
ADVERTIMENT. Lʼaccés als continguts dʼaquesta tesi queda condicionat a lʼacceptació de les condicions dʼús
establertes per la següent llicència Creative Commons: http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptación de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set
by the following Creative Commons license: https://creativecommons.org/licenses/?lang=en



RAD51 AS FUNCTIONAL 
BIOMARKER TO SELECT TUMORS 

FOR PARP INHIBITOR TREATMENT



















ACKNOWLEDGEMENTS 





 
 
 
 
 

INDEX 













 
 
 
 
 

ABBREVIATIONS 

 

 

 

 

 













β





 
 
 
 
 

ABSTRACT 







 



 
 
 
 
 

RESUMEN 









 
 
 
 
 

INTRODUCTION 





1. CARCINOGENESIS         

Normal cell cycle 

Key cellular processes relevant for cancer 
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2. DNA DAMAGE RESPONSE       
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BRCA1 domains and binding partners
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3. BREAST CANCER         

Germline BRCA 
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4. PARP INHIBITION         







Mechanisms of PARPi resistance 

Mechanisms of PARPi resistance that restore HRR functionality 

RESISTANCE THROUGH SECONDARY MUTATIONS 



RESISTANCE THROUGH HYPOMORPHIC BRCA1 PROTEINS 
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RESISTANCE THROUGH REVERSION OF EPIGENETIC SILENCING 



RESISTANCE THROUGH REMOVAL OF A BARRIER TO DNA END RESECTION 



Mechanisms of PARPi resistance independent from HRR functionality 

RESISTANCE THROUGH MITIGATION OF REPLICATION STRESS AND SLOWED CELL CYCLE PROGRESSION  



OTHER MECHANISMS OF RESISTANCE 
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PARPi beyond BRCA 



5. BIOMARKERS OF RESPONSE TO PARPi     

 

Platinum sensitivity 



Biomarkers based on gene mutation analysis 

Germline BRCA1/2 mutations 

Targeted sequencing of HRR-related genes 



Genomic scars and mutational signatures 
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Limitations of genomic assays 



Dynamic biomarkers 

Transcriptional profiles and protein expression 



Functional assays 
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6. TARGETING DDR IN COMBINATION WITH PARPi 

Combination with DDR inhibitors 
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METHODS 





Generation of patient-derived xenograft (PDX) models 
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In vivo experiments of PDX sensitivity to PARP, WEE1 and ATM inhibitors 
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Analysis of the BRCA1/2 genes and loss of heterozygosity in PDX tumors 



Analysis of BRCA1 mRNA expression 

Exome sequencing (PDXs cohorts 1 and 2) 



BRCA1 promoter methylation 

Immunofluorescence experiments 
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Immunofluorescence scoring 
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ATM immunohistochemistry  

Reverse phase protein array (RPPA) analysis 

PDX for RAD51 assay validation (PDX cohort-3) 



HRD score 

73-gene profiling of PDX cohort-3 

Cell lines 

Cas9/mClover-LMNA homologous recombination assay 



Localization of PALB2 to laser-induced DSBs 

Protein extraction and western blotting 





gBRCA patient cohort 

HBOC patient cohort 



Statistical analysis 
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RESULTS 





PART 1             
A RAD51 assay identifies restoration of homologous 

recombination repair as the major mechanism of PARP inhibitor 

resistance in germline BRCA1/2 mutated breast cancer. 

 

The establishment of a PDX panel from gBRCA patients’ tumors 





γ

Olaparib antitumor activity in the gBRCA PDX panel distinguishes a subset of 

PARPi-resistant tumors 
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PARPi-resistant gBRCA1 PDX models do not harbor target loss or secondary 

BRCA1 mutations 

The expression of functional hypomorphic BRCA1 isoforms is associated with 

PARPi resistance in gBRCA1 PDX models 
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Loss of 53BP1 and FAM35A in PARPi-resistant gBRCA1 PDX models 
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PARPi-resistant gBRCA1 PDXs are able to form RAD51 nuclear foci 

Δ



RAD51 nuclear foci formation can be assessed in untreated tumor samples 

and is associated with PARPi resistance in PDX cohort-1 
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RAD51 foci formation in FFPE tumor samples from patients predicts response 

to PARPi 
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PART 2             
The RAD51 assay identifies homologous recombination repair 

deficient sporadic breast tumors with PARP inhibitor sensitivity. 

 

The establishment of a PDX panel from non-gBRCA patient’s tumors 

Olaparib antitumor activity in the non-gBRCA PDX panel distinguishes a 

subset of tumor highly sensitive to PARPi 
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PARPi-sensitive PDX models harbor epigenetic silencing of BRCA1 
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Somatic alterations in HRR-related genes within PDX cohort-2 
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RAD51 score is a robust biomarker to predict PARPi response in non-gBRCA 

PDX models 

γ

γ



PDX098 PDX060 PDX094 PDX044 PDX102 PDX270 PDX197 STG201 PDX302
0

5

10

15

20

20
30
40
50

N
um

be
r o

f R
A

D
51

 fo
ci

-p
er

-n
uc

le
us

PDX098 PDX060 PDX094 PDX044 PDX102 PDX270 PDX197 STG201 PDX302
0

5

10

15

20

20
30
40
50

N
um

be
r o

f R
A

D
51

 fo
ci

-p
er

-n
uc

le
us

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100
PDX98
PDX60
PDX94
PDX44
PDX102
PDX270

Number of RAD51 foci-per-nucleus

N
um

be
r o

f c
el

ls

0 5 10 15 20 25 30 35 40 45 50
0

20

40

60

80

100 PDX197
STG201
PDX302

Number of RAD51 foci-per-nucleus

N
um

be
r o

f c
el

ls



0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

R
A

D
51

 (+
) /

 G
em

in
in

 (+
) c

el
ls

  (
%

)
    

    
ab

-1
33

53
4

RAD51 (+) / Geminin (+) cells  (%)
sc-8349

Vehicle
Olaparib

1 2 3 4 5 6 7 8 9 10
0.0

0.5

1.0

Accuracy
Specificity

Number of RAD51 foci-per-nucleous cut off

91.00      1.462 to 5662        0.0119                                               

10-1 100 101 102 103 104

Odds ratio

OR 95% CI p value

> 10 foci-per-nucleus

91.00      1.462 to 5662        0.0119                                               

91.00      1.462 to 5662        0.0119                                               

91.00      1.462 to 5662        0.0119                                               

91.00      1.462 to 5662        0.0119                                               

25.67      0.7981 to 825.4     0.0476                                              

25.67      0.7981 to 825.4     0.0476                                              

25.67      0.7981 to 825.4     0.0476                                              

3.889      0.1374 to 110.1     0.5000                                              

3.889      0.1374 to 110.1     0.5000                                              > 9 foci-per-nucleus

> 8 foci-per-nucleus

> 7 foci-per-nucleus

> 6 foci-per-nucleus

> 5 foci-per-nucleus

> 4 foci-per-nucleus

> 3 foci-per-nucleus

> 2 foci-per-nucleus

> 1 foci-per-nucleus



γ

γ



Veh
icle

   

Olap
ari

b

Veh
icle

   

Olap
ari

b
0

20

40

60

80

100

CR/PR

γH
2A

X 
 (+

) /
 G

em
in

in
 (+

) c
el

ls
  (

%
)

PD

p=0.0213 p<0.0001

Veh
icle

   

Olap
ari

b

Veh
icle

   

Olap
ari

b
0

20

40

60

80

100

G
em

in
in

 (+
) c

el
ls

  (
%

)

CR/PR PD

γ

μ

γ
γ



PD
X0

98

PD
X0

60

PD
X0

94

PD
X0

44

PD
X1

02

PD
X2

91

PD
X2

88

PD
X1

56

ST
G

13
9

ST
G

20
1O

R

PD
X3

02
O

R

PD
X1

37

PD
X0

93
O

R

PD
X2

70

PD
X1

97

ST
G

20
1

PD
X0

93

PD
X3

02

0

20

40

60

80

100

RA
D5

1 
(+

) /
 G

em
in

in
 (+

) c
el

ls
 (%

)
Vehicle
Olaparib

Veh
icle

   

Olap
ari

b

Veh
icle

   

Olap
ari

b
0

20

40

60

80

100

R
A

D
51

 (+
) /

 G
em

in
in

 (+
) c

el
ls

  (
%

) p=0.0007

CR/PR PD

p<0.0001

p<0.0001

10 20 30 40 50 60 70

-200

0

200

400

600

Tu
m

or
 V

ol
um

e 
C

ha
ng

e 
(%

)

RAD51 (+) / Geminin (+) cells (%)

PDX270



RAD51 score predicts response to PARPi in an independent PDX cohort 
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Scoring RAD51 in clinical samples identifies HRR-deficient tumors among 

patients with hereditary breast and ovarian cancer (HBOC) syndrome, 

including PALB2-related tumors 
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PART 3             
Inhibiting WEE1 and ATM induces replication stress and enhances 

the antitumor response to PARPi in BRCA1-altered tumors. 

AZD1775 antitumor activity in the PDX panel distinguishes a subset of tumors 

highly sensitive to WEE1 inhibition 
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Response biomarkers of WEE1 inhibition 

WEE1 inhibition induces accelerated mitotic entry and replication stress in 

vivo 
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WEE1 blockade in combination with PARP inhibition sensitizes BRCA1-altered 

tumors 
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ATM blockade in combination with PARP inhibition sensitizes other BRCA1-

altered tumors 
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