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Abstract

p53 has been shown to mediate cancer stem-like cell function by suppressing pluripotency and
cellular dedifferentiation. However, there have been no studies to date which have addressed the
specific effects of p53 loss in colonic adult stem cells. In this study, we investigated the
consequences of conditionally ablating p53 in the highly relevant Lgr5* stem cell population in
the crypt on tumor initiation and progression in the colon. In a mouse model of carcinogen
(AOM)-induced colon cancer, tamoxifen-inducible Lgr5-driven deletion of p53 reduced apoptosis
and increased proliferation of crypt stem cells, but had no effect on tumor incidence or size.
Conversely, in a mouse model of colitis-associated cancer, in which mice are exposed to AOM
and the potent inflammation inducer DSS, stem cell-specific p53 deletion greatly enhanced tumor
size and incidence in the colon. These novel findings suggest that the loss of p53 function in stem
cells enables colonic tumor formation only when combined with DNA damage and chronic
inflammation. Furthermore, we propose that stem cell targeting approaches are valuable for
interrogating prevention and therapeutic strategies that aim to specifically eradicate genetically
compromised stem cells.
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Introduction

The p53 gene is involved in cell cycle regulation and functions as a “guardian of the
genome” to prevent DNA damage from being propagated. Using genetic engineering, it has
been demonstrated that transition from precancerous lesions to cancer is accelerated in p53-
deficient mice (1)(2). This is attributed in part to the fact that many tissues undergo p53-
dependent apoptosis as a means to eliminate cells in the organism that exhibit DNA damage
during the transformation process (3). In addition, p53 has been shown to be a critical
mediator of stem cell function during the oncogenic process by suppressing pluripotency
and cellular dedifferentiation (4). For example, p53 deletion impairs clearance of
chromosomal-instable stem cells in response to telomere dysfunction, leading to
accumulation of chromosomal instability (5).

The colonic epithelial lining represents one of the most intensively self-replenishing organs
in mammals. Cell homeostasis is sustained by crypt-resident multi-potent stem cells (6),(7).
Stem cells in adult tissues produce large numbers of differentiated progeny. Since
transformation of adult colonic stem cells is an extremely important route towards initiating
colon cancer (7),(9) targeting stem cell apoptotic programming may be a very effective
approach for cancer prevention and treatment. However, to date, no investigation has
determined the in vivo effects of p53 loss specifically targeted to colonic adult stem cells.
Typically, deletion models initiate DNA damage following homologous recombination (2)
or the use of an inducible intestinal (villin-CreERT2) knock out of p53 (10). This type of
approach, although informative, non-selectively impacts all cell types in the colon, i.e., stem
and non-stem cells. Since colon cancer has been suggested to follow a cancer stem cell
(CSC) hierarchical model (11)(12), we determined how the selective loss of p53 targeted to
the highly relevant Lgr5* stem cell population in the crypt influences tumor initiation and
progression in the colon. These actively cycling, long lived crypt stem cells self-renew and
generate progeny comprising all the differentiated lineages of the intestinal epithelium (7).
Due to the fact that competition between normal and mutated stem cells in the crypt is
influenced by inflammation (13),(14), we further assessed the effects of both carcinogen and
chronic inflammation in the context of intestinal stem cell-specific p53 function. Our
analysis exploits aspects of the CSC hierarchical model and therefore has utility in assessing
how therapeutics modulate the eradication of deviant stem cells.

Materials and Methods

Animals

To delete exons 2-10 of Trp53 in colonic stem cells, Trp53flox/flox mice (Jackson, 008462)
or Rosa26-LacZ mice (Jackson, 003474) were crossed with Lgr5-EGFP-IRES-CreERT2 mjce
(15) (Jackson, 008875). All mice were crossed onto a C57BL/6 background for at least 10
generations. Details related to the tamoxifen induced Cre-mediated recombination in the
colon of Lgr5-EGFP-CreERT2 / RogR-LacZ reporter mice have been reported (16). Mice were
maintained on an AIN-76A semi-purified diet (Research Diets, D10001), fed ad libitum and
housed on a 12h-12h light-dark cycle. For genotyping analysis, DNA was extracted from
tails using DNeasy Blood and Tissue Kit (Qiagen, 69506). PCR was performed using the
following primers: p53flox (5-GGTTAAACCCAGCTTGACCA-3 and 5'-
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GGAGGCAGAGACAGTTGGAG-3") and cre recombinase (5'-
GCATTACCGGTCGATGCAACGAGTG-3'and 5'-
GAACGCTAGAGCCTGTTTTGCACGTTC-3").

Cancer initiation and tumor studies

At 8-10 wks of age, male and female mice were injected i.p. with 1 mg of tamoxifen
(Sigma, T5648) in corn oil once a day for 5 d. In select experiments, mice were injected
once s.c. with azoxymethane (AOM) (Sigma, A5486). For initiation studies, mice were
terminated 12 h post-AOM injection. For tumor studies, mice were injected with AOM (10
mg/kg bw) three times at one week intervals and subsequently terminated 24 wks post final
injection. As a second (chronic inflammatory) model, mice were injected with AOM (10
mg/kg bw) one time followed by three cycles of DSS exposure and subsequently terminated
6 wks post final DSS treatment (17). Specifically, chronic inflammation was induced by
exposure to three cycles of 2% DSS (MP Biomedicals, 160110) in the drinking water (1
cycle: 5 d of DSS, 16 d of fresh water). For proliferation assay, mice were injected i.p. with
EdU (Life Technologies, A10044) 2 h prior to termination (18). At the time of euthanasia,
colon tissue was flushed with PBS and, in a subset of animals, the entire colon was
processed by the Swiss-roll technique. Colon lesions were measured, mapped and excised,
and mucosal scrapings were subsequently collected from remaining uninvolved tissue and
snap-frozen for further analysis. Swiss rolls of colon were fixed in 4% paraformaldehyde,
embedded in paraffin, stained with hematoxylin-eosin, and evaluated in a blinded manner by
a board-certified pathologist (B. Weeks). Colon lesions were typed, and the degree of
epithelial injury (score 0-3) on microscopic cross sections of the colon was graded. For
LacZ staining, sections were fixed in 1% formaldehyde/0.2% gluteraldehyde/0.02% NP-40
in PBS for 2 h at 4°C as previously described (19).

RNA isolation and quantitative real-time PCR

Uninvolved mucosa and tumor RNA were isolated using the RNAqueous-4-PCR kit
(Ambion AM1914) and treated with DNA-free inactivation reagent (Ambion, AM1906).
RNA integrity was assessed on a bioanalyzer 2100 (Agilent Technologies), quantified by
Nanodrop and stored at -80°C. Real-time PCR was performed using an AB 7900 PCR
system (Applied Biosystems) and Tagman probes (Assay-on-Demand, Applied Biosystems)
for Waf1Cipl (p21) (Mm04205640 g1) and Noxa (Mm00451763_m1). Target gene
expression was normalized to ribosomal 18S expression (Mm03928990_g1).

Immunohistochemistry

Colonic cell proliferation was measured using the Click-1T EdU kit (Life Technologies,
C10340). Apoptosis was assessed with a terminal deoxynucleotidyl transferase labeling kit
(Trevigen, 4810-30) using ZYMAX Steptavidin-Cy3 (Life Technologies, 438315). Antigen
retrieval was performed by sub-boiling in 10 mM sodium citrate (pH 6.0). Other antibodies
used were: goat polyclonal ab to GFP (Abcam, ab6673) followed by Alexa-488 rabbit anti-
goat secondary ab (Life Technologies, A-21222), rabbit polyclonal ab to Cre (Abcam,
190177) followed by donkey anti-rabbit Alexa-647 secondary ab (Jackson, 711-605-152).
Prolong Gold antifade with DAPI (Life Technologies, P36935) was used to coverslip the
slides. Images of colonic crypts were captured on an inverted TE 300 Nikon Eclipse
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fluorescence microscope equipped with a Photometrics Cool Snap EZ digital CCD camera.
Images were processed using NIS Image software, version 3.2. For enumeration of
immunohistochemical staining, the average number of positive cells from a minimum of 35
crypts (typically >50) was assessed from n=5 animals per treatment.

Statistical Analysis

Results

Data were analyzed using t-tests with significance at P < 0.05. All data are presented as
means + SE, and all analyses were conducted using Prism 6 statistical software (GraphPad
Software, Inc., La Jolla, CA).

It is becoming increasingly evident that cancer can be initiated at the level of stem cells.
This “cancer stem cell model” implies that tissue-resident (normal) adult stem cells are the
target of oncogenic processes (20). For the purpose of disrupting p53 exclusively in Lgr5*
stem cells, a compound Lgr5C"€ERT2 x p53lox/lox moyse was generated. Since the levels of
CreERT2 nuclear translocation and genomic recombination associated with the Lgr5-
CreERT?2 driver in the colon have not been rigorously quantified to date, i.e., previous
investigations have exclusively focused on the small intestine (15)(21), following the
crossing stem-cell-specific Lgr5-EGFP-IRES-CreERTZ [nockin mice to p53!°%/19% mice (both on
a C57BL/6 background), the targeting of activated Cre recombinase in colonic Lgr5* stem
cells was assessed (Figure 1). Following tamoxifen injection, inducible Cre recombinase
fused to a mutant estrogen ligand-binding domain enters the nucleus, where it excises the
“floxed” cassette. Thus, only nuclear localized Cre in GFP* stem cells is “activated” for
recombination purposes. Stem cell targeted recombination of p53 was further assessed by
crossing Lgr5CTeERT2 with Rosa26-1-2¢Z mice (Figure 2A). The inducible Cre present in the
Lgr5 knock-in allele crossed into the background of the LacZ floxed reporter irreversibly
activates B-galactosidase, marking cells in which Cre is expressed, including the
descendants. The initial tracing event (~24 h post tamoxifen injection) revealed a stem cell-
specific expression of the reporter (LacZ). At 5 and 12 d post tamoxifen administration, a
blue ribbon was observed because the genetic modification event is irreversible and
inherited by all progeny of the initially labeled stem cell. The percentage of crypts exhibiting
Cre recombination ranged from 2.1 + 0.1% in the distal colon to 11.0 + 0.2% in the
proximal colon (Figure 2B).

Since loss of p53 alone is not sufficient to initiate intestinal neoplasia (10), we examined the
functional role of p53 in colonic Lgr5* stem cell homeostasis in the context of carcinogen-
induced tumor initiation. For this purpose, the induction of apoptosis in response to colon-
specific carcinogen-induced DNA damage was assessed in tamoxifen injected p53!0x/1ox x
Lgr5CTeERT2 (f/f, Cre, TX) and uninjected (f/f, Cre) control mice. One day following
tamoxifen injection, mice were treated with AOM and terminated 12 h later (Supplemental
Figure 1A). As shown in Figure 3A, Lgr5 targeted knock out of p53 reduced the percentage
of apoptotic TUNEL*, GFP* stem cells by 3.5-fold and the number of apoptotic cells per
colonic crypt by 3.3-fold during the initiation phase of tumorigenesis. To rule out any non-
specific effects related to Cre activation (22), tamoxifen injected Lgr5C"®ERTZ mice were
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also exposed to AOM (Supplemental Figure 2). These mice exhibited a phenotype similar to
AOM exposed p53f x Cre (no tamoxifen) control mice, indicating that the elimination of
early AOM-initiated stem cells is only impaired in p53!0%/10X x | gr5CreERT2 a5 compared to
control mice. In contrast, with respect to cell proliferation, the percentage of actively
dividing EdU*, GFP* stem cells and the total number of proliferating cells per crypt were
elevated by 2.4-fold and 2.1-fold, respectively, in p53!0%/1oX x | gr5CreERTZ a5 compared to
control mice (Figure 3B). As a comparative reference, the effect of AOM vs saline in p53f/f
x Cre (no tamoxifen) control mice was also determined (Supplemental Figure 3A). These
findings suggest that the synchronous inhibition of mitosis typically observed in the colonic
epithelium immediately after AOM exposure (23),(24) is compromised following stem cell
targeted deletion of p53.

The failure to eliminate AOM:-initiated stem cells in p53!0%/19X x | gr5CT€ERTZ mice was
further assessed using a tumorigenesis mouse model of colitis-associated cancer(25)
(Supplemental Figure 1B). For this purpose, the DSS-induced chronic inflammation is an
excellent preclinical model of colitis that exhibits many phenotypic characteristics relevant
to the human disease(26). When combined with AOM, at least 80% of the animals
(C57BL/6 mice) develop colonic adenocarcinomas(17),(27). Consistent with the
perturbation in the acute apoptosis and cell cycle activity response to AOM (Figure 3), stem
cell targeted p53 knock out mice exhibited an increased tumor incidence and size (Figure 4).
Specifically, p53ff x Cre, tamoxifen-injected mice exhibited a 3.4-fold higher number of
tumors per cm of colon, with an average 3.6-fold increase in tumor volume as compared to
p537f x Cre (control) mice. Tumors were confined predominantly to the distal colon and
rates of cell proliferation in uninvolved regions of the colon were independent of p53 status
(Supplemental Figure 3B&C). Since stress induced cell cycle arrest and apoptosis is
mediated by p53 target genes(28), the expression of p21 Waf1/Cipl and Noxa was
subsequently examined. For this purpose, tumors from p53!0X/10X x | gr5CeERT2 mijce with
and without tamoxifen injection were isolated. Consistent with the targeted deletion of p53,
p21 and Noxa expression levels were decreased by 1.9 and 1.6-fold, respectively, in tumors
from p537f x Cre, tamoxifen-injected mice. Since the non-targeted loss of p53 in enterocytes
in the presence of AOM exposure promotes lymph node metastasis (10), the inguinal lymph
nodes and liver were inspected for metastases by a blinded pathologist. In contrast to p53f/f
mice crossed with villin-Cre (10) in which oncogenic gain of function is non-selectively
targeted to all cells in the intestinal mucosa, i.e., stem and non-stem cells, there was no
evidence of tumor invasion (data not shown). This suggests that stem cell-specific loss of
p53 may be less important for the invasive phenotype compared to loss of p53 in
differentiated cells.

To further probe the mechanisms by which p53 controls alternative stem cell fate, a separate
cohort of mice were exclusively exposed to AOM (three weekly injections) and
subsequently terminated 24 wks after the final injection (Supplemental Figure 4).
Interestingly, in the absence of inflammation-induced cell stress, stem cell targeted p53
deletion did not affect tumor incidence or size following repeated cycles of AOM exposure
(Supplemental Figure 5).
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Discussion

Significant progress has been made regarding the identity of cells at the foundation of
tumorigenesis. The majority of data suggest that resident adult stem cells serve as the
primary initiators of colon cancer (29)(30). This is significant because stem cell-derived
long-lived CSCs are resistant to current therapies, which have been linked to cancer
recurrence and metastasis (30). Therefore, it is essential to study prevention/therapeutic
strategies within the context of a CSC hierarchical model in which oncogenic gain of
function has been targeted to stem cells. Although p53 is a critical mediator of stem cell
function and suppresses self renewal during the oncogenic process (4)(31), previous studies
have probed its function by (i) systemic deletion using homologous recombination (2) and
(i) using a villin-CreERT2; p53-flox/flox strategy (10) which non-selectively targets p53 in
all epithelial lineages, e.g., stem and differentiated cell populations. Therefore, we targeted
disruption of p53 within the Lgr5-GFP* intestinal cell population. Using this approach,
crypts exhibited a low level of targeted Cre recombination ranging from ~2% in the distal
colon to 11% in the proximal colon. This is a relevant attribute of the Lgr5-C"¢ERT2 model,
because the frequency of genetic hits is similar to the typical levels in which oncogenic
mutations/deletions are acquired in bona fide cancer (32).

In the present study, we demonstrate for the first time that Lgr5* cell targeted deletion of
p53 reduces apoptosis and increases cell proliferation in colonic stem cells following AOM-
induced DNA damage. This phenotype is consistent with the well documented role of p53 in
the regulation and cellular response to DNA damage in tumor initiating stem cells (33)(34)
(35). Importantly, these changes in stem cell dynamics at the tumor initiation stage were
associated with a greatly enhanced tumor size and incidence in the distal colon of
AOMY/DSS treated mice. Interestingly, stem cell targeted p53 deletion had no effect at the
tumor stage in AOM injected animals. This finding is consistent with recent evidence that
extrinsic factors such as inflammation can reprogram stem cells to become CSCs (29)(36).
Indeed, the competition between normal and mutated stem cells in the crypt has been shown
to be influenced by inflammation (13). Presumably, therefore, AOM-damaged - p53 mutated
clones do not have a benefit over wild-type stem cells in the normal epithelium but tend to
prevail in an inflamed intestine. Thus, p53 compromised stem cells display a condition-
dependent advantage, and in the chronically inflamed colon, clones harboring deletions in
this gene are favored. Our data suggest that the precise cellular target of p53 inactivation,
e.g., stem cell vs differentiated cell, could determine whether individuals suffering from
chronic intestinal inflammation progress to colorectal cancer. This is relevant because an
increased p53 mutation load is a frequent early event associated with ulcerative colitis (37)
(38).

The vast majority of studies on intestinal stem cells have focused on the small intestine,
while, surprisingly, stem cells of the large intestine remain poorly characterized. For
example, tumor suppressor gene deletion targeted to Lgr5* stem cells has been utilized to
demonstrate that a stem cell/cancer stem cell hierarchy is maintained in early neoplastic
lesions of the small intestine (11). Although the intestinal loss of p53 alone is insufficient to
initiate colon tumorigenesis (10)(29), our data extend these findings and suggest that the
oncogenic gain of function targeted to stem cells is an efficient route towards enabling
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colonic tumors only when combined with DNA damage and chronic inflammation. This
reinforces two important points, (i) that colon cancer is strongly linked to the presence of an
altered stem cell pool; and (2) that the microenvironment has enormous influence in
determining the fate and function of stem cells. With respect to translation of our data, we
propose that the stem cell targeting approach provides a powerful tool to interrogate primary
prevention strategies, e.g., diet and exercise, to specifically eradicate genetically
compromised stem cells. Ultimately, this strategy will provide a better understanding of the
origins of cancer and the development of diagnostic tests that can detect cancer development
at its earliest stages, which will improve overall survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stem cell targeted Crerecombination assessed by crossing Lgr5CfeERT2With Ro0sa26-
LacZ mice
A. Representative images of X-gal staining with no tamoxifen, and 1, 5, and 12 days post

tamoxifen (1 mg) injection. X-gal staining (blue) after 1 tamoxifen injection indicates Cre
recombinase activity at the crypt base. Days 5 and 12 denote lineage tracing. B. Percentage
of crypts expressing Cre recombinase activity 1, 5, and 12 days post tamoxifen injection
(means from 3 mice).
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Figure2. Cretargeting in largeintestinal stem cells
p53lox/lox x | qr5CreERT2 mijce were injected with tamoxifen (f/f Cre TX) (1 mg/day) for 5

consecutive days. Control p5319%/10x x | gr5CreERT2 mice were not injected with tamoxifen
(f/f Cre). A. Representative image of Cre+ cells (white) colocalized with GFP+ stem cells
(green) and nuclei (blue). Following tamoxifen injection, inducible Cre recombinase fused
to a mutant estrogen ligand-binding domain was able to enter the nucleus, where it excised
the “floxed” cassette. Therefore, only the nuclear localized Cre is considered “activated” for
recombination purposes. B. Percentage of GFP+ stem cells that are positive for nuclear Cre
(mean * SE, from 3 mice).
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Figure 3. Reduced apoptosis and increased proliferation in colonic stem cells following AOM
exposure
p53lox/ox x | gr5CTeERTZ \were injected with tamoxifen as described in Figure 1. One day

later, mice were injected with AOM and terminated after 12 h (see Supplemental Figure 1A
for details). A. Representative image of IHC stained apoptotic cells (red) and GFP+ stem
cells (green) and nuclei (blue). Data are expressed as the percentage of GFP+ stem cells
undergoing apoptosis and total apoptotic cells per crypt (mean * SE, from 5 mice). B.
Representative image of IHC stained proliferating cells (red) and GFP+ stem cells (green).
Overlapping GFP+ stem cells that are proliferating appear white. Data are expressed as the
percentage of GFP+ stem cells undergoing proliferation and total proliferating cells per
crypt (mean £ SE, from 5 mice).
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Figure 4. Stem cell targeted p53 deletion increasestumor incidence following AOM/DSS
exposure

p53lox/lox x | qr5CreERT2 gand control mice were injected with tamoxifen as described in
Figure 2. Subsequently, mice were injected once with AOM (10 mg/kg bw) and challenged
with 3 cycles of DSS (see Supplemental Figure 1B for details). A. Representative colon
from p53!0%/1oX x | gr5CTeERTZ mjce without tamoxifen. B. p53!0X/10x x | gr5CreERT2 mjce
injected with tamoxifen. C. Tumor incidence data are expressed as the total number of
tumors per cm colon and as average tumor size (cm3) (mean + SE, from 5 mice).
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Figure 5. Tumor gene expression of p53 regulated genes
Tumors from p5319X/10x x | gr5CreERT2 mice with and without tamoxifen injection were

analyzed with respect to the expression of p21 wafl/cypl and Noxa, downstream markers of
p53. Data are normalized to 18S (mean + SE, from 5 mice).
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