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Abstract
Colorectal cancer (CRC) results from the progressive accumulation of both genetic and epigenetic
alterations that lead to the transformation of normal colorectal epithelium to benign (adenoma) and
invasive (carcinoma) disease. Since its discovery in mutated form as the causative gene for
familial adenomatous polyposis coli (FAP), as well as in many sporadic CRCs, the APC tumor
suppressor has been shown to possess numerous functions within the cell including regulation of
WNT signaling pathways and its transcriptional effects, cell migration, and chromosome
separation. In recent years, other novel roles for APC have been investigated and suggest that APC
can also repress DNA replication and enhance apoptosis. Further insights into the mechanisms by
which APC contributes to tumor suppression will accelerate the diagnosis and treatment of CRC.
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Introduction
Colorectal cancer (CRC) represents nearly 10% of all new cases of cancer worldwide each
year. According to current estimates from the National Cancer Institute, there will be
102,900 new colon and 39,670 rectal cancers newly diagnosed and 51,370 deaths in the
United States this year, making it the third most common cancer and second most common
cause of cancer-related deaths.

CRC results from the progressive accumulation of both genetic and epigenetic alterations
that lead to the transformation of the normal colorectal epithelium to benign (adenoma) and
invasive (carcinoma) disease, a process that can take up to 25 years [1]. Over the course of
this transition from a normal cell to adenoma and to carcinoma, six or more molecular
alterations occur, although the sequence may not be as important as the cumulative changes.
The initial genetic events in the majority of CRCs are often loss of function mutations in
both copies of the APC gene, a gene initially discovered from study of a rare but dominantly
inherited colon cancer syndrome, known as familial adenomatous polyposis coli or FAP.
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Family studies, linkage analyses, and positional cloning of the APC gene, as well as
subsequent mutational studies, identified germ-line and somatic mutations within APC, the
majority of which are frameshift or nonsense mutations occurring between codons 1250 and
1464 (the mutation cluster region [MCR]) and result in a truncated protein [2–4]. Similar
mutations in APC were identified in sporadic CRCs, suggesting that in this example,
inherited or sporadic mutations of APC are associated with the occurrence of CRC.
Although less than 1% of all CRC cases are the result of this familial syndrome, the
pathways affected in those with inherited CRC provided important clues to the more
common sporadic CRCs.

Given that loss of APC in both sporadic and familial CRC is often the initiating mutation in
colorectal tumors, the APC protein is regarded as a gatekeeper. Genetic, biochemical, and
mouse modeling studies have demonstrated the effects of APC on numerous cellular
functions including the regulation of transcription, cell migration and adhesion, and
chromosome separation. Most notably, APC is known for its role in the WNT signaling
pathway, facilitating the degradation of the transcriptional effector β-catenin within a large
complex of proteins; this is known as the canonical WNT signaling pathway. Loss of APC
leads to the accumulation of β-catenin, which then is free to form complexes with members
of the TCF family of transcription factors to enter the nucleus and alter the transcription of
numerous genes, including MYC and cyclin D1, that are pro-growth, anti-apoptotic, or anti-
differentiation [5–7].

Many models of CRC initiation and progression assume that the loss of APC is only
synonymous with dysregulation of WNT signaling and aberrant nuclear accumulation of β-
catenin. However, in the past few years, our research group and others have begun to define
additional roles for APC within the cell, including control of DNA replication and apoptosis,
that are independent of the transcriptional upregulation of WNT target genes and whose
disruption could also contribute to the initiation and progression of CRC. The contribution
of these two non-canonical pathways of APC function to tumor suppression will be
discussed below.

Non-canonical Functions of APC
Although APC is mutated in the majority of CRCs, there are more unusual tumor subsets
that harbor a stabilizing mutation of β-catenin that also leads to constitutive activation of the
WNT pathway, and some tumors without evidence of activated WNT signaling, although
the latter are often found in association with the inflammatory bowel diseases. Interestingly,
tumors from the mutated β-catenin subset of CRCs are associated with a more favorable
prognosis and therefore may be clinically distinct from those with mutated APC [8]. These
data suggest that a different sequence of mutational events has occurred in these tumors.
Additionally, although β-catenin and many of its transcriptional targets, including MYC and
cyclin D1, are elevated in expression in adenomas from FAP patients compared to adjacent
normal tissues, Blaker et al. [9] reported that in mildly dysplastic FAP adenomas, β-catenin
is not nuclear. This observation was further supported by data from Anderson et al. [10] that
identified detectable nuclear β-catenin accumulation in highly dysplastic adenomas but not
in microadenomas from FAP patients. These results suggest that prior to activation of WNT
signaling, mutant APC could affect other cellular pathways related to tumor suppression.

APC and DNA Replication
APC is a 310-kDa tumor suppressor protein normally expressed in non-proliferating
colorectal epithelium and is essential for maintaining normal growth control and
differentiation. As mentioned, APC contributes to a diverse set of cellular pathways and
does so through several distinct functional domains, varied subcellular locations, and
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interactions with a diverse array of cellular proteins. Although APC is predominantly in the
cytoplasm, normal, but not mutant, APC can be localized to the nucleus of some epithelial
cell types [11]. Two nuclear localization signals (NLS) and four nuclear export sequences
(NES) are found within APC [12, 13].

Accumulating evidence suggests a role for APC in DNA replication. Introduction of the
APC gene into colon carcinoma cell lines prevents entry into and/or progression through S-
phase [14–16]. APC controls entry into S-phase partially through its ability to regulate the
cyclinD/RB pathway by disrupting β-catenin–mediated transcription. Other evidence points
to a transcription-independent role for APC in cell cycle regulation. Cellular arrest induced
by APC is only partially recovered by concomitant transfection of oncogenic β-catenin in
the colon cancer cell line, SW480 [15]. In HCT116 colon cancer cells with wild-type APC
and oncogenic β-catenin, the addition of exogenous APC also affects cell growth. Nuclear
APC also counteracts the activation of WNT target genes by β-catenin [17].

Deka et al. [18] mapped three DNA-binding domains within APC: one in the β-catenin–
binding domain and two in the carboxy-terminus. These domains have clusters of S (T)PXX
sequence motifs that, similarly to other proteins containing these motifs, bind preferentially
to A/T-rich DNA sequences rather than to specific DNA sequences [18]. APC also
associates with microtubules (MTs) by direct binding and by indirect binding through EB1
and kinesin-2. This occurs within regions of the APC carboxy-terminus and overlaps with its
DNA-binding regions. The interaction of APC with MTs is implicated in MT assembly and
bundling in vitro [19], in MT stabilization in vitro [20], and spindle formation [21].
Additionally, the binding of APC and EB1 is required for EB1-induced MT polymerization
in vitro. Formin mDia2 interacts in a complex with APC and EB1 and leads to Rho-induced
MT stabilization [22]. Recent literature has defined new protein-binding partners of APC
that also regulate its interactions with MTs. Murawala et al. [23•] demonstrated that the
middle region of APC, its β-catenin–binding region, targets APC to the plus-ends of MTs
and that this region of APC is associated with the growing end of the MT. Furthermore, they
report that Nup358, implicated in nucleocytoplasmic transport, and kinesin-2 play a role in
targeting APC to this specific set of MT-plus ends. In cells depleted of Nup358 by RNA
interference, cytoplasmic APC fails to localize to the cell cortex. The interaction of APC
with various components of the MT machinery may also affect its cellular localization to the
nucleus when DNA replication is ongoing. More recently, Dikovskaya et al. [24•]
demonstrated that APC directly interacts with importin-β, a transport factor involved in
nuclear import of various cargo molecules during interphase that contribute to mitotic
spindle formation by delivering spindle-promoting molecules to specific cellular regions
during mitosis. They reported that importin-β inhibits the ability of APC to assemble and
bundle MTs in vitro, and to promote the formation of MT structures in Xenopus laevis egg
extracts. The MT-binding region of APC is deleted in most tumor-associated mutations of
APC, suggesting subsequent effects on cell migration. Finally given the function of APC at
mitotic spindles, APC mutation contributes to chromosomal instability [25, 26].

To study the effect of APC on DNA replication directly our laboratory used an in vitro
system that includes Xenopus laevis egg extract and exogenously added DNA template in
order to separate the transcriptional effects of APC from its non-transcriptional effects. This
cell-free system is transcriptionally and translationally quiescent as eggs are collected during
maturation when these processes are inactive. These experiments demonstrated that full-
length APC protein inhibited DNA replication and defined a specific carboxy-terminal
segment, amino acids 2140-2421, that also conferred this inhibition. Again, this segment of
APC is commonly deleted following APC mutation in CRCs. DNA binding by these
S(T)PXX motifs was diminished by site-directed mutagenesis [27••]. Four cyclin-dependent
kinase (CDK) consensus phosphorylation sites are also located within amino acids 2140–
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2421 of APC; phosphorylation of this region by CDKs weakens DNA binding and lessens
replication inhibition, suggesting that APC-mediated DNA replication repression may be
regulated by CDKs during the cell cycle. This region of APC that is required for repression
of DNA replication also mediates the direct interaction of APC with microtubules [28, 29].
Amino acids 2244–2312 of APC are strikingly similar to the protein Tau, a microtubule-
associated protein capable of repressing DNA replication by binding to DNA [19, 30].
Therefore, it is possible that APC may inhibit replication in a manner similar to Tau.

Many questions remain to be addressed. That the DNA-binding region and the MT-binding
domains overlap suggests that these two functions may be interrelated. Are they competitive
and are proteins required for either function competing for binding sites within APC? Is the
effect of APC on replication tied to its interaction with MT proteins? Are there other
protein-binding partners that contribute to or regulate the suppression of replication by
APC? How does APC localize to the nucleus and under what conditions is it directed there?
Inversely, when and how does it exit the nucleus? It is possible that APC interactions with
MT may assist in its cellular transport and localization as demonstrated with Nup358 [23•]?
Since the regions of APC involved in both cell migration and DNA replication are deleted
by the majority of cancer-associated APC mutations, it is important to understand how these
processes are regulated to better target therapeutics. We may also address how mutation of
APC or other members of the WNT signaling pathway does not always result in the same
cellular phenotypes.

APC and Apoptosis
Another tumor suppressor function of APC is its contribution to the control of apoptosis or
programmed cell death. Our research group and others have focused on how APC promotes
cell death mechanistically and how loss of this function contributes to tumor formation.
Similarly to its effects on DNA replication, APC effects on apoptosis can occur through both
WNT-dependent and WNT-independent mechanisms. Some of these will be explored
below.

Apoptosis is a normal, physiological program necessary for proper development and cell
turnover. It maintains a constant cell number in continuously renewing cell populations. Its
improper regulation can facilitate tumor formation even if normal cell cycle control is
maintained [31, 32]. There are generally two major pathways for apoptosis: the death
receptor pathway and the mitochondrial pathway [33, 34]. Activation of cell surface death
receptors of the Fas/tumor necrosis factor receptor family triggers activation of an initiator
caspase, which in turn cleaves and activates the executioner caspase procaspase-3 [35, 36].
In the mitochondrial pathway, death stimuli induce mitochondrial outer membrane
permeabilization, leading to the release of mitochondrial pro-apoptotic proteins that induce
caspase activation, such as cytochrome c and Smac/Diablo, or trigger caspase-independent
effectors such as the apoptosis-inducing factor (AIF) and HtrA2 [34, 37]. The death receptor
pathway in some if not all types of cells requires the help of the mitochondrial pathway to
amplify the downstream caspase cascade [38–40]. Given its function in energy metabolism,
the mitochondria can be considered the central integrator and regulator of cell life and death.

The colorectal epithelium is a dynamic cell population. Replicating stem cells reside at the
base of the colonic crypts; post-mitotic daughter cells differentiate and migrate along the
crypt axis within the lumen. Limited apoptosis occurs along the crypt axis with the main
population of apoptotic cells of the intestinal epithelium observed at the luminal aspect of
the crypts [41–43]. Similarities in the expression of APC within the differentiated epithelium
of the crypts first suggested that APC may function in processes of cell differentiation,
migration, and apoptosis. Several other lines of experimental evidence also suggested a role
for APC in apoptosis. One of the first of these was a study by Morin et al. [44] that induced
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an APC transgene in the colon carcinoma cell line HT-29, lacking endogenous APC, and
consequently increased cell death.

Our laboratory used the cell-free system described earlier in this article, an in vitro system
composed of transcriptionally and translationally inactive egg extracts from Xenopus laevis,
to study the effect of APC protein on apoptosis [45]. APC directly accelerated apoptosis rate
in vitro, as measured by a time-course of caspase-mediated lamin B cleavage. This
acceleration was concentration dependent. Addition of β-catenin did not alter the apoptotic
time course, suggesting that the effects of APC on apoptosis are independent of β-catenin,
transcriptionally and non-transcriptionally The specific apoptosis-inducing domain of APC
was mapped to the amino-terminal amino acids 1–777 [46], a segment that corresponds to a
stable group II caspase cleavage product of APC normally released during apoptosis [45, 47,
48]. Mutation of the APC aspartic acid residue to an alanine at amino acid 777 completely
abolished in vitro cleavage of APC by recombinant group II caspase and rendered the full-
length protein unable to accelerate apoptosis in vitro. Truncated APC, corresponding to a
mutation found commonly in both familial and sporadic CRC, was also unable to accelerate
apoptosis in vitro or in vivo, and was resistant to group II caspases. More recently, some of
these earlier findings were validated in vivo by pre-treating HCT116 cells with a caspase-3
inhibitor and an apoptosis-inducing drug, 5-fluorouracil (5-FU), to demonstrate that
endogenous full-length APC was cleaved upon treatment with 5-FU to produce a 90-Da
form of APC. This effect was partially blocked by pretreatment with a caspase-3 inhibitor.
Additionally, truncated APC in the colon cancer cell lines DLD-1 and SW480 colon was not
cleaved as efficiently as wild-type protein in vivo [49••]. These data suggest that caspase-
cleaved APC assumes a modified protein confirmation that may result in differences in
protein binding while truncated APC may be resistant to cleavage and protein binding.

Given that APC retains the armadillo repeat region (ARM) that mediates protein–protein
interactions following caspase-cleavage, APC may accelerate apoptosis in part by
interacting with other proapoptotic or antiapoptotic proteins. A yeast-two-hybrid study
reported by Polakis [50] used this ARM-repeat domain of APC as bait to search for
interacting proteins. The study identified a mitochondrial tumor suppressor protein, hTID-1,
the human homologue of dtid, the lethal tumorous imaginal disc (l(2)tid) gene in Drosophila.
Homozygous mutation of this gene in Drosophila leads to neoplastic growth of the larval
imaginal discs. hTID-1 encodes three splice-forms encoding three cytosolic (hTID-50,
hTID-48, and hTID-46) and three mitochondrial (hTID-43, hTID-40, and hTID-38) proteins
[51, 52]. Syken et al. [53] reported that hTID-1 encoded two mitochondrial splice variants,
43-kDa and 40-kDa, that had opposing effects on responses to exogenous apoptotic
stimulus. The 43-kDa hTID1 isoform facilitates apoptosis triggered by either TNF-α or
DNA damage by mitomycin C treatment. Conversely, the 40-kDa hTID1 isoform suppresses
apoptosis. The role of the 38-kDa hTID-1 isoform in apoptosis is unknown, although it is
expressed at a low level in colon epithelium [54].

Experiments by Kurzik-Dumke et al. [52] demonstrated that full-length APC interacts with
cytosolic hTID-1, both the 50-kDa and 48-kDa protein isoforms, in a complex with Hsp70,
Hsc70, Actin, Dvl, and Axin. A subsequent study demonstrated that alteration of hTID-1
isoform expression is accompanied by APC redistribution within the cell, loss of polarity,
and tumor progression [54]. Other recent data from our laboratory indicate that caspase-
cleaved APC also partners with hTID-1, specifically the 43-kDa and 40-kDa mitochondrial
isoforms, defining a novel role for this protein-protein interaction in apoptotic signaling.
Consistent with the original finding by Syken et al. that the 40-kDa hTID-1 isoform
suppresses apoptosis, our data also demonstrated that the 40-kDa isoform preferentially
binds APC and negatively regulates the proapoptotic function of caspase-cleaved APC.
These studies raise many interesting questions regarding the mechanism by which APC
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accelerates apoptosis. For instance, does the ratio of hTID-1 isoforms change in response to
DNA damage and release APC from its negative suppression to bind other proapoptotic
proteins? With which proteins does APC interact? Are hTID-1 and APC in a complex that
responds to cellular stress and are they modified to initiate or repress an apoptotic cascade?
One hypothesis is that hTID-1 acts to chaperone caspase-cleaved APC to the mitochondria.

Recent experiments demonstrate that the subcellular localization of caspase-cleaved APC is
mitochondrial [49]. These results complement data from Brocardo et al. [55••] that
demonstrate mutant truncated APC proteins targeted to the mitochondria via the amino-
terminus of APC. hTID-1 is a member of the DnaJ protein family and is a molecular co-
chaperone of heat shock protein 70 (Hsp70) [53, 56]. hTID-1 interacts with HSP70
chaperones, which in turn mediate a variety of cellular activities in intercellular signaling
linked to cell survival and growth regulation [57]. Emerging literature demonstrates
antagonistic functions of HSP70 during apoptosis; the inhibitory effects of hTID-1 on APC
functions in apoptosis may be mediated partially through HSP70 interactions. Unpublished
data from our laboratory demonstrated that in the absence of hTID-1, caspase-cleaved APC
continued to localize to the mitochondria, suggesting that the interaction of these proteins is
not required to shuttle APC to the mitochondria. Again, these data point to unique protein
partners of truncated and wild-type caspase-cleaved APC that modulate the ability of APC
to enhance apoptosis. It is also unknown how APC is targeted to the mitochondria. Is the
loss of the APC carboxy-terminus, either by mutation or by caspase-cleavage, responsible
for alternatively tethering APC to the cytoplasmic network of MTs and localizing it within
the cell? There may be an as yet unidentified mitochondrial-targeting sequence within the
amino-terminus of APC.

Brocardo et al. [55••] reported that BCL2, another well-studied anti-apoptotic protein,
interacts with mutant APC by recruiting and/or stabilizing BCL2 at the mitochondria. These
data also suggest that truncated APC contributes to cell survival. siRNA knockdown of
mutant APC in the SW480 colon carcinoma cell line increases apoptosis and correlates with
loss of BCL2 at the mitochondria. It is well known that both mutant APC and BCL2 are
elevated in many colon cancers. Does mutant APC have a higher affinity for BCL2 than
wild-type APC? Are there proapop-totic BCL-2 family members, or other proapoptotic
proteins, that more efficiently bind wild-type APC to enhance apoptosis? Suppression of
mutant APC may relieve the cell of antiapoptotic protein interactions and allow apoptotic
cascades to ensue.

APC transcriptionally represses expression of the gene encoding the antiapoptotic protein
survivin, while APC mutation may also upregulate survivin protein to initiate colon cancer
[58]. Survivin blocks apoptosis via caspase inhibition and antagonizing mitochondrial-
dependent apoptosis. Huang et al. [59] observed that the status of APC in colon cells was
related to sensitivity to histone-deacetylase (HDAC) inhibitor-induced apoptosis. Cells with
wild-type APC were more sensitive to the HDAC inhibitors, VPA and SAHA, than those
with mutant APC. Additionally, cells with mutant APC were sensitized to HDAC inhibitors
when survivin levels were diminished using flavopiridol. These experiments suggest that
survivin repression by APC is required for tumor sensitivity to this class of drugs. Other
proteins with effects on apoptosis may also be transcriptionally regulated by APC and may
be related to drug sensitivity. Understanding transcriptional and non-transcriptional effects
of APC in the regulation of apoptosis will eventually enable tailoring of drug regimens to
treat colon cancers.
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Conclusions
APC has many functions as a tumor suppressor, including inhibition of cell motility,
transcriptional regulation of other genes affecting growth, differentiation, and cell death.
APC effects on WNT signaling are facilitated by the degradation of β-catenin but often
overshadow other pathways through which APC contributes to the inhibition of tumor
growth. We know from the literature that not all colon cancers are the same and that not all
patients respond similarly to treatment. We also know that other mutations accumulate in the
evolution of an adenoma to an adenocarcinoma, but that often this begins with an APC gene
mutation. Understanding how APC truncation affects cellular proliferation or cell viability
may influence how we think about treating patients with tumors. New targets could be used
as biomarkers, with therapeutics then personalized by a tumor's molecular profile.
Combinatorial therapeutics could be designed in light of these data. Many questions about
APC functions in transcriptional regulation, microtubule dynamics, DNA replication, and
apoptosis remain unanswered. Although APC has been studied for many years, it remains an
intriguing protein with many undiscovered avenues for investigation.
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