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The ability of human adipose tissue–derived mesenchymal 
stem cells (AT-MSCs), engineered to express the suicide 
gene cytosine deaminase::uracil phosphoribosyltrans-
ferase (CD::UPRT), to convert the relatively nontoxic 
5-fluorocytosine (5-FC) into the highly toxic antitu-
mor 5-fluorouracil (5-FU) together with their ability 
to track and engraft into tumors and micrometastases 
makes these cells an attractive tool to activate prod-
rugs directly within the tumor mass. In this study, we 
tested the feasibility and efficacy of these therapeutic 
cells to function as cellular vehicles of prodrug-activat-
ing enzymes in prostate cancer (PC) therapy. In in vitro 
migration experiments we have shown that therapeutic 
AT-MSCs migrated to all the prostate cell lines tested. 
In a pilot preclinical study, we observed that coinjec-
tions of human bone metastatic PC cells along with the 
transduced AT-MSCs into nude mice treated with 5-FC 
induced a complete tumor regression in a dose depen-
dent manner or did not even allow the establishment 
of the tumor. More importantly, we also demonstrated 
that the therapeutic cells were effective in significantly 
inhibiting PC tumor growth after intravenous adminis-
tration that is a key requisite for any clinical application 
of gene-directed enzyme prodrug therapies.
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Introduction
Stem and progenitor cells engineered to express therapeutic 
gene products are becoming more and more promising in 
cancer therapy for their ability to selectively target tumor 
cells. Different therapeutic genes have been so far success-
fully inserted into stem cells including prodrug-activating 
enzymes,1–5 interleukins,6–8 and apoptosis-promoting genes.9 
Their administration in experimental setups resulted in suc-
cessful inhibition of growth of variety of tumors, regardless of 
tumor size and anatomical location. An overview on this topic 
can be found in Aboody et al.10 Mesenchymal stem cells (MSCs) 

have a great potential in regenerative medicine as well (for a 
review see ref. 11).

MSCs can be isolated as a fraction of bone marrow cells or 
other adult tissues. They posses an extensive proliferative poten-
tial and the capacity to differentiate into various cell types.12 
Unlike embryonal stem cells, the use of MSC does not involve 
ethical conflicts preserving on the other hand the characteristic 
to be easily expanded in culture and efficiently transduced with 
viral vectors containing therapeutic genes. Importantly, MSC also 
maintain an inherent capacity to track the tumor and engraft into 
it after systemic application. For these reasons, MSCs have been 
lately exploited as cellular vehicles in targeted-gene therapy.10–13 
Interestingly, MSCs can be successfully isolated also from adipose 
tissue (AT) that is more easily obtained and with a less invasive 
and painful clinical procedure compared to the bone marrow or 
umbilical cord–derived MSC. The success rate of isolation of MSC 
from human AT is 100% and they can be easily expanded for a 
prolonged time.14,15

Human AT–derived MSCs (AT-MSCs) have been recently 
engineered, by retrovirus transduction, to express the suicide 
gene cytosine deaminase::uracil phosphoribosyltransferase 
(CD::UPRT). The ability of yeast cytosine deaminase (CD)-
expressing AT-MSCs (CDy-AT-MSC) to convert the relatively 
nontoxic 5-fluorocytosine (5-FC) into the highly toxic antitumor 
drug 5-fluorouracil (5-FU) along with their ability to target tumor 
sites and micrometastases and to have a low immunogenic poten-
tial, makes these cells a unique tool to convert prodrugs to cyto-
toxic drugs directly within the tumor mass.1 Previous results from 
in  vivo experiments showed that CDy-AT-MSCs, administered 
subcutaneously (s.c.) as a mixture with tumor cells, or intrave-
nously significantly inhibited the growth of human colon adeno-
carcinoma (HT-29)16 and human melanoma xenografts in nude 
mice treated with 5-FC.17

In this study, we explored, by in vitro and in vivo investiga-
tions, the feasibility and efficacy of CDy-AT-MSCs as cellular 
vehicles of the therapeutic gene CD::UPRT in the treatment of 
human prostate cancer (PC). PC became the second cause of 
tumor-related deaths of men in the western world, due also to 
the longer life expectancy. Clinically localized PC is successfully 
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treated by radical prostatectomy or radiotherapy. In contrast, 
advanced stages of the tumor, initially responsive to androgen 
ablation therapy, develop in a few years a phenotype refractory to 
therapy.18,19 All the attempts to arrest this stage of the disease, in 
the most successful cases, result in only a few months prolonga-
tion of survival.20

In the present study, we demonstrate that AT-MSCs express-
ing fusion yeast CD::UPRT gene, when systemically administered 
in combination with the prodrug 5-FC to human prostate tumor-
bearing mice, are able to inhibit the tumor growth.

Results
Sensitivity of human prostate cell lines to the 
cytotoxic effect of 5-FU in vitro
Our objective was to verify the feasibility and efficacy of 
CDy::UPRT-expressing AT-MSCs as vehicles for gene-directed 
enzyme prodrug conversion in PC therapy. To this aim, we initially 
tested the sensitivity of several prostate cell lines to the cytotoxic 
effect of 5-FU. In particular, we analyzed a panel of PC cells chosen 
between those that are still responsive to androgen ablation therapy 
(LNCaP), those that became resistant after prolonged antiandro-
gen treatment [LNCaP-Bicalutamide (LNCaP-Bic)],21 and those 
that are androgen-independent (PC3, Du145). The noncancerous 
cell lines BPH.122 and EP-156T23 were also included as represen-
tative of benign prostate hyperplasia epithelial cells and epithelial 
prostate cells, respectively (for more details see Table 1).

Cytotoxicity was quantified by MTS assay after direct 
exposure of the cells to increasing doses of 5-FU. The 5-FU dose 
that decreased cell viability by 50% (IC50) (compared to untreated 
cells) was calculated on the base of logarithmic functions obtained 
for each cell line.

As expected, results showed that all the cell lines tested are 
sensitive to the cytotoxic drug 5-FU, although to a different extent 
(Figure 1 and Table 2). In particular, the noncancerous prostate 
epithelial cells proved to be the least sensitive ones with an IC50 
of 15.9 µg/ml despite exposure to the drug was 1 day longer. The 
brain and bone metastatic PC cells were more sensitive than the 
lymph node metastatic cells and of their derivated LNCaP-Bic. 
Interestingly, BPH.1 cells were comparable to PC3 and DU145 
cells regarding their IC50 for 5-FU. In general, it seems that the 
androgen-independent PC cells are more sensitive to the drug, 
as expected on the base of their higher proliferation rate. CDy-
AT-MSCs and, to a lesser extent, AT-MSCs have been previously 
shown to be also sensitive to the cytotoxic effect of 5-FU in that 5 
days of exposure to 50 µg/ml of the drug decreased the cell viabil-
ity of both cell lines by about 60%.17

Sensitivity of human prostate cell lines to the 
bystander effect of CDy-AT-MSCs in vitro
Toxicity of CDy-AT-MSCs relies not only on the capacity of these 
cells to convert the prodrug in situ but also on the ability of the 
drug to pass from the therapeutic to the surrounding target cells 
(bystander effect). Direct coculture experiments were therefore 
performed in order to test the cytotoxic bystander effect of CDy-
AT-MSCs on the PC cells.

In detail, a fixed number of prostate cells were cultured alone 
or together with increasing numbers of the therapeutic AT-MSCs. 
Ratios up to 1:1 were tested. Cell viability was measured by MTS 
assay after 6–7 days of exposure to 100 µg/ml 5-FC (Figure  2). 
Cocultures of prostate cells with AT-MSCs were also performed 
to rule out a possible cytotoxic effect of the CDy-AT-MSCs inde-
pendent on the conversion of the prodrug.

Results show that, EP156-T cells are the least sensitive being 
only slightly affected by the presence of the CDy-AT-MSCs/5-FC; 
indeed, despite the duration of the coculture was purposely pro-
longed, the ratio of 1:1 cells was not sufficient to decrease cell 
viability by 50%. This seems to be a nonspecific effect because a 
decrease in cell viability was observed also when cells were cocul-
tured with the AT-MSCs.

Again, PC3, Du145, and BPH.1 cells proved to be the most 
affected by this approach whereas, not even a ratio of 1:1 between 
CDy-AT-MSC/5-FC and LNCaP cells was able to reduce the cell 

Table 1 D escription of the prostate cell lines used in this study

NonCancerous Prostate Cells Tested

  EP156-T: hTERT-immortalized epithelial prostate cells

 � BPH.1: hBenign Prostate Hyperplasia epithelial cells immortalized with 
SV-40 large T-antigen

Prostate Cancer Cells Tested

  LNCaP: lymph node metastatic prostate cancer cells

  PC3: bone metastatic prostate cancer cells

  Du145: brain metastatic prostate cancer cells

 � LNCaP-Bicalutamide: lymph node metastatic prostate cancer cells selected 
from LNCaP cells grown in the presence of 10pM R1881 and 1µmol/l 
Bicalutamide (Bic)
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Figure 1 S ensitivity of prostatic cell lines to 5-FU. Prostate cell lines 
were exposed for 6–7 days to increasing concentrations of 5-FU. Cell 
viability was quantified by MTS assay. For each prostate cell line, mean 
values ± SD are expressed as a percentage of cell viability measured in 
the absence of the drug. 5-FU, 5-fluorouracil.

Table 2 D ose of 5-FU that decreased cell viability by 50% compared 
to untreated cells

Cells IC50 (µg/ml 5-FU) Days of treatment

EP156-T 15.9 7

LNCaP 7.7 6

LNCaP-Bicalutamide 6.5 6

PC3 2.9 6

BPH.1 2.4 6

Du145 2.2 6
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viability by 50%. However, when the coculture was prolonged for 
2 more days, also LNCaP cells were highly affected by the treat-
ment (data not shown). Interestingly, the androgen-independent 
LNCaP-Bic cells were more sensitive than the parental cells to the 
presence of the therapeutic CDy-AT-MSCs.

Prostate cell viability in the presence of AT-MSCs was similar 
to that of PC not in coculture and therefore higher compared to 
cell viability in the presence of the therapeutic CDy-AT-MSCs, 
at equivalent ratios; this is consistent with the inability of the 
AT-MSCs to convert the prodrug. Only exceptions were the 

cocultures with EP156-T (see above), LNCaP, and its derivated 
LNCaP-Bic cells for which the presence of AT-MSCs for 6 days 
increased cell viability.

CDy-AT-MSCs tropism to prostate cells in vitro
In order to efficiently transport converting enzymes to the tumor 
site, the CDy-AT-MSCs must maintain their tropism for the 
tumor. We verified, in in vitro migration experiments, the homing 
of CDy-AT-MSCs to the different prostatic cell lines (Figure 3). In 
particular, we observed an impressive migration of CDy-AT-MSCs 
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Figure 2 C ytotoxic effect mediated by CDy-AT-MSCs in the presence of 5-FC on prostatic cell lines. In direct coculture experiments therapeutic 
cells were seeded in the same wells containing prostate cells in ratios from 1:500 to 1:1. As a negative control for the transgene, not transduced 
AT-MSCs were also seeded with the prostate cells, in ratios from 1:20 to 1:5. Cell viability was quantified by MTS assay after 6–7 days of coculture. For 
each prostate cell line, mean values ± SD are expressed as a percentage of the cell viability measured in the absence of transduced or untransduced 
AT-MSCs. AT-MSCs, adipose tissue–derived mesenchymal stem cells.
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Figure 3 T ropism of therapeutic cells to prostate cell lines. Tropism of CDy-AT-MSCs to prostate cancerous and noncancerous cells was tested 
in vitro. Different numbers of prostate cells were seeded onto 24-well plates [in appropriate growth medium or in RPMI (Roswell Park Memorial 
Institute) containing 10% fetal calf serum (FCS)]. After 1 day, 8 µm pore-size cell culture inserts were added to the wells and 20,000 CDy-AT-MSCs 
per insert were seeded. Two days later, cells were processed as described in Materials and Methods. (a-c) Representatives fields of views (FOVs) from 
different inserts showing migrated CDy-AT-MSCs after staining with DAPI. In detail, fotos represent therapeutic cells migrated to (i) growth medium 
for EP156-T, (ii) EP156-T cells seeded in the appropriate growth medium, (iii) growth medium for LNCaP-Bicalutamide (LNCaP-Bic), (iv) LNCaP-Bic 
seeded in the appropriate growth medium, (v) RPMI containing 10% FCS, (vi) PC3, (vii) LNCaP-Bic, (viii) LNCaP, (ix) EP156-T, (x) Du145, (xi) BPH.1, 
all seeded in RPMI containing 10% FCS. (d) Quantification of the CDy-AT-MSCs migrated per each FOV, normalized to 106 of prostatic cells. 5 FOVs 
per insert were considered. Columns represent the mean values of CDy-AT-MSCs counted (i.e., migrated to each prostatic cell line) in 3–5 different 
wells ± SD. AT-MSCs, adipose tissue–derived mesenchymal stem cells.
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in the presence of the growth medium of EP156-T cells regardless 
the presence of the cells (Figure 3a). This is due to the rich com-
position of such medium which contains, indeed, also synthetic 
androgen, epidermal growth factor, and pituitary extract. A slight 
migration was noted also in the presence of the only growth 
medium for LNCaP-Bic cells (containing synthetic androgen and 
bicalutamide) (Figure  3b). Therefore, in order to exclude any 
interference due to the media’s components, all prostate cell lines 
were seeded in RPMI (Roswell Park Memorial Institute) contain-
ing 10% fetal calf serum which has been shown not to induce any 
migration (Figure 3c). Additionally, to exclude also interference 
due to the cell density, the experiment was performed by seed-
ing onto the lower chamber a different number of the prostatic 
cells (so to have a comparable number of cells at the end of the 
experiments). Indeed, the extent of migration depends also on the 
number of prostate cells seeded (data not shown). Equal number 
of CDy-AT-MSCs were instead seeded onto the upper chamber, 
as described in Materials and Methods. Under these experimental 
conditions, the number of CDy-AT-MSCs migrated, per fields of 
view, normalized to 1 million of prostatic cells, seems to be similar 
for all the cell lines with the exception of LNCaP-Bic cells to which 
migration of the therapeutic cells is reduced (Figure 3c,d).

CDy-AT-MSC-mediated tumor growth  
inhibition in vivo
To test the described experimental approach in a pilot preclini-
cal study, mixtures of 4 × 106 of PC3 tumor cells either with 40% 
of AT-MSCs or with various ratios of the therapeutic CDy-AT-
MSCs were injected s.c. into flank of each nude mouse (n = 4 in 
each group) (Figure  4a). Animals were treated with daily dose 
of 500 mg/kg of 5-FC intraperitoneally starting on second day 
after tumor appearance. By day 40 the experiments were ended 
and animals were inspected for tumors by biopsy. The entire ani-
mal control group, inoculated with PC3 cells alone, developed a 
palpable tumor between the 12th and 16th day and died by day 
18 post-tumor implantation. The mixture of PC cells with 40% 
of AT-MSCs accelerated the appearance of tumors by 4 days. All 
animals in these control groups died within 12 days. Within the 
therapeutic group 40% and 30%, one animal developed tumor by 
day 10 and another one by day 12, respectively, but they were both 
regressed by day 20. In the group of 20% one animal developed 
tumor at day 16 that regressed by day 20. In the group 10%, two 
animals developed tumor at day 18 but, also in this case, both 
tumors regressed by day 25. Three animals receiving PC3 plus 5% 
CDy-AT-MSCs developed palpable tumors at day 16, 20, and 26 
whereas one animal of the same group remained tumor free until 
the end of the experiment. Importantly, all animals in the thera-
peutic groups 40%, 30%, 20%, and 10% were tumor-free at the 
experimental endpoint.

In order to confirm these results, proportions of 10% and 50% 
of CDy-AT-MSCs were selected for a second ex vivo pilot study. 
In particular, PC3 cells (3 × 106) and mixtures of 3 × 106 of PC3 
tumor cells either with 40% of AT-MSCs or with 50% and 10% of 
therapeutic cells were injected s.c. into flank of each nude mouse 
(n = 4 in each treatment group). All animals were treated with 
daily dose of 500 mg/kg of 5-FC intraperitoneally starting on sec-
ond day after tumor appearance until the 30th day. At day 40, the 

experiments were ended and animals were inspected for tumors 
(Figure 4b).

Control group of animals inoculated with PC3 cells alone or 
with mixture of 40% AT-MSCs died within 14 days. Again, addi-
tion of 40% of AT-MSCs to tumor cells decreased the time for 
tumor formation by 2 days. Both groups of CDy-AT-MSCs coin-
jected animals responded to therapy by complete regression. In 
particular, in the experimental group coinjected with 10% CDy-
AT-MSCs, tumors started to significantly regress few days after 
administration of 5-FC whereas, the animal group injected with 
50% PC3 plus 50% CDy-AT-MSCs did not develop tumor at all. 
Together, these data show that the local 5-FC conversion leads to 
tumor regression in vivo or does not allow the development of the 
tumor when higher numbers of therapeutic cells are coinjected.

Antitumor effect of systemically administered 
CDy‑AT-MSCs in the presence of 5-FC in vivo
The applicability of such a therapeutic approach depends on the 
capability of CDy-AT-MSCs to be effective after systemic admin-
istration. In order to test this prerequisite separate in vivo studies 
were performed in which therapeutic cells were injected into the 
lateral tail vein of each mice, after tumor induction (Figure 5a).
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Figure 4 L ocal 5-FC conversion in tumors leads to tumor regression 
in vivo. (a) PC3 tumor cells (4 × 106) alone or mixtures of PC3 cells with 
AT-MSCs or with various ratio of therapeutic CDy-AT-MSCs were injected 
s.c. into flank of each nude mouse (n = 4 in each group). All cells were 
mixed with the same volume of Matrigel before inoculation. All animals 
were treated with daily dose of 500 mg/kg of 5-FC intraperitoneally (i.p.) 
starting on second day after tumor appearance in control group and up 
to the 27th day. Animals were inspected for tumors every 2 days. At day 
40 the experiments were ended. (b) PC3 cells (3 × 106) or mixtures of 
3 × 106 of PC3 tumor cells either with 40% of AT-MSCs or with 50% and 
10% of therapeutic cells were injected into flank of each nude mouse (n = 
4 in each group). All animals were treated with daily dose of 500 mg/kg 
of 5-FC i.p. as indicated by arrows. Animals were inspected by palpation 
for tumors every 2 days. At day 40 the experiments were ended and 
animals were inspected for tumors by biopsy. AT-MSCs, adipose tissue–
derived mesenchymal stem cells; 5-FU, 5-fluorouracil.
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In detail, PC3 tumors were induced with 3.0 × 106 PC3 cells 
(without MaxGel extracellular matrix) in all four experimental ani-
mal groups. The control group (n = 6) did not receive 5-FC. Animals 
in the second control group (n = 3) were inoculated intravenously 
with a dose of 2 × 106 of CDy-AT-MSCs and were not treated with 
5-FC. Animals that received a single dose of 2 × 106 of CDy-AT-
MSCs (n = 8) and animals that were injected twice with the same 
amounts of therapeutic cells (n = 6) were daily treated with 500 mg/
kg of 5-FC intraperitoneally starting on the fourth day after inocu-
lation of therapeutic cells. On day 24, animals that were injected 
once were killed. Average tumor volume decreased in all treated 
animals compared to the first control group. Tumors exhibited signs 
of regression being soft differently from the solid consistence of 
tumors in the control group. Hematoxylin-eosin staining confirmed 
necrotic character in all tumors of treated animals in comparison to 
viable character of tumors in control animals (Figure 5b). In the 
second group of treated mice, the injection of therapeutic cells was 
repeated on day 20, as indicated in the figure. On day 36, the exper-
iment was ended. In three out of six mice a complete regression 
was observed. Tumor volume in the other three mice was 0.1, 0.06, 

and 0.03 cm3. Thus systemic application of therapeutic cells signifi-
cantly decreased tumor burden and led to partial tumor regression. 
Importantly, a complete tumor regression was observed in 50% of 
the animals receiving two injections of therapeutic cells.

In order to clarify whether fast growing tumors can be influ-
enced by systemic inoculation of CDy-AT-MSCs, we induced PC3 
xenografts by mixing tumor cells with MaxGel extracellular matrix. 
We found in previous experiments that tumor onset and its growth 
were accelerated by this type of injection. Significant difference in 
tumor burden was found both in the group that received one single 
injection (n = 9) and in the group that received repeated injections 
(n = 9) in comparison with the control untreated group (n = 6), 
as indicated in Figure 5c. Tumor regression in the treated groups 
was confirmed by histological examination with hematoxylin-
eosin staining (data not shown). We conclude that fast growing PC 
tumors can be inhibited by stem cell targeted-gene therapy.

Discussion
In this study, we tested the feasibility and efficacy of yeast 
CD::UPRT expressing AT-MSCs to target and inhibit prostate 
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Figure 5 S ystemically administered CDy-AT-MSCs exert antitumor effect in the presence of 5-FC (a) Tumors were induced with 3.0 ×106 PC3 
cells (without Matrigel) by subcutaneous inoculation into flank of each nude mouse in all four animal groups. Control group (n = 6) received tumor 
cells without any treatment. Animals in the second control group (n = 3) received equal number of tumor cells and were successively inoculated 
intravenously (i.v.) with 2.0 × 106 of CDy-AT-MSCs and not treated with 5-FC. The third group of animals (n = 8) received 3.0 ×106 PC3 cells, were 
inoculated i.v. with a single dose of 2.0 × 106 of CDy-AT-MSCs, and were treated daily with 500 mg/kg of 5-FC intraperitoneally starting on fourth 
day after therapeutic cells inoculation. On day 24, animals were killed and tumors examined by histopathology. The fourth group of animals (n = 6) 
received two doses of therapeutic cells, as indicated in the figure by the orange arrows. On day 36 animals were killed. Tumor volumes were mea-
sured at the indicated time points and expressed as mean ± SD. *P < 0.05. (b) Hematoxylin-eosin staining of PC3 tumors from control animals (upper 
panel), from animals treated with single dose of CDy-AT-MSCs (middle panel), and from animals treated with two doses of CDy-AT-MSCs (lower 
panel). (c) Nude mice were inoculated with 3.0 × 106 PC3 cells mixed with the same volume of Matrigel. Control group animals (n = 6) received 
tumor cells only. Animals in the second group (n = 9) were inoculated i.v. with one dose of 2.0 × 106 of CDy-AT-MSCs. These two groups of animals 
were killed on day 14, tumor volume was estimated and histopathologic examinations performed by hematoxylin-eosin staining. Mice of the third 
group (n = 9) received a second injection of 1 × 106 of CDy-AT-MSCs on day 18. Tumor volumes were measured on day 32 and expressed as mean ± 
SD. *P < 0.05. AT-MSCs, adipose tissue–derived mesenchymal stem cells; 5-FU, 5-fluorouracil.
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tumors in vitro and in vivo. PC is one of the most common can-
cers in men in the western world. Despite significant efforts to 
cure this disease, mortality because of PC became one of the high-
est among patients with solid tumors. Median survival of men 
with metastatic therapy-resistant PC is limited to only 1–2 years. 
The current standard therapy for the treatment of these late stage 
patients is a docetaxel-based chemotherapy that however prolongs 
life expectancy by only a few months.20,24 Moreover, despite the 
improved safety features of some new therapeutic agents, for some 
patients therapy must be suspended because of the serious side 
effects. An elegant way to improve the response of tumor cells to 
chemotherapeutics and, at the same time, to focus their activation 
at the tumor site, sparing the healthy tissues and limiting there-
fore the side effects, is the employment of prodrug enzyme gene 
therapy. Prodrugs are relatively nontoxic, inactive compounds 
delivered systemically and converted into biologically active cyto-
toxic agents only after reaching the target region. Introduction 
of prodrug-converting enzymes into cells able to track and infil-
trate into the tumor represents one of the emerging gene therapy 
approaches.1,10 In this study, we applied, as cellular vehicle of a 
prodrug-converting enzyme, human AT-MSCs engineered by ret-
rovirus transduction to express the yeast suicide gene CD::UPRT. 
This prodrug system relies on the ability of yeast CD enzyme to 
convert the less toxic antifungal substrate 5-FC into the highly toxic 
antineoplastic 5-FU able to exert a strong bystander effect for its 
ability to diffuse across the cell membrane. 5-FU is then processed 
to cytotoxic metabolites that inhibit DNA and RNA synthesis, 
thus targeting both proliferating and nonproliferating cells.25 We 
and others have previously shown, in in vitro and in  vivo stud-
ies, that the bystander effect mediated by CD::UPRT gene directed 
enzyme prodrug therapy does not require a direct cell to cell con-
tact or functional gap junctions,1,26 thus further enhancing the 
strength of this therapeutic approach. It was reported indeed that 
expression of the bifunctional suicide gene CD::UPRT increases 
radiosensitization and bystander effect of 5-FC in PC cells.27 In 
mammalian cells, which appear to lack UPRT, orotate phosphori-
bosyl transferase (OPRT) is the initial enzyme of 5-FU activation. 
It is also the rate-limiting enzyme in the de novo process of DNA 
and RNA synthesis. Other key enzymes for 5-FU metabolism are 
thymidylate synthase, dihydropyrimidine dehydrogenase, which 
produces inactive 5-FU metabolites, and thymidine phosphory-
lase. We found that cell viability of the prostate cell lines tested, 
both cancerous and noncancerous, is impaired by 5-FU. Brain 
and bone metastatic PC cell lines that represent a very aggres-
sive phenotype of the tumor not being responsive to the first-line 
therapy (androgen ablation) are more sensitive to the cytotoxic 
effect of the drug compared to the metastatic androgen receptor 
positive LNCaP cells that, vice versa, represent an earlier stage of 
the disease. This different drug sensitivity may reflect the fact that 
the proliferation rate of PC3 and Du145 cells is much higher than 
that of LNCaP cells and even higher than that of the noncancer-
ous epithelial prostate cell line EP156-T. These latter’s are indeed 
the cells less affected by the treatment. The BPH.1 cells, although 
noncancerous, have also a very high proliferation rate, compa-
rable to that of PC3 and Du145, and also a very similar IC50. A 
further reason for the different extent of response to the cytotoxic 
effect of 5-FU observed between cancerous and noncancerous 

prostatic cells and between hormone sensitive and hormone-re-
fractory PC cells may be due to the different expression levels of 
the enzymes involved in 5-FU metabolism. Indeed, Tanaka et al. 
have recently demonstrated that the expression of OPRT mRNA 
(i.e., the capability to activate 5-FU) is significantly higher in PC 
specimens compared to normal prostate specimens.28 Between PC 
specimens, the hormone sensitive PC had lower levels of OPRT 
mRNA compared to hormone-refractory PC with a significant 
correlation between OPRT mRNA expression levels and the 
tumor pathological grade. Additionally, the OPRT/dihydropy-
rimidine dehydrogenase expression ratio, a powerful predictive 
factor to evaluate 5-FU sensitivity, was significantly higher in the 
hormone-refractory PC group than in the low grade hormone 
sensitive PC group. Finally, consistent with our results, in vitro 
sensitivity to 5-FU was shown to be higher for Du145 cells com-
pared to LNCaP cells.29 Also the enzyme thymidylate synthase is 
expressed at greater levels in the PC specimens than in the normal 
prostatic tissue specimens. Mizutani et al. have shown that the lev-
els of OPRT activity increases in rapidly growing cells, including 
tumor cells.30 Based on this finding, and considering that OPRT 
is the principal de novo DNA and RNA synthetic enzyme associ-
ated with cell division and proliferation, they assume that clones 
of cells that overexpress OPRT may have a growth advantage com-
pared to clones that do not express the enzyme. This correlation 
may be valid also for PC and noncancer cells, as discussed above. 
Finally, the effect of 5-FU on cell growth arrest and apoptosis has 
been attributed to the ability of its metabolites to induce the level 
and activity of the tumor suppressor p53.31 However, we observed 
a minor cytotoxicity of 5-FU on LNCaP cells which express the 
wild-type p53 compared to PC3 cells which do not express it, or 
Du145 cells which have a mutated p53. Therefore, in our cellular 
models, the effect mediated by the drug through cell cycle arrest 
and/or apoptosis might be less relevant compared to the effect 
mediated through inhibition of DNA synthesis.

When compared to other malignances, prostate tumor is con-
sidered a slow growing one, containing about only 3% of cycling 
cells.32 Indeed, 5-FU has not been successfully applied to PC 
patients due to its mechanism of action that affects highly prolifer-
ating rather than slow growing cells; low efficiency of conversion 
of 5-FU into toxic metabolites may also explain the partial resis-
tance of these cells. The transduction of the bifunctional fusion 
gene CD::UPRT increases the sensitivity of target cells to the 5-FU 
because of the catalytic action of the UPRT gene in the conver-
sion of the drug.33 Besides, the construction of such a bifunctional 
yeast fusion gene has been shown to further enhance the bystander 
effect.34–37 This can explain the strong inhibition of tumor growth 
that we observed when therapeutic cells were coinjected s.c. 
together with PC3 cells into nude mice receiving the prodrug. The 
number of tumor-free animals was proportional to the percent-
age of the therapeutic cells coinjected showing that the outcome 
is not casual. Interestingly, 10–40% of therapeutic cells were able 
to induce a total tumor regression by the end of the experiment 
differently from what was observed in animals injected with the 
only PC3 cells.

More importantly, a 50% mixture of therapeutic cells with PC3 
cells did not allow the establishment of tumor in any mouse. So, 
the bystander effect we observed in vitro was confirmed also in the 
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in vivo studies. The acceleration of tumor formation in animals 
coinjected with AT-MSCs (as well as the higher cell viability of 
some PC cells observed in the direct cocultures with AT-MSCs) 
should not be a surprise. It is known that MSC cells may support 
subcutaneous tumor growth when coinjected with tumor cells.38,39 
Tumor growth support by AT-MSCs is caused by several factors 
like growth factors production, immunosuppressive character of 
MSCs, but also by formation of favorable microenviroment for 
cancer cells. On the contrary, other studies observed that MSCs 
may inhibit tumor growth in animal models.40,41 and posses anti-
tumorigenic effects on a model of Kaposi’s sarcoma.42 CDy-AT-
MSCs used in the study have the advantage to be safe because of 
suicide gene presence. The administration of 5-FC eliminates not 
only tumor cells by also therapeutic cells as we have previously 
reported.16

Several reports26,43,44 documented efficacy of such a prodrug 
converting enzyme gene therapy applied to mice bearing andro-
gen-dependent or -independent PC xenografts. They were able to 
control and inhibit to some extent the growth of tumor. However, 
in all those studies, therapeutic genes were injected intraprostati-
cally. Another way to concentrate the effect of virus vectors con-
taining therapeutic genes to prostate carcinoma cells was obtained 
with the use of promoter-enhancers that may be activated only in 
the prostate.1,45 In our in vivo studies, in order to target and deliver 
the therapeutic genes to the tumor site, we exploited the charac-
teristic of mesenchymal stromal stem cells to home to primary 
tumors and metastases. Stem cells have been previously shown to 
be capable to migrate to the tumor site in prostate xenografs bear-
ing mice,10,46 however these stem cells were of different origins or 
carrying different therapeutic genes. Novelty of our approach is 
based on the choice of the transgene, as above discussed, and on 
the source of the MSCs. AT is indeed an easily obtainable abundant 
source of adult multipotent cells, also for autologous use, with no 
ethical concerns. Most importantly, we demonstrated that CDy-
AT-MSCs were effective in significantly inhibiting the growth of a 
human androgen-independent tumor in vivo, also after systemic 
administration; this is a key requisite for any clinical application of 
this gene-directed enzyme prodrug therapy. Regarding the choice 
of the transgene, it is relevant to point out that CD::UPRT express-
ing AT-MSCs, with the increasing number of passages, become 
more sensitive to the effect of the suicide gene they carry,17 thus 
self-limiting their survival; this is ideal for chemotherapy applica-
tions because delivery cells need to survive only sufficiently long 
to mediate effective therapy. Of note, the cell viability of the non-
cancerous epithelial prostate cells were only slightly affected by 
the presence of the CDy-AT-MSCs in the in vitro experiments. 
Their higher resistance is promising when considering a possible 
future therapy aimed at targeting primary prostate tumors in that 
noncancerous epithelial prostate cells could be spared from the 
local bystander effect of 5-FU produced by the CDy-AT-MSCs.

We have previously demonstrated the efficacy of CDy-AT-
MSCs to target and inhibit the growth of human colon adenocar-
cinoma HT-2916 and human melanoma xenografts-bearing nude 
mice treated with 5-FC.17 In this study, we applied for the first time 
this gene therapy approach to mice bearing human PC tumors. In 
particular, we demonstrated the feasibility of this prodrug gene-
directed enzyme therapy against PC3 cells that represent the most 

common metastases in PC patients. However, due to their capability 
to cross the blood-brain barrier, MSCs may serve as a platform for 
therapy in PC patients with brain metastases or in patients with pri-
mary brain tumors. A phase 1 neural stem cells mediated glioma 
therapy clinical trial is already under development.10 It has been 
demonstrated that MSCs can target and deliver therapeutic genes 
to metastases in a mouse PC lung metastases model46 and recently 
human neural stem cells were shown to be able to target and deliver 
therapeutic genes to breast cancer brain metastases.47

Similarly to our previous studies, a total regression of all 
tumors was not achieved when CDy-AT-MSCs were administered 
systemic. This is probably due to fewer number of therapeutic cells 
reaching the tumor with this delivery route48 and to the fact that 
therapeutic cells are administered at a later time-point. We believe 
that appropriate multiple injections of CDy-AT-MSCs could bring 
more striking results in terms of growth arrest as well as an earlier 
beginning of the therapy. Indeed only with two injections of thera-
peutic cells, we were able to arrest the tumor growth in animals 
receiving the prodrug for the entire duration of the experiments. 
It is likely that saturation of bifunctional yeast CD/UPRT enzyme 
by 5-FC at the doses applied per kg of body weight play a role. 
Kievit et al.49 reported that % of conversion of 0.5 mmol/l 5-FC by 
0.2 µg CDy in 2 hours is 77.9 Kilometer under these conditions is 
0.8 ± 0.2 mmol/l. Similarly, it has been recently reported that km 
value for CD is 0.51 mmol/l.50 Furthermore, 5-FC as an antimy-
coticum drug is known from human studies for its high clearance 
rate. Additional pharmacokinetics studies will be needed to clarify 
this point.

We demonstrated that stem cell targeted tumor therapy is 
promising in heterogenous tumors like the PC, encouraging fur-
ther investments to refine and better characterize this therapy. It 
might offer a hope in the treatment of late-stage tumor patients 
but it may also be applied to prevent formation of metastases in 
patients with organ-confined disease. Eradication of microscopic 
metastases that evade current detection techniques would be 
translated in a longer survival of PC patients with a better quality 
of life. Importantly, AT-MSCs could be easily derived from the 
same patient.

Materials and Methods
Cell lines and chemicals. PC cells Du145, PC3, and LNCaP were obtained 
from American Type Culture Collection (Rockville, MD) and cultured 
in RPMI 1640 medium (HyClone, Logan, UT) supplemented with 10% 
fetal calf serum, 1% glutamine, and penicillin/streptomycin. BPH.1 cells, 
maintained under the same conditions, were a kind gift of Prof. Schalken 
(Radboud University Nijmegen Medical Centre, the Netherlands). The 
androgen-independent LNCaP-Bic subline were derived from LNCaP 
cells grown in the presence of charcoal-stripped serum supplemented with 
10 pM R1881 and 1 µmol/l Bic.21 EP156-T cells were maintained as previ-
ously described.22 For a description of cell lines, see Table 1. All chemicals 
were purchased from Sigma if not stated otherwise. The synthetic andro-
gen methyltrienolone R1881 was purchased from New England Nuclear 
(Dreieichenhein, Germany). The nonsteroidal antiandrogen Bic was a gift 
from Astra Zeneca (Macclesfield, UK).

Construction of retroviral vector containing CD and preparation of virus 
producing cells. Construction of retroviral vector containing CD::UPRT 
and preparation of virus from helper cells were performed as previously 
described.17
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MSC isolation from human AT, culture, and retrovirus transduction. 
AT-MSCs were isolated from lipoaspirate using a collagenase type VIII 
digestion and plastic adherence technique as described 17. Material was 
obtained from healthy persons undergoing elective lipoaspiration, who 
provided an informed consent. Cells were plated in low-glucose (1 g/l) 
Dulbecco’s Modified Eagle Medium supplemented with 10% MSC-
stimulatory supplement (human; StemCell Technologies) and antibiotic–
antimycotic at a density of 2 × 105–5 × 105 nucleated cells/cm2. Adherent 
cells were split after reaching confluence and AT-MSC were used for the 
experiments up to passage 5. To prepare MSCs expressing CDy (CDy-AT-
MSCs), subconfluent cultures of AT-MSCs were transduced thrice in three 
consecutive days with virus-containing medium from GP+envAM12/
pST2 cells supplemented with 100 µg/ml protamine sulfate.

Toxicicity assay. Prostate cells were seeded in quadruplicates in 96-well 
plates, in appropriate growth media. On day 1, medium was replaced with 
fresh medium containing 20–160 µg/ml of 5-FU. Six days later (7 days for 
the EP156-T cells), cell viability was quantified by MTS test according to 
the manufacturer’s protocol.

In vitro bystander effect experiments. Prostate cells were seeded in 
quadruplicate in 96-well plates, in their appropriate growth medium. 
Increasing amounts of either CDy-AT-MSCs or AT-MSCs were added to 
the tumor cells on day 1.5-FC (100 µg/ml) was added to the mixed cultures 
on day 2. Cells were incubated for 6–7 days and cell viability was measured 
afterwards by MTS assay according to the manufacturer’s protocol.

Cell migration assay. Different numbers of prostatic cells were seeded 
onto 24-well plates in their appropriate growth medium. Additionally, 
EP156-T and LNCaP-Bic cells were also seeded in RPMI containing 10% 
fetal calf serum. After 1 day, 8 µm pore-size cell culture inserts (Becton 
Dickinson, GMBH, Schwechat, Austria) were added to the wells followed 
by addition of 20,000 CDy-AT-MSCs per insert. Medium was removed 48 
hours later and cells washed with PBS and detached mechanically with a 
cotton swab. Cells migrated through the insert were fixed with cold metha-
nol for 10 minutes at room temperature. Inserts were thereafter cut and 
mounted on Vectashield Mounting Medium with DAPI (Szabo Scandic, 
Vienna, Austria). Tissue-Quest and A-Quest programs (TissueGnostics 
GmbH, Wien, Austria) were used for acquisition and quantification of the 
migrated cells.

Experiments in vivo. Six- to 8-week-old athymic nude mice (Balb/c-nu/nu) 
were used in accordance with institutional guidelines under the approved 
protocols. The following cell suspensions were injected in coinjection stud-
ies: 4 × 106 PC3 plus 40%, 30%, 20%, 10%, or 5% of CDy-AT-MSCs; 3 × 106 
PC3 plus 50% or 10% of CDy-AT-MSCs; 4 × 106 PC3 and 3 × 106 PC3 alone, 
4 × 106 PC3 or 3 × 106 PC3 plus 40% of AT-MSCs. Cells were delivered s.c. 
into the flank of each mouse in 100 μl of PBS mixed with the same volume 
of MaxGel extracellular matrix (Matrigel). For experiments with systemic 
applications of the therapeutic cells, PC3 xenografts were induced either 
with cells alone or mixed with MaxGel extracellular matrix. Suspension of 
2 × 106 CDy-AT-MSC, or 106 AT-MSCs in 200 μl of PBS per each animal 
was injected intravenously into the lateral tail vein. Animals were treated 
intraperitoneally with 500 mg/kg/day of 5-FC diluted in PBS as indicated in 
figures. Tumors were measured by caliper and volume was calculated 
according to the formula: volume = length × width2/2. Animals were killed 
at the point when the tumors penetrated skin within the control group.

Statistics. Statistical comparisons of groups were performed using the 
Student’s t-test. P values < 0.05 were considered statistically significant.
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