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Myc deletion rescues Apc deficiency in the small

intestine
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The APC gene encodes the adenomatous polyposis coli tumour
suppressor protein, germline mutation of which characterizes
familial adenomatous polyposis (FAP), an autosomal intestinal
cancer syndrome'. Inactivation of APC is also recognized as the
key early event in the development of sporadic colorectal cancers™,
and its loss results in constitutive activity of the p-catenin-Tcf4
transcription complex’. The proto-oncogene c-MYC has been
identified as a target of the Wnt pathway in colorectal cancer cells
in vitro*, in normal crypts in vivo’ and in intestinal epithelial cells
acutely transformed on in vivo deletion of the APC gene®; however,
the significance of this is unclear. Therefore, to elucidate the role
Myc has in the intestine after Apc loss, we have simultaneously
deleted both Apc and Myc in the adult murine small intestine.
Here we show that loss of Myc rescued the phenotypes of pertur-
bed differentiation, migration, proliferation and apoptosis, which
occur on deletion of Apc. Remarkably, this rescue occurred in the
presence of high levels of nuclear B-catenin. Array analysis revealed
that Myc is required for the majority of Wnt target gene activation
following Apcloss. These data establish Myc as the critical mediator
of the early stages of neoplasia following Apc loss.

We have previously used a conditional gene deletion approach to
study the immediate effects of loss of Apc on differentiation, prolifera-
tion and migration in the murine small intestine®. These studies have
shown that loss of Apc leads to unrestricted proliferation within the
intestinal crypt, resulting in multiple changes, including an increase in
BrdU incorporation, MCM staining and dramatically enlarged crypts
at four days post Apc loss®. Similar analyses of Myc deficiency have
shown remarkably little effect of gene deletion on intestinal prolifera-
tion and apoptosis over a five day time course”®. To examine how
Myc affected the phenotypes associated with Apc loss, we intercrossed
AhCre* Apd"" mice with Myd"" mice. AhCre mice carry a Cre trans-
gene that is under control of the cytochrome p450 1A1 (CYPIAI)
promoter. Mice were given three injections of B-napthoflavone on a
single day, which induces Cre recombinase activity within the intestine.
The mice were analysed four days after the first injection. Staining for
B-galactosidase of intestinal whole-mounts from AhCre* Apd™ Myd""
mice carrying the ROSA26 floxed stop cassette lacZ reporter showed
near 100% recombination of the reporter allele, indicating retention of
double-mutant Apc-, Myc-deficient crypts (Supplementary Fig. 1a).
This highlighted that Cre-mediated deletion of both Myc and Apc
was not immediately deleterious to intestinal enterocytes. To confirm
that this protocol produced crypts that were both Apc- and Myc-
deficient we performed immunohistochemistry for Myc and nuclear
[-catenin (a downstream marker of Apc loss). Figure 1a—c shows loss
of Myc positivity in crypts by immunostaining and Fig. 1d—f shows
nuclear B-catenin localization consistent with loss of both Apc and
Myc in AhCre" Apd™ Myd"" intestines.

To confirm co-incident Apc and Myc loss, we performed in situ
hybridization for Apc and immunohistochemistry for Myc and
B-catenin in serial sections and saw loss of both Apc and Myc and
the appearance of nuclear B-catenin (Supplementary Fig. 2). Indeed,
scoring serial sections revealed combined gene loss in 88.5% (£5%
s.d.) of crypts (n= 3 mice, 100 crypts scored per mouse). Finally, to
show loss of Apc protein, we performed immunofluorescence for
Apc (Supplementary Fig. 3). Histological analysis showed that wild-
type and doubly deficient crypts were morphologically indistinguish-
able (Fig. 2a—c). Gross changes associated with Apc deficiency such as
the increased crypt cellularity (Fig. 2g), perturbed differentiation
(Fig. 2d—f) and an increased number of mitotic figures (Fig. 2h) were
absent in the double mutants. To investigate further proliferative
changes, we examined levels of BrdU incorporation (Fig. 3a—c) and
Ki67 staining (data not shown). In both cases the double-mutant
mice did not differ significantly from wild-type mice (Mann—
Whitney U test; P = >0.4), and showed lower indices than Apc null
tissue and a restoration of the normal proliferation zone (Mann—
Whitney U test; P=0.04) (Fig. 3d—f). We next scored the capacity
of double-mutant cells to migrate along the crypt villus axis by
comparing the position of BrdU positive cells at 2 and 24 h after
exposure. Remarkably, unlike Apc-deficient cells, migration in the
double-mutant mice was normal (Fig. 3f). This rescue explains the
presence of cells with nuclear B-catenin in the double-mutant villi
(see Fig. 1f).

Levels of nuclear B-catenin remained high in the doubly deficient
intestines, providing an ideal opportunity to dissect out Myc-
dependent and -independent targets of the Wnt pathway. We there-
fore performed microarray analysis with the affymetrix MOE430_2
chip using RNA from AhCre" Apd"”"Myd"", AhCre* Apd""Myc™'™
and AhCre* Apc™ " Myc*'" intestines at four days after gene dele-
tion®. The data were analysed using fold change, rank product’ and
SAM' (statistical analysis of microarrays) analysis with a false discov-
ery rate (FDR) of no more that 5%. These analyses indicated signifi-
cant changes between the three genotypes, listed in Supplementary
Tables 1-3. Following only Apc loss, SAM analysis using a 5% FDR
identified 58 genes that had previously been defined by the litera-
ture as Wnt target genes'' (many are shown at the following website:
http://www.stanford.edu/~rnusse/pathways/targets.html). Similar,
overlapping gene sets were identified by fold change or rank product
analysis (46 known Wnt target genes were increased by 2-fold or
greater; 51 were identified according to rank product analysis). We
next examined the expression of these genes in the Apd™" Myd""
double mutants and found that additional deficiency of Myc blocked
the upregulation of the majority of these Wnt target genes (see
Supplementary Table 4). Sixty-two per cent of genes (36/58) identified
by SAM analysis were significantly downregulated in the double
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Figure 1| Efficient deletion of both Apc and Myc from intestinal
enterocytes. a—c, Myc shown by immunohistochemistry. a, Myc in wild-
type crypts (AhCre™ Apc™ "Myc™ ™ mice) at four days post Cre induction.
Inset shows nuclear Myc expression at the base of the crypt. b, Upregulation
of Myc following Apc loss in Apc-deficient crypts (AhCre™ Apd""Myc™"*
mice) at four days post Cre induction. The immunohistochemistry shows
nuclear Myc in every Apc-deficient cell in the crypt. ¢, Loss of Myc protein in
double-mutant crypts (AhCre” Apd""My"?) at four days following Cre
induction. Inset shows that no cells express Myc within the crypt.
d—f, Upregulation of p-catenin in double-mutant (AhCre+Ap%Mycﬂ/ﬂ)
intestines shown by immunohistochemistry. d, B-catenin is localized at the

knockouts; 27/46 (59%) were downregulated as assessed by fold
change; and 32/51 (62%) were significantly downregulated according
to rank product analysis. These genes include axin2, tcfl, tiaml (ref.
12) and SoxI7, and thus are identified as Myc-dependent (Sup-
plementary Table 4). In contrast, a smaller percentage of these genes
(including CD44, Cyclin D2 and Troy) were unaffected by the addi-
tional loss of Myc, reflecting Myc independence. We confirmed a
subset of these changes by real time quantitative reverse transcriptase
(qRT)-PCR (Supplementary Fig. 4).

cell edge of nearly all intestinal enterocytes of wild-type crypts

(AhCre* Apc™* Myc™ ™ mice) at four days post Cre induction. Arrow points
to the occasional cell which has nuclear 3-catenin at the base of a normal
crypt. e, Nuclear localization of -catenin in every cell within Apc-deficient
crypts (AhCre* Apd""Myc™"* mice) at four days post Cre induction.

f, Nuclear localization of -catenin in every cell within double-mutant crypts
(AhCre” Apd""Myd"" mice) at four days post Cre induction. Because
f3-catenin adopts only a nuclear localization throughout the crypt if Apc is
deleted, these data argue that in the double-mutant crypts both Apc and Myc
are deleted. Magnifications, X400.

Thus, we define, in an in vivo setting, a subset of Wnt target genes
for which Myc is essential. This subset of target genes is critical in
imposing the Apc-deficient phenotype. For example, we have prev-
iously shown that perturbation of the EphB/EphrinB system, follow-
ing Apc loss, results in mislocalization of Paneth cells®'. In the
double mutants, these Tcf4 target genes were no longer transcrip-
tionally elevated, and consistent with this, we observed normal loca-
lization of the Paneth cells in the double mutants (Fig. 3g—j).
Critically, the Wnt target genes that we identify as Myc-independent
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Figure 2 | Additional loss of Myc causes Apc-deficient crypts to resemble
wild-type crypts. a—c, Haematoxylin and eosin (H&E)-stained sections for
wild-type (AhCreJrAch +Myc+/ *) (a), Apc-deficient

(AhCre* Apd"Myc"’") (b) and double-mutant Apc- and Myc-deficient
(AhCreJrApcﬂ/ﬂMycﬂ/ﬂ ) (c) intestines. Note the enlarged crypts in the Apc-
deficient mice (b) are no longer present in double-mutant intestines

(c). d—f, Restored goblet cell number in double-mutant intestines. Alcian
blue-stained section for Apc-deficient (AhCre+ApLﬂ/ﬂMyc+/ ) (d), wild-type
(AhCre" Apc*"*Myc™'") (e), and double-mutant (AhCre" Apd™ Myc™)
(f) intestines. Note the reduction in goblet cells that occurs in Apc-deficient
crypts does not occur in double-mutant crypts (Mann—Whitney test,

P =0.04,n = 3). Arrows point to ‘blue’ goblet cells. g, Crypt cellularity is not
increased in double- mutant crypts. Graph showing average cell number
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per crypt. Error bars, s.d. Unlike Apc-deficient crypts, which have a
significantly increased size compared with wild type crypts (P = 0.04,
Mann-Whitney test, n = 3), no difference in size was observed between
wild-type and double-mutant crypts (Mann—Whitney test, P = 0.4).

h, Numbers of mitotic figures per crypt are not increased in
double-mutant crypts. Graph showing average number of mitoses per crypt.
Error bars, s.d. Unlike Apc-deficient crypts, which have a significantly
increased number of mitotic figures per crypt compared with wild-type
crypts (P = 0.04, Mann—Whitney test, n = 3), no significant difference was
observed between wild-type and double-mutant crypts (Mann—Whitney
test, P = 0.303). In all figures n refers to the number of mice analysed. Error
bars, s.d. In a—c, scale bars show size of crypt; magnification of d—f, X600.
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are insufficient to impose the phenotypes associated with Apc
deficiency.

In the double mutants, a number of genes associated with DNA and
RNA replication were no longer transcriptionally upregulated (for
example, DNA polymerase ¢, MCM2, MCM?7, Brfl, RNA polymerase
I subunits, RNA polymerase II, eif4y, and the rRNA genes (RpS11-13,
S18 and L13) . Our data are therefore consistent with numerous
reports of Myc driving transcription of genes associated with prolif-
eration'*; however, we cannot rule out the possibility that these
changes simply reflect the reduced proliferation that we observe.

Previous studies have postulated that Myc may facilitate prolifera-
tion through repression of p21 (ref. 5). This is unlikely to be a direct
effect within normal intestinal crypts because there is no induction of
p21 and no obvious Gl arrest when Myc is deleted”®. However,
repression of p21 by Myc was demonstrated in colorectal cancer cell
lines mutant for Apc, raising the possibility that repression of p21
may only be important in the context of activated Wnt signalling. To
address this, we performed immunohistochemistry for p2l
(Fig. 3k-m) and found p21 to be upregulated within the crypts of
double-mutant Apd””"Mycd™" mice. This argues that the loss of the
crypt progenitor-cell-like phenotype in double-mutant mice may be
partially due to the inability to repress p21.
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Previous reports have suggested that Myc can integrate and bal-
ance different survival signals. In certain contexts, Myc expression
can lead to proliferation, whereas in other contexts, activation of Myc
drives apoptosis'>'®. Given the failure to see increased proliferation
in the double mutants, we next investigated levels of apoptosis in
the AhCre* Apd""Myd™" intestines. Previously, we have shown that
loss of Apc increases the apoptotic index in AhCre” Apd™" mice. In
the double-mutant AhCre* Apd""Myc™" intestines this increase was
completely blocked (wild type, 0.16% =+ 0.05; Apd™, 7.3% + 0.6;
Apd""Myd™", 0.33 + 0.13; Supplementary Fig. 5a), showing Myc
dependency for both apoptosis and proliferation, following activa-
tion of the Wnt pathway. To investigate further the link between
proliferation and death, we pulse-labelled with BrdU and followed
the fate of labelled cells. Within wild-type crypts, there was a 43%
increase in the number of labelled cells (as a consequence of divi-
sion) between 2 and 24 h (Supplementary Fig. 5b). No such increase
was observed in the AhCre” Apd”"Myc™' ™ mice, implying that BrdU-
positive cells were being deleted (Fig. 4b). This interpretation is
further supported by the observation that the mitotic index was
not elevated in the Cre” Apd™" mice (control, 5.83 = 0.27 s.e;
Cre*Apc™, 6.43 + 1.77; P = 0.66, Mann—Whitney test, n = 3), des-
pite the large increase in BrdU labelling, implying that death is
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Figure 3 | Additional loss of Myc removes the crypt progenitor-cell-like
phenotype of Apc-deficient cells. a—c, Inmunohistochemistry for BrdU
performed on wild-type (AhCre* Apc™ " Myc™'™) (a), Apc-deficient
(AhCreJ'Apcﬂ/ﬂMycH ") (b) and double-mutant (AhCre+Apcﬂ/ﬂ Mycﬂ/ﬂ)

(c) intestines, at four days after Cre induction and two hours following BrdU
injection. Note that wild-type and double-mutant crypts only incorporate
BrdU within the crypt, displaying a defined proliferation zone. Apc-deficient
crypts have a significantly increased number and percentage of BrdU-
labelled cells (Mann—Whitney test, P = 0.04). d—f, Graphs showing the
position of the BrdU-labelled cells 2 h (black solid line) and 24 h (grey dashed
line) after labelling. In wild-type (AhCre" Apc™* Myc™'™) crypts, cells
migrate up the crypt—villus axis from 2 to 24 h; shown here by cells labelling
at higher positions on the crypt—villus axis (arrows; Kolmogorov—Smirnov
test, 2h versus 24 h, P = 0.01). Within Apc-deficient

(AhCre* Apd""™Myc™'") crypts, cells label throughout the crypt—villus axis at
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2h and there is no movement 24 h later (Kolmogorov-Smirnov test, 2h
versus 24 h, P = 0.8). Within double-mutant (AhCre™ Apd™"Myd"") crypts,
cells migrated up the crypt—villus axis (Kolmogorov-Smirnov test, 2 h
versus 24 h, P = 0.01). g-i, Immunohistochemistry for lysozyme, performed
on wild-type (WT; AhCre" Apc™* Myc™' ™) (g), Apc-deficient
(AhCre+Apcﬂ/ﬂMyc+/ *) (h) and double-mutant (AhCre+Apch/ﬂMycﬂ/f)

(i) intestines. Positions of lysozyme-positive paneth cells are denoted by
arrows. j, Real time QRT-PCR for the EphB2 and EphB3 receptor mRNAs.
Note Paneth cells are no longer mislocalized in double-mutant crypts and
expression of the EphB2 and EphB3 receptor mRNAs is significantly lower
than in Apc-deficient crypts (*P = 0.04, Mann—Whitney test).

k-m, Immunohistochemistry for p21, performed on wild-type (k), Apc-
deficient (I) and double-mutant (AhCre+Apcﬂ/ﬂMyc"l/ﬂ )(m) crypts.
Arrowheads indicate a number of p21-positive cells in double-mutant crypts
(m). Magnifications, X400.
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occurring in either the G2 or M phases'. In accordance with this,
many of the apoptotic figures observed were large—a phenomenon
previously interpreted to reflect death of 4# cells at a G2/M check-
point'’. This is also consistent with reports that Myc upregulation
drives cells precociously into S phase'® and B-catenin induces death at
the G2/M checkpoint in epidermal keratinocytes in vitro".

To investigate the long-term fate of doubly deficient cells, we
intercrossed AhCre* Apd”"Myc™" mice with mice carrying the
ROSA26 lacZR allele to report Cre-mediated recombination, and
exposed them to dietary PB-napthoflavone (0.8mgml™'). This
approach delivers lower levels of recombination, and allows
AhCre* Apd™" mice to survive sufficiently long to develop adeno-
mas*'. Notably, this strategy also allows an analysis of the interaction
between mutant and wild-type cells because approximately 10%
of crypts undergo recombination. AhCre” Apd”"Myc™'* and
AhCre" Apd”"Myd"" mice were induced and analysed 20 days later.
The AhCre* Apd"?Myc*'™ mice develop severe intestinal pathology,
with thousands of small lesions and multiple adenomas. In contrast,
no double-mutant cells remained in AhCre” Apd™"Myd"" mice and
there was no pathological change. This was confirmed by immuno-
staining, which failed to identify any crypts that were Myc deficient or
that retained nuclear B-catenin (Supplementary Fig. 6).

We have previously shown that single deficiency of Myc leads to
reduced biosynthetic activity and strong selection against Myc-defi-
cient stem cells®. We hypothesize that, in the double mutants, sur-
rounding wild-type stem cells outcompete the double-null cells and
repopulate the crypts, much as we have seen for other alleles deleted
using this strategy®>*.

In conclusion, we show that the dramatic changes conferred
by Apc deficiency are entirely dependent on functional Myc.
Furthermore, given that Myc is required for the persistence of Apc-
deficient cells, these data show that Myc is absolutely required for the
cellular and molecular changes that occur following Apc loss in the
murine small intestine.

METHODS

Mouse colonies. All experiments were performed under the UK Home Office
guidelines. Outbred male mice from 6-12 weeks of age were used, and they
were segregating for the C57BLJ and S129 genomes. The alleles used were as
follows: Apc™®*S flox (ref. 6), Mycﬂ/ﬂ (ref. 8) and AhCre (ref. 22).

Tissue isolation and analysis. To induce recombination, mice were given daily
intraperitoneal injections of B-napthoflavone (80 mgkg™ ") for 3 days and har-
vested 4 days after the first injection. At this time point, mice were killed and the
small intestine removed and flushed with water. Intestines were dissected and
analyses for apoptosis, mitosis and S-phase labelling were performed on the
proximal intestine, as described in Supplementary Methods. In situ hybridiza-
tion, immunohistochemistry and immunofluorescence were performed as prev-
iously described”"". Detailed protocols are given in the Supplementary Methods.
To determine the pattern of recombination at the ROSA26R reporter locus,
intestinal whole-mounts were prepared, fixed and exposed to X-gal substrate
using a method previously reported®”. For microarray analysis, RNA was
extracted from 3 cm of the small intestine that was located 7cm from the
stomach. For details of RNA extraction, microarray analysis and real time
qRT-PCR analysis of targets see Supplementary Methods.
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