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Ghrelin, an acylated brain and gut peptide, is primarily pro-
duced by endocrine cells of the gastric mucosa for secretion
into the circulation. The major active form of ghrelin is a
28-amino-acid peptide containing an n-octanoyl modification
at serine that is essential for activity. Studies have identified
multiple physiological functions for ghrelin, including GH re-
lease, appetite stimulation, and metabolic fuel preference. Un-
til now, there has not been any report detailing the mecha-
nism of ghrelin acyl modification. Here we report that
ingestion of either medium-chain fatty acids (MCFAs) or
medium-chain triacylglycerols (MCTs) increased the stomach
concentrations of acylated ghrelin without changing the total

(acyl- and des-acyl-) ghrelin amounts. After ingestion of either
MCFAs or MCTs, the carbon chain lengths of the acyl groups
attached to nascent ghrelin molecules corresponded to that of
the ingested MCFAs or MCTs. Ghrelin peptides modified with
n-butyryl or n-palmitoyl groups, however, could not be de-
tected after ingestion of the corresponding short-chain or
long-chain fatty acids, respectively. Moreover, r-heptanoyl
ghrelin, an unnatural form of ghrelin, could be detected in the
stomach of mice after ingestion of either r-heptanoic acid or
glyceryl triheptanoate. These findings indicate that ingested
medium-chain fatty acids are directly used for the acylation
of ghrelin. (Endocrinology 146: 2255-2264, 2005)

HRELIN WAS DISCOVERED by our group as an en-
dogenous ligand for the receptor for GH secreta-
gogues, synthetic and unnatural substances with potent GH-
releasing activities (1). Whereas initjally purified from the
stomach, ghrelin is also expressed within the brain, lung,
kidney, pancreas, small intestine, and large intestine (2-7). In
addition to potent GH-releasing activity (1, 8-10), ghrelin
also stimulates appetite, induces adiposity (11-14), improves
cardiac function (15-17), and influences metabolic fuel pref-
erence (18).

The third amino acid residue of ghrelin, serine (Ser®), is
modified by an acyl group; this modification is essential for
ghrelin biological activity (1). Whereas the primary acyl
chain-modifying ghrelin molecules in humans and rodents
are an n-octanoyl group (C8:0, an eight-carbon chain con-
taining no double bonds) (1, 19), additional acyl modifica-
tions create a minor population of ghrelin peptides. These
acyl groups include n-decanoyl (C10:0, a 10-carbon chain
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lacking double bonds) and n-decanoyl (C10:1, a 10-carbon
chain containing one double bond) (20-22). Our examination
of a variety of synthetic acyl-modified ghrelin peptides de-
termined that the potency of ghrelin biological activity was
altered by different modifying acyl groups (23).

To our knowledge, the acyl modification of ghrelin is the
first example of the fatty acid modification of a peptide
hormone; acylation of a serine hydroxyl group has not been
previously reported as a mammalian peptide hormone mod-
ification. The enzyme catalyzing the transfer of acyl groups
to ghrelin Ser®, likely a novel acyltransferase, will be impor-
tant in the regulation of ghrelin production. The nature of
this enzyme, however, remains unknown.

We report here that ingested medium-chain faity acids
(MCFAs) and medium-chain triglycerides serve as a source
of fatty acids in the acyl modification of ghrelin. Ingestion of
MCFAs (n-hexanoic, n-octanoic, and n-decanoic acid) or
medium-chain triglycerides (glyceryl trihexanoate, glyceryl
trioctanoate, and glyceryl tridecanoate) increased the stom-
ach concentrations of ghrelin bearing an acyl group with the
corresponding carbon chain length, i.e. n-hexanoyl ghrelin,
n-octanoyl ghrelin, and n-decanoyl ghrelin. Ingestion of such
lipids, however, did not significantly alter total ghrelin (acyl-
modified and des-acyl ghrelin with an intact C-terminal pep-
tide sequence) production. Ingestion by mice of glyceryl
triheptanoate, which cannot be naturally synthesized by
mammalian cells, resulted in the production of an unnatural
ghrelin form incorporating an #-heptanoyl modification.
These findings indicate that ingested MCFAs and medium-
chain triglycerides are likely the direct source of fatty acids
destined for acyl modification of ghrelin.
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Materials and Methods
Animals

Male C57BL/6] mice weighing 20-25 g were used in these experi-
ments. Animals were maintained under controlled temperature (21-23
C) and light conditions (light on 0700-1900 h) with ad libitum access to
food and water. All experiments were conducted in accordance with the
Kurume University Guide for the Care and Use of Experimental
Animals.

RIA of ghrelin

RIAs specific for ghrelin were performed as previously described (2).
Rabbit polyclonal antibodies were raised against the N terminal [(Gly!-
Lys') with O-n-octanoylation at Ser®] and C-terminal (GIn'*-Arg?®)
fragments of rat ghrelin. RIA incubation mixtures contained 100 ul of
either standard ghrelin or an unknown sample with 200 pl of antiserum
diluted in RIA buffer [50 my sodium phosphate buffer (pH 7.4), 0.5%
BSA, 0.5% Triton X-100, 80 mm NaCl, 25 mm EDTA-2Na, and 0.05%
NalNy] containing 0.5% normal rabbit serum. Antirat ghrelin (1-11) and
antirat ghrelin(13-28) antisera were used at final dilutions of 1:3 million
and 1:20,000, respectively. After a 12-h incubation at 4 C, 100 wl *°I-
labeled ligand (20,000 cpm) was added for an additional 36-h incubation.
Then samples were incubated for 24 h at 4 C with 100 wl of antirabbit
goat antibody. Free and bound tracers were then separated by centrif-
ugation at 3000 rpm for 30 min. Pellet radioactivity was quantified in a
y-counter (ARC-600, Aloka, Tokyo, Japan). All assays were performed
in duplicate.

Both antisera exhibited complete cross-reactivity with human, mouse,
and rat ghrelin forms (2). The antirat ghrelin(1-11) antiserum, which
specifically recognizes the n-octanoylated portion of ghrelin, exhibited
100% cross-reactivity with rat, mouse, and human n-octanoyl ghrelin but
does not recognize des-acyl ghrelin. The cross-reactivity of N-terminal
RIA for n-decanoyl and n-decanoyl ghrelin was approximately 20 and
25%, respectively. Cross-reactivity to n-butyryl, #-hexanoyl, u-lauryl,
and #n-palmitoyl ghrelin was less than 5%. Antirat ghrelin(13-28) anti-
serum equally recognizes both des-acyl and all acylated forms of ghrelin
peptide including s-octanoyl, #-decanoyl, or n1-decanoyl ghrelin (2). The
EDj, for ghrelin C-terminal and N-terminal RIAs were approximately
32 and 8 fmol/tube, respectively. The minimal detection levels by C-
terminal and N-terminal RIAs were 1.0 and 0.25 fmol/tube, respectively.
The intraassay coefficients of variation of C-terminal and N-terminal
RIAs were 6.0 and 3.0%, respectively. The interassay coefficients of
variation were 7.0 and 5.0%, respectively. All samples measured by
ghrelin assay were diluted in RIA buffer to fit the range of measurement
(between ED,, to EDy) for each RIA. Throughout the following sections,
the RIA system using the antiserum raised against the N-terminal frag-
ment of rat ghrelin(1-11) is termed N-RIA, whereas the RIA system
using the antiserum recognizing the C-terminal fragment(13-28) is
termed C-RIA. Ghrelin-like immunoreactivity (-LI) measured by C-RIA
is termed ghrelin C-LI, whereas that measured by ghrelin N-RIA is
termed ghrelin N-LL

Calcium mobilization assays of ghrelin

CHO-GHSRé2 cells (1) stably expressing rat ghrelin receptor (GHS-R)
were plated for 12-15 h in flat-bottom black-walled 96-well plates (Corn-
ing Costar Corp., Cambridge, MA) at 4 X 10* cells/well. Cells were then
preincubated for 1 h with 4 pum Fluo-4-AM fluorescent indicator dye
(Molecular Probes, Inc., Eugene, OR) dissolved in assay buffer [Hanks’
balanced salts solution, 10 mm HEPES, and 2.5 mM probenecid] sup-
plemented with 1% fetal calf serum. After washing four times in assay
buffer, samples were dissolved in 100 jl assay buffer with 0.01% BSA
and added to the prepared cells. We then measured intracellular calcium
concentration changes using a FLEX station (Molecular Devices, Sunny-
vale, CA).

Preparation of stomach samples for ghrelin assay

All stomach samples, with the exception of those obtained at the 0 h
point in the time-course study, were collected during a fed state. After
collection from mice, stomachs were washed twice in PBS (pH 7.4). After
measuring the wet weight of each sample, whole stomach tissue was
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diced and boiled for 5 min in a 10-fold volume of water to inactivate
intrinsic proteases. After cooling, boiled samples were adjusted to 1 M
acetic acid (AcOH)/20 mm HCl. After homogenization with a polytron
mixer (PT 6100, Kinematica AG, Littan-Luzern, Switzerland), peptides
were extracted and isolated by a 15-min centrifugation at 15,000 rpm
(12,000 X g), were lyophilized and stored at —80 C. Lyophilized samples
were redissolved in either RIA buffer or calcium mobilization assay
buffer before ghrelin RIA or calcium mobilization assay, respectively.

Preparation of plasma samples for ghrelin assay

Plasma samples were prepared as previously described (2). Whole
blood samples from 10 male mice were immediately transferred to
chilled polypropylene tubes containing EDTA-2Na (1 mg/ml) and apro-
tinin (1000 kallikrein inactivator units per milliliter) and centrifuged at
4 C. Immediately after the isolation of plasma, hydrogen chloride was
added to the sample to a final concentration of 0.1 n. Samples were then
diluted into an equal volume of saline. Samples were then loaded onto
a Sep-Pak C18 cartridge (Waters, Milford, MA) preequilibrated in 0.1%
trifluoroacetic acid (TFA) and 0.9% NaCl. After washing the cartridges
with 0.9% NaCl and 5% acetonitrile (CHyCN)/0.1% TFA, samples were
eluted in 60% CH4CN /0.1% TFA. The eluates were lyophilized; residual
materials were redissolved in 1 M AcOH and adsorbed onto a SP-
Sephadex C-25 column (H'-form, Pharmacia, Uppsala, Sweden) pre-
equilibrated in 1 M AcOH. Successive elutionin 1 m AcOH, 2 M pyridine,
and 2 M pyridine-AcOH (pH 5.0) generated three fractions: SP-I, SP-II,
and SP-III. The SP-III fraction was first evaporated and redissolved in
1 M AcOH and then separated by reverse-phase HPLC with C18-car-
tridge (C18 RP-HPLC) (Symmetry 300, 3.9 X 150 mm, Waters) using a
linear gradient from 10 to 60% CH,CN/0.1% TFA at a flow rate of 1.0
ml/min for 40 min, collecting 500-p1 fractions. Ghrelin peptide content
in each fraction was determined by ghrelin C-RIA as described above.

Concentration and acyl modification of ghrelin after free
fatty acid (FFA) or triacylglycerol ingestion

The standard laboratory chow, CE-2 (CLEA Rodent Diet CE-2, CLEA
Japan, Osaka, Japan), contained a caloric content of approximately 50.3%
carbohydrate, 25.4% protein, and 4.4% fat. MCFAs, such as n-hexanoic,
n-octanoic, and n-lauric acid (Sigma-Aldrich Japan Co. Ltd., Tokyo,
Japan), were dissolved in water at 5 mg/ml. To equilibrate the total
intake of n-palmitic acid to the other MCFAs contained in food, this
common long-chain fatty acid (Sigma-Aldrich Japan) was mixed into
CE-2 chow at a concentration of 1% (wt/wt). Medium- and long-chain
triglycerides (MCTs and LCTs), including glyceryl trihexanoate, tri-
octanoate, tridecanoate, and tripalmitate (Wako Pure Chemical, Osaka,
Japan), were mixed into CE-2 chow at a concentration of 5% (wt/wt).
Whole-stomach tissues from mice were collected at the indicated times
(0-14 d) after the beginning of treatment. To elucidate the forms of
ghrelin peptides modified by different acyl groups, stomach peptides,
extracted as described above, were collected using a Sep-Pak Plus C18
cartridge (Waters). The recovery of des-acyl, n-hexanoyl, n-octanoyl,
n-decanoyl, n-lauryl, and n-palmitoyl ghrelin from the Sep-Pak C18
cartridges were over 90%. The extracted peptides were subjected to C18
RP-HPLC (Symmetry 300, 3.9 X 150 mm, Waters) using a linear gradient
from 10 to 60% CH,CN/0.1% TFA at a flow rate of 1.0 ml/min for 40
min and collected in 500~ fractions. The ghrelin peptide content in each
fraction was measured by ghrelin C- and N-RIA as described above. No
ghrelin degradation was observed during the extraction.

Concentration and acyl modification of ghrelin after high-
fat (HF) diet ingestion

To examine the effect of dietary LCTs on the distribution of stomach
acyl-modified or des-acyl ghrelin, we fed mice a HF diet enriched in
LCTs, in which nearly 50% of the total calories originated from animal
fat. This HF diet, modified from an AIN-76A standard chow, derived
approximately 35.4% of the total caloric content from carbohydrates,
16.2% from protein, and 48.4% from fat (24). By caloric content, AIN-76 A
chow contained 69.2% carbohydrate, 18.4% protein, and 12.4% fat. We
fed male C57BL/6] mice the HF diet for 2 wk and then compared the
distribution of stomach ghrelin with that seen in control mice fed stan-
dard AIN-76A chow. The distribution of stomach ghrelin molecules was
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measwred using ghrelin C-RIA after HPLC fractionation, as described
above.

Northern blot analysis

Total RNAs were extracted from the stomachs of male C57BL /6] mice
(12 wk old) by acid guanidium thiocyanate-phenol chloroform extrac-
tion (25) using TRIzol Reagent (Invitrogen, Carlsbad, CA). Two micro-
grams of total RN A were electrophoresed on a 1% agarose gel containing
formaldehyde and then transferred to a /-probe-blotting membrane
(Bio-Rad Laboratories, Hercules, CA). A **P-labeled rat ghrelin cDNA
probe was hybridized to the membranes in hybridization buffer, con-
taining 50% formamide, 5X sodium-chloride sodium-phosphate EDTA
buffer, 5X Denhardt’s solution, 1% sodium dodecyl sulfate, and 100
#g/ml denatured salmon sperm. After overnight hybridization at 37 C,
membranes were washed and exposed to BioMax-MS film (Eastman
Kodak, Rochester, NY) for 12 h at —80 C. Ghrelin mRNA levels were
quantified using a BAS 2000 bioimaging analyzer (Fujix, Tokyo, Japan).

Purification of n-heptanoyl ghrelin

n-Heptanoyl ghrelin was purified as described for the purification of
ghrelin using antirat ghrelin(1-11) IgG immunoaffinity chromatography
(22). During purification, ghrelin activity was assayed by measuring the
changes in intracellular calcium concentrations using a FLEX station
(Molecular Devices) in a cell line stably expressing rat GHS-R (CHO-
GHSR62). Ghrelin C-RIA was also used to monitor ghrelin immunore-
activity in isolated samples.

Glyceryl triheptanoate (Fluka Chemie GmbH, Buchs, Switzerland)
was mixed with standard laboratory chow at a concentration of 5%
(wt/wt). Four days after mice (n = 7) were fed glyceryl triheptanoate-
containing food, we collected stomachs (total 1000 mg). The total con-
sumption of glyceryl triheptanoate-containing food was approximately
13.5 g/mouse, equivalent to 675 mg total glyceryl triheptanoate ingested
by each mouse. Stomachs were prepared and homogenized as described
above. After a 30-min centrifugation at 20,000 rpm, homogenization
supernatants were loaded onto a Sep-Pak C18 environmental cartridge
(Waters) preequilibrated in 0.1% TFA. After washing in 10% CH;CN/
0.1% TEA, peptide fractions were eluted in 60% CH,CN/0.1% TFA. The
eluate was then evaporated and lyophilized. Residual materials were
redissolved in 1M AcOH and fractionated as described above for plasma
samples. After application of the lyophilized SP-III fraction to a Seph-
adex G-50 fine gel-filiration column (1.9 X 145 cm) (Pharmacia), we
collected 5-ml fractions. A portion of each fraction was subjected to the
ghrelin calcium-mobilization assay. Half of each active fraction (no.
47-51) was collected using a Sep-Pak C18 light cartridge and lyophilized.
Samples were then resuspended in 1.0 m! 100 mm phosphate buffer (pH
7.4) and purified by antirat ghrelin(1-11) [gG immunoaffinity chroma-
tography. Adsorbed substances were eluted in 500 1l 10% CH,CN/0.1%
TFA. The eluate was evaporated and separated by RP-HPLC (Symmetry
300, 3.9 X 150 mm, Waters). n-Heptanoyl-modified ghrelin was obtained
at a retention time of 18.4 min and subjected to a mass spectrometry to
confirm the appropriate molecular weight. The amino acid sequences of
purified peptides were analyzed using a protein sequencer (494, Applied
Biosystems, Foster City, CA).
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Mass spectrometric analysis of n-heptanoyl ghrelin

Matrix-assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) was performed using a Voyager DE-Pro
spectrometer (Applied Biosystems) (26). Mass spectra were recorded in
the reflector mode, with an accelerating voltage of 20 kV. Saturated
a-cyano-4-hydroxycinnamic acid in 60% CH3CN and 0.1% TFA were
used as a working matrix solution. Approximately 1 pmol of the final
purified sample was mixed with the matrix solution, placed on the
sample probe, and dried in the air before analysis. All mass spectra were
acquired in positive ion mode, averaged by 100 spectra.

Results

The effect of FFA ingestion for the stomach content of total
and n-octanoyl ghrelin measured by ghrelin C- and N-RIA

To examine the effect of daily ingestion of FFAs on the acyl
modification of ghrelin, we extracted gastric peptides from
mice given ad libitum access to water containing n-hexanoic
acid, n-octanoic acid, or n-lauric acid or chow containing
n-palmitic acid. The stomach concentration of #n-octanoy-
modified and total (n-octanoylated plus des-acyl) ghrelin
forms were measured by ghrelin N- and C-RIA, respectively.
The stomach content of n-decanoyl, n-decanoyl, and n-hex-
anoyl ghrelins in mice fed normal chow was low in com-
parison to n-octanoyl ghrelin (see Fig. 3 and Table 1). The
reactivity of N-RIA for n-decanoyl-, n-decanoyl-, and n-hex-
anoyl-modified ghrelins is low, compared with that seen for
n-octanoyl ghrelin; thus, the concentration of acyl-modified
ghrelin measured by N-RIA primarily reflects n-octanoyl
ghrelin. During the experimental period (0-14 d), no signif-
icant differences between the fatty acid-ingesting and control
groups in mouse body weight or total dietary consumption
were observed.

After a 14-d administration of n-hexanoic acid, n-octanoic
acid, n-lauric acid, or n-palmitic acid, we compared the gas-
tric concentrations of n-octanoyl and total ghrelin with con-
centrations seen in control mice fed normal chow and water.
The gastric concentrations of n-octanoyl ghrelin increased
significantly in mice fed #-octanoic acid (Fig. 1A). The mean
stomach concentrations of #n-octanoyl ghrelin were 1795
fmol/mg wet weight in control rats fed normal food (n = 8)
and 2455 fmol/mg wet weight in mice fed n-octanoic acid-
containing food (n = 8). No significant changes were ob-
served in the total ghrelin concentrations measured by C-RIA
(Fig. 1B). Therefore, the ratio of n-octanoyl ghrelin/total gh-
relin increased significantly in mice fed n-octanoic acid (Fig.
1C). No significant changes in the stomach contents of total

TABLE 1. Concentrations of des-acyl and acyl-modified ghrelins in the stomachs of mice after ingestion of medium-chain (C6:0-C10:0)

triglycerides
des-acyl Ghrelin C6:0-ghrelin C8:0-ghrelin C10:0-ghrelin Total ghrelin
Control 301.7 = 19.0 28.6 + 3.5 531.1 £ 27.8 30855 1146.6 + 7654
C6:0-MCT 253.7 1 44 237.8 ' 34.8% 360.8 ' 33.3% 258 1 6.0 1075.4 t 46.0
C8:0-MCT 227.2 * 34.9° 123 =45 788.8 * 82.6% 8.8+ 5.7 11451 + 95.8
C10:0-MCT 207.5 * 27.0° 246>+ 44 516.9 + 42.8 108.4 + 12.0* 958.7 £ 84.2°

Male C57BL/6J mice were fed chow mixed with 5% (wit/wt) glyceryl trihexanoate (C6:0-MCT), glyceryl trioctanoate (C8:0-MCT), or glyceryl
tridecanoate (C10:0-MCT) for 14 d. The concentrations of des-acyl ghrelin, n-hexanoyl ghrelin (C6:0-ghrelin), n-octanoyl ghrelin (C8:0-ghrelin),
n-decanoyl ghrelin (C10:0-ghrelin), and total ghrelin in stomach samples (from 0.2 mg wet, weight) were measured by ghrelin C-RIA after HPLC

fractionation. Data represent mean + sD of six samples.
¢P < 0.001.
b P < 0.05.
¢ P < 0.01 vs. control.
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Fic. 1. Ghrelin concentrations in the stomachs of normal control
animals (control) fed standard chow and water and mice fed n-hex-
anoic acid (C6), n-octanoic acid (C8), n-lauric acid (C12), or n-palmitic
acid (C16). A, n-Octanoyl ghrelin concentrations measured by ghrelin
N-RIA (n = 8). Because N-RIA is highly specific for n-octanoyl ghrelin,
exhibiting low cross-reactivity to other acylated forms of ghrelin such
as n-hexanoyl, n-lauryl, or n-palmitoyl ghrelin, the concentration of
acyl-modified ghrelin measured by N-RIA primarily reflects n-
octanoyl ghrelin. B, Total ghrelin concentrations measured by ghrelin
C-RIA (n = 8), including both acylated and des-acyl ghrelin. The
C-RIA equally recognizes all des-acyl and acylated forms of ghrelin
containing an intact C-terminal sequence. C, Ratios of acyl-modified
to total ghrelin. Data represent mean + sp of ghrelin concentrations
in stomach extracts (from 1 mg wet weight). Statistical significance
is indicated by asterisks. *, P < 0.01; **, P < 0.001 vs. control.

ghrelin measured by C-RIA could be observed after treat-
ment with n-hexanoic, #-decanoic, or r-palmitic acids. After
this treatment, no significant differences were detected in the
stomach content of n-octanoyl ghrelin. Thus, the exog-
enously supplied 7-octanoic acid specifically increased gas-
tric concentrations of #-octanoyl ghrelin without altering the
total quantities of ghrelin peptide.

The effect of triacylglycerol ingestion for the stomach
content of total and n-octanoyl ghrelin measured by ghrelin
C- and N-RIAs

Orally ingested triacylglycerols are intraluminally hydro-
lyzed and absorbed through the gastrointestinal mucosa as
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FFAs or monoglycerides. Thus, ingested triacylglycerols may
serve as a source of FFAs (27). To examine whether ingested
triacylglycerols are used for acyl modification of ghrelin,
mice were fed chow mixed with 5% (wt/wt) glyceryl tri-
hexanoate, trioctanoate, tridecanoate, and tripalmitate. All
mice were given ad libitum access to experimental food and
water. After 2wk, we measured the content of #-octanoyl and
total ghrelin in extracted gastric peptides by N- and C-RIAs.
Glyceryl trioctanoate ingestion increased stomach concen-
trations of n-octanoyl ghrelin (Fig. 2A). In contrast, glyceryl
trihexanoate ingestion decreased the stomach contents of
n-octanoyl ghrelin identified by ghrelin N-RIA. Mice fed
glyceryl trihexanoate, however, exhibited increased concen-
trations of n-hexanoyl ghrelin (Fig. 3 and Table 1). Ingestion
of glyceryl tridecanoate and glyceryl tripalmitate had no
effect on the production of n-octanoylated ghrelin (Fig. 2A)
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Fic. 2. Ghrelin concentration in the stomachs of mice fed standard
laboratory chow (control) (n = 8) and mice fed chow containing glyc-
eryl trihexanoate (C6), trioctanoate (C8), tridecanoate (C10), or tri-
palmitate (C16). A, n-Octanoyl ghrelin concentrations were measured
by ghrelin N-RIA. B, Total ghrelin concentrations were measured by
ghrelin C-RIA. Data represent the mean = sD of ghrelin concentra-
tions in stomach extracts (from 1 mg wet weight) (n = 5). C, The ratio
of n-octanoyl to total ghrelin. Data represent mean = sb of calculated
ratios (n = 5). Statistical significance is indicated by asterisks. *, P <
0.05; **, P < 0.01 vs. control.
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F16. 3. The molecular forms of ghrelin peptides isolated from the
stomachs of mice fed standard laboratory chow (control) or chow
containing glyceryl trihexanoate (C6:0-MCT), glyceryl trioctanoate
(C8:0-MCT), or glyceryl tridecanoate (C10:0-MCT). Ghrelin immu-
noreactivity in peptide extracts from mouse stomachs, fractionated by
HPLC, was quantitated by C-RIA. Assay tubes contained equivalent
quantities of peptide extract derived from 0.2 mg of stomach tissue.
Black bars represent immunoreactive ghrelin (ir-ghrelin) concentra-
tions determined by ghrelin C-RIA. Arrows indicate the elution po-
sitions of des-acyl ghrelin (I) and n-octanoyl ghrelin (II). Based on the
retention times of synthetic ghrelin forms, peaks a, d, h, and k cor-
respond to des-acyl ghrelin, whereas peaks b, f, i, and | correspond to
n-octanoyl ghrelin. Peaks ¢, g, j, and m correspond to n-decanoyl
(C10:1) ghrelin. Peak n corresponds to n-decanoy! (C10:0) ghrelin.

or the total stomach concentrations of ghrelin (des-acyl and
acyl-modified ghrelins) in five independent groups of mice
(Fig. 2B). Therefore, the molar ratios of n-octanoyl ghrelin/
total ghrelin decreased in glyceryl trihexanoate-treated mice
and increased in glyceryl tridecanoate-treated mice (Fig. 2C).
Throughout the experimental period (0-2 wk), no significant
differences in body weight or total food consumption could
be observed between triacylglycerol-fed and control groups.

Molecular forms of ghrelin peptide after
triacylglycerol ingestion

To clarify the molecular forms of ghrelin peptide present
after triacylglycerol ingestion, we measured ghrelin immu-
noreactivity by C-RIA in fractions of stomach extracts iso-
lated by HPLC to reveal the ghrelin molecular forms (Fig. 3)
present in mice fed glyceryl trihexanoate, trioctanoate, and
tridecanoate. Based on the observed retention times of syn-
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thetic des-acyl or acyl-modified ghrelin peptides, 11.2 min
for des-acyl ghrelin, 13.8 min for #-butyryl ghrelin, 17.2 min
for n-hexanoyl ghrelin, 20.2 min for n-octanoyl ghrelin, 22.6
min for n-decanoyl ghrelin, 24.2 min for n-decanoyl, 27.6 min
for n-lauryl ghrelin, and 34.6 min for n-palmitoyl ghrelin,
peaks a, d, h, and k corresponded to a des-acyl ghrelin
lacking any fatty acid modification. Peaks b, f, i, and 1 cor-
responded to a n-octanoyl ghrelin, the form modified at Ser®
by n-octanoic (C8:0) acid. Peaks ¢, g, j, and m corresponded
to a n-decanoyl ghrelin form bearing an n-decanoic (C10:1)
acid modification.

Ingestion of glyceryl trioctanoate stimulated the produc-
tion of n-octanoyl ghrelin (peak i in Fig. 3). The molar ratio
of n-octanoyl/total ghrelin reached greater than 60% in
treated mice (Table 1). This high n-octanoyl ghrelin ratio was
not observed in mice fed normal food and water (Table 1).
Because the stomach content of n-octanoyl ghrelin also in-
creased after n-octanoic acid ingestion, both glyceryl tri-
octanoate and n-octanoic acid can increase the stomach con-
centrations of n-octanoyl ghrelin.

n-hexanoyl ghrelin could be detected only at very low
levels in stomach of mice fed normal chow. When fed glyc-
eryl trihexanoate, however, the stomach concentrations of
n-hexanoyl ghrelin, bearing the #-hexanoic (C6:0) acid mod-
ification, increased drastically (peak e). We also observed
significant decreases in 1-octanoyl ghrelin concentrations in
these mice (peak f in Fig. 3 and Table 1) in comparison with
levels observed in control mice (peak b in Fig. 3 and Table 1).
The content of n-hexanoyl ghrelin also increased after in-
gestion of n-hexanoic acid (data not shown).

Moreover, after ingestion of glyceryl tridecanocate, the
stomach concentration of the n-decanoyl ghrelin form mod-
ified by n-decanoic (C10:0) acid increased (peak n).

Ghrelin peaks eluting at the same retention times as syn-
thetic n-butyryl (C4:0), n-lauryl (C12:0), and #-palmitoyl
(C16:0) ghrelin could not be observed in the stomach extracts
of mice given glyceryl tributyrate, trilaurate, or tripalmitate
(data not shown), indicating that neither glyceryl tributyrate
nor tripalmitate could be transferred to ghrelin in mice.

To examine the influence of a high-fat intake on the dis-
tribution of des-acyl and acyl-modified ghrelins in mouse
stomach, we fed mice a HF diet with 48.4% of the total
calories from animal fat containing a high proportion of
LCTs. We compared the distribution of stomach ghrelin in
mice ingesting the HF diet with control mice fed an AIN-76A
control diet (deriving 12.4% of the total calories from fat). We
observed a faint, but significant, decrease in both the amount
and proportion of des-acyl ghrelin in the stomach after a
2-wk administration of the HF diet (Table 2). We also ob-
served asignificant increase in the proportion of total ghrelin
that bore the n-octanoyl modification (C8:0) in the HF diet
group in comparison with the control animals. Whereas the
total amount of stomach n-decanoyl (C10:0) ghrelin also in-
creased in the HF diet group, we observed a faint decrease
in the proportion of total ghrelin that was n-decanoylated
(C10:1) in the HF diet group. Whereas the total amount of
stomach ghrelin decreased slightly in mice fed a HF diet,
there was no significant difference between the HF diet and
control groups. These changes in the distribution of stomach
ghrelins after administering the HF diet were small in com-
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TABLE 2. The effect of HF diet on the distribution of stomach ghrelins

Diet AIN-76A diet

HF diet

Total ghrelin
des-acyl Ghrelin
n-Hexanoyl ghrelin
n-Octanoyl ghrelin
n-Decenoyl ghrelin
r-Decanoyl ghrelin

1058 + 108

275.2 + 39.6 (26.0 = 2.4)
328 £52(3.1 £0.3)
452.0 + 45.2 (42.8 + 2.0)
1872 £ 171 (17.8 £ 1.1)
339x51(3.2+03)

992 + 1922
229.3 * 46.1% (23.0 = 2.8)*
29.4 + 4.9 (3.0 = 0.4)
464.3 + 43,7 (48.0 + 2.4)°
188.2 £ 19.7° (18.9 = 1.1¥
38.0 = 6.7 (3.8 + 0.6

The content of each ghrelin molecule was measured by ghrelin C-RIA after HPLC fractionation. Data represent mean + 8D of the amount
(fmol/0.2 mg) of each ghrelin molecule (n — 8). Data in parentheses represent the proportion (percentage) of each ghrelin molecule for total ghrelin.

¢ P < 0.05.
bP < 0.0l
® P < 0.001 vs. control (AIN-76A diet group).

parison with those observed after treatment with MCFAs or
MCTs.

Time course of n-octanoyl ghrelin production after glyceryl
irioctanoate ingestion

To examine time-dependent changes in 11-octanoyl ghrelin
production after ingestion of glyceryl trioctanoate, we fed
mice glyceryl trioctanoate-containing chow (5%, wt/wt) af-
ter a 12-h fasting period. We then measured the stomach
concentrations of n-octanoyl and total ghrelins at the indi-
cated times. r-octanoyl ghrelin production (Fig. 4) increased
significantly in the stomach 3 h after the ingestion of glyceryl
trioctanoate. When continuously given glyceryl trioctanoate,
the stomach concentrations of n-octanoyl ghrelin gradually
increased, peaking 24 h after the beginning of administration.
The stomach concentrations of n-octanoyl ghrelin measured
14 d after continuous feeding of the glyceryl trioctanoate-
mixed chow remained significantly higher than those of mice
fed normal chow (Fig. 4A). Under these conditions, however,
no significant changes in the stomach content of total ghrelin,
measured by C-RIA, could be observed (Fig. 4B).

Ghrelin mRNA expression after glyceryl
trioctanoate ingestion

To examine whether the ingestion of MCTs affects ghrelin
mRNA expression, we quantitated ghrelin RNA in mouse
stomach by Northern blot analysis after 4 d of glyceryl tri-
octanoate ingestion (Fig. 5). The expression levels of gastric
ghrelin mRNA did not change after the ingestion of glyceryl
trioctanoate. Because the ingestion of glyceryl trioctanoate
increased the stomach content of #-octanoyl ghrelin without
changing the total ghrelin concentration, we propose that
ingestion of glyceryl trioctanoate stimulates the octanoyl
modification of ghrelin only.

Molecular forms of ghrelin peptides after glyceryl
triheptanoate ingestion

To examine the direct use of ingested FFAs for acyl mod-
ification of ghrelin, mice were fed MCTs that are not present
in food sources nor naturally synthesized in mammals. We
selected synthetic glyceryl triheptanoate as an unnatural FEA
source because n-heptanoic acid (C7:0), a hydrolyzed from of
glyceryl triheptanoate, does not naturally occur in mammals.
Moreover, n-heptanoyl ghrelin can be easily separated from
natural ghrelin by HPLC. We examined ghrelin content in

stomach extracts from mice fed glyceryl triheptanoate by
examining ghrelin immunoreactivity by C-RIA in HPLC
fractions. The retention times of the peaks a and ¢ corre-
sponded to des-acyl ghrelin and n-octanoyl ghrelin, respec-
tively (Fig. 6). Peak b immunoreactivity was observed only
in mice fed glyceryl triheptanoate. This peak was not ob-
served in mice fed any of the other FFAs or triglycerides
examined, including n-hexanoic acid, n-octanoic acid, n-lau-
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FiG. 4. Time-dependent changes in stomach concentrations of ghre-
lin in mice fed glycerol trioctanoate. A, n-Octanoyl ghrelin content was
measured by ghrelin N-RIA. B, Total ghrelin content was measured
by ghrelin C-RIA. After 12 h of fasting, mice were given glyceryl
trioctanoate (5% wt/wt)-containing food beginning at the time (0 h)
indicated by the arrow. Stomach samples were isolated from control
mice fed standard laboratory chow (closed circles) and mice fed glyc-
eryl trioctanoate (C8-MCT; open circles) at the indicated times. Each
point represents mean * sp (n = 8). Statistical significance is indi-
cated by asterisks. *, P < 0.05; **, P < 0.01; *** P < 0.001 vs. control.
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Glyceryl
Control trioctanoate
Ghrelin
mRNA
285
185

Fia. 5. Northern blot analysis examining stomach ghrelin mRNA
expression after ingestion of glyceryl trioctanoate-containing food.
Each lane contained 2 pg of total RNA. The lower panel indicates the
intensity of 285 and 183 rRNAs internal controls.

ric acid, n-palmitic acid, and the corresponding triglyceride
forms. The estimated retention time of peak b was between
that of n-hexanoyl and n-octanoy! ghrelin, consistent with
n-heptanoyl ghrelin.

Purification of n-heptanoyl ghrelin

To confirm the use of the ingested glyceryl triheptanoate
for n-heptanoyl ghrelin modification, we purified acyl-mod-
ified ghrelins from the stomachs of mice fed glyceryl trihep-
tanoate-containing food for 4 d. This purification of ghrelin
peptides from the stomachs of treated mice identified peak
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Fic. 6. The HPLC profile of peptides extracted from the stomachs of
mice fed glyceryl triheptanoate. Stomach extracts of glyceryl trihep-
tanoate-treated mice were fractionated by HPLC (upper panel). The
concentration of ghrelin in each fraction (equivalent to 0.2 mg stom-
ach tissue) was monitored by C-RIA (lower panel). Ghrelin immurno-
reactivity (ir-ghrelin),represented by solid bars, was separated into
three major peaks (peaks a, b, and c) by C-RIA. Peak b was observed
only after the ingestion of glyceryl triheptanoate. Arrows indicate the
elution positions of des-acyl ghrelin (I) and n-octanoyl (II) ghrelin.
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Fig. 7. Purification of n-heptanoyl ghrelin. Ghrelin peptides were
purified from the stomachs of mice fed glyceryl triheptanoate. Sam-
ples eluted from an antirat ghrelin immunoaffinity column were sub-
jected to HPLC. Peak 1 was observed only in samples from glyceryl
triheptanoate-treated mice. Based on the retention times of control
samples in HPLC and MALDI-TOF-MS analysis, peak 2 corre-
sponded to n-octanoyl ghrelin. Arrows indicated the elution positions
of n-hexanoyl (I), n-octanoyl (I), and n-decanoyl (IT1) ghrelin.

2 (Fig. 7) as n-octanoyl ghrelin from its HPLC retention time.
The extra peak eluting at a retention time of 18.4 min (peak
1in Fig. 7), observed only after ingestion of glycery! trihep-
tanoate, eluted at a retention time between that of n-hex-
anoyl- and n-octanoyl ghrelin. We purified this peak 1 pep-
tide and subjected it to amino acid sequence analysis and
mass spectrometry.

The purified HPLC peak 1 peptide (Fig. 7) contained 28
amino acids with an identical amino acid sequence to that of
mouse ghrelin. The average m/z value of the peak 1 peptide
measured by MALDI-TOE-MS was 3301.9 (Fig. 8A). The
estimated molecular weight of this peptide, calculated from
this MALDI-TOF-MS m/z value, was 3300.9. Modification of
ghrelin at Ser® with an n-heptanoyl group would produce a
theoretical molecular weight of approximately 3300.86 (Fig.
8B), an almost identical molecular weight as that measured
by MALDI-TOF-MS. Thus, we concluded that the purified
peak 1 peptide was r-heptanoyl ghrelin. No additional peaks
were observed in the final purification, indicating that, after
hydrolysis from the ingested glycery! triheptanoate, the -
heptanoyl group could be directly transferred to Ser® of
ghrelin.

Molecular forms of circulating ghrelin peptides after
glyceryl triheptanoate ingestion

To examine whether n-heptanoyl ghrelin synthesized after
glyceryl triheptanoate ingestion is secreted into the circula-
tion, we determined the molecular forms of acyl-modified
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Fia. 8. A, MALD-TOF-MS of the purified ghrelin-like peptide in Fig.
7, peak a. The mass ranges from 3131.0 to 3477.0 (1/z). From the
average of 100 mass spectra acquired in positive ion mode (average
(M+H]*: 3301.9), the molecular weight of the peak a peptide was
calculated to be 3300.9. B, The structure of n-heptanoyl (C7:0) ghrelin
provides a calculated molecular weight for n-heptanoyl ghrelin of
3300.86.

ghrelin found in the plasma of mice fed glyceryl triheptano-
ate-containing food for 4 d (Fig. 9, A and B). Plasma samples,
fractionated by RP-HPLC, were assessed for ghrelin immu-
noreactivity by C-RIA. Plasma ghrelin immunoreactivity in
control mice was separated into two major peaks (peaks a
and bin Fig. 9A) and a minor peak (peak c in Fig. 9A). Plasma
ghrelin immunoreactivity in glyceryl triheptanoate-treated
mice was separated into two major peaks (peaks d and e in
Fig. 9B) and two minor peaks (peaks f and g in Fig. 9B). Based
on the elution profiles, peaks b and e corresponded to des-
acyl ghrelin, whereas peaks ¢ and g corresponded to n-
octanoyl ghrelin. Although peaks a and d are thought to be
a C-terminal fragment of the ghrelin peptide resulting from
protease digestion, the exact molecular form of this peptide
has not yet been determined.

Peak f, which eluted at 18.0-18.5 min, was observed only
in samples from glyceryl triheptanocate-treated mice. This
analysis revealed the existence of a plasma ghrelin molecule
with the same retention time as that of #n-heptanoyl ghrelin
purified from the stomachs of glyceryl triheptanoate-fed
mice (peak f in Fig. 9B). These results indicate that despite the
fact that n-heptanoyl ghrelin is an unnatural form of ghrelin
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Fic. 9. The molecular forms of plasma ghrelin peptides isolated from
mice fed glyceryl triheptanoate-containing chow. Plasma samples
from mice fed standard chow (A) or glyceryl triheptanoate-containing
food (B) were fractionated by HPLC. Ghrelin immunoreactivity was
then measured by C-RIA. Arrows indicate the elution positions of
des-acyl ghrelin (I) and n-octanoyl ghrelin (IT). Plasma ghrelin im-
munoreactivity is represented by solid bars. Based on the retention
times of each peak, peaks b and e correspond to des-octanoyl ghrelin,
whereas peaks ¢ and g correspond to n-octanoyl ghrelin. Peak f ex-
hibited a similar elution profile as that of n-heptanoyl ghrelin isolated
from the stomachs of mice given glyceryl triheptanocate.

synthesized in vivo after glyceryl triheptanoate ingestion, it
can be released into the circulation.

Activity of n-heptanoyl ghrelin

Using the ghrelin calcium-mobilization assay, we exam-
ined GHS-R-stimulating activity of n-heptanoyl ghrelin pu-
rified from glyceryl triheptanoate-ingested mouse stomach.
rni-heptanoyl ghrelin induced intracellular-free calcium con-
centration [Ca®"]; increases in GHS-R-expressing cells. The
time course of these [Ca**]; changes was similar to those
induced by n-octanoyl ghrelin (Fig. 10). Whereas the ago-
nistic activity of n-heptanoyl ghrelin for GHS-R, calculated
from the area under the curve (AUC) of the response curve,
was approximately 60% that of n-octanoyl ghrelin, it was 3
times higher than that of n-hexanoyl ghrelin (Fig. 10). Thus,
n-heptanoyl ghrelin possesses GHS-R-stimulating activity.

Discussion

We demonstrate here that ingested MCFAs and MCTs
increase the stomach concentrations of acylated ghrelin with-
out increasing either total peptide (measured by ghrelin C-
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F1e. 10. Time course of fluorescence changes as a measure of [Ca®*],
changes induced by n-octanoyl ghrelin (closed circle), n-heptanoyl
ghrelin (open circle), and n-hexanoyl ghrelin (closed triangle) in GHS-
R-expressing cells. Peptides (1 X 1078 M) were added at the time
indicated by the arrow.

RIA) or mRNA expression of ghrelin. These exogenous
MCFAs and MCTs are directly used for ghrelin acyl modi-
fication. Ingestion of synthetic glyceryliriheptanoate or n-
heptanoic acid produces an #-heptanoyl ghrelin that does not
occur naturally, supporting the hypothesis of the direct use
of MCFAs and MCTs as a fatty acid source for ghrelin acyl
modification.

A putative ghrelin-specific acyl-modifying enzyme, ghre-
lin ser O-acyltransferase, may catalyze the acyl modification
of n-hexanoyl, n-heptanoyl, #-octanoyl, and n-decanoyl gh-
relins. Because we could not detect n-butyryl or n-palmitoyl
ghrelin after ingestion of glyceryl tripalmitate, LCTs, or the
short-chain triacylglyceride glyceryl tributyrate, the putative
acyl-modifying enzyme may prefer MCTs (composed of C6:
0-C10:0 FFAs) over either short-chain triacylglycerides or
LCTs. Detailed in vitro studies will be required to examine the
substrate specificity of this putative enzyme.

Ingested triacylglycerides are not the only source of FFAs
used in mammals. In a dynamic triglyceride/fatty acid cycle
(28), after storage in cells, triacylglycerides can be hydro-
lyzed, released into the circulation, and transferred to target
tissues. Circulating protein-conjugated triglycerides can also
be hydrolyzed to FFAs and again transferred to target cells.
After conversion to the respective acyl-CoAs by acyl-CoA
synthetase, reabsorbed FFAs within target tissues are used to
produce ATP or are converted back into triglycerides (29, 30).
n-octanoyl-CoA is a substrate for carnitine octanoyltrans-
ferase, a ubiquitously expressed enzyme abundant in gas-
trointestinal tissues, such as the stomach (31-34). Thus, n-
octanoic acid and its derivatives are likely synthesized and
stored in cells of this lineage. Thus, even in normal feeding
conditions, n-octanoyl derivatives produced in normal lipid
metabolism may serve as substrates for acyl modification of
ghrelin.

Lee ef al. (24) previously demonstrated that HF diets sig-
nificantly lowered the rate of stomach ghrelin synthesis, as
measured by ghrelin mRINA expression, and secretion, as
determined by total ghrelin plasma levels. In contrast, a
low-protein, high-carbohydrate diet increased the rate of
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stomach ghrelin synthesis and secretion (24). Although there
were no significant changes in the amount of stomach total
ghrelin in each of these feeding conditions, changes in the
rate of ghrelin production and secretion may exert some
influence on the proportion of acyl-modified ghrelin in the
mouse stomach. In our HF diet experiment, we observed a
faint, but significant, increase in the proportion of stomach
n-octanoyl ghrelin in conjunction with a decrease in the lev-
els of stomach des-acyl ghrelin. The effect of glyceryl tri-
octanoate (C8:0-MCT) on the amount and proportions of
stomach n-octanoyl ghrelin, however, was far greater than
that of the HF diet. These findings suggest that ghrelin acyl-
modification after ingestion of MCT uses a slightly different
mechanistic pathway than that used after administration of
a HF diet.

In addition to new insights into the mechanism governing
acyl modification of ghrelin, our experiments have also shed
light on the role of MCTs in ghrelin synthesis. It is interesting
to reexamine the physiological effects of MCT, a naturally
occurring component of coconut oil, butter, and other palm
kernel oils (27, 35) that is also present in milk from rodents
(36) and humans (37, 38), on ghrelin synthesis, modification,
and activity. Through the acyl modification of Ser?, these
orally ingested MCTs may modify the ghrelin biological
activity.

Whereas both further in vivo and in vitro studies will be
required to elucidate the mechanism of ghrelin acyl modi-
fication, our study provides a number of important clues
enhancing our understanding of this process. In addition,
modification of ghrelin activity through administration of
exogenous FFAs may be a potential therapeutic modality for
the clinical manipulation of energy metabolism.
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Androgen signaling plays key roles in the development and pro-
gression of prostate cancer, and numerous ongoing studies focus on
the regulation of androgen receptor (AR) transactivity to develop
novel therapies for the treatment of androgen-independent pros-
tate cancer. FoxH1, amember of the Forkhead-box (FOX) gene fam-
ily of transcription factors, takes part in mediating transforming
growth factor-B/activin signaling through its interaction with the
Smad2-Smad4 complex. Using a series of experiments, we found
that FoxH1 repressed both ligand-dependent and -independent
transactivation of the AR on androgen-induced promoters. This
action of FoxH1 was independent of its transactivation capacity and
activin A but relieved by Smad2-Smad4. In addition, the repression
of the AR by FoxH 1 did not require deacetylase activity. A protein-
protein interaction was identified between the AR and FoxH1 inde-
pendently of dihydrotestosterone. Furthermore, a confocal micro-
scopic analysis of LNCaP cells revealed that the interaction between
the AR and FoxH1 occurred in the nucleus and that FoxH1 specifi-
cally blocked the foci formation of dihydrotestosterone-activated
AR, which has been shown to be correlated with the AR transacti-
vation potential, Taken together, our results indicate that FoxH1
functions as a new corepressor of the AR, Our observations not only
strengthen the role of FoxH1 in AR-mediated transactivation but
also suggest that therapeutic interventions based on AR-coregula-
tor interactions could be designed to block both androgen-depend-
ent and -independent growth of prostate cancer.

Prostate cancer is a significant cause of morbidity and mortality
worldwide. Androgens play major roles in promoting the development
and progression of prostate cancer (1-3), and therefore, androgen abla-
tion and blockade of androgen actions through the androgen receptor
(AR)? have been the cornerstones of treatments for advanced prostate
cancer. Despite these regimens, prostate cancer invariably progresses to
a fatal, androgen-refractory state (4, 5). However, although such
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relapsed tumors are androgen-independent, they are still dependent on
the AR for their growth and survival (4, 6—8). Therefore, identification
of the precise mechanisms underlying the regulation of AR function is of
critical importance for the design and development of novel therapies
and pharmaceutical targets for treating prostate cancers.

The AR shares a characteristic structure with other members of the
steroid hormone receptor family (comprised of receptors for estrogens
(ERs), progesterone (PR), glucocorticoids (GR), and mineralocorti-
coids), namely a variable NH,-terminal transactivation domain (NTD)
possessing an activation function 1 (AF-1) domain, a highly conserved
zinc finger-type DNA binding domain (DBD), and a ligand binding
domain (LBD) that usually contains a second activation domain (AF-2)
(9, 10). AF-1 functions in a ligand-independent manner, whereas the
activity of AF-2 requires cognate ligand binding (9, 11, 12). Upon acti-
vation by ligands, the AR translocates to the nucleus, where it binds to
androgen response elements and regulates the transcription of target
genes. Moreover, it has become clear that the transactivity of nuclear
receptors, including the AR, is regulated by coregulator proteins that
enhance (coactivators) or reduce (corepressors) the target gene tran-
scription by various mechanisms (10, 13, 14). Although most of the AR
coregulators identified to date have been coactivators, it is conceivable
that AR corepressors are also required for precise and efficient regula-
tion of the AR activity in cells (13, 15). Therefore, further characteriza-
tion of AR corepressors may provide insights into the signaling events
that occur within prostate cancer and pave the way to the development
of individualized therapies.

Activins, which are members of the TGF-B superfamily, are com-
posed of two B subunits, BA and BB, which form activin A (BABA),
activin B (BB 3B), and activin AB (BABB) (16). In addition to their stim-
ulatory effects on pituitary follicle-stimulating hormone synthesis,
activins have also been implicated in the control of many other cellular
processes, including growth and tumorigenesis (17, 18). The presence of
activin A and its receptors in the prostate (19-22) and the ability of
activin A to inhibit prostate cancer cells grown in culture (23~26) sug-
gest an important role for activin A in the regulation of prostatic growth.
Moreover, activin A has been shown to induce the expression of pros-
tate-specific antigen (PSA), prostatic acid phosphatase, and the AR (26),
genes that are also induced by androgen. Although the molecular mech-
anism through which activin A regulates gene expression and growth in
the prostate has not yet been fully elucidated, cross-talk between activin
A and androgen-mediated signaling pathways may play critical roles in
these processes (27).

Smads are a family of proteins that function as effectors of the TGF-
Blactivin-signaling pathway. Ligand addition induces the phosphoryla-
tion of specific receptor-regulated Smads (R-Smads), which then oli-
gomerize with the common mediator Smad4 and move into the
nucleus. Once there, the R-Smad-Smad4 complex interacts with a vari-
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ety of transcription factors and coregulators and becomes targeted to a
diverse array of gene promoters (28, 29). Interestingly, some coregula-
tors of Smads, such as AP-1 (30), CBP/P300 (31, 32), and TGIF (33), can
also regulate AR-mediated transactivation (34 -37). FoxH1 (also known
as FAST-1), a member of the Forkhead-box (FOX) gene family of tran-
scription factors, plays an important role in mediating TGF-B/activin
signals through its interaction with the Smad2-Smad4 complex (38~
40). We hypothesized that FoxH1 may also function as a coregulator to
regulate the AR transactivation potential and, therefore, be involved in
the cross-talk between activin A and androgen-mediated signaling. In
the present study we found that FoxH1 could repress ligand-dependent
and -independent transactivation of the AR on androgen-induced pro-
moters. However, the repression of the AR by FoxH1 was not alleviated
by activin A, indicating that FoxH1 was dispensable for the stimulatory
effect of activin A on PSA expression (26, 27, 41). Nonetheless, our
results demonstrate that FoxH1 is a new corepressor of the AR.

EXPERIMENTAL PROCEDURES

Plasmids—pCMVhAR, pCMXhGR, pcDNA3-ANT-1, pcDNA3-
Smad2, pcDNA3-Smad4, pAR-GFP, and pCBP-GFP as well as the
reporter plasmid pMMTV-LUC (containing the luciferase gene driven
by the mouse mammary tumor virus (MMTV) long terminal repeat
harboring hormone response elements for AR, GR, and PR) were
described previously (42—47). The human FoxH1 expression vectors
pCMVFoxH1 and pCMVFoxH1, 44, were kindly provided by Dr. Bert
Vogelstein (Howard Hughes Medical Institute, Johns Hopkins Oncol-
ogy Center, Baltimore, MD) (39). The human ER expression vectors
pSG5-EReand pSG5-ERB as well as a reporter plasmid for ER (pERE2-
tk109-LUC) were kind gifts from Dr. Shigeaki Kato (University of
Tokyo, Tokyo, Japan). The reporter plasmid pPSA-LUC, containing the
luciferase gene under the control ofa 6.1-kilobase promoter fragment of
the human PSA gene, was kindly provided by Dr. Jer-Tsong Hsieh (Uni-
versity of Texas Southwestern Medical Center, Dallas, TX). The human
PR expression vectors pSG5-PRA and pSG5-PRB were kind gifts from
Dr. Pierre Chambon (INSERM, Illkirch, France). pRL-SV40, pG5-LUC,
pBIND, and pACT expression vectors were obtained from Promega
(Madison, WT).

AR and FoxH1 expression vectors for mammalian two-hybrid assays
were subcloned into the pBIND and pACT expression vectors, respec-
tively. pFoxH1-Myc and pFoxH1gqz-Myc were constructed by sub-
cloning the FoxH1 and FoxH1ygsp ¢cDNAs into pcDNA3.1/Myc-His,
respectively. pFoxH1-GFP was constructed by inserting the FoxH1
cDNA into pEGFP-N1 (BD Biosciences Clontech, Palo Alto, CA). The

" validity of the structure of each construct was confirmed by DNA
sequencing and Western blot analysis of transfected COS-7 cells.

RNA Preparation and RT-PCR—Total RNA was extracted using
[SOGENE (Wako, Osaka, Japan) according to the manufacturer’s
instructions. The concentration and purity of the RNA were deter-
mined spectrophotometrically. Next, 5 ug of total RNA was reverse-
transcribed into first-strand cDNA using a SuperScript III kit (Invitro-
gen) in a final volume of 20 ul. To analyze the expression of FoxH1 in
prostate cancer cell lines, a sensitive RT-PCR was performed using pre-
viously described primers (39). The PCR was carried out in a 50-ul
reaction mixture containing 2.5 mM MgCl,, 0.3 mm dNTP, and 2.5 units
of Taq DNA polymerase (Promega) under the following conditions: 35
cycles of denaturation at 94 °C for 30 s, annealing at 58 °C for 30 s, and
extension at 72 °C for 1 min. Aliquots of the PCR products were elec-
trophoresed in 2% agarose gels containing 0.5 mg/ml ethidium bromide
and then photographed under UV light using a positive/negative instant
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film (Polaroid 665; Nippon-Polaroid, Tokyo, Japan). The authenticity of
each PCR product was confirmed by sequencing.

Transactivation Assays—The human prostate cancer cell lines
LNCaP and PC-3 were maintained in RPMI 1640 medium (Sigma) sup-
plemented with 10% fetal bovine serum (Sera Laboratories Ltd., Sussex,
UK). COS-7 monkey kidney cells and ALVA41 human prostate cancer
cells were maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum. The cells were cotransfected with
the indicated expression vectors in 24-well plates using an Effectene
transfection kit (Qiagen K. K., Tokyo, Japan) according to the manufac-
turer’s protocol. The cells were then incubated in RPMI 1640 or
Dulbecco’s modified Eagle’s medium containing 0.5% dextran-
coated charcoal-stripped fetal bovine serum and vehicle (0.1% etha-
nol) or ligands as indicated. After 24 h, the firefly and Renilla lucif-
erase activities were assayed using the Dual-Luciferase® Reporter
assay system (Promega) according to the manufacturer’s protocol in
a Minilumat LB9507 (Berthold Technologies, Bad Wildbad, Ger-
many). The results were normalized for the internal Renilla control
and presented as the relative luciferase activity. All transfection
experiments were carried out in triplicate wells and repeated at least
three times using two sets of plasmids prepared separately. Data
were calculated as the mean + S.D.

Stable Transfection of LNCaP Cells with pFoxH1-Myc, Semiquanti-
tative RT-PCR, and Western Blotting—LNCaP cells were cultured in
six-well plates and then transfected with pFoxH1-Myc using an Effect-
ene transfection kit. After 4 weeks of culturing and selection with 400
wug/mi of Geneticin (Invitrogen), 6 colonies were harvested. After lim-
ited dilution, 2 independent FoxH1-Myc-expressing clones (designated
LNCaP/FoxH1-1 and LNCaP/FoxH1-2) were identified by Western
blotting with an anti-Myc antibody (1:1000; sc-40; Santa Cruz Biotech-
nology, Inc.) and further maintained as stable cell lines in RPMI 1640
supplemented with 200 ug/ml Geneticin. Cells stably transfected with
the empty vector (LNCaP/Vector) served as a control.

The effect of stably expressing FoxH1 on the endogenous PSA level in
the absence or presence of 100 nm dihydrotestosterone (DHT) was
investigated by semiquantitative RT-PCR and Western blotting, respec-
tively. For semiquantitative RT-PCR, total RNA was extracted and
reverse-transcribed as described above. Preliminary experiments were
conducted to ensure linearity for the semiquantitative procedures, Hot-
start PCR was performed by heat-activating AmpliTaq Gold DNA
polymerase (PerkinElmer Life Sciences) at 95 °C for 10 min. Optimized
cycling condition was 30 cycles (for PSA) or 26 cycles (for glyceralde-
hyde-3-phosphate dehydrogenase) of 1 min at 94 °C, 1 min at 56 °C, and
1 min at 72 °C. The primer sequences specific for PSA and glyceralde-
hyde-3-phosphate dehydrogenase were described previously (48, 49).
For Western blotting, the cells were harvested, and the protein concen-
tration of each sample was measured using a BCA protein assay kit
(Pierce). Aliquots containing 20 pg of protein were separated in 10%
SDS-PAGE gels and transferred onto nitrocellulose membranes. Next,
the membranes were probed with the anti-human PSA antibody A67-
B/E3 (1:200; sc-7316; Santa Cruz Biotechnology Inc.) or an anti-B-actin
antibody (1:500; AC-74; Sigma). Bands were visualized using an alkaline
phosphatase system.

Microscopy and Imaging Analyses—Microscopy and imaging analy-
ses were performed essentially as described previously (44—46). The
cells were imaged for green fluorescence by excitation with the 488-nm
line from an argon laser, and the emission was viewed through a 496 —
505-nm band pass filter.

Immunoprecipitation and Western Blotting—COS-7 cells were
cotransfected with 2 pg of pFoxH1-Myc or pFoxH1,55p-Myc together
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FIGURE 1. Inhibitory effect of FoxH1 on AR transactivation in prostate cancer cells. A, endogenous expression of FoxiH1 in 4 prostate cancer cell lines, Total RNA was prepared
from each prostate cancer cell line and subjected to RT-PCR as described under “Experimental Procedures.” The cell lines examined are listed above the panel. B~F, inhibitory effects
of FoxH1 on both ligand-dependentand -independent transactivation of the ARin LNCaP cells. B-F, LNCaP cells were transiently cotransfected with a DNA mixture containing 50 ng
of pPSA-LUC, 1.5 ng of pRL-5V40, and increasing amounts (0-200 ng/well) (C) or 200 ng (Band D) of pCMVFoxH 1 adjusted with the empty pCMV vector to produce equimolar amounts
of the pCMV vector. The total amount of DNA in each well was brought to 250 ng with pBSK+ DNA. B, cells were treated with increasing concentrations of DHT asindicated. C, cells
were exposed to 1 um DHT. D, cells were exposed to the following concentrations of figands: 1 1M DHT, 1 um cyproterone acetate (CPA), 1 um hydroxyflutamide (HF), 1 um
progesterone (PROG), 25 ng/ml interleukin-6 (/L-6), or 10 uu forskolin (FSK). E, AR expression in extracts (20 ug of protein) of LNCaP cells, corresponding to the same samples shown
in D, were assessed by immunoblotting using the anti-AR antibody N-20 (1:500). The names of the samples are listed above the panels. F, pFoxH1-Myc was stably transfected into
LNCaP celis, and the expression of FoxH1-Myc was investigated by immunoblotting (top panel). Endogenous PSA expression was also investigated by semiquantitative RT-PCR
(middle panel) and immunoblotting (bottom panel) as described under “Experimental Procedures.” Bands were measured by densitometry. Data are presented as the mean (+S.E.)
ratio of PSA:B-actin proteins from three independent experiments (bottom panel). The blot shown in the figure shows the results of a typical experiment. **, p < 0.01. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.

with 2 g of the pCMVhAR or pCMV parent vector in 6-well plates
using Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. Transfected cells were cultured in the presence or absence
of 10 nm DHT for 24 h and then harvested in celLytic™-M (Sigma)
containing 1X Complete Mini-EDTA-free protease inhibitor mixture
(Roche Applied Science). The protein concentration of each sample was
measured and adjusted to 1 mg/ml. Next, an aliquot (160 ug) of each
lysate was incubated with 3 ug of the anti-AR antibody C-19 (sc-815;
Santa Cruz Biotechnology Inc.) or normal rabbit IgG as a control in
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TNE buffer (10 mm Tris-HCl, pH 7.8, 1% Nonidet P-40, 1 mMm EDTA,
150 mm NaCl) containing 1X Complete Mini-EDTA-free protease
inhibitor mixture and then further incubated with 25 ul of protein G
magnetic beads (New England Biolabs Inc., Beverly, MA) at4°C for 2 h
on a rotating platform. The beads were collected using a magnet, and
the bound proteins were eluted in 1X SDS-PAGE sample buffer and
subjected to 10% SDS-PAGE. A Western blot analysis was performed
using the anti-Myc antibody (1:500) as described above, and the positive
bands were detected using an enhanced chemiluminescence detection
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system (Amersham Biosciences) and a VersaDoc™ imaging system
(Bio-Rad).

Mammalian Two-hybrid Assays—Mammalian two-hybrid assays
(Promega) were mainly performed according the manufacturer’s proto-
col, with some modifications. NIH3T3 cells were transiently cotrans-
fected with the indicated vectors in 24-well plates using the Superfect
transfection reagent (Qiagen K. K.) in the presence or absence of 10 nm
DHT. Luciferase activities were assayed as described above.

Statistical Analysis—Statistical significance was determined by one-
factor analysis of variance followed by a post hoc test (Fisher’s protected
least significant difference test). p < 0.05 was considered statistically
significant.

RESULTS

Expression of FoxH1 in Prostate Cancer Cell Lines—A previous study
(39) reported that human FoxH1 gene expression was ubiquitous and
could be detected in all normal human tissues tested as well as in several
cancer cell lines. However, whether FoxH1 is expressed in LNCaP cells
as well as in other prostate cancer lines has yet not been elucidated.
Therefore, to investigate the role of FoxH1 in the cross-talk between
activin A- and androgen-mediated signaling in prostate cancer, we ini-
tially used the primers described in the above-mentioned study (39) to
investigate FoxH1 expression in the prostate cancer lines ALVA41,
DU145, LNCaP, and PC-3 by RT-PCR. These primers spanned a 100-bp
intron and discriminated between the spliced (423 bp) and unspliced
(523 bp) products. As shown in Fig. 14, a 423-bp band was detected in
all 4 prostate cancer cell lines. Moreover, three of the cell lines also
contained the unspliced product, which may arise from either genomic
DNA or unprocessed transcripts.

FoxH1 Represses Both Ligand-dependent and -independent Transac-
tivation of the AR in LNCaP Cells—Next, we examined the possible roles
of FoxH1 expression in ligand-dependent and -independent transcrip-
tion of the PSA promoter induced by endogenous AR by cotransfecting
LNCaP cells, the most commonly used androgen-sensitive prostate
cancer cell line, with a FoxH1 expression plasmid and a PSA-luciferase
reporter gene. As shown in Fig. 1B, DHT activated the AR in a concen-
tration-dependent manner, and an ~10-fold higher induction was
observed in the presence of 1 um DHT compared with vehicle treat-
ment. Cotransfection of the FoxH1 expression plasmid brought about a
marked repression of the DHT-induced AR activation at all concentra-
tions of DHT tested (Fig. 1B), and the repression was dose-dependent
(Fig. 1C). Furthermore, FoxH1 completely blocked the stimulatory
effects of progesterone and the anti-androgens cyproterone acetate and
hydroxyflutamide on the AR in LNCaP cells, which contains a mutation
(T877A) that results in alterations of the specificity and sensitivity of the
receptor to these molecules (50; 51) as well as the ligand-independent
transactivation of the AR by interleukin-6 (52—54) and forskolin (55, 56)
(Fig. 1D). In these and subsequent experiments, the inhibitory effect of
FoxH1 on the AR transactivity was not due to a reduced AR expression
level, since immunoblot analyses of extracts from the transfected cells
revealed comparable amounts of immunoreactive protein (Fig. 1E).
Together, these results demonstrate that FoxH1 represses both ligand-
dependent and -independent transactivation of endogenous AR in
LNCaP cells.

To further explore the relevance of FoxH1 in AR-mediated transac-
tivation, we examined the relationship between FoxH1 expression and
endogenous PSA expression in LNCaP cells. pFoxH1-Myc was stably
transfected into LNCaP cells, and 2 isolated clones expressing similar
protein levels of FoxH1-Myc, LNCaP/FoxH1-1, and LNCaP/FoxH1-2
were established (Fig. 1F, top panel) to investigate the effect of FoxH1 on
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FIGURE 2. Reprassion by FoxH1 is not rescued by activin A but is relieved by
Smad2/4. A, activin A has no effect on the FoxH1-mediated repression of PSA expres-
sion. LNCaP cells were cotransfected as described in the legend for Fig. 1, C and D, and
then treated with 0.1% ethano), 1 um DHT, 25 ng/ml activin A, or DHT + activin A. 8,
LNCaP cellswere cotransfected with 50 ng of pPSA-LUC and 1.5 ng of pRL-SV40 as well as
100 ng of pCMVFoxH1, 100 ng of a Smad expression vector alone, or 100 ng each of
pCMVFoxH1 and a pcDNA3-Smad vector. The parent expression vectors were used to
maintain equimolar concentrations across all cultures, After transfection, the cells were
treated with 1 uM DHT.*, p < 0.05; **, p < 0.01.

PSA expression. As expected, stable expression of FoxH1 resulted in a
parallel reduction of PSA expression in either mRNA or protein levels in
both the absence and presence of DHT but had little effect on the levels
of the housekeeping genes glyceraldehyde-3-phosphate dehydrogenase
and B-actin (Fig. 1F, middle and bottom panels), indicating that FoxH1
could regulate the expression of endogenous androgen-responsive
genes.

Repression of FoxHI Is Not Rescued by Activin A but Is Relieved by
Smad2/4 Proteins—Because FoxH1 mediates transcriptional responses
to TGF-B/activin in a ligand-, receptor-, and Smad-dependent fashion
(39)and activin A has been shown to induce PSA expression in LNCaP
cells (26,27, 41), we next investigated whether activin A and its effectors
Smad2-Smad4 could alleviate the repression of the AR by FoxH1 in
LNCaP cells. Consistent with previous reports, activin A induced tran-
scription from the PSA promoter, and the PSA promoter induction after
treatment with both DHT and activin A was additive compared with the
values observed with either reagent alone (Fig. 24). Unexpectedly,
FoxH1 could still repress the AR-mediated transactivation of the PSA
promoter in the presence of activin A, indicating that FoxH1-mediated
inhibition was independent of activin A in LNCaP cells and that
FoxH1 was dispensable for the stimulatory effect of activin A on PSA
expression (26, 27, 41). On the other hand, in agreement with a
previous report (57) neither Smad2 nor Smadé4 alone had a signifi-
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were treated with 0.1% ethanol or 10 nm DHT. *, p < 0.05; **, p < 0.01.

cant effect on the AR-dependent transcription, whereas coexpres-
sion of Smad2 or Smad4 resulted in complete or partial relief of the
repression by FoxH1, respectively (Fig. 2B). These results suggest
that Smad2-Smad4 may be negative regulatory factors for the repres-
sion of the AR by FoxH1 through competition with the AR for bind-
ing to the limiting cellular FoxH1.

Repression of FoxH1 Is Neither Cell-type- Nor Promoter Context-
dependent—To further explore the biological significance of the
FoxH1-mediated repression, we examined the repression effect of
FoxH1 on the wild-type AR in COS-7 and PC-3 cells using both pPSA-
LUC and pMMTV-LUC asreporter genes. As shown in Fig. 3, FoxH1 as
well as its mutant FoxH 1, g4, which has a mutation in the DNA binding
Forkhead domain and completely lacks transcriptional activity (39),
still significantly repressed AR-regulated transcription from either
the PSA or MMTV promoter in both COS-7 and PC-3 cells. Notably,
the basal transcription from the reporter genes was also reduced in
the presence of FoxH1 but only in the presence of the AR (Fig. 3). In
addition, the internal control Renilla luciferase activity was not
influenced by FoxH1. Therefore, the repression by FoxH1 was spe-
cific for the AR and not a general transcriptional inhibition. These

OCTOBER 28, 2005+ VOLUME 280+ NUMBER 43

observations suggest that the inhibitory effect of FoxH1 on the AR is
neither cell type- nor promoter context-dependent and is independ-
ent of its transactivity.

Selective Repression by FoxHI1—Several of the corepressors identified
to date, such as N-CoR and SMRT, can repress the transcriptional activ-
ity of other steroid hormone receptors as well as that of the AR (58 —61).
Therefore, it is important to investigate whether the repression by
FoxH1 is specific for the AR ora more general phenomenon. To address
this question, we tested GR, ER-a, ER-B, and PR isoforms in PC-3 cells
under similar experimental conditions to those used for the AR. As
shown in Fig. 4, these receptors showed ligand-dependent transactiva-
tion in the presence of their appropriate ligands, and cotransfection of
FoxH1 resulted in obvious repressions of ER-aand ER-B as well as of the
AR. In contrast, FoxH1 showed no significant repression of the trans-
activation of the GRand PR isoforms, demonstrating that the repression
of the AR by FoxH1 did not result from competition with the AR for
binding to the hormone response elements. In these experiments, the
internal control Renilla luciferase activity was stable. Collectively, these
results suggest that FoxH1 may be involved in multiple regulatory pro-
cesses mediated by steroid hormone receptors.

JOURNAL OF BIOLOGICAL CHEMISTRY 36359



FoxH1-mediated Repression of AR

—
7 0
B tigand
L6
2
£ s
P
: T
5 o4t
E P !
3
¥
Z
£ «
~
A F‘[Ei
Lr [ <
FoxH1 - + - + - + - + - +
GR ER-tz ER-B FR-A PR-B

FIGURE 4. Repression by FoxH1 is selective. For each sample 50 ng of pMMTV-LUC or
PERE2-tk109-LUC, 50 ng of the indicated corresponding steroid receptor expression
constructs,and 1.5 ng of pRL-5V40 together with 150 ng of pCMVFoxH 1 or an equimolar
amount of the empty pCMV vector were cotransfected into PC-3 cells, After transfection
the cells were treated with 10 nm concentrations of the specific ligand for each receptor.
The ligands used were dexamethasone, 17-estradiol, and progesterone. *, p < 0.05.

Repression of the AR by FoxH1 Does Not Require Deacetylase Activity—
Recent studies have shown that the transcriptional repression of the AR
by some corepressors, such as TGIF (37) and ARR19 (62), is mediated
through histone deacetylase pathways. In this regard, we examined
whether trichostatin A (TSA), a specific inhibitor of histone deacetylase
activity (63), had any influence on the repression of the AR by FoxH1 in
LNCaP cells. Consistent with a previous report (64), treatment with
1077 M TSA slightly increased the DHT-induced AR transactivity by
about 30% (Fig. 5). However, TSA had no significant effect on the
FoxH1-mediated inhibition at any of the doses tested, indicating that
the repression of the AR by FoxH1 does not require deacetylase activity
and that FoxH1 may repress AR-mediated transactivation through
other mechanisms.

FoxH1 Abrogates Nuclear Foci Formation by the AR—We previously
reported that DHT-bound AR formed foci in the nucleus, which were
correlated with AR-mediated transactivations (44, 45). More recently, it
was reported that the Tob-mediated suppression of AR activity may
result from inhibition of the AR foci formation (65). Therefore, the
prevention of AR foci formation may be responsible for the repression
by FoxH1. To verify this hypothesis, we first examined the intracellular
localization of the FoxH1 protein. As expected, the majority of FoxH1-
GFP was homogeneously distributed in the nucleus in all the cell lines
examined (Fig. 6, A~C). No significant changes were observed in the
subcellular distribution of FoxH1-GFEP before and after the addition of
DHT or activin A. Consistent with our previous report (44), after
cotransfection of LNCaP cells with pAR-GFP and the empty pCMV
vector, the majority of AR-GFP was located homogeneously in the cyto-
plasm in untreated control cells (Fig. 6D), whereas treatment with 10 nm
DHT resulted in nuclear translocation and fine foci formation by the AR
in the nucleus (Fig. 6E). However, the addition of activin A (25 ng/ml)
had little effect on the distribution of either unliganded or liganded AR
(Fig. 6, F and G). In contrast, cotransfection with FoxH1 resulted in
disruption of the DHT-induced foci formation, and AR-GFP was dis-
tributed homogeneously in the nucleus (Fig. 6H). In agreement with the
transactivation assays, treatment with activin A did not recover the
disruption of the DHT-induced foci formation by FoxH1 (Fig. 6]). Fur-
thermore, replacement of pCMVFoxH1 by pCMVFoxH1, gag produced
similar results (Fig. 6,/ and K). Notably, and consistent with our previ-
ous report (45), CBP, a general integrator for nuclear receptors, was
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distributed in a mixed pattern with fine foci formation in a diffuse back-
ground in the nucleus (Fig. 61). Cotransfection of FoxH1 had no obvi-
ous effect on the nuclear distribution of CBP (Fig. 6M), demonstrating
that the disruption of foci formation by FoxH1 was specific for the AR
rather than a general phenomenon.

FoxH1 Interacts Physically with AR—As a result of the above obser-
vations, we examined whether there was a physical interaction between
the AR and FoxH1 using a coimmunoprecipitation analysis. pFoxH1-
Myc was cotransfected into COS-7 cells with the empty pCMV vector
or pCMVhAR. Cell extracts were immunoprecipitated with normal
rabbit IgG (negative control) or an anti-AR antibody (C-19) followed by
Western blotting with an anti-Myc monoclonal antibody. As shown in
Fig. 7A, upper panel, FoxH1 protein was detected in anti-AR immuno-
precipitates from cells cotransfected with the AR and FoxH1 in the
absence or presence of 10 nM DHT but not in those from cells trans-
fected with the AR or FoxH1 alone or when normal rabbit IgG was used.
A similar result was obtained when pFoxH1-Myc was replaced by
pFoxH1,g3r-Myc (Fig. 74, lower panel). These data indicate that either
FoxH1 or FoxH1, g5 can form a specific complex with the AR.

Involvement of AF-1 in the Interaction of the AR with FoxHI—To
further define the individual domains of the AR involved in binding to
FoxH1, mammalian two-hybrid assays were carried out. The AR con-
structs consisted of amino acids 1-919 (pBIND-AR), amino acids
1-660 (pBIND-AR-NTD/DBD), and amino acids 615-919 (pBIND-
AR-LBD) fused to the DBD of GAL4, whereas full-length FoxH1 was
fused to the VP16 activation domain (pACT-FoxH1). As shown in Fig.
7B, the pG5-LUC reporter was induced after cotransfection of pBIND-
AR-NTD/DBD and the empty pACT vector but not after cotransfection
of the pBIND-AR-LBD construct, consistent with previous evidence
that AF-1 in the NTD is responsible for most of the AR transactivation
(66). Further induction was observed when pACT-FoxH1 was cotrans-
fected with either pBIND-AR or pBIND-AR-NTD/DBD but not
pBIND-AR-LBD. The addition of DHT (10 nm) further enhanced the
transcription by about 2-fold in the case of pBIND-AR, whereas no
significant induction was observed in the case of pBIND-AR-LBD.
Moreover, pBIND-AR-NTD/DBD was found to have even stronger
induction ability with FoxH1 than the full-length AR. Interestingly,
when ANT-1, which specially enhances AR transactivation through a
direct interaction with AR-AF-1 (46), was coexpressed, the induction of
pG5-LUC by pACT-FoxH1 and pBIND-AR-NTD/DBD was com-
pletely blocked, suggesting that ANT-1 competed with FoxH1 for bind-
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FIGURE 6. Confocal laser microscopy images of
FoxH1-GFP, AR-GFP, and CBP-GFP. A-C, intra-
cellular localizations of FoxH1 protein. pFoxH1-
GFP was transiently transfected into LNCaP cells
(A), PC-3 cells (B), and COS-7 cells {Q), and the fluo-
rescent signals in the cells were collected by con-
focal laser scanning microscopy. D-M, specific dis-
ruption of the AR nuclear foci formation by FoxH1.
PAR-GFP or pCBP-GFP was cotransfected into
LNCaP cellswith the pCMV parent vector (D-G and
L), pPCMVFoxH1 (H, ], and M), or pCMVFoxH 1,535
and K). After transfection the cells were treated
with 0.1% ethanol (D), 10 nm DHT (E, H, and J), 25
ng/miactivin A (F),or DHT and activin A (G, /,and K)
asindicated, and the fluorescent signals from AR-
GFP or CBP-GFPwere collected after 2 h.Bars, 10 pum.
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ing to AR-AF-1. These data suggest that AF-1 may be involved in the
interaction of the AR with FoxH1 in both the presence and absence of
androgens.

FoxH1 Represses AR-AF-1 Function—Because our data implicated
AF-1 as the site of FoxH1 corepressor activity, we investigated whether
AF-1-dependent transactivation was sensitive to FoxH1 repression. As
shown in Fig. 7C, when pBIND-AR-NTD (amino acids 1-532) was
cotransfected together with pG5-LUC, there was a marked increase in
the luciferase activity which was dramatically reduced when FoxH1 was
coexpressed. These results provide additional evidence that AF-1 may
be involved in the interaction between the AR and FoxH1 in cells.

DISCUSSION

To date many coregulators of the AR have been identified and char-
acterized (13, 15). Compared with the coactivators, the AR corepressors
identified are relatively fewer and less well characterized. The data
obtained in the present study demonstrate a new function for FoxHI,
which was expressed in LNCaP cells and the other prostate cancer cell
lines tested, as a corepressor that attenuates the transactivation poten-
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tial of the AR. This effect occurred in both the presence or absence of
activin A, indicating that activin A was not involved in the repression of
the AR by FoxH1 and, conversely, that FoxH1 was dispensable for the
stimulatory effect of activin A on PSA expression (26,27, 41). However,
the possible roles of the FoxH1-mediated repression of the AR in activin
signaling in prostate cancer require further investigation since Smad?2/4
can rescue the repression of the AR by FoxH1, and a mutually antago-
nistic interaction between activin and androgen signaling has been
shown to be involved in modulating the expressions of cell cycle regu-
latory proteins such as Rb, E2F-1, and p27 (27), thereby playing an
important role in the regulation of prostate cancer cell growth. Hence,
further clarification of the effect of the FoxH1-mediated repression of
the AR on the expressions of these cell cycle regulatory proteins would
help to elucidate the molecular mechanism through which activin A
regulates gene expression and growth in the prostate.

The AR shares hormone response element sequences in the DNA
with GR and PR (67). In this regard, the NH,-terminal region, which
varies among these receptors, is considered to be responsible for the
cell- and ligand-specific regulation of their target genes (66, 68, 69). The
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transfection the cells were harvested, and the luciferase activity was measured.

AR s thought to be quite unique among the nuclear receptor superfam-
ily members, since most if not all of its activities are mediated via the
ligand-independent constitutive activity of the AF-1 (66). The funda-
mental role of the AR-AF-1 was further supported by our recent finding
(43) that the absence of an AR-AF-1-specific coactivator resulted in
androgen insensitivity syndrome. Qur current observations show that
AF-1is involved in the interaction of the AR with FoxH1, which may
explain why the inhibitory effect of FoxH1 on steroid receptors is selec-
tive. Because FoxH1 is expressed in mammary gland tissue (39), it is of
interest to further elucidate whether FoxH1 is also able to interact with

_ ERin breast cancer cell lines, such as MCF-7, and whether it is involved
in the regulation of TGF-B/activin signaling during the growth ofbreast
cancer.

In addition to SRC-1 (70) and CBP/P300 (71), which interact with
both AF-1 and AF-2 of the AR, many coregulators, such as Heyl (72),
SMRT (60), SMAD3 (57), AES (73), cyclin D1 (74), ANT-1 (46), ARA24
(75), and ARA160 (76), have also been shown to interact preferentially
with the AF-1. Interestingly, STAT3, a critical signaling molecule
required for ligand-independent transactivation of the AR by interleu-
kin-6, also associates with the AR via AF-1 (53, 77, 78). Because andro-
gen levels do not fluctuate dramatically in adult males, the relative levels
of coactivators versus corepressors binding to the AR may play a critical
role in modulating AR function (15, 79). Indeed, Heyl (72) and SMRT
(60) have been shown to attenuate AR transcriptional activity through
interrupting the interaction between the AR and SRC-1. Similarly, we
demonstrated that ANT-1 competed with FoxH1 for binding to the AR.
Therefore, interrupting the interactions between the AR and its coacti-
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vators may be responsible for the inhibitory effects of FoxH1 on the
ligand-dependent and -independent transactivation of the AR. In addi-
tion, FoxH1, as well as Heyl, could attenuate the AR transactivation
potential in both the presence and absence of androgens, suggesting
that therapeutic interventions based on AR-coregulator interactions
could be designed to block both androgen-dependent and -independent
growth of tumor cells.

We previously reported a sensitive confocal laser microscopy
approach that can clearly distinguish the transcriptionally active and
inactive forms of the AR in vivo (44). More recently, we reported that
transfer to common compartments (foci) of the nucleus and complex
formation with coactivators, such as SRC-1, TIF2, and CBP, may be
essential processes for eliciting the transactivation function of the AR
(45). In the present study we observed that FoxH1 had no effect on the
nuclear translocation of the AR but specifically blocked the DHT-in-
duced foci formation by the AR in LNCaP cells. Therefore, the simplest
explanation for our current finding that FoxH1 represses the AR-medi-
ated transactivation is that FoxHI maybe compete with AR coactiva-
tors, such as SRC-1 and ANT-1, for binding to the AR, thereby inhibit-
ing the formation of the transcriptionally active complex. However,
further studies are required to elucidate the precise mechanism of the
FoxH1-induced repression of AR-mediated transactivation. Moreover,
it will be interesting to investigate whether disruption of the foci forma-
tion is also involved in the repression of AR-mediated transactivation by
other corepressors, such as Heyl and SMRT.

In conclusion, this is the first report to demonstrate that association
of FoxH1 with the AR can inhibit the transactivation potential of the AR.
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Further studies of the expression of FoxH1 in prostate cancer at differ-
ent stages and its role in the mutually antagonistic effects of androgen
and activin A will provide fresh insights into the biology of prostate
cancer and may lead to the development of new treatments.
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