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ABSTRACT

The adenomatous polyposis coli (APC) gene, a member of the WNT
pathway, has been shown to assign intestinal epithelial cellsto a program
of proliferation or differentiation through regulation of the B-catenin/
TCF-4 complex. Wild-type APC, in certain cellular contexts, appears to
induce differentiation and apoptosis, although mutant forms of APC,
known to produce polyps and ultimately cancers, may suppress these
events. Here, we show that mutant forms of APC can induce repression of
select terminal caspases as a potential means of attenuating responses to
apoptotic stimuli. Using gene expression profiling to interr ogate the intact
intestines of Apc*'™" mice harboring numerous polyps, we identified a
reduction in the mRNA expression of both caspases 3 and 7. We addi-
tionally identified areduction in protein levels of caspase-3, caspase-7, and
caspase-9 in human colon cancer specimens known to harbor APC muta-
tions. A reduction in caspase protein levels resulted in resistance to
apoptotic-inducing agents and restoration of caspase levels reinstated
apoptotic capacities. Consistent with Wnt pathway involvement, dominant
negative TCF/LEF induced caspase protein expression. These data pro-
vide support for the hypothesis that one of the functions of APC is the
regulation of caspase activity and other apoptotic proteins by controlling
their expression levelsin the cell.

INTRODUCTION

The APC* gene has been directly implicated in the development of
human colon cancer by both germ-line and somatic mutations (1).
Loss of APC function isthe initiating event in both familial polyposis
aswell asin the vast mgjority of sporadic colon cancers. In fact, APC
mutations have been identified in the earliest histologically identifi-
able lesions of the adenoma-carcinoma sequence termed aberrant
crypt foci (2). APC function has recently been linked to the WNT
signal transduction pathway, where it normally functions to target
B-catenin for degradation. When mutated, APC causes B-catenin
levels to rise and transactivate the TCF/LEF transcription factor with
resultant increased expression of cyclin D (3) and c-MYC (4). In
addition, APC has been observed to affect cellular adhesion, migra-
tion, and apoptosis (1, 5, 6). APC protein levels appear to control
development and maturation of normal crypt enterocytes where levels
are highin postreplicative cellsin the upper portions of cryptsand low
in the bases of crypts where cells are actively dividing (7). Through
the B-catenin/TCF complex, APC now appears to control a critical
switch between a pathway of cellular proliferation versus one of
differentiation (8).

The Apc*™i" mouse provides a model of colon tumorigenesis
where Apc germ-line mutation results in the formation of ~100
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adenomatous polyps as well as their precursor lesions, aberrant crypt
foci (9). The derived polyps, unlike sporadic cancers and polyps,
contain only Apc mutations (Ref. 10; a nonsense mutation at codon
850 of Apc) in one allele of Apc with spontaneous loss of the second
wild-type allele. The model demonstrates that a single affected gene
can produce the adenoma phenotype. Using both cDNA and oligonu-
cleotide (Affymetrix) microarray technology, we compared the gene
expression profile from the colon of the Apc™™™ mouse to that of its
wild-type littermate controls, identifying a number of up-regulated
and down-regul ated genes. Among these data, we observed significant
decreases in the expression levels of caspases 3 and 7. The murine
studies were extended to both a human colon cancer cell line stably
transfected with an inducible wild-type APC gene and sporadic human
normal and colon cancer tissues to provide evidence supporting the
hypothesisthat APC regulates apoptosis by governing the levels of the
terminal caspases. We provide additional data demonstrating that
caspase levels are not constitutively expressed in human colon cancer
and that caspase levels determine the cancer cell’s response to pro-
apoptotic stimuli.

MATERIALS AND METHODS
Microarray Platforms and RNA Preparation

Affymetrix GeneChips. The MGU74a GeneChip was used to assess the
Apc~’~ and Apct™Mi" mouse intestinal samples. These microarray chips inter-
rogate 12,422 unique probe identifier sequences. Data were analyzed using
Microarray Suite 4.0 to identify genes exhibiting a 2-fold induction or greater
in Apc*™i" mouse as compared with the Apc™'~ wild-type animals.

cDNA Spotted Arrays. A 27,000 element-cDNA arrays used in this study
contain National Institute on Aging and BMAP clone sets, together represent-
ing >23,000 unique genes and ESTs.> ® Array fabrication and hybridization
assays were performed as described previously (11); detailed protocols are
available online.” APC*'™M" and wild-type APC*™'* control RNA were cohy-
bridized to cDNA arrays in triplicate, including an assay reversing Cy3 and
Cy5 dyes. Data analysis was performed as outlined previously (12) using TIGR
Spotfinder, MIDAS, and MultiExperiment Viewer software packages®
Briefly, individual arrays were normalized using lowess normalization func-
tion, followed by replicafiltering to remove questionable elements, and finally
estimation of local Z score for identification of differentially expressed genes
(defined as Z > 2). There were ~13,000 genes shared between cDNA arrays,
and Affymetrix MGU74A chips were identified using the Resourcerer (13).°

RNA Preparation and Analysis. Total RNA was extracted from each of
10 intestinal samples derived from the wild-type littermate controls (Apc—'")
and the Apc mutant mice (Apc™™"). RNA was processed as previously
described (14) or in accordance with standard Affymetrix protocols. RNA from
each of 10 mice was pooled in equimolar amounts before microarray analysis
(15).

Tissue Samples and Cell Lines

Apc™™in (n = 10) and Apc™’/~ (littermate controls; n = 10) were obtained
from Jackson Laboratories (Bangor, ME) and grown until 6 months of age

S Internet address: http://Igsun.grc.nia.nih.gov/cDNA/cDNA html.

© Internet address: http://www.resgen.com/products/BMAPOO1_design_specs.php3.
7 Internet address: http://cancer.tigr.org/protocols.shtml.

8 Internet address: http://www.tigr.org/software/.

© Internet address: http://www.tigr.org/tdb/tgi.shtml.
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when stool samples were noted to be hemoccult positive. All mice were
euthanized, and the small and large intestines were stripped of associated
mesenteric fat and blood vessels, opened lengthwise for polyp enumeration,
and snap-frozen in liquid nitrogen within 10 min of extirpation. For the
Apct™Min mice, after evaluation with a dissecting microscope, polyp-bearing
tissues were further separated from polyp-free tissues. RNA was then extracted
using Trizol (Life Technologies, Inc., Gaithersburg, MD). Before extraction of
RNA from APC*/™" mice, polyp-free intestinal segments were dissected free
from polyp-bearing segments. The HT29"P and HT29%%9 cell lines used
were a gift from Bert. Vogelstein. These cell lines were stably transfected with
a Zn-inducible wild-type APC or B-gal vector. Cells were generally treated for
48 h with 120 um ZnCl, before analysis.

Northern Blot Analysis

Ten pg of total RNA (derived from human normal and neoplastic tissues)
were fractionated through formaldehyde-containing agarose gels and trans-
ferred to nylon membranes. Hybridizations with random primed 32P-labeled
mouse or human caspase-3 and caspase-7 cDNA probes were performed using
QuikHyb Hybridization Solution (Stratagene, La Jolla, California). The mouse
or human caspase-3 and caspase-7 cDNA probes were synthesized by reverse
transcription-PCR using the following primers: mouse caspase-3 forward,
AAGATCATAGCAAAAGGAGCAG and reverse, GAGTAAGCATACAG-
GAAGTCAG; mouse caspase-7 forward, ATTTTTAAGCCGACCTTCCC
and reverse, TCCAATCACCATAGTCCTCC; human caspase-3 forward, AT-
GCATACTCCACAGCACC and reverse, ACCACCAACCAACCATTTC;
and human caspase-7 forward, TCTGGTGCTGTCTTTTGTTCTC and re-
verse, TTCTTGCTGTTTGGCTTCTCT. The PCR fragments were sequenced
and confirmed to be the correct sequence for mouse and human caspase-3 and
caspase-7.

Western Blot Analysis

Cells were lysed in 50 mm PIPES/IKOH (pH 6.5), 2 mm EDTA, 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic  acid, 5 mm
DTT, 20 wg/ml leupeptin, 10 wg/ml pepstatin A, 10 wg/ml apoprotinin, and
2 mm phenylmethylsulfonyl fluoride. Lysates were centrifuged at 4°C for 30
min at 20,000 X g, and the supernatant fraction was recovered. Protein extracts
(100 ng) were fractionated through 10% criterion precast gel (Bio-Rad, Her-
cules, CA) and blotted onto pure nitrocellulose membranes (Bio-Rad).
Caspase-3 antibody was purchased from Oncogene Research Products (Bos-
ton, MA). Capase-7 and PARP antibodies were purchased from BD Phar-
Mingen (San Diego, CA). Caspase-8 antibody was purchased from Alexis
Biochemicals (San Diego, CA). Caspase-9 antibody was purchased from
Calbiochem (San Diego, CA). Final protein detection used a goat antimouse or
antirabbit 1gG horseradish peroxidase secondary antibody (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) and SuperSignal West Pico Chemilumines-
cent Substrate (Pierce, Rockford, IL).

RNase Protection Assays

Total RNA was isolated using Trizol Reagent (Invitrogen, Carlsbad, CA).
The presence of transcripts of the indicated apoptosis-related genes, as well as
L 32 and glyceraldehyde-3-phosphate dehydrogenase as internal controls, were
analyzed with the mAPO-1 and hAPO-1c MultiProbe template sets (BD
Biosciences). Probe synthesis, hybridization, and RNase treatment were per-
formed with the RiboQuant MultiProbe RNase Protection Assay System (BD
Biosciences) according to the manufacturer's recommendations. Protected
transcripts were analyzed by denaturing PAGE on 6% PAGE/urea gel (Am-
bion, Austin, TX) and quantified on a Phosphorlmager with the ImageQuant
software (Molecular Dynamics, Sunnyvale, CA).

Apoptosis and Terminal Deoxynucleotidyltransferase-mediated Nick
End Labeling Assays

Annexin V-phycoerythrin reagents were purchased from BD Biosciences.
Caspase-3, caspase-9, and pan-caspase peptide inhibitors (DEVE, LEHD, and
ZVAD, respectively) were purchased from Alexis Biochemicals. Cells were
washed twice with cold PBS and then resuspended in 1X binding buffer at a
concentration of 1 X 10° cells/ml. One hundred ul of the solution (1 X 10°
cells) were transferred to a culture tube and incubated with 5 ul of Annexin

V-phycoerythrin antibody and 5 pl of 7-ADD and incubated 15 min in the
dark. Then, cell apoptotic populations were analyzed by flow cytometry. APC
induced cell death effect was assessed using tetrazolium salt MTT (Sigma) to
measure the viability of the cells. A total of 180 wl of HT29APC or HT298-93
cell suspension (2.5 X 10 cells/ml) was added to 20 ul of seria 10-fold
dilutions of each of 5-FU and anti-Fas antibody (50 ng/ml) in absence or
presence of Zncl, (120 um) in 96-well plates (Corning) and incubated at 37°C
for 96 h. Three microtiter wells containing the cells suspended in 200 ul of
complete medium (total cell number was equivalent to that in the test wells)
were used as controls for cell viability, and three wells containing only
complete medium were used as controls for nonspecific dye reduction. After
incubation, the cells were treated using MTT dye for 4 h, then DMSO was
added to all of the wells. The plates were then read at 540 nm on a microplate
reader.

Termina deoxynucleotidyltransferase-mediated nick end labeling assays
were performed using the APO-Direct procedure (BD PharMingen) according
to manufacturer’s directions. Briefly, 2 X 10° cells were trypsinized and fixed
for 15 min in 1% paraformadehyde. The cells were washed in cold PBS,
resuspended in 70% ethanol, and stored at —20°C overnight. Cells were
washed in wash buffer and stained in a solution containing reaction buffer,
termina deoxynucleotidyltransferase enzyme, and FITC-dUTP for 60 min.
Cells were washed and analyzed by flow cytometry.

RESULTS

Gene Expression Profiling of the Apc*™"™ Mouse |dentifies
Reduced Caspase Levels. Using both oligonucleotide (Affymetrix)
and spotted cDNA arrays, we generated gene expression profiles of
the intact large and small intestines of wild-type, polyp negative
(Apc*’*) and mutant, polyp-positive (Apc™ ™™ mice. Because of the
small size of the individua polyps and the ensuing difficulty in
deriving enough RNA for analysis, we elected to analyze pooled RNA
from the intact intestines of 10 Apc™™™™ mice harboring a median of
100 polyps/sample. We compared these expression measures with
those derived from 10 polyp-free Apc*’* mice. One observation that
emerged immediately from these expression assays was that both
caspase-3 and caspase-7 were significantly down-regulated (>2.5
fold) in the Apc*’™™™ mice. A Northern analysis of caspase-3 and
caspase-7 expression confirmed a significant reduction in expression
in colon-bearing polyps and in the adjacent norma mucosa of
Apc™™I" mice relative to the normal mucosa derived from wild-type
Apc™* mice. (Fig. 1A). These data suggest that APC may regulate the
expression of at least two termina apoptotic regulatory molecules,
possibly reducing apoptotic events and contributing to the prolifera-
tion of polyps and cancers. An evaluation of caspase expression by
RNase protection assay additionally confirmed these results by dem-
onstrating a significant reduction (~2.5-fold) in caspase-3 and
caspase-7, but not in caspase-8, caspase-6, caspase-11, caspase-12,
caspase-2, caspase-1, and caspase-14, in Apc™™™ mice relative to
Apc™’* mice (Fig. 1B). Furthermore, the data suggest that the degree
of caspase repression is dependent on the presence of one or two
mutated Apc aleles. The caspase expression of colon-bearing polyps
presumed to harbor two atered (mutated or deleted) Apc aleles was
considerably less than that of normal adjacent mucosa with only one
mutant Apc allele.

The APC Apoptotic Program. Gene expression profiling is a
powerful tool that permits the simultaneous eval uation of thousands of
genes from multiple families in the same experiment. Here, we
present a comprehensive analysis of gene expression in the intact
intestines of the Apc*’* and the Apc*™™ mouse using two different
microarray platforms: the Affymetrix MGU74AGeneChip (Af-
fymetrix) and a high density spotted cDNA array that we constructed.
Differentially expressed genes were identified using each platform
individually and then genes common to both platforms were identified

4369



REGULATION OF CASPASE EXPRESSION AND APOPTOSIS BY APC

A WT APC + mouse APC #min mouse GO o
intestines polyp- negative polyp-pasitive
intestines intestines
R 0 DR W |

12 3 4 5 6 7 8 9 10 1 12 13 ¥ 15
Quantified representation of northern blot data
APC #min mouse APC *min mouse
WT APC ** mouse . i
_ 3 polyp- negative polyp-positive
intestines

intestines

E—————— 1. [ ——— ][ ]
23m[5.5.-”uﬂr-- '|C‘aspase-?

= —=—====—======—1

mHHHHHHﬂDHHmmmHH

23 4567 8 9 101112131415
Quantified representation of northern blot data

B

APC (+/+) APC (Min+)
Mouse Mouse
probe
Caspase-8 ==~—_ sl el
gaspase: "\‘_--_ SRS B Caspose-3
aspase

Caspase-11 —.—iﬁ‘--- ——————

Caspase-12 ™ =

Caspase-2

Caspase-7 o

Caspase-1

Caspase-14 :\---- - -5 . == Caspase-7
— - — — — ——

L32

GAPDH

Fig. 1. Caspase-3 and caspase-7 mRNA are down-regulated in the intestines of the Apc*/™" mouse. A, Northern analysis of RNA derived from the intact intestines of wild-type,

polyp-negative Apc™/™* littermate controls (n = 5), polyp-negative portions of intestines from Apc™™" mice (n = 5), and polyp-positive (~100 polyps/mouse) Apc

+/Min mlce(n = 5)

demonstrates a significant reduction in caspase-3 and caspase-7 expression in the polyp-bearing intestines, validating the results of the gene expression analysis. Expression of caspase-3

and caspase-7 was only slightly reduced in the polyp-free portions of intestines from the Apc

+/Min mice. B, RNase protection assay of a panel of caspases confirms down-regulation

of caspase-3 and caspase-7 but not caspase-8, caspase-6, caspase-11, caspase-12, caspase-2, caspase-1, and caspase-14. Other caspases such as caspase-9 were not assayed in murine

tissues.

using a software program we developed (Resourcerer) to link oligo-
nucleotide data with cDNA array data (13).°

A total of 451 genes was identified as differentially regulated using
the 2-fold cutoff on oligonucleotide chips (supplemental table),?
whereas application of lowess normalization and the local Z > 2
criterion (12) resulted in a list of 697 differentially expressed tran-
scripts on cDNA arrays (supplemental table).? A number of differen-
tially regulated genes were also identified as shared between the two
microarray platforms (supplemental table).? Among these, we found
up-regulation of genes that have been previously implicated in colon

cancer progression, most notably clusterin (16) and osteopontin (15).
Of specia significance, however, was the observation that both
caspase-3 and caspase-7 were down-regulated in Apct™™™ mice,
suggesting that APC may directly influence the apoptotic pathways.
This observation prompted us to separately examine the more exten-
sive lists of differentially regulated genes identified by each of the
array platforms. As can be seen in the list of apoptosis-related genes
in Table 1, we observed lower levels of proapoptotic molecules such
as cytochrome ¢ (17) and an apoptosis activator MTD (BCL-2-related
ovarian killer protein-like; Ref. 18) in the Apc*™'™ mouse relative to

Table 1 Differentially expressed genes linked to apoptotic function with the real time RT-PCR validation of a selection of genes.

GanBank Common_Name/ Assay Log; QT-PCR
Acc 1 Role_Guess (APC/WT) | (APC/WT)
U54803 Caspase 3 Affymetrix | -1.55
AUD16275 cDNA -1.06
U67321 Caspase 7 Affymetrix | -1.17
AA409687 Cytochrome c cDNA -0.931 -2.105
AlB49373 cDNA -0.860 -1.971
AlB38402 Mad protein (Max dimerizer) cDNA -1.08 -2.352
AlB4TTO2 apoptosis activator Mtd; Bcl-2- cDNA -0.632
related ovarian killer protein-like
AlB47285 apoptosis signal-regulating kinase 2 | cDNA 0.590 1.50
AU016757 Myc proto-oncogene protein (C- cDNA 1.05
MYC)
AWS553554 E1B 19K/Bcl-2-binding protein cDNA 1.12
homolog
AlB54349 Serine/threonine protein kinase SGK | cDNA 1.14
AF007769 Neuronal apoptosis inhibitory Affymetrix | 1.42 1.778
protein 1
X16009 mitogen regulated protein/proliferin Affymetrix | 1.98 49.428
(MRP/PLF)
D38117 Calpain 2 large (catalytic) subunit Affymetrix | 2.90 5.359
AU018274 cDNA 1.18

Down-regulated genes shown in green; up-regulated genes shown in red.
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Fig. 2. Caspases are down-regulated in the majority of representative human colon
cancer specimens. A, Northern analysis demonstrates down-regulation of caspase-3 and
caspase-7 to occur both in adenomas and cancers of Dukes stage B and C. B, Western blot
analysis demonstrates protein levels of caspase-3, caspase-7, and caspase-9 but not
caspase-8 were down-regulated in human colon cancer specimens when compared with
paired, adjacent, normal mucosal controls.

+/+

the wild-type Apc mouse. The MAD (19) gene controlling cell
growth was also down-regulated. Conversely, antiapoptotic genes
were increased in expression such as c-MYC (17), NAIP (20), and
calpain (21). We have validated the expression of a number of these
genes using real-time reverse transcription-PCR. These analyses have
identified a set of genes regulated by APC, some of which have been
previoudy linked to the function of apoptosis. We propose these
candidate genes as members of an APC apoptotic program. The full
list of genesidentified by both platformsis available as supplementary
data on line.*®

Caspase Expression in Human Colon Cancer Tissue Specimens.
Our initial evaluation of gene expression profiles of the Apc*/™n
mouse model suggested that APC may control apoptosis by regulating
the expression of specific terminal caspases. To additionally investi-
gate this hypothesis, the expression of numerous caspases in human
colon neoplastic specimens relative to norma mucosal controls was
examined. Caspase-3 mMRNA levels were observed to be reduced
incrementally in adenomatous polyps and cancers (Fig. 2A). Similarly,
caspase-7 MRNA levels were substantially reduced relative to adja-
cent, paired normal mucosain four of four specimen pairs tested (Fig.
2A). Using Western analysis, protein levels for caspase-3, caspase-7,
and caspase-9 but not caspase-8 were reduced in human colon cancer
specimens relative to adjacent normal mucosal controls (Fig. 2B). In
the majority of invasive tumor samples examined, caspase protein
expression was reduced by >50%.

Effect of APC Expression on Caspase Levels. Because the
caspases have been regarded as redundant and constitutively ex-
pressed, it was necessary to determine whether we could demonstrate
that caspase expression levels were regulated by APC expression
levels. Moreover, we sought to demonstrate that the selective repres-
sion of terminal caspases could, in fact, significantly alter the degree
of apoptosis achieved with proapoptotic stimuli. Using a well-
described in vitro model, anull APC ™/~ human colon cancer cell line
(HT-29) stably transfected with a Zn-inducible wild-type APC vector

19 |nternet address: http://cancer.tigr.org/data/ APC.

or a B-gal control [the mRNA levels of caspase-3, caspase-7, and
caspase-9 were demonstrated by RNase protection to rise in cells after
induction of wild-type APC expression (Fig. 3A)]. Similarly, protein
levels of caspase-3, caspase-7, and caspase-9 but not caspase-8 were
shown to be up-regulated with induction of wild-type APC expression
(Fig. 3B). This increased expression of caspases aso resulted in
increased levels of caspase cleavage products for caspase-3,
caspase-7, and caspase-9 as well as an increase in the basal rate of
PARP cleavage (Fig. 3B).

Dominant Negative TCF/LEF Enhances Caspase Expression.
To investigate the mechanism underlying APC regulation of caspase
expression, we evaluated the potential for TCF/LEF to effect caspase
protein expression. Transient transfection with the dominant negative
TCF/LEF construct resulted in significant increases in caspase protein
expression (caspase-3, caspase-7, and caspase-9), whereas c-Myc and
cyclin-D1 were suppressed (Fig. 4).
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Fig. 3. Caspase regulation by Zn-induced wild-type APC expression in APC-deficient
HT29 colon cancer cells. A, RNase protection assay demonstrates reduced expression of
caspase-3, caspase-7, and caspase-9 but not other tested caspases over a 48-h time course
in HT29 APC cells after induction of APC expression by ZnCl, (120 um) exposure. No
alterations in gene expression were observed in HT29%9 control cells similarly exposed
to ZnCl,. B, Western analysis demonstrates an increase in protein levels of caspase-3,
caspase-7, and caspase-9 but not caspase-8 with wild-type APC induction by ZnCl, in
HT29°P< over a 24-h time course. This increased expression of caspases aso resulted in
increased levels of caspase cleavage products for caspase-3, caspase-7, and caspase-9 as
well as increased basal PARP cleavage as a measure of apoptosis secondary to induction
of APC expression.
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Effect of APC and Caspase Expression on Induced Apoptotic
Events. To assess the baseline effect of wild-type APC protein ex-
pression in human colon cancer cells containing endogenous inactive
APC alleles, transfected HT29""cells were incubated with or with-
out ZnCl, for 48 h, and apoptosis was then assessed by annexin-V
staining analyzed by flow cytometry (Fig. 5A). These data indicated
that the fraction of apoptotic cells was increased ~3-fold because of
induction of APC alone. When we exposed these cells to apoptotic
stimuli (5-FU, anti-Fas antibody, and their combination), the fraction
of apoptotic cells increased ~6-fold in those expressing APC relative
to controls absent of APC expression. Furthermore, this level of
apoptotic induction translated into significant effect on cell survival in
APC expressing cells (Fig. 5B) but not controls as anticipated (Fig.
5C). To determine whether an alteration in caspase levels could affect
the degree of apoptosis achieved with exposure to apoptotic stimuli in
APC-expressing cells, peptide inhibitors of selective caspases were
evaluated (Fig. 5D). We demonstrated that the caspase-3 inhibitor
(DEVD), the caspase-9 inhibitor (LEHD), and the pan-caspase inhib-
itor (ZVAD) were all able to significantly reduce (by ~50% or more)
the fractional apoptosis produced by proapoptotic stimuli. Interest-
ingly, the peptide inhibition of caspase-8, a protein demonstrated to
not be influenced by APC, did not affect apoptosis. Taken together,
these data suggest that the specific reduction of caspase-3, caspase-7,
and caspase-9 associated with mutant forms of APC might have a
significant effect on apoptotic events.

To additionally demonstrate a role for caspase levels in the regu-
lation of apoptosis in human colon cancer, caspase 3 was transiently
transfected into wild-type APC~/~ HT29 cells, and apoptosis was
monitored after activation by 5-FU + Fas ligand (Fig. 5E). These
experiments demonstrated that overexpression of caspase-3 in the
absence of apoptotic stimuli resulted in an approximate 3-fold basal
increase in fractional apoptosis relative to controls (Fig. 5E). Subse-
quent stimulation with 5-FU and anti-Fas antibody significantly in-
creased basal levels of apoptosis from ~30 to ~75% (Fig. 5E).
Collectively, these data provide evidence that caspase levels are
regulated by APC and directly affect the efficiency of apoptosis when
cells are exposed to apoptotic stimuli.

DISCUSSION

The penultimate control of apoptosis has generally been linked to
activation of the terminal caspases, rather than to regulation of their
intracellular protein levels. Through proteolytic cleavage, caspases are
converted to active caspases, which can then exert their direct effects.
To date, it has been generally assumed that caspases are constitutively

expressed and that regulation of apoptosis is directly controlled
through modification of their activity by upstream events (22, 23), a
number of which have been attributed to the action of tumor suppres-
sor genes (24, 25). For example, regulation of apoptotic activity has
been linked to prevention of AKT activation by the tumor suppressor
PTEN, and the p19ARF tumor suppressor gene induces apoptosis by
binding to MDM2 and preventing P53 degradation. The RB tumor
suppressor inhibits apoptosis through the induction of BCL-X, , and
P53 induces apoptosis through the induction of the proapoptotic BAX
gene Similarly, apoptosis has been observed to be regulated by a
number of oncogenes, including c-MYC, E1A, and RAS (24). Despite
the magjority of reports describing upstream regulation of apoptosis,
there is some evidence that caspase levels are subject to transcrip-
tiona regulation with resultant effects on apoptotic potential. For
example, cells lacking STAT1 demonstrate decreased levels of
caspase-1, caspase-2, and caspase-3 with subsequent attenuated re-
sponses to apoptotic stimuli (26). Experimental knockout models
confirm the potential for profound defects in apoptosis in animals
lacking certain caspases (27, 28). Conversely, caspase-3 mRNA and
protein levels have been shown to increase after chemotherapy treat-
ment (29). We report the first example of a tumor suppressor gene,
APC, regulating caspase expression. These data provide direct evi-
dence that the regulation of apoptosis may be finely controlled at
multiple levels in the cascade of events that leads to cell death.

Using two different microarray platforms (oligonucleotide and
spotted cDNA), gene expression profiling has led to the observation
that expression of select terminal caspases (caspase-3 and caspase-7)
were significantly reduced in the Apc*™™™ mouse where a single
mutation is responsible for the inactivation of Apc through protein
truncation. These reductions in mRNA levels were subsequently
linked to reduced protein levels that had a significant effect on the
level of apoptosis achieved by the affected cell population. We have
also demonstrated a reduction of caspase-3, caspase-7, and caspase-9
in human colorectal tumor specimens suggesting that APC may exert
control over both initiator (upstream) caspases (-9) and effector
(downstream) caspases (-3 and -7). It is interesting to note that not all
members of the caspase family are affected but rather that only afew
appear to be tightly regulated by APC. Moreover, specific peptide
inhibition of caspase-3, caspase-7, and caspase-9, but not caspase-8,
was effective in reducing apoptotic events.

The observation that caspase regulation occurs in the Apc
mouse where genetic alterations common to somatic human colon
cancers (e.g., RAS P53) do not occur suggests that APC itself is
ultimately responsible for the caspase regulation. Because dominant
negative TCF/LEF was shown to significantly induce caspase expres-
sion, we believe the Wnt pathway can now be implicated in the
control of the apoptotic program. Furthermore, because alterations in
apoptosis were demonstrated in the HT29 colon cancer cell line
harboring and inducible APC-producing vector but functionally null
for P53 expression, the observed apoptosis is likely independent of
other tumor suppressor genes such as P53. These findings suggest that
whereas APC has been shown to regulate a master switch determining
a program of proliferation or alternatively differentiation, in certain
cellular contexts, APC might also regulate a program of apoptosis.

With the caveat that gene expression profiles faithfully represent
mMRNA expression but may not reflect protein expression, they can
still provide important clues regarding the regulation of apoptotic
events by APC. Apoptosisis a process likely determined by a balance
of competing pro- and antiapoptotic molecules. APC appears to tip
this balance in favor of apoptosis though downstream alterations in
gene expression. In this regard, mutant APC, expressed by the
Apc™™Mi" mouse, appears to repress genes with reported proapoptotic
function such as cytochrome ¢ (17), MAD (19), and MTD (18).
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Fig. 5. Expression of wild-type APC and associated caspases regulates apoptosis and cell survival. A, apoptosis secondary to 48-h exposure to anti-Fas antibody (50 ng/ml), 5-FU
(5 um), or their combination is enhanced by the induction of wild-type APC by ZnCl, exposure (120 um). B, wild-type APC induced by ZnCl, exposure significantly reduces the
percentage cell survival as measured by a MTT assay after exposure to apoptotic stimuli (5-FU and anti-Fas antibody). The effect is more obvious at lower 5-FU doses. C, there is
no differential effect of proapoptotic stimuli (5-FU and anti-Fas antibody) on HT29%9% control cells deficient in wild-type APC production. D, peptide inhibitors of caspase-9 (LEHD,
20 pum), caspase-3 (DEVD, 50 um), their combination (LEHD + DEVD), and pan-caspase inhibitors (ZVAD, 50 um) al demonstrated a significant reduction in apoptosis induced by
wild-type APC achieved through ZnCl,, induction of HT29°7C cells. On the other hand, peptide inhibitors of caspase-8 (IETD, 50 um) were unable to suppress apoptosis induced by
APC in conjunction with proapoptotic stimuli. E, caspase-3 transient transfection is capable of restoring apoptotic responses to proapoptotic stimuli (5-FU and anti-Fas antibody) in
wild-type HT29 cells deficient in APC and caspase-3 expression. Statistically significant differences are marked by an asterisk (P < 0.05, two-sided t test).

Similarly, genes with antiapoptotic function appear to be up-regu-
lated. These include c-MYC (17), SGK (30), calpain (21), and NIAP.
These data provide evidence that two pathways, the WNT pathway
and the phosphatidylinositol 3'-kinase pathway, may control apoptotic
events through the intersection of glycogen synthase kinase-3, which
can ater c-MY C levels directly via phosphorylation or indirectly via
TCF/LEF (31). Of particular interest is the finding that the NAIP gene,
which has recently been shown to directly and selectively inhibit
caspase-3 and caspase-7 (20) activity, is up-regulated in the context of
mutant APC. This would suggest that even when APC induced re-
pression of caspase expression isincomplete, the expression of NIAP

may ensure effective caspase-3 and caspase-7 inhibition. Similarly,
osteopontin, a protein we have previously demonstrated to be up-
regulated in human colon cancer (15), is known to promote antiapo-
ptotic activity (32). Somewhat puzzling is the observation that a
number of proapoptotic insulin-like growth factor binding proteins are
up-regulated in HT29°F cells. We interpret this result as a compen-
satory mechanism in colon cancer cells known to highly overexpress
insulin-like growth factor receptor (and depend on it for growth);
however, compensation at the extracellular level may be ultimately be
ineffective in subverting the effect of APC on terminal caspases.
Collectively, these profiles provide a number of genes that may be
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part of alarger APC-controlled apoptotic program that represents an
atered balance between pro- and antiapoptotic molecules.

We have provided evidence for a novel mechanism by which the
APC tumor suppressor gene, when mutated, may alter the balance of
antiapoptotic and proapoptotic molecules and support a proliferative
cellular program. The observed down-regulation of the terminal
caspases, in concert with APC mutation, may result in a significant
reduction in apoptotic activity, which may contribute to tumor growth
or resistance to apoptotic stimuli such as chemotherapeutic drugs. The
expression of wild-type APC appearsto be related to the expression of
caspase-3, caspase-7, and caspase-9 and may also represent a normal
control mechanism in crypt maturation and differentiation. These data
imply that expression of full-length APC regulates the expression and
activation of terminal caspases and provides a mechanism for the
control of apoptotic activity.
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