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Abstract

Adenomatous polyposis coli (APC) is widely accepted as a tumor suppressor gene highly mutated in colorectal cancers
(CRC). Mutation and inactivation of this gene is a key and early event almost uniquely observed in colorectal tumorigenesis.
Alterations in the APC gene generate truncated gene products, leading to activation of the Wnt signaling pathway and
deregulation of multiple other cellular processes. It has been a mystery why most patients with CRC retain a truncated APC
protein, but accumulating evidence suggest that these C terminally truncated APC proteins may have gain of function
properties beyond the well-established loss of tumor suppressive function. Here, we will review the evidence for both the
loss of function and the gain of function of APC truncations and how together they contribute to CRC initiation and

progression.

Adenomatous polyposis coli (APC) has been regarded as a colo-
rectal cancer (CRC) tumor suppressor gene and it is dysregu-
lated at both the germline and somatic level (1). The APC gene is
located on chromosome 5921-q22, consists of 8535 nucleotides
and spans 21 exons. The APC gene encodes a 310kDa protein
which is composed of 2843 amino acids. Approximately 75% of
the coding sequence is located on exon 15, which appears to be
the most common region for both germline and somatic muta-
tions of APC (2). Germ-line mutations in the APC gene result in
familial adenomatous polyposis (FAP), the major hereditary pre-
disposition event leading to CRC development (3). Somatic APC
mutations are found in more than 80% of sporadic colorectal
tumors and loss of heterozygosity (LOH) of chromosome 5q is
reported in 30%—-40% of CRC cases (4, 5). APC is a multi-domain
protein and it serves multiple functions through different bind-
ing partners. From the N terminus to the C terminus, there is an
oligomerization domain, an armadillo repeat-domain, a 15- or
20-residue repeat domain, SAMP repeats domain, a basic do-
main and C-terminal domains (6). The oligomerization domain
has been shown to be a binding site for APC mutants. APC mu-
tant proteins that retain at least the first 171 amino acids are

able to bind to this region and may produce a dominant nega-
tive effect (7, 8). The armadillo repeat domain is the most
conserved domain and has been shown to bind to IQ-motif-
containing GTPase activation protein 1 (IQGAP1), PP2A, Asef,
and KAP3 (9-12). These interactions largely contribute to stimu-
lation of cell migration and cell adhesion. The following 15-, 20-
residue repeat domain, and SAMP repeats play central roles in
negative regulation of the canonical Wnt signaling pathway by
aiding in proteasomal degradation of f-catenin. The basic and
C-terminal domains that can bind to microtubules, directly or
indirectly, through interaction with EB1 are important for
microtubule stabilization, kinetochore functions, and chromo-
somal segregation. Due to its interactions with a variety of pro-
teins, APC is involved in cellular processes related to cell
migration, cell adhesion, proliferation, differentiation, and
chromosome segregation (13-17) (Figure 1A and B).

Alterations in the APC gene is an early, if not an initiating,
event for 80%-85% of sporadic colorectal cancers, except for
those that exhibit a CpG island methylator phenotype (CIMP) or
a hypermutable micro-satellite instability (MSI) phenotype due
to mismatch repair (MMR) deficiency (18-20). Exome sequencing
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Figure 1. Structure and major functions of full length and truncated APC. A) Full length APC proteins contain multiple domains including oligomerization domain, an
armadillo repeat-domain, a 15- or 20-residue repeat domain important for binding to f-catenin, SAMP repeats for axin binding, a basic domain for microtubule binding,
and C-terminal domains that bind to EB1 protein. Due to its numerous interactions with a variety of proteins, APC is involved in cellular processes related to cell migra-
tion, adhesion, proliferation, differentiation, and chromosomal segregation. Most of APC mutations occur within mutation cluster region (MCR). B) The C-terminally
truncated proteins present in CRC lack the domains that are required for binding to microtubule, EB1 and $-catenin, thus leading to the induction of chromosomal in-
stability, activation of proliferation, and inhibition of differentiation. Truncated APC may have dominant properties that lead to stronger stimulation of cell migration

and promotion of cellular survival.

of human colon adenomas and adjacent mucosa reveals that
APC mutations are present in premalignant lesions, supporting
its role in early growth of colon adenoma and the possibility of
targeting APC loss as a chemopreventive strategy (21, 22). The
new classification system has placed CRC into four consensus
molecular subtypes (CMSs) among which CMS2, CMS3, and
CMS4 have a higher frequency of APC mutations (over 50%)
compared to CMS1 and are thus more often associated with APC
mutated CRC (23). Genetic studies using a wide variety of Apc
mutant mouse models demonstrated that mutations in the Apc
gene are responsible for intestinal tumorigenesis (24). Although
both alleles are altered in colorectal cancer cells mostly by mu-
tations or LOH (1), APC mutations generally do not cause com-
plete loss of APC protein. Instead, more than 90% of APC
mutations generate premature stop codons, resulting in stable
truncated gene products, most (~60%) of which occur within a
region referred to as the mutation cluster region (MCR) (25).
The mutational spectrum of APC in CRC is displayed in Figure
2 and is based on datasets from The Cancer Genome Atlas. As
indicated in the lollipop plot, 14.3% (131/913) of detected APC
mutations are missense mutations whereas 85.7% (782/913)
are truncating mutations. Stable expression of truncated APC
proteins have been detected in FAP and CRC patient samples
(26). The C-terminally truncated proteins present in CRC lack
the domains that are required for binding to microtubules, EB1,

and f-catenin, potentially leading to the induction of chromo-
somal instability, activation of proliferation, and inhibition of
differentiation (Figure 1B) (6). While loss of tumor suppressing
functions due to the mutational loss of the APC C-terminal se-
quence has been regarded as a critical event in the initiation of
colon cancer, accumulating evidence suggest that APC trunca-
tions exert dominant functions that might contribute to colon
tumorigenesis (Figure 3). Below, we discuss the loss of tumor
suppressive function and the recent evidence for the gain of
function of APC truncations, examining their potential roles in
colon cancer initiation and progression.

Loss of Tumor Suppressive Function of
APC in CRC

Colorectal tumors are known to arise from preexisting prema-
lignant lesions through the acquisition of genetic alterations in
a specific oncogene or tumor suppressor, the so-called “ade-
noma-carcinoma” sequence (3, 27). Mutational loss of the APC
C-terminal sequence is regarded as essential to the initiation of
colon cancer through loss of APC tumor suppressive functions.
The following sections provide a brief review of the well-
established tumor suppressive role of APC in CRC.
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Figure 2. Lollipop plot showing the distribution and classes of mutations in APC across colorectal cancer datasets in The Cancer Genome Atlas. Plot originally generated
using the cBioPortal (103). Light circles indicate missense mutations and dark circles indicate truncating mutations (including nonsense, nonstop (mutation occurring
within a stop codon), frameshift deletion, frameshift insertion and splice site mutations). Arm=armadillo.
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Figure 3. Multiple roles of APC truncations in colorectal tumorigenesis. Both the loss of tumor suppressive functions and gain of functions of truncated APC proteins
contribute to the initiation, progression and maintenance of colorectal cancer. BER=base excision repair; DSB=double stranded break.

Wnt Pathway

APC is a key negative regulator of the canonical Wnt signaling
pathway which controls the coordinated cell proliferation and
differentiation in the gastrointestinal tract (28). The primary
mechanism through which APC inhibits f-catenin/T-cell factor
(TCF)-dependent transcription is by providing a scaffold for the
destruction complex that stimulates phosphorylation and sub-
sequent ubiquitin-dependent degradation of f-catenin (29). APC
increases the efficiency of this destruction machinery by pro-
moting Axin multimerization and stabilizing the Axin complex
(30). Other regulatory mechanisms include reducing nuclear -
catenin levels by promoting export of -catenin (31), blocking in-
teractions with TCF by directly binding to $-catenin (31), and fa-
cilitating C terminal binding protein (CtBP)-mediated repression
of Wnt-target genes through direct interaction with a repression
complex (32, 33). Alterations in APC lead to activation of f-cate-
nin/TCF transcriptional activity by both increasing nuclear f-cat-
enin levels and attenuating CtBP-mediated inhibition of the
repression complex. This activation leads to up-regulation of
downstream targets, such as cyclin D1 and Myc, which are im-
portant drivers in tumor formation due to their well-established
roles in cell proliferation, apoptosis, and cell-cycle progression
(34, 35). Interestingly, there is a strong selection pressure favor-
ing the retention of the first 20 APC amino acid repeat that can
bind to f-catenin and regulate its transcriptional activity (36, 37).
One explanation of this phenotype is the “just-right” signaling

model which proposes that selection for APC genotypes is aimed
at a specific degree of f-catenin that is optimal for tumor forma-
tion (38). According to this model, deletion of all f-catenin bind-
ing sites are less favorable because constitutive activation of f-
catenin pathway leads to extensive changes in gene regulation
that results in increased risk of cell death. In contrast, retaining
some of the f-catenin binding sites may allow for partial down-
regulation thus providing optimal Wnt signaling activity that is
sufficient to confer proliferation advantage without inducing cell
death. In agreement, the “three-hit” hypothesis was subse-
quently proposed which states that the optimal Wnt level for
CRC tumor cells might change during tumor progression due to
changes in the microenvironment or by acquisition of additional
genetic alterations. Some CRCs can respond by modulating Wnt
signaling through copy number changes or other types of “third
hit” at APC (39). In addition to the “just-right” model, an alterna-
tive theory called “just-right nuclear-export activity” has been
proposed (40). This theory hypothesizes that APC truncations,
due to the loss of the central nuclear export signals which are 3’
adjacent to the MCR, have reduced nuclear-export activity that
compromises its maximum tumor-suppressing function (40, 41).

Cell Adhesion

Inactivation of APC has also been proposed to promote tumori-
genesis through loss of cell-cell adhesion (42). APC interacts
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with a subcellular pool of g-catenin which serves as a compo-
nent of adherens junctions, linking E-cadherin to «-catenin and
the actin cytoskeleton (43, 44). Enterocytes and tumor cells from
Apc™™* mice which has one copy of mutant Apc have de-
creased levels of E-cadherin at the cell membrane and reduced
associations between f-catenin and E-cadherin (45). Expression
of full length APC in CRC cells harboring truncated APC results
in increased levels of E-cadherin at the cell membrane and
causes translocation of f-catenin from the nucleus and cyto-
plasm to the cell periphery, which enhances cell adhesion (46).
Therefore, APC may regulate cell adhesion by controlling the
distribution of f-catenin and E-cadherin between the cytoplasm
and the cell membrane. APC mutants lacking the binding do-
mains for f-catenin result in weakened cell adhesion.

Cell Cycle Control

Overexpression of full length APC is proposed to block serum-
induced cell cycle progression from GO/G1 to the S phase in
NIH3T3 fibroblasts whereas the inhibitory effects of mutant
APC are less (17). Consistent with these data, transient overex-
pression of full length APC induces G1 phase arrest in colorectal
cancer cell lines (47). This function is partially attributable to
regulation of f-catenin/Tcf-mediated transcription of S-phase
regulators such as cyclin D1 and c-myc (47). It is also proposed
that APC may affect proliferation in a f-catenin-independent
manner. Thus, mutant APC defective in maintaining G1/S
checkpoint control may contribute to aberrant cell proliferation.

DNA Repair

APC is primarily located in the cytoplasm, yet it has also been
found to shuttle into the nucleus to regulate nuclear functions, in-
cluding DNA repair (31, 48). Full length APC can directly bind to po-
lymerase f (Pol-p), FEN1 endonuclease, and APE1 endonuclease,
inhibiting the assembly of base excision repair (BER) proteins on
damaged DNA and blocking long patch BER (LP-BER) (49, 50). The
DNA repair inhibitory (DRI) domain of APC, which is the binding
site for Pol-f and FEN1, is located in the N terminal region and is
retained in APC mutants. Thus most truncated APC proteins are
still capable of modulating BER, possibly to different extents (51).
For example, it has been reported that LoVo, colon cancer cells ex-
pressing truncated APC protein, shows an accelerated assembly of
BER proteins, as well as higher activity of APE1, FEN1 and Pol f
(50). Re-expression of full length APC decreases FEN1 expression
and sensitizes this cell line to 5-fluorouracil (52). Increased APE1
activity results in unbalancing of the BER pathway and may favor
chromosome instability (CIN) and cancer progression (53). APC
can also interact with replication protein A 32 (RPA32) to modulate
the replication stress responses (54) and is directly involved in
DNA double stranded break (DSB) repair as a part of the nuclear
complex containing DNA-dependent protein kinase (DNAPK) (55).
Collectively, mutated APC may have attenuated functions in BER
and DSB repair, allowing for CRC cells to accumulate genetic alter-
ations. With respect to therapeutic implications, CRC cells harbor-
ing mutant APC may be more vulnerable to DNA damaging
chemotherapeutic agents, such as oxaliplatin and 5-fluorouracil.

Tumor Suppressor Role in Chromosome
Instability (CIN)

APC can bind to and stabilize microtubules directly or through
its association with EB1, a microtubule binding protein that is
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enriched at microtubule plus ends (14, 56, 57). APC is also found
to localize to kinetochores in mitotic cells and form a complex
with checkpoint proteins Bub1 and Bub3 (13). Removal of APC in
U20S and HCT116 cancer cells decreases association of check-
point proteins Bubl and BubR1 with kinetochores, alters mitotic
progression, and increases mitotic slippage (58). Cells carrying a
truncated APC gene (Min) are defective in chromosome segrega-
tion (13). In addition, small interfering RNA (siRNA)-mediated
knockdown of APC and/or EB1 causes defects in mitotic spindle
and chromosome alignment (59). Aberrant spindle structures
and weakened kinetochore-microtubule attachments have
been observed in CRC cells harboring APC truncations (60, 61).
Moreover, Apc deficiency leads to an increase in anaphase
bridge and chromosome numbers within hepatocytes in mice
(62). Taken together, the C terminal truncated APC can lead to
dysfunction in spindle formation and mitotic progression due
to the lack of binding domains for microtubules, contributing to
CIN and CRC progression.

Dominant-negative Effects of APC Truncation

On the basis of the correlation between FAP severity and spe-
cific truncating APC mutations, and the association of mutant
APC proteins with wild type (WT) APC protein in vitro as well as
in vivo, it has been proposed that APC truncations may inacti-
vate WT APC in a dominant negative manner (8). Exogenous ex-
pression of a mutant APC that is truncated at codon 1309
antagonizes WT APC induced reduction in Tcf-mediated tran-
scriptional activity (7). In another study, expression of a mutant
APC increased f-catenin levels, decreased the proliferation rate,
and decreased cell migration in histologically normal Min/+
mucosa compared with that of +/+ mice (63). However, evi-
dence against the dominant negative effects comes from a
study in mice carrying a transgene encoding Apc amino acid 1-
716 (Apc’'®’%). Since no difference is seen in terms of tumor
number, distribution, or morphology in Apc®’*®* mice with or
without an extra truncated Apc transgene, it is concluded from
this study that Apc truncation does not act in a dominant nega-
tive manner (64). While these studies provide evidence against
the dominant-negative effects of APC truncations, this conun-
drum has not yet been completely resolved.

APC Truncation: Switch from Tumor
Suppressor to Oncogene?

Although both alleles are altered in APC-defective colorectal tu-
mors, homozygous deletion of APC is absent or very rare.
Analysis of tumors from FAP patients and colorectal tumors re-
veal that there appears to be an interdependence of the “two
hits” at APC. Specifically, germline mutations within the APC
MCR are associated with allelic loss of the remaining wild-type
allele whereas mutations occurring outside of this region are as-
sociated with truncating mutations (5). A correlation between
the presence of a germline mutation in the MCR and the sever-
ity of polyposis has also been noted (65, 66). In addition to the
widely accepted argument that the strong selection for these
truncated APC proteins is largely due to the requirement for the
optimal level of -catenin activity (38, 67, 68), emerging evidence
supports that APC mutants may have gain of function proper-
ties that promote tumor progression beyond simple loss of
function. The following sections will review the evidence for the
reported dominant functions of APC mutants in terms of cell
survival, cell migration, chromosomal stability, and beyond.
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Figure 4. Dependency of colorectal cancer (CRC) cells on truncated APC for cell growth and survival. In early stage of CRC tumorigenesis, APC truncations can promote
tumorigenic properties in the presence of other genetic alterations. Gradually, the late stage CRC cells with altered signaling network become “addicted” to truncated
APC for cell survival and maintaining tumorigenic properties. Interfering with expression/functions of truncated APC can affect cellular proliferation and tumor cell

survival. Trunc=truncated; WT=wild type.

Cell Survival

In contrast to full length APC, which promotes apoptosis when
overexpressed in colon cancer cells (69), APC mutants may harbor
anti-apoptotic functions through a transcription-independent
mechanism. It has been shown that the addition of APC trunca-
tion 1309 into cell-free Xenopus egg extracts decelerates apoptosis-
associated caspase cleavage through a mechanism that is
independent of f-catenin-mediated effects on transcription (70).
Further studies demonstrate that truncated APC proteins are re-
sistant to cleavage by group II caspases and are unable to acceler-
ate apoptosis in vitro or in vivo (71). In addition to aiding in
evading apoptosis, APC truncations promote cell survival through
other mechanisms as well. Truncated APC mutants preferentially
localize to mitochondria and promote cell survival through regula-
tion of Bcl-2 (72). In this study, exogenous expression of APC trun-
cation, but not full-length APC, protects SW480 cells against
sulindac-induced apoptosis whereas transient knockdown of APC
truncation in SW480 cells leads to an increase of apoptotic cell
death with concurrent down-regulation of Bcl-2 at mitochondria.
Another study shows that transient knockdown of APC in SW480
cells compromises DNA replication and cell proliferation through
down-regulation of cell cycle components (73). Altogether, these
data can be interpreted to suggest a pro-survival function of trun-
cated APC that CRC cells become addicted to for their survival and
proliferation (Figure 4).

Cell Migration

APC regulates cell migration through different mechanisms, in-
cluding control of the actin cytoskeleton (74), regulation of the
microtubule network (75), and interaction with APC-stimulated
guanine nucleotide exchange factor (Asef), a Rac-specific gua-
nine-nucleotide-exchange factor (GEF) (11, 76). APC was initially
identified as a binding partner with Asefl through its armadillo
repeat domain. This interaction enhances the GEF activity of
Asefl and stimulates Asef-mediated cell flattening, membrane
ruffling, and lamellipodia formation in MDCK cells (11).
Interestingly, exogenous expression of truncated APC but not

full length APC stimulates Asef-mediated cell migration in
MDCK cells. Additionally, short hairpin RNA (shRNA)-mediated
knockdown of truncated APC proteins inhibits cell migration in
SW480 and WiDr cells whereas expression of shRNA-APC in
HCT116 and LS180 cells with WT APC does not affect cell migra-
tion (76, 77). These results demonstrate that truncated APC but
not full length APC is an effective activator of Asef. Therefore,
expression of truncated APC could lead to aberrant cell migra-
tion in CRC cells. More recently, N-terminal fragments of APC
have been shown to cause dominant defects in directional cell
migration in multiple model systems (78).

Oncogenic Role in Chromosome
Instability (CIN)

Certain forms of APC truncations have been reported to have
dominant effects on proliferation, spindle checkpoint control,
survival, and chromosome stability (61, 79). Expression of mu-
tant APC (1-1450) dominantly disrupts spindle microtubules
and induces abnormal chromosome segregation in 293 cells
(61). Cells expressing only the N-terminal 750 (N750) amino
acids of APC show weakened kinetochore-microtubule interac-
tions and exhibit a phenotype more typical of CIN lines (79). In
an independent study, APC mutants dominantly inhibit cytoki-
nesis by blocking initiation of the cytokinetic furrow (80). These
results provide more direct evidence that the dominant func-
tions of APC mutants may be important in the induction of an-
euploidy in vivo (80). Although it remains to be answered
whether CIN is a contributing factor or an indirect side effect of
oncogenic processes, there is increasing evidence suggesting
that CIN may play a role in tumor formation (81, 82).

Additional Support for Dominant Functions of
APC Truncations

Until recently there has been limited, if any, cell-based studies
on truncated APC’s oncogenic properties, mostly due to a lack of
optimum cellular reagents. The majority of previous studies
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Box 1. Outstanding questions regarding truncated APC in CRC

tumorigenesis?

e Why are APC truncations so common in colorectal cancer (CRC) and not other cancer types?

o Are there novel binding partners for truncated APC that differ from wild type (WT) APC protein?

e What are the molecular mechanisms underlying the dominant effects of truncated APC on tumorigenic properties?

e What is the functional link between truncated APC and cholesterol homeostasis? And what is the implication for CRC

o Are there additional synthetic lethal interactions with truncated APC that are druggable?

used cultured cell models of CRC of malignant origin containing
multiple cytogenetic changes which imposes difficulties in as-
signing linear genetic relationships from gene function studies.
As part of our efforts to elucidate the molecular underpinnings
of colon cancer tumorigenesis, our lab has developed a series of
human colonic epithelial cell (HCEC) lines immortalized with
telomerase and cyclin-dependent kinase 4 (CDK4) (83). We
showed that these cells are non-transformed, karyotypically
diploid, and have multipotent stem-like characteristics. When
placed in Matrigel in the absence of a mesenchymal feeder
layer, individual cells divide and form self-organizing, crypt-like
organoid structures with a subset of cells exhibiting markers as-
sociated with mature epithelium (83). Utilizing these immortal-
ized HCECs, we demonstrated that truncated APC proteins are
able to confer partially progressed HCECs more tumorigenic
properties (84). Ectopic expression of APC1309 confers a moder-
ate proliferative advantage and enhancement of soft agar
growth as well as invasion through Matrigel compared to its
matched parental cell lines. However, stable knockdown
of greater than90% WT APC does not have any of these effects,
demonstrating that loss of APC function by itself does not drive
colon cancer progression in this experimental cell culture model
system. Consistent with our observations, Pineda et al. also
show that ectopic expression of A1309 promotes tumorigenic
properties in HCEC cells expressing oncogenic Kras (85).
Additionally, knockdown of truncated APC proteins in DLD1 CRC
cells slows down cell proliferation and leads to cell death in a
subpopulation of the cells when cultured in more physiological
low serum medium (84). In agreement with this observation,
down-regulation of truncated APC reduces cellular proliferation
in CRC cell lines in vitro and inhibits tumor formation in nude
mice (86). These findings lend support to the notion that APC
truncations can promote tumorigenic properties in the presence
of other genetic alterations (in advanced lesions with additional
genetic alterations). CRC cells harboring truncated APC may grad-
ually become “addicted” to this truncated protein for cell survival
and for maintaining tumorigenic phenotype (Figure 4), especially
in nutrient starved conditions which is likely to exist in the
emerging tumor microenvironment. This phenomenon of “onco-
gene addiction” for a mutant tumor suppressor is similar to the
case of mutant p53 where malignant properties of cancer cells
have been shown to be partially dependent on the presence of
mutant p53 (87). The CRC tumors with LOH of 5q and large
deletions of APC, however, must have evolved alternative mecha-
nisms independent of APC’s function to survive. Going forward, it
would be important to investigate the downstream effectors/
pathways that contribute to the progression of normal HCECs to
tumor-cell-like HCECs (Box1). It may also be worthwhile to inves-
tigate the dominant effects of truncated APC using colon organo-
ids culture system, which provides a potentially more physiologic
context since colon organoids have recently been shown to
successfully recapitulate human CRC progression (88, 89).

Lessons from Genetic Mouse Models

For the past two decades, extensive efforts have been made in
generating and characterizing Apc mouse and rat models to in-
vestigate Apc functions in intestinal homeostasis and tumor
suppression (90). The first hereditary mouse model of colon
cancer, designated as multiple intestinal neoplasia (Min), was
identified in an ethylnitrosourea (ENU) mutagenesis screen. The
Apc™™* mice harbor a nonsense mutation resulting in Apc
truncation at codon 851 and have been used extensively to
study Apc tumor suppressive functions since its first descrip-
tion in 1990. However, this model has many limitations in terms
of human translation since these mice develop polyps and be-
nign adenomas with most of them present in the small intes-
tine (91). More recently, a wide variety of mouse models
expressing truncated Apc protein longer or shorter than ApcMi®
have been generated. Most, if not all, of these models develop
adenomas (polyps) with varying numbers and varying intestinal
distributions. However, there is no distinct correlation between
the mutational spectrum and intestinal phenotypes (24, 90).
Studies of these models have aided in discovery of important
pathways involved in colon tumorigenesis but have also raised
several unanswered questions. In particular, statistically signifi-
cant phenotypic variation has been observed among the differ-
ent models, even in the same model analyzed by different
laboratories (24). Some possible explanations for these observed
variations include different rates and mechanisms of WT Apc
loss, differences in Wnt signaling, varying contributions of ge-
netic modifiers or environmental factors, as well as differences
in technologies used (24, 90).

Recently, a mouse model with a complete deletion of all 15
Apc exons (Apc*®''*°) was generated to test the requirement of
truncated Apc for tumor formation. Apc*®*** mice develop in-
testinal polyps of the same distribution and histology as with
ApcMi™* mice but at higher frequency in female mice. Colon tu-
mors from these mice seem to have lower levels of Wnt path-
way activation compared with ApcM™* mice (92). This
observation is consistent with the “just right” hypothesis that
submaximal level of f§ catenin level is advantageous for tumor
formation, yet the underlying mechanism remains unknown.
This study superficially argues against the pro-tumorigenic
functions of truncated Apc, however, several caveats need to be
considered. First, since the more severe polyposis phenotype is
only observed in female Apc***"'> mice on a C57BL/6 background
but not in male Apc****® mice, it would be premature to draw
any conclusions as to the tumorigenic functions of truncated
Apc. In addition, there are no reports of this deletion in mice on
a different background. As the phenotypes of CRC mouse models
are greatly influenced by many factors, use of standardized
conditions to compare the phenotype of different Apc mutant
mouse models would be more appropriate for reliable genotype-
phenotype analyses (24). Additionally, since these germline Apc
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Figure 5. Therapeutics selectively targeting truncated APC cells. In wild type (WT) APC cells, TASIN-1 induced cholesterol depletion leads to conformational change of
SCAP protein which is then released from INSIG and assists SREBPs transport from endoplasmic reticulum (ER) to Golgi. SREBP is cleaved by proteases S1P and S2P in
the Golgi and the cleaved form of SREBP then translocates into the nucleus and activates expression of genes involved in cholesterol synthesis and uptake. This com-
pensates for reduced cellular level of cholesterol, thus cells survive. In contrast, truncated APC compromises the normal feedback mechanism in response to TASIN-1
treatment when cultured in low serum conditions, therefore cells undergo apoptotic cell death due to cholesterol depletion. HMGCR=3-hydroxy-3-methylglutaryl-CoA
reductase; LDLR=low density lipoprotein receptor; TASIN-1=truncated APC selective inhibitor.

mutant mice develop polyps mainly in the small intestine with
few polyps in colon tissue, observations from these studies do
not warrant definitive conclusions regarding human CRC tumor-
igenesis. Furthermore, these mouse models harbor Apc germline
mutations whereas most CRC patients harbor somatic APC mu-
tations which occur stochastically (93). Alternatively, it is possi-
ble that truncated APC becomes indispensable in later stages of
tumor progression which cannot be reflected in these mice be-
cause the adenomas limit their life span. Finally, as is true with
all mouse models of cancer, the CRC mouse models are different
from humans in many aspects, such as size, life span, organ
morphology, and physiology. In particular, in contrast to hu-
mans that have regulated telomerase, mice constitutively ex-
press active telomerase in many tissues and have very long
telomeres which makes modeling of genomic instability in mice
more problematic (93).

The Apc mouse models discussed above share the limita-
tions that the majority of tumors appear in the small rather
than large intestine and most of the mice develop adenomas
with few, if any, occurrence of carcinoma (94, 95). Therefore, ge-
netically engineered mouse models with colon specific disrup-
tion of Apc in the epithelial cells may represent a better tool for
colon cancer research. For example, CAC; Apc and CPC;Apc
mouse models are two such models harboring conditional inac-
tivation of Apc with expression of CAC-Cre or CDX2-Cre trans-
gene, both of which develop polyps mainly in the large intestine
with low penetrance (96, 97). Although these models are much
improved compared with previous ones, one limitation is that
both models express Apc580 truncation which does not occur at
a high frequency in human CRC. Future efforts are warranted to
develop colon specific Apc mouse models with expression of
Apc truncations within the MCR region, which will be more re-
flective of human CRC cases.

Therapeutic Opportunities

APC is clearly involved in many important signaling pathways
and biological processes implicated in CRC carcinogenesis, with

the Wnt signaling pathway as the most well-established one be-
ing affected by APC mutation. More recent work shows that Apc
restoration drives tumor regression and reestablishes crypt ho-
meostasis in CRC, validating the Wnt pathway as a therapeutic
target for CRC treatment (98). In the past decade, intensive ef-
forts have been focused on development of therapeutic strate-
gies targeting the canonical Wnt signaling pathway in CRC and
various small molecules have been shown to effectively inhibit
Wnt signaling activity via targeting different components of
this pathway (99-101). However, the potential toxicity of Wnt
pathway inhibitors on normal intestinal epithelium as well as
off-target effects may limit their clinical applications going for-
ward (102).

Although it is well recognized that APC has diverse functions
beyond regulation of the Wnt pathway, there are few therapeu-
tic agents directly targeting the non-Wnt facet of APC trunca-
tion function. Utilizing the series of above mentioned isogenic
HCEC cell lines, a small molecule named TASIN-1 (Truncated
APC Selective INhibitor), that specifically kills cancer cells with
APC truncations while sparing WT APC cells, has recently been
identified (84). TASIN-1 can inhibit tumor growth of APC trun-
cated CRC cells in both xenograft models and in a genetically
engineered CRC mouse model with minimal toxicity.
Mechanistic investigation of TASIN-1 reveals a synthetic lethal
interaction between the endogenous cholesterol biosynthesis
pathway and APC truncations in tissue physiologic low serum
conditions, partially due to defective SREBP2 feedback activa-
tion in response to TASIN-1 induced cholesterol depletion in
truncated APC cells (Figure 5). Importantly, this compound ex-
erts its cytotoxicity independent of Wnt pathway inhibition and
does not exhibit deleterious effects in general or specifically on
normal human or mouse colonic epithelium. This discovery
opens up the possibilities of employing more specific choles-
terol biosynthesis inhibitors for the treatment of truncated APC
CRCs, potentially in combinations with chemotherapeutic or
other molecularly targeted agents, in combination with radio-
therapy, or as a maintenance therapy in patients with minimal
disease status. This compound and its analogs represent a po-
tential paradigm shift in targeted therapy for CRC patients using
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mutant APC as an enrollment biomarker for future personalized
medicine clinical trials. Future investigations are warranted to
elucidate the functional link between truncated APC and cho-
lesterol homeostasis (Box 1). It can be envisioned that genome-
wide loss-of-function screens will facilitate the identification of
additional synthetic lethal interactions with truncated APC and
novel drug targets (Box 1). It is worth emphasizing that TASIN-1
is only effective in 0.2% serum media and loses activity in typi-
cal culture media with 10% serum. The serum containing com-
mon culture conditions used in most, if not all, cancer biology
studies are perhaps why the cholesterol connection to CRC has
been missed in the past. In addition, since TASIN-1 inhibits tu-
morigenesis in a genetically engineered CRC mouse model, this
result highlights that low serum/cholesterol culture conditions
represent a more physiological relevant microenvironment.
Therefore, it is important to rethink our current cell culture
methodology and refine it in a way that is more reflective of the
in vivo tumor microenvironment.

Conclusions and Future Perspectives

The tumor suppressive function of APC has long been a focus of
research in the field of colorectal cancer, whereas emerging evi-
dence has called attention to the oncogenic functions of mutated
APC. There is accumulating support suggesting that both loss of
tumor suppressive function and gain of function of APC mutants
play critical roles in CRC tumorigenesis. As tumorigenesis pro-
gresses, cells undertake an altered pattern of signaling networks
when they gradually become dependent on oncogenic function
of the truncated APC proteins for survival or maintenance of
their malignant phenotypes (oncogene addiction). Further stud-
ies of APC truncations’ oncogenic properties are clearly war-
ranted. The utilization of proteomics as well as advanced
genome-wide high throughput screening approaches will aid in
identifying the novel binding partners of truncated APC to obtain
a more complete understanding of the signaling network in CRC
cells. Understanding the comprehensive functions of these trun-
cated APC mutants and downstream effector proteins will shed
light on the molecular mechanisms of CRC tumorigenesis and
reveal novel drug targets, allowing for the development of addi-
tional targeted therapeutics for the treatment of CRC.
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