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Abstract Doublesex-mab 3-related transcription factor 1 (DMRT1) has been identified as the first conserved
gene involved in the testicular differentiation of vertebrates. However, the precise role of DMRT]1 in sper-
matogenesis has not been made clear. In this study, immunohistochemical method was used to observe
DMRT]1 protein localization in order to resolve cellular profile of DMRT]1 in the adult testis of three-spot
wrasse. DMRT]1 protein was clearly and specifically localized in the Sertoli cells of all spermatogenic cells
and epithelial cells comprising the efferent duct, but not in the germ cells. In addition, adult males were treated
with aromatase inhibitor (AI) for investigating the role of estrogen on the transcription of DMRTI. Al
treatment caused an increase in the levels of DMRT]1 transcripts in the efferent duct region, concomitant with
a decrease in spermatogonia and spermatocytes.
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PSC Primary spermatocytes
SSC Secondary spermatocytes
ST Spermatids

SZ Spermatozoa

ED Efferent duct

1P Initial phase

TP Terminal phase
Background

The sex of almost all animals is determined during early life stages. Once determined, the sex of an individual
remains the same for the remainder of the life. However, some fishes can change their sexes naturally (Devlin
and Nagahama 2002; Frisch 2004; Kobayashi et al. 2013). As sex change in such hermaphroditic fishes
involves gonadal reconstruction after reaching adulthood, they serve as good animal models for the investi-
gation of gonadal sex determination/differentiation in vertebrates.

The three-spot wrasse, Halichoeres trimaculatus, which is common to coral reefs in Okinawa, Japan, is one of
the protogynous sex-changing fish (Takemura et al. 2008). Individuals of this species mature initially as either
males or females. Under appropriate social conditions, initial phase (IP) males and females become terminal
phase (TP) males (Hourigan et al. 1991; Kuwamura et al. 2000). Ovaries of the female, which initially have no
detectable testicular tissue, are restructured into fully functional testes during sex change (Hourigan et al. 1991).
The mechanisms underlying this sex-changing process are largely unknown. Previously, the suppression of
aromatase activity via the administration of non-steroidal aromatase inhibitor (Al) in IP females induced a
complete female-to-male sex change (Nozu et al. 2009). This result strongly indicated that estrogen is required for
the maintenance of ovarian structure in this fish. The genes related to testicular determination/differentiation
might be up-regulated in Al-treated sex-changing gonad (Horiguchi et al. 2013; Nozu et al. in preparation).

DMRT1 (doublesex and mab-3 related transcription factor 1) encodes a putative transcriptional factor
which is found in a cluster with two other members of the gene family, having in common a zinc finger-like
DNA-binding motif (DM domain) (Erdman and Burtis 1993). This gene exhibits a gonad-specific and sexually
dimorphic expression pattern during testicular differentiation process in various vertebrate species (Fernan-
dino et al. 2006). DMRT1 knockout mice revealed that it is required for postnatal testicular development in
males (Raymond et al. 1999). In chicken, DMRT1 was identified as the key gene for male sex determination
(Smith et al. 2009). Furthermore, DMY, duplicated copy of autosomal DMRT1, was identified as the sex-
determination gene of medaka (Matsuda et al. 2002). Therefore, DMRT1 was identified as one of the most
important and conserved testicular determination factor in vertebrates. Investigations on the role of DMRT1 in
testicular differentiation revealed that its function is limited to a very narrow window during spermatogenesis.
In rainbow trout (Marchand et al. 2000) and pejerrey (Fernandino et al. 2006), DMRT1 expression was found
to be high throughout spermatogenesis, but low during spermiation. These reports indicate that seasonal
change in DMRT1 expression may contribute to the maintenance of testicular cycle. However, information on
the cellar distribution of DMRT1 within the testis is not clear.

Furthermore, exposure of female embryos to androgen or Al during early stages of gonadal sex differ-
entiation resulted in the sex-reversal of the adults accompanied by DMRT1 up-regulation in tilapia (Kobayashi
et al. 2008), catfish (Raghuveer and Senthilkumaran 2009) and rainbow trout (Le Gac et al. 2008; Schulz et al.
2007). In contrast, suppression of DMRT]1 transcripts in the gonads was observed in estrogen (E2)-treated
male embryos of zebrafish (Schulz et al. 2007) and tilapia (Kobayashi et al. 2008). In addition, changes were
noticed in DMRT]1 expression in concordance with the phases of testicular differentiation in several fishes that
change their sexes naturally (Alam et al. 2008; He et al. 2003; Liarte et al. 2007). These findings suggest that
DMRT]1 is involved not only in early testicular differentiation, but also in gonadal sex reversal/change in
teleosts. Our interest here was to find out the involvement of DMRTT in the gonadal sex change of three-spot
wrasse. In fact, DMRT1 expressed significantly higher in the testis than in the ovary of three-spot wrasse. We
also observed up-regulation of DMRT]1 transcripts in the Al-treated sex-changing gonad of three-spot wrasse
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(Horiguchi et al. in preparation). However, the mechanism by which Al elevates DMRT1 expression in the
gonads of three-spot wrasse during sex change has not been established till date.

To investigate the role of DMRT]1 in spermatogenesis of three-spot wrasse, we examined the localization of
DMRT]1 protein in the adult testis of IP males using specific antibody in this study. In addition, we investi-
gated the effect of Al on DMRT1 expression in IP male of three-spot wrasse.

Materials and methods
Animals and sample collection

Adult three-spot wrasses were collected by roll net from Sesoko Beach (Okinawa prefecture, Japan) and then
maintained in 500-1 tanks with flow-through seawater at Sesoko Station, Tropical Biosphere Research Center,
University of the Ryukyus. The sex of the fish was determined by applying light pressure on the abdomen to
elicit gamete release. Fish that did not release sperm were regarded as female. Initial phase males were
distinguished from TP males on the basis of body coloration. Initial phase males (average of total
lengths = 10.4 £ 0.65 cm) were kept in one aquarium with a dominant male and a small female, the social
cues of which inhibit sex change of the other fish in either direction. Before sampling, IP males were
anesthetized with 0.05 % 2-phenoxyethanol (Wako chemicals, Osaka, Japan), and total length and body
weight were determined. Then, the testes were removed and weighed. The gonadal fragments were fixed in
Bouin’s solution. The experiments were performed under approval of the University of the Ryukyus animal
care committee.

Immunohistochemistry

To identify the cellular localization of DMRT1 in testis, we used an immunohistochemical approach.
Detection and visualization of the primary antibodies were accomplished using a Histofine Immuno Stain Kit
(Nichirei Corp., Tokyo, Japan) according to the manufacturer’s instructions. Briefly, seven testis samples fixed
with Bouin’s solution were dehydrated in a series of alcohol, clarified in Lemosol coagulant (Wako), and then
embedded in paraffin. Cross-sections were cut at 7-um thickness. After deparaffinization and dehydration,
sections were rinsed in 0.1 M PBS. They were then treated with 0.3 % H,0, for 15 min to block endogenous
peroxidase. Following incubation with 10 % normal goat serum for 15 min, the sections were incubated with
primary rabbit antibody against wrasse DMRT]1 protein. The primary antibody signals were visualized with
HRP chromogenic substrate using 3,3'-diaminobenzidine (DAB, Wako). Anti-DMRT1, which recognizes the
N- and C-terminus regions (MSKGKHSKQVPEPTEPLC and CETPDFTVNTIMDGDATK, respectively) of
wrasse DMRT1, was used at a 6,000-fold dilution (Horiguchi et al. in preparation). Sections were lightly
counterstained with hematoxylin. As a control, BSA and normal rabbit serum were applied instead of the
primary antibody. No significant immunoreactive signals were detected in the controls (data not shown). The
size of DMRT1 positive cells at different stages of spermatogenesis was determined with Image] software
(ver. 1.42q, NIH, USA). At least 40 DMRT1-positive cells at different stages were analyzed.

Aromatase inhibitor treatment

We used in this study exemestane (EM), a steroidal chemical component (trade name, Aromasin) (Pfizer Japan
Inc., Tokyo, Japan) as the Al. According to previous study (Kobayashi et al. 2011), exemestane and E2
(Sigma, St. Louis, MO) were dissolved in 100 % ethanol and added to commercial fish feed and then dried
overnight. Fish were fed twice daily for 10 weeks on a diet containing different doses of EM alone (Al_low,
2 pg EM/g diet; Al_high, 200 pg EM/g diet) or in combination with E2 (Al 4+ E2, 2 pg EM and 2 pg E2/g
diet). All fish in the control group were fed a normal diet, i.e., one without these additions. Treatment with Al
significantly decreased with E2 production (Kobayashi et al. 2011).

Samples were collected after 10 weeks of treatment. Before sampling, all fish were anesthetized with
0.05 % 2-phenoxyethanol (Wako), and total length, body weight, and body colors were determined. Then, the
testes were removed and weighed. Pieces of the testis were pooled in a microcentrifuge tube with RNAlater
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«Fig. 1 Localizations of DMRT1 protein in the adult IP male testis. A Representative sections of testis (a, middle part of testis. b,
close to the efferent ducts) immunostained with antibody for wrasse DMRT1 (brown), counter stained with hematoxylin. Broken
line indicates efferent duct. Bars indicate 50 um. B DMRT1-positive cells (arrowhead) at different stages of spermatogenesis.
Bars indicate 10 pm. C Sizes of DMRT1 immuno-positive cells (DMRT17") at different stages of spermatogenesis. Values are
mean = SEM and sharing the same letter indicates no significant difference (P < 0.05). SG spermatogonia, PSC primary
spermatocyte, SSC secondary spermatocyte, ST spermatid, SZ spermatozoa, ED efferent duct, /n interstitium

reagent (Ambion, TX) and stored at —30 °C until RNA extraction. The remaining gonadal fragment was fixed
in Bouin’s solution for immunohistochemical observations of DMRTI1 protein as described above. To
determine the ratio of efferent duct in testis, we measured the area of efferent duct in 10 randomly selected
areas (200 pum?) in the testis of each fish using ImageJ software.

Real-time RT-PCR for DMRT1

Transcripts of wrasse DMRT]1 in the testis were quantified using a real-time RT-PCR assay. Briefly, total RNA
was isolated from individual testis stored in RNAlater using the RNeasy mini kit (Qiagen, Netherlands)
according to the manufacturer’s instructions. Samples were reverse-transcribed from 500 ng of total RNA in a
20-pl volume using random hexamer primers and OmniScript reverse transcriptase (Qiagen). Two microliters
of these diluted cDNA samples were used in 22 pl PCR reactions with SYBER Premix Ex Taq (Takara Bio
Inc., Shiga, Japan) with the ABI 7000 sequence detection system. Assays (in triplicate) were repeated at least
twice with the constitutive elongation factor 1o (efla) as a normalizing control. Primer pairs were designed
using Primer3 software (Rozen and Skaletsky 2000). The relative changes in mRNA expression were
determined using 2~**Ct method (Livak and Schmittgen 2001). The following primers were applied for real-
time RT-PCR assay: DMRTI1 forward, 5'-aagagatgagcaagggcaag-3’; DMRTI1 reverse, 5'-aga-
cacaaaaccgtggttce-3'; efla forward, 5'-aagggagccgatcacttcaa-3’; efla reverse, 5'-aatccagcacaggtgcgtaa-3'.
Real-time RT-PCR efficiency ranged between 96 and 100 %. Amplicons were sequenced to confirm RT-PCR
specificity.

Statistical analysis
One-way ANOVA was used to compare mean values of the result of real-time RT-PCR and ratio of efferent

duct, followed by Tukey—Kramer Multiple comparison test using PRISM 5.0b software (GraphPad, San
Diego, CA). The results are presented as mean = SEM.

Fig. 2 Effect of Al treatments on DMRT] transcripts in 3
the testis of the three-spot wrasse. Three-spot wrasses (IP
males) were treated for 10 weeks with a normal diet
(control; n = 7), 2 ng exemestane (EM)/g diet (Al_low; E - b b
n=7),200 ug EM/g diet (Al_high; n = 7), 2 pg EM and § —l— |
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Fig. 3 Sections of testis treated with AI, immunostained with antibody for wrasse DMRT1. a Control, b AI + E2, ¢ AI_low and
d AI_high groups. Brown stained cells indicate positive signal. Bars indicate 50 um. e Effect of Al treatment on the ratio of
efferent ducts filled with spermatozoa in different treatment groups. Ratio was calibrated against the randomly selected area
(200 umz). Values are mean £ SEM and sharing the same letter indicates no significant difference (P < 0.05)
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Results
Localization of DMRT1 protein in IP male testis

The protein localization of DMRT1 in IP male testis was observed by immunohistochemistry (Fig. 1).
DMRT]1 proteins were specifically expressed in Sertoli cells (Fig. 1Aa) and epithelial cells comprising the
efferent duct (Fig. 1Ab), but not in germ cells and interstitium. Positive signals were observed in the cysts at
all cellular stages of spermatogenesis (Fig. 1B). Figure 1C shows the differences in the size of DMRTI
expressing cells at various stages of spermatogenesis. Size of the epithelial cells lining the efferent duct filled
with spermatozoa was significantly larger than Sertoli cells surrounding the spermatogenic cysts (Fig. 1C).

Effect of AI on DMRT1 transcripts and localization in the testis

To clarify the effect of AI on DMRT]1 expression in the testis, we measured DMRT]1 transcript in Al-treated
testis by using real-time RT-PCR (Fig. 2). Al treatment increased DMRT1 expression significantly, and these
increases were blocked by co-treatment with E2 (Fig. 2).

Immunohistological observation of DMRT1 during different phases of testicular changes is shown in Fig. 3.
Similar to control, positive signals were observed specifically in the Sertoli and epithelial cells of Al-treated
testis (Fig. 3a—d). Previously, we confirmed that Al treatment induce the proliferation of spermatogonia
(Kobayashi et al. 2011), thus relative ratio of efferent duct in the Al-treated testis was higher than the control
and co-treatment groups (Fig. 3e).

Discussion

In this study, we observed detailed localization of DMRT]1 protein in the IP male testis of three-spot wrasse. In
addition, we investigated the effect of Al on the DMRT1 expression in the testis of IP male.

DMRTI1 has been cloned in several vertebrates and its involvement in testicular differentiation was
investigated extensively (Ferguson-Smith 2007; Ijiri et al. 2008; Raymond et al. 2000). However, the precise
role of DMRT1 during spermatogenesis remains largely unknown. Based on immunohistological observation
in this study, we have been able to characterize that DMRT1 is localized specifically and ubiquitously to the
Sertoli cells surrounding all spermatogenic stages and epithelial cells that constitute the efferent duct in the
testis of three-spot wrasse. It is noteworthy that we did not find any DMRT1-positive signals in germ cells and
interstitium including Leydig cells. These observations were in good agreement with tilapia (Kobayashi et al.
2008) and medaka (Kobayashi et al. 2004; Nakamoto et al. 2009). It is well known Sertoli cells play a critical
role in spermatogenesis by controlling the survival and development of germ cells through cell—cell contact in
the testis of all vertebrates (Schulz et al. 2005; Sharpe et al. 2003). Therefore, DMRT1 may contribute to
spermatogenesis by expression in the Sertoli cell and also maintenance/formation of the efferent duct in three-
spot wrasse. In contrast to our data, DMRT1 was found to be expressed not only in the Sertoli cells, but also in
the spermatogonia in catfish (Raghuveer and Senthilkumaran 2009) and zebrafish (Guo et al. 2005). In
addition, DMRT1 was not expressed in the Sertoli cells in the protogynous grouper (Xia et al. 2007). Such
discrepancies warrant further studies to confirm the conserved role of DMRT1 in spermatogenesis of teleosts.
Previously, we confirmed that estrogen has an important role in the spermatogenesis of three-spot wrasse
(Kobayashi et al. 2011) similar to other teleosts (Schulz et al. 2010). Indeed, Al treatment to IP male inhibited
the renewal and proliferation of spermatogonia, corollary of the ratio of spermatocyte and spermatozoa were
increased (Kobayashi et al. 2011). We showed here that 10 weeks of Al treatment induced the up-regulation of
DMRT]1 transcripts in IP male testis. Previous studies have shown that the expression of DMRT1 was up-
regulated by Al treatment prior to sexual differentiation in tilapia (Kobayashi et al. 2008) and chicken (Smith
et al. 2003). However, the effect of AI on DMRT]1 transcription is not yet clear. We believe that Al effect is
indirect on DMRT1 expression for the following reasons. First, immunohistochemical signal strength and
localization of DMRT]1 in testis were similar between control and Al-treatment groups (Figs. 1A, 3a—d).
Second, the 5'-flanking region of the DMRT1 gene of other wrasse species, Halichoeres tenuispinis, has been
isolated, and it did not have estrogen- or androgen-response element (Jeong et al. 2009). Taken together, we
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speculate that in the three-spot wrasse, DMRT1 was up-regulated in the presence of Al, presumably due to
changes in the proportion of germ cell types in the testis. Our data are consistent with a report showing that
DMRT]1 transcript was not suppressed during the early process of estrogen-induced feminization in rainbow
trout (Vizziano-Cantonnet et al. 2008). Therefore, DMRT1 transcription might not be regulated by steroid
hormones. Further investigation will be necessary to clarify the mechanisms underlying DMRT1 transcrip-
tional regulation.

Conclusion

In this study, we identified the localization of DMRT1 in adult testis. DMRT1 protein was specifically
localized in the Sertoli-cell linage but not in spermatogonia. DMRT1 might be a good marker for investigating
the mechanism of Sertoli cell differentiation and efferent duct formation during sex change in three-spot
wrasse. In addition, Al treatment studies revealed a part of the transcriptional mechanism of DMRT].
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