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Discussion
Student 7: Classic Reference #1 above
- What are the developmental steps of the Wolffian/epididymal duct?
- What are the Phenotypes of knockouts that explain the development?
- What technology was used
Student 8: Reference #2 above
- What is the technology used?
- Where is the expression pattern of the COUP-TF11?
- What does the knockout phenotypes show on regional actions of COUP-TF11?
Student 9: Reference #3 above
- What is the technology used?
- What androgen alterations in actin localization were observed?
- What basic information on male reproductive tract development was obtained?
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Elimination of the male reproductive
tract in the female embryo is
promoted by COUP-TFII in mice
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S

exually dimorphic establishment of reproductive tracts epitomizes the anatomical
difference between males and females. This
dimorphic establishment depends on two
concurrent events during embryogenesis:
regression of one of the two primitive ducts
(Müllerian and Wolffian ducts) and maintenance
of the other. These two events ensure that the
embryo retains only one reproductive tract that
corresponds to its sex: Müllerian duct for the XX
individual and Wolffian duct for the XY individual (1). In the 1950s, Alfred Jost provided the first
evidence for what became the foundation of the
sexual differentiation paradigm: XY embryos retain
Wolffian ducts through the action of testis-derived
androgen, whereas XX embryos lose Wolffian ducts
as a result of a lack of androgens (2–5).
The action of androgen on the Wolffian duct
is mediated through androgen receptors in the
mesenchyme surrounding Wolffian ducts (6, 7).
It is well established that mesenchyme-derived
factors govern the fate and differentiation of ductal epithelium (8). The orphan nuclear receptor
COUP-TFII (chicken ovalbumin upstream promoter transcription factor II, or NR2F2) is a
mesenchyme-specific regulator in many developing organs, including the mesonephros, where
Wolffian ducts develop (9). COUP-TFII expression in Wolffian duct mesenchyme overlapped
with Wilms’ Tumor 1 (WT1) (fig. S1A), another
mesenchyme-specific transcriptional factor (10).
To investigate the role of COUP-TFII in Wolffian
duct regression, we used the tamoxifen-inducible
Wt1CreERT2 mouse model that targeted Coup-tfII
deletion in Wt1+ mesenchymal cells (fig. S1B).
In the control (Wt1CreERT2-;Coup-tfIIf/f) female,
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COUP-TFII remained in the mesenchymal cells
of mesonephroi from embryonic day 12.5 (E12.5)
to E16.5 (fig. S1, C to E), the developmental window that encompassed initiation (E14.5) and
completion (E16.5) of Wolffian duct regression
in XX embryos (fig. 2SA). In the knockout
(Wt1CreERT2+;Coup-tfIIf/f) female, COUP-TFII ablation began 24 hours after the first tamoxifen
injection (fig. S1F) and was completed by E14.5
(fig. S1, G and H). Ablation of Coup-tfII was further confirmed with reverse transcription polymerase chain reaction (RT-PCR) (fig. S2B). These
results demonstrated an efficient ablation of CouptfII in WT1-positive Wolffian duct mesenchyme in
XX embryos.
The impact of Coup-tfII ablation on XX
mesonephroi was first examined at E18.5, when
dimorphic development of reproductive tracts
is completed. The control XX embryos contained
only Müllerian ducts that were visualized by
immunostaining of the epithelial marker PAX2
(Fig. 1A). Other control genotypes that include
Wt1CreERT2+;Coup-tfIIf/+ and Wt1CreERT2+;CouptfII+/+ female embryos also developed normally,
with only Müllerian ducts (fig. S3A). Knockout
XX littermates, however, had both Müllerian
and Wolffian ducts in the mesonephros (Fig. 1D).
The identity of the Wolffian duct was confirmed
by the presence of Wolffian duct epithelium
marker transcription factor AP-2a (AP-2a) (Fig. 1,
B and E) (7). Embryos in which Coup-tfII was
knocked out died soon after birth. We therefore
developed an organ culture system that allowed
us to maintain E18.5 XX mesonephros with
ovaries for 7 days to investigate whether Wolffian
ducts remained present postnatally. At the end
of culture, Wolffian ducts were still present in
knockout tissues, along with the components
of female reproductive tracts (Fig. 1, C and F),
indicating that Wolffian duct maintenance in
knockout XX persisted after birth and was not
a transient event.
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The sexual differentiation paradigm contends that the female pattern of the reproductive
system is established by default because the male reproductive tracts (Wolffian ducts) in
the female degenerate owing to a lack of androgen. Here, we discovered that female mouse
embryos lacking Coup-tfII (chicken ovalbumin upstream promoter transcription factor II) in
the Wolffian duct mesenchyme became intersex—possessing both female and male reproductive
tracts. Retention of Wolffian ducts was not caused by ectopic androgen production or action.
Instead, enhanced phosphorylated extracellular signal-regulated kinase signaling in Wolffian duct
epithelium was responsible for the retention of male structures in an androgen-independent
manner. We thus suggest that elimination of Wolffian ducts in female embryos is actively
promoted by COUP-TFII, which suppresses a mesenchyme-epithelium cross-talk responsible for
Wolffian duct maintenance.

Retention of Wolffian ducts in the Coup-tfII
knockout XX embryo points to a possible action
of androgens based on the Jost paradigm (11).
Wt1CreERT2 targets Coup-tfII deletion not only in
mesonephroi but also somatic cells of the ovary
(12), raising the possibility that an ovary in which
Coup-tfII has been knocked out could synthesize
androgens ectopically. We compared the transcriptomes between control and knockout ovaries
at E14.5 and E16.5, during which Wolffian duct
regression occurs. The transcriptome of the knockout ovary was not different from the control ovary,
with the exception of 10 differentially expressed
genes (including Coup-tfII) (table S1). None of
these genes were associated with androgen
production. Furthermore, mRNA expression of
two rate-limiting enzymes—hydroxy-d-5-steroid
dehydrogenase, 3b- and steroid d-isomerase
1(Hsd3b1) and cytochrome P450 17A1 (Cyp17a1)—
for steroidogenesis was not different between
control and knockout ovaries and nearly undetectable compared with the wild-type fetal testis
(a positive control) (Fig. 2, A and B). A lack of
androgen-producing capacity in the ovary was
corroborated with unchanged anogenital distance (AGD), an androgen-sensitive parameter,
between control and knockout XX at E18.5 (Fig.
2C). To exclude the possibility that androgens
came from other resources in the knockout embryo, we removed the mesonephroi from XX embryos and cultured them for 4 days. After culture,
Wolffian ducts regressed in control XX mesonephros, as expected, whereas in knockout XX,
either in the presence or absence of ovaries,
Wolffian ducts were maintained (Fig. 2D and
fig. S3B). These results indicated a lack of androgen
production in the XX knockout ovaries and led
us to speculate that Wolffian duct retention in
XX embryos could be the result of ectopic activation of the androgen pathway in the absence of
Coup-tfII. This possibility was excluded based
on of the finding that expression of androgen
receptor (Ar) and two androgen-induced genes—
folate hydrolase 1 (Folh1) and solute carrier
family 26 member 3 (Slc26a3) (13, 14)—was not
different between control and knockout XX mesonephroi (Fig. 2, E to G). To rule out the involvement of androgens, we exposed the dam that
carried control and knockout embryos to the androgen antagonist flutamide (Fig. 2H) (15). This
regimen was sufficient to prevent Wolffian
duct maintenance resulting from ectopic androgen action in XX embryos (16). Despite the verified
action of flutamide (fig. S4), Wolffian ducts were
still retained in knockout XX embryos (Fig. 2H).
Thus, the maintenance of Wolffian ducts in the
Coup-tfII knockout XX embryo is not due to ectopic production or action of androgens.
To identify the androgen-independent mechanism underlying Wolffian duct retention in the
female in which Coup-tfII had been knocked out,
we turned our attention to epidermal growth
factor (EGF) and fibroblast growth factor (FGF)
signaling pathways for their putative ability to
promote Wolffian duct maintenance (17, 18). We
first examined by means of RT-PCR the expression of Egf and its receptor Egfr. Their expression
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microscopy or (insets) AP-2a immunofluorescence on frozen sections.
Blue arrows indicate Wolffian ducts, magenta arrows indicate Müllerian
ducts, and asterisks indicate ovary. ov, oviduct; ut, uterus; va, vagina.
Scales bars, (A), (C), (D), (F), 0.5 mm; (B), (C) inset, (E), and (F) inset,
50 mm. n = 14 embryos in (A); n = 3 embryos per each genotype in
(B), (C), (E), (F), and n = 23 embryos in (D).

Fig. 2. Wolffian duct retention in Coup-tfII knockout XX embryo is
independent of androgen production or action. (A and B) mRNA
expression of two rate-limiting steroidogenic enzymes, Hsd3b1 and Cyp17a1, in
E14.5 control testis (light blue), control ovary (light pink), and knockout ovary
(dark pink). (C) AGD of the control and knockout embryos at E18.5. (D) PAX2
whole-mount immunofluorescence of ovaries and mesonephroi after 4-day
culture. n = 7 embryos per genotype. (E to G) mRNA expression of androgen
receptor Ar and androgen-responsive genes (Slc26a3 and Folh1) in control XY,
control XX, and knockout XX mesonephroi. Results are shown as mean ± SEM.

Asterisks in (A), (B), (C), (F), and (G) represent statistical significance of P < 0.05
compared with either control or knockout XX samples by means of one-way analysis
of variance followed by Tukey’s test [n = 8 embryos per each group in (A) and
(B), n = 8 to 11 embryos in (C); and n = 8 embryos in (E) to (G)]. (H) Knockout
XX embryos were exposed to either vehicle (oil) or androgen receptor antagonist
flutamide in utero once daily from E12.5 to E17.5. Samples were collected at E18.5
and analyzed with PAX2 whole-mount immunofluorescence. n = 3 embryos per
genotype. Blue arrows indicate Wolffian ducts, magenta arrows indicate Müllerian
ducts, and white asterisk indicates ovary. Scale bar, (D) and (H), 0.5 mm.
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Fig. 1. Coup-tfII ablation leads to Wolffian duct retention in the XX
embryo. Control and Coup-tfII knockout reproductive systems from E18.5
XX embryos were analyzed with (A and D) whole-mount immunofluorescence for the epithelial marker PAX2 or (B and E) AP-2a on frozen
sections. (C and F) Control and knockout mesonephroi from E18.5 XX
embryos were cultured for 7 days and analyzed with bright field
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Fig. 3. Enhanced FGF signaling is involved in Wolffian duct retention in the absence of CouptfII. (A) mRNA expression of FGF receptors and ligands in the mesonephroi at E14.5. UD, undetected.
Results are shown as mean ± SEM. Asterisks represent statistical significance of P < 0.05 compared
with control females by using Student’s t test (n = 8 embryos for each genotype). (B) Whole-mount
immunofluorescence of PAX2 of 2-day cultured E14.5 wild-type XX mesonephroi in the presence of
vehicle, or FGF7, FGF10, or FGF7+FGF10. (C) p-ERK immunohistochemistry of control and knockout
XX mesonephroi at E14.5. (D) PAX2 whole-mount immunofluorescence in vehicle- or p-ERK inhibitor–
treated knockout XX genital ridges. n = 3 embryos per group in (B) to (D). Scale bars, (B) and (D),
0.5 mm; (C) 50 mm. Blue arrows indicate Wolffian ducts, magenta arrows indicate Müllerian ducts, and
white asterisk indicates ovary.

was not different between control and knockout
XX mesonephroi (fig. S5A). Components of FGF
signaling, in contrast, exhibited distinct changes
in the absence of Coup-tfII. FGFR2 is the major
FGF receptor in the Wolffian duct epithelium (19),
and its binding ligands include FGF1, -3, -7, -10,
-21, and -22 (20). mRNA expression of FGF receptors (Fgfr1, Fgfr2-b, and Fgfr2-c) and most
ligands were unaltered (Fgf1 and Fgf3) or undetectable (Fgf21 and Fgf22) in knockout XX
mesonephroi compared with the control (Fig. 3A).
However, expression of Fgf7 and Fgf10 was increased significantly in knockout XX mesonephroi
at E14.5 (Fig. 3A) and E16.5 (fig. S5B). To investigate whether FGF7 and FGF10 were capable of
reproducing the Wolffian duct maintenance phenotype in the wild-type female, we cultured E14.5
wild-type XX mesonephroi for 2 days in the presence of vehicle, FGF7, FGF10, or FGF7+FGF10. In
the vehicle-treated group, Wolffian ducts regressed
after 2-day culture, similar to the in vivo sitZhao et al., Science 357, 717–720 (2017)
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uation. In contrast, presence of FGF7, FGF10, or
FGF7+FGF10 maintained the Wolffian duct in
the wild-type XX mesonephroi (Fig. 3B).
FGF7 and FGF10 are expressed in the mesonephric mesenchyme, the same cellular compartment as COUP-TFII (21, 22). These FGFs bind
FGFR2 in Wolffian duct epithelium and activate
two intracellular signaling components, phosphorylated protein kinase B (p-AKT) and phosphorylated extracellular signal-regulated kinase (p-ERK)
(20). Loss of Coup-tfII did not change p-AKT activation in Wolffian ducts (fig. S5C). The presence
of p-ERK, conversely, became detected in Wolffian
duct epithelium of knockout XX compared with
the control XX at E14.5 (Fig. 3C) and E16.5
(fig. S5D). These results indicate that loss of
mesenchymal Coup-tfII led to an enhanced activity of p-ERK signaling in Wolffian duct epithelium.
We then tested whether elevated p-ERK signaling was the cause of Wolffian duct maintenance
by culturing the Coup-tfII knockout mesonephroi
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with a p-ERK specific inhibitor PD0325901 (23). In
the vehicle-treated group, Wolffian ducts in the
knockout XX were maintained in culture. Conversely, the p-ERK inhibitor eliminated Wolffian
ducts in the knockout XX mesonephroi (Fig. 3D),
indicating that enhanced p-ERK signaling was
involved in Wolffian duct retention in the CouptfII knockout XX embryo.
We have shown that instead of a passive process occurring as a result of the absence of androgens, elimination of the male reproductive
tract in the female embryo is actively promoted
by COUP-TFII through its action in the Wolffian
duct mesenchyme. COUP-TFII in the mesenchyme
inhibits expression of FGFs, which otherwise
activate the p-ERK pathway in the Wolffian duct
epithelium for its maintenance. The function of
COUP-TFII in facilitating Wolffian duct elimination is not restricted to XX embryos; when the
testis was removed from the Coup-tfII knockout
XY mesonephros, Wolffian ducts remained present despite a lack of androgens (fig. S6). These
findings reveal unexpected mechanisms underlying the dimorphic development of the Wolffian
ducts via COUP-TFII. In addition, maintenance
of male reproductive tracts without androgens
prompts a reassessment of the role of androgens
in this process, which presumably is to antagonize
the action of COUP-TFII.
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The makings of the reproductive tract
Every embryo, regardless of its sex, contains both male and female primitive reproductive tracts before sexual
differentiation. To establish a sex-specific reproductive system, female embryos need to remove the components of male
tracts. The general consensus contends that removal of the male tracts occurs by default, a passive outcome owing to a
lack of testis-derived androgens. Working in mice, Zhao et al. discovered that this process instead was actively promoted
by the transcription factor COUP-TFII (see the Perspective by Swain). Without the action of this factor, embryos retained
male reproductive tracts, independently of androgen action. These findings unveil unexpected mechanisms underlying
the sexually dimorphic establishment of reproductive tracts.
Science, this issue p. 717; see also p. 648
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Androgen Regulates Dimorphic F-Actin
Assemblies in the Genital Organogenesis
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Abstract
Impaired androgen activity induces defective sexual differentiation of the male reproductive tract, including hypospadias, an abnormal formation of the penile urethra. Androgen
signaling in the urethral mesenchyme cells (UMCs) plays essential roles in driving dimorphic urethral development.
However, cellular events for sexual differentiation remain virtually unknown. In this study, histological analyses, fluorescent staining, and transmission electron microscopy (TEM)
were performed to reveal the cellular dimorphisms of UMCs.
F-actin dynamics and migratory behaviors of UMCs were further analyzed by time-lapse imaging. We observed a prominent accumulation of F-actin with poorly assembled extracellular matrix (ECM) in female UMCs. In contrast, thin fibrils of
F-actin co-aligning with the ECM through membrane receptors were identified in male UMCs. Processes for dimorphic
F-actin assemblies were temporally identified during an

© 2017 S. Karger AG, Basel
E-Mail karger@karger.com
www.karger.com/sxd

androgen-regulated masculinization programming window
and spatially distributed in several embryonic reproductive
tissues. Stage-dependent modulation of the F-actin sexual
patterns by androgen in UMCs was also demonstrated by
time-lapse analysis. Moreover, androgen regulates coordinated migration of UMCs. These results suggest that androgen signaling regulates the assembly of F-actin from cytoplasmic accumulation to membranous fibrils. Such alteration
appears to promote the ECM assembly and the mobility of
UMCs, contributing to male type genital organogenesis.
© 2017 S. Karger AG, Basel

The reproductive organs possess the sexually specific
structures to perform the reproductive function. External genitalia are one of the representative organs showing
the sexual differences, with the penile urethra being responsible for copulation and urination in the male. The
genital tubercle (GT) is the common anlage for the external genitalia of both the male and the female. Androgen
regulates masculinization processes of the male reproductive organs contributing to the dimorphic development of the GT. 5α-dihydrotestosterone (DHT) is the
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major androgen for GT masculinization. Testosterone
(T) is converted into DHT in the ventral GT mesenchyme by the local 5α-reductase [Suzuki et al., 2017].
Mesenchymally-derived androgen signaling is indispensable for the formation of the penile urethra [Miyagawa et al., 2009]. Genetic and molecular mechanisms
involved in androgen driven formation of the penile urethra have been studied [Yong et al., 2007; Miyagawa et
al., 2009; Chen et al., 2010]. However, the mode of androgen actions regulating cellular differentiation of urethral
mesenchymal cells (UMCs) in ventral GT remains to be
elucidated.
Androgen actions are required in a specific time window, namely the masculinization programming window
(MPW), to regulate multiple processes for the formation
of male-type reproductive organs [Welsh et al., 2008,
2014]. Impaired activities of androgen actions within the
MPW induce defective male sexual differentiation, such
as hypospadias, prostate hypoplasia, and a shorter anogenital distance [Welsh et al., 2008; Suzuki et al., 2015].
Hypospadias is an ectopic opening of the penile urethra
in the ventral external genitalia. The incidence of hypospadias ranges from 1: 200∼1: 300 in male newborns
[Manson and Carr, 2003; Cunha et al., 2015] and has been
reported as increasing over the past few decades due to
environmental exposure of anti-androgenic endocrine
disruptors [Wilhelm and Koopman, 2006; Cunha et al.,
2015]. The critical time window for urethral masculinization is from embryonic day 15.5 (E15.5) to E16.5 in mice
[Miyagawa et al., 2009]. Improper exposure of androgen
within the time window causes the several degrees of hypospadias. It remains largely unknown how androgen
play roles in the differentiation of UMCs within the
MPW.
Cytoskeletons regulate cell morphology and cell movement [Alberts, 2008; Heisenberg and Bellaiche, 2013].
The dynamics of actin assembly provide a mechanical basis for cellular behaviors, such as cell mobility and assembly of the extracellular matrix (ECM) [Blanchoin et al.,
2014]. Cultured fibroblast cells have been one of the popular models to study cell biology in vitro [Grinnell, 2008;
Friedl and Wolf, 2010; Luo et al., 2013]. However, how
the assembling pattern of F-actin contributes to the function of mesenchymal fibroblasts during developmental
processes remains poorly understood.
In the current study, we observed dynamic sexually
different patterns of F-actin in UMCs during urethral formation. Such sexual patterns were regulated by androgen
within the MPW. Furthermore, formation of dimorphic
F-actin patterns was spatial-temporally consistent with

the embryonic sexual differentiation processes of several
reproductive organs. Of note, dimorphic assemblies of Factin may correlate with the sexual differences of both
ECM assemblies and migratory behaviors of UMCs.
These results suggest that sexually different assemblies of
F-actin may contribute to dimorphic reproductive organogenesis.

Androgen-Regulated Dimorphic F-Actin
Assemblies

Sex Dev 2017;11:190–202
DOI: 10.1159/000477452

Materials and Methods
Animals
Mice expressing Actin-Venus (CDB0253K) and Lyn-Venus
[Abe et al., 2011] under the control of the Rosa26 Loci were used
for time-lapse imaging analysis of tissue slices. ARFlox/Flox [Sato et
al., 2004] females were mated with CAG-Cre [Araki et al., 1997]
males to obtain AR knockout males (ARFlox/y: CAGCre, hereafter
designated as ARKO males) [Murashima et al., 2011].
Histology
Hematoxylin and Eosin (H & E) and Masson Trichrome staining were performed by standard procedures as previously described [Ogi et al., 2005; Haraguchi et al., 2007]. Tissue sections
were prepared into 6 μm in thickness for H & E staining and 4 μm
for Masson’s Trichrome staining.
F-Actin and Immuno-Fluorescent Staining for Confocal
Microscopy
GT and other embryonic tissues at various stages were fixed in
1% PFA at 4 ° C for 1 h and rinsed and embedded in Cryomold
(Tissue-TEK, Sakura, 4566) with OCT compound (Tissue-TEK,
Sakura, 4583). Samples were frozen and stored at –80 ° C. Cryosections were dissected into 12 μm thickness by a freezing microtome (Leica CM1900), mounted on poly-lysin coated slides, dried
briefly for 0.5 h at room temperature (RT), and were re-fixed with
1% PFA on ice for 20 min before staining. F-actin was stained with
Alexa-488/647 phalloidin (Invitrogen) following the manufacturer’s protocol. In the experiments of F-actin co-staining with other
antibodies, phalloidin staining was performed during the secondary antibody incubation. Samples were dissected and fixed with 4%
PFA at 37 ° C for α-tubulin staining. Antibodies for α-tubulin (Abcam, Ab52866; 1:300), vimentin (Sigma, V6630; 1:500), fibronectin (Sigma, F1141; 1: 500), integrin α5 (BD Pharmingen, 553318;
1:500), and non-muscle myosin IIB (Biolegend, prb-445p; 1:500)
were employed.
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Chemically Fixed Sample Preparation and Transmission
Electron Microscopy
Samples were fixed with 2.5% glutaraldehyde, 2% formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 2 h at RT followed by post-fixation with ice-cold 1% OsO4 in the same buffer
for 2 h. After being stained en bloc with 0.5% uranyl acetate for
2 h or overnight at RT, samples were dehydrated with ethanol and
propylene oxide and embedded in Poly/Bed 812 (Polyscience). Ultra-thin (70 nm) sections were double-stained with uranyl acetate
and Reynold’s lead citrate and examined under a JEOL JEM 1010
electron microscope at an accelerating voltage of 100 kV.

Urethral Tissue Slice Culture and Time-Lapse Imaging
GTs with its proximal perineum tissue were dissected at E14.5,
E15.5, and E16.5, rinsed, and embedded in 4% low melting agarose
gel (Funakoshi, LM-01) with the distal tip of the GT vertically upward. Agarose gel-fixed tissues were sectioned into slices of 150 μm
thickness with a Vibratome 7000 (Campden Instrument, Smz).
Sections of urethral tissues in the proximal GT were analyzed.
Paired urethral tissues were used for comparisons of different
treatments. Rat-tail collagen I (BD3542236) was diluted to 2% and
modulated at ∼pH 7.3 with osmotic pressure by 10× PBS (Wako),
charcoal-stripped FBS (Hyclone), 0.05 M NaOH. Urethral tissue
slices were rinsed with 2% collagen gel and mounted on a 4-well
glass bottom dish (Matsunami, D141400). The membrane of the
cell culture inserts (MilliCell, PIHT30R48) was prepared into pieces of 9 mm diameter and rinsed with collagen gel. Urethral tissue
slices were covered with the culture insert membrane for a flat
mounting to the glass bottom. Collagen gel was fixed at 37 ° C for
10 min. Additional 100 μl of 2% collagen gel was added to the
membrane and fixed at 37 ° C for 1 h. A volume of 200 μl F12 (Gibco) containing 20% charcoal-stripped FBS was added to each culture well. A physiological concentration of DHT (10–8 M) was used
for the culture. Chemical inhibitors employed in the slice culture
system were latrunculin A (Invitrogen) at 5 μM and jasplakinolide
(Invitrogen) at 5 μM.
Spinning disk microscopies (Cell Voyager CV-1000, Yokogawa) with 60× oil lenses were employed for time-lapse imaging experiments. The 10 μm sample depth, ranging from 5 to 15 μm from
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the bottom of the tissue slice, was imaged to trace the actin dynamics and cell movement.
Imaging Analysis
Imaris (Bitplane) was utilized to modulate the brightness and
contrast as well as make 10 μm 3D projections and snapshots at
various time points for the time-lapse imaging analysis of Actinvenus indicator mice.
Imaris was also utilized to detect, track, and visualize cell displacement for the time-lapse imaging analysis of Lyn-Venus membrane indicator mice. Cells within 100 × 100 μm scope in the center of each image were tracked, and tracks were manually validated
and corrected. Imaris was also applied to obtain quantitative data
for the parameter of Track_Speed_Mean, Track_Displacement_
Length, and Track_Length. Such parameters were analyzed in Microsoft Excel to represent the velocity and straightness of the cell
movement. Graphpad prism5 was utilized to assemble the cell migratory data.

Results

Sexually Dimorphic F-Actin Pattern in Genital
Development
Gross morphological sexual difference of the GT becomes initially evident in its ventral side at E16.5 [Suzuki
et al., 2002; Yamada et al., 2003a]. The formation of the
penile urethra extended into the male GT, whereas it was
not formed in the female GT (Fig. 1A, B). Androgen signaling in the mesenchyme around the urethra (hereafter
designated as UMCs) is essential for the formation of the
penile urethra [Miyagawa et al., 2009; Suzuki et al., 2014].
Intriguingly, cellular morphology of UMCs was significantly different between sexes (Fig. 1C–F). Male UMCs
mostly displayed elongated spindle-like cell shape
(Fig. 1D, white arrows in Fig. 1F). In contrast, female
UMCs showed more rounded morphology (Fig. 1C,
white arrows in Fig. 1E).
Cytoskeletons support the dynamic changes of cellular
morphology. We thus analyzed the cytoskeletal components of the UMCs. F-actin staining indicates the structural dynamics of actin filaments. Thin F-actin fibrils
were observed in male UMCs (Fig. 1I, I’, J; online suppl.
Video1b; see www.karger.com/doi/10.1159/000477452
for all online suppl. material). On the other hand, a prominently differential pattern of F-actin was observed in female UMCs. F-actin was accumulated into an intensely
stained prominent granulation reaching to 2–6 μm in diameter. Such accumulation projected thick fibrils out
from the central granule (Fig. 1G, G’, H; online suppl.
Video1a). Moreover, one UMC appeared to possess one
such F-actin accumulation based on its number relative
to the nuclei number of the UMCs (No. of accumulaLiu/Suzuki/Chun/Murashima/Sato/
Nakagata/Fujimori/Yonemura/He/Yamada
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High-Pressure Freezing, Freeze-Substitution, and Transmission
Electron Microscopy
Main procedures of sample preparation and transmission electron microscopy (TEM) analysis followed previous descriptions
[He et al., 2003] with minor modification to adapt with a different
target tissue. The pregnant host animals were anesthetized by isoflorane, and urethral tissues at the proximal GT with thickness
<100 μm were dissected quickly from live embryos and mounted
flatly on the 100 μm depth specimen carriers for high-pressure
freezing. Excess space of the carrier chamber was filled with 20%
lipid-rich BSA (ALBUMAXI, Gibco) to remove air bubbles. Specimen were frozen within 310∼380 ms under ∼2,050 bar high-pressure with HPF-compact-01 (Wohlwend GmbH) to obtain a vitrified fixation. The time from embryo dissection to freezing was
limited within 40 s to maintain better physiological conditions.
Samples were transferred into screw-typed tubes containing 1%
OsO4 and 0.1% uranyl acetate in acetone in liquid nitrogen and
were subsequently transferred into a Leica EM AFS2 for freezesubstitution. Substitution was programmed as –90 ° C for 24 h,
–60 ° C for 10 h, and –30 ° C for 18 h. Temperatures increased slowly during each transition for more than 2 h. Samples were washed
3 times with pure acetone after warming up slowly to 4 ° C and were
subsequently warmed up to RT. Urethral tissues were carefully
separated from the carrier and infiltrated with Epoxy resin (SPI
PON, DDSA, and NMA from SPI-CHEM). Polymerization of resin was achieved by warming at 45 ° C for 18–24 h and 60 ° C for
48 h. Sections of 70 nm were placed on 200 mesh fine bar hexagonal grids (Ted Pella, Inc.) coated with a formvar membrane. Positive staining was performed by 3% uranyl acetate in 70% methanol
on ice for 7 min and SATO lead in RT for 2 min. Images were recorded with Tecnai G2 Spirit (FEI Corp., Eindhoven, The Netherlands) equipped with 4 k × 4 k CCD camera (Gatan Corp.).

tions/no. of nuclei = 0.98 ± 0.09; 420 nuclei were counted,
n = 6) (data not shown). Vimentin is one of the major
components of intermediate filaments in mesenchymal
cells, and α-tubulin is one of components of the subunit
of the microtubule. Contrary to the prominent sexual differences of F-actin, neither the intermediate filaments
nor the microtubule showed obvious sexual differences in

A

UMCs (online suppl. Fig. 1A–H). These results suggest
that the sexually dimorphic patterns of F-actin are associated with the dimorphic cellular shapes of UMCs. Next,
we investigated sequentially the formation of F-actin assembly from E12.5 to postnatal day 35 (P35). Networks
of F-actin fibrils were similarly observed in UMCs of both
sexes earlier than E14.0 (Fig. 1K, L; data not shown). Sub-
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1

sequently, F-actin was assembled into accumulated structures in female UMCs (Fig. 1M) in contrast to the thinner
fibrils in male UMCs (Fig. 1N) at E14.5. The most prominent sexual difference of the F-actin assembly was observed between E16.5 and E17.5. Obvious F-actin accumulations were formed in the female UMCs (Fig. 1O). In
contrast, much thinner F-actin fibrils developed in the
male UMCs (Fig. 1P). Such sexually dimorphic patterns
were less prominent at postnatal day 1 (P1) (Fig. 1Q, R).
Thereafter, sexual differences of the F-actin pattern become gradually diminished during the postnatal stages
(data not shown).
In order to gain insight into the sexual differences of
F-actin patterns, we analyzed the F-actin assembly in other tissues of the body trunk and limbs at E16.5. Similar
sexual differences could be hardly observed in the skin
and the limb mesenchyme (data not shown). However,
F-actin accumulations were prominently detected in 2
mesenchymal regions of the female reproductive tract.
One location is the lower part of the urethral mesenchyme adjacent to the orifice (Fig. 1S, T), and the other
positive region was the upper part of urogenital sinus
(UGS) mesenchyme adjacent to the bladder neck region
(Fig. 1S, U). This region corresponds to the prostatic budding site in the male urogenital sinus [Hayward et al.,
1996] as also suggested by the presence of epithelial budding structures in the corresponding male region at E17.5
(data not shown). On the other hand, no such F-actin accumulation was detected in the urogenital tract of the
male. Male mesenchymal cells presented filamentous pattern of F-actin in the corresponding regions (data not
shown). Thus, formation of F-actin accumulation appears to be a female-specific feature in several reproductive tissues. We designate herein such accumulation as
female-type F-actin accumulation (FTFA).

Androgen Signaling Modulates Progressive F-Actin
Sexual Differentiation in UMCs
Androgen signaling regulates the masculinization of
the reproductive tract [Yamada et al., 2003a; Wilhelm and
Koopman, 2006; Welsh et al., 2008]. In order to verify the
effect of androgen on F-actin assembly, time-lapse imaging systems were developed by using urethral tissue slice
cultures. The actin fluorescent indicator mouse line, Actin-Venus [Abe et al., 2011], was employed to trace the
actin dynamics of the UMCs at E14.5. Female UMCs developed FTFA-like structures within 12 h without DHT
(Fig. 2B). They gradually achieved a large population of
FTFA until 48 h (Fig. 2C–E), whose pattern was similar
with the condition at E16.5 (Fig. 1O). The male UMCs
developed FTFA without DHT within 36 h of culture
(Fig. 2K–O). In contrast, male UMCs gradually formed
thin F-actin fibrils in 2 days culture with DHT (Fig. 2P–
T). Similar thin F-actin fibrils were also formed in the
female UMCs under the treatment of DHT (Fig. 2F–J).
Without DHT, F-actin developed into the FTFA regardless of the sex origins of the urethral tissue slices. These
results suggest that DHT modulated F-actin patterning
into thin fibrils.
To further confirm the involvement of androgen signaling for the formation of the F-actin pattern, we analyzed the GT of androgen receptor (AR) knockout (KO)
mice. AR KO males also showed a similar F-actin phenotype like the WT female (online suppl. Fig. 2I, M). Furthermore, administration of DHT could not lead to the
formation of the thin F-actin fibrils from FTFAs in AR
KO male (online suppl. Fig. 2N, O, P). These results suggest that androgen signaling is essential for the modulation of the F-actin pattern.
DHT modulates the F-actin pattern from the accumulated into the fibrillar form in the female UMCs at E14.5

Fig. 1. F-actin sexual differentiation in genital mesenchymal cells.
A, B Gross morphology of the genital tubercle (GT) in female (A)
and male (B) mice at E16.5. Asterisks mark the orifice of the urethra in the female (A) and the fused urethra in the male in the
proximal GT (B). Scale bar, 500 μm. C–F H & E staining of the ure-

tiple fibrils projected out from the center in the female UMCs (G,
G’, H). Thin F-actin fibrils are formed in the male UMCs (I, I’, J).
Scale bar, 10 μm. K–R Time-course of F-actin sexual differentiation
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thral tissues at the proximal level of the GT indicated by dashed
lines in A and B. E, F Urethral mesenchymal cells (UMCs) framed
in C and D. Arrows show the urethral epithelium and arrowheads
the ectodermal epithelium (C, D). Female UMCs mostly display
rounded cell bodies (C, E, arrows) and male ones display elongated
cell bodies (D, F, arrows). Scale bars, 150 μm (C, D) and 50 μm (E,
F). G, G’, I, I’ Maximum projection of 6 μm thickness confocal images of F-actin stained by phalloidin-Alexa488 in the UMCs. G’, I’
Enlarged views of the framed area in G and I. H, J Merged images
of F-actin with nuclei. Prominent F-actin accumulation with mul-

in the UMCs. F-actin patterns in UMCs show no obvious sexual
differences between E14.0 female (K) and male (L). There is a partially accumulated pattern in female (M), and bundled fibrillar pattern in male (N) at E14.5, prominent F-actin accumulations in female (O) and thin fibrils in male (P) at E16.5, and a less accumulated pattern in female (Q) and less thin fibrils in male (R) at P1
compared to E16.5 female and male. Scale bar, 10 μm. S–U Spatial
presence of F-actin accumulation. S Masson staining of the female
urogenital system. Accumulated F-actin staining is present in the
lower portion of the urethral mesenchyme under the perineum
region (T) and in the upper portion of the urogenital-sinus mesenchyme in the bladder (Bla) neck region (U). Scale bar, 50 μm.
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Dimorphic Assemblies of the Extracellular Matrix in
UMCs
In order to get insights on the sexually dimorphic pattern of F-actin, we analyzed the subcellular localization of
the F-actin structures by TEM. F-actin-like electrondense structures were observed as the mass structure in
the cytoplasm of female UMCs (Fig. 3A, area circled by
white dashed line in Fig. 3C). Bundle-like structures were
observed adjacent to the plasma membrane of the male
UMCs (Fig. 3B, arrowheads in Fig. 3D). The physiological
status of the cell can be preserved by fast cryo-fixation
with high-pressure freezing followed by dehydration
through freeze-substitution to reduce extraction of cellular contents [He et al., 2003; McDonald, 2014]. To further characterize dimorphic F-actin assembly, such samples were analyzed by TEM. Electron-dense mass structure was similarly observed in female UMCs (area circled
by white dashed lines in Fig. 3E, G). Such FTFA-like
structures occupied a large portion of cytoplasmic space,

Fig. 2. Stage-dependent regulation of F-actin sexual differentiation

by androgen through the time-lapse imaging analyses of ActinVenus indicator mice. A–T Imaging snapshots of E14.5 urethral
tissue slices of female (A–J) and male (K–T) cultured with (F–J,
P–T) or without (A–E, K–O) 10–8 M dehydrotestosterone (DHT) in
48 h. Female UMCs at E14.5 develop some F-actin accumulations
within 12 h (B) and gradually achieve a large population of F-actin
accumulation within 48 h (C–E) without DHT (DMSO vehicle
control). Female UMCs at E14.5 gradually develop thin F-actin
fibrils with DHT (F–J). Male UMCs at E14.5 develop a few F-actin
accumulations at 24 h (M) and achieve a large population of Factin accumulations at 48 h without DHT (O). Male UMCs gradually develop thin F-actin fibrils with DHT (P–T). a–d Imaging
snapshots of E16.5 female (a–h) and male (i–p) urethral tissue slic-
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almost devoid of other subcellular organelles inside the
FTFA (Fig. 3E, G). Visible F-actin bundles in male UMCs
were likely formed adjacent to the plasma membrane
(Fig. 3F, H, arrowheads). Such membranous localization
of F-actin in the male may promote the physical interaction of the UMC with the ECM in the male.
Fibronectin, one of the key ECM components of mesenchymal fibroblasts, transduces mechanical forces between the intracellular cytoskeleton and the ECM through
its membrane receptor, integrin α5β1 [Pankov and Yamada, 2002]. Fibronectin was assembled into fibrils,
which co-aligned with the F-actin fibrils in the male
UMCs (Fig. 4C, D, I, J, L; arrows), whereas fibronectin
represented a patchy and non-linearized form in female
UMCs (Fig. 4A, B, E, F, H). Prominent staining of integrin α5 was detected between the co-aligned fibrils of intracellular F-actin and extracellular fibronectin in male
UMCs (Fig. 4K, L; arrows). In contrast, integrin α5 staining was barely observed between scarcely existing F-actin- and fibronectin-fibrils in the female UMCs (Fig. 4G,
H; arrows). These results suggest the presence of more
associations of F-actin structures with ECM in the male
UMCs.
DHT Regulates Coordinated and Efficient Migration
of UMCs
Dimorphic assemblies of both F-actin and the ECM
indicated that there may be sexually different cellular behaviors of UMCs. To investigate this possibility, we analyzed the cellular behaviors of UMCs. Some UMCs migrated from the GT tissue slice into the collagen gel after
48 h culture of E14.5 specimens. We traced the behaviors
of such UMCs derived from Actin-Venus indicator mice.
Female UMCs moved randomly and barely contacted
each other (online suppl. Video 2a). In contrast, female

es cultured with (e–h, m–p) or without (a–d, i–l) 10–8 M DHT in
72 h. a’–p’ Enlarged views of the central areas of a–p. Prominent
F-actin accumulations of E16.5 female UMCs at 0 h (a, a’) were
maintained in 72 h culture without DHT (b, b’–d, d’). Prominent
F-actin accumulations of E16.5 female UMCs at 24 h (e, e’) are
gradually reformed into thin fibrils (f, f’–h, h’), and a few remnants
of F-actin accumulation remain at 72 h (h, h’) in the culture with
DHT. Thin F-actin fibrils in E16.5 male UMCs at 0 h (i, i’) were
basically maintained in the 72 h culture without DHT (j, j’–
l, l’). Thin F-actin fibrils of E16.5 male UMCs (m, m’) were
maintained in the 72 h culture with DHT (n, n’–p, p’). All images
are Z-stalk projections of 10 μm thickness (11 slices, step-height
1 μm). Dashed lines, epithelial mesenchymal border. Scale bars,
50 μm.
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within 24 h (Fig. 2G, H). One day later, namely at E15.5,
a longer time was necessary for such DHT-induced modulation of the F-actin pattern in female UMCs (online
suppl. Fig. 2F, G, H). These results suggest that the duration of androgen exposure for modulating the F-actin
pattern may depend on the developmental stage. To confirm the possibility, we evaluated the timespan to reverse
the F-actin sexual pattern of E16.5 specimens. Some
FTFAs still remained longer than 48 h of DHT treatment
in female UMCs at E16.5 (Fig. 2g, g’, h, h’). In the case of
male UMCs, approximately 24 h were enough to form
FTFA-like structures at E14.5 without DHT (Fig. 2M).
However, almost no F-actin accumulations were formed
even after 72 h culture of UMCs at E16.5 without DHT
(Fig. 2l, l’).
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To further investigate the sexual differences of the migratory behaviors of the UMCs, Lyn-Venus membrane
indicator mice [Abe et al., 2011] were employed to trace
the individual cell movement in urethral tissue slices
(Fig. 5; online suppl. Video 3). Male UMCs mostly migrated to the direction of the urethral epithelium (indicated as red line in Fig. 5 A–D), especially with DHT
(Fig. 5B, D). However, female UMCs mostly migrated in

E

F

G

H

Fig. 3. Dimorphic assemblies of actin filament revealed by transmission electron microscopy (TEM). A–D Chemical-fixed electron
microscopy showed the sex-differentiated status of F-actin. An
electron-dense mass structure located in the cytoplasm was observed in the female UMCs (C, encircled by a white dashed line).
The most prominent bundle-like actin structure was observed underneath the plasma membrane (B, D). The arrowheads point to
F-actin structures in male UMCs (D), and blue dashed lines show
the plasma membranes. Nu, Nucleus. Scale bars, 5 μm (A, B) and
1 μm (C, D). E–H High-pressure freezing, freeze substitution, and

electron microscopy showed sex-differentiated status of F-actin in
UMCs. The F-actin structure occupied a large portion of the cytoplasmic area (encircled by white dashed lines in E and enlarged in
G), devoid of other cellular organelles inside the FTFA-like structure in the female UMC (E, G). F-actin bundles are located adjacent
to the plasma-membrane in the male UMC (F, H). Arrowheads
point to F-actin structures in male UMCs (H), and blue dashed
lines show the plasma membranes. Nu, Nucleus. Scale bars, 1 μm
(E, F) and 200 nm (G, H).
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UMCs associated and tended to migrate as a group when
treated with DHT (online suppl. Video 2b). Male UMCs
showed coordinated movements similar with the female
UMCs in a DHT-treated condition (online suppl. Video
2d). However, male UMCs without DHT treatment migrated randomly and discretely (online suppl. Video 2c).
These results indicate that DHT may promote coordinated cell behaviors of UMCs.
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Fig. 4. More prominent co-alignment of fibronectin and F-actin in
male UMCs. A–D Expression pattern of fibronectin of E16.5
UMCs. B, D Merged images of fibronectin (A, C) with F-actin
(green) and nucleus (blue). Fibronectin presented a patchy and
disorganized form (A), with few thick fibrils colocalized with
FTFA in female UMCs (B). Fibronectin was assembled into fibrils
(C), which co-aligned with the F-actin fibrils in male UMCs (D).
Arrows show selective sites of fibronectin distribution. Scale bar,
10 μm. Immuno-fluorescent staining of fibronectin (E, I), F-actin

(F, J), integrin α5 (G, K), and merged image of 3 fluorescence stainings with nucleus staining (H, L). Fibronectin of male UMCs (I)
present a mostly fibrillar phenotype, co-aligned with intracellular
F-actin (J, L), and there is prominent clustering of integrin α5 between the fibrils of F-actin and fibronectin as indicated by arrows
(K, L). Fibronectin of female UMCs present a patchy form (E),
barely colocalized with F-actin structures (F, H), and there is no
prominent integrin α5 staining between the fibrils of fibronectin
and F-actin as indicated by arrows (G, H). Scale bar, 5 μm.

random directions (Fig. 5A). The order of moving velocity of UMCs from low to high was female without DHT,
female with DHT, male without DHT, and male with
DHT (Fig. 5E). Straightness represents the ratio of dis-

placement to the total migrating distance, which indicates
the efficiency of the cell movement in one direction. The
order of straightness was female without DHT, female
with DHT, male without DHT, and male with DHT as the
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Fig. 5. Androgen regulates more rapid and directional movement

F

of the UMCs. Movement of UMCs in 12-h time-lapse imaging of
E15.5 urethral tissue slices from Lyn-Venus membrane indicator
mice was traced by Imaris software. Moving route of the UMCs of
female (A, B) or male (C, D) with (B, D) or without (A, C) DHT is
displayed by both moving tracks (colored curved lines) and displacement (arrows). Scale bar, 25 μm. The urethral epithelium is
arranged to the left side of urethral tissue slices and is indicated
by red lines in A–D. Female UMCs without androgen treatment

migrate randomly in all directions (A). Male UMCs with androgen
treatment migrate coordinately to the urethral epithelium (D).
E Velocity and F straightness (displacement/length of moving
tracks) of UMCs movement are displayed with dispersing
point graph. Average velocities of the cells are as follows: female
DMSO = 0.0025 μm/s; female DHT = 0.0028 μm/s; male DMSO =
0.0036 μm/s; male DHT = 0.0043 μm/s. Average values of straightness for each group are as follows: female DMSO = 0.29; female
DHT = 0.36; male DMSO = 0.44; male DHT = 0.52.
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Discussion

Androgen Regulates the Sexually Dimorphic F-Actin
Pattern
The current results indicate that the F-actin pattern in
UMCs shows sexual differences and that androgen signaling is involved in the formation of such pattern. AR function in the mesenchyme is indispensable for fetal sexual
differentiation of genital organs in the reproductive tract
[Miyagawa et al., 2009]. AR was expressed in the UMCs
more prominently in the male between E14.5 to E16.5
[Miyagawa et al., 2009; data not shown]. Secretion of testicular androgen from E13.0 initiates activities of androgen signaling in male embryos [O’Shaughnessy et al.,
2006; Dean et al., 2012]. The sexually dimorphic F-actin
assemblies in UMCs became initially distinguishable at
E14.5, evident at E15.5 and E16.5. The critical time window for the dimorphic development of the GT in mice is
reported from E15.5 to E16.5 [Miyagawa et al., 2009]. Sexually dimorphic F-actin patterns were formed around the
timing of the MPW. A current study showed that the sexually dimorphic pattern of F-actin was reversible. However, the duration to accomplish sex-reversal patterns of
F-actin appeared to depend on the developmental stage.
Longer exposure time to modulate androgen signaling
was necessary to reverse the female F-actin pattern in late
stage (E16.5, more than 3 days) than in earlier stages
(E14.5, within 1 days; E15.5, within 2 days). These results
suggest that the mesenchymal response to androgen may
be different in each stage. Of note, hypospadias-like phenotypes could be induced by anti-androgenic chemicals in
the early and mid-stages of the MPW but not in the late
MPW [Welsh et al., 2008]. Further analyses are required
to understand the correlation between abnormal urethral
formation and defects of the F-actin pattern formation.
Sexually dimorphic F-actin patterns were formed not
only in the UMCs but also in the mesenchyme of some
other embryonic genital regions, including the UGS adjacent to the bladder neck region and the anterior portion
of the perineum. These 2 regions also show androgendependent masculinization such as prostate budding and
perineum elongation. Furthermore, sexually dimorphic
patterns of F-actin in the above reproductive tissues were
formed at similar embryonic stages in the MPW. Taken
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together, the spatio-temporal programs of the formation
of sexually dimorphic F-actin patterns may contribute to
the sexual differentiation of several reproductive tissues.
Sexually Dimorphic F-Actin Patterns Possibly
Regulate Distinct Behaviors of UMCs
The F-actin organizations provide a cellular basis for
the contractive machineries of the cell to assemble the
ECM [Ennomani et al., 2016]. The prominent presence of
FTFA may attenuate the membranous distribution of Factin networks, which may decrease the ability of the cell
to associate with the ECM. Such a situation might lead to
a poor assembly of the ECM in female UMCs.
Fibronectin binds to the cell membrane by its receptor,
integrin α5β1, and regulates the assembly of several other
ECM proteins [Pankov and Yamada, 2002; Yamada et al.,
2003b]. The expression of integrin α5 between co-aligned
F-actin and fibronectin fibrils indicated close associations
of fibronectin and F-actin in male UMCs. Such association of F-actin fibrils with fibronectin may transduce mechanical properties from the cell to the ECM facilitating
the assembly of the ECM adjacent to the plasma membrane of male UMCs [Yamada et al., 2003b; Alberts, 2008;
Leiss et al., 2008]. Well-assembled ECM aligning along
cell bodies might promote cellular behaviors of male
UMCs in favor of their directional movement.
DHT promoted coordinated cell migration of UMCs
in isolated collagen gel environments. Moreover, UMCs
migrated more efficiently toward the urethral epithelium
of the urethral tissue slices with DHT treatment. Such migration appeared to occur synergistically with a DHT-induced alteration of F-actin patterns. Furthermore, actin
polymerization toxins, such as latrunculin A and jasplakinolide, diminished the F-actin sexual patterns and
abolished the mobility of UMCs at the same time (data
not shown). Thus, sexually dimorphic patterns of F-actin
could play roles in the coordinated directional movement
under androgen actions. The formation of the penile urethra involves a dynamic rearrangement of the urethral
epithelium, such as the fusion of the urethral plate and the
internalization of the urethral tube in the glans. Coordinated migration of UMCs toward the urethral epithelium
might positively contribute to such active morphogenetic
processes.
Advances in genetic and molecular studies promote
the understanding of the mechanism of genital sexual differentiation. Several genes have been identified as essential regulators of male- and female-type reproductive organ formation [Miyagawa et al., 2009; Chen et al., 2010;
Chen et al., 2011; Suzuki et al., 2014]. However, the celLiu/Suzuki/Chun/Murashima/Sato/
Nakagata/Fujimori/Yonemura/He/Yamada
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highest (Fig. 5F), which showed a similar tendency with
the order of moving velocity. These results indicate that
DHT may induce the more efficient and coordinated mobility of the UMCs to the urethral epithelium.

lular level of differentiation, particularly mesenchymal
characters in the male- and female-type genital organ formation processes remain unelucidated. Dimorphic F-actin assembly in genital organogenesis might be one of the
cellular mechanisms for sexual differentiation of reproductive tissues. Further studies are required to reveal the
molecular mechanisms of sexually different assemblies of
F-actin regulated by androgen.
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