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Introduction

Painful and progressive degeneration of intervertebral disk 
(IVD), known as degenerative disk disease (DDD), causes 
structural damage on IVDs as well as chronic changes on 

the cartilage endplate and vertebral subchondral bone. 
DDD plays critical roles in maintenance of spinal function 
and health. It decreases the state of health and raises costs 
for health care, social and economic affairs.1–6 Progressive 
IVD degeneration characterized by wide structural tissue 
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Abstract
Degenerative disk disease (DDD) that aggravates structural deterioration of 
intervertebral disks (IVDs) can be accompanied by painful inflammation and 
immunopathological progressions. Current surgical or pharmacological therapies 
cannot repair the structure and function of IVDs. Nucleus pulposus (NP) cells 
are crucial for the preservation or restoration of IVDs by balancing the anabolic 
and catabolic factors affecting the extracellular matrix. Imbalanced anabolic  
and catabolic factors cause increased degradation of aggrecan. Aggrecanases 
A Disintegrin And Metalloproteinase with ThromboSpondin motifs (ADAMTS)4 
and ADAMTS5 are the main degrading enzymes of aggrecan. Previously, we 
characterized adeno-associated virus (AAV6) as the most suitable serotype with 
marked NP cellular tropism and demonstrated that ADAMTS4 could be silenced 
by self-complementary adeno-associated virus grade 6 small helix ribonucleic 
acid (scAAV6-shRNA) in NP cells of degeneration grade III, which resulted in 
enrichment of aggrecan. Nonetheless, neither scAAV6-shRNA-mediated inhibition 
of ADAMTS5 nor joint inhibitions of ADAMTS4 and ADAMTS5 have been 
investigated, although both enzymes are regulated by analogous proinflammatory 
cytokines and have the same cleavage sites in aggrecan. Therefore, we attempted 
scAAV6-shRNA-mediated inhibitions of both enzymes in NP cells of degeneration 
grade IV to increase efficacies in treatments of DDD. The degeneration grade of 
IVDs in patients was determined by magnetic resonance imaging (MRI) before 
surgical operations. After isolation and culturing of NP cells, cells were transduced 
with scAAV6-shRNAs targeting ADAMTS4 or ADAMTS5. Transduced cells  
were analyzed by reverse transcription quantitative polymerase chain reaction (RT-
qPCR), fluorescence microscopy, flow cytometry-assisted cell sorting (FACS), MTT 

assay (3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide assay), immunoblotting, and enzyme-linked immunosorbent 
assay (ELISA). Joint transduction of NP cells exhibited high transduction efficacies (98.1%), high transduction units (TU) (1381 
TU/Cell), and no effect on cell viability or proliferation. Above all joint treatments resulted in effective knockdown of ADAMTS4 
(92.8%) and ADAMTS5 (93.4%) along with additive enrichment of aggrecan (113.9%). Treatment effects were significant for more 
than 56 days after transduction (P < 0.001). In conclusion, scAAV6-shRNA-mediated combined molecular therapy could be very 
valuable for more effective, durable, and less immunogenic treatment approaches in DDD.
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Degenerative disk disease (DDD) causes struc-
tural damage on intervertebral disks (IVDs). DDD 
plays critical roles in maintenance of spinal function 
and health. It decreases the level of health status 
and raises costs for health care, social and eco-
nomic affairs. Current surgical or pharmacological 
therapies cannot repair the structure and function 
of IVDs. Therefore, we established new biological 
repair strategies of DDD by identifying the fitting 
serotype of adeno-associated virus (AAV6) and 
shRNAs that specifically target aggrecanase-1 
or aggrecanase-2. Unlike lentiviral or adenoviral 
gene delivery systems, AAVs do not express any 
viral protein. Accordingly, the use of AAVs in IVDs 
close to complex neural organization could dimin-
ish adverse effects that could result in neurological 
disorders. Our result of self-complementary adeno-
associated virus grade 6 small helix ribonucleic acid 
(scAAV6-shRNA)-mediated combined inhibition of 
the key aggrecanases in nucleus pulposus (NP) 
cells is valuable for new therapy approaches, as 
it exhibited additive enrichment of aggrecan more 
than 56 days without any impact on NP cells.
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damage is commonly associated with painful inflammatory 
and patho-immunological courses.7–10 Although current sur-
gical or pharmacological therapies can offer alleviation to the 
accompanying suffering and disability, they cannot repair 
the structure and function of IVDs. As a result, they cannot 
stop the continuous biological decomposition of structural 
proteins in IVD matrix (extracellular matrix [ECM]) and the 
advancement of the disease into chronic disability.

Painful and progressive degeneration of IVDs includ-
ing spinal instability is mostly escorted by up-regulation of 
inflammatory and catabolic proteins, along with the growth 
of nerves into the interior part of the IVDs.7–10 Therefore, 
inhibition of the main inflammatory and catabolic proteins, 
which are responsible for structural damage and deterio-
ration of the IVD matrix, is crucial for biological restora-
tion of degenerative IVDs. The three major components of 
IVDs are nucleus pulposus (NP), annulus fibrosus (AF), and 
endplates (CEP, cartilaginous endplates) that are embedded 
in ECM. They provide the capacities of load-bearing and 
flexibility in the spine and are responsible for the biome-
chanical characteristics of the spine. CEP consists of a thin 
layer of hyaline cartilage sandwiched between individual 
vertebrae and IVDs. AF that surrounds the NP is made from 
different collagen fibrils and glycoproteins. NP is composed 
mainly of glycosaminoglycans, hyaluronan, and collagen 
II. The main glycosaminoglycan component in NP is aggre-
can that is allied to hyaluronan by a link protein.4,11 The 
principal indicator of IVD degeneration is aggrecan deg-
radation, and growing aggrecan attenuation is considered 
as the outcome of increased proteolytic cleavage mediated 
by different matrix proteinases. Aggrecanases, known as A 
Disintegrin And Metalloproteinase with ThromboSpondin 
motifs (ADAMTSs), are matrix proteinases responsible for 
aggrecan cleavage at multiple cleavage sites. An increased 
aggrecanase activity is considered as the hallmark of car-
tilage and IVD deterioration.12 From 19 currently known 
different members of ADAMTSs in humans, only ADAMT4 
(aggrecanase-1) and ADAMTS5 (aggrecanase-2) have been 
found as the major aggrecanases in IVD degeneration.13–15 
Both ADAMTS4 and ADAMTS5 are multidomain metallo-
proteases that encompass several configurations of catalytic 
sites, through ADAMTS4 having only one thrombospon-
din (TSP) motif is shorter than ADAMTS5 with two TSP.16 
While ADAMTS4 is scarcely expressed in normal IVDs 
and its expression immensely rises with increased grade of 
IVD degeneration, ADAMTS5 is constitutively and highly 
expressed in normal and degenerated IVDs, but its expres-
sion rises languidly with increased grade of IVD degenera-
tion.15–18 Characterization of NP cells in vitro was previously 
performed in our studies by isolating NP cells from 88 
patients of disk degeneration grade (DDG) III, IV, and V (63 
lumbar IVDs and 15 cervical IVDs). During the characteriza-
tion, we examined the viability, proliferation, morphology 
of NP cells, and the expression patterns of 28 endogenously 
expressed anabolic, catabolic, inflammatory, and matrix 
proteins in freshly isolated and three-dimensional (3D) cul-
tured NP cells.17,18 In all groups, viability, proliferation, and 
morphology of NP cells remained similar independent from 
gender, age, and grade of degeneration. However, progres-
sive grades of degeneration showed significant influences 

on accumulation of selective NP cellular marker such as 
ADAMTS-4/5, MMP-1/2/3/13, interleukin (IL)-1β, IL-1R, 
tumor necrosis factor-α (TNF-α), and attenuation of other 
markers such as BMP2/4/6/7, IGF-1, TGF-β1/β3, aggre-
can, and collagen II.17–21 As a result, gene therapeutic inter-
ventions regulating the relevant bioactive factors identified 
in vitro and in vivo might contribute to the development of 
regenerative treatment approaches in DDD.

NP cells of degenerative IVDs have been shown to express 
increased levels of proinflammatory proteins such as IL-1α, 
IL-1β, and TNF-α that prompt high expression of ADAMTS4 
and ADAMTS5.17–21

The primarily known endogenous regulator of ADAMTS4 
and ADAMTS5 as an anti-catabolic factor is the tissue inhibi-
tor of metalloproteinases-3 (TIMP3), since it inhibits IL-1α 
stimulated activities of ADAMTS4 and ADAMTS5 in a dose-
dependent manner. However, imbalanced very low level 
TIMP3 and high-level ADAMTS4 and ADAMTS5 have been 
confirmed in degenerative IVDs, and this specifies the inad-
equacy of low-level TIMP3 for durable and effective inhi-
bition of ADAMTS4 and ADAMTS5.17,18,22,23 Consequently, 
additional inhibition of ADAMTS4 and ADAMTS5 is essen-
tial to achieve a significant enrichment of aggrecan in degen-
erative IVDs.

Therefore, we design shRNAs as therapeutic agents that 
can specifically knockdown the mRNA overexpressions of 
ADAMTS4 or ADAMTS5, and significantly enhance the level 
of aggrecan in degenerative NP cells. Previously, we evalu-
ated the different serotypes of AAVs, and AAV6 was iden-
tified as the best serotype for optimal transduction of NP 
cells. Recently, we presented scAAV6-shRNA-mediated sin-
gle knockdown of ADAMTS4, which led to effective aggre-
can enhancement in NP cells that were isolated from IVDs 
of degeneration grade III.24,25 However, neither scAAV6-
shRNA-mediated inhibition of ADAMTS5 nor parallel inhibi-
tions of both ADAMTS4 and ADAMTS5 have been attempted 
in NP cells of degenerative IVDs, although both enzymes are 
regulated by analogous proinflammatory cytokines and evi-
dently have the same cleavage sites in aggrecan. Accordingly, 
we attempted scAAV6-shRNA-mediated single and paral-
lel inhibitions of ADAMTS4 and ADAMTS5 in NP cells of 
degeneration grade IV to increase the effectiveness and dura-
bility of therapeutic approaches in DDD.

Materials and methods

Research ethics and tissue recruitment

The ethics committee of our university authorized this exper-
imental study with human IVD tissues (Innsbruck Medical 
University: project AN2014-0027 333/4.24). NP tissue was 
acquired from lumbar IVDs of patients during surgery with 
informed consent. For participation in the study, patients 
provided a written informed consent. The selection criteria 
for surgical interventions involve preoperative magnetic res-
onance imaging (MRI) that showed lumbar disk herniation 
and nerve root pressing with related primary symptoms, 
in addition to six weeks unresponsiveness to nonoperative 
and conservative treatments. This study included 16 lumbar 
IVDs that showed Pfirman DDG IV on MRI.26,27 The IVD 
samples recruited from 16 patients are presented in Table 1  
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(mean age of patients: 56 years, range: 41–68 years). NP 
cells were separately isolated from 16 patients, and 16 inde-
pendent cellular samples were used for each experiment. 
Preoperative T2-weighted MRI of patients was used to 
determine the DDG. Figure 1 exemplifies a representative 
T2-weighted image of the samples showing a herniated IVD 
of DDG IV that presses on a nerve root. Nucleotomy was 
performed to acquire NP tissue from IVDs, and the acquired 
tissues were promptly brought to laboratory.

NP cell isolation and monolayer culture

Recruited NP was immediately washed in sterile phosphate-
buffered saline solution (PBS) at 1000 × g (2 min). NP was 
separated from AF-residual based on their macroscopic 
morphology. Separated NP was finely minced into 2 mm3 
fragments and subsequently digested in 20 mL Dulbecco’s 
Modified Eagle’s Medium (DMEM) that contained pro-
nase (0.02% w/v), glucose (1%), streptomycin/penicillin 
(1%), and fetal bovine serum (FBS, 10%) (37°C, 5% CO2, 1 h) 
(Sigma-Aldrich). Digested sample was strained using aseptic 
75 g nylon mesh filters and centrifuged at 1000 × g (2 min). 
Pellet was suspended in DMEM (20 mL) and digested with 
collagenase II (0.02% w/v) and hyaluronidase (100U, Sigma-
Aldrich) for 180 min (37°C, 5% CO2). The digested samples of 
NP tissue were again strained using the 75 g nylon mesh fil-
ters and centrifuged at 1000 × g (2 min). The pellet was again 
suspended in DMEM (10 mL) for culturing (37°C, 5% CO2, 
14 days) in 25 cm2 flask (Sigma-Aldrich) by changing the 
DMEM every second day. Splitting of NP cells was done at 
1:2 at 100% confluence using trypsin-EDTA (Sigma-Aldrich). 
After monolayer expansion, cryoconservation of NP cells 
was performed at −196°C in DMEM containing FBS (30%) 
and dimethyl sulfoxide (15%) (Sigma-Aldrich) for 3D culture 
and succeeding experimental steps.

3D NP cell culture

Alginate-3D-Cell-Culture Kit (AMSBIO) was applied based 
on the guideline of the producer. Shortly, calcium chloride 
liquid solution (5 mL) was dispensed in an aseptic glass cup 
(10 mL) having an aseptic stir bar. Pellet of the 1 × 105 trans-
duced or untreated NP cells was made ready in Eppendorf-
tube (1.5 mL) after three days of transduction. Then, 0.5 mL 
sodium alginate solution (0.5 mL) was dispensed into the 
tube containing the pellet, and a uniform cell suspension was 
created by mixing with the pipette. After aspiration of the cell 
suspension into a syringe (1 mL) fixated on a plastic flexible 
needle, the needle was replaced by a 22G hypodermic needle 
to drop the cell suspension into the glass cup having the cal-
cium chloride solution. The suspension was dropped at two 
drops/s into stirring calcium chloride solution in an upright 
position by locating the tip of the needle about 5 cm above 
the surface of the liquid. The stirring of the alginate beads 
(circa 10 min) was completed, when the coagulated beads 
appeared fully white. Then, a saline solution (10 mL) was 
added to the beads after removal of the calcium chloride solu-
tion. After incubation at reverse transcription (RT) (15 min) 
and removal of the saline, the alginate beads were mixed with 
DMEM (10 mL) and incubated at RT (10 min). After removal 
of DMEM, an aseptic spatula was used to scoop 10 beads and 

Table 1. Lumbar intervertebral disk samples recruited from 16 patients 
showing disk levels, disk degeneration grade (DDG), and age/sex.

Sample Disk level DDG Age/sex

1 L5/S1 IV 41/M
2 L4/L5 IV 44/F
3 L5/S1 IV 46/F
4 L4/L5 IV 49/M
5 L5/S1 IV 50/F
6 L5/S1 IV 52/M
7 L4/L5 IV 55/F
8 L4/L5 IV 56/M
9 L5/S1 IV 59/M
10 L4/L5 IV 59/F
11 L4/L5 IV 60/F
12 L4/L5 IV 62/M
13 L5/S1 IV 63/F
14 L5/S1 IV 65/M
15 L4/L5 IV 67/F
16 L4/L5 IV 68/M

DDG: disk degeneration grade.

Figure 1. A representative T2-weighted MRI image of the herniated IVD 
samples with DDG IV. A representative T2-weighted MRI picture presenting 
a herniated lumbar IVD (L4/L5) of disk degeneration grade IV (DDG IV) with 
nerve root compression and six weeks unresponsiveness to nonoperative and 
conservative treatments. Sixteen patients having a herniated lumbar IVD of 
DDG IV were involved in this study (mean age of patients: 56 years, range: 
41–68 years).
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put them into an individual 24-well plate containing fresh 
DMEM (2 mL); and cells in beads were cultured up to 56 days 
(37°C, 5% CO2) by changing the DMEM every second day. 
For every sample, three independent 3D cultures were done.

NP cell decapsulation from alginate beads

To recover NP cells from alginate beads, DMEM was 
removed from the 24-well plate, and the beads in each well 
were dissolved with sodium citrate solution (1 mL) by mix-
ing them at RT (10 min). The mixtures in the well plates 
were relocated to a tube (50 mL) and centrifuged at 1000 × g 
(2 min). The pellet was harvested and made ready for suc-
ceeding experimental steps.

Construction of recombinant scAAV6 vectors

A shuttle plasmid based on the scAAV described before 
(PMID (PubMed reference number): 23987130, PMID: 
20649454)28,29 was assembled with cytomegalovirus and 
U6 promoters to express GFP (green fluorescent protein) 
and shRNA, respectively. The recombinant plasmids 
encoding the shRNAs targeting the mRNAs of ADAMTS4 
or ADAMTS5 were designed using BLOCK-iT™ RNAi 
Designer (ThermoFisher), and they are termed as pAAV-
ADAMTS4 and pAAV-ADAMTS5, respectively. The shRNA 
without any target is named pAAV-Ctrl. To avoid unspe-
cific and unintended effects at possible off-target sites of 
the shRNAs, we compared the target sites of the designed 
shRNAs to the genome database (National center for bio-
technology information/basic local alignment search tool 
for nucleotide). During the comparing process, we avoided 
any off-target sequences with more than 16 consecutive base 
pairs of homology. The designed shRNAs were cloned in 
the shuttle plasmid using BamHI and HindIII. The helper 
plasmid pDP6rs of AAV6 was acquired from PlasmidFactory 
(Bielefeld, Germany). The sense sequences of the shRNAs 
targeting ADAMTS4 or targeting ADAMTS5 as well as the 
non-target shRNA are presented correspondingly:

5′-GCTCCAGGACTTCAATATTCCTTCAAGAGAGGA 
ATATTGAAGTCCTGGAGCTTTTT-3′
5′-GCTCACGAAATCGGACATTTATTCAAGAGATAAA 
TGTCCGATTTCGTGAGCTTTTT-3′
5′-CATCTTACCGAGCATGACGTTCAAGAGACGTCAT 
GCTCGGTAAGATGTTTTT-3′

Recombinant scAAV6 vector production and 
purification

To generate recombinant scAAV6 vectors, human embryonic 
kidney 293 (HEK293) cells were cultured using DMEM hav-
ing FCS (fetal calf serum) (10%), glucose (4.5%), and penicil-
lin/streptomycin (1%). Before transfection, the cells were 
passaged twice, and 5 × 106 cells were grown in culture dish 
(15 cm) with DMEM (20 mL) until confluence of about 80%. 
First, a 30 µg of pAAV-ADAMTS4 or pAAV-ADAMTS5 or 
pAAV-Ctrl was separately mixed with a 96 µg of pDP6rs. 
Transfection medium was prepared by adding 300 mm cal-
cium phosphate (2.5 mL) to individual mixture and slightly 
mixing with twofold concentrated hepes buffered saline 
(2.5 mL) (Sigma-Aldrich). The transfection medium was 

dropped to the dish and incubated for 6 h (37°C, 5% CO2), 
and the medium was removed and replaced by DMEM hav-
ing 2% FCS. The culture medium was collected after 72 h 
of transfection, and cells were harvested by trypsinization 
and centrifuged together at 2000 × g (5 min). After resuspen-
sion of the pellet in a 2.5 mL serum-free DMEM, freeze/thaw 
cycles (eight sequences) were performed for each sample by 
rotating the tube from dry ice-ethanol bath to 37°C water 
bath. Each sample was then centrifuged at 8000 × g (30 min), 
and supernatant containing AAV was stored at −80ºC for 
succeeding purification as previously described (PMID: 
23987130).28 Shortly, iodixanol (Sigma-Aldrich) gradient 
centrifugation was used to purify the AAV supernatant, 
and iodixanol was eliminated by flowing the iodixanol por-
tions through PD-10 gel filtration columns (GE Healthcare). 
Separately, 10 portions of each 1 mL eluate were gathered, 
and portions 4 to 6 were united for quantification. The puri-
fied AAV particles were quantified using quantitative poly-
merase chain reaction (qPCR).

Quantification of purified recombinant scAAV6 
vector particles by qPCR

The purified recombinant scAAV6 vector particles were 
quantified using qPCR, TaqMan Gene Expression Master 
Mix (ThermoFisher), and LightCycler 480 (Roche Applied 
Science). A master mix (1×), in addition to sense and anti-
sense primers of 5′-ITR (inverted terminal repeats) (each 
200 nm) as well as ITR-probe (250 nm) and template DNA 
(2 µL), was used in a final volume (20 µL). The ITR primers 
and ITR-probe are presented as follows:

5′-ITR-sense: GGAACCCCTAGTGATGGAGTT
5′-ITR-antisense: CGGCCTCAGTGAGCGAG
ITR-probe: 6FAM-CACTCCCTCTCTGCGCGCTCG-BHQ1.

The shuttle plasmid DNA was used as a standard as defined 
before (PMID: 20649454),29 and three replicates of standard, 
negative control, and samples were used in 96-well plate. 
The qPCR was programmed by applying an initial denatura-
tion step at 95°C (10 min), 40 cycles of denaturation at 95°C 
(15 s), and an extension at 60°C (1 min) that included a melt 
curve stage 65 to 95°C (increment 0.5°C). Applied Biosystems 
StepOne software v2.1 (Life Technologies) was used for the 
qPCR data analysis. For every sample, three independent 
qPCRs were done. A schematic drawing showing the con-
struction of the recombinant AAV6 vector, the production 
and purification AAV6 viral particle, and the AAV6 trans-
duction of NP cells is illustrated in Supplementary Figure 1.

Assessing the transduction efficacies

A total of 1 × 105 NP cells in each well of a 24-well plate (circa 
50% confluence) were sown and cultured in 500 µL DMEM 
having FBS (1%) (24 h, 37°C, 5% CO2). Previously, the cellular 
tropism of different AAV serotypes (scAAV1-8, GFP pack-
ing) and their different viral doses (5 vg/c, 50 vg/c, 500 vg/c, 
5000 vg/c, 10,000 vg/c) were characterized in NP cells.24 
scAAV6 with the viral dose of 5000 vg/c was identified as 
the most convenient vector for transduction of NP cells, as it 
exhibited the highest transduction efficacy, without any impact 
on cell proliferation and the expression of matrix relevant 
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proteins.24,25 Therefore, NP cells were transduced with AAV6-
ADAMTS4 or AAV6-ADAMTS5 or AAV6-Ctrl at a dose of 
5000 vg/c. Moreover, after a day of first transduction, NP cells 
transduced with AAV6-ADAMTS4 were additionally trans-
duced with AAV6-ADAMTS5 at a dose of 5000 vg/c as com-
bined transduction (AAV6-ADAMTS4/AAV6-ADAMTS5). 
The efficacies of transduction were assessed every second day 
for the first two weeks and every week until day 56 after trans-
duction by fluorescence microscopy (AxioVert.A, Carl Zeiss). 
Moreover, FACS was used to evaluate transduction effica-
cies in 3D cultured cells on days 8, 16, 24, 32, 48, and 56 after 
transduction. As described by the producer, MoFlo cell sorter 
(FACS, Beckman Coulter) was used to analyze 1 × 105 NP cells 
after transduction and determine the quantity of GFP-positive 
cells. Shortly, a MoFlo cell sorter was applied with a 100 mm 
flow cell tip and a flow rate of 12,000 events per second, along 
with an extension wavelength of 488 nm and a laser power of 
110 W. For every sample, three independent FACS quantifica-
tions with duplicate were done.

Quantification of the TU of the recombinant 
scAAV6 vectors

The TU (the number of recombinant scAAV6 vectors inter-
nalized into NP cells) was determined after seeding, trans-
ducing, 3D culturing, and harvesting of NP cells on days 2, 4, 
8, 16, 24, 32, 48, and 56 as described above. Cell pellets were 
washed three times with PBS, and AAV vectors remaining 
on the surface of the cells were removed. Then, pellets were 
suspended in a final volume (100 μL) and exposed to freeze/
thaw cycles (8 sequences) by rotating the tube from the dry 
ice-ethanol bath to 37°C water bath. Each sample was then 
centrifuged at 17,000 × g (5 min), and supernatants contain-
ing AAV particles were used for titration of the TU using 
qPCR as described above. The shuttle plasmid was used as 
standard in 10-fold dilutions from 106 to 103 copies/μL along 
with untreated cells as a background controls. For every 
sample, three independent qPCRs with triplicate were done.

Viability and growth rate analyses of transduced 
NP cells

The viability and growth rate of NP cells were determined 
by MTT Assay Kit (3-(4, 5-dimethylthiazolyl-2)-2,5-diphe-
nyltetrazolium bromide assay, ThermoFisher). The viability 
and proliferation rate of transduced and 3D cultured NP cells 
were quantified before transduction and on days 2, 4, 8, 16, 
24, 32, 48, and 56 after transduction. The seeding, transduc-
ing, culturing, and harvesting of the cells are described above. 
Untreated cells were applied as background controls. Pellets 
of NP cells were washed twice with PBS and suspended in 
DMEM (250 µL), and duplicates of 100 µL were plated into a 
flat-bottomed 96-well plate. Additional control wells (only 
with DMEM) were used to run the blanks for absorbance 
readings. Following recovery incubation (37°C, 5% CO2, 24 h), 
MTT substance (10 µL) was dropped to every well and further 
incubated (3 h). After that SDS-HCl (100 µL) was dropped to 
every well for extended incubation (4 h). A microtiter plate 
reader Infinite 200 (TECAN) was applied to determine the 
absorbance at 570 nm. The mean value of the blank duplicate 
readings was subtracted from the mean values of the sample 
duplicate readings. A standard curve was used to calculate 

the number of viable cells. For every sample, three independ-
ent MTT assays with duplicate were done.

Real-time reverse transcription quantitative PCR 
analysis

Real-time reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) was applied to analyze the impact 
of the recombinant vectors AAV6-ADAMTS4 or AAV6-
ADAMTS5 or a combination thereof (AAV6-ADAMTS4/
AAV6-ADAMTS5) on the mRNA levels of ADAMTS4, 
ADAMTS5, and aggrecan. The seeding, transducing, cultur-
ing, and harvesting of NP cells on days 8, 16, 24, 32, 48, and 56 
after transduction were described above. RNeasy Plus Mini 
Kit (Qiagen) was used to isolate the whole RNA, and DNase 
I (Sigma-Aldrich) was added to avoid DNA contamination. 
Biospectrometer (Eppendorf) was applied at 260 nm to quan-
tify the isolated RNA. RT was done using equal amounts 
of RNA, and cDNAs were produced by the use of TaqMan 
Reverse Transcription Reagents (ThermoFisher). The TaqMan 
gene expression assays and LightCycler 480 were used to 
quantify mRNA levels of ADAMTS4, ADAMTS5, and aggre-
can using qPCR as described above. Beta-actin was used as 
internal standard. Untreated NP cells were used as control. 
The data of relative mRNA levels were numerically presented 
using the comparative 2−ΔΔCT method. For every sample, 
three independent RT-qPCRs with triplicate were done.

The primers and probes for RT-qPCRs are presented as 
follows:

ADAMTS4-sense: ACATGCTGCACGACAACAGC
ADAMTS4-antisense: GTAGCCGTTGTCCAGGAAGT
ADAMTS4-probe: 6FAB-AGCACCAGCAGGCACGTGAT- 
BHQ1
ADAMTS5-sense: CATGAGGAGCACTACGATGC
ADAMTS5-antisense: TCAATCACAGCACAGCTGCG
ADAMTS5-probe: 6FAB-CATGTGACACCCTGGGAATG- 
BHQ1
Aggrecan-sense: AGGGACACCAACGAGACCTA
Aggrecan-antisense: GGAAGGTGAACTTCTCGGGG
Aggrecan-probe: 6FAB-GTACTGCTTCGCCGAGGAGA- 
BHQ1
Beta-actin-sense: CAGAAGGACAGCTACGTGGG
Beta-actin-antisense: CATGTCGTCCCAGTTGGTCA
Beta-actin-probe: 6FAB-GACCCTGAAGTACCCCATCG- 
BHQ1

Immunoblot analysis

Immunoblotting was used to investigate the impact of AAV6-
ADAMTS4 or AAV6-ADAMTS5 or a combination thereof 
(AAV6-ADAMTS4/AAV6-ADAMTS5) on ADAMTS4, 
ADAMTS5, and aggrecan at protein level. The seeding, 
transducing, culturing, and harvesting of NP cells on days 
8 and 56 after transduction were described above. Untreated 
NP cells were used as controls. Radio-immunoprecipitation 
assay (RIPA) buffer with protease and phosphatase inhibi-
tors (Sigma-Aldrich) was used to lyze the harvested cells 
(4°C, 20 min). Total protein was isolated by centrifugation at 
14,000 × g (4°C, 10 min), and supernatants containing pro-
tein were used for immunoblot analysis. To determine pro-
tein concentration, BCA (bicinchoninic acid) Protein Assay 
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Kit (ThermoFisher) was applied. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) was used 
to separate proteins based on their molecular weight and 
transfer them to polyvinylidene fluoride (PVDF) mem-
brane (ThermoFisher). ADAMTS4 polyclonal antibody 
(PA1-1749A), ADAMTS5 polyclonal antibody (PA5-27165), 
aggrecan polyclonal antibody (PA1-1746), and beta-actin 
polyclonal antibody (PA5-78715) from ThermoFisher were 
used as primary antibodies. Goat anti-rabbit IgG (horserad-
ish peroxidase) (31466) and Pierce ECL Plus Western Blotting 
Substrate (32132X3) from ThermoFisher were used to detect 
the antigens on the membrane. The bands of the antigens were 
quantified using the software Image J. For every sample, three 
independent immunoblotting analyses were done.

Enzyme-linked immunosorbent assays

ELISA was used to examine the specificity of the ADAMTS4 
and ADAMTS5 knockdowns as well as the enrichment of 
aggrecan mediated by the recombinant vectors AAV6-
ADAMTS4 or AAV6-ADAMTS5 or a combination thereof 
AAV6-ADAMTS4/AAV6-ADAMTS5. The seeding, transduc-
ing, culturing, and harvesting of NP cells as well as isolation 
and quantification of total protein on days 8 and 56 after trans-
duction were described above. Untreated NP cells were used 
as controls. ELISA was made for each sample with 100 μg of 
total protein by applying ELISA kits (Uscn Life Science Inc). 
Beyond the protein levels of ADAMTS4, ADAMTS5, and 
aggrecan, the levels of key catabolic cytokines in NP cells, 
such as IL-1β and TNF-α, as well as the vital tissue protein 
in NP, collagen type II, were quantified. To determine the 
absorbance of the samples at 450 nm with wavelength correc-
tion set to 540 nm, a microplate reader Infinite 200 (TECAN) 
was applied. The mean values of the blank duplicate readings 
were subtracted from the mean values of the sample dupli-
cate readings. A standard curve was used to calculate the 
concentration of proteins. For every sample, three independ-
ent ELISAs with duplicate were done.

Statistical data analysis

The inter-rater reliability on MRI evaluations of DDG was 
determined by interpretation of kappa (κ) statistic and agree-
ment percentage between two raters.26,27 IBM SPSS Statistics 
22 (Armonk New York USA) was applied for statistical data 
analyses. One-way ANOVA and pairwise comparison were 
applied to compare the data of transduced and untreated 
samples. Significance was set at P < 0.01.

Results

MRI grading reliability of DDG

The T2-weighted MRI-based rating of DDG was carried out 
by the inter-rater reliability agreement between two raters. 
The agreement percentage between the raters was 100% 
(κ = 1.00).

Recombinant scAAV6 particles quantified  
by qPCR

The recombinant scAAV6 genome copies were quantified by 
qPCR as described in “Materials and Method” section, and 

high final titers between 6.6 × 1011 and 2.8 × 1012 copies were 
quantified for all recombinant scAAV6 vectors.

Transduction efficiencies of recombinant scAAV6 
determined by microscopy and FACS

In fluorescence microscopy, the recombinant scAAV6 vec-
tors steadily displayed comparable transduction efficacies 
and their peak transduction efficacies were verified on day 
8 after transduction (Figure 2(a)). Furthermore, equivalent 
numbers of GFP-positive cells were detected by FACS anal-
yses. Similarly, FACS analyses showed peak transduction 
efficacies on day 8 with mean values of 98 (98,000 ± 787), 
97.9 (97,912 ± 965), and 98.1% (98,180 ± 961) GFP-positive 
cells after transduction with AAV6-ADAMTS4 or AAV6-
ADAMTS5 or a combination thereof AAV6-ADAMTS4/
AAV6-ADAMTS5, respectively. However, on day 8 after 
transduction continuously decreasing numbers of GFP-
positive cells were detected in the course of 56 days (Figure 
2(b)). On day 56 after transduction, FACS analyses showed 
mean values of 36.4 (36,413 ± 423), 36.5 (36,574 ± 541), and 
37.4% (37,401 ± 644) GFP-positive cells, respectively. The 
amount equal to 1 × 105 NP cells per sample that was applied 
to FACS analysis is set as 100%. Age and gender had no any 
effect on transduction efficacy.

Assessing the number of internalized recombinant 
scAAV6 in NP cells

Since only a portion of the viral particles are able to get 
inside the cells, quantifying the number of internalized viral 
particles (TU) is critical to achieve repeatable and efficient 

Figure 2. Transduction efficacies of recombinant scAAV6. A total of 1 × 105 NP 
cells were sowed in 24-well plate and cultured for 24 h in 500 µL DMEM having 
1% FBS. Cells were transduced with 5000 vg/c GFP packing recombinant 
vector: 5000 vg/c AAV6-ADAMTS4 (encoding the shRNA targeting ADAMTS4) 
or 5000 vg/c AAV6-ADAMTS5 (encoding the shRNA targeting ADAMTS5) or 
5000 vg/c AAV6-ADAMTS4 plus 5000 vg/c AAV6-ADAMTS5 as described in 
the “Method” section. Comparable transduction efficiencies were determined 
for all recombinant scAAV6 vectors using fluorescence microscopy and 
FACS. Fluorescence micrographs were obtained every second day for the 
first two weeks and every week until 56 days, and the maximum transduction 
efficacies were verified on day 8 after transduction (a), scale bars: 200 µm. For 
accurate quantification and presentation of the transduction efficacies by FACS, 
the number of GFP-positive cells was determined on days 8, 16, 24, 32, 48, and 
56 after transduction (b). The amount of 1 × 105 NP cells per sample was applied 
to FACS analysis. Data signify mean with SD of three independent experiments.
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results. TU per NP cell (TU/Cell) was evaluated for each 
recombinant scAAV6 vector using qPCR as described in the 
“Method” section, and similar TU per cell were confirmed 
for each individual vector. It has attained its maximum 
within 8 days after transduction with mean TU 646 ± 4.64 
TU/Cell, 649 ± 7.11 TU/Cell, and 1381 ± 16.76 TU/Cell for 
AAV6-ADAMTS4 or AAV6-ADAMTS5 or combined AAV6-
ADAMTS4/AAV6-ADAMTS5-transduced cells, respec-
tively. However, in the course of the 56 days of cell culture, 
the TU per cell were steadily falling after day 8 of trans-
duction. The TU on day 56 dropped to the mean values of 
227.5 ± 2.88 TU/Cell, 228 ± 7.5 TU/Cell, and 434.5 ± 4.43 
TU/Cell, respectively (Figure 3(a)). The combined transduc-
tion consistently showed augmented TU/Cell (P < 0.001). 
Age and gender had no any effect on TU/Cell.

Evaluating the impact of recombinant scAAV6 on 
cell viability and growth rate

To inspect the possible impact of recombinant scAAV6 vec-
tors on cell viability and growth rate, 1 × 105 NP cells were 
seeded, cultured, and evaluated by MTT assays on days 2, 
8, 16, 24, 32, 48, and 56 after transduction as described in the 
“Method” section. Comparable cell viabilities and growth 
rates were verified with all recombinant scAAV6 vectors. 
The results of transduced and untreated NP cells were 
similar. On day 56, the mean quantified number of viable 
cells was 712,007 ± 3417, 709,781 ± 3216, 708,715 ± 2837, and 
710,177 ± 2716 for untreated cells and for AAV6-ADAMTS4 or 
AAV6-ADAMTS5 or AAV6-ADAMTS4/AAV6-ADAMTS5 

treated cells, respectively (Figure 3(b)). Age and gender had 
no any effect on viability and growth rate of NP cells.

Targeted knockdown of ADAMTS4 and ADAMTS5 
using scAAV6-shRNAs

The functional application of the recombinant scAAV6 
vectors that encode shRNAs targeting the mRNAs of 
ADAMTS4 or ADAMTS5 was examined using real-time 
RT-qPCR. The knockdown of ADAMTS4 was achieved by 
AAV6-ADAMTS4 vector and knockdown of ADAMTS5 by 
AAV6-ADAMTS5 vector. Furthermore, parallel knockdown 
of ADAMTS4 and ADAMTS5 was achieved by sequential 
transductions of NP cells using both AAV6-ADAMTS4 and 
AAV6-ADAMTS5 vectors. As compared with untreated NP 
cells with unaffected ADAMTS4 and ADAMTS5 expres-
sion levels up to day 56, in the course of 56 days of post-
transduction, maximum knockdowns of ADAMTS4 and 
ADAMTS5 were confirmed on post-transduction day 8. 
On day 8, a mean maximum ADAMTS4 reduction level of 
93.0% and a mean maximum ADAMTS5 reduction level of 
93.6% were determined in AAV6-ADAMTS4 transduced 
or AAV6-ADAMTS5-transduced NP cells, respectively. 
Similarly, a mean maximum ADAMTS4 reduction level of 
92.8% and a mean maximum ADAMTS5 reduction level 
of 93.4% were determined in NP cells that were sequen-
tially transduced with both recombinant vectors. However, 
the knockdown effects were continuously declining in the 
course of 56 days. On day 16, the mean mRNA level of 
ADAMTS4 was reduced to 76.4% and on day 56 to 29.2% 
in AAV6-ADAMTS4-transduced NP cells, and similarly, 
the mean mRNA level of ADAMTS5 was reduced to 74.8% 
on day 16 and to 32.1% on day 56 in AAV6-ADAMTS5-
transduced NP. Moreover, in NP cells that were transduced 
with both recombinant vectors the mean mRNA levels of 
ADAMTS4 and ADAMTS5 were similarly reduced to 77.9 
and 74.7% on day 16 and to 30.1 and 31.2% on day 56, 
respectively (Figure 4(a) and (c)). In addition, the maximum 
knockdown effects on ADAMTS4 and ADAMTS5 on day 
8 of post-transduction are presented at protein level using 
immunoblotting (Figure 4(b) and (d)). Age and gender had 
no any effect.

Enrichment of aggrecan through knockdown of 
ADAMTS4 and ADAMTS5

Using ELISA and immunoblotting, the scAAV6-shRNA-
mediated knockdown effects on aggrecan enrichment were 
determined at protein level. As compared with untreated NP 
cells with unaffected aggrecan expression levels up to day 
56, the transduction of NP cells with AAV6-ADAMTS4 could 
increase the protein level of aggrecan at a mean maximum 
value of 51.6% on day 8 after transduction; the transduction 
with AAV6-ADAMTS5 could increase the level of aggre-
can at a mean maximum value of 35.6%. Furthermore, the 
transduction of NP cells with both AAV6-ADAMTS4 and 
AAV6-ADAMTS5, which resulted in parallel knockdown 
of ADAMTS4 and ADAMTS5, could additively increase the 
level of aggrecan at a mean maximum value of 113.9% on 
day 8 after transduction (P < 0.001). However, the continu-
ous weakening of ADAMTS4 and ADAMTS5 knockdown in 
the course of 56 days could also weaken the level of aggrecan 

Figure 3. Internalized recombinant AAV6 copies and growth rate of NP cells. 
A total of 1 × 105 NP cells were transduced with recombinant vectors: 5000 vg/c 
AAV6-ADAMTS4 (encoding the shRNA targeting ADAMTS4) or 5000 vg/c AAV6-
ADAMTS5 (encoding the shRNA targeting ADAMTS5) or a combination thereof 
(5000 vg/c AAV6-ADAMTS4 plus 5000 vg/c AAV6-ADAMTS5). After transduction, 
the number of internalized recombinant AAV6 copies (TU/Cell) and cell growth 
rate were determined on days 2, 8, 16, 24, 32, 48, and 56 using qPCR and 
MTT assay. Similar TU/Cell was confirmed for each individual transduction with 
augmented TU/Cell for combined transduction (a). Moreover, similar growth 
rates were determined for all transduced and untreated NP cells (b). Data signify 
mean with SD of three independent experiments.
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enrichment in similar manners. On days 16 and 56, the mean 
levels of aggrecan were increased only by 35.5 and 14.5% in 
AAV6-ADAMTS4-transduced NP cells, and by only 27.8 and 
9.7% in AAV6-ADAMTS5-transduced NP cells, respectively. 
Nonetheless, additive enrichment of aggrecan was achieved 
in NP cells, which were transduced with both recombinant 
vectors. Their mean levels of aggrecan were increased by 
83.9% on day 16 and by 41% on day 56 of post-transduction 
(P < 0.001) (Figure 4(e)). In addition, effective and durable 
enrichment of aggrecan is presented using immunoblotting 
on days 8 and 56 of post-transduction (Figure 4(f) and (g)). 
Age and gender had no any effect.

Knockdown specificity and its direct correlation 
with aggrecan enrichment

To ascertain whether the transduction of NP cells with 
AAV6-ADAMTS4 and AAV6-ADAMTS5 could specifically 
affect only ADAMTS4, ADAMTS5, and aggrecan levels, we, 
in addition, evaluated the levels of other key NP-related 
proteins, such as IL-1β, TNF-α, and collagen II using ELISA 
within 56 days of post-transduction. Related to the number 
of internalized AAV6-ADAMTS4 and AAV6-ADAMTS5 
(TU/Cell), we verified proportionally reduced levels of 
ADAMTS4 and ADAMTS5; these levels again correlate 
directly with the levels of aggrecan enrichment. The propor-
tional and direct association between TU/Cell, knockdown 
of ADAMTS4/ADAMTS5, and aggrecan enrichment is pre-
sented in Figure 5. In contrast, the levels of IL-1β, TNF-α, 

Figure 4. ADAMTS4 and ADAMTS5 knockdown using scAAV6-shRNAs 
and enrichment of aggrecan. A total of 5000 vg/c AAV6-ADAMTS4 (encoding 
the shRNA targeting ADAMTS4) or 5000 vg/c AAV6-ADAMTS5 (encoding 
the shRNA targeting ADAMTS5) or a combination thereof 5000 vg/c AAV6-
ADAMTS4 plus 5000 vg/c AAV6-ADAMTS5 were used to transduce 1 × 105 NP 
cells. After harvesting of NP cells on days 2, 8, 16, 24, 32, 48, and 56, RT-qPCR 
and immunoblotting were completed to evaluate the knockdown effects on 
mRNA and protein levels of ADAMTS4 and ADAMTS5 (a and c) (b and d). The 
levels of ADAMTS4 and ADAMTS5 in untreated NP cells remained unaffected 
up to day 56 and represent the arbitrary unit 1.0, while the corresponding 
transductions exhibited efficient and long-dated knockdown of ADAMTS4 and 
ADAMTS5, respectively. Similarly, on days 2, 8, 16, 24, 32, 48, and 56 after 
transduction, cells were harvested to determine the protein level of aggrecan 
using ELISA, as presented as a ratio value (e), and immunoblotting (f and g). 
The levels of aggrecan in untreated cells remained unaffected up to day 56 
and they represent the arbitrary unit 1.0, while the transduced NP cells showed 
effective and durable enrichment of aggrecan. The parallel knockdown of both 
ADAMTS4 and ADAMTS5 resulted in additive enrichment of aggrecan. Data 
signify mean with SD of three independent experiments performed in duplicate.

Figure 5. Correlation of TU/Cell, ADAMTS4/5-knockdown, and enrichment of 
aggrecan. A total of 1 × 105 NP cells that were transduced with 5000 vg/c AAV6-
ADAMTS4 plus 5000 vg/c AAV6-ADAMTS5 were harvested on days 2, 8, 16, 
24, 32, 48, and 56 after transduction. TU/Cell (Figure 5(a)) and mRNA levels of 
ADAMTS4 and ADAMTS5 (Figure 5(b)) were determined using RT-qPCR, and 
protein levels of aggrecan were determined using ELISA (Figure 5(c)). Transduced 
NP cells showed direct correlation between TU/Cell, knockdown of ADAMTS4 and 
ADAMTS5 along with the enrichment of aggrecan. Their levels were not affected in 
untreated cells. Data signify mean with SD of three independent experiments.
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and collagen II were not affected in any of the transduced NP 
cells, which remained similar to the levels in untreated NP 
cells (P ⩾ 0.658) (Table 2). Age and gender had no any effect.

Discussion

Aggrecan is the key proteoglycan in NP of IVDs, and its 
degradation, primarily caused by the proteolytic activities 
of ADAMTS4 and ADAMTS5, is one of the core indica-
tors of DDD. The cleavage of aggrecan at multiple sites by 
ADAMTS4 and ADAMTS5 is considered as the hallmark of 
IVD degradation during DDD.17,18,30–32 Therefore, inhibition 
of ADAMTS4 and ADAMTS5 can be an important scheme for 
aggrecan enrichment in degenerative IVDs and alleviation of 
DDD. Although TIMPs are known as the endogenous inhibi-
tors of ADAMTSs and MMPs, their low expression levels 
in degenerative IVDs are not sufficient to effectively inhibit 
ADAMTSs and decelerate the progression of DDD.17,18,22,30,33,34 
Therefore, small exogenous biomolecules that are well able to 
inhibit ADAMTSs are essential to achieve high efficiency in 
treatments DDD.16–18,24,25,32 Thus, we designed shRNAs that 
specifically target the mRNAs of ADAMTS4 or ADAMTS5. 
The shRNAs were cloned in the scAAV6 vector system 
because it was previously established as the most suitable 
vector system for effective and durable transduction of 
human NP cells.24,25,35–38 The main advantage of this system 
regarding DDD is based on the facts that AAVs are neither 
related to known human diseases nor express viral proteins. 
Consequently, toxicity and immunological side effects in an 
IVD region very close to sensitive neural structure could be 
diminished. As compared with the AAV system, the clinical 
applications of adenoviral and lentiviral systems in degen-
erative IVDs are critical due to the high risk of adverse side 
effects that may lead to acute neurological deficits.

The findings of this study showed comparable transduction 
efficiencies of single transduction (either AAV6-ADAMTS4 or 

AAV6-ADAMTS5) and sequential transductions (both AAV6-
ADAMTS4 and AAV6-ADAMTS5 vectors) more than 56 days 
(Figure 2), which did not affect the viability and growth rate of 
NP cells (Figure 3(b)). Furthermore, the transductions specifi-
cally affected only the levels of ADAMTS4, ADAMTS5, and 
aggrecan, without any inflammatory and catabolic responses 
in NP cells (Table 2, Figure 5). Nevertheless, during the course 
of 56 days, the highest number of internalized vectors (TU/
Cell) could be detected in sequentially transduced NP cells 
(Figure 3(a)). In line with this, the double knockdown could 
additively enhance the level of aggrecan, although the single 
knockdown of ADAMTS4 or ADAMTS5 could also signifi-
cantly enhance the level of aggrecan (Figure 4). In all trans-
duction conditions, the transduction efficacy, the TU/Cell, 
the knockdown effect, and the aggrecan enrichment were 
continuously weakened during the course of 56 days. This 
was in agreement with our anticipation, because recombi-
nant scAAV6-shRNA vectors could persist episomal without 
integration into chromosome 19, and so they could get lost 
during cell division.36,37 Nevertheless, the double knockdown 
was still capable to enhance the level of aggrecan by 41% 
on day 56 of post-transduction. Accordingly, our findings 
indicate that inhibition of both ADAMTS4 and ADAMTS5 is 
essential for effective enrichment of aggrecan and sustained 
biological treatment of DDD. These findings are in agree-
ment with other studies, which showed analogous cleav-
age sites in aggrecan for both ADAMTS4 and ADAMTS5, 
along with parallel regulatory mechanisms by inflammatory 
cytokines, such as IL-1β and TNF-α through MAPK and 
NF-κB signaling.30,31,39–52

In conclusion, the parallel overexpression of ADAMTS4 
and ADAMTS5 that aggravates the degradation of aggre-
can in degenerative IVDs could be markedly diminished by 
scAAV6-shRNA-mediated double knockdown. The recom-
binant scAAV6-shRNA vectors targeting ADAMTS4 and 
ADAMTS5 have the potential to be used as safe and effective 

Table 2. Knockdown specificity and enrichment of aggrecan.

Examined proteins Untreated mean 
[pg/100 g]

AAV6-ADAMTS4
Mean [pg/100 µg]

AAV6-ADAMTS5
Mean [pg/100 µg]

AAV6-ADAMTS4/5
Mean [pg/100 µg]

Time

IL-1β 120.6 121.7 120.0 121.0 Day 8
121.2 121.3 120.9 121.5 Day 56

TNF-α 108.6 107.9 109.8 107.8 Day 8
108.5 108.3 108.9 108.8 Day 56

Collagen II 6293 6242 6209 6174 Day 8
6189 6159 6201 6139 Day 56

ADAMTS4 2965 215.8 2958 213.3 Day 8
2892 2077 2917 2061 Day 56

ADAMTS5 3821 3811 367.7 335.2 Day 8
3789 3773 2647 2662 Day 56

Aggrecan 16,320 24,867 22,238 35,083 Day 8
16,266 18,774 17,988 23,117 Day 56

AAV: adeno-associated virus; ADAMTS: A Disintegrin And Metalloproteinase with ThromboSpondin motifs; IL: interleukin; TNF-α: tumor necrosis factor-α; IL-1β: 
interleukin-1β; TNF-α: tumor necrosis factor-α; NP: nucleus pulposus; ELISA: enzyme-linked immunosorbent assay; SD: standard deviation.
To prove whether AAV6-ADAMTS4 and AAV6-ADAMTS5 unspecifically affect the levels of other vital NP-related proteins, the levels of IL-1β, TNF-α, and collagen 
II were additionally examined using ELISA. A total of 1 × 105 NP cells that were transduced with 5000 vg/c AAV6-ADAMTS4 plus 5000 vg/c AAV6-ADAMTS5 were 
harvested within 56 days after transduction, and 100 μg of total protein extracts was used for ELISA. In NP cells that were transduced with AAV6-ADAMTS4 or AAV6-
ADAMTS5 or a combination thereof the levels of ADAMTS4, ADAMTS5 and aggrecan were specifically affected, where the combined transduction showed additive 
enrichment of aggrecan. The levels IL-1β, TNF-α, and collagen II were not affected in any of the transduced NP cells. The levels of all tested proteins remained 
unaffected in untreated cells. Data represent mean values with SD of three independent experiments on days 8 and 56 of post-transduction.
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gene delivery system for long-term therapeutic applications 
in DDD. Moreover, such modified NP cells could be ben-
eficial for clinical application concerning cell-based regen-
erative therapy in DDD. In view of clinical application, a 
detailed investigation of possible off-target effects is very 
important. The application of whole genome sequencing 
along with deep sequencing is a convincing approach for 
effective identification of possible off-target effects. It could 
allow a clear look at the entire sites across the genome of NP 
cells and minimize unexpected side effects, which could be 
dangerous for clinical application.
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