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Intratumoral injections of a replication-incompetent 
adenovirus (Ad) expressing melanoma differentiation–
associated gene-7/interleukin-24 (Ad.mda-7), a secreted 
cytokine displaying cancer-selective, apoptosis-inducing 
properties, profoundly inhibits prostate cancer (PC) 
growth in immune-incompetent animals. In contrast, 
Ad.mda-7 is ineffective in PCs overexpressing antiapop-
totic proteins such as Bcl-2 or Bcl-xL. However, intratu-
moral injections of a conditionally replication-competent 
Ad (CRCA) in which expression of the adenoviral E1A 
gene is driven by the cancer-specific promoter of pro-
gression-elevated gene-3 (PEG-3) and which simulta-
neously expresses mda-7/interleukin (IL)-24 in the E3 
region of the Ad (Ad.PEG-E1A-mda-7), a cancer termi-
nator virus (CTV), is highly active in these cells. A major 
challenge for gene therapy is systemic delivery of nucleic 
acids directly into an affected tissue. Ultrasound (US) 
contrast agents (microbubbles—MBs) are viable can-
didates for gene delivery/therapy. Here, we show that 
MB/Ad.mda-7 complexes targeted to DU-145 cells using 
US dramatically reduced tumor burden in xenografted 
nude mice. Additionally, US-guided MB/CTV delivery 
completely eradicated not only targeted DU-145/Bcl‑xL-
therapy-resistant tumors, but also nontargeted distant 
tumors (established in the opposite flank), thereby 
implementing a cure. These findings highlight poten-
tial therapeutic applications of this novel image-guided 
gene therapy technology for advanced PC patients with 
metastatic disease.
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Introduction
Prostate cancer (PC) is the most common cancer and the second 
leading cause of cancer-related deaths in men in the United States.1 
At present, no effective therapy is available for metastatic PC.2 
Advanced PC is refractory to conventional anticancer treatments 
because of frequent overexpression of antiapoptotic proteins Bcl-2 
and/or Bcl-xL.

3,4 The melanoma differentiation–associated gene-7/
interleukin-24 (mda-7/IL-24) is a secreted cytokine having broad-
spectrum, cancer-selective, apoptosis-inducing properties that 
profoundly inhibits PC cell growth.5 Adenovirus (Ad)-mediated 
delivery of mda-7/IL-24 (Ad.mda-7) has shown dramatic anti-
tumor effects in animal models and in clinical trials.6–9 However, 
forced overexpression of Bcl-2 or Bcl-xL renders PC cells resis-
tant to Ad.mda-7 (ref. 4). In contrast, a conditionally replica-
tion-competent Ad (CRCA) (a cancer terminator virus—CTV), 
which expresses mda-7/IL-24 (Ad.PEG-E1A-mda-7) can abrogate 
acquired resistance of PC cells mediated through Bcl-2 and/or 
Bcl-xL overexpression causing growth arrest and apoptosis and 
selectively replicating in PC xenografted cells in athymic nude 
mice. Moreover, the CTV completely eradicates not only primary 
tumors but also distant tumors following repeated intratumoral 
injections into the primary tumor site.10,11

A major challenge for effective gene therapy is the ability to 
specifically deliver nucleic acids and potentially toxic gene prod-
ucts directly into diseased tissue. Progress in gene therapy has 
been hampered by concerns over the safety and practicality of viral 
vectors, particularly for intravenous delivery, and the inefficiency 
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of currently available nonviral transfection techniques.12 Viruses 
are appealing delivery vectors because of their ability to efficiently 
transfer genes with sustained and robust expression. Recombinant 
Ads are one of the most common gene transfer vectors utilized in 
human clinical trials, but systemic administration of this virus is 
thwarted by host innate and adaptive antiviral immune responses, 
which can limit and/or preclude repetitive treatment regiments.13

The quest for novel, safe, and more efficient systemic gene 
delivery systems has recently highlighted ultrasound (US) con-
trast agents (microbubbles—MB) as a potential candidate for 
enhancing delivery of molecules to target tissue.14–17 Currently 
used US contrast agents (MBs) contain high-molecular weight 
gases with less solubility and diffusivity, which improves MB 
persistence and allows passage through the microcirculation. 
MBs can be injected in peripheral veins, because the more 
robust bubbles can recirculate through the systemic circula-
tion numerous times, surviving for several minutes within the 
bloodstream.17,18 The ideal MB diameter most likely is between 
2.5 and 4 μm. This is small enough to prevent entrapment within 
the pulmonary capillary bed (ranging from 5 to 8 μm in diam-
eter), but big enough to entrap and protect viral vectors such as 
Ad from the environment.

We previously demonstrated the feasibility of site-specific 
gene delivery–mediated by diagnostic US using Ad-GFP encap-
sulated in commercially available US contrast agents in vitro and 
in vivo.12 An additional goal of our previous study was to deter-
mine whether incubation of the MBs with complement could 
improve specificity of viral transgene transduction to the target 
tissue/organ allowing a simplified approach to encapsulation of 
the viral vectors with commercially available contrast agents. 
In the current investigation, we tested a US contrast agent pro-
vided by Targeson (San Diego, CA) and the portable SonoSite 
Micro-Maxx US platform (SonoSite, Bothell, WA) equipped 
with an L25 linear array transducer. Targeson’s agents are 
lipid-encapsulated perfluorocarbon MBs with a mean diameter 
of 2.5 μm that can be used in a wide variety of animal models, 
and are compatible with virtually all US scanners. The gas-filled 
microspheres effectively lower the energy threshold for non-
thermal cavitation. This allows diagnostic transducers operat-
ing within the energy levels mandated by the US Food and Drug 
Administration to be used for drug/gene delivery. US-targeted 
MB destruction enables focal release of entrapped materials as 
well as the creation of small shock waves that increase cellular 
permeability.19 In addition, the MBs protect the viruses from 
rapid degradation by the immune system, thus allowing for 
intravenous injection rather than direct target organ delivery by 
catheter-based approaches or operative bed injection.12,17 This 
is particularly important in cancer gene therapy of potentially 
inaccessible tumors because the MBs may also limit the amount 
of inflammatory response to the viruses and may allow repeated 
injections.

The ultimate goal of our research programs is to develop 
efficacious therapies for cancer. A primary focus is to engineer 
effective and safe delivery systems for viruses, chemotherapeu-
tic agents, and small molecule drugs. In this study, we provide 
proof-of-principle for two essential components of this process, 
a site-specific gene delivery approach mediated by diagnostic US 

generated by a portable platform that works efficiently in vivo in 
combination with Ads delivering a highly effective, broad-based 
cancer gene therapeutic mda-7/IL-24. Evidence is provided that 
this combination has profound effects in animal models contain-
ing therapy-resistant human PC cells.

Results
Targeson MBs and a SonoSite portable  
Micro‑Maxx US platform efficiently targets  
Ad-GFP viruses to tumors
We previously documented the feasibility of in vivo gene deliv-
ery mediated by diagnostic US using Ad-GFP encapsulated in 
a series of commercially available US contrast agents.12 In this 
investigation, we tested a different US contrast agent available 
from Targeson and the portable SonoSite Micro-Maxx US plat-
form (SonoSite) equipped with an L25 linear array transducer. 
Targeson’s agents are lipid-encapsulated perfluorocarbon MBs 
with a mean diameter of 2.5 μm that can be used in a wide variety 
of animal models, and are compatible with virtually all US scan-
ners.20 Targeson agents are normally sold as already reconstituted 
contrast agents that are stable for 3 months from arrival, and for 
this study we obtained a custom-made freeze-dried Targeson con-
trast agent (perfluorocarbon MBs, encapsulated by a lipid mono-
layer and poly(ethyleneglycol) stabilizer) to be reconstituted with 
the viruses as previously described.12

To confirm the ability of the lyophilized Targeson US 
contrast agent to deliver viruses efficiently and specifically to 
defined sites in vivo, we performed a pilot study in which tumor 
xenografts were established in both flanks of athymic nude 
mice by injecting each site with 2 × 106 DU-145 human pros-
tate carcinoma cells (Figure  1a). The DU-145 tumor-bearing 
nude mice (n = 10) were then injected in their tail vein with 
100 μl of US contrast agent that was reconstituted with Ad-GFP 
or water as control. A portable SonoSite Micro-Maxx US plat-
form (SonoSite) equipped with an L25 linear array transducer 
set at 0.7 Mechanical Index, 1.8 MPa for 10 minutes was used 
to sonoporate only the tumor implanted on the right side 
(Figure  1a). Mice were killed 96 hours after treatment and 
tumors (right and left side), lung, heart, liver, and kidney were 
harvested and snap frozen. Figure 1b shows the specific deliv-
ery to the right tumor as evidenced by expression of the green 
fluorescent protein (GFP) in an immunoblot in which total 
protein extracts were run on a 10% sodium dodecyl sulfate–
polyacrylamide gel electrophoresis. As a GFP control, we ran a 
glutathione-S-transferase–GFP fusion protein. Protein gel load-
ing was normalized using β-actin as a control.

US-targeted MB destruction enables focal release of 
entrapped materials as well as the creation of small shock waves 
that are visualized as an enhancement of the image on the US 
scanner. Figure 1c depicts the B-mode US imaging of a sonopo-
rated tumor before injection with the MB/Ad-GFP complex 
contrast agent. Figure  1d shows the B-mode US imaging of 
the same sonoporated tumor following MB/Ad-GFP complex 
injection. The image enhancement of the targeted tumor from 
cavitation of the MBs within the US field of view is clearly dis-
cernable indicating that the US settings are efficient in targeting 
MB destruction.
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MB-assisted Ad.mda-7 gene delivery inhibits DU-145 
human PC growth in vivo
In vitro and in vivo Ad-mediated gene transfer of the human 
mda-7/IL-24 gene (Ad.mda-7) potently suppresses the growth of 
human cancer cells with no apparent toxicity to normal cells.6,8,9,21–30 
Repeated intratumoral administration of Ad.mda-7 to tumor xeno-
grafts of various histological origin results in growth suppression 
via induction of apoptosis and antiangiogenic mechanisms.4–9,25,28,31 
Additionally, mda-7/IL24 induces a profound “bystander” antitu-
mor effect resulting in tumor growth suppression not only in the 
treated tumors, but also in untreated distant tumors.6,8–11,22,23,25,27,32–36 
Although these results have been encouraging, this approach is 
limited as systemic delivery of Ad for treatment of disseminated 
cancer have not shown significant efficacy.

We have employed a novel systemic delivery approach 
to target Ad release in a site-specific manner that consists 

of Ad incorporated in MBs combined with diagnostic US.12 
Proof‑of‑principle for this strategy comes from studies using Ad 
to systemically deliver the GFP gene in a tissue-specific manner.12 
Because mda-7/IL-24 has shown significant potential as a selec-
tive and effective anticancer agent in multiple animal model stud-
ies and in a Phase I intratumoral gene therapy trial in patients 
with advanced solid cancers,6–9,21–23,28 we tested the capacity of this 
approach to deliver Ad expressing this novel cytokine in pros-
tate adenocarcinoma nude mouse xenograft models. For these 
studies, we used DU-145 human prostate carcinoma cells and 
DU-145 cells genetically engineered to express elevated levels 
of Bcl-xL (DU-Bcl-xL),4 which is a common event in advanced 
PC and provokes resistance to multiple chemotherapeutic agents 
and to mda-7/IL-24 (refs. 2–5). The therapeutic arm of this work 
included two different viral constructs to deliver mda-7/IL-24, 
Ad.mda-7, a nonreplicating Ad similar to the one used in Phase I 
clinical trials,26 and the CTV, a CRCA capable of expressing 
mda-7/IL-24 that has been previously shown to completely eradi-
cate not only primary breast, prostate, and melanoma tumors but 
also distant tumors by intratumoral injections in a nude mouse 
model.11,33,34,37

To test this new therapeutic approach for tumor delivery, 
DU-145 or DU-Bcl-xL tumor xenografts were established on both 
flanks of nude mice by injecting 2 × 106 cells in each side of the 
animals. DU-145 and DU-Bcl-xL tumor-bearing nude mice (n = 
10 in each group) were then injected in their tail vein with 100 μl 
of US contrast agent that was reconstituted with Ad-GFP or water 
as control. Additional DU-145 and DU-Bcl-xL tumor control nude 
mice (n = 10 in each group) were injected in the tail vein with 
100 μl of Ad.mda-7 or the CTV (Ad.PEG-E1A-mda-7) without US 
contrast agent. Alternatively, tumor-bearing animals were injected 
in their tail vein with 100 μl of US contrast agent that was recon-
stituted with Ad.mda-7 or the CTV. A portable SonoSite Micro-
Maxx US platform (SonoSite) equipped with an L25 linear array 
transducer set at 0.7 Mechanical Index, 1.8 MPa for 10 minutes 
was used to sonoporate the tumor implanted on the right side. In 
this study, gene therapy treatments were started 10 weeks after the 
injection of the cell lines, when tumors reached an approximate 
volume of 150–200 mm3. Mice were injected once a week for 4 
weeks for a total of four treatments. Mice were killed 2 weeks after 
the end of the treatments to determine whether tumor suppres-
sion was reversible or irreversible. At the end of the study, tumors 
(right and left flank), lung, heart, liver, and kidney were harvested 
and snap frozen using liquid nitrogen.

US of Ad-GFP/MB complexes in the right side tumor resulted 
in progressive growth of the tumors on both flanks (Figure 2a,e). 
The results shown in Figure 2 represent the average tumor vol-
umes measured in a minimum of seven mice for each mda-7/
IL-24 group and a minimum of five mice for each control GFP 
group. All the mice were injected in the tail vein with the MB/
Ad complexes and only the tumor on the right flank was sonopo-
rated. Interestingly, we observed that MB-mediated Ad.mda-7 
gene therapy inhibited the growth of DU-145 prostate tumor 
xenografts during the treatment regimen (Figure 2b), while the 
CTV/MB-mediated gene therapy resulted in a steady progressive 
tumor regression that lasted an additional 2 weeks post-treatment 
(Figure 2c).
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Figure 1  (a) Schematic representation of the microbubble delivery 
of Ad-GFP complexes and ultrasound (US) release in a tumor target 
site of the mouse. (b) Western blot analysis of Ad-GFP/microbubble–
transduced DU-145 tumor xenografts. Immunoblot showing the expres-
sion levels of green fluorescent protein (GFP) in DU-145 cells following 
ultrasound-targeted microbubble/Ad transduction of GFP at 96 hours. 
Only the tumor on the right flank was sonoporated for 10 minutes result-
ing in the delivery and expression of GFP. The left tumor, heart, lung, 
liver, and kidney were negative for GFP expression. Purified glutathione-
S-transferase–GFP was used as a positive control. Protein gel loading 
was normalized using β-actin as a control. (c) Ultrasound imaging and 
US contrast enhancement of in vivo transduced DU-145 tumor xeno-
grafts. B-mode US imaging of a tumor before MB contrast agent injec-
tion. (d) B-mode US imaging of the same tumor depicted in c following 
injection of microbubbles/Ad-GFP complexes. MBs cavitation within the 
targeted tumor dramatically enhances the tumor image within the US 
field of view. Ad, adenovirus, MB, microbubbles.
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As predicted from previous studies,4,5,11 Ad.mda-7 was 
ineffective in causing a therapeutic response in tumor xenografts 
on either flank developed from DU-Bcl-xL cells (Figure 2f). In 
contrast, the conditionally replication-competent CTV (Ad.
PEG-Prom-mda-7) elicited a sustained growth inhibition of 
the therapy resistant DU-Bcl-xL tumor xenografts (Figure 2g). 
A western blot analysis of total protein extracts from the har-
vested tumors showed expression of MDA-7/IL-24 protein in 
both the  tumor samples implanted on the right and left flank 

(Figure  2d,h) validating the “bystander” effects of MDA-7/
IL-24 previously reported.11,33,35–37 In the case of CTV, this ampli-
fied expression of MDA-7/IL-24 in the noninjected left tumor 
may also reflect secondary viral infection by CRCA.11 GAPDH 
expression was used to confirm equal loading of the gel. No 
tumor regression was observed in mice bearing DU-145 and 
DU-Bcl-xL control tumors when injected intravenously with 
comparable doses of unprotected Ad.mda-7 and CTV viruses 
(Supplementary Figures S1 and S2).
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Figure 2  Growth curves and western blot analysis of large DU-145 and DU-Bcl-xL tumor xenografts treated with microbubble encapsulated 
Ad-GFP, Ad.mda-7, or cancer terminator virus (CTV) (Ad.PEG-E1A-mda-7) and treated with ultrasound (US) in the right tumor. Subcutaneous 
tumor xenografts from DU-145 and DU-Bcl-xL were established in athymic nude mice in both right and left flanks and only tumors on the right 
side were sonoporated following tail-vein injection of the indicated microbubble/Ad complexes during a course of 4 weeks. Tumor treatments were 
initiated when tumors reached a size of 250–350 mm3. Arrows point at tumors and asterisks point at treatment times. (a) Measurement of green 
fluorescent protein (GFP)-treated DU-145 tumor volumes. The data represent mean ± SD with at least 5 mice in each group. (b) Measurement of 
Ad.mda-7-treated DU-145 tumor volumes. The data represent mean ± SD with at least 7 mice in each group. (c) Measurement of CTV-treated DU-145 
tumor volumes. The data represent mean ± SD with at least 7 mice in each group. (d) Western blot analysis of protein extracts from representative 
DU-145 tumor samples treated with Ad.mda-7 or CTV. The immunoblot was reacted with anti-MDA-7/IL-24. Arrowheads point at the various glyco-
sylated forms of MDA-7/IL-24. Protein gel loading was normalized using anti-GAPDH as a control. (e) Measurement of GFP-treated DU-Bcl-xL tumor 
volumes. The data represent mean ± SD with at least 5 mice in each group. (f) Measurement of Ad.mda-7-treated DU-Bcl-xL tumor volumes. The data 
represent mean ± SD with at least 7 mice in each group. (g) Measurement of CTV-treated DU-Bcl-xL tumor volumes. The data represent mean ± SD 
with at least 7 mice in each group. (h) Western blot analysis of protein extracts from representative DU-Bcl-xL tumor samples treated with Ad.mda-7 
or CTV. The immunoblot was reacted with anti-MDA-7/IL-24. Arrowheads point at the various glycosylated forms of MDA-7/IL-24. Protein gel loading 
was normalized using anti-GAPDH as a control. Ad, adenovirus; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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MB-assisted CTV gene delivery eradicates  
PC growth in vivo
Based on the initial positive results obtained with the CTV/MB 
delivery approach, further experiments were performed in nude 
mice. Tumor xenografts were again established on both flanks of 
nude mice by injecting 1.5 × 106 DU-145 or DU-Bcl-xL cells. After 
the development of palpable tumors in 5 weeks (25–50 mm3), 
four injections of the various MB/Ad complexes into the tail vein 
once a week (for a total of four weeks) with US for 10 minutes on 
the tumor on the right side were performed. No treatment was 
performed on the tumor xenografted on the left flank. Injection 
of Ad-GFP-MB and US in the right tumor plus US did not sig-
nificantly impact tumor growth on either flank (Figure 3a,b). The 
data are presented as the average tumor volumes measured in at 
least nine mice for each active experimental group, with six mice 
in the control Ad-GFP group. In the case of CTV/MB-treated 
animals, the experiment was terminated after 6 weeks because 
DU-145 tumors on both sides showed regression after two injec-
tions, and with four injections tumors were completely eradicated 
(Figure  3e,f). Additionally, control GFP-transduced DU-145 
tumor xenografts reached tumor volumes of 250–300 mm3 
after similar treatment. Although Ad.mda-7-MB treatment vis-
ibly inhibited the growth of tumors on the sonoporated flank, 
it had some inhibitory effect on tumors on the left side, which 
was not statistically significant (Figure 3c,d). Interestingly, treat-
ments with the CTV/MB complexes resulted in disruption of the 

tumor cytoarchitecture, as visualized by hematoxylin and eosin 
staining (data not shown), which correlated with an increase in 
the number of TUNEL (terminal deoxynucleotidyl transferase 
dUTP nick end labeling)-positive tumor cells in both sonoporated 
(Figure  4e) and nonsonoporated tumors (Figure  4f). Control 
tumors treated with Ad-GFP/MB complexes were mostly TUNEL 
negative, showing a few cells positive to the TUNEL colorimetric 
reaction as depicted in Figure 4a (sonoporated tumor on the right 
flank) and Figure  4b (untreated tumor). Additionally, DU-145 
tumor xenografts treated with Ad.mda-7-MB complexes showed 
a higher percentage of TUNEL-positive tumor cells (Figure 4c) 
than the untreated left flank (Figure 4d).

Experiments were next performed in the therapy resistant 
DU-Bcl-xL xenografted mice (Figure 5). In this study, mice with 
established xenografts on both flanks were injected in the tail vein 
with the MB/Ads complexes, and only the tumors on the right flank 
were sonoporated. Animals receiving the Ad-GFP/MB complexes 
plus US treatment showed no statistically significant effect on the 
growth of DU-Bcl-xL tumors (Figure  5a,b). The data presented 
are the average tumor volumes of nine mice receiving therapeu-
tic gene treatment and six mice receiving Ad-GFP treatment. The 
experiment was terminated after 6 weeks with injections of CTV/
MB complexes because DU-Bcl-xL tumors on both sides showed 
regression after only two injections, and within four injections pro-
found tumor regression was evident (Figure 5e,f). Additionally, 
3 weeks after the last injections tumors were completely eradicated. 
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Figure 3  Growth curves of DU-145 tumor xenografts treated with microbubble/ultrasound-guided Ad-GFP, Ad.mda-7, or cancer terminator 
virus (CTV). Subcutaneous tumor xenografts from DU-145 cells were established in athymic nude mice in both right and left flanks and only tumors 
on the right side were sonoporated following tail-vein injection of the indicated microbubble/Ad complexes during a course of 4 weeks. Tumor 
treatments were initiated when tumors reached a size of 25–35 mm3. (a,c,e) Photographs of animals representative of each group. Black arrows 
indicate tumors. (b) Measurement of GFP-treated DU-145 tumor volumes. The data represent mean ± SD with at least 6 mice in each group. 
(d) Measurement of Ad.mda-7-treated DU-145 tumor volumes. The data represent mean ± SD with at least 9 mice in each group. (f) Measurement of 
CTV-treated DU-145 tumor volumes. The data represent mean ± SD with at least 9 mice in each group. Asterisks indicate treatment times. Ad, adeno-
virus; GFP, green fluorescent protein.
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Control Ad-GFP/MB complex treated DU-Bcl-xL tumor xeno-
grafts reached tumor volumes of 350–400 mm3 requiring the mice 
to be killed as per our animal protocol.

As previously observed with direct intratumoral injection, 
Ad.mda-7/MB complexes plus US was ineffective in reduc-
ing the growth of therapy resistant DU-Bcl-xL tumor xenografts 
(Figure 5c,d).11 In contrast, treatments with CTV/MB complexes 
plus US disrupted the tumor cytoarchitecture, which corre-
lated with an increase in the number of TUNEL-positive tumor 
cells in both sonoporated right (Figure  6e) and untreated left 
tumors (Figure  6f). Control tumors treated with Ad-GFP/MB 
complexes were TUNEL negative, whereas tumors treated with 
Ad.mda-7/MB complexes showed small numbers of TUNEL-
positive cells Figure  6c (sonoporated tumor on the right flank) 

and Figure  6d (nonsonoporated tumor). As previously shown 
using intratumoral injection11 the CTV virus when delivered by 
the MB plus US replicated in the treated tumor tissue as reflected 
by positive staining using antibody reacting with Ad E1A protein 
(Figure 7). Additionally, as seen using the CTV and intratumoral 
injection of tumors on one flank of the animal, positive staining 
against E1A protein was found not only in the sonoporated tumor 
on the right flank but also on the nonsonoporated tumor on the 
left flank. Negative staining was found in the control tissues, 
GFP-transduced, and normal tissues from a CTV-transduced and 
US-treated mouse. The observation that MB/Ad-mediated gene 
therapy of CTV/MB complexes plus US completely eradicated 
the primary and the distant tumor (comparable to a metastasis) 
provides confidence that this strategy may prove amenable for 
successfully treating aggressive cancers for which intratumoral 
direct injection of the CTV virus is not possible due to location, 
number of metastases, and spread of the malignancy to distant 
organ sites.

In our study, the size of the tumor was measured twice a week 
by caliper as well as by B-mode US scanning. Figure 8a shows the 
US image and measurements of a DU-145 tumor before treatment 
with Ad.mda-7/MB complexes. Figure 8b,c demonstrates the vol-
ume reduction in the same tumor after 2 and 4 weeks of treat-
ments with Ad.mda-7/MB complexes and US. Figure 8d shows 
the B-mode scan image and measurements of a DU-Bcl-xL tumor 
before treatment with CTV/MB complexes. Figure  8e,f empha-
sizes the dramatic volume reduction in the same tumor after 2 and 
4 weeks of treatments with CTV/MB complexes and US leading 
to the eradication of the tumor xenograft. Additionally, no tumor 
regrowth in the primary or distant sites was evident CTV/MB 
complex and US-treated DU-Bcl-xL animals after an additional 
3 weeks post-treatment. To investigate whether the tumor would 
reappear after a longer period of time following the last treatment, 
3 out of 10 animals initially treated with CTV/MB complexes were 
not killed at the end point of the study and were maintained for 
an additional 3 months. The mice were then killed and dissected 
to look for potential tumor recurrence and/or eventual tumor 
spread. We did not observe any local tumor reappearance or dis-
tant metastasis in the lungs or liver in these mice that were treated 
with CTV/MB complexes and US indicating that this therapeutic 
approach could be suitable to target CRCAs to prostate tumors 
causing the eradication of localized as well as distant metastatic 
tumors. Future studies testing this approach in immune-compe-
tent tumor-bearing and transgenic animals would provide defini-
tive support for exploring this strategy in the context of a Phase I 
clinical trial.

Discussion
MBs have been used to protect viruses from rapid degradation 
by the immune system, thus allowing intravenous injection rather 
than direct target organ delivery by catheter-based approaches or 
operative bed injection.38 However, variable levels of nontargeted 
gene expression have been noted in other organs such as the liver 
and lungs.38 We have recently shown that US imaging and US 
contrast agents can increase target specificity of Ads to tumors, 
achieving transient transgene expression with strict image-guided 
site specificity by selecting MBs that completely enclosed the Ads 
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Figure 4 C olorimetric TUNEL assay of DU-145 tumor xenografts 
treated with microbubble/ultrasound (US)-guided Ad-GFP, Ad.mda- 
7, or cancer terminator virus (CTV). Subcutaneous tumor xenografts 
from DU-145 cells were established in athymic nude mice in both right 
and left flanks and only tumors on the right side were sonoporated fol-
lowing tail-vein injection of the indicated microbubble/Ad complexes 
during a course of 4 weeks. Tumors were removed, fixed, sectioned, and 
stained to determine levels of double-stranded DNA breaks (TUNEL). 
Microscopy for TUNEL sections was under visible light at ×40 magnifi-
cation (a representative of three separate tumors). (a,b) TUNEL stain-
ing of left and right side DU-145 tumors following systemic injection 
of Ad-GFP-microbubble plus US treatment of the tumor on the right 
side. (c,d) TUNEL staining of left and right side DU-145 tumors follow-
ing systemic injection of Ad.mda-7-microbubble plus US treatment of 
the tumor on the right side. (e,f) TUNEL staining of left and right side 
DU-145 tumors following systemic injection of CTV/microbubble plus 
US treatment of the tumor on the right side. Ad, adenovirus; GFP, green 
fluorescent protein; TUNEL, terminal deoxynucleotidyl transferase dUTP 
nick end labeling.
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in their gas-filled core.12 In our previous experience, US-mediated 
MB destruction improved the efficacy and reduced the nonspe-
cific expression of gene therapy vectors providing a useful tool for 
manipulating gene expression in the living animal.

Genetic therapies for PC represent promising strategies for the 
treatment of this neoplasm. The prostate gland is accessible by US, 
and potential therapeutic genes can be directed to this organ using 
portable diagnostic US platforms such as the SonoSite Micro-
Maxx (SonoSite) after a simple intravenous injection. Importantly, 
because PC is commonly a relatively slow-growing disease, it may 
be necessary to use repeated gene therapy applications, with single 
or multiple genes, over the life span of the patient. In these con-
texts, gene therapy protocols that delimit virus exposure to the 
immune system and can be administered multiple times during 
a patient’s lifetime are appealing. This possibility will need to be 
explored in the future using tumor-bearing immune-competent 
animals. In this work, we explored the ability of US-mediated MB 
destruction to specifically deliver in prostate adenocarcinoma 
xenografts the mda-7/IL-24 gene,39,40 that has been successfully 
employed in a Phase I clinical trial in patients with advanced solid 
tumors.6–9,21–23,28

Potentially useful approaches for treating prostate and 
other cancers involve the use of a replication-incompetent Ad 
(Ad.mda-7) or a CRCA (Ad.PEG-E1A-mda-7; CTV) to admin-
ister the therapeutic cytokine mda-7/IL-24 to induce targeted 
therapy of tumors.6–9,11,33,34,37,41 Although very effective in PC cell 

lines, no therapeutic benefit is observed with Ad.mda-7 in the 
context of PC cells displaying elevated expression of Bcl-2 and/or 
Bcl-xL.

4,11 In contrast, administration of the CTV by direct intratu-
moral delivery in nude mice containing xenografted Bcl-xL over-
expressing DU-145 cells implanted on both flanks of the animal 
results in tumor eradication in both the primary injected tumor 
and the distant untreated tumor.11 CRCAs, which induce oncolysis 
by cancer-specific replication, have been evaluated in several PC 
clinical trials.42,43 Most currently employed CRCAs are based on 
the ONYX-015 backbone, which is dependent on the p53 status 
of the cancer cells and have shown only minimal objective clinical 
responses, thus limiting their universal applicability for the treat-
ment of prostate or other cancers.44 To this end, the novel CTV 
CRCA that employs the progression-elevated gene-3 (PEG-3) pro-
moter that functions in all types of cancer cells,11,34,37,45,46 irrespec-
tive of their p53 or Rb/retinoblastoma gene status, with very limited 
to no activity in normal cells has been constructed. In the CTV, Ad 
replication through the E1A gene is driven by the cancer-specific 
promoter of progression-elevated gene-3 (PEG- 3) (ref. 47), which 
results in concomitant production of mda-7/IL-24 from the E3 
region of the Ad. This CTV generates large quantities of MDA-7/
IL-24 as a function of Ad replication uniquely in cancer cells that 
not only has cancer-selective apoptosis-inducing properties but 
also displays a plethora of indirect antitumor “bystander” activi-
ties, including distant tumor growth suppression and apoptosis, 
immune modulation, and antiangiogenesis.6–9,22,32,35,37,41
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Figure 5  Growth curves of therapy resistant DU-Bcl-xL tumor xenografts treated with microbubble/ultrasound-guided Ad-GFP, Ad.mda-7, or 
cancer terminator virus (CTV). Subcutaneous tumor xenografts from DU-Bcl-xL cells were established in athymic nude mice in both right and left 
flanks and only tumors on the right side were sonoporated following tail-vein injection of the indicated microbubble/Ad complexes during a course 
of 4 weeks. Arrows point at tumors and asterisks point at treatment times. (a,c,e) Photographs of animals representative of each group. Black arrows 
point at tumors. (b) Measurement of Ad-GFP-microbubble-treated DU-Bcl-xL tumor volumes. The data represent mean ± SD with a minimum of 6 
mice in each group. (d) Measurement of Ad.mda-7-microbubble-treated DU-Bcl-xL tumor volumes. The data represent mean ± SD with a minimum 
of 9 mice in each group. (f) Measurement of CTV-microbubble-treated DU-Bcl-xL tumor volumes. The data represent mean ± SD with a minimum of 
9 mice in each group. Ad, adenovirus; GFP, green fluorescent protein.
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A limiting factor in effective gene therapy when employing 
intravenous viral delivery and when using CRCA is the effect of 
the immune system in neutralizing Ads.13 In this context, a means 
of shielding the initial viral delivery vector using MBs in principle 
permits enhanced delivery of the viral payload to tumors when 
coupled with US.12 In this study, we have employed this strategy 
using CTV/MB complexes coupled with US to treat both DU-145 
and therapy-resistant DU-Bcl-xL established tumor xenografts on 
both flanks in nude mice. Systemic administration of the CTV/MB 
with US on the established right-sided tumor resulted in robust 
transgene expression and apoptosis induction with complete 
eradication of both the injected right side primary and distant 
(opposite flank; potentially representative of metastasis) human 
PCs. However, no tumor regression was observed instead in mice 
bearing DU-145 and DU-Bcl-xL control tumors when injected 
intravenously with unprotected Ad.mda-7 and CTV viruses (see 
Supplemental Figures S1 and S2), indicating that comparable 
doses of untargeted, unprotected viruses injected directly intrave-
nous failed to elicit an antitumoral response. An exciting finding 

was that this protocol resulted in the indication of an enduring 
response in which no tumor regrowth occurred 3 months after 
cessation of the therapy protocol in the treated or untreated tumor 
site and additionally these animals had no signs of metastatic 
spread to the lungs or liver. Previous studies have indicated that 
the CTV when injected intratumorally will enter into the circula-
tion, replicate and generate MDA-7/IL-24 protein in the primary 
and distant tumors in the nude mouse, predicting induction of a 
potential immune response.11,34,37,41,45 Further studies are planned 
in the context of immune-competent animals, which would be an 

DU-Bcl-xL tumor mice—TUNEL assay

a

c

e

b

d

f

Figure 6 C olorimetric TUNEL assay of therapy resistant DU-Bcl-xL 
tumor xenografts treated with microbubble/ultrasound (US)-guided 
Ad-GFP, Ad.mda-7, or cancer terminator virus (CTV). Subcutaneous 
tumor xenografts from DU-Bcl-xL cells were established in athymic nude 
mice in both right and left flanks, and only tumors on the right side were 
sonoporated following tail-vein injection of the indicated microbub-
ble/Ad complexes during a course of 4 weeks. Tumors were removed 
fixed, sectioned, and stained to determine levels of double-stranded 
DNA breaks (TUNEL). Microscopy for TUNEL sections was under visible 
light at ×40 magnification (a representative of three separate tumors). 
(a,b) TUNEL staining of left and right side DU-Bcl-xL tumors following 
Ad-GFP/microbubble treatment. (c,d) TUNEL staining of left and right 
side DU-Bcl-xL tumors following Ad.mda-7-microbubble treatment. (e,f) 
TUNEL staining of left and right side DU-Bcl-xL tumors following CTV/
microbubble treatment. Ad, adenovirus; GFP, green fluorescent protein; 
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Figure 7  Immunohistochemical analysis of DU-145 and therapy 
resistant DU-Bcl-xL tumor xenografts treated with microbubble/
ultrasound (US)-guided Ad-GFP, Ad.mda-7, or cancer terminator 
virus (CTV). Subcutaneous tumor xenografts from DU-145 or DU-Bcl-xL 
cells were established in athymic nude mice in both right and left flanks, 
and only tumors on the right side were sonoporated following tail-vein 
injection of the indicated microbubble/Ad complexes during a course of 
4 weeks. Tumors were removed fixed, sectioned, and immunostained to 
determine levels of E1A expression. (a) E1A immunohistochemical stain-
ing of control normal tissue from a DU-145 mouse treated with CTV/
microbubble. (b) E1A immunohistochemical staining of control tumor 
tissues from a DU-145 mouse treated with Ad-GFP/microbubble and US. 
(c,d) E1A immunohistochemical staining of left and right side DU-145 
tumors following CTV/microbubble treatment and US treatment of the 
tumor on the right side. (e) E1A immunohistochemical staining of control 
normal tissues from a DU-Bcl-xL mouse treated with CTV microbubbles. 
(f) E1A immunohistochemical staining of control tumor tissues from a 
DU-Bcl-xL mouse treated with Ad-GFP microbubbles and US. (g,h) E1A 
immunohistochemical staining of left and right side DU-Bcl-xL tumors 
following CTV/microbubble treatment of the tumor on the right side. 
Ad, adenovirus; GFP, green fluorescent protein.



Molecular Therapy  vol. 18 no. 2 feb. 2010� 303

© The American Society of Gene & Cell Therapy
Novel Systemic Therapy of Prostate Cancer

important step toward developing clinical trials with the CTV/MB 
approach and US.

Obvious questions are why mda-7/IL-24 serves as such 
an effective antitumor agent and why the CTV is superior to 
Ad.mda-7 as a viral-based therapeutic for primary and dis-
seminated cancers? A noteworthy reason for the robustness of 
mda-7/IL-24 is the ability of this secreted cytokine to elicit a 
potent “bystander” anticancer effect.6 mda-7/IL-24 can directly 
induce apoptosis when expressed inside cancer cells and can 
also induce growth suppression, apoptosis, and endogenous 
MDA-7/IL-24 protein expression and secretion when added 
as a purified protein through interactions with the IL-20R1/
IL-20R2 and IL-22R1/IL-20R2 cell surface receptors.6,8,32,35 As a 
secreted cytokine, MDA-7/IL-24 also induces an array of potent 
immunomodulatory proteins from immune cells, including 

IL-6, interferon-γ, tumor necrosis factor-α, IL-1β, IL-12, and 
granulocyte macrophage colony–stimulating factor.32 These 
cytokines secreted by peripheral blood mononuclear cells can 
activate antigen-presenting cells to present tumor antigens, 
thereby triggering an antitumor immune response.48 These 
observations have been recapitulated in a Phase I clinical trial 
involving intratumoral injection of Ad.mda-7 (INGN 241) in 
patients with advanced carcinomas and melanomas.8,21,28 In 
principle, the “bystander” effects elicited by MDA-7/IL-24 are 
concentration dependent35 and large amounts of this cytokine 
generated by the CTV would be predicted to have an enhanced 
therapeutic impact in the patient. Moreover, the immunomodu-
latory functions of mda-7/IL-24 would be particularly significant 
in a patient with an intact immune system where the generation 
of robust amounts of mda-7/IL-24 by the CTV might result in an 
amplified immune response against the cancer cells. The potent 
activity of the CTV compared to Ad.mda-7 suggests a need for 
only limited administration of this CRCA,11,34,37,41 which would 
work extremely well in the context of MB/Ad complexes. In 
principle, the MB approach would further minimize the activa-
tion of the immune system against the Ad that would normally 
promote viral clearance. We presently confirm for the first time 
that MB-assisted delivery of the CTV can serve as a valuable 
therapeutic tool to combat therapy resistant PC. As previously 
emphasized, the CTV/MB-injected US-treated mice appeared to 
be disease free 3 months after therapy cessation suggesting that 
a cure was established. We are planning to conduct long-term 
animal studies to verify this provocative observation in both 
immune-incompetent and immune-competent animals.

In summary, the present studies support the proposition that 
US-directed delivery of CTV/MB complexes might provide a 
nontoxic and effective alternative or complement to conventional 
adjuvant treatment modalities for patients with primary and met-
astatic PC. Based on previous studies of combinatorial therapy 
preclinical-trials in cell culture and in animal models, a combi-
nation of CTV/MB approach employing US with localized low-
dose radiotherapy might promote an even more profound effect, 
potentially further enhancing mice survival.9,49 We are currently 
studying the effects of chemotherapy and/or radiation therapy 
combined with MB-enhanced delivery of the CTV on promoting 
a cure in a preclinical setting of PC.

Materials and Methods
Cell lines, cell culture, and adenoviral production. The DU-145 (human 
prostate adenocarcinoma), cell line was obtained from the American Type 
Culture Collection (ATCC, Rockville, MD) and the DU-Bcl-xL cell line, 
which constitutively expresses elevated levels of Bcl-xL has been described 
previously.4 The cell lines were grown at 37 °C, in a 5% CO2/95% atmo-
sphere, in Dulbecco’s modified Eagle’s medium (Mediatech, Herndon, 
VA) supplemented with 10% fetal bovine serum from Hyclone (Logan, 
UT). Ad-GFP, which expresses the GFP gene under the strong cytomega-
lovirus (CMV) constitutive promoter was generated using the AdEasy 
system (Carlsbad, CA); the conditionally replication-competent CTV (Ad.
PEG-E1A-mda-7) (refs. 11,34,37) and Ad.mda-7 (ref. 26) were amplified 
and purified with the BD Adeno-X virus purification kit (BD Biosciences, 
Mountain View, CA) following manufacturer’s directions. Viral titers 
were determined by a plaque assay and the titer was adjusted to 1.2 × 1012 
plaque-forming units/ml as described.26
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Figure 8  B-mode ultrasound (US) imaging of DU-145 tumor xeno‑
grafts treated with microbubble/US-guided Ad.mda-7 and therapy 
resistant DU-Bcl-xL tumor xenografts treated with microbubble/
US-guided cancer terminator virus (CTV). Subcutaneous tumor xeno-
grafts from DU-145 and DU-Bcl-xL cells were established in athymic nude 
mice in both right and left flanks and only tumors on the right side were 
sonoporated following tail-vein injection of the indicated microbubble/
Ad complexes during a course of 4 weeks. Tumor volumes were deter-
mined by measuring twice a week the tumors with either a caliper or by 
US measurements of the tumor axes. (a) Ultrasound image and measure-
ment of a DU-145 tumor before treatment with Ad.mda-7/microbubble 
complexes and US. (b) US image and measurement of the same DU-145 
tumor 2 weeks following treatments with Ad.mda-7/microbubble com-
plexes and US. (c) US image and measurement of the same DU-145 
tumor 4 weeks following treatments with Ad.mda-7/microbubble com-
plexes and US. (d) US image and measurement of a DU-Bcl-xL tumor 
before treatment with CTV/microbubble complexes and US. (e) US 
image and measurement of the same DU-Bcl-xL tumor 2 weeks following 
treatments with the CTV/microbubble complexes and US. (f) US image 
and measurement of the same DU-Bcl-xL tumor 4 weeks following treat-
ments with CTV/microbubble complexes and US. Complete eradication 
of the DU-Bcl-xL tumor occurs 4 weeks after initiating the therapeutic 
treatment protocol. Ad, adenovirus; GFP, green fluorescent protein.
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Preparation of MBs and US platform. Targeson (Targeson) custom 
synthesis US contrast agent (perfluorocarbon MBs, encapsulated by a 
lipid monolayer and poly(ethyleneglycol) stabilizer) were prepared follow-
ing manufacturer’s instructions. MBs were reconstituted in the presence 
or absence of 1 ml of 1.2 × 1012 plaque-forming units of Ads and unen-
closed, surface-associated Ads were inactivated as previously described.12 
For in vivo experiments US exposure was achieved with a Micro-Maxx 
SonoSite (SonoSite) US machine equipped with the transducer L25 set at 
0.7 Mechanical Index, 1.8 MPa for 10 minutes.

Antibodies and western blot analysis. DU-145 cells were transduced 
with 50 multiplicity of infection of Ad.mda-7 or Ad-CMV as a control 
and 24 or 48 hours post-transduction 50 μg of total cell extracts were sub-
jected to western blot analysis using a mouse monoclonal anti-MDA-7/
IL-24 (GenHunter, Nashville, TN) (1:2,000; incubation for 1 hour) or the 
mouse monoclonal anti-GAPDH sc-0411 (1:5,000; incubation for 1 hour) 
(SantaCruz, Santa Cruz, CA), as control. Western blot analysis was also 
conducted on protein extracts from MB/US-assisted in vivo transfer of 
Ad-GFP or mda-7/IL-24 using antibodies that specifically recognized GFP 
sc-53882 (SantaCruz), MDA-7/IL-24 (GenHunter), and β-actin sc-47778 
(SantaCruz). Briefly, 96 hours following targeted MB/US-assisted in vivo 
transfer of Ad-GFP, mice were killed and fresh tumor (right and left flank), 
heart, lung, liver, and kidney tissues were harvested and snap frozen in 
liquid nitrogen. Mice receiving mda-7/IL-24 gene-MB/US-guided therapy 
were killed at the end point of the study (5–6 weeks after gene therapy 
injections). Tissues were homogenized and equal amounts of proteins 
were run on a sodium dodecyl sulfate–polyacrylamide gel electropho-
resis and transferred to a nitrocellulose membrane. The membrane was 
then incubated with the monoclonal anti-GFP 1:2,000 for 1 hour at room 
temperature and then washed three times in TBS-T (Tris-buffered saline 
Tween-20). Monoclonal anti-MDA-7/IL-24 (GenHunter) was incubated 
1:2,000 for 1 hour at room temperature and then washed three times in 
TBS-T. Monoclonal anti β-actin (1:5,000) was incubated 1 hour at room 
temperature and then washed three times in TBS-T. Appropriate secondary 
horseradish peroxidase–conjugated antibodies 1:20,000 were incubated 45 
minutes at room temperature and washed three times with TBS-T. Signals 
were developed on an X-ray film after reaction with an Electrogenerated 
ChemiLuminescence Supersignal kit (Pierce, Rockford, IL).

Animal study and ultrasonic bubble destruction. Animal studies were 
performed in accordance with National Institutes of Health recommen-
dations and the approval of the institutional animal research committee. 
Animal care and humane use and treatment of mice were in strict com-
pliance with (i) institutional guidelines, (ii) the Guide for the Care and 
Use of Laboratory Animals (National Academy of Sciences, Washington, 
DC, 1996), and (iii) the Association for Assessment and Accreditation of 
Laboratory Animal Care International (Rockville, MD, 1997). All the ani-
mals used in these studies were 8- to 12-week-old female/male congeni-
tally athymic BALB/c nude mice, homozygous for the nu/nu allele, bred in 
our laboratory. The colony of the mice was developed from breeding stock 
obtained from Charles Rivers Laboratories, Wilmington, MA. The mice 
were maintained in isolation in autoclaved cages with polyester fiber filter 
covers, under germ-free conditions; all food, water, and bedding were ster-
ilized. A total of about 420 nude mice (n = 10 each experimental point) were 
implanted with the human prostate adenocarcinoma cell lines (DU-145 or 
DU-Bcl-xL) as a xenograft model (injecting 1.5 × 106 or 2.5 × 106 cancer 
cells on each flank of the animal). After ~30-days, mice were sedated in an 
IMPAQ6 anesthesia apparatus (VetEquip, Pleasanton, CA) that was satu-
rated with 3–5% isofluorane and 10–15% oxygen with the aid of a precision 
vaporizer (VetEquip) to deliver the appropriate amount of anesthetic and 
to induce anesthesia. The mice were placed on a warmed mat with 37 °C 
circulating water for the entire procedure. A 27-gauge needle with a hepa-
rin lock was placed within a lateral tail vein for administration of contrast 
material. The nude mice received injections of 100 μl of MBs with/without 

Ads through the tail vein once a week for 5 weeks. The mice were split into 
two control groups (one control group receiving 100 μl of MBs and US, 
and another control group receiving both MBs/Ad-GFP and US) and eight 
active groups of 10 mice each (all receiving MBs and Ad.mda-7 or CTV 
and US). Six additional control groups were set up which received direct 
intravenous injections of 100 μl of the Ads (Ad-GFP, Ad.mda7/IL-24, or 
CTV) in the presence or not of US. Grayscale US imaging was performed 
with a SonoSite scanner (SonoSite) equipped with the transducer L25 set at 
0.7 Mechanical Index, 1.8 MPa for 10 minutes. US images were recorded as 
digital clips. In every experiment, 10 animals for each treatment or control 
group were used to study tumor regression. Every experiment was repeated 
at least twice. Tumor volumes were determined by measuring the tumors 
twice a week with either a caliper or by US measurements of the tumor 
axes. Tumor volumes were determined using the following formula: V = 
(π/8)a × b2, where V is the tumor volume, a is the maximum tumor diam-
eter, and b is the diameter at 90° to a (ref. 50). The mice were humanely 
killed by placing them in a CO2 gas jar placed in a ventilated fume hood. 
The tumors (right and left flank), heart, lungs, kidneys, and liver were 
harvested. Tissues to be sectioned were dry snap frozen or placed either 
in OCT (Sakura Finetek USA, Torrance, CA), frozen in liquid nitrogen, 
and stored at −80 °C or were preserved in neutral buffered formalin at 4 °C 
before embedding in paraffin for immunohistochemical analysis.

Determination of E1A immunohistochemical staining. For immunohis-
tochemical analysis, formalin-fixed and paraffin-embedded specimens were 
sectioned 3–4 μm thick. Sections were deparaffinized, rehydrated, and then 
quenched in 3% H2O2 for 20 minutes. Sections were washed with phosphate-
buffered saline (PBS) and blocked in PBS containing 1% bovine serum albu-
min for 20 minutes at 37 °C. Monoclonal anti-E1A (M73) antibodies (sc-25; 
Santa Cruz), 1:2,000, were incubated with slides for 3 hours at room temper-
ature and then washed 3× in PBS. Sections were incubated with an avidin–
biotin–peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories, 
Burlingame, CA) and then washed 2× in PBS. The immunoreactivity was 
determined using diaminobenzidine as the final chromogen. Finally, sec-
tions were counterstained with Meyer’s hematoxylin, dehydrated through a 
sequence of increasing concentrations of alcohol solutions, cleared in xylene, 
and mounted with Permount medium (Fisher Scientifics, Pittsburgh, PA). 
During the immunohistochemical assay proof slides were coupled with 
negative control slides on which the primary antibody was omitted. Sections 
were also processed for hematoxylin and eosin staining.

Determination of apoptotic cells by TUNEL assay. A TUNEL method 
was used for the detection of apoptotic cells. For this purpose, we used 
the DeadEnd Colorimetric TUNEL Assay kit (Promega, Madison, WI) 
according to the manufacturer’s instructions. Briefly, paraffin-embedded 
slides were deparaffinized and rehydrated. Pre-equilibrated slides were 
labeled with a labeling DNA-strand breaks solution containing a bioti-
nylated nucleotide mix (60 minutes at 37 °C). After several washes in 2× 
SSC and PBS, slides were blocked with hydrogen peroxide (3–5 minutes at 
room temperature). After several washes in PBS, the slides were incubated 
with streptavidin/horseradish peroxidase–conjugated antibodies diluted 
in PBS (30 minutes at room temperature). Diaminobenzidine was used 
as the final chromogen and hematoxylin was used as a counterstaining 
procedure. Apoptotic cells on the slides were observed under an Olympus 
light microscope (×400 magnification; Olympus, Center Valley, PA) in 
randomly chosen fields.

Statistical analysis. All statistical analyses were performed by using SAS, 
version 9.1. Comparisons of tumor volumes were done separately three 
times: before the treatment, 2 weeks after the treatment, and at the end of 
the study. Statistical analyses for comparisons of different types of treat-
ments were done using one-way analysis of variance followed by Tukey–
Kramer multiple adjusted pair-wise tests. P value <0.05 was considered 
significant.
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SUPPLEMENTARY MATERIAL
Figure S1.  Growth curves of control DU-145 tumor xenografts 
injected i.v. using unprotected Ad-GFP, Ad.mda-7, or CTV (Ad.PEG-
E1A-mda-7) and treated or not with US.
Figure S2.  Growth curves of control DU-Bcl-xL tumor xenografts 
injected i.v. using unprotected Ad-GFP, Ad.mda-7, or CTV (Ad.PEG-
E1A-mda-7) and treated or not with US.
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