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FIGNL1-containing protein complex is required for
efficient homologous recombination repair
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The RAD51 recombinase plays a central role in homologous recombi-
nation (HR), which is critical for repair of DNA double-strand breaks,
maintenance of genomic stability, and prevention of developmental
disorders and cancer. Here, we report the identification of an RAD51-
binding protein fidgetin-like 1 (FIGNL1). FIGNL1 specifically interacts
with RAD51 through its conserved RAD51 binding domain. Cells
depleted of FIGNL1 show defective HR repair. Interestingly, FIGNL1
is recruited to sites of DNA damage in a manner that is independent
of breast cancer 2, early onset, RAD51, and probably, RAD51 paral-
ogs. Conversely, FIGNL1 depletion does not affect the loading of
RAD51 onto ssDNA. Our additional analysis uncovered KIAA0146,
also known as scaffolding protein involved in DNA repair (SPIDR),
as a binding partner of FIGNL1 and established that KIAA0146/SPIDR
acts with FIGNL1 in HR repair. Collectively, our study uncovers a pro-
tein complex, which consists of FIGNL1 and KIAA0146/SPIDR, in DNA
repair and provides potential directions for cancer diagnosis and
therapy.

Cells are continuously challenged by constant genotoxic pres-
sure from both endogenous and exogenous sources. Severe
DNA lesions, including DNA ds breaks (DSBs) and interstrand
cross-links, have to be appropriately repaired for cell survival.
There are two major pathways involved in the repair of DSBs: the
nonhomologous end-joining pathway and homologous recom-
bination (HR) pathway (1). HR is particularly important for the
repair of DSBs because of its ability to accurately restore genetic
information, whereas repair by the nonhomologous end-joining
pathway may potentially lead to deletions and mutations.

The central component in the HR pathway is RADS51, which is
the major recombinase in mitotic cells and also plays a critical
role in meiotic recombination. RADS51 is the human ortholog of
Escherichia coli recombinase protein RecA. It polymerizes onto
resected DNA ends to form a nucleoprotein filament and pro-
motes strand exchange between homologous DNA duplexes,
therefore ensuring high-fidelity DNA repair (2, 3).

Breast cancer 2, early onset (BRCA2) is encoded by a tumor
suppressor gene that, when mutated, greatly elevates risks for
breast and ovarian cancer. BRCA?2 is another key protein in HR,
because it mediates the loading of RADS51 onto ssDNA and
stabilizes RADS51 filaments. Another tumor suppressor, partner
and localizer of BRCA2 (PALB2), was also found to associate
with BRCA2 and participate in the loading of BRCA2-RADS51
repair complex onto DNA (4). In addition to BRCA2/PALB2,
other important HR mediators are the five RAD51 paralogs [X-
ray repair complementing defective repair in Chinese hamster
cells 2 (XRCC2), XRCC3, RAD51B, RADS1C, and RADS1D],
which are required for the assembly of DNA damage-induced
RADS1 foci and efficient HR repair (5-7). Given the importance
of HR in the maintenance of genomic stability, it is not surprising
that germ-line mutations in many components involved in HR
repair, such as BRCA1, BRCA2, and PALB2, are associated with
various human genetic disorders and cancers. Recent studies
identified biallelic mutations in RADS51C, which lead to Fanconi
anemia-like disorder, and a monoallelic mutation in RADS51C,
which is associated with increased risk of breast and ovarian
cancer (8, 9).
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Although a considerable number of HR factors have been iden-
tified, most knowledge of HR pathway comes from studies in pro-
karyotic and eukaryotic model organisms. It would be particularly
interesting to probe the HR pathway in human cells, because genes
involved in HR repair are frequently mutated in a variety of human
diseases, including cancers. More importantly, investigating how HR
is regulated to ensure proper repair and protect against genomic
instability is fundamentally important for developing new strategies
to prevent and treat breast, ovarian, and other cancers. In this study,
we took an unbiased approach and performed tandem affinity pu-
rification (TAP) of RADS51-containing protein complexes in human
cells. We identified fidgetin-like 1 (FIGNL1) as an RADS51 binding
protein that is involved in HR repair. Additional study showed that
FIGNLL1 specifically interacts with RADS51 through a conserved
RADS1 binding domain. However, FIGNLL is recruited to sites of
DNA damage independently of RADS51. Finally, we showed that
another previously uncharacterized protein, KIAA0146, is a binding
partner of FIGNLI1, and both of them are required for efficient
HR repair.

Results

FIGNL1 Is an RAD51 Binding Protein Involved in HR Repair. In an
attempt to identify RADS51-associated proteins, we performed TAP
using whole-cell lysate prepared from 293T cells stably expressing
triple-epitope S protein, FLAG, and streptavidin-binding peptide-
tagged RADS1 (SFB-RADS1). As shown in Fig. S14, SFB-RADS1
could clearly form nuclear foci after ionizing radiation (IR) treat-
ment. MS analysis revealed a set of RADS51-associated proteins
(Fig. S1B). Because most of the known RADS51-associated proteins
localize to DNA damage sites, we asked whether any of the can-
didate proteins would form DNA damage-induced foci. Excitingly,
we found that FIGNL1 was able to localize to IR-induced DNA
damage foci (as shown later) and decided to further explore a po-
tential role of FIGNLI1 in DNA damage repair. We first confirmed
the in vivo interaction of SFB-tagged FIGNLI1 with myc-tagged
RADS51 (Fig. 14). The known RAD51 binding proteins SWI5 (10)
and RAD51AP1 (11, 12) were included as positive controls, and
HepA-related protein (HARP) SWI/SNF related, matrix associ-
ated, actin dependent regulator of chromatin, subfamily a-like 1
(SMARCALLI) (13) was used as a negative control (Fig. 14). Next,
we verified the in vivo interaction between endogenous FIGNL1
and RADS1 (Fig. 1B). Furthermore, we used bacterially expressed
and purified maltose-binding protein (MBP) -tagged RADS1 and
GST-tagged FIGNL1 to show that, like RAD51AP1, FIGNLI1
binds directly to RADS51 (Fig. 1C). Benzonase was added to elim-
inate possible DNA contamination. Together, these data support
that FIGNLI is a direct RADS51 binding protein.
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Fig. 1. FIGNL1 is an RAD51 binding protein involved in homologous re-

combination repair. (A) The interaction between FIGNL1 and RAD51 was
confirmed by coprecipitation with overexpressed proteins. 293T cells were
transfected with plasmids encoding myc-tagged RAD51 together with plas-
mids encoding SFB-tagged HARP, FIGNL1, SWI5, or RAD51AP1. Coprecipi-
tation was carried out using S-protein beads, and immunoblotting was
performed using antibodies as indicated. (B) Association of endogenous
FIGNL1 with RAD51 in 293T cells was performed by coimmunoprecipitation.
Normal rabbit I1gG, anti-RAD51AP1, and anti-HARP antibodies were included
as controls. (C) FIGNL1 and RAD51 directly interact with each other. MBP-
and GST-tagged proteins were expressed and purified from E. coli. Pull-
down experiments were performed using glutathione agarose beads and
detected by Coommassie staining or immunoblotting as indicated. The main
bands are indicated by arrows. The lower bands are caused by protein
degradation. Benzonase was added to buffer of 20 mM Tris-HCl, pH 8.0, 100
mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, and 1 pg/mL each pepstatin A and
aprotinin before adding glutathione agarose beads to eliminate possible
DNA contamination. (D) FIGNL1 depletion impairs HR repair. DR-GFP U20S
cells were electroporated with pCBASce plasmids. The percentage of GFP-
positive cells was determined by flow cytometry 48 h after electroporation.
The data were normalized to those data obtained from cells infected with
control shRNA (set as 1.0). Data are presented as mean + SD from three
different experiments. Knockdown efficiency of FIGNL1 and RAD51 using
specific sShRNAs was confirmed by immunoblotting. (€ and F) Survival curves
in response to increasing doses of (E) camptothecin and (F) IR for indicated
cell lines are presented. Data are presented as mean + SD from three dif-
ferent experiments. Ctrl, control; 1B, immunoblotting.

Given that RADS51 is the central component in HR, we exam-
ined HR efficiency in FIGNL1-depleted cells using the established
direct repeat green fluorescent protein (DR-GFP) reporter system
(Fig. S1C) (14). Our data clearly revealed that the efficiency of HR
repair was impaired in cells with FIGNL1 depletion (Fig. 1D).
Although RADS51 depletion significantly reduced HR efficiency,
FIGNL1 and RADS51 double depletion did not achieve additional
impairment, suggesting that FIGNLI1 likely performs in the same
HR pathway centered by RADS51. Consistently, down-regulation
of FIGNLI1 by shRNAs also resulted in increased cellular sensi-
tivity to camptothecin and IR (Fig. 1 E and F). Cells with RADS51
knockdown were unhealthy, dying, and extremely sensitive to IR
treatment (Fig. S1D). This finding is consistent with the central
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role of RADS1 in HR. We did not observe a significant difference
in IR sensitivity in cells with RADS51 and FIGNLI1 double knock-
down (Fig. S1D). Taken together, these data support an important
role of FIGNL1 in HR-mediated DNA repair.

FIGNL1 Specifically Interacts with RAD51. FIGNL1 is one of three
fidgetin or fidgetin-like proteins in humans. The mouse mutation
fidget arose spontaneously in a heterogeneous albino stock (15).
This mutant mouse is characterized by a side-to-side head-shaking
and circling behavior caused by reduced or absent semicircular
canals (16). By positional cloning, the gene mutated in fidget mice
was identified and designated fidgetin (Fign) (17). There are two
fidgetin-like proteins in mice, Fignl1 and Fignl2 (17). The domain
structures of human FIGN, FIGNL1 and FIGNL2, were shown
in Fig. 24. From our RADS51 TAP results, we did not obtain any
peptide derived from FIGN or FIGNL2 (Fig. S1B). Consistently,
our coprecipitation experiments showed that RADS1 binds strongly
to FIGNLI1 and not FIGN and FIGNL2 (Fig. 2B). Interestingly,
only RADS1 [but not any of the known RADS51 binding proteins,
including RAD54B, RADS54L, SWIS, meiosis protein 5 (MEIS),
RADS1API1, and the five RADS1 paralogs (XRCC2, XRCC3,
RAD51B, RAD51C, and RADS1D)] binds to FIGNLI1 (Fig. 2 C
and D). Together, the above observations show a highly specific
interaction between RAD51 and FIGNLI.

Defining a Conserved RAD51 Binding Domain in FIGNL1. The specific
and direct binding of FIGNL1 with RADS51 encouraged us to ex-
plore the nature of FIGNL1-RADS1 interaction. We took ad-
vantage of the FIGNL1-RADS51 direct binding assays and showed
that RADS51 binds to the N-terminal one-half of FIGNL1 (Fig. 3.4
and B). We aligned the human FIGNLI protein with its orthologs
from other species and found that, other than the C-terminal AAA
(ATPases Associated with diverse cellular Activities) ATPase do-
main, there is another conserved region at residues 295-344 in
human FIGNLI (Fig. 3C and Fig. S2). Excitingly, both our direct
binding and coprecipitation assays showed that this conserved re-
gion (residues 295-344) is required for the binding of FIGNLI1 to
RADS1 (Fig. 3D and Fig. S3 4 and B). Therefore, we designated
this region as FIGNL1’s RADS51 binding domain (FRBD). Addi-
tional direct binding and coprecipitation experiments confirmed
that the FRBD domain alone binds to RADS51 (Fig. 3E and Fig.
S3C). Although the positive control, the BRCA2 C-terminal
RADS51 binding motif, also binds to RADS51 (Fig. 3E), the two
negative controls, replication protein A (RPA) binding domains
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Fig. 2. FIGNL1 specifically interacts with RAD51. (A) Schematic representa-
tion of the FIGN family proteins, including FIGN, FIGNL1, and FIGNL2. (B)
RAD51 only binds to FIGNL1 and not FIGN or FIGNL2. (C) FIGNL1 only binds
to RAD51 and not other HR factors, including RAD54B, RAD54L, SWI5, MEI5,
and RAD51AP1. (D) FIGNL1 does not bind to any of the RAD51 paralogs.
Coprecipitation assays shown in B-D were carried out as described in Fig. 1A.
IB, immunoblotting.
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Fig. 3. Defining a conserved RAD51 binding domain in FIGNL1. (A) Schematic
representation of WT FIGNL1 and the mutants used in the study. (B) N-terminal
one-half of FIGNL1 binds to RAD51. Direct binding assay was carried out as
described in Fig. 1C. The main bands are indicated by arrows. The lower bands
are caused by protein degradation. (C) Alignment of FRBD from different
species. The conserved BRCv motif (including Motif 1 and 2) is indicated. (D)
FRBD is required for FIGNL1 binding to RAD51. (E) FRBD alone binds to
RAD51. HPN30 (HARP RPA binding domain) and XPAN45 (XPA RPA binding
domain) were used as negative controls. BRCA2 C-terminal RAD51-binding
motif (B2RBM) was used as a positive control. (F) The conserved BRCv motif
is critical for RAD51 binding. BRCv motif mutants (F295E, F340E, F295E/F340E,
and F295E/A298E/F340E/V341E) were generated. (G) FRBD deletion mutant
could not rescue HR defect in FIGNL1-depleted DR-GFP U20S cells. (H) FRBD
deletion mutant could not rescue IR hypersensitivity of FIGNL1-depleted cells.
Data are presented as mean + SD from three different experiments. IB,
immunoblotting.

from HARP (HPN30) and XPA (XPAN45), showed no appre-
ciable binding to RADS1 (Fig. 3E and Fig. S3C). We also checked
one of the FIGNLI-interacting proteins, KIAA0146 (will be in-
troduced later), and showed that the binding of KIAA0146 to
FIGNLI1 does not require the FRBD domain (Fig. S3D). In ad-
dition, the FRBD domain strongly binds to RADS51 but not
KIAAO0146 (Fig. S3E). These experiments suggest that FRBD in
FIGNLLI is specific for its interaction with RADS1.

The BRC repeats in BRCA2 are essential for BRCA2 to bind
to RADS51 and promote HR (18). More recently, a BRC repeat
variant, termed as BRCv, was identified in RecQ protein-like 5
(RECQLYS) helicase, which is required for its binding to RADS51
(19). Interestingly, the FRBD domain seems to contain a motif
similar to BRCv (Fig. 3C). We generated single, double, and
combination mutations of key residues in BRCv motif (F295E,
F340E, F295E/F340E, and F295E/A298E/F340E/V341E) (Fig. 3
C and F). Interestingly, coprecipitation experiments showed that
all of these mutants, especially a point mutation (F295E) within
the putative BRCv motif, greatly reduced the interaction be-
tween FIGNL1 and RADS1 (Fig. 3F). However, none of these
mutants abolished the FIGNL1-RADS1 interaction, suggesting
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that residues beyond the putative BRCv motif within FRBD may
also contribute to RADS51 binding.

We next asked whether RADS1 binding is essential for the in vivo
function of FIGNL1. We generated constructs encoding shRNA-
resistant SFB-tagged WT or FRBD deletion mutant of FIGNLI,
and therefore, we were able to express exogenous FIGNL1 when
the endogenous FIGNLI1 was depleted by shRNA. As shown in Fig.
3G, although the expression of WT FIGNLI rescued HR repair
defect in FIGNLI1-depleted cells, the FRBD deletion mutant and
the F295E mutant failed to do so (Fig. S44). The FRBD deletion
mutant or F295E mutant also failed to rescue cellular sensitivity to
IR in FIGNLI1-depleted cells (Fig. 3H and Fig. S44). These data
indicate that FIGNLI1 participates in the HR repair pathway
through its association with RADS1.
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Fig. 4. FIGNL1 is recruited to sites of DNA damage independent of RAD51.
(A) Hela cells were infected with lentiviral SFB-tagged FIGNL1. Immunos-
taining experiments were performed 6 h after IR treatment (10 Gy) using
indicated antibodies. (B) FRBD is not required for FIGNL1 foci formation.
dC25, deleted with the C-terminal 25 aa of RAD51AP1. (C) Coprecipitation
was performed to confirm that the dC25 mutant of RAD51AP1 does not bind
to RAD51. (D) Schematic representation of WT and mutants of FIGNL1 used
in the following study. (E) The N-terminal 120 aa of FIGNL1 are required for
the recruitment of FIGNL1 to sites of DNA damage. An NLS was added to the
N terminus of mutant D1-120 (NLS-D1-120) to ensure its nuclear localization.
(F) FIGNL1 N-terminal domain (amino acids 1-120) is required to rescue HR
defect in FIGNL1-depleted DR-GFP U20S cells. (G) FIGNL1 N-terminal domain
deletion mutant could not rescue IR hypersensitivity of FIGNL1-depleted
cells. Data are presented as mean + SD from three different experiments. FL,
full length; IB, immunoblotting.
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FIGNL1 Is Recruited to Sites of DNA Damage Independently of RAD51.
As shown in Fig. 44 and Fig. S5 A and B, SFB-tagged FIGNLI1
localized to discrete foci, which colocalized with a subset of H2A
histone family, member X (yYH2AX) after IR. Unexpectedly, the
FRBD deletion mutant, which cannot bind to RADS51, was still
recruited to DNA damage sites after IR (Fig. 4B and Fig. S5C).
This result is distinctly different from the result of RAD51AP1.
As for RAD51AP1, deletion of its C-terminal RADS1 binding
domain abolished not only its interaction with RADS51 (Fig. 4C)
but also, its focus localization after DNA damage (Fig. 4B).
These results suggest that FIGNL1 and RAD51AP1 accumulate
at sites of DNA damage by different mechanisms. Thus, it would
be interesting to know which region is important for the re-
cruitment of FIGNL1 to DNA damage sites. We generated three
internal deletion mutants that cover the N-terminal one-half of
FIGNL1 (Fig. 4D). Deletion of the N-terminal 120 residues
resulted in cytoplasmic localization of this mutant; therefore,
a nuclear localization signal (NLS) was added to the N ter-
minus of this deletion mutant (NLS-D1-120) to ensure its
proper nuclear localization. We found that, although the full-
length D121-240 and D241-360 mutants of FIGNL1 could
localize to DNA damage sites after IR, the D1-120 mutant of
FIGNL1 failed to do so, but this mutant could still interact with
RADS1 (Fig. 4E and Fig. S5 D-F). In addition, the N-terminal
120 residues alone are sufficient to localize to damage-induced
foci (Fig. 4F). Thus, the N-terminal region of FIGNLI1 (residues
1-120) is necessary and sufficient for FIGNLI1 foci formation.

As shown in Fig. 4F, the D1-120 mutant of FIGNLI failed to
rescue the HR repair defect in FIGNL1-depleted cells. Consis-
tently, this mutant also could not rescue cellular sensitivity to IR
in FIGNLI1-depleted cells (Fig. 4G). These observations indicate
that the ability to localize at DSB sites is important for FIGNL1
function in HR repair.

KIAA0146 Is a Binding Partner of FIGNL1 and Participates in HR Repair.
To understand exactly how FIGNLI1 participates in HR repair,
we performed TAP of FIGNLI-containing protein complexes.
We identified RADS1 as the major FIGNL1-associated protein
(Fig. 54), which confirmed that FIGNLI is a bone fide RAD51
binding protein. In addition, we uncovered a candidate FIGNL1
binding protein, KIAA(0146, which is a nuclear protein with high
peptide hits as revealed by the MS analysis.

KTAAO0146 is an uncharacterized protein with no known func-
tional domains. We first verified the interaction between endog-
enous KIAA(0146 and FIGNL1 using coimmunoprecipitation
experiments (Fig. 5B). Furthermore, these two proteins bind di-
rectly to each other (Fig. 5C). We next generated a series of
truncation or internal deletion mutants of KIAA0146 (Fig. 5D),
and the C terminus of KIAA(0146 is involved in its binding to
FIGNLI (Fig. 5D). However, KIAA0146 binds to the N-terminal
one-half of FIGNL1 (Fig. S64). We also narrowed down the re-
gion that is necessary and sufficient for binding to KIAA0146 to
residues 121-240 of FIGNLI (Fig. 5E and Fig. S6B).

Similar to FIGNL1, KIAA0146 also participates in HR repair,
because HR repair efficiency was impaired in KIAAO146-depleted
cells (Fig. 5F). Moreover, the D121-240 mutant of FIGNLI, which
disrupts its binding to KIAA0146, was defective in HR repair (Fig.
5G) and fails to rescue cellular sensitivity to IR in FIGNLI1-
depleted cells (Fig. SH). Consistently, although the expression of
WT KIAAO0146 rescued HR efficiency and cellular sensitivity to
IR in KTAAO146-depleted cells, the C-terminal deletion mutant
(DS), which cannot bind FIGNLI, failed to do so (Fig. S6C). We
did not observe any additive effects on HR repair or cell survival
after IR in cells with both FIGNL1 and KIAA0146 depletion (Fig.
S6D), suggesting that FIGNL1 and KIAA0146 may affect HR
repair through the same pathway. Taken together, these data
established that KIAA0146 is an FIGNL1 binding protein and
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Fig. 5. KIAAO0146 is a binding partner of FIGNL1 and participates in homol-
ogous recombination repair. (A) TAP was performed using 293T cells stably
expressing SFB-tagged FIGNL1. The data from MS analysis are shown. (B)
Association of endogenous KIAA0146 with FIGNL1 in 293T cells was per-
formed by coimmunoprecipitation. (C) KIAA0146 and FIGNL1 interact directly
with each other. The main bands are indicated by arrows. The lower bands
are caused by protein degradation. (D) FIGNL1 binds to the C terminus of
KIAA0146. Schematic representation of the full-length and deletion mutants
of KIAA0146 used in this study is shown. FL, full length. (E) Amino acids 121-
240 are required for FIGNL1 binding to KIAA0146. (F) KIAA0146 depletion
impairs HR repair. Data are presented as mean + SD from three different
experiments. (G) Amino acids 121-240 deletion mutant could not rescue HR
defect in FIGNL1-depleted DR-GFP U20S cells. (H) Amino acids 121-240 de-
letion mutant could not rescue IR hypersensitivity of FIGNL1-depleted cells.
Data are presented as mean + SD from three different experiments. Ctrl,
control; IB, immunoblotting.

that the interaction between KIAA0146 and FIGNL1 is important
for HR repair.

FIGNL1 and KIAA0146 Are Components of the H2AX-Dependent DNA
Damage Response and HR Repair Pathway. It remains elusive ex-
actly how FIGNLI1 accumulates at DNA damage sites and acts
with RADS51 and KIAA0146 in HR repair. Phosphorylation of
histone variant H2AX at serine 139, which produces YH2AX, has
been widely used as a sensitive marker for DSBs. Moreover,
yH2AX is required for the accumulation of many DNA damage
response proteins at DSBs and thus, plays a role in DNA repair
(reviewed in ref. 20). To determine whether FIGNLI1 depends
on H2AX for its foci formation, we introduced SFB-tagged
FIGNLI into H2AX"* and H2AX ™"~ mouse embryonic fibro-
blasts (MEFs). As shown in Fig. 64 and Fig. S74, SFB-tagged
FIGNLI only formed IR-induced foci in H2AX** MEFs and
did not form them in H2AX ™~ MEFs, suggesting that FIGNLI
requires YH2AX for its localization to DNA damage sites. Using
laser-induced microirradiation in WT, MDC1™~, or RNF8~/~
MEFs, we also showed that FIGNLI1 recruitment also requires
mediator of DNA-damage checkpoint 1 (MDC1) and ring finger
protein 8 (RNFS8), two downstream effectors of yH2AX, in the
DNA damage signaling pathway (Fig. S7B).
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Fig. 6. FIGNL1 and KIAA0146 are components of the H2AX-dependent DNA
damage response and HR repair pathway. (A) FIGNL1 is retained at sites of
DNA damage in an H2AX-dependent manner. H2AX™~ and H2AX** MEFs
were infected with lentiviral plasmids encoding SFB-tagged FIGNL1. (B)
BRCA2, XRCC3, or RAD51C depletion does not affect FIGNL1 foci formation
after IR treatment. (C) FIGNL1 depletion does not impair RAD51 foci for-
mation after DNA damage. The quantification of foci-positive cells was
performed by counting a total of 200 cells per sample. Data are presented as
mean + SD from three different experiments. (D) The knockdown of FIGNL1
and RAD51AP1 in DR-GFP U20S cells was confirmed with immunoblotting.
(E) FIGNL1 and RAD51AP1 depletion has an additive effect on HR repair.
Data are presented as mean + SD from three different experiments. (F)
FIGNL1 and RAD51AP1 depletion have an additive effect on cell sensitivity
after IR treatment. Data are presented as mean + SD from three different
experiments. (G) A proposed model for FIGNL1-containing protein complex
in DNA damage response and homologous recombination repair. Details in
the text. Ctrl, control; IB, immunoblotting.

Because FIGNLL1 is involved in HR repair, we also asked
whether FIGNL1 would act downstream of the main HR factors,
like BRCA2 or RADS1 paralogs. Although depletion of BRCA2,
XRCC3, or RAD51C dramatically reduced RADS51 foci forma-
tion as previously reported (5, 21), FIGNLI foci formation was
not impaired in these knockdown cells (Fig. 6B and Fig. S7C).
Thus, we concluded that FIGNLI likely localizes to DNA damage
sites independently of BRCA2 or RADS51 paralogs.

The formation of nuclear foci involving RADS1 most likely
represents loading of RADS1 onto ssDNA, one of the critical
events in the faithful repair of DNA damage by HR. Because
FIGNLI1 binds directly to RADS51 and participates in HR, we also
examined whether FIGNL1 would affect RADS51 foci formation.
As shown in Fig. 6C, we did not observe any quantitative re-
duction of RADS1 foci formation in FIGNL1-depleted cells,
which is similar to the result of RAD51AP1 as previously
reported (22, 23). These results suggested that FIGNL1 may act
similarly to RAD51AP1 and assist RAD51-mediated HR through
a mechanism different from BRCA2 or RADS1 paralogs.

RADS1AP1 helps to maintain genomic integrity by enhanc-
ing RADS51 recombinase activity (23). Specifically, RAD51AP1
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stimulates joint molecule formation through its structure-specific
DNA binding and its physical association with RADS51 (22). Given
that both FIGNL1 and RAD51AP1 act in HR repair without in-
fluencing RADS1 foci formation, we also tested whether FIGNL1
and RAD51AP1 would be involved in the same pathway. We de-
pleted FIGNL1, RAD51AP1, or both in DR-GFP U20S cells
using lentiviral shRNAs (Fig. 6D). FIGNL1 and RAD51AP1 de-
pletion had an additive effect on HR repair (Fig. 6F). Consistently,
they also had an additive effect on cell survival after IR (Fig. 6F),
suggesting that FIGNL1 and RADS51AP1 may affect HR repair
through different pathways. As a matter of fact, we did not detect
an interaction between FIGNL1 and RAD51AP1 (Fig. 2C), al-
though both of them exist in the list of RADS51 binding proteins
(Fig. S1B). Together, our data indicate that the FIGNLI1-containing
protein complex participates in HR repair, which requires the
binding of FIGNL1 to RADS51 but not any of the known HR
proteins that we tested here (Discussion and Fig. 6G).

Discussion

Our study has revealed a function for FIGNL1 and KIAA0146 in
cellular responses to DNA damage and HR repair. We showed
that (i) FIGNLLI is a specific RADS51 binding protein involved
in HR repair, (/) FIGNLI1 contains a conserved RADS51 binding
domain, (iii) FIGNL1 is likely recruited to sites of DNA damage
independently of RADS51, BRCA2, and some and probably all of
the RADS1 paralogs, and (iv) KIAA0146 interacts with FIGNL1
and participates in HR repair.

Although it is clear that RADS1 plays critical roles in HR
repair, so far, we still do not have a cell-free system that can
faithfully reproduce HR repair in vitro. This situation may be
because of a number of reasons, and one of them is that we may
not have all of the components that act with RADS51 in various
steps of HR repair. Thus, it is imperative to identify all of the
protein partners of RADS51 and understand how they may
function with RADS51 in HR repair. TAP of RADS51-associated
protein complexes allowed us to recover most of the known HR
proteins that bind to and act with RADS51. These proteins in-
clude BRCA2, PALB2, RAD54L, RAD54B, XRCC3, RADS1C,
RADS51AP1, and MEIS. In this study, we focused on a previously
uncharacterized protein complex, which consists of FIGNLI,
KIAAO0146, and a yet-to-be-identified protein. We expect that
our study on the identification of this protein complex involved
in HR repair will lead to further understanding of the complexity
of HR repair in mammalian cells, which may provide directions
for the development of tools for cancer diagnosis and therapy.

In response to DSBs, the MRE11-RAD50-NBS1 (MRN)
complex recruits CTBP-interacting protein (CtIP) and BRCA1/
PALB2/BRCAZ2 to initiate its preferred classic homologous re-
combination. At the same time, the MRN complex also recruits
and activates ataxia telangiectasia mutated (ATM), which is in-
volved in the initiation of a series of phosphorylation events
including YH2AX. yH2AX and H2AX-dependent signal trans-
duction events are required for the sustained accumulation of
many DNA damage response and repair proteins at DSB sites to
facilitate DNA repair processes (reviewed in ref. 20). However, it
remains confusing exactly how the H2AX-dependent pathway
participates in HR repair. Here, we propose that FIGNL1 may
participate in the regulation of HR repair, which acts downstream
of the H2AX-dependent signaling pathway (Fig. 6G). We showed
that FIGNL1 is recruited to DSBs in an H2AX-dependent
manner. At DSB sites, FIGNL1 interacts with RADS51 through its
RADS51 binding domain (FRBD), which contains a BRC repeat
variant, and plays a role after the presynapsis phase of HR re-
pair. Although biochemical data are needed to further un-
derstand the roles of FIGNLI in HR repair, which may include
promoting RADS51-dependent D-loop formation, removal of
RADS1 after homology search, or affecting nucleosome remod-
eling, our preliminary experiments interestingly showed that the
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ATPase activity of FIGNLI is critical for its role in HR repair. As
shown in Fig. S4B, the FIGNL1 ATPase mutant (with both
Walker A motif mutation K447A and Walker B motif mutation
D500A) failed to rescue HR repair defect and cellular sensitivity
to IR in FIGNLI-depleted cells. FIGNL1 also interacts with
KIAAO0146, which is also required for HR repair. This protein
complex seems to act independently of the known HR proteins,
including BRCA2 and RADS1 paralogs, because these proteins
do not interact with FIGNL1 and are not involved in the re-
cruitment of FIGNLI1 to DSB sites. Thus, we hypothesize that,
although the BRCA2 and RADS51 paralogs are the major regu-
lators and act upstream of RADS51 in DNA repair, the FIGNLI1-
containing protein complex may function at later steps of the HR
repair process (Fig. 6G).

The determinant region for FIGNL1 foci formation is located
at its conserved N terminus (residues 1-120). There may be other
uncharacterized components that bind to the N terminus of
FIGNLL1 and are responsible for recruiting FIGNLL1 to sites of
DNA damage (indicated as protein X in Fig. 6G). Understanding
how FIGNLI is recruited to DNA damage sites through the
H2AX-dependent pathway will reveal mechanistically how the
H2AX-dependent DNA damage signaling pathway contributes to
HR repair. Nevertheless, our data showed that, although the
expression of WT FIGNLI1 rescued HR repair defect or cellular
sensitivity to IR in FIGNL1-depleted cells, cells expressing the
FRBD deletion mutant or the D1-120 mutant behaved similarly
to FIGNLI1-depleted cells and failed to rescue any of these phe-
notypes (Figs. 3 G and H and 4 F and G), suggesting that deleting
one of these domains (FRBD or residues 1-120) is sufficient to
inhibit FIGNL1 HR function in vivo. We propose that these two
domains act together and are required for carrying out FIGNL1
HR function at DNA damage sites.

Given the important roles of RADS51 and its regulators in DNA
repair and prevention of inappropriate recombination, it is not
surprising that the mutations of genes encoding these proteins
lead to predisposition to a variety of cancers. Moreover, muta-
tions of genes involved in HR repair also provide potential targets
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for anticancer therapy, because tumors with HR deficiency are
more sensitive to DNA-damaging agents or chemicals that inhibit
other repair or checkpoint pathways. A promising strategy for
treating tumors with HR deficiency is the use of poly (ADP-
ribose) polymerase (PARP) inhibitors, which have great efficacy
in treating cancers associated with BRCA1 or -2 mutations (24,
25). However, PARP inhibitors are not without flaws. Studies
of platinum refractory or PARP inhibitor-resistant patients with
BRCA mutations have suggested the existence of intragenic re-
version mutations, which may allow tumor cells to restore their
HR repair capability and therefore, become resistant to these
agents (26, 27). Alternatively, 53BP1 loss can also restore HR
repair and lead to drug resistance in BRCA1-deficient cells (28,
29). However, these mechanisms are unlikely the only mecha-
nisms for the development of drug resistance. The identification
of a unique protein complex, which consists of FIGNLI,
KIAAOQ146, and most likely, other uncharacterized components,
provides additional understanding of the complex regulation of
HR repair. Future studies will reveal whether this FIGNLI1-
containing protein complex is involved in tumor initiation and
sensitivity or resistance of tumors to chemotherapies and
PARP inhibitors.

Materials and Methods

TAP was performed as previously described (13, 30). Anti-FIGNL1, anti-KIAA0146,
anti-RAD51, and anti-RAD51AP1 antibodies were raised in rabbits. Detailed
descriptions of the reagents and protocols used in this study can be found in
SI Materials and Methods.
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