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Abstract

Adenomatous polyposis coli (APC) mutations are found in most colorectal tumours. These
mutations are almost always protein-truncating, deleting both central domains that regulate Wnt
signalling and C-terminal domains that interact with the cytoskeleton. The importance of Wnt
dysregulation for colorectal tumourigenesis is well characterized. It is, however, unclear whether
loss of C-terminal functions contributes to tumourigenesis, although this protein region has been
implicated in cellular processes—including polarity, migration, mitosis, and chromosomal
instability (CIN)-that have been postulated as critical for the development and progression of
intestinal tumours. Since almost all APC mutations in human patients disrupt both central and C-
terminal regions, we created a mouse model to test the role of the C-terminus of APC in intestinal
tumourigenesis. This mouse (Apc2SAMP) carries an internal deletion within Apc that dysregulates
Whnt by removing the beta-catenin-binding and SAMP repeats, but leaves the C-terminus intact.
We compared ApcASAMP mice with Apc322T animals. The latter allele represented the most
commonly found human APC mutation and was identical to Apc2SAMP except for absence of the
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entire C-terminus. Apc2SAMP mice developed numerous intestinal adenomas indistinguishable in
number, location, and dysplasia from those seen in Apcl322T mice. No carcinomas were found in
ApcASAMP o Apcl322T animals. While similar disruption of the Wnt signalling pathway was
observed in tumours from both mice, no evidence of differential C-terminus functions (such as cell
migration, CIN, or localization of APC and EB1) was seen. We conclude that the C-terminus of
APC does not influence intestinal adenoma development or progression.
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Introduction

The adenomatous polyposis coli (APC) gene is mutated in patients with familial
adenomatous polyposis (FAP) and in the majority of sporadic colorectal cancers. The APC
gene product is a large, multi-domained protein containing binding sites for key Wnt
pathway components, beta-catenin and axin [1], as well as cytoskeletal components
including microtubule and end binding protein 1 (EB1) [2,3].

APC mutations occur early in the pathway of tumourigenesis, and almost all mutations
found in adenomas and cancers are protein-truncating changes that lie within the beta-
catenin-binding region of APC (Figure 1). It is now well established that such APC
mutations disrupt the phosphorylation and subsequent degradation of beta-catenin, leading
to an increase in Wnt signalling and activation of TCF/LEF transcription factors [4]. This
occurs in two ways: first, through truncation of the protein before the SAMP repeats (codon
1564), which are required for the interaction of APC with axin and conductin; and second,
through loss of some or all of the sets of 15- or 20-amino acid (aa) repeats that bind beta-
catenin. The most common types of APC mutation result in a stable, but truncated protein
that retains a small amount of beta-catenin binding and degradation activity [5,6]. Cells
carrying these mutations have an increased, but sub-maximal, level of nuclear beta-catenin
which is optimal for tumourigensis, possibly by increasing the number of crypt stem cells
[7.8].

The beta-catenin-binding region of APC lies within the central part of the protein. Thus,
almost all mutant APC proteins found in vivo also lack the molecule’s C-terminus. A central
question is whether (i) absence of this distal part of APC is a bystander, secondary to
disruption of beta-catenin binding; or (ii) loss of C-terminal function is required for
tumourigenesis. The Wnt-signalling-associated role of APC in intestinal tumourigenesis has
been intensely studied. However, the functions of the C-terminus—generally, interaction
with cytoskeletal components—and their roles in tumourigenesis are much less well
understood.

APC is now known to have a number of hon-Wnt signalling, cytoskeleton-associated
functions, including cell polarity and migration (reviewed in ref 9). APC localizes to and
interacts directly with microtubules, at their plus ends [10,11] and also potentially via end-
binding protein 1 (EB1) and the human homologue of discs large (DLG) [12]. These
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interactions stabilize the dynamic microtubule plus ends [13]. This microtubule-stabilizing
role of APC influences cell polarity and by localizing APC at the tips of cell protrusions,
which contributes to the cell migration of a number of different cell types in vitro and in vivo
[14-17]. APC mutants that lack the C-terminus do not bind to microtubule ends as
efficiently as their wild-type counterparts [18]. In all, there are three defined microtubule/
cytoskeletal interacting domains in APC: the Armadillo repeats (aa 446-880); the basic
domain (aa 2219-2580); and the EB1/DLG binding domain (aa 2733-2843). The last two of
these domains lie within the C-terminus and are commonly deleted in the truncated APC
proteins found in colorectal cancer.

APC may also have important functions in mitosis and in the prevention of chromosomal
instability (CIN). In mouse embryonic stem (ES) cells and human colorectal cancer cell
lines, APC associates with kinetochores in the mitotic spindle, although this is independent
of the C-terminus microtubule- and EB1-interacting domains [19,20]. In colorectal cancer
cell lines, there is a strong, but imperfect, correlation between a CIN+ phenotype and
mutations in APC [21]. Moreover, overexpressing a truncated version of APC in CIN- cells
has been shown to have a dominant-negative effect over the endogenous wild-type protein,
resulting in mitotic defects typical of CIN+ cells, such as inefficient kinetochore attachments
and misaligned metaphase chromosomes [20,22]. These studies have mainly taken place in
cancer cell lines, although a few studies have also investigated mitotic defects in mouse
tissue with a heterozygous Apc mutation and normal colon from FAP patients [21,23,24].
These show a disruption of the characteristic alignment of mitotic spindles in stem cell or
transit amplifying cell compartments of precancerous tissue when compared with normal
controls. It has therefore been proposed that cells with APC mutations are defective at
sensing misaligned chromosomes and have loss or disruption of the mitotic spindle
checkpoint [21]. Apparently contradictory evidence, however, shows that cells defective for
APC still arrest after treatment with strongly depolymerizing agents such nocadozol,
indicating that in some circumstances the checkpoint is still able to function despite the
presence of mutant APC [22,25].

The importance of APC’s non-Wnit roles for tumourigenesis in vivo has not been clearly
defined. While it is generally agreed that CIN (or at least aneuploidy and polyploidy) is a
feature of most colorectal cancers, there is still much debate about when it occurs in the
pathway of tumourigenesis. A number of studies argue strongly that it is necessary for the
development of early adenomas, before or in conjunction with APC mutations, to account
for the large number of mutations seen at this stage of tumour development [26,27]. Others,
however, propose that mutations in adenomas accumulate at a rate which reflects the normal
error rate of DNA replication and that CIN is a much later event in cancer development
[28,29].

Separating the different cellular functions of APC to assess their roles in cancer has proved
difficult in human cancers, since almost all tumours carry APC mutations that disrupt both
beta-catenin-binding and microtubule-interacting domains [5,6,30-32]. A number of mouse
models carrying comparable truncating mutations of APC have been well characterized.
Those with mutations in or before the beta-catenin binding domain all develop adenomas in
the small intestine with varying numbers and levels of dysplasia [8,17,33—-39]. There is one
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model which carries a truncation of Apc at codon 1638, deleting all the C-terminal
microtubule binding domains but only some of the beta-catenin binding sites and one of the
axin-binding SAMP repeats [38]. However, these mice do not develop intestinal adenomas.

To date, no models exist of APC proteins that contain intact microtubule binding domains
but have disruption of beta-catenin binding. In this study, we describe the construction and
features of a mouse that carries a mutant Apc allele (Apc2SAMP ASAMP) with an internal,
in-frame deletion from codon 1322 to 2006. This mutation removes six of the seven 20aa
beta-catenin-binding repeats and all of the SAMP (axin-binding) repeats, but leaves the
protein’s C-terminus intact. It allows us to test the two hypotheses that loss of C-terminal
APC function is required for intestinal tumourigenesis and/or that absent C-terminal
functions promote progression of tumours beyond early lesions. We have compared the
phenotype of these mice with our Apct322T (1322T) animals in which Apc is truncated at
codon 1322, removing both beta-catenin and C-terminal domains.

Materials and methods

Generation of mice

The design of the ASAMP targeting vector is shown in Figure 2A. Mice were derived using
standard methods. The vector was linearized and electroporated into 129Sv/J ES cells.
Targeted ES cells were injected into C57BI/6J blastocysts. The resultant chimeras were bred
with C57BI/6J mice for more than ten generations. Pgk-Cre mice were crossed with
ASAMPs to delete the neomycin selectable marker. All ASAMP and 1322T animals were
housed in the Barrier Unit of Cancer Research UK, Clare Hall Laboratories.

Western blotting to detect mutant Apc proteins

For analysis of full length and truncated Apc, tail-tip fibroblast cell pellets were lysed on ice
for 15 min, denatured, loaded onto a 3% agarose gel, and run in SDS Tris—glycine buffer at
40 mA for 3-4 h. Samples were transferred to PVDF membrane by overnight capillary
transfer in TBS buffer. After blocking for 1-2 h in a 5% milk—TBS solution, the membranes
were incubated overnight at 4 °C with APC antibody (OP44; Calbiochem, Merck KGaA,
Darmstadt, Germany) and incubated for 1-2 h at room temperature with HRP-conjugated
rabbit anti-mouse secondary antibody (P0161; DakoCytomation, Dako, Glostrup, Denmark).
ECL reagents were used for antibody detection (GE Healthcare, Chalfont St Giles, UK).

Phenotypic assessment

ASAMP or 1322T mice were sacrificed at a specified age or when symptomatic (anaemic
secondary to polyps or suffering rectal prolapse). The intestinal tract was divided into four
segments, three equal lengths of small intestine [proximal (SB1), middle (SB2), and distal
(SB3)], and large intestine. Each segment was flushed with PBS and opened longitudinally
onto filter paper. The samples were fixed overnight in 10% neutral buffered formalin (NBF)
and stored in 70% ethanol. Preparations were stained with 0.2% methylene blue. Tumours
were counted with a dissecting microscope at x3 magnification and categorized according to
size, with a cut-off of 0.1 mm diameter used for scoring. For histology, samples were
processed using standard methods and analysed by histopathologists (MD, RP, and NAW).

J Pathol. Author manuscript; available in PMC 2015 October 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lewis et al. Page 5

Immunohistochemistry

Formalin-fixed, paraffin-embedded bowel sections from ASAMP and 1322T mice were de-
waxed and rehydrated, and endogenous peroxidase was blocked using 1.6% H,0O» for 20
min. For antigen retrieval, sections were treated in a microwave oven in 10 mmol/I citrate
buffer (pH 6.0) for 10 min. Sections were blocked with 10% normal serum for 30 min.
Sigma polyclonal rabbit anti-beta catenin antibody (C2206) diluted to 1 : 1250 in 1% BSA
or polyclonal rabbit anti-musashi (Msil) antibody diluted to 1 : 150 (Chemicon; AB5977,
Millipore, Billerica, MA, USA) was added for 1-2 h.

Sections analysed for beta-catenin were washed in PBS prior to applying biotinylated goat
anti-rabbit secondary antibody (1 : 1250; DAKO, Dako, Glostrup, Denmark) for 1 h at room
temperature and incubated in ABC (Vector Labs, Burlingham, CA, USA) for 30 min. DAB
solution was applied for 2-5 min while being monitored microscopically. Slides were
counterstained with haematoxylin, dehydrated, and mounted. Sections were assessed for
nuclear beta-catenin staining, and the cell restricted distribution of nuclear beta-catenin was
quantified in adenomas and background mucosa. Msil-stained sections were incubated with
secondary antibody (Molecular Probes goat anti-rabbit Alexa 488, Invitrogen, Carlsbhad, CA,
USA 1 : 300 dilution) for 1 h, immersed in Sudan black (0.1% in 70% IMS) to reduce
autofluorescence, and mounted in hard set VECTAMOUNT (Vectors Labs) with DAPI.
Positive cells were scored as present or absent in at least ten polyps from each type of mouse
by MD, while blinded to polyp origin.

In situ hybridization

RNA in situ hybridization (ISH) was carried out using 4 pm serial sections from formalin-
fixed, paraffin-embedded mouse intestines. The Lgr5 riboprobe has been described
previously [7]. For hybridization control, a beta-actin probe was used. Riboprobes were
generated by in vitro transcription using SP6 polymerase and labelled with 3°S-UTP (GE
Healthcare). Other methods were as described by Poulsom et al [40]. Signal intensity was
scored in at least 12 polyps from each type of mouse (by SS and AL, blinded to polyp
origin), as long as the beta-actin signal passed a quality control threshold. Total expression
was calculated as the proportion of the epithelial component of a polyp that expressed the
MRNA of interest (simultaneous bright-field and dark-field images for each adenoma were
analysed using the ImageJ software package to measure the total area of the epithelial
component of the adenoma and the area showing mMRNA expression) multiplied by the
intensity of the signal (0-3 determined by SS and AL.)

Expression microarray analysis

Adenomas were dissected from the SB1 portion of fresh intestinal tissue and snap-frozen in
liquid N2). RNA was extracted and treated with RNase-free DNase | (Qiagen, Hilden,
Germany). Quality was assessed on a Bioanalyzer (Agilent, Santa Clare, CA, USA). Three
ASAMP and three 1322T tumour samples were prepared using One-Cycle Target Labeling
and Control Reagents, hybridized to GeneChip® Mouse Genome 430A 2.0 Arrays,
according to the manufacturer’s instructions (Affymetrix, Santa Clara, CA, USA). Output
Cel files were analysed using the R statistical program with the robust multichip average
(RMA) method, which is implemented in the BioConductor package ‘Affy’. Differentially
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expressed genes were then identified using the LIMMA (linear models of microarray
analysis) package.

Cell migration

Five ASAMP, five 1322T, five Min, and one wild-type C57BI/6J mice received an intra-
peritoneal tritiated thymidine injection (0.5 mCi/kg) 17 h and a BrdU injection (50 mg/kg) 1
h prior to sacrifice. Intestines were then prepared, fixed, and processed for histological
analysis as above. 5 pM sections were hydrolysed in 1 M HCI for 8 min and at 60 °C, and
stained for BrdU with MAS 250 (Sera Lab, Loughborough, UK), peroxidase-conjugated
anti-rat 19gG, and incubated with a peroxidase substrate (diaminobenzidine and phosphate-
buffered saline in addition to 0.3% hydrogen peroxide). Autoradiography was then carried
out on these sections; slides were dipped in K2 emulsion (llford Ltd, Mobbersley, UK)
dissolved in water warmed to 45 °C, left to dry on a cold plate, and exposed at 4 °C for 4
weeks. The slides were immersed in D-19 developer (Kodak, Paris, France) for 4 min,
immersed in 1% acetic acid for 30 s, and finally fixed twice in 30% sodium thiosulphate for
4 min. The slides were then counterstained using Giemsa solution. Measurements were
made of cell migration by recording the position of 3H-thymidine- and BrdU-labelled cells
from individual crypts and villi. The rate of cell migration was determined by the difference
between the highest 3H-thymidine and the BrdU-labelled cells. All tissues were analysed by
MD blinded to the model under study.

Immunofluorescence of ES cells

Results

ES cells were initially grown using feeder mouse embryonic fibroblasts in leukaemia
inhibitory factor (LIF) supplemented medium. Differentiated cells were obtained by
passaging without mouse embryonic fibroblasts (MEFs) and withdrawing LIF for 9-14
days. Cells were fixed in methanol at —20 °C for 30 min and permeabilized with 0.2% Triton
X-100 for 10 min at room temperature. They were blocked with 10% goat serum for 30 min
and incubated with anti-Apc Ali12-28 mouse monoclonal (1 : 80 dilution; Cancer Research
UK, Cell Services) and anti-EB1 rabbit polycolonal (1 : 1000 dilution; Sigma) for 1 h.
Secondary antibodies goat anti-mouse Fitc and goat anti-rabbit Cy5 (1 : 200 dilution;
Abcam) were applied for 30 min, and cells were washed and stained with DAPI. Images
were captured using a Zeiss 510 MetaHead confocal microscope.

Construction of ApcASAMP (ASAMP) mice

We designed a targeting construct to create the ASAMP mice by in-frame deletion of codons
1322-2006 of Apc by homologous recombination in ES cells (Figure 2A). The resulting
mutation was identical to that in the 1322T animals, but residues after codon 2006 were
retained, including intact C-terminal microtubule- and EB1-interacting domains (Figure 2B).
After deletion of the neomycinR cassette using a cross to Pgk-Cre animals, the mice were
backcrossed onto the C57BI/6J background for ten generations (and continuously for every
generation thereafter, maintaining a stable heterozygous phenotype). Transcription across
the deletion was confirmed by RT-PCR (data not shown) and correct production of the
internally deleted Apc protein by western blot (Figure 2C).
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ASAMP mice develop intestinal polyposis indistinguishable from 1322T mice

We tested the hypothesis that the presence of an intact Apc C-terminus in ASAMP mice
would diminish the intestinal polyposis phenotype seen in 1322T mice. To this end, ASAMP
heterozygous mice were aged, apparently developing normally, until they developed
symptoms consistent with intestinal polyps (anaemia and hunching), at which time they
were sacrificed and the number of polyps was counted. Typically, 190 adenomatous polyps
developed between 70 and 90 days of age, with the majority of the polyps found in the
duodenum and jejunum (SB1 and SB2) (Figures 3A and 3B). This polyp number and
distribution were essentially the same as those seen previously in the 1322T mice (Wilcoxon
test, p = 1.0). The size of these polyps was also indistinguishable from 1322T mice (Figure
3C). In addition, one to two colorectal and gastric adenomas were seen per mouse (Figure
3D) in both 1322T and ASAMP. No carcinomas were seen in either mutant.

Next, we investigated the possibility that the Apc C-terminus modulated the severity of
dysplasia in individual adenomas (Figure 3E). The proportions of severely dysplastic
adenomas were very similar in 1322T and ASAMP animals [46% versus 45% (n = 50 for
each strain), X?; = 0.50, p = 0.48], suggesting that the presence of the C-terminus has no
effect on dysplasia at this stage of adenoma development. Similarly, the cellular
composition of adenomas in the two strains was comparable, with high numbers of Paneth
cells, particularly in early adenomas (Table 1). Molecular analysis showed loss of
heterozygosity at Apc in all seven ASAMP polyps analysed, indicating homozygosity for the
mutant Apc protein, as we had previously found in 1322T tumours [8]. We have never
previously observed chromosomal aberrations indicative of CIN in 1322T tumours by array-
comparative genomic hybridization; hence, as expected, nhone was found in ASAMP
adenomas (details not shown).

Molecular phenotype of Apc2SAMP tymours is indistinguishable from that of Apc1322T mice

We had previously found that the 1322T mice had a more severe adenoma phenotype than
the commonly used ApcR850X (Min) model, but that 1322T adenomas showed levels of
nuclear beta-catenin expression and Wnt target gene expression intermediate between
normal tissue and Min adenomas [7,8]. We found that ASAMP adenomas also showed this
intermediate level of nuclear beta-catenin (Figures 4A and 4B; Wilcoxon p = 0.221). To
further demonstrate the similarity in Wnt signalling levels, we also carried out Tagman
QPCR of target genes in ES cells homozygous for the 1322T or ASAMP mutation. No
significant differences were found between the two strains (Supporting information,
Supplementary Figure 1). In addition, the high number of tumour cells expressing stem cell
markers Lgr5 and Msi1 was seen in both 1322T adenomas and ASAMP tumours of similar
size (Lgr5 Wilcoxon test p = 0.604, n =59 1322, n = 14 ASAMP; Msi1 Wilcoxon test p =
0.819, n=10) (Figures 4C-4E). Both strains also showed similarly high levels of crypt
fission (data not shown).

We also investigated whether there were any more subtle differences detectable at the
molecular level, due to the putative altered Eb1- and microtubule-binding capacity of the
mutated Apc protein in 1322T compared with ASAMP animals. We carried out expression
microarray analysis to look for differences in the mRNA expression between three 1322T
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and three ASAMP adenomas matched for size and location in SB1. After correction for
multiple comparisons, no statistical differences were seen between adenomas from the two
strains. After relaxing the statistical threshold to a nominal p = 0.05, we found that 66 genes
showed some difference (Supporting information, Supplementary Table 1). However, the
majority of these genes had low overall levels of expression and showed fold changes of less
than 2. As expected, no known Wnt genes were contained in this list, but more surprisingly,
no known cytoskeletal, mitotic checkpoint or cell cycle factors were found. Some
differences were seen in ion transport or metal binding genes and possibly relate to differing
levels of anaemia of the particular mice that were sacrificed.

Investigation of C-terminal Apc functions in ASAMP and 1322T mice

The C-terminus of APC is thought to be involved in cell migration. Although it was not
possible to study this feature in adenomatous (homozygous mutant) tissue, we investigated it
in the normal (heterozygous mutant) mucosa of 1322T and ASAMP mice. We did not
observe any difference 24 h after labelling with tritiated thymidine or 1 h after labelling with
BrdU between normal mucosa from 1322T or ASAMP animals; indeed, there was no
difference between the mutant mice and wild-type littermates (Kruskal-Wallis test p =
0.111, n= 25 wt crypts, n = 37 1322, n = 21 ASAMP).

Since no major changes were seen in cell division and cytoskeletal components at the level
of gene expression, we also investigated the effect of our ASAMP Apc mutation on Eb1.
Since direct interaction between Apc and Eb1 is infrequent in interphase cells [13] and it is
not possible to coimmunoprecipitate the endogenous proteins [3,41], we investigated co-
localization of the proteins in dividing homozygous 1322T and ASAMP ES cells using
immunofluorescence. (Since homozygous 1322T and ASAMP mice die in early gestation, it
was not possible to derive homozygous embryonic fibroblasts.) Undifferentiated cells have
mainly membranous and cytoplasmic Apc localization, with no difference in Apc or Ebl
localization between 1322T, ASAMP or wild-type cells (Supporting information,
Supplementary Figure 2). However, these cells lack the protrusions where Apc C-terminal-
dependent, cytoskeletal binding is usually visible. We therefore differentiated homozygous
1322T and ASAMP ES cells by withdrawing LIF. Apc localization to protrusions was seen
in ASAMP cells, as expected, but was also present in 1322T cells (Figure 5). Similarly, Eb1
localization showed no difference between the cells. We concluded that in undifferentiated
and differentiated ES cells, Apc can bind to microtubules independently of the C-terminus.

Discussion

In order to investigate the role played by the Apc C-terminal microtubule binding regions in
intestinal tumourigenesis, we have compared the phenotypes of two mouse strains: 1322T,
carrying a truncated version of Apc without beta-catenin and microtubule binding domains;
and ASAMP, carrying an internal deletion of the same 20 aa and SAMP-binding repeats as
1322T, but with an intact C-terminus. Both strains had an essentially identical intestinal
polyposis phenotype, in terms of adenoma numbers, size, dysplasia, and location. In both
cases, there were raised, but sub-maximal, levels of Wnt signalling in adenomas compared
with Min mice, together with a high frequency of Lgr5-expressing stem-like cells and of
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crypt fission. Neither the ASAMP nor the 1322T adenomas showed evidence of
chromosomal instability or a significant disruption of cell migration, and ES cells
homozygous for either mutation showed no changes in Apc or Eb1 localization. We
conclude that the functional effects of the two different mutations in Apc are
indistinguishable at the gross phenotypic level and that the presence of the C-terminus has
no measurable effect on the early tumourigenesis pathways which lead to the development
of adenomas in the small intestine.

The data above suggest that the loss of C-terminus in Apc is not required for intestinal
tumourigenesis, does not contribute to the severity of intestinal polyposis, and does not
cause CIN. This is arguably somewhat surprising given the large body of data demonstrating
the importance of the C-terminus microtubule interactions, but may be explained in several
ways.

Firstly, we must note that the 1322T mouse, and virtually all other mouse strains carrying
Apc mutations, only represents the early stages of tumourigenesis and the adenomas very
rarely progress to invasive carcinomas. This is probably because the mice have to be
sacrificed early, due to the effects of the large tumour burden, and the adenomas do not have
sufficient time to accumulate additional mutations. It is interesting to note that we have not
detected chromosomal-scale aberrations in any 1322T or ASAMP adenomas despite the fact
that many show severe dysplasia, and indeed, CIN has not been found in Min or AOM/DSS
induced adenomas, or even in mouse adenomas containing several further mutations in the
human adenoma-carcinoma pathway [8] (Aleksic and Speicher, personal communication;
Davis, unpublished). This supports the argument put forward by several groups that CIN is
not necessary for adenoma formation [28,29]. We can conclude from this study that loss of
the Apc C-terminus is not necessary to cause or promote adenoma development or
progression. However, CIN can occur in severely dysplastic human colorectal adenomas
[42] and is therefore still an important factor to consider. CIN in conjunction with loss of the
Apc C-terminus might contribute to tumour progression after the loss of DNA damage
checkpoints by mechanisms such as p53 mutation, and we note that we found no p53
mutations in 1322T or ASAMP adenomas (data not shown).

Secondly, much of the cell line work to investigate the role of APC in cell polarity and
migration has been carried out in non-epithelial or non-intestinal cell types and there is
evidence to suggest that APC localization and, more generally, its function are cell type- and
context-dependent [43]. In the context of normal tissue, the epithelial cells of the intestine
may show different effects of Apc mutations from MDCK cells, for example. Cultured ES
cells and colorectal cancer cell lines are also likely to have constraints on genomic
instability that are very different from those in an organized, hierarchical system such as the
intestinal crypt. In addition, most of the dominant-negative constructs (and dominant CIN
cell lines) contain truncated APC that is missing not only the C-terminus, but also some of
the 20 aa and SAMP binding repeats [20,22,44]. They therefore do not distinguish between
the Wnt and cytoskeleton-associated functions of APC. The longest mutant Apc protein
tested in such experiments was the codon 1638 truncation in mouse ES cells. This contains
three of the seven of the beta-catenin 20 aa binding sites, but in order to observe CIN in
these ES cells without apoptosis occurring, it was necessary also to overexpress Bcl2 [19].
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In short, it is possible that loss of the C-terminus of APC may increase the tendency to CIN,
but this is generally insufficient to overcome intact mitotic checkpoints.

Lastly, many of the studies of the APC C-terminus studies have focused on the interactions
with EB1. However, it is still not clear how important this interaction is in intestinal
epithelial cells. In interphase cells, the interaction between the endogenous proteins is very
infrequent and EBL1 is not required for the localization of APC to microtubule plus ends or
microtubule growth [13,45,46]. Similarly, EB1 localization is unaffected by Apc mutations
[47], as we have found.

In conclusion, we have shown that there is no evidence that C-terminal associated functions
of Apc play a role in the formation of intestinal adenomas or their progression to larger or
more dysplastic lesions. It is the decreased beta-catenin binding capacity of mutated APC,
and therefore increases in Wnt signalling, that is the most important factor at this early stage
of the tumourigenesis pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of the APC protein and position of mutations in human colorectal tumours. The
diagram shows the major domains of the APC protein including regions that bind to beta-
catenin, axin, and microtubules. The mutation cluster region is expanded to show the precise
position of mutations, each represented by a black circle. The conserved position of the
mouse codon 1322 truncation is marked by a red bracket. (Adapted from ref 48).
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Figure 2.

Construction of ASAMP mice. (A) The top panel shows the wild-type allele and the lower
panel shows the targeted ASAMP allele. Exons are numbered and restriction enzymes
marked (B = BamHI; E = EcoR1; K = Kpnl; SI = Sall). (B) A cartoon showing the protein
structure of APC and the deleted regions in the 1322T and ASAMP mutated proteins. (C)
Western blot using anti-Apc antibody on tail fibroblasts derived from heterozygous 1322T
and ASAMP mice showing the sizes of the mutated Apc protein relative to the full length
300 kD protein.
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Figure 3.

Tt?e gross intestinal polyposis phenotype of ASAMP mice is indistinguishable from 1322T
mice. (A) Box plot showing that the total polyp number found in 1322T (n=12) and
ASAMP (n = 10) mice is similar. (B) Graph showing the same distribution of polyps
between the regions of the small intestine and colon in the two strains. (C) Bar chart
showing the size of polyps in the small intestine in the two strains, (D) H&E staining
showing a typical ASAMP small intestine adenoma with high numbers of Paneth cells
(arrow) and a gastric adenoma. (E) Severely dysplastic areas in a ASAMP adenoma.

J Pathol. Author manuscript; available in PMC 2015 October 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lewis et al.

O

Lgr5 expression in polyps

Page 16
B 80 -
70 A
. 601
()]
o
@ 50 1
g
5 401 m1322T
@
§ 30 - m ASAMP
R oq A
10 -
0- : ﬂ : -ﬁﬁ :
early Paneth early entero late Paneth late entero
E
250 - 12
200 1 g 10+ I I
2
8
£
150 - = ]
100 1 2 J I
———— E. 4 —
L 1 z
50 - - 92
K7}
p=
O = T 1 O T
1322T ASAMP 1322T ASAMP

Figure 4.

Bgta-catenin and stem cell markers levels in ASAMP adenomas are the same as in 1322T
adenomas. (A) IHC carried out with anti-beta-catenin antibody on ASAMP adenomas. (B)
Cells with nuclear staining were counted in early and late lesions in both Paneth cells and
enterocytes and compared with 1322T adenomas. Graph shows comparable numbers of cells
with nuclear staining in each strain. (C) ISH carried out with a 35S-labelled Lgr5 riboprobe.
Bright-field and dark-field images (20x objective magnification) of a typical tumour
showing patches of intense Lgr5 expression (visualized by silver granules) and
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counterstained with Giemsa. (D) Box diagram showing similar Lgr5 expression scored in
ASAMP and 1322T polyps. For each polyp, the area of staining was calculated as a
proportion of the whole epithelial component and multiplied by the estimated mean intensity
of the test MRNA. (E) Box diagram showing similar Msil expression scored in ASAMP and
1322T polyps.
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DNA

Figure 5.
Localization of Apc and EB1 in Apc-mutant differentiated ES cells. Immunofluorescence

was carried out on differentiated homozygous ASAMP and 1322T ES cells with anti-Apc
(green) and anti-EBL1 (red) antibodies, and DNA was stained with DAPI (blue). The
localization of both Apc and EB1 remained unchanged, both being present at the
microtubules and cellular protrusions (arrowed and high-power view inset) in both Apc
mutants.
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