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In mammals, sex determination and development of the embryonic gonads is a 

complex molecular process that involves a large number of genes and networks acting 

synergistically or antagonistically. Testis formation is initiated by SRY in synergy 

with NR5A1/SF1 by up-regulation of SOX9 expression beyond a critical threshold. 

This results in the positive regulation of male-specific program and repression of the 

ovarian pathway. In females, the absence of SRY results in the activation of signaling 

pathways initiating ovarian development and repression of the testis-determining 

network. Errors in this process may result in either 46,XY gonadal dysgenesis, or 

testis development in a XX individual. Although, we are beginning to build up a 

picture of the genes involved in gonad development, mutations in these genes can 

explain only a minority of patients presenting with errors in sex development, and the 

mechanism leading to inappropriate sexual development remain largely unknown. 

The DMRT1 protein, contains a DNA-binding domain, regulates sex-determination in 

Drosophila, the nematodes, as well as in some species of fish and birds, but its role in 

mammalian sex-determination in unclear. In mice, Dmrt1 does not play a role in 

primary sex-determination but is required for the maintenance of adult testis. In this 

work we identified, for the first time, a point mutation in the human DMRT1 gene 

associated with a lack of testis-determination. A series of functional analyses 

demonstrated the mechanism by which this mutation could lead to XY gonadal 

dysgenesis. The results show that, in contrast to the mouse, DMRT1 is involved in 
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primary testis-determination in humans and also indicate that at the molecular level 

sex-determination may be a much more conserved process than previously thought.  

 

Further studies on patients with 46,XY gonadal dysgenesis using a number of 

approaches, including exome sequencing, lead to the identification of potentially 

pathogenic mutations in two genes related to SRY and SOX9 - SOX7 and SOX8. This 

suggests that there may be a functional redundancy amongst SOX genes in human 

sex-determination. Furthermore, we identified mutations in the transcription factor 

GATA4 associated with 46,XY gonadal dysgenesis – helping to establish an important 

role for this gene as a cause of gonadal dysgenesis. 

 

The functional consequences of these mutations, on the biological activity of the 

protein, were assessed using a number of classical approaches – cellular localization, 

reporter assays, DNA-protein interactions, protein-protein interactions etc. These 

approaches have indicated a change in biological activity of the mutated proteins and 

in most cases failed to reveal the mechanisms involved in the development of the 

phenotype. Therefore, the development of novel in-situ cellular models may provide 

us with a tool to identify these, yet illusive, mechanisms. Using mouse embryonic 

stem cells (ESCs) as the model system we are developing novel cellular models to 

understand the biological context of these mutations in the appropriate environment. 

Once established, these models would be applicable to understand the development 

and progression of disease using cells derived from patients presenting with DSD. 
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Résumé	
  

 

	
  
Chez	
   les	
   mammifères,	
   la	
   détermination	
   sexuelle	
   et	
   le	
   développement	
  

embryonnaire	
  des	
  gonades	
  est	
  un	
  processus	
  moléculaire	
  complexe	
  qui	
  implique	
  

un	
  grand	
  nombre	
  de	
  gènes	
  et	
  de	
  réseaux	
  agissant	
  en	
  synergie	
  ou	
  antagonisme.	
  La	
  

formation	
  de	
  testicules	
  est	
  initiée	
  par	
  SRY	
  en	
  synergie	
  avec	
  NR5A1/SF1	
  par	
  sur-­‐

activation	
   de	
   l'expression	
   de	
   SOX9	
   au	
   delà	
   d'un	
   seuil	
   critique.	
   Cela	
   a	
   pour	
  

résultat	
  la	
  régulation	
  positive	
  du	
  programme	
  masculin	
  et	
  la	
  répression	
  de	
  la	
  voie	
  

de	
   différenciation	
   de	
   l'ovaire.	
   Chez	
   la	
   femme,	
   l'absence	
   de	
   SRY	
   entraîne	
  

l'activation	
   des	
   voies	
   initiant	
   le	
   développement	
   ovarien	
   et	
   la	
   répression	
   de	
   la	
  

signalisation	
   de	
   différenciation	
   des	
   testicules.	
   Des	
   erreurs	
   dans	
   ce	
   processus	
  

peuvent	
   entraîner	
   des	
   pathologies	
   de	
   type	
   femme	
   46,XY	
   avec	
   dysgénésie	
  

gonadique,	
   ou	
   à	
   l'inverse	
   le	
   développement	
   de	
   testicules	
   chez	
   des	
   individus	
  

46,XX.	
   Bien	
   que	
   nous	
   commençons	
   à	
   avoir	
   une	
   vision	
   précise	
   des	
   gènes	
  

impliqués	
   dans	
   le	
   développement	
   des	
   gonades,	
   les	
   mutations	
   de	
   ces	
   gènes	
  

n'expliquent	
   qu'une	
   minorité	
   de	
   patients	
   présentant	
   des	
   erreurs	
   dans	
   le	
  

développement	
   du	
   sexe,	
   et	
   les	
   mécanismes	
   conduisant	
   à	
   un	
   développement	
  

sexuel	
  inapproprié	
  restent	
  encore	
  largement	
  méconnus.	
  	
  

La	
   protéine	
   DMRT1,	
   qui	
   contient	
   une	
   zone	
   de	
   liaison	
   à	
   l'ADN,	
   est	
   un	
   facteur	
  

crucial	
  de	
  la	
  détermination	
  du	
  sexe	
  chez	
  la	
  drosophile,	
  les	
  nématodes,	
  ainsi	
  que	
  

chez	
   certaines	
   espèces	
   de	
   poissons	
   et	
   chez	
   les	
   oiseaux,	
   mais	
   son	
   rôle	
   dans	
   la	
  

détermination	
  du	
  sexe	
  chez	
  les	
  mammifères	
  n’est	
  pas	
  clair.	
  Chez	
  la	
  souris,	
  Dmrt1	
  

ne	
  joue	
  pas	
  un	
  rôle	
  dans	
  la	
  détermination	
  du	
  sexe	
  primaire,	
  mais	
  est	
  nécessaire	
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pour	
   le	
   maintien	
   de	
   l'identité	
   testiculaire	
   à	
   l'âge	
   adulte.	
   Dans	
   ce	
   travail,	
   nous	
  

avons	
   identifié,	
   pour	
   la	
   première	
   fois,	
   une	
   mutation	
   ponctuelle	
   dans	
   le	
   gène	
  

DMRT1	
   humain	
   associée	
   à	
   une	
   absence	
   de	
   détermination	
   des	
   testicules.	
   Une	
  

série	
   d'analyses	
   fonctionnelles	
   démontrent	
   le	
   mécanisme	
   par	
   lequel	
   cette	
  

mutation	
   pourrait	
   conduire	
   à	
   une	
   pathologie	
   de	
   type	
   46,XY	
   avec	
   dysgénésie	
  

gonadique.	
  Les	
  résultats	
  montrent	
  que,	
  contrairement	
  à	
  ce	
  qui	
  est	
  décrit	
  chez	
  la	
  

souris,	
  DMRT1	
  est	
   impliqué	
  dans	
   la	
  détermination	
  primaire	
  des	
   testicules	
  chez	
  

l'homme.	
   Ces	
   résultats	
   indiquent	
   également	
   qu'au	
   niveau	
   moléculaire,	
   la	
  

détermination	
   du	
   sexe	
   peut	
   être	
   un	
   processus	
   beaucoup	
   plus	
   conservé	
   que	
  

précédemment	
  envisagé.	
  	
  

D'autres	
   études	
   concernant	
   des	
   patientes	
   46,XY	
   avec	
   dysgénésie	
   gonadique,	
  

s’appuyant	
   sur	
   un	
   certain	
   nombre	
   d'approches	
   y	
   compris	
   le	
   séquençage	
   de	
  

l'exome,	
   conduisent	
   à	
   l'identification	
  de	
  mutations	
  potentiellement	
   pathogènes	
  

dans	
  deux	
  gènes	
  liés	
  à	
  SRY	
  et	
  SOX9:	
  SOX7	
  et	
  SOX8.	
  Cela	
  amène	
  à	
  penser	
  qu'il	
  peut	
  

y	
  avoir	
  une	
  redondance	
  fonctionnelle	
  entre	
  les	
  gènes	
  SOX	
  dans	
  la	
  détermination	
  

du	
   sexe	
   chez	
   l'homme.	
   En	
   outre,	
   nous	
   avons	
   identifié	
   des	
   mutations	
   dans	
   le	
  

facteur	
  de	
  transcription	
  GATA4	
  associées	
  également	
  à	
  un	
  phénotype	
  46,XY	
  avec	
  

dysgénésie	
   gonadique,	
   laissant	
   supposer	
   un	
   rôle	
   important	
   de	
   ce	
   gène	
   comme	
  

cause	
  de	
  dysgénésie	
  gonadique.	
  

Les	
   conséquences	
   fonctionnelles	
   de	
   ces	
  mutations	
   sur	
   l'activité	
   biologique	
   des	
  

protéines	
  mutantes,	
  ont	
  été	
  évaluées	
  en	
  utilisant	
  un	
  certain	
  nombre	
  d'approches	
  

classiques:	
   localisation	
   cellulaire,	
   dosages	
   de	
   gènes	
   rapporteurs,	
   interactions	
  

ADN-­‐protéine,	
   interactions	
   protéine-­‐protéine,	
   etc...	
   Ces	
   approches	
   ont	
   parfois	
  

indiquées	
  un	
   changement	
  dans	
   l'activité	
  biologique	
  des	
  protéines	
  mutées	
  mais	
  

dans	
  la	
  plupart	
  des	
  cas,	
  n'ont	
  pas	
  réussi	
  à	
  révéler	
  les	
  mécanismes	
  impliqués	
  dans	
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le	
  développement	
  du	
  phénotype	
  morbide.	
  Par	
  conséquent,	
  le	
  développement	
  de	
  

nouveaux	
  modèles	
  cellulaires	
   in	
  vitro	
  pourrait	
   fournir	
  un	
  outil	
  plus	
  performant	
  

pour	
  identifier	
  ces	
  mécanismes.	
  En	
  utilisant	
  des	
  cellules	
  souches	
  embryonnaires	
  

de	
   souris	
   (ESCs	
   en	
   anglais)	
   comme	
   système	
  modèle,	
   nous	
   avons	
   développé	
   de	
  

nouveaux	
   modèles	
   cellulaires	
   pour	
   comprendre	
   le	
   contexte	
   biologique	
   de	
   ces	
  

mutations	
   dans	
   l'environnement	
   approprié.	
   Une	
   fois	
   établis,	
   ces	
   modèles	
  

seraient	
  applicables	
  pour	
  comprendre	
  le	
  développement	
  et	
  la	
  progression	
  de	
  la	
  

maladie	
   en	
  utilisant	
  des	
   cellules	
  provenant	
  directement	
  de	
  patients	
  présentant	
  

des	
   dysfonctionnements	
   du	
   déterminisme	
   du	
   sexe	
   nommés	
   DSD	
   (Disorders	
   of	
  

Sex	
  Development).	
  



• 

• 

• 

• 

• 
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Moreover	
  it	
  will	
  describe	
  and	
  discuss	
  our	
  preliminary	
  results	
  of	
  the	
  derivation	
  of	
  

a	
   mESCs	
   stable	
   steroidogenic	
   cell	
   line	
   that	
   would	
   be	
   developed	
   as	
   a	
   suitable	
  

cellular	
  model	
  for	
  studying	
  sex	
  development	
  and	
  DSD.	
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Bipotential	
  Gonad.	
  

	
  

Primordial	
  cells	
  in	
  bipotential	
  gonad	
  in	
  both	
  sexes	
  have	
  the	
  potential	
  of	
  give	
  rise	
  

to	
  lineages	
  with	
  similar	
  functions.	
  XX	
  ridges	
  can	
  be	
  stimulated	
  to	
  differentiate	
  as	
  

testis	
  by	
  the	
  expression	
  of	
  male	
  sex-­‐determining	
  genes	
  such	
  as	
  Sry	
  or	
  Sox9	
  and	
  

XY	
   ridges	
   can	
   differentiate	
   into	
   ovaries	
   by	
   the	
   absence	
   of	
   testis-­‐determining	
  

genes	
  (Fig	
  1)	
  (Barrionuevo,	
  2005;	
  Vidal	
  et	
  al.,	
  2001;	
  Chaboissier	
  et	
  al.,	
  2004).	
  The	
  

molecular	
  pathways	
  operating	
  to	
  determine	
  formation	
  of	
   testis	
  and	
  ovaries	
  are	
  

mutually	
  antagonistic.	
  (Kim	
  and	
  Capel,	
  2006;	
  Jameson	
  et	
  al.,	
  2012;	
  Ottolenghi	
  et	
  

al.,	
  2007).	
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Formation	
  of	
  the	
  Bipotential	
  gonads	
  

	
  

	
  

In	
  mouse,	
  the	
  bipotential	
  gonad	
  appears	
  around	
  embryonic	
  day	
  E10.5,	
  whereas	
  

in	
  humans	
  the	
  gonadal	
  precursor	
  can	
  be	
  detected	
  at	
  day	
  32	
  post	
  conception.	
  The	
  

indifferent	
   gonad	
   arises	
   as	
   parallel	
   thickening	
   of	
   the	
   epithelium	
   at	
   the	
  

ventromedial	
  surfaces	
  of	
  the	
  mesonephros.	
  The	
  coleomic	
  epithelial	
  proliferation	
  

covers	
  each	
  mesonephros	
  and	
  this	
  results	
   in	
  the	
  outgrowth	
  of	
  the	
  genital	
  ridge	
  

(Karl	
   and	
   Capel,	
   1998;	
   Schmahl	
   et	
   al.,	
   2000).	
   The	
   genital	
   ridge	
   mesenchyme	
  

grows	
  by	
  proliferation,	
  recruitment	
  of	
  cells	
  from	
  the	
  adjacent	
  mesonephros	
  and	
  

the	
  ingression	
  of	
  cells	
  from	
  the	
  coleomic	
  epithelium	
  (Fig	
  1).	
  Several	
  transcription	
  

factors	
  are	
  critical	
  for	
  the	
  development	
  of	
  the	
  undifferentiated	
  bipotential	
  gonad	
  

during	
   embryogenesis.	
   Mainly	
   by	
   mouse	
   knock	
   out	
   studies,	
   several	
   genes	
  

including	
  Lhx9,	
  Emx2,	
  Wt1,	
  Cbx2,	
  Nr5a1,	
  Gata4	
  and	
  Six1/4	
  have	
  been	
   implicated	
  

in	
   establishment	
   of	
   the	
   bipotential	
   gonad	
   in	
   both	
   males	
   and	
   females	
   (Fig	
   2)	
  

(Svingen	
  and	
  Koopman,	
  2013).	
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Homeobox	
  proteins	
  Emx2	
  and	
  Lim/homeobox	
  protein	
  Lhx9	
  have	
  essential	
  roles	
  

in	
  the	
  early	
  development	
  of	
  the	
  bipotential	
  gonad.	
  In	
  humans,	
  EMX2	
  is	
  located	
  on	
  

chromosome	
   10;	
   it	
   encodes	
   a	
   transcription	
   factor	
   containing	
   a	
   pentapeptide	
  

motif	
  that	
  may	
  facilitate	
  its	
  interaction	
  with	
  TALE	
  homeobox	
  proteins.	
  EMX2	
  has	
  

a	
  critical	
  role	
  in	
  early	
  development	
  of	
  the	
  urogenital	
  and	
  central	
  nervous	
  system.	
  

Emx2	
  mutant	
   mice	
   lack	
   kidneys,	
   gonads	
   and	
   genital	
   tracts	
   (Miyamoto	
   et	
   al.,	
  

1997).	
  In	
  the	
  Emx2	
  -­‐/-­‐	
  forming	
  genital	
  ridges,	
  cells	
  of	
  the	
  coleomic	
  epithelium	
  lose	
  

their	
   polarity	
   leading	
   to	
   aberrant	
   tight	
   junction	
   assembly.	
   Moreover,	
   Emx2-­‐/-­‐	
  

mice	
  coleomic	
  epithelial	
  cells	
  that	
  migrate	
  in	
  the	
  mesenchymal	
  compartment	
  are	
  

reduced	
   in	
   numbers,	
   this	
   results	
   in	
   the	
   impairment	
   of	
   the	
   gonad	
   formation	
  

(Kusaka	
  et	
  al.,	
  2010).	
  	
  

INTRO	
  -­‐	
  Figure	
  1.	
  Bipotential	
  gonadal	
  ridges	
  establishment	
  and	
  sex	
  determination.	
  	
  

Genital	
  ridges	
  (blue)	
  appear	
  as	
  an	
  outgrowth	
  along	
  the	
  mesoneprhoi	
  in	
  the	
  coleomic	
  epithelium	
  cavity.	
  
In	
   mouse	
   it	
   can	
   distinguish	
   from	
   E10,	
   cells	
   are	
   recruited	
   from	
   the	
   overlying	
   coleomic	
   epithelium	
  
(brown).	
  Primordial	
  germ	
  cells	
  (yellow)	
  leave	
  the	
  hindgut	
  (red)	
  via	
  the	
  dorsal	
  mesentery	
  to	
  colonize	
  the	
  
genital	
  ridges	
  (arrows).	
  At	
  this	
  stage,	
  genital	
  ridges	
  are	
  bipotential	
  and	
  depending	
  on	
  the	
  genetic	
  signals	
  
can	
  differentiate	
  in	
  either	
  testis	
  or	
  ovaries.	
  At	
  E10.5,	
  Sry	
  is	
  expressed	
  in	
  the	
  XY	
  genital	
  ridges	
  and	
  initiate	
  
Sox9	
  expression	
  leading	
  to	
  testis	
  differentiation.	
   In	
  absence	
  of	
  Sry,	
  XX	
  gonads	
  initiate	
  Rspo1	
  and	
  Wnt4	
  
signaling	
   and	
   develop	
   towards	
   ovaries.	
   (D)	
  Dorsal;	
   (V)	
   ventral.	
   (Fig	
   from	
  T.	
   Svingen	
   and	
  P.	
   Koopman,	
  
Genes	
  and	
  Dev,	
  2013)	
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LHX9	
   is	
   located	
  on	
  human	
  chromosome	
  1,	
   it	
  encodes	
  a	
  397	
  amino	
  acid	
  protein	
  

with	
   two	
   amino	
   terminal	
   domains,	
   a	
   DNA	
   binding	
   homeobox	
   and	
   another	
  

involved	
   in	
   protein-­‐protein	
   interaction	
   (Birk	
   et	
   al.,	
   2000).	
   Lhx9	
   regulates	
   the	
  

expression	
  of	
  a	
  key	
  element	
  required	
  for	
  early	
  gonad	
  development:	
  Nr5a1.	
  Lhx9	
  

can	
  bind	
  directly	
   to	
  Nr5a1	
   promoter	
   in	
  vitro,	
   and	
  has	
   an	
  additive	
   effect	
   on	
   the	
  

Wt1	
   induced	
   activation	
   (Wilhelm	
   and	
   Englert,	
   2002).	
   Lhx9	
   deficient	
   mice	
  

develop	
  discrete	
   gonads	
   and	
  by	
  E13.5	
   show	
  a	
   regression	
  of	
   the	
   gonads	
  due	
   to	
  

markedly	
  reduced	
  cell	
  proliferation	
  (Birk	
  et	
  al.,	
  2000).	
  

	
  

WT1	
   is	
   located	
  on	
  chromosome	
  11	
   in	
  humans	
  and	
  encodes	
  for	
  Wilms’	
   tumor	
  1	
  

zinc	
   finger	
   transcription	
   factor.	
   WT1	
   has	
   two	
   isoforms:	
   with	
   or	
   without	
   an	
  

additional	
  three	
  amino	
  acids	
  (lysine-­‐threonine	
  and	
  serine)	
  between	
  the	
  third	
  and	
  

the	
   fourth	
   zinc	
   finger	
   (+KTS	
   and	
   -­‐KTS);	
   both	
   have	
   different	
   roles	
   during	
  

embryogenesis.	
  WT1-­‐KTS	
   is	
   essential	
   for	
   the	
   formation	
   and	
   development	
   of	
   the	
  

bipotential	
   gonads,	
   and	
   binds	
   preferably	
   DNA,	
   whereas	
   WT1+KTS	
   has	
   more	
  

affinity	
   for	
   RNA.	
   Wt1	
   regulates	
   the	
   expression	
   of	
   different	
   genes	
   involved	
   in	
  

urogenital	
   development	
   including	
  AmhR2,	
  Sox9,	
  Nr5a1,	
  Wnt4	
   and	
  Sry	
   (Wilhelm	
  

and	
   Englert,	
   2002).	
  Wt1-­‐/-­‐	
  mice	
   of	
   both	
   sexes	
   lack	
   kidneys	
   and	
   gonads,	
   due	
   to	
  

apoptosis	
   of	
   the	
   gonadal	
   primordium	
   (Kreidberg	
   et	
   al.,	
   1993).	
   In	
   humans,	
  

heterozygous	
   deletions	
   of	
  WT1	
   are	
   linked	
   to	
   a	
   predisposition	
   to	
  Wilms	
   tumor	
  

and	
   mild	
   genitourinary	
   anomalies;	
   whereas	
   heterozygous	
   missense	
   WT1	
  

mutations	
   are	
   linked	
   to	
   Denys-­‐Drash	
   syndrome	
   (Niaudet	
   and	
   Gubler,	
   2006;	
  

Clarkson	
  et	
  al.,	
  1993;	
  Ludbrook	
  and	
  Harley,	
  2004).	
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Human	
  CBX2	
  is	
  located	
  on	
  chromosome	
  17	
  and	
  encodes	
  for	
  Chromobox	
  homolog	
  

2,	
   a	
   component	
  of	
   the	
  polycomb	
  group	
  complex	
  of	
   regulatory	
  proteins.	
  Cbx2	
   is	
  

involved	
   in	
   the	
   formation	
   and	
   development	
   of	
   the	
   genital	
   ridges.	
  Mice	
   lacking	
  

Cbx2	
  present	
  delayed	
  gonad	
  development	
  and	
  male	
  to	
  female	
  sex	
  reversal.	
  In	
  XX	
  

mice,	
   Cbx2	
   deficiency	
   results	
   in	
   a	
   reduced	
   size	
   of	
   ovaries	
   (Katoh-­‐Fukui	
   et	
   al.,	
  

1998).	
   In	
   humans,	
   heterozygous	
   loss	
   of	
   function	
  mutations	
   in	
  CBX2	
   have	
   been	
  

reported	
   in	
   a	
   46,XY	
   individual	
  with	
   female	
   internal	
   and	
   external	
   genitalia	
   and	
  

normal	
   ovaries	
   (Biason-­‐Lauber	
   et	
   al.,	
   2009).	
   Evidence	
   indicates	
   that	
   Cbx2	
   is	
  

involved	
   in	
  the	
  regulation	
  of	
  several	
  genes	
   involved	
   in	
  testis	
  development	
  such	
  

as	
  Sry,	
  Nr5a1,	
  Wt1	
  and	
  Sox9	
  (Katoh-­‐Fukui	
  et	
  al.,	
  2012).	
  

	
  

NR5A1	
  is	
  present	
  on	
  chromosome	
  9	
  in	
  humans	
  and	
  encodes	
  the	
  nuclear	
  receptor	
  

Steroidogenic	
   factor	
   1	
   (SF1)	
   and	
   is	
   also	
   known	
   as	
   NR5A1	
   or	
   AD4BP.	
   In	
   mice	
  

Nr5a1	
   is	
   expressed	
   in	
   the	
   developing	
   urogenital	
   ridge,	
   pituitary	
   and	
  

hypothalamus	
   (Ikeda	
   1996,	
   2001).	
   Deletion	
   of	
   Nr5a1	
   in	
   mouse	
   results	
   in	
  

complete	
  agenesis	
  of	
  the	
  gonad	
  and	
  adrenal	
  gland	
  (Luo	
  et	
  al.,	
  1994;	
  Sadovsky	
  et	
  

al.,	
   1995).	
   In	
   humans,	
  NR5A1	
  mutations	
   result	
   in	
   primary	
   adrenal	
   failure	
   and	
  

complete	
  XY	
  sex	
  reversal	
  (Achermann	
  et	
  al.,	
  1999).	
  In	
  addition	
  to	
  its	
  function	
  in	
  

the	
   bipotential	
   gonad	
   development,	
   Nr5a1	
   plays	
   multiple	
   roles	
   during	
   testis	
  

development	
  by	
   regulating	
   the	
  expression	
  of	
  genes	
  such	
  as	
  Sox9	
  and	
  Amh	
   (See	
  

section	
  on	
  NR5A1	
  below).	
  

	
  

GATA4	
   is	
   a	
   member	
   of	
   the	
   GATA	
   zinc	
   finger	
   transcription	
   factor	
   family.	
   It	
   is	
  

located	
   on	
   human	
   chromosome	
   8.	
   In	
   mouse	
   embryos,	
   Gata4	
   expression	
   is	
  

detected	
  in	
  the	
  gonadal	
  primordial	
  prior	
  and	
  during	
  sex	
  determination	
  (Ketola	
  et	
  



	
  
19	
  

al.,	
  2000)	
  and	
  it	
  remains	
  visible	
  until	
  E11.5	
  in	
  the	
  somatic	
  cells	
  of	
  both	
  XX	
  and	
  XY	
  

gonads.	
  Around	
  E13.5	
  Gata4	
   expression	
  becomes	
  dimorphic,	
  with	
  upregulation	
  

in	
  the	
  male	
  gonad.	
  Gata4	
  -­‐/-­‐	
  mice	
  die	
  before	
  the	
  genital	
  ridge	
  forms	
  due	
  to	
  cardiac	
  

defects	
   (Molkentin	
   et	
   al.,	
   1997).	
  Gata4	
  conditional	
   knockout	
  mice	
  do	
  not	
   show	
  

signs	
   of	
   initiation	
   of	
   genital	
   ridge	
   formation	
   at	
   E8.75,	
   because	
   their	
   coleomic	
  

epithelium	
   remains	
   as	
   an	
   undifferentiated	
   monolayer	
   (Hu	
   et	
   al.,	
   2013),	
  

suggesting	
   an	
   early	
   role	
   for	
  Gata4	
   in	
   gonadogenesis.	
   In	
   the	
   XY	
  Gata4ki	
  mouse,	
  

which	
   abrogates	
   the	
   interaction	
   of	
   GATA4	
   with	
   its	
   cofactor	
   FOG2,	
   the	
   genital	
  

ridge	
  forms	
  but	
  testis	
  differentiation	
  is	
  blocked	
  due	
  to	
  a	
  reduction	
  in	
  the	
  levels	
  of	
  

Sry	
   expression	
   (Tevosian	
  et	
   al.,	
   2002).	
   In	
  humans,	
  GATA4	
  mutations	
  have	
  been	
  

reported	
   in	
   cases	
   of	
   abnormal	
   cardiac	
   development	
   (Garg	
   et	
   al.,	
   2003)	
   and	
   a	
  

familial	
   case	
  with	
  CGD	
  and	
  46,XY	
  DSD	
  (Lourenço	
  et	
  al.,	
  2011a)	
   (See	
  section	
  on	
  

GATA4	
  below)	
  

	
  

	
  Six1	
   and	
  Six4	
  genes	
  belong	
   to	
   the	
  mammalian	
  homolog	
  of	
   the	
  Drosophila	
  sine	
  

oculis	
  homeobox	
  (Six)	
  family,	
  including	
  six	
  members	
  (Six1-­‐Six6)	
  in	
  the	
  mouse.	
  Six	
  

family	
   genes	
   encode	
   transcriptional	
   factors	
   with	
   both	
   Six	
   domains	
   and	
  

homeodomains	
   (Kawakami	
   et	
   al.,	
   2000).	
   In	
   humans	
   SIX1	
  and	
   SIX4	
   are	
   closely	
  

located	
   on	
   chromosome	
   14,	
   and,	
  mouse	
   Six1	
  and	
   Six4	
  are	
   located	
   in	
   the	
   same	
  

genomic	
  region	
  on	
  chromosome	
  12.	
  Six1	
  and	
  Six4	
  are	
  expressed	
   in	
  overlapping	
  

tissues	
  during	
  mouse	
  embryogenesis	
  including	
  the	
  gonads	
  (Kumar,	
  2009).	
  Mice	
  

lacking	
   either	
  Six1	
   or	
  Six4	
   have	
   normal	
   gonadal	
   development.	
  However,	
   in	
   the	
  

Six1;Six4	
  double	
  knockout,	
  XY	
  mice	
  show	
  reduced	
  size	
  of	
  the	
  gonads,	
  decreased	
  

levels	
  of	
  Sry	
  expression	
  and	
  features	
  of	
  ovarian	
  development.	
  Moreover,	
  both,	
  XY	
  

and	
   XX	
  mice	
   offspring	
   show	
   reduced	
   gonad	
   size	
   and	
   a	
   diminished	
   number	
   of	
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gonadal	
  precursor	
  cells	
  before	
  the	
  onset	
  of	
  Sry	
  expression.	
  	
  Fog2	
  and	
  Nr5a1	
  are	
  

downstream	
   targets	
   of	
   Six1/Six4	
   suggesting	
   that	
   the	
   role	
   of	
   Six	
   genes	
   in	
   the	
  

growth	
   of	
   the	
   gonad	
   precursor	
   cells	
   in	
   the	
   bipotential	
   gonad	
   is	
   achieved	
   by	
  

regulating	
  Nr5a1	
  and	
  also	
  Sry	
  via	
  Fog2	
  (Fujimoto	
  et	
  al.,	
  2013). 

	
  

In	
  the	
  developing	
  bipotential	
  gonad,	
  the	
  supporting	
  cell	
   lineages	
  are	
  the	
  first	
  to	
  

acquire	
  a	
  sex	
  specific	
  fate.	
  In	
  males,	
  the	
  first	
  cells	
  to	
  differentiate	
  are	
  Sertoli	
  cells	
  

and	
  in	
  females	
  their	
  counterpart	
  are	
  granulosa	
  cells.	
  

	
  

	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  2.	
  Bipotential	
  gonad	
  development	
  genetic	
  network.	
  	
  

Genes	
   essential	
   for	
   the	
   correct	
   development	
   of	
   the	
   bipotential	
   gonad	
   identified	
   by	
   knockout	
   mouse	
  
strains	
   show	
   complete	
   absence	
   of	
   gonad	
   development.	
   WT1	
   (-­‐KTS)	
   in	
   synergy	
   with	
   LHX9	
   bind	
   and	
  
activate	
  Sf1	
  promoter.	
  Cbx2	
  regulates	
  in	
  the	
  same	
  way	
  Sf1	
  expression	
  in	
  the	
  spleen	
  and	
  adrenal	
  gland,	
  
suggesting	
   a	
   similar	
   effect	
   in	
   the	
   bipotential	
   gonad.	
   Emx2	
   is	
   thought	
   to	
   have	
   a	
   role	
   in	
   proliferation,	
  
differentiation	
  and	
  cell	
   survival	
  pathways	
   in	
  bipotential	
   gonad	
  development	
   (Fig	
   from	
  S.	
  Eggers	
  et	
  al.,	
  
2014)	
  



	
  
21	
  

Testis	
  differentiation	
  

	
  

The	
  differentiation	
  of	
  the	
  testis	
  begins	
  with	
  the	
  expression	
  of	
  the	
  Y	
  chromosome	
  

specific	
   gene	
  SRY	
   in	
   a	
   subset	
   of	
   somatic	
   cells	
   that	
  will	
   give	
   rise	
   to	
   Sertoli	
   cells	
  

(Koopman	
   et	
   al.,	
   1990).	
   The	
   appearance	
   of	
   Sertoli	
   cells	
   orchestrates	
   the	
  

differentiation	
  of	
   the	
  other	
   cell	
   types	
  of	
   the	
   testis:	
  Leydig	
   cells	
  and	
  peritubular	
  

myoid	
  cells	
  (PMCs)	
  (Fig	
  3).	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  3.	
  Sertoli	
  cells	
  as	
  a	
  hub	
  of	
  testis	
  differentiation	
  and	
  organization.	
  	
  

Sertoli	
  cells	
  are	
  the	
  first	
  somatic	
  cells	
  to	
  appear	
  in	
  testis	
  development.	
  They	
  influence	
  testis	
  cord	
  
formation,	
   Müllerian	
   duct	
   regression,	
   and	
   differentiation	
   of	
   FLCs,	
   PMCs,	
   germ	
   cells	
   and	
  
endothelial	
  cells.	
  Fetal	
  Leydig	
  cells	
  are	
  in	
  charge	
  of	
  androgen	
  production	
  and	
  thus	
  masculinization	
  
of	
  the	
  organism.	
  (Fig	
  from	
  T.	
  Svingen	
  and	
  P.	
  Koopman,	
  Genes	
  and	
  Dev,	
  2013)	
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Testis	
  Morphology	
  

	
  

Sertoli	
  cells.	
  	
  

	
  
Sertoli	
  cells	
  are	
  the	
  first	
  cells	
  to	
  differentiate	
  within	
  the	
  bipotential	
  gonad,	
  

and	
   thus	
   the	
   first	
   indicator	
   of	
   the	
   commitment	
   of	
   the	
   undifferentiated	
   gonad	
  

towards	
  male	
  development.	
  Murine	
   fetal	
   Sertoli	
   cells	
  derive	
   from	
   the	
   coleomic	
  

epithelium	
  and	
  can	
  be	
  detected	
  around	
  E11.2-­‐11.4	
  (Lin	
  and	
  Capel,	
  2015).	
  	
  

	
  

The	
   specification	
   of	
   precursors	
   of	
   Sertoli	
   cells	
   towards	
   mature	
   Sertoli	
   cells	
   is	
  

marked	
   by	
   the	
   expression	
   of	
   Sox9	
   and	
   their	
   polarization	
   to	
   form	
   epithelial	
  

aggregates	
   around	
   germ	
   cells	
   that	
  will	
   shape	
   testis	
   cords	
   (Brennan	
   and	
   Capel,	
  

2004)	
  (Fig	
  4).  

 

	
  

	
  

INTRO	
  -­‐	
  Figure	
  4.	
  Model	
  of	
  testis	
  development	
  in	
  mouse.	
  	
  

(A)	
  At	
  E11.5	
  SRY	
  is	
  expressed	
  in	
  pre-­‐Sertoli	
  cells	
  (green),	
  equally	
  distributed	
  along	
  with	
  PGCs	
  (red)	
  
in	
  the	
  genital	
  ridge.	
  Endothelial	
  cells	
  (pink)	
  start	
  to	
  migrate	
  into	
  the	
  gonad.	
  (B)	
  At	
  E12	
  Sertoli	
  cells	
  
become	
  polarized	
  and	
  form	
  epithelial	
  aggregates	
  around	
  germ	
  cells.	
  Endothelial	
  cells	
  separate	
  these	
  
clusters	
   into	
   the	
   future	
   testis	
   cords.	
   (C)	
   At	
   E13.5	
   testis	
   cords	
   are	
   defined:	
   clusters	
   of	
   GCs	
   are	
  
surrounded	
  by	
   Sertoli	
   cells	
   and	
  one	
   layer	
  of	
  peritubular	
  myoid	
   cells	
   (yellow).	
   In	
   the	
   interstitium,	
  
Leydig	
   cells	
   (blue)	
   produce	
   testosterone.	
   T:	
   testis;	
   M:	
   mesonephros,	
   CV:	
   coelomic	
   vessel.	
   (Figure	
  
from	
  E.	
  Wainwright	
  and	
  D.	
  Wilhelm,	
  2010)	
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Signals	
  from	
  developing	
  Sertoli	
  cells	
  initiate	
  the	
  appearance	
  of	
  Leydig	
  cells	
  in	
  the	
  

interstitial	
  space	
  (Habert	
  et	
  al.,	
  2001).	
  The	
  differentiation	
  of	
  Leydig	
  cells	
  depends	
  

on	
  signals	
  expressed	
  by	
  Sertoli	
   cells.	
  Dhh,	
   a	
   secreted	
  signaling	
   factor	
  by	
  Sertoli	
  

cells	
  acts	
  via	
  Patched	
  receptor	
  (PTCH1),	
  expressed	
  in	
  interstitial	
  cells	
  at	
  the	
  time	
  

of	
   FLC	
   differentiation	
   to	
   specify	
   FLC	
   lineage.	
   It	
   has	
   been	
   suggested	
   that	
  

Dhh/Ptch1	
  signaling	
  pathway	
   triggers	
   the	
  expression	
  of	
  Nr5a1	
   and	
  Cyp11a1	
   in	
  

the	
   interstitial	
   precursor	
   cells.	
   (Barsoum	
   and	
   Yao,	
   2006).	
   DHH	
   mutations	
   are	
  

associated	
  with	
  complete	
  or	
  partial	
  46,XY	
  gonadal	
  dysgenesis	
  (Canto	
  et	
  al.,	
  2004,	
  

2005).	
   At	
   E12.5,	
   PDGF	
   factors	
   and	
   receptors	
   are	
   expressed	
   in	
   fetal	
   XY	
   gonads,	
  

PdgfA	
   in	
   Sertoli	
   cells	
   and	
   Pdgfα	
   in	
   the	
   interstitium.	
   Pdgfα	
   null	
   mice	
   show	
   a	
  

reduced	
   Sertoli	
   cell	
   and	
   fetal	
   Leydig	
   cell	
   proliferation	
   and	
   differentiation,	
   and	
  

disruption	
  in	
  mesonephric	
  cell	
  migration	
  (Brennan	
  et	
  al.,	
  2003;	
  Pierucci-­‐Alves	
  et	
  

al.,	
  2001)	
  (Fig	
  5).	
  	
  

	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  5.	
  	
  Specification	
  of	
  fetal	
  Leydig	
  cells.	
  	
  

The	
   morphogene	
   DHH	
   expressed	
   by	
   Sertoli	
   cells	
   induces	
   Leydig	
   cell	
   specification	
   through	
   its	
  
receptor	
  PTCH1.	
  (Figure	
  from	
  E.	
  Wainwright	
  &	
  D.	
  Wilhelm,	
  2010)	
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Once	
   Sertoli	
   cells	
   mature	
   they	
   produce	
   AMH,	
   inducing	
   the	
   regression	
   of	
   the	
  

“female”	
  Müllerian	
  duct	
  and	
  establishing	
  the	
  development	
  of	
  the	
  “male”	
  Wolffian	
  

duct	
  (Wilhelm	
  and	
  Koopman,	
  2006).	
  

	
  

Adult	
   Sertoli	
   cells	
   support	
   germ	
   cells	
   and	
   provide	
   them	
   the	
   needed	
   factors	
   to	
  

become	
   mature	
   and	
   functional	
   sperm.	
   Each	
   Sertoli	
   cell	
   can	
   cope	
   with	
   a	
  

determined	
   number	
   of	
   germ	
   cells.	
   Therefore,	
   the	
   number	
   of	
   Sertoli	
   cells	
   and	
  

sperm	
  production	
  is	
  directly	
  correlated	
  (Petersen	
  and	
  Söder,	
  2006).	
  

	
  

Leydig	
  cells.	
  

	
  
	
  Fetal	
  Leydig	
  cells	
  (FLCs)	
  appear	
  in	
  the	
  interstitium	
  at	
  E12.5	
  in	
  mouse,	
  

shortly	
   after	
   testis	
   determination,	
   and	
   remain	
   until	
   they	
   are	
   replaced	
   by	
   the	
  

adult	
   Leydig	
   cells	
   around	
  birth	
   (Habert	
   et	
   al.,	
   2001).	
  Their	
  primary	
   function	
   is	
  

the	
  production	
  of	
  testosterone,	
  which	
  virilizes	
  the	
  internal	
  and	
  external	
  genitalia.	
  

They	
  also	
  produce	
   insulin	
   like-­‐3	
  (INSL3)	
   that	
  participates	
   in	
   the	
  descent	
  of	
   the	
  

testis.	
  The	
  origin	
  and	
  differentiation	
  of	
  FLCs	
  is	
  controversial,	
  but	
  we	
  know	
  that	
  a	
  

Nr5a1	
  positive	
  population	
  is	
  shared	
  and	
  divided	
  between	
  the	
  adrenal	
  cortex	
  and	
  

the	
  gonad.	
  This	
  cell	
  population	
  expands	
  along	
   the	
  anterior	
  of	
   the	
  mesonephros	
  

and	
   into	
   the	
   gonad	
   before	
   E11.5	
   (Hatano	
   et	
   al.,	
   1996).	
   At	
   this	
   time	
   point	
  

expression	
  of	
  Nr5a1	
  is	
  active	
  in	
  both	
  pre-­‐Sertoli	
  and	
  pre-­‐FLCs.	
  Afterwards,	
  Nr5a1	
  

expression	
   diminish	
   in	
   fetal	
   Sertoli	
   cells	
   and	
   increases	
   in	
   differentiating	
   FLCs,	
  

when	
  they	
  regulate	
  the	
  elements	
  involved	
  in	
  testosterone	
  production	
  (Sugawara	
  

et	
  al.,	
  1996;	
  Morohashi	
  et	
  al.,	
  1992).	
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Adult	
  Leydig	
  cells	
  (ALCs)	
  differentiate	
  after	
  birth;	
  whether	
  they	
  have	
  or	
  

not	
  a	
  different	
  origin	
  than	
  their	
   fetal	
  counterparts	
   is	
  still	
  a	
  subject	
  of	
  debate.	
   It	
  

seems	
   that	
   ALCs	
   derive	
   form	
   peritubular	
   like	
   stem	
   cells	
   (Ge	
   et	
   al.,	
   2006).	
   In	
  

rodents,	
   the	
   Leydig	
   stem	
   cells	
   proliferate	
   during	
   fetal	
   development	
   to	
   become	
  

Leydig	
  progenitor	
  cells	
  (around	
  10-­‐14	
  post	
  natal	
  day);	
  these	
  ALCs	
  intermediaries	
  

produce	
  low	
  levels	
  of	
  androgens,	
  steroidogenic	
  enzymes,	
  and	
  express	
  luteinizing	
  

hormone	
   (LH).	
   Leydig	
   progenitors	
   cells	
   divide	
   and	
  differentiate	
   into	
   immature	
  

Leydig	
   cells	
   and	
  decay	
   rapidly	
   in	
  numbers.	
   Immature	
  Leydig	
   cells	
  persist	
   for	
   a	
  

short	
  duration	
  and	
  secrete	
  high	
  quantities	
  of	
  testosterone	
  metabolites.	
  Immature	
  

Leydig	
  cells	
  divide	
  once	
  and	
  give	
  rise	
   to	
  ALCs	
  (Chen	
  et	
  al.,	
  2009).	
  Mature	
  ALCs	
  

produce	
   high	
   levels	
   of	
   testosterone,	
   needed	
   for	
   pre-­‐pubertal	
   development	
   of	
  

external	
  male	
  genitalia	
  and	
  the	
  onset	
  of	
  spermatogenesis,	
  among	
  other	
  functions	
  

(Teerds	
  and	
  Huhtaniemi,	
  2015).	
  

The	
   origin	
   of	
   Leydig	
   cell	
   populations	
   is	
   not	
   completely	
   understood.	
   There	
   are	
  

many	
   morphological	
   and	
   genetic	
   studies	
   suggesting	
   they	
   arise	
   from	
   different	
  

populations.	
   However,	
   this	
   idea	
   has	
   recently	
   been	
   challenged	
   and	
   different	
  

models	
  for	
  the	
  origin	
  of	
  FLCS	
  and	
  ALCs	
  are	
  now	
  considered	
  (Fig	
  6).	
  LCs	
  arise	
  in	
  

two	
   separate	
   phases	
   of	
   development	
   in	
   eutherian	
   animals.	
   It	
   is	
   possible	
   that,	
  

similar	
  to	
  Sertoli	
  cells,	
  LCs	
  may	
  have	
  a	
  different	
  morphology	
  and	
  transcriptional	
  

profile	
   during	
   different	
   developmental	
   stages;	
   but	
   they	
   share	
   a	
   common	
  

precursor.	
  The	
  differences	
  between	
  fetal,	
   immature	
  and	
  mature	
  LC	
  populations	
  

may	
   be	
   linked	
   to	
   stage-­‐dependent	
   androgen	
   levels	
   in	
   the	
   testis	
   (Svingen	
   and	
  

Koopman,	
  2013).	
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Peritubular	
  myoid	
  cells.	
  

Peritubular	
  myoid	
  cells	
  (PMCs)	
  origin	
  is	
  quite	
  unclear.	
  They	
  were	
  thought	
  

to	
  be	
  one	
  of	
  the	
  three	
  type	
  cells	
  that	
  migrate	
  from	
  the	
  mesonephros	
  into	
  the	
  male	
  

gonads	
   (Merchant-­‐Larios	
   et	
   al.,	
   1993).	
  However,	
   recent	
   evidence	
   suggests	
   that	
  

the	
   only	
   cells	
   migrating	
   from	
   the	
   mesonephros	
   are	
   endothelial	
   cells	
   that	
  

contribute	
   to	
   testis	
   vasculature	
   (Cool	
   et	
   al.,	
   2008;	
   Combes	
   et	
   al.,	
   2009).	
   PMCs	
  

probably	
   originate	
   from	
   an	
   unknown	
   cell	
   population	
   in	
   the	
   gonad.	
   PMCs	
  

INTRO	
  -­‐	
  Figure	
  6.	
  Different	
  models	
  of	
  FLCs	
  and	
  ALCs	
  origin.	
  	
  

In	
   most	
   mammals,	
   the	
   FLC	
   population	
   seems	
   to	
   be	
   lost	
   after	
   birth,	
   and	
   replaced	
   by	
   a	
   new	
   ALC	
  
population.	
  However,	
  different	
  hypotheses	
  exist	
  to	
  explain	
  the	
  origins	
  of	
  the	
  two	
  populations.	
  (A)	
  The	
  
most	
   popular	
   hypothesis:	
   Both	
   populations	
   arise	
   from	
   two	
   unique	
   and	
   different	
   precursor	
   cell	
  
populations	
  unrelated	
   to	
   each	
  other,	
  with	
   the	
   FLCs	
  disappearing	
   after	
  birth.	
   (B)	
  The	
   least-­‐regarded	
  
hypothesis:	
  Both	
  cell	
  lines	
  are	
  the	
  same	
  cell	
  lineage;	
  the	
  FLC	
  population	
  is	
  almost	
  completely	
  lost	
  after	
  
birth,	
  but	
  few	
  remaining	
  cells	
  divide	
  and	
  differentiate	
  to	
  give	
  rise	
  to	
  ALCs.	
  (C)	
  Alternative	
  hypothesis:	
  
FLCs	
  population	
  decreases	
  after	
  birth,	
  the	
  ALC	
  population	
  is	
  established	
  from	
  the	
  same	
  precursor	
  cells	
  
that	
  FLCs	
  after	
  lying	
  dormant	
  throughout	
  prepubertal	
  stage.	
  (Figure	
  from	
  T.	
  Svingen	
  and	
  P.	
  Koopman,	
  
Genes	
  &	
  Development	
  2013)	
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differentiation	
  is	
  thought	
  to	
  be	
  started	
  by	
  factors	
  secreted	
  by	
  Sertoli	
  cells,	
  such	
  as	
  

DHH,	
  since	
  Dhh	
  null	
  mice,	
  develop	
  abnormal	
  PMCs	
  and	
  malformed	
   testis	
   cords	
  

(Pierucci-­‐Alves	
   et	
   al.,	
   2001).	
   In	
   addditon,	
   Dax1	
   expression	
   in	
   Sertoli	
   cells	
   is	
  

required	
  for	
  PMC	
  differentiation	
  (Meeks	
  et	
  al.,	
  2003).	
  PMCs	
  form	
  a	
  single	
  layer	
  of	
  

flattened	
  cells	
  adjacent	
  to	
  Sertoli	
  cells,	
  marking	
  the	
  perimeter	
  of	
  the	
  testis	
  cords	
  

(Fig	
   7).	
   They	
   have	
   two	
   main	
   functions:	
   (i)	
   to	
   contribute	
   to	
   the	
   structural	
  

conformation	
   of	
   the	
   testis	
   cords	
   in	
   conjunction	
   with	
   Sertoli	
   cells	
   and	
   (ii)	
   to	
  

promote	
  the	
  movement	
  of	
  mature	
  sperm	
  through	
  the	
  adult	
  seminiferous	
  tubules	
  

to	
   the	
   seminal	
   vesicles,	
   a	
   function	
   mediated	
   by	
   their	
   smooth	
   muscle	
   like	
  

character.	
   There	
   is	
   no	
   clear	
   evidence	
   for	
   specific	
   markers	
   for	
   this	
   cell	
   line,	
  

although	
   they	
  express	
  α-­‐smooth	
  actin	
   (αSma)	
  and	
  desmin.	
   	
   (Capel	
  et	
  al.,	
  1999;	
  

Martineau	
  et	
  al.,	
  1997).	
  

	
  

	
  

	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  7.	
  Interaction	
  between	
  PMC	
  and	
  Sertoli	
  cells.	
  	
  

Sertoli	
  cell	
  regulation	
  of	
  DHH	
  signaling	
  and	
  interaction	
  of	
  PTCH1	
  receptor,	
  results	
  in	
  differentiation	
  
of	
  PMCs.	
  	
  Dax1	
  expression	
  from	
  Sertoli	
  cells	
  is	
  also	
  necessary	
  for	
  PMCs	
  differentiation.	
  (Figure	
  from	
  
E.Wainwright	
  &	
  D.	
  Wilhelm,	
  2010)	
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Primordial	
  Germ	
  Cells	
  

Primordial	
  germ	
  cells	
  (PGCs)	
  do	
  not	
  arise	
  form	
  the	
  same	
  cell	
  population	
  

as	
   the	
   somatic	
   cells	
   within	
   the	
   genital	
   ridge.	
   Because	
   they	
   are	
   alkaline	
  

phosphatase	
  positive,	
   it	
   is	
  possible	
  to	
  track	
  them	
  from	
  their	
  place	
  of	
  origin,	
   the	
  

base	
   of	
   the	
   allantois	
   at	
   the	
   posterior	
   end	
   of	
   the	
   primitive	
   streak	
   (Lawson	
   and	
  

Hage,	
  1994).	
  PGCs	
  are	
   first	
  seen	
   in	
  the	
  mouse	
  at	
  E7,	
   in	
  the	
  developing	
  hindgut.	
  

When	
  the	
  hindgut	
  invaginates,	
  PGCs	
  are	
  swept	
  into	
  the	
  embryo,	
  in	
  a	
  process	
  that	
  

seems	
  to	
  be	
  passive,	
  since	
  PGCs	
  are	
  still	
  non	
  motile.	
  By	
  E9.5,	
  PGCs	
  move	
  out	
  from	
  

the	
   hindgut	
   and	
   pass	
   into	
   the	
   forming	
   urogenital	
   ridges.	
   As	
   development	
  

proceeds,	
   the	
   hindgut	
   descends	
   into	
   the	
   coleomic	
   cavity	
   and	
   PGCs	
   migrate	
  

through	
  the	
  dorsal	
  mesentery	
  before	
  entering	
  the	
  developing	
  gonads	
  (Fig	
  8).	
  The	
  

survival	
   and	
  migration	
  of	
  PGCs	
   is	
  dependent	
  on	
   the	
   interaction	
  of	
   the	
   tyrosine	
  

kinase	
   receptor	
   c-­‐Kit,	
   expressed	
   by	
   germ	
   cells,	
   and	
   its	
   ligand	
   Stem	
  Cell	
   Factor	
  

(SCF)	
   expressed	
  by	
   the	
   somatic	
   cells	
   in	
   the	
   gonads	
   (Rossi,	
   2013).	
  During	
   their	
  

migration,	
  PGCs	
  undergo	
  several	
  rounds	
  of	
  cell	
  division.	
  Once	
  they	
  colonize	
  the	
  

gonadal	
   ridge,	
   they	
   lose	
   their	
   ability	
   to	
  move	
   and	
   aggregate.	
   PGCs	
   continue	
   to	
  

proliferate	
  within	
   the	
   undifferentiated	
   gonad	
   and	
  maintain	
   their	
   bipotentiality	
  

until	
  E13,	
  when	
  cells	
  within	
  the	
  male	
  gonad	
  become	
  enclosed	
  within	
  the	
  forming	
  

testis	
   cords	
   and	
   enter	
   mitotic	
   arrest	
   as	
   T1	
   prospermatogonia	
   in	
   male	
   sex	
  

development.	
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INTRO	
  -­‐	
  Figure	
  8.	
  Primordial	
  germ	
  cells	
  migratory	
  pathway.	
  	
  

PGCs	
  are	
  in	
  the	
  base	
  of	
  the	
  allantois	
  around	
  the	
  hindgut	
  at	
  E8.5	
  in	
  mouse	
  embryo.	
  B)	
  Their	
  migration	
  
along	
   the	
  hindgut,	
  dorsal	
  mesentery	
  and	
   into	
   the	
  gonadal	
   ridge	
  at	
  E10.5	
   (Fig	
   from	
  Wilhelm	
  et	
  al.,	
  
2007)	
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Genetic	
  regulation	
  of	
  sex	
  determination	
  

	
  

Male	
  sex	
  determination	
  	
  

	
  

Sox	
  transcription	
  factors	
  

The	
   Sox	
   (Sry	
   related	
   HMG	
   box)	
   gene	
   family	
   encodes	
   more	
   than	
   20	
  

transcription	
   factors	
   involved	
   in	
  development	
  of	
  a	
  variety	
  of	
   cell	
   lineages.	
   	
   Sox	
  

proteins	
  are	
  characterized	
  by	
  the	
  presence	
  of	
  a	
  79	
  amino	
  acid	
  motif	
  that	
  encodes	
  

an	
  HMG	
  (High	
  mobility	
  group)	
  domain.	
  SOX	
  proteins	
  can	
  bind	
  and	
  bend	
   to	
   the	
  

minor	
   groove	
   in	
   DNA	
   by	
   their	
   HMG	
   domain,	
   recognizing	
   a	
   consensus	
   DNA	
  

sequence:	
  ATTGTT	
  (Kamachi	
  and	
  Kondoh,	
  2013).	
  They	
  are	
  classified	
  into	
  groups	
  

A-­‐H,	
  depending	
  on	
  conservation	
  of	
  the	
  amino	
  acid	
  sequence	
  of	
  the	
  HMG	
  domain,	
  

strong	
   homology	
   and	
   whole	
   organization	
   of	
   protein	
   domains	
   within	
   a	
   group	
  

(Bowles	
  et	
  al.,	
  2000;	
  Schepers	
  et	
  al.,	
  2003)(Table	
  1).	
  Sox	
  factors	
  play	
  widespread	
  

roles	
   during	
   development	
   including	
   in	
   neural	
   crest	
   development,	
  

chondrogenesis,	
   CNS	
   neurogenesis,	
   and	
   testis	
   development	
   among	
   others	
  

(Bowles	
  et	
  al.,	
  2000;	
  Chew	
  and	
  Gallo,	
  2009).	
  

The	
  Sox	
  gene	
  family	
  was	
  originally	
  identified	
  based	
  on	
  molecular	
  conservation	
  of	
  

the	
   79	
   amino	
   acid	
   HMG	
   DNA	
   binding	
   domain	
   found	
   in	
   the	
   gene	
   for	
   the	
  

mammalian	
   testis-­‐determining	
   factor	
   SRY.	
   Almost	
   all	
   Sox	
   genes	
   have	
   at	
   least	
  

50%	
  of	
  amino	
  acid	
  similarity	
  with	
  Sry	
  HMG	
  box	
  (Chew	
  and	
  Gallo,	
  2009).	
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SRY	
  
	
  

The	
   first	
   Sox	
   family	
  member	
   identified	
  was	
  Sry	
  (Sex	
  determining	
   region	
  

on	
  Y	
  chromosome).	
  (Sinclair	
  et	
  al.,	
  1990;	
  Koopman	
  et	
  al.,	
  1990).	
  Located	
  on	
  the	
  

short	
   arm	
  of	
   the	
  Y	
   chromosome	
   immediately	
   adjacent	
   to	
   the	
  pseudoautosomal	
  

region,	
   SRY	
   is	
   necessary	
   and	
   sufficient	
   to	
   induce	
   testis	
   development	
   in	
  mouse	
  

and	
  humans.	
  When	
  expression	
  levels	
  of	
  Sry	
  reach	
  a	
  critical	
  threshold,	
  expression	
  

of	
  its	
  major	
  downstream	
  target	
  Sox9	
  is	
  upregulated,	
  which	
  initiates	
  a	
  cascade	
  of	
  

signaling	
  events	
  resulting	
  in	
  male	
  sex	
  determination.	
  In	
  mice,	
  Sry	
  binds	
  to	
  a	
  testis	
  

specific	
   enhancer	
   sequence	
   (Tesco)	
   upstream	
   of	
   the	
   Sox9	
   gene	
   and	
   in	
   synergy	
  

Table	
  1.	
  Sox	
  subgroups	
  in	
  Mus	
  musculus.	
  Different	
  members	
  of	
  Sox	
  transcription	
  factors	
  and	
  their	
  
subgroups	
  category	
  in	
  Mus	
  musculus.	
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with	
  Nr5a1	
  regulates	
  its	
  expression	
  (Sekido	
  and	
  Lovell-­‐badge,	
  2008)	
  (Fig	
  9).	
  Sry	
  

expression	
  is	
  detected	
  in	
  mice	
  at	
  E10.5	
  (Koopman	
  et	
  al.,	
  1990;	
  Jeske	
  et	
  al.,	
  1996),	
  

initially	
  at	
  the	
  central	
  region	
  of	
  the	
  gonad,	
  which	
  then	
  rapidly	
  expands	
  outwards	
  

among	
   all	
   the	
   gonad	
   at	
   E11.5	
   before	
   reducing	
   in	
   the	
   same	
   wave-­‐like	
   manner	
  

(from	
   the	
   center	
   and	
   towards	
   the	
   boundaries)	
   (Bullejos	
   and	
   Koopman,	
   2001).	
  

Sry	
   expression	
   is	
   completely	
   diminished	
   by	
   E12.5	
   in	
   mouse.	
   In	
   other	
   species,	
  

such	
  as	
  the	
  human	
  the	
  onset	
  of	
  SRY	
  expression	
  is	
  similar	
  to	
  the	
  mouse	
  however	
  

the	
  expression	
  persists	
  in	
  Sertoli	
  cells	
  throughout	
  testis	
  development	
  (Hanley	
  et	
  

al.,	
  2000;	
  Pannetier	
  et	
  al.,	
  2006).	
  The	
  spatiotemporal	
  profile	
  of	
  Sry	
  expression	
  is	
  

critical,	
  since	
  a	
  delay	
  in	
  the	
  timing	
  or	
  a	
  reduction	
  in	
  the	
  levels	
  of	
  Sry	
  expression	
  

can	
   lead	
   to	
   a	
   failure	
   of	
   testis	
   determination	
   and	
   inappropriate	
   development	
   of	
  

ovotestis	
  or	
  ovaries	
  (Wilhelm	
  et	
  al.,	
  2009).	
  

INTRO	
  –	
  Figure	
  9.	
  Molecular	
  pathway	
  underlying	
  Sertoli	
  cell	
  specification	
  and	
  differentiation.	
  	
  

There	
  are	
  a	
  three	
  different	
  phases.	
  A)	
  the	
  regulation	
  of	
  Sry	
  expression.	
  B)	
  induction	
  of	
  Sox9	
  expression	
  
and	
  C)	
  the	
  maintenance	
  of	
  Sox9	
  expression.	
  (Figure	
  from	
  E.	
  Wainwright	
  &	
  D.	
  Wilhelm,	
  2010)	
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Apart	
  from	
  Sox9,	
  several	
  other	
  genes	
  have	
  been	
  identified	
  as	
  downstream	
  

targets	
  of	
  Sry,	
  such	
  as	
  Pod1,	
  Cbln1	
  and	
  Ntf3	
  (Bhandari	
  et	
  al.,	
  2012;	
  Clement	
  et	
  al.,	
  

2011;	
  Bradford	
  et	
  al.,	
  2009a).	
  How	
  or	
  if	
  they	
  are	
  involved	
  in	
  testis	
  determination	
  

under	
  Sry	
  regulation	
  in	
  mice	
  and	
  humans	
  needs	
  to	
  be	
  defined.	
  

	
  

Several	
   transcription	
  factors	
  are	
   involved	
   in	
  the	
  regulation	
  of	
  Sry	
  expression	
   in	
  

the	
   future	
   supporting	
   cell	
   precursors	
   (See	
   Fig	
   10)	
   These	
   include	
   Wt1	
   (–KTS)	
  

that	
   binds	
   to	
   Sry	
   and	
  Nr5a1	
   promoters	
   in	
   vitro,	
   although,	
   the	
   cell	
   population	
  

preceding	
   testis	
  differentiation	
   is	
  Wt1	
   (-­‐KTS)	
  negative.	
  Mice	
   lacking	
   the	
  Wt1	
   (-­‐

KTS)	
  isoform	
  have	
  small	
  embryonic	
  gonads	
  and	
  low	
  but	
  detectable	
  expression	
  of	
  

Sox9	
   and	
   Amh,	
   implying	
   that	
   the	
   male	
   pathway	
   is	
   not	
   completely	
   blocked	
  

(Hammes	
  et	
  al.,	
  2001).	
  Wt1	
  (+KTS)	
  isoform	
  can	
  not	
  bind	
  in	
  vitro	
  to	
  Sry	
  promoter	
  

(Hossain	
   and	
   Saunders,	
   2001),	
   however,	
   its	
   abolition	
   results	
   in	
   considerably	
  

reduced	
   levels	
  of	
  Sry	
  expression	
  and	
  sex	
  reversal	
  (Bor	
  et	
  al.,	
  2006;	
  Bradford	
  et	
  

al.,	
  2009b).	
  Wt1	
  +KTS	
  may	
  also	
  be	
  involved	
  in	
  the	
  post-­‐transcriptional	
  regulation	
  

of	
  Sry	
  (Hammes	
  et	
  al.,	
  2001).	
  

	
  

In	
   Nr5a1-­‐/-­‐	
  mice,	
  XX	
   and	
   XY	
   gonads	
   regress	
   by	
   E12.5,	
   along	
   with	
   a	
   complete	
  

absence	
   of	
   Sry	
   expression	
   suggesting	
   that	
   Nr5a1	
   may	
   be	
   one	
   of	
   the	
   upstream	
  

regulators	
  of	
  Sry	
   (de	
  Santa	
  Barbara	
  et	
   al.,	
   2001;	
  Pilon	
  et	
   al.,	
   2003).	
   In	
  humans,	
  

NR5A1	
  haploinsufficiency	
  results	
  in	
  sex	
  reversal	
  (Achermann	
  et	
  al.,	
  2002).	
  

	
  

Mouse	
   XY	
   embryos	
   lacking	
   Fog2	
   (also	
   known	
   as	
   Zfpm2)	
   and	
   the	
   homozygous	
  

Gata4	
  mutant:	
  Gata4ki,	
   that	
  abolishes	
   the	
   interaction	
  between	
  Gata4	
  and	
  Fog2,	
  

exhibits	
  reduced	
  levels	
  of	
  Sry	
  expression	
  and	
  sex	
  reversal	
  (Tevosian	
  et	
  al.,	
  2002).	
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Sry	
  expression	
   in	
  Gata4ki	
  gonads	
   isolated	
  at	
  E11.5	
  was	
  25%	
  of	
   that	
  detected	
   in	
  

wild	
  type	
  gonads	
  (Manuylov	
  et	
  al.,	
  2008).	
  This	
  suggests	
  that	
  Gata4-­‐Fog2	
  dimers	
  

are	
  required	
  for	
  Sry	
  regulation.	
  Moreover,	
  Gata4	
  and	
  Fog2	
  seem	
  to	
  have	
  separate	
  

and	
  distinct	
  roles	
  during	
  gonadal	
  development,	
  since	
  the	
  absence	
  of	
  Fog2	
   leads	
  

to	
  a	
  partial	
  block	
  of	
   testis	
  differentiation,	
  whereas	
  Gata4	
   seems	
   to	
  be	
   required	
  

for	
   testis	
   cord	
   formation	
   and	
   Dmrt1	
   expression	
   in	
   early	
   sex	
   differentiation	
  

(Manuylov	
  et	
  al.,	
  2011).	
  

	
  

Gadd45g-­‐/-­‐	
  mice	
  present	
  XY	
   gonadal	
   sex	
   reversal	
   due	
   to	
   loss	
   of	
  Sry	
  expression	
  

(associated	
   with	
   reduction	
   in	
   phosphorylation	
   of	
   p38	
   MAPK	
   and	
   Gata4).	
  

Transient	
  overexpression	
  of	
  Map3k4	
  can	
  rescue	
   the	
  gonadal	
  defects	
   suggesting	
  

that	
  Gadd45g	
  is	
  involved	
  in	
  male	
  sex	
  determination	
  (See	
  section	
  MAPK	
  below).	
  

	
  

Six1	
   and	
   Six4,	
   are	
   proposed	
   as	
   positive	
   regulators	
   of	
   Sry	
   expression	
   by	
  

upregulation	
  of	
  Fog2	
  in	
   the	
  coleomic	
  epithelium	
  at	
   the	
  onset	
  of	
  Sry	
   expression.	
  

Six1-­‐/-­‐;	
   Six4-­‐/-­‐	
   XY	
   mice	
   gonads	
   show	
   reduced	
   size	
   due	
   to	
   disruption	
   of	
   Nr5a1	
  

expression	
   and	
   low	
   levels	
   of	
   Fog2	
   and	
   thus	
   Sry	
   expression,	
   accompanied	
   by	
  

impaired	
  testis	
  differentiation.	
  The	
  forced	
  expression	
  of	
  Sry	
  transgene	
  can	
  rescue	
  

testis	
  development,	
  but	
  not	
  the	
  precursor	
  cell	
  growth	
  (Fujimoto	
  et	
  al.,	
  2013).	
  

	
  

Mice	
   lacking	
   the	
   polycomb	
   Cbx2	
   gene	
   show	
   reduced	
   levels	
   of	
   Sry	
   expression,	
  

causing	
   XY	
   sex	
   reversal	
   in	
   mice	
   and	
   humans	
   (Katoh-­‐Fukui	
   et	
   al.,	
   2012),	
   the	
  

impaired	
  testis	
  development	
  can	
  be	
  rescued	
  by	
  transgenes	
  Sry	
  or	
  Sox9.	
  Cbx2	
  can	
  

bind	
  specifically	
  to	
  Nr5a1	
  promoter,	
  regulating	
  its	
  expression	
  (Katoh-­‐Fukui	
  et	
  al.,	
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2005).	
   However,	
   the	
   exact	
   interaction	
   between	
   Cbx2	
   and	
   Sry	
   remains	
   to	
   be	
  

clearly	
  understood.	
  

	
  

Recent	
   data	
   suggests	
   that	
   Sry	
   expression	
   is	
   also	
   under	
   epigenetic	
   regulation.	
  

Kdm3a	
  (Jmjd1a)	
  deficient	
  mice	
  show	
  varying	
  degrees	
  of	
  XY	
  sex	
  reversal;	
  at	
  E13.5	
  

these	
  mice	
  present	
  ovotestes	
  with	
  both	
  Sox9	
  and	
  Foxl2	
  positive	
  cells,	
  indicating	
  a	
  

failure	
  of	
  testis	
  determining	
  pathway.	
  In	
  wild	
  type	
  mice,	
  Kdm3a	
  mRNA	
  levels	
  are	
  

increased	
  from	
  E10.5	
  to	
  E11.5	
  in	
  the	
  somatic	
  cells	
  of	
  the	
  gonads;	
  Kdm3a	
  deficient	
  

mice	
  show	
  increased	
   levels	
  of	
  H3K9me2	
   in	
  regulatory	
  regions	
  of	
  Sry	
  but	
  not	
   in	
  

Sox9,	
   however,	
   levels	
  of	
   both	
  Sry	
   and	
  Sox9	
   are	
   reduced	
  at	
  E11.5	
   (Kuroki	
   et	
   al.,	
  

2013).	
  	
  

	
  

INTRO	
  -­‐	
  Figure	
  10.	
  Sry	
  regulation.	
  	
  

Kdm3a/Jmjd1a	
   upregulates	
   the	
   H3K9	
   demethylation	
   of	
   Sry	
   locus,	
   allowing	
   the	
   upregulation	
   of	
   Sry	
  
expression	
   by	
   different	
   transcriptional	
   factors.	
  Gata4	
   and	
   Fog2	
   are	
   critical	
   for	
   Sry	
   activation.	
   Fog2	
   is	
  
upregulated	
   by	
   Six1	
   and	
   Six4	
   in	
   the	
   coleomic	
   epithelium.	
   Gata4	
   is	
   transiently	
   activated	
   by	
   Gadd45g-­‐
Map3k4-­‐p38	
   MAPK	
   pathway.	
   Phosphorylated	
   GATA4	
   and	
   FOG2	
   complex	
   may	
   bind	
   to	
   Sry	
   promoter	
  
activating	
   its	
  expression.	
  The	
  WT1	
  (+KTS)	
  may	
  contribute	
  to	
  the	
  post	
  transcriptional	
  regulation	
  of	
  Sry	
  
mRNA.	
  CBX2	
  is	
  required	
  for	
  Sry	
  upregulation	
  but	
  still	
  remains	
  to	
  be	
  elucidated	
  how	
  this	
   interaction	
  is.	
  
Additionally	
  CBX2	
  upregulates	
  Sf1	
  expression	
  and	
  SF1	
   is	
  an	
  upstream	
  regulator	
  of	
  Sry.	
  (Figure	
   from	
  S.	
  
Tanaka	
  &	
  R.	
  Nishinakamura,	
  Cell.Mol.Life.Sci	
  2014)	
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SOX9	
  
	
  

Human	
  SOX9	
  is	
  located	
  on	
  chromosome	
  17	
  and	
  encodes	
  a	
  protein	
  of	
  509	
  

amino	
  acids.	
  It	
  is	
  a	
  transcription	
  factor	
  containing	
  a	
  HMG	
  domain,	
  which	
  belongs	
  

to	
   the	
   SOX	
   subgroup	
  E	
   (including	
   SOX8	
   and	
   SOX10).	
  Sox9	
   is	
   considered	
   a	
   pro-­‐

testis	
  gene	
  in	
  all	
  mammals	
  where	
  it	
  has	
  been	
  studied.	
  In	
  mice	
  Sox9	
  is	
  expressed	
  

in	
  the	
  undifferentiated	
  gonad	
  of	
  both	
  sexes	
  (E10.5),	
  but	
  becomes	
  dramatically	
  up	
  

regulated	
   in	
   pre-­‐Sertoli	
   cells	
   immediately	
   after	
   the	
   onset	
   of	
   Sry	
   expression	
  

(E11.5)	
  in	
  a	
  similar	
  wave-­‐like	
  pattern	
  to	
  Sry.	
  Unlike	
  Sry	
  in	
  mice,	
  Sox9	
  expression	
  

is	
  maintained	
  in	
  Sertoli	
  cells	
  after	
  birth.	
  SOX9	
  is	
  not	
  only	
  required	
  but	
  sufficient	
  

for	
  male	
  sex	
  development,	
  because	
  Sox9	
  loss	
  is	
  associated	
  with	
  XY	
  sex-­‐reversal	
  in	
  

mouse	
   and	
  human	
  due	
   to	
   failure	
  of	
   Sertoli	
   cell	
   differentiation	
   (Barrionuevo,	
   et	
  

al.,	
  2005;	
  Chaboissier	
  et	
  al.,	
  2004).	
  Additionally,	
  the	
  forced	
  expression	
  of	
  Sox9	
  in	
  

XX	
  mouse	
   embryonic	
   gonads	
   results	
   in	
   testis	
   development	
   (Vidal	
   et	
   al.,	
   2001;	
  

Bishop	
   et	
   al.,	
   2000).	
   In	
   humans,	
   the	
   duplication	
   of	
   the	
   SOX9	
   gene	
   has	
   been	
  

reported	
  to	
  cause	
  46,XX	
  testicular	
  DSD	
  (Huang	
  et	
  al.,	
  1999;	
  Cox	
  et	
  al.,	
  2011).	
  

In	
  mice,	
  a	
  gonad-­‐specific	
  regulatory	
  element	
  of	
  Sox9	
  has	
  been	
  defined	
  as	
  a	
  3.2kb	
  

enhancer	
   (TES)	
   located	
  13kb	
  upstream	
  of	
  Sox9.	
   Further	
  studies	
  have	
  delimited	
  

the	
   TES	
   element	
   to	
   a	
   1.4kb	
   conserved	
   core	
   enhancer	
   region	
   (TESCO).	
   Sry	
   and	
  

Nr5a1	
   bind	
   synergistically	
   to	
   TES	
   and	
   enhance	
   Sox9	
   expression.	
   Since	
   in	
   the	
  

mouse	
  Sry	
  is	
  only	
  expressed	
  for	
  a	
  short	
  period,	
   later	
  on	
  Sry	
  binding	
  is	
  replaced	
  

by	
   the	
   Sox9	
   protein,	
   thereby	
   maintaining	
   its	
   own	
   expression	
   levels	
   (See	
   Fig	
  

11)(Sekido	
  and	
  Lovell	
  Badge,	
  2008).	
  In	
  humans,	
  TES	
  homologous	
  sequence	
  have	
  

been	
   described	
   14kb	
   upstream	
   of	
   SOX9,	
   however	
   no	
   mutations	
   or	
  

rearrangements	
  in	
  it	
  have	
  been	
  reported	
  in	
  association	
  with	
  46,XY	
  DSD	
  (Georg	
  et	
  

al.,	
  2010)	
  suggesting	
  the	
  existence	
  of	
  additional	
  testis	
  specific	
  enhancer	
  regions	
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in	
  humans.	
  Recent	
  reports	
  have	
  identified	
  specific	
  isolated	
  regulatory	
  regions	
  for	
  

46,XY	
  and	
  46,XX	
  DSD	
  within	
  a	
  long	
  distance	
  regulatory	
  region	
  upstream	
  of	
  SOX9	
  

associated	
  with	
  DSD	
  called	
  RevSex	
  (Benko	
  et	
  al.,	
  2011;	
  Cox	
  et	
  al.,	
  2011;	
  Vetro	
  et	
  

al.,	
  2011).	
  46,XY	
  DSD	
  (SRY	
  positive)	
  have	
  been	
  linked	
  to	
  a	
  32.5kb	
  deleted	
  region	
  

at	
   607.1-­‐639.6kb	
   upstream	
   of	
   SOX9,	
   which	
   was	
   further	
   narrowed	
   to	
   a	
   1.9kb	
  

Sertoli	
   cell	
   specific	
   enhancer.	
   46,XX	
  DSD	
   (SRY-­‐negative)	
   duplications	
   defined	
   a	
  

68kb	
   region,	
   516-­‐584kb	
   upstream	
   of	
   SOX9	
   (Kim	
   et	
   al.,	
   2015).	
   Furthermore,	
   a	
  

recent	
  collaboration	
  in	
  our	
  lab	
  has	
  defined	
  a	
  regulatory	
  element	
  of	
  ≈40kb	
  region,	
  

that	
  when	
  duplicated	
  is	
  associated	
  with	
  46,XX	
  DSD	
  (Hyon	
  et	
  al.,	
  2015).	
  	
  

	
  

	
  

Sox9	
  is	
  also	
  under	
  miRNAs	
  regulation.	
  In	
  the	
  developing	
  mouse	
  ovarian	
  cells	
  the	
  

expression	
   of	
   miR124	
   down-­‐regulates	
   Sox9	
   expression	
   (Real	
   et	
   al.,	
   2013).	
  

Whereas	
   in	
  the	
  developing	
  testis,	
  Sox9	
   triggers	
  the	
  over-­‐expression	
  of	
  miR202-­‐

5p	
   and	
   miR202-­‐3p	
   (Wainwright	
   et	
   al.,	
   2013).	
   The	
   precise	
   roles	
   for	
   miR202-­‐

5p/3p	
  during	
  testis	
  determination	
  remain	
  to	
  be	
  understood.	
  

Once	
   Sox9	
   expression	
   reaches	
   a	
   critical	
   threshold	
   in	
   fetal	
   Sertoli	
   cells,	
   several	
  

positive	
   regulatory	
   loops	
  are	
  activated	
   to	
  maintain	
   its	
   expression,	
   including	
   its	
  

autoregulation	
   via	
   TESCO	
   and	
   other	
   regulatory	
   pathways	
   including	
   Fgf9	
   and	
  

PGD2	
  (See	
   Fig	
   11).	
   Sox9	
   upregulates	
   Fgf9	
  expression	
   and	
   Fgf9	
   then,	
  maintains	
  

Sox9	
  expression,	
  by	
  establishing	
  a	
  feed	
  forward	
  loop	
  via	
  FGF	
  receptor	
  2	
  (FGFR2)	
  

(Kim	
   et	
   al.,	
   2007).	
   Mutations	
   in	
   Fgf9	
   or	
   Fgfr2	
   cause	
   the	
   reduction	
   of	
   Sox9	
  

expression	
  levels	
  and	
  thus	
  lead	
  to	
  XY	
  sex	
  reversal	
  (Colvin	
  et	
  al.,	
  2001;	
  Kim	
  et	
  al.,	
  

2007).	
   Moreover,	
   a	
   duplication	
   of	
   FGF9	
   has	
   been	
   reported	
   in	
   a	
   46,XX	
   male	
  

(Chiang	
   et	
   al.,	
   2013)	
   and	
   a	
   deletion	
   including	
   FGFR2	
   in	
   a	
   46,XY	
   female	
   with	
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ambiguous	
  genitalia	
  has	
  been	
  reported	
  (Tannour-­‐Louet	
  et	
  al.,	
  2010),	
  suggesting	
  

an	
  involvement	
  of	
  both	
  genes	
  in	
  human	
  male	
  gonad	
  development.	
  	
  

Another	
   amplification	
   loop	
   for	
   Sox9	
   expression	
   is	
   given	
   by	
   the	
   direct	
   Sox9	
  

binding	
   to	
   the	
   promoter	
   region	
   of	
   Ptgds,	
   which	
   encodes	
   for	
   prostaglandin	
   D	
  

synthase	
  and	
  mediates	
  the	
  production	
  of	
  PGD2	
  (Wilhelm	
  et	
  al.,	
  2007).	
  Autocrine	
  

and/or	
   paracrine	
   PGD2	
   regulation	
   stimulates	
   Sox9	
   transcription	
   and	
   nuclear	
  

localization	
  and	
  thus	
  reinforce	
  the	
  differentiation	
  of	
  Sertoli	
  cells	
  (Wilhelm	
  et	
  al.,	
  

2005;	
  Malki	
  et	
  al.,	
  2005).	
  Targeted	
  null	
  mutations	
  of	
  Ptgds	
  in	
  mouse	
  XY	
  gonads,	
  

result	
  in	
  decreased	
  and	
  delayed	
  expression,	
  and	
  aberrant	
  cellular	
  localization	
  of	
  

Sox9;	
  however	
  no	
  sex	
  reversal	
  was	
  observed,	
  suggesting	
   that	
  another	
  signaling	
  

pathway	
   can	
   compensate	
   the	
   lack	
   of	
   Ptgds	
   and	
   rescue	
   the	
   levels	
   of	
   Sox9	
  

expression	
  in	
  Sertoli	
  cells	
  differentiation	
  (Moniot	
  et	
  al.,	
  2009).	
  

Other	
   direct	
   targets	
   of	
   SOX9	
   include	
   the	
   anti-­‐Müllerian	
   hormone	
   (AMH)	
   gene,	
  

which	
   encodes	
   a	
   TGF-­‐β	
   like	
   molecule	
   secreted	
   by	
   fetal	
   Sertoli	
   cells;	
   AMH	
   is	
  

responsible	
   for	
   the	
   regression	
   of	
   the	
   Müllerian	
   ducts	
   (see	
   section	
   on	
   AMH).	
  

Cerebellin	
   4	
   precursor	
   gene:	
   Cbln4	
   (Bradford	
   et	
   al.,	
   2009a),	
   which	
   encodes	
   a	
  

transmembranal	
   protein;	
   and	
   Vanin-­‐1	
   (Vnn)	
   (Wilson	
   et	
   al.,	
   2005)	
   have	
   been	
  

proposed	
  as	
  putative	
   targets	
   for	
  Sox9,	
  however	
   their	
   role	
  during	
  male	
  gonadal	
  

development	
  remains	
  to	
  be	
  clarified.	
  

	
   	
  

SOX8	
  
	
  

SOX8	
   belongs	
   to	
   the	
   subgroup	
   E	
   of	
   SOX	
   family	
   of	
   transcription	
   factors.	
  

Sox8	
   is	
   expressed	
   in	
   a	
   similar	
   temporal	
   and	
   spatial	
   pattern	
   to	
   Sox9	
   in	
   the	
  

developing	
   gonads.	
   Its	
   expression	
   is	
   up	
   regulated	
   in	
   Sertoli	
   cells	
   around	
   12h	
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following	
  Sox9,	
  however	
  it	
  precedes	
  AMH	
  expression	
  (Schepers	
  et	
  al.,	
  2003).	
  Like	
  

Sox9,	
   Sox8	
   can	
   bind	
   to	
  AMH	
   promoter	
   and	
   interact	
   in	
   synergy	
   with	
   Nr5a1	
   in	
  

order	
  to	
  activate	
  it	
  in	
  vitro	
  (Schepers	
  et	
  al.,	
  2003).	
  In	
  vivo,	
  the	
  redundant	
  role	
  of	
  

Sox8	
   and	
  Sox9	
   has	
   been	
   confirmed	
  by	
  mouse	
   double	
   knock	
   out	
   studies,	
  where	
  

Sox8	
  is	
  able	
  to	
  reinforce	
  Sox9	
  function	
  during	
  testis	
  determination	
  (Chaboissier	
  

et	
  al.,	
  2004).	
  	
  

Sox8	
   along	
  with	
   Sox9	
   have	
   an	
   important	
   role	
   in	
  maintenance	
   of	
  male	
   fertility.	
  

Sox8	
  mutant	
  mice,	
  which	
   are	
   initially	
   fertile,	
   develop	
   progressive	
   seminiferous	
  

tubule	
   failure	
   and	
   infertility	
   with	
   age	
   (Barrionuevo	
   et	
   al.,	
   2009).	
   Germ	
   cells	
  

depend	
   on	
   Sertoli	
   cells	
   for	
   their	
   correct	
   movement	
   towards	
   the	
   seminiferous	
  

epithelium	
  and	
  Sox8-­‐/-­‐	
  mice	
  show	
  a	
  progressive	
  degeneration	
  of	
  the	
  seminiferous	
  

tubules	
   through	
   perturbed	
   physical	
   interactions	
   between	
   Sertoli	
   cells	
   and	
  

developing	
  germ	
  cells	
  (O’Bryan	
  et	
  al.,	
  2008).	
  

	
  

	
   SOX10	
  
	
  

During	
  mouse	
  embryonic	
  testis	
  development,	
  spatio-­‐temporal	
  expression	
  

of	
  Sox10	
   is	
  similar	
  to	
  the	
  other	
  members	
  of	
  SOX-­‐E	
  subgroup	
  (Cory	
  et	
  al.,	
  2007).	
  

XX	
  mice	
  expressing	
  Sox10	
  under	
  the	
  promoter	
  of	
  Wt1,	
  develop	
  testis	
  and	
  a	
  male	
  

physiology	
   depending	
   on	
   the	
   expression	
   levels	
   of	
  Sox10	
  (Polanco	
   et	
   al.,	
   2010).	
  

Sox10	
  is	
  expressed	
   in	
  primordial	
  gonads	
  at	
   low	
  levels	
  before	
  sex	
   is	
  determined	
  

and	
  expression	
  becomes	
  male	
   specific	
  during	
   testis	
  differentiation.	
  Duplication	
  

of	
  22q	
   including	
  SOX10	
   in	
  human	
   is	
   associated	
  with	
  46,XX	
  DSD	
   (Polanco	
  et	
   al.,	
  

2010).	
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The	
  expression	
  patterns	
  of	
  Sox8	
   and	
  Sox10	
  during	
  embryonic	
  development	
  are	
  

similar	
  to	
  the	
  expression	
  profile	
  of	
  Sox9.	
  Both	
  Sox8	
  and	
  Sox10	
  have	
  the	
   in	
  vitro	
  

ability	
   to	
   regulate	
   known	
   Sox9	
   targets	
   (they	
   both	
   activate	
   TESCO	
   and	
   AMH	
  

promoter	
   in	
   synergy	
   with	
   Nr5a1	
   (Sekido	
   and	
   Lovell-­‐badge,	
   2008;	
   Lin	
   and	
  

Achermann,	
   2008)),	
   suggesting	
   a	
   functional	
   redundancy	
   between	
   the	
   SOXE	
  

members	
   during	
   the	
   development	
   of	
   the	
   male	
   gonad.	
   Importantly,	
   in	
   XX	
  

Sox9cKO,Rspo1cKO	
  mice,	
  testis	
  development	
  occurs	
  in	
  the	
  absence	
  of	
  Sry	
  and	
  Sox9.	
  

These	
  mice	
  show	
  upregulated	
  expression	
  of	
  both	
  Sox8	
  and	
  Sox10,	
  suggesting	
  that	
  

these	
   Sox	
   genes	
   can	
   induce	
   male	
   differentiation	
   in	
   the	
   absence	
   of	
   a	
   female	
  

pathway	
  activator	
  such	
  as	
  Rspo1	
  (Lavery	
  et	
  al.,	
  2012).	
  The	
  existence	
  of	
  a	
  highly	
  

conserved	
   HMG-­‐box	
   domain	
   that	
   mediates	
   DNA	
   binding	
   among	
   SOX	
   proteins	
  

may	
   explain	
   the	
   observed	
   redundancy.	
   SOX	
   proteins	
   acquire	
   their	
   cell	
   specific	
  

regulatory	
   functions	
   by	
   interacting	
   with	
   different	
   protein	
   partners.	
   The	
  

functional	
   redundancy	
   between	
   members	
   of	
   Sox	
   family,	
   regulating	
   the	
   same	
  

target	
   genes,	
   preserves	
   the	
   developmental	
   processes	
   against	
   genetic	
   variation	
  

between	
  individuals	
  (Kamachi	
  and	
  Kondoh,	
  2013).	
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NR5A1	
  	
  

Steroidogenic	
   factor	
   1	
   (SF1/NR5A1/AD4BP)	
   is	
   a	
  member	
   of	
   the	
   orphan	
  

nuclear	
   receptor	
   superfamily	
   and	
   it	
   is	
   expressed	
   in	
   the	
   developing	
   urogenital	
  

ridge,	
   hypothalamus	
   and	
   the	
   anterior	
   pituitary	
   gland	
   (Luo	
   et	
   al.,	
   1994;	
  

Morohashi	
   et	
   al.,	
   1992).	
   Human	
   NR5A1	
   encodes	
   a	
   461	
   amino	
   acid	
   protein	
  

comprising	
   of	
   a	
   DNA	
   binding	
   domain	
   with	
   two	
   zinc	
   fingers,	
   an	
   A	
   box	
   that	
  

mediates	
  specific	
  DNA	
  binding,	
  a	
  flexible	
  hinge	
  region,	
  a	
  ligand-­‐domain	
  and	
  two	
  

activation	
   function	
  domains	
   (AF-­‐1/2).	
  Nr5a1	
  binds	
   to	
  DNA	
  as	
  a	
  monomer,	
   it	
   is	
  

expressed	
   in	
   Sertoli	
   and	
   Leydig	
   cells	
   of	
   the	
   developing	
   testis	
   and	
   it	
   can	
   be	
  

INTRO	
  -­‐	
  Figure	
  11.	
  Gene	
  regulatory	
  network	
  of	
  embryonic	
  male	
  gonadal	
  development.	
  	
  

In	
  mice,	
  the	
  expression	
  of	
  Sry	
  triggers	
  the	
  pre	
  Sertoli	
  cell	
  differentiation.	
  Sry	
  directly	
  activates	
  Sox9	
  
through	
   the	
   core	
  element	
  of	
  Testis	
   specific	
  enhancer	
   region	
  of	
   Sox9	
   (TESCO)	
   in	
   synergy	
  with	
  SF1.	
  
Sox9	
  afterwards	
  maintain	
   its	
  own	
  expression	
   through	
  TESCO	
   together	
  with	
  SF1.	
   Sox9	
  upregulates	
  
Fgf9	
  expression,	
  and	
  FGF9	
  in	
  turn	
  establishes	
  the	
  Sox9–FGF9	
  positive	
  feedback	
  loop	
  through	
  FGFR2,	
  
maintaining	
  a	
  high	
   level	
  of	
   Sox9	
  expression.	
  The	
  Sox9–FGF9	
  positive	
   feedback	
   loop	
  also	
   suppress	
  
ovary-­‐specific	
   WNT4/Rsp1/b-­‐catenin	
   signaling	
   activity.	
   Sox9	
   expression	
   also	
   suppresses	
   the	
  
expression	
   of	
   ovarian	
   gene	
   Foxl2.	
   In	
   addition,	
   Sox9	
   upregulates	
   Ptgds,	
   which	
   promotes	
   nuclear	
  
translocation	
   of	
   Sox9	
   and	
   facilitate	
   Sertoli	
   cell	
   differentiation.	
   In	
   synergy	
   SOX9	
   and	
   SF1	
   promote	
  
expression	
  of	
  MIS/AMH	
  and	
  this	
  activates	
  the	
  regression	
  of	
  the	
  Müllerian	
  ducts.	
  AMH	
  is	
  regulated	
  by	
  
SF1	
  in	
  synergy	
  with	
  WT1	
  (-­‐KTS)	
  and	
  also	
  Gata4.	
  Then,	
  Sertoli	
  cells	
  express	
  Dhh	
  and	
  Pdgf,	
  which	
  are	
  
involved	
  in	
  Leydig	
  cells	
  development	
  Probably	
  Arx	
  and	
  Pod1	
  are	
  also	
   involved)	
  and	
  SF1	
  regulates	
  
the	
   steroidogenesis	
   in	
   Leydig	
   cells.	
   (Figure	
   from	
   S.	
   Tanaka	
   &	
   R.	
   Nishinakamura,	
   Cell.Mol.Life.Sci	
  
2014)	
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detected	
  in	
  both,	
  non	
  steroidogenic	
  lineage	
  and	
  steroidogenic	
  cell	
  lineages	
  in	
  the	
  

testis	
   after	
   sex	
   differentiation,	
   as	
   well	
   as	
   in	
  multiple	
   cell	
   lineages	
   in	
   the	
   fetal,	
  

postnatal,	
  prepubertal,	
  and	
  mature	
  ovary	
  (Hanley	
  et	
  al.,	
  1999;	
  Ikeda	
  et	
  al.,	
  1994).	
  	
  

In	
   mammalian	
   testis	
   determination	
   and	
   differentiation,	
   NR5A1	
   is	
   a	
   positive	
  

regulator	
  of	
  sex	
  determining	
  genes	
  including	
  SRY	
  (de	
  Santa	
  Barbara	
  et	
  al.,	
  2001),	
  

SOX9	
  (via	
  TESCO,	
  Nr5a1	
  synergizes	
  sequentially	
  with	
  Sry	
  and	
  Sox9)	
  (Sekido	
  and	
  

Lovell-­‐Badge,	
   2008;	
   Knower	
   et	
   al.,	
   2011)	
   and	
   AMH	
   (Also	
   in	
   synergy	
   with	
  

Sox9)(Sekido	
   and	
  Lovell-­‐badge,	
   2008;	
   Lin	
   and	
  Achermann,	
   2008)	
   (See	
  Fig	
  11).	
  

NR5A1	
   also	
   regulates	
   the	
   expression	
   of	
   several	
   genes	
   involved	
   in	
   endocrine	
  

development	
   and	
   function,	
   as	
   STAR	
   and	
   several	
   CYPs	
   (Honda	
   et	
   al.,	
   1993;	
  

Morohashi	
   et	
   al.,	
   1993;	
   Val	
   et	
   al.,	
   2003).	
  Mice	
   lacking	
  Nr5a1	
   show	
   a	
   complete	
  

failure	
  of	
  gonadal	
  and	
  adrenal	
  development,	
  and	
  a	
  female	
  phenotype	
  at	
  birth	
  but	
  

die	
  at	
  postnatal	
  day	
  8	
  due	
  adrenal	
  failure	
  (Luo	
  et	
  al.,	
  1994).	
  In	
  human,	
  mutations	
  

in	
  NR5A1	
  are	
  known	
  to	
  cause	
  46,XY	
  DSD	
  with	
  a	
  wide	
  range	
  of	
  phenotypes	
  (from	
  

hypospadias	
   to	
   complete	
   gonadal	
   dysgenesis)	
   with	
   or	
   without	
   adrenal	
   failure	
  

(Achermann	
   et	
   al.,	
   2002;	
   Allali	
   et	
   al.,	
   2011;	
   Ferraz-­‐de-­‐Souza	
   et	
   al.,	
   2011).	
  

Mutations	
  in	
  NR5A1	
  are	
  also	
  associated	
  with	
  46,XX	
  DSD,	
  46,XX	
  primary	
  ovarian	
  

insufficiency,	
  and	
  severe	
  oligozoospermia	
  and	
  azoospermia	
  in	
  46,XY	
  individuals	
  

(Bashamboo	
  et	
  al.,	
  2010a).	
   	
  Taken	
  together	
  the	
  data	
  indicates	
  that	
  NR5A1	
  plays	
  

diverse	
  roles	
  in	
  the	
  formation	
  of	
  the	
  undifferentiated	
  gonads	
  and	
  in	
  subsequent	
  

gonadal	
  sex	
  determination,	
  steroidogenesis	
  and	
  germ	
  cell	
  maintenance.	
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GATA	
  Family.	
  

GATA	
  proteins	
  belong	
  to	
  a	
  class	
  of	
  evolutionary	
  conserved	
  lineage-­‐limited	
  

zinc	
   finger	
   transcription	
   factors	
   that	
   participate	
   in	
   cell	
   fate	
   determination,	
  

proliferation	
   and	
   maturation	
   (Molkentin,	
   2000;	
   Morceau	
   et	
   al.,	
   2004).	
   GATA	
  

members	
   have	
   two	
   conserved	
   type	
   IV	
   zinc	
   fingers	
   domains	
   C-­‐X2-­‐C-­‐X17-­‐C-­‐X2-­‐C	
  

(Lowry	
   and	
   Atchley,	
   2000).	
   These	
   factors	
   recognize	
   a	
   consensus	
   sequence	
   of	
  

DNA	
   to	
   which	
   they	
   specifically	
   bind:	
   (A/T)GATA(A/T)	
   (Lowry	
   and	
   Atchley,	
  

2000).	
   Six	
   members	
   compose	
   the	
   GATA	
   family:	
   GATA	
   1-­‐6.	
   GATA	
   1/2/3	
   are	
  

expressed	
  in	
  hematopoietic	
  lineages	
  while	
  GATA	
  4/5/6	
  are	
  expressed	
  mostly	
  in	
  

mesoderm	
  and	
  endoderm	
  derived	
  lineages	
  including	
  heart,	
  gastrointestinal	
  tract	
  

and	
  gonads.	
  In	
  the	
  gonads	
  there	
  is	
  expression	
  of	
  Gata1	
  (Yomogida	
  et	
  al.,	
  1994;	
  Ito	
  

et	
   al.,	
   1993;	
  Viger	
  et	
   al.,	
   1998),	
  Gata2	
   (Siggers	
  et	
   al.,	
   2002),	
  Gata4	
  (Viger	
  et	
   al.,	
  

1998;	
  Ketola	
  et	
  al.,	
  1999a;	
  McCoard	
  et	
  al.,	
  2001)	
  and	
  Gata6	
  (Heikinheimo	
  et	
  al.,	
  

1997;	
  Ketola	
  et	
  al.,	
  1999b).	
  With	
  the	
  exception	
  of	
  Gata2,	
  they	
  are	
  all	
  expressed	
  in	
  

the	
   somatic	
   cells.	
   GATA	
   proteins	
   regulate	
   multiple	
   downstream	
   targets	
   to	
  

achieve	
  specificity	
  and	
  transcription	
  control	
   in	
   the	
  different	
   tissues	
  where	
  they	
  

are	
  expressed	
  (Merika	
  and	
  Orkin,	
  1993;	
  Gordon	
  et	
  al.,	
  1997;	
  Chlon	
  and	
  Crispino,	
  

2012).	
  	
  

	
  

GATA4	
  
	
  

Gata4	
   is	
   expressed	
  prior	
   to	
   and	
  during	
   sex	
  determination	
   (Ketola	
   et	
   al.,	
  

2000),	
  and	
  is	
  seen	
  until	
  E11.5	
  in	
  the	
  somatic	
  cells	
  of	
  both	
  XX	
  and	
  XY	
  gonads.	
  At	
  

E13.5,	
  Gata4	
  expression	
  becomes	
  dimorphic;	
  it	
  is	
  increased	
  in	
  the	
  Sertoli	
  cells	
  in	
  

XY	
  gonads,	
  while	
   in	
   the	
   interstitial	
  cells	
  of	
   the	
  XY	
  gonads	
  and	
   in	
  XX	
  gonads	
  the	
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In	
  humans,	
  mutations	
  in	
  GATA4	
  are	
  associated	
  with	
  congenital	
  heart	
  defects.	
  In	
  

addition,	
   previously	
   in	
   our	
   lab	
   we	
   have	
   described	
   a	
   heterozygous	
   missense	
  

mutation	
  in	
  GATA4	
  associated	
  to	
  a	
  familial	
  case	
  of	
  46,XY	
  DSD.	
  Mutant	
  GATA4	
  had	
  

compromised	
   activation	
   of	
   AMH	
   promoter,	
   independently	
   and	
   synergistically	
  

with	
   NR5A1.	
   Moreover	
   mutant	
   GATA4	
   had	
   lost	
   its	
   ability	
   to	
   interact	
   with	
   its	
  

cofactor	
  FOG2,	
  this	
  interaction	
  is	
  essential	
  for	
  gonad	
  formation,	
  thus	
  confirming	
  

a	
  role	
  for	
  GATA4	
  in	
  human	
  testis	
  development	
  (Lourenço	
  et	
  al.,	
  2011b).	
  

	
  

GATA6	
  
	
  

GATA6	
   is	
   located	
   on	
   human	
   chromosome	
   18.	
  Gata6	
   is	
   expressed	
   in	
   the	
  

developing	
  testis	
  and	
  ovary,	
  in	
  both	
  somatic	
  and	
  germ	
  cells	
  (Ketola	
  et	
  al.,	
  1999a;	
  

Lavoie	
   et	
   al.,	
   2004).	
   The	
   timing	
   at	
   which	
   Gata6	
   starts	
   to	
   be	
   expressed	
   in	
   the	
  

gonads	
  is	
  not	
  precisely	
  known	
  due	
  to	
  lower	
  levels	
  of	
  its	
  expression	
  compared	
  to	
  

that	
   of	
   Gata4,	
   but	
   it	
   can	
   be	
   detected	
   as	
   early	
   as	
   E13.5	
   in	
   fetal	
   mouse	
   testis	
  

(Robert	
  et	
  al.,	
  2002).	
  

Promoter	
   studies	
   have	
   identified	
   several	
   putative	
   target	
   genes	
   for	
   Gata6,	
  

including	
  the	
  steroid	
  biosynthetic	
  genes	
  Cyp11a1	
  (Jimenez	
  et	
  al.,	
  2003),	
  Cyp17a1	
  

(Jimenez	
  et	
  al.,	
  2003;	
  Nakamura	
  et	
  al.,	
  2007),	
  Hsd3b2	
  (Martin	
  et	
  al.,	
  2005),	
  CYB5	
  

(Huang	
   et	
   al.,	
   2006),	
   and	
   Sult2a1	
   (Jimenez	
   et	
   al.,	
   2003;	
   Saner	
   et	
   al.,	
   2005;	
  

Nakamura	
  et	
  al.,	
  2009).	
  

	
  In	
  human	
  fetal	
  gonads,	
  GATA6	
  expression	
  is	
  detected	
  in	
  a	
  subset	
  of	
  fetal	
  Sertoli	
  

and	
   interstitial	
   Leydig	
   cells	
   (Ketola	
   et	
   al.,	
   2003).	
   GATA6	
   is	
   also	
   expressed	
   in	
  

human	
   fetal	
   and	
   adult	
   ovary.	
   During	
   the	
   ovarian	
   development	
   and	
  

folliculogenesis,	
   the	
   depletion	
   of	
   GATA4	
   is	
   partially	
   compensated	
   by	
   GATA6	
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(Bennett	
  et	
  al.,	
  2012).	
  Moreover,	
  it	
  has	
  been	
  shown	
  that	
  GATA6	
  and	
  GATA4	
  have	
  

a	
   cooperative	
   role	
   in	
   early	
  ovarian	
  development	
  and	
   function	
   since	
  ablation	
  of	
  

both	
   genes	
   results	
   in	
   strong	
   down-­‐regulation	
   of	
   genes	
   involved	
   in	
   ovarian	
  

developmental	
   pathway	
   (such	
   as	
   FST)	
   and	
   down-­‐regulation	
   of	
   granulosa	
   cell	
  

markers	
  (such	
  as	
  FOXL2)	
  resulting	
  in	
  impairment	
  of	
  granulosa	
  cell	
  proliferation	
  

and	
  arrested	
  follicular	
  development	
  (Padua	
  et	
  al.,	
  2014).	
  	
  

	
  

FOG2	
  

ZPFM2	
  or	
  FOG2	
   is	
  a	
  member	
  of	
   the	
  Friend	
  of	
  GATA	
  (FOG)	
   family	
  of	
  zinc	
  

finger	
   proteins.	
   FOG	
   members	
   are	
   known	
   for	
   their	
   interaction	
   with	
   the	
   N-­‐

terminal	
   zinc	
   fingers	
   of	
   different	
   GATA	
   proteins	
   to	
   regulate	
   gene	
   expression	
  

(Robert	
   et	
   al.,	
   2002;	
   Cantor	
   and	
   Orkin,	
   2005).	
   Human	
   FOG2	
   is	
   located	
   on	
  

chromosome	
   8;	
   it	
   encodes	
   a	
   protein	
   containing	
   eight	
   zinc	
   fingers.	
   FOG2	
   is	
   co-­‐

expressed	
  with	
  GATA4	
   in	
   the	
  developing	
  heart,	
  brain	
  and	
  gonads	
  (Ketola	
  et	
  al.,	
  

1999a;	
  Robert	
  et	
  al.,	
  2002;	
  Anttonen	
  et	
  al.,	
  2003;	
  Laitinen	
  et	
  al.,	
  2000)	
  and	
  acts	
  as	
  

a	
  cofactor,	
  enhancing	
  or	
  repressing	
  GATA	
  transcriptional	
  activity	
  depending	
  on	
  

the	
  cellular	
  context.	
  

Fog2	
   null	
   mice	
   die	
   from	
   complications	
   associated	
   with	
   heart	
   defects	
  

similar	
  to	
  the	
  Gata4	
  null	
  mice,	
  however,	
  these	
  mice	
  survive	
  until	
  E14.5,	
  allowing	
  

the	
   study	
   of	
   developing	
   gonads	
   (Tevosian	
   et	
   al.,	
   2000,	
   2002).	
   Gonadal	
   loss	
   of	
  

Fog2	
   leads	
   to	
  an	
  early	
  arrest	
  of	
   testis	
  differentiation	
  and	
  consequently	
  male	
   to	
  

female	
  sex	
  reversal	
  (Manuylov	
  et	
  al.,	
  2011).	
  Human	
  mutations	
  of	
  FOG2	
  have	
  been	
  

associated	
  with	
  congenital	
  heart	
  disease,	
  and	
  Tetralogy	
  of	
  Fallot.	
  A	
  translocation	
  

of	
  8q23.1-­‐8q24.1	
  including	
  FOG2	
  has	
  been	
  reported	
  in	
  a	
  case	
  of	
  a	
  male	
  gonadal	
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dysgenesis	
  (Finelli	
  et	
  al.,	
  2007).	
  Moreover,	
  using	
  exome	
  sequencing	
  technologies	
  

we	
   have	
   recently	
   described	
   different	
   missense	
   point	
   mutations	
   in	
   FOG2	
  

associated	
   with	
   46,XY	
   DSD;	
   where	
   FOG2	
   mutants	
   show	
   an	
   impaired	
   protein	
  

interaction	
   with	
   GATA4,	
   thus	
   confirming	
   a	
   role	
   for	
   FOG2	
   during	
   human	
   testis	
  

development	
  (Bashamboo	
  et	
  al.,	
  2014).	
  

	
  

AMH	
  

Anti	
   Müllerian	
   hormone	
   (Amh)	
   or	
   Müllerian	
   inhibition	
   substance	
   (Mis)	
   is	
   a	
  

member	
  of	
   the	
  transforming	
  growth	
  factor-­‐β	
  (TGF-­‐β)	
   family	
  (Josso	
  et	
  al.,	
  2006;	
  

Teixeira	
  et	
  al.,	
  2001;	
  Münsterberg	
  and	
  Lovell-­‐Badge,	
  1991),	
  which	
   functions	
  by	
  

binding	
  and	
  assembling	
   two	
  related	
  serine/threonine	
  kinase	
   receptors.	
  Human	
  

AMH	
   is	
   located	
  on	
  chromosome	
  19	
  and	
  encodes	
  a	
  560	
  amino	
  acid	
  glycoprotein.	
  

AMH	
  signaling	
  is	
  essential	
  and	
  sufficient	
  for	
  the	
  regression	
  of	
  the	
  Müllerian	
  ducts	
  

during	
  testis	
  development	
  (Behringer	
  et	
  al.,	
  1994;	
  Belville	
  et	
  al.,	
  1999;	
  Tsuji	
  et	
  al.,	
  

1992)	
  (Fig	
  1	
  and	
  Fig	
  11).	
  In	
  mice,	
  Amh	
  is	
  expressed	
  only	
  in	
  Sertoli	
  cells;	
  it	
  can	
  be	
  

detected	
   in	
  pre-­‐Sertoli	
   cells	
   around	
  E12.5	
  and	
  continues	
   throughout	
  male	
   fetal	
  

development	
  until	
  puberty	
  when	
  Sertoli	
  cells	
  mature	
  and	
  secrete	
  lower	
  levels	
  of	
  

Amh.	
  In	
  females,	
  Amh	
  expression	
  can	
  be	
  detected	
  in	
  granulosa	
  cells	
  around	
  birth,	
  

stays	
   low	
   levels	
   throughout	
   reproductive	
   life	
   and	
   becomes	
   nonexistent	
   after	
  

menopause	
  (Rey	
  et	
  al.,	
  2003).	
  	
  

	
  

Nr5a1	
   interacts	
   with	
   several	
   genetic	
   factors	
   to	
   positive	
   regulate	
   AMH	
  

expression	
   in	
  male	
  embryos	
   including	
  Sox9,	
  Sox8,	
  Gata4	
  and	
  Wt1	
  (Nachtigal	
  et	
  

al.,	
   1998;	
   Arango	
   et	
   al.,	
   1999;	
   Watanabe	
   et	
   al.,	
   2000;	
   Schepers	
   et	
   al.,	
   2003;	
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basal	
   lamina,	
   normally	
   present	
   between	
   the	
  myoid	
   cells	
   and	
   Sertoli	
   cells,	
   was	
  

absent	
  (Clark	
  et	
  al.,	
  2000;	
  Pierucci-­‐Alves	
  et	
  al.,	
  2001).	
  Dhh/Ptch1	
  is	
  required	
  for	
  

Leydig	
  cell	
  and	
  PMC	
  differentiation	
  pathways	
  by	
  activating	
  Nr5a1	
  and	
  Cyp11a1	
  

expression	
   in	
   the	
   interstitial	
   precursor	
   cells	
   (Yao	
   et	
   al.,	
   2002).	
   Human	
   DHH	
  

mutations	
   have	
   been	
   reported	
   in	
   several	
   cases	
   of	
   46,XY	
   gonadal	
   dysgenesis,	
  

usually	
  in	
  association	
  with	
  formation	
  of	
  minifascicles	
  within	
  the	
  endoneurium	
  of	
  

the	
   sural	
   nerve	
   (Umehara	
   et	
   al.,	
   2000;	
   Canto	
   et	
   al.,	
   2004,	
   2005;	
   Castro	
   et	
   al.,	
  

2013;	
  Das	
  et	
  al.;	
  Paliwal	
  et	
  al.,	
  2011;	
  Werner	
  et	
  al.,	
  2015).	
  	
  

	
  

HHAT	
  

The	
  hedgehog	
  acyl-­‐transferase	
  (HHAT)	
  protein,	
  a	
  member	
  of	
  the	
  MBOAT	
  family	
  

of	
   membrane-­‐bound	
   acyltransferases,	
   catalyzes	
   amino-­‐terminal	
   palmitoylation	
  

of	
  Hh	
  proteins.	
  Palmitoylation	
  is	
  crucial	
  for	
  biological	
  activity	
  and	
  plays	
  a	
  major	
  

role	
   in	
   guiding	
   Hh	
   proteins	
   to	
   specific	
   membrane	
   domains.	
   Recently,	
   a	
  

homozygous	
  G287V	
  missense	
  mutation	
  in	
  the	
  MBOAT	
  domain	
  was	
  reported	
  in	
  a	
  

single	
   case	
   of	
   46,XY	
   gonadal	
   dysgenesis	
   and	
   chondrodysplasia	
   (Callier	
   et	
   al.,	
  

2014).	
  The	
  mutation	
  disrupted	
   the	
  ability	
  of	
  HHAT	
  to	
  palmitoylate	
  Hh	
  proteins	
  

including	
  DHH	
   and	
   SHH	
   suggesting	
   that	
   it	
   is	
   pathogenic.	
  HHAT	
  is	
   expressed	
   in	
  

the	
  somatic	
  cells	
  of	
  both	
  XX	
  and	
  XY	
  gonads	
  at	
  the	
  time	
  of	
  sex	
  determination.	
  The	
  

absence	
   of	
   Hhat	
   in	
   the	
   XY	
   gonad	
   did	
   not	
   affect	
   testis-­‐determination	
   but	
   from	
  

E12.5	
   to	
   E15.5	
   there	
   was	
   a	
   drastic	
   reduction	
   in	
   testis	
   size.	
   Sertoli	
   cell	
  

specification	
  appeared	
  to	
  be	
  normal	
  but	
  the	
  development	
  of	
  fetal	
  Leydig	
  cells	
  as	
  

well	
   as	
   the	
   proper	
   formation	
   of	
   testis	
   cords	
   was	
   severely	
   impaired,	
   leading	
  

ultimately	
  to	
  testicular	
  dysgenesis.	
  These	
  data	
  suggest	
  that	
  HHAT	
  is	
  not	
  involved	
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in	
   primary	
   testis-­‐determination	
  but	
   is	
   required	
   for	
   the	
   initiation	
   of	
   Leydig	
   cell	
  

formation.	
  It	
  is	
  unlikely	
  that	
  mutations	
  in	
  HHAT	
  are	
  a	
  common	
  cause	
  of	
  DSD.	
  The	
  

phenotype	
  of	
  the	
  girl	
  carrying	
  homozygous	
  mutation	
  is	
  a	
  complex,	
  consisting	
  of	
  a	
  

rare	
   combination	
   of	
   gonadal	
   dysgenesis	
   and	
   chondrodysplasia.	
  Moreover,	
   a	
  de	
  

novo	
   dominant	
   mutation	
   the	
   MBOAT	
   domain	
   of	
   HHAT	
   was	
   reported	
   in	
  

association	
  with	
  intellectual	
  disability	
  and	
  apparently	
  normal	
  testis	
  development	
  

(Agha	
  et	
  al.,	
  2014)	
  suggesting	
  that	
  the	
  HHAT	
  genotype-­‐phenotype	
  relationship	
  is	
  

likely	
  to	
  be	
  complex.	
  

	
  

Mitogen-­‐Activated	
  Protein	
  Kinase	
  Pathway	
  

	
   Two	
  members	
  of	
  the	
  mitogen	
  activated	
  protein	
  kinase	
  (MAPK)	
  signaling	
  

pathway	
   family,	
   MAP3K1	
   and	
   Map3k4	
   are	
   part	
   of	
   the	
   growing	
   list	
   of	
   genes	
  

involved	
   in	
   testis	
   development.	
   MAP3K1	
   mutations	
   were	
   first	
   identified	
   in	
  

independent	
   cases	
   of	
   46,XY	
   DSD	
   (Pearlman	
   et	
   al.,	
   2010).	
   However,	
   in	
   mice,	
  

Map3k1	
   does	
   not	
   have	
   a	
   significant	
   effect	
   during	
   testis	
   development,	
  Map3k1	
  

null	
  mice	
  do	
  not	
  show	
  gonadal	
  abnormalities	
  (Warr	
  et	
  al.,	
  2011).	
  Further,	
  an	
  ENU	
  

screen	
  identified	
  a	
  Map3k4	
  mutation	
  that	
  caused	
  male-­‐to-­‐female	
  sex	
  reversal	
  on	
  

C57BL/6J	
  background	
  mice.	
  XY	
  Map3k4	
  null	
  gonads	
  show	
  reduced	
  levels	
  of	
  Sry	
  

and	
   Sox9	
   expression	
   (Bogani	
   et	
   al.,	
   2009).	
   It	
   has	
   been	
   proposed	
   that	
   Gadd45g	
  

(growth	
   arrest	
   and	
   DNA	
   damage	
   inducible	
   45	
   γ)	
   activates	
   Map3k4,	
   which	
  

stimulates	
   p38	
   MAP	
   kinases	
   (MAPK11/MAPK14)	
   and	
   subsequently	
   leads	
   to	
  

phosphorylation	
  and	
  activation	
  of	
  Gata4,	
  which	
  activates	
  different	
   testis	
   genes,	
  

including	
  Sry	
  and	
  Sox9	
  (See	
  Sections	
  on	
  Regulation	
  of	
  Sry	
  and	
  GATA4)	
  (Warr	
  et	
  

al.,	
  2012).	
  Given	
  the	
  current	
  evidence,	
   it	
  seems	
  that	
   the	
  role	
  of	
  MAPK	
  signaling	
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pathway	
   may	
   have	
   diverged	
   between	
   mice	
   and	
   human,	
   nevertheless	
   in	
   both	
  

species	
  MAPKs	
  plays	
  an	
  important	
  roles	
  during	
  testis	
  development.	
  

	
  

ATRX	
  

The	
  α-­‐thalassemia/mental	
  retardation	
  syndrome	
  X	
  linked	
  gene	
  (ATRX)	
  is	
  

a	
  member	
  of	
  the	
  SNF-­‐2	
  like	
  helicase	
  super	
  family	
  subgroup,	
  that	
  contains	
  genes	
  

involved	
  in	
  DNA	
  recombination,	
  repair	
  and	
  regulation	
  of	
  transcription	
  (Bérubé,	
  

2011).	
   Human	
   ATRX	
   is	
   located	
   in	
   chromosome	
   X	
   and	
   encodes	
   multiple	
  

transcripts	
   where	
   the	
   longest	
   encodes	
   for	
   a	
   2492	
   amino	
   acid	
   protein.	
   This	
  

nuclear	
   protein	
   has	
   two	
   highly	
   conserved	
   domains,	
   a	
   N-­‐terminal	
   ADD	
   (ATRX-­‐

DMNT3L-­‐DMNTL3A)	
   domain	
   comprising	
   a	
   GATA-­‐like	
   zinc	
   finger	
   and	
   a	
   plant	
  

homeodomain	
   generally	
   present	
   in	
   chromatin-­‐associated	
   proteins	
   and	
   a	
   C-­‐

terminal	
   domain	
   containing	
   a	
   switch/sucrose	
   non-­‐fermenting	
   like	
   ATPase	
  

domain	
  that	
  has	
  nucleosome	
  remodeling	
  activity	
  (Bérubé,	
  2011).	
  ATRX	
  provides	
  

a	
  link	
  between	
  chromatin	
  remodeling,	
  DNA	
  methylation	
  and	
  gene	
  expression	
  in	
  

developmental	
  processes.	
  	
  

However,	
   during	
   gonadal	
   development	
   the	
   exact	
   role	
   of	
   ATRX	
   remains	
   to	
   be	
  

clearly	
  understood.	
  Atrx	
  null	
  mice	
  present	
  reduced	
  size	
  of	
  testis	
  due	
  to	
  apoptosis	
  

of	
  the	
  proliferating	
  fetal	
  Sertoli	
  cells	
  (Bagheri-­‐Fam	
  et	
  al.,	
  2011).	
  In	
  humans,	
  ATRX	
  

mutations	
  cases	
  ATR-­‐X	
  syndrome,	
  a	
  condition	
  characterized	
  by	
  α-­‐thalassaemia,	
  

severe	
   psychomotor	
   retardation,	
   microcephaly,	
   short	
   stature,	
   characteristic	
  

facial	
   features,	
   cardiac,	
   skeletal	
   and	
  urogenital	
   abnormalities	
   (Ion	
  et	
   al.,	
   1996).	
  

Almost	
  all	
  known	
  mutations	
  linked	
  to	
  ATR-­‐X	
  syndrome	
  fall	
  within	
  the	
  ADD	
  and	
  

plant	
  homeodomains.	
  80%	
  of	
  XY	
  patients	
  have	
  urogenital	
  anomalies	
  with	
  a	
  wide	
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spectrum	
   of	
   phenotypes	
   (from	
   complete	
   gonadal	
   dysgenesis	
   to	
   relatively	
  mild	
  

microspadias	
  or	
  micropenis).	
  Moreover,	
  within	
  families	
  carrying	
  the	
  same	
  ATRX	
  

mutation	
   there	
   is	
   phenotypic	
   variation.	
   ATRX	
   regulates	
   gene	
   expression	
   by	
  

binding	
  to	
  G-­‐rich	
  tandem	
  repeat	
  sequences.	
  Variation	
  in	
  the	
  quantities	
  of	
  tandem	
  

repeats	
  are	
  associated	
  with	
  differences	
  in	
  the	
  level	
  of	
  gene	
  expression	
  (Law	
  et	
  al.,	
  

2010)	
   which	
   could	
   be	
   linked	
   to	
   the	
   variation	
   in	
   the	
   phenotypes	
   observed	
   in	
  

patients	
  with	
  same	
  ATRX	
  mutations.	
  

	
  

DMRT1	
  

DMRT1	
  (dsx-­‐	
  and	
  mab3	
  related	
  transcription	
  factor	
  1)	
  is	
  a	
  member	
  of	
  the	
  

DM	
  domain	
  transcription	
  factor	
  family,	
  which	
  was	
  named	
  after	
  the	
  homology	
  of	
  

the	
  DNA	
  binding	
  domain	
  between	
  Drosophila	
  dsx	
   (doublesex)	
  and	
  the	
  C.elegans	
  

mab-­‐3	
  (male	
  abnormal)	
  gene.	
  Human	
  DMRT1	
  is	
  located	
  on	
  chromosome	
  9p	
  and	
  

encodes	
   a	
   highly	
   conserved	
   373	
   amino	
   acid	
   protein.	
   DM	
   transcription	
   factors	
  

bind	
  to	
  consensus	
  palindromic	
  DNA	
  sequence	
  of	
  7bp	
  via	
  a	
  conserved	
  zinc	
  finger	
  

like	
  DNA	
  binding	
  domain,	
  called	
  DM	
  domain	
  (Raymond	
  et	
  al.,	
  1998;	
  Murphy	
  et	
  

al.,	
  2007,	
  2010).	
  DM	
  domain	
  genes	
  encode	
  transcription	
  factors	
   involved	
  in	
  sex	
  

differentiation	
  in	
  different	
  organisms;	
  for	
  example,	
  Dm	
  containing	
  genes	
  are	
  the	
  

sex-­‐determining	
  switch	
  in	
  chicken	
  (Smith	
  et	
  al.,	
  2009)	
  and	
  medaka	
  fish	
  (Matsuda	
  

et	
  al.,	
  2002).	
  

In	
  mice,	
  Dmrt1	
   is	
   expressed	
   in	
   the	
   developing	
   gonad	
   in	
   both	
   XX	
   and	
   XY	
  mice;	
  

around	
  E12.5-­‐E13.5	
  its	
  levels	
  decline	
  in	
  ovary	
  and	
  increase	
  in	
  the	
  testis.	
  The	
  high	
  

levels	
   of	
   expression	
   are	
   thus	
   male	
   specific	
   and	
   maintained	
   until	
   adulthood	
   in	
  

Sertoli	
  cells	
  and	
  pre-­‐meiotic	
  germ	
  cells	
  (Raymond	
  et	
  al.,	
  2000;	
  De	
  Grandi	
  et	
  al.,	
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2000).	
   Dmrt1	
   transcription	
   in	
   Sertoli	
   cells	
   is	
   regulated	
   by	
   Gata4;	
   distinct	
  

proximal	
  promoters	
  mediate	
  the	
  expression	
   in	
  germ	
  and	
  somatic	
  cells	
  (Lei	
  and	
  

Heckert,	
   2004a;	
   Lei	
   et	
   al.,	
   2009;	
   Manuylov	
   et	
   al.,	
   2011).	
   In	
   humans,	
   DMRT1	
  

expression	
   has	
   been	
   detected	
   around	
   the	
   sixth	
   week	
   of	
   gestation	
   in	
   the	
  

undifferentiated	
   XY	
   gonadal	
   primordium,	
   at	
   the	
   seventh	
   week,	
   DMRT1	
  

expression	
  is	
  limited	
  to	
  the	
  seminiferous	
  tubules.	
  DMRT1	
  has	
  not	
  been	
  detected	
  

at	
   any	
   stage	
  of	
   the	
  development	
  of	
   female	
  gonads	
   (Moniot	
   et	
   al.,	
   2000).	
  Dmrt1	
  

null	
   mice	
   do	
   not	
   present	
   anomalies	
   during	
   sex-­‐determination	
   and	
   embryonic	
  

gonadal	
  development,	
  suggesting	
   this	
  gene	
  may	
  not	
  have	
  a	
  determinant	
  role	
   in	
  

the	
   early	
   stages	
   of	
   gonadal	
   development	
   in	
   mammals.	
   However,	
   they	
   show	
  

dramatic	
   defects	
   in	
   testicular	
   differentiation	
   after	
   birth.	
   Sertoli	
   cells	
   fail	
   to	
  

complete	
  their	
  differentiation	
  and	
  proliferate	
  excessively	
  causing	
  a	
  high	
  degree	
  

of	
  disorganization	
  of	
   the	
   testis	
   (Raymond	
  et	
  al.,	
  2000).	
   In	
  humans,	
  deletions	
   in	
  

chromosome	
   9p,	
   comprising	
   DMRT1,	
   are	
   associated	
   with	
   monosomy	
   9p	
  

syndrome,	
  which	
  is	
  characterized	
  by	
  mental	
  retardation	
  and	
  somatic	
  anomalies.	
  

Some	
   of	
   these	
   patients	
   present	
  with	
   46,XY	
   DSD	
  with	
   a	
  wide	
   range	
   of	
   gonadal	
  

phenotypes.	
  (Ottolenghi	
  and	
  McElreavey,	
  2000;	
  Raymond	
  et	
  al.,	
  1999),	
  whereas	
  

46,XX	
   cases	
   with	
   9p	
   deletions	
   do	
   not	
   show	
   anomalies	
   in	
   the	
   ovarian	
  

development	
  and	
  function	
  (Vialard	
  et	
  al.,	
  2002).	
  

Dmrt1	
  is	
  also	
  expressed	
  in	
  germ	
  cells	
  during	
  fetal	
  gonad	
  development	
  and	
  after	
  

birth,	
  where	
  it	
  has	
  a	
  central	
  role	
  in	
  the	
  shift	
  of	
  mitosis-­‐meiosis	
  or	
  cell	
  cycle	
  arrest	
  

by	
  regulating	
  the	
  expression	
  of	
  the	
  meiosis	
  inducer	
  gene	
  Stra8.	
  In	
  female,	
  Dmrt1-­‐

/-­‐	
  germ	
  cells	
  have	
  a	
  dramatic	
  reduction	
  of	
  Stra8	
  and	
  germ	
  cells	
  enter	
  abnormal	
  

meiotic	
   prophase,	
   however	
   they	
   still	
   produce	
   around	
   half	
   of	
   the	
   normal	
  

quantities	
  of	
  oocytes	
  and	
  are	
  fertile	
  (Krentz	
  et	
  al.,	
  2011).	
  After	
  birth,	
  Dmrt1	
  has	
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INTRO	
  -­‐	
  Figure	
  12.	
  Model	
  for	
  sex	
  determination	
  and	
  maintenance.	
  

	
  In	
  mammals,	
  sex	
  is	
  decided	
  in	
  the	
  gonad	
  during	
  fetal	
  development	
  by	
  the	
  presence	
  or	
  absence	
  of	
  Sry.	
  
In	
   its	
   presence,	
   it	
   activates	
   Sox9	
   and	
   determines	
   sex	
   fate	
   towards	
   male	
   development.	
   Sex	
  
determination	
  can	
  be	
  viewed	
  as	
  a	
  power	
  struggle	
  in	
  the	
  fetal	
  gonad	
  between	
  a	
  male	
  regulatory	
  gene	
  
network	
   centered	
   on	
   Sox9	
   and	
   a	
   female	
   network	
   involving	
   Wnt4,	
   Rspo1	
   and	
   their	
   downstream	
  
effector	
  β-­‐catenin.	
  SOX9	
  expression	
  in	
  Sertoli	
  cells	
  is	
  necessary	
  and	
  sufficient	
  for	
  testis	
  determination	
  
and	
  is	
  reinforced	
  by	
  positive	
  feedback	
  via	
  Fgf9	
  and	
  Ptgds.	
  If	
  SRY	
  is	
  not	
  present	
  in	
  the	
  supporting	
  cell	
  
lineage	
   during	
   a	
   brief	
   crucial	
   period,	
   sustained	
   SOX9	
   expression	
   is	
   not	
   established,	
   and	
   the	
   female	
  
regulatory	
  network	
  predominates	
  and	
  drives	
  ovarian	
  development.	
  Postnatally,	
  a	
  long	
  time	
  after	
  sex	
  
is	
   determined,	
   a	
   distinct	
   regulatory	
   network	
   functions	
   in	
   each	
   sex	
   to	
   maintain	
   sex.	
   In	
   males,	
   this	
  
network	
  involves	
  Dmrt1,	
  and	
  in	
  females	
  it	
  requires	
  Foxl2.	
  Loss	
  of	
  either	
  of	
  these	
  genes	
  can	
  cause	
  even	
  
fully	
  differentiated	
  Sertoli	
  or	
  granulosa	
  cells	
   to	
   transdifferentiate	
   into	
   the	
  other	
  cell	
   type,	
   triggering	
  
extensive	
   reprogramming	
   of	
   the	
   gonad	
   towards	
   that	
   of	
   the	
   opposite	
   sex.	
   (Figure	
   from	
  Matson	
   and	
  
Zarkower,	
  2012.)	
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Ovarian	
  determination	
  

	
  

We	
   know	
   much	
   less	
   details	
   about	
   the	
   regulation	
   of	
   ovary	
   development	
   than	
  

testis	
   development.	
   Until	
   recently,	
   the	
  molecular	
   pathway	
   involved	
   in	
   ovarian	
  

development	
  was	
   considered	
   to	
   be	
   the	
   “passive”	
   pathway.	
   However,	
   in	
   recent	
  

years,	
   with	
   emerging	
   technologies	
   and	
   functional	
   genetic	
   analyses,	
   numerous	
  

ovary-­‐specific	
  and	
  somatic	
  cell-­‐derived	
  genes	
  have	
  been	
  identified.	
  It	
  has	
  become	
  

clear	
  that	
  ovarian	
  pathway	
  is	
  not	
  passive;	
  more	
  over	
  it	
  has	
  become	
  evident	
  that	
  

components	
  of	
  both	
  male	
  and	
  female	
  pathways	
  antagonize	
  each	
  other	
  to	
  ensure	
  

proper	
  development	
  (Fig	
  12).	
  Genes	
  participating	
  in	
  ovarian	
  development	
  can	
  be	
  

classified	
  into	
  two	
  categories:	
  intracellular	
  factors	
  such	
  as	
  FOXL2,	
  and	
  β-­‐catenin	
  

and	
  extracellular	
  factors:	
  R-­‐spondin1	
  and	
  WNT4.	
  

	
  

Foxl2	
  

Forkhead	
   box	
   L2	
   (Foxl2)	
   is	
   a	
  member	
   of	
   the	
   forkhead	
   box	
   gene	
   family,	
  

which	
   encodes	
   an	
   evolutionarily	
   conserved	
   group	
   of	
   transcription	
   factors.	
  	
  

Human	
  FOXL2	
   is	
   located	
   on	
   chromosome	
   3	
   and	
   encodes	
   for	
   a	
   376	
   aa	
   protein.	
  

Forkhead	
   box	
   head	
   family	
   is	
   characterized	
   by	
   a	
   111	
   amino	
   acid	
   DNA	
   binding	
  

domain	
   known	
   as	
   forkhead	
   (Carlsson	
   and	
  Mahlapuu,	
   2002).	
   In	
   the	
   developing	
  

mouse	
  female	
  gonad,	
  Foxl2	
   is	
  one	
  of	
  the	
  first	
  genes	
  to	
  be	
  upregulated,	
   it	
  can	
  be	
  

found	
   from	
  E12.5	
   in	
  mesenchymal	
   granulosa	
   cells	
   and	
   later	
   in	
   granulosa	
   cells.	
  

Ablation	
  of	
  Foxl2	
  expression	
  in	
  XX	
  mice	
  and	
  overexpression	
  of	
  Foxl2	
   in	
  XY	
  mice	
  

results	
   in	
   gonad	
   anomalies,	
   but	
   not	
   sex	
   reversal	
   (Ottolenghi	
   et	
   al.,	
   2005).	
  

However,	
  in	
  goats,	
  mutations	
  in	
  FOXL2	
  or	
  its	
  regulatory	
  sequence	
  results	
  in	
  goat	
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polled	
   intersex	
  syndrome	
  (PIS)	
  with	
  XX	
  male	
  (Parma	
  et	
  al.,	
  1999;	
  Boulanger	
  et	
  

al.,	
   2014).	
   Foxl2	
   suppresses	
   genes	
   involved	
   in	
   terminal	
   granulosa	
   cells	
  

differentiation,	
   such	
   as	
   Star	
   (Pollack	
   1997)	
   and	
   Cyp19a1	
   (Baron	
   2004);	
   it	
   is	
  

thought	
   to	
  prevent	
   the	
  premature	
  depletion	
  of	
  ovarian	
   follicles	
  by	
  blocking	
  the	
  

differentiation/proliferation	
  of	
  granulosa	
  cells.	
  Moreover,	
  Foxl2	
  has	
  an	
  essential	
  

role	
  in	
  postnatal	
  maintenance	
  and	
  development	
  in	
  mice	
  ovary.	
  The	
  targeted	
  loss	
  

of	
   Foxl2	
   in	
   adult	
   ovary	
   results	
   in	
   ovary-­‐to-­‐testis	
   trans-­‐differentiation,	
   where	
  

male	
   specific	
   genes	
   such	
  as	
  Sox9,	
  Dmrt1	
   and	
  Dhh	
   are	
  upregulated,	
   leading	
   to	
   a	
  

reprogramming	
  of	
  granulosa	
  cells	
  into	
  Sertoli-­‐like	
  cells	
  (Uhlenhaut	
  et	
  al.,	
  2009).	
  

Foxl2	
  and	
  estrogen	
  receptors	
  (Esr)	
  α/β	
  cooperate	
  to	
  maintain	
  the	
  granulosa	
  cell	
  

lineage	
  in	
  adult	
  mice	
  (Uhlenhaut	
  et	
  al.,	
  2009).	
  XX	
  mice	
  lacking	
  Esrα	
  and	
  Esrβ	
  or	
  

the	
  aromatase	
  enzyme	
  that	
  produce	
  estrogen,	
  show	
  the	
  sex	
  reversal	
  phenotype	
  

similar	
   to	
   that	
  of	
  Foxl2-­‐/-­‐	
   (Couse	
  et	
  al.,	
  1999;	
  Britt	
  et	
  al.,	
  2001;	
  Uhlenhaut	
  et	
  al.,	
  

2009).	
   Foxl2	
   and	
   Esrα	
   can	
   synergistically	
   repress	
   Sox9	
   expression	
   in	
  vitro,	
   via	
  

Tesco	
   and	
   attenuate	
   Nr5a1,	
   Sry+Nr5a1	
   and	
   Sox9+Nr5a1	
   activation.	
   Moreover,	
  

Foxl2	
  negatively	
  regulates	
  Nr5a1	
  expression	
  by	
  antagonizing	
  Wt1	
  (-­‐KTS	
  isoform)	
  

during	
  early	
  ovarian	
  development	
  in	
  mice	
  (Takasawa	
  et	
  al.,	
  2014).	
  	
  

In	
   humans,	
   FOXL2	
   mutations	
   in	
   the	
   human	
   germline	
   lead	
   to	
   the	
   autosomal	
  

dominant	
   blepharophimosis/ptosis/epicanthus	
   inversus	
   syndrome	
   (BPES)	
  

which	
   is	
   characterized	
   by	
   eyelid	
   abnormalities	
   and	
   often	
   associated	
   with	
  

premature	
  ovarian	
  failure	
  in	
  females	
  (Crisponi	
  et	
  al.,	
  2001),	
  suggesting	
  a	
  role	
  for	
  

FOXL2	
  in	
  follicle	
  maintenance	
  during	
  adult	
  life	
  (Harris	
  et	
  al.,	
  2002).	
  Recent	
  work	
  

has	
   shown	
   that	
   FOXL2	
   mutations	
   impairing	
   the	
   transcriptional	
   activity	
   (more	
  

specifically	
   the	
   ability	
   to	
   bind	
   DNA)	
   are	
   responsible	
   for	
   POI	
   in	
   BPES	
  

(Dipietromaria	
  et	
  al.,	
  2009;	
  Todeschini	
  et	
  al.,	
  2011).	
  Indeed,	
  a	
  specific	
  mutation	
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in	
  FOXL2	
   has	
   ben	
   identified	
   in	
  more	
   than	
   95%	
  of	
   adult	
   granulosa	
   cell	
   tumors,	
  

confirming	
  the	
  association	
  of	
  FOXL2	
  and	
  granulosa	
  cell	
  fate	
  and	
  function	
  (Shah	
  et	
  

al.,	
  2009;	
  Jamieson	
  and	
  Fuller,	
  2012).	
  

There	
  is	
  accumulating	
  evidence	
  indicating	
  the	
  essential	
  role	
  of	
  FOXL2	
  to	
  prevent	
  

Sox9	
  expression,	
  thereby	
  preventing	
  Sertoli	
  cell	
  differentiation	
  and	
  allowing	
  the	
  

maintenance	
  of	
  granulosa	
  cell	
  fate	
  throughout	
  life	
  (See	
  Fig	
  13).	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  13.	
  Molecular	
  pathway	
  required	
  for	
  ovary	
  differentiation	
  and	
  development.	
  	
  

Genes	
  as	
  Rspo1,	
  Wnt4	
  and	
  Foxl2	
  are	
  expressed	
  during	
  ovarian	
  development.	
  Rspo1	
  mutant	
  ovaries	
  show	
  
reduced	
  levels	
  of	
  Wnt4	
  expression,	
  suggesting	
  it	
  acts	
  upstream	
  of	
  Wnt4,	
  there	
  is	
  also	
  evidence	
  suggesting	
  
the	
  synergistic	
  action	
  of	
  bothWnt4	
  and	
  Rspo1	
  to	
  upregulate	
  Ctnnb1	
  (β-­‐catenin).	
  Together	
  Foxl2,	
  Rspo1	
  
and	
  Wnt4	
   activate	
  Fst	
   expression.	
   In	
   addition,	
  Gata4-­‐Fog2	
   complex	
  has	
  been	
   implicated	
   in	
   embryonic	
  
ovary	
  development.	
   In	
  adult	
  ovary,	
  Foxl2	
  is	
  essential	
   for	
  cell	
   fate	
  maintenance	
  and	
  follicle	
  maturation.	
  
(Figure	
  from	
  Eggers	
  et	
  al.,	
  2014)	
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Wnt4	
  

Wingless-­‐type	
   MMTV	
   Integration	
   Site	
   Family,	
   Member	
   4	
   (WNT4)	
   is	
  

located	
  on	
  human	
  chromosome	
  1,	
  and	
  encodes	
  a	
  351	
  amino	
  acid	
  protein.	
  Wnt4	
  

belongs	
   to	
   a	
   family	
   of	
   secreted	
   lipid-­‐modified	
   glycoproteins	
   that	
   are	
  

evolutionarily	
   conserved	
   with	
   essential	
   roles	
   in	
   different	
   developmental	
  

processes	
   including	
   proliferation,	
   differentiation	
   and	
   cell	
   migration	
   among	
  

others	
  (Chien	
  et	
  al.,	
  2009;	
  Miller,	
  2002).	
  Wnt4	
  encodes	
  for	
  a	
  protein	
  that	
  act	
  as	
  a	
  

suppressor	
  of	
  male	
  differentiation,	
  it	
  is	
  expressed	
  in	
  the	
  bipotential	
  gonads	
  from	
  

E9.5	
  and	
  onwards.	
  Around	
  E11.5,	
   after	
   the	
  onset	
  of	
  Sry	
   expression,	
   it	
  becomes	
  

dimorphic,	
   its	
  expression	
   is	
  downregulated	
   in	
  XY	
  gonads	
  and	
  maintained	
   in	
  XX	
  

gonads,	
  becoming	
  female	
  specific	
  	
  (See	
  Fig	
  14)(Vainio	
  et	
  al.,	
  1999).	
  Loss	
  of	
  Wnt4	
  

in	
  XX	
  mice,	
  results	
  in	
  partial	
  sex	
  reversal,	
  suggesting	
  the	
  positive	
  regulatory	
  role	
  

of	
  Wnt4	
  in	
  ovary	
  differentiation.	
  Wnt4-­‐/-­‐	
  female	
  mice	
  show	
  masculinization	
  of	
  the	
  

gonads,	
   including	
   the	
   formation	
   of	
   the	
   coleomic	
   blood	
   vessel	
   and	
   the	
   inward	
  

migration	
   of	
   adrenal	
   steroidogenic	
   cells	
   that	
   produce	
   androgens.	
   Moreover,	
  

these	
  Wnt4	
   null	
   mice	
   are	
   unable	
   to	
   maintain	
   germ	
   cells.	
   On	
   the	
   other	
   hand,	
  

overexpression	
  of	
  Wnt4	
  in	
  XY	
  mice	
  results	
  in	
  disruption	
  of	
  testicular	
  vasculature	
  

and	
  arrest	
  of	
  Leydig	
  cell	
  development	
  with	
  inhibition	
  of	
  testosterone	
  production,	
  

however	
   there	
   is	
  no	
  sex	
  reversal	
   (Jordan	
  et	
  al.,	
  2003).	
   In	
  humans,	
  homozygous	
  

mutations	
   in	
  WNT4	
   are	
   associated	
   with	
   46,XX	
   testicular	
   DSD	
   (Mandel	
   et	
   al.,	
  

2008).	
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Rspo1	
  

R-­‐spondin	
   family	
  1	
   (RSPO1)	
   is	
   located	
  on	
  human	
  chromosome	
  1.	
  RSPO1	
  

belongs	
   to	
   the	
   family	
   of	
   secreted	
   furin-­‐like	
   domain	
   containing	
   proteins	
   that	
  

activates	
  Wnt4/β-­‐catenin	
  signaling	
  and	
  has	
  pleiotropic	
  functions	
  in	
  development.	
  

Rspo1	
   stimulates	
   the	
   expression	
   of	
  Wnt4,	
   and	
   synergize	
   with	
   it	
   to	
   activate	
   β-­‐

catenin,	
  the	
  intracellular	
  activator	
  of	
  WNT	
  pathway,	
  this	
  regulates	
  the	
  expression	
  

of	
   different	
   genes,	
   among	
   them	
  many	
   ovarian	
   components,	
   for	
   example	
  Wnt4	
  

and	
  Fst	
  and	
  thus	
  enabling	
  the	
  female	
  pathway	
  to	
  proceed	
  (See	
  Fig	
  13)	
  (Yao	
  et	
  al.,	
  

2004;	
  Chassot	
  et	
  al.,	
  2008b;	
  Liu	
  et	
  al.,	
  2010;	
  Maatouk	
  et	
  al.,	
  2008).	
  LOF	
  mutations	
  

of	
  Rspo1	
   in	
  mice	
   result	
   in	
  disruption	
  of	
  ovarian	
  development	
  but	
  not	
   complete	
  

sex	
   reversal.	
   XX	
  mice	
  with	
   gonads	
   lacking	
  Rspo1	
   and	
  Wnt4	
   initially	
   develop	
   as	
  

ovaries	
  but	
  later	
  after	
  birth	
  time,	
  they	
  acquire	
  testis	
  features	
  as	
  Sertoli	
  cells	
  and	
  

testis	
  cords	
  (Chassot	
  et	
  al.,	
  2008a;	
  Tomizuka	
  et	
  al.,	
  2008).	
  β-­‐catenin	
  expression	
  in	
  

mouse	
  XY	
  gonads	
  causes	
  male	
   to	
   female	
  sex	
  reversal	
   (Maatouk	
  et	
  al.,	
  2008).	
   In	
  

human,	
  RSPO1	
  null	
  homozygous	
  mutations	
  cause	
  46,XX	
  testicular	
  DSD	
  (Parma	
  et	
  

al.,	
   2006).	
   Interestingly,	
   a	
   duplication	
   of	
   chromosome	
  1p,	
   including	
  WNT4	
   and	
  

RSPO1	
  had	
  been	
  reported	
  in	
  a	
  46,XY	
  DSD	
  patient	
  with	
  female	
  phenotype	
  (Jordan	
  

et	
  al.,	
  2001).	
  

Rspo1	
   and	
   Wnt4	
   pathway	
   function	
   independently	
   of	
   Foxl2	
   pathway.	
   Foxl2	
  

deletions,	
  do	
  not	
  affect	
  Rspo1/Wnt4	
  expression	
  and	
  vice-­‐versa	
  (Ottolenghi	
  et	
  al.,	
  

2007;	
  Chassot	
  et	
  al.,	
  2008a),	
  however	
  both	
  pathways	
  converge	
  to	
  suppress	
  Sox9	
  

expression.	
  

All	
   the	
  available	
   information	
  point	
  to	
  a	
  model	
  where	
  FOXL2,	
  WNT4	
  and	
  RSPO1	
  

act	
   to	
  antagonize	
  SOX9	
   expression,	
  allowing	
  ovarian	
  development	
   to	
  occur	
  and	
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be	
   preserved,	
   and	
   at	
   the	
   same	
   time	
   repress	
   the	
   male	
   testis	
   differentiation	
  

pathway	
  (see	
  Fig	
  14).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

INTRO	
   -­‐	
   Figure	
   14.	
   Molecular	
   interaction	
   pathway	
   between	
   testis	
   and	
   ovary	
   during	
   embryonic	
  
development	
  and	
  adulthood.	
  	
  

Genes	
  and	
  proteins	
   interact	
  between	
  the	
   two	
  pathways	
   in	
  a	
  mutually	
  antagonistic	
  manner	
   to	
  ensure	
   the	
  
maintenance	
   of	
   the	
   cell	
   fate	
   and	
   repression	
   of	
   the	
   other	
   pathway.	
  During	
   embryonic	
   development	
   Sox9	
  
and	
  Fgf9	
  inhibit	
  the	
  ovarian	
  pathway	
  by	
  suppressing	
  Rspo1	
  and	
  Wnt4-­‐Ctnnb1	
  expression	
  and	
  in	
  the	
  ovary	
  
Foxl2,	
  Rspo1,	
  Wnt4	
  and	
  Ctnnb1	
  suppress	
   the	
  male	
  pathway	
  by	
   inhibition	
  of	
  Sox9	
  and	
  Fgf9.	
  During	
  adult	
  
life,	
  testis	
  and	
  ovaries	
  need	
  to	
  be	
  actively	
  maintained	
  by	
  suppression	
  of	
  the	
  pathway	
  of	
  the	
  opposite	
  sex.	
  In	
  
adult	
  testis,	
  Dmrt1	
  has	
  central	
  role	
  in	
  the	
  maintenance	
  of	
  Sertoli	
  and	
  Leydig	
  cells	
  by	
  suppressing	
  ovarian	
  
Foxl2	
   and	
   retinoic	
   acid	
   pathway;	
   in	
   adult	
   ovaries,	
   Foxl2	
   is	
   required	
   to	
   suppress	
   Dmrt1	
   expression	
   and	
  
prevent	
  transdifferentiation	
  of	
  ovarian	
  cells	
  into	
  testicular	
  like	
  cells.	
  (Figure	
  from	
  Eggers,	
  et	
  al.,	
  2014)	
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INTRO	
  Figure	
  15	
  -­‐	
  Model	
  of	
  sex	
  cell	
  fate	
  maintenance.	
  	
  	
  

During	
   sex	
   determination,	
   SRY	
   upregulates	
   Sox9	
   expression	
   and	
   subsequent	
   positive	
   regulatory	
   loops	
  
involving	
   SOX9,	
   FGF9	
   and	
  PGD2	
   signaling,	
   active	
   and	
  maintain	
  Sox9	
   expression	
   in	
  male	
   gonads.	
   In	
   female	
  
gonads,	
   b-­‐catenin	
   stabilized	
   by	
  WNT4	
   and	
   RSPO1	
   actively	
   repress	
   Sox9.	
   After	
   birth,	
   b-­‐catenin	
   declines	
   in	
  
female	
  gonads	
  and	
  FOXL2	
  and	
  ESR1/2	
  actively	
  repress	
  Sox9	
  expression,	
  ensuring	
  ovarian	
  somatic	
  cell	
  fate.	
  
This	
   active	
   transcriptional	
   repression	
   is	
   necessary	
   throughout	
   life	
   to	
   prevent	
   transdifferentiation	
   of	
   the	
  
somatic	
  ovarian	
  cells	
  into	
  testis	
  like	
  cells.	
  (Figure	
  from	
  Ulenhaut,	
  et	
  al.,	
  2009)	
  

INTRO	
  -­‐	
  Figure	
  16	
  Model	
  for	
  FOXL2	
  regulation	
  of	
  estradiol	
  signaling.	
  

FOXL2	
  may	
  regulate	
  estradiol	
  signaling	
  by	
  A)	
  regulating	
  the	
  production	
  of	
  E2	
  and	
  b)	
  regulation	
  of	
  estrogen	
  
receptivity	
  by	
  controlling	
  the	
  expression	
  of	
  Esr2.	
  FOXL2	
  cooperates	
  with	
  Activin/SMAD3	
  and	
  possibly	
  ESR2	
  
itself	
   in	
   the	
   latter	
   process.	
   Sox9	
   repression	
   seems	
   to	
   rely	
   on	
  multiple	
   pathways,	
   as	
   FOXL2	
   and	
  ESR1	
  have	
  
been	
  described	
  to	
  co-­‐bind	
  a	
  SOX9	
  regulatory	
  element	
  in	
  the	
  ovary.	
  (Figure	
  from	
  Georges	
  et	
  al.,	
  2014)	
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On	
  the	
  other	
  hand,	
  chromosome	
  9p	
  deletions	
  in	
  human	
  that	
  remove	
  the	
  DMRT1	
  

gene	
  are	
  associated	
  with	
  a	
  failure	
  of	
  testis	
  determination	
  (Matson	
  et	
  al.,	
  2011).	
  In	
  

mammals,	
   DMRT1	
   functions	
   by	
   repressing	
   female	
   development.	
   Knockout	
   of	
  

Dmrt1	
   in	
  XY	
  mouse	
  Sertoli	
  cells,	
   in	
  adult	
  testis	
  results	
  in	
  the	
  activation	
  of	
  Foxl2	
  

and	
   Sertoli	
   cells	
   reprogramming	
   into	
   granulosa	
   and	
   theca	
   like	
   cells,	
   with	
  

production	
  of	
  oestrogen	
  and	
  germ	
  cells	
  which	
  appear	
   feminized	
  (Matson	
  et	
  al.,	
  

2011).	
  Sox9	
  and	
  Sox8	
  are	
  candidates	
  for	
  the	
  maintenance	
  of	
  male	
  fate	
  since	
  the	
  

loss	
   of	
   both	
   genes	
   after	
   sex	
   determination	
   is	
   associated	
   to	
   similar	
   testicular	
  

anomalies	
   as	
   the	
   ones	
   seen	
   in	
   Dmrt1	
   mutants	
   (Barrionuevo	
   et	
   al.,	
   2009).	
  

Recently,	
  Dmrt1	
  and	
  Sox9	
  have	
  been	
  shown	
  to	
  be	
  required	
  for	
  the	
  maintenance	
  

of	
  postnatal	
  testis	
  via	
  suppression	
  of	
  female	
  specific	
  determining	
  genes,	
  such	
  as	
  

Foxl2	
  (Minkina	
  et	
  al.,	
  2014).	
  More	
  precisely,	
  Dmrt1	
  blocks	
  testicular	
  retinoic	
  acid	
  

signalling	
   in	
   the	
   testis,	
   controlling	
   the	
   expression	
   of	
   female	
   sex	
   determining	
  

genes	
  (See	
  Fig	
  17).	
  	
  

	
  

	
  

	
  

	
  

	
  

INTRO	
  -­‐	
  Figure	
  17.	
  Model	
  of	
  DMRT1	
  genetic	
  regulation	
  of	
  cell	
  fate	
  in	
  Sertoli	
  cells.	
  	
  

DMRT1	
  direct	
  repression	
  of	
  feminizing	
  genes	
  including	
  Foxl2,	
  Esr2,	
  Wnt4	
  and	
  Rspo1	
  in	
  Sertoli	
  cells	
  
(Matson	
   et	
   al.,	
   2011).	
   Sertoli	
   cells	
   express	
   DMRT1	
  which	
   allows	
   the	
   production	
   of	
   RA	
   needed	
   for	
  
spermatogenesis	
  without	
  causing	
  RARa	
  to	
  activate	
  these	
  feminizing	
  genes.	
  The	
  model	
  also	
  indicates	
  
that	
  it	
  is	
  possible,	
  based	
  on	
  data	
  from	
  other	
  systems,	
  that	
  RARa	
  synergizes	
  with	
  products	
  of	
  some	
  of	
  
the	
   feminizing	
   genes	
   to	
   drive	
   transdifferentiation.	
   In	
   addition	
   to	
   the	
   genes	
   shown,	
   DMRT1	
   also	
  
represses	
   Cyp19a1/aromatase,	
   which	
   makes	
   estradiol	
   that	
   stimulates	
   ER	
   activity.	
   (Figure	
   from	
  
Minkina	
  et	
  al.,	
  2014)	
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Taken	
  together	
  all	
   information	
  to	
  date,	
   indicate	
  that	
  both	
  testis	
  and	
  ovaries	
  are	
  

vulnerable	
  to	
  change,	
  even	
  after	
  birth.	
  Both	
  require	
  the	
  constitutive	
  expression	
  

of	
   appropriate	
   genes	
   to	
   actively	
   supress	
   the	
   opposing	
   pathway	
   and	
   prevent	
  

transdifferentiation.	
   More	
   genetic	
   studies	
   are	
   needed	
   to	
   identify	
   the	
  

genes/networks	
   that	
   are	
   specific	
   to	
  post-­‐natal	
   sex	
  maintenance	
   and	
   those	
   that	
  

participate	
  in	
  foetal	
  development	
  and	
  sex	
  maintenance.	
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Disorders	
  of	
  Sex	
  Development	
  

	
  

Disorders	
   of	
   sex	
   development	
   (DSD)	
   are	
   defined	
   as	
   congenital	
   conditions	
   in	
  

which	
   the	
   development	
   of	
   chromosomal,	
   gonadal	
   or	
   anatomical	
   sex	
   is	
   atypical	
  

(Hughes	
   et	
   al.,	
   2006).	
   Truly	
   ambiguous	
   genitalia	
   is	
   rare,	
   reported	
   to	
   occur	
   in	
  

about	
  1:4500	
  births.	
  However,	
  a	
  concern	
  about	
  the	
  development	
  of	
  the	
  external	
  

genitalia	
  may	
   exist	
   in	
   1	
   in	
   300	
   newborn	
   infants	
   and	
   in	
   over	
   80%	
  of	
   cases	
   the	
  

affected	
  infants	
  are	
  raised	
  as	
  boys	
  and	
  have	
  a	
  presumed	
  or	
  actual	
  XY	
  karyotype	
  

(Ohnesorg	
  et	
  al.,	
  2014).	
  

	
  

46,XY	
   DSD	
   includes	
   46,XY	
   complete	
   or	
   partial	
   gonadal	
   dysgenesis	
   (errors	
   of	
  

testis	
  determination),	
  or	
  undervirilization	
  or	
  undermasculinization	
  of	
  a	
  XY	
  male	
  

due	
   to	
   defects	
   in	
   androgen	
   synthesis	
   or	
   action.	
   46,XX	
   DSD	
   includes	
   gonadal	
  

dysgenesis	
   or,	
   more	
   commonly,	
   overvirilization	
   or	
   masculinization	
   of	
   a	
   XX	
  

individual	
  due	
  to	
  androgen	
  excess.	
  

	
  

46,	
  XY	
  DSD	
  

	
  46,XY	
  DSD	
  includes	
  46,XY	
  complete	
  or	
  partial	
  gonadal	
  dysgenesis	
  (errors	
  

of	
   testis	
   determination),	
   or	
   undervirilization	
   or	
   undermasculinization	
   of	
   an	
   XY	
  

male	
  due	
  to	
  defects	
  in	
  androgen	
  synthesis	
  or	
  action.	
  46,XY	
  gonadal	
  dysgenesis	
  is	
  

characterized	
  by	
  a	
  failure	
  of	
  testis	
  determination.	
  These	
  cases	
  can	
  be	
  subdivided	
  

into	
   46,XY	
   complete	
   gonadal	
   dysgenesis	
   (CGD)	
   and	
   46,XY	
   partial	
   gonadal	
  

dysgenesis	
   (PGD).	
   The	
   former	
   is	
   characterized	
   by	
   completely	
   female	
   external	
  

genitalia,	
  well-­‐developed	
  Müllerian	
  structures	
  and	
  a	
  gonad	
  composed	
  of	
  a	
  streak	
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of	
  fibrous	
  tissue.	
  46,XY	
  PGD	
  is	
  characterized	
  by	
  partial	
  testis	
  formation,	
  usually	
  a	
  

mixture	
  of	
  Wolffian	
  and	
  Müllerian	
  ducts	
  and	
  varying	
  degrees	
  of	
  masculinization	
  

of	
  the	
  external	
  genitalia.	
  	
  

Of	
   the	
   mutations	
   we	
   know	
   causing	
   46,XY	
   CGD,	
   about	
   one	
   third	
   are	
   point	
  

mutations	
  or	
  deletions	
   involving	
  SRY	
   (Scherer	
   et	
   al.,	
   1998).	
  Mutations	
   in	
  other	
  

genes	
   are	
   associated	
   with	
   non-­‐syndromic	
   forms	
   of	
   46,XY	
   gonadal	
   dysgenesis	
  

include	
  NR5A1,	
  CBX2,	
  DHH	
  (in	
  a	
  proportion	
  of	
  cases)	
  and	
  MAP3K1.	
  Chromosomal	
  

deletions	
   that	
   include	
  DMRT1	
  (9p)	
  or	
  EMX2	
   (10q)	
   as	
  well	
   as	
   duplication	
   of	
   Xp	
  	
  

(DAX1)	
  are	
  also	
  associated	
  with	
  46,XY	
  DSD.	
  Details	
  about	
  genes	
  implicated	
  in	
  46,	
  

XY	
   DSD	
   and	
   their	
   associated	
   phenotypes	
   can	
   be	
   found	
   in	
   each	
   gene	
   specific	
  

section	
  of	
  sex	
  determination	
  and	
  in	
  Table	
  2.	
  	
  

	
  

46,	
  XX	
  Ovotesticular	
  DSD	
  

	
   46,XX	
   testicular	
   DSD	
   refers	
   to	
   a	
   male	
   with	
   testis	
   and	
   a	
   normal	
   male	
  

habitus,	
   whereas	
   46,XX	
   ovotesticular	
   DSD	
   refers	
   to	
   individuals	
   that	
   have	
   both	
  

ovarian	
   and	
   testicular	
   tissue	
   in	
   the	
   gonads,	
   usually	
   as	
   ovotestes	
   but	
   less	
  

commonly	
  as	
  separate	
  gonads	
  and	
  azoospermia.	
  A	
  confirmed	
  genetic	
  diagnosis	
  

remains	
   elusive	
   in	
   60-­‐70%	
   of	
   all	
   of	
   the	
   cases	
   carry	
   the	
   SRY	
   gene	
   usually	
   as	
   a	
  

translocation	
  on	
  the	
  X	
  chromosome	
  (Délot	
  and	
  Vilain,	
  2015).	
  

	
  

	
  

SRY	
   and	
   the	
   X-­‐linked	
   gene	
  SOX3	
   are	
   thought	
   to	
   share	
   a	
   common	
   ancestor	
   and	
  

during	
  early	
  mammalian	
  evolution	
  SRY	
  arose	
  from	
  a	
  gain-­‐of-­‐function	
  mutation	
  in	
  

the	
   proto-­‐Y	
   allele	
   of	
   SOX3	
   that	
   resulted	
   in	
   testis	
   specific	
   expression.	
   Although	
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Sox3	
   is	
   normally	
   not	
   expressed	
   in	
   the	
   urogenital	
   ridge	
   at	
   the	
  moment	
   of	
   sex-­‐

determination,	
   it	
   can	
   substitute	
   for	
   Sry	
   in	
   testis	
   determination.	
   This	
   is	
  

demonstrated	
   by	
   the	
   ectopic	
   expression	
   of	
   Sox3	
   in	
   XX	
   transgenic	
   gonads	
   that	
  

induces	
  Sox9	
  upregulation	
  and	
  consequent	
  testicular	
  development	
  (Sutton	
  et	
  al.,	
  

2011).	
   In	
   the	
   human	
   SOX3	
   loss-­‐of-­‐function	
   mutations	
   are	
   not	
   associated	
   with	
  

either	
  46,XY	
  gonadal	
  dysgenesis	
  nor	
  46,XX	
  testicular/ovotesticular	
  DSD	
  but	
  are	
  

associated	
   with	
   mental	
   retardation	
   and	
   growth	
   hormone	
   deficiency	
  

(Laumonnier	
  et	
  al.,	
  2002).	
  However,	
  rearrangements	
  at	
  the	
  SOX3	
   locus	
  can	
  lead	
  

to	
   testis	
  development	
   in	
  an	
  XX	
  background	
   (Sutton	
  et	
   al.,	
   2011).	
  These	
   studies	
  

raise	
   the	
   possibility	
   that	
   ectopic	
   expression	
   of	
   other	
   HMG-­‐box	
   containing	
  

proteins	
  in	
  the	
  urogenital	
  ridge	
  at	
  the	
  moment	
  of	
  sex-­‐determination	
  may	
  result	
  

in	
  testicular	
  development	
  in	
  a	
  chromosomal	
  female	
  individual.	
  One	
  such	
  example	
  

may	
  be	
  SOX10.	
  Complete	
  or	
  partial	
  duplications	
  of	
  chromosome	
  22	
  in	
  46,XX-­‐SRY	
  

negative	
   individuals	
   are	
   associated	
   with	
   various	
   degrees	
   of	
   masculinization	
  

(Nicholl	
  et	
  al.,	
  1994;	
  Seeherunvong	
  et	
  al.,	
  2004).	
  Mutations	
  involving	
  RSPO1	
  and	
  

WNT4	
  are	
  associated	
  with	
  exceptionally	
  rare	
  syndromic	
  forms	
  of	
  46,XX	
  testicular	
  

or	
  ovotesticular	
  DSD.	
  Human	
  homozygous	
  RSPO1	
  mutations	
  are	
  associated	
  with	
  

a	
   rare	
   recessive	
   syndrome	
   characterized	
   by	
   XX	
   testicular	
   DSD,	
   palmoplantar	
  

hyperkeratosis	
   and	
   predisposition	
   to	
   squamous	
   cell	
   carcinoma	
   of	
   the	
   skin	
  

(Parma	
  et	
  al.,	
  2006).	
  Mutations	
  involving	
  RSPO1	
  have	
  not	
  been	
  reported	
  in	
  non-­‐

syndromic	
   cases	
   of	
   testicular	
   and	
   ovotesticular	
   DSD.	
   In	
   the	
   human,	
   four	
  

dominant	
   heterozygous	
   missense	
   mutations	
   in	
  WNT4	
   have	
   been	
   reported	
   in	
  

association	
   with	
   various	
   degrees	
   of	
   virilization	
   (with	
   no	
   overt	
   evidence	
   of	
  

testicular	
   development)	
   including	
   androgen	
   excess,	
   abnormal	
   development	
   of	
  

Mullerian	
  ducts	
   but	
   normal	
   female	
   genitalia	
   (Biason-­‐Lauber	
   et	
   al.,	
   2004,	
   2006;	
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Philibert	
  et	
  al.,	
  2008,	
  2011).	
  A	
  single	
  homozygous	
  WNT4	
  mutation	
  was	
  reported	
  

in	
   a	
   consanguineous	
   family	
   with	
   an	
   embryonic	
   lethal	
   syndrome	
   of	
   46,XX	
  

testicular	
   DSD	
   and	
   dysgenesis	
   of	
   kidneys,	
   adrenals,	
   and	
   lungs	
   (SERKAL	
  

syndrome;	
  SEx	
  Reversion,	
  Kidneys,	
  Adrenal	
  and	
  Lung	
  dysgenesis;	
  (Mandel	
  et	
  al.,	
  

2008).	
   The	
   normal	
   heterozygous	
   carriers	
   showed	
   increased	
   activity	
   of	
   5	
   a-­‐

reductase	
   suggesting	
   that	
  WNT4	
  may	
  also	
  play	
  a	
   role	
   in	
  prostate	
  development	
  

(Mandel	
  et	
  al.,	
  2008).	
  Additional	
  details	
  about	
  genes	
  implicated	
  in	
  46,XX	
  DSD	
  and	
  

their	
  associated	
  phenotypes	
  can	
  be	
  found	
  in	
  Table	
  2. 

 

	
  

Genomic	
   studies	
   of	
   human	
   patients	
   presenting	
   with	
   DSD	
   have	
   revealed	
   an	
  

increasing	
   number	
   of	
   genes	
   important	
   for	
   sex	
   determination	
   (Table	
   2).	
   In	
  

addition	
  murine	
  studies	
  have	
  extended	
  our	
  understanding	
  of	
  the	
  mechanism	
  of	
  

action	
  of	
  these	
  genes	
  (Table	
  2).	
  Understanding	
  the	
  molecular	
  processes	
  of	
  testis	
  

development	
   may	
   also	
   shed	
   light	
   on	
   male	
   infertility.	
   However,	
   despite	
   these	
  

recent	
   advances,	
   with	
   the	
   exception	
   of	
   patients	
   presenting	
   with	
   errors	
   of	
  

testosterone	
  biosynthesis,	
   the	
  genetic	
  cause	
  of	
  46,XY	
  DSD	
  remains	
  unknown	
   in	
  

the	
  majority	
  of	
  cases.	
  

Technological	
  advances	
  including	
  SNPs	
  arrays,	
  NGS	
  and	
  epigenomic	
  technologies	
  

are	
   likely	
   to	
   lead	
   to	
   new	
   and	
   important	
   findings	
   allowing	
   us	
   to	
   identify	
   new	
  

genetic	
   elements	
   and	
   the	
   mechanisms	
   of	
   human	
   sex	
   determination	
   and	
  

differentiation	
   (Bashamboo	
   et	
   al.,	
   2010b).	
   Next	
   generation	
   sequencing	
   (NGS)	
  

methods	
  represent	
  a	
  paradigm	
  shift	
  in	
  the	
  use	
  of	
  sequencing	
  in	
  genetic	
  diagnosis	
  

(Mardis,	
  2008).	
  NGS	
  have	
  relative	
  low	
  costs	
  and	
  can	
  sequence	
  an	
  entire	
  human	
  

genome	
   within	
   a	
   few	
   hours	
   and	
   also	
   allows	
   the	
   target	
   sequencing	
   of	
   smaller	
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selections	
  by	
  capture	
  of	
  either	
  a	
  specific	
  set	
  of	
  genes	
  or	
  the	
  entire	
  subset	
  of	
  the	
  

genome	
   that	
   is	
   expressed,	
   i.e.,	
   whole	
   exome	
   sequencing	
   (WES)	
   (Baxter	
   and	
  

Vilain,	
   2013).	
   Recent	
   analysis	
   of	
   DSD	
   patients	
   using	
   SNP	
   arrays	
   to	
   identify	
  

genome	
  wide	
  duplications	
  and	
  deletions	
  have	
  identified	
  many	
  rearrangements	
  in	
  

intergenic	
  regions,	
  some	
  of	
  them	
  linked	
  to	
  already	
  known	
  sex	
  genes	
  (White	
  et	
  al.,	
  

2011).	
   Whole	
   exome	
   sequencing	
   of	
   DSD	
   patients	
   to	
   detect	
   genomic	
  

rearrangements	
   and	
   mutations	
   (up	
   to	
   single	
   nucleotide	
   level)	
   is	
   nowadays	
  

feasible	
   and	
   becoming	
   the	
   tool	
   for	
   excellence.	
   WES	
   has	
   already	
   proved	
   by	
  

different	
  research	
  teams	
  with	
  positive	
  and	
  promising	
  results	
  (Bashamboo	
  et	
  al.,	
  

2014;	
   Arboleda	
   et	
   al.,	
   2013;	
   Callier	
   et	
   al.,	
   2014).	
   These	
   approaches	
   offer	
  

affordable	
  tools	
  to	
  detect	
  already	
  known	
  and	
  new	
  mutations	
  involved	
  in	
  disease,	
  

leading	
  to	
  a	
  more	
  efficient	
  diagnosis	
  and	
  moreover	
   the	
  discovery	
  of	
  new	
  genes	
  

involved	
   in	
   disease.	
   Once	
   novel	
   mutations	
   are	
   identified,	
   in	
   vitro	
   functional	
  

analyses	
  of	
   candidate	
  genes	
  are	
  useful	
   tools	
   in	
  order	
   to	
  better	
  understand	
  and	
  

validate	
  their	
  biological	
  implication	
  in	
  DSD.	
  

	
  



	
  
73	
  

	
  





	
  
75	
  

	
  

	
  

	
  Table	
  2	
  .	
  Genes	
  involved	
  in	
  regulation	
  of	
  bipotential	
  gonads,	
  tesis	
  and	
  ovaries	
  development.	
  Chromosomal	
  position,	
  protein	
  function,	
  gonadal	
  phenotype	
  in	
  human	
  and	
  mice.	
  NR:	
  No	
  
reported	
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Model	
  systems	
  to	
  study	
  cell	
  fate	
  choice	
  during	
  gonad	
  development	
  and	
  DSD	
  

	
  

Animal	
  models	
  

Our	
   current	
   understanding	
   of	
   the	
   genetic	
   regulation	
   of	
   sex	
   determination	
   and	
  

differentiation	
   has	
   arisen	
   mostly	
   from	
   the	
   mutational	
   and	
   functional	
   analysis	
  

from	
   patient	
   presenting	
   with	
   DSDs.	
   Among	
   mammals,	
   the	
   mechanisms	
   that	
  

underlie	
   sex	
   development	
   have	
   been	
   most	
   extensively	
   studied	
   and	
   are	
   best	
  

understood	
   in	
   mice.	
   The	
   pertinent	
   use	
   of	
   mouse	
   models	
   of	
   DSD	
   and	
   in	
   vitro	
  

cellular	
   models,	
   in	
   particular	
   mouse	
   models	
   employing	
   targeted	
   mutagenesis	
  

and	
  transgenesis	
  have	
  greatly	
  contribute	
  to	
  our	
  understanding	
  of	
  gene	
  function	
  

and	
   to	
   decipher	
   the	
  molecular	
   networks	
   in	
   sex	
   development	
   and	
  maintenance	
  

(Table	
  2).	
  However,	
   it	
   is	
   important	
  to	
  consider	
  that	
  although	
  mouse	
  may	
  be	
  an	
  

excellent	
  model	
  system	
  in	
  many	
  cases,	
  it	
  does	
  not	
  mimic	
  exactly	
  the	
  mechanisms	
  

of	
   sex	
   determination	
   and	
  maintenance	
   in	
  vivo	
   in	
   humans.	
   Differences	
   between	
  

both	
   organisms	
   during	
   sex	
   determination	
   and	
   development	
   are	
   evident,	
   for	
  

example,	
  spatio-­‐temporal	
  expression	
  of	
  Sry	
  expression	
  strictly	
  limited	
  in	
  mouse,	
  

while	
   in	
  humans	
  SRY	
  expression	
   is	
  maintained	
  throughout	
   lifetime	
  (Kashimada	
  

and	
   Koopman,	
   2010).	
   Moreover,	
   there	
   are	
   genes	
   that	
   do	
   not	
   show	
   similar	
  

biological	
   function	
  on	
  gonad	
  development	
   in	
   the	
   two	
  species	
   this	
   is	
   the	
  case	
  of	
  

MAP3K1,	
  which	
  is	
  associated	
  with	
  46,XY	
  DSD	
  gonadal	
  dysgenesis	
  in	
  human,	
  but	
  

in	
  mouse	
  does	
  not	
  have	
  a	
  gonadal	
  phenotype	
  (Pearlman	
  et	
  al.,	
  2010).	
  However,	
  

another	
  member	
  of	
  MAPK	
  family:	
  Map3k4	
  has	
  been	
  identified	
  to	
  have	
  a	
  gonadal	
  

phenotype	
   in	
  mouse	
  when	
  ablated	
   (Bogani	
   et	
   al.,	
   2009).	
   Similarly,	
   deletions	
  of	
  

chromosome	
   9p	
   including	
   DMRT1	
   have	
   been	
   linked	
   to	
   46,XY	
   DSD	
   in	
   human	
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(Herpin	
  et	
  al.,	
  2010),	
  whereas	
  mutations	
  Dmrt1	
  knockouts	
  in	
  mice	
  do	
  not	
  show	
  

primary	
  sex	
  reversal	
  since	
  mouse	
  born	
  with	
  testis,	
  however	
  they	
   later	
  undergo	
  

abnormal	
  differentiation	
  (Raymond	
  et	
  al.,	
  2000).	
  

	
  

The	
   detailed	
   genetic	
   analysis	
   of	
   human	
   cases	
   with	
   anomalies	
   in	
   sex-­‐

determination	
  has	
  been	
  a	
  powerful	
  tool	
  in	
  the	
  identification	
  of	
  genes	
  involved	
  in	
  

sex-­‐determination.	
  SRY	
  was	
  mapped	
  and	
  eventually	
  cloned	
  through	
  the	
  analyses	
  

of	
  XY	
  females	
  with	
  gonadal	
  dysgenesis	
  and	
  XX	
  males	
  carrying	
  a	
  portion	
  of	
  the	
  Y	
  

chromosome	
   on	
   one	
   of	
   their	
   X	
   chromosomes	
   (Guellaen	
   et	
   al.,	
   1984).	
  WT1	
   and	
  

SOX9	
   were	
   identified	
   through	
   the	
   analyses	
   of	
   human	
   chromosomal	
  

rearrangements	
  (Gessler	
  et	
  al.,	
  1990;	
  Call	
  et	
  al.,	
  1990;	
  Wagner	
  et	
  al.,	
  1994;	
  Foster	
  

et	
  al.,	
  1994).	
  Furthermore,	
  our	
  lab	
  and	
  others	
  have	
  demonstrated	
  a	
  contribution	
  

of	
  NR5A1,	
  GATA4	
  and	
  FOG2	
  in	
  human	
  DSD	
  (Bashamboo	
  et	
  al.,	
  2010a;	
  Lourenço	
  

et	
   al.,	
   2011b;	
   Bashamboo	
   et	
   al.,	
   2014).	
   The	
   use	
   of	
   omics	
   technologies	
   such	
   as	
  

exome	
   sequencing	
   has	
   substantially	
   increased	
   our	
   knowledge	
   of	
   the	
   genetic	
  

mutations	
   that	
   can	
   result	
   in	
   an	
   error	
   of	
   sex-­‐determination	
   and	
   discovery	
   of	
  

mutations	
   in	
   novel	
   genes	
   can	
   be	
   expected	
   as	
   more	
   and	
   more	
   patients	
   are	
  

sequenced.	
   Within	
   the	
   limitations	
   of	
   the	
   current	
   mouse	
   models	
   and	
   in-­‐vitro	
  

assays,	
   we	
   can	
   at	
   best	
   predict	
   the	
   effect(s)	
   the	
   mutation	
   may	
   have	
   on	
   the	
  

biological	
  activity	
  of	
  the	
  protein	
  in	
  the	
  context	
  of	
  known	
  interactions.	
  However,	
  if	
  

we	
  want	
   to	
   fully	
   understand	
   the	
  mechanisms	
   involved	
   in	
   decisions	
   of	
   cell	
   fate	
  

choice	
   in	
  the	
  developing	
  gonad	
  a	
  series	
  of	
  complementary	
  studies	
  are	
  required	
  

using	
  different	
  model	
  systems-­‐	
  modeling	
  cells	
  derived	
  from	
  the	
  patient	
  carrying	
  

the	
  mutation	
  of	
  interest	
  and	
  human	
  fetal	
  testis	
  xenograft	
  models.	
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Cellular	
  models	
  

	
  

Recently,	
   ectopic	
   xenografting	
   has	
   become	
   a	
   valid	
   model	
   to	
   induce	
  

spermatogenesis	
   in	
   immature	
   testicular	
   tissue.	
   The	
   subcutaneous	
  

transplantation	
   of	
   pieces	
   of	
   testis	
   tissue	
   in	
   immunodeficient	
   hosts	
   allows	
  

complete	
  spermatogenesis	
  in	
  fresh	
  and	
  cryopreserved	
  neonatal	
  and	
  prepubertal	
  

testicular	
   tissue	
   from	
   different	
   species	
   including	
   rhesus	
   macaque	
   and	
   human	
  

into	
  mouse	
   host.	
   (Rodriguez-­‐Sosa	
   and	
   Dobrinski,	
   2009).	
   Xenografts	
   are	
   useful	
  

models	
   to	
   study	
   spermatogenesis,	
   toxicological	
   effects,	
   influence	
   of	
   irradiation	
  

and	
   cryopreservation	
   studies	
   on	
   testicular	
   tissues.	
   (Mitchell	
   et	
   al.,	
   2010).	
   This	
  

technique	
  may	
   be	
  modified	
   to	
   study	
   genes	
   involved	
   in	
   sex	
   determination	
   and	
  

testis	
   development	
   in	
   vitro.	
   In	
   humans,	
   studies	
   showing	
   that	
   fetal	
   human	
  

testicular	
   tissue	
  xenografts	
   in	
  nude	
  mice	
  have	
  expression	
  of	
   testis	
  cell	
  markers	
  

however,	
  they	
  have	
  low	
  survival	
  and	
  post-­‐natal	
  tissue	
  xenografts	
  survival	
  is	
  also	
  

limited,	
   although	
   not	
   completely	
   mature	
   sperm	
   has	
   been	
   reported	
   until	
   now.	
  

Moreover,	
   the	
  study	
  of	
  human	
  testis	
  xenografts	
  has	
  been	
   limited	
  by	
   the	
   lack	
  of	
  

donor	
  tissue.	
  	
  

	
  

Different	
   gonad	
   cell	
   lines	
   have	
   been	
   produced,	
   characterized	
   and	
   used	
   with	
  

limited	
   success.	
   Murine	
   cell	
   lines	
   such	
   as	
   TM4	
   (Sertoli	
   like)	
   and	
   TM3	
   (Leydig	
  

like)	
  (Mather,	
  1980),	
  Leydig-­‐like	
  clonal	
  cell	
  lines	
  (Ascoli,	
  1981),	
  primary	
  cultured	
  

cells	
  from	
  E	
  11.5	
  gonad	
  (Nishino	
  et	
  al.,	
  2004)	
  and	
  immortalized	
  gonadal	
  cell	
  lines	
  

from	
  transgenic	
  mice	
  or	
  embryo	
  that	
  overexpress	
  the	
  SV40	
  T-­‐antigen	
  (Hofmann	
  

et	
   al.,	
   1992)	
   exist.	
   Moreover,	
   many	
   cell	
   from	
   rodent	
   immature	
   or	
   adult	
   testis,	
  

have	
   been	
   immortalized	
   as	
   cell	
   lines,	
   however,	
   due	
   to	
   the	
   species	
   specific	
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temporal	
  expression	
  pattern	
  of	
  Sry	
  after	
  sex	
  determination,	
  these	
  immortalized	
  

cell	
   lines	
   do	
   not	
   express	
   Sry	
   or	
   other	
   stage	
   specific	
   factors	
   involved	
   in	
   the	
  

differentiation	
  of	
   the	
   testis.	
  TM3	
  and	
  TM4	
  cell	
   lines	
  do	
  not	
   express	
  Sry	
   in	
   long	
  

term	
  culture	
  (Beverdam	
  et	
  al.,	
  2003).	
  There	
  are	
  also	
   immortalized	
  primary	
  cell	
  

lines	
  established	
  from	
  isolated	
  cells	
  of	
  the	
  genital	
  ridge	
  of	
  rodent	
  gonads	
  during	
  

sex	
  determination	
  time	
  window	
  (Haqq	
  et	
  al.,	
  1994;	
  Capel	
  et	
  al.,	
  1996;	
  Nishino	
  et	
  

al.,	
  2004).	
  In	
  these	
  cell	
  lines	
  Sry	
  expression	
  decreases	
  and	
  is	
  finally	
  lost	
  after	
  long	
  

period	
  of	
  culture.	
  Transient	
  overexpression	
  of	
  SRY	
  in	
  these	
  cell	
  lines	
  was	
  used	
  to	
  

study	
   downstream	
   targets	
   of	
   SRY,	
   however	
   the	
   results	
   obtained	
   are	
   not	
  

consistent.	
   BCG,	
   TM3	
   and	
   TM4	
   cells	
   transiently	
   overexpressing	
   SRY	
   show	
   an	
  

absence	
  of	
  Sox9	
  expression	
  (Beverdam	
  et	
  al.,	
  2003).	
  The	
  use	
  of	
  a	
  human	
  cell	
  line	
  

would	
   be	
  more	
   desirable	
   given	
   the	
  major	
   differences	
   in	
   human	
   and	
  mice	
   SRY	
  

proteins.	
  Indeed,	
  NT2/D1	
  a	
  human	
  multipotent	
  testicular	
  embryonic	
  carcinoma	
  

cell	
   line	
   has	
   been	
   shown	
   to	
   express	
   35	
   of	
   39	
   testis-­‐specific	
   genes	
   including	
  

markers	
  for	
  Sertoli	
  cells,	
  germ	
  cells	
  and	
  steroidogenic	
  enzymes	
  present	
  in	
  Leydig	
  

cells,	
   however,	
   genes	
   such	
   as	
   WT1	
   and	
   DAX1	
  were	
   not	
   expressed	
   and	
   some	
  

ovarian	
  genes	
  such	
  as	
  Fst	
  were	
  expressed,	
  suggesting	
  the	
  possibility	
  of	
  NT2/D1	
  

cells	
   may	
   mimic	
   an	
   early	
   stage	
   of	
   mammalian	
   sex	
   determination;	
   however	
  

further	
   studies	
   are	
   necessary	
   to	
   clearly	
   understand	
   the	
   profile	
   of	
   gene	
  

expression	
  in	
  NT2/D1	
  cells	
  (Knower	
  et	
  al.,	
  2007).	
  	
  

	
  

Until	
   now,	
   there	
   is	
   no	
   established	
   cell	
   line	
   that	
   exhibits	
   all	
   the	
   properties	
   of	
  

Sertoli	
   cells.	
   Primary	
   immature,	
   mature	
   Sertoli	
   cells	
   and	
   established	
   cell	
   lines	
  

lose	
  their	
  characteristics	
  during	
  long-­‐term	
  culture.	
  They	
  loss	
  Sry	
  expression,	
  they	
  

do	
   not	
   bind	
   to	
   spermatids	
   in	
   vitro,	
   making	
   them	
   unsuitable	
   for	
   studies	
   on	
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spermatogenesis,	
   or	
   the	
   interaction	
   between	
   Sertoli	
   cells–germ	
   cells,	
   they	
   are	
  

genomically	
   unstable,	
   as	
   most	
   of	
   the	
   reported	
   cell	
   lines	
   are	
   aneuploid	
   and	
  

present	
   chromosome	
   rearrangements	
   (Gassei	
   and	
   Schlatt,	
   2007).	
   Recently,	
  

Buganim	
   et	
   al.,	
   have	
   generated	
   induced	
   embryonic	
   Sertoli	
   like	
   cells	
   (ieSCs)	
   by	
  

direct	
   reprogramming	
  of	
  mouse	
   embryonic	
   fibroblasts	
   (MEFs)	
   (Buganim	
  et	
   al.,	
  

2012)	
  by	
  the	
  dox	
  induced	
  expression	
  of	
  the	
  five	
  transcription	
  factors	
  Nr5a1,	
  Wt1,	
  

Gata4,	
  Sox9	
  and	
  Dmrt1.	
  Their	
  studies	
  showed	
  that	
  expression	
  of	
  Nr5a1,	
  Wt1,	
  and	
  

Dmrt1	
   initiated	
   cell	
   proliferation	
   and	
   mesenchymal	
   to	
   epithelial	
   transition	
  

(MET),	
   whereas	
   Nr5a1,	
  Wt1,	
   and	
   Sox9	
   induced	
   cell	
   aggregation.	
   ieSCs	
   have	
   a	
  

unique	
  but	
  similar	
  expression	
  pattern	
  to	
   fetal	
  Sertoli	
  cells,	
  a	
  normal	
  karyotype,	
  

are	
   able	
   to	
   maintain	
   germ	
   cells	
   survival	
   in	
   culture	
   and	
   contribute	
   to	
   in	
   vivo	
  

Sertoli	
   cell	
   population.	
  Moreover,	
   ieSCs	
   are	
  migratory	
  epithelial	
   cells	
   that	
  have	
  

the	
   capability	
   to	
   aggregate,	
   form	
   tubule-­‐like	
   structures,	
   and	
   recruit	
   endothelial	
  

cells	
  (Buganim	
  et	
  al.,	
  2012).	
  However,	
  ieSCs,	
  are	
  not	
  able	
  to	
  grow	
  for	
  long	
  periods	
  

in	
  the	
  absence	
  of	
  dox	
  without	
  losing	
  the	
  Sertoli	
  cell	
  characteristics.	
  Moreover,	
  the	
  

Sertoli	
   cell	
   marker,	
   Fgf9	
   was	
   not	
   highly	
   expressed	
   and	
   Sox9	
   expression	
   was	
  

variable	
  in	
  ieSCs.	
  The	
  development	
  of	
  cell	
  lines	
  like	
  these	
  which	
  mimic	
  accurately	
  

in	
   vivo	
   gonad	
   developmental	
   process,	
   represents	
   not	
   only	
   the	
   possibility	
   of	
  

having	
   cellular	
   models	
   to	
   perform	
   biochemical/genetic	
   studies	
   of	
   sex	
  

determination	
  and	
  differentiation	
  but	
  also	
  DSD.	
  

	
  

Although	
   the	
   early	
   genetic,	
   cellular	
   and	
   morphological	
   events	
   during	
   gonadal	
  

development	
   have	
   been	
   characterized,	
   the	
   molecular	
   mechanisms	
   involved	
   in	
  

human	
  sex	
  determination	
  are	
  poorly	
  understood.	
  Induced	
  pluripotent	
  stem	
  cells	
  

(iPSCs)	
   provide	
   a	
   practical	
   system	
   for	
   directed	
   differentiation	
   of	
   individual	
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specific	
   cells	
   into	
   the	
   cell-­‐lineages	
   of	
   choice.	
   Furthermore,	
   transdifferentiation	
  

approaches	
  may	
  offer	
   an	
   alternative	
   to	
   iPSCs	
   as	
   they	
  permit	
   the	
   conversion	
  of	
  

committed	
   cells	
   into	
   the	
   lineage	
   of	
   choice,	
   without	
   the	
   added	
   manipulations	
  

required	
  to	
  revert	
   them	
  to	
   the	
  ground	
  state.	
  The	
  development	
  of	
  novel	
  cellular	
  

models	
  based	
  on	
  biomaterial	
   from	
  patients	
  with	
  disorders	
   of	
   sex	
  development	
  

(DSD)	
   and	
   their	
   unaffected	
   family	
   members	
   are	
   one	
   way	
   forward	
   to	
   better	
  

understand	
   the	
   choice	
   of	
   cell	
   fate	
   during	
   sex-­‐determination	
   and	
   hence	
   the	
  

mechanism	
  of	
  disease	
  development	
  in	
  errors	
  of	
  sex	
  determination.	
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An	
  ancient	
  protein-­‐DNA	
  interaction	
  underlying	
  metazoan	
  sex	
  

determination	
  

	
  

Introduction	
  to	
  Publication	
  

	
  

The	
  Human	
  DMRT1	
  gene	
  is	
  homologous	
  to	
  the	
  Drosophila	
  double	
  sex	
  (dsx)	
  and	
  C.	
  

elegans	
  mab-­‐3	
  genes,	
  which	
  encode	
  for	
  transcription	
  factors	
  that	
  bind	
  DNA	
  via	
  a	
  

common	
  DNA-­‐binding	
  domain,	
  the	
  DM	
  domain	
  (Cheng	
  et	
  al.,	
  2006).	
  Both	
  Dsx	
  and	
  

mab-­‐3	
  control	
   sex	
   specific	
   differentiation.	
  Mouse	
   gonads	
   express	
  Dmrt1	
   in	
   the	
  

genital	
   ridges	
   of	
   both	
   sexes	
   and	
   then	
   becomes	
  male	
   specific	
   at	
   the	
   end	
   of	
   sex	
  

determination	
   phase	
   (Raymond	
   et	
   al.,	
   2000).	
   In	
   mammals,	
  DMRT1	
   binds	
   and	
  

regulates	
   genes	
   with	
   essential	
   roles	
   in	
   mammalian	
   sex	
   development;	
   it	
   can	
  

activate	
   male	
   Sox9	
   and	
   repress	
   female	
  Wnt4	
   and	
  Rspo1	
   (Matson	
   et	
   al.,	
   2011).	
  

Deletions	
   of	
   chromosome	
   9p	
   including	
   DMRT1	
   have	
   been	
   linked	
   to	
   46,XY	
  

gonadal	
  dysgenesis	
  and	
  occasional	
  male	
   to	
   female	
  sex	
  reversal	
   (Tannour-­‐Louet	
  

et	
  al.,	
  2010).	
  However,	
  the	
  role	
  of	
  DMRT1	
  during	
  human	
  sex	
  determination	
  has	
  

not	
   been	
   fully	
   understood.	
   Here,	
   we	
   describe	
   how	
   DMRT	
   proteins	
   employ	
   a	
  

unique	
   binding	
   interaction	
   with	
   DNA,	
   inserting	
   two	
   adjacent	
   antiparallel	
  

recognition	
   helices	
   into	
   a	
   widened	
   DNA	
   major	
   groove	
   to	
   make	
   base-­‐specific	
  

contacts.	
  Human	
  DMRT1	
  can	
  use	
  multiple	
  DNA	
  binding	
  modes	
  -­‐	
  tetramer,	
  trimer,	
  

dimer	
  –	
  to	
  interact	
  with	
  DNA.	
  ChIP-­‐Exo	
  experiments	
  indicated	
  that	
  multiple	
  DNA	
  

binding	
  modes	
   also	
   are	
   used	
   by	
  DMRT1	
   in	
  vivo.	
   Finally	
   in	
   this	
   publication,	
  we	
  

show	
  that	
  mutations	
  affecting	
  residues	
  crucial	
  for	
  DNA	
  recognition	
  that	
  result	
  in	
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an	
   intersex	
  phenotype	
   in	
   flies	
  are	
  also	
  associated	
  with	
  46,XY	
  complete	
  gonadal	
  

dysgenesis	
   in	
   humans.	
   This	
   was	
   an	
   international	
   collaborative	
   study.	
   My	
  

contribution	
  consisted	
  of	
  the	
  identification	
  and	
  functional	
  characterization	
  of	
  the	
  

mutant	
   human	
  DMRT1	
  protein.	
   This	
   includes	
   results	
   that	
  were	
  not	
   part	
   of	
   the	
  

original	
   publication	
   but	
   which	
   are	
   described	
   here.
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The sex of animals can be determined by varied cues in different 
species, including chromosomes, temperature, social status and pho-
toperiod1. A common feature of sexual regulation across much of the 
animal kingdom is the involvement of DMRT proteins2,3. These are 
transcription factors related to Doublesex (Dsx) and Male abnormal-3 
(MAB-3), key sexual regulators of insects and nematodes, respectively, 
and they share the highly conserved DM DNA-binding domain4,5.

Genetic studies have found that DMRT-encoding genes can  
control the primary sex-determination decision, can act subsequently 
in sexual differentiation or, in some species, can do both2. DMRT-
encoding genes are required for sexual development in planaria6, 
insects7, nematodes8 and vertebrates9, thus suggesting that their 
involvement in this process spans hundreds of millions of years. 
Vertebrates have six to seven DMRT-encoding genes, and at least 
one of these appears to regulate testis development in most or pos-
sibly all species, with DMRT1 playing a leading part in the process.  
In some vertebrate groups, including birds10,11, some fish12 and 
amphibians13, a DMRT1 ortholog is located on a sex chromosome 
and has a sex-determining role2. In mammals, DMRT1 is crucial for 
many aspects of testicular development2. Deletions of human chro-
mosome 9p that cause DMRT1 hemizygosity result in 46,XY gonadal 
dysgenesis, which can include sex reversal14,15. In mice, DMRT1 
has been shown to regulate gonadal differentiation, and continu-
ous DMRT1 expression is required to maintain the male cell fate of  
testicular Sertoli cells, by preventing their transdifferentiation to 

female granulosa cells16. Moreover, DMRT1 overexpression in mouse 
ovaries can cause male sex determination or female-to-male cell-fate 
transdifferentiation17,18.

DMRT1 appears to be a bifunctional transcription factor, activating 
or repressing transcription of target genes. We previously found in 
mice that DMRT1 binds and regulates genes known to have key roles 
in mammalian sexual development, by activating the central male 
sex–determining gene Sox9, repressing the female sex–determining 
genes Wnt4 and Rspo1, and regulating many other genes involved in 
subsequent sexual differentiation16. Here we have combined genomic, 
molecular, biochemical, structural and human genetics approaches 
to address how DMRT1 recognizes target-site DNA. We find that 
DMRT1 uses a unique type of protein-DNA interaction and can also 
use multiple distinct stoichiometries to discriminate among target 
sites with distinct DNA sequences. We also show that disrupting con-
served residues in the DM domain that make base-specific contacts 
with DNA can severely reduce binding affinity and cause sex reversal 
in flies and in humans.

RESULTS
In vivo DMRT1-binding-site determination in mice and humans
DMRT1 binds in vitro to a pseudopalindromic 13-bp DNA sequence19, 
but how the DM domain recognizes target DNAs is poorly understood 
because no composite protein–DNA structure has been described.  
For a genome-wide view of DMRT1-binding sites on DNA, we  
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DMRT transcription factors are deeply conserved regulators of metazoan sexual development. They share the DM  
DNA-binding domain, a unique intertwined double zinc-binding module followed by a C-terminal recognition helix,  
which binds a pseudopalindromic target DNA. Here we show that DMRT proteins use a unique binding interaction, inserting 
two adjacent antiparallel recognition helices into a widened DNA major groove to make base-specific contacts. Versatility in 
how specific base contacts are made allows human DMRT1 to use multiple DNA binding modes (tetramer, trimer and dimer). 
Chromatin immunoprecipitation with exonuclease treatment (ChIP-exo) indicates that multiple DNA binding modes also  
are used in vivo. We show that mutations affecting residues crucial for DNA recognition are associated with an intersex 
phenotype in flies and with male-to-female sex reversal in humans. Our results illuminate an ancient molecular interaction 
underlying much of metazoan sexual development.
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first performed chromatin immunoprecipitation and sequencing 
(ChIP-seq) in testes of adult mice and humans. ChIP-seq identified 
8,571 strongly enriched sites in mice and 7,593 in humans. Nine 
percent of human sites with synteny in mice were bound in both 
species (example in Fig. 1a), a result typical for a tissue-specific 
transcription factor20,21. Motif searches revealed a DNA consen-
sus element associated with in vivo binding in both species, which 
includes several nearly invariant nucleotides and resembles the  
in vitro consensus (Fig. 1b).

To examine binding to the in vitro DNA consensus (site 1), we 
next mapped DMRT1-DNA interactions by DNase I protection.  
A truncated DMRT1 protein containing the highly conserved human 
DM domain, DMRT167–136 (Supplementary Fig. 1), protected the 
top DNA strand beyond the central 13 bp (Fig. 1c). Protection was 
stronger on the left side, which is predicted22 to have a narrower 
minor groove (Fig. 1d). We made base changes to site 1 that are 
expected to compress the right-side minor groove (site 2; Fig. 1d), 
and these resulted in extended protection and reduced electrophoretic 
mobility shift of full-length DMRT1 protein (Fig. 1c,e). The altered 
DNase I protection and electrophoretic mobility of site 2 relative  
to site 1 together suggest that DMRT1 can bind DNA with multiple 
stoichiometries or conformations.

DMRT1 inserts paired a-helices into the DNA major groove
For a detailed view of the DM-domain structure and insight into how 
DMRT1 interacts with DNA, we used X-ray crystallography, examining  
the interaction between the DMRT1 DM domain and site 1. 
Crystals of DMRT167–136 (Supplementary Fig. 1) and a 25-bp DNA  
corresponding to site 1 yielded a 3.8-Å-resolution structure (Table 1)  
containing three DM-domain protomers bound to a single DNA 
molecule (protomers A–C; Fig. 2a,b). The overall resolution of the 
DMRT167–136–DNA structure is not high; this probably reflects  

a combination of inherent flexibility of the complex, loose lattice  
contacts and the crystals’ high solvent content and radiation  
sensitivity. We were able to mitigate these issues by validating the 
registers of DNA and protein residues, using crystals contain-
ing brominated DNA and selenomethionine-substituted protein 
(Supplementary Fig. 2 and Table 1).

This first view of a DM domain bound to DNA revealed a unique 
type of DNA interaction. The zinc-binding module of each protomer  
spans the DNA minor groove, primarily through phosphate- 
backbone contacts, while a recognition helix inserts into the major 
groove, making base-specific contacts (Fig. 2a,b). Unexpectedly,  
recognition helices of protomers A and B lie antiparallel together  
in the major groove on one side of the consensus element, while  
a third (protomer C) lies in the major groove on the other side.  
We are unaware of any other protein that binds DNA by insertion of 
two adjacent α-helices into the same region of the major groove.

In the structure, protomers A and B bind DNA differently,  
reflecting different angles between their zinc-binding modules and 
recognition helices (Fig. 2c). Major-groove contacts on the left side 
of the binding site involve three amino acids (R111, V119 and R123) 
provided by protomers A and B (Fig. 2d,f). By contrast, although 
major-groove contacts on the right side also involve these same three 
amino acids, all are provided by protomer C (Fig. 2d,g,i). The left-
side major groove is unusually wide (Fig. 1d), and it accommodates 
protomers A and B, which sit more perpendicular to the helical axis 

Figure 1  DMRT1 binds similar sites in vivo and in vitro. (a) Examples of 
ChIP-seq data showing binding of DMRT1 to the Lrh1 (official symbol 
Nr5a2) gene in mouse and human testes. (b) Consensus DMRT1-binding 
DNA motif derived in vitro, compared to motifs associated with in vivo 
binding in mouse and human testes. (c) DNase I footprinting showing 
protection by DMRT167–136 of the in vitro binding consensus top strand 
(site 1, top gel) and a modified DNA (site 2, bottom gel). Diagram at  
bottom summarizes protection by DMRT167–136. Solid bars indicate  
strong protection, and dashed bars indicate weaker protection. (d) Top,  
predicted and observed minor-groove width for DMRT1-binding sites.  
Horizontal line indicates width of canonical B-form DNA minor groove;  
black trace is minor-groove width of site 1 observed in the structure of  
DMRT167–136 bound to site 1 (shown in Fig. 2a); red and blue lines are  
minor-groove widths of unbound site 1 and site 2 DNAs, respectively,  
predicted with DNAshape36. Bottom, major-groove width observed in  
structure of DMRT167–136 bound to site 1. (e) EMSA analysis showing  
slower-migrating complex (top arrowhead) formed between full-length  
DMRT1 and site 2, relative to faster-migrating complex (bottom 
arrowhead) formed on site 1. Uncropped gels for all figures are shown  
in Supplementary Data Set 1.
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than protomer C (Fig. 2d,e). In protomers B and C, R72, N terminal  
to the zinc-binding module, inserts into the minor groove to hydro-
gen-bond with base pairs (Fig. 2d,f–h); these interactions are 
consistent with use of arginine by other proteins to mediate minor-
groove contacts23. The hydrogen-bond donor-acceptor pattern is 
almost indistinguishable in the minor groove for A-T versus T-A, and  
G-C versus C-G base pairs24,25. Thus, base readout by R72 probably 
involves base-pair recognition rather than base recognition and may 
also involve shape readout25. All three DMRT1 protomers extensively 
contact the DNA backbone (Fig. 3a). They also interact with each 
other: the recognition helices of protomers A and B are held in close 
apposition by an interdigitating hydrophobic zipper, and protomers  
B and C are hydrogen-bonded (Fig. 3b,c). The overall folding  
pattern of the zinc-binding module is very similar to that of Dsx 
(Fig. 3d), previously determined by NMR26. Critical DM-domain 
amino acids and protein-DNA and protein-protein contacts are sum-
marized in Figure 3e,f. The contacts shown can explain virtually all 
of the conserved DM-domain amino acids and DNA nucleotides 
in the binding site (Fig. 3f). Most conserved amino acids without  
functions indicated have structural roles in maintaining the  
overall structure of the DM domain, for example by terminating 
helical domains, allowing bending or mediating folding of the  
zinc-binding module26.

Sequence-specific binding is primarily via the DNA major groove
A prior study26 found that DM-domain DNA binding tolerates exten-
sive chemical modification of the DNA major groove but not the 
minor groove, and it proposed on this basis that binding is mainly 
mediated by sequence-specific minor-groove contacts. However, 
minor-groove contacts can distinguish only A-T from G-C base pairs 
but cannot distinguish specific sequences. Indeed, although our struc-
ture revealed potential hydrogen-bond interactions of R72 with the 

minor groove, the positions contacted by R72 
do not show strong sequence conservation. 
By contrast, the structure revealed extensive 
sequence-specific major-groove interactions. 
These interactions involved highly conserved 
DNA base pairs (−6 and +6; −2 and +2) that 
were not specifically tested in the previous 
study. To verify the importance of these 
base pairs, we first changed the −6 and +6 
positions from dG-dC to dA-dT (Fig. 4a),  
and this strongly reduced DMRT1 binding 
(Fig. 4b). To query the minor groove at these 
positions, we substituted dI-dC base pairs, 
removing minor-groove exocyclic amines 
without altering the major groove (Fig. 4a); 
these substitutions did not reduce binding 
(Fig. 4b). To query the major groove, we sub-
stituted 2-aminopurine (2AP)-dU base pairs, 
inverting the carbonyl oxygen and removing 
the exocyclic amine from the major groove 
without altering the minor-groove structure 
(Fig. 4a). 2AP-dU substitution virtually elim-
inated DMRT1 binding, thus demonstrating 
the importance of the major-groove sequence 
identity at these positions (Fig. 4b). The same 
major-groove modifications at the −2 and +2 
positions also reduced binding, but minor-
groove modifications at these positions did 
not (Fig. 4c). In summary, the −6 and +6  

and the −2 and +2 positions are crucial for DNA binding, and these 
positions are recognized primarily via the major groove.

We also used protein-sequence substitutions to assess the  
importance of amino acid side chains that make major- or minor-
groove contacts. Replacing R72, R111, V119 or R123 with alanine 
reduced or eliminated DMRT1 binding, results indicating that these 
residues are crucial for DNA recognition (Fig. 4d and Supplementary 
Fig. 3). DNA-backbone contacts also are important for DMRT1’s 
DNA binding affinity, because K92A reduced binding (Fig. 4e and 
Supplementary Fig. 3a). These functional analyses were particularly 
important given the limited resolution of the X-ray structure.

DMRT1 can bind DNA as a tetramer, trimer or dimer
Next, we further examined DNA binding stoichiometry. The struc-
ture showed that site 1 can bind a DMRT1 trimer, and DNase I pro-
tection showed that site 2 is more extensively protected by DMRT1 
than site 1. These data suggest that the slower-migrating electro-
phoretic mobility shift analysis (EMSA) complex on site 2 (Figs. 1e 
and 5a) is a symmetric ABB′A′ tetramer. Site 2 differs from site 1 at 
+5, a position that is uniquely recognized by protomer C (Figs. 2d),  
and it also has changes at +8 and +9 that are predicted to narrow the 
minor groove between +6 and +8 (Fig. 1d). These differences suggest 
that DNA sequence and shape may dictate protein binding mode.  
We hypothesized that making other structure-guided sequence 
changes to site 1 might instead cause AB dimers to form. Indeed, 
modifying site 1 at +2 and +6 to alter bases recognized specifically  
by protomer C (site 3) generated a faster-migrating EMSA complex 
consistent with an AB dimer (Fig. 5a and Supplementary Fig. 3b). To 
confirm that DMRT1 can bind DNA with multiple stoichiometries, 
we performed additional EMSAs. Instead of full-length DMRT1 (as 
in Fig. 5a), we used DMRT167–136, which removes a multimerization 
domain (not shown) and reduces cooperative binding. DMRT167–136  

Table 1  Data collection and refinement statistics
Native (Zn-SAD) BrDNAb SeMetb

Data collection

Space group I222 I222 I222

Cell dimensions

  a, b, c (Å) 82.56, 138.49, 138.49 82.99, 138.31, 138.98 83.09, 139.48, 142.18

  α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Wavelength (Å) 1.28 0.92 0.9795

Resolution (Å) 3.81 (3.95–3.81)a 3.76 (3.96–3.76) 4.93 (5.15–4.93)

Rmerge 0.070 (1.02) 0.052 (0.67) 0.043 (0.395)

I / σ I 12.9 (1.9) 16.7 (2.4) 10.5 (2.4)

Completeness (%) 99.9 (100.0) 99.9 (99.8) 97.0 (98.5)

Redundancy 7.1 (7.3) 6.6 (6.3) 3.0 (3.1)

Refinement

Resolution (Å) 3.81

No. reflections 8,170

Rwork / Rfree 22.9 / 26.2

No. atoms 2,534

  Protein/DNA 2,528

  Ligand/Ion 6

B factors 133.0

  Protein/DNA 133.0

  Ligand/Ion 120.0

r.m.s. deviations

  Bond lengths (Å) 0.004

  Bond angles (°) 0.90
aValues in parentheses are for highest-resolution shell. bThese data sets were not used for phasing but were used to guide the 
building of the model. SAD, single-wavelength anomalous dispersion; SeMet, selenomethionine.
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formed three distinct complexes with site 1 (Fig. 5b), which we  
interpret as monomers, dimers and trimers. Because binding to  
site 2 was highly cooperative even with DMRT167–136, we also assayed 
a site with reduced affinity and cooperativity (site 4). On site 4, 
DMRT167–136 formed four complexes (Fig. 5b), which we interpret 
as monomer through tetramer. To further confirm these stoichi-
ometries, we performed protein cross-linking, using full-length 
DMRT1 bound to sites 1–3 (Fig. 5c). As predicted, DMRT1 formed 
DNA-dependent complexes of different maximum stoichiometries. 
Dimers formed on site 3; dimers and trimers formed on site 1, with 
traces of tetramer; and dimers, trimers and tetramers formed on  
site 2. Together, the structure, DNase I protection, EMSA analyses  
and protein cross-linking indicate that DMRT1 can bind DNA  
in vitro as a tetramer, a trimer or a dimer and, when the protein is 
truncated, as a monomer.

We next asked whether DMRT1 also binds DNA by using multiple 
stoichiometries in vivo. For a higher-resolution view of DMRT1-DNA 
interaction in vivo we used ChIP-exo27, which uses strand-specific exo-
nuclease digestion before sequencing to localize protein-DNA cross-
links with higher precision than ChIP-seq. ChIP-exo did not reveal 
exact binding details at individual sites, so we used structural and  
in vitro DNA binding properties to group sites (Fig. 5d) and reveal their 
patterns of binding, a strategy that has also been used with other pro-
teins28. We searched the genome for matches to the 7-bp core DMRT1 
binding motif and selected those found under DMRT1 ChIP peaks. We 
then used minor-groove width predictions29 to group peaks into those 
predicted to have bilateral narrowing of the minor groove (tetramers) 
and those with unilateral narrowing (dimers and trimers). Guided 
by the structure and EMSA analysis, we further selected sites on the 
basis of the sequence at positions −6, +5 and +6 (Fig. 5d). Finally, we 
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plotted the ChIP-exo data in aggregate for each set of DMRT1-binding 
sites and compared the binding patterns, asking whether they differed 
and whether their differences were consistent with binding by each of 
the stoichiometries identified in vitro (Fig. 5e,f). Comparison of the 
compiled ChIP-exo data revealed a shared pattern on the left side in 
all three classes, as expected, but distinct patterns on the right. The 
predicted cross-linking patterns for each binding mode, according 
to the structure, conform well to the observed cross-linking patterns 
for the different groups of sites (Fig. 5f and Supplementary Fig. 4a). 
Predicted tetramers had symmetrical ChIP-exo patterns, whereas those 
of trimers and dimers were asymmetric, as expected. In trimers, the 
protomer C recognition helix sits at an angle in the DNA major groove 
that allows juxtaposition with more bases than in protomers A and B 

(Fig. 2d,e) and therefore has a higher density of potential cross-links  
(Fig. 5f and Supplementary Fig. 4b); consistently with this predic-
tion, we observed stronger cross-links on the right side of the binding  
site, where protomer C would bind. Compilation of the selected 
DMRT1 consensus sequences did not reveal additional sequence 
or shape preferences, thus suggesting that the primary determinant  
of stoichiometry is the sequence and shape at the DMRT1-binding 
site rather than the presence of additional motifs (Supplementary 
Fig. 4c,d). Distinct patterns also were apparent in standard ChIP-seq, 
at lower resolution (Supplementary Fig. 4a). In summary, ChIP-exo 
suggests that DMRT1 binds as a tetramer, trimer or dimer in vivo, 
as in vitro, with the mode at each site determined by a combination  
of DNA sequence and shape.
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Modeling suggests related binding modes for Dsx and MAB-3
Related but different DNA binding modes are probably used by the 
invertebrate sexual regulators Dsx and MAB-3. In vitro, Dsx and 
DMRT1 bind similar motifs, but Dsx has no sequence preference at 
−6 and +6 (Fig. 6a). EMSA confirmed that the −2 and +2 positions 
are important for binding of both Dsx and DMRT1, but −6 and +6 
are important only for DMRT1 binding (Fig. 6b). This requirement 
for only the inner core of the binding motif suggests that Dsx binds 
as a symmetrical BB′-like dimer (modeled in Fig. 6c). Caenorhabditis 
elegans MAB-3 has tandem DM domains (Supplementary Fig. 5) and 
binds a site reminiscent of a DMRT1 half-site30 (Fig. 6a). Molecular 
modeling suggests that the MAB-3 tandem DM domains might be 
equivalent to a DMRT1 AB dimer, with the truncated first recognition 
helix allowing looping so that both helices can bind adjacent to each 
other in the major groove (Fig. 6d).

DM-domain point mutations affect DNA binding in fly  
and human sex reversal
dsx determines sex in insects7, and a number of dsx point mutations 
have been isolated that cause an intersex phenotype in Drosophila5. 
Most of these mutations alter residues required for zinc chelation, but 
one, R91Q, affects a recognition-helix residue equivalent to R123 in 
DMRT1 (Supplementary Fig. 5) and reduces DSX DNA binding5. 
We tested DMRT1R123Q by EMSA and found that, like DMRT1R123A 
(Fig. 4a), it eliminated DNA binding (Fig. 7a and Supplementary  
Fig. 3c). This result suggests that the DsxR91Q mutation disrupts a 
highly conserved sex-determining contact.

As discussed earlier, DMRT1 determines gonadal sex in some 
vertebrates2, but its role in human testis development has been less 
clear. In humans, primary XY male-to-female sex reversal results 
in female external genitalia and Mullerian structures (uterus and 
fallopian tubes) and undeveloped (‘streak’) gonads. This condition 
is also called 46,XY complete gonadal dysgenesis, or 46,XY CGD31. 
Human genetics has implicated DMRT1 as a key regulator of testis 
development: chromosome 9p deletions that remove one copy of 
DMRT1 are associated with 46,XY feminization and gonadal dysgen-
esis, sometimes including 46,XY CGD15,32. Although they suggest 
that DMRT1 is haploinsufficient for testicular development, these 
deletions usually remove other genes, including the neighboring  
DMRT2 and DMRT3. Also, most 9p deletions cause incomplete 
gonadal dysgenesis, so it has been unclear whether hemizygosity of 
DMRT1 alone can cause full sex reversal. Although a DMRT1 deletion 
removing exons 3 and 4, downstream of the DM domain, was found 
in a strongly feminized 46,XY individual32, this deletion could have 
removed regulatory elements that affect other genes. Point mutations 
would help determine whether loss of DMRT1 alone can cause sex 
reversal, but these have not been reported.

We therefore used exome resequencing to seek a DMRT1 point 
mutation. We were able to identify a 46,XY individual born fully  

feminized with complete gonadal dysgenesis (46,XY CGD) and  
carrying a heterozygous de novo point mutation (R111G) in 
the DMRT1 recognition helix (Fig. 7b, Supplementary Fig. 5a  
and Online Methods). Genetic analysis found normal ploidy, and 
fluorescence in situ hybridization confirmed two copies of the regions 
containing DMRT1 as well as the sex-determining genes NR5A1, 
SOX9, WT1 and DAX1 (official symbol NR0B1). No other potentially 
pathogenic mutations were apparent in the exome sequence, and the 
DMRT1 mutation was not present in 240 ancestry-matched control 
individuals. Full details of the clinical and genetic characterization 
of this subject are provided in Online Methods. We conclude that the  
de novo DMRT1R111G mutation is the most likely cause of the complete 
gonadal dysgenesis and 46,XY sex reversal in this subject. To our 
knowledge, this is the first human DMRT1 point mutation associated 
with 46,XY sex reversal. The phenotype is very similar to that caused 
by mutations in the testis-determining gene SRY33, and it strongly 
suggests that DMRT1 is required for human sex determination.

We next examined the DNA binding properties of DMRT1R111G 
and found that the mutant protein had strongly reduced DNA affinity,  
similar to DMRT1R111A (Figs. 7a and 4d and Supplementary Fig. 3a,c).  
In the structure, R111 of protomer C interacts with the +5 and +6 
positions of site 1 (Fig. 7g). We found that DMRT1R111G had altered 
sequence specificity: it bound a site with −6 and +6 dG-dC to dA-dT  
substitutions weakly but better than wild-type DMRT1 (Fig. 7c). 
Moreover, in an EMSA assay, when mixed with wild-type DMRT1, 
the mutant protein could promote tetramer binding on site 1, which 
normally is bound by trimers of wild-type DMRT1 (Fig. 7d). We also 
tested binding of DMRT1R111G to in vivo DMRT1-binding sites from 
the Sox9 gene (activated by DMRT1) and the Foxl2 gene (repressed by 
DMRT1)16,17. The Sox9 site is bound as a trimer by wild-type protein 
(Fig. 7e). DMRT1R111G bound this site very weakly, but, when mixed 
with wild-type protein, it shifted the complex to a tetramer with much 
higher affinity. The Foxl2 site was bound as a tetramer by wild-type 
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DMRT1, and addition of DMRT1R111G had little or no effect on bind-
ing (Supplementary Fig. 6). From the ability of DMRT1R111G to alter 
binding stoichiometry of wild-type DMRT1 on a biologically relevant 
site in vitro, we suggest that the DMRT1R111G mutation may combine 
severe loss of function and/or haploinsufficiency with a dominant 
disruption of normal binding stoichiometry at some DMRT1-binding 
sites. This combination of haploinsufficiency and dominant disruption 
may explain the severe phenotype caused by DMRT1R111G heterozy-
gosity. In the structure, R111 of protomer A is positioned to contact 
−6 by its own M115 and by M115 and Q118 of protomer B (Fig. 7f,h).  
We found that mutating these residues also reduced DNA binding  
(Fig. 7a). In summary, the severe effects of the DMRT1R111G point muta-
tion on DNA binding and its association with 46,XY male-to-female  
sex reversal strongly suggest that DMRT1 has a role in human primary 
sex determination and identify another deeply conserved molecular 
interaction crucial for metazoan sexual development.

DISCUSSION
We have undertaken a structural analysis of DMRT protein–DNA 
interaction. We used ChIP-seq to define the DNA binding preference 
of DMRT1 in mice and humans and then used X-ray crystallogra-
phy to determine a DMRT1–DNA structure. The structure revealed  
that binding of the human DMRT1 DM domain to DNA involves 
the recognition of specific bases primarily in the DNA major groove.  
We confirmed this finding by using chemical substitutions that selec-
tively altered the major or minor groove of the DNA at key base pairs. 
A previous report concluded, on the basis of DNA substitutions, that 
Dsx binds DNA primarily via the minor groove26. From our struc-
tural analysis, it is apparent that the minor-groove modifications that 
reduced binding probably limited the ability of the major groove to 
expand and accommodate the DM-domain recognition helix rather 
than affecting sequence-specific base contacts; thus, the previous data 
are in accord with our structure.
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Binding of DMRT1 to DNA has two particularly noteworthy  
features. First, binding involves the insertion of paired recognition 
helices together into a widened DNA major groove. To our knowl-
edge, this is the only example of two closely neighboring α-helices 
inserting into the same section of a major groove. Second, DMRT1 
can bind DNA by using different stoichiometries. The basis of this 
versatility is that binding involves a small number of amino acid side 
chains that can make distinct sets of DNA interactions. As a result, 
different DNA sites can bind distinct configurations of protomers, 

ranging from dimers to tetramers. ChIP-exo analysis suggests that 
DMRT1 also binds in vivo with differing stoichiometries. Our ability 
to predict stoichiometry on the basis of DNA sequence preference 
and conformation (Fig. 5) suggests that the stoichiometry at a specific  
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but different binding modes. (a) In vitro DNA binding motifs for DMRT1,  
Dsx and MAB-3, showing that the Dsx site30 is symmetrical but lacks  
selection at −6 and +6 positions, whereas the MAB-3 motif30 resembles  
the left side of the DMRT1 motif. (b) EMSA showing that binding by the  
female Dsx isoform Dsx(f) requires specific DNA base pairs at the −2 and +2  
but not the −6 and +6 DNA positions, in agreement with the in vitro  
consensus. (c) Docking model of DMRT1 binding as a dimer to a previously 
determined Dsx-binding-site DNA structure37, illustrating likely Dsx-binding  
mode. (d) A model of proposed interaction of MAB-3 DM domains with 
DNA, illustrating binding of MAB-3 as a covalently joined ‘internal  
dimer’. MAB-3 (center and right) is proposed to form a structure on its  
consensus element similar to DMRT1 protomers A and B bound to the  
left side of the DMRT1 consensus element (left). The first DM domain of  
MAB-3 (DMa) is predicted to have a truncated recognition helix, with the  
remainder forming a linker joining DMa to DMb (Supplementary Fig. 5).
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binding site is determined largely by the sequence and shape of 
that site. A key remaining question is what biological significance  
the DMRT1 binding stoichiometries may have. Possibilities include 
association with transcriptional activation or repression, binding to 
different classes of regulatory elements (e.g., promoters or enhancers) 
or interaction with other regulatory proteins. We previously found that, 
in agreement with the third possibility, a subset of DMRT1-binding  
sites contain overlapping GATA1 and SOX9 consensus elements34. 
Distinguishing among these possibilities is an important goal, but this 
will require cell type–specific approaches, because DMRT1 has cell 
type–specific functions in germ cells and Sertoli cells.

Although a number of deletions removing part or all of DMRT1 
have been found in people with 46,XY sex reversal, the DMRT1R111G 
mutation that we report here is, to our knowledge, the only DMRT1 
mutation shown to affect an essential functional domain. The severely 
reduced DNA binding affinity of DMRT1R111G combined with the 
complete sex reversal and gonadal dysgenesis of the subject suggest 
that DMRT1 plays a part in human sex determination. Our finding 
that the mutant protein can interfere with the binding stoichiometry 
of wild-type DMRT1 further suggests that the mutant protein may 
behave at least partially as a dominant negative. A dominant effect of 
DMRT1R111G may help explain why the phenotype of this point muta-
tion is more severe than those of most 9p deletions that completely 
remove DMRT1. The highly specific nature of point mutations such 
as DMRT1R111G that can alter function of the remaining wild-type 
allele also may explain why DMRT1 point mutations able to cause 
sex reversal are so rare. Because we observed reduced DNA bind-
ing specificity, we cannot exclude the possibility that DMRT1R111G 
also binds and misregulates genes that are not normally controlled 
by DMRT1. An animal model of the DMRT1R111G may help elucidate 
the in vivo effects of this mutation.

In summary, we have obtained a detailed view of how DMRT 
proteins recognize and associate with target DNA. We have defined 
crucial conserved atomic interactions that mediate DNA binding 
and found that these are required for sex determination in flies and 
humans. DMRT proteins have directed metazoan sexual differentia-
tion for hundreds of millions of years2,3. Reproduction is the crucible 
of natural selection35, and the long-term involvement of DMRT genes 
in sexual development suggests that they have substantially shaped 
metazoan evolution.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Atomic coordinates and structure factors have 
been deposited in the Protein Data Bank under accession code 
4YJ0. Sequencing data have been deposited in the Gene Expression 
Omnibus repository under accession code GSE64892.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Vertebrate animals. Experimental protocols were approved by the University of 
Minnesota Institutional Animal Care and Use Committee. Mice were adult males 
of mixed C57BL/6J and 129S1 genetic background. No statistical method was 
used to predetermine sample size. The experiments were not randomized and 
were not performed with blinding to the conditions of the experiments.

Figure preparation. Figures were prepared with Adobe Photoshop, Adobe 
Illustrator, and PyMOL (http://www.pymol.org/).

ChIP and ChIP-exo. Chromatin immunoprecipitation (ChIP) was performed 
as previously described34 except that tissue was disaggregated with a Virtis 
Virtishear homogenizer (225318) in phosphate-buffered saline (PBS) contain-
ing 1% paraformaldehyde. Sonication times were extended to allow for smaller 
average-size products suitable for Illumina sequencing. Cross-links were reversed 
overnight at 55 °C. Illumina sequencing libraries were prepared according to the 
manufacturer’s protocol except that end polishing of the ChIP fragments was by 
DNA terminator (Lucigen), and adapters were diluted 1:50 before ligation. For 
ChIP-exo, chromatin precipitation was performed as above and before elution of 
complexes from protein A–Sepharose beads. ChIP-exo libraries were prepared  
as previously described27 except that primer sequences were modified to be  
compatible with the Illumina sequencing platform.

Primers for ChIP-exo library preparation are as follows: P2 adaptor, 5′-P-aca 
ctctttccctacacgacgctcttccgatct-3′ annealed to 5′-agatcggaagagcgtcgtgtag-3′. 
Primer extension oligonucleotide, acactctttccctacacgac. P1 adaptor, gtgactggagt 
tcagacgtgtgctcttccgatct annealed to agatcggaagagcacacgtctg. PCR amplification 
was performed with primers P1 and P2 P1, caagcagaagacggcatacgagatcgtgatgt 
gactggagttcagacgtgtgc. P2, aatgatacggcgaccaccgagatctacactctttccctacacgacgc. Bold 
text in P1 indicates the sequence that was varied for multiplexing.

Human tissue for ChIP. Fresh testicular tissue from an orchiectomy was provided 
by the University of Minnesota Tissue Procurement Facility under IRB supervision  
and with informed consent. Normal histology of Bouin’s fixed subsamples was 
confirmed by hematoxylin/eosin staining of paraffin-embedded sections.

DNA binding substrates. EMSAs to assay stoichiometry of DMRT1 binding 
used shorter (27–base pair) DNA duplexes for better-resolution of complexes. 
Sequences are as follows: site 1, top strand, 5′-gagatttgatacattgttgctcgatgg-3′. Site 
2, top strand, 5′-gagatttgatacattgttactttatgg-3′. Site 3, top strand, 5′-gagatttgatacat-
tattaatttatgg-3′. Site 4, top strand, 5′-ttgctatgatacattgtatcttgctgg-3′. Sox9 site, top 
strand, 5′-gtggctgggcaccctgcagagacaatgtttccagctgcaggtcaggtct-3′. Foxl2 site, top 
strand, 5′-gtggctgggcacaactctgtaacattgtttccaaggggaggtcaggtct-3′.

EMSA to evaluate effects of mutant DNA and protein on binding used longer 
(49–base pair) DNA duplexes based on the site 1 DNA duplex: 5′-GTGGCTGGG
CAgagatttgatacattgttgctcgatggAGGTCAGGTCT-3′. Mutations were incorporated 
into hDMRT1 by overlap-extension PCR38 with a T7-hDMRT1 (pDZ142) plas-
mid clone as template. The mutated products were subcloned back into pDZ142 
and translated in vitro with the TNT Quick Coupled transcription/translation 
system (Promega).

In vitro DNA binding. EMSA was performed as previously described19 except 
that substrates were end labeled with T4 polynucleotide kinase (NEB). DNase 
I footprint analysis was performed with highly purified bacterially expressed 
hDMRT167–136 protein as previously described39 except that after the DNase 
I–digestion step, the sample was phenol/chloroform extracted to remove protein 
before precipitation.

Protein cross-linking. Proteins were in vitro translated as for EMSA. Complexes 
were formed under the same conditions as for EMSA except with five times as 
much DNA at room temperature for 10 min before addition of glutaraldehyde to 
0.0075% final concentration. Cross-linking was stopped at the indicated times by 
the addition of glycine to 0.125 M final concentration. Complexes were resolved 
on 4–12% NuPAGE Novex Bis-Tris mini gels (Invitrogen), and DMRT1 was 
detected by immunoblotting with a previously validated antibody34.

X-ray crystallography. hDMRT167–136 was expressed as a SUMO fusion in E. coli 
Rosetta2 (DE3) and purified by metal-affinity chromatography. The His6-tagged 

SUMO was removed by cleavage with the SUMO protease Ulp1. To form the pro-
tein–DNA complex, purified hDMRT167–136 (~1 mM) in 20 mM Tris-HCl, pH 7.4, 
0.2 M NaCl, 10 µM ZnCl2, and 2 mM β-mercaptoethanol, was mixed with a blunt-
ended 25-bp target DNA (site 1, 5′-CGAGATTTGATACATTGTTGCTCGA-3′, 
and its complement) at a protein/DNA molar ratio of 2:1. The complex (~0.6 mM 
protein) was crystallized at 20 °C by the hanging-drop vapor-diffusion method 
with a reservoir solution (100 mM Bis-Tris, pH 6.5, 4–12% polyethylene glycol 
3350, 4–10% 2-methyl-2,4-pentanediol (MPD), and 2–10 mM dithiothreitol).  
Crystals containing SeMet-labeled protein or the 5-BrdU–labeled oligonucleotide 
were grown under conditions similar to that for the native complex. The crystals 
were transferred in a stepwise fashion to the reservoir solution with increasing 
concentrations of glycerol (final concentration of 15%) and were flash cooled in 
liquid nitrogen for X-ray data collection.

X-ray diffraction data were collected at the Advanced Photon Source 
Northeastern Collaborative Access Team beamlines (24-ID-C/E) and the 
Advanced Light Source Molecular Biology Consortium (4.2.2) beamlines and 
processed with RAPD (https://rapd.nec.aps.anl.gov/rapd/), HKL2000 (ref. 40) or 
XDS41. X-ray wavelengths corresponding to the K-absorption edge of Zn, Se, and 
Br were used, respectively, for the native, SeMet-, and 5-Br-dU–labeled crystals. 
The structure was determined by SAD phasing with a 3.81-Å-resolution data set 
from a native crystal (Table 1) with PHENIX42. Six zinc sites were found, from 
which the structure-factor phases were calculated with a mean figure of merit of 
0.66. The atomic model was built in COOT43 and refined with REFMAC44 and 
PHENIX, with Ramachandran and DNA restraints to maintain geometries for 
protein, DNA base pairs, and base stacking. The model building was facilitated 
by the Se and Br anomalous-difference Fourier peaks, which showed the correct 
register of amino acids and nucleotides, respectively. Protein residues with poor 
side chain electron density were modeled as alanines. The Ramachandran plot 
for the final model was generated by MolProbity45 and showed 89.0%, 8.2%, and 
2.8% of residues in favored, allowed, and outlier regions, respectively. The DNA 
structure was analyzed with 3DNA46, the minor-groove width of the unbound 
DNA was estimated with DNAshape36, and the molecular-graphics images were 
produced with PyMOL (http://www.pymol.org/).

Identification of a subject with DMRT1R111G mutation. Overview of study. 
The study was approved by the ethical board of Institut Pasteur (RBM 2003/8), 
and informed consent was obtained. Ancestry was determined by self-report-
ing, from responses to a personal questionnaire, which asked questions pertain-
ing to the birthplace, languages and ethnicity of the participants, their parents 
and their grandparents. The control panel consisted of 240 unrelated 46,XY 
males of French ancestry who are either normospermic or have fathered at least  
two children and have no history of testicular anomalies (determined by  
self-reporting). All samples used for this study were collected with proper 
informed consent. Sequencing of the coding region of the DMRT1 gene was 
performed as described previously47.

Whole-exome sequencing. Exon enrichment was performed with Agilent 
SureSelect Human All Exon V4. Paired-end sequencing was performed on the 
Illumina HiSeq2000 platform with TruSeq v3 chemistry. Read files (fastq) were 
generated from the sequencing platform via the manufacturer’s proprietary soft-
ware. Reads were mapped with the Burrows-Wheeler Aligner48, and local realign-
ment of the mapped reads around potential insertion/deletion (indel) sites was 
carried out with GATK version 1.6 (ref. 49). Duplicate reads were marked with 
Picard version 1.62 (http://broadinstitute.github.io/picard/). Additional BAM file 
manipulations were performed with Samtools (0.1.18)50. SNP and indel variants 
were called with the GATK Unified Genotyper for each sample. SNP novelty was 
determined against dbSNP138. Novel variants were analyzed by a range of web-
based bioinformatics tools with the EnsEMBL SNP Effect Predictor (http://www.
ensembl.org/homo_sapiens/tools/VEP/). All variants were screened manually 
against the Human Gene Mutation Database Professional Biobase (http://www.
biobase-international.com/product/hgmd/). In silico analysis was performed to 
determine the potential pathogenicity of the variants. Potentially pathogenic 
mutations were verified with classic Sanger sequencing.

Characterization of subject. The subject has two healthy brothers and a sister. 
A routine fetal karyotype was performed as part of a protocol for pregnancy with 
advanced maternal age. The karyotype was 46,XY, whereas the ultrasound showed 
a completely female fetus. The baby, born by cesarean section, was completely 
feminine. At day 1, serum testosterone levels were 57 ng/dl; dihydrotestosterone, 

http://www.pymol.org/
https://rapd.nec.aps.anl.gov/rapd/
http://www.pymol.org/
http://broadinstitute.github.io/picard/
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12 ng/dl; adrenocorticotropic hormone (ACTH), 70.8 ng/ml; and anti-Müllerian 
hormone (AMH), 0.02 ng/ml. The hormonal profile was consistent with gonadal 
dysgenesis. At 3 months of age, serum LH levels were 0.08 UI/l; FSH, 15.1 UI/l; 
inhibin B, <15 ng/ml; AMH, <0.15 ng/ml; testosterone, <0.05 ng/dl; andros-
tenedione, 11 ng/dl; and ACTH, 11 ng/dl. At this time, ultrasound revealed the 
presence of a uterus and an apparent absence of gonads. At 18 months, gonadec-
tomy revealed bilateral streak gonads with a gonadoblastoma on the right side. 
Histology of the gonads revealed ovarian-like stroma with no evidence of any 
testicular material. The diagnosis was 46,XY complete gonadal dysgenesis.

Genetic analysis. At three months of age, the karyotype of the subject on periph-
eral blood lymphocytes was 46,XY (50 cells). FISH analysis on lymphocyte spreads 
indicated two copies of the regions 9p24 (DMRT1), 9q22 (NR5A1), 11p13 (SOX9), 
17q24 (WT1) and Xp21 (DAX1). Direct sequencing of the SRY and NR5A1 genes 
revealed wild-type sequences. Array comparative genomic hybridization with the 
Agilent 44k platform confirmed a normal ploidy in the subject.

Whole-exome sequencing was performed on the parents and subject. The 
numbers of paired-end reads were 24,328,671 (father), 26,580,579 (mother) and 
20,566,862 (child), with a mean coverage of 61.09, 68.01 and 53.41, respectively. 
The percentage of target bases with >10× coverage was 96.26%, 96.97% and 
95.59%. The number of variants with predicted serious consequences (involving 
an essential splice site, a stop codon gained or lost, a complex indel, a frameshift 
mutation in the coding sequence or a nonsynonymous change with predicted 
deleterious effect on protein function) for the father, mother and child was 11,930, 
11,944 and 11,758, respectively.

Analyses of the data sets revealed several de novo mutations that were pre-
dicted by PolyPhen2 (ref. 51) and/or SIFT52 to be deleterious substitutions 
for protein function. These were the new heterozygous mutations c.644A>G 
(p.Glu215Gly) in C2CD4C (ENST00000332235), c.1309G>A (p.Glu437Lys) 
in CEP104 (ENST00000378230), c.761G>C (p.Ala761Pro) in DLGAP3 
(ENST00000235180), c.331A>G (p.Arg111Gly) in DMRT1 (ENST00000382276), 
c.3779G>C (p.Gly1260Ala) in HSPG2 (ENST00000374695), c.58C<G 
(p.Leu20Val) in MECR (ENST00000263702) and c.560G>A (p.Gly187Asp) in 
MPST (ENST00000397225).

Assuming a recessive or X-linked model of inheritance and after filtering to 
remove variants with a minor allelic frequency of 0.05, there was only a sin-
gle remaining gene with a serious mutation. This was a hemizygous c.262G>A 
(p.Arg88Trp) mutation in the X-chromosome gene MID2 (ENST00000262843). 
This variant has previously been reported (rs375584547) with an allelic frequency 
of 1:6,727 in individuals of European-American ancestry. With the exception of 
DMRT1, there is an absence of a clear functional relationship between the variants 
in these genes and the absence of testis formation seen in the subject.

The de novo missense mutation in DMRT1 was confirmed by direct sequencing 
of the DMRT1 gene. No other potentially pathogenic mutations were identified 
in the exome-sequencing data set in other genes known to cause 46,XY gonadal 
dysgenesis (for example, WT1, NR5A1 and SRY). The DMRT1 mutation was not 
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Additional	
  Results	
  

	
  
	
  
DMRT1	
   recognizes	
   a	
   consensus	
   13	
   bp	
   DNA	
   sequence	
   in	
   vitro	
   (Murphy	
   et	
   al.,	
  

2007).	
   Chip-­‐seq	
   analysis	
   revealed	
   that	
   the	
   consensus	
   sequence	
   recognized	
   by	
  

DMRT1	
  in	
  vivo	
  is	
  very	
  similar	
  to	
  the	
  one	
  recognized	
  in	
  vitro.	
  A	
  complex	
  of	
  DMRT1	
  

DM	
  domain	
  (DMRT1	
  67-­‐136)	
  binding	
  to	
  DM	
  recognition	
  site	
  (the	
  one	
  recognized	
  in	
  

vitro)	
   in	
  a	
  piece	
  of	
  DNA	
  of	
  25bp	
  was	
  resolved	
  using	
  X-­‐ray	
  crystallography,	
  and	
  

analysis	
  of	
  DMRT1	
  crystals	
  revealed	
  a	
  unique	
  kind	
  of	
  DNA	
  interaction.	
  EMSA	
  and	
  

ChIP-­‐exo	
   analysis	
   revealed	
   that	
  DMRT1	
   can	
   bind	
  DNA	
   in	
  vitro	
   and	
   in	
  vivo	
  as	
   a	
  

dimer,	
  trimer	
  or	
  tetramer,	
  depending	
  on	
  the	
  combination	
  of	
  DNA	
  sequence	
  and	
  

shape	
  of	
  the	
  site.	
  

Using	
  exome	
  sequencing	
  we	
  have	
  found	
  a	
  heterozygous	
  de	
  novo	
  point	
  mutation	
  

(c.331A>G	
   that	
   caused	
   the	
   amino	
   acid	
   change	
   Arg111Gly)	
   in	
   a	
   completely	
  

feminized	
  46,XY	
  individual	
  with	
  complete	
  gonadal	
  dysgenesis.	
  The	
  mutation	
  was	
  

situated	
   in	
   the	
   DNA	
   recognition	
   helix	
   of	
   DMRT1.	
   Analysis	
   of	
   the	
   exome	
  

sequencing	
   data	
   did	
   not	
   show	
   any	
   other	
   pathogenic	
  mutations	
   relevant	
   to	
   the	
  

phenotype.	
   Furthermore	
   this	
   mutation	
   was	
   not	
   observed	
   in	
   240	
   ancestry-­‐

matched	
   controls.	
   DMRT1p.R111G	
   shows	
   a	
   reduced	
   affinity	
   to	
   bind	
   DNA.	
  

Moreover,	
  mutant	
  DMRT1	
  altered	
  in	
  vitro	
  the	
  binding	
  stoichiometry	
  of	
  wild-­‐type	
  

DMRT1	
  as	
  shown	
  by	
  EMSA	
  assay	
  and	
  structure	
  analysis,	
  probably	
  effectuating	
  a	
  

dominant	
  disruption	
  of	
  normal	
  binding	
  activity	
  of	
  DMRT1.	
  Analysis	
  of	
  the	
  in	
  vivo	
  

DMRT1	
  binding	
  sites	
  from	
  Sox9	
  show	
  that	
  WT	
  DMRT1	
  bind	
  as	
  trimer,	
  however	
  

DMRT1p.R111G	
  bound	
  weakly	
  to	
  the	
  sites	
  and	
  when	
  mixed	
  with	
  WT	
  protein	
   it	
  

altered	
  the	
  complex	
  from	
  a	
  trimer	
  to	
  a	
  tetramer	
  with	
  higher	
  binding	
  affinity.	
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In	
  addition	
  to	
  the	
  work	
  published,	
  using	
  immunofluorescence	
  we	
  have	
  analyzed	
  

the	
   effect	
   of	
   DMRT1p.R111G	
   on	
   subcellular	
   localization	
   of	
   the	
   protein.	
  

Interestingly,	
  when	
   co-­‐transfected	
  with	
  FOXL2,	
   DMRT1p.R111G	
   remains	
   in	
   the	
  

cytoplasm	
   whereas	
   the	
   wild	
   type	
   DMRT1	
   co-­‐localizes	
   to	
   the	
   nucleus	
   (FIG	
  

Results1A)	
  Suggesting	
  a	
  probable	
  interaction	
  between	
  DMRT1	
  and	
  FOXL2,	
  which	
  

is	
   abolished	
   by	
   the	
   DMRT1p.R111G	
   mutation	
   that	
   results	
   in	
   the	
   inability	
   of	
  

mutant	
   DMRT1	
   to	
   localize	
   to	
   the	
   nucleus.	
   We	
   also	
   performed	
   transient	
  

transactivation	
   assays	
   to	
   asses	
   the	
   ability	
   of	
   the	
   mutant	
   protein	
   to	
   bind	
   and	
  

activate	
  the	
  DM	
  binding	
  domain	
  using	
  an	
  artificial	
  reporter	
  construct	
  containing	
  

4	
  copies	
  of	
  DM	
  binding	
  sites	
  (Murphy	
  et	
  al.,	
  2007).	
  The	
  mutant	
  DMRT1p.R111G	
  

showed	
   a	
   statistically	
   significant	
   reduction	
   in	
   its	
   ability	
   to	
   transactivate	
   DM-­‐

binding	
  sites	
  (Fig	
  Results1B).	
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Figure	
  Results	
  1.	
  DMRT1	
  supplementary	
  results.	
  	
  

(A)	
  Cellular	
  localization	
  of	
  DMRT1	
  with	
  FOXL2.	
  Human	
  embryonic	
  kidney	
  HEK	
  293T	
  cells	
  were	
  co-­‐
transfected	
  with	
  myc-­‐tagged	
  DMRT1	
  WT	
  or	
  p.R111G	
  and	
  FOXL2,	
  48hrs	
  after	
  transfection	
  cells	
  were	
  
fixed	
  and	
  stained	
  with	
  a	
  DMRT1	
  antibody	
  (RED)	
  and	
  FOXL2	
  (GREEN).	
  DMRT1	
  shows	
  a	
  strong	
  nuclear	
  
localization	
  and	
  co-­‐localize	
  with	
  FOXL2	
   to	
   the	
  nucleus	
   (DAPI/blue	
  stained).	
  While	
  DMRT1p.R111G	
  
remains	
  cytoplasmic	
  when	
  co	
  transfected	
  with	
  FOXL2.	
  (B)	
  4XDM	
  transient	
  gene	
  expression	
  analysis	
  
of	
  DMRT1	
  WT	
  and	
  p.R111G	
  using	
  a	
  vector	
  containing	
  4X	
  DM	
  binding	
  sites	
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Additional	
  Materials	
  and	
  methods.	
  

	
  
	
  
Plasmid	
  constructions.	
  

Plasmid	
  pCDNA6A-­‐DMRT1-­‐myc	
  was	
   obtained	
   by	
   subcloning	
  DMRT1	
   from	
   a	
   T7-­‐

DMRT1	
   vector	
   (gift	
   from	
   Pr.	
   David	
   Zarkower,	
   University	
   of	
   Minnesota)	
   into	
  

pCDNA6A-­‐myc	
   (Life	
   technologies	
  V220-­‐20)	
  using	
   the	
   restriction	
   sites	
  NotI	
   and	
  

XbaI.	
   4XDM	
   vector	
   containing	
   4	
   synthetic	
   DM	
   recognition	
   site	
   sequence,	
  

described	
   previously	
   (Murphy	
   et	
   al.,	
   2007)	
   was	
   also	
   a	
   gift	
   from	
   Pr	
   Zarkower.	
  

pCMV-­‐XL5-­‐FOXL2	
  vector	
  was	
  procured	
  from	
  Origene	
  (SC126215)	
  

	
  

Cell	
  lines	
  and	
  transfections.	
  

HEK293-­‐T	
   cells	
   were	
   a	
   gift	
   from	
   Mlle	
   Aurélie	
   Claes	
   (Institut	
   Pasteur).	
   For	
   all	
  

trnsfections	
   HEK293-­‐T	
   cells	
   were	
   transfected	
   using	
   Fugene	
   6	
   transfection	
  

reagent	
  (Roche	
  #1	
  814	
  443)	
  using	
  manufacturer’s	
  instructions.	
  	
  

	
  

Site-­‐Directed	
  Mutagenesis	
  

Plasmid	
   containing	
   mutant	
   DMRT1p.R111G	
   was	
   generated	
   by	
   site	
   directed	
  

mutagenesis,	
   using	
   pCDNA6A-­‐DMRT1-­‐myc	
  WT	
   vector	
   as	
   template.	
   Briefly,	
   PCR	
  

reaction	
  using	
  oligonucleotides	
  containing	
  the	
  mutation	
  of	
  interest	
  in	
  the	
  middle	
  

of	
  the	
  sequence	
  is	
  done	
  to	
  amplify	
  the	
  complete	
  plasmid	
  sequence.	
  PCR	
  reaction	
  

is	
  digested	
  using	
  DpnI,	
  a	
  methylation	
  sensitive	
  enzyme	
  that	
  digests	
  only	
  template	
  

DNA.	
  The	
  reaction	
  is	
  transformed	
  using	
  XLBlue	
  ultra-­‐competent	
  cells	
  and	
  seeded	
  

on	
  selective	
  NZY	
  agar	
  plates,	
  colonies	
  obtained	
  are	
  re-­‐isolated	
  for	
  mini-­‐prep	
  and	
  

mutant	
  plasmid	
  are	
  verified	
  by	
  direct	
  sequencing	
  before	
  any	
  functional	
  analysis.	
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Luciferase/Renilla	
  assays	
  

Transient	
  gene	
  expression	
  assays	
  for	
  DMRT1	
  function	
  were	
  performed	
  in	
  96	
  well	
  

plates,	
   using	
  HEK	
   293T	
   cells.	
   The	
   cells	
  were	
   at	
   a	
   concentration	
   of	
   1*10^4	
   per	
  

well	
   and	
   allowed	
   to	
   grow	
   for	
   24	
   hours.	
   After	
   24	
   hours	
   pCDNA6A-­‐DMRT1-­‐myc	
  

WT	
  or	
  p.R111G	
  (1ng)	
  were	
  transfected	
  with	
  a	
  reporter	
  vector	
  containing	
  4X	
  DM	
  

binding	
  sites	
  (1ng/well)	
  and	
  pCMV-­‐RL	
  Renilla	
  luciferase	
  (Promega)	
  as	
  a	
  marker	
  

of	
  transfection	
  efficiency,	
  using	
  Fugene	
  6	
  transfection	
  reagent	
  (Roche	
  1814443).	
  

Cells	
   were	
   lysed	
   48	
   hours	
   later	
   and	
   luciferase	
   assays	
   were	
   performed	
   (Dual	
  

Luciferase	
  Reporter	
  Assay	
  system,	
  Promega)	
  using	
  a	
  Centrox3	
  LB960	
  (Berthold	
  

Technologies).	
  All	
  data	
  were	
  standardized	
  for	
  Renilla	
  activity.	
  Results	
  are	
  shown	
  

as	
   the	
  mean	
  ±	
  SEM	
  of	
   five	
   independent	
  experiments,	
  each	
  performed	
  atleast	
   in	
  

triplicate.	
  

	
  

Immunofluorescence	
  

HEK	
  293T	
  cells	
  were	
  seeded	
  in	
  an	
  8	
  well	
  chamber	
  slide	
  using	
  a	
  concentration	
  of	
  

2	
  x	
  104	
  per	
  well	
  and	
  transfected	
  after	
  24	
  hours	
  with	
  pCDNA6A-­‐DMRT1-­‐myc	
  WT	
  

or	
  mutant	
  with	
  or	
  without	
  pcmvXL5-­‐FOXL2.	
  48hrs	
  after	
  transfection,	
  cells	
  were	
  

fixed	
  using	
  4%PFA	
  (MSDS:	
  15735-­‐605),	
  blocked	
  for	
  15	
  min,	
  and	
  incubated	
  1hr	
  

with	
   primary	
   antibody	
   (DMRT1:	
   ab126741,	
   FOXL2:	
   ab5096),	
   washed	
   3X	
   with	
  

PBS,	
  incubated	
  with	
  secondary	
  antibody	
  (488	
  goat	
  anti	
  rabbit:	
  a11034,	
  anti	
  goat:	
  

ab15132),	
  washed	
  3X,	
  covered	
  with	
  an	
  antifading	
  reagent	
  with	
  DAPI	
  (Life	
  Tech:	
  

P36931)	
   and	
   sealed.	
   The	
   cells	
   were	
   visualized	
   using	
   a	
   microscope	
   Leica	
   DMI	
  

4000B	
  with	
  an	
  objective	
  40X	
  and	
  pictures	
  analyzed	
  using	
  the	
  software	
  LAS	
  V4.3
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Discussion	
  of	
  the	
  Publication	
  

	
  

DMRT1	
   binds	
   and	
   bends	
   DNA	
   using	
   a	
   conserved	
   mechanism	
   for	
   protein-­‐DNA	
  

interaction.	
   Using	
   X-­‐ray	
   crystallography	
   we	
   have	
   analyzed	
   and	
   described	
   this	
  

interaction,	
  which	
  involves	
  the	
  recognition	
  of	
  a	
  pseudo-­‐palindromic	
  target	
  DNA	
  

mainly	
   in	
   DNA	
  major	
   groove.	
  We	
   also	
   observed	
   that	
   DMRT1	
   can	
   bind	
   to	
   DNA	
  

with	
   multiple	
   stoichiometries,	
   from	
   dimers	
   to	
   tetramers,	
   depending	
   on	
   DNA	
  

sequence	
   and	
   shape	
   of	
   sites,	
   that	
   could	
   explain	
   the	
   complex	
   regulation	
   of	
   its	
  

targets.	
  Using	
  exome	
  sequencing,	
  we	
  identified	
  a	
  heterozygous	
  de	
  novo	
  mutation	
  

(R111G)	
   in	
   the	
  DM	
  domain	
  of	
  DMRT1,	
   in	
  a	
  patient	
  presenting	
  with	
  46,XY	
  CGD.	
  

This	
   mutation	
   is	
   the	
   only	
   point	
   mutation	
   known,	
   in	
   human,	
   in	
   the	
   functional	
  

domain	
  of	
  mammalian	
  DMRT1	
  that	
  abrogates	
  the	
  function	
  of	
  DMRT1	
  protein	
  to	
  

bind	
   DNA	
   as	
   shown	
   by	
   EMSA	
   and	
   transient	
   transactivation	
   assays	
   using	
  

oligonucleotides	
  and	
  reporter	
  constructs	
  containing	
  core	
  DM	
  binding	
  elements.	
  	
  

	
  

The	
  biological	
  evidence	
  and	
  phenotype	
  of	
  the	
  patient	
  suggest	
  a	
  role	
  for	
  DMRT1	
  in	
  

human	
   primary	
   sex-­‐determination.	
   A	
   partial	
   dominant	
   negative	
   effect	
   of	
  

DMRT1p.R111G,	
   on	
   the	
   WT	
   DMRT1	
   protein	
   may	
   explain	
   the	
   severity	
   of	
   the	
  

phenotype	
  that	
  was	
  observed.	
  DMRT1p.R111G	
   impairs	
   the	
  ability	
  of	
  DMRT1	
  to	
  

recognize	
   DNA	
   and	
   as	
   a	
   consequence	
   this	
   could	
   lead	
   to	
   the	
   misregulation	
   of	
  

DMRT1	
   specific	
   gene	
   targets.	
   Moreover,	
   we	
   observed	
   that	
   WT	
   DMRT1	
   and	
  

FOXL2	
   co-­‐localised	
   to	
   the	
   nucleus	
   when	
   co-­‐transfected,	
   but	
   this	
   was	
   not	
   seen	
  

with	
  the	
  DMRT1	
  mutant	
  protein.	
  It	
  would	
  be	
  interesting	
  to	
  determine	
  if	
  there	
  is	
  a	
  

direct	
  protein-­‐protein	
  interaction	
  between	
  DMRT1	
  and	
  FOXL2.	
  Since	
  expression	
  

of	
  Dmrt1	
   in	
  mice	
   gonadal	
   primordia	
   of	
   both	
   sexes	
   is	
   present	
   at	
   E10.5,	
   and	
   at	
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E12.5	
   it	
  decreases	
  until	
   it	
  disappears	
   in	
  the	
  ovaries	
  and	
  maintain	
  high	
  levels	
   in	
  

the	
  testis	
  thereafter	
  (De	
  Grandi	
  et	
  al.,	
  2000),	
  and	
  the	
  Foxl2	
   is	
  expressed	
  only	
   in	
  

the	
  ovary,	
  beginning	
  at	
  E12.5	
  and	
  continually	
  expressed	
   thereafter	
   (Schmidt	
  et	
  

al.,	
   2004).	
   It	
   would	
   also	
   be	
   of	
   interest	
   to	
   develop	
   a	
   mouse	
   model	
   for	
  

DMRT1p.R111G	
   to	
   better	
   understand	
   what	
   gene	
   targets	
   are	
   being	
   affected	
   in	
  

vivo,	
  even	
  if	
  DMRT1	
  function	
  seems	
  to	
  vary	
  between	
  two	
  species,	
  it	
  constitutes	
  a	
  

close	
   model	
   system	
   to	
   understand	
   how	
   DMRT1	
   function.	
   One	
   point	
   remains	
  

unresolved.	
   Why	
   have	
   no	
   other	
   point	
   mutations	
   in	
   the	
   DMRT1	
   gene	
   been	
  

reported	
   in	
  cases	
  with	
  a	
   failure	
  of	
   testicular	
  determination?	
  Mutations	
   in	
  other	
  

sex-­‐determining	
  genes	
  such	
  as	
  SRY	
  or	
  NR5A1	
  are	
  present	
   in	
  around	
  10-­‐15%	
  of	
  

cases	
  of	
  46,XY	
  gonadal	
  dysgenesis,	
  yet	
  this	
  is	
  the	
  only	
  point	
  mutation	
  described	
  

to	
  date	
  in	
  the	
  DMRT1	
  gene.	
  One	
  possibility	
  is	
  that	
  the	
  severe	
  phenotype	
  observed	
  

in	
   this	
   particular	
   case	
   is	
   due	
   to	
   specific	
   properties	
   of	
   the	
   p.R111G	
   amino	
   acid	
  

change.	
  The	
  p.R111G	
  mutation	
  appears	
  to	
  have	
  dominant	
  negative	
  activity	
  on	
  the	
  

WT-­‐DMRT1	
  allele	
  essentially	
  mimicking	
  a	
  homozygous	
  mutation.	
  However,	
   this	
  

cannot	
  be	
  the	
  only	
  explanation.	
  75%	
  of	
  XY	
   individuals	
  who	
  are	
  hemizygous	
   for	
  

DMRT1	
  due	
  to	
  a	
  deletion	
  of	
  9p24	
  show	
  various	
  degrees	
  of	
   testicular	
  anomalies	
  

with	
   a	
   proportion	
   of	
   cases	
   presenting	
   with	
   XY	
   complete	
   gonadal	
   dysgenesis.	
  

Therefore,	
   one	
   would	
   expect	
   to	
   see	
   heterozygous	
   nonsense	
   mutations	
   in	
   the	
  

DMRT1	
   gene,	
   which	
   would	
   be	
   equivalent	
   to	
   the	
   hemizygosity	
   seen	
   in	
   9p24	
  

deletion	
  cases.	
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In	
  preparation:	
  Mutations	
  in	
  SOX7	
  gene	
  associated	
  with	
  46,	
  XY	
  

Gonadal	
  dysgenesis.	
  

	
  

Introduction	
  to	
  publication	
  

In	
  the	
  laboratory	
  we	
  have	
  been	
  performing	
  whole	
  exome	
  sequencing	
  in	
  patients	
  

who	
  have	
  unexplained	
  and	
  mainly	
  non-­‐syndromic	
  46,XY	
  gonadal	
  dysgenesis.	
  For	
  

the	
   most	
   part	
   these	
   patients	
   have	
   been	
   screened	
   for	
   mutations	
   in	
   the	
   well-­‐

characterised	
   testis-­‐determining	
   genes	
   such	
   as	
  SRY	
   and	
  NR5A1.	
   As	
   part	
   of	
   this	
  

study	
  we	
  identified	
  the	
  DMRT1	
  mutation	
  described	
  in	
  the	
  previous	
  section.	
  Here,	
  

we	
  identified	
  two	
  heterozygous	
  missense	
  mutations	
  in	
  SOX7	
  in	
  two	
  independent	
  

patients	
   presenting	
   with	
   46,XY	
   gonadal	
   dysgenesis.	
   We	
   have	
   addressed	
   the	
  

question	
  of	
  causality	
  of	
  the	
  mutations	
  by	
  –	
  

(i) Determining	
   the	
   presence	
   or	
   absence	
   of	
   these	
   mutations	
   in	
  

appropriate	
  ancestry-­‐matched	
  control	
  samples.	
  

(ii) Examining	
   where	
   and	
   when	
   the	
   SOX7/Sox7	
   gene	
   is	
   expressed	
  

during	
  gonad	
  development.	
  	
  

(iii) Determining	
  the	
  cellular	
  localisation	
  of	
  the	
  wild	
  type	
  and	
  mutated	
  

proteins	
  

(iv) Performing	
   functional	
   analysis	
   to	
   characterise	
   the	
   changes	
   in	
  

biological	
   activity	
   of	
   the	
   mutated	
   protein	
   compared	
   to	
   the	
   wild	
  

type	
  protein.	
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Our	
   data	
   are	
   consistent	
   with	
   the	
   hypothesis	
   that	
   SOX7	
   mutations	
   are	
   a	
   novel	
  

cause	
  of	
  46,XY	
  gonadal	
  dysgenesis.	
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Abstract	
  

Disorders	
   of	
   Sex	
   Development	
   (DSD)	
   represent	
   a	
   wide	
   spectrum	
   of	
   gonadal	
  

phenotypes.	
  Identifying	
  genetic	
  causes	
  of	
  DSD	
  is	
  a	
  major	
  challenge	
  since	
  familial	
  

cases	
   are	
   rare	
   and	
   the	
   genetic	
   pathways	
   involved	
   are	
   poorly	
   conserved	
   in	
  

evolution.	
   Here,	
   using	
   an	
   exome	
   sequencing	
   approach,	
   we	
   identified	
   two	
  

individuals	
   with	
   46,XY	
   gonadal	
   dysgenesis	
   that	
   carry	
   independent	
   novel	
  

missense	
  mutations	
   in	
   the	
  TAD	
  domain	
  of	
   the	
  SOX7	
   gene.	
  These	
  mutations	
  are	
  

absent	
   from	
   the	
   public	
   databases	
   and	
   in-­‐house	
   control	
   samples.	
   Functional	
  

analyses	
  of	
   the	
  mutant	
  proteins	
   indicates	
  that	
  they	
   lack	
  the	
  ability	
  to	
  synergise	
  

with	
  NR5A1	
  to	
  upregulate	
  SOX9	
  expression	
  through	
  the	
  Tesco	
  enhancer	
  element.	
  

Although	
  expression	
  data	
  in	
  the	
  mouse	
  shows	
  that	
  Sox7	
  expression	
  is	
  limited	
  to	
  

the	
  endothelial	
  cells	
  of	
  developing	
  testis,	
  in	
  the	
  human	
  SOX7	
  is	
  expressed	
  in	
  adult	
  

Leydig	
   and	
   Sertoli	
   cells	
   suggesting	
   that	
   it	
   may	
   be	
   important	
   in	
   testis	
  

development.	
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Introduction	
  

	
  

Mammalian	
   testis-­‐determination	
   is	
   a	
   highly	
   complex	
   process	
   where	
   genetic	
  

pathways	
   decide	
   between	
   two	
   mutually	
   opposing	
   cell	
   choice	
   fates	
   of	
   the	
  

bipotential	
  gonad	
  anlage	
  to	
  develop	
  into	
  either	
  a	
  testis	
  or	
  an	
  ovary	
  (Svingen	
  and	
  

Koopman,	
  2013).	
  In	
  the	
  human,	
  at	
  7	
  weeks	
  in	
  the	
  XY	
  gonad,	
  the	
  Y-­‐located	
  testis-­‐

determining	
  SRY	
   is	
   expressed	
   in	
   pre-­‐Sertoli	
   cells	
   and	
   this,	
   in	
   synergy	
  with	
   the	
  

nuclear	
  receptor	
  NR5A1,	
  results	
  in	
  the	
  upregulation	
  of	
  SOX9	
  expression	
  beyond	
  a	
  

critical	
  threshold	
  leading	
  to	
  the	
  initiation	
  of	
  definitive	
  Sertoli	
  cell	
  differentiation.	
  

Several	
  positive	
  regulatory	
  loops	
  are	
  initiated	
  for	
  maintaining	
  SOX9	
  expression,	
  

including	
   autoregulation	
   of	
   its	
   own	
   expression	
   and	
   formation	
   of	
   feed-­‐forward	
  

loops	
  via	
  FGF9	
  or	
  PGD2	
  signaling.	
  In	
  turn,	
  SOX9	
  regulates	
  the	
  production	
  of	
  AMH	
  

from	
   Sertoli	
   cells,	
   whilst	
   at	
   the	
   same	
   time	
   represses	
   the	
   genetic	
   pathways	
  

(WNT4/FOXL2)	
  involved	
  in	
  ovarian	
  development	
  (Svingen	
  and	
  Koopman,	
  2013).	
  	
  

	
  

Errors	
   in	
   human	
   testis-­‐determination	
   can	
   give	
   rise	
   to	
   Disorders	
   of	
   Sex	
  

Development	
   that	
   are	
   defined	
   as	
   ‘congenital	
   conditions	
   in	
   which	
   the	
  

development	
  of	
  chromosomal,	
  gonadal,	
  or	
  anatomical	
  sex	
  is	
  atypical’	
  (Hughes	
  et	
  

al.,	
  2006).	
  These	
  include	
  46,XY	
  complete	
  or	
  partial	
  gonadal	
  dysgenesis	
  or	
  46,XX	
  

testicular	
  or	
  ovotesticular	
  DSD.	
  	
  

The	
   mammalian	
   Sox	
   transcription	
   factor	
   family	
   comprises	
   around	
   20	
   genes	
  

divided	
   into	
   10	
   subgroups	
   based	
   on	
   their	
   sequence	
   similarity	
   and	
   genomic	
  

organization	
  (Bowles	
  et	
  al.,	
  2000)	
  and	
  in	
  recent	
  years	
  a	
  role	
  for	
  other	
  SOX	
  family	
  

members	
  in	
  DSD	
  phenotypes	
  has	
  been	
  suggested.	
  Mutations	
  involving	
  the	
  SOX3	
  

and	
  SOX10	
  loci	
  are	
  associated	
  with	
  virilisation	
  of	
  46,XX	
  individuals	
  (Sutton	
  et	
  al.,	
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2011;	
  Polanco	
  et	
  al.,	
  2010).	
  Many	
  other	
  Sox	
   family	
  genes	
  are	
  also	
  expressed	
   in	
  

the	
  developing	
  testis	
  (Schepers	
  et	
  al.,	
  2003;	
  Daigle	
  et	
  al.,	
  2015).	
  

	
  

SOX7	
   forms	
   part	
   of	
   the	
   subgroup	
   F	
   of	
   the	
   SOX	
   family	
   of	
   transcription	
   factors	
  

together	
  with	
  SOX17	
  and	
  SOX18	
  (Francois	
  et	
  al.,	
  2010).	
  The	
  human	
  SOX7	
  gene,	
  

located	
   at	
   8p23.1,	
   encodes	
   a	
   388	
   AA	
   protein	
   that	
   is	
   characterized	
   by	
   a	
   highly	
  

conserved	
   N-­‐terminal	
   HMG-­‐domain	
   (aa	
   44-­‐122),	
   which	
   contains	
   two	
   putative	
  

nuclear	
  localization	
  signals	
  at	
  both	
  the	
  N-­‐terminal	
  and	
  C-­‐terminal	
  extremes.	
  The	
  

protein	
   also	
   contains	
   a	
   C-­‐terminal	
   transactivation	
   domain	
   (TAD)	
   (aa	
   177-­‐387)	
  

conserved	
  in	
  SOX	
  subgroup	
  F	
  (Takash	
  et	
  al.,	
  2001).	
  SOX7	
  plays	
  an	
  important	
  role	
  

as	
   a	
   developmental	
   regulator	
   in	
   the	
   differentiation	
   of	
   parietal	
   endoderm	
   by	
  

regulating	
   expression	
  of	
  Gata4	
  and	
  Gata6	
   (Murakami	
   et	
   al.,	
   2004;	
   Futaki	
   et	
   al.,	
  

2004;	
   Costa	
   et	
   al.,	
   2012),	
   hematopoietic	
   differentiation	
   (Gandillet	
   et	
   al.,	
   2009),	
  

cardiogenesis	
   (Wat	
   et	
   al.,	
   2012),	
   arterial	
   differentiation	
   and	
   maintenance	
   and	
  

vascularogenesis	
  (Herpers	
  et	
  al.,	
  2008;	
  Chung	
  et	
  al.,	
  2011).	
  	
  As	
  different	
  members	
  

of	
   SOX	
   family,	
   SOX7	
   can	
   directly	
   bind	
   β-­‐catenin	
   catenin	
   through	
   its	
   c-­‐TAD	
  

domain	
   and	
   thereby	
   negatively	
   regulates	
   Wnt	
   signaling	
   pathway	
   (Guo	
   et	
   al.,	
  

2008)	
  

Although	
  SOX7	
   function	
  has	
  largely	
  been	
  explored	
  in	
  vascular	
  development	
  and	
  

SOXF	
  proteins	
  appear	
  to	
  play	
  a	
  critical	
  role	
  in	
  cardiovascular	
  development	
  (Wat	
  

et	
  al.,	
  2012;	
  Wat	
  and	
  Wat,	
  2014),	
  here,	
  for	
  the	
  first	
  time	
  we	
  show	
  a	
  role	
  for	
  SOX7	
  

in	
   human	
   testis	
   development.	
   We	
   identified	
   novel	
   missense	
   mutations	
   in	
   the	
  

SOX7	
  gene	
  associated	
  with	
  46,XY	
  gonadal	
  dysgenesis	
  within	
  the	
  c-­‐TAD	
  domain.	
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Materials	
  and	
  Methods	
  

	
  

The	
  study	
  was	
  approved	
  by	
  the	
  ethical	
  board	
  of	
  Institut	
  Pasteur	
  (RBM	
  2003/8).	
  

Patient	
   ancestry	
   was	
   determined	
   by	
   self	
   reporting,	
   based	
   on	
   responses	
   to	
   a	
  

personal	
   questionnaire,	
   which	
   asked	
   questions	
   pertaining	
   to	
   the	
   birthplace,	
  

languages	
  and	
  ethnicity	
  of	
  the	
  participants,	
  their	
  parents	
  and	
  grandparents.	
  The	
  

control	
  panel	
  consisted	
  of	
  240	
  unrelated	
  46,XY	
  males	
  of	
  French	
  ancestry	
  who	
  are	
  

either	
  normospermic	
  or	
  have	
  fathered	
  at	
  least	
  two	
  children	
  and	
  have	
  no	
  history	
  

of	
  testicular	
  anomalies	
  (determined	
  by	
  self	
  reporting).	
  All	
  samples	
  used	
  for	
  this	
  

study	
  were	
  collected	
  with	
  proper	
  informed	
  consent.	
  	
  	
  

	
  

Whole	
  Exome	
  sequencing	
  	
  

Exon	
   enrichment	
  was	
   performed	
  using	
  Agilent	
   SureSelect	
  Human	
  All	
   Exon	
  V4.	
  

Paired-­‐end	
   sequencing	
   was	
   performed	
   on	
   the	
   Illumina	
   HiSeq2000	
   platform	
  

using	
   TruSeq	
   v3	
   chemistry.	
   Read	
   files	
   (Fastq)	
   were	
   generated	
   from	
   the	
  

sequencing	
   platform	
   via	
   the	
  manufacturer's	
   proprietary	
   software.	
   Reads	
   were	
  

mapped	
   using	
   the	
   Burrows-­‐Wheeler	
   Aligner14	
   and	
   local	
   realignment	
   of	
   the	
  

mapped	
  reads	
  around	
  potential	
   insertion/deletion	
  (indel)	
  sites	
  was	
  carried	
  out	
  

with	
  the	
  GATK	
  version	
  1.615.	
  Duplicate	
  reads	
  were	
  marked	
  using	
  Picard	
  version	
  

1.62	
   (http://picard.sourceforge.net).	
   Additional	
   BAM	
   file	
   manipulations	
   were	
  

performed	
  with	
  Samtools	
   (0.1.18)16.	
   SNP	
  and	
   indel	
   variants	
  were	
   called	
  using	
  

the	
   GATK	
   Unified	
   Genotyper	
   for	
   each	
   sample.	
   SNP	
   novelty	
   was	
   determined	
  

against	
   dbSNP138.	
   Novel	
   variants	
   were	
   analyzed	
   by	
   a	
   range	
   of	
   web-­‐based	
  

bioinformatics	
   tools	
   using	
   the	
   EnsEMBL	
   SNP	
   Effect	
   Predictor	
  

(http://www.ensembl.org/homosapiens/userdata/uploadvariations).	
   All	
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variants	
   were	
   screened	
  manually	
   against	
   the	
   Human	
   Gene	
  Mutation	
   Database	
  

Professional	
   Biobase	
   (http://www.biobase-­‐international.com/product/hgmd).	
  

In	
  silico	
  analysis	
  was	
  performed	
  to	
  determine	
  the	
  potential	
  pathogenicity	
  of	
  the	
  

variants.	
   Potentially	
   pathogenic	
   mutations	
   were	
   verified	
   using	
   classic	
   Sanger	
  

sequencing.	
  

	
  

Patient	
  Descriptions.	
  

Patient	
  1	
  was	
  born	
  to	
  healthy	
  non-­‐consanguinous	
  couple	
  from	
  North	
  Africa.	
  She	
  

was	
  seen	
  at	
  the	
  clinic	
  at	
  17	
  years	
  for	
  primary	
  amenorrhea.	
  The	
  external	
  genitalia	
  

were	
  completely	
  female.	
  	
  There	
  were	
  no	
  somatic	
  anomalies.	
  Breasts	
  tanner	
  stage	
  

0,	
  external	
  genitalia	
  Prader	
  stage	
  0.	
  Serum	
  testosterone	
  levels	
  were	
  0.19	
  ng/ml	
  

(normal	
  range	
  2.7-­‐9ng/ml),	
  FSH	
  74	
  U/Litre	
  (ND-­‐13.5	
  U/Litre)	
  and	
  LH	
  33	
  U/litre	
  

(2.4-­‐13	
  U/Litre).	
  Ultrasound	
  showed	
  has	
  a	
  normal	
  uterus	
  and	
  2	
  fallopian	
  tubes.	
  

Laparotomy	
   revealed	
   two	
   streak	
   gonads.	
   The	
   histology	
   of	
   the	
   testis	
   revealed	
  

bilateral	
   gonadal	
   dysgenesis	
  with	
   homogenous	
   ovarian	
   stromal-­‐like	
   tissue	
   and	
  

the	
   presence	
   of	
   a	
   gonadoblastoma.	
   The	
   proband	
   has	
   two	
   46,XX	
   sisters	
   with	
  

children.	
  DNA	
  of	
   these	
   individuals	
   and	
   the	
  parents	
  were	
  unavailable	
   for	
   study.	
  	
  

Karyotype	
  was	
  46,XY.	
  The	
  diagnosis	
  was	
  46,XY	
  complete	
  gonadal	
  dysgenesis.	
  

	
  

Patient	
   2	
  presented	
  at	
  17	
  yrs	
  with	
  primary	
  amenorrhea.	
  Parents	
  were	
  healthy	
  

with	
   no	
   evidence	
   of	
   consanguinity	
   and	
   no	
   family	
   history	
   of	
   DSD	
   or	
   infertility.	
  

Breasts	
  were	
  not	
   developed,	
   Tanner	
   stage	
  1	
   and	
   external	
   genitalia	
  was	
   female	
  

Prader	
  stage	
  0.	
  FSH	
  levels	
  were	
  50mUI/ml,	
  LH	
  levels	
  were	
  20mUI/ml	
  and	
  E2	
  <13	
  

pg/ml.	
  Testosterone	
  undetectable.	
  Presence	
  of	
  a	
  uterus.	
  Histolopathology	
  of	
  the	
  

gonads.	
  Right:	
  Absence	
  of	
  Sertoli,	
  Leydig	
  and	
  germ	
  cells.	
  Ovarian	
  type	
  stroma.	
  No	
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tubule	
   structures	
  were	
  observed.	
   Left.	
   Fallopian	
   tube	
  present.	
  Ovarian	
   stroma-­‐

like	
  tissue.	
  No	
  evidence	
  of	
  Leydig	
  cells	
  or	
  germ	
  cells.	
  Rare	
  tubule-­‐like	
  structures	
  

present.	
   Karyotype	
   was	
   46,XY.	
   The	
   diagnosis	
   was	
   46,XY	
   complete	
   gonadal	
  

dysgenesis.	
  

	
  

For	
   both	
  patients	
   direct	
   sequencing	
   of	
   the	
  SRY,	
  GATA4,	
  WT1,	
  FOG2/ZFPM2	
   and	
  

NR5A1	
   genes	
   revealed	
   wild-­‐type	
   sequences.	
   Array	
   comparative	
   genomic	
  

hybridization	
   using	
   the	
   Nimblegene	
   2.1M	
   aCGH	
   platform	
   confirmed	
   a	
   normal	
  

ploidy	
  in	
  both	
  patients.	
  	
  

	
  

In	
  silico	
  analysis	
  of	
  3D	
  structure	
  

The	
  3D	
   structure	
  models	
   of	
  wild	
   type	
   and	
  mutants	
   SOX7	
   c-­‐terminal	
  TAD	
  were	
  

modeled	
  using	
  Phyre2	
  (Kelley	
  and	
  Sternberg,	
  2009).	
  The	
  predicted	
  structure	
  of	
  

AA177	
  to	
  AA388	
  was	
  analyzed	
  using	
  FirstGlance	
  website	
  interface	
  based	
  on	
  Jmol	
  

(Jmol:	
   an	
   open-­‐source	
   Java	
   viewer	
   for	
   chemical	
   structures	
   in	
   3D.	
  

http://www.jmol.org/)	
  

	
  

Plasmid	
  constructions.	
  

Plasmid	
   pCMV6-­‐SOX7-­‐myc	
   was	
   obtained	
   from	
   Addgene	
   (631604).	
   All	
   other	
  

vectors,	
  pCMX-­‐hNR5A1	
  and	
  reporters	
  pGL3-­‐Tesco,	
  pGL3-­‐AMH,	
  pGL3-­‐NR5A1,	
  have	
  

been	
   previously	
   described	
   in	
   Bashamboo	
   et	
   al	
   2014.	
   Reporter	
   vector	
   with	
  

DMRT1	
  promoter	
  was	
  a	
  gift	
  from	
  from	
  Dr.	
  David	
  Zarkower	
  (Univ.	
  of	
  Minnesota).	
  

pCDNA-­‐SOX9-­‐Flag	
  vector	
  was	
  a	
  gift	
  from	
  Dr.	
  Francis	
  Poulat,	
  Institut	
  de	
  Génétique	
  

Moléculaire	
  de	
  Montpellier. 
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Site-­‐Directed	
  Mutagenesis	
  

Plasmids	
  containing	
  mutant	
  SOX7p.D211A	
  and	
  p.Y381H	
  were	
  generated	
  by	
  site	
  

directed	
   mutagenesis	
   (QuikChange,	
   Stratagene),	
   using	
   pCMV6-­‐SOX7-­‐WT-­‐myc	
  

vector	
   as	
   a	
   template	
   as	
   described	
   elsewhere	
   (Braman	
   et	
   al.,	
   1996).	
   Mutant	
  

plasmids	
  were	
  verified	
  by	
  direct	
  sequencing	
  before	
  any	
  functional	
  analysis.	
  

	
  

Transient	
  expression	
  analysis	
  

Transient	
  gene	
  expression	
  assays	
  for	
  SOX7	
  function	
  were	
  performed	
  in	
  96	
  well	
  

plates,	
   using	
   HEK	
   293T	
   cells	
   at	
   a	
   concentration	
   of	
   1x104	
   per	
   well,	
   Fugene	
   6	
  

transfection	
  reagent	
  (Roche	
  1814443)	
  and	
  a	
  Dual-­‐Glo	
  luciferase	
  reporter	
  system	
  

(Dual	
  Go	
  Luciferase	
  Substrate	
  E297B)	
  and	
  a	
   reporter	
  vector	
   for	
   renilla	
  activity	
  

(pRLSV40	
   Renilla	
   luciferase).	
   pCMV6-­‐SOX7-­‐myc	
   WT,	
   p.D211A	
   or	
   p.Y381H	
  

(10ng/well)	
   were	
   transfected	
   with	
   reporter	
   vectors	
   containing	
   different	
   sex	
  

determining	
   genes	
   promoters	
   (10ng/well)	
   and	
   pRLSV40	
   Renilla	
   (5ng)	
  

(Promega).	
  48hrs	
  later,	
  cells	
  were	
  lysed	
  and	
  luciferase	
  assays	
  were	
  performed	
  in	
  

a	
   FLUOstar	
   Optima	
   fluorescence	
   microplate	
   reader	
   (BMG	
   Labtech).	
   Data	
   was	
  

normalized	
  for	
  Renilla	
  activity.	
  Results	
  are	
  shown	
  as	
  the	
  mean	
  of	
  3	
  independent	
  

experiments,	
  performed	
  in	
  triplicate.	
  

	
  

Immunochemistry	
  

HEK	
  293T	
  cells	
  were	
  seeded	
  in	
  an	
  8	
  well	
  chamber	
  slide	
  using	
  a	
  concentration	
  of	
  

2	
  x	
  104	
  per	
  well.	
  Transfected	
  using	
  pCMV6-­‐SOX7-­‐myc	
  WT,	
  p.D211A	
  or	
  p.Y381H	
  

without	
  and	
  with	
  pCMX-­‐NR5A1-­‐cherry.	
  48hrs	
  after	
   transfection,	
  chamber	
  slides	
  

were	
   fixed	
   using	
   4%PFA	
   (15735-­‐605),	
   blocked	
   for	
   15	
   min	
   with	
   1X,	
   and	
  

incubated	
   1hr	
   with	
   first	
   antibody	
   (anti-­‐MYC:	
   ab9186),	
   washed	
   3X	
   with	
   PBS,	
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incubated	
  with	
  secondary	
   fluorescent	
  antibody	
   (goat	
  anti	
   rabbit:	
  Life-­‐A11034),	
  

washed	
   3X,	
   covered	
   with	
   mounting	
   media	
   with	
   an	
   anti-­‐fading	
   reagent	
   (Life:	
  

P36931)	
  and	
  sealed.	
  	
  

	
  

Protein	
  extraction	
  

HEK	
  293T	
  cells	
  were	
  seeded	
  in	
  6	
  well	
  plate	
  at	
  a	
  concentration	
  of	
  6x105	
  per	
  well.	
  

24hrs	
   later	
   cells	
   were	
   transfected	
   using	
   the	
   vectors	
   pCMV6-­‐SOX7-­‐myc	
   WT,	
  

p.D211A	
   or	
   p.Y381H	
   along	
   with	
   pacGFP-­‐NR5A1.	
   48hrs	
   after	
   transfection,	
   cells	
  

were	
  incubated	
  with	
  IP	
  lysis	
  buffer	
  (Thermo	
  87788)	
  and	
  protease	
  inhibitor	
  (Life	
  

Tech	
  78429)	
  and	
  whole	
   cell	
  protein	
  was	
   transferred	
   to	
  a	
   clean	
  eppendorf,	
   and	
  

measured	
  by	
  a	
  Bradford	
  assay.	
  	
  

	
  

Co-­‐Immunoprecipitation	
  assay	
  	
  

After	
   Bradford	
   assay	
   to	
   measure	
   proteins,	
   250μg	
   of	
   protein	
   extracts	
   were	
  

incubated	
  for	
  1	
  hr	
  at	
  4°C	
  with	
  1μg	
  of	
  rabbit	
  IgG	
  (Santa	
  Cruz	
  sc-­‐2027)	
  and	
  20μl	
  of	
  

resuspended	
   protein	
   A/G	
   PLUS	
   agarose	
   (Santa	
   Cruz	
   SC-­‐2003).	
   Samples	
   were	
  

centrifuged	
  (1000G,	
  5min	
  at	
  4°C),	
  the	
  supernatant	
  collected	
  and	
  incubated	
  with	
  

5μl	
   of	
   SF1	
   antibody	
   (ab65815)	
   for	
   1hr	
   at	
   4°C.	
   Subsequent,	
   20μl	
   of	
   A/GPLUS	
  

agarose	
   (SC-­‐2003)	
   were	
   added	
   and	
   samples	
   were	
   incubated	
   on	
   a	
   rocking	
  

platform	
  over	
  night	
  at	
  4°C.	
  Samples	
  were	
  centrifuged	
  (1000G,	
  5	
  min	
  at	
  4°C),	
  and	
  

the	
  pellet	
  was	
  washed	
  4X	
  with	
  1ml	
  of	
  cold	
  PBS.	
  After	
  final	
  centrifugation,	
  pellet	
  

was	
  resuspended	
  in	
  40μl	
  of	
  SDS	
  laemmli	
  buffer	
  +	
  4μl	
  of	
  DTT	
  1M.	
  Samples	
  were	
  

denatured	
  for	
  5	
  min	
  at	
  95°C	
  and	
  20	
  μl	
  were	
  migrated	
  on	
  a	
  fractionated	
  on	
  a	
  10%	
  

SDS-­‐PAGE	
  gel	
  and	
   transfer	
   to	
  a	
  PVDF	
  membrane.	
  Western	
  Blot	
  was	
  performed	
  

using	
  SOX7	
  antibody	
  for	
  detection	
  (ab49163),	
  followed	
  by	
  a	
  secondary	
  antibody	
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HRP	
   conjugated	
   (ab6721)	
   and	
   visualized	
   by	
   chemioluminescence	
   (Thermo-­‐

32106).	
  

	
  

	
  

Results	
  

	
  

SOX7	
  mutations	
  associated	
  with	
  46,	
  XY	
  gonadal	
  dysgenesis.	
  

We	
  performed	
  high	
  throughput	
  sequencing	
  of	
  DNA	
  samples	
  from	
  the	
  patient	
  by	
  

exome	
   capture.	
   Bioinformatics	
   analysis	
   of	
   WES	
   data	
   identified	
   a	
   novel	
  

heterozygous	
   missense	
   mutation,	
   c.632A>C	
   substitution	
   that	
   is	
   predicted	
   to	
  

result	
  in	
  a	
  p.D211A	
  amino	
  acid	
  substitution	
  in	
  the	
  SOX7	
  transactivation	
  domain	
  

for	
   the	
   first	
   patient.	
   The	
   second	
   patient	
   carried	
   a	
   c.1141T>C	
  mutation	
   that	
   is	
  

predicted	
  to	
  result	
  in	
  a	
  p.Tyr381His	
  (ENST00000304501).	
  The	
  presence	
  of	
  both	
  

mutations	
  was	
   confirmed	
   by	
   Sanger	
   sequencing.	
   The	
   parents	
   and	
   other	
   family	
  

members	
   were	
   unavailable	
   for	
   study,	
   however,	
   these	
   missense	
   mutations	
   are	
  

absent	
  from	
  dbSNP138,	
  Exome	
  Variant	
  Server	
  (EVS),	
  our	
  internal	
  database,	
  and	
  

1000	
  Genomes	
  Project	
  database.	
  	
  Furthermore,	
  Sanger	
  sequencing	
  indicated	
  that	
  

these	
   mutations	
   were	
   absent	
   from	
   400	
   healthy	
   ancestry-­‐matched	
   control	
  

individuals.	
  There	
  was	
  no	
  other	
  gene	
  mutation	
   found	
   in	
   the	
  patients	
  WES	
  data	
  

that	
  could	
  be	
  linked	
  to	
  testis	
  development	
  or	
  46,XY	
  DSD.	
  

	
  

In	
  silico	
  analysis	
  of	
  the	
  SOX7p.D211A	
  reveals	
  an	
  alteration	
  of	
  the	
  secondary	
  

structure	
  of	
  SOX7	
  protein	
  

Analysis	
   of	
   the	
   secondary	
   structure	
  modeled	
   with	
   Phyre2	
   revealed	
   that	
  Wild-­‐

type	
   SOX7	
   c-­‐TAD	
   was	
   predicted	
   to	
   have	
   14.7%	
   of	
   α-­‐helices,	
   whereas	
  

SOX7p.D211A	
  mutant	
  has	
  α-­‐helices	
  reduced	
  to	
  6.2%	
  and	
  SOX7p.Y381H	
  did	
  have	
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the	
  same	
  percentage	
  of	
  predicted	
  α-­‐helices	
  than	
  WT:	
  14.7%	
  (Fig	
  1).	
  Suggesting	
  

that	
   p.D211A	
   could	
   alters	
   the	
   normal	
   structure	
   of	
   SOX7	
   protein.	
  However,	
   the	
  

accuracy	
  of	
  the	
  structure	
  models	
  must	
  be	
  considered	
  carefully,	
  as	
  these	
  are	
  only	
  

predictions	
  since	
  there	
  is	
  no	
  actual	
  model	
  for	
  TAD	
  of	
  SOX	
  transcription	
  factors.	
  

	
  

Expression	
  of	
  SOX7	
  

SOX7	
   is	
   expressed	
   in	
   the	
  nucleus	
   of	
   human	
  adult	
   Leydig	
   cells,	
   Sertoli	
   cells	
   and	
  

spermatogonia	
   (Figure	
   2A;	
  www.proteinatlas.org).	
   During	
  mouse	
   development	
  

Sox7	
   expression	
   has	
   been	
   reported	
   in	
   the	
   supporting	
   endothelial	
   cells	
   of	
   the	
  

testis	
  as	
  early	
  as	
  E13	
  (Figure	
  2B;	
  EMAGE	
  MGI:	
  98369)	
  suggesting	
  Sox7	
  may	
  play	
  

a	
  role	
  in	
  testis	
  development.	
  

	
  

Missense	
  mutations	
  in	
  SOX7	
  alter	
  the	
  biological	
  activity.	
  

To	
   analyse	
   the	
   functional	
   consequence	
   of	
   these	
   mutation	
   on	
   the	
   biological	
  

activity	
  of	
  the	
  protein,	
  we	
  performed	
  a	
  series	
  of	
  transient	
  gene	
  expression	
  assays	
  

using	
   multiple	
   gonadal	
   promoters.	
   Since	
   SOX7	
   can	
   directly	
   inhibit	
   Wnt4/β-­‐

catenin	
  pathway	
  (Guo	
  et	
  al	
  2008),	
  we	
  used	
   the	
  WNT	
  sensitive	
  TOP-­‐Flash/FOP-­‐

Flash	
   system	
   to	
   test	
   the	
   effect	
   of	
   SOX7	
  mutants	
   on	
  WNT	
  pathway.	
  We	
   did	
   not	
  

observe	
   a	
   significant	
   difference	
   in	
   the	
   inhibition	
   of	
   WNT/β-­‐catenin	
   pathway	
  

between	
  the	
  wild-­‐type	
  and	
  mutant	
  SOX7p.D211A	
  proteins	
  (Fig	
  3).	
  

NR5A1	
  is	
  known	
  to	
  be	
  a	
  critical	
  factor	
  in	
  testis	
  development	
  both	
  by	
  itself	
  and	
  in	
  

synergy	
  with	
  SOX9.	
  We	
  did	
  not	
  observe	
  a	
  significant	
  difference	
  in	
  the	
  activation	
  

of	
  NR5A1	
  reporter	
  by	
  the	
  wild-­‐type	
  and	
  SOX7p.D211A	
  protein	
  (Fig	
  3).	
  We	
  then	
  

analyzed	
  the	
  DMRT1	
  promoter,	
  as	
  it	
  is	
  also	
  a	
  key	
  element	
  for	
  testis	
  development	
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and	
  the	
  maintenance	
  of	
  testis	
  cell	
  fate.	
  We	
  did	
  not	
  detect	
  a	
  significant	
  difference	
  

in	
  activity	
  between	
  the	
  WT	
  SOX7	
  and	
  SOX7pD211A	
  (Fig	
  3).	
  

	
  

Both	
  WT	
  and	
  SOX7p.D211A	
  are	
  able	
  to	
  activate	
  the	
  AMH	
  reporter	
  alone	
  as	
  well	
  

as	
   synergistically	
   with	
   NR5A1	
   (Fig	
   3).	
   We	
   have	
   seen	
   that	
   SOX7	
   is	
   able	
   to	
  

recognize	
  and	
  activate/inhibit	
  same	
  targets	
  as	
  SOX9.	
  Since	
  SOX9	
  synergizes	
  with	
  

NR5A1	
  to	
  increase	
  its	
  own	
  expression	
  via	
  Tesco,	
  we	
  performed	
  co-­‐transfections	
  

using	
  NR5A1	
   along	
  with	
  WT	
   SOX7	
   and	
   SOX7p.D211A	
  with	
   reporter	
   containing	
  

Tesco	
  enhancer	
  element	
  of	
  Sox9.	
  Independent	
  experiments	
  show	
  that	
  both	
  wild-­‐

type	
  SOX7	
  and	
  p.D211A	
  have	
  the	
  ability	
  to	
  transactivate	
  the	
  Sox9	
  Tesco	
  enhancer	
  

element,	
  however,	
   SOX7p.D211A	
  specifically	
   failed	
   to	
   synergise	
  with	
  NR5A1	
   to	
  

transactivate	
   the	
   Tesco	
   enhancer	
   (Fig	
   4).	
   However	
   we	
   did	
   not	
   observe	
   a	
  

dominant	
  negative	
  effect	
  of	
  SOX7p.D211A	
  over	
  WT	
  SOX7,	
  SOX9	
  and	
  NR5A1	
  on	
  

the	
  Tesco	
  enhancer	
  (Fig	
  4).	
  

	
  

SOX7p.D211A	
  and	
  SOX7p.Y381H	
  interact	
  with	
  NR5A1	
  

This	
   failure	
  of	
   SOX7p.D211A	
  mutant	
   to	
   synergise	
  with	
  NR5A1	
   for	
   activation	
  of	
  

Tesco	
  enhancer	
  element	
  is	
  not	
  due	
  to	
  the	
  loss	
  of	
  the	
  ability	
  of	
  the	
  mutant	
  protein	
  

to	
   physically	
   interact	
   with	
   NR5A1.	
   Independent	
   co-­‐immunoprecipitation	
  

experiments	
  show	
  that	
  WT	
  SOX7,	
  SOX7p.D211A	
  and	
  SOX7p.Y381H	
  proteins	
  are	
  

able	
  to	
  physically	
  interact	
  with	
  the	
  NR5A1	
  protein	
  (Fig	
  5).	
  	
  

	
  

SOX7p.D211A	
   and	
   SOX7p.Y381H	
   mutations	
   do	
   not	
   affect	
   the	
   nuclear	
  

localization	
  of	
  the	
  protein	
  or	
  co-­‐localization	
  with	
  NR5A1.	
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The	
  human	
  SOX7	
  protein	
   is	
   expressed	
   in	
   the	
  nucleus	
   (Séguin	
   et	
   al.,	
   2008).	
  We	
  

have	
   found	
   that	
   WT	
   SOX7,	
   SOX7p.D211A,	
   and	
   SOX7p.Y381H	
   show	
   nuclear	
  

localization	
  both	
  WT	
  and	
  the	
  two	
  mutants	
  SOX7	
  co-­‐localize	
  with	
  NR5A1	
  (Fig	
  6).	
  

	
  

	
  

Discussion	
  

	
  

Large	
   chromosomal	
   rearrangements	
   of	
   8p23.1	
   that	
   contain	
   both	
   the	
  SOX7	
   and	
  

GATA4	
  genes	
  are	
  associated	
  with	
  a	
  complex	
  phenotype	
  that	
  includes	
  congenital	
  

diaphragmatic	
   hernia	
   and	
   congenital	
   heart	
   disease.	
   Some	
  of	
   the	
  46,XY	
   affected	
  

individuals	
   also	
   presented	
   with	
   ambiguous	
   external	
   genitalia	
   or	
   hypospadias.	
  

(Barber	
  et	
  al.,	
  2013	
  patient	
  6	
  (dup);	
  Yu	
  et	
  al.,	
  2011	
  (dup);	
  Longoni	
  et	
  al.,	
  2012,	
  

patients	
  11	
   (del),	
  13	
   (del),	
  17(del)).	
  However,	
   since	
   these	
   rearrangements	
  also	
  

include	
  the	
  GATA4	
  gene	
  that	
  is	
  involved	
  in	
  Sertoli	
  cell	
  specification,	
  it	
  is	
  difficult	
  

to	
  specifically	
  attribute	
  the	
  gonadal	
  phenotypes	
  seen	
  in	
  these	
  individuals	
  to	
  the	
  

SOX7	
   gene.	
   Sequencing	
   of	
   the	
   SOX7	
   gene	
   in	
   a	
   large	
   series	
   of	
   77	
   patients	
   with	
  

congenital	
   heart	
   disease	
   failed	
   to	
   identify	
   pathogenic	
   mutations	
   (Wat	
   et	
   al.,	
  

2012).	
  Here,	
  using	
  whole	
  exome	
  sequencing	
  approach,	
  we	
   identified	
   two	
  novel	
  

heterozygous	
  missense	
  mutations	
  involving	
  SOX7	
  in	
  patients	
  with	
  46,XY	
  gonadal	
  

dysgenesis.	
   No	
   other	
   variants	
   were	
   detected	
   in	
   these	
   patients	
   that	
   could	
   be	
  

linked	
   to	
   the	
   phenotype	
   of	
   gonadal	
   dysgenesis.	
   In	
   both	
   cases	
   other	
   family	
  

members	
   were	
   unavailable	
   for	
   study	
   and	
   the	
   mode	
   of	
   inheritance	
   of	
   the	
  

mutations	
   is	
   unknown,	
   however,	
   these	
   mutations	
   are	
   absent	
   from	
   publically	
  

available	
   SNP	
   databases	
   as	
   well	
   as	
   our	
   in-­‐house	
   ancestry-­‐matched	
   control	
  

samples	
   suggesting	
   a	
   link	
   between	
   these	
   mutations	
   and	
   the	
   phenotype.	
   Both	
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patients	
   carrying	
   the	
   SOX7	
   mutations	
   had	
   no	
   history	
   of	
   cardiovascular	
  

anomalies.	
  

	
  

SOX	
   factors	
  are	
  expressed	
   in	
  multiple	
  cell	
   types	
  and	
   they	
  achieve	
   their	
   specific	
  

regulatory	
   functions	
   by	
   targeted	
   binding	
   to	
   DNA	
   in	
   combination	
   with	
   their	
  

partner	
   protein	
   complexes.	
   Non-­‐HMG	
   domains	
   are	
   directly	
   involved	
   in	
   Sox-­‐

partner	
  protein	
  complexes.	
  We	
  have	
  modeled	
  in	
  silico	
  the	
  secondary	
  structure	
  of	
  

SOX7	
  WT,	
   SOX7p.D211A	
   and	
   SOX7p.Y381H	
  and	
  have	
   found	
   a	
   difference	
   in	
   the	
  

quantity	
  of	
  α-­‐helices	
   in	
   SOX7p.D211A	
  model	
   (WT:	
  14.7%	
  and	
  p.D211A:	
  6.2%);	
  

however,	
   given	
   the	
   lack	
   of	
   an	
   accurate	
   structure	
   of	
   SOX7	
   TAD,	
   this	
   model	
  

prediction	
   should	
   be	
   considered	
   carefully.	
   Importantly	
   the	
   ability	
   to	
   inhibit	
  

ovarian	
  WNT/b-­‐cat	
  pathway	
  of	
  SOX7	
  was	
  not	
  disturbed	
  by	
  the	
  mutations	
  found	
  

in	
  the	
  c-­‐TAD,	
  as	
  shown	
  in	
  transient	
  gene	
  expression	
  using	
  TOP/FOP	
  system.	
  

	
  

Analysis	
   of	
   the	
   biological	
   activity	
   of	
   mutant	
   SOX7	
   proteins	
   on	
   male	
   gonadal	
  

promoters	
   did	
   not	
   show	
   a	
   difference	
   between	
  WT	
   SOX7	
   and	
   SOX7p.D211A	
   to	
  

activate	
   reporter	
   gene	
   activity	
   through	
   regulatory	
   elements	
   of	
   the	
   NR5A1,	
  

DMRT1	
  and	
  AMH	
  genes.	
  Although	
  WT	
  and	
  p.D211A	
  SOX7	
  were	
  able	
  to	
  synergize	
  

with	
   NR5A1	
   to	
   over	
   activate	
   AMH,	
   this	
   was	
   not	
   observed	
   with	
   Sox9	
   Tesco	
  

enhancer	
  element,	
  where	
  SOX7p.D211A	
  is	
  unable	
  to	
  synergize	
  with	
  NR5A1.	
  The	
  

expression	
   and	
   physical	
   ability	
   of	
   SOX7	
   WT	
   and	
   both	
   mutants	
   to	
   interact	
   at	
  

protein	
   level	
  with	
  NR5A1	
  was	
   confirmed	
  by	
  Co-­‐IP	
   analysis	
   suggesting	
   that	
   the	
  

reduced	
   ability	
   of	
   SOX7p.D211A	
   to	
   synergize	
   with	
   NR5A1	
   to	
   activate	
   Tesco	
  

enhancer	
   is	
  not	
  due	
  to	
  a	
  problem	
  of	
  partner	
  complex	
  formation	
  with	
  NR5A1.	
  It	
  

could	
  be	
  possible	
   that	
  SOX7p.D211A	
   is	
  obstructing	
   the	
  correct	
   interaction	
  with	
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other	
  factors	
  required	
  for	
  the	
  specific	
  activation	
  of	
  the	
  Tesco	
  enhancer	
  element	
  at	
  

decisive	
  stages	
  for	
  sex	
  determination	
  and	
  thus	
  may	
  result	
  in	
  the	
  46,XY	
  complete	
  

DSD	
  phenotype	
  observed	
  in	
  the	
  patients.	
  This	
  would	
  require	
  expression	
  of	
  SOX7	
  

in	
  pre-­‐Sertoli	
  cells	
  at	
  the	
  moment	
  of	
  sex-­‐determination.	
  Although	
  the	
  expression	
  

of	
  murine	
  Sox7	
  appears	
  to	
  be	
  specific	
   for	
  endothelial	
  cells	
   in	
  the	
  XY	
  developing	
  

gonad	
  at	
   sex-­‐determination	
   (Figure	
  2A),	
   corresponding	
  data	
  on	
   the	
   expression	
  

profile	
   of	
   SOX7	
   in	
   the	
   developing	
   human	
   gonad	
   is	
   unavailable.	
   Interestingly,	
  

SOX7	
  is	
  expressed	
  in	
  human	
  adult	
  Sertoli	
  and	
  Leydig	
  cells	
  (Figure	
  2B).	
  If	
  SOX7	
  is	
  

expressed	
   in	
   human	
   developing	
   Sertoli	
   cells,	
   then	
   the	
   functional	
   data	
   in	
   this	
  

study	
  may	
  indicate	
  a	
  mechanism	
  whereby	
  these	
  mutations	
  could	
  lead	
  to	
  gonadal	
  

dysgenesis.	
  Conversely,	
  if	
  expression	
  of	
  the	
  human	
  gene	
  is	
  limited	
  to	
  endothelial	
  

cells	
   during	
   testis-­‐determination,	
   then	
   the	
  phenotype	
  may	
  be	
  due	
   to	
  disrupted	
  

testicular	
  vascularization	
  leading	
  to	
  testicular	
  dysgenesis.	
  	
  

	
  

In	
  conclusion,	
  our	
  data	
  show	
  an	
  association	
  between	
  SOX7	
  mutation	
  and	
  46,XY	
  

gonadal	
  dysgenesis,	
  indicating	
  that	
  SOX7	
  expression	
  is	
  required	
  at	
  specific	
  stages	
  

in	
   human	
   testicular	
   development	
   and/or	
  maintenance	
   and	
   that	
  SOX7	
  mutation	
  

should	
  be	
  considered	
  as	
  a	
  cause	
  of	
  46,XY	
  DSD.	
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Figure	
  1.	
  SOX7	
  TAD	
  3D	
  MODELS.	
  (A)	
  Models	
  of	
  TAD	
  domains	
  of	
  SOX7	
  WT	
  and	
  mutants	
  constructed	
  
with	
  Phyre2	
  algorithm	
  and	
  visualized	
  with	
  FirstGlance	
  (Jmol).	
  AA	
  residues	
  211	
  and	
  381	
  labeled	
  in	
  
yellow.	
  Alpha	
  helices	
  are	
  in	
  pink	
  and	
  turns	
  are	
  in	
  blue.	
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Figure	
  2.	
  	
  Expression	
  of	
  SOX7	
  in	
  (A)	
  human	
  adult	
  testis,	
  where	
  expression	
  is	
  confined	
  to	
  Leydig	
  cells	
  
(arrows).	
   26	
   yr	
   old	
   male	
   testis,	
   Leydig	
   cells	
   (L),	
   Sertoli	
   cells	
   (S)	
   and	
   spermatogonia	
   (sp)	
   are	
  
indicated.	
   bar	
   100	
   µm	
   (www.proteinatlas.org)	
   and	
   (B)	
   expression	
   profile	
   of	
   Sox7	
   from	
   the	
  
developing	
   mouse	
   gonad	
   showing	
   expression	
   in	
   both	
   male	
   and	
   female	
   endothelial	
   cells	
   (from	
  
Jameson	
  et	
  al.,	
  2012).	
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  Figure	
  4	
  Transcriptional	
  regulation	
  of	
  Tesco	
  enhancer	
  of	
  Sox9	
  by	
  SOX7.	
  A)	
  Both	
  wild-­‐type	
  and	
  SOX7	
  and	
  p.D211A	
  have	
  the	
  ability	
  to	
  transactivate	
  the	
  

Sox9	
  Tesco	
  enhancer	
  element,	
  however,	
  the	
  SOX7	
  p.D211A	
  fails	
  to	
  synergise	
  with	
  NR5A1	
  to	
  transactivate	
  the	
  Tesco	
  enhancer	
  B)	
  SOX7p.D211A	
  does	
  not	
  
impart	
  	
  a	
  dominant	
  negative	
  effect	
  over	
  WT	
  SOX7,	
  SOX9	
  and	
  NR5A1	
  on	
  the	
  Tesco	
  enhancer.	
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Figure5.	
   SOX7	
   co-­‐immunoprecipitates	
   with	
   NR5A1.	
   Plasmids	
   encoding	
   SOX7	
   WT	
   p.D211A	
   and	
  
p.Y381H	
  were	
   transiently	
   expressed	
   in	
   HEK293-­‐T	
   cells	
   with	
  WT	
   NR5A1..	
   SOX7-­‐NR5A1	
   complexes	
  
were	
   immunoprecipitated	
   from	
   total	
   protein	
   extracts	
   using	
   A/G	
   agarose	
   beads	
   (SC-­‐2003)	
   and	
   an	
  
antibody	
  specific	
  for	
  NR5A1	
  (ab65815)	
  over	
  night;	
  the	
  bound	
  SOX7	
  protein	
  was	
  detected	
  by	
  western	
  
blot	
   using	
   an	
   anti	
   myc	
   antibody	
   (ab9106)	
   followed	
   by	
   secondary	
   antibody	
   conjugated	
   with	
   HRP	
  
(ab6721),	
  afterwards	
  they	
  were	
  visualized	
  by	
  chemiluminescence	
  (Thermo-­‐80196).	
  Blot	
  shows	
  that	
  
SOX7	
  WT	
   (lane	
   1)	
   and	
   SOX7	
   p.D211A	
   and	
   p.Y381H	
   (lane	
   2	
   and	
   3	
   respectively)	
   can	
   interact	
   with	
  
NR5A1	
  protein.	
  

	
  

	
  
Figure	
  6	
  Cellular	
   localization	
  of	
   SOX7.	
  Human	
  embryonic	
  kidney	
  HEK	
  293T	
  cells	
  were	
   transfected	
  
with	
   myc-­‐	
   SOX7	
  WT,	
   myc-­‐	
   SOX7p.D211A,	
   SOX7p.Y381H,	
   and	
   SF1-­‐cherry,	
   48hrs	
   after	
   transfection	
  
cells	
  were	
   fixed	
   and	
   stained	
  with	
   a	
  myc	
   antibody.	
   SOX7	
  WT,	
  p.D211A	
   and	
  p.Y381H	
   show	
  a	
   strong	
  
nuclear	
  localization	
  (green)	
  and	
  co-­‐localize	
  with	
  SF1	
  (red)	
  to	
  the	
  nucleus	
  (DAPI/blue	
  stained).	
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Discussion	
  of	
  Publication	
  

We	
   identified	
   two	
   novel	
   missense	
   mutations	
   in	
   TAD	
   of	
   SOX7	
   in	
   patients	
  

presenting	
   with	
   46,XY	
   DSD.	
   Mutations	
   in	
   SOX7	
   gene	
   have	
   been	
   previously	
  

associated	
  with	
  motor	
  and	
  speech	
  development	
  delay	
  and/or	
  learning	
  problems	
  

and	
  cancers	
   (Stovall	
  et	
  al.,	
  2014;	
  Weber	
  et	
  al.,	
  2014).	
  This	
   is	
   the	
   first	
   time	
   that	
  

point	
   mutations	
   in	
   SOX7	
   have	
   been	
   identified	
   associated	
   with	
   non-­‐syndromic	
  

46,XY	
  DSD.	
  

SOX	
   factors	
   are	
   expressed	
   in	
   multiple	
   cell	
   types.	
   They	
   achieve	
   cell	
   or	
   lineage	
  

specific	
  regulation	
  by	
  binding	
  to	
  target	
  DNA	
  in	
  combination	
  with	
  their	
  protein-­‐

partners	
  in	
  a	
  cell	
  specific	
  manner.	
  Using	
  in-­‐vitro	
  assays	
  to	
  assess	
  the	
  effect	
  of	
  the	
  

two	
  mutations,	
   SOX7p.D211A	
  and	
  p.Y381H	
  on	
   the	
  biological	
  activity	
  of	
  protein	
  

we	
   found	
   that	
   SOX7.pD211A	
   activate	
   the	
   reporters	
   for	
   genes	
   involved	
   in	
   early	
  

testicular	
   development	
   (SF1,	
   DMRT1	
   and	
   AMH)	
   similar	
   to	
   WT	
   SOX7.	
   Both	
  

mutants	
   and	
   the	
   WT	
   SOX7	
   can	
   inhibit	
   the	
   ovarian	
   specific	
   pathway	
   WNT.	
  

Moreover,	
  both	
  wild	
  type	
  and	
  SOX7p.D211A	
  were	
  able	
  to	
  synergize	
  with	
  NR5A1	
  

to	
   activate	
   AMH	
   promoter.	
   Experiments	
   to	
   further	
   analyse	
   the	
   effect	
   of	
  

SOX7p.Y381H	
   mutation	
   on	
   transient	
   activation	
   of	
   the	
   downstream	
   promoters	
  

are	
   currently	
   underway.	
  However	
   SOX7p.D211A	
   cannot	
   synergize	
  with	
  NR5A1	
  

to	
  upregulate	
   the	
  Tesco	
   enhancer	
  reporter.	
  This	
   loss	
  of	
  activation	
   is	
  not	
  due	
   to	
  

the	
  disruption	
  of	
  partner	
  complex	
  formation	
  with	
  NR5A1	
  as	
  confirmed	
  by	
  Co-­‐IP	
  

analysis.	
  	
  

There	
  is	
  a	
  possibility	
  that	
  the	
  mutant	
  proteins	
  may	
  occupy	
  the	
  SOX	
  binding	
  sites	
  

on	
   the	
  Tesco	
   enhancer	
   thus	
   inhibiting	
   the	
   interaction	
  of	
  other	
  SOX	
  members	
  at	
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decisive	
   stages	
   for	
   sex	
   determination.	
  Alternatively,	
   the	
  mutation	
   in	
  SOX7	
  may	
  

cause	
   errors	
   in	
   testis	
   determination	
   by	
  misregulation	
   of	
   other	
   factors	
   such	
   as	
  

GATA4	
  and	
  GATA6	
  similar	
  to	
  its	
  role	
  in	
  parietal	
  endoderm	
  differentiation.	
  We	
  are	
  

currently	
  testing	
  this	
  hypothesis.	
  

A	
  key	
  aspect	
   and	
   limitation	
  of	
   these	
   findings	
   is	
   the	
  expression	
  profile	
  of	
   SOX7.	
  

Precisely,	
  where	
  and	
  when	
  is	
  SOX7	
  expressed	
  in	
  the	
  developing	
  human	
  gonad.	
  At	
  

the	
  moment,	
  we	
  do	
  not	
  have	
  access	
  to	
  suitable	
  human	
  foetal	
  material	
  to	
  establish	
  

the	
   expression	
   profile	
   although	
   the	
   gene	
   is	
   expressed	
   in	
   human	
   germ	
   cells,	
  

Sertoli	
   Cells	
   and	
   Leydig	
   cells	
   in	
   adults.	
   Determining	
   the	
   expression	
   profile	
   of	
  

SOX7	
  in	
  the	
  developing	
  testis	
  would	
  enable	
  us	
  to	
  understand	
  the	
  mechanism	
  by	
  

which	
   these	
   mutations	
   may	
   contribute	
   to	
   the	
   development	
   of	
   46,XY	
   gonadal	
  

dysgenesis.	
  

Although	
  the	
  molecular	
  mechanism	
  still	
  needs	
  to	
  be	
  elucidated,	
  for	
  the	
  first	
  time	
  

we	
  show	
  that	
  point	
  mutations	
  in	
  SOX7	
  may	
  be	
  associated	
  with	
  46,XY	
  DSD.	
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In	
  preparation:	
  Mutations	
  involving	
  the	
  SRY-­‐related	
  gene	
  SOX8	
  

are	
  associated	
  with	
  a	
  spectrum	
  of	
  reproductive	
  anomalies.	
  

	
  

	
  

Introduction	
  to	
  publication	
  

	
  
Sox8	
   is	
   expressed	
   during	
   murine	
   testis	
   determination,	
   first	
   detected	
   at	
   E12.5,	
  

after	
   Sox9	
   expression	
   and	
   may	
   possibly	
   be	
   initiated	
   by	
   it.	
   Thereafter	
   Sox8	
   is	
  

expressed	
  during	
  embryonic	
  and	
  postnatal	
  gonadal	
  development	
  (Fig	
  Results2).	
  

The	
  phenotype	
  of	
  mice	
  lacking	
  Sox8	
   is	
  relatively	
  mild.	
  Sox8-­‐/-­‐	
  males	
  are	
  initially	
  

fertile	
   but	
   develop	
   progressive	
   spermatogenic	
   failure	
   followed	
   by	
   testicular	
  

dysgenesis,	
  but	
  there	
  is	
  no	
  evidence	
  for	
  male-­‐to-­‐female	
  sex-­‐reversal	
  (O’Bryan	
  et	
  

al.,	
   2008).	
   The	
   inactivation	
   of	
   both	
   Sox9	
   and	
   Sox8	
   results	
   in	
   a	
   more	
   severe	
  

phenotype.	
   The	
   deletion	
   of	
   one	
   copy	
   of	
   Sox9	
   at	
   E11.5	
   in	
   a	
   Sox8-­‐/-­‐	
   background	
  

causes	
  a	
  complete	
  XY	
  sex	
  reversal	
  with	
  a	
  few	
  or	
  absent	
  sex	
  cords	
  at	
  E15.5.	
  When	
  

both	
  genes	
  are	
  ablated	
  at	
  E14,	
  it	
  leads	
  to	
  a	
  progressive	
  testis	
  cord	
  degeneration	
  

with	
   only	
   residual	
   levels	
   of	
   AMH	
   and	
   primary	
   infertility	
   (Barrionuevo	
   et	
   al.,	
  

2009)	
   therefore	
   indicating	
   a	
   functional	
   redundancy	
   between	
   Sox8	
   and	
   Sox9	
   in	
  

normal	
  murine	
  Sertoli	
   cell	
  differentiation	
  and	
  male	
   fertility.	
  The	
  role	
  of	
  human	
  

SOX8	
  in	
  gonad	
  development	
  or	
  fertility	
   is	
  unknown.	
  In	
  this	
  study,	
  which	
  shows	
  

that	
   mutations	
   in	
   the	
   SOX8	
   gene	
   are	
   associated	
   with	
   a	
   range	
   of	
   reproductive	
  

anomalies,	
  my	
  contribution	
  was	
  focused	
  on	
  the	
  novel	
  missense	
  mutation	
  in	
  the	
  

HMG-­‐box	
   of	
   SOX8	
   that	
   we	
   identified	
   in	
   association	
   with	
   46,XY	
   gonadal	
  

dysgenesis.	
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Results	
  Figure	
  2.	
  Roles	
  of	
  Sox8	
  and	
  Sox9	
  in	
  testis	
  development.	
  	
  	
  

WT1	
  and	
  SF1	
  are	
  expressed	
  in	
  the	
  bipotential	
  gonads.	
  In	
  the	
  male	
  gonad,	
  SRY	
  synergize	
  with	
  SF1	
  to	
  
upregulates	
  Sox9	
  expression.	
  SOX9	
  start	
  regulatory	
   loops	
   involving	
  SOX9+SF1	
  and	
  FGF9	
  and	
  PGD2	
  
signaling	
   to	
   keep	
   its	
   expression	
   levels,	
   and	
   at	
   the	
   same	
   time	
   suppress	
   the	
   female	
   pathway	
   by	
  
repression	
  of	
  Wnt4	
   signaling.	
   SOX9	
  activates	
  Amh,	
   and	
  probably	
  Sox8,	
   thus	
   establishing	
   the	
   testis	
  
developmental	
   pathway.	
   During	
   testis	
   cord	
   differentiation,	
   SOX9	
   and	
   SOX8	
   co-­‐regulate	
   Amh,	
   Dhh	
  
and	
  Gdnf	
  expression;	
  and	
  together	
  SOX9	
  and	
  SOX8	
  repress	
  the	
  ovarian	
  genes	
  Wnt4	
  and	
  Rspo1.	
  Solid	
  
and	
   dotted	
   arrows	
   indicate	
   proven	
   and	
   possible	
   interactions,	
   respectively.	
   (Figure	
   from	
  
Barrionuevo	
  et	
  al.,	
  2010).	
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Mutations	
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Human	
   sex	
   determination	
   is	
   a	
   tightly	
   controlled	
   and	
   highly	
   complex	
   process	
  

where	
   the	
   bipotential	
   gonad	
   anlage	
   must	
   choose	
   between	
   two	
   mutually	
  

antagonistic	
   fates	
   -­‐	
   an	
   ovary	
   or	
   a	
   testis.	
   In	
   the	
   XY	
   gonad,	
   SRY	
   acts	
   during	
  

embryonal	
   development,	
   in	
   synergy	
   with	
   NR5A1/SF1,	
   to	
   activate	
   the	
  

downstream	
  effector	
  SOX91,	
  which	
  in	
  turn	
  represses	
  the	
  ovarian	
  pathways	
  in	
  the	
  

male	
   gonad	
   through	
   multiple	
   mechanisms2.	
   Sox8	
   shows	
   an	
   overlapping	
  

expression	
  pattern	
  with	
  Sox9	
   in	
   foetal	
  and	
  adult	
  mouse	
  gonads3	
  and	
   functional	
  

redundancy	
   between	
   Sox8	
   and	
   Sox9	
   may	
   occur	
   during	
   testis	
   development4-­‐6.	
  

However,	
   Sox8	
   XY	
   null	
   mutants	
   show	
   normal	
   testis	
   development	
   but	
   develop	
  

postnatal	
   progressive	
   spermatogenic	
   failure7.	
   Here,	
   we	
   show	
   that	
   mutations	
  

involving	
   human	
   SOX8	
   are	
   associated	
  with	
   a	
   failure	
   of	
   testis	
   determination	
   as	
  

well	
  as	
  male	
  and	
  female	
  infertility.	
  

	
  

Disorders	
   of	
   Sex	
   Development	
   (DSD)	
   are	
   defined	
   as	
   ‘congenital	
   conditions	
   in	
  

which	
  the	
  development	
  of	
  chromosomal,	
  gonadal,	
  or	
  anatomical	
  sex	
  is	
  atypical8.	
  

This	
  covers	
  a	
  broad	
  range	
  of	
  phenotypes	
  that	
  include	
  46,XY	
  DSD	
  with	
  complete	
  

(CGD)	
   or	
   partial	
   (PGD)	
   gonadal	
   dysgenesis.	
   In	
   the	
   newborn,	
   it	
   has	
   been	
  

estimated	
  that	
  a	
  specific	
  molecular	
  diagnosis	
  is	
  obtained	
  in	
  about	
  20%	
  of	
  cases	
  of	
  

DSD	
   and	
   that	
   only	
   50%	
   of	
   46,XY	
   children	
   with	
   DSD	
   will	
   receive	
   a	
   definitive	
  

clinical	
  diagnosis8.	
  Mutations	
  in	
  SRY,	
  NR5A1	
  and	
  MAP3K1	
  may	
  explain	
  40%	
  of	
  the	
  

cases	
  of	
  46,	
  XY	
  non-­‐syndromic	
  gonadal	
  dysgenesis9.	
  

	
  

A	
   role	
   for	
   SOX8	
   in	
   human	
   primary	
   testis-­‐determination	
   was	
   suggested	
   by	
   the	
  

investigation	
  of	
  a	
  27	
  years	
  old	
  female	
  with	
  age	
  appropriate	
  external	
  genitalia	
  and	
  

secondary	
   sexual	
   characteristics,	
   who	
   presented	
   with	
   infertility	
   and	
   primary	
  

amenorrhea	
   (table	
   1).	
   	
   Chromosome	
   analysis	
   showed	
   a	
   46,XY	
   SRY-­‐positive	
  

karyotype	
  with	
  a	
  derivative	
  16p	
  chromosome	
  in	
  all	
  metaphases	
  that	
  consisted	
  of	
  

a	
   paracentric	
   inversion	
   (Fig	
   1a).	
   The	
   karyotype	
   was	
   determined	
   to	
   be	
  

46,XY,inv(16)(p13.3p13.1)	
   and	
   was	
   confirmed	
   by	
   FISH	
   analysis	
   (Fig.	
   1b)	
   Her	
  

parents	
  and	
  unaffected	
  sister	
  were	
  not	
  available	
  for	
  analysis	
  and	
  it	
  is	
  not	
  known	
  

if	
   this	
   rearrangement	
   is	
   de	
   novo.	
   ArrayCGH	
   (cytoChip	
   Y3	
   BlueGnome)	
   was	
  

normal	
  as	
  well	
  as	
  sequencing	
  of	
  the	
  SRY	
  and	
  NR5A1	
  genes.	
  	
  Using	
  FISH	
  with	
  BAC	
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clones	
   the	
   centromeric	
   breakpoint	
   was	
   mapped	
   within	
   the	
   BAC	
   clone	
   RP11-­‐

609N14	
   between	
   chr16;10428838-­‐10600163	
   (UCSC	
   Genome	
   Browser;	
  

GRCh37/hg19),	
  spanning	
  the	
  ATF7IP2	
  gene	
  (Fig.	
   1c).	
  The	
  telomeric	
  breakpoint	
  

was	
   mapped	
   within	
   the	
   BAC	
   clone	
   RP11-­‐728H8	
   between	
   chr16;	
   814,190-­‐

962,809	
   (Fig.	
   1d).	
   FISH	
   analyses	
   indicated	
   that	
   the	
   BAC	
   clone	
   RP11	
   252I11	
  

(chr16;	
  864894-­‐1036488)	
  was	
   located	
  within	
   the	
   inversion,	
   thus	
   localizing	
   the	
  

breakpoint	
   between	
   chr16;814190-­‐864894.	
   The	
   transcription	
   initiation	
   site	
   of	
  

the	
  SOX8	
  gene	
  is	
  at	
  chr16;	
  1031808.	
  Therefore	
  the	
  breakpoint	
  is	
  located	
  between	
  

217,618-­‐166,914	
   upstream	
   of	
   SOX8	
   (Fig.	
   1e	
   and	
   supplementary	
   Fig	
   1).	
   A	
  

bilateral	
   gonadectomy	
   revealed	
   two	
   small	
   gonads,	
   which	
   on	
   histological	
  

examination	
   revealed	
   bilateral	
   undifferentiated	
   gonadal	
   tissue	
   (Fig.	
   1f).	
   These	
  

findings	
   are	
   similar	
   to	
   a	
   560	
   kb	
   duplication	
   located	
   approximately	
   18	
   kb	
  

upstream	
   of	
   SOX8	
   which	
   was	
   identified	
   in	
   a	
   patient	
   with	
   46,XY	
   gonadal	
  

dysgenesis,	
   skeletal	
   and	
   cardiac	
   anomalies	
   and	
   developmental	
   delay10	
   and	
  

suggest	
   that	
   dysregulation	
   of	
  SOX8	
   expression	
   could	
   negatively	
   impact	
   on	
   sex-­‐

determination.	
  Consistent	
  with	
  a	
  role	
  in	
  sex-­‐determination	
  Sox8	
   is	
  expressed	
  in	
  

supporting	
   cell	
   lineages	
   during	
   murine	
   testis-­‐determination	
   (Fig.	
   1g)	
   In	
   the	
  

human,	
   SOX8	
   is	
   co-­‐expressed	
   with	
   NR5A1	
   and	
   SOX9	
   in	
   Sertoli	
   cells	
   during	
  

human	
   testis-­‐determination	
  as	
  well	
  as	
   in	
  adult	
  Sertoli	
  and	
  Leydig	
  cells	
   (Fig	
   1h	
  

and	
  supplementary	
  Fig.	
  2).	
  

To	
   further	
   determine	
   if	
   SOX8	
   play	
   a	
   role	
   in	
   primary	
   sex-­‐determination	
   we	
  

sequenced	
   the	
   SOX8	
   open-­‐reading	
   frame	
   in	
   a	
   large	
   series	
   of	
   individuals	
   with	
  

46,XY	
   DSD	
   (Table	
   2).	
   The	
   control	
   cohorts	
   consisted	
   of	
   the	
   general	
   unselected	
  

population	
  with	
  unknown	
  fertility	
  status	
  and	
  a	
  highly	
  selected	
  ancestry-­‐matched	
  

control	
   sub-­‐group	
   of	
   fertile	
   and/or	
   normospermic	
   46,XY	
   individuals	
   (Table	
   2).	
  

Three	
  mutations	
  were	
  found	
  in	
  the	
  panel	
  of	
  204	
  cases	
  of	
  otherwise	
  unexplained	
  

cases	
   of	
   46,XY	
  DSD.	
   Two	
   of	
   these	
  mutations	
  were	
   observed	
   in	
   control	
   cohorts	
  

and	
   their	
   contribution	
   to	
   the	
   phenotype	
   is	
   unlikely.	
   The	
   third	
   mutation,	
   a	
  

heterozygous	
   c.468G>C	
   is	
   predicted	
   to	
   result	
   in	
   a	
   p.Glu156Asp	
   amino	
   acid	
  

substitution	
   located	
   within	
   the	
   highly	
   conserved	
   DNA-­‐binding	
   HMG-­‐box	
   (Fig.	
  

2a).	
  These	
  data	
  show	
  that	
  not	
  only	
  large	
  rearrangements	
  but	
  point	
  mutations	
  in	
  

SOX8	
   also	
   contribute	
   to	
   the	
   phenotype.	
   The	
   Glu156	
   residue	
   is	
   evolutionary	
  

conserved	
  not	
  only	
  within	
  the	
  SOX8	
  protein	
  family	
  members	
  but	
  also	
  in	
  the	
  other	
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members	
  of	
  group	
  E	
  SOX	
  proteins	
  including	
  SOX9	
  and	
  SOX10,	
  as	
  well	
  as	
  the	
  three	
  

members	
   of	
   the	
   group	
   F	
   SOX	
   family	
   (Fig.	
   2b).	
   The	
  mode	
   of	
   inheritance	
   of	
   the	
  

mutation	
   is	
   unknown	
   as	
   the	
   parents	
   were	
   unavailable	
   for	
   study,	
   although	
   the	
  

mutation	
  was	
  not	
  observed	
  in	
  a	
   large	
  cohort	
  of	
  ancestry-­‐matched	
  controls.	
  The	
  

SOX8	
   p.Glu156Asp	
   mutation	
   is	
   not	
   expected	
   to	
   disrupt	
   DNA	
   binding	
   per	
   se	
  

because	
   this	
   residue	
   does	
   not	
  map	
   to	
   the	
   DNA	
   interaction	
   interface	
   (Fig.	
   2c).	
  

Furthermore,	
   the	
   equivalent	
   residues	
   in	
   Sox2	
   and	
   Sox17	
   (from	
  Glu	
   to	
   Lys	
   and	
  

vice	
  versa)	
  did	
  not	
  show	
  any	
  effect	
  on	
  DNA	
  binding	
  by	
  the	
  SOX	
  HMG	
  box	
  in	
  the	
  

absence	
   of	
   partner	
   proteins11.	
   	
   However,	
   this	
  mutation	
   could	
   affect	
   how	
   SOX8	
  

dimerises	
  with	
   its	
   partner	
   factors	
   on	
  DNA	
   since	
   changing	
   the	
   same	
   residue	
   in	
  

SOX2	
  and	
  SOX17	
  affected	
  the	
  ability	
  of	
  these	
  proteins	
  to	
  interact	
  with	
  OCT4	
  (Fig	
  

2c)11.	
  The	
   in-­‐vitro	
   analyses	
   to	
  assess	
   the	
  effect	
  of	
   this	
  mutant	
  on	
   the	
  biological	
  

activity	
   of	
   the	
   SOX8	
   protein	
   support	
   this	
   hypothesis.	
   Both	
   the	
   wild-­‐type	
   and	
  

SOX8p.Glu156Asp	
  proteins	
   co-­‐localize	
   to	
   the	
  nucleus	
  along	
  with	
  NR5A1	
  with	
  a	
  

small	
   percentage	
   being	
   observed	
   in	
   the	
   cytoplasm	
   (Fig	
   3a).	
   Both	
   proteins	
   can	
  

activate	
  a	
  series	
  of	
  gonadal	
  promoters	
  and	
  can	
  synergise	
  with	
  NR5A1	
  to	
  activate	
  

the	
   AMH	
   promoter	
   (Fig.	
   3b).	
   Both	
   wild-­‐type	
   and	
   SOX8	
   p.Glu156Asp	
   have	
   the	
  

ability	
   to	
   transactivate	
   the	
   Sox9	
   Tesco	
   enhancer	
   element,	
   however,	
   the	
  

SOX8p.Glu156Asp	
   specifically	
   failed	
   to	
   synergise	
   with	
   NR5A1	
   to	
   transactivate	
  

the	
  Tesco	
  enhancer	
  (Fig	
  3b).	
   	
  SOX8	
  and	
  NR5A1	
  proteins	
  can	
  physically	
  bind	
  to	
  

each	
  other	
  as	
  seen	
  by	
  protein	
  interaction	
  analysis	
  (Fig.	
  3c).	
  Recently	
  it	
  has	
  been	
  

reported	
   that	
   SOX8	
   and	
   SOX9	
   proteins	
   heterodimerise	
   and	
   combinatorially	
  

regulate	
   their	
   target	
   gene	
   expression12,13.	
   However,	
   SOX8p.E156D	
   exerts	
   a	
  

dominant	
  negative	
  effect	
  by	
  preventing	
  synergistic	
  activation	
  of	
  Tesco	
  enhancer	
  

by	
  NR5A1	
   and	
   SOX9	
   (Fig.	
   3d)	
   as	
  well	
   as	
  WT	
   SOX8.	
   Such	
   a	
   dominant	
   negative	
  

effect	
  may	
  explain	
  the	
  failure	
  of	
  appropriate	
  testis-­‐determination	
  in	
  this	
  patient	
  

and	
  supports	
  recent	
  data	
  that	
  suggest	
  Sox8	
  is	
  a	
  driver	
  of	
  testis	
  formation,	
  even	
  in	
  

the	
  absence	
  of	
  Sox94.	
  

	
  

It	
   is	
   estimated	
   that	
  one	
   in	
   seven	
   couples	
  worldwide	
  have	
  problems	
   conceiving	
  

but	
   in	
   the	
   majority	
   of	
   cases	
   the	
   underlying	
   causes	
   of	
   either	
   male	
   or	
   female	
  

infertility	
   is	
   unknown14).	
   Only	
   a	
   few	
   single-­‐gene	
   defects	
   that	
   cause	
   infertility	
  

have	
   been	
   identified	
   in	
   humans15,16.	
   We	
   and	
   others,	
   have	
   previously	
   reported	
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that	
  mutations	
   in	
  another	
  sex-­‐determining	
  gene,	
  NR5A1,	
   are	
  associated	
  with	
  3-­‐

5%	
  cases	
  of	
  spermatogenic	
  failure	
  with	
  normal	
  male	
  genital	
  development17	
  and	
  

female	
  primary	
  ovarian	
  insufficiency	
  (POI)18.	
  POI	
  is	
  characterised	
  by	
  primary	
  or	
  

secondary	
   amenorrhea,	
   hypergonadotropinism	
   and	
   estrogen	
   deficiency	
   in	
  

women	
  under	
   the	
   age	
   of	
   40	
   years19.	
   This	
   broad	
   phenotypic	
   spectrum	
   includes	
  

ovarian	
   dysgenesis	
   and	
   premature	
   ovarian	
   failure.	
   To	
   investigate	
   whether	
  

mutations	
   involving	
   SOX8	
   could	
   be	
   associated	
  with	
   other	
   human	
   reproductive	
  

disorders	
  we	
  directly	
  sequenced	
  the	
  SOX8	
  gene	
  in	
  a	
  large	
  series	
  of	
  427	
  patients	
  

with	
   infertility.	
  We	
   identified	
  rare	
  or	
  novel	
  mutations	
   in	
  1.47%	
  of	
  azoospermic	
  

men,	
   3.5%	
   of	
   oligozoospermic	
   men	
   and	
   6.5%	
   of	
   cases	
   of	
   POI.	
   We	
   identified	
  

mutations	
   in	
   1.28%	
   of	
   the	
   ancestry-­‐matched	
   general	
   control	
   population.	
   In	
  

contrast,	
   the	
   incidence	
   of	
  mutations	
   in	
   the	
   control	
   sub-­‐group	
   of	
   fertile	
   and/or	
  

normospermic	
   was	
   0.64%	
   (Tables	
   2	
   and	
   3).	
   The	
   general	
   control	
   population	
  

contains	
  samples	
  from	
  individuals	
  with	
  unknown	
  fertility	
  status.	
  Considering	
  the	
  

high	
  incidence	
  of	
  human	
  infertility	
  in	
  the	
  general	
  population,	
  it	
  is	
  possible	
  that	
  at	
  

least	
  some	
  of	
  the	
  mutations	
  within	
  this	
  group	
  may	
  be	
  associated	
  with	
  infertility.	
  

All	
  mutations	
  associated	
  with	
  infertility	
  are	
  located	
  either	
  N-­‐	
  or	
  C-­‐terminal	
  to	
  the	
  

HMG-­‐box	
  of	
  the	
  protein.	
  Transient	
  transfection	
  assays	
  using	
  the	
  AMH,	
  Dmrt1	
  and	
  

NR5A1	
  promoters	
  as	
  reporters	
  in	
  HEK-­‐293	
  cells	
  indicated	
  biological	
  differences	
  

between	
   mutated	
   and	
   wild-­‐type	
   proteins	
   that,	
   in	
   some	
   cases,	
   were	
   promoter	
  

specific,	
  e.g.	
  the	
  p.D382N	
  mutation	
  associated	
  with	
  POI	
  shows	
  a	
  specific	
  loss-­‐of-­‐

function	
   with	
   the	
   AMH	
   promoter	
   (Supplementary	
   Fig.	
   3).	
   The	
   phenotype	
   of	
  

male	
   infertility	
   is	
  consistent	
  with	
  that	
  observed	
  in	
  Sox8-­‐/-­‐	
  mice7.	
   In	
  female	
  mice,	
  

Sox8	
   expression	
  has	
   been	
   reported	
   in	
   preantral	
   follicles,	
   preovulatory	
   follicles,	
  

cumulus	
   granulosa	
   cells	
   and	
  at	
  high	
   levels	
   in	
  mural	
   granulosa	
   cells,	
  which	
   line	
  

the	
  wall	
   of	
   the	
   follicle	
   and	
   are	
   critical	
   for	
   steroidogenesis	
   and	
  ovulation20.	
   The	
  

observation	
  that	
  Sox8	
  expression	
  is	
  higher	
  in	
  the	
  mural	
  cells	
  that	
  line	
  the	
  follicle	
  

wall	
  than	
  in	
  the	
  cumulus	
  cells	
  that	
  surround	
  the	
  oocyte	
  suggests	
  that	
  SOX8	
  may	
  

play	
  a	
  role	
  in	
  granulosa	
  cell	
  differentiation20.	
  In	
  the	
  human	
  adult	
  ovary,	
  SOX8	
  is	
  

highly	
  expressed	
  in	
  granulosa	
  cells	
  (Supplementary	
  Fig.	
  2).	
  In	
  the	
  female,	
  in	
  the	
  

absence	
   of	
   S0X9	
   expression,	
   SOX8	
   may	
   be	
   an	
   important	
   regulator	
   of	
   AMH	
  

expression	
   in	
   the	
   adult	
   ovary	
   and	
   thus	
   explain	
   the	
   association	
   of	
  mutations	
   in	
  

SOX8	
  in	
  association	
  with	
  POI.	
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The	
   results	
   presented	
   in	
   this	
   study	
   provide	
   further	
   insight	
   into	
   the	
   genetic	
  

mechanisms	
   of	
   human	
   gonadal	
   development	
   and	
   function	
   and	
   reinforce	
   the	
  

suggestion	
   that	
   same	
   genetic	
   factors	
   can	
   contribute	
   to	
   the	
   errors	
   of	
   gonadal	
  

development	
  as	
  well	
  as	
  function.	
  

	
  

	
  

Acknowledgements	
  

	
  

A.B	
   is	
   funded	
   in	
   part	
   by	
   the	
   program	
   Actions	
   Concertees	
   Interpasteuriennes	
  

(ACIP).	
  A.	
  B	
  and	
  K.	
  McE	
  are	
  funded	
  by	
  a	
  research	
  grant	
  from	
  the	
  EuroDSD	
  in	
  the	
  

European	
  Community’s	
  Seventh	
  Framework	
  Programme	
  FP7/2007-­‐2013	
  under	
  

grant	
  agreement	
  n°	
  201444	
  as	
  well	
  as	
  grant	
  N°295097	
  entitled	
  GM_NCD_in_Co—

Reinforcing	
   IPT	
   capacities	
   in	
   Genomic	
   Medicine,	
   Non	
   Communicable	
   Diseases	
  

Investigation	
   and	
   international	
   cooperation	
   as	
   part	
   of	
   the	
   EU	
   call	
   FP7-­‐INCO-­‐

2011-­‐6.	
   The	
  work	
   is	
   also	
   funded	
   by	
   an	
   Franco-­‐Egyptian	
  AIRD-­‐STDF	
   grant.	
   Y.S.	
  

thanks	
   the	
   Chinese	
   Government	
   Scholarship	
   and	
   UCAS	
   for	
   financial	
   and	
  

infrastructure	
  support.	
  R.J.	
   is	
  supported	
  by	
  a	
  2013	
  MOST	
  China-­‐EU	
  Science	
  and	
  

Technology	
   Cooperation	
   Program,	
   Grant	
   No.	
   2013DFE33080,	
   by	
   the	
   National	
  

Natural	
   Science	
   Foundation	
   of	
   China	
   (Grant	
   No.	
   31471238)	
   and	
   a	
   100	
   talent	
  

award	
  of	
  the	
  Chinese	
  Academy	
  of	
  Sciences.	
  

	
  

References	
  

	
  
1.	
  Sekido,	
  R.	
  &	
  Lovell-­‐Badge,	
  R.	
  Sex	
  determination	
  involves	
  synergistic	
  action	
  of	
  SRY	
  and	
  
SF1	
  on	
  a	
  specific	
  Sox9	
  enhancer.	
  Nature.	
  453,	
  930-­‐934	
  (2008).	
  
	
  
2.	
  Lin,	
  Y.T.	
  &	
  Capel,	
  B.	
  Cell	
  fate	
  commitment	
  during	
  mammalian	
  sex	
  determination.	
  Curr	
  
Opin	
  Genet	
  Dev.	
  32,	
  144-­‐152	
  (2015)	
  
	
  
3.	
  Chaboissier,	
  M.	
  C.	
  et	
  al.	
  Functional	
  analysis	
  of	
  Sox8	
  and	
  Sox9	
  during	
  sex	
  determination	
  
in	
  the	
  mouse.	
  Development.	
  131,	
  1891-­‐901	
  (2004).	
  
	
  
4.	
  Lavery,	
  R.	
  et	
  al.	
  Testicular	
  differentiation	
  occurs	
  in	
  	
  absence	
  of	
  R-­‐spondin1	
  and	
  Sox9	
  in	
  
mouse	
  sex	
  reversals.	
  PLoS	
  Genet.	
  8,	
  :e1003170	
  (2012)	
  
	
  
5.	
  Barrionuevo,	
  F.	
  et	
  al.	
  Testis	
   cord	
  differentiation	
  after	
   the	
   sex	
  determination	
  stage	
   is	
  
independent	
  of	
  Sox9	
  but	
  fails	
  in	
  the	
  combined	
  absence	
  of	
  Sox9	
  and	
  Sox8.	
  Dev	
  Biol.	
  327,	
  
301–312	
  (2009).	
  



	
  
138	
  

	
  
6.	
  Nicol,	
  B.	
  &	
  Yao,	
  H.	
  H.	
  Gonadal	
   Identity	
   in	
  the	
  Absence	
  of	
  Pro-­‐Testis	
  Factor	
  SOX9	
  and	
  
Pro-­‐Ovary	
   Factor	
   Beta-­‐Catenin	
   in	
   Mice.	
   Biol	
   Reprod.	
   2015	
   Jun	
   24.	
   pii:	
  
biolreprod.115.131276.	
  [Epub	
  ahead	
  of	
  print]	
  	
  
	
  
7.	
  O'Bryan,	
  M.	
  K.	
  et	
  al.	
  Sox8	
  is	
  a	
  critical	
  regulator	
  of	
  adult	
  Sertoli	
  cell	
  function	
  and	
  male	
  
fertility.	
  Dev	
  Biol.	
  316,	
  359-­‐370	
  (2008).	
  
	
  
8.	
  Lee,	
  P.	
  A.	
  Houk,	
  C.	
  P.	
  Ahmed,	
  S.	
  F.	
  &	
  Hughes,	
  I.	
  A.	
  International	
  Consensus	
  Conference	
  
on	
   Intersex	
   organized	
   by	
   the	
   Lawson	
   Wilkins	
   Pediatric	
   Endocrine	
   Society	
   and	
   the	
  
European	
  Society	
  for	
  Paediatric	
  Endocrinology.	
  Consensus	
  statement	
  on	
  management	
  of	
  
intersex	
   disorders.	
   International	
   Consensus	
   Conference	
   on	
   Intersex.	
   Pediatrics.	
   	
   118,	
  
e488-­‐500	
  (2006).	
  
	
  
9.	
  Bashamboo,	
  A.	
  &	
  McElreavey,	
  K.	
  Gene	
  mutations	
  associated	
  with	
  anomalies	
  of	
  human	
  
gonad	
  formation.	
  Sex	
  Dev.	
  7,	
  126-­‐146	
  (2013)	
  
	
  
10.	
  Erickson,	
  R.P.	
  Yatsenko,	
  S.A.	
  Larson,	
  K.	
  &	
  Cheung,	
  S.	
  W.	
  A	
  Case	
  of	
  Agonadism,	
  Skeletal	
  
Malformations,	
   Bicuspid	
   Aortic	
   Valve,	
   and	
   Delayed	
   Development	
   with	
   a	
   16p13.3	
  
Duplication	
   Including	
   GNG13	
   and	
   SOX8	
   Upstream	
   Enhancers:	
   Are	
   Either,	
   Both	
   or	
  
Neither	
  Involved	
  in	
  the	
  Phenotype?	
  Mol	
  Syndromol.	
  1,	
  185-­‐191	
  (2011).	
  	
  
	
  
11.	
  Ng,	
  C.K.,	
  Li,	
  N.X.,	
  Chee,	
  S.,	
  Prabhakar,	
  S.,	
  Kolatkar,	
  P.R.	
  &	
  Jauch,	
  R.	
  Deciphering	
  the	
  Sox-­‐
Oct	
   partner	
   code	
   by	
   quantitative	
   cooperativity	
   measurements.	
   Nucleic	
   Acids	
   Res.	
   40,	
  
4933-­‐41	
  (2012)	
  
	
  
12.	
  Huang,	
   Y.H.	
   Jankowski,	
   A.	
   Cheah,	
   K.S.	
   Prabhakar,	
   S.	
  &	
   Jauch,	
   R.	
   SOXE	
   transcription	
  
factors	
   form	
   selective	
   dimers	
   on	
   non-­‐compact	
   DNA	
   motifs	
   through	
   multifaceted	
  
interactions	
  between	
  dimerization	
  and	
  high-­‐mobility	
  group	
  domains.	
  Sci	
  Rep.	
  5,	
  10398	
  
(2015)	
  
	
  
13.	
   Stolt,	
  C.C.	
  Lommes,	
  P.	
  Friedrich,	
  R.P.	
  &,	
  Wegner,	
  M.	
  Transcription	
   factors	
  Sox8	
  and	
  
Sox10	
   perform	
   non-­‐equivalent	
   roles	
   during	
   oligodendrocyte	
   development	
   despite	
  
functional	
  redundancy.	
  Development.	
  131,	
  2349-­‐58	
  (2004)	
  
	
  
	
  
14.	
  Skakkebaek	
  NE,	
  et	
  al.	
  Is	
  human	
  fecundity	
  declining?	
  Int	
  J	
  Androl.	
  29,	
  2-­‐11	
  (2006)	
  
	
  
15.	
   Tahmasbpour,	
   E.	
   Balasubramanian,	
   D.	
   &	
   Agarwal,	
   A.	
   A	
   multi-­‐faceted	
   approach	
   to	
  
understanding	
   male	
   infertility:	
   gene	
   mutations,	
   molecular	
   defects	
   and	
   assisted	
  
reproductive	
  techniques	
  (ART).	
  J	
  Assist	
  Reprod	
  Genet.	
  31,	
  1115-­‐1137	
  (2014)	
  
	
  
16.	
  Gordon,	
  C.	
  M,	
  Kanaoka,	
  T.	
  &	
  Nelson,	
  L.	
  M.	
  Update	
  on	
  primary	
  ovarian	
  insufficiency	
  in	
  
adolescents.	
   Curr	
   Opin	
   Pediatr.	
   2015	
   Jun	
   17.	
   [Epub	
   ahead	
   of	
   print]	
   PubMed	
   PMID:	
  
26087426.	
  	
  
	
  
17.	
   Bashamboo,	
   A.	
   et	
   al.	
   Human	
  male	
   infertility	
   associated	
   with	
   mutations	
   in	
   NR5A1	
  
encoding	
  steroidogenic	
  factor	
  1.	
  Am	
  J	
  Hum	
  Genet.	
  87,	
  505-­‐512	
  (2010)	
  
	
  
18.	
  Lourenço,	
  D.	
  et	
  al.	
  Mutations	
  in	
  NR5A1	
  associated	
  with	
  ovarian	
  insufficiency.	
  N	
  Engl	
  J	
  
Med.	
  360,	
  1200-­‐1210	
  (2009).	
  	
  
	
  
19.	
  Nelson,	
  L.	
  M.	
  Clinical	
  practice.	
  Primary	
  ovarian	
  insufficiency.	
  N	
  Engl	
  J	
  Med.	
  360,	
  606-­‐
614	
  (2009).	
  	
  



	
  
139	
  

	
  
20.	
  Salmon,	
  N.A.	
  Handyside,	
  A.H.	
  &	
  Joyce,	
  I.	
  M.	
  Expression	
  of	
  Sox8,	
  Sf1,	
  Gata4,	
  Wt1,	
  Dax1,	
  	
  
and	
   Fog2	
   in	
   the	
   mouse	
   ovarian	
   follicle:	
   implications	
   for	
   the	
   regulation	
   of	
   Amh	
  
expression.	
  Mol	
  Reprod	
  Dev.	
  70,	
  271-­‐277	
  (2005).	
  
	
  
21.	
   Jameson,	
   S.A.,.	
   et	
   al.	
   Temporal	
   transcriptional	
   profiling	
   of	
   somatic	
   and	
   germ	
   cells	
  
reveals	
   biased	
   lineage	
   priming	
   of	
   sexual	
   fate	
   in	
   the	
   fetal	
   mouse	
   gonad.	
   PLoS	
   Genet	
  
8:e1002575	
  (2012).	
  	
  	
  
	
  
	
  
	
  
	
  



	
  
140	
  

Patient	
   Phenotype	
   Clinical presentation (age)	
   Genetics	
   Hormonal profile (normal 
range)	
  

Internal genitalia and gonads	
   Diagnosis	
  

1	
   Female, height 
183 cm, 
weight 96 kg	
  

Primary amenorrhea with 
female external genitalia and 
small immature uterus, 
43x22x30 mm (27 yrs). 	
  

46,XY,inv(16)
(p13.3p13.1) 	
  
 	
  

FSH: 59,5 Ui/l (2.0–15.0)  	
  
 LH: 23,6 Ui/l (2.1–14.9)	
  
 T: 0.7 ng/ml (2.70–9.00)	
  
 	
  

Bilateral streak gonads with 
fallopian tubes. Stromal-like 
tissue with no evidence for 
testicular tissue.	
  

46,XY complete 
gonadal 
dysgenesis	
  

2	
   Female. 	
   16 yr - primary amenorrhea 	
   46,XY,	
  	
   Elevated	
  FSH,	
  LH.	
  Reduced 
T levels  

Uterus	
  absent.	
  Streak	
  gonads.	
  
Epididymus-­‐like	
  structure	
  
present.	
  

46,XY partial 
gonadal 
dysgenesis	
  

	
  
	
  
Table	
  1.	
  Phenotypes,	
  genetics	
  and	
  clinical	
  investigations	
  in	
  two	
  cases	
  of	
  46,XY	
  gonadal	
  dysgenesis	
  with	
  mutations	
  involving	
  the	
  SOX8	
  
locus	
  (patient	
  1)	
  or	
  gene	
  (patient	
  2).	
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Patient	
   Mutation (variant identifier dbSNP138; global minor 

allelic frequency; PolyPhen2 Score)	
  
Ancestry	
   Phenotype and comments	
  

1	
   p.Lys241Thr (rs553836905; 1/5007 alleles 0.762)	
   European	
   Azoospermia	
  
2	
   p.Gly359Arg* (0.961)	
   Eastern European	
   Oligozoospermia	
  3.4x106/ml	
  
3	
   p.Gly359Arg* (0.961)	
   French	
   Oligozoospermia.	
  2x106/ml	
  
4	
   p.Ala373Ser (rs200828189; 14/4106 alleles; 0.000)	
   French	
   Oligozoospermia	
  9x106/ml	
  
5	
   p.Gly378Ser (rs576173763; 2/5006 alleles; 0.004)	
   Senegal	
   Severe	
  Oligozoospermia	
  	
  0.005x106/ml	
  
6	
   p.Asp382Asn (rs143203270; 6/8572 alleles; 0.986)	
   Tunisia	
   Oligozoospermia.	
  6x106/ml	
  
7	
   p.Asp382Asn (rs143203270;  6/8572 alleles; 0.986)	
   Algeria	
   Azoospermia	
  
8	
   p.Arg8_Ser9del* -	
   Italian	
   Menarche at 13 yrs ; 1 gestation, secondary amenorrhea and POF at 

37 yrs; Mother with menopause at 35 yrs 	
  
9	
   p.Ala32Val* (0.919)	
   Italian	
   Menarche at 14 yrs ; secondary amenorrhea and POF at 21 yrs	
  

10	
   p.Pro242Leu (rs567451602; 2/5006 alleles; 0.001)	
   Paraguay	
   Primary Amenorrhea	
  
11	
   p.Pro242Leu (rs567451602; 2/5006 alleles; 0.001)	
   Paraguay	
   Primary Amenorrhea (sister of case 10)	
  
12	
   p.Ser267Leu (rs368972027; 1/8593 alleles; 0.942)	
   Italian	
   Amenorrhea at 30. Hypoparathyroidism during childhood; carries 

an AIRE gene mutation 	
  
13	
   p.Val282Ile* (0.990)	
   Argentinian-Italian	
   Secondary Amenorrhea	
  
14	
   p.Asp382Asn (rs143203270; 6/8572 alleles; 0.986)	
   North African	
   First menses at the age of 12, Regular menses during 2 years. 

Secondary amenorrhea at 14 years; carries a heterozygous missense 
mutation in NR5A1	
  

15	
   p.Asp382Asn (rs143203270; 6/8572 alleles;  0.986)	
   European	
   Primary amenorrhea at 16 yr.  No breast development, impuberism, 
ovaries not seen by ultrasound	
  

16	
   p.Asp382Asn (rs143203270; 6/8572 alleles;  0.986)	
   French	
   First menses at 11 yrs, regular menses up to 14 yrs, then secondary 
amenorrhea	
  

17	
   p.Ala416Thr (rs201602067; 2/5006 alleles; 0.005)	
   Italian	
   Menarche at 9 yrs ; secondary amenorrhea and POF at 38 yrs 	
  
	
  
Table	
  2.	
  Mutations	
  in	
  the	
  SOX8	
  gene	
  associated	
  with	
  human	
  male	
  or	
  female	
  infertility.	
  In	
  cases	
  12	
  and	
  14	
  mutations	
  were	
  previously	
  
identified	
  in	
  the	
  AIRE	
  and	
  NR5A1	
  genes.	
  In	
  such	
  cases	
  the	
  SOX8	
  mutation	
  may	
  contribute	
  to	
  the	
  severity	
  of	
  the	
  pathology	
  	
  *Novel	
  variant	
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46,XY	
  DSD	
  
(n=204)	
  

Azoospermia	
  
(n=131)	
  

Oligozoospermia	
  
(n=143)	
  

POI	
  
(n=153)	
  

Control	
  I	
  
Ancestry-­‐matched	
  
general	
  population	
  
(n=946)	
  

Control	
  II	
  
Fertile	
  normospermic	
  
controls	
  (n=470;	
  
European	
  	
  280;	
  North	
  
African	
  190)	
  	
  

p.Glu156Asp	
  	
   p.Lys241Thr	
   p.Gly359Arg	
  (x2)	
   p.Arg8_Ser9del	
  
deletion	
  of	
  2	
  AA	
  

p.Ala240Asp	
  	
   p.Pro336Leu	
  

p.Pro336Leu	
  	
   p.Asp382Asn	
   p.Ala373Ser	
   p.Ala32Val	
   p.Asn263Ile	
  	
   p.Ala428Thr	
  

p.Thr340Ser	
   	
   p.Gly378Ser	
   p.Pro242Leu	
  	
  
(x2,	
  sisters)	
  

p.Pro290Leu	
   p.Thr340Ser	
  

	
   	
   p.Asp382Asn	
   p.Ser267Leu	
   p.Ala302Thr	
   	
  

	
   	
   	
   p.Val282Ile	
   p.Pro336Leu	
   	
  

	
   	
   	
   p.Asp382Asn	
  (x3)	
   p.Thr340Ser	
   	
  

	
   	
   	
   p.Ala416Thr	
  	
   p.Asp382Asn	
  (x4)	
  	
   	
  

	
   	
   	
   	
   p.Ala428Thr	
  (x2)	
  	
   	
  

1.47%	
   1.53%	
   3.5%	
   6.5%	
   1.27%	
   0.64%	
  

	
  
Table	
  3.	
  Frequency	
  of	
  SOX8	
  mutations	
  in	
  46,XY	
  DSD,	
  male	
  infertility,	
  primary	
  ovarian	
  insufficiency	
  and	
  in	
  two	
  control	
  cohorts.	
  Control	
  
cohort	
  I	
  includes	
  both	
  the	
  ancestry-­‐matched	
  general	
  population,	
  where	
  the	
  fertility	
  status	
  is	
  unknown	
  and	
  the	
  control	
  cohort	
  II,	
  which	
  
only	
  includes	
  ancestry-­‐matched	
  fertile/normospermic	
  individuals.	
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Figure	
  1.	
  A	
  chromosomal	
  rearrangement	
  of	
  SOX8	
  associated	
  with	
  46,XY	
  complete	
  gonadal	
  dysgenesis	
  	
  (a)	
  The	
  patient	
  chromosomes	
  16	
  
(GTG	
  banding)	
  showing	
  the	
  rearranged	
  chromosome	
  16	
  on	
  the	
  left	
  (arrow).	
  (b).	
  FISH	
  on	
  metaphases	
  from	
  the	
  patient	
  with	
  BAC	
  RP11-­‐
161M6	
  (green)	
  and	
  RP11-­‐297M9	
  (red)	
  confirming	
  a	
  paracentric	
   inversion	
  on	
  the	
  der(16)	
  (arrow).	
  (c)	
  The	
  centromeric	
  breakpoint	
   is	
  
located	
  within	
  the	
  clone	
  RP11-­‐728H8,	
  on	
  16p13.3)(d).	
  	
  The	
  telomeric	
  inversion	
  breakpoint	
  mapped	
  within	
  RP11-­‐609N14,	
  on	
  16p13.13	
  
(arrows	
  (e).	
  Cytogenetic	
  band	
  16q13.3	
  with	
  genes	
  and	
  clones	
  of	
  the	
  region,	
  indicating	
  the	
  distal	
  breakpoint	
  located	
  5’	
  to	
  the	
  SOX8	
  gene.	
  
(f)	
  Histology	
  of	
  the	
  gonad	
  of	
  the	
  patient	
  showing	
  ovarian-­‐like	
  stromal	
  cells	
  with	
  no	
  evidence	
  of	
  testicular	
  material	
  (g)	
  Sox8	
  expression	
  is	
  
highly	
  up-­‐regulated	
   in	
   the	
  male	
  supporting	
  cell	
   lineage	
  of	
   the	
  mouse	
  gonad	
  during	
   testis	
  determination21	
   (h)	
  SOX8	
  expression	
   is	
  up-­‐
regulated	
  in	
  the	
  human	
  male	
  supporting	
  cell	
  lineage	
  together	
  with	
  NR5A1	
  during	
  early	
  testis	
  formation	
  at	
  9	
  weeks	
  of	
  gestation.	
  
	
  
	
  



Human SOX8   132-LSKTLGKLWRLLSESEKRPFVEEAERLRVQHKKDHPDYK-170
Human SOX9   135-LSKTLGKLWRLLNESEKRPFVEEAERLRVQHKKDHPDYK-173
Human SOX10  134-LSKTLGKLWRLLNESDKRPFIEEAERLRMQHKKDHPDYK-172

Human SOX17   98-LSKMLGKSWKALTLAEKRPFVEEAERLRVQHMQDHPNYK-136
Human SOX18  115-LSKMLGKAWKELNAAEKRPFVEEAERLRVQHLRDHPNYK-153
Human SOX7    75-LSKMLGKSWKALTLSQKRPYVDEAERLRLQHMQDYPNYK-113

SOX E 

SOX F 

Homo sapiens        131-ELSKTLGKLWRLLSESEKRPFVEEAERLRVQHKKDHPDYK-170
Mus musculus        128-ELSKTLGKLWRLLSESEKRPFVEEAERLRVQHKKDHPDYK-167
Gallus gallus        134-ELSKTLGKLWRLLNESEKRPFVEEAERLRVQHKKDHPDYK-173
Oreochromis niloticus 129-ELSKTLGKLWRLLSESEKRPFVDEAERLRVQHKKDHPDYK-168

           *************-********_*****************
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Figure	
  2	
  Mutation	
  in	
  the	
  HMG-­‐box	
  of	
  SOX8	
  associated	
  with	
  46,XY	
  gonadal	
  dysgenesis.	
  (a)	
  Schematic	
  representation	
  of	
  the	
  SOX8	
  protein	
  
showing	
  the	
  functional	
  domains	
  of	
  the	
  SOX8	
  protein.	
  The	
  amino	
  acid	
  sequence	
  of	
  the	
  HMG	
  domain	
  including	
  the	
  three	
  alpha-­‐helices,	
  the	
  
2	
  nuclear	
   localization	
   signals	
   (NLS1,	
  NLS2),	
   and	
   the	
  nuclear	
   export	
   sequence	
   (NES)	
   together	
  with	
   the	
  position	
  of	
   SOX8	
  p.Glu156Asp	
  
mutation	
   are	
   indicated.	
   The	
   DNA-­‐dependent	
   dimerization	
   domain	
   (DIM),	
   the	
   DNA-­‐binding	
   HMG	
   domain,	
   the	
   K2	
   domain	
   and	
   the	
  
transactivation	
  domain	
  (TA)	
  are	
  shown.	
  (b)	
  Left,	
  alignment	
  of	
   the	
  distal	
  portion	
  of	
   the	
  SOX8	
  HMG-­‐box	
  domain	
  containing	
   the	
  helix	
  3	
  
compared	
  with	
  selected	
  vertebrates.	
  Right,	
  alignment	
  of	
  the	
  distal	
  portion	
  of	
  the	
  SOX8	
  HMG-­‐box	
  domain	
  with	
  other	
  human	
  SOXE	
  and	
  
SOXF	
  family	
  members.	
  The	
  position	
  of	
  the	
  p.Glu156Asp	
  missense	
  mutation	
  is	
  highlighted.	
  (c)	
  Structural	
  models	
  for	
  ternary	
  complexes	
  of	
  
conjectured	
   SOX8	
   p.Glu156Asp	
   -­‐SOX8,	
   SOX8	
   p.Glu156Asp	
   -­‐SOX9	
   and	
   SOX8	
   p.Glu156Asp	
   -­‐OCT4	
   dimers	
   on	
   composite	
   DNA	
   elements.	
  
SOX8	
  is	
  shown	
  in	
  dark	
  red,	
  SOX9	
  in	
  orange	
  and	
  OCT4	
  in	
  blue.	
  The	
  HMG	
  domains	
  of	
  SOX	
  E	
  proteins	
  and	
  the	
  POU	
  domain	
  of	
  OCT4	
  are	
  
shown	
  as	
  cartoon	
  with	
  cylindrical	
  alpha-­‐helices	
  and	
  the	
  DNA	
  as	
  gray	
  van-­‐der-­‐Waals	
  surface.	
  The	
  SOX8p.Glu156Asp	
  site	
  is	
  drawn	
  as	
  ball-­‐
and-­‐sticks.	
  The	
  DNA	
  sequences	
  used	
  to	
  generate	
   the	
  models	
  with	
  color-­‐coded	
  binding	
  elements	
  are	
  depicted	
  underneath	
  the	
  models.	
  
The	
  SOXE	
  HMG	
  box	
  is	
  N-­‐terminally	
  extended	
  by	
  a	
  40	
  amino	
  acid	
  dimerization	
  (DIM)	
  domain	
  of	
  unknown	
  structure	
  that	
  mediates	
  highly	
  
cooperative	
  DNA	
  dependent	
  dimerization	
  presumably	
  by	
  interactions	
  with	
  the	
  HMG	
  box.	
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Figure	
  3	
  SOX8	
  p.Glu156Asp	
  shows	
  aberrant	
  biological	
  activity.	
  (a)	
  Human	
  embryonic	
  kidney	
  (HEK	
  293-­‐T)	
  cells	
  were	
  transfected	
  with	
  
myc-­‐tagged	
  SOX8-­‐WT	
  or	
  SOX8	
  p.Glu156Asp	
  with	
  untagged	
  NR5A1	
  expression	
  vectors.	
  48	
  hours	
  post	
  transfection	
  the	
  cells	
  were	
  fixed	
  
and	
  the	
  co-­‐expression	
  of	
  WT-­‐SOX8	
  and	
  SOX8	
  p.Glu156Asp	
  along	
  with	
  NR5A1	
  was	
  detected	
  using	
  anti-­‐Myc	
  (green)	
  and	
  anti-­‐SF1	
  (red)	
  
antibody	
  respectively.	
  The	
  nucleus	
  is	
  stained	
  by	
  DAPI	
  (blue).	
  When	
  co-­‐transfected	
  both	
  SOX8-­‐WT	
  or	
  SOX8	
  p.Glu156Asp	
  co-­‐localize	
  to	
  
the	
  nucleus.	
  However,	
  when	
  transfected	
  alone	
  SOX8	
  p.Glu156Asp	
  shows	
  and	
  equal	
  distribution	
  between	
  the	
  nucleus	
  and	
  the	
  cytoplasm	
  
(50%	
  and	
  50%,	
   respectively),	
   as	
   compared	
   to	
  WT	
  protein,	
  which	
   is	
  mostly	
   nuclear	
   (70%).	
   Analyses	
   included	
   at	
   least	
   five	
   biological	
  
replicates.	
  Scale	
  bars	
  are	
  20	
  µm.	
  Original	
  magnification	
  x40.	
  	
  (b)	
  The	
  transcriptional	
  activities	
  of	
  SOX8-­‐WT	
  and	
  SOX8	
  p.Glu156Asp	
  were	
  
studied	
   using	
   the	
   human	
  AMH	
   and	
  NR5A1	
  and	
   mouse	
   Dmrt1	
  promoters	
   	
   and	
   Tesco	
   enhancer	
   as	
   reporter	
   following	
   transfection	
   in	
  
HEK293-­‐T	
  cells.	
  The	
  data	
  shown	
  here	
  represent	
  the	
  mean	
  ±	
  SEM	
  of	
   three	
   independent	
  experiments,	
  each	
  of	
  which	
  was	
  performed	
  in	
  
quadriplicate.	
  The	
  reporter	
  constructs	
  were	
  transfected	
  into	
  HEK293-­‐T	
  cells	
  with	
  either	
  the	
  SOX8-­‐WT	
  or	
  SOX8	
  p.Glu156Asp	
  expression	
  
vector.	
   The	
   results	
   are	
   expressed	
   as	
   a	
   percentage	
   of	
  WT	
   SOX8	
   activity.	
   The	
   SOX8	
   p.Glu156Asp	
   can	
   activate	
   the	
   gonadal	
   promoters	
  
similar	
  to	
  SOX8-­‐WT.	
  However,	
  though	
  SOX8	
  p.Glu156A	
  can	
  synergistically	
  activate	
  AMH	
  promoter	
  with	
  NR5A1,	
  it	
  fails	
  to	
  synergise	
  with	
  
NR5A1	
  to	
  activate	
  Tesco	
  enhancer.	
  (c) Plasmids	
  encoding	
  WT-­‐SOX8	
  and	
  SOX8	
  p.Glu156Asp	
  were	
  transiently	
  expressed	
  with	
  WT	
  NR5A1	
  
for	
  48hrs	
  in	
  HEK293T	
  cells.	
  SOX8-­‐NR5A1	
  complexes	
  were	
  immunoprecipitated	
  from	
  total	
  protein	
  extracts	
  using	
  A/G	
  agarose	
  beads	
  and	
  
an	
   antibody	
   specific	
   for	
   NR5A1;	
   the	
   bound	
   SOX8	
   protein	
   was	
   detected	
   by	
   western	
   blot	
   using	
   an	
   anti	
   SOX8	
   antibody	
   followed	
   by	
  
secondary	
  antibody	
  conjugated	
  with	
  HRP.	
  Both	
  SOX8-­‐WT	
  or	
  SOX8	
  p.Glu156Asp	
  can	
  interact	
  with	
  NR5A1.	
  (d)	
  HEK	
  293-­‐T	
  cells	
  were	
  co-­‐
transfected	
  with	
  Tesco	
  reporter	
  construct	
  (10ng),	
  WT-­‐NR5A1	
  (1ng)	
  and	
  WT-­‐SOX9	
  (1ng)	
  and	
  increasing	
  amount	
  of	
  SOX8-­‐WT	
  or	
  SOX8	
  
p.Glu156Asp	
   (0,1,2,5,10	
   ng).	
   Results	
   are	
   expressed	
   as	
   Relative	
   luminescence	
   units	
   (RLU).	
   The	
   SOX8	
   p.Glu156Asp	
   vector	
   exhibits	
   a	
  
dominant	
  negative	
  effect	
  on	
  synergistic	
  of	
  the	
  Tesco	
  reporter	
  	
  by	
  NR5A1	
  and	
  SOX9	
  even	
  at	
  three	
  times	
  higher	
  concentrations.	
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Supplementary	
  Material	
  and	
  Methods	
  

	
  

Patient	
  and	
  control	
  samples	
  

All	
  46,XY	
  DSD	
  patients	
  met	
  the	
  revised	
  criteria	
  of	
  the	
  Pediatric	
  Endocrine	
  Society	
  

(LWPES)/European	
   Society	
   for	
   Paediatric	
   Endocrinology	
   (ESPE)	
   Consensus	
  

Group.	
  The	
   study	
  was	
  approved	
  by	
   the	
   Institut	
  Pasteur	
   (RBM	
  2003/8).	
  Patient	
  

ancestry	
   was	
   determined	
   by	
   self	
   reporting,	
   based	
   on	
   responses	
   to	
   a	
   personal	
  

questionnaire,	
  which	
  asked	
  questions	
  pertaining	
  to	
  the	
  birthplace,	
  languages	
  and	
  

self-­‐reported	
  ethnicity	
  of	
  the	
  participants,	
  their	
  parents	
  and	
  grandparents.	
  

The	
   control	
   panel	
   consisted	
   of	
   280	
   unrelated	
   normospermic	
   46,XY	
   males	
   of	
  

French	
  ethnic	
  origin	
  with	
  known	
  fertility	
  and	
  no	
  history	
  of	
  testicular	
  anomalies	
  

(determined	
   by	
   self	
   reporting).	
   An	
   additional	
   180	
   normospermic	
   individuals	
  

from	
  North	
  Africa	
  were	
  included	
  in	
  the	
  study.	
  Further	
  control	
  samples	
  consisted	
  

of	
   ECACC	
   Human	
   Random	
   Control	
   (HRC)	
   DNA	
   from	
   Public	
   Health	
   England	
  

(Panels	
  1	
  to	
  5),	
  representing	
  a	
  control	
  population	
  of	
  480	
  randomly	
  selected,	
  non-­‐

related	
   UK	
   Caucasian	
   blood	
   donors	
   of	
   unknown	
   fertility	
   status.	
   Ancestry-­‐

matched	
  in-­‐house	
  controls	
  of	
  unknown	
  fertility	
  status	
  were	
  also	
  included.	
  

	
  

Whole	
  Exome	
  sequencing	
  

40	
  patients	
  presenting	
  with	
  46,XY	
  DSD	
  were	
  sequenced	
  using	
  the	
  whole	
  exome	
  

approach.	
   Exon	
   enrichment	
  was	
   performed	
  with	
  Agilent	
   SureSelect	
  Human	
  All	
  

Exon	
   V4.	
   Paired-­‐end	
   sequencing	
   was	
   performed	
   on	
   the	
   Illumina	
   HiSeq2000	
  

platform	
  with	
  TruSeq	
  v3	
  chemistry.	
  Read	
   files	
  (fastq)	
  were	
  generated	
   from	
  the	
  

sequencing	
  platform	
  via	
  the	
  manufacturer’s	
  proprietary	
  soft-­‐	
  ware.	
  Reads	
  were	
  

mapped	
  with	
  the	
  Burrows-­‐Wheeler	
  Aligner,	
  and	
  local	
  realignment	
  of	
  the	
  mapped	
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reads	
   around	
   potential	
   insertion/deletion	
   (indel)	
   sites	
   was	
   carried	
   out	
   with	
  

GATK	
   version	
   1.6.	
   Duplicate	
   reads	
   were	
   marked	
   with	
   Picard	
   version	
   1.62	
  

(http://broadinstitute.github.io/picard/).	
   Additional	
   BAM	
   file	
   manipulations	
  

were	
  performed	
  with	
  Samtools	
  (0.1.18).	
  SNP	
  and	
  indel	
  variants	
  were	
  called	
  with	
  

the	
   GATK	
   Unified	
   Genotyper	
   for	
   each	
   sample.	
   SNP	
   novelty	
   was	
   determined	
  

against	
   dbSNP138.	
   Novel	
   variants	
   were	
   analyzed	
   by	
   a	
   range	
   of	
   web-­‐based	
  

bioinformatics	
  tools	
  with	
  the	
  EnsEMBL	
  SNP	
  Effect	
  Predictor	
  (http://www.	
  	
  

ensembl.org/homosapiens/userdata/uploadvariations).	
   All	
   variants	
   were	
  

screened	
   manually	
   against	
   the	
   Human	
   Gene	
   Mutation	
   Database	
   Professional	
  

Biobase	
   (http://www.biobase-­‐international.com/product/hgmd/).	
   In	
   silico	
  

analysis	
  was	
  performed	
  to	
  determine	
  the	
  potential	
  pathogenicity	
  of	
  the	
  variants.	
  

Potentially	
  pathogenic	
  mutations	
  were	
  verified	
  with	
  classic	
  Sanger	
  sequencing	
  	
  

	
  

Sequencing	
  of	
  the	
  entire	
  coding	
  sequence	
  of	
  SOX8:	
  

The	
  majority	
  of	
  patients	
  and	
  control	
  samples	
  were	
  screened	
  for	
  mutations	
  in	
  the	
  

SOX8	
   gene	
   by	
   direct	
   sequencing.	
   The	
   coding	
   exons	
   of	
   the	
   SOX8	
   gene	
   were	
  

amplified	
   from	
   DNA	
   extracted	
   using	
   conventional	
   techniques	
   from	
   peripheral	
  

blood	
  lymphocytes	
  of	
  each	
  individual.	
  We	
  designed	
  5	
  pairs	
  of	
  primers	
  to	
  amplify	
  

by	
   PCR	
   the	
   SOX8	
   coding	
   exons.	
   Exon	
   1	
   amplicon	
   1,	
   F1:	
   5’-­‐	
  

CGCGGAGCTTTCTTTATGG-­‐3’,	
   R1:	
   5’-­‐	
   GACTCCAGTCGTAGCCCTTG-­‐3’.	
   Exon	
   1	
  

amplicon	
  2,	
  F2:	
  5-­‐	
  CCCGATGCTGGACATGAG-­‐3’,	
  R2:	
  5’-­‐	
  CTCGCAGTCCGAGACCAG-­‐

3’	
   Exon	
   2,	
   F3:	
   5’-­‐	
   AGAGGAGTGTACTGCCTGGTG-­‐3’,	
   R3,	
   5’-­‐	
  

CACAGCTGCCTCCCATACAG-­‐3’.	
   Exon	
   3	
   amplicon	
   1,	
   F4:	
   5’-­‐	
  

GCGCTTCATGGAATTTTCTC-­‐3’,	
   R4	
   5’-­‐	
   GCTGCTCCGTCTTGATGTG-­‐3’.	
   Exon	
   3	
  

amplicon	
   2,	
   F5	
   5’-­‐	
   CCACGAGTTCGACCAGTACC-­‐3’,	
   R5:	
   5’-­‐
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ACTTCAGCAGGCACTTGGAG-­‐3’.	
   The	
   PCR	
   amplification	
   conditions	
   were,	
   F1/R1,	
  

F2/R2	
  and	
  F3/R3	
  -­‐	
  95°C	
  for	
  5	
  min	
  followed	
  by	
  37	
  cycles	
  of	
  98°C	
  30s,	
  60°C	
  30s,	
  

72°C	
   30s.	
   For	
   the	
   amplicon	
   F4/R4	
   and	
   F5/R5	
   the	
   annealing	
   temperature	
  was	
  

65°C.	
  5	
  µl	
  of	
  each	
  PCR	
  fragments	
  were	
  then	
  electrophoresed	
  in	
  a	
  2%	
  agarose	
  gel	
  

stained	
   in	
   ethidium	
   bromide	
   (1µg/mL)	
   to	
   verify	
   the	
   expected	
   length	
   of	
   the	
  

amplified	
  fragments.	
  DNA	
  sequence	
  analysis	
  was	
  performed	
  using	
  at	
  least	
  200	
  ng	
  

of	
   purified	
   DNA,	
   20	
   ng	
   of	
   primer	
   and	
   fluorescently	
   labelled	
   Taq	
   DyeDeoxy	
  

terminator	
  reaction	
  mix	
  (Applied	
  Biosystems,	
  Foster	
  City,	
  CA,	
  USA)	
  according	
  to	
  

the	
   manufacturer’s	
   instructions.	
   DNA	
   sequence	
   was	
   determined	
   using	
   an	
   ABI	
  

3700	
  automated	
  DNA	
  sequencer.	
  	
  

	
  

Plasmid	
  construction:	
  	
  

Vector	
   containing	
   Full	
   length	
   human	
   SOX8	
   in	
   pCMV6-­‐AN-­‐Myc	
   vector	
   was	
  

purchased	
   from	
   Origene	
   (http://www.origene.com/).	
   The	
   pCMX-­‐NR5A1	
  vector	
  

with	
  human	
  NR5A1,	
  and	
  AMH	
  and	
  Tesco	
  reporters	
  has	
  been	
  previously	
  described	
  

(Bashamboo	
   et	
   al.	
   2014).	
   The	
   pCDNA-­‐SOX9-­‐Flag	
   vector	
   was	
   a	
   gift	
   from	
   Dr.	
  

Francis	
   Poulat,	
   Institut	
   de	
   Génétique	
   Moléculaire	
   de	
   Montpellier.	
   Reporter	
  

construct	
   with	
   mouse	
   Dmrt1	
   promoter	
   was	
   a	
   gift	
   from	
   Dr.	
   David	
   Zarkower	
  	
  

(Univ.	
  of	
  Minnesota).	
  

	
  

Site-­‐Directed	
  Mutagenesis:	
  

SOX8	
  expression	
  vectors	
  containing	
  the	
  variants	
  were	
  generated	
  by	
  site-­‐directed	
  

mutagenesis	
   (QuikChange,	
   Stratagene)	
   with	
   the	
   use	
   of	
   wild-­‐type	
   (WT)	
   human	
  

SOX8	
  cDNA	
  in	
  pCMV6-­‐AN-­‐Myc	
  expression	
  vector.	
  The	
  entire	
  coding	
  sequence	
  of	
  

all	
  mutant	
  plasmids	
  was	
  confirmed	
  by	
  direct	
  sequencing	
  prior	
  to	
  further	
  studies.	
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Cell	
  lines,	
  transfections	
  and	
  protein	
  preparation.	
  	
  

HEK293-­‐T	
   cells	
   were	
   a	
   gift	
   from	
   Mlle	
   Aurélie	
   Claes	
   (Institut	
   Pasteur).	
   For	
   all	
  

trnsfections	
   HEK293-­‐T	
   cells	
   were	
   transfected	
   using	
   Fugene	
   6	
   transfection	
  

reagent	
  (Roche	
  #1	
  814	
  443).	
  	
  Whole	
  cellular	
  protein	
  was	
  extracted	
  using	
  IP	
  lysis	
  

buffer	
  (PIERCE	
  87788).	
  Briefly,	
  the	
  culture	
  medium	
  was	
  removed	
  from	
  the	
  wells	
  

and	
  washed	
   once	
  with	
   ice-­‐cold	
   phosphate	
   buffered	
   saline.	
   500µl	
   ice	
   cold	
   lysis	
  

buffer	
  was	
  added	
   to	
   the	
  cells	
  and	
   incubated	
  on	
   ice	
   for	
  5	
  minutes	
  with	
  periodic	
  

mixing.	
   Lysate	
   was	
   transferred	
   to	
   a	
   microcentrifuge	
   tube	
   and	
   centrifuged	
   at	
  

~13,000g	
  for	
  10	
  minutes	
  to	
  pellet	
  the	
  cell	
  debris	
  at	
  4°C.	
  supernatant	
  was	
  assayed	
  

for	
   total	
   protein	
   concentration	
   using	
   Coomassie	
   Plus	
   (Bradford)	
   Protein	
  Assay	
  

(PIERCE	
  23236).	
  The	
  efficiency	
  of	
  transfection	
  and	
  presence	
  of	
  specific	
  proteins	
  

was	
   detected	
   by	
   western	
   blot	
   analysis	
   using	
   anti-­‐SOX8	
   (rabbit,	
   ab76196,	
  

Abcam®),	
   anti-­‐SOX9	
   (rabbit,	
   #ab26414,	
   Abcam®)	
   or	
   anti-­‐SF1	
   (rabbit,	
  

#ab65815,	
  Abcam®)	
  antibodies.	
  

	
  

Structural	
  Modeling:	
  

Binary	
  SOXE/DNA	
  complexes	
  were	
  generated	
  with	
  I-­‐TASSER	
  (Yang,	
  et	
  al.,	
  2015)	
  

using	
  human	
  SOX8	
  (Uniprot	
  =	
  P57073)	
  and	
  SOX9	
  (Uniprot	
  =	
  P48436)	
  sequences	
  

and	
  the	
  mouse	
  Sox17/DNA	
  complex	
  (PDBID	
  =	
  3F27)	
  (Palasingam,	
  et	
  al.,	
  2009)	
  as	
  

a	
   template.	
   For	
   the	
   ternary	
   SOX8–OCT4-­‐DNA	
   complex	
   a	
   previously	
   generated	
  

SOX2–OCT4	
   model	
   on	
   the	
   canonical	
   sox-­‐oct	
   DNA	
   element	
  

(GGCATTGTCATGCAAATCGGCGG)	
  was	
  used	
  as	
  a	
  template	
  (Merino,	
  et	
  al.,	
  2014).	
  

The	
   ternary	
   complexes	
   of	
   Sox8E156D–Sox9,	
   Sox8E156D–Sox8	
  were	
   generated	
  

using	
   chimera	
   1.10.1	
   (http://www.cgl.ucsf.edu/chimera/)	
   (Pettersen,	
   et	
   al.,	
  



	
  
153	
  

2004)	
  by	
  superimposing	
  DNA	
  fragments	
  to	
  modelled	
  ideal	
  B-­‐DNA	
  corresponding	
  

to	
  a	
  palindromic	
  soxe	
  consensus	
  sequence	
  with	
  3	
  base-­‐pair	
  spacer	
  between	
  the	
  

sox	
   elements	
   (CCCGGACAATGAAACATTGTCCGGG,	
   base-­‐pairs	
   used	
   for	
  

superposition	
  are	
  underlined	
  and	
  the	
  core	
  sox	
  motifs	
  are	
  shown	
  in	
  italic)	
  (Huang,	
  

et	
  al.,	
  2015).	
  Next,	
  sequences	
  of	
  the	
  original	
  Lama1	
  DNA	
  in	
  3F27	
  were	
  converted	
  

into	
   corresponding	
   nucleotides	
   in	
   the	
   ideal	
   sequence	
   and	
   overlapping	
  

nucleotides	
   were	
   deleted.	
   The	
   phosphodiester	
   bonds	
   between	
   juxtaposed	
  

SOXE/DNA	
  complexes	
  were	
  created	
  using	
  the	
  chimera	
  ‘adjust	
  bond’	
  option.	
  The	
  

energy	
  of	
  the	
  ternary	
  complex	
  models	
  was	
  minimized	
  in	
  chimera	
  by	
  using	
  amber	
  

force	
   fields	
   ff14SB	
   for	
   the	
   protein	
   and	
   Bsc0	
   for	
   DNA.	
   The	
   final	
   models	
   were	
  

validated	
   using	
   the	
   w3DNA	
   server	
   (Zheng,	
   et	
   al.,	
   2009)	
   and	
   the	
   integrity	
   of	
  

protein-­‐DNA	
   contacts	
   was	
   checked	
   using	
   nucplot	
   (Luscombe,	
   et	
   al.,	
   1997).	
   All	
  

figures	
  were	
  generated	
  using	
  chimera.	
  

	
  

Cellular	
  Localization	
  

Cellular	
  localization	
  of	
  both	
  WT-­‐SOX8	
  and	
  mutants	
  were	
  assayed	
  by	
  transfecting	
  

the	
  different	
  plasmids	
  into	
  HEK	
  293-­‐T	
  cells	
  with	
  the	
  use	
  of	
  FUGENE	
  6	
  (Roche)	
  in	
  

chambers	
   slides.	
   48	
   hours	
   post	
   transfection,	
   cells	
   were	
   fixed	
   in	
   3-­‐4%	
  

paraformaldehyde	
  in	
  PBS	
  (pH	
  7.4)	
  for	
  15min	
  at	
  room	
  temperature,	
  washed	
  twice	
  

with	
   ice	
   cold	
  1xPBS,	
  permeabilized	
   in	
  PBS	
  containing	
  0.25%	
  Triton	
  X-­‐100,	
   and	
  

then	
  incubated	
  with	
  1%	
  BSA	
  in	
  PBS-­‐T	
  for	
  30	
  min	
  to	
  block	
  non-­‐specific	
  binding	
  of	
  

the	
  antibodies.	
  Cells	
  were	
   incubated	
  with	
   the	
  primary	
  antibody	
   (diluted	
   in	
  1%	
  

BSA	
  in	
  PBS-­‐T)	
  in	
  a	
  humid	
  chamber	
  overnight	
  at	
  +4°C.	
  The	
  following	
  dilutions	
  of	
  

primary	
  antibodies	
  were	
  used:	
  anti-­‐Myc	
  (rabbit,	
  #ab9106,	
  Abcam®),	
  1:100	
  and	
  

anti-­‐SF1	
   (rabbit,	
   #ab65815,	
   Abcam®),	
   1:100.	
   After	
   16	
   hour	
   incubation,	
   cells	
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were	
  washed	
  three	
  times	
  with	
  1xPBS	
  for	
  5	
  min	
  each.	
  After	
  the	
   incubation	
  with	
  

the	
  secondary	
  antibody	
  in	
  1%	
  BSA	
  for	
  1h	
  at	
  room	
  temperature	
  in	
  the	
  dark	
  (Goat	
  

anti-­‐Rabbit	
   IgG	
   (H+L)	
   Secondary	
   Antibody,	
   Alexa	
   Fluor®	
   488	
   conjugate,	
  

#A11034,	
  and	
  Goat	
  anti-­‐Rabbit	
  IgG	
  (H+L)	
  Secondary	
  Antibody,	
  Alexa	
  Fluor®	
  594	
  

conjugate,	
   both	
   diluted	
   to	
   1:1000,	
   Life	
   Technologies),	
   cells	
  were	
  washed	
   three	
  

times	
  with	
  1xPBS	
  for	
  5	
  min	
  each	
  in	
  the	
  dark.	
  The	
  coverslips	
  were	
  mounted	
  with	
  

a	
  drop	
  of	
  mounting	
  medium	
  containing	
  DAPI	
  (DNA	
  stain)	
   for	
  1	
  min	
  and	
  sealed	
  

with	
  nail	
  varnish	
  to	
  prevent	
  drying	
  and	
  movement	
  under.	
  Images	
  were	
  obtained	
  

with	
  a	
  Leica	
  Microsystems	
  DMI4000B	
  microscope	
  at	
  40x	
  or	
  63x	
  magnifications.	
  

	
  

Transient	
  Gene	
  Expression	
  Assays:	
  

Transient	
  gene	
  expression	
  assays	
  to	
  assess	
  SOX8	
  function	
  were	
  performed	
  in	
  96-­‐

well	
   plates	
   (TPP)	
   using	
   either	
   HEK293-­‐T	
   human	
   embryonic	
   kidney	
   cells,	
  

Fugene6	
  and	
  a	
  Dual-­‐Luciferase	
  reporter	
  assay	
  system	
  (Promega)	
  with	
  pCMV-­‐RL	
  

Renilla	
  luciferase	
  (Promega)	
  expression	
  as	
  a	
  marker	
  of	
  transfection	
  efficiency	
  as	
  

described	
  previously	
  (Bashamboo	
  et	
  al;	
  2014).	
  pCMV6-­‐SOX8-­‐Myc	
  WT	
  or	
  mutant	
  

expression	
   vectors	
   (10	
   ng/well)	
   were	
   co-­‐transfected	
   with	
   or	
   without	
   pCMX-­‐

NR5A1	
  or	
  pCDNA-­‐SOX9-­‐Flag	
  into	
  HEK293-­‐T	
  and	
  mES	
  cells	
  with	
  reporter	
  vectors	
  

and	
  vector	
  containing	
  renilla	
   (10	
  ng/well).	
  Cells	
  were	
   lysed	
  48	
  hours	
   later	
  and	
  

luciferase	
   assays	
   were	
   performed	
   (Dual	
   Luciferase	
   Reporter	
   Assay	
   system,	
  

Promega)	
   using	
   a	
   Centrox3	
   LB960	
   (Berthold	
   Technologies).	
   All	
   data	
   were	
  

standardized	
   for	
  Renilla	
   activity.	
  Results	
   are	
   shown	
  as	
   the	
  mean	
  ±	
   SEM	
  of	
   five	
  

independent	
  experiments,	
  each	
  performed	
  at	
  least	
  in	
  triplicate.	
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Co-­‐Immunoprecipitation	
  assay	
  

Whole	
   cell	
   lysate	
  was	
   prepared	
   from	
   the	
   HEK293-­‐T	
   human	
   embryonic	
   kidney	
  

cells	
  in	
  6-­‐well	
  plates	
  (TPP)	
  transfected	
  using	
  Fugene6.	
  The	
  cells	
  were	
  transfected	
  

with	
   pCMV6-­‐SOX8-­‐Myc	
  WT	
   or	
   mutant	
   expression	
   vectors	
   (1	
   ug/well)	
   with	
   or	
  

without	
  pCMX-­‐NR5A1	
  or	
  pCDNA-­‐SOX9-­‐Flag.	
  Transfection	
  and	
  protein	
  extraction	
  

are	
  described	
  above.	
  

250	
   μg	
   of	
   total	
   cellular	
   protein	
   extract	
   was	
   pre-­‐cleared	
   by	
   adding	
   20	
   μl	
   of	
  

resuspended	
   Protein	
   A/G	
   PLUS-­‐Agarose	
   (SantaCruz	
   sc2003)	
   and	
   5ul	
   normal	
  

mouse	
   IgG	
   (SantaCruz	
   sc2025)	
   followed	
   by	
   incubation	
   at	
   4°	
   C	
   on	
   a	
   rocker	
  

platform	
  for	
  1	
  hour.	
  The	
  mix	
  was	
  centrifuged	
  at	
  1,000g	
  for	
  5	
  minutes	
  at	
  4°	
  C	
  and	
  

supernatant	
  containing	
  pre-­‐cleared	
  protein	
  was	
  collected	
  in	
  a	
  new	
  tube.	
  The	
  pre-­‐

cleared	
  lysate	
  was	
  incubated	
  overnight	
  on	
  a	
  rocker	
  platform	
  at	
  4°	
  C	
  with	
  50	
  ng	
  

SOX8	
   antibody	
   (rabbit,	
   ab76196,	
   Abcam®)	
   and	
   25	
   μl	
   of	
   resuspended	
   Protein	
  

A/G	
   PLUS-­‐Agarose.	
   The	
   antibody-­‐protein-­‐bead	
   complex	
   was	
   centrifuged	
   at	
  

1,000g	
   for	
   5	
   minutes	
   at	
   4°	
   C	
   and	
   the	
   supernatant	
   discarded.	
   The	
   pellet	
   was	
  

washed	
  4	
  times	
  with	
  1ml	
   ice	
  cold	
  PBS	
  and	
  finally	
  resuspended	
  in	
  20	
  μl	
  of	
  SDS-­‐

lammeli	
   buffer.	
   The	
   resuspended	
   protein	
  was	
   boiled	
   for	
   2	
  min	
   and	
   25	
   μl	
   was	
  

migrated	
   on	
   10%	
   SDS-­‐PAGE	
   gel	
   and	
   transferred	
   to	
   PVDF	
  membrane.	
   Proteins	
  

were	
  detected	
  with	
  anti-­‐SOX9	
  (rabbit,	
  #ab26414,	
  Abcam®)	
  or	
  anti-­‐SF1	
  (rabbit,	
  

#ab65815,	
   Abcam®)	
   antibodies,	
   followed	
   by	
   secondary	
   antibody	
   conjugated	
  

with	
   horseradish	
   peroxidase	
   and	
   visualized	
   by	
   chemiluminiscence	
   using	
   ECL	
  

reagent	
  (Amersham).	
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Supplementary	
   Figure	
  3.	
  The	
  transcriptional	
  activities	
  of	
  SOX8-­‐WT	
  and	
  SOX8	
  
mutants	
   were	
   studied	
   using	
   the	
   human	
  AMH	
   and	
   NR5A1	
  and	
   mouse	
   Dmrt1	
  
promoters	
   as	
   reporters	
   following	
   transfection	
   in	
   HEK293-­‐T	
   cells.	
   The	
   data	
  
shown	
  here	
  represent	
  the	
  mean	
  ±	
  SEM	
  of	
  three	
  independent	
  experiments,	
  each	
  
of	
   which	
   was	
   performed	
   in	
   quadriplicate.	
   The	
   reporter	
   constructs	
   were	
  
transfected	
   into	
   HEK293-­‐T	
   cells	
   with	
   either	
   the	
   SOX8-­‐WT	
   or	
   SOX8	
   mutants	
  
expression	
   vectors.	
   The	
   results	
   are	
   expressed	
   as	
   a	
   percentage	
   of	
   WT	
   SOX8	
  
activity.	
   Data	
   are	
   shown	
   as	
   male	
   infertility	
   (blue),	
   female	
   infertility	
   (red)	
   or	
  
control	
  (green).	
  SOX8	
  p.D382N	
  was	
  observed	
  in	
  both	
  male	
  and	
  female	
  infertility	
  
and	
  in	
  4	
  control	
  samples	
  of	
  unknown	
  fertility	
  status.	
  The	
  p.A428T	
  mutation	
  was	
  
found	
  exclusively	
  in	
  the	
  normospermic	
  control	
  cohort.	
  Although,	
  the	
  majority	
  of	
  
mutants,	
   including	
   those	
   in	
   the	
   general	
   population	
   cohort,	
   showed	
   absent	
   or	
  
significantly	
   reduced	
  biological	
   activity	
   across	
   all	
   promoters	
   studied	
   (p.G359R,	
  
p.G378S,	
   p.R8S9del,	
   p.A416T,	
   p.S267L,	
   p.A240D,	
   p.N263I,	
   p.P290I),	
   other	
  
mutants	
   showed	
   a	
   promoter-­‐dependent	
   loss-­‐of-­‐function	
   (p.D382N,	
   p.A32V,	
  	
  
p.P242L),	
   whilst	
   others	
   showed	
   a	
   consistent	
   and	
   increased	
   biological	
   activity	
  
using	
   different	
   promoters	
   (p.A373S,	
   p.K241T,	
   p.V282I).	
   The	
   p.A428T	
  mutation	
  
showed	
  WT	
   activity	
   and	
   this	
  mutation	
  was	
   found	
   only	
   general	
   controls	
   and	
   a	
  
normospermic	
  individual.	
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Discussion	
  of	
  publication	
  

	
  
Sequencing	
  the	
  coding	
  region	
  of	
  SOX8	
  gene	
  in	
  204	
  patients	
  with	
  idiopathic	
  46,XY	
  

DSD	
  revealed	
  a	
  novel	
  heterozygous	
  mutation	
  in	
  a	
  highly	
  conserved	
  Glu	
  residue	
  in	
  

the	
   functional	
   HMG	
   box	
   of	
   the	
   protein.	
   The	
   mutation	
   imparted	
   a	
   dominant	
  

negative	
   activity	
   over	
   both	
  WT-­‐SOX8	
   and	
  WT-­‐SOX9.	
   Transient	
   gene	
   activation	
  

assays	
   using	
   Tesco	
   enhancer	
   element	
   for	
   Sox9	
   show	
   that	
   SOX8p.Glu156Asp	
  

specifically	
  failed	
  to	
  synergise	
  with	
  NR5A1	
  to	
  transactivate	
  the	
  Tesco	
  enhancer.	
  

Moreover	
   SOX8p.E156D	
   exerts	
   a	
   dominant	
   negative	
   effect	
   by	
   preventing	
  

synergistic	
  activation	
  of	
  Tesco	
  enhancer	
  by	
  NR5A1	
  and	
  SOX9	
  as	
  well	
  as	
  NR5A1	
  

and	
  SOX8.	
  Its	
  is	
  possible,	
  that	
  this	
  dominant	
  negative	
  effect	
  imparted	
  by	
  mutant	
  

SOX8	
  alters	
  the	
  normal	
  regulation	
  of	
  target	
  genes	
  involved	
  in	
  sex	
  determination	
  

and	
   development,	
   thus	
   leading	
   to	
   anomalous	
   testis	
   development.	
  Mutations	
   in	
  

SOX8	
  may	
  be	
  rare	
  in	
  cases	
  of	
  DSD	
  and	
  the	
  functional	
  redundancy	
  between	
  SOX8	
  

and	
   SOX9	
   during	
   testis	
   development	
   could	
   be	
   an	
   evolutionary	
   and	
   biological	
  

strategy	
  to	
  reinforce	
  male	
  sex	
  determination	
  during	
  development	
  since	
  at	
   least	
  

in	
  mouse,	
  Sox8	
  expression	
  levels	
  are	
  dependent	
  on	
  Sox9	
  levels	
  (Chaboissier	
  et	
  al.,	
  

2004).	
   The	
   infertility	
   data	
   are	
   consistent	
   with	
   mutations	
   involving	
   SOX8	
  

substantially	
  contributing	
  to	
  human	
  infertility.	
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In	
  preparation:	
  Mutations	
  in	
  GATA4	
  associated	
  to	
  46,XY	
  DSD	
  

	
  
	
  
	
  

Introduction	
  to	
  publication	
  

	
  

GATA	
   binding	
   protein	
   4	
   (GATA4)	
   is	
   a	
   transcription	
   factor	
   that	
   belongs	
   to	
   the	
  

GATA	
   family	
   of	
   zinc	
   finger	
   proteins.	
   GATA	
  proteins	
   play	
   important	
   role	
   in	
   cell	
  

fate	
   choice,	
   maturation	
   and	
   proliferation	
   during	
   embryonic	
   development	
  

(Molkentin,	
  2000;	
  Zaytouni	
  et	
  al.,	
  2011).	
  

Previously,	
   our	
   lab	
   had	
   reported	
   a	
   familial	
   case	
   of	
   46,XY	
   DSD	
   and	
   CHD	
   with	
  

affected	
  individuals	
  carrying	
  a	
  heterozygous	
  mutation	
  with	
  variable	
  penetrance,	
  

showing	
   for	
   the	
   first	
   time	
   that	
   point	
   mutations	
   in	
   GATA4	
   are	
   associated	
   with	
  

46,XY	
  DSD	
  (Lourenço	
  et	
  al.,	
  2011).	
  Recently	
  using	
  whole	
  exome	
  sequencing	
  we	
  

have	
  identified	
  a	
  heterozygous	
  GATA4p.D425N	
  mutation	
  in	
  a	
  woman	
  with	
  46,XY	
  

DSD.	
   This	
   mutation	
   has	
   been	
   previously	
   described	
   in	
   association	
   with	
   CHD	
  

without	
  a	
  reported	
  gonadal	
  phenotype	
  (Tomita-­‐Mitchell	
  et	
  al.,	
  2007;	
  Zhang	
  et	
  al.,	
  

2009;	
   Granados-­‐Riveron	
   et	
   al.,	
   2012).	
   A	
   second	
   heterozygous	
   mutation,	
  

GATA4p.S224P,	
  has	
  also	
  been	
  identified	
  in	
  the	
  zinc	
  finger	
  domain	
  of	
  the	
  protein	
  

in	
  a	
  patient	
  presenting	
  46,XY	
  DSD.	
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GATA-­‐binding	
  protein	
  4	
  (GATA4)	
  is	
  a	
  transcription	
  factor	
  belonging	
  to	
  the	
  GATA	
  

family	
  of	
  zinc	
  finger	
  proteins	
  that	
  play	
  essential	
  roles	
  in	
  cell	
  fate,	
  maturation	
  and	
  

proliferation	
   (Molkentin,	
   2000;	
   Zaytouni	
   et	
   al.,	
   2011).	
   In	
   humans	
   and	
   mice	
  

GATA4	
   is	
   expressed	
   in	
   the	
   somatic	
   cells	
   of	
   the	
   developing	
   gonads	
   before	
   and	
  

during	
   sex	
   determination	
   (Viger	
   et	
   al.,	
   1998)	
   and	
   physically	
   interacts	
   with	
  

different	
  proteins	
   involved	
   in	
   sex-­‐determination	
   including	
  FOG2	
  and	
  NR5A1	
   to	
  

positively	
  regulate	
  the	
  expression	
  of	
  crucial	
  testis-­‐determining	
  genes	
  SRY,	
  SOX9,	
  

and	
   DMRT1	
   and	
   as	
   well	
   as	
   genes	
   involved	
   in	
   steroidogenesis	
   such	
   as	
   STAR,	
  

CYP17A1,	
  CYP19A1,	
  HSD3B1,	
  CYP11A1	
  and	
  INHA	
  (Miyamoto	
  et	
  al.,	
  2008;	
  Viger	
  et	
  

al.,	
   2008;	
   Bergeron	
   et	
   al.,	
   2015;	
   Zaytouni	
   et	
   al.,	
   2011;	
   Lei	
   and	
  Heckert,	
   2004).	
  

Mice	
   deficient	
   in	
   Gata4	
   die	
   in	
   utero	
   due	
   to	
   abnormalities	
   in	
   ventral	
  

morphogenesis	
   and	
   heart	
   tube	
   formation	
   (Kuo	
   et	
   al.,	
   1997;	
   Molkentin	
   et	
   al.,	
  

1997).	
   In	
   humans,	
   GATA4	
   mutations	
   have	
   been	
   described	
   in	
   patients	
   with	
   a	
  

range	
   of	
   congenital	
   heart	
   defects	
   (CHD)	
   (Garg	
   et	
   al.,	
   2003).	
   Additionally,	
  

deletions	
   of	
   8p23	
   region	
   comprising	
   GATA4	
   among	
   other	
   genes	
   have	
   been	
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associated	
   with	
   abnormalities	
   such	
   as	
   hypospadias	
   and	
   cryptorchidism	
   in	
   a	
  

proportion	
  of	
  XY	
  individuals	
  with	
  diaphragmatic	
  hernia	
  and	
  CHD	
  (Barber	
  et	
  al.,	
  

2013;	
  Longoni	
  et	
  al.,	
  2012;	
  Wat	
  et	
  al.,	
  2009).	
  Recently,	
  we	
  reported	
  a	
  familial	
  case	
  

of	
   46,XY	
   DSD	
   and	
   CHD,	
   where	
   affected	
   individuals	
   carried	
   a	
   heterozygous	
  

mutation	
   with	
   incomplete	
   penetrance,	
   revealing	
   the	
   role	
   for	
   GATA4	
   in	
   testis	
  

determination	
   in	
   human	
   (Lourenço	
   et	
   al.,	
   2011).	
   Here,	
   we	
   describe	
   a	
   case	
   of	
  

46,XY	
  complete	
  gonadal	
  dysgenesis	
  with	
  no	
  evidence	
  for	
  CHD	
  associated	
  with	
  a	
  

heterozygous	
  GATA4p.D425N	
  mutation.	
  This	
  mutation	
  was	
  previously	
  reported	
  

in	
   association	
   with	
   CHD	
   without	
   an	
   apparent	
   gonadal	
   phenotype	
   (Tomita-­‐

Mitchell	
   et	
   al.,	
   2007;	
   Zhang	
   et	
   al.,	
   2009;	
   Granados-­‐Riveron	
   et	
   al.,	
   2012).	
   Our	
  

observations	
  suggest	
   that	
  GATA4p.D425N	
  affect	
   the	
  stability	
  of	
  GATA4	
  protein.	
  

This	
  may	
  create	
  a	
  haploinsufficiency	
  leading	
  to	
  46,XY	
  DSD.	
   

	
  

The	
   study	
  was	
   approved	
   by	
   the	
   Institutional	
   Review	
  Board	
   of	
   Institut	
   Pasteur	
  

(RBM	
   2003/8)	
   and	
   Comité	
   de	
   Protection	
   des	
   Personnes	
   Ile-­‐de-­‐France	
  

(N°IRB00003835).	
   All	
   participants	
   in	
   the	
   study	
   had	
   approved	
  written	
   consent.	
  

The	
   patient,	
   of	
   Indian	
   origin,	
   presented	
   at	
   17	
   years	
   of	
   age	
   with	
   primary	
  

amenorrhea	
   and	
   elevated	
   levels	
   of	
   FSH	
   and	
  LH	
   and	
  undetectable	
   testosterone.	
  

Histology	
   of	
   the	
   gonads	
   revealed	
   bilateral	
   streak	
   gonads.	
   There	
  were	
   no	
   other	
  

somatic	
  anomalies.	
  The	
  karyotype	
  was	
  46,XY.	
  Direct	
  sequencing	
  of	
   the	
  SRY	
  and	
  

NR5A1	
   genes	
   revealed	
   wild-­‐type	
   sequences.	
   Array	
   comparative	
   genomic	
  

hybridization	
   using	
   the	
   Nimblegene	
   2.1M	
   aCGH	
   platform	
   confirmed	
   a	
   normal	
  

ploidy.	
   Exon	
   enrichment	
   was	
   performed	
   using	
   Agilent	
   SureSelect	
   Human	
   All	
  

Exon	
   V4.	
   Paired-­‐end	
   sequencing	
   was	
   performed	
   on	
   the	
   Illumina	
   HiSeq2000	
  

platform	
  with	
   an	
   average	
   sequencing	
   coverage	
   of	
   x50	
   as	
   described	
   elsewhere	
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(Bashamboo	
  et	
  al.,	
  2014).	
  Briefly,	
  read	
  files	
  were	
  generated	
  from	
  the	
  sequencing	
  

platform	
  via	
  the	
  manufacturer’s	
  proprietary	
  software.	
  Reads	
  were	
  mapped	
  using	
  

the	
  Burrows–Wheeler	
  Aligner	
  and	
  local	
  realignment	
  of	
  the	
  mapped	
  reads	
  around	
  

potential	
  insertion/deletion	
  (indel)	
  sites	
  was	
  carried	
  out	
  with	
  the	
  GATK	
  version	
  

1.6.	
   SNP	
   and	
   indel	
   variants	
  were	
   called	
   using	
   the	
   GATK	
  Unified	
   Genotyper	
   for	
  

each	
   sample.	
   SNP	
   novelty	
   was	
   determined	
   against	
   dbSNP138.	
   Datasets	
   were	
  

filtered	
  for	
  novel	
  or	
  rare	
  (MAF<0.01)	
  variants.	
  Candidate	
  pathogenic	
  mutations	
  

were	
   confirmed	
   by	
   Sanger	
   sequencing.	
   Analysis	
   of	
   novel	
   and	
   rare	
   variants	
  

(Minor	
   allelic	
   frequency	
   <0.001)	
   indicated	
   one	
   variant	
   in	
   the	
   GATA4	
   gene	
  

c.1273G>A	
   	
  (rs56208331)	
   that	
   is	
  predicted	
  to	
  result	
   in	
  an	
  p.D425N	
  amino	
  acid	
  

change.	
  The	
  parents	
  were	
  not	
  available	
  for	
  study	
  and	
  consequently	
  the	
  mode	
  of	
  

inheritance	
   of	
   the	
   mutation	
   is	
   unknown.	
   This	
   mutation	
   results	
   in	
   the	
  

replacement	
   of	
   an	
   evolutionary	
   conserved	
   negatively	
   charged	
   aspartic	
   acid	
  

residue	
  by	
  an	
  uncharged	
  asparagine	
  residue.	
  

	
  

We	
  analyzed	
  the	
  effect	
  of	
  GATA4p.D425N	
  mutation	
  on	
  the	
  biological	
  function	
  of	
  

GATA4.	
  TNT-­‐Gata4WT	
  and	
  TNT-­‐Gata4p.D425N	
  vectors	
  were	
   transfected	
  either	
  

independently	
   or	
   with	
   the	
   addition	
   of	
   an	
  NR5A1-­‐cherry	
   vector	
   in	
   HEK	
   293-­‐T	
  

cells.	
  After	
  48hrs	
  of	
  transfection	
  and	
  using	
  a	
  GATA4	
  specific	
  antibody,	
  both	
  wild-­‐

type	
   and	
   mutant	
   GATA4	
   showed	
   strong	
   nuclear	
   localization,	
   alone	
   and	
   co-­‐

localize	
   with	
   NR5A1	
   (Fig	
   Sup1A).	
   We	
   next	
   analyzed	
   the	
   effect	
   of	
   p.D425N	
  

mutation	
  on	
  the	
  ability	
  of	
  the	
  protein	
  to	
  regulate	
  the	
  expression	
  of	
  different	
  sex	
  

determining	
   genes:	
   DMRT1,	
   Sox9,	
   AMH	
   and	
   NR5A1.	
   We	
   do	
   not	
   observe	
   a	
  

significant	
   difference	
   between	
   the	
  WT	
   GATA4	
   and	
   p.D425N	
   in	
   their	
   ability	
   to	
  

activate	
   these	
   promoters	
   (Fig	
   Sup.2).	
   We	
   next	
   analyzed	
   stability	
   of	
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GATA4pD425N	
   protein.	
   Three	
   independent	
   experiments	
   demonstrated	
   a	
  

significant	
   reduction	
   in	
   mutated	
   versus	
   WT	
   GATA4	
   protein	
   following	
   the	
  

inhibition	
   of	
   protein	
   synthesis	
   (Fig	
   1A).	
   The	
   ability	
   of	
   GATA4p.D425N	
   to	
  

physically	
   interact	
   with	
   its	
   protein	
   partner	
   SF1	
   analyzed	
   by	
   Co-­‐

immunoprecipitation	
   (Co-­‐IP)	
   experiments	
   showed	
   that	
   the	
   GATA4p.D425N	
  

protein	
   interacts	
   with	
   SF1,	
   though	
   reduced	
   compared	
   to	
   the	
  WT	
   GATA4.	
   This	
  

may	
  be	
  due	
  to	
  the	
  instability	
  of	
  GATA4p.D425N	
  (Fig	
  1B).	
  

	
  

This	
  mutation	
  has	
  been	
  previously	
  reported	
  previously	
  in	
  four	
  patients	
  with	
  ASD	
  

(2	
  patients),	
  VSD,	
  and	
   tetralogy	
  of	
  Fallot	
  although	
  no	
   functional	
  analysis	
  of	
   the	
  

mutated	
  protein	
  has	
  been	
  performed	
  (Tomita-­‐Mitchell	
  et	
  al.,	
  2007;	
  Zhang	
  et	
  al.,	
  

2009;	
   Granados-­‐Riveron	
   et	
   al.,	
   2012).	
   The	
   sex	
   of	
   the	
   two	
   patients	
   carrying	
  

p.D425N	
  in	
  the	
  report	
  by	
  Tomita-­‐Mitchel	
  et	
  al.,	
  was	
  not	
  indicated	
  but	
  one	
  of	
  the	
  

patients	
   inherited	
  the	
  mutation	
  from	
  a	
  healthy	
  mother.	
  Similarly,	
  the	
  sex	
  of	
  the	
  

patient	
  carrying	
  the	
  mutation	
  was	
  not	
  indicated	
  by	
  Zhang	
  et	
  al.,	
  2009.	
  However,	
  

in	
   the	
   family	
   reported	
   by	
   Granados-­‐Riveron	
   et	
   al.,	
   2012,	
   the	
   fertile	
   mother	
  

carrying	
   the	
   p.D425N	
   mutation,	
   who	
   presented	
   with	
   ASD,	
   transmitted	
   this	
  

mutation	
   to	
   her	
   two	
   healthy	
   sons	
   suggesting	
   incomplete	
   penetrance.	
   Our	
  

functional	
   analyses	
   of	
   biological	
   activity	
   of	
   the	
   mutant	
   protein	
   shows	
   that	
  

GATA4p.D425N	
  localizes	
  to	
  the	
  nucleus,	
  and	
  is	
  able	
  to	
  activate	
  the	
  expression	
  of	
  

different	
   genes	
   involved	
   in	
  male	
   sexual	
   development	
   including	
  DMRT1,	
  NR5A1	
  

and	
   AMH,	
   however	
   the	
   stability	
   of	
   the	
   GATA4p.D425N	
   protein	
   was	
   reduced	
  

compared	
  to	
  the	
  WT	
  protein.	
  Such	
  a	
  reduction	
  in	
  stability	
  of	
  the	
  mutated	
  GATA4	
  

protein	
   may	
   explain	
   either	
   the	
   gonadal	
   or	
   heart	
   defects	
   that	
   are	
   seen	
   in	
  

association	
   with	
   the	
   mutation.	
   Heart	
   or	
   male	
   gonadal	
   development	
   may	
   be	
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negatively	
   impacted	
   by	
   the	
   GATA4	
   mutation	
   only	
   when	
   a	
   critical	
   biological	
  

threshold	
  has	
  been	
  crossed	
  either	
  directly	
  through	
  reduced	
  GATA4	
  protein	
  levels	
  

or	
  in	
  combination	
  with	
  as	
  yet	
  unidentified	
  genetic	
  modifiers.	
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Figure	
   1	
   Protein	
   analysis	
   GATA4	
  mutants.	
   (A)	
   Time-­‐course	
   analysis	
   of	
   GATA4	
   protein	
   production	
  
and	
  stability	
  by	
  cyclohexamide	
  inhibition	
  of	
  GATA4	
  WT	
  and	
  GATA4p.D425N.	
  GATA4p.D425N	
  is	
  less	
  
stable	
   than	
  GATA4	
  WT.	
  B)	
  Protein-­‐protein	
   interaction	
  of	
  GATA4	
  and	
  SF1	
  measured	
  by	
  Co-­‐IP	
  using	
  
SF1	
  antibody	
  to	
  co-­‐immunoprecipitate	
  SF1-­‐GATA4	
  complexes,	
  and	
  analyzed	
  by	
  Western	
  Blot	
  using	
  a	
  
GATA4	
   antibody.	
   GATA4p.D425N	
   show	
   a	
   reduced	
   interaction	
   with	
   SF1,	
   probably	
   due	
   to	
   the	
  
instability	
  of	
  GATA4p.D425N	
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Supplementary	
  Figure	
  1	
  Cellular	
   localization	
  of	
  GATA4.	
  Human	
  embryonic	
  kidney	
  HEK	
  293T	
   cells	
  
were	
  transfected	
  with	
  Gata4	
  WT	
  or	
  Gata4	
  mutants	
  and	
  NR5A1-­‐cherry,	
  48hrs	
  after	
  transfection	
  cells	
  
were	
  fixed	
  and	
  stained	
  with	
  a	
  GATA4	
  antibody.	
  Similar	
  to	
  GATA4	
  WT,	
  p.D425N	
  and	
  p.S224P	
  show	
  a	
  
strong	
  nuclear	
  localization	
  (green)	
  and	
  co-­‐localize	
  with	
  NRA51/SF1	
  (red)	
  to	
  the	
  nucleus	
  (DAPI/blue	
  
stained).	
  

	
  

	
  



	
  
171	
  

	
  

	
  
Supplementary	
   Figure	
   2	
   Transcriptional	
   regulation	
   reporters	
   comprising	
   of	
   promoters	
   of	
   gonad	
  
specific	
  genes	
  (A)	
  Both	
  GATA4	
  WT	
  and	
  GATA4p.D425N	
  show	
  no	
  difference	
  in	
  the	
  activation	
  of	
  AMH,	
  
NR5A1	
   or	
  DMRT1	
   promoters.	
   (B)	
   Preliminary	
   results	
   with	
   GATAp.S224P	
   show	
   a	
   reduction	
   in	
   the	
  
ability	
  of	
  the	
  mutant	
  to	
  activate	
  AMH	
  promoter.	
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Supplementary	
  Materials	
  and	
  Methods	
  

	
  
	
  
Plasmid	
  constructions.	
  

Plasmid	
   pCMV-­‐TNT-­‐Gata4,	
   pCMX-­‐NR5A1,	
   pcs2-­‐FOG2,	
   Tesco	
   and	
   AMH	
   reporter	
  

vectors	
  are	
  previously	
  described	
   in	
  Lourenço	
  et	
   al,	
  2011.	
  Reporter	
  vector	
  with	
  

DMRT1	
  promoter	
  was	
  a	
  gift	
  from	
  from	
  Dr.	
  David	
  Zarkower	
  (Univ.	
  of	
  Minnesota).	
  	
  

	
  

Site-­‐Directed	
  Mutagenesis	
  

Plasmids	
  containing	
  mutant	
  Gata4p.D425N	
  and	
  p.S224P	
  were	
  generated	
  by	
  site	
  

directed	
   mutagenesis	
   (QuikChange,	
   Stratagene),	
   using	
   TNT-­‐Gata4	
   vector	
   as	
   a	
  

template	
   as	
   described	
   elsewhere	
   (Braman	
   et	
   al.,	
   1996).	
  Mutant	
   plasmids	
  were	
  

verified	
  by	
  direct	
  sequencing	
  before	
  any	
  functional	
  analysis.	
  

	
  

Transient	
  expression	
  analysis	
  

Transient	
  gene	
  expression	
  assays	
  for	
  Gata4	
  function	
  were	
  performed	
  in	
  96	
  well	
  

plates,	
   using	
   HEK	
   293T	
   cells	
   at	
   a	
   concentration	
   of	
   1x104	
   per	
   well,	
   Fugene	
   6	
  

transfection	
  reagent	
  (Roche	
  1814443)	
  and	
  a	
  Dual-­‐Glo	
  luciferase	
  reporter	
  system	
  

(Dual	
  Go	
  Luciferase	
  Substrate	
  E297B)	
  and	
  a	
  reporter	
  vector	
   for	
  Renilla	
  activity	
  

(pRLSV40	
   Renilla	
   luciferase).	
   pCMV-­‐TNT-­‐Gata4	
   WT,	
   p.D425N	
   or	
   p.S224P	
  

(10ng/well)	
   were	
   transfected	
   with	
   reporter	
   vectors	
   containing	
   different	
   sex	
  

determining	
   genes	
   promoters	
   (10ng/well)	
   and	
   pRLSV40-­‐Renilla	
   (5ng)	
  

(Promega).	
  48hrs	
  later,	
  cells	
  were	
  lysed	
  and	
  luciferase	
  assays	
  were	
  performed	
  in	
  

a	
   FLUOstar	
   Optima	
   fluorescence	
   microplate	
   reader	
   (BMG	
   Labtech).	
   Data	
   was	
  



	
  
173	
  

normalized	
  for	
  Renilla	
  activity.	
  Results	
  are	
  shown	
  as	
  the	
  mean	
  of	
  3	
  independent	
  

experiments,	
  performed	
  in	
  triplicate.	
  

	
  

Immunochemistry	
  

HEK	
  293T	
  cells	
  were	
  seeded	
  in	
  an	
  8	
  well	
  chamber	
  slide	
  using	
  a	
  concentration	
  of	
  

2	
  x	
  104	
  per	
  well.	
  Transfected	
  using	
  pCMV-­‐TNT-­‐Gata4	
  WT,	
  p.D425N	
  or	
  p.S224P	
  

without	
  and	
  with	
  pCMX-­‐NR5A1-­‐cherry.	
  48hrs	
  after	
  transfection,	
  chamber	
  slides	
  

were	
   fixed	
   using	
   4%PFA	
   (15735-­‐605),	
   blocked	
   for	
   15	
   min	
   with	
   1X,	
   and	
  

incubated	
   1hr	
  with	
   first	
   antibody	
   (anti-­‐Gata4:	
   sc25310),	
  washed	
   3X	
  with	
   PBS,	
  

incubated	
  with	
  secondary	
  fluorescent	
  antibody	
  (goat	
  anti	
  mouse:	
  Life-­‐R37120),	
  

washed	
   3X,	
   covered	
   with	
   mounting	
   media	
   with	
   an	
   anti-­‐fading	
   reagent	
   (Life:	
  

P36931)	
  and	
  sealed.	
  	
  

	
  

Protein	
  extraction	
  

HEK	
  293T	
  cells	
  were	
  seeded	
  in	
  6	
  well	
  plate	
  at	
  a	
  concentration	
  of	
  6x105	
  per	
  well.	
  

24hrs	
   later	
   cells	
   were	
   transfected	
   using	
   the	
   vectors	
   pCMV-­‐TNT-­‐Gata4	
   WT,	
  

p.D425N	
   or	
   p.S224P	
   along	
   with	
   pacGFP-­‐NR5A1.	
   48hrs	
   after	
   transfection,	
   cells	
  

were	
  incubated	
  with	
  IP	
  lysis	
  buffer	
  (Thermo	
  87788)	
  and	
  protease	
  inhibitor	
  (Life	
  

Tech	
  78429)	
  and	
  whole	
   cell	
  protein	
  was	
   transferred	
   to	
  a	
   clean	
  eppendorf,	
   and	
  

measured	
  by	
  a	
  Bradford	
  assay.	
  	
  

	
  

Co-­‐Immunoprecipitation	
  assay	
  	
  

After	
   Bradford	
   assay	
   to	
   measure	
   proteins,	
   250μg	
   of	
   protein	
   extracts	
   were	
  

incubated	
  for	
  1	
  hr	
  at	
  4°C	
  with	
  1μg	
  of	
  rabbit	
  IgG	
  (Santa	
  Cruz	
  sc-­‐2027)	
  and	
  20μl	
  of	
  

resuspended	
   protein	
   A/G	
   PLUS	
   agarose	
   (Santa	
   Cruz	
   SC-­‐2003).	
   Samples	
   were	
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centrifuged	
  (1000G,	
  5min	
  at	
  4°C),	
  the	
  supernatant	
  collected	
  and	
  incubated	
  with	
  

5μl	
  of	
  NR5A1	
  antibody	
  (ab65815)	
  for	
  1hr	
  at	
  4°C.	
  Subsequent,	
  20μl	
  of	
  A/GPLUS	
  

agarose	
   (SC-­‐2003)	
   were	
   added	
   and	
   samples	
   were	
   incubated	
   on	
   a	
   rocking	
  

platform	
  over	
  night	
  at	
  4°C.	
  Samples	
  were	
  centrifuged	
  (1000G,	
  5	
  min	
  at	
  4°C),	
  and	
  

the	
  pellet	
  was	
  washed	
  4X	
  with	
  1ml	
  of	
  cold	
  PBS.	
  After	
  final	
  centrifugation,	
  pellet	
  

was	
  resuspended	
  in	
  40μl	
  of	
  SDS	
  laemmli	
  buffer	
  +	
  4μl	
  of	
  DTT	
  1M.	
  Samples	
  were	
  

denatured	
  for	
  5	
  min	
  at	
  95°C	
  and	
  20	
  μl	
  were	
  migrated	
  on	
  a	
  fractionated	
  on	
  a	
  10%	
  

SDS-­‐PAGE	
  gel	
  and	
   transfer	
   to	
  a	
  PVDF	
  membrane.	
  Western	
  Blot	
  was	
  performed	
  

using	
   GATA4	
   antibody	
   for	
   detection	
   (sc25310),	
   followed	
   by	
   a	
   secondary	
  

antibody	
   HRP	
   conjugated	
   (ab6728)	
   and	
   visualized	
   by	
   chemioluminescence	
  

(Thermo-­‐32106).	
  

	
  
	
  
Time-­‐course	
   analysis	
   of	
   GATA4	
   protein	
   production	
   and	
   stability	
   by	
  
cyclohexamide	
  inhibition	
  
	
  
We	
   transfected	
  HEK	
  293-­‐T	
  cells	
  with	
  pCMV-­‐TNT-­‐Gata4	
  wild	
   type	
  and	
  p.D425N	
  

vectors	
   and	
  24hrs	
   later,	
   protein	
  biosynthesis	
  was	
   inhibited	
   	
   by	
   the	
   addition	
  of	
  

cyclohexamide	
  (Sigma	
  C4859)	
  every	
  2hrs.	
  Cellular	
  protein	
  (IPLysis	
  buffer)	
  was	
  

isolated	
   24hrs	
   later	
   at	
   different	
   time	
   points	
   (24h,	
   26h,	
   28h).	
   Proteins	
   were	
  

measured	
   and	
   equivalent	
   amount	
   of	
   both	
   WT	
   and	
   mutated	
   proteins	
   were	
  

fractioned	
  in	
  a	
  10%	
  SDS/PAGE	
  gel,	
  transferred	
  to	
  a	
  PVDF	
  membrane	
  (Amersham	
  

10600023)	
  and	
  incubated	
  with	
  specific	
  GATA4	
  antibody	
  (sc25310)	
  and	
  GAPDH	
  

antibody	
  (ab9484)	
  and	
  visualized	
  by	
  chemioluminescence	
  (Thermo-­‐32106).	
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Discussion	
  of	
  Publication	
  

	
  

The	
  mutant	
  GATA4p.D425N	
   localizes	
   to	
   the	
  nucleus	
   and	
   is	
   able	
   to	
   activate	
   the	
  

reporter	
  constructs	
  for	
  many	
  sex	
  determination	
  genes	
  including	
  AMH,	
  SOX9,	
  and	
  

NR5A1	
  in	
  in-­‐vitro	
  assays.	
  However,	
  GATA4p.D425N	
  severely	
  impairs	
  the	
  stability	
  

of	
   the	
   protein	
   resulting	
   in	
   less	
   amount	
   of	
   protein	
   for	
   regulation	
   of	
   the	
  

downstream	
  targets	
  thus	
  causing	
  haploinsufficiency	
  and	
  possibly	
  46,XY	
  DSD.	
  It	
  is	
  

known	
  that	
  human	
  sex-­‐determination	
  is	
  highly	
  sensitive	
  to	
  small	
  changes	
  in	
  gene	
  

dosages	
  (Bouma	
  et	
  al.,	
  2007).	
  Moreover,	
   in	
  mice,	
  reduction	
  of	
  Gata4	
  expression	
  

in	
   the	
   testis	
   of	
   siGata4	
   transgenic	
   mice	
   results	
   in	
   the	
   significant	
   reduction	
  

(almost	
  complete	
  abolition)	
  of	
  Gata4	
  downstream	
  target	
  genes	
  in	
  male	
  gonads	
  as	
  

Amh	
  and	
  StAR;	
   in	
   female	
  gonads	
  however	
   the	
  expression	
  of	
  downstream	
  genes	
  

was	
  minimally	
  affected.	
   Interestingly,	
  although	
  silencing	
  of	
  Gata4	
  was	
  efficient,	
  

Gata4	
  expression	
  was	
  detected	
   in	
  heart	
   after	
  38	
  days	
  of	
   silencing	
  and	
   it	
   didn’t	
  

affect	
   heart	
   function	
   at	
   low	
   levels	
   of	
   Gata4	
   (20-­‐30%	
   of	
   normal	
   expression)	
  

suggesting	
   that	
  male	
   gonad	
  development	
   is	
  more	
   sensitive	
   to	
   small	
   changes	
   in	
  

gene	
  dosage	
  as	
  compared	
  to	
  other	
  organs	
  (Thurisch	
  et	
  al.,	
  2009).	
  

WES	
  analysis	
  of	
  a	
  second	
  case	
  of	
  46,XY	
  DSD	
  has	
  identified	
  a	
  novel	
  heterozygous	
  

mutation	
   in	
   GATA4:	
   GATA4p.S224P,	
   this	
   mutation	
   is	
   maternally	
   acquired	
   and	
  

affects	
  the	
  zinc	
  finger	
  domain	
  of	
  the	
  protein.	
  In	
  vitro	
  functional	
  assays	
  show	
  that	
  

this	
   mutation	
   does	
   not	
   change	
   the	
   nuclear	
   localization	
   of	
   GATA4	
   (FigSup1).	
  

Preliminary	
   transient	
   gene	
   expression	
   analysis	
   of	
   AMH	
   reporter	
   show	
   that	
  

GATA4p.S224P	
   show	
  a	
   reduction	
   in	
   its	
   ability	
   to	
   activate	
  AMH	
   as	
   compared	
   to	
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WT-­‐GATA4	
   (Fig	
   Sup2B).	
   Unlike	
   the	
   GATA4p.D425N	
   mutation,	
   GATA4p.S224P	
  

may	
  contribute	
  to	
  the	
  phenotype	
  by	
  dysregulation	
  of	
  the	
  downstream	
  targets.	
  

By	
   personal	
   communication	
   from	
   different	
   collaborators,	
   we	
   are	
   aware	
   of	
   the	
  

existence	
  of	
  several	
  other	
  mutations	
   in	
  GATA4	
  associated	
  with	
  46,XY	
  DSD.	
  This	
  

suggests	
  that	
  mutations	
  in	
  GATA4	
  may	
  have	
  a	
  bigger	
  contribution	
  to	
  46,XY	
  DSD	
  

than	
   previously	
   thought.	
   A	
   systematic	
   analysis	
   will	
   establish	
   the	
   incidence	
   of	
  

GATA4	
  mutations	
  in	
  46,XY	
  DSD	
  and	
  possibly	
  lead	
  to	
  a	
  useful	
  marker	
  for	
  routine	
  

molecular	
  diagnosis	
  of	
  the	
  phenotype.	
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Refining	
  The	
  Regulatory	
  Region	
  Upstream	
  Of	
  SOX9	
  Associated	
  

With	
  46,	
  XX	
  Testicular	
  Disorders	
  Of	
  Sex	
  Development	
  (DSD)	
  

	
  
	
  

Introduction	
  to	
  publication	
  

	
  

In	
   XY	
   embryos,	
   the	
   correct	
   time	
   and	
   dosage	
   of	
   SOX9	
   expression	
   is	
   pivotal	
   for	
  

testicular	
  differentiation.	
  If	
  SOX9	
  expression	
  reaches	
  a	
  critical	
  threshold	
  then	
  the	
  

bipotential	
  gonad	
  will	
  differentiate	
  into	
  Sertoli	
  cells	
  and	
  conversely	
  if	
  not	
  then	
  it	
  

will	
   become	
   ovarian	
   granulosa	
   cells.	
   Genomic	
   variations	
   resulting	
   in	
   specific	
  

alterations	
  of	
  SOX9	
  expression	
  in	
  the	
  developing	
  gonads	
  are	
  linked	
  to	
  disorders	
  

of	
   sex	
  development	
   (DSD).	
  Human	
  DSD	
  are	
   congenital	
   conditions	
   in	
  which	
   the	
  

development	
  of	
  chromosomal,	
  gonadal	
  or	
  anatomical	
  sex	
  is	
  atypical.	
  46,XX	
  DSD	
  

occur	
  very	
   rarely	
  with	
   a	
   rate	
  of	
  1	
   in	
  20,000-­‐25,000	
  newborn	
  males	
   (Kousta	
   et	
  

al.).	
  Recent	
  studies	
  have	
  reported	
  cases	
  of	
  46,XX	
  DSD	
  (SRY	
  negative)	
  with	
  testis	
  

development	
   carrying	
   duplications	
   in	
   a	
   region	
   600kb	
   upstream	
   of	
   SOX9.	
   In	
  

addition,	
  46,XY	
  females	
  with	
  DSD	
  carrying	
  deletions	
  in	
  this	
  region	
  have	
  also	
  been	
  

reported,	
  identifying	
  a	
  human	
  gonad	
  specific	
  regulatory	
  element	
  involved	
  in	
  sex	
  

determination	
   called	
   RevSex	
   (Benko	
   et	
   al.,	
   2011;	
   Cox	
   et	
   al.,	
   2011;	
   Xiao	
   et	
   al.,	
  

2013;	
  Kim	
  et	
  al.,	
  2015).	
  In	
  this	
  study	
  we	
  redefined	
  a	
  minimal	
  region	
  of	
  the	
  SOX9	
  

putative	
   enhancer	
   element	
   that	
   is	
   located	
   approximately	
   600	
   kb	
   upstream	
   of	
  

SOX9	
  that	
  is	
  associated	
  with	
  46,XX	
  DSD.	
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Disorders of SexDevelopment (DSD) are a heterogeneous group

of disorders affecting gonad and/or genito-urinary tract devel-

opment and usually the endocrine-reproductive system. A ge-

netic diagnosis is made in only around 20% of these cases. The

genetic causes of 46,XX-SRY negative testicular DSD as well as

ovotesticular DSD are poorly defined. Duplications involving a

region located �600 kb upstream of SOX9, a key gene in testis

development, were reported in several cases of 46,XX DSD.

Recent studies have narrowed this region down to a 78 kb

interval that is duplicated or deleted respectively in 46,XX or

46,XY DSD. We identified three phenotypically normal patients

presenting with azoospermia and 46,XX testicular DSD. Two

brothers carried a 83.8 kb duplication located�600 kb upstream

of SOX9 that overlapped with the previously reported rear-

rangements. This duplication refines the minimal region asso-

ciated with 46,XX-SRY negative DSD to a 40.7–41.9 kb element

located �600 kb upstream of SOX9. Predicted enhancer ele-

ments and evolutionary-conserved binding sites for proteins

known to be involved in testis determination are located within

this region. � 2015 Wiley Periodicals, Inc.

Key words: 46,XX DSD; duplication; regulatory element; SOX9

gene; CNV
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INTRODUCTION

Disorders of sex development (DSD) are congenital conditions in

which the development of chromosomal, gonadal, or anatomical
2015 Wiley Periodicals, Inc.
sex is atypical [Hughes et al., 2006]. DSD covers a wide spectrum of
1
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phenotypes. 46,XY DSD includes 46,XY complete or partial go-

nadal dysgenesis as well as undermasculinization of anXYmale due

to a defect in androgen synthesis or action. At the opposite, most

46,XX DSD correspond to the virilization of an XX female due to

androgen excess. Most often, 46,XX testicular DSD, a rare pathol-

ogy affecting 1 in 20,000–25,000 newborn males, [Kousta et al.,

2010] are SRY positive and have Y-to-X translocations while most

cases of 46,XX ovotesticular DSD are mosaics or chimeras [L�opez
et al., 1995]. However, some 46,XXmales do not carry the SRY gene

and the genetic cause of these DSD cases remains poorly defined.

Human sex determination is a tightly controlled and highly

complex process where the bipotential gonad anlage develops to

form either a testis or an ovary. In 46,XYmales the expression of the

testis determining gene SRY leads to the upregulation of the SOX9

gene and the development of Sertoli cells that produce AMH and

initiate the series of events that lead to testis formation. Prior to the

expression of Sry in mice, Sox9 expression is at basal levels in both

male and female gonadal primordial cells and at 11.5 days dpc,

following the expression of Sry, it is up-regulated in males and

down-regulated in females. Upregulation inmales is due, at least in

part, to a synergistic action of Sry with NR5A1/SF1, through

binding to a testis-specific Sox9 enhancer named TESCO (Tes-

tis-specific Enhancer of SOX9 Core), located approximately 13 kb

upstream of Sox9 [Sekido and Lovell-Badge, 2008]. In XX-SRY

negative males duplication of the entire SOX9 gene was described

in a boy with severe penile hypospadias and XX karyotype [Huang

et al., 1999]. Rearrangements involving other closely related mem-

bers of the SOX gene family have also been associated with testis

development in 46,XX individuals including the SOX3 and SOX10

genes [Polanco et al., 2010; Sutton et al., 2011;Moalem et al., 2012].

Mutations or deletions inRSPO1 andWNT4, genes involved in the

WNT4-b catenin pathway leading to SOX9 downregulation, have

been described in syndromic forms of 46,XX SRY-negative testic-

ular DSD [Parma et al., 2006; Mandel et al., 2008].

As well as being essential for testis formation, SOX9 plays a key

role in chondrogenesis [Bell et al., 1997; Ng et al., 1997]. Conse-

quently, mutations in the coding sequences of SOX9 are associated

with campomelic dysplasia and, in about 70% of affected 46,XY

individuals, with a range of anomalies of testis development [Foster

et al., 1994; Wagner et al., 1994]. Translocations and copy number

variation both 50 and 30 to SOX9 gene, are associated with a milder

phenotype as compared with the intragenic mutations. Large

duplications (>1Mb) 50 to SOX9 are associated with brachydac-

tyly-anonychia (Cooks syndrome) and deletions located >1.3Mb

50 and 30 to SOX9 are associated withmicrognathia, cleft palate and

glossoptosis (Pierre–Robin sequence) [Benko et al., 2009; Kurth

et al., 2009]. In both examples there is an apparently normal testis

development in 46,XY men and the precise phenotype associated

with SOX9 mutations depends on the position and size of the

rearrangement. Indeed, four recent studies have reported 46,XX-

SRY negative individuals who presented with testis development.

Each carried duplications involving a chromosomal region located

approximately 600 kb upstream of SOX9 [Benko et al., 2011; Cox

et al., 2011; Vetro et al., 2011; Xiao et al., 2013]. In contrast, 46,XY

females with gonadal dysgenesis have been reported to carry

overlapping deletions of this region [Benko et al., 2011; Bhagavath

et al., 2014]. These individuals presented with no other associated
somatic anomalies, suggesting that a regulatory element involved

specifically in human sex-determination (termedRevSex) is located

in this region [Benko et al., 2011].

Here, we describe three novel 46,XX-SRY negative patients, two

brothers and an unrelated man with testicular DSD and azoo-

spermia, who carry a microduplication upstream of SOX9. The

detailed analyses of these patients and the incorporation of the

published datasets have enabled the minimal critical region

located �600 kb upstream of SOX9 to be resolved to an approxi-

mately 40kb element that contains putative enhancers elements

and DNA-binding sites for known factors to be involved in early

testis formation.
MATERIALS AND METHODS

Clinical Reports
Patients 1 and 2 were two brothers referred for infertility at the age

of 30 and 31 respectively. Both had normal male genitalia without

any signs of undervirilization. Clinical examination in Patient 1

revealed a reduced testicular volume (10ml; normal range 18–

30ml). Semen analysis revealed an azoospermia. Ultrasound ex-

amination of the scrotum in Patient 1 was normal and pelvic

ultrasound examination showed a normal male genital tract with-

out Mullerian remnants. Testicular biopsy was performed to rule

out a possible 46,XX/46,XY chimera. It revealed atrophic seminif-

erous tubules containing only eosinophilic Sertoli cells suggestive

of testicular dysgenesis. There was no evidence of spermatogenesis

and the interstitium showed hyperplasia of Leydig cells.

Patient 3 was a 45-year-old male who was referred for clinical

investigation after five years of infertility. He presented with a

normal male phenotype and had a normal libido and no erectile

dysfunction. Ultrasound investigation showed bilaterally hypotro-

phic testes (right 15mm� 7mm and left 18mm� 12mm) with

calcifications, seminal vesicle hypoplasia and normal prostate.

Semen analysis showed azoospermia.
Genetic Analysis
Genetic analyses were performed after obtaining patient’s in-

formed consent. Cytogenetic analysis was performed using

GTG-banding techniques on metaphase chromosomes obtained

by standard procedures from peripheral blood lymphocytes. FISH

analysis was carried out using chromosome X specific probe DXZ1

and probes for SRY and SOX9 locus.

Genomic DNA was extracted for each patient from peripheral

blood samples using FlexiGene DNA Kit (Qiagen, Valencia, CA)

according to manufacturer’s instructions.

For patients 1, 2 and 3, SNP array analysis was performed

using the HumanCytoSNP-12 BeadChip from Illumina (San

Diego, CA). Data analysis was performed using Illumina’s

Genome Studio Genotyping Module software allowing the

identification of both copy number variations (CNVs) with

the Log R ration (LRR) and regions of copy-neutral loss of

heterozygosity (LOH) with the B allele frequency. Previous

array CGH for patient 3 was performed using the Human

Genome CGH Microarray Kit 105A from Agilent (Santa Clara,
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CA). DNA sequence information was made according to the

UCSC Genome Browser (http://genome.ucsc.edu/; Febru-

ary 2009, Assembly, hg19).

Boundaries of the duplication for Patient 2 were confirmed by

long-range PCR using primers in the 5’ and 3’ parts of the putative

duplicated region (Supplemental data). The long-range PCR

amplicon was generated using Roche’s Expand Long Template

PCR System (Roche Diagnostics, Meylan, France) according to the

following conditions:5ml of 10� Expand Long Template Buffer 3

(including 27.5mMMgCl2 and detergents), 8.75ml of a 2mmol/L

of dNTPs, 0.75ml of Expand Long Template EnzymeMix, 3ml of a
5mmol/L of each primer, 150 ng of genomic DNA, 26.5ml of water
in a total reaction volume to 50ml. Reaction was cycled under

following conditions: 94 ˚C for 2min; 94 ˚C for 10 sec; annealing

temperature of 60 ˚C for 30 sec; 68 ˚C for 10min; cycle 10� from

step 2; 94 ˚C for 15 sec; annealing temperature of 60 ˚C for 30 sec;

68 ˚C for 10min plus 20 sec per cycle; cycle 30� from step 5; 68 ˚C

for 7min; and hold at 4 ˚C. Internal primers were used to sequence

the amplicon. Data were analyzed using SeqScape1 Software v2.7

(Applied Biosystems, Foster City, CA) and Sequencing Analysis

Software (Applied Biosystems).
Quantitative PCR
For the qPCR analysis, genomicDNA from the Patients 1 and 2 and

two other individuals with two copies of the region (as indicated by

the array analysis) were evaluated for quantity and quality via an

ND-8000 Spectrophotometer (NanoDrop1) and agarose gel elec-

trophoresis. Only intact genomicDNAwas used for qPCR analysis.

Six sets of Taqman1 CNV assays were custom designed, each at

approximately 9 kb interval, to span the entire duplication (Sup-

plemental data, Table I S1).
FIG. 1. SNP array results for Patients 1, 2 and 3 of the duplicated region

(grey box) (Scales: for Patients 1 and 2:1pixel¼1 kb, Patient 3:1pixel¼ 2
Each DNA sample was analyzed in triplicate and reactions were

conducted in a MicroAmp fast 96-well optical reaction plate (P/N

4346906; Applied Biosystems) sealedwith an optical adhesive cover

(P/N 4311971; Applied Biosystems) on 7900HT System (96-Well

Block) real-time PCR System. Each individual reaction contained

CNV assay (containing two primers and a FAMTM dye labeled

MGB probe), RNaseP assay (containing two primers and aVIC1

dye-labeled TAMRATMprobe), TaqMan1GenotypingMasterMix

(containing AmpliTaq Gold1 DNAPolymerase, and dNTPs),

15 ng genomic DNA and water to a final reaction volume to

20ml. Reactions were held at 95 ˚C for 10min and then cycled

40 times through 95 ˚C for 15 sec and 60 ˚C for 1min. The data was

collected using Sequence Detection Software v2.3 (Applied Bio-

systems). qPCR data was analyzed using a delta delta Ct algorithm

with RnaseP as an endogenous control. Calibration with a control

sample with two copies of the region was used to calculate delta

delta Ct values and assign copy numbers by CopyCaller1 software.
RESULTS

For all the patients initial cytogenetic standard G-banding analysis

(550 bands) showed an homogenous 46,XX karyotype. FISH

studies with both the DXZ1 and SRY probes confirmed the exis-

tence of two X chromosomes and the absence of the SRY gene in all

cells analyzed (Supplemental data, Figure S1). Hybridization with

the SOX9 probewas normal for Patients 1 and 2 (not performed for

Patient 3) (Supplemental data, Figure S1).

In Patient 1 and 2, SNP array analysis identified a 77,078 to

85,175 bp duplication in chromosome 17 long arm, upstream from

SOX9 gene, extending between 69,490,856 (normal)–69,493,863

(duplicated) and 69,570,941 (duplicated)–69,576,031 (normal)

(Fig. 1). For Patient 3, array CGH identified an overlapping
. Note the increase in the log R Ratio within the duplicated region

kb)

http://genome.ucsc.edu/
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duplication of 194 kb in the same region which was reduced to

140,572–152,536 bp between 69,435,809 (normal)–69,441,277

(duplicated) and 69,581,849 (duplicated)–69,588,345 (normal)

using the SNP array (Fig. 1). These duplications were confirmed

by independent qPCR analysis for Patients 1 and 2 (data not

shown) and sequencing the boundaries of the duplication for

Patient 2 which allowed us to identify the exact size of the

duplication extending between 69,491,366 and 69,575,195

(83,829 bp duplication) (Fig. 2).

Xiao et al, described an XX male with a 74 kb duplication

overlapping with this region which proximal breakpoint was

located between 69,533,305 bp (normal) and 69,534,526 bp (du-

plicated) [Xiao et al., 2013]. Taking this data and our breakpoint

into account we can redefine the minimal region duplicated to a

minimum size of 40,669 bp and a maximum size of 41,890 bp

(Supplementary Figure S2). Detailed analysis of this region indi-

cates that it contains two non-overlapping putative enhancer

elements. The Encyclopedia of DNA Elements (ENCODE) project

datasets indicate a weak or poised enhancer at chr17:69,568,380–

69,569,850. Chromatin at this position is enriched for experimen-

tally determined CTCF-binding from human mammary epithelial

cells (HMEC). The primary role of CTCF is thought to be in

regulating the 3D structure of chromatin. CTCF creates boundaries

between topologically-associating domains in chromosomes and

anchors DNA to cellular structures like the nuclear lamina and

thereby facilitates interactions between transcription regulatory

sequences [Murrell, 2011]. This region is also associated with

acetylation of histone H3 at lysine 27 (H3K27ac) and enriched

in monomethylation of histone H3 at lysine 4 (H3K4me1) from a

variety of cell lines (Supplementary Figure S2). Both H3K4 meth-

ylation and H3K27 acetylation are epigenetic marks that are

generally associated with gene activation [Eissenberg and Shilati-

fard, 2010; Smith and Shilatifard, 2014].

A strong putative enhancer element is located at

chr17:69,544,206–69,546,005 and it is associated with H3K27Ac

and H3K4me1 enrichment, as well as the repressive mark

H3K9me3 which was identified experimentally by ChIP-seq.

The histone acetyltransferase EP300, which is a known co-activator
FIG. 2. Exact boundaries of the duplication for Patient 2 (according to th

Assembly, hg19)).
of SOX9-dependent gene expression, binds to this element

(chr17:69,544,741–69,545,056) [Furumatsu et al., 2009]. This

was determined experimentally using neuroblastoma cell line

treated with retinoic acid (SK-N-SH_RA).

Multiz alignment results obtained from the UCSC genome

browser show 12 short evolutionary-conserved regions that are

enriched for transcription factors binding sites that are present in

the human, mouse and rat (Supplementary Figure S2). These

include factors that are strongly expressed in the male supporting

cell lineages of the mouse testis at the time of sex-determination

(E11.5–E13.5) and include NFIL3 (also known as E4BP4;

chr17:69,544,862–69,544,873), PBX1 (chr17:69,563,419–69,563

,427) and GATA1 (chr17:69,560,189–69,560,198 and chr17

:69,560,189–69,560,198). In addition, to these factors TRANS-

FAC and TFSEARCH analysis of the human sequence predicted

multiple DNA-binding sites for transcription factors known to be

involved in the early stages of sex-determination such as SRY,

WT1, SOX9, NR5A1, and LHX9 [Bashamboo and McElreavey,

2013]. The region also contains four predicted binding sites for

the evolutionary conserved transcription factor DMRT1 at

chr17:69,543,454–69,543,468, chr17:69,554,542–69,554,559, chr

17:69,559,047–69,559,062, and chr17:69,569,634–69,569,648.
DISCUSSION

Multiple tissue specific enhancers located upstream and down-

stream from SOX9 have been described [Velagaleti et al., 2005;

Bagheri-Fam et al., 2006; Gordon et al., 2009]. In the human, a large

duplication (46,XX,dup(17)(q23.1q24.3)/46,XX) involving SOX9

was associated with female to male sex reversal in a 46,XX individ-

ual [Huang et al., 1999], however mutations or translocations

involving the TESCO region have not yet been reported [Georg

et al., 2010]. This suggests that in human gonad additional regula-

tory elements may be involved in the regulation of SOX9 expres-

sion. This hypothesis is supported by recent reports that identified

rearrangements involving elements situated �600 kb upstream of

SOX9 in association with 46,XX testicular DSD and termed the

RevSex element [Benko et al., 2011; Cox et al., 2011; Vetro et al.,
e UCSC Genome Browser (http://genome.ucsc.edu/; February 2009,

http://genome.ucsc.edu/
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2011; Xiao et al., 2013]. The phenotypes associated with these

rearrangements are reported in Table I. In this study, through the

analyses of three XX males and comparison with the published

data, we redefined the minimal critical region located �600 kb

upstream of SOX9 associated with XX sex-reversal. The two

microduplications that we describe overlap those previously

reported in 46,XX testicular DSD as well as deletions in 46,XY

undermasculinized DSD patients. Therefore, we can define the

critical duplicated region to 69,533,305 bp (normal) and

69,534,526 bp (duplicated) to 69,575,195 bp. This corresponds

to a minimum size of 40,669 bp and a maximum size of

41,890 bp. Although this considerably reduces the extent of the

RevSex regulatory element, it is unclear precisely how the rear-

rangements of this region result in changes in the expression of

SOX9 in the early developing gonad.

The duplicated region itself contains two predicted enhancer

motifs.Although interpretationofENCODEdatasets shouldbe taken

with caution since the data was generated using cell lines that are not

necessarily relevant for DSD, there are potentially interesting obser-

vations. The proximal strong enhancer motif (chr17:69,544,206–

69,546,005) is enriched forH3K4methylation andH3K27 acetylation

that are epigeneticmarks characteristic of gene activation [Eissenberg

and Shilatifard 2010; Smith and Shilatifard, 2014]. This enhancer

element binds the histone acetyltransferase EP300 that regulates

transcription via chromatin remodeling and it is important in the

processes of cell proliferation and differentiation [Ogryzko et al.,

1996]. EP300 is strongly expressed in the somatic and germ cell

lineages of theXX andXY gonad during sex-determination and it can

act as a co-activator of both NR5A1 and SOX9 [Ito et al., 1998;

Furumatsu et al., 2009; Munger et al., 2013]. The CH3 domain of

EP300 directly associateswith theC-terminal PQ-rich transactivation

domain of Sox9, and activates Sox9-dependent transcription in

chondrogenesis by induction of histone acetylation [Furumatsu

et al., 2009]. NR5A1 (also known as SF-1) was originally identified

as amaster-regulator of steroidogenic enzymes in the early 1990s and

controls many key aspects of adrenal and reproductive functions [El-

Khairi andAchermann, 2012].Mutations involvingNR5A1 areoneof

themost commoncauses of 46,XYDSDand they are associatedwith a

range of phenotypes including 46,XY gonadal dysgenesis and adrenal

failure, 46,XY DSD with apparently normal adrenal function, 46,XY

infertile male and 46,XX female with ovarian insufficiency [El-Khairi

and Achermann, 2012]. It is possible that SOX9 expression may be

regulated through this element involving both NR5A1 and EP300

proteins. Furthermore, this enhancer motif is located between two

predicted binding sites for DMRT1 (chr17:69,543,454–69,543,468

and chr17:69,554,542–69,554,559).DMRT1 controlsmany aspects of

testicular development in the mouse and human, including the

differentiation, proliferation, migration, and pluripotency of germ

cells, and also proliferation anddifferentiationof Sertoli cells [Matson

and Zarkower, 2012]. Haploinsufficency ofDMRT1 in the human is

associated with a failure of testis-determination, while in the mouse

DMRT1 is essential for maintaining mammalian sex-determination

by antagonizing the ovarian gene regulatorypathway [Ottolenghi and

McElreavey, 2000;Matsonet al., 2011]. Inavians,whereDMRT1 is the

best candidate testis-determining gene, it is necessary for the expres-

sion of SOX9 [Smith et al., 2009; Lambeth et al., 2014]. ChIPseq

experiments usingmice using cells fromP28 testis have demonstrated
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thatDmrt1binds tobothupstreamanddownstreamof Sox9 andbind

near to thegenesWnt4, Foxl2, andRspo1 suggesting thatDMRT1may

initiate or maintain male cell fate by directly activating Sox9, whilst

repressing female-promoting genes [Murphy et al., 2010; Matson

et al., 2011]. The localization of DMRT1-binding sites within a

putative enhancer element within the RevSex element opens the

possibility that the testis formationsassociatedwith theseduplications

could be initiated through DMRT1 activation.

Evolutionary conserved predicted DNA-binding sites for other

proteins involved in sex-determination are located in the minimal

region including PBX1. PBX1, encodes a TALE (three amino acid

loop extension) class homeodomain protein that participates in

multimeric transcriptional complexes tomodulate gene expression

[Longobardi et al., 2014]. A role for PBX1 in gonad development is

highlighted by Pbx1-deficient mice which exhibit embryonic le-

thality at E15 and have severe adrenal hypoplasia together with

pancreatic dysfunction, skeletal abnormalities and impaired go-

nadal development [Schnabel et al., 2003].

Narrowing the region encompassing gonad specific regulatory

elements of SOX9 gene to an approximately 40 kb interval containing

evolutionarily conserved elements is of potential interest for further

studies to delineate precisely the sequences and mechanism(s) by

which this regionmay regulate the expression of SOX9during human

testicular development. As hypothesized by Lybaek and colleagues,

the RevSex element may interact with other known regulatory

elements of SOX9 such as the TESCOmotif or theminimal promoter

regionofSOX9. Ina studyof a familial caseofXXsex-reversal carrying

a 148 kb RevSex duplication, the chromatin landscape at the TESCO

enhancer element was found to be modified in cells from XX

masculinized individuals [Lybæk et al., 2014]. The authors speculate

that the RevSex duplication was acting to induce long-range epige-

netic changes including a more open chromatin landscape at the

TESCO element resulting in the upregulation of SOX9 expression.

The analyses of furtherDSDpatientswith duplications or deletions of

this region should delimit further the minimal region involved and

provide insights into the mechanism of sex-reversal. Moreover, the

description of two novel duplications of this region, in two different

families, suggests that it is likely to be a recurrent genetic cause of 46,

XX-SRY negative males in humans although the exact mechanism of

duplications/deletions remains to be elucidated.
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Discussion	
  of	
  publication	
  

	
  

In	
   mice	
   the	
   decision	
   of	
   the	
   bipotential	
   gonad	
   to	
   develop	
   towards	
   the	
   male	
  

determination	
  pathway	
  is	
  directed	
  by	
  the	
  synergistic	
  action	
  of	
  Sry	
  with	
  Nr5a1	
  to	
  

upregulate	
  Sox9	
   expression	
  via	
  Tesco	
   (the	
   testis	
   specific	
   Sox9	
  enhancer).	
  Tesco	
  

lies	
  13kb	
  upstream	
  of	
  Sox9	
  (Sekido	
  and	
  Lovell-­‐Badge,	
  2008).	
  However,	
  in	
  human	
  

cases	
   of	
  DSD	
  mutations	
   in	
  Tesco	
   have	
  not	
   been	
   reported	
  until	
   now.	
  A	
  possible	
  

explanation	
  is	
  the	
  existence	
  of	
  additional	
  regulatory	
  elements	
  involved	
  in	
  gonad	
  

specific	
   regulation	
   of	
   SOX9.	
   Data	
   obtained	
   until	
   now	
   indicate	
   that	
   RevSex,	
   a	
  

region	
   around	
   600kb	
   upstream	
   of	
   SOX9,	
   is	
   critical	
   for	
   its	
   expression	
   during	
  

human	
  gonad	
  development.	
  We	
  identified	
  duplications	
  in	
  this	
  region	
  associated	
  

with	
  3	
  cases	
  of	
  46,XX	
  DSD.	
  These	
  duplications	
  and	
  previously	
  published	
  reports	
  

helped	
  to	
  redefine	
  a	
  minimal	
  critical	
  region	
  of	
  around	
  40kb	
  associated	
  with	
  XX	
  

sex-­‐reversal.	
   How	
   the	
   rearrangements	
   of	
   this	
   region	
   impact	
   the	
   expression	
   of	
  

SOX9	
  remains	
  to	
  be	
  studied.	
  Importantly,	
  in	
  silico	
  analysis	
  of	
  this	
  region	
  revealed	
  

the	
  presence	
  of	
   two	
  binding	
   sites	
   for	
   important	
   factors	
   involved	
   in	
   early	
   testis	
  

formation:	
   SRY,	
  WT1,	
   SOX9,	
   NR5A1,	
   LHX9	
   and	
   DMRT1.	
   DMRT1	
   binds	
   to	
   Sox9	
  

regulatory	
   sequences	
   in	
   vitro	
   and	
   in	
   vivo,	
   and	
   to	
   regulatory	
   sequences	
   of	
  

feminizing	
   genes	
   including	
   Foxl2	
   (Matson	
   et	
   al.,	
   2011;	
   Murphy	
   et	
   al.,	
   2010),	
  

suggesting	
  its	
  involvement	
  in	
  the	
  initiation	
  and	
  maintenance	
  of	
  male	
  cell	
  fate	
  by	
  

activation	
   of	
   Sox9	
   and	
   possible	
   suppressing	
   Foxl2.	
   The	
   presence	
   of	
   DMRT1	
  

binding	
  sites	
  within	
   the	
  duplication	
  region	
   in	
  RevSex,	
   raises	
   the	
  possibility	
   that	
  

regulation	
  by	
  DMRT1	
  could	
  be	
  linked	
  to	
  the	
  sex	
  reversal	
  phenotype	
  through	
  its	
  

activation. 
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  Derivation	
  of	
  a	
  steroidogenic	
  like	
  cell	
  lineage	
  from	
  mESCs.	
  

	
  

	
  

Introduction	
  

	
  

In	
   vivo	
  model	
   systems	
   have	
   been	
   useful	
   to	
   study	
   sex	
   determination	
   and	
   testis	
  

development	
   in	
   the	
   embryo.	
  Moreover,	
   the	
   existence	
  of	
   transgenic	
  models	
   and	
  

knock	
   out	
   mice	
   has	
   considerably	
   increased	
   our	
   knowledge	
   in	
   the	
   subject	
  

(Vaiman,	
  2003).	
  However	
  in	
  vivo	
  models	
  are	
  complex	
  to	
  analyze	
  and	
  demanding	
  

to	
  maintain.	
   In	
   the	
  other	
  hand,	
   in	
  vitro	
  model	
  systems	
  have	
  been	
  used	
  to	
  study	
  

biochemical	
   and	
   genomic	
   effects	
   of	
   hormones,	
   however	
   most	
   of	
   them	
   are	
  

unresponsive	
   to	
   androgens	
   under	
   culture	
   conditions	
   or	
   showed	
   low	
   levels	
   of	
  

response	
   (Nurmio	
   et	
   al.,	
   2009;	
   Gassei	
   and	
   Schlatt,	
   2007).	
   Although	
   Sertoli	
   cell	
  

lines	
  have	
  been	
  immortalized,	
  they	
  loss	
  their	
  unique	
  characteristics	
  during	
  long	
  

periods	
  of	
  culture,	
  they	
  do	
  not	
  bind	
  to	
  spermatids	
  in	
  vitro,	
  cannot	
  maintain	
  SSCs,	
  

they	
  loose	
  expression	
  of	
  Sertoli	
  markers	
  and	
  their	
  genomes	
  are	
  unstable	
  (Wolski	
  

et	
   al.,	
   2007;	
   Hofmann	
   et	
   al.,	
   1992;	
   Cory	
   et	
   al.,	
   2007;	
   Knower	
   et	
   al.,	
   2007).	
  

Recently,	
  a	
  model	
  system	
  was	
  derived	
  by	
  the	
  reprograming	
  of	
  mouse	
  embryonic	
  

fibroblasts	
  to	
  induced	
  embryonic	
  Sertoli	
  like	
  cells	
  (ieSCs)	
  by	
  the	
  induction	
  of	
  five	
  

transcription	
  factors:	
  Sox9,	
  Gata4,	
  Dmrt1,	
  Nr5a1	
  and	
  Wt1	
  (Buganim	
  et	
  al.,	
  2012).	
  

Altough	
   ieSCs	
   have	
   a	
   similar	
   expression	
   pattern	
   to	
   fetal	
   Sertoli	
   cells,	
   a	
   normal	
  

karyotype,	
   can	
   aggregate,	
   form	
   tubule	
   like	
   structures	
   and	
   are	
   able	
   to	
  maintain	
  

germ	
   cells	
   in	
   culture.	
   ieSCs	
   lose	
   their	
   Sertoli	
   cell	
   characteristics	
  when	
   induced	
  

expression	
  was	
  removed	
  during	
  long	
  periods	
  of	
  culture.	
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Given	
   the	
   lack	
  of	
   an	
  appropriate	
  model	
   system	
   to	
   study	
   cell	
   fate	
   choice	
  during	
  

gonad	
   determination	
   and	
   therefore	
   DSD	
   our	
   objective	
   is	
   to	
   develop	
   a	
   cell	
   line	
  

that	
  may	
  mimic	
   the	
   characteristics	
   of	
   the	
   somatic	
   cells	
   of	
   the	
   testis	
   during	
   the	
  

early	
   development.	
   Using	
   murine	
   embryonic	
   stem	
   cells	
   (mESCS)	
   we	
   have	
  

derived	
  a	
  mESC	
  stable	
   cell	
   line	
  overexpressing	
  DMRT1,	
  which	
  we	
  are	
   studying	
  

further	
  for	
  its	
  ability	
  to	
  differentiate	
  into	
  the	
  fetal	
  Sertoli	
  like	
  cells.	
  	
  

	
  
	
  
	
  

Materials	
  and	
  methods	
  

	
  
	
  
Cell	
  culture.	
  
	
  
E14	
   mESCs	
   were	
   seeded	
   in	
   gelatin	
   coated	
   flasks,	
   and	
   cultured	
   in	
   DMEM	
  

+10%FBS	
  +	
   LIF	
   (ESG1107).	
   Cells	
  were	
   split	
   every	
   two	
  days	
   to	
   1.2x106	
   cells	
   in	
  

25cm2	
   flasks.	
   E14	
   mESCs	
   were	
   kept	
   in	
   culture	
   for	
   at	
   least	
   3	
   passages	
   before	
  

electroporation.	
  	
  

	
  

Plasmid	
  construction	
  

	
  

Plasmid	
   pCDNA6A-­‐DMRT1-­‐myc	
   with	
   blasticidin	
   resistance	
   was	
   obtained	
   by	
  

subcloning	
   DMRT1	
   from	
   a	
   T7-­‐DMRT1	
   vector	
   (gift	
   from	
   Pr.	
   David	
   Zarkower,	
  

University	
  of	
  Minnesota)	
   into	
  pCDNA6A-­‐myc	
  (Life	
   technologies	
  V220-­‐20)	
  using	
  

the	
  restriction	
  sites	
  NotI	
  and	
  XbaI.	
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Electroporation.	
  
	
  
pCDNA6A-­‐DMRT1-­‐myc	
   was	
   linearized	
   using	
   StuI	
   enzyme.	
   The	
   digestion	
   was	
  

verified	
  by	
  agarose	
  gel	
  electrophoresis.	
  The	
   linearized	
  plasmid	
  was	
  excised	
  out	
  

of	
  the	
  gel	
  and	
  purified	
  using	
  Gel	
  extraction	
  kit	
  	
  (Thermo:	
  K0509).	
  E14	
  WT	
  mESCs	
  

were	
  passaged	
  twice	
  before	
  electroporation;	
  1x107	
  cells	
  in	
  electroporation	
  buffer	
  

(BioRad	
  165-­‐2677)	
  were	
  electroporated	
  with	
  100μg	
  of	
  linear	
  pCDNA6A-­‐DMRT1-­‐

myc.	
  Electroporation	
  was	
  performed	
  using	
  a	
  Biorad	
  Gene	
  Pulser	
  Xcell	
  machine	
  

under	
  conditions:	
  240V,	
  500μF,	
  TC∞.	
  Recovered	
  cells	
  were	
  seeded	
  in	
  previously	
  

gelatinized	
   plates	
   and	
   incubated	
   24hrs	
   before	
   changing	
   to	
   selection	
   medium	
  

with	
   blasticidin	
   (Fisher	
   Sc.	
   BP2647-­‐100).	
   Cells	
  were	
   selected	
   for	
   12	
   days	
   until	
  

colonies	
   were	
   formed.	
   Individual	
   colonies	
   were	
   picked	
   and	
   transferred	
   to	
   96	
  

well	
   plates	
   and	
   expanded	
   until	
   confluent,	
   after	
   which	
   they	
   were	
   seeded	
   in	
  

duplicates	
  in	
  6	
  well	
  plate	
  and	
  frozen	
  with	
  10%DMSO.	
  	
  

	
  

Thawing	
  cell	
  lines.	
  

	
  

Cells	
  were	
  thawed	
  in	
  water	
  bath	
  by	
  gently	
  shaking.	
  Resuspended	
  in	
  5mls	
  of	
  pre	
  

warmed	
  DMEM	
   and	
   centrifuged	
   (850rpm-­‐	
   2min).	
   Pellets	
  were	
   resuspended	
   in	
  

DMEM-­‐complete	
   +	
   LIF	
   and	
   seeded	
   onto	
   25cm2	
   flasks	
   pre-­‐coated	
   with	
   0.1%	
  

gelatin.	
  After	
  24hrs	
  medium	
  was	
  changed	
  to	
  DMEM	
  with	
  blasticidin.	
  

	
  

Genetic	
  screening	
  of	
  clones	
  
	
  
Genomic	
   DNA	
   was	
   extracted	
   from	
   the	
   recovered	
   ES	
   clones	
   using	
   ESCs	
   lysis	
  

buffer,	
  as	
  described	
  previously	
  (Ramírez-­‐Solis	
  et	
  al.,	
  1993).	
  

The	
   oligos	
   for	
   the	
   screening	
   PCR	
   were	
   designed	
   from	
   exon	
   2	
  

(GGGACGTATGGTCATCCAGG)	
   to	
   exon	
   3	
   (TCTCCATGTTCTTCATCTGCCA)	
   of	
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DMRT1	
  gene	
  and	
  PCR	
  reactions	
  were	
  performed	
  using	
  TAQ	
  Polymerase	
  BIOLINE	
  

(B1021040).	
  

	
  

PCR	
  conditions:	
  

95C	
  –	
  1min	
  

(95C-­‐30	
  secs,	
  60.6C-­‐30secs,	
  72C-­‐30secs)	
  x28	
  

72C	
  -­‐	
  3	
  min	
  

10C	
  ∞	
  

	
  
	
  
Protein	
  analysis	
  
	
  
Whole	
   protein	
   lysate	
   were	
   extracted	
   by	
   incubating	
   cells	
   with	
   IP	
   lysis	
   buffer	
  

(Thermo:	
   87788)	
   and	
  protease	
   inhibitor	
   (Life	
  Tech:	
   78429)	
   for	
   15	
  min	
   at	
   4°C,	
  

centrifuged	
  at	
  11000	
  rpm,	
  and	
  the	
  supernatant	
  transferred	
  to	
  a	
  clean	
  eppendorf	
  

tube.	
   Proteins	
   were	
   quantified	
   with	
   a	
   Bradford	
   assay	
   and	
   equal	
   amounts	
   of	
  

protein	
   for	
  each	
  clone	
  were	
  denatured	
  and	
  migrated	
  on	
  a	
  10%	
  acrylamide	
  gel.	
  

Proteins	
  were	
   transferred	
   to	
  PVDF	
  membrane,	
   blocked	
  with	
  5%	
  milk	
   in	
  TBST,	
  

incubated	
  over	
  night	
  with	
  primary	
  antibody	
  against	
  DMRT1	
  (ab126741)	
  and	
  one	
  

hour	
  with	
  secondary	
  antibody	
  (ab6721).	
  Western	
  blots	
  were	
  revealed	
  using	
  ECL	
  

reagent.	
  	
  

	
  
	
  
Immunocytochemistry.	
  
	
  
E14-­‐DMRT1.4	
  and	
  E14DMRT1.6	
  cell	
   lines	
  were	
  seeded	
   in	
  gelatin	
  coated	
  8	
  well	
  

chamber	
  slides	
  at	
  a	
  concentration	
  of	
  105	
  cells	
  /ml.	
  48hrs	
   later,	
  cells	
  were	
   fixed	
  

using	
  4%PFA	
  (MSDS:	
  15735-­‐605),	
  blocked	
   for	
  15	
  min,	
   and	
   incubated	
  1hr	
  with	
  

primary	
   antibody	
   (rabbit	
   pab	
   DMRT1:	
   ab126741),	
   washed	
   3X	
   with	
   PBS,	
  

incubated	
  with	
   secondary	
   antibody	
   (488	
  goat	
   anti	
   rabbit:	
   a11034)	
  washed	
  3X,	
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covered	
  with	
   an	
   antifading	
   reagent	
  with	
  DAPI	
   (Life	
  Tech:	
   P36931)	
   and	
   sealed.	
  

The	
  cells	
  were	
  visualized	
  using	
  a	
  microscope	
  Leica	
  DM1	
  4000B	
  with	
  an	
  objective	
  

40X,	
   and	
   using	
   the	
   software	
   LAS	
   V4.3,	
   pictures	
   were	
   analyzed	
   with	
   the	
   same	
  

software.	
  

	
  
	
  
	
  

Results	
  

	
  

We	
   have	
   recovered	
   more	
   than	
   10	
   clones	
   that	
   were	
   positive	
   for	
   transfected	
  

DMRT1	
   in	
   PCR	
   screening	
   (ResultsFig-­‐3A).	
   From	
   these,	
   4	
   were	
   positive	
   for	
  

DMRT1	
   protein	
   expression	
   as	
   confirmed	
   by	
  WB	
   (ResultsFig-­‐3B).	
   The	
   two	
   cell	
  

lines	
  with	
   higher	
  DMRT1	
  protein	
   expression	
   (Cell	
   lines	
   4	
   and	
  6)	
  were	
   used	
   to	
  

continue	
  and	
  confirm	
  the	
  stability	
  of	
   the	
  transgene,	
  we	
  froze	
  and	
  thawed	
  these	
  

clones	
   twice	
   and	
   tested	
   for	
   the	
   expression	
  of	
   the	
   transgene	
  after	
   every	
   freeze-­‐

thaw	
  cycle.	
  Both	
  cells	
  lines	
  were	
  also	
  analyzed	
  by	
  immunocytochemistry	
  to	
  study	
  

the	
  correct	
  expression	
  and	
  cellular	
  localization	
  of	
  exogenous	
  DMRT1	
  (ResultsFig-­‐

3C).	
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Figure	
  Results3.	
  E14	
  DMRT1	
  screening.	
  (A)	
  DMRT1	
  PCR	
  screening	
  reaction	
  from	
  genomic	
  DNA	
  of	
  cell	
  
lines	
  E14-­‐DMRT1.4	
  and	
  E14-­‐DMRT1.6	
  (B)	
  Western	
  blot	
  of	
  proteins	
  from	
  cell	
  lines	
  E14-­‐DMRT1.4	
  and	
  
E14-­‐DMRT1.6	
   with	
   a	
   DMRT1	
   antibody	
   (C)	
   Cellular	
   localization	
   of	
   E14-­‐DMRT1	
   cell	
   lines.	
   E14	
  
DMRT1.4	
  and	
  E14	
  DMRT1.6	
  cell	
  lines	
  were	
  fixed	
  and	
  stained	
  with	
  a	
  DMRT1	
  antibody.	
  Both	
  cell	
  lines	
  
overexpress	
  DMRT1	
  (green)	
  and	
  can	
  localize	
  to	
  the	
  nucleus	
  (DAPI/blue	
  stained).	
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Conclusion	
  and	
  Perspectives	
  

	
  
The	
  E14-­‐DMRT1	
  cell	
  lines	
  are	
  being	
  tested	
  for	
  their	
  suitability	
  to	
  give	
  rise	
  to	
  fetal	
  

Sertoli	
  like	
  cells	
  in	
  collaboration	
  with	
  Prof.	
  Robin	
  Lovell-­‐Badge	
  (Institute	
  Crick),	
  

whose	
  lab	
  is	
  developing	
  protocols	
  to	
  derived	
  SCs	
  from	
  murine	
  pluripotent	
  cells	
  

using	
  conditioned	
  medium	
  with	
  added	
  growth	
  factors.	
  These	
  protocols	
  are	
  being	
  

tested.	
  Once	
  the	
  protocol	
  and	
  medium	
  are	
  optimized,	
  the	
  E14-­‐DMRT1	
  cell	
   lines	
  

will	
   be	
  directed	
   to	
  differentiate	
   towards	
   the	
   fetal	
   Sertoli	
   like	
   cell	
   lineages.	
   The	
  

resultant	
   population	
   will	
   be	
   compared	
   for	
   their	
   expression	
   pattern	
   of	
   fetal	
  

Sertoli	
  cell	
  markers	
  by	
  qPCR	
  as	
  compared	
  to	
  cells	
  from	
  the	
  embryonic	
  gonad	
  of	
  

the	
  Nr5a1-­‐GFP	
   transgenic	
  mouse.	
   The	
   cell	
   lines	
  will	
   also	
   be	
   assessed	
   for	
   their	
  

ability	
  to	
  produce	
  AMH.	
  Once	
  confirmed	
  we	
  will	
  immortalize	
  the	
  appropriate	
  cell	
  

lines	
   to	
   give	
  us	
   a	
  model	
   system	
   to	
  use	
   for	
   studying	
   the	
  effect	
  of	
   the	
  mutations	
  

causing	
  errors	
  of	
  testis	
  determination.	
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cells	
  that	
  are	
  later	
  recruited	
  to	
  the	
  male	
  gonadal	
  primordium.	
  This	
  suggests	
  that	
  

even	
   when	
   sex	
   developmental	
   mechanisms	
   differ,	
   the	
   key	
   regulators	
   may	
   be	
  

conserved.	
  

	
  

In	
  mouse	
  Dmrt1	
   is	
   not	
   essential	
   for	
   primary	
   sex	
  determination,	
  Dmrt1	
   null	
   XY	
  

mice	
  are	
  born	
  with	
  testis,	
  however	
  they	
  undergo	
  testicular	
  dysgenesis	
  2	
  weeks	
  

after	
  birth	
   (Raymond	
  et	
  al.,	
  2000).	
  The	
  ablation	
  of	
  Dmrt1	
   in	
  mice	
  adult	
  gonads	
  

results	
  in	
  the	
  transdifferentiation	
  of	
  Sertoli	
  cells	
  into	
  Granulosa	
  cells	
  with	
  Foxl2	
  

expression	
  (Matson	
  et	
  al.,	
  2011).	
  Concordantly,	
  forced	
  expression	
  of	
  Dmrt1	
  in	
  XX	
  

mice	
   fetal	
   gonads	
   results	
   in	
   repression	
   of	
   Wnt4	
   and	
   Foxl2	
   expression,	
   the	
  

activation	
   of	
   Sox9	
   expression	
   and	
   consequent	
   postnatal	
   development	
   of	
   male	
  

internal	
  and	
  external	
  genitalia	
  (Zhao	
  et	
  al.,	
  2015).	
  This	
  suggests	
  that	
  even	
  when	
  

Dmrt1	
   is	
  dispensable	
   for	
  primary	
  sex	
  determination	
   in	
  mice,	
  being	
   functionally	
  

replaced	
   by	
   Sry,	
   it	
   can	
   still	
   act	
   as	
   a	
   primary	
   testis-­‐determining	
   gene	
   when	
  

expressed	
  at	
  right	
  moment.	
  

	
  

In	
   different	
   non-­‐mammalian	
   vertebrates	
   DM	
   genes	
   are	
   located	
   on	
   the	
   sex	
  

chromosome	
  and	
  act	
  as	
  the	
  regulator	
  for	
  sex	
  determination,	
  such	
  as	
  medaka	
  fish	
  

Oryzias	
  latipes	
  where	
  a	
  duplication	
  of	
  the	
  autosomal	
  Dmrt1a	
  lead	
  to	
  creation	
  of	
  a	
  

new	
   Y	
   chromosome	
   on	
   which	
   Dmy	
   act	
   as	
   the	
   male	
   sex	
   determining	
   gene	
  

(Matsuda	
  et	
   al.,	
   2002;	
   Shinomiya	
  et	
   al.,	
   2010),	
   in	
   the	
   amphibian	
  Xenopus	
   laevis	
  

where	
  females	
  have	
  a	
  duplicated	
  copy	
  of	
  Dmrt1	
  (dm-­‐w)	
  on	
  their	
  W	
  chromosome	
  

that	
  block	
  autosomal	
  Dmrt1	
  to	
  specify	
  testis	
  (Yoshimoto	
  et	
  al.,	
  2010).	
  In	
  chicken,	
  

where	
   females	
   are	
   (ZW)	
   and	
   males	
   are	
   homogametic	
   (ZZ)	
   Dmrt1	
   gene	
   is	
   Z-­‐

chromosome	
  linked,	
  thus	
  males	
  have	
  two	
  copies	
  and	
  present	
  a	
  higher	
  expression	
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of	
  Dmrt1	
  in	
  the	
  genital	
  ridge,	
  which	
  is	
  required	
  for	
  testis	
  fate;	
  where	
  as	
  females	
  

have	
  just	
  one	
  copy	
  (Lambeth	
  et	
  al.,	
  2014;	
  Smith	
  et	
  al.,	
  2009).	
  All	
  evidence	
  suggest	
  

that	
  Dmrt1	
  had	
  an	
  ancient	
  role	
  in	
  primary	
  sex	
  determination	
  and	
  development	
  in	
  

vertebrates	
  and	
  that	
  in	
  placental	
  mammals	
  the	
  function	
  of	
  Drmt1	
  in	
  primary	
  sex	
  

determination	
   was	
   recently	
   replaced	
   by	
   Sry	
   and	
   Sox9	
   (Matson	
   and	
   Zarkower,	
  

2012).	
   One	
   possibility	
   is	
   that	
   since	
   Dmrt1	
   participates	
   in	
   different	
   biological	
  

functions	
  (sex	
  determination	
  and	
  sex	
  maintenance),	
  its	
  pleiotropic	
  nature	
  could	
  

have	
  given	
  rise	
  to	
  gene	
  duplication	
  events,	
  which	
  may	
  have	
  lead	
  to	
  (i)	
  divergence	
  

of	
   DM	
   genes	
   and	
   functions	
   and	
   (ii)	
   other	
   genes	
   such	
   as	
   Sry	
   to	
   replacing	
   its	
  

function.	
  

	
  

We	
   identified	
   and	
   characterized	
   a	
  de	
  novo	
  point	
  mutation	
   in	
  DMRT1,	
  which,	
   to	
  

our	
  knowledge,	
  is	
  the	
  only	
  human	
  mutation	
  known	
  that	
  abolishes	
  the	
  specificity	
  

and	
   changes	
   the	
   mechanism	
   of	
   the	
   DNA-­‐protein	
   interaction	
   by	
   the	
   DMRT1	
  

protein.	
  This	
  mutation	
  interferes	
  with	
  DNA-­‐binding	
  by	
  altering	
  the	
  stoichiometry	
  

of	
  DMRT1,	
  resulting	
  in	
  the	
  misregulation	
  of	
  downstream	
  targets	
  of	
  DMRT1.	
  For	
  

example,	
   the	
  DM	
  binding	
   sites	
   in	
   Sox9	
   sequence	
   are	
   recognized	
   and	
   bound	
   by	
  

WT-­‐DMRT1	
  as	
  a	
  trimer,	
  whereas	
  mutant	
  DMRT1	
  weekly	
  recognizes	
  these	
  sites.	
  

Moreover,	
  when	
  mixed	
   both	
  WT	
   and	
  mutant	
  DMRT1	
   proteins,	
   the	
   recognition	
  

has	
   higher	
   affinity	
   but	
   the	
   stoichiometry	
   is	
   shifted	
   from	
   trimer	
   to	
   a	
   tetramer	
  

complex.	
  This	
  mutation	
  indicates,	
  in	
  contrast	
  to	
  the	
  mouse,	
  a	
  role	
  for	
  DMRT1	
   in	
  

human	
  primary	
  sex	
  determination.	
  The	
  apparent	
  lack	
  of	
  a	
  requirement	
  for	
  Dmrt1	
  

in	
   mouse	
   sex-­‐determination	
   may	
   be	
   the	
   exception	
   rather	
   then	
   the	
   rule	
   in	
  

mammalian	
   sex-­‐determination	
   although	
   this	
   needs	
   to	
   be	
   experimentally	
  

evaluated.	
  For	
  example,	
  in	
  the	
  goat	
  DMRT1	
  may	
  control	
  SOX9	
  expression.	
  In	
  XX	
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goats	
   lacking	
  FOXL2,	
   the	
  DMRT1	
   gene	
   is	
   expressed	
   before	
  SOX9.	
   (Elzaiat	
   et	
   al.,	
  

2014).	
  This	
  suggests,	
  albeit	
   indirectly,	
   that	
  DMRT1	
   could	
  be	
  sex-­‐determining	
   in	
  

the	
  goat.	
  Although	
  a	
  formal	
  proof	
  of	
  this	
  is	
  required	
  for	
  this.	
  	
  

	
  

As	
   well	
   as	
   SRY,	
   other	
   members	
   of	
   the	
   SOX	
   transcription	
   factor	
   family	
   play	
   a	
  

major	
  role	
   in	
  multiple	
  developmental	
  processes	
   including	
  early	
  embryogenesis,	
  

gastrulation,	
   organogenesis	
   and	
   during	
   specification	
   and	
   differentiation	
   of	
  

various	
   cell	
   types.	
   Sox	
   genes	
   arose	
   in	
   evolution	
   before	
   multicellularity	
   since	
  

Monosiga	
  brevicollisa	
  an	
  unicellular	
  choanoflagellate,	
  has	
  two	
  Sox-­‐like	
  genes	
  with	
  

HMG	
   domains	
   exhibiting	
   49-­‐50%	
   amino	
   acid	
   identity	
   to	
   the	
   HMG	
   domain	
   of	
  

mouse	
  Sry	
  and	
  human	
  SRY	
  (Guth	
  and	
  Wegner,	
  2008).	
  As	
  Sox	
  genes	
  are	
  randomly	
  

distributed	
  and	
  there	
  is	
  no	
  a	
  cluster	
  of	
  Sox	
  genes,	
  it	
  seems	
  that	
  divergence	
  of	
  Sox	
  

seems	
   to	
  have	
  arise	
   from	
  tandem	
  duplication	
  events	
   (Bowles	
  et	
  al.,	
  2000).	
  The	
  

generation	
   of	
   new	
   copies	
   of	
   Sox	
   genes	
   has	
   caused	
   the	
   partition	
   of	
   conserved	
  

function	
  by	
  several	
  Sox	
  proteins.	
  Genes	
  in	
  the	
  same	
  subgroup,	
  besides	
  having	
  a	
  

high	
  similarity	
  at	
  DNA	
  sequence	
  and	
  protein	
  level,	
  often	
  have	
  overlapping	
  if	
  not	
  

identical	
   expression	
   patterns.	
   This	
   is	
   observed	
   in	
   SoxE	
   subgroup	
   where	
   Sox8,	
  

Sox9	
   and	
  Sox10	
   are	
   expressed	
   in	
   somatic	
   cells	
   of	
   the	
  developing	
   gonads	
  of	
   the	
  

vertebrates	
   in	
   a	
  male-­‐specific	
   sexually	
  dimorphic	
  pattern.	
  Sox9	
   initiates	
   Sertoli	
  

cell	
   differentiation,	
   testis	
   cords	
   formation,	
   and	
   overall	
   testis	
   development.	
  

However,	
   Sox8	
   and	
   Sox10	
   are	
   also	
   expressed	
   in	
   the	
   developing	
   male	
   gonad	
  

(Barrionuevo	
  and	
  Scherer,	
  2010).	
  Sox8	
  reinforces	
  Sox9	
  expression	
  during	
  testis	
  

differentiation	
   and	
   has	
   also	
   a	
   role	
   during	
   adult	
   Sertoli	
   cell	
   maintenance	
   and	
  

Sox10	
   overexpression	
   is	
   implicated	
   in	
   XX	
   sex	
   reversal	
   not	
   only	
   in	
  mice	
   but	
   in	
  

human	
  46,XX	
  DSD	
  with	
  duplications	
  of	
  22q13.1	
   that	
   include	
  SOX10	
   (Polanco	
  et	
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al.,	
  2010).	
  Moreover,	
  in	
  XX	
  mice	
  lacking	
  Sox9	
  and	
  ovary	
  determining	
  genes	
  such	
  

as	
   Rspo1	
   or	
   b-­‐catenin,	
   Sox8	
   expression	
   seems	
   to	
   be	
   enough	
   to	
   induce	
   testis	
  

differentiation	
   (Lavery	
   et	
   al.,	
   2012;	
   Nicol	
   and	
   Yao,	
   2015;	
   Barrionuevo	
   et	
   al.,	
  

2009).	
   This	
   suggests	
   that	
   the	
   functional	
   redundancy	
   between	
   SoxE	
  members	
  

during	
   testis	
   development	
   is	
   a	
   biological	
   strategy	
   to	
   reinforce	
   male	
   sex	
  

developmental	
  pathway	
  in	
  the	
  developing	
  gonad.	
  

	
  

During	
  the	
  course	
  of	
   this	
  work	
  we	
  identified	
  a	
  number	
  of	
  mutations	
   in	
  SOX8	
   in	
  

individuals	
  with	
  unexplained	
  cases	
  of	
  DSD	
  and	
  both	
  male	
  and	
  female	
  infertility.	
  

Of	
   special	
   interest	
   was	
   a	
   point	
  mutation	
   in	
   SOX8	
   in	
   a	
   patient	
   presenting	
   with	
  

46,XY	
   CGD.	
   The	
   heterozygous	
   mutation	
   c.468G>C	
   changed	
   a	
   highly	
   conserved	
  

residue	
  p.E156D	
  in	
  the	
  HMG	
  domain	
  of	
  SOX8.	
  Functional	
  characterization	
  of	
  this	
  

mutation,	
  showed	
  that	
  both	
  wild-­‐type	
  and	
  SOX8	
  p.Glu156Asp	
  have	
  the	
  ability	
  to	
  

transactivate	
  the	
  Sox9	
  Tesco	
  enhancer	
  element,	
  however,	
  the	
  SOX8p.Glu156Asp	
  

specifically	
   failed	
   to	
  synergize	
  with	
  NR5A1	
   to	
   transactivate	
   the	
  Tesco	
   enhancer	
  

even	
   though	
   SOX8	
   and	
   NR5A1	
   proteins	
   can	
   physically	
   bind	
   to	
   each	
   other.	
  

Moreover,	
   SOX8p.E156D	
   exerts	
   a	
   dominant	
   negative	
   effect	
   by	
   preventing	
  

synergistic	
  activation	
  of	
  Tesco	
  enhancer	
  by	
  NR5A1	
  and	
  wild-­‐type	
  SOX8	
  as	
  well	
  as	
  

by	
   NR5A1	
   and	
   SOX9.	
   Our	
   results	
   suggest	
   that	
   SOX8	
   has	
   not	
   only	
   a	
   similar	
  

expression	
   pattern	
   to	
   SOX9	
   but	
   also	
   an	
   overlapping	
   function	
   during	
   human	
  

gonadal	
   development,	
   revealing	
   the	
  molecular	
   and	
   genetic	
  mechanisms	
  played	
  

by	
  SOXE	
  members	
  during	
  this	
  process,	
  and	
  moreover	
  associates	
  pathogenic	
  SOX8	
  

mutations	
  to	
  human	
  DSD.	
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Using	
  WES	
  we	
  have	
  identified	
  two	
  new	
  point	
  mutations	
  in	
  SOX7	
  associated	
  with	
  

two	
  individuals	
  presenting	
  with	
  46,XY	
  DSD.	
  SOX7	
  has	
  an	
   important	
  role	
  during	
  

different	
   developmental	
   processes.	
   During	
   vascular	
   development,	
   Sox7	
   has	
  

overlapping	
  expression	
  with	
  vascular	
  markers	
  such	
  as	
  Flk-­‐1	
  (the	
  major	
  receptor	
  

of	
  vascular	
  endothelial	
  growth	
  factor	
  VEGF)	
  in	
  the	
  endothelial	
  precursors.	
  In	
  this	
  

cell	
   population	
   the	
   expression	
   of	
   cardiac	
   transcription	
   factors	
   such	
   as	
   Gata4	
  

emerge.	
   Importantly,	
   differences	
   in	
  Sox7	
   regulation	
   affect	
   the	
   cell	
   fate	
  decision	
  

between	
  cardiac	
  and	
  vascular	
  pathways	
  by	
  controlling	
  Wnt/β-­‐catenin	
  signaling	
  

pathway	
  (Nelson	
  et	
  al.,	
  2009),	
  where	
  SOX7	
  has	
  an	
  inhibitory	
  effect	
  of	
  β-­‐catenin	
  

through	
   its	
   c-­‐TAD	
   domain	
   and	
   thereby	
   negatively	
   regulates	
   Wnt	
   signaling	
  

pathway	
   (Guo	
   et	
   al.,	
   2008).	
   In	
   male	
   gonads,	
   testis	
   genes	
   act	
   to	
   repress	
   their	
  

feminizing	
   counterparts;	
  β-­‐catenin,	
   Gata4	
   and	
   Gata6	
   play	
   important	
   sexually	
  

dimorphic	
  roles	
  during	
  gonad	
  development;	
   it	
   is	
  possible	
  that	
  SOX7	
  may	
  play	
  a	
  

regulating	
   role	
   of	
   these	
   genes	
   in	
   male	
   gonads	
   and	
   that	
   hemizygocity	
   of	
   SOX7	
  

caused	
   by	
   p.D211A	
   or	
   p.Y381H	
   might	
   result	
   in	
   the	
   misregulation	
   of	
   its	
   gene	
  

targets	
  and	
  thus	
  DSD.	
  Our	
  functional	
  assays	
  demonstrated	
  that	
  the	
  heterozygous	
  

mutation	
   SOX7p.D211A	
   abolishes	
   the	
   synergistic	
   activation	
   of	
   Sox9	
  expression	
  

via	
   TESCO	
   by	
   SOX7-­‐NR5A1	
   complex.	
   This	
   suggests	
   that	
   mutant	
   SOX7	
   could	
  

abolish	
  the	
  correct	
  binding	
  of	
  other	
  SOX	
  proteins	
  which	
  are	
  normally	
  activating	
  

Tesco	
   at	
   important	
   stages	
   of	
   sex	
   determination	
   or	
   development,	
   for	
   example	
  

when	
   SOX9	
   is	
   being	
   highly	
   induced	
   or	
   to	
   maintain	
   its	
   level	
   of	
   expression	
   in	
  

Sertoli	
  cells.	
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In	
   mouse	
   expression	
   data	
   available	
   shows	
   that	
   Sox7	
   is	
   expressed	
   only	
   in	
   the	
  

endothelial	
   cells	
  of	
   the	
  developing	
  gonad	
  and	
   it	
   expression	
   can	
  be	
  detected	
  on	
  

RNA	
   seq	
   data	
   from	
   E13	
   in	
   the	
   testis.	
   However,	
   in	
   humans	
   there	
   is	
   no	
   current	
  

evidence	
  about	
  SOX7	
  expression	
  in	
  the	
  developing	
  gonads,	
  but	
  we	
  know	
  that	
  it	
  is	
  

expressed	
  in	
  adult	
  Sertoli	
  cells	
  and	
  Leydig	
  cells.	
  it	
  could	
  be	
  possible	
  that	
  SOX7	
  is	
  

expressed	
  in	
  human	
  embryonic	
  Sertoli	
  cells	
  or	
  Leydig	
  cells,	
   if	
  so,	
  our	
  functional	
  

assays	
   showing	
   absence	
   of	
   interaction	
   with	
   NR5A1	
   at	
   Tesco,	
   would	
   suggest	
   a	
  

mechanism	
  by	
  which	
  the	
  mutations	
  in	
  SOX7	
  could	
  be	
  linked	
  to	
  DSD.	
  However,	
  if	
  

SOX7	
  is	
  expressed	
  only	
  in	
  the	
  endothelial	
  cells	
  in	
  the	
  male	
  developing	
  gonads,	
  it	
  

could	
   be	
   possible	
   that	
   mutant	
   SOX7	
   misregulates	
   the	
   downstream	
   targets	
   for	
  

vascularization	
   in	
   the	
   early	
   testicular	
   development	
   and	
   may	
   perturb	
   the	
  

testicular	
  architecture	
  and	
  this	
  could	
  result	
  in	
  dysgenic	
  testis.	
  	
  

	
  

As	
   SOX7	
   is	
   known	
   to	
   directly	
   regulate	
   GATA	
   factors	
   expression	
   during	
  

differentiation	
  of	
  parietal	
  endoderm	
  (Murakami	
  et	
  al.,	
  2004;	
  Costa	
  et	
  al.,	
  2012),	
  

and	
   GATA	
   factors	
   are	
   key	
   genes	
   in	
   testis	
   development,	
   it	
   is	
   also	
   possible	
   that	
  

SOX7	
   mutations	
   impair	
   GATA	
   factors	
   activation	
   in	
   the	
   testis.	
   Experiments	
   to	
  

verify	
  this	
  using	
  transient	
  gene	
  activation	
  assays	
  would	
  be	
  useful	
  to	
  answer	
  this	
  

question.	
   Moreover,	
   further	
   analysis	
   of	
   the	
   effect	
   of	
   SOX7p.Y381H	
   on	
   the	
  

biological	
   activity	
   of	
   SOX7,	
   such	
   as	
   the	
   activation	
   of	
   different	
   genes	
   and	
  

regulatory	
  elements	
   important	
   for	
  sex	
  determination	
  such	
  as	
  TESCO,	
  AMH,	
  and	
  

NR5A1	
   are	
   needed	
   and	
   currently	
   undergoing.	
   Current	
   evidence	
   suggests	
   that	
  

SOX7	
  could	
  be	
  involved	
  in	
  maintaining	
  the	
  integrity	
  of	
  the	
  male	
  gonads.	
  To	
  have	
  a	
  

better	
   understanding	
   of	
   mechanism	
   and	
   role	
   of	
   SOX7	
   in	
   developing	
   human	
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gonads	
   we	
   need	
   to	
   understand	
   the	
   correct	
   spatial	
   and	
   temporal	
   expression	
  

pattern	
  of	
  SOX7.	
  

	
  

GATA4	
   is	
  well	
  known	
   to	
  be	
   involved	
   in	
  murine	
  sex-­‐determination	
   (Viger	
  et	
  al.,	
  

2008).	
  We	
  identified	
  two	
  heterozygous	
  mutations	
  in	
  GATA4	
  associated	
  to	
  46,XY	
  

DSD.	
  The	
   first	
  mutation,	
  GATA4p.D425N,	
  has	
  already	
  been	
  reported	
   in	
  cases	
  of	
  

TOF	
  and	
  CHD	
  without	
  any	
   reported	
  gonadal	
  phenotype	
   (Tomita-­‐Mitchell	
   et	
   al.,	
  

2007;	
  Zhang	
  et	
  al.,	
  2009;	
  Granados-­‐Riveron	
  et	
  al.,	
  2012).	
  Functional	
  analyses	
  of	
  

this	
  mutation	
   show	
  a	
   reduction	
   in	
   the	
   stability	
  of	
   the	
  mutant	
  protein.	
  Reduced	
  

stability	
   of	
   mutated	
   GATA4	
   protein	
   may	
   explain	
   the	
   gonadal	
   or	
   heart	
   defects	
  

seen	
  in	
  association	
  with	
  the	
  mutation	
  due	
  to	
  the	
  gene	
  dosage	
  effects.	
  It	
  has	
  been	
  

shown	
  that	
  the	
  testis	
  determination,	
  at	
  least	
  in	
  mouse,	
  is	
  very	
  sensitive	
  to	
  correct	
  

doses	
  of	
  GATA4	
  as	
  shown	
  by	
  siGata4	
  transgenic	
  mice	
  where	
  efficient	
  silencing	
  of	
  

Gata4,	
  does	
  not	
  show	
  an	
  effect	
  in	
  heart	
  function	
  or	
  development	
  even	
  at	
  very	
  low	
  

levels	
  of	
  Gata4	
  (20-­‐30%	
  of	
  wt),	
  but	
  severely	
  effects	
  the	
  male	
  gonad	
  development.	
  

More	
  importantly	
  in	
  male	
  gonads	
  this	
  reduction	
  results	
  in	
  a	
  significant	
  reduction	
  

of	
   Gata4	
   downstream	
   target	
   such	
   as	
   Amh	
   and	
   StAR.	
   In	
   contrast	
   to	
   the	
   male,	
  

expression	
   of	
  Gata4	
   downstream	
   target	
   in	
   the	
   female	
   gonads	
  was	
   just	
   slightly	
  

altered	
   (Thurisch	
   et	
   al.,	
   2009),	
   suggesting	
   that	
  Gata4	
   acts	
   in	
   a	
  dose	
  dependent	
  

manner	
   during	
   development	
   and	
   testis	
   development	
   is	
   very	
   sensitive	
   to	
   small	
  

changes	
  in	
  gene	
  doses.	
  Similarly	
  to	
  this	
  it	
  is	
  possible	
  that	
  the	
  reduced	
  stability	
  of	
  

the	
   GATA4p.D425N	
   creates	
   haploinsufficiency	
   leading	
   to	
   reduction	
   in	
   the	
  

expression	
  of	
  targets	
  of	
  GATA4,	
  which	
  are	
  needed	
  for	
  testis	
  determination,	
  and	
  

thus	
   results	
   in	
  DSD.	
   In	
   the	
   literature,	
   several	
  mutations	
  have	
  been	
   reported	
   in	
  

patients	
  with	
  cardiac	
  defects	
  and	
  no	
  gonadal	
  phenotype	
  (Tomita-­‐Mitchell	
  et	
  al.,	
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2007;	
   Zhang	
   et	
   al.,	
   2009;	
   Granados-­‐Riveron	
   et	
   al.,	
   2012).	
   This	
   could	
   be	
   due	
   to	
  

two	
   reasons	
   (i)	
   the	
   gonadal	
   development	
   or	
   function	
   in	
   the	
   patients	
   was	
   not	
  

evaluated	
   (ii)	
   these	
   mutations	
   may	
   specifically	
   impair	
   the	
   interaction	
   with	
  

genes/proteins	
  required	
  for	
  cardiac	
  development	
  or	
  function	
  but	
  not	
  that	
  of	
  the	
  

gonad.	
  Previously	
  our	
  lab	
  has	
  also	
  identified	
  a	
  familial	
  case	
  with	
  46,XY	
  DSD	
  and	
  

46,XX	
  with	
  normal	
  ovarian	
  function	
  carrying	
  the	
  mutation	
  in	
  GATA4,	
  where	
  not	
  

all	
  the	
  46,XY	
  DSD	
  individuals	
  had	
  heart	
  anomalies	
  (Lourenço	
  et	
  al.,	
  2011).	
  In	
  this	
  

family	
  the	
  ovaries	
  in	
  46,XX	
  females	
  did	
  not	
  appear	
  to	
  be	
  affected	
  by	
  the	
  mutation	
  

in	
  GATA4.	
  The	
  mutation	
   identified	
  by	
  me,	
  GATA4p.D425N,	
  has	
  been	
  previously	
  

reported	
  in	
  cases	
  of	
  CHD,	
  where	
  the	
  sex	
  of	
  the	
  individuals	
  carrying	
  the	
  mutation	
  

was	
  not	
  reported	
  (Tomita-­‐Mitchell	
  et	
  al.,	
  2007;	
  Zhang	
  et	
  al.,	
  2009).	
  In	
  Granados-­‐

Riveron	
   et	
   al.,	
   2012,	
   the	
   fertile	
   mother	
   (presenting	
   Atrial	
   Septal	
   Defect	
   ASD)	
  

passed	
  the	
  mutation	
  to	
  her	
  two	
  sons	
  who	
  were	
  completely	
  healthy	
  suggesting	
  an	
  

incomplete	
  penetrance	
  of	
  this	
  mutation.	
  	
  

Preliminary	
   analysis	
   of	
   a	
   second	
   mutation	
   GATA4p.S224P	
   showed	
   that	
   the	
  

mutant	
  protein	
  showed	
  a	
  reduction	
  in	
  the	
  activation	
  of	
  the	
  AMH	
  reporter.	
  More	
  

work	
   is	
   needed	
   to	
   determine	
   the	
   exact	
   mechanism	
   and	
   downstream	
   targets	
  

(such	
   as	
   DMRT1	
   and	
   NR5A1)	
   that	
   GATA4p.S224P	
   may	
   affect	
   during	
   sex	
  

determination.	
   Another	
   possibility	
   is	
   that	
   GATA4	
   protein	
   interaction	
   with	
   its	
  

partners	
  NR5A1	
  or	
  FOG2	
  could	
  be	
  altered	
  by	
  p.S224P	
  mutation	
  and	
  may	
  lead	
  to	
  

DSDS.	
  Experiments	
  are	
  currently	
  undergoing	
  to	
  verify	
  this.	
  

We	
  are	
  also	
  aware	
  of	
  the	
  existence	
  of	
  multiple	
  GATA4	
  mutations	
  associated	
  with	
  

46,XY	
   DSD	
   in	
   different	
   laboratories	
   of	
   collaborators.	
   It	
   is	
   possible	
   that	
   GATA4	
  

mutations	
  have	
  a	
  higher	
  contribution	
  to	
  46,XY	
  DSD	
  than	
  what	
  we	
  currently	
  think.	
  

The	
  incidence	
  of	
  GATA4	
  mutations	
  linked	
  to	
  46,XY	
  DSD	
  could	
  be	
  established	
  by	
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systematic	
   analysis	
   and	
   this	
   could	
   lead	
   to	
   better	
   molecular	
   tools	
   for	
   the	
  

identification	
  of	
  causes	
  of	
  DSD.	
  

	
  

SOX9	
  is	
  key	
  during	
  male	
  sex	
  determination	
  in	
  mammals.	
  In	
  mice,	
  Sox9	
  expression	
  

in	
   male	
   gonads	
   is	
   regulated	
   via	
   a	
   testis	
   specific	
   enhancer	
   of	
   SOX9:	
   Tesco.	
  

Although	
   there	
   is	
   a	
   region	
   in	
   human	
   genome,	
   homologous	
   to	
  mouse	
  Tesco,	
  we	
  

still	
   do	
   not	
   understand	
   the	
   precise	
   mechanism	
   how	
   SOX9	
   is	
   regulated	
   in	
   the	
  

human	
   testis.	
   To	
   date	
   there	
   are	
   no	
   published	
   reports	
   of	
   DSD	
   associated	
   with	
  

mutations	
   or	
   rearrangements	
   in	
   the	
   Tesco	
   element.	
   Furthermore,	
   RevSex	
   a	
  

regulatory	
  element	
  of	
  SOX9	
  expression	
  in	
  humans	
  ~600kb	
  upstream	
  of	
  SOX9	
  has	
  

been	
   associated	
   with	
   different	
   cases	
   of	
   DSD	
   (Benko	
   et	
   al.,	
   2011;	
   Vetro	
   et	
   al.,	
  

2011;	
  Xiao	
  et	
  al.,	
  2013;	
  Kim	
  et	
  al.,	
  2015).	
  Using	
  aCGH	
  technology,	
  we	
   identified	
  

three	
   cases	
   of	
   46,XX	
   DSD	
   with	
   duplications	
   that	
   overlap	
   RevSex	
   regulatory	
  

element	
   of	
   SOX9,	
   which	
   in	
   addition	
   to	
   previous	
   reports	
   allowed	
   to	
   delimit	
   the	
  

region	
  associated	
  with	
  46,XX	
  DSD	
  to	
  approximately	
  40kb	
  lying	
  ~600kb	
  upstream	
  

of	
   SOX9	
   initiation	
   site.	
   Interestingly,	
   the	
   duplicated	
   region	
   contains	
   enhancer	
  

elements	
   and	
  multiple	
   conserved	
   binding	
   sites	
   for	
   key	
   factors	
   involved	
   in	
   sex	
  

determination	
   and	
   development	
   including	
   DMRT1.	
   It	
   would	
   be	
   interesting	
   to	
  

determine	
   if	
   DMRT1	
   has	
   a	
   regulatory	
   role	
   for	
   SOX9	
   expression	
   during	
   sex	
  

development	
  or	
  maintenance	
  through	
  this	
  regulatory	
  region	
  in	
  vitro	
  by	
  mutation	
  

of	
  the	
  minimal	
  enhancer	
  region	
  and	
  co-­‐transfection	
  analysis	
  with	
  DMRT1.	
  

	
  

Mammalian	
   gonad	
   development	
   and	
   maintenance	
   is	
   a	
   very	
   complex	
   process	
  

regulated	
   by	
   different	
   genetic	
   and	
   molecular	
   events,	
   where	
   a	
   fine	
   balance	
  

between	
  mutually	
   antagonistic	
   pathways	
   is	
   needed	
   to	
   determine,	
   develop	
   and	
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maintain	
   testis	
   or	
   ovaries.	
   When	
   errors	
   in	
   the	
   molecular	
   network	
   alter	
   the	
  

balance	
   this	
   results	
   in	
   DSD.	
   The	
   detailed	
   genetic	
   analyses	
   of	
   human	
   cases	
   of	
  

errors	
   in	
   sex-­‐determination	
   have	
   been	
   a	
   powerful	
   tool	
   in	
   the	
   identification	
   of	
  

genes	
   involved	
   in	
   sex-­‐determination.	
   SRY	
   was	
   mapped	
   and	
   eventually	
   cloned	
  

through	
   the	
   analyses	
   of	
   XY	
   females	
   with	
   gonadal	
   dysgenesis	
   and	
   XX	
   males	
  

carrying	
   a	
   portion	
  of	
   the	
  Y	
   chromosome	
  on	
  one	
  of	
   their	
   X	
   chromosomes.	
  WT1	
  

and	
   SOX9	
   were	
   identified	
   through	
   the	
   analyses	
   of	
   human	
   chromosomal	
  

rearrangements.	
  Furthermore,	
  others	
  and	
  we	
  have	
  demonstrated	
  a	
  contribution	
  

of	
  NR5A1,	
  GATA4	
  and	
  FOG2	
   in	
  human	
  DSD.	
  The	
  use	
  of	
  -­‐omics	
  technologies	
  such	
  

as	
   exome	
  sequencing	
  has	
   substantially	
   increased	
  our	
  knowledge	
  of	
   the	
  genetic	
  

mutations	
  that	
  can	
  result	
  in	
  an	
  error	
  of	
  sex-­‐determination.	
  The	
  present	
  work	
  has	
  

identified	
  and	
  analyzed	
  mutations	
   in	
   the	
  DMRT1,	
  SOX7,	
  SOX8	
  and	
  GATA4	
   genes,	
  

and	
  the	
  regulatory	
  RevSex	
  region	
  of	
  SOX9	
  and	
  how	
  they	
  impact	
  on	
  DSD.	
  

Although	
   our	
   knowledge	
   has	
   considerably	
   increased	
   last	
   years	
   to	
   understand	
  

early	
   genetic,	
   cellular	
   and	
   morphological	
   events	
   during	
   gonadal	
   development,	
  

the	
  molecular	
  mechanisms	
  involved	
  in	
  human	
  sex	
  determination	
  remain	
  poorly	
  

understood.	
  Different	
  reasons	
  explain	
  this:	
  The	
  existent	
  cellular	
  models	
  we	
  use	
  

for	
   studying	
   sex	
   determination	
   are	
   not	
   accurate	
   and	
   informative	
   enough.	
   The	
  

established	
  cell	
  lines	
  until	
  now	
  do	
  not	
  have	
  precise	
  characteristics	
  of	
  Sertoli	
  cells.	
  

Moreover,	
  the	
  established	
  cell	
  lines	
  and	
  the	
  primary	
  immature	
  and	
  adult	
  Sertoli	
  

cells	
   lose	
   their	
   “Sertoliness”	
  during	
   long	
  periods	
  of	
   culture	
   (Gassei	
   and	
  Schlatt,	
  

2007).	
  In	
  addition,	
  the	
  identification	
  of	
  new	
  genes	
  involved	
  in	
  sex	
  determination	
  

by	
   classical	
   genetic	
   studies	
   of	
   familial	
   cases	
   presenting	
   errors	
   in	
   sex	
  

determination	
   is	
   affected	
   because	
   these	
   cases	
   are	
   infrequent	
   (Ohnesorg	
   et	
   al.,	
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2014).	
  Moreover,	
  sex	
  determination	
  is	
  not	
  a	
  conserved	
  process	
  during	
  evolution	
  

(Bachtrog	
  et	
  al.,	
  2014).	
  

	
  

We	
  are	
  developing	
  protocols	
   for	
  derivation	
  of	
   the	
  steroidogenic	
   lineages	
  of	
   the	
  

testis	
  using	
  mouse	
  embryonic	
  stem	
  (mESs)	
  cells	
  in	
  collaboration	
  with	
  Pr.	
  Robin	
  

Lovell-­‐Badge	
  from	
  Institute	
  Crick.	
  	
  

Once	
   established	
   these	
  protocols	
  would	
  be	
   exploited	
   for	
  development	
  of	
   novel	
  

cellular	
   models	
   based	
   on	
   biomaterial	
   from	
   patients	
   with	
   DSD	
   and	
   their	
  

unaffected	
   family	
   members.	
   Induced	
   pluripotent	
   stem	
   cells	
   (iPSCs)	
   provide	
   a	
  

practical	
   system	
   for	
  directed	
  differentiation	
  of	
   individual	
   specific	
   cells	
   into	
   the	
  

cell-­‐lineages	
   of	
   choice.	
   Furthermore,	
   transdifferentiation	
   approaches	
  may	
   offer	
  

an	
  alternative	
  to	
  iPSCs	
  as	
  they	
  permit	
  the	
  conversion	
  of	
  committed	
  cells	
  into	
  the	
  

lineage	
   of	
   choice,	
  without	
   the	
   added	
  manipulations	
   required	
   to	
   revert	
   them	
   to	
  

the	
  ground	
  state.	
  From	
  a	
  clinical	
  perspective	
  this	
  will	
  lead,	
  in	
  the	
  short	
  term,	
  to	
  

an	
  improved	
  diagnostic	
  approach	
  to	
  DSD	
  and,	
  in	
  the	
  longer	
  term,	
  it	
  could	
  result	
  

in	
  more	
  appropriate	
  knowledge-­‐based	
  therapies.	
  From	
  a	
  developmental	
  biology	
  

perspective	
   the	
   data	
   generated	
   by	
   these	
   approaches	
   should	
   improve	
   our	
  

understanding	
   of	
   the	
   mechanism	
   of	
   gonad	
   formation	
   and	
   the	
   mechanism	
  

underlying	
  the	
  choice	
  of	
  somatic	
  cell	
  sex	
  in	
  humans.	
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ALCs	
   	
   Adult	
  Leydig	
  cells	
  
AMH	
   	
   Anti-­‐Müllerian	
  hormone	
  
ATRX	
   	
   Alpha	
  thalassemia/mental	
  retardation	
  syndrome	
  X-­‐linked	
  
BPES	
   	
   Blepharophimosis/ptosis/epicanthus	
  inversus	
  syndrome	
  
CAH	
   	
   Congenital	
  Adrenal	
  Hypoplasia	
  
Cbln4	
   	
   Cerebellin	
  4	
  
Cbx2	
   	
   Chromobox	
  homolog	
  2	
  
CGD	
  	
   	
   Complete	
  Gonadal	
  Dysgenesis	
  	
  
CHD	
   	
   Congenital	
  Heart	
  Disease	
  
Co-­‐IP	
   	
   Co-­‐Immunoprecipitation	
  
DAX1	
   	
   DSS-­‐AHC	
  critical	
  region	
  on	
  the	
  chromosome	
  X	
  
DHH	
   	
   Desert	
  Hedgehog	
  
DMRT1	
   dsx-­‐and	
  mab3	
  related	
  transcription	
  factor	
  1	
  
DSD	
   	
   Disorders	
  of	
  Sex	
  development	
  
dsx	
  	
   	
   doublesex	
  
E	
   	
   Embryonic	
  day	
  
EMSA	
   	
   Electrophoretic	
  Mobility	
  Shift	
  Assay	
  
Emx2	
   	
   Empty	
  spiracles	
  homeobox	
  2	
  
ESCs	
   	
   Mouse	
  embryonic	
  stem	
  cells	
  	
  
Esr	
  α/β	
  	
   Estrogen	
  receptors	
  α/β	
  
FGFR2	
  	
   FGF	
  receptor	
  2	
  
FLCs	
   	
   Fetal	
  Leydig	
  cells	
  
FOG2	
   	
   Friend	
  of	
  GATA	
  -­‐	
  2	
  
FOXL2	
  	
   Forkhead	
  box	
  L2	
  
Gadd45g	
   Growth	
  arrest	
  and	
  DNA	
  damage	
  inducible	
  45	
  γ	
  
GATA4	
  	
   Gata	
  binding	
  protein	
  4	
  
GATA6	
  	
   Gata	
  binding	
  protein	
  6	
  
GD	
   	
   Gonadal	
  dysgenesis	
  
HHAT	
   	
   Hedgehog	
  acyl-­‐transferase	
  
HMG	
   	
   High	
  mobility	
  group	
  
ieSCs	
   	
   Induced	
  embryonic	
  Sertoli	
  like	
  cells	
  	
  
INSL3	
   	
   Insulin	
  like-­‐3	
  
iPSCs	
  	
   	
   Induced	
  pluripotent	
  stem	
  cells	
  
Kdm3a	
  	
   Lysine	
  specific	
  demethylase	
  3A	
  
Lhx9	
   	
   LIM	
  homeobox	
  9	
  
LOF	
   	
   Loss	
  of	
  function	
  
mab-­‐3	
   	
   Male	
  abnormal-­‐3	
  
MAPK	
   	
   Mitogen	
  activated	
  protein	
  kinase	
  
MEFs	
   	
   Mouse	
  embryonic	
  fibroblasts	
  
Mis	
   	
   Müllerian	
  inhibition	
  substance	
  
NGS	
   	
   Next	
  Generation	
  Sequencing	
  
NR0B1	
  	
   Nuclear	
  receptor	
  subfamily	
  0,	
  group	
  B,	
  gene	
  1	
  
NR5A1/SF1	
   Nuclear	
  receptor	
  subfamily	
  5	
  group	
  A,	
  gene	
  1/	
  Steroidogenic	
  
factor	
  1	
  
PCR	
   	
   Polymerase	
  chain	
  reaction	
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PGCs	
   	
   Primordial	
  germ	
  cells	
  
PGD	
   	
   Partial	
  gonadal	
  dysgenesis	
  
PIS	
   	
   Polled	
  Intersex	
  Syndrome	
  
PMCs	
   	
   Peritubular	
  myoid	
  cells	
  
POI	
   	
   Premature	
  ovarian	
  insufficiency	
  
PTCH1	
  	
   Patched	
  receptor	
  1	
  
REVSEX	
   Reversal	
  Sex	
  enhancer	
  region	
  
RSPO1	
  	
   R-­‐spondin	
  family	
  1	
  
SCF	
   	
   Stem	
  Cell	
  Factor	
  
Six1/4	
  	
   SIX	
  homeobox	
  1/4	
  
SNPs	
   	
   Single	
  nucleotide	
  polymorphism	
  
SOX	
   	
   Sry	
  related	
  HMG	
  box	
  
SOX10	
   	
   Sry	
  related	
  HMG	
  box	
  –	
  10	
  
SOX7	
   	
   Sry	
  related	
  HMG	
  box	
  -­‐7	
  
SOX8	
   	
   Sry	
  related	
  HMG	
  box	
  -­‐8	
  
SOX9	
   	
   Sry	
  related	
  HMG	
  box	
  -­‐	
  9	
  
SRY	
  	
   	
   Sex	
  determining	
  region	
  on	
  Y	
  chromosome	
  
StAR	
   	
   Steroidogenic	
  Acute	
  Regulatory	
  protein	
  
TAD	
   	
   Transactivation	
  domain	
  	
  
TESCO	
  	
   Testis	
  specific	
  enhancer	
  core	
  region	
  
TGF-­‐β	
  	
  	
   Transforming	
  growth	
  factor-­‐β	
  
TOF	
   	
   Tetralogy	
  of	
  Fallot	
  
Vnn1	
   	
   Vanin-­‐1	
  
WB	
   	
   Western	
  blot	
  
WES	
   	
   Whole	
  exome	
  sequencing	
  
WNT4	
   	
   Wingless-­‐type	
  MMTV	
  Integration	
  Site	
  Family,	
  Member	
  4	
  
WT	
   	
   Wild-­‐Type	
  
Wt1	
   	
   Wilms’	
  tumor	
  1	
  
αSma	
   	
   α-­‐smooth	
  actin	
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