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ABSTRACT
Adult articular chondrocytes lack an effective repair response to correct damage from injury or osteoarthritis. Polypeptide growth factors that

stimulate articular chondrocyte proliferation and cartilage matrix synthesis may augment this response. Gene transfer is a promising

approach to delivering such factors. Multiple growth factor genes regulate these cell functions, but multiple growth factor gene transfer

remains unexplored. We tested the hypothesis that multiple growth factor gene transfer selectively modulates articular chondrocyte

proliferation andmatrix synthesis. We tested the hypothesis by delivering combinations of the transgenes encoding insulin-like growth factor

I (IGF-I), fibroblast growth factor-2 (FGF-2), transforming growth factor beta1 (TGF-b1), bone morphogenetic protein-2 (BMP-2), and bone

morphogenetic protien-7 (BMP-7) to articular chondrocytes and measured changes in the production of DNA, glycosaminoglycan, and

collagen. The transgenes differentially regulated all these chondrocyte activities. In concert, the transgenes interacted to generate widely

divergent responses from the cells. These interactions ranged from inhibitory to synergistic. The transgene pair encoding IGF-I and FGF-2

maximized cell proliferation. The three-transgene group encoding IGF-I, BMP-2, and BMP-7 maximized matrix production and also

optimized the balance between cell proliferation and matrix production. These data demonstrate an approach to articular chondrocyte

regulation that may be tailored to stimulate specific cell functions, and suggest that certain growth factor gene combinations have potential

value for cell-based articular cartilage repair. J. Cell. Biochem. 114: 908–919, 2013. � 2012 Wiley Periodicals, Inc.
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A rticular cartilage provides a gliding surface that enables

pain-free joint motion of diarthrodial joints. Damaged

articular cartilage is responsible for considerable disability in the

form of arthritis and joint trauma. Adult articular chondrocytes have

a poor intrinsic repair capacity and articular cartilage damage is

generally permanent and is often progressive [Buckwalter and

Mankin, 1998]. Multiple polypeptide growth factors have been

identified that promote proliferative and anabolic activity by

articular chondrocytes. Several lines of evidence suggest that some

growth factors may have therapeutic potential [Prins et al., 1982ab;

Osborn et al., 1989; Guerne et al., 1994; Trippel, 1997]. These include

insulin-like growth factor I (IGF-I), fibroblast growth factor-2 (FGF-

2), transforming growth factor beta1 (TGF-b1), bone morphogenetic

protein-2 (BMP-2), and bone morphogenetic protein-7 (BMP-7).

IGF-I stimulates chondrocyte proliferation, glycosaminoglycan, and

collagen synthesis, and inhibits endogenous catabolic activity

[Luyten et al., 1988; Sandell and Dudek, 1988; Sah et al., 1994;

Nixon et al., 1999; Fortier et al., 2002]. FGF-2 is a potent mitogen for

chondrocytes [Kato et al., 1987; Madry et al., 2004; Henson et al.,

2005]. Although FGF-2 has been noted to increase proteoglycan

synthesis [Prins et al., 1982a; Osborn et al., 1989; Sah et al., 1994]

and matrix formation [Fujimoto et al., 1999], its reported effect on

matrix has generally been negative, including inhibition of type II

collagen synthesis [Bradham et al., 1994; Shi et al., 2012],

acceleration of proteoglycan loss [Sah et al., 1994], and activation

of catabolic enzymes. TGF-b1 [Morales and Roberts, 1988; Rosier

Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 114:908–919 (2013)

908

Stephen B. Trippel has a paid consulting agreement with Lilly.
The other authors have no conflicts of interest.

Additional supporting information may be found in the online version of this article.

Grant sponsor: National Institutes of Health; Grant number: AR047702; Grant sponsor: United States Veterans
Administration; Grant number: BX000447.

*Correspondence to: Dr. Stephen B. Trippel, MD, 541 Clinical Drive, CL600, Indianapolis, IN 46202-5111.
E-mail: strippel@iupui.edu

Manuscript Received: 13 July 2012; Manuscript Accepted: 15 October 2012

Accepted manuscript online in Wiley Online Library (wileyonlinelibrary.com): 23 October 2012

DOI 10.1002/jcb.24430 � � 2012 Wiley Periodicals, Inc.



et al., 1989] and its family members, BMP-2 [Sailor et al., 1996;

Reddi, 2003; Grunder et al., 2004] and BMP-7 [Flechtenmacher

et al., 1996; Chubinskaya et al., 2007b] are pleiotropic factors that

regulate chondrocyte differentiated functions.

The effort to deliver mitogenic and anabolic growth factors

together with cells to restore lost cartilage tissue has led to the

application of gene transfer to cell-based tissue repair [Shuler et al.,

2000; Brower-Toland et al., 2001; Madry et al., 2001, 2004, 2005;

Cucchiarini et al., 2005; Yokoo et al., 2005; Chubinskaya et al.,

2007a; Goodrich et al., 2007]. This literature indicates that

individual growth factor genes have the potential to achieve

articular cartilage repair. However, because articular chondrocytes

are regulated by multiple growth factors, and because these factors

exert distinct effects, it is possible that some of these effects may be

additive. In that event, optimal chondrocyte activation may be

achieved by the delivery of more than a single growth factor gene.

For this reason, knowledge of the interactions among growth factor

transgenes when used in combination may be as important as

knowledge of the actions of individual factors. Several studies have

identified interactions among growth factors in chondrocytes

[Horton et al., 1989; Elford and Lamberts, 1990; Bradham et al.,

1994; Tsukazaki et al., 1994; Nixon et al., 2001; Shida et al., 2001;

Loeser et al., 2003, 2005; Chubinskaya et al., 2007b; Steinert et al.,

2009; Chen et al., 2010]. A recent study demonstrated that the

delivery of multiple growth factor genes to articular chondrocytes

interactively modulates the expression of the chondrocyte genes

encoding the matrix molecules aggrecan and collagen [Shi et al.,

2012]. To our knowledge, no comparable systematic investigation of

the regulation of these matrix components, or of chondrocyte

proliferation, has been performed. In this study, we delivered

combinations of up to five chondrotrophic growth factor transgenes

and compared their regulation of chondrocyte proliferation,

glycosaminoglycan production and collagen production.

MATERIALS AND METHODS

CONSTRUCTION OF IGF-I, FGF-2, BMP-2, BMP-7, AND TGF-b1

PAAV VECTORS

The vectors pAAV-IGF-I, pAAV-FGF-2, pAAV-BMP-2, pAAV-

BMP-7, and pAAV-TGF-b1 were generated as previously described

[Shi et al., 2010, 2012]. Briefly, the human growth factor cDNA

coding regions were generated by polymerase chain reaction (PCR)

and, after confirming the sequences, were subcloned into pAAV-

MCS (Stratagene) to obtain pAAV-based vectors.

CHONDROCYTE CELL CULTURE AND TRANSFECTION

Basal medium was prepared with DMEM, 100U/ml penicillin,

100mg/ml streptomycin, 2mM glutamine (Invitrogen, Carlsbad, CA)

and 50mg/ml ascorbic acid (Sigma, St. Louis, MO). Complete

medium was prepared with basal medium and 10% FBS. Bovine

articular chondrocytes were isolated as previously described [Madry

and Trippel, 2000]. Briefly, carpal chondrocytes were isolated from

skeletally mature (growth plates closed) bovids, placed in primary

monolayer culture for 3 days, and transfected using FuGENE 6

(Roche Applied Science, Indianapolis, IN) in complete medium. For

single transfections, 2mg of each plasmid DNA per well was used.

For multiple transfections, 2mg of each plasmid DNA per well was

used together. Transfection was stopped by replacing the medium

with fresh complete medium. On Days 2 and 4 after transfection,

conditioned medium (CM) was collected and replaced by basal

medium. On day 6, CM was collected and the cell layer was digested

in 2ml proteinase k (Invitrogen; 0.5mg/ml proteinase k in 10mM

Tris, pH 8.2, and 5mM EDTA) at 658C for 2 h. CM was stored at

�208C for proteoglycan and collagen analysis. The cell digest was

stored at �208C for cell layer DNA, proteoglycan, and collagen

analysis.

DNA, PROTEOGLYCAN, AND COLLAGEN ANALYSIS

Glycosaminoglycan (GAG) in the medium (released GAG) and

retained with the chondrocytes (cell-associated GAG) were

separately measured by dimethylmethlyene blue (DMB) assay using

chondroitin sulfate A (Sigma) as the standard. Cell proliferation was

assessed by DNA analysis by Picogreen dsDNA assay (Invitrogen)

using pure phage l DNA as the standard. Released collagen and cell-

associated collagen were separately hydrolyzed in 6N HCl at 1108C
for 16 h. The hydrolysates were evaporated to dryness, suspended in

neutralizing buffer, and centrifuged to remove any precipitate. The

supernatant was stored at �208C for collagen analysis by

hydroxyproline assay using hydroxyproline (Sigma) as the standard.

STATISTICAL ANALYSIS

Statistical analyses of DNA, GAG, cell-associated GAG/released

GAG, GAG/DNA, collagen, cell-associated collagen/released colla-

gen and collagen/DNA (dependent variables) were performed on the

ratios of transfected cells to mock-transfected control cells. The

effects of FGF-2, IGF-I, TGF-b1, BMP-2, and BMP-7 gene transfer

on the dependent variables were evaluated using analysis of

variance (ANOVA). The ANOVAs included a random effect to

correlate data from the same experimental run. Using the ANOVAs,

tests were performed to determine whether simultaneous transfer

generated synergistic or inhibitory effects compared to the transfer

of individual genes. No adjustments were made for multiple

comparisons. P values less than 0.05 were considered statistically

significant. Data are expressed as comparisons of ratios of combined

to separate effects (C/S ratios), where combined effect is the value of

the dependent variable in response to the transgene combination

and separate effects is the sum of the values of the dependent

variable in response to the two independent variables. Four types of

results were obtained. (1) Additive: the result from the combined

transgenes is similar to the sum of the results from the individual

transgenes. (2) Synergistic: the result from the combined transgenes

is greater than the sum of the results from the individual transgenes;

the combined/separate ratio (C/S) is >1.0. (3) Inhibitory: the result

from the individual transgenes is greater than control, and the result

from the combined transgenes is lower than the sum of the results

from the individual transgenes but still greater than control; C/S is

<1.0. (4) Synergistically inhibitory: the sum of the results from the

individual transgenes is less than control, and the result from the

combined transgenes is less than this sum. Synergistic or inhibitory

effects represent interaction among transgenes.
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RESULTS

All combinations of five growth factor transgenes (N¼ 31) were

screened. Based on the results of this pilot experiment, 20

representative groups were selected for further evaluation. Cell

isolates from three different animals were used for three independent

experiments (Table I). The results of these 20 groups (N¼ 3), plus

mock-transfected control, are presented in detail. The data for the

other eleven groups (N¼ 1) showed similar patterns and were not

tested further. The results from these eleven groups are provided in

Supplementary Data (SFigs. 1–5). To improve the readability of the

data presented, the transgenes carried by pAAV-IGF-I, pAAV-FGF-2,

pAAV-BMP-2, pAAV-BMP-7, and pAAV-TGF-b1 are here designat-

ed tIGF-I, tFGF-2, tBMP-2, tBMP-7, and tTGF-b1, respectively.

CELL PROLIFERATION

Individual transgenes. Each growth factor transgene, except that

encoding TGF-b1 (tTGF-b1), increased cell proliferation, expressed

as change in DNA content. The magnitude of stimulation ranged

from 1.3-fold (tBMP-2 and tBMP-7) to 2.2-fold (tFGF-2) greater

than control (all P< 0.02; Fig. 1, STables 1 and 4).

Two transgenes. The combined effect of any second transgene

and tIGF-I was synergistic, with combined-to-separate ratios (C/S)

ranging from 1.9 (P¼ 0.0035) for tBMP-7 to 4.3 (P< 0.0001) for

tFGF-2. The combination, [tIGF-Iþ tFGF-2] generated the maximal

increase in DNA content observed in these studies. The addition of

tBMP-2 or tBMP-7 to tFGF-2 additively increased DNA, and of

tTGF-b1 to tFGF-2 synergistically increased DNA (C/S¼ 1.5;

P¼ 0.021). The combinations [tTGF-b1þ tBMP-2], [tTGF-

b1þ tBMP-7], and [tBMP-2þ tBMP-7] were generally not different

than the constituent individual transgenes (Fig. 1, STables 1 and 4).

Three transgenes. Of all three-transgene combinations tested,

only [tIGF-Iþ tBMP-2þ tBMP-7] increased DNA more than any of

its three constituent transgene pairs. Further, all its constituent

single-plus-pair combinations were synergistic. Maximal synergy of

single-plus-pair combinations was C/S¼ 3.6 (P< 0.0001) by adding

tIGF-I to [tBMP-2þ tBMP-7] (Fig. 1, STables 1 and 4).

Four transgenes. The effect of tFGF-2 or of tIGF-I as a fourth

transgene was synergistic (C/S¼ 1.2; P¼ 0.0050 and 3.0;

P< 0.0001, respectively). In contrast, tBMP-2 and tBMP-7 were

inhibitory (C/S¼ 0.8, both P� 0.0001; Fig. 1, STables 1 and 4).

TABLE I. Growth Factor Transgenes and Transgene Combinations Tested

One transgene Two transgenes Three transgenes Four transgenes Five transgenes

IGF-I IGF-I, FGF-2 IGF-I, FGF-2, BMP-2 IGF-I, FGF-2, BMP-2, BMP-7 IGF-I, FGF-2, BMP-2, BMP-7, TGF-b1
BMP-2 IGF-I, BMP-2 IGF-I, FGF-2, BMP-7 IGF-I, FGF-2, BMP-2, TGF-b1
BMP-7 IGF-I, BMP-7 IGF-I, FGF-2, TGF-b1 IGF-I, FGF-2, BMP-7, TGF-b1
TGF-b1 IGF-I, TGF-b1 IGF-I, BMP-2, BMP-7 IGF-I, BMP-2, BMP-7, TGF-b1
FGF-2 FGF-2, BMP-2 IGF-I, BMP-2, TGF-b1 FGF-2, BMP-2, BMP-7, TGF-b1

FGF-2, BMP-7 IGF-I, BMP-7, TGF-b1
FGF-2, TGF-b1 FGF-2, BMP-2, BMP-7
BMP2, BMP-7 FGF-2, BMP-2, TGF-b1
BMP-2, TGF-b1 FGF-2, BMP-7, TGF-b2
BMP-7, TGF-b2 BMP-2, BMP-7, TGF-b1

The listed 31 groups were screened in a pilot experiment (N¼ 1). Twenty groups (indicated in italics) were further evaluated by repeat experiments (N¼ 3).

Fig. 1. DNA content of articular chondrocytes carrying the designated growth factor transgenes. Chondrocytes were transfected with individual or multiple vectors encoding

IGF-I (I1), FGF-2 (F2), TGF-b1 (T1), BMP-2 (B2), BMP-7 (B7) or empty vector (C) and cultured for 6 days. Data are expressed as DNA normalized to control� SD for three

independent experiments.
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CELL-ASSOCIATED GLYCOSAMINOGLYCAN

Individual transgenes. All growth factor transgenes increased cell-

associated GAG. The effect ranged from 1.5-fold (tTGF-b1) to 2.8-

fold (tIGF-I) greater than control, all P< 0.003; Fig. 2A, STables 2

and 4).

Two transgenes. The addition of IGF-I to tBMP-2, tBMP-7, or

tTGF-b1 synergistically increased cell-associated GAG (C/S¼ 3.0,

2.6, and 1.6, respectively; all P< 0.0001). In contrast, the addition of

tFGF-2 as a second transgene to tIGF-I, tBMP-2, or tBMP-7

generated less GAG than the individual transgene to which it was

added (C/S¼ 0.4–0.6; all P< 0.0001). Combining the members of

the tTGF-b family to create [tBMP-2þ tBMP-7], [tBMP-2þ tTGF-

b1], and [tBMP-7þ tTGF-b1] was also inhibitory (C/S¼ 0.4–0.6; all

P< 0.0001; Fig. 2A, STables 2 and 4).

Three transgenes. Only [tIGF-Iþ tBMP-2þ tBMP-7] produced

more cell-associated GAG than all three of its constituent transgene

pairs. Further, all single-plus-pair combinations were synergistic,

with maximum C/S¼ 4.0 (P< 0.0001) by the addition of tIGF-I to

[tBMP-2þ tBMP-7]. In contrast, the addition of tFGF-2 to either

[tIGF-Iþ tBMP-2] or to [tIGF-Iþ tBMP-7] markedly reduced cell-

associated GAG compared to each transgene pair (C/S both 0.2; both

P< 0.0001; Fig. 2A, STables 2 and 4).

Four transgenes. As a fourth transgene, tIGF-I, tBMP-2, and

tBMP-7 each synergistically stimulated cell-associated GAG (C/S

range 1.2–1.6; all P< 0.0001). As a fourth transgene, tFGF-2 reduced

cell-associatedGAG (C/S¼ 0.3;P< 0.0001) (Fig. 2A, STables 2 and4).

CELL-ASSOCIATED COLLAGEN

Individual transgenes. All transgenes except tFGF-2 stimulated the

production of cell-associated collagen. The effect ranged from

inhibition to 0.67 of control (tFGF-2) to 2.7-fold control (tIGF-I; all

P< 0.007; Fig. 2B, STables 3 and 4).

Two transgenes. The effect of a second transgene ranged from

synergistically stimulatory to synergistically inhibitory. The addi-

tion of tIGF-I to tBMP-2, tBMP-7, or tTGF-b1 was synergistic (C/

S¼ 1.8, 1.7, and 1.3, respectively; all P< 0.0001). The combination

of any two members of the TGF-b superfamily (tBMP-2, tBMP-7, or

tTGF-b1), as well as any pair containing tFGF-2, was inhibitory (C/

S< 1). In the case of tFGF-2 and tBMP-7, the combination was

synergistically inhibitory (4.6-fold; P¼ 0.0021); that is, the two

Fig. 2. Glycosaminoglycan (GAG; A) or collagen (B) produced by articular chondrocytes carrying the designated growth factor transgenes. Chondrocytes were transfected with

individual or multiple vectors encoding IGF-I (I1), FGF-2 (F2), TGF-b1 (T1), BMP-2 (B2), BMP-7 (B7) or empty vector (C) and cultured for 6 days. GAG or collagen released into

the medium and retained by the cells were measured separately. Data are expressed as GAG or collagen normalized to control� SD for three independent experiments.
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transgenes together reduced cell-associated collagen 4.6-fold more

than the sum of the reductions by each transgene alone

(Fig. 2B, STables 3 and 4).

Three transgenes. Three-transgene combinations similarly reg-

ulated cell-associated collagen production over a wide range. All

single and two-transgene components of [tIGF-Iþ tBMP-2þ tBMP-

7] synergistically increased cell-associated collagen (C/S range 1.1–

2.0; all P< 0.02). The addition of tBMP-7 to [tIGF-Iþ tFGF-2] was

additive and was unique among three-transgene combinations

containing tFGF-2 in not being inhibitory. The addition of tBMP-7

to [tBMP-2þ tFGF-2] was synergistically inhibitory (4.1-fold;

P¼ 0.0078; Fig. 2B, STables 3 and 4).

Four transgenes. The addition of tBMP-2 or tBMP-7 as fourth

transgenes additively increased the production of cell-associated

collagen, while tFGF-2 or tIGF-I were inhibitory (C/S¼ 0.1 and 0.2,

respectively; both P< 0.0001; Fig. 2B, STables 3 and 4).

RELEASED GLYCOSAMINOGLYCAN

Individual transgenes. All growth factor transgenes stimulated

released GAG. The increase ranged from 1.2-fold (tTGF-b1) to 1.8-

fold (tBMP-2 or tFGF-2) compared to control (all P< 0.03;

Fig. 2A, STables 2 and 4).

Two transgenes. The combination of tIGF-I and any other

transgene generated more released GAG than any of the constituent

individual transgenes. This stimulation was synergistic for the

addition of tIGF-I to tFGF-2, tBMP-2, or tBMP-7 (C/S¼ 2.2, 1.6, and

2.2, respectively; all P< 0.0001), and was additive for the addition

of tIGF-I or tFGF-2 to tTGF-b1. For all other two-transgene

combinations, C/S was <1.0 (Fig. 2A, STables 2 and 4).

Three transgenes. These combinations revealed marked differ-

ences in the interactions among growth factor transgenes. The

single-plus-pair combinations tIGF-Iþ [tFGF-2þ tBMP-2] and

tIGF-Iþ [tFGF-2þ tBMP-7] each stimulated released GAG (C/

S¼ 4.8; both P< 0.0001). This was the maximum increase observed

in these studies. Although this reflects a synergistic effect both of

tIGF-I and of tFGF-2 in these combinations, tIGF-I was substantially

more effective (C/S¼ 2.5–3.0; P< 0.0001) than tFGF-2 (C/S¼ 1.2–

1.3; P< 0.0001) in this role. When added to [tBMP-2þ tBMP-7],

tIGF-I was synergistic (C/S¼ 1.8; P< 0.0001), while tFGF-2 reduced

the stimulatory effect of [tBMP-2þ tBMP-7] (C/S¼ 0.6; P< 0.0001).

The action of tBMP-2 and of tBMP-7, though generally similar to

each other in these studies, differed here in that tBMP-2 reduced the

stimulatory effect of [tIGF-Iþ tFGF-2] and of [tFGF-2þ tBMP-7] (C/

S¼ 0.9 and 0.7, respectively, both P< 0.02), while tBMP-7

additively increased GAG production (Fig. 2A, STables 2 and 4).

Four transgenes. As a fourth transgene, tIGF-I synergistically

stimulated released GAG (C/S¼ 2.0; P< 0.0001). All other trans-

genes were inhibitory (C/S< 1.0; Fig. 2A, STables 2 and 4).

RELEASED COLLAGEN

Individual transgenes. Regulation of released collagen varied from

inhibition to 0.79 of control (tFGF-2) to stimulation of 2.0-fold

control (tIGF-I; Fig. 2B, STables 3 and 4).

Two transgenes. The addition of any second transgene inhibited

released collagen. This was particularly notable for tFGF-2; no

second growth factor transgene, when added to tFGF-2, brought

released collagen above control levels, and the addition of tFGF-2 to

every other transgene inhibited the production of released collagen

compared to that transgene alone (all P< 0.0001). The FGF-2 and

BMP-7 transgenes were synergistically inhibitory (2.9-fold;

P¼ 0.0043). Although the combination [tIGF-Iþ tTGF-b1] gener-

ated more released collagen than tTGF-b1 alone, it generated less

than tIGF-I alone, resulting in a C/S of 0.7 (P< 0.0001). All

remaining transgene pairs were inhibitory (C/S range 0.2–0.5; all

P< 0.0001; Fig. 2B, STables 3 and 4).

Three transgenes. The addition of any third transgene inhibited

the effect of the transgene pair to which it was added. Synergistic

inhibition was observed when tBMP-7 was added to [tBMP-

2þ tFGF-2] (2.8-fold; P¼ 0.0010) and when tFGF-2 was added to

[tBMP-2þ tBMP-7] (4.9-fold; P< 0.0001; Fig. 2B, STables 3 and 4).

Four transgenes. As a fourth transgene, tBMP-7 additively

increased the production of released collagen while tFGF-2, tIGF-I,

or tBMP-2 was inhibitory (Fig. 2B, STables 3 and 4).

DISTRIBUTION OF GLYCOSAMINOGLYCAN

To determine the effect of the transgene(s) on the fate of the GAG

produced by the chondrocytes, the ratio of cell-associated to

released GAG was compared for the different treatment groups.

Individual transgenes. All individual transgenes, except tFGF-2,

increased the proportion of cell-associated GAG. Delivery of tFGF-2

had no effect (Fig. 3A, STables 2 and 4).

Two transgenes. As a second transgene, tIGF-I synergistically

increased the proportion of cell-associated, except when added to

tFGF-2. The maximum was generated by [tIGF-Iþ tBMP-2] (C/

S¼ 2.1; P< 0.0001). As a second transgene, tFGF-2 did not interact

with tBMP-2 and inhibited all other transgenes (Fig. 3A, STables 2

and 4).

Three transgenes. These combinations revealed marked differ-

ences in the interactions among growth factor transgenes. The

addition of tIGF-I to [tBMP-2þ tBMP-7], or of tBMP-2 to [tBMP-

7þ tIGF-I] to create [tIGF-Iþ tBMP-2þ tBMP-7], synergistically

increased the proportion of cell-associated GAG (C/S¼ 2.6 and 1.4,

respectively; both P< 0.0001). The two BMP transgenes were not

interchangeable; the addition of tBMP-7 to [tBMP-2þ tIGF-I] to

create the same combination was not synergistic. All single-plus-

pair transgene combinations comprising [tFGF-2þ tBMP-

2þ tBMP-7] interacted to markedly decrease the proportion of

cell-associated GAG (all C/S¼ 0.1; all P� 0.0003; Fig. 3A, STables 2

and 4).

Four transgenes. As fourth transgenes, tBMP-2 synergistically

increased the proportion of cell-associated GAG (C/S¼ 3.8;

P¼ 0.034), tBMP-7 was additive, and both tIGF-I and tFGF-2

were inhibitory (C/S¼ 0.4 and 0.1; P¼ 0.0004 and P< 0.0001,

respectively; Fig. 3A, STables 2 and 4).

DISTRIBUTION OF COLLAGEN

Individual transgenes. Both tIGF-I and tBMP-2 increased the

proportion of cell-associated collagen, tBMP-7 had no effect, and

both tFGF-2 and tTGF-b1 brought the proportion below control

(Fig. 3B, STables 3 and 4).

Two transgenes. The addition of a second transgene revealed

marked differences in transgene interactions in the regulation of
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collagen distribution. As a second transgene tIGF-I interacted

synergistically with tBMP-2, tBMP-7, and tTGF-b1 (C/S¼ 3.8, 3.8,

and 2.6, respectively; all P< 0.0001). By contrast, IGF-I plus tFGF2

lowered the proportion of cell-associated GAG to less than the

control (P< 0.0001), and tFGF-2 and tBMP-7 were synergistically

inhibitory (4.2-fold; P¼ 0.0175). The other transgenes did not

interact (Fig. 3B, STables 3 and 4).

Three transgenes. The maximal ratio of cell-associated to

released collagen was achieved with [tIGF-Iþ tBMP-2þ tBMP-7].

All single and two-transgene components of this three-transgene

combination synergistically increased this ratio (C/S range 1.2–3.7;

all P< 0.0001). The addition of tFGF-2 as a third transgene to each

transgene pair was inhibitory, as was the addition of tIGF-I to each

transgene pair that included tFGF-2 (Fig. 3B, STables 3 and 4).

Four transgenes. As a fourth transgene, tIGF-I was additive and

tFGF-2 was markedly inhibitory (C/S¼ 0.1; P< 0.0001). As fourth

transgenes, tBMP-2 and tBMP-7 each synergistically increased the

proportion of cell-associated collagen (C/S¼ 3.1 and 2.2;

P¼ 0.0065 and 0.0233, respectively). This is a reversal of their

inhibitory effects as third transgenes (Fig. 3B, STables 3 and 4).

GAG PRODUCTION NORMALIZED TO DNA

The cell proliferation data (Fig. 1) indicate that chondrocyte

numbers differentially increase in response to different transgene

combinations. Thus, at least some of the observed changes in GAG

production reflect changes in the number of cells producing it. To

estimate the effect of the growth factor transgenes on chondrocyte

activity, cell-associated GAG was normalized to DNA content.

Individual transgenes. All transgenes except tFGF-2 stimulated

cell-associated GAG production normalized to DNA. The effect

ranged from inhibition to 0.79 of control by tFGF-2 to stimulation of

2.12-fold control by tBMP-2 (P¼ 0.0029 and 0.0041, respectively;

Fig. 4A, STable 4).

Two transgenes. Only the addition of tBMP-7 or tBMP-2 to tIGF-

I synergistically increased GAG/DNA (C/S¼ 1.3, P< 0.0003 and 1.6,

P< 0.0001, respectively). The addition of tFGF-2 to any other

transgene markedly inhibited GAG/DNA, reflecting a pronounced

stimulation of DNA that was not matched by its stimulation of cell-

associated GAG (Fig. 4A, STable 4).

Three transgenes. The addition of tIGF-I to [tBMP-2þ tBMP-7]

was synergistic (C/S¼ 1.4; P< 0.0001), while the addition of tBMP-

Fig. 3. Distribution of glycosaminoglycan (GAG; A) or collagen (B) produced by articular chondrocytes carrying the designated growth factor transgenes. Data are expressed as

the ratio of cell-associated/released GAG or collagen normalized to control� SD for three independent experiments.
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2 or tBMP-7 to create the same [tIGF-Iþ tBMP-2þ tBMP-7]

combination was inhibitory (C/S¼ 0.7 and 0.8, respectively; both

P� 0.0001) The addition of tFGF-2 to any transgene pair, or of tIGF-

I to any transgene pair containing tFGF-2, markedly inhibited GAG/

DNA (all P� 0.0001; Fig. 4A, STable 4).

Four transgenes. All transgenes except tBMP-7, which had no

effect, inhibited GAG/DNA when added as a fourth transgene

(Fig. 4A, STable 4).

COLLAGEN PRODUCTION NORMALIZED TO DNA

To estimate growth factor transgene treatment effects on cellular

anabolic activity, cell-associated collagen production was normal-

ized to DNA content.

Individual transgenes. Both tIGF-I and tTGF-b1 stimulated

collagen/DNA (both P< 0.04), neither tBMP-2 or tBMP-7 had an

effect, and tFGF-2 was inhibitory. The range of effect was from

inhibition to0.31of control (tFGF-2) to stimulationof1.7-fold control

(tIGF-I; P¼ 0.0014 and 0.0032, respectively; Fig. 4B, STable 4).

Two transgenes. No two transgenes interacted to synergistically

stimulate cell-associated collagen/DNA. The effect of tBMP-7 plus

tIGF-I was additive. All other two-transgene combinations were

inhibitory, including the addition of tFGF-2 to tBMP-2 or tTGF-b1,

which were synergistically inhibitory (C/S¼ 1.4; P¼ 0.0054 and

1.9, P< 0.0001, respectively; Fig. 4B, STable 4).

Three transgenes. No third transgene synergistically increased

cell-associated collagen/DNA. The addition of tIGF-I to [tFGF-

2þ tBMP-2] or of tFGF-2 to [tIGF-Iþ tBMP-2] to create [tIGF-

Iþ tFGF-2þ tBMP-2] were synergistically inhibitory (C/S¼ 4.7 and

27.4, respectively; both P< 0.0001). The addition of tIGF-I to [tFGF-

2þ tBMP-7] or of tFGF-2 to [tIGF-Iþ tBMP-7] to create [tIGF-

Iþ tFGF-2þ tBMP-7] were synergistically inhibitory (C/S¼ 17.9

and 26.5, respectively, both P< 0.0001; Fig. 4B, STable 4).

Four transgenes. When used as a fourth transgene, tBMP-2 or

tBMP-7 additively stimulated, tIGF-I inhibited, and tFGF synergis-

tically inhibited collagen/DNA (Fig. 4B, STable 1).

TIME COURSE OF GLYCOSAMINOGLYCAN PRODUCTION

Individual transgenes. The IGF-I, FGF-2, and TGF-b1 transgenes

each increased the production of released GAG in a time-dependent

fashion compared to control. The BMP-2 and tBMP-7 transgenes

Fig. 4. Cell-associated glycosaminoglycan (GAG; A) or collagen (B) normalized to DNA. Chondrocytes were transfected with individual or multiple vectors encoding IGF-I (I1),

FGF-2 (F2), TGF-b1 (T1), BMP-2 (B2), BMP-7 (B7) or empty vector (C) and cultured for 6 days. Data are expressed as the ratio of cell-associated GAG/DNA or collagen/DNA

normalized to control� SD for three independent experiments.
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increased the production of released GAG between 2d and 4d, but

not between 4d and 6d (Fig. 5A).

Two transgenes. Of the 10 transgene pairs tested, only [tBMP-

2þ tBMP-7] did not increase GAG over time. As for tBMP-2 and

tBMP-7 individually, [tBMP-2þ tBMP-7] reached a plateau in GAG

production after 4d (Fig. 5A).

Three and four transgenes. All combinations of three or four

transgenes progressively stimulated released GAG over time. The

three-transgene combination [tIGF-Iþ tFGF-2þ tBMP-7] increased

released GAG 22.2-fold (P¼ 0.0002) compared to control at 6d, the

maximal stimulation observed for any transgene group in these

studies (Fig. 5A).

TIME COURSE OF COLLAGEN PRODUCTION

Individual transgenes. Compared to control, tIGF-I, tBMP-2, and

tTGF-b1 increased the production of released collagen in a time-

dependent fashion. The BMP-7 transgene had no effect on collagen

production from 2d to 4d but increased it from 4d to 6d. The FGF-2

transgene decreased collagen production from 2d to 4d and had no

effect thereafter (Fig. 5B).

Two transgenes. The time course of released collagen production

was governed primarily by tIGF-I and tFGF-2, in contrasting roles.

Transgene combinations that included tIGF-I generally stimulated

released collagen in a time-dependent fashion. Those that included

tFGF-2 generally produced a biphasic time course characterized by

time-dependent inhibition followed by some degree of recovery. The

combination [tIGF-Iþ tFGF-2] prevented the time-dependent

inhibition of tFGF-2 and also the marked time-dependent

stimulation of tIGF-I. The inhibition by tFGF-2 predominated

over the stimulation by tIGF-I (Fig. 5B).

Three transgenes. As a third transgene, tIGF-I was effective in

countering the time-dependent inhibition by tFGF-2. Only [tIGF-

Iþ tBMP-2þ tBMP-7], the only three-transgene combination that

did not contain tFGF-2, progressively increased collagen over time

(Fig. 5B).

Four transgenes. The time course of released collagen produc-

tion by chondrocytes carrying [tIGF-Iþ tFGF-2þ tBMP-2þ tBMP-

7] retained the early inhibitory effect of tFGF-2, but revealed a late

additive stimulatory effect by tBMP-2 and tBMP-7 when used as

fourth transgenes (Fig. 5B).

Fig. 5. Time course of released glycosaminoglycan (GAG; A) or collagen (B) production by articular chondrocytes carrying the designated growth factor transgenes.

Chondrocytes were transfected with individual or multiple vectors encoding IGF-I (I1), FGF-2 (F2), TGF-b1 (T1), BMP-2 (B2), BMP-7 (B7) or empty vector (C) and cultured for

the designated time periods. GAG or collagen released into the medium was measured for each time period. Data are expressed as released GAG or collagen normalized to control

for each time point� SD for three independent experiments.
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Detailed comparisons of the effects of each transgene and

transgene combination are provided in Supplementary Data (SFigs.

6–10 and STables 6–13).

DISCUSSION

To our knowledge, this is the first systematic analysis of the

regulation of articular chondrocyte proliferation and matrix

production by multiple growth factor gene transfer. Prior studies

have shown that exogenously delivered individual chondrotrophic

growth factors differentially regulate articular chondrocyte mito-

genic and anabolic activity [Prins et al., 1982ab; Sah et al., 1994;

Chubinskaya et al., 2007b], and several have reported interactive

effects of two or three selected factors [Horton et al., 1989; Osborn

et al., 1989; Morales, 1994; Loeser et al., 2005; Chubinskaya et al.,

2007b; Sung et al., 2007; Chen et al., 2010; Madry et al., 2010]. For

example, exogenous FGF-2 has been reported to interact negatively

with exogenous TGF-b in regulating collagen [Horton et al., 1989]

and to negatively influence both exogenous IGF-I and BMP-7 in

regulating proteoglycan production by articular chondrocytes

[Loeser et al., 2005] In the present studies, endogenous FGF-2,

generated by gene transfer, behaved similarly: it interacted with

endogenous IGF-I and TGF-b1 to strongly inhibit collagen

production and interacted with IGF-I to both increase released

glycosaminoglycan and to decrease cell-associated glycosamino-

glycan. Exogenous IGF-I and osteogenic protein-1 (BMP-7) have

been shown to synergistically stimulate matrix proteins [Chubins-

kaya et al., 2007a], an effect also produced by the IGF-I and BMP-7

transgenes. In a study of baculovirus-mediated BMP-2 and TGF-b1

transduction, the TGF-b1 transgene did not influence either cell-

associated GAG or collagen compared to the BMP-2 transgene alone

[Sung et al., 2007], while adenoviral IGF-I and BMP-2 transduction

showed an additive effect on proteoglycan synthesis [Smith et al.,

2000]. The present studies found that the TGF-b1 transgene mildly

inhibited the effect of the BMP-2 transgene and that the IGF-I

transgene synergistically increased the effect of the BMP-2

transgene on GAG production. These relatively subtle differences

probably reflect differences in vectors or experimental design.

The most potent proliferative stimulus observed in these studies

was [tIGF-Iþ tFGF-2]. This effect of tIGF-I and tFGF-2 together was

not anticipated from the effect of each factor individually. The 8.4-

fold stimulation by the combined transgenes reflects a synergistic

interaction in which stimulation by [tFGF-2þ tIGF-I] was 4.3-fold

greater than the sum of the effects of tIGF-I and tFGF-2 individually

(Fig. 1, STable 4). In an in vivo defect model the addition of the FGF-

2 transgene to the IGF-I transgene, delivered by rAAV, augmented

cartilage repair [Madry et al., 2010]. Coupled with our present data,

this suggests that the synergistic interaction between tIGF-I and

tFGF-2 on chondrocyte number may outweigh the inhibitory effect

of tFGF-2 on tIGF-I regulation of matrix production. We found no

interaction between either tBMP-2 or tBMP-7 and [tIGF-Iþ tFGF-2],

suggesting that these growth factor transgenes do not modulate each

other’s DNA regulatory signaling mechanisms.

Glycosaminoglycan-rich proteoglycans and collagen are the two

principal components of articular cartilage matrix. When these

matrix molecules are synthesized, they may be either released into

the medium or retained in the cell layer. The two forms of matrix

molecules serve different functions. Cell-associated GAG and

collagen contribute directly to the formation of new cartilage

matrix. Released GAG and collagen serve as an index of matrix

molecule processing. Released GAG or collagen may also serve to

alter the local environment or modulate cell function. For these

reasons, we analyzed cell-associated and released GAG and collagen

separately.

The maximal stimulation of cell-associated GAG (15-fold control)

by [tIGF-Iþ tBMP-2þ tBMP-7] reflects a synergistic interaction

between IGF-I and either of the BMP transgenes, coupled with an

additional synergistic effect from the second BMP transgene

(Fig. 2A, STable 4). In the absence of tIGF-I, tBMP-2, and tBMP-

7 were not additive, suggesting that the two BMPs may act by a

shared mechanism and that this mechanism is saturated by each of

the endogenously produced BMPs. The data further indicate that

IGF-I modulates this mechanism, altering the combined effects of

the BMPs. Prior studies suggest that the increased cell-associated

GAG may reflect not only the production of aggrecan, but also the

associated molecules CD44 and hyaluronan [Nishida et al., 2000].

Released GAG was regulated differently. Maximal stimulation of

released GAG (22.2-fold control on day 6) was by [tIGF-Iþ tBMP-

7þ tFGF-2]. This reflects, in part a synergy between tIGF-I and

tFGF-2 to which the respective BMP transgenes provides an

additional contribution (Fig. 5A, STable 4). These data may also be

viewed as a synergistic interaction between tIGF-I and each of the

BMP transgenes, with an additional synergistic effect from tFGF-2.

Maximal stimulation of cell-associated collagen was, as for cell-

associated GAG, achieved by [tIGF-Iþ tBMP-2þ tBMP-7] and also

reflects a synergistic interaction between IGF-I and the BMP

transgenes. Unlike released GAG, the maximal stimulation of

released collagen (5.3-fold control) was by [tIGF-Iþ tTGF-b1] on

Day 6 and primarily reflects stimulation by tIGF-I (4.1-fold control)

(Fig. 5A). These data suggest that cell-associated GAG and collagen

are regulated largely by shared mechanisms, while released GAG

and collagen are regulated, at least in part, by distinct mechanisms.

All transgene combinations that included tFGF-2, without tIGF-I,

inhibited both cell-associated and released collagen, inhibited both

GAG and collagen per cell, and reduced the proportion of collagen

that remained associated with the cells. The addition of tIGF-I

blocked, but did not overcome, these anti-anabolic actions. Only

when tIGF-I, tBMP-2 and tBMP-7 were all added to tFGF-2 was this

inhibition reversed (Figs. 2 and 3). Interestingly, this was the only

instance in which four transgenes improved upon three transgenes.

The role of tIGF-I was context-dependent. It interacted with

tBMP-2 and tBMP-7 to promote the retention of GAG in the cell

layer, and interacted with tFGF-2 to promote the release of GAG into

the medium. The three-transgene combination [tIGF-Iþ tBMP-

2þ tBMP-7] maximally increased, and [tIGF-Iþ tFGF-2] maximally

decreased, the proportion of GAG that remained in the cell layer

(4.1-fold and to 0.56 control, respectively; Fig. 3). When combined

with tBMP-2 or tBMP-7, tIGF-I further increased GAG/DNA. When

combined with tFGF-2, it further inhibited GAG/DNA (Fig. 4). These

findings indicate that interactions between tIGF-I and other

transgenes differentially regulate the fate and function, as well as
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the quantity, of the matrix produced by these cells. The role of tIGF-I

in regulating chondrocyte number appears to be more straightfor-

ward than its role in regulating matrix production; all transgenes

increased chondrocyte number and tIGF-I interacted with each of

them to augment this stimulation.

In GAG regulation, there appears to be a dominance of the

interaction between tIGF-I and tFGF-2 over that between tIGF-I and

tBMP-2 or tBMP-7. Neither tBMP-2 nor tBMP-7 increased the

proportion of cell-associated GAG when added to [tIGF-Iþ tFGF-2],

but tFGF-2 decreased this proportion when added to [tIGF-IþBMP-

2] or [tIGF-IþBMP-7] (Fig. 3). These data suggest a functional

hierarchy in the signaling pathways that regulate the distribution of

GAG produced by these cells. Although the mechanisms responsible

for these actions and interactions remain to be determined, it is

likely that the effect of tFGF-2 on GAG distribution reflects the

release of newly deposited GAG from cell layer to medium. This

interpretation is consistent with the previously reported observation

that FGF-2 promotes the release of GAG from articular cartilage

[Sah et al., 1994], in part by upregulating matrix metalloproteinase-

13 [Im et al., 2007].

To assess chondrocyte anabolic activity, we normalized cell-

associated GAG and collagen to DNA content. Maximal stimulation

of GAG/DNA (3.4- to 3.6-fold) was achieved by [tIGF-Iþ tBMP-2],

[tIGF-Iþ tBMP-7], and [tIGF-Iþ tBMP-2þ tBMP-7] (Fig. 4). Maxi-

mal reduction of GAG/DNA (to 28% of control) was by [tIGF-

Iþ tFGF-2]. These data reveal a paradox in IGF-I effects; tIGF-I

interactions generated both the maximal stimulation and the

maximal inhibition of GAG/DNA. Collagen/DNA was unique among

the chondrocyte functions tested in being maximally stimulated by

a single transgene, in this case tIGF-I. This relative sensitivity to

tIGF-I distinguishes collagen regulation from GAG regulation in

these cells.

The time courses of production of released GAG and collagen

were generally characterized by progressive stimulation over time;

only tBMP-2, tBMP-7, and [tBMP-2þ tBMP-7] failed to do so for

GAG, and only treatments that contained tFGF-2 failed to do so for

collagen (Fig. 5). This lack of effect on GAG by the BMP transgenes

distinguishes them from their close relative, TGF-b1. The only

instance of opposing time course regulation of GAG and collagen

was by tFGF-2. It progressively stimulated released GAG and

progressively inhibited released collagen. These data reveal a

singular role of tFGF-2 in its regulation of the two principal

components of cartilage matrix.

The delivery of multiple growth factor genes to articular

chondrocytes entails a trade-off between the number of growth

factor actions and the magnitude of those actions. Chondrocytes

transfected by each of these growth factor genes under similar

experimental conditions have been shown to produce physiologi-

cally relevant concentrations of each of their respective growth

factor proteins, ranging to 220� 24 ng/48 h (IGF-I), 184� 4 ng/48 h

(FGF-2), 13� 2 ng/48 h (BMP-2), 45� 5 ng/48 h (BMP-7), and

26� 0.3 ng/48 h (TGF-b1). However, the amount of each growth

factor generally decreased with increasing numbers of growth factor

transgenes [Shi et al., 2010, 2012].

The data reported here demonstrate that transgene combinations

also entail trade-offs in biological effects. As a case in point, [tIGF-

Iþ tFGF-2] maximized cell proliferation, but also maximally

inhibited GAG and collagen production per cell. The combinations

[tIGF-Iþ tFGF-2þ tBMP-2] and [tIGF-Iþ tFGF-2þ tBMP-7] sub-

stantially enhanced cell proliferation and GAG production, but they

also markedly reduced the proportion of GAG that was retained by

the cells, and they had little effect on collagen production. The best

overall performance was achieved by [tIGF-Iþ tBMP-2þ tBMP-7].

This transgene group stimulated cell proliferation, total production

of both GAG and collagen, and production of both GAG and

collagen per cell. It also increased the proportion of both GAG and

collagen that was retained by the cells. In general, two or three

growth factor transgenes performed better than individual

transgenes. No notable advantage of four growth factor transgenes

was identified.

The patterns of regulation of GAG and collagen production

generally correspond to the patterns of aggrecan and collagen gene

expression observed in prior studies [Shi et al., 2012]. For example,

the maximal stimulation of GAG and collagen production by [tIGF-

Iþ tBMP-2þ tBMP-7] observed in the present study is consistent

with the report that maximal stimulation of aggrecan and collagen

gene expression also occurred with this transgene combination.

Similarly, tFGF-2 reduced both collagen production and collagen

gene expression while increasing both GAG production and

aggrecan gene expression [Shi et al., 2012].

The pAAV vector employed in this study was selected for its

ability to simultaneously transfect articular chondrocytes and to

generate physiologically relevant concentrations of all the growth

factor transgene products tested. This vector compares favorably

with other plasmid vectors [Madry and Trippel, 2000] and rAAV

vectors [Yokoo et al., 2005] and, while it lacks the very high

efficiency of adenoviral vectors, it may avoid their potential safety

and immunologic limitations. It is not known whether the cellular

effects of the transgenes are similar when delivered by different

vectors.

Limitations of this study include the observation that the effects

of several of the transgene combinations had not reached a plateau

by the end of the study. For this reason, conclusions cannot be

drawn regarding the total duration of these outcomes. Further,

potential differences in the rate of matrix protein deposition and

release would affect their relative proportions at different time

points. Thus these values would likely change with longer studies.

Another limitation of this study is the inclusion of 11 growth factor

combinations in a pilot study only. If, for any reason, one or more of

these combinations is deemed attractive, they will need to be further

investigated. A strength of this study is the heuristic value of the

diverse interactions it has identified. Future studies will be required

to elucidate the mechanisms underlying these growth factor actions

and interactions.

Taken together, these data indicate that multiple growth factor

gene transfer is capable of substantially augmenting articular

chondrocyte proliferation and both glycosaminoglycan and colla-

gen production. The data also demonstrate that these cellular

functions are governed by complex interactions among growth

factor transgenes that are not readily predicted from the actions of

the individual growth factor transgenes. We have identified specific

growth factor transgene combinations that optimize distinct
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articular chondrocyte reparative activities. The data further

demonstrate that transgene combinations cover an extensive range

of regulatory options. This range provides a potentially tunable

system for modulating chondrocyte function. The data may help

guide the selection of growth factor combinations for in vivo

studies. An important question raised by this study is whether such

interaction among growth factor transgenes is exclusive to articular

chondrocytes. Although these results cannot be extrapolated, they

raise the possibility that multiple growth factor gene transfer may be

relevant to other tissues and cell types.
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