence of apoptosis may reflect the slow-growing
nature of a carcinoma.*® The positive correlation between
proliferative and apoptotic indices in colorectal cancers,



seen in this study, is consistent with other reports. 2 |t
remains unclear, however, whether and to what extent the
type of “programmed” cell death whose hallmark is the
endonucleolytic cleavage of genomic DNA at internucleo-
somal sites® is an inherent characteristic of a given carci-
noma and whether it is influenced by microenvironmental
or other stimuli. The mechanisms responsible for apo-
ptotic cell death in neoplastic tissues remain incompletely
understood.
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