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Progress report PI Aneliya Velkova  BC083181 “The Role of BRCA1 Domains and Motifs in Tumor 
Suppression “August 2009/July 2010 
 

I. Introduction: Summary of project objectives and scope of research 
 
Breast cancer is among  the most fr equent malignancies affecting women. Germline mutations in the 
breast and ovarian cancer predisp osition gene 1 (BRCA1) are responsible for the majority of early-
onset hereditary breast cancers arising in families with multiple cases. It is estimated that around 10% 
of all women undergoin g testing and about 35-50% of women from minority populations rece ive non-
informative results, due to the finding of a variant  for which cancer association is not known. These 
are called u nclassified variants (UCVs). Considering that there are over 1500 allele s of BRCA1, one 
of the most challenging tasks for genetic counseling is to di stinguish which are benign and which are 
cancer predisposing. Previous research has indicated that the likelihood of a variant being deleterious 
is higher when the varia nt is located in a  structurally and fu nctionally defined protein domain. Thus, 
the identification of oth er functiona l domains is critical to  classifying variants. To approach  this 
problem we hypothesized that poo rly characte rized, con served doma ins in the central regio n of  
BRCA1 (called motif 6 a nd coiled-coil domain) d irectly participate in tum or suppression function s o f 
BRCA1.This proposal aims to test our hypothesis and determine how specific dom ains and motifs of  
BRCA1 act to promote tumor suppression. Importantly our research has much bro ader implica tions 
because gene products implicated in breast ca ncer seem t o cluster  around DNA damage response  
pathways. Thus, an und erstanding of the role  of BRCA1 will li kely have an impact on other for ms of 
breast cancer not attributable to germline mutations in BRCA1. Both radiation therapy and most of the 
drugs used  for cancer treatment rely on intro ducing DNA damage in  the cells. BRCA1 is a main  
participant in the cellular response  to DNA d amage, whi ch makes it a very important factor in 
modulating the patient’s response to therapy. 
 

II. Key research accomplishments 
 
We are on target to complete all tasks in the timeframe proposed. 
 
Task 1. To  determine the function al signif icance of two p oorly characterized do mains of BRCA1  
(Months 1-24): 
1a. Generating BRCA1 C61G in pLenti4 BRCA1 full length. Task 1a is completed (see previous 
report) 

1b. Generating BRCA1-null cell lines with reconstituted full-length BRCA1C61G. Fig.1 shows a typical 
experiment of ectopic expression of full-length BRCA1 and mutants in HCC1937 c ell line. Expression 
of BRCA1 C61G mutant is shown in lane 6.Thus, task 1b is completed. 

1c. Verifying the expression levels and subcellular localization of BRCA1 wt and mutants (C61G, 
M1775R, delta motif 6 and delta exon 12/13) in SUM1315 tet repressor, SUM149 tet repressor and 
HCC1937 tet repressor cell lines. We verified the expression levels of full-length B RCA1 and mutants 
in HCC1937 cell line (Fig.1). 

 
Unfortunately we could not test the proper nuclear localizat ion 
of BRCA1 mutants and the ability o f BRCA1 to form normal S-
phase foci because th e most app ropriate antibody for th ese 
purposes, BRCA1  Ab3 antibody (Calbiochem), was  
discontinued and currently it is not available commercially. We 
also tested two additional BRCA1 a ntibodies but none of them  
worked properly for immunofluorescence. Thus,  we propose to 
revise this task and a nalyze all BRCA1 mutants usin g an  
alternative method of  cellular fr actionation (nuclear and  
cytoplasmic fractions), followed by western blot with BRCA1 
Ab1 antibody.  

 

1      2   3       4      5     6

Fig. 1 Expression of BRCA1  full length wild type 
and mutants in HCC 1937 cell line. Lane1-
HCC1937 plus pLenti 4 lac z (negative control);
Lane2-HCC1937 plus plenti4 wild type BRCA1;
Lane3-HCC1937 plus plenti4 BRCA1 M1775R;
Lane4-HCC1937 plus plenti4 BRCA1 delta Motif6;
Lane5- HCC1937 plus plenti4 BRCA1 delta 12/13;
Lane6- HCC1937 plus plenti4 BRCA1 C61G.
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1d.Colony forming assay after irradiation. We performe d colony forming assays with HCC1937 
transfected with pLenti plasmids expressing either BRCA1 wild type or mutant constructs: M1775R, a 
mutant lacking Motif 6  (delta motif 6), a mutant lacking seq uences in exons 12 an d 13 that co de for 
the coiled-coil domain (delta 12/13), and BRCA1 C61 G mutant. We used HCC1937 cell line 
transfected with pLenti lacZ plasmid as a negative control. Our experiments indicate that HCC1937 
expressing BRCA1  wild type and d elta Motif 6, show ed better survival  after ionizing radiation  than  
HCC1937 e xpressing lacZ, delta 12/13, C61G or M1775 R mutants. This suggests that the RING,  
coiled-coil and BRCT domains are critical for survival after irradiation. Thus, task 1d is completed. 
 
1e. Early G2/M checkpoint assay. We initia lly tested wt BRCA1 a nd mutants proposed in the 
application for early G2/M checkpoint. The results from several independent experiments with multiple 
samples revealed that  this assay d oes not seem to be sen sitive enough in our  conditions. This may 
be due to several reasons:  

 Transfection of HCC1937 cells (even with negative control plasmid pLenti lacz) influences the 
percentage of cells in mitosis. 

 The ectopic expression of the BRCA1 mutants is variable. In the G2/M assay we measure the  
changes in the G2/M phase of th e cell cycle,  which for  HCC1937 cells r epresent ~2% of th e 
total cell p opulation. T ransfection efficiency is well under  100% and  this compounds the 
technical issue. 

 SUM1315 and SUM 149 cell lines, which were our other options for BRCA1 negative cell lines, 
behaved as they have intact G2/M checkpoint in our analysis so we conclude that they do not  
constitute a viable alternative. 

Thus, even though we tested all the  BRCA1 mutants, proposed in the a pplication we concluded that 
the early G2/M assay us ing ectopic t ransfection is not sensitive enough under these conditions t o be 
used for functional analysis of unclassified variants of BRCA1. Thus, task 1e is completed. 
 
1f.  RDS (radioresistant DNA synthesis) assay. We performed RDS ass ay using HCC1937 cell line,  
transfected with all the mutants pr oposed in t he application (Fig. 2). We used HCC1937 cell line 

transfected with pLenti lacZ plasmid  as a  
negative control. 

Our results (Fig.2) show that Motif 6 (delta  
M6) and RING domai n (C61G) are not  
required for  the intra-S -phase che ckpoint 
function of BRCA1.  On the other h and the 
coil-coiled (delta 1 2/13) and  BRCT  
(M1775R) d omains are necessary for the 
intra-S-phase checkpoint. We conclude  
that the R DS assay can be u sed for 
testing the f unction of BRCA1 UCVs and  
plan to increase the n umber of variants 
that we will be testing for the futur e. We 
also plan to use this assay routinely in our  
laboratory to understan d the mechanism 
by which BRCA1 controls the intra-S-

phase checkpoint. These results constitute the basis of a planned man uscript submission. Thus, task 
1f is completed. 

1g. Assay for intact spindle assembly checkpoint. We used HCC1937 cell line transfected with pLenty 
lac z (as negative control) or with pLenti BRCA1 wild type (as positive control) and analyzed phospho-
histone H3 positive cells after noco dazole treat ment (spindle assembly checkpoint) . There was no 
difference between the two samples (positive and negative control) in any of the time points examined 
i.e. the wild type BRCA1 could not reconstitute the spindle assembly checkpoint in HCC1937 cell line. 
Unfortunately, the function of BRCA1 in spindle assembly checkpoint h as been ext ensively tested in  
mouse embryonic fibroblasts not in human breast cancer epithelial cell lines. We speculate tha t the 
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Fig.2 RDS assay. HCC1937 cells were transfected with plenti lacz (used as negative control) 
or mutants as shown in the diagram. The results are shown as percentage of incorporation of 
labeled thymidine after irradiation with 20Gy if the incorporation for unirradiated control cells is 100%.  
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difference may be species specific. Thu s, w e conclude  that the  spindle a ssembly assay cannot 
discriminate different alleles of BRCA1. Thus, task 1g is completed. 
 
Task2. To characterize the interaction between Filamin A and conserved motif 6 (months 18-36). 

 
2a. Performing dose response and time course 
analysis in M2, A7, HCT116, HCT116 chk2-/- cell 
lines. We st arted by analyzing BRCA1 levels in 
the cytoplasmic fraction of A7 (Filamin A positive ) 
and M2 (Filamin A neg ative cell lin e). At all time  
points teste d M2 cell lines showed significant ly 
lower levels of BRCA1 as expected  (Fig. 3).  We 
choose 10 Gy (maximum levels of BRCA1 in A7 
cells) and  performe d detailed  time course  
analysis (0-24h) of BRCA1 distribution in several 
cell lines (Fig.4).   
 
Next, we a nalyzed the BRCA1-P-988 antibody. 
Unfortunately, these experime nts revealed 
several shortcomings of this reagent. First, this 
phospho-specific antib ody recogn izes a band  
corresponding to BRCA1 in HCT11 6 CHK2 -/- cell 
line. Phosp horylation of Ser-988 in BRCA1 i s 
thought to b e mediated by CHK2. T hus, this cell 
line should not present with this phospho epitope.  
Second, we used sh RNAs against BRCA1  to  
make sure that the ant ibody indee d recognize s 
the correct  (BRCA1) epitope. There was no 
difference between scrambled shRNA an d 
shRNA for BRCA1 whe n using pho spho-BRCA1-
988 for western blot, although th e endogenous 
BRCA1 was effectiv ely silence d. Thus we 
conclude t hat this reagent (BRCA1-P-9 88 
antibody) cannot be used with confidence. At this 
time there  is no other alternative vendor or  
antibody. Thus, task 2a is completed. 
 

 
2b. Confirming dose response and time course analysis in MCF7 breast cancer cell line. This task will 
be performed within next year grant period according to the original plan. 
 
2c. Analysis of early G2/M arrest in MCF7 cells transfected with small fragment, containing BRCA1-
motif 6. After a detailed analysis of the binding regions between BRCA1 and Filamin A we confir med 
that motif 6 of BRCA1 contribute to the binding to Filamin A. However, the main region of BRCA1 that 
is responsible for the binding to Filamin A is a nother conserved motif within the BRCA1 N-terminus 
called motif 2. Please, r efer to fig.1  and fig.2 o f the paper “Identification of Filamin  A as a BR CA1-
interacting protein required for efficient DNA repair. 2010, Cell Cycl e 2010; 9(7): 1-13, which is 
attached in the appendices of this report. Moreo ver, introduction of BRCA1 mutation Y179C in motif 2 
disrupts the binding between BRCA1 and Filamin A. Y179C mutation of BRCA1 was found in families 
with breast and ovarian cancer. Th us, these ex periments analyzed the role of Motif 6 and Motif 2 in  
cell cycle r egulation (r efer to p.6 of this report where th e paper is attached). Thus, this task is 
completed. 
 
2d. Performing G2/M checkpoint recovery assays in M2 cell line transfected with pCMV2 Flag-Filamin 
A construct and simultaneously with pCMV2 Flag-Filamin A and BRCA1 shRNA. 

Radiation dose, Gy 0       1       2         6       10     20       50     0 

Fig. 3 Analysis of BRCA1 distribution
in the cytoplasmic fraction of A7 (Filamin A
positive) and M2 (Filamin A negative) cell 
lines. Western blot for BRCA1 is shown
at the indicated radiation doze.
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Fig. 4 Analysis of  BRCA1 distribution in cell lines. BRCA1 western  
blot  in nuclear and cytoplasmic fractions are shown after 10Gy 
of irradiation.
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This task will be performed within next year according to the original plan. 
 
Thus, Task 2 is going according to plan and should be completed within the next year. 
 
In conclusion, we are o n track to complete the tasks in  the time proposed. Our expectations a re that 
within next year we will be able to finish specific aim 2 as it is planned in the application. 
 
III. Reportable outcomes 
Publications  
The DOD pre-doctoral f ellowship g ave me an opportunity to publish a  first  author  paper, which is  
attached. This paper was also featured in the cover of Cell Cycle journal (attache d) and in a News & 
Views piece (attached). With this paper I fulfilled the minimum requirements for graduation for Cancer 
Biology PhD program. We are curr ently working on another manuscript for publica tion with some of 
the work that has been described in this report.  My fellowship BC083181 was credited in the following 
paper: 
 
1. Velkova A, Carvalho MA, Johnson JO, Tavtigian SV, Monteiro AN. Identification of Filamin A as a  
BRCA1-interacting protein required for efficient DNA repair. 2010, Cell Cycle 2010; 9(7): 1-13 
 
Meeting/Conference attended 
As part of my training I participated in Gordon Research Conference “Mutagenesis” August 1-6 2010 
in Waterville, ME. I presented a poster entitle d “Identifica tion of Filamin A as a  BRCA1 interacting 
protein required for efficient DNA repair”.  
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Bulleted list of key research and training accomplishments: 
 

• Verifying the expression level of BRCA1 full-length (WT or mutants) in HCC1937 cell line 
(task1c) 

• Performing colony forming assay after irradiation (task1d) 
• Performing early G2/M checkpoint assay (task 1e) 
• Performing Radio-Resistant DNA synthesis assay (task 1f) 
• Performing spindle assembly checkpoint assay (task 1g) 
• Performing dose response and time course analysis in M2, A7, HCT116, HCT116 chk2-/- cell 

lines (task 2a) 
• Publication of paper: Velkova A, Carvalho MA, Johnson  JO, Tavtigian SV, Mo nteiro AN.  

Identification of Filamin A as a BRCA1-interacting protein required for efficient D NA repair.  
2010, Cell Cycle 2010; 9(7):1-13.  This paper  was also  featured on t he cover of  Cell Cycle 
journal (attached) and in a News & Views piece (attached). 

• Presentation of poster: Gordon Research Conference “Mutagenesis” August 1-6, 2010 in  
Waterville, ME. I presented a poster entitled “Identification of Filamin A as a BRCA1 interacting 
protein required for efficient DNA repair”. 

 
Conclusion: 
The purpose of this research is to classify BRCA1 variants for which cancer association is not known 
(unclassified variants UCV).  To approach this pr oblem we hypothesized that poorly characterized but 
conserved domains in BRCA1 dire ctly participate in its tumor suppression fun ction. To te st this  
hypothesis we choose a global ap proach analyzing several BRCA1 d omains and point mutants in 
functions th at have previously been attributed  to B RCA1: long term survival after irradiation,  early 
G2/M chec kpoint, intra  S phase checkpoin t, and spindle assembly checkpoint . We succe ssfully 
optimized conditions fo r expression of full-length BRCA1  mutants in  two differe nt cell line s by  
electroporation and lipofectamine based transfection. We analyzed all the BRCA1 mutants proposed 
in this application. Our analysis revealed that the coiled-co il domain of BRCA1 is i mportant for the  
intra-S-phase checkpoint function of  BRCA1. W e also begin  to characterize two conserved motif s of 
BRCA1: Motif 6 (propo sed in this application) and Motif 2 (as a  ne w finding). This will ha ve a 
significant impact not only to understand BRCA1 role as a tumor suppressor in bre ast cancer but also 
to help patients that are carriers of BRCA1 mutation to make informed clinical decisions. 
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Introduction

The presence of DNA damage triggers a series of events col-
lectively known as the DNA Damage Response (DDR) path-
way.1,2 Its biological role is to promote efficient DNA repair and 
to coordinate this activity with cell cycle progression. Injuries 
to DNA primarily activate three PI3K related kinases ATM, 
ATR and DNA-PK which are recruited to DNA breaks by the 
Mre11/Rad50/NBS1 complex, ATRIP and Ku86, respectively.3 
This process is guided by different DNA structures: ATM and 
DNA-PK are activated by double stranded breaks (DBS) and 
ATR is activated by Replication Protein A (RPA) coated single 
stranded DNA (ssDNA).1

Two main mechanisms exist to promote DSB repair. The 
error-prone non-homologous end joining (NHEJ) is functional 
in all phases of the cell cycle, while the error-free homologous 
recombination (HR) only functions in S and G

2
 phases.1,2 HR 

is initiated by ssDNA resulting from resection of DNA ends at 
the DSB.1 RPA then binds ssDNA with very high affinity and 
is visualized as nuclear foci detected by immunofluorescence.4 

The product of the breast and ovarian cancer susceptibility gene BRCA1 has been implicated in several aspects of the 
DNA damage response but its biochemical function in these processes has remained elusive. In order to probe BRCA1 
function we conducted a yeast two-hybrid screening to identify interacting partners to a conserved motif (Motif 6) in 
the central region of BRCA1. Here we report the identification of the actin-binding protein Filamin A (FLNA) as a BRCA1 
partner and demonstrate that FLNA is required for efficient regulation of early stages of DNA repair processes. Cells 
lacking FLNA display a diminished BRCA1 IR-induced focus formation and a delayed kinetics of Rad51 focus formation. In 
addition, our data also demonstrate that FLNA is required to stabilize the interaction between components of the DNA-PK 
holoenzyme, DNA-PKcs and Ku86 in a BRCA1-independent fashion. Our data is consistent with a model in which absence 
of FLNA compromises homologous recombination and non-homologous end joining. Our findings have implications for 
the response to radiation-induced DNA damage.

Identification of filamin A as a BRCA1-interacting 
protein required for efficient DNA repair

Aneliya Velkova,1,2 Marcelo A. Carvalho,1,† Joseph O. Johnson,3 Sean V. Tavtigian4 and Alvaro N.A. Monteiro1,*

1Risk Assessment, Detection and Intervention Program; and 3Analytic Microscopy Core; H. Lee Moffitt Cancer Center & Research Institute; Tampa, FL USA; 
2University of South Florida Cancer Biology PhD Program; Tampa, FL USA; 4Department of Oncological Sciences; Huntsman Cancer Institute; University of Utah, Salt Lake City, 

UT USA

†Current address: Instituto Federal do Rio de Janeiro; Rio de Janeiro, RJ Brazil

Key words: BRCA1, filamin A, DNA-PK, non-homologous end joining, DNA damage, DNA repair

Abbreviations: ATM, ataxia-telangiectasia mutated; ATR, ATM and Rad3-related; ATRIP, ATR-interacting protein; 
DDR, DNA damage response; DMEM, dulbecco’s modified eagle medium; DNA-PKcs, DNA protein kinase catalytic subunit; 
DSB, double stranded breaks; FLNA, filamin A; γ-H2AX, histone H2AX phosphorylated at serine 139; GFP, green fluorescent 

protein; GST, glutathione-sulfo-transferase; GT, glutathione; IR, ionizing radiation; MRN, Mre11/Rad50/NBS1 complex; 
NHEJ, non-homologous end joining; PI3K, phosphoinositide-3-kinase; RPA, replication protein A; ssDNA, single stranded DNA

The RPA-coated ssDNA is the substrate for RAD51 recombi-
nase, which is loaded by BRCA2 and mediates the DNA pairing 
during HR.1,5 RAD51 co-localizes with the tumor suppressors 
BRCA1 and BRCA2 in radiation-induced nuclear foci.6,7 BRCA1 
and BRCA2 are part of a complex that controls RAD51 function 
and the efficiency of HR.5,8

Germline mutations in BRCA1 lead to increased predisposi-
tion to breast and ovarian cancer.9,10 Cloning of BRCA1 in 1994 
made possible the genetic testing of individuals with strong fam-
ily history of breast cancer and set the stage for an intensive effort 
to understand its biological functions and the nature of its tumor 
suppressive activities.11,12 However, 15 years later it is still not 
clear which of its many activities can be related directly to its role 
as tumor suppressor.

BRCA1 has been implicated in several aspects of the DNA 
damage response (DDR). Its role in the DDR seems to span a 
wide range of activities from damage signaling to participation in 
repair and the coordination of cell cycle checkpoints.1,13-15 In par-
ticular, BRCA1 has been implicated in HR,16 microhomology-
mediated17 and NHEJ DNA repair.18,19
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BRCA1 binding to FLNA is mediated primarily by BRCA1 
motif 2. In the course of our yeast experiments we noted that 
the interaction between Motif 6 and FLNA was relatively weak  
(data not shown). Thus, we hypothesized that other regions in 
BRCA1 might contribute to binding. We co-expressed in-frame 
fusions of GST to deletion fragments of BRCA1 and a FLAG-
tagged FLNA fragment (aa 2477–2647) in 293FT cells (Fig. 1B) 
to assess each region’s contribution to binding.

We immunoprecipitated FLAG-FLNA using α-FLAG agarose 
beads and the eluate with FLAG-peptide was separated by SDS-
PAGE. Western blot against FLNA and BRCA1 confirmed that 
FLAG-FLNA was properly folded and interacted with endog-
enous BRCA1, respectively (Fig. 1C, left). Western blot against 
GST revealed interaction of FLNA with different fragments of 
BRCA1 under low stringency (Fig. 1C, left). Interaction with 
fragments 1 (aa 1–324), 3 (aa 502–802) and 4 (aa 758–1064) 
was detected even under high stringency conditions (Fig. 1C, 
right). Reverse pull-downs of endogenous FLNA using GT-beads 
confirmed that the interaction is mediated by BRCA1 fragments 
1, 3 and 4 (Fig. 1D). In both experiments, BRCA1 fragment 1 
showed the strongest interaction (Fig. 1C and D).

Fragment 1 (aa 1–324) includes the RING finger (aa 1–101)11 
and nuclear export signals (aa 22–30 and aa 81–99).27,28 To deter-
mine whether the interaction was mediated by these motifs we 
used deletion mutants of BRCA1 fragment 1 (Fig. 2A). Initially, 
we identified BRCA1 residues 141–240 as the interacting region 
to FLNA (aa 2477–2647) (Fig. 2A). Further mapping identified 
residues 160–190 as the minimal region required for binding 
(Fig. 2B). This region, called Motif 2, had been previously iden-
tified as conserved motif in BRCA1 orthologs.21,22

To assess whether BRCA1 and FLNA interaction might con-
tribute to breast cancer we searched the Breast Cancer Information 
Core database (research.nhgri.nih.gov/bic/) for variants in this 
region. Variant Y179C is a frequent missense change recorded 
in the database (BIC Database). Introduction of BRCA1 Y179C 
mutant significantly reduced BRCA1 interaction to FLAG-FLNA 
aa 2477–2647 and to endogenous FLNA (Fig. 2C) further dem-
onstrating the specificity of the interaction. Because other regions 
in BRCA1 besides Motif 2 also contributed to the binding we 
investigated whether the Y179C mutation would disrupt binding 
to FLNA in the context of full length BRCA1. Introduction of 
the Y179C mutation significantly reduced the interaction in the 
full length context as compared to wild type BRCA1 (Fig. 2C, 
right). In summary, these experiments demonstrate that Motif 
2 primarily mediates the interaction to FLNA. Taken together 
these data raised the possibility that lack of FLNA might impair 
BRCA1 foci formation after DNA damage. Thus, the following 
experiments were directed at assessing the role of the interaction 
in the DNA damage response.

FLNA-null cells are deficient in DSB repair. To further char-
acterize the functional significance of FLNA/BRCA1 interaction 
we obtained the M2 melanoma cell line which lacks FLNA and 
its counterpart A7 which was obtained by reconstituting M2 cells 
with full length FLNA cDNA.29 First, we assessed the kinetics of 
double strand break (DSB) repair after ionizing radiation (IR). We 
irradiated or mock treated the FLNA- and FLNA+ cell lines and 

Our laboratory has focused on a systematic analysis of domains 
and motifs in BRCA1 as a means to understand its biochemical 
functions.20 Here we analyzed a conserved region, called Motif 
6, spanning amino acids 845–869 coded by BRCA1’s large exon 
11.21,22 Using a yeast two hybrid screen we identified the actin-
binding protein Filamin A (FLNA) as an interacting partner of 
BRCA1. Interestingly, FLNA has been shown to interact with 
BRCA2 and to participate in the DDR.23-25 Cells lacking FLNA 
exhibit prolonged checkpoint activation leading to accumulation 
of cells in G

2
/M after ionizing radiation.23

We show that BRCA1 and FLNA interact in mammalian 
cells and this interaction is mediated by Motif 6 and by another 
uncharacterized region in BRCA1 N-terminus called Motif 2.21 
Binding to BRCA1 is mediated by the C-terminus of FLNA, a 
region that includes its dimerization domain. Introduction of a 
BRCA1 missense variant found in individuals with family history 
of breast cancer abrogates the interaction. Lack of FLNA leads 
to a broad defect in DNA repair with accumulation of ssDNA 
combined with the hyperactivation of ATM and ATR-mediated 
signaling. We show that this phenotype is due to a combined 
failure of Ku86 and DNA-PKcs to form stable complexes, and to 
defects in BRCA1 and Rad51 focus formation implicating FLNA 
in the control of DNA repair.

Results

BRCA1 motif 6 interacts with filamin A. In order to identify 
interactors to the conserved Motif 6 of BRCA1 spanning amino 
acid residues 845–869 (Suppl. Fig. 1A) we performed a yeast 
two-hybrid screening against a human mammary gland cDNA 
library. Two overlapping clones coding for human Filamin A 
(FLNA; OMIM # 300017), spanning amino acid residues 2443–
2647 and 2477–2647 (Suppl. Fig. 1B), were identified. This 
region includes repeat 23, the hinge region, and repeat 24 in the 
C-terminus FLNA (Suppl. Fig. 1B).26 We mapped the minimal 
region of FLNA that interacts with BRCA1 Motif 6 by testing 
binding of a series of FLNA deletion mutants (Suppl. Fig. 1B). 
Only the fragment aa 2477–2647 was able to bind BRCA1 Motif 
6 (Suppl. Fig. 1B).

Next, we tested whether endogenous FLNA interacted with 
endogenous BRCA1 in mammalian cells. Immunoprecipitation 
using a specific monoclonal antibody against BRCA1 pulled down 
FLNA in HeLa and HCT116 cells (Fig. 1A). In addition, immu-
noprecipitation using an antibody against FLNA was able to pull 
down BRCA1 (Fig. 1A). Thus, BRCA1 and FLNA interact in vivo 
and the interaction is mediated by the C-terminus of FLNA.

Because FLNA and BRCA1 have been demonstrated to be 
primarily cytoplasmic and nuclear, respectively, we biochemi-
cally fractionated HCT116 cells to determine in which subcel-
lular compartment the interaction occurs (Suppl. Fig. 1C). We 
found that FLNA is expressed in the nucleus and cytoplasm 
and BRCA1 can be co-immunoprecipitated by FLNA in the 
nuclear fraction (Suppl. Fig. 1C). We also determined that the 
interaction is direct as bacterially expressed GST-tagged BRCA1  
(aa 141–302) can pull down bacterially expressed His-tagged 
FLNA C-terminus (Suppl. Fig. 1D).
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FLNA deficiency does not cause a defect in sensing DNA 
damage. Next, we assessed whether cells lacking FLNA had a 
compromised DNA damage signaling. Thus, we tested whether 
ATM and ATR were properly activated upon DNA damage. 
Phosphorylation of ATM S1981 was not compromised in FLNA- 
cells (Fig. 3C, Top). Likewise, phosphorylation of CHK2 T68 and 
CHK1 S317, markers of ATM and ATR activation, respectively, 

collected cells at several time points after IR. We monitored the 
presence of DSB with an antibody against histone H2AX phos-
phorylated at Serine 139 (called γ-H2AX), a marker for DSBs.30 
Whereas the FLNA+ cell line efficiently repaired DSBs and by 8 
h after IR there was no detectable γ-H2AX (Fig. 3A), FLNA- cells 
had a sustained high level of γ-H2AX for up to 32 h after IR. We 
confirmed this observation using Comet assays (Fig. 3B).

Figure 1. Interaction of Filamin A and BRCA1 in mammalian cells. (A) Left, co-immunoprecipitation of endogenous BRCA1 with FLNA in HeLa and 
HCT116 cells showing interaction of endogenous BRCA1 and FLNA. Right, reverse reaction showing co-immunoprecipitation of endogenous FLNA 
with BRCA1. Vertical lines indicate where lanes were digitally removed. Figures are not a composite of lanes from two different blots but from the same 
blot. (B) Left, diagram of deletion constructs used to map the BRCA1 interaction site to FLNA. RING, RING finger domain; NLS, nuclear localization sig-
nals; BRCT, BRCA1 C-terminal domains. Right, co-expression of GST-fragments of BRCA1 and FLAG-FLNA (aa 2477–2647) in 293FT cells. Lower molecular 
weight band obtained in the empty vector (V) transfection corresponds to GST. (C) Co-immunoprecipitation of BRCA1 fragments (WB GST), endog-
enous BRCA1 (WB BRCA1) with FLAG-FLNA (aa 2477–2647) under low (left panel) and high (right panel) stringency conditions. Note that endogenous 
FLNA is also immunoprecipitated by FLAG-FLNA (aa 2477–2647) confirming it is in the native conformation (WB FLNA). Strong reactivity shown for GST 
BF1 is due to recognition of the GST-BRCA1 fragment that contains the epitope for the antibody. (D) GST-pull down experiments show that GST-BRCA1 
fragments 1, 3 and 4 can precipitate endogenous FLNA (WB FLNA).
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Figure 2. Fine mapping of the interaction regions in BRCA1. (A) Upper, diagram of deletion constructs used to map the interaction site to FLNA. NES, 
nuclear export sequence (black boxes). Lower, FLAG-FLNA (aa 2477–2647) interacts strongly with GST-BRCA1 fragments BF1 (aa 1–324), BF1D (aa 
141–240) and BF1F (aa 1–302). (B) First, diagram of deletion constructs of fragment aa 141–240 used to map the interaction site to FLNA. The loca-
tion of the missense variant Y179C is indicated. Second, FLAG-FLNA (aa 2477–2647) co-immunoprecipitates with GST-BRCA1 fragments BF1D1 (aa 
160–190) and BF1D3 (aa 160–210). V, GST; D1, GST-BRCA1 fragment BF1D1 (aa 160–190); D2, GST-BRCA1 fragment BF1D2 (aa 190–210); D3, GST-BRCA1 
fragments BF1D3 (aa 160–210). Third, control for expression levels. Fourth, GST-BRCA1 fragments BF1D1 (aa 160–190) and BF1D3 (aa 160–210) can pull 
down endogenous FLNA. (C) Introduction of BRCA1 Y179C mutation significantly reduces BRCA1 interaction to FLAG-FLNA aa 2477–2647 (Left) and to 
endogenous FLNA (Middle). W, wild type GST-BRCA1 fragment BF1D (aa 141–240); Y, GST-BRCA1 fragment BF1D with Y179C mutation. Right, Introduc-
tion of BRCA1 Y179C mutation into a full length BRCA1 context significantly reduces interaction to endogenous FLNA. W, wild type full length BRCA1; Y, 
full length BRCA1 carrying a Y179C mutation.
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FLNA deficiency impairs BRCA1 and Rad51 foci forma-
tion. To determine whether the deficiency in repair was due to 
defective recruitment of factors required for the DDR we per-
formed immunofluorescence analysis in non-irradiated or irradi-
ated cells at 1 and 24 h after IR. Accumulation of γ-H2AX and 
pS343-NBS1, early markers of DNA damage, was comparable 

did not show a defect (Fig. 3D). Intriguingly, we consistently 
observed higher levels of phosphorylation of ATM, CHK2 and 
CHK1 in cells lacking FLNA (Fig. 3C and D) indicating an 
upregulation of ATM and ATR signaling. These results confirmed 
previous data by Meng et al.23 showing a sustained activation of 
CHK2 and CHK1 in FLNA-deficient cells following damage.

Figure 3. FLNA-null cells are deficient in repair but show no impairment in activating the DNA damage response. (A) FLNA+ (A7) and FLNA- (M2) cells 
were irradiated with 8 Gy or mock-treated (U) and harvested at the indicated time points. While FLNA+ cells repair most of the DSBs (as measured by 
γ-H2AX) by 8 h, FLNA- cells show significant unrepaired DSBs even after 32 h post-IR (Top). Bottom, shows total levels of H2AX as a loading control.  
(B) FLNA+ (A7) and FLNA- (M2) cells were irradiated with 8 Gy or mock-treated (NO IR) and harvested at the indicated time points and comet assays 
were performed under neutral conditions. A two-tailed Student’s t test was performed and p values are shown for statistically significant differences. 
(C) Top two, ATM activation as measured by phosphorylation of S1981 is not compromised in FLNA- cells. Blot for total ATM is used as a loading control. 
Note significantly higher levels of pS1981-ATM in FLNA- cells. Middle three, no significant difference was observed in levels of DNA-PKcs S2056 or S2609 
phosphorylation but recruitment of DNA-PKcs to chromatin is defective in FLNA- cells. Bottom two, ATR presence in chromatin (CHR) is shown. Blot 
for ATR levels in whole cell lysates is used a loading control. (D) CHK2, CHK1 and NBS1 activation as measured by pT68-CHK2, pS317-CHK1 and pS343-
NBS1, respectively is not compromised in FLNA- cells. Note consistently higher levels of pT68-CHK2, pS317-CHK1 and pS343-NBS1 in FLNA- cells. β-actin 
is used a loading control.
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refer to this FLNA BRCA1-interacting fragment as FLNA-Bf. At 
24 h post transfection we irradiated cells with 8 Gy IR and col-
lected samples at different time points. Transfection of FLNA-Bf 
did not lead to checkpoint recovery in FLNA- cells as measured by 
phosphorylation of CDC2 Y15 (Fig. 5A). Interestingly, transfec-
tion of the same fragment in FLNA+ cells led to a similar pheno-
type as that found for FLNA- cells as shown by phosphorylation 
of CDC2 Y15 and H2AX S139 (Fig. 5B). We also confirmed 
that expression of FLNA-Bf acts in a dominant negative fashion 
in a stable transfection context (Fig. 5C). We generated HCT116 
cells stably expressing GFP-FLNA-Bf or GFP alone that were 
mock-treated and irradiated. Cells expressing GFP-FLNA-Bf 
retained high levels of phosphorylated H2AX up to 32 h after 
damage while cells expressing GFP alone showed levels returning 
to unirradiated levels at 8 h after damage (Fig. 5C).

Next we asked whether expression of a GST-tagged BRCA1 
FLNA-interacting fragment (BRCA1-Ff) could also lead to a 
dominant negative phenotype (Fig. 5D). In order to verify the 
specificity of the interaction we transfected a mutated BRCA1-Ff 
carrying the Y179C mutation and determined whether it lead 
to a dominant negative phenotype. Introduction of the Y179C 
mutation (Fig. 2C) significantly reduced the BRCA1-FLNA 
interaction. The wild type BRCA1-FLNA-Ff led to increased 
and sustained phosphorylation of CDC2 Y15 and H2AX  
(Fig. 5D) while the BRCA1-Ff Y179C (Fig. 5D) displayed a 
dominant negative effect that is intermediate between vec-
tor control (Fig. 5B) and the wild type construct (BRCA1-Ff;  
Fig. 5D). This intermediate effect could be due to the residual 
binding of BRCA1-Y179C mutant to FLNA. Alternatively, this 
could also be due to the inability of the mutant to disrupt the 
binding of FLNA to other regions of endogenous BRCA1 that 
participate in the interaction (Fig. 1C and D).

FLNA is required for efficient interactions between  
DNA-PKcs and Ku86. Our previous experiments demonstrated 
that FLNA- cells displayed defective DNA repair, showed signs 
of compromised HR, and accumulated large tracts of ssDNA. 
Because mammalian cells also repair DSBs using non homolo-
gous end joining (NHEJ) we hypothesized that lack of FLNA 
also had an impact on the NHEJ pathway.

First, we tested whether FLAG-FLNA aa 2477–2647 inter-
acted with NHEJ factors. FLAG-FLNA aa 2477–2647 immu-
noprecipitated DNA-PKcs in 293FT cells independent of DNA 
damage (Fig. 6A). To determine whether FLNA was required 
for the stability of the Ku86/DNA-PKcs complex we performed 
immunoprecipitation experiments in FLNA+ and FLNA- cell lines 
in the presence or absence of irradiation (Fig. 6B). Interestingly, 

in both cell lines at 1 h (Fig. 4A). In order to determine if there 
were small differences we quantified foci-positive cells (Fig. 4A, 
lower). Results were comparable in both cell lines at 0 and 1 hr 
after IR, but FLNA-negative cells showed increased number of 
foci-positive cells after 24 hr. Likewise, recruitment of mediator 
proteins MDC1, 53BP1, was also comparable at 1 h (Fig. 4B). 
Finally, repair factor RPA did not show any difference between 
the cell lines at 1 h (Fig. 4C). Consistent with our western blot 
results (Fig. 3) where we detected abnormally high levels of 
γ-H2AX, pT68-CHK2 and pS317-CHK1 at 24 h, we detected 
persistent foci of γ-H2AX, pS343-NBS1 and RPA at 24 h after 
irradiation only in FLNA-deficient cells (Fig. 4A–C). Thus, the 
repair defect in FLNA-deficient cells was not due to a failure to 
initiate the DNA damage response.

Next, we investigated the ability of BRCA1 and Rad51 to 
form IR-induced foci. A detailed analysis showed that FLNA-
deficient cells are unable to efficiently form BRCA1 IR-induced 
foci as compared to FLNA-proficient cells (Fig. 4B and bottom). 
Although Rad51 displayed a comparable initial response at 3 h 
after IR, it failed to mount a response comparable to FLNA-
proficient cells at 6 h after IR. Rad51 presented a delayed kinetics 
of foci formation with a peak at 15 h in FLNA-deficient cells 
(Fig. 4C and bottom). Taken together these data suggest that the 
compromised repair capacity in FLNA-deficient cells may be, at 
least partially, mechanistically tied to inefficient HR.

Lack of FLNA leads to accumulation of ssDNA after DNA 
damage. During our analysis we noted that RPA foci in FLNA-
deficient cells were not only persistent 24 h after damage but were 
also significantly larger (Fig. 4D). To determine whether those 
foci were associated with chromatin we pre-extracted cells with 
Triton X100 before fixation. This method has been successfully 
used to detect only the fraction of RPA tightly bound to chroma-
tin.31 Interestingly, FLNA-deficient cells accumulate large chro-
matin-bound RPA foci whereas FLNA+ cells present fewer and 
smaller chromatin-bound RPA foci at 24 h after IR (Fig. 4D). 
Whereas most FLNA+ cells have recovered from G

2
/M arrest and 

represent an asynchronous population at 24 h, most FLNA- cells 
remain arrested in G

2
/M at 24 h after IR.23 Thus, these large 

tracts of ssDNA found in FLNA- cells are unlikely to be due to 
replication foci.

Expression of BRCA1-interacting fragment of FLNA or 
FLNA-interaction fragment of BRCA1 phenocopies loss of 
FLNA. To gain more insight of the mechanism by which FLNA 
participates in DNA repair we transfected FLNA+ and FLNA- 
cell lines with flag-tagged Filamin A aa 2477–2647 construct 
(BRCA1-interacting fragment). For the sake of simplicity we will 

Figure 4 (See opposite page). Recruitment of DNA damage response factors to IR-induced foci. (A) Early markers of DNA damage γ-H2AX (red) and 
phosphoserine 343 NBS1 (green) form foci irrespective of FLNA status. Note maintenance of foci after 24 h only in FLNA- cells. Lower, show quantifica-
tion of foci-positive cells (≥20 foci). (B) Recruitment of DNA damage response mediator proteins 53BP1 (red, top) and MDC1 (green, middle) was also 
comparable at early time points. BRCA1 foci formation was compromised in FLNA-deficient cells (lower). (C) Recruitment of repair factor p34 RPA 
(green, top) did not show any difference between the cell lines at the early time points. FLNA-deficient cells displayed a delayed kinetics of Rad51 
foci formation (bottom). In (A–C) representative results from two independent experiments are shown. In each experiment one slide was scored per 
time point with at least 50 (A) or 100 (B and C) cells scored per slide. Mock-treated cells are indicated by (U). (D) FLNA-deficient cells present with large 
chromatin-bound RPA foci at 24 h after IR. Higher magnification of FLNA+ and FLNA- cells after 24 h post-IR. Left, shows FLNA+ cells stained for RPA 
(green). Middle, shows FLNA- cells stained for RPA (green). Note that nuclear foci are significantly larger than in FLNA+ cells. Right, shows a blow up of 
the inset (white square in middle) with staining for DAPI (blue), RPA (green) and γ-H2AX (red).
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in FLNA- cells Ku86 and DNA-PKcs complex forma-
tion was compromised in IR-treated and untreated 
cells (Fig. 6B).

Next we tested whether FLNA was required for 
Ku86 loading onto chromatin after DNA damage. 
Ku86 was efficiently recruited to chromatin upon 
DNA damage in the presence and absence of FLNA 
(Fig. 6C) while we detected DNA-PKcs in chromatin 
only in the presence of FLNA (Fig. 3B). Interestingly, 
loading of Ku86 onto chromatin persisted longer 
and with consistently higher levels in FLNA- than in 
FLNA+ cells (Fig. 6C).

Finally, we tested whether BRCA1 was required 
to stabilize the interaction between DNA-PKcs and 
Ku86. We examined BRCA1-deficient HCC1937 cell 
line32 and a HCC1937 derivative reconstituted with 
full length BRCA1 (gift from Junjie Chen). Complex 
formation between Ku86 and DNA-PKcs was not 
dependent on BRCA1 under IR-treated or untreated 
conditions (Suppl. Fig. 2B).

In summary, our results indicate that cells lack-
ing FLNA have a defect in the two principal mecha-
nisms for double strand break repair. Mechanistically, 
FLNA impacts on HR by contributing to efficient 
recruitment of BRCA1 and Rad51 to IR-induced foci, 
and on NHEJ by promoting the stability of the DNA-
PKcs and Ku86 complex.

Discussion

In this paper we shed light on the mechanism by 
which Filamin A (FLNA) is required for efficient 
DNA repair. Our data indicates that lack of FLNA 
impacts on HR and NHEJ. FLNA is an actin-bind-
ing protein and its inactivation leads to an array of 
disorders such as otopalatodigital spectrum disorder, 
Melnick-Needles syndrome and periventricular het-
erotopia.26 Although of unclear significance, at least 
two families carrying germline mutations in BRCA1 

Figure 5. Expression of BRCA1-interacting fragment of 
FLNA or FLNA-interaction fragment of BRCA1 phenocop-
ies loss of FLNA. (A) FLNA- cells were transfected with an 
empty FLAG vector or a FLAG FLNA-Bf constructs. Cells 
were mock-treated (U) or treated with 8 Gy IR and cells 
were collected at different time points. Expression of FLAG 
FLNA-Bf was unable to reverse the recovery defect. (B) 
FLNA+ cells were transfected with empty FLAG vector or a 
FLAG FLNA-Bf constructs. Cells were mock-treated (U) or 
treated with 8 Gy IR and cells were collected at different 
time points. Cells expressing of FLAG FLNA-Bf displayed 
a phenotype similar to FLNA- cells. (C) HCT166 cells stably 
expressing FLAG FLNA-Bf displayed a phenotype similar to 
FLNA- cells. (D) FLNA+ cells were transfected with a GST BR-
CA1-Ff or a GST BRCA1-Ff Y179C. Cells were mock-treated 
(U) or treated with 8 Gy IR and cells were collected at differ-
ent time points. Only cells expressing of GST BRCA1-Ff but 
not GST BRCA1-Ff Y179C displayed a phenotype similar to 
FLNA- cells, confirming that the effect is specific.
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or by a yeast-based recombination assay suggest that Y179C may 
act as a deleterious mutation.35,36 On the other hand, this vari-
ant has been found co-occurring in trans with a known deleteri-
ous mutation, which indicates that it is unlikely to have severe 
effects.37 Thus, the Y179C may constitute a hypomorphic muta-
tion with moderate effects on breast cancer predisposition. Of 
note, Motif 2 is close to the region that has been implicated in 
binding of BRCA1 to Ku86.38

In order to dissect the molecular role of FLNA in the DDR we 
took advantage of a well-characterized genetically-defined system. 
A melanoma cell line lacking FLNA was isolated and subsequently 

have been shown to manifest ventricular heterotopia.33,34 FLNA 
interacts with a variety of proteins, including BRCA2,25 and defi-
ciency in FLNA leads to sensitivity to DNA damage and a defect 
in the recovery from G

2
 arrest.23 Thus, we investigated further its 

role in the DNA damage response.
FLNA binds BRCA1 using its extreme C-terminus which 

contains its dimerization domain. BRCA1 interaction with 
FLNA is mediated by a 30 amino acid region in the N-terminus 
of BRCA1 which contains a conserved domain called Motif 2.21 
Introduction of the Y179C mutation in Motif 2 significantly 
decreases the interaction. Analyses by the Align GV-GD method 

Figure 6. FLNA interacts in vivo with DNA-PKcs and mediates its interaction to Ku86. (A) Left, 293FT cells were transfected with FLAG-FLNA aa 
2477–2647 (F) or empty FLAG vector (V) and mock-treated or irradiated with 20 Gy. Cells were collected after 1 h and immunoprecipitated using 
α-FLAG antibody. FLAG-FLNA aa 2477–2647 co-immunoprecipitates DNA-PKcs in the presence and absence of IR. Right, control for expression and 
the efficiency of the immunoprecipitation. (B) The interaction between DNA-PKcs and Ku86 is compromised in cells lacking FLNA. Left, shows that 
levels of DNA-PKcs and Ku86 are similar in both cell lines and in the presence and absence of irradiation. Right, shows that Ku86 and DNA-PKcs interact 
in FLNA+ cells in the absence of damage and complex formation is significantly increased in the presence of irradiation. Complex formation in the 
presence and absence of IR is severely compromised in FLNA- cells. (C) Loading of Ku86 onto chromatin after DNA damage is increased in FLNA- cells. 
Histone H2AX levels are used as a loading control.



1430	 Cell Cycle	 Volume 9 Issue 7

status of the two major phosphorylation clusters in DNA-PKcs, 
namely the 2056 and 2609 clusters. Clusters 2056 and 2609 were 
consistently phosphorylated upon treatment with IR irrespective 
of FLNA status. The fact that DNA-PKcs is phosphorylated 
upon damage in the absence of FLNA suggests that DNA-PKcs 
is interacting with the Ku86/DNA complex albeit transiently. 
Alternatively, it is possible that phosphorylation of DNA-PKcs is 
not mediated by autophosphorylation at the synaptic complex but 
rather via hyperactive ATM and ATR in FLNA-deficient cells.

We showed that FLNA and BRCA1 interact and that FLNA 
deficiency leads to a marked decrease in BRCA1 foci formation 
after damage. To investigate further the role of BRCA1 we tested 
whether expression of the BRCA1 FLNA-interacting fragment 
in FLNA-proficient cells could also act in a dominant negative 
fashion leading to a phenotype similar to FLNA-deficient cells. 
Strikingly, expression of the BRCA1-Ff lead to a defect in DNA 
repair as judged by CDC2 pY15 and γ-H2AX markers. This 
effect is specific because expression of BRCA1-Ff containing a 
mutation that disrupts FLNA/BRCA1 interaction does not lead 
to the same phenotype. Taken together, these data establish that 
BRCA1 participates in the FLNA-dependent regulation of the 
DNA damage response.

Our data shows that absence of FLNA leads to defective DSB 
repair. The defect is a combined result of compromised HR and 
NHEJ processes. At this stage we cannot distinguish whether 
FLNA-deficiency leads to a defective step that is common to 
both pathways or, alternatively, it impacts different steps in these 
pathways. In fact, the interplay between these two arms of the 
DNA repair process is not fully understood,54 in particular after 
IR, which generates an array of different DNA modifications. 
The observed phenotype is consistent with a model in which 
Ku86 recognizes and binds free ends of DNA, but in the absence 
of FLNA, fails to make a stable complex with DNA-PKcs. We 
propose that unstable Ku86/DNA-PKcs interaction results in 
impaired end processing, accumulation of ssDNA, and hyperac-
tivation of DNA damage signaling.

In addition, in FLNA-deficient cells BRCA1 displays impaired 
foci formation suggesting that FLNA also plays a role in stabiliz-
ing BRCA1 at the DSBs. BRCA1 colocalizes with Rad50/Mre11/
NBS1 complex at IR-induced foci55,56 and inhibits Mre11 exo-
nuclease activity.57 Thus, the diminished amounts of BRCA1 at 
IR-foci may lead to an unregulated Mre11 exonuclease activity 
with formation of the observed extended tracts of RPA-coated 
ssDNA in FLNA-deficient cells (Fig. 4C and D). BRCA1 has also 
been implicated in the regulation of Rad51,7,58 although the mech-
anism by which it happens is obscure.59 The kinetics of Rad51 
foci formation in FLNA-deficient cells suggests that there is no 
problem in the initial recruitment to foci (see Fig. 4C, bottom, 3 
h time point). The extended plateau observed in Rad51 foci (from 
3 to 12 h after IR) may indicate an accumulation of DSBs that 
do not fulfill the end processing requirements for efficient Rad51 
loading. Although further research will be needed to test this pro-
posed model, it provides a tractable system to dissect the interplay 
between different processes involved in DNA repair.

It is possible that FLNA provides a framework for the assem-
bly of factors in the synaptic complex. While unrepaired DNA in 

reconstituted with FLNA yielding a pair of cell lines in which the 
only difference is the presence or absence of FLNA.29 When we 
irradiated FLNA- and FLNA+ cells, we noticed that FLNA- took 
much longer to resolve DSBs (Fig. 3A and B). To elucidate the 
mechanism underlying the repair defect we systematically inves-
tigated the proficiency of damage signaling in FLNA- cells.

Initially we investigated the recruitment and activation kinet-
ics of the upstream kinases, as well as their downstream substrates 
after DNA damage. We found that FLNA deficiency led to the 
hyperactivation of ATM as judged by phosphorylation of ATM 
S1981 and CHK2 T68, surrogate markers of ATM activation.39-41 
Similarly, lack of FLNA also led to a hyperactivation of ATR, as 
measured by CHK1 S317 phosphorylation, a marker for ATR 
activation.42 Moreover, we also found sustained levels of phos-
phorylation of NBS1 S343 to be higher in FLNA- cells. Although 
the role of NBS1 phosphorylation in the DNA damage signal-
ing is poorly understood, it is generally thought to reflect ATM 
and ATR activation.43,44 We also determined that major media-
tor proteins BRCA1, MDC1 and 53BP1 formed IR-induced foci 
irrespective of FLNA status. However, BRCA1 foci formation 
was significantly impaired in FLNA-deficient cells. In addition, 
Rad51 foci formation displayed a delayed kinetics in cells lack-
ing FLNA. These data indicate that FLNA-deficient cells have 
impaired homologous recombination. Indeed, during the prepa-
ration of this manuscript Yue et al. showed that FLNA-deficient 
cells have a reduced ability to repair I-SceI-induced DSBs.45

During the course of our experiments we noticed a consis-
tent increase in the number of FLNA- cells displaying IR-induced 
RPA foci. These foci progressively increased in size at later time 
points after IR. RPA is a ssDNA binding protein and partici-
pates in DNA metabolism processes where there is generation 
of ssDNA such as replication, repair and recombination.46,47 
Phosphorylation leads to inability of RPA to associate with the 
replication centers and leads to the association with DNA dam-
age-induced foci instead.48 Interestingly, lack of NHEJ proteins 
DNA-PKcs and Ku86, which together with Ku70 form the active 
DNA-PK complex, leads to accumulation of ssDNA in S phase.49 
Thus, we further investigated how the lack of FLNA impacted on 
DNA-PK complex formation.

Remarkably, Ku86 failed to interact with DNA-PKcs in the 
absence of FLNA. The reduced stability of the interaction is not 
due to Ku86 failure to load onto chromatin, as FLNA- cells dis-
played sustained higher levels of chromatin-bound Ku86 than 
FLNA+ cells after damage. Ku86 is one of the first molecules 
to bind DNA ends after DSBs50 and recruits DNA-PKcs via its 
C-terminus.3 Taken together these results establish that lack of 
FLNA results in an unstable association of Ku86 and DNA-PKcs 
impairing the function of the complex. This impaired DNA-PK 
activity leads to a continuous build up of ssDNA and Ku86 on 
chromatin.

Over 16 phosphorylation sites have been identified in DNA-
PKcs although their role is still poorly understood. Nevertheless, 
DNA-PKcs phosphorylation status is thought to influence 
its activity.51 DNA-PKcs interacts with Ku86 and free ends of 
DNA in an unphosphorylated form,52 and autophosphorylation 
is required for NHEJ progression.53 Thus, we investigated the 
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in a mild RIPA buffer (120 mM NaCl, 50 mM Tris pH 7.4, 1% 
NP40, 1 mM EDTA, protease inhibitors, 4 mM PMSF) lacking 
harsher SDS, sodium deoxycholate, and Triton X-100 detergents. 
The same buffer was used for immunoprecipitation. For high 
stringency immunoprecipitations the RIPA buffer was supple-
mented with 0.5% SDS. Antibodies (1 µg) were pre-incubated 
with protein A/G agarose beads (Santa Cruz Biotechnology, 
Inc.,), washed twice in RIPA buffer and incubated with the cell 
extracts overnight at 4°C. After incubation, the slurry were pel-
leted by centrifugation (2,000 rpm) and washed twice by remov-
ing the supernatant. Sample buffer was added to the beads and 
boiled for 10 min. For GST-pull downs, cell extracts were incu-
bated with GT-beads, washed in RIPA buffer, and boiled.

Samples for western blot analysis were separated by SDS-
PAGE and gels were electroblotted on a wet apparatus to a PVDF 
membrane. The PVDF membrane was blocked with 5% milk in 
TBS buffer containing 0.1% Tween (TBS-Tween) for 1 h. The 
membrane was washed three times in TBS-Tween and the anti-
body was added in 0.5% milk in TBS-Tween. The membrane 
was washed three times in TBS-Tween and incubated with the 
appropriate conjugate. After final washes Blots were incubated 
with ECL (Millipore, Billerica, MA).

Chromatin fractions were obtained by lyzing the cells with 
mild RIPA buffer and centrifuging at 14,000 rpm for 5 min. 
The pellet was then washed twice in mild RIPA and extracted 
with acid extraction buffer (0.5 M HCl, 10% Glycerol, 100 mM 
BME) and subsequently neutralized using 40 mM Tris pH 7.4 
with protease inhibitors and NaOH.

Western blot data was quantified by densitometry using 
AlphaEaseFC v 3.1.2. Each lane was normalized using the cor-
responding loading controls and then expressed as a fold change 
relative to the untreated FLNA+ cells in each blot.

Immunofluorescence. For BRCA1 analysis cells were fixed 
with 4% formaldehyde for 5 min followed by 5 min incubation 
with 100% ethanol. Cells were permeabilized with 0.25% Triton 
X-100 in PBS for 10 min, washed with PBS, and then blocked for 
30 min with 5% BSA in PBS at room temperature (RT). After 
blocking, BRCA1 monoclonal antibody (SG11; kind gift from 
David Livingston) was added to 1% BSA in PBS for 1 h RT. 
Cells were washed and goat α-mouse Alexa Fluor 488 (Molecular 
Probes) was added for an additional 1 h RT.

For all other antibodies, cells were plated onto chamber slides 
and after 24 h they were washed with cytoskeleton buffer (10 
mM HEPES/KOH pH 7.4, 300 mM sucrose, 100 mM NaCl, 
3 mM MgCl

2
) and fixed with 4% formaldehyde for 30 min RT. 

For analysis of chromatin bound RPA cells were pre-extracted 
for 2 min on ice with cytoskeleton buffersupplemented with 
0.5% Triton X-100 before fixation.64 After fixation cells were per-
meabilized with 0.25% Triton X-100 in PBS for 5 min RT and 
then washed and blocked with 5% BSA in PBS for 30 min RT. 
Primary and secondary antibodies in 1% BSA in PBS were added 
for 1 h each.

Cells were washed and mounted with Prolong Gold medium 
(Molecular Probes). Images were taken on a Leica Confocal 
Microscope. For quantification of BRCA1 and Rad51 immuno-
fluorescence foci approximately 100 cells were scored per each 

yeast (which lacks recognizable DNA-PKcs and FLNA orthologs) 
migrates to so-called DNA repair centers,60 the picture is different 
in mammalian cells where broken chromosome ends are essen-
tially immobile.61,62 It will be interesting to determine whether 
lack of FLNA affects the mobility of broken ends.

Materials and Methods

Constructs. GST-fusion fragments of BRCA1 in the mam-
malian expression vector pEBG BF 1-6 were a gift from Toru 
Ouchi. BRCA1 fragments BF1A (aa 1–70), BF1B (aa 71–140), 
BF1C (aa 1–101), BF1D (aa 141–240), BF1D1 (aa 160–190), 
BF1D2 (aa 190–210), BF1D3 (aa 160–210), BF1E (aa 241–324) 
and BF1F (aa 1–302) were obtained by PCR using pEBG BF1 
as template (primer sequences are available upon request). The 
PCR products were digested and cloned into pEBG vector63 and 
sequenced. Construct BF1D Y179C was obtained by site directed 
mutagenesis using BF1D as template for the PCR reaction. FLAG 
FLNA-Bf was obtained by cloning a PCR fragment of FLNA (aa 
2477–2647) in frame to FLAG in pCMV2-FLAG vector.

Cell lines and transfections. The FLNA-deficient M2 mela-
noma cell line and its isogenic cell line, A7, reconstituted with full 
length FLNA cDNA29 (gift from Thomas Stossel) was grown in 
MEM (Sigma) with 8% newborn calf serum (Sigma) and 2% fetal 
bovine serum (FBS; SAFC Biosciences, Lenexa, KS). A7 cells were 
grown in the presence of 0.2 mg/ml G418 (Fisher). HeLa (ATCC, 
Manassas, VA) was grown in DMEM with 5% FBS (Sigma). 
HCT116 (ATCC) was grown in McCoy’s with 10% FBS. 293FT 
(InVitrogen) cells were grown in DMEM media (Sigma) with 
10% FBS. Tissue culture media was supplemented with penicillin 
and streptomycin. Transfections were performed using Fugene 6 
(Roche) according to the manufacturer’s instructions.

Antibodies. The following antibodies, peptides and beads 
were used: α-BRCA1 mouse monoclonal antibody MS110 (Ab-
1; Calbiochem; San Diego, CA) and SG11 (gift from Livingston 
D); α-Filamin A mouse monoclonal antibody PM6/317 
(Chemicon International); α-FLAG M2 mouse monoclonal anti-
body (Sigma); 3xFLAG-peptide (Sigma); α-GST goat polyclonal 
antibody (Pharmacia Biotech); GT-sepharose 4B beads (GE 
Healthcare); α-Ku86 monoclonal antibody B-1 and α-Rad51 
rabbit polyclonal antibody H-92 (Santa Cruz Biotechnology, 
Inc., Santa Cruz, CA); α-TP53BP1 mouse monoclonal anti-
body and α-phosphoserine 343-NBS1 mouse monoclonal anti-
body (Upstate Biotechnology); α-p34 RPA mouse monoclonal 
antibody Ab-1 and α-DNA-PKcs mouse monoclonal antibod-
ies Ab-2 (Neomarkers, Freemont, CA); α-phosphoserine 2056 
DNA-PKcs rabbit polyclonal antibody (Abcam, Cambridge, 
MA); α-phosphoserine 2609 DNA-PKcs rabbit polyclonal anti-
body (Novus Biologicals); α-MDC1 (SIGMA); γ-H2AX rabbit 
polyclonal;α-H2AX; α-phosphoserine 1981 ATM; α-ATM; 
α-ATR; α-phosphothreonine 68 CHK2; α-phosphoserine 317 
CHK1 (Cell Signaling); α-β actin (Sigma). Conjugates for 
immunofluorescence were Alexa fluor 488 or 555 Molecular 
Probes.

Immunoprecipitation, pull-downs, western blot analysis and 
densitometry. Whole cell extracts were prepared by lyzing cells 
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