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ABSTRACT  Bioinformatics tools have been recently applied to study the differentiation of the mam-
malian oocyte during folliculogenesis. In this review, we will summarize our knowledge of 1) the 
use of biological databases for the extraction of relevant information, 2) bioinformatics methods 
for knowledge extraction and representation, 3) the application of these methods to the study of 
mammalian oocyte differentiation and 4) state-of the-art prediction approaches for the assessment 
and estimation of the cell differentiation status.
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Introduction

Change is the main theme that describes developmental and 
differentiation processes. For example, beyond the morphological 
PRGLÀFDWLRQV�WKDW�RFFXU�GXULQJ�WKH�GHYHORSPHQW�RI�WKH�PDPPDOLDQ�
zygote into a blastocyst or the in vitro differentiation of embryonic 
VWHP�FHOOV� �(6&V�� LQWR�FDUGLRP\RF\WHV��D�PXOWLWXGH�RI�FKDQJHV�
RFFXU�LQ�WKH�PROHFXODU�EDFNVWDJH��1HWZRUNV�RI�JHQHV�DUH�VZLWFKHG�
RQ�DQG�RII��DUH�GRZQ��RU�XS�UHJXODWHG�DORQJ�SDWKZD\V�WKDW�IRU�PDQ\�
RI�WKHVH�SURFHVVHV�VWLOO�UHPDLQ�XQNQRZQ�

2QH�RI�WKHVH�\HW�XQH[SORUHG�GHYHORSPHQWDO�SURFHVVHV�LV�WKH�
GLIIHUHQWLDWLRQ�RI� WKH�PDPPDOLDQ�RRF\WH�GXULQJ� IROOLFXORJHQHVLV��
$OWKRXJK� WKH� SDXFLW\� RI� WKLV� ELRORJLFDO�PDWHULDO� KDV�PDGH� KLJK�
WKURXJKSXW�VWXGLHV�GLIÀFXOW�WR�SHUIRUP��DSSURSULDWH�ELRLQIRUPDWLFV�
WRROV�KDYH�QRZ�EHHQ�PDGH�DYDLODEOH�WR�EULQJ�WR�OLJKW�WKH�XQGHUO\LQJ�
PROHFXODU�FKDQJHV�DQG�WR�SURYLGH�XV�SUHGLFWLYH�PRGHOV�IRU�WKH�FHOO�
GLIIHUHQWLDWLRQ�VWDWXV�

,Q�WKLV�UHYLHZ�ZH�ZLOO�SUHVHQW�RXU�NQRZOHGJH�RQ����WKH�XWLOLW\�RI�
biological databases for the extraction of relevant information, 2) 
ELRLQIRUPDWLFV�PHWKRGV�DQG�WRROV�IRU�NQRZOHGJH�UHSUHVHQWDWLRQ��
���DSSOLFDWLRQV�RI�WKHVH�PHWKRGV�WR�WKH�VWXG\�RI�WKH�PDPPDOLDQ�
RRF\WH�GLIIHUHQWLDWLRQ��DQG����VWDWH�RI�WKH�DUW�SUHGLFWLRQ�DSSURDFKHV�
for assessing the differentiation stage of cells.
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Knowledge bases for bioinformatics analysis

Biological function and pathway databases
One of the most important goals in systems biology is the 

LGHQWLÀFDWLRQ� RI� WKH� IXQFWLRQV� RI� JHQHV� DQG� WKHLU� UHODWLRQVKLSV��
7R�WKLV�UHJDUG��JHQHV�DUH�RIWHQ�SURÀOHG�WKURXJK�WKHLU�H[SUHVVLRQ�
PHDVXUHG�XQGHU�GLIIHUHQW�HQYLURQPHQWDO�RU�H[SHULPHQWDO�FRQGL�
WLRQV�DQG� WKRVH�ZLWK�VLPLODU� WUDQVFULSWLRQDO�SURÀOHV�DUH� OLNHO\� WR�
SDUWLFLSDWH� LQ� FRPPRQ� SURFHVVHV� RU� VKDUH� FRPPRQ� IXQFWLRQV��
%ULQJLQJ�WR�OLJKW�WKH�UHODWLRQVKLSV�DPRQJ�WUDQVFULSWLRQDO�SURGXFWV�
UHTXLUHV�SULRU�NQRZOHGJH�RQ�JHQH�IXQFWLRQ�IRU�DW� OHDVW�D�VXEVHW�
RI�VLPLODUO\�SURÀOHG�JHQHV��$�SULPDU\�VRXUFH�IRU�VXFK�DQQRWDWLRQ�
LV�*HQH�2QWRORJ\��*2���$VKEXUQHU�HW�DO�, 2000), a controlled vo�
FDEXODU\�IRU�GHVFULELQJ�WKH�UROH�RI�JHQHV�DQG�JHQH�SURGXFWV�LQ�D�
QXPEHU�RI�RUJDQLVPV��$W�WKH�KLJKHVW�OHYHO��*2�FRQVLVWV�RI�WKUHH�
RQWRORJLHV�WKDW�GHVFULEH�JHQH�SURGXFWV�LQ�WHUPV�RI�WKHLU�DVVRFLDWHG�
ELRORJLFDO� SURFHVVHV�� FHOOXODU� FRPSRQHQWV� DQG�PROHFXODU� IXQF�
WLRQV�LQ�D�VSHFLHV�LQGHSHQGHQW�PDQQHU��$�JHQH�SURGXFW�PLJKW�EH�
ORFDWHG�LQ�RQH�RU�PRUH�FHOOXODU�FRPSRQHQWV��LW�LV�DFWLYH�LQ�RQH�RU�
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PRUH�ELRORJLFDO�SURFHVVHV��GXULQJ�ZKLFK�LW�SHUIRUPV�RQH�RU�PRUH�
PROHFXODU�IXQFWLRQV�

%HVLGHV� RUJDQL]LQJ� D� YRFDEXODU\� RI� WHUPV� LQWR� DQ� RQWRORJ\��
*2�SURYLGHV�DQQRWDWLRQ�GDWD�E\�DVVLJQLQJ�WKH�YRFDEXODU\�WHUPV�
WR�JHQHV�DQG�WKHLU�SURGXFWV��7RROV�OLNH�'$9,'��'DWDEDVH�IRU�$Q�
QRWDWLRQ��9LVXDOL]DWLRQ�DQG�,QWHJUDWHG�'LVFRYHU\��KWWS���GDYLG�DEFF�
QFLIFUI�JRY���DUH�DYDLODEOH�WR�ÀQG�DOO�WKH�SURFHVVHV�DQG�IXQFWLRQV�
LQ�ZKLFK�JHQHV�RI�LQWHUHVW�DUH�NQRZQ�WR�EH�LQYROYHG��+XDQJ�HW�DO�, 
����E���*2�FDQ�EH�XVHIXO�DOVR�IRU�WKH�FRPSDULVRQ�EHWZHHQ�JHQHV�
RI�GLIIHUHQW�RUJDQLVPV�DQG�IRU�VWXG\LQJ�QHZ�JHQRPHV��7KH�FRQ�
WUROOHG�YRFDEXODULHV�DUH�VWUXFWXUHG�VR�WKDW�WKH\�FDQ�EH�TXHULHG�DW�
GLIIHUHQW�OHYHOV��D�XVHU�PD\�H[SORLW�WKH�*2�WR�VHDUFK�IRU�D�VSHFLÀF�
JHQH�RU�WR�ÀQG�D�SDUWLFXODU�SURFHVV�DQG�H[SORUH�LWV�KLHUDUFK\�RI�
WHUPV��DV�VKRZQ�LQ�)LJ����

$QRWKHU�VRXUFH�RI�IXQFWLRQDO�DQQRWDWLRQV�DUH�SDWKZD\�UHSRVLWR�
ULHV��3DWKZD\V�RIWHQ�SURYLGH�D�ULFK�UHSUHVHQWDWLRQ�RI�WKH�PROHFXODU�
PHFKDQLVPV� WKDW� DUH�DW� WKH�EDVLV� RI� ELRORJLFDO� IXQFWLRQV��7KH\�
PD\�EH�UHSUHVHQWHG�DV�JUDSKV�ZLWK�GLUHFWLRQDO�ÁRZ�WKDW�VXPPD�
UL]H�WKH�FXUUHQW�NQRZOHGJH�RQ�KRZ�ELRPROHFXOHV�ZRUN�WRJHWKHU��
.(**��.\RWR�(QF\FORSHGLD�RI�*HQHV�DQG�*HQRPHV��KWWS���ZZZ�
JHQRPH�MS�NHJJ�� IRU�H[DPSOH�� LV�D�FROOHFWLRQ�RI�GDWDEDVHV�FRQ�
WDLQLQJ� RUJDQLVP�VSHFLÀF� QHWZRUNV� RI� PROHFXODU� LQWHUDFWLRQV� LQ�
the cells (Kanehisa� HW� DO��� �������7KH�DLP�RI�.(**� UHSRVLWRU\�
LV�WR�OLQN�ORZHU�OHYHO�LQIRUPDWLRQ��H�J� genes, proteins, enzymes, 
UHDFWLRQ�PROHFXOHV��HWF���ZLWK�KLJKHU�OHYHO�LQIRUPDWLRQ��H�J. inter�
DFWLRQV��HQ]\PDWLF�UHDFWLRQV��SDWKZD\V��HWF����$QRWKHU�UHSRVLWRU\�
ZLWK�DQQRWDWHG�SDWKZD\V�DQG�UHDFWLRQV�LV�5HDFWRPH��KWWS���ZZZ�
UHDFWRPH�RUJ�5HDFWRPH*:7�HQWU\SRLQW�KWPO���D�FRPSUHKHQVLYH�

DQG�LQWHJUDWHG�VRXUFH�RI�LQIRUPDWLRQ�DERXW�KXPDQ�ELRORJLFDO�SUR�
FHVVHV��0DWWKHZV�HW�DO����������7KH�5HDFWRPH�ZHE�SRUWDO�SURYLGHV�
D�FROOHFWLRQ�RI�WRROV�WKDW�DOORZ�UHVHDUFKHUV�WR�EURZVH�DQG�YLVXDO�
L]H�SDWKZD\�PRGHOV��DQG�WR�FDUU\�RXW�SDWKZD\�EDVHG�DQDO\VHV�RI�
FRPSOH[�H[SHULPHQWDO�DQG�FRPSXWDWLRQDO�GDWD�VHWV�

3DWKZD\V��WRJHWKHU�ZLWK�RWKHU�IXQFWLRQDO�DQG�WH[WXDO�DQQRWDWLRQV��
DUH�H[SORLWHG�WR�LQIHU�PROHFXODU�LQWHUDFWLRQV�DQG��DV�VXFK��UHQGHUHG�
LQ�HPHUJLQJ�3URWHLQ�3URWHLQ�,QWHUDFWLRQ��33,��GDWDEDVHV��$PRQJ�
WKHP�� WKH� %LRPROHFXODU� ,QWHUDFWLRQ� 1HWZRUN� 'DWDEDVH� �%,1'��
KWWS���PHWDGDWDEDVH�RUJ�ZLNL�%,1'B�B%LRPROHFXODUB,QWHUDFWLRQB
1HWZRUNB'DWDEDVH��FROOHFWV�K\SRWKHVL]HG� LQWHUDFWLRQV�EHWZHHQ�
WZR�RU�PRUH�ELRORJLFDO�HQWLWLHV��H�J���'1$��PROHFXODU�FRPSOH[HV��
(Bader�HW�DO����������$QRWKHU�UHVRXUFH�LV�WKH�0ROHFXODU�,17HUDFWLRQ�
GDWDEDVH� �0,17�� KWWS���PLQW�ELR�XQLURPD��LW�PLQW�:HOFRPH�GR���
ZKLFK� FRQWDLQV� LQIRUPDWLRQ� DERXW� LQWHUDFWLRQV� REWDLQHG� IURP�
ZRUN�SXEOLVKHG� LQ�SHHU�UHYLHZHG� MRXUQDOV�� H[FOXGLQJ�JHQHWLF�RU�
FRPSXWDWLRQDOO\� LQIHUUHG� LQWHUDFWLRQV� IURP� WKH� GDWDEDVH� �/LFDWD 
HW�DO���������

Literature databases
9HU\�XVHIXO�UHVRXUFHV�IRU�DXWRPDWHG�H[SORUDWLRQ�DQG�LQIHUHQFH�

RI�ELRPHGLFDO�UHODWLRQV�DUH�OLWHUDWXUH�UHSRVLWRULHV��3HUKDSV�WKH�PRVW�
ZLGHO\�XVHG�LV�(QWUH]�E\�1DWLRQDO�/LEUDU\�RI�0HGLFLQH��WKDW�DOVR�
aims at integrating other types of information from the databases 
PDLQWDLQHG�E\�1DWLRQDO�&HQWHU�IRU�%LRWHFKQRORJ\��7KHVH�GDWDEDVHV�
LQFOXGH�QXFOHRWLGH�VHTXHQFHV��SURWHLQ�VHTXHQFHV��PDFURPROHFX�
ODU�VWUXFWXUHV��JHQRPHV�DQG�0('/,1(�DUWLFOHV��$FFHVV�WR�WKHVH�
UHVRXUFHV�LV�JUDQWHG�WKURXJK�WKH�ZHE�EDVHG�LQWHUIDFH�RI�3XE0HG�
DQG� WKURXJK� (QWUH]� DSSOLFDWLRQ� SURJUDP� LQWHUIDFHV�� %HVLGHV�
FRQWDLQLQJ� OLQNV� WR� IXOO� WH[W�DUWLFOHV��3XE0HG�DOVR�SURYLGHV� OLQNV�
WR�PDQ\�RWKHU�GDWDEDVHV�VXFK�DV�1XFOHRWLGH��3URWHLQ��6WUXFWXUH��
Taxonomy, Genome, Expression, and Chemical Databases. Entries 
LQ�WKHVH�GDWDEDVHV�DUH�RIWHQ�OLQNHG�WR�WHUPV�LQ�VHYHUDO�RQWRORJLHV��
3XE0HG�FLWDWLRQV��IRU�H[DPSOH��KDYH�EHHQ�DVVLJQHG�0H6+�WHUPV�
DQG�SXEOLFDWLRQ�W\SHV�IURP�WKH�0HGLFDO�6XEMHFW�+HDGLQJV��0H6+��
KWWS���ZZZ�QFEL�QOP�QLK�JRY�PHVK���0H6+�LV�D�FRQWUROOHG�YRFDEX�
ODU\�WKHVDXUXV�FUDIWHG�E\�WKH�1DWLRQDO�/LEUDU\�RI�0HGLFLQH�DQG�LV�
XVHG�IRU�LQGH[LQJ��FDWDORJXLQJ��DQG�VHDUFKLQJ�IRU�ELRPHGLFDO�DQG�
KHDOWK�UHODWHG�LQIRUPDWLRQ�DQG�GRFXPHQWV��,W�FRQVLVWV�RI�VHWV�RI�
WHUPV�RUJDQL]HG� LQ�D�KLHUDUFKLFDO�VWUXFWXUH�WKDW�SHUPLWV�VHDUFK�
LQJ�DW�YDULRXV�OHYHOV�RI�VSHFLÀFLW\��0H6+�UHIHUV�WR�WKH�GRPDLQ�RI�
PHGLFLQH�DQG�LQFOXGHV�GLIIHUHQW�NLQGV�RI�FRQFHSWV�WKDW�LQGLFDWH�WKH�
VXEMHFW�RI�DQ�LQGH[HG�DUWLFOH�

$UWLFOHV�SUHVHQW�LQ�WKH�0('/,1(�GDWDEDVH�DUH�DQQRWDWHG�ZLWK�
0H6+�WHUPV�E\�H[SHUW�FXUDWRUV��ZKR�VXPPDUL]H�WKH�SUHVHQWHG�
LQIRUPDWLRQ�DQG�WKH�GHVFULEHG�JHQHV��7KLV�WLJKW�DVVRFLDWLRQ�ZLWK�
WKH�0('/,1(�GDWDEDVH��LQ�DGGLWLRQ�WR�WKH�KLHUDUFKLFDO�VWUXFWXUH��
LV�ZKDW�PDNHV�0H6+�YRFDEXODU\�D�YHU\�XVHIXO�WRRO�IRU�VHDUFKLQJ�
DQG�LQGH[LQJ�MRXUQDO�FLWDWLRQV�DQG�RWKHU�GDWD��%HLQJ�VWUXFWXUHG�DQG�
RUJDQL]HG�LQ�KLHUDUFKLFDO�WUHHV��0H6+�WHUPV�FDQ�EH�YHU\�XVHIXO�
WR� LGHQWLI\�UHOHYDQW�JHQHV�LQ�WKH�ÀHOG�RI� LQWHUHVW�RQ�WKH�EDVLV�RI�
WKH�DYDLODEOH�OLWHUDWXUH��$Q�H[DPSOH�RI�WKLV�DQQRWDWLRQ�LV�VKRZQ�LQ�
)LJ�����ZKHUH�WKH�JHQHV�DQQRWDWHG�WR�RRF\WHV�UHODWHG�0H6+�WHUPV�
DUH�XVHG�WR�DVVHVV�D�PHDVXUH�RI�WKH�VLPLODULW\�DPRQJ�WKH�WHUPV��
0RUH�FRPSOH[�DSSURDFKHV��WKDW�ZLOO�EH�GLVFXVVHG�LQ�WKH�IROORZLQJ�
VHFWLRQ��GHDO�ZLWK�ERWK�IXQFWLRQDO�DQG�WH[WXDO�DQQRWDWLRQ�RI�JHQHV�

Data repositories
5HVHDUFKHUV�DUH�LQFUHDVLQJO\�HQFRXUDJHG�E\�VFLHQWLÀF�MRXUQDOV�

Fig. 1. Hierarchy of oogenesis-related Gene Ontology terms (http://
www.geneontology.org/). Red and blue arrows indicate “is a” and “part 
of” relations between the linked terms, respectively.
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WR� GHSRVLW� WKHLU� GDWD� RQ� IUHHO\� DYDLODEOH� FRPPXQLW\� UHVRXUFHV��
ZKLFK� VWRUH� WKHP� LQ� DSSURSULDWH� IRUPDWV� IRU� FRPSUHKHQVLYH�
DQDO\VLV��)RU�LQVWDQFH��*HQH�([SUHVVLRQ�2PQLEXV��*(2��KWWS���
ZZZ�QFEL�QOP�QLK�JRY�JHR���SURYLGHG�E\�WKH�1DWLRQDO�&HQWHU�IRU�
%LRWHFKQRORJ\� �1&%,���VHUYHV�DV�D�SXEOLF� UHSRVLWRU\� IRU�D�ZLGH�
UDQJH�RI�KLJK�WKURXJKSXW�H[SHULPHQWDO�GDWD��LQFOXGLQJ�VLQJOH�DQG�
GXDO� FKDQQHO� PLFURDUUD\�EDVHG� H[SHULPHQWV� PHDVXULQJ� P51$�
DQG�SURWHLQ�DEXQGDQFH��DV�ZHOO�DV�QRQ�DUUD\�WHFKQLTXHV��VXFK�DV�
PDVV�VSHFWURPHWU\�SHSWLGH�SURÀOLQJ�DQG�YDULRXV�W\SHV�RI�TXDQWLWD�
WLYH�VHTXHQFH�GDWD��(GJDU�HW�DO����������&XUUHQWO\��*(2�FRQWDLQV�
DERXW� ������ H[SHULPHQWV� SURYLGHG� E\� ����� GLIIHUHQW� UHVHDUFK�
JURXSV��DQG�LW�LQFOXGHV�D�SLSHOLQH�IRU�GDWD�DQDO\VLV��QDPHG�*(25�

$QRWKHU�ZHOO�NQRZQ�GDWDEDVH�RI� IXQFWLRQDO�JHQRPLFV�H[SHUL�
PHQWV��LQFOXGLQJ�JHQH�H[SUHVVLRQ��LV�$UUD\([SUHVV��SURYLGHG�E\�
WKH�(XURSHDQ�%LRLQIRUPDWLFV�8QLWV��3DUNLQVRQ�HW�DO�, 2009). Data 
VWRUHG� LQ�$UUD\([SUHVV� FDQ� EH� DQDO\]HG� WKURXJK� D�ZHE�EDVHG�

DSSOLFDWLRQ�QDPHG�*HQH�([SUHVVLRQ�$WODV��KWWS���ZZZ�HEL�DF�XN�
J[D���7KLV�WRRO�UHOLHV�RQ�D�VXEVHW�RI�UH�DQQRWDWHG�GDWD��ZKLFK�FDQ�
EH�TXHULHG�IRU�JHQH�H[SUHVVLRQV�XQGHU�D�VSHFLÀF�ELRORJLFDO�FRQGL�
tion and across sets of experiments.

2QH�XWLOLW\�RI�GDWD�UHSRVLWRULHV�LV�FRPSDUDWLYH�DQDO\VLV�RI�H[SHUL�
ments. For instance, a researcher interested in the transcriptomic 
VLJQDWXUH�RI�WKH�GHYHORSPHQWDO�FRPSHWHQFH�RI�RRF\WHV�PD\�FRP�
SDUH�KLV�H[SHULPHQWDO�UHVXOWV�WR�UHVXOWV�IURP�RWKHU�DYDLODEOH�GDWD�
VHWV�RQ�WKH�VDPH�SURFHVV��2QFH�VXFK�GDWD�KDYH�EHHQ�VHOHFWHG�
IURP�*(2�RU�$UUD\([SUHVV��WKHVH�UHVRXUFHV�HQDEOH�WKH�DSSOLFDWLRQ�
RI�ELRLQIRUPDWLFV�DQDO\VLV�RQ�WKH�UDZ�JHQH�H[SUHVVLRQ�GDWD��)LJ�����

Methods for knowledge extraction and representation

Enrichment analysis
One of the initial steps of any bioinformatics analysis is often 

UHODWHG�WR�WKH�LQVSHFWLRQ�RI�D�VXEVHW�RI�LQWHUHVWLQJ�JHQHV��RU�JHQH�
OLVW��LQ�RUGHU�WR�H[WUDFW�DQ\�DYDLODEOH�LQIRUPDWLRQ�DERXW�WKH�IXQFWLRQV�
DQG�SDWKZD\V�VXFK�JHQHV�DUH�LQYROYHG�LQWR��%HVLGHV�FRQVLGHULQJ�
HDFK�JHQH�DV�D�VLQJOH�HQWLW\�� LW� LV�DOVR� LPSRUWDQW� WR�XQGHUVWDQG�
ZKLFK�DUH� WKH�ELRORJLFDO� IXQFWLRQV� WKDW�DUH�HQULFKHG� LQ�D�VHW�RI�
candidate genes.

7KH�DQQRWDWLRQ�HQULFKPHQW�LV�D�SURFHGXUH�IRU�VWDWLVWLFDO�DQDO\�
VLV�RI�ELRORJLFDO�DQQRWDWLRQV�WKDW�DUH�RYHU�UHSUHVHQWHG��HQULFKHG��
LQ�D�FDQGLGDWH�VXEVHW�DQG�WKDW�DUH�WKXV�LQGLFDWLYH�RI�D�SDUWLFXODU�
H[SHULPHQW� RU� SKHQRW\SH� �+XDQJ� HW� DO�, 2009a). An annotation 
WHUP�LV�VLJQLÀFDQWO\�RYHU�UHSUHVHQWHG�LI�WKH�SUREDELOLW\�RI�ÀQGLQJ�E\�
FKDQFH�WKH�VDPH�RU�D�KLJKHU�QXPEHU�RI�JHQHV�DVVRFLDWHG�WR�WKDW�
WHUP�LV�ORZ��7KH�VLJQLÀFDQFH�RI�D�WHUP�GHSHQGV�RQ�WKH�SURSRUWLRQ�
RI�JHQHV�DQQRWDWHG�WR�LW�LQ�WKH�OLVW�RI�LQWHUHVW�DQG�RQ�WKH�QXPEHU�
RI�JHQHV�EHORQJLQJ�WR�D�VSHFLÀF�JHQRPH�DQG�DVVRFLDWHG�WR�WKDW�
WHUP��7KH�K\SHUJHRPHWULF�RU�WKH�ELQRPLDO�SUREDELOLW\�GLVWULEXWLRQV�
DUH�FRPPRQO\�XVHG�WR�GHWHUPLQH�WKH�VLJQLÀFDQWO\�HQULFKHG�WHUPV�
DQG�WKHLU�ELRORJLFDO�IXQFWLRQV�

:KLOH� WKHVH� VWUDWHJLHV� UHTXLUH� D� À[HG� VXEVHW� RI� FDQGLGDWH�
JHQHV��D�PRUH�FRPSOH[�DQG�SRSXODU�DSSURDFK�LV�WKH�*HQH�6HW�
(QULFKPHQW�$QDO\VLV��*6($��KWWS���ZZZ�EURDGLQVWLWXWH�RUJ�JVHD�
LQGH[�MVS���*6($�HOLPLQDWHV�WKH�QHHG�WR�LPSRVH�VSHFLÀF�WKUHVKROGV�
IRU�JHQH�VXEVHW�VHOHFWLRQ�E\�SURSRVLQJ�DQ�DSSURDFK�EDVHG�RQ�WKH�

Fig. 2. Literature-based gene expression analysis. Medical subject heading (MeSH) terms and their annotated genes are used to create a network 
of keywords where the terms that share a significant number of annotated genes are linked.

Fig. 3. Example of a pipeline for analysis of Gene Expression Omnibus 
(GEO) data from developmentally competent (‘yes’) and not competent 
(‘no’) oocytes. A heat map reflecting microarray gene expression values 
across 20 samples belonging to these two different conditions can be 
obtained with bioinformatics tools that usually provide a measure to group 
similar samples (clustering).
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VFRULQJ�DQG�UDQNLQJ�RI�JHQHV��6XEUDPDQLDQ�HW�DO����������*HQH�
VFRUHV�PD\�EH�FRPSXWDWLRQDOO\�REWDLQHG�E\��IRU�H[DPSOH��FRPSDU�
LQJ�FDVH�FRQWURO�WUDQVFULSWLRQV��PDNLQJ�*6($�LGHDO�IRU�DQDO\VLV�RI�
TXDQWLWDWLYH�GDWD��7KH�JHQHV�UDQNHG�DFFRUGLQJ�WR�WKH�VHOHFWHG�VFRUH�
DUH�FRPSDUHG�WR�JHQH�VHWV�IURP�.(**��*2�RU�RWKHU�VRXUFHV�DQG�
HQULFKPHQW�LV�UHSRUWHG�RQ�WKH�EDVLV�RI�FRPSXWDWLRQ�RI�SUREDELOLW\�
WKDW�WKH�WRS�UDQNHG�JHQHV�EHORQJ�WR�WKH�WDUJHW�JHQH�VHW�

(QULFKPHQW�DQDO\VLV�FDQ�VLPSOLI\�WKH�LQWHUSUHWDWLRQ�RI�ODUJH�VFDOH�
H[SHULPHQWV�DV�UHVHDUFKHUV�FDQ�IRFXV�RQ�JHQH�VHWV��ZKLFK�WHQG�
WR�EH�PRUH�LQWHUSUHWDEOH��7KDQNV�WR�WKHVH�VWUDWHJLHV��WKH�SHUVSHF�
WLYH�RI�WKH�DQDO\VLV�LV�PRYHG�IURP�VLQJOH�JHQHV�WR�ODUJHU�JURXSV�
RI�PROHFXOHV�WKDW�UHSUHVHQW�ELRORJLFDO�IXQFWLRQV�DW�D�FHOOXODU�OHYHO��

6HYHUDO�HQULFKPHQW�DQDO\VLV�WRROV�KDYH�EHFRPH�SRSXODU�IRU�WKH�
VWXG\�RI�RRF\WHV�DQG�HPEU\RV��'$9,'�LV�RQH�RI�WKHP��LW�LQWHJUDWHV�
DQQRWDWLRQ�WHUPV�IURP�VHYHUDO�VRXUFHV�DQG�EHVLGHV�HQULFKPHQW�
analysis enables the search for related genes or terms and rendering 
RI�JHQHV�RQ�SDWKZD\�JUDSKV�WR�IDFLOLWDWH�ELRORJLFDO�LQWHUSUHWDWLRQ�

'$9,'�LV�DQ�H[DPSOH�RI�D�ZHE�DSSOLFDWLRQ�WKDW�LQWHJUDWHV�EHVW�
VWDWLVWLFDO�SUDFWLFHV�DQG�PRVW�UHOLDEOH�NQRZOHGJH�UHSRVLWRU\�LQ�D�
À[HG��SUHGHÀQHG�DQDO\WLFV�SLSHOLQH��$Q�DOWHUQDWLYH�DSSURDFK�LV�WKDW�
RI�GDWD�H[SORUDWLRQ�HQYLURQPHQWV��ZKLFK�DOORZ�XVHUV�WR�FRQVWUXFW�
DQDO\WLFV�SLSHOLQHV�RQ�WKHLU�RZQ��7KH�EHQHÀWV�DUH�D�JDLQ�LQ�ÁH[LELOLW\�
and an interactive data analytics, at the expense of higher complexity 
RI�WKH�XVHU·V�LQWHUIDFH��$Q�H[DPSOH�RI�VXFK�WRROV�LV�2UDQJH��KWWS���
RUDQJH�ELRODE�VL���ZKLFK�XVHV�WKH�YLVXDO�SURJUDPPLQJ�SDUDGLJP�
WR� EXLOG� RI� DQDO\WLFV� SURFHGXUHV� WKDW� FRPELQH� GDWD�PLQLQJ� DQG�
ELRLQIRUPDWLFV�FRPSRQHQWV��&XUN�HW�DO����������$Q�H[DPSOH�RI�D�
GDWD�DQDO\VLV�SLSHOLQH�FRQVWUXFWHG�ZLWK�WKLV�WRRO�LV�VKRZQ�LQ�)LJ�����
ZKHUH�GLIIHUHQWLDOO\�H[SUHVVHG�JHQHV�IURP�D�*(2�H[SHULPHQW�DUH�
LGHQWLÀHG�DQG�WKHQ�DQDO\]HG�IRU�WHUP�HQULFKPHQW�LQ�*2�%URZVHU��
$QRWKHU�H[DPSOH�RI�D�WRROER[�WKDW�FRPELQHV�VHYHUDO�IXQFWLRQDOLWLHV�
IRU�DQDO\VLV�LV�%DEHORPLFV��KWWS���EDEHORPLFV�ELRLQIR�FLSI�HV����ZKLFK�

is conceived for the analysis of transcriptomics, proteomics and 
JHQRPLFV�GDWD�DQG�DOORZV�LQWHUSUHWLQJ�WKH�UHVXOWV�WKURXJK�GLIIHUHQW�
IXQFWLRQDO�HQULFKPHQW�RU�JHQH�VHW�PHWKRGV� �$O�6KDKURXU�HW�DO�, 
�������6XFK�LQWHUSUHWDWLRQ�FDQ�EH�SHUIRUPHG�XVLQJ�ERWK�IXQFWLRQDO�
DQQRWDWLRQV�IURP�*2�DQG�.(**�DQG�UHJXODWRU\�LQIRUPDWLRQ�IURP�
33,�GDWDEDVHV��)XQFWLRQDO�FODVVLÀFDWLRQ�RI�JHQHV�DQG�YLVXDOL]D�
WLRQ� RI� WKH� UHODWHG� FDWHJRULHV� LV� QLFHO\� VXSSRUWHG� LQ�3$17+(5�
�3URWHLQ�$1DO\VLV�7+URXJK�(YROXWLRQDU\�5HODWLRQVKLSV��KWWS���ZZZ�
SDQWKHUGE�RUJ���&ODVVLÀFDWLRQ�6\VWHP��7KRPDV�HW�DO�, 2003). This 
WRRO�WDNHV�LQWR�DFFRXQW�WKH�JHQH�IDPLOLHV��WKH�*2�FODVVHV�DQG�WKH�
3DWKZD\V��WR�DVVLJQ�D�IXQFWLRQDO�FODVV�WR�HDFK�JHQH�

7KH� WRROER[HV� GHVFULEHG� LQ� WKLV� VHFWLRQ� DUH� MXVW� VRPH� IHZ�
H[DPSOHV� H[DPSOHV� RI� D� JURZLQJ� VHW� RI� JHQHUDO� RU� GHGLFDWHG�
VRIWZDUH� SODWIRUPV� IRU� ELRLQIRUPDWLFV� GDWD� DQDO\VLV�� 7KHVH� DUH�
UHJXODUO\�UHSRUWHG�LQ�VSHFLDO�DSSOLFDWLRQ�VHFWLRQV�RI�MRXUQDOV�VXFK�
DV�%LRLQIRUPDWLFV��%0&�%LRLQIRUPDWLFV�DQG�1XFOHLF�$FLGV�5HVHDUFK�

Text mining approaches
:LWK�WKH�LQFUHDVLQJ�YROXPH�RI�ELRPHGLFDO�SXEOLFDWLRQV��WKH�DX�

WRPDWHG�DQDO\VLV�DQG�PLQLQJ�RQ�OLWHUDWXUH�LV�EHFRPLQJ�DQ�HVVHQWLDO�
part of biomedical data exploration pipelines. One of the most 
FKDOOHQJLQJ�JRDOV�LV�WKH�H[WUDFWLRQ�RI�VSHFLÀF�HPEHGGHG�LQIRUPD�
WLRQ��VXFK�DV�DVVRFLDWLRQV�RI�JHQHV�ZLWK�WKHLU�UHODWHG�GLVHDVHV�DQG�
WUHDWPHQWV��DQG�H[SHULPHQW�VSHFLÀF�UHWULHYDO�RI�UHODWHG�OLWHUDWXUH�
DQG�LWV�VXPPDUL]DWLRQ�

7R�WKLV�HQG��D�QXPEHU�RI�7H[W�0LQLQJ�DQG�1DWXUDO�/DQJXDJH�
3URFHVVLQJ� PHWKRGV� KDYH� EHHQ� GHYHORSHG� IRU� WKH� DXWRPDWHG�
HODERUDWLRQ�RI�WH[WXDO�FRQWHQW�RI�ELRPHGLFDO�SXEOLFDWLRQV��.UDOOLQJHU 
HW�DO�, 2008, Weeber�HW�DO����������7KH�PDLQ�HIIRUWV�LQ�WKLV�DUHD�KDYH�
EHHQ�UHODWHG�WR�WKH�LGHQWLÀFDWLRQ�RI�ELRORJLFDO�HQWLWLHV��1DPH�(QWLW\�
5HFRJQLWLRQ��LQ�IUHH�WH[W��7KH�PRVW�VWUDLJKWIRUZDUG�OLWHUDWXUH�DQDO\VLV�
DSSURDFK�IRU�WKLV�WDVN�LV�WKH�H[WUDFWLRQ�RI�NH\ZRUGV�DQG�WKHLU�UHS�

Fig. 4. An example of microarray data analysis schema in Orange. Significantly expressed genes selected from a Gene Expression Omnibus (GEO) 
data set are analyzed with Gene Ontology (GO) enrichment. The ‘GO Browser’ enables to set the parameters of the analysis (e.g. statistical test and 
p-value thresholds) and to visualize the enriched terms and the corresponding genes within the hierarchy of GO terms. Categories of genes may be 
selected for further bioinformatics analysis.
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UHVHQWDWLRQ�WKURXJK�IUHTXHQF\�SDWWHUQV��$IWHU�VRPH�SUH�SURFHVVLQJ�
VWHSV�UHTXLUHG�IRU�WKH�WH[W�GHFRPSRVLWLRQ��VXFK�DV�OHPPDWL]DWLRQ�
DQG�VWHPPLQJ��ZRUGV�UHSUHVHQWLQJ�VSHFLÀF�NLQGV�RI�HQWLWLHV��H�J���
JHQH�QDPHV��DUH�LGHQWLÀHG�IURP�IUHH�WH[W��7KLV�VWHS�PXVW�GHDO�ZLWK�
D�SUREOHP�RI�DPELJXLW\��GXH�WR�WKH�H[LVWHQFH�RI�GLIIHUHQW�QDPHV�IRU�
WKH�VDPH�HQWLW\�DQG�WR�DEXQGDQFH�RI�DFURQ\PV�DQG�DEEUHYLDWLRQV�
LQ�ELRPHGLFDO�OLWHUDWXUH��ZKLFK�FDQ�UHVXOW�LQ�D�PLVLQWHUSUHWDWLRQ�RI�
ZRUGV��)RU�WKLV�UHDVRQ��1DPH�(QWLW\�5HFRJQLWLRQ�VWUDWHJLHV�XVXDOO\�
UHO\�RQ�RWKHU�GDWDEDVHV��VXFK�DV�WKH�(QWUH]�*HQH�1&%,�GDWDEDVH��
WR�GHULYH�WKH�FRUUHFW�QDPHV��1X]]R�HW�DO����������,Q�D�VHSDUDWH�VWHS��
D�VHW�RI�NH\ZRUGV�LV�DQDO\]HG�WR�UHWULHYH�VLJQLÀFDQW�FR�FLWDWLRQ�ZLWK�
WKH�HQWLWLHV�RI�LQWHUHVW��$�FUXFLDO�DVSHFW�RI�WKH�DQDO\VLV�LV�DERXW�WKH�
W\SH�RI�FRQVLGHUHG�NH\ZRUGV�WKDW�PD\�FKDQJH�DFFRUGLQJ�WR�WKH�
IXQFWLRQDO�FRQWH[W�LQ�ZKLFK�DQ�HQWLW\�DSSOLHV��$OWKRXJK�HYHU\�ZRUG�
IURP�WKH�WH[W�FDQ�EH�DQDO\]HG��WKH�PRVW�FRPPRQ�ZD\�WR�FRQVLGHU�
IXQFWLRQDO�FRQWH[W�LQ�WH[W�PLQLQJ�LV�WKH�LQWURGXFWLRQ�RI�VWUXFWXUHG��
KDQG�FXUDWHG�LQIRUPDWLRQ�DERXW�ELRORJLFDO�HQWLWLHV��)RU�LQVWDQFH��
0H6+�YRFDEXODU\�DVVLJQV�GRPDLQV�OLNH�GLVHDVHV�RU�DQDWRP\�WR�
SXEOLFDWLRQV��6XFK�DQQRWDWLRQV�FDQ�EH�XVHG�WR�HVWDEOLVK�GLIIHUHQW�
¶OLQHV�RI�HYLGHQFH·�IRU�DQ�HQWLW\�UHODWLRQ�GHULYHG�IURP�WH[W��$�FHUWDLQ�
GLVHDVH�FDQ�EH�DVVLJQHG�WR�D�JHQH�LI�WKH�SDSHU�ZKHUH�WKH�HQWLW\�ZDV�
LGHQWLÀHG�KDG�EHHQ�DVVLJQHG�WR�WKH�GLVHDVH�YLD�0H6+��7KH�OHYHO�
RI�DVVRFLDWLRQ�LV�WKHQ�DVVLJQHG��+HUH�WKH�VLPSOHVW�DSSURDFK�LV�WR�
FRQVLGHU�WKHLU�RFFXUUHQFH�LQ�WKH�WH[W�RU�WKH�QXPEHU�RI�SXEOLFDWLRQV�
WKDW�FRQWDLQ�WKH�VDPH�HYLGHQFH��0RUH�VRSKLVWLFDWHG�PHWKRGV�WDNH�
LQWR�DFFRXQW�WKH�SRVLWLRQ�RI�WKH�ZRUG�LQ�WKH�VHQWHQFH�DQG�ZHLJKW�
HDFK�WHUP�DFFRUGLQJ�WR�D�PHDVXUH�RI�WKH�LPSRUWDQFH�RI�WKH�WHUP�IRU�
D�SDUWLFXODU�JHQH��$�UHFHQWO\�SURSRVHG�PHWKRG�DVVRFLDWHV�JHQHV�
EDVHG�RQ�WKH�GLVHDVH�UHODWHG�80/6�DQQRWDWLRQV�H[WUDFWHG�IURP�
3XE0HG��$FFRUGLQJ� WR� WKLV�SURFHGXUH�� WHUPV�DERXW�GLVHDVHV�RU�
V\PSWRPV�WKDW�DUH�IUHTXHQW�LQ�DOO�WKH�SXEOLFDWLRQV�DQG�QRW�VSHFLÀ�
FDOO\�DVVLJQHG�WR�WKH�SXEOLFDWLRQV�UHODWHG�WR�WKH�FRQVLGHUHG�JHQH�
DUH�UDWHG�DV�OHVV�LPSRUWDQW��1X]]R�HW�DO����������

$Q�H[DPSOH�RI�D�VRIWZDUH�WKDW�QLFHO\�LQWHJUDWHV�GDWD�DQDO\VLV�DQG�
OLWHUDWXUH�PLQLQJ�LV�3DWKZD\�6WXGLR��KWWS���ZZZ�DULDGQHJHQRPLFV�
FRP�SURGXFWV�SDWKZD\�VWXGLR����,W�HQDEOHV�WKH�DQDO\VLV�RI�ELRORJLFDO�
GDWD��LQFOXGLQJ�JHQH�H[SUHVVLRQ�RU�SURWHRPLFV�H[SHULPHQWV��1LNLWLQ 
HW�DO����������7KH�0HG6FDQ�PRGXOH�RI�3DWKZD\�6WXGLR�DLPV�DW�

H[WUDFWLQJ�ELRPHGLFDO�LQIRUPDWLRQ�E\�XVLQJ�GLFWLRQDULHV�WR�LGHQWLI\�
biological terms (H�J��SDWKZD\V��SURWHLQV��HWF��DQG�H[WUDFWLQJ�WKH�
UHODWLRQVKLSV�ZLWK�QDWXUDO� ODQJXDJH�SURFHVVLQJ�PHWKRGV��2WKHU�
WH[W�PLQLQJ�VRIWZDUH�VXLWHV�VSHFLÀFDOO\�GHVLJQHG� IRU�ELRPHGLFDO�
GDWD�DQDO\WLFV�DUH�UHYLHZHG�LQ��/X et al���������

From gene lists to association networks
:KLOH�HQULFKPHQW�DQDO\VLV�DQG�WH[W�PLQLQJ�DUH�KHOSIXO�LQ�XQYHLO�

LQJ�WKH�PRVW�XSGDWHG�LQIRUPDWLRQ�RQ�D�VHW�RI�JHQHV��WKH\�VKHG�OLWWOH�
OLJKW�RQ�WKH�FRPSOH[�LQWHUDFWLQJ�JURXSV�RI�PROHFXOHV�WKDW�FRQVWLWXWH�
OLYLQJ�V\VWHPV��:KHQ�DQDO\]LQJ�H[SHULPHQWDO�GDWD��ZH�DUH�QRW�RQO\�
LQWHUHVWHG�LQWR�HQWLWLHV�WKDW�DUH�UHODWHG�WR�REVHUYHG�SURFHVVHV��EXW�
LQ�WKHLU�UHODWLRQV�DQG�QHWZRUNV�WKDW�ZRXOG�UHYHDO� WKH�XQGHUO\LQJ�
biological mechanisms.

)RU�D�QXPEHU�RI�ZHOO�VWXGLHG�PRGHO�RUJDQLVPV�VXFK�DV�EXGGLQJ�
\HDVW��LW�LV�SRVVLEOH�WR�XVH�YDOLGDWHG�33,�DQG�KLJKOLJKW�WKH�DVVRFLD�
tions most related to the process of interest. When considering 
KLJKO\�FRPSOH[�VSHFLHV��LQFOXGLQJ�PRXVH�DQG�KXPDQV��UHVHDUFK�
HUV�KDYH�WR�WDNH�LQWR�DFFRXQW�RWKHU�W\SHV�RI�DVVRFLDWLRQV��GXH�WR�
WKH�ODFN�RI�IXQFWLRQDOO\�YDOLGDWHG�LQWHUDFWLRQV��,Q�JHQH�QHWZRUNV��
WKH�FRQFHSW�RI�LQWHUDFWLRQ�LV�WKXV�H[SDQGHG�DV�WKH�ÀQGLQJV�IURP�
SK\VLFDO� LQWHUDFWLRQ�H[SHULPHQWV�DUH�FRPELQHG�ZLWK�DQ\�SRWHQ�
WLDOO\�XVHIXO�DVVHUWLRQ�RQ�DVVRFLDWLRQV�RI�ELRPHGLFDO�HQWLWLHV�IURP�
DYDLODEOH�NQRZOHGJH�VRXUFHV��7H[W�PLQLQJ�DQG�FR�RFFXUUHQFH�LQ�
WKH�SXEOLFDWLRQV�DUH�HYDOXDWHG�IRU�WKLV�SXUSRVH�DQG�WKH�HYLGHQFH�
FRPLQJ�IURP�WKH�OLWHUDWXUH�LV�XVHG�E\�SRSXODU�WRROV�VXFK�DV�675,1*�
�6]NODUF]\N�HW�DO���������DQG�,3$��,QJHQXLW\�6\VWHPV��ZZZ�LQJH�
QXLW\�FRP��IRU�FRQVWUXFWLQJ�SURWHLQ�RU�JHQH�QHWZRUNV��8QOLNH�SUL�
PDU\�33,�LQWHUDFWLRQ�GDWDEDVHV��675,1*�FRPELQHV�DQG�ZHLJKWV�
LQIRUPDWLRQ� DXWRPDWLFDOO\� H[WUDFWHG� IURP� KLJK�WKURXJKSXW� GDWD��
OLWHUDWXUH�GDWD�PLQLQJ��VLJQDOLQJ�DQG�WUDQVFULSWLRQDO�SDWKZD\V�DQG�
RUJDQLVP�VSHFLÀF�GDWDEDVHV��675,1*�DOVR�DXWRPDWLFDOO\�WUDQV�
IHUV�33,�YDOLGDWHG�LQWHUDFWLRQV�DPRQJ�RUJDQLVPV�LI�D�RUWKRORJRXV�
SURWHLQ�SDLU�LV�SUHVHQW�LQ�DQRWKHU�VSHFLHV��:LWKLQ�D�ZHE�LQWHUIDFH��
675,1*�FDQ�UHQGHU�WKH�QHWZRUNV�UHODWHG�WR�D�VHOHFWHG�SURWHLQ��
ZKHUH�HDFK�OLQN�LV�HQKDQFHG�ZLWK�WKH�LQIRUPDWLRQ�UHJDUGLQJ�WKH�
VRXUFH�RI�NQRZOHGJH�IURP�ZKLFK�WKH�LQWHUDFWLRQ�ZDV�LQIHUUHG��)LJ��
����$�VFRUH�LQGLFDWLQJ�WKH�FRQÀGHQFH�RI�WKH�SUHGLFWHG�LQWHUDFWLRQ�
LV�DOVR�SURYLGHG��ZLWK�KLJKHU�YDOXHV�DVVLJQHG�ZKHQ�WKH�OLQN�KDV�
EHHQ�LQIHUUHG�IURP�PXOWLSOH�VRXUFHV�

$�YHU\�SRSXODU�FRPPHUFLDO�WRRO�IRU�H[SORUDWLRQ�RI�ELRORJLFDO�QHW�
ZRUNV�LV�WKH�VRIWZDUH�,QJHQXLW\�3DWKZD\�$QDO\VLV��,3$���,W�SURYLGHV�
an environment for explorative analysis over biological interactions 
REWDLQHG� IURP�PDQXDOO\� FXUDWHG� UHODWLRQVKLSV� DPRQJ� SURWHLQV��
51$��JHQHV��PHWDEROLWHV��SURWHLQ�FRPSOH[HV��GUXJV�DQG�GLVHDVHV��
(YHU\�UHODWLRQ�GLVSOD\HG�FDQ�EH�WUDFHG�EDFN�WR�WKH�VRXUFHV�IURP�
ZKHUH�LW�ZDV�LQIHUUHG�DQG�WKH�VRIWZDUH�SURYLGHV�GHWDLOHG�UHODWHG�
LQIRUPDWLRQ� WKDW�DUH�PDQXDOO\�FXUDWHG�DQG�XSGDWHG�E\�H[SHUWV��
:KHQ�UXQ�RQ�D�GDWDVHW�� ,3$�&RUH�$QDO\VLV�HQDEOHV� WKH�XVHU� WR�
YLVXDOL]H�DQG�DQDO\]H�WKH�PHWDEROLF�DQG�VLJQDOLQJ�SDWKZD\V��DQG�
WR�LQVSHFW�FHOOXODU�SURFHVVHV�DQG�WUDQVFULSWLRQ�IDFWRUV�UHODWHG�WR�
the genes of interest.

Applications to –omics analysis in oogenesis and early em-
bryogenesis

Recently, there has been an increasing effort in leveraging the 
DYDLODEOH�NQRZOHGJH�IRU�VWXG\LQJ�GHYHORSPHQWDO�SURFHVVHV�GXULQJ�
RRJHQHVLV� DQG�HDUO\� HPEU\RJHQHVLV�� ,Q� SDUWLFXODU�� UHVXOWV� IURP�
VHYHUDO�VWXGLHV�XVLQJ�²RPLFV�WHFKQRORJLHV��VXFK�DV�PLFURDUUD\V�

Fig. 5. Network of OCT4 interacting proteins obtained with STRING 
(http://string-db.org/).
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DQG�PDVV�VSHFWURPHWU\��KDYH�EHHQ�DQDO\]HG�XVLQJ�WKH�ELRLQIRU�
PDWLFV�WRROV�IRU�DQQRWDWLRQ�DQG�DVVRFLDWLRQ�RI�PROHFXOHV��ZLWK�WKH�
FRPPRQ�DLP�RI�K\SRWKHVL]LQJ�XQNQRZQ�HQWLWLHV�WKDW�SOD\�LPSRUWDQW�
UROH� LQ�FHOO�GLIIHUHQWLDWLRQ��)RU� LQVWDQFH�� UHVHDUFKHUV� LQ� WKH�ÀHOG�
RI�RRF\WHV�GLIIHUHQWLDWLRQ�PD\�FRQVLGHU�D�VXEVHW�RI�JHQHV�NQRZQ�
DV�PDWHUQDO�HIIHFW�JHQHV�� ,Q� WKH�DQDO\VLV�RI�GDWD� IURP�RRF\WHV��
DQ� DGGHG� YDOXH� LV� UHSUHVHQWHG� E\� WKH� HYLGHQFH� WKDW� D� NQRZQ�
PDWHUQDO�HIIHFW�JHQH�LV�RIWHQ�UHODWHG�WR�DQRWKHU�JHQH�WKDW�KDV�QRW�
EHHQ�SUHYLRXVO\�FRQVLGHUHG��6XFK�HYLGHQFH�FDQ�EH�REWDLQHG�IURP�
JHQH�DQQRWDWLRQV�DQG�DVVRFLDWLRQ�QHWZRUNV�

0RVW�RI�WKH�FXUUHQW�ZRUNV�LQ�WKLV�DUHD�IRFXV�WKHLU�ELRLQIRUPDWLFV�
DQDO\VLV�RQ�JHQH�VHW�HQULFKPHQW��ZLWK�SDUWLFXODU�UHIHUHQFH�WR�*2�
SURFHVVHV�DQG�.(**�SDWKZD\V��,Q�RQH�RI�WKHVH�VWXGLHV��WKDQNV�
WR�WKH�DQDO\VLV�SHUIRUPHG�ZLWK�'$9,'��LW�ZDV�SRVVLEOH�WR�KLJKOLJKW�
WKH�PDMRU�GLIIHUHQFHV�LQ�WHUPV�RI�DFWLYDWHG�SDWKZD\V�EHWZHHQ�in 
vitro PDWXUHG�DQG�LPPDWXUH�ERYLQH�RRF\WHV��WKXV�FRQÀUPLQJ�WKH�
WUDQVFULSWLRQDO�FKDQJHV�GXULQJ�RRF\WH�JURZWK��0DPR�HW�DO����������

7KH�UHVXOWV�SURYLGHG�LQVLJKWV�LQWR�WKH�PHWDEROLF�SDWKZD\V�ZKRVH�
DFWLYDWLRQ�SUHYHQW�WKH�PDWXUDWLRQ�RI�GHYHORSPHQWDOO\�FRPSHWHQW�
RRF\WHV��$Q�LQWHJUDWHG�SLSHOLQH�RI�SURWHRPLFV�H[SHULPHQWV�FRXSOHG�
ZLWK�*2�HQULFKPHQW�DQG�,3$�QHWZRUNV�ZDV�DOVR�DSSOLHG�WR�ERYLQH�
oocytes at the germinal vesicle stage (Peddinti�HW�DO����������7KH�
PHWKRGV�DOORZHG�LGHQWLI\LQJ�WKH�VLJQDOLQJ�DQG�WKH�SURFHVVHV�WKDW�
may have an impact on oocytes developmental competence and 
PDWXUDWLRQ�

With a similar aim, MII developmentally competent oocytes 
(MII61��ZHUH�FRPSDUHG�ZLWK�RRF\WHV�WKDW�FHDVH�GHYHORSPHQW�DW�WKH�
��FHOO�VWDJH��0,,161���=XFFRWWL�HW�DO���������=XFFRWWL�HW�DO�, 2008). The 
*2�HQULFKPHQW�DQDO\VLV�SHUIRUPHG�ZLWK�'$9,'�DQG�WKH�QHWZRUNV�
REWDLQHG�XVLQJ�,3$�DOORZHG�WKH�LGHQWLÀFDWLRQ�RI�JHQH�H[SUHVVLRQ�
QHWZRUNV� LQYROYHG� LQWR� WKH� UHJXODWLRQ� RI� ELRFKHPLFDO� SDWKZD\V�
UHSUHVHQWDWLYH�RI�WKH�DGYHUVH�ELRORJLFDO�VWDWXV�RI�0,,161 oocytes. 
,Q�DGGLWLRQ��WKH�H[SORLWHG�NQRZOHGJH�EDVHG�PHWKRGV�KLJKOLJKWHG�
WKH�HVVHQWLDO�UROH�RI�WKH�2&7��WUDQVFULSWLRQ�IDFWRU��ZKRVH�GRZQ�
UHJXODWLRQ�LQ�LQFRPSHWHQW�RRF\WHV�LQGXFHV�WKH�XS�UHJXODWLRQ�RI�D�
JURXS�RI�JHQHV�LQYROYHG�LQ�WKH�DFWLYDWLRQ�RI�DGYHUVH�SDWKZD\V��VXFK�
DV�R[LGDWLYH�SKRVSKRU\ODWLRQ��PLWRFKRQGULDO�G\VIXQFWLRQ�DQG�DSRS�
WRVLV��0RUH�UHFHQWO\��WKH�VDPH�DXWKRUV�SURYLGHG�D�WKRURXJK�DQDO\VLV�
RI�WKH�LGHQWLÀHG�JHQHV�LQ�SUHLPSODQWDWLRQ�HPEU\RV�GHULYHG�IURP�
MII161 and MII61�RRF\WHV��=XFFRWWL�HW�DO����������7KH�WUDQVFULSWLRQDO�
OLQN�EHWZHHQ�HJJV��HDUO\�SUHLPSODQWDWLRQ�HPEU\RV�DQG�HPEU\RQLF�
VWHP�FHOOV��(6&V��ZDV�DVVHVVHG�WKDQNV�WR�D�FRPSUHKHQVLYH�ELRLQ�
IRUPDWLFV�DQDO\VLV�WKDW�WRRN�DGYDQWDJH�RI�WKH�IXQFWLRQV�SURYLGHG�E\�
WKH�2UDQJH�VRIWZDUH��)LUVW��WKH�HQULFKHG�*2�WHUPV�ZHUH�LGHQWLÀHG�
WKURXJK�WKH�*2�%URZVHU�ZLGJHW��DV�VKRZQ�LQ�)LJ�����$�PHDVXUH�
RI�WKH�FRQQHFWLRQ�RI�WKHVH�JHQHV�ZLWK�FDQFHU�UHODWHG�SURFHVVHV�
ZDV�DVVHVVHG�WKDQNV�WR�D�VWDWLVWLFDO�DQDO\VLV�RI�WKH�JHQH�H[SUHV�
VLRQ� GDWD� VWRUHG� LQ�$UUD\([SUHVV��0RUHRYHU�� D� OLWHUDWXUH�EDVHG�
VHDUFK�VWUDWHJ\�DQG�WH[W�PLQLQJ�WHFKQLTXHV��GHVFULEHG�LQ��1X]]R 
HW�DO����������ZHUH�XVHG�WR�JDWKHU�WKH�DYDLODEOH�NQRZOHGJH�IURP�
3XE0HG�DERXW�D�VHW�RI�2&7��UHJXODWHG�JHQHV�ZKRVH�WUDQVFULSWV�
ZHUH�GHWHFWHG�LQ�ERWK�0,,�RRF\WHV�DQG���FHOO�HPEU\RV��7KH�WH[W�
PLQLQJ�PHWKRGV�DOORZHG�UHWULHYLQJ�D�VHW�RI�0H6+�WHUPV�IURP�WKH�
SXEOLFDWLRQV��ZKLFK�ZHUH�FRPELQHG�ZLWK�LQIRUPDWLRQ�IURP�WKH�*HQH�
2QWRORJ\� WR�DVVLJQ� WR�HDFK�JHQH�D� VHW� RI�ZHLJKWHG�DQQRWDWLRQ�
WHUPV��7KH�REWDLQHG�DQQRWDWLRQ�SURÀOHV�ZHUH�WKHQ�XVHG�WR�DVVHVV�
D�PHDVXUH�RI� WKH�VLPLODULW\�DPRQJ� WKH�JHQHV�� WKDW�DOORZHG� WKH�
FRQVWUXFWLRQ�RI�D�2&7��WUDQVFULSWLRQDO�QHWZRUN��DLPHG�DW�H[SORULQJ�
WKH�FRQWULEXWLRQ�RI�QRW�SUHYLRXVO\�FRQVLGHUHG�PROHFXODU�IDFWRUV�WR�
the mammalian egg developmental competence. 

$OWKRXJK� WKH� XVH� RI� GDWD� DXWRPDWLFDOO\� H[WUDFWHG� IURP� WKH�
OLWHUDWXUH� LV�QRW�YHU\�FRPPRQ� LQ� WKH�SXEOLFDWLRQV� UHODWHG� WR�RR�
F\WH� GHYHORSPHQW�� RWKHU� ZRUNV� KDYH� VKRZQ� WKH� EHQHÀW� RI� WKH�
REWDLQHG�LQIRUPDWLRQ��1RYHO�SURWHRPLF�WHFKQRORJLHV�FRXSOHG�ZLWK�
DQ�H[KDXVWLYH�ELRLQIRUPDWLFV�DQDO\VLV�ZHUH�XVHG�WR�XQFRYHU�WKH�

Fig. 6. The process of knowledge-based bioinformatics analysis. Data 
coming from high-throughput experiments are analyzed with methods that 
extract the available knowledge from different biological repositories. Results 
in terms biological annotation terms and networks connecting genes or 
proteins are further analyzed and refined based on the knowledge of the 
expert and on the evidence coming from the data. For instance, genes 
that were not previously included in the lists would be considered in light 
of the knowledge retrieved by means of the bioinformatics methods. The 
final aim of the process is to promote knowledge discovery.

Fig. 7. Example of a differentiation scale where a sample obtained from induced pluripotent stem cells (iPSCs) is projected to the scale to uncover 
its real stage of development with respect to standard conditions of differentiation.
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PDWHUQDO�SURWHLQV�WKDW�SOD\�D�UROH�LQ�PDWXUH�RRF\WHV��=KDQJ�HW�DO�, 
�������,Q�WKLV�ZRUN��%DEHORPLFV�DOORZHG�WKH�LGHQWLÀFDWLRQ�RI�WKH�
RYHU�UHSUHVHQWHG�DQG�XQGHU�UHSUHVHQWHG�*2�WHUPV��ZKLOH�WKH�WH[W�
PLQLQJ�WRRO�3DWKZD\�6WXGLR�ZDV�XVHG�IRU�UHWULHYLQJ�WKH�HQWULHV�LQ�
3XE0HG�UHODWHG�WR�WKH�SURWHLQV�RI�LQWHUHVW��7KH�UHVXOWV�RI�WKH�WH[W�
PLQLQJ�SURFHGXUH�ZHUH�YLVXDOL]HG�LQ�D�JUDSK�ZKHUH�WKH�SURWHLQV�
ZHUH�OLQNHG�WR�WKHLU�PRVW�IUHTXHQWO\�DVVRFLDWHG�SDWKZD\�UHODWHG�
NH\ZRUGV��H�J���RRJHQHVLV���

,Q�PRVW�RI�WKH�SUHVHQWHG�DSSURDFKHV��UHVHDUFKHUV�IROORZ�D�GDWD�
DQDO\VLV�SLSHOLQH�WKDW�UHOLHV�RQ�WKH�VWHSV�VKRZQ�LQ�)LJ�����

)RU�H[DPSOH��=XFFRWWL�HW�DO����������H[SDQGHG�WKH�VHW�RI�JHQHV�
LQLWLDOO\�VHOHFWHG�UHO\LQJ�RQ�WKH�H[SUHVVLRQ�YDOXHV�FRQVLGHULQJ�WKH�
LQIRUPDWLRQ�H[WUDFWHG�IURP�*2�DQG�WKH�OLWHUDWXUH��7KH�NQRZOHGJH�
EDVHV�DQG�WKH�PHWKRGV�IRU�H[WUDFWLQJ�DQG�UHSUHVHQWLQJ�WKH�NQRZO�
HGJH�ZHUH�WKHQ�XVHG�WR�SURGXFH�D�2&7��WUDQVFULSWLRQDO�QHWZRUN��
7KLV�UHVXOW�ZDV�YDOLGDWHG�E\�WKH�DXWKRUV�LQ�RUGHU�WR�LGHQWLI\�ELR�
ORJLFDOO\�UHOHYDQW�FOXVWHUV�LQ�WKH�QHWZRUN��DQG�WR�GHÀQH�WKH�PRVW�
interesting genes (L�H��DQ�DGGLWLRQDO�VHW�RI�2&7��UHJXODWHG�JHQHV��
WKDW�ZHUH�XQYHLOHG�E\�PHDQV�RI�WKH�NQRZOHGJH�EDVHG�PHWKRGROR�
JLHV��7KH�NQRZOHGJH�GLVFRYHU\�SURFHVV�FRQWLQXHG�ZLWK�WKH�UHYLVLRQ�
of the gene expression data from oocytes and embryos in order to 
highlight the change of transcription of the selected genes.

6LPLODUO\��WKH�HQULFKPHQW�DQG�OLWHUDWXUH�EDVHG�DQDO\VLV�RI�WKH�
proteomics experiments conceived by Zhang�HW�DO���(2009) helped 
LGHQWLI\LQJ�D�VHW�RI�SURWHLQV�RI�LQWHUHVW��ZKRVH�JHQH�QDPHV�ZHUH�
XVHG�WR�TXHU\�DQ�DGGLWLRQDO�GDWDEDVH�FRQWDLQLQJ�P51$�H[SUHVVLRQ�
SURÀOHV�LQ�GLIIHUHQW�WLVVXHV��7KLV�SURFHGXUH�DOORZHG�WKH�LGHQWLÀFD�
WLRQ�RI�D�JURXS�RI�JHQHV�RI�WKH�7�FHOO�OHXNHPLD�IDPLO\�WKDW�FDQ�EH�
FODVVLÀHG�DV�RRF\WH�VSHFLÀF�EDVHG�RQ�WKHLU�H[SUHVVLRQ�SDWWHUQV�

.QRZOHGJH�EDVHG�ELRLQIRUPDWLFV�KDYH�EHHQ�VXFFHVVIXOO\�DSSOLHG�
IRU�WKH�LGHQWLÀFDWLRQ�RI�WKH�VWHP�FHOOV�UHJXODWRU\�QHWZRUN��&DPSEHOO 
HW�DO�, 2007, Pardo�HW�DO����������ZKLFK�VKDUHV�D�ODUJH�SDUW�RI�WKH�
JHQHV�ZLWK�WKH�2&7��WUDQVFULSWLRQDO�QHWZRUN�DFWLYH�GXULQJ�RRF\WH�
development (Ding�HW�DO���������=KDQJ�HW�DO���������=XFFRWWL et 
DO��� ������� ,Q� VWHP� FHOO� UHVHDUFK�� WKH� UHOLDELOLW\� RI� WKH� LGHQWLÀHG�
QHWZRUNV�LV�XVXDOO\�LQFUHDVHG�E\�LQWHJUDWLQJ�LQIRUPDWLRQ�FRPLQJ�
IURP�GLIIHUHQW�NQRZOHGJH�UHSRVLWRULHV��7R�GLVFRYHU�WKH�IXQFWLRQV�RI�
the predicted list of OCT4 interactors, Pardo�HW�DO����������XVHG�D�
VHW�RI�ELRLQIRUPDWLFV�UHVRXUFHV��LQFOXGLQJ�*2��.(**��3$17+(5��
0,17�DQG�RWKHU�33,�GDWDEDVHV��WR�UHWULHYH�WKH�SUHYLRXVO\�NQRZQ�
interactions (Pardo� HW� DO��� ������� 6LPLODU� VWXGLHV� KDYH� DSSOLHG�
LQQRYDWLYH� SDWKZD\� HQULFKPHQW� PHWKRGV� �%DEDLH� HW� DO�, 2007) 
RU�DSSURDFKHV�IRU�DQDO\]LQJ�WKH�OLWHUDWXUH�LQ�3XE0HG��&DPSEHOO 
HW�DO�, 2007) achieving the same goal in the characterization of 
(6&V�QHWZRUNV�

Future directions and challenges

7KH�UHVXOWV�RI�WKH�VWXGLHV�SUHVHQWHG�LQ�WKH�SUHYLRXV�VHFWLRQ�SRLQW�
RXW�WKH�HYLGHQFH�RI�D�UHODWLRQVKLS�EHWZHHQ�VRPH�WUDQVFULSWLRQ�IDFWRUV�
WKDW�SOD\�D�NH\�UROH�LQ�RRJHQHVLV�DQG�D�QXPEHU�RI�JHQHV�WDNLQJ�SDUW�
DOVR�LQ�WKH�UHJXODWRU\�QHWZRUNV�DFWLYH�LQ�(6&V��+RZHYHU��WKH�OLQN�
EHWZHHQ�HJJV��HDUO\�SUHLPSODQWDWLRQ�HPEU\RV�DQG�(6&V�VKRXOG�
EH�IXUWKHU�LQYHVWLJDWHG�LQ�OLJKW�RI�WKH�JUHDW�QXPEHU�RI�H[SHULPHQWV�
on stem cells available in the biological data repositories. 

2QH�RI�WKH�ÀUVW�HIIRUWV�PDGH�LQ�WKLV�GLUHFWLRQ�LV�UHSUHVHQWHG�E\�
WKH�(PEU\RQLF�6WHP�&HOOV�'DWDEDVH��(6&'E��KWWS���ELLW�FV�XW�HH�
HVFG����%DVHG�RQ�KXPDQ�DQG�PRXVH�(6&�UHODWHG�GDWDVHWV��WKLV�
UHVRXUFH�HQDEOHV�UHWULHYLQJ�LQIRUPDWLRQ�RQ�WKH�LQWHUDFWLRQ�EHWZHHQ�

D�JHQH�RI�LQWHUHVW�DQG�WKH�PRVW�NQRZQ�WUDQVFULSWLRQ�IDFWRUV�LQ�VWHP�
FHOO� GHYHORSPHQW� �-XQJ� HW� DO��� ������� /LQNV� WR�RWKHU�GDWDEDVHV�
DOORZ� VHDUFKLQJ� IRU� JHQHV�ZLWK� D� VSHFLÀF� EHKDYLRU� LQ� VHOHFWHG�
WLVVXHV�RU�SDWKZD\V�

Recently, there has been an increasing effort in exploiting the 
DYDLODEOH�JHQRPH�ZLGH�H[SUHVVLRQ�GDWD�WR�KLJKOLJKW�WKH�WUDQVFULS�
WLRQDO�FKDQJHV�WKDW�RFFXU�GXULQJ�WKH�GLIIHUHQWLDWLRQ�RI�VWHP�FHOOV�
(Aiba� HW� DO��� ������ 'XWNRZVNL� DQG� ,GHNHU�� ������� ,Q� SDUWLFXODU��
VRPH�RI�WKHVH�VWXGLHV�KDYH�SURSRVHG�VSHFLÀF�WRROV�WKDW�LQIHU�RQ�
WKH�SOXULSRWHQF\�VWDWXV�RI�FHOOV��0XOOHU�HW�DO����������GHYHORSHG�D�
FODVVLÀFDWLRQ�PHWKRG�DEOH�WR�GLVWLQJXLVK�SOXULSRWHQW�IURP�GLIIHUHQWL�
DWHG�VDPSOHV��0XOOHU�HW�DO����������:LWK�D�VLPLODU�DLP��D�UHFHQWO\�
SURSRVHG�ELRLQIRUPDWLFV�SLSHOLQH�ZDV�XVHG�WR�WUDQVIRUP�JHQRPH�
ZLGH�H[SUHVVLRQ�GDWD�LQWR�D�JUDSKLFDO�GHYLFH�WKDW�SUHGLFWV�WKH�GLI�
IHUHQWLDWLRQ�VWDWXV�RI�(6&V��=DJDU�HW�DO����������8VLQJ�WKLV�PHWKRG��
the stages corresponding to normal development are displayed in 
D�RQH�GLPHQVLRQDO�UXOHU��UHIHUUHG�WR�DV�differentiation scale. Given 
WKH�WUDQVFULSWLRQDO�SKHQRW\SH�RI�D�VDPSOH�IURP�QHZ�H[SHULPHQWDO�
FRQGLWLRQV��H�J���LQGXFHG�SOXULSRWHQW�VWHP�FHOOV��L36&V��RU�FHOOXODU�
OLQHV�WUHDWHG�ZLWK�FKHPLFDO�DJHQWV���WKH�PRGHO�LV�XVHG�WR�SURMHFW�WKH�
H[SHULPHQWDO�VDPSOH�RQ�WKH�VFDOH�LQ�RUGHU�WR�GHWHUPLQH�LWV�DFWXDO�
GLIIHUHQWLDWLRQ�VWDJH�ZLWK�UHVSHFW�WR�WKDW�RI�WKH�FRQWURO�VDPSOH��)LJ��
���� ,QWHUHVWLQJO\��D� UHGXFHG�VHW�RI�JHQHV�ZDV� LGHQWLÀHG� LQ�HDFK�
VWDJH�DV�UHVSRQVLEOH�IRU�GHWHUPLQLQJ�WKH�WUDQVFULSWLRQDO�VLJQDWXUH�
RI�WKH�FHOO�LQ�WKDW�VWDJH��ZKLFK�LQFOXGHG�NQRZQ�SOXULSRWHQF\�DQG�
GLIIHUHQWLDWLRQ�PDUNHUV�DV�ZHOO�DV�JHQHV�QRW�SUHYLRXVO\�VWXGLHG�LQ�
WKLV�ÀHOG��0XODV�HW�DO���������7KH�UHVXOWV�RI�WKHVH�VWXGLHV�VXJJHVW�
WKDW�WKH�VLJQDWXUH�RI�SOXULSRWHQF\�LV�KLGGHQ�LQ�WKH�WUDQVFULSWRPH�DQG�
PD\�EH�XQYHLOHG�E\�ELRLQIRUPDWLFV�DSSURDFKHV��7KHVH�GDWD�GULYHQ�
SUHGLFWLYH�WRROV�RXJKW�WR�EH�LQWHJUDWHG�ZLWK�WKH�DYDLODEOH�NQRZOHGJH��
LQFOXGLQJ�WKH�HVWDEOLVKHG�VWHP�FHOOV�UHJXODWRU\�QHWZRUNV�DQG�WKH�
33,�GDWDEDVHV��'LIIHUHQWLDOO\�H[SUHVVHG�JHQHV�FRQWULEXWH��RQO\�IRU�
D�OLPLWHG�SDUW��WR�WKH�HQWLUH�QHWZRUN�WKDW�GHWHUPLQHV�GHYHORSPHQWDO�
FKDQJHV��33,�UHVRXUFHV�PD\�EH�XVHIXO�WR�LGHQWLI\�RWKHU�UHOHYDQW�
genes, i.e., those that have not been selected as differentially 
UHJXODWHG�LQ�WKH�H[SHULPHQW��EXW�DUH�VXUURXQGHG�E\�D�QXPEHU�RI�
UHJXODWHG�JHQHV�LQ�WKH�LQWHUDFWLRQ�QHWZRUN��1LWVFK�HW�DO����������
2QFH�WKH�H[SDQGHG�QHWZRUN�RI�JHQHV�WKDW�SOD\�D�UROH�IRU�GHWHU�
PLQLQJ�WKH�VLJQDWXUH�RI�D�VSHFLÀF�SOXULSRWHQF\�VWDWXV�KDYH�EHHQ�
GHULYHG��WKH�UHVXOWV�PD\�EH�XVHG�WR�REWDLQ�D�PRUH�SUHFLVH�SLFWXUH�
RI�WKH�OLQNV�H[LVWLQJ�EHWZHHQ�(6&V�DQG�WKH�PDPPDOLDQ�RRF\WHV�

Acknowledgments
7KLV�ZRUN�ZDV�VXSSRUWHG�E\�WKH�)RQGD]LRQH�&DULSOR�JUDQW������²�������

the Italian Ministry of Health ITALBIONET project, CARE-MI EU FP7 project 
�+HDOWK�)����������������81,39�5HJLRQH�/RPEDUGLD��)RQGD]LRQH�$OPD�
0DWHU�7LFLQHQVLV�DQG�E\�WKH�JUDQWV�IURP�WKH�6ORYHQLDQ�5HVHDUFK�$JHQF\�
�3��������-��������/��������

References

$,%$��.���1('25(=29��7���3,$2��<���1,6+,<$0$��$���0$72%$��5���6+$529$��
/�9���6+$529��$�$���<$0$1$.$��6���1,:$��+��DQG�.2��0�6����������'HÀQLQJ�
GHYHORSPHQWDO�SRWHQF\�DQG�FHOO� OLQHDJH� WUDMHFWRULHV�E\�H[SUHVVLRQ�SURÀOLQJ�RI�
GLIIHUHQWLDWLQJ�PRXVH�HPEU\RQLF�VWHP�FHOOV��DNA Res�����������

$/�6+$+5285��)���0,1*8(=��3���9$48(5,=$6��-�0���&21'(��/��DQG�'23$=2��-��
��������%$%(/20,&6��D�VXLWH�RI�ZHE�WRROV�IRU�IXQFWLRQDO�DQQRWDWLRQ�DQG�DQDO\VLV�RI�
JURXSV�RI�JHQHV�LQ�KLJK�WKURXJKSXW�H[SHULPHQWV��Nucleic Acids Res�����:��������

$6+%851(5��0���%$//��&�$���%/$.(��-�$���%2767(,1��'���%87/(5��+���&+(55<��
-�0���'$9,6��$�3���'2/,16.,��.���':,*+7��6�6���(33,*��-�7��HW�DO���(2000). Gene 
RQWRORJ\��WRRO�IRU�WKH�XQLÀFDWLRQ�RI�ELRORJ\��7KH�*HQH�2QWRORJ\�&RQVRUWLXP��Nat 



866    F. Mulas et al.

Genet�����������
%$%$,(��<���+(5:,*��5���*5(%(5��%���%5,1.��7�&���:58&.��:���*527+��'���

/(+5$&+��+���%85'21��7��DQG�$'-$<(��-����������$QDO\VLV�RI�2FW��GHSHQGHQW�
WUDQVFULSWLRQDO�QHWZRUNV�UHJXODWLQJ�VHOI�UHQHZDO�DQG�SOXULSRWHQF\�LQ�KXPDQ�HP�
bryonic stem cells. 6WHP�&HOOV�������������

%$'(5��*�'���%(7(/��'��DQG�+2*8(��&�:����������%,1'��WKH�%LRPROHFXODU�,QWHUDF�
WLRQ�1HWZRUN�'DWDEDVH��Nucleic Acids Res�������������

&$03%(//��3�$���3(5(=�,5$7;(7$��&���$1'5$'(�1$9$552��0�$��DQG�58'�
1,&.,��0�$����������2FW��WDUJHWV�UHJXODWRU\�QRGHV�WR�PRGXODWH�VWHP�FHOO�IXQFWLRQ��
3/R6�2QH����H����

&85.��7���'(06$5��-���;8��4���/(%$1��*���3(7529,&��8���%5$7.2��,���6+$8/�
6.<��*��DQG�=83$1��%����������0LFURDUUD\�GDWD�PLQLQJ�ZLWK�YLVXDO�SURJUDPPLQJ��
Bioinformatics�������������

',1*��-���;8��+���)$,2/$��)���0$·$<$1��$��DQG�:$1*��-����������2FW��OLQNV�PXOWLSOH�
HSLJHQHWLF�SDWKZD\V�WR�WKH�SOXULSRWHQF\�QHWZRUN��Cell Res�������������

'87.2:6.,�� -�� DQG� ,'(.(5�� 7�� �������� 3URWHLQ� QHWZRUNV� DV� ORJLF� IXQFWLRQV� LQ�
development and cancer. 3/R6�&RPSXW�%LRO����H��������

('*$5��5���'205$&+(9��0��DQG�/$6+��$�(����������*HQH�([SUHVVLRQ�2PQLEXV��
1&%,� JHQH�H[SUHVVLRQ� DQG� K\EULGL]DWLRQ� DUUD\� GDWD� UHSRVLWRU\��Nucleic Acids 
Res�������������

+8$1*��'�:���6+(50$1��%�7��DQG�/(03,&.,��5�$�������D���%LRLQIRUPDWLFV�HQULFK�
PHQW�WRROV��SDWKV�WRZDUG�WKH�FRPSUHKHQVLYH�IXQFWLRQDO�DQDO\VLV�RI� ODUJH�JHQH�
lists. Nucleic Acids Res����������

+8$1*�� '�:��� 6+(50$1�� %�7�� DQG� /(03,&.,�� 5�$�� �����E��� 6\VWHPDWLF� DQG�
LQWHJUDWLYH�DQDO\VLV�RI� ODUJH�JHQH� OLVWV�XVLQJ�'$9,'�ELRLQIRUPDWLFV� UHVRXUFHV��
Nat Protoc����������

-81*��0���3(7(5621��+���&+$9(=��/���.$+/(0��3���/(+5$&+��+���9,/2��-��DQG�
$'-$<(��-����������$�GDWD�LQWHJUDWLRQ�DSSURDFK�WR�PDSSLQJ�2&7��JHQH�UHJXOD�
WRU\�QHWZRUNV�RSHUDWLYH�LQ�HPEU\RQLF�VWHP�FHOOV�DQG�HPEU\RQDO�FDUFLQRPD�FHOOV��
3/R6�2QH����H������

.$1(+,6$��0���*272��6���6$72��<���)8580,&+,��0��DQG�7$1$%(��0�� ��������
.(**�IRU�LQWHJUDWLRQ�DQG�LQWHUSUHWDWLRQ�RI�ODUJH�VFDOH�PROHFXODU�GDWD�VHWV��Nucleic 
Acids Res�����'��������

.5$//,1*(5��0���9$/(1&,$��$��DQG�+,56&+0$1��/�� ��������/LQNLQJ�JHQHV� WR�
OLWHUDWXUH��WH[W�PLQLQJ��LQIRUPDWLRQ�H[WUDFWLRQ��DQG�UHWULHYDO�DSSOLFDWLRQV�IRU�ELRORJ\��
Genome Biol���6XSSO����6��

/,&$7$��/���%5,*$17,��/���3(/862��'���3(5)(772��/���,$118&&(//,��0���*$�
/(27$��(���6$&&2��)���3$/0$��$���1$5'2==$��$�3���6$1721,&2��(��HW�DO���
��������0,17��WKH�PROHFXODU� LQWHUDFWLRQ�GDWDEDVH�������XSGDWH��Nucleic Acids 
Res�����'��������

/8��=���.$2��+�<���:(,��&�+���+8$1*��0���/,8��-���.82��&�-���+68��&�1���76$,��5�7���
'$,��+�-���2.$=$.,��1��HW�DO����������7KH�JHQH�QRUPDOL]DWLRQ�WDVN�LQ�%LR&UHDWLYH�
III. BMC Bioinformatics����6XSSO����6��

0$02��6���&$57(5��)���/21(5*$1��3���/($/��&�/���$/�1$,%��$���0&*(77,*$1��
3���0(+7$��-�3���(9$16��$�&��DQG�)$,5��7����������6HTXHQWLDO�DQDO\VLV�RI�JOREDO�
JHQH�H[SUHVVLRQ�SURÀOHV�LQ�LPPDWXUH�DQG�in vitro PDWXUHG�ERYLQH�RRF\WHV��SRWHQWLDO�
PROHFXODU�PDUNHUV�RI�RRF\WH�PDWXUDWLRQ��BMC Genomics���������

0$77+(:6�� /��� *23,1$7+�� *��� *,//(63,(�� 0��� &$8'<�� 0��� &52)7�� '��� '(�
%212��%���*$5$3$7,��3���+(0,6+��-���+(50-$.2%��+���-$66$/��%��HW�DO���
��������5HDFWRPH�NQRZOHGJHEDVH�RI�KXPDQ�ELRORJLFDO�SDWKZD\V�DQG�SURFHVVHV��
Nucleic Acids Res�����'��������

08/$6��)���=$*$5��/���=83$1��%��DQG�%(//$==,��5����������6XSSRUWLQJ�UHJHQHUDWLYH�

PHGLFLQH�E\�LQWHJUDWLYH�GLPHQVLRQDOLW\�UHGXFWLRQ��Methods Inf Med�������������
08//(5��)�-���6&+8/'7��%�0���:,//,$06��5���0$621��'���$/781��*���3$3$3(�

7528��(�3���'$11(5��6���*2/'0$11��-�(���+(5%67��$���6&+0,'7��1�2� et 
DO�����������$�ELRLQIRUPDWLF�DVVD\�IRU�SOXULSRWHQF\�LQ�KXPDQ�FHOOV��Nat Methods 
�����������

1,.,7,1��$���(*2529��6���'$5$6(/,$��1��DQG�0$=2��,����������3DWKZD\�VWXGLR��WKH�
DQDO\VLV�DQG�QDYLJDWLRQ�RI�PROHFXODU�QHWZRUNV��Bioinformatics���������������

1,76&+��'���*21&$/9(6��-�3���2-('$��)���'(�0225��%��DQG�025($8��<����������
&DQGLGDWH�JHQH�SULRULWL]DWLRQ�E\�QHWZRUN�DQDO\VLV�RI�GLIIHUHQWLDO�H[SUHVVLRQ�XVLQJ�
machine learning approaches. BMC Bioinformatics���������

18==2��$���08/$6��)���*$%(77$��0���$5%867,1,��(���=83$1��%���/$5,==$��&��DQG�
%(//$==,��5����������7H[W�0LQLQJ�DSSURDFKHV�IRU�DXWRPDWHG�OLWHUDWXUH�NQRZOHGJH�
extraction and representation. 6WXG�+HDOWK�7HFKQRO�,QIRUP��������������

3$5'2��0��� /$1*��%���<8�� /��� 35266(5��+��� %5$'/(<��$��� %$%8��0�0�� DQG�
&+28'+$5<��-����������$Q�H[SDQGHG�2FW��LQWHUDFWLRQ�QHWZRUN��LPSOLFDWLRQV�IRU�
stem cell biology, development, and disease. &HOO�6WHP�&HOO������������

3$5.,1621��+���.$386+(6.<��0���.2/(61,.29��1���5867,&,��*���6+2-$7$/$%��
0���$%(<*81$:$5'(1$��1���%(58%(��+���'</$*��0���(0$0��,���)$51(��
A.�HW�DO�����������$UUD\([SUHVV�XSGDWH��IURP�DQ�DUFKLYH�RI�IXQFWLRQDO�JHQRPLFV�
experiments to the atlas of gene expression. Nucleic Acids Res�����'��������

3('',17,��'���0(0,/,��(��DQG�%85*(66��6�&����������3URWHRPLFV�EDVHG�V\VWHPV�
ELRORJ\�PRGHOLQJ�RI�ERYLQH�JHUPLQDO�YHVLFOH�VWDJH�RRF\WH�DQG�FXPXOXV�FHOO�LQWHU�
action. 3/R6�2QH����H������

68%5$0$1,$1��$���7$0$<2��3���0227+$��9�.���08.+(5-((��6���(%(57��%�/���
*,//(77(��0�$���3$8/29,&+��$���320(52<��6�/���*2/8%��7�5���/$1'(5��
E.S.�HW�DO�����������*HQH�VHW�HQULFKPHQW�DQDO\VLV��D�NQRZOHGJH�EDVHG�DSSURDFK�
IRU�LQWHUSUHWLQJ�JHQRPH�ZLGH�H[SUHVVLRQ�SURÀOHV��3URF�1DWO�$FDG�6FL�86$������
������������

6=./$5&=<.��'���)5$1&(6&+,1,��$���.8+1��0���6,02129,&��0���527+��$���
0,1*8(=��3���'2(5.6��7���67$5.��0���08//(5��-���%25.��3��HW�DO�����������7KH�
675,1*�GDWDEDVH�LQ�������IXQFWLRQDO�LQWHUDFWLRQ�QHWZRUNV�RI�SURWHLQV��JOREDOO\�
integrated and scored. Nucleic Acids Res�����'��������

7+20$6��3�'���&$03%(//��0�-���.(-$5,:$/��$���0,��+���.$5/$.��%���'$9(50$1��
5���',(0(5��.���0858*$18-$1��$��DQG�1$5(&+$1,$��$����������3$17+(5��
D�OLEUDU\�RI�SURWHLQ�IDPLOLHV�DQG�VXEIDPLOLHV�LQGH[HG�E\�IXQFWLRQ��Genome Res 
��������������

:((%(5��0���.256��-�$��DQG�0216��%����������2QOLQH�WRROV�WR�VXSSRUW�OLWHUDWXUH�
based discovery in the life sciences. Brief Bioinform������������

=$*$5��/���08/$6��)���*$5$*1$��6���=8&&277,��0���%(//$==,��5��DQG�=83$1��
%����������6WDJH�SUHGLFWLRQ�RI�HPEU\RQLF�VWHP�FHOO�GLIIHUHQWLDWLRQ�IURP�JHQRPH�
ZLGH�H[SUHVVLRQ�GDWD��Bioinformatics���������������

=+$1*��3���1,��;���*82��<���*82��;���:$1*��<���=+28��=���+82��5��DQG�6+$��-��
�������� 3URWHRPLF�EDVHG� LGHQWLÀFDWLRQ� RI�PDWHUQDO� SURWHLQV� LQ�PDWXUH�PRXVH�
oocytes. BMC Genomics���������

=8&&277,��0���0(5,&2��9���%(//21(��0���08/$6��)���6$&&+,��/���5(%8==,1,��3���
35,*,21(��$���5(',��&�$���%(//$==,��5���$'-$<(��-��HW�DO�����������*DWHNHHSHU�
RI�SOXULSRWHQF\��D�FRPPRQ�2FW��WUDQVFULSWLRQDO�QHWZRUN�RSHUDWHV�LQ�PRXVH�HJJV�
and embryonic stem cells. BMC Genomics����������

=8&&277,��0���0(5,&2��9���6$&&+,��/���%(//21(��0���%5,1.��7�&���%(//$==,��5���
67()$1(//,��0���5(',��&�$���*$5$*1$��6��DQG�$'-$<(��-����������0DWHUQDO�
2FW���LV�D�SRWHQWLDO�NH\�UHJXODWRU�RI�WKH�GHYHORSPHQWDO�FRPSHWHQFH�RI�PRXVH�
oocytes. BMC Dev Biol 8: 97.


