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ABSTRACT

Zonal response of human intervertebral discto bone

mor phogenetic protein-2

Hyung Chan Kim

Department of Medicine

The Graduate School, Yonsei University

(Directed by Professor Hwan-Mo L ee)

Sudy design. In vitro experiment using bone morphogenetic pmg (BMP-2) and
human intervertebral disc (IVD) cells from nuclquslposus, annulus fibrosus, and
transitional zone.

Objectives. To demonstrate the differential effect of BMP-2 miRNAs expression
(collagen type |, collagen type Il, aggrecan, astbocalcin), proteoglycan synthesis,
expression of alkaline phosphatase, bone nodutaakion in human IVD cells from
nucleus, annulus, and transitional zone.

Summary of Background Data. BMP-2 was widely known as a powerful agent for
osteoinduction and a crucial growth factor for gathondrogenesis and maintenance
of cartilaginous phenotype. BMP-2 has been prowemd effective in stimulating
proteoglycan synthesis in articular chondrocytes 18D cells from nucleus pulposus.
Nevertheless, the effect of BMP-2 on IVD cells fralifferent region of disc i.e.
nucleus pulposus, annulus fibrosus, and transitimmme was not thoroughly
elucidated.



Materials and Methods. Human IVDs were harvested from nucleus pulposus,
annulus fibrosus, and transitional zone from swigiisc specimen. Disc tissue was
enzymatically digested. Then IVD cells were cultuteree-dimensionally in alginate
beads. Recombinant human BMP-2 (rhBMP-2) was predilby Chinese hamster
ovary cells after transduction of BMP-2 cDNA, thesncentrated and purified. Then
IVD cell cultures from nucleus pulposus(NP), tréiosial zone (TZ), and annulus
fibrosus(AF) were exposed to rhBMP-2. Reverse tapison-polymerase chain
reaction for mRNA expression of osteocalcin wasfgrered. Newly synthesized
proteoglycan was measured B$-sulfate incorporation on Sephadex G-25M in PD
10 columns.

Results. Cells from AF exhibited mitogenic effect with rhBM2. However there was
no significant increase in DNA synthesis in culsufeom NP and TZ with rhBMP-2.
Cells from NP showed increase in newly synthesedeoglycan while cells from
TZ and AF demonstrated no significant increaseegponse to rhBMP-2. In RT-PCR,
IVD cells from all zones demonstrated no siginificaexpression of osteocalcin
MRNA expression.

Conclusions. BMP-2 clearly showed mitogenic effect in the cdlism AF, while
stimulate proteoglycan synthesis in the cells froiR without evidence of the
expression of osteogenic phenotype. Taken togethierstudy raised the possibility

of rhBMP-2 to be used an anabolic agent for mitegemand regenerating matrix of

IVD depending on different zone.

Key Words: Bone morphogenetic protein-2 (BMP-2), interver&llisc (IVD) cell,
proteoglycan synthesis, zonal effect
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I . INTRODUCTION

Bone morphogenetic protein (BMP)s are pleiotropiorphogens and also
regulate hematopoiesis, stimulate extracellularrimmaynthesis, and influence cell
survival maintenance and dedthin bone morphogenetic pathway, cartilage
differentiation, hypertrophy, and cell death ardoiwed by bone formation. In this
regard, BMPs are cartilage morphogenetic proteicescartilage is formed firStAlso
BMPs have a profound role in the maintenance a€udar cartilage phenotype?
Those observations have prompted the research doapplicability of BMPs on

cartilage repaif* and regeneration of intervertebral disc (IVE)n the research of



articular cartilage, adenovirus-mediated BMP gemadfer to articular chondrocytes
resulted in increased synthesis of proteoglycan @oilgens. Meanwhile, for the
purpose of inducing intervertebral fusion, direcfection of BMP-2 resulted in
ossification of anulus fibrosus while no appardrdrges in nucleus pulposus of IVD.
In contrast, in order to stimulate matrix regeneratof IVD which has mainly
chondrogenic components i.e. proteoglycan and getis, adenovirus-mediated
transfer of BMP-2 encoding gene has been reporedpt regulate proteoglycan
synthesis in human VD cell$® *°

Since BMP-2 has diverse effects on mesenchymalejgbe effect of BMP-2
on IVD should be validated before attempting clithi application of BMP-2 in
intradiscal therapy. In previous study, BMP-2 haserb proven to stimulate
proteoglycan synthesis and up-regulate chondrogamaotypes i.e. collagen type I
and aggrecan mRNAs expression while it renderedrewpgnizable effect on
osteocalcin mRNA expression in human disc cellsfraucleus pulposis Thus the
effect of BMP-2 on nucleus pulposus of IVD appe&wsbe chondrogenic not
osteogenic. There are three different zones in huimiervertebral disc, which are
nucleus pulposus(NP), transitional zone(TZ), anaLiars fibrosus(AF) respectively.
It is quite mandated to demonstrate the effectMPR2 on cells from different region
of the disc i.e. NP, TZ, and AF, since each regebrthe IVD exhibited different

cellular phenotype, matrix composition, oxygen temsand nutrient concentration.



If different zone of IVD might react to BMP-2 diffentially, BMP-2 therapy should be
performed in zone specific manner. On the othedhdihree different regions of the
disc i.e. NP, TZ, and AF reacted in uniform fashi@n matrix synthesis, upregulation
of chondrogenic phenotype, intradiscal BMP-2 thgreguld be performed with wide
range of safety.

Accordingly, the purposes of this study wesedemonstrate zonal effect of
BMP-2 on three different zones in human disc ie. AR and TZ, in terms of cellular

proliferation, proteoglycan synthesis, and the egpion of osteogenic phenotype.



oI. MATERIALSAND METHODS

All of the experimental protocols were approved the human subjects

Institutional Review Board of the institution.

1. MATERIALS

Lumbar IVD tissues were obtained from five patigatge range: 35 to 52 years)
during surgical disc procedures which included @ast lumbar interbody fusion and
anterior interbody fusion. Classification of the DVof each patient as grade of
degeneration was performed based on magnetic neserimages of each disc as
described in the literatureGrade Il and IV degenerations were included is giudy
to minimize the effect of degeneration grades an eéRkpression of phenotype and
matrix synthesis. An attempt was made by the opgraturgeon (SHM, HML) to
carefully differentiate tissue into NP, TZ, AF. dietail, tissues within 1cm from outer
annulus and anterior or posterior longitudinal igant was designated as AF, tissue
from central part of disc approximately 2cm diametize was designated NP, then
intervening tissue from annulus and nucleus waardegl as TZ (Figure 1jerniated
disc material was strictly excluded from currenidst The disc tissue specimens were

washed with Hank’s balanced salt solution (HBSSc@iBRL, Grand Island, NY,



USA) to remove blood and bodily fluid contaminardasd were then transported in

sterile HBSS to the laboratory, less than 20 mimftéowing surgical removal.

Figure 1. Topography of human (a) anulus fibros#3(4b) transitional zone(TZ),

(c) nucleus pulposus(NP).

2. Intervertebral disc cell culture

Harvested specimens were divided into three parts on NP, TZ and AF
(Figurel.) Any obvious granulation tissue, dense outer anulus, and
cartilaginous endplates were removed carefully from the disc tissue specimens.
Disc cells were isolated as described . Briefly, the dissected specimens
were minced with a scalpel into pieces of approximately two cubic millimeters

in volume. Disc tissues were digested for 60 minutes at 37° C under gentle



agitation in a medium composed of equal parts of Dulbecco’s Modified Eagle
Medium and Ham’'s F-12 medium (DMEM/F12, Gibco-BRL, Grand Island, NY,
USA) containing 5% heat-inactivated fetal bovine serum (FBS, Gibco-BRL,
Grand Island, NY, USA) with 0.4% protease (Sigma, St. Louis, MO, USA) and
0.004% deoxyribonuclease II type IV (DNase, Sigma, St. Louis, MO, USA).
The tissue was then washed 2 times with DMEM/F12 and digested overnight
under the same conditions, except that the pronase was replaced with bacterial
0.025% collagenase type II (Worthington Biochemical Corp., Lakewood, NJ,
USA). Cells were filtered through a sterile nylon mesh filter (pore size: 70um)
and then were counted in a haemocytometer and plated in 24 well plates
(Falcon, Franklin Lakes, NJ, USA) at a density of approximately 6 x 10*
cells/ml. Primary cultures were sustained for 2 to 3 weeks in DMEM/F12
containing 10% FBS, 1% v/v penicillin, streptomycin and nystatin (all antibiotics
from Gibco-BRL, Grand Island, NY, USA) in a 5% CO, incubator with humid
condition (Figure?2). Culture medium was changed twice a week. Cell viability
was determined by trypan blue exclusion test. Secondary cultures after
trypsinization of primary cultures were exclusively utilized to minimize the

effect of subculture on the expression of phenotype.



3. Incor poration of isolated cellsinto alginate beads

The preparation of IVD cells from each zone in mdge beads was performed as
described elsewheré: '* '° Briefly, isolated cells from primary culture with
trypsinization were resuspended in sterile 0.15MCN=ontaining 1.2% low-viscosity
alginate (Sigma, St. Louis, MO, USA) at a densityveo million cells per milliliter,
then slowly expressed through a 22 gauge neediediop-wise fashion into 102mM
CaCl solutions. After gelation, the beads were allow@dgolymerize further for a
period of 10 minutes in the Ca&olution. And then the polymerized beads were once
washed in 10 volume of 0.15M NaCl and 3 times wdsihe 10 volumes of
DMEM/F12 medium. The beads were finally placedomplete culture medium. Ten

beads were cultured in each well of a 24-well plate

4. Depolymerization of alginate bead

To remove cells from the alginate bead, the weltsewrinsed twice with 0.15M
NaCl with gently pipetting. The beads were incudater 1 minute with the rinse
solution and aspirated off. The three times volwihdissolving buffer (55mM sodium
citrate and 0.15M NacCl) to alginate bead was addatie wells and incubated at 37

°C for 10 minutes with shaking.



5. Preparation of recombinant human BMP-2

Recombinant human BMP-2 (hBMP 2) was prepared as described

16 Briefly ¢cDNA for BMP-2A was inserted into a mammalian

elsewhere.
expression vector pcDNA3.1/hygro (6.7kb). Chinese hamster ovary cells were
transduced by pcDNAS3.1/hygro/BMP-2A by Lipofectamine PLUS(Gibco-BRL,
Grand Island, NY, USA). Transformants were selected with Hygromycin-
containing medium(Gibco—-BRL, Grand Island, NY, USA). Then supernatant was
harvested every 24 hours for 4 days and applied to Heparin—-Sepharose
(Amersham Pharmacia, Uppsala, Sweden) column. Finally, recombinant

protein was concentrated by ultrafiltration with YM10 (Amicon, Bedford, MA,

USA) membrane. Purity assay was performed on silver stained gel.

6. Cdlular proliferation

DNA synthesis was measured by tfid]fthymidine incorporation. 5 uCi/ml of
[*H]-thymidine (Amersham Biosciences, Buckinghamshi#&; 25 Ci/mmol specific
activity) was added to control and the cultures &&h. The medium was then
discarded and the beads were depolymerized witoldisag solution. The cells were

filtered onto glass fiber filters (Whatman GF/C, ifkione, England), and transferred

10



to scintillation vial. The filters were completalyied and transferred into scintillation
vial. Each vial was added 3ml of scintillation ctaik solution (Fisher, Fair Lawn,
New Jersey, USA) and counted in a Packard liqurtiation counter. The results of

each experiment, expressed as cpm/well, are thaswddhree parallel cultures.

7. Newly synthesized proteoglycan

5 uCi/ml of [°S]-sulfate (Amersham Biosciences, Buckinghamshii, 25
Ci/mmol specific activity) was added to control @nehted cultures for 24h. At the
end of culture the medium was collected and thelbegere dissolved with 28mM
EDTA/0.15M NaCl. The cells were then placed in atvaction media (8M guanidine
HCI solution, 5mM sodium acetate (pH5.8), protemashibitor) at 4C for 48hours.
Aliquots (200ul) of the cell extracts were eluted S8ephadex G-25M in PD-10
columns Amersham Pharmacia, Uppsala, SwedEractions (1ml) were colleted in
scintillation vial and mixed with 6ml scintillatiococktail solution (Fisher, Fair Lawn,
New Jersey, USA). Five fractions were collected pample, and three meddle

fractions were counted in a Packard liquid sctiitin counter

11



8. Rever se transcription-polymer ase chain reaction for osteoclacin

Total cellular RNA was isolated using RNeasy Minit KQIAGEN, GmbH,
Germany) according to the manufacturer’s protocDNA was synthesized fromug
total RNA using RT-premix system (Bioneer, Dae-je@outh Korea) with the
oligo(dT) priming method in a %0 reaction mixture. {l aliquots were amplified in a
20ul reaction mixture that contained 1U Tagq DNA polyase (Bioneer, Dae-jeon,
South Korea), 28dm of each dNTP, 10mM Tris-HCI(pH9.0), 40mM KCI, and
1.5mM MgCh. The primers used for humaf-actin, and osteocalcin. Primer
sequence of each gene was listed on Table 1. The szaction profile was used for
all primer sets: an initial denaturation at®4 fomin, followed bythe appropriate
cycles of: 94C for 5 se@7-62C for 5 sec; and 722 for 30 sec; and an additian
min extension step at 12  after the last cy@dable2). PCR products (3ul) were
analyzed by electrophoresis in 2 % agarose geld, daiected by staining with
ethidium bromide. The intensity of the products wasntified using the Biolmage

Visage 110 system (BioRad, Hercules, CA, USA).

12



Table 1. Sequences of primers for reverse trgvgmni polymerase chain reaction
for B-actin, aggrecan, collagen type I, type Il, ancdtosalcin.

Primer Sequence Length  Size(bp)

Human B-actin 5-GGCGGACTATGACTTAGTTG-3’ 20 238
5-AAACAACAATGTGCAATCAA-3' 20

’ 5-GAATCT AGC AGT GAG ACG TC-3’ 20 541
uman aggrecan o, -+ cAG CAG TTG ATT CTG AT-3' 20

Human collagen 5.cCT GTC TGC TTC CTG TTAAC-3’ 20 187
type 1 5'-AGA GAT GAA TGC AAA GGA AA-3’ 20

Human collagen 5.CAG GAC CAAAGG GAC AGAAA-3’ 20 298
type I 5-TTG GTC CTT GCATTACTC CC-3' 20
. 5-CAC TCC TCG CCC TAT TGG CC-3’ 20

Human osteocalcin 299

5-GCCAACTCGTCACAG TCC GG-3 20

Table 2. RT-PCR conditions df-actin, aggrecan, collagen type |, type II, and
osteocalcin.

Conditions
Primer Cycle
Denaturation  Annealing Polymerization
Human 3-actin 94C 5 sec 5% 5sec 7L 30 sec 24
Human aggrecan 94T 5sec 4T 5sec 72 30 sec 26

Human collagen typel 94T 5sec 48> 5sec 72 30 sec 21
Human collagen typell 94T 5 sec 48> 5sec 72 30 sec 40

Human osteocalcin = 94C 1 min. 62C 1min 72C 1 min. 35

13



9. Statistical analysis.

One-way analysis of variance with Fisher’s proteécksSD post-hoc test was

performed to test difference in densitometric datad [°S]-sulfate labeled

proteoglycan. Significance level was set as p<0.05.

14



Ill. RESULTS

1. Cellular morphology

Cells from NP showed more polygonal and round sltapeparing those of AF.
Cells from AF demonstrated more slender and el@agahape than those of NP.
However there was no marked distinction among dedism NP, TZ, and AF in terms

of morphology in monolayer culture. (Figure 2)

i (1]

(@) nucleus pulposus(NP) (b) transitional zone(TZ) (c) anulusfibrosus(AF)
Figure 2. Photography of human NP, TZ, and AF calls7 days after primary
monolayer culture (original magnification x 100)

2. DNA synthesisof human NP, TZ, and AF cellswith rhBMP-2

Human NP and TZ cell culture in three dimensionginate beads with various

15



concentrations of rhBMP-2 (50, 100, 1000 ng/ml)vedd no significant increase in
DNA synthesis compared to control culture withduBMP-2. In contrast, human AF
cell culture showed seven-fold increase in DNA kgsts compared to control

(p<0.05) (Figure3)

Proliferation assay of intervertebral disc from each zone

1800.0
1600.0 - W Nucleous pulposus l
14000 1 B Transitional zone
1200.0 -
g_ 1000.0 O Anulus fibrosus
3 800.0 f
600.0 -
0 ﬁ ]
ol ﬁ-ﬁ =
0.0
0 50 100 1000

dose of BMP—2(ng/ml)

Figure 3. Human NP, TZ, and AF cells were culturedhree dimensional alginate
beads with various concentration of rhBMP-2 (0, Bl), 1000ng/ml). DNA synthesis
was analyzed with®H]-Thymidine incorporation. Human NP and TZ cellltace

showed no significant increase in DNA synthesis garad to control culture without
rhBMP-2. In contrast, human AF cell culture showefdld increase in DNA synthesis

compared to control cultures (P>0.05).

16



3. Proteoglycan synthesis of human NP, TZ, and AF cellswith rhBM P-2

Human NP cell culture in three dimensional alginheads with rhBMP-2
(1000ng/ml) showed 55% increase in proteoglycarnhggis (p<0.05), compared to
control culture without rhBMP-2. In contrast, hum@#d and AF cell cultures with
various dose of rhBMP-2 demonstrated no significantrease in proteoglycan

synthesis compared to control culture (Figure 4).

B Nucl |
1400.0 ucleous pulposus

1200.0 O Transitional zone

1000.0 O Anulus fibrosus
800.0
600.0
400.0
200.0
0.0
0 50

100 1000
concentration of BMP-2(ng/ml)

Proteoglycan content/DNA
content(CPM)

Figure 4. Human NP, TZ, and AF cells were cultuiedhree dimensional alginate
beads with various concentration of rhBMP-2 (0, 500, 1000ng/ml). Proteoglycan
synthesis was analyzed witfr$]-Sulfate incorporation. Human NP cell culturehwit
high dose of rhBMP-2 (1000ng/ml) showB8% increase in proteoglycan synthesis,
compared to control culture without rhBMP-2. In tast, human TZ and AF cell
cultures with various dose of rhBMP-2 demonstrated significant increase in
proteoglycan synthesis compared to control culfps®.05)

17



4. Expression of osteocalcin mRNA,

In densitometric assay of reverse transcriptionsp@erase chain reaction,
human NP, TZ, and AF cell cultures in three dimenal alginate beads with
1000ng/ml rhBMP-2 showed no statistically signifit@hanges in mRNA expression

of osteocalcin compared to each cell control withbBMP-2 (Figure 5).

A) NP TZ AF
rhBMP-2(1ug/ml) - + - + - --

b-actin

B) mRNA expression of osteocalcin

200 )
180 | Osaline

160 B *1 000ng/ml rhBMP-2

140
120
100 -
80
60
40
20

Mean fold control

NP Tz AF

Figure 5. In densitometric assay of reverse trapidon-polymerase chain reaction,
human NP, TZ, and AF cells were cultured in thraeemsional alginate beads with
1000ng/ml rhBMP-2 showed no statistically signifit@hanges in mRNA expression
of osteocalcin compared to control. mMRNA expressias normalized by [3-actin

MRNA expression.

18



IV. DISCUSSION

The spectrum of disc disease includes simple degemeration, internal disc
derangement, disc herniation, radiculopathy, myaloyy and spinal stenosis.
Theoretically, the loss of proteoglycan may dingetifect the biomechanical functions
of IVDs, altering loading of the facet joint anchet structures, causing degenerative
changes of the spin¥. Indeed, there has been no effective treatmes¢generative
disc disease since treatment were largely symptomaeasures or palliative
procedures i.e. discectomy and spinal fusion. Regcdherapy based on biologic
approaches to stimulate matrix synthesis or pren&ttix degradation of the IVD has

gained popularity in spinal research fiefd.™'®"

One promising approach to
achieve this objective relies upon the ability tdeetain growth factors to up-regulate
synthesis of matrix components.

Efficient and reliable methods to deliver exogengese(s) to the IVD have
become available with recent developments in mddechiology and viral vector
technology. The optimal combination of exogenousegefor the management of
degenerative disc disease is largely unknown. WhigecDNAs of anabolic growth
factors as well as catabolic cytokines and enzyanesavailable, most research efforts

to date have focused on enhancing the anabolic@spedisc metabolism—hence the

emphasis has been on anabolic growth factors. fimanimg growth facto31(TGF-

19



1), insulin like growth factor-1(IGF-1), osteogemimtein-1, platelet derived growth
factor, BMP-2, fibroblast growth factor, and eplthkegrowth factor were known to be
a candidate for regenerating matrix of degeneralied. > ' *® '°Previous study
demonstrated that rhBMP-2 up-regulated expressibaggrecan, collagen type I, and
collagen type Il mMRNA without expression of ostdotamRNA in human VD cells
20). Furthermore, human IVD cells cultured in mayar demonstrated neither
visible expression of osteogenic marker nor bongutleformation in given dose of
rhBMP-2 and culture period as evidenced by negatil@line phosphatase and
Alizarin red-S stain** Howeuver, it still remains unanswered whether tfiece of
rhBMP-2 to cells from different regions of IVD. bther words, different responses
of cells from NP, TZ, and AF of IVD to rhBMP-2 wengajor concern before initiating
BMP-2 gene therapy or protein therapy to regendkéiie Hence, in this study, we
elucidated responsiveness of cells from differemtezof IVD i.e., NP, TZ, and AF to
rhBMP-2 in vitro in terms of DNA synthesis, proté&ggan synthesis, and finally
expression of osteogenic phenotype. The expresgiosteogenic phenotype or pure
chondrogenic phenotype to rhBMP-2 has prime immagan VD regeneration, since
IVD is made of fibrocartilageous tissue and proviaechanism of amphiarthrosis.
The findings of the current study demonstrated th&MP-2 has differential
effects on different zone of IVD i.e., NP, TZ, aAdr, while has no recognizable

expression of osteogenic phenotype in all thre@regf IVD. Interestingly, rhBMP-2

20



exhibited more cellular proliferation i.e., sevewldf increase compared to control
culture, in AF, while it showed no significant ieaise in DNA synthesis in TZ and NP.
In addition rhBMP-2 demonstrated increased proteayl synthesis in the culture
from NP than TZ and AF. In RT-PCR, the expresgibosteocalcin mRNA, maker
for osteogenic phenotype, was not documented Ircaktlres from all three region of
IVD. Taken together, rhBMP-2 demonstrated cellydesliferation in cells from AF,
proteoglycan synthesis in cells from NP, and nadem expression of osteocalcin
MRNA expression in cells from NP, TZ, and AF.

BMP-2 and BMP-2 encoding gene appear to be a teatapand/or prophylactic
agent for IVD degeneration with least possibilifypone formation. In previous study,
adenovirus-mediated transfer of BMP-2 encoding ganee and with combination
with TGF{31 and IGF-1 encoding gene to human IVD cells wasgm to be effective
in up regulating proteoglycan syntheis. Moreover in cell cultures from NP
rhBMP-2 proved to stimulate proteoglycan synthesig up regulate chondrogenic
phenotypes i.e. collagen type Il and aggrecan mR&¥usession while it rendered no
recognizable effect on osteocalcin mMRNA expressidmuman disc cells from nucleus
pulposus.™ Results of the current study, together with presicones, clearly
demonstrated that rhBMP-2 protein and gene transfeBMP-2 encoding gene

provide a mechanism for upregulating matrix syngegshuman IVD cells.

21



V. CONCLUSION

BMP-2 clearly showed mitogenic effect in the cdism AF, while stimulate
proteoglycan synthesis in the cells from NP witheutdence of the expression of
osteogenic phenotype. Taken together, this staged the possibility of rhBMP-2
to be used an anabolic agent for mitogenesis agehezating matrix depending on

different zones of human IVD .

22
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