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Abstract
PSF (gene name SFPQ) is a member of a small family of proteins with dual functions in RNA
biogenesis and DNA repair. PSF and PSF-containing complexes stimulate double-strand break
repair in cell free systems, most likely via direct interaction with the repair substrate. Prior in vitro
studies are, however, insufficient to demonstrate whether PSF contributes to DNA repair in living
cells. Here, we investigate the effect of miRNA-mediated PSF knockdown in human (HeLa) cells.
We find that PSF is essential for reproductive viability. To circumvent this and investigate the
DNA damage sensitivity phenotype, we established a genetic rescue assay based on co-
transfection of PSF miRNA and mutant PSF expression constructs. Mutational analysis suggests
that sequences required for viability and radioresistance are partially separable, and that the latter
requires a unique N-terminal PSF domain. As an independent means to investigate PSF sequences
involved in DNA repair, we established an assay based on real-time relocalization of PSF-
containing complexes to sites of dense, laser-induced DNA damage in living cells. We show that
relocalization is driven by sequences in PSF, rather than its dimerization partner, p54nrb/NONO,
and that sequences required for relocalization reside in the same N-terminal domain that
contributes to radioresistance. Further evidence for the importance of PSF sequences in mediating
relocalization is provided by observations that PSF promotes relocalization of a third protein,
PSPC1, under conditions where p54nrb is limiting. Together, these observations support the model
derived from prior biochemical studies that PSF influences repair via direct, local, interaction with
the DNA substrate.
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1. Introduction
Three human proteins, polypyrimidine tract binding protein-associated splicing factor (PSF/
SFPQ), 54 kDa RNA binding protein (p54nrb/NONO), and Paraspeckle Component 1
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(PSPC1) make up the Drosophila behavior human splicing (DBHS) family. All three share
tandem RNA recognition motifs flanked by an additional region of homology. The
additional region of homology, which is predicted to form a coiled-coil domain, promotes
formation of heteromeric complexes between each protein and the other two family
members [1-3].

All three mammalian DBHS proteins are components of nuclear paraspeckles. Paraspeckles
regulate gene expression via retention of adenosine-to-inosine hyperedited mRNAs [4,5],
reviewed in [6]). In addition to their role in controlling expression of hyperedited mRNAs,
PSF and p54nrb have been reported to participate in a number of other processes relating to
mRNA biogenesis, including pre-mRNA 3′ end formation, cyclic AMP signaling [7], and
nuclear receptor-dependent transcriptional regulation [8-11]. Interestingly, PSF and p54nrb

interact with DNA as well as with RNA. More than 15 years ago, Busch and coworkers
purified and characterized a DNA-binding heterodimer of proteins that migrated at 52 kDa
and 100 kDa in SDS-PAGE, almost certainly corresponding to the polypeptides later
identified as p54nrb and PSF, respectively [12]. Subsequent work has shown that PSF binds
directly to DNA, that it accelerates annealing of complementary single-stranded nucleic
acids, and that it promotes invasion of supercoiled DNA by complementary oligonucleotides
to form D-loops [13,14].

PSF binds directly to the homologous recombination protein, Rad51, and cooperates with it
in DNA pairing and strand displacement assays [15]. A different PSF•p54nrb complex
promotes nonhomologous end joining in vitro, suggesting its involvement in this other main
pathway of DNA double-strand break (DSB) repair in vertebrates [16,17]. A recent report
indicates that PSF and p54nrb are transiently recruited to DNA damage sites in human cells,
and that release from these sites is regulated by a third protein, matrin 3 [18].

There are many proteins with dual functions in mRNA biogenesis and DNA repair.
Examples include the TFIIH complex, which participates both in RNA polymerase II-
mediated transcriptional initiation and in nucleotide excision repair (reviewed in [19]),
PARP-1, which functions in both promoter/enhancer regulation and DNA single-strand
break/base excision repair (reviewed in [20,21]), and Ku protein, which functions in both the
control of mRNA expression and in the nonhomologous end joining (NHEJ) pathway of
DNA double-strand break (DSB) repair (for examples, [22,23], for reviews [24,25]). It
appears that PSF and p54nrb provide yet another example of this phenomenon.

Until recently, experimental support for the role of PSF and p54nrb in DNA repair has
derived principally from in vitro studies. We recently reported, however, that attenuation of
p54nrb expression in mammalian cells delays DSB repair and sensitizes the cells to ionizing
radiation [26], which provides genetic evidence in support of the role of p54nrb in DNA
repair in vivo. Here we describe another, complementary set of experiments that implicate
the PSF subunit in DNA repair in vivo in human cells. We find that PSF is essential in
human cells, which necessitated a different approach toward establishing its function, using
a genetic rescue assay. We find that the sequences required to rescue the radiosensitive
phenotype correlate with those required for relocalization of PSF-containing protein
complexes to sites of laser-induced DNA damage and with a previously defined DNA
binding domain [27,28].

2. Materials and Methods
2.1 Cells and Immunostaining

HeLa cells were cultured at 37°C in Dulbecco's Minimal Essential Medium supplemented
with 10% FBS, 2 mM glutamine and antibiotics. Plasmid DNAs were transfected into HeLa
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cells using Lipofectamine 2000 (Invitrogen). Fixation and Immunostaining were performed
as described in Supplementary Material.

2.2 Expression clones
Wild type and mutant human PSF, p54nrb, and PSPC1 cDNAs were amplified by PCR and
inserted in pDsRed-Monomer-N1 or pAcGFP-N1 (Clontech, Mountain View, CA) as
described in Supplementary Material. An alignment highlighting the similarities in the
coding sequences of these cDNA is shown in Supplementary Fig. 1. Human Ku80 and
XRCC4 were inserted in pENTR/D-TOPO (Invitrogen, Carlsbad, CA). In-frame insertion of
mCherry and or EYFP coding sequences was followed by lambda integrase-mediated
transfer to pcDNA-DEST40 (Invitrogen).

2.3 miRNA treatment and protein expression detection
The p54nrb miRNA knockdown and control vectors were constructed as previously
described [26]. An analogous PSF miRNA knockdown vector was constructed using the
oligonucleotides listed in Supplementary Table 1. Plasmids were transfected into HeLa cells
and proteins were extracted and analyzed by immunoblotting using anti-p54nrb mouse
monoclonal antibody (Clone 3, BD Biosciences Pharmingen), anti-PSF mouse monoclonal
antibody (Sigma, clone B92), or anti-actin rabbit antibody (BD Bioscences Pharmingen).
Blots were developed using HRP-conjugated anti-mouse IgG antibody.

2.4 Phenotypic rescue of PSF-deficient cells
HeLa cells were co-transfected with PSF miRNA and with miRNA-resistant rescue plasmids
expressing wild type or mutant PSF. After 24 h, cells were treated with spectinomycin (to
select for miRNA expression) and G418 (to select for PSF rescue construct expression).
After a further 24 h, 500 cells were seeded in 6 well plates. Some plates were exposed
to 133Cs γ-radiation (4 Gy). Plates were incubated for 10 d to allow colony growth, fixed
with 80% ethanol for 15 min, and stained with 0.4% trypan blue. Colonies of >50 cells were
counted, and surviving fraction was calculated relative to non-irradiated controls. Data are
from two independent experiments.

2.5 Laser irradiation and imaging
Microirradiation was performed with a pulsed Ti:Sapphire laser (800 nm, Mira 900,
Coherent Inc.). Laser power was optimized to produce localized DNA damage with minimal
background outside the microbeam (Supplementary Fig. 2). Live-cell images were collected
using a LSM510 META confocal microscope equipped with 543 nm HeNe and multi-line
(458, 488, and 514 nm) argon lasers and a 40X C-Apochromat 1.2 N.A. water immersion
lens (Carl Zeiss MicroImaging, Inc.). A heated stage (Carl Zeiss MicroImaging, Inc.) and an
objective lens heater (Physitemp) were used to maintain cells at 37 °C. Fixed-cell images
were collected using an Olympus BX60 microscope equipped with a 40X UPlanFl 0.75 N.A
lens.

For experiments with fixed cells, HeLa cells were grown on glass coverslips. After
irradiation, cells were washed, fixed in 4% paraformaldehyde, 0.5% Triton X-100 for 10
min, washed again, and incubated in blocking solution (15% Goat serum, 0.2% Fish skin
gelatin (Sigma) and 0.03% NaN3 in PBS) containing 0.5% Triton X-100 for 10 min. Cells
were rinsed and incubated with blocking solution without Triton X-100. Immunostaining
was performed by incubating with rabbit anti-p54nrb (Abcam, Cambridge MA), mouse
monoclonal anti-PSF (Sigma, clone B92), rabbit anti-53BP1 (Novus Biologicals, Littleton
Co) or mouse monoclonal anti γ-H2AX (Millipore) in blocking solution for 2 hr at room
temperature, washing, and incubating for 1.5 hr with Alexa Fluor 350 or AlexaFluor 488-
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conjugated species specific secondary antibodies in blocking solution. After washing, a
TUNEL reaction was performed using TAMRA-dUTP (Roche) and terminal
deoxynucleotidyl transferase according to the manufacturer's protocol.

3. Results
3.1 PSF is required for reproductive viability and contributes to radioresistance in human
cells

Prior work has shown that PSF stimulates homologous recombination and nonhomologous
end joining reactions in cell-free systems. To determine whether PSF contributes to
radioresistance in vivo, we designed a miRNA targeted to the sequences in the 3′
untranslated region of PSF mRNA (Supplementary Table 1). Constructs expressing PSF
miRNA or a previously described p54nrb miRNA [26] were transfected into HeLa cells.
Transfection efficiency was >80% based on expression of a linked EmGFP transfection
marker at 72 h post-transfection (data not shown). The miRNAs reduced PSF expression by
about 90% and p54nrb by about 70%, using actin as an internal standard (Fig 1A, 1B). The
effect was selective: PSF miRNA had little or no effect on p54nrb expression and vice versa.

Ideally, radioresistance may be analyzed using stable knockdown cell lines, as we have
previously done for p54nrb [26]. In practice, however, we were not able to establish stable
human knockdown cell lines using PSF miRNA, consistent with previous suggestions that
attenuation of PSF expression may be deleterious in human cells [11]. We therefore
established a rescue assay in which PSF miRNA and PSF expression constructs were co-
transfected into HeLa cells, which were scored for clonogenic survival, with or without
radiation treatment. Rescue constructs lacked the PSF 3′ untranslated region, and so were
miRNA resistant. There were no surviving colonies in cells transfected with PSF miRNA
alone, whereas co-transfection with a wild-type PSF expression plasmid rescued survival to
nearly the same level as with control miRNA (Fig. 1D).

To map the sequences required for rescue of survival, we created a series of deletion
mutants lacking progressively increasing amounts of N-terminal sequence (Fig. 1C). PSF
has a unique N-terminal domain that is not shared with the other two family members, and
that has no evident similarity to other known proteins. In addition, the RRM domains are
moderately divergent among family members (66% and 73% identity for RRM1 and RRM2,
respectively.) These are therefore candidates to mediate PSF-specific biological activities.
We verified the mutant constructs by coupled in vitro transcription-translation, which
indicated that all were expressed as polypeptides of expected size (Supplementary Fig. 2A).
Moreover, all of the mutants except PSFΔ3 co-immunoprecipitated with p54nrb, albeit at
somewhat less than wild-type efficiency (Supplementary Fig. 2B). These results differ
somewhat from a prior report that any deletion of PSF sequences ablated the p54nrb

interaction, a discrepancy perhaps explained by different methodology (the prior report used
GST fusion proteins [1]).

In the absence of radiation treatment, PSFΔ1 and PSFΔ4 restored colony formation to
approximately 60 to 80% of values seen with full-length PSF, indicating that the presence of
two of the three domains in this region (i.e., two RRMs, or one RRM plus the N-terminal
domain) are minimally sufficient to rescue cell viability (Fig. 1D). More severely deleted
mutants had much less rescue activity (i.e., PSFΔ2, which retains one of three domains in
this region, and PSFΔ3, which retains none).

Because of the putative involvement of PSF in cellular DSB repair, it was of interest to test
whether any of the mutants had a radiosensitive phenotype. We compared survival in
nonirradiated vs. irradiated (4 Gy) groups. Data were plotted after normalizing to survival in
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the absence of radiation (Fig. 1E). Cells rescued with PSFΔ1, PSFΔ2, and PSFΔ3 were
clearly more radiosensitive than those rescued wild type PSF, with only about half the
relative colony formation at 4 Gy. Restoration of the N-terminal and RRM1 sequences in
PSFΔ4 restored partial radioresistance. Results suggest that sequences required for
radioresistance reside in the N-terminal domain and possibly in RRM1. These overlap with a
previously defined DNA binding domain in PSF [27,28].

3.2 Relocalization of PSF and p54nrb to sites of laser-induced DNA damage
As an independent means to investigate PSF sequences involve in DNA repair, we
established an assay based on real-time measurement of relocalization to sites of DNA
damage. HeLa cells were microirradiated with a pulsed 800 nm Ti:Sapphire laser
microbeam [29]. Cells were fixed and stained by TUNEL assay, which detects broken DNA
ends, and with antibodies to the DSB markers, γ-H2AX and 53BP1 (Fig. 2A). A distinct
stripe of coincident TUNEL, anti-γ-H2AX, and anti-53BP1 staining was seen (Fig. 2A). A
similar experiment was then performed using anti-PSF and anti-p54nrb immunostaining.
Coincident TUNEL, anti-PSF, and weak anti-p54nrb staining was observed, suggesting that
endogenous PSF and p54nrb migrate to damaged regions (Fig. 2B).

To define the time course of PSF and p54nrb accumulation, we performed live cell imaging
with HeLa cells expressing fluorescently-tagged proteins. The tagged proteins provide much
better signal-to-noise ratio than was seen by immunostaining of endogenous proteins in Fig.
2B. Prior to laser irradiation, fluorescently-tagged PSF and p54nrb were distributed in the
nucleoplasm, and to some extent, in discrete foci. The foci were more evident with p54nrb

than with PSF, and their number and appearance was consistent with the 13-17 paraspeckles
that are expected to be present in HeLa cells [30]. Following irradiation, both proteins
rapidly migrated to the damaged region (Fig. 2C). PSF and p54nrb fluorescence were
coincident. Two known NHEJ proteins, Ku80 and XRCC4, also migrate to the damaged
region (Fig. 2D), and the distributions of Ku80 and p54nrb were spatially coincident (Fig.
2E). AcGFP and DsRed alone showed no relocalization (Supplementary Fig. 3).

The time course of PSF and p54nrb accumulation was identical, but differed from that of Ku
(Fig. 2F, 2G). PSF and p54nrb reached a maximum at about 100 s, then slowly declined.
Transient association of PSF and p54nrb with DNA damage sites observed here is generally
consistent with the time course reported in human U2OS cells using a different laser system
[18]. In contrast to the transient association of PSF and p54nrb, Ku reached a maximum
within 5 s and remained stable for the ∼7 min duration of the experiment, which is again
consistent with previous reports [29,31]. This difference suggests that recruitment of Ku and
PSF•p54nrb may be regulated by different mechanisms. that these proteins act at different
stages of the DSB repair process, or that they may occupy different locations in the
chromatin.

3.3 Sequences required for relocalization of PSF• p54nrb complex
To gain insight into the mechanism of relocalization, we investigated the sequences that
were required. We co-transfected HeLa cells with PSF or p54nrb miRNAs and fluorescently-
tagged PSF or p54nrb transgenes. The p54nrb miRNA had no effect on relocalization of
tagged PSF, whereas the PSF miRNA severely attenuated p54nrb relocalization (Fig. 3A,
3B). These data indicate that sequences in PSF, rather than p54nrb, are responsible for
recruitment of the PSF•p54nrb complex to damage sites.

We next sought to identify specific sequences in PSF that mediate relocalization of PSF-
containing protein complexes. We expressed each mutant as a fluorescent protein fusion in
HeLa cells. The total expression level of each PSF derivative was similar except for PSFΔ3,
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which appeared to be reduced. Deletion of the N-terminal domain and RRM1 (in PSFΔ1 and
PSFΔ2) progressively reduced the ability to relocalize to sites of laser-induced DNA damage
(Fig. 3C). Conversely, a mutant (PSFΔ4) that retained the N-terminal domain and RRM1,
but was missing RRM2, relocalized to same extent as full-length PSF. Results define a
region encompassing residues 1-369 as required for relocalization, coincident with the
region required for genetic rescue of the radiosensitive phenotype and overlapping the
previously defined DNA binding domain [27,28].

When sequences required for relocalization were partially or fully deleted (in PSFΔ1 and
PSFΔ2), but RRM2 was present, the mutant PSF spontaneously accumulated in one or two
bright foci. These foci, which are quite different in appearance than paraspeckles, were not
seen the mutants lacking RRM2 (PSFΔ3, PSFΔ4). We hypothesize that deletion of an
autoinhibitory sequence in the N-terminal region enhances the ability of RRM2 to interact
with another partner. In this respect, it is of interest that RRM2 has previously been shown
to interact with a transcriptional regulatory protein, FHL2 [32].

3.4 PSF mediates relocalization of PSPC1 when the ratio of PSF to p54nrb expression is
altered

To further confirm the role of PSF sequences in relocalization, we investigated the ability of
PSF to direct relocalization of the third family member, PSPC1. To confirm that PSF and
PSPC1 are capable of interaction in vivo, we performed co-immunoprecipitation
experiments using protein extracts of HeLa cells that were metabolically labeled using 35S-
methionine. Consistent with our previous results [16], anti-PSF antibody precipitated a
polypeptide corresponding to p54nrb and an additional minor band migrating at a position
consistent with the predicted 59 kDa size predicted for PSPC1 (Fig. 4A, lane 3). The amount
of the 59 kDa species increased in p54nrb miRNA-treated cells (Fig 4A, compare lanes 3 and
2). The identity of this species as PSPC1 was confirmed in a reciprocal co-
immunoprecipitation experiment using anti-PSPC1. PSF was present in the resulting
immune complexes and the amount was increased in cells that were pre-treated with p54nrb

miRNA (Fig. 4B, compare lanes 2 and 3).

To determine whether PSF was capable of directing the relocalization of PSPC1 to sites of
DNA damage, we transfected HeLa cells with fluorescently tagged PSF and PSPC1. In
HeLa cells expressing normal levels of p54nrb, PSPC1 showed little or no relocalization
(Fig. 4C). By contrast, in HeLa cells transfected with p54nrb miRNA, PSPC1 showed
evident relocalization to regions of laser-induced DNA damage (Fig. 4D). To further
confirm the role of PSF in directing relocalization of PSPC1, we performed experiments in
which PSF or p54nrb was overexpressed by co-transfection with the fluorescently tagged
PSPC1. Overexpression of PSF, but not p54nrb, promoted relocalization of PSPC1 to sites of
laser-induced DNA damage (Fig. 4E, 4F). We monitored the time course of PSPC1 under
each set of conditions (p54nrb depletion or PSF overexpression) and found that it was similar
to PSF itself, with peak accumulation at about 120 s and a steep decline by 300 s (Fig. 4G).
Together, these data suggest that formation of a PSF•PSPC1 complex in HeLa cells is
favored when the PSF:p54nrb ratio is altered (i.e., when p54nrb is attenuated or when PSF is
overexpressed). Under these conditions, PSF sequences mediate relocalization of the PSPC1
complex.

4. Discussion
PSF (gene name SFPQ) has long been implicated in DNA repair, based on its interaction
with repair proteins and by the ability of the purified protein to stimulate model DNA repair
reactions in vitro. The present study presents three novel findings: (i) PSF is essential for
reproductive viability of human (HeLa) cells, (ii) genetic rescue of PSF knockdown cells
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with hypomorphic deletion mutants (i.e., mutants that do not fully rescue clonogenic
survival) is associated with a significantly radiosensitive phenotype, and (iii) PSF sequences
are responsible for recruitment of PSF-containing complexes to sites of dense DNA damage.
Results are consistent with the proposed role of PSF in DNA double-strand break repair in
vivo in human cells.

While this paper was in review, another report appeared indicating that attenuation of PSF
expression sensitizes mouse cells to DNA damaging agents [33]. The mouse cell results
differ in that PSF was not essential for clonogenic viability. This parallels the situation with
Ku protein, is also essential for somatic cell viability in human cells but not in rodents [34].

Table I summarizes the relationship between PSF sequences required for dimerization,
clonogenic survival, radioresistance, and relocalization. As shown in Supplementary Figure
2, a single RRM (either RRM1 or RRM2) and C-terminal sequences (including the coiled-
coil motif) are sufficient for dimerization, consistent with prior reports [8,35]. These
sequences alone are not sufficient for the other functions of PSF, which require, in addition,
the unique N-terminal domain and possibly RRM1. The finding that PSF (not p54nrb or
PSPC1) is responsible for recruitment to regions of damaged DNA is consistent with prior
reports that isolated PSF, in the absence of these partners, binds DNA and mediates pairing
and Rad51-dependent strand exchange [14,15]. The sequences required for radioresistance
and DNA-damage dependent relocalization sequences overlap a previously described DNA
binding domain [27,28]. This DNA binding domain has no evident homology to other
known proteins, and the details of the PSF-DNA interface have yet to be fully defined.

Our data are consistent with a mechanism of radioresistance that involves physical
movement of PSF-containing complexes to DNA damage sites. Prior work indicates that
isolated PSF and PSF-containing complexes bind constitutively and nonspecifically to DNA
in vitro. The finding that relocalization is DNA damage-dependent in vivo suggests that
some additional level of regulation is at work. It could be that DNA damage-induced
chromatin decondensation facilitates binding to internal DNA sequences [35]. Alternatively
or in addition, interaction with Rad51 or other DNA repair proteins could mediate selective
recruitment to DNA damage sites in vivo [15].

Our data do not exclude an alternative possibility that attenuation of PSF expression affects
the DNA damage response indirectly, via effects on RNA biogenesis (i.e., by suppressing
expression of other DNA damage response genes). A solely indirect mechanism of action
seems unlikely, however, for two reasons: (1) it could not account for the in vitro data
showing that purified protein enhances end-joining and early steps of homologous
recombination in cell-free systems, and (2) a recent report showed that attenuation of PSF
expression in mouse cells did not influence levels of the 70 kDa Ku protein subunit or any of
a number of other repair proteins that were tested [33].

The apparent dual role of PSF in DNA repair and RNA biogenesis is intriguing. Some
evidence indicates that Ku protein itself has dual roles in DNA repair and RNA biogenesis
(reviewed in [23]; see [24] for earlier references). PSF undergoes methylation,
phosphorylation, and sumoylation within the N-terminal and RRM1 regions [36-39], and it
is possible that such modifications might influence the balance between DNA and RNA
binding. Additionally, interaction of VL30 retroelement RNA with the PSF•p54nrb complex
mediates a switch from a DNA to a RNA binding form [28]. It will be of interest to
determine whether there are other endogenous RNAs that mediate this switching behavior,
and if so whether therapeutic RNAs might be designed to block DNA interaction and thus
sensitize tumor cells to ionizing radiation.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Phenotypic rescue of HeLa cells transfected with PSF miRNA. (A,B) Efficacy of p54nrb and
PSF knockdown. HeLa cells were transfected with plasmids expressing hybrid RNAs
encoding linked EmGFP and indicated miRNA genes. Extracts were analyzed by
immunoblotting for PSF, p54nrb, and β-actin (arrows). Graphs show expression normalized
to actin. Bands above and below PSF most likely reflect nonspecific cross-reactivity of
antibody with unrelated proteins present in the crude extract. (C) Map of PSF and PSF
mutants, showing low complexity regions, two RNA Recognition Motif (RRM) domains,
NOPS domain, and coiled-coil domain. Domain boundaries are based on information from
the Uniprot, Pfam, Interpro, or SMART databases, except for DNA binding domain (DBD)
[27,28] and DHBS homology region (reviewed in [6]. Mutants were created as described in
Materials and Methods. (D) Phenotypic rescue. HeLa cells were co-transfected with
plasmids expressing indicated miRNAs and expression vectors for wild type or mutant PSF.
After 48 h, 500 cells per well from each group were plated in 6 well plates and treated with
0 Gy or 4 Gy of γ-radiation. Plates were incubated for 10 d, fixed, stained, and colonies of
>50 cells were counted. (E) Relative survival. Colony numbers from two independent
experiments were normalized to survival in the absence of radiation. Error bars indicate
range of duplicate observations.
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Fig. 2.
Relocalization of PSF and p54nrb to sites of laser-induced DNA damage. Stripes of DNA
damage were induced by laser microirradiation of HeLa cells. Scale bars, 5 μm. (A) DSB
formation. Cells were fixed 10 min after irradiation and stained by a TUNEL procedure or
with indicated antibodies. (B) Endogenous PSF and p54nrb. Cells were treated and stained as
in A except with indicated antibodies. Monochrome images of each channel are shown,
together with a merged overlay. (C-E) Live-cell imaging. Cells were transfected with
indicated fluorescent protein expression constructs, and after 24 h were subjected to laser
microirradiation. Images were collected at indicated intervals. (F) Quantification of PSF and
p54nrb. Cells were transfected and treated as in C, and fluorescence intensity in damaged
region was measured. Data shown are average of 10 nuclei in the same experiment (G)
Quantification of p54nrb and Ku80. Cells were transfected and treated as in (E). Data shown
are representative of results obtained in several independent experiments.
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Fig. 3.
Requirement of PSF N-terminal sequences for relocalization of p54nrb to sites of DNA
damage. (A, B) HeLa cells were transfected with miRNA-expressing plasmids and
transfected again at 24 h with tagged protein expression vectors as indicated. Laser
microirradiation and imaging were performed as in Fig. 2C and 2D. Scale bar is 10 μm. (C)
Analysis of PSF mutants. Schematic diagrams are as in Fig. 1. Transfection, laser
microirradiation and imaging were performed as in Fig. 2. All constructs are PSF-AcGFP
fusions except PSF Δ3, which is PSF-dsRed.
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Fig. 4.
Interaction of PSF with PSPC1 and relocalization of PSF•PSPC1 complex to sites of laser-
induced DNA damage. (A) Immunoprecipitation of 35S-methionine-labeled polypeptides
with anti-PSF antibody in the presence or absence of p54nrb miRNA. HeLa cells were
transfected with indicated miRNA expression vectors, metabolically labeled, and protein
extracts immunoprecipitated using anti-PSF antibody. Immune complexes were analyzed by
SDS-PAGE and visualized by autoradiography. (B) Immunoprecipitation as in Panel A
except that proteins were visualized by immunoblotting. Upper panel, anti-PSF, lower panel,
anti-PSPC1. Within each panel, all lanes are from the same exposure of the same gel. (C)
Live cell imaging of PSF1 and PSPC1. HeLa cells were transfected with indicated
constructs, treated, and analyzed as in Fig 2. Scale bar in all micrographs is 10 μm. (D)
Relocalization of PSPC1 in the presence or absence of p54nrb miRNA. (E) Relocalization of
PSPC1 in the presence of excess PSF. HeLa cells were co-transfected with plasmids
expressing PSF-AcGFP and PSPC1-dsRed, treated, and analyzed as in (C). (F)
Relocalization of PSPC1 in the presence of excess p54nrb. (G) Time course of PSPC1
mobilization. Quantification of data in (D), (E), and (F). Average of ten nuclei.
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