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Constitutive (3-catenin/Tcf activity, the primary transforming events in colorectal carcinoma, occurs through
induction of the Wnt pathway or APC gene mutations that cause familial adenomatous polyposis. Mice carrying
Apc mutations in their germ line (4pc™™) develop intestinal adenomas. Here, the crossing of Apc™™ with cyclin
D17/~ mice reduced the intestinal tumor number in animals genetically heterozygous or nullizygous for cyclin
DI. Decreased tumor number in the duodenum, intestines, and colons of Apc™™/cyclin DI+~ mice correlated
with reduced cellular proliferation and increased differentiation. Cyclin D1 deficiency reduced DNA synthesis
and induced differentiation of colonic epithelial cells harboring mutant APC but not wild-type APC cells in
vivo. In previous studies, the complete loss of cyclin D1 through homozygous genetic deletion conveyed breast
tumor resistance. The protection of mice, genetically predisposed to intestinal tumorigenesis, through cyclin
D1 heterozygosity suggests that modalities that reduce cyclin D1 abundance could provide chemoprotection.

B-Catenin is an important structural component of submem-
branal cell-cell adhesion sites and contributes to the canonical
Wnat signaling pathway (9, 20). The B-catenin/Tcf pathway gov-
erns diverse processes, including cellular fate and positioning,
cell proliferation, and survival (6). Induction of Wnt signaling
stabilizes B-catenin, resulting in nuclear translocation and the
formation of a transcriptional activation complex with mem-
bers of the Tcf/LEF-1 family (8, 16, 30). The destruction com-
plex regulating B-catenin abundance includes the adenoma-
tous polyposis coli (APC) protein (47, 59), axin/conductin (7,
15), and glycogen synthase kinase 3B (45). In this complex,
phosphorylation by glycogen synthase kinase 33 targets B-cate-
nin to the ubiquitin-proteasome pathway for degradation (1,
17, 49, 70). Mutations in APC, axin/conductin, and B-catenin
have been associated with cancer and the induction of consti-
tutive nuclear B-catenin/Tcf complexes (9, 22, 31, 46). Activa-
tion of B-catenin induces target genes, including c-Myc and
cyclin D1 through a canonical Tcf site and WISPI through a
CRE site, and the activity of several nuclear receptors (52).

The induction of constitutive B-catenin/Tcf activity by the
Wnt pathway comprises the primary transforming events in
colorectal carcinoma (CRC) (10). Mutations in the APC gene
are responsible for familial adenomatous polyposis, and inac-
tivation of both APC alleles occurs frequently in sporadic colo-
rectal adenomas. Mice carrying Apc mutations in their germ
line (Apc™™) develop intestinal adenomas. The Apc™™ allele is
a fully penetrant dominant mutation resulting from exposure
to ethylnitrosourea. Mice heterozygous for Apc™ develop a
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reproducible number of multiple adenomas throughout the
intestine (58). Wnt activation and several signaling pathways
stabilize B-catenin and enhance its transcriptional activity by
preventing phosphorylation of the N-terminal domain.

Cyclin D1 protein abundance is elevated in human adeno-
carcinomas and adenomatous polyps of the colon (4, 5). As the
cyclin DI gene is not amplified in human colon cancers but is
overexpressed, it has been hypothesized that oncogenic signals
induce cyclin D1 abundance, thereby contributing to the CRC
tumor phenotype. We previously demonstrated that cyclin D1
is induced by activation of the Wnt signaling pathway through
a LEF1 binding site in the cyclin D1 promoter (27, 55). The
transcriptional activation of the cyclin D1 gene was inhibited by
the wild-type APC (APC™) or by axin proteins (55). Antisense
cyclin D1 abolished SW480 colon cancer cell tumor growth in
nude mice (4), further suggesting a role for cyclin D1 in colonic
tumor growth.

Mice with the cyclin DI gene homozygously deleted are
resistant to breast tumorigenesis induced by mammary gland-
targeted ErbB2 or Ras (71). Surprisingly, however, increased
breast tumorigenesis was observed in cyclin D17/~ mice when
they were crossed to mice expressing activated B-catenin tar-
geted to the mammary gland (44). These findings suggested
that cyclin D1 may play distinct roles depending upon the
oncogenic signals. Alternatively, cyclin D1 may regulate pro-
genitor stem cell population expansion, and these stem cells
may in turn affect tumor proclivity in a target organ. The
mechanism by which cyclin D1 loss mediates a response to
oncogenic signals in vivo remains to be fully understood. Cyclin
D1 encodes a regulatory subunit that together with the cyclin-
dependent kinase partner forms a holoenzyme that phosphor-
ylates the retinoblastoma (pRB) protein. Although cyclin D1
promotes G, phase cell cycle progression in cultured cells,
cyclin D1-overexpressing tumors do not necessarily display
higher proliferative indices (39, 53). Recent studies have iden-
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tified cdk binding-independent functions of cyclin D1 (66). In
this regard, cyclin D1 has been shown to inhibit CEBPB and
peroxisome proliferator-activated receptor gamma (PPARY),
which are known to function in a common signaling pathway
regulating cellular differentiation (23, 67). Cyclin D1 has been
shown to either promote or inhibit differentiation in cultured
cells. In vivo studies of cellular differentiation in cyclin D1-
deficient mice have not been conducted to date. Although the
tumor resistance of cyclin D1/~ mice raises the prospect that
cyclin D1 induction may have therapeutic value, reduction
rather than complete inactivation of cyclin D1 is a more likely
practical outcome of such therapies. To date, formal evidence
that a reduction, rather than a complete loss, of cyclin D1
conveys tumor resistance remains to be established.

We investigated the role of cyclin D1 in colonic epithelial
cell differentiation, proliferation, and tumor formation induced
by activation of the B-catenin pathway, using Apc™™* and cyclin
D1-deficient mice. Cyclin D1 deficiency reduced intestinal
polyp formation. Activation of B-catenin signaling reduced the
formation of goblet cells in a cyclin D1-independent manner.
Reduction of cyclin D1 abundance in the presence of activated
B-catenin signaling increased cellular differentiation and de-
creased DNA synthesis in colonic epithelium. The loss of a
single allele of cyclin D1 was sufficient to convey relative tumor
resistance, altered cellular differentiation, and DNA synthesis
in vivo. Mice nullizygous for cyclin DI, which have abolished
cyclin D1 abundance, are resistant to breast tumorigenesis
induced by Ras or ErbB2. Therapeutic modalities to date,
however, only reduce rather than abolish cyclin D1 abundance.
The present studies are the first to demonstrate that reducing,
rather than abolishing, cyclin D1 protects against a genetic
predisposition to tumorigenesis.

MATERIALS AND METHODS

Mouse handling and breeding. Animal care was conducted in accordance with
the standards set forth by the Institute for Animal Studies of the Albert Einstein
College of Medicine. The cyclin D17/~ mice (56) and Apc™™ mice (32) were
previously described. The genetic backgrounds of the Apc™™ and cyclin DI null
mice are as follows.

The Apc™™ mice were generated by first treating C57BL/6J males with the
mutagen ethylnitrosourea, followed by mating to AKR/J females. From this
breeding a female exhibiting an abnormal circling behavior was selected to breed
with a B6 male to ascertain whether this behavior was inheritable. Some progeny
from this mating displayed an adult-onset anemia. The anemic mice were found
to develop intestinal polyps. Later publications identified the Min mutation as
due to a truncation in the APC gene (58). The Min mutation was maintained by
backcrossing into B6 females; the mice were at their ninth backcross generation
as of the original publication (32). Homozygosity for the mutation is lethal, and
it is transmitted as an autosomal dominant trait.

The cyclin DI null mice were generated by gene targeting in embryonic stem
(ES) cells, which deleted part of exon 1 and all of exons 2 and 3 while replacing
this region with a neo cassette. A 129/Sv mouse genomic library was used to
isolate the proper fragments used in the targeting. Once constructed, the target
vector was electroporated into D3 129/Sv ES cells. Cyclin D1 heterozygote ES
cells were identified and injected into blastocyst-stage C57BL/6 mouse embryos.
The chimeric progeny were bred to C57BL/6 mice. Cyclin D1 heterozygotes were
bred from this cross. The animals used in this study are from the breeding of the
Apc™™ mice to the cyclin DI null mice.

Genotyping. A 1-cm section of tail was removed to prepare genomic DNA (3).
Tail sections were incubated overnight at 50 to 55°C in 700 pl of a proteolytic
solution (50 mM Tris [Sigma] [pH 8.0], 100 mM EDTA [Sigma], and 0.5%
sodium dodecyl sulfate [Fisher]) plus 20 pl of 20-mg/ml proteinase K solution
(GibcoBRL). DNA was purified by phenol-chloroform (Sigma) extraction and
ethanol precipitation, followed by resuspension in 250 pl of 0.1X TE (1X TE is
10 mM Tris plus 1 mM EDTA). PCR analysis of genotypes for the Apc™” mice
(58) and cyclin D17/~ mice (2) has been described previously.
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Polyp characterization and statistical analysis. Mice were euthanatized by
placing them into a CO,-saturated tank. Intestines were removed (stomach to
rectum) and perfused with phosphate-buffered saline to wash out intestinal
lumens. Intestines were then sectioned at the duodenum-jejunum junction and
ileum-cecum junction. Longitudinal incisions were made along the length of the
sections. Tissues were aligned onto graph paper and flattened out (to determine
intestinal length, polyp position, and polyp size), followed by fixation in 10%
buffered formalin (Fisher) for 48 h. The intestinal sections were then visually
inspected and scored for polyp position (distance) and size (x, y, and z) data by
using a dissecting microscope (SMZ-2B; Nikon) at a magnification of X6 with
back lighting. This method allowed for the identification of opaque polyps as
small as 0.5 mm in diameter due to the greater cell density of the polyp tissue.
Representative samples were removed either for freezing or for fixation and
processing. Significant differences in tumor characteristics between genotypes
were determined by using the Kruskal-Wallis model. Significant genotype-spe-
cific differences in tumor characteristics were determined by using the Student ¢
test and the Kruskal-Wallis model.

Western blots. The abundances of B-catenin, PPAR«y1, Tcf4, and guanine
nucleotide dissociation inhibitor (GDI) proteins were determined by Western
blot analysis as previously described (65). Antibodies included anti-Tcf4 (6H5-3;
Upstate), anti-PPARyl (H-100; Santa Cruz), and anti-B-catenin (clone 14;
Transduction Labs of BD Biosciences). The GDI antibody was a generous gift
from Perry Bickel, Washington University, St. Louis, Mo. At the time of dissec-
tion, segments of intestine from either the mid-duodenal or distal colon were
removed and snap frozen in liquid nitrogen for lysate preparation. Prior to
removal, intestinal segments were first visually inspected for the presence or
absence of polyps. Tissue was homogenized (PowerGen Model 125; Fisher Sci-
entific) in 1.5 volumes of lysate buffer (50 mM HEPES, 150 mM NaCl, 1.0 mM
EDTA, 1.0 mM EGTA [pH 7.2]). Typical analysis was performed by loading 50
pg of protein and resolving in a 10% acrylamide gel. Proteins were transferred
onto a nitrocellulose filter for blotting. Densitometry was used to quantitate
protein signal levels (ImageQuant software; Molecular Dynamics).

Immunohistochemistry. Paraffin-embedded sections were stained and visual-
ized by using a diaminobenzidine method (LSAB+, peroxidase) as detailed in a
protocol provided by the manufacturer (Dako Corp., Carpenteria Calif.). Anti-
bodies used were anti-cyclin D1 (Ab-3; NeoMarkers), anti-B-catenin (clone 14;
Transduction Labs of BD Biosciences), and anti-PPARy1 (H-100; Santa Cruz)
(24). Briefly, after deparaffinization, antigens were retrieved by microwave irra-
diation in a 0.01 M (pH 6.0) trisodium citrate buffer. The slides were washed and
incubated with primary antibodies for 1 h at room temperature, followed by
incubation with secondary antibodies. Positive signals were revealed with the
diaminobenzidine chromogen under the conditions recommended by the sup-
plier. The slides were then counterstained with Harris hematoxylin (Fisher Sci-
entific). In vivo bromodeoxyuridine (BrdU) labeling was conducted as previously
described (34). Briefly, at 3 h prior to sacrifice, mice were injected intraperito-
neally with 100 ul of BrdU (10 mg/ml) per 10 g of body weight. (For Apc™™ mice
[n = 13 mice], there were a total of 147 crypts [4 cyclin D17/ mice, 49 crypts;
4 cyclin D1~ mice, 34 crypts; 5 cyclin D1/~ mice, 64 crypts], and for Apc*’ mice
[n = 12], there were a total of 196 crypts [4 cyclin D17/ mice, 66 crypts; 4 cyclin
DI1%/~ mice, 64 crypts; 4 cyclin D1~/ mice, 66 crypts].) Statistical analyses were
performed by using the Mann-Whitney U test, and significant differences were
established as those with P values <0.05.

Goblet cell quantification. Distal colon samples were analyzed for goblet cells,
which were identified by using Alcian blue stain (69) (a method for staining
mucosubstances). After deparaffinization, tissues were immersed for 3 min in a
3% acetic acid solution. The tissues were then immersed in 1% Alcian blue in 3%
acetic acid (pH 2.5) for 30 min. Tissues were rinsed with water, counterstained
with 0.1% Nuclear Fast Red for 5 min, and washed for 1 min with water. Finally,
the tissues were dehydrated and mounted. The mean number of goblet cells was
determined from four animals of each background, using an average of 10
complete crypt units from each animal. Statistical analyses were performed by
using the Mann-Whitney U test, and significant differences were established as
those with P values of <0.05.

Plasmids, cell lines, transfections, and reporter assays. The reporter plasmids
for the (AOX);LUC (acyl coenzyme A oxidase triple PPARYy response element
[PPRE]), the PPARvy1l promoter-reporter, and the expression plasmids for
B-catenin (55, 65), cyclin D1 (67), and Muc2 Luc (63) were previously described.

Cell culture, DNA transfection, and luciferase assays were performed as pre-
viously described (68). The cyclin DI™/~ 3T3, cyclin DI wt 3T3, and CaCo2 cells
were maintained in Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum and 1% penicillin-streptomycin. Cells were plated in 12-well dishes (Fal-
con) and seeded at 50 to 60% confluency the night before transfections were
performed. Cells were transfected by using Superfect or Polyfect reagent (Qia-
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gen). The medium was changed after 3 h, and the luciferase activity was deter-
mined at 24 to 36 h posttransfection. Comparisons were made between the effect
of transfecting an active expression vector(s) and the effect of an equal amount
of vector cassette. Renilla luciferase (TK-LUC) was cotransfected (1:10 ratio with
the reporter) into all wells as an internal control for transfection efficiency. In
each experiment a dose response was determined with 300 and 600 ng of ex-
pression vector or equal moles of empty expression vector cassette and the
reporter plasmids (4.8 pg). Luciferase assays were performed at room temper-
ature with an Autolumat LB 953 (EG&G Berthold); the initial 10 s of the
reaction was used to assess luciferase content, with the values expressed in
arbitrary light units. Statistical analyses were performed by using the Mann-
Whitney U test, and significant differences were established as those with P
values of <0.05. Luciferase buffers and reagents were purchased from Promega.

ChIP assay. Chromatin immunoprecipitation (ChIP) analysis was performed
according to a protocol provided by Upstate Biotechnology under modified
conditions. 3T3 cells (10°) were grown in Dulbecco’s modified Eagle’s medium
with 10% serum. The cells were cross-linked by adding 1.1% formaldehyde buffer
containing 100 mM sodium chloride, 1 mM EDTA-Na (pH 8.0), 0.5 mM EGTA-
Na, and Tris-HCI (pH 8.0) directly to the culture medium for 10 min at 37°C. The
medium was aspirated. Cells were washed twice with ice-cold phosphate-buffered
saline containing 10 mM dithiothreitol and protease inhibitors, lysed with warm
1% sodium dodecyl sulfate lysis buffer, and then incubated for 10 min on ice. The
cell lysates were sonicated to shear DNA to lengths of between 200 and 1,000 bp,
and the samples were diluted 10-fold in ChIP dilution buffer. To reduce non-
specific background, the cell pellet suspension was precleared with 60 nl of
salmon sperm DNA-protein A-agarose 50% slurry (Upstate Biotechnology) for
2 h at 4°C with agitation. Chromatin solutions were precipitated overnight at 4°C
with antibodies to acetyl histone H3, acetyl histone H3 (lys 9) (Upstate), PPARy
(E8), and HDACI1 (H11) (Santa Cruz) with rotation. For a negative control,
rabbit immunoglobulin G was immunoprecipitated by incubating the supernatant
fraction for 1 h at 4°C with rotation; 60 pl of salmon sperm DNA-protein
A-agarose slurry was added, left for 2 h at 4°C with rotation to collect the
antibody-histone complex, and washed extensively according to the manufactur-
er’s protocol. Input and immunoprecipitated chromatin was incubated at 65°C
overnight to reverse cross-links. After proteinase K digestion for 1 h, DNA was
extracted by using a Qiagen spin column kit. Precipitated DNAs were analyzed
by PCR. The primers 5'-AAACCCCTCCTCTCTGCCTC-3' and 5'-CCTCGG
AGGAGGAGTAGGAG-3" were used for PCR to identify PPAR~y-responsive
elements in the mouse LPL promoter.

RESULTS

Cyclin D1 deficiency reduces the number of intestinal polyps
formed in Apc™” mice. In order to examine the functional
requirement for cyclin D1 in APC-mediated B-catenin signal-
ing, we crossed Apc™” mice, which possess a constitutively
active B-catenin signaling pathway (58), with mice lacking cy-
clin D1 (2, 56). Male and female mice were closely watched for
a moribund appearance, as originally reported, and were sac-
rificed at 33 weeks. The mean intestinal lengths were similar
for Apc™” mice of each cyclin D1 genotype (Apc™™/cyclin
DI'™", 47.6 + 1.1 cm; Apc™™/cyclin D17/~ 452 = 0.76 cm;
and Apc™™/cyclin D17'~, 49.5 = 1.4 cm) (Fig. 1A). cyclin DI
mice in this study had a mean tumor load of 32 = §, similar to
that in the original report on Apc™”* (29 tumors per animal).
To assess the effect of the cyclin DI genotype on the distribu-
tion of tumors, the intestine was divided into anatomical seg-
ments (stomach-duodenum, jejunum-ileum, and cecum-colon)
and scored for polyp number, location, and size. A total of 54
mice (19 cyclin DI*'*, 27 cyclin DI7/~, and 8 cyclin D17/~
mice) were analyzed for polyp number, location, and size.
Compared with the Apc™"/cyclin DI*'* mice, the number of
colonic polyps was reduced 50% in the cyclin DI*'~ mice
(Apc™™fcyclin DI, 32 = 8 per animal; Apc™™/cyclin D1,
15.2 = 3.9 polyps per animal [n = 27 mice]). A further 67%
reduction in polyp number was found in the Apc™™/cyclin
D17/~ mice (n = 8 mice; 5 = 3.8 polyps per animal) compared
to the cyclin DI*'~ mice (Fig. 1B). The majority of colonic
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polyps appeared in the distal colon. No polyps were detected in
the proximal colons of Apc™”/cyclin D1~'~ mice (Fig. 1C).
Together these studies demonstrate that the loss of either one
or both alleles of cyclin D1 causes a significant decrease in the
number of colonic adenomas (P < 0.05). The adenomas were
polypoid or broad base raised with distorted hyperplastic and
dysplastic crypts. Formal histological evaluation of the adeno-
mas throughout the gastrointestinal tracts of Apc™™ mice of
each cyclin D1 genotype revealed no differences in gross his-
tological characteristics or grade of adenomas between Apc™™
mice of each cyclin D1 genotype (data not shown).

Apc™™ inhibition of colonic epithelial cell differentiation is
cyclin D1 dependent. In view of the reduction in colonic polyp
number in the Apc™*/cyclin D1-deficient mice, we examined
colonic epithelial cell differentiation and DNA synthesis. Al-
cian blue staining of goblet cells was used as a marker of
intestinal cellular differentiation. In vivo labeling was per-
formed with BrdU to assess cellular proliferation in the gas-
trointestinal tract. The number of goblet cells in each crypt was
reduced by 25% in Apc™™ compared with Apc™’ mice (Fig. 2A
and B). The mucin abundance in each cell was increased dra-
matically, indicating that cyclin D1 may play a negative role in
regulation of mucin synthesis. To examine further the possi-
bility that cyclin D1 may directly regulate mucin expression,
the promoter of the mucin-2 gene was linked to a luciferase
reporter (pGL2-Muc2) and tested in transient-transfection as-
says. Cyclin D1, compared to the vector control, repressed
activity of the Muc2 promoter by 30%. The control luciferase
reporter without the Muc2 promoter was not affected by cyclin
D1 (Fig. 2C).

In the Apc™” mice, cyclin D1 deficiency did not affect goblet
cell number. In contrast, in the Apc™” mice, the number of
goblet cells per crypt was increased approximately 50% in
cyclin D1-deficient mice compared with the Apc™™/cyclin
DI*'* mice, consistent with a model in which cyclin D1 inhib-
its differentiation induced by Apc™™ (Fig. 2A) (n = 15 mice).
Importantly, this alteration in number of goblet cells per crypt
was observed in mice that were heterozygous for cyclin D1.
The number of cells per crypt was reduced by approximately
22% in Apc™™* compared with Apc™ mice. Cyclin D1 deficiency
reduced the number of cells per crypt in Apc”” mice (Fig. 2D),
suggesting that cyclin D1 abundance contributes to final cell
number of normal intestinal crypts. Consistent with the reduc-
tion in colonic polyp formation in cyclin D1-deficient mice, in
vivo BrdU labeling was reduced approximately 35% in the
colonic crypts of the Apc™™/cyclin D1~/~ compared with the
Apc™™feyclin D17 mice (n = 23 mice) (Fig. 2E).

Cyclin D1 heterozygosity reduces duodenum polyp forma-
tion and DNA in Apc™™ mice. To determine whether cyclin D1
regulated DNA synthesis in the presence of Apc™* throughout
the enteric epithelium, in vivo BrdU analysis of the duodenum
was conducted. As with the colonic epithelium in the presence
of Apc™™, cyclin D1 deficiency reduced labeling in the duode-
nal epithelium (Fig. 3A). In vivo BrdU labeling (n = 12 mice;
average of 40 crypts/mouse examined) demonstrated a reduc-
tion in the mean number of BrdU-staining cells in the duode-
nal crypts of the Apc™*/cyclin D17/~ and Apc™™/cyclin D1/~
mice compared with the Apc®/cyclin DI’ mice (Fig. 3A).
To determine whether alterations in the number of polyps and
cellular proliferation occurred at earlier time points, we exam-



VoL. 24, 2004

A.

CYCLIN D1 HETEROZYGOSITY AND TUMORIGENESIS 7601

B.

60 .

E 50 ._;:‘ £30-
‘ath v =]

= i tka,
5 40 4l -
g ‘ .
f 30 .E 20—
£ 20 g
‘g Z 10
E 10 4

0 0-
Cyclin DI +/+ +/- -/- Cyclin DI +/+ +/- -/-

L.

_I

[] distal

[l proximal

rJ
—]

o
=

Number of Polyps

+/+ +-

Cyclin D1 genotype

r— Y
\o“ o>
p ¢o @0( 0‘\
i & P
»

FIG. 1. Cyclin D1 deficiency reduces colonic polyp formation. (A) Scatter plot showing the distribution of intestinal lengths as determined for
the cyclin D1 wt, heterozygous, or nullizygous genotypes. (B) Polyp formation in Apc™" mice genetically deficient for cyclin D1. The mean number
of colon polyps for each cyclin DI genotype in the Apc™™ genetic background is shown. Asterisks indicate P values <0.01. (C) Mean number of
proximal and distal colon polyps for each cyclin DI genotype. Error bars indicate standard errors of the means.

ined mice at 13 weeks of age (Fig. 3B) (n = 9 mice; 5 cyclin
DI*"* and 4 cyclin DI™'7). These Apc™*/cyclin DI~ mice
demonstrated a 25% decrease in polyp number (Apc™/cyclin
DI*'*, 10.8 *+ 2.78 polyps; Apc™™/cyclin D17/~, 7.25 *= 2.02
polyps). A reduction in polyp number was also observed in the
duodena (Fig. 3C) and ilea and jejuna (Fig. 3D) of Apc™™/
cyclin DI~ compared with Apc™™/cyclin D1"™'" mice. Com-
pared with their wt littermates, mice either heterozygous or
nullizygous for cyclin D1 showed a reduction in the total num-
ber of polyps and adenomas. Importantly, consistent with the
findings for colonic epithelium, Apc™™ mice heterozygous for

cyclin D1 showed reduced polyps throughout the gastrointes-
tinal tract and reduced intestinal polyps (Fig. 1B) (polyps were
reduced by 50% in Apc™™/cyclin D17/~ mice [Apc™™/cyclin
D1, 32; Apc™™jcyclin DI, 15.2; P = 0.001]), and a sig-
nificant reduction in jejunum-ileum polyps was observed with
the loss of a single cyclin DI allele (P = 0.0019) (Apc™™/cyclin
DI, 22.8 = 3.3; Apc™/cyclin D1/~, 9.7 = 1.8) (Fig. 3D).

Cyclin D1 heterozygosity reduces cyclin D1 abundance and
increases PPARYy without affecting B-catenin/Tcf abundance
in Apc™™ colonic epithelium. To investigate the molecular
mechanisms by which cyclin D1 regulated the development of
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polyps in Apc™™ mice, we assessed the abundances of cyclin

D1 and B-catenin/Tcf, as each of these proteins has been
shown to regulate colonic epithelial cellular growth in cultured
cells (4, 50). Cyclin D1 is a downstream target induced by
B-catenin/Tcf signaling (55). Tissue sections of colonic ade-
noma and normal mucosa were immunostained for cyclin D1
(n = 24 mice; 33 weeks). Cyclin D1 immunoreactivity was
nuclear, and the distribution was similar between wt and het-
erozygous genotypes and was absent in the cyclin DI/~ mice
(n = 24 mice). The percentage of cells staining positive for
cyclin D1 was decreased in the normal mucosa of the Apc™/
cyclin D17~ mice (9.3% =+ 0.7%) compared with the Apc*"/
cyclin DI mice (32% = 4.7%) (Fig. 4) (n = 24). Cyclin D1
was overexpressed in adenoma tissue, and there was no differ-
ence in the number of adenomatous cells staining positive
between wt and heterozygous cyclin D1 genotypes (50% =
8.2% versus 51.7% *+ 4.8%) (Fig. 4B).

PPAR+y1 mutations have been identified in human colon
cancer, and growth of human colon tumors in nude mice was
inhibited by PPARy ligands (12, 50, 51). In contrast, PPARYy
ligands increased polyp numbers in Apc™™ mice in some but
not all studies (25, 37, 48), which perhaps is related in part to
the finding that PPAR'y inhibits B-catenin abundance only in
the presence of wt APC (14). Together these studies suggest
that the molecular genetic determinants of PPARy abundance
and function may be important in determining mechanisms of
colonic tumorigenesis. PPAR<y expression is induced during
colonic epithelial cell differentiation (29, 71), and activation of
Whnt signaling inhibits differentiation and PPARYy expression.
It was hypothesized, therefore, that PPAR+y abundance may be
reduced in Apc™™ intestinal epithelium compared with Apc™”
intestinal epithelium. In 33-week-old mice, PPARy1 immuno-
reactivity was located with similar subcellular distributions in
Apc™™ and Apc™' mice, with reduced relative staining in the
Apc™™ mice (Fig. 5A and data not shown). As cyclin D1 re-
pressed PPARYy expression in Apc”” cells in culture and in vivo
(67), we investigated whether cyclin D1 loss induced PPARYy
expression in vivo in Apc™” mutant cells. Comparison was

Min )i +/+

made between Apc™" mice that were cyclin D , cyclin
DI, or cyclin D17/~ Increased PPARyl abundance was
detected by Western blotting in cyclin DI-deficient mice com-
pared with cyclin D1 wt mice (» = 10) (Fig. 5B). Relative
PPARY abundance was increased with cyclin D1 deficiency.
Apc™™jeyclin DI levels was set at 1 (=0.74). PPAR~y1 levels
in the Apc™/cyclin DI*'~ colon were 70% higher (1.68 *
0.54), with a fourfold increase in the Apc™/cyclin DI1~'~ mice
(4.2 = 1.2) (Fig. 5C). Thus, Apc™" inhibits PPAR<y abundance,
consistent with the reduced differentiation markers of Alcian
blue (Fig. 2A). Cyclin D1 abundance significantly affected only
the reduced PPARy abundance found in the Apc™™ epithe-
lium. Thus, the genetic inhibition of cyclin D1 partially re-
versed the reduced levels of PPARYy found in Apc™" mice.

As the present studies suggested that cyclin D1 inhibited the
differentiation and promoted proliferation of Apc™™ colonic
epithelium, we assessed the role of cyclin D1 in regulating
B-catenin and Tcf4 abundance in Apc™™ mice. The relative
abundance and localization of B-catenin in the colonic epithe-
lia of Apc™™ mice were not altered by cyclin D1 deficiency (n
= 24) (Fig. 6A). B-Catenin abundance, determined by Western
blotting, was unaltered between genotypes (Fig. 6B and C).
The Tcf4 levels in the Apc™™/cyclin D1~'~ colonic epithelium
were not significantly different from the Apc™*/cyclin D17/~
levels (Fig. 5B and C). The B-catenin immunoreactivity of
Apc™™ tumors was also not altered by cyclin D1 deficiency
(Fig. 6D). These studies suggest that cyclin D1 does not func-
tion as an upstream regulator of B-catenin signaling and are
consistent with previous studies indicating that cyclin D1 is a
downstream target of B-catenin.

Cyclin D1 inhibits (3-catenin-induced PPAR+y1 promoter ac-
tivation. The present studies showed, first, reduced PPARYy
abundance in Apc™” colonic epithelium associated with a re-
duction in goblet cell number and Alcian blue staining. Second,
PPARY abundance was increased in the normal colonic epi-
thelium of Apc™™ mice upon loss of cyclin D1. The reduction
in PPAR«y abundance in Apc™” colonic epithelium may be due
to the repression of PPARYy expression or function by activa-
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FIG. 4. Cyclin D1 abundance in Apc™*/cyclin D1-deficient intestinal epithelium. (A) Cyclin D1 immunoreactivity in nonadenomatous colon
mucosa for each cyclin DI genotype (n = 24 animals; eight tissue preparations from each genotype). IHC, immunohistochemistry. (B) Bar graph
comparing levels of cyclin D1 immunoreactivity in colon mucosa and polyps from cyclin D1 wt and heterozygote mice (n = 24; means and standard

errors of the means are shown).

tion of B-catenin signaling. Alternatively, as PPARy is induced
during colonic epithelial cell differentiation (28, 60), the de-
crease in PPARy may be secondary to Apc™™ inhibition of
colonic epithelial cell differentiation. We hypothesized that the
increased levels of PPARY in the Apc™™/cyclin DI™'~ mice
may have been due to the loss of a repressor of PPARYy ex-
pression in Apc™™ cyclin D17/~ cells. We investigated the role
of cyclin D1 in the increased PPAR<yl expression in the
Apc™™fcyclin DI~ colonic epithelium. The PPARy1 pro-
moter was analyzed in reporter gene assays to determine
whether activation of B-catenin signaling reduced PPARYy ex-
pression directly, and we also assessed whether cyclin D1 reg-
ulates PPARY in the presence or absence of an activating
B-catenin/Tcf signal pathway. As the Apc™** mutation induces
B-catenin/Tcf signaling, we determined the effect of constitu-
tive activation of the B-catenin signaling on the PPARY1 pro-
moter by using the stabilized mutant B-catenin S33 (Fig. 7A).
Transfection experiments were carried out with cyclin DI ™'~
3T3 cells, with data normalized for transfection efficiency by
using renilla luciferase. The fold induction of PPAR«y1 pro-
moter activity without B-catenin cotransfection was set as 1
(the activity of the PPARYy1 promoter was higher [nearly three-

fold] in cyclin DI™'~ cells than in wt 3T3 cells [954 versus 333
light units]). PPARy LUC reporter activity was induced nearly
threefold by B-catenin S33 in cyclin D1~/~ cells, with an ap-
proximately twofold difference found in 3T3 cyclin DI*'* cells
(1.6- = 0.36-fold; P = 0.09; n = 6) and a threefold difference
found in 3T3 cyclin DI ™'~ cells (2.85- = 0.54-fold; P = 0.007;
n = 6). Cotransfection of an expression plasmid for cyclin D1
reduced B-catenin-induced PPARYy1 promoter activity in 3T3
cells (from 1.6- to 0.78-fold [*+0.12-fold]; P = 0.03) and re-
duced B-catenin-induced activity by 80% in cyclin DI ~'~ 3T3
cells (from 2.85- to 1.4-fold [+0.18-fold]; P = 0.014) (Fig. 7A).
Cyclin D1 expression by cotransfection inhibited B-catenin in-
duction of PPAR+y promoter activity in the CaCo2 colon can-
cer cell line (Fig. 7C). The function domain of B-catenin re-
quired for PPAR«y1 induction was mapped to its N terminus,
since either the N-terminal deletion mutant or an ARM do-
main of B-catenin alone did not fulfill the transactivation func-
tion of B-catenin (Fig. 7B). Further experimentation was con-
ducted by using retroviral transduction and provided high
efficiency of gene transfer (100%). Transduction of cyclin
D17/~ mouse embryo fibroblasts with cyclin D1 reduced en-
dogenous PPARY expression (Fig. 7D).
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each genotype, and each lane represents lysate preparations made from individual animals with GDI as a loading control). (C) Analysis of mean
PPARy1 protein levels by densitometry (wt set to 1; mean and standard error of the mean; 13 weeks), normalized to GDI loading control. Asterisks
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NIH 3T3 cells express low but detectable levels of PPARYy
and express wt 3-catenin. Cotransfection of the B-catenin S33
expression vector (450 ng) induced (AOX);-LUC reporter ac-
tivity fivefold, and this activity was repressed 80% by cyclin D1
cotransfection. The coexpression of B-catenin/S33 and PPARYy
augmented (AOX);-LUC reporter activity 25-fold, and this
activity was repressed 80% by cyclin D1 cotransfection. Thus,
activated B-catenin enhances PPARYy signaling, which in turn
is antagonized by cyclin D1 (Fig. 7E).

As cyclin D1 inhibited PPAR'y expression in Apc™" colonic
epithelium in vivo and inhibited PPARYy-responsive gene ex-
pression, ChIP assays were performed to examine possible
mechanisms by which cyclin D1 might regulate local chromatin
structure at an endogenous PPRE. Cyclin D1 deficiency en-
hanced recruitment of acetylated H3 at the PPRE of the LPL
promoter (Fig. 7F). This finding is consistent with previous
findings that histone H3-K9/14 acetylation associates with the
promoter region of activated genes (36). These studies suggest
that the abundance of cyclin D1 may regulate PPAR'y signaling
by altering local chromatin structure and may facilitate, di-
rectly or indirectly, the recruitment of proteins with corepres-
sor activity to the promoters of target genes (19, 35, 41).

Min

DISCUSSION

The present studies are novel, first in showing that cyclin D1
heterozygosity is a tumor-resistant genotype. In the present

studies, cyclin D1 loss reduced the rate of gastrointestinal
tumor formation induced by inactivation of the Apc gene. Cy-
clin D1 abundance in adenoma induced by Apc™™ was in-
creased approximately 50%. The absence of a single cyclin D1
allele reduced the number of polyps formed in the jejunum,
ileum, and colon. A reduction in polyp formation was observed
as early as 13 weeks. Second, through analyzing DNA synthesis
and markers of differentiation in vivo, the present studies dem-
onstrate the requirement for cyclin D1 as a regulator of both
intestinal epithelial cell proliferation and differentiation in the
presence of a specific activated oncogenic signaling pathway.
Thus, cyclin D1 inhibited epithelial cell differentiation only in
the presence of an activated Apc/p-catenin signaling pathway.
Apc™™ colonic epithelium displayed reduced goblet cell num-
bers, consistent with a role for Wnt signaling as an inhibitor of
cellular differentiation. Cyclin D1 deficiency increased colonic
epithelial cell differentiation in the presence of a mutant Apc
gene. Together these studies suggest that cyclin D1 functions
to inhibit differentiation and promote DNA synthesis in the
presence of an activated Apc/B-catenin signaling pathway (Fig.
8). Activated Apc/B-catenin signaling induces cyclin D1, and
here cyclin D1 did not affect B-catenin abundance, placing
cyclin D1 downstream of B-catenin.

Activation of Wnt/B-catenin signaling inhibits differentiation
of adipocytes (43) and here enteric cell differentiation, as ev-
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FIG. 6. B-Catenin/Tcf expression in intestinal epithelium in Apc™™ mice genetically deficient for cyclin D1. (A) Immunohistochemistry (IHC)
of B-catenin and Tcf4 in normal colon from Apc™” mice for each cyclin D1 genotype (one representative example of each, from an assessment
based on 24 animals and eight tissue preparations from each genotype, is shown). The image of normal mucosa for cyclin D1+ mice also contains
adenomatous tissue. (B) Two representative examples are displayed, each prepared from individual animals. (C) Mean data from immunohisto-
chemistry Western analysis for B-catenin and Tcf4 normalized to GDI loading control (wt set to 100) (n = 10). Error bars indicate standard errors
of the means. (D) Immunohistochemistry of B-catenin in colon adenoma from Apc*™ mice for each cyclin DI genotype.
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FIG. 8. Cyclin D1 function in Apc™™ CRC growth control. In cell
with an Apc™ background, PPARYy provides negative feedback repres-
sion for B-catenin/Tcf4 signaling pathway-induced cell proliferation.
Mutation of the Apc gene results in abnormal B-catenin translocation
and overexpression of cyclin D1 in the nucleus. Overexpression of
cyclin D1 further mediates Apc™”-dependent inhibition of colonic
epithelial cell differentiation as assessed by goblet cell formation and
Apc™"-dependent DNA synthesis.

idenced by the reduction in goblet cell number in the enteric
crypts of the Apc™” mice. Cyclin D1 deficiency enhanced gob-
let cell formation, correlating with a reduction in tumor for-
mation. Reduced representation of goblet cells is characteristic
of many aberrant crypt foci of both humans and rodents (38,
40) and is considered to constitute early preneoplastic lesions
(11, 40, 57). Furthermore, several CRC chemopreventive
agents promote a differentiated cellular phenotype. Together
these studies suggest that cyclin D1 deficiency may contribute
to tumor resistance by promoting colonic epithelial cell differ-
entiation.

As several million patients are prescribed the PPARYy ago-
nist thiazolidinedione (TZD) for treatment of diabetes, it is
important to understand the molecular genetic mechanisms by
which PPARwy regulates cellular proliferation and differentia-
tion. The present studies provide further insight into these
signaling pathways in vivo. During a molecular survey of can-
didate genes previously implicated in the progression of CRC
growth, we observed increased abundance of PPARy1 in the
Apc™™cyclin D1™'~ intestinal and colonic epithelia. These
findings for gastrointestinal epithelium are consistent with re-
cent studies showing that cyclin D1 antagonized PPARy func-
tion and repressed PPARY expression in fibroblasts (67). As
PPARYy expression is induced during CRC differentiation, the
induction of PPARYy in the Apc™™/cyclin DI/~ columnar ep-
ithelium compared with the Apc™™/cyclin D1™'* mice is con-
sistent with features of a more differentiated phenotype upon
loss of cyclin D1. In previous studies, PPARy1 was the pre-
dominant PPAR expressed in colonic epithelium (26). PPARYy
agonists (TZD or 15-deoxy-Al12,14-prostaglandin J2 [15d-
PGJ2]) inhibited colonic tumor growth in some but not all
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studies (50). In recent studies, induction of transgenic anti-
sense cyclin D1 induced PPARYy expression in the livers of
transgenic mice (67). Furthermore, cyclin D1 deficiency was
shown to promote adipocyte differentiation in response to
PPARYy ligands, consistent with a physiological role for cyclin
D1 as an inhibitor of PPARYy function (67).

Recent studies have suggested that B-catenin-dependent
proliferation is regulated by PPARy (14). Members of the
PPAR family, which also includes PPARa and PPARS, are
classified as ligand-activated nuclear receptors (42). Ligands
for PPARy are members of two classes of molecules termed
eicosanoids. These include 15d-PGJ2 or the TZD class.
PPARYy agonists (TZD or 15d-PGJ2) inhibited the growth of
implanted colonic tumors which contain mutations in the APC
protein (33, 42, 50, 65, 67), and mutations in the nuclear
receptor PPAR«y were reported in human colon cancer (51).
PPARY is an inhibitor of cyclin D1 expression and cellular
proliferation (65). Chemical carcinogen-induced intestinal tu-
morigenesis is increased in mice that are heterozygous for
PPARY, consistent with evidence that PPAR+y may function as
a cell type-specific tumor suppressor (42).

The present studies underscore the importance of cyclin D1
as an inhibitor of PPAR+y abundance in vivo. Furthermore,
cyclin D1 expression in cyclin D1/~ cells through viral trans-
duction inhibited endogenous PPAR~y expression. Cyclin D1
repressed PPARYy activity and promoter activity in the pres-
ence of an activating B-catenin in reporter gene studies with
CaCo2 cells. Cyclin D1 inhibited B-catenin S33-induced
PPAR‘y promoter activity and repressed (AOX);LUC reporter
activity induced by PPARY ligands. Together these studies are
consistent with a model in which cyclin D1 functions both as a
key upstream inhibitor of PPARY function and as a key down-
stream effector of Apc/B-catenin-induced proliferation and dif-
ferentiation (Fig. 8). Induction of PPARY transactivation by
B-catenin adds to the growing list of non-Tcf sites that are
regulated by activated B-catenin. These sequences include
those binding CREB, retinoic acid receptor o, the androgen
receptor, and unknown sites within the promyelocytic leuke-
mia promoter (52, 54, 61). As cyclin D1 expression is induced
by activated B-catenin/Tcf signaling, these studies suggest that
the abundance of cyclin D1 may in turn repress a subset of
genes that promote cellular differentiation. ChIP assays sug-
gest that cyclin D1 abundance regulates local chromatin struc-
ture at an endogenous PPRE. Previous studies demonstrated a
connection between acetylation at histone H3, lysine 9, an
open chromatin structure, and active gene transcription (36).
The present studies showed that cyclin D1 deficiency correlates
with increased acetylation at these residues of histone H3 at an
endogenous PPRE. Although the mechanism by which cyclin
D1 regulates local chromatin structure at a PPRE to mediate
associated gene repression remains to be determined, these
studies extend previous observations in which increased
PPAR~-responsive gene expression was seen in cyclin D17/~
cells (67).

The present studies demonstrate that intestinal and colonic
tumor formation induced by Apc™™ was reduced upon the loss
of a single cyclin DI allele. The cyclin D1 abundance was
reduced by approximately 50% in the Apc™*/cyclin D1/~
colonic epithelium, suggesting that the relative abundance of
cyclin D1 is a key determinant of tumor onset. The loss of a
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single allele of the cyclin-dependent kinase inhibitor p21<'™!
also promoted Apc-initiated intestinal tumor formation (69),
and the loss of a single p275™ allele (13), or p53, which is a
regulator of p21<™! expression, also promotes tumor forma-
tion (64). The length of the gastrointestinal tract was not sig-
nificantly altered in the cyclin DI/~ mice, and previous re-
ports suggest that the intestine is unaffected in p2/<”*"" mice.
It is likely that the Apc mutation functions collaboratively with
quantitative changes in the relative abundance of cyclin D1 or
the cdk inhibitor p21<"™" in the induction of tumor formation.
Recent studies with cultured CRC cell lines suggest that the
induction of c-Myc by B-catenin/Tcf represses p21<'*! and may
thereby regulate intestinal epithelial proliferation (62). The
allele-dependent function of cyclin D1 in the present studies
may reflect the clinical observations of a graded correlation
between the abundance of either p21<™*! or cyclin D1 and
CRC clinical prognosis (72). The increase in PPARy abun-
dance upon loss of a single cyclin D1 allele is of interest, as
PPARY is a suppressor of colon carcinogenesis and haploin-
sufficiency at the PPARy locus can increase sensitivity to chem-
ical carcinogenesis (14).

The present studies underscore distinct roles for cyclin D1 in
colonic versus mammary epithelium in the presence of an
activating B-catenin signaling pathway. Cyclin D1/~ mice are
relatively resistant to mammary tumor formation induced by
the oncogenes ErbB2 and Ras (71). Surprisingly, cyclin D1/~
mice were not resistant to Wnt-induced mammary tumor for-
mation (71). Mammary gland-targeted stabilized AN89-B-cate-
nin induced precocious alveolar development and mammary
tumors (18), consistent with a role for B-catenin in mammary
epithelial cellular proliferation. Furthermore, cyclin D1 defi-
ciency enhanced the tumorigenic phenotype of mammary
gland-targeted ANS89-B-catenin mice (44). Cyclin D1 is re-
quired for normal cellular differentiation in the murine mam-
mary gland. As B-catenin plays a role in expanding progenitor
cell compartments (21, 62), we had hypothesized that early
division in the alveolar lineage may involve cyclin D1-indepen-
dent stimulation of B-catenin targets, whereas later differenti-
ation by B-catenin may be inhibited by cyclin D1 (44). In the
present studies, in the colonic epithelium, cyclin D1 inhibited
differentiation and promoted proliferation only in the presence
of Apc”*" and not in the presence of Apc™”. Cyclin D1 has been
considered a logical target for cancer therapy. The distinct role
for cyclin D1 in colonic versus epithelial tumor progression
induced by activated B-catenin signaling underscores the im-
portance of delineating the tissue-specific function of a candi-
date therapeutic target.
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