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SUMMARY

Mammalian sex determination depends on a com-
plex interplay of signals that promote the bipotential
fetal gonad to develop as either a testis or an ovary,
but the details are incompletely understood. Here,
we investigated whether removal of the signaling
molecule retinoic acid (RA) by the degradative
enzyme CYP26B1 is necessary for proper develop-
ment of somatic cells of the testes. Gonadal organ
culture experiments suggested that RA promotes
expression of some ovarian markers and suppresses
expression of some testicular markers, acting down-
stream of Sox9. XY Cyp26b1-null embryos, in which
endogenous RA is not degraded, develop mild ovo-
testes, but more important, steroidogenesis is
impaired and the reproductive tract feminized. Ex-
periments involving purified gonadal cells showed
that these effects are independent of germ cells
and suggest the direct involvement of the orphan nu-
clear receptor DAX1. Our results reveal that active
removal of endogenous RA is required for normal
testis development in the mouse.

INTRODUCTION

During sex determination in themammalian embryo, the gonadal

anlage develops as either a testis or an ovary depending on

which genetic signals it receives. In males, the Y chromosome

encoded transcription factor SRY acts dominantly, through its

effector SOX9, to trigger transcriptional and signaling pathways

that actively suppress the pathway of ovarian development that

would otherwise ensue (Burgoyne, 1988; Koopman et al., 1991;

Sekido and Lovell-Badge, 2008; Vidal et al., 2001). Molecular

antagonism of ovarian development is known to involve FGF9

(Jameson et al., 2012a; Kim et al., 2006), but additional factors

are also likely to be involved and remain to be identified.

In females, the signaling molecules WNT4 and RSPO1 and the

transcription factors b-catenin, FOXL2, and DAX1 (also known

as NR0B1) have all been implicated as drivers of ovarian devel-
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opment in either mice or humans (Chassot et al., 2008; Liu et al.,

2009; Parma et al., 2006; Schmidt et al., 2004; Tomizuka et al.,

2008; Vainio et al., 1999; Yu et al., 1998). Among these, DAX1

is particularly poorly understood. In humans, duplications en-

compassingDAX1 result inmale-to-female sex reversal (Barbaro

et al., 2007, 2012; Bardoni et al., 1994), implying that excess

DAX1 prevents SRY and SOX9 from imposing testis develop-

ment during fetal life. Accordingly, overexpression of a Dax1

transgene in mice causes ovotestis formation in XY embryos,

especially when examined on a ‘‘weak’’ Sry or Sox9 background

(Ludbrook et al., 2012; Swain et al., 1998). These observations

suggest that DAX1 plays a pro-ovarian and/or anti-testis role,

although paradoxically, reduced levels of DAX1 impair Sox9

expression and testis development in male mice of the

C57BL/6 strain (Bouma et al., 2005). Despite evidence that

DAX1 acts in a pro-ovarian manner, genetic deletion of Dax1

in mice caused only a minor defect in ovarian development

(Yu et al., 1998). It may be that a certain level of DAX1 activity

is compatible with testis development but that either too much

or too little can compromise the testis-determining pathway

(Ludbrook and Harley, 2004).

We and others have previously established that retinoic acid

(RA) is produced at high levels in the mesonephros in both sexes

and diffuses into the developing mouse ovary, where it instructs

germ cells to express the meiotic gatekeeper gene Stra8 and

embark upon meiosis (Baltus et al., 2006; Bowles et al., 2006,

2016; Koubova et al., 2006; Li and Clagett-Dame, 2009). On

the other hand, RA is degraded in the developing testis by the

P450 enzyme CYP26B1, such that germ cells are not stimulated

to enter meiosis (Bowles et al., 2006; Koubova et al., 2006;

MacLean et al., 2007). When Cyp26b1 is genetically deleted,

endogenous RA levels become elevated in the developing testis,

and the germ cells come to ectopically express meiotic marker

genes (Bowles et al., 2006, 2016; MacLean et al., 2007). It has

been demonstrated that RA can act directly on germ cells, inde-

pendently of the surrounding somatic cells, to induce Stra8

expression and meiosis (Bowles et al., 2010; Ohta et al., 2010;

Tedesco et al., 2013).

Because RA is present in the fetal ovary but degraded in the

testis during the critical sex-determining window, shortly after

Sry expression (Bowles et al., 2006; MacLean et al., 2007),

we reasoned that RA availability might affect somatic sex
.
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Figure 1. RAR Agonist Induces Upregulation of Ovarian and Down-

regulation of Testicular Marker Genes

qRT-PCR analysis of expression of ovarianmarker genes,Wnt4 andDax1, and

testicular marker genes, Amh and Scc, in urogenital ridge (UGR) samples

cultured from 11.5 dpc for 48 hr in RAR agonist AM580 (AM, 1 nM). Bars

indicate mean + 1 SEM. Experiments were run on pools of UGRs (n = 7 [Wnt4,

Dax1, Amh] or 8 [Scc], each experiment using approximately six UGRs per

pool). TBP was used as the normalization control. Paired t test: **p < 0.01,

***p < 0.001, ****p < 0.0001, and ns = p > 0.05. See also Figure S1.
determination in mammals. We speculated that any such role

might be in addition to and independent of the direct effects of

RA on germ cell development. Such a scenario would be similar

to what we know of FGF9 signaling: FGF9 reinforces the Sertoli

cell differentiation pathway in males (Jameson et al., 2012a; Kim

et al., 2006) but also independently promotes male germ cell

development (Bowles et al., 2010; Ulu et al., 2017). The hypoth-

esis that RA is required to feminize somatic cells during ovary

development was recently addressed: the conclusion reached

was that RA signaling is not required for granulosa cell specifica-

tion, differentiation, or reproductive function (Minkina et al.,

2017).

Here we focus on the complementary hypothesis, that degra-

dation of endogenous RA by CYP26B1, downstream of SRY and

SOX9 activation, is required to allow proper testis development.

Such a role during fetal life would align well with the observation

that unchecked RA in the postnatal testis is associated with

male-to-female transdifferentiation of somatic cells of the adult

testis (Minkina et al., 2014). We found that in Cyp26b1-knockout

XY embryos, testis determination was compromised, resulting in

the formation of a mild ovotestis. In addition, fetal Leydig cell

numbers were reduced, and development of reproductive ducts

was abnormal, presumably reflecting compromised production

of anti-M€ullerian hormone and testosterone. Several lines of ev-

idence implicate Dax1/DAX1 in mediating the effect of elevated

RA levels in these embryos. Thus, we establish that CYP26B1,

like FGF9, is an important component of the testis-determining

and ovary-antagonizing pathway downstream of SRY and

SOX9 and hence that retinoid balance plays a role in regulating

gonadal sex determination.
RESULTS

RA Signaling Promotes Ovarian and Suppresses
Testicular Marker Expression in Fetal Organ Culture
To gain initial insights into the possible effects of RA on sex-

determining pathways in mice, we first tested the effect of treat-

ing wild-type urogenital ridge (UGR; gonad plus mesonephros)

tissue with an RA receptor (RAR) agonist, AM580. AM580 is a

stable synthetic analog of RA that works predominantly through

RARa (MacLean et al., 2007), the RAR most highly expressed in

mouse gonadal somatic cells (Jameson et al., 2012b). The main

advantages of using AM580 rather than RA are twofold: treat-

ment dosage is constant from one experiment to the next, and

AM580 is resistant to CYP26B metabolism (MacLean et al.,

2007), so we can be certain that any effects we see are not the

result of metabolite action. We explanted UGRs at 11.5 days

post-coitum (dpc) and cultured them in AM580 for 48 hr, then

assayed expression of a suite of ovary and testis marker genes

using qRT-PCR. The most striking effect among ovary-associ-

ated genes was the upregulation of Dax1 and Wnt4, with similar

results obtained for XX and XY UGRs (Figure 1). Other ovarian

markers were not significantly affected, except for Lef1 and

Adamts19, which were also upregulated (Figure S1). The sensi-

tivity of Dax1 and Wnt4 expression to RA signaling was encour-

aging in terms of our hypothesis that RA availability affects so-

matic sexual fate, because WNT4 and DAX1 duplications have

been associated with male-to-female sex reversal in humans

(Barbaro et al., 2007, 2012; Bardoni et al., 1994; Jordan et al.,

2001; Tevosian and Manuylov, 2008).

Among testicular markers, the early-acting testis-determining

gene Sox9 was not affected (Figure S1), but expression of

several downstream markers of testis differentiation (notably

the anti-M€ullerian hormone gene Amh and the steroidogenic

genes Cyp11a1, [referred to throughout as Scc] and Hsd3b)

was significantly decreased in XY UGRs (Figures 1 and S1).

Overall, these findings suggest that RA acts negatively on the

testis determination pathway downstream of Sox9 and positively

on the expression of Dax1 and Wnt4. Although Dax1 and Wnt4

are initially expressed in gonads of both sexes, they are rapidly

downregulated as testis determination proceeds (Swain et al.,

1998; Vainio et al., 1999). Our results suggest that this downre-

gulation might be contingent, at least to some extent, on the

CYP26B1-mediated degradation of RA as testis development

proceeds.

Endogenous RA Levels Affect Expression of Key
Gonadal Genes
We next examined the effect of manipulating endogenous RA

levels ex vivo. We used the cytochrome P450 inhibitor ketocona-

zole to inhibit the function of CYP26B1, thereby increasing the

availability of endogenous RA, in XYUGRculture for 21 hr starting

at 11.5 dpc. In agreement with the RAR agonist experiments

described above, expression of Dax1 andWnt4 was strongly up-

regulated in cultured XY gonads (Figure 2A; XY keto) although

other ovarian marker genes were not affected (Figure S2A). The

upregulation of Dax1 was verified by whole-mount in situ hybridi-

zation: in untreatedXYgonads, the extent ofDax1 expressionwas

limited, whereas ketoconazole-treated XY gonads expressed
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Figure 2. Endogenous RA Promotes Expression of Ovarian Marker Genes and Represses Expression of Testicular Marker Genes

(A) qRT-PCR analysis of expression of key ovarian and testicular marker genes in UGR samples cultured from 11.5 dpc for 21 hr in ketoconazole (which an-

tagonizes CYP26B1, among other enzymes; keto, 0.7 mM) andwhole-mount in situ hybridization forDax1 on UGRs cultured from 11.5 dpc for 28 hr with or without

keto (0.7 mM).

(B) qRT-PCR analysis of expression of key ovarian and testicular marker genes in UGR samples cultured from 11.5 dpc for 21 hr in RAR antagonist (AGN193109;

ant, 5 mM). Ex vivo culture experiments were run on pools of UGRs: n = 6 experiments with 6 UGRs per pool. TBP was used as the normalization control.

Paired t test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and ns = p > 0.05. See also Figure S2.
Dax1 throughout, similar to control XX gonads (Figure 2A). Treat-

ment of XY gonads with ketoconazole also led to a substantial

downregulation of Amh and some genes involved in steroid hor-

mone production in XY gonads (Hsd3b, Hsd17b), but no signifi-

cant change in Sox9 or Dmrt1 expression (Figures 2A and S2A).

We also used the potent pan-RAR antagonist AGN193109

(Agarwal et al., 1996) to block endogenous RA signaling in 11.5

dpc XX UGR cultures. Consistent with the above results, Dax1

andWnt4were downregulated (Figure 2B; XX ant), as were other

ovarian markers (Foxl2, Irx3, and Axin2; Figures 2B and S2B).

These results are at odds with those reported by Minkina et al.

(2017), who treated 10.5 dpc gonads with a different RAR antag-

onist, BMS-189453, and found no reduced expression of granu-

losa-specific genes, although they did not examine Dax1 and

Wnt4. Blocking the action of endogenous RA in XX gonads

also led to upregulation of the steroidogenic markers Scc,

Hsd3b, and Star (Figure 2B), suggesting that endogenous RA

may antagonize steroidogenesis in the embryonic ovary. The

combined results of these two sets of experiments suggest

that abnormalities in endogenous RA levels have the potential

to influence somatic cell differentiation and/or function in mouse

fetal gonads by altering expression of Dax1, Wnt4, Amh, and

genes encoding steroidogenic enzymes.

Deletion of Cyp26b1 Results in Elevated Dax1

Expression and XY Ovotestis Formation
To study the effect of excess RA in vivo, we examined gonadal

development in Cyp26b1-knockout (KO) mice (Yashiro et al.,

2004), in which RA signaling is ectopically activated in XY fetal
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gonads (Bowles et al., 2006, 2016; MacLean et al., 2007).

Although embryos of this line were reported to die immediately

after birth, we found that they die between 14.5 and 15.5 dpc

when the mutation is studied in a pure C57BL/6 background

(Yashiro et al., 2004).

At 13.5 dpc, XYCyp26b1-KO gonads showed a mild ovotestis

phenotype, with a lack of AMH-positive cells at the anterior

gonadal pole and, instead, an anterior cluster of FOXL2-positive

cells (Figure 3A). The ovarian component occupied approxi-

mately one-sixth of the length of the gonads. In these ovotestes,

Dax1was substantially elevated (Figures 3B and 3C), suggesting

that the presence of ectopic RA prevents the downregulation of

Dax1 that is normally observed in XY gonads between 11.5 and

13.5 dpc (Swain et al., 1998). At earlier time points (11.5 and

12.5 dpc), Dax1 expression was elevated in Cyp26b1-KO

UGRs of both sexes; this indicates that the high level of expres-

sion of Dax1 in the 13.5 dpc testis reflects a response to abnor-

mally high levels of RA rather than a simple delay in development

(Figure S3). We verified that elevated Dax1 expression in the

Cyp26b1-null testis was due to ectopic RA signaling by carrying

out culture of gonadal tissues in RAR antagonist, AGN194301

(5 mM; Figure S3C).

Additional ovarian marker genes Wnt4, Foxl2, and Irx3 were all

upregulated in the Cyp26b1-KO testis at 13.5 dpc but, although

statistically significant in each case, the change in gene expres-

sion was negligible (Figure 3D). These results suggest that the

ovarian determination pathway is promoted by ectopic RA in XY

Cyp26b1-KO gonads but that it does not become established.

Given that Sox9 and Fgf9 remain expressed in XY Cyp26b1-KO



Figure 3. Loss of Cyp26b1 in XY Gonads

Causes Ovotestis Formation and Ectopic

Dax1 Expression at 13.5 dpc

(A) Section IF of gonadal tissue at 13.5 dpc in XY

WT and XY Cyp26b1 KO. MVH (red) marks germ

cells, AMH (green) marks supporting cells that

have adopted a Sertoli cell fate, and FOXL2 (green)

marks sex-reversed supporting cells. Scale bar,

100 mm.

(B) qRT-PCR analysis of Dax1 expression in 13.5

dpc gonad-only samples of various genotypes.

Bars indicate mean + 1 SEM. Experiments were

run on individual gonads: n = 6–12. TBP was used

as the normalization control. Unpaired t test: ***p <

0.001 and ns = not significant.

(C) Section in situ hybridization for Dax1 on 13.5

dpc UGRs from XY WT and Cyp26b1-KO XY go-

nads. Scale bar, 100 mm.

(D) qRT-PCR analysis of expression of various

marker genes in 13.5 dpc gonad-only samples of

various genotypes. Bars indicate mean + 1 SEM.

Experiments were run on individual gonads:

n=4–12. TBPwasusedas thenormalizationcontrol.

Unpaired t test: *p < 0.05, **p < 0.01, and ***p <

0.001. See also Figure S3.
ovotestes at levels comparable with normal XY gonads (Fig-

ure 3D), it is likely thatWnt4 expression is still efficiently repressed

by FGF9 in the Cyp26b1-KO model, as is the case during normal

testis development (Jameson et al., 2012a; Kim et al., 2006).

Although early Sertoli cell marker genes Sox9, Fgf9 and Dhh

were expressed at normal levels in XY Cyp26b1-KO ovotestes,

Amh expression was greatly diminished, and Inhbb expression

was at levels akin to those in XX gonad samples (Figure 3D).

The coelomic blood vessel, a hallmark of testis development,

was present, but its molecular marker Jag1 (Jeays-Ward et al.,

2003) was significantly reduced, suggesting some compromise

of the signaling pathways leading to its formation (Figure 3D).

The fact that Sox9 expression was not diminished but expres-

sion of its direct target geneAmhwas substantially reduced sug-

gests that the function of SF1 protein (also known as NR5A1),

which is also involved in the transcription of Amh, was compro-

mised; this is likely due to suppression of SF1 function by DAX1,

as has been suggested in in vitro studies (reviewed by McCabe,

2007; Tremblay and Viger, 2001; Zazopoulos et al., 1997). In

sum, analysis of the Cyp26b1-null XY gonad at 13.5 dpc indi-

cates that CYP26B1 is required to clear endogenous RA so

that important testicular genes can be efficiently expressed.
Cell R
Fetal Leydig Cell Development Is
Abnormal in the Cyp26b1-KO Fetal
Testis
Having determined that deletion of

Cyp26b1 results in formation of an XY

ovotestis characterized by ovary-like

levels of Dax1 expression, we wanted to

examine the other major testicular so-

matic cell type, the fetal Leydig cell. At

13.5 dpc, SCC-positive cells in the inter-

stitial region of the Cyp26b1-KO XY go-
nads were less numerous than in the wild-type XY gonads, sug-

gesting that unchecked RA during testicular development results

in compromised fetal Leydig cell differentiation and/or steroido-

genic function (Figure 4A). A similar effect was found at 14.5 dpc

using HSD3b to mark fetal Leydig cells. Accordingly, expression

of all Leydig cell markers examined, including genes encoding

enzymes involved in the production of testosterone (Star, Scc,

Hsd3b, Hsd17b1, and Cyp17a1), activin A (Inhba), and INSL3

(Insl3), was dramatically suppressed when examined using

qRT-PCR in 13.5 dpc gonads (Figure 4B). Presumably such

genes are downregulated in the Cyp26b1-KO model because

their expression is SF1 dependent, and this action of SF1 is

antagonized by elevated DAX1 as has been shown previously

in vitro (Hanley et al., 2001; Ito et al., 1997; Koskimies et al.,

2002; Lalli et al., 1998; Zazopoulos et al., 1997). Expression of

Sf1 itself was slightly, but not statistically significantly, dimin-

ished in the XY Cyp26b1-KO gonad (Figure 4B).

M€ullerian andWolffianDuct Development Is Abnormal in
Cyp26b1-KO Embryos
To further probe the somatic effects of elevated endogenous

RA signaling in vivo, we examined development of the
eports 24, 1330–1341, July 31, 2018 1333



Figure 4. Loss ofCyp26b1 in XY Gonads Af-

fects Fetal Leydig Cell Differentiation and

Compromises Male Development

(A) Section IF of gonadal tissue at 13.5 or 14.5 dpc

in XY WT and XY Cyp26b1 KO, as indicated. MVH

(red) marks germ cells, and SCC (green) and

HSD3b (green) mark fetal Leydig cells. Boxed

areas are shown at higher magnification in panels

to the right. Scale bars, 100 mm.

(B) qRT-PCR analysis of expression of various

marker genes in 13.5 dpc gonad-only samples of

various genotypes. Bars indicate mean + 1 SEM.

Experiments were run on individual gonads:

n = 4–12. TBP was used as the normalization

control. Unpaired t test: *p < 0.05, **p < 0.01, ***p <

0.001, and ****p < 0.0001.

(C)Whole-mount IF ofmesonephroi collected from

XYCyp26b1WT, heterozygous or KO embryos, or

XX WT or heterozygous embryos at 14.5 dpc and

stained with antibody against PAX2.

(D) The bore width of the M€ullerian duct (M) and

Wolffian duct (W) was measured for each sample

at the central point (asterisk), and the ratio of M to

W was plotted for the various samples. One-way

ANOVA: ****p < 0.0001; n = 10, 9, and 15.

See also Figure S4.
reproductive tract in Cyp26b1-KO embryos. Normally, AMH

triggers M€ullerian duct regression and involution, while testos-

terone ensures Wolffian duct maintenance and stabilization

(Behringer et al., 1994; Welsh et al., 2006). Because expres-

sion of Amh and all of the steroidogenic genes examined

was diminished in Cyp26b1-KO XY gonads, we reasoned

that M€ullerian and/or Wolffian duct development might be

defective.
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We used an anti-PAX2 (paired box 2)

antibody to visualize both ducts in meso-

nephroi of XY and XX embryos at 14.5

dpc: later stage analysis was not possible

because embryos were dead or dying

(Figure 4C). At 14.5 dpc, the M€ullerian

duct was approximately half the diameter

of the Wolffian duct in wild-type or het-

erozygous XY embryos, reflecting M€ulle-

rian duct regression and Wolffian duct

maturation (mean ratio 0.56, n = 10; Fig-

ure 4D). In XY Cyp26b1-KO embryos,

however, the Wolffian and M€ullerian

ducts were more similar in thickness

(mean ratio 0.85, n = 9; Figure 4D), with

theWolffian ductmore obviously affected

than the M€ullerian duct (Figure S4). In

comparison, the mean M€ullerian-to-

Wolffian duct ratio for wild-type or hetero-

zygous XX embryos at 14.5 dpc was 1.46

(n = 13; Figure 4D). Thus, the presence of

ectopic RA during mouse XY gonad

development leads not only to ovotestis

formation but also to abnormal develop-
ment of the reproductive system, reflecting compromised AMH

and testosterone production.

Ectopic Dax1 Expression Is Eventually Associated with
Upregulation of Sox9/SOX9
We then examined theCyp26b1-null phenotype at 14.5 dpc (Fig-

ure 4A). Although Dax1 andWnt4 expression remained elevated

in XY null gonads, key male genes such as Amh, Star, Scc, and



Figure 5. At 14.5 dpc, Sox9 Expression Is Elevated in the XY Cyp26b1-Null Gonad, and the Testicular Program Is Recovering

(A) qRT-PCR analysis of expression of marker genes in 14.5 dpc gonad-only samples of various genotypes as indicated. Bars indicate mean + 1 SEM. Ex-

periments were run on individual UGRs: n = 3–17. TBP was used as the normalization control. Unpaired t test: *p < 0.05, ***p < 0.001, and ****p < 0.0001. See also

Figure S5.

(B) Section IF analysis of WT and Cyp26b1-null XY gonads at 14.5 dpc. MVH (red) marks germ cells, and SOX9 (green) marks Sertoli cells. The boxed section is

enlarged to the right. Scale bar, 50 mm.

(C) Western blot analysis of SOX9 protein levels compared with total protein in isolated 14.5 dpc gonad samples of indicated genotypes. M, marker. n = 7, 8, and

6. #p = 0.0380.

Bars indicate ±1 SEM. Red crosses correspond to samples shown in blots. See also Figure S5.
Hsd3b were less affected than at the earlier 13.5 dpc time point

(Figures 3 and 4). Hence, it appears that the adverse effect of

ectopic RA may be transient in the mouse, although the early

demise of the Cyp26b1-null line before 15.5 dpc meant that we

were unable to further investigate this phenomenon. Importantly,

this transient effect is unlikely to equate to a simple delay in

development, however. Our understanding of the importance

of androgen action during the ‘‘masculinization programing win-

dow,’’ and evidence that Wolffian duct development is affected

at 14.5 dpc, suggests that ectopic RA presence during fetal

testis development would have repercussions in the adult (Lara

et al., 2017; van den Driesche et al., 2017; Welsh et al., 2008).

We were intrigued to notice that Sox9 expression was sub-

stantially elevated at 14.5 dpc in the Cyp26b1-null testis, and
we hypothesized that this might be the result of ectopic DAX1

expression. Although it has been reported that SOX9 protein

levels are diminished when Dax1 is overexpressed in mice (Lud-

brook et al., 2012), it has also been shown that DAX1 contributes

to the efficient upregulation of Sox9 (Bouma et al., 2005). In the

Cyp26b1-null context, it appears that the latter effect may be

in play because Sox9 transcript is substantially elevated at

14.5 dpc, in line with the high levels of Dax1 expression (Fig-

ure 5A). Expression of key marker genes also appears to be

recovering at 14.5 dpc (Figures 5A and S5; compare with Figures

3 and 4) When XY wild-type and XY Cyp26b1-null littermates

were examined at 14.5 dpc using immunofluorescence (IF), the

localization of SOX9 protein in Sertoli cell nuclei was unchanged,

but there appeared to be stronger SOX9 staining in null samples
Cell Reports 24, 1330–1341, July 31, 2018 1335



Figure 6. The Effect of RA on Somatic Cells

Is Independent of the Presence of Germ

Cells, and Dax1 Is a Direct Transcriptional

Target of RA

(A) qRT-PCR analysis of expression of marker

genes in UGRs of the We mouse line, which lacks

germ cells, after culturing with RAR agonist

AM580 (AM; 1 nM) for 48 hr from 11.5 dpc. UGRs

were analyzed individually; n = 6–12. Bars indicate

mean + 1 SEM. *p < 0.05 and **p < 0.01.

(B) Isolated somatic cells from testis (M) or ovary

(F) were cultured with RAR agonist AM580 (1 nM),

cycloheximide (CHX; 10 mM), or both for 4 hr.

AM580 rapidly induced Dax1 expression in

testicular or ovarian somatic cells, even in the

presence of CHX. Dax1 expression is not induced

in mesonephric cells under these conditions.

AM580 has no effect on Wnt4 expression in the

presence of CHX after 4 hr (n = 3; *p < 0.05 and

ns = p > 0.05).

See also Figure S6.
when we conducted carefully controlled littermate comparisons

(Figure 5B). On the basis of increased Sox9 transcript abun-

dance (Figure 5A) and apparently stronger SOX9 staining (Fig-

ure 5B) at 14.5 dpc, we carried out extensive analysis of SOX9

protein levels using western blot (Figure 5C). Although estimates

of relative SOX9 levels were quite variable, we found evidence

that the amount of SOX9 protein in the Cyp26b1-null testis is

indeed elevated at 14.5 dpc. On the basis of this observation,

we propose that in the mouse system, elevation of DAX1 in the

presence of RA leads to an elevation of SOX9 by 14.5 dpc and

that this allows testis development to begin to recover.

RA Acts Directly on Gonadal Somatic Cells,
Independently of Its Effects on Germ Cells, to Disrupt
Normal Dax1 and Wnt4 Expression
Given the profound effect endogenous RA has on germ cell

meiosis (Bowles et al., 2006, 2016; Koubova et al., 2006, 2014;

MacLean et al., 2007) it was important to determine whether

ectopic RA affects testicular development by acting directly on

somatic cells or whether this is an indirect result of its known ef-

fects on germ cell development during fetal life. To address this

question, we isolated 11.5 dpc UGRs from We/We mutant em-

bryos, which are devoid of germ cells (Buehr et al., 1993), along

with wild-type littermates. One gonad of each pair was treated
1336 Cell Reports 24, 1330–1341, July 31, 2018
with the RAR agonist AM580 for 48 hr in

culture, and the other was cultured un-

treated as a control. The response was

similar in We/We and wild-type gonads

for all markers tested (Figure 6A), demon-

strating that the effects of RA on somatic

gene expression are independent of the

presence of germ cells.

We also tested whether the RAR

agonist AM580 could elicit a response in

isolated gonadal somatic cells. We

collected separate pools of testes,

ovaries, and mesonephroi at 12.5 dpc,
dissociated the tissue, and depleted the cell populations of

germ cells using SSEA1-labeled magnetic beads (Bowles

et al., 2010). AM580 treatment for 4 hr increased expression of

both Dax1 and Wnt4 in both male and female gonadal somatic

cells, albeit to a milder extent than seen using whole-gonad cul-

tures and culturing for longer periods (Figure 6B, �AM580

versus +AM580, first two lanes for each sex). Mesonephric so-

matic cells isolated in parallel did not respond to AM580 by up-

regulating Dax1. These results further confirm that RA can affect

gene expression in gonadal somatic cells directly, independently

of any effect of RA on germ cells.

In these experiments, expression of both Dax1 and Wnt4 was

upregulated by AM580 within 4 hr, suggesting that they are

‘‘early responder’’ genes. We extended the study by treating

gonadal somatic cells for 15 min with 10 mM cycloheximide to

prevent new protein synthesis, culturing them with AM580 for

4 hr, and measuring the transcriptional response using qRT-

PCR. As a positive control, expression of RARbeta, a known

direct RA target gene, was dramatically upregulated by AM580

even in the presence of cycloheximide (Figure S6A). We found

that cycloheximide treatment prevented the upregulation of

Wnt4 transcription, indicating a reliance on the production of

an intermediary protein. In contrast,Dax1was upregulated in so-

matic cells of both sexes in the presence of cycloheximide



(Figure 6B, �AM580;+CHX versus +AM580;+CHX, third and

fourth lanes for each sex). Together, these results demonstrate

that RA signaling rapidly induces Dax1 transcription in gonadal

somatic cells, but not mesonephric cells, and that this occurs ir-

respective of the presence of germ cells and in the absence of de

novo protein synthesis.

DISCUSSION

During sex determination and gonad development, a complex

interplay of positive and negative signals acts to ensure differen-

tiation of cell types appropriate to one type of gonad while simul-

taneously antagonizing differentiation of cell types appropriate to

the gonad of the opposite sex. Our present study demonstrates

that endogenous RA must be actively cleared from the testicular

tissue, by the RA-degrading enzyme CYP26B1, if testicular

development is to proceed normally. The presence of ectopic

RA, caused by genetic ablation of CYP26B1, led to ovotestis for-

mation and disruption of the transcriptional programs that under-

pin AMH and steroid hormone production in XY gonads, with

downstream consequences for secondary sex development.

Thus, although RAmay be dispensable for fetal ovarian develop-

ment (Minkina et al., 2017), our data indicate that it is sufficient to

destabilize testis development in favor of ovary development

and lead to the conclusion that CYP26B1 is an important compo-

nent of the testis-determining, ovary-antagonizing pathway.

Ex vivo organ culture and purified cell culture experiments

showed that RA acts to promote the expression of ovarian devel-

opment-related genes Dax1 and Wnt4 and to antagonize the

testis determination pathway in somatic cell lineages, acting at

a point downstream of Sox9. Several observations suggest

that the effects of RA are mediated predominantly by DAX1.

First, Dax1 expression is highly responsive to changes in RA

availability in vitro and is upregulated rapidly with no requirement

for de novo protein synthesis. Previous studies involving micro-

array profiling after treatment of mouse embryonic stem cells

(ESCs) or human neuroblastoma cells with RA have shown that

Dax1 transcription is also induced rapidly by RA treatment of

mouse ESCs and human neuronal cells (Mahony et al., 2011;

Nagl et al., 2009). Moreover, when three RAR-encoding genes

were deleted in somatic cells of the fetal ovary, RNA sequencing

(RNA-seq) analysis revealed that Dax1 was downregulated by

2.36-fold (Minkina et al., 2017). Second, Dax1 is the only

ovarian-associated gene among those we examined to be ex-

pressed in Cyp26b1 XY gonads at levels normal for an ovary

but abnormal for a testis. Third, previous in vitro studies (De

Santa Barbara et al., 1998; Hanley et al., 2001; Ito et al., 1997;

Koskimies et al., 2002; Lalli et al., 1998; Nachtigal et al., 1998;

Zazopoulos et al., 1997) have shown that DAX1 antagonizes

SF1-mediated transactivation of Amh and fetal Leydig cell

marker genes, and we find that the expression of each of these

is significantly diminished in Cyp26b1-KO fetal testes. Finally,

the ovotesticular phenotype of XY Cyp26b1-KO fetal gonads is

consistent with the gonadal feminization observed when Dax1

is overexpressed onwild-type andweakenedmale backgrounds

(Ludbrook et al., 2012; Swain et al., 1998).

The identification ofDax1 as a likely RA effector gene suggests

a new model for the regulation of mammalian sex determination
and differentiation (Figure 7). Our data suggest that endogenous

RA promotes the ovarian sex-determining cascade in the bipo-

tential gonad by directly stimulating Dax1 expression and, indi-

rectly, Wnt4 expression (Figure 7A). Evidently RA is not abso-

lutely required for ovarian development: there is genetic

evidence that an ovary can form in the absence of RA (Minkina

et al., 2017) and that primary sex determination is not affected

in the absence of Dax1 or Wnt4 (Vainio et al., 1999; Yu et al.,

1998). More important, our studies reveal that RA, probably

acting through DAX1 and/or WNT4, impedes testis develop-

ment. In particular, it appears that ectopic DAX1 antagonizes

the function of SF1 with respect to expression of Amh and a

number of steroidogenic genes. When timely expression of Sry

and Sox9 triggers the testis-determining pathway (Figure 7B),

CYP26B1 is produced at high levels, leading to clearance of

endogenous RA (Bowles et al., 2006; MacLean et al., 2007)

and a concomitant downregulation of Dax1 expression resulting

in normal SF1 function. If CYP26B1 is not produced (as in the

Cyp26b1-null line we study here; Figure 7C) RA persists, Dax1

is expressed at abnormally high levels, and both steroidogenesis

and AMH production are impeded because the elevated DAX1

antagonizes SF1 function.

Our results are consistent with, and help explain, several

previous observations. First, the fact that ovarian development

occurs predominantly at the anterior end of Cyp26b1-null XY

ovotestes is in accord with the major source of RA being the

mesonephric tubules that connect with the gonad at this

point (Bowles et al., 2006, 2016; Bowles and Koopman,

2007). Interestingly, an older study provided direct evidence

that gonadal sex determination is influenced by the presence

of the mesonephros (Byskov and Grinsted, 1981), a finding

that has hitherto been difficult to interpret and has been largely

overlooked. In addition, our present results provide an expla-

nation for various reports of suppressed expression of Amh

and Cyp17a1, reduced testosterone secretion, and disrupted

testis cord formation as a result of exposure of rat and human

fetal testis organ cultures to exogenous RA (Cupp et al., 1999;

Jørgensen et al., 2015; Li and Kim, 2004; Livera et al., 2000;

Marinos et al., 1995), though they are at odds with the findings

of one study (Lambrot et al., 2006). Our findings are particu-

larly congruent with those of Jørgensen et al. (2015), who

cultured human fetal testis tissue from 7–9 weeks of gestation

for 2 weeks in 1 mM RA and found that SOX9 and DMRT1 were

unchanged but AMH expression was lost, and COUP-TFII, a

marker of fetal Leydig and peritubular myoid cells, was greatly

upregulated. Interestingly, very recent studies found evidence

that COUP-TFII acts in a pro-ovary and anti-testis manner in

humans (Bashamboo et al., 2018). Further, our findings

complement a study revealing pro-ovarian activity of ectopic

RA in the adult testis (Minkina et al., 2014). In that study,

the pro-testis transcription factor DMRT1 was ablated,

resulting in ectopic RA signaling that led to adult Sertoli cell

transdifferentiation. Previously, others examined a different

Cyp26b1-null mouse line at 14.5 and 16.5 dpc and found no

evidence that AMH or HSD3b expression is abnormal (Ma-

cLean et al., 2007); it is possible that at those time points,

testis development had been rescued, possibly by upregula-

tion of Sox9, and/or that they were working on a different
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Figure 7. Model Showing Deduced Actions of RA and CYP26B1

during Mouse Sex Determination

Bipotential gonads have the ability to develop into either testes or ovaries. In

the biopotential gonad, RA drives Dax1 expression directly and Wnt4

expression indirectly, but other factors are also likely to be involved in regu-

lation of these and other genes in the ovarian-determining pathway.

(A) In theWT XX gonad,Sry is not expressed, and therefore ovary development

ensues.

(B) In the WT XY gonad, downstream of SRY and SOX9, Cyp26b1 is upregu-

lated and RA is cleared, resulting in loss of Dax1 expression, allowing testis

development to proceed.

(C) The Cyp26b1-null XY gonad is an ovotestis with diminished capacity for

production of critical male hormones AMH, testosterone, and INSL3, likely

because DAX1 represses the function of SF1.

For details, see Discussion.

1338 Cell Reports 24, 1330–1341, July 31, 2018
genetic background (in our experience sex reversal pheno-

types on a mixed background are highly variable).

We speculate that ectopic RA may have a more pronounced

effect on human than on mouse fetal testis determination. In

the XY Cyp26b1-null gonad, Dax1 expression is more than

doubled, remaining at a level similar to that seen in the normal

XX gonad, andWnt4 expression is also elevated to some extent,

yet these effects are not sufficient to seriously derail primary

testis determination. It is well accepted, however, that human

sex development is more sensitive to gene dosage than is the

case in the mouse. For example, in XY humans, duplication of

chromosomal regions encompassing DAX1 or WNT4 is associ-

ated with much more profound male-to-female sex reversal

than is seen in Dax1- or Wnt4-overexpressing mice (Barbaro

et al., 2007, 2012; Bardoni et al., 1994; Garcia-Heras et al.,

1999; Jordan et al., 2001; Wieacker et al., 1996). Hence it seems

possible that abnormalities in RA metabolism could lead to, or

at least contribute to, human disorders of sex development.

We note that hemizygous microdeletion of a 2p13 chromosomal

region that includes CYP26B1 has been associated with hypo-

spadias and cryptorchidism (Los et al., 1994; Wenger and

McPherson, 1997). In addition, a heterozygous mutation in

CYP26B1 was recently identified in a 46,XY patient with inguinal

testes and immature seminiferous tubules (Barseghyan et al.,

2018). Further studies are required to explore the possibility

that defects in RA metabolism may be a hitherto unrecognized

cause of human disorders of sex development.
EXPERIMENTAL PROCEDURES

Mice

All animal work was conducted according to protocols approved by the Uni-

versity of Queensland Animal Ethics Committee. X-linked GFP mice (Hadjan-

tonakis et al., 1998) on an outbred Swiss albino background (Quakenbush

strain) and We mice (Buehr et al., 1993) on a mixed background were used

for culture experiments. Cyp26b1-KO mice (Yashiro et al., 2004) were on a

pure C56/BL6 inbred background. CD1 mice (for somatic cell isolation) were

obtained from Animal Resources Centre, Western Australia. Noon on the

day on which the mating plug was observed was designated 0.5 dpc. Embryo

sex was determined by PCR of tail tissue (Koopman et al., 1991).Cyp26b1-KO

genotyping was done as detailed (Yashiro et al., 2004), and We status was

determined post-culture using qRT-PCR for Mvh, a marker of germ cells.
UGR Culture

For synthetic retinoid AM580 (1 nM; Sigma-Aldrich), ketoconazole (0.7 mM;

Sigma-Aldrich), and AGN194301 (5 mM; Vitae Pharmaceuticals) culture,

UGRs (gonad with mesonephros attached) were dissected from X-linked

GFP embryos, the pairs were separated into control (vehicle only, either

DMSO or ethanol) and treated pools (four to six individuals represented),

and these were cultured on filters (TMTP01300, Millipore; 5 mm) floating on

media (DMEM [Invitrogen] with 10% fetal bovine serum [FBS] [AusGenex],

penicillin [50U/mL; Invitrogen], and streptomycin [50 mg/mL; Invitrogen]).

UGRs from We or Cyp26b1-null litters were cultured individually (one control,

one treated) in 40 mL hanging drops. To prepare hanging drops, UGRs were

washed through a pool of control or supplemented media, removed in a

40 mL volume, and deposited in the center of circles on the lid of a 24-well

culture plate. Each well was filled with 500 mL PBS before the lid was inverted.

Prior to analysis by whole-mount in situ hybridization, UGRs were dissected at

11.5 dpc and cultured for 28 hr on 1.5% agar blocks (Martineau et al., 1997)

that had been pre-equilibrated in media ± ketoconazole (10 mM). All cultures

were held in a 37�C incubator at 5% CO2.



Whole-Mount and Section In Situ Hybridization

Whole-mount in situ hybridization analyses were performed as described (Har-

grave et al., 2006; Wilhelm et al., 2007) using Dax1 (Swain et al., 1996) anti-

sense RNA probes.

Western Blot

Western blots were performed by standard methods on whole-gonad-only tis-

sue. Briefly, gonad pairs were dissociated with a 21-gauge needle and lysed in

RIPA (radioimmunoprecipitation assay) sample buffer (50 mM Tris [pH 8.0],

0.1% SDS, 150 mM sodium chloride, 1.0% NP-40, 0.5% sodium deoxycho-

late) containing Complete Protease Inhibitors and Phospho Stop (both 13;

Roche). Protein was denatured in 4 3 SDS loading buffer, separated on an

SDS-PAGE gel (TGX Fast Cast 10% Acrylamide Gel Kit; Bio-Rad), and trans-

ferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). After trans-

fer, total protein was determined using the Li-Cor REVERT Total Protein Stain

kit, per the manufacturer’s instructions. Membranes were washed, blocked

(5% skim milk powder in Tris-buffered saline), and incubated overnight at

4�C with primary antibody. Blots were washed for 1 hr and then incubated

with secondary antibody for 1 hr, both at room temperature. Antibodies

used were rabbit anti-SOX9 (1:2,000; AB5535; Millipore; RRID: AB_2239761)

and goat anti-rabbit conjugated to horseradish peroxidase (1:2,000; 65-

6120; Thermo Fisher Scientific; RRID: AB_2533967). After membrane rinsing,

immunoreactive proteins were visualized using Clarity Western ECL Substrate

(Bio-Rad) on an Odyssey FC (Li-Cor). Bands of interest are normalized to the

total protein amounts and quantitated using Image Studio Lite (Li-Cor) soft-

ware. For each gel, XY wild-type (WT) sample values were averaged and

designated as having a value of 1. XY KO and XX WT/het values were ex-

pressed relative to the XY WT value for that blot. Five independent blots, cor-

responding to five independent litters, were run (n = 7, 8, and 6 for XY WT, XY

KO, and XX WT/het, respectively).

Immunomagnetic Somatic Cell Isolation and Culture

Gonads were collected at 12.5 dpc (outbred strain CD1) and dissociated using

Cell Dissociation Buffer (GIBCO); somatic cells were isolated by removal of

germ cells using magnetic sorting (anti-SSEA-1 CD15 microbeads, MACS,

130-094-530; Miltenyi Biotech; Bowles et al., 2010). Somatic cells were

cultured for 4 hr in previously described serum-free media on the basis of

KnockOut DMEM and KO serum replacement (Invitrogen; Bowles et al.,

2010). Cycloheximide (Sigma-Aldrich) was used at 1 mM and AM580 at 1 nM.

qRT-PCR

Cultured or freshly dissected samples were subjected to RNA synthesis

(QIAGEN RNeasy Micro Kit including DNase treatment) and cDNA synthesis

(High Capacity cDNA Archive kit; Applied Biosystems [ABI]). Relative cDNA

levels were determined using the 2�DCT method with reactions including

TaqMan PCR master mix (ABI) and TaqMan gene expression sets and carried

out on ABI Prism 7000, 7500, or ViiA7 machines. Endogenous control gene

used for normalization was Tbp (encoding TATA box binding protein). TaqMan

gene expression sets are detailed in Table S1.

Statistics

Statistical significance was determined using GraphPad Prism software. Data

are presented asmean + SEM.When UGR or gonad pairs were split to provide

control and culture samples, Student’s paired (two-tailed) t test was used. If

samples were not paired (Figures 3B, 3D, 4B, and 5C), Student’s unpaired

(two-tailed) t test was used for two-way comparisons. For M€ullerian and

Wolffian duct studies (Figures 4 and S4) and AGN culture studies (Figure S5),

one-way ANOVA followed by Tukey’s multiple-comparisons test was used.

Asterisks highlight the pertinent comparisons and indicate level of statistical

significance (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).

Section IF

Whole embryos were recovered, and section IF analyses were carried out

on fixed, paraffin-embedded 7 mm sections using standard methods as

detailed previously (Bowles et al., 2010) using high-pH antigen retrieval, block-

ing in 10% heat-inactivated horse serum in PBTX. Primary antibodies used

were mouse anti-MVH (1:200; ab27591; Abcam; RRID: AB_11139638), goat
anti-AMH (1:200; SC-5279; Santa Cruz; RRID: AB_649207), rabbit anti-

FOXL2 (Polanco et al., 2010; 1:600), rabbit anti-SCC (Svingen et al., 2012;

1:400), and rabbit anti-SOX9 (1:200; AB5535; Millipore; RRID: 2239761). Sec-

ondary antibodies (all from Molecular Probes, Invitrogen) were goat anti-

mouse IgG Alexa Fluor 594 (RRID: 141372), goat anti-rabbit IgG Alexa Fluor

488 (RRID: AB_2576217), and donkey anti-goat Alexa Fluor 488 (RRID:

AB_142672). Slides were imaged on an Olympus BX-51 fluorescence micro-

scope. Control and null sections in each comparison were present on the

one slide and were imaged on the same settings.

Whole-Mount IF

Mesonephric tissues were dissected from Cyp26b1-KO litters at 14.5 dpc.

Embryos were selected as WT/heterozygous or KO by eye on the basis of

limb morphology (Yashiro et al., 2004) and subjected to whole-mount IF anal-

ysis as described previously (Combes et al., 2009), except that Triton concen-

tration was increased to 1%. The primary antibody was rabbit anti-PAX2

(1:100; 71-6000; Thermo Fisher Scientific; RRID: AB_2533990), and the sec-

ondary antibody was goat anti-rabbit Alexa Fluor 488 (1:1,000; Invitrogen;

RRID: AB_2576217). Samples were imaged using a Leica stereomicroscope,

and the widths of M€ullerian and Wolffian ducts were measured at the midpoint

of the sample.
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