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Figure 4. (A) Results of RT/real-time PCR analysis for PTOV! in human aortas. Bands for PCR products were detected as specific
single bands (246 bp for AR, 250 bp for PTOVI, and 307bp for GAPDH). The amplified products were run on a 2% agarose gel
stained with ethidium bromide. Representative photographs for these RT/real-time PCR gene products are illustrated. A = aorta
from a 38-year-old man with mild atherosclerotic change: B = aorta from a 72-year-old man with severe atherosclerotic change;
C = aorta from a 45-year-old woman with mild atherosclerotic change; D = aorta from a 76-year-old post-menopausal woman
with severe atherosclerotic change; P = positive controls; N = negative controls. (B) Results for PTOVI mRNA expression levels
{*p < 0.05). (C) Resuls for AR mRNA expression levels (*p < 0.05)

degree of atherosclerosis (group B) and in female
aorta with a severe degree of atherosclerosis (group
D) (p < 0.05) (Figure 4C).

Immunohistochemistry for PTOVI in human aorta

PTOV1 protein was cxpressed in both the nucleus
and the cytoplasm of VSMCs in each group exam-
ined (Figures 5 and 6). AR protein was cxpressed
in the nuclei of VSMCs in each group (Figures 5
and 6). However, none of the LCA- or PG-MI-
positive cells demonstrated any PTOVI immunore-
activity (Figure 5). The relative levels of PTOVI
immunorcactivity in the nuclet of neointimal VSMCs
were significantly higher in male aorta with a mild
degree of atherosclerotic change (group A) than in
those of the other groups examined (groups B, C,
and D) (Figure 6A). In addition, AR-positive cells in
the neointima were also significantly more abundant
in male aorta with a mild degrec of atherosclerotic
changes (group A) than in thosc of the other groups
{groups B, C. and D) (p < 0.05) (Figure 6E). There
was also a significant positive correlation between AR
and PTOV1 immunoreactivily in the nuclei of VSMCs
in the necintima (p < 0.05) (dala not shown). AR-
positive cells in the tunica media were significantly
more abundant in male aorta with a mild degree of
atherosclerotic change (group A) than in male aorta
with a severe degree of atherosclerosis (group B) and
in female aorta with a mild degree of atherosclero-
sis (group C) (p < 0.05) (Figure 6F). However, there

were no significant differences in PTOV] immunore-
activity in the cytoplasm of cells in the ncointima or
in the nucleus and/or cytoplasm of cclls in the tunica
media among these groups (Figure 6B, C, and D).

Discussion

In our present study, results of both microamray

" and quantitative RT-PCR analyses all indicated that

PTOVI 1s one of the genes induced by testos-
terone via AR-dependent pathways in cultured human
VSMCs. In addition, siRNA analysis demonstrated
that PTOV] is involved in AR-mediated VSMC pro-
liferation. Results of both quantitative RT-PCR and
immunohistochemical studies in human aorta obtained
at autopsy further demonstrated that PTOV 1, as well as
AR. detected in the nuclei of neointimal VSMCs was
abundant in relatively young male aorta at an early
stage of atherosclerosis.

PTOVI has been known lo be involved in stim-
ulation of cell proliferation [14.15,17]. This gene is
a mitogenic fuctor that shutiles between nucleus and
cytoplasm in a cell cycle-dependent manner in prostate
carcinoma cells [14.15,17]. In addition, PTOV! over-
expression induced cefl proliferation and facilitated
entry of prostate carcinoma cells into the S phase
{14.15.17]. Therefore, these findings all indicated that
PTOV! may play a very important role in the pro-
lifcration of VSMCs. However. it is also true (hat
other atherogenic cffects on human VSMCs. such
as promotion of PDGF-induced VSMC proliferation,
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Figurs %, Modifled Masson Goldner's stains {4), double-immunohistochermical staining for AR and e-muscls sedn {0-8MA) (BY,
for FTOV] and oS5MA {C), for AR and PTOVE (D), for PTOVI and PG-M1 (E), for PTOVY1 and leukocyee common andgen (LCA)
{F} in the neointima, double-dmmunohistochemicad staining for AR and o-8MA (G} and Immunohistochemical staining for PTOVI
{1} In the medis of an abdominal aorta specimen obiained from a 38-year-old man with a mild degree of athevosclerasis {group Al
Immunopositive cells appear brown as 2 result of DAB colorimenric reaction and blue as a resule of Vector Blue colorimerric
reaciion, Double-mmunopositive celis are confirmed. M = neointima; M = madia
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Figure 6. (A, B) The relative immunoreactivity of PTOVY! in the nuclei of YSMCs in the neointima (A) and media (B) was
evaluated by the labelling index (LI) in each group (0-100), respectively. Data are the mean £ SEM. "p < 0.05, a significant
difference between two groups. (C, D) The relative immunoreactivity of PTOV! in the cytoplasm of VSMCs in the neointima
(C) and media (D} was evaluated by the percentage of positive cells (0, | 4-, and 2+) in each group, respectively. (E, F) The relative
immunoreactivity of AR present in the nuclei of VSMCs in the neointima (E) and media (F) was evaluated by the LI in each group
(0—100). respectively. Data are the mean % SEM. "p < 0.05, a significant difference between two groups

have been reported as the mechanism for androgen-
induced effects [19.20]. Therefore, further investiga-
tions are required o clarify how these pathways inter-
act in exerting androgenic effects on VSMC prolif-
eration in the human vascular system. Our present
siRNA study demonstrated that PTOV/ may be
involved in testosteronc-induced VSMC proliferation.
However. further investigation is required to clar-
ify the correlation between PTOV! expression and
testosterone-induced VSMC proliferation by reconsti-
tuting PTOV! expression after transfection of PTOV]
siRNA.

Quantitative RT-PCR analysis in our present study
also demonstrated that flutamide, an AR-blocker. sup-
pressed androgen-induced PTOV/ mRNA expression.
The chromosomal region where PTOV/ is located,
19g13.3~13.4, has also been demonstrated to harbour
a large pumber of genes whose expression is modu-
lated by androgens [14]. lu addition, the expression
of PTOVI was reported to be induced by exposure 1o
androgens in LNCaP, an androgen-dependent prostate
carcinoma cell line [14.17]. Therefore, these findings all
indicate that PTOVI should also be considered one of
the testosterone-induced genes in AR-positive VSMCs,

} Pathol 2006; 209: 522531
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We also demonstrated that PTOV1 immunoreactiv-
ity in the nuclei of neointimal VSMCs was abundant in
relatively young male aorta associated with early stage
atherosclerosis. High levels and nuclear localization
of PTOVI have also been associated with cell pro-
liferation in prostate carcinoma cells {14,17]. Neoin-
timal VSMCs are, therefore, considered to play very
important roles in the development of atherosclerosis
in humans, particularly at an early stage, compared
with VSMCs in the tunica media {10,11]. Therefore,
higher expression of PTOV1 in these VSMCs is pos-
sibly related to the development of atherosclerosis.
Levels of PTOV] and AR were higher in male aorta
with mild atherosclerosis than in female aorta with
mild atherosclerosis. Men are generally considered to
have a higher risk of developing cardiovascular dis-
ease than similarly aged women because of prolonged
exposure to higher androgen concentrations [19,21].
It has also been shown recently that androgens up-
regulate atherosclerosis-related genes in macrophages
from men, but not from women, which reflects the
complexity of gender-related atherogenesis [19,22}].

Our present study also demonstrated that the relative
abundance of AR and PTOV1 in neointimal VS8MCs
was significantly higher in younger male aoria with
mild atherosclerotic changes than in male aorta with
severe atherosclerotic changes. However, these find-
ings appear to contradict the hypothesis that, if PTOV1
is induced by androgens and implicated in androgenic
effects on atherosclerosis, its expression should be
higher in male aorta with more severe atherosclero-
sis than in male aorta with mild atherosclerosis owing
to a longer exposure to elevated serum testosterone
levels. There are two possible reasons for this: firstly,
decreased AR and PTOVI expression in the neoin-
tima of male aorta with severe atherosclerosis may be
induced by the age-related decrease in serum testos-
terone levels [23]; and, secondly, when neointimal
formation progresses, VSMCs with AR expression
become less abundant than those without AR and these
cells are therefore not necessarily influenced by andro-
genic atherogenic effects. Therefore, PTOVI expres-
sion in the neointimal VSMCs in the aortas of men
with high serum androgens levels may be associated
with the androgen-induced onset of atherosclerosis;
this may be important for formation of the neointima
in the early stages of atherogenesis in the male aosta.
However, recently, low concentrations of testosterone
have been associated with an increased risk of car-
diovascular disecase in men [24]. Androgens are also
known to be a coronary vasodilator, and a study of
postmenopausal women demonstrated that endogenous
androgens correlated inversely with carotid neointi-
mal thickness, which suggests that androgens have
potential beneficial effects on the human vascular sys-
tem [19,25,26]. These different effects of androgens
may depend on differences in the androgen-responsive
genes induced, but further investigations are required
to ‘clarify possible direct androgenic effects on the
human cardiovascular system,.

J Pathiol 260%; 209: 522531
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In summary, PTOV] is considered to be one of the
testosterone-induced genes involved in AR-mediated
stimulation of VSMC proliferation in the aoriic neoin-
tima and may play important roles in androgen-related
atherogénesis in the male human aorta.
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espl- ells Contribute to the
‘entricular Cardiac Co ction System’

Satoshi Kitajima,™* Sachiko Miyagawa-Tomita,2 Tohru Inoue,’ Jun Kanne,' and Yumiko Saga™

Previous fate mapping anslysis, using Cre recombinase driven by the Mesp? locus, vevealed that Mespl is
expressed in almost all of the precursors of the cardiovascular system, including the endothelinm,
endocardium, myocardivm, and epicavdium. Mespl-nonexpressing cells were found to be restricted to the
cutflow tract cushion and along the interventricular septum (IVS), which is a location that is suggestive of
specialized cardiae conduction system (CCS). In our current study, we examined the identity of these IVS
celle by using the patiern of B-galactosidase activity in CUS-laeZ mice. In addition, by crossing MespI-Cre
and floxed GFP reporter mice with CCS-IncZ mice, we have caleulated that approximately 20% of the
ventricular CCS within the IVS corresponds o Mespl-nonexpressing cells. These dala suggest that the
ventricular CCS is of heterccellular origin. Furthermore, we indicate 2 possibility that a population of the
celle that coniribute to the veniricular CCS might be distinguished at an early stage of development.
Developmenial Dynamics 235:395-402, 2006, o 20608 Wiley-Liss, Inc.

Key words: MespI; mesoderm; heart differentiation; cardiac conduction system; cell-lineage analysis
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INTRODUCTION

The heart is the first functional organ
to be formed during organogenesis,
and cells that are destined to form
cardiac mesoderm are induced both
before and during gastrulation. The
cells of the cardiac mesoderm invagi-
nate through the primitive streak and
migrate with the cranial mesoderm.
The bilaterally symmetric cardiac pre-
cursors subsequently migrate and
converge at the midline of the embryo
to form the cardisc crescent, which

then forms a linear, single heart tube.
The heart tube, formed by an outer
myocardium and an inner endocar-
dium, then undergoes rightward loop-
ing, which is lined by an acellular ma-
trix (the cardiac jelly). The looped
heart fube then undergoes septation
to generate a mature, four-chambered
cardiac structure in mammals.

The heart is composed of three ma-
jor cardiac cell types: (1) the endocar-
dium, a part of which forms the cush-
ion tissue by transformation from

epithelial to mesenchymal cells; (2)
the myocardivm; and (3) the epicar-
divin (for review, see Moorman and
Christoffels, 2003). The major compo-
nents of the heart, such as endocar-
dium and myocardium, arve of meso-
dermal origin  (le, cavdiogenic
mesoderm), but the coniribution of
other cell lineages has also been re-
ported for both chick and mouse. Fate
mapping of the avian cardiac neural
crest has been well documented, and
it was reported previously from such
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experiments using quail-chick chi-
mera that two types of mesenchyme,
cardiac neural crest derived and non-
neural crest derived, participate in
outflow septation and remodeling
(Kirby et al., 1983; Waldo et al., 1998).
Recently, through the use of the Cre-
loxP system in mice, it has been dem-
onstrated clearly that the cardiac
outflow tract (OT) cushions are con-
tributed in part by cardiac neural
crest cells (Yamauchi et al.,, 1999;
Jiang et al., 2000). Additionally, lin-
eage analysis using Tie2-cre in mice
has suggested that the OT cushions
are of mixed origins, containing neu-
ral crest cells and endocardium,
whereas the atrioventricular (AV)
cushions are mainly derived from
cells originating from endocardium
(Kisanuki et al., 2001).

The specialized cardiac conduction
system (CCS) includes the sinoatrial
(SA) node, which generates a pace-
maker impulse; the AV node, which
delays the electrical impulse and al-
lows for the sequential contraction of
the atrial and ventricular chambers of
the heart; and the ventricular CCS,
such as the atrioventricular bundle
(AVB), bundle branches, and their
ramifications, which facilitates the
fast and coordinated conduction of im-
pulses to and throughout the ventri-
cles. Cells in the CCS are character-
ized by their larger size, reduced
number of myofibrils, and large accu-
mulations of glycogen (Mikawa, 1999).
It has also been suggested that the
CCS might be categorized into two
parts based on their origin (Moorman
et al., 1998, 2003). One is the SA and
AV nodes, which might be derived
from the slow-conducting myocardium
of the inflow tract and AV canal. The
other one is the ventricular CCS,
which possibly develops from the tra-
becular ventricular component. In
chick, an elegant series of experi-
ments using retroviral lineage-tracing
has provided strong evidence that
ventricular components of the conduc-
tion system are derived from cardiom-
yogenic cells (Gourdie et al.,, 1995;
Cheng et al., 1999). In addition, it has
been suggested that the differentia-
tion of a subset of Purkinje fibers, ad-
jacent to the arterial bed, might be
regulated by local signals from the
coronary artery (Gourdie et al., 1995).
It was subsequently shown that endo-

thelin-1, a paracrine factor secreted
by endothelial cells, is capable of in-
ducing embryonic chick myocytes to
the cells of the CCS.

In contrast to the avian CCS, the
ventricular CCS in most mammals is
morphologically and topologically dif-
ferent from that of chick as it is
mainly subendocardial. Hence, the de-
velopmental role of the coronary ar-
tery in mammalian CCS differentia-
tion is uncertain. In the murine heart,
the expression of several markers, in-
cluding specific connexins and lacZ
under the transcriptional regulation
of either the minK or HF-1b loci, de-
lineate the bundle branches and prox-
imal Purkinje fibers, but none appear
to delineate the full extent of the con-
ductive network along the ventricular
free walls (Delorme et al., 1995; Cop-
pen et al., 1998, 1999; Kupershmidt et
al., 1999; Nguyen-Tran et al., 2000).
In contrast, the entire mouse CCS, in-
cluding the distal Purkinje fiber net-
work, in both embryonie and neonatal
hearts has been visualized recently by
way of B-galactosidase (B-gal) reporter
activity (Rentschler et al., 2001) in the
CCS-lacZ mouse line. Recently, the
B-gal-positive cells in the interven-
tricular septum (IVS) region of the
CCS-lacZ adult mice have been re-
ported to correspond to the Cx40-pos-
itive cells (Myers and Fishman, 2004).
However, the comparison was per-
formed by using serial sections; thus,
further clarification is needed to de-
termine whether the same cell ex-
presses the both markers or not. Nev-
ertheless, it is considered that the
B-gal-positive cells of CCS-lacZ em-
bryos are the most reliable indication
for CCS cells in the mouse embryo,
compared with the other markers. Al-
though the lineage of the cells of the
murine CCS is incompletely charac-
terized, a recent study demonstrated
that exogenous treatment of 8.5-10.5
days postcoitum (dpc) embryos with
neuregulin-1, an endocardial-derived
growth and differentiation factor es-
sential for ventricular trabeculation,
could induce a CCS-like phenotype
in embryonic cardiomyocytes (Rent-
schler et al., 2002). Whereas, the use
of in vitro culture systems has demon-
strated also that the treatment of em-
bryonic stem cells with endothelin-1
but not with neuregulin-1 increased
the percentage of pacemaker-like
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cells, suggesting that the role of endo-
thelin-1 in CCS development may be
conserved, even in mice (Gassanov et
al., 2004).

Mespl and Mesp2 are transeription
factors that contain almost identical
basic helix—oop-helix (bHLH) motifs
and are encoded by genes that both
localize in chromosome 7 (Saga et al.,
1996, 1997). Disruption of the Mespl
gene results in cardia bifida (Saga,
1998). We also have shown previously,
using double knockout ‘mouse em-
bryos and by chimera analysis, that
Mespl and Mesp2 are essential for the
development of cardiac mesoderm
(Kitajima et al., 2000). Mesp1 expres-
sion is restricted to the nascent meso-
dermal cells, and its expression is
transient and down-regulated before
heart tube formation (Saga et al.,
1999). However, lineage analysis us-
ing Mespl-cre has revealed that
MespI-expressing cells are incorpo-
rated into almost all of the precursors
of the cardiovascular system (.e.,
endothelium, endocardium, myocar-
dium, and epicardium), both in em-
bryonic and extraembryonic regions
at 9.5 dpc, and that Mesp1 expression
is the earliest detectable molecular
marker in heart precursor cells (Saga
et al., 1999, 2000). In this current
study, we describe further detailed
lineage analyses of the mouse heart
using Mesp1-cre mice. We show that
MespI-nonexpressing cells contribute
to neural crest-derived regions as well
as to a subset of the cells in the ven-
tricular CCS.

RESULTS

Lineage Analysis of Mespl-
Expressing Mesodermal Cells
in the Developing Heart

Using MespI-cre—mediated cell lin-
eage analysis, we previously reported
that MespI-expressing cells were in-
corporated into almost all precursors
of the cardiovascular system in both
embryonic and extraembryonic re-
gions at 9.5 dpc (Saga et al., 2000).
However, further analysis at 13.5 dpc
now has revealed that the cardiogenic
cells are not entirely contributed by
MespI-expressing cells, suggesting
that the origin of these cells may be
subdivided according to MespI expres-
sion (Fig. 1A-C). At this developmen-
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Fig. 1. Transverse sections of B-galactosidase {8-gal) -stained Mesp1-cre:R26R or CAG-cre:
R26R embryos at 13.5 days post coitum {dpc). A-B: The B-gal-negative areas were observed inthe
region of outflow tract cushions (OTC; A; boxed area in A-1) and along the interventricular septum
(IVS} in a pattern reminiscent of the ventricular cardiac conduction systern (CCS; B; boxed areas,
B-1 and B-2). C: atrioventricular cushions (AVG; boxed area in C-1} showed 8-gal activity. Original
magnification, x100. Magnified images of OT cushion cells, the interventricular regions, and AV
cushions are shown in A-1, B-1 and -2, and C-1, respectively. B: Transverse sections of g-gak-
stained CAG-cre:R26R embryos show no B-gal-negative regions, suggesting that R26F expression
was not shut down as Mesp7-nonexpressing cells differentiate. A ragnified image in the interven-
tricular regions is shown in D-1. E: Sectioning planes are illustrated and were counterstained with
eosin. LY, left ventricle; RA, right atrium; RV, right ventricle. Scale bar = 100 pm.

[POvre: CAG-CAF-Z] 135 dgpe

ivs

s, pr R

K

Fig. 2. p-galactosidase (B-gal} staining in sections of the PO-cra:CAG-CAT-Z and the CCS-lacZ
embryos at 13.5 days post coitum {dpc). A-C: In the PO-cre:CAG-CAT-Z embryo, high B-gal activity is
observed in the region of the ouiflow tract cushion (OTC; A, boxed area), but litile activity is evident in
the region of the atrioventricular cushion (AVC; G, boxed area). Original magnification, X40. Note that
the B-gal activity was not observed within the ventricle and the interventricular septum (VS; B). D-F: The
images in the boxed area are magnified. In the CCS-facZ embryo, 8-gal activity is observed strongly in
part of the atvia (indicated by arrowheads) and along the IVS in a pattern reminiscent of the ventricular
cardiac conduction system (CCS; boxed area), In contrast, B-gal activity in either the OTC or AVC
regions was barely detectable (D,F). The images in the boxed area are magnified. Sectioning planes of
images A-C and D-F are the same as those illusirated in Figure 1E: A-C, respeciively. All sections were
counterstained with eosin. RA, right atrium; RV, right venfricle. Scale bar = 200 pm.
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tal stage (18.5 dpc), during which the
septation complexes start to form,
MespI-nonexpressing cells are also
visible along the IVS region in a pat-
tern reminiscent of the AVB and bun-
dle branches, which are components of
the ventrienlar CCS (Fig. 1B). In ad-
dition, region of the OT cushions had
little B-gal activity (Fig. 1A), unlike
most of the AV cushions that had
strong activity (Fig. 1C). In the CAG-
cre mouse, in which the cre gene is
under the control of the cytomegalovi-
rus immediate early enhancer-
chicken beta-actin hybrid (CAG) en-
hancer, it has been reported that the
sequence between the two loxP sites is
deleted in all tissues in the mouse em-
bryo (Sakai and Miyazaki, 1997). This
finding was confirmed in our current
experiments; all of the cells in the de-
veloping heart of double-transgenic
embryos were positive for LacZ (Fig.
1D), indicating that this expression is
not down-regulated upon CAG pro-
moter activation. This observation
strongly suggests that MespI-“non”
expressing celis are indeed present in
the developing murine heart of the
Mespi-cre:R26RE  reporter double-
transgenic mouse.

Because neural crest cells are
known to contribute to part of the de-
veloping heart structure (Jiang et al.,
2000), we initially expected that the
regions containing MespI-nonexpress-
ing cells might reflect this population.
To address this possibility more fully,
we next compared our findings with a
previous report that used a PO-cre
transgene and CAG-CAT-Z reporter
gene to identify neural crest-derived
cells (Yamauchi et al, 1899).

Mespi-Nonexpressing Cells
Along the Ventricular
Sepitum Arve Not Derived
From the Neural Crest

We analyzed PO-cre:CAG-CAT-Z em-
bryos to examine whether neural crest
cells indeed contribute to any of the
regions occupied by MespI-nonex-
pressing cells. In the PO-cre:CAG-
CAT-Z embryo at 13.5 dpe, B-gal ac-
tivity was mainly detected in the
mesenchyme located within the OT
cushions of the heart (Fig. 2A), which
is consistent with previocus findings
(Yamauchi et al., 1999) and a report
using Wnil-cre mice (Jiang et al,
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Fig. 3. Comparison of B-gal staining patterns
between Mespf-cralRZ6R.CCS-ac triple het-
ero-smbryos and Mespl-crerR26R embryos.
£,8; Seclions of the heari of the Mesp¥-crer
H26R:C0S-ac” embryo at 135 days post co-
ftum {dpc). &,0: Compared with the Mesp?-crer
RZ8R embryo {boxes in G-2 and D-1), Mesp?-
nonexpressing cells along the interventricular
(IVS) were barely observad n the Mespi-cre:
R2BR:OCS-lacZ triple hetero-embryos AB;
poxes in A-2 and B-1). However, Mespi-non-
exprassing cells In outflow tract {OT) cushion
regions were also delected, even in the brigds
hatero-aminyos {pox A-1). Orlginal magnifica-
don, X100, The images in the hoxsd ares are
magnifisdd. Sectloning planes of A, B,and G, D
are the same as those iflustrated in Flgure 15 B
and C, respectively. Sections were courter-
stained with eosin. AVE, atrloveniricular cush-
o V8, imerventricular septum; RA, right alri-
umy; BY, right ventricle, Scale bar = 100 pm.

Fig. 4. Mespi-nonexpressing cells contrbute to a
subset of the ventricular cardiac conduction system
({CO8). Triple mmunostaining for Mesp 7 -espressing
celts {green flucrescent protelrn [GFP] -positive cells;
greary, cells of the vertricular OC8 (aci-positive
cells; red), and nuclel 4°,8"-diamiding-2-phanine-
dole [DAFY staining; blus) In 8 MespT-oreCAG-
CAT-FGFP.CCS-lacZ ernbiyo. All Images shown
ara merged views, and double immunastsining of
GFP and LacZ {a) and a tipls immunostaining im-
age with additional DAP! stalning () are shown in
some cases. A~ A merged view of the inferver-
tricular §VS) reglon af 13.8 days post coltum [dpal.
The boxed area of the ventcular CCS in A was
ynagnified as shown in B, Cther ssctions dedved
from addifional embryos are shownin Cand D. The
presence of red celle suggests thet Mes;
pressing cells actually belong to the ventroular
COS, whereas some MespT-sxpressing cells also
colocalize here fysliow), Typleat images of mixed cell
populations are shown in B and £, whereas a red
celi-dominant saction is shown in D O {mag-
riffcation, X400, except for A, which s X100
5 Mearged view i the IVS reglon Iy an ambryo gt
1758 doo 5 or in a neorsde {7 Original magrifica-
tion, X400, Fed cells (e, the MaspT-norsspress-
ing cells belonging to the CCS) ware obeerved sven
Fig. 4. a fater slages bevond 13.5 dpo. & The region of
the venous valves, which are propossd yan

s of
the embryonic sincatrial (54 ring, st 13.5 dpe. Al
most all of the calls iy this region wers stained yel-
low, suggesting that the cells belonging 1o the
vennus valves are Mesp T -exors . Original mag-
nification, *(200. Seclioning planes are those be-
3 : tween B and €, lustrated in Figure 18 AVC, atrie-
RIS e . . ventricudar cushion; LV, feft ventricle; OTC, outflow
¢ Yact cushion; RA, vight atviurm RY, right ventiide.

{Afenpd ey [dfespioore: RIGRTH

ot
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g
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Fig. 8. Comparison of fransverss sections of g-gal
stained MespT-creR26R embryos with CCS-acd
embryoe gt an eadier stege. & AL 775 davs pogt
. . coftum {dpg) in Mespi-cresR2ER embryos, we ob-
O viehien e dpi ssrved a few MespT-nonexprassing oalls within the

[ e : primitive hesit tube farow head). Odginal magnifi-
cation, X400, Br At 85 dpo, the regions of the
AMespi-nonexpressing cells in MespT-cresR26R
embryos, were obaerved more clearly {arrowheads).
& The Bgab-positive reglons {Le., the cells belong-
irg 1o the CCS) were obearved mainly in the sub-
endocardial myocardium of 85 dpc COB-lacZ
mouse farrows). Orginal magnification, X200, &
Sectioning planes are Hustrated. Sections wers
counterstained with sosin. EC, endocardiurm; RPH,
right primitive heart tube; VG, ventricular chamber.
Scale bars = 100 pm,

Fig. 5.
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2000). There were only minimal con-
tributions by neural crest cells in the
AV cushions, as predicted by the B-gal
activity in the MespI-cre:R26R mouse
(Fig. 2C). Importantly, however, neu-
ral crest-derived mesenchyme was not
observed in either part of the ventricle
or the IVS (Fig. 2B), where Mespl-
nonexpressing cells were visible (Fig.
1B). This finding indicates that other
cell types must contribute to this par-
ticular region. Intriguingly, the distri-
bution of MespI-nonexpressing cells
resembled that of the AVB and bundle
branches and also the Purkinje fibers
of the CCS. This prompted us to spec-
ulate that ventricular CCS cells might
be derived from lineages that are dis-
tinct from both the neural crest and
Mesp I-expressing mesodermal cells.

Mespl-Nonexpressing Cells
Contribute to the CCS

As a preliminary approach to deter-
mine whether or not MespI-nonex-
pressing cells did in fact reside in the
CCS, we compared these cells with the
B-gal expression patterns in embry-
onic hearts of CCS-lacZ transgenic
mice. In these mice, the specialized
CCS can be visualized by B-gal activ-
ity (Rentschler et al., 2001). In 13.5
dpe hearts from these transgenic ani-
mals, strong B-gal activity could be
observed in part of the atrium, which
could correspond to the SA node. This
high level of activity could also be de-
tected along the IVS, which demar-
cates the ventricular CCS, including
the AVB and bundle branches (Fig.
2D-F). When comparing these results
with those shown in Figure 1, the por-
tion of the MespI-nonexpressing cell
population along the IVS was found to
show a similar pattern to the B-gal-
positive regions in the CCS-lacZ mice,
suggesting that these MespI-nonex-
pressing cells contribute to the ven-
tricular CCS.

To provide direct evidence for our
hypothesis that cells of the ventricular
CCS are indeed derived from Mespl-
nonexpressing cells, we generated tri-
ple transgenic Mespl-cre:R26R:CCS-
lacZ mice. Because both the CCS-lacZ
and R26R transgenic mice use B-gal
as a marker, the entire region contrib-
uted by the MespI-nonexpressing cells
in the IVS would become B-gal-posi-
tive in the triple hetero-embryonic

hearts if our contention was correct.
As shown in Figure 3, this was found
to be the case, as all of the cells in the
IVS had B-gal activity, which was in
contrast to the corresponding sections
of the MespI-cre:R26R embryo (Fig.
3C,D). Moreover, the region of the OT
cushions had little B-gal activity even
in the triple hetero-embryo (Fig. 3A),
supporting our conclusion that this re-
gion is occupied mainly by cells of neu-
ral crest origin. Hence, these data sug-
gest that the Mespl-nonexpressing
cells in the IVS belong to the ventric-
ular CCS.

It was still unclear, however,
whether all of the ventricular CCS is
derived from Mespl-nonexpressing
cells, because both the CCS-lacZ and
R26F reporter mice use the same
B-gal marker. We, therefore, per-
formed a similar series of studies
using the CAG-CAT-EGFP strain
(Kawamoto et al., 2000), in which GFP
expression is dependent upon cre-me-
diated recombination and representa-
tive results are shown in Figure 4.
MespI-nonexpressing cells at 13.5 dpe
do indeed reside within the ventricu-
lar CCS (MespI-nonexpressing/CCS-
lacZ-positive red cells in Fig. 4A-D),
although it is clear that the CCS is
also observed in the MespI-expressing
cell populations (i.e., Mespl-express-
ing/CCS-lacZ-positive yellow cells).
In addition, after 4',6'-diamidino-2-
phenylindole (DAPI) staining, we ob-
served that all of the green fluorescent
protein (GFP) -negative MespI-nonex-
pressing cells belonged to the lacZ-
positive cells of the ventricular CCS,
because cells positive for DAPI alone
(blue) were rarely observed along the
IVS (b in Fig. 4A-C). To demonstrate
the heterocellular origin of CCS more
unequivocally and to analyze the ra-
tios quantitatively, we generated se-
rial sections of the embryonic heart
along the anteroposterior axis and an-
alyzed the staining patterns.

A total of three embryos were sec-
tioned and 58 sections containing
CCS-LacZ staining in the IVS region
were further subjected to semiquanti-
tative analysis (Supplementary Fig-
ure S1, which can be viewed at http://
www.interscience.wiley.com/jpages/
1058-8388/suppmat). However, as the
CCS distributes peripherally in the
IVS with multiple branchings, it is
very difficult to quantify. We, there-
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fore, roughly estimated the ratio by
counting DAPI stained nuclei in each
cell type and selected 28 typical sec-
tions, from which 16 showed a colocal-
ization pattern for yellow and red cells
(Fig. 4B,C). Of these 16 sections, 2 and
5 showed a red cell- and a yellow cell-
dominant pattern, respectively (Fig.
4D, and data not shown). We have
estimated that approximately 20% of
the ventricular CCS, along the IVS,
corresponds to Mespl-nonexpressing
cells. Moreover, red cells (i.e., the
MespI-nonexpressing cells belonging
to the ventricular CCS) were also ob-
served in the ventricular CCS even at
later developmental stages of 17.5 dpc
(Fig. 4E) and in neonates at 4 days
after birth (Fig. 4F). The AV cushion
cells were weakly positive for the GFP
signal, due to the thinness of the cyto-
plasm and resulting lower intensity of
fluorescence (Fig. 4A), but their iden-
tity was confirmed by LacZ staining in
Mespl-cre; R26R embryos (Fig. 1C).
Thus, we conclude unequivocally that
the population of Mespl-nonexpress-
ing cells, which we identified along the
ventricular septum, contributes to the
CCS.

In the case of the SA or AV node
regions of the CCS, the contribution of
MespI-expressing and/or MespI-non-
expressing cells was not as clear from
our present results using embryos at
13.5 dpe, because these typical node
structures were not discernible. In
contrast, we were able to determine
that most of the cells in the venous
valves, which are the proposed rem-
nants of the embryonic SA ring in the
fully developed heart (Rentschler et
al., 2001), of the MespI-cre:CAG-CAT-
EGFP:CCS-lacZ embryo were Mespl-
expressing (i.e., GFP-positive cells).
This determination was revealed by
the MespI-expressing/CCS-lacZ—posi-
tive yellow cells at 13.5 dpe (Fig. 4G).
However, the developmental relation-
ships between the venous valves and
both the SA and AV nodes have not
yet been determined.

Origin of Mespl-
Nomexpressing Cells

To determine the origin of the MespI-
nonexpressing cells, we examined the
LacZ expression profiles in more im-
mature Mespl-cre:R26R and CCS-
lacZ embryos. As shown in Figure 5A,
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even at 7.75 dpe, at which stage the
cardiac crescent can be observed, a
few B-gal-negative cells were detect-
able in the Mespl-cre:R26R embryo.
The B-gal-negative cells were ob-
served in the myocardium region more
clearly at 8.5 dpe (Fig. 5B). In the
CCS-lacZ embryo, although the heart
region at 7.75 dpc was confirmed to be
B-gal-negative (data not shown) as re-
ported previously (Rentschler et al,,
2001), patchy staining was observed
mainly in the subendocardial myocar-
dium region at 8.5 dpc (Fig. 5C). How-
ever, a direct relationship between the
MespI-nonexpressing cells and the
CCS cells is still not clear, although
the neural crest cells, which are also
identifiable as MespI-nonexpressing
cells in our system, have not yet ar-
rived in the heart at this stage and
can be excluded (Jiang et al., 2000).

DISCUSSION

In this study, we have found using a
Cre-loxP site-specific recombination
system that the origin of the cardiac
mesenchyme is subdivided according
to the presence of Mespl expression.
We demonstrate that the regions oc-
cupied by Mespl-nonexpressing cells
correspond to two distinct populations
of cells: one derived from the neural
crest and the other one that contrib-
utes to the ventricular CCS.

Comparison of the Cell-
Lineages of Neural Crest
Cells and Mespli-
Nonexpressing cells

In our experiments with MespI-cre:
R26R embryos, we have found that cells
derived from the neural crest are nega-
tive but that mesodermal cells derived
from MespI-expressing cells are posi-
tive, for B-gal activity. We have also
confirmed that mammalian cardiac
neural-crest cells are MespI-negative
(Figs. 1, 2) and contribute to the mesen-
chyme in the OT cushions of the heart.
These observations were made follow-
ing neural crest cell lineage analyses
using the PO-cre:CAG-CAT-Z strain
(Fig. 2) and are consistent with previous
results obtained using Wntl-cre:R26R
double transgenic mice (Jiang et al,
2000). The origin of the cells of the AV
cushions was suggested to be mesoder-
mal, because this region was occupied
by MespI-expressing cells in our study

(Fig. 1C). This result is consistent with
the previous study of Kisanuki et al.
(2001) using Tie2-cre mice that reported
that the origin of the AV cushions is
mainly of endocardial cell lineage.
Thus, mesenchymal cells in the OT
cushions are derived from mainly neu-
ral crest cells and those in the AV cush-
ions are derived from endocardium.
Importantly, we observed a second
population of Mespl-nonexpressing
cells, along the IVS (Fig. 1B). Because
this region is not contributed by neu-
ral crest cells (Fig. 2B), we explored
the possibility that these MespI-non-
expressing cells reside in the ventric-
ular CCS. Before examining this pos-
sibility, we first confirmed that the
failure to express B-gal in the MespI-
cre:E26R embryos was not due to an
artifact, such as down-regulation of
LacZ expression during differentia-
tion or mosaicism of Cre recombinase
expression. To exclude the former pos-
sibility, we examined CAG-cre:R26R
mice, in which Cre recombinase is
ubiquitously expressed and all cells
should be LacZ-positive. We did not
subsequently observe any LacZ-nega-
tive cells in the heart, indicating that
there had been no down-regulation of
LaceZ upon cell differentiation (Fig.
1D). To exclude possible mosaicism of
Cre recombinase, we repeated our
analysis in more than 20 embryos and
observed very consistent results, al-
though some clonal differences may
exist. In addition, when we crossed
the Mespi-cre and CCS-lacZ strains
and monitored R26R-dependent re-
porter gene expression, we did not ob-
serve patchy LacZ-negative cells in
the ventricular wall. Thus, it appears
unlikely that mosaicism of the R26R
reporter could account for our results.
As for the contribution of the neural
crest cells into the ventricular CCS, it
was reported that neural crest-de-
rived cells were observed in the vicin-
ity of the CCS in the IVS at 14.5 dpe
using the WntI-cre:R26R reporter sys-
tem (Poelmann et al., 2004). Thus, the
possibility cannot be rule out that the
neural crest cells contribute to CCS in
the IVS, although we could not detect
any B-gal-positive cells in the IVS in
our PO-cre:CAG-CAT-Z system. The
discrepancy could be due to the differ-
ence in systems used for lineage anal-
yses. The future studies using triple
transgenic strategy (Wnil-cre:CAG-
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CAT-GFP:CCS-lacZ) as used in our
current study would be useful to dis-
criminate the discrepancy.

Origins of the CCS

Using Mespl-cre:R26R embryos, we
identified a population of MespI-non-
expressing cells that were found to be
distributed in the wall along the ven-
tricular septum (Fig. 1B). The results
of genetic crosses with the CCS-lacZ
strain suggested that these Mespl-
nonexpressing cells contribute to the
ventricular CCS (Fig. 3B). To confirm
these findings, we generated triple
transgenic Mespl-cre:CAG-CAT-EGFP:
CCS-lacZ mice. Double-staining for
GFP and B-gal expression and/or ad-
ditional DAPI staining in these mice
confirmed that the Mesp I-nonexpress-
ing cells contribute approximately
20% of the ventricular CCS (Fig. 4).
Moreover, these populations of cells
can be distinguished at a stage as
early as stage 7.75 dpc at least (Fig.
5), whereas Mespl is initially, albeit
transiently, expressed at 6.5 dpec
(Saga et al., 1996).

The pacemaking and conduction
systems of the heart are composed of
the SA node, AV node, AVB, the bun-
dle branches, and the Purkinje fibers,
each of which can be distinguished
morphologically, functionally, and
molecularly (Moorman and Christof-
fels, 2003). The origin of the nodal tis-
sue is less clear than that of the ven-
tricular CCS, although the primary
myocardium is suggested to be a can-
didate (Moorman and Christoffels,
2003). Recently, it was suggested that
some of the working myocardium
could also differentiate into nodal tis-
sues, even after birth (Pashmforoush
et al., 2004). Although the develop-
mental relationships between the ve-
nous valves and the nodes have not
yet been fully elucidated, our data in-
dicate that most of cells in the venous
valves, which are proposed to be rem-
nants of the embryonic SA ring (Rent-
schler et al., 2001), are derived from
Mespi-expressing cells (Fig. 4G).
However, further detailed studies will
be required to determine the precise
cellular origin of the nodes and their
relationships with the venous valves.

In the present analyses, we have
focused on the cell-lineages of the ven-
tricular CCS and shown them to be of



CELL ORIGIN OF THE CARDIAC CONDUCTION SYSTEM 401

Neural crest cell
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Fig. 6. Summary of the origin and cell-fate relationships of cardiac mesenchyme cell types. Each
cardiac cell type is established by three distinct origins: neurat crest cells, the mesodermal cells of
Mesp1-expressing cells, and Mesp1-nonexpressing cells. It is noteworthy that both the Mesp1-
expressing cells and the Mesp7-nonexpressing cells contribute to the ventricular CCS. In addition,
the origins of the subset of the ventricular CCS that are contributed by the Mesp7-nonexpressing
cells are distinguishable from that of the myocardium by the Mesp7 expression profile. We
speculate that the Mesp7-nonexpressing cardiomyocyte may be a candidate for the origin of the
subset of the ventricular CCS. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

heterocellular origin. Two possibilities
have emerged from both our analyses
and previous reports concerning the
origin of the ventricular CCS in
mouse, occupied by Mespl-nonex-
pressing cells. First, it is conceivable
that the MespI-nonexpressing cells in
the CCS are not derived from cardio-
myocytes. Alternatively, these cells
may represent cardiomyocytes, which
simply do not express Mespl. We favor
this latter possibility. Lineage tracing
experiments in chick have convinc-
ingly demonstrated that the ventricu-
lar CCS, including the Purkinje fibers,
are derived from cardiomyocytes (re-
viewed in Mikawa, 1999; Pennisi et
al., 2002). Moreover, experiments in
the mouse also indicate that embry-
onic cardiomyocytes can be converted
to a CCS-like phenotype in response to
neuregulin-1, at least when assayed
by up-regulation of the CCS-lacZ
transgene (Rentschler et al.,, 2002).
Nonetheless, additional analyses will
be required to determine the basis for
the molecular heterogeneity within
the ventricular CCS and to determine
whether there is associated functional
diversity in this structure.

In conclusion, we have determined that
Mespl-nonexpressing cells contribute to
the ventricular CCS in addition to the OT
cushion. Furthermore, we indicate a pos-
sibility that a population of the cells that
contribute to the ventricular CCS might
be distinguished at an early stage of de-

velopment. Unfortunately, it could not be
clarified from our present experiments
whether MespI-nonexpressing cells also
contributed to the other regions of the
CCS, such as the SA or AV nodes. A
scheme summarizing the cell lineage re-
lationships in the developing murine
heart is shown in Figure 6. Our observa-
tion that the ventricular CCS includes
both MespI-expressing and -nonexpress-
ing cells is evidence of the heterogeneous
nature of the ventricular CCS. The fur-
ther identification of specific molecular
markers for the mouse CCS, expressed at
early embryonic stages, will undoubtedly
enhance our understanding of the devel-
opmental biology of the CCS in the heart.

EXPERIMENTAL
PROCEDURES

Lineage Amnalysis of Mespl-
Expressing Cells

The Mesp1-cre knockin mouse was con-
structed by introduction of a gene en-
coding Cre recombinase into the Mesp1
locus, as previously described (Saga et
al., 1999). The fidelity of expression was
confirmed by in situ hybridization at
E7.0 (data not shown). Genotyping was
performed by polymerase chain reac-
tion wusing a neo-specific primer
NeoAl2: 5-GGGGATGCGGTGGGCT-
CTATGGCTT-3' and Mespl primer
MesP1-GR1: 5-ATATGCCAAGTCATT-
GAGGTGAGCTTTC-3'. Mespl-cre mice
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were crossed with either CAG-CAT-Z
(Arald et al., 1995), R26R (Soriano, 1999),
or CAG-CAT-EGFP (Kawamoto et al.,
2000) reporter mice. PO-cre (Yamauchi et
al., 1999) and CCS-lacZ mice (Rentschler
et al,, 2001) were also used for cell lineage
analyses. Mice were maintained on a 7:00
aM to 7:00 pum light—dark cycle, with noon
on the day of vaginal plug discovery de-
fined as 0.5 dpc.

B-gal Staining,
Immunostaining, and In Situ
Hybridization

Embryos that had been fixed at 7.5—
10.5 dpc were stained for the detection
of B-galactosidase activity in whole-
mounts as described previously (Saga
et al,, 1992). The specimens were then
dehydrated by means of a graded eth-
anol series, embedded in either paraf-
fin wax or plastic resin (technovit
8100, Heraeus Kulzer, Inc.) and sec-
tioned at a thickness of 4 pm. Hearts
that had been isolated from embryos
at later stages were subjected to B-gal
staining after sectioning. Briefly,
hearts were fixed in a solution of 2%
paraformaldehyde, 0.05% glutaralde-
hyde, and 0.02% NP-40 in phosphate
buffer (PBS) for 30 min on ice. The
tissues were then sequentially soaked
in a graded series of 10, 20, and 30%
sucrose (w/v) in PBS while being
gently agitated on a shaking platform,
culminating in a 50:50 mix of 30% su-
crose:OCT. Samples were frozen and
stored at —80°C until sectioning at 8
pm thickness, and the sections were
placed on gelatin-coated slides. Fro-
zen sections of Mespl-cre:CAG-CAT-
EGFP:CCS-lacZ mouse hearts was
stained with anti-lacZ and anti-GFP
antibodies as follows: sections pre-
pared were fixed with 4% paraformal-
dehyde for 3 min, treated with 10
pg/ml proteinase K and blocked in 3%
skim milk for 30 min at room temper-
ature (RT). Blocking solutions was re-
placed with rabbit anti-B-gal anti-
body (Cappel, ICN Pharmaceuticals,
Inc., OH) at a dilution of 1:2,000 and
with rat anti-GFP antibody (Nacalai
Tesque, Kyoto, Japan) at a dilution
1:200 and incubated overnight at 4°C.
After brief washes in PBS, the sec-
tions were incubated with Alexa 594
conjugated anti-rabbit followed by
Alexa 488-conjugated anti-rat sec-
ondary antibodies at dilutions of 1:200
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for 90 min at RT. These sections were
then incubated with 0.1 pg/ml of DAPI
(Sigma, St. Louis, MO) for 5 min to
visualize nuclei.
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Premature ovarian failure (POF) syndrome, an early dedline of
ovarian function in women, is frequently associated with X chro-
mosome abnormalities ranging from various Xqg deletions to com-
plete loss of one of the X chromosomes. However, the geneticlocus
responsible for the POF remains unknown, and no candidate gene
has been identified. Using the Cre/LoxP system, we have disrupted
the mouse X chromosome androgen veceptor {Ar) gene. Female
AR-’~ mice appeared normal but developed the POF phenotype
with aberrant ovarian gene expression. Eight-week-old female
AR~ mice are fertile, but they have lower follicle numbers and
impaired mammary development, and they produce only half of
the nermal number of pups per litter, Forty-week-old AR/~ mice
are infertile because of complete loss of follicles. Genome-wide
microarray analysis of mRNA from AR/~ ovaries revealed that a
number of major regulators of folliculogenesis were under tran-
scriptional control by AR. Our findings suggest that AR function is
required for normal female reproduction, particularly folliculogen-
asis, and that AR is a potential therapeutic target in POF syndrome.

male hormane | nuclear receptor ! female physiology | follicutogenesis |
kit tigand

emuture ovarian [ailure (POF) is defined ns an carly decline
of ovarian function alter seemingly normal folliculogenesis
(1). Genetic causes of POF have been frequently associated with
X chromosome abnormalitics (1, 2). Compleie loss of vne of the
X chromosomes, as in Turner syndrome, and various Xq dele-
tions wre commonly identified as o cause of POF. However,
responsible X-linked gencs and their downstream targets have
not been identified so far.

The androgen receptor (Ar) gene, which is the only sex
hormone receptor gene on the X chromosome, is well known (o
bue essential not only for the male reproductive system. but also
for malc physiology. In contrast, androgens are considered as
male hormones; therelore, little is known about androgens’
actions in female physiology, although AR expression in growing
follicles has been described (3). However, because excessive
androgen production in polycystic ovary syndrome causes infer-
tility with abnormal menstrual eyeles (4, 5), it is possible that
AR-mediated androgen signaling also plays an important phys-
ivlogical role in the female reproductive system. Recently, using
Cre/LoxP system. we generated an AR-null mulant mouse line
(6) and demonstrated that inactivation of AR resulied in arrest
of testicular development and spermatogenesis, impaired brain
masculinization, high-turnover ostcopenia, and late onset of
abesity in males (7-9). At the same time, no overt physicul or
growth abnormalities were obscrved in female AR mice.
Therefore, to further examine potential role of AR in female
physiology, we characterized female reproductive system in
AR females. Herein we show that temale AR ¢ mice develop
the POF phenotype. At 3 weeks of age, AR Y females had
vol. 103
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apparcatly normal ovaries with numbers of follicles similar to
those in the wild-type females. However, thereafter the number
of healthy follicles in the AR ovary gradually declined, with
a marked increase of atretic follicles, and by 40 weeks AR /-
mice became infertile, with no follicle detectable in the ovary.
Reflecting this age-dependent progression in ovarian abnormal-
ity, several genes known 1o be involved in the vocyte—granulosa
cell regulatory loop were identificd by microarray analysis as AR
downstream target genes. These findmgs clearly demonstrate
that AR-mediated androgen signaling is indispensable for the
maintenance of folliculogencsis and implicate impaired andro-
gen signaling as a potential cause of the POF syndrome.

Materials and Methods

Generation of AR Knockout Mice. 4R genomic clones were isolated
from a T2 embryonic stem cell genomic library by using human

AR A/B domain cDNA as a probe (6). The targeting vector

consisted of a 7.6-kb §' region containing cxon 1, a L3-kb 3’
homologous region. a single 1oxP site, and a neo cassette with two
loxP sites (10). Targeted clones (FB-18 and FC-61) were aggre-
gated with single eight-cell embryos from CD-1 mice (11, 12).
Floxed AR mice (CS7BL/6) were then crossed with CMV-Cre
transgenic mice (6). The two lines exhibited the same phenotypic
abnormalitics. The chromosomal sex of each pup was deter-
mined by genomic PCR amplification of the Y chromosome Sry
aene (13).

Western Blot Analysis. 1o detect AR protein expression, ovarian
cell lysates were separated by SDS/PAGE and transferred onto
nitrocellulose membranes (14). Membrancs were probed with
polyclonal AR antibodies (N-20: Santa Cruz Biotechnology).
and blots were visualized by using peroxidase-conjugated second
antibody and an ECL dewection kit (Amersham Phuarmacia
Biosciences).

Morphologle Classification of Growing Fellicles. Scctions were taken
at intervals of 30 pm. and 6-pm paraffin-embedded sections
were mounted oo slides. Routine hematoxylin and eosin staining
was performed for histologic examination by light microscopy.
Follicle numbers in 12 sections per ovary were evaluated as
primary follicles (cocyte surrounded by a single layer of cuboidal
granujosa cells), preantral follicles (oocyte surrounded by two or
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Phenotypic characterization of AR knockout female mice. (3} Diagrars of the witd-type Ar genomic focus (4], floxed AR L3S altete (13}, and AR aligle {1

ohtained after Crorneiated axcision of axon 1, K, Kpak £ ScoRl H, Hindil 8, Samil LoxP sites sre indicated by arrowheads, The tergeting vector consistad
ofa 7.8 5 homalogoys regien containing axon 1, o 1.2-kh ¥ homologous reglon, 2 singls loxP site, and the neo cassetie with two loxk sites. (B Detecdon
of the ¥ chromasame-specific Sey gene in A8 mice by POR. {g) Absence of AR protein in AR mice ovarlss by Wastern blot analysis using & specific Cterminal
antibody, (o) sormal weight gain In AR females. (o) Histology of pliudiary, utares, and bone tissues in AR and AR females a1 8 weels of age, (7} Female
repraduciive organs were macroscopically normal In AR mice, (9} Serum horraons lavels at the proestrus stage in AR mice were ot significantly altersd.
Serum 37festradiol, progesterone, testosterane, luteinizing hormons (L), and follide-stimulating hormons {FSHY levels in ARY {n = 13) and AR {0 = 10}
fornales 21 B-10 weels of age are showen. [h) Lolndoatveciar development s impairad in AR~ mammary glands. Whaole sount of inguing) mammary glands
{Left) and s higher magnification (Right) were prapared on dey I of tactation. i} Average number of pups par itter is markedly reduced In AR mice at Bwaeks
of age. Data are shown @5 mean & SEM and analyzed by using Student's 1§ test. {f) AR Immunocyiochemistry in ARYY and AR ovarias. Sections were

courtersiained with gosin,

more lavers of granulosa colls with no aptrum), or asral foilicles
fantrum within the granulosa cell layers enclosing the cooyle).
Follicles were determined 1o be atretic If thay displayed two or
mare of the following oriteria within « single cross section more
than two pyknotic nuclel, granalosa cells withid the antral cavity,
granufosa cells pulling away from the basoment membrane, or
aneven gronulosa celt layers (15}

Immrnchistoghemdstry. Sections wave subjected 1o 3 microwave
antigen retrieval twehnigue by boiling in 10 mM dirate buffer
{pH 6.0} in » miccowave oven for 30 min (18). The cooled
sections were incubated in 1% BaOs for 30 min to quench
epdogenous peroxidase and then incubated with 1% Triton
X-100 in PHS for 10 min, To blogk nonspecifie antibody binding,
sections weve incubated v normal goat secum for T h at 4°0,
Sections were then incubated with ant-AR (1:100) or asti-
clpaved caspuse-3 (1:100) in 3% BSA overnight st £°C. Negative
controls were ncubated in 3% BSA without primary antibody.
‘The ABC method was used to visualize sigaals according to the
manufactores’s instructions. Sections were incubated in biolin-
viated gost antl-rabbh fgG {1200 diution) for 2 h at room

Shiing et al.

temperature, washed with PBS, and incubated in avidin-biotin-
horseradish peroxidase for 1 b, &fter thorough washing in PBS,
sections were developed with 3.3 -diaminobendizine tetra-
hydrochioride substrate, slightly counterstained with eosin, de-
hydrated through an ethanol series and xylene, and mounted,

Estvus Cycles ant Fertility Test. To determing the staze of the sstrus
eyele {proestrus, estrus, and diestrus), vaginal smears were taken
gvery morning and stalned with Glemsa solution. For cvaluation
of femule fertility for 15 weeks, an §- oy Zd-week-old wild-type
ar AR female was muted with o wild-type fertile male,
replaced every 2 weeks with the other fertile male. Cages wore
monitored daily and for an additdonal 23 days, and the presence
of seminal plugs and number of Hiters were recorded.

BNA Extraction and Quantitative Competitive §T-POR, Total ovarian
RMA was extracted by using TRIzol (Iavitrogen) (16). Oligo-
dT-primed cDNA was synthesized from 1 pg of ovarian RNADy
using SuperSeript reverse transcriptase (Gibeo BRL, Guithers-
burg, MDY in a 20-x! reaction volome, 1 ul of which was then
difuted serially (2- to 128-Fold) and wsed to PCR-amplify an
internal contral gene, cved, to allow conceniration estimation.

FNAS | January 3, 2006 | wol 103 | no. ¥ | #2%
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POF in AR female raice, (a0} Histology of AR and AR ovaries at 3 weeks, § weeks, 32 weeks, and 40 weeks of aga. All sections were stained

with hemataxylin and eosin. An asterisk marks the atretic follide. €L, corpus luteum. {e-h) Relative follicke counis at 3 weeks (g}, 8 weeks {f), 32 weeks {g), and
40 weeks thy of age. Nunibers represant total counts of every Tifth section from serially sectioned ovaries {nt = 4 animals per genotype). () Immunchistochemical
study for activated, clesved caspase-3 vevealed increased positive cells tapoptotic calls) in AR ovaries. Sections were counterstained with hematoxglin, An
asterisk marks the caspase-3-positive coll. CL, corpus luteun, ) Age-dependent reduction in the number of pups per litter in AR female mice. A continuous
breeding assay was started at 24 weeks of age (n = 6-10 animals par genotype). For all panels, data are shown as mean © SEM and were analyzed by using

Student’s ¢ test.

Primers were designed from cDNA sequences of Kirl (M37647;
nucleotides  1099-1751), GdiY (NMODBLIO; nucleotides 720-
1532), Bmpld (NMOD9757. pucleotides 140-8733, Hrs2
{MMOT0157; nucleotides 1139-1921), Pyr (NMOOSRZY; nincleo-
tiddes 1587-2425), Cyplfad (NMUL9779; nucleotides 761-1697),
Cypl7al (M04863; nucleotides 522-932), Cypi (DH0659; nucle-
otides 690-1049), Faly {AFOU3642; nucleotides 625-1427), Lhv
{(MB1310; nucleotides 392-1331), Prge2 (AF338730; nucleotides
3-603), and Cemd2 (NMO0SS29; nucleotides 150-1065) and
chosen from different exons to avoid amplification from genomic
DNA.

GeneChip Analysis. Ovaries were isolated and stabilized in RNA-
later RNA Stabilization Reagent (Ambion, Austin, TX) before
RMNA purification (17), Total RNA was purified by using an
RMeasy mini kit {Qiagen, Valencia, €AY according to ihe
manufscturer’s instructions. First-strand cDINA was synthosized
from 5 pg of RNA by using 200 units of SuperScript 11 reverse
transeriptuse {Invitrogen, Carlsbad, CA}, 100 pmo! T7-{d Dy
primer [3-GGCCAGTGAATTGTAATACGAUTCAC-
TATAGGUAGGUGG-(dT)2s-3"). X first-strand buffer, and
0.5 mM dNTPs at 42°C for 1 b Second-strand synthesis wag
performed by incubating frst-strand cDNA with 10 unis of
Escherichin eoli ligase (Invitrogen), 40 units of IINA polymerase
1 {Invilrogen), 2 units of BNase H {Tnvitregen), I reaction
buffer, and 0.2 mM dNTPs at 16°C for 2 b, followed by 10 units
of T4 DNA polymerase {Invitrogen) and incubation for another

226 | weewepnes.orgsegi fdelf 10,1073/ prnas 0508736 102
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5 min at 16°C, Double-stranded ¢DNA was purified by using
CreneChip Sample Cleanup Module (Affvmetriy, Santa Clara,
CAj) according to the manufacturer's instructions and labeled by
in vitro transceiption by using u BioArray HighVield RNA
transeript labeling kit {Bnzo Diagnostics, Farmingdals, NY).
Bricfly, dsDNA was mized with 1X HY reaction buffer, 1%
biotin-labeled ribonucleotides (NTPs with Bio-UTP amd Bio-
CrPy, 1% DTT, IX RNase inhibitor mix, and 13 T7 RNA
polymerase and incubated at 37°C for 4 h. Labeled cRNA was
then purified by using GeneChip Sample Cleanup Module and
fragmented in IX fragmentation buffer a1 94°C for 35 min. For
hybridization to the GeneChip Mouse Expression Array 430A or
4308 or Mouse Genome 430 2.0 Array (Affymetrix), 15 pg of
fragmented eRNA probe was incubaied with 58 pM control
oligonucleotide B2, 1x eukaryotic hybridization control, 0.1
mg/ml herring sperm DA, 0.5 mg/ml acetylated BSA, and 1X
hybridization bulfer in a 453°C rotisserie oven for 16 h. Washing
and staining were performed by using a GeneChip Pluidic
Station {Affymetrix) accovding to the manufacturer’s protocol.
Phycocrythrin-stained arrays were scanned as dighal image {iles
and analyzed with GENECHIP OPERATING SOFIWARE (Al
fymetrix) (17},

Luciferase Assay. The Kitf promoter region (—2866 1o ~ 1 bp) was
inseried into the pGL3-basic vector (Promoga) for assay using
the Luciferase Assay System {Promega) (14, 18). Cells at 40—
30% confluence were transfected with a reference pRL-CMV

Shiina et al,
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receptor {Fshr), a5 side chaln deavage enzyme {Cyelial), 1T-o-hydroxylase {Cyp?727), Aromatase (Cypl8), estrogen recepiocg (Esr), cyclin D2 (Cond2),
insulinclike growth factor 1 {igf1), cycdooxygenase 2 (Pgs2), or progestesone receptor (Pgr) gene expression in AR 4 and AR ovaries. Results shown were
rwrcsentamm {using ane ovary per genotype in sach expariment) of five indepe endent experiments.

plasmid (Promega) using Lipofectamine reageat (GIBCO/BRL,
Cirandd Infand, NY) to normalize transfection. Resuits shown are
representative of Fve independent experiments,

Resulis and Biscussion

Subfertility of A0/ Female Mice at 8 Weaks of Age. The dr gene
located on the X chromosome was disrupted In mice by using
the Cre/Lox P syslem (6} (Fig. 1 a-¢). Pemale AR mice
showed normal growth compured with the wild-type litter-
mates {Fig. 1), with go x,k@umblu bone loss (Fig., iy or
abesity common for male AR Y mice {8, 9). Young (Sweck-
old)y AR~ femates appeared indistinguishable hr}m the wild-
type Httermates, displayed normal sexual bebavior (7), and
produced the first offspring of normal body size at the
expected age. Macroscopic appearance of thelr reproductive
organs, including vied, oviducts, and ovaries, also appeared
normal {Fig. 1f). Histelogleal analysiy showed no significant
abnormality in the uierus or pitultary (Fig. le), whereas
mammary ductal branching and clopgation were substantially
reduced, as revealed by whole-mount avalysis {(Fig, V). Serum
tevels of [7f-esteadiol, progestvrone, testosterone, luteinizing
hormone, and Tollicle-stimulating hormone were also within
normal t’angc in Bweck-old mutant females at the procstros
stage (Fig. lg , suggesting that the two-cell two-gonadotrophin
system in &mak rspm(}m{zu and endocrine organs (18) was
intact in AR mice ai ® weeks of age. The most obvious early
sign of abnormal reproductive E’znwtion in the A8 females
was that their averngs numbers of pups per litter were only
about hall of those of the wild-type Hitermates, (AR~ 8.3 2
0.4 pups per Htter; AR, 4.5 2 0.5 pups per Htter) {Fig. 14)

AR Femate Vice Developed POF Phenotypes. Histological analysis
of Bwoek-old AR ovaries clearly showed that numbers of
atretic follicles were significantly izkuaased, with decroased
numbers of corpora lutes {(Fig. 25 and £}, This finding suggests
that the reduced pup numbers were due to impaired folliculo-
genesis in AR-deficient ovaries, Indeed, AR protein expression
was readily detectabie in the wild-type 8-week-old ovaries (Fig,
1), with AR expressed at the highest levels in growing foflicle
granudosa cells ot all developmental stages and at relatively low

Shitna et al,

fevels in corpora lutea. Thus, AR appears to play a regulatory
rode in granulosa cells during their maturation to the et
phase.

To investigate this possibility, we examined the vvarian phe-
notype of fomale AR mice at different ages. At 3 weoks,
ovaries contain various stages of follicles, including primary,
secendary, and antral follicles in wild-type animals (Fig. 2¢) (19).
In AR ovaries at 3 weeks of age, the folliculogenesis appeared

o be unaltered, with normal aumbers and localization of

primary and secondary follicles (Fig. 2 o and ¢). However,
degeneratued folliculogenesis became evident with Rther aging,
Although follicles and corpora lutea at all developmental stuges
were still present, corpora lutea mumbers were clearly reduced In
Sweek-old AR wmutants (Fig. 2 b and f), similar o thx
absorved in another mouse line (20}, Expected apoptosis was
seen in atretic follicles by activated caspase-3 mmunchistochem-
istry assays {Fig. 2i). But, by 32 weeks of age, defects in
{oliculogenesis in AR ovaries became profound, with fewer
follicles observed and incressed atretic follicles (Fig. 2 ¢ and g},
and >40% (5 of 12 mice) of the AR females were alveady
infertile, By 40 weeks, alt 4279 females became infertile, with
no follicles rermaining (Fig. 2 4 and &); at the same age, AR
females were Fertile and had normal follicle numbers. Congistent
with progressive deficiency in folliculogenesis, the pup number
per ligter steadily decreased in aging AR fomales (Fig. 20,
These data indicate that AR plays an important physiological
role at the preluted phase of folliculogenesis.

Alteration in Gene Exprassions of Several Major Regulaters lavelved
in the Qucyie-Gramtlosa Cell Regulatory Leep. To explore the
sm}iu;ut«lr basis underlying the impaired folliculogenesis in
AR ovaries, we a;za}y&d expression of several major known
regulators and maskers of folliculogenesis (21-23). Surprisingly,
n significant alierations in mRN’x levels of LH receptor (L),
FSH receptor (Fslr), pd30 side chain cleavage conzyme
(Cypllaly, T-a-hydroxylase (Cypl7al), aromatase (Cypl¥), es-
troge ru:bpmru B (£32), cyclin D2 (O cnd2} or insulin-fike
growth factor 1 (fgf7) of S-week-old AR™" ovaries al the
proesirus stage, and further cyclooxygenase 2 {Prgs2) or proges-
terone receptor {(Pgr) at the estrus stage, were detected by
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Geneme-wide microarray analysis and semiquantitative RT-POR revealed that expression of the sotyle-granulosa call regulator loop was down-

regulated in AR~ ovaries. (3) Microarray analysis of AR compared with AR ovaries at 3 and 8 waeks of age. Data obtained from inicroarray analysis as
described in Materials and Methods were usetd to generats a cluster analysis. Each vertical Bine represents a single gene. The ratios of gene expression levels in
AR ovaries compared with veld type are presented. (b and ¢ Semiquantitative RT-PCR analysis of AR-regulated genes identified from the microarray study,
Results shown are represertative {using one ovary par genotype in sach experiment) of five independent experiments. Data are shown as mean = SEM and wers
snalyzed by using Student’s { test. (d) Comparkson of K7t gene expression by Northern blot analysis among placebo-, DHT-, and flutamide (FL-treated AR
mouse ovarias, {e} Induction of KIYLE gene expression by DHT treatment in KGN calls, {Fand g} Androgen responsiveness in the mouse and human kit figand
promotens by & luciferase assay parformad by using KGM cells. Data are shown as mean » SEM and were analyzed by using Student’s T test.

semigeantitative RT-PCR analysis (Fig, 3), Genomes-wide mi-
croarray snalysis (17) of RNA from S-weele-old AR ovaries st
the proestros stage has been undertaken lo identify AR-
regulated genes, In comparison with AR ovaries, expressions
of 772 genes were down-regulated, whoreas 351 genes wers
up-regulated in AR ovaries (Fig. 4a; see also Tables | and 2,
which are published as supporting nformation on the PNAS web
site). Several geaes known fo be involved in the oocyie—
granulosa coll regulatory loop (24) were identifled as candidate
AR target genes, including KIT Hgand (Rid) (25), morphoge-
netic protein 13 (8mpl3) (36), prowth differentiation factor-9
{GHf9) (275, and hepatocyte growth factar (Fgf} {28). mpuired
folitcalogenesis had been reported in mive deficient in each of
these three regulators (26, 27, 29). To validate the microarruy
duia, we performed scmiguantitative RT-PCR analysiz of
S-week-old AR ovary RNA and confirmed that cxpression of
these factors was down-regulated (Fig. 4b). To dentity a tegu-
Iator downstream of the AR sigoaling at un earlier stage of
folliculogenesis, 3-week-old AR ovaries that, as pointed ot
sarier, display no apparent phenotypic abaormality were exam-
ined. Fewer geses had sliered expression levels (519 genes
sp-regulnted; 326 gencs down-regulated) (Flg. 40 see also
Tables 3 and 4, which are published as supporting information
on the PHAS web site), and, of the four regulators tesied by
RT-PCR, only Kif was found 1o be down-regulated at this age
{Fig. 4oy Because i is a granulosa cell-derived factor and
stimulates cocyte growih and maturation {28-31), down.
regulation of the Kl expression in 3-week-old or even younger
AR ovaries may trigger impairment in folliculogenesis at

228 | weeswapnes.orgfogidol TR 1073/ pnas 0506736102

fater age. To lest for possible K gene regulation by AR,
S-week-old wild-type females were treated with So-dihydrotes-
tosterone {DHT). At 4 h after hormone injection, a clewr
induction of i expression was observed i the ovaries, whereas
a known sntiandrogen flutamide atienuated the induction by
DHT (Fig. 4d). The induction of endogenous human ki lgand
{(KITLG) gene by DHT was slso observed in human granulosa-
tike tumor cells (KGN) in coelare (Fig. 4e). Purihermore,
androgen-induced fransactivation of mouse and human &7 Foand
promoters (32) was observed by & luciferase reporter assay (33)
n KGN (Fig. 4 fand g), 2937, and Hela (data not shown) celis.
However, no response o DHT was detected in the similar assay
using promoters of the Bmpl5, Gdf9, and Hef senes (data not
shown}. Thus, we have shown that, in o regudatory cascade
controlling folliculugenesis, K vepresenis o direet downstream
target of androgen signaling.

As an opstream rsgulntor, AR may also be indirectly involved
in canirol of cxpression of other genes ertical for folliculogen-
esis, bevause an age-dependent down-regulation of Bmpls,
Gdf9, and Hgf gene cxpression wes alio observed in AR
ovaries. Bmpld and GdfY are covyte-derived factors that pro-
mote the development of surrounding granulosa cells in growing
follicles {34, 35), wheveas Hgf is secveted by theea cells and acis
as a gramulosa cell growth factor (36). Down-vegulation of these
factors, presumably due to decreased Kil cxpression, may lead
to impaired bidirectional communication between cocyte and
granulosy cells (24} and, eventually, to early termination of
folliculogenasis, as in POF syndrome.

Thus, we have identificd AR as a novel regolator of follicw-
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logenesis that apparently acts in the regulatory cascade upstream
of the major factors controlling ovarian function, confirming the
previous findings of the AR expression in granulose cells of
growing follicles (3). Although not immediately relevant to the
ovarian physiclogy, abnormal development of the mammary
glands observed in our AR-deficient mice adds further strong
evidence of an esseatial role of the AR not only in male, but also
in female, reproductive function.

With increasing age of the first childbirth by women in the
modern society, POF syndrome has become an important social
and medical problem. Our findings suggest that POF syndrome
may be caused by an impairment in androgen signaling and that
X chromosomal mutations affecting the AR gene function may
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Abstract

Background: Transcriptome data from quantitative PCR (Q-PCR) and DNA microarrays are
typically obtained from a fixed amount of RNA collected per sample. Therefore, variations in tissue
cellularity and RNA yield across samples in an experimental series compromise accurate
determination of the absolute level of each mRNA species per cell in any sample. Since mRNAs are
copied from genomic DNA, the simplest way to express mRNA level would be as copy number
per template DNA, or more practically, as copy number per cell.

Results: Here we report a method (designated the "Percellome” method) for normalizing the
expression of mRNA values in biological samples. It provides a "per cell" readout in mRNA copy
number and is applicable to both quantitative PCR (Q-PCR) and DNA microarray studies. The’
genomic DNA content of each sample homogenate was measured from a small aliquot to derive
the number of cells in the sample. A cocktail of five external spike RNAs admixed in a dose-graded
manner (dose-graded spike cocktail; GSC) was prepared and added to each homogenate in
proportion to its DNA content. In this way, the spike mMRNAs represented absolute copy numbers
per cell in the sample. The signals from the five spike mRNAs were used as a dose-response
standard curve for each sample, enabling us to convert all the signals measured to copy numbers
per cell in an expression profile-independent manner. A series of samples was measured by Q-PCR
and Affymetrix GeneChip microarrays using this Percellome method, and the results showed up to
90 % concordance.

Conclusion: Percellome data can be compared directly among samples and among different
studies, and between different platforms, without further normalization. Therefore, "percellome”
normalization can serve as a standard method for exchanging and comparing data across different
platforms and among different laboratories.

Baclground samples generated in the same laboratory using a single
Normalization of gene expression data between different  platform, andfor generated in different geographical
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