a wbei ate pﬁobe?
L EE MEEH uw EE BE 4 H X
AR(+) 4111 i T
L]
per K W oEE €
targeting ni ! Exon . . >
K EE HEE X ac” koE WK
AR (L3) Ll P Exon 1 [ or ]
EcoRl digasl
Kpgml - | ProDe?
ow g
["‘”—i!:nhg
1Cre
IR LT
AR (L) }
Kpn!digest EcoRldigest (o) )
probel proba? (ol “%m
o I L34 ww
*fo
B - % %, ‘i“ F
% D @ {tg/0) {0/0) .am;
TS g0y 1o AR'“AR'“nwﬂ; 100 (001 ARLA-
d L3' - s - e
b B o ™ e ™ AR bl bl

+

+* o .. .
11— - — —

practin - . . ...

L3 e~

Gm‘ﬂlvvu "

f

2 0,0, % G

Sry

- E—

Fig. 1. Establishment of the AR-null mutant mouse line. {2} Diagram of the
wild-type AR genomic locus {+), the floxed ARL3 allele (L3), and the AR allele
{L-) obtained after Cre-mediated excision of exen 1. K, Kpnl; E, EcoRl; H,
Hindill; B, BamHL; LoxP sites are indicated as black arrowheads. The targeting
vector consisted of a 7.6-kb 5' homologous region containing exon 1, a 1.3-kb
3" homologous region, a single loxP site, and the neo cassette with two loxP
sites. (b) Southern blot analysis of targeted embryonic stem clones, Genomic
DNA from WT TT2 embryonic stem cells (WT) and homologoustargeted clones
(FB-18 and FC-61) were digested with Kpri for hybridization with probe 1 or
with EcoRl for hybridization with probe 2. {c) Strategy forthe disruptionof the
floxed AR gene by using the CMV-Cre transgene. ARE! mice were crossed
with CMV-Crelt9®/ARL-1* mice to generate CMV-Crel¥®/ARL- and CMV-
Cref90)/ AR - mice. (d) Detection of the Y chromosome-specific Sry gene in
ARL-Y mice by PCR of mouse-tail DNA. (e} Lack of AR transcripts in male
(ARL-M) and female (ARY/t-) AR-null mutant mouse brains as shown by
Northern blot analysis with an AR E-domain ¢cDNA probe. (f) Absence of AR
protein in ARU-" and ARL-"t- mouse brains by Western blot analysis with a
specific C-terminal antibody. {g) Female-like external genitalia in AR /¥ mice
{(Upper). Atrophic testis without internal male and female reproductive or-
gansin AR~/ mice. Ep, epididymis; Pr, prostate; Sv, seminal vesicle; Te, testis;
Vd, vas deferens; Od, oviduct, Ov, ovary; Ut, uterus.

clonal AR antibodies (C-19 and N-20; Santa Cruz Biotechnol-
ogy) and then peroxidase-conjugated second antibody. Blots
were visualized by using an ECL detection kit (Amersham
Bioscience), Immunchistochemistry was performed as described
in Supporting Materials and Methods.

1674 | www.pnas.org/cgi/doi/10.1073/pnas.0305303101

Animal Conditions for Behavior Tests. Gonadally intact experimen-
tal mice (8 weeks old) were housed singly under controlled light
(light/dark 12:12, lights off at 1800 hours) and temperature
(22-24°C) conditions throughout the tests. For adult hormone
administration, a Silastic tube [10 mm length, i.d. = 0.062 in (1
in = 2.54 cm), Dow—Corning] containing methyltrienolone
(R1881; 5 mg/20 ul) (15), or 60-day time-release pellets (Inno-
vative Research of America) containing either Se-dihydrotes-
tosterone (DHT; 10 mg per pellet), 178-estradiol (Ez; 0.25 mg
per pellet), or placebo (PLA} were implanted s.c. 2 weeks after
gonadectomy under avertin anesthesia. All behavioral tests were
conducted during the dark phase of the light/dark cycle, starting
at 2 h after lights off.

Male Sexual Behavior Tests. Every week experimental mice un-
derwent two 30-min sexual behavioral tests and then a 90-min
test in their home cages (3, 4, 16). As stimuli, female mice
(C57BL/6J) were ovariectomized and injected with estradiol
benzoate (30 ug at 48 h and 15 ug at 24 h before tests) and
progesterone {500 pg at 4 h before tests), with only females that
showed lordosis in response to mounting by stud males subjected
to experimentation. Sexual behaviors of each male were re-
corded for either 30 or 90 min as follows: number of mounts and
intromissive and ejaculatory behaviors. The latency period (sec-
onds) of the first male behavioral response was also measured.

Male Aggressive Behavior Test. Each mouse was tested three times
in his home cage (as a resident) against an olfactory bulbecto-
mized male (C57BL/6J) intruder mouse for 15 min (3, 4). For
each experiment, percent of mice showing apgressive behaviors,
total number of aggressive bouts, and latency (seconds) to first
aggressive behavioral act by resident males were scored. An
aggressive bout was defined as a consecutive series of behavioral
acts separated by <3 sec, consisting of tail rattling, chasing,
boxing, biting, offensive attacks, and wrestling.

Female Sexual Behavior Test. Gonadally intact or hormone-primed
mice were introduced into a vigorous WT male’s home cage (17).
Lordosis in response to mount was defined as receptive posture
with dorsoflexion of the back and elevation of the hindquarters.
The lordosis quotient was calculated as the number of lordosis
events per 10 mounts X 100. Observation continued for 20 min
after introduction of the experimental animals, or until they
received 10 mounts.

Perinatal DHT Treatment. Pregnant mice were implanted with
21-day time-release pellets (Innovative Research of America)
containing DHT (35 mg per pellet) from days 14 to 19 of
pregnancy. All offspring were injected with DHT (300 pg/30 pl)
on days 0, 2, 4, 6, and 8 after birth. PLA and sesame oil were
administered to control animals in the same schedule. These
ARL~L— and male and female WT mice were gonadectomized
at 50 days of age, and behavioral tests were performed after
hormone treatments as described above.

Statistical Analysis. Behavioral test data are shown as mean {(+SE)
and analyzed by using Student’s ¢ test or two-way ANOVA
followed by post hoc comparison with the Fisher’s protected
least significant difference test. The nonparametric Kruskal-
Wallis test and Mann-Whitney U test were used when variances
were not equal among groups. Differences in incidences of
behaviors were analyzed by the x? test or Fisher's exact proba-
bility test.

Results

Generation of AR-Deficient Mice by Using the Cre-loxP System. To
circumvent male infertility due to AR inactivation, we intro-
duced three loxP sites around exon 1, which encodes the
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Fig. 2.
{gonads: +) 10-week-old ARL~Y mice. E; treatment of gonadectomized (gona

Ablation of AR in male mice resulted in the lack of both male and female sexual behaviors. (a) Loss of all components of male sexual behavior in intact

ds: ) ARt~ mice partially induced mounts and intromissions but not ejaculation.

Results of 90-min sexual behavioral tests performed after 30-min tests performed twice every week for 2 weeks are shown and were basically identical withthose
of the 30-min tests (data not shown). v, P < 0.05; *», P < 0.01; *++, P < 0,001. {b) Percentage of intact (gonads: +) and gonadectomized {gonads: —) 10-week-old
mice exhibiting aggressive behaviors (Incidence of male aggressive behavior) toward olfactory buthectomized {OBX) male intruder mice. Three tests intotal were

carried out every week, and results of the third test are shown, », P< 0.05; #»,

P <001, (¢} Number of bouts with attacks. **, P < 0.01; *** P < 0.001. (d) Latency

to the first attack during resident~intruder tests. Aggressive behavioral acts were markedly reduced in intact ARL"Y mice and were partially recovered after DHT
treatment, *, P < 0.05; *++, P < 0.001. (e) Absence of female sexual behaviors in intact and £2- and progesterone-primed gonadectomized 10-week-old ARL—Y

mice. Twenty days after implantation of Ez pellets, progesterone (P; 500 w1.g)

was administered to ARL~'Y and WT mice 4 h before the behavioral test, Normal

expression of female sexual behaviors was observed in intact 10-week-old ARE=t~ mice. (f) Lordosis was not induced in gonadectomized AR 'Y mice after
treatment with Ez. (g) Absence of AR protein and no reduction in ERa and ERB protein levels in the medial preoptic area of ARL™/Y mice analyzed by

immunchistochemistry.

transcription start site (Fig. 1a), to generate AR-floxed (flox/Y)
mice (Fig. 1b). AR-floxed male (AR“*") and female (4ARL)
mice exhibited no overt abnormalities in terms of sexual behav-
iors, with normal reproduction frequencies and AR mRNA
expression levels (Fig. le). AR-floxed mice were then crossed
with CMV-Cre transgenic mice (tg/0) to generate female AR
heterozygotes (ARL~/*) for further generation of male ARL~Y
and female AR /L~ null mutant mice (Fig. 1¢) as described (10).
The genetic sex of male ARLY and female ARE~L~ mice was
confirmed by detection of the Y chromosome Sry gene (Fig. 14).
No AR transcripts in the brain were detected by Northern
blotting (Fig. 1e), and RT-PCR using primer pairs designed to
amplify exons encoding the AR ORF also failed to detect AR
mRNA (data not shown). Immunoblotting experiments using N-
and C-terminal antibodies for AR showed no AR protein
expression in the brain and confirmed the inactivation of the AR

gene (Fig. 1f).

Tfm Abnormalities in Male ARKO (ARL-™) Mice. From birth, both
ARL=Y and ARY /L~ mice were externally indistinguishable from
normal female WT littermates (Fig. 1g) in terms of anogenital
distance (ARL-, 6.0 = 0.6 mm; ARL~L=,5.8 = 0.5 mm; AR,
16.2 = 1.3 mm; and ARYY*, 5.9 £ 0.4 mm) and growth curve up
to 10 weeks (Fig. 5¢, which is published as supporting informa-
tion on the PNAS web site). AR-~" mice exhibited female-
typical external appearance, including a vagina with a blind end,
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and a clitoral-like phallus instead of a penis and scrotum (Fig.
1g), similar to that observed in another mice line (18). Male
reproductive organs, including seminal vesicles, vas deferens,
epididymis, and prostate, were absent in ARL~Y mice (Fig. 1g).
Although no ovaries or uteri were observed, small inguinal testes
were present. Histological examination of these testes showed
that spermatogenesis was severely arrested (Fig. 5a). Testicular
androgen levels were very low [testosterone, #(24) = 3.1, P <
0.01; and DHT, #(15) = 3.1, P < 0.01], whereas serum estrogen
levels appeared normal in 10-week-old mutant mice (Fig. 5b). To
our surprise, no phenotypic abnormalities in female reproduc-
tive organs were found in female ARY =L~ mice up to 10 weeks
of age (H. Shiina, J. Miyamoto, T. Sato, T. Matsumoto, and S.
Kato, unpublished results).

Impaired Male-Typical Behaviors in ARKG Male Mice. On matching
with WT stimulus females (3, 4, 16), gonadally intact 10-week-
old ARL™Y mice that had been housed singly exhibited no male
sexual behaviors (Fig. 22), including mounts [x*(1) = 17.0, P <
0.001], intromissions [x*(1) = 17.0, P < 0.001], and ejaculation
[¥%(1) = 17.0, P < 0.001], despite having normal levels of serum
E; (Fig. 5b) and normal levels of ER « and 8 protein expression
in the hypothalamus (Fig. 2g). To restore the reduced serum
androgen levels, gonadectomized ARL~Y mice were given non-
aromatizable androgen DHT. Although DHT treatment of WT
male littermates enhanced the manifestation of male sexual

PNAS | February 10,2004 | vol.101 | no.6 | 1675
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Partial recovery of impaired male-typical behaviorsin ERa/~ mice after DHT treatment. {a) Treatment with DHT, but not Ea, restored the impaired mount

and intromission but not ejaculation of gonadectomized 10-week-old male FRa™/~ mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (b} Impaired male aggressive
behaviors of male ERa~"~ mice were restored by DHT treatment. *, P < 0.05. {¢) Number of bouts with attacks. , P < 0.05. (¢} Latency to the first attack during

resident-intruder tests. », P < 0.05.

behaviors [mounts and intromissions, x*(1) = 8.2, P < 0.01, and
gjaculation, x2(1) = 7.5, P < 0.05], it was totally ineffective in
ARL= mice (Fig. 2a). Male aggressive behaviors (3, 4) were also
severely impaired in ARL=Y mice [}X(1) = 10.8, P < 0.01] as
measured by decreased numbers of aggressive bouts (F779 =
6.71, P < 0.01) with longer latency periods (F75 = 6,55, P <
0.01). Unexpectedly, treatment with either DHT or a nonaro-
matizable synthetic AR ligand (R1881) (15) enhanced, to at least
some extent, the impaired male aggressive behaviors of ARLY
mice [DHT, x2(1) = 4.0, P < 0.05, and R1881, 2(1) = 5.5,P <
0.05; Fig. 2 b-d]. Our results suggested that both AR-
independent and -dependent pathways mediated the effects of
DHT on male aggressive behaviors.

In agreement with previous findings (2, 19), E, also potently
induced male sexual behaviors in W'T male mice [x*(1) = 10.5,
P < 0.01], whereas E-treated ARL~"Y mice showed recovery of
mounts and intromissions [x%(1) = 5.2, P < 0.05] but not
ejaculation. However, where behavioral recovery did occur, it
was only to =50% of that observed in WT mice (Fig. 2a). The
impaired aggressive behaviors of male ARKO mice were effec-
tively restored by Ea treatment [y2(1) = 7.9, P < 0.01; Fig. 2 b-d].

Absence of Female-Typical Behaviors in Male ARKO Mice. We then
tested the female sexual behaviors of gonadally intact ARL—Y
mice by placing these mice into the home cages of WT males
(17). ARY~'Y mice did not perform lordosis in response to WT
male mounts (Fig. 2¢). To further verify the inability of AR~/
mice to display lordosis, ovarian hormones were administered to
stimulate female sexual behaviors. In WT females, the levels of
lordosis gradually increased after administration of Es, whereas
no lordosis was induced in ARY /¥ mice even when progesterone
was given together with E; (Fig. 2 ¢ and f). In contrast, female
intact AR L~ mice exhibited normal levels of lordosis, similar
to that of WT females (Fig. 2e), and fertility (data not shown) but
not male-typical behaviors.

Partial Recovery of Impaired Male-Yypical Behaviors in ERe—'~ Mice
after DHT Treatment. As male-typical behaviors have been shown
to be impaired in male ER«™'~ mice (2, 4), but not in ERB~/~
mice (2, 17), we attempted to verify the role of AR in male-

1676 | www.pnhas.org/cgi/doi/10.1073/pnas.0305303101

typical behaviors by testing the effects of DHT in male ERa ™/~
mice (20). In male WT mice, all three components of male sexual
behaviors were enhanced after DHT treatment. In male ERo™/~
mice, DHT treatment restored impaired mount and intromission
behaviors [¥2(1) = 5.8, P < 0.05], but not ejaculation (Fig. 3a).
Similarly, the impaired aggressive behaviors of male ERa~
mice were partially recovered by DHT treatment as measured by
increased incidences of aggression [y*(1) = 6.2, P < 0.03] with
shorter latencies (Fa 24 = 541, P < 0.03; Fig. 3 b—d). Thus, male
behavioral responses to DHT in null ERa~'~ mice further
confirmed the physiological importance of androgen signaling in
male-typical behaviors.

DHT-Induced Perinatal Brain Masculinization in Female Mice Was
Abolished by AR Inactivation. Serum levels of testosterone in
newborn AR-~Y mice were still within the normal range com-
pared with WT males (WT, 6188 = 233.1 pg/ml; and ARKO,
404.9 = 171.7 pg/ml; Fig. 4f). However, we could not exclude the
possibility that the lowered estrogen conversion due to impaired
testosterone production from atrophic testis was insufficient to
cause masculinization of the 4RL~/Y fetal brain. Therefore, to
precisely define the role of AR function in brain masculinization,
we assessed AR-mediated androgen activity in the female fetus.
Intact female brains physiologically undergo the innate femini-
zation program due to the absence of sex hormone activity. It is
well known that perinatal exposure of female rodents to andro-
gens results in behavioral masculinization, observed as increased
male-typical behavioral patterns after ovariectomy and further
hormonal treatment in adulthood (5, 21). Only 30-33% of
control WT females showed mount and intromissive patterns,
but not ejaculatory patterns, even after either DHT or E; were
administered in adulthood (Fig. 44). In contrast, perinatal DHT
treatment (see Fig. 6, which is published as supporting informa-
tion on the PNAS web site) induced mount and intromissive
patterns in WT females on further postpubertural DHT [mount
and intromissions, (1) = 9.7, P < 0,01] or E; [mount and
intromissions, 3 (1) = 10.5, P < 0.05) treatment (Fig. 4a).
Perinatal DHT exposure enabled 2 of 10 WT females to exhibit
¢jaculatory patterns in response to postpubertural DHT treat-
ment. Similarly, male aggressive behaviors were also induced in
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WT females exposed perinatally to DHT after either DHT
[¥2(1) = 6.5, P < 0.05] or E2 [¥2(1) = 9.8, P < 0.01] treatment
in adulthood (Fig. 4 b-d). However, such male-typical patterns
were completely abolished in female ARKO (ARY~%~) mice.
Similar to control WT females, ARE~L~ mice exposed to
perinatal DHT treatments exhibited normal female sexual be-
haviors in response to Es and progesterone (Fig. d¢). Thus, it is
likely that full and normal brain masculinization and defemini-
zation require both androgen and estrogen signaling,

Alteration in Gene Expression of Neuronal Nitric Oxide Synthase by AR
Inactivation. Finally, to gain insight into the molecular basis of
impaired male-typical behaviors in male ARKO mice, we ana-
lyzed the expression of several genes known to be involved in the
control of male-typical behaviors (as described in Supporting
Results in Supporting Text). No significant alterations in neu-
ropeptide {oxytocin, vasopressin, and calcitonin gene-related
peptide) and monoaminergic-specific gene [tyrosine hydroxy-
lase, tryptophan hydroxylase, and 5-hydroxytryptamine (3-HT)
receptor 5-HT1A and 5-HT1B] mRNA levels were detected by
semiquantitative RT-PCR analysis of ARL™Y mouse hypothal-
amus (Fig. 7 a—g, which is published as supporting information
on the PNAS web site). In contrast, a clear reduction in nNOS
mRNA expression in the hypothalamus of AR~ mice was
observed by Northern blotting and semiquantitative RT-PCR
(Fig. 4g). Thus, our results suggested the possible involvement
of NO neurotransmission in male-typical behaviors regulated
by AR.

Sato et al,

Discussion

The present study revealed that AR gene inactivation in intact
male mice caused the complete loss of male sexual behaviors and
sevcr%)r reduced male aggressive behaviors. Furthermore,
ARL~ mice displayed significantly reduced male-typical behav-
iors regardless of sex steroid hormone treatment, Thus, these
results confirmed that AR function is critical for male-typical
behaviors. Nevertheless, it was still impossible to determine
whether impaired male-typical behavior in ARL =Y mice was due
to the lack of AR function in adulthood or the failure of
masculinization because of AR deficiency during the perinatal
stage.

To address this issue, we used female AR-null mutant mice
and found that DHT-induced brain masculinization at the
perinatal stage was abolished in ARL~%~ mice. These data
provide genetic evidence that liganded-AR function alone is
sufficient for the sexual conversion of perinatal female brains.
Moreover, as both E;- and DHT-induced male-typical behaviors
in adult WT females treated perinatally with DHT, it is [ikely
that once the brain is perinatally masculinized through activated
AR function, the sexually developed brain becomes sensitive to
both androgens and estrogens with regard to the expression of
male-typical behaviors in adulthood. Thus, our results revealed
that both brain masculinization during a limited perinatal period
and expression of male-typical behaviors in adults require AR-
mediated androgen signaling. Furthermore, the finding of sig-
nificantly reduced nNOS mRNA levels after AR inactivation
suggested that the nNOS gene may be one of the genes down-
stream of AR-mediated androgen signaling.
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Male sexual behaviors were abolished in intact male ARKO
mice, whereas treatment with E;, but not DHT, rescued male
sexual behaviors without the induction of female sexual behav-
iors. This finding indicated that the brains of ARY™"Y mice were
defeminized and partially masculinized. However, human pa-
tients with severe Tfm are usually socially adopted as females,
irrespective of castration and E, treatments. Together with the
findings that prenatal treatment of female rhesus monkeys with
DHT had clear and significant defeminizing and masculinizing
effects on behavior (22), it appears that AR may serve a more
critical role in male-typical behaviors than ER in higher mam-
mals, including humans. Alternatively, because human sexuality
is a complex behavioral trait formed through the combined
function of multiple factors, the influence of social learning in
humans might generate a species difference in terms of AR
function in male sexual behaviors.

Examination of hormonal responses in ARL Y and ERa '~
mice suggested that androgen and estrogen receptor functions
are convergent with regard to male sexual behaviors, However,
as gjaculation was not restored in single-receptor knockout mice
by any of the hormone treatments, both AR and ER function
appears to be essential for normal male sexual behaviors. Along
with mapping the sites of receptor activity in the brain and
identification of target genes, evaluation of the critical develop-
mental stages for AR function and its downstream factors is of
particular interest and will be greatly assisted by the spatiotem-
poral control of receptor gene inactivation (10).
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Unlike male-typical behaviors, the expression of female sexual
behaviors was unaffected by AR inactivation. Furthermore,
perinatal DHT exposure had no effect on female sexual behav-
iors in ARE™L~ or WT female mice, and no female sexual
behaviors were induced in ARL™Y mice in response to any
hormone treatment. These findings suggested that the defemi-
nization process is totally independent from masculinization in
the brains of both sexes and that the function of liganded ER, but
not AR, appears to be indispensable for brain defeminization.

In contrast to male sexual behaviors, male aggressive behav-
iors appeared to be mediated at least in part by AR-independent
signaling and were distinct from ER-mediated estrogen signal-
ing. Although the molecular basis for this receptor-independent
DHT action in males is unclear at present, DHT may exert its
effects through an as-yet-unknown cell-membrane receptor (23).
This hypothesis is supported by recent reports of the identifica-
tion of cell membrane receptors for progesterone (24). Another
possibility is that a currently unidentified DHT metabolite may
be responsible for activating a nuclear receptor (25, 26) involved
in male aggressive behaviors. Thus, AR-null mutant mice will be
useful in further investigating novel androgen-signaling pathways
that are independent of AR.
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Vitamin D metabolites influence the expression of var-
ious genes invelved in calcium homeostasis, cell differ-
entiation, and regulation of the immune system. Expres-
sion of these genes is mediated by the activation of the
nuclear vitamin D receptor (VDR). Previous studies
have shown that a hormonally active form of vitamin D,
1a,25-dihydroxyvitamin D3, exerts anticoagulant effects
in cultured monocytic cells. To clarify whether activa-
tion of VDR plays any antithrombotic actions in vive,
hemostatic/thrombogenic systems were examined in
normocalcemic VDR knock-out (KO) mice on a high cal-
cium diet and compared with wild type and hypocalce-
mic VDRKO mice that were fed a regular diet. Platelet
aggregation was enhanced significantly in normocalce-
mic VDRKO mice compared with wild type and hypocal-
cemic VDRKO mice. Aortic endothelial nitric-oxide (NO)
synthase expression and urinary NOx excretions were
reduced in hypocalcemic VDRKO mice, but not in nor-
mocalcemic VDRKO mice. Northern blot and RT-PCR
analyses revealed that the gene expression of anti-
thrombin in the liver as well as that of thrombomodulin
in the aorta, liver and kidney was down-regulated in
hypo- and normocalcemic VDRKO mice. Whereas tissue
factor mRNA expression in the liver and kidney was
up-regulated in VDRKO mice regardless of plasma cal-
cium level. Furthermore, VDREKO mice manifested an
exacerbated multi-organ thrombus formation after ex-
ogenous lipopolysaccharide injection regardless of the
calcemic conditions. These results demonstrate that ac-
tivation of nuclear VDR elicits antithrombotic effects in
vivo, and suggest that the VDR system may play a phys-
iological role in the maintenance of antithrombotic
homeostasis.

In many target organs, vitamin D exerts a variety of biolog-
ical functions such as calcium homeostasis, cell proliferation,
and cell differentiation. Most of these actions are exerted
through the transcriptional control of target genes by the acti-
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vation of the nuclear vitamin D receptor (VDR).! VDR is a
ligand-inducible transcription factor that belongs to the nu-
clear receptor superfamily (1). VDR forms a heterodimer with
the retinoid X receptor and binds to specific vitamin D-respon-
sive elements on target genes (2, 3), which initiate sequences of
events that lead to the activation or repression of target gene
transcription by recruiting transcriptional cofactor complexes.
Previous studies demonstrated that VDR knock-out (KO) mice
manifest & variety of phenotypic abnormalities, including hy-
pocalcemia, osteopenia, growth retardation, alopecia {4, 5), im-
paired immunity (6), hypertension with cardiac hypertrophy
(7), and abnormal skeletal muscle development (8) and that
most, but not all, of these phenotypic abnormalities can be
rescued by normalization of serum minerat levels (8, 9).

In addition to its classical target tissues, VDR is also ex-
pressed in monocytic cells (10) and vascular endothelial cells
(11), suggesting potential roles of vitamin D in antithrombotic
functions. Koyama and colleagues (10, 12) have found that a
hormonally active form of vitamin D, 1e,25-dihydroxyvitamin
D3, as well as retinoic acid, exert anticoagulant effects by
up-regulating the expression of the anticoagulant glycoprotein,
thrombemedulin (TM), and by down-regulating the expression
of a critical coagulation factor, tissue factor (TF), in cultured
monocytic ¢ells and human peripheral monocytes. However, it
remains unclear whether activation of nuclear VDR can elicit
antithrombotic actions in vivo. The present study was under-
taken to ¢larify the physiological role of VDR-mediated actions
in the hemostatic/thrombogenic system in vivo.

EXPERIMENTAL PROCEDURES

Animal Preparation—VDER. homozygous mutants (4) and wild type
(WT) control littermates were maintained as hybrids with C37TBL/6J
and CBA genetic backgrounds in a specific pathogen-free facility with a
12-h light and dark cycle. As reported previously (4, 9), a lactose-rich
high calcium diet can normalize hypocalcemia in VDRKO mice,
whereas a high calcium diet causes considerable hypercalcemia in WT
mice. Therefore, after weaning (at 3 weeks of age) we divided the mice
into three groups as follows: group 1 are WT mice fed a regular diet
{containing 1.2% calcium and 1.0% phosphorus, Japan Clea, Tokyo,
Japan); group 2 are VDRKO mice fed a regular diet (hypocaleemic); and

1 The abbreviations used are: VDR, vitamin D receptor; AT, anti-
thrombin; eNOS, endothelial nitric-oxide synthase; GFD, glomeruli
with fibrin deposition; KO, knock-out; LPS, lipopolysaccharide; NO,
nitric oxide; NOx, NO metabolites; PTH, parathyroid hormone; RARE,
retinoic acid-responsive element; RT, reverse transcription; TF, tissue
factor; TM, thrombomodulin; VDRE, vitamin D-responsive element;
VDRKOQ, vitamin D receptor knock-out; WT, wild type.

This paper is available on line at http://www.jbc.org
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group 3 are VDREKO mice fed a lactose-rich high caleium diet (norme-
calcemic). Experiments were conducted in 12-week-old mice that had
been weaned then fed a specified diet for 9 weeks.

Blood Collection—Blood was collected from the inferior vena cava of
mice under ether anesthesia. The blood was drawn with 21-gauge
needles into plastic syringes containing 0.1 volume of 3.8% trisodium
citrate solution. Some whole blood samples were used immediately for
platelet aggregation analysis, and other whole blood samples were
centrifuged at 2,000 X g for 10 min to obtain plasma. The plasma was
stored at —80 °C until assayed.

Measurement of Plasma Calcium and Parathyroid (PTH) Hormone—
Plasma levels of calcium and PTH were determined using the OCPC
method and a rat PTH IRMA Kit (Immunotopics, Inc., 8an Clemente,
CA), respectively.

Comparison of Platelet Aggregation with a Screen Filtration Pressure
Method—Measurements of platelet aggregation with a screen filtration
pressure aggregometer (WBA analyzer from SSR Engineering Co., Ltd.,
Yokohama, Japan) were performed according to a method described
previously (13, 14), Reaction tubes containing 200-ul aliquots of whole
blood were placed in an incubation chamber at 37 °C for 30 s followed by
the addition of 22.2 pl of a serial concentration (1, 2, 4, 8 or 16 uM} of
ADP (Sigma). 2 min after the addition of ADP, the blood samples were
filtered through microsieve screens connected to a pressure sensor. A
negative pressure of —130 mm Hg was established as 100%. The 0%
pressure base line was established as -6 mm Hg, rather than 0 mm Hg
because of the viscosity of whole blood. The platelet aggregation pres-
sure of each reaction tube was determined as the pressure rate (per-
cent). For the screen filtration pressure aggregometer study, the pres-
sure rate was standardized using a grading curve produced by plotting
four or five concentrations of ADP on the x axis and pressure rate
(percent) on the y axis. The concentration of ADP causing a 50% in-
crease in pressure rate was calculated and applied as the platelet
aggregatory threshold index.

Measurement of Daily Urinary Excretion of Nitric Oxide Metabo-
lites—To evaluate urinary excretion of nitric oxide {(NO) metabolites
(NOx), mice were housed individually in metabolic cages that provided
free access to tap water and food for 24 h. NOx levels, from the murine
urine, were determined by high performance liquid chromatography
(15},

Estimation of Plasma Prothrombin Time and Activated Partial
Thromboplastin Time—Plasma prothrombin time and activated partial
thromboplastin time were determined by a scattered light detection
method (16).

Measurement of Plasma Antithrombin (AT) Activity—Plasma AT
activity was measured using N-test ATHI-S (Nittobo, Tokyo, Japan),
which determines anticoagulant activity using a chromogenic sub-
strate, according to the manufacturer’s instructions.

Western Blot Analysis—Aortic tissue samples were homogenized in
an ice-cold tissue protein extraction reagent (T-PER™, Pierce} contain-
ing protease inhibitors. Equal amounts of protein (50 pg) were loaded
onte 10% acrylamide gels and then transferred to nitrocellulose mem-
branes using a wet blot apparatus. Membranes were blocked overnight
at 4 °C in blocking buffer (10 mm Tris-HCI, 10 m» NaCl, 0.1% polyoxy-
ethylenesorbitan monolaurate} with 5% skim milk. The first antibody,
mouse anti-human endothelial nitric-oxide synthase (eNOS) mono-
clonal antibody (1:1000 dilution, BD Transduction Laboratories, San
Jose, CA), was applied for 1 h at room temperature, After a 30-min
wash with the blocking buffer, membranes were probed with the second
antibody (1:5000 dilution anti-meuse IgG horseradish peroxidase-
linked whole antibody, Amersham Biosciences) for 1 h at room temper-
ature. Membranecs were washed again for 30 min, The membranes were
then incubated with chemiluminescent reagents {(ECL Western blotting
Detection Reagents, Amersham Biosciences) for § min and then exposed
to x-ray film. Band intensities were quantified using a NIH Image
system.

RNA Isolation—Aortas, livers, and kidneys were rinsed with physi-
ological saline. Total RNA was isolated by an acid guanidinium thiocy-
anate-phenol-chloroform extraction using TRIzol Reagent (Invitrogen).
RNA concentrations were measured spectrophotometrically at 260 nm,
and then samples were stored in diethyl dicarbonate-treated water at
—~80°C.

Northern Blot Analysis—Approximately 20 pg of total RNA of the
liver was fractionated on 1% formaldehyde-agarose gels and trans-
ferred to Hybond nylon membranes (Amersham Biosciences) by capil-
lary action in a high salt solution (20 X SSC). Blots were prehybridized
in a hybridization solution for 1 h at 42 °C followed by overnight
hybridization with a digoxigenin-labeled specific oligonucleotide probe
(DIG Northern Starter Kit, Roche Applied Science). Blots were washed
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twice in 2 X 8SC and 0.1% SDS at room temperature for 5 min and then
washed twice in 0.2 X SSC and 0.1% SDS at 68 *C for 15 min before
exposure to x-ray film. The forward and reverse sequences of the AT
oligonucleotide probe were: 5'-ATGATGTACCAGGAAGGCAA-3' and
5'-GGAATGCGTCGGAGACATAG-3', respectively. AT mRNA was es-
timated after correcting for loading differences by measuring the
amount of 28 S rRNA.

RT-PCR Analysis—Expression of TF, TM, and glucose-3-phosphate
dehydrogenase mRNA in aorta, liver, and kidney tissue were quantified
by a RT-PCR method (8). Primers used were as follows: TF, forward
5-CGGGTGCAGGCATTCCAGAG-3’ and reverse 5'-CTCCGTGGGAC-
AGAGAGGAC-3'; TM, forward 5'-CAGGCTACCAGTTGGCTGCAG-3'
and reverse 5'-AGAGTTAGGGTCACAGTCTGC-3'; glucose-3-
phosphate dehydrogenase; forward 5'-ACCACAGTCCATGCCATCA-
C-3' and reverse §'-TCCACCACCCTGTTGCTGTA-3'. PCR products
were electrophoresed on 2.0% agarose gels, stained with ethidium bro-
mide, visualized by ultraviolet transillumination, and photographed.
Expression levels of TF and TM were expressed relative to the glucose-
3-phosphate dehydrogenase signal.

Lipopolysaccharide-induced Thrombus Formation Experiments and
Immunchistochemical Analysis—Mice were injected intraperitoneally
with 5 mg/kg lipopolysaccharide (LPS) (Escherichia coli serotype 0111:
B4; Sigma). 6 h later, mice were sacrificed, and lung, aorta, liver, and
kidney tissue were removed. The tissue samples were placed immedi-
ately in 20% neutrally buffered formalin and stored overnight. After
fixation, samples were embedded in paraffin, and 3-pm thick sections
were produced. These tissue sections were deparaffinized, hydrated,
and treated with a protease mixture (P-8038, Sigma) for 10 min at room
temperature. After washing with deionized water, endogenous peroxi-
dase was blocked with 3% hydrogen peroxide for 5 min, and then
endogenous biotin was blocked with the DAKO Biotin Blocking System
(DAKO Cytometion, Glostrup, Denmark). After washing with deionized
water and blocking nonspecific staining by incubation with 10% porcine
serum (GEMINI Bio-Products, Woodland, CA} in phosphate-buffered
saline for 10 min at room temperature, the slides were incubated with
rabbit anti-human fibrin-fibrinogen antibedy (DAKOQO, 1:200 dilution)
overnight at 4 °C. The slides were then rinsed with phoesphate-buffered
saline and incubated with (1:500) bictinylated F(ab'), fragments of
swine anti-rabbit immunoglobuling (DAKQ) for 30 min at room tem-
perature. After rinsing with phesphate-buffered saline, the slides were
incubated with diluted (1:500) peroxidase-conjugated streptavidin
(DAKO) for 30 min at room temperature. Following incubation in 100
ml of phosphate-buffered saline containing 20 mg of 3,3'-diaminoben-
zidine tetrahydrochloride, 20 ul of 30% hydrogen peroxide, and 65 mg of
sedium azide for 5 min at room temperature, the slides were counter-
stained with hematoxylin for 1 min. Finally, the sections were mounted
after washing with deionized water and dehydration. The percentage of
the glomeruli with fibrin deposition (% GFD) were calculated in all
areas of each histological specimen of the kidney, Partially stained
glomeruli were categorized as positive.

Statistical Analysis—Values for each parameter within a group were
expressed as the mean * S E. For comparisons between genotypes,
statistical significance was assessed using a one-way analysis of vari-
ance. Statistical significance was considered at p < 0.05.

RESULTS

Plasma Calcium and PTH Levels in WT and VDRKO Mice—
The plasma calcium levels of VDRKO mice fed a regular diet
were significantly low compared with WT mice (Fig. 14). When
VDREKO mice were fed a high calcium diet, plasma caleium
levels were restored to levels similar to those in WT mice (Fig.
14). As expected, marked elevation in plasma PTH levels were
detected in VDRKOQO mice compared with WT mice. Consistent
with the normalization of hypocalcemia from a high caleium
diet (Fig. 1B), elevated plasma PTH levels decreased to similar
levels observed in WT mice.

Aberrant Platelet Aggregation in VDRKO Mice—To examine
the effect of VDR activation on platelet function, we first eval-
uated ADP-induced whole blood aggregation using a screen
filtration pressure method in 12-week-old mice (Fig. 24). Plate-
let aggregatory threshold index wvalues in hypocaleemic
VDREKQ mice were increased markedly compared with those in
WT mice {p < 0.01) (Fig. 2B). In contrast, platelet aggregatory
threshold index values in normocalcemic VDRKQ mice were
significantly lower than those in WT mice (p < 0.05) (Fig. 2B).
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FiG. 1. Plasma levels of caleium (4) and PTH (B) in WT mice
and VDRKO mice at 12 weeks of age, The number of mice examined
in A and B was: 18 (WT, 1.2% calcium), 14 (KO, 1.2% calcium), and 14
(KO, 2.0% calcium). Values are expressed as the mean = 8.E, **, p <
0.01.
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Fic. 2. Representative results of platelet aggregation analyzed
by the screen filtration pressure method in WT mice (1.2% cal-
cium) and VDRKO mice (1.2% caleium, 2.0% calcium) at 12 weeks
of age. A, four or five different concentrations of agonist {ADP) were
plotted along the horizontel axis, and their individual pressure rates
{percent) were plotted along the vertical axis, B, the mean concentra-
tions of agonist inducing a 50% pressure rate were calculated as the
platelet aggregatory threshold index (PATI). The number of mice ex-
amined was: 14 {(WT, 1.2% calcium), 10 (KO, 1.2% calcium), and 14 (KO,
2.0% calcium). Values are expressed as the mean * S.E. ¥, p < 0.05, **,
p <001,

These results demonstrate that hypocalcemia is responsible for
the suppression of platelet aggregation in VDRKO mice fed a
regular diet and that VDR itself has a suppressive effect on
platelet aggregability.

Decreased Urinary Level of Nitric Oxide Metabolites in Hy-
pocalcemic VDRKQ Mice Was Restored by e High Calcium
Diet-—Because platelet aggregation is affected by the bioavail-
ability of NO, we then analyzed urinary excretion of NOx (Fig.
3A). Daily urinary excretion of NOz in VDRKO mice was de-
creased significantly compared with WT mice. Feeding a high
calcium diet (2.0% calcium) restored the urinary level of NOx in
VDRKO mice to a level similar to that in WT mice. Thus, it is
unlikely that the enhanced platelet aggregation in normocal-
cemic VDRKO mice is mediated by a change in NO level.

Impaired Aortic eNOS Expression in Hypocalcemic VORKO
Mice Was Normalized by High Calcium Diet—Western blot
analysis demonstrated that eNOS protein levels in hypocalce-
mic VDRKO mice decreased to 45 * 20% of WT mice. This may
be a cause of decreased levels of vrinary NOx excretion in
hypoecalcemic VDRKO mice (Fig. 3B). By feeding a high calcium
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Fia. 3. A, daily urinary excretion levels of NOx in WT mice (1.2%
calcium) and VDRKO mice (1.2% calcium, 2.0% calcium) at 12 weeks of
age. The number of mice examined was: 18 (WT, 1.2% calcium), 14 (KO,
1.2% calcium), and 14 (KQ, 2.0% calcium). Vzalues are expressed as the
mean * S.E. *, p < 0.05. B, Western blot analysis of eNOS protein levels
in the aorta. Protein levels of eNOS in aortic tissues of WT mice (1.2%
caleium) and VDREKO mice (1.2% calcium, 2.0% caleium) at 12 weeks of
age were determined by Western blot analysis and quantified densito-
metrically. Each lane contains 50 pg of protein, Six aortic tissues were
examined in each group.
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Fic. 4. A, plasma AT activity in WT mice (1.2% calcium) and VDRKO
mice (1.2% calcium, 2.0% calcium) at 12 weeks of age. The number of
mice examined was; 18 (WT, 1.2% caleium), 18 (KO, 1.2% calcium), and
16 (KO, 2.0% calcium). Values are expressed as the mean = SE. *, p <
0.05. B, Northern blot analysis of hepatic AT gene expression in WT
mice {1.2% calcium) and VDREKO mice (1.2% calcium, 2,0% calcium) at
12 weeks of age. Six individual hepatic tissue samples were examined in
each group. Values are expressed as the mean * S.E.

diet, eNOS protein levels in VDREO mice returned to levels
similar to those in WT mice (Fig. 3B). These results indicate
that reduced eNOS protein levels in VDREKO mice are mediated
by hypocalcemia.

VDRKO Mice Manifested Normal Prothrombin Time and
Activated Partial Thromboplastin Time—Although prothrom-
bin time and activated partial thromboplastin time in WT,
hypo-, and normocalcemic VDRKO mice were measured, no
significant differences were noted among these mice in either
prothrombin time (10.6 = 0.4, 10.6 = 0.2, 10.8 = 0.6 s in WT,
hypo-, and normoecalcemic VDRKO mice, respectively) or acti-
vated partial thromboplastin time (58.0 * 3.8, 54.5 * 4.4,
56.4 = 6.0 5 in WT, hypo-, and normocalcemic VDRKQO mice,
respectively). These results demonstrate that the loss of VDR
function does not lead to impaired blood coagulation and is
consistent with the fact that VDRKO mice do not show a
bleeding tendency.

Reduced Plasma Activity and Gene Expression of Antithrom-
bin in VDRKO Mice--We next examined the plasma activity of
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AT in these mice. Mean activities of plasma AT showed reduc- % 20
tions in VDRKO mice regardless of their plasma calcium levels = o
compared with those in WT mice (Fig. 44). In addition, gene ic
expression levels of AT in the liver were reduced by ~20% in WT KO KO
both hype- and normocalecemic VDRKQ mice compared with Dietary Ca 1.2% 2.0%

those in WT mice (Fig. 4B). These results demonstrate that
activated VDR positively regulates AT gene expression in the
liver.

Aberrant Gene Expression of TF and TM in VDRKO
Mice—As shown in Fig. 5, TF mRNA expression levels in the
liver and kidney were enhanced in both hypo- and normocal-
cemic VDRKO mice compared with those in WT mice and
tended to be higher in the aorta of normocalcemic VDRKO
mice. In contrast, TM mRNA levels in the aorta, liver, and
kidney were all reduced in VDREKQO mice compared with those
in WT mice (Fig. 8). Normalization of plasma calcium levels
failed to correct the aberrant expression patterns of TF and TM
genes in VDREKO mice (Figs. 5 and 6). These results indicate
that activation of VDR elicits down-regulation of TF and up-
regulation of TM gene expression, in vivo.

LPS-induced Thrombus Formation Was Exacerbated in
VDRKO Mice—To test the possibility that the VDR system
counteracts thrombotic stimuli, 5 mg/kg LPS was injected in-
traperitoneally to WT and VDREKOQ mice. All mice survived the
treatment until sacrifice. Immunohistochemical analysis re-
vealed that hypo- and normocalcemic VDREKO mice exhibited
increased fibrin deposition in the glomeruli and peritubular
capillaries of the kidney compared with WT mice (Fig. 7).
Exacerbated fibrin deposition was also noted in the hepatic

FiG. 8. Percentage of glomeruli with fibrin deposition after
LPS injection in WT mice (1.2% calcium} and VDRKO mice (1.2%
caleium, 2.0% calcium) at 12 weeks of age. LPS was injected intra-
peritoneally into mice as described under “Experimental Procedures.”
After 6 h, renal specimens were subjected to immunohistochemical
analysis. The percentage of glomeruli with fibrin deposition was signif-
icantly higher in VDREKO mice than WT mice. Six individual renal
tissue samples were examined in each group. Values are expressed as
the mean * S.E, *, p < 0.05, **, p < 0.01.

sinusoids of VDRKO mice regardless of plasma calcium levels
(Fig. 7). No fibrin deposition was observed in the aorta or lung
tissues from any group of mice (data not shown). To compare
the degree of fibrin deposition quantitatively in the kidney, we
compared the % GFD among three groups of mice. As shown in
Fig. 8, the % GFD was significantly higher in both hypo- and
normocalcemic VDREKQ mice than that in WT mice. No fibrin
deposition in the liver and kidney was observed when a vehicle
was injected in both types of VDRKO mice (data not shown),

DISCUSSION

The present study demonstrates that ADP-induced platelet
aggregation was enhanced significantly in normocalcemic
VDREKO mice. Platelets are fragments of megakaryocytes that
contribute to thrombus formation (17). Both normal hemostasis
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and abnormal thrombosis depend on various regulatory factors
within platelets (18). Physiological plasma calcium concentra-
tion is among the most important factors for normal platelet
aggregation. Coordination of caleium flux through platelet-
platelet contact serves to propagate calcium signaling through-
out the developing thrombus to maintain thrombus growth
(19). Thus, it is plausible to assume that the impaired platelet
aggregation in hypocalcemic VDRKQ mice was caused by the
hypocalecemia in these mice. In contrast, molecular mecha-
nisms underlying the accelerated platelet aggregation in
normocalcemic VDREKO mice are unknown, and further inves-
tigations are required to understand VDR function in
megakaryocytes and platelets.

There have been in vitro studies demonstrating that a hor-
monally active form of vitamin D up-regulates TM gene expres-
sion and down-regulates TF gene expression in monocytic cells
(10, 12). However, in vive effects of the vitamin D/VDR system
on these factors have never been tested. In the present study,
the gene expression of AT in the liver as well as that of TM in
the aorta, liver, and kidney in VDRKO mice was down-regu-
lated, whereas TF mRNA expression in the liver and kidney
was up-regulated in VDRKO mice regardless of plasma calcium
levels. Thus, the vitamin D/VDR system is shown to enhance
the expression of antithrombotic factors while inhibiting the
expression of a thrombogenic factor, TF.

AT is a plasma glycoprotein synthesized by hepatocytes and
is one of the erucial inhibitors of blood coagulation through
thrombin inactivation. Recently, AT-deficient mice were gen-
erated by gene targeting, and homozygous AT-null mice were
shown to be prenatally lethal because of extensive thrombosis
in the myocardium and liver sinusoids along with generally
massive bleeding (20). In addition, heterozygous AT-deficient
mice showed a tendency toward thrombus formation in the
kidney after LPS injection (21). The present observations sug-
gest that the vitamin D/VDR system may affect AT activity
through transcriptional control of AT gene expression. Al-
though Niessen et al. (22) reported ligand-dependent enhance-
ment of human AT gene expression by retinoid X receptor «
and thyroid hormone receptor 8, their study revealed no effect
of 1a,25-dihydroxyvitamin D3 on AT production, The reason
why they were unable to observe the effect of the vitamin
D/VDR system on AT gene transcription may be the use of a
shortened AT gene promoter in their study (22).

Because all-trans-retinoic acid up-regulates TM expression
in both monocytic and vascular endothelial cells via the retinoic
acid-responsive element (RARE)-mediated transcriptional ac-
tivation of the TM gene (10), and because RARE on the TM
gene promoter is very similar to the vitamin D-responsive
element (VDRE), there is a possibility that the effect of the
vitamin D/VDR system on the up-regulation of TM gene ex-
pression is mediated via the binding of liganded VDR to the
RARE of the TM gene {10, 12). In contrast, there is no evidence
for transcriptional regulation of TF gene expression by the
vitamin D/VDR system through VDRE or RARE. The TF gene
promoter contains two activator protein-1 binding sites and a
nuclear factor-«B site, and functional interactions between
these two factors are required for maximal induction of TF gene
transcription by tumor necrosis factor-a in vascular endothelial
cells and by LPS in monocytic cells (23}). Because interleukin-12
production from activated monocytic THP-1 cells is suppressed
by 1e,25-dihydroxyvitamin D3 through the inhibition of nu-
clear factor-«B activation (24), the vitamin D/VDR system may
suppress TF gene expression via modulation of nuclear fae-
tor-«B activation.

The present study also demonstrates that VDRKO mice
manifest an exacerbated multiorgan thrombus after exogenous

VDR Knock-out Mice and Thrombosis

LPS injection regardless of the calcemic conditions. In agree-
ment with the present results, Asakura et «l. (25) demon-
strated a beneficial effect of the active form of vitamin D3
against thrombosis, using a LPS-induced disseminated intra-
vascular coagulation rat model. Enhanced platelet aggrega-
tion, down-regulated expression of AT and TM along with up-
regulation of TF expression in both hypo- and normocalcemic
VDRKO mice can all contribute to the enhanced thrombogenic-
ity of VDRKO mice. In addition, deficiency of NO is associated
with arterial thrombosis and thrombus formation in the renal
vasculature of animal models and patients with endothelial
dysfunction (26, 27). However, because reduced eNOS levels
and urinary NOx excretion in hypocalcemic VDRKO mice were
reversed in normocalcemic VDRKQO mice, the exacerbated
thrombus formation caused by LPS injection in normocalcemic
VDRKO mice cannot be explained by a change in NO produc-
tion. Although further investigation is needed to clarify the
antithrombogenic effects of vitamin D3, the present results are
consistent with the notion that the vitamin D/VDR system
plays an important role in maintaining normal antithrombotic
homeostasis in vivo.
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BRCAL1 function mediates a TRAP/DRIP complex through direct

interaction with TRAP220
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Breast cancer susceptibility gene 1 {(BRCAI) is a tumor
suppressor gene mutated in a high percentage of
hereditary breast and ovarian cancers. The multifunc-
tional BRCA1 protein acts on cell cycle control, exerting
several highly specialized DNA repair processes through
diverse domains. Gene regulation through its C-terminal
domain (BRCT) is indispensable for BRCAl-mediated
tumor suppression, suggesting the possibility that the
BRCT domain interacts with co-regulator complexes.
Using a biochemical approach with HeLa S3 nuclear
extracts, we isolated BRCT-associated complexes and
identified one of the purified components as TRAP220.
We then performed interaction studies in vive (co-
immunoprecipitation) and in vitro (glutathione S-transfer-
ase pull-down assays) and showed that BRCT directly
interacted with TRAP220. This in vitro interaction was
completely abolished by BRCT point mutations typical of
those found in patients with BRCAL1 that Iack transacti-
vation function, BRCA1 transactivation function was
dependent on TRAP220 expression Ievel in a transient
expression assay. Moreover, a cell survival assay showed
that antisense TRAP220 expression to disrupt endogenous
TRAP220 expression significantly reduced the survival
rate potentiated by BRCA1 after DNA damage. These
results suggested that a TRAP220 complex play an
important role as putative co-activator complexes in
BRCAl-mediated tumor suppression.
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Germ-line mutation of BRCAI is well known to
predispose wormen to carly onset of breast and ovarian
cancer (Venkitaraman, 2002). The BRCAI gene encodes
a relatively large protein of 1863 amino acids, and apart
from an N-terminal zinc-binding RING domain and
two C-terminal tandem copies of a BRCT motif,
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displays little similarity to other known proteins
(Futreal er al., 1994; Miki et al., 1994). The C-terminal
BRCT domain has been shown to be involved in double-
stranded DNA repair and homologous recombination
(Callebaut and Mornon, 1997; Moynahan et al., 1999;
Scully et al, 1999; Zhong et al., 1999). However, the
major function of BRCT is thought to be as a gene
regulator, mediating BRCA! function as a tumor
suppressor. This hypothesis is based on several lines of
evidence, including that the autonomous transactivation
function of BRCA was preserved in a recombinant

© protein consisting of the BRCT domain fused to a

GAL4 DNA-binding domain (Miyake er af., 2000). In
addition, missense and point mutations in the BRCT
domain derived from patients with inherited breast
cancer result in the loss of transcriptional activity, and
BRCAT1 can also act as a negative regulator on some
gene promoters (Chapman and Verma, 1996; Monteiro
et al., 1996; Zheng er al., 2001, Kawai et al., 2002).
Reflecting the complex nature of BRCT transactivation
function, this domain has already been shown to
physically interact with a number of transcription
factors and co-regulators (presumably in complexes),
and also associate with chromatin remodeling com-
plexes (Anderson et al., 1998; Yu et al., 1998; Zhang
et al, 1998; Yarden and Brody, 1999; Bochar et al.,
2000). Moreover, transcriptional squelching between
BRCAI1 and estrogen receptor (ER) has recently been
reported (Fan er al., 1999; Zheng er al., 2001). As ER is
a member of the nuclear receptor (NR) gene superfamily
and acts as a ligand-induced transcription factor
(Mangelsdorf et al., 1995, Watanabe er «f., 2001,
Yanagisawa et al., 2002), limited cellular amounts of a
common co-activator complex for both BRCAI and ER
could explain the transcriptional squelching phenomen-
on.

To better understand the BRCT transactivation
function, we screened for putative transcription co-
activator complexes that directly interacted with the
BRCT domain using a biochemical approach. We
established an affinity column whereby the BRCT
domain (amino acids 1528-1863) was immobilized as a
glutathione S-transferase (GST)-fusion protein. Frac-
tions of HeLa 83 nuclear extract, presumably containing
multiprotein complexes, were applied to the affinity
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Figure 1 Affinity purification of BRCT-containing complexes {a) Purification scheme. HeLa 83 nuclear extract was fractionated using
a phosphocellulose (P11) column and a GST-BRCT (amino acids 1528-1863) affinity column. The 1M KCl P11 eluate was
concentrated onto the GST-BRCT affinity column at 4°C for 10-12h. Bound proteins were washed extensively with buffer, and
subsequently eluted by bulfer containing 20mmM reduced glutathione. As a negative control, purification from P11 eluates was
performed using another affinity column (immobilized GST-BRCT M1775R). (b) Purified fractions were boiled, separated by
electrophoresis and analysed by SDS-PAGE followed by silver staining or Western blot analysis using antibody, as shown on the right
of the figure. Molecular weight standards are shown to the left of the figure. The asterisk denotes the molecular bait (GST-BRCT,
GST-BRCT M1775R) after elution. Arrows show proteins identified by mass spectrometry (Yanagisawa e¢ af., 2002)
column (Yanagisawa et al., 2002; Kitagawa ef a/., 2003),  point-mutant (M1775R) protein lacked the ability to
and several of the transcription co-regulators subse-  retain TRAP220 on the  column. This indicated that
quently verified in the BRCT-interacting complexes by ~ TRAP220 may function as a co-activator in the BRCAI
Western blotting (Figure 1b, lower panel). Western  complex. To determine whether full-length BRCAI
blotting of the BRCT-interacting complexes identified  protein interacted with TRAP220 in human cells, we
TRAP220 and TRAP100 (Figure 1b), which were  expressed full-length BRCAL (FLAG epitope-tagged)
confirmed as factors that associate with BRCT by  and/or TRAP220 (His/Myc epitope-tagged) in 293T
time-of-flight mass spectrometry (TOF-MS). TRAP220  cells. Significant expression of the tagged proteins was
contains two LXXLL motifs, which are consensus  confirmed by Western blotting. After immunoprecipita-
interacting motifs and part of the core activation  tion with anti-FLAG M2 to obtain full-length BRCA1,
domain in NR ligand-binding domains (Fondell er @/,  the immunoprecipitants were blotted with anti-Myc to
1999; Rachez et al., 1999). Thus, TRAP220 is thought to  identify TRAP220-containing complexes (Figure 2a).
act as a major and direct interactant with ER  Both TRAP220 and BRCAI were detected in cell lysate
(Yanagisawa et al., 2002), as well as with other NRs,  immunoprecipitates (Figure 2a), which supported the
as part of the common TRAP/DRIP co-activator  hypothesis that BRCA1 physically associates with
complex (Rachez et al., 1999). It is therefore possible ~ TRAP220 in living cells. This hypothesis was further
that the functional role of TRAP220 in the TRAP/ confirmed by in vive association between endogenous
DRIP complex may account for the reported transcrip-  BRCAI and TRAP220 in MCF-7 cells expressing both
tional squelching between ER and BRCAI. Indeed,  proteins (Figure 2b). No such association was observed
several other BRCT-associated proteins we identifiecd  when the BRCAI point-mutant (M1775R) was used
were also TRAP/DRIP complex components, such as  instead of wild-type BRCAL1 in the immunoprecipitation
TRAP220, TRAP240, DRIP130, and TRAP80 (Ite  experiment (Figure 2a), as expected from the results of
et al., 1999). BACHI (Cantor et al, 2001) and p300  the column purification experiments.
(Pao et al., 2000) were also detected by TOF-MAS and To map the region of TRAP220 that interacted with
Western blotting (Figure 1b), respectively, and have  BRCT, a GST pull-down assay was performed using
been previously shown to interact with BRCT, which ~ TRAP220 deletion mutants (Figure 3a). FLAG-tagged
confirmed the efficacy of our purification method. TRAP220 fragments, abbreviated TR1, TR2, TR3, TR4
To address the functional importance of the BRCT-  and TRS5 (as described in Figure 3a), were in vitro
TRAP220 interaction, a BRCT point-mutant, derived  translated in the presence of [*S]methionine and
from a breast cancer patient and deficient in transcrip-  incubated with GST-fused BRCT protein-bound resin.
tional activity, was used to isolate interacting complexes. Only TR1 was trapped, which suggested that only the
As clearly shown in Figure 3b, the GST-fused BRCT  TRI1 region interacted with BRCT. Interestingly, the
Oncogene
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Figure 2 In vivo association between TRAP220 and BRCAL. (a)
Formaticn of BRCAIl and TRAP220 complexes in 293T cells was
analysed by co-immunoprecipitation (IP) using the anti-FLAG
monoeclonal M2 antibody (Sigma Aldrich) followed by immuno-
blotting (IB) using anti-Mye. 293T cells were transiently transfected
with combinations of expression vectors as indicated. The
expression of proteins in transfected cell extracts was determined
by Western blot analysis using FLAG or Myc tags. (b) Detection of
endogenous BRCAI-TRAP220 interaction by Western blotting.
MCF-7 nuclear extracts were applied for immunoprecipitation with
5ug of anti-BRCAI (MS-BRCI14-UP50, GeneTex, Inc.} and IgG,
respectively. Then bound proteins in 30 ul of protein G sepharose™
4 Fast Flow (Amersham Biosciences, NJ, USA) were detected by
Western blotting. The 10% amount of the tested nuclear extracts is
shown as positive control as input (Kitagawa et a/., 2003)

BRCT column did not retain either TR2 or TR3, which
contain LXXLL motifs thought to interact with
liganded NRs. Reflecting the associations between
TRAP220 and wild-type or point-mutant BRCA1 as
observed in our in vive experiments, the point-mutations
A1708E, P1749R, and M1775R that exhibit no BRCAI
transactivation function caused the loss of TRAP220
interaction in vitre (Figure 3b).

To examine the co-activator activity of TRAP220
toward BRCT transactivation function, a transient
transfection assay was performed using a luciferase
reporter plasmid driven by the adenovirus major late
promoter (AAMLP) containing GAL4DBD-binding
sitets,. A BRCT-GAL4DBD-fusion protein (GAL-
BRCT) alone potently stimulated transcription
(Figure 4b). TRAP220 expression in human 293T cells
led to an approximately twofold increase in luciferase
activity compared to GAL-BRCT alone, while such co-
activation was not detected in a TRAP220 deletion
mutant lacking the BRCT interacting TR1 region
(amino acids 1-326, see Figure 3a) (Figure 4b). This
enhancement of transactivation by TRAP220 was not
observed when either GAL4 DNA-binding domain
alone or GAL-BRCT mutants (A1708E, P1749R, or
M1775R) were used, as expected from the in vive and in
vitro TRAP220 experiments. Consistent with these
findings, antisense TRAP220 expression, that disrupted
endogenous TRAP220 expression (Figure 4a), reduced
the transcriptional activity of BRCT (Figure 4b). This
again suggested a significant role for TRAP220 in
BRCAI transactivation function.

Finally, we then tested the significance of TRAP220
activity in the DNA damage response mediated by
BRCAIL. BRCA] was transfected into HCC1937 cells {a

h GST-BRCT
Py frog o
£ I 2 & 3

npat

TRAP220

Figure 3 In vitro association between TRAP220 and BRCT, and mapping of the BRCT-interacting region of TRAP220. (a) Mapping
of the BRCT-interacting region of TRAP220 vsing GST-BRCT and TRAP220 fragments. Bacterially expressed GST-fusion proteins
immobilized on beads were used in in vitro pull-down assays. A schematic diagram of the structure of TRAP220 is shown. TRAP220
“TR1” (amino acids 1-326), "TR2" (326-620), ‘'TR3" (620-969), ‘TR4' (969-1298), and *TR35' (1298-1582) were in vitro translated in the
presence of [*S]methionine {Amersham Pharmacia Biotech) using a TNT coupled in virre translation system {Promega). Each labelled
TRAP220 fragment was then incubated with either GST alone or GST-BRCT. The mixtures were washed and subjected to SDS-
PAGE and analysed. Polyacrylamide gels were stained briefly with Coomassie Brilliant Blue to verify the loading of equal amounts of
fusion proteins prior to drying and autoradiography (Ohtake et al,, 2003). (b) In vitro association of TRAP220 with BRCT or BRCT
point mutants that lack transcriptional activity were performed by incubating GST, GST-BRCT, GST-BRCT A1708E, P1749R, or

MI1775R with in vitro translated TRAP220

Oncogene

IV - 366



BRCAL function and TRAP220

0 Wada et al
a 293T
293T AS-TRAP220
RT-PCR
)
b c
2
E 0 'gw
g s ~
£ i
1
0 POMAI . 4 s . s
s e v e s . BMONABACAY - - + &
pM BRCT - - - - .. L - i - - peDHA BRCAY MIT?ER - . - - - *
PMBRCTMITISA - r = = - = = < - & 4 + ThARAntswse - . . N . »
peDNAY - . - - .- .
TRAP 220 - - * - - - . - -
TRAFYM ATAT - - - - - - - - . - - -
TRAP Ardasram <+ = e e et N

Figure4 TRAP220 activates transcription by GAL-BRCT, while antisense TRAP220 disrupts the DNA damage response of BRCAT.
{a) Transfection of antisense TRAP220 in 293T cells reduced TRAP220 expression as shown by RT-PCR analysis. (b) Transient
transfection assays of GAL-BRCT and FLAG-TRAP220 using a luciferase reporter (Promega) containing the GAL4 DNA-binding
site (17M8) showed specific enhancement of transcription. 293T cells were transfected with each luciferase reporter (E1b-Lue and
AdMLP-Luc), pM or pM-BRCT, pRL CMV-Luc as a control of transfection efficiency, and either pcDNA3 (Invitrogen) empty
expression vector, pcDNA FLAG-TRAP220, pcDNA TRAP220ATR! or antisense TRAP220. Measurements of luciferase (Promega)
activity were performed according to the manufacturer’s instructions. Error bars indicate the standard deviation. Each experiment was
repeated at least three times in triplicate (Watanabe ef al., 2001). (¢) HCC1937 cells were transfected with constructs based on the
pcDNAJ plasmid. Cultures were treated with 0.1% MMS for 50min, and surviving cells were counted after 8 days, as previously

described by Zhong er al. (199%)

mutated BRCAL1 cell line) that are hypersensitive to
DNA damaging agents such as methylmethane sulfo-
nate (MMS). By counting the number of surviving
HCC1937 cells, we observed a protective effect of
BRCA1 expression in response to DNA damage.
Antisense TRAP220 expression resulted in specific
deterioration in the DNA damage response potentiated
by BRCAI (Figure 4¢), which verified the importance of
TRAP220 in BRCATI function.

BRCAI is a multifunctional protein that acts as a
tumor suppressor controlling gene expression, as well as
a sequence-specific regulator and a co-regulator con-
trolling DNA damage (Venkitaraman, 2002). Therefore,
it can be speculated that BRCAI acts as a platform
protein that associates with a number of factors,
regulators, and complexes to accomplish the diverse
functions attributed to BRCAI. Indeed, discrete classes
of factors and complexes involved in gene regulation
and DNA repair associated with BRCA1 have been
identified, and indirect associations with further related
factors and complexes are supposed. Nevertheless, clear
relationships between BRCAI gene mutation and
consequent malfunctions of the identified factors and
complexes remain to be established. To this end, we
searched for co-activator complexes that recognized the
BRCT domain, as mutations in this domain modulate
BRCAI transactivation function and are highly related
with breast and ovarian cancer incidence (Humphrey
et al., 1997; Greenman et al., 1998). Also, a previous

v

report found that BRCA1 competed with ER in terms of
transcriptional control via the BRCT domain, which
suggested the possibility of common co-activator com-
plexes between ER and BRCAL, presumably including
the TRAP/DRIP complex already identified as an ER
co-activator complex (Ito er al, 1999; Rachez et al.,
1999; Yanagisawa et al., 2002).

In this study based on biochemical approaches
(Yanagisawa et al., 2002; Kitagawa et al, 2003), we
showed that a TRAP220-containing complex associated
with wild-type BRCT through physical interaction with
TRAP220. As TRAP220 binding of BRCAIl was
abrogated in vivo and in vitro when clinically relevant
BRCA1 mutants that lacked transactivation function
(Chapman and Verma, 1996) were used as bait, the
association between BRCT and TRAP220 complexes
appears to be critical for normal BRCA1 function. This
is supported by the findings that TRAP220 alone
potently enhanced BRCAI transactivation function,
and that the disruption of endogenous TRAP220 by
antisense TRAP220 led to a clear reduction in BRCAI-
mediated DNA damage repair. This last result suggested
that TRAP220-containing complexes may also play a
role in the DNA damage repair function of BRCAI,

The TRAP/DRIP mediator complex was originally
isolated as a co-activator complex for different classes of
activators, including NRs, by several independent
groups (Fondell er al, 1996; Rachez er al., 1999).
Further study of the isolated complex components
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revealed that the complexes formed a class of co-
activator complexes that shared common major compo-
nents along with limited numbers of specific factors (Gu
et al., 1999). Combinations of these specific components
generate a number of TRAP/DRIP complex subclasses
(Freedman, 1999). The co-activator function of TRAP/
DRIP complexes in in vitro transcription systems
illustrates the direct link of the activator complex to
the basal transcription machinery. The 220-kDa com-
ponent of the complex, referred to as TRAP220/
DRIP230, was identified as a subunit with unique
properties in that it directly binds to NRs in a ligand-
dependent manner through a region containing NR
recognition motifs (LXXLL, NR box) (Ito er al., 1999;
Rachez et al., 1999). Given that BRCAI may compete
with ER with respect to gene regulation, and that
mutations in the BRCT region lead altered BRCAI-
dependent gene regulation and enhanced tumorigenesis
in estrogen-dependent cancers (presumably through
modulation of ER-mediated estrogen signaling), inter-
action between TRAP220 and BRCA1 may account for
the transcriptional squelching observed between
BRCAI and ER (Fan er al., 1999; Zheng et al., 2001).

The results of our study showed that TRAP220
bound directly to wild-type BRCA1, but not to BRCA1
mutants. Thus, breast cancer predisposition caused by
genetic mutations in the BRCT domain may be due, at
least in part, to insufficient interaction with TRAP
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In vivo potentiation of human oestrogen receptor o by
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Phosphorylation of the Ser'" residue in the N-terminal A/B domain of the human oestrogen
receptor 0 (hERO) by mitogen-activated protein kinase (MAPK), stimulated via growth factor
signalling pathways, is known to potentiate ERQ ligand-induced transactivation function. Besides
MAPK, cyclin dependent kinase 7 {Cdk7) in the TFIIH complex has also been found to potentiate
hER® transactivation in vitro through Ser'"” phosphorylation. To investigate an impact of Cdk7 on
hERQ transactivation in rivo, we assessed activity of hER@ in a wild-type and «dk7 inactive mutant
Drosophila that ectopically expressed hER® in the eye disc. Ectopic expression of the wild-type or
mutant receptors, together with a green fluorescent protein (GFP) reporter gene, allowed us to
demonstrate that hERO expressed in the fly tissues was transcriptionally functional and adequately
responded to hERO. ligands in the patterns similar to those observed in mammalian cells. Replacement
of Ser'* with alanine in hER® {(S118A mutant) significantly reduced the ligand-induced hERQ.
transactivation function. Irnportantly, while in ¢dk? inactive mutant Drosophila the wild-type hERO
exhibited reduced response to the ligand; levels of transactivation by the hER0t S118A mutant were
not affected in these inactive cdk7 mutant flies. Furthermore, phosphorylation of hERQ at Ser'™
has been observed in vitro by both human and Drosophila Cdk7. Our findings demonstrate that
Cdk7 is involved in regulation of the ligand-induced transactivation function of hER® in vivo via

Ser'" phosphorylation.

Introduction

It is thought that most of the wide variety of oestrogen
action is mediated through the transcriptional control of
target genes by nuclear oestrogen receptor (ER) (Couse
& Korach 1999; Ciana er al. 2003). The two subtypes of
ER, . and B, belong to the nuclear receptor superfamily
and act as ligmd-induced transcription factors. As in
other nuclear receptor superfamily members, structure
of ER proteins is divided into five or six functional
domains {(designated as A to E/F domains). The highly
conserved IDNA binding domain is located in the
C domain, while the ligand-binding domain (LBI) is
mapped to the E/F domain. Transactivation function is
present in the N-terminal A/B domain (AF-1) and in the
C-terminal LB (AF-2) (Kumar er al. 1987; Tora er al.
1989}, Alchough both AF-1 and AF-2 are involved in the
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ligand-dependent transactivation function of ERs, AF-1
is constitutively active, while AF-2 activity is dependent
on ligand binding (Endoh ef al. 1999; Kobayashi ef al.
2000; Watanabe et al. 2001). AF-1 and AF-2 domains
have distinctive properties and their activities may depend
on cell type and promater context (Kumar ef al, 1987;
Tora et al. 1989).

ER target gene pronioters contain oestrogen-respoise
elements (EREs) that are recognized and directly bound
by ER homo- or hetero~dimers followed by chronmatin
remodelling, presumably by recruited ATP-dependent
chromatin remodelling complexes (Belandia & Parker
2003; Kitagawa er al. 20003). ERE-bound Liganded ERs
also induce recruitment of a number of histone acetyl-
transferase (HAT) and non-HAT cofactors that activate
transcription (McKenna & O'Malley 2002), HAT coac-
tivator complexes, CBP/p 160 (Onate ef al. 1995; Kamei
er al. 1996; Chen ¢t al. 1997, Spencer et al. 1997) and
TRRAP/GCNS (Yanagisawa et al. 2002), and non-
HAT DRIP/TRAP complexes (Fondell eral. 1996

Genes to Cells {2004) 9, 983-992
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Yuan ¢f al. 1998; Naar et al. 1999; Rachez ef af. 1999) are
thought to act as conuuon coactivator complexes for
ERs as well as for other DNA-binding transcription
factors, Therefore, Hgand binding leads to structural
alteration and switch of EIR function from transcriptional
repression to transeriptional activation via the recruitment
of coactivators (Shiau er al. 1998; Freedman 1999; Glass
& Rosenfeld 2000; Metivier er al. 2003).

It is well known that phosphorylation of ER@
modulates the activity of both AF-1 and AF-2 (Ali er al.
1993; Le er al. 1994; Kato eral. 1995; Chen et al. 2000).
Among sites of potential phosphorylation, Ser'™ residue
(5118} in the hERQ AF-1 domain has been particularly
intensively studied with regard to the state of its phos-
phoryvlation and consequent potentiation of AF-1 activity,
We have previousty demonstrated that Ser'™ is phospho-
rylated by ERIK, a MAPK activated by the epidermal
growth factor (EGF) or insulin-like growth factor (IGF)
signalling. that resules in the AF-1 potentiation in cultured
cells (Kato et al. 1993). More recently, Chen and colleagues
have shown that Cdk7 also phosphorylates hER ¢t Ser'™®
in an ocstrogen-dependent manner and enhances ER.0
transactivation in mammalian cells in culture (Chen et al.
2000). As Cdk7 is a key subunit of the basal transcription
factor TFIIH complex (Frit et al. 1999; Egly 2001), it
has been suggested that this phosphorylation takes place
when TFIH is recruited adjacent to hER@, presumably
in the transcription initiation complex. Therefore,
accumulating evidence suggests that phosphorylation
of hER ¢ Ser'™ nuay play a significant role in regulation
of AF-1 activity. Howcever, the physiological role of
Ser'™™ phosphorylation and associated kinases in hRER o
funcrion remain to be established in viro.

In Drosophila melanogaster, at least 20 members of the
nuclear receptor (NR) fanuly, such as the ecdysone receptor
(EcR). have been genetically identified that, stmilar to the
vertebrate NIRs, are thought to transeriptionally control
expression of target genes (Talbot ef al. 1993; Baker
et af. 2003). Recently, we reported that human androgen
receptor cctopically expressed in Drosophila tissues was
transcriptionally active and responsive to AR agonists and
antagonists (Takeyama of al. 2002), In the present study,
to assess an impact of Ser'™ phosphorylation by Cdk7 and
related kinases on hER@ activity in vive, we generated
transgenic Drosophila lines in which hER @ was ectopically
expressed in specific Drosephifa tissues using a GALA/
UAS system (Brand & Perrimon 1993}, hER o expressed
in the fly was tanscriptionally functional and responded
adequately to EI ligands, as expected from mammalian
studies. Apparently, for its transactivation function in
these transgenic flies, hERO recruited endogenous
co-activators, such as those shown to be homologous to

Genes to Cells (2004) 9, 983-992

mammalian CBI® and AIBt (Akimaru er al. 1997; Bai
et al. 2000). We found that replacement of $118 with
alanine residue ($118A) in hER resulted in the marked
reduction of ligand-induced hER ¢ transactivation in
transgenic fly eye dise. Furthermore, in a adl7 inactive
mutant Drosophita (cdk7") (Larochelle ef al. 2001), trans-
activation by the wild-type but not the S118A hER«
was significantly reduced. In addition, both human
and Drosophila recombmant Cdk7 were equally able to
phosphorylate hRER ¢t at Ser'™ in vitro. We have also shown
that Cdk7 acts as a co-acuivator of hER.O transactivation
in transfected cells in culture. Therefore, our results
provide for the first time genetic evidence that phospho-
rylation of Ser'™ potentiates transcriptional activity of
hER ¢ and that Cdk7 is involved in regulation of the
ligand-induced transactivation function of hER.et in vivo
through Ser'™ phosphorylation.

Results

hER@ in Drosophila is transcriptionally functional

OQur previous studies showed that human androgen receptor
ectopically expressed in Dresophiila tissues was adequately
functional (Takeyama et af. 2002). We have vtilized the same
strategy to generate transgenic Drosophila expressing hER o
together with ER E-dependent green fluorescent protein
(GFP) as a reporter gene. Wild-type hER o (HEGD),
AF-1 (HE15) or AF-2 (HE19} domains (as illustrated in
Fig. 1A) were ectopically expressed in photoreceptor cells
under control of the glass multmer reporter (GMR) gene
promoter (Moses & Rubin 1991) using the Drosophila
melmogaster GAL4-UAS syseem (Brand & Perrimon 1993),
The eye disc, one of several larval dises in Divsaphifa, has
been shown to be an ctfective model to assess Cdk7
function as a cell survival signal. Expression of hRER ¢ pro-
teins was estimated by staining with immunofluorescent
antibody. Levels of GFP reporter expression in respective
eye discs were quantified by green fluorescence and
normalized against the levels of ERO protein to determine
fold of activation.

Dictary administration of 17B-oestradiol (E2) for 5 days
from hatching remarkably induced GFP expression
{Fig. 1B).The partial oestrogen agonist camoxiten (TAM)
and pure antagonist JCI182.780 exhibited partial ocstro-
genic and anti-oestrogemic actions, respectively, siniilar
to that observed in mammals (McDonnell ef al. 1995).
E2-dependent (AF-2) and -independent (AF-1) transac-
tivation finctions were observed in the C-terminal-LBD
and N-terminal A/ domain expressing transgenic flies,
respectively, as expected trom previous studies (Kamar
et al. 1987; Tora et al. 1989; Kobayashi er al. 2000; Watanabe
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Figure 1 Ligand dependent transactivation of hER in Drosepliila. (A) Schemuatic representation of hER ¢ constructs. The DNA binding
domuain (DB is located in the C domain (grey box). The transactivation function-1 {AF-1) region is located in the N-terminal A/B
domain (blue box), while the transactivation function-2 (AF-2) region s located in the C-terminal E/F domain {white box) that also
contains the ligand binding domain (LI31)). (13) Ligand-dependent transactivation of hRER@ mutants in eve imaginal discs. Expression of
hERO mutants in third instar larva eye dises driven by GMR-GALY was detected with ERo antibodies (310 or HC-2(9) {red).
Transactivation of hER O mutants was estimated by GFI* expression (green). The anterior is to the right. Bottom pancls: hERRot and GEP?
expression in four pairs of adule heads as detected by Western blotting, Fold-activation was calculated using hER @ expression levels as
normalizing factor, Ligands, 107 m 17B-oustradiol (E2), 1072 m tamoxifen (TAM), and 107 s ICI 182,780 (1C1), were added in 100y,
of vehicle on top of 10 mL of the medium before hatching, Flies were keptat 25 °C. (C) Measurement of hERG ntutants transactivation
in Schneider cells. Schneider cells were ransfecred with hER@ mtant expression plasmids, Actin-GAL4 plasmid, ER E-tk-lue reporter
plasmid and pRL-CMV internal control plasmid in the presence or absence of 107* M E2, 107" M TAM or 107" s ICIL. Firefly fuciferase
activity (ERE-tk-luc) was measured and nornalized against Renilla activity (pRL-CMV-luc} as an internal control. Data are shown as
the average and standard deviation of three independent experiments.

er al. 2001). Similar hER ligand effects and hRER ot AF-1 transactivation was assessed in mutant flies deficient for
and AF-2 acrivities were observed in Schneider (52) Drosophila homologues of mammalian p160 {tai) or CBP
cells derived from Drosophila embryos (Fig. 1C). These data (ney) (Akimaru ef al. 1997; Bai et al. 2000). The oestrogen-
indicated that hEIRR ¢t ectopically expressed in Drosopliila  induced transactivation function of hER¢® was clearly

tisstes was adequately functional in ligand-induced transac-  reduced in both of these mutants without affecting
tivation, presumably through recruitment of endogenous  levels of hER ¢ expression {Fig. 2). These data suggest that
co-regulators. Therefore, it appears that human steroid Drosopliila homologue of the mammalian p160/CBP
receptors ectopically expressed in Drosophila retain their HAT complex acts as a co-activator of hRER @t in the fly
transactivation functon. cells. This was further confirmed by the observation of

enhanced hER QL transactivation in flies over-expressing
TAL Drosopila AIBI homologue, in the eye disc.

The plo/CBP HAT complex has been shown to
activate hER ot AF-2 via the direct association of pl60
As hER o was transcriptionally functional in insect cells  family member proteins with helix 12 of the hERo
it culture and in Drosophila eye disc cells i wivo, ability  LBD (Onate er al. 1995; Chen et al. 1997; Heery eral.
of endogenous fly co-activators to modulate hERot  1997). However, little is known about the role of the

Co-activation of hERQ by Drosephila CBP and p160
HAT homologues
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Figure 2 hER@ transactivation regulated by Drosaphila transeriptional co-activaters. hER @ expression (red) and transactivation {green)
were visualized by immunostaining with ER antibodies (1310 and HC-2) and GFP expression, respectively, in eye imaginal dises.
Fiv lines contained single copics of GMR-GALA, UAS-hERa (HECGO or HEIF) and ERE-GEP with or without heterozygous tai® ™™,

UIAS-tai or nef,

pl60/CBP complex in modulation of hERo AF-1
activity. Although it is presumed that the complex bridges
the AF-1 and AF-2 domains to synergistically enhance
hER @ transactivation function {Kobayashi er af. 2000). the
p160/CBP complex was also able to enhance transcrip-
tional activity of the AF-1 domain alone {i.c. the HEI5
mutant). Indeed. similar patterns of AF-1 domain (HE15)
and tull-length hER o (HEGU) transactivation in mutant
flics (Fig. 2) suggest that hREROLAF-1 activity is modulated
in vive by the p160/CBP co-activator complex,

Significant role of Ser'™™ in hER® function in vivo

In mammalian cells, the potentiation of hRER ¢t AF-1 by
phosphorylation of the Ser™ residue has been well docu-
mented {Kato e al. 1995; Chen ef al. 2000). However, the
impact of Ser'™® phosphorylation in hER @ transactivation
finction has not yet been verified i vive. We tested the
sigmificance of hER o Ser''” in the insect S2 cells transfected
with hRER o mutants containing a serine to alanine replace-
ment at position 118 (HE457, HE15/457) (Fig. 3A and
313). These mutants exhibited decreased transactivation
capacities even though levels of the mutant expression
appeared to be similar to that of wild-type hER .

Genes to Cells (2004) 9, 983-992

We then examined the role of Ser''™ in hERa func-
tion in transgenic Hies (Fig. 3C). Although mutant and
wild-type hERO expression levels in third mstar larval
eye discs were indistingishable, a clear reduction in GFP
induction was observed in the alanine replacement mutants,
These findings provided evidence that the Ser'™ residue
played a pivotal role in hER O transactivation in viro.

In vivo potentiation of hERa by Cdk7-mediated
phosphorylation at Ser'"

As it is likely that the Ser'™ residue could be phosphor-
ylated by a number of endogenous protein kinases to
support hERR@ transactivation, we studied the ability of
dCdk7 to phosphorylate hER@ at Ser'" in vitro and in
vivo. The serine/threonine kinase Cdk7 1s indispensable
for transcription initiation by RNA polymerase Il as an
essential component of the transeription factor TFIIH
complex (Frit et al. 1999; Egly 2001). dedk 7" mutant
flies express a temperature-sensitive Cdk7 mutant that
1s inactive at temperatures at or above 30 °C (Larochelle
eral, 2001), We assessed  transactivation  function of
HEGO and HE457 in these dedk7 mutane fhies (Fig. +,
left panel). Oestrogen-mduced transactivation of
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