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Abstract

Nucleolin associates with various DNA repair, recombination, and replication proteins, and possesses DNA helicase, strand anneal-
ing, and strand pairing activities. Examination of nuclear protein extracts from human somatic cells revealed that nucleolin and Rad51
co-immunoprecipitate. Furthermore, purified recombinant Rad51 associates with in vitro transcribed and translated nucleolin. Electro-
poration-mediated introduction of anti-nucleolin antibody resulted in a 10- to 20-fold reduction in intra-plasmid homologous recombi-
nation activity in human fibrosarcoma cells. Additionally, introduction of anti-nucleolin antibody sensitized cells to death induced by the
topoisomerase 11 inhibitor, amsacrine. Introduction of anti-Rad51 antibody also reduced intra-plasmid homologous recombination
activity and induced hypersensitivity to amsacrine-induced cell death. Co-introduction of anti-nucleolin and anti-Rad51 antibodies
did not produce additive effects on homologous recombination or on cellular sensitivity to amsacrine. The association of the two proteins
raises the intriguing possibility that nucleolin binding to Rad51 may function to regulate homologous recombinational repair of chro-

mosomal DNA.
© 2006 Elsevier Inc. All rights reserved.
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The nucleolus is the subdomain where ribosomal
RNA synthesis occur [1]. Recent proteomic analysis
reveals that over 400 distinct proteins are present in
nucleolus-enriched fractions [2,3]. The abundant nucleo-
lar polypeptide nucleolin is believed to be essential for
ribosome biosynthesis [4]. Consistent with this hypothesis
yeast clones lacking the nucleolin homolog NSR1 have a
reduced complement of ribosomes [5]. An extensive array
of biochemical functions has been ascribed to nucleolin
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[4,6,7]. The protein binds DNA and RNA, and has
DNA and RNA helicase activity. Nucleolin is a DNA-
dependent ATPase and is capable of auto-degradation.
Partially purified nucleolin isolated from a human tumor
cell line possesses homologous DNA strand pairing activ-
ity [8]. Homologous DNA pairing activity is associated
with a recombinant protein comprising the carboxyl ter-
minal two-thirds of nucleolin expressed in Escherichia
coli8]. Nucleolin is believed to play a role in regulating
cell growth and DNA replication. In addition, the pro-
tein is subjected to extensive post-translational modifica-
tion [6,7].

Studies have revealed that nucleolin associates with a
number of other proteins. For example, it was shown to
be a component of LR1, a DNA-binding complex that reg-
ulates transcription in activated B cells [9]. Nucleolin is part
of a B cell specific DNA recombination complex [10]. In
addition, it was recently shown that nucleolin, along with
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topoisomerase I, controls the holoenzyme cohesion of the
SV40 large T antigen helicase at DNA replication forks
in vitro [11]. Furthermore, nucleolin binds to the human
telomerase reverse transcriptase catalytic subunit hTERT
[12].

The DNA helicase activity, homologous strand pairing
activity, ability to renature complementary DNA strands,
binding to topoisomerase I, and association with a number
of DNA recombination complexes raise the possibility that
nucleolin may regulate or modulate homologous recombi-
national repair of DNA. While the molecular biology of
recombinational DNA repair in mammalian somatic cells
remains poorly understood, it is widely believed that the
RecA homolog Rad51 plays a major role [13]. It has been
shown that the tumor suppressor protein p53 regulates the
DNA strand-transferase activity of Rad51 [14,15]. Interest-
ingly, it has recently been shown that the Rad51-binding
replication protein A [16] and p53 physically associate with
nucleolin [17,18]. We therefore postulated that the Rad51
and nucleolin proteins might also associate in vivo, and
that this association could play a role in regulating
Rad51-dependent homologous recombination activity in
mammalian somatic cells.

The results presented below demonstrate that nucleolin
is present in a complex with Rad51 in nuclear protein
extracts prepared from mammalian somatic cells. Our data
are consistent with the interpretation that nucleolin and
Rad51 participate in a common pathway of homologous
recombinational repair. The finding that the two proteins
associate with each other raises the intriguing possibility
that nucleolin may function to regulate Rad51’s DNA
repair activity.

Experimental procedures

Human cells. HT1080 human sarcoma-derived cells were obtained
from the American Type Culture Collection (Manassas, VA) and main-
tained in humidified 5% CO, at 37 °C, in Dulbecco’s modified Eagle’s
media with 10% fetal bovine serum. Nuclear protein extracts were pre-
pared as described [19].

Antibodies. Chicken anti-nucleolin antibody was prepared as follows.
A maltose-binding protein fusion containing residues 284-709 of human
nucleolin was expressed in E. coli from plasmid pMalNuc (kindly provided
by L. Hanakahi, see [19]), and purified on amylose resin (New England
BioLabs, Beverly, MA) and by SDS-polyacrylamide gel electrophoresis.
Laying hens were immunized with 100 pg protein. Preimmune IgY was
purified as described [20] from eggs collected before the initial injection,
and anti-nucleolin IgY from eggs collected 4 weeks after the initial injec-
tion. Affinity-purified anti-nucleolin IgY was prepared as described [21].
Briefly, recombinant his-tagged mouse nucleolin (exons 5-14, kind gift of
Renato Aguilera, see [22]) was expressed in E. coli and loaded onto a
nickel-agarose affinity chromatography column (Qiagen, Valencia, CA).
This immobilized nucleolin was then used as an affinity column to purify
the anti-nucleolin IgY preparation described above. Affinity-purified
chicken anti-nucleolin was used in all experiments. Additional antibodies
used were: rabbit polyclonal anti-nucleolin (C23) and rabbit polyclonal
anti-Rad51 (both from Santa Cruz Biotechnology, Santa Cruz, CA).

Co-immunoprecipitation. Protein extracts were incubated in the pres-
ence or absence of specific antibody at 4 °C for 2 h. Subsequently, 25 pl of
a 50% slurry of protein G—agarose beads was added and the mixture was
incubated overnight at 4 °C. Immune complexes were sedimented and

washed 4 times with buffer containing 20 mM Tris, pH 8.0, 100 mM NaCl,
1 mM ethylene diamine, 0.1% Nonidet P-40, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 10% glycerol, and a protease inhibitor
cocktail. Samples were resuspended in PAGE loading buffer and Western
blot analysis was performed as described below.

Co-immunoprecipitation of in vitro transcribed and translated proteins.
c¢DNA encoding p53 or nucleolin was used to perform polymerase chain
reactions using Ready-To-Go-PCR beads (Amersham, Piscataway, NJ).
The reaction products were incorporated into the pCR2.1 TA-cloning
vector (Invitrogen, Carlsbad, CA), and the resulting constructs confirmed
by DNA sequencing. Plasmids were linearized and 1-2 pg of each was
used separately in a T7-coupled rabbit reticulocyte lysate in vitro tran-
scription/translation system (Promega, Madison, WI) performed in the
presence of **S-radiolabeled methionine (Amersham) for 90 min at 30 °C.
Co-immunoprecipitation reactions were set up by incubating the p53 or
nucleolin transcription/translation products with 1 pg of recombinant
Rad51 protein commercially obtained from Abnova (Taiwan) in
co-immunoprecipitation buffer (20 mM Tris, pH 8.0, 100 mM NaCl,
1 mM ethylenediaminetetraacetic acid, 0.1% Nonidet P-40, 1 mM dithio-
threitol, 1 mM phenylmethylsulfonyl fluoride, and 10% glycerol) and
rocked at 4 °C for 1-2 h. Anti-Rad51 antibody (5 pg) was added and
another 1-h incubation was performed before the addition of 10 ul of a
50% slurry of protein G-agarose beads. This mixture was incubated
overnight at 4 °C on a rocker platform. The following day, the beads were
sedimented and washed three times with co-immunoprecipitation buffer.
The washed beads were boiled for 5min in loading buffer containing
mercaptoethanol and resolved by SDS-PAGE on a 4-20% gradient gel
(Bio-Rad). The gel was fixed in 10% acetic acid, dried, and exposed to a
phosphoimager screen.

Western blot analysis. Protein extracts were resolved by SDS-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose mem-
branes (Bio-Rad Laboratories, Hercules, CA). Membranes were blocked
in Tris-buffered saline (TBS) containing 5% bovine serum albumin (BSA)
for 1 h at room temperature. Antibodies (diluted in TBS) were incubated
with membranes overnight at 4 °C. Membranes were subsequently washed
and appropriate second antibodies (anti-chicken or anti-rabbit) conju-
gated with alkaline phosphatase (1:5000 dilution; Sigma-Aldrich, St.
Louis, MO) were added. After 1h incubation at room temperature,
membranes were again washed as above. After the final wash, membranes
were incubated with alkaline phosphatase substrate (SigmaFast, 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium, Sigma) and the color
reaction stopped by rinsing with water.

In vivo intra-plasmid homologous recombination. Homologous recom-
bination in intact cells was assayed as previously described [23]. Briefly,
20 pg of the substrate plasmid pSV2neoDR:DL(D) [24] was electropora-
ted into 107 HT1080 cells in ice-cold serum-free media together with 5 g
pRSVEdI884 [25]. Electroporation was performed using a BTX (Holliston,
MA) ECM 600 device set for 300 V and 960 uF (4 mm gap, 0.2 mL
reaction volume). The latter plasmid encodes the SV40 large-T antigen,
expression of which drives replication of plasmids that (like pSV2neo-
DR:DL(D)) contain an SV40 origin of replication; the pRSVEdI884
plasmid itself lacks such an origin of replication. Immediately following
electroporation, cells were plated and maintained for 48 h. Plasmid DNA
was recovered from the cells [26] digested with the restriction enzyme Dpn
I to eliminate plasmids that had not replicated in mammalian cells, and the
DNA electroporated into the DHI10B strain of E. coli. The plasmid
pSV2neoDR:DL(D) confers resistance to ampicillin, however, appropriate
homologous recombination between the two heteroalleles of the neomycin
phosphotransferase gene on the plasmid confers resistance to both
ampicillin and kanamycin. Therefore, the frequency with which the sub-
strate plasmid undergoes homologous recombination in the mammalian
cells can be determined by dividing the number of bacterial colonies that
are resistant to both ampicillin and kanamycin by the total number of
bacterial colonies that are resistant to ampicillin. The homologous
recombination frequency is expressed as a percentage after multiplying
this value by 100. Control experiments reveal that the frequency of
spontaneous homologous recombination catalyzed by the recombination-
deficient host bacterial strain is several orders of magnitude lower than the
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frequency with which recombination occurs upon transfection of the
plasmid into mammalian somatic cells (data not shown, but see [24]).

Antibody-mediated sensitivity to amsacrine. Cellular sensitivity to drug-
induced cell death was determined using the sulforhodamine B assay [27],
modified as previously described [28]. Approximately 2 x 10° cells were
electroporated as described above in the presence or absence of 0.4 pg of
antibody. Immediately following electroporation, 1x 10° cells/well were
plated in 24-well dishes and allowed to recover for 24 h in drug-free media.
Cultures were then exposed to media containing various concentrations of
amsacrine (Sigma) dissolved in dimethyl sulfoxide, or vehicle alone; after
96 h of incubation, cells were exposed to sulphorhodamine B and percent
cell survival was estimated using the optical density at 564 nm, relative to
that of cultures not exposed to amsacrine.

Ultraviolet light sensitivity. Sensitivity to ultraviolet light was deter-
mined using the sulphorhodamine B assay. Cells were electroporated as
described above in the presence or absence of antibody, plated and
allowed to recover for 12-16 h. Subsequently, growth media were removed
and cells were exposed to 0, 10, 20, 50, or 100 J/m? ultraviolet light;
normal growth media were immediately replaced. Cells were maintained
for a further 96 h before measuring cell survival. For each treatment, the
optical density at 564 nm was measured and used to estimate percent
survival, compared to cultures not exposed to ultraviolet light.

Antibody-mediated cell hypersensitivity to Pvull. Cellular sensitivity to
Poull-induced cell death was determined using the sulforhodamine B
assay. Approximately 2 x 10° cells were electroporated as described above
in the presence or absence of 0.4 ug of antibody and the presence or
absence of 10 U Puull. Immediately following electroporation, 1x 10°
cells/well were plated in 24-well dishes and allowed to recover for 24 h in
serum-containing media. After 96 h of incubation, cell survival was esti-
mated using sulforhodamine B. For each treatment, the optical density at
564 nm was measured and used to estimate percent survival, compared to
cells that had been electroporated in the absence of Puull.

Results

We previously observed an intriguing correlation
between the concentration of nucleolin and the frequency
with which plasmid DNA molecules underwent homolo-
gous recombination, both in vitro and in intact cells [29].
Based on these findings and on other published findings
linking nucleolin to DNA recombination activity (see
Introduction), we hypothesized that nucleolin could
participate in or facilitate homologous recombination in
mammalian somatic cells.

To determine whether nucleolin and Rad51 associate in
human somatic cells, protein extracts were prepared from
the human fibrosarcoma cell line HT1080 cells and
subjected to immunoprecipitation and Western blotting
using anti-Rad51 or anti-nucleolin antibodies. As Fig. 1A
shows, both antibodies precipitated Rad51 protein. Cru-
cially, no Rad51 immunoreactivity was detected in precip-
itates formed in the absence of specific antibody. Fig. 1B
illustrates the results of the converse experiment, in which
both anti-nucleolin and anti-Rad51 antibodies immunopre-
cipitated nucleolin. These findings indicate that Rad51 and
nucleolin associate in nuclear protein extracts.

To determine whether these proteins could also interact
in vitro radioactive recombinant nucleolin was generated
using a coupled in vitro transcription/translation reaction,
and this material was incubated with unlabeled purified
Rad51 protein. Coomassie blue-stained SDS-polyacryl-
amide gels reveal that the purified recombinant Rad51 pro-
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Fig. 1. Nucleolin and Rad51 co-immunoprecipitate from nuclear protein
extracts. Immunoprecipitation reactions (IP) were performed on 50 pg of
nuclear protein extract using the indicated antibodies. Precipitated
material was resolved by SDS-polyacrylamide gel electrophoresis and
Western blot analysis performed using antibody specific for Rad51 (A) or
nucleolin (B). Arrows depict the electrophoretic mobilities of Rad51 (A)
and nucleolin (B) proteins. Samples of untreated nuclear extracts (10 png)
were resolved alongside immunoprecipitates to serve as positive controls.

100 — = Nucleolin

tein was devoid of detectable protein contaminants (data
not shown). Previous results have demonstrated that
recombinant nucleolin and p53 proteins directly interact
in vitro [17,18]. To confirm that the commercially obtained
Rad51 possessed biological activity, we examined whether
the recombinant Rad51 protein precipitated radioactive
p53 protein only when recombinant Rad51 protein was
present. The data in Fig. 2A reveal that radioactive p53
was precipitated by anti-Rad51 antibody only when puri-
fied Rad51 was present in the immunoprecipitation
reaction.

We then examined the interaction of recombinant
Rad51 and radiolabeled nucleolin. The results in Fig. 2B
illustrate that anti-Rad51 antibody could precipitate in vi-
tro transcribed and translated nucleolin when recombinant
Rad51 was present, but not when it was absent. These data
support the conclusion that Rad51 and nucleolin are capa-
ble of interacting in vitro. While we cannot rule out the for-
mal possibility that this interaction is mediated by one or
more components present in the in vitro transcription/
translation reaction, this seems unlikely, and suggests that
the two proteins are capable of directly interacting.

The finding that Rad51 and nucleolin interact raises the
possibility that the two proteins may cooperate in a path-
way of recombinational repair. We have previously shown
that electroporation-mediated introduction of specific anti-
bodies can be used to test whether a particular antigen
plays an essential role in intracellular DNA repair or
recombination [23,32]. We therefore used co-electropora-
tion of antibodies specific for either nucleolin or Rad51
to test the hypothesis that the two proteins cooperate in
a recombinational DNA repair pathway. We examined
the frequency with which the introduced plasmid substrate
pSV2DR:DL(D) underwent homologous recombination
(depicted schematically in Fig. 3A). As Fig. 3B depicts,
intra-plasmid homologous recombination occurred within
the pSV2DR:DL(D) plasmid at a basal frequency of
0.64% (lane ‘—’). Expressed another way, these data
indicated that of every 10,000 plasmids recovered, 64 had
undergone a homologous recombination event that



A. De et al. | Biochemical and Biophysical Research Communications 344 (2006) 206-213 209

A IP: Rad51
Recombinant
protein(s):

p53 p53 + p53 input
Rad51
66 —
45 -

100 -

66 —

220 -

IP: Rad51
Recombinant
protein(s):
Nucl Nucl. + Nucl. input
Rad51
Egih,
P -,

Fig. 2. Nucleolin and p53 interact with Rad51 in vitro. (A) [**S]Methionine-labeled recombinant p53 generated by in vitro transcription/translation was
used in Rad51 immunoprecipitation reactions performed in the absence (p53) or presence (p53 + Rad51) of purified recombinant Rad51. The precipitated
material was resolved by SDS—polyacrylamide gel electrophoresis, and radioactivity was detected using a phosphorimager screen. The lane marked p53
input contains in vitro transcribed and translated p53 that was directly resolved by SDS-polyacrylamide gel electrophoresis. The amount of p53 protein
loaded on this lane is equivalent to the amount of p53 used in the immunoprecipitation experiments depicted in the two other lanes. (B) [*>S]Methionine-
labeled recombinant nucleolin generated by in vitro transcription/translation was used in immunoprecipitation reactions performed in the absence (Nucl.)
or presence (Nucl. + Rad51) of 1 pg purified recombinant Rad51. The lane marked Nucl. input contains in vitro transcribed and translated nucleolin that
was directly resolved by SDS—polyacrylamide gel electrophoresis. The amount of nucleolin protein loaded in this lane is equivalent to the amount used in

the immunoprecipitation experiments depicted in the two other lanes.

reconstituted a functional neomycin phosphotransferase
gene. This value is in close agreement with intra-plasmid
homologous recombination frequencies previously report-
ed for human cell lines in culture [29,33]. Co-introduction
of non-specific immunoglobulin (Fig. 3B, lanes C1 and
C2) or pre-immune immunoglobulin (Fig. 3B, lane P) did
not significantly alter the frequency of intra-plasmid
homologous recombination. In contrast, co-introduction
of affinity-purified anti-nucleolin antibody reduced the fre-
quency of intra-plasmid homologous recombination by 13-
fold, to 0.049% (Fig. 3B, lane N1). When a commercially
obtained anti-nucleolin antibody was used the intra-plas-
mid homologous recombination frequency was 0.023%, a
reduction of nearly 30-fold, compared to controls
(Fig. 3B, lane N2).

We had previously observed that introduction of anti-
Rad51 antibody reduced the frequency of intra-plasmid
homologous recombination in Rad51-overexpressing
Fanconi anemia cells [23], and in an immortalized human
tumor cell line that overexpressed Rad51 (data not shown).
It was therefore not surprising to observe that as is depict-
ed in Fig. 3B (lane 51), introduction of anti-Rad51 anti-
body reduced the frequency of intra-plasmid homologous
recombination in HT1080 cells by nearly 10-fold to
0.074%. We noted that the magnitude of inhibition
observed in the presence of the anti-Rad51 antibody was
similar to that seen in the presence of either of the two
anti-nucleolin antibodies, raising the possibility that the
two proteins cooperate in a common pathway of homolo-
gous recombination.

We have observed that approximately 90% of HT1080
cells observed 24-48 h post-electroporation are transfected
(data not shown). We therefore reasoned that electropora-
tion in the presence of two different antibody molecules
should result in the co-introduction of both antibodies into

a large percentage of cells. Control experiments were per-
formed in which HT1080 cells were electroporated with
0.4 pgeach of two different labeled antibodies, one of which
was labeled with fluorescein and the other of which was
labeled with rhodamine. Approximately 90% of the cells
examined 24 h post-electroporation contained detectable
levels of fluorescent antibody. Greater than 95% of these cells
displayed fluorescence from both antibodies. Based on these
findings, we reasoned that it would be possible to utilize a co-
electroporation strategy to gain insight into whether the
nucleolin and Rad51 proteins were cooperating in a common
pathway of homologous recombination.

We compared the frequency of intra-plasmid homolo-
gous recombination in cells treated with control antibody,
or antibody specific for Rad51, nucleolin, or both. As the
results in Fig. 3C reveal, in all cases, introduction of anti-
bodies specific for Rad51 (lane 51) or nucleolin (lane N2)
significantly reduced the frequency of homologous recom-
bination (P <0.001, #%), compared to that observed in
the absence of antibody (lane °-’). The frequency of intra-
plasmid homologous obtained when anti-Rad51 and anti-
nucleolin antibodies were co-introduced along with the
recombination substrate (lane B) was not significantly dif-
ferent from that observed when either of the two antibodies
was introduced separately. The residual levels of homolo-
gous recombination activity present under these conditions
were sufficiently above background levels that additional
inhibitory effects associated with co-introduction of the
two antibodies would have been detectable.

A previous report indicated that recombinational repair
mediated via Rad51 plays an important role in cell survival
following treatment with a type II topoisomerase inhibitor
[34]. We therefore examined the effect of introduced anti-
bodies on survival of cells treated with 100 nM amsacrine,
a type II topoisomerase inhibitor. Fig. 4A shows that
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Fig. 3. Homologous recombination activity is reduced in the presence of
anti-nucleolin and anti-Rad51 antibodies. The frequency of homologous
recombination was determined in human HT1080 cells in the presence or
absence of antibodies using an extrachromosomal plasmid-based assay
system. (A) Schematic illustration of the plasmid pSV2neoDR:DL(D) and
a potential recombinant product plasmid. The non-recombinant plasmid
harbors an intact B-lactamase gene (filled rectangle), capable of conferring
ampicillin resistance (ampR) on sensitive bacteria, and two non-functional
heteroalleles of the neomycin phosphotransferase gene (shaded rectan-
gles). These non-reverting alleles harbor intragenic non-overlapping
deletions that span essential portions of the coding region of the gene
(filled triangles). The arrows depict the transcriptional orientation of the
neomycin phosphotransferase genes. Homologous recombination between
these two alleles can reconstitute a functional neomycin phosphotransfer-
ase resistance gene (indicated by the shaded rectangle lacking a triangle),
capable of conferring kanamycin resistance (kanR) on sensitive bacteria.
See Experimental procedures, and Results for additional details. (B)
pSV2neo DR:DL(D) was electroporated into HT1080 cells in the presence
and absence of 4pg of antibody, as indicated, and the homologous
recombination frequency was calculated as described in the methods
section. Treatments were: no antibody (—); rabbit non-specific immuno-
globulin (C1), chicken non-specific antibody (C2); pre-immune chicken
immunoglobulin (P); chicken affinity-purified anti-nucleolin antibody
(N1); rabbit anti-Rad51 antibody (R); rabbit anti-nucleolin antibody
(N2). The results represent the mean plus or minus the SEM from four or
more independent experiments. *P <0.0025, ¢ test. There was no
significant difference amongst the levels of residual homologous recom-
bination detected in cells exposed to non-specific antisera (P> 0.2 or
higher). (C) Intra-cellular homologous recombination was measured in the
absence of no antibody (—); rabbit anti-Rad51 antibody (51); rabbit anti-
Nucleolin antibody (N2); both anti-Rad51 and anti-Nucleolin antibody
(B). In all cases 0.4 pg of antibody was used. The data represent the
average of two or more experiments. *P < 0.001, 5.

treatment with either anti-nucleolin (lane N2) or anti-
Rad51 antibodies (lane 51) significantly increased the sensi-
tivity of cells to the cytotoxic effects of 100 nM amsacrine,
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Fig. 4. Introduction of anti-nucleolin or anti-Rad51 antibodies sensitizes
cells to m-AMSA, but not to ultraviolet radiation or electroporated Poull.
(A) Human HT1080 cells were electroporated in the presence or absence
of 0.4 pg antibodies as indicated below, and subsequently exposed
to100 nM amsacrine, and cell viability was determined as described in
Experimental procedures. (—) No antibody; (N2) rabbit anti-nucleolin
antibody; (R) rabbit anti-Rad51 antibody; (B) anti-nucleolin antibody
plus anti-Rad51 antibody. Data represent the average & SEM of three or
more independent experiments. Sensitivity to cell death induced by m-
AMSA was significantly reduced by the presence of specific antibodies
compared to that obtained in the absence of antibody (P < 0.01, ¢ test). (B)
The concentration of amsacrine necessary to kill 50% of cells (LCs,) was
calculated from a series of cytotoxicity experiments (N =4) performed
using a drug concentration range of 50-350 nM. In all cases, antibody
treatment significantly reduced the LCsy value (P < 0.01, ¢ test). (C) The
effects of antibodies on ultraviolet radiation-induced cell death. (—) No
antibody; (C) rabbit non-specific antibody; (R) rabbit anti-Rad51
antibody; (N1) chicken anti-nucleolin antibody; (N2) rabbit anti-nucleolin
antibody. Data represent the average + SEM of three or more indepen-
dent experiments. Antibody treatment did not significantly alter cellular
sensitivity to ultraviolet radiation-induced cell death. (D) The effect of co-
electroporation of antibodies on cell death induced by Puvull (20U). (—)
No antibody; (N2) rabbit anti-Nucleolin antibody; (R) anti-Rad51
antibody; (B) anti-Rad51 antibody plus anti-nucleolin antibody; (50)
anti-Rad50 antibody. Data represent the average + SD of two or more
independent experiments. Only anti-Rad50 antibody exerted a significant
effect on the percent cell death. *P <0.01, ¢ test.

compared to cells in which non-specific antibody had been
introduced (lane ‘—’). Again, co-introduction of anti-
Rad51 and anti-nucleolin antibodies did not produce an
additive effect on amsacrine-induced cell death (Fig. 4A,
lane B). A series of concentration-dependence experiments
showed that antibody treatment reduced the LCsy (drug
concentration that kills 50% of cells) of amsacrine by
approximately 2-fold, from 350 nM for control antibody-
treated cells to 160nM (anti-nucleolin-treated) and
180 nM (anti-Rad51-treated) cells. The L.Csq of amsacrine
in cells treated with both antibodies was not significantly
different from that observed for cells treated with either of
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the antibodies separately (Fig. 4B). To confirm that this
effect was specific, we also examined the effect of antibody
treatment on survival following exposure to ultraviolet
radiation, for which there is no evidence implicating recom-
binational repair. Data presented in Fig. 4C indicate that
introduction of neither anti Rad51 (lane 51) nor anti-nucle-
olin antibody (lanes N1 and N2) had any significant effect
on cellular sensitivity to death induced by ultraviolet radia-
tion, compared to cells in which either no antibody (lane
‘~’) or control non-specific antibody (lane C) was
introduced.

We also examined the influence of introduction of anti-
Rad51 and anti-nucleolin antibodies on cellular survival
following introduction of the restriction endonuclease
Poull. The results presented in Fig. 4D reveal that, as in
the case with ultraviolet radiation-induced cell death, nei-
ther anti-nucleolin (lane N2) nor anti-Rad51 (lane 51) anti-
body increased cellular sensitivity to Poull-induced cell
death to levels above those observed in control
antibody-treated cells (lane ‘—’). Again, co-introduction
of both antibodies had no effect on cellular survival (lane
B). As a control, we performed a parallel experiment in
which anti-Rad50 antibody, which we had previously
determined sensitized mammalian somatic cells to restric-
tion endonuclease-induced cell death [32] was introduced
into the cells along with Puvull. As Fig. 4C reveals, this
treatment significantly enhanced the cytotoxic effect of
Poull on the cells (lane 50). Taken together, the results in
Figs. 3 and 4 are consistent with the interpretation that
Rad51 and nucleolin functions are both essential for opti-
mal cellular recombinational DNA repair.

Discussion

The results described above indicate that the Rad51
and nucleolin proteins interact both in vitro and in vivo.
The results from the antibody inhibition studies suggest
that this interaction may have functional significance with
respect to cellular recombinational DNA repair. While the
molecular genetics of homologous recombination in mam-
malian somatic cells is incompletely understood, it is
known that the evolutionarily conserved protein Rad51
plays an important and probably central role. A recent
paper showed that Rad51 protects mammalian somatic
cells from cell death induced by type Il topoisomerase
inhibitors [34]. It was therefore unsurprising that intro-
duction into HT1080 cells of antibodies specific for
Rad51 significantly reduced the frequency of intra-plas-
mid homologous recombination and sensitized the cells
to the cytotoxic effects of amsacrine, without exerting an
influence on cellular sensitivity to ultraviolet radiation.
Interestingly, we observed that the magnitude of the
inhibitory effects of antibodies against Rad51 and nucleo-
lin was comparable, and that there was no additive effect
when both antibodies were co-introduced into cells. These
findings suggest that both proteins may be involved in a
single pathway of homologous recombination.

Our findings add an entry to the growing list of Rad51-
binding proteins, a list that includes Rad52 [35], MCD 1
[36], Blm, the Bloom’s helicase [37], Ubll [38], Xrcc2 [39],
Brca2 [40], replication protein A [16], and p53 [14,15],
among others. At the same time, Rad51 joins YB-1 [41],
topoisomerase 1 [42], replication protein A [16], and p53
[18] as proteins known to associate with nucleolin. Replica-
tion protein A and p53 have each been shown to interact
with both nucleolin and Rad51. This is of particular inter-
est, as p53 functions to negatively regulate Rad51’s strand-
transferase activity [14,15]. It is known that this inhibitory
effect of p53 is independent of its G1-S checkpoint or tran-
scriptional activation functions [43]. Instead, it appears
that the inhibition is mediated through direct interaction
with the Rad51 protein [43], and is dependent upon its abil-
ity to interact with, and potentially sequester, replication
protein A, a single-strand DNA-binding protein [44]. Rep-
lication protein A promotes strand pairing and exchange
by human Rad51 [16,45]. The mechanism is thought to
involve removal by replication protein A of secondary
structure from single-stranded DNA, to allow efficient for-
mation of a Rad51 nucleoprotein filament. In vitro, repli-
cation protein A actually competes with Rad51 for
binding to single-stranded DNA, and additional proteins
of the Rad52 epistasis group—yeast Rad52 itself [46] or
human Rad51B and Rad51C [47}—are required to relieve
this competition and allow replication protein A to pro-
mote homologous recombination. Rad51B and C are indis-
pensable for normal recombination and repair, but they
only partially relieve the competitive effect of replication
protein A.

A number of recent papers reveal that both heat
shock and DNA-damaging agents induce a relocalization
of nucleolin from the nucleolus to the nucleoplasm.
These studies reveal that nucleolin subsequently binds
replication protein A, resulting in a DNA replication
blockade. Interestingly, Danicly and Boroweic [48] and
Kim et al. [49] report that nucleolin translocation and
the formation of the replication protein A/nucleolin com-
plex in vivo are dependent on a physical interaction
between nucleolin and p53. These findings are consistent
with the hypothesis that regulated interactions between
Rad51 and the three Rad5I-binding proteins nucleolin,
replication protein A, and p53 function as part of a cell
checkpoint process that is activated following genotoxic
stress. One can imagine that interactions between these
various molecules could function to either activate or
repress Rad51-mediated repair and/or replication,
depending on the nature and extent of DNA damage
detected. It is tempting to propose, as others have, that
nucleolin is sequestered within the nucleolus and that
its regulated release from this site, triggered by recogni-
tion of DNA damage, functions to help the cell regulate
the complex response to DNA damage that, depending
on multiple factors, will lead to cell cycle arrest, activa-
tion of DNA repair, or activation of programmed cell
death.
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