
Journal of Cellular Biochemistry 104:2228–2240 (2008)

Inactivation of the p19ARF Tumor Suppressor Affects
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Abstract p19ARF is a tumor suppressor that is frequently deleted in human cancer. It lies at chromosome 9p21 and
shares exons 2 and 3 with p16ink4a, which is also inactivated by these cancer-associated deletions. The ‘‘canonical
pathway’’ by which p19ARF is thought to suppress tumorigenesis through activation of the p53 tumor suppressor. In
response to hyperproliferative signals, such as expression of oncogenes, p19ARF is induced and binds to the MDM2
ubiquitin ligase, sequestering it in the nucleolus to allow the accumulation of p53. However, p19ARF also has MDM2
and p53 independent functions. In human colon cancer, p19ARF is only rarely deleted, but it is more frequently silenced
by DNA promoter methylation. Here we show that inactivation of p19ARF in mice increases the number of
cycling cells in the crypts of the colonic epithelium. Moreover, inactivation of p19ARF exacerbated the ulceration
of the colonic epithelium caused by dextran sodium sulfate (DSS). These effects were similar to those observed in mice
lacking myeloid translocation gene-related-1 (Mtgr1), and mice lacking both of these genes showed an even greater
sensitivity to DSS. Surprisingly, inactivation of p19ARF restored the loss of the secretory lineage in mice deficient
in Mtgr1, suggesting an additional role for p19ARF in the small intestinal epithelium. J. Cell. Biochem. 104: 2228–2240,
2008. � 2008 Wiley-Liss, Inc.
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In response to oncogenic stimuli, the p19ARF

tumor suppressor is transcriptionally induced
to high levels. p19ARF binds to and inactivates
the MDM2 E3 ubiquitin ligase, thereby allow-
ing p53 to accumulate to trigger cell cycle arrest
or apoptosis [Quelle et al., 1995; Palmero et al.,
1998; Pomerantz et al., 1998; Zhang et al., 1998;

Zindy et al., 1998; Tao and Levine, 1999]. Thus,
p19ARF is a tumor suppressor that is typically
inactivated in a reciprocal manner to p53
[Sherr, 1998; Vonlanthen et al., 1998; Eischen
et al., 1999]. While the tumor studies place
these two tumor suppressors in the same
genetic pathway, mouse studies have suggested
p53-independent functions for p19ARF. Mice
lacking p19ARF develop a range of tumors,
most frequently sarcomas and lymphomas by
3–9 months of age [Kamijo et al., 1997; Kamijo
et al., 1999a], whereas mice lacking p53 develop
tumors more rapidly with a preponderance
of lymphomas [Donehower et al., 1992; Jacks
et al., 1994; Purdie et al., 1994]. These distinct
phenotypes may be due to a further role for
p53 in the DNA damage response pathway, but
the analysis of mice lacking both MDM2 and
p53 uncovered functions for p19ARF that are
independent of either of these genes [Carnero
et al., 2000; Weber et al., 2000]. In fact,
expression of p19ARF impaired the growth of
MDM2/p53 double knockout cells in vitro and
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removal of both p19ARF and p53 allowed cells to
grow more quickly than cells lacking either p53
or p19ARF alone [Eischen et al., 1999]. There-
fore, the p53-independent effects of p19ARF are
biologically significant and may contribute to
tumorigenesis.

Although mice lacking p19ARF develop
tumors, the developmental defects that have
been uncovered are modest and appear to be
associated with impaired apoptosis. For exam-
ple, while the breast develops normally, there is
a delay in involution of the breast after
pregnancy [Yi et al., 2004]. In addition, these
mice develop impaired sight due to inefficient
regression of the hyaloid vascular system in the
eye [McKeller et al., 2002; Silva et al., 2005],
which may be similar to persistent hyperplastic
primary vitreous in humans. In addition
to apoptosis, an internally translated form of
p19ARF termed smARF can function in the
cytoplasm to dissipate mitochondrial mem-
brane potentials and trigger autophagy [Reef
et al., 2006]. Nevertheless, whether via apop-
tosis or autophagy, the p19ARF-null phenotypes
are generally associated with a lack of cell
death.

Myeloid translocation gene-related-1 (Mtgr1)
is a member of the MTG family of transcrip-
tional co-repressors [Morohoshi et al., 2000;
Amann et al., 2005]. This gene family also
includes MTG8 and MTG16, which are fre-
quently disrupted by chromosomal transloca-
tions leading to acute myeloid leukemia and
may be mutated in colorectal carcinoma
[Gamou et al., 1998; Gelmetti et al., 1998; Wang
et al., 1998; Amann et al., 2001; Davis et al.,
2003; Sjoblom et al., 2006]. Mice lacking Mtgr1
are proportionally smaller than wild-type lit-
termates but appear to develop normally
[Amann et al., 2005]. However, there is a
progressive reduction in the cells of the
epithelial secretory lineage within the small
intestine. In addition, Mtgr1-null mice display
increased cellular proliferation in the colon and
hypersensitivity to dextran sodium sulfate
(DSS) treatment [Martinez et al., 2006].

MTG family members appear to act by
bridging DNA binding transcriptional repress-
ors and histone deacetylases to allow these
transcription factors to carry out cell fate
decisions [Lutterbach et al., 1998; Amann
et al., 2001]. For example, MTG family members
are recruited by TAL1/Scl to mediate functions
in erythroid differentiation [Grosveld et al.,

2005; Schuh et al., 2005]. In the gut, MTG
family members may be recruited by Gfi1
[McGhee et al., 2003], which is required for the
formation of goblet and Paneth cells in the small
intestine [Amann et al., 2005; Shroyer et al.,
2005]. Moreover, MTG family members asso-
ciate with members of the T-cell factor (TCF)
family [Moore et al., 2008]. Mtgr1 binds to and
impairs ß-catenin-mediated TCF4-dependent
transcriptional activation, and inactivation of
Mtgr1 appears to de-repress specific TCF4
regulated genes such as c-Myc, which may
contribute to oncogenesis [Moore et al., 2008].

The human homologue of p19ARF (p14ARF) is
frequently mutated in non-intestinal malignan-
cies, but in colorectal carcinoma it is primarily
inactivated through DNA methylation [Burri
et al., 2001; Lee et al., 2004; Iacopetta et al.,
2006]. While there are no obvious alterations
of the intestinal epithelium in mice lacking
p19ARF [Kamijo et al., 1997; Kamijo et al.,
1999b; Zindy et al., 2003], phenotypes can be
uncovered by applying stress to a tissue. There-
fore, to probe the function of p19ARF in the
intestinal epithelium we stressed the colonic
epithelium of p19ARF-null mice with DSS, which
causes a mild ulceration of the epithelium
[Bansal and Sonnenberg, 1996]. Contrary to
the expected protection from cell death, loss of
this tumor suppressor cooperated with DSS to
cause more epithelial cell damage. In addition,
we noted an expansion of the proliferating cells
in the colonic crypts. Intriguingly, removing
both Mtgr1, which also cooperates with DSS
causing ulceration [Martinez et al., 2006], and
p19ARF exacerbated the effects of DSS, yet
inactivation of p19ARF reverted the Mtgr1-null
phenotype in the small intestine. Thus, DSS
treatment uncovered a key role for p19ARF in the
intestinal epithelium.

MATERIALS AND METHODS

Mice

Mtgr1-null mice of the N5 generation of
C57BL/6 background were bred with p19ARF-
null mice of a mixed SvEv129�C57BL/6
[Kamijo et al., 1997] genetic background to
obtain mice heterozygous for both genes. These
mice were then bred to obtain double-null
animals. In addition, the Mtgr1-null mice
were backcrossed for three generations to
SvEv129 mice to examine the effects on the
small intestine in this genetic background.
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Immunohistochemistry and Histology

Tissues were fixed in buffered formalin over-
night at room temperature prior to paraffin
embedding and sectioning. Antibodies used
for immunohistochemistry include anti-BrdU
(Accurate Labs), anti-Ki67 SP6 (Neomarkers,
Fremont, CA), and anti-Chromogranin A
(Immunostart, Hudson, WI). The Vectastain
ABC Elite (Vector Laboratories, Inc) system and
diaminobenzidine (Dakocytomation Inc.) were
used to visualize staining. Slides were counter-
stained with Mayer’s hematoxylin prior to
mounting. Hematoxylin and Eosin (H&E)
and periodic acid-Schiff (PAS) staining were
performed according to standard procedures.
For TUNEL staining, paraffin embedded
tissue sections were analyzed using the Apop-
Tag Plus Peroxidase In Situ Apoptosis Detec-
tion Kit (Chemicon International). For the
analysis of cycling cells, BrdU (5-bromo-
20deoxyuridine) was injected intraperitonally
(IP) at a dose of 16.7 mg/g of body weight.
The mice were sacrificed 2 h post-injection.
Actively replicating cells were visualized using
anti-BrdU.

DSS Treatment

A 3% (w/v) DSS (MW 40,000–50,000; USB
Corporation) solution was made with water and
filtered with a 0.22 mm cellulose acetate filter
[Okayasu et al., 1990]. A control group received
untreated water for 7 days. The treatment
group received DSS-treated water for 4 days,
followed by 3 days of untreated water. Mice
were sacrificed at day 7, following the recovery
period. Daily weights were obtained throughout
the treatment and recovery periods. In addition,
stools were examined for consistency and the
presence of blood. After sacrificing the mice,
the colon lengths were measured. The colons
were then irrigated with PBS, and cut open
longitudinally. The colon was rolled so that the
most distal region became the innermost
part of the roll. The tissue was fixed in formalin
(1:10 dilution buffered) overnight. The solution
was then changed to 70% ethanol prior to
standard paraffin embedding. Sections were
cut and stained with H&E for evaluation.

Statistics

Immunohistochemistry (number of staining
cells) was analyzed for statistical significance
using the Student’s t-test. Cells were counted

from at least 100 villi or glands from a minimum
of three independent samples.

RESULTS

p19ARF-Null Colons Display Increased
Sensitivity to DSS Treatment

p14ARF is a tumor suppressor that is silenced
by DNA methylation in colorectal carcinoma.
However, p19ARF-deficient mice do not have a
colonic phenotype and do not show a predis-
position to colonic tumors, but instead succumb
primarily to sarcomas and lymphomas between
3 and 9 months of age [Kamijo et al., 1997,
1999a]. Given that inactivation of p19ARF

impairs p53-mediated apoptosis in response
to proliferative signals, we hypothesized that
removal of p19ARF would protect the colonic
epithelium from insults that trigger apoptosis.
Low-molecular-weight DSS triggers modest
levels of apoptosis in the colonic epithelium,
leading to an ulcerative colitis [Cooper et al.,
1993; Vetuschi et al., 2002]. When two separate
cohorts of p19ARF-null mice were fed water
containing 3% DSS, rather than block DSS-
induced cell death, these mice displayed hyper-
sensitivity to DSS (Fig. 1). The colonic epithe-
lium showed regions of significant erosion with
more prominent inflammatory cell infiltration
than control mice. The levels of damage ob-
served were comparable to mice lacking the
transcriptional co-repressor Mtgr1, which also
show increased sensitivity to DSS [Martinez
et al., 2006] and were used as a positive control
(Fig. 1).

That apoptosis was not affected in the absence
of p19ARF was confirmed using TUNEL stain-
ing. TUNEL-positive cells were abundant in
both wild-type and p19ARF-null mice (Fig. 2A).
Although the damage was more severe in
p19ARF-null mice, we did not observe a dramatic
change in the number of TUNEL-positive cells,
but this may be due to the nature of the assay.

To further characterize the p19ARF-null
sensitivity to DSS, we examined the burst of
proliferation that occurs during regeneration of
the glands after treatment with DSS (Fig. 2B).
BrdU was injected to label the cells actively
synthesizing DNA, and the incorporated BrdU
was detected by immunohistochemistry. Wild-
type mice contained many BrdU-positive cells
and mice lacking either p19ARF or Mtgr1
displayed reduced numbers of proliferating
cells in the colons, likely owing to the reduced
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numbers of surviving crypt cells after DSS
treatment (Fig. 2B). However, of the surviving
glandular structures, there were similar num-
bers of cycling cells per crypt. Unexpectedly, in
the untreated control colons of p19ARF-null
mice, roughly 50% more BrdU-positive cells
were found than in the wild-type control mice
(Fig. 2B and C, P¼ 0.0018). This level of
proliferation was similar to that observed in
Mtgr1-null mice (Fig. 2C, P¼ 0.0103), and was
confirmed using anti-Ki-67 (data not shown).
Thus, p19ARF is required to suppress the
proliferation of cells in the region of the crypts
that contain stem and progenitor cells, and loss
of this tumor suppressor sensitized this popu-
lation to the effects of DSS.

Inactivation of Mtgr1 and p19ARF

Exacerbates DSS Sensitivity

Both Mtgr1-null and p19ARF-null mice are
hypersensitive to DSS. The Mtgr1�/� pheno-
type correlates with enhanced proliferation and

activation of c-Myc, a known trigger of p19ARF

[Moore et al., 2008]. Therefore, we cross bred
these mice to test whether inactivation of Mtgr1
would cooperate with deletion of p19ARF or
whether loss of p19ARF would ameliorate the
effects of inactivation of Mtgr1. Two cohorts of
double-null mice were treated with 3% (w/v)
DSS. As compared to inactivation of either
Mtgr1 or p19ARF alone (Figs. 1 and 3), the
double-null mice showed an even more dramatic
denuding of the colonic epithelium (Fig. 3).
Histological analysis showed little to no crypt
structure remaining in the double-null mice,
leaving behind a heterogeneous cellular mass
(Fig. 3). In addition to the inflammatory
infiltrate observed in all genotypes, inflamma-
tory cell aggregates were more prevalent in the
double-null mice (Fig. 3).

DSS-induced colon damage leads to weight
loss and shortening of the colon [Vetuschi et al.,
2002], which provide independent measures
of colon damage. Inactivation of p19ARF caused

Fig. 1. Loss of p19ARF sensitizes the colonic epithelium to DSS. Histological sections of colons from mice
of the indicated genotypes were rolled from distal to proximal prior to formalin fixation, paraffin
embedding, sectioning and staining with H&E (40� magnification).
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more weight loss than observed in wild-type
control mice and even slightly more than that
found in Mtgr1-null mice (Fig. 4A). The double-
null mice displayed even greater weight loss,
which is consistent with the increased damage
observed histologically. Indeed, these mice
exhibited severe hematochezia, lost up to 25%
of their initial body weight, and demonstrated
exaggerated shortening of the colon at the time

of sacrifice when compared to wild-type or even
Mtgr1-null mice (Fig. 4B). A similar enhance-
ment in inflammation was observed using the
Dieleman colitis score, which combines grades
for inflammation, extent of damage, regenera-
tion, and crypt damage (Fig. 4C). Though only
the double-null mice demonstrated a statisti-
cally significant score increase (P¼ 0.0051),
there was a noticeable increase in inflammation
when p19ARF-null or Mtgr1-null mice were
examined.

To further characterize the double-null mice,
we performed TUNEL and BrdU analysis. More
TUNEL-positive cells were observed in the
Mtgr1/p19ARF double-null mice, which is con-
sistent with the greater DSS-mediated damage
(Fig. 5A). Due to the severe damage and lack of
crypt structure, we were unable to determine an
apoptotic index (TUNEL-positive cells/crypt)
for these samples. Additionally, BrdU was
injected into experimental animals prior to
sacrifice to label cells actively synthesizing
DNA, and the incorporated BrdU was detected
by immunohistochemistry (Fig. 5B). Wild-type
mice contained many BrdU-positive cells and
the Mtgr1/p19ARF double-null mice displayed
reduced numbers of proliferating cells in the
colons, again likely owing to the reduced
numbers of surviving crypt cells after DSS
treatment, which is consistent with the nearly
total denuding of the epithelium by DSS.
However, the surviving crypt cells were able to
re-enter the cell cycle (Fig. 5B).

Loss of p19ARFcomplements the Secretory Lineage
Defect in the Small Intestines of Mtgr1-null Mice

Given the expansion of BrdU and Ki-67-
positive cells in the crypt region of p19ARF-null

Fig. 2. Loss of p19ARF caused no apparent changes in apoptosis,
but allowed for an increase in proliferation. A. TUNEL staining
was used to detect apoptotic cells in the colonic epithelium of
mice of all genotypes indicated (200� magnification). Note that
the number of TUNEL-positive cells per crypt could not be
quantified due to the lack of crypt structures. B. Inactivation of
p19ARF impairs crypt regeneration following DSS treatment.DSS-
treated and untreated mice of all genotypes were injected with
BrdU (16.7 mg/g body weight) 2 h prior to sacrifice. Immunohis-
tocheminstry was performed on formalin fixed, paraffin
embedded sections with anti-BrdU to detect regenerating crypts
in the colons of these mice (200� magnification). Mice fed only
water served as controls. C. Quantification of the number of
BrdU-positive cells per gland in untreated mice of the indicated
genotypes. At least 100 glands were counted in a minimum of 3
separate mice from each genotype and the means and standard
deviations are shown (as compared to wild-type, p19ARF�/�,
P¼0.0018; Mtgr1�/� P¼0.0103).
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colons, we expanded this analysis to the
small intestine. As was observed in the colon,
inactivation of p19ARF increased the number of
cycling cells at the ‘‘shoulders’’ of the small
intestinal crypts, where stem and progenitor
cells reside (Fig. 6A). This expansion of cycling
cells was akin to that found in Mtgr1-null
mice and did not increase or decrease in the
double knockout mice (Fig. 6B). Thus, the
inactivation of p19ARF may allow progenitor
cells or even stem cells to enter the cell
cycle precociously, but did not cooperate with

inactivation of Mtgr1 to further enhance
proliferation.

Deletion of Mtgr1 in the germ line of mice
leads to an erosion of the secretory lineage
of the small intestine beginning after the
weaning transition and reaching almost com-
plete loss by 8 weeks of age [Amann et al.,
2005]. While examining the small intestines
of the Mtgr1/p19ARF double-null mice for Ki-67
expression, we noted that the numbers of
secretory cells appeared to be, reduced in the
Mtgr1-null small intestines, but normal in the

Fig. 3. Loss of both p19ARF and Mtgr1 causes a greater sensitivity to DSS. Histological sections of the colons
from mice of the indicated genotypes were rolled from distal to proximal prior to formalin fixation, paraffin
embedding and staining with H&E (40� magnification).
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Mtgr1/p19ARF double-null mice (Fig. 7A). PAS
staining of the distal small intestine confirmed
the presence of an abundance goblet cells
(Fig. 7A), as compared to Mtgr1-null small
intestines. By contrast, there was no apparent
change in the architecture of the villi in
the absence of only p19ARF. To extend the
analysis of the secretory lineage cells, entero-
endocrine cells were stained with anti-
Chromagranin A (Fig. 7A). Removal of only
p19ARF had no effect on lineage allocation in the
small intestine, whereas the double knockout
mice had a fully restored secretory lineage
(Fig. 7A and 7B).

Although inactivation of p19ARF sensitized
the colonic epithelium to the effects of DSS-
mediated cell damage and death, in other
systems, loss of this tumor suppressor impairs
checkpoints that trigger cell cycle arrest or cell
death. Consistent with this function, inactiva-
tion of p19ARF allowed the accumulation of
cycling progenitor cells in the small intestine
(Fig. 6). However, the combined loss of Mtgr1
and p19ARF did not enhance the accumulation
of cycling cells, suggesting that enhanced pro-
liferation was not the mechanistic basis for
the replacement of the lost secretory lineage
progenitor cells in the double-null mice

Fig. 4. Quantification of the increased DSS sensitivity in
Mtgr1/p19ARF double-null mice. A. Double-null mice lose a
larger percent of their initial body weight than the other
genotypes when treated with DSS. For simplicity, only the
double-null control group is shown here, but the mock treated
mice all behaved similarly (N¼ 8 per group). B. Colon lengths
were also significantly reduced in the DSS-treated double-
null mice when compared to DSS-treated wild-type mice

(P¼0.0307). Only the double-null control group is shown here,
but the mock treated mice all behaved similarly (N¼8 per
group). C. Using the Dieleman colitis grading system, sections
were blindly graded. Genotypes are as follows: WT, wild-type;
AN, p19ARF-null; MN, Mtgr1-null, DN, double-null. The double-
null group displayed significantly more damage than the control
group (P¼ 0.0051).
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(Fig. 7A). Therefore, we tested whether inacti-
vation of p19ARF protected cells against apop-
tosis, which might contribute to the restoration
of the secretory cells. Although the numbers
of TUNEL-positive cells were very low in the
crypts of the small intestines, mice lacking
Mtgr1 had increased numbers of apoptotic
cells (Fig. 8). This defect was reversed in
the Mtgr1/p19ARF-double-null mice, suggesting
that enhanced survival contributed to the
increase in the secretory lineage progenitors
in the Mtgr1/p19ARF double-null mice, which

allows normal secretory lineage development
(double-null as compared to the Mtgr1-null;
P¼ 0.0066; Fig. 8).

DISCUSSION

p19ARF is a tumor suppressor that functions
upstream of p53 to sense latent oncogenic
signals [Chin et al., 1998; Zindy et al., 2003].
Activation of p19ARF expression induces
senescence or apoptosis depending on the
cellular context. Conversely, the developmental

Fig. 5. Double-null mice show severe damage after DSS treatment with increased apoptosis and a decrease
in regenerative proliferation. A. TUNEL staining shows increased apoptosis in response to DSS treatment
(200� magnification). B. Immunohistochemistry using anti-BrdU to detect regenerating crypts after DSS
treatment (200� magnification).
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phenotypes observed in mice lacking this
tumor suppressor appear to be associated with
impaired apoptosis. For example, the delay in
involution in the breast after pregnancy, and
impaired regression of the hyaloid vascular
system in the eye [McKeller et al., 2002; Yi
et al., 2004; Silva et al., 2005]. In contrast to the
impairment of apoptosis observed in develop-
ment, inactivation of p19ARF cooperated with
DSS and caused more ulceration in the distal
colonic epithelium, and rather than ameliorat-
ing the effects of inactivation of Mtgr1, the
double knockout mice displayed an even greater
sensitivity. Thus, inactivation of p19ARF alters
the colonic epithelium, perhaps by allowing the
accumulation of cycling stem and progenitor
cells in the crypts (Fig. 2).

The hypersensitivity of the colons to DSS may
suggest that p19ARF has previously unidentified
functions outside of triggering apoptosis or
autophagy in response to proliferative signals
[Chin et al., 1998; Reef et al., 2006]. Other
biochemical functions of p19ARF include a role in
directing modification of proteins by small
ubiquitin like modifiers (SUMO) and ubiquitin
[Tago et al., 2005] and the regulation of
ribosomal RNA metabolism through association
with nucleophosmin [Colombo et al., 2005;
Colombo et al., 2006]. Given that DSS may
target the stem/progenitor cell compartment to
trigger cell death [Vetuschi et al., 2002], our
work suggests a role for p19ARF in this compart-
ment. p19ARF-null mice displayed an expansion
of the cycling population of cells in the crypts
of the colon and small intestine (Figs. 2 and 6),
which is consistent with the role of p19ARF

in opposing proliferation [Kamijo et al., 1997,
1999a; Pomerantz et al., 1998; Zindy et al.,
2003]. That only the proliferative com-
partment, and not the entire villus or gland,
was lengthened may provide clues to the
DSS sensitivity if the progenitor cells are the
target of DSS. However, in the double-null
mice, the proliferative compartment was not
expanded in an additive fashion, so simply
expanding this population does not explain
the exacerbated sensitivity to DSS in the
double-null mice. Nevertheless, inactivation of
p19ARF may contribute to colorectal carcino-
genesis by allowing a highly proliferating
cell, perhaps already containing mutations,
to further expand and accumulate while also
affecting homeostatic maintenance of the
colonic epithelium.

Fig. 6. p19ARF-null micedisplay increased intestinal proliferation.
A. Immunohistochemical staining for Ki-67 to detect cycling cells,
which appear dark brown (200� magnification). B. Quantification
of the number of proliferating cells. Proliferating cells were counted
per villus in at least 100 villi per mouse. Comparison of control vs.
p19ARF�/�,Mtgr1�/�, orMtgr1�/�/p19ARF�/�, shows thatmice from
each null genotype have increased proliferation at P¼0.0369,
0.0009, and 0.0004, respectively.
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In the small intestine, inactivation of p19ARF

complemented the Mtgr1-deficient defect in
lineage allocation. p19ARF inactivation also
expanded the proliferating cell compartment
in the small intestinal crypts (Fig. 6). Similar to
the effects in the colon, co-deletion of Mtgr1 and
p19ARF did not further expand this population

and did not trigger polyp formation or increase
villus length. Though the number of TUNEL-
positive cells was small, there was a statistically
significant decrease in apoptotic cells in the
double-null mice, which may suggest that
the restoration of the secretory lineage in the
double-null mice was due to the impairment of

Fig. 7. Loss of p19ARF restores the secretory lineage in mice
lacking Mtgr1. A: H&E stained sections of ilea from adult
wild-type (Con.), Mtgr1�/�, p19ARF�/�, and Mtgr1�/�/p19ARF�/�

mice (100�magnification). PAS staining of the ilea of adult mice
to detect Goblet cells, which stain fuchsia (100� magnification)
and immunohistochemical staining with anti-Chromogranin A to
detect enteroendocrine cells in dark brown (100� magnifica-
tion). A larger view of the Mtgr1�/� and double-null panels for

PAS can be seen in Supplemental Figure 1. B: Quantification of
the results in (A) shown in graphical form. The numbers
of-positive cells were counted over at least 100 villi per mouse
with mean value indicated with a solid line. For PAS, control
mice were compared to Mtgr1�/�mice, P¼0.0001; for Mtgr1�/�

compared to Mtgr1�/�/p19ARF�/�, P¼0.0002. For Chroma-
granin A, comparison of control vs. Mtgr1�/�, P¼0.0067;
Mtgr1�/� vs. Mtgr1�/�/p19ARF�/� P¼ 0.0007.
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apoptosis within the secretory lineage progen-
itor cells. In addition to its role in triggering
apoptosis, p19ARF is also required for cellular
senescence in some contexts, with loss of p19ARF

being associated with cellular immortalization
[Lundberg et al., 2000; Randle et al., 2001;
Shamanin and Androphy, 2004; Nagy et al.,
2005; Benanti et al., 2007]. Given that cellular
differentiation is generally associated with
cells leaving the cell cycle, the restoration of
the secretory lineage is contrary to the expected
immortalization/proliferation in the absence of
p19ARF, but would explain the expansion of the
proliferating compartment.

The p19ARF promoter is methylated in colo-
rectal carcinoma [Burri et al., 2001; Lee et al.,
2004; Iacopetta et al., 2006]. Our results suggest
that silencing of the p19ARF promoter may
contribute to colorectal carcinogenesis by
both expanding the proliferating cells of the
colonic crypts and making the epithelium more
sensitive to injury with the accompanying
inflammatory processes. Although Mtgr1 has
yet to be linked to the development of colorectal
cancer, MTG family members can act as co-
repressors for TCF4 and can oppose the action of
b-catenin [Moore et al., 2008]. However, inacti-
vation of both Mtgr1 and p19ARF did not shorten
the latency for tumorigenesis and no polyps
were observed in the intestines of double-null
mice over the course of 18 months (data not
shown). Thus, while the closely related MTG8 is
mutated in colorectal carcinoma [Sjoblom
et al., 2006] and may act as a ‘‘driver’’ of
carcinogenesis [Wood et al., 2007], Mtgr1
inactivation does not appear to contribute
to tumorigenesis. Nevertheless, inactivation of

Mtgr1 alone, or in the context of p19ARF

deficiency, sensitizes the colonic epithelium to
the effects of DSS indicating that its loss can
contribute to inflammatory bowel diseases and,
thus, indirectly to tumorigenesis.
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