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Eukaryotic organisms constantly face a wide range 
of internal and external factors that cause damage to 
their DNA. Failure to accurately and efficiently repair 
these DNA lesions can result in genomic instability 
and the development of tumors (Canela et al., 2017). 
Among the various forms of DNA damage, DNA double-
strand breaks (DSBs) are particularly harmful. Two 
major pathways, non-homologous end joining (NHEJ) 
and homologous recombination (HR), are primarily 
responsible for repairing DSBs (Katsuki et al., 2020; 
Li and Yuan, 2021; Zhang and Gong, 2021; Xiang et al., 
2023). NHEJ is an error-prone repair mechanism that 
simply joins the broken ends together (Blunt et al., 1995; 
Hartley et al., 1995). In contrast, HR is a precise repair 
process. It involves multiple proteins in eukaryotic cells, 
with the RAD51 recombinase being the key player, 
which is analogous to bacterial recombinase A (RecA) 
(Shinohara et al., 1992). The central event in HR is the 
formation of RAD51-single-stranded DNA (ssDNA) 

nucleoprotein filaments that facilitate homology search 
and DNA strand invasion, ultimately leading to the ini‐
tiation of repair synthesis (Miné et al., 2007; Hilario 
et al., 2009; Ma et al., 2017).

Ribosomal RNA (rRNA) methyltransferase fibril‐
larin (FBL) serves as a key regulator in various early 
stages of ribosome biogenesis (Tollervey et al., 1993; 
Yoshikawa et al., 2011). It plays pivotal roles in pro‐
cesses such as ribosomal DNA (rDNA) synthesis and 
pre-rRNA cleavages (Schimmang et al., 1989; Snaar 
et al., 2000). FBL possesses methyltransferase activity, 
thus is responsible for the 2'-O-methylation (2'-O-Me) 
of rRNAs and the methylation of histone H2A at glu‐
tamine 104 (Omer et al., 2002; Tessarz et al., 2014). It 
is predominantly localized in the nucleus without signifi‐
cant tissue or immune cell expression specificity. FBL 
plays a vital role in early development, displaying 
heightened expression in pluripotent embryonic stem 
cells and contributing to stem cell pluripotency (Newton 
et al., 2003). The knockout of FBL results in reduced 
nucleolar size and lifespan extension (Tiku et al., 2017). 
Moreover, increased FBL expression is observed in 
mammalian oocytes with age-associated dysregulation 
of the protein metabolism. Interestingly, elevated FBL 
expression promotes cellular proliferation and confers 
resistance to chemotherapy in MCF-7 breast cancer cells 
(Marcel et al., 2013). In breast cancer patients, higher 
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FBL expression correlates with lower survival rates 
(Marcel et al., 2013). However, whether FBL is in‐
volved in DNA repair remains to be elucidated.

Relocalization to sites of DNA damage is character‐
istic of proteins involved in the DNA damage response 

(DDR). We utilized laser microirradiation to induce 
DNA breaks, which enables the monitoring of protein 
dynamics through fluorescence microscopy (Fig. 1a). 
Remarkably, we observed a remarkable accumula‐
tion of green fluorescent protein (GFP)-tagged FBL 

Fig. 1  Fibrillarin (FBL) recruitment to DNA damage sites and its role in conferring resistance to DNA damage agents. 
(a) Schematic representation of the accumulation of green fluorescent protein (GFP)-tagged proteins at laser-induced 
DNA damage sites. (b) Fluorescence microscopy images demonstrating the translocation of GFP-tagged FBL to laser-induced 
DNA damage sites in U2OS cells. The dashed circles delineate the edges of nuclei, and the red arrowheads indicate laser 
microirradiation sites. A quantitative analysis of fluorescence intensity at the micro-irradiated site was conducted. 
(c) Verification of FBL-knockdown efficiency in HeLa cells by immunoblotting. (d) Assessment of cell proliferation in 
wild-type cells and FBL-knockdown HeLa cells via cell counting kit-8 (CCK8) assay at 0, 24, 46, 72, and 96 h. No 
significant statistical difference was observed between the control and FBL-knockdown cells using the Student’s two-tailed 
t-test. (e) Colony formation assay illustrating the sensitivity of wild-type cells and FBL-knockdown HeLa cells to 
camptothecin (CPT) (left) and veliparib (also termed ABT-888) (right). Cells were exposed to varying doses of DNA 
damage agents and allowed to survive for 14 d before staining. (f) Verification of FBL-knockdown efficiency in Huh7 cells 
by immunoblotting. (g) Colony formation assay demonstrating the sensitivity of wild-type cells and FBL-deficient Huh7 
cells to CPT (left) and veliparib (right). Cells were treated with the specified concentrations of DNA damage agents for 
14 d, and then colonies were fixed and assessed using the Coomassie blue staining assay. Data are presented as mean±
standard deviation (SD), n=3. * P<0.05, ** P<0.01, *** P<0.001 (Student’s two-tailed t-test). siCon: control small interfering 
RNA; siFBL: FBL small interfering RNA; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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at laser-induced DNA damage stripes (Fig. 1b), sug‐
gesting its involvement in DDR.

In order to gain deeper insights into the physio‐
logical significance of FBL in DDR, we investigated its 
requirement for cell survival upon DNA damage. Strik‐
ingly, while the partial knockdown of FBL did not have a 
significant impact on cell proliferation, it rendered cells 
more susceptible to camptothecin (CPT), a topoisom‐
erase I inhibitor, and veliparib (also termed ABT-888), 
a poly-adenosine diphosphate (ADP)-ribose polymerase 
(PARP) inhibitor (Figs. 1c‒1e). We thus further ex‐
tended our analysis to the hepatoma cell line Huh7 
and observed similar results, with FBL depletion lead‐
ing to increased cellular sensitivity to DNA damage-
inducing agents (Figs. 1f and 1g). Collectively, these 
findings underscore the vital role of FBL in the DDR, 
highlighting its contribution to cellular resistance against 
DNA damage.

We next determined whether FBL is required for 
DNA damage-induced checkpoint activation. Interest‐
ingly, as shown in Fig. 2a, the activation of check‐
point kinase 1 (CHK1) and CHK2 was comparable 
between control and FBL-deficient cells following 
treatment with CPT for 1 h, indicating that FBL did 
not affect checkpoint regulation. Given that FBL de‐
pletion sensitizes cells to CPT and veliparib, we hypoth‐
esized that FBL is essential for DSB repair. To investi‐
gate the impact of FBL on DSB repair, we utilized U2OS 
cell lines containing direct repeat (DR)-GFP or end 
joining 5 (EJ5)-GFP reporter cassettes. The DR-GFP re‐
porter allows for the accurate measurement of HR repair 
efficiency by monitoring the reconstitution of func‐
tional GFP following the repair of an I-SceI-induced 
DSB using intense GFP (iGFP) as a template (Fig. 2b). 
Remarkably, the knockdown of FBL resulted in a sig‐
nificant reduction in HR repair efficiency (Figs. 2c and 
2d). In contrast, no significant differences were observed 
in the NHEJ repair frequency following FBL deple‐
tion, as assessed using the EJ5-GFP reporter system 
that measures the direct re-ligation of I-SceI-induced 
DSBs to restore GFP expression by joining the pro‐
moter to the GFP gene cassette (Figs. 2e‒2g). Impor‐
tantly, the defect in HR repair caused by FBL knock‐
down was rescued when cells were reconstituted 
with small interfering RNA (siRNA)-resistant FBL 
(Figs. 2h and 2i), confirming the direct association 
between impaired HR repair and FBL silencing. In‐
terestingly, the depletion of FBL had little impact on 
cell cycle distribution, indicating that the HR defect 

was not caused by changes in cell cycle progression 
(Fig. 3a).

During HR repair, DNA end resection generates 
3' ssDNA tails, which are initially bound by the replica‐
tion protein A (RPA) complex. Subsequently, the recom‐
binase RAD51 displaces RPA and forms RAD51-ssDNA 
filaments, facilitating strand invasion and homology 
search. To gain further insights into the role of FBL in 
HR repair, we examined the recruitment of RPA and 
RAD51 to DSBs. Strikingly, the depletion of FBL sig‐
nificantly impaired the formation of RAD51 foci in 
response to CPT-induced DNA damage (Figs. 3b and 
3c). In contrast, FBL depletion had no observable 
effect on the formation of RPA2 foci (Figs. 3b and 3c). 
Furthermore, the defects in RAD51 foci formation in 
FBL-depleted cells were rescued when siRNA-resistant 
FBL was reintroduced (Figs. 3d and 3e). These obser‐
vations collectively suggested that FBL is required for 
the recruitment of RAD51 to DSBs, highlighting its 
crucial role in facilitating RAD51-mediated HR repair.

In order to elucidate the mechanism by which FBL 
promotes RAD51 foci formation, we initially assessed 
the protein level of RAD51 in FBL-depleted cells. As 
shown in Fig. 4a, a partial knockdown of FBL had no 
discernible impact on RAD51 expression. Moreover, 
the depletion of FBL did not affect the interaction 
between RAD51 and breast cancer 2 susceptibility pro‐
tein (BRCA2) or RAD51 homolog C (RAD51C), both 
of which are essential for RAD51 recruitment to DSBs 
(Fig. 4b). We subsequently investigated the potential 
interaction between FBL and RAD51 by performing 
co-immunoprecipitation experiments using whole-cell 
extracts from HeLa cells. The immunoprecipitation of 
endogenous RAD51 using an anti-RAD51 antibody 
resulted in the detection of FBL in the immunopre‐
cipitates, indicating the interaction between FBL and 
RAD51 (Fig. 4c). Reciprocal co-immunoprecipitation 
using an anti-FBL antibody further confirmed the as‐
sociation between FBL and RAD51 (Fig. 4d). Nota‐
bly, the FBL–RAD51 interaction remained intact even 
in the presence of Benzonase® or following sonication 
treatment (Figs. 4c‒4e). Furthermore, the interaction 
between FBL and RAD51 was unaffected by CPT treat‐
ment, indicating that the association is not dependent 
on DNA damage (Figs. 4c‒4e).

In order to determine whether the interaction 
between FBL and RAD51 is direct, we expressed and 
purified recombinant glutathione-S-transferase (GST)-
tagged FBL and maltose-binding protein (MBP)-tagged 
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Fig. 2  Fibrillarin (FBL) facilitates homologous recombination (HR) repair. (a) FBL silencing does not affect the DNA 
damage checkpoint activation. HeLa cells were transfected with control small interfering RNA (siRNA) or FBL-specific 
siRNAs. After 48 h, cells were left untreated or treated with camptothecin (CPT) (1 μmol/L) for 1 h and collected for 
immunoblotting using the indicated antibodies. (b) Schematic representation of the green fluorescent protein (GFP)-based 
HR reporter assay. (c, d) Reduced HR-directed DNA repair efficiency in FBL-depleted U2OS direct repeat (DR)-GFP 
cells. Cells were transfected with control siRNA or FBL-specific siRNAs, followed by electroporation with an I-SceI 
expression plasmid. After 48 h, cells were analyzed for GFP expression by flow cytometry. (e) Schematic representation 
of the GFP-based non-homologous end joining (NHEJ) reporter assay. (f, g) FBL depletion does not affect NHEJ-directed 
DNA repair efficiency in U2OS end joining 5 (EJ5)-GFP cells. Cells were transfected with control siRNA or FBL-specific 
siRNAs, followed by electroporation with an I-SceI expression plasmid. After 48 h, cells were analyzed for GFP 
expression by flow cytometry. (h, i) Restoration of HR efficiency in FBL-deficient U2OS DR-GFP cells by re-expression 
of siRNA-resistant FBL. FBL-deficient U2OS DR-GFP cells stably expressing an empty vector or hemagglutinin (HA) 
and flag (HF)-tagged wild-type FBL (HF-FBL) were electroporated with an I-SceI expression plasmid. After 48 h, cells 
were analyzed for HR efficiency. Data are presented as mean±standard deviation (SD), with n=3 (c, d, h, i) or n=4 (f, g). 
** P<0.01; *** P<0.001; ns, not significant (Student’s two-tailed t-test). ATM: ataxia telangiectasia mutated protein; p-ATM: 
phospho-ATM; CHK1: checkpoint kinase 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFP+ : wide-type 
GFP; iGFP: intense GFP; Puro: puromycin; siCon: control small interfering RNA; siFBL: FBL small interfering RNA; 
siR: small interfering RNA-resistant.

1168



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2023 24(12):1165-1173    |

RAD51 in Escherichia coli. In vitro pull-down assays 
demonstrated a direct binding between FBL and RAD51 

(Fig. 4f). These findings provided compelling evidence 
for a direct physical interaction between FBL and 

Fig. 3  Fibrillarin (FBL) promotes the recruitment of DNA repair protein RAD51 to DNA damage sites. (a) FBL deficiency 
has no effect on cell cycle distribution. BrdU incorporation assays were performed to assess cell cycle distribution as 
described in the Materials and Methods section. (b) FBL silencing in U2OS cells impairs RAD51 foci formation at DNA 
damage sites, while replication protein A2 (RPA2) recruitment remains unaffected. Cells were treated with 1 μmol/L 
camptothecin (CPT) for 3 h and subjected to RAD51 and RPA2 immunofluorescence. (c) Quantification of RAD51 and RPA2 
foci formation. (d) Rescue of RAD51 recruitment at DNA damage sites by re-expressing wild-type FBL in FBL-depleted 
U2OS cells. Cells stably expressing an empty vector or hemagglutinin (HA) and flag (HF)-tagged wild-type FBL (HF-FBL) 
were transfected with the indicated siRNAs, then treated with 1 μmol/L CPT for 3 h and subjected to RAD51 and 
RPA2 immunofluorescence. (e) Quantification of RAD51 and RPA2 foci formation. Data are presented as mean±
standard deviation (SD), n=3. *** P<0.001; ns, not significant (Student’s two-tailed t-test). BrdU: bromodeoxyuridine; 
DAPI: 4',6-diamidino-2-phenylindole; PI: propidium iodide; PE: P-phycoerythrin; siCon: control small interfering RNA; 
siFBL: FBL small interfering RNA; siR: small interfering RNA-resistant.
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Fig. 4  Fibrillarin (FBL) directly interacts with RAD51. (a) FBL knockdown has no effect on the protein level of RAD51 under 
camptothecin (CPT) treatment. After FBL knockdown for 48 h, cells were treated with 1 μmol/L CPT for 3 h and whole-cell 
extracts were prepared to detect the protein level of RAD51. The pound (#) indicates a non-specific band. (b) The depletion 
of FBL does not disrupt the interaction between RAD51 and breast cancer 2 susceptibility protein (BRCA2) or RAD51 
homolog C (RAD51C). After FBL knockdown for 48 h, HeLa cells were treated with 1 μmol/L CPT for 3 h. Cell lysates were 
incubated with protein A agarose beads conjugated with anti-RAD51 antibody. Western blot analysis was performed using 
the indicated antibodies. (c, d) Endogenous co-immunoprecipitation confirms the interaction between FBL and RAD51. 
(e) Lysates from nuclease-treated HeLa cell extracts were subjected to sonication and conducted for co-immunoprecipitation. 
(f) Recombinant glutathione-S-transferase (GST)-tagged FBL directly interacts with maltose-binding protein (MBP)-tagged 
RAD51 in vitro. An in vitro pull-down assay was performed using indicated recombinant proteins purified from Escherichia 
coli. Upper panel: RAD51 detected by immunoblotting; Lower panel: purified proteins visualized by Coomassie staining. 
(g, h) Metaphase spreads were prepared from wild-type cells and FBL-depleted HeLa cells treated with CPT (4 nmol/L) 
for 24 h. Representative images are shown in (g), with red arrows indicating chromosomal aberrations. Data are 
presented as mean±standard deviation (SD) (a minimum of 40 metaphase spreads were scored for each cell line). * P<
0.05, ** P<0.01 (Student’s two-tailed t-test). GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IgG: immunoglobulin G; 
IP: immunoprecipitation; siCon: control small interfering RNA; siFBL: FBL small interfering RNA.
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RAD51, further supporting their functional association 
in DNA repair processes.

Considering the crucial role of FBL in HR repair, 
we hypothesized that the depletion of FBL may lead 
to genome instability. To investigate this matter, we 
examined the frequency of chromosomal aberrations in 
FBL-depleted cells under CPT treatment. Remarkably, 
these aberrations in FBL-depleted cells were signifi‐
cantly increased compared to the control (Figs. 4g and 
4h). These findings suggested that FBL depletion com‐
promises genome stability, highlighting the importance 
of FBL in maintaining genomic integrity through its 
involvement in HR repair.

The loss of components involved in DDR pathway 
often leads to genomic instability and the development 
of cancer. These genetic defects in the DDR pathway 
make tumors more susceptible to specific DNA-targeted 
therapies (Hanahan, 2022). However, Yi et al. (2015) 
have revealed that an elevated DDR can contribute to 
therapeutic resistance. Intriguingly, the analysis of the 
Gene Expression Profiling Interactive Analysis (GEPIA) 
database showed a negative correlation between FBL 
RNA expression and the survival period of patients 
with liver hepatocellular carcinoma (LIHC), sarcoma 
(SARC), or skin cutaneous melanoma (SKCM) (Fig. 5a). 
These correlations suggested that FBL can serve as a 

Fig. 5  Fibrillarin (FBL) overexpression is associated with poor survival in patients. (a) The Kaplan-Meier curves demonstrate 
an inverse relationship between the quantity of FBL transcripts and the overall survival rate of patients with liver 
hepatocellular carcinoma (LIHC), sarcoma (SARC), or skin cutaneous melanoma (SKCM). (b) Mechanism model by which 
FBL facilitates homologous recombination (HR) repair. Upon DNA damage, FBL is recruited to the sites of DNA breaks. 
FBL directly interacts with recombinase RAD51, promoting its recruitment to DNA damage sites. This interaction enables 
the formation of RAD51-single-stranded DNA (ssDNA) filaments, which are crucial for strand invasion and homology 
search. TPM: transcripts per million; RPA: replication protein A.
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valuable biomarker and a potential target for cancer 
therapy.

In conclusion, our study identified FBL as a regu‐
lator of HR. Upon DNA damage, FBL is recruited 
to DSBs and directly interacts with the recombinase 
RAD51. The depletion of FBL leads to impaired for‐
mation of RAD51 foci and reduced HR efficiency. 
In addition, FBL depletion results in an increase in 
chromosome aberrations and enhances cellular sensi‐
tivity to DNA-damaging agents. These findings shed 
light on the mechanism of RAD51 recruitment medi‐
ated by FBL and highlight the significant role of FBL 
in cancer therapy (Fig. 5b). Further investigations are 
warranted to elucidate whether FBL influences the DNA 
binding properties, adenosine triphosphatase (ATPase) 
activity, or interactions of RAD51 with other HR-
involved proteins.

Materials and methods
Detailed methods are provided in the electronic supple‐

mentary materials of this paper.
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