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Local non-viral gene delivery of apoptin delays the onset of
paresis in an experimental model of intramedullary spinal
cord tumor

WA Pennant1,3, S An2,3, S-J Gwak1, S Choi2, DT Banh1, ABL Nguyen1, HY Song1, Y Ha1 and J-S Park2

Objective: The objective of this study is to evaluate the safety and efficacy of a tumor-specific apoptosis-inducing gene, apoptin, as
delivered by the non-viral carrier, PAM-RG4, in an animal model of spinal cord tumor.
Methods: Male Sprague–Dawley rats were given a 2.5-ml intramedullary injection of C6 glioma (100000) cells and randomized into
three groups (day 0). On day 5, animals received a 7.5-ml intramedullary injection of Dulbecco’s modified Eagle’s medium (Group 1;
n¼7), PAM-RG4/control gene polyplex (Group 2; n¼7), or PAM-RG4/apoptin gene polyplex (Group 3; n¼8). Hindlimb functional
strength was assessed every other day for the duration of the study. The spinal cords of killed animals were collected and hematoxylin-
eosin stained.
Results: Following treatment, animals that received apoptin had significantly higher mean functional hindlimb scores than those of
sham control animals, showing a level of preserved hindlimb function throughout the study. In addition, Group 1 (sham control) and
Group 2 (control gene) animals had median survival scores lower than those of animals receiving apoptin. Histopathological analysis
showed marked retardation of tumor progression in apoptin-treated animals compared with sham controls.
Conclusion: Our study suggests that apoptin is safe for use in the mammalian spinal cord as well as effective in slowing the
progression of tumor growth in the spinal cord. The significant slowing of tumor progression, as manifested by the preserved hindlimb
function, coupled with the reduction in tumor volume, shows local non-viral delivery of apoptin could serve as an emerging therapy for
the treatment of intramedullary spinal cord tumors.
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INTRODUCTION

Intramedullary spinal cord tumors (IMSCT) are relatively rare
neoplasms of the central nervous system (CNS), comprising 4–10%
of CNS tumors.1 Surgical debulking of the tumor is the current
accepted treatment of benign, well-circumscribed IMSCT.2–5

However, the prognosis for patients with malignant lesions remains
discouraging, owing to the high recurrence rate and the rapid and
progressive infiltration of the spinal cord parenchyma that underlies
clinical morbidities associated with malignant IMSCT. As such, no
optimal treatment has yet been determined;5–7 thusly, the role of
postoperative adjuvant therapy ever increases. Although some studies
report benefits from the use of radiation therapy as part of the
therapeutic regimen,8–12 concerns remain about the effect of radiation
on children. Moreover, chemotherapeutic management of IMSCT has
its supporters,13–17 but not enough studies have been done to support
a field-wide consensus.

Given the limited role of such treatments, gene therapy continues
to unfold as an attractive means of treatment in pre-clinical models of
CNS tumor disease. Whereas there are numerous brain-tumor models

that have tested the use of gene therapy, only two reports have been
published looking at the use of gene therapy against an experimental
intramedullary glioma.18,19 In an effort to clarify the role and
possibilities of gene therapy against IMSCT, we decided to
investigate apoptin, the gene product from chicken anemia virus
(CAV), in combination with the non-viral gene delivery carrier PAM-
RG4. Apoptin induces apoptosis selectively in malignant and
transformed cells,20–22 whereas PAM-RG4, known for its high
transfection efficiency and low cytotoxicity, was chosen to synergize
the therapeutic effect in combination with the protein.

Apoptin, a 13.6-kDa protein, is responsible for the apoptotic
activity of the CAV virus,21 which was previously fully characterized.20

Apoptin selectively induces apoptosis in human transformed and
malignant cells, but not in normal cells,22 and in subsequent
experiments this has been borne out, as apoptin has been shown to
induce apoptosis in lung carcinoma, osteosarcoma, hepatoma,
squamous cell carcinoma and breast cancer cell lines.23–26 The
mechanism that enables the protein’s selectivity has not been fully
elucidated yet, but it is recognized that apoptin acts independently of
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p5327 and that its translocation from the cytoplasm into the nucleus,
as well as the activity of Nur-77, is integral to its ability to act.28–30

We hypothesized that local gene delivery of apoptin against an
experimental IMSCT could be efficacious. In the current study, we
tested the safety of apoptin injected into the body of the rat spinal
cord via PAM-RG4. Owing to safety concerns regarding this polymer,
the toxicity of an analog of PAM-RG4, ePAM-R, was also evaluated
in vivo, as it was reported to be more biodegradable31 due to the ester
bond that links arginine residues to the dendrimer. Afterward, we
studied whether intramedullary apoptin could delay the onset of
functional paresis in animals challenged with a malignant
intramedullary C6 glioma.

MATERIALS AND METHODS

Cell and animal preparation
Rat C6 glioma cells (ATCC, Manassas, VA, USA) were maintained in the

laboratory in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g l�1 of

glucose, supplemented with 10% heat-inactivated fetal bovine serum and 1%

penicillin/streptomycin at 37 1C in a humidified atmosphere containing 5%

CO2. The cells were maintained in T75 cell culture flasks and serially

subcultured every 3 days using trypsin/EDTA. Tumor suspensions were

prepared by suspending 100 000 cells in 2.5 or 5ml of DMEM. Male

Sprague-Dawley (SD) rats (Orient Bio Inc., Gyeonggi, Korea) weighing 250–

300 g were properly housed in standard facilities and given liberal access to

water and rodent chow. Each animal was treated in accordance with the

policies and procedures of the Animal Care and Use Committee of the Yonsei

University College of Medicine.

Polyplex preparation
PAM-RG4, in the form of a white powder, was first dissolved in DMEM to a

total concentration of 20 mg ml�1. Polyplexes were prepared by mixing PAM-

RG4 with the apoptin gene at a 4:1 weight ratio. The complex solution was

then allowed to stand for 30 min at room temperature and subsequently

injected. All genes were complexed with PAM-RG4 prior to injection. The

same method applies to the complex formation between ePAM-R and apoptin.

Toxicity study
Twenty-five male SD rats were randomized into five experimental groups

(n¼ 5). The first group received a 5-ml intramedullary injection of DMEM

only (control); the second group received a 5-ml injection of 0.5mg ePAM-R

(vehicle control); the third, fourth and fifth groups received a 5-ml intrame-

dullary injection of 0.125, 0.25 and 0.5mg ePAM-R, each loaded with 0.5, 1.0

and 2.0mg of apoptin, respectively. A comparative toxicity study utilizing

PAM-RG4 was carried out the same way by injecting animals with ePAM-R

only, PAM-RG4 only or each vehicle loaded with 2.0mg of apoptin. Animals

were evaluated every day for signs of systemic toxicity, and their hindlimb

function was routinely assessed until completion of the study.

Efficacy study
To determine the efficacy in vivo, each of 22 male SD rats was given a 2.5-ml

intramedullary injection of 100 000 C6 glioma cells in DMEM medium on day

0 and were randomized into three experimental groups. On day 5, the first

group received a 7.5-ml injection of DMEM at the same site as the tumor cell

injection (sham control group; n¼ 7); in the second group, at the same site as

tumor cell injection, animals received a 7.5-ml intramedullary injection of

PAM-RG4 loaded with control gene (control gene group; n¼ 7); and in the

third group, each animal received a 7.5-ml injection at the previous tumor cell

injection site of PAM-RG4 loaded with 10mg of apoptin (apoptin group;

n¼ 8).

Surgical technique
The surgical technique for intramedullary injection of tumor cells into the

adult-rat spinal cord has been described previously.32 Briefly, the rats were

anesthetized with an intraperitoneal injection (0.4–0.6 ml) of Zoletil

(50 mg ml�1; Virbac, Carros, France); their backs were shaved, followed by

their placement in a sterile field where their backs were prepared with a

solution of betadine. The T5 spinous process, easily palpated due to its

prominence, was identified and a 2.5-cm longitudinal incision over the dorsal

mid-thoracic region was made using a #10-blade scalpel. The underlying fascia

and paraspinal muscles were laterally retracted, the T5 spinous process was

removed using rongeurs, and the ligamentum flavum was removed, thereby

exposing the intervertebral space. A 26-gauge Hamilton syringe (Hamilton

Company, Reno, NV, USA) was inserted through the dorsal T5–T6 inter-

vertebral space. The needle was advanced until it came in contact with the

dorsal aspect of the vertebral body, at which point it was retracted 1–2 mm.

Penetration of the body of the cord was confirmed by witnessing a lower

extremity motor reflex after needle insertion, and the tumor cell suspension

was subsequently injected. Following inoculation, wounds were closed with 4–

0 Vicryl (Ethicon, Inc., San Angelo, TX, USA) and analgesia of 0.2 ml of

0.02 mg ml�1 of buprenorphine (Abbott Laboratories, Abbott Park, IL, USA)

in saline was administered via intraperitoneal injection.

Locomotion assessment and histopathological analysis
The BBB locomotor scale, which is a 22-point scale ranging from 0 (no

observable hindlimb movement) to 21 (normal locomotion), was employed to

assess hindlimb motor function.33 Rats were placed into an open-field testing

area, allowed to adapt, and were observed for 5 min. Following treatment,

animals were tested every other day. After reaching a functional BBB score of

less than 5 (frequent or consistent plantar stepping with no coordination or

some coordination of the paws with rotation at initial contact and lift off),

correlating with the onset of functional paresis as previously defined,32 the

animals were killed in a CO2 chamber. Spines were immediately removed en

bloc, with the resected area comprising the site of injection, and two levels

caudal and two levels rostral. All specimens were then placed in 4.0% formalin

in phosphate-buffered saline. Three thoracic spinal sections were cut

transversely into 2.0-mm sections and placed onto paraffin wax to be

stained using hematoxylin-eosin. To assess the effect of apoptin on tumor

growth at the inferred height of its effect, a separate group of sham control-

(n¼ 3) and apoptin-treated (n¼ 3) animals also underwent histopathological

analysis.

Statistical analysis
Statistical analyses were performed using the IBM SPSS program (SPSS

Science, v.19.0, Armonk, NY). Student’s t-test or ANOVA was used to analyze

differences between the groups. The P-values less than 0.05 were considered as

significant. After reaching the primary end point of a BBB score of less than 5,

the threshold for animal killing, survival times were compared among the

groups using the Mantel–Cox log-rank test in Kaplan–Meier non-parametric

analysis of survival. All data were expressed as mean±standard error of the

mean (s.e.m.) or mean±standard deviation (s.d.).

RESULTS

Toxicity of apoptin and PAM-RG4, ePAM-R carriers
Animals in this study were randomized to receive an intramedullary
free-hand injection of DMEM only, ePAM-R only (vehicle control) or
ePAM-R complexed with 0.5, 1.0 or 2.0mg apoptin. Animals receiving
the vehicle control and all concentrations of apoptin showed no
functional deficits (Figure 1a), and exhibited 100% survival rates for
the duration of that part of the study, which lasted for 15 days (data
not shown). When utilizing PAM-RG4 loaded with 2.0mg apoptin,
results were similar (Figure 1b), building on previous studies
incorporating cytotoxicity test results in vitro.34

Efficacy of PAM-RG4/apoptin against an intramedullary C6 glioma
Animals in this study received an intramedullary injection of C6
glioma cells on day 0 and were randomized to receive on day 5
DMEM injection, control gene treatment or apoptin treatment. Sham
control animals had a mean BBB score of 3.71±1.27 on day 15, and a
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median survival of 15 days. Control gene-treated animals had a mean
BBB score of 1.29±0.99 on day 15, and a median survival of 13 days.
Animals that were treated with apoptin had a mean BBB score of
9.13±2.17 on day 15 and a median survival of 19 days (Figure 2).
Apoptin-treated animals had significantly higher mean BBB scores
than those of sham control animals on day 11 (P¼ 0.0258), day 15
(P¼ 0.0338), day 17 (P¼ 0.0212) and day 19 (P¼ 0.02; *Po0.05)
(Figure 3). For these same time points in the efficacy study, apoptin-
treated animals exhibited even higher mean BBB scores than those of
sham control animals (Figure 3). The Kaplan–Meier survival curve
(Figure 4) showing the percentages of animals alive at each particular
day of the study shows no significant differences in survival between
the apoptin-treated group, the sham control and control gene groups
after day 21 (P40.15, apoptin vs sham; no separate data provided).
All rats developed functional paralysis by day 29, at which time the
study was ended.

Histopathological analysis
Cross-sections of the spinal cords procured from animals in the sham
control, control gene and apoptin groups at the end of the study
showed similar findings under histopathological analysis: substantial
hypercellularity, diffuse infiltration of the spinal cord parenchyma
with widespread necrosis, and many areas of hemorrhage (images not
shown).

Based on the differences in BBB scores between the experimental
groups (Figure 2), it was inferred that the effect of apoptin peaked on
day 10. To understand better the effect of apoptin, a separate study of

sham- (n¼ 3) and apoptin- (n¼ 3) treated animals were killed on day
10 for hematoxylin-eosin staining. Histopathological analysis on day
10 revealed markedly different findings. Examination of the

Figure 1 (a) Line graph showing the average BBB scores in the toxicity

study of animals injected on day 0 with DMEM media (sham control),

ePAM-RG4 (vehicle control) and ePAM-RG4 with 0.5, 1.0 or 2.0mg of

apoptin DNA. The study period lasted for 14 days, and no significant

morbidity was observed. Error bars are±s.e.m. (b) Line graph showing the

average BBB scores in the toxicity study of animals injected on day 0 with

ePAM-RG4 (vehicle control), ePAM-RG4 with 2.0mg apoptin, PAM-RG4

(vehicle control), or PAM-RG4 with 2.0mg apoptin. The study period lasted

for 14 days, and no significant morbidity was observed.

Figure 2 Line graph showing the average BBB score in the efficacy study of

animals treated with DMEM (sham control), control gene complexed with

PAM-RG4 or apoptin gene complexed with PAM-RG4. After day 5

(treatment day) until the end of the study, apoptin-treated animals

consistently had higher functional hindlimb scores than those of sham and
control gene animals. The study period lasted until the final animal crossed

the killing threshold (day 29). Error bars are±s.e.m. The number of animals

alive on a particular day of the study can be correlated with the Kaplan–

Meier survival curve of that particular treatment group.

Figure 3 Bar graph representation of the differences in mean BBB scores

between the sham control, control gene and apoptin gene treatment groups in the

efficacy study. Apoptin-treated animals had a significantly higher BBB score than

that of sham controls on day 11 (P¼0.0258), day 15 (P¼0.0338), day 17

(P¼0.0212) and day 19 (P¼0.02). *Po0.05 for all. Error bars are±s.e.m. The

number of animals alive on a particular day of the study can be correlated with

the Kaplan–Meier survival curve of that particular treatment group. A full color

version of this figure is available at the Spinal Cord journal online.
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micrographs of the sham control animals revealed extensive parench-
ymal invasion and destruction, diffuse necrosis and scarring, marked
hypercellularity, and many concentrated areas of hemorrhage
(Figure 5). In contrast, in the apoptin group, the tumor was
comparatively much more circumscribed, with less invasion of the
spinal cord parenchyma, as some level of normal cytoarchitecture
could be seen (Figure 5). Hypercellularity and necrosis were virtually
confined to the area of the tumor, and hemorrhaging was seen both

less frequently and mainly in the tumor mass. There was, however,
some evidence of soft tissue involvement.

DISCUSSION

In the present study, the biocompatibility and efficacy of apoptin as
delivered by the dendrimer PAM-RG4 against an experimental
intramedullary rat glioma was evaluated. It was found that apoptin
can be delivered safely into the rat spinal cord in small doses (from
0.5 to 2mg) and larger doses (10mg, as used in the efficacy
experiment). Previous in vitro studies showed that ePAM-R is a
biodegradable and safer gene delivery carrier than PAM-RG4.31

However, since ester bonds, such as those present in ePAM-R, are
rather unstable in solution, coupled with our observation that no
significant toxicity exists between the use of these two in vivo, PAM-
RG4 was chosen for practical reasons.

In earlier trials, we saw the effect of apoptin at a dose of 2.0mg was
modest, yet not statistically significant (data not shown); as such, the
decision was made to load maximally the PAM-RG4 polymer with
apoptin. However, in our experience, the rat spinal cord can tolerate a
total injection volume of 10ml before sustaining significant damage to
hindlimb motor function. Given that a PAM-RG4 polymer:apoptin
mass ratio of 4:1 should be observed for optimal apoptin delivery
against C6 glioma cells in vitro,34 it was decided that 10mg of apoptin
would be used. With this increase in concentration came a concomitant
increase in injection volume, rising from 5 to 7.5ml. Therefore, the
injection volume of the C6 glioma cells was lowered from 5 to 2.5ml, so
that over the two injections (tumor inoculation and treatment) the total
volume injected into the spinal cord was 10ml. Animals receiving the
treatment with PAM-RG4 loaded with 10mg of apoptin on day 5
showed significantly higher mean BBB scores than those of sham control
animals throughout the study (days 11, 15, 17 and 19). Moreover,
histopathological analysis of spinal cord cross-sections obtained on day
10 showed a smaller tumor mass, less parenchymal invasion and more
preserved cytoarchitecture in apoptin-treated animals compared with
the sham control animals. We speculate that apoptin was indeed able to
slow tumor progression and preserve hindlimb motor function. Even
though, immediately after treatment on day 5, the apoptin group

Figure 4 Kaplan–Meier graph showing the onset of paresis (BBB functional

score o5). Apoptin-treated animals showed a markedly greater survival over

sham control and control gene animals from days 15–20. The study

concluded on day 29 (i.e., when the last animal crossed the o5 threshold).

Figure 5 Microphotographs of hematoxylin-eosin-stained cross-sections of the rat spinal cord procured on day 10 that received sham control (DMEM

injection) or apoptin treatment on day 5. Extensive invasion of parenchyma, multiple areas of hemorrhage and a large area of necrosis can be appreciated in

the sham control animals. Compared with the sham control images, a greater amount of spinal cord cytoarchitecture is preserved, areas of hemorrhage are

less prominent, and parenchymal invasion is limited in apoptin-treated animals.
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showed higher survival rates than either of the two control groups, with
a markedly higher survival rate from day 11 to day 19 of the study, this
difference in survival was not significant. We surmise that, despite the
ability of apoptin to slow tumor growth, its effects were nonetheless
short-lived, resulting in progressive functional decline.

The result from the present experiment presents a picture of a
significant anti-tumor effect manifesting with a preservation of
hindlimb motor function, but unchanged mortality from the IMSCT.
The present results, coupled with a previous study on the in vivo
application of apoptin,34 allow a reasonable inference that apoptin has
the ability to be tumoricidal, or at the least significantly tumoristatic,
if given in large enough doses and able to exert its effects over a longer
timeframe. An in vitro experiment found that apoptin combined with
etoposide or paclitaxel had an additive cytotoxic effect against human
osteosarcoma and prostate tumor cells.25 A reasonable next step
would be to investigate the efficacy of apoptin at higher doses and in
combination with other anti-tumor agents.The present study is, to the
best of our knowledge, the first to report on the pre-clinical efficacy of
locally delivered apoptin for gene therapy against an animal model
of IMSCT. This work utilizes the IMSCT model established earlier32

and builds on the use of pre-clinical testing of microsurgical
removal,35 chemotherapy36,37 or gene therapy18,19 for its treatment.
The availability of a polymer able to deliver nucleic acids to the site of
interest was integral to our experiment. PAM-RG4 serves as an ideal
vehicle for IMSCT gene therapy because, despite its high charge
monomer ratio, it exhibits low cytotoxicity owing to its low molecular
weight and its partial protonation under physiological conditions.38

In addition, PAM-RG4 has been shown to have enhanced transfection
efficiency over its non-arginine parent dendrimer, PAMAM,39 and
shows low cytotoxicity and improved transfection efficiency in glial
cells in mixed cortical culture.40

Given the encouraging safety profile of apoptin and its broad
spectrum of activity against tumor cells, current studies are focused
on its efficient delivery. The delivery of apoptin via adenovirus,41–43

baculovirus,44 lentivirus-TAT45 and HIV-TAT46,47 has been reported.
Although HIV-TAT delivery of apoptin is suboptimal for use, the
other delivery methods show some initial promise; however, concerns
remain. Another study has looked at the use of ReGel to deliver
paclitaxel against IMSCT.37 Yet, given the limitations on gel and
polymer delivery of apoptin, owing to injection volume restrictions
and cytotoxic effects of gels and polymers at high concentrations, the
delivery of apoptin using more natural delivery methods may be
indicated. One study has investigated the use of genetically modified
neural stem cells to treat spinal cord injury,48 and this treatment
modality may prove helpful in the delivery of apoptin in the pre-
clinical treatment of IMSCT.

Limitations of this study include the free-hand injection metho-
dology, which may cause animals to sustain damage not associated
with the tumor. This was seen in the toxicity study with the animals
in the 1.0mg-apoptin group. These animals showed a steeper initial
decrease in their BBB scores, and were not able to recover fully as
their counterparts did. This was an artifact of the free-hand injection
procedure, and not due to apoptin toxicity, given that animals
subjected to twice as much apoptin showed no deficits or mortality.
The only IMSCT study to utilize stereotactic injection of the tumor
cells and treatment was outlined by Colak et al.18; the surgical
methodology employed in that report may serve as a model for future
experiments. Another limitation is the use of a non-human cell line,
which may result in findings that do not capture fully the tumor
microenvironment and response to apoptin. An optimal model would
be the injection of human tumor cells into an immunocompromised

or a transgenic animal that spontaneously generates glial-specific
tumors, although the latter has yet to be reported.

CONCLUSION

Apoptin can safely be delivered via PAM-RG4 into the adult rat spinal
cord in doses up to 10mg, where it slows tumor progression, thereby
preserving the hindlimb motor function of rats challenged with an
intramedullary C6 glioma tumor. These findings support the use of
local gene delivery for the treatment of experimental IMSCT, and
further studies should be carried out to assess the efficacy of apoptin
delivered through different methods and in combination with other
chemotherapeutic agents.
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