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INTRODUCTION

Senescence has been implicated as an important mechanism of tumour suppres-
sion in a number of human malignancies, including colorectal cancer (CRC).
However, we still have a relatively poor understanding of how the underlying
mutations that occurin cancer cause senescence and its relevance in vivo. The Apc
gene is mutated in approximately 80% of CRC as the initiating event, but rarely
elsewhere. In this study we have examined the capacity of Apc loss to induce
senescence in the intestinal epithelium compared to the renal epithelium. Within
the renal epithelium, loss of Apc function led to an induction of senescence,
however, bypassing senescence through combined Apc and p21 or Ink4A gene
deletion rapidly initiated renal carcinoma. Within the intestinal epithelium, loss
of Apc did not induce senescence. Moreover, combined Apc and p21 or Ink4A loss
had no impact upon tumourigenesis. Taken together, these results show that Apc
loss in vivo invokes a senescence program in a context-dependent fashion, and
implies senescence may play a key barrier to tumourigenesis in the kidney.
However, in CRC, escape from senescence is likely to only be a barrier in cancers
initiated by other mutations.

forms, B-catenin is not targeted for degradation, and it
accumulates and translocates to the nucleus where it interacts

The adenomatous polyposis coli (APC) tumour suppressor is
mutated in approximately 80% of colorectal cancers (CRC)
where it is thought to be the key initiating event (Korinek et al,
1997; Morin et al, 1997). The major tumour suppressor function
of the APC gene is thought to be as a negative regulator of Wnt
signalling. The Apc protein forms part of a destruction complex
with glycogen synthase kinase 3 (GSK3), axin and casein kinase
1 (CK1), which binds to B-catenin and allows phosphorylation
of B-catenin by GSK3, targeting it for degradation (Bienz &
Clevers, 2000). In the absence of Apc this complex no longer
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with T-cell factor/lymphoid enhancer factor (TCF/LEF) tran-
scription factors to drive expression of Wnt target genes such as
c-myc (He et al, 1998).

Outwith CRC, mutations in the APC gene are rare. However,
Wnt pathway activation is observed in cancers such as
hepatocellular carcinoma (HCC) where a subset of cancers
have activating mutations in B-catenin or loss of negative
regulators of the Wnt pathway such as Axin or Axin2 (Giles et al,
2003; Satoh et al, 2000). Similarly, activating mutations in
B-catenin have been observed in several cancers including
melanoma, ovarian carcinomas, childhood hepatoblastomas
and medulloblastomas, desmoid tumours and non-ductal solid
pancreatic tumours (Giles et al, 2003). In these cancers,
activating mutations of the Wnt pathway are not thought to
be an initiating event. Recently, a role for activated Wnt
signalling in renal carcinoma has been proposed, as the key
renal tumour suppressor protein von Hippel-Lindau (VHL), acts
through Jade-1, an E3 ubiquitin ligase, to target B-catenin for
degradation (Zhou et al, 2005). Therefore, a mutation in VHL
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results in the stabilization and activation of the oncogenic
B-catenin pathway (Behrens, 2008). Moreover, the promoter of
the APC gene is hypermethylated in up to 30% of renal
carcinomas (Dulaimi et al, 2004), suggesting APC loss/reduction
may play an important role in the progression of renal
carcinoma. However, despite this suggested role in progression,
familial adenomatous polyposis (FAP) patients (who are
germline heterozygous for APC) do not develop renal carcinoma
suggesting APC loss is a very poor initiator of tumourigenesis in
the kidney. This has been confirmed using proof of principle
experiments in the mouse, where both copies of Apc have been
removed from the kidney and only a small fraction of mice
develop renal carcinoma. Indeed, using the AhCre transgene,
which yields constitutive Cre expression within a high proportion
of cells of the kidney, less than 1/3 of mice develop renal
carcinoma, despite showing the presence of small premalignant
lesions at much earlier ages (Sansom et al, 2005). In contrast,
deletion of Apc within the intestinal epithelium rapidly leads to a
marked crypt-progenitor cell-like phenotype (Sansom et al, 2004)
and deletion of Apc within the LGR5™ stem cell zone leads to
adenoma formation in as little as 3 weeks (Barker et al, 2009).

Over the past few years there has been great interest in the
role of senescence as a bona fide tumour suppression
mechanism in vivo. The phenomenon of oncogene induced
senescence (OIS) has provoked particular interest, whereby
activation of an oncogene leads to senescence, often in
association with a deoxyribonucleic acid (DNA) damage
response, and the expression of B-galactosidase, hence
senescence-associated [-galactosidase (SA B-gal) (Collado
et al, 2005; Collado & Serrano, 2006). Evidence to support this
has come from both humans and mice (Braig et al, 2005; Chen
etal, 2005; Collado et al, 2005; Michaloglou et al, 2005). Staining
of pre-malignant lesions (in humans) such as benign nevi,
adenomas of the lung and pancreatic intraepithelial neoplasms
(PanINs) has shown them all to be characterized by expression
of SA B-gal. These lesions also display upregulation of cell cycle
arrest proteins such as p16 and p21, both of which have been
implicated in senescence in vitro (Serrano, 1997). Similarly, the
conditional activation of oncogenes such as v-Raf murine
sarcoma viral oncogene homolog Bl (Braf) or Kirsten rat
sarcoma viral oncogene homolog (Kras) in mice has led to the
formation of premalignant lesions, associated with markers of
senescence, that either fail to progress or rarely progress
(Dankort et al, 2007; Dhomen et al, 2009). However,
controversy remains in the literature over whether these
premalignant lesions really exhibit a permanent irreversible
growth arrest and indeed other studies have shown proliferation
in equivalent premalignant lesions of the lung (Tan et al, 2001).
This raises the question of whether these lesions are truly
senescent or exhibit a reversible growth arrest.

There is very little evidence indicating that activated Wnt
signalling can drive a senescence programme in vivo. This is
despite the fact that Apc loss is known to rapidly drive intestinal
adenoma formation but tumours from patients constitutively
heterozygous for APC are thought to progress over years rather
than months. Most tissue culture and in vivo studies have
instead shown that Wnt signalling is either required for, or
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cooperates with, other mutations to overcome senescence
(Delmas et al, 2007). However, in lymphoid cells B-catenin
activation has been shown to drive senescence ex vivo,
suggesting that the Wnt pathway has the capacity to cause
senescence, albeit not in a physiological setting (Xu et al, 2008).
In this study, we show that Apcloss drives a context-dependent
senescence response. Within the kidney, Apc loss triggers a p21-
dependent senescence program, the abrogation of which drives
renal carcinoma. Within the intestine, Apc loss does not invoke
a senescence programme, rather driving a p2l-independent
proliferative response leading to rapid tumourigenesis.

RESULTS AND DISCUSSION

Apc loss leads to senescence in the renal epithelium
Our previous studies investigating Apc loss in the renal
epithelium using the AhCre transgene to drive constitutive
Cre expression within the kidney have suggested that Apcloss is
a relatively poor tumour initiating event (Sansom et al, 2005).
First to investigate AhCre mediated recombination within the
kidney, we intercrossed the AhCre transgene to the Rosa26 Lox
stop Lox (LXL) red fluorescent protein (RFP) reporter, Rosa-
tdRFP (Luche et al, 2007). The expression of RFP was readily
seen in kidneys removed after birth (P3), at weaning and in older
mice (6 months) in wholemount kidneys examined using a an
Olympus OV100 camera (Fig 1A). To look at the single cell
level, we performed immunohistochemical (IHC) staining for RFP
and showed the presence of RFP-positive cells throughout the
kidneys both immediately after birth and in aged mice. Levels
were at approximately 20-30% of the kidney, with the majority
of cells being unrecombined (Supporting Information 1A-C).
To examine the fate of Apc deficient cells within the kidney,
we intercrossed AhCre transgenic mice with mice carrying con-
ditionally inactivatable “floxed’ Apc®®% alleles (AhCre ApcM)
and the Z/enhanced green fluorescent protein (EGFP) Cre
reporter transgene. AhCre Apc™/* Z/EG" mice showed green
fluorescent protein (GFP) expression throughout the kidney in
an equivalent manner to the Rosa26 RFP reporter, both on
wholemount examination (Fig 1B) and through IHC staining for
GFP (Supporting Information 1E). In contrast at weaning,
kidneys from AhCre Apc™™" Z/EG* mice showed very low or no
GFP expression via wholemount examination (Fig 1B top panel)
and only a small number of GFP positive cells by IHC staining on
sections (Supporting Information 1F). These kidneys also
showed very low levels of the Apc recombined allele within
the kidney (Supporting Information 1G) and there were only a
small number of cells that had nuclear B-catenin (which is a
marker of Apc loss) (Fig 1C). This data suggests that most of the
cells in which Apc was deleted were being lost from the kidney.
Histological examination for apoptotic cells and IHC staining for
cleaved caspase 3 failed to reveal any evidence for apoptosis,
suggesting cells were not being cleared by this mechanism (data
not shown). We have a recently shown a similar scenario within
the pancreas, where activation of KRAS'?P leads to the loss of
the majority of recombined cells (approximately 30%) and the
pancreata is then reconstituted by wild-type non-recombined
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Figure 1. Apc deletion within the renal epithelium leads to rapid deletion of recombined cells and an upregulation of senescent markers.
A and B. Kidneys imaged on OV100 microscope.

A. Mice at P3 and 6 months imaged for RFP. Note kidneys from AhCre mice without the Rosa26 tdRFP reporter (labelled Neg) show little RFP positivity,
whilst AhCre Rosa26 tdRFP mice (labelled RFP) on figure show marked RFP positivity.
B. Mice imaged at 2 months (2 mo), top panel and 6 months (6 mo) bottom panels for GFP. Top panel (left kidney), note strong positivity for GFP in AhCre™

Z/EG* Apc*’* (labelled GFP). Middle kidney is from AhCre~ Z/EG* Apc™" (labelled Neg) shows only autoflourescence. Right kidney shows no detectable
GFP positivity in AhCre™ Z/EG™ Apc™" (labelled Apc) kidney at 2 months. In these mice recombination can only been seen via staining for GFP by IHC
(Supporting Information 1D-F) as single cells are below the detection of the OV100. Bottom panel shows at 6 months a small number of positive foci
within AhCre™ Z/EG* Apc™™ kidneys, suggesting that Apc deficient cells are being deleted.

C. B-catenin IHC showing that there is only a small number of B-catenin nuclear positive cells within the kidneys of AhCre* Apc™™ mice.

D. Bar graph showing percentage of AhCre™ Apc™f mice with single nuclear B-catenin cells across kidney, premalignant lesions and renal carcinoma at 2, 6
and 12 months of age. At least ten mice were aged to each timepoint.

E. B-catenin IHC showing nuclear localization in small renal lesions.

F-H. IHC performed on AhCre™ Apc™ kidneys, showing scattered cells and premalignant lesions staining for p21 (F and G) and p16 (H and ).

). Co-immunofluorescence (IF) for B-catenin (red) and p21 (green) showing high expression of both within premalignant lesions from AhCre* Apc™f mice.

K and L IHC for p21 (K) and p16 (L) in renal carcinoma from AhCre* Apc™ mice, showing markedly reduced levels compared to premalignant lesions. In all cases
scale bars represent 20 um.
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cells without any obvious effects on the overall fitness of the
mouse (Morton et al, 2010).

When we examined the levels of recombination in older mice,
although most of the kidney was negative for GFP (via OV100
analysis), a number of discrete GFP foci were evident suggesting
that a number of the Apc deficient cells were being retained and
may be the source of renal carcinoma. To investigate this
further, we then analyzed the kidneys from Apc deficient mice at
2, 6 and 12 months (Fig 1D). We classified the cells that
remained following Apc loss into three types: single cells that
were scattered throughout the kidney that had high levels of
nuclear B-catenin (Fig 1C), small premalignant lesions (Fig 1E)
or renal carcinoma. Although all kidneys from the AhCre Apc™"
mice showed a significant number of cells with nuclear 3-catenin
(Fig 1C) compared to none in wild-type mice (Supporting
Information 2A) by 6 months, approximately 40 % had developed
premalignant lesions (Fig 1E), very few mice developed renal
carcinoma (at 1 year of age only 8%, 2 out of 24 mice).

These data suggested that a growth arrest/senescence
pathway may be constraining tumour progression within these
lesions. Currently, a number of OIS markers have been proposed
(Collado & Serrano, 2006). These markers are considered to be
tissue specific so a definitive set of markers that work robustly in
all tissues is still lacking. Therefore we tested a number of these
markers in the AhCre Apc’™™ mice and found upregulation of p21
and p16 in the occasional, histologically normal cell and in all
the premalignant lesions of the AhCre Apc’V" kidneys (Fig 1F-1).
Within wild-type kidneys, no staining for either p21 or p16 was
observed (Supporting Information 2B and C). To test whether
p21 and B-catenin staining was coincident in lesions we
performed joint immunofluorescence (IF) and found high levels
of nuclear p21 in lesions that were characterized by high
expression of B-catenin (Fig 1J and see controls in Supporting
Information 2 D-G). Moreover, to look at the co-expression of
B-catenin and p21 in small foci, we performed staining on serial
sections and saw high levels of p21 in these small foci of
B-catenin positive cells (Supporting Information 2H-K). Impor-
tantly, the rare tumours that formed in the AhCre Apc™" mice
lost the expression of p21 (Fig 1K) and p16 (Fig 1L), suggesting
that loss of these arrest/senescence markers was contributing to
tumour progression.

Given the lack of definite markers of senescence, we also
addressed whether there was an accumulation of SA B-gal and a
strong reduction or absence of proliferation in the premalignant
lesions. Staining for SA B-gal was absent from wild-type kidney
and present in premalignant lesions in the AhCre Apc" mice
(Fig 2A and B). Importantly, rare tumours from the AhCre Apc™/"
mice failed to express SA B-gal (Fig 2C), suggesting that those
tumours that grew had escaped from senescence, consistent
with the strong reduction in the levels of p21 and p16 within the
tumours (Fig 1K and L). We performed IHC staining for two
independent markers of proliferation: the cell cycle antigen Ki67
and the replication licensing factor mini-chromosome main-
tenance 2 (MCM2). The levels of both of these markers
remained low within premalignant lesions consistent with an
induction of senescence within these lesions (Fig 2D-F).
Importantly, a marked induction of proliferation was seen in

www.embomolmed.org EMBO Mol Med 2, 472-486

Alicia M. Cole et al.

the rare renal carcinomas that arose in the AhCre Apc™™ mice

(Fig 2G and H) (Mann-Whitney p=0.01, n=5, premalignant
lesions vs. tumours). To confirm that the premalignant lesions
had low proliferative capacity and high p21 despite nuclear -
catenin, we then performed IHC for these markers on serial
sections (Fig 2I-L) and found this to occur. Taken together, this
data strongly suggests Wnt pathway activation is causing
senescence within the renal epithelium. It should be noted that
unlike in vitro senescence where growth arrest can be observed
to be permanent and irreversible, in vivo the mutation of other
oncogenes or tumour suppressor could potentially overcome
this to drive tumourigenesis (Bartkova et al, 2006). Given recent
data on the immune clearance/killing of senescent cells, it is
tempting to speculate that the reduction/loss of the majority of
Apc deficient cells within the kidney is due to the clearance or
killing of senescent cells (Xue et al, 2007). Future studies to
investigate different immunocompromised strains crossed to the
Apc deficient mice will allow us to assess if this is occurring. To
this end it is interesting to note that the premalignant lesions
(which are pan-keratin positive), are surrounded by a clear
stroma which is very high in CD3 positive T cells (Supporting
Information 3A and B). Moreover, a number of these stromal cells
were Ki67 positive in the Apc deficient kidneys and these were
completely absent from the wild-type kidney (Fig 2D and E).

p21 loss robustly cooperates with Apc deletion to cause
renal carcinoma

To test the functional significance of the upregulation of OIS
markers, we intercrossed AhCre Apc’/" mice to p21 knockout
mice and aged them until they developed renal carcinoma.
Previous studies looking at the effect of p21 gene deletion have
shown that p21 knockout mice have a weak predisposition to
tumourigenesis, with an average onset of tumour development
of 16 months, with the majority of tumours consisting of
sarcomas, lymphomas and tumours of vascular and endothelial
origins(Martin-Caballero et al, 2001). p2I null mice are also
more susceptible to irradiation-induced tumourigenesis (Jack-
son et al, 2003). Therefore p21 gene deficiency has so far had
relatively subtle oncogenic activity in the mouse. However,
intercrossing p21~/~ mice to our AhCre Apc™" model, where
p21is upregulated in premalignant lesions, had a marked effect.
All AhCre Apc™™ p217~/~ mice rapidly developed signs of renal
tumourigenesis (hunching, swelling, anemia due to blood in the
urine) and all had to be euthanized by 100 days of age (median
lifespan 63 days, Fig 3A). Histological examination of kidneys
from these mice shows the development of renal carcinoma in
all mice, often with multiple foci (Fig 3B). Renal carcinomas
from AhCre Apc™™ p217/~ mice did not express SA PB-gal
(Fig 3C), p16 (Fig 3D) or as expected p21 (Fig 3E), showing that
p21 loss is sufficient to overcome the senescence block induced
by Apc loss. Importantly, these carcinomas continued to express
high levels of B-catenin (Fig 3F), confirming the retention of Apc
deficient cells. Immunohistochemistry for Ki67 (Fig 3G) and
MCM2 (Fig 3H) showed strong upregulation of both of these
proliferation markers, illustrating that p21 deficiency now
renders these carcinomas highly proliferative. Given the
rampant acceleration of tumourigenesis in a p21 nullizygous
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Figure 2. Apc deficient lesions are not proliferative.
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A-C. SA B-galactosidase staining performed on wild-type (A), AhCre™ Apc™# kidneys with premalignant lesions (B) and tumours from AhCre™ Apc™¥ kidneys (C).
Note accumulation of SA B-gal is only observed in the premalignant lesions. Scale bars (A-C) represent 200 pm.

D-E. Ki67 IHC showing only a small subset of cell expressing Ki67 in both wt (D) and small lesions from AhCre+ Apcfl/fl mice (E).

F. MCM?2 IHC showing low levels of proliferation in small lesions from AhCre™ Apc™f mice, arrows show epithelial cells with low levels of proliferation. (see
Supporting Information 3A for pan keratin staining showing the epithelial cells). Scale bars (D-F) represent 20 pum.

G.  IHC for MCM2 showing that renal carcinomas that grow out from AhCre® Apc™ mice are highly proliferative. Scale bars represent 200 wm.

H.  Boxplot showing significantly increased Ki67 staining in renal carcinomas compared to very low levels within the premalignant lesions.

I-L. IHC showing high levels of B-catenin (I) and p21 (J), but low levels of the proliferation markers Ki67 (K), and MCM2 (L) in small Apc deficient renal lesions.

Scale bars (I-L) represent 20 pwm.

background, we also assessed whether heterozygosity for p21
could accelerate tumourigenesis. Remarkably, a rapid accel-
eration of tumourigenesis in AhCre Apc p21*/~ mice was
observed compared with AhCre Apc¥" p21*/* mice (median

© 2010 EMBO Molecular Medicine

lifespan 117 days, Fig 3A). To analyze the kinetics of this, we
next examined both lesion area and renal carcinoma formation
at 2 months of age (Supporting Information 3C and D). At this
stage all AhCre Apc™™ p21~/~ mice had developed at least one
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Figure 3. p21 loss following Apc deletion leads to rapid onset of renal tumourigenesis.
A. Kaplan—-Meier survival graph showing a dramatic acceleration of renal tumourigenesis in AhCre" Apcﬂ/ﬂ p21~/" mice (Apc p21’/’, n=31, median
lifespan 63 days, blue line) compared with AhCre™ Apc™’* (Wt n = 20, <400 days) and AhCre™ Apc™ mice (Apc, n =23, red line, Log rank v Apc™ p21~/,

p < 0.001). Note there was a marked acceleration of tumourigenesis in AhCre*Apcﬂ/ﬂ p21+/’ mice (Apc p21+/’ median lifespan 117 days, n =17, green
line, Log rank v Apc™ p < 0.001).

B. H&E of a renal tumour in AhCre* Apc™ p217~/~ mice.

C-E. Staining shows absence of senescent markers SA B-gal (C), p16 (D) and p21 (E) in AhCre™ Apc™ p21~/~ renal tumours. Note there is a small amount non-

specific brown staining in the p21 knockout tumours when p21 IHC is performed (black arrow), however all nuclei are blue showing a complete loss of

p21 within the tumours (red arrow).

F. B-catenin IHC showing continued Wnt signalling activation in AhCre™* Apcﬂ/ﬂ p21

~/~ deficient renal tumours.

G and H Ki67 IHC (G) and MCM2 IHC (H) showing a marked increase in proliferation in AhCre* Apc™ p21~/~ deficient tumours. Scale bars represent 200 p.m.

invasive renal carcinoma, as well as having multiple smaller
lesions throughout the kidney. Approximately a third of AhCre
Apc™" p21*/~ mice had developed a renal carcinoma and the
majority of mice now had lesions within the kidney. In contrast,
AhCre Apc”™ mice had very few lesions and no tumours at this
time and total lesional area was significantly lower in these
mice compared to both AhCre Apc™™ p217/~ and AhCre Apc™"
p21~/~ mice (Mann-Whitney n=10, p=0.001, Supporting
Information 3D). To confirm that escape from a ‘senescence

www.embomolmed.org EMBO Mol Med 2, 472-486

like’ program was occurring we also aged a small cohort of
AhCre Apc™ Ink4a™~ mice. The Ink4A™/~ mice lack both p16
and pl9. Again all of these developed renal carcinoma by
6 months of age (n=10, data not shown). Our data provides
definitive functional evidence that p21 acts as a key block to
tumour progression in the kidney in the absence of Apc. It also
highlights the possible reason why FAP patients and Apc™™*
mice do not develop renal carcinoma, as loss of Apc alone would
lead to senescence and a selective disadvantage. Furthermore,

© 2010 EMBO Molecular Medicine
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our data predicts robust cooperation of the Wnt pathway in
renal carcinogenesis once a driver mutation has occurred to
block the senescence pathway. To this end we have previously
shown that Kras activation in the kidney cooperates with Apc
loss to drive renal carcinoma (Sansom et al, 2006). Given the
recent data that VHL protein loss may increase Wnt signalling,
and that Apc is methylated in renal carcinoma, our findings are
relevant to human carcinogenesis. Indeed, recent in vitro and
vivo studies have shown that loss of VHL within the kidney
results in senescence (Young et al, 2008). Importantly, this study
showed the induction of senescence was hypoxia-inducible
factor (HIF) independent and therefore may be due to increased
levels of Wnt signalling following VHL loss (Behrens, 2008;
Chitalia et al, 2008).

Apc loss does not lead to senescence within the intestine,
even within slowly progressing lesions

These data suggest that the reason why Apc loss is not an
initiating oncogenic event in the kidney is due to the induction of
senescence. Implicit in this hypothesis is that Apc loss in the
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intestine should not induce senescence. To investigate this we
first conditionally deleted Apc within the intestinal epithelium
by inducing recombination in the AhCre Apc” mice using three
injections of B-naphthoflavone in a single day. This leads to near
100% recombination within the small intestinal crypt and
produces a marked crypt-progenitor cell like phenotype within
4 days of Apc gene deletion (Sansom et al, 2004). Our previous
studies have shown that following Apc loss, a small subset of
cells upregulate p21 at the leading edge of the phenotype
(Fig 4B) (Sansom et al, 2007). To test whether this might be a
senescent population of cells, we stained for SA B-gal and found
no evidence of positivity (Fig 4C). Likewise no upregulation of
pl6 was observed (Fig 4D and E). Next, we stained for the
proliferation markers MCM2 and Ki67 and found that every Apc
deficient cell in the small intestine was MCM2 (Fig 4G) and Ki67
(Fig 41) positive, highlighting that there is no senescence
following Apc loss in the intestine (albeit over the short term).
Given that the AhCre transgene yields predominantly small
intestinal recombination (Ireland et al, 2004), we also examined
proliferation in the colon following Apc loss using the
VillinCre™ transgenic mice (Andreu et al, 2005). Within the
colon crypt, every cell that had nuclear B-catenin following Apc
loss was Ki67 positive (Supporting Information 4).

To confirm that p21 was not playing a functional role in this
process, we induced AhCre Apc™" p21~/~ mice at 6 weeks of age
with three injections of B-naphthoflavone to yield near
constitutive intestinal recombination, and investigated the
phenotype of compound mutant Apc p21 knockout intestines.
Confirming the lack of any p21-mediated senescence or arrest at
the early stages of Apcloss, Apc p21 double knockout intestines
were indistinguishable to single Apc knockout intestines
(Supporting Information 5).

As Apc mutation occurs as the initiating event in 80 % of CRC,
and there has been some evidence to suggest that benign
adenomas may exhibit features of senescence, we next
investigated whether adenomas that are formed following
Apc loss show such signs. To do this, we examined OIS in small
lesions and adenomas generated from three different models of
Apc loss; first, the Apc™™+ mouse (at 85 days), second, single
crypt lesions from the non-stem cell deletion of Apc (at 100 days)
and third, adenomas formed through stem cell deletion of Apc
(at 35 days). Our previous studies have shown that when Apc is

Figure 4. p21 upregulation following Apc deletion does not induce senescence

within the intestinal epithelium.

A and B p21 IHC showing a low expression of p21 in a small number of cells
in wild-type crypts (labelled Wt) at the crypt villus junction (A), as
well as strong upregulation in a subset of cells in the villus following
Apc loss in AhCre™ Apc™™ mice (labelled Apc) (B).

C. Apc deficient crypts are not senescent as shown by lack of SA B-gal
staining.

D and E p16 IHC showing no major upregulation between wt (D) and Apc
deficient crypts (E).

F and G IHC showing an upregulation of MCM2 staining in the proliferative
crypts of Wt mice (F), MCM2 is upregulated in all Apc deficient cells (G).

H and | IHC showing an upregulation of Ki67 staining in the proliferative
crypts of wt mice (H), Ki67 is upregulated in all Apc deficient cells (I).
Scale bars represent 20 pm.

EMBO Mol Med 2, 472-486 www.embomolmed.org
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deleted outwith the stem cell zone this leads to protracted
tumourigenesis and although adenomas can form, most lesions
remain small and do not progress (over a 200-300-day period)
(Barker et al, 2009). In all three scenarios, we failed to see
upregulation of pl6 or SA B-gal (Fig 5D, data not shown),
though p21 was expressed within the adenomas of the Apc™™/*
mouse (Fig 5B). To examine the proliferative capacity of these
lesions and adenomas we stained for Ki67 and MCM2 (Fig 5C, G,
H, K and L). Once again, both lesions and adenomas exhibited
high levels of staining showing that Apc loss within the
intestinal epithelium does not provoke senescence. Therefore,
even in our protracted models we again fail to see senescence in
premalignant lesions. The major difference we see between the
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small lesions and adenomas is in levels of apoptosis; within the
small lesions, levels of both proliferation and apoptosis levels
are high, whilst in adenomas levels of apoptosis are low,
consistent with the notion that apoptotic escape is important for
CRC progression (Barker et al, 2009) (apoptotic index, single
crypt lesions from non-stem Apc loss 10.4%, adenomas from
stem cell deletion 1.5%, Mann-Whitney p =0.01, n =5 mice of
each genotype).

To test whether there might be a stage between Apc loss and
adenoma formation where senescence may occur, we investi-
gated whether there was any timepoint where we observed
senescence from tumour initiation to adenoma formation using
stem cell deletion of Apc. Importantly, at all stages up to

A pcﬂ/ﬁ

enin
T S

Figure 5. Apc deletion does not induce OIS within the intestine.

A-D. Small intestinal adenomas arising in Apc"’”"/+ mice at 85 days. IHC showing high levels of B-catenin (A), p21 (B) and Ki67 (C) within adenomas.
(D) Intestinal adenomas from Apc™™* mice lack expression of senescence marker SA B-gal.

E. Apc deficient intestinal lesions that grow out from a non-stem cell ‘hit’ (1.0 mg/kg oral gavage), display high levels of B-catenin (E), with some expression
of p21 (F) and high levels of proliferative markers Ki67 (G) and MCM2 (H).

1-L. Lgr5-EGFP"-Cre-ER Apcﬂ/ﬂ mice were treated with a single intraperitoneal injection of tamoxifen to induce recombination in the intestinal stem cell,
resulting in intestinal adenoma formation at 24 days. Scale bars (A-H) represent 20 wm. (1) B-catenin IHC showing high levels of expression within

intestinal adenomas.
J. p21 IHC showing upregulation in intestinal adenomas.

K and L IHC showing high levels of proliferation as illustrated by Ki67 (K) and MCM2 (L). Scale bars (I-L) represent 200 pum.
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adenoma formation, there are high levels of Ki67 and
S5-bromodeoxyuridine (BrdU) staining (days 10, 15, see
Supporting Information 6, adenomas day 20-35, Fig 6). More-
over, all cells within the lesions stain for the proliferative marker

MCM2 showing senescence is not occurring. This data is in
contrast to when BRAFV®?°F is activated within the intestine,
in this scenario after an initial hyperproliferation there is an
induction of senescence. Importantly, the tumours which then
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Figure 6. Deletion of p21 or Ink4a does not affect intestinal tumourigenesis.

A. Kaplan—-Meier survival graph showing no acceleration of intestinal tumourigenesis between AhCre™ Apd (Apcﬂ”, n=15, black line) and AhCre™ Apcﬂ/+
p21~" (Apc™* p2177/~, n =24, red line) mice (Log rank, p=0.476). No significant differences were observed either in total tumour number (Mann-Whitney,
p=0.1893) (B), or average tumour area (Mann-Whitney, p=0.1346) (C).

D. Survival graph showing no acceleration of tumourigenesis between Min (Apc™™~, n =20 black line), Min Ink4a™"~ (Apc™™~ Ink4a™~, n =23, red line) and
Min Ink4a™"~ (Apc"’”"/+ Ink4a™~, n=125, green line) mice (Log rank, p=0.825). No significant differences were observed either in total tumour number
(Mann-Whitney p =0.7405) (E) or average tumour size (Mann-Whitney, p=0.1601) (F).
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form escape from senescence and show methylation of p16 exon
1 (Carragher et al, 2010).

Finally, as p21 was expressed in a subset of cells within the
adenoma, we tested whether p21 functionally modulated
Apc mediated tumourigenesis in the intestine. Thus, 20 AhCre
Apc”* p21*/* and AhCre Apd¥* p21~~ mice were induced at
weaning with B-naphthoflavone and aged until they developed
intestinal tumours as scored by hunching, paling of the feet and
weight loss. No significant differences were seen in age at death,
tumour burden or average area of tumour in the AhCre Apc¥™*
p21~/~ mice compared with the AhCre ApdY* p21™* mice
(Fig 6A-C, Mann-Whitney, (B) p=0.3118, (C) p=0.1346). This
data is consistent with a previous study, which showed that p21
deletion did not increase tumourigenesis in Apc1638*N mice
unless they were placed on a western diet of high fat and
phosphates and low calcium and vitamin D (Yang et al, 2001).
To further test if senescence was playing a role in the intestinal
epithelium we also examined whether Ink4a deficiency could
accelerate intestinal tumourigenesis. Given the relative
longevity of Apc’”* mice and the fact that Ink4a /= mice exhibit
spontaneous tumourigenesis from 200 days of age, we
approached this question by intercrossing the Ink4a /" mice to
the Apd™™" model of tumourigenesis where mice develop
intestinal adenomas by 100 days. Once again, no difference in
survival, intestinal tumour burden or average area of tumour
was observed between Ap™* Ink4a™’* or ApcM™* Inkda '~
animals (Fig 6D-F, Mann-Whitney, (E) p =0.7405, (F) =0.1601).
Consistent with this, Apc deficient CRC appears to be one of the
few cancers where the INK4A locus is not deleted and in fact
high levels of p16™*** correlate with a bad prognosis and the
neighbouring gene MTAP (which is often co-deleted with the
INK4A locus) is overexpressed (Bataille et al, 2005; Wassermann
et al, 2009).

Taken together, these data show a clear difference in the
pattern of cooperating oncogene and tumour suppressor
mutations between the intestine and the kidney. This reinforces
the notion that deregulation of Wnt signalling following
Apc loss is sufficient to drive a proliferative fate in the
intestine, and thus other mutations such as those required for
escape from senescence are not required within the intestinal
epithelium. This is particularly relevant for INK4A loss, as this
locus is mutated at very high levels in pancreatic cancer and
melanoma, both which have been associated with senescent
premalignant lesions (Caldas et al, 1994; Michaloglou et al,
2005).

Tissue specific c-Myc suppression of p21

Within the intestinal epithelium, we have previously shown that
loss of c-Myc strongly suppresses the phenotypes of Apc loss
(Sansom et al, 2007). One of the key functions of c-Myc is to
repress p21 through its interaction with Mizl, and we have
previously shown that p21 is de-repressed when Apc and c-myc
are co-deleted within the intestinal epithelium (Sansom et al,
2007; Seoane et al, 2002). However, in the renal epithelium we
observed a clear induction of p21 coincidentally with the
accumulation of B-catenin suggesting that in this context c-Myc
expression was not sufficient to repress p21. In other tissues
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such as the skin, the repression of p21 by c-Myc is crucial for
tumourigenesis (Oskarsson et al, 2006). Given that increased
c-Myc is not sufficient to repress p21 within the kidney following
Apc loss, tumourigenesis in the Apc p21 double knockout may
proceed in a c-Myc independent fashion. To test this, we generated
triple knockout (TKO) AhCre Apcd“", c-Myc™" p21~/~ mice and
assessed renal tumour formation in these mice. As can be seen in
Fig 7A, renal tumourigenesis still proceeded rapidly in these mice
(equivalent to the compound Apc p21 knockout mice), despite the
absence of c-Myc. The TKO renal tumours are histologically
identical to Apc p21 deficient mice renal tumours (Fig 7B).
Similarly, TKO tumours display a continued lack of SA B-gal
(Fig 7C), whilst expressing high levels of B-catenin (Fig 7D) and
Ki67 (Fig 7G). IHC staining for c-Myc shows complete ablation of
protein in TKO tumours (Fig 7F) and an upregulation in Apc p21
tumours (Fig 7E). As with Apc and p21 deficient renal carcinomas,
the TKO tumours are highly proliferative as confirmed by MCM2
IHC (Fig 7H). We have also demonstrated that the renal
carcinomas that develop in the AhCre Apc""* Kras"? mice form
in the absence of c-Myc protein (see Supporting Information 7).
This again contrasts with Apc deficient intestinal epithelium
which absolutely requires c-Myc to functionally manifest the
phenotypes of Apc loss and tumour formation (Sansom et al,
2007). In these cases, tumours are highly proliferative showing
that Kras¥'? activation is also able to overcome the senescence
following Apc loss. Tumours from these mice again lack p16 (data
not shown) and the majority have high levels of p21 suggesting
that Kras"*? in this scenario overcomes the ability of p21 to induce
growth arrest/senescence (Supporting Information 8). Interest-
ingly there is a small subset of tumours (approximately 10%) that
have no p21 staining within them.

Taken together our data show that Apc loss within the renal
epithelium is strongly disadvantageous, with cells upregulat-
ing p21 and undergoing senescence. This provides a clear
rationale to explain why Apc mutations are not initiating
oncogenic events in the kidney. In the intestine, where Apcloss
drives carcinogenesis, Apc mutation results in a strong
proliferative program. This study therefore yields crucial
insights into the context-specific outcome of Wnt signalling
and suggests that senescence is not a key barrier to
tumourigenesis in CRC that has been initiated with an APC
mutation. Several studies have reported SA B-gal positive cells
in CRC, coincident with the activation of the DNA damage
response (Bartek et al, 2007; Bartkova et al, 2005). More
recently it has been shown that the inflammatory mediators
required for senescence (such as IL-6) were constraining
proliferation of premalignant intestinal lesions and senescent
premalignant lesions were observed within CRC (Kuilman
et al, 2008). One potential explanation for these findings is that
other oncogenic/tumour suppressor mutations may have
initiated these lesions and driven senescence, e.g. BRAF or
KRAS within the colon. However, so far, Kras®’?" and
Kras®™P liver kinase B1 (LKBI) and phosphatase and tensin
homolog (PTEN) mutation (Marsh et al, 2008; Sansom et al,
20006; Shorning et al, 2009; Tuveson et al, 2004) have all been
investigated in the murine intestinal epithelium, and none
induce senescence, indeed most induce proliferation. Of the
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Figure 7. c-myc deletion does not affect onset

of tumour development.

A. Kaplen—Meier survival graph showing
no difference in time to renal
tumourigenesis between AhCre™ Apc™f
p21~/~ (Apc p21,n =31, black line) and
Ahcre™ Apd™ c-Myc™ p21~/~ mice
(Apc c-Myc p21, n=20, red line) (Log
rank p =0.571), illustrating that c-myc
deletion does not affect onset of renal
tumourigenesis.

B. H&E showing AhCre* Apc™? c-myc”?

C) Apc c-Myc p21: SA B-Gal

p21~/~ triple knockout renal tumours.
C. Absence of SA B-gal staining in AhCre™
Apc™f c-myc™™ p21~/~ triple knockout
renal tumours.
D. B-catenin IHC in AhCre™ Apc™? c-Myc”
p21‘/‘ triple knockout renal tumours
shows nuclear localization.

E. c-Myc IHC showing upregulation of
c-Myc in AhCre* Apcd™f p217/~ renal
tumours.

F. c-Myc IHC shows lack of c-Myc

expression in AhCre™ Apd" c-myc”!

p21~7~ triple knockout renal tumours,

showing c-Myc is not required for
tumourigenesis. Scale bars (B—F)
represent 200 pm.

G and H Strong upregulation of proliferative
markers Ki67 (G) and MCM2 (H)
showing AhCre™ Apcd™™ c-myc” p21-7/~
triple knockout renal tumours deficient
tumours are highly proliferative. Scale
bars (G and H) represent 20 pwm.

V600E
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remaining oncogenic events in CRC, the BRA mutation is
found in approximately 12 %, normally in a mutually exclusive
manner with Apc gene mutation (Davies et al, 2002). These
mutations are associated with a distinct type of CRC: serrated
adenocarcinoma. BRAF"?°E mutation has been clearly shown
to drive senescence in mouse models of lung cancer and
melanoma, and human nevi express SA B-gal. It is thus
particularly pertinent to this study that BRAFV°%°F activation in
the murine intestine leads to senescence (Carragher et al, 2010)
and in this instance p16™*** loss causes tumour progression.
Moreover, although previous studies have shown Kras®'?"V/P
mutation does induce senescence within the small intestine, a
recent study has suggested that targeting KRAS'?P to the colon
leads to OIS (Bennecke et al, 2010). Importantly, combined
KRASS'?P mutation in the colon with INK4/ARF deletion
overcame the senescence and led to rapid serrated adenocar-

© 2010 EMBO Molecular Medicine

cinoma formation. This was also observed in human serrated
adenocarcinoma. Therefore, these studies highlight that the
nature of the initiating event produces the selective pressure
for specific mutations that drive progression and this may
underpin the progression of two distinct forms of CRC (Fig 8
Model). Moreover, it is likely that mutations in tumour
suppressors such as APC or oncogenes such as BRAF occur
throughout the organism equally, however in most cases these
mutations do not lead to a selective advantage and in many
cases a disadvantage. Therefore, clear driver mutations are
seen in different cancer types due to the impact of that
specific mutation in the cell of origin of that particular tumour.
It is thus possible that there are many circumstances
equivalent to the scenario we observe following Apc loss in
the kidney, where a mutation of a bona fide tumour
suppressor gene in one context results in tumour development,
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Figure 8. Model highlighting that both the initiating mutation and the tissue context determine the biological outcome and downstream tumour

progression.

but drives senescence in another context and blocks tumour-
igenesis.

MATERIALS AND METHODS

Mouse experiments

All experiments were performed under the UK Home Office
guidelines. Outbred male mice from 6 to 12 weeks of age were
used which were segregating for the C57BL) and S129 genomes.

www.embomolmed.org EMBO Mol Med 2, 472-486

The alleles used were as follows: c-Myc”, AhCre, Apc®8%°, p21~/~,
Z/EGFP reporter transgene ROSA-tdRFP, Lgr5-EGFP-IRES-creER™ and
VillinCre®® (Baena et al, 2005; Barker et al, 2007; Brugarolas et al,
1995; Ireland et al, 2004; Luche et al, 2007; Novak et al, 2000;
Sansom et al, 2004). Genotyping was performed by Transnetyx.
Semi-quantitative polymerase chain reaction (PCR) for the recom-
bined Apc allele was performed as described in (Sansom et al,
2005).

To address the effect of p21 and Apc deletion within the renal
epithelium AhCre, Apcd™" mice were bred with p21~/~ mice to generate

© 2010 EMBO Molecular Medicine

483



484

Research Article

Tissue specific Apc induced senescence

The paper explained

PROBLEM:

Senescence is thought to play a key tumour suppressor activity
during carcinogenesis. However, it is unclear whether there are
certain tissues where senescence is particularly potent at
blocking tumourigenesis. Moreover, it is uncertain whether there
are specific oncogenic/tumour suppressor mutations that drive
senescence in a tissue-specific manner.

RESULTS:

We show that deletion of the Apc tumour suppressor gene
induces senescence within the kidney and, in contrast, rapid cell
proliferation within the intestinal epithelium. Consequently, in
the intestinal epithelium, Apc loss alone was sufficient to drive
adenoma formation, whilst within the kidney additional loss of
p21 was required to initiate renal carcinoma.

AhCre Apdf p21~/~ mice. As previously described (Sansom et al, 2005),
in the absence of the inducer B-naphthoflavone, sporadic Cre
mediated recombination occurs in the renal epithelium in the S and
comma shaped bodies. Mice were then aged until developing signs of
renal failure (blood in the urine, hunching and swollen kidneys).

In order to address the effect of p21 and Apc deletion within the
intestinal epithelium, AhCre Apd™” p21~/~ mice were given three
intraperitoneal (IP) injections of 80 mg/kg B-naphthoflavone in a
single day, which yields nearly constitutive recombination in the
murine small intestine. Analyses of all intestinal phenotypes were
examined at day 4 after induction.

For tumourigenic studies, AhCre Apc™™*, AhCre Apcd”* p21*/~ and
AhCre Apd”* p21~/~ mice were induced at 6 weeks of age with three
injections of 80 mg/kg B-naphthoflavone (IP) and monitored until
developing signs of intestinal illness (paling feet, hunching).
Lgr5-EGFP-IRES-creER™ Apc™™ mice were generated by breeding Apc™”
and Lgr5-EGFP-IRES-creER™ mice as previously described (Barker et al,
2009). To induce recombination of Apc within the LGR5 positive stem
cells, mice 6 weeks of age were induced with a single IP injection of
3 mg tamoxifen in sunflower oil and monitored until showing signs of
intestinal illness.

To generate non-stem cell intestinal adenomas, AhCre* Apcﬂ/ﬂ mice
were orally gavaged with 1 mg/kg B-naphthoflavone in corn oil and
monitored until showing signs of intestinal illness (Barker et al, 2009).
To examine senescence in the colon, ViICreERApcﬂ/ﬂ mice were given
three IP injections of 80 mg/kg tamoxifen daily, to generate near 100%
recombination in the colon, and were harvested at day 4 post-
induction (El Marjou et al, 2004).

Analysis of survival and tumourigenic cohorts

For each survival cohort, the Kaplan—Meier estimator was used to
estimate the survival function of each cohort. p Values were
determined from Log rank, and Mann-Whitney tests, where sig-
nificance was determined as <0.04 (Kaplan & Meier, 1958).

© 2010 EMBO Molecular Medicine

IMPACT:

In up to 80% of CRCs, Apc is lost and our data show that
senescence does not block tumour initiation in this context.
Instead, other oncogenic events such as Braf'®°°f and Kras®*?®
mutation drive senescence within the intestinal epithelium,
which selects for the loss of tumour suppressor genes that block
this process, e.g. INK4. Within the kidney, Apc loss poorly initiates
tumourigenesis and only provokes tumourigenesis when com-
bined with a mutation that overcomes senescence. Therefore,
initiating mutations drive senescence in a tissue-specific manner
and shape the evolutionary landscape for the subsequent
mutations that allow tumour progression. These differences
could underlie CRC progression and determine whether tumours
develop in a serrated or non-serrated pathway.

Tissue isolation

At the appropriate time point, mice were killed and both kidneys
(including cystic tumours) were removed and fixed in 4% formalin,
overnight at 4°C for no more than 24 h before processing and were
then paraffin embedded. The small intestine was removed and flushed
with water. Intestines were dissected as follows: the proximal 7cm
was mounted ‘en face’ and fixed overnight in methacarn (methanol,
chloroform and acetic acid; 4:2:1) and paraffin embedded. The
following 5 cm was divided into 1 cm lengths, bundled using surgical
tape and then fixed in 4% formaldehyde at 4°C for no more than 24 h
before processing. The remainder was fixed in methacarn and then
paraffin embedded. For kidney wholemount analysis, kidneys were
removed and imaged using the OV100 microscope as described
previously (Doyle et al, 2010; Morton et al, 2010).

Assaying apoptosis, mitosis and crypt size in vivo

Apoptosis, crypt size and mitotic index were scored from H&E stained
sections as previously described (Sansom et al, 2004). For each
analysis, 25 full crypts were scored from at least three mice of each
genotype. Apoptosis was independently confirmed by immunohisto-
chemical staining with an antibody against active caspase 3 (1:750, R
& D systems).

Assaying proliferation and migration in vivo

In order to examine levels of proliferation, mice were injected with
250 pl of BrdU (GE Healthcare) 2 h prior to being sacrificed. Similarly, in
order to score migration, mice were injected with BrdU (GE Healthcare)
24 h prior to being sacrificed. Immunohistochemical staining for BrdU
was then performed using an anti-BrdU antibody (BD 1:500). At least
three mice were used for each genotype and timepoint.

Immunohistochemistry/immunoflorescence
Primary antibodies used for immunohistochemistry or immunoflores-
cence are as follows: p21 (1:500 Santa Cruz, sc471), B-catenin (1:50,
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Transduction labs, 610154), p16 (1:25, Santa Cruz M-156), SA-B-gal
(Senescence B-Galactosidase Staining Kit, Cell signalling pH 5.5),
MCM?2 (1:200, Cell signalling, 4007), Ki67 (1:250, Labvision, VP-K452),
c¢-myc (1:500, Santa Cruz, N-262, sc764), Keratin (1:50, Thermo
scientific, MS-343), CD3 (1:100, Dako, A0452), GFP (1:1000, Abcam
ab6556), RFP (1:200, Abcam, ab34771).
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