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The tumor-tropic properties of neural stem cells (NSCs) 
led to the development of a novel strategy for deliver-
ing therapeutic genes to tumors in the brain. To apply 
this strategy to the treatment of brain metastases, we 
made a human NSC line expressing cytosine deaminase 
(F3.CD), which converts 5-fluorocytosine (5-FC) into 
5-fluorouracil, an anticancer agent. In vitro, the F3.CD 
cells significantly inhibited the growth of tumor cell lines 
in the presence of the prodrug 5-FC. In vivo, MDA-MB-
435 human breast cancer cells were implanted into the 
brain of immune-deficient mouse stereotactically, and 
F3.CD cells were injected into the contralateral hemi-
sphere followed by systemic 5-FC administration. The 
F3.CD cells migrated selectively into the brain metas-
tases located in the opposite hemisphere and resulted 
in significantly reduced volumes. The F3.CD and 5-FC 
treatment also decreased both tumor volume and num-
ber of tumor mass significantly, when immune-deficient 
mouse had MDA-MB-435 cells injected into the internal 
carotid artery and F3.CD cells were transplanted into the 
contralateral brain hemisphere stereotactically. Taken 
together, brain transplantation of human NSCs, encod-
ing the suicide enzyme CD, combined with systemic 
administration of the prodrug 5-FC, is an effective treat-
ment regimen for brain metastases of tumors.
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6 January 2009. doi:10.1038/mt.2008.290

IntroductIon
Brain metastasis is the most common intracranial tumor type 
in adults. In the resting state, the brain receives 15–20% of the 
body’s blood flow, which increases the chance of circulating tumor 
cells reaching the brain.1,2 Consequently, brain metastases are 
common in cancer patients with an incidence rate of 12–35%.3–5 

A solitary brain metastasis can be managed by local treatment 
modalities such as surgery or irradiation. However, many patients 
with brain metastasis harbor two or more metastases.1 In these 
cases, systemic chemotherapy is the sole treatment option and the 
intact blood–brain barrier (BBB) is largely impermeable to most 
 chemotherapeutic drugs.

The discovery of the inherent tumor-tropic properties of neu-
ral stem cells (NSCs) potentially provides a novel approach to 
overcoming the primary challenge in developing chemotherapy 
regimens.6 A recent study showed that NSCs have the ability to tar-
get cytosine deaminase (CD) to brain metastases, where CD can 
convert the systemically administrated prodrug 5-fluorocytosine 
(5-FC) into the toxic anticancer agent 5-fluorouracil (5-FU).7 
However, in this particular study,7 the NSCs were injected directly 
into the carotid artery. This delivery method cannot be used in the 
clinic nor can it be used to determine the migration potential of 
NSCs into brain metastases. It, therefore, remains to be determined 
whether NSCs migrate specifically to brain metastases and which 
injection time points result in the best therapeutic results. These 
questions should be addressed in order to realize the potential of 
NSC gene therapy.

We previously used an immortalized human NSC line (HB1.
F3), expressing suicide genes, to target brain tumors. Using this 
approach, tumor burdens were significantly reduced in animal 
models with glioblastoma, medulloblastoma, and metastatic neu-
roblastoma, demonstrating the tumor tropic of the HB1.F3 cells.8–11 
In this study, the NSC line was engineered to express the therapeu-
tic CD gene (F3.CD) and shown to have the capacity to migrate 
selectively to brain metastases, where it significantly reduced the 
tumor burden after administration of the prodrug 5-FC.

results
HB1.F3.cd—a human nsc line expressing cd
Expression of the CD transcript in F3.CD was confirmed by 
reverse transcription–PCR. As expected, the CD transcript 
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was absent in the parental HB1.F3 (F3) cells (Supplementary 
Figure S1b). Next, sensitivity to 5-FC or 5-FU was determined for 
the F3.CD cells and compared with that of the parental F3 cells. 
The F3.CD cells were sensitive to 5-FC exposure at concentra-
tions >0.2 mmol/l (P < 0.05, Figure 1a,b), which confirmed the 
enzymatic conversion of the prodrug 5-FC to the cytotoxic 5-FU. 
After 24 hours of 5-FC treatment, the F3.CD cells showed signs 
of mild toxicity, and after 48 hours, the toxic effect was very clear 
(Supplementary Figure S2).

MDA-MB-435 (a human breast cancer cell line), PC14PE6 (a 
human lung adenocarcinoma cell line), and K1735 cells (a mouse 
melanoma cell line) were not affected by 5-FC treatment even at 
0.5 mmol/l, consistent with the lack of CD expression in these cells 
(data not shown). In contrast, all the cell lines were sensitive to 
5-FU (Figure 1c,d). Among the tumor cell lines, the lowest sensi-
tivity was observed with the MDA-MB-435 cells.

F3.cd coculture inhibits tumor cell growth
To confirm the “bystander effect’’ of the CD produced by the 
F3.CD cells, a coculture system was used to determine the effect 
on viability of cocultured tumor cells. In coculture with F3.CD 
cells, 0.5 mmol/l 5-FC significantly inhibited the growth of 
MDA-MB-435, PC14PE6, and K1735 cells (P < 0.05, Figure 2). 
This effect was not observed with the parental F3 cells. Similarly, 
without addition of 5-FC, the F3.CD coculture had no effect on 
the tumor cell growth (data not shown). These results show that 
F3.CD cells convert sufficient amounts of 5-FC to 5-FU to effec-
tively kill MDA-MB-435, PC14PE6, and K1735 cells in vitro.

In vivo therapeutic efficacy of F3.cd cells
Next, the migrating potential and therapeutic efficacy of the F3.CD 
cells were determined. F3.CD cells were injected into the brain of 
MDA-MB-435 tumor-bearing animals, contralateral to the tumor 

cell implantation. The distribution of F3.CD cells and tumor vol-
umes were determined in brain tissue 2 days after the last 5-FC 
treatment (Figure 3a). A large number of CD-immunoreactive 
F3.CD cells were identified in the tumor bed and at the tumor-
normal parenchyma interface. Some migrating F3.CD cells were 
found in the corpus callosum (Figure 3b). Histological analysis 
showed significantly reduced tumor volumes in the brains of 
5-FC-treated F3.CD animals: (Figure 3c; group 4, mean ± SD = 
7.89 ± 4.18 mm3) compared the control groups [group 1, Hanks’ 
balanced salt solution (HBSS) injection + saline, 19.81 ± 6.86 mm3; 
group 2, F3.CD injection + saline, 17.14 ± 5.24 mm3; group 3, 
HBSS injection + 5-FC, 20.94 ± 2.55 mm3]. The tumor sizes were 
reduced up to 60%. No abnormalities in the brain parenchyma 
surrounding the tumors were in treated animals.

We confirmed the in vivo therapeutic efficacy of the F3.CD 
cells using another brain metastasis animal model, which was 
made by injection of MDA-MB-435 cells into the right internal 
carotid artery (ICA) of immune-deficient mouse. F3.CD cells were 
implanted into left brain hemisphere stereotactically and 5-FC was 
administrated systemically (Figure 4a). Both tumor volumes and 
numbers of tumor masses of treated mice were reduced signifi-
cantly [Figure 4b,c; group 2, sum of tumor volumes = 1.46 ± 2.67 
mm3 (mean ± SD), number of tumor masses in right and left brain 
hemispheres = 2.90 ± 2.33 and 0.20 ± 0.42, respectively], compared 
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Figure 1 cytosine deaminase (cd) from HB1.F3.cd (F3.cd) cells 
effectively converts the prodrug 5-fluorocytosine (5-Fc) to 5- 
fluorouracil (5-Fu). (a) F3 and F3.CD cells were treated with 
0.5 mmol/l 5-FC or 5-FU for 4 days. (b) The cytotoxic effects of 5-FU 
and 5-FC were quantified by cell viability assays (0–1 mmol/l 5-FC or 
5-FU for 48 hours). Each group, n = 4. (c,d) Influences of 5-FC and 
5-FU on MDA-MB-435, K1735, and PC14PE6 cells were also checked 
using the same experimental methods.
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Figure 2 5-Fluorouracil (5-Fu) derived from 5-fluorocytosine (5-Fc) 
was cytotoxic in vitro. The “bystander effect’’ of the cytosine deami-
nase (CD) produced by the F3.CD cells was confirmed using a coculture 
system. MDA-MB-435, PC14PE6, or K1735 cells and F3 or F3.CD cells 
were seeded in 96-well plates (total 5 × 103 cells per well, tumor cell:F3 
or F3.CD cell = 100:0, 75:25, 50:50, 25:75, or 0:100). After 24 hours in 
coculture, cells were treated with 0.5 mmol/l 5-FC for 72 hours and cell 
viability determined (each group, n = 3). Survival (%) = percentage of 
the control viability (tumor cell only, = 100%). Columns = mean, bars = 
SD, *P < 0.05.
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with those of control mice (group 1, HBSS injection + saline, sum 
of tumor volumes = 8.54 ± 1.42 mm3, number of tumor masses 
in right and left brain hemisphere = 5.67 ± 1.50 and 1.17 ± 1.33, 
respectively). Although F3.CD cells were implanted contralateral 
to the tumor cell injection, number of brain metastasis masses was 
decreased significantly in both hemispheres (Figure 4c).

In vivo effect of F3.cd injection on large brain 
metastases
To test whether the F3.CD cells had therapeutic effects on brain 
metastasis when the F3.CD and 5-FC treatments started after brain 
metastasis grew large, the F3.CD and 5-FC treatments were started 
1 week later than in the experiments described above. The thera-
peutic effects were determined by magnetic resonance imaging 
scans and survival analysis (Figure 5a). Some animals treated with 
F3.CD and 5-FC (group 4) showed tumor volume reduction in the 
magnetic resonance imaging scans (Figure 5b), but there was no 
difference in survival [Figure 5c; group 1 (HBSS injection + saline), 
median survival after tumor cell implantation, 32 days (26–34 
days); group 2 (F3.CD injection + saline), 31 days (27–37 days); 
group 3 (HBSS injection + 5-FC), 34 days (27–36 days); group 4 
(F3.CD injection + 5-FC, 32 days (30–41 days)—P = 0.221].

direct intratumoral injection of F3.cd cells
When there is a large brain metastasis, F3.CD cells can be injected 
into the tumor mass directly. This route could reverse the limited 
effect of F3.CD cells on large brain metastasis because F3.CD 
cells could be delivered to tumor mass much more effectively. 
Accordingly, we injected F3.CD cells into MDA-MB-435 brain 
tumor mass directly (Supplementary Materials and Methods) and 
tested in vivo therapeutic effect (Supplementary Figure S3a). When 
F3.CD cells were injected 2 weeks after the tumor cell implantation 
(Supplementary Figure S3b), mice treated with F3.CD cells and 
5-FC showed significantly small tumor volumes (group 2, mean ± 
SD = 1.95 ± 0.73 mm3), compared with the control group (group 1, 
HBSS injection + saline, 8.46 ± 2.17 mm3). However, F3.CD cells 
injected into tumor mass 3 weeks after the tumor cell implanta-
tion could not prolong survival time [Supplementary Figure S3c; 
group 1 (HBSS injection + saline), median survival after tumor cell 
implantation, 29 days (25–33 days); group 2 (F3.CD injection + 
5-FC), 26 days (24–35 days)—P = 0.545].

dIscussIon
Brain metastases most commonly originate from melanoma, lung, 
breast, and colon cancer. Unfortunately, brain metastases are very 
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difficult to treat because most drugs cannot penetrate the BBB and 
often multiple areas of the brain are affected. It is essential that 
patients with multiple brain metastases undergo systemic chemo-
therapy and/or whole brain radiation therapy. However, whole 
brain radiation therapy is hazardous and impairs cognitive func-
tion, and as mentioned, most effective chemotherapeutic agents 
cannot penetrate the BBB and reach the tumor.

The cytotoxic drug 5-FU is effective in the treatment of brain 
metastases, but it suffers from the inability to penetrate across BBB. 
However, the 5-FU prodrug 5-FC readily penetrates across BBB or 
into brain parenchyme.12,13 The 5-FC is converted to 5-FU by CD, 
an enzyme that is not encoded by the human genome. Therefore, 
if CD could be delivered to or expressed in brain metastases, the 
5-FC prodrug would have great potential in the treatment of brain 
metastases. To test the feasibility of this approach, we used NSCs 
to target CD to brain metastases and determined the effect on CD 
on tumor volume.

Brain metastases are different from primary brain tumors 
such as gliomas and medulloblastomas because they originate 
from cells that do not reside in the brain. Therefore, even if NSCs 
selectively migrate into primary brain tumors,14–21 this does not 
mean NSCs will target brain metastases. Furthermore, it is pos-
sible that individual brain metastases differ in their ability to 
attract NSCs. Here, we show that NSCs injected into the ipsilateral 
hemisphere migrate into breast tumor metastases in the contralat-
eral hemisphere. This suggests that breast tumor brain metastases 
attract NSCs as well as primary brain tumors. This is consistent 

with another study showing that NSCs injected into the ICA-
targeted melanoma brain metastases.7 Recently, we demonstrated 
that intravenously administered HB1.F3 human NSCs, expressing 
either a carboxylesterase suicide enzyme or the immune modera-
tor interferon-β gene, selectively targeted and migrated to meta-
static neuroblastoma, completely relieving the tumor burden.8–10 
This shows that NSCs have selective tumor-tropic migrating 
potential and can be used as therapeutic gene delivery vehicles in 
various brain metastases.

In this study, we tested the hypothesis that NSCs carrying a 
therapeutic gene have therapeutic effects on brain metastases. 
The NSCs showed significant therapeutic effects in two different 
breast cancer brain metastasis animal models; tumor cells were 
directly implanted into the brain or blood-born metastases were 
made by injection of tumor cells into the ICA. We expected that 
the NSCs could also make therapeutic effects when the F3.CD 
and 5-FC treatment started after brain metastasis grew large. 
However, the NSCs did not prolong the survival of the animals, 
and direct intratumoral injection of the NSCs, a more efficient 
delivery protocol of the NSCs, also failed to show significant 
therapeutic effects. NSCs carrying a therapeutic gene have signif-
icant therapeutic effects on brain metastasis; however, improved 
therapeutic methods such as more frequent administration, com-
bination with conventional anticancer treatments or engineering 
of NSCs to carry multiple therapeutic genes with different modes 
of action,18–20 need to be developed to potentiate the therapeutic 
effects further.
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Early detection methods in the clinic have made large brain 
metastasis rare and it should be removed urgently because it pro-
vokes critical mass effect. For these reasons, large brain metastasis 
has little chance to get nonsurgical treatments. Instead, small mul-
tiple brain metastases, the most popular form of brain metastasis,1 
should be managed with systemic methods for they cannot be 
managed surgically. Small multiple brain metastases usually show 
radio- and/or chemo-resistance, accordingly, they recur in spite 
of variable conventional anticancer treatments. Our novel treat-
ment strategy using NSCs as a therapeutic gene carrier showed 
significant therapeutic effects on multiple small brain metasta-
ses. Therefore, this protocol could be valuable in the clinical set-
tings. In addition, it could be used as an adjuvant treatment after 
excision of large brain metastasis against undetectable remnant 
cancer cells.

The F3 human NSC line was immortalized with v-myc22–25 and 
is an ideal vehicle for carrying suicide genes or immune modera-
tor genes to tumor targets, including primary brain tumors and 
brain metastases.8–10,21 So far, this study has shown no abnormali-
ties originating from the F3.CD cells, but tumor formation must 
be considered a risk because of the v-myc oncogene in the F3 
human NSCs. Nevertheless, many new techniques such as induc-
tion of pluripotent stem cells from adult human fibroblasts26,27 and 
generation of NSC-like cells from adult human bone marrow28,29 
are providing potential sources of immune-compatible NSCs for 
use in adult humans. Therefore, NSCs show great promise as anti-
cancer therapeutics using NSCs.

In summary, our results demonstrate that targeting of the CD 
gene to brain metastases by NSCs can be successfully combined 
with systemic administration of 5-FC to treat brain metastases.

MaterIals and MetHods
Cell culture. HB1.F3 (F3) is an immortalized human NSC line. It was 
derived from human fetal brain (the ventricular zone) at 15 weeks of ges-
tation and immortalized using an amphotropic, replication- incompetent 
 retroviral vector containing v-myc.22–25 F3 cells were maintained in 
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 
serum (FBS), 2 mmol/l l-glutamine, 100 units/ml penicillin, 100 μg/ml 
streptomycin, and 0.25 μg/ml amphotericin B (Invitrogen, Grand Island, 
NY). The human breast cancer cell line MDA-MB-435, the human lung 
adenocarcinoma cell line PC14PE6, and the mouse melanoma cell line 
K1735, were maintained in Dulbecco’s modified Eagle’s medium contain-
ing 5% FBS, 10% FBS, and RPMI-1640 containing 10% FBS, respectively.

Engineering of the human NSC line HB1.F3.CD. The clonal HB1.F3.CD 
(F3.CD) line was derived from the parental F3 line. An expression plas-
mid encoding Escherichia coli CD was constructed using the retroviral 
pBabePuro backbone and the 1.5 kb CD cDNA. Vectors were packaged by 
cotransfection of pA317 cells with the CD puro plasmid (Supplementary 
Figure S1a) and the MV12 envelope-coding plasmid. CD puro retroviral 
supernatant was used for multiple infections of F3 cells. Transduced F3.CD 
cells were selected with 3 μg/ml puromycin (Invitrogen) over 4 weeks. 
Successful transduction of the F3.CD cells was confirmed by reverse tran-
scription–PCR (Supplementary Figure S1b) using the primer pair: sense, 
5′-GCGCGAGTCACCGCCAGCCACACCACGGC-3′ antisense, 5′-GTT
TGTAATCGATGGCTTCTGGCTGC-3′).

To confirm the activity of CD in F3.CD, the cytotoxic effects of 5-FC 
and 5-FU were analyzed using a cell viability assay. The sensitivity to 5-FC 
and 5-FU was also assessed for F3, MDA-MB-435, PC14PE6, and K1735 
cells. Next, 1 × 105 and 5 × 103 cells were plated in each well of 6- and 

96-well plates, respectively. After 24 hours, cells in the 6-well plates were 
treated with 0.5 mmol/l 5-FC or 5-FU (Sigma, St. Louis, MO) at 37 °C for 4 
days, and the status of the cells was observed using a microscope. Cells in 
96-well plates were treated with 5-FC or 5-FU, using final concentrations 
ranging from 0.005 to 1 mmol/l, incubated at 37 °C for 1–4 days, and cell 
viability was determined with a colorimetric assay (Cell Counting Kit-8; 
Dojindo Molecular Technologies, Gaithersburg, MD).

In vitro “bystander effect” experiments. MDA-MB-435, PC14PE6, or 
K1735 cells and F3 or F3.CD cells were seeded in 96-well plates (total 5 × 103 
cells per well) (tumor cells: F3 or F3.CD cells = 100:0, 75:25, 50:50, 25:75, or 
0:100). MDA-MB-435 (human breast cancer) and F3 or F3.CD, PC14PE6 
(human lung cancer) and F3 or F3.CD, and K1735 (mouse melanoma) and 
F3 or F3.CD were maintained in Dulbecco’s modified Eagle’s medium with 
3% FBS. After 24 hours, 0.5 mmol/l 5-FC was added to the mixed cell cul-
tures and 72 hours later, cell viability was determined as described above.

Brain metastasis animal models. Animal experiments in this study have 
been approved by the Review Board of Samsung Biomedical Research 
Institute. For direct tumor cell implantation into the brain, anesthetized 
BALB/c-nu mice (6 weeks old) were secured in a rodent stereotactic frame 
and a hollow guide screw implanted into a small drill hole made at 2 mm 
left and 1 mm anterior to the bregma, and 1 × 105 MDA-MB-435 human 
breast cancer cells in 10 μl HBSS were injected through this guide screw 
into the white matter at a depth of 2 mm [anterior/posterior (AP) +1.0 mm, 
medial/lateral (ML) +1.7 mm, dorsal/ventral (DV) −3.2 mm].

To produce blood-born brain metastasis animal model, the right ICA 
of anesthetized BALB/c-nu mice (6 weeks old) was prepared. A ligature of 
4-0 silk suture was placed on the distal part of the common carotid artery, 
and a second ligature was placed and loosely tied on the proximal portion 
of ICA. The proximal ICA between the two ligatures was nicked with a 
pair of microscissors, and a <30-gauge polyethylene cannula was inserted 
into the lumen. Next, 5 × 104 MDA-MB-435 cells in 100 µl HBSS were 
injected slowly through the cannula, the second ligature was tightened, 
and the skin was closed.

In vivo therapeutic efficacy of F3.CD human NSCs. Furthermore, 13 and 
20 days (direct tumor cell brain implantation animal model, Figure 3a) or 
9 and 46 days (blood-born brain metastasis animal model, Figure 4a) after 
MDA-MB-435 tumor cell implantation, animals were subjected to contral-
ateral injection (AP +1.0 mm, ML −1.7 mm, DV −3.2 mm) of 10 μl HBSS 
(direct tumor cell brain implantation animal model; groups 1 and 2, n = 10 
for each group, blood-born brain metastasis animal model; group 1, n = 4) 
or 1 × 105 F3.CD cells in 10 μl HBSS (direct tumor cell brain implanta-
tion animal model; groups 3 and 4, n = 10 for each group, blood-born 
brain metastasis animal model; group 2, n = 5). Furthermore, 48 hours 
after the injection, the groups 1 and 3 and 2 and 4 received intraperitoneal 
injections of normal saline (200 μl) or 5-FC (500 mg/kg in 200 μl normal 
saline), respectively, everyday for 5 days (direct tumor cell brain implanta-
tion animal model, Figure 3a) or everyday (blood-born brain metastasis 
animal model, Figure 4a).

Two days after the last injection, brains were removed and cut into 
4–6-mm thick slices. For tumor volume measurement (largest width2 
× largest length × 0.5), the brain slices were fixed in 10% formalin/
phosphate-buffered saline, embedded in paraffin, sectioned into 4-µm 
coronal sections using a microtome and stained with hematoxylin and 
eosin. For immunohistochemistry, brain slices were embedded in optimal 
cutting temperature compound (Miles, Elkhart, IN), frozen rapidly in 
liquid nitrogen, and cut into 8-µm coronal sections using a cryostat. 
Immunohistochemistry was performed using the free-floating method 
as previously described.30 A rabbit anti-CD polyclonal antibody (1:1,000; 
Dr K. Aboody, City of Hope Medical Center, Duarte, CA), followed by the 
avidin–biotin complex method (Vector Laboratories, Burlingame, CA), 
and visualized using 3,3′-diaminobenzidine (Sigma).
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In vivo therapeutic efficacy of HB1.F3.CD cells on large brain metastatic 
tumors. After a period of 20 and 27 days after MDA-MB-435 human breast 
cancer cell implantation, animals were subjected to contralateral injection 
(AP +1.0 mm, ML −1.7 mm, DV −3.2 mm) of 10 μl HBSS (groups 1 and 2, 
n = 7 for each group) or 1 × 105 F3.CD human NSCs in 10 μl HBSS (groups 
3 and 4, n = 7 for group 3, n = 9 for group 4) (Figure 5a). And 48 hours 
after the injection, animals of the groups 1 and 3 and 2 and 4 received intra-
peritoneal injection of normal saline (200 μl) or 5-FC (500 mg/kg in 200 μl 
normal saline), respectively, everyday for 5 days (Figure 5a). In vivo tumor 
size was determined by magnetic resonance imaging scans (T1-weighted 
image, Bruker Biospec 4.7 T, horizontal 4.7 T/30 cm magnet; Bruker 
BioSpin, Ettlingen, Germany) at 20, 26, and 33 days post-transplantation 
of the tumor cells. Survival times of the animals were also determined.

Statistics. Statistical comparisons of groups were performed using the 
Student’s t-test. Survival analysis was performed using the Kaplan–Meier 
and log rank tests. P values <0.05 were considered statistically significant.

suppleMentary MaterIal
Figure S1. Establishment of HB1.F3 human neural stem cells express-
ing the cytosine deaminase (CD) gene.
Figure S2. CD activity in F3.CD human NSCs.
Figure S3. Intratumoral injection did not increase in vivo therapeutic 
effects of F3.CD on large brain metastasis.
Materials and Methods. 
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