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ABSTRACT Vigilin (Vgl1) is essential for heterochromatin formation, chromosome segrega-
tion, and mRNA stability and is associated with autism spectrum disorders and cancer: vigi-
lin, for example, can suppress proto-oncogene c-fms expression in breast cancer. Conserved
from yeast to humans, vigilin is an RNA-binding protein with 14 tandemly arranged noni-
dentical hnRNP K-type homology (KH) domains. Here, we report that vigilin depletion
increased cell sensitivity to cisplatin- or ionizing radiation (IR)-induced cell death and
genomic instability due to defective DNA repair. Vigilin depletion delayed dephosphoryl-
ation of IR-induced c-H2AX and elevated levels of residual 53BP1 and RIF1 foci, while
reducing Rad51 and BRCA1 focus formation, DNA end resection, and double-strand break
(DSB) repair. We show that vigilin interacts with the DNA damage response (DDR) pro-
teins RAD51 and BRCA1, and vigilin depletion impairs their recruitment to DSB sites.
Transient hydroxyurea (HU)-induced replicative stress in vigilin-depleted cells increased
replication fork stalling and blocked restart of DNA synthesis. Furthermore, histone acety-
lation promoted vigilin recruitment to DSBs preferentially in the transcriptionally active ge-
nome. These findings uncover a novel vigilin role in DNA damage repair with implications
for autism and cancer-related disorders.

KEYWORDS vigilin, DNA repair, Rad51, homologous recombination, histone
acetylation, replicative stress, autism-related disorders, cancer

The vigilin-coding gene, a high-density lipoprotein binding protein gene (HDLBP),
has been identified as one of .350 genes associated with cancer and autistic spec-

trum disorder (ASD) susceptibility (1–6). In mouse models, predisposition to ASD has
been linked to haploinsufficiency in ASD susceptibility genes such as Nuak (7), Nbea
(8), and Sh3rf2 (9), and it has been postulated that HDLBPmutant proband haploinsuffi-
ciency also predisposes to ASD (1). Functional clustering of the .350 mutated autism
target genes reveals strong enrichment for genes related to fragile X mental retarda-
tion protein (FMRP) and b-catenin/chromatin remodeling networks (2, 5). As a multi-
KH domain-containing protein, FMRP shares structural similarities with vigilin, and its
loss-of-function mutations lead to fragile X syndrome, a mental retardation condition that,
like ADS, displays deregulation of synaptic pathways (10). As with FMRP, vigilin is involved in
mRNA transport to the cytoplasm (11), suggesting that the association between HDLBP hap-
loinsufficiency and ASD may stem in part from altered mRNA transport.
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Vigilin is a ubiquitous cytoplasmic and nuclear RNA-binding protein (RBP) that is
evolutionarily conserved in species ranging from the yeast Saccharomyces cerevisiae
(Scp160) to Drosophila (DDP1) and vertebrates (vigilin) (12, 13). It belongs to a large
family of multiple KH domain proteins, collectively known as vigilins, where the KH
domains can mediate protein-protein and protein-nucleic acid interactions important
for RNA transport and metabolism (14–19). Vigilin interacts with the CCCTC-binding
factor (CTCF) and acts in regulating the imprinted genes Igf2 and H19 (20). Vigilin has
also been shown to be associated with autism and brachymetaphalangy (21, 22),
whereas a 2q37 deletion syndrome that results in downregulation of vigilin causes an
Albright hereditary osteodystrophy-like phenotype, characterized by developmental
delay, mental retardation, and brachymetaphalangy (1).

In Drosophila, the vigilin homologue DDP1 localizes to heterochromatin, and its
depletion alters nuclear morphology and causes defects in pericentromeric hetero-
chromatin formation, with reduced H3K9 methylation and decreased heterochromatin
protein 1 (HP1) recruitment. Furthermore, DDP1 depletion also suppresses heterochro-
matin-induced position effect variegation and induces HP1 mislocalization (23, 24). In
S. cerevisiae, deletion of the vigilin homologue Scp160p causes chromosome segregation
defects, which could be rescued by overexpressing Drosophila DDP1 (25). The vigilin
homologue Vgl1 in Schizosaccharomyces pombe is essential for heterochromatin-medi-
ated gene silencing, and its deletion leads to loss of H3K9 methylation and subsequent
silencing defects at centromeres and telomeres (26).

In addition to their roles in chromatin condensation and gene silencing, heterochro-
matin-associated proteins play important roles in DNA repair (27). For example, HP1, a
constitutive component of heterochromatin, is involved in the DNA damage response
(28). Heterochromatin protein 1 isoforms are recruited to UV-induced DNA lesions, oxi-
dative lesions, and DNA breaks (29). Loss of HP1 renders nematodes highly sensitive to
DNA damage, and mice lacking HP1 show cellular genomic instability (29–31).

Vigilin suppresses c-fms mRNA expression by downregulating mRNA stability and
inhibiting its translation (6). Although, vigilin was first described decades ago, its role
in cancer and underlying mechanisms of action are still largely unknown. Given the im-
portance of vigilin for heterochromatin organization, we examined Vgl1-deficient S.
pombe cells for sensitivity to DNA-damaging agents and found the cells were hyper-
sensitive to the DNA-damaging agent bleomycin. Since genomic instability is the hall-
mark of cancer (32, 33), we expanded our initial result in yeast to determine the impact
of vigilin on DNA repair in human cells. Here, we report that depletion of vigilin affects
DNA double-strand break (DSB) repair as well as stalled fork repair in human cell lines
and thus uncover a novel role for vigilin in maintaining genomic stability.

RESULTS
Vigilin depletion decreases cell survival and increases genomic instability.

Heterochromatin integrity is important for genome stability, and heterochromatin-
associated proteins can also play a direct role in DNA damage repair (28, 29, 31, 34).
We tested whether Vgl1 contributes to the DNA damage response by treating wild-
type and Vgl1-deleted S. pombe cells with the DNA double-strand break-inducing
agent bleomycin. Cells lacking Vgl1 were hypersensitive to bleomycin and displayed
reduced cell survival compared to wild-type cells (Fig. 1A and B). Ectopic expression of
Vgl1 in Vgl1-deficient cells restored resistance to bleomycin (Fig. 1C), confirming that
Vgl1 plays a role in cell survival post-bleomycin treatment.

To test whether vigilin, the human homologue of Vgl1, is similarly protective against
DNA-damaging agents, we depleted vigilin in H1299 and HeLa cells and then measured
clonogenic cell survival after ionizing radiation (IR) exposure. Vigilin depletion signifi-
cantly reduced cell survival postirradiation in both H1299 and HeLa cells (Fig. 1D to G).
Identical survival results were obtained using different vigilin small interfering RNAs
(siRNAs) or short hairpin RNAs (shRNAs), confirming the original phenotype (data not
shown). Overall, the results indicate that vigilin plays a role in DNA damage response.
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FIG 1 Loss of vigilin decreases cell survival postirradiation. (A) Tenfold serial dilution plating assays of wild-type (Wt) and vgl1D S. pombe
cells showing bleomycin sensitivity. (B) Cell survival assay of wild-type and vgl1D S. pombe cells grown in the presence of bleomycin. (C)
Ectopic expression of Vgl1 in cells with Vgl1 deleted rescues bleomycin sensitivity. (D) Western blot showing the knockdown of vigilin in
HeLa and H1299 cell lines using vigilin-specific and control siRNAs. (E to G) Clonogenic cell survival assays after irradiation with different
doses of IR in HeLa and H1299 cells with and without knockdown of vigilin. The error bars represent the standard deviations from three
independent experiments.
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To determine whether the observed IR sensitivity was due to impaired DNA damage
repair, we measured chromosomal aberrations in H1299 and HeLa cells with and with-
out vigilin depletion. Unirradiated vigilin knockdown cells had increased endogenous
levels of various types of chromosomal aberrations, including breaks, fragments, radi-
als, etc., in comparison to control cells with vigilin, indicative of spontaneous genomic
instability (Fig. 2A to C). Furthermore, the levels of IR-induced chromosomal aberra-
tions were also higher in vigilin-depleted cells than in irradiated cells with vigilin (Fig.
2A to C). These results suggest that vigilin is essential for DNA damage repair as its ab-
sence increased spontaneous defects, as well as enhanced IR-induced chromosomal
aberrations. To establish whether vigilin also has a role in repair of DNA cross-links, we
treated control and vigilin-depleted cells with cisplatin or hydroxyurea (HU) and meas-
ured cell survival and chromosomal aberrations at metaphase. Cells lacking vigilin dis-
played reduced cell survival upon cisplatin and hydroxyurea treatment and had signifi-
cantly increased chromosomal aberrations compared to control cells (Fig. 2D to F).
These results suggest that vigilin plays a role in the repair of DNA damage.

Genomic stability is dependent partly on telomere integrity, such that telomere dys-
regulation can lead to telomere fusions (30, 35–39). To assess whether telomere stabil-
ity was compromised by vigilin depletion, we performed fluorescent in situ hybridiza-
tion (FISH) on metaphase chromosome spreads using a telomere-specific Cy3-labeled
(CCCTAA)3 peptide nucleic acid probe. In vigilin-depleted cells, there was loss of telo-
meric signal, along with aneuploidy and dicentric or multicentric chromosome forma-
tion (Fig. 2G to I), which could be due to breaks or shortened telomeres. These results
confirm that vigilin plays a crucial role in maintaining genome stability.

To delineate the cell cycle-specific chromosomal aberrations, we measured the fre-
quency of chromosomal and chromatid-type aberrations observed at metaphase (40). G1-
specific chromosome aberrations detected at metaphase are mostly of the chromosomal
type with dicentrics (41). S-phase-type aberrations ascertained at metaphase are chromo-
somal; in addition, chromatid type and G2-type aberrations observed at metaphase are
mostly the chromatid type. To determine G1-type chromosome damage, cells were
exposed to 3Gy of IR, and aberrations were scored at metaphase as previously described
(41, 42). No difference in residual IR-induced G1 chromosomal aberrations was seen at
metaphase with or without vigilin knockdown (Fig. 3A to C). To determine S-phase-specific
aberrations, we first determined the time needed for S-phase cells to reach metaphase af-
ter IR treatment. Exponentially growing cells were labeled with bromodeoxyuridine (BrdU)
for 30min as previously described (30) and then irradiated with 2Gy. A previously
described procedure was used to determine when S-phase cells reached metaphase (30).
Cells were treated with 2Gy of IR, and metaphases were collected 4 to 5 h postirradiation.
Cells with vigilin knockdown had a higher frequency of chromosomal and chromatid aber-
rations, specifically radials (Fig. 2D and E). G2-type aberrations were scored in cells treated
with 1Gy followed by metaphase collection 1h later and found to be higher in vigilin
knockdown cells (Fig. 3F). These observations suggest a role for vigilin in repairing chromo-
some damage in the S phase as well as in the G2 phase of the cell cycle.

Absence of vigilin alters the DNA damage response. One of the earliest events in
the DNA damage response is the phosphorylation of histone H2AX on serine 139
(c-H2AX) by ATM/ATR kinases. This phosphorylation mark acts as a binding site for sub-
sequent repair proteins, including 53BP1, and is also important for DNA repair pathway
activation (43–49). We therefore tested whether vigilin depletion impacted H2AX
phosphorylation levels. At 15min postirradiation,c-H2AX levels in vigilin-depleted cells
were similar to that in control cells, as measured by Western blotting (Fig. 4A and B).
However, by 2 h postirradiation,c-H2AX levels in control cells had significantly declined,
indicating completion of DNA damage repair, while c-H2AX levels in vigilin-depleted
cells did not decrease, even after 8 h, suggesting a defect in processing DNA damage
(Fig. 4A and B). In agreement with the Western data, IR-induced c-H2AX foci did not
decline even by 8 h in vigilin-depleted cells, further indicating defective DNA repair
(Fig. 4C and D).
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FIG 2 Chromosome aberration analysis. (A) Representative images of metaphase spread of cells in control and vigilin
knockdown HeLa cells showing increased spontaneous and IR-induced metaphase chromosome aberrations. (B and C)
Quantification of chromosome aberrations seen in HeLa and H1299 cells, respectively, with and without depletion of

(Continued on next page)
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Similar to the results for c-H2AX foci, the initial appearance of 53BP1 foci in vigilin-
depleted cells was equal to that in control cells. However, at 8 h postirradiation 53BP1
foci in vigilin-depleted cells was higher than in control cells, indicating defective recruit-
ment of downstream repair factors (Fig. 4C to E). Since we observed higher levels of residual
53BP1 in vigilin-depleted cells, we also measured RIF1, the first effector protein of 53BP1
foci, at DSBs and found increased RIF1 foci postirradiation (5Gy) in vigilin-depleted cells (Fig.
4F and G). Higher levels of residualg-H2AX, 53BP1, and RIF1 foci all suggest that DNA dam-
age repair is impaired or compromised in vigilin-deficient cells.

Vigilin depletion affects DNA DSB repair by homologous recombination.
Double-strand break repair by homologous recombination (HR) involves 53BP1
replacement by BRCA1 to facilitate MRN (MRE11-RAD50-NBS1)-mediated DNA end
resection (50–52). This is followed by replication protein A (RPA) loading onto the
resulting single-stranded DNA (ssDNA) and then displacement by and polymerization
of RAD51 to initiate the homologous pairing and strand exchange steps (51). Since vig-
ilin depletion increased the number of cells with residual 53BP1 and RIF1 foci, we
tested whether depletion also impacted BRCA1 focus formation. After irradiation, vigi-
lin-depleted cells formed fewer BRCA1 foci compared to cells with vigilin (Fig. 5A and
B). BRCA1 facilitates RAD51 recruitment, and vigilin depletion was observed to
decrease formation of RAD51 foci postirradiation (5 Gy) (Fig. 5C and D). We then tested
whether the decreased formation of BRCA1 and RAD51 foci in vigilin-depleted cells
was the result of decreased ssDNA formation by resection. In a quantitative resection
assay using the estrogen receptor (ER)-AsiSI system and MRE11 depletion as a positive
control (53–55), decreased ssDNA formation was observed in vigilin-depleted cells
compared to control cells (Fig. 5E).

The cumulative data of higher residual g-H2AX, 53BP1, and RIF1 foci and lower
RAD51 and BRCA1 foci in vigilin-depleted cells indicate defective repair of DNA DSBs
by the homologous recombination (HR) pathway. To further test this conclusion, we
used an engineered cell line that expresses green fluorescent protein (GFP) only upon
reconstitutive repair of I-SceI-induced DSBs by HR (Fig. 5F). An I-SceI expression vector
was transfected into MCF7 cells containing a stably integrated pDR-GFP plasmid (MCF7
direct repeat [DR]-GFP cells), with and without vigilin depletion, and flow cytometry
was used to quantify GFP-positive cells. After I-SceI transfection, 50% fewer GFP-positive cells
were detected after vigilin depletion compared to control cell levels (Fig. 5G). These data
suggest that depletion of vigilin impairs DNA DSB repair by the HR repair pathway.

To obtain further insight into the role of vigilin in DNA repair, we analyzed RAD51
recruitment at a single DNA DSB site in control and vigilin-depleted DR95 cells by chro-
matin immunoprecipitation (ChIP) assay, as described previously (56). Expression of I-
SceI generates a DSB at a specific site in the genome, inducing localg-H2AX formation
and subsequent recruitment of repair proteins. We observed significantly decreased
RAD51 levels at the damage site after vigilin depletion (Fig. 5H), which suggests that
vigilin facilitates the recruitment of signaling and HR-related repair proteins at DNA
damage sites. The reduction was not due to decreased RAD51 protein levels since
these were similar to those in control cells (Fig. 5I). We used coimmunoprecipitation
assays to test if vigilin physically associates with RAD51 or other signaling proteins,
such as BRCA1. As shown in Fig. 5J, immunoprecipitated vigilin associated with RAD51
and, conversely, immunoprecipitation of RAD51 confirmed the interaction between

FIG 2 Legend (Continued)
vigilin. Quantification represents aberrations from 30 metaphase spreads of three independent experiments. (D to F)
Clonogenic cell survival assay and metaphase chromosome aberrations of vigilin-depleted HeLa cells treated with the
indicated concentrations of cisplatin and hydroxyurea. Vigilin-depleted cells show decreased survival and increased
chromosome aberrations upon treatment with cisplatin and hydroxyurea compared to control cells. The error bars
represent the standard deviations from three independent experiments. (G) Human metaphase chromosomes showing
telomeres in red and centromeres in green detected by FISH using specific probes in control and vigilin knockdown
cells. (H and I) Metaphase chromosomes from vigilin-depleted cells showing dicentrics indicated by white arrows and
loss of telomere signals indicated by green arrow.
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FIG 3 Analysis of cell cycle-specific chromosome damage in HCT116 cells with or without depletion of vigilin. (A) Western blot
showing depletion of vigilin after 48 and 72 h of control and vigilin-specific siRNA tranfection. (B) Cells in the plateau phase were

(Continued on next page)
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vigilin and RAD51 (Fig. 5K). Similar to the RAD51 interaction, we observed interaction
between vigilin and BRCA1 (Fig. 5L). These results indicate that vigilin interacts with
RAD51 and BRCA1 and facilitates their recruitment to DNA DSB sites.

Ectopic expression restores the DNA damage response in cells depleted of
endogenous vigilin.We ectopically expressed pcDNA-vigilin after depletion of endog-
enous vigilin with untranslated region (UTR)-specific siRNA: we found that ectopic vigi-
lin expression rescued cell survival postirradiation (Fig. 6A). In addition, we measured
the reconstitution frequency of the stably integrated GFP-HR reporter gene in control
and ectopically expressing vigilin cells. In cells depleted of endogenous vigilin, expression of
ectopic vigilin rescued the HR repair defect as the number of GFP-positive cells was signifi-
cantly increased (Fig. 6B). In line with the rescue phenotypes, we also observed that in cells
lacking vigilin, ectopic expression restored RAD51 levels at the DSB sites (Fig. 6C), confirming
that vigilin is required for DNA DSB repair by the HR pathway.

Acetylation-dependent recruitment of vigilin to DNA damage sites. Chromatin
modifications have been shown to play important roles in transcription and DNA repair
by regulating the recruitment of the requisite factors to chromatin (44–49). We investi-
gated the potential role of histone acetylation in vigilin recruitment by analyzing local-
ization to I-SceI-induced DSBs in control cells and cells treated with curcumin, an inhib-
itor of the CBP/p300 family of histone acetyltransferases (HATs). Curcumin treatment
drastically decreased vigilin recruitment levels compared to untreated cells (Fig. 7A).
Furthermore, we also observed increased vigilin association at DSBs in cells treated
with trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor (Fig. 7B).

We measured vigilin binding to I-SceI-induced DNA DSBs either in transcriptionally
active gene-rich and transcriptionally inactive gene-poor regions in control and vigilin-
depleted cells (Fig. 7C and D) (57, 58). We found significantly increased binding of vigilin to
DSBs in gene-rich regions, which are marked by elevated H4K16ac (chromosome 1A [Chr1A]
and Chr1C), compared to a gene-poor region (Chr1B) with reduced H4K16ac marks (Fig. 7E).
As shown previously, these regions are well defined as H4K16ac- rich and -poor regions in
the genome (57). DNA DSB repair by HR occurs predominately in H4K16ac-containing
gene-rich regions of the genome. Since our results detected increased vigilin binding in
H4K16ac-rich regions, we examined the impact of vigilin loss on nonhomologous end
joining (NHEJ) and HR frequency at I-SceI cleavage sites located in transcriptionally active
gene-rich and gene-poor regions. Depletion of vigilin had very little effect on repair by
NHEJ (Fig. 7F), whether the repair site was located in a gene-rich region (Chr1A) or gene-
poor region (Chr1B). Loss of vigilin, however, significantly impacted HR repair at Chr1A
and Chr5A DSB sites, which are in gene- and H4K16ac-rich regions, but had no impact
on HR repair frequency at the gene- and H4K16ac-poor Chr1B and Chr5B sites (Fig. 7G).
These data support the concept that vigilin binding to DSBs depends upon histone acet-
ylation, consistent with recent findings of a preferential utilization of the HR pathway in
gene-rich regions associated with elevated H4K16ac levels (57–59).

Vigilin depletion affects repair of DNA stalled forks. Repair of replicative stress-
induced DNA damage utilizes components of the HR repair pathway (60–64). To determine
the role of vigilin in stalled fork progression, we used a DNA fiber assay to evaluate replica-
tion fork dynamics at a single-molecule resolution in control and vigilin-depleted cells. For

FIG 3 Legend (Continued)
irradiated with 3Gy, incubated for 24 h postirradiation, and then subcultured, and metaphases were analyzed. G1-type aberrations
were examined at metaphase. All categories of asymmetric chromosome aberrations induced by IR were scored: dicentrics, centric
rings, interstitial deletions/acentric rings, and terminal deletions. The frequencies of chromosomal aberrations were identical for cells
with or without depletion of vigilin, indicating normal repair of G1-phase-specific chromosome damage. (C) Dicentrics, which formed
mostly in G1, were analyzed after 3 Gy of IR exposure, and no differences were found in cells with and without depletion of vigilin. (D)
Cells in the exponential phase were irradiated with 2Gy. Metaphases were harvested at 4 h after irradiation, and S-phase types of
chromosomal aberrations were scored. Cells with vigilin knockdown showed significant differences in chromosomal aberration
frequencies compared to control cells. (E) Radials were analyzed after IR exposure. (F) Cells in the exponential phase were irradiated
with 1Gy. Metaphases were harvested following irradiation, and G2-type chromosomal aberrations were monitored. Cells with vigilin
knockdown showed modest increase in frequencies of chromosomal aberrations compared to control cells. Each experiment was
repeated three times, and for each experiment, 300 metaphases were scored.
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FIG 4 Depletion of vigilin alters the DNA damage response. (A and B) HeLa cells were transfected with either control siRNA or vigilin siRNA
followed by irradiation with 2Gy and then analyzed by Western blotting for the appearance/disappearance of g-H2AX after release at
different time points. H3 was used as a loading control. (C) Control and vigilin-depleted cells were irradiated with 4Gy, fixed after IR
treatment, and stained for g-H2AX and 53BP1 foci. (D and E) Quantification of percentage of cells with g-H2AX and 53BP1 foci in control and
vigilin knockdown cells at different time points postirradiation. For each time point, 100 cells were analyzed, and the number of cells with
more than 10 foci was plotted against time. (F and G) HeLa cells were irradiated with 5Gy, and RIF1 foci were quantified for RIF1 foci in
control and vigilin-depleted HeLa cells with and without IR treatment. Vigilin-depleted cells show higher levels of residual g-H2AX, 53BP1, and
RIF1 foci postirradiation compared to control cells. Error bars represent standard deviations from three independent experiments.
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FIG 5 Loss of vigilin impairs the homologous recombination repair pathway. (A to D) Quantification of cells for IR-induced BRCA1 and
RAD51 focus formation in control and vigilin-depleted cells. (E) Quantitative resection assay showing the percentage of ssDNA formation in

(Continued on next page)
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these analyses, cells were pulse-labeled with 5-chlorodeoxyuridine (CldU) and then treated
with HU for 2 h to induce replication stress by nucleotide pool depletion, followed by HU
washout and pulse-labeling with 5-iododeoxyuridine (IdU) (Fig. 8A). After removal of the HU
block, vigilin-depleted cells produced fewer contiguous CIdU/ldU signals, and therefore
fewer sites that had resumed replication (Fig. 8B and D), indicating defective restart of previ-
ously initiated replication origins. Furthermore, in vigilin-depleted cells we observed a higher
percentage of stalled DNA replication forks (Fig. 8C). Failure to restart DNA replication at
stalled forks indicates a defect in DSB resolution, which is partly dependent on repair by HR.

DISCUSSION

Vigilin is an RNA-binding protein active in a diverse range of biological processes,
including heterochromatin formation, chromosome segregation, and mRNA stability
(11). Cytoplasmic vigilin is involved in RNA metabolism, while nuclear vigilin regulates
heterochromatin structure and chromosome segregation (23, 24). We have reported
that Vgl1, the vigilin homologue in S. pombe, is essential for heterochromatin-mediated
gene silencing and its loss leads to derepression of heterochromatin at centeromeres
and telomers (26). Heterochromatin-associated proteins have been shown to play im-
portant roles in DNA repair (65), and we found Vgl1-deficient S. pombe cells were
hypersensitive to DNA-damaging agents. Consistent with this role in S. pombe, our
data provide strong evidence that vigilin signaling also plays a crucial role in mainte-
nance of mammalian genomic stability. We found that, as in yeast, vigilin interacts
with DNA repair factors and depletion of vigilin decreases cell survival postirradiation,
likely due to defects in DNA repair (Fig. 1). In the absence of vigilin, cell survival in
response to DNA-damaging agents, like ionizing radiation and cisplatin, decreased,
while metaphase chromosomal aberrations increased. These abnormalities occurred
concomitantly with persistent g-H2AX, 53BP1, and radiation-induced focus (RIF) DNA
repair foci but reduced BRCA1 and RAD51 foci. This implies that vigilin depletion alters
pathway choice against error-free homology-directed repair and in favor of error-prone non-
homologous end-joining at sites of DNA DSBs. Furthermore, HR-dependent reconstitution of
a nonfunctional interrupted GFP reporter gene was reduced by vigilin depletion but then
rescued after its exogenous addition. Vigillin recruitment to DNA-damaged sites was contin-
gent upon histone H4K16 acetylation, as previously observed for other DNA repair factors
(66). Importantly, both the number of stalled forks and firing replication origins increased in
the absence of vigilin, which suggests a defect in stalled fork resolution due to problems in
DSB repair by the HR pathway. In summary upon DNA damage, vigilin is recruited to chro-
matin in an acetylation-dependent manner and facilitates recruitment of RAD51/BRCA1 to
damaged sites, which then promotes homology-directed DNA repair (Fig. 9).

Our results uncover a novel role for vigilin in DNA DSB repair with implications in au-
tism-related disorders, where vigilin has been shown to be significantly downregulated

FIG 5 Legend (Continued)
control and vigilin-depleted cells. The assay was done using the ER-AsiSI system, as described in Materials and Methods. Vigilin-depleted
cells show significant reduction in ssDNA formation, Mre11-depleted ER-AsiSI U2OS cells were used as a positive control. Error bars are from
three independently performed experiments. (F) Schematic diagram of the HR DR-GFP reporter assay cassette used to analyze homologous
recombination. Homologous recombination was assessed using a direct repeat-green fluorescent protein (DR-GFP) cassette stably integrated
at a single locus in H1299 cells. The DR-GFP gene is inactivated by insertion of an I-SecI site containing a stop codon. The downstream iGFP
gene has 0.8-kb sequence homology to direct the repair of an I-SecI-cleaved inactive GFP, which results in the restoration of a functional
GFP. (G) Cells were transfected with the indicated siRNAs for 36 h, followed by transfection with I-SecI plasmid to induce DSB. Cells were
assessed after 48 h by fluorescence-activated cell sorter (FACS) analysis for GFP expression. Results indicate percentage of GFP-positive cells
normalized to control cells from three independent experiments. (H) Vigilin depletion impairs recruitment of Rad51 to DSB sites. Cells were
depleted with either control siRNA or vigilin siRNA, followed by induction of DSB by I-SceI. Rad51 occupancy was analyzed by chromatin
immunoprecipitation at the I-SceI site in cells with and without the depletion of vigilin. The results represent standard errors from three
independent experiments. (I) Rad51 protein levels in control and vigilin-depleted cells indicating that impairment of Rad51 recruitment to
DSBs in cells lacking vigilin is not due to change in Rad51 protein levels. (J) Coimmunoprecipitation experiments showing vigilin interaction
with Rad51. Vigilin was immunoprecipitated using vigilin-specific antibody; immunoprecipitated fractions were analyzed by Western blotting
using anti-Rad51 antibodies. (K) Rad51 antibody was used for immunoprecipitation, and immunoprecipitated fractions were analyzed by
Western blotting using antivigilin antibodies. (L) Immunoprecipitation experiment showing vigilin interaction with BRCA1. Vigilin was
immunoprecipitated using a vigilin-specific antibody; immunoprecipitated fractions were analyzed by Western blotting using anti-BRCA1
antibodies.
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FIG 6 Ectopic expression of vigilin rescues DNA damage repair in vigilin-depleted cells. (A)
Clonogenic survival after irradiation of H1299 cells with 4Gy of IR with and without knockdown of
endogenous vigilin and ectopic expression of vigilin. Complementation of vigilin in vigilin-deficient
cells rescued cell survival postirradiation. (B) Homologous recombination frequencies in cells are
shown after induction of double-strand breaks by I-SecI with and without knockdown of endogenous

(Continued on next page)
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and associated with accumulated DSBs. Fibroblasts from ASD-affected infants and toddlers
reprogrammed into neural progenitor cells (NPCs) display increased cell proliferation (67).
These NPCs also exhibit elevated numbers of DSBs, particularly in extremely long genes
with critical roles in adherens junctions, apical polarity, and cell migration, thereby reduc-
ing their overall expression (68) and limiting excitatory synapses. Biochemically, ASD-
derived NPCs display spontaneously increasedg-H2AX foci, shorter origin-to-origin replica-
tion firing, chronic activation of the ATR-CHK1 pathway, and elevated DNA damage (68). It
has been hypothesized that haploinsufficiency of vigilin may be a contributing factor in
ASD-related phenotypes (1). Therefore, given that, as we show, vigilin plays a key role in
DNA repair processes, it now appears important to elucidate the mechanism by which vig-
ilin contributes to the conflicts between transcription and replication that are not resolved
due to defects in DNA repair that may be related to ASD pathogenesis.

Our findings that vigilin is a DNA repair factor have key implications for its role in
various cancers with which it has been shown to be associated. Vigilin is found to be
upregulated in ovarian cancer cells, gastric cancer, and leukemic and prostate cancer
cells (69–72). In breast cancer cells, vigilin competes with the RNA-binding protein HuR
for c-fms proto-oncogene mRNA, thereby promoting its degradation. Vigilin overex-
pression decreases the half-life of c-fms mRNA and suppresses its translation (6).
Overexpression of c-fms in breast cancers confers invasiveness and metastatic properties, sug-
gesting that degradation of c-fms RNA by vigilin is an important regulator of c-fms and may
function in tumor repression. Vigilin has also been shown to be overexpressed in human he-
patocellular carcinomas. The level of vigilin overexpression correlates with benign lesions, liver
cirrhosis, and hepatocellular carcinoma (HCC). Vigilin has been suggested to play a crucial role
in HCC cell proliferation, survival, migration, and tumor growth (73). It will be important to
understand the contribution of vigilin-mediated DNA repair processes to these cancers. Our
results are also in line with the observation that activation of oncogenes like c-Myc drives cellu-
lar proliferation and induces chromosomal abnormalities. Genomic instability is considered
one of the hallmarks of cancer, generating mutations that drive various cancers (33). Defects
affecting various DNA repair factors known as caretakers of the genome have been implicated
in cancer progression (74). Furthermore, reduced mutational load in transcriptionally active
open chromatin sites depends upon efficient targeting of oxidized DNA base repair to these
sites (75). Our finding here that vigilin promotes DSB repair by HR in transcriptionally active
gene-rich chromatin sites that is impaired by its dysregulation therefore has key implications
for mechanisms underlying both ASD pathogenesis and error-prone proliferation in cancers.

Our results are also in line with several reports of RNA-binding proteins (RBPs) being
involved in the DNA damage response through multiple mechanisms, including control of R
loop formation and regulation of the selective expression of DDR genes upon DNA damage
(76). Our results show that vigilin directly binds to DNA damage sites and interacts with DNA
repair proteins to control their recruitment to damage sites (77). Several key DNA repair pro-
teins like Ku70 to Ku80 heterodimer, DNA-protein kinase (PK), BRCA1, and 53BP1 have been
shown to directly interact with RNAs and regulate their repair efficiency (77–80). It would be
critical to assess whether the function of vigilin in DNA repair depends on an interaction
with RNA. If vigilin’s role in DNA repair is not independent of RNA, it will be interesting in
the future to dissect the role of the vigilin RNA binding domains in DNA repair and identify
the repertoire of RNAs required for its function.

In summary, our results have added vigilin to the list of RNA-binding proteins hav-
ing a role in DNA double-strand repair and uncover a novel role in the DNA damage
response that could be a contributing factor in vigilin’s role in various cancers and
other human diseases.

FIG 6 Legend (Continued)
vigilin and ectopic expression of vigilin. Ectopic vigilin expression in vigilin knockdown cells restores
survival and homologous recombination efficiency. (C) Chromatin immunoprecipitation analysis of
Rad51 occupancy at the I-SecI site in cells with and without the depletion of vigilin and ectopic
expression of vigilin. Ectopic expression of vigilin restores Rad51 occupancy to double-strand breaks
in vigilin-deficient cells. The error bars in all experiments represent the standard deviations from
three independent experiments.
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FIG 7 Acetylation-dependent recruitment of vigilin to DNA damage sites. (A) DR95 cells were transfected with
I-SecI plasmid to induce DSB, and cells were treated with 100mM or left untreated as indicated. Vigilin binding
to damage sites was analyzed by chromatin immunoprecipitation in control and curcumin-treated cells.
Treatment of cells with the HAT inhibitor curcumin reduces binding of vigilin to DNA damage sites compared
to untreated cells. (B) Site-specific breaks were induced by I-SecI, and vigilin’s association with DNA damage
sites in control and TSA-treated (20 ng/ml) cells was analyzed by chromatin immunoprecipitation. Treatment of
cells with TSA increased binding of vigilin to DNA damage sites compared to that in untreated cells. (C) I-SceI
sites were introduced by CRISPR at the indicated positions in gene-rich and gene-poor regions of Chr1
(chromosome 1) and Chr5 (chromosome 5) in H1299 cells using single-stranded oligonucleotides carrying the
18-nucleotide (nt) I-SceI site flanked with 45- to 90-bp homologous sequence (described by Horikoshi et al.
[57]). (D) Western blot showing the knockdown of vigilin in H1299 cell lines with site-specific I-SceI sites. (E)
Impact of H4K16ac levels on vigilin association with DSB sites (A, Chr1A; B, Chr1B; and C, Chr1C). Vigilin
preferentially binds to the regions highly enriched with H4K16 acetylation. (F and G) Site-specific NHEJ and HR
repair in control and vigilin-depleted cells, respectively. Chr1A and Chr5A are gene/H4K16ac-rich regions,
whereas Chr1B and Chr5B are gene/H4K16ac-poor regions.
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MATERIALS ANDMETHODS
Cell lines and transfection. HeLa and H1299 cell lines containing a stably integrated DR-GFP gene

cassette were maintained in Dulbecco’s modified Eagle’s medium (DMEM)–F-12 medium (D5671; Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (F2442; Sigma-Aldrich) and 1% peni-
cillin–streptomycin. Small interfering RNAs (siRNAs) for vigilin and control siRNAs or short hairpin RNAs
(shRNAs) were purchased from Dharmacon Research (Lafayette, CO). Cells were transfected with either
control siRNA or vigilin siRNA/shRNA using an Amaxa Nucleofector according to the manufacturer's pro-
tocol (Lonza, Allendale, NJ)

Clonogenic assay. After transfection with either control or vigilin siRNA, 60-mm dishes were seeded
with 600 HeLa or H1299 cells in triplicate. The cells were irradiated using a Rad Source RS 2000 X-ray irra-
diator (Rad Source Technologies, Inc., GA). Six-well dishes were seeded with different numbers of cells
transfected with either vigilin siRNA or control siRNA with or without radiation. For replication stress,
cells were treated with indicated concentrations of cisplatin for 1 h and then washed three times with
phosphate-buffered saline (PBS) and refed with fresh DMEM. The treated and control cells were cultured
for 14 days, and the colonies were fixed and then stained with crystal violet. Colonies with more than 50
cells were scored, and results were normalized for the plating efficiency of each cell line as described
earlier (81).

Chromosomal aberration analysis. Specific chromosomal aberrations were analyzed in metaphase
cells by a procedure described earlier (30). Chromosome aberrations were assessed after exponentially
growing control and vigilin-depleted cells were irradiated with 2Gy of IR, and metaphase cells were
processed 4 to 5 h after IR, as previously described (30). Cells were then treated with colcemid for 3 h,
followed by hypotonic treatment (0.56% [wt/vol] KCl) at room temperature. Cells were fixed with fresh

FIG 8 Vigilin-depleted cells have defective resolution of stalled DNA replication forks and firing of
new origins of replication. (A) Schematic representation of the assay for DNA labeling and HU
treatment for the fiber assay. (B) Representative images of new DNA replication forks and reinitiation
of stalled DNA replication forks in control and vigilin-depleted cells. (C) Percentage of stalled DNA
replication forks in control and vigilin-depleted cells after HU treatment. (D) DNA fiber analysis of IdU
track lengths of CldU- plus IdU-containing fibers after hydroxyurea (HU) treatment. Error bars
represent standard deviations from three independent experiments.
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methanol-acetic acid (3:1) before scoring of chromosome aberrations by Giemsa staining (4% in 0.01 M
phosphate buffer [pH 6.8]) for 10min.

Telomeric FISH. Telomeres in metaphase spreads were detected by fluorescent in situ hybridization
(FISH) with a telomere-specific probe as described previously (30, 82). To detect chromosomal associa-
tions, we used centromere and telomere probe combinations. Centromere-specific peptide nucleic acid
(PNA) probes were labeled with fluorescein isothiocyanate (FITC; green), and telomere-specific PNA
probes were labeled with the fluorochrome Cy3 (red).

DR-GFP assay. The homologous recombination assay was performed as described previously (81,
83) using a direct repeat-green fluorescent protein (DR-GFP) cassette, which is stably integrated in
H1299 cells. Briefly, H1299 cells were transfected with control siRNA or vigilin siRNA and grown for 48 h
prior to a second transfection with an I-SceI expression plasmid using a Nucleofector 2b device. Cells
were trypsinized 48 h after transfection, and the percentage of GFP-positive cells after I-Scel DSB induc-
tion was determined by flow cytometry for measurement of HR repair. Site-specific DNA HR and NHEJ
assays in gene- and H4K16ac-rich and -poor regions were performed as described previously (57).

Chromatin immunoprecipitation assay. Chromatin immunoprecipitation assays (ChIP) were per-
formed as described previously (56, 57, 83, 84). Briefly, DR95 cells carrying a stably integrated I-SceI site
were transfected with I-Scel expression plasmid after a previous transfection with control siRNA or vigilin
siRNA. Cells were cross-linked with 1% formaldehyde for 10 min with gentle shaking at room tempera-
ture followed by quenching using 125mM glycine for 5 min. Cells were washed with ice-cold PBS and

FIG 9 Proposed model for the role of vigilin in DNA repair. Upon DNA damage, H2AX is phosphorylated on
serine 139 by ATM/ATR kinases. This phosphorylation creates a binding site for various proteins like 53BP1,
which affects its downstream target, Rif1. Vigilin in response to DNA damage gets recruited to DNA damage
sites in an acetylation-dependent manner and facilitates the recruitment of Rad51/BRCA1 to DNA DSB sites to
replace 53BP1 for facilitation of MRN-mediated DNA end resection by RPA loading onto the resulting ssDNA
and polymerization by RAD51.
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resuspended in 300ml of sonication buffer (50mM Tris-HCl [pH 8], 10mM EDTA, 1% SDS, and protease
inhibitors). Cross-linked chromatin was sonicated with the Diagenode Bioruptor to yield DNA fragments
of an average size of 200 to 600 bp. Immunoprecipitations were carried out with Rad51/vigilin antibod-
ies. The primers used in the PCR were first analyzed for both efficiency and linear range by real-time PCR
with a LightCycler (Applied Biosystems). All ChIP experiments were performed three times and yielded
consistent results. The results shown are based on three independent experiments with standard errors.

Immunofluorescence microscopy. For immunofluorescence, H1299 cells were transfected with
control siRNA or vigilin siRNA, grown for 48 h, and then irradiated and allowed to recover for the indi-
cated time intervals (27, 41, 81). For immunostaining, cells were fixed in 4% paraformaldehyde for 5min
at room temperature, permeabilized with 1� PBS containing 0.5% Triton X-100 for 5min, blocked in PBS
with 1% bovine serum albumin, and washed twice with 1� PBS followed by incubation with the desired
primary antibody (g-H2AX or 53BP1) for 30min at room temperature. After a subsequent incubation
with secondary antibody (Alexa Fluor 488-conjugated goat anti-rabbit/mouse secondary antibody), fluo-
rescent images of foci were captured with a Zeiss Axio Imager M2 microscope, and the foci were
counted by ImageJ software. The results shown are from three independent experiments.

DNA replication restart assay. DNA fiber assays were performed to assess replication fork stalling,
and fork protection as described previously (55, 85). Cells were pulse-labeled with CldU (100mM, 30min)
and replaced by medium with or without the HU and followed by IdU (150mM, 60min). DNA fibers were
spread by gravity and stained using immunofluorescent procedures with CldU- and IdU-specific antibod-
ies. Replication recovery was assessed by measuring the tract length of the IdU, with or without HU
treatment of tracts that contain both CldU and IdU labels. DNA fibers were imaged by using a 1041 Carl
Zeiss Axio Imager D2 microscope. Statistical analysis was performed using the Mann-Whitney test.

DNA end resection assay. A quantitative DNA resection assay was used to measure ssDNA as
described previously (56, 60), and developmental details of the ER-AsiSI-based resection assay are the
same as described previously (61). Briefly, ssDNA was quantified using the hemagglutinin (HA)-ER-AsiSI
system in which AsiSI enzyme is fused with a hormone-binding domain (HA-ER-AsiSI) and stably
expressed in U2OS cells. Addition of 4-hydroxy-tamoxifen (4-OHT) relocalizes the AsiSI enzyme to the
nucleus, which generates a double-strand break at specific AsiSI sequence (GCGATCGC) sites. U2OS cells
(6� 106 cells per ml) transfected with either control siRNA, vigilin siRNA, or Mre11 siRNA were mixed
with 0.6% low-melting-temperature agarose in PBS. Fifty microliters of cell suspension was solidified as
an agar ball by dropping the suspension on Parafilm. The agar ball was treated serially with 1ml of ESP
buffer containing 2% N-lauroylsarcosine, 0.5 M EDTA, 1mM CaCl2 (pH 8.0), and 1mg/ml of proteinase K
and then with high-salt (HS) buffer containing 0.15 M KCl, 2mM EDTA, 5mM MgCl2, 1.85 M NaCl, 0.5%
Triton X-100 (pH 7.5), and 4mM Tris at 16°C with rotation for 20 h. The sample was then washed with
1ml of phosphate buffer containing 0.8mM MgCl2 (pH 7.4), 133mM KCl, 1.5mM KH2PO4, and 8mM
Na2HPO4 for 1 h at 4°C with rotation. After heating the agar ball at 70°C for 10 min, the samples were
diluted 15-fold with 70°C double-distilled water and mixed with 2� NEB restriction enzyme buffer.
Genomic DNA samples were digested with 60 U of restriction enzyme BsrGI (New England BioLabs) or
mock digested at 37°C overnight. BsrGI-digested genomic DNA samples were used as the templates to
score ssDNA at the specific AsiSI sites by quantitative PCR (qPCR).

Immunoprecipitations. Exponentially growing cells were lysed in ice-cold lysis buffer (50mM Tris-
HCl [pH 7.4], 200mM sodium chloride, 2mM EDTA, 0.5% Na-deoxycholate, 1% NP-48) containing prote-
ase inhibitors, aprotinin (0.5mg/ml), leupeptin (0.5mg/ml), phenylmethylsulfonyl fluoride (PMSF; 1mM),
sodium orthovanadate (0.2mM), and sodium fluoride (50mM). Protein concentrations were normalized
using the Bio-Rad protein assay, and the supernatant was incubated with vigilin antibody (Abcam) over-
night at 4°C. IgG-conjugated Dynabeads were added the next day and incubated at 4°C for 2 h.
Immunoprecipitated material was washed four times with lysis buffer, resuspended in SDS sample
buffer, and analyzed by SDS-PAGE followed by Western blotting using RAD51 vigilin and BRCA1
antibodies.

Data availability. This study includes no data deposited in external repositories.
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