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Abstract
The epidermis is a stratified squamous epithelium in which
keratinocytes progressively undergo terminal differentiation
towards the skin surface leading to programmed cell death. In
this respect we studied the role of caspases. Here, we show
that caspase-14 synthesis in the skin is restricted to
differentiating keratinocytes and that caspase-14 processing
is associated with terminal epidermal differentiation. The pro-
apoptotic executioner caspases-3, -6, and -7 are not activated
during epidermal differentiation. Caspase-14 does not
participate in apoptotic pathways elicited by treatment of
differentiated keratinocytes with various death-inducing
stimuli, in contrast to caspase-3. In addition, we show that
non-cornifying oral keratinocyte epithelium does not express
caspase-14 and that the parakeratotic regions of psoriatic skin
lesions contain very low levels of caspase-14 as compared to
normal stratum corneum. These observations strongly
suggest that caspase-14 is involved in the keratinocyte
terminal differentiation program leading to normal skin
cornification, while the executioner caspases are not
implicated. Cell Death and Differentiation (2000) 7, 1218 ± 1224.

Keywords: caspase; skin; keratinocyte; differentiation; psoriasis

Abbreviations: CHX, cycloheximide; NHK, normal human
keratinocytes; SE, skin equivalent

Introduction

Apoptosis is achieved by an evolutionarily conserved path-
way in which cysteinyl aspartate-specific proteinases, known
as caspases, play a central role.1 Caspases are synthesized
as zymogens, comprising a prodomain, as well as a large
(p20) and small (p10) subunit. They become activated by
proteolytic cleavage at Asp residues between the different
subdomains, which leads to formation of mature caspase, a
tetramer consisting of two p20/p10 heterodimers. There are
two main activation pathways for procaspases during
apoptosis. In the extrinsic pathway the initiator procaspase-
8 becomes activated by proximity-induced autoactivation due
to recruitment by the adaptor protein FADD (Fas-associated
death domain) to the death domain-containing receptors of
the TNF receptor superfamily, such as TNF-R1 (tumor
necrosis factor-receptor 1) and Fas.2,3 The intrinsic death
pathway, triggered for instance by cytotoxic drugs or DNA
damage, is controlled by mitochondrial release of cytochrome
c. Cytochrome c together with dATP binds the adaptor Apaf-1
(apoptosis activating factor-1), which leads to recruitment and
activation of procaspase-9.4,5 The two pathways converge on
the proteolytic activation of the apoptosis-related, short-
prodomain effector caspases-3, -6 and -7.

The epidermis is a stratified squamous epithelium in
which keratinocytes are organized in distinct cell layers.
During embryogenesis the single-layered embryonic ecto-
derm becomes a bilayered epithelium as a layer of
peridermal cells is formed on its surface. Upon stratification
of the epidermis and formation of its definitive layers of the
epidermis, the periderm is gradually degraded.6 In adult skin
the basal cells are proliferation competent, but suprabasal
keratinocytes do not proliferate and undergo programmed
cell death in the final stage of differentiation, viz. the
formation of the cornified layers. The molecular mechanism
of this process is not well understood. There are few reports
on a relationship between caspases and terminal keratino-
cyte differentiation. Recently it was demonstrated that
caspase-1, -2, -3, -4 and -7 mRNA is expressed in cultured
keratinocytes.7 Making use of in vivo and in vitro
reconstituted epidermis, others suggested that procas-
pase-3 is activated during late keratinocyte differentiation.8

We previously identified mouse and human caspase-14.9

This caspase has a restricted expression pattern opposed
to all other caspases identified,9 ± 11 since caspase-14
mRNA could not be detected in neither heart, lung,
muscle, kidney, spleen, thymus, brain nor testis. In
contrast, caspase-14 mRNA was expressed in the embryo
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and the skin.9,12 Here, we document that the expression of
caspase-14 protein in the epidermis is restricted to
differentiated keratinocytes. Processed caspase-14 was
found in skin whereas the pro-apoptotic caspases such
as caspase-3 and -7 were only present as precursor forms.
Caspase-14 does not participate in apoptotic pathways, but
its processing is associated with epidermal differentiation.
In addition, we show that in the parakeratotic regions of
psoriatic skin lesions the caspase-14 levels are very low as
compared to normal stratum corneum.

Results

Caspase-14 synthesis in the skin is restricted to
differentiating keratinocytes

The tissue distribution of caspase-14 mRNA was shown to be
restricted to the embryo and the adult skin.9,12 To further
investigate where caspase-14 is expressed in the skin, we
performed in situ mRNA hybridization and immunohistochem-
istry on embryonic and adult skin sections. In situ localization
of mouse caspase-14 mRNA in the skin of the 15.5 d.p.c.
embryo revealed that caspase-14 mRNA is exclusively
expressed in the differentiated, suprabasal layers of the
epidermis (Figure 1A). Using a polyclonal anti-mouse-
caspase-14 antiserum, recognizing both mouse and human
caspase-14, we confirmed that caspase-14 protein synthesis
is restricted to differentiating keratinocytes in embryonic skin
(Figure 1B). Caspase-14 was found both in the cytoplasm and
the nucleus. It has been reported previously that in addition to
their cytoplasmic localization, caspases are also present in
other subcellular fractions and organelles.13 ± 15 Caspase-14
is not expressed in the embryonic periderm and the basal
keratinocyte layer, which represents undifferentiated kerati-
nocytes and do not contain the typical differentiation markers
of adult skin.16 Immunohistochemistry on adult mouse and
human skin sections showed that the caspase-14 protein is
expressed from the spinous layers to the stratum granulosum
and the stratum corneum (Figure 1C,D). Keratinocytes from
the stratum spinosum and the stratum granulosum both
exhibit cytoplasmic and nuclear caspase-14 staining. As
differentiation proceeds, the nucleus becomes degraded and
the cornified layers are formed. The hair shaft and the
sebaceous gland consists of differentiated keratinocytes,17

and also here caspase-14 was present (Figure 1E,F). In the
eccrine sweat glands, which are located in the dermis but are
of epidermal origin, caspase-14 was not expressed (Figure
1G). Moreover, caspase-14 expression was also absent in the
oral epithelium (Figure 1H). This epithelium shows a multi-
layered architecture similar to that of the skin, with the
exception of cornification. Taken together these data strongly
suggest a function for caspase-14 in skin differentiation.

Caspase processing in normal epidermis in vivo

To analyze whether caspase-14 and other caspases are
present in an activated state in normal skin, we tested lysates
of mouse skin by immunoblotting with different polyclonal anti-
caspase antisera. In the case of caspase-14 we detected both
the proenzyme and the p20 fragment, indicative for processed

caspase-14 (Figure 2). The 20 and 18.5 kDa polypeptides
likely represent the large subunit (p20) with and without
prodomain, respectively. The typical apoptosis-related cas-
pases, such as caspase-3, -6 and -7, were only present as
unprocessed proenzymes. Consequently, we stained sec-
tions of human skin with different anti-caspase-3 antibodies
recognizing total caspase-3 or detecting only activated
caspase-3 (Figure 3). Staining with the antibody against total
caspase-3 revealed that caspase-3 was expressed through-
out the whole epidermis (Figure 3A). When stained with the
activation-specific anti-caspase-3 antibody we consistently
observed no staining in the epidermal layers of the skin
(Figure 3B). In parallel we also stained with the anti-caspase-

Figure 1 Caspase-14 is expressed in the suprabasal layers of the skin.
15.5 d.p.c. BALB/c embryo tissue (A, B), tail of adult BALB/c mice (C), adult
human skin tissue (D, E, F, G) and human oral epithelium (H) were fixed,
paraffin embedded and sliced. In situ mRNA hybridization (A) and
immunohistochemistry (B ± H) revealed that caspase-14 is expressed in the
suprabasal layers of the epidermis, both in cytoplasm and nucleus (A, B, C,
D), but is absent in the periderm (B). Caspase-14 is expressed in epidermal
derivatives such as hair follicle (E) and sebaceous gland (F), while it is absent
in the eccrine sweat glands (G) or the oral epithelium (H). esg, eccrine sweat
gland; hs, hair shaft; me, multi-layered oral epithelium; n, nucleus; p, periderm;
sb, stratum basale; sc, stratum corneum; sg, stratum granulosum; ss, stratum
spinosum
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3 antibodies on a tumor section containing apoptotic cells. All
tumor cells stained with the antibody against total caspase-3
antibodies on a tumor section containing apoptotic cells. All
tumor cells stained with the antibody against total caspase-3
but only the apoptotic cells within the tumor did stain for active
caspase-3, showing that the antibody functioned as expected
(Figure 3C). In addition, we were not able to detect processed
caspase-3 in human skin lysates by Western blotting (data not
shown). So our data do not support a general role for
caspase-3 in the terminal keratinocyte differentiation program.

Expression and processing of caspase-14 in
human keratinocytes is inducible in vitro

Since caspase-14 is not present in the stratum basale but
is expressed in the differentiating layers of the epidermis,
we analyzed whether the protein expression of caspase-14

in keratinocytes could be induced in vitro by conditions of
differentiation. In a Western blot experiment we found that
undifferentiated NHK or HaCaT cells did not express
caspase-14 (Figure 4A). Primary human keratinocytes
grown under growth-arresting conditions (e.g. suspension
or confluency) express several differentiation markers, such
as keratin-1 and -10, involucrin and transglutaminase.18 In
both NHK and HaCaT cells grown postconfluently,
caspase-14 expression was induced together with involu-
crin (Figure 4A). This is not a general characteristic of
caspases, as procaspase-3 levels were not affected when
cells were grown postconfluently (data not shown). This
differentiation condition did not lead to processing of

Figure 2 Caspase protein expression profile in normal mouse skin. 100 mg of
protein extracted from skin of BALB/c and C57BL/6 mice was used for
immunoblotting to analyze the activation of caspases (filled arrowheads,
procaspase; open arrowheads, cleaved caspase fragments representing the
large p20 subunit)

Figure 3 Caspase-3 is not activated in normal human epidermis. Caspase-3
is not activated in normal human epidermis. Human skin (A, C) and tumor
tissue (B, D) were fixed, embedded in paraffin and sliced. The sections were
used for immunohistochemical staining with an antibody recognizing total
caspase-3 (A, B) or with an antibody specific for activated caspase-3 (C, D).
Caspase-3 was expressed in epidermis, dermis and tumor. Epidermis (e) is
negative for staining with the activation-specific anti-caspase-3 antibody.
Arrows show apoptotic tumor cells containing activated caspase-3

Figure 4 Caspase-14 expression is induced and processed during in vitro keratinocyte differentiation. (A) Lysates of undifferentiated (7) and differentiated (+)
HaCaT and NHK cells were used for immunoblotting. Differentiation was induced by growing cells postconfluency. Western blots were analyzed for caspase-14 or
involucrin expression. (B) Sections of human skin equivalents were used for eosine/haematoxyline staining. The different epidermal layers were formed, including
the stratum corneum, indicating that the keratinocytes underwent the complete program of terminal differentiation. Lysates of human skin equivalents were
analyzed by means of immunoblotting for processing of caspase-14 (C) and caspase-3 (D) (filled arrowheads, procaspase; open arrowheads, cleaved caspase
fragments representing the large p20 subunit). Lysates derived from adult human skin and TNF/CHX treated U937 cells were used as controls for caspase-14
processing and caspase-3 processing respectively. sb, stratum basale; sc, stratum corneum; SE, skin equivalent; sg, stratum granulosum; ss, stratum spinosum
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caspase-3 or -14, as only the precursor forms could be
revealed.

To analyze caspase-14 expression and processing in a
more physiological relevant keratinocyte differentiation
assay we used an in vitro epidermal equivalent system.19

As shown in Figure 4B, the in vitro skin equivalent
developed a normal stratum corneum. Under these
conditions both procaspase-14 and a p20 subunit frag-
ment, indicative for caspase-14 activation, were demon-
strated (Figure 4C). Caspase-3 was not processed since
only its proform could be detected (Figure 4D). These data
are in agreement with our observation that also in vivo
caspase-14 synthesis and processing is correlated with
epidermal differentiation (Figure 1).

Caspase-14 is not involved in the apoptotic
pathway

Caspase-14 contains a putative short prodomain and hence
the procaspase is structurally related to the apoptotic
executioner caspases, such as caspase-3, -6 and -7, which
require upstream initiator caspases to become activated.1 In
vitro, caspase-14 can be processed by the initiator caspases-
8 and -10.9,20 We evaluated whether caspase-14 can be part
of an apoptotic caspase cascade in keratinocytes. Growth-
arrested NHK cells, but not HaCaT cells, become resistant to
apoptosis,21 therefore HaCaT cells were differentiated to
express caspase-14 and were subsequently treated with
TNF/CHX. As shown in Figure 5, confluency of HaCaT cells

induced caspase-14 synthesis. Upon combined addition of
TNF and CHX both differentiated and undifferentiated cells
died in an apoptotic way characterized by clear morphological
features, such as membrane blebbing and nuclear fragmenta-
tion (Figure 5A). Lysates were made and analyzed for
caspase-3 and -14 processing in a Western blotting
experiment (Figure 5B,C). As expected, the combination of
TNF and CHX resulted in a clear reduction in level of intact
procaspase-3. In addition, processed fragments correspond-
ing to the caspase-3 p20 subunit (with and without short
prodomain) became evident after TNF/CHX treatment.
Activation of caspase-3 correlated with detection of cleaved
PARP, a prototype caspase-3 substrate.22 In contrast,
caspase-14 processing was not observed, indicating that
this caspase does not become activated during keratinocyte
apoptosis. Similar results were obtained after treatment of the
keratinocytes with other apoptotic stimuli such as UVB
irradiation or staurosporine (data not shown). Together,
these data demonstrate that caspase-14 is an atypical
short-prodomain caspase that does not participate in the
apoptotic cascade, in contrast to the other short-prodomain
caspases such as caspase-3, -6 and -7.

Synthesis of caspase-14 is disturbed in
parakeratotic regions of psoriatic lesions

To evaluate a potential role for caspase-14 in skin
pathologies, we analyzed biopsies from psoriatic skin
plaques by immunohistochemistry with anti-caspase-14

Figure 5 Caspase-14 is not processed in apoptotic conditions. HaCaT cells were grown in normal conditions or induced to differentiate by postconfluent growth.
Cells were then treated with TNF (1000 U/ml)+CHX (10 mg/ml) to induce apoptosis. Pictures were taken after 12 h (A); arrows in d and h show apoptotic cells.
Lysates were analyzed by immunoblotting for processing of caspase-3 and cleaved PARP (B) as well as caspase-14 (C). Lysates derived from TNF/CHX treated
U937 cells were used as control for caspase-3 processing, lysates from human epidermis were applied as control for caspase-14 processing. Filled arrowheads,
precursor form; open arrowheads, processed form
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antiserum. Plaques from six different psoriatic patients were
analyzed and compared to non-involved skin. Psoriatic skin
showed suprabasal proliferation and disturbed keratinocyte
differentiation (Figure 6), as reported earlier.23 Since psoriatic
skin does not develop a normal stratum granulosum, in which
keratinocyte enucleation takes place, these parakeratotic
regions do retain their nuclei, resulting in an abnormal stratum
corneum. Non-involved skin of psoriatic patients expressed
caspase-14 in a pattern as discussed above (Figure 6A). In
psoriatic lesions the caspase-14 expression pattern in the
spinous layers was comparable to non-involved skin,
indicating that the initial onset of caspase-14 expression is
normal. Remarkably, the disturbed keratinization process in
the parakeratotic region of psoriatic skin is associated with a
very low level of caspase-14 synthesis (Figure 6B).
Cytoplasmic caspase-14 staining was strongly reduced, as
compared to the expression levels in the spineous layers,
while nuclear caspase-14 was absent. This suggests that a
deregulation of caspase-14 synthesis may be related to
disturbance of the normal, terminal keratinocyte differentiation
program in psoriatic patients.

Discussion

Unlike the apoptosis- and inflammation-related caspases,
caspase-14 has a very restricted expression pattern.9,12 Here
we extended our previous study and examined caspase-14
expression in skin. In situ mRNA hybridization in embryonic
skin revealed that caspase-14 mRNA is expressed in the
differentiating suprabasal keratinocytes, and not in the basal
layer; this was confirmed by immunohistochemistry. The
periderm was negative for caspase-14 protein, although the
periderm has desmosomes and can express the differentia-
tion marker involucrin.24 In adult mouse and human skin, all
suprabasal layers stain positive for caspase-14 protein. It is,
however, possible that activation of caspase-14 is confined to
more specific layers. In embryonic and adult skin, caspase-14
protein is located in both cytoplasm and nucleus. Originally it

was assumed that caspases are exclusively cytosolic, but
recently it has become clear that they can reside in different
cellular compartments, including the nucleus. The large
prodomains of caspase-1 and -2 have been shown to be
involved in their nuclear localization.14,25 Although the
mechanism used by short-prodomain caspases for nuclear
translocation is not clear, nuclear accumulation of caspase-14
may be part of the keratinocyte differentiation program. Skin
derivatives, such as hair follicles and the sebaceous gland,
that consist of differentiated keratinocytes, also express
caspase-14. The eccrine sweat gland comprises a coiled
tube connected to the surface by a duct. Unlike the epidermis
and the hair follicle, the sweat glands do not regularly renew
themselves and they express an atypical set of cytoker-
atins.26,27 Hence, since sweat glands do not express
caspase-14, it is tempting to speculate that caspase-14
fulfils a role in epidermal keratinocyte differentiation.
Caspase-14 expression is not related to stratification as
such, because another stratifying keratinocyte epithelium, viz.
mouth epithelium, does not show any detectable caspase-14
staining. In contrast to skin the mouth epithelium is a non-
cornifying mucosal epithelium, suggesting that caspase-14
synthesis may be correlated with the process of cornification.

We analyzed the activation state of caspase-14 and
other caspases in normal skin and showed that processed
caspase-14 fragments of the expected size could be
detected in skin lysates. The apoptosis-related effector
caspases-3, -6, and -7 were only present as proforms. We
could not demonstrate the presence of activated caspase-3
neither in skin nor in in vitro skin equivalents. Processing of
caspase-3 in skin differentiation has been reported
previously,8 although the reported fragments did not
correspond to the typical 19 ± 17 kDa or 12 kDa bands on
Western blot. Obviously, one cannot exclude the possibility
that the apparent conflicting data are due to a different
source of skin samples. Our data argue against a major
involvement of the apoptosis-related executioner caspases
in normal skin differentiation. In fact, it has been suggested
that NF-kB activation in the suprabasal layers prevents
premature apoptosis to allow terminal keratinocyte differ-
entiation.28

It has previously been shown that in vitro translated
procaspase-14 can be processed, though rather weakly, by
treatment with purified caspase-8 and -10, and not with
other caspases,9,20 suggesting that caspase-14 might
operate in an apoptotic proteolytic cascade. Surprisingly,
neither extrinsic nor intrinsic cell death stimuli resulted in
caspase-14 processing. However, human caspase-14
displays a putative VGGD caspase cleavage site between
its p20 and p10 subunit. Ahmad et al.20 also showed that
caspase-14 is not cleaved or activated, unlike caspase-3
and -7, by addition of cytochrome c and dATP to S100
cellular extracts. These data strongly indicate that the
physiological trigger for caspase-14 processing is not an
apoptotic caspase cascade and that caspase-14 can be
considered as a atypical short-prodomain effector caspase,
unrelated to apoptosis. It is not necessarily a caspase that
should cleave and hence activate caspase-14, since serine
proteases have been reported to be able to activate
procaspases.29,30

Figure 6 Caspase-14 synthesis is downregulated in parakeratotic regions of
psoriatic lesions. Sections of normal skin (A) and psoriatic plaque tissue (B)
derived from the same patient were prepared and used for caspase-14
detection by immunostaining. In normal skin caspase-14 was present in all
suprabasal layers. In psoriasis-involved skin the caspase-14 expression level
in the spineous layers is comparable to normal epidermis, while in the
parakeratotic region caspase-14 expression is clearly downregulated. n,
nucleus, pr, parakeratotic region, sb, stratum basale, sc, stratum corneum, sg,
stratum granulosum, ss, stratum spinosum
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When keratinocyte cultures were differentiated by
applying a growth-arresting treatment, such as postcon-
fluency, procaspase-14 synthesis is strongly induced but
not processed. However, this differentiation model does not
reflect normal epidermal differentiation and these cultures
possess little or no anucleate corneocytes.31 When NHK
cells were used to generate in vitro skin equivalents
processing of caspase-14 could be induced to a compar-
able extent as observed in normal skin lysates. To date
there are no indications which are the targets of activated
caspase-14, since no substrates have been described.
Taken together, these results suggest that caspase-14
processing is probably not an early event in keratinocyte
differentiation but is associated with the formation of normal
cornified epidermal architecture.

Psoriasis is characterized by keratinocyte hyperprolifera-
tion, loss of granular layer and parakeratotic differentia-
tion.32,33 So far, this epidermal hyperproliferation has not
been explained on a molecular basis and it is still unclear
whether the major defect resides within the keratinocyte,
the immune compartment or both.34 Since there is loss of
granular layer in psoriasis, the nucleus is not degraded,
which gives rise to an abnormal parakeratotic stratum
corneum. In these parakeratotic regions caspase-14
expression is very low in the cytoplasma and absent in
the nucleus. This observation adds to the relationship
between caspase-14 synthesis and processing and normal
epidermal keratinocyte cornification, viz. degradation of the
nucleus. Strategies to upregulate caspase-14 expression
may constitute a valuable therapeutic contribution to
diseases involving parakeratosis, including psoriasis.

Materials and methods

Keratinocyte culture and differentiation

The immortalized keratinocyte HaCaT cell line,35 was obtained from
Dr N Fusenig (German Cancer Research Center, Heidelberg,
Germany) and the cells were grown in DMEM supplemented with
10% FCS. Normal human keratinocytes (NHK) were isolated from
foreskins of young donors as described.36 NHK cells were grown in
keratinocyte serum-free medium (Life Technologies, Paisley, UK) with
a calcium concentration of 0.09 mM and were supplemented with
50 mg/ml of bovine pituitary extract and 5 ng/ml of human epidermal
growth factor (Life Technologies, Paisley, UK). Third to fifth passage
cells were used. HaCaT or NHK cells were grown post confluently in
the same medium as used for keratinocyte culture. Skin equivalents
(SE) were prepared from the first or second passage of human
epidermal keratinocytes grown in KGM medium (Clonetics) and
fibroblasts grown in RPMI1640 plus 10% FCS as described earlier.19

Mature SE were paraffin embedded and used for haematoxylin/eosin
staining to evaluate their differentiation status or lysed for Western blot
analysis.

Apoptosis induction in keratinocyte cultures

HaCaT cells were induced to differentiate by postconfluency.
Apoptosis was induced by treatment with a combination of 1000 IU/
ml human TNF and 10 mg/ml cycloheximide (CHX), 35 mJ/cm2 UVB or
100 ng/ml staurosporine. As a control, cells were untreated or were

treated with 1000 IU/ml TNF or 10 mg/ml CHX. Twelve hours after
treatment, lysates were prepared using caspase lysis buffer (1% NP-
40, 200 mM NaCl, 10 mM Tris HCl pH 7.5, 5 mM EDTA, 10% glycerol,
1 mM PMSF, 0.3 mM aprotinin, 1 mM leupeptin and 1 mM oxidized
glutathione). Purified E. coli-derived TNF was prepared in our
laboratory and had a specific biological activity of 0.946108 IU/mg
as compared to international standards for TNF quantification derived
from the National Institute for Biological Standards and Control
(Potters Bar, UK).

Immunoblot analysis

Transfected cells, differentiated keratinocytes or skin tissue were
lysed in caspase lysis buffer, protein concentration was determined
and equal protein amounts were submitted to polyacrylamide gel
electroforesis and immunoblotted. Anti-involucrin and anti-human
caspase-3 were purchased from Sigma Chemical Co. (St. Louis, MO,
USA) and BioSource International (Camarillo, CA, USA), respectively.
An antibody against poly(ADP-ribose) polymerase (PARP) was
obtained from Biomol Research Laboratories (Plymouth Meeting,
PA, USA). Antibodies against murine caspases were raised by
injecting rabbits with purified, bacterially expressed caspase
preparations.37 Note that anti-murine caspase-14 antibody cross-
reacts with human caspase-14 both on Western blots and in
immunohistochemical staining. The polyclonal rabbit anti-mouse
caspase antibodies recognize both procaspases and activated
caspases in Western blotting experiments (data not shown).

In situ mRNA hybridization and
immunohistochemistry

Mouse embryos, aged 15.5 days post coitum (d.p.c.), as well as
skin tissues from humans and adult C57BL/6 mice were fixed in
4% paraformaldehyde in phosphate buffered saline (PBS), after
which they were embedded in paraffin and sliced (4 ± 6 mm).
Endogenous peroxidase was blocked with peroxidase blocking
reagent (Dako, Carpinteria, CA, USA). A rabbit polyclonal antibody
originally raised against recombinant, bacterially expressed mouse
caspase-3 or -14 stained mouse and human homologs. Active
caspase-3 was detected in tissue sections using activation state-
specific polyclonal anti-caspase-3 antibody (PharMingen, San
Diego, CA, USA). The primary antibody was detected by an
indirect peroxidase antibody conjugate technique. The sections
were incubated with a rat anti-rabbit antibody (Dako, Carpinteria,
CA, USA) for 45 min, and 3-amino-9-ethylcarbazole (Dako,
Carpinteria, CA, USA) was used as chromogen. Radioactive in
situ hybridization on paraffin sections was performed as
described.38 A 35S-labeled antisense mouse caspase-14 RNA
probe was used.
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