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Nuclear factor 90 (NF90), an RNA-binding protein implicated in the regulation of gene expression, exists as
a heterodimeric complex with NF45. We previously reported that depletion of the NF90/NF45 complex results
in a multinucleated phenotype. Time-lapse microscopy revealed that binucleated cells arise by incomplete
abscission of progeny cells followed by fusion. Multinucleate cells arose through aberrant division of binucle-
ated cells and displayed abnormal metaphase plates and anaphase chromatin bridges suggestive of DNA repair
defects. NF90 and NF45 are known to interact with the DNA-dependent protein kinase (DNA-PK), which is
involved in telomere maintenance and DNA repair by nonhomologous end joining (NHEJ). We hypothesized
that NF90 modulates the activity of DNA-PK. In an irn vitro NHE] assay system, DNA end joining was reduced
by NF90/NF45 immunodepletion or by RNA digestion to an extent similar to that for catalytic subunit
DNA-PKcs immunodepletion. Irn vivo, NF90/NF45-depleted cells displayed increased <y-histone 2A.X foci,
indicative of an accumulation of double-strand DNA breaks (DSBs), and increased sensitivity to ionizing
radiation consistent with decreased DSB repair. Further, NF90/NF45 knockdown reduced end-joining activity
in vivo. These results identify the NF90/NF45 complex as a regulator of DNA damage repair mediated by

DNA-PK and suggest that structured RNA may modulate this process.

Nuclear factor 90 (NF90) and nuclear factor 45 (NF45) form
a heterodimeric core complex (18) that is abundant in many
cells and tissues (36, 49, 55, 66). NF90 is a product of the
interleukin enhancer-binding factor 3 gene, /LF3, and is also
known as DRBP76, NFAR1, and TCP80. NF45, or ILF2, is
encoded by the ILF2 gene.

NF90 and NF45 interact with numerous proteins and RNAs,
generating higher-order complexes that participate in biologi-
cal processes, including transcription, RNA transport, mnRNA
stability, and translation (2, 51). NF90 and NF45 were initially
purified as DNA binding proteins (8), however, and evidence
for their involvement in DNA metabolism is accumulating.
Remarkably, they were found to copurify from human placenta
together with all three subunits of the DNA-dependent protein
kinase (DNA-PK) (63), which is involved in the repair of DNA
double-strand breaks (DSBs) (29, 31). In addition, NFO0/NF45
and DNA-PK have been identified as antigen receptor re-
sponse element (ARRE) DNA-binding subunits and impli-
cated in chromatin remodeling in T cells (58). Furthermore, a
multiprotein complex containing these proteins was associated
with a role in DNA replication, transcription, and repair (22).

Recently, we found that depletion of the NFO0/NF45 core
complex in HeLa cells, using RNA interference directed
against either of its components, led to impaired DNA repli-
cation and cell proliferation. The cells displayed a mitotic de-
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fect resulting in the formation of giant multinucleated cells
containing up to 11 interconnected nuclei (18). Such failure of
proper mitotic progression is associated with disruption of
genomic integrity. Multinucleated cells have been observed
following DNA damage caused by X-irradiation of HeLa cells
(14, 20, 57) or after depletion of proteins that play a part in
chromosome segregation and DNA repair (6, 11, 13, 26, 27,
57), including DNA-PK (9, 11, 27, 57). Repair of DSBs, essen-
tial for the maintenance of genome integrity, can occur
through homologous recombination or nonhomologous end
joining (NHEJ). NHEJ is the predominant pathway used for
repair of spontaneous and pathological DSBs during most of
the cell cycle, and it plays a key role in the generation of
antibodies by V(D)J and class switch recombination.

DNA-PK acts as a sensor for DSBs and an effector in the
repair pathway. It is composed of two DNA-binding subunits,
Ku70 and Ku80, and a catalytic subunit, DNA-PKcs, belonging
to the phosphatidylinositol 3-kinase (PI3-kinase)-like kinase
(PI3KK) family (29, 31). DNA-PKcs becomes autophosphory-
lated in the presence of DNA ends (10, 31, 50, 64), and it then
phosphorylates a number of substrates, including the endonu-
clease Artemis (16, 31) and histone H2A.X (1, 23, 52), com-
ponents of the NHEJ pathway (29, 31). Biochemical experi-
ments indicated that DNA-PK forms a complex with NF90/
NF45 in the presence of DNA and that recombinant NF90
specifically promotes the binding of DNA-PK to DNA (63).
Moreover, NF90 and NF45 also serve as substrates of
DNA-PK and become phosphorylated in a DNA-dependent
manner (63). These findings are consistent with a functional
relationship between NFO0/NF45 and DNA-PK (63), although
this proposition has not been explored further.

Taken together, these observations suggested that the phe-
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notype of NFO0/NF45-depleted HeLa cells could be due to a
failure of NHEJ-mediated DSB repair. To examine this hy-
pothesis, we first studied the events leading to genesis of multi-
nucleated cells in NF45-depleted HeLa cells. As with DNA-PK
insufficiency, time-lapse microscopy revealed that binucleated
cells arise by incomplete abscission during mitosis due to the
presence of DNA bridges, followed by cytoplasmic coales-
cence. Higher-order nucleated cells arise by karyokinesis with-
out cytokinesis in a process of endoreduplication. Next, we
confirmed that NFO0/NF45 complexes interact with DNA-PK,
and we established a novel in vitro assay to assess the involve-
ment of NFO9O/NF45 in NHEJ. We found that NF90 depletion
reduced end-joining activity similarly to depletion of DNA-PK.
Finally, we showed that NF90/NF45-depleted cells display
greatly increased numbers of YH2A.X foci, consistent with an
accumulation of DSBs, and an increased sensitivity to ionizing
radiation. Furthermore, NF90/NF45 depletion reduced end
joining in vivo. These data identified a novel role for the NF90/
NF45 complex in DNA metabolism as an important player in
DSB repair mediated by DNA-PK.

MATERIALS AND METHODS

Cell culture. Cell lines c, d3, and d5 were grown as described previously (18).
Tetracycline-regulated HeLa stable cell lines carrying short hairpin RNA
(shRNA) were generated using synthetic DNA sequences (d5-8, NF45 nucleo-
tides [nt] 504 to 522; cms, mismatched control [18]) cloned into the pSingle-tTs-
shRNA vector (Clontech) and selection for G418 (Invitrogen) resistance. Ex-
pression of sShRNA was induced with 1 pug/ml doxycycline (Dox) (Sigma). For
time-lapse microscopy, d5-8 cells were grown in T25 flasks in medium supple-
mented with 25 mM HEPES.

Time-lapse phase microscopy. Flasks were equilibrated with 5% CO, and
placed in a 37°C chamber on an inverted Nikon microscope after the caps were
tightened. Images were recorded with a 20X phase objective on a Scion CG7
grabber at 5-min intervals from 24 to 48 h postseeding.

Cell staining. Cells were grown in chambered glass slides (Labtek) for 48 h,
fixed in neutral buffered 4% paraformaldehyde for 2 to 4 h at room temperature
(RT), and then washed with phosphate-buffered saline (PBS) (Cellgro). Cell
membranes were stained with 25 wg/ml biotinylated wheat germ agglutinin
(WGA) (Sigma) for 3 h at RT followed by streptavidin-Alexa 488 (Invitrogen)
for 1 h. For DNA, cells were washed, fixed for 30 min, and then stained with
7-amino actinomycin D (7-AAD) (Invitrogen). For immunostaining, fixed cells
were permeabilized with 0.2% Triton X-100 and blocked with bovine serum
albumin (BSA). Nuclear membranes were detected with anti-lamin B2 antibody
(Santa Cruz) overnight, followed by biotin-labeled goat anti-mouse antibody
(Santa Cruz) for 2 h and streptavidin-conjugated Alexa 488 (Invitrogen) for 30
min. y-H2A.X foci were detected with anti-phospho-histone H2A.X (Ser139)
antibody (JBW301; Millipore) overnight and then Alexa 488-conjugated anti-
mouse antibody (Invitrogen) for 1 h. Actin filaments were stained with Texas
Red-X phalloidin (Invitrogen) for 30 min. Nuclei were stained with Hoechst
33342 (Molecular Probes) for 5 min. Stained cells were mounted in Vectashield
(Vector Laboratories) or mounting medium (Sigma). Images were taken with a
Zeiss LSM510 (confocal: 40X objective), Zeiss Axiovert 200 M (63X objective),
or Nikon Eclipse E800 (10, 20, and 65X objective) microscope with the Axio
Vision 4.6.3 or NIS elements BR3.0 software program.

In vitro NHE]J assay. HeLa whole-cell extract (WCE) was prepared as de-
scribed previously (65) and stored in aliquots at —80°C. DNA substrate with
5'-cohesive ends was prepared by digestion of pUC19 with Sall (New England
BioLabs). DNA substrate with incompatible 3'-protruding ends was prepared by
gel purification of the 5.7-kb fragment released by digestion of pSingle-tTS-
shRNA with BstXI (New England BioLabs). Reaction mixtures containing 100
ng of pUC19/Sall DNA or 200 ng of the 5.7-kb DNA fragment were incubated
for 60 or 180 min, respectively, with 20 ng WCE in reaction buffer (20 mM
HEPES [pH 7.5], 10 mM MgCl,, 80 mM KCI, 1 mM dithiothreitol [DTT], 1 mM
ATP, and 50 uM dATP, dGTP, dCTP, and dTTP) at 25°C. Where appropriate,
the WCE was immunodepleted (see below) or preincubated with 1 g antibody
or RNase A for 1 h, or with drugs or vehicle for 15 min, before the addition of
substrate. Reactions were terminated by addition of 50 mM EDTA and digestion
with proteinase K (1 pg/pl; Roche) for 1 h at 37°C. Products were resolved in
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0.7% agarose gels. DNA was stained with SYBR Gold (Molecular Probes) and
detected by imaging with a Typhoon 8600 scanner (Molecular Dynamics) or Bio
Image analyzer (Syngene). DNA bands were quantified with Image Quant 5.2
software (Molecular Dynamics) or ImageJ 1.43u software (NIH).

Amplification, cloning, and sequencing of end-joined products. DNA products
from the in vitro end-joining assay were purified by phenol-chloroform extraction
and ethanol precipitation. The junction region was amplified using HotStarTaq
DNA polymerase (Qiagen) and primers a (5'-ATGCAAGCTTCCTTTATTACC
CAGAAGTCAGATGC-3') and b (5'-ATGCTCTAGAGTAAACTCGCCCAG
AAGCTAGG-3"), where substrate sequences are underlined and restriction
endonuclease sites are in bold. PCR was carried out in a 50-pl reaction mixture
for 35 cycles (denaturation, 94°C; annealing, 62°C; extension, 72°C). The ampli-
fied end-joined products were purified by ethanol precipitation, digested with
Xbal and HindIII (New England BioLabs), repurified using Qiagen PCR puri-
fication columns, and cloned into the pUC19 vector digested with Xbal and
HindIII using HB101 competent cells. The cloned DNA was examined by re-
striction enzyme digestion and sequenced using the M13F primer.

Immunoprecipitation, immunodepletion, and immunoblotting. For immuno-
precipitation, 300 ng of WCE protein was diluted in 300 pl of dialysis buffer (25
mM HEPES [pH 7.5], 100 mM KCI, 1 mM EDTA, 10% glycerol, 0.2 mM
phenylmethylsulfonyl fluoride [PMSF], and 0.5 mM DTT), precleared by cen-
trifugation at 10,000 X g for 5 min, and incubated with 2 pg of antibody
conjugated to protein G beads (GE Healthcare). Antibodies were as follows:
Omni (D5; Santa Cruz), Ku70 (N3H10; Santa Cruz), DNA-PKcs (18-2; Novus),
NF90 (DRBP76), and NF45 (18). Immunoprecipitates were washed once with
dialysis buffer and 4 times with IP lysis buffer (50 mM Tris [pH 7.4], 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM DTT). For immunodepletion,
350 pg of WCE in 35 pl dialysis buffer was incubated with 2 g antibody
conjugated to protein G beads for 1 h at 4°C. The procedure was repeated twice
more with fresh antibody-conjugated beads. Immunoprecipitated proteins and
immunodepleted WCE were resolved in 7.5% polyacrylamide-SDS gels, electro-
blotted, and visualized using monoclonal antibodies against DNA-PKcs (G4;
Santa Cruz), Ku80 (C20; Santa Cruz), NF45 (Everest Biotech), actin (C2; Santa
Cruz), and other proteins as specified above. Where indicated, WCE was pre-
incubated with Benzonase (Novagen) for 30 min at 37°C in the presence of 1 mM
MgCl, or with ethidium bromide at 4°C for 30 min, followed by centrifugation.

Clonogenic survival assay. Stable cell lines were grown to 70% confluence in
6-well plates and irradiated with 6 Gy of '*’Cs gamma rays (J.L. Shepherd
Mark-I-type irradiator). Cells were seeded for colony formation within 10 min
after irradiation. After an incubation of 10 days, the plates were rinsed with PBS,
fixed in ethanol, stained with crystal violet, and colonies consisting of 50 cells or
more were counted as survivors.

In vivo NHE] assay. HeLa cells (1.5 X 10°) were transfected with 30 nM C, D3,
and D5 short interfering RNA (siRNA) (18) using 5 pl of INTERFERin
(Polyplus-transfection). At 48 h, 3 X 10° cells were transfected with 100 ng of
pEGFP-Pem1-Ad2 reporter plasmid (56) digested with HindIII or I-Scel (New
England Biologicals) and 25 ng of pDsRed-Express-C1 (Clontech) using jetPEI
(Polyplus-transfection). The cells were harvested 24 h later, resuspended in 0.5
ml PBS, and assayed for the expression of enhanced green fluorescent protein
(EGFP) and DsRed by flow cytometry (FACSCalibur; BD Biosciences).

RESULTS

Genesis of multinucleated cells. NF90 and NF45 are coregu-
lated at the level of protein stability, and their complexes play
a role in cell division and DNA synthesis (18). Depletion of
NF90/NF45 slows cell growth and leads to the formation of
large, multinucleated cells in which the nuclei are joined by
constrictions. These observations were made with HeLa cell
lines stably expressing shRNA directed against NF90 or NF45
and were especially pronounced with the NF45-depleted d5
cell line (18). To obtain regulated expression of sShRNA and
increased numbers of multinucleated cells for microscopic
analysis, we produced a stable cell line, d5-8, in which d5
shRNA is under the control of a conditional promoter. Al-
though regulation was not completely tight, Dox-induced d5-8
cultures contained ~20% multinucleated cells, compared to
~8% in uninduced cultures (Fig. 1A and B). A cell line car-
rying control mismatched shRNA (cms) had <1% multinucle-
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FIG. 1. Induction of multinucleated cells by NF45 shRNA. (A) Bright-field micrographs of HeLa stable cell lines without or after 72 h
of induction (+ Dox) of control mismatch shRNA (cms) or d5 shRNA (d5-8). Arrows point to some of the multinucleated cells.
(B) Quantitation of multinucleated cells from 2 independent experiments with standard deviations. (C) Morphology of multinucleated cells.
Fluorescence microscopy images at low (X 10) and high (X65) magnification of d5-8 and cms cell cultures grown in the presence of Dox.
Nuclei are stained blue (Hoechst), and actin filaments are stained red (phalloidin). A representative multinucleated cell containing

connected nuclei is depicted at magnification X65.

ated cells irrespective of the presence of Dox. The multinucle-
ated cells in induced d5-8 cultures were up to 8 times bigger
than normal cells, contained up to 15 nuclei, and displayed
gross disturbances of cytoskeletal architecture (Fig. 1C). These
results corroborate the causal relationship between NF90/
NF45 depletion and the multinucleate phenotype, and the high
frequency of multinucleated cells in induced d5-8 cultures al-
lowed us to observe their genesis by time-lapse microscopy.
The production of multinucleated cells began with the gen-
eration of binucleated cells. Individual mononucleated cells
rounded and underwent mitosis to produce two daughter cells,
some of which fused over time (Fig. 2A, red and blue arrows).
The presence of two nuclei in single cells resulting from such a
sequence of events is clearly visualized in an enlarged image
(Fig. 2C). Occasionally, fusion occurred between cells after two
consecutive mitoses. In these cases, a binucleated cell resulted

from the fusion of a daughter cell with its “niece,” i.e., a
daughter of its sister cell (Fig. 2A, black arrows). For cells that
subsequently formed a binucleated cell, the timing of mitosis as
a whole was variable and extended (see Table S1 in the sup-
plemental material). Individual mitotic phases were extended
by up to 2-fold in cells that subsequently underwent fusion, and
fusion itself occurred at a highly variable and often prolonged
time after mitosis appeared to be complete. In the case of the
cells marked with red arrows (Fig. 2A), for example, ~965 min
elapsed from the time two daughter cells were first observed
(460 min) until their fusion was complete (1,425 min).
Inspection of cells that subsequently fused revealed partial
abscission failure. The presence of cytoplasmic bridges con-
necting these “daughter” cells after cytokinesis had apparently
ceased is evident in several frames and is conspicuous in an
enlarged image (Fig. 2B). The cytoplasmic bridges were exam-
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FIG. 2. Genesis of binucleated cells. (A) Images from phase-contrast microscopy time-lapse videos (magnification, X20) of d5-8 cells treated
with Dox, taken at 5-min intervals. Blue and red arrows show formation of binucleated cells from the incomplete division and fusion of two
daughter cells. Black arrows show the genesis of a binucleated cell from a daughter and a granddaughter cell. (B) Enlargement of daughter cells,
showing connection via a cytoplasmic bridge. (C) Enlargement of fused cells (black and red arrows). (D) Chromatin bridges between daughter cells
of NF45-depleted cells. Confocal micrographs (x40) of cms and d5-8 cells treated with Dox and stained for cytoplasmic membranes (WGA) and
for DNA (7-AAD). Arrows point to apparent persistent midbodies with a DNA bridge. (E) Anaphase chromatin bridges. Confocal micrographs
(X40) showing high frequency of anaphase DNA bridges in d5-8, but not cms, cells treated with Dox.

ined by staining cells for DNA with 7-AAD, using fluorescent
WGA to visualize the plasma membrane. Confocal microscopy
revealed that the cytoplasmic bridges between daughter cells
contained DNA and an apparent persistent midbody (Fig. 2D,
lower panel). Remarkably, a high proportion of cells that un-
derwent mitosis contained chromatin bridges during anaphase
and telophase (Fig. 2E), suggestive of a defect in chromosome
disjunction. These observations suggest that binucleated cells
are generated by cytoplasmic merging of sibling cells that are
connected by chromatin bridges at the midbody.

Some binucleated cells continued to undergo cell division. In
one example, a binucleated cell (Fig. 3A, red arrow) produced
three daughter cells that remained connected by cytoplasmic
bridges (at 195 min). Two of the daughter cells subsequently
fused (at 350 min), resulting in the formation of a trinucleated
cell (Fig. 3A, blue arrow) and a singly nucleated cell that
eventually died (not shown). Higher-order multinucleated cells
continued to undergo mitosis with endoreduplication. Over a
23-h interval, one such large multinucleated cell, containing
about 4 nuclei, rounded and underwent mitosis to produce a
cell with about 8 nuclei and then rounded again (Fig. 3B).

DNA staining revealed that multinucleated cells had abnormal
organization of their chromosomes on the metaphase plates
(Fig. 3C), impeding normal mitosis and resulting in partial
karyokinesis without cytokinesis. As in the d3 and d5 cell lines
(18), the multiple nuclei in Dox-induced d5-8 cultures were
joined by DNA connections (Fig. 3D). The nuclei in these cells
were surrounded by nuclear membranes, as shown by staining
of lamin B (see Fig. S1 in the supplemental material).
Participation of NF90 in NHE] ir vitro. The development of
the multinucleated phenotype in NF90/NF45-depleted cells
exhibited features associated with DNA damage and in partic-
ular resembled that of cells lacking DNA-PK. For example,
DNA-PKcs deficiency leads to persistent anaphase bridges in
mouse cells (17) and aberrant mitotic spindles and multinucle-
ated human cells (57). Ku deficiency also results in enhanced
basal levels of DSBs and chromosome aberrations and leads to
the multinucleated phenotype in mouse and human cells (9, 11,
27). To determine whether NF90/NF45 interacts biochemically
with DNA-PK in Hela cell extracts, we conducted immuno-
precipitation experiments (Fig. 4A). Immunoblotting demon-
strated that NF90 coimmunoprecipitated with DNA-PKcs and
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FIG. 3. Genesis of multinucleated cells. (A) Formation of trinucleated cells in d5-8 cultures treated with Dox. Images from time-lapse video,
as in Fig. 2A, show a binucleated cell (red arrow) undergoing mitosis to produce a trinucleated cell (blue arrow) and a uninucleated cell.
(B) Endoreduplication of multinucleated cells. Images from time-lapse video, as in Fig. 2A, show a multinucleated cell (black arrow) with at least
four nuclei undergoing mitosis to produce a giant cell with at least 8 nuclei by karyokinesis without cytokinesis. (C) Metaphase plates in d5-8
multinucleated cells. Confocal (X40) micrographs show normal (left) and abnormal (middle and right) chromosome alignment. (D) Giant cells
containing interconnected nuclei. Confocal images (X40) of DNA-stained multinucleated cells with incomplete karyokinesis.

Ku70, as well as with NF45 (Fig. 4A, top). Reciprocally, Ku70
coimmunoprecipitated with NF90 as well as DNA-PKcs (Fig.
4A, middle), and DNA-PKcs coimmunoprecipitated with
NF90 as well as Ku70 (Fig. 4A, bottom). In all cases, a control
antibody (Omni) gave little or no signal. Pretreatment with
Benzonase to eliminate nucleic acids did not affect the coim-
munoprecipitation of DNA-PK with NF90 (Fig. 4B, top). Sim-
ilarly, the interactions were unaffected by the addition of
ethidium bromide (24), providing evidence that they are DNA
independent (Fig. 4B, bottom). These data confirm the exis-
tence and specificity of NFO0/NF45 complexes with DNA-PK
in these cells.

Next, we examined the effect of adding antibodies to an
established in vitro NHEJ assay using HeLa cell extract and
Sall-linearized plasmid DNA as a substrate (65). Resolution of
the reaction products in an agarose gel revealed a series of
bands formed by ligation of the sticky ends. No ligation oc-
curred in the presence of EDTA or with heat-treated HelLa
cell extract. Quantitation showed that dimers formed first, fol-
lowed by trimers and tetramers, and that each subsequently
gave rise to pentamers and higher multimeric species (Fig. 4C).
To determine whether the ligation is dependent on DNA-PK,
we tested the effects of wortmannin, a general PI3-kinase in-
hibitor, and of NU7026 and KUS55933, which selectively block
DNA-PKcs and ATM, respectively (60, 65). Wortmannin and
NU7026 strongly inhibited the formation of DNA multimers,
whereas KU55933 did not, indicating that DNA-PKcs medi-
ates DNA joining in this assay (Fig. 4D). Accordingly, addition
of antibody against DNA-PKcs inhibited ligation, as seen most
clearly for the multimeric products (Fig. 4E). Antibodies di-
rected against NFOO or Ku70 elicited a qualitatively similar

response, albeit lesser in magnitude, reducing the formation of
multimers and increasing the level of the monomeric substrate
(Fig. 4E and F). These findings suggested that NF90 plays a
part in DNA end joining.

Although DNAs with cohesive ends have been used as sub-
strates for in vitro NHEJ assays, such assays do not necessarily
entail the action of the nuclease or polymerase characteristic of
NHEJ (3, 4, 32, 65), and alternative substrates have been
devised (5, 30, 42). We generated a 5.7-kb DNA substrate with
incompatible protruding 3’ ends (Fig. 5A) that gave rise to
~15% dimers when ligated in the in vitro NHEJ system (Fig.
5B). As with the cohesive-end substrate (Fig. 4), dimer forma-
tion was inhibited in a dose-dependent manner by wortmannin
and NU7026 but not by KU55933 (Fig. 5B), verifying that the
reaction is dependent on active DNA-PKcs. When analyzed by
PCR amplification (Fig. 5C) and cloning (Fig. 5D) using spe-
cific primers (Fig. 5A), the expected products were generated.
Sequence analysis of selected clones (Fig. SE) revealed that the
DNA had been processed by nuclease, polymerase, and ligase
activities, as is characteristic of NHEJ (29).

To determine whether NF90-containing complexes partici-
pate in NHEJ, we immunodepleted the HeLa cell extract with
antibodies directed against NFO0 or DNA-PKcs. Compared to
mock-depleted extract or extract treated with anti-Omni anti-
body, NF90 immunodepletion inhibited dimer formation by
~55% (Fig. 6A and B). Immunodepletion of DNA-PKcs in-
hibited dimer formation by ~40%. These results corroborate
the role of NF90 and DNA-PKcs in the in vitro NHEJ reaction.
Immunoblotting demonstrated that NF90/NF45 was largely
depleted by anti-NF90 antibody, whereas DNA-PKcs was in-
completely removed from the extract by its cognate antibody
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FIG. 4. Inhibition of NHEJ by NF90 antlbody (A) NF90 is present in complexes with Ku70 and DNA-PKcs in HeLa cells. Immunoprecipitates
from HeLLa WCE with antibody against Omni (control), NF90, Ku70, NF45, and DNA-PKcs (DPKcs) were assayed by immunoblotting. (B) DNA
independence of NF90-DNA-PK interactions. WCE was preincubated with Benzonase (100 U per 300 wg WCE protein) or ethidium bromide
(EtBr) before immunoprecipitation with antibody against Omni or NF90 and immunoblotting. (C) Kinetics of in vitro NHEJ reaction using
Sall-linearized pUC19 DNA substrate. Oligomeric end-joined species were resolved by agarose gel electrophoresis and quantified with the Image
Quant software program. HM, higher multimers (pentamers and above). (D) Inhibition of NHEJ by drugs. Assays contained wortmannin (1, 5,
10, or 20 pM), KU55933 (0.025, 0.05, 0.5, or 1 uM), NU7026 (0.5, 1, 2.5, 5, or 10 pM), or solvent (dimethylsulfoxide [DMSO]; 0.25, 0.5, or 1%).
EDTA, supplemented with 50 mM EDTA; —, no additions; M, DNA molecular markers. (E) WCE was treated with Omni, Ku70, DNA-PKcs
(DPKcs), or NF90 antibody, left untreated (No Ab), heat inactivated at 90°C, or supplemented with 50 mM EDTA and then assayed for NHEJ
activity. (F) Quantitation of residual monomeric substrate (Monomer) and higher multimeric products (higher multimer; pentamers and above)
expressed relative to Omni control. Results are means of data from 3 independent experiments in duplicate with standard deviations.

(Fig. 6C). This protein remained refractory even after repeated eral proteins tested, including NF90, NF45, Ku70, Ku80, and
treatment (data not shown), suggesting that the DNA-PKcs DNA-PKcs (data not shown). Treatment with RNase T1 did
epitope is partially masked. Interestingly, the anti-NF90 anti- not eliminate the RNA and failed to reduce end joining (data
body gave a small but reproducible reduction in DNA-PKcs, not shown). These findings suggest that RNA is involved in
whereas antibody against DNA-PKcs achieved only a minor NHE]J, possibly acting as a regulator.
reduction in the levels of NF90 and NF45 (Fig. 6C). These Decreased DNA damage repair in NF90/NF45-depleted
findings imply that although a minor fraction of the cellular cells. These biochemical data, together with our cytological
NF90/NF45 complexes contain DNA-PKcs, they account for observations, suggested that NF90/NF45 is involved in DSB
about half of the in vitro NHEJ activity. repair. Accordingly, NFOO/NF45 depletion would be expected
Because NF90 is an RNA binding protein and is largely to increase the frequency of DSBs and the sensitivity of cells to
bound to RNA in HeLa cells (41), we examined the effect of DNA damage. To detect DSBs, we immunostained d3 and d5
RNase treatment on in vitro NHEJ. Pretreatment of HeLa cell cells with antibodies directed against Ser139-phosphorylated
extract with RNase A effectively destroyed its RNA and re- H2A X (y-H2A.X), a component of the DSB repair apparatus
duced the efficiency of end joining by up to 58% (Fig. 6D). As and a sensitive marker of DNA damage (21, 53). Stained foci
expected, RNase treatment had no effect on the levels of sev- marking the sites of DNA damage were abundant in d3 and d5
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cells in comparison with results for control cells (Fig. 7A and
B; see also Table S2 and Fig. S2 in the supplemental material).
Most of the multinucleated cells (>80%) were positive for
v-H2A.X foci in both d3 and d5 cultures (Fig. 7B). The few
multinucleated cells in control cultures were also largely
v-H2A.X positive (Fig. 7B; see also Table S2). Most notably,
the frequency of y-H2A.X foci was elevated in mononucleated
d3 and d5 cells (>12% and 8%, respectively) but not in control
cells (1.0%), indicating that DSBs arise in NF90/NF45-de-
pleted cells prior to the formation of multinucleated cells.
We used a clonogenic survival assay (48) to test the predic-
tion that NF90/NF45-depleted cells would display increased
susceptibility to DNA damage. Cells were exposed to gamma
irradiation, decreasing their ability to form colonies by 5- to

6-fold. Irradiated d3 and d5 cell lines formed about half as
many colonies as control cells (Fig. 7C; see also Table S3 in the
supplemental material). Although several factors may account
for the observed decrease in clonogenic survival, decreased
DNA damage repair is likely a major mechanism.
NF90/NF45 depletion reduces joining of DNA breaks in vivo.
To evaluate the effect of NFOO/NF45 depletion on end joining
in cells, we used an in vivo plasmid repair assay (43, 56) based
on a disrupted EGFP gene. The EGFP gene is present in a
construct that contains an inserted stuffer sequence separating
its 5" and 3’ segments (Fig. 8A). The construct gives rise to
EGFP in transfected cells when two conditions are met. First,
a segment of the stuffer containing Ad2 sequence flanked by
interfering splice signals must be removed. This is accom-
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plished by digestion in vitro with either of two endonucleases,
HindIII and I-Scel, which yield sticky and blunt ends, respec-
tively. Second, the plasmid ends must be joined in the cell by a
reaction that usually (HindIII) or necessarily (I-Scel) entails
NHEJ (43, 56). The ligated DNA is transcribed to yield a
precursor RNA that is then spliced to form uninterrupted
EGFP mRNA. EGFP is detected by fluorescence-activated cell
sorter (FACS) analysis, and data are normalized to red fluo-
rescence generated from a control reporter (DsRed).

The digested EGFP construct was introduced together with
DsRed into HeLa cells that had been transfected with small
interfering RNA (siRNA) directed against NF90 (D3) or NF45
(D5) or with control siRNA (C). In representative flow cytom-
etry plots (Fig. 8B), ~1.6 to 1.7% of the control cell population
displayed EGFP fluorescence. Depletion of NF90 or NF45
reduced the EGFP-positive population to ~0.5 to 0.7%. Nor-
malized results of multiple experiments showed that end-join-
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ing efficiency was reduced by ~20 to 40% (Fig. 8C). The
inhibition was highly significant and was reproducible with
both D3 and D5 and with both the HindIII and I-Scel sub-
strates. This inhibition was somewhat less than that observed in
vitro (Fig. 5 and 6), a difference that may be attributable to the
relative efficacy of depletion by antibody versus siRNA (com-
pare Fig. 6C and 8B). Nevertheless, the results obtained with
the in vivo NHEJ assay strongly support those obtained with
the in vitro assays. We conclude that the NFO0/NF45 complex,
like DNA-PK, is involved in DNA repair.

DISCUSSION

The results presented here indicate that the NF90/NF45
complex plays a positive role in the DNA damage repair path-
way in vivo and implicate the complex in DSB repair mediated
by DNA-PK via NHEJ both in vivo and in vitro. This role is
compatible with reports identifying NFOO/NF45 as a compo-
nent of DNA- and RNA-binding multiprotein complexes that
participate in DNA replication, chromatin integrity, DNA re-
pair, and transcription (18, 22, 58). We propose that NF90/
NF45, by virtue of its ability to bind many nucleic acids and
proteins, functions as an adaptor complex bridging these pro-
cesses.

Our findings provide an explanation for the generation of
multinucleated cells in NF90/NF45-depleted HeLa cell cul-
tures (18). An almost identical phenotype was observed in
HelLa cells that were X-irradiated (14, 20, 57) or that failed to
repair their DNA efficiently as a consequence of deficiency of
DNA-PKcs or Ku80 (9, 11, 27, 57). As with NF45-depleted
cells, the X-irradiated cells remained connected at the mid-
body via chromatin bridges, and some cells fused and formed
multinucleated cells. DNA damage was correlated with in-
creased y-H2A.X foci and DNA bridges, reflecting a lack of
proper DNA repair. The infrequent appearance of multinucle-
ated cells in untreated cultures following cell fusion and en-
doreduplication was also noted in the early days of HeLa cell
culture (37, 38). Evidently HeLa cells can override the G,
damage checkpoint and continue endoreduplication, leading
to the formation of giant multinucleated cells (14, 20, 57).

Outside the S/G2 phases of the mammalian cell cycle, repair
of damaged DNA occurs chiefly by NHEJ. Inactivation of the
human genes encoding the Ku proteins or DNA-PKcs results
in cells deficient for DSB repair, although some other mam-
malian species, including the mouse, are less severely debili-
tated (35, 54). DNA-PK is found at the ends of chromosomes,
consistent with a role in telomere maintenance and the pre-
vention of chromosomal end fusion (54). The observation of
DNA bridges and cell fusion are indicative of the involvement
of NF90/NF45 in these processes, potentially mediated via
their interactions with DNA-PK. DNA-PKcs is also required
for DNA rearrangements involved in generating the antigen-
binding sites of T-cell receptors and immunoglobulin mole-
cules. In view of the role of NF90/NF45 in NHEJ, knockout of
either of its components may also have deleterious effects on
the immune system. It is notable that DNA-PKcs deficiency
leads to severe combined immunodeficiency in the mouse (61),
whereas knockout of the ILF3 gene, encoding NF90, is lethal
(46, 59), consistent with the broad role of this protein in mul-
tiple pathways. Interestingly, regulation of the DNA-PK-
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NF90/NF45 complex during T-cell activation has been docu-
mented (58).

The precise action of NFOO/NF45 in NHEJ remains to be
elucidated, but two lines of evidence suggest that the complex
acts at an early stage. First, although dispensable for NHEJ
in a reconstituted in vitro system (30), NF90 and NF45
facilitate the binding of DNA-PK to DNA in vitro (63). On
their own, NF90 and NF45 did not appear to form complexes
with DNA (63), and their binding to DNA-PK is not DNA
dependent (Fig. 4B). This implies that NFO0/NF45 interacts
with DNA-PK and contributes to its recruitment to DSBs or to
the stability of the DNA-PK interaction with damaged DNA.
Second, foci containing y-H2A.X, believed to help in the bind-
ing and retention of essential repair proteins, are not attenu-
ated in NF90/NF45-depleted cells. On the contrary, the num-
ber of y-H2A.X foci increases markedly, suggesting that
phosphorylation of this histone is enhanced or that its dephos-

phorylation is slowed when NF90/NF45 is limiting. H2A.X
phosphorylation can be catalyzed by two other PI3KKs, ataxia-
telangiectasia mutated (ATM) and ATM-Rad3 related (ATR),
as well as by DNA-PKcs. It is possible that NFOO/NF45 affects
cross talk between DNA-PK and the other PI3KKs (15, 33).
Alternatively, reduced binding of DNA-PKcs to DSBs in the
absence of NF90/NF45 might hamper DNA repair by reducing
the phosphorylation of a substrate such as Artemis. DNA-PKcs
also interacts with the catalytic subunits of the protein phos-
phatases PP2A and PP6 and with regulatory subunits of PP6
(7, 12). These interactions are thought to help in the recruit-
ment of PP6 to y-H2A.X foci and the dephosphorylation of
H2A.X (12), which occur after completion of DSB repair (23).
Inhibition of DNA-PKcs kinase activity results in the inhibition
of both in vitro end-joining activity and in vivo dephosphory-
lation of y-H2A.X (28). Thus, NF90/NF45 might modulate
DNA-PKcs activity at multiple levels.
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NF90 and NF45 are phosphoproteins in vivo (19, 33, 41, 45,
67) and they can be phosphorylated by DNA-PK in vitro in a
DNA-dependent fashion (63). Although it has not been estab-
lished whether DNA-PK subserves this activity in vivo, we
surmise that the phosphorylation of NFO0/NF45 could regulate
their interactions with the DNA repair machinery with conse-
quences for NHEJ. Furthermore, as shown here, destruction of
RNA reduces DNA end joining in vitro, implying a role for
RNA in NHEJ. It is notable that NF90 has nucleic acid binding
domains, including tandem double-stranded RNA binding mo-
tifs (dsRBMs) and an RGG domain, and a DZF (dsRBM- and
zinc finger-associated) protein interaction motif (51, 62) that is
shared with NF45 and is important for development in flies
and mice (34). In addition to NF90 and NF45, DNA-PK co-
purified from human placenta with the translation initiation
factor eIF2 (63), also an RNA-binding protein. NF90 binds to
the « subunit of eIF2 (40), and both NF90 and NF45 interact

with the elF2a kinase PKR (19, 25, 39, 44, 55). DNA-PKcs
plays a part in regulating protein synthesis in UV-irradiated
cells, and translational inhibition in these cells correlated with
increased eIF2a phosphorylation mediated by the GCN2 ki-
nase (47). Taken together, these findings raise the possibility
that the large DNA-PK-NF90/NF45—-eIF2 complex serves as a
means of communication between nuclear and cytoplasmic
processes, possibly modulated by RNA ligands.
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