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Illkirch, France

ABSTRACT Glucocorticoids are anti-inflammatory ste-
roids with important applications in the treatment of
inflammatory diseases. Endogenous glucocorticoids are
mainly produced by the adrenal glands, although there
is increasing evidence for extra-adrenal sources. Recent
findings show that intestinal crypt cells produce glu-
cocorticoids, which contribute to the maintenance of
intestinal immune homeostasis. Intestinal glucocorti-
coid synthesis is critically regulated by the transcription
factor liver receptor homologue-1 (LRH-1). As expres-
sion of steroidogenic enzymes and LRH-1 is restricted
to the proliferating cells of the crypts, we aimed to
investigate the role of the cell cycle in the regulation of
LRH-1 activity and intestinal glucocorticoid synthesis.
We here show that either pharmacological or molecular
modulation of cell cycle progression significantly inhib-
ited expression of steroidogenic enzymes and synthesis
of glucocorticoids in intestinal epithelial cells. Synchro-
nization of intestinal epithelial cells in the cell cycle
revealed that expression of steroidogenic enzymes is
preferentially induced at the G1/S stage. Differentia-
tion of immature intestinal epithelial cells to mature
nonproliferating cells also resulted in reduced expres-
sion of steroidogenic enzymes. This cell cycle-related
effect on intestinal steroidogenesis was found to be
mediated through the regulation of LRH-1 transcrip-
tional activity. This mechanism may restrict intestinal
glucocorticoid synthesis to the proliferating cells of the
crypts.—Atanasov, A. G., Leiser, D., Roesselet, C.,
Noti, M., Corazza, N., Schoonjans, C., Brunner, T. Cell
cycle-dependent regulation of extra-adrenal glucocorti-
coid synthesis in murine intestinal epithelial cells.
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Glucocorticoids play an important role in regula-
tion of immune cells and inflammation. Consequently,
glucocorticoids and synthetic derivatives are successfully
used in the treatment of inflammatory diseases, including
inflammatory bowel disease (IBD), such as Crohn’s dis-
ease and ulcerative colitis (1). The adrenal glands are the

major source of endogenous glucocorticoids, and lack of
endogenous glucocorticoid synthesis, e.g., after adrenalec-
tomy, may result in shock and lethality on strong immune
cell stimulation (2). Recent findings, however, support
the idea that glucocorticoid synthesis is not restricted to
the adrenal glands but may occur in a variety of tissues,
including thymus, brain, skin, and endothelium. We have
recently reported that the intestinal epithelium is also an
important extra-adrenal source of immunoregulatory glu-
cocorticoids. The enzymes required for the synthesis of
glucocorticoids from cholesterol were found to be prefer-
entially expressed in the proliferating epithelial cells of
the crypt region. The synthesis of glucocorticoids in
intestinal epithelial cells was induced after immune cell
activation and had in turn a profound immunoregulatory
effect on the activation of local T cells (3).

Glucocorticoid synthesis in the adrenal glands is criti-
cally controlled by the nuclear receptor steroidogenic
factor-1 (SF-1, NR5A1) (4). SF-1 is a transcription factor
that controls the transcription and expression of a variety
of steroidogenic enzymes in the adrenal glands. Conse-
quently, the production of systemic glucocorticoids is
severely impaired in SF-1-deficient mice (4). SF-1 is not
expressed in the intestinal epithelium and does not
participate in the regulation of intestinal glucocorticoid
synthesis (5). Interestingly, a close homologue of SF-1,
liver receptor homologue-1 (LRH-1, NR5A2) seems to
functionally substitute SF-1 in the intestinal epithelium.
LRH-1 is expressed at high levels in intestinal crypt cells
(6, 7), and overexpression of LRH-1 induces expression of
steroidogenic enzymes and glucocorticoid synthesis (5, 8,
9). In addition, LRH-1 haploinsufficient mice have
strongly reduced intestinal glucocorticoid synthesis (5,
10). More recently, it was found that LRH-1 haploinsuffi-
cient mice or mice with intestinal epithelium-specific
LRH-1 deficiency are more sensitive to induction of
experimental colitis, supporting the notion that intestinal
glucocorticoids have an important role in the regulation
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of local immune responses (10). Interestingly, it was also
observed that LRH-1 expression was significantly reduced
in inflamed intestinal tissue specimens of patients with
Crohn’s disease or ulcerative colitis compared with non-
inflamed control tissues (10).

LRH-1 is involved not only in the regulation of steroi-
dogenesis but also in cell cycle control and tumor forma-
tion. LRH-1 regulates the expression of cyclin D1 and E1
in intestinal crypt cells, thereby contributing to the re-
newal of the intestinal epithelial layer (7). Uncontrolled
LRH-1 activity, however, seems also to participate in the
induction of intestinal tumors, probably through en-
hanced expression of cyclin proteins (6).

Here we show not only that LRH-1 controls cell cycle
progression in intestinal epithelial cells but also that
regulation of LRH-1 activity and associated expression of
steroidogenic enzymes is cell cycle-dependent. Inhibition
of cyclin-dependent kinase (Cdk) 1 or cell cycle progres-
sion by pharmacological inhibitors severely impaired
LRH-1-mediated expression of steroidogenic enzymes
and glucocorticoid synthesis. Interestingly, cell cycle arrest
did not alter the nuclear localization of LRH-1 but re-
duced its transcriptional activity. In addition, both steroi-
dogenic enzymes CYP11A1 (side chain cleavage enzyme)
and CYP11B1 (11�-hydroxylase) are preferentially in-
duced in the G1/S phase of cell cycle-synchronized cells.
In combination, our results suggest that in the intestine
LRH-1-induced steroidogenesis is cell cycle stage-dependent.

MATERIALS AND METHODS

Cells and reagents

The murine intestinal epithelial cell line mICcl2 (11) was
described previously. The culture medium consisted of 12 g/L
Dulbecco’s modified Eagle medium/Ham’s F-12 (1:1, v/v; In-
vitrogen, Carlsbad, CA, USA), 2.438 g/L NaHCO3, 2% steroid-
free fetal calf serum (FCS), 60 nmol/L sodium selenite, 5 �g/ml
apotransferrin, 10 ng/ml murine epithelial growth factor, 1
nmol/L triiodothyronine, 5 �g/ml insulin, 2 mmol/L l-alanyl-
l-glutamine, 50 �g/ml gentamicin, and 20 mmol/L HEPES.
Forskolin was obtained from Calbiochem (VWR, Lucerne, Swit-
zerland). Aphidicolin, doxorubicin, olomoucine, iso-olomou-
cine, and nocodazole were from Alexis (Lausen, Switzerland).

Plasmids

The expression construct for murine LRH-1 (12) and the
murine CYP11A1 and CY11B1 reporter constructs (5) were
described earlier (12). The heterologous LRH-1 reporter con-
struct, referred to as LRH-1 RE 5x, was generated by subcloning
five copies of the LRH-1 response element (RE) of the SR-B1
promoter (13) into basic pGL3 (Promega, Duebendorf, Switzer-
land). An expression plasmid for green fluorescent protein
(GFP)-tagged LRH-1 was generated by cloning murine LRH-1
into pEGFP-N1 (Clontech, Saint-Germain-en-Laye, France). The
activities of untagged and tagged LRH-1 were tested in a
luciferase reporter assay (see Fig. 6A). The pRb (retinoblastoma
protein) expression plasmid was kindly provided by Seamus
Martin (Trinity College, Dublin, Ireland) (14); Cdk1 and dom-
inant negative Cdk1 expression plasmids were a gift from
Ed Harlow (Massachusetts General Hospital Cancer Center,
Charlestown, MA, USA) (15).

Luciferase reporter assays

CYP11A1, CYP11B1, or LRH-1 RE 5x reporter constructs and
�-galactosidase expression vector for transfection control were
cotransfected into mICcl2 cells using the calcium phosphate
precipitation method. In some experiments cells were cotrans-
fected with empty vector or LRH-1, Cdk1, dominant negative
Cdk1, and/or pRb expression plasmids. After overnight trans-
fection, cells were washed, treated with the indicated inhibitors,
and cultured for 16 h. Cells were then lysed, and luciferase
activity assays and normalization with �-galactosidase activity
were performed as described previously (16).

Measurement of corticosterone

mICcl2 cells were transfected and stimulated as indicated. After
overnight culture, cell-free supernatant was harvested, and cor-
ticosterone production was measured by RIA (3).

Cell cycle release experiments

mICcl2 cells were treated with control medium or 100 ng/ml
nocodazole for 16 h to induce cell cycle arrest in the G2 phase
(17). Cells were then washed two times with PBS and resus-
pended in medium without nocodazole. After 0, 2, 4, 6, and 12 h
an aliquot of the nocodazole-treated cells or control cells was
harvested and the DNA content, as a measurement of cell cycle
progression, was analyzed by propidium iodide staining (17). At
the same time points, aliquots were collected, and total RNA was
isolated. LRH-1, cyclin B1, cyclin D1, CYP11A1, and CYP11B1
mRNA expression was analyzed by real-time reverse transcriptase
(RT)-polymerase chain reaction (PCR) using QuantiTect prim-
ers (Qiagen, Basel, Switzerland) and glyceraldehyde-3-phos-
phate dehydrogenase mRNA as an internal control (9).

Detection of steroidogenic factors in differentially isolated
intestinal epithelial cells

Alkaline phosphatase staining and differential isolation of epi-
thelial cells from the small intestine of C57BL/6 mice were done
as described previously (3). Epithelial cell fractions were ana-
lyzed for their protein content and alkaline phosphatase activity.
The early fractions with a high alkaline phosphatase activity were
considered villus epithelial cell fractions, whereas the late frac-
tions with a low alkaline phosphatase activity were considered
crypt cell fractions. LRH-1, cyclin B1, and CYP11B1 mRNA
expression in these fractions was determined as described pre-
viously (5, 9).

Subcellular localization of LRH-1

mICcl2 cells were transfected with GFP-tagged LRH-1 expres-
sion plasmid and then treated with various cell cycle inhibitors at
concentrations previously tested to block LRH-1-induced
CYP11A1 promoter activity. The subcellular localization was
then assessed using fluorescence microscopy. Alternatively, cells
were transfected with a control or LRH-1 expression vector and
treated with vehicle or doxorubicin. Cytoplasmic and nuclear
fractions were isolated as described previously (18), and the
presence or absence of LRH-1 in these fractions was assessed by
Western blotting (19).

Epithelial cell differentiation experiment

Young adult mouse colon (YAMC) cells (20) were kindly pro-
vided by Robert Whitehead (Vanderbilt University, Nashville,
TN, USA) and were grown in RPMI 1640 medium containing
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5% FCS, 50 �g/ml gentamicin, 1 �g/ml insulin, and 0.5 ng/ml
murine IFN�. YAMC cells are conditionally immortalized by an
IFN-�-inducible and temperature-sensitive simian virus 40 large
T antigen (SV40LT) mutant (tsA58), which is active at 33°C and
inactive at 37°C. A shift to 37°C leads to a time-dependent
differentiation of the crypt-like cells to mature nonproliferating
epithelial cells. YAMC cells were either grown at 33°C or shifted
to 37°C for various periods of time in the absence of murine
IFN-�. Proliferation of cells was assessed using the 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) as-
say (21). Cell cycle arrest was measured by staining DNA with
propidium iodide and analysis by flow cytometry (17). Expres-
sion of the Cdk inhibitor p21/waf, cyclin D1, LRH-1, and
CYP11B1 was measured by real-time RT-PCR.

Statistical analysis

In some experiments, differences between groups were analyzed
by unpaired two-tailed Student’s t test. Values of P � 0.05 were
considered significant.

RESULTS

LRH-1 and steroidogenic enzymes are coexpressed
in the proliferating cells of the small intestinal crypts

We have shown previously that the intestinal epithelium is
an important source of extra-adrenal glucocorticoids and
that the regulation of glucocorticoid synthesis in the
intestinal epithelium is substantially different from that in
the adrenal glands (5, 9). Interestingly, we found that the
expression of steroidogenic enzymes in the intestine is
confined to the proliferating intestinal crypt cells. The
expression of steroidogenic enzymes and the synthesis of
glucocorticoids in intestinal epithelial cells is critically
regulated by the nuclear receptor and transcription factor
LRH-1 (5). However, LRH-1 regulates not only intestinal
steroidogenesis but also crypt cell proliferation and re-
newal (7).

We therefore hypothesized that LRH-1 and steroido-
genic enzymes colocalize in the proliferating cells of the
intestinal crypts. Using a differential isolation method (3),
we isolated intestinal epithelial cells either from the villus
tip or the intestinal crypts. Villus cells were identified by
the presence of high alkaline phosphatase activity,
whereas crypt cell fractions had only minimal enzyme
activity (Fig. 1A, B). Villus tip or crypt cell fractions were
then analyzed for the expression of LRH-1, cyclin D1 as a
marker for proliferating crypt cells, and CYP11B1 as a
representative steroidogenic enzyme and LRH-1 target.
Intriguingly, it was found that all three gene products
tested colocalized in the same cell fractions, i.e., the
proliferating and alkaline phosphatase-negative cells of
the crypts (Fig. 1B).

Intestinal epithelial cell differentiation induces cell
cycle arrest and blocks expression of steroidogenic
enzymes

As epithelial cells from the villus tip were found to be
negative for LRH-1 and CYP11B1 expression, we hypoth-
esized that the differentiation of immature proliferating

crypt cells to mature differentiated epithelial cells leads to
reduced expression of steroidogenic enzymes. To test this
idea we took advantage of the YAMC epithelial cells,
which are transformed by a temperature-sensitive SV40LT
mutant (20). Although these cells grow at 33°C, transfer
to 37°C leads to rapid inactivation of SV40LT and differ-
entiation of the YAMC cells. Transfer of YAMC cells to
37°C resulted in reduced proliferation, as measured by
MTT assay (Fig. 2A) and induction of cell cycle arrest (Fig.
2B). Accordingly, cyclin D1 expression was reduced in
differentiated cells whereas the expression of the cell cycle
inhibitor p21/Waf was induced (Fig. 2C). Interestingly,
although LRH-1 expression was only partially inhibited,
CYP11B1 expression was almost completely abrogated in
cells grown at 37°C for 24 h (Fig. 2C). Thus, these data
suggest that the expression of steroidogenic enzymes is
restricted to undifferentiated proliferating epithelial cells.

Figure 1. Colocalization of LRH-1, cyclin D1, and CYP11B1 in
the intestinal crypts. A) Detection of alkaline phosphatase
activity (red) in tissue sections from the small intestinal
mucosa. V, villus; C, crypt. B) Intestinal epithelial cells from
the small intestine were differentially isolated from the villus
tip (fraction 1) to the crypt (fraction 4). Alkaline phosphatase
activity (alk. phosphatase) and LRH-1, cyclin D1, and CYP11B1
expression in the different fractions are shown. A typical exper-
iment of three is shown. Rel., relative.
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CYP11A1 and CYP11B1 are preferentially expressed
in a distinct cell cycle stage

These data suggested that steroidogenic enzymes are
expressed in a cell cycle-dependent manner. We there-
fore aimed to investigate whether CYP11A1 and CYP11B1
are preferentially expressed at a distinct cell cycle stage.
The murine crypt cell-like cell line mICcl2 (5, 9, 11) was
treated with nocodazole overnight to synchronize cells in
the G2/M phase and then released into the cell cycle.
After different time intervals cell cycle progression was
monitored, and gene expression was analyzed. As shown
in Fig. 3A, most cells accumulated in the G2/M stage after
nocodazole treatment, but gradually returned into the
cell cycle after removal of the inhibitor. Analysis of mRNA
expression revealed that nocodazole-treated cells had
increased levels of cyclin B1 (a G2/M cyclin), which
further increased for the next 4 h and then decreased
(Fig. 3B). In contrast, cyclin D1 (a G1/S cyclin) mRNA
levels were lower in nocodazole-treated cells and only
increased after 12 h, when most cells had reached the
G1/S transition. Interestingly, cyclin D1 as well as
CYP11A1 and CYP11B1 are LRH-1 target genes (5, 7, 9).
Accordingly, CYP11A1 and CYP11B1 mRNA expression
showed pattern very similar to that of cyclin D1, with
reduced expression in the G2/M phase and increased
expression in the G1/S phase. In marked contrast, the
expression of LRH-1 remained relatively stable during this
cell cycle release experiment, apart from a transient
increase after 2 h (Fig. 3B).

Cell cycle inhibition blocks CYP11A1 and CYP11B1
promoter activity

We next assessed whether inhibition of cell cycle progres-
sion by various inhibitors would result in reduced steroi-
dogenic enzyme expression. We have previously shown
that overexpression of LRH-1 strongly increases CYP11A1
and CYP11B1 promoter activity (5, 9). Therefore, the
effect of cell cycle blockers was tested on basal and
LRH-1-driven CYP11A1 and CYP11B1 promoter activity in
mICcl2 cells. Treatment of control or LRH-1-transfected
mICcl2 cells with different cell cycle blockers induced cell
arrest at distinct cell cycle stages. As an example, doxoru-
bicin-treated cells, arresting in G0 and G2/M (22), and
nocodazole-treated cells, accumulating in the G2/M phase,
are shown (Fig. 4A) (17). Doxorubicin dose dependently
inhibited LRH-1-driven CYP11A1 and CYP11B1 promoter
activity and also reduced basal promoter activities. Simi-
larly, in the presence of LRH-1 dose-dependent inhibition
of CYP11A1 and CYP11B1 promoter activity could be
observed after treatment of cells with nocodazole (inhib-
itor of mitotic spindle formation), aphidicolin (inhibitor
of DNA replication), forskolin (increase in cAMP), and
olomoucine (inhibitor of Cdk1 activity) (Fig. 4B). In
contrast, no inhibition was observed with the inactive
control compound iso-olomoucine (data not shown).

Inhibition of cell cycle blocks LRH-1-induced
corticosterone synthesis

The inhibition of CYP11A1 and CYP11B1 promoter activ-
ity suggested that the inhibition of the cell cycle would
also block corticosterone production. mICcl2 cells were
thus transfected with control or LRH-1 expression vector
and treated with various cell cycle blockers, and cortico-
sterone production was assessed. Interestingly, although
overexpression of LRH-1 induced the synthesis and release
of corticosterone, treatment with doxorubicin, nocoda-
zole, aphidicolin, and olomoucine efficiently blocked
LRH-1-mediated corticosterone production (Fig. 4C).
These data indicate that in the intestine cell cycle blockers
impair extra-adrenal glucocorticoid synthesis through in-
hibition of CYP11A1 and CYP1B1 promoter activity.

Role of Cdk1 and pRb in LRH-1-induced
steroidogenesis

Cdks are important regulators of cell cycle progres-
sion. Olomoucine is a potent inhibitor of Cdk1 (17), and
the olomoucine-induced inhibition of LRH-1-driven
CYP11A1 and CYP11B1 promoter activity suggested a
critical role of Cdk1 in the regulation of intestinal steroi-
dogenesis. As pharmacological inhibitors can have a vari-
ety of off-target effects, we further investigated whether
inhibition of Cdk1 by overexpression of dominant nega-
tive Cdk1 could result in reduced promoter activity.
Consistent with previous findings transient transfection of
mICcl2 cells with a dominant negative Cdk1 expression
plasmid caused a profound inhibition of LRH-1-induced
CYP11A1 and CYP11B1 activity (Fig. 5A, B). In contrast,
no such inhibition was observed with wild-type Cdk1.

Figure 2. Epithelial cell differentiation induces cell cycle arrest
and inhibits steroidogenic enzyme expression. A) YAMC cells
were grown at either 33 or 37°C for indicated time points, and
proliferation was measured by the MTT assay. B) Cells were
grown at 33 or 37°C for 1 day, and DNA content was assessed by
flow cytometry. Numbers indicate the percentage of cells at a
given cell cycle stage. C) Expression of p21, cyclin D1, LRH-1,
and CYP11B1 at 33 or 37°C after 1 day. *P � 0.05; **P � 0.01 vs.
cells grown at 33°C. NS, not significant; rel., relative.
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pRb plays a critical role in the regulation of cell cycle
progression (23). In the resting cell pRb binds and
inactivates the transcription factor E2F. Mitogenic stimuli
lead to the activation of Cdks, which then phosphorylate
and inactivate pRb, releasing E2F and thereby promoting
cell cycle entry. Because of its prominent role in cell cycle
regulation, we tested the effect of pRb overexpression on
LRH-1-driven steroidogenic enzyme expression. In agree-
ment with the above-described results we found that
increased levels of pRb profoundly inhibited CYP11A1
and CYP11B1 induction (Fig. 5C, D). These data clearly
show that inhibition of cell cycle progression results in
reduced CYP11A1 and CYP11B1 promoter activity.

Cell cycle inhibitors do not affect LRH-1 nuclear
localization

Many nuclear receptors are cytoplasmic in their inactive
stage but translocate to the nucleus after ligand binding,
e.g., the glucocorticoid receptor (24). To investigate
whether the inhibitory effect of cell cycle blockers on the
(LRH-1-induced) expression of steroidogenic enzymes
would be due to inhibition of LRH-1 translocation, we
analyzed the nuclear localization of fluorescence-tagged

LRH-1. Untagged and GFP-tagged LRH-1 had compara-
ble CYP11A1 promoter-inducing activities in mICcl2 cells,
which were equally inhibited after treatment with aphidi-
colin or doxorubicin (Fig. 6A). mICcl2 cells were then
transfected with GFP-tagged LRH-1, and the intracellular
localization after treatment of cells with various cell cycle
inhibitors was monitored by fluorescence microscopy. In
mICcl2 cells LRH-1 constitutively localized to the nucleus,
and its localization was not altered after treatment with
doxorubicin or other cell cycle inhibitors (Fig. 6B). As
doxorubicin treatment resulted in increased background
fluorescence, we also analyzed the localization of un-
tagged LRH-1 protein on doxorubicin treatment by sub-
cellular fractionation. Figure 6C shows that in untreated
and doxorubicin-treated cells LRH-1 was only detected in
the nuclear fraction and was absent from the cytoplasmic
fraction.

Cell cycle inhibitors alter LRH-1 transcriptional activity

To further address whether the inhibitory effect of cell
cycle inhibitors on CYP11A1 and CYP11B1 promoter
activity was due to specific inhibition of LRH-1 activity,
rather than altering other promoter-activating factors, we

Figure 3. Steroidogenic enzymes are expressed at distinct cell cycle stages. A) mICcl2 cells were synchronized with nocodazole
overnight and then were released into the cell cycle for the time intervals indicated. DNA profiles at given time points (hours
after release) are shown. The percentage of cells in given cell cycle stages is indicated. B) Cells were collected at different time
points after release from nocodazole block, and the expression of LRH-1, cyclin B1, cyclin D1, CYP11A1 and CYP11B1 was
measured by real-time PCR. A typical experiment of three is shown. Rel., relative.
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transfected cells with a heterologous LRH-1 reporter
construct consisting of five LRH-1 response elements
(LRH-1 RE 5x) and assessed the effect of cell cycle
blockers on LRH-1-induced transcriptional activity (Fig.
7). Transient expression of LRH-1 strongly induced the
LRH-1 reporter activity, which was substantially inhibited
after treatment of cells with doxorubicin, nocodazole, or
aphidicolin. These findings support the notion that
LRH-1 transcriptional activity is regulated in a cell cycle-
dependent manner.

DISCUSSION

We have previously demonstrated a dominant role of
LRH-1 in the control of intestinal glucocorticoid synthesis

(5, 9, 10). Consequently, LRH-1 haploinsufficient mice
were found to have reduced intestinal glucocorticoid
synthesis (5) and increased susceptibility to development
of experimental IBD (10). However, LRH-1 not only
regulates steroid synthesis but also controls intestinal
epithelial cell proliferation and renewal through the
induction of cyclin D1 and E1 expression (7). Thus,
LRH-1 may contribute to intestinal epithelial layer integ-
rity via two mechanisms, crypt cell proliferation and
epithelial cell renewal on one hand and suppression of
intestinal inflammation and regulation of epithelial tight
junctions via the induction of local glucocorticoid synthe-
sis on the other hand (7, 10, 25). In this study, we now
show that the relation among LRH-1, the cell cycle, and
glucocorticoid synthesis is even more complex and is not

Figure 4. Cell cycle inhibition blocks CYP11A1 and CYP11B1 promoter activity. A) Cell cycle
profile of control or LRH-1-transfected mICcl2 intestinal epithelial cells treated with
doxorubicin (1 �g/ml) or nocodazole (30 �g/ml). Numbers indicate the percentage of cells
in given cell cycle stage. B) mICcl2 cells were transiently transfected with vector control (�)
or LRH-1 expression vector (f) and CYP11A1 or CYP11B1 reporter constructs. Cells were
treated with increasing doses of the cell cycle inhibitors indicated, and luciferase activity was
measured. Values are means � sd of quadruplicates of a typical experiment of four. C) Cells
were transfected with control plasmid (�) or LRH-1 (f) and treated with doxorubicin (Dox,
1 �g/ml), nocodazole (Noc, 30 �g/ml), aphidicolin (Aph, 1 �g/ml), or olomoucine (Olo, 30

�M). Corticosterone in the supernatant was measured by RIA. Values are means � sd of triplicates. *P � 0.05; **P � 0.01
vs. control (Ctr.) treated cells. Rel., relative.
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only unidirectional but also extends on cell cycle stage-
dependent regulation of LRH-1 activity and thereby glu-
cocorticoid synthesis in the intestinal epithelium.

A first hint for cell cycle-dependent control of intestinal
glucocorticoid synthesis came from the observation that
both LRH-1 and steroidogenic enzymes are predomi-
nantly expressed in the proliferating cells of the intestinal
crypts (3, 7). We confirmed these data by demonstrating
that LRH-1, cyclin D1, and CYP11B1 are expressed in the
alkaline phosphatase-negative epithelial cells of the small
intestinal crypts (Fig. 1A, B). In addition, we have previ-
ously made the surprising finding that an increase in
intracellular cAMP levels after treatment of intestinal
epithelial cells with forskolin leads to reduced expression
of steroidogenic enzymes, whereas forskolin promotes
their expression in adrenal-derived cells (9). In this study
we now also show that the cell cycle blocker forskolin
significantly inhibits LRH-1 activity and LRH-1-induced
steroidogenesis in intestinal epithelial cells. This inhibi-
tory effect on LRH-1 activity was not restricted to forskolin
but was uniformly observed with a wide variety of cell
cycle-modulating compounds and molecules. This sug-
gests that the forskolin-induced inhibition of intestinal
steroidogenesis is probably not mediated via the elevation
of cAMP and subsequent activation of protein kinase A
but rather via inhibition of cell cycle progression. Much in
line with this notion is our observation that differentiation
of proliferating crypt cell-like YAMC cells to more mature

epithelial cells results in cell cycle arrest, as illustrated by
reduced proliferation, an increase in p21/Waf expression
and reduced D1 expression and a simultaneous reduction
in the expression of steroidogenic enzymes. Similarly, we
observed that cell cycle synchronization of intestinal epi-
thelial cells leads to a cyclic expression pattern of
CYP11A1 and CYP11B1, which correlates with that of
cyclin D1, i.e., a peak expression in the G1/S phase. As all
of these genes are targets of LRH-1, it is tempting to
speculate that this cell cycle-dependent effect on the
expression of steroidogenic enzymes is mediated via the
regulation of LRH-1 activation. Indeed, we have seen that
cell cycle arrest by different means blocks the transcrip-
tional activity of LRH-1, whereas it only minimally alters
LRH-1 expression levels.

Of particular interest in this regard is a recent observa-
tion by Lee et al. (26) that extracellular signal-regulated
kinase (ERK) 1/2-mediated phosphorylation of LRH-1 in
the hinge region strongly affects its transcriptional activity.
ERK1/2 is known to be critically involved in growth factor
receptor-induced expression of cell cycle proteins and
epithelial cell proliferation. Thus, mitogen-induced acti-
vation of the mitogen-activated protein kinase pathway
and ERK1/2-mediated phosphorylation of LRH-1 may
represent an interesting link between cell cycle stage and
LRH-1 activity in intestinal epithelial cells. Another possi-
bility that, however, remains to be confirmed, is that Cdks
directly phosphorylate and activate LRH-1. Cdks are
serine/threonine kinase and are known to phosphorylate
amino acid motifs similar to ERK1/2 [(S/T-P) site]. In
addition, there are numerous reports that Cdks phos-
phorylate and activate various nuclear receptors and/or
their cofactors (27, 28). For example, it has been shown
that Cdk2 phosphorylates the cofactor steroid receptor
coactivator (SRC) 1, promotes its interaction with the
progesterone receptor, and thereby enhances the tran-
scriptional activity of this nuclear receptor (29). On the
other hand, the progesterone receptor is also a direct
target of Cdk2-mediated phosphorylation (28). Although
these processes are well established for other nuclear
receptors and tissues, e.g., the progesterone receptor in
the prostate, respectively, in prostate cancer, little is
known regarding the intestinal epithelium and nuclear
receptors that regulate glucocorticoid synthesis. Here, we
provide for the first-time evidence that LRH-1 and extra-
adrenal glucocorticoid synthesis in the intestinal crypts is
regulated in a cell cycle-dependent manner.

An interesting observation in our study was the fact that
overexpression of pRb substantially blocked LRH-1-in-
duced CYP11A1 and CYP11B1 promoter activation. pRb is
an important gatekeeper of the cell cycle. Its phosphory-
lation by Cdk4 leads to its inactivation and dissociation
from E2F and subsequent entry into the cell cycle (23).
Although our observations are in line with the fact that
(unphosphorylated) pRb maintains cell cycle arrest and
therefore inhibits cell cycle-dependent activation of
LRH-1 and steroidogenesis in intestinal epithelial cells,
they contrast to some extent with a recent finding that
pRb enhances SRC2-dependent activity of other nuclear
receptors (30). As SRC1, rather than SRC2, may be critical

Figure 5. Dominant negative Cdk1 and pRb block steroido-
genic enzyme expression. A, B) mICcl2 cells were transfected
with LRH-1, wild-type Cdk1, or dominant negative Cdk1 and
either CYP11A1 (A) or CYP11B1 (B) reporter constructs. C, D)
Cells were transfected with LRH-1 and pRb as indicated, and
CYP11A1 (C) or CYP11B1 (D) induction was measured.
Values are means � sd of triplicates of a typical experiment.
*P � 0.05; **P � 0.01 vs. control treated cells. NS, not
significant; rel., relative.
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for regulation of LRH-1 activation in intestinal epithelial
cells, it is possible that in these cells the dominant effect of
pRb overexpression is the induction of cell cycle arrest
(31) and subsequent inhibition of LRH-1 activity.

The question remains as to why LRH-1 activity and
associated intestinal glucocorticoid synthesis are regu-
lated in a cell cycle-dependent manner. Possibly, this may
allow limitation of expression of steroidogenic enzymes
and intestinal glucocorticoid synthesis to the proliferating

cells of the crypts. Although mature intestinal epithelial
cells are short-lived, crypt cells represent a self-renewing
and therefore unlimited pool of glucocorticoid-synthesiz-
ing cells. This may be important under circumstances in
which excessive epithelial cell death takes place (e.g.,
IBD), and mature epithelial cells could therefore not be a
reliable source of immunoregulatory glucocorticoids. Fur-
thermore, damage to the epithelial layer will allow access
of intestinal immune cells to luminal antigens, pathogens,
and Toll-like receptor ligands, leading to uncontrolled
inflammation and tissue damage. Increased proliferation
of undifferentiated crypt cells and their differentiation to
mature epithelial cells participate in tissue repair, reestab-
lishing an intact intestinal epithelial barrier and thereby
limiting intestinal inflammation. The coupling of intesti-
nal glucocorticoid synthesis to cell cycle and crypt cell
proliferation may further ensure that intestinal epithelial
damage and inflammation are resolved not only by main-
taining proper epithelial barrier function but also by
suppressing uncontrolled immune cell activation via the
synthesis of immunoregulatory glucocorticoids. As LRH-1
is involved in both processes, it probably represents an
important gatekeeper of intestinal homeostasis. Much in
line with this idea is the observation that LRH-1 is re-
quired for intestinal epithelial cell renewal (7) and glu-
cocorticoid synthesis (5) and that LRH-1 deficiency pre-
disposes mice to increased intestinal inflammation (10),
probably because of impaired tissue repair and glucocor-
ticoid synthesis. Increased understanding of the con-
certed processes regulating LRH-1 activation, epithelial
proliferation, and intestinal glucocorticoid synthesis may

Figure 6. Cell cycle inhibition does not alter subcellular localization of LRH-1.
A) mICcl2 cells were transfected with wild-type LRH-1 (WT) or GFP-taggedLRH-1
and treated with aphidicolin (Aphid.) or doxorubicin (Dox.) and CYP11A1 induc-
tion was measured. Contr., control; rel. relative. B) Cells were transfected
with GFP or GFP-tagged LRH-1, and treated with buffer control, aphidicolin
(Aphid.), doxorubicin (Dox.), or olomoucine (Olom.). The subcellular local-
ization was assessed by fluorescence microcopy. C) Cells were transfected with vector
control or GFP-tagged LRH-1 and treated with buffer control or doxorubi-

cin. Cytosol and nucleus were separated and the presence of GFP-LRH-1 was detected by Western blot. Rel., rela-
tive.

Figure 7. Cell cycle blockers inhibit LRH-1 transcriptional
activity. mICcl2 cells were transfected with control vector (�)
or LRH-1 (f), and a luciferase reporter construct containing
5 LRH-1 response elements. Cells were treated with doxoru-
bicin (Dox.) nocodazole (Noc.), or aphidicolin (Aphid.) and
luciferase activity was measured. *P � 0.05; **P � 0.01 vs.
control treated cells. Rel., relative.
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have important implications in the development of novel
therapies for the treatment of IBD.
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