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B.        C. 

   

 

 

Figure 29.  RAD51AP1 silencing leads to an impaired DDR marked by 
delayed RAD51 foci resolution.  A and B.  HEY cells were treated with 
siRNA against RAD51AP1.  72 hrs post-transfection cells were treated 
with 30 µJ • m-2 UV and fixed at the denoted times for quantification 
by IF.  Cells were probed for RAD51 foci.  C.  Western blot confirming 
RAD51AP1 knockdown efficiency for two siRNA RAD51AP1 sequences.  The 
arrow denotes RAD51AP1 bands and others as non-specific bands detected 
by the RAD51AP1 antibody (Abcam). 
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determine the effects USP1-UAF1 has on RAD51AP1 stability we utilized 

a cycloheximide chase assay.  Cells were transfected with siRNA 

against USP1 and UAF1.  72 hrs post-siRNA transfection, cell were 

treated with 10 µM cycloheximide (CHX), to halt translation and to 

observe RAD51AP1 half-life.  Cells were then fixed at various CHX 

treatment durations to assess the effects of USP1 and UAF1 knockdown 

on RAD51AP1 protein stability.  We found that when cells were depleted 

in USP1 or UAF1 RAD51AP1 became vastly destabilized compared to 

control (Figure 33).  To validate this finding and to exclude any cell 

line specific phenotypes, we conducted the CHX assay in various cell 

lines (HeLa, HEY and HCT116) and we found that each exhibited the same 

phenotype.  To exclude siRNA off-target effects we also treated cells 

with different siRNA sequences for USP1 and UAF1.  Again, the same 

phenotype was observed.  These data suggest that USP1 and UAF1 are 

important in promoting RAD51AP1 protein stability.  Since USP1 and 

UAF1 form a DUB complex, we wanted to test whether RAD51AP1 was 

stabilized and protected from proteasomal degradation by being 

deubiquitinated by USP-UAF1.  We initially tested whether treating 

cells with a proteasome inhibitor, MG132, would stabilize RAD51AP1 

protein levels.  HEY cells were treated with CHX for 4 and 8 hrs as 

well as treated with 10 µM MG132 for 6 hrs.  We observed that RAD51AP1 

protein levels became stabilized with MG132 treatment (Figure 34).  

This data suggests that RAD51AP1 is degraded by the proteasome. 
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C. 

 

D. 

   

Figure 33.  USP1 and UAF1 stabilize RAD51AP1.  A, B, C.  HeLa, HEY and 
HCT116 cells were treated with siRNA against USP1 and UAF1 for 72 hrs, 
and with 10 µM CHX for the time points mentioned (Hrs).  Cells were 
then prepared for western blot analysis and probed for RAD51AP1 
protein levels.  D.  siRNAs for USP1 and UAF1 were used in HeLa cells.  
Note: Red arrow is RAD51AP1 protein (marked by knockdown in A.), * 
denotes non-specific bands.  Band intensities quantified in ImageJ. 
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Figure 34.  RAD51AP1 is stabilized by MG132 treatment.  HEY cells were 
treated with CHX for 4 and 8 hrs and treated with 10 µM MG132 for 6 
hrs.  Cells were then harvested and prepared for western blot analysis 
and probed for RAD51AP1.  Note: Red arrow is RAD51AP1 protein (marked 
by knockdown in A.), * denotes non-specific bands. 

 

After observing that RAD51AP1 is stabilized with treatment by MG132 we 

wanted to determine whether USP1 is the sole DUB responsible for 

RAD51AP1 stability.  Since UAF1 is a subunit of various DUB enzymes, 

USP1, USP12 and USP46, we wanted to explicate which DUB or DUBs was 

UAF1 working through to promote RAD51AP1 stability [79].  To test this, 

we performed a co-knockdown of USP12 and USP46 in HEY cells.  72 hrs 

post-transfection the cells were treated with 10 µM CHX for 4 and 8 

hrs to assess protein half-lives.  The cells were then harvested and 

prepared for western blot analysis and probed for RAD51AP1.  We 

observed that with USP12 and USP46 knockdown there was no significant 

change in RAD51AP1 protein levels as compared to control (Figure 35).  

This data suggests that UAF1 is working exclusively with USP1 to 

stabilize RAD51AP1. 
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Figure 35.  UAF1 facilitates RAD51AP1 stability through USP1.  HEY 
cells were treated with siRNA against USP12 and USP46 for 72 hrs.  
Cells were then treated with 10 µM CHX for 4 and 8 hrs.  Cells were 
prepared for western blot analysis and probed for RAD51AP1.  Note: Red 
arrow is RAD51AP1 protein (marked by knockdown in A.), * denotes non-
specific bands. 

 

Conclusion and Future Directions 

The USP-UAF1 deubiquitinating complex has been well studied and is 

known to promote homologous recombination repair.  USP1-UAF1 DUB 

complex is known to deubiquitinate various substrate proteins, namely 

FANCD2 of the Fanconi Anemia pathway and PCNA of the Translesion 

Synthesis pathway [80-82].  Interestingly, knockdown of either USP1 or 

UAF1 results in genome instability and the reason for this is not 

completely understood.  It is possible that the role of USP1-UAF1 in 

the DDR is more expansive than previously thought and mediates various 

repair pathways via undisclosed binding proteins alongside FANCD2 and 

PCNA dependent repair mechanisms [122].  Our data presents a possible 

mechanism that promotes HR in congruence with USP1-UAF1-dependent 

repair pathways.  We have shown that RAD51AP1 interacts with the DUB 

complex via its interaction with UAF1.  We have shown that USP1 also 
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interacts with RAD51AP1, but this is dependent on the presence of UAF1, 

thus suggesting UAF1 acts as a scaffold protein. 

 

The interaction of USP1-UAF1 with RAD51AP1 provides further 

understanding of how the DUB complex promotes HR.  We have shown that 

the early onset DDR is not affected with the absence of USP1 and UAF1, 

but the late stage DDR is impaired.  We have shown that with USP1, 

UAF1 and RAD51AP1 depletion, cells exhibit reduced HR repair as marked 

by delayed RAD51 foci resolution (Figure 26, p. 63 and Figure 29, 

p.67).  This is an important finding because it is known that RAD51AP1 

is implicated in homologous recombination by promoting RAD51 

recombinase activity and RAD51-mediated D-loop formation at sites of 

DNA damage [84,85].  Our data provides evidence that USP1-UAF1 

stabilize RAD51AP1 protein levels [Figure 33, p. 73].  This finding 

suggests that USP1-UAF1 promote RAD51AP1-mediated HR by stabilizing it.  

This also provides a mechanism through which USP1-UAF1 promote DNA 

repair as USP1 or UAF1 depletion leads to reduced HR efficiency it is 

possible this is in part due to RAD51AP1 destabilization. 

 

Moving forward, we are set to further investigate the UAF1-RAD51AP1 

protein-protein interaction.  We have found a region of RAD51AP1, 

consisting of 28 amino acids, that is responsible for the UAF1-

RAD51AP1 interaction.  We have investigated various structural 

predictions of RAD51AP1, based on its primary amino acid sequence, to 
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determine potential binding residues and these predictions have 

revealed the 28 amino acid stretch lies in a disordered region.  We 

therefore, will continue to make various truncation constructs for 

immunoprecipitation to reduce the interaction region to the minimum 

size possible.  At this point we will perform point-mutagenesis on the 

remaining residues to determine the absolute minimum required residues 

necessary for the UAF1-RAD51AP1 interaction.   

 

Upon acquisition of the minimum required residues, we will perform 

various rescue experiments to show that wild type RAD51AP1 promotes HR 

and genome stability, whereas the mutant does not.  We will perform 

CHX analysis (similar to that in Figure 33, p. 73) to show that the 

UAF1-interaction deficient RAD51AP1 (ΔUAF1) is greatly destabilized, 

akin to the USP1 or UAF1 knockdown phenotype, compared to wild type 

RAD51AP1 (RAD51AP1 WT).  Cells will be treated with 3’UTR siRNA 

against endogenous RAD51AP1 for 48 hrs.  48 hrs post-siRNA 

transfection, cells will be reconstituted with either RAD51AP1 WT or 

ΔUAF1 for 24 hrs.  Afterward cells will be treated with 10 µM CHX over 

9 hrs and then prepared for western blot analysis to determine 

RAD51AP1 protein levels of ΔUAF1 compared to RAD51AP1 WT.  This data 

would suggest that the interaction between UAF1 and RAD51AP1 is 

paramount for RAD51AP1 stabilization.  We would also show in a 

clonogenic assay that RAD51AP1 WT rescues drug sensitivity to RAD51AP1 

depleted cells, whereas ΔUAF1 does not rescue the defects of RAD51AP1 

knockdown in sensitized cells.  This experiment will be conducted in 
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HeLa cells, stably expressing RAD51AP1 WT or ΔUAF1, and endogenous 

RAD51AP1 will be depleted via a 3’UTR siRNA for 48 hrs.  72 hrs post 

transfection the cells will be treated with multiple genotoxic agents 

and at varying concentrations.  This experiment can also be conducted 

with co-knockdowns of endogenous RAD51AP1 (3’UTR) and USP1 or UAF1.  

We expect to observe that RAD51AP1 WT rescues RAD51AP1 knockdown 

phenotype (sensitivity to drugs) and ΔUAF1 confers sensitivity to the 

drugs.  This data suggests that the UAF1-RAD51AP1 interaction is 

necessary to promote genome stability and maintenance.  Lastly, we can 

conduct experiments to rescue USP1, UAF1 and RAD51AP1 knockdown 

phenotypes as marked by RAD51 foci kinetics (Figure 26, p. 63 and 

Figure 29, p.67).  We showed that USP1, UAF1 and RAD51AP1 knockdown 

result in delayed RAD51 foci resolution.  To rescue these phenotypes 

we will knockdown USP1, UAF1 or RAD51AP1 (3’UTR) in HeLa cells stably 

expressing RAD51AP1 WT or ΔUAF1 for 72 hrs.  72 hrs post-knockdown we 

will treat the cells with 30 µJ • m-2 UV and allow cells to repair the 

induced damage over 6 hrs.  At various times during DNA damage 

resolution, cells will be fixed and prepared for IF.  Cells will be 

probed for RAD51 foci.  We expect to see that RAD51AP1 WT is able to 

rescue USP1, UAF1 and endogenous RAD51AP1 depletion phenotypes (i.e. 

RAD51 foci resolution matches that of control foci kinetics).  On the 

other hand, ΔUAF1 will not be able to rescue the knockdown phenotypes, 

thus suggesting that the UAF1-RAD51AP1 interaction is indeed necessary 

to promote DNA repair via homologous recombination. 
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Finally, we will investigate the possibility that RAD51AP1 is 

ubiquitinated and degraded by the proteasome.  As discussed earlier, 

RAD51AP1 protein levels become stabilized with treatment of the 

proteasome inhibitor MG132 (Figure 34, p. 74).  We believe that 

RAD51AP1 is degraded by the proteasome and stabilized by USP1-UAF1 

deubiquitination.  To date we have not been able to show that RAD51AP1 

is ubiquitinated by in vivo ubiquitination assays or that with USP1 or 

UAF1 knockdown RAD51AP1 is rendered hyper-ubiquitinated.  This 

suggests either experimental error has made this phenotype elusive or 

that USP1-UAF1 promote RAD51AP1 stability via a non-catalytic 

mechanism independent of deubiquitination.  We will reinvestigate this 

again once we find a UAF1-interaction deficient RAD51AP1 mutant.  We 

can then perform in vivo ubiquitination assays with RAD51AP1 WT and 

ΔUAF1 to determine any difference in RAD51AP1 ubiquitination levels.  

Should we observe increased ubiquitination of RAD51AP1 in the ΔUAF1 

mutant, we can conclude that the USP1-UAF1 DUB complex promotes 

RAD51AP1 protein stability by deubiquitinating RAD51AP. 

 

All together our research will explicate the role and necessity of the 

UAF1-RAD51AP1 interaction in promoting genomic integrity.  Based on 

our data we propose a model through which USP1 and UAF1 promote genome 

stability (Figure 36).  We propose that RAD51AP1 promotes HR late in 

the DDR and that RAD51AP1 does not affect the early onset DDR.  It is 

possible that RAD51AP1, alongside its function to recruit RAD51 to 

sites of DNA damage, facilitates the roles of repair proteins such as 
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FANCD2, BRCA1/2 and PCNA.  This notion provides reason alone to 

further investigate the role of RAD51AP1 in promoting genome stability 

independent of or at least downstream of its interaction with USP1-

UAF1.  We have produced evidence that the interaction between USP1-

UAF1 with RAD51AP1 promotes RAD51AP1 protein stability and we will 

show that the interaction promotes the DDR.  We have shown that USP1 

and UAF1 are important in promoting genome stability and while the 

mechanism to date remains unknown, we have provided evidence of a new 

mechanism that promotes the DUB’s function in HR and maintaining 

genome stability. 

 

Figure 36.  Proposed model of USP1-UAF1 promoting genome stability via 
their interaction with RAD51AP1.  This model shows that USP1-UAF1 
promoted genome maintenance by interacting with RAD51AP1 downstream of 
early onset DDR repair proteins.  We suggest that USP1-UAF1 promote 
the HR repair by coordinating multiple steps, namely deubiquitination 
of FANCD2-FANCI and promoting stability of RAD51AP1.  It remains to be 
determined whether RAD51AP1 are functionally connected to FANCD2. 
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