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Abstract

Caspase-6 is an effector caspase that has not been investigated thoroughly despite the fact that Caspase-6 is strongly
activated in Alzheimer disease brains. To understand the full physiological impact of Caspase-6 in humans, we investigated
Caspase-6 expression. We performed western blot analyses to detect the pro-Caspase-6 and its active p20 subunit in fetal
and adult lung, kidney, brain, spleen, muscle, stomach, colon, heart, liver, skin, and adrenals tissues. The levels were semi-
quantitated by densitometry. The results show a ubiquitous expression of Caspase-6 in most fetal tissues with the lowest
levels in the brain and the highest levels in the gastrointestinal system. Caspase-6 active p20 subunits were only detected in
fetal stomach. Immunohistochemical analysis of a human fetal embryo showed active Caspase-6 positive apoptotic cells in
the dorsal root ganglion, liver, lung, kidney, ovary, skeletal muscle and the intestine. In the adult tissues, the levels of
Caspase-6 were lower than in fetal tissues but remained high in the colon, stomach, lung, kidney and liver.
Immunohistological analyses revealed that active Caspase-6 was abundant in goblet cells and epithelial cells sloughing
off the intestinal lining of the adult colon. These results suggest that Caspase-6 is likely important in most tissues during
early development but is less involved in adult tissues. The low levels of Caspase-6 in fetal and adult brain indicate that
increased expression as observed in Alzheimer Disease is a pathological condition. Lastly, the high levels of Caspase-6 in the
gastrointestinal system indicate a potential specific function of Caspase-6 in these tissues.
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Introduction

Caspase-6 (Casp6) is one of three short pro-domain effector

caspases involved in apoptotic cell death. Casp6 principally cleaves

proteins containing (V/I/T/L)E(G/D)ID sites (VEIDase activity)

[1]. Known Casp6 substrate proteins can be divided into two

principal groups: proteins important for nuclear structure or

function and intermediate filament proteins. In the nucleus, Casp6

cleaves lamin A, B and C, SP1, DNA topoisomerase I, CBP/p300,

Ap-2 alpha, nuclear death domain protein p84N5, p27KIP1,

nuclear matrix protein SATB1, emerin, phosphocholine cytidyl

transferase alpha, NuMA, DFF40, and PARP [2–18]. The

cleavage of lamin A results in the condensed chromatin of

apoptotic cells [19]. In the cytosol, Casp6 cleaves desmin, vimentin

and cytokeratin, proteins that are important for maintaining

cellular structure and function [20–23].

Casp6 appears to play a major role in Alzheimer Disease (AD)

pathogenesis. It has also been implicated in Huntington Disease

(reviewed by [24]), in Parkinson Disease [25], and in stroke [26].

Casp6 is activated in serum-deprived human primary neurons in

the absence of other effector caspases, and microinjection of active

Casp6 is sufficient to induce a protracted type of cell death in

primary neurons in the absence of an insult [27,28]. Casp6 cleaves

two proteins known to be involved in AD: the amyloid b precursor

protein (APP) and Tau [27,29,30] and Casp6 activation in human

primary neurons leads to increased levels of amyloid beta peptide

(Ab) [27,31]. Casp6 also cleaves several important neuronal

proteins including alpha-tubulin, and post-synaptic density pro-

teins, Drebrin, spinophillin, actinin-1 and actinin-4 [32]. The

active form of Casp6 and Tau cleaved by Casp6 (TauDCasp6) are

present in the three major neuropathological hallmarks of

Alzheimer’s disease: neuropil threads, neuritic plaques and

neurofibrillary tangles in sporadic and familial forms of AD [33–

35]. Casp6 is also observed in areas first affected by AD pathology

in aged non-cognitively impaired and the levels of Casp6

correlated with impaired cognitive performance [34,36]. In

cultured human neurons, Casp1 activates Casp6 but it is not yet

clear if Casp1 leads to Casp6 activation in AD [37]. The activity of

Casp6 in the AD brains is restricted to the cytoplasm and does not

localize to the neuronal nuclei as in human cerebral ischemia,

whereas Casp6 is both neuritic and nuclear in morphologically

apoptotic neurons [35]. Furthermore, Casp6 activity is associated

with axonal degeneration in mouse sensory and human cortical

primary neuron cultures [38–41]. Therefore, we may have a

window of opportunity to inhibit Casp6 as a potential therapeutic

treatment against AD.

However, the physiological function of Casp6 has not been

widely investigated. Casp6 may have an important role in
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intestinal epithelium homeostasis [42]. Stem cells at the base of

intestinal crypts migrate along the crypt-villus axis and differen-

tiate into the specialized epithelial lining of the intestinal lumen

within 3–5 days. At the luminal surface, the epithelial cells

undergo anoikis, a form of apoptosis caused by the loss of cellular

anchorage and resulting in the shedding of the epithelial cells into

the intestinal lumen. In freshly isolated intestinal epithelial cells,

detachment induces Casp6 activity before Casp3 [42]. Casp6

might be implicated during the elimination of organelles in lens

development [43,44]. However, this suggestion has been disputed

since this process is not affected in Casp6 null mice [45] and the

proteasome can simulate VEIDase activity [45]. Also, Casp6

activity can stimulate B lymphocyte proliferation and is implicated

in B cell differentiation [46,47].

To determine if Casp6 may play an important role in other

human tissues, we examined Casp6 expression and activation in a

variety of fetal and adult human tissues. The levels of Casp6 are

higher in early development and decreased in most adult tissues.

We find higher levels of Casp6 proenzyme in gastrointestinal

tissues and active Casp6 in colonic epithelial cells of the adult. In

contrast, of all tissues investigated, the brain has the lowest levels of

proenzyme indicating that the high levels observed in AD are

pathological. These results highlight the need to investigate the

physiological role of Casp6 in peripheral tissues before inhibitors

of Casp6 can be considered as a treatment for AD.

Materials and Methods

Source of human tissues
Fetal tissues were obtained at the time of therapeutic abortion in

accordance with the ethical guidelines and regulations of the

CIHR and NIH and with approval of the McGill University

Institutional Review Board. Written informed consent was

obtained from the mothers for the use of fetal tissues. The fetal

ages ranged from 10.5–20 weeks and were calculated based on

foot length [48]. Whole kidney, spleen, stomach, heart and adrenal

tissues as well as samples of lung, brain, thigh muscle, colon and

skin were immediately flash-frozen and stored at 280uC until

processed for protein extractions. In addition, we also had a

formalin-fixed paraffin embedded tissue from a fetus that was

surgically removed from an ectopic tubal pregnancy; its gestational

age was 13 weeks based on its crown-rump length. Informed

consent was not required as surgical tissue was obtained before

1988, as established by the Quebec Civil Code. Tissue sections

from one human fetal stomach of 19 weeks were obtained from

BiochainH (CA, USA) for immunohistochemistry. BioChainH
complies with the relevant regulations from the various governing

bodies including the regulations on Good Clinical Practice (GCP)

from the FDA which includes the approval of the protocol by an

Investigation Review Board (IRB), informed consent form for

donors, confidentiality/privacy of related information, and quality

assurance in the process. Three series of 280uC frozen adult

tissues were obtained from the Cooperative Human Tissue

Network (CHTN, Midwestern Division, Ohio State University).

CHTN-collected tissues were primarily from the same region for

the stomach and kidney whereas the other tissues were not always

obtained from the same area of the organ. Four frozen colon

cancer and three paraffin-embedded samples with the correspond-

ing normal tissues were also obtained from the CHTN. The

CHTN policies and regulations follow current regulations and

guidance for repositories from the Office of Human Research

Protections (OHRP, DHHS) as defined http://www.hhs.gov/

ohrp/humansubjects/guidance/ and all divisions of the CHTN

operate with the review and approval of their local Institutional

Review Board (IRB). The adult brain samples were obtained with

written informed consent from the U. Toronto Institutional

Review Board by Dr. C. Bergeron (U.Toronto), and hearts from

the Cardiovascular Health Network (Institut de Cardiologie de

Montréal), which were obtained under Comité universitaire

d’éthique de la recherche. Seven frozen colon cancer samples,

with adjacent normal tissues, were obtained by Dr. J. Faria, with

ethical approval from the Jewish General Hospital Ethics

Committee (Montreal, QC). All tissues were obtained under

written informed consent from next-of-kin.

Protein extraction
Tissues were homogenized in 10 volumes of ice cold RIPA

buffer (150mM NaCl, 1% NP40, 0.5% sodium deoxycholate,

0.1% sodium dodecyl sulfate, 100 mM Tris pH 8, 0.1 mg/ml

leupeptin, 0.2 mg/ml N-a-p-tosyl-L-lysine chloromethyl ketone

hydrochloride (TLCK), 0.02 mg/ml pepstatin A, 37 mg/ml 4-(2-

aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF)) in a

ground glass homogenizer. Lysates were sonicated during 5

minutes in ice and centrifuged 10 minutes at 16250 g to separate

soluble and insoluble fractions. Supernatants were frozen at

280uC before use. The protein concentration for each sample was

performed with BCATM protein assay reagents (Pierce, Rockford,

IL) according to the manufacturer’s instructions.

Antibodies
Monoclonal anti-Casp6271-285 antibody 68041A recognizes the

full length and the p10 subunit of Casp6 (Pharmingen, San Diego,

CA). Polyclonal anti-Casp616-32 antiserum 06–691 recognizes the

full length and the p20 subunit of Casp6 (Upstate, Charlottesville,

VA). The anti-Casp6 10630 and 1277 are polyclonal neoepitope

antisera raised against the PLDVVD C-terminal amino acids of

the p20 subunit [35]. The anti-Casp1 15254 neoepitope polyclonal

antiserum was raised against the PGVVWFKD C-terminal amino

acids of the p20 subunit [37]. Anti-Casp1 polyclonal antiserum

SC-515 was raised against the C-terminus of the p10 subunit of

human Casp1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA).

Anti-Casp3 R280 polyclonal antisera detects the full length Casp3

(kind gift from Dr D. Nicholson, Merck Frost, Kirkland QC) and

the anti-p20Casp3 antisera specific to the active Casp3 subunit

was from Cell Signaling (Danvers, MA). The monoclonal anti-b-

actin A5441 antibody was raised against the 16 N-terminal amino

acids (Sigma, St Louis, MO).

Western blots
One hundred micrograms of total proteins were separated by

15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis,

transferred to PVDF Immobilon-P membranes (Millipore, Bed-

ford, MA), blocked in 5% milk and immunoblotted with

antibodies at the following dilution: 1/250 anti-Casp6 68041A,

1/1000 anti-Casp6 06–691, 1/10000 anti-Casp6 10630, 1/1000

anti-Casp1 15254, 1/250 anti-Casp1 SC-515, 1/1000 anti-Casp3

R280, 1/1000 anti-p20Casp3, and 1/5000 anti-b-Actin A5441.

Immunoreactivity was detected with 1/5000 for anti-rabbit and 1/

2000 for anti-mouse horseradish peroxidase-conjugated secondary

antibodies (Amersham, Oakville, ON). The b-actin immunoreac-

tivity was detected with anti-mouse secondary immunoglobulin

conjugated with alkaline phosphatase (Jackson ImmunoResearch

Laboratories Inc., West Grove, PA). The blots were developed

with ECL chemiluminescence (Amersham Pharmacia Biotech,

Piscataway, NJ) or with 0.32 mg/ml nitro blue tetrazolium

chloride, NBT and 0.16 mg/ml 5-bromo-4-chloro-3-indoyl phos-

phate (Promega, Madison, WI) in alkaline phosphatase buffer

(100 mM Tris pH 9, 150 mM NaCl, 1 mM MgCl2). Gels were
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stained with 1.25% Coomassie blue R250 in 50% methanol and

10% acetic acid for 1 hr at room temperature and de-stained in

50% methanol and 10% acetic acid. Semi-quantitative measure-

ment of proCasp6 levels was done with the Image Quant program

on a Molecular Dynamics Personal Densitometer SI (Molecular

Dynamics, Sunnyvale, CA). The volume/area values obtained

from densitometric measurements were analysed using ANOVA

and Dunnett’s post-hoc analysis (Statview, Pickaway, NJ).

Immunohistochemical analysis
Immunohistochemistry was performed on formalin-fixed, par-

affin-embedded sections with the Ventana Benchmark Automated

Immunostainer (Ventana Medical Systems, Tucson, AZ) using the

company’s proprietary reagent kits. After deparaffinization and

rehydratation, tissue sections were treated using Ventana’s Cell

Conditioning Solution CC1 for 4 minutes at 100uC as described

previously [35]. The primary 1277 or 10630 anti-p20Casp6

antiserum was applied at 1/2000 for 32 minutes at 42uC. Staining

was detected using Ventana’s diaminobenzidine detection kit

according to the manufacturer’s instructions. After immunostain-

ing procedure, the sections were dehydrated, cleared in xylene

mounted in Mikrokitt medium (Serum International, Montreal,

Canada), and coverslipped with Tissue-Tek SCA coverslipping

film (Sakura, Japan). All controls for the primary antiserum have

been conducted as demonstrated in [35].

Results

Casp6 is ubiquitously expressed in various human fetal
tissues

Full-length proCasp6 is present at various levels in all 11 tissues

examined (Fig.1A). A semi-quantitative analysis of three individ-

ual samples per tissue shows little variability in the steady state

levels of proCasp6 in most tissues and there is no correlation with

fetal age (Fig. 1B & C). The highest steady state levels of

proCasp6 protein are present in colon, stomach, liver and spleen

(ANOVA p,0.003). There is no significant difference in the

Casp6 levels between these tissues as determined by a Dunnett’s

post-hoc analysis. The Casp6 levels are significantly lower

(Dunnett’s p,0.05) in lung, kidney, brain, heart and adrenal

tissues. While it is customary to use protein markers to insure equal

loading in each lane of a western blot, it is not possible to do so

with varying tissues since each contains different amounts of

constituent proteins like b-actin (Fig. 1A). However, the b-actin

protein levels (Fig. 1A) and a Coomassie blue stain (Fig. 1D)

insure that each lane, including the brain, lung, kidney and

adrenal tissues, contains high levels of proteins and that the

variability in proCasp6 protein levels amongst the various tissues is

not the result of different total protein load. Casp1 levels were also

examined since Casp6 can be activated by Casp1 [37]. ProCasp1

levels are highest in lung, liver, spleen and stomach and low in

other tissues (Fig. 1E). In contrast, proCasp3 levels are high in all

of the tissues examined (Fig. 1F).

We have previously shown that Casp6 plays an important role

in stressed primary cultures of human fetal neurons and in AD.

Nevertheless, the expression is weak in fetal brain samples

compared to many of the tissues examined (Fig. 1A&C). We

further compared proCasp6 levels in neurons and astrocytes

cultured from fetal brains with those in fetal brains (Fig. 1G). Upon

longer exposure than that done in Fig. 1A, proCasp6 levels are

detected and are higher in the cultured cells than in the brain

tissue. These results indicate that, even if the steady state levels of

proCasp6 are very low compared to other tissues, there is

expression of proCasp6 in the brain.

Together, these results indicate that proCasp6 and proCasp3

are expressed quite ubiquitously in human fetal tissues while

proCasp1 expression is more restricted to some tissues. The high

levels of proCasp6 in colon suggest a potential role for Casp6 in

the physiological state of this tissue.

Active Casp6 subunits and Casp1 p20 subunit are
detected in fetal stomachs

The p10 or p20 subunits generated during the activation of

Casp6 or Casp1 are detected in fetal stomach (Fig. 1A). However,

the active Casp6 subunits were only strongly detected in the oldest

of the stomach samples (19 wks), suggesting that the activation of

Casp6 might be specific to the developmental stage. We therefore

examined five more samples from different developmental stages

ranging from 11 to 19 weeks fetal age (Fig 2A). While the steady

state proCasp6 protein levels are similar amongst the various

samples, there are considerable differences in the level of p20

subunit in the stomachs. The 19, 14.5 and 11 week samples show

more p20 Casp6 subunits with the Upstate antisera. However, the

more sensitive neoepitope p20Casp6 10630 antiserum detects the

p20 subunit in all samples except in the 14.75 and 14 week

samples. Immunostaining of fetal human stomach with the anti-

active Casp6 antiserum revealed intense cytoplasmic staining of

the mucosal epithelial cells (Fig. 2B).

Similarly, Casp1 p20 subunit is detected in fetal stomach

(Fig. 1E). A more complete study of the stomach samples ranging

from 11 to 19 weeks fetal age indicates variability in the amount of

proCasp1 and p20Casp1, but with the highest levels of p20Casp1

in the same samples where p20Casp6 levels were the highest

(Fig. 2A&C). Since Casp3 is known to activate Casp6 under

certain conditions [49], we also examined the stomachs for the

presence of proCasp3 and its active p17 or p20 subunit (Fig. 2D).

Interestingly, proCasp3 levels seem to increase with development.

However, there is no detection of the active p17 or p20 subunit of

Casp3 in these tissues, although the antibody easily recognized

recombinant Casp3 p20 subunits on the western blot. Together,

the results indicate that active Casp6 subunits do not correlate

with increasing stages of stomach development and that Casp1,

but not Casp3, could be responsible for the activation of Casp6 in

stomach.

Active Casp6 is detected in apoptotic cells of several fetal
tissues by immunohistochemistry

Detection of active Casp6 in tissues is only possible if there is a

considerable amount of cells that have active Casp6 at any one

time. Our antiserum to active Casp6 is strong and specific for

immunohistochemical analyses [35], so we opted to examine a

pathological sample of a fetus by immunohistochemistry to assess

potential Casp6 activation in the various tissues. Cells that were

immunopositive for active Casp6 were seen in many tissues. They

invariably had morphological features of apoptosis, i.e., condensed

cytoplasm and pyknotic fragmented nuclei. The dorsal root

ganglia and the anterior horns of the spinal cord already contained

cells with morphological features of early neuronal differentiation

(i.e., nuclear enlargement with distinct nucleoli, increased amount

of cytoplasm) and some of these were active Casp6-immunopo-

sitive (Fig. 3A–D). Interestingly, in the dorsal root entry zone of

the spinal cord, there was also marked Casp6 immunoreactivity

with a finely granular pattern (Fig. 3A&D). We have seen a

similar pattern in fetal cerebral ischemia [35]. In the lung, there

were scattered Casp6-immunoreactive cells in the stroma but not

in the airway epithelium. In the liver, there were clusters of Casp6-

immunoreactive cells in hematopoietic islands (Fig. 3E); hepato-
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cytes were not Casp6-immunoreactive. In the stomach and

intestine, there were rare Casp6-immunoreactive stromal cells in

the submucosa with rare Casp6-immunoreactive cells in the

intestinal epithelium but none in the gastric epithelium in this case,

consistent with the sporadic activation of Casp6 observed in

Fig. 2A. In the gonad (ovary), many primary germ cells were

Casp6-immunoreactive. In the kidneys, scattered stromal and

tubular as well as glomerular epithelial cells were Casp6-

immunoreactive. In the skeletal muscle, there were scattered

Casp6-immunoreactive cells; it was not possible, based on their

morphology, to determine whether these were apoptotic stromal

cells or myocytes. These results indicate that Casp6 activation may

be important in developmental cell death of precursor and

differentiated cells of several developing tissues.

Figure 1. Steady state levels of Casp6, Casp1, and Casp3 in human fetal tissues. A. Representative western blot (series #1) of 100 mg of
total proteins from fetal tissues with Upstate anti-Casp6 antisera (ProCasp6), neoepitope 10630 antisera (p20Casp6), and b-Actin antibody. B. Fetal
age for the three series of tissues used in the study. C. Bar graph of proCasp6 levels relative to that in colon arbitrarily placed at 100. Data represent
the individual values from series 1,2, and 3, as well as mean and SEM of 3 independent experiments. D. Coomassie stained gel of proteins from tissues
in series 1. E –G. Representative western blots of 100 mg of total proteins from fetal tissues with E. anti-Casp1 antisera (ProCasp1), neoepitope
antisera to the p20 subunit of Casp1 (p20Casp1) and b-Actin antibody, F. anti-Casp3 antisera (ProCasp3), neoepitope antisera to the p20 subunit of
Casp3 (p20Casp3) and b-Actin antibody, and G. Western blot of 100 mg of total proteins from three different fetal brains, primary cultures of human
fetal neurons or astrocytes with Upstate anti-Casp6 antisera (ProCasp6) or b-actin antibody.
doi:10.1371/journal.pone.0079313.g001

Casp6 in Human Tissues

PLOS ONE | www.plosone.org 4 November 2013 | Volume 8 | Issue 11 | e79313



Casp6 levels are relatively high in adult colon, stomach,
spleen, kidney and lung but low in other tissues

Full-length proCasp6 is detected in all 12 adult tissues examined

(Fig.4A). The semi-quantitative analysis of the steady state levels

of proCasp6 for three individual samples of variable ages (Fig. 4B)

shows more variability than in fetal tissues (Fig. 4C). However,

there is no correlation between the levels of proCasp6 and the age

of the tissue. For example, the most variability is seen in the kidney

where the ages are within 8 yrs of each other. The highest steady

state levels of proCasp6 protein are in colon, lung, stomach,

kidney, and liver, and the lowest levels are in spleen, muscle, skin,

heart, temporal cortex, cerebellum, and adrenal tissue (ANOVA

p,0.006; Dunnett’s p,0.05 comparing tissues to colon). The b-

actin protein levels (Fig. 4A) and a Coomassie blue stain (Fig. 4D)

show that each lane contains high levels of total proteins. No b-

actin was detected in muscle and heart, as expected [50] (Fig. 4A).

In contrast to fetal tissues, there is no evidence of active Casp6 in

adult tissues by western blotting (data not shown). These results

indicate that the Casp6 has decreased in several adult tissues.

The active p20 subunit of Casp6 is detected in adult
colon tissue

To assess if active Casp6 is limited to a small number of cells in

adult gastrointestinal tissues and, therefore, undetectable by

western blotting, we performed immunohistochemistry on normal

adult colon with the anti-p20Casp6 antisera [35]. Both in normal

colonic mucosa (Fig. 5A) and in some colonic adenocarcinomas

(Fig. 5C), mucinous cells (goblet cells) often contain one or several

cytoplasmic granules, which are immunoreactive for active Casp6.

These are located between the nucleus and the mucin vacuole. In

the normal colonic mucosa, mucosal cells located at the crypt

openings are strongly immunoreactive for active Casp6 (Fig. 5B).
Cells with a similar appearance are also seen in some colonic

adenocarcinomas (Fig. 5D). In well-differentiated areas of the

cancerous tissues, one out of 10 cases has even more active Casp6

in the epithelial lining than normal tissues and one case has

equivalent amounts whereas the others seem to have slightly less

active Casp6 in the mucinous or epithelial cells. However, in less

well-differentiated cancerous tissue, the active Casp6 is less

abundant. At the crypt openings, cells that are sloughing off the

epithelial lining are intensely immunostained for active Casp6 in

both the cytoplasm and the nuclei (Fig. 5E). By western blotting,

we observe that proCasp6 is in both the cancerous and normal

colon tissue but there is more proCasp6 in the cancerous tissue,

consistent with a decrease in the activation of Casp6 (Fig. 5F).

Together, these results indicate that Casp6 may be highly

important in the normal physiological turnover of the epithelial

lining of the colon.

Discussion

Casp6 is an effector caspase that has not been well character-

ized. Yet, a number of features indicate that it may play a very

important role in the pathophysiology of AD. Casp6 activation

increases the levels of Ab in primary cultures of human neurons

[27,31] and in other cell types [29,30,51]. In addition, Casp6

cleaves tau protein, the main component of neurofibrillary tangles,

Figure 2. Steady state levels of Casp6, Casp1, and Casp3 in 8 different human fetal stomachs. Representative western blots containing
100 mg total protein/lane from fetal stomachs of different developmental ages with A. Neomarker anti-Casp6 antisera (top panel), neoepitope 10630
antisera (second panel), and b-Actin antibody (third panel), B. Micrograph of human fetal stomach stained with 10630 anti-active Casp6
antiserum. C& D. Western blot of (C) anti-Casp1 antisera (ProCasp1), neoepitope antisera to the p20 subunit of Casp1 (p20Casp1) and b-Actin
antibody, and (D) anti-Casp3 antisera (ProCasp3), neoepitope antisera to the p20 subunit of Casp3 (p20Casp3) and b-Actin antibody.
doi:10.1371/journal.pone.0079313.g002
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and TauDCasp6 is abundant in the neuropil threads, the neuritic

plaques and the neurofibrillary tangles of sporadic and familial

forms of AD [33–35]. Casp6 also cleaves amyloid precursor

protein binding protein 1 [52]. More importantly, Casp6 activity is

present in the area first affected by AD in brains from aged non-

cognitively impaired individuals and the levels of Casp6 activity

correlates with impaired cognitive performance in these individ-

uals [34,36]. The role of Casp6 in axonal degeneration [38–41]

and not necessarily cell death [53,54] has propelled the field to

consider Casp6 as a potential novel target for AD. Here, we

conducted a study to investigate the location and the level of

proCasp6 in human fetal and adult tissues in order to gain more

insight into the potential physiological roles of Casp6.

In contrast to what was expected, since Casp6 is highly activated

in AD brains, proCasp6 levels are the lowest in normal fetal and

adult brains compared to other tissues. This is consistent with

results obtained by Van der Crean et al. who showed that mRNA

levels of murine Casp6 are low in the brain [55]. Yet, we also find

immunostaining evidence for active Casp6 in neurons of the dorsal

root ganglia, indicating that active Casp6 is likely to participate in

developmentally regulated apoptosis of the cerebrum and the

peripheral nervous system. However, active Casp6 probably does

not affect high numbers of neurons at any one time during normal

development of human brains. Since strong activation of Casp6

occurs in AD and ischemic human brains [35], the low levels of

proCasp6 may assure long term survival of the neurons after

Figure 3. Micrographs of immunohistochemical analyses of fetal tissues with 1277 neoepitope antisera detecting the active p20
subunit of Casp6. A. At low power (original magnification, 100x), immunopositive cells (arrows) in the dorsal root ganglion (DRG), in the anterior
horn (AH), and in the dorsal root entry zone (DREZ) of the spinal cord white matter (WM). B. High power view of dorsal root ganglion (DRG: original
magnification, 4006) indicating mitotic activity (solid arrowhead), features of early neuronal differentiation (open arrowheads) and several apoptotic
immunopositive cells (arrows). C. High power view of anterior horn (AH: original magnification, 4006) indicating dividing cells (solid arrow heads),
early maturation of cells (open arrowheads), and an immunopositive apoptotic precursor cell (arrow). WM; white matter). D. High power view of
dorsal spinal cord (original magnification, 4006). Immunopositive finely granular (synaptic) pattern in the dorsal root entry zone (DREZ) of the spinal
cord white matter (WM). DRG, dorsal root ganglion; DR, dorsal root; PH, posterior horn). E. Extensive extramedullary hematopoiesis (EMH) in the
sinusoids that separate the cords of hepatocytes (HC) in the liver (original magnification 4006). In the hematopoietic islands, there are many
immunopositive apoptotic cells (arrows).
doi:10.1371/journal.pone.0079313.g003
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developmental cell death through Casp3 activity-dependent

pruning [56] to generate a functional neuritic network.

Interestingly, proCasp6 is highly expressed in most fetal tissues

and its levels decrease in many of the adult tissues. Furthermore,

there is little variability in the levels of proCasp6 amongst the

different fetal samples of one tissue. These results indicate that

Casp6 may play an important role in the fetal tissues. Whether this

role is in the regulation of apoptosis or in another yet undefined

function of Casp6 is not known. Effector caspases can perform

non-apoptotic functions in some tissues. For example, Casp3

regulates muscle cell differentiation [57]. Casp6 may be important

in organelle dissolution in the lens of the eye [43-45] and is

involved in the proliferation and differentiation of B lymphocytes

[46,47]. The immunohistochemical staining of tissues shows that

the active Casp6 is associated with apoptotic morphology in

several tissues. However, there was also a fine granular pattern of

staining reminiscent of synaptic staining in the dorsal root entry

zone, which could indicate a role for Casp6 in remodeling of

synapses. Therefore, although it is likely that active Casp6 induces

cell death in the developmental maturation of a number of tissues,

it may have other functions.

In fetal stomach, we find active Casp6 p20 subunits in several

samples indicating that the activity of Casp6 is involved in fetal

stomach development. There is variability in the level of active

Casp6 in the different stomach samples taken from different stages

of development but the anti-p20Casp6 antiserum detects active

Casp6 in most of the samples analysed. The size and development

of the human fetal stomach depends on the size of the fetus and

Figure 4. Steady state levels of Casp6, Casp1, and Casp3 in human adult tissues. A. Representative western blot (series #2) of 100 mg of
total proteins from adult tissues with Upstate anti-Casp6 antisera (ProCasp6) and b-Actin antibody. B. Age of adult tissues used for the study. C. Bar
graph of the average of proCasp6 levels relative to that in colon arbitrarily placed at 100. Data represent the individual values as well as mean and
SEM of 3 independent experiments. D. Coomassie stained gel of proteins from tissues in series 2.
doi:10.1371/journal.pone.0079313.g004
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the amount of swallowed amniotic fluid [58]. Therefore, the

developmental stage in weeks may not be directly comparable

from one fetus to the other. The differentiation of epithelial cells

occurs between 10 and 20 weeks of fetal development in humans,

the stage of development studied herein [59], suggesting that

active Casp6 may be involved in the remodeling of the intestine

epithelial lining during development. Interestingly, the activation

of Casp6 is accompanied by active Casp1, a caspase known to

regulate activation of Casp6 in human neurons [37]. Furthermore,

the loss of Casp1 expression has been observed in 19.3% of gastric

carcinomas [60]. While we detect initiator Casp1 active subunits

in the fetal stomach where Casp6 was also activated, we fail to see

the active subunits of Casp3 in this tissue. This does not indicate

clearly the absence of Casp3 activity because the absence of

caspase subunits in tissues may be the result of high turnover, rapid

clearance of the apoptotic cell by macrophages or simply low

number of cells with the active caspase subunit in the tissues.

However, we can conclude that, in the stomach, Casp6 could be

activated through Casp1. In the normal adult colon, proCasp6

levels are also quite high and the active Casp6 is very abundant in

colonic mucosa and epithelial cell anoikis. This result is consistent

with the rapid activation of Casp6 in mechanically detached

gastrointestinal epithelial cell primary cultures [42]. Together,

these results suggest an important physiological function for Casp6

in both the developing and adult gastrointestinal system.

Colorectal cancer is believed to result from an inhibition of

apoptosis [61]. Similar to normal colon, well differentiated colonic

mucosa of adenocarcinomas are also immunostained with anti-

p20Casp6. However, in less well-differentiated areas, active Casp6

is strongly decreased consistent with the higher levels of proCasp6

in cancer tissues that indicate less activation of Casp6. It is unlikely

that the increased levels of Casp6 are due to p53 transactivation

since all except one tissue were strongly positive for non-functional

p53 (data not shown) [62]. Recently, it has been reported that

Figure 5. Micrographs of immunohistochemical analyses of adult normal and cancerous colon with 1277 neoepitope antisera
against the active p20 subunit of Casp6. Normal colonic mucosa (A) and crypt openings (B), colonic adenocarcinomas (C) and crypt openings
(D) immunostained with anti-p20Casp6 neoepitope antisera. E. Larger magnification of normal colon showing active Casp6-positive epithelial cell
sloughing off in the lumen. F. Western blot of 100 mg of total proteins from normal and cancerous colon tissues with Upstate anti-Casp6 antisera
(ProCasp6) and b-Actin antibody.
doi:10.1371/journal.pone.0079313.g005
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resveratrol induces Casp6-dependent apoptosis in colon cancer

cell lines, suggesting that apoptosis in colon carcinoma cells can be

induced in the absence of other pro-apoptotic proteins like Bax or

p53 [63]. Therefore, the loss of Casp6 activation may significantly

contribute to the cancer state in colon.

In conclusion, we have shown that the Casp6 most likely plays

an important physiological role in gastrointestinal tissues and that

Casp6 may have important functions in the development of many

fetal tissues. We have further shown the loss of active Casp6 in less

well-differentiated colon cancer tissues. Therefore, while inhibition

of the Casp6 activation in AD brains can be considered as a

potential therapy to prevent further pathophysiology, these results

indicate that the therapeutic approach will need to carefully

consider potential side effects on the gastrointestinal system.
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