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The signal transduction pathway of the DNA damage response
(DDR) is activated to maintain genomic integrity following DNA
damage. The DDR promotes genomic integrity by regulating a
large network of cellular activities that range from DNA replica-
tion and repair to transcription, RNA splicing, and metabolism. In
this study we define an interaction between the DDR factor NBS1
and TCOF1, a nucleolar protein that regulates ribosomal DNA
(rDNA) transcription and is mutated in Treacher Collins syndrome.
We show that NBS1 relocalizes to nucleoli after DNA damage in
a manner dependent on TCOF1 and on casein kinase II and ATM,
which are known to modify TCOF1 by phosphorylation. Moreover,
we identify a putative ATM phosphorylation site that is required
for NBS1 relocalization to nucleoli in response to DNA damage.
Last, we report that TCOF1 promotes cellular resistance to DNA
damaging agents. Collectively, our findings identify TCOF1 as
a DDR factor that could cooperate with ATM and NBS1 to suppress
inappropriate rDNA transcription and maintain genomic integrity
after DNA damage.
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The faithful conservation of genomic information is an es-
sential process for cell survival and for preventing malignant

transformation (1). To maintain genomic integrity, DNA has
to be protected from damage either spontaneously induced or
generated by environmental sources, including ionizing radiation
or chemical agents. The DNA damage response (DDR) is a sig-
nal transduction network that is activated to maintain genomic
integrity after DNA damage (1, 2). A principal component of the
DDR is the ATM kinase, which is primarily activated by the
presence of DNA double-strand breaks (DSBs).
DSBs are deleterious DNA lesions that can lead to cell death

if unresolved. DSBs are fixed either by joining the two DNA ends
together by nonhomologous end joining (NHEJ) or by homology-
directed repair mediated by homologous recombination (HR) (3).
The regulation of DSB end-processing represents a key step in the
choice between NHEJ and HR. Whereas NHEJ occurs with
minimal end-processing, extensive resection of DNA ends and
formation of single-stranded DNA regions is required for the
initiation of HR (4, 5).
NBS1 is a critical component of the heterotrimeric MRE11-

RAD50-NBS1 (MRN) complex, which plays a central role in the
repair of DSBs through the activation of the DDR and the ini-
tiation of HR. After binding and stabilizing DSB ends, the MRN
complex recruits ATM and the mediator protein MDC1 to the
break site through their direct interaction with NBS1. MDC1
subsequently associates with the phosphorylated histone variant
H2AX (γH2AX) locally to amplify the ATM signaling cascade at
DSBs (6–9). Direct interaction with NBS1 also promotes the
recruitment of the DNA repair factor CtIP to DSB ends by the
MRN complex, where it promotes end resection to initiate HR
(10). The importance of NBS1 to the maintenance of genomic
integrity is further highlighted by the predisposition to growth
defects, craniofacial abnormalities, and B-cell lymphomas of
patients with Nijmegen breakage syndrome, who carry biallelic

mutations in NBS1 (2). In addition, mutations in the subunits of
the MRN complex have also been linked to familial breast
cancer (1).
To fully understand how NBS1 prevents genetic disorders and

cancer, it is important to have a comprehensive view of the
multiple functions of NBS1 and define all NBS1-associated
factors. Here we identify TCOF1, a nucleolar protein that reg-
ulates ribosomal RNA transcription and is mutated in the cra-
niofacial syndrome Treacher Collins, as an interactor of NBS1.
We show that NBS1 colocalizes with TCOF1 in the nucleolus
transiently after DNA damage in a manner dependent on
TCOF1 and on ATM and casein kinase II (CK2), which are
kinases known to phosphorylate TCOF1. Our experiments
identify TCOF1 as a DDR factor that cooperates with NBS1 in
the DNA damage response.

Results
TCOF1 Is an NBS1 Interactor. To characterize in detail the mecha-
nisms by which NBS1 operates in the DDR, we sought to identify
factors associated with NBS1 in human cells. To this end, we
expressed in human embryonic kidney HEK 293T-REx cells
a cDNA coding for human NBS1 fused to an HA tag and then
performed anti-HA immunoprecipitation of NBS1 protein
complexes following treatment with ionizing radiation (IR).
Protein complexes were then identified by mass spectrometry
and further analyzed using CompPASS software, which assigns
to each protein a normalized weighted D (NWD) score de-
pendent on protein abundance, frequency, and reproducibility of
the interactions (11). In addition to known NBS1 interactors,
such as the ATR kinase and the DDR mediator MDC1, we were
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able to identify the TCOF1 protein (also known as Treacle) as
a potential component of the NBS1 protein complex (Fig. 1).
The association between NBS1 and TCOF1 was confirmed fol-
lowing immunoprecipitation of HA-tagged TCOF1 protein
complexes from HEK 293T-REx cells after IR (Fig. 1B). TCOF1
encodes a nucleolar protein that is mutated in Treacher Collins
syndrome (TCS), an autosomal dominant disorder that causes
hypoplasia of the facial bones, hearing loss, and cleft palate in 1
in 50,000 children (12). TCOF1 interacts with RNA polymerase I
and the transcription factor UBF to promote ribosomal DNA
(rDNA) transcription (13). Consistent with this role, we identi-
fied subunits of RNA polymerase I (POLR1A, B and E) as
components of TCOF1 complexes (Fig. 1B).

NBS1 Localizes to Nucleoli After DNA Damage in a TCOF1-Dependent
Manner. To determine whether NBS1 colocalizes with TCOF1
after DNA damage, human osteosarcoma U2OS cells were
transfected with HA-tagged NBS1 and stained with an antibody
against the HA tag. As shown in Fig. 2 and Fig. S1A, we observed
that, following treatments with IR or with the cross-linking agent
cisplatin, a portion of the NBS1 protein pool relocates into the
nucleolus, where it colocalizes with TCOF1. NBS1 localizes
transiently to the nucleolus between 5 and 30 min after IR in
a TCOF1-dependent manner, as indicated by the abrogation of

NBS1 nucleolar staining after siRNA-dependent depletion of
TCOF1 (Fig. 2 C and D). Similar data were also obtained for
endogenous NBS1 expressed in U2OS cells (Fig. S2A). Unlike
NBS1, MRE11 did not exhibit localization to nucleoli after DNA
damage, suggesting that the nucleolar localization of NBS1 is
MRE11-independent (Fig. S1B). Furthermore, other DDR com-
ponents, such as MDC1 and 53BP1, did not colocalize with
TCOF1 in nucleoli after IR treatment, as shown in Fig. S2B.

NBS1 Localization to Nucleoli After IR Is Dependent on Casein Kinase
II and ATM Kinase Activity. Previous experiments have shown that
the association between NBS1 and many of its interactors, such
as MDC1 and CtIP, is mediated by NBS1’s FHA domain, which
binds to protein motifs phosphorylated by CK2 (14–16). TCOF1
harbors 10 highly repetitive regions, known as treacle repeats,
containing conserved CK2 sites and is a known CK2 substrate
(17, 18). Consistent with these observations, we identified a CK2
subunit CSNK2B as part of a TCOF1 complex (Fig. 1B). It has
been previously shown that CK2 is required for the association
between NBS1 and MDC1 (15, 16). To test whether CK2 is re-
quired for the recruitment of NBS1 to the nucleolus after IR, we
treated cells with siRNAs against the CK2 subunits α and α′
before irradiation (Fig. 3A). Following this treatment, we
observed that the recruitment of NBS1 to the nucleolus was
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Fig. 1. Characterization of the protein complexes of NBS1 and TCOF1. (A) Schematic representation of TCOF1 protein. Treacle repeats are indicated in red.
(B) Lists of NBS1 or TCOF1 interactors identified after mass spectrometry and CompPASS analyses of NBS1 or TCOF1 protein complexes isolated from HEK
293T-REx cells after IR. The total number of peptides (Tot Pep) and the NWD score are indicated as in ref. 11.
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Fig. 2. NBS1 nucleolar localization after DNA damage. (A) Representative pictures of U2OS cells expressing HA-NBS1 stained with antibodies against the HA
tag (green) or TCOF1 (red) with or without IR treatment (10 Gy). Images of cells with merged green and red signals are indicated. (B) Quantification of the
percentage of U2OS cells expressing HA-NBS1 that exhibit nucleolar staining of NBS1 with or without IR treatment (10 Gy) as in A. (C) Representative pictures
of U2OS cells expressing HA-NBS1 stained as in A treated with control or TCOF1 siRNAs with IR treatment (10 Gy). Images of cells with merged green and red
signals are indicated. (D) Western blotting showing the levels of TCOF1 knockdown obtained with two TCOF1 siRNAs. (E) Quantification of the percentage of
U2OS cells expressing HA-NBS1 that exhibit nucleolar staining of NBS1 after treatment with TCOF1 siRNAs and IR.
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strongly impaired, suggesting that CK2 is required for the nu-
cleolar localization of NBS1 after DNA damage (Fig. 3 A and B).
TCOF1 has previously been shown to be phosphorylated by

the ATM kinase in response to IR (19). To test whether ATM
kinase activity could regulate the recruitment of NSB1 to the
nucleolus, U2OS cells were incubated with an ATM kinase in-
hibitor during and after IR. As indicated in Fig. 3, treatment with
the ATM kinase inhibitor KU-55933 abrogated the recruitment
of NBS1 to the nucleolus after IR, indicating that ATM activity is
required for the colocalization of NBS1 with TCOF1 in the
nucleolus after DNA damage (Fig. 3 C and D).

TCOF1 S1199 Is Required for the Nucleolar Localization of TCOF1 After
IR. ATM and ATR kinases phosphorylate their substrates on SQ
or TQ motifs (1). We have previously shown that TCOF1 is
phosphorylated by ATM/ATR kinases on an SQ site located
at amino acids 1410–1411 of TCOF1 (19). To determine the
function of this phosphorylation event, we mutated serine 1410
to alanine. Following expression of wild-type and S1410A mutant
HA-TCOF1, we observed that the S1410A mutant was pro-
ficient for nucleolar localization of NBS1 after IR (Fig. S3).
The C-terminal region of TCOF1 contains two additional SQ
sites at amino acids 1199–1200 and 1216–1217 that are highly
conserved among mammals (Fig. 4A). To examine the role of
these SQ sites, we generated HA-TCOF1 SQ to AQ mutants
and expressed them in U2OS cells. As shown in Fig. 4 B and C,
the TCOF1 S1199A mutant displayed defective localization of
NBS1 to nucleoli after IR, whereas the TCOF1 S1216A mutant
exhibited a phenotype similar to wild-type TCOF1 in this as-
say. These experiments suggest that ATM could potentially

phosphorylate TCOF1 to recruit or retain NBS1 at nucleolar sites
after DNA damage.

A Small Fraction of TCOF1 Is Recruited to Sites of DNA Damage After
Laser Microirradiation. TCOF1 is predominantly localized in the
nucleolus. To determine whether TCOF1 localization could be
affected by DNA damage, we conducted UV laser micro-
irradiation on U2OS cells expressing HA-TCOF1. Interestingly,
we observed that a small fraction of TCOF1 localized to the
DNA damage sites generated by the UV laser outside of the
nucleolus (Fig. S4A).
TCOF1 has at least six different isoforms in mammalian cells.

To determine whether the localization of TCOF1 to DNA
damage sites differs among TCOF1 isoforms, we expressed in U2OS
cells the TCOF1 isoform c [National Center for Biotechnology In-
formation (NCBI) reference sequence NM_001008657.2], which
displays pan-nuclear localization due to the absence of the nucleolar
signal located at the C terminus of the protein. As shown in Fig.
S4B, the TCOF1 isoform c exhibited a very clear recruitment to
DNA damage sites induced by laser stripes. These observations
suggest that TCOF1 could also have a role in the DNA damage
response outside of the nucleolus.

TCOF1 Protects Cells from DNA Damage. Many proteins that asso-
ciate with NBS1 are known to protect cells from DNA damage.
To test whether TCOF1 is required for survival in response to
DNA damage, GFP-labeled U2OS cells treated with control or
TCOF1 siRNAs were mixed with unlabeled U2OS cells. The
relative survival of green vs. unlabeled U2OS cells after IR (5 Gy)
or cisplatin (0.25 μM) treatment was then measured by FACS
cytometry (20). As shown in Fig. 5, depletion of TCOF1 with two
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Fig. 3. NBS1 localization to nucleoli after CK2 depletion or ATM inhibition. (A) Representative images of U2OS cells expressing HA-NBS1 treated with control
or siRNAs targeting the CK2 subunits α and α′ (CK2α and CK2α′) and stained as in Fig. 2 after IR treatment (10 Gy). (B) Quantification of the percentage of
U2OS cells expressing HA-NBS1 that exhibit nucleolar staining treated as in A. (C) Representative images of U2OS cells expressing HA-NBS1 with or without
ATM inhibitor (10 μM) and stained as in Fig. 2 after IR treatment (10 Gy). (D) Quantification of the percentage of U2OS cells expressing HA-NBS1 that exhibit
nucleolar staining treated as in C.
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independent siRNAs led to sensitivity to IR and cisplatin treat-
ment, indicating that TCOF1 protects cells from DNA damage.

Discussion
Our study has identified the nucleolar protein TCOF1 as a DDR
factor required for the recruitment of NBS1 to nucleoli after
DNA damage. NBS1 contains FHA and BRCT motifs, which
form a supramodular phosphobinding interface (14, 21). It has
been previously shown that the FHA motif of NBS1 interacts
with CK2 phosphorylation sites of MDC1 (15, 16). Given that
TCOF1 is a CK2 substrate and that CK2 is required for NBS1
localization to nucleoli, we propose that TCOF1 and MDC1
interact with NBS1 in a similar manner through the binding of
CK2 phosphorylation sites to the FHA motif of NBS1; this would
suggest that TCOF1 and MDC1 are mutually exclusive inter-
actors of NBS1. Indeed, we observed that MDC1 does not lo-
calize to the nucleolus together with NBS1 and TCOF1. Similar
findings were reported by Larsen et al. (22) during the prepa-
ration of our manuscript.
In addition to CK2, the ATM kinase was identified by us to

regulate the localization of NBS1 to nucleoli after DNA damage.
We previously found TCOF1 to be phosphorylated on S1410 by
ATM/ATR after DNA damage (19). However, here we find that
phosphorylation of this site is not required for the nucleolar
localization of NBS1 after DNA damage. Instead, we identified
S1199, an SQ site previously found to be phosphorylated on
TCOF1 in the absence of exogenous DNA damage (23, 24), as
a putative ATM site that is required for NBS1 localization to
nucleoli in response to DNA damage. Based on these observa-
tions, we propose that the phosphorylation of S1199 might be
recognized by NBS1 phosphobinding motifs, which could then
promote the association with NBS1 after DNA damage. The
recognition of TCOF1 ATM phosphorylation sites could be
mediated by the NBS1 BRCT motif. Indeed, BRCT motifs are
known to bind sites phosphorylated by ATM or ATR (25). Al-
together, our data suggest that ATM and CK2 phosphorylation
sites may cooperate to mediate NBS1 localization to TCOF1.
NBS1 does not form classical foci in the nucleolus as observed

in nonnucleolar DNA. Instead, NBS1 appears to fully colocalize

with TCOF1-bound chromatin, which comprises a large fraction
of nucleolar DNA. Although speculative, the extensive colocal-
ization of NBS1 with TCOF1 in nucleoli suggests the existence of
a possible spreading mechanism for NBS1 on TCOF1 akin to
MDC1–NBS1 spreading on H2AX. It is known that phosphor-
ylation of H2AX on S139 by ATM near DSBs triggers the initial
association of the MDC1–NBS1–ATM complex, which then
further phosphorylates H2AX, thereby promoting a feed-forward
loop that results in the spreading of the MDC1–NBS1–ATM
complex for several megabases around DSBs (7–9). A similar
phenomenon could exist for the TCOF1–NBS1–ATM complex in
nucleoli, where TCOF1 phosphorylation by CK2 and ATM could
promote the binding of the NBS1–ATM complex to TCOF1 and
the subsequent propagation of TCOF1 phosphorylation, thus
allowing the NBS1–ATM complex to extensively coat nucle-
olar chromatin through TCOF1 association.
Previous experiments have indicated that ribosomal RNA

transcription is transiently inhibited after DNA damage through
ATM and NBS1 to maintain genomic instability (26); this would
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facilitate the repair of DNA lesions by preventing the collision
between the transcriptional and DNA repair machineries. Based
on our observation that TCOF1 is required for the ATM-
dependent recruitment of NBS1 to nucleoli after DNA damage,
we suggest that TCOF1 could be a component of the ATM- and
NBS1-dependent pathway that blocks ribosomal DNA transcrip-
tion after DNA damage, as suggested also by Larsen et al. (22). It
will be critical in the future to determine whether defective lo-
calization of NBS1 to nucleoli results in increased instability of
ribosomal DNA repeats.
The craniofacial abnormalities caused by TCOF1 mutations

have been shown to depend on hyperactivation of p53-dependent
apoptotic processes in neural crest progenitors during craniofacial
development (27). The observation that mutations in RNA poly-
merase I can cause TCS suggests that the increased cell death
observed in TCS patients could result from impaired rDNA
transcription and consequent dysfunctional ribosomal biogenesis.
However, excessive p53 activation in TCS may alternatively be
consistent with increased and/or unresolved DNA damage in TCS
cells due to defective regulation of RNA polymerase I transcrip-
tion after DNA damage or to potential functions for TCOF1 in
nonnucleolar DNA repair. It will therefore be important to test
the possibility that defective DNA repair may contribute to TCS
pathophysiology. Similar to TCS, the Nijmegen breakage syn-
drome displays craniofacial abnormalities (1). Future experiments
will be needed to determine how defects in NBS1 nucleolar lo-
calization contribute to the craniofacial abnormalities displayed
by Nijmegen breakage syndrome patients.
Together, our experiments have identified TCOF1 as a DDR

factor that recruits NBS1 to nucleoli after DNA damage and
have suggested a potential role of alterations of the DNA
damage response in the pathogenesis of TCS.

Materials and Methods
Antibodies. Rabbit polyclonal anti-TCOF1 (1:1,000; Proteintech, 11003-1-AP1),
anti-GAPDH (1:2,000; Santa Cruz, sc-25778), and mouse monoclonal anti-HA
(1:1,000; Covance, HA.11) antibodies were used in Western blot experiments.

DNA Clones. The TCOF1 clone corresponding to NCBI NM_001135243.1 was
cloned by Gateway recombination into pENTRD-TOPO to generate pENTRD-
TOPO-TCOF1. The Gateway pENTRD-TOPO-TCOF1-S1199A, pENTRD-TOPO-
TCOF1-S1216A, and pENTRD-TOPO-TCOF1-S1410A were generated by
site-directed mutagenesis of pENTRD-TOPO-TCOF1. The TCOF1 isoform c
corresponding to NCBI NM_001008657.2, the NBS1 clone corresponding to
NCBI AK312410 and the MRE11 clone corresponding to NCBI NM_005591
were cloned by Gateway recombination into pDONR223. pENTRD-TOPO-
TCOF1, pENTRD-TOPO-TCOF1-S1199A, pENTRD-TOPO-TCOF1-S1216A, pENTRD-
TOPO-TCOF1-S1410A, pDONR223-NBS1, and pDONR223-MRE11 were used
in Gateway recombination reactions with pMSCV-FLAG-HA (28) to generate
pMSCV-FLAG-HA-TCOF1; pMSCV-FLAG-HA-TCOF1-S1199A, pMSCV-FLAG-HA-
TCOF1-S1216A, and pMSCV-FLAG-HA-TCOF1-S1410A; pMSCV-FLAG-HA-NBS1;

and pMSCV-FLAG-HA-MRE11. pDONR223-TCOF1 isoform c was recombined
with the Gateway vector pHAGE-HA to generate pHAGE-HA-TCOF1 isoform c.

Cell Culture and RNAi. The human osteosarcoma cell line U2OS and human
embryonic kidney fibroblast cell line HEK 293T-REx were maintained in
McCoy’s or DMEM, respectively, supplemented with 10% (vol/vol) FBS. Sta-
ble U2OS cell lines expressing HA-TCOF1; HA-TCOF1-S1199A, HA-TCOF1-
S1216A, HA-TCOF1-S1410A; HA-NBS1; HA-MRE11; and HA-TCOF1 isoform c
were obtained after puromycin selection of cells infected with retroviruses or
lentiviruses generated from the vectors pMSCV-FLAG-HA-TCOF1; pMSCV-
FLAG-HA-TCOF1-S1199A, pMSCV-FLAG-HA-TCOF1-S1216A, and pMSCV-
FLAG-HA-TCOF1-S1410A; pMSCV-FLAG-HA-NBS1; pMSCV-FLAG-HA-
MRE11; and pHAGE-HA-TCOF1 isoform c. Stable HEK 293T-REx cells expressing
HA-TCOF1 and HA-NBS1 were obtained after infection with retroviruses gen-
erated from the pMSCV-FLAG-HA-TCOF1 and pMSCV-FLAG-HA-NBS1 vectors.

TCOF1 siRNAs (Invitrogen; Stealth siRNA HS110575 and HS110577), CK2α
and CK2α′ siGenome siRNA pools (Dharmacon; M-003475-03-0005 and
M-004752-00-0005) were used to transfect U2OS cells.

Immunofluorescence. Parental U2OS cells andU2OS cells expressing HA-TCOF1
wild-type and mutant proteins, HA-TCOF1 isoform c, HA-NBS1, or HA-MRE11
were stainedwith rabbit polyclonal anti-MDC1 (1:100; Abcam, ab11169), anti-
NBS1 (1:100; Novus Biologicals, NB100-143), anti-TCOF1 (1:100; Proteintech,
11003-1-AP1), anti-53BP1 (1:1,000; Bethyl Laboratories, A300-272A), or
mouse monoclonal anti-HA (1:1,000; Covance, HA.11), anti-γH2AX (1:500;
Millipore, JBW301), anti-TCOF1 (1:100; Santa Cruz Biotechnology, sc-374536)
antibodies. For NBS1 localization experiments, U2OS cells expressing HA-
NBS1 or HA-TCOF1 wild-type and mutant proteins were treated with 10 Gy
irradiation with or without the ATM inhibitor KU-55933 (10 μM) and then
fixed with 4% formaldehyde 15 min after irradiation. Following permea-
bilization with 0.2% Triton, U2OS cells were stained with the antibodies
indicated above. Similar experiments were conducted after cisplatin (1 μM)
treatment for 6 h. The percentage of cells with NBS1 nucleolar localization
was determined as the average value of three or more replicates. Micro-
irradiation experiments were performed as previously described (29), and
U2OS cells expressing HA-TCOF1 and HA-TCOF1 isoform c were fixed 5 min
after irradiation.

Protein Purification and Mass Spectrometry. Stable HEK 293T-REx cells were
subjected to doxycycline treatment to induce the expression of HA-TCOF1
and HA-NBS1 and purification of HA-TCOF1 and HA-NBS1 protein complexes
after IR treatment (10 Gy) was conducted as previously described (29). Mass
spectrometry and CompPASS analysis was performed as reported (11, 29).

DNA Damage Sensitivity Assays. Cell competition assays were performed as
previously described (28). In particular, U2OS cells were transfected with
control or TCOF1 siRNAs and then mixed with GFP expressing U2OS cells as
reported (28). Cells were then treated with a single IR dose (5 Gy) or with
cisplatin (0.25 μM) for 16 h, and the ratio of uncolored to GFP expressing
U2OS cells was determined by flow cytometric analysis after 7 d.
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