
ORIGINAL ARTICLE

Differential response of human bone marrow stromal cells
to either TGF-b1 or rhGDF-5

Benjamin Gantenbein-Ritter • Lorin M. Benneker •

Mauro Alini • Sibylle Grad

Received: 1 April 2010 / Revised: 11 October 2010 / Accepted: 31 October 2010 / Published online: 18 November 2010

� Springer-Verlag 2010

Abstract Cell therapy along with growth factor injection

is currently widely investigated to restore the intervertebral

disc. However, there is increasing evidence that trans-

planted unconditioned bone marrow-derived stromal cells

(BMSCs) cannot thrive in the intervertebral disc ‘‘niche’’.

Moreover, uncertainty exists with respect to the cell phe-

notype that would be suitable to inject. The intervertebral

disc cell phenotype only recently has been started to be

characterised using transcriptomics profiling. Recent find-

ings suggest that cytokeratin 19 (KRT-19) could be used as

a potential candidate marker for the intervertebral disc, or

more specifically the nucleus pulposus cell (NPC) pheno-

type. We present in vitro cell culture data using alginate

bead culture of primary human BMSCs exposed to the

standard chondrogenic stimulus, transforming growth

factor beta-1 (TGF-b), the growth and differentiation factor

5 and/or bovine NPCs to induce a potential ‘‘discogenic’’

pathway. Chondrogenic induction via TGF-b pathway

provoked down-regulation of KRT-19 gene expression in

four out of five donors after 18 days of culture, whereas

KRT-19 expression remained unchanged in the ‘‘disco-

genic’’ groups. In addition, the ratio of aggrecan/collagen II

gene expression showed a remarkable difference (of at

least 3 magnitudes) between the chondrogenic stimulus

(low ratio) and the discogenic stimulus (high ratio).

Therefore, KRT-19 and aggrecan/collagen II ratio may

be potential markers to distinguish chondrogenic from

‘‘discogenic’’ differentiation.
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Introduction

Disc degeneration has been recognised as a major burden,

and there is currently no biological treatment for regener-

ation or complete replacement available. Two regenerative

approaches, which might prove success for the early

degenerative lumbar intervertebral disc (IVD) are widely

investigated, namely (1) injection of growth factors [33,

34] and (2) application of autologous stem cells [1, 23, 28].

On the side of growth factors, insulin-like growth factor-1,

basic fibroblast growth factor (bFGF), and growth factors

of the transforming growth factor beta (TGF-b) super-

family, mainly bone morphogenetic protein (BMP) 2 and 4

and TGF-b1, have been investigated in more detail. In this

respect, a relatively recently identified growth factor of the

TGF family is the growth and differentiation factor 5

(GDF-5) [16, 40], also known as ‘‘cartilage-derived mor-

phogenetic protein-1’’ (CDMP-1), which became a syno-

nym of GDF-5 [32]. GDF-5 plays a major role in skeletal

development [5, 21], and functional mutation of GDF-5 has

been shown to be involved in the development of osteo-

arthritis [37]. Application of GDF-5 has been shown to

promote proliferation and matrix synthesis of chondrocytes

[17] and of IVD cells [13, 30]. Gene expression of aggre-

can and collagen type II of rat disc cells was significantly
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up-regulated upon over-expression of rhGDF-5 by viral

transfection, while also adding the growth factor to the

media led to dose-dependent responses [13, 56]. GDF-5 has

also been identified as potential candidate to restore disc

height in the rabbit degenerative model [10, 55]. In fact,

these growth factors seem to be able to reverse disc height

loss at least partially as demonstrated for the annular stab

rabbit degeneration model and also most recently in a

mouse lumbar annulus stab model [30]. The question

remains to be addressed whether these growth factors

might be equally successful for discs with larger dimen-

sions and nutritional problems [2, 38].

Autologous mesenchymal stem cells (MSCs) have

intensively been investigated as promising candidates for

regenerative medicine [6, 7, 14, 44]. There are two major

reasons for this; one is their multi-potentiality to differen-

tiate into different cell types of the mesenchymal line,

which promotes them ideal candidates for regeneration of

bone, cartilage, muscle, tendon, and potentially IVD tissue

[42]. The second reason is that these cells can be relatively

easily isolated from various tissues, such as bone marrow

or adipose tissue [14, 36, 64].

Different approaches of MSC implantation for IVD

regeneration have been documented using a variety of

animal models, types of cells and injection techniques

[3, 24]. The fate of injected stem cells seems to be

dependent on the cell dose, the ratio of injected to

endogenous cells, and the possibility for cell–cell interac-

tion [8, 12, 43, 48, 53, 57, 58]. Furthermore, there is recent

evidence that unconditioned MSCs have a poor chance of

survival in the ‘‘harsh’’ conditions, i.e. low pH and low

oxygen and glucose concentration, of the IVD [8, 25, 59,

60, 63].

It therefore seems likely that MSCs that have been pre-

conditioned towards the expression of the ‘‘IVD-like’’

phenotype may have improved regenerative potential.

Methods reported to direct MSCs towards the ‘‘IVD-like’’

lineage include co-culture with nucleus pulposus cells

(NPCs) and application of growth factors that are also

known to induce chondrogenesis [9, 43, 45, 49, 51, 53, 62].

Besides the standard chondrogenic growth factor TGF-b,

also GDF-5 has been reported to show chondrogenic

effects in mesenchymal stem cells [4, 19, 20].

However, in spite of the phenotypical similarities between

chondrocytes and disc cells, there are considerable differ-

ences in the mechanical function and hence the matrix

composition of cartilage and disc [39]. Important issues are

the cell phenotype that may be most suitable to regenerate the

intervertebral disc and the question how to distinguish the

chondrogenic from the IVD-like phenotype. In this context,

cytokeratin 19 (KRT-19) was identified as a potential phe-

notype marker to differentiate NPCs from articular

chondrocytes in a genome-wide microarray analysis of rat

cells [27]. More recently, KRT-19 was found to be expressed

more highly also in human NPCs compared to chondrocytes

[35, 46]. However, the potential of KRT-19 as a marker for

MSC differentiation towards the ‘‘IVD-like’’ phenotype

has not been previously evaluated.

We addressed the hypothesis whether human bone-

marrow derived stromal cells (hBMSCs) can be stimulated

and committed towards a ‘‘discogenic’’ phenotype with

recombinant human (rh) GDF-5 or by coculture with pri-

mary and healthy bovine NPCs. To monitor differentiation

towards the ‘‘IVD-like’’ phenotype, KRT-19 was analysed

in addition to standard chondrogenic markers, such as

aggrecan (ACAN), collagen type II (COL2A1), and the

transcription factor SOX-9, which is a key factor for the

differentiation towards the chondrogenic lineage. More-

over, the ratio of gene expression between aggrecan and

collagen type II was assessed to potentially differentiate

chondrogenic from disc-like differentiation [39].

Methods

hBMSCs source

Fresh human bone-marrow aspirates were obtained from

the Inselspital, University of Bern, after informed consent

and approval from the local Ethical Committee (Ethical

Approval KEK #164/07). Bone marrow stromal cells

(hBMSCs) were isolated from aspirates of nine donors (7

males and 2 females, age ranged from 17 to 78 years) by

standard density gradient procedure (Histopaque-1077,

Sigma) and selection by plastic adherence [29]. Cells were

expanded and passaged up to passage 4 in standard a-MEM

(Gibco, Basel, Switzerland) containing 10% foetal calf

serum (FCS) and 5 ng/mL recombinant human basic fibro-

blast growth factor-2 (rh bFGF-2) (Peprotech, London, UK)

[50].

Bovine NPC source

The NPCs were derived from non-degenerate caudal IVDs

(6–12 months old) of bovine tails obtained from local

abattoir. Nucleus pulposus (NP) tissue was dissected and

digested initially in 0.19% pronase (Roche) solution for 1 h

with a subsequent overnight digestion in 0.4% collagenase

II (Worthington) solution in serum-free Dulbeccos Modi-

fied Eagles Medium (DMEM, Gibco) containing antibiot-

ics. The digested tissue/cell suspension was passed through

a 100-lm cell strainer to remove tissue debris, and cells

were pelleted by centrifugation at 400g for 5 min.
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Coculture of MSCs and NPCs

The NPCs and hBMSCs were seeded separately into 1.2%

alginate (Sigma, Buchs, Switzerland) beads at a cell den-

sity of 4 9 106/mL by pressing the alginate through a 22G

needle into 102 mM CaCl2 solution. Beads were then

washed with 0.9% NaCl solution. All cocultures were

conducted in duplicate in 12-well plates, using 0.4-lm pore

size, high pore density, polyethylene terephthalate (PET)

track-etched culture inserts (Becton, Dickinson and Com-

pany) to separate the beads of the two cell types. The

hBMSC:NPC ratio was 1:1 for all experiments. Cells were

cultured in serum-free high-glucose (4.5 g/L) DMEM

containing 50 lg/mL ascorbic acid (Sigma), non-essential

amino acids (Gibco), ITS? (Sigma), 100 U/mL penicillin,

100 mg/mL streptomycin, 2.5 mg/mL amphotericin B,

100 mg/mL sodium pyruvate (all from Sigma), with or

without 100 ng/mL rhGDF-5 (Advanced Technologies

and Regenerative Medicine, LLC). Chondrogenic control

beads were cultured with 10 ng/mL TGF-b1 (Peprotech,

London, UK) and 100 nM dexamethasone (Sigma). Cells

were cultured under six different conditions, i.e. (1)

hBMSCs only (3D control), (2) co-culture

hBMSCs ? bNPCs, (3) hBMSCs ? rhGDF-5, (4)

hBMSCs ? rhGDF-5 ? dexamethasone, (5) co-culture

hBMSCs ? bNPCs ? rhGDF-5, (6) hBMSCs ? TGF-

b1 ? dexamethasone (‘‘chondrogenic’’ medium) (Fig. 1).

The cultures were kept at 37�C in a humid atmosphere

containing 5% CO2, with medium change every 3 days.

Data were collected after 6, 9, 12, 15, and 18 days.

DNA and glycosaminoglycan (GAG) content

Alginate beads were digested in sodium citrate digestion

buffer (150 mM NaCl, 55 mM Na3Citrate, 5 mM Cystein–

HCl, pH 6.8) with 125 lg/mL papain from papaya latex

Fig. 1 Schematic illustration of

the experimental setup and the

different culture conditions

Table 1 RT-PCR primers used

with TaqMan� design
COL1A1 Primer fw (50–30) CCC TGG AAA GAA TGG AGA TGA T

Primer rev (50–30) ACT GAA ACC TCT GTG TCC CTT CA

Probe (50FAM/30TAMRA) CGG GCA ATC CTC GAG CAC CCT

COL2A1 Primer fw (50–30) GGC AAT AGC AGG TTC ACG TAC A

Primer rev (50–30) GAT AAC AGT CTT GCC CCA CTT ACC

Probe (50FAM/30TAMRA) CCT GAA GGA TGG CTG CAC GAA ACA TAC

ACAN Primer fw (50–30) AGT CCT CAA GCC TCC TGT ACT CA

Primer rev (50–30) CGG GAA GTG GCG GTA ACA

Probe (50FAM/30TAMRA) CCG GAA TGG AAA CGT GAA TCA GAA TCA ACT

SOX-9 Gene expression assay Hs_00165814_m1 (Applied Biosystems)

KRT-19 Gene expression assay Hs_00761767_s1 (Applied Biosystems)

18S rRNA Assay reagents 4310893E (Applied Biosystems)

Fig. 2 DNA content of hBMSCs in 3D alginate beads at 18 days of

culture in serum-free medium either with or without coculture with

NPC and growth factors. Values are mean ± SEM; N = 10
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(all Sigma) overnight at 60�C. The DNA content was

determined by fluorimetry using HOECHST� dye and calf

thymus DNA as a standard (all Sigma). Total GAG content

was measured using the modified dimethylmethylene blue

(DMMB) assay [18].

Histology and immunohistochemistry

Alginate beads were fixed in Tissue-Tek O.C.T. compound

(Sakura Inc.) for 20 min and flash-frozen in liquid nitrogen.

Beads were then cryo-sectioned (12 lm) and stained by

Alcian blue 8GX for 30 min at 37�C (Sigma). Slides were

mounted in Eukit� and imaged using a Leica inverted

microscope at a 109 and 409 magnification. High-resolu-

tion photographs were taken with a digital camera (Nikon

70D), with identical camera settings applied for all photo-

graphs without further image processing for an unbiased

estimation of the proteoglycan content. For aggrecan

immunostaining, a neo-epitope had to be generated by

reduction and alkylation steps [52]. Cryosections were then

incubated with primary antibody (12/21/1-C-6; Develop-

ment Studies Hybridoma Bank DSHB, University of Iowa,

Iowa City, IA; 1:10 dilution) for 1 h at room temperature,

followed by biotinylated secondary antibody (30 min, RT)

and the preformed avidin–biotin–peroxidase complex

(30 min, RT). All detection reagents were taken from the

Vectastain Elite ABC Kit (Vector Laboratories). As a

chromogen 3,30-diaminobenzidine monomer (DAB) was

used. For the negative controls, the primary antibody was

replaced by PBS.

Gene expression analyses

Alginate beads were dropped into 1 mL of TRI Reagent

(Molecular Research Center, Cincinnati, OH, USA), incu-

bated at room temperature for 20 min, flash-frozen in

liquid nitrogen and stored at -80�C.

Beads were homogenised by Tissue Lyzer (Quiagen

Inc.), and total RNA was extracted using a modified TRI-

spin method [46]. Reverse transcription (RT) was per-

formed with TaqMan RT Reagents (Applied Biosystems,

Foster City, CA). Oligonucleotide primers for human

aggrecan (ACAN), collagen type I (COL1A1), collagen

type II (COL2A1), and TaqMan� probes (all from Mi-

crosynth, Balgach, Switzerland) are listed in Table 1.

Assay reagents for KRT-19, SOX-9, and 18S ribosomal

RNA, which was used to normalise gene expression data,

were from Applied Biosystems. Real-time PCR was per-

formed using the ABI GeneAmp 7500 (Applied Bio-

systems). Gene expression was calculated by the 2-DDCt

method [31], normalising data to the expression level at

day 0. Samples with no detectable RNA concentration of

the target gene but with detectable concentration of the 18S

ribosomal RNA (Ct \ 18) were assigned a Ct of 45

(maximum number of cycles). Gene expression data were

expressed relative to the values of the corresponding 3D

control group (group 1) at the same day of culture.

Statistical analyses

Statistical analysis of DNA and GAG content was done using

one-way ANOVA for time and using Tukey’s post-hoc mul-

tiple testing. Real-time PCR data were statistically tested

using nonparametric Kruskal–Wallis and Dunn’s multiple

comparison in GraphPad Prism version 5.0c, GraphPad

Software, San Diego, CA, USA (http://www.graphpad.com).

Results

DNA content

The DNA content of hBMSCs was 689.8 ± 59.63 ng/bead

(mean ± SEM) at day 0 and dropped in the control group to

535.8 ± 71.73 ng/bead by day 18, which was not signifi-

cant. Overall, there was no significant difference in DNA

content with time (one-way Anova F = 1.800, P = 0.128)

and between the groups. However, in the chondrogenic

group, i.e. in presence of TGF-b1 and dexamethasone, the

DNA content remained stable over the entire culture period

and was 741.6 ± 55.79 ng/bead on day 18 (one-way

ANOVA, P = 0.86) (Fig. 2), whereas the DNA content was

slightly decreased in the other groups.

Extracellular matrix

The GAG/DNA ratio increased 2.745 ± 0.671 fold in the

hBMSC ? TGF-b1 ? dexamethasone group by day 18

(Fig. 3). A slight increase was also noted in the

hBMSC ? bNPC ? rhGDF-5 group. However, except for

the TGF-b1 ? dexamethasone group (Wilcoxon signed-

rank test from 1.0 ratio, P = 0.047), there was no signifi-

cant difference in GAG/DNA measurements between the

other groups and over time (one-way ANOVA: F = 1.283,

P = 0.33 for day 18). Histology of alginate beads showed a

relative increase in Alcian blue staining after 15 days of

culture in all groups. Similar to the GAG/DNA content, an

increased staining intensity relative to 3D control was only

observed in the hBMSC ? TGF-b1 ? dexamethasone

group (Fig. 4). Aggrecan immunostaining revealed some

positive reaction in all treatment groups although supple-

mentation with TGF-b1 ? dexamethasone resulted in more

aggrecan positive cells than rhGDF-5 and/or bNPC

(Fig. 5).
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Gene expression

ACAN was significantly up-regulated relative to the 3D

control at day 18 with mean up-regulations (±SEM) of

20.7 ± 9.21 times for the hBMSC ? rhGDF-5, 14.89 ±

8.01 times for the hBMSC ? rhGDF-5 ? bNPC, and even

363.2 ± 125.1 times for the hBMSC ? TGF-b1 group

(Kruskal–Wallis P = 0.0139; Fig. 6a). Collagen type II was

also significantly up-regulated relative to the 3D control after

18 days of culture: 196.4 ± 125.6 times in the hBMSC ?

rhGDF-5; 3.46 ± 2.93 times in the hBMSC ? bNPC;

334.3 ± 225.8 times in the hBMSC ? rhGDF-5 ? bNPC;

and 37,271 ± 14,800 times for hBMSC ? TGF-b1 ?

dexamethasone group (Kruskal–Wallis P = 0.0002;

Fig. 6a). Sox-9 was up-regulated 4.24 ± 1.96 times in the

hBMSC ? TGF-b1 ? dexamethasone group, while there

was a minor effect in groups containing rhGDF-5. For

hBMSC ? rhGDF-5, the Sox-9 expression was 1.57 ± 0.60

times and for hBMSC ? rhGDF-5 ? bNPC 1.73 ± 0.58

times up-regulated compared to 3D control, whereas the

Fig. 3 GAG/DNA content of hBMSCs in 3D alginate beads at day 18

of culture normalised to day 0. Values are mean ± SEM; N = 10.

*P \ 0.05 t test from hypothetical mean 1.0

Fig. 4 Cryosections (12 lm) of

alginate beads at day 15 stained

with alcian blue 8GX. a hBMSC

control, b hBMSC ? bNPC,

c hBMSC ? rhGDF-5,

d hBMSC ? bNPC ?

rhGDF-5, and e hBMSC ?

TGF-b ? dexamethasone.

Scale bar 20 lm
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group hBMSC ? bNPC remained around the ‘‘baseline’’

(Kruskal–Wallis P = 0.42) (data not shown). Collagen type

I was up-regulated only in the presence of TGF-b1, but this

difference was not significant (Kruskal–Wallis P = 0.42).

It is interesting to note that KRT-19 gene expression was

down-regulated after day 12 of culture in the group of

hBMSC ? TGF-b1 ? dexamethasone compared to the 3D

control group although this was not significant (Kruskal–

Wallis P = 0.0544). In contrast, KRT-19 was up-regulated

in the other treatment groups compared to 3D control at

day 18 (Fig. 6a). This pattern was observed as well at

earlier culture time points (Fig. 6b).

If the ratio of ACAN versus collagen II expression [cal-

culated as 2-(DCtACAN-DCtcol2)] is estimated, the hBMSC ?

rhGDF-5 ? dexamethasone group was found to have the

highest relative expression (higher ACAN compared to

collagen II), while about equal ratios were found for most

other groups, except for the hBMSC ? TGF-b1 ? dexa-

methasone group, where collagen type II expression was

higher than ACAN expression (Fig. 7).

Discussion

Although differentiation of MSCs towards the disc-like

phenotype has been demonstrated, there is still a certain

ambiguity about how to monitor or to characterise the

differentiation. Several recent studies have proposed

different sets of markers for the distinction of the articular

chondrocyte phenotype from the NP and annulus fibrosus-

like phenotype [11, 27, 46, 47]. They found significant

differences in expression profiles of collagen type 5, matrix

gla protein, HtrA1 serine peptidase 1, alpha-2-macroglob-

ulin, cytokeratin-18, neural cell adhesion molecule, glypi-

can-3, and KRT-19. Furthermore, other molecules specific

for NPCs were proposed, including CD24, HIF-1a,

GLUT1, MMP2 [22, 45]. However, previous transcripto-

mics studies did not find any evidence for clear on–off

signal among these genes, and inter-species comparison

revealed considerable differences between rodent, larger

animal, and human cell populations [47].

Recent gene expression comparison of human IVD and

articular cartilage cells found strong evidence that KRT-19

might be a positive marker for NP-like cells among

other markers [35, 46]. Although a negative correlation of

KRT-19 gene expression in NPCs with donor age was found,

KRT-19 was expressed more highly in NPCs than chon-

drocytes also in older individuals. At the protein level, KRT-

19 was detected primarily in cells of the juvenile IVD,

suggesting a role in the IVD development. This is the first

report, which suggests a down-regulation of KRT-19 in

hBMSCs in presence of TGF-b1, indicating that this

potential NPC marker is negatively influenced in the chon-

drogenic TGF-b pathway. However, due to the large inter-

donor variation in the responsiveness of BMSCs to the

culture conditions, we can only report a trend of KRT-19

Fig. 5 Aggrecan

immunostaining of cryosections

(12 lm) of alginate beads at day

15. a hBMSC control,

b hBMSC ? bNPC,

c hBMSC ? rhGDF-5, and

d hBMSC ? TGF-

b ? dexamethasone. Scale bar
20 lm
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suppression upon chondrogenic stimulation (P = 0.07). In

presence of rhGDF-5 and/or NPCs, KRT-19 expression was

not changed or tended to be enhanced. The sustained

expression of this cytokeratin in these groups could indicate

the maintenance of a more primitive cell phenotype,

whereas the cells exposed to the strong chondrogenic stimuli

may lose KRT-19 expression during differentiation.

Our results confirm recent reports that ACAN and

COL2A1 expression can be stimulated with a concentration

of 100 ng/mL rhGDF-5 [13, 61]. Indeed, the concentration

of 100 ng/mL was found to be ideal in a study where

different doses of rhGDF-5, ranging from 1 to 100 ng/mL,

were tested [13]. However, the chondrogenic induction

using TGF-b1 was stronger than using rhGDF-5. Mwale

et al. [39] found differences at the extracellular matrix

level between NP and articular cartilage tissue. In particu-

lar, a GAG to hydroxyproline ratio of 27 was reported

for the NP of young adults, while this ratio reached a value

of about 2 for cartilage tissue. Looking at the related

ACAN/COL2A1 ratio of the two respective gene expres-

sion levels, the group with hBMSC ? rhGDF-5 ? dexa-

methasone showed the highest value (Fig. 7), whereas the

other treatments showed a moderate stimulation towards an

increased ACAN/COL2A1 ratio. The chondrogenic path-

way induced by TGF-b resulted in a further lower value

(3 levels of magnitude) as expected from a chondrogenic

induction [9, 11, 29]. These data suggest that the aggrecan/

collagen II ratio may be considered to distinguish chon-

drogenic from disc-like differentiation also at the gene

transcription level.

Co-culture with bNPCs only showed tendencies to up-

regulate COL2A1 and KRT-19 expression. Based on pre-

vious reports, a ratio of 1:1 for hBMSCs/bNPCs was

chosen for co-cultures [49]. However, other ratios such as

the 1:3 ratio, which was found to be most successful for

hBMSCs [43, 54] and muscle-derived MSCs [53], may

have led to a different outcome. In a recent study by Kim

et al. [26], rabbit MSCs were stimulated with autologous

NPCs at three different MSC:NPC ratios, i.e. 1:1, 1:2, and

2:1. They reported a beneficial effect on the DNA content

and on the GAG/DNA ratio when the MSC:NPC ratio was

of 1:2. This supports the assumption that higher amounts of

NPCs may be necessary to effectively stimulate prolifera-

tion and differentiation of MSCs in an indirect coculture

system.

Sox-9 is known as a major transcription factor on the

gateway for chondrogenesis [41]. In cooperation with Sox-

5 and Sox-6, Sox-9 plays an important role in the prolif-

eration and function of chondrocytes and can transactivate

genes of cartilaginous matrix proteins such as collagen

Fig. 6 a RT-PCR results relative to 3D control for four gene loci.

Data are normalised to the gene expression levels of the hBMSC

control group at the respective time point. Stars mark significance of

Dunn’s post-hoc testing (P \ 0.01). Values are mean ± SEM,

N = 10. b Gene expression of KRT-19 relative to 3D control.

KRT-19 is down-regulated by the addition of TGF-b1 ? dexameth-

asone after 18 days of culture

Fig. 7 Relative gene expression ratio of ACAN to COL2A1

[expressed as 2-(DCtACAN-DCtcol2)] in hBMSCs after 18 days of

culture. Values are mean ± SEM. *P \ 0.05 from Dunn’s post-hoc

test
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types II, IX, XI, and aggrecan core protein [15]. With a

concentration of 10 ng/mL of TGF-b1 Sox-9 expression

could slightly be increased, while no changes were

observed in Sox-9 expression with rhGDF-5 or bNPCs.

Thus, TGF-b1 apparently provoked up-regulation of

chondrogenic transcription factors more strongly than

rhGDF-5. It has been previously observed by Bai et al. [4]

that GDF-5 is less stimulatory than TGF-b1 with respect to

chondrogenic differentiation of MSCs.

A limitation of the present study is that it is mainly

based on gene expression data, while little evidence is

provided relating to protein and matrix production. It is

conceivable that a culture time of more than 18 days

may be required to detect changes in matrix production

not only in the chondrogenic but also in the other

treatment groups.

In conclusion, for MSC-based cell therapy and tissue

engineering approaches for IVD regeneration, differentia-

tion towards the disc cell phenotype may be important.

This study shows the potential of rhGDF-5 for differenti-

ation of hBMSCs, which might be considered for in vitro

IVD tissue engineering and for in vivo therapeutic appli-

cation in combination with MSCs. Furthermore, the present

study indicates that KRT-19 regulation and ACAN/

COL2A1 gene expression ratio may be useful molecular

markers to distinguish between the chondrogenic and IVD-

like differentiation. Further studies with longer culture

times will be needed to confirm the potential of rhGDF-5

treatment with respect to protein synthesis and extracellular

matrix accumulation.
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53. Vadalà G, Sobajima S, Lee JY, Huard J, Denaro V, Kang JD,

Gilbertson LG (2008) In vitro interaction between muscle-

derived stem cells and nucleus pulposus cells. Spine J 8(5):

804–809. doi:10.1016/j.spinee.2007.07.394
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