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Rad51 protein, involved in homologous recombination, is overex-
pressed in a variety of tumors, and its expression is correlated with
a poor prognosis. Here we propose to exploit the overexpression
of Rad51 in cancer cells to design a Rad51 promoter-based anti-
cancer therapy. On average, Rad51 mRNA and protein levels are
increased in cancer cells four- and sixfold, respectively. Serendipi-
tously, we discovered that when the Rad51 ORF is replaced with
another ORF, the difference in promoter activity between normal
and cancer cells increases to an average of 840-fold with a maxi-
mum difference of 12,500-fold. This dramatic difference in activity
has high therapeutic potential. We demonstrate that the fusion of
Rad51 promoter to diphtheria toxin A (DTA) gene kills a variety of
cancer cell types, including breast cancer, fibrosarcoma, and cer-
vical cancer cells, with minimal effect on normal breast epithelial
cells and normal fibroblasts. Our results suggest that therapies
based on the Rad51 promoter will be highly tumor specific and
open new avenues for targeting a broad range of cancers.

cancer � transcriptionally targeted therapy

The recombinase protein Rad51 is essential in repairing DNA
double-strand breaks (DSBs) by homologous recombination

(HR) (1). It facilitates the search for homology and joint
heteroduplex formation with the sister chromatid (2, 3). Rad51
expression is tightly controlled in normal cells as inappropriate
recombination can lead to genomic instability (4, 5). However,
Rad51 is overexpressed in the majority of human tumor cells
(6–8). The reasons for Rad51 overexpression in cancer cells are
not entirely understood. It is not the result of gene duplication
or protein stability, but is thought to occur at the level of
transcriptional regulation in the promoter region (6). The tumor
suppressor protein p53, which is frequently mutated in cancer,
interacts with the Rad51 core promoter and Rad51 protein to
inhibit both its expression and activity (9, 10); while the tran-
scription factor STAT5 has been shown to stimulate the expres-
sion of Rad51 (11, 12). Overexpression of Rad51 leads to
increases in genomic instability (3, 13) and resistance to DSB-
inducing cancer therapies (14, 15). Elevated levels of Rad51
correlate with increased invasiveness of breast cancer (16) and
can be used as an independent prognostic marker for mean
survival time in patients with non-small cell lung cancer (17).
The inhibition of Rad51 has been explored as a way to sensitize
cancer cells to radiotherapy (18–20).

The goal of cancer treatment is to selectively eliminate ma-
lignant cells while leaving normal tissue intact. Transcriptionally
targeted anticancer therapy employs an elegant approach to
selectively destroy cancer cells by placing a reporter and/or
cytotoxic gene/oncolytic virus under the transcriptional control
of the cancer or tissue-specific promoters (reviewed in refs.
21–24). Examples of promoters that have been used in previous
studies include the telomerase RNA subunit hTER and catalytic
subunit hTERT (25–30), tyrosinase (31), prostate antigen (32),
survivin (33), and midkine genes (34). Although the results from
these studies are promising, most notably those using hTERT,
limitations of these promoters are insufficient expression of
therapeutic genes, leaky expression resulting in toxicity to nor-
mal cells, or narrow specificity to a particular tumor type (23, 35).

It is beneficial to investigate other cancer-specific promoters for
their use in such therapy with hopes of finding one with high
efficacy and selectivity in a broad range of cancers.

Here we present evidence that the Rad51 promoter can be a
powerful tool in transcriptionally targeted gene therapy. Rad51
protein is overexpressed by an average of 5-fold in cancer cells.
Unexpectedly, when the Rad51 ORF is replaced with a reporter
ORF, the difference in promoter activity between normal and
cancer cells reaches up to 12,500-fold. This can be explained by
negative posttranscriptional regulation of Rad51 expression,
which is removed when the Rad51 ORF is replaced. The
dramatic difference in Rad51 promoter activity between normal
and cancer cells allows for the targeting of cancer cells with high
efficacy and selectivity. By transfecting cancer cells with the
bacteria diphtheria toxin A (DTA) gene, an inhibitor of protein
synthesis (36), we were able to decrease cell number and inhibit
de novo protein synthesis up to 100,000-fold in a variety of cancer
cells while having minimal effect on noncancerous cells. These
results open new avenues for the development of transcription-
ally targeted therapies using Rad51.

Results
Rad51 Protein and mRNA Are Elevated in Cancer Cells. We hypoth-
esized that because Rad51 is overexpressed in the majority of
cancer cells, the Rad51 promoter can be exploited for transcrip-
tionally targeted cancer therapy. We first examined the endog-
enous levels of Rad51 protein and transcripts in a panel of
human cancer and normal cell lines including: four breast cancer
cell lines HCC-1954, MDA-MB-468, T47-D, and MCF7; cervical
cancer cell line HeLa; fibrosarcoma line HT1080; transformed
kidney cells GP2–293; three lines of normal fibroblasts HCA2,
IMR-90, WI-38; and three normal human mammary epithelial
cell lines HMEC1, HMEC2, and HMEC4.

Rad51 transcript was examined using quantitative RT-PCR
(Fig. 1A and B) with primers to exons 1–3. The levels of Rad51
transcript were greater in cancer cells than in the normal cells
(P � 0.001, t test). On average (by pooling the data for all of the
noncancerous cells versus the cancerous cells) cancer cells had
3.5-fold increase in the transcript levels. The cell line with the
strongest Rad51 expression was T47-D, which had a 12.2-fold
increase when compared to HMEC4, which had the least
amount.

An alternatively spliced form of Rad51 is thought to have a
higher translation efficiency than the main transcript (37). This
form is also associated with an increased cancer risk in BRCA2
carriers (38). Therefore, we also compared the levels of the
alternatively spliced transcript in normal and cancer cells using

Author contributions: C.M.H., A.S., and V.G. designed research; C.M.H. and A.S. performed
research; C.M.H., A.S., and V.G. analyzed data; and C.M.H., A.S., and V.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

1To whom correspondence should be addressed. E-mail: vgorbuno@mail.rochester.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0807990106/DCSupplemental.

© 2008 by The National Academy of Sciences of the USA

20810–20815 � PNAS � December 30, 2008 � vol. 105 � no. 52 www.pnas.org�cgi�doi�10.1073�pnas.0807990106

http://www.pnas.org/cgi/content/full/0807990106/DCSupplemental
http://www.pnas.org/cgi/content/full/0807990106/DCSupplemental


quantitative RT-PCR (Fig. 1C). The cell lines HCA2, WI-38, and
GP2–293 did not have detectable alternative transcripts; while
HCC1954, T47-D, and MCF-7 had the highest levels (Fig. 1C).

On average, cancer cells showed a 2.5-fold increase in the
alternatively spliced Rad51 transcript, and this difference was
statistically significant (P � 0.037, t test).

We next analyzed the Rad51 protein levels in the 13 cell lines
by Western blot (Fig. 1D). The analysis shows that Rad51 is more
abundant in cancer cells when compared to normal cells (P �
0.001, t test). Rad51 protein levels were the greatest in T47-D
cells and the lowest in HCA2, resulting in a 25-fold differential.
On average, cancerous cells displayed a 5.7-fold increase in the
level of Rad51 protein.

Rad51 Promoter Activity is Dramatically Increased in Cancer Cells. To
test whether the differential expression of Rad51 can be used for
anticancer therapy we cloned the putative Rad51 regulatory
region including 2,931 nucleotides upstream to 3,601 nucleotides
downstream from the start of transcription (37, 39) (Fig. 1 A)
from total DNA isolated from normal human cells. We then
cloned the GFP ORF under the control of the Rad51 promoter.
The resulting construct, pRad51-GFP contains the 2,931 bp of
upstream regulatory sequences, the first noncoding exon of the
Rad51, and the first 12 aa of the Rad51 ORF. pRad51-GFP, was
transfected into HCA2, HT1080, and GP2–293 cells, and GFP
expression was analyzed by flow cytometry. The two cancer cell
lines, HT1080 and GP2–293 showed a large number of GFP�
cells (67% in GP2–293 and 34% in HT1080). Surprisingly, no
GFP� cells were detectable in the normal human fibroblasts
HCA2. This result suggested that the difference in Rad51-GFP
expression between the two cancer cell lines and the normal cells
was much more dramatic than the difference in endogenous
Rad51 levels.

Because the expression of Rad51-GFP was virtually undetect-
able in normal cells, we replaced GFP with firefly luciferase (Fig.
2A), a more sensitive reporter. The resulting construct, pRad51-
Luc, was transfected into the panel of 13 cancer and normal cell
lines and 72 h posttransfection cell extracts were tested for
luciferase activity (Fig. 2B). To normalize for differences in
transfection efficiency, cells were transfected with pEGFP-N1
vector and the number of cells with detectable GFP fluorescence
was scored by flow cytometry (Fig. 2C). The ratio between
luciferase activity and the number of GFP� cells was used as a
measure of Rad51-Luc expression. All of the cancer cell lines
displayed dramatically elevated Rad51 promoter activity (Fig. 2B
and supporting information (SI) Table S1). There was up to a
12,500-fold difference in luciferase activity between the lowest
activity cell line (HCA2) and the highest (HeLa). On average,
cancer cells displayed a �840-fold Rad51 promoter activity than
the normal cells. This difference in promoter activity is striking
and is much greater than the difference observed in the endog-
enous protein and transcript levels. We conclude that the
constructs containing Rad51 promoter in which Rad51 ORF is
replaced with a reporter or a cytotoxic gene hold a great promise
for transcriptional gene therapy.

Rad51 Promoter Fused to Diphtheria Toxin A Selectively Kills Cancer
Cells with Minimal Effect on Normal Cells. To test whether the
Rad51 promoter fused to a cytotoxic gene will selectively kill
cancer cells, we cloned the diphtheria toxin A ORF under the
control of the Rad51 promoter (Fig. 3A). We then examined the
effect of the Rad51-DTA fusion on cancer and normal cells. We
used two approaches to measure the toxicity to the cells: decline
in cell counts and inhibition of protein synthesis. The panel of 13
cell lines was transfected with increasing amounts of pRad51-
DTA plasmid and/or the promoterless pGL3 plasmid. Comple-
menting amounts of pGL3 were added so as to keep the amount
of plasmid DNA equal in each transfection. Cells were allowed
to express the transgene for 72 h, attached cells were harvested,
and then counted using a Beckman Coulter cell counter. Trans-
fection efficiency was determined by transfecting the cells with

Fig. 1. Rad51 mRNA and protein levels are increased in cancer cells. (A)
Diagram of the human Rad51 gene. Transcription start site is indicated by
arrow. Coding exons are represented by solid black boxes. Upstream to the
start of transcription is the Rad51 regulatory region. (B) Analysis of Rad51
transcript levels in normal and cancerous cells by quantitative RT-PCR. The top
bands are RT-PCR products of Rad51 mRNA and the bottom bands are RT-PCR
products of 18S subunit ribosomal RNA used as a reference. The histogram
represents the relative intensity of the Rad51 band normalized to the 18S
band. (C) Analysis of alternatively spliced Rad51 transcript levels by quantita-
tive RT-PCR. Same PCR primers are used as in B but the number of the PCR cycles
is increased and the gel is overexposed to visualize the less abundant alter-
native splice variant of Rad51. The top band is full length (not quantified
because of saturation), and the band directly below it is the alternative slice
variant. The histogram represents the relative intensity of the Rad51 splice
variant band with the 18S band used as a reference. (D) Western blot analysis
of Rad51 protein. Protein levels for each cell line were normalized using
�-tubulin as a loading control and are displayed in the histogram above the
gels. All of the experiments were repeated three times and error bars are SD.

Hine et al. PNAS � December 30, 2008 � vol. 105 � no. 52 � 20811

G
EN

ET
IC

S

http://www.pnas.org/cgi/data/0807990106/DCSupplemental/Supplemental_PDF#nameddest=ST1


a GFP vector in the absence of DTA. DTA inhibits protein
synthesis and triggers apoptosis and detachment of cells (40),
although the attached fraction may contain some cells at early
stages of apoptosis. The killing effect (Fig. 3B) at each dose of
the pRad51-DTA was expressed as a percentage of attached cells
transfected with Rad51-DTA construct relative to the transfec-
tion with the control plasmid pGL3 (see Materials and Methods
for the details). pRad51-DTA did not cause a decline in cell
counts in any of the normal cell lines. However, all cancer cell
lines displayed 30–80% reduction in cell survival. The observed
killing effect is likely to be an underestimate, as some early
apoptotic cells are counted as attached cells.

To measure inhibition of protein synthesis, we cotransfected
a pRad51-DTA and control plasmid, as described above, with
the firefly luciferase gene under the control of the SV40
promoter/enhancer element. Cells were harvested 72 h post-
transfection and luciferase activity was measured in the protein
extracts (Fig. 3C). Reduction in luciferase activity was used as a

measure of the inhibition of protein synthesis. Protein synthesis
in the six normal cell lines either did not change or decreased at
most 10-fold. One of the cancer cell lines, MDA-MB-468, did not
show a change, but the other six cancer cell lines had reductions
in protein synthesis that ranged from 10- up to 100,000-fold.
Various amounts of transfected pRad51-DTA had similar tox-
icities, which is consistent with the fact that very low levels of
DTA are sufficient to kill the cell (36). In summary, the
Rad51-DTA construct displayed moderate to very strong tox-
icity to six out of seven cancer cell lines that were tested, and had
minimal toxicity to normal cells. These results demonstrate the
feasibility of using the Rad51 promoter for targeted anticancer
therapy.

Discussion
Our study identifies the Rad51 gene promoter as a promising
cancer-specific promoter for transcriptionally targeted therapy.

Fig. 2. Rad51 promoter fused to luciferase gene shows dramatic difference
in promoter activity between normal and cancer cells. (A) Diagram of the
pRad51-Luc construct with the firefly luciferase gene under control of Rad51
promoter. Transcription start site is indicated by arrow. (B) Luciferase assays
measuring Rad51 promoter activity in 13 cell lines. Cells were transfected with
2 �g of pRad51-Luc and luciferase activity was analyzed in cell extracts 72 h
posttransfection. Luciferase activity was normalized for the efficiency of
transfection determined by transfection with GFP-expressing plasmid, shown
in C. The values for luciferase activity for all of the cell lines are provided in
Table S1. The experiments were repeated three times and error bars show SD.
(C) Transfection efficiency in 13 cell lines. In parallel with pRad51 luciferase
transfections shown in B, cells were transfected with 2 �g of the GFP-
expressing plasmid pEGFP-N1 and analyzed by flow cytometry 72 h posttrans-
fection. The parameters for FACS analysis were set so as to detect all cells with
green fluorescence above the background. This ensures that all transfected
cells are scored regardless of the differences in expression in different cell
lines. Efficiency of transfection is expressed as the percentage of GFP� cells.
The experiments were repeated three times and error bars show SD.
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Fig. 3. The construct containing Rad51 promoter fused to diphtheria toxin
A (DTA) gene selectively kills cancer cells. (A) Diagram of the pRad51-DTA
construct. Transcription start site is indicated by arrow. (B) Decline in cell
counts after transfection with pRad51-DTA. Cells were cotransfected with the
indicated amounts of pRad51-DTA and promoterless plasmid pGL3 to bring
the total amount of DNA in each transfection to 0.1 �g. Attached cells were
harvested 72 h posttransfection and counted using a Beckman Coulter
counter. For each cell line, the cell counts obtained after transfection with
pRad51-DTA were divided by cell counts in the control transfections with 0 �g
of pRad51-DTA and normalized for the efficiency of transfection. The exper-
iments were repeated three times and error bars show SD. (C) Inhibition of
protein synthesis by pRad51-DTA. In this experiment inhibition of SV40-
luciferase expression is used as a model of reduction in de novo protein
synthesis by DTA. Cells were transfected with pRad51-DTA and pGL3 as
described above along with 1 �g of a plasmid encoding firefly luciferase under
SV40 promoter. Cells were harvested 72 h posttransfection and subjected to
luciferase assay. For each cell line, luciferase activity after transfection with
pRad51-DTA was divided by luciferase activity in control transfections with 0
�g of pRad51-DTA. The experiments were repeated three times and error bars
show SD.
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Therapies based on the expression of suicide genes driven by
cancer-specific promoters offer an exciting possibility of selec-
tively eliminating cancer cells with no toxicity to normal tissue.
This approach has been attempted with several promoters, most
notably with the hTERT (human telomerase) promoter (re-
viewed in refs. 22, 23). These approaches, however, are slow to
transition into clinical trials because of several challenges that
need to be overcome, most important being safety and efficacy.
Safety issues involve the inability for current promoters to be
both absolutely selective for cancer cells and not significantly
active in normal cells. Efficacy issues arise from the weak activity
of the cancer-specific promoters.

Our results suggest that the Rad51 promoter offers superior
strength and selectivity. The activity of the hTERT promoter was
shown to be on average 10-fold higher in cancer cells than in the
normal cells (27, 30, 41, 42), while with the Rad51 promoter we
observe up to 12,500-fold increase in promoter activity. In a
study that used an hTERT-DTA fusion for selective killing of
cancer cells (25), hTERT-DTA decreased protein synthesis up to
68%, while with Rad51-DTA we observed up to 100,000-fold
decrease in protein synthesis using similar amount of DTA-
expressing construct. Furthermore, while hTERT is overex-
pressed in the majority of cancer cells, up to 15% of cancer cells
do not express it and rely on alternative, recombination-based
mechanisms to extend their telomeres, termed alternative
lengthening of telomeres (ALT) (43). Thus, a therapy based on
the hTERT promoter would not be effective in these cells. On the
basis of the comparison of our results with hTERT studies, Rad51
promoter-driven therapeutic constructs seem very promising.
These constructs may also be successfully used to treat ALT
tumors, which use recombination rather than telomerase for
telomere maintenance.

Overexpression of Rad51 in tumors has been described before
(6–8), however, no attempts have been made to exploit it for
transcriptionally targeted therapy, likely because the difference
in endogenous protein expression between normal and cancer
cells is relatively modest for this purpose. Serendipitously, we
found that when the Rad51 promoter is fused to another ORF
an unprecedented difference in promoter activity between nor-
mal and cancer cells is achieved. This can be explained by
complex posttranscriptional regulation of Rad51 expression.
Rad51 is a key protein in homologous recombination and its
activity is tightly controlled in mammalian cells, because unre-
strained recombination can wreak havoc in the repetitive human
genome. Although the promoter is greatly activated in cancer
cells the translation of the message may still be highly inhibited.
By replacing the Rad51 message we remove the posttranscrip-
tional regulation and reveal the dramatic difference in promoter
activity. Another possibility could be that a critical inhibitory
regulatory element has been (fortuitously) omitted in selecting
the segment of the Rad51 gene used to create the promoter
fusion.

We did not detect any GFP� cells in the normal cell lines
when we used Rad51-GFP construct. However, with the lucif-
erase reporter we observed a very low level of activity in normal
cells (Table S1). Because luciferase assay measures activity in
cell extract rather than in individual cells, we cannot distinguish
whether only a few normal cells express luciferase or all cells
express it at a very low level. The former possibility seems more
likely, considering extreme toxicity of diphtheria toxin (36).
However, the latter scenario is also possible, because a more
recent report has suggested that at least 10 molecules of DTA
(rather than 1) are required to kill the cell (44).

The next step in developing the Rad51-based therapy is to test
Rad51 promoter driven constructs in animal models in vivo. This
can be accomplished through packaging the constructs in a viral
vector system. Studies using the hTERT promoter have used both
replication-defective (45) and replication-competent (46, 47)

adenovirus as means for successful in vivo gene delivery.
Pseudotyped lentiviral vectors targeted to prostate cells con-
taining a prostate-specific promoter to control gene-of-interest
expression have also been used (48). Similarly, the Rad51
promoter can be used to specifically express a cytoxic gene
and/or a reporter gene in a replication-deficient virus by the
substitution of the adenoviral E1A genes with our Rad51
construct. Alternatively, the Rad51 promoter can be used to
control the expression of the E1A genes in what is known as a
conditionally replicating adenovirus, thus allowing the virus to
selectively kill cancer cells. The conditionally replicating system
is likely to further improve the specificity of the construct and
decrease the toxicity to normal cells.

In conclusion, we have demonstrated that fusion constructs
containing the Rad51 promoter are highly active in cancer cells
and repressed in normal cells. We performed the proof-of-
principle experiments to show that Rad51 promoter fused to a
cytotoxic gene kills a variety of cancer cells with high selectivity
and efficacy. These results open new avenues for developing
transcriptionally targeted therapies based on Rad51 promoter.

Materials and Methods
Cell Culture. All cell lines were grown in monolayer on treated polystyrene cell
culture dishes (Corning) at 37 °C in 3% O2, 5% CO2, and 97% relative humidity
in HERA Cell 240 incubators. Human normal fibroblasts HCA2, IMR-90, and
WI-38 used in this study were immortalized by constitutive expression of
hTERT from integrated pBABE-Puro retrovirus. Immortalized human foreskin
fibroblast line HCA2 and immortalized embryonic lung fibroblast IMR-90 and
WI-38 were maintained in MEM (ATCC) supplemented with 15% FBS; FBS,
(Gibco), and 1� Pen/Strep (Gibco). Normal human mammary epithelial cells
HMEC1, HMEC2, and HMEC4 (Clonetics) were maintained in MEBM (Lonza)
and supplemented with MEGM SingleQuots (Lonza), which contains BPE,
hEGF, insulin, hydrocortisone, and GA-1000. Human fibrosarcoma cell line
HT1080 (ATCC), human embryonic kidney line GP2–293 (Clontech), and hu-
man cervical carcinoma line HeLa (ATCC) were maintained in DMEM (Gibco)
supplemented with 10% FBS (Gibco), 1� Pen/Strep (Gibco), and 1� nones-
sential amino acids (Gibco). Breast epithelial carcinoma line MDA-MB-468
(ATCC) was maintained in Leibovitz L-15 (ATCC) supplemented with 10% FBS
and 1� Pen/Strep. Breast epithelial carcinoma line HCC-1954 (ATCC) was
maintained in RPMI-1640 (ATCC) and supplemented with 10% FBS and 1�
Pen/Strep. Breast epithelial carcinoma T47-D (ATCC) was maintained in RPMI-
1640 supplemented with 10% FBS, 1� Pen/Strep, and 0.01 mg/mL bovine
insulin (Sigma I 4011). Breast epithelial carcinoma line MCF7 (ATCC) was
maintained in MEM and supplemented with 10% FBS, 1� Pen/Strep, and 0.01
mg/mL bovine insulin.

Cloning of the Human Rad51 Promoter Region and Construction of pRad51-GFP,
pRad51-Luc, and pRad51-DTA Plasmids. The 6,532-bp Rad51 regulatory region
was cloned in two steps. In the first step, the region from 2,931 bp upstream
to 230 bp downstream from the start of transcription was PCR amplified using
the GC-rich PCR kit (Roche) with the primers 5�-AACATTAATGCACAGCAGGT-
GAGCAGCTAGCAAGCAAGC-3� and 5�-CGCACCGGTGCCATTACTCGGTCCG-
CAGCGCTCCTCTCTCCAGC-3�, and subcloned into the pEGFP-N1 plasmid
(Clontech) to replace the original CMV promoter by digesting both the PCR
product and plasmid with the restriction enzymes AseI � AgeI resulting in
pRad51(1/2) plasmid. In the second step, primers 5�-TCTGTAAACTCGCGCAG-
GATCAAGCTCTCG-3� and 5�-TCCACCGGTGTATCTGCATTTGCTTCAAGCT-
GCATCTGC-3� were used to PCR amplify 164 bp upstream to 3,601 bp down-
stream from the Rad51 transcription start site. An internal EcoRI site located
23 bp upstream of the start of transcription and the oligo-introduced AgeI
sites were used to digest both the PCR product and pRad51(1/2) plasmid,
followed by ligating the Rad51 gene fragment from 2,931 bp upstream to 24
bp upstream to the start of transcription with the fragment containing 23 bp
upstream to 3,601 bp downstream of the start of transcription. This two-step
method reconstitutes the wild-type full-length 6,532 bp Rad51 regulatory
region, containing 2,931 bp upstream to 3,601 bp downstream from the start
of transcription. The regulatory region includes the start of transcription, the
first exon (noncoding), the first intron, and the first 40 bp of the second exon
(coding), with the GFP gene ligated in frame after the 40-bp second exon
fragment. Final pRad51-GFP plasmid was tested by restriction enzyme diges-
tion and sequencing.

To transfer the full 6,532-bp Rad51 promoter region to the promoterless
pGL3-Basic (Promega), which contains the gene for firefly luciferase, the
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restriction enzyme sites AgeI and AseI had to be introduced into pGL3-Basic
polylinker by site-directed mutagenesis (Stratagene) with the following prim-
ers: 5�-CCGGAAGCTTACCGGTCGCCACCATGGAAGACGCC-3� and 5�-GC-
CAAGCTTAATTAATTCGCAGATCTCGAGCC-3�, resulting in pGL3-Basic(Age/
Ase) vector. The full-length Rad51 promoter region was then cut out of the
pRad51-GFP plasmid by the restriction enzymes AseI and AgeI and cloned into
the same sites in pGL3-Basic to create pRad51-Luc, with the translational start
of the firefly luciferase gene in frame with the first 12 amino acids of the Rad51
coding region and under the Rad51 promoter.

To construct pRad51-DTA, which contains the Rad51 promoter controlling
bacterial diphtheria toxin A gene, GFP was excised from pRad51-GFP with the
restriction enzymes AgeI and NotI and replaced with the gene encoding DTA.
The DTA gene was obtained by PCR amplifying the DTA coding sequence from
plasmid pROSA26KPN (from P. Soriano, Fred Hutchinson Cancer Research
Center, Seattle, WA) with the following primers to introduce an AgeI site at
the 5� end and a NotI site at the 3� end: 5�TTAGCGGCCGCTTAGAGCTTTA-
AATCTCTGTAGGTAG-3� and 5�-CCTACCGGTCGCCACCATGGATCCTGAT-
GATGTTG-3�.

Western Blots. Exponentially growing cells were harvested and counted on a
Beckman Coulter Z2 particle counter. Cells were resuspended in PBS pH 7.4
(Gibco) with Complete Protease Inhibitor Mixture (Roche) and lysed by mixing
with Laemmli sample buffer (BioRad) containing 5% 2-mercaptoethanol
(J. T.Baker), followed by boiling for 10 min with vortexing every 5 min. Protein
concentration was determined by DC protein assay (BioRad). Protein extracts
(25 �g) from each cell line were separated on a 10% SDS/PAGE, blotted onto
a nitrocellulose membrane (BioRad) and blocked in TBS-T with 1.25% dried
milk (wt/vol). Membranes were probed with mouse monoclonal primary
antibodies against human Rad51 (NeoMarkers) overnight or �-tubulin (Ab-
cam) for 2 h and probed with HRP conjugated goat anti-mouse secondary
antibodies (BioRad) for 2 h. The images were analyzed using ImageQuantTL
(Amersham).

Quantitative RT-PCR. Exponentially growing cells where harvested and
counted on a Beckman Coulter Z2 particle counter. mRNA was extracted using
the RNeasy Mini kit and QIAshredder (Qiagen) and concentrations were
determined by A260 nM spectrophotometry on a SmartSpec Plus (BioRad).
Titan one-tube RT-PCR (Roche) kit was used to amplify the 5� of Rad51 mRNA
using 0.4 �g of total mRNA and primers 5�CCAGAGACCGAGCCCTAAG-
GAGAGTGCG-3� and 5�-TGGCATTTATGCCACACTGCTCTAACCGTG-3�. The fol-
lowing PCR program was used to quantify the main transcript: (1) heat 0.4 �g
of RNA sample in 16 �L ddH2O at 85 °C for 3 min; (2) add enzyme/primer/dNTP
mix; (3) 50 °C for 30 min; (4) 94 °C for 2 min; (5) 10 cycles of 94 °C for 1 min, 60 °C
for 1 min, 68 °C for 1 min; (6) 15 cycles of 94 °C for 1 min, 60 °C for 1 min, 68 °C
for 1 min � 5 sec/cycle; and (7) 68 °C for 7 min. A similar PCR program was run
to examine the smaller alternative splice variant at the 5� end, with an
additional 5 cycles at step 6. Control PCR was performed at the same condi-
tions as experimental reaction with primers for 18S ribosomal subunit from
QuantumRNA 18S internal standards kit (Ambion) at 3:7 18S primer:compe-
timer mix. PCR products were run on a 1.5% agarose gel and analyzed by
ImagequantTL (Amersham).

Rad51 Promoter Activity and Luciferase Assays. Two micrograms of pRad51-Luc
or 2 �g of the pEGFP-N1 (Clontech) were transfected into 1 � 106 growing cells
of each of the 13 cell lines by Amaxa Nucleofector II electroporation. The

following Nucleofector programs and transfection solutions were used for
each cell line: HCA2, program U-20 and solution NHDF; IMR-90, program X-001
and solution NHDF; WI-38, program V-001 and solution NHDF; HMEC1,
HMEC2, and HMEC4, program Y-001 and solution HMEC; MDA-MB-468, pro-
gram X-005 and solution V; HT1080, program L-005 and solution V; GP2–293,
program A-023 and solution V; HCC1954, program A-023 and solution V;
T47-D, program A-023 and solution V; MCF7, program P-020 and solution V;
and HeLa, program I-013 and solution V. Cells transfected with pEGFP-N1 were
harvested 72 h posttransfection and analyzed by FACS analysis to determine the
percentage of cells with detectable GFP. Cells transfected with pRad51-Luc were
harvested and counted 72 h posttransfection and lysed using passive lysis buffer
(Promega) at a ratio of 200 �L/1 � 106 cells and then 20 �L of this extract was used
in the luciferase assay (Promega) using a GloMax20/20 Luminometer (Promega).

Analysis of the Effect of Rad51 Promoter Driven DTA on the Cells: Cell Counts
and Luciferase Assay. Cells were split, and 24 h later 1 � 105 cells of each cell
line were cotransfected with 0, 0.01, 0.02, 0.04, 0.08, or 0.1 �g of pRad51-DTA
supplemented with the control pGL3 basic plasmid to bring the amount of
DNA to 0.1 �g in each transfection, along with 1 �g of pGL3-control plasmid
containing firefly luciferase under the SV40 promoter using a Fugene 6 transfec-
tion reagent (Roche). Cells were harvested 72 h posttransfection and counted by
a Z2 particle counter (Beckman Coulter), and protein extracts were obtained by
lysing cells with passive lysis buffer (Promega) at a ratio of 50 �L/50,000 cells.
Twenty microliters of the extract were used for each luciferase assay.

To measure cell survival after pRad51-DTA transfection (Fig. 3B) it is essen-
tial to calculate the survival of transfected cells, because the total cell count
obtained 3 days after transfection with pRad51-DTA includes nontransfected
cells that continue to proliferate, while cells that are killed by DTA do not
proliferate. To calculate the percent survival of transfected cells (ST) we used
the formula:

ST � TSE/TSC � 100%,

where TSE is the number of transfected cells (cells that received the plasmid)
that survived after transfection with pRad51-DTA, and TSC is the number of
transfected cells that survived after control transfection with the GFP vector.
TSE and TSC are calculated as:

TSE or SC � H � kN,

where H is the total number of cells harvested 3 days after transfection, k is the
growth rate of nontransfected cells, calculated as the number of cells har-
vested 3 days after the control (GFP) transfection divided by the number of
cells plated. N is the number of cells that did not receive the plasmid, calcu-
lated as the total number of cells used for transfection multiplied by trans-
fection efficiency.

The experiment measuring the decline in luciferase activity after pRad51-
DTA transfection relative to the control transfection (Fig. 3C) did not require
a correction for transfection efficiency. This is because only the transfected
cells were expressing luciferase.
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