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ABSTRACT

R-RAS2 is a small GTPase with high structural proximity to classical RAS 

proteins. RRAS2�JDLQ�RI�IXQFWLRQ�PXWDWLRQV�KDYH�EHHQ�LGHQWL¿HG�DW�ORZ�IUHTXHQF\�LQ�

recent PanCancer studies. However, the cancer driver and pathobiological roles of 

this GTPase remain poorly characterized. In this thesis we have used in vitro and in 

vivo models to tackle those issues. We have demonstrated that tumor-found RRAS2 

mutations targeting residues involved in the GTP-binding are able to induce cell 

transformation in vitro. Analyses of R-RAS2Q72L-expressing cancer cell lines have 

VKRZQ� WKDW� WKLV�SURWHLQ� LV� UHTXLUHG� IRU� WKH� WXPRUDO�¿WQHVV�RI� WKH�FHOOV�� ,Q� WKHVH�FHOO�

models, R-RAS2Q72L modulates pathways involved in cell proliferation and survival 

and regulates basic processes such as polysomal translation and cell metabolism. 

+RZHYHU��WKHVH�H൵HFWV�DUH�QRW�GULYHQ�E\�5�5$6�WT expression. This work also exposes 

a driver role for R-Ras2Q72L in tumorigenesis. The R-Ras2Q72L-driven tumors exhibit 

GL൵HUHQWLDO�VHQVLWLYLW\�WR�P725&��DQG�RU�3,�.Į�į�SKDUPDFRORJLFDO�LQKLELWLRQ��ZLWK�

some tumors showing resistance to all the inhibitors tested. The characterization of the 

R-Ras2Q72L-triggered ovarian cystadenomas has revealed a rete ovarii origin and a sex-

reversal phenotype in these tumors. Beyond tumorigenesis, R-Ras2Q72L also triggers 

follicular atresia- and absent spermatogenesis-induced infertility in mice. Altogether, 

RXU�¿QGLQJV�XQYHLO�QRYHO�SDWKRORJLFDO�IXQFWLRQV�RI�5�5$6�Q72L and expand the current 

knowledge of cellular functions of the wild-type and the oncogenic R-RAS2 versions.
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1 R-RAS2

1.1 RAS SUPERFAMILY

6LQFH�WKH�GLVFRYHU\�RI�S���+�5$6�DQG�.�5$6�SURWHLQV�PRUH�WKDQ����\HDUV�DJR�>����@��

many other small GTPases have been characterized and enlisted in the RAS superfamily 

RI�SURWHLQV��7R�GDWH��WKLV�VXSHUIDPLO\�LV�FRPSRVHG�RI�PRUH�WKDQ�����SURWHLQV�>�@��WKDW�

FDQ�EH�FODVVL¿HG�LQWR�¿YH�PDMRU�IDPLOLHV��$5)��5$%��5$1��5$6�DQG�5+2�SURWHLQV��

The ARF and RAB proteins are involved in the vesicular transport within the cell 

>��� �@�� 5$1�*73DVHV� SDUWLFLSDWH� LQ� VHYHUDO� VWHSV� RI� WKH� FHOO�PLWRVLV� E\� UHJXODWLQJ�

PLWRWLF�VSLQGOH�DQG�QXFOHDU�HQYHORSH�DVVHPEO\�>�@��DV�ZHOO�DV�LQ�WKH�WUDQVSRUW�RI�51$�

DQG�SURWHLQV�EHWZHHQ�WKH�QXFOHXV�DQG�WKH�F\WRSODVP�>�@��3URWHLQV�RI�WKH�5$6�IDPLO\�

respond to a variety of extracellular stimuli to regulate cytoplasmic signaling networks 

OLQNHG�WR�FHOO�SUROLIHUDWLRQ��GL൵HUHQWLDWLRQ��DQG�VXUYLYDO��5+2�SURWHLQV�UHJXODWH�DFWLQ�

RUJDQL]DWLRQ�� FHOO� F\FOH� SURJUHVVLRQ�� FHOO� VXUYLYDO�� DQG� FHOO�W\SH�VSHFL¿F� UHVSRQVHV�

VXFK�DV�DQJLRJHQHVLV�RU�QHXURJHQHVLV��DPRQJ�RWKHUV�>����@���$OWKRXJK�WKH�5$6�IDPLO\�

ZDV�EHOLHYHG�WR�EH�WKH�IRXQGLQJ�PHPEHUV�RI�WKH�5$6�VXSHUIDPLO\�>��@��PRUH�UHFHQW�

phylogenetic analyses have marked the ARF family of proteins as the most ancient 

PHPEHUV�RI�WKLV�VXSHUIDPLO\�>�@�

The proteins of the RAS superfamily act as modulators of a complex combination 

of cellular processes. However, most of them share a common feature: they are able 

to hydrolyze GTP and operate as binary molecular switches. In this mechanism, on 

DQG�R൵�VWDWHV�DUH�PRGXODWHG�E\�JXDQRVLQH�QXFOHRWLGH��JXDQRVLQH�WULSKRVSKDWH��*73��RU�

JXDQRVLQH�GLSKRVSKDWH��*'3��ELQGLQJ��ZKLFK�D൵HFWV�WKH�FRQIRUPDWLRQ�RI�WKH�SURWHLQ��

,Q�WKH�*73�ERXQG�VWDWH��WKH\�GLVSOD\�D�ELQGLQJ�VXUIDFH�ZLWK�KLJK�D൶QLW\�IRU�H൵HFWRU�

proteins, allowing stimulation or attenuation of the downstream signaling elements. 

Activation of GTPases is promoted by guanine nucleotide exchange factors (GEFs), 

ZKLFK�FDWDO\]H�WKH�UHOHDVH�RI�*'3�DQG�WKH�VXEVHTXHQW�DFWLYDWLRQ�RI�WKH�SURWHLQ�E\�*73�

entry in the guanosine-nucleotide-binding pocket. RAS proteins can be governed by 

several GEFs, which allows a sophisticated regulation of divergent RAS downstream 
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SDWKZD\V�LQ�UHVSRQVH�WR�GLYHUVH�XSVWUHDP�VWLPXOL��7KH�DFWLYDWHG�VWDWH�LV�VKXW�R൵�ZKHQ�

GTPase-activating proteins (GAPs) accelerate the intrinsic low GTPase activity of 

RAS proteins, thus favoring the transition back to the inactive, GDP-bound state 

>��@��Figure 1). Importantly, most oncogenic mutations in GTPases impair their GTP 

hydrolysis capacity, leading to the GEF-independent constitutive activation of these 

SURWHLQV�>��@���

1.2 R-RAS SUBFAMILY

6HYHUDO�PDMRU�VXEIDPLOLHV�FRQVWLWXWH�WKH�5$6�IDPLO\�RI�SURWHLQV��5$6��5�5$6��5$/��

5$3��5$'��5+(%�DQG�5,7�>��@��$PRQJ�WKHP��5�5$6�VXEIDPLO\�PHPEHUV��5�5$6���

5�5$6��7&���DQG�5�5$6��0�5$6��DUH�WKH�FORVHVW�WR�FODVVLFDO�5$6�SURWHLQV��+���.��

and N-RAS) from the structural point of view. Despite such a similarity, the function 

of the R-RAS subfamily members might be divergent. Thus, R-RAS1 localizes to 

IRFDO� DGKHVLRQV� ZKHUH� LW� SURPRWHV� FHOO� DGKHVLRQ� DQG� DFWLYDWHV� LQWHJULQV� >���� ��@��

R-RAS2 physiological role will be reviewed in the following sections. M-RAS has 

been demonstrated to be involved in cell migration and many physiological functions 

VXFK�DV�QHXURQV�DQG�RVWHREODVWV�GL൵HUHQWLDWLRQ� >������@��$OO�5�5$6�PHPEHUV�KDYH�

EHHQ�GHVFULEHG�WR�SURPRWH�JURZWK�WUDQVIRUPDWLRQ�DQG�DOWHU�FHOOXODU�GL൵HUHQWLDWLRQ�>���

��@��+RZHYHU��RQO\�5�5$6��KDV�WUDQVIRUPLQJ�DFWLYLW\�FRPSDUDEOH�WR�WKRVH�RI�FODVVLFDO�

Figure 1. GTPase activation cycle. Illustration of the mechanism of activation and deactivation of 
GTPases and the agents driving such process.
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RAS. Furthermore, unlike R-RAS1 and M-RAS, mutational activation of R-RAS2 has 

EHHQ�UHSRUWHG�LQ�KXPDQ�WXPRUV�>����������@��

1.3 R-RAS2

R-RAS2 was discovered more than thirty years ago, when screening for proteins 

containing the RAS conserved domains using a cDNA library from a teratocarcinoma. 

7KH�SURWHLQ�ZDV�QDPHG�DIWHU�WKH�QXPEHU�RI�WKH�FORQH��7&���>��@��+LJK�KRPRORJ\�WR�

5�5$6��OHG�WR�WKH�UHQDPLQJ�RI�WKH�7&���SURWHLQ�WR�5�5$6��>��@�

1.3.1 Structure

R-RAS2 is a 204-amino-acid protein that has 65.2% homology to classical RAS, a 

71.8% homology to R-RAS1 and a 68.5% homology to M-RAS. R-RAS2 protein 

VHTXHQFH�FRQWDLQV�HYROXWLRQDU\�FRQVHUYHG�UHJLRQV�LQYROYHG�LQ�WKH�*73�ELQGLQJ�DQG�

K\GURO\VLV�� WKH� ³*�ER[´� VHTXHQFHV��7KHVH� UHJLRQV�� SUHVHQW� LQ� DOO�5$6� VXSHUIDPLO\�

members, are directly engaged in the binding of the guanine nucleotides (G1), the 

UHRULHQWDWLRQ�RI�WKH�PROHFXOH�WR�SURYLGH�D�SURSHU�LQWHUDFWLRQ�VXUIDFH�ZLWK�WKH�H൵HFWRU�

(Switch I or G2), the binding to the nucleotide-associated Mg2+ ion (Switch II or G3), 

the stabilization of the nucleotide and of the molecule itself (G4), and the generation 

RI� LQGLUHFW� DVVRFLDWLRQV�ZLWK� WKH� JXDQLQH� QXFOHRWLGHV� �*��� >��@��:LWKLQ� WKHVH�ZHOO�

HVWDEOLVKHG�GRPDLQV��5�5$6��VKDUHV��������RI�DPLQR�DFLG�VHTXHQFH�ZLWK�+�5$6��

Interestingly, the Switch I and Switch II regions show a 100% identity to classical 

5$6�VHTXHQFHV��Figure 2).
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$Q� DGGLWLRQDO� VHTXHQFH� ZLWK� IXQFWLRQDO� UHOHYDQFH� IRU� ERWK� 5$6� SURWHLQV� DQG�

R-RAS2 is the CAAX box. Full processing of the CAAX and palmitoylation (at the 

cysteine residue close to the CAAX box) are necessary for the attachment of R-RAS2 

WR� WKH� SODVPD�PHPEUDQH� >���� �����@� �Figure 2���8SVWUHDP� WKLV� WHUPLQDO� VHTXHQFH��

R-RAS2 contains a conserved proline-rich motif (designated as R-RAS box) that 

LV� SUHVHQW� LQ�5�5$6��EXW� QRW� LQ�0�5$6� >��@�� ,Q�5�5$6��� VXFK� UHJLRQ� FRQWDLQV� D�

focal adhesion-targeting signal that is responsible for the subcellular location of this 

*73DVH�LQ�WKRVH�F\WRVNHOHWDO�VWUXFWXUHV�>��@��Figure 3). Variability in protein length is 

observed among the RAS family of proteins: a short fragment of 11 amino acids in the 

Figure 2. Structural homology between human RAS family members. Scheme depicting the skele-
WRQ�RI�5$6�SURWHLQV��6HTXHQFH�RI�*�GRPDLQV��*���6ZLWFK,��6ZLWFK,,��*��DQG�*���DUH�VKRZQ�LQ�JUHHQ�
boxes. Levels of domain homology compared to H-RAS is displayed under the boxes as a percentage. 
Within these green boxes, non-homologous residues are highlighted in blue color. Light blue boxes 
LOOXVWUDWH�WKH�SRO\EDVLF�UHJLRQ��:LWKLQ�WKLV�UHJLRQ��XSSHUFDVH�OHWWHUV�SRLQW�RXW�EDVLF�UHVLGXHV��6HTXHQFH�
RI�&$$;�ER[�LV�H[KLELWHG�LQ�OLJKW�RUDQJH�ER[HV��,Q�WKH�FDVH�RI�.�5$6��WKH�SRO\EDVLF�UHJLRQ�RI�LVRIRUP�
4A is shown.
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N-terminal part of R-RAS2 predominantly accounts for length variability compared to 

other RAS family members.

Both R-RAS2 and classical RAS undergo prenylation, but the latter are only 

farnesylated in physiological conditions while R-RAS2 is substrate for both 

JHUDQ\OJHUDQ\O�� DQG� IDUQHV\OWUDQVIHUDVH� >�����@�� +RZHYHU�� LQ� WKH� SUHVHQFH� RI�

IDUQHV\O�WUDQVIHUDVH�LQKLELWRUV��.�5$6�DQG�1�5$6��DOWKRXJK�WR�D�OHVVHU�H[WHQW��FDQ�

XQGHUJR�JHUDQ\ODWLRQ�>������@��2WKHU�SRVW�WUDQVODWLRQDO�PRGL¿FDWLRQV�IRU�5�5$6��DUH�

Figure 3. Sequence homology in the R-RAS box sequence��&RPSDULVRQ�EHWZHHQ�WKH�¿QDO�VHTXHQFH�
RI�WKH�LQGLFDWHG�SURWHLQV��,Q�WKH�FDVH�RI�5�5$6��DQG�5�5$6���WKLV�VHTXHQFH�LV�GHVLJQDWHG�DV�5�5$6�
ER[��7KH�SHUFHQWDJH�RI�KRPRORJ\�FRPSDUHG�WR�5�5$6��VHTXHQFH�LV�LQGLFDWHG��*UHHQ�GRWV�DERYH�WKH�
VHTXHQFHV�LQGLFDWH�5�5$6��KRPRORJ\�ZLWK�5�5$6��DQG�RWKHU�SURWHLQV��5HG�GRWV�LQGLFDWH�H[FOXVLYH�
homology in R-RAS2.

Figure 4. 3RVW�WUDQVODWLRQDO�PRGL¿FDWLRQV�LQ�5�5$6���6FKHPH�VKRZLQJ�5�5$6��UHVLGXHV�VXEMHFWHG�
WR�SKRVSKRU\ODWLRQ��DFHW\ODWLRQ�DQG�XELTXLW\ODWLRQ��/HWWHU�VL]H�LV�SURSRUWLRQDO�WR�WKH�QXPEHU�RI�UHIHUHQ-
FHV�GHVFULELQJ�HDFK�PRGL¿FDWLRQ��,QIRUPDWLRQ�ZDV�REWDLQHG�IURP�3KRVSKRVLWH�GDWDEDVH��ZZZ�SKRVSKR-
site.org).
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SKRVSKRU\ODWLRQ��XELTXLW\ODWLRQ�DQG�DFHW\ODWLRQ�>��@��Figure 4���2I�QRWH��VRPH�RI�WKRVH�

PRGL¿FDWLRQV�DUH�FRQVHUYHG�DPRQJ�WKH�5$6�SURWHLQV�LQ�WKH�*�ER[HV�

1.3.2 Phylogenetic evolution

R-RAS subfamily divergence from classical Ras seems to have occurred about 750 

\HDUV�DJR��DV�SUHFXUVRU�5�5$6�UHODWLYHV�KDYH�EHHQ�IRXQG�LQ�FQLGDULDQV�>��@��Figure 

5���)URP�WKLV�¿UVW�5�5$6�SUHFXUVRU��D�SULPLWLYH�0�5$6�VHHPV�WR�KDYH�HPHUJHG�LQ�

Platyhelminthes. Thereafter, two primitive R-RAS members are present: a precursor 

of M-RAS and a common ancestor of both R-RAS and R-RAS2. This suggests an 

LQGHSHQGHQW�HYROXWLRQ�RI�0�5$6�DQG�5�5$6�5�5$6���DFFRUGLQJ�WR�SUHYLRXV�DQDO\VHV�

>��@��6WLOO��LW�LV�QRW�XQWLO�WKH�YHUWHEUDWH�FODGH�ZKHQ�WKH�WKUHH�5�5$6�PHPEHUV�HPHUJH�

(Figure 5).

Figure 5. Phylogenetic tree of the RAS family members. Evolutionary tree of RAS family proteins 
�OHIW���3URWHLQ�VHTXHQFHV�ZHUH�REWDLQHG� IURP� WKH�8QLSURW��60$57�DQG�1&%,�3URWHLQ�GDWDEDVHV�DQG�
aligned with MUSCLE using the Neighbor Joining approach in MEGA X software. Phylogenetic tree 
construction was performed in MEGA X using the Maximum Likelihood method. Proteins are distribu-
ted in eight groups depending on homology criteria. Nodes belonging to each group are indicated by the 
VDPH�FRORU��5DV�SUHFXUVRUV�LQ�JUD\��+�5DV�LQ�GDUN�UHG��1�5DV�LQ�GDUN�JUHHQ��.�5DV�LQ�GDUN�EOXH��5�5DV�
precursors in light orange, R-Ras in light green, R-Ras2 in light blue and M-Ras in yellow). Phylogene-
tic clades are represented by the color code indicated on the right.
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5�5$6�� KRPRORJV� DUH� KLJKO\� VLPLODU� LQ� WHUPV� RI� SURWHLQ� OHQJWK� DQG� VHTXHQFH�

homology in the core of the protein (Figure 6). Switches I and II are the most conserved 

domains among all the homologs, as they are crucial for nucleotide binding and 

*73DVH�DFWLYLW\��&$$;�VHTXHQFH�LV�KLJKO\�FRQVHUYHG�LQ�YHUWHEUDWHV�DQG��LQWHUHVWLQJO\��

the cysteine residue that undergoes palmitoylation is only present in vertebrates 

and urochordates. The distinctive N-terminal 11 amino acid head that discriminates 

R-RAS2 from classical RAS in humans is vastly variable among the homologs studied 

Figure 6. Conservation of R-RAS2 homologs among species. A�3URWHLQ�VHTXHQFH�FRPSDULVRQ�EH-
WZHHQ�KXPDQ�5�5$6��DQG�KRPRORJV�LQ�UHSUHVHQWDWLYH�VSHFLHV�LQ�GL൵HUHQW�WD[D��6SHFLHV�ZLWK�KLJK�FRYH-
UDJH�VHTXHQFHG�JHQRPHV�ZHUH�VHOHFWHG��B�1XPEHU�RI�5$6�JHQHV��,Q�FDVH�RI�5$6�JHQH�DPSOL¿FDWLRQV��
number of genes present are indicated in a yellow circle. Vertebrata: Homo sapiens (Hsa), Mus muscu-
lus (Mmu), Salmo salar (Ssa), Takifugu rubripes (Tru), Gallus gallus (Gga), Cuculus canorus (Cca), Ca-
llorhinchus milii (Cmi), Petromyzon marinus (Pma); Urochordata: Ciona savignyi (Csa); Arthropoda: 
Drosophila melanogaster (Dme), Daphia magna (Dma); Annelida: Helobdella robusta (Hro); Mollusca: 
Lottia gigantea (Lgi); Nematoda: Caenorhabditis elegans (Cel); Priapulida: Priapulus caudatus (Pca); 
Brachiopoda: Lingula natine (Lan); Plathyhelminthe: Macrostomum lignano (Mli); Cnidaria: Hydra 
YXOJDULV��+YX���DD��DPLQR�DFLG��1�WHUP�VHT��5�5DV��FKDUDFWHULVWLF�1�WHUPLQDO�IUDJPHQW�
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LQ�WHUPV�RI�VHTXHQFH��GDWD�QRW�VKRZQ���*HQHWLF�DPSOL¿FDWLRQ�RI�ERWK�RAS and RRAS 

genes is observed in atlantic salmon (Salmo salar, Ssa in Figure 6) and sea lamprey 

(Petromyzon marinus, Pma in Figure 6).

1.3.3 Cellular localization

Studies using ectopically expressed R-RAS2 preferentially localized this protein at 

the plasma membrane, the Golgi Aparatus, recycling endosomes, the endoplasmic 

reticulum and, to a lower extent, in focal adhesions, microtubules and intermediate 

¿ODPHQWV�>���������@��

Figure 7. Schematic summary of the known interactions and functions of R-RAS2. Upper semi-
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1.3.4 Interactors

,Q�YLWUR�VWXGLHV�LQ�KXPDQ�DQG�PXULQH�FHOO�OLQHV�KDYH�LGHQWL¿HG�D�FRQVLGHUDEOH�DPRXQW�

of R-RAS2 molecular partners, many of them are shared with other RAS family 

members. (Figure 7).

Several RAS known GEFs and GAPs were found to interact with R-RAS2 (enlisted 

in Table 1). However, not all of them activated this GTPase to the same extent. 

Interaction of R-RAS2 with GEFs activating RAL proteins takes place when R-RAS2 

LV�*73�ORDGHG��PHDQLQJ�WKDW�5DO*()V�DUH�H൵HFWRUV�RI�5�5$6��LQVWHDG�RI�UHJXODWRUV�

circle represents R-RAS2 regulators. Regulators are categorized based on their function, and proteins 
LQWHUDFWLQJ�ZLWK�5�5$6��DUH�LQGLFDWHG�LQ�JUH\�ER[HV��/RZHU�VHPLFLUFOH�VKRZV�WKH�H൵HFWRUV�DQG�IXQF-
tions described for R-RAS2 so far. Some signaling pathways overlap several functions. Dashed arrows 
indicate that direct interaction has not been demonstrated or intermediate proteins are not shown in this 
scheme.

Table 1. Regulators RRAs2
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R-RAS2 can be further regulated by mechanisms outside this basic regulatory 

F\FOH��LQFOXGLQJ�SRVWWUDQVODWLRQDO�PRGL¿FDWLRQV��(5.����NLQDVH�LV�NQRZQ�WR�DFWLYDWH�

5�5$6�� E\� SKRVSKRU\ODWLRQ� RQ� LWV� VHULQH� ���� >��@�� 6,57�� HQ]\PH� DOVR� UHJXODWHV�

5�5$6��E\�O\VLQH�GHIDWW\�DF\ODWLRQ�>��@�>��@�

5�5$6��ZDV�¿UVW�OLQNHG�WR�WKH�5$)�0$3.V�DQG�3,�.�$.7�SDWKZD\V��5�5$6��

LQWHUDFWV�ZLWK�DOO�WKH�5$)�LVRIRUPV��5$)���$�5$)�DQG�%�5$)��DQG�ZLWK�5$&���>���

��@��'LUHFW�LQWHUDFWLRQ�ZLWK�3,�.�DQG�DFWLYDWLRQ�RI�LWV�GRZQVWUHDP�H൵HFWRUV�$.7�DQG�

P725�>���������@�DUH�DOVR�REVHUYHG��0RUHRYHU��5�5$6��KDV�EHHQ�IRXQG�WR�LQWHUDFW�

ZLWK�ERWK�%�DQG�7�&HOO�5HFHSWRU��%&5�DQG�7&5��UHVSHFWLYHO\��>��@�DQG�$)���>��@��

5�5$6��KDV�VKRZQ�DFWLYDWLRQ�RI�WKH�1)�ț%�IDFWRU�>����������@��7*)�ȕ��F\FOLQ�'��>����

������@�DQG�3/&İ�>������@��+RZHYHU��ZKHWKHU�WKLV�DFWLYDWLRQ�LV�GLUHFW�RU�LV�PHGLDWHG�E\�

RWKHU�H൵HFWRUV�LV�QRW�NQRZQ�

Highly conserved switch regions in R-RAS2 are responsible for the interaction with 

VSHFL¿F�H൵HFWRUV�DQG�UHJXODWRUV�WKURXJK�WKHLU�5$6�%LQGLQJ��5%��RU�5$6�$VVRFLDWLRQ�

Figure 8. �'�UHSUHVHQWDWLRQ�RI�WKH�LQWHUDFWLRQ�KRWVSRWV�RI�5�5$6��DQG�LWV�H൵HFWRUV�3,�.Į�DQG�
RalGDS. Residues in the interaction hotspots are represented following the color code: R1, made up 
of residues 47-52 in R-RAS2, in pale pink; R2, residues 32, 35-36, 38, 40, 42, 44-45 in R-RAS2, in 
orange; R3, containing amino acids 47-48, 74-75 in R-RAS2, in pale cyan; R4, including residues 49-52 
in R-RAS2, in light blue; and R5, residues 35,36 in R-RAS2, in green. The same color code was used 
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�5$��GRPDLQV��1R�VWUXFWXUDO�RU� VHTXHQWLDO�FRQVHUYHG�SDWWHUQ�KDV�EHHQ� IRXQG� LQ� WKH�

GL൵HUHQW�LQWHUDFWRUV�RI�5�5$6���,QVWHDG��LW�VHHPV�WKDW�WKH�VXUIDFH�SURYLGHG�E\�*73�

loaded R-RAS2 conformational restructuring enables superposition with the interactor. 

7KHUH�DUH�¿YH�NH\�NQRZQ�DPLQR�DFLG�UHJLRQV�LQYROYHG�LQ�WKLV�LQWHUDFWLRQ�PHFKDQLVP�

(Figure 8). These interaction hotspots happen to be extremely well conserved among 

WKH�GL൵HUHQW�5$6�SURWHLQV��ZKLFK�VXJJHVWV�WKDW�H൵HFWRU�VSHFL¿FLW\�PXVW�FRPH�IURP�

other non-conserved amino acids residing outside the interaction environment or non-

LGHQWLFDO�DPLQR�DFLGV�ZLWKLQ�WKH�LQWHUDFWLRQ�KRWVSRWV�LQ�5$6�PHPEHUV�>��@�

1.3.5 Cellular, physiological and pathological functions

R-RAS2 regulates fundamental cellular processes, such as DNA synthesis, transcription 

DQG�WUDQVODWLRQ�>����������@��5�5$6��KDV�DOVR�EHHQ�DVVRFLDWHG�WR�FHOO�SUROLIHUDWLRQ�DQG�

VXUYLYDO�>������������������@��,Q�DGGLWLRQ��5�5$6��KDV�EHHQ�GHVFULEHG�WR�EH�LQYROYHG�

LQ�FHOO�PLJUDWLRQ�WKURXJK�DFWLYDWLRQ�RI�3,�.�DQG�0$3.�SDWKZD\V�>��@�� ,Q�NHHSLQJ�

with this, mutant R-RAS2 has been linked to invasion in vitro by promoting epithelial 

WR�PHVHQFK\PDO�WUDQVLWLRQ�DQG�WR�PHWDVWDWLF�SURFHVVHV�LQ�YLYR�>����������@��$�UROH�IRU�

R-RAS2 in the control of the cell metabolism has also been postulated, as alterations 

in mitochondrial function, number and morphology has been described in B cells and 

FHOOV�IURP�WKH�FHQWUDO�QHUYRXV�V\VWHP�>������@�

Furthermore, its capacity for cell transformation made of R-RAS2 a focus of 

research interest soon after its discovery: it is the only non-classical RAS protein to 

have demonstrated transforming capacity levels comparable to those of classical RAS 

>��������������������������@��,Q�NHHSLQJ�ZLWK�WKH�WUDQVIRUPLQJ�FDSDFLW\��55$6��NQRFN�

GRZQ�FHOOV�GHFUHDVHG�WXPRULJHQLFLW\�ZKHQ�LQMHFWHG�RUWKRWRSLFDOO\�LQ�PLFH�>��@��

)XUWKHU�VWXGLHV�XVLQJ�5�5DV��GH¿FLHQW�PLFH�KDYH�UHYHDOHG�HVVHQWLDO�IXQFWLRQV�IRU�

R-Ras2 at the physiological level. R-Ras2 has a pivotal role in the shaping of the 

DGDSWDWLYH�LPPXQH�V\VWHP��E\�SDUWLFLSDWLQJ�LQ�WKH�SURFHVV�RI�DQWLJHQ�SUHVHQWDWLRQ�>��@�

IRU�WKH�FRUUHVSRQGLQJ�KRWVSRWV�UHVLGXHV�LQ�WKH�H൵HFWRU�VWUXFWXUH��3URWHLQ�VHTXHQFHV�ZHUH�REWDLQHG�IURP�
3URWHLQ�'DWD�%DQN��3'%�FRGHV��5�5$6����(5<��3,�.D���9����5DO*'6�5%'���5*)��DQG�VWUXFWXUDO�
representations were generated using PyMol software.
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DQG�WKH�IRUPDWLRQ�RI�WKH�JHUPLQDO�FHQWHUV�>��@��0RUHRYHU��5�5DV��ZDV�IRXQG�WR�KDYH�

D�IXQFWLRQ�LQ�SODWHOHW�DFWLYDWLRQ�DQG�WKURPEXV�VWDELOLW\�>��@��5�5DV��LV�DOVR�HVVHQWLDO�

IRU�ROLJRGHQGURF\WH�GL൵HUHQWLDWLRQ�DQG�VXUYLYDO�>��@�DQG�IRU�SURSHU�PDPPDU\�JODQG�

GHYHORSPHQW�>��@�

Conversely, R-RAS2 is also associated to pathological functions. Recently, RRAS2 

PXWDWLRQV�KDYH�EHHQ�UHSRUWHG�LQ�LQGLYLGXDOV�GLDJQRVHG�ZLWK�1RRQDQ�6\QGURPH�>����

��@��7KH�FRXUVH�RI�WKLV�V\QGURPH�LQFOXGHV�SK\VLFDO�SDUWLFXODULWLHV�VXFK�DV�VKRUW�VWDWXUH�

and distinctive facial features, congenital heart defects, male infertility and mild 

LQWHOOHFWXDO�GLVDELOLW\��DPRQJ�RWKHU�V\PSWRPV�>��@�

RRAS2�GHUHJXODWLRQ�KDV�EHHQ�DVVRFLDWHG�WR�FDQFHU�SDWKRJHQHVLV��,Q�������WKH�¿UVW�

mutation of RRAS2, found in a cDNA library from ovarian cancer A2780 cells, was 

GHVFULEHG� >��@�� 7KH� VDPH�PXWDWLRQ�� D� JOXWDPLQH� WR� OHXFLQH� VXEVWLWXWLRQ� LQ� UHVLGXH�

����ZDV� ODWHU� GHVFULEHG� LQ� WKH�EUHDVW� FDQFHU�&$/����FHOO� OLQH� >��@�� DQG� LQ� MXYHQLOH�

P\HORPRQRF\WLF� OHXNHPLD� >��@�� JHUP� FHOO� OLQH� WXPRU� >��@� DQG� FHQWUDO� QHUYRXV�

V\VWHP�JHUPLQRPD�>��@�SDWLHQWV��0RUH� UHFHQWO\��RRAS2Q72L mutation was described 

DV� D� KRWVSRW� LQ� �� WXPRU� W\SHV� � >���� ��@��$ORQJ�ZLWK� WKH�RRAS2Q72L mutation, other 

)LJXUH����5�5$6��PXWDWLRQV�IRXQG� LQ�KXPDQV��5HSUHVHQWDWLRQ�RI�SURWHLQ�YDULDQWV�D൵HFWLQJ�GL൵HUHQW�
UHVLGXHV�LQ�WKH�5�5$6��VHTXHQFH��0XWDWLRQV�IRXQG�LQ�WXPRU�DQG�5$6RSDWKLHV�SDWLHQWV�DUH�LOOXVWUDWHG��
Color code indicates the number of reported cases. Yellow boxes represent the G boxes of R-RAS2: G1, 
VZLWFK�,��VZLWFK�,,��*��DQG�*���/LJKW�RUDQJH�ER[�UHSUHVHQWV�WKH�&$$;�VHTXHQFH��'DWD�ZDV�REWDLQHG�
IURP�WKH�&260,&��FDQFHU�VDQJHU�DF�XN�FRVPLF��DQG�F%LRSRUWDO��ZZZ�FELRSRUWDO�RUJ��JHQRPLF�GDWDED-
ses.
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RRAS2�DOWHUDWLRQV�HTXLYDOHQW�WR�FODVVLFDO�RAS leading mutations (such as the widely 

VWXGLHG�.�5$6�*��&�RU�1�5$6�4��/�PXWDWLRQV��KDYH�EHHQ�IRXQG�LQ�VRPH�WXPRUV�

IURP�WKH�&260,&�GDWDEDVH��FDQFHU�VDQJHU�DF�XN�FRVPLF��>��@��Figure 9). The most 

IUHTXHQW�PXWDWLRQV�DUH�WKH�RQHV�D൵HFWLQJ�WKH�VZLWFK�,,��EXW�D�IXQFWLRQDO�DQG�RQFRJHQLF�

characterization of the mutations is still lacking.

Wild-type RRAS2�LV�IRXQG�XSUHJXODWHG�LQ�EUHDVW�WXPRU�FHOO�OLQHV�>��@��VNLQ�FDQFHU�

>�����@�� O\PSKRLG� PDOLJQDQFLHV� >��@�� KHSDWRFDUFLQRPD� >��@� DQG� LQ� WXPRUV� RI� WKH�

FHQWUDO�QHUYRXV�V\VWHP�>��@��*HQHWLF�DPSOL¿FDWLRQ�LV�DOVR�VHHQ�LQ�JOLRPDV�DULVLQJ�DIWHU�

UDGLRWKHUDS\�WUHDWPHQW�>��@��%\�FRQWUDVW��RRAS2 downregulation has been described 

in KRAS�PXWDWHG�FRORUHFWDO�FDQFHU�>��@��

Despite its promising attributes as a putative novel driver, considerably little 

research has been done to understand the cancer driver and pathobiological roles of 

R-RAS2. Recent massive pan-cancer screenings have uncovered gain-of-function 

PXWDWLRQV�DW�ORZ�IUHTXHQF\��VXJJHVWLQJ�WKDW�RRAS2 could be an autonomous driver of 

tumorigenesis. Considering the potential diagnostic, clinical and therapeutic interest of 

RRAS2 mutations, we decided to make R-RAS2 protein the focus of our work.

2 OVARIAN CANCER

2.1 SEX DETERMINATION AND GONAD FORMATION IN MAMMALS

,Q�PDPPDOV��JHQHWLF�VH[�GHWHUPLQDWLRQ�LV�HVWDEOLVKHG�ZKHQ�JRQDGV�VWDUW�WR�GL൵HUHQWLDWH��

6XFK�D�GL൵HUHQWLDWLRQ�LV�RUFKHVWUDWHG�E\�WKH�NH\�JHQHV�VXFK�DV�Wt1, Sry, Sox9 and Amh 

in males, and Foxl2, Rspo1, Wnt4 and Ctnnb1� �HQFRGLQJ�IRU�ȕ�FDWHQLQ�� LQ� IHPDOHV��

2SSRVLWH� VH[� JHQHV� SOD\� DQWDJRQLVWLF� UROHV� DQG� DUH� LQYROYHG� LQ�PXWXDOO\� H[FOXVLYH�

regulatory loops (Figure 10). These molecular networks have been demonstrated to be 

YHU\�VLPLODU�DPRQJ�PDPPDOV��EXW�PLFH�DUH�E\�IDU�WKH�PRVW�VWXGLHG�RUJDQLVPV�>�����@��

Therefore, all the genes mentioned in the present section are referred to mice. Beyond 

VH[�GL൵HUHQWLDWLRQ��H[SUHVVLRQ�RI�VRPH�RI�WKHVH�JHQHV�LV�PDLQWDLQHG�LQ�D�FHOO�VSHFL¿F�

SDWWHUQ�LQ�WKH�DGXOW�GL൵HUHQWLDWHG�JRQDG��)RU�LQVWDQFH��Wt1�LV�VSHFL¿FDOO\�H[SUHVVHG�LQ�
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ERWK�JUDQXORVD�DQG�6HUWROL�FHOOV�LQ�WKH�DGXOW�RYDU\�DQG�WHVWLV��UHVSHFWLYHO\�>��@��

Sexual fate must be actively maintained throughout the adult life. Deregulation of 

VH[�GHWHUPLQLQJ�NH\�JHQHV�LQ�WKH�DGXOW�JRQDGV�FDQ�OHDG�WR�VH[�UHYHUVDO�>��@��7ZR�JHQHV�

have a leading role in maintaining sexual phenotype in mice: Dmrt1 (from doublesex 

and mab-3 related transcription factor 1) and Foxl2 �IURP�IRUNKHDG�ER[�/���>��@��$�

sophisticated antagonistic relationship between both genes ensures gonadal phenotypic 

PDLQWHQDQFH�WKURXJKRXW�DGXOW�OLIH�>��@��,QWHUDFWLRQ�RI�Foxl2�ZLWK�HVWURJHQ�UHFHSWRUV�Į�

DQG��ȕ��(5�Į���GLUHFWO\�UHSUHVV�Sox9 expression, an event needed for ovary phenotypic 

stability. Deletion of Foxl2 triggers Sox9 H[SUHVVLRQ� DQG� VXEVHTXHQW� JUDQXORVD� DQG�

WKHFD� FHOOV� WUDQVGL൵HUHQWLDWLRQ� LQWR� 6HUWROL�OLNH� DQG� /H\GLJ�OLNH� FHOOV�� UHVSHFWLYHO\��

7KLV�PROHFXODU�UHSURJUDPPLQJ�LV�DFFRPSDQLHG�E\�RWKHU�DVSHFWV�RI�WHVWLV�GL൵HUHQWLDWLRQ�

such as the formation of seminiferous tubule-like structures, production, and release of 

male-like levels of testosterone, upregulation of testis-related genes, and silencing of 

RYDU\�SURPRWLQJ�JHQHV�>��@��Dmrt1 is the Foxl2 counterpart in male gonads. Loss of 

'PUW��LQ�DGXOW�WHVWHV�UHVXOWV�LQ�WUDQVGL൵HUHQWLDWLRQ�RI�6HUWROL�FHOOV�LQWR�JUDQXORVD�OLNH�

cells expressing Foxl2�>��@��$GGLWLRQDOO\��Dmrt1 expression in adult ovaries represses 

Figure 10. 0ROHFXODU�SURJUDPV�LQYROYHG�LQ�JRQDG�GL൵HUHQWLDWLRQ. Schematic representation of the 
DFWLYDWLRQ� DQG� UHSUHVVLRQ� RI� JHQHV� UHJXODWLQJ� WKH� JRQDG� GL൵HUHQWLDWLRQ� SURFHVV� LQ�PLFH��%LSRWHQWLDO�
JRQDGV�H[SUHVV�WKH�VDPH�VHW�RI�JHQHV�IRU�;;�DQG�;<�LQGLYLGXDOV��.H\�JHQHV�VWDUW�WKH�GL൵HUHQWLDWLRQ�
programs giving rise to ovaries or testis.



31

IN
TR
O
D
U
C
TIO

N

Foxl2�� OHDGLQJ� WR� WKH� UHSURJUDPPLQJ�RI� JUDQXORVD� FHOOV� LQWR�6HUWROL�OLNH� FHOOV� >��@��

Similar to the mode of action of Foxl2, Dmrt1 deregulation exerts other molecular 

events that lead to sexual phenotypic switch. Together, these genes have shown to 

be key for the upkeep of sexual fate and deregulation of these genes and their related 

QHWZRUN�FDQ�OHDG�WR�VH[�UHYHUVDO�>��@�

2.2 OVARIAN STRUCTURE AND CELL POPULATIONS

The ovary can be divided in two main components: the ovarian follicles and the ovarian 

VWURPD��2YDULDQ�IROOLFOHV�FKDQJH�LQ�PRUSKRORJ\�DQG�FRPSRVLWLRQ�DV�WKH\�JR�WKURXJK�

the maturation process that gives rise to the female gametocyte. Mature follicles are 

composed of three cell types: the oocyte or the female germ cell, the granulosa cells, 

Figure 11. Ovarian cell components��,OOXVWUDWLRQ�RI�WKH�KXPDQ�RYDU\�VKRZLQJ�WKH�GL൵HUHQW�FHOO�SRSX-
lations. Steps of the follicle maturation process are represented: primary follicle formation, secondary 
follicle, antral follicle, preovulatory follicle and corpus luteum. Corpus albicans is not represented. 
,OOXVWUDWLRQ�LQVSLUHG�LQ�>��@�
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and the theca cells (Figure 11). Both granulosa and thecal cells are involved in the 

control of the ovarian follicle maturation through the sensing of the gonadotropins 

DQG�WKH�SURGXFWLRQ�RI�VWHURLG�KRUPRQHV�>��@��,Q�WKH�IROOLFXODU�JURZWK��KRZHYHU��PRVW�

follicles undergo atresia, a degenerative process that depends on the apoptosis or 

DXWRSKDJ\�RI�JUDQXORVD�FHOOV�>������@��7KLV�SURFHVV�HQVXUHV�WKDW�RQO\�KHDOWK\�RRF\WHV�

ZLOO�RYXODWH� >��@��7KH�RYDULDQ� IROOLFOHV� WKDW�GR�QRW�XQGHUJR�DWUHVLD�� DIWHU�RYXODWLRQ��

eventually develop into corpus lutei.

The ovarian stroma plays a fundamental role in ovarian function throughout both its 

GHYHORSPHQW�SKDVH�DQG�DGXOW�OLIH��%HVLGHV�QRQ�VSHFL¿F�FRPSRQHQWV�VXFK�DV�LPPXQH�

cells, blood vessels, nerves and lymphatic vessels, several ovarian cell populations 

can be found in the stroma. The ovarian surface epithelium is a keratin-rich epithelial 

cell layer participating in the reparation after the mechanic stress originated by cyclic 

ovarian changes. The ovarian tunica albuginea is a thin layer of connective tissue that 

remodels before ovulation with a protective purpose. The rete ovarii are vestiges of 

the mesonephric ducts with not well understood functions. Hilar cells are known to 

participate in androgens production upon gonadotropin stimulation, however, their 

entire function has not been stablished. Moreover, the ovary contains stem cells able 

WR� GL൵HUHQWLDWH� WR� D� QXPEHU�RI� RYDU\�VSHFL¿F� VRPDWLF� FHOOV� DQG� DOVR�JHUPOLQH� FHOOV�

(Figure 11). Lastly, a mixed population of uncharacterized cells are lodged in the 

RYDULDQ�VWURPD��NQRZQ�DV�VWURPDO�FHOOV��LQFOXGLQJ�¿EUREODVW�OLNH�FHOOV��Figure 11��>��@��

)RU�WKH�SXUSRVH�RI�WKLV�WKHVLV��D�GHHSHU�GHVFULSWLRQ�RI�WKH�UHWH�RYDULL�LV�UHTXLUHG��

This structure, and its male counterpart the rete testis, originate from cells of 

mesonephric origin which migrate to the developing gonad during embryogenesis. The 

UHWH�RYDULL�ORFDOL]HV�DW�WKH�KLOXV�RI�WKH�RYDU\�>��@��,Q�WKH�UHWH�RYDULL�RI�DGXOW�PLFH��WKUHH�

parts can be distinguished based on the location and morphology: (i) the extraovarian 

rete, surrounded by the parovarian tissues; (ii) the connecting rete, in contact with the 

RYDULDQ� OLJDPHQW�� DQG� �LLL�� WKH� LQWUDRYDULDQ� UHWH�� VLWXDWHG�ZLWKLQ� WKH�RYDU\� >������@��

Although this ovarian structure is not well understood yet, it is thought to regulate the 

PHLRVLV�RI�JHUP�FHOOV�DQG�WKH�GL൵HUHQWLDWLRQ�RI�JUDQXORVD�FHOOV��DQG�WR�KDYH�VHFUHWRU\�

IXQFWLRQV�LQ�WKH�DGXOW�RYDU\�>������@�
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2.3 OVARIAN CANCER

7KH� WHUP� RYDULDQ� FDQFHU� FRPSULVHV� D� FRPSOH[� YDULHW\� RI� GLVHDVHV� ZLWK� XQLTXH�

KLVWRSDWKRORJLFDO� IHDWXUHV�� 6HYHUDO� DWWHPSWV� KDYH� EHHQ�PDGH� WR�¿QG�RXW� WKH� SURSHU�

FODVVL¿FDWLRQ� V\VWHP� IRU� RYDULDQ� FDQFHU� VLQFH� WKH� HDUO\� ��V�� 0RVW� UHFHQWO\�� WKH�

:RUOG�+HDOWK�2UJDQL]DWLRQ��:+2��HVWDEOLVKHG�D�FODVVL¿FDWLRQ�V\VWHP�EDVHG�RQ� WKH�

KLVWRORJLFDO� DQG� JHQRPLF� WUDLWV� RI� WKH� GL൵HUHQW� WXPRU� W\SHV� >��@��+RZHYHU�� IRU� WKH�

SXUSRVH� RI� WKLV� WKHVLV�� D� FODVVL¿FDWLRQ� EDVHG� RQ� WKH� FHOO� RI� RULJLQ� LV�PRUH� VXLWDEOH��

Thus, ovarian cancers can be divided into epithelial, sex cord-stromal, germ cell and 

PLVFHOODQHRXV�WXPRUV�>��@��2YDULDQ�FDQFHUV�RI�HSLWKHOLDO�RULJLQ�DFFRXQW�IRU�����RI�DOO�

FDVHV�>��@��7KLV�JURXS�ZDV�RULJLQDOO\�FODVVL¿HG�DV�HSLWKHOLDO�EHFDXVH�LW�ZDV�WKRXJKW�

WR�DULVH�IURP�WKH�RYDULDQ�VXUIDFH�HSLWKHOLXP�>��@��+RZHYHU��WKLV�JURXS�LV�FRQVWLWXWHG�

E\�WXPRUV�RI�GL൵HUHQW�VXEW\SHV��LQFOXGLQJ�VHURXV��HQGRPHWURLG��PXFLQRXV�DQG�FOHDU�

cell, being the high grade serous ovarian carcinoma the most prevalent with 70% 

RI�WKH�HSLWKHOLDO�RYDULDQ�FDQFHU�FDVHV�>��@��1RQ�HSLWKHOLDO�WXPRUV�DFFRXQW�IRU����RI�

PDOLJQDQW�RYDULDQ�WXPRUV�>��@���6H[�FRUG�VWURPDO�WXPRUV�LQFOXGH�JUDQXORVD�WKHFD�FHOO�

WXPRUV��WKHFRPD�¿EURPDV�DQG�6HUWROL�/H\GLJ�FHOO�WXPRUV��$PRQJ�WKHP��JUDQXORVD�FHOO�

WXPRUV�DUH�WKH�PRVW�IUHTXHQW��DFFRXQWLQJ�IRU�����RI�WKH�VH[�FRUG�VWURPDO�WXPRUV�>��@��

Germ cell ovarian tumors arise from primordial germ cells. They include teratomas, 

G\VJHUPLQRPDV�DQG�<RON�VDF� WXPRUV��DPRQJ�RWKHUV�>��@��0LVFHOODQHRXV� WXPRUV�DUH�

FODVVL¿HG� LQ� UHWH� RYDULL�� PHVRWKHOLDO� DQG� VRIW� WLVVXH� WXPRUV� >��@�� 'LVFUHSDQFLHV� LQ�

WKH� WXPRU�FODVVL¿FDWLRQ�FRQYROXWH� WKH�HVWDEOLVKPHQW�RI�DFFXUDWH� IUHTXHQFLHV� IRU� WKH�

GL൵HUHQW�FDQFHU�VXEW\SHV��

Despite intensive study during many years, the cellular origin and pathogenesis 

of ovarian cancer is not completely determined. The silent character of this disease 

complicates its early diagnosis. In fact, most ovarian cancer cases are diagnosed after 

WKH� WXPRU�KDV�PHWDVWDVL]HG� >��@� DQG� VSUHDG�RI� WKH� WXPRU�PLJKW� FRQFHDO� WKH� FHOO� RI�

origin. Moreover, the rarity of some tumors, together with the lack of understanding of 

WKH�RYDULDQ�WXPRULJHQHVLV��OHDGV�WR�WKH�IUHTXHQW�PLVGLDJQRVLV�RI�WKH�PRVW�XQFRPPRQ�

RYDULDQ�FDQFHU�VXEW\SHV��,QGHHG��IUHTXHQF\�RI�UHWH�RYDULL�WXPRUV��WKH�REMHFW�RI�VWXG\�RI�

the present thesis, has been claimed to be misestimated as their histologic phenotype 

LV�VLPLODU�WR�F\VWLF�WXPRUV�RI�RYDULDQ�VXUIDFH�RULJLQ�>��@��)RU�WKHVH�UHDVRQV��WKHUH�LV�DQ�
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LPSHUDWLYH�QHHG�IRU�¿QGLQJ�PROHFXODU�PDUNHUV�WKDW�SURYLGH�D�VXLWDEOH�PHWKRG�IRU�HDUO\�

GHWHFWLRQ�RI�RYDULDQ�FDQFHU��XQHTXLYRFDO�VXEW\SH�GLDJQRVLV�DQG�VSHFL¿F�JHQH�WDUJHWHG�

treatment.

2.3.1 Ovarian cancer epidemiology

2YDULDQ�FDQFHU�LV�WKH�WKLUG�PRVW�IUHTXHQW�J\QHFRORJLF�FDQFHU��IROORZLQJ�FHUYLFDO�DQG�

XWHULQH� FDQFHU� >���@��1RQHWKHOHVV�� RYDULDQ� FDQFHU� UDQNV�¿UVW� LQ� UHODWLRQ� WR� LWV� SRRU�

prognosis and high mortality rate, with a 5-year survival rate of approximately 45%. 

,QFLGHQFH� RI� RYDULDQ� FDQFHU� SULPDULO\� D൵HFWV� ������\HDU�ROG� ZRPHQ� >���@�� ZKR�

DFFRXQW� IRU�PRUH� WKDQ� ���� RI� WKH� WRWDO� FDVHV�� /HWKDOLW\� RI� WKLV� GLVHDVH� UHÀHFWV� LWV�

asymptomatic nature, in addition to the lack of regular screening due to the absence of 

SURSHU�DQG�DFFXUDWH�HDUO\�GHWHFWLRQ�WHFKQLTXHV��(DUO\�GLDJQRVLV�RI�WKH�GLVHDVH��QDPHO\�

ZKHQ�WXPRU�LV�VWLOO�ORFDOL]HG��LQFUHDVHV���\HDU�VXUYLYDO�UDWH�XS�WR�����>���@��$PRQJ�WKH�

known risk factors that impinge on the development of ovarian cancer, family history 

RI� WKH�GLVHDVH� LV� WKH�PRVW� VLJQL¿FDQW�� DFFRXQWLQJ� IRU� DERXW�����RI�RYDULDQ� WXPRUV�

>���@��0XWDWLRQV�LQ�BRCA1 and BRCA2 genes are responsible for most (65-85%) of 

WKH�KHUHGLWDU\�FDVHV�RI�RYDULDQ�FDQFHU�>���@��2WKHU�RQFRJHQHV�DQG�WXPRU�VXSSUHVVRU�

JHQHV�KDYH�EHHQ�IRXQG�IUHTXHQWO\�PXWDWHG� LQ�RYDULDQ�FDQFHU�� VXFK�DV�TP53, KRAS, 

BRAF, ERBB2, PTEN, CTNNB1 and PIK3CA��DPRQJ�RWKHUV�>���@��$GGLWLRQDOO\��RWKHU�

risk factors might contribute to the appearance of ovarian tumors, such as the presence 

of gynecologic conditions – polycystic ovarian syndrome, endometriosis, and pelvic 

LQÀDPPDWRU\�GLVHDVH�±�RU�KLJK�ERG\�PDVV�LQGH[�>���@�

2.3.2 Ovarian cancer treatment

Standard ovarian cancer management strategies consist of surgery and platinum-based 

FKHPRWKHUDS\��,Q�WKH�HDUO\�VWDJH�RI�WKH�GLVHDVH��ZKHQ�WKH�PDOLJQDQF\�LV�FRQ¿QHG�WR�WKH�

ovaries, surgical removal of the uterus (known as hysterectomy), the fallopian tubes 

and the ovaries (named salpingo-oophorectomy) is generally successful. When ovarian 

cancer is diagnosed in fertile women, unilateral salpingo-oophorectomy is considered 

ZKHQ�WXPRU�LV�D൵HFWLQJ�RQH�RYDU\�DQG�WKH�UHPDLQLQJ�LV�QRUPDO�>���@��,Q�PRUH�DGYDQFHG�

stages of the disease, application of surgery followed by chemotherapy is more an 

DWWHPSW�WR�DFKLHYH�D�GHFHQW�TXDOLW\�RI�OLIH�WKDQ�DQ�DFFXUDWH�PHWKRG�WR�FXUH�WKH�GLVHDVH��
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Repeated surgical interventions are usually needed for complete removal of the tumor. 

$SDUW� IURP� EHLQJ� XVHG� DV� DQ� DGMXYDQW� �DIWHU� VXUJLFDO�PDQDJHPHQW��� FKHPRWKHUDS\�

LV�DOVR�XVHG�DV�D�QHRDGMXYDQW��EHIRUH�VXUJHU\��LQ�RUGHU�WR�UHGXFH�WKH�WXPRU�YROXPH��

>���@��7KH�SULPDU\�FKHPRWKHUDSHXWLF�DSSURDFK�IRU�RYDULDQ�FDQFHU�WUHDWPHQW�FRQVLVWV�

RI�WKH�LQWUDYHQRXV�DGPLQLVWUDWLRQ�RI�D�WD[DQH�FDUERSODWLQ�FRPELQDWLRQ��+RZHYHU��XVH�

of new treatments in combination with chemotherapy, such as PARP inhibitors, are 

VWUHQJWKHQLQJ�RYDULDQ�FDQFHU�WUHDWPHQWV�>���@�
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RESUMEN DE LA INTRODUCCIÓN

R-RAS2

R-RAS2 es una GTPasa perteneciente a la familia de proteínas RAS. Entre los 

PLHPEURV�GH�OD�VXEIDPLOLD�GH�SURWHtQDV�5�5$6��5�5$6��HV�OD�~QLFD�TXH�KD�PRVWUDGR�

capacidad de transformación comparable a la de las RAS clásicas. Esta GTPasa posee 

una alta homología estructural con las proteínas RAS, especialmente en los dominios 

implicados a la unión de GTP y su hidrólisis. Además de estos dominios, la estructura 

de R-RAS2 también posee otra región conservada entre las proteínas de la familia 

5$6��FRPR�HV�OD�FDMD�&$$;��FRQ�XQD�UHOHYDQWH�IXQFLyQ�SDUD�OD�ORFDOL]DFLyQ�VXEFHOXODU�

de estas proteínas. La alta homología entre R-RAS2 y las proteínas RAS clásicas se 

PDQWLHQH�D�QLYHO�GH�PRGL¿FDFLRQHV�SRVW�WUDGXFFLRQDOHV�\�GH�ORFDOL]DFLyQ�VXEFHOXODU��

Sin embargo, esta última solo ha sido estudiada en modelos de expresión ectópica de 

R-RAS2.

Entre las moléculas reguladoras y efectoras de R-RAS2 encontramos numerosos 

conocidos interactores de otras proteínas RAS. De entre los interactores de R-RAS2, 

ODV� UXWDV� GH� VHxDOL]DFLyQ�PiV� DPSOLDPHQWH� HVWXGLDGDV� VRQ� ODV� YtDV� GH� 3,�.�$.7�

P725�\�5$)�0(.�(5.�

6H� KDQ� GHVFULWR� QXPHURVDV� IXQFLRQHV� FHOXODUHV� SDUD� 5�5$6��� TXH� LQFOX\HQ�

procesos celulares fundamentales, como la síntesis de ADN, la transcripción y la 

traducción; proliferación y supervivencia; migración y control del metabolismo 

PLWRFRQGULDO��$GHPiV��D�QLYHO�¿VLROyJLFR��5�5$6��KD�GHPRVWUDGR�VHU�HVHQFLDO�SDUD�HO�

modelado del sistema inmune adaptativo, para la diferenciación y supervivencia de los 

oligodendrocitos y para el correcto desarrollo de las glándulas mamarias.

También se ha postulado un papel patológico para R-RAS2. Recientemente, se han 

LGHQWL¿FDGR�PXWDFLRQHV�GH�RRAS2 en individuos diagnosticados con el Síndrome de 

Noonan. Por otro lado, la aparición de mutaciones en este gen en tumores humanos 

ha provocado una asociación de las mutaciones oncogénicas de RRAS2 con distintos 
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WLSRV�GH�FiQFHU��'H�HQWUH�ODV�PXWDFLRQHV�HQFRQWUDGDV��ODV�PiV�IUHFXHQWHV�VRQ�ODV�TXH�

DIHFWDQ�D�ODV�UHJLRQHV�LPSOLFDGDV�HQ�OD�XQLyQ�D�*73��FRPR�HO�UHVLGXR�4����HTXLYDOHQWH�

D�OD�SRVLFLyQ�4���HQ�SURWHtQDV�5$6�FOiVLFDV��$XQTXH�RRAS2Q72L se ha descrito como 

XQ�KRWVSRW�PXWDFLRQDO��HVWD�PXWDFLyQ�VROR�KD�VLGR�HQFRQWUDGD�HQ�EDMD�IUHFXHQFLD�HQ�OD�

población estudiada. Más allá de las mutaciones, la versión silvestre de RRAS2 también 

se ha visto desregulada en distintos tumores humanos. El aumento o disminución de su 

H[SUHVLyQ�HQ�WXPRUHV�KD�GHPRVWUDGR�VHU�HVSHFt¿FR�SDUD�FDGD�WHMLGR�

A pesar de sus prometedoras cualidades como impulsor tumorigénico, se ha 

LQYHUWLGR� FRQVLGHUDEOHPHQWH� SRFR� HVIXHU]R� FLHQWt¿FR� HQ� WUDWDU� GH� GLOXFLGDU� ODV�

funciones patobiológicas de R-RAS2. El advenimiento de las nuevas técnicas de 

VHFXHQFLDFLyQ�PDVLYD�KD�SHUPLWLGR�GHVYHODU�QXHYDV�PXWDFLRQHV�TXH�DSDUHFHQ�HQ�EDMD�

frecuencia, manifestando un posible papel de R-RAS2 como impulsor autónomo 

de la tumorigénesis. Teniendo en cuenta el potencial interés diagnóstico, clínico y 

terapéutico de las mutaciones de RRAS2, esta tesis se ha centrado en el estudio de la 

proteína R-RAS2.

Cáncer de ovario

La formación del ovario a partir de la gónada bipotencial está regulada a través de un 

SURJUDPD�PROHFXODU�HVSHFt¿FR�GH�KHPEUDV��FX\RV�JHQHV�FODYH�VRQ�Foxl2, Rspo1, Wnt4 

and Ctnnb1. La activación de este programa ocurre de manera paralela a la inhibición 

GH�ORV�JHQHV�PDVFXOLQRV��HQWUH�ORV�TXH�GHVWDFDQ�Wt1, Sry, Sox9 and Amh.

(VWD�FRPELQDFLyQ�GH�H[SUHVLyQ�GH�JHQHV�HVSHFt¿FRV�GH�KHPEUDV�\�UHSUHVLyQ�GH�JHQHV�

HVSHFt¿FRV�GH�PDFKR�GHEH�PDQWHQHUVH�HQ�HO�RYDULR�DGXOWR��6LHQGR�OD�GHVUHJXODFLyQ�

de estos programas moleculares capaz de inducir una inversión del sexo. Dos genes 

antagonistas son los responsables principales de este mantenimiento del destino sexual 

en los adultos: Dmrt1 en machos y Foxl2 en hembras. La desregulación de estos genes 

ha demostrado ser responsable de la transdiferenciación de células especializadas.

El ovario se puede dividir en dos componentes principales: los folículos y el 
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estroma ováricos. Los ovarios folículos cambian su morfología y composición 

GXUDQWH�HO�SURFHVR�GH�PDGXUDFLyQ�TXH�GDQ�OXJDU�DO�JDPHWRFLWR�IHPHQLQR��'XUDQWH�HO�

crecimiento folicular, la mayoría de los folículos sufre atresia, un proceso degenerativo 

TXH�GHSHQGH�GH�OD�PXHUWH�GH�ODV�FpOXODV�GH�OD�JUDQXORVD��'H�HVWD�IRUPD�VH�DVHJXUD�TXH�

solo los oocitos llegan al proceso de ovulación. El estroma ovárico está formado por 

FRPSRQHQWHV� QR� HVSHFt¿FRV� �FRPR� ODV� FpOXODV� LQPXQHV�� HQWUH� RWURV�� \� SREODFLRQHV�

FHOXODUHV� RYiULFDV��'H� HQWUH� ORV� FRPSRQHQWHV� HVSHFt¿FRV� GH� RYDULR�� HV� GH� HVSHFLDO�

interés para el propósito de esta tesis una descripción de la rete ovarii. La rete ovarii es 

XQD�HVWUXFWXUD�FRQ�RULJHQ�HQ�HO�PHVRQHIUR�TXH�ORFDOL]D�HQ�HO�KLOLR�RYiULFR��$XQTXH�VX�

IXQFLyQ�QR�HV�HO�WRGR�FRQRFLGD��VH�SLHQVD�TXH�LQWHUYLHQH�HQ�OD�UHJXODFLyQ�GH�OD�PHLRVLV�

de las células germinales y la diferenciación de las células de la granulosa, además de 

tener funciones secretoras en el ovario adulto.

(O� FiQFHU� GH� RYDULR� HQJORED� D� XQD� FRPSOHMD� YDULHGDG� GH� HQIHUPHGDGHV� FRQ�

características histopatológicas particulares. Los tumores de ovario pueden tener 

distintos orígenes, siendo el cáncer de ovario de origen epitelial el más prevalente 

�����GH�ORV�FDVRV���$XQTXH�VH�KD�HVWXGLDGR�GXUDQWH�PXFKRV�DxRV��HO�RULJHQ�FHOXODU�\�

la patogénesis del cáncer de ovario aún no se conoce. Además, el carácter silencioso 

GH�HVWD�HQIHUPHGDG�IDYRUHFH�XQ�GLDJQyVWLFR�IUHFXHQWHPHQWH�WDUGtR�TXH�LPSRVLELOLWD�OD�

LGHQWL¿FDFLyQ�GH�OD�FpOXOD�GH�RULJHQ�GHO�WXPRU��(VWR��XQLGR�D�OD�IDOWD�GH�FRQRFLPLHQWR�

VREUH�OD�WXPRULJpQHVLV�HQ�RYDULR�\�OD�EDMD�IUHFXHQFLD�GH�FLHUWRV�WXPRUHV��SURYRFD�HO�

frecuente mal diagnóstico de los subtipos tumorales ováricos menos comunes. Esto 

SRQH�GH�PDQL¿HVWR�OD�QHFHVLGDG�GH�HQFRQWUDU�PDUFDGRUHV�PROHFXODUHV�TXH�IDFLOLWHQ�OD�

GHWHFFLyQ�WHPSUDQD�GH�ORV�WXPRUHV�GH�RYDULR��HO�GLDJQyVWLFR�LQHTXtYRFR�GHO�VXEWLSR�

WXPRUDO�\�VX�WUDWDPLHQWR�HVSHFt¿FR�

El cáncer de ovario es el tercer cáncer ginecológico más frecuente, no obstante, es el 

de peor prognosis y mayor tasa de mortalidad. Entre los factores de riesgo, la herencia 

genética supone un 20% de riesgo, con los genes BRCA1 y BRCA2 siendo responsables 

de la mayoría de los casos de cáncer de ovario hereditario (entre un 65 y 85%). 

2WURV�IDFWRUHV�GH�ULHVJR�LQFOX\HQ�OD�SUHVHQFLD�GH�FRQGLFLRQHV�JLQHFROyJLFDV��FRPR�HO�

VtQGURPH�GHO�RYDULR�SROLTXtVWLFR�R�OD�HQGRPHWULRVLV��R�HO�DOWR�tQGLFH�GH�PDVD�FRUSRUDO��
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(O�WUDWDPLHQWR�GHO�FiQFHU�GH�RYDULR�FRPSUHQGH�OD�DSOLFDFLyQ�GH�WpFQLFDV�TXLU~UJLFDV�

PX\� LQYDVLYDV� �KLVWHUHFWRPtD� R� VDOSLQJRRIRUHFWRPtD�� \� HO� XVR� GH� TXLPLRWHUDSLDV�

basadas en platino. En los casos muy avanzados de la enfermedad, este tratamiento 

HV� LQVX¿FLHQWH�SDUD�FXUDU� OD�HQIHUPHGDG��\�VH�UHDOL]D�FRPR�XQ� LQWHQWR�GH�FRQVHJXLU�

una calidad de vida decente para el paciente. Actualmente, están surgiendo nuevas 

WHUDSLDV�FRPELQDWRULDV��FRPR�HO�XVR�GH�LQKLELGRUHV�GH�3$53�TXH�HVWiQ�IRUWDOHFLHQGR�HO�

tratamiento de ciertos cánceres ováricos.
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