Taylor & Francis
Taylor & Francis Group
Cell Cycle

- ISSN: 1538-4101 (Print) 1551-4005 (Online) Journal homepage: http://www.tandfonline.com/loi/kccy20

Regulation of Rad51 promoter

Christopher M Hine, Hongjie Li, Li Xie, Zhiyong Mao, Andrei Seluanov & Vera
Gorbunova

To cite this article: Christopher M Hine, Hongjie Li, Li Xie, Zhiyong Mao, Andrei Seluanov & Vera
Gorbunova (2014) Regulation of Rad51 promoter, Cell Cycle, 13:13, 2038-2045, DOI: 10.4161/
€c.29016

To link to this article: http://dx.doi.org/10.4161/cc.29016

@ Published online: 29 Apr 2014.

N
CJ/ Submit your article to this journal &

||I| Article views: 287

A
& View related articles &'

P

(!) View Crossmark data (&'

CrossMark

@ Citing articles: 3 View citing articles &

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=kccy20

(Download by: [171.66.209.130] Date: 29 April 2016, At: 12:40 )



http://www.tandfonline.com/action/journalInformation?journalCode=kccy20
http://www.tandfonline.com/loi/kccy20
http://www.tandfonline.com/action/showCitFormats?doi=10.4161/cc.29016
http://www.tandfonline.com/action/showCitFormats?doi=10.4161/cc.29016
http://dx.doi.org/10.4161/cc.29016
http://www.tandfonline.com/action/authorSubmission?journalCode=kccy20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=kccy20&page=instructions
http://www.tandfonline.com/doi/mlt/10.4161/cc.29016
http://www.tandfonline.com/doi/mlt/10.4161/cc.29016
http://crossmark.crossref.org/dialog/?doi=10.4161/cc.29016&domain=pdf&date_stamp=2014-04-29
http://crossmark.crossref.org/dialog/?doi=10.4161/cc.29016&domain=pdf&date_stamp=2014-04-29
http://www.tandfonline.com/doi/citedby/10.4161/cc.29016#tabModule
http://www.tandfonline.com/doi/citedby/10.4161/cc.29016#tabModule

Downloaded by [171.66.209.130] at 12:40 29 April 2016

REPORT |

Cell Cycle 13:13,2038-2045; July 1,2014; © 2014 Landes Bioscience

Regulation of Rad51 promoter

Christopher M Hine', Hongjie Li, Li Xie, Zhiyong Mao*, Andrei Seluanov*, and Vera Gorbunova*

Department of Biology; University of Rochester; Rochester, NY USA

Current affiliation: 'Department of Genetics and Complex Diseases; Harvard School of Public Health; Boston, MA USA;

*School of Life Sciences and Technology; Tongji University; Shanghai, China

Keywords: Rad51 promoter, cancer, EGR1, p53, DNA repair, therapy resistance

The DNA double-strand break repair and homologous recombination protein Rad51 is overexpressed in the majority
of human cancers. This correlates with therapy resistance and decreased patient survival. We previously showed that
constructs containing Rad51 promoter fused to a reporter gene are, on average, 850-fold more active in cancer cells
than in normal cells. It is not well understood what factors and sequences regulate the Rad51 promoter and cause its
high activity in cancerous cells. Here we characterized regulatory regions and examined genetic requirements for onco-
genic stimulation of the Rad51 promoter. We identified specific regions responsible for up- and downregulation of the
Rad51 promoter in cancerous cells. Furthermore, we show that Rad51 expression is positively regulated by EGR1 tran-
scription factor. We then modeled the malignant transformation process by expressing a set of oncoproteins in normal
human fibroblasts. Expression of different combinations of SV40 large T antigen, oncogenic Ras and SV40 small T anti-
gen resulted in step-wise increase in Rad51 promoter activity, with all the 3 oncoproteins together leading to a 47-fold
increase in expression. Cumulatively, these results suggest that Rad51 promoter is regulated by multiple factors, and that
its expression is gradually activated as cells progress toward malignancy.

Introduction

The ability of cancer cells to become resistant to and evade
death due to chemo- and radiation therapy is a major problem in
the treatment of cancer patients. Therapy resistance is based on
several cellular processes. These include perturbations and loss of
function in programed apoptotic cell death pathways,' increases
in the metabolism and removal of chemotherapeutic drugs,*?
as well as cancer cell’s ability to repair DNA lesions induced by
therapy.? Changes in these cellular processes allow cancer cells
to continue through the cell cycle, potentially producing more
and more cells with genomic aberrations leading to more rapid
evolution of resistant clones. Understanding the mutations and/
or altered expression of the genes needed to support resistance is
of utmost importance for the development of new anti-cancer
therapies.

The majority of cancer therapeutics, such as cisplatin, eto-
poside, and radiation therapy, induce DNA damage and stalled
replication forks,’ rapid cell cycle in cancer cells,® and their lack
of cell cycle checkpoints;” these therapy-induced DNA lesions
and stalled forks result in double-strand breaks, chromosomal
instability, mitotic catastrophe, and, eventually, cell death’
Cancer cells cope with increased levels of double-stranded breaks
and stalled replication forks by overexpressing the recombinase
and DNA repair protein RAD51.%? Expression of Rad51 is
tightly controlled in normal human cells to decrease aberrant

chromosomal recombination.!®™ The opposite is seen in the
majority of human tumors and cancer cell lines, where Rad51
mRNA and protein levels as well as the promoter activity are
very high.!®!*1> Rad51 overexpression not only allows the cancer

1316 but is linked to metastasis'” and
19-21

cells to survive treatment,
aggressiveness'® of the disease and poorer patient prognosis.

Although the role of Rad51 in cancer development, progres-
sion and pathogenesis has been well established, very few studies
have examined the mechanisms behind the differential regula-
tion of Rad51 between cancerous and non-cancerous cells.'®#%
We previously cloned a segment of the Rad51 promoter region
spanning -2931 bp upstream to +3601 bp downstream rela-
tive to the start of transcription and analyzed promoter activity
in a variety of non-cancerous and cancerous human cell lines.
Promoter activity was measured by placing the open reading
frame (ORF) of firefly luciferase under the transcriptional con-
trol of this cloned Rad51 promoter.! Cancerous cells displayed
an average 850-fold increase in promoter activity compared with
non-cancerous cell lines, with a maximal difference of 12500-
fold. Due to such a large differential in promoter activity/
transgene expression, we further extended the use of our cloned
Rad51 promoter for use in targeted anti-cancer gene therapy.
By replacing the luciferase gene with that of diphtheria toxin-A
(DTA) to form pRad51-DTA, a number of human cancer cell
lines from breast cancer, fibrosarcoma, cervical cancer, and pros-
tate cancer were killed, while non-cancerous cells here relatively
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unharmed. These constructs were then used in vivo to visualize
human cervical carcinoma tumors in mice and then treat them
with favorable outcomes. These included reduction in tumor
burden and ascites volume while increasing survival.** Thus, we
established the Rad51 promoter as a potent cancer-specific driver
with potential for clinical applications in treatment and visual-
ization of tumors.

Questions still remain as to why the Rad51 promoter con-
struct showed such a large differential between cancerous and
non-cancerous cells. The tumor suppressor p53, mutated in
the majority of human tumors,?® had previously been shown to
interact with the Rad51 promoter and downregulate both Rad51
expression and promoter activity.”>**® Although in these stud-
ies the re-introduction or overexpression of p53 decreased the
activity of the Rad51 promoter in cancerous cell lines, it did not
repress it to near background levels that we observed in non-can-
cerous human cells. Here, we set out to investigate both cis acting
elements/regions on the Rad51 that promote or repress expres-
sion in normal and cancerous human cells as well as the trans
acting factors that stimulate promoter activity during cancerous
transformation of normal cells into cancerous.

In the present study, a series of deletions including the puta-
tive p53** and EGR1? binding sites were introduced into the
Rad51 promoter in the pRad51-Luc construct. These constructs
were then tested in hTERT immortalized normal human fibro-
blasts HCA2-T and in the human cancer cell lines HT1080 and
HeLa. No deletions were able to stimulate Rad51 promoter activ-
ity in HCA2-T cells, while several deletions including the EGR1
site deletion significantly decreased promoter activity in the
cancer cell lines, although these activities were still substantially
greater than detected in HCA2-T cells. As the EGRI site-spe-
cific deletions lead to universal reductions in promoter activity
for all 3 cell lines, and EGR1 transcription factor activity has
been associated with prostate cancer growth,?” we further looked
into EGRI regulation of Rad51 expression. We established that
the overexpression of EGR1 stimulates Rad51 promoter activity
up to 4-fold in HCA2-T cells, and this induction is dependent
on the presence of these EGR1 binding sequences. Due to the
inability of any of the mutations to robustly stimulate Rad51 pro-
moter activity in HCA2-T cells to levels seen in cancer cells, we
predicted that trans acting factors may be causing the increased
Rad51 promoter activity in cancer. To test this, we took HCA2-T
cells through a stepwise transformation using SV40 T antigens
to inhibit p53, pRb, and PP2A as well as pro-growth stimula-
tion with oncogenic RasV12.%2° Inhibition of p53 and pRb only
slightly induced Rad51 promoter activity, while oncogenic Ras
had no effect on its own. The combination of SV40 large T and
small T antigens and oncogenic Ras resulted in a 47-fold increase
in promoter activity. Taken together, trans acting factors are
needed to stimulate Rad51 promoter activity during tumorigen-
esis, and this stimulation is dependent of cis-regulatory elements
both in the 5" and 3" ends of the promoter region.

www.landesbioscience.com

Results

Identification of activating and repressing regions in Rad51
promoter

We previously cloned Rad51 promoter (-2931 bp upstream
to +3601 bp downstream from the start of transcription) in
the pRad51-Luc plasmid and showed that it is highly active in
human cancer cells and is repressed in non-cancerous cells.'”* In
order to identify the regions responsible for this differential regu-
lation we constructed a series of deletion constructs using avail-
able restriction enzyme sites within the promoter region: -2931
to -23, -2010 to -207, -656 to -138, +173 to +265, and +1675
to +3313 bp both upstream and downstream from the start of
transcription (Fig. 1A). In addition, specific sites hypothesized
to interact with the transcription factors p53; -160 to -115* and
EGRI1; -217 to -208 and +170 to +177% were deleted by site-
directed mutagenesis PCR (Fig. 1A).

Consistent with our earlier findings,'**

the promoter activity
was dramatically higher in the cancer cell lines than in the nor-
mal human fibroblasts cell line HCA2-T (Fig. 1B-D). No muta-
tion or deletion had stimulating effect on promoter activity in
HCAZ2-T (Fig. 1B), likely due to multiple repressive mechanisms
controlling Rad51 in normal cells. Although not a robust change,
deletion of the region -2010 to -207 resulted in a significant (P
< 0.05) 50% reduction in promoter activity. The deletion of p53
and EGRI sites from this non-cancerous cell line also resulted
slight but significantly (P < 0.05) reduction in promoter activity
by approximately 40% and 60%, respectively. The result for the
p53 site deletion is surprising due to previous work showing that
p53 downregulates Rad51 promoter activity at this site, albeit in
a cancer cell line.? This suggests p53 is not solely responsible for
repression of Rad51 expression, and that p53’s role in downregu-
lating Rad51 promoter activity may be cell type-specific or act
indirectly to repress Rad51 promoter activity, as recently shown
by Fong, et al.?® These results indicate that these regions are act-
ing to promote Rad51 expression, and deletions of these regions
result in repression of Rad51 activity in normal cells.

In the human cancer cells lines HT1080 and HeLa (Fig. 1C
and D), large deletions at -2931 to -23 and -2010 to -207 led
to an average decrease in promoter activity of 4-fold and 190-
fold, respectively (P < 0.05). Site-directed deletion of the EGRI
sites, similar to what was seen in HCA2-T cells, led to significant
decreases in Rad51 promoter activity of 50% in HT1080 and
70% in HeLa (Fig. 1C and D). One region deleted downstream
from the start of transcription that had a dramatic effect on Rad51
promoter activity in both cancer cells lines was between +173
to +265. Deletion of this region resulted in a 15-fold decrease
in promoter activity. This deletion removes the first exon/first
intron border, as the first exon 5" UTR ends at + 229 (Fig. 1A).
This results in a new 3296 bp 5" UTR compared with the 229 bp
wild-type 5" UTR and may influence the efficiency of translation
and/or RNA stability.
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Figure 1. Wild-type and deletion Rad51 promoter constructs and their activities in cancerous and normal human cells. (A) Rad51 gene promoter span-
ning —2931 to +3601 nucleotides relative to the start of transcription was cloned from normal human skin fibroblasts. This promoter fragment was
placed upstream of the firefly luciferase gene (F. Luc) in the promoter-less pGL3 Basic plasmid forming pRad51-Luc. To characterize positive and nega-
tive regulatory cis-elements within the Rad51 promoter, various deletions were made by restriction digest followed by re-ligation (A-2931 to —23, A
—2010 to —207, A =656 to —138, A +173 to +265, and A +1675 to +3313) or by PCR site directed mutagenesis (A p53, A EGR1). Black arrow inducates the
start of transcription, 5" UTR stands for the 5" untranslated region that is exon 1. (B) The activity of the promoter constructs described above was tested
in hTERT-immortalized normal human fibroblast cell line HCA2-T. (C) The activity of the promoter constructs in fibrosarcoma cell line HT1080. (D) The
activity of the promoter constructs in HelLa cells. All experiments were repeated at least 4 times, and error bars show s.d. *Asterisk indicates P < 0.05.
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Deletions at -656 to -138, -160
to -115 (p53 site) and +1675 to
+3313 resulted in slight increase in
Rad51 promoter activity in the 2
cancer cell lines (Fig. 1C and D).
Taken together, the deletion data
indicates the regions stimulat-

N
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ing Rad51 promoter activity and
allowing for overexpression in can-
cer cells are located in the region
between -2931 to -656 and at the
putative EGR1 biding sites.
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moter activity in both normal

and cancer cells (Fig. 1). Because
overexpression of EGR1 has been
linked to several cancers,?!
decided to closer examine EGR1’s
role in Rad51 promoter activity
in the HCA2-T cells. As shown

in Figure 2, deleting each of the

Figure 2. Putative EGR1 binding sites are necessary for maximum Rad51 promoter activity and for the
stimulation by EGR1 overexpression. (A) Putative EGR1 binding sites contribute to Rad51 promoter activity.
we Promoter constructs containing deletions of the first site (217 to —208) and the second site (+170 to +177)
individually and in combination were tested in HCA2-T cells by luciferase assay. (B) EGR1 overexpression in
HCA2-T cells stimulates Rad51 promoter activity, and this stimulation is dependent on the presence of the
putative EGR1 biding sites. The wild-type pRad51-Luc plasmid was co-transfected with either 2.0 pg pCMV-
EGFP (control) or 2.0 ug CMV-EGR1 plasmid into HCA2-T cells. Luciferase assays were performed 72 h post-
transfection. All experiments were repeated 4 times, and error bars show s.d. *Asterisk indicates P < 0.05.

EGR1 sites separately reduced
Rad51 promoter activity, but the
effect did not reach statistical significance. The combination of
the 2 EGRI site deletions was synergistic and resulted in a signif-
icant reduction (Fig. 2A). We next examined if overexpression of
EGRI1 could stimulate Rad51 promoter activity and whether the
stimulation is dependent on these EGRI sites. Co-transfection
of 2 pg of CMV-EGRI overexpression plasmid along with wild-
type pRad51-Luc resulted in a 4-fold increase in promoter activ-
ity (Fig. 2B) (P < 0.05). This increase in promoter activity by
EGR1 overexpression was abolished when the 2 EGRI sites
were deleted on the Rad51 promoter in conjuncture with EGR1
overexpression, resulting in 67% decrease in promoter activity
(P < 0.05) (Fig. 2B). These results indicate that EGR1 promotes
Rad51 expression, and this stimulation of Rad51 promoter activ-
ity is requires nucleotides -217 to -208 and +170 to +177.

Tumorigenic transformation of HCA2-T cells activates the
Rad51 promoter

Malignant transformation of human dermal fibroblasts can
be achieved by ectopic overexpression of telomerase, oncogenic
Ras, and the knockdown of the tumor suppressors p53 and pRb
with SV40 Large T antigen and knockdown of PP2A and pos-
sibly constitutive mTOR activation with Small T antigen.?8-3%-32.33
Due to no mutations in the Rad51 promoter resulting in robust
stimulation of promoter activity in the non-cancerous cells and
EGRI1 overexpression only giving a 4-fold increase, we examined
whether the transfection of these oncogenic factors could activate
Rad51 promoter activity (Fig. 3).

Co-transfection of pRad51-Luc with oncogenic Ras (Ras
G12V), a potent initiator of malignant transformation,**
did not change Rad51 promoter activity (Fig. 3). Similarly,

www.landesbioscience.com

co-transfection of pRad51-Luc with Small T antigen; resulted
in non-significant increase in Rad51 promoter activity (Fig. 3).
However, transfection of Large T antigen; which knocks down
the activities of the tumor suppressors p53 and pRbD, resulted
in slight enhancement (2—4-fold) in Rad51 promoter activity
(Fig. 3). This suggests that the large differential between non-
cancerous and cancerous cells is not due entirely to repression
by these 2 powerful tumor suppressors consistent with the dele-
tion of the proposed p53 binding region being unable to enhance
Rad51 promoter activity in the non-cancerous cell line (Fig. 1B).
It was not until we combined Ras with Large T antigen, the min-
imum combination known to transform some mammalian cells,
that we observed a dramatic; 16-fold, increase in Rad51 promoter
activity (P < 0.05) (Fig. 3). Addition of the Small T antigen to
Ras and Large T antigen regimen resulted in a 47-fold increase
in Rad51 promoter activity over pRad51-Luc alone (P < 0.05)
(Fig. 3). In summary, these results indicate that Rad51 promoter
activity increases gradually as cells progress toward malignancy,
with a dramatic increase observed in malignant cells.

Discussion

Rad51 promoter shows a dramatic, up to 850-fold difference
in activity between normal and cancerous cells.'”** Mechanisms
responsible for this differential are poorly understood. In the pres-
ent study we identified activating and repressing regions within
Rad51 promoter in normal and cancerous cells. Interestingly,
none of the promoter deletions were able to increase the activity
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Figure 3. Step-wise oncogenic transformation of normal human fibro-
blasts stimulates Rad51 promoter activity. HCA2-T cells were transfected
with wild-type pRad51-Luc and various combinations of plasmids encod-
ing oncoproteins: SV40 Large T antigen (Large T), SV40 Small T antigen
(Small T), oncogenic RasV12, or GFP (control) and Rad51 promoter activ-
ity was measured by luciferase assay. Luciferase assays were performed
72 h post-transfection. The experiments were repeated at least 3 times,
and error bars show s.d. *Asterisk indicates P < 0.05.

in normal cells. In the cancerous cells, deletion of the regions -656
to -217, -208 to -115, and +1675 to +3313 resulted in increased
promoter activity, suggesting that these regions downregulate the
promoter. While deletion of the regions located between -2931
to -656, -217 to -208, and -115 to +1675 represses the pro-
moter activity, suggesting that these regions positively regulate
the promoter. Regions that downregulate expression are located
between -656 to -217, -208 to -115, and +1675 to +3313 (Fig. 4).
Interestingly, deletion of the p53 binding site did not stimulate
the promoter in normal cells but showed a trend toward increase
in promoter activity in the cancerous cells.

Previously, Rad51 overexpression in cancer cells was likened
to transcriptional de-repression at the promoter'? by loss of func-
tional p53 repressing at a proposed core promoter site of ~160 to
-115*2% and loss of E2F4/p130 repression® at base pairs -31 to
-21% due to hyperphosphorylation of p130 during cell cycle.*®
This same sequence between -31 to -21 could then activate Rad51
expression via the oncogenic BCR/ABL fusion tyrosine kinase
constitutively activating STATS transcription.??”%% Additionally,
possible changes in CpG island methylation states between base
pairs -116 to -92 as well as translational/posttranslational regula-
tion were suggested to affect Rad51 expression and lead to the
differential between cancerous and non-cancerous cells.?

While our data does not contradict these findings, our results
and those of Fong, et al.,? performed in different cell types using
a longer Rad51 promoter region, suggest that the regulation of
Rad51 expression is far more complex and cannot be explained
by one or 2 factors changed during tumorigenesis affecting the
level of transcription. This is evident in our experiment, which
modeled the carcinogenesis process in HCA2-T cells by intro-
ducing SV40 Large T, Small T, and oncogenic Ras. Even though
we obtained a robust (47-fold) increase in Rad51, this is still

2042 Cell Cycle

overshadowed by an average 850-fold increase in Rad51 pro-
moter activity seen in cancer cells.'”* Likewise, we showed that
EGRI1 upregulates the Rad51 promoter at the specific sites -217
to -208 and +170 to +177. However, this upregulation was only
on the order of 4-fold (Fig. 2). These results suggest that other
factors involved in tumorigenesis and cancer cell survival are per-
turbed during cancer progression to achieve this high level of
Rad51 promoter activity.

The additional increase in Rad51 promoter activity conferred
by expression of the Small T antigen could be due to both PP2A
inhibition and inhibition of the 4E-BP1 translation factor. The
latter leading to increased translation via elF4E and mTOR
activation.”# Interestingly, inhibition of eIF4E in cancer cells,
but not in normal cells, sensitizes them to ionizing radiation by
downregulating the translation of Rad51 mRNA in to protein.”!

None of the deletions made to the Rad51 promoter completely
shut it down in the 2 cancerous cell lines to levels detected in
non-transformed HCA2-T cells (Fig. 1). Since these deletions
encompass various areas of the Rad51 promoter region, including
the entire upstream region, portions of the 5 UTR and the st
intron, this again suggests that regulation of the Rad51 expres-
sion is complex and involves cis and trans factors and elements
operating at the level of transcription, RNA processing, stabil-
ity, translational initiation, elongation, and posttranslational
modifications.

Targeting expression of diagnostic reporter genes and cyto-
toxic/therapeutic genes specifically to cancerous cells would pro-
vide a powerful tool for the diagnosis and treatment of cancer.
For this approach to be safe and effective, the expression must be
driven by cancer-specific promoter/regulatory elements.* This
approach has been slow to transition into the clinic, mainly due
to safety and efficacy issues. These promoter constructs must be
highly specific to cancer cells as well as strong enough to express
the transgene in high levels. Furthermore, safe and efficient
gene delivery tools are needed. We previously validated Rad51
promoter constructs as potent drivers of cancer-specific gene
expression.'”?* However, the Rad51 promoter region used in our
earlier studies was too long for efficient viral-mediated delivery.
The results of the present study will aid in developing next gen-
eration Rad51 promoter-based constructs by deleting segments
that repress the promoter in cancer cells without increasing the
activity in normal cells. Maintaining the regions that stimulate
expression and removing those that represses the Rad51 promoter
in normal cells could improve both the safety and efficacy of
Rad51 promoter driven anti-cancer diagnostics and therapies and
thus foster their translation into the clinic.

Materials and Methods

Cell culture

All cell lines were grown in monolayer on treated polysty-
rene cell culture dishes (Corning) at 37 °Cin 3% O,, 5% CO,,
and 97% relative humidity in HERA Cell 240 incubators. The
human normal fibroblast line HCA2-T was immortalized by
expression of hTERT from integrated pBABE-Puro retrovirus.
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HCA2-T cells were maintained in
MEM (ATCC) supplemented with
15% FBS; FBS, (Gibco), and 1x
Pen/Strep (Gibco). Human fibro-
sarcoma cell line HT1080 (ATCC)
and human cervical carcinoma line
HelLa (ATCC) were maintained in
DMEM (Gibco) supplemented with
10% FBS (Gibco), 1x Pen/Strep
(Gibco), and 1x nonessential amino
acids (Gibco).

Cloning of the human Rad51
promoter region and construction of
the wild-type pRad51-Luc plasmid

The 6532-bp wild-type Rad51 pro-

-208 -115 +1,675

4230 “S~o_ _e="T 43,601
~o" Translation
Start

-2,931 -656 =217 +1

= Activating

N
I

Repressing

Figure 4. Diagram summarizing activating and repressing regions in Rad51 promoter in cancerous cells.
The diagram is a compilation of data shown in Figure 1C and D, where the activity of Rad51 promoter
constructs containing various deletions was tested in HT1080 and Hela cells. Regions that activate
expression are between —2931 to -656, —217 to —208, and —115 to +1675. Regions that downregulate

expression are between -656 to —217, —208 to —115, and +1675 to +3313.

moter, spanning nucleotides -2931
upstream to +3601 downstream rela-
tive to the start of transcription was cloned from human der-
mal fibroblast cell line HCA2 as previously described.”® This
promoter region was engineered to control the expression of
the reporter gene firefly luciferase by its incorporation into the
pGL3 basic vector (Promega) by first introducting the restriction
enzyme sites Agel and Asel into the pGL3-Basic polylinker by
site-directed mutagenesis (Stratagene) with the following prim-
ers: 5'-CCGGAAGCTT ACCGGTCGCC ACCATGGAAG
ACGCC-3"  and 5-GCCAAGCTTA ATTAATTCGC
AGATCTCGAG CC-3'. This results in the pGL3-Basic(Age/
Ase) vector. The full-length Rad51 promoter region was then
subcloned by cutting its terminal 5" and 3’ ends with the restric-
tion enzymes Asel and Agel and ligated 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.
Plasmid production of pRad51-Luc and subsequent mutant pro-
moters was performed by transforming the plasmids into MAX
Efficiency Stbl2 Chemically Competent Cells (Invitrogen) fol-
lowed by isolation and purification with the EndoFree Plasmid
Maxi Kit (Qiagen).

Construction of mutant Rad51 promoters

pRad51-Luc plasmids (in pGL3 Basic) were subjected to
restriction enzyme digestion (New England Biolabs), gel purifi-
cation using the QIAquick Gel Extration Kit (Qiagen) and sub-
sequent creation of blunted ends with Klenow Enzyme (Roche)
and rapid ligation using the Rapid DNA Ligation Kit (Roche) and
plasmids produced using the MAX Efficiency Stbl2 chemically
competent cells (Invitrogen) followed by isolation and purifica-
tion with the EndoFree Plasmid Maxi Kit (Qiagen). Sites deleted
and the enzymes used are as follows: -2931 to -23 (EcoR1 and
Asel), -2010 to -207 (Bglll and Mlul), -656 to -138 (Xhol),
+173 to +265 (Sacll), and +1675 to +3313 (Ndel). Site-specific
deletions of proposed p53 (-160 to -115) and EGR1 (-217 to
-208 and +170 to +117) were accomplished using the manu-
facturer’s recommendations for the QuikChange Site-Directed
Mutagenesis Kit (Agilent Technologies). Sequences to be deleted
were determined from previously published works identifying the
p53 site* and the EGRI sites.”
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Transfections and luciferase analysis comparing wild-type
and mutant pRad51-Luc constructs

The pRad51-Luc and mutant plasmids were transfected into
HCA2, HT1080, or HeLa cells by electroporation. Briefly, the
equivalent of 2 pg of either wt or the mutant forms of pRad51-
Luc (so all transfections contained the same number of plasmids)
were transfected into 1 x 10° growing cells of each of the 3 cell
lines by Amaxa Nucleofector II electroporation. The following
nucleofector programs and transfection (Lonza/Amaxa) solutions
were used for each cell line: HCA2, program U-20 and solution
NHDF; HT1080, program L-005 and solution V; HelLa, pro-
gram 1-013 and solution V. After transfection, cells were incu-
bated for 72 h as described above, then harvested, counted using
a Z2 Coulter Counter (Beckman Coulter), and lysed using equal
passive lysis buffer (Promega) at a ratio of 200 wL/1 x 10° cells.
Twenty microliters (20 L) of this extract was used in each indi-
vidual luciferase activity assay (Promega) using a GloMax20/20
Luminometer (Promega). Each transfection was performed 2-3
times, and each individual sample was assayed in duplicate.

EGR1 stimulation of Rad51 promoter activity

EGRI transcriptional regulation of Rad51 promoter activity
was tested by transfecting 2 pg pRad51-Luc or EGR1 mutant
pRad51-Luc plasmids into the 3 cell lines via electroporation
and then assaying for luciferase activity. Additionally, EGR1
was overexpressed in HCA2-T and analyzed for its stimulation
of Rad51 promoter activity by co-transfecting 2 pg of wild-type
or mutant pRad51-Luc along with 2 pg of the EGR1 overexpres-
sion plasmid CMV-EGR1 (Origene SC128132) and analyzed for
luciferase activity.

Tumorigenic transformation of HCA2-T cells and its effect
on Rad51 promoter activity

Step-wise tumorigenic transformation and its effect on
Rad51 promoter activity in HCA2-T cells was accomplished
by co-transfection of pRad51-Luc with combinations of plas-
mids encoding oncogenes, incubating the cells for 72 h, and
then assaying for luciferase activity as described above. Each co-
transfection by Amaxa Electroporation maintained a total of 4
pg of plasmid DNA, so as to not alter the efficiency of trans-
fection. The co-transfection regimens were: (1) (Control); 3 pg
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pEGPFE-N1 (Clontech), and 1 pg pRad51-Luc; (2) 1 pg pEGPEF-
N1, 1 pg pRad51-Luc, and pSG5 Large T (Addgene 9053); (3) 2

pg pEGPE-N1, 1 pg pRad51-Luc, and 1 pg pRas-V12 (Addgene
1786); (4) 1 pg pEGPF-N1, 1 pg pRad51-Luc, 1 pg pRas-V12,

and 1 pg pSGS5 Large T; (5) 1 pg pRad51-Luc, 1 pg pRas-V12,
1 pg pSG5 Large T, and 1 pg pBabe Small T (Addgene 8583).

Statistical analysis

standard deviations were calculated using Microsoft Excel and

All transfections were repeated at least 3 times. Mean and
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