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I.� La#fonction!testiculaire*chez*les*mammifères!!
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����������� ����� ���������� �� ��� ������������� ������� ���� ��������� ����� ���������� ����� ���

�������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

���������� ������ �� ��� ���� ��� ��������� �������� ��� ����������� ���� ����������� ���

����������������������� ��������������� ������������ ��������������������������� �����������

�������� ��� ��� ���� ���� ���� ������� �������������� ��������������� ���� ��������� ����� �����

����������������� ��� ������� ���������������������� ���������������������������������� ��������������

������������� ����������� ����������� ������������������� ������������������������������������

�����������������������������������������������������������������
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������������������������ �������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������������������
��� �������������� �� ������� ���� ��������������� �������������� ������ ���� ������� ��������������������� ��� ���
���������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������
�������� ��� ���������� ������ ������ ��� ����� ������� ������� ��������������� ��� ����� ��� ���� ���������������
���������������� ��� ��������������� ��� ����� ��� ���� �������������� ��������������� ��� ��� ��� ���� ��������������
����������� ���������� ���������� ��� ����������� ���� �������������� ������������� ������ ���� ����������� ������� ��� ���
�������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������� �������� ���������������� ��������������� ��
����� ��� ��� ������� ������� ����� ��� �������� ���� ��������� ���� ������������ ������������� ������������ ��� �������� ����
�����������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������
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B.!�La!spermatogenèse!chez!les!mammifères!

a)!� Déroulement!de!la!spermatogenèse!

��������������������������������������������������������������������������������������������

����� ���� ��� ����������� ��� ��������������� �� ������� ���� ��������� ����������� ��������� ����� ���

��������������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

������ �������������� ��� ����������� ���� ��������� ����������� ������������ ���� ����������������

��������� ��� ����� �� ��������� ������������ ������� �� ������� ����� ����������� ���

��������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

��������������������������������� ����������������������������������������������������������

������������������������������������������������������������������������������������������

(1)� Première%phase,%la%phase%mitotique:%

������ ������ ��������� ��� ��� ����������� ��� ��������������� ��������� ����� ��� ��������������

���������� ������ �� ���� ������ ��� �������� �������� ����� ������� ������ ����� ������ �� �� �����

������������ ��� ��������� �������� ����������������� ���������������� ���� ��������� ���� ���������

����������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

���� ��� ������������������ ���� ����� ���� ���������� ��������� ���� ��������� ��� ������ ���������

����������� ����� ����������� ����������� ����� ��� ���������� �������� ��� ���� �������� �����

������������� �� ���� ����������� ���������������� ������������ ������� ����� ���� ����������� ���

��������� �������� ���������� ���������� ��� ����� ������� ����� �������� ��� ���������� ���

��������������� �������������� ��� �������� ���������� ���� ��������� �������� ������������� �����

��������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

����������� �������������� ������ ������� ����� ������� ���� �������������� ��������������� ���������

������� ����� ����� ������������ ������� ������ ���� ���� ������ ������������������ �������� ������

�������������������������������������������������������������������������������������������

���������� ���� �������� ���� ��� ����������� ���� ��������������� ��� ����� �� ��������� ����

������������� ������������ ������� �������� ������ ������� ����������� ������������� ���
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�

����� ����� ������������ ������ �������������� ��� ��������������� ��� ����� �� ��� ���

��������������������������������������������������

(2)� Seconde%phase,%la%phase%méiotique:%

��������������������������������������������������������������������������������������������

������������ ����������� ��� ���������� ��� ��������� ���������� ��� �� ������������� �� ������� ���

��������� ���������� ��� ��� �������������� ���� �������������� ���������� ������������� ��������

����������������������������������������������������������������������������������������������

������� ����������� ���������� ����������� ���������� ����� ������� ������� ��� ��� ����������� ���

���������������������������������������������������������������������������������������������

�� ���� ���������� ������� �� ����� �������� �� ����� �� �������� ������������ �����������

����� ������ ������ ���� ������������ ������������ ����� ��� ���������� ��� ���������� ��������

������� ����������� ���� ������������� ��������������� ��� ����� ��� ��� ������������ ����

������������� ����������� ��� ��������� ��� �������������� ����������� ���� ��������������

���������� ���� ���������� ����� ��������� ��������� ��� ������� �������� ���������� �� �����

�������������� ����������������� �������������� ������������ ���������� ��� ��������������������

���������������������������������������������������������������

(3)� La%troisième%phase,%la%spermiogénèse:%

��� ������ ��� ������ ��������� ������� ���� ������������ ������� ��� ��� ������� ���� ������ ����

����������� ���������������� �������������� ��� �������������� ���� ��� ����� ���������� ��� ���

������������� ��� ��������������� ������ �� ��� ��������� ����������� ��� ���������� ��� ��������� ���

�������� ��� ����� �������� ����� ��� ������� ������������ ������ ������ ��� ��������� ���� ��� ����������

����� ���� ������ ��� ���������� ����� ������������ ��� ���������������� ���������������� ���������� ���

���������������� ��������� ��� ���������� ��� ����������� ���� ����� ��� ����� ����������� ����� ��� ���

������������� ���� ��������� ������������� ���� ��������� ����� ����� �������������� ��� ��� ���������

������������������������������������������������������������������������������������������������

��� �� ����������� ������ ��� ������������� ���� ��������� ���� ���� ���������� ����������� ���

�������������������� ��������������� ��������������������������������������������� ����� �������

���������������������������� ��� ������������������������������������������������������������

����������������������������������������������������������������������������������������������

�������� ��� ������� ������������ ���� ������������ ���������� ���������� ��� ���� ����� �������

��������������������������������������������������������������������� ����������������������
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����������������������������������������������������������������������������� �����������������

������������������������� ��������������������������������������������������������������������

������� �������������������������������������������� ��������������� ��� ��������������������

�������������������������

b)!� Le!cycle!et!la!vague!spermatogénétiques!

���� ��������� ����������� ������������ ��� ������������� ������� ��� �������� ������������ ��� ������

������������������������������������������ �����������������������������������������������������

������� ��� �� ����� ������ �������� ��� ��������� ��������� ���� ���������� ������� ���

�������������� ������� ����� ��� ��������������� ������������� ��� ����������� ���

���������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

�� ��� �������� ������������ ���� ���������������� ����������� ���� ��������������� ����������

����������� ��������������������� ����������������������������������������������������������

����������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

������������������������� �������������������� ��������������������������������������������

������������������

��� ������� ��� ������ ��������� ���� ������������� ������������ ��� ����� ���� ��������� ���� ��������

����������������� ��������� �������������� �� ������������ ������������� ���������������� ��������

����������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

��� ������� ���� ���� ��������� ��� �������� ���� ������������� ��� ����� ��� ������� ������������ ���

���������������������������������������������������������������������������������������������

����������� ��� ��������� ����������������������� �������������� ������������������������ ����������

��������������������������������������������������������������������������������������������������

����� ���� ��������� ������ ����� ����� ��� �������� ��������� ��� ������ ��� ���� ������ �������� ���

�����������������������������������������������������������������������������������������

��������������� �������������������������������������������
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C.!�Régulation!de!la!spermatogenèse!

��������������������������������������������������������������������������������������������

��� ����������� ������������ ��� ��������� ��� ���������������� ������ ��������� ���������

������������� ����������� ��� ������ ������������ ��� ��� ����������� ��� ��������� ��� ������

������������ �� �������� ���� ������� ��� ����������� �������������� ����� ���� ��������������

��������� ������ ���� ��������� ����������� ��� �������������� ��� ���� ��������� �����������

������������������ ���������� �� ������������� ��������������� ��� ����� �� �� ����� ��������

���������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

���������������������������������������������������������������

a)!� Contrôle!humoral!

��� ��������������� ����� ���� ����������� ���������� ��������� ����� ������������ ��������� ���

��������������������������������������������������������������������������������������������

����������������������������������������������������������������������������� ��������������

��� �������������� ���� ��������� ����������� ��� �� ��� �������������� ��� ��� ��������� ���� ���������

����������� ������������ ����� ��� ���� �������������� ��� ���������� ����������� ��� ����� �������

����� ���������������� ���� ��������� ��� ������� ���� ����� ��������� ����������� ��� ����������� ���

������������� ������������������� ������� ���� ��������� �������� ��������������� �������������

��������� ��� ����� ������ ����� ����������� ����� ��� ���������� ���� ��������������� ��� ��� �������

��������������������������������������������������������������������������������������������������

��� ������������� ����� ��� ��������������� ���������� ��� ����� ������� ������� ��� ���� ������

������������ ���� ��� ������ �������� ������ ��� ��� ���������� ��������� ����� ���� �������� �����

�������������������������������������

(1)� Les%gonadotrophines%

�����������������������������������������������������������������������������������������

��� ������������� ��������� �� �������� ������������� ����� ���� ��������� ����������������

�����������������������������������������������������������������������������������������������

�������������� ��� ����� �������������� ���������� ��������� ��� ����������������
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c)!� Régulation! de! l’expression! des! gènes! et! de! leurs! produits! au!

cours!de!la!spermatogenèse!
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b)!� Les!différentes!sources!d’ions!
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c)!� Les!analyseurs!
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Données'de'ratios'

lourd/léger,'super'lourd/'léger'

et'super'lourd/lourd'

(en'Log52)''''''''''''''''''''

Normalisation

Quantile.quantile.

Ratio'≥2

Médiane'des'ratios'par'type de'ratio

SPT/SPC;'CR/SPC;'CR/SPT

(entre'différents'triplex)

Médiane'des'ratios'peptidiques'par'

protéine,'par'type'de'ratio'

Médiane'des'ratios

des'peptides'redondants'pour'chaque'

triplex'et'type'de'ratio'

Test.statistique.LIMMA.

(pBH inférieure.ou.égale.à.0.05).

Classification'en'5'profils'
d’expression'différentielle'(P15P5)'
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D.!�Utilisation!de!la!Gene!Ontology!!
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Chapitre)1!

!

Découverte&de&nouveaux&!

loci%codants%par%une%approche%protéomique%

informée)par)la)transcriptomique.(PIT).!

dans les cellules germinales de rat
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I.�Contexte'et'objectifs'de'l’étude!

������������������������������������������������������������������������������������������

���������� �� ��������� ������� ����� ��� ��� ��������������� ��� ����� ���������������� �����������

����� ��� ����������� ����� ������ �������� ���� ��������� ���������� ���� �������� ���

���������������� �� ���������� ����� � ���� ����� ����������� ��� �������� �����������

���������������������������������������������������������������������������������������

����������������������� ���� ��������������������������������������������� ����������������������

�������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

����������� ������� ��� ���������� �� ������ ����������� ��� ������������� ��� ���������� ��������

����������������� ������������� ������������������� ��� ���� �� ���� ���������� ������������ �����������

���������� ��� ������������ ��������� ��� �������������������� ����������� ��������� ��� ����� �������

������������ ��� ��������� ���������� �������������� ���� �������� ������� �� ��� ������ �����������

�������������������������������������������������������������������������������������������

���� ������������������������������������������������������������������ �����������������������

��������� ������������ ����� ���� ���� ����������� ���� �������� ������� �������� ����� ���� ���������

����������������������������������������������������������������������������������������

��� ������ ����������������� ����������� ������ ������� ��������� �������� ����� ���� ����� ���

�������� ����������� ���� ���������� ����� ��� ������� ���� ������ ����� ����� ������� ����� ����

�������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

��� ��� ����������� ��������� ��������� ���������� ����� ������ �������� ���� ��������� ��� ����

����������� ��� �������������� ���������� ������������� �� ��� ��������� ������ ������� ����� ����

����������� ������ ������ ����� ����������� ����������������� ��� �������������������� ������ ���� �����

��������������������������������� ������������������

����������� ���������� ��� ������ ������ ������� �� ������������� ��� �������� ��� ������� ���������� ���

��������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

����������� �������������������� ������������� ������������ ����������� ��������� ���� ����������

������������ ��� ��������������� ����������� �������������������������������������������������

��������������������������������������������������������������������������������������������



����������������������

���

�������������� ��� ���� ���������� ��������� ��������� ��� ����� ������� ���� ����� ��� ��������

�������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������

���� ��������� �������������� �� ���� ��������� ���� ����������� ����� ���� ���� ������� ��� �������� ����

����������������������������������������������������������������������������������������������

��� �������� ����������� �������������� ���������� ��� ���������������������� ��� ��������� �����

����������� ��� ����� ��� ���������� ����������� ��� ���������� ��� ������� ���� ��� ����� ����

��������������� ���������� ��������� ���� ����� �������� �� ����� ��������� �� ���������� ���

���������������������������������������������������������������������������������������������

���� ����������� ����� ���� ��������� ����������� ��� ����������������� ����� ���������

������������������ ��� ����� ���� ���� ������ ��� ���� ��������� ������� �������������� ����� ����

�������������������������� ����������������������������������������������������������������

��������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������

���� ��������� ����������� ����������� ��� ���������������� ����� ��� ����� ����� ����� ���� �����

����������� ��� ���������� �� ��� ����� �������� ��� ����� �� ������� ��� �������� ������������� ��� ���

����������������������������������������������

II.�Résultats(et(discussion!

A.!�Découverte! de! nouveaux! gènes! codants! exprimés! pendant! la!

spermiogénèse!

����������� ���� ��� ������ ���������� ��� ���������� ����� ���� ������� ��� ������� ��� ��������� ���

��������� ����������� �������� ����� ���� �������������� ���������� ��� ���� ������������ �������

����� ��� ����� ���������� ���� ��� ������ ���� ��������� ��� ���������� �������� ������� ����

�������������� ��� ���� ������������ ��� ���������������� ������� ������ ������� ��� �������� �������

���������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

����������������������� ���������� ���������������������� �������������������� ����� ��������������

����� ������������������������ ���� ������������ ������� ����������� ������������������� ���������

��������������������������������������������������������������������������������������������������



����������������������

���

���� ������� ������� ���� ����� �� ��� �������� ����� ����� ��� ���� ��� ��������� ��������� ����

������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

����� ��������������������� ���������� ����� ������������������������������������������� ���� �������

���������� ��� �������� ������������� �������� ���������� ��� ��� ���������� ���� ����������

���������������������������������������������������������������������������������������������������

���� ���� ������ ���������� ���� ��������� ��������� �� ���� ���������������� �� ������ ���

����� ��������� ��� ����� ��� ��� ����������� �������������� �������� ������ ���� ��������� ����

������������������������������������������������������������������������������������������������

����������������������������������������

a)!� Sélection! de! 69! transcrits! (44! loci)! codants,! exprimés! dans! les!

spermatocytes!ou!les!spermatides!

��� ���������������� ����������� ��������� ���� ��� ������ ����� ���� ��������� �� ��� ������

���������� �� ������ ��� ������� ���� �������������� �� ���� ����������� ������������� ����

����������������������������������������������������������������������������������������

���� ���������������������������� �������������� ������������������ ������������������������

��������������������������������������������������������������������������������������������������

������������� ��� ����������� �������� �������� ��� �������� ������� ������������ ���� ��� ������ ���

����� ������������������ �� ��� ������������������������������ ���� ��������������������� �� ����

�������� ����� ������������� ���� ���������� ������������� ���������� ��� ����� ������������� ����

����������� ���������� ��� ����� �������������� ��� ����� ���������� �������� �������������� ����������

��������������������������������������������������������������������������������������������

����� ������� ������ ���������� ���� ����������� ����� ������� ����� ����� ��������� ����� ���� ������

����������������������������������������������������������������������������������������������

������������������������������������ �������������������������������� �������� ����������������

���� ��������� ����������� �� ���� ������������� ��� �������� ���� ������������� ����� ���

������������������������������� ��������������������������������������������������������������

���������������������������������������������������������������������������������������������

�������� ���� ������ ��� ��� �������� ���� ������� ����� ��������� ��� ������� ��� ���������� ����� ����

�������������������������������������������������������������������������������������������



����������������������

���

���� �������� ������������� ������������������� ���������� ��� ��������������� ��� ������� ����

�������������������������������������������������������������������������

���������������������������������������������������������������������������������������

���� ���� ��������� ���� ������� ���� ��� ����������� ������������������ ����������� ����

����������������������������������������������������������������������������������������������

���� ��������� ���� ���� ������ ���� ��������� ���� ������ ����� ��� ��������� �� ���� ����������� ����

������� ��� ���� ���� ���� ����������� �������� ���� ��� ����� ��� �������� ������������������

���������� ��� ��������� ���������������� ��������� ��� ���� ���� ����� ��� �������� �� ����

�����������������������������������������������������������������������������������������������

��������� ���� ������ ������� ���������� ��� ������� ���� ������ ������� ����������� �������� ����

�������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

���� ������������������ ����������� ��� ��� ��������� ���� ������ ����������� ���� ��� ���� �����

�������� ������ �������� ���� ������������� ����� ����� ��� ����� ��� ���������� ������� ��� ���� ���

����������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

��� ����� �� ���� ���� �������� ���� ��� ������� ���� ��� ����� ��� ���� ���� ���������� ����� ���������

�������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

b)!� Vamp9! et! XLOC_001949!:! nouveaux! gènes! codant! pour! des!

protéines exprimées!pendant!la!spermiogénèse.

����������� ��������������������������� �� ����������������� ���������������������������������

����� ������� ��� ��������� ��� ���������� ���������� ����� ��� ����� ����� ��� ��������� ���� ���������

����������� ����������� ���� �������� ������������� ����� ������ ����� �������� ������ ���� ���

��������� ����������� ����� ���� �������� ���� ����� �������� �� ������ ���� ��������� ����� ���

������������������������������������������������������������������������������������������

����������������������������������������������� ������������������������������������������

������������� �������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������



����������������������

���

��������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������

�������� ��� ������ ������������ ������� ���������� ��� ��������� ���������������� ��������������

�������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

�������� ��� ����� �������� ������������ ��������� ��� ��������� ����������� ���� ��������� ����

������ ��� ������������������������������� �� ��� ��������������� ��������� ���� �� ������� ���

������������������������������������������������������������������������������������������������

��� ���� ����������� ����� ���� ��������� ����������� ����������� ��� ���������������� �������� ����

�������� ���� ���� ���������� ���� ������ ��� ���� ������������ �������� ���� ���� ����������� ��� �����

��������� ������� ���� ����� ��� ��������� ������������ �������� ����� ���� ��������������

���������������������������������������������������������������������������������������������

���� ������������������������� ���������� ��������� ���� �������������������������������������

�������� ������� ��� ������ ���� ����� ������� ������������ ��� ���� ����� ���������� �����������

��������������������������������������������������������������������������������������������

���������������������������������������������

���� ������������ ���������� ���� ���������� ������������ ��������� ����� ���� ����� �����������

����������� ����� ��� �������� ��� ����������� ����� ������������� ��� ��� �������� ���

����������� ����� ������������ ����� �������� ������ ������� ������� ��������� ������� ��� ����

������ ������ ���� ���� ������������� ���� ��������� ��� �������� �������� ��������� ����� ��� ���������

������������ ��� ��� �������� ����������� ���������������� ���� ���������� ��� ��� �������� ����

�������������������������������������������������������������������������������������������

��������� ������� ���� ���������� ����������� ���� �������� ���������� ��� �������� ������������

����� ������ ����� ������� ������ ��������� ��������� ������ �������������������� ���������

�������� ���� �������� ������ �������� ��� ���������� �������� ������������� ��������� ����������

����� ������ ������ ������� ������ ����������� ��������� ��� ��������� ������������ ����

���������� ������������������������ �������

��� ���������������������������������������������������������������������������������������

���������� �� ������� ��� ������ ������������� ��� ��� ��������� ���� ���� ����������� ����� ����

����������� ��� �������� ������������ ������ ���� ��� ��������� ������ ��������� ������ ����������

��������� ����� ��� ���������� ����� �� �������� ��� ������������ ��� ������� �������������� ���

���������������������������������������������������������������������������������������������������



����������������������

���

��� ����� �������� �������� ������������ �� ������������ ��� ������ ����� ������ ��� ����������� ����

���������� ��� ����� ��� ������� ������ ���� ������ ���������� ����� ���� ��������� ����� ����� ������

������ ������������ ��� �������� ��� ��������� ������������� ������� ������� ��������� ���

��������������������� �� ����������������� ������������������ ��� ������������������ ������������

���������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

������� ���� ��� ����� �� ��� ������ �� ���� ����� �������� ���� ��� ����� ��������� ����� ��

��������������������������������������������������������

�����������������������������������������������������������������������������������������

��� ����� ����� ��� ��������������� ��� ��� ��� ����� ����������� ��������������� ������������� ���

����������� ��� ��������� ������ ���� ����������������� ������������� ����� �������� ��� ���

�������������������� ���������������������������� ��� ������������ �����������������������������

���� ��������� �� ��������� ����������� �������� ���� ���������� ��������� �� ���������� ����������

�������������� ��� ������������������ ��� �������������������������������������������������

���������������������������������������������������������������������������������������������

������������� ����������������������������������������������������������������������������

������������������������������������������������������������������������������������������

���������� ������ ����� ������� ����� ����� ���������� ����� ���� ������ ������������� ��� ���

���������� ���������� ��� ����� ������� ������ �������������� ��������� ������ ���������� ����� ���

���������������� ���� ����� ���� ��������� ��� ���������� ��� ������� �� ��� �������� ���� ���������

������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������

��������� ��� �������� ���� ��������� ���� �� �������������� ���������� �� ����� ������� �� ���

����� ������������ ��� ���������� ���� ������ ���� ���������� ����� ���� ���������� ���

���������������� ����� ���� ��� ����������� ���� ��������� ������ ��� ����� ������� ��� ��� ������������

������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������



����������������������

���

���� ���� ���������� ��� ���� ����������������������� ����������������� ��� ������� ������������� �����

������� ��� ��������� ������� ���� ����� ������ ����������� ���� ���������� ���������� ��� �����

����������������������������������������������������������������������������������������������

��� ������� ����� ��� ������������ ������������� ����� ��������� �������� ��� ������������ ������

����������������������������������������������������������������������������������������������

���������� ����������������������� ����������� ��� ���������� ��������� ��� ����������� ��� ��

����������������� ��� ��������������������� ��� ������� ���� ����� ��������� ��������������� ���

����� ������� ��� �������� �� ����� ���� ���������������� ����� �� �� ����������� ���

����������������������������������������������������α��������������γ����������������β���������

���� �� ������ ����������� ������� ��� �������� ������� ����������� ���� �������� ����������� ����

���������������������������������������������������������� ����������������������������������

���������� ������� ���������� �� ���� ���������������� ����� ��� ��������� ����� ��� ���� ��������� ��� �����

������ ��� ����� ��� ������ ����������� ��� ��������� ����� �������� ������� ��� ����� ������� �����������

��������������� ��������������������������������� ����������������� ����������������� ��� �������

�������������������������������������� ���������� ��������������� ��� ���� ������������ ������������

����� ��������� �������������� �������������� �������������� ���� �������������������������������

��������������������������������������������������������������������������������������������

����������������������������������������������������������������������������������������������

���������������������������������������������� ��������������������������������������������

������������ ��� �������������� ����� ������ ������������ ����� ���������� ������ ��������� �� ����

��������������� �������� ������� ��� ����� ������ ������� ������ ���� ��� ����� ���� ����� ���

������������������������������� �������������������������������������������������������������

�������������� �� ��� ��������� ���� ���������������� ���� ��������� �������� ���� ��� ��������� ����

������������������������������������������������������������������������������������������

��������������� ��������� ������ ������ ������������ �� ����� ���� ������ ��� ��������� ��� ���

��������������������������������������������������������������������������� ��������������

��� ������� ������ ���������� ��� ������������ ���� �������������� ���� ����������� ��� �����������

������� �� �� ����� �������� ��������� �� ����� ������ ��� �������� �� ��� ������� ����

���������������������������������������������������������������������������������������������

��������������� ����� ������������ �������� ��� �������� ���� ���� ���������� ���������� ��� �������� ���

������� ���� ������ �������������� ���� �������������� �� ���� ��������������� ��������� ���� ����

������������ ��������������� ��� ������ ��� ��������� �������� ���� ����� ������ ������������ ��

������ �� ���� ����������� ���� ��������� �������������� ��� ��� ������� �� ��� ���� ��� ���



����������������������

���

��������������� ��� ������������ ���������� �����������������������������������������������

��������� ����������� ��� ������� ����� ��������������� ���������������� ��������������������������

���� ��������� ��������� ������� ��������� ��� ����� ���� ��������� �������� ��� ������������

������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

B.!�L’approche!PIT!et!la!réannotation!du!génome!du!rat!

���������� ��� ������ ��������� ������ ���� ����������� ��� ����������� ��� ��������� �����������

�������� ������������������������������������������������������������������������������������

����� ��� ������� ����������������������� ��� ����� ������ ���������� ����� ��� ���������

������������� ��� �������� ��� ������������� ������ ������ �� ������� ��� ������� ��� ��������� ����

�����������������������������������������������������������������������������������������������

�������������������������������� ��������������������������������������������������

�������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������



����������������������

���

��

��� ���������� ���� �������� ����� ���� ������ ��� ���� ���������� �������������� ������ ���� ���

����������� �� ��� ������� ��� ���� ������������������������������� ��������� ���� ������� �����

���������� ������ ���� ���������� �������� ������ ��� ���� ������ ���� ��� ���������� ���������� ������

������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������

����� ��� ���� ��� ��������� ����� ����������������� ������� �������� ������� ���������������������

������ ����� ������� ���������� ������������� ��� ��� ���������� ������������ ����� ���� ���������

����������� �������� ��� ������������ ����� ��������� ������ ������������ ��� ��������� �������� ���

���������� ���� ���������� �������� ����� ���� �������������� ����������� ���� ����� ���� ��������

������������� ����������� ������������������ �������������� ���������������������� ������������������

������������������������������������������

�������������

��������������������������������������������������������������
�������������������������������������������������������������
�������������������������������������������������������������
������������������������������������������������������������
�������������������������������������������������������������
������������������������������������������������������������
�������������������������������������������������������������
������������������������������������������������������������
�������������������������������������������������������������
������������������������������������������������������������
�������������������������������������������������������������
������������������������������������������������������������
����������������������������������������������
����������������������������������������������

����������� ����������������������������������������������

��������� ���������� ��������� ��� ���������� ���������������� ���� �������� ���� ��������� ����������� ���� ���������
�������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������������������������������
�����������������������



����������������������

���

������������ �������� ������ ���� ��� ��������� ���� �������� ��� �������� �������� ������� ��� ���

��������� ������������� ������ �������� ������ ���� ������������ ������� ��� ���� ������������ ���

����������������������������������������������������������������������������������������

������� ������ �������� ������ ���� ���������� ��� ������� ������� �� ��������� ������������� ���

������������������������������� �����������������������������������������������������������������

���������������������������������������������������������������������������������������������������

����������������������������������



����������������������

���

��� ��������� ���������� ��������� ��� ��������������� �������������� ��������� ���� ���

�����������������������������������������������������������������������������������������������

��������� ������� ���� ������������������ �������� ���� ������ ��������� ��� ����� ����� ���

���������� ��� ��������� ������������� ������ ��� ���������� ��������������� ������ ���� ���

����������� �� �� ��� ��������� ������������������������������� ��� ����������� ���� �� ���

��

���������������

��������� ��������� ���������

���

�������������������������������������������
���������������

������

����������������������������������

���������
���

����
�����
�����

��
��
�

���� ��
��
�

��� ��� ��� ��� ������������ ��
��

������

��µ�� �����

���������

���������

�����

��

��
��
��
��
��
��
��

��
��
�

��
��
�

��
��
��

��
��
��

��
��
��
�

��
��
��
�

��
��
��

��
��
��

��
�
��
��
�
�
��

�����

�����

����������� ������� ������������� ��� ���������� ������������ ����������������� ����� ���� ���������
������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������������������
����� �������� ��� ���������� �������� ����� ��� ����������� ����� ������� ���������� ��� �������� ���� ���������� ���
���������� ���������������������������� ������� ������������ ������������ �������������� ������������ ������������� ���
���������������������������������������������������������������������������������������������������������
����� �������� ��������� ��������������������������� ������������������������� ������������ ��� ���������� ������
��������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������
��������� ����� ����� ��� ����� �������� �� ��������� �������� �������� ������ ����� ������ ����� ������ ������� ������ ���
������� ������ ����� ��������� ���������� �������������� ��� ����� �� ���� ��������� ���� ���� ��������� ��� ���������� ���
���������������������������������������������������������������������������������������������������������������
������������������������������������������������������������������������������������������� �������������������
���� ��������� �� ��� ������������ ��� ������������ ��� ���������� ���������������� ��� ������ ���������� �����������
��µ��� �������� ���������� ����� ��� ���������� ��� ���������� ��������������� ��� ��������� ���������
������������������������������������������������������������������������������������
��� ��������� ���� ������� ���������� �� �������� ��������� ��������������������������
��������������������������������



����������������������

���

������������������������������������������������������������������������������������������

������������� ���� ��� ������� ���� ��� ���� �������� ���������� ����� ��� ������� ����������� ������� ���

�����������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������

������� �� ������ ��� ������ ������ ��������� ������ ��������� �������������� �� ���� ��������� ���

����������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������

��� �������� ����� �� ����� �������� ����� ��� ������ � �� ��������� ��� ���� ������

�������������������������� ���� �������� ��� ���� ��������� ��� ����� �������� �� ��� ���������

����������������������� �������������� �� ������������ �������� ������ ��� �������� �����

�����������������������������������������������������������������������������������������

������������������������������������������������ ����������������������������������������

���������������������������������������������������������������������������������������������

��������� ���������� ������ ��������� ���� ��� ������� ������������ ���������� ������� ���

��������������������������������������������������������������� �����������������������������

��������� ����� ��� ����� ������� ���� ���� ��� ������� ������ ��� ����� ������ ����������������

����������� ����� ����� ����������� ��� ������������ ��� ���� ������������� ������� ��� ������� ���

��������������������������������������������������������������������������������������������

��� ����� ��� ���� ������� ������������� ��� ������� ���� ��� ���� ������ ���������� ��� ������� ��

�������������� ������� ���� �������� ��� �������� ���� ������� ������ ��� ����������� ��� ����� ���

�����������������������

����� ������� ��� �������� ����������� ����� ������ ������� ���� �������� ����� ���� ������� ��

������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

��� ��� ��������� ��� ������� �� ��� ������� ���� �������� ������������ ������� ��� ������� ��� ���

��������� ���������� ��� ���� ��������� ������������ �� ��� ������� ��������� ������� ��� ������� ���

����������������������������������������������������������������������������������������������

����� ��������� �������������� ��������� �� ������������ ������������� �� ������ ��������

������ ������� �� ��� �� ��� ����� ������ �������� ������������� ��� ���� �������� ����� ���� ������

�������������������������������������������������������������������������������������

��� �������� ��� ��� �������������� ��� �������� ����� ��� ��� ����� ��� ���� ��� ���������� ������� ���

�����������������������������������������������������������������������������������������

������������� ��� ������� ���� ������ ����� ��������� ��� ��� ��������� ������������� ��������



����������������������

���

��������������������������������������������������������������������������������������������

���������� ���� ���������� ������������������������ ���������������� ������� ����������� �����

���������������������� �������������� ����������������� �������������� ������������������

������ ��������� ����� ��� ������� ����������������������� ��� ����� ��������� ��� ����� ��� �������

���������������������������������������������������



����������������������

���

�������

������

����������������

������������

�������������

����������������

�����!!

������������
������������������

���������� � � � �

��������� �������� ������� �������������������������� �������

����������������

�������

������
������������

������� ������� ������� �������

���������� � � � �

�������

��

��

��

������������
������������������

ex
on
1_
3(

(25
5p
b)
(

200pb(

��



����������������������

���

���������������������������������������������������������������������������������������������

��� ���������� ����������� ���� ����� ������������ ��������� ����� ���� �������� ������ ����������

����������� ��������� �������� �������� ����� �������� ��������� ���� ���������������� ��� �����������

������ ��������� ����� ���� �������������������� ��� ����������������� ��� ���� ����� �������� ����

�����������������������

����������� ���� ������� ������������ ������������� ��� ������� ��� ���� ������ ��� ������� ����

��������� ��� ������ ��� ������ �������� ������ ��������� ����� ��� ������ ������� ����� ��� ���������

�������������������������������������������������������������������������������������������

������������������������� ��� ��������������������������������������������������������

������������������������������������������������������������������������������������

����������� ��� ����� ��������� ����� ��� ����� �������� ����������� ��������� ����������� ����

������� ��������������� ��� ������ ���� ��������������������� ������������������ ����������������

���������� ���� ��������������������� ����������������������������������������������������

����� ����� ���� ����� ���� ��������� ����������� ����� ����� �������� ���� ������ ���� ����� ��������

����� ������������������������������

C.!�Une!limite!de!l’approche!PIT!

���� ���������� ���������� ���������� ������ �� ���� �������� ��� ����������� ��� ������������� ����

����������� �������� ����� ������������ ����� ��� ���������� ������� ���� ���� ���������� �����������

����������������������������������������������������������������������������������������������

��������� ���� ������������� ������ ���� ������� ���������� ����������� ���� ���� ����������� �����

�������������������������������������������������������������������������������

����� �� ���� ����������� ����� ���� ����� ��� ���� ����� ����� ���� ���������� ����������� ���

����������� ��������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������������������
������������� ���� ��� ������� ��� ����� ���� ������� �������� ���� ���������� ��� ����� ����� ����� ���� ���������� ����
��������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������
��������� ����� ���� ������� ��� ���� ����� ���� �������� ���� �������� �������� ����������������������� ��� ������� ��
������������������������������������������������������������������������������������������������������� ���
���� ��������������������� ��� ������������������������������ ������������������������������� �������������
���������������



����������������������

���

������������������ ���� ��� ��������� ���� ��������������� ������� ��� ���� ����� ���� ���

�������������� ���������������� ��������� ���������������� �������������������������������������

�������������������� ���� ������ ������������������ ��������������������������� ���� �������

������ ������������� ������ ����� ��� ��������� ��������������� ���� �� ���� ����������� ����� ���

��������������������������������������������������������������������������

������ ���������� ������� ��� ������ Σ������ ���������������� ��������� �����������

����� ������������������� ��� ������ ������ �� ��������������� ������ ����������

����� ������������������� ��� ������ ������ �� ��������������� ������� ����������

�� ������������������ ��� ����� ����� � �������������� ������ ���������

��� ������������������� ���� ������ ������ �� ����������������� ������ ����������

��� ��������� ��������������� ���� ���������� ��������� ���� ������ ��������� ���� ���������� ���

�������� ��� �������� �������� �������� ������� ������ ������ ���� �������� ��� ��� ������� ������ ���

��������������� ���� �������� ������ ���� ����� ���������� ��� ���������� ��� ������ ���� ���

������������������� ��� �������������������������������������������������������������������

���������� ��� ������� ������ ��� ���������������

�������������������������������� ��� ����� ��� �������� ���� ��� ���������

���������������������������������������������������������������������

����������� ����������������������������������������������������������������������������

�������������� ��� ��������� �������������� �� �������������� ������������� ���� ��� �������������
���������� �������� ���� ������������ ������� �������� ��� ���� ������ ���������� ������ ���� ��������� ����������� ����
�����������������������������������������������������������������������������������������������������������
���������� ���� ���� �������� ���� ��� ����� ���������� �������������� ����������� ���� ���� ��������� ����������� ��������
���������������������������������������������������������������������������������������������������������������
���� ��������� ����������� ������� ��� ����� ������� ������������ ���� ���������� ���� ���������� ��������� ���� �����������
����������������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������� �������������������������������������
��������������������������������������������������������������������������������������������������������������
�� ������� ���������� ����� ��������� ��� ������ ����� ������ �������� ����������� ��� ����� �������� ���������
����������������� ����������������������������������������������������� �����������������������������������
��������������������������������������������������������������������������������������������������������������
������������������������� ������������ ������������ ������������ ����������������������� ��������������� �������������
������������������



����������������������

���

���������� ��� ����������� ������ ��������������� ������������ ����� ���� ������ ���� �������� ������������� ���������
�����������������������������������������������������������������������������������������������������������������
����������������������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������������������������
����

III.�Conclusion!

����� �������� ���� ��� ����� ������ ��������� ��� ����������� �������� ��� ������������ ���� ������

������� �������������������� �������������� ��������� ����������� ����������������������������� ����

������������������������������������������������������� ����������������������������������

����������� �������� ���� ��� ����� ��� �������������� ������������ ����� ���� ��������� ��������������

��������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������

��� ����������� ��������� �������� ��������� ��� ����� ������� ������ ���� ����� ��������� ������

�������������������������������������������������������������������������������������������

��������� �������� �� ����� ���������� ����� �������� ���� � ������ ������������ �� ������ ���

���������������������� ���������������������������� �������������������������� ����������������

����� ���� ����������� ������ ������������ ��������� ��� ���� ������� �������� ��������� ������������ ���

������������ ��� ������� ������������������������������������������������� ������ ��������������

���������� ��� ��� �������� ��� ������� ��� ���� ������ ������� ����� ���� ����� ���������� ������ ���

�������������������������������������������������������������������������������������

���������������������������������������������������������������������� ������������������

������������� ���� ��������� ����������� ���� ������ ���� ��� ������� ��� ���� ��� ��������� ���� ���

������ �����������������

�
������������

�
�����������������������������
������������������������������������������������������������������������
���������������������

�

�������������������������������
������������������������������������������������������������������������
�����������������������������������������������

����������� ��������������������������������������������������������������������������������



����������������������

���

��������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������

������������������������������������������������ ����������� �����������������������������������

�������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������

�� ���� ����������� �� ���������������� ���������� �� ������������������������� ������� ���

�������������������������� ������������ ������� ���������� ��� ���������������������������������

���������������������������������������������������������������������������������������������

���� ��������� ��� ����� ����� ����� ���� ����������� ���� ���� ��������� ����� ��� ������� ��� �����

������� ��� ���������� ��� ��������� ������ ��� ����� ��� ��� �������� ��� ������������� ���� ����

���������������������������������������������������������������



����������������������

���



����������������������

���

ARTICLE(1!

!

Forty_four%novel%protein_coding'loci'discovered$

using&a&PIT&approach&in&rat&male&germ&cells!



�

���



BIOLOGY OF REPRODUCTION (2014) 91(5):123, 1–14
Published online before print 10 September 2014.
DOI 10.1095/biolreprod.114.122416

Forty-Four Novel Protein-Coding Loci Discovered Using a Proteomics Informed by
Transcriptomics (PIT) Approach in Rat Male Germ Cells1

Sophie Chocu,5,6 Bertrand Evrard,6 Régis Lavigne,5,6 Antoine D. Rolland,6 Florence Aubry,6

Bernard Jégou,6 Frédéric Chalmel,3,4,6 and Charles Pineau2,4,5,6

5Proteomics Core Facility Biogenouest, Inserm U1085, IRSET, Campus de Beaulieu, Rennes, France
6Inserm U1085, IRSET, Université de Rennes 1, Rennes, France

ABSTRACT

Spermatogenesis is a complex process, dependent upon the
successive activation and/or repression of thousands of gene
products, and ends with the production of haploid male
gametes. RNA sequencing of male germ cells in the rat identified
thousands of novel testicular unannotated transcripts (TUTs).
Although such RNAs are usually annotated as long noncoding
RNAs (lncRNAs), it is possible that some of these TUTs code for
protein. To test this possibility, we used a ‘‘proteomics informed
by transcriptomics’’ (PIT) strategy combining RNA sequencing
data with shotgun proteomics analyses of spermatocytes and
spermatids in the rat. Among 3559 TUTs and 506 lncRNAs found
in meiotic and postmeiotic germ cells, 44 encoded at least one
peptide. We showed that these novel high-confidence protein-
coding loci exhibit several genomic features intermediate
between those of lncRNAs and mRNAs. We experimentally
validated the testicular expression pattern of two of these novel
protein-coding gene candidates, both highly conserved in
mammals: one for a vesicle-associated membrane protein we
named VAMP-9, and the other for an enolase domain-containing
protein. This study confirms the potential of PIT approaches for
the discovery of protein-coding transcripts initially thought to be
untranslated or unknown transcripts. Our results contribute to
the understanding of spermatogenesis by characterizing two
novel proteins, implicated by their strong expression in germ
cells. The mass spectrometry proteomics data have been
deposited with the ProteomeXchange Consortium under the
data set identifier PXD000872.

proteomics, RNA profiling, spermatogenesis, testicular
unannotated transcripts, transcriptome

INTRODUCTION

Spermatogenesis is a specialized and dynamic process
facilitating the transmission of genetic inheritance [1]. It
involves an intricate program of germ cell development, still
poorly documented, that is dependent upon the successive
activation and/or repression of thousands of gene products [2–
4]. Consistent with the complexity of the process, the testis is
one of the most complex organs in the body [5].

A large number of genes have been identified as being
spatially and temporally regulated during postnatal testicular
ontogenesis and germ cell differentiation by genome-wide
transcriptional expression studies [2, 6–12]. Several groups
recently launched a massive reexploration of the testicular
transcriptome using next-generation sequencing technologies
and discovered thousands of novel unannotated loci possibly
important for spermatogenesis [13–20]. However, as little is
known about the associated transcriptional events, these RNAs
are usually annotated, arbitrarily, as being long noncoding
RNAs (lncRNAs) [21–24]; they indeed share many traits with
lncRNAs, including being relatively short and having few
exons, a low GC content, only weak sequence conservation
(comparable to that of introns), and a low abundance [25–29].
However, some of these transcripts may be translated to give
proteins. It has been demonstrated that a comprehensive
integration of Shotgun proteomics and next-generation se-
quencing data is informative about this possibility [30].

Shotgun mass spectrometry now routinely involves liquid
chromatography coupled to tandem mass spectrometry (LC-
MS/MS). Recent technological developments in mass spec-
trometry have led to a new generation of instruments with
unprecedented resolution and sensitivity. As a consequence, it
is now possible to establish extensive, indeed near-exhaustive,
protein repertoires that unsurprisingly include several thousand
nonredundant proteins from a total cell lysate and in a single
run [31, 32]. Recently, Evans and collaborators described a
novel approach that significantly improves the power of
proteomic exploration: they termed this strategy ‘‘proteomics
informed by transcriptomics’’ (PIT) [30].

The PIT approach is based on the assumption that
established sequence databases used for protein identification
are incomplete. The query of mass spectrometry data using
sequence databases such as UniProt [33] inevitably leads to a
loss of information deriving from the MS/MS data itself. The
importance of such losses cannot be anticipated: if the
sequence from which they are derived is not present in
databases, MS/MS spectra that cannot be assigned to any
theoretical peptide derived from virtual trypsin digestion of
these sequences will not lead to any protein identification.
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However, mass spectrometry-based protein identification using
customized theoretical translations of de novo assembled
transcripts from RNA-seq experiments can greatly improve
the sensitivity of peptide identification [34, 35]. The usefulness
of PIT strategies for improving genome annotation by
characterizing novel genes, novel exons, novel splicing events,
translated UTRs, frame shifts, and reverse strands has now
been demonstrated [30, 34, 36, 37]. However, this approach
has not been applied to the discovery and identification of
novel germ cell proteins in any model organism.

We therefore used a PIT strategy that combined recently
published RNA-seq data from isolated rat germ cells [13] with
a Shotgun proteome analysis of rat spermatocytes and
spermatids. We discovered 44 novel protein-coding loci
expressed in meiotic and postmeiotic germ cells, whose
corresponding proteins were identified by mass spectrometry.
As a proof of concept, two of the candidates selected on the
basis of interesting features were further validated experimen-
tally. Our study significantly improves the genome annotation
of a model organism, and it reveals novel players, possibly
central to germ cell physiology and male fertility.

MATERIALS AND METHODS

Ethics Statement

Experimental procedures reported here were performed in conformity with
the principles for the use and care of laboratory animals in compliance with

French and European regulations on animal welfare and were approved by the

Rennes Animal Experimentation Ethics Committee. The investigators were

appropriately authorized by the French ‘‘Direction des Services Vétérinaires’’
to conduct or supervise experimentation on live animals. Human materials were

obtained at Rennes University Hospital from patients seronegative for HIV-1:

normal testis and epididymis samples were collected at autopsy. Normal

seminal vesicles were collected from patients who underwent radical
prostatectomy and had not received hormone treatment; prostate tissues were

obtained from otherwise healthy men who underwent prostatic adenomectomy

for BPH. The local ethics committee approved the study protocol, ‘‘Study of
Normal and Pathological Human Spermatogenesis,’’ registered under No.

PFS09-015 at the French Biomedicine Agency, and informed consent was

obtained from all donors as appropriate.

Animals

Male Sprague-Dawley rats of various ages were used as sources of tissue
samples and for testicular cell isolation, in situ hybridization, and immuno-

histochemical experiments. Animals were purchased from Elevage Janvier.

Isolation of Testicular Cells

Pachytene spermatocytes (pSPC) and early spermatids were prepared by

centrifugal elutriation with a purity greater than 90% according to a previously
described method [38] except that enzymatic dissociation of cells was replaced

by mechanical dispersion. Spermatogonia were isolated from 9-day-old rat

testes according to sedimentation velocity at unit gravity [39]. Sertoli cells (SC)

were isolated from 20-day-old rat testes according to previously described
methods [40, 41]. For RNA extraction, protein extraction, and Western blot

experiments, cells were gently pelleted, snap frozen in liquid nitrogen upon

isolation, and stored atÀ808C until use. Rat tissues (testis, bone marrow, brain,

kidney, liver, lung, and muscle) and human tissues (testis, epididymis, prostate,
and seminal vesicles) used for RT-PCR were frozen in liquid nitrogen and

stored at À808C until analysis.

RNA-Sequencing Analysis

Comprehensive database of known transcripts. Transcript annotations
from public databases (Ensembl [42]; National Center for Biotechnology

Information [NCBI] release RGSC3.4 [43]; AceView [44]; and mRNA data

from University of California at Santa Cruz [UCSC] rn4 [45]) were merged into

a combined set of nonredundant known transcript annotations using
Cuffcompare [46].

Read mapping. Briefly, and as previously described [13], RNA-seq-

derived reads from each sample replicate were aligned independently to the

Rattus norvegicus genome (rn4, downloaded from the UCSC genome browser

website [45] with TopHat (version 1.4.1) [47] using published approaches [29,

46]. The database of known transcripts (see above) and expressed sequence tag

(EST) alignments (from UCSC) was used to define an additional junction set

(AJS) for each TopHat run. The junction outputs from individual TopHat runs

were pooled and added to the AJS to allow TopHat to use junction information

from all samples. TopHat was run again for each sample using the resulting

AJS. The output of this second run comprised the final alignment.

Ab initio transcriptome assembly. Individual sample alignments for each

testicular cell type were pooled. The transcriptome of each individual cell type

was assembled with Cufflinks (version 1.2.0) by finding a parsimonious

allocation of reads of the transcripts within a locus using default settings [46,

48]. Next, the Cuffcompare program was used to merge the individual

transcript fragments (transfrags) into a combined set (nonredundant ‘‘union’’ of

all transfrags that share all introns and exons) of 99 438 assembled transcripts;

this set was named the rat nonredundant reference transcriptome.

Transfrag quantification. The isoform-level abundances (expression level)

were assessed using Cuffdiff [46, 48] for each sample with upper quantile

normalization. Abundance was measured in fragments per kilobase of exon

model per million reads mapped (FPKM). A matrix of FPKM values was then

prepared from the results of transcriptome quantification. The data were

quantile normalized to reduce systematic effects and allow direct comparison

between the individual samples.

Transfrag classification. The Cuffcompare program [46, 48] was used to

classify the 99 438 transfrags belonging to the rat nonredundant reference

transcriptome according to the known transcript annotation database. All long

(cumulative exon length !200 nucleotides [nt]) transcripts that were annotated

automatically as complete match (Cuffcompare class ‘‘¼’’) or potentially novel

isoform (‘‘j’’) of annotated noncoding genes and all novel intronic (‘‘i,’’ i.e.,

falling entirely within a reference intron and without exon-exon overlap with

another known locus) or intergenic (‘‘u’’) loci were selected, and this led to

31 582 genes (34 458 transfrags) being included in the analysis.

Creation of the Rat Nonredundant Reference Proteome
Database

The nucleotide sequences of the 99 438 assembled transcript isoforms were

translated into the six possible reading frames using the Transeq program

(EMBOSS suite of tools) [49]. Deduced amino acid sequences of at least 10

residues between two stop codons were defined as potential protein sequences;

there were 3 348 184 such predicted protein sequences. We assembled a rat

nonredundant reference proteome by merging the UniProt (37 175 canonical

and isoform sequences; release 2012_10) [33] and Ensembl (32 971 known and

44 993 predicted protein sequences; release 3.4.68) [50] proteome databases

with the set of predicted protein sequences.

Mass Spectrometry Analysis

Protein extraction. Frozen cell pellets of rat pSPC and round spermatids

(rSPT) were resuspended in extraction buffer (100 mM PIPES, 70 mM NaCl, 2

mM MgCl
2
, pH 7.4). A cocktail of protease inhibitors with 1 mM EDTA, 0.5

mM dithiothreitol (DTT), 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride

hydrochloride, 10 mM trans-epoxysuccinyl-leucylamido(4-guanidino)butane,

0.6 U/ml nuclease, and 2% (v/v) Nonidet P-40 (Sigma-Aldrich) was added to

the extraction buffer just before use. Cell suspensions were subjected to

sonication on ice. The resulting lysates were centrifuged at 10003 g and 48C

for 10 min to remove cellular debris. The supernatants were then centrifuged at

105 000 3 g at 48C for 1 h. The supernatants containing the soluble proteins

were kept on ice, and the pellets were retrieved in 100 mM Na
2
CO

3
and

sonicated as described above. These suspensions were again centrifuged at

105 0003 g, 48C for 45 min and the supernatants pooled with those containing

the soluble proteins from the first extraction. The protein concentration was

determined using the Bradford colorimetric assay (Bio-Rad), and protein

extracts were stored atÀ808C until use.

Protein prefractionation and digestion. Aliquots of 100 lg of total

proteins from spermatocytes and spermatids were denatured at 708C for 10 min

in a LDS NuPage Sample buffer (Invitrogen) with 50 mM DTT. Proteins were

separated by 12% SDS-PAGE (NuPage Novex Bis Tris Mini Gel; Invitrogen),

in MES SDS Running Buffer. The gels were stained with Coomassie blue

(EZBlue; Sigma-Aldrich) for 45 min, and destained overnight. Each gel lane

was manually cut into 20 (for spermatid extracts) or 21 (for spermatocyte

extracts) slices of approximately the same size. The proteins in the gel slices

were reduced, alkylated, and digested with modified trypsin (Promega) and the

peptides extracted as previously described [51].

Data acquisition. MS measurements of peptide extracts were performed

with a nanoflow HPLC system (Ultimate 3000; Thermo Scientific Dionex)
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connected to a hybrid LTQ-OrbiTrap XL (Thermo Fisher Scientific) mass

spectrometer equipped with a nano electrospray ion source (New Objective).
The MS instrument was operated in its data-dependent mode by automatically
switching between full-survey-scan MS and consecutive MS/MS acquisition.
Survey full-scan MS spectra (mass range 400–2000) were acquired in the
OrbiTrap section of the instrument with a resolution of r¼ 60 000 at m/z 400;
ion injection times were calculated for each spectrum to allow for accumulation
of 106 ions in the OrbiTrap. The seven most intense peptide ions in each survey

scan with an intensity above 2000 counts (to avoid triggering fragmentation too
early during the peptide elution profile) and a charge state !2 were sequentially
isolated at a target value of 10 000 and fragmented in the linear ion trap by
collision-induced dissociation. Normalized collision energy was set to 35%
with an activation time of 30 milliseconds. Peaks selected for fragmentation
were automatically put on a dynamic exclusion list for 120 sec with a mass

tolerance of 610 ppm to avoid selecting the same ion for fragmentation more
than once. The repeat count was set to 1, the exclusion list size limit was 500,
singly charged precursors were rejected, and the maximum injection time was
set at 500 and 300 ms for full MS and MS/MS scan events, respectively. For an
optimal duty cycle, the fragment ion spectra were recorded in the LTQ mass
spectrometer in parallel with the OrbiTrap full scan detection. For OrbiTrap
measurements, an external calibration was used before each injection series,

ensuring an overall mass accuracy error below 5 ppm for the detected peptides.
MS data were saved in RAW file format (Thermo Fisher Scientific) using
XCalibur 2.0.7 with Tune 2.4.

Data processing. Three successive LC-MS/MS runs and dynamic
exclusion were employed to prevent repetitive selection of the same peptide.
Proteome Discoverer software (version 1.2; Thermo Fisher Scientific)

supported by the Mascot (Matrix Science) search engine was used for peptide
and protein identification. MS/MS spectra were used to search our rat
nonredundant reference proteome database (number of residues: 161 273 757;
number of sequences: 3 428 361) and also the randomized version of this
database (decoy) to determine the false-positive rate, defined as the number of
validated decoy hits/(number of validated target hits þ number of decoy hits) *
100, using the Mascot algorithm (Mascot server v2.2.07). Mass tolerance for

MS and MS/MS was set at 10 ppm and 0.5 Da, respectively. Enzyme
selectivity was set to full trypsin with one missed cleavage allowed.
Carbamidomethylation of cysteines was considered as a fixed protein
modification, whereas oxidation of methionine, acetylation of lysine, and
phosphorylation of serine, threonine, and tyrosine were considered as variable
modifications. Peptide identifications extracted from Mascot result files were

validated at a final peptide false-discovery rate (FDR) of 1%. During the
dynamic exclusion process, lists of peptides not filtered out were exported as a
text file containing uncharged and accurate mass values to four decimal places
and a retention time window of approximately 1 min. The mass spectrometer
was configured to work with uncharged masses and automatically to calculate a
peptide mass based on its exact mass and charge state. A mass tolerance of

610 ppm was used to reject previously identified peptides within the specified
retention time window [51].

Protein identification. All MS/MS spectra were used to search our rat
nonredundant reference proteome database and the decoy database in a single
Mascot query to generate one compiled search file (.msf file) per run and per
sample. Identified peptides were filtered according to the Mascot score to
obtain a FDR of 1%. Peptide identifications were accepted if the individual ion

Mascot scores were above the identity threshold (the ion score isÀ10 * log(P),
where P is the probability that the observed match is a random event, P value,
0.05). In the case of peptides shared by different proteins, proteins were
automatically grouped. Only the best matches of the peptides (rank 1) were
considered. The proteins within a group were ranked according to their protein
score. The protein reported in the protein table (Supplemental Data S1;

Supplemental Data are available online at www.biolreprod.org) corresponds to
the top score protein. Each search file (.msf) was exported as a protXML format
file. The peptide and final protein lists, together with the associated description,
are reported in Supplemental Data S1 and S2.

Refinement of Transfrag Selection

To select high-confidence novel protein-coding loci and thus to eliminate
artifacts due to errors in read mapping, transcript assembly, and protein
identification, we applied an additional filtering step. Briefly, we defined a
background expression cutoff (BEC ¼ 3.72 FPKM), calculated as the overall
median of FPKM values for the assembled transcripts that completely match

(Cuffcompare class ‘‘¼’’) RefSeq curated mRNAs (RefSeq category ‘‘NM’’)
[43]. This allowed the selection of ‘‘expressed’’ or ‘‘detectable’’ transfrags for
which FPKM values in both replicates of a given cell type were !BEC.

Statistical Filtration and Cluster Analysis

The transfrags expressed differently in four testicular cell types (SC,

spermatogonia [SPG], pSPC, and rSPT) were filtered statistically using the

AMEN (Annotation, Mapping, Expression and Network) suite of tools [52]

according to the following criteria: Transfrags that exhibited a !3-fold

difference in expression between averaged cellular conditions (pairwise

comparisons) were selected first. Transfrags with significant differential

expression were then identified using a LIMMA statistical test [53] and an F

value adjusted with the FDR method: P  0.01. Selected transfrags were then

grouped into six expression patterns (P1–P6) using the Partitioning Around

Medoids algorithm. The P4–P6 patterns were those involving preferential

expression in spermatocytes and/or rSPT, as described in our previous study

[13].

Multiple Alignments of Protein Sequences

Protein sequences predicted from selected candidates were used as probes

to search UniProt, Ensembl and RefSeq protein databases using the BlastP

program [54]. Additional orthologous sequences were retrieved and predicted

by querying the Ensembl genome, the EMBL nucleic sequence databases [55],

and EST databases using the TBlastN program. Multiple sequence alignments

were then generated using the MAFFT module [56] implemented in the

JalView editor [57] with default parameters. The CD-search program was used

to predict protein domains for the two protein sequence candidates studied in

greater detail [58, 59], and the JNet algorithm implemented in JalView was

used to predict secondary structures [60].

Experimental Validation

RT-PCR and real-time quantitative RT-PCR. Complementary DNA was

obtained from aliquots of 4 lg of DNase-treated RNA (DNase I; Promega)

using random hexamers and Moloney murine leukemia virus reverse

transcriptase (Invitrogen). Two sets of primer pairs were synthesized for PCR

or real-time PCR. All primers were purchased from Sigma-Aldrich (Supple-

mental Data S3 lists the primers and the expected sizes of PCR products and

efficiency of the primer pairs for qPCR). Conventional PCR was performed

using Taq polymerase (Qiagen), or high-fidelity HotStar HiFidelity DNA

Polymerase (Qiagen) for cloning, in a Peltier thermocycler (Labgene). PCR

products were then resolved on 1.5% agarose gels. Real-time PCR was

performed using the ABI 7500 Fast Real-Time PCR System (Applied

Biosystems) in the presence of SYBR green. All samples were studied in

triplicate. Specificity of the product amplification was confirmed by melting

curve analyses and agarose gel electrophoresis. A stable gene in testicular cells

(Snx17) was selected for normalization based on its low coefficient of variance

in microarray data of germ and somatic cells. Relative expressions were

calculated according to the delta Ct method.

Gene cloning and recombinant protein production. The XLOC_001949
PCR product was resolved by electrophoresis on a 1.2% agarose gel, excised,

and purified using the QIAquick Gel Extraction Kit (Qiagen). The purified

DNA was digested with BamH1-HF in the appropriate CutSmart Buffer (New

England Biolabs) to obtain the sequences of interest as BamH1 fragments; these

fragments were inserted into a pQE-30 vector (Qiagen) using the T4 DNA

ligase in the Quick ligation buffer (New England Biolabs), according to the

manufacturer’s instructions. Integrity and insertion orientation of the cDNA

within the pQE-30 vector were checked by single-read sequencing of the two

strands (Eurofins mwg Operon). Supercompetent bacteria of strain XL1-blue

(Stratagene) were transformed with the pQE-30/XLOC_001949 DNA and

cultured in Luria Broth medium supplemented with 100 lg/ml ampicillin and 1

mM isopropyl b-D-1-thiogalactopyranoside to induce recombinant protein

production. The bacterial cells were harvested and lysed, and the soluble

XLOC_001949 6 His-tagged recombinant protein (
rec
XLOC_001949) present

in the supernatant was purified by affinity on Ni-NTA agarose slurry (Qiagen),

using a 250 mM imidazole elution buffer according to the manufacturer’s

protocol. The purity of
rec
XLOC_001949 was evaluated by SDS-PAGE, and

the nature of the recombinant protein was checked by tryptic digestion and

nano LC-MS/MS on a HCT Ultra PTM Discovery (Bruker Daltonik, GmbH)

ion trap mass spectrometer.

Antibody production. Antibodies against the
rec
XLOC_001949 protein

were raised in rabbit, using the 28-Day Super Speedy Polyclonal Antibody

Protocol (Eurogentec).

In Situ Expression Analyses

In situ hybridization and immunohistochemistry experiments were

performed with testes from adult male Sprague-Dawley rats fixed in Bouin
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fixative and embedded in paraffin, as previously described [61]. Adult male rats

under pentobarbital anesthesia were perfused via the left ventricle with PBS

containing heparin (10 U/ml) for 5 min and then with Bouin solution (Microm

Microtech) for 20 min. Testes were isolated and immersed in the same fixative

for 6 h. The specimens were dehydrated in a graded series of ethanol

concentrations, in butanol, and then embedded in paraffin. Sections 5 lm thick

were cut and mounted onto poly-L-Lysine-coated slides.

In situ hybridization. RT-PCR products corresponding to XLOC_001949

and XLOC_013843 were gel purified using the Qiaquick Gel Extraction Kit

(Qiagen), inserted into the pCR II-TOPO vector (Life Technologies), and used

to transform competent XL1 blue bacteria. The constructs were screened by

PCR and sequenced. Sense (T7 RNA polymerase on BamH1 linearized vector)

and antisense (Sp6 RNA polymerase on XhoI linearized vector) riboprobes

were generated and labeled with digoxigenin-UTP (Boehringer Mannheim).

The abundance of transcripts of the XLOC_001949 and XLOC_013843

constructs was then evaluated by in situ hybridization with antisense or sense

riboprobes at 0.8 ng/ll. The hybridization signal was detected with an alkaline

phosphatase-conjugated anti-digoxigenin antibody at 1:500 (Boehringer

Mannheim) and visualized by incubation for 16 h at room temperature with

S-bromo-4-chloro-3-indolyl phosphate (50 mg/ml) and nitroblue tetrazolium

(75 mg/ml) as substrates (Boehringer Mannheim).

Immunohistochemical experiments. Tissue sections were incubated for 2

h at room temperature with the anti-
rec
XLOC_001949 antibody used at a final

dilution of 1:4000. After several washes in TBS, sections were incubated for 1

h with the Peroxidase/DAB Rabbit/Mouse EnVision solution (Dako), and

developed with a diaminobenzidine solution (Sigma-Aldrich). The sections

were counterstained with Masson hemalun, dehydrated, and mounted in Eukitt

(Labnord). Rabbit preimmune serum was used as a negative control at a 1:2000

dilution.

Data Access

The RNA-seq data files were submitted to NCBI’s Sequence Read Archive

and to the NCBI Gene Expression Omnibus under accession numbers

SRP026340 and GSE48321, respectively. The mass spectrometry proteomics

data were deposited with the ProteomeXchange Consortium with the data set

identifier PXD000872. Sequences of the identified peptides were mapped on

the rat genome using BLAT [62] and subsequently deposited in the

ReproGenomics Viewer (http://rgv.genouest.org). Selected unannotated trans-

frags were deposited with the GenBank Transcriptome Shotgun Assembly

Sequence Database as bioproject no. PRJNA209702.

RESULTS

Experimental Design and PIT Workflow

A large set of lncRNAs and testicular unannotated
transcripts (TUTs) has previously been characterized by high-
resolution expression profiling of male germ cells in the rat
using next-generation sequencing [13]. We used a PIT strategy
to identify those transcripts that code for proteins, as
summarized in Figure 1.

A RNA-seq analysis was conducted previously to charac-
terize the transcriptome of four testicular cell types: SC, SPG,
pSPC, and rSPT [13]. Briefly, the paired-end reads resulting
from the sequencing of RNAs were aligned on the rat genome
sequence and assembled into nonredundant transfrags. Recon-
structed transcripts were then translated into protein sequences
and a database of predicted open reading frames (ORFs) was
generated. This data set was merged with a canonical list of rat
proteins from UniProt (37 175 canonical and isoform sequenc-
es; release 2012_10) and Ensembl (32 971 known and 44 993
predicted protein sequences; release 3.4.68), to generate a rat
nonredundant reference proteome. In parallel, comprehensive
rat proteomes from isolated pSPC and rSPT were generated by
shotgun proteomic analyses. Briefly, protein extracts were
sequentially prefractionated, digested with trypsin, and ana-
lyzed by LC-MS/MS. The spectral data were then used to
search the rat nonredundant reference proteome with the
Proteome Discoverer software using the Mascot algorithm. A
highly stringent refinement strategy was developed to select
those protein identifications corresponding to novel unanno-

tated or noncoding transcriptional events (TUTs and lncRNAs)
that were unambiguously detected in meiotic and/or postmei-
otic germ cells.

The Rat Nonredundant Reference Transcriptome
Contained About 100 000 Transcripts and the Proteome
3000 000 Predicted ORFs

Of the 140 million paired-end reads resulting from the
Illumina sequencing experiment [13] about 80% were properly
aligned on the rat genome (Fig. 2). These reads were
subsequently assembled into a unique set of 99 438 transfrags,
termed the rat nonredundant reference transcriptome (Fig. 2):
32 024 of these (29 668 loci) were classified as novel intronic
(cuffcompare class code ‘‘i’’) or intergenic (class code ‘‘u’’)
long (cumulative exon length ! 200 nt) TUTs, and 1274 (795
loci) appeared to correspond to known (class code ‘‘¼’’) or
novel (class code ‘‘j’’) isoforms of annotated, long, noncoding
genes (lncRNAs) (Fig. 2).

We then predicted about 3.3 million ORFs (!10 amino
acids [aa]) from all six frames of each reconstructed transcript,
and the deduced aa sequences were combined with UniProt
(release 2012_10) and Ensembl (release 3.4.68) public
proteome databases, leading to a unique set of 3 428 361
proteins that we used as our customized rat nonredundant
reference proteome.

The PIT and Refinement Strategies Revealed 44 Novel
Potentially Protein-Coding Loci

Mascot and a target decoy strategy were used for searches
with the MS/MS spectra data from pSPC and rSPT protein
extracts against the rat nonredundant reference proteome. This
led to the identification of 19 966 nonredundant peptides
corresponding to 4999 nonredundant proteins in pSPC (16 611
peptides; 4056 proteins) and/or rSPT (11 755 peptides; 3061
proteins) (Supplemental Data S1 and S2).

To identify the most likely protein-coding candidates
associated with a germ cell line expression pattern, an
additional refinement step based on transcript abundance was
applied. This resulted in a final set of 5379 long, nonredundant
transcripts (4065 loci) significantly expressed in pSPC and/or
rSPT: they included 4458 TUTs (3559 loci) (Fig. 2, left) and
921 lncRNAs (506 loci) (Fig. 2, right). Mass spectrometry
identified translation products for 69 of these transcripts (44
loci), including 48 TUTs (30 loci) and 21 lncRNAs (14 loci),
with at least one high-confidence peptide (rank 1; 1% FDR) in
isolated pSPC and/or rSPT; these 44 loci were therefore
qualified as MS identified. They included 15 TUTs (12 loci)
and 16 lncRNAs (12 loci) that were preferentially expressed in
SPC and/or SPT (patterns P4–P6) (Fig. 2).

The Features of MS-Identified Transcripts Diverge
Significantly from Those Typical of Known lncRNAs

TUTs share many genomic characteristics with known
lncRNAs in vertebrates [13], including relatively short length,
low exon number, low GC content, low sequence conservation
(comparable to that of introns), low abundance, and highly
temporally and spatially restricted expression patterns [25–29,
63–65]. To determine whether or not the 69 MS-identified
TUTs and lncRNAs share features with nonidentified tran-
scripts expressed in meiotic and postmeiotic germ cells, we
compared a list of genomic traits between transcript popula-
tions (Fig. 3). This analysis included the 5355 MS-identified
mRNAs, those annotated protein-coding transcripts assembled
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in our RNA-seq data set and for which at least one high-
confidence peptide was identified by mass spectrometry in
pSPC and/or rSPT extracts.

Size characteristics and number of isoforms. MS-
identified TUTs or lncRNAs (first quartile [q1] ¼ 660 bp,
median [med] ¼ 905 bp, third quartile [q3] ¼ 2198 bp) were
significantly longer than non-MS-identified transcripts (q1 ¼
389 nt, med ¼ 599 nt, q3 ¼ 1004 nt; P value for Wilcoxon
signed-rank test , 2.10À8) but shorter than MS-identified
mRNAs (q1 ¼ 1093 nt, med ¼ 1805 nt, q3 ¼ 3049 nt; P ,

2.10À5) (Fig. 3A). The number of exons for MS-identified
(med ¼ 4 exons) was significantly greater than for non-MS-
identified TUTs and lncRNAs (med¼2; P, 8.10À9) but lower
than for MS-identified mRNAs (med ¼ 9, P , 3.10À12) (Fig.
3B). Maximum ORF length was significantly longer for MS-

identified transcripts (q1¼ 107 aa, med¼ 134 aa, q3¼ 335 aa)
than non-MS-identified transcripts (q1 ¼ 75 aa, med ¼ 94 aa,
q3¼121 aa; P, 9.10À13) but without being as long as those in
MS-identified mRNAs (q1¼ 229 aa, med¼ 374 aa, q3¼ 653
aa; P , 2.10À12) (Fig. 3C). The numbers of spliced isoforms
for MS-identified TUTs and lncRNAs (q1¼ 1.0, med¼ 2.0, q3
¼ 4.0) were about double those for non-MS-identified
transcripts (q1 ¼ 1, med ¼ 1, q3 ¼ 2; P , 2.10À3) but only
two thirds those for MS-identified mRNAs (q1 ¼ 2.0, med ¼
3.0, q3 ¼ 5.0; P , 3.10À2) (Fig. 3D).

Sequence conservation. To assess the conservation of
exons and introns in MS-identified transcripts and that in non-
MS-identified transcripts, we compared the averaged base-by-
base phastCons conservation score calculated for nine
vertebrates, as provided by the UCSC genome browser [45].

FIG. 1. Experimental design and PIT workflow. A schematic diagram of the strategy used to identify novel protein-coding loci by combining
transcriptomic and proteomic data analysis.
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Exon conservation was higher and intron conservation slightly
lower in MS-identified (median exon conservation of 0.2 and
0.0 for intron conservation) than non-MS-identified (0.0 for
exon, P , 6.10À8; 0.0 for intron, P , 6.10À3) TUTs and
lncRNAs (Fig. 3, E and F). MS-identified mRNAs (0.7 for
exon, P , 3.10À20; 0.1 for intron, P , 2.10À10) showed a
higher exon and intron conservation than MS-identified TUTs
and lncRNAs.

Abundance and cell specificity. Unexpectedly, the
expression level in testicular cells was higher for MS-identified
TUTs and lncRNAs (median of the highest log2FPKM of 3.6)
than for non-MS-identified transcripts (median of 3.1; P ,

5.10À4) and MS-identified mRNAs (median of 3.3; P ,

5.10À2) (Fig. 3G). An expression specificity score based on the
Shannon (theoretical information measure) entropy Q was
calculated as an estimate of the abundance specificity for the
various testicular cell types [66] as previously suggested [25,
29]. MS-identified transcripts showed intermediate cell-type
specificity (median Shannon entropy-based specificity score ¼
1.1) significantly lower than that for non-MS-identified
transcripts (0.8; P , 2.10À4) but higher than that for MS-
identified mRNAs (1.4; P , 9.10À6) (Fig. 3H).

Distance to neighboring protein-coding genes. We
investigated the relationships between MS-identified TUTs
and lncRNAs and their protein-coding neighbors, and com-
pared them with those for nonidentified transcripts. We
considered the nearest known upstream and downstream

protein-coding genes without distance restriction. Non-MS-
identified TUTs and lncRNAs (q1¼ 1225, med¼ 12 946, q3¼
53 684) were about six times farther from any protein-coding
genes than were MS-identified TUTs and lncRNAs (q1¼ 332,
med¼ 2178, q3¼ 20 701; P , 2.10À2) (Fig. 3I). The distance
to neighboring protein-coding genes was not significantly
different for MS-identified TUTs and lncRNAs and for MS-
identified mRNAs (P , 0.5).

The Genes for VAMP9 and a Testicular Enolase Domain-
Containing Protein, T-ENOL: Two Novel Protein-Coding
Genes Expressed in Meiotic and Postmeiotic Germ Cells

The main objective of our study was to demonstrate the
existence of novel unannotated protein-coding loci by
providing mass spectrometry evidence of the corresponding
peptides/proteins. The validated data set is presented in
Supplemental Data S4. Two TUTs were selected for further
investigation to illustrate the relevance of our discovery
strategy.

VAMP9 (locus XLOC_013843), a meiotic and postmei-
otic VAMP7-like protein. The first selected locus (locus ID:
XLOC_013843; transcript ID: TCONS_00035758) was iden-
tified from one high-confidence peptide in pSPC (protein
sequence coverage ’ 22.5%; E value , 10À4). It maps on
chromosome 14 (positions 10 975 584–10 984 162) and is
composed of three exons with a cumulative exon size of 256

FIG. 2. PIT and refinement strategies used to select novel high-confidence protein-coding loci expressed in germ cells. From top to bottom, Illumina
sequencing generated millions of 60-bp paired-end reads, which are aligned to the rat genome (release rn4) and subsequently assembled into cell-specific
transcriptomes as described in the previous study [13]. We next focused on novel testicular unannotated loci (left side, class codes ‘‘i’’ and ‘‘u’’) and
lncRNAs (right side, class codes ‘‘¼’’ and ‘‘j’’). We used a three-step refinement strategy to select a high-confidence set of long (!200 bp) and detectable (in
pSPC and/or rSPT) transcripts showing a peak of expression during meiotic and/or postmeiotic stages. At each step, the numbers of loci and transcripts are
given. The numbers of loci and transcripts for which a predicted ORF was detected by LC-MS/MS is indicated by round-head arrows on each side of the
figure.
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nt and a maximum ORF size of 78 aa (Figs. 4A and 5A). This
TUT was among the most conserved among vertebrates
(phastCons score ¼ 0.735; Figs. 4A and 5A). It shows a peak
expression in pSPC based on the RNA-seq data set (Fig. 4A)
that was confirmed by qPCR and RT-PCR using the four
testicular cell populations (Fig. 4, B and C). The RT-PCR
experiment also included seven healthy tissues; small amounts
of the RNA were detected in somatic tissues (brain, liver and
lung; Fig. 4C). Two distinct bands corresponding to two
alternative isoforms were observed. Pachytene SPC up to rSPT
and elongated spermatids in adult testis sections showed a
cytoplasmic staining in in situ hybridization analysis (Fig. 4, D
and E). Protein, genome, and EST database searches using
Blast programs [54] unambiguously identified or predicted
corresponding protein sequences in 13 vertebrates (Fig. 5A).
This analysis indicated very strong conservation of the
predicted ORF in mammals and also that the predicted

secondary structures were conserved: five beta sheets and
three helices. It also revealed a close paralogy relationship with
the vesicle-associated membrane protein 7 (VAMP7, ;46% of
sequence similarity). The similarity with VAMP7 was
confirmed by the prediction of a SNARE-like domain (Pfam
domain PF13774, E value ¼ 0.02). We thus decided to name
this novel protein-coding gene the vesicle-associated mem-
brane protein 9 (VAMP9) gene. Analysis of identified ESTs
indicated that the VAMP9 gene is expressed in five other
mammalian species (mouse, dog, buffalo, pig, and wallaby); in
four of these species, the ESTs were exclusively retrieved in
the testis (Fig. 5A and Supplemental Data S5). RT-PCR
evidenced substantial amounts of VAMP9 mRNA in both
human and mouse testis (Supplemental Data S6).

T-ENOL (XLOC_001949), a novel mammalian meiotic
and postmeiotic protein with a conserved enolase domain.
The second selected candidate locus we investigated, T-ENOL

FIG. 3. Genomic and transcriptomic features of MS-identified transcripts. MS-identified TUTs, and known lncRNAs were compared to nonidentified
TUTs and known lncRNAs and to MS-identified mRNAs. The box plots summarize the distributions of: cumulative exon length (A); number of exons (B);
maximum ORF size in amino acids (C); number of isoforms (D); exon conservation (phastCons score; E); intron conservation (phastCons score; F); the
maximum abundance in samples in log2(FPKM þ 0.05) (G); cell-specificity measures based on Shannon entropy (H); and the distance to the nearest
protein-coding gene (I). Note that the lower the value of Shannon entropy, the more the expression is restricted to one cell type. For A and I, lengths are
shown in nucleotides (bp). For A, C, and I, x-axes are shown on a logarithmic scale.
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(XLOC_001949/TCONS_00010279), was identified from one
peptide in both pSPC and rSPT (protein sequence coverage ’

16%; E value , 9.10À5). It maps to chromosome 1 (positions
186 149 397–186 152 729) and is composed of six exons with a
cumulative exon size of 1045 nt and a maximum ORF size of

89 aa (Figs. 4F and 5B). Its sequence conservation among
vertebrates is higher than those of other TUTs (phastCons score
¼ 0.164), but lower than that of VAMP9 (Figs. 4F and 5B).
RNA-seq data analysis indicated that this RNA was present in
pSPC and rSPT (Fig. 4F), a finding confirmed by qPCR and

FIG. 4. Cell-specific expression patterns of XLOC_013843 (VAMP9) and XLOC_001949 (T-ENOL) transcripts. The expression patterns of XLOC_013843
(A–E) and XLOC_001949 (F–J) were investigated. A and F) The gene structure for both (yellow boxes correspond to exons), the sequence conservation
between nine vertebrates as provided by the UCSC genome browser (phastCons scores, red histograms), and the transcript abundance determined by
RNA-seq in four isolated testicular cell types as a color-coded blue heat map. B and G) The amounts of each transcript in each cell type according to the
RNA-seq (left y-axis) and the quantitative RT-PCR (right y-axis) experiments. C and H) XLOC_013843 and XLOC_001949 transcript detection by RT-PCR
in the total testis (TT), SC, SPG, pSPC and rSPT, and other tissues including bone marrow (BM), brain (BR), kidney (KI), liver (LI), lung (LU), and muscle
(MU). RTÀ, reverse transcription negative control. D and I) Testicular in situ hybridization images with probes specific for the selected MS-identified
transcripts. Insets: negative control images showing the absence of signal when sense ribonucleotide probes were used. Bars¼50 lm. E and J) A summary
of XLOC_013843 and XLOC_001949 transcripts (respectively) in situ localization, superimposed on the map of spermatogenesis from Leblond and
Clermont [97], as modified by Dym and Clermont [98] (reproduced with permission of John Wiley & Sons, Inc.).
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RT-PCR (Fig. 4, G and H). The RT-PCR experiment also
demonstrated that its expression was restricted to the testis
(Fig. 4H). In situ hybridization analysis of adult testis sections
showed that cytoplasmic staining increased from round SPT at
stage IV to step 18-elongated spermatids (Fig. 4, I and J).

Protein sequence analysis confirmed the good conservation of
the predicted ORF and its predicted secondary structures (two
beta sheets and two helices) in 26 other mammalian species,
including 13 for which there is EST evidence of the
corresponding transcript (Fig. 5B and Supplemental Data

FIG. 5. Sequence conservation of the two proteins selected for detailed analysis, XLOC_013843 (VAMP9), and XLOC_001949 (T-ENOL). Predicted
orthologous proteins of XLOC_013843 (A) and XLOC_001949 (B) in several mammalian species were retrieved using NCBI Blast programs with RefSeq,
UniProt, and EST databases. Protein sequences were aligned using the MAFFT algorithm implemented in the JalView suite. Peptides identified by LC-MS/
MS are indicated by a red rectangle on the multiple sequence alignments. Conserved residues are highlighted according to the default Clustal Color
scheme as used by JalView (http://ekhidna.biocenter.helsinki.fi/pfam2/clustal_colours). On the left of each protein sequence, protein information is given
as follows: organism (number of ESTs in testis /total number of EST, UniProt/ENSEMBL/RefSeq/EST identifiers, position of the first amino acid residue
indicated on the alignment, total protein length). Predicted Pfam domains are depicted by blue rectangles below the alignments; the corresponding E-
value and bit score are indicated within the blue rectangle. JNet structure predictions are displayed below the Pfam predictions. The annotation bars are as
follows: JNetPRED, the consensus prediction; JNetHMM, HMM profile based prediction; JNETSOL25 and JNETSOL5, solvent accessibility predictions
(binary predictions of 25% or 5% solvent accessibility). The JNetCONF profile shows the confidence estimate for the prediction. High values mean high
confidence prediction. Helices are marked as red tubes, and sheets as bright green arrows. A consensus prediction and a conservation profile with
conservation scores from 0 to 10 (high values mean high conservation) are given below the JNetCONF profile. The presence of ESTs in each species is
represented by a color code on the protein information: Black, no EST; green, presence of ESTs; orange, presence of ESTs sequenced in testis; and, red, a
majority of ESTs sequenced in the testis.

PIT REVEALS NOVEL GENES EXPRESSED IN GERM CELLS

9 Article 123

�
��
������������

��
�
�
�����������������



S5). In seven mammals, a majority of EST has been sequenced
in the testis. The expression of the TCONS_0012079 homolog
transcript was verified by RT-PCR in the mouse and human
testis (Supplemental Data S6). Domain prediction analysis
indicated the presence of a highly significant enolase domain
(pfam domain PF00113, E value¼ 8.273 10À3) in the protein
sequence. We further tested for the distribution of the protein
during spermatogenesis by immunohistochemistry with a

polyclonal antibody raised against the recombinant
XLOC_001949 (T-ENOL) ORF. XLOC_001949 immunore-
activity in the adult rat testis was weak in rSPT (Fig. 6A) and
stronger in elongating spermatids at all stages; localized
immunoreactivity was also observed in the residual bodies of
spermiating spermatozoa (Fig. 6B, arrowheads). These obser-
vations are summarized in Figure 6C.

DISCUSSION

RNA-seq has not previously been combined with shotgun
proteomics to search for novel protein-coding genes in the field
of male reproduction. Palmer and collaborators [67] combined
RNA-seq and tandem mass spectrometry to identify novel
sperm proteins in the red abalone. Red abalone is not an
established model organism, so the potential for discoveries
was very large. We are unaware of any studies using a PIT
approach to identify novel proteins in the germ cell lineage of a
model organism.

Illumina next-generation sequencing technology and highly
enriched somatic and germ cell populations were recently used
in our laboratory for high-resolution expression profiling of rat
testicular cells [13]. Thousands of novel TUTs and long
noncoding transcripts (lncRNAs) were found. Although most
of the TUTs share the genomic characteristics of lncRNAs, we
investigated whether some of these transcriptions correspond to
novel protein-coding genes. The primary aim of our study was
therefore to characterize and validate at the protein level novel
protein-coding genes expressed in meiotic and postmeiotic
germ cells. We exploited our RNA-seq data set by combining it
with a Shotgun proteome analysis of rat pSPC and rSPT in a
PIT approach [30].

Until recently, proteomic studies could detect only proteins
encoded by known genes because they relied on the
information present in sequence databases. However, the
possibility of using sample-specific databases derived from
RNA-seq data is revolutionizing large-scale proteomics [34].
PIT approaches will allow better characterization of the protein
pool present in a sample, increase protein identification rates
[34], and improve the genome annotations (by identifying
novel genes, exons, splicing events, translated UTRs, frame
shifts, and reverse strands) [37].

Among 5379 TUTs and lncRNAs (4065 loci) reconstructed
from pSPC and/or rSPT by RNA-seq analysis, we report
evidence for the production of the corresponding protein and
thus expression of 69 transcripts (48 TUTs and 21 lncRNAs)
corresponding to 44 loci. About 72% of these MS-identified
transcripts showed meiotic or postmeiotic expression patterns.
Various traits were compared between MS-identified and non-
MS-identified TUTs and lncRNAs, as well as MS-identified
mRNAs. MS-identified transcripts showed genomics features
differing from those typically shared by lncRNAs: they were
longer, had longer ORFs, had better exon conservation, were
closer to neighboring protein-coding genes, and had less cell-
type specificity. This last feature is consistent with previous
observations of a significantly more specific expression pattern
of noncoding loci than protein-coding genes [13, 29]. These
observations are consistent with the meiotic and postmeiotic
TUTs and lncRNAs, for which there was mass spectrometry
evidence of protein corresponding to novel protein-coding loci.

We generated an inferred protein sequence database of
about 3 million sequences derived from the reconstructed
transcripts translated in the six reading frames. These
sequences were merged with canonical databases. Searching
a higher-eukaryote, six-frame translation database is problem-
atic because most of the search space will consist of translated

FIG. 6. Validation of the expression of XLOC_001949 (T-ENOL) by
detection of a protein. A and B) Immunolocalization of the XLOC_001949
protein in adult rat testis sections as revealed with the anti

rec
XLOC_001949 rabbit polyclonal antiserum. Serial rat testis sections

were similarly probed with a preimmune serum as a negative control
(inset in A). Roman numerals indicate seminiferous epithelium stages [97].
A) The weak immunoreactivity in rSPT at stage IX. A stronger signal was
observed in elongating spermatids (eSPT), increasing from stage XII to
stage VI. B) The localized immunoreactivity in the residual bodies
(arrowheads) of spermiating spermatozoa at stage VIII. Bars ¼ 50 lm (A)
and 25 lm (B). C) Summarizes the distribution of the XLOC_001949
protein in situ superimposed on the map of spermatogenesis from Leblond
and Clermont [97] as modified by [98] (reproduced with permission of
John Wiley & Sons, Inc.).
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noncoding sequences; indeed, for example, only 1%–2% of the
human genome encodes proteins [68, 69]. The problem of such
custom databases is the balance between increasing the
exhaustivity of the available peptide sequences and decreasing
the FDR. Both sequence redundancy due to size of the database
and the presence of sequence errors increase the FDR [70–72].
Nevertheless, the validation of gene products at the peptide
level demonstrates the robustness of our integrative strategy
and clearly establishes its relevance for the improvement of rat
genome annotation. However, the completeness of our PIT
approach cannot be guaranteed, as some protein-coding
transcripts may have been missed. Some may not have been
assembled during the RNA-seq analysis because they are rare,
or may have not been identified because their expression is
below the stringent BEC defined to eliminate artifacts during
transcript selection refinement. Several additional inherent
drawbacks remain in the use of RNA-seq data sets for
proteome analyses. Both sequencing errors and errors in
assembly can result in artifacts, particularly shifts in the reading
frame and apparent early termination of predicted protein
sequences; such errors will cause erroneous deduced protein
sequence and thus tryptic peptides.

Some peptides might not be identified because their
sequence is not in the database; others might be missed
because of the lower sensitivity of proteomics than tran-
scriptomics and because all the peptides in an experiment are
not equally detectable [73]. In their impressive work to
improve mouse genome annotation using proteomics, Brosch
and coworkers [74] found that up to 91% of all protein-coding
exons and 86% of all introns could theoretically be confirmed
from peptides identified by proteomics experiments. The
number of potentially predicted peptides does not correlate
with the number of identified peptides because the latter is
directly related to the expression dynamics of the proteins in a
given sample [74]. Gene expression is dependent on tissue, cell
type, and environmental stage, and is often transient.
Consequently, a novel gene corresponding to a large number
of theoretical peptides might be missed because the encoded
protein expressed only weakly or not at all in the sample
studied. Indeed, the absence of identification of a peptide in
mass spectrometry experiments used during a PIT strategy is
not proof that the corresponding gene is not expressed (or
protein produced).

PIT approaches are undoubtedly becoming a major
component of the integrative genomics toolbox, not only for
studies on nonmodel organisms [75–78], but also to improve
the genome annotation of extensively studied model organisms
such as rodents and human. A high value application of PIT
methodologies is the deciphering of the spliceome of a cell
population. In this work, we establish an appropriate basis for a
large-scale study of the numerous germ cell-specific proteo-
forms whose synthesis is required for the completion of
meiosis and the production of mature gametes. Our PIT
approach will allow us to match any identified peptide to its
corresponding exon on each transcript isoform, facilitating the
discovery of novel splice junctions and their analysis by mass
spectrometry [36]. Several RNA-seq-based gene expression
studies have reported the discovery of thousands of novel
transcript isoforms [79] in reproductive tissues: germ cells and
testis [14, 15, 17, 80], placenta [81], and prostate tumor [82].
Chalmel and collaborators [13] reported 12 000 novel transcript
isoforms expressed during rat spermatogenesis. Here, we
identified up to 4999 proteins, and the proportion of potentially
new protein isoforms identified in pSPC and rSPT accounted
for about 80% of our novel protein identifications (Supple-
mental Data S1). This indicates that our PIT strategy is useful

for identifying proteins and correlating changes in isoform
expression during male germ cell differentiation. Nevertheless,
experimental verification may be required to determine which
isoforms are present in a given sample [83].

The final objective of our study was to demonstrate that a
PIT strategy could identify novel proteins important to in germ
cell biology. We thus investigated in greater detail two MS-
identified transcripts, corresponding to VAMP9 and the T-
ENOL (testicular enolase-like) protein. All validations per-
formed at the transcript level unambiguously confirmed the
expression of both genes in meiotic or postmeiotic germ cells
in the rat. Both qPCR and in situ hybridization showed that the
VAMP9 gene is expressed in pSPC and in rSPT. The
expression of is highly variable (250-fold difference according
to RNA-seq data), confirmed by much more intense staining in
rSPT than in pSPC on in situ hybridization analysis. Further
transcriptional validations showed the preferential expression
of T-ENOL and VAMP9 transcripts in the testes in both mouse
and human.

A polyclonal antibody against the
rec
XLOC_01949 (T-

ENOL) protein was produced and used to study the meiotic and
postmeiotic distribution of the protein; this analysis confirmed
the validity of its identification by MS in protein extracts from
spermatocytes and spermatids. By inference, we were able to
provide a novel annotation for its human homolog locus
(LOC440356), which previously was ambiguously annotated
as a ‘‘noncoding CDIPT antisense RNA 1’’ in NCBI or as a
‘‘product of a dubious gene prediction’’ in UniProt (accession:
Q0VD67).

The identification of T-ENOL, an enolase domain-contain-
ing protein, further implicates enolases in spermiogenesis. It
has long been known that mammalian sperm contains atypical
forms of enolases [84]. These are associated with the fibrous
sheath in the principal piece of the sperm flagellum. Eno-S, a
human sperm-specific enolase, has been found to have three
different isoforms whose expression is linked to the stage of
sperm maturation through epididymal transit [85, 86]. Enolases
are involved in glycolysis, so, as ATP production is crucial for
the motility of spermatozoa, these enzymes presumably play a
key role in spermiogenesis and male gamete biology. Recently,
the spermatogenic cell-specific mouse enolase 4 (ENO4) was
characterized. Using a gene trap approach, the authors
demonstrated that disruption of the eno4 gene led to major
sperm structural defects (a coiled flagellum and a disorganized
fibrous sheath) and reduced sperm motility [87].

VAMP9 may also be very important for germ cell biology
and spermatogenesis. It is a SNARE-like (soluble N-ethyl-
maleimide-sensitive factor attachment protein receptor) do-
main-containing protein, apparently a member of the Longin
family, as is VAMP7, the closest paralog of VAMP9 [88]. This
family of proteins is essential for regulating membrane
trafficking. VAMP9 may also, like other SNARE proteins,
regulate the SNARE complex formation involved in secretory
and endocytic pathways [89]. This complex mediates diverse
biochemical functions via a range of protein-protein interac-
tions [90]. Some members of the SNARE family have already
been associated with spermatogenesis: syntaxin 2 (STX2) may
be involved in the acrosome reaction [91], and VAM6P and
SNAP accumulate on the acrosome during capacitation [92].
Syntaxin 17 (STX17) is abundant in steroidogenic cells [93].
Furthermore, VAMP7 is important in several cell differentia-
tion processes, including neurite outgrowth [94] and cilio-
genesis [95]; note than sperm flagella and cilia share numerous
features. It has also been suggested that VAMP7 defines a
novel trafficking pathway to the cell surface in both neuronal
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and nonneuronal cells [96]. VAMP9 may possibly play similar
roles in meiotic and postmeiotic germ cells.

In conclusion, we report the discovery of 44 new protein-
coding loci expressed in rat male germ cells by using a PIT
strategy. The relevance of this type of strategy for discovering
novel testicular proteins was confirmed. In particular, we
experimentally validated two of the novel male germline-
associated proteins identified: a vesicle-associated membrane
protein named VAMP9, and an enolase domain-containing
protein, T-ENOL. The data contribute to a better understanding
of germ cell differentiation events and represent a valuable
resource for functional investigations into the role of numerous
new genes and proteins in normal and pathological spermato-
genesis. Graphical displays of both transcriptomics and
proteomics datasets used in this study are available in open
access through the ReproGenomics Viewer (http://rgv.
genouest.org). Further progress will also be made available
on this comprehensive viewer to help scientists in the field to
improve their understanding of the molecular events underly-
ing spermatogenesis.

Although PIT approaches are increasingly widely used, they
require extensive advanced skills in all of transcriptomics,
genomics, and proteomics. This currently limits their applica-
tion to various fields of cell biology. Nevertheless, we foresee
that over the next few years PIT approaches will contribute to
the discovery of numerous novel proteins corresponding to
currently unknown events or associated with transcripts
thought to be untranslated.
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Identifiant� Locus� Cat� Gene� Taille!

cumulative des

exons!(b)�

Nombre!

d’exons�
Transcrit!

(RNADseq)�
Protéine!

(MS/MS)�
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connue

identifiée�
TCONS_00000492� XLOC_000393� iso� Wdr62� 4888� 31� pSPC;rSPT� pSPC;rSPT� _�
TCONS_00000493� XLOC_000393� iso� Wdr62� 1801� 16� pSPC;rSPT� pSPC;rSPT� _�
TCONS_00005093� XLOC_000393� iso� Wdr62� 676� 4� pSPC;rSPT� pSPC;rSPT� _�
TCONS_00005094� XLOC_000393� iso� Wdr62� 4372� 25� pSPC;rSPT� pSPC;rSPT� _�
TCONS_00005095� XLOC_000393� iso� Wdr62� 3862� 21� pSPC;rSPT� pSPC;rSPT� _�
TCONS_00008857� XLOC_000393� iso� Wdr62� 4556� 32� pSPC;rSPT� pSPC;rSPT� _�
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p-valueDepleted Enriched
1 0.95 0.05 1e-5 0

biological_process

0000003 reproduction

0008340 determination of adult lifespan

0009792 embryo development ending in birth or egg hatching

0007283 spermatogenesis

0007286 spermatid development

0007339 binding of sperm to zona pellucida

0006605 protein targeting

0006614 SRP-dependent cotranslational protein targeting to membrane

0050658 RNA transport

0044351 macropinocytosis

0017038 protein import

0006898 receptor-mediated endocytosis

0051436 negative regulation of ubiquitin-protein ligase activity ...

0042023 DNA endoreduplication

0044773 mitotic DNA damage checkpoint

0000278 mitotic cell cycle

0022402 cell cycle process

0015980 energy derivation by oxidation of organic compounds

0010467 gene expression

0006629 lipid metabolic process

0005975 carbohydrate metabolic process

0071704 organic substance metabolic process

cellular_component

0043234 protein complex

0005832 chaperonin-containing T-complex

0002199 zona pellucida receptor complex

0005739 mitochondrion

0005811 lipid particle

0005634 nucleus

0030529 ribonucleoprotein complex

0005777 peroxisome

0005794 Golgi apparatus

0005773 vacuole

0016023 cytoplasmic membrane-bounded vesicle

0001669 acrosomal vesicle

0042470 melanosome

0044430 cytoskeletal part

0044297 cell body

P1

9 / 5

2 / 1

8 / 3

4 / 1

2 / 0

0 / 0

3 / 1

2 / 0

1 / 0

2 / 0

0 / 1

3 / 1

0 / 0

0 / 0

0 / 0

3 / 2

5 / 3

9 / 1

4 / 6

1 / 2

2 / 2

16 / 16

16 / 7

0 / 0

0 / 0

19 / 4

6 / 0

10 / 11

4 / 2

0 / 0

5 / 3

3 / 1

4 / 2

0 / 0

0 / 0

5 / 3

1 / 1

P2

12 / 3

2 / 0

7 / 2

4 / 1

0 / 0

1 / 0

8 / 1

8 / 0

0 / 0

0 / 0

2 / 0

2 / 0

0 / 0

0 / 0

0 / 0

5 / 1

6 / 1

0 / 0

11 / 3

1 / 1

1 / 1

15 / 8

4 / 4

0 / 0

0 / 0

9 / 2

0 / 0

13 / 6

10 / 1

1 / 0

3 / 1

2 / 1

0 / 1

0 / 0

0 / 0

0 / 2

0 / 1

P3

8 / 3

6 / 0

7 / 2

1 / 1

1 / 0

2 / 0

1 / 1

0 / 0

0 / 0

0 / 0

0 / 0

3 / 0

3 / 0

3 / 0

3 / 0

6 / 1

6 / 1

5 / 0

4 / 3

7 / 1

6 / 1

11 / 8

13 / 4

2 / 0

2 / 0

12 / 2

5 / 0

8 / 5

0 / 1

3 / 0

1 / 1

2 / 1

1 / 1

0 / 0

1 / 0

7 / 1

2 / 1

P4

13 / 4

4 / 1

10 / 2

3 / 1

1 / 0

1 / 0

7 / 1

7 / 0

4 / 0

3 / 0

0 / 0

1 / 1

0 / 0

0 / 0

0 / 0

7 / 1

7 / 2

1 / 0

10 / 4

1 / 2

4 / 1

16 / 11

6 / 5

0 / 0

1 / 0

8 / 2

3 / 0

10 / 7

10 / 1

0 / 0

8 / 2

9 / 1

6 / 1

2 / 0

1 / 0

4 / 2

1 / 1

P5

16 / 4

6 / 1

9 / 3

7 / 1

4 / 0

4 / 0

7 / 1

0 / 0

1 / 0

1 / 0

5 / 0

6 / 1

1 / 0

0 / 0

1 / 0

8 / 1

10 / 2

1 / 1

3 / 5

6 / 2

11 / 2

23 / 13

0051788 response to misfolded protein

0010038 response to metal ion

0032774 RNA biosynthetic process

0006996 organelle organization

0016071 mRNA metabolic process

0042254 ribosome biogenesis

0000226 microtubule cytoskeleton organization

0065003 macromolecular complex assembly

0012501 programmed cell death

0006457 protein folding

1 / 0

1 / 1

2 / 4

8 / 6

0 / 1

0 / 1

3 / 1

3 / 3

3 / 3

0 / 0

0 / 0

1 / 1

9 / 2

10 / 3

9 / 1

6 / 0

5 / 1

6 / 1

3 / 1

0 / 0

3 / 0

3 / 1

1 / 2

7 / 3

2 / 1

1 / 0

4 / 1

7 / 1

8 / 1

2 / 0

0 / 0

2 / 1

7 / 3

9 / 4

7 / 1

8 / 0

6 / 1

4 / 2

8 / 2

0 / 0

1 / 0

6 / 1

0 / 3

11 / 5

2 / 1

1 / 1

6 / 1

9 / 2

8 / 2

11 / 0

15 / 6

5 / 0

4 / 0

6 / 3

5 / 0

13 / 9

3 / 1

1 / 0

1 / 2

2 / 1

8 / 2

3 / 0

4 / 0

11 / 2

6 / 1

Reproduction and

Development

Transport

Cell cycle

Metabolism

Other

Protein complex

Organelle and

 cell part
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Abstract

Vertebrate genomes contain around 20,000 protein-encoding genes, of which a large fraction is still not associated with
specific functions. A major task in future genomics will thus be to assign physiological roles to all open reading frames
revealed by genome sequencing. Here we show that C2orf62, a highly conserved protein with little homology to
characterized proteins, is strongly expressed in testis in zebrafish and mammals, and in various types of ciliated cells during
zebrafish development. By yeast two hybrid and GST pull-down, C2orf62 was shown to interact with TTC17, another
uncharacterized protein. Depletion of either C2orf62 or TTC17 in human ciliated cells interferes with actin polymerization
and reduces the number of primary cilia without changing their length. Zebrafish embryos injected with morpholinos
against C2orf62 or TTC17, or with mRNA coding for the C2orf62 C-terminal part containing a RII dimerization/docking
(R2D2) – like domain show morphological defects consistent with imperfect ciliogenesis. We provide here the first evidence
for a C2orf62-TTC17 axis that would regulate actin polymerization and ciliogenesis.
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Introduction

Cilia are centriole-derived projections from the cell surface

present in all vertebrates, in invertebrates such as Drosophila spp. or

Caenorhabditis elegans, in protists like Tetrahymena thermophila, and in

the green alga Chlamydomonas reinhardtii [1]. They are made of a

microtubule cytoskeleton, the axoneme, surrounded by a mem-

brane that contains numerous receptors and ion channels [2].

Classically, motile cilia are distinguished from primary/immotile

cilia based on the structure of their axoneme: motile cilia have

nine outer microtubule doublets with a central pair of microtu-

bules, whereas primary cilia lack the central doublet. Motile cilia

from multi-ciliated epithelial cells mediate fluid flows inside the

organism through mechanically coordinated beating. They are

responsible for functions such as mucus clearance in the trachea,

egg removal in the fallopian tube or cerebrospinal fluid flow in the

brain. Motile monocilia that direct the fluid flow in the embryonic

node (Kupffer’s vesicle in Zebrafish (Danio rerio)) are responsible for

the left/right asymmetrical organization of the vertebrate body

[3][4][5][6][7]. Flagella of protozoans or sperm cells are long

motile cilia that allow the motility of entire cells.

A vast range of vertebrate cells are able to assemble a single,

immotile primary cilium when they exit from the cell cycle. These

primary cilia perform important sensing functions during devel-

opment and in adult homeostasis. In fish, they are found in the

neuromasts of the lateral line to sense mechanical changes in

water, in the kidney to sense mechanic flow in the renal ducts, and

in the brain [8]. Specialized forms of primary cilia are found in

sensory cells such as olfactory sensory neurons or retinal cells [9],

where they concentrate and organize sensory signaling molecules.

Regardless of its structure, the axoneme is anchored at the cell

surface by the basal body, made of nine triplets of microtubules

surrounding the cartwheel. The basal body of the primary cilium

derives from the mother centriole during specific phases of the cell

cycle. The basal bodies of multi-ciliated epithelial cells are

produced de novo by centriole multiplication [10]. In both cases,

the transfer of centrioles to the apical plasma membrane depends

on the actin network [11].

Recent proteomic, genomic and bioinformatic analyses have

allowed cataloguing of over 1,000 centrosome-, basal body- or

cilia/flagella-associated proteins, collectively referred to as the

‘‘ciliome’’, that can be explored in specialized databases such as

Centrosomedb [12], the Ciliome Database [13], Ciliaproteome

[14], and Cildb [15]. Defects in some of these genes cause

disorders called ciliopathies [16], which encompass many symp-

toms including sensory defects, developmental delay, obesity,

diabetes, kidney anomalies, skeletal dysplasia, situs invertus,

genital and fertility problems. Recently, dozens of additional

genes involved in ciliogenesis have been identified using RNA

interference on human cells [17][18]. However, some causative

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e86476



genes in these diseases are still missing. We postulated that

candidate genes could be found among the thousands of human

proteins that are only predicted from transcriptomic data and still

await experimental validation and characterization [19].

Among a set of 5,200 poorly characterized human proteins -

according to neXtProt annotation[20], 1,049 were found by

BLAST analysis to have a phylogenetic profile compatible with an

involvement in ciliogenesis, i.e. conserved in vertebrates but not in

the following organisms devoid of cilia: Escherichia coli, Bacillus

subtilis, Methanocaldococcus sp., Saccharomyces cerevisiae and Dictyostelium

discoideum [1].

The zebrafish model has been extensively used to study

ciliogenesis [8][7][21]. It allows different approaches compared

to mammalian models, including a fast and readily observable

development, relatively easy establishment of transgenic reporters

and the possibility to modulate protein expression by injection of

morpholinos (MOs) at early developmental stages [22]. Because

MO strategies are generally more promising for genes that are well

conserved and have no functional equivalog, proteins having at

least one paralog in human or zebrafish or whose sequences were

divergent between zebrafish and human were eliminated from the

preliminary set. That led to a final set of 283 poorly characterized

proteins with no paralog and a phylogenetic profile compatible

with a role in ciliogenesis.

This report presents the first characterization of one of these

proteins, C2orf62, in zebrafish embryo and human cell lines.

C2orf62 is present in ciliated cells throughout zebrafish embryonic

development. In human, it is expressed in ciliated tissues, notably

in testis at the moment when sperm cell flagella are formed.

C2orf62 was found to interact with TTC17, another unchar-

acterized protein. We show that C2orf62 and TTC17 are involved

in primary ciliogenesis in human cells and modulate actin

polymerization. Moreover, down-regulation of C2orf62 or

TTC17 by MO in zebrafish embryos or overexpression of

C2orf62 C-terminus induces morphological features classically

associated with ciliogenesis defects.

Results

C2orf62 is a candidate ciliogenesis gene
We reasoned that proteins involved in ciliogenesis would start to

be expressed in zebrafish at 10–12 hours post fertilization (hpf),

during the formation of the ciliated Kupffer’s vesicle [4][6][7]. A

RT-PCR screen was performed on 120 genes from the list of

candidates established by bioinformatics (see introduction), and 18

matched this expression criterion (R.J.F., unpublished data). We

chose to start our validation work with C2orf62 because

Switzerland is committed to investigate human chromosome 2

proteins within the HUPO Chromosome-Centric Human Pro-

teome Project, whose aim is to annotate all human proteins [23].

C2orf62 is a 387 amino-acid (aa) protein for which no

information concerning function or interacting partners is

available in the literature. It is not mentioned in any of the

ciliome databases [15][12]. To our knowledge, it has never been

detected by mass spectrometry; its existence has only been

validated at transcript level in the brain (BC052750). Using an

antibody against aa 217–305 (HPA044818), the Human Protein

Atlas [24] team reported an enrichment in heart myocytes and

bone marrow cells, but with uncertain reliability. The COSMIC

database [25] reports three somatic mutations (R133W, I168V

and S162Y) associated with rectal adenocarcinoma samples.

Whereas C2orf62 has no annotated functional domain, Pfam

[26] analysis shows that the aa 327–352 region is just below the

threshold of detection by Pfam of the docking and dimerization

domain of protein kinase A II-alpha (R2D2, PF02197) (Fig. 1A).

This domain is found at the N-terminus of regulatory subunits of

protein kinase A and at the N-terminus of four AKAP-binding

proteins found in ciliated cells and highly expressed in testes,

where it provides the dimerization interface and the binding site

for A-kinase-anchoring proteins (AKAPs) [27][28][29] (Fig. 1B).

C2orf62 orthologs are confined to Metazoa: no ortholog was

found by TBLASTN in plants, Fungi, Amoebozoa, Alveolata, or

Stramenopiles. C2orf62 is well-conserved in Chordates (all

vertebrates and Ciona), Echinoderms (Sea urchin), Hemichordata

(Acorn worm), Insecta (Drosophila, Body louse) and Plathel-

minthes (Schistosoma) (Fig. 1A). The sequences of zebrafish and

human proteins share 36% identity. Gene synteny is partially

conserved, with PNKD as upstream adjacent gene in both

organisms (Fig. 1C).

According to UniGene, the mouse ortholog Gm216 is specifically

expressed in brain, testis and nasopharynx (www.ncbi.nlm.nih.gov/

UniGene/clust.cgi?ORG=Mm&CID=310460). The Drosophila

ortholog CG13243 is specifically expressed in adult testis (flyba-

se.org/reports/FBgn0028903.html), and the protein has been

identified in sperm [30]. The high conservation level of C2orf62

across metazoans and its restricted expression in mouse and

Drosophila ciliated tissues prompted us to analyze its expression

profile in zebrafish.

zC2orf62 is expressed in ciliated cells during embryonic
development
In the absence of expression data for zC2orf62 (zgc:153063) in

the Zfin database [31], we sought to confirm our initial RT-PCR

results by quantitative RT-PCR (RT-qPCR) (Figs 2A, S1). As

expected, zC2orf62 mRNA is not detectable at 6 hpf and clearly

expressed after 12 hpf, in a development timing that corresponds

to optic vesicle and Kupffer’s vesicle development and neural keel

formation [32][3][4]. zC2orf62 is also expressed between 0 and 4

hpf during maternal and early zygotic periods [33], and strongly in

adult testis (about 240 times more than in ovary and embryo).

zC2orf62 expression pattern was investigated by in situ

hybridization at 24 and 48 hpf (Fig. 2B). At 24 hpf, zC2orf62 is

expressed in the extremity of neural tube formation inside the tail,

in brain and in pronephric ducts (future kidney) (Fig. 2B top). At

48 hpf, zC2orf62 expression is restricted to brain and olfactory

pits. No expression in pronephric ducts and neural tube can be

observed (Fig. 2B down). To further characterize zC2orf62

expression during development, reporter transgenic fish lines

expressing EGFP under the control of zC2orf62 promoter were

established (Fig. 2C). Fluorescence starts to be observed around 12

hpf in Kupffer’s vesicle. At 28 hpf, fluorescence was visualized in

brain, neural tube and pronephric ducts, consistent with in situ

results, as well as in the olfactory placode and the eye (Fig. 2C). At

48 hpf, expression is detected in the ciliated cells of the olfactory

placode, ear, neuromasts and pronephric ducts, visualized by

acetyl-tubulin labeling (Figs 2C, S2A). At 96 hpf, fluorescence was

observed in neuromasts, olfactory sensory neurons, and in the ear.

Within the ears, the EGFP signal was restricted to sensory patches

(anterior and posterior maculae, anterior, lateral and posterior

cristae), which contain ciliated hair cells [34] (Figs 2C, S2B).

Taken together, expression profiles obtained with transgenic

reporter fish and by in situ hybridization are well correlated and

show early zC2orf62 expression in Kupffer vesicle, neural tube,

pronephric ducts and brain, followed by expression in sensory

structures of the olfactory placode, eye, ear and neuromasts.

Unfortunately, our antibody against human C2orf62 does not

cross-react with zC2orf62, preventing us from confirming the

expression profile of zC2orf62 at protein level, and defining its

Characterization of C2orf62 and TTC17
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Figure 1. C2orf62 is widely conserved in metazoans. (A) Multiple protein sequence alignment of C2orf62 orthologs. Accession numbers of
sequences are: Human, Q7Z7H3; Macaque, F7CRL9; Mouse, B9EKE5; Panda, XP_002913749.1; Bovine, E1BGR4; Pig, NP_001177149; Anole
lizard, XP_003214975; Xenopus, Q0IHI3; Zebrafish, Q08CH6; Acorn worm, XP_002734427.1; Sea urchin, XP_793449.3; Ciona, XP_002131511.1;
Body louse, E0VIE2; Drosophila, Q9V3B1; Schistosoma, G4VER9. Boxed is the R2D2 (PF02197)-like domain (B) C2orf62 and zC2orf62 genomic
structures and synteny. (C) Multiple protein sequence alignment of the R2D2-like domains of human and zebrafish C2orf62, the R2D2 domains of PKA
regulatory subunits PRKAR1A, PRKAR1B, PRKAR2A, PRKAR2B and the R2D2 domains of CABYR, ROPN1, ROPN1L and SPA17. The conserved residues
that were mutated in zC2orf62 for the functional analysis shown in Fig. S6D are indicated by arrows.
doi:10.1371/journal.pone.0086476.g001
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Figure 2. zC2orf62 is expressed in ciliated structures during embryonic development and highly expressed in adult testis. (A)
zC2orf62 mRNA levels measured by RT-qPCR at various developmental stages. zC2orf62 is highly expressed in adult testis and during almost all
embryonic development. It is down-regulated at shield stage (6 hpf) and re-expressed at tail bud (12 hpf) when Kupffer’s vesicle forms. (B) Whole
mount in situ hybridization of zC2orf62 mRNA at 24 hpf and 48 hpf. At 24 hpf, zC2orf62 mRNA is detected at the end of neural tube formation on the
tail extremity (arrowhead), in pronephric ducts (P.D.) and in the brain (arrows). At 48 hpf, zC2orf62 is expressed in forebrain (B) and olfactory pits (O.P.)
(arrows). Scale bars, 100 mm. (C) A construct containing zC2orf62 59-UTR, 39-UTR and potential regulatory sequences in which zC2orf62 coding
sequence was replaced by EGFP was generated and inserted randomly inside the zebrafish genome. Resulting transgenic EGFP-zC2orf62 reporter fish
were observed at 12 hpf using a fluorescent stereomicroscope and at 28, 48 and 96 hpf using a confocal microscope. EGFP is expressed at 12 hpf in
Kupffer’s vesicle, and at 28 hpf in olfactory placode, eyes, brain, neural tube (N.T), and pronephric ducts (P.D). At 48 hpf, EGFP is expressed in ciliated
cells of the olfactory organ (positive for a-acetylated tubulin (red)). At 96 hpf, EGFP is also expressed in neuromast cells (N), olfactory sensory neurons
(OSN) and in the ears (E and lower enlarged panel). Scale bars, 25 mm. See also Figs S1, S2.
doi:10.1371/journal.pone.0086476.g002
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subcellular location in ciliated cells. Therefore, C2orf62 expression

was analyzed in mammalian tissues.

C2orf62 is expressed in mammalian germ cells and
ciliated cells
By RT-PCR, we showed that C2orf62 is highly expressed in

human testis, placenta, prostate and lung, moderately in ovary and

brain, and undetectable in other tissues (Fig. 3A). Genome-wide

expression profiling in rat (manuscript in preparation, Chalmel et

al.) shows a stronger expression in testis and ovary than in other

tissues (Fig. 3C). In rat testis, C2orf62 is highly expressed in

pachytene spermatocytes and round spermatids compared to

spermatogonia and somatic cells (Fig. 3C), which indicates a

specific expression in meiotic and post-meiotic germ cells.

Immunohistochemistry on rat testis shows that C2orf62 protein

is enriched in the cytoplasm of spermatocytes at the pachytene

stage and concentrated in elongating spermatids (Fig. 3D main

section-stage VII). Signal is also visible in the cytoplasm of

elongated spermatids (Fig. 3E–stage IX), but there is no

accumulation in late spermatids prior to their release into the

lumen (stage VII). Signal is absent in Sertoli cells, but unexpectedly

present in Leydig cells (Fig. 3D). A similar localization was found

in human testis with a high staining in the cytoplasm of round and

elongating spermatids and a lower one in pachytene spermato-

cytes. An intense staining was also visible in the cytoplasm of

Leydig cells (Fig. 3F).

C2orf62 is expressed in the human cilia-forming cell lines

HEK293T [35], PANC-1 [36] and hTERT-RPE1 [37] but not in

HeLa [38], Huh-7 and HOS cell lines devoid of cilia (Fig. 3B).

C2orf62 mRNA was also detected in HepG2 cells. Hepatocytes

are classically considered to be devoid of cilia, but some cancerous

cell lines derived from hepatocytes do form cilia [39]. We verified

that, in our hands, HepG2 cells formed cilia upon serum

starvation, like PANC-1 and hTERT-RPE1 cells (Fig. 3B).

Although our antibody against human C2orf62 works well in

tissues like testis, which express C2orf62 strongly, we failed to

detect a specific signal in hTERT-RPE1 or PANC-1 cell lines

(data not shown). Therefore, a C2orf62 overexpression strategy

was chosen to precise C2orf62 subcellular location in ciliated

hTERT-RPE1 cells. V5-C2orf62 shows variable localization in

the cytoplasm, nucleus and F-actin rich zones of the plasma

membrane, but is always excluded from cilia, as shown by the lack

of co-localization with acetylated tubulin (Fig. 4A,B). Same results

were obtained in PANC-1 cells (data not shown).

The variability in the observed V5-C2orf62 localization in fixed

cells might be explained by a dynamic localization cycle of the

protein. To assess this point, overexpressed EGFP-C2orf62 was

observed by time lapse microscopy. EGFP-C2orf62 was observed

in the whole cell but concentrated in dynamic plasma membrane

protrusions that appear and disappear in less than 5 min (Movie

S1).

C2orf62 interacts with TTC17 (Tetratricopeptide repeat
protein 17)
Since C2orf62 is expressed in brain (Fig. 3A) and potentially

involved in development, we screened a human fetal brain cDNA

library by yeast two-hybrid using full-length C2orf62 as bait, in

order to identify possible partners. Among the 10 interacting

protein-coding clones (Table S1), 3 were selected as relevant:

PRKRA, which plays a role in ciliogenesis [18], CEP192, which is

involved in cell cycle and cilia formation [40][41] and TTC17

because some proteins containing tetratricopeptide repeats are

involved in intraflagellar transport or cilia formation [42][43][44].

The full-length sequence of PRKRA and the sequences of the

C2orf62-interacting regions of CEP192 (aa 1501–1941) and

TTC17 (aa 945–1041) were produced as GST fusion proteins

and used to precipitate V5-C2orf62 from a HEK293T cell lysate.

Only TTC17 interacted with C2orf62 under these conditions (Fig.

4C).

Since TTC17 has not been characterized yet, we analysed its

expression in mammals in order to investigate whether this

interaction could be relevant in ciliated cells.

Ttc17 is ubiquitously expressed in rat tissues. Within rat testes,

Ttc17 mRNA is detectable in germ cells as well as in somatic cells

(Fig. S3A). TTC17 is also expressed in every tested human cell line

(Fig. 4D). According to the Human Protein Atlas (HPA) [24],

TTC17 protein is mainly located in respiratory epithelium,

fallopian tube and epididymis, and localizes to both the cytosol

and the plasma membrane in different cell lines (HPA038508).

Using the same antibody, we found that TTC17 distribution in

mammalian testis closely matches the distribution of C2orf62,

being undetectable in Sertoli cells, present in germ cells and

enriched in spermatocytes, both in rat and in human (Fig. S3B).

Although the HPA038508 antibody gave a strong nuclear

background signal, a specific filamentous staining that was

abolished by siRNA against TTC17 could be observed in

hTERT-RPE1 cells (Fig. 4E). The staining was more intense in

PANC-1 cells and completely abolished by siRNA. The observed

localization (Fig. 4E) is similar to what was reported by HPA in A-

431 and U-251 MG cells. Interestingly, the signal detected in

hTERT-RPE1 cells was strongly enhanced in mitotic cells, from

metaphase to telophase (Fig. S3C).

TTC17 and C2orf62 were co-expressed in hTERT-RPE-1 cells

as mCherry and EGFP fusion proteins, respectively, and observed

by confocal microscopy. As previously described using EGFP-

C2orf62 alone (Movie S1), both proteins were found to localize in

discrete parts of the cytoplasm and in cell protrusions (Fig. 4F).

Colocalization was confirmed by FRET analysis (Fig. 4F), which

indicates that C2orf62 and TTC17 may interact in ciliated cells.

C2orf62 and TTC17 are involved in ciliogenesis in human
cells
The possible implication of C2orf62 and TTC17 in ciliogenesis

was investigated by RNA interference in human ciliated cells.

Ciliogenesis was induced by serum starvation 24 h after

transfection with control siRNA or with siRNA against C2orf62,

TTC17 or MAPRE1/EB1, a microtubule (MT) plus-end-tracking

protein involved in several microtubule-dependent cellular pro-

cesses, including primary cilia assembly [45], mitosis and cell

migration [46]. siRNA against C2orf62, TTC17 or MAPRE1/

EB1 reduced the number of ciliated cells obtained after serum

starvation, both in hTERT-RPE1 cells (Fig. 5A,B) and in PANC-1

cells (data not shown). The combination of siRNA against C2orf62

and TTC17 has a stronger effect than a double dose of siRNA

against C2orf62 (Fig. 5B), which suggests that C2orf62 and

TTC17 may contribute to the same biological function.

Ciliogenesis in hTERT-RPE1 cells can only be induced by

serum deprivation if cells are spatially confined [47]. To test if the

observed effects of siRNA on ciliogenesis could be indirectly due to

an decrease in cell density, we counted cells 48 h and 72 h after

siRNA transfection. siRNA against TTC17 had no effect at either

time point. siRNA against C2orf62 had no effect at 48 h and

slightly reduced cell numbers to 80% of controls 72 h after

transfection, as did siRNA against MAPRE1/EB1 (Fig. S4A).

Similar effects on cell growth were previously described on COLO

320 cells using siRNA against MAPRE1/EB1 [46]. In our

ciliogenesis experiments, serum starvation was performed
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Figure 3. Mammalian C2orf62 is expressed in ciliated tissues and cell lines. (A) PCR performed on a pre-normalized tissue cDNA panel
(Clontech) showing that C2orf62 is highly expressed in testis, placenta, prostate and lung, and moderately in ovary and brain. GAPDH was assessed in
parallel for comparison. (B) Left panel: RT-PCR showing C2orf62 expression in HEK293T, HepG2, PANC-1 and hTERT-RPE1 but not in HeLa, Huh-7 and
HOS cells. Right panel: HeLa, HepG2, PANC-1 and hTERT-RPE1 cells were serum-starved for 48 hours (hTERT-RPE1 cells) or 72 hours (the 3 other cell
lines). Cilia were visualized by immunofluorescence using anti a-acetylated tubulin (red), centrioles by immunofluorescence using anti pericentrin
(green) and nuclei by DAPI coloration (blue). In contrast to HepG2, PANC-1 and hTERT-RPE1 cells, HeLa cells were unable to grow cilia. Scale bars,
25 mm. (C) Histograms showing that C2orf62 transcript expression levels based on Affymetrix Rat Exon 1.0 ST (left) and Illumina RNA-seq (right) are
higher in rat testis and ovary than in other tissues, and higher in spermatocytes (SC) and spermatids (ST) than in somatic testicular cells [Leydig (LE),
peritubular myoid (PM) and Sertoli (SE)] and in spermotogonia (SG). (D,E) Transverse sections of a testis from an adult rat showing C2orf62
immunoreactivity (D) in the cytoplasm of pachytene spermatocytes (SPC) and of early and elongating spermatids (SPT) at stage VII of
spermatogenesis (with strong staining in Leydig cells (L)), and (E) at higher magnification, in the cytoplasm of pachytene spermatocytes (SPC) and
early spermatids (SPT), here at stage IX of spermatogenesis. (F) Transverse section of a human testis showing C2orf62 immunoreactivity in the
cytoplasm of pachytene spermatocytes (SPC), early/round (rSPT) and elongating spermatids (eSPT). A strong staining in the cytoplasm of Leydig cells
(L) is also visible. Inserts: negative controls with preimmune serum. Scale bars, 50 mm.
doi:10.1371/journal.pone.0086476.g003
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Figure 4. C2orf62 interacts with TTC17 in mammalian cells. (A) When overexpressed in hTERT-RPE1 cells grown at 10% FBS, V5-C2orf62
localizes in the cytoplasm, nucleus and in F-actin-rich zones of the plasma membrane (arrows). See also EGFP-C2orf62 live cell imaging in movie S1.
(B) Ciliogenesis was induced by serum starvation in hTERT-RPE1 cells transfected with V5-C2orf62. V5-C2orf62 (green) was not detected in cilia
visualized using anti a-acetylated tubulin (red). Scale bars, 25 mm. (C) Beads coated with GST, PRKRA-GST, CEP192-GST and TTC17-GST were used for
pull-down experiments on V5-C2orf62-transfected HEK293T cell lysates. V5-C2orf62 only bound to TTC17-GST beads. See also Table S1. (D) RT-PCR
showing TTC17 expression in every tested cell line (U937, HeLa, PLB-985, PANC-1, hTERT-RPE1, HepG2 and HEK293T). GAPDH was assessed in parallel
for comparison. (E) Subcellular localization of endogenous TTC17 was studied by immunofluorescence on hTERT-RPE1 and PANC-1 cells transfected
either with a control siRNA (si Ctrl) or with siRNA against TTC17 (si TTC17). Despite a strong background staining in the nucleus, a specific staining
that disappeared with si TTC17 treatment could be seen in hTERT-RPE1 cells (see also Fig. S3). The staining was more intense, with less background, in
PANC-1 cells. Scale bars, 25 mm. (F) hTERT-RPE1 cells were co-transfected with EGFP-C2orf62 and mCherry-TTC17 (red) and observed 24h later by
confocal microscopy. Both fusion proteins were enriched in the same areas, including cell surface protrusions. The pseudocolor images represent
FRET signals corrected for bleed-through using the normalized FRET method (FRETn), with white and red indicating higher interaction levels.
Colocalisation was detectable by FRETn, suggesting a stable interaction. Scale bars, 25 mm.
doi:10.1371/journal.pone.0086476.g004
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Figure 5. C2orf62 and TTC17 act on ciliogenesis by modulating actin polymerization. Ciliogenesis was induced by serum starvation in
hTERT-RPE1 cells transfected with combinations of siRNA and plasmids as indicated (A-C) Cells transiently expressing EGFP or C2orf62 were
transfected with siRNA against C2orf62, MAPRE1 or TTC17 (50 mM), with both siRNA against C2orf62 and TTC17 (25 mM each), or with a control siRNA.
Cilia were visualized by immunofluorescence using anti a-acetylated tubulin (red) and nuclei by DAPI (blue). (A) Cells transfected with siRNA against
MAPRE1, C2orf62 or TTC17 have less cilia than cells transfected with control siRNA. Scale bars, 25 mm. (B) The bar graph shows the percentages of
ciliated cells obtained in a minimum of 3 independent experiments with 100 cells counted per condition in each experiment. C2orf62, TTC17 and
MAPRE1 siRNA significantly reduce cilia numbers, and effects of C2orf62 and TTC17 siRNA are synergic. Effect of C2orf62 siRNA can be rescued by
C2orf62 overexpression (C2orf62 siRNA/Ctrl siRNA**P= 0.0026; MAPRE1 siRNA /Ctrl siRNA **P= 0.0034; TTC17 siRNA/Ctrl siRNA ***P = 0.0005;
KC2orf62 +KTTC17 siRNA/Ctrl siRNA ***P= 0.0004; C2orf62 + C2orf62 siRNA/EGFP + C2orf62 siRNA *P= 0.035;KC2orf62 +KTTC17 siRNA/C2orf62
siRNA *P= 0.0127). (C) C2orf62 siRNA does not affect cilia length. (D, E) Cells transfected with 50 mM siRNA against C2orf62 or TTC17 or with a control
siRNA were serum-starved in the presence or absence of 500 nM cytochalasin D. Cilia were visualized by immunofluorescence using anti-acetylated
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24 hours after siRNA transfection. At this time point, none of the

siRNA had an effect on cell density, excluding the possibility that

the observed defect of ciliogenesis would indirectly result from a

decreased density of cells at the time of serum starvation.

Furthermore, the length of cilia in cells treated with siRNA

against C2orf62 was similar to the length of cilia in control cells

(4.4 um +/– 1.4 versus 4.25 um +/– 1.1) (Fig. 5C), and similar to

the reported length of cilia when starvation is done on confined

hTERT-RPE1 cells (5 um) [47]. The lack of effect on siRNA

against C2orf62 on cilia length suggests that C2orf62 would be

involved in cilia initiation rather than in cilia elongation.

C2orf62 and TTC17 modulate actin polymerization in
ciliated human cells
Since actin dynamics have been shown to affect ciliogenesis

[17], we tested whether actin structures could mediate some of the

observed effects of siRNA against C2orf62 and TTC17 on

primary cilium growth. hTERT-RPE1 cells with down-regulated

C2orf62 or TTC17 were labeled for F-actin and alpha-acetylated

tubulin after serum starvation. The reduction in cilia number

induced by siRNA against TTC17 or C2orf62 was accompanied

by extensive actin polymerization (Fig. 5D). Similar effects were

observed using siRNA against C2orf62 on PANC-1 cells (Fig.

S4B). Interestingly, siRNA against C2orf62 also induced moderate

actin polymerization on unstarved cells (Fig. S4B). These

observations suggest that siRNA against C2orf62 and TTC17

may prevent cilia initiation by modifying actin architecture.

Cytochalasin D is an F-actin destabilizer that enhances

ciliogenesis at submicromolar concentrations [17][48]. We verified

that cytochalasin D (500 nM) increases ciliogenesis in hTERT-

RPE1 cells, as previously described [47]. Whereas siRNA against

TTC17 or C2orf62 inhibited ciliogenesis in DMSO-treated

hTERT-RPE1 cells, they were without effect in presence of

cytochalasin D (Figs 5D,E), confirming that C2orf62 and TTC17

may act on ciliogenesis by interfering with F-actin dynamics.

zC2orf62 and zTTC17 knock-down induce ciliogenesis
defects in vivo
In order to confirm the role of C2orf62 and TTC17 in

ciliogenesis in vivo, a MO strategy carefully designed to avoid off-

target effects [22] was employed. Two MOs were designed for

each gene. C2orf62_1 MO targets C2orf62 start codon,

C2orf62_2 MO targets the splice site between intron 2 and exon

3 of zC2orf62 pre-mRNA, TTC17_1 MO targets the splice site

between exon 1 and intron 1 of zTTC17 pre-mRNA, TTC17_2

MO targets the splice site between exon 2 and intron 2 of zTTC17

pre-mRNA. At 5 ng, C2orf62_1 MO abolished the fluorescence in

embryos injected with zC2orf62-EGFP mRNA (Fig. S5D),

demonstrating its efficiency. The inhibitory effect of C2orf62_2

MO on zC2orf62 splicing was checked by RT-PCR on embryos

injected with 5 ng C2orf62_2 MO (Fig. S5E).

At 24 hpf, injection of C2orf62_1 MO, C2orf62_2 MO,

TTC17_1 MO and TTC17_2 MO resulted in similar phenotypic

traits with various severity degrees (Fig. 6A), from minor

developmental delay to loss of polarity. These traits include a

curved body, a lack of defined brain structures or necrosis in the

developing brain, and eye formation defects. The severity of the

phenotypic traits was dose-dependent (Fig. 6A and data not

shown). Simultaneous injection of C2orf62_1 MO and C2orf62_2

MO at low doses (1.25 ng) gave a synergistic effect (Fig. S5A). MO

may provoke off-target effects by inducing the p53-dependent cell

death program, which can be avoided by p53 co-knockdown [49].

Co-injection of p53 MO did not change the phenotypic traits

induced by C2orf62_2 MO, apart from a slightly reduced brain

necrosis (Fig. S5B).

Importantly, the phenotype induced by 10 ng C2orf62_2 MO

could be partially alleviated by co-injection of 2 ng zC2orf62

mRNA (Fig. S5C). However, zC2orf62 mRNA itself induced a

severe phenotype in 14.5% of embryos (Fig. S5C), which

prevented us to test if higher doses could rescue the C2orf62_2

MO-induced phenotypic traits totally. Although it was designed to

target zC2orf62 splicing and not its coding sequence, C2orf62_2

MO decreased the fluorescence in embryos injected with

zC2orf62-EGFP mRNA (Fig. S5D). This unanticipated inhibitory

effect of C2orf62_2 MO on zC2orf62 mRNA translation may

explain the modest rescue effect of zC2orf62 mRNA.

To check whether the observed phenotypes at 24 hpf were

specific developmental defects and not a global delay in fish

development, C2orf62_1 MO-injected embryos were also ob-

served at 48 hpf (Fig. S6B) and 72 hpf (Fig. 6B). Like at 24 hpf, the

severity of the phenotypes was dose-dependent, from curly-tipped

tail, small cardiac edema and head defects, to strong curvature of

the whole body, bigger heart edema, and brain necrosis (Fig. 6B,

Fig. S6B). We also verified that the phenotypes induced by

injection of TTC17_2 MO at 72 hpf was similar to the phenotypes

induced by injection of C2orf62_1 MO. Indeed, injection of either

MO at 5 ng resulted in about 50% of severe-to-lethal phenotypes

at 72 h (Fig. 6B).

To complete the characterization of C2orf62 and TTC17 MO

effects, in situ hybridization experiments using myosin heavy chain 6

(myh6) as heart marker [50] were performed at 30 hpf on embryos

injected with 2.5 ng C2orf62_1 MO, 5 ng TTC17_2 MO or 5 ng

Ctrl. MO. 65% of C2orf62_1 MO-injected embryos and 52% of

TTC17_2 injected embryos have heart positioning defects, and

20% of embryos injected with either C2orf62_1 or TTC17_2

display situs inversus, which is a rare event (,1%) in controls (Fig.

6C).

Additional in situ hybridization experiments using no tail (ntla)

and sonic hedgehog (shha) as markers for the notochord and floorplate

[4][6][51][5] were performed at 24 hpf on embryos, either

uninjected (n.i.), or injected with 2.5 ng C2orf62_1 MO or Ctrl.

MO. More than 92% of C2orf62_1 MO injected embryos display

an undulation of the notochord and floorplate at 24 hpf (Fig. S6A).

Reduced axis length, decreased head size, curved-down body

shape, heart position defects and a curled posterior tail were

reported at 28–30 hpf in embryos injected with MOs against

Cordon-bleu, a protein involved in the development of motile cilia

[52]. Abnormal body curvature and heart edema were reported at

48 hpf as consequences of the downregulation of nephrocystin-4, a

protein involved in ciliogenesis [53]. Cardiac edema and

notochord and tail defects were observed at 72 hpf upon

downregulation of meckelin, also required for ciliogenesis [54].

a-tubulin antibody (green), F-actin by phalloidin (red) and nuclei by DAPI (blue). Scale bars, 25 mm. (D) Both F-actin polymerization and the reduction
in cilia numbers induced by siRNA are reversed by cytochalasin D. (E) The bar graph shows the percentages of ciliated cells obtained in each
condition. siRNA against C2orf62 or TTC17 significantly reduce the number of cilia in DMSO-treated cells (C2orf62 siRNA/Ctrl siRNA *P= 0.032; TTC17
siRNA/Ctrl siRNA *P= 0.031). Cells treated with Cytochalasin D exhibit more cilia than cells treated with vehicle (DMSO) in all conditions (C2orf62
siRNA/C2orf62 siRNA + CytD *P= 0.018; C2orf62 siRNA/C2orf62 siRNA + CytD *P= 0.019; Ctrl siRNA/Ctrl siRNA + CytD P=0–016). In the presence of
Cytochalasin D, siRNA against C2orf62 or TTC17 do not affect the number of cilia. See also effects of C2orf62 siRNA on PANC-1 cells in Fig. S4B.
doi:10.1371/journal.pone.0086476.g005
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Figure 6. Knockdown of zC2orf62 or zTTC17 in embryos results in body curvature, head defects, and heart positioning defects.
Zebrafish embryos were either not injected (n.i.) or injected with different quantities of Ctrl. MO, C2orf62_1 MO, C2orf62_2 MO, TTC17_1 MO or
TTC17_2 MO and observed under a stereomicroscope. Scale bars, 200 mm. (A) Embryos injected with 5 ng C2orf62_1 MO, C2orf62_2 MO, TTC17_1
MO or TTC17_2 MO display the same phenotype at 24 hpf characterized by a curved body, a lack of defined brain structures or necrosis in the
developing brain, and eye formation defects (arrows). Phenotypic traits were classified into four categories, each being associated with one grey
code, as reported in the bar graph: normal (white, indistinguishable from controls), severe (clear grey, defect of brain structure formation and short
body axis), very severe (dark grey, indistinguishable left/right or front/back polarity), and lethal (black). The bar graph shows the percentages of
embryos in each category. Injection of 10 ng C2orf62_1 or C2orf62_2 MO or of 5 ng TTC17_1 MO results in .97% severe-to-lethal phenotypes.
Injection of 5 ng C2orf62_1 or TTC17_2 MO results in about 65% severe-to-lethal phenotypes. See also the synergy between C2orf62_1 MO and
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The phenotypes induced by zC2orf62 and TTC17 downregula-

tion at 24–72 hpf are similar to those phenotypes associated with

ciliogenesis impairment, suggesting a functional involvement of

zC2orf62 and zTTC17 in ciliogenesis in vivo.

In order to directly assess the effect of zC2orf62 knock-down on

ciliogenesis, ciliated cells within the olfactory organ were

evidenced by a-acetylated tubulin staining. At 48 hpf, embryos

injected with 2.5 ng C2orf62_1 MO clearly show a reduction in

the number of ciliated cells within the olfactory organ (Fig. S6C).

Altogether, these data show that zC2orf62 and zTTC17

knockdown induce ciliogenesis defects in vivo, confirming the

results obtained on human cell lines.

zC2orf62 C-terminal overexpression induces ciliogenesis
defects in vivo
Although C2orf62 has no annotated functional domain, the aa

327–352 region is just below the threshold of detection by Pfam of

the docking and dimerization domain of protein kinase A II-alpha

(R2D2, PF02197) (Fig. 1A). In order to test whether this domain

could be important for the function of zC2orf62, we injected

embryos with mRNA coding for the zC2orf62 C-terminal part (aa

276–356) and observed them at 24 hpf. As shown in figure S6D,

about 75% of injected embryos displayed similar features than

embryos injected with C2orf62 MO, including axis length

reduction, decreased head size, and curved-down body shape.

L13A and F36A mutations were shown to abolish PRKAR2B

dimerization and binding to AKAP75 [55]. Because these residues

are conserved in C2orf62 (Fig. 1B), we mutated corresponding

zC2orf62 residues (Leu-318 and Phe-341) into alanines and

performed mRNA injection experiments. In contrast to injection

of wild type C-terminus mRNA, injection of L318A/F341A C-

terminus mRNA only had minor effect, since 80% of embryos

injected with the mutant construct were normal (Fig. S6D). Taken

together, these data suggest that zC2orf62 is involved in

ciliogenesis through its R2D2-like domain.

Discussion

In this report, we show that zC2orf62 expression is predominant

in tissues rich in motile cilia (Kupffer’s vesicle, testis, lung, kidney)

and in tissues rich in sensory/immotile cilia (olfactory pits, eye,

ears, brain). The distribution of C2orf62 in mammalian tissues was

similar, with highest expression levels found in testis. Expression of

C2orf62 in human cell lines correlated with their ability to form

cilia upon serum starvation. These observations suggest that

C2orf62 could be associated with ciliogenesis.

Cilia/flagella are ancestral eukaryotic structures. Whereas

proteins involved in their core assembly are conserved across

species, regulatory proteins appeared in a stepwise manner during

evolution [40][1]. For example, CCP110, a centriolar protein that

negatively controls the first steps of primary ciliogenesis [56], is

conserved in metazoans but absent in C. elegans [57]. Likewise,

C2orf62 is absent in C. elegans, suggesting a regulatory role in

ciliogenesis rather than a direct function in cilia assembly. This is

corroborated by the fact that, in ciliated human cells, C2orf62 is

not localized on the cilium itself. Furthermore, in mammalian

testis, C2orf62 is not present in mature, flagellate sperm cells, but

in spermatocytes and in round and elongating spermatids where

flagella formation is initiated [58]. These results suggest that

C2orf62 would be important for processes occurring prior to or

during cilia formation rather than for cilia maintenance or

motility.

The early steps of primary ciliogenesis consist in the transfer of

the basal body to the plasma membrane in a process that depends

on the actin network [11]. Known regulators of actin polymer-

ization have been recently shown to act on ciliogenesis [17][47],

and an inhibitory role of branched F-actin in ciliogenesis through

modulation of ciliogenic vesicle trafficking is now recognized [48].

In human cells, C2orf62 was found to interact with TTC17,

another uncharacterized protein. Down-regulation of either

protein in hTERT-RPE1 or PANC-1 cells reduces the number

of ciliated cells upon serum starvation while promoting actin

polymerization. These effects were not seen in presence of

cytochalasin D, an F-actin destabilizer known to induce ciliogen-

esis. These results provide evidence that C2orf62 acts together

with TTC17 to favor primary ciliogenesis by negatively regulating

actin polymerization.

Interestingly, in Xenopus embryos, c2orf62 was recently found to

be strongly upregulated (9.3 fold) by multicilin (MCI), a protein

required for multiciliate cell formation in diverse tissues [59].

Other genes found to be upregulated in this screen include foxj1,

which is required for motile ciliogenesis and left-right patterning

[60], its downstream genes tektins [61] and CCDC78 [61][62],

and several genes encoding centriole components. This observa-

tion suggests that C2orf62 may be involved in the regulation of

motile ciliogenesis as well.

Zebrafish embryos depleted of either C2orf62 or TTC17

display a set of morphological features typical for imperfect motile

ciliogenesis such as curly tail, heart positioning defects and cardiac

edema [54][53][52] as well as a reduction in the number of

primary ciliated cells in the olfactory organ. Thus, C2orf62 and

TTC17 probably act on both motile and primary cilia formation.

In contrast to C2orf62, TTC17 is not exclusively distributed in

human ciliated cells. TTC17 was found to be ubiquitously

expressed in mammals, suggesting that it probably mediates

additional cellular functions. Our preliminary data indicate that

TTC17 expression is increased in human cells during mitosis.

Although siRNA against TTC17 had no gross effect on cell

proliferation rates, we cannot exclude that TTC17 may be

involved in a cellular process that is linked to cell division. In

addition, we showed that zC2orf62 was expressed in the maternal

and early zygotic developmental periods of zebrafish, at a time

when there is no ciliogenesis but extensive cell divisions [32]. In

human cells, siRNA against C2orf62 slightly decreased cell

proliferation rates, similarly to siRNA against MAPRE1. There-

fore, we cannot exclude that some of the phenotypes induced by

C2orf62_2 MO in fig. S5. (B) Embryos were either not injected (n.i.), or injected with 1.25 to 5 ng C2orf62_1 MO or with 5 ng TTC17_2 MO, and
observed at 72 hpf. Embryos injected with 5 ng C2orf62_1 or TTC17_2 MO display a curved body, incorrectly defined brain structures and heart
edema (arrows). Injected embryos were classified into four categories, each being associated with one grey code, as reported in the bar graph:
normal (white, indistinguishable from controls), moderate (clear grey, little body curvature and small heart edema), severe (dark grey, strong body
curvature, brain defect morphology and edema), and lethal (black). The bar graph shows the percentages of embryos in each category. Injection of 5
ng C2orf62_1 or TTC17_2 MO results in about 50% severe-to-lethal phenotypes. (C) Embryos were labeled for myh6 at 30 hpf and classified into four
categories according to the position of their heart (ventral views, scale bars, 200 mm): situs solitus (white), situs inversus (black), bilateral/midline
positioning (light grey) and unclear/undeterminable positioning (dark grey). The bar graph shows the percentage of embryos in each category.
About 20% of C2orf62_1 or TTC17_2 MO-injected embryos display situs inversus. See Figs S5 and S6 for further characterization of C2orf62_1 and
C2orf62_2 MO.
doi:10.1371/journal.pone.0086476.g006
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C2orf62 or TTC17 MOs in Zebrafish embryos could be due to

cell proliferation defects. It will be particularly important to test

the effects of C2orf62 or TTC17 MOs at 0–4 hpf in other F-actin-

dependent processes such as gastrulation and epiboly

[63][64][65][66].

Injection of mRNA coding for the C-terminal part of zC2orf62

containing the R2D2-like domain induced the same morpholog-

ical features at 24 hpf than injection of MOs against zC2orf62,

suggesting an important function for the R2D2-like domain.

R2D2 domains are found at the N-terminus of PKA regulatory

subunits, and at the N-terminus of four proteins conserved in

ciliated organisms and highly expressed in testes and ciliated cells:

CABYR, ROPN1, ROPN1L/ASP and SPA17 [28] [29]. R2D2

domains homodimerize and interact with a short amphipathic

helix motif located on AKAP proteins [67][29]. R2D2 domains of

PKA RII alpha and RII beta have been shown to target these

proteins to the centrosome, microtubules and actin via interaction

with AKAPs [68]. Peptides that disrupt interactions between

R2D2 domains and AKAPs impair sperm motility [69], suggesting

an important function for R2D2 domain-containing proteins in

cilia or flagella function. This was recently confirmed for ROPN1

and ROPN1L [70][71].We showed that mutations of Leu-318 and

Phe-341, predicted to be required for dimerization and AKAP

binding based on homology with other R2D2 domains [55][67],

prevented the developmental effects induced by the mRNA coding

for the C-terminal part of zC2orf62. Therefore, a functional

R2D2-like domain seems to be required for C2orf62 action on

ciliogenesis in vivo, although we did not find any interaction

between C2orf62 and an AKAP. The precise mechanism of action

of this atypical C-terminal R2D2-like domain in ciliogenesis

processes remains to be investigated. It could regulate C2orf62

oligomerization state and interaction with other proteins such as

TTC17, or target C2orf62 to specific subcompartments enriched

in cytoskeletal elements.

Taken together, our observations allow us to add C2orf62 and

TTC17 to the growing list of genes directly or indirectly involved

in the regulation of the formation of primary and motile cilia in

Vertebrates. Due to the versatile role of cilia in human

development and physiology, cilia defects can cause multiple

severe diseases. Defects in motile cilia can lead to embryonic

death, hydrocephalus, heart heterotaxy, or to primary ciliary

dyskinesia (PCD), a complex disease with respiratory dysfunction

and reproductive sterility, whereas defects in sensory cilia can

result in altered development of limbs, polydactyly, retinal

degeneration, nephropathies and cognitive impairement [72].

The molecular causes of motile and sensory ciliopathies are still

incompletely defined, which complicates their diagnosis. For

example, known mutations only account for 50% of all PCD

cases. Based on our results, we propose to add C2orf62 and

TTC17 to the list of candidate genes for ciliopathies of unknown

etiology.

Materials and Methods

Zebrafish maintenance and cell culture
Zebrafish animal experimentation was approved by the Ethical

Committee for Animal Experimentation of the Geneva University

Medical School and the Canton of Geneva Animal Experimen-

tation Veterinary authority. Wild-type (WT) AB and Casper [73]

zebrafish were maintained in standard conditions (27uC, 500 mS,

pH 7.5). Embryos obtained by natural intercrossing were staged

according to morphology [32]. Ovaries and testes were excised

from 3 month-old zebrafish euthanized using Tricaine.

Human cells were grown at 37uC in 5% CO2 in either DMEM

with glutamax (HEK293T, HeLa, HepG2 and PANC-1) or

DMEM/F12 (hTERT-RPE1) [74], and supplemented with 10%

heat-inactivated fetal bovine serum (Gibco, 10270).

Antibodies and staining reagents
Immunofluorescence studies on embryos were performed using

rabbit anti-GFP (1:500, Life Technologies), rabbit anti-pericentrin

(1:1000, Abcam, ab4448), mouse anti-acetylated tubulin (1:250,

Sigma, T7451), and goat anti-rabbit and anti-mouse antibodies

(1/400, Life Technologies). Immunofluorescence studies on cells

were performed using mouse anti-acetylated tubulin (1:5000), anti-

V5 (1:500), anti TTC17 (1:150) and goat anti-mouse and anti-

rabbit (1/600) antibodies. Nuclei were stained with 4’,6-Diami-

dino-2-Phenylindole (DAPI), and F-actin with Alexa-fluor 594

phalloidin (1/300, Life Technologies).

Immunohistochemistry experiments were performed using

rabbit anti-C2orf62 and anti-TTC17 (1:1000, HPA044818 and

HPA038508, kind gifts of M. Uhlen), and non-immune serum

(1:1000) as negative control.

Plasmids
C2orf62 cDNA was obtained from Life Technologies

(IOH28795). PRKRA, CEP192 (aa 1501-1941) and TTC17 (aa

945-1041) cDNAs were generated by PCR on a mixture of human

cDNA (Clontech). cDNAs were subcloned into pENTR/SD/D-

TOPO or pENTR/TEV/D-TOPO (Life Technologies) and

transferred into EGFP, mCherry, GST or V5 pDEST plasmids

using Gateway BP Clonase II. For yeast two-hybrid, the C2orf62

cDNA was cloned into pDBa.

zC2orf62 cDNA obtained by PCR on a mixture of embryo

cDNAs was subcloned into pCS2+, pCS2+ EGFP and pCRII

TOPO plasmids (Life Technologies). The 39 and 59-flanking

zC2orf62 DNA regions were amplified by PCR. The reporter

plasmid was constructed by inserting EGFP between the 2.8 kb

upstream and 0.4 kb downstream sequences of zC2orf62 in

pT2KXIGnin (Fig. 2C).

zC2orf62 C-ter (aa 276–356) cDNA was obtained by PCR from

zC2orf62 pCS2+. L318A/F341A zC2orf62 C-ter (aa 276–356)

cDNA was obtained by PCR overlap extension using primers

harboring the mutations. Both cDNAs were cloned into pCS2+

vector.

Genome-wide expression profiling
The Affymetrix Rat Exon 1.0 ST GeneChip dataset includes six

enriched populations of testicular cell types (Leydig, peritubular

myoid and Sertoli cells, spermatogonia, pachytene spermatocytes

and round spermatids) in triplicates, complemented with twelve

tissues: ovary, bone marrow, brain, embryo, heart, kidney, liver,

lung, muscle, spleen, thymus (3 samples each), and testis (7

samples). GeneChip data were normalized using the Robust

Multi-Array Average method [75]. The RNA-seq dataset

(Illumina’s protocol) includes Sertoli cells, spermatogonia, pachy-

tene spermatocytes and round spermatids (in duplicates). The

Tuxedo Suite [76] was used to map RNA-seq-derived reads on the

genome, and to assemble and quantify transcripts.

RT-PCR and RT-qPCR
RNA extracted with RNeasy Qiagen columns was treated with

DNase (Ambion) and checked with an Agilent Bioanalyser.

Reverse transcription was carried out from 2 mg RNA using

random hexamers (Promega) and SuperScript III Reverse

Transcriptase (Life Technologies). The thermal profile used for
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PCR on human cells and tissue cDNAs (Clontech) was: 95uC for

20 s, 58uC for 40 s and 72uC for 34 s, 37 cycles.

q-PCR on zebrafish cDNAs was performed in triplicates in

10 ml samples containing 1ml SYBR green reagent, 200 nM

oligonucleotides and 1/20 of total cDNA (50uC for 2 min, 95uC

for 10 min, 40 cycles of 95uC for 15 s and 60uC for 1 min) using

either Amplicon 1 primers zC2orf62_335F (TGGAG-

CAGTGTTTGTTTGCAG) and zC2orf62_385R

(TGCCTGAATCAGACACGGTC) or Amplicon 2 primers

zC2orf62_186F (AGCCTGTTGAAGGATTAAGCTGTTA)

and zC2orf62_263R (TGAGTTAATTCACTTTCCTC-

CATGTC).

Relative levels of RNAs were calculated on the basis of nCT

(Cycle Threshold variation) and normalized to the geometric

mean of beta-actin, ef1-alpha [77] and odc1 RNA levels.

Microinjection
C2orf62_1 MO (59-GTGCTGCAAATGACAGCA-

TAAGTGA-39), C2orf62_2 MO (59-CTTTCCTCCATGTCT-

TAAAAACTCC-39), TTC17_1 MO (59- GACACACTCGCT-

CACCTGCTGCTGT-39), TTC17_2 MO (59-

GAACATGAGGGTTAAAATCACCTCT-39) and Ctrl MO

(59-CCTCTTACCTCAGTTACAATTTATA-39) (Gene Tools)

were dissolved in nuclease-free water and their concentrations

determined with NanoDrop.

zC2orf62 mRNA was in vitro transcribed from the zC2orf62

pCS2+ plasmid using the mMessage mMachine System (Ambion)

and purified by phenol/chloroform extraction.

MO and mRNA were injected at 1–2 cell stages using 0.1%

phenol red in 0.5–2 nl Danieau buffer.

To generate EGFP-zC2orf62 reporter fish, AB and Casper

embryos were microinjected with 1 nl of a solution composed of 35

ng/ml Tol2 transposase mRNA, 25 ng/ml EGFP reporter plasmid,

and 0.1% phenol red as described [78], resulting in generation

number 0 (G0). G1 and G2 embryos were established by

successively mating adults with WT fish. EGFP-zC2orf62 carriers

were identified by fluorescence stereomicroscopy, and imaged

using either a Leica DFC340FX digital camera with Leica

software LAF 2.1 or a Zeiss LSM 510 META confocal microscope

with LSM Viewer software. ImageJ (rsb.info.nih.gov/ij/) was used

for image processing.

Whole-mount in situ hybridization
RNA probes for zC2orf62, shha, ntla and myh6 were in vitro

transcribed with SP6 and T7 RNA polymerases (Promega) from

linearized pCRII TOPO plasmids, and labeled using DIG RNA

labeling kit (Roche). Dechorionated embryos were fixed overnight

with 4% paraformaldehyde in PBS at 4uC and stored in methanol

at –20uC. Embryos were rehydrated in PBS/methanol, washed in

0.1% Tween 20, treated with H2O2 during 30 min, and

permeabilized using Proteinase K (10 mg/ml, Roche). Embryos

were hybridized overnight at 50uC, washed in increasing

concentrations of methanol, and clarified in glycerol as described

[79]. Imaging was performed using a MZ16FA stereomicroscope

and a DFC420 camera (Leica).

Immunohistochemistry
Immunohistochemical experiments were performed on testes

from 90 dpp male Sprague-Dawley rats and on human testes, fixed

in Bouin’s fixative and embedded in paraffin, as described [80].

Human testes were obtained from patients undergoing therapeutic

orchidectomy for metastatic prostate carcinoma. The protocol was

approved by the Ethical Committee of Rennes, France (Autho-

rization nuDC-2010-1155 - June 15 2011) and written informed

consent was obtained from all donors. Thin sections (5 mm) were

deparaffined, rehydrated, and incubated for 1 hr at 80uC in citrate

buffer (10 mM pH 6.0) with 0.05% Tween 20 for antigen

retrieval. After saturation for 30 min with 1% BSA in PBS, the

sections were incubated overnight at 48C with the rabbit

polyclonal anti-C2orf62 or anti-TTC17 antibodies used both at

a final dilution of 1:1000, in PBS containing 0.1% Tween-20 (v/v)

and 1% BSA (PBST-BSA). After several washes in PBS, sections

were incubated for 45 min with a secondary biotinylated mouse

anti-rabbit antibody (Dako, Trappes, France) at a final dilution of

1:500 in PBS-BSA. Samples were subsequently washed in PBS and

incubated for an additional 30 min with a streptavidin-peroxidase

complex (Dako) at a dilution of 1:500 in PBS. Immunoreaction

was revealed with a diaminobenzidine solution (Sigma). Finally,

sections were counterstained with Masson hemalun, dehydrated,

and mounted in Eukitt (Labnord, Villeneuve d’Asq, France).

Cell transfection and imaging
Cells grown on coverslips were transfected with plasmids using

Fugene (Roche), and 6 hr later with siRNA (Ambion) against

C2orf62 (59-AGACCAUCCAGGUAGACCAtt-39; s51680),

TTC17 (59-CAGUGAUGAUUAUUCUACAtt-39; s31447),

MAPRE1 (59-CCUGUGGACAAAUUAGUAAtt-39; s22674) or

with control siRNA (AM-4611) using lipofectamine RNAiMAX

Reagent (Life Technologies). Serum starvation was performed 24

hrs later during 72 hr (PANC-1) or 48 hr (hTERT-RPE1). Cells

could be treated during the last 8 hrs with 0.5 uM Cytochalasin D

(Sigma C8273) or DMSO.

Cells were fixed for 20 min in 4% paraformaldehyde, treated

with NH4Cl during 20 min, permeabilized with 0.1% Triton X-

100 in PBS (PBS-T) for 20 min, and incubated in PBS-T with 3%

BSA during 1 hr. The coverslips were incubated overnight at 4uC

with the primary antibodies, washed in PBS-T, incubated with

secondary antibodies, and mounted on slides.

Quantification of cilia was performed on randomly selected

cells, based on acetylated tubulin labeling. ImageJ was used for

image processing. Cilia lengths were measured following acquisi-

tion of z-stacks. 3D depictions of cilia were reconstructed using

Imaris (Bitplane scientific software).

To estimate hTERT-RPE1 cell proliferation rates, equivalent

numbers of cells were plated in 12 well plates, transfected with

siRNA 24 hours later, and counted using a hemocytometer 48 or

72 hours after the transfection.

For time-lapse imaging, cells were cultured in 96 well black

plates with clear bottom (Costar 3603) and transfected with

plasmids using Fugene. Imaging was performed every 2 min

during 16 hrs on ImageXpress Micro from Molecular Devices

equipped with transmitted light at 37uC and 5% CO2.

For FRET experiments, cells were cultured in individual culture

dishes (Fluorodish FD35–100) and transfected with plasmids using

Xtreme gene (Roche). Imaging was performed in a controlled

atmosphere chamber at 60X magnification under oil immersion,

using a Nikon A1R confocal microscope running with NIS

element AR imaging software v.4.11.01. Using ImageJ, images

were successively corrected for background, realigned, converted

in 32 bits, and smoothed as described [81]. Then, a threshold and

a ratio (mCherry/GFP) were applied. FRET signals were

corrected for bleed-through by measuring the donor spectral

bleed-trough into the acceptor channel and the direct acceptor

excitation, following three spectral configurations as described

(Padilla-Parra and Tramier, 2012), and presented as normalized

FRET (FRETn). Pseudocolors images were generated on the basis

of 16 colors, with the lowest FRET intensity in black and the

highest FRET intensities in white and red.
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Yeast two-hybrid
The C2orf62 pDBa (Leu) plasmid was transformed in MaV203

yeast strain (MATa; leu2-3,112; trp1-901; his3n200; ade2-101;

gal4n, gal80n SPAL10UASGAL1::URA3, GAL1::lacZ,

GAL1::His3@LYS2, can1R,cyh2R) as described [82]. This bait

did not show self-activation and was further used for screening.

MaV203 cells were transformed with human fetal brain cDNA

library (cloned into pEXP502-AD (Trp), Proquest librariesTM, Life

Technologies), plated onto Synthetic Complete (SC) medium

minus Leucine (-L), minus Tryptophan (-W), minus Histidine (-H)

+ 25 mM 3-amino-1,2,4-triazole (3-AT), and incubated at 30uC

for 4–5 days. Positive clones were patched onto SC-WHL + 3-AT

in 96-well plates, incubated for 3 days at 30uC and transferred in

liquid SC-WL for 3 days at 30uC with agitation to normalize the

yeast cell concentration used for the phenotypic assay. Cells were

then diluted 1/20 in water, spotted onto selective medium (-

WHL+25 mM 3-AT or -WUL) and incubated at 30uC for 4 to 5

days. To perform the b-galactosidase assay, undiluted yeast cells

were spotted onto YPD (yeast extract peptone dextrose) medium

plates with nitrocellulose filters, and b-galactosidase activity was

evaluated one day after. Only the interactors that were positive for

the three phenotypes tested (growth on -WHL+25 mM 3-AT, or -

WUL or b-galactosidase) were further analyzed.

GST pull down
48 hrs after transfection with C2orf62 pDEST-V5, HEK293T

cells were lysed in extraction medium (0.1 M PIPES pH 6.8;

5 mM MgCl2; 150 mM NaCl, 1% Nonidet P40) containing

protease inhibitors (Roche).

E. coli BL21 were transformed with the PRKRA-GST, TTC17-

GST and CEP192-GST plasmids by heat shock. GST fusion

proteins were induced by 1 mM IPTG and extracted by

sonication (4 times 15 s) in lysis buffer (10 mM Tris-HCl

(pH 8.0); 5 mM MgCl2; 0,15 M NaCl; 1% Triton; 5 mM

DTT). After centrifugation at 10,000 g for 10 min, the superna-

tants were incubated with swelled glutathione–agarose beads

(Sigma, G4510) during 60 min before extensive washings. V5-

C2orf62 cell lysates previously cleared on beads (1 mg protein)

were incubated on GST-fusion proteins beads for 2 hrs at 4uC.

Following SDS–PAGE, bound proteins were stained with

Coomassie or analysed by Western blot using mouse anti-V5

antibody (AbD Serotec; 1:1000) and alkaline phosphatase conju-

gated goat anti-mouse antibody (Jackson ImmunoResearch;

1:5000).

Sequence analysis
BLASTP and TBLASTN analysis were performed on Uni-

ProtKB (UniProt consortium, 2012) release 2012_07 and the

NCBI Reference Sequences (RefSeq) [83]. Multiple sequence

alignments were performed using MUSCLE 3.6 with the default

parameters [84]. C2orf62 and zC2orf62 sequences were aligned

on genomes using BLAT [85] on the UCSC genome browser

(genome.ucsc.edu). Domain analysis was performed using Pfam

[26].

Statistics
Statistical analyses were performed with Microsoft Excel. Error

bars are means +/– s.d. of values from at least 3 independent

experiments. Statistical significance (P-value) was calculated using

a two-tailed paired t-test (for rescue of MO effects), or a two-

sample with unequal variance t-test (for experiments on cells), and

is indicated by * P,0.05, ** P, 0.01, ***P,0.001 or n.s. (not

significant).

Supporting Information

Figure S1 (related to Fig. 2). zC2orf62 expression
pattern during development. Reverse Transcription-quanti-

tative Polymerase Chain Reaction (RT-qPCR) performed with

Amplicon 2 of zC2orf62 shows the same expression pattern than

in Fig. 2. zC2orf62 mRNA is expressed essentially in testis (100

times more than in ovary), but also during almost all development.

It is down-regulated at shield stage (6 hpf) and reexpressed at tail

bud (12 hpf) when Kupffer’s vesicle forms.

(TIF)

Figure S2 (related to Fig. 2). zC2orf62 is expressed in
ciliated cells during embryonic development. Transgenic
EGFP-zC2orf62 reporter zebrafish were observed using a confocal

microscope. (A) At 48 hpf, immunostaining of a-acetylated tubulin

(red) and EGFP (green) show a co-localization (yellow) in olfactory

placode (OP), neuromast cells (N), ear (E) and pronephric ducts

(P.D), and in cilia of olfactory sensory neurons (OSN). (B) At 96
hpf, EGFP is expressed specifically in ciliated neuromast cells and

in hair cell-containing structures of the ear (cristae and macula).

Scale bars, 25 mm.

(TIF)

Figure S3 (related to Figs. 3 and 4). Analysis of TTC17
expression in rat and human tissues and cell lines. (A)
Histograms displaying Ttc17 transcript levels in rat somatic

testicular cells [Leydig (LE), peritubular myoid (PM) and Sertoli

(SE)], male germ cells [spermatogonia (SG), spermatocytes (SC)

and spermatids (ST)] and twelve normal tissues based on the

Affymetrix Rat Exon 1.0 ST (left) and Illumina RNA-seq (right)

datasets. (B) Transverse sections of adult rat testis (left) and human

testis (right) showing immunoreactivity in cells with TTC17

antibody. In rat, TTC17 is detected in the germ cell lineage from

preleptotene spermatocytes to elongating spermatids, here at stage

II-III of spermatogenesis (left panel). Please note the strong

staining in both the Leydig cells and capillary endothelium.

TTC17 is detected in the cytoplasm of pachytene spermatocytes

(SPC), early (rSPT) and elongating spermatids (eSPT) at stage II-

III of spermatogenesis (right panel). In human, TTC17 is detected

in the cytoplasm of spermatocytes and spermatids. Inserts:
negative controls using preimmune serum. Scale bars, 50 mm.

(C) Subcellular localization of endogenous TTC17 was studied by

immunofluorescence on hTERT-RPE1 cells transfected either

with a control siRNA (si Ctrl.) or with siRNA against TTC17 (si

TTC17). Despite a strong background staining in the nucleus, a

specific staining (arrows) that disappeared with si TTC17

treatment could be seen in non-dividing cells. This staining was

considerably enhanced during mitosis, from metaphase to

telophase. Scale bars, 10 mm.

(TIF)

Figure S4 (related to Fig. 5). Effects of C2orf62 siRNA

knockdown on cell proliferation and actin polymeriza-
tion. (A) hTERT-RPE1 cells were counted using a hematocyt-

ometer 48 h and 72 h after transfection with the indicated siRNA.

The bar graphs show the ratios of proliferation rates of cells

transfected with siRNA against MAPRE1, C2orf62 or TTC17 as

compared to cells transfected with control siRNA, measured in 4

independent experiments. None of the tested siRNA affected cell

proliferation when it was assayed 48 h after transfection, Both si

C2orf62 and si MAPRE1 slightly inhibit cell proliferation when it

was assayed 72 h after transfection (C2orf62 siRNA/ Ctrl siRNA

*P= 0.034; MAPRE1 siRNA/Ctrl siRNA *P=0.031). (B) PANC-

1 cells were transfected with siRNA against C2orf62 or with a

control siRNA. Cells were either serum-starved for 72 hours (0.5%
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FBS) or left in 10% FBS medium, and F-actin was stained using

Alexa fluor 594 phalloidin. Scale bars, 50 mm. C2orf62 knock-

down results in enhanced actin polymerization in both serum

conditions.

(TIF)

Figure S5 (related to Fig. 6). Evaluation of the specific-
ity of C2orf62 morpholinos. Zebrafish embryos were injected

with different quantities of C2orf62_1 or C2orf62_2 MO and

observed under a stereomicroscope. (A-C) Phenotypic traits at 24

hpf were classified into four categories, each being associated with

one grey code, as reported in Fig. 6A: normal (white,

indistinguishable from controls), severe (clear grey, defect of brain

structure formation and short body axis), very severe (dark grey,

indistinguishable left/right or front/back polarity), and lethal

(black). The bar graphs show the percentage of embryos in each

category. (A) Although the injection of 1.25 ng C2orf62_1 or

C2orf62_2 MO has no effect on embryo morphology, the co-

injection of 1.25 ng C2orf62_1 MO and 1.25 ng C2orf62_2 MO

results in 47% of severe-to-lethal phenotypes, showing a strong

synergy between both MOs. (B) Embryos were injected with 5 or

10 ng C2orf62_2 MO together with 0 (buffer alone), 15 or 30 ng

P53 MO. Coinjection of P53 MO does not significantly change

the phenotypes induced by injection of C2orf62_2 MO alone. (C)

Embryos were injected with 10 ng C2orf62_2 MO and/or 2 ng

full-length zC2orf62 mRNA. The percentage of normal (white)

C2orf62_2 MO-injected embryos is significantly higher in the

presence of mRNA (1.96% for C2orf62_2 MO alone and 12.53%

for C2orf62_2 MO + RNA, P= 0.0044, Student’s t test). (D)

Embryos were co-injected with 680 pg C2orf62-EGFP mRNA and

5 ng Ctrl. MO, C2orf62_1 MO or C2orf62_2 MO and observed

6 h later under a fluorescence stereomicroscope. EGFP signal was

abrogated in all C2orf62_1 MO-injected embryos (star marked),

and unexpectedly in 33% of C2orf62_2 MO-injected embryos.

(E). RT-PCR analysis of total RNA extracted from 24 hpf

embryos after injection of 5 ng of Ctrl. MO or C2orf62_2 MO

shows that C2orf62_2 MO alters zC2orf62 splicing.

(TIF)

Figure S6 (related to Fig. 6). Knockdown of zC2orf62
results in notochord undulation and ciliogenesis defects
in the olfactory organ. (A) In situ hybridization of ntla and shha

at 24 hpf shows that more than 90% of C2orf62_1 MO-injected

embryos have an undulated notochord, in contrast to controls

(lateral views, scale bars, 200 mm). (B) Embryos were either not

injected (n.i.) or injected with 5 or 10 ng C2orf62_1 MO and

observed at 48 hpf. C2orf62_1 MO-injected embryos display a

curved body, heart edema (arrow), and a small head with

incorrectly defined brain structures, small eyes and small ears

(dashed circle). Scale bars, 200 mm. (C) Embryos were injected

either with 2.5 ng Ctrl. MO or C2orf62_1 MO, and ciliated cells

from the olfactory organ (OO) were visualized using anti a-

acetylated tubulin at 48 hpf. The olfactory organs of C2orf62_1

MO-injected embryos are smaller and display less ciliated cells

than controls. Scale bars, 50 mm. (D) Embryos were injected with

850 pg mRNA coding for the C-terminal part (aa 276-356) of

zC2orf62,either wild type (WT C-ter) or alanine-mutated on Leu-

318 and Phe-341 (L318A/F341A C-ter), and observed 24 h later.

Phenotypic traits were classified into four categories, each being

associated with one grey code, as reported in Fig. 6A: normal

(white, indistinguishable from controls), severe (clear grey, defect of

brain structure formation and short body axis), very severe (dark

grey, indistinguishable left/right or front/back polarity), and lethal

(black). The bar graph shows the percentage of embryos in each

category. The percentage of normal (white) embryos is signifi-

cantly higher for L318A/F341A C-ter mRNA-injected embryos

than for WT C-ter mRNA-injected embryos (25.7% for WT C-ter

mRNA and 80.6% for L318A/F341A C-ter mRNA P=0.0078,

Student’s t test).

(TIF)

Table S1 (related to Fig. 4). Yeast two-hybrid results. 10

positive clones obtained in the yeast two-hybrid screen were

identified by sequencing. Clones labeled as ‘‘Not relevant’’ are

typical yeast two-hybrid artefacts.

(DOCX)

Movie S1 (related to Fig. 4). EGFP-C2orf62 localization

in hTERT-RPE1 cells. The movie shows the dynamic

localization of EGFP-C2orf62 (in green) in hTERT-RPE1 cells

2.25 hours after transfection. The EGFP-C2orf62 fusion protein is

localized in the cytoplasm, nucleus and in plasma membrane

protrusions.

(DOCX)
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Spermatogenesis is a highly sophisticated process involved in

the transmission of genetic heritage. It includes halving ploidy,

repackaging of the chromatin for transport, and the equipment

of developing spermatids and eventually spermatozoa with the

advanced apparatus (e.g., tightly packed mitochondrial sheat

in the mid piece, elongating of the tail, reduction of cyto-

plasmic volume) to elicit motility once they reach the epididy-

mis. Mammalian spermatogenesis is divided into three phases.

In the first the primitive germ cells or spermatogonia undergo a

series of mitotic divisions. In the second the spermatocytes

undergo two consecutive divisions in meiosis to produce hap-

loid spermatids. In the third the spermatids differentiate into

spermatozoa in a process called spermiogenesis. Paracrine,

autocrine, juxtacrine, and endocrine pathways all contribute

to the regulation of the process. The array of structural

elements and chemical factors modulating somatic and germ

cell activity is such that the network linking the various cellular

activities during spermatogenesis is unimaginably complex.

Over the past two decades, advances in genomics have greatly

improved our knowledge of spermatogenesis, by identifying

numerous genes essential for the development of functional

male gametes. Large-scale analyses of testicular function

have deepened our insight into normal and pathological sper-

matogenesis. Progress in genome sequencing and microarray

technology have been exploited for genome-wide expression

studies, leading to the identification of hundreds of genes

differentially expressed within the testis. However, although

proteomics has now come of age, the proteomics-based inves-

tigation of spermatogenesis remains in its infancy. Here, we

review the state-of-the-art of large-scale proteomic analyses

of spermatogenesis, from germ cell development during sex

determination to spermatogenesis in the adult. Indeed, a few

laboratories have undertaken differential protein profiling

expression studies and/or systematic analyses of testicular pro-

teomes in entire organs or isolated cells from various species.

We consider the pros and cons of proteomics for studying

the testicular germ cell gene expression program. Finally, we

address the use of protein datasets, through integrative

genomics (i.e., combining genomics, transcriptomics, and pro-

teomics), bioinformatics, and modelling.

Keywords germ cell, integrative genomics, proteomics,

spermatogenesis, testis, translational regulation

Abbreviations PGCs: primordial germ cells; 2DE: two-

dimensional gel electrophoresis; MS: mass spectrometry;

hnRPA1: heterogeneous nuclear ribonucleoprotein A1; TRA1:

tumor rejection antigen; HSC71: heat shock cognate 71kDa

protein; AMH: anti Müllerian hormone; SSCs: spermatogonial

stem cells; As: Asingle spermatogonia; Apr: Apaired

spermatogonia; Aal: Aaligned spermatogonia; maGSCs:

multipotent adult germline stem cells; ESCs: embryonic stem

cells; TCTP: translationally controlled tumor protein; MCM7:

minichromosome maintenance protein 7; MS: mass

spectrometry; dpp: days post-partum; 2D-DIGE: two-

dimensional difference in-gel electrophoresis; CLPH: casein-like

phosphoprotein; TPs: transition proteins; Prms: protamines;

MALDI: matrix-assisted laser desorption/ionization; IMS:

imaging-mass spectrometry; MudPIT: multidimensional

protein identification technology; AMEN: Annotation,

Mapping, Expression and Networks.

Introduction

Mammalian spermatogenesis takes place in the seminiferous
tubules of the testis and is classically divided into three
phases. In the first (proliferative or mitotic) phase, primitive
germ cells (spermatogonia) undergo a series of mitotic
divisions. In the second or meiotic phase, spermatocytes
undergo two consecutive divisions to produce the haploid
spermatids. In the third (spermiogenesis) phase, spermatids
differentiate into spermatozoa. An intriguing feature of
spermatogenesis is that the developing germ cells form
associations of fixed composition, or stages, constituting
the seminiferous epithelium cycle. The organization and in-
tegrity of the seminiferous epithelium are ensured by the
somatic Sertoli cells. In rats, Leblond and Clermont [1952]
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divided the seminiferous epithelium cycle into 14 stages (I to
XIV), with spermiogenesis, defined as the morphological
transformation of spermatids into spermatozoa, broken
down further into 19 differentiation steps (from 1 to 19).
This last stage of germ cell development provides a striking
and unique example of cell differentiation involving
acrosome formation, nuclear condensation, and flagellum
biogenesis. Another intriguing feature of spermatogenesis
is the distinct ordering of cell associations along the length
of the seminiferous tubules (segments), often referred to as
the ‘wave of the seminiferous epithelium’ [Perey et al.
1961]. A wave encompasses all 14 segments in rat, 12 in
mouse, and 6 in human consisting of various cell associ-
ations (for review see [De Kretser and Kerr 1988]). A
segment is defined as a longitudinal portion of seminiferous
tubule corresponding to a single cell association or stage (for
review see [Parvinen 1982; Hess and Renato de Franca
2008]).

This unique differentiation process involves control by
autocrine, juxtacrine, paracrine, and endocrine factors.
It involves the successive activation and/or repression of
thousands of genes and proteins, resulting in a testis that is
one of the most complex tissues in the body. The use of
cell culture approaches to unravel this complexity has
proved problematic, due to difficulties culturing the more
highly differentiated types of male germ cells. The resulting
lack of a natural ‘testing ground’ has made high-quality
genomic analysis particularly important as a prelude to the
in vivo testing of hypotheses. Advances in molecular
biology and genomics have improved our knowledge of sper-
matogenesis, by allowing the identification of a large number
of genes essential for the development of functional male
gametes [de Rooij 2001; Matzuk and Lamb 2002].

Significant progress has been made in the large-scale
analysis of testicular function, providing greater insight
into normal and pathological spermatogenesis. Rapid pro-
gress in genome sequencing and microarray development,
carrying out genome-wide expression studies have lead to
the identification of hundreds of genes spatially and tem-
porally regulated during the ontogenesis of the testis
[Wrobel and Primig 2005]. However, although proteomics
has now come of age, the investigation of spermatogenesis
by proteomics-based strategies remains in its infancy.

In this review, we will present the state-of-the-art large-
scale proteomic analyses of spermatogenesis, from germ
cell development during sex determination to spermatogen-
esis in the adult. We will consider the pros and cons of
proteomics for studies on the testicular germ cell gene
expression program. A summary of studies in the field is pre-
sented in Figure 1. Finally, we will discuss the use of protein
datasets, through integrative genomics (i.e., combining geno-
mics, transcriptomics, and proteomics), bioinformatics, and
modeling.

Expression profiling of embryonic germ cells

In mammals, the embryonic gonads arise as undifferentiated
and bipotential structures in the intermediate mesoderm.

The expression of the Sry (sex-determining region, chromo-
some Y) gene in the somatic supporting cells of the genital
ridges triggers the sexual differentiation of the gonads into
testes. The primordial germ cells (PGCs) develop into pros-
permatogonia, the precursor cells of the male germline
[Wilhelm et al. 2007]. Proteomics-based approaches have
been less widely used than microarrays for studies of the
sexual determination of somatic cells in the embryonic
gonads, but have nevertheless been fruitful [Ewen et al.
2009; Sato et al. 2009; Wilhelm et al. 2006].

Using a combination of two-dimensional gel electro-
phoresis (2DE) and mass spectrometry (MS), Wilhelm
and coworkers [Wilhelm et al. 2006] compared the
protein profiles of fetal mouse testes and ovaries. Expression
of three proteins, namely the heterogeneous nuclear ribonu-
cleoprotein A1 (hnRPA1), the polymorphic tumor rejection
antigen (TRA1), and the heat shock cognate 71kDa protein
(HSC71), was found to be increased in the male compared
to the female gonads. The male specific expression of the
Tra1 gene as well as higher expression levels of Hsc71
and hnRpa1 genes during gonadal development were
further confirmed by quantitative real time PCR. Further-
more, HSC71 was phosphorylated to a greater extent in
male than in female gonads, highlighting the importance
of proteomic approaches for the detection of posttransla-
tional modifications. These three proteins were not known
to be associated with gonadal development or sex differen-
tiation so far, and their roles in such events remain to be
defined. HnRPA1 belongs to the class of heterogeneous ri-
bonucleoproteins (hnRNPs) that bind heterogeneous
nuclear RNAs (hnRNAs). It modulates the expression of
specific genes by binding RNA thanks to three RNA
binding domains, thus altering their stability. Interestingly,
the gene encoding the testosterone-15-alpha-hydroxylase
(Cyp2A5) was identified as a target of hnRPA1 [Raffalli-
Mathieu et al. 2002]. Whereas the enzyme Cyp2A5 is ex-
pressed in the embryonic male gonad, its role in this
context is unknown. TRA1, also named Hsp90b1 or
Glucose-regulated protein 94 (Grp94) is a glycoprotein of
the endoplasmic reticulum [Mazzarella and Green 1987].
Grp94 present in the lumen of ER, chaperons the mem-
brane and secreted proteins and impacts their folding. It
also possesses particular functions such as calcium
binding needed by the conditions in the ER [Marzec et al.
2011]. The HSC71 protein belongs to the HSC70 protein
family. Members of this protein family can shield hydro-
phobic domains of cytoplasmic proteins and function as
molecular chaperones to allow an efficient folding
[Agashe and Hartl 2000]. Wilhelm and coworkers [2006]
found that HSC71, more abundantly expressed in male
than in female gonads, is post-translationally phosphory-
lated. Why would phosphorylation of HSC71 be important
for sex differentiation? HSC70 as well as HSC71 proteins
were shown to interact with SOX9 in testicular cell lines
[Marshall and Harley 2001] and it is well known that
Amh is a target of SOX9 during testis differentiation. The
anti Müllerian hormone (AMH) causes the regression of
the Müllerian ducts in males. The transcriptional activity
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is enhanced by the additional binding of SF1, GATA4, and
WT1 transcription factors to the Amh promoter [De Santa
Barbara et al. 1998; Hossain and Saunders 2003; Viger et al.
1998].

Moreover, HSC70 was shown to be associated with
WT1 [Maheswaran et al. 1998]. According to the authors,

it is possible that the closely related proteins HSC70 and
HSC71 would stabilize the formation of a SOX9-SF1-WT1
protein complex, crucial for testis differentiation. In this
context, it appears that the male specific HSC71 phosphoryl-
ation could be an important post-translational regulatory
mechanism.

Figure 1. Investigation of spermatogenesis in mammals using proteomic studies. Sections of a seminiferous tubule at different stages of develop-
ment are represented. The major proteomic studies that have contributed to the knowledge of spermatogenesis are mentioned. Mammalian sperma-
togenesis takes place in the seminiferous tubules of the testis and is divided into three phases. In the first (proliferative or mitotic) phase, primitive
germ cells (spermatogonia) undergo a series of mitotic divisions. In the second (meiotic) phase, spermatocytes undergo two consecutive divisions to
produce the haploid spermatids. In the third (spermiogenesis) phase, spermatids differentiate into spermatozoa. maGSCs: multipotent adult germ-
line stem cells.

Proteomics and spermatogenesis 181

Copyright © 2012 Informa Healthcare USA, Inc.

��
���
��
���

��
���

���
��
��
��

���
��
��
���
��

���
���

��
��
���
��
���

���
��

��
���

��
���

���
��
��
��
���

���
���

���
���

�
��

���
���

��
���
��
���

���
�



Very little is currently known about the biology of PGCs,
due to the small number of these cells in the embryo. A pro-
teomic analysis of cultured PGCs from chicken identified 50
proteins, including growth factors and developmentally
regulated proteins [Han et al. 2005]. Most of the proteins
found to be expressed in the chicken PGCs such as vimentin,
beta-actin, tropomyosin 1 alpha isoforms, tubulin beta-1,
desmin, heat shock protein 70, and cathepsin B precursors
have homologs in mammals. However, according to
the UniProt KB database, the CEphA6 fragment and
the ovotransferrin identified in PGCs have no homologs in
mammals. Of note no such proteomic study of PGCs has
been carried out in mammals, although genome-wide
expression analyses have provided consistent information
about the genetic programs controlling PGC development
(for a review, see [Rolland et al. 2008; Calvel et al. 2010]).

The spermatogonial stem cell niche

Spermatogonial stem cells (SSCs) derived from PGCs, are
part of a subset of male germ cells called undifferentiated
spermatogonia including Asingle (As) spermatogonia and
their progeny cells Apaired (Apr) and Aaligned (Aal) sper-
matogonia [de Rooij and Russell 2000]. Normal spermato-
genesis is maintained by the ability of SSCs to supply
continuously the seminiferous tubules of adult testis in dif-
ferentiating spermatogonia which are the source of all
differentiating male germ cells throughout the life of the
male. It appears that only a subpopulation of As spermato-
gonia have stem cell activity [Nakagawa et al. 2007]. These
authors estimated that around 10% of As spermatogonia
are true SSCs in mice. There are actually two populations
of SSCs in the mouse testis. The first is an ‘actual (stable)
stem cell’ population. The actual stem cells have the ability
to self-renew and are indeed self-renewing. A second popu-
lation of ‘potential stem cells’ also exists; these cells are
capable of self-renewing which does not occur in the
normal situation. There is a rapid turnover of the potential
stem cells in normal testes suggesting their belonging to
the transit-amplifying, rather than the dormant population
to provide the differentiating spermatogonia [Nakagawa
et al. 2007]. To keep their capacity to self-renew, SSCs
need to reside in a microenvironment or niche that supplies
all the factors and interactions crucial for their survival and
development. Thus, the microenvironment of the SSCs in
the seminiferous tubule appears to be critical for the pro-
duction of progeny spermatogonia (for review, see [Caires
et al. 2010]). Despite the fundamental role played by sper-
matogonia in spermatogenesis, little is known about the
molecular mechanisms underlying the maintenance of
their diverse functions. Cutting-edge technologies for
global analyses of gene expression and protein profiles
have given scientists a better understanding of the molecular
signature and microenvironment of these cells, the SSC
niche (for a review, see [Rolland et al. 2008; Caires et al.
2010]).

With only a limited percentage of As spermatogonia
being true SSCs, as discussed above, it seems rather difficult

to isolate enough SSCs and extract the minimal protein
amount for performing proteomic studies and access in
depth the SSCs proteome. Bearing in mind these technical
limitations, Dihazi and coworkers [Dihazi et al. 2009]
build on the fact that under specific culture conditions
SSCs acquire pluripotency as they can differentiate into
somatic cells of the three germ layers. This is the reason
why in their pioneer work Guan and collaborators [Guan
et al. 2006] named these cells multipotent adult germline
stem cells (maGSCs). Thus, Dihazi and coworkers used a
2-DIGE approach for comparing the reference map pro-
teomes of maGSCs and ESCs mouse cell lines and further
identify cell-specific marker by mass spectrometry [Dihazi
et al. 2009]. As many as 409 proteins could be identified
among which were 166 non-redundant stem cell-associated
proteins from maGSCs and ESCs. Of these, only a small
subset of 18 proteins was differentially expressed between
maGSCs and ESCs, indicating that these two cell types
may have rather similar proteomes. Among these, eucaryotic
translation initiation factor 5A-1, galectin-1, and lactoylglu-
tathione lyase, involved in cell differentiation were expressed
with greater levels in maGSCs compared to ESCs. Interest-
ingly, 27 out of the 166 proteins identified from maGSCs
were found to be spermatogonia-associated proteins in the
rat [Com et al. 2003]. Finally, Dihazi and coworkers also
found that the heat shock cognate 71 kDa protein (Hspa8)
was highly expressed and present in different forms in
maGSCs and ESCs [Dihazi et al. 2009]. Mass spectrometry
further identified Hspa8 on the surface of human ESCs
where its expression appeared to be downregulated
through differentiation, suggesting that Hspa8 could be a
putative marker for undifferentiated human ESCs [Son
et al. 2005].

Proteomic analysis, although less widely used than tran-
scriptomic approaches for investigation of the SSC niche,
has made a major contribution to our knowledge about
developing spermatogonia. Our laboratory has established
a reference proteome map of mature spermatogonia freshly
isolated from nine-day-old rat testes [Guillaume et al.
2000], leading to the identification of a first set of 53 cytoso-
lic soluble proteins. We compared this small protein subset
to the rat spermatogenesis transcriptome dataset performed
by Chalmel and coworkers [Chalmel et al. 2007] using the
AMEN suite of tools [Chalmel and Primig 2008]. Fifty-
one out of the 53 corresponding Gene IDs were expressed
in rat spermatogonia and 5 Gene IDs were mitotic and dif-
ferentially expressed in the testis. This shows that Guillaume
and collaborators in this pioneering work mainly identified
ubiquitous abundant proteins and only 5 proteins specific to
spermatogonia compared to other germ cells (i.e., tropo-
myosin 4; carbonyl reductase 1; ribosomal protein SA; sper-
midine synthase, and isocitrate dehydrogenase 2 (NADP+)
mitochondrial). Yet, the most interesting proteins expressed
by the germline are the so-called ‘low copy number proteins’
that correspond to discrete proteins in a cell, generally under
tight regulation (e.g., transcription factors) and thus poten-
tially crucial for germ cell differentiation. To deepen the
analysis of the spermatogonia proteome and detect discrete
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proteins, overlapping narrow-pH range gels were used to
fractionate the cell extracts [Com et al. 2003]. These
‘zoom’ gels greatly enhance protein separation, providing a
much higher resolution than classical broad-pH range gels.
Some low-copy number proteins were identified that are in-
volved in regulatory processes (cell defense and detoxifica-
tion, regulation of gene expression, signal transduction,
calcium binding, trafficking, and DNA replication). These
two studies provided the first significant repertoire of pro-
teins expressed by rat spermatogonia. We subsequently in-
vestigated the roles of some of these proteins in
spermatogenesis in more detail, because of their possible
implication in proliferation and differentiation [Com et al.
2006; Guillaume et al. 2001a; Guillaume et al. 2001b]. The
spatio-temporal pattern of protein and mRNA production
in rat testis was investigated for stathmin, which is known
to be associated with microtubule dynamics [Guillaume
et al. 2001a]. This protein forms aggregates in the cytoplasm
of late spermatids, before being eliminated at the time of
spermiation. Its production in the germ line may therefore
reflect the reorganization of cell structure in germ cells
during spermatogenesis. A similar approach was used to
analyze the translationally controlled tumor protein
(TCTP) in adult human testis, and in neonatal or adult rat
testes [Guillaume et al. 2001b]. The TCTP protein is
produced in various amounts, in all populations of isolated
testicular cells, but its high abundance in spermatogonia
suggests a significant role in spermatogenesis. Com et al.
[2006] analyzed minichromosome maintenance protein 7
(MCM7), which had previously been identified in rat sper-
matogonia. They described the spatial distribution of the
MCM7 protein and its mRNA within the cells of the rat
testis, and their temporal distribution during testis develop-
ment. They reported differences in the distribution of
mRNA and protein for this gene. However, no conclusion
was drawn concerning the role of MCM7 in spermatogonia
and the germ cell lineage. More recently, a 2-D gel/MS-based
differential study was carried out on the testis of the mature
dogfish Scyliorhinus canicula L., with the aim of identifying
proteins specific to the spermatogonial stem cell com-
partment [Loppion et al. 2010]. The authors compared
protein profiles in the germinative zone with those in the
spermatocyte zone. De novo sequences were obtained for
33 of the 169 proteins selected for identification by mass
spectrometry, but only 16 proteins were identified. One of
these proteins, the proteasome alpha-6 subunit was found
specifically in the germinative zone of the testes, which
contains large isolated spermatogonia. Several of the other
proteins identified, (e.g., stathmin) had also been identified
in previous proteomic analyses of spermatogonia and
other germ cells in rodents [Guillaume et al. 2000; Com
et al. 2003; Rolland et al. 2007]. Although preliminary, this
study demonstrated the utility of dogfish as a model for pro-
teomic analysis of the spermatogonial stem cell niche.
Studies of this type should shed light on the intricate
protein networks governing the biology of spermatogonia,
provided that genomic data for elasmobranchs are made
available.

Postnatal development of male germ cells

The production of spermatozoa by spermatogenesis remains
the most widely studied domain of male reproductive
biology principally through large-scale experiments. Over
the last 10 years, genomics and postgenomics have success-
fully been applied to the identification of many genes and
proteins essential for the development of functional male
gametes [Rolland et al. 2008]. The use of transcriptomics
and proteomics to study spermatogenesis is entirely logical,
because the development of spermatozoa proceeds via a
succession of sophisticated and tightly regulated events.
These techniques can thus generate very precise snapshots
of the molecular networks sequentially involved in
spermatogenesis.

The strategies initially adopted were based on the sys-
tematic characterization of the proteins present either in iso-
lated germ cells at a particular time point during
development or throughout the entire testis. A set of 132
abundant spermatogenic proteins emerged from a systematic
identification of germ cell chromatin-associated proteins in
the nematode Caenorhabditis elegans [Chu et al. 2006].
Functional analysis of these proteins led to the identification
of conserved spermatogenesis-specific proteins crucial for
DNA compaction, chromosome segregation, and fertility.
By analyzing the acid-soluble proteins present in condensing
mouse spermatids, Govin and coworkers identified HSPA2
as the first transition-protein chaperone [Govin et al.
2006]. HSPA2 controls the ‘histone-to-transition-protein’
transition, thereby contributing to the spermatid-specific
genome-wide reorganization. A combination of 2-D gel frac-
tionation and MS has been used to establish several pro-
teome reference maps of the testis for Drosophila
[Takemori and Yamamoto 2009], pigs [Huang et al. 2005],
mice [Zhu et al. 2006], and humans [Guo et al. 2010].
Thirty-nine testis-specific proteins potentially important
for testis function were identified by 1-D SDS-PAGE com-
bined with RP-LC-MS/MS together with bioinformatic
analysis of the human testis proteome [Guo et al. 2008].
Guo and coworkers subsequently highlighted differences in
the mass and pI of the proteins produced in the human
testis, due to alternative splicing and various forms of post-
translational modification, mostly involving phosphoryl-
ation [Guo et al. 2010].

These studies generated large sets of proteins thought to
be important for testicular function, but no information
about the spatio-temporal regulation of these proteins
during the course of spermatogenesis was provided. With
the objective of obtaining a more accurate view of spermato-
genesis, several groups have since used more sophisticated
strategies, mostly based on differential expression analyses
during the course of spermatogenesis. Comparative pro-
teome profiles for mouse testis have been established for
specific time points in the first wave of spermatogenesis,
by several groups [Huang et al. 2008; Paz et al. 2006]. Paz
and coworkers [2006] compared the proteomic profiles of
the soluble proteins present in the testes of mice 8, 18, and
45 days post-partum (dpp). They identified 44 proteins or
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variant forms displaying differential expression during the
course of development. Similarly, Huang and coworkers
[2008] compared the testis proteomes of mice 0, 7, 14, 21,
28 and 60 dpp. They identified 257 proteins displaying
differential expression, potentially involved in the initiation
of mouse spermatogenesis. These proteins included
AOP1A and GSTM2, which appeared to be down regulated,
and PGK2 and PRDX4, which appeared to be up regulated
during testis development [Huang et al. 2008]. Differential
protein expression during postnatal development has also
been investigated in pig testes [Huang et al. 2011]. Huang
and coworkers [2011] studied testes from four pigs each at
the ages of one week, three months, and one year. They
found that 108 proteins were differentially expressed; 90 of
these proteins were identified by mass spectrometry and
sorted on the basis of differences in abundance at different
developmental stages.

Another widely used strategy involves comparing the
levels of particular proteins between different categories of
purified germ cells. There are two main reasons for the
choice of such an approach rather than the use of total
testis samples at different stages of the first wave of sperma-
togenesis. First, the use of isolated populations of germ cells
rather than a whole organ is more efficient for the identifi-
cation of low-copy number proteins. Second, this approach
makes it possible to establish the cellular origin of the pro-
teins identified, although it must be borne in mind that iso-
lated germ cell populations are never 100% pure and that a
specific protein could be expressed by one of the contami-
nating cell types.

Our group carried out a differential proteome analysis of
rat spermatogenesis based on two-dimensional difference in-
gel electrophoresis (2D-DIGE) [Rolland et al. 2007]. This
study provided the first description of the use of 2D-DIGE
for identifying a large set of proteins with relative abun-
dances differing significantly between rat spermatogonia,
pachytene spermatocytes, and post-meiotic spermatids.
Crude cytosolic protein extracts from spermatogonia, sper-
matocytes, and spermatids were initially analyzed, with
limited success in terms of the differentially expressed pro-
teins identified (35 proteins). Germ cell proteomes were
then investigated in more detail, by subjecting cytosolic
extracts to chromatographic fractionation into four subpro-
teomes before 2D-DIGE. Independent 2D-DIGE analyses
of each subproteome fraction led to the identification of as
many as 977 protein spots displaying differential expression,
many of which corresponded to single proteins. Based on the
hypothesis that proteins displaying highly differential pat-
terns of expression are likely to play a key role in differen-
tiation, we focused on protein spots with mean ratios of at
least 2.5 between two cell types. This approach led to the
identification of 123 unique proteins with reproducible
differential patterns of expression during spermatogenesis
[Rolland et al. 2007]. Some of the proteins identified in the
male germ line for the first time in this study were then
characterized further, in targeted studies. For example, the
spermatid-specific casein-like phosphoprotein (CLPH) was
subsequently shown to be a calcium-binding disordered

protein. CLPH is phosphorylated by casein kinase 2, which
plays a major role in sperm head development [Calvel
et al. 2009]. Other proteins identified by Rolland and
co-workers [Rolland et al. 2007] involved in various biologi-
cal processes may also play key roles in spermatogenesis and
worthy of further investigation. For example, the proapopto-
tic protein Smac/Diablo is present in large amounts in
mouse spermatocytes and spermatids [Tikoo et al. 2002].
Its expression pattern is similar in mouse and rat testes
[Rolland et al. 2007; Tikoo et al. 2002] suggesting functional
conservation and involvement in spermatogenesis [Vera
et al. 2004]. In a recent review, Huang and Sha [2011] an-
nounced that they are currently using a shotgun proteomics
strategy to study the specific protein expression profiles of
tetraploid and haploid germ cells purified by flow cytometry
from adult mouse testis. In addition to constructing large-
scale tetraploid and haploid germ cell proteomes, these
authors aim to characterize in more detail the proteins in-
volved in specific cellular events. For example, as many as
3,507 proteins were identified in tetraploid germ cells and
216 of these proteins had homologs in yeast known to be in-
volved in meiosis. Approaches of this kind are generally
powerful and should provide us with valuable information,
improving our understanding of the mechanisms governing
spermatogenesis.

Very recently, a cutting-edge proteomic strategy has been
used to investigate the nuclear proteome of post-meiotic
male germ cells (i.e., round, elongating, and condensed sper-
matids [Govin et al. 2012]. During spermatid elongation and
packaging of the haploid genome, nucleosomes are disas-
sembled. Most histone proteins are sequentially replaced
by transition proteins (TPs), themselves replaced by prota-
mines (Prms) that are highly basic [Balhorn 2007]. Interest-
ingly, 5-15% of the sperm chromatin remains associated
with nucleosomes especially at loci of developmental impor-
tance, highlighting the epigenetic role of this differential
chromatin distribution [Arpanahi et al. 2009; Hammoud
et al. 2009]. To identify and characterize critical actors in
the post-meiotic packing of the male genome and in the es-
tablishment of its associated epigenome in the mouse, Govin
and coworkers [Govin et al. 2012] used a strategy based on
the identification of protein pools from male post-meiotic
germ cells at two different stages. On the one hand, the
authors analyzed acid soluble nuclear extracts constituted
of basic proteins including DNA-packaging proteins such
as histones, TPs and Prms [Govin et al. 2006], and probably
of yet uncharacterized DNA-packaging proteins. On the
other hand they searched for acid proteins potentially
acting as chaperones for the basic DNA-interacting proteins.
For identifying acidic proteins, the authors developed an ap-
proach based on TP based-chromatography that consisted of
applying nuclear extracts from round spermatids, elongating
spermatids, and condensed spermatids to TP-coated CNBr
activated beads into a column. Retained proteins were then
eluted and analyzed by 1D-SDS-PAGE and MS. This work
led to the identification of 70 proteins, 46 identified in the
acid soluble extract of elongated condensed spermatids,
and 29 by TP chromatography. Five proteins were identified
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both in the acid soluble extracts and by TP chromatography.
Most of the proteins identified in the acid soluble extract
belonged to the histone family or non-histone small basic
proteins, and most of the proteins represented in the TP
pull down extracts were either chaperone or stress-related
factors. As an example, HSPA2, a testis-specific heat shock
protein was found in both acid soluble and TP pull down
extracts, suggesting that it could act as a chaperone for TPs
regardless to its charge.

Govin and coworkers finally confronted their proteomic
data with transcriptome datasets of normal mouse tissue
or male germ cells available in the Gene Expression
Omnibus (GEO) repository, and performed functional ana-
lyses using the Gene Ontology. A list of factors involved in
the post-meiotic packaging and programming of the male
genome was then proposed [Govin et al. 2012]. Interestingly,
major constituents of the nuclear proteome of post-meiotic
male germ cells include DNA binding proteins (involved
in the transmission of the epigenetic information to the
embryo) and chaperone factors interacting with these pro-
teins (involved in the incorporation of specific DNA-
binding proteins to specific regions of the male genome).

Recent developments in proteomic studies of
spermatogenesis

The use of total testis sections may be useful for investigating
spermatogenesis. Indeed, the direct monitoring of germ cell
protein production within the seminiferous tubules has re-
cently become possible thanks to matrix-assisted laser deso-
rption/ionization (MALDI) mass spectrometry imaging.
This emerging technology is now recognized as a powerful
tool for protein detection and identification in situ, on
thin tissue sections, with no effect on the native distribution
or function of the proteins concerned (for a review, see
[Lagarrigue et al. 2011]). MALDI imaging-mass spec-
trometry (IMS) has successfully been used to monitor
protein profiles in the seminiferous tubules of adult rat
testis [Lagarrigue et al. 2011]. The testis has an anatomy
among the most complex of any organ in mammals.
Indeed, it was for this reason that the testis was selected by
the authors as a relevant model for validating and optimizing
their technological developments. Lagarrigue and coworkers
[2011] were able to visualize, at a resolution of 20 µm,
various stages of germ cell development in the testicular
seminiferous tubules and to provide a molecular correlate
for the well-established stage-specific classification. Proteins
of interest were identified by a top-down mass spectrometry
approach, and included the full-length thymosin β-10 and
β-4 proteins. The authors were then able to superimpose
molecular and immunohistochemistry images, as immuno-
histochemical analysis confirmed that these two proteins
were produced in germ cells in a stage-dependent manner.
Thymosin β-10 had already been implicated in spermatid
development, but this work provided the first evidence for
thymosin β-4 production in the testis. Based on the promis-
ing results obtained, we foresee that MALDI imaging-mass
spectrometry will have a major impact on studies of

spermatogenesis and, more widely, in reproductive research
generally, by contributing to our understanding of molecular
mechanisms and the diagnosis of reproductive diseases.

Transcriptome versus proteome for the study
of spermatogenesis

Proteomics has advanced considerably in recent years and
may now be considered to have come of age, but it
remains unclear whether it can match transcriptomics tech-
nologies in terms of ease of use and consistency of the results
obtained. Obviously, transcriptomics still has a greater
throughput capacity than proteomics but protein diversity
cannot be fully characterized by gene expression analyses
alone. Moreover, the known complexity of multilayered
gene expression mechanisms in mammals is in part respon-
sible for the discrepancies frequently reported between
mRNA and protein abundances. It is therefore obvious
that one should not choose between these technologies as
a combination of these two approaches is likely to provide
the best solution in studies of spermatogenesis, increasing
the amount of information obtained concerning various
aspects.

In addition to establishing proteome reference maps and
identifying new proteins of interest, proteomics-based
studies have highlighted discrepancies between whole testis
and germ cell transcriptomes and their respective proteomes.
Several studies have investigated the correlations between
transcriptomic and proteomic data, trying to take into
account the mechanisms regulating translation. Using multi-
dimensional protein identification technology (MudPIT),
Cagney and coworkers carried out a tissue-profiling exper-
iment on nuclear protein-enriched extracts from eight
human tissues [Cagney et al. 2005]. They compared 683
non-redundant protein expression profiles with those
obtained in microarray experiments. They found that the
testis had the lowest coefficient of correlation between its
transcriptome and proteome of any of the organs studied
(i.e., 0.138 versus 0.432 for the liver, which displayed the
strongest correlation). This very weak correlation may
reflect original features of gene/transcript regulation during
spermatogenesis.

The communication network linking cellular activities
during spermatogenesis is known to be highly complex
and is thus less well documented than other biological
processes. The mining of lists of proteins generated by sys-
tematic or differential proteomics approaches with transcrip-
tomics datasets has the potential to provide valuable insight
into complex biological processes, such as spermatogenesis.
We are thus currently carrying out an integrative genomics
project to decipher the seminiferous fluid proteome by
shotgun proteomics. Our objective is to investigate the
germ cell (and Sertoli cell) secretome, by mining the list of
proteins obtained with either Sertoli cell or germ cell tran-
scriptome datasets. Indeed, it has been known for decades
that germ cells modulate somatic Sertoli cell function via dif-
fusible proteins (for a review, see [Jégou 1993]). However, up
to now, the impossibility of maintaining germ cells in vitro
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makes it difficult to study their secretome. For this reason,
the role of germ cells in controlling spermatogenesis has
essentially been left on the back burner since it first rose
to prominence in the early 1990s (for a review see [Jégou
et al. 1999]). This new project is based on the rationale
that the seminiferous fluid should contain secreted proteins
originating from germ cells and/or Sertoli cells. It should
lead to the characterization of new proteins involved in
crosstalk between Sertoli cells and germ cells. Interestingly,
according to Sato and coworkers it is now possible to
obtain differentiated germ cells and functional sperm from
neonatal mouse tissue testis under certain organ culture
methods and medium conditions [Sato et al. 2011]. No
doubt this is a major milestone in the field, but before it
becomes routine, alternative strategies will still be needed
to study germ cell secretomes.

The further exploitation of proteomics
datasets: towards a holistic biology of
spermatogenesis

The studies reviewed here have contributed to identify pro-
teins likely to be of importance for particular steps in testi-
cular development or required for male fertility (Table 1).
However, most of these studies have failed to obtain useful
and meaningful results from the large amounts of data gen-
erated, to enhance our overall understanding of the cellular
events involved in spermatogenesis. Several strategies can
be used focusing on a small number of relevant proteins
(genes). These strategies include tissue-profiling experiments
for the detection of testis-specific genes and cross-species
comparisons to detect genes conserved during evolution.
The specific expression patterns and conserved expression
profiles of these genes may be associated with essential
functions. These approaches have proved effective for the
identification of key factors from huge lists of anonymous
candidates, but they cannot bridge the gap between the
identification of thousands of co-expressed genes or proteins
and an understanding of the connections between them.

What should we do next with the protein datasets gener-
ated by systematic and differential analyses? Important
efforts have been made in recent years to integrate data
from large-scale experiments and to develop tools enabling
researchers not only to describe a group of genes or proteins
with similar expression profiles, but also to propose and
develop new hypotheses. One way of analyzing such exper-
iments is to use the gene descriptions of the Gene Ontology
(GO) Consortium for functional data mining [Ashburner
et al. 2000]. The enrichment of a set of genes/proteins in par-
ticular types of GO terms can therefore be assessed and used
to demonstrate objectively that specific functions are signifi-
cantly associated with a given process. This approach facili-
tates the identification of unexpectedly important pathways
and predicts functions for uncharacterized genes. It can
provide significant additional insight into the transcriptional
profiles observed and/or facilitate the identification of genes
or proteins belonging to the same complex from sets of
co-expressed genes or proteins.

Another useful bridge for workers in this field will be the
rational compilation of large- and small-scale omics data
into a reproduction-oriented repository system, such as the
GermOnline database (http://www.germonline.org) [Primig
et al. 2003; Lardenois et al. 2010]. This knowledgebase com-
piles studies relevant to the cell cycle, gametogenesis, and
fertility. It contains a unique combination of information
and incorporates a cross-species systems browser to
provide annotations concerning DNA sequence, evolution-
ary relationships, and gene expression and function. The da-
tabase, based on the ‘Ensemble’ genome browser, covers
several model organisms and H. sapiens. Current efforts in
our group to integrate proteome datasets into GermOnline
aim at improving this tool further to allow decision
support and hypothesis generation.

Facilitation of the interpretation of the large multifaceted
datasets generated by high-throughput genome experiments
will also require flexible and user-friendly analysis tools. In
this context, the AMEN (Annotation, Mapping, Expression
and Networks) suite of tools for molecular systems biology
[Chalmel and Primig 2008] enables life scientists to
manage and explore genome annotation, chromosomal
mapping, protein–protein interaction, expression profiling,
and proteomics data, without the need for advanced compu-
tational skills. We strongly encourage scientists in the repro-
duction field to adopt the AMEN software that can be
downloaded freely at http://sourceforge.net/projects/amen/.
The current version provides modules for uploading data
from microarray expression profiling experiments, detecting
groups of significantly co-expressed genes, and searching for
an enrichment of these groups in certain functional annota-
tions. In addition, the software allows the simultaneous visu-
alization of several types of data, such as protein–protein
interaction networks, expression profiles, and cellular colo-
calization. Efforts are currently being made to also integrate
this information with the next-generation datasets, such as
the testis metabolome and microRNAome.

Conclusion

Proteomics has already led to major breakthroughs in
protein research and is continually evolving. Resolution of
the wide dynamic range of protein expression within cells
remains a major challenge, as there is currently no available
technology for the amplification of low-copy number pro-
teins from a biological sample. However, instrument sensi-
tivity is rapidly improving and extensive proteome
coverage should soon be attainable in large proteome exper-
iments [de Godoy et al. 2006; de Godoy et al. 2008]. Simi-
larly, the absolute quantification of proteins in complex
mixtures is becoming feasible, thanks to strategies, such as
the protein standard absolute quantification (PSAQ) tech-
nique [Brun et al. 2007]. Tools for studying the plethora of
posttranslational modifications, are also rapidly expanding
[Hilger et al. 2009]. The SILAC (stable isotope labeling by
amino acids in cell culture) approach is a versatile tool for
the quantitative comparison of organ and cell proteomes
from different mouse strains, including knockout mouse
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Table 1. Key proteins identified for the first time using proteomics in the male gonad, or as differentially expressed in male germ cells.

Protein name Species Reference Localization (a)

Differential
expression in

GCs
Proteomic

approach (b)

UniProt
accession
number Gene Ontology term processes

Vimentin chicken Han et al. 2005 PGCs – 2-DE /MS P09654
HSPA5, Heat Shock 70-kDa
protein 5

chicken Han et al. 2005 PGCs – 2-DE /MS Q90593 negative regulation of apoptotic process - cellular
response to glucose starvation - negative regulation
of Transforming Growth Factor beta receptor
pathway

FGF8, Fibroblast Growth
Factor-8 precursor

chicken Han et al. 2005 PGCs – 2-DE /MS Q90722 cell differentiation - activation of Wint signaling
pathway - positive regulation of cell division

hnRPA1, heterogeneous nuclear
ribonucleoprotein A1

mouse Wilhelm et al. 2006 FT – 2-DE /MS P49312 mRNA alternative splicing via spliceosome - mRNA
processing - - nuclear export

TRA1, polymorphic tumor
rejection antigen

mouse Wilhelm et al. 2006 FT – 2-DE /MS P08113 anti apoptosis - response to stress/hypoxia - protein
folding - ER associated catabolic process - actin rod
assembly - regulation of phosphatase activity

HSC71, heat shock cognate
71kDa protein

mouse Wilhelm et al. 2006 FT – 2-DE /MS P63017 response to stress - protein folding - negative
regulation of transcription, DNA dependant -
regulation of cell cycle

Dihazi et al. 2009 maGSCs – 2-DE /MS
eIF-5A, Eucaryotic translation
Initiation factor 5A-1

mouse Dihazi et al. 2009 maGSCs – 2-DE /MS P63242 translation - peptidyl-lysine modification to
hypusine - negative regulation of apoptotic process -
protein transport

Lactoylglutathione lyase mouse Dihazi et al. 2009 maGSCs – 2-DE /MS Q9CPU0 glutathione and carbohydrate metabolic processes -
anti apoptosis - regulation of transcription -
methyglyoxal metabolic process

Galectin-1 mouse Dihazi et al. 2009 maGSCs – 2-DE /MS P16045 cellular response to drug / organo cyclic compound -
response to glucose stimulus - positive regulation of
kappa B kinase/NFkB cascade - negative regulation
of cell/substrate adhesion

HSPA2, Heat shock-related 70
kDa protein 2

mouse Govin et al. 2012 eSPT, cSPT – TPI colomn/MS-
acidic extraction
/MS

P17156 positive regulation of protein phosphorylation -
response to stress - male meiosis (I) - spermatid
development - synaptonemal complex disassembly

Nucleoplasmin-3 mouse Govin et al. 2012 eSPT, cSPT – TPI colomn/MS-
acidic extraction
/MS

Q9CPP0 rRNA processing - rRNA transcription

Fau protein mouse Govin et al. 2012 eSPT, cSPT – TPI colomn/MS-
acidic extraction
/MS

Q91V99 translation

EF1G, Elongation factor
1-gamma

mouse Govin et al. 2012 eSPT, cSPT – TPI colomn/MS-
acidic extraction
/MS

Q9D8N0 translation

Calm I mouse Govin et al. 2012 eSPT, cSPT – acidic
extraction/MS

Q9D6G4 calcium binding - protein binding

CFLI, Cofilin mouse Govin et al. 2012 eSPT, cSPT – TPI colomn/MS COF1 actin filament binding - cytokinesis
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Table 1. Continued

Protein name Species Reference Localization (a)

Differential
expression in

GCs
Proteomic

approach (b)

UniProt
accession
number Gene Ontology term processes

Stathmin rat Com et al. 2003;
Guillaume et al.
2001a

GCs, abundant in
cSPT

yes 2-DE /MS P13668 nervous system development - brain development -
microtubule dynamics - cell differentiation

TCTP, translationally controlled
tumor protein

rat Com et al. 2003;
Guillaume et al.
2001b

T, abundant in SPG yes 2-DE /MS P63029 spermatogenesis - cell proliferation

DNA replication licensing factor
MCM7

human Com et al. 2003;
Com et al. 2006;
Rolland et al. 2007

GCs, abundant in
SPG

yes 2-DE /MS P33993 DNA replication - cell proliferation -response to
DNA damage - regulation of phosphorylation

CLPH, Casein-like
phosphoprotein, Calcium-
binding and spermatid-specific
protein 1

rat Rolland et al. 2007;
Calvel et al. 2009

SPT yes 2D-DIGE/MS Q68FX6 spermatogenesis

Smac/Diablo mouse Rolland et al. 2007;
Tikoo et al. 2002

SPC, SPT yes 2D-DIGE/MS Q542V8 induction of apoptosis

GADPH, Glyceraldehyde-3-
phosphate dehydrogenase

rat Rolland et al. 2007 S, SPG yes 2D-DIGE/MS P04797 glycocysis - apoptotic process - oxydation reduction
process

Polypyrimidine tract-binding
protein 2

rat Rolland et al. 2007 SPC, SPT yes 2D-DIGE/MS Q66H20 mRNA processing - RNA splicing

Grp58, Protein disulfide-
isomerase A3

rat Rolland et al. 2007 SPG, SPC, abundant
in SPT(acrosome)

yes 2D-DIGE/MS P11598 cell redox homeostasis - positive regulation of
apoptotic process

AOP1A/PRDX3, Thioredoxin-
dependent peroxide reductase,
mitochondrial

mouse Huang et al. 2008 T, abundant in SPG yes 2-DE/MS Q8K4K8 mitochondrion organisation - antioxidant activity -
positive regulation of cell proliferation - negative
regulation of apoptotic process - negative regulation
of kinase activity

GSTM2, Glutathione S-
transferase Mu 2

human Huang et al. 2008 T, abundant in
primary SPC

yes 2-DE/MS P28161 glutathione metabolic process - xenobiotic metabolic
process

PGK2, Phosphoglycerate kinase 2 human Huang et al. 2008 T, abundant in SPZ yes 2-DE/MS P07205 glycolysis - phosphorylation
PRDX4, Peroxiredoxin-4 mouse Huang et al. 2008 T, abundant in SPZ yes 2-DE/MS O08807 oxydation - reduction process
Thymosin β-10 rat Lagarrigue et al.

2011
SPC, abundant in
SPT, eSPT, RBs

yes MALDI-IMS P63312 spermatid development - actin cytoskeleton
organization - sequestering of actin monomers

Thymosin β-4 rat Lagarrigue et al.
2011

abundant in SPC,
abundant in rSPT;
eSPT (head), RBs

yes MALDI-IMS P62329 actin cytoskeleton organization - sequestering of
actin monomers

(a) T: testis; FT: fetal testis; PGCs: primordial germ cells; maGSCs: multipotent adult germline stem cells; SPG: spermatogonia; SPC: spermatocyte; SPT: spermatid; rSPT: round spermatid; eSPT:
elongating spermatid; cSPT: condensed spermatid; RBs: residual body; SPZ: spermatozoa; S: Sertoli cells; GCs: germ cells.
(b) proteomic approaches for protein purification followed by mass spectrometry (MS) identification. 2D-DIGE: two-dimensional fluorescence difference gel electrophoresis; 2-DE: two-dimensional gel
electrophoresis; MALDI: matrix associated laser desorption/ionization; TPI column: transition proteins chromatography column.
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models, under in vivo conditions [Krüger et al. 2008]. The
advances in MALDI imaging described above should also
attract the interest of biologists and clinicians, as the benefits
of this technology become more widely known.

The studies reviewed here have increased our knowledge
on spermatogenesis. Nevertheless, unprecedented efforts are
still required to improve our understanding of the highly
complex and sophisticated communication networks
linking cellular activities during this process. It should now
be possible to obtain much clearer snapshots of the molecu-
lar mechanisms operating at each step in spermatogenesis,
through a relevant use of mature proteomics techniques
and exploitation of the data produced through integrative
genomics strategies. Interestingly, top-down proteomics
and peptidomics, which are emerging should also be con-
sidered as valuable new tools for addressing very precise
questions relating to normal and pathological spermatogen-
esis. No doubt that striking biological discoveries in this field
will stem from the new breed of comparative Omics studies.
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Proteomics, a powerful technology to help understanding normal and
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Résumé. La spermatogenèse est un processus très sophistiqué impliqué dans la transmission
du patrimoine génétique. Elle implique une succession d’événements cellulaires sophistiqués et
pour certains uniques. Chez les mammifères, la spermatogenèse est classiquement divisée en
trois phases. Dans la première — ou phase de prolifération mitotique — les cellules germinales
primitives ou spermatogonies subissent une série de divisions mitotiques. Dans la deuxième — la
phase méiotique — les spermatocytes subissent deux cycles de division consécutifs pour pro-
duire des spermatides haploïdes. Dans la troisième — spermiogenèse — les spermatides se
différencient en spermatozoïdes. Des mécanismes de régulation paracrine, autocrine, juxtacrine
et endocriniens contribuent à la régulation du processus spermatogénétique. L’ensemble des
éléments de structure et des facteurs chimiques modulant l’activité des cellules somatiques et
germinales est tel que le réseau reliant les différentes activités cellulaires au cours de la sper-
matogenèse est incroyablement complexe. Au cours des 20 dernières années, les progrès de
la génomique ont contribué à améliorer notre connaissance de la spermatogenèse, en identi-
fiant de nombreux gènes essentiels pour le développement des gamètes mâles fonctionnels. Des
analyses à grande échelle de la fonction testiculaire ont approfondi notre compréhension de la
spermatogenèse normale et pathologique. Les progrès dans le séquençage des génomes et dans
la technologie des puces ont été exploités pour des études d’expression de génomes entiers,
conduisant à l’identification de centaines de gènes différentiellement exprimés dans le testicule.
Cependant, bien que la protéomique soit désormais arrivée à maturité, l’analyse protéomique de
la spermatogenèse en est encore à ses balbutiements. Dans ce chapitre, nous passerons en revue
l’état de l’art des analyses protéomiques à grande échelle de la spermatogenèse, du développe-
ment des cellules germinales au cours de la détermination du sexe, à la spermatogenèse chez
l’adulte. Quelques laboratoires ont entrepris l’étude des profils d’expression des protéines et/ou
l’analyse systématique de protéomes testiculaires à partir d’organes entiers ou de cellules isolées
chez différentes espèces. Nous considérons dans cette revue les avantages et les inconvénients
de la protéomique pour étudier le programme d’expression génique des cellules germinales
testiculaires. Enfin, nous considérerons l’utilisation de jeux de données de protéines, dans des
approches de génomique intégrative (c’est-à-dire combinant génomique, transcriptomique et
protéomique), de bioinformatique et de modélisation.

Mots clés : testicule, spermatogenèse, cellule germinale, protéomique, génomique intégrative,
régulation traductionnelle

Abstract. Spermatogenesis is a highly sophisticated process involved in transmission of genetic
heritage. It includes halving ploidy, repackaging of the chromatin for transport, and equipment
of developing spermatids and eventually spermatozoa with the advanced apparatus (e.g. tightly
packed mitochondrial sheat in the mid piece, elongating of the tail, reduction of cytoplasmic
volume) to elicit motility once they reach the epididymis. Mammalian spermatogenesis is classi-
cally divided into three phases. In the first — the proliferative or mitotic phase — primitive germ
cells or spermatogonia undergo a series of mitotic divisions. In the second — the meiotic phase
— the spermatocytes undergo two consecutive divisions to produce haploid spermatids. In the
third — spermiogenesis — spermatids differentiate into spermatozoa. Paracrine, autocrine, jux-
tacrine and endocrine pathways all contribute to regulation of the process; the array of structural
elements and chemical factors modulating somatic and germ cell activity is such that the network
linking the various cellular activities during spermatogenesis is unimaginably complex. Over the
past two decades, advances in genomics have greatly improved our knowledge of spermatoge-
nesis, by identifying numerous genes essential for the development of functional male gametes.
Large-scale analyses of testicular function have deepened our insight into normal and patholo-
gical spermatogenesis. Progresses in genome sequencing and microarray technology have been
exploited for genome-wide expression studies, leading to the identification of hundreds of genes
differentially expressed within the testis. However, although proteomics has now come of age,
the proteomics-based investigation of spermatogenesis remains in its infancy. Here, we review
the state-of-the-art of large-scale proteomic analyses of spermatogenesis, from germ cell deve-
lopment during sex determination to spermatogenesis in the adult. Indeed, a few laboratories
have undertaken differential protein profiling expression studies and/or systematic analyses of
testicular proteomes in entire organs or isolated cells from various species. We consider the pros
and cons of proteomics for studying the testicular germ cell gene expression program. Finally,
we address the use of protein datasets, through integrative genomics (i.e., combining genomics,
transcriptomics and proteomics), bioinformatics and modelling.
Key words: testis, spermatogenesis, germ cells, proteomics, integrative genomics, translational
regulation
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C hez les mammifères, les tubes séminifères sont
le siège de la spermatogenèse qui est classique-

ment divisée en trois phases. Dans la première phase
proliférative (ou phase mitotique), les cellules germi-
nales primitives (spermatogonies) subissent une série
de divisions mitotiques. Dans la deuxième phase (ou
phase méiotique), les spermatocytes subissent deux cycles
consécutifs pour produire les spermatides haploïdes. Dans
la troisième phase (spermiogenèse), les spermatides se dif-
férencient en spermatozoïdes. L’une des caractéristiques
intéressantes de la spermatogenèse est que les cellules
germinales en développement forment des associations
de composition fixe, ou étapes, constituant le cycle de
l’épithélium séminifère. L’organisation mais également
l’intégrité de l’épithélium séminifère sont assurées par les
cellules somatiques de Sertoli. Chez le rat [1], le cycle de
l’épithélium séminifère est divisé en 14 stades (1 à 14) et
la spermiogenèse, définie comme la transformation mor-
phologique des spermatides en spermatozoïdes, est quant
à elle subdivisée en 19 étapes de différenciation (de 1 à
19). Cette dernière étape du développement des cellules
germinales fournit un exemple frappant et unique de la dif-
férenciation cellulaire impliquant tout à la fois la formation
de l’acrosome, une condensation nucléaire et la biogenèse
du flagelle. Une seconde caractéristique de la spermato-
genèse est l’ordonnancement d’associations distinctes des
cellules le long des tubes séminifères (segments), souvent
désigné comme la « vague de l’épithélium séminifère »

[2]. Une vague englobe l’ensemble des 14 segments chez
le rat, de 12 chez la souris et de six chez l’homme, cha-
cun composé d’associations cellulaires différentes [3]. Un
segment est défini comme une portion longitudinale du
tube séminifère correspondant à une association unique
de cellules, et appelé stade [4, 5].

Ce processus de différenciation unique implique des
facteurs de régulation autocrine, juxtacrine, paracrine
et endocrine. Il est conditionné par l’activation suc-
cessive et/ou la répression de milliers de gènes et de
protéines, parmi lesquelles de nombreuses isoformes
testicule-spécifiques. Toutes ces caractéristiques font du
testicule l’un des tissus les plus complexes. Démêler cette
complexité par des approches de culture cellulaire s’est
avéré problématique en raison de la difficulté à cultiver les
cellules les plus hautement différenciées de la lignée ger-
minale mâle. De ce fait, l’absence d’un « terrain d’essai »

naturel a rendu les analyses génomiques particulière-
ment importantes comme prélude aux tests d’hypothèses
in vivo. Les progrès de la biologie moléculaire et de la
génomique ont permis d’améliorer notre connaissance
de la spermatogenèse, en permettant l’identification d’un
grand nombre de gènes essentiels pour le développe-
ment des gamètes mâles fonctionnels [6, 7]. En effet, des
progrès significatifs ont été accomplis dans l’analyse à
grande échelle de la fonction testiculaire, permettant de
fait d’approfondir notre connaissance de la spermatoge-

nèse normale et pathologique. Plusieurs laboratoires ont
capitalisé sur de rapides progrès dans le séquençage du
génome et le développement de puces à ADN, menant des
études d’expression du génome entier qui ont conduit à
l’identification de centaines de gènes spatialement et tem-
porellement régulés au cours de l’ontogenèse du testicule
[8]. Cependant, bien que la protéomique soit parvenue à
maturité, l’étude de la spermatogenèse par des stratégies
de protéomique en est encore à ses balbutiements.

Dans cette revue, nous présenterons l’état de l’art des
analyses protéomiques à grande échelle de la spermatoge-
nèse, depuis le développement des cellules germinales au
cours de la détermination du sexe, jusqu’à la spermatoge-
nèse chez l’adulte. Nous examinerons les avantages et les
inconvénients de la protéomique pour des études ciblant
le programme d’expression des gènes des cellules germi-
nales au sein du testicule. Un résumé des études réalisées à
ce jour dans le domaine est présenté dans la figure 1. Enfin,
nous discuterons de l’utilisation de jeux de données pro-
téomiques via des approches de génomique intégrative (à
savoir génomique, transcriptomique et protéomique), de
bioinformatique et de modélisation.

Le profil d’expression de cellules
germinales embryonnaires

Chez les mammifères, les gonades embryonnaires pro-
viennent de structures indifférenciées et bipotentielles
dans le mésoderme intermédiaire. L’expression transitoire
d’un gène unique, sex-determining region, chromosome
Y (Sry), dans les cellules somatiques de soutien des
crêtes génitales, déclenche la différenciation sexuelle des
gonades en testicules. Sous l’influence des cellules pré-
Sertoli, les cellules germinales primordiales (PGC) se
développent en prospermatogonies, qui sont les cellules
précurseurs de la lignée germinale mâle [9]. Les études
basées sur des approches protéomiques ont été moins
utilisées que les études de puces pour étudier la détermi-
nation sexuelle de cellules somatiques dans les gonades
embryonnaires, mais ont néanmoins été fructueuses [10-
12]. En combinant électrophorèse bidimensionnelle sur
gel (2DE) et spectrométrie de masse (MS), Wilhelm et al.
[12] ont comparé les profils d’expression protéique des
testicules et des ovaires fœtaux de souris. L’expression
de trois protéines, la protéine heterogeneous nuclear ribo
Spermatogenesis nucleoprotein A1 (hnRPA1), la protéine
polymorphic tumor rejection antigen (TRA1) et la protéine
heat shock cognate 71kDa protein (HSC71), s’est révé-
lée augmentée dans les gonades mâles par rapport aux
gonades femelles. L’expression spécifiquement mâle du
gène TRA1 ainsi que les niveaux d’expression plus élevés
des gènes Hsc71 et hnRpa1 au cours du développement
des gonades ont été confirmés par PCR quantitative en
temps réel. En outre, HSC71 a été trouvée phosphory-

mt Médecine de la Reproduction, Gynécologie Endocrinologie, vol. 14, n◦ 4, octobre-novembre-décembre 2012 273

© John Libbey Eurotext, 2012

���
�฀

�฀
���

� ฀
��

��
��



Mini-revue

Carte protéomique de référence
du testicule adulte

- de porc [42] ;
- de souris [43] ;
- humain [44, 45]

Comparaison de profils
protéomiques durant le
développement postnatal

- chez la souris à  8, 10, 45 dpp [47] ;
- chez la souris à  0, 7, 14, 21, 28,
60 dpp [46] ;
- chez le porc: 1 semaine, 3 mois,
1 an  [48]

Caractérisation protéomique
des noyaux de cellules
germinales postméiotiques
spermatides de souris [53] 

Carte protéomique de
référence des
spermatogonies matures
de rat [31, 29]

Ontogenèse/
analyses sur testicules entiers

Analyses de cellules
germinales isolées

Spermatide allongée

Carte protéomique des
maGSCs
de souris [27]

Profils d’expression de protéines
dans le testicule fœtal 
de souris [12]

Cellule
péritubulaire

Vaisseau
sanguin

Cellule de Leydig

Cellules de
Sertoli

Jonction serrée

Protéome différentiel des
spermatogonies/
spermatocytes/spermatides
chez le rat adulte [38] 

Profils stade-spécifiques
de protéines dans les
cellules germinales
chez le rat adulte [57]

Spermatocyte

Spermatogonie

Spermatide ronde

Figure 1. Étude de la spermatogenèse chez les mammifères par des études protéomiques. Les sections d’un tube séminifère à des stades
de développement différents sont représentées ici. Les principales études protéomiques, qui ont contribué à une meilleure connaissance
de la spermatogenèse sont mentionnées. La spermatogenèse chez les mammifères a lieu dans les tubes séminifères et est divisée en
trois phases. Dans la première phase (proliférative ou mitotique), les cellules germinales primitives (spermatogonies) subissent une série
de divisions mitotiques. Pendant la deuxième phase (méiose), les spermatocytes subissent deux cycles consécutifs pour produire les
spermatides haploïdes. Pendant la troisième phase (spermiogenèse), les spermatides se différencient en spermatozoïdes.
maGSCs : cellules germinales souches multipotentes adultes.
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lée de manière plus importante dans les gonades mâles
que dans les gonades femelles, soulignant l’importance
des approches protéomiques pour la détection des modi-
fications post-traductionnelles. Jusqu’à présent, ces trois
protéines ne sont pas connues pour être associées avec
le développement des gonades ou la différenciation
sexuelle, et leur rôle dans ces événements reste à défi-
nir. HnRPA1 appartient à la classe de ribonucléoprotéines
hétérogènes (hnRNP) qui se lient aux ARNs nucléaires
hétérogènes (hnRNAs). Elle module l’expression de gènes
spécifiques par liaison à l’ARN grâce à trois domaines de
liaison à l’ARN, altérant alors leur stabilité. Fait intéressant,
le gène codant pour la testostérone-15-alpha-hydroxylase
(Cyp2A5) a été identifié comme une cible de hnRPA1
[13]. Alors que l’enzyme Cyp2A5 est exprimée dans la
gonade embryonnaire mâle, son rôle dans ce contexte est
inconnu. TRA1, également nommée Hsp90b1 ou glucose-
regulated protein 94 (Grp94) est une glycoprotéine du
réticulum endoplasmique [14]. Grp94, présente dans la
lumière du RE, est une protéine chaperonne des protéines
sécrétées et membranaires et impacte leur repliement.
Cette protéine possède également des propriétés parti-
culières telles que la capacité de liaison au calcium,
requise par les conditions intraréticulum endoplasmique
[15]. La protéine HSC71 appartient à la famille des pro-
téines HSC70. Les membres de cette famille de protéines
peuvent protéger les domaines hydrophobes des protéines
cytoplasmiques et fonctionnent comme des chaperonnes
pour permettre un repliement efficace [16]. Wilhelm
et al. ont trouvé également que HSC71, plus abondam-
ment exprimée dans les gonades mâles que dans les
gonades femelles, est phosphorylée après la traduction
[12]. Pourquoi la phosphorylation de HSC71 serait-elle
importante pour la différenciation sexuelle ? Il a été mon-
tré que les protéines HSC70 et HSC71 interagissent avec
SOX9 dans les lignées cellulaires testiculaires [17]. Or,
il est bien connu que l’hormone anti-mullérienne (AMH)
qui entraîne la régression des canaux de Müller chez le
mâle, est une cible de SOX9 au cours de la différenciation
testiculaire. L’activité de transcription au promoteur Amh
est augmentée par la liaison de ce dernier aux facteurs de
transcription SF1, GATA4 et WT1 [18-20]. En outre, la pro-
téine HSC70 a été montrée comme étant associée à WT1
[21]. Selon les auteurs, il est possible que les protéines
étroitement apparentées Hsc70 et HSC71 permettent de
stabiliser la formation d’un complexe protéique SOX9-
SF1-WT1 essentiel pour la différenciation testiculaire.
Dans un tel contexte, il apparaît que la phosphorylation
de HSC71, spécifique chez le mâle, pourrait être un méca-
nisme de régulation post-traductionnelle important.

Très peu de choses sont connues actuellement sur
la biologie des PGC en raison du faible nombre de
ces cellules chez l’embryon. Une analyse protéomique
sur une culture de PGC de poulet a permis d’identifier
50 protéines, y compris des facteurs de croissance et des

protéines régulées au cours du développement [22]. La
plupart des protéines exprimées dans les PGC de poulet
telles que la vimentine, la béta-actine, les isoformes de la
tropomyosine alpha-1, tubuline béta-1, desmine, HSP70,
ou les précurseurs de la cathepsine B, ont des homologues
chez les mammifères. Toutefois, selon la base de données
UniProt, le fragment CEphA6 et l’ovotransferrine identifiés
dans les PGC n’ont pas d’homologue chez les mammi-
fères. Il est à noter qu’aucune étude protéomique sur les
PGC n’a été réalisée chez les mammifères, bien que les
analyses d’expression du génome entier aient fourni des
informations conséquentes quant aux programmes géné-
tiques qui contrôlent le développement de ces cellules
[23, 24].

La niche des cellules souches
spermatogoniales

Les cellules souches spermatogoniales (spermatogo-
nial stem cells ou SSCs) provenant des PGCs font partie
d’un sous-ensemble de cellules germinales mâles appe-
lées spermatogonies indifférenciées, qui incluent les
spermatogonies A single (As) et leurs cellules filles A pai-
red (Ap) et A aligned (Aa) [6]. La spermatogenèse normale
est maintenue par la capacité des SSC à alimenter en
continu les tubules séminifères des testicules adultes, en
spermatogonies différenciées, sources de toutes les cel-
lules germinales tout au long de la vie du mâle. Il semble
qu’une sous-population seulement des spermatogonies ait
une réelle activité de cellule souche [25]. Ces auteurs ont
en effet estimé que chez la souris, environ 10 % seule-
ment des spermatogonies As sont des vraies SSCs. Il existe
en fait deux populations de SSCs dans les testicules de sou-
ris. La première est une population de « cellules souches
réelles (stables) ». Les cellules souches réelles ont la capa-
cité de s’auto-renouveler et le font vraiment. Une seconde
population de « cellules souches potentielles » existe
aussi, ces cellules sont capables de s’auto-renouveler
mais cela ne se produit pas dans la situation normale.
Une rotation rapide des cellules souches potentielles a
lieu dans les testicules normaux suggérant l’appartenance
de ces cellules au transit d’amplification plutôt qu’à la
population en sommeil, pour fournir les spermatogonies
différenciées [25]. Pour maintenir leur capacité d’auto-
renouvellement, les SSC ont besoin de résider dans un
micro-environnement ou niche qui fournit tous les fac-
teurs et les interactions cruciales pour leur survie et leur
développement. Ainsi, le microenvironnement de la SSC
dans les tubules séminifères semble être critique pour la
production de la descendance des spermatogonies [26].
Malgré le rôle fondamental que jouent les spermatogo-
nies dans la spermatogenèse, peu de choses sont connues
quant aux mécanismes moléculaires qui sous-tendent le
maintien de leurs diverses fonctions. Des technologies de
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pointe permettant des analyses globales de l’expression
des gènes et des profils protéiques ont permis aux scien-
tifiques de mieux comprendre la signature moléculaire
des SSCs et de leur micro-environnement, la niche des
SSCs.

Avec seulement un pourcentage limité de sper-
matogonies As étant de vraies SSCs, comme indiqué
précédemment, il semble assez difficile d’isoler et
d’extraire suffisamment de SSCs et de protéines en quan-
tité suffisante pour réaliser des études protéomiques et
accéder en profondeur à leur protéome. Compte tenu de
ces limitations techniques, Dihazi et al. s’appuient sur
le fait que sous des conditions de culture spécifiques,
les SSCs acquièrent leur pluripotence, car elles peuvent
se différencier en cellules somatiques des trois feuillets
embryonnaires [27]. C’est la raison pour laquelle dans
un travail précurseur, Guan et al. ont nommé ces cel-
lules multipotentes multipotent adult germline stem cells
(maGSCs) [28]. Dihazi et al. ont alors utilisé une approche
2-DIGE pour comparer les protéomes de référence des
lignées maGSCs et ESCs de souris et identifier par spectro-
métrie de masse des marqueurs spécifiques de ces deux
lignées [27]. Ainsi 409 protéines ont-elles pu être identi-
fiés, dont 166 non redondantes sont associées aux cellules
souches maGSCs et ESCs (embryonic stem cells ou cel-
lules souches embryonnaires). Parmi celles-ci, seulement
un petit sous-ensemble de 18 protéines se révèle diffé-
rentiellement exprimé entre les ESCs et maGSCs, ce qui
indique que ces deux types de cellules peuvent avoir des
protéomes assez similaires. Parmi ces protéines, le facteur
d’initiation de traduction eucaryote 5A-1, la galectine-1,
la lactoylglutathione lyase, impliquées dans la différencia-
tion cellulaire, ont un niveau d’expression plus élevé dans
les maGSCs que dans les ESCs. Fait intéressant, 27 des
166 protéines identifiées dans les maGSCs ont été mon-
trées comme étant associées aux spermatogonies chez le
rat [29]. Enfin, Dihazi et al. ont également constaté que
la protéine HSPA8 de 71kDa, apparentée aux protéines
du choc thermique, était fortement exprimée et présente
sous différentes formes dans les maGSCs et les ESCs [27].
La spectrométrie de masse a en outre permis d’identifier
HSPA8 sur la surface des ESCs humaines où son expression
semblerait être sous-régulée pendant la différenciation, ce
qui suggère que HSPA8 puisse être un marqueur potentiel
pour les ESC indifférenciées humaines [30].

Les analyses protéomiques, bien que moins utilisées
que les approches transcriptomiques pour l’investigation
de la niche des SSC, ont contribué de façon majeure à
notre connaissance des spermatogonies en développe-
ment. Notre laboratoire a ainsi mis en place la première
carte du protéome de référence des spermatogonies
matures, fraîchement isolées à partir de testicules de rats
de neuf jours, et identifié un premier ensemble de 53 pro-
téines cytosoliques solubles [31]. Nous avons comparé
ce modeste jeu de protéines à l’ensemble des données

du transcriptome de la spermatogenèse chez le rat réa-
lisé par Chalmel et al. [32] à l’aide de la suite d’outils
logiciels AMEN [33]. Cinquante et un des 53 identifiants
de gènes (GeneID) correspondant aux protéines iden-
tifiées, sont exprimés dans les spermatogonies de rat,
et parmi eux, cinq GeneID sont mitotiques et différen-
tiellement exprimés dans le testicule. Cela montre que
Guillaume et al. ont identifié dans ce travail précurseur
une majorité de protéines majoritaires et ubiquitistes et
seulement cinq protéines spécifiques des spermatogonies,
non exprimées dans les autres types de cellules germi-
nales (à savoir la tropomyosine 4, la carbonyl réductase
1, la protéine ribosomique SA, la spermidine synthase et
l’isocitrate déhydrogénase 2 (NADP + ) mitochondriale).
Pourtant, les protéines les plus intéressantes susceptibles
d’être exprimées par la lignée germinale sont les protéines
dites « à faible nombre de copies » qui correspondent
à des protéines cellulaires discrètes, généralement sous-
régulées (par exemple, des facteurs de transcription) et
donc potentiellement cruciales pour la différenciation
des cellules germinales. Pour approfondir l’analyse du
protéome des spermatogonies et détecter les protéines
discrètes, des gels à gamme étroite de pH chevauchants
ont alors été utilisés pour fractionner des extraits cellu-
laires [29]. Ces gels « zoom » améliorent grandement
la séparation des protéines, permettant une résolution
beaucoup plus élevée que les gels classiques à large
gamme de pH. Certaines protéines minoritaires qui ont
pu être identifiées sont impliquées dans les processus
de régulation (défense cellulaire, détoxification, régula-
tion de l’expression des gènes, transduction du signal,
fixation du calcium, trafic et réplication de l’ADN). Ces
deux études ont fourni, à l’époque, le premier répertoire
important de protéines exprimées par les spermatogonies
de rat.

Nous avons ensuite étudié plus en détail le rôle de
certaines de ces protéines dans la spermatogenèse, en
raison de leur possible implication dans les événements
de prolifération et de différenciation [34-36]. Le profil
d’expression spatio-temporel des protéines et la produc-
tion d’ARN messagers dans les testicules de rat ont été
étudiés pour la stathmine, une protéine connue pour être
associée à la dynamique des microtubules [35]. Cette
protéine forme des agrégats dans le cytoplasme des sper-
matides matures avant son élimination au moment de la
spermiation. Sa production dans la lignée germinale peut
donc refléter la réorganisation de la structure cellulaire
dans les cellules germinales au cours de la spermatoge-
nèse. Une approche similaire a été utilisée pour analyser
la protéine translationally controlled tumor protein (TCTP)
dans les testicules de l’homme adulte, et dans les testicules
de rats nouveau-nés ou adultes [36]. La protéine TCTP est
produite, en quantités diverses, dans toutes les populations
de cellules testiculaires isolées, mais son abondance dans
les spermatogonies suggère qu’elle puisse jouer un rôle
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important dans la spermatogenèse. Com et al. [34] ont ana-
lysé la protéine minichromosome maintenance protein 7
(MCM7) préalablement identifiée dans les spermatogonies
de rat. Ils ont décrit la distribution spatiale de la protéine
MCM7 et de son ARNm dans les cellules testiculaires chez
le rat, ainsi que leur expression temporelle au cours du
développement testiculaire. Ces auteurs ont rapporté une
divergence d’expression entre la distribution des ARNm
et de la protéine. Cependant, aucune conclusion n’a été
tirée concernant le rôle de MCM7 dans les spermatogonies
ou la lignée germinale. Plus récemment, une étude diffé-
rentielle sur gel 2-D/MS a été réalisée sur les testicules
de la roussette mature Scyliorhinus L. canicula, dans le
but d’identifier des protéines spécifiques du compartiment
des cellules souches spermatogoniales [37]. Les auteurs
ont comparé les profils protéiques de la zone germinative
avec ceux de la zone des spermatocytes. Des séquences
de novo ont été obtenues pour 33 des 169 protéines sélec-
tionnées pour l’identification par spectrométrie de masse,
mais seulement 16 protéines ont été identifiées. L’une
de ces protéines, la sous-unité alpha-6 du protéasome,
a été spécifiquement mise en évidence dans la zone ger-
minative des testicules qui contient des spermatogonies
isolées de grande taille. Plusieurs autres protéines iden-
tifiées (par exemple, la stathmine) avaient déjà été mises
en évidence dans de précédentes analyses protéomiques
de spermatogonies et de cellules germinales chez les ron-
geurs [29, 31, 38]. Bien que préliminaire, cette étude a
démontré l’utilité de la Roussette commune comme un
modèle pertinent pour l’analyse protéomique de la niche
des cellules souches spermatogoniales. Des études de ce
type devraient faire la lumière sur les réseaux protéiques
complexes qui régissent la biologie des spermatogonies, à
condition que soient disponibles des données génomiques
pour les élasmobranches.

Le développement postnatal
des cellules germinales mâles

La production de spermatozoïdes via la spermatoge-
nèse reste le phénomène le plus étudié dans le domaine
de la reproduction mâle, principalement par le biais
d’expériences à grande échelle. Au cours des dix der-
nières années, la génomique et la postgénomique ont
été utilisées avec succès pour l’identification de nom-
breux gènes et protéines essentiels pour le développement
de gamètes mâles fonctionnels [23]. L’utilisation de la
transcriptomique et de la protéomique pour l’étude de
la spermatogenèse est parfaitement justifiée, car la pro-
duction de spermatozoïdes est assurée par une succession
d’événements complexes et étroitement régulés. Ces tech-
niques permettent de générer des clichés très précis des
réseaux moléculaires impliqués séquentiellement pendant
la spermatogenèse.

Les stratégies adoptées initialement étaient basées sur
la caractérisation systématique des protéines présentes
soit dans les cellules germinales isolées à un instant
donné du développement, soit dans le testicule entier. Un
ensemble de 132 protéines spermatogéniques abondantes
a débouché de l’identification systématique des protéines
associées à la chromatine dans les cellules germinales
chez le nématode Caenorhabditis elegans [39]. L’analyse
fonctionnelle de ces protéines a conduit à l’identification
de protéines conservées spécifiques de la spermatogenèse,
cruciales pour la compaction de l’ADN, la ségrégation des
chromosomes et la fécondité. En analysant les protéines
acido-solubles présentes dans les spermatides de souris
dont la chromatine est en cours de condensation, Govin
et al. ont identifié HSPA2, la première protéine chape-
ronne des protéines de transition [40]. HSPA2 contrôle la
transition « histone-protéine de transition » contribuant
ainsi à la réorganisation entière du génome spécifique
des spermatides. Une approche gel 2D/MS a été utilisée
afin d’établir plusieurs cartes de référence du protéome
du testicule chez la drosophile [41], le porc [42], la
souris [43] et l’humain [44]. Trente-neuf protéines spéci-
fiques du testicule et potentiellement importantes pour la
fonction testiculaire ont été identifiées par fractionnement
SDS-PAGE combiné à une RP-LC-MS/MS et à l’analyse
bioinformatique du protéome du testicule humain [45].
Guo et al. ont par la suite mis en évidence des dif-
férences dans la masse et le point isoélectrique des
protéines produites dans le testicule humain, en raison
d’évènements d’épissage alternatif et de différentes formes
de modifications post-traductionnelles, la plupart étant
des phosphorylations [44].

Ces études ont généré de grands jeux de données de
protéines considérées comme importantes pour la fonc-
tion testiculaire, mais aucune information quant à la
régulation de la spermatogenèse. Avec l’objectif de mieux
appréhender ce processus, différentes équipes ont depuis
utilisé des stratégies plus sophistiquées, pour la plupart
fondées sur des analyses d’expression différentielle au
cours de la spermatogenèse. Des études comparatives des
profils d’expression protéique dans les testicules de souris
à des moments spécifiques de la première vague de la sper-
matogenèse ont été mises en place par plusieurs groupes
[46, 47]. Paz et al. ont comparé les profils d’expression des
protéines solubles présentes dans les testicules de souris
à 8, 18, et 45 jours postpartum (DPP). Ils ont identifié
44 protéines ou formes variantes présentant une expres-
sion différentielle au cours du développement [47]. De la
même façon, Huang et al. ont comparé les protéomes des
testicules de souris à 0, 7, 14, 21, 28 et 60 dpp. Ils ont iden-
tifié 257 protéines présentant une expression différentielle,
et potentiellement impliquées dans l’initiation de la sper-
matogenèse. Ces protéines incluent AOP1A et GSTM2, qui
semblent être sous-exprimées, ainsi que PGK2 et PRDX4,
qui semblent être sur-exprimées au cours du dévelop-
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pement testiculaire [46]. L’expression différentielle des
protéines au cours du développement postnatal a égale-
ment été étudiée dans les testicules de porc [48]. Huang et
al. ont étudié les testicules de quatre porcs aux âges d’une
semaine, trois mois et un an. Ils ont constaté que 108 pro-
téines étaient différentiellement exprimées ; 90 d’entre
elles ont été identifiées par spectrométrie de masse et triées
en fonction de leur différence d’abondance à ces stades
de développement.

Une autre stratégie couramment utilisée consiste à
comparer les niveaux d’expression de protéines particu-
lières entre les différents types de cellules germinales
purifiées. Il y a deux raisons principales pour le choix
d’une telle approche plutôt que l’utilisation d’échantillons
de testicules entiers à différents stades de la première
vague spermatogénétique. Tout d’abord, l’utilisation de
populations isolées de cellules germinales et non d’un
organe entier est plus efficace pour l’identification de pro-
téines à faible nombre de copies par cellule. Par ailleurs,
cette approche permet d’établir l’origine cellulaire des
protéines identifiées, mais il faut garder à l’esprit que les
populations isolées des cellules germinales ne sont jamais
pures à 100 % et qu’une protéine spécifique peut être
exprimée par l’un des types cellulaires contaminants.

Notre groupe a réalisé une analyse différentielle du
protéome de la spermatogenèse chez le rat reposant sur
la technologie 2D-DIGE [38]. Cette étude a été la pre-
mière à décrire l’utilisation de la 2D-DIGE pour identifier
un grand nombre de protéines avec des abondances rela-
tives différant considérablement entre les spermatogonies,
les spermatocytes au stade pachytène et les spermatides
postméiotiques chez le rat. Des extraits bruts de pro-
téines cytosoliques de spermatogonies, de spermatocytes
et de spermatides ont d’abord été analysés, avec un
succès limité en termes de protéines différentiellement
exprimées (35 protéines). Les protéomes des cellules ger-
minales ont été ensuite examinés plus en détail après
fractionnement chromatographique des extraits cytoso-
liques en quatre sous-protéomes préalablement à l’analyse
2D-DIGE. L’ensemble des analyses réalisées a permis
d’identifier pas moins de 977 spots protéiques présentant
une expression différentielle, dont la plupart correspon-
daient à des protéines individuelles. En se basant sur
l’hypothèse selon laquelle les protéines ayant un pro-
fil d’expression hautement différentiel sont susceptibles
de jouer un rôle clé dans la différenciation, nous nous
sommes concentrés sur les spots protéiques différentiels
avec des ratios moyens d’au moins 2,5 entre deux types
cellulaires. Cette approche a conduit à l’identification de
123 protéines uniques aux profils différentiels (et repro-
ductibles) d’expression au cours de la spermatogenèse
[38].

Parmi les protéines identifiées dans cette étude, celles
qui étaient identifiées pour la première fois dans la lignée
germinale mâle ont ensuite été caractérisées par des études

ciblées. Ainsi, la caséine-phosphoprotéine (CLPH) spéci-
fique des spermatides a été démontrée comme étant une
protéine désordonnée et ayant la capacité de lier le cal-
cium. La CLPH est phosphorylée par la caséine kinase 2,
qui joue un rôle majeur dans le développement de la tête
des spermatozoïdes [49]. D’autres protéines identifiées
par Rolland et al. [38] impliquées dans divers proces-
sus biologiques susceptibles de jouer un rôle clé dans
la spermatogenèse pourraient faire l’objet d’une étude
approfondie. Par exemple, la protéine pro-apoptotique
Smac/Diablo qui est présente en grande quantité dans les
spermatocytes et les spermatides de souris [50]. Son mode
d’expression est similaire dans les testicules de souris et de
rat [38, 50], ce qui suggère une conservation fonctionnelle
et son implication dans la spermatogenèse [51]. Dans une
étude récente, Huang et Sha [52] ont présenté l’utilisation
d’une stratégie de protéomique shotgun pour étudier les
profils d’expression de protéines spécifiques des cellules
germinales haploïdes et tétraploïdes, purifiées par cytomé-
trie en flux à partir de testicules de souris adultes. Plus que
de construire les protéomes à grande échelle des cellules
germinales haploïdes et tétraploïdes, ces auteurs visent à
caractériser plus en détail les protéines impliquées dans
des événements cellulaires spécifiques. Ainsi, pas moins
de 3 507 protéines ont été identifiées dans les cellules ger-
minales tétraploïdes et il s’avère que 216 de ces protéines
ont des homologues chez la levure connus pour être impli-
qués dans la méiose. Ce type d’approche est généralement
puissant et devrait fournir de précieuses informations pour
améliorer notre compréhension des mécanismes qui sous-
tendent la spermatogenèse.

Très récemment, une stratégie de pointe en protéo-
mique a été utilisée pour étudier le protéome nucléaire
de cellules germinales mâles postméiotiques, à savoir
les spermatides allongées et condensées [53]. Pendant
l’allongement des spermatides et la condensation du
génome haploïde, les nucléosomes sont désassemblés.
La plupart des histones sont successivement remplacées
par des protéines de transition (TPs), elles-mêmes rem-
placées ensuite par les protamines (Prms) qui sont très
basiques [54]. Fait intéressant, 5 à 15 % de la chroma-
tine des spermatozoïdes reste associée aux nucléosomes,
en particulier à des loci importants pour le développe-
ment, mettant ainsi en évidence le rôle épigénétique de
cette distribution différentielle [55, 56]. Afin d’identifier
et de caractériser des acteurs essentiels dans la compac-
tion postméiotique du génome mâle et la mise en place
de son épigénome associé chez la souris, Govin et al.
[53] ont utilisé une stratégie basée sur l’identification de
protéines obtenues à partir de cellules germinales mâles
postméiotiques à deux stades différents. D’une part, les
auteurs ont analysé les extraits nucléaires constitués de
protéines basiques acido-solubles, y compris les protéines
d’emballage de l’ADN telles que les histones, les TPs
et les Prms [40], ainsi que des protéines non encore
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caractérisées. D’autre part, ils ont recherché les protéines
acides agissant potentiellement comme des chaperonnes
pour les protéines basiques interagissant avec l’ADN. Pour
identifier les protéines acides, les auteurs ont développé
une approche basée sur l’interaction avec les protéines
de transition (transition proteins/TPs) sur le principe de la
chromatographie. Cette approche a consisté à déposer des
extraits nucléaires de spermatides rondes, de spermatides
allongées et de spermatides condensées sur une colonne
contenant des billes de CNBr activées revêtues de TPs.
Les protéines retenues ont ensuite été éluées et analy-
sées par SDS-PAGE et spectrométrie de masse. Ce travail
a conduit à l’identification de 70 protéines, dont 46 dans
l’extrait acido-soluble des spermatides allongées conden-
sées, et 29 par chromatographie TP. Cinq protéines ont été
identifiées à la fois dans les extraits acido-solubles et par
chromatographie TP. La plupart des protéines identifiées
dans l’extrait acido-soluble appartenaient à la famille des
histones ou la famille des petites protéines non basiques, et
non histones. La plupart des protéines représentées dans
l’éluat de la chromatographie TP étaient soit des chape-
ronnes, soit des facteurs liés au stress. À titre d’exemple,
HSPA2, une protéine de choc thermique spécifique des
testicules, a été trouvée à la fois dans l’éluat de la chroma-
tographie TP et dans l’extrait acido-soluble, ce qui suggère
qu’HSPA2 puisse agir comme une chaperonne pour les
TPs, indépendamment de sa charge.

Govin et al. ont finalement comparé leurs données
protéomiques avec les jeux de données transcripto-
miques d’expression des gènes dans les tissus normaux
de souris ou dans les cellules germinales mâles dispo-
nibles dans gene expression omnibus repository (GEO).
Ils ont réalisé des analyses fonctionnelles en utilisant la
GeneOntology (GO). Une liste des facteurs impliqués
dans le compactage postméiotique et la programmation
du génome mâle a pu être proposée [53]. Fait intéres-
sant, les principaux constituants du protéome nucléaire
des cellules germinales mâles postméiotiques sont des
protéines liant l’ADN (impliquées dans la transmission
de l’information épigénétique à l’embryon) et des facteurs
chaperons pouvant interagir avec ces protéines (impliqués
dans l’incorporation de certaines protéines de liaison à
l’ADN à des régions spécifiques du génome mâle).

Les développements récents des études
protéomiques de la spermatogenèse

L’utilisation de sections de testicules totaux peut
être utile pour étudier la spermatogenèse. En effet, le
suivi de l’expression de protéines germinales dans les
tubules séminifères est récemment devenu possible grâce
à l’imagerie par spectrométrie de masse matrix-assisted
laser desorption/ionization (MALDI). Cette nouvelle tech-
nologie est désormais reconnue comme un outil puissant

pour la détection et l’identification de protéines in situ,
sur des coupes minces de tissus, sans effet sur la distribu-
tion native ou la fonction des protéines concernées [57].
L’imagerie par spectrométrie de masse MALDI a été utili-
sée avec succès pour étudier les profils protéiques au sein
des tubules séminifères chez le rat adulte [57].

Chez les mammifères, le testicule est de tous les
organes celui qui présente l’anatomie la plus complexe.
C’est pour cette raison qu’il a été choisi par ces auteurs
comme un modèle pertinent pour valider et optimiser leurs
développements technologiques. Lagarrigue et al. ont pu
visualiser, avec une résolution latérale de 20 ␮m, différents
stades de développement des cellules germinales dans les
tubules séminifères et corréler les images moléculaires
obtenues aux stades parfaitement établis de la classifica-
tion de Leblond et Clermont. Les protéines d’intérêt ont
été identifiées par spectrométrie de masse dite top-down,
et comprennent les thymosine ␤-10 et ␤-4. Les auteurs ont
pu également superposer les images moléculaires avec
celles d’immunohistochimie et confirmé que ces deux
protéines sont produites dans les cellules germinales de
manière stade-dépendante. La thymosine ␤-10 était déjà
connue pour être impliquée dans le développement des
spermatides, mais ce travail constitue la première preuve
de la production de thymosine ␤-4 dans le testicule.
Sur la base de ces résultats prometteurs, nous prévoyons
que l’imagerie par spectrométrie de masse MALDI devrait
impacter de façon importante l’étude de la spermatoge-
nèse et, plus largement, la recherche dans le domaine de
la reproduction, en contribuant à améliorer notre compré-
hension des mécanismes moléculaires et au diagnostic des
pathologies de la reproduction.

Transcriptome versus protéome
pour l’étude de la spermatogenèse

La protéomique a considérablement progressé au
cours des dernières années et peut maintenant être consi-
dérée comme parvenue à maturité, mais il n’est toujours
pas évident qu’elle corresponde aux technologies de la
transcriptomique en termes de facilité d’utilisation et de
cohérence des résultats obtenus. De toute évidence, la
transcriptomique présente une plus grande capacité de
débit que la protéomique, mais la diversité des protéines
ne peut pas être entièrement caractérisée par des analyses
d’expression des gènes seules. En outre, la comple-
xité connue des différents mécanismes d’expression de
gènes chez les mammifères est en partie responsable des
écarts fréquemment rapportés entre les niveaux d’ARNm
et l’abondance des protéines. Il apparaît donc évident
que l’on ne doit pas choisir entre ces technologies et
qu’une combinaison de ces deux approches apparaît
comme une solution intéressante, en augmentant la quan-
tité d’informations produites à différents niveaux.
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En plus d’établir des cartes de référence du protéome
et d’identifier de nouvelles protéines d’intérêt, les études
protéomiques ont mis en évidence des divergences entre
les transcriptomes des testicules entiers et des cellules ger-
minales et leurs protéomes respectifs. Plusieurs études ont
étudié les corrélations existant entre les données trans-
criptomiques et protéomiques, en essayant de prendre en
compte les mécanismes de régulation de la traduction. À
l’aide d’une technologie d’identification multidimension-
nelle des protéines (MudPIT), Cagney et al. ont étudié des
extraits enrichis en protéines nucléaires issus de huit tis-
sus humains [58]. Ils ont comparé les profils d’expression
de 683 protéines non redondantes avec ceux obtenus dans
des expériences de puces à ADN. Les auteurs ont constaté
que de tous les organes étudiés le testicule avait le plus
faible coefficient de corrélation entre le transcriptome et
le protéome (à savoir 0,138 contre 0,432 pour le foie,
présentant la plus forte corrélation). Cette très faible cor-
rélation peut refléter des caractéristiques originales de la
régulation du gène et de la transcription au cours de la
spermatogenèse.

Le réseau de communication reliant les activités cel-
lulaires au cours de la spermatogenèse est connu pour
être très complexe et est donc moins bien documenté
que nombre d’autres processus biologiques. L’extraction
de listes de protéines générées par des approches protéo-
miques systématiques ou différentielles couplées avec des
ensembles de données transcriptomiques a le potentiel de
fournir des informations précieuses sur des processus bio-
logiques complexes, tels que la spermatogenèse. Nous
menons actuellement un projet de génomique intégra-
tive visant à caractériser le protéome du fluide séminifère
par une approche protéomique shotgun. Notre objectif
est d’étudier le sécrétome des cellules germinales (et des
cellules de Sertoli) en recoupant la liste des protéines obte-
nues avec les ensembles de données du transcriptome
testiculaire (cellules isolées). Nous savons en effet, depuis
plus de 20 ans, que les cellules germinales modulent
la fonction des cellules somatiques de Sertoli via des
protéines diffusibles [59]. Cependant, jusqu’à présent,
l’impossibilité de maintenir les cellules germinales in vitro
sur une période suffisante rend difficile l’étude de leur
sécrétome. Pour cette raison, le rôle des cellules germi-
nales dans le contrôle de la spermatogenèse, connu dès
le début des années 1990, a été complètement laissé de
côté [60]. Ce nouveau projet repose sur l’hypothèse selon
laquelle le fluide séminifère doit contenir des protéines
sécrétées par les cellules germinales et/ou les cellules de
Sertoli. Il devrait dès lors conduire à la caractérisation de
nouvelles protéines impliquées dans le dialogue entre les
cellules de Sertoli et les cellules germinales. Fait intéres-
sant, selon Sato et al., il est maintenant possible d’obtenir
des cellules germinales différenciées et des spermato-
zoïdes fonctionnels à partir de tissu testiculaire néonatal
de souris, avec certaines méthodes de culture d’organes

et sous certaines conditions de milieu [61]. Il s’agit sans
aucun doute d’une étape majeure dans ce domaine, mais
avant que cela devienne courant, d’autres stratégies sont
encore nécessaires pour étudier le secrétome des cellules
germinales.

L’exploitation des données de
protéomique : vers une biologie globale
de la spermatogenèse

Les études décrites dans cette revue ont contribué
à identifier les protéines susceptibles de jouer un rôle
majeur dans certaines étapes du développement testicu-
laire (tableau 1). Cependant, la plupart de ces études
n’ont pas permis d’obtenir des résultats utiles et signifi-
catifs à partir des grandes quantités de données générées,
qui permettraient d’améliorer notre compréhension des
événements cellulaires qui sous-tendent la spermatoge-
nèse. Plusieurs stratégies, se concentrant sur un groupe
restreint de protéines (de gènes) d’intérêt susceptible d’être
étudiés plus en détail, peuvent être utilisées. Ces straté-
gies comprennent des expériences de profilage des tissus,
et des comparaisons inter-espèces pour la détection de
gènes testicule-spécifiques ou de gènes conservés au cours
de l’évolution. Les profils d’expression spécifiques et les
profils d’expression de ces gènes conservés peuvent être
associés à des fonctions essentielles. Ces processus de
filtrage se sont révélés efficaces pour l’identification des
facteurs d’intérêt à partir de grands jeux de données,
mais ils ne peuvent pas combler le fossé existant entre
l’identification de milliers de gènes ou des protéines co-
exprimés et le décryptage des liens existant entre eux et
susceptible de fournir une explication satisfaisante du bon
déroulement d’un processus biologique.

Que devons-nous alors faire des listes de protéines
générées par les analyses systématiques et différentielles ?
Des efforts considérables ont été réalisés ces dernières
années pour intégrer les données provenant d’expériences
à grande échelle mais également pour mettre au point
des outils permettant aux chercheurs non seulement de
décrire un groupe de gènes ou de protéines avec des
profils d’expression similaires, mais aussi de proposer
et de développer de nouvelles hypothèses à partir de
leurs analyses. Une méthode répandue pour analyser
ces expériences repose sur l’utilisation des descriptions
de gènes (annotations) du consortium de la GO pour
l’intégration de données fonctionnelles : data mining [62].
L’enrichissement d’un ensemble de gènes ou de protéines
en certaines catégories de termes GO permet ainsi de
démontrer objectivement que certaines fonctions spéci-
fiques sont significativement associées à un processus
donné. Cette approche reste essentiellement descriptive
mais elle facilite à la fois l’identification de voies qui se
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Tableau 1. Protéines clés identifiées pour la première fois par protéomique dans la gonade mâle ou pour la première fois décrites
comme différentiellement exprimées dans les cellules germinales, citées dans cette revue.

Protéine Espèce Références Localisationa Expression
différentielle
dans les CGs

Approche
protéomique
choisieb

Numéro
d’accession
UniProt

Termes de la
GeneOntology (GO)

AOP1A/PRDX3,
Thioredoxin-
dependent
peroxide
reductase,
mitochondrial

Souris [46] T, abondante
dans SPG

Oui 2-DE/MS Q8K4K8 Organisation
mitochondriale - activité
antioxidante -
régulation positive de la
prolifération cellulaire -
régulation négative des
processus apoptotiques
- régulation négative de
l’activité des kinases

Calm I Souris [53] eSPT, cSPT - Extraction
acide/MS

Q9D6G4 Liaison au calcium -
liaison de protéines

Cofilin (CFLI) Souris [53] eSPT, cSPT - Colonne
TPI/MS

COF1 Liaison aux filaments
d’actine - cytokinèse

Casein-like
phosphoprotein,
Calcium-binding
and spermatid-
specific protein 1
(CLPH)

Rat [38, 49] SPT Oui 2D-DIGE/MS Q68FX6 Spermatogenèse

DNA replication
licensing factor
MCM7

Homme [29, 34, 38] CGs,
abondante
dans SPG

Oui 2-DEF/MS P33993 Réplication de l’ADN -
prolifération cellulaire
- réponse aux dommages
à l’ADN - régulation de
la phosphorylation

Elongation factor
1-gamma (EF1G)

Souris [53] eSPT, cSPT - Colonne
TPI/MS-
extraction
acide/MS

Q9D8N0 Traduction

Eucaryotic
translation
initiation factor
5A-1 (eIF-5A)

Souris [27] maGSCs - 2-DE/MS P63242 Traduction -
modification des
peptidyl-lysine en
hypusine - régulation
négative des processus
apoptotiques - transport
de protéines

Fau protein Souris [53] eSPT, cSPT - Colonne
TPI/MS-
extraction
acide/MS

Q91V99 Traduction

Fibroblast
growth factor-
8 precursor
(FGF8)

Poulet [22] PGCs - 2-DE/MS Q90722 Différenciation
cellulaire - activation de
la voie de signalisation
Wint - régulation
positive des divisions
cellulaires

Glyceraldehyde-
3-phosphate
dehydrogenase
(GADPH)

Rat [38] S, SPG Oui 2D-DIGE/MS P04797 Glycolyse - processus
apoptotique - oxydation
réduction
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Tableau 1. (Suite)

Protéine Espèce Références Localisationa Expression
différentielle
dans les CGs

Approche
protéomique
choisieb

Numéro
d’accession
UniProt

Termes de la
GeneOntology (GO)

Galectin-1 Souris [27] maGSCs - 2-DE/MS P16045 Réponse cellulaire aux
drogues / composés
organo-cycliques - réponse
aux stimulus glucose -
régulation positive de la
cascade kappa B
kinase/NFkB - régulation
négative de l’adhésion
cellule/substrat

Grp58, Protein
disulfide-
isomerase
A3

Rat [38] SPG, SPC,
abondante
dans SPT
(acrosome)

Oui 2D-DIGE/MS P11598 Homéostasie cellulaire
redox - régulation positive
des processus apoptotiques

Glutathione
S-transferase Mu
2 (GSTM2)

Homme [46] T, abondante
dans SPC
primaires

Oui 2-DE/MS P28161 Processus métabolique du
glutathion - processus
métabolique des
xénobiotiques

Heterogeneous
nuclear ribonu-
cleoprotein A1
(hnRPA1)

Souris [12] TF - 2-DE/MS P49312 Splicing alternatif des
ARNm via les spliceosomes
- processing des ARNm -
export nucléaire

Heat shock
cognate 71kDa
protein (HSC71)

Souris [12, 27] TF - 2-DE/MS P63017 Réponse au stress -
repliement de protéines -
régulation négative de la
transcription, dépendante
de l’ADN - régulation du
cycle cellulaire

[27] maGSCs - 2-DE/MS

Heat
shock-related
70 kDa protein 2
(HSPA2)

Souris [53] eSPT, cSPT - TPI
colomn/MS-
acidic
extraction/MS

P17156 Régulation positive de la
phosphorylation des
protéines - réponse au
stress - méiose mâle (I) -
développement des
spermatides -
désassemblage des
complexes synaptonémaux

Heat shock
70-kDa protein 5
(HSPA5)

Poulet [22] PGCs - 2-DE/MS Q90593 Régulation négative des
processus apoptotiques -
réponse cellulaire à la
privation de glucose -
régulation négative de la
voie du récepteur au
transforming growth factor
beta (TGF-bêta)

Lactoylglutathione
lyase

Souris [27] maGSCs - 2-DE/MS Q9CPU0 Processus métabolique du
glutathion et des
carbohydrates -
anti-apoptose - régulation
de la transcription -
processus métabolique du
méthyglyoxal
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Tableau 1. (Suite)

Protéine Espèce Références Localisationa Expression
différentielle
dans les CGs

Approche
protéomique
choisieb

Numéro
d’accession
UniProt

Termes de la
GeneOntology (GO)

Nucleoplasmin-3 Souris [53] eSPT, cSPT - Colonne
TPI/MS-
extraction
acide/MS

Q9CPP0 Processing des ARNr -
transcription des ARNr

Phosphoglycerate
kinase 2 (PGK2)

Homme [46] T, abondante
dans SPZ

Oui 2-DE/MS P07205 Glycolyse -
phosphorylation

Polypyrimidine
tract-binding
protein 2

Rat [38] SPC, SPT Oui 2D-DIGE/MS Q66H20 Processing des ARNm -
ARN splicing

PRDX4,
Peroxiredoxin-4

Souris [46] T, abondante
dans SPZ

Oui 2-DE/MS O08807 Oxydation - réduction

Smac/Diablo Souris [38, 50] SPC-SPT Oui 2D-DIGE/MS Q542V8 Induction de l’apoptose

Stathmin Rat [29, 35] GCs
abondante
dans cSPT

Oui 2-DE/MS P13668 Développement du
système nerveux
- développement du
cerveau - dynamique
des microtubules -
différenciation cellulaire

Translationally
controlled tumor
protein (TCTP)

Rat [29, 36] T, abondante
dans SPG

Oui 2-DE/MS P63029 Spermatogenèse -
prolifération cellulaire

Thymosin ␤-10 Rat [57] SPC,
abondante
dans SPT,
eSPT, CRs

Oui MALDI-IMS P63312 Développement des
spermatides -
organisation du
cytosquelette d’actine -
séquestration des
monomères d’actine

Thymosin ␤-4 Rat [57] Abondante
dans SPC,
abondante
dans rSPT ;
eSPT (tête),
CRs

Oui MALDI-IMS P62329 Organisation du
cytosquelette d’actine -
séquestration des
monomères d’actine

Polymorphic
tumor rejection
antigen (TRA1)

Souris [12] TF - 2-DE/MS P08113 Anti-apoptose - réponse
au stress/hypoxie -
repliement de protéines
- processus cataboliques
liés au réticulum
endoplasmique -
assemblage des
filaments d’actine -
régulation de l’activité
phosphatasique

Vimentin Poulet [22] PGCs - 2-DE/MS P09654
a T : testicule ; TF : testicule fœtal ; PGCs : cellules germinales primordiales ; maGSCs : cellules souches multipotentes de la lignée germinale
adulte ; SPG : spermatogonies ; SPC : spermatocytes ; SPT : spermatides ; rSPT : spermatides rondes ; eSPT : spermatides allongées ; cSPT :
spermatides condensées ; CRs : corps résiduels ; SPZ : spermatozoïdes ; S : cellules de Sertoli ; CGs : cellules germinales.
b Approches protéomiques pour la purification de protéines suivie d’une identification par spectrométrie de masse (MS). 2D-DIGE :
two-dimensional fluorescence difference gel electrophoresis ; 2-DE : électrophorèse bidimensionnelle ; MALDI : matrix assisted laser desorp-
tion/ionization ; TPI column : colonne chromatographique avec billes de CNBr recouvertes de protéines de transition.
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révèlent importantes et la prédiction de fonctions de gènes
non caractérisées à ce jour. Elle peut aussi apporter de
l’information supplémentaire sur des profils transcription-
nels observés et/ou faciliter, à partir d’ensembles de gènes
ou de protéines co-exprimées, l’identification des gènes
ou des protéines appartenant à un même complexe.

Une autre approche particulièrement utile dans ce
domaine repose sur la compilation rationnelle des don-
nées omiques à petite et à grande échelle dans un
entrepôt de données focalisé sur la reproduction, tel que
la base de données GermOnline [63, 64]. Cette base de
connaissances compile des études pertinentes sur le cycle
cellulaire, la gamétogenèse et la fertilité. Elle contient une
combinaison unique d’informations et intègre un naviga-
teur dans les systèmes inter-espèces capable de fournir
des annotations concernant les séquences d’ADN, les
relations évolutives, l’expression des gènes et leur fonc-
tion. La base de données, reposant sur le navigateur
de génome Ensembl, couvre huit organismes modèles
et H. sapiens, pour lesquels des données complètes
d’annotation du génome sont disponibles. Primig et al.
s’efforcent actuellement d’intégrer des ensembles de don-
nées de protéomique dans GermOnline, ce qui permettra
d’en faire un outil d’aide à la décision et à la formulation
d’hypothèses.

Faciliter l’interprétation de grands ensembles de
données multiples générés dans des expériences de géno-
mique à haut débit exige des outils d’analyse flexibles
et faciles à utiliser. Dans ce contexte, la suite logicielle
AMEN (Annotation, mapping, expression and network)
dédiée à la biologie moléculaire systématique [33] permet
aux biologistes de réaliser et d’explorer l’annotation d’un
génome, la cartographie chromosomique, les interactions
protéine-protéine, les profils d’expression et les données
de protéomique, sans avoir besoin de compétences avan-
cées en bioinformatique. Nous encourageons fortement
les chercheurs dans le domaine de la reproduction à adop-
ter le logiciel AMEN qui peut être téléchargé librement sur
http://sourceforge.net/projects/amen/. La version actuelle
fournit des modules pour :

– le téléchargement et le prétraitement des données
issues des expériences de profiling d’expression sur puces ;

– la détection des groupes de gènes co-exprimés de
manière significative ;

– la recherche d’un enrichissement de ces groupes
en certaines annotations fonctionnelles.

En outre, l’interface utilisateur du logiciel est conçue
de manière à permettre la visualisation simultanée de plu-
sieurs types de données tels que les réseaux d’interactions
protéine-protéine avec les profils d’expression et de
co-localisation cellulaire. Des efforts sont actuellement
déployés pour rendre possible la prise en charge de la
prochaine génération de jeux de données tels que le
microRNAome et le métabolome testiculaires.

Conclusion

La protéomique est en constante évolution, et a déjà
permis des avancées majeures dans l’étude des protéines.
En revanche, couvrir la gamme dynamique de l’expression
des protéines dans les cellules reste un défi majeur, car il
n’existe actuellement aucune technologie disponible pour
amplifier les protéines minoritaires au sein d’un échan-
tillon biologique. Cependant, la sensibilité des instruments
s’améliore rapidement, et une couverture étendue du pro-
téome devrait bientôt être atteinte par le biais d’études
à grande échelle [65, 66]. De même, la quantification
absolue de protéines au sein de mélanges complexes
devient possible grâce à des stratégies novatrices, telles
que la technologie protein standard absolute quantifica-
tion (PSAQ) [67]. Le développement d’outils permettant de
suivre la pléthore de modifications post-traductionnelles
existantes, dont la phosphorylation, est également en plein
essor [68]. Le marquage isotopique stable de cultures cel-
lulaires par des acides aminés ou stable isotope labeling
by amino acids in cell culture (SILAC) est un outil polyva-
lent permettant la comparaison quantitative de protéomes
d’organes ou de cellules, chez différentes souches de
souris, y compris des modèles de souris knock-out sous
diverses conditions in vivo [69]. Les progrès de l’imagerie
MALDI décrite précédemment devraient également susci-
ter l’intérêt des biologistes et des cliniciens, dès lors que
les avantages de cette technologie deviennent de plus en
plus reconnus.

Les travaux évoqués dans cette revue ont permis
d’accroître nos connaissances sur la spermatogenèse.
Néanmoins, des efforts importants sont encore néces-
saires pour améliorer notre compréhension des réseaux
de communication très sophistiqués reliant les activités
cellulaires au cours de ce processus. Il devrait mainte-
nant être possible d’avoir une vision beaucoup plus claire
des mécanismes moléculaires intervenant à chaque étape
de la spermatogenèse, grâce à l’utilisation pertinente de
techniques éprouvées en protéomique et à l’exploitation
des données produites par des stratégies de génomique
intégrative. Par ailleurs, la protéomique top-down et la
peptidomique, qui sont encore des approches émergentes
constituent de précieux outils qui permettront de répondre
à des questions précises relatives à la spermatogenèse
normale et pathologique. Il ne fait nul doute que des
découvertes biologiques marquantes verront le jour dans
le domaine grâce à une nouvelle génération d’études
omiques comparatives.

Conflits d’intérêts : aucun.
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