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ABSTRACT

NONO, SFPQ and PSPC1 make up a family of pro-
teins with diverse roles in transcription, RNA pro-
cessing and DNA double-strand break (DSB) repair.
To understand long-term effects of loss of NONO, we
characterized murine embryonic fibroblasts (MEFs)
from knockout mice. In the absence of genotoxic
stress, wild-type and mutant MEFs showed similar
growth rates and cell cycle distributions, and the
mutants were only mildly radiosensitive. Further in-
vestigation showed that NONO deficiency led to up-
regulation of PSPC1, which replaced NONO in a
stable complex with SFPQ. Knockdown of PSPC1
in a NONO-deficient background led to severe ra-
diosensitivity and delayed resolution of DSB repair
foci. The DNA-dependent protein kinase (DNA-PK) in-
hibitor, NU7741, sensitized wild-type and singly defi-
cient MEFs, but had no additional effect on doubly
deficient cells, suggesting that NONO/PSPC1 and
DNA-PK function in the same pathway. We tested
whether NONO and PSPC1 might also affect repair in-
directly by influencing mRNA levels for other DSB re-
pair genes. Of 12 genes tested, none were downreg-
ulated, and several were upregulated. Thus, NONO
or related proteins are critical for DSB repair, NONO
and PSPC1 are functional homologs with partially
interchangeable functions and a compensatory re-
sponse involving PSPC1 blunts the effect of NONO
deficiency.

INTRODUCTION

SFPQ (PSF), NONO (p54nrb) and PSPC1 (paraspeckle
component 1) make up a small family of proteins that are
involved in both ribonucleic acid (RNA) synthesis and de-
oxyribonucleic acid (DNA) repair. The defining feature of
the family is a conserved Drosophila behavior human splic-
ing (DBHS) motif, which consists of tandem RNA recogni-
tion motif domains and about 170 adjacent amino residues
(1). Each family member forms heterodimeric complexes
with the other two (2–4), and a recent crystal structure re-
veals distinctive features of this interaction (5). A variety of
biological functions in RNA biogenesis have been ascribed
to the DBHS family members, including pre-messenger
RNA (mRNA) nuclear retention (6–9), pre-mRNA 3′-end
formation (10) and transcriptional activation and repres-
sion (for example (11–15); see also (16) for an early re-
view). Functions in RNA metabolism are mediated, in part,
through association with a long, noncoding RNA to form
nuclear bodies known as paraspeckles (reviewed in (17)).

Surprisingly, SFPQ and NONO are involved in DNA re-
pair as well as RNA biogenesis. The purified SFPQ–NONO
complex stimulates end joining by up to 10-fold in a recon-
stituted system containing recombinant nonhomologous
end-joining (NHEJ) proteins (18). Repair activity involves
direct binding to DNA or chromatin and appears to occur
via a distinct sub-pathway of nonhomologous end-joining
repair (19–22). Separate work implicates SFPQ, but not
NONO, in homologous recombination repair (23,24).

There have been two prior studies of the effect of germ
line mutation on mammalian DBHS family members. One
was in the mouse, which focused on the role of NONO as
a transcriptional regulator (12), and the other was in the
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zebrafish, which showed that the SFPQ homolog (whites-
nake) is required for development (25). Other genetic stud-
ies have used RNA knockdown methods to achieve tran-
sient attenuation of expression in mammalian cells. These
have shown that attenuation of NONO and SFPQ function
leads to partial double-strand break (DSB) repair deficien-
cies and sensitivity to DNA damage (21–23,26). PSPC1, the
third protein in the family, has been investigated primarily
in the context of its function in paraspeckles and is only in-
directly implicated in the DNA damage response (21).

Here, we report the investigation of DSB repair and DNA
damage in MEFs derived from NONO knockout mice.
Prior studies with RNA-mediated NONO knockdown have
shown only partial radiosensitivity and repair deficits, and it
is unclear whether this is because NONO is not essential for
repair, or alternatively because there is residual NONO ex-
pression in treated cells. The mouse knockout can be used
to address this question because it appears to be null for
NONO expression. The knockout also provides the op-
portunity to investigate long-term compensatory responses,
which can provide important additional information that
transient knockdown experiments do not afford. Initially,
results showed that NONO-deficient MEFs and their wild-
type counterparts have very similar growth rates and cell
cycle distributions. Moreover, the NONO-deficient MEFs
were only mildly radiosensitive. Further work showed, how-
ever, that the modest phenotype was attributable to upreg-
ulation of the third DBHS family member, PSPC1. Dou-
bly deficient cells, which lacked NONO and had reduced
levels of PSPC1, were markedly radiosensitive and showed
a very significant increase in unresolved DNA DSB repair
foci post-irradiation. Together, results suggest that DBHS
proteins play a critical role in DNA repair under the condi-
tions tested.

MATERIALS AND METHODS

Mouse strain and MEF cell derivation

Baygenomics embryonic stem cell clone YHA266 (dis-
tributed by the Mutant Mouse Regional Resource Centers,
www.mmrrc.org) has a gene trap cassette at the Nono
locus, which is on the X chromosome. The clone was
sequence-verified and used to generate chimeric mice
by standard methods. The strain was maintained by
backcrossing heterozygous females to C57/Bl6 males.
MEFs were derived as described (27) and propagated
in Dulbecco’s Minimal Essential Medium supplemented
with 10% Fetal bovine serum (FBS) at 37oC in a 3–
5% O2, 5% CO2 atmosphere. Genotyping primers
were: P1, d(GGGGGTGTTGAGTCTTGCTACG);
P2: d(CTTTCCCAGTCACCCCTCCAGA); P3:
d(GTTTGGGGCTTCTGTTTTCTCATT); P4
d(CCCTGGGGTTCGTGTCCTAC). Polymerase chain
reaction (PCR) was performed by heating to 94◦C for 2
min, followed by 30 cycles of 94oC for 45 s, 60oC for 60 s
and 72oC for 60 s.

RNA analysis in mouse tissue was performed as follows:
tissues from different organs of 4-day-old new born mice,
including the skin, brain, thymus, lung, heart, liver, stom-
ach, intestine, kidney, spleen and testis, were collected.
Total RNA was extracted using Trizol (Invitrogen) followed

by reverse transcription at 42◦C for 30 min. PCR primers
were: Nono, d(GCCAGAGGCAGTCGAGGTTAGTG)
and d(TTCAGGTCAATAGTCAAGCCTTCATTCT);
�-geo, d(CCGGGCAACTCTCTGGCTCAC) and
d(AGGCGGTCGGGATAGTTTTCTTG); �-actin,
d(CAGTTCGCCATGGATGACGATAT) and
d(ACATGATCTGGGTCATCTTTTCACGGTT). For the
detection of Nono and �-actin RNA, PCR was performed
by heating to 94◦C for 4 min, followed by 32 cycles of 94oC
for 30 s, 56.5oC for 30 s and 72oC for 30 s. For the detection
of �-geo expression, PCR was performed by heating to
94◦C for 4 min, followed by 35 cycles of 94oC for 30 s, 58oC
for 30 s and 72oC for 30 s.

Immunoblotting, immunofluorescence and immunoprecipita-
tion

Immunoblotting was performed using rabbit monoclonal
anti-NONO (Epitomics, cat. # 3708-1, 1:5000), rabbit anti-
SFPQ (Bethyl Laboratories, cat. # A301-321A, 1:2000 dilu-
tion), rabbit anti-PSPC1 (Bethyl Laboratories, cat. # A303-
205-A, 1:2000 or Dundee Cell Products UK, cat. # AB1013,
1:500) or mouse anti-�-actin (Sigma, cat. # A5316, 1:1000)
with horseradish peroxidase-conjugated goat-anti-mouse
or anti-rabbit IgG secondary antibodies (GE Healthcare,
cat. # NA 931 and NA 934V). Membranes were devel-
oped using Enhanced Chemiluminescence substrate (GE
Healthcare) and immune complexes were visualized using
X-ray film. Immunofluorescence was performed using anti-
NONO (1:200), anti-PSPC1 (Bethyl, 1:1000), rabbit anti-
phospho-H2AX (EMD Millipore, cat. # 07-164, 1:500),
rabbit anti-53BP1 (Novus Biologicals, cat. #100-904, 1:500)
and Alexa Fluor 594-conjugated goat anti-mouse or anti-
rabbit antibodies (Invitrogen, cat. # A11037 or A150077,
1:500). Immunoprecipitation was performed using Dyn-
abeads Protein G (Invitrogen, cat. # 100.04D) according to
the vendor’s protocol. Briefly, 1.2 mg of Dynabeads were
incubated with 2 mg of the same antibodies as for im-
munoblotting or with control rabbit IgG (Sigma-Aldrich,
cat. # I8140). After washing, beads were incubated with
MEF protein extracts, washed, and immune complexes
were resolved by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and analyzed by immunoblotting.

Cell growth, flow cytometry and clonogenic survival assay

For growth curves, 3 x104 MEFs were seeded in 6-well
plates. Triplicate samples for each time point were harvested
daily for 9 days. Cell cycle distribution was measured in du-
plicate samples using flow cytometry with propidium io-
dide. Clonogenic survival assays were performed in T-25
flasks. Cells were seeded (1000–10 000/flask), allowed to at-
tach and irradiated using a 137Cs source. Flasks were incu-
bated for 10 days with two changes of medium, stained with
0.25% crystal violet, 3.7% formaldehyde in 80% methanol,
and colonies of ≥50 cells were scored. The difference in sur-
vival between wild-type and NONO-deficient MEFs at each
dose point was evaluated using Student’s t-test.

http://www.mmrrc.org
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microRNA treatment and green cell microcolony formation
assay

A PSPC1-specific microRNA (miRNA) vector with
linked EmGFP was constructed as in (21). The Pspc1
cDNA sequence (accession number BC026772) was an-
alyzed using the BLOCK-iT RNAi designer tool (Life
Technologies Corp., Grand Island, NY, USA). We pre-
pared a double-stranded oligonucleotide representing
the top scoring sequence (d(TGCTGATACGTACT
TGCTTCAGGTTTGTTTTGGCCACTGACTGACA
AACCTGACAAGTACGTAT) and its complement
d(CCTGATACGTACTTGTCAGGTTTGTCAGTCAG
TGGCCAAAACAAACCTGAAGCAAGTACGTATC))
and inserted it into linearized pcDNATM6.2-GW/EmGFP-
miR vector (BLOCK-iT Pol II miR RNAi expression vector
kit, Life Technologies Corp.). This or an empty control
vector was introduced into MEFs by electroporation.
Microcolony assays were performed essentially as de-
scribed (28). MEFs (3 × 106) were suspended in 150 �l
of MEF buffer 1 (MEF I Nucleofector kit, Lonza, cat.
# VPD-1004), mixed with 15 �g of vector and subjected
to electroporation using a Lonza Nucleofector 2b Device
with program T-20. Cells were diluted into growth medium
and plated at 0.25–1.0 × 105 cells/well in 6-well plates.
After 2 days, the MEFs were irradiated with 0, 1, 2 or 4
Gy of � -rays. At 5 days post-irradiation, the cells were
washed with phosphate buffered saline and fixed with
4% paraformaldehyde for 15 min. For each experimental
group, 200 green microcolonies were scored. Statistical
analysis was performed using the 2-way repeated measures
Analysis of Variance (ANOVA) method. Where noted, 2
�M of the DNA-dependent protein kinase (DNA-PK) in-
hibitor, NU7441 (Torcris Bioscience, cat. #3712) was added
4 h prior to irradiation and incubation was continued with
the drug for the remainder of the experiment.

DNA repair foci assay

Control or PSPC1 miRNA was introduced by electropora-
tion into wild-type or NONO-deficient MEFs as described
above. Two days after electroporation, MEFs were exposed
to 0 or 1 Gy of � -rays. At 0.5 h or 4 h post-treatment, the
cells were washed and fixed as above, then analyzed by in-
direct immunofluorescence using anti-� -H2AX. A total of
30 GFP-positive nuclei were scored per experimental group.
Data were analyzed by one-way ANOVA analysis, followed
by Dunnett’s Multiple Comparison Test. In separate exper-
iments, cells were treated similarly and analyzed by indirect
immunofluorescence using anti-53BP1 antibody.

Analysis of mRNA levels by quantitative PCR

MEFs were electroporated with control or PSPC1 miRNA
vector. Total RNA was isolated at 48 h post-transfection
using an RNeasy Mini Kit (QIAGEN Inc., Valen-
cia, CA, USA) and reverse transcribed using a High-
Capacity cDNA Reverse Transcription Kit (Life Technolo-
gies). Taqman quantitative PCR assays were performed
using the following probes (Life Technologies Corp.):
Nono (Assay ID: Mm00834875 g1), Sfpq (Assay ID:
Mm01179807 m1), Pspc1 (Assay ID: Mm00481804 m1),

Prkdc (Assay ID: Mm01342967 m1), Xrcc5 (Assay ID:
Mm00550142 m1), Xrcc6 (Assay ID: Mm00487458 m1),
Lig4 (Assay ID: Mm01221720 m1), Nhej1 (Assay ID:
Mm01259071 m1), Xrcc4 (Assay ID: Mm00459213 m1),
Mre11a (Assay ID: Mm00450600 m1), Rad50 (Assay ID:
Mm00485504 m1), Nbn (Assay ID: Mm00449854 m1),
Rad51 (Assay ID: Mm00487905 m1), Rad51d (Assay ID:
Rn01752219 m1) and internal control GAPDH (Assay ID:
Mm99999915 g1). Reactions (25 �l) were performed using
a StepOnePlus system (Life Technologies) with cycling pa-
rameters as follows: 50◦C for 2 min, 95◦C for 20 s, 40 cy-
cles of 95◦C for 1 s and 60◦C for 20 s. Data were processed
with StepOne Software V2.2.2 (Life Technologies) and an-
alyzed using the ��Ct method (29). Data were analyzed by
one-way ANOVA analysis, followed by Dunnett’s Multiple
Comparison Test.

RESULTS

Derivation and validation of NONO-deficient MEFs

The knockout mice used in these studies were genetically
similar to those in a recent study (12) but were indepen-
dently derived. They contain a gene trap insertion in the sec-
ond intron in the X-linked Nono locus (Figure 1A). As the
first two exons are noncoding, the predicted hybrid Nono-
�-geo transcript does not contain any of the native Nono
open reading frame. Mice were produced from the ES cells
by standard techniques. DNA repair and radiosensitivity
studies used mice that were backcrossed for >10 genera-
tions into the C57/Bl6 background.

Representative genotyping, using PCR primers specific
for the wild-type (wt) and gene trap (gt) allele, is shown
in Figure 1B. Analysis of mRNA by reverse-transcriptase
PCR indicated that the Nono transcript was undetectable
in any tissue examined and that it was replaced by a �-geo
transcript encoded by the gene trap cassette (Figure 1C).
Hemizygous knockout males were smaller than wild-type
littermates and bred poorly, particularly after they were
fully backcrossed to the C57/Bl6 background (S. Li, unpub-
lished data). The mice otherwise did not show gross defects.

Further studies were performed using MEFs derived
from e13.5-day embryos. We derived MEFs independently
from several embryos of each genotype. To minimize en-
dogenous oxidative stress and DNA damage, we main-
tained the cells in a 3–5% oxygen atmosphere (30). Un-
der these conditions, populations could be maintained for
at least several weeks without the onset of senescence.
Immunoblotting showed an essentially complete loss of
NONO protein in MEF-derived hemizygous males (gt/0)
or homozygous gene trap females (gt/gt). There was about
a 50% decline in overall NONO protein expression in MEFs
from heterozygous (gt/+) females, reflecting mosaic X chro-
mosome inactivation (Figure 1D). Results were confirmed
by immunofluorescence, which showed mosaic expression
in MEFs from heterozygous females and no expression in
MEFs from hemizygous males or homozygous-deficient fe-
males (Figure 1E).
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Figure 1. Derivation and validation of NONO-deficient MEFs. (A) Portion of mouse X chromosome depicting the Nono locus. Positions of gene trap
within second intron and primers used for genotyping are shown. The mRNA product of the gene trap allele, which does not contain any of the Nono
open reading frames, is shown in red. (B) Representative image showing genotyping by PCR. Left, analysis using primers P1 and P2 to detect wild-type
allele; right, analysis using primers P3 and P4 to detect gene trap allele. In each panel, lane 1, wild-type male (+/0); lane 2, heterozygous female (gt/+);
lane 3, Nono-gene trap male (gt/0). (C) Expression of NONO and �-geo gene trap mRNAs in tissues of mice sacrificed at postnatal day 4. Image shows
PCR products with �-actin as a loading control. (D) NONO, SFPQ and internal reference protein (�-actin) expression in MEF isolates from mice bearing
wild type (+) or gene trap (gt) alleles. Total cell lysates were probed with indicated antibodies. Left panel, gel image; right panel, quantification. (E)
Immunostaining of the same four MEF isolates with anti-NONO antibody. Scale bar denotes 10 �m.
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Effect of NONO deficiency on cell growth and radiosensitiv-
ity

We compared the growth of wild-type and NONO gene
trap MEFs, using cells isolated separately from three differ-
ent embryos of each genotype. Although there were small
differences between independently derived cell populations,
there was no consistent effect of genotype on growth rate
(Figure 2A). We chose two isolates that had approximately
equal growth rates under 3% oxygen conditions (WT-2 and
gt-2) and tested their growth in atmospheric (21%) oxy-
gen. Although all cells grew more slowly in 21% oxygen,
both genotypes were affected approximately equally (Sup-
plementary Figure S1). We also compared the cell cycle dis-
tribution in WT-2 and gt-2 MEFs. The distributions were
similar (Figure 2B and Supplementary Figure S1).

To evaluate radiosensitivity, we performed clonogenic
survival assays. The gt-2 MEFs were significantly more ra-
diosensitive than wild type, although the difference was ≤3-
fold at all doses tested. The concave shape of the survival
curves differs from the linear-quadratic survival curves typ-
ically seen with human adult fibroblasts and reflects greater
radiosensitivity in the 0.5–2-Gy range. At this time, we do
not have an explanation as to why the curves do not con-
form to a linear-quadratic model, but we note that the con-
cave shape of the curves was genotype independent.

Increased levels of PSPC1 and formation of SFPQ–PSPC1
complex in NONO-deficient cells

One hypothesis to account for the mildness of the radiosen-
sitivity observed in NONO-deficient MEFs is that compen-
satory upregulation other genes might have occurred, either
in the course of mouse development or subsequently in cul-
ture. One candidate was PSPC1, because of its extensive ho-
mology with NONO.

We investigated PSPC1 expression by immunofluores-
cence and immunoblotting using anti-PSPC1 antibody
(Figure 3A and B). PSPC1 was present at low levels, near
the limit of detection, in wild-type MEFs (+/0). Expression
was strongly increased in NONO-deficient MEFs (gt/0 and
gt/gt). Thus, it appears there is a reciprocal relationship be-
tween loss of NONO and gain of PSPC1 expression.

The situation is a bit more complicated with the MEFs
derived from heterozygous females (gt/+). Because of ran-
dom X-chromosome inactivation, these populations are
mixtures of phenotypically wild-type and NONO-deficient
cells, and the proportion may vary between embryos. It ap-
pears that there is more NONO and less PSPC1 in one of
the (gt/+) samples and that the reverse is true in the other,
likely reflecting this mosaicism. In both samples, there is
somewhat more PSPC1 than can be accounted for by loss
of NONO, and we cannot rule out the possibility that cross-
talk between cells in the mixed population influences PSPC1
expression.

Reciprocal co-immunoprecipitation showed that the
overexpressed PSPC1 formed stable complexes with SFPQ
(Figure 3C). We interpret the upregulation of PSPC1 and
incorporation into complexes with SFPQ in terms of selec-
tive pressure arising from loss of NONO, and we suggest
that this phenomenon arises either during mouse develop-
ment or during subsequent growth of the MEFs.

Effect of attenuation of PSPC1 expression on radiosensitivity

To investigate whether the spontaneous upregulation of
PSPC1 expression in NONO-deficient MEFs blunts the
DNA damage sensitivity phenotype, we used an MEF-
specific electroporation protocol to introduce PSPC1 or
control miRNA vectors. We estimated the transfection ef-
ficiency to be 30–40%, based on co-expression of an Emer-
ald Green Fluorescent Protein (EmGFP) marker encoded
by the miRNA vector. Cells expressing EmGFP showed es-
sentially complete loss of PSPC1 expression as determined
by immunofluorescence (Figure 4A).

Because only a fraction of the population expressed the
transfection marker, we turned to single-cell assays, which
allowed us to investigate the behavior of EmGFP-positive
cells, rather than the total population. We used a micro-
colony assay, which measures the first 1–3 cell divisions fol-
lowing plating. This is an established and validated assay
for clonogenic growth (28,31) and is particularly suited for
following marked cells in a mixed population. The micro-
colony assay does, however, tend to give somewhat higher
surviving fractions than a classic colony formation assay,
presumably because some cells that form microcolonies
would not go on to form colonies of ≥50 cells.

For the assays, cells were transfected, plated and irra-
diated, and the size distribution of green cell clusters was
analyzed at 5 days post-irradiation. Reproductively inac-
tivated cells remain as isolated cells on the plate, whereas
surviving cells form microcolonies. Results are scored as
the fraction of microcolonies of ≥2 cells relative to the to-
tal (EmGFP-expressing microcolonies plus single EmGFP-
expressing cells). Examples of a microcolony of green cells,
versus a single non-dividing green cell, are shown in Figure
4B.

We compared four experimental groups for radiation sen-
sitivity using the microcolony assay (wild-type or NONO-
deficient, transfected with control or PSPC1 miRNAs) (Fig-
ure 4C). Single deficiency in NONO had only a modest ef-
fect on survival, as expected based on results of the con-
ventional clonogenic survival assay in Figure 2. Treatment
of wild-type MEFs with PSPC1 also had little effect, con-
sistent with the fact that wild-type cells express very little of
this protein. However, treatment of NONO-deficient MEFs
with PSPC1 miRNA had a strong radiosensitizing effect,
based on the small fraction of miRNA positive micro-
colonies. The results presented here are for microcolonies
of ≥2 cells. The doubly deficient cells were even more ra-
diosensitive when colonies of ≥3 cells were scored (Supple-
mentary Figure S2), although relative radiosensitivity, com-
paring the different groups, was the same. We conclude that
PSPC1 and NONO functionally substitute for one another
in a pathway that is essential for radiation survival.

It was of interest to determine the relationship between
this pathway and the canonical, DNA-PK-dependent path-
way of NHEJ. To investigate this, we performed the same
experiment in the presence of the DNA-PK inhibitor,
NU7441. The inhibitor led to radiosensitization of the wild-
type and singly deficient cells, but had no further effect on
the already-radiosensitive NONO/PSPC1 doubly deficient
cells. Results suggest that NONO/PSPC1 and DNA-PK are
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Figure 2. Effect of NONO deficiency on cell growth and radiosensitivity. (A) Growth curves for six MEF populations derived from different embryos
of indicated genotypes. Cells were seeded at 3 × 104 cells per well in 6-well plates and individual wells were harvested and counted daily. Each point
represents the mean of triplicate cultures. Error bars denote standard deviation. Genotypes are indicated. (B) Cell cycle distribution of WT-2 and gt-2
populations determined by flow cytometry using propidium iodide staining. Data reflect mean and standard deviations from three independent experiments.
(C) Clonogenic survival assays performed as described in the Materials and Methods section using indicated MEF populations. Each point represents
pooled data from two independent experiments, each performed in triplicate. Data were normalized to the surviving fraction in non-irradiated control cells
in each experiment. Mean and standard deviations are shown. Doses of 137Cs gamma rays are indicated. (*P < 0.05 and **P < 0.01).

in the same epistasis group and thus function in the same
pathway.

Effect of attenuation of PSPC1 expression on resolution of
DSB repair foci

To determine whether the radiosensitivity arose from a
deficit in DSB repair per se, we again used a single-cell as-
say. We transfected with miRNA, irradiated and scored � -
H2AX foci, a marker of unrepaired DSBs, in cells express-
ing the EmGFP transfection marker. We irradiated at 0 or
1 Gy, then scored cells in various treatment groups at 0.5
h post-irradiation, to examine the ability to form � -H2AX
foci, and at 4 h post-irradiation, to examine the ability to re-
cover. There was a low background of spontaneous foci in
the non-irradiated cells (Figure 5). This increased to about
30 foci/per cell at 30 min following treatment with 1 Gy of
137Cs � -rays, consistent with the predicted number of DSBs
at this dose assuming a diploid mouse genome. The increase
was similar in all four experimental groups. After 4 hours,
most of the foci resolved in the wild-type genetic back-
ground (with or without PSPC1 knockdown). Most of the
foci also resolved in the NONO-deficient cells transfected
with control miRNA. However, dual deficiency in NONO
and PSPC1 resulted in near absence of recovery at the 4-h
time point. Taken together, results indicate that deficiency
in NONO/PSPC1 function had no effect on the formation
of � -H2AX foci, which is a very early step in the cascade
of events involved in DSB repair. Deficiency did affect the
resolution of � -H2AX foci, which is a very late step.

To narrow down the stage at which NONO or PSPC1
is involved, it was of interest to investigate the formation
of 53BP1 foci, which form after � -H2AX foci, but before
DNA end joining. Also, NONO and PSPC1 are RNA-
binding proteins, and there has been a report that small,
DSB-induced RNAs (diRNAs) are required for 53BP1 foci
formation (32), raising the possibility that NONO and
PSPC1 are effectors of diRNA function. We performed im-

munostaining for 53BP1 foci in wild-type, NONO-deficient,
PSPC1-deficient and doubly deficient cells. We observed
no differences in 53BP1 foci induction at 30 min post-
irradiation (Supplementary Figure S3), indicating that
NONO- and PSPC1-containing complexes function at a
stage of repair that occurs after 53BP1 foci formation. This
is consistent with prior biochemical experiments showing
that purified SFPQ–NONO complexes promote DNA end
joining in a reconstituted system containing no chromatin
proteins or RNA (18,19).

Effect of attenuation of PSPC1 on the expression of other
DSB repair genes

PSPC1, NONO and SFPQ are multi-functional proteins
that have been implicated in many steps of RNA synthesis
and processing. Although dual PSPC1, NONO deficiency
affects DSB repair, it was important to investigate whether
this might occur indirectly, by decreasing levels of mRNAs
encoding other repair proteins. To investigate this, we mea-
sured the relative mRNA levels for 11 other genes cho-
sen to represent the canonical nonhomologous end-joining
pathway and the two pathways that require end resection
(alternative-NHEJ and classical homologous recombina-
tion).

Results, shown in Figure 6, indicate that the single great-
est effect of NONO deficiency was upregulation of PSPC1,
consistent with observations at the protein level. The upreg-
ulation of PSPC1 was partially reversed by transfection with
PSPC1 miRNA, although suppression is incomplete, likely
because the population consists of a mixture of transfected
and non-transfected cells. There was also a smaller, but sig-
nificant, upregulation of SFPQ mRNA, although these had
not been seen at the protein level in Figure 3.

Interestingly, five other mRNAs encoding repair fac-
tors also showed increases in the NONO-deficient back-
ground. These included Xrcc6 (which encodes the 70-
kDa Ku subunit), Lig4 (which encodes DNA ligase
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Figure 3. Increased levels of PSPC1 and SFPQ–PSPC1 complex in
NONO-deficient cells. (A) Immunostaining of WT-2 and gt-2 MEF iso-
lates using anti-PSPC1 antibody. Scale bar, 10 �m. (B) Immunoblotting
to determine levels of SFPQ, NONO and PSPC1 proteins in cells of in-
dicated genotype. Two independent MEF populations, derived from dif-
ferent embryos, were analyzed for each type. Arrowheads denote proteins
as indicated. (C) Quantification of data from panel (B). Values are nor-
malized to �-actin. Error bars reflect standard deviation of values from in-
dependent MEF populations. (D) Immunoprecipitation (IP), followed by
immunoblotting (IB), to protein–protein complexes in MEFs of indicated
genotypes.

IV), Mre11a and Nbn (which encode subunits of the
MRE11•RAD50•NBS1 complex) and Rad51 (which en-
codes RAD51, a protein central to homologous recombi-
nation). All of these mRNAs showed small additional in-
creases in NONO-deficient MEFs transfected with PSPC1
miRNA. Importantly, there were no significant declines in
any of the repair-related mRNAs tested, and the results thus
lend no support to the model NONO and PSPC1 affect re-
pair by an indirect mechanism involving repression of other
genes at the RNA level.

Figure 4. Green cell microcolony formation assay. (A) Verification of
miRNA-mediated PSPC1 knockdown. Vectors encoding control or
PSPC1 miRNA were introduced by electroporation into NONO-deficient
(gt/0) MEFs. A linked EmGFP gene serves as a marker for miRNA ex-
pression. Cells were fixed and analyzed by indirect immunofluorescence
using anti-PSPC1 primary and red secondary antibodies. Cells were coun-
terstained for DNA with DAPI. Each row depicts blue (DAPI), green
(EmGFP) and red (anti-PSPC1) channels for the same field. Scale bar, 10
�m. (B) Representative images of multi-cell and 1-cell microcolonies af-
ter 5 days. Scale bar, 10 �m. (C) Clonogenic survival. Colonies of ≥2 cells
were expressed as a proportion of total colonies. Data are normalized to
fraction of colonies with ≥2 cells in non-irradiated control populations,
which did not vary significantly with genotype. For each genotype and ra-
diation dose, 200 green microcolonies were scored. Left panel, microcolony
formation in the absence of DNA-PK inhibitor; right panel, microcolony
formation in the presence of 2-�M NU7441.



9778 Nucleic Acids Research, 2014, Vol. 42, No. 15

Figure 5. Delayed resolution of repair foci. Vectors encoding control or PSPC1 miRNA were introduced by electroporation into wild-type (+/0) or NONO-
deficient (gt/0) MEFs. Cells were mock irradiated or exposed to 1 Gy of 137Cs � -rays. At indicated times following irradiation, cells were fixed and analyzed
by indirect immunofluorescence using anti-� -H2AX primary and red secondary antibody and DAPI counterstain. (A, C, E) Representative fields showing
� -H2AX/DAPI channels (top row) or � -H2AX/EmGFP/DAPI-merged images in NONO-deficient (gt/0) MEFs. Images were collected for non-irradiated
control cells or for cells that were irradiated and allowed to recover for indicated times. Cell morphology and foci appearance were indistinguishable in
wild-type (+/0) and NONO-deficient (gt/0) MEFs; only the latter are shown in the figure. Scale bar denotes 10 �m. (B, D, F) Foci per cell in populations
corresponding to panels (A, C, E). A total of 30 nuclei were scored per experimental group. Blue symbols depict score for individual cells; red bar depicts
mean. Treatment of NONO-deficient cells with PSPC1 RNA resulted in a significant increase in residual foci at 4 h post-irradiation (P < 0.01).

Figure 6. Relative mRNA expression for other DSB repair genes. Vectors encoding control or PSPC1 miRNA were introduced by electroporation into wild-
type (+/0) or NONO-deficient (gt/0) MEFs. Expression was measured using Taqman probes with Gapdh as an internal reference. Data are normalized
to expression in control miRNA-transfected wild-type MEFs. Values are mean of three independent biological replicates with standard deviation shown.
Genes are grouped according to the presence of a DBHS motif, participation in canonical NHEJ (C-NHEJ), participation in alternative NHEJ (A-NHEJ)
or participation in homology-directed repair (HR), respectively (**P < 0.01 and *P < 0.05).

DISCUSSION

Here we characterize the effect of genetic insufficiency for
NONO protein in mouse cells. Prior work, based primar-
ily on knockdown studies in cell culture, suggests roles of
NONO and its partners in RNA processing and transport,
transcriptional regulation and DNA DSB repair. Despite

the many functions ascribed to NONO, knockout mice de-
velop normally and are viable as adults. We show here that,
in the absence of genotoxic stress, NONO-deficient fibrob-
lasts grow normally and have a cell cycle distribution simi-
lar to that of wild type. They are somewhat sensitive to ra-
diation. This modest phenotype is attributable to compen-
satory changes in regulation of other genes, notably overex-
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pression of PSPC1. When PSPC1 expression is attenuated,
the cells become markedly radiosensitive and show delayed
DNA DSB repair. Together, results show that NONO or
related proteins play a critical role in DSB repair under the
conditions tested.

In principle, there are several mechanisms by which a de-
ficiency in a multifunctional RNA- and DNA-binding pro-
tein could influence radiation sensitivity and delay DSB re-
pair. Prior studies favor a model where NONO protein in-
teracts with the repair substrate, based on the ability of the
SFPQ and NONO complex to relocalize to damaged DNA
sites in cells (20–22) and to bind directly to DNA and stim-
ulate end joining in vitro (18,19). The results of the NU7441
experiment in Figure 4, which showed that NONO/PSPC1
and DNA-PK are epistatic, also favor the model where
NONO and its partners interact directly with the repair sub-
strate.

We saw no evidence for an alternative mechanism where
NONO deficiency resulted in lower expression of other
genes involved directly in nonhomologous end joining or
homologous recombination; indeed a number of genes
showed modestly elevated expression consistent with a com-
pensatory response. Although the list of genes measured is
not exhaustive, our results are consistent with a previous
study that showed no effect of attenuation of SFPQ expres-
sion on levels of DNA repair gene expression (23).

Another possibility, which is not mutually exclusive with
a direct role in repair, is that NONO influences cell cy-
cle checkpoints via a transcriptional mechanism. There has
been a report that NONO cooperates with the Per gene
product to regulate p16-INK4A transcription, coupling cir-
cadian rhythm to cell cycle control (12). However, under the
conditions of our experiments, NONO deficiency did not
affect cell cycle distribution, either under low oxygen condi-
tions, where growth is optimal (Figure 1), or at atmospheric
oxygen concentrations (Supplementary Figure S1), which
are known to promote accumulation of DNA damage in
MEFs (30). The reduced number of multicellular colonies
formed following irradiation in Figure 4 is further evidence
against a loss of DNA-damage-dependent cell cycle check-
point control. Our data do not, however, exclude an effect
of NONO on cell cycle control under other conditions or in
other cell types, and further investigation may be warranted.

NONO and related proteins in the DBHS family are of
particular interest because they provide a connection be-
tween RNA and DNA metabolism. There has been a recent
surge of interest in the role of RNAs and RNA-binding pro-
teins in the DNA damage response (reviewed in (33,34)). It
appears that RNAs may influence repair by several mech-
anisms, some involving R-loops (35–38) and others involv-
ing small, DICER-dependent RNAs (32,39–41). Prior re-
ports describe retroelement and human noncoding RNAs
that bind to isolated SFPQ in vitro and promote release of
SFPQ from transcriptional promoter DNA (42,43). It will
be of interest to determine if these or other RNAs also in-
teract with SFPQ–NONO or SFPQ–PSPC1 complexes and
modulate their repair activity.
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Supplementary Data are available at NAR Online.
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