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Liver receptor homolog 1 (LRH-1) is an orphan nuclear receptor that
synergizes with �-catenin�T cell factor 4 signaling to stimulate
intestinal crypt cell renewal. We evaluated here the impact of
haploinsufficiency of LRH-1 on intestinal tumorigenesis by using
two independent mouse models of human colon tumorigenesis.
Haploinsufficiency of LRH-1 blunts intestinal tumorigenesis in the
ApcMin/� mice, a genetic model of intestinal cancer. Likewise,
Lrh-1�/� mice are protected against the formation of aberrant crypt
foci in the colon of mice exposed to the carcinogen azoxymethane.
LRH-1 gene expression is reduced in tumors that express elevated
levels of the proinflammatory cytokine TNF-�. Reciprocally, de-
creased LRH-1 expression in Lrh-1�/� mice attenuates TNF-� ex-
pression. Compared with normal human colon, expression and
subcellular localization of LRH-1 is significantly altered in neoplas-
tic colon. In combination, these data suggest a role of LRH-1 in the
initiation of intestinal tumorigenesis both by affecting cell cycle
control as well as through its impact on inflammatory pathways.

�-catenin � colon cancer � nuclear receptors

L iver receptor homolog 1 (LRH-1; also known as NR5A2) is an
orphan nuclear receptor that belongs to the NR5A or the Ftz-F1

subfamily of nuclear receptors. Members of this subfamily all bind
DNA as monomers, and the specificity of DNA recognition is to a
large extent dictated by the Ftz-F1 box, a unique domain at the C
terminus of the DNA-binding domain of NR5A members (1).
Although no ligands for these receptors are yet described, all of the
NR5A members display constitutive transcriptional activity. This
constitutive activity has been attributed to the unique folding of the
ligand-binding domain observed by crystal structure analysis (2).
Like other members of the subfamily, LRH-1 is a critical factor in
early development, as evidenced by the early lethality of LRH-1-
null embryos (3, 4). High levels of LRH-1 are found in mouse
pluripotent embryonic stem cells (5). During early mouse devel-
opment, LRH-1 expression is detected in the mouse yolk sac
endoderm, branchial arch, and neural crest (6). Later on during
organogenesis, expression becomes confined to the developing
intestine, liver, and pancreas. During this stage, LRH-1 is proposed
to control and simultaneously to be under the control of a number
of developmental transcription factors crucial in the specification of
the enterohepatic phenotype (6–8). In adult mammals, LRH-1
expression is predominantly expressed in the liver (5), the exocrine
pancreas (9) and the intestinal crypts (4), but high levels are also
found in the ovary (10). In the enterohepatic tissues, LRH-1
participates in the control of complex regulatory pathways that
govern cholesterol and bile acid homeostasis (for review, see ref.
11). In the ovary, its main function involves the regulation of
cholesterol delivery and steroid production (12–14).

We recently provided evidence that LRH-1 facilitates cell
proliferation in synergy with the �-catenin�T cell factor 4
signaling pathway (4). Whereas �-catenin coactivates LRH-1 on

the cyclin E1 promoter, LRH-1 acts as a potent tissue-restricted
coactivator of �-catenin on the cyclin D1 and c-Myc promoter.
This unanticipated cross-talk between LRH-1 and the �-cate-
nin�T cell factor 4 signaling pathway was shown to be of
particular relevance for the renewal of intestinal crypt cells. The
�-catenin protein is one of the key determinants in the patho-
genesis of colon cancer (15). Levels of free �-catenin are usually
tightly controlled in the cell through the interaction of a multi-
protein complex that comprises conductin�axin, the adenoma-
tous polyposis coli (APC), and the serine�threonine kinase
GSK-3�, which phosphorylates �-catenin, thus inducing its
degradation. Activation of Wnt signaling prevents this proteo-
somal destruction of �-catenin, which then associates with and
coactivates the transcription factor T cell factor 4, ultimately
leading to the induction of target genes stimulating cell-cycle
progression. �-Catenin levels accumulate after mutations of the
Apc gene, and heterozygous germline mutations of the human
Apc gene predispose carriers to familial adenomatous polyposis,
a syndrome characterized by the occurrence of large numbers of
colon polyps at young age (16–19). In such familial adenomatous
polyposis patients, the second APC allele is often inactivated
subsequently in intestinal epithelial cells, leading to cell prolif-
eration and ultimately colon polyps. Also, in up to 80% of the
subjects with sporadic colon cancers, both Apc alleles are
inactivated (15, 18), emphasizing the critical role of the APC
complex in the maintenance of a normal balance between
proliferation and differentiation in the intestinal crypts. The
molecular link between �-catenin and LRH-1 signaling incited
us to evaluate an eventual contribution of LRH-1 to intestinal
tumorigenesis.

Experimental Procedures
Animal Experiments. Heterozygous Lrh-1 mice (4) were back-
crossed for nine generations with C57BL�6J mice. Six-week-old
male C57BL�6J-ApcMin/� inbred mice were obtained from The
Jackson Laboratory and were crossed with female LRH-1�/�

mice to generate 10 pairs of male and 10 pairs of female
Lrh-1�/��ApcMin/� F1 control mice and double heterozygous
Lrh-1�/��ApcMin/� F1 littermates. Mice were group-housed and
accustomed to a 12-h light�12-h dark cycle with free access to
standard mouse chow (D03, SAFE, Villemoisson sur Orge,
France) and tap water. At 18 weeks of age, mice were killed by
CO2 asphyxiation. The gastrointestinal tract was removed, five
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sections from duodenum to the rectum were opened longitudi-
nally, washed with PBS, spread out on filter paper, and fixed in
10% buffered formalin. Specimens were examined under a
dissecting microscope, and location, volume, and number of
tumors were determined. Tumor diameter (in mm) was mea-
sured by using a microscopic eyepiece grid. For the short-term
chemically induced neoplasia model, 6-week-old male and fe-
male Lrh-1�/� mice and wild-type littermates were injected i.p.
twice within a 1-week interval with 7.5 mg�kg azoxymethane
(AOM; Sigma). Aberrant crypt foci in colon of mice were
determined by methylene blue staining (0.2%) 5 weeks after the
first AOM injection. Standardized segments of colon were taken
for histological analysis. To obtain chemically induced colon
tumors, mice were exposed to six i.p. injections of 10 mg�kg
AOM during a period of 6 weeks. Mice were killed 23 weeks after
the first AOM injection, and tumors were counted and har-
vested. For BrdUrd incorporation studies, mice were injected i.p.
with 50 mg�kg BrdUrd 2 h before being killed. Inflammation was
induced in 8-week-old C57BL�6 males, which were injected i.p.
with 100 �g of LPS (L-4005, Sigma). Colons were harvested 6
and 24 h after LPS administration and immediately frozen for
RNA analysis.

RNA Analysis. Total RNA from ileum and colon was purified by
using the RNeasy Mini kit (Qiagen, Valencia, CA). Real-time
quantitative PCR with gene-specific primers for LRH-1 and
reference gene was performed as described in ref. 4. The relative
expression level of TNF-� was determined with primer set
5�-GGG ACA GTG ACC TGG ACT GT-3� and 5�-AGG CTG
TGC ATT GCA CCT CA-3�.

Histological Analysis, Antibodies, and Statistics. Sections (5 �m)
from paraffin-embedded mouse ileum and�or colon were
stained with hematoxylin�eosin. For BrdUrd immunostaining,
antigen-retrieved sections were incubated overnight with an
anti-BrdUrd mouse monoclonal primary antibody (Roche Mo-
lecular Biochemicals), followed by incubation with a secondary
Cy3-conjugated anti-mouse IgG antibody. Signals were revealed
with a fluorescence microscope (Leica Microsystems, Rueil
Malmaison, France). Human colon biopsies were collected
during elective surgery after informed consent from patients and
approval from the ethical review board at Katholieke Univer-
siteit, Leuven. Immunohistochemistry was performed on 5-�m-
thick sections from paraffin-embedded human colon. Incubation
with the primary antibody (anti-hLRH-1, Perseus Proteomics,
Tokyo, Japan) was performed at room temperature for 30 min,

Fig. 1. Haploinsufficiency of LRH-1 reduces tumor multiplicity in ApcMin/� mice. (A and B) Total tumor number in the gastrointestinal tract of 18-week-old male
(A) and female (B) single C57BL�6J-Lrh-1�/��ApcMin/� and double C57BL�6J-Lrh-1�/��ApcMin/� heterozygous mutant littermates (n � 10 per genotype and per
gender). Processing and analysis of the gastrointestinal tract is described in Experimental Procedures. Animals were studied on a pure C57BL�6J background and
on a standard chow diet. Single and double heterozygous mutant littermates are represented by lines. The mean tumor number is indicated by a bar.
Mann–Whitney U test was used to compare data from different genotypes. Differences were considered statistically significant at P � 0.05. (C and D) Tumor
distribution by number and diameter in proximal small intestine (SI), distal small intestine, and colon of male (C) and female (D) single C57BL�6J-Lrh-1�/��ApcMin/�

and double heterozygous C57BL�6J-Lrh-1�/��ApcMin/� mutant mice. x axis represents tumor diameter (in mm). *, Statistically significant at P � 0.05 (ANOVA).
(E and F) Representative hematoxylin�eosin staining of normal (E) and adenomatous (F) ileum of single heterozygous C57BL�6J-Lrh-1�/��ApcMin/� and double
heterozygous C57BL�6J-Lrh-1�/��ApcMin/� mice.
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followed by treatment with peroxidase-conjugated anti-mouse
EnVision� reagent (DakoCytomation, Glostrup, Denmark).
Except stated otherwise, results are expressed as mean � SEM.
Differences were considered statistically significant at P � 0.05.

Results
ApcMin/� mice, heterozygous for a nonsense mutation in codon
850 of the Apc gene, develop multiple tumors throughout the
intestinal tract and are a commonly used model for both familial
adenomatous polyposis and sporadic colon cancer (20). ApcMin/Min

mice, homozygous for the Min mutation, are not viable and
heterozygous ApcMin/� mice have a considerably reduced life
span (21). To study the effect of LRH-1 on intestinal tumor
development we crossed Lrh-1�/� mice with ApcMin/� mice.
Lrh-1�/��ApcMin/� single heterozygous mice developed a
mean � SEM of 52 � 16 and 51 � 11 intestinal tumors in male
and female littermates respectively (Fig. 1 A and B). Strikingly,
only 16 � 3 and 23 � 5 tumors were present in the intestine of
male and female Lrh-1�/��ApcMin/� double heterozygous mice
(Fig. 1 A and B), which resulted in a mean 3- and 2-fold
decrease in tumor multiplicity in the intestine of male and
female Lrh-1�/��ApcMin/� mice, respectively. Consistent with
previous observations, the highest frequency of tumors was
found in the distal part of the small intestine, whereas only very
low numbers were observed in the colon (Fig. 1 C and D). In the
small intestine, Lrh-1 haploinsufficiency did not cause a shift in
tumor diameter and did not affect tumor distribution. Consistent
with the decrease in tumor multiplicity, a proportional reduction
could be observed in the number of small (�1 mm), intermediate
(1–3 mm) and large (�3 mm) tumors in the proximal and distal
part of the small intestine (Fig. 1 C and D). Multiplicity of small
tumors in the colon of double heterozygous mutants did not
differ at all from that of ApcMin/� littermates. The absence of a
clear effect of LRH-1 on colon tumors is likely related to the very
low multiplicity of tumors in the colon of ApcMin/� mice. Histo-

logical analysis of the nonneoplastic intestinal mucosa of both
genotypes did not reveal any apparent differences (Fig. 1E). Also
tumor morphology was similar in the Lrh-1�/��ApcMin/� and
Lrh-1�/��ApcMin/� mice (Fig. 1F). In both cases, the tumors were
mainly corresponding to well differentiated tubular adenomas.

Despite the fact that ApcMin/� mice represent a genetic mouse
model to study colon carcinogenesis, these animals mainly
develop tumors in their small intestine. Therefore, we also
studied an independent model of colon carcinogenesis, i.e., the
AOM-induced model. AOM is a chemical agent, which upon
metabolic activation is converted into the carcinogen O6-
methylguanine (22). AOM almost exclusively induces tumors in
the colon of rodents although it is administered systematically.
We performed a short-term treatment with AOM in both male
and female mice to examine the early stages of colon neoplasia,
which are characterized by the formation of aberrant crypt foci
(ACF). The incidence of colonic ACF provoked by a short-
treatment of AOM was significantly reduced in Lrh-1�/� litter-
mates (Fig. 2A). Consistent with our data observed in the Min
mouse model, the number of ACF formed after AOM treatment
was significantly greater in Lrh-1�/� compared with Lrh-1�/�

mice (Fig. 2B). In addition, BrdUrd incorporation index, deter-
mined as a measure of DNA synthesis and cell proliferation, was
higher in Lrh-1�/� vs. Lrh-1�/� mice (Fig. 2 C and D). This
increase in BrdUrd incorporation is in line with our previous
analysis of intestinal cell proliferation in animals that were not
exposed to AOM, and where several parameters of increased cell
proliferation, such as BrdUrd incorporation, phosphohistone H3
and Ki67 staining, were enhanced in Lrh-1�/� relative to Lrh-1�/�

mice (4). Interestingly, because in our study the AOM-induced
foci reflect the very early stages of tumorigenesis, these data
indicate that LRH-1 may have a critical role in the initial phases
of the neoplastic process. In regions where no neoplastic lesions
were observed, the colonic epithelium of both genotypes looked
grossly normal (data not shown). Also, ACF morphology did not

Fig. 2. Haploinsufficiency of LRH-1 reduces azoxymethane-induced neoplasia. (A) Incidence of mice with ACF in male and female Lrh-1�/� and Lrh-1�/� mice
after short-term treatment with AOM. Six-week-old animals (n � 5 per gender and per genotype) were injected i.p. twice for 2 weeks with 7.5 mg�kg AOM and
killed 5 weeks after the first injection. Analysis of the colon is described in Experimental Procedures. Statistical significance (P � 0.05; �2 test) is indicated. (B) Total
number of ACF in male and female Lrh-1�/� and Lrh-1�/� mice (n � 5 per genotype and gender). Comparisons were only performed between littermates. (C)
BrdUrd labeling index expressed as the percentage of BrdUrd-positive cells in the colon of male and female BrdUrd-injected Lrh-1�/� and Lrh-1�/� littermates.
BrdUrd immunostaining was performed as described in Experimental Procedures. Percentage of BrdUrd-positive cells represents the number of BrdUrd-positive
epithelial cells compared with the total number of epithelial cells in three random fields (�200). (D) BrdUrd immunofluorescence staining of colon sections from
BrdUrd-injected Lrh-1�/� and Lrh-1�/� mice that were challenged with AOM.
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show substantial differences among the two genotypes (data not
shown).

We next explored whether LRH-1 expression was changed in
the intestine of the various animal models. Because our mono-
clonal LRH-1 antibody failed to recognize LRH-1 in mouse
intestinal immunohistochemistry, we limited our analysis to
mRNA expression studies. We first analyzed LRH-1 mRNA ex-
pression in normal intestine and in intestinal polyps of Lrh-1�/��
ApcMin/� and Lrh-1�/��ApcMin/� mice. Contrary to our expecta-
tions, LRH-1 mRNA expression was reduced in the polyps
relative to unaffected sections of the intestine (Fig. 3A). Also in
tumors of long-term AOM-treated mice, LRH-1 mRNA levels
were attenuated compared with nontumoral sections of the
colon (Fig. 3B). Chronic intestinal inflammation is a high-risk
factor for the development of intestinal cancer (23). Recently,
support for a direct causal role of the NF-�B signaling pathway
in epithelial tumorigenesis in the intestine has been provided
(24). Several reports have suggested a link between LRH-1 and
inflammation (3, 25). We therefore measured mRNA levels of
the proinflammatory cytokine TNF-� in the same intestinal
samples. Interestingly, all tumors showed a significant increase in
TNF-� mRNA levels in the ApcMin/� and AOM-induced tumors,

which was inversely correlated with the decrease in LRH-1
mRNA (Fig. 3 A and B). To prove a direct causal link between
inflammation and decreased LRH-1 expression, we injected
wild-type C57BL�6J mice i.p. with LPS, an agent that induces
circulating TNF-� levels (26), and measured LRH-1 mRNA
levels subsequently in the intestine. LPS injection was associated
with a significant decrease in intestinal LRH-1 mRNA expres-
sion (Fig. 3C). Although these data suggest that TNF-� can
decrease LRH-1 expression, indications for a reciprocal rela-
tionship emerged when we analyzed LRH-1 and TNF-� expres-
sion in Lrh-1�/��ApcMin/� and Lrh-1�/��ApcMin/� mice. Com-
pared with Lrh-1�/��ApcMin/� mice, Lrh-1�/��ApcMin/� double
heterozygous mice showed consistently lower expression levels
of LRH-1 mRNA, with a similar relative fold reduction in
LRH-1 levels in the tumors (Fig. 3D). As shown in Fig. 3A,
TNF-� was again higher in the tumors than in normal ileum of
Lrh-1�/��ApcMin/� mice. Induction was, however, less pro-
nounced and may be attributed to the gender or younger age of
the mice analyzed in Fig. 3D. Interestingly, compared with
ApcMin/� mice harboring both alleles of LRH-1, ApcMin/� mice
with haploinsufficiency of LRH-1 showed a moderate decrease
in TNF-� expression levels in both normal and tumoral intestine
(Fig. 3D). These results indicate that a decrease of LRH-1 levels
in mice on ApcMin/� background also modulates inflammatory
response, which in addition to decreased cell proliferation may
also contribute to the protection against tumor development in
these mice.

Fig. 4. LRH-1 is differentially expressed in normal versus neoplastic colon.
Shown is hematoxylin�eosin staining [A and D (magnification, �80)] and
LRH-1 immunostaining [B and E (magnification, �80) and C and F (magnifi-
cation, �320)] of human normal colon mucosa (A–C) and neoplastic polyp
(D-F). (A–C) In normal colon, LRH-1 is found predominantly in the nucleus of
the crypt epithelial cells (filled arrowheads). LRH-1 immunostaining is de-
tected in the epithelial cells lining the crypt compartment but absent in the
surface epithelial cells (open arrowheads). (D–F) Neoplastic polyp character-
ized with high-grade dysplasia. A marked elongation and lack of differenti-
ation and maturation of crypt and surface epithelial cells is observed. Nuclei
are elongated and pseudostratified. Increased cytoplasmic (open circle) and
nuclear (filled arrowheads) LRH-1 immunostaining is observed in all epithelial
cells, including those lining the surface, which are normally nonproliferative
and unstained.

Fig. 3. Proinflammatory factors decrease LRH-1 expression in normal and
tumoral intestine. (A and B) LRH-1 and TNF-� expression are inversely corre-
lated in the intestine. Relative mRNA levels of LRH-1 and TNF-� were analyzed
in normal (N) versus tumoral (T) ileum of 22-week-old female C57BL�6J-Lrh-
1�/��ApcMin/� mice (A) or in normal versus tumoral colon of C57BL�6J mice
exposed to long-term AOM treatment (B) as described in Experimental Pro-
cedures. (C) Effect of LPS treatment on colon TNF-� and LRH-1 mRNA. Relative
mRNA levels of TNF-� and LRH-1 were examined on colon biopsies from
C57BL�6 mice killed before or 6 and 24 h after vehicle (CTRL) or LPS i.p.
injection. (D) Effect of LRH-1 haploinsufficiency on the expression level of
LRH-1 in normal and tumoral ileum of 18-week-old male ApcMin/� mice.
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Whereas technical limitations of the available antibodies
hampered immunohistochemical analysis on mouse intestinal
tissues, LRH-1 could be readily detected on human tissues. To
evaluate whether the results we obtained in our two mouse
models could be extrapolated to man, we analyzed the expression
of LRH-1 protein in human biopsies obtained from normal and
neoplastic colon. Anti-LRH-1 staining showed nuclear expres-
sion in the cells lining the basal two-thirds of the mucosa of
normal colon (Fig. 4 B and C). LRH-1 expression was stronger
in the proliferative compartment, with a decrease in staining
intensity as cells exit the cell cycle and migrate to the upper part
of the crypts. Differentiated enterocytes at the surface of the
intestine were almost negative for LRH-1. In the neoplastic
lesions, characterized by high-degree dysplasia, subcellular levels
of LRH-1 protein were changed, with significantly higher cyto-
plasmic levels (Fig. 4 E and F) compared with normal colon. In
addition, LRH-1 staining was no longer limited to the cells lining
the crypts but also present in the epithelial cells at the surface.
These alterations in both expression and subcellular localization
of LRH-1 further underscore the critical role of LRH-1 in
intestinal tumorigenesis.

Discussion
We show here that haploinsufficiency of LRH-1 reduces intes-
tinal tumorigenesis in two independent models that are com-
monly used to study intestinal tumorigenesis, i.e., mice with a
mutation in the Apc gene (or ApcMin/� mice) and mice in which
ACFs were induced by the administration of AOM. In view of
the impact of gene-environment and gene–gene interactions on
the pathogenesis of intestinal tumors, we took extreme caution
to reduce variables that could confound the interpretation of our
data. In the two studies, animals were studied on a pure
C57BL�6J background and on the same diet, reducing contri-

butions of confounders to the study outcome. Furthermore, in
the ApcMin/� study, tumor multiplicity was compared within
animals from the same litter. The striking similarity in the
reduction of tumor multiplicity in Lrh-1�/� animals in these two
independent and well controlled models hence provides conclu-
sive proof of the contribution of LRH-1 to intestinal tumor
formation. Molecular analysis of human tumors has shown that
the cell-cycle regulators cyclin D1, cyclin E1 and c-Myc, down-
stream targets of the LRH-1 and �-catenin-signaling pathways
(4, 27–29) are frequently overexpressed in human gastrointes-
tinal cancers (30–32) and have been shown to contribute to
oncogenesis in animal models (33–35). Hence, our present in
vivo data, which link LRH-1 with intestinal tumorigenesis, as well
as our previous in vitro studies, which document the synergy
between LRH-1 and �-catenin�T cell factor 4 signaling, warrant
a thorough genetic and epigenetic exploration of the contribu-
tion of LRH-1��-catenin signaling to the development of human
intestinal cancer. Our data on gene expression in the intestine of
Lrh-1�/��ApcMin/� and Lrh-1�/��ApcMin/� mice suggest further-
more the existence of a reciprocal relationship between TNF-�
and LRH-1. In view of the established link between chronic
intestinal inflammation and epithelial tumor development, a
careful dissection of the relative contribution of changes in cell
proliferation and inflammation to the pathogenesis of colon
cancer will be required.
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