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Abstract: One of the key issues in cancer radiotherapy research is to sensitize tumor cells to the cell
killing effects of ionizing radiation while leaving normal tissues intact. One potential approach to achieve
this is through tumor-specific targeting of DNA repair genes. In this study, we engineered a replication-
deficient adenovirus encoding a mini shRNA gene targeted to the DNA-PKcs gene, which is involved in
double strand break DNA repair, and evaluated its anti-tumor efficacy in combination with radiotherapy.
Our shRNA-encoding adenovirus showed significant efficacy in down-regulating the levels of the DNA-
PKecs protein that was accompanied by increased radiation sensitivity in the human HCT116 colon cancer
cells. However, when delivered intratumorally to xenograft human tumors, minimal anti-tumor effects of
the virus were seen either alone or in combination with radiation therapy, suggesting an inefficiency of the
non-replicative adenovirus in delivering shRINA genes to the tumor mass. When a conditionally replicative
adenovirus targeted to telomerase-positive tumor cells was used in conjunction with the DNA-PKcs-targeted
shRINA-encoding non-replicative adenovirus, the efficiency of tumor-specific anti-DNA-PKcs shRNA gene
expression was enhanced significantly. Most importantly, this enhanced shRNA expression led to significant
anti-tumor efficacy of concurrently delivered radiation therapy. Our results suggest our shRINA-based DNA-
PKcs-targeting approach in combination with tumor-targeting replicative adenovirus is a promising method
to sensitize solid tumors to radiation therapy.
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Introduction However, even with increased precision radiotherapy has
its limits. The total radiation dose that can be delivered
to cancer is limited by damage to normal tissues that are
irradiated during radiotherapy (2). Therefore, new agents

that can selectively increase the radiation sensitivity of

Radiation therapy is commonly used in the primary or
adjuvant setting for treatment of various solid tumors. In
some circumstances, it is also used as the primary treatment

for surgically inoperable patients with localized diseases (1).
One of the main advantages of radiation therapy is that
delivery of radiation to the tumor can be achieved in a
targeted manner, especially with new technologies such as
Intensity Modulated Radiation Therapy (IMRT), which
makes delivery of radiation therapy even more accurate.
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tumor cells are highly desired because they may enhance
the efficacy of radiotherapy significantly without increasing
damage to adjacent normal tissues.

There have been many previous efforts in developing
radiosensitizing agents. Examples include those that are
targeted to tumor hypoxia (3) and those that are aimed
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at disrupting DNA structure such as DNA nucleotide
homologs iododeoxyuridine (IrdU) and bromodeoxyuridine
(BrdU) (4). Limited success has been associated with those
types of radiosensitizers.

The deciphering of molecular mechanisms for
DNA double strand break (DSB) repair in recent
years offered exciting opportunities to develop novel
radiosensitizing agents that are mechanism-based.
One of the most important molecular factors for DSB
repair DNA-dependent protein kinase (DNA-PK). It is
a holoenzyme with three subunits: the two regulatory
subunits Ku70, Ku80 and the catalytic subunit DNA-
PKcs. Ku70 and Ku80 are regulatory subunits that are
responsible for binding DNA double strand breaks and
recruiting of DNA-PKes, which is the catalytic subunit
that phosphorylates a variety of downstream factors that
collectively are responsible for coordinating cellular
response to induction of DSBs. Previous studies have
indicated that deficiencies in any one of the three subunits
of the DNA-PK holoenzyme will make the host cells
extremely sensitive to the cell-killing effects of ionizing
radiation (5-7). These findings indicate that DNA-
PK subunits may provide promising targets to enhance
radiation therapy. Similarly, other DSB repair and DNA
damage response genes, such as ATM (8), XRCCI (9),
NBSI1 (10), DNA Ligase IV (11), are also good molecular
targets for radiosensitization. Indeed, there have been
recent studies indicating that inhibition of DNA-PK,
ATM/ATR with small molecule inhibitors can enhance
the therapeutic efficacy of radiation therapy (12-15). A
potential drawback of the chemically based approach,
however, is that such strategies will sensitize both normal
and tumor tissues to radiation therapy. Therefore, novel
approaches that can deliver these sensitizers selectively
to tumor tissues are highly desirable for small molecule-
based radiosensitizers targeted to DNA repair proteins.

Another promising approach to achieve tumor specific
targeting of DNA repair proteins for the purpose of
sensitizing tumor cells to radiotherapy is tumor-specific
delivery of shRNA (small hairpin RNA) that are targeted
at the DNA repair proteins. The main advantage of
such a strategy is that DSB repair proteins could be
inhibited with high specificity and thus achieving a wider
therapeutic ratio between normal and tumor tissues. A key
to the success of such an strategy is the availability of gene
delivery vectors that can reach tumor cells specifically.

One strategy to achieve this goal is to use a vector that

© Pioneer Bioscience Publishing Company. All rights reserved.

will selectively replicate in tumor cells. For example,
an adenovirus vector that can selectively replicate in a
telomerase-dependent manner would be highly specific to
tumor cells because the vast majority of normal tissues do
not express telomerase (16).

In the present study, we evaluated the efficacy of tumor-
specific delivery of an DNA-PKecs targeted shRNA to
sensitize human xenograft tumors to radiation therapy. A
conditionally replicative adenovirus that selectively target
telomerase-positive tumor cells (17) was combined with a
replication-deficient adenovirus vector to efficiently deliver
a shRNA-encoding minigene that targeted the DNA-
PKcs subunit of the DNA-PK holoenzyme. Our strategy
was based previous publications indicating that targeting
of DNA-PK genetically through the use of siRNA or
shRINA can effectively sensitize tumor cells to ionizing
radiation (18,19). It is also based on our prelimary data
that combining a replicative and a non-replicative virus
vector could enable the non-replicative virus to replicate
in a manner that is dependent on the replicative virus. Our
results indicated a significant enhancement of radiation

therapy efficacy by this approach.

Methods
Cell culture

We have used the following cell lines in this study: (I) HEK
293, an adenovirus E1 gene transduced human embryonic
kidney cell line for adenovirus packaging and expansion;
(IT) HCT116, a human colon cancer cell line obtained from
the Tissue Culture Facility at Duke University Medical
Center. The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Invitrogen Inc.) with 10% fetal
bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C, 5% CO,.

Designing shRINA-encoding minigenes targeted at
DNA-PKcs

To design the shRNA-encoding minigenes, we utilized a
Internet-based program available at the website of Ambion
Inc (Austin, TX). Oligonucleotide DNA sequences based
on these targeting sequences were then synthesized by
commercial sources. These oligos contain two 19-mer
complimentary targeting sequences with a loop sequence
separating them and a polythymidine tract to terminate
transcription. In addition, they were engineered to possess
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Bam HI- and Hind III-compatible overhangs that facilitate
their ligation into the expression vector pSilencer2.0
(Ambion Inc., Austin, TX), which is a plasmid with a
human U6 gene based RNA polymerease III promoter.
The derived DNA-PKcs-targeted minigene-encoding
plasmid was pSilencer-shDNA-PKcs. The targeting
sequence is: GAACACTTGTACCAGTGTT, which
correlates the nucleotide 381-399 of DNA-PKcs gene
(accession#U47077). The control plasmid was pSilencer-
shNT (for non-targeted, obtained from Ambion), which is
a plasmid with a similar structure but encoding a nonsense
minigene with no homology to any known sequences in the
human genome. The sequence of the scrambled minigene
is: AATTCTCCGAACGTGTCACGT.

Adenovirus production

The AdEasy system of adenovirus packaging, including
plasmid pAdtrack, pAdeasy-1 and the packaging E. coli
BJ5183 cells was commercially purchased from Stratagen
Corporation. The shRNA-encoding gene expression
cassette (with the U6 gene promoter) was then excised
by Pvu II/ Hind III from pSilencer-shDNA-PKcs and
subcloned into the EcoRV/HindlIII sites of pAdTrack.
The resulting plasmid was pAdTrack-shDNA-PKecs.
Packaging and production of the adenovirus that carries
the DNA-PKcs targeted shRNA gene was carried
out by following manufacturer’s protocol. Briefly, the
pAdtrack-U6-shDNA-PKcs plasmid was linearized by
Pme I and then recombined with pAdeasy-1 plasmid in
recA+ bacteria B]5183. The resultant pAdeasy-shDNA-
PKcs was then transfected into relatively low passage
(passage#<30) 293 cells after linearization by Pac I.
After 7-10 days, we obtained infectious adenovirus
vector, AdshDNA-PKecs. Large-scale preparation of the
virus particles was carried out subsequently following
established protocols.

Quantitative PCR assessment of DNA-PKcs messenger
RNA level

To measure the level DNA-PKcs mRNA in cells that have
been infected with the shRNA-encoding adenovirus vectors,
quantitative PCR (Q-PCR) technology was used. Forty
hours after infection by adenovirus vectors (AdshNT or
AdshDNA-PKcs), total RNA from the infected cells were
extracted by use of the RNAeasy kit (Qiagen, Valencia, CA).
Afterwards, cDNA from the mRNA were synthesized by use
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of the SuperScript first-strand synthesis system for RT-PCR
(Invitrogen, Carlbad, CA). The cDNA was then used as
templates in Q-PCR reactions. The Q-PCR reactions were
carried out by use of the QuantiTech SYBR Green PCR
kit (Qiagen, Valencia, CA) in the Chromo 4 Four-Color-
Real-Time System (M] research, Waltham, MA). Relative
quantification of DNA-PKcs was done by comparative
CT method. The relative amount of target (DNA-PKcs),
normalized to an endogenous sequence, is given by 27,

The primers used for the amplification of the DNA-
PKecs gene were:

(forward) 5'- GTGGCTTTTAGCTCATTGTGG-3'

(reverse): 5'- CCACAAATTAGGGGATCTGTTG-3'

The sequence for the B-actin primers were:

(forward) 5'-TCAAGATCATTGCTCCTCCTG-3'

(reverse) 5'-CTGCTTGCTGATCCACATCTG-3".

Irradiation

Irradiation of cells were carried out using an experimental,
320 KeV x-ray irradiator (PXI, XRAD320, North Branford,
CT). The dose rate used was 1 Gy/minute. The dose levels
were chosen to be clinically relevant and/or to achieve

significant cell killing.

Tumor growth delay studies
About 5x10° of HCT116 cells (in 50 pL. PBS) were

inoculated subcutaneously into nude mice. After tumor
mass reach 5-7 mm in diameter, recombinant adenovirus
viruses were injected into the tumor mass. Twenty-four
hours later, the tumors were irradiated with an experimental
X-irradiator (XRAD320). The irradiated dose was chosen
to achieve significant tumor growth delay yet at sub-
eradication level to allow the radiosensitizing effect of the
shRNA to be evaluated. Each treatment group consisted
of 8-10 animals. Growth curves are plotted as the mean
relative treatment group tumor volume + standard error
(SE). The following formula was used to calculate tumor
volume (20): V=(1/2) W* x L (W, the shortest dimension; L,
the longest dimension).

Immunohistochemistry staining for DNA-PKcs

Immunohistochemistry was performed using 8-10 pm
serial sections of frozen tissue placed onto positively
charged glass slides using a single-staining procedure.
Sections were fixed in 4 °C cold acetone for 10 min.
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After endogenous peroxidase activity was quenched with
3% hydrogen peroxide for 15 min, tumor sections were
blocked with 10% donkey serum for 15 minutes. Sections
were incubated in DNA-PK-specific monoclonal
antibodies (2 pg/mL) (Roche Diagnostics, Indianapolis,
IN), overnight at 4 °C. After rinsing 3x5 minutes with
Tris-buffered saline (TBS), biotinylated donkey anti-
mouse antibody (Jackson Immunoresearch, PA, USA)
was applied for 30 min at room temperature. The slides
were washed with TBS for 3x5 minutes, followed by
application of an avidin-biotin complex (Vectastain ABC
kit, Vector Lab, Inc., Burlingame, USA). Location of
the reaction was visualized with 3, 3'-diaminobenzidine
tetrahydrochloride (DAB chromogen, Vector Lab, Inc.,
Burlingame, USA). Slides were counterstained with
hematoxylin. Omission of the primary antibody served
as negative control. Staining was evaluated at lower
magnification (x400) by acquiring digital images of 5
randomly chosen fields and averaged.

Ethics Statement

All animals were handled in strict accordance with good
animal practice as defined by the relevant national and/
or local animal welfare bodies, and all animal work
was approved Duke University Animal Care and Use
Committee.

Results and discussion

Effective down-regulation of the DNA-PKcs protein by
use of adenovirus-mediated shRNA delivery

To effectively down-regulate the levels of the DNA-PKcs
gene, an shRINA minigene was designed. It contains the 21-bp
sense targeting sequence domain, the 9bp loop domain, and a
21-bp anti-sense targeting sequence domain (Figure 14). The
21-bp targeting domain is identical to nucleotide 381-399
of DNA-PKcs gene (accession#U47077). The minigene was
placed under the control of the pol III promoter U6 and the
expression cassette was cloned into the adenovirus vector
pAdTrack. It was then packaged into adenovirus vectors in
293 cells by use of the AdEasy system.

After amplification and maxiprep, the purified
replication-deficient virus AdshDNA-PKecs was used to
infect HCT'116 cells at an MOI(multiplicity of infection)
10. About forty-eight hours after infection of the cells, they
were harvested and analyzed. Quantitative PCR analysis of
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the mRNA indicated that the mRNA levels for the DNA-
PKcs gene was only 18% of the control, indicating effective
degradation of mRINA.

Western blot analysis showed significant (over 90%)
suppression of the DNA-PKcs protein level (Figure 1B).
Therefore effective attenuation of the DNA-PKcs gene was
achieved both at the messenger RNA and protein levels.

AdshDNA-PKcs-mediated iz vitro sensitization of
HCT116 cells to the cell killing effects of ionizing
radiation

To evaluate whether the down-regulation of the DNA-
PKecs gene is sufficient to sensitize tumor cells to the cell-
killing effects of ionizing radiation, HCT116 cells were
infected with AdshDNA-PKcs and the viability of the cells
before and after radiation was evaluated with the MTT
assay according to published protocols (21). It is clear
that significant (P<0.05, t-test, n=3) radiosensitization
was achieved by infection of AdshDNA-PKcs (Figure 2A).
Interestingly, our data also showed that infection of the
cells with shRNA targeted to DNA-PKcs alone can cause a
significant growth delay of the HCT'116 cells (Figure 2A4).
At present we do not understand the underlying molecular
mechanism yet.

In addition, a standard clonogenic assay (22) was used to
evaluate the effect of the DNA-PKcs suppression (Figure 2B).
A small but significant sensitization (1.24 at 10% survival,
P<0.05, n=3, t-test) of the cells was achieved in this assay as
well (P<0.05 for 2, 4, 6, and 8 Gy data points, t-test, n=3 for
each data point). The discrepancy between the clonogenic
assay and the MTT assay are probably caused by the very
different nature of the two assay methods. These data show
that adenovirus-mediated, DNA-PKcs-targeted shRNA can
significantly sensitize tumor cells to the cell-killing effects
of ionizing radiation.

Lack of efficacy of AdshDNA-PKcs in enhancing
radiation therapy in a xenograft model of colon cancer

In vivo xenograft tumor models were used to evaluate the
efficacy of AdshDNA-PKcs. HCT116 xenograft tumors
were established in nude mice subcutaneously. When
tumors reach 5-7 mm in diameter, AdshDNA-PKcs was
injected into the tumors and radiotherapy was delivered.
Virus injection itself has no effect on tumor growth.
Combined radiation and AdshDNA-PKcs treatment had
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Figure 1 Design and efficacy of an adenovirus encoding a shRNA gene that targets the DNA-PKcs gene. A: The structure of AdshDNA-
PKes and sequence of the minigene encoding the shRNA. A constitutively expressed EGFP gene (under the control of the cytomegalovirus
promoter) is used as a reporter for virus infection; B: Western blot analysis of DNA-PKcs levels in control (AdshNT) and AdshDNA-PKcs
infected cells
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Figure 2 In vitro sensitization of HCT116 tumor cells to ionizing radiation. A: MTT assay of cellular viability in AdshDNA-PKcs infected
and AdshNT-infected HCT 116 cells. Cells were infected with adenovirus vectors at MOI of 20. Two days after the infection, they were
irradiated with 5 Gy of y-rays. Four days later, the relative viability of cells were evaluated by MTT assay following standard protocols. NIR:
non-irradiated. IR: irradiated; B: Clonogenic survival after radiation in adenovirus infection in HCT 116 cells. Cells were infected with
adenovirus vectors at MOI of 20. Two days later, they were irradiated with y-rays and plated at various dilutions in Petri dish. Two weeks
later, the fraction of cells that survived, as represented by emerging independent colonies, were counted and plotted as survival fraction vs.
radiation dose. The error bars represent standard error of the mean (SEM)
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minimal effect on tumor growth (data not shown). This
was surprising, given the clear radiosensitizing effect of
the treatment in vitro (Figure 2). We hypothesized that
this might be caused by the lack of gene transduction
efficiency of the intra-tumorally transduced vectors. We
therefore sectioned some of the tumors that had been
injected with AdshDNA-PKecs. Virus spread in the tumors
were then measured by examining green fluorescence
protein (GFP) gene expression in the sections because
AdshDNA-PKcs also encodes a constitutively active
GFP gene (Figure 1). When measuring the areas of GFP
expression against the whole tumor sections, our results
indicate that only 5-10% of various tumor sections was
infected with AdshDNA-PKcs (Figure 34). Therefore,
inefficient intratumoral adenovirus spread was the most
likely cause for the lack of in vivo radiosensitizing effects

of AdshDNA-PKcs.

A telomerase-specific, replicative adenovirus significantly
enhances the ability of AdshDNA-PKcs to sensitize
radiation therapy of xenograft tumors

We sought to enhance the delivery of the AdshDNA-PKcs to
tumors by use of a recently developed conditionally replicative
adenovirus that can selectively replicate in telomerase-positive
cancer cells. We have shown previously that this virus can
effectively infect and spread in the tumor mass (17). Therefore,
we reasoned that we may achieve efficient delivery of the
shRINA into the tumor mass with this vector.

We experimented with a novel strategy where a
telomerase-specific replicative adenovirus (TSRAd) was
combined with AdshDNA-PKcs to delivery shDNA-PCcs
to the tumors. It was reasoned that co-infection of the two
viruses would allow both vectors to selectively replicate in
telomerase-positive cancer cells because the E1 proteins
produced by the replicative AATERT-E1-dsRed would
support the replication of AdshDND-PKcs in trans. This
was indeed the case (Figures 3B&C). In vitro, HCT116 cells
infected with both AATERT-E1-dsRed and AdshDNA-PKes
at low titers had significant virus replication activities for
both TSRAJ, which encodes a red fluorescent protein, and
AdshDNA-PKcs, which encodes a green fluorescent protein
(Figure 3B). When the two vectors were injected together
in vivo, significantly more virus spread (60-100%) for both
vectors was observed in various tumor sections (Figure 3C),
indicating the success of the combined vector strategy.
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Subsequently, a tumor growth delay study was
conducted with the combined vectors approach in
conjunction with radiation therapy according to the
scheme shown in Figure 4A4. It is clear that a significant in
vivo radio-sensitizing effect was observed when radiation
was combined with co-delivery of telomerase-specific
replicative adenovirus (TSRAd) and AdshDNA-PKcs
(Figure 4B) (P<0.05 from day 9 for comparison between
the treatment vs. all other groups). The treatment group
showed the greatest degree of tumor suppression among
the four experimental groups. The tumor growth delay was
also very obvious when Kaplan-Meier survival curve was
plotted for each of the experimental groups (Figure 4C) using
relative tumor volume >5 x initial volume as the surrogate
endpoint). These results also show that the increased
therapeutic efficacy observed was primarily due to the
significant down-regulation of DNA-PKcs mediated
by the efficient replication and intra-tumoral spread of
AdshDNA-PKcs.

Immunohistochemical characterization was carried out
to characterize DNA-PKcs expression and therapeutic
efficacy (Figure 4D). DNA-PKcs expression was significantly
attenuated compared to those in the control (P<0.05, n=5,
t-test). In addition, TUNEL assay showed significantly
increased apoptotic rate (P<0.05, n=5, t-test), and decreased
Ki67 expression (P<0.05, n=35, t-test), which indicated reduced
tumor cell proliferation, in the combination treatment group,
consistent with the observed anti-tumor efficacy.

One of key advantages of cancer gene therapy is the
ability to target specific genes in tumors at will, especially
with the advent of the RNA interference technology.
While results from in vitro experiment have been generally
excellent, in vivo delivery of RNAi has been less than
ideal due the inefficiency of vectors systems. The strategy
adopted in this study combined the advantages of two
powerful approaches, the gene-targeting specificity/efficacy
of shRNA and the delivery efficiency of conditionally
replicative adenovirus specific to telomerase, to achieve
a highly effective delivery of shRNA into the tumor
mass. The combined strategy makes it possible to
deliver multiple therapeutic genes located within several
replication-deficient vectors, significantly expanding the
capacity of adenovirus-mediated therapeutic gene delivery.
The excellent results achieved here indicate potential
applicability of this approach to solid tumors in general.
Of course, more studies in different models are needed to
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Figure 3 Replication and infection efficiency of AdshDNA-PKcs and the telomerase-specific replicative adenovirus (TSRAd) in vivo and
in vitro. A: About 2x10° pfu of AdshDNA-PKcs was injected intratumorally (in 30 pL PBS) into HCT116 tumors established in nude
mice. Three days later, the tumors were excised, sectioned and observed for EGFP expression under a fluorescence microscope. Top
panel, the tumor section viewed through transparent white light. Lower panel, the tumor section viewed through a FITC filter. Note
the limited expression of EGFP, which is an indication of the limited virus spread of the AdshDNA-PKcs in vitro; B: In vitro co-infection
of HCT116 by the previously published telomerase-specific replicative adenovirus TSRAd (17) and replication deficient AdshDNA-
PKcs. HCT116 cells at about 50% confluence were infected by TSRAd and AdshDNA-PKcs at MOI ratio of 0.5:1 (total MOI of 1.5).
Expression levels of dsRed and EGFP were then observed at different time points after infection. Left panels, dsRed gene expression,
representative of TSRAd replication and infection. Right panel, EGFP gene expression, representative of AdshDNA-PKecs replication
and infection. Please note the converging patterns of EGFP and dsRed expression on days 3 and 4 after infection, indicative of TSRAd-
dependent replication and infection of HCT116 cell by AdshDNA-PKcs; C: About 1x10° pfu of AdshDNA-PKecs and 1x10° pfu of
TSRAd were injected intratumorally (in 30 pL of PBS) into established HCT116 tumors (in nude mice). Four days after infection, the
mice were sacrificed and tumors were excised and sectioned for observation of EGFP (indicative of AdshDNA-PKcs infection) and dsRed
(indicative of TSRAJ infection) expression. Note the similar patterns of expression for EGFP and dsRed, suggesting a co-replication of

the two viruses

verify the general validity of this approach. With increasing
number of tumor-specific gene targets being identified, the
approach highlighted in this study clearly has the potential
to be expanded to include more target shRINAs.
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