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We have previously shown that deficiency of the methyl binding domain protein Mbd2 dramatically reduces
adenoma burden on an Apc™"'* background. To investigate the mechanism underlying this phenomenon, we
have determined the effect of Mbd2 deficiency upon the phenotypes imposed by the conditional deletion of Apc
in the small intestine. Microarray analysis demonstrated a partial suppression of the Wnt pathway in the
absence of Mbd2. Mbd2 deficiency also influenced one immediate cellular consequence of Apc loss, with
normalization of Paneth cell positioning. From a mechanistic perspective, we show that deficiency of Mbd2
elevates levels of the known Wnt target Lect2, and we confirm here that Mbd2 binds the Lect2 promoter in
association with NuRD. Furthermore, we show that Lect2 is capable of functioning as a Wnt pathway repressor.
These results therefore provide a mechanistic basis for the epigenetic control of adenoma formation mediated

through Mbd2.

The mouse small intestine (SI) is covered by a simple epi-
thelium composed of invaginations known as crypts of
Lieberkithn and finger-like projections that extend into the
lumen of the gut known as villi. The self-renewal of the intes-
tinal epithelium is a continuous process in which stem cells
located near the base of the crypt give rise to a population of
rapidly dividing progenitor cells. There is also a continuous
migration of cells from the crypt to the tip of the villus, and as
cells move up the villus they stop dividing and differentiate into
one of four different cell types (7).

Wnt signaling plays a key role in the development and ho-
meostasis of the murine SI (12, 13, 23). In the absence of Wnt
ligand, the cytoplasmic concentration of B-catenin is regulated
by a complex of molecules which phosphorylate B-catenin,
triggering ubiquitination by BTrCP and degradation in protea-
somes. The degradation complex regulating B-catenin turnover
contains the tumor suppressor protein APC (adenomatous
polyposis coli), the scaffold protein Axin, and the serine/threo-
nine kinase glycogen synthase kinase 3B. The pathway is
activated upon Wnt ligand binding to a receptor complex com-
posed of the frizzled receptor and a coreceptor of the low-
density lipoprotein receptor-related protein family LRP5/6.
The activated receptor then interacts with a cytoplasmic mol-
ecule called Dishevelled, which inhibits the activity of the de-
struction complex. Consequently, B-catenin is able to translo-
cate into the nucleus and regulate transcription by associating
with transcription factors of the TCF/LEF family (reviewed in
reference 10).
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The presence of nuclear B-catenin at the base of the crypt,
adjacent to the presumptive stem cell niche, has suggested a
critical role for Wnt signaling in intestinal homeostasis and
stem cell maintenance (27). We have previously used condi-
tional strategies to establish a clear requirement for functional
Wnt signaling in the small intestinal crypt. Thus, deficiency of
either c-Myc (18) or B-catenin (11) leads to the loss of the
mutant cells and their replacement by wild-type crypts. The
loss of Apc results in the nuclear relocalization of B-catenin,
the rapid entry into S phase, and the formation of enlarged
aberrant crypts (27). These structures are characterized by
enhanced apoptosis, failed migration, and perturbed differen-
tiation. The loss of Apc therefore immediately confers virtually
all of the phenotypes associated with the very early stages of
intestinal neoplasia. These phenotypes are in turn c-Myc de-
pendent, as a combined deficiency of Apc and c-Myc results in
a near-normal phenotype (26).

Deregulated Wnt signaling is a key event in intestinal cancer
(12, 17, 24). Mice which are heterozygous for a mutation in
Apc (Apc™™'*) develop multiple intestinal neoplasia (29). In
humans, constitutive heterozygosity for Apc underlies familial
adenomatous polyposis. Several groups have shown that tu-
morigenesis in this model is modified by DNA methylation
status. For example, polyps developing in Apc™”* mice have
been shown to be relatively hypermethylated at CpG islands
compared to normal intestine, suggesting that DNA methyl-
ation is required for polyp formation (14). Furthermore, mice
hypomorphic for the maintenance methylase DNMT1 show
reduced adenoma burden (6). The methyl binding domain
proteins, which can recognize methylated CpGs and recruit
transcriptional repressors, have also been shown to influence
tumorigenesis. Previously we have shown that the loss of func-
tion of one member of this family, Mbd2, strongly suppresses
adenoma formation in Apc™™'* mice (25).

In Apc™™* mice, the loss of heterozygosity leads to the
inactivation of both alleles of Apc. Therefore, our conditional
deletion of Apc in the intestine (induced Cre* Apo™~ [here-
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inafter referred to as Apc™”"] mice) mimics the early events of
tumorigenesis in this tissue. To further investigate the role of
Mbd2 in intestinal cancer, we have now generated Cre™ Apc™”
Mbd2~'~ mice. This strain has permitted us to analyze the
consequences of Mbd2 deficiency upon the immediate effects
of Apc loss. We report that the loss of Mbd2 attenuates Wnt
signaling in the SI and that this is associated with a dramatic
upregulation of Lect2, which we demonstrate for the first time
as an in vivo Wnt target in the SI and a novel Wnt inhibitor.

MATERIALS AND METHODS

Mouse colony. All experiments were performed according to United Kingdom
Home Office regulations. AhCre™ Apc™" mice were crossed with Mbd2~/~ mice
(9). Mice from this breeding were intercrossed to derive a colony on an outbred
background.

Microarray gene chip analysis. Eight-week-old male mice were used for the
array analysis. Three mice for each of the desired genotypes in the following list
were used: AhCre™ Apd™? Mbd2*'* mice, AhCre™ Apc™# Mbd2~'~ mice,
AhCre™ Apc*'* Mbd2~'~ mice, and AhCre™ Apc*'* Mbd2*'* (wild-type) mice.
Mice were given three injections of B-napthoflavone at 80 mg/kg of body weight to
induce Cre recombination and harvested 5 days later. Three-centimeter portions of
the SIs located 7 cm from the stomachs were placed in RNAlater (after removing
any mesentery and ensuring that no Peyer’s patches were present). The tissue was
then homogenized in Trizol reagent and RNA extracted using standard phenol-
chloroform methodologies. Biotinylated target cRNA was generated according to
the recommended protocol supplied by the Cancer Research United Kingdom
facility at the Paterson Institute for Cancer Research (http:/bioinformatics.picr.man
.ac.uk/mbcf/downloads/ LABELLING_PROTOCOLS). Affymetrix gene arrays us-
ing the MOE430_2 array set were run at the Cancer Research United Kingdom
facility at the Paterson Institute for Cancer Research. Raw signal intensities were
initially screened using the MaxD/View program (http:/www.bioinf.man.ac.uk
/microarray/maxd/index.html) to remove false-positive and false-negative signals (us-
ing a cutoff of at least one P value of <0.2 for each transcript). The data were then
normalized by global normalization, again using the MaxD/View program. The
principle of the method for the significance analysis of microarrays (30) was applied
to determine the significant changes between induced AhCre™ Apc™ Mbd2*/* and
induced AhCre* Apc™" Mbd2~'~ samples. A § value that produced a false-discovery
rate of 20% was used to define the candidate genes. Change level analysis and rank
product analysis (3) were also used to analyze the data. The raw data from this
microarray are available at http://bioinf.picr.man.ac.uk/mbcf/miamevice.jsp.

Immunohistochemistry. Tissues were fixed in 10% formalin, paraffin embed-
ded, and sectioned into 3- to 6-wm sections for hematoxylin and eosin staining or
immunohistochemistry as described previously (27). Three slides of each geno-
type were stained, and a negative control was performed using no primary
antibody. Briefly, antigen retrieval was performed by boiling slides for 15 min in
citrate buffer (Lab Vision) followed by blocking in 1.5% hydrogen peroxide for
20 min and 10% goat serum for 1 h. Slides were then incubated in the indicated
primary antibodies overnight at the following dilutions: for rabbit antilysosyme,
1:500 (Dako); for mouse antibromodeoxyuridine (anti-BrdU), 1:500 (Becton
Dickinson); and for mouse anti-Lect2, 1:450 (32). The peroxidase-conjugated
secondary antibodies used were mouse or rabbit Envision™ (Dako). Detection
was enhanced using an ABC kit (Vectastain) and visualized with 3,3’-diamino-
benzidine (DAB)-positive substrate chromogen (DakoCytomation) for 5 min.
All immunohistochemistry was performed on three mice of each genotype.

RT-Q-PCR. Three mice of each genotype were harvested 5 days after exposure
to B-napthoflavone and RNA was extracted from the SIs as described above. The
samples used for quantitative PCR (Q-PCR) were taken from mice (three of
each genotype) that differed from those used for the microarray to verify that the
three samples used for the array were accurate. The concentration of RNA was
measured using a nanodrop spectrometer, and 10 pg was treated with RQ DNase
(Promega). Two micrograms of each DNase-treated RNA was then reverse
transcribed using random hexamers (Promega) and Superscript IT reverse tran-
scriptase (RT; Invitrogen), following the manufacturers’ instructions, in a final
volume of 25 pl after the addition of stop solution. The cDNA was then stored
at 4°C and diluted 1 in 10 with water before RT-Q-PCR amplification. For
RT-Q-PCR, master mixes were prepared using Finnzymes’ Sybr green, following
the manufacturer’s instructions, in final volumes of 25 wl in duplicates. B-Actin
primers were used to equalize the data; for threshold cycle (C;) values, the
27AACT method (15) was used to calculate the change; and Mann-Whitney U
tests were performed on the AC; values to determine significant differences
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between genotypes. The following primers were used (forward primers are listed
first in each pair, with reverse primers second): for Axin2, 5'-GCTCCAGAAG
ATCACAAAGAGC-3' and 5'-AGCTTTGAGCCTTCAGCATC-3'; for Citedl1,
5'-GATGCCAACCAGGAGATGAA-3' and 5'-AAGGGGTGGCAGTAGGA
GAG-3'; for CD44, 5'-GGCAGAAGAAAAAGCTGGTG-3" and 5'-TCTGGG
GTCTCTGATGGTTC-3'; for EphB2, 5'-AGAATGGTGCCATCTTCCAG-3’
and 5'-GCACATCCACTTCTTCAGCA-3'; for EphB3, 5'-CGTGAAAGTGG
ACACCATTG-3" and 5'-CCAAGTAGAAGCCAGCCTTG-3'; for EphB4, 5'-
CCTACATCAAGGTGGACACAG-3' and 5-CATGCAGGCTCCTTGGTC-
3'; for Lect2, 5'-GCCCACTATCTTCCCAGTGA-3" and 5'-CTGCTCAAAGA
ACCCAAAGG-3'; for c-Myc, 5'-TGAGCCCCTAGTGCTGCAT-3' and 5'-AG
CCCGACTCCGACCTCTT-3"; for Tiaml, 5'-CACACAATCTCTTGCCTCC
A-3" and 5'-TGCAGTTCCCCAGAGAGC-3'; and for Troy, 5'-ATCAGGTGA
ACAGGCCCATA-3" and 5'-AAACCCAGCTGGTCTCTGC-3'".

Scoring apoptosis and mitosis. Apoptosis and mitotic index were scored from
hematoxylin-and-eosin-stained sections as previously described (16). For BrdU
labeling, mice were injected with 0.25 ml of BrdU (Amersham) and killed after
2 or 30 h.

Paneth cell location. Scoring of the lysozyme-positive cell position was per-
formed on a minimum of three induced mice of each genotype (4hCre™ Apc™*'™,
Mbd2~'~, AhCre™ Apc™" Mbd2*'*, and AhCre™ Apcd™" Mbd2~'~), and 25 full
crypts were scored for each mouse. The numbers were then averaged for each
genotype and plotted as the percentage of cells at that position that were positive
for lysozyme.

Methylation-specific PCR. Genomic DNA was prepared using the QIAamp
DNA minikit (Qiagen, United Kingdom) according to the manufacturer’s pro-
tocol. Bisulfite conversion of 2 pg of genomic DNA was performed using the
EpiTect bisulfite kit (Qiagen) according to the manufacturer’s protocol. Primers
for amplifying methylated Lect2 promoter templates were LP2_143 (5'-TTTAT
GTATATAGGGTTATTTTCGG-3') and LP2_144 (5'-AATAAAATCAAACA
ACTCTCCACG-3’). Primers for amplifying unmethylated templates were
LP2_145 (5'-TTTTATGTATATAGGGTTATTTTTGG-3') and LP2_146 (5'-C
AATAAAATCAAACAACTCTCCACA-3"). PCR was performed with Plati-
num 7Taq as per the manufacturer’s protocol by using a hot start at 95°C (3 min)
and the following cycling parameters: 32 cycles of 95°C (30 s), 60°C (30 s), and
72°C (1 min) and 4°C to cool. PCR products (20 pl of a 50-pl total reaction
mixture) were resolved on 2% agarose gels stained with ethidium bromide.
UV-illuminated images were photographed with digital documentation software.
For each result, the experiment was replicated twice for separate SI DNA
preparations.

ChIP. Chromatin was prepared using a mouse embryonic fibroblast cell line
(Imamura, 2006). Chromatin immunoprecipitation (ChIP) was performed using
the Active Motif Chip-IT express kit (Active Motif, Belgium) according to the
manufacturer’s instructions with the following modifications. Each ChIP reaction
was performed in a total reaction mixture of 600 pl, containing 500 pl of sheared
chromatin and 30 pl of ChIP buffer 1; all other components and procedures
remained the same. Chromatin was immunoprecipitated using the mouse control
immunoglobulin G (IgG) antibody (2 pg; Active Motif) as the negative control
antibody, anti-acetylated histone H3 antibody (2 pg; Abcam, United Kingdom)
as the positive control antibody, a ChIP-grade MBD2 antibody (4 pg; Abcam,
United Kingdom), and antibodies against retinoblastoma-binding proteins 46
and 48 (RbAp46/RbAp48) (4 pg; Abcam, United Kingdom). All samples were
amplified with the ChIP Express positive control primers and Lect2 promoter
primers Lect2-400F  (5'-AGTTCGACTATAATTTCATCTACCG-3') and
Lect2-400R (5'-GATAACACTGCCAGTTCCATAAA-3"), which were 400 bp
upstream from the ATG site of Lect2. PCR was performed with Platinum Tag
(Invitrogen, United Kingdom) as per the manufacturer’s protocol by use of a hot
start at 95°C (3 min) and the following cycling parameters: 36 cycles of 95°C (30
8), 60°C (30 s), and 72°C (1 min) and 4°C to cool. Each experiment was replicated
three times on separate chromatin preparations.

Luciferase assays. HEK293 cells were cultured in a 96-well plate until they
were 60 to 80% confluent, and then they were transfected with 0.1 wg (100 ng)
total DNA per well (n = 6). The amounts of plasmids transfected were 0.025
pg/well for Topflash, 0.025 pg/well for pcDNA-lacZ (transfection control), 0.025
ng/well for FlagAx2, and 0.025 pg/well for Lect2 vector or pcDNA3.1. The ratios
were as follows: 1 part Topflash to 1 part pcDNA-lacZ and 1 part FlagAx2 to 1
part Lect2 or pcDNA3.1. The Topflash control was 0.025 pg/well Topflash, 0.025
pg/well pcDNA-lacZ, and 0.05 pg/well pcDNA3.1. Transfectin (Bio-Rad) was
used according to the manufacturer’s instructions. After 48 h, cells were lysed in
GLO-lysis buffer (Promega) for 30 min at room temperature. One-half of the
lysate of each well was mixed with an equal volume of BrightGLO substrate
(Promega) for the quantitation of luciferase activity in a BMG Fluostar multi-
platform plate reader using the luminescence mode, and the remainder was
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FIG. 1. The microscopic phenotypes observed for the SIs of induced AhCre* Apc™" mice are still present with the additional absence of Mbd2.
Hematoxylin and eosin staining showing no gross microscopic histological differences between wild-type (induced AhCre™ Apc™* Mbd2™'* [wt])
(A) and Mbd2-deficient (induced AhCre* Apc*/™ Mbd2~'~) (B) intestines or between Apc™" (induced AhCre™ Apc™" Mbd2*'") (C) and Apc™"
Mbd2~'"~ (induced AhCre* Apc™® Mbd2 ') (D) SIs. Note the enlarged crypts in the Ape-deficient mice (C), which are still observed for the double
mutant (D). (E to H) Mice were injected with BrdU to mark cells in S phase and track migration. BrdU-positive cells were located in the
proliferation zones of induced AhCre™ mice 2 h after injection (E) and had migrated onto the villi 30 h later (F). These data were plotted as the
position of BrdU-positive cells (with 0 being the base of the crypt) 2 h (bold line) and 30 h (thin line) after labeling (I to K). (J) BrdU-positive
cells are found throughout the aberrant crypts of induced AhCre* Apc™” mice 2 h after injection (solid line), and they fail to migrate on the villi
when observed 30 h after injection (dotted line). (G, H, and K) Migration is still absent from induced AhCre" Apc™" Mbd2~'~. (L) The number
of apoptotic figures per crypt was significantly increased (P = 0.04; Mann-Whitney U test; n = 3) upon the loss of Apc (induced AhCre™ Apc™),
and this phenotype is still observed with the additional loss of Mbd2. (M) The number of mitotic figures per crypt was also significantly increased
(P = 0.04; Mann-Whitney U test; n = 3) upon the loss of Apc (induced AhCre* Apc™"), and again this phenotype is still observed with the
additional loss of Mbd2.

mixed with an equal volume of BetaGLO substrate (Promega) for the quantita-
tion of LacZ activity, also with the luminescence mode. LacZ activity was used to
normalize luciferase values.

we therefore analyzed the phenotype of a conditional deletion
of Apc in the context of Mbd2 deficiency. To achieve this, mice
bearing a lox-flanked Apc allele were crossed onto an inducible
cre transgenic background (44 Cre), which uses the cytochrome

RESULTS p450 1A1 (CYPIAI) promoter to deliver inducible cre expres-

The microscopic phenotype of Apc deficiency in the SI is
unchanged in the absence of Mbd2. In Apc™™'* mice, adeno-
mas that develop in the absence of Mbd2 are significantly
smaller and are far less abundant than those seen when Mbd2
is present (25), suggesting a suppression of the deregulated
Whnt signaling associated with Apc™™* tumorigenesis. To in-
vestigate the direct effects of Mbd2 status upon Wnt signaling,

sion in the SI (27). AhCre™ Apc™" mice were then crossed onto
an Mbd2~'~ background. AhCre™, AhCre™ Mbd2~'~, AhCre™
Apc™" and AhCre™ Apc™ Mbd2~'~ progeny were identified
and subjected to three injections of B-napthoflavone within a
single day at 8 to 10 weeks of age (three mice of each genotype
were induced). This protocol results in virtually 100% intesti-
nal recombination as scored by use of the Rosa26R reporter
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FIG. 2. RT-Q-PCR analysis of Wnt targets in the SI. The expression of Wnt target genes is significantly increased (P = 0.04; Mann-Whitney
U test; n = 3) when Apc is removed from the SI (induced AhCre* Apc™ [black bars]), and the levels of expression of some of these genes are
reduced with the additional absence of Mbd2 (induced AhCre™ Apc™" Mbd2~'~ [hatched bars]). There is no change in Wnt target expression
between induced 4hCre* and induced Mbd2~'~ mice (white bars). Asterisks mark a significant difference between induced 4hCre™ Apc™” and
induced AhCre™ Apc™" Mbd2~'~ mice (P = 0.04; Mann-Whitney U test; n = 3).

allele (27). On day 5 after induction, AhCre™ Apc™ Mbd2 '~
and AhCre™ Apd™" mice became visibly ill and were killed. In
contrast, AhCre™* mice showed no symptoms of illness.

At day 5, induced AhCre™ Apc™" mice were characterized by
enlarged, aberrant crypts (Fig. 1C), and most aspects of this
phenotype were retained in induced AhCre™ Apc™ Mbd2~'~
mice (Fig. 1D). To examine cell division and migration, mice
were killed 2 h or 30 h after injection with BrdU. BrdU is
incorporated into the DNA of cells at S phase and is bioavail-
able for less than 2 h. Therefore, by killing mice at 2 h and 30 h
after exposure, we were able to track the movement of BrdU-
positive cells from the proliferation zone in the crypt on to the
villus by immunohistochemistry (Fig. 1E and F). The position
of BrdU-positive cells was also plotted as the cumulative fre-
quency of cells 2 h and 30 h after labeling (Fig. 11 to K). As
observed previously (27), migration of cells along the crypt-
villus axis is perturbed in induced AhCre™ Apc™" mice and cell
proliferation occurs independently of position (Fig. 1J). These
phenotypes are also observed in the induced AhCre™ Apc™"
Mbd2~'~ mice (Fig. 1G, H, and K).

Both apoptosis and mitosis are significantly increased in the
SIs of induced AhCre™ Apc™" mice compared to what is seen
for induced AhCre™ mice, and this phenotype was also retained
in induced AhCre™ Apd™" Mbd2~'~ mice (Fig. 1L and M).

The absence of Mbd2 reduces the expression of Wnt targets
when Apc is deleted in the SI. Microarray analysis was used to
determine if deficiency of Mbd?2 altered the expression of Wnt
target genes upon the conditional loss of Apc in the SI, and a
number of these were validated by RT-Q-PCR (Fig. 2; also see
Table S1 in the supplemental material). RNA samples were
derived from induced mice (three of each genotype) 5 days
after exposure to B-napthoflavone, and microarray data were
analyzed using change level, rank product (3), and significance
analysis of microarrays (30). As previously observed, the loss of
Apc in the SI results in the upregulation of many previously
identified Wnt target genes (27), including Axin2, Musashi, and
c-Myc (Fig. 2; also see Table S1 in the supplemental material).
However, the expression of 21.5% (14/65) of these Wnt targets
was reduced with the additional absence of Mbd2 (see Table S1
in the supplemental material). Twelve of the 14 Wnt target
genes (85.7%) were further analyzed by Q-PCR, and 11 of

these 12 displayed the same trend in expression as the array,
although the changes in expression were more marked in the
microarray (Fig. 2; also see Table S1 in the supplemental
material). The samples used for Q-PCR were taken from mice
(three of each genotype) different from those used for the
microarray to verify that the three samples used for the array
were accurate. The Mbd2-mediated attenuation of the Wnt
pathway appears specific to a subset of genes deregulated fol-
lowing Apc loss, as the expression levels of some Wnt target
genes, including Tiaml and Troy, are unchanged upon the
additional absence of Mbd2 (Fig. 2).

Of particular interest is the expression of the Eph receptors,
which have been implicated as key determinants of Paneth cell
location along the crypt-villus axis (1). The expression of
EphB2, EphB3, and EphB4 is immediately increased following
the loss of Apc, confirming them as Wnt target genes in the SI
(Fig. 2). In the additional absence of Mbd?2, these receptors are
not elevated to the same extent, and they are significantly
reduced in the case of EphB3 and EphB4 (Fig. 2) (P = 0.04;
Mann-Whitney U test; n = 3).

The mislocalization of Paneth cells following the loss of Apc
is rescued by a deficiency of Mbd2. Given the observed atten-
uation of EphB receptor expression in the absence of Mbd2, we
performed lysozyme staining to investigate Paneth cell local-
ization. Paneth cells are normally located at the base of the
crypt in the SIs of wild-type mice but are mislocalized through-
out the aberrant crypt of induced AhCre™ Apc™ mice (Fig. 3).

The position of Paneth cells along the crypt-villus axis was
plotted as the percentage of cells at that position that were
positive for lysozyme (Fig. 3D). In induced AhCre™ mice, 94%
of the cells at the base of the crypt were positive for lysozyme,
as were 80.7% of the cells at position 2 relative to the crypt
base (Fig. 3A and D). Lysozyme positivity was infrequently
observed above position 5. Almost identical data were ob-
tained for induced AhCre* Mbd2~'~ Sls, demonstrating that a
deficiency of Mbd?2 alone does not alter Paneth cell localization
(Fig. 3D). In induced AhCre* Apc™" intestines, only 62% of
the cells at the base of the crypt were positive for lysozyme, and
44% were so at position 2. Furthermore, lysozyme-positive
cells were frequently observed along the length of the aberrant
crypt-villus axis (Fig. 3B and D).
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FIG. 3. Paneth cells are not mislocalized in induced 4hCre Apc™ Mbd2~'~ intestine. (A and B) Lysozyme-positive cells are located at the base
of the crypt in induced AhCre™ mice (A) and mislocalized throughout the aberrant crypts of induced AhCre™ Apc™" mice (B). (C) With the
additional loss of Mbd2 (induced AhCre* Apc™ Mbd2~'~), Paneth cells are not mislocalized to the same extent. (D) Lysozyme-positive cells were
counted and plotted as a percentage of positive cells at that position, with position 1 indicating the base of the crypt. The red line represents
induced AhCre* Apc™ mice (n = 6), and the light blue line represents the induced 4hCre™ Apc™ Mbd2~'~ mice (n = 3). There are significantly
fewer mislocalized cells in the induced AhCre™ Apc™" Mbd2~'~ mice than in the induced AhCre™ Apc™" mice (P = 0.01; Kolmogorov-Smirnov
test). The gap between these lines demonstrates the significant increase in the number of Paneth cells found away from the base of the crypt in
the induced AhCre™ Apc™" mice compared to what was seen for the induced AhCre™ Apc™" Mbd2~'~ mice (P = 0.01; Kolmogorov-Smirnov test).
There is no significant difference (P = 0.001; Kolmogorov-Smirnov test; n = 3) in Paneth cell location between induced AhCre™ mice (navy blue

line) Mbd2~'~ mice (pink line).

An additional absence of Mbd2 (induced AhCre* Apc™"
Mbd2~'~ mice) significantly reduced the distribution of Paneth
cells that were mislocalized along the crypt-villus (Kolmogo-
rov-Smirnov test; P = 0.001), with the percentages of Paneth
cells at positions 1 and 2 rising to 83% and 57%, respectively.
This normalization of Paneth cell positioning in the absence of
Mbd?2 is consistent with the reduced deregulation of the Eph
receptor transcript levels—a phenotype we have also observed
previously with the conditional loss of c-Myc (26).

Deficiency of Mbd2 elevates the levels of Lect2 when Apc is
removed in the SI. As Mbd2 mediates transcriptional repres-
sion (20), the loss of repressor activity would be predicted to
result in an increase in gene transcription. However, we ob-
serve a reduction in the expression of a number of Wnt target
genes (Fig. 2). This suggests that Mbd2 may normally repress
an inhibitor of Wnt signaling, such that a deficiency of Mbd2
derepresses the inhibitor and so reduces the activity of the Wnt
pathway. Analysis of the gene chip array suggested that the

gene for leukocyte cell-derived chemotaxin 2 (Lect2) might be
a good candidate for such a repressor, as it showed one of the
highest increases in expression between induced AhCre™
Apc™" and induced AhCre™ Apc™ Mbd2~'~ mice (see Table
S1 in the supplemental material). Lect2 homologues are found
throughout the vertebrate subphylum and Lect2 was originally
identified in a screen for novel chemokines (33). However,
relatively little is known about its function except for its role in
the liver as a regulator of NK T-cell homeostasis (33).

To functionally confirm that Mbd2 was acting to repress the
Lect2 promoter in vivo, we examined the expression of Lect2 in
wild-type and Mbd2-deficient mice via RT-Q-PCR and immu-
nohistochemistry (Fig. 4). Lect2 has previously been identified
as a Wnt target in the liver (22), and here we have confirmed
it as a Wnt target in the murine SI for the first time by use of
microarray analysis (see Table S1 in the supplemental mate-
rial) and RT-Q-PCR (Fig. 4A). These indicated a 25-fold in-
crease in Lect2 expression following Apc loss, which was sig-
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FIG. 4. Lect2 is upregulated after the loss of Apc, and its expression is increased upon the additional loss of Mbd2. (A) Lect2 is significantly
upregulated (P = 0.01; Mann-Whitney U test; n = 3) in the SI after the loss of Apc (induced AhCre™ Apc™” [black bar]) and significantly increased
further (P = 0.01; Mann-Whitney U test; n = 3) with the additional loss of Mbd2 (induced AhCre* Apc™" Mbd2~'~ [hatched bar]). There is no
significant change in the expression levels of Lect2 in Mbd2 ™/~ mice (induced AhCre™ Apc™'* Mbd2~'~ [white bar]) and wild-type (Wt) mice
(induced AhCre™ Apc*'* Mbd2*'*). (B and C) Immunohistochemistry demonstrates that Lect2 protein is expressed at very low levels in the
cytoplasms of induced AhCre* (B) and induced 4hCre*™ Mbd2 '~ (C) SIs. (D and E) Lect2 is upregulated in induced 4hCre™ Apc™ SI but only

in recombinant cells thereof (D), and expression is elevated with the additional absence of Mbd2 (induced AhCre* Apc™ Mbd2~'~) (E).

nificantly increased with the additional absence of Mbd2 (Fig.
4A). A deficiency of Mbd?2 alone did not increase Lect2 expres-
sion levels, and no differences between control and induced
AhCre* Mbd2~'~ mice were observed. This indicates that the
Mbd?2 status becomes relevant to Lect2 transcriptional activity
only in the context of activated Wnt signaling. We next con-
firmed these changes at the protein level using immunohisto-
chemistry. Compared to what was seen for wild-type intestinal
tissue (Fig. 4B), levels of Lect2 were elevated in Apc-deficient
tissues (Fig. 4D) and were further increased with the addi-
tional absence of Mbd2 (Fig. 4E).

The Lect2 promoter region is methylated. Mbd2 recognizes
and binds to methylated CpG islands (8). Therefore, if Mbd2
is inhibiting the expression of Lect2, then the promoter region
of Lect2 would be predicted to be methylated. To investigate
this, we performed methylation-specific PCR. Methylated and
unmethylated specific primers were used to amplify a region of
the Lect2 promoter immediately upstream of the ATG codon.
A product was obtained only for the methylation-specific
primer set (Fig. 5A), indicating that the two CpG dinucleotides
present in the primer binding region, and potentially the two
within the amplified product, are methylated. Further sequenc-
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ing of bisulfite conversion of the 1-kb upstream region of the
Lect2 promoter revealed that there are 13 CpGs. Of the 10
CpGs analyzed for methylation, 8§ were methylated and the
other 2 were partially methylated (Fig. 5B).

To demonstrate that Mbd2 was capable of binding to the
methylated CpG dinucleotides within the Lect2 promoter in
vivo, we performed ChIP using DNA isolated from mouse
SI. The positive control primers (EFla) and Lect2 primers
(400 bp upstream from the ATG of the Lect2 gene) were
both able to amplify products from the input chromatin
(Fig. 5C, lanes 1 and 5), and both were unable to amplify a
product in the negative control chromatin pulled down using
an IgG antibody (Fig. 5C, lanes 2 and 6). The positive
control ChIP using the H3 antibody gave products with both
primer sets, indicating that both regions were bound to the
H3 histone as expected (Fig. 5C, lanes 3 and 7). ChIP
performed using the Mbd2 antibody was amplified only by
the Lect2 primers (Fig. 5C, lanes 4 and 8), demonstrating
that Mbd2 binds to the Lect2 promoter and suggesting that
Lect2 is repressed by Mbd2 in vivo. A region 1 kb upstream
of the Lect2 gene was also analyzed and showed a similar
pattern (data not shown).

The Lect2 promoter binds Mbd2 and NuRD to inhibit Lect2
expression. Upon binding to methylated DNA, Mbd2 facili-
tates the binding of transcriptional repression complexes such
as Sin3A/histone deacetylase or nucleosome remodeling and
deacetylase (NuRD) to form the MeCP1 complex (20, 34). To
determine if Mbd2 recruits transcriptional repression com-
plexes to the Lect2 promoter, we performed ChIP with human
colorectal cells (HCT116) by use of RbAp46 and RbAp48
antibodies, which recognize integral components of NuRD and
the corepressor Sin3a (34). We also performed ChIP with
Mbd2-depleted HCT116 cells which were stably transfected
with small interfering RNA (siRNA) against Mbd2 (2). These
Mbd2-depleted cells displayed a 4.5-fold reduction in Mbd2
transcript levels compared to what was seen for HCT116 cells
(Fig. 5D). ChIP for the input chromatin and positive control
both bound to the Lect2 promoter in the wild-type HCT116
cells (Fig. 5E, lanes 1 and 4) and the Mbd2-depleted cells (Fig.
SE, lanes 5 and 8). Mbd2, RbAp46, and RbAp48 were associ-
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ated with the Lect2 promoter in HCT116 cells (Fig. 5E, lanes
2 and 3) but did not bind the Lecz2 promoter in Mbd2-depleted
cells (Fig. S5E, lanes 6 and 7). Thus, Mbd2 facilitates the bind-
ing of the transcriptional repressor complexes to the Lect2
promoter.

Lect2 is a Wnt inhibitor. To determine if Lect2 was able to
inhibit Wnt signaling, luciferase assays were performed in 293
cells by use of the Wnt-responsive Topflash system. Topflash
was cotransfected with one of four known Wnt pathway trans-
ducers, namely, ANLRP6 (constitutively active LRP6 receptor
[4]), FlagAx2 (which prevents glycogen synthase kinase 38
binding to Axin, therefore preventing the phosphorylation
of B-catenin [28]), AN B-catenin (constitutively active form of
B-catenin [19]), and TCF4-VP16 (constitutively active form of
TCF4 [31]), resulting in luciferase transcription from Topflash
(Fig. 5F). The same cotransfections were performed in the
presence of Lect2, resulting in a reduction in Wnt-induced
Topflash activation from all four of the Wnt pathway activators
(Fig. 5F). The activation of Topflash by the Wnt transducers
was confirmed to be via the Wnt-responsive TCF sites by using
FOPLASH, a mutated version of Topflash. All four Wnt trans-
ducers were unable to activate FOPLASH when cotransfected,
demonstrating that the activity of Topflash is via the TCF sites
mutated in FOPLASH (Fig. 5G). The four Wnt transducers
used represented the Wnt pathway from the receptor (LRP)
through to the degradation complex (Axin2), B-catenin, and
finally transcription factor TCF4 (full-length TCF4 fused to
VP16). As Lect2 is able to inhibit the action of the Wnt path-
way at the level of the transcription factor TCF4, it seems likely
that the repression observed by the remaining three Wnt path-
way activators occurs due to the repression of TCF4, which
they all eventually require to activate Topflash.

DISCUSSION

Mbd2 deficiency attenuates Wnt signaling following the loss
of Apc. Taken together, these data allow us to build a model of
how Mbd2 deficiency may repress tumorigenesis in Apc™™/*
mice (25). We show that Mbd2 deficiency attenuates the ex-
pression of a set of Wnt target genes immediately following

FIG. 5. Lect2 is a Wnt inhibitor, and its promoter region is methylated and binds Mbd2 and RbAp46/48. (A) Methylation-specific PCR. Lanes
1 to 10 contained bisulfite-converted DNA prepared from the Sls of six individual wild-type mice; lane 11 contained water. Paired methylation-
sensitive PCR was performed on all samples by use of either methylated (M) or unmethylated (U) specific primers. For all six mice, products were
amplified by use of the methylation-specific primers for the Lect2 promoter region, and no products were amplified using the unmethylated
primers. (B) Sequence analysis of a bisulfide-converted region of the Lect2 promoter region revealed that it contained 13 CpGs, 8 of which were
methylated (black circles) and 2 of which were partially methylated (open circles). The remaining three were not analyzed (no circles). (C) PCR
was performed using primers for the Lect2 promoter on DNA immunoprecipitated using antibodies (Ab) specific for RbAp46/48 and Mbd2. The
Lect2 promoter was associated with Mbd2 and RbAp46/48 in cultured HCT116 cells, and this binding was absent for HCT116 cells stably
transfected with shMbd2. Positive control primers for Kiaso were able to amplify products in both cell lines. (D) RT-Q-PCR was performed using
human Mbd2-specific primers on HCT116 cells and HCT116 cells stably transfected with siRNA toward Mbd2. Mbd?2 transcripts were significantly
reduced (P = 0.01; Mann-Whitney U test; n = 3) in cells transfected with Mbd2 siRNA. (E) PCR was performed on ChIP DNA with either positive
control primers for EFla (233 bp) (lanes 1 to 5) or primers specific for a methylated region of the Lect2 promoter (120 bp) (lanes 6 to 10). Lanes
1 and 6 contained input DNA, and both sets of primers were able to amplify a product. Lanes 2 and 7 were negative controls with ChIP DNA pulled
down using an IgG antibody. Lanes 3 and 8 contained ChIP DNA pulled down with a histone antibody as a positive control, and both sets of
primers amplified a product. Lanes 4 and 9 contained ChIP DNA with an Mbd2 antibody, and only the Lect2 promoter primers amplified a product,
demonstrating that Mbd2 was bound to this region of the Lect2 promoter but not to EFla. (F) Topflash was activated by transfection of ANLRP,
FlagAx2, ANB-catenin, or VP16-TCF4 in 293 cells (white bars). Black bars represent cotransfections of Topflash activators with Lect2 (plotted as
percentages of the control value), all of which were significantly reduced (¢ test; n = 6; the ANLRP P value was 0.0038; the FlagAx2 P value was
0.0002; the ANB-catenin P value was 0.0194; the VP16-TCF4 P value was 0.0055). (G) Wnt activators are unable to induce luciferase transcription
from the mutated TCF sites in FOPLASH. Topflash (black bars) was activated by transfection of ANLRP, FlagAx2, ANB-catenin, or VP16-TCF4
in 293 cells, but these constructs were unable to activate FOPLASH (white bars), demonstrating that the luciferase activity observed for Topflash
is TCF site (WCAAWGG) specific.
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Apc loss in the SIs of induced AhCre™ Apc™" mice (Fig. 2; also
see Table S1 in the supplemental material). These observa-
tions argue that functional Mbd?2 is required to mediate the full
effects of Wnt activation in the absence of Apc and therefore
provides a possible explanation for the attenuated tumorigen-
esis seen in the absence of Mbd2.

Given that the loss of Mbd2 is able to significantly increase
the life span of Apc™™/* mice (25), it was somewhat surprising
that we observed only one change in the induced AhCre™
Apc™" phenotype when Mbd2 was absent, i.e., the relocaliza-
tion of Paneth cells to the base of the crypt (Fig. 3). We
speculate that this phenotype is associated with a reduction in
the transcription of Paneth cell determinants EphB3/B4 (Fig.
2). The location of Paneth cells can be used as a phenotypic
assay of Wnt signaling in the murine SI. Eph receptors have
been strongly implicated in Paneth cell positioning, with
Paneth cells mislocalized in EphB3 null mutant mice (1). The
expression of Eph receptor transcripts in the intestine is de-
pendent on Wnt/c-Myc signaling (26), which is consistent with
the reduced expression of Wnt targets we observed for induced
AhCre Apc™" Mbd2~'~ mice (Fig. 2; also see Table S1 in the
supplemental material). Thus, in our model activated Wnt
signaling (induced AhCre™ Apc™™) results in the mislocaliza-
tion of Paneth cells, and the additional loss of Mbd2 (induced
AhCre Apc™ Mbd2~'~) results in the partial inhibition of the
Wnt pathway, as observed by the rescue of the mislocalized
Paneth cell phenotype (Fig. 3) in association with a reduction
in EphB3 transcription (Fig. 2).

It has been suggested that the high levels of Eph receptor in
the initial polyp-forming cells at the crypt-villus junction en-
counter high levels of ephrin expression, therefore causing
them to invaginate and form a polyp (1, 5, 21). We speculate
that the reduction in Eph transcription observed for induced
AhCre Apc™" Mbd2~'~ intestine may be critical for this inter-
action with the ephrins, as the repulsion between the Ephs and
ephrins may not be sufficient to cause the initial invagination
required for polyp formation. This provides a direct potential
mechanism for reduced adenoma formation in an Mbd2-defi-
cient environment of attenuated Eph activation.

Lect2 is upregulated when Apc is removed in the absence
of Mbd2 and is a novel Wnt inhibitor. Mbd2 binds to meth-
ylated CpG islands and mediates transcriptional repression
(8, 20). However, the loss of Mbd?2 in induced AhCre™ Apc™"
mice leads to a decrease in the expression of Wnt target
genes (Fig. 2; also see Table S1 in the supplemental mate-
rial). We hypothesize that this is due to deregulation of a
Wnt repressor, but all the reported Wnt repressors either
show no change or, in the case of Axin2 and Wifl, are
downregulated in induced AhCre™ Apc™™ Mbd2~'~ tissues
(see Table S1 in the supplemental material). One of the few
genes upregulated when Apc was removed in the absence of
Mbd?2 was Lect2 (Fig. 4). This deregulation is a direct result
of loss of Mbd2, as analysis of the Lect2 promoter demon-
strated that it was methylated (Fig. 5A) and binds Mbd2
(Fig. 5C) and the transcriptional repressor NuRD (Fig. 5E).
Thus, when Mbd?2 is absent in the presence of active Wnt
signaling (induced AhCre* Apc™" Mbd2~'7), Lect2 is de-
regulated and its expression levels increase (Fig. 4).

To determine if Lect2 functions as a Wnt repressor, we
performed luciferase assays using Topflash by cotransfecting
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FIG. 6. Mbd2 protein, in association with the transcriptional re-
pressor NuRD, binds to the promoter of the Wnt inhibitor Lect2 to
regulate its expression. Subsequently, the loss of Mbd2 deregulates the
expression of Lect2, resulting in a reduction in the expression levels of
Whnt target genes.

Lect2 with four different activators of the Wnt pathway (Fig.
5F). Using this technique, we were able to demonstrate for
the first time that Lect2 was indeed a Wnt inhibitor that was
able to significantly reduce Wnt signaling via all four acti-
vators, namely, ANLRP6, FlagAx2, AN p-catenin, and
TCF4-VP16. The observation of activity against all these
activators indicates that Lect2 is working at (or below) the
level of the TCF4 transcription factor. This is consistent
with the accepted hierarchy within the Wnt pathway and
with the observed effect of Mbd2 deficiency upon a subset of
Wt targets. Given that we were activating the Wnt pathway
by conditional deletion of Apc, our assay would have been
unlikely to identify any inhibitory effect of Lect2 operating
at either the receptor level or the level of the B-catenin
degradation/phosphorylation complex. Furthermore, an in-
hibitory effect of Lect2 at the level of B-catenin would have
been predicted to yield effects upon Wnt targets that are
more widespread than those we observed. B-Catenin asso-
ciates with members of the TCF/LEF family of transcription
factors, one of which, TCF4, was used in our luciferase
assay. If Lect2 perturbs Wnt signaling at (or below) the level
of TCF4, B-catenin can still associate with other transcrip-
tion factors to activate target genes. In this way, only a
partial inhibition of Wnt targets would occur, as we ob-
served for the absence of Mbd?2.

In summary, we have sought to elucidate the molecular
mechanisms by which Mbd2 deficiency attenuates adenoma
formation in the intestine. Microarray analysis of whole intes-
tines immediately following the loss of Apc reveals a signature
of reduced Wnt signaling in the absence of Mbd2. Most nota-
bly, we observed reduced expression of the Eph Wnt target
genes and phenotypes consistent with attenuated Eph expres-
sion. Given that Mbd2 binds to methylated CpG regions of
DNA (20) and functions as a transcriptional repressor, we have
identified those genes which show upregulation in the absence
of Mbd2. Key among these is Lect2, the promoter of which we
now show to be a direct binding target of Mbd2 and the NuRD
complex. Furthermore, we also establish Lect2 as a negative
regulator of the Wnt pathway, thereby establishing a direct
mechanism for the suppression of adenoma formation in the
absence of Mbd2 (Fig. 6).
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