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ABSTRACT: Prostate cancer (PCa) is one of the leading causes of death for men worldwide. Unlike some other types of cancer,
there is a lack of targeted therapy for prostate cancer patients that can kill cancer cells but do much less damage to the normal tissue.
In this paper, we report on an adenoviral vector enhanced prostate cancer specific transferrin conjugated drug targeted therapy. In
particular, a functional PCa-specific gene probe is introduced to drive and up-regulate the transferrin receptor expression on the PCa
via adenoviral vector. As a result, significantly enhanced accumulation of nanoscale transferrin-doxorubicin (Tf-DOX) protein drug
conjugates and concomitant notably elevated PCa tumor inhibition are observed. This conceptual strategy provides the proof-of-
concept for the targeted therapy of PCa that is highly desired but not yet developed.
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Prostate cancer (PCa) is one of the most common
malignancies in men worldwide. According to the

National Cancer Institute (NCI), this type of cancer affects
one in every nine men and is the second most common cause
of cancer-related death in the U.S.1,2 In particular, advanced
and recurrent PCa patients are considered to be incurable.3

The only clinical choice for the such patients is extensive
chemotherapy and radiation therapy that are extremely
invasive and have severe side-effects on normally functioning
organs and tissues, and the median period of survival once
starting such treatment is only 1−3 years.4−6 In contrast,
targeted therapies that can kill cancer cells but do much less
damage to the normal tissue are becoming an important
treatment method and lead to a notably better prognosis for
certain types of cancers.7,8 Yet, none of these targeted therapies
has been well established for PCa patients. Traditional PSMA-
targeted approach depends on the intrinsic expression level of
the target antigens of the tumor itself. However, since many
prostate cancer antigens, including PSMA, are very heteroge-
neous, the treatment outcome is unsatisfactory for certain
patients.9 In this paper, we report on a new PCa target therapy
via a genetic-nanoparticle approach. In such an approach, the
target protein gene can be introduced into a tumor through
adenovirus vector to significantly increase the expression of the

target gene in the tumor, thus ameliorating the heterogeneity
and ultimately enhancing the drug targeting.
In particular, transferrin (Tf)-conjugated drug delivery

systems have been explored clinically as an emerging target
therapy method.10 This is due to the up-regulated levels of
transferrin receptor (TfR) expression in certain types of
cancers as well as to the reported on Tf’s unique recycling
pathways.11,12 For example, Tf-CRM107 is a covalent
conjugate Tf protein to a diphtheria toxin with a point
mutation (CRM107), the latter of which diminishes the native
toxin binding.13,14 In its clinical trials, the Tf-CRM107 has
proved its tumor response in patients with malignant refractory
brain tumors without severe neurologica or systemic toxicity.14

Moreover, doxorubicin (DOX) has also been conjugated to Tf
protein.15 Such Tf-DOX conjugate has also been proven to be
effective in improving therapeutic outcomes in some types of
malignancies.16,17 However, despite these advances, the current
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Figure 1. Bioluminescence imaging and targeted precision therapy. The PPCA3-TFR-TfR-Luc gene carried by adenovirus can selectively overexpress
the TfR protein and luciferin in prostate cancer cells. Increased TfR enhances the uptake of Tf-DOX nanoparticles and thus increases antitumor
effects.

Figure 2. Construction and characterization of Ad.PCA3 probe. (A) Scheme of the recombinant adenoviral vectors driven by the DD3 promoter
and WPRE regulatory element. (B, C) Western blot analysis of TfR expression in prostate cancer cells (22RV1), normal cells (3T3), and
nonprostate tumor cells (Hela) 24 h after infection with equal amount of Ad.PCA3 and Ad.Null. (D) Relative densimetry of TfR protein in various
cell lines infected either with or Ad.Null, as determined by semiquantitative Western blot. The error bars represent data from three independent
experiments.
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sensitivity, specificity, and efficiency are still not satisfactory for
the targeting therapy of PCa tumor. This is due to the
multifocality and heterogeneity nature of PCa tissues.18−20 For
example, the expression of TfR varies in different PCa cell lines
and even between every single cell of the same cell line, which
reveals that the individual heterogeneity of TfR among PCa
patients may cause the failure of TfR targeted therapy.21

Therefore, providing an abundant level of Tf-TfR binding in
PCa would be a feasible way to use Tf-based drug delivery
systems for targeted therapies of PCa.22

To this end, a functional PCa-specific gene probe is
introduced via an adenoviral vector to enhance the tumor
targeting of the Tf protein drug conjugates. In brief, first, the
PCa-specific gene probe is designed as follows. In particular,
the PCa-specific PCA3 promoter, also known as differential
display 3 (DD3), was successfully inserted into the upstream of
the luciferase (Luc) reporter and the TfR expression cassettes
to achieve the selective expression in PCa cells.23 On the basis
of its ability to increase gene transcription, the woodchuck
hepatitis virus posttranscriptional regulatory element (WPRE)
enhancer was further incorporated into the PCA3 promoter-
driven gene probe. The Luc gene was inserted as an imaging
readout for the gene expression in the tumors. The TfR gene
was incorporated into the gene probe to up-regulate the TfR
expression on the PCa cell membrane, thus enhancing the PCa
specific Tf protein conjugated drug tumor targeting (Figure 1).
Then the recombinant fragment was then packaged into an
adenoviral vector. A representative scheme for the resulting
adenoviral vector, Ad.PPCA3-TfR-WPRE-PCMV-Luc (Ad.PCA3
in brief), was presented (Figure 2A). To investigate the specific
expression of Ad.PCA3, an adenovirus vector package without
a recombination gene (Ad.Null) was constructed as a negative
control, while Ad.PCMV-Luc (Ad.CMV) was set up as a positive
control, where the expression of a Luc reporter was driven by a
constitutive cytomegalovirus (CMV) promoter.
The tumor-targeting ability of Ad.PCA3 was further

evaluated by comparing the expression level of the TfR
protein in various cell lines. As a high-malignancy and well
established in situ recurrent human PCa model, the PCa
22RV1 cancer cell was used in this study.24 As shown in Figure
2B, no obvious expression of TfR was present in Ad.PCA3 and
Ad.Null treated normal 3T3 cells, whereas Ad.PCA3 treated
22RV1 cells had an overexpression of the TfR protein (Figure
2B). In human cervical cancer Hela cells, TfR protein in

Ad.PCA3 treated Hela cells was slightly higher than that in
Ad.Null (Figure 2C). However, compared to Ad.Null groups,
only the overexpression of TfR protein in Ad.PCA3 treated
22RV1 cells was statistically significant, confirming that the
prepared gene probe can target such PCa cells with high
specificity (Figure 2D).
To evaluate the expression level of the Luc reporter, the

bioluminescence intensities of several different cell lines,
including the partial androgen-dependent PCa cell line
(22RV1), the androgen-independent PCa cell line (PC3),
the bladder cancer cell line (T24), and a normal prostate cell
line (RWPE1), were quantitatively analyzed. As shown in the
figure, 22RV1 cells infected with Ad.PCA3 emitted signifi-
cantly higher bioluminescence intensity than those treated with
Ad.CMV. When compared to Ad.CMV, slightly increased
bioluminescence was also observed in the Ad.PCA3-treated
PC3 cells. The bioluminescence intensity in Ad.PCA3-treated
RWPE1 cells and T24 cells was lower than that in the same cell
lines treated with Ad.CMV instead. Meanwhile, none of the
Ad.Null treated cell lines showed obvious luminescence
(Figure 3A). The results indicated that the constructed gene
probes exhibited high specificity for PCa cells but had weak
activity regarding non-PCa tumor cells and normal cells.
Next, to assess the in vivo effectiveness of the proposed

diagnostic strategy mediated by the PCA3 promoter, ten
22RV1-bearing mice were allowed to grow tumors until the
visible tumor size reached 0.5 cm diameter. Then dynamic
optic imaging during an observation time of 14 d was
performed to monitor the natural development and random
metastasis of PCa after the intratumoral injection of Ad.PCA3.
When in the prone position, the bioluminescence signals
derived from Ad.PCA3 were only visualized and centralized at
the tumor site on the left shoulder of mice on the first day
postadministration, with clear boundaries between the tumor
tissue and surrounding tissue. Subsequently, tumor bio-
luminescence intensity enhanced progressively over time and
became enlarged in dimensions in accordance to the growing
tumor. The bioluminescence intensity of tumors reached a
peak at 7 to 10 days postinjection (Figure 3B; Figure S1).
Except for in the supine position, in all optical images taken at
different postinjection time points, no bioluminescence was
found in major organs including liver, spleen, kidney, bladder,
lungs, and heart, or in the rest of the body (Figure S2). The
above results showed that Ad.PCA3 probe can be used as an

Figure 3. Bioluminescence in vitro and in vivo. (A) Biolominescence intensity of various cell lines at 24 h posttransfections of Ad.PCA3. Ad.CMV
and Ad.Null served as the controls. (B) Dynamic optic imaging of 22RV1-bearing mice at different time points postintratumoral injection of
Ad.PCA3.
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effective bioluminescence imaging tool for monitoring the
growth of PCa with no background fluorescence.
Because of the silent but prevalent metastasis of PCa,

detection of metastasized tumor sites has proven to be more
difficult than that for the primary tumor. To demonstrate the
capacity of our constructed probe in the early detection and
diagnosis of advanced stage PCa, we further investigated the
bioluminescence imaging ability of our probe in metastatic
tumor tissue. After intratumoral injection of Ad.PCA3 into the
living tumor-bearing mice, we monitored the development of
tumors within small animals via optical imaging. All 22RV1-
bearing mice showed clear bioluminescence in tumor areas.
Remarkably, in one of the mice, which was at 26 days
postinjection, an additional bioluminescence signal was
detected in the spinal region near the neck (Figure S3). The

oval-shaped signal had clear boundaries and demonstrated
medium intensity in the blue spectrum. No bioluminescence
was found in other parts of the body, and the physical
appearance of the mouse was normal compared to other mice.
According to the position of the fluorescent spot, we
performed surgical anatomy on the mouse to obtain micro-
lesion. The mouse was sacrificed, and surgery exploration
revealed that the region with bioluminescence had pathological
fraction with irregular mass and indistinguishable border with
the surrounding vertebra (Figure S4A). The abnormal tissue
was dissected for hematoxylin/eosin (HE) staining and was
confirmed to be bone metastasis. Immunohistochemical
analysis (IHC) for PSMA and Ki67 proteins was performed
to confirm the PCa specificity and cellular viability of
metastasis (Figure S4B). The findings showed that our method

Figure 4. Characterization of Tf-DOX nanoparticles. (A) Appearance and DLS. (B) TEM. (C) UV absorption curve of Tf-DOX nanoparticles. (D)
Release of DOX from Tf-DOX at different time in PBS. (E) MTT cell viability experiment of the different concentrations of Tf-DOX on 22RV1
cells at 48 h. (F) Flow cytometric analysis of Tf-DOX. (G, H) Tf protein competition inhibition experiment at 1 h and 24 h by CLSM.
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has therapeutic potential in regard to the early micrometastases
of PCa.
The specific overexpression of TfR in PCa by our dual

functional gene expression cassette probe can potentially
improve the delivery efficiency and tumor targeting of the
noted Tf-TfR metabolic pathway. Therefore, we further
evaluated the synchronous antitumor effect of Tf protein and
chemotherapeutic drug conjugates by combining with
Ad.PCA3 probe. Doxorubicin (DOX) is a broad-spectrum
chemotherapy, which is used in the treatment of a variety of
cancers including PCa. In our study, Tf-DOX was synthesized
directly by one-step method and used to evaluate the
therapeutic effect on PCa. The DOX was loaded within the

Tf protein by noncovalent hydrophobic interactions. TEM and
DLS showed that the average size of Tf-DOX nanoparticles
was around 6 nm (Figure 4A,B).
By continuously monitoring the change of particle size for a

week, we found that the particle size did not change distinctly,
which confirmed that the Tf-DOX nanoparticles we synthe-
sized possessed good stability (Figure S5). The UV character-
istic absorption peak of Tf-DOX confirmed the successful
binding of DOX and Tf, and the peak intensity was used to
measure the concentration of DOX binding in Tf-DOX
(Figure 4C). The release curve of DOX shed from Tf-DOX
nanoparticles at different times was monitored, showing that
DOX was slightly released over time, which indicated that the

Figure 5. Antitumor effect in vivo. (A) Schematic diagram of in vivo animal experiment. (B) Growth curve of the tumor was detected from the 7th
day to the end of the 21st day. The volume of the tumor was calculated according to the following formula: V = a × b2/2 where a and b were the
longest and shortest diameters of tumor. (C) Harvesting the final tumors and photograph. (D) HE staining, IHC of TFR and Ki67, and TUNEL
staining.
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connection between Tf protein and DOX was reliable (Figure
4D). In addition, MTT cell viability experiments confirmed
that Tf-DOX nanoparticles had a concentration-dependent
killing effect on PCa 22RV1 cells in vitro (Figure 4E).
To further confirm that the successful synthesis of Tf-DOX

and the cellular uptake of nanoparticles were mediated by TfR
receptors, a Tf protein competition inhibition experiment was
performed. Flow cytometry (FCM) analysis showed that after
Tf protein blocking, the fluorescence of Tf-DOX was
dramatically inhibited in 22RV1 cells, while the fluorescence
of DOX was unchanged after Tf blocking (Figure 4F; Figure
S6). The confocal laser scanning microscope (CLSM) showed
that DOX alone quickly gathered in the nucleus in 1 h after
cocultivation, while the DOX in the Tf-DOX group was mainly
concentrated in the cytoplasm and not seen in the nucleus at 1
h time point. When Tf protein was added to block the TfR
receptor on the cell surface in advance, DOX was almost not
seen in the cell, which meant that the uptake of Tf-DOX
nanoparticles was regulated by TfR-mediated endocytosis
(Figure 4G). Then 24 h after coculture, we found that a
large amount of DOX was released from Tf-Dox and could be
seen to be accumulated in the nucleus (Figure 4H, Figure S7).
Meanwhile, the Tf protein blocked group still maintained low
DOX uptake. Therefore, these results confirmed that our
synthesized Tf-DOX nanoparticles can be taken up by PCa
cells through the Tf-TfR system.
Next, the half-lives of Tf-DOX and free DOX after

intravenous injection were studied, and the results showed
that the half-life of Tf-DOX (0.63 h) was 8-times longer than
that of the free DOX (0.07 h) (Figure S8). The organ
distribution of Tf-DOX was studied via ex vivo fluorescence
imaging at different time points after Tf-DOX injection, and
the results showed that Tf-DOX had negligible accumulation
in the major organs at 24 h after injection (Figure S9).
Moreover, we further demonstrated that Tf-DOX had a
significant accumulation in the tumor of the mice, and the
accumulation was more in our Ad.PCA3 treated group than
the control group (Figure S10). Furthermore, after Tf-DOX
treatment intravenously injected into the mice, the tumors
were harvested and fluorescence observation of DOX was
performed, and the results showed that the fluorescence of
DOX was found both at the margins of the tumor as well as in
the deep interior after our Ad.PCA3 treatment (Figure S11).
These results exhibited excellent tumor targeting and negligible
body accumulation of Tf-DOX nanoparticles in regard to our
gene-nanoparticle strategy.
Then we verified the antitumor effect of our gene probe

combined with tumor targeting Tf-DOX nanoparticles on PCa
in vivo. The experiments were carried out in 22RV1 tumor-
bearing nude mice, divided into five groups: (1) PBS control,
(2) DOX (1 mg/kg), (3) Ad.PCA3+DOX (1 mg/kg), (4) Tf-
DOX (0.25 mg/kg), (5) Ad.PCA3+Tf-DOX (0.25 mg/kg).
On the seventh day after the tumor was planted subcuta-
neously, intratumoral injection of adenovirus vector was
performed, which was a commonly used administration route
in the clinical practices of gene therapy due to its high efficacy
and favorable biosafety and biodistribution.25−27 For example,
patients with malignant glioma have been reported to have
undergone intratumoral local injection of oncolytic adenovirus
to treat recurrent lesions.28 Since the complete expression of
the conventional adenovirus vector plasmid is strongest in
about a week, 7 days after adenovirus injection, mice in each
group were given intravenous injection of DOX or Tf-DOX

treatment. The mice were sacrificed on the 21st day, and
tumors and various tissues and organs were collected for
analysis (Figure 5A).
Compared with the PBS control, intravenous injection of

DOX alone has a slight inhibitory effect on tumor growth,
which is similar to the combined Ad.PCA3 group. This
indicates that the Ad.PCA3 probe itself has no significant effect
on tumor growth. To verify that our probe can achieve a better
antitumor effect at a low dose of drug concentration by
increasing the aggregation and uptake of nanoparticles at the
tumor site, we used Tf-DOX nanoparticles whose DOX
content was only a quarter of that of the DOX alone group to
treat tumors. At this low dose, the inhibitory effect of Tf-DOX
nanoparticles, which is actively targeted to tumors, was similar
to that of DOX alone, indicating that the antitumor
improvement of active targeting nanoparticles alone is not
enough. Remarkably, the combination of Ad.PCA3 gene probe
and Tf-DOX nanoparticles showed a significant inhibitory
effect on tumor growth, even at a low DOX concentration
(Figure 5B,C). The results supported that our gene-nano
system can effectively enhance the tumor targeting and further
improve the antitumor efficacy even at low drug concen-
trations.
Then we performed immunohistochemical (IHC) analysis

of TfR expression in different groups. The tumor tissue TfR of
Ad.PCA3+DOX and Ad.PCA3+Tf-DOX groups showed
significantly high expression, which indicated that our gene
probe was successfully expressed in in vivo tumor. Meanwhile,
the intratumor Ki67 level of Ad.PCA3 group was significantly
lower than that of the other groups, while the TUNEL positive
cells were significantly higher (Figure 5D). These results
indicated that the gene probe combined with nanomedicine
can greatly inhibit tumor growth by decreasing cell
proliferation and promoting apoptosis.
Finally, to verify the biosafety of Ad.PCA3 gene probe

combined with Tf-DOX nanoparticles strategy, we performed
HE staining on the main organs of Ad.PCA3+Tf-DOX group
and control mice. HE results showed that intratumoral
injection of adenovirus vector did not cause significant damage
to the major organs of mice including the heart, liver, spleen,
lung, kidney, and brain (Figure S12). These results suggested a
good biosafety of our gene-nano strategy.
In summary, we successfully validated that PCA3 promotor-

based gene probe can be used for PCa-specific targeted
therapy. The optical images performed with the gene probe in
vivo demonstrated a strong and long-lasting bioluminescence
signal exclusively at the tumor areas with clear boundaries
separating tumors from the surrounding tissue, and the signal
was changing in dimensions in accordance to the tumor
growth. The crucial dual design of this gene probe, combing a
therapeutic TfR gene, can enhance Tf-based nanoscale protein
drug conjugate targeted theranostics while reducing their
administration doses, thus providing a promising general
strategy for further augmenting efficacy and biosafety of
nanomedicine. Moreover, as an anticipatable application of the
gene probe in a clinical setting, the results indicated that this
strategy based on PCA3 promoter can be expanded to
specifically overexpress a wide variety of other functional
proteins in PCa with great specificity and efficiency, thereby
having great potential for further studies and clinical
translation.
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