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ABSTRACT

The in vivo patterns of CPP32 (Caspase-3) gene expression were deter
mined using an immunohistochemical approach and paraffin-embedded
normal human tissues. A rabbit polyclonal antiserum was generated
against recombinant human CPP32 protein and shown to be specific by
immunoblot analysis of various human tissues and cell lines. CPP32
immunoreaedvity was selectively found in certain cell types and was
typically present within the cytosol, although occasional cells also con
tamed nuclear immunostaining. CPP32 hmnunostalning was easily de
tected, for example, in epidermal keratlnocyes, cartilage chondrocytes,
bone osteocytes, heart myocardlocytes, vascular smooth muscle cells,
bronchial epithelium, hepatocytes, thymocytes, plasma cells, renal tubule
epithelium, spermatogonia, prostatic secretory epithelial cells, uterine
endometrium and myometrium, mammary ductal epithelial cells, and the

gastrointestinal epithelium of the stomach, intestine, and colon. In con
traM, little or no CPP32 immunoreactivity was observed In endothelial
cells, alveolar pneumocytes, kidney glomeruli, mammary myoepithelial
cells, Schwann cells, and most types of brain and spinal cord neurons.
Consistent with a role for CPP32 in apoptotic cell death, clear differences
in the relative intensity of CPP32 immunostaining were noted In some
shorter-lived types of cells compared to longer-lived, including (a) genni
isal center (high) versus mantle zone (low) B lymphocytes within the
secondary follicles of lymph nodes, spleen, and tonsils; (b) mature neu
trophils (high) versus myeloid progenitor cells (low) in bone marrow; (c)
corpus luteal cells (high) versus fofficular granulosa cells (low) in the
ovary; and (â€˜0prostate secretory epithelial cells (high) versus basal cells
(low). These findings establish for the first time the cell type- and differ
endafion-specific patterns of expression of an interleukin-lfi converting
enzyme/CED-3 (Caspase) family pretense

INTRODUCTION

PCD3 plays an important role in normal tissue homeostasis, where
it helps to maintain appropriate cell numbers by ensuring that cell
production resulting from cell division is offset by a commensurate
amount of cell loss. In many cases, this form of cell death involves a
characteristic set of morphological features, broadly known as apop
tosis. Dysregulation of the physiological cell death process causing
reduced rates of cell turnover can lead to pathological accumulations
of cells, and thus contributes to the development of hyperplasias and
neoplasias (reviewed in Ref. 1).

One of the first cell death-regulating genes to be identified was
Bcl-2, an antiapoptotic gene that blocks a distal step in an evolution
arily conserved pathway involved in apoptosis and PCD (1â€”4).The
Bcl-2 gene becomes overexpressed in some types of non-Hodgkin's
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B-cell lymphomas because of t(l4;l8) chromosomal translocations
and is also expressed at inappropriately high levels in many other
types of human cancers (reviewed in Ref. 5). Subsequent studies led
to the isolation of a homologue of Bcl-2 in the nematode Caenorhibi
tis elegans, CED-9, and revealed that CED-9 opposes the actions of
two cell death effector genes, CED-3 and CED-4, that are absolutely
required for developmental cell death in this invertebrate organism

(6).
The CED-3 gene encodes a cysteine protease with homology to the

ICE and its related mammalian intracellular proteases (recently
termed the Caspases; Refs. 7 and 8). These Caspase family proteases
cleave their specific substrate proteins after aspartic acid residues and
typically exist as inactive zymogens in cells until they are proteolyti
cally processed through cleavage at aspartic acids by other proteases
or possibly through autoprocessing. When overexpressed in mamma
han cells by gene transfer methods, Caspases often induce apoptosis
(reviewed in Refs. 9 and 10). Furthermore, peptide inhibitors of these
proteases can block or delay apoptotic cell death under a variety of
circumstances, including cell death induced by many chemotherapeu
tic drugs [the circumstance where proteolysis of proteins was for the
first time associated with apoptosis (reviewed in Ref. 11)]. Recent
evidence suggests that many Caspases participate in a cascade anal
ogous to the complement and coagulation systems; upstream Caspases
cleave and activate downstream Caspases, which in turn cleave the
various substrate proteins that account for many of the biochemical
and morphological changes that occur during apoptosis (reviewed in
Ref. 11). Among the more distal proteases that function in this
effector pathway for apoptosis is CPP32 (also known as Caspase-3,
YAMA, and apopain), a protease that more closely resembles CED-3
than ICE in its amino acid sequence homology and substrate speci
ficity (9â€”11).

Increases in the levels of ICE (Caspase-l) mRNA have been
associated with apoptosis induced in mammary epithelial cells by loss
of attachment to extracellular matrix proteins and by treatment of
some tumor cell lines with chemotherapeutic drugs (12, 13), suggest
ing that the expression of at least some Caspases can be modulated in
concert with apoptotic situations. Little is known, however, about the
normal in vivo patterns of expression of the cell death proteases. Such
information is important for understanding molecular mechanisms of
PCD control in particular tissues and cell types and could be critical
for developing strategies for eventually manipulating these proteases
with pharmacological inhibitors or activators. Here, we describe the
generation of an antiserum against the human CPP32 protein and the
application of this antibody reagent for immunohistochemical local
ization of the CPP32 protein in human tissues. These observations
provide the first insights into the in vivo regulation of the expression
of a Caspase-family protease in normal tissues.

MATERIALS AND METHODS

A polyclonal antiserum was raised in a rabbit using recombinant human

CPP32-His6protein. A cDNA encoding human CPP32 was generated by PCR
using the plasmid pKSII-CPP32 (gift from Guy Salvesen) as a template and the
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IN VIVO PATFERNS OF CPP32 (CASPASE-3) EXPRESSION

in kidney and liver but not any other tissues. This slower-migrating
protein may represent either a posttranslationally modified form of
CPP32, cross-reactivity of the antiserum with another member of the
ICE family, or a novel form of CPP32 that arises by alternative
splicing.

The relative levels of the Mr 32,000 CPP32 protein varied markedly
among tissues (Fig. 1A). The highest levels were found in PBMCs,
tonsil, colon, prostate, and testes. Intermediate levels of CPP32 were
detected in pancreas, adrenal gland, kidney, liver, temporal and frontal
cortex, uterine myometrium, and skeletal muscle, whereas relatively
low levels of CPP32 were present in ovary and breast. For these
immunoblotting experiments, all samples were normalized for total
protein content. Loading of approximately equivalent amounts of
intact protein was confirmed by reprobing the blot with antibodies
against actin, tubulin, and other proteins (data not shown).

The active form of CPP32 consists of fragments OfMr 17,000 and
â€” 1 1,000, which are derived from proteolytic processing of the Mr

32,000 zymogen during apoptosis (21). These p17 and p11 forms of
CPP32 were not detected by immunoblot analysis of human tissues,
implying either that our antibody was incapable of detecting them or
that cells containing activated CPP32 may be cleared rapidly and thus
contribute little to the total pool of proteins extracted from tissues. To
explore this issue, therefore, purified recombinant CPP32 was treated
in vitro with purified granzyme B, a protease found in the granules of
cytotoxic T cells that has been shown to cleave and active CPP32 (22).
As shown in Fig. lB. probing of immunoblots containing CPP32-His6
protein that had been treated with granzyme B revealed a Mr @l7,000
band, consistent with the larger subunit of the fully processed and
active CPP32 protease. The expected p1 1 smaller subunit, however,

was not detected by our anti-CPP32 antibody. In contrast, immunoblot
analysis of CPP32-His6 protein that had been incubated under the
same conditions but without granzyme B migrated as a single band of
Mr @33,000, consistent with the full-length unprocessed CPP32-His6

zymogen (Fig. 1B). The intensity of the full-length protein was
stronger than the p17 subunit, but the significance of this observation
is unclear because the smaller p17 band may be less efficiently

retained on nitrocellulose filters than the p33 full-length unprocessed
CPP32-His6 protein. The anti-CPP32 antibody used here, therefore,
binds to both the unprocessed Mr 32,000 CPP32 protein and the Mr
17,000 subunit of processed CPP32 but may not react with the M@
11,000 subunit. It should be noted, however, that many low molecular
weight proteins are poorly retained on nitrocellulose filters, which
could contribute to the inability to detect the Mr 11,000 subunit by
immunoblotting.

Immunohistochemical Analysis of CPP32 Expression. Fig. 2
shows selected examples of the results achieved using the anti-CPP32
antiserum for immunohistochemical analysis of human tissues, and
Table 1 summarizes the overall results. As controls to confirm the
specificity of the results, the immunostaining was also performed for
every tissue using preimmune serum, which produced negligle stain
ing (not shown). In selected cases, the immunostaining was also

performed using antiserum that had been preadsorbed with the
CPP32-His6 protein and cleared with nickel-chelation resin. In addi
tion to the use of hematoxylin as a nuclear counterstain (dark blue) for
most tissues, the immunostaining procedure was also performed with
methyl-green for all of the tissues examined here (light green) so as
not to obscure the presence of nuclear CPP32 immunoreactivity. The
intensity of methyl-green counterstaining, however, is difficult to
control, and in some cases essentially no nuclear counterstain was
therefore present.

Skin. CPP32 immunostaining was present at 2+ intensity in epi
dermal keratinocytes within the basal, spinous, and granular layers but
was absent from the outermost comified layer of cellular debris (Fig.
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primers 5'-GGAA1TCCATATGGAGAACACTGAAAACTCAGTG-3' (for
ward), and 5'-CCGCTCGAGGTGATAAAAATAGAGUC1T1TG-3' (re

verse). After digestion with XhoI and NdeI, this PCR-generated cDNA was

subcloned into pET2lb (Novagen), thus placing the cDNA in frame with the
COOH-terminal His6 tag sequences in the vector. The resulting pET2lb
CPP32 plasmid DNA was transformed into BL21(DE3) (Novagen, Inc.) strain
Escherichia coli. Cells were grown in LB medium containing 50 @sg/ml

ampicillin at 37Â°C to an A@ â€”1.0 and expression was induced with 1 msi

isopropyl-13-D-thiogalactopyranoside at 37Â°C for 5 h. The cells were collected

by centrifugation, frozen on dry ice, and then thawed into buffer A (6 M
guanidine-HC1, 0. 1 M Na-phosphate, 0.01 M Tris-HCI [pH 8.01) at 5 mug of
wet weight. After stirring for I h at room temperature and centrifugation at

10,000 x g for 15mm at 4Â°C,the supernatant (8 ml) was added to a 50% slurry
of Ni-NTA resin (Qiagene, Inc.) and mixed at room temperature for 45 mm,
and then the resin was loaded into a I .6-cm-diameter polypropylene column.
The resin was washed with 10 column volumes of buffer A, followed by 5
column volumes of buffer B (8 M urea, 0.1 M sodium phosphate, 0.01 M
Tris-HCI, pH 8.0) until the A25()of the flow-through was <0.01. Next, the
column was washed with buffer C (8 M urea, 0. 1 M sodium phosphate, 0.01 M

Tris-HC1, pH 6.3) until the A280 of the flow-through was <0.01. Finally,
CPP32/His6 protein was eluted with buffer D (8 M urea, 0.1 M sodium
phosphate, 0.01 M Tris-HCI, pH 4.5) and the fractions containing recombinant
protein were pooled and dialyzed against 2 liters of 50 mM HEPES (pH 7.5),
0.1 MNaCl, 0.1% CHAPS, 10% sucrose at 4Â°C.Female New Zealand White
rabbits were injected s.c. with 200 p@gof purified CPP32-His6 fusion protein

mixed (1:1, v/v) with Freund' s complete adjuvant and then boosted 7 times
with 200 i.Lgof protein in Freund's incomplete adjuvant before blood was
collected and immune serum was obtained.

Tissues for immunoblot and immunohistochemical analysis were derived

from human biopsy and autopsy material. Paraffin-embedded tissues for im
munohistochemistry were derived from several individuals, whereas frozen
tissues for immunoblot experiments were obtained from two autospy cases.

Fresh, frozen specimens were processed and immunoblot analysis was per
formed after normalization for total protein content, as described previously
(14â€”17).Immunoblottingexperimentswererepeatedoncewithcomparable
results. For immunohistochemical assays, tissues were fixed in either neutral

buffered formalin, B5, or Bouin's solution (Sigma Chemical Co., Inc.), em
bedded in paraffin, sectioned (5 @.tm),and immunostained using a diamino
benzidine-based detection method as described in detail (15â€”18).Nuclei were
counterstained with either hematoxylin or methyl-green. For all tissues exam

med. the immunostaining procedure was performed in parallel using preim

mune serum to verify specificity of the results. Also, in some cases, the
antiserum was preadsorbed with 1â€”2 @.tgi'mlof the CPP32-His6 protein, thus

providing an additional control for immunospecificity. The immunostaining

results were arbitrarily scored according to intensity as 0, negative; 1+ , weak;
2+, moderate; 3+, strong; and 4+, very intense. Results presented for each
tissue were based on immunohistochemical analysis of multiple immuno

stained slides. Two-color analysis for simultaneous detection of CPP32 and of
nuclei with fragmented DNA TUNEL assay was performed as described

previously (19, 20), using the colorimetric substrate VIP (Vector Laboratories,

Inc.) for CPP32 detection and diaminobenzidine for TUNEL.

RESULTS

Immunoblot Analysis of CPP32 Expression. An antiserum was
raised against recombinant human CPP32-His6 protein, and its spec
ificity was assessed by immunoblot analysis of protein lysates pre

pared from a variety of human tissues. As shown in Fig. 1A, the
anti-CPP32 antibody reacted with a single Mr @32,000band in most
tissues tested, consistent with the presence of the CPP32 protein. In

PBMCs, tonsil, and testes, additional lower molecular weight proteins
were also seen, which may represent partial proteolytic degradation
products although we cannot exclude the possibility of cross-reactiv
ity of the antiserum with other ICEICED-3 family proteases or the
presence of previously undescribed isoforms of CPP32 that could
potentially arise through alternative splicing mechanisms (21). In
addition, a higher molecular weight band (Mr @38,000)was detected
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Pulmonary System. In the larynx, moderate- to strong-intensity
(2â€”3+) CPP32 immunostaining was present in the cytosol of the cells

composing this stratafied epithelium, but many cells also appeared to
contain at least weak nuclear immunoreactivity as well. Some of the
more apical cells near the surface of the epithelium contained
shrunken disfigured (apoptotic) nuclei and were CPP-32 immunon
egative (Fig. 2B). The large-scale nonspecific degradation of proteins
that occurs in the terminal stages of apoptosis may potentially account
for the lack of CPP32 immunostaining in these cells. The cytosol of
submucosal fibroblasts and seromucous gland cells was weakly
CPP32 immunopositive (1 +), whereas macrophages and plasma cells
contained strong to very strong (3â€”4+) cytosolic CPP32 immunore
activity (Table 1). The pseudostratified columnar epithelial cells un
ing the trachea and bronchi of the lungs exhibited moderate-intensity
(2+) cytosolic CPP32 immunostaining; the staining was typically
more intense toward the luminal side of the cells (Fig. 2C). In the
alveoli, type I pneumocytes were CPP32 immunonegative, whereas
type II pneumocytes contained weak- to moderate-intensity immuno
staining, which included the nucleus (Table I). These cells were
mostly TUNEL negative, despite the presence of nuclear CPP32
immunostaining (not shown). In contrast to the submucosal macro

phages seen beneath the basement membrane of the larynx and
trachea, alveolar macrophages were only weakly CPP32 immunopo
sitive (0â€”1+) suggesting that regulation ofCPP32 levels is a dynamic

process in these cells, altering perhaps with the state of activation or
differentiation of the cells.

Digestive System. The serous cells of the salivary glands con
tamed either no or only weak CPP32 immunostaining (0â€”1+),
whereas the mucinous cells were completely CPP32 negative (Table
1). The epithelial cells lining the ducts of the salivary glands, how
ever, were strongly stained for CPP32.

The foveolar cells lining the neck region of the gastric pits in the
stomach contained 2â€”4+CPP32 immunoreactivity (Fig. 2D). More
over, although essentially all of these cells contained cytosolic CPP32
immunostaining, the nuclei of many foveolar cells also were appar
ently immunostained. Some foveolar cells, typically those with
smaller, slightly misshapen nuclei (Fig. 2E, arrows), exhibited intense
nuclear CPP32 immunostaining. Analysis of DNA fragmentation by
TUNEL assay using adjacent tissue sections derived from the same
blocks, however, revealed that the vast majority of the cells in the
neck region were TUNEL negative. Moreover, TUNEL-positive cells
were localized mostly to the cells at the apex (luminal surface) of the
gastric glands and were only rarely seen among the cells located lower
into the gastric pits (data not shown), despite the presence of cells with
intense nuclear CPP32 immunopositivity further down the pits. The
specificity of these CPP32 immunostaining results in the stomach was

confirmed by staining of tissue sections using CPP32 antiserum that
had been preadsorbed with recombinant CPP32-His6 protein (Fig.
2F). In contrast to the foveolar cells, the parietal, chief, and APUD
cells located in the glands at the base of the gastric pits contained none
or only weak-intensity (1 +) CPP32 immunoreactivity (Table 1).

In the small intestine, low-level (1 +) CPP32 immunostaining was
detected in the cytosol of the absorptive epithelial cells lining the
upper two-thirds of the villi; slightly more intense CPP32 immuno
reactivity (1â€”2+)occurred in the lower one-third of the villi, where
the stem cells are throught to reside (Table 1). The Paneth's cells
located at the base of the villi contained weak (I +) CPP32 immuno
staining.

In the colon, CPP32 immunoreactivity was present at 2+ levels in
the cytosol of colonic epithelial cells lining the crypts of LieberkÃ¼hn
(Fig. 2G). Interestingly, in some of the epithelial cells, particularly
those producing abundant amounts of mucous, CPP32 immunoreac
tivity was concentrated into the nucleus (Fig. 2H). TUNEL assays,
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Fig. 1. Immunoblot analysis of CPP32 in various human tissues. A, whole cell lysates
were prepared from human tissues, normalized for protein content (50 @agÃ±ane)and
subjected to SDS-PAGE (12% gel), transferred to nitrocellulose, and incubated with 0.1%
(v/v) CPP32 antiserum. Antibody detection was accomplished by a ECL method. Cortex
(t), temporal lobe; Cortex (I), frontal lobe. B, immunoblot analysis was performed using

recombinant CPP32-His6 protein (10 ng) either untreated (â€”)or after cleavage (+) by
granzyme B (provided by Guy Salvesen).

2A). The CPP32 immunoreactivity resided in the cytosol of the

keratinocytes. In the dermis, CPP32 immunoreactivity was observed
in the epithelial cells of the sweat glands (1â€”2+)and the sebaceous
glands (1 +). Relatively weak (1 +) CPP32 immunostaimng was pres
ent in many of the connective tissue fibroblasts (Table 1).

Musculosketelal System. CPP32 immunoreactivity ranged from
essentially negative to weak to moderate intensity (1â€”2+) in skeletal

muscle myofibriles. In cartilage, chrondrocytes were CPP32 immu
nopositive; the intensity typically ranged from 2 to 4+ (Table 1).

Osteocytes in the bone contained weak- to strong-intensity CPP32
immunostaining (1â€”3+). Similarly, osteoclasts generally contained
2â€”3+ immunoreactivity.

Cardiovascular System. Cardiomyocytes contained only weak
CPP32 immunoreactivity. Occasional adjacent fibroblasts were
CPP32 immunopositive (0â€”1+), whereas endothelial cells were
CPP32 immunonegative. Arterial smooth muscles cells were occa
sionally weakly immunostained for CPP32 (0â€”1+) in the tunica
media of most arteries and arterioles examined but were clearly
CPP32 immunopositive (1â€”2+)in the aorta. Fibroblastic cells in the
tunica adventitia were mostly CPP32 negative and endothelial cells
were consistently immunonegative (Table 1).
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however, suggested that only rarely did these CPP32-positive nuclei
contain fragmented DNA (not shown).

In the liver, hepatocytes contained moderate to strong (2â€”4+)
cytosolic CPP32 immunostaining (Fig. 2!), whereas bile duct epithe
hum was more weakly immunostained (1â€”2+).The sinuosoid endo
thelial cells and Kupffer cells were CPP32 immunonegative (Fig. 21;
Table 1). The exocrine cells of the pancreatic acini contained 1â€”3+
cytosolic CPP32, whereas the epithelial cells lining the pancreatic
ducts were either unstained or contained only weak CPP32 immuno

reactivity (0â€”1+). Both the a- and (3-endocrine cells ofthe islets were
CPP32 positive (1â€”3+).

Urinary System. In the kidney, cytosolic CPP32 immunostaining
was present at 1â€”2+intensity in most of the tubule epithelial cells but
was strikingly higher (3â€”4+) in the renal epithelial cells lining the
distal convoluted tubules (Fig. 2.1). The intensity of CPP32 immuno
staining was also strong (3â€”4+) in the epithelial cells lining the
collecting ducts (Table 1). The specificity of the immunostaining
results was confirmed by staining using anti-CPP32 antiserum that
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had been preadsorbed with recombinant CPP32-His6 protein (Fig.
2K). In contrast, essentially no CPP32 immunoreactivity was seen in

the glomerulus, with the exception of the cells located in the external
layer of Bowman's capsule (Table 1).

Cytosolic CPP32 immunostaining was present at 1â€”2+levels in the
transitional epithelium of the bladder (Table 1). The submucosal
smooth muscle cells contained little or no (0â€”1+) CPP32 immuno
reactivity.

Reproductive System. In the male reproductivesystem, promi
nent CPP32 immunostaining was noted in the spermatogonia (1â€”3+)
in the testes, but the little or no CPP32 immunoreactivity was detected
in most spermatocytes (0â€”1+) and mature spermatids (Table 1).
Sertoli cells were also either immunonegative or only faintly stained
(0â€”1+). Leidig cells were heterogeneous, with cytosolic CPP32 im
munostaining ranging from 0 to 2+ . The epithelial cells lining the vas

deferens were clearly CPP32 immunopositive (1â€”3+).CPP32 immu
nostaining in the prostate glands derived from three individuals was
heterogeneous, but for the most part, the basal cells lining the base
ment membrane of the prostate glands contained only 0â€”1+ cytosolic
CPP32 immunoreactivity, whereas the secretory cells lining the lu
mina of the glands contained 1â€”3+CPP32 immunoreactivity (Fig.
2L). Occasional secretory cells were also found that contained stron
ger immunostaining (1â€”3+), which was concentrated in the nucleus
(Fig. 2L, short arrows). The nuclei of these cells were often shrunken,
suggesting that these cells were undergoing apoptosis (Fig. 2L, long
arrows). The stromal smooth muscle cells contained 0â€”2+CPP32
immunostaining in their cytosol.

In the female reproductive system, cytosolic CPP32 immunoreac
tivity was present throughout the stratified squamous epithelium of
the cervix (Fig. 2M). The endometrial cells lining the uterus and
fallopian tubes generally contained only weak or moderate intensity
cytosolic CPP32 immunostaining, but in some areas, epithelial cells
were noted that contained cytosolic structures with strong to intense
(3â€”4+) CPP32 immunoreactivity located at the luminal apex of the
cells (Fig. 2N). TUNEL analysis involving a two-color detection
system using diaminobenzidine (brown) for detection of nuclei with
fragmented DNA and VIP (Vector Labs., Inc.) chromagen (red
purple) for simultaneous visualization of CPP32 immunoreactivity

demonstrated that the structures with strong CPP32 immunostaining
were TUNEL negative and thus presumably were not apoptotic nuclei
(data not shown). It therefore remains to be clarified why CPP32
immunoreactivity is concentrated in the cytosol of uterine endomeinal
cells in this unusual way. We cannot exclude the possibility, however,
that these structures represent apoptotic bodies that have lost TUNEL
positivity and that were phagocytosed by healthy endometrial cells.
Myometrial smooth muscle cells mostly contained weak (1 +) cyto
solic CPP32 immunoreactivity. In the ovary, moderate-intensity (2+)
cytosolic CPP32 immunoreactivity was found in the cells making up
the corpus luteum (Fig. 20). The theca interna and externa cells of
secondary ovarian follicles were also CPP32 immunopositive (1â€”2+),
whereas the granulosa cells were less intensely immunostained (0â€”
1+ ; Table 1). Occasional cells with morphological features suggestive
of apoptosis contained strong cytosolic but not nuclear CPP32 posi
tivity (Fig. 20). Finally, in the breast, weak- to moderate-intensity

(1â€”2+) CPP32 immunostaining was present in the cytosol of the
mammary epithelial cells lining the tubuloalveolar glands and ducts.

In contrast, the myoepithelial cells lining the basement membrane
were immunonegative (Fig. 2P). Most surrounding stromal fibroblasts
were CPP32 immunonegative, but smooth muscle cells typically
contained moderate-intensity (2+) CPP32 immunoreactivity.

Lymphoid and Hematopoietic Systems. Striking differences in
CPP32 immunoreactivity were found in the mantle zone and germinal
center B cells of secondary lymphoid follicles in lymph nodes, tonsils,
spleen, and mucosa-associated lymphoid aggregates in the gut. The
highly apoptosis-prone germinal center B cells contained strong to
very intense (3â€”4+)CPP32 immunoreactivity, whereas the surround
ing long-lived mantle zone lymphocytes were CPP32 immmunonega
tive (Fig. 2R). Nearly all of the germinal center B cells contained
cytosolic CPP32 immunostaining (both small and large cells), but
some cells also appeared to have nuclear imniunostaining. Occasion
ally, these cells with nuclear CPP32 immunopositivity appeared to be
apoptotic, but not in the majority of instances. Plasma cells located in
the interfollicular regions of nodes and medullary cords were also
strongly stained (3â€”4+) for CPP32 in their cytosol.

In the thymus, moderate to strong (2â€”3+)cytosolic CPP32 immu
nopositivity was present in the medullary thymocytes (Fig. 2S),

Fig. 2. Examples of CPP32 immunostaining results. Representative examples of CPP32 immunostaining in human tissue sections are presented. A, epidermis, showing uniform
CPP32 immunoreactivity in cytosol of keratinocytes in basal, granular, and spinous layers but no CPP32 immunostaining in the comified outer layer (nuclei were hematoxylin
counterstained). X200. B, larynx, demonstrating CPP32 immunoreactivity in the cytosol of most of the epithelial cells. The CPP32 immunostaining appears to also overlie or involve
thenucleusin somecells(counterstainedwithhematoxylin).Numerousapoptoticcells,withshrunkenpyknoticnuclei,canbeseenintheupperlayersof thestratifiedepithelium.These
apoptotic cells are usually CPP32 immunonegative. X400. C, trachea, showing CPP32 immunostaining in the pseudostratified columnar epithelial cells. The CPP32 immunostaining
is concentrated at the luminal surface of the cells, but it is present throughout the cytosol and apparently does not include the nuclei (counterstained lightly with methyl-green). X 1000.
D and E, stomach, demonstrating CPP32 immunostaining in the foveolar cells lining the gastric pits (nuclei were lightly counterstained with methyl-green). X 100 and X 1000,
respectively. In D, the luminal surface can just barely been seen in the lower right comer. In E, at higher magnification, CPP32 immunostaining can be seen in the cytosol of most
cells,as wellas in thenuclei.MostnucleicontainlightCPP32immunostaining,butoccasionalshrunkennucleiwithirregularshapescontainintenseCPP32immunostaining(arrows).
In F, the specificity of the CPP32 immunostaining results in the stomach was confirmed by preadsorbing the antiserum with recombinant CPP32-His6 protein and staining an adjacent
section of stomach. Because of the very light nuclear counterstaining with methyl-green (essentially nonvisible), the photograph was taken using phase-contrast microscopy. X200. G
and H, colon, showing CPP32 immunostaining in the mucosal epithelial cells lining the crypts. X 150 and X 1000, respectively. The immunostaining is diffusely present throughout
both cytosol and nuclei (very lightly counterstained with methyl-green) of the epithelial cells. The mucous within the mucous cells has retained the methyl-green counterstain. Open
arrows, normal colonic epithelial cells that have diffuse 2+ cytosolic and nuclear CPP32 immunostaining. Black arrows, very strong CPP32 immunoreactivity (4+) in nuclei of mucous
cells. I, liver, demonstrating strong (3+) CPP32 immunostaining in the cytosol of most hepatocytes (lightly hematoxylin counterstained). X 1000. Sinusoidal endothelial and Kupffer
cells are CPP32 immunonegative. J, kidney, showing weak- to moderate-intensity (1â€”2+)cytosolic CPP32 immunostaining in proximal tubule and strong to very strong (3â€”4+)
cytosolic immunostairnng in collecting duct epithelial cells(nuclei werecounterstained with hematoxylin). X200. K, adjacent tissue section ofkidney subjectedto the staining procedure
using antiserum that had been preadsorbed with CPP32-His6 protein. X60. 1. prostate, showing a tangential section through prostatic epithelium, with stronger cytosolic CPP32
immunostaimngin someof theluminalsecretorycells(shortarrows)comparedto thebasalcellsalongthebasementmembrane(methyl-greencounterstained).X1000.Strongnuclear
Cpp32 immunostaimng is seen in occasional cells with apoptotic features (long arrow). M, cervical epithelium, showing uniform cytosolic immunoreactivity throughout the stratified
epithelium. x 100. N, uterine endometrium, showing weak CPP32 immunostaining in the cytosol of most cells (methyl-green counterstained) and intense CPP32 immunoreactivity
concentratedin apicalcytosolicstructures.X400.0, ovary,showingcorpusluteumwiththecainternacellsexhibiting2â€”3+cytosolicCPP32immunostaining.Occasionalcellswith
apoptotic features contain strong cytosolic CPP32 immunostaining (arrows). X200. P, breast, showing moderate-intensity CPP32 cytsolic immunostaining in ductal epithelial cells and
absence of CPP32 in myoepitheial cells. Occasional smooth muscle cells in the stroma are also CPP32 immunopositive. X200. R, tonsil, showing strong CPP32 immunostaining in
germinal center lymphocytes, surrounded by a cuff of densely packed small lymphocytes (nuclei were counterstained with methyl-green) that are CPP32 immunonegative (mantle cell
lymphocytes). Surrounding the mantle cell layer in the secondary follicles, scattered CPP32 immunopositive cells can be seen in the interfollicular region. X200. S. thymic medulla,
demonstrating CPP32 cytosolic immunostaining in most thymocytes, as well as Hassell's corpuscle (bottom) and thymic epithelial cells (methyl-green counterstained). X 1000. 1', bone
marrow, demonstrating CPP32 immunostaining in granulocytes. Several plasma cells with prominent CPP32 immunostaining are seen in the center (counterstained with hematoxylin).
x 1000. U, cerebral cortex, lightly counterstained with methyl-green, showing absence of CPP32 immunoreactivity in large neurons (small dark arrows) that retain normal morphology.

In contrast, moderate (2+) CPP32 immunostaining is seen in the cytosol of a neuron (large, open arrow) that has features of degeneration, including irregular shape and shrunken
nucleus. X1000. Also CPP32-negative are satellite oligodendroglia and normal astrocytes.

1609

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/8/1605/2466015/cr0570081605.pdf by guest on 19 M

ay 2023



IN VIVO PATFERNS OF CPP32 (CASPASE-3) EXPRESSION

Using an immunohistochemical approach, we have delineated for
the first time some of the in vivo patterns of CPP32 expression in
human tissues. As implied by previous Northern blotting experiments
(21), the expression of CPP32 is widespread, suggesting a role for this
protease in the regulation of cell life and death in a variety of types of
cells. However, CPP32 was not detectable in all types of cells,
implying some tissue specificity to the regulation of CPP32 expres
sion in vivo. It will be of interest in the future to explore the mech
anisms responsible for the differential expression of CPP32, evaluat

ing relative rates of transcription, mRNA levels, and protein half-life,
among other steps involved in the regulation of gene expression. This
observation that CPP32 is not expressed in some types of cells in vivo
also implies that either only very small amounts of CPP32 (below the
levels of immunodetectability) are required for apoptosis, or CPP32 is
not absolutely required for the execution of PCD in all types of cells
in vivo. Notable examples of cells that are known to undergo apoptosis
during pathological situations but that lacked immunodetectable
CPP32 include most neurons, endotheial cells, and pneumocytes.

We cannot exclude the possibility, however, that CPP32 becomes
up-regulated acutely in some types of cells in vivo, just prior to
apoptosis. In this regard, although most central nervous system neu
rons contained little or no CPP32 immunostaining, occasional large
neurons with morphological evidence of ischemic degeneration con
mined clearly elevated levels of CPP32 immunoreactivity. A similar
phenomenon has been noted for production of the pro-apoptotic
protein Bax in neurons, with marked increases in Bax protein occur
ring selectively in the degenerating neurons after ischemic episodes
(19). Controlled comparisons of CPP32 immunostaining in neurons
before and after experimental induction of ischemia in animal models
are required before this idea can be taken as anything more than
conjecture. However, preliminary observations in a dog model of
transient global cerebral ischemia suggest that this is the case.4 More
over, recent analysis of CPP32-deficient mice (knockouts) indicates
an important role for CPP32 in neuronal apoptosis, suggesting that
CPP32 expression is critical for neuronal cell death at least during
development (27). Another possibility is that CPP32 protein is present
in normal neurons but sequestered in interactions with other proteins
that inhibit immunodetection, which may explain why the levels of
CPP32 protein seen by immunoblot analysis of brain tissue were
higher than might have been suspected based on the immunostaining
results.

Although it is impossible to infer function merely from patterns of
gene expression, the differences in the intensity of CPP32 immuno
staining seen in some types of cells suggest that expression of CPP32
may be up-regulated in concert with increased vulnerability to apop
tosis in some types of cells. Probably the most striking example of this
can be found in the secondary follicules of lymph nodes, spleen, and
tonsils, where CPP32 immunostaimng was very strong in the short
lived germinal center B cells but essentially absent from in the
long-lived mantel zone B cells. Interestingly, this pattern of CPP32
immunostaining in secondary lymphoid follicles is the opposite of that

seen with Bcl-2, which is expressed at high levels in mantle zone
lymphocytes but is absent from most germinal center B cells (28).
Another example comes from analysis of CPP32 immunostaining in
the bone marrow, inasmuch as the intensity of CPP32 immunostaining
was usually much stronger in terminally differentiated granulocytes
than in most myeloid progenitor cells. Again, this pattern of CPP32
immunostaining is the reciprocal of that seen for Bcl-2, which is
expressed in immature hematopoietic cells but not granulocytes (29).
However, gene transfection studies suggest that Bcl-2 does not regu

whereas the cortical thymocytes typically were only weakly (1+)
CPP32 immunopositive (Table 1). The thymic epithelial cells and
Hassell's corpuscles contained moderate-intensity (2+) CPP32 im
munoreactivity (Fig. 25).

Among the hematopoietic cells of the bone marrow, mature gran
ulocytes (3+), megakaryotes (3+), and plasma cells (4+) contained
the strongest CPP32 immunostaimng (Fig. 27). CPP32 immuno
staining of myeloid and erythroid precursor cells was heterogeneous,
but the majority of cells contained only weak or no (0â€”1+) CPP32
immunostaining. Erythrocytes and reticulocytes were completely
CPP32 negative (Table 1).

Nervous and Endocrine Systems. In the central nervous system,
most neurons in the spinal cord and brain lacked detectable CPP32
immunostaining. However, scattered shrunken neurons with features
suggestive of ischemic degeneration, including condensed chromatin,
were clearly CPP32 immunopositive, especially the large neurons
located in the anterior horns of the spinal cord (motoneurons) and
layers ilIâ€”VIof the cerebral cortex (Fig. 2U). The CPP32 immunopo
sitivity of these cells probably represents a postmortem change. Al
though the entire brain was not examined in detail, essentially all
normal neurons examined were either CPP32 immunonegative or only
very weakly stained. Astrocytes throughout most regions of the brain
and spinal cord contained weak or no CPP32 immunoreactivity.
However, reactive astrocytes and microglial cells located in the sub
ependymal and subpial layers and in occasional perivascular locations
contained moderate (2+) CPP32 cytosolic immunostaining (Table 1).

In the peripheral nervous system, only occasional sympathetic and
dorsal root ganglionic cells contained weak to moderate CPP32 im
munopositivity (Table 1). Satellite cells and Schwann cells were

CPP32 immunonegative.
The chromaffin cells of the adrenal medulla were CPP32 negative.

In contrast, however, the endocrine cells in all three layers of the
adrenal cortex were clearly CPP32 immunopositive, with the aldoste
rone-producing cells of the zona glomerulosa, glucocorticoid-produc
ing cells of the zona fasciculata, and androgen-producing cells of the
zona reticularis all containing weak (1 +) CPP32 immunoreactivity
(Table 1). The thyroglobulin-producing cells of the thyroid also were

CPP32 immunopositive (1â€”2+cytosolic).

DISCUSSION

Among the Caspases identified in humans thus far, CPP32 (also
known as Yama, apopain, and Caspase-3) is probably the best corre
lated with apoptosis to date. Proteolytic processing and activation of
CPP32 has been described in a number of settings where apoptosis
occurs. Moreover, viral proteins (such as CrmA, from cowpox, and
p35, from baculovirus), which can inhibit CPP32 activity in vitro, as
well as tetrapeptide inhibitors of CPP32, can prevent the induction of
cell death under several circumstances (reviewed in Refs. 9â€”11).
CPP32 shares the greatest sequence homology with members of a
branch of the ICE-protease family that includes Ced-3, the nematode
cell death protease (8). Both CPP32 and CED-3, but not ICE, can
efficiently cleave the substrate protein PARP and are inhibited at low
micromolar concentrations by peptidyl compounds containing the
PARP cleavage site DEVD but not the interleukin 1/3 cleavage site
YVAD (21, 23). Thus, CPP32 is functionally more similar to CED-3
than to ICE. Recently, it has been shown that the antiapoptotic protein
Bcl-2 and its close homologue Bcl-XL can prevent processing and
activation of CPP32, thus establishing a biochemical connection be
tween Bcl-2 family proteins and ICEICED-3 family proteases, which
is consistent with genetic arguments from the nematode C. elegans
that have suggested that the Bcl-2 homologue CED-9 is an upstream
inhibitor of CED-3 (24â€”26). 4Unpublisheddata.
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Table 1 CPP32immunoreactivity in normal humantissuesOrgan/tissueStructure/Cell

typeCPP32 intensity

Table 1â€”continued

Organ/tissue StnicturelCelltypeVas

deferens

IN VIVO PATTERNSOF CPP32(CASPASE-3)EXPRESSION

CPP32
intensity

1-3+
0-2+

0-1+
1â€”3+(n)
0-2+

1-2+
1+

0-1 +
2-3+
1-2+
1-2+
0-1+
1-2+
1-2+
0

SkinPseudostratified columnarepitheiumEpidermis
KeratinocytesSmooth musclecellsStratum

basale Basal celllayer2+ProstateStratum
spinosum Spinous layer2+Glandular epithelium BasalcellsStratum
granulosum Granular layer2+SecretorycellsStratum
comeum Comifled layer0Smooth musclecellsDermisFemaleFibroblasts0-1

+UterusEndometnumSweat
glandepithelium1â€”2+MyometriumSebaceous

gland epithelium1+OvaryMusculoskeletal

system
Skeleton

Cartilage Chondrocytes
Fibroblasts (fibrocartilage)

Bone Osteocytes
Osteoclasts

Striated muscles Muscle fibers2â€”4+

2+
1-3+
2-3+
0â€”2+Secondary

follicle Granulosacells
,fl@ intema cells
Theca external cells

Oviduct (fallopian tube) Epithelial cells (columnar epitheium)
Muscularis layer

Mammarygland Tubuloalveolargland epithelium
Lactiferous duct epithelium
MyoepithelialcellsCardiovascular

system
Heart

Myocardium Myocytes
Fibroblasts1

+
0-1 +Hematolymphoid

system
Peripheral blood Granulocytes 1-2+

Monocytes 1+
Lymphocytes0-2+Capillary

endothelium0@tj@yte@0Arteries
Endothelial cells
Smoothmusclecells
Fibroblasts

Respiratory system
Lung0

1-2+
0Bone

marrow Erythroidprecursors 0-I +
Mycloidprecursors 0-1 +
Megakaryocytes 3+
Mature neutrophils 3+
Plasma cells4+Bronchial

epitheliuru3-4+ThymusAlveoli
Type I pneumocytes0Cortex Cortical thymocytes 1+Type

II pneumocytes
Alveolar macrophages1-2+

(n)a
0â€”1+Macrophages

0
(dendritic interdigitatingcells)TracheaMedulla

Epithelioreticular cells3â€”4+Epithelium
(pseudostratifled Basal cell layer2+Hassall's corpuscles2-4+columnar)

Luminal cell layer2â€”3+ (n)Medullary
thymocytes 3+

Lymphnodes/tonsilSubmucosa
Fibroblasts1 +Germinal center Large noncleaved cells3â€”4Smooth

muscle cells0â€”2+Small noncleaved cells3-4Macrophages3â€”4+Folicular
dendriticcells0Scm-mucous

glands0-I +Macrophages0Cartilage
Chondrocytes1â€”2+Mantle zone Lymphocytes 0

Interfollicular region Small T cells 0â€”1+Alimentary
tractLarge transformed cells1â€”3+Salivary
gland (submandibular gland)Sinus histiocytes0Secretory

gland acini Serous cells0â€”1 +Plasma cells4+Mucous
cells0Spleen@' Marginal zone lymphocytes 0â€”1+Salivary
ductepithelium3-4+StomachNervous

systemGastric
pits Foveolar cells2-4+ (n)Brain hemispheres and basalgangliaCardiac
glands Parietal cells0-1 +Neurons Normal0Chief

cells0-1 +Pathological1â€”3+APUD
cells0Neurogia Astrocytes0Small

intestine Absorptiveepithelium1â€”2+Reactive astrocytes1â€”2+Paneth
cells1 +Oligodendroglia0Colon

Epithelium
Liver Hepatocytes2â€”3+

(n)
2-4+Microglia

0â€”2+
Ependyma Ependymal cells0Sinusoidal

endothelium0Leptomeninges0Bile
duct epithelium1â€”2+Choroid plexus0PancreasSpinal

cordExocrine
Acinarcells1-3+Ventral horn motoneurons Normal0Ductal

epithelium0â€”I +Pathological2â€”3+Endocrine
Islets of Langerhans@orsal horn sensoryneurons0A

cells2-3+root and cranial nerveGangliaB
cells1â€”2+Ganglion cells0â€”2+Urinary

systemSatellite cells0KidneySchwsnn
cells0Glomeruli

Podocytes0Fibroblasts 0-1+Bowman's
capsule:Sympathetic ganglion Ganglion cells 0â€”1+External

layer1â€”2+Satellite cells0Intemal
layer0Schwann cells0Collecting

tubules Proximal convoluted tubules0â€”1+Fibroblasts 0â€”I+Distal
convolutedtubules3-4+EndocrinesystemLoop

of Henleâ€”tlsinlimb1â€”2+Thyroid Folliclecells1â€”2+Collecting
ducts3â€”4+AdrenalUrinary

bladder Transitional epithelium2+Cortex Zona glomerulosa I+Smooth
muscle0-I +@na fasciculata 1+Reproductive

systemsZona reticularis I+Male:

Testis Leydig cells
Spermatogonia
Sertoli cells
Spennatocytes0-2+

1â€”3+
0â€”1+
0-I +Medulla

Chromaffincells0a

n, nuclei or occasional nuclei are CPP32 immunopositive (see text for details).
b Germinal centers and white pulp areas same as for lymph nodes and bone marrow,

re5@O@tively.Spermatids0
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IN VIVO PATFERNS OF CPP32 (CASPASE-3) EXPRESSION

late the levels of CPP32 but rather the processing of the CPP32
protease to its active subunits. In this regard, we cannot exclude the
possibility that our anti-CPP32 antiserum preferentially reacts in
immunohistochemistry experiments with processed, active CPP32,

thus accounting for the inverse correlation between the endogenous
patterns of Bcl-2 and CPP32 expression in some types of cells such as
follicular B cells and hemopoietic cells. However, immunoblot anal
ysis of various tissues indicates that very little processed CPP32 is
present in vivo, at least under normal circumstances, possibly because
cells with activated CPP32 become apoptotic and are rapidly cleared
by phagocytosis.5 Also, although the patterns of Bcl-2 and CPP32
were inversely correlated in some tissues, this was not generally the
case (e.g., epidermis, breast, and thyroid; Ref. 30).

Although CPP32 expression correlated with the differential tenden
cies of cells to undergo PCD in some tissues in vivo [lymph nodes
(germinal center versus mantle zone lymphocytes), bone marrow
(myeloid progenitors versus granulocytes), prostate (basal versus se
cretory epithelial cells), and breast (myoepithelial versus luminal
epitheial cells)], this was not always true. Indeed, in some cases,
differences in the intensity of CPP32 immunostaining correlated in
versely with the apoptotic tendencies of cells. For example, in the
thymus, CPP32 immunostaining was typically stronger in the medul
lazy than the cortical thymocytes, despite the greater vulnerability of
the cortical cells to apoptosis induction by â€˜y-irradiation,glucocorti
coids, and anti-CD3 antibodies. CPP32 immunostaining was also
uniformly present throughout the epidermis, despite the greater tend
ency of the keratinocytes in the upper layers of the epidermis to
undergo apoptosis compared to the basal cell layer.

CPP32 can cleave the nuclear protein PARP in vitro, apparently at
the same aspartic acid residue where PARP cleavage occurs in intact
cells during apoptosis (31, 32). Addition of purified, active CPP32 to
cytosolic extracts containing exogenously added nuclei can also lead
to cleavage of PARP and apoptosis-like destruction of the nuclei (23).
However, the limited data available to date suggest that CPP32 resides
primarily in the cytosol, implying that CPP32 must be transported into
the nucleus during apoptosis to gain access to nuclear substrates. On
the basis of the immunohistochemical analysis of tissues perfomed
here, CPP32 appears to be disthbuted uniformly throughout the cy
tosol of most cells that produce this pro-protease. However, in some
instances, CPP32 immunostaining appeared to be present also in the
nuclei of cells. Examples where nuclear CPP32 immunostaining was
present include germinal center B cells, foveolar cells lining the upper
portions of the gastric pits, colonic epithelial cells, tracheal epitheial
cells near the lumenal surface, type-fl pneumocytes, and luminal
prostate epithelium. TUNEL staining and simple examination of cell
morphology suggested that in many cases, these cells were not apop
totic, thus suggesting either that the presence of nuclear CPP32 is not
necessarily an indication of impending cell death or that CPP32 enters
the nucleus very early during the commitment steps of apoptosis,
before DNA fragmentation occurs. However, in some germinal center
B cells, prostatic epitheial cells, tracheal epitheial cells, and gastric
foveolar cells (among others), intense nuclear CPP32 immunostaining
was seen in cells with typical apoptotic morphology. It should be
noted, however, that light microscopic methods cannot prove the
subcellular localization of immunoreactivity, and thus, further confi
ration of these results by conIcal or electron microscopy and by
subcellular fractionation methods is required before firm conclusions
can be reached. The concentration of CPP32 immunoreactivity in the
cytosol of some uterine endometrial cells also requires additional
investigation to delineate its explanation.

In summary, the data presented here define for the first time the in
vivo patterns of expression of one of the Caspases, CPP32 (Caspase
3). Although CPP32 is widely expressed, striking differences in the
intensity of CPP32 immunostaining among some types of cells sug
gest that expression of CPP32 is controlled in a tissue- or develop
ment-specific manner in vivo. These differences in the relative levels
of CPP32 may influence the relative sensitivity or resistance of cells
to apoptotic stimuli under some conditions. One caveat about the data
presented here, however, is that the size of the band detected by
immunoblot analysis of kidney and liver using our polyclonal anti
serum was anomalous, and thus we cannot exclude the possibility of
cross-reactivity of this antibody with some other member of the
caspase family in those tissues. In all other tissues, however, the most
prominent or the only band detected corresponded to the expected Mr
32,000 CPP32 protein. Regardless, the complete absence of CPP32
immunostaining in some types of cells implies either that CPP32 is
not required for apoptosis in all cell types or that its expression must
be induced for the execution of apoptotic cell death under some
circumstances.
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