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Sex Determination in the Teleost Medaka, Oryzias latipes
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Model of Sox9 Regulation Required for
Maintenance of Gonadal Phenotype in Mammals

Somatic Sex Reprogramming of Adult
Ovaries to Testes by FOXL2 Ablation
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LETTER

DMRT1 prevents female reprogramming in the
postnatal mammalian testis
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Experimental Procedures

Ectopic DMRT1 Induces Formation of Sertoli-like Cells in the Ovary

& — CAG-Stop-Dmrt1-Gfp

Rosa26 CAG , Rosa26
promoter loxP - STOP - loxP 5 U_ IRES | eGfp |PA

Schematic diagram of conditional DMRT1 expression transgene CAG-Stop-
Dmrt1-Gfp, which is transcribed to express DMRT1 and GFP upon Cre mediated
deletion of a floxed “STOP” cassette.
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Figure S1

“Stop” cassette EcoRl
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DMRT1 conditional expression transgene. (A)Targeting vector (top) used to insert conditional
expression construct for Dmrtl into the Rosa26 locus in ES cells. Between the two Rosa26
homology regions, the vector contains a splice acceptor sequence transcriptional stop cassette
containing a reverse-oriented Pgk-Neo selectable marker and the SV40 terminator/polyA sequence



CAG- Stop Dmrt1-Gfp;
WT Testis Dmrt1"f-Sf1-Cre Testis Dmrt17f-Sf1-Cre Testis

¥
J N =
'|
.

DMRT1+GFP+DAPI

FOXL2+SOX9+DAPI

e

i 4TS .Jl ‘J - ) \ 1|
mb' . *:uﬁﬁ'-'-?i - P :
: Pty TS -ﬁ
’ t‘ * 2%% s \
e ‘* B " by A b\ 2 1
“—“{,.E ' i .\k = ,f.‘;i L] i 2
o SN e (s e

(C,EI) WT testis expresses DMRTI in Sertoh cells and spermatogonia and SOX9 in Sertoli cells
does not express FOXL2, and is actively undergoing spermatogenesis. (D,G,J) Conditional
deletion of Dmrtl in somatic cells of the fetal gonad using Sf1-Cre eliminates DMRT 1
expression in Sertoli cells and leads to germ cell death. Most mutant Sertoli cells
transdifferentiate into FOXL2-positive granulosa-like cells. (E,H,I) Activation of CAG-Stop-
Dmrt1-Gfp together with deletion of Dmrtl using Sf1-Cre rescues Sertoli cell differentiation.



Results 1

Ectopic DMRT1 Induces Formation of Sertoli-like Cells in the Ovary
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Immunofluorescence (IF) of gonads from 8- to 10-week-old mice showing that activation of
CAG-Dmrt1-Gfp in somatic cells of the fetal ovary by Sf1-Cre activates DMRT], silencing the
ovarian granulosa cell transcription factor FOXL2.




Results

Ectopic DMRT1 Induces Formation of Sertoli-like Cells in the Ovary

H&E-stained sections of adult testes (H), ovaries (I), and CAG-Dmrt1-Gfp expressing ovaries (
at low and high magnification (dashed boxes indicate magnified areas shown in K-M).




Results 2

Figure S2

CAG-Stop-Dmrt1-Gfp;
Sf1-Cre Ovary

P1
FOXL2+SYCP3+DAPI

Early activation of DMRT1 does not masculinize the fetal ovary. (A-D) IF showing that activation
of CAG-Stop-Dmrtl with Sf1-Cre in the fetal gonad does not disrupt specification of oocytes,
meiotic initiation, or the normal diplotene arrest (indicated by accumulation of SYCP3 on synapse
chromosomes) at birth.



Results 2

DMRT1 Induces Postnatal Sexual Transdifferention
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(A—C) Activation of CAG-Dmrt1-Gfp in the fetal gonad. Confocal images of whole
mount I[F on E13.5 gonads show normal expression of DMRT1 in testis (A)

and ovarian germ cells (B) and activation of CAG-Dmrt1-Gfp in ovarian somatic cells
(C) as indicated by cytoplasmic GFP (example is shown in the highermagnification
inset). Dispersed green cells lacking DMRT1 in wild-type gonads are autofluorescent
cells of unknown type.
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DMRT1 Induces Postnatal Sexual Transdifferention
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(D-F) SOX9 expression in the fetal gonad. IF shows that SOX9 is strongly expressed
in pre-Sertoli cells of wild-type testes at E13.5 (D) but is not detected in
wild-type fetal ovaries (E) or CAG-Stop-Dmrt1-Gfp;Sf1-Cre transgenic ovaries (F).
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DMRT1 Induces Postnatal Sexual Transdifferention

P10
FOXL2+SOX9+DAPI

(G-I) Postnatal expression of SOX9 and FOXL2. IF shows that wild-type testes at P10
express SOX9 and not FOXL2 (G), wild-type ovaries express FOXL.2

and not SOX9 (H), and CAG-Stop-Dmrt1-Gfp;Sf1-Cre transgenic ovaries have cells
expressing each protein (I), indicating the onset of transdifferentiation.
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DMRT1 Induces Postnatal Sexual Transdifferention

CAG-Stop-Dmrt1-Gfp; CAG-Stop-Dmrt1-Gip; CAG-Stop-Dmrt1-Gfp;
No Cre Control +Tx UBC-Cre +Tx Hsd17831-Cre +Tx
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(J-O) Transdifferentiation in the adult ovary. Control tamoxifen-injected ovaries from adults
carrying CAG-Stop-Dmrt1-Gfp but lacking a Cre transgene do not express DMRT1 or GFP (J), bu
ovaries from animals also containing UBC-CreERT2 or Hsd17b1-Cre have cells expressing both
proteins (K and L). Somatic cells from control adult ovaries express FOXL2, but not SOX9 (M),
whereas animals with UBC-CreERT2 (N) or Hsd17b1-Cre (O) have cells expressing

each protein (SOXO9 IF in adult oocytes 1s thought to be a non-specific antibody artifact).



DMRT1 Expression Masculinizes the Ovarian Transcriptome

>

CAG-Stop-Dmrt1-Gfp;

WT Ovary Sf1-cre Ovary WT Testis

rep 1 rep 2

(A) Heatmap comparing mRNA
expression in adult wild-type testis and
ovary with CAG-Dmrt1-Gfp;Sf1-Cre
ovaries. Columns are from RNA-seq of
two gonads (repl, rep 2) of each genotype.
Genes differentially expressed in wild-
type ovary and DMRT 1-expressing ovary
(>4-fold ; p < 0.05; Table S1, part A) are
shown in rows that are sorted based on
high expression in the wild-type ovary
(top) to high expression in the testis
(bottom). Each gene was normalized to a
range of 22 (violet) to +2 (green).



FoxI2 Deletion and DMRT1 Expression Cause SimilarRemodeling of the Ovarian Transcriptome

Comparison of gene expression profiles from
Foxi2ff:R26CreERT2 and CAG-Stop-Dmrt1-Gfp,;Sf1-cre ovaries
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Blue indicates mRNAs with 4-fold or
greater expression in wild-type testis
versus wild-type ovary,

Red indicates those with 4-fold or
greater expression in wild-type ovary
versus wild-type testis.

Gray indicates mRNAs not differing
significantly between testis and ovary.
Triangles denote X-linked genes, and
blue and pink boxes highlight mRNAs
strongly up- or downregulated,
respectively, in CAG-Dmrt1-Gfp-
expressing ovaries, but not in FoxI2-
mutant ovaries.

(B) Scatterplot comparing gene expression in adult Fox12 conditionally mutant ovaries and CAG-

Stop-Dmrt1-Gfp;Sf1-Cre ovaries.



Results 6

Single Cell Transcriptome Profiling Identifies CandidateMediators of Transdifferentiation
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(C—H) IF showing that P17 CAG-Stop-Dmrt1-Gfp;Sf1-Cre transgenic ovaries have a
mix of GFP+ cells expressing DMRT1 (C and D), SOX9 (E and F), or FOXL2
(G and H). Scale bars represent 40 mm (C, E, and G) and 20 mm (D, F, and H).




Single Cell Transcriptome Profiling Identifies CandidateMediators of Transdifferentiation
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(I)Expression levels (FPKM)of selectmRNAsin single cells fromP17CAG-Stop-Dmrt1-

Gfp;Sf1-Cre transgenic ovaries, orderedby pseudotime alongthe x axis.



Results 7

DMRT1 Can Silence Foxl2 without SOX& and SOX9

WT Testis CAG-Stop-Dmrt1-Gfp:Sox9” :Sf1-Cre CAG-Stop-Dmrt1-Gfp:Sox9"" :Sf1-Cre

FOXL2+SOX9+DAPI

(A—C) CAG-Stop-Dmrt1-Gfp can silence FOXL2 in Sox9 conditional mutant ovaries. IF
shows that SOX9 is expressed in Sertoli cells of wild-type testes (A)

and in Sertoli-like cells of control conditional Sox9/+ DMRT 1-expressing ovaries (B).
FOXL2 is almost completely silenced in DMRT 1-expressing ovaries

conditionally deleted for one (B) or both (C) copies of Sox9 with Sf1-Cre.



Results 7

DMRT1 Can Silence Foxl2 without SOX& and SOX9

CAG-Stop-Dmrt1-Gfp; CAG-Stop-Dmrt1-Gfp;

WT Testis WT Ova Sox9"*-Sf1-Cre Sox9"-sf1-Cre

(D-G) CAG-Dmrt1-Gfp can activate SOX8 in SOX9-mutant granulosa cells. IF shows that
SOXS 1s expressed in Sertoli cells in wild-type adult testes (D) and is

not detectable in wild-type adult ovaries (E). CAG-Dmrt1-Gfp can activate SOXS in
ovaries conditionally deleted for one copy (F) or both copies (G) of Sox9 in

somatic cells using Sf1-Cre.
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DMRT1 Can Silence Foxl2 without SOX& and SOX9

WT Ovary CAG-Stop-Dmrt1-Gfp:Sox9"" :5f1-Cre CAG-Stop-Dmrt1-Gfp;Sox9"":Sf1-Cre

(H-J) CAG-Dmrt1-Gfp can activate the mature Sertoli cell marker GATA1 in Sox9-mutant
granulosa cells. IF shows that GATA1 is not expressed in wild-type

adult ovaries (H) but 1s expressed in ovaries conditionally deleted for one (I) or two (J)
copies of Sox9 in somatic cells using Sf1-Cre.
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DMRT1 Can Silence Foxl2 without SOX& and SOX9

CAG-Stop-Dmrt1-Gfp; CAG-Stop-Dmrt1-Gip;

Soxg" ';Eﬂng / f;Sf 1-Cre Soxg™ “rSox9 f *-5f1-Cre Sox&" 5 ox 9T :Sf1-Cre

(K-M) DMRTT silences FOXL?2 in granulosa cells lacking both Sox8 and So0x9. IF shows
that Sox8;S0x9 double-mutant ovaries have normal FOXL2 expression

and normal morphology and lack DMRTT1 (K). Activation of CAG-Dmrt1-Gfp in ovaries
heterozygous for Sox8 and Sox9 (L) or homozygous mutant for

both genes in somatic cells (M) can induce DMRT1 expression and silence FOXL2.



Discussion

Ectopic DMRT1 activity can account

for virtually all transcriptome changes
resulting from deletion of FoxI2,
suggesting that silencing of Dmrt1, directly
or indirectly, is the primary means by
which FOXL2 blocks sexual
transdifferentiation.




Discussion

We found that even in mice, the presence
or absence of DMRT1 can toggle a switch
between the Sertoli and granulosa

cell fates.




Discussion

The ability of ectopic DMRT1 expression
to specify Sertoli cell fates also has

potential significance for understanding
evolution of genetic sex-determining
mechanisms.




Discussion

DMRT1, with other testicular
transcription factors (SOX9, GATA4,

NR5A1/SF1, and WT1), can reprogram
cultured induced pluripotent stem cells into
Sertoli-like cells in vitro, but cannot
reprogram them on its own.
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DMRT1 expression can masculinize the mammalian ovary
DMRT1 expression causes sexual transdifferentiation

Loss of FOXL2 and gain of DMRT1 similarly affect the ovarian
transcriptome

DMRT1 activity can toggle Sertoli and granulosa cell fates
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