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Abstract Disc degeneration is deeply associated with

many spinal disorders and thus has a significant clinical

impact on society. The currently available surgical treat-

ment often necessitates removing a pathological disc and

spinal fusion. However, it is also well known that these

surgical treatments have many potential problems includ-

ing invasion and cost. Therefore, biological approaches for

regenerating these pathological discs have received much

attention. Gene therapy is one of these biological approa-

ches. Gene therapy involves the transfer of genes to cells so

the recipient cells express these genes and thereby syn-

thesize the RNA and protein they encode in a continuous

fashion. One of the significant advantages of gene therapy

is that we can expect a lasting duration of biological effect

which is potentially beneficial for most disc degeneration

associated disorders, as they are, by nature, chronic con-

ditions. Originally, gene therapy was mediated by viral

vectors, but recent technological progress has enabled us to

opt for non-virus-mediated gene therapy for the disc. Fur-

thermore, the development of the RNA interference

technique has enabled us to down-regulate a specific gene

expression in the disc opening the door for a new genera-

tion of intradiscal gene therapy.
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Introduction

As society continues to age, intervertebral disc degeneration

and associated spinal disorders including so-called disco-

genic low back pain present a growing problem. Once the

degeneration process starts, it is difficult to stop or reverse

it using currently available techniques due to the limited

ability of disc tissue to regenerate [4, 14]. Accordingly,

current methods for treating degenerative disc diseases

often necessitate removing the pathological disc and spinal

fusion with or without instrumentation. Although the use of

instrumentation for spinal fusion decreases the possibility

of pseudo-union, a number of problems including breakage

or loosening of the instruments have been reported [3, 44].

Furthermore, recent reports have shown an acceleration of

disc degeneration adjacent to fused segments, which is

considered another formidable problem [1, 8, 13, 22]. Semi-

rigid fixation of functional spinal units [2, 10] or insertion of

artificial intervertebral discs [18, 24] are recently becoming

more readily available techniques, which may provide better

results in minimizing the problems of adjacent disc diseases.

However, these new methods still incur large costs

and necessitate relatively major surgery using expensive

artificial implants. Therefore, biological approaches for

regenerating the degenerated disc are currently receiving

much attention.

Basically, these biological approaches for disc regener-

ation can be divided into three major groups: 1) to inject

growth factors with or without using a carrier, 2) to use

cells (including so-called stem cells) with or without a

scaffold, and 3) to genetically modify intradiscal gene

expression via gene therapy. This review paper focuses on

the potential applications of gene therapy in the treatment

of spinal disorders, particularly those disorders associated

with disc degeneration.
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What is gene therapy and why is it needed?

Gene therapy is usually defined as the use of nucleic acid

transfer, either RNA or DNA, to treat or prevent a disease.

Diseases targeted for treatment by gene therapy have tra-

ditionally been inheritable, classic genetic disorders many

of which are fatal. However, recent technical advances

have suggested the potential use of gene therapy for other

type of diseases including acquired chronic disorders.

Since gene therapy proposes transfer of ‘‘the gene of

interest (Table 1)’’ into the target cells using a so-called

vector, once the transferred gene is successfully operating

in the target cells, these genetically modified cells can

produce the desired gene products (RNAs or proteins) in a

continuous fashion (Fig. 1a). Thus, one of the significant

advantages of the gene therapy approach is that we can

expect a longer-lasting effect compared with a single

injection of RNAs or proteins to the target organ (Fig. 1b).

The disc degeneration process and its associated disorders

are obviously chronic conditions and accordingly are good

candidates for gene therapy. However, when we take the

complex technical requirements of the gene therapy

approach into consideration, a simple injection of proteins

with or without their carriers might be more beneficial for

acute or sub-acute diseases including injury associated

disorders.

For successful gene therapy, there are some technical

issues that need consideration. Usually genetic materials

are not well received by cells; therefore, vehicles known as

vectors are required to deliver the gene of interest into the

target cells. There are two different types of vectors, viral

vectors and non-viral vectors. Viruses are very efficient

vectors because their entry into cells and the subsequent

expression of their genes is part of the natural viral life

cycle; thus much gene therapy research has used viral

vectors; intradiscal gene therapy field, retrovirus [43],

adenovirus [32], adeno-associated virus [19], and baculo-

virus [25] have been reported. Although these viral vectors

have been shown to be basically safe, safety concerns

remain. For this reason, non-viral vectors, which have a

much better safety profile, have been receiving much

attention [12]. However, the biggest disadvantage of non-

virus-mediated gene transfer is that the transfection effi-

ciency of non-viral vectors is usually significantly lower

compared with viral vectors. Recently, the ultrasound

transfection method with micro-bubbles significantly

Table 1 Reported genetic materials

Growth (anabolic) factors

TGF-b1 (transforming growth factor-b1) [28, 33]

GDF-5 (growth and differentiation factor-5) [6]

BMP-2 (bone morphogenetic proteins-2) [28]

Transcriptional factors

Sox-9 (Sry-type high-mobility group box transcription factor-9 [36])

Inhibitors

IL-1Ra (interleukin-1 receptor anatagonist) [23]

TIMPs (tissue inhibitors of metalloproteinases) [41]

Others

hTERT (human telomerase reverse transcriptase) [5]
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Fig. 1 Schematic

representation of gene therapy.

a Gene therapy proposes a

transfer of ‘‘the gene of

interest’’ into the target cells

using a so-called vector. Once

the transferred gene works

successfully in the target cells,

these genetically modified cells

can produce the desired gene

products (RNAs or proteins) in

a continuous fashion. b One of

the significant advantages of the

gene therapy approach is that

we can expect a longer-lasting

effect compared with single

injection of RNAs or proteins to

the target organ. This

characteristic of gene therapy

would make it suitable for

treating chronic diseases such as

disc degenerated diseases
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enhanced transfection efficiency of plasmid DNA into the

nucleus pulposus cells in vivo. [35].

Other factors which should be considered are how to

deliver these genetic materials to the target organ. One

method is to deliver the gene of interest directly into the

cells of the target organ in vivo. This method is called in

vivo or direct gene transfer. Another method is to harvest

and culture cells from the host, deliver the gene of interest

into these cultured cells in vitro, and finally reimplant these

genetically modified cells into the target organ. This

method is called in vitro or indirect gene transfer. Addi-

tionally, delivering genes into cells of specific organ is

called local gene therapy and delivering genes to a broad

area of the body or the whole body is known as systemic

gene therapy. The choice of method depends on the

character of the target disease, and the anatomical or

physiological properties of the target organ. For example,

the disc is a good candidate for local, direct gene therapy,

since the disc is well encapsulated, and as avascular

tissue and degeneration usually occur in a specific disc.

Furthermore, avascular tissue inside the disc leads to a

biologically harsh environment, which makes it difficult for

implanted cells to survive meaning, in vitro, indirect gene

transfer to the disc would be less likely to succeed.

Virus-mediated gene therapy

This gene transfer approach to the intervertebral disc was

first developed using viral vectors. The University of

Pittsburgh Group is a pioneer in this field and has published

many articles about virus-mediated intradiscal gene

therapy.

Retrovirus

Retrovirus-mediated gene transfer to the cartilaginous

endplate in vitro

Wehling and colleagues [43] reported the retrovirus-med-

iated transfer of two different exogenous genes to cultured

chondrocytic cells from bovine intervertebral endplates in

vitro. Vertebral end plate tissue was obtained from bovine

os coccygis. Chondrocytic cells were isolated and cultured

in vitro. The bacterial [beta]-galactosidase (LacZ) gene

and, alternatively, the cDNA of the human interleukin-1

receptor antagonist were introduced into the isolated cells

by retrovirus-mediated gene transfer. [beta]-Galactosidase

activity was determined by staining with 5-bromo-4-

chloro-3-indolyl-[beta]-galactosidase (X-Gal), and inter-

leukin-1 receptor antagonist protein was quantitated by

enzyme-linked immunosorbent assay (ELISA). Isolation

and cultivation of chondrocytic end plate cells is possible.

Native cells continue to grow in culture for more than

2 months. Transfer of the [beta]-galactosidase gene to

cultured cells resulted in *1% [beta]-galactosidase posi-

tive cells. Transfer of the interleukin-1 receptor antagonist

cDNA resulted in the production of 24 ng/ml 10-6 cells

interleukin-1 receptor antagonist protein in 48 h. This was

the first report of gene therapy targeting the disc in vitro,

and the authors indicated the potential use of indirect, ex

vivo gene therapy for the degenerated disc by re-injecting

genetically modified chondrocytic end plate cells into the

disc or surrounding tissue. However, one of the notable

disadvantages of a retroviral vector may be the possibility

of the insertional mutagenesis and the requirement of cell

mitosis to deliver exogenous genes into the cells.

Adenovirus

Adenovirus-mediated transfer of a reporter gene

to the intervertebral disc

Nishida and Kang et al. [32] reported the adenovirus-

mediated transfer of the lacZ reporter gene to rabbit

intervertebral disc cells both in vitro and in vivo. For the in

vitro study, cell cultures were established from the nucleus

pulposus tissue of New Zealand white rabbits and were

transfected with an adenovirus construct encoding the lacZ

gene (Ad-lacZ). For the in vivo study, the anterior aspects

of lumbar intervertebral discs were surgically exposed and

Ad-lacZ in saline solution was injected directly into the

nucleus pulposus (direct gene transfer). An equal volume

of saline-only solution was injected into control discs.

Expression of the transferred gene was detected using

X-Gal staining.

The results of these in vitro experiments demonstrated

that nucleus pulposus cells were efficiently transduced by

an adenoviral vector carrying the lacZ gene. In vivo

injection of Ad-lacZ into the nucleus pulposus similarly

resulted in the transduction of considerable numbers of

cells. Reporter gene expression persisted in vivo at an

apparently undiminished level for at least 12 weeks. No X-

Gal staining was noted in control discs. Later, a follow-up

report using two different reporter genes (X-Gal and Firefly

Luciferase) showed the longevity of the transgene expres-

sion extended over 1 year [34].

This demonstration of successful transfer of an exoge-

nous reporter gene to the disc alongside sustained, long-

term expression in an adult animal model in vivo suggested

that the adenoviral vector might be suitable for delivery of

therapeutic genes to the disc, using an in vivo, direct gene

therapy approach for the treatment of spinal disorders.

Additionally, adenoviral vectors used in these studies

(Type 5 adenoviral vector) are usually able to facilitate

only short-term in vivo transgene expression in most
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tissues/organs because they elicit immune responses by the

host. Therefore, remarkably long-term transgene expres-

sion mediated by Type 5 adenoviral vector within the disc

without showing obvious cellular immune responses by the

host around transfected disc cells has been considered

significant evidence of the immune-privilege environment

of the disc [34].

Adenovirus-mediated transfer of a therapeutic gene

to the intervertebral disc

In their next study, they reported an in vivo study using the

rabbit model to determine the feasibility of adenovirus-

mediated transfer of a therapeutic gene to the intervertebral

disc [33]. These researchers used an adenovirus construct

(Ad/CMV-TGFb1) containing a human TGF-b1 encoding

gene. TGF-b1 was selected because it had been previously

found by Thompson et al. [39] to increase proteoglycan

synthesis in cultured canine disc tissues in vitro. In their

study, the anterior aspects of lumbar intervertebral discs of

21 rabbits were surgically exposed, and 15 ll of saline with

adenovirus containing the human TGF-b1 cDNA was

directly injected into the nucleus pulposus. The supra-

adjacent disc served as an intact control for each rabbit.

The rabbits were sacrificed 1 week later. Expression of the

transferred gene was determined using ELISA, and pro-

teoglycan synthesis was assessed by measurement of

sulfate incorporation.

In vivo injection of Ad/CMV-TGFb1 into the nucleus

pulposus was found to result in an approximately sixfold

increase in total (i.e., active ? latent) TGF-b1 production

over that of the intact control discs (P \ 0.05). The discs of

the therapeutic gene group exhibited a statistically signif-

icant two-fold increase in proteoglycan synthesis compared

to the intact control discs (P \ 0.05).

This study demonstrated the efficacy of adenovirus-

mediated transfer of a therapeutic gene to the intervertebral

disc in vivo. The observation of a significant increase in

proteoglycan synthesis secondary to gene transfer suggests

that gene therapy may have potential applications in

altering the time-course of degenerative disc disease.

Adeno-associated virus (AAV)

Lattermann et al. [19] reported adeno-associated virus

(AAV) vector-mediated gene transfer to intervertebral disc

in vivo. AAV vectors are known to be less immunogenic

than adenoviral vectors and up to now have not been linked

with any disease in humans or mammals. The size of the

vector can accommodate the genetic information coding

for growth factors such as TGF-b and BMP-2. In their

study, Human nucleus pulposus cells were transduced in

vitro. Twenty-four rabbits were injected with AAV vectors

carrying different marker genes. Transgene expression and

the humoral/cellular immune response to the vector was

evaluated. The AAV vector efficiently transduced inter-

vertebral disc cells and provided a strong transgene

expression even in light of a low-level humoral immune

response. The overall transgene expression was approxi-

mately half of that seen with the adenovirus, and the in

vivo gene expression was associated with a 4–6 week

latency period. Whether these quantitative observations

are of therapeutic importance is not yet known, because

the overall amount of transgene expression needed for a

therapeutic effect within the disc is still not known.

Nevertheless, in light of growing safety concerns over the

use of adenoviral vectors for human gene therapy, the AAV

vector might offer a valuable alternative to the adenovirus

as a delivery vehicle for therapeutic gene transfer into the

intervertebral disc.

Baculovirus

Baculovirus is an insect virus able to deliver exogenous

genes to mammalian cells including nondividing cells with

no cell toxicity in vitro or in vivo. Liu et al. [25] reported

the usefulness of baculovirus for the disc. Intervertebral

disc cells cultured in monolayer were treated with 6 dif-

ferent doses of baculovirus carrying the green fluorescence

protein gene (Ac-CMV-GFP). Fluorescence microscopy

and flow cytometry were used to analyze transgene

expression. The Autographa californica nucleopolyhedro-

virus/GFP virus was then injected directly into the

intervertebral discs of 8 rabbits at 7, 13, 20, and 28 days

after injection. The nucleus pulposus tissues of injected

discs were evaluated immediately by fluorescence

microscopy for GFP expression. Results showed that a dose

of Ac-CMV-GFP at a multiplicity of infection of 200

achieved the highest transduction ratio (approximately,

87% of nucleus pulposus cells) and long-term expression

without any toxicity to the cells. In vivo assay showed that

Ac-CMV-GFP could also mediate GFP expression in rabbit

intervertebral disc cells without inducing any symptoms.

The GFP expression level at 7 days after transduction was

significantly higher than at 21 and 28 days after treatment.

They conclude that baculovirus can transfer exogenous

genes into rabbit nucleus pulposus cells safely and with

high efficiency both in vitro and in vivo. Their results

suggest that baculoviruses might be useful as a gene ther-

apy vector for intervertebral disc diseases.

Non-virus-mediated G.T.

From a safety viewpoint, the problem with the retroviral

vector is the possibility of insertional mutagenesis, and the

S462 Eur Spine J (2008) 17 (Suppl 4):S459–S466

123



problem with the adenoviral vector is the immunogenesity

of transduced cells [40, 42]. Furthermore, manufacturing

viral vectors requires special facilities and techniques and

specialized patient care would be necessary after perform-

ing virus-mediated gene therapy. These factors suggest a

potentially much higher cost for viral vector-mediated gene

therapy and highlight the potential advantages of a non-

virus-mediated gene transfer technique due to its safety and

overall simplicity [12]. Although various types of non-

virus-mediated gene transfer techniques have been devel-

oped, a major limitation has been the lower transfection

efficiency compared with viral vector-mediated methods.

Microbubble-enhanced ultrasound gene therapy

Recent evidence suggested that an appropriate intensity of

ultrasound exposure can make a small transient hole on the

cell surface in a phenomenon called sonoporation without

causing cell toxicity, which may affect an increase in the

permeability of the cell membrane to large molecules such

as plasmid DNA [20, 31]. Furthermore, recent reports have

also revealed that a type of ultrasonography contrast agent

called micro-bubble makes a cavitation with the exposure

of ultrasound and this results in a bursting of the micro-

bubbles leading to a distribution of material over a specific

area of interest. Both of these phenomenon, sonoporation

and cavitation, are thought to have synergistic effects for

increased transfection efficiency [21].

We demonstrated this micro-bubble enhanced ultrasound

gene therapy in the intervertebral disc in vivo [35]. In our

study, two different reporter plasmid DNA encoding green

fluorescent protein (GFP) and Firefly Luciferase were used.

Plasmid DNA was mixed with ultrasonography contrast

agent (microbubbles) and injected into coccygeal interver-

tebral discs of Sprague–Dawley (SD) rats. Therapeutic

ultrasound was applied on the surface of injected discs. Rats

were sacrificed 1, 3, 6, 12, and 24 weeks after gene trans-

duction. Harvested nucleus pulposus tissues were utilized

for evaluation of transgene expression. The intact discs

were used as a control. Seven days after gene transfection,

considerable numbers of GFP positive cells were observed

in the nucleus pulposus from the GFP transfected group.

Luciferase assay revealed that the ultrasound group dem-

onstrated approximately an 11-fold increase in luciferase

activity over the plasmid DNA-only group. Furthermore,

transgene expression mediated by this method was

observed, at least up to 24 weeks. The results of the current

study demonstrate that ultrasound-mediated destruction of

microbubbles loaded with plasmid-DNA is a feasible and

efficient technique for local gene delivery within the

intervertebral disc. To the best of our knowledge, this was

the first report of direct, in vivo transfection to intervertebral

disc cells using a non-virus-mediated method.

New strategy for intradiscal gene therapy

Considerations of specific biological property

of the disc

The disc is known to be the largest avascular structure in

the body with a nucleus pulposus, well encapsulated by

cartilagenous end-plates and, a dense fibrous structure, the

annulus fibrosus. The main path of nutrition or oxygen

supply is passive diffusion via the end-plates, which results

in poor nutrition and low oxygen tension, particularly near

the center of the disc [11, 15]. As a result of metabolism in

a relatively anaerobic environment, lactates are produced,

leading to low pH in the nucleus pulposus [30]. In addition,

low nutrition and oxygen tension and low pH make the

interior of the intervertebral disc a harsh biological envi-

ronment. Accordingly, nucleus pulposus cells must be

highly differentiated to survive in this special environment,

resulting in relative stability in terms of cell proliferation

and significantly low metabolism with a small cell number

compared with the rich extra-cellular matrix.

So far, the main focus of intradiscal gene therapy as well

as growth factor injection or cell therapy approaches has

been to stimulate matrix synthesis. However, when taking

the disc environment (little nutrition and oxygen, low pH,

overall low cell metabolism) into consideration, methods

that require more resources or energy to up-regulate or

stimulate matrix synthesis are less likely to result in suc-

cessful disc regeneration. Therefore, a different approach

Anabolism
Catabolism

Up-regulation Down-regulation

Large Small

HOW TO CORRECT IMBALANCE

Required energy etc.

Fig. 2 Two different approaches for disc regeneration. Theoretically,

there are two approaches for correcting the imbalance between matrix

anabolism and catabolism for disc regeneration. Previous approaches

focused on stimulating matrix synthesis using growth (anabolic)

factors. Another approach could be to down regulate the matrix

catabolism. It is notable that stimulating matrix synthesis demands a

lot of energy and resources, thus taking into account what we know of

the disc environment, such as limited nutrition and cell activity,

down-regulating the matrix catabolism might be more advantageous

for the disc
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which requires less energy or fewer resources may have a

better chance of promoting regeneration of the disc. One of

these approaches is the down-regulation of gene expres-

sions that are potentially harmful for the physiological

condition of the disc, and thus may induce degenerative

change in the disc (Fig. 2). This type of approach would

focus more on prophylactic treatment of disc degeneration.

However, theoretically, it could become a regenerative

treatment over an extended period (Fig. 3).

Among advancements in gene silencing technologies,

RNA interference (RNAi) has recently emerged as an

important biological strategy for specific gene silencing.

RNAi was first reported as the phenomenon observed in

Caenorhabditis elegans as a biological response to exog-

enous double-stranded RNA (dsRNA) and a process of

sequence-specific, post-transcriptional gene silencing [9].

Later, Elbashir et al. reported that gene-specific suppres-

sion in mammalian cells could be achieved by small

interfering RNAs (siRNA) of 21 nt in length [7] without

stimulating a host interferon response. One of the notable

advantages of siRNA-mediated RNAi is its effectiveness. It

is reported that even a relatively small amount of siRNA

can effectively inhibit specific gene expression because

siRNA is incorporated into the RNA-induced silencing

complex (RISC) that is stable in the cell [29, 37] and

cleaves repeatedly to the target mRNA (Fig. 4) [16].

RNA interference

We showed for the first time that the small interfering RNA

(siRNA) targeting exogenous reporter gene is effective in

silencing this transgene expression in nucleus pulposus

cells in humans and rats in vitro [17]. In our study, two

reporter luciferase plasmids (Firefly and Renilla) were

used. These plasmids were co-transfected with siRNA

targeting Firefly luciferase to the nucleus pulposus cells

extracted from SD rats and scoliosis patients. The inhibi-

tory effects were evaluated by dual luciferase assay for

3 weeks. The results showed the expression of Firefly

Luciferase was drastically inhibited both in rats (94.7%)

and in humans (93.7%). The inhibitory effects were

maintained for 2 weeks and had disappeared completely by

3 weeks. We showed siRNA-mediated gene silencing in rat

and human disc cells for a relatively sustained period,

probably due to the stability of the nucleus pulposus cells

in terms of cell proliferation.

In our follow-up study, we reported that the effective-

ness of the DNA vector-based RNAi technique in vitro in

terms of prolonged RNAi effect. Furthermore, we also

demonstrated that simple unmodified siRNA-mediated

RNAi effect in intervertebral discs in vivo resulted in a

long lasting period of up to 24 weeks (168 days) [38].

The demonstration that siRNA transfected by a non-

virus-mediated method which can effectively inhibit spe-

cific gene expression in nucleus pulposus cells may open

the door for exploring the use of siRNA for scientific

research purposes and investigating the role of certain gene

expressions. Furthermore, this method has potential use as

a novel strategy of gene therapy for treatment of disc

degenerative diseases (Fig. 3).

Problems and future directions

The disc is a unique organ in our body and this uniqueness

poses difficulties for disc regeneration. As described, one

Anabolic

Time

Catabolic

Regeneration

Degenerated disc

0
Slow down
degeneration
process

Fig. 3 Expected effects of genetic modification of the disc cells. If

we can correct the imbalance between matrix anabolism and

catabolism in disc degeneration either by stimulating matrix synthesis

or down-regulating catabolism, we can potentially change the

direction of the disc degeneration leading to a delay in the process

(focusing on more prophylactic treatment) or even regeneration of the

degenerated disc

5’

5’3’

3’

Dicer

RNA helicases

(RNA-induced
silencing complex)

RISCs

siRNA

Target mRNA

cleaved mRNA

dsRNA

recycling

Fig. 4 The schema of RNAi pathways. Small Interfering RNAs

(siRNAs) are short, double-stranded RNA molecules that can target

mRNAs with complimentary sequence. These siRNAs are incorpo-

rated into a multicomponent nuclease complex, known as RNA-

induced silencing complex (RISC), which cleave target messenger

RNAs for degradation [17]
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of the problems for disc regeneration is very limited

nutrition or oxygen especially in the central part of the disc

and this means that, theoretically, the disc cannot support

many cells especially energy consuming, active type cells.

Therefore, a different regeneration approach from ordinary

organ/tissue types is needed. Most of the current approa-

ches for regenerating discs do not seem to take enough

account of the disc physiology, and this reduces the like-

lihood of favorable results.

Another potential problem is the animal model being

used for research of disc degeneration. So far, there are few

disc degeneration models which simulate clinical situations

well. Recently, it has been reported that there are physio-

logical difference between the notochordal and non-

notochordal disc in terms of cell activity. These researchers

showed notochordal disc such as rodent disc have better

regeneration abilities than non-notochordal disc like those

found in human beings [26]. Therefore, despite the many

limitations that exist, a disc degeneration model which

simulates the clinical situation, using a bigger animal

with non-notochordal disc is required to obtain clinically

applicable results.

Additionally, the relationship between clinical symptom

such as low back pain and disc degeneration is still

obscure. In other words, there is no clear understanding of

which kind of disc condition causes low back pain.

Therefore, continued efforts are needed to clarify the

mechanism of clinical symptoms associated with disc

degeneration as well as of disc degeneration processes.

There are many obstacles to be overcome in disc

regeneration research before findings can be clinically

applied. However, the amount of this research is increasing

and broadening so it is not unrealistic to expect a break

through from these studies over the next few years.
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