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Abstract

Insulin-like growth factor-2 (IGF2) is essential for fetal development as well as maintenance of adult
organs such as brain and liver. Although genetic polymorphisms of IGF2 are linked to cytoskeletal
variations little is known about the mechanisms of IGF2 action in proliferation and differentiation
of chondrocytes for skeletal growth. A genome-wide mRNA expression analysis using C28/12
chondrocyte cells studied potential signaling pathways underlying the responses to IGF2. Microarray
data predicted involvement of the phosphatidylinositol 3-kinase (P13K) and transforming growth
factor B (TGFB) signaling pathways. Protein analyses revealed IGF2 administration activated
phosphorylation of Akt and GSK3p in the PI3K pathway. LY 294002 (selective inhibitor of PI3K)
blocked Akt phosphorylation and abolished IGF2-driven elevation of the mRNA levels of the
proteoglycans, Aggrecan and Versican. LY294002 did not suppress upregulation of TGF3 mRNA
induced by IGF2, so IGF2 activates PI3K and TGFp pathways. IGF2-driven transcriptional activation
of proteoglycan genes such as Aggrecan and Versican is mediated by the PI3K pathway.
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1. Introduction

The insulin-like growth factor (IGF) “axis” consists of two ligands (IGF1 and IGF2), two cell-
surface receptors (IGF1R and IGF2R) and a family of six IGF binding proteins (IGFBP1-6)
(Humbel, 1990; Schmid, 1995; Denley et al., 2005). This IGF axis promotes cell proliferation
and inhibits apoptosis in many different model systems (Koike et al., 2003; Kiepe et al.,
2005; Wang et al., 2006; Ciarmatori et al., 2007). IGF1 and IGF2 bind to IGF1R as well as
IGFBP1-6 with different specificities and affinities, but only IGF2 interacts with IGF2R.
IGF2R does not possess a receptor kinase domain and acts as a sequestering agent of IGF2
(O’Dell and, 1998). IGF1 is known to stimulate proteoglycan synthesis via the PI13K signaling
pathway in chondrocytes (Starkman et al., 2005) but little is known about IGF2. IGF2 is active
primarily at early stages of skeletal growth (Shinar et al., 1993) and a linkage of genetic
polymorphisms in IGF2 to body mass index in adults has been reported (Gaunt et al., 2001).
Our study aims to evaluate the effects of IGF2 on gene expression in chondrocytes and identify
signaling pathways that respond to IGF2-driven metabolic alterations.
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Anabolic responses in chondrocytes can be induced by various growth factors including bone
morphogenetic proteins (BMPs) (Yoon and Lyons KM, 2004; Sugimori et al., 2005), epidermal
growth factor (EGF) (Bonassar and Trippel, 1997), fibroblast growth factor (FGF) (Dailey et
al., 2003), parathyroid hormone (PTH) (lannotti et al., 1990; Nasatzky et al., 2000) and
TGFB (Yonekura et al., 1999; Schneiderbauer et al., 2004; Han et al., 2005). Their signaling
processes such as activations of MAPK (extracellular signal-regulated kinase — ERK; and p38
kinase), P13 kinase and nuclear factor-kB as well as inhibition of protein kinase C have been
characterized (Yonekura et al., 1999; Sugimori et al., 2005). The responses to IGF1 are
mediated by phosphorylation of various kinases via the PI3K and MAPK pathways (Kiepe et
al., 2005; Starkman et al., 2005; Ciarmatori et al., 2007) we hypothesized that those kinases
would be involved in the responses to IGF2 and we tested the hypothesis that IGF2 upregulates
TGF that are primarily anabolic in chondrocytes.

To test the above hypotheses and identify IGF2-driven signaling pathways, we used a
“comparative-systems biology approach” with 4 pairs of whole human genome microarrays
in the presence and absence of IGF2 administration. Microarray-derived data were pre-filtered
to identify a list of genes whose mRNA levels were significantly altered. Those genes were
analyzed by the web-based software tool Pathway-Express to find the most highly ranked
signaling pathways (Khatri et al., 2007; Draghici et al., 2007), which revealed potential
involvement of two molecular pathways. We focused on the phosphorylation status of Akt
(also known as protein kinase B) and glycogen synthase kinase 3p (GSK3p) with and without
administration of a pharmacological inhibitor LY294002 and evaluated expression of
Aggrecan (Watanabe et al., 1994 and 1998) and Versican (Kamiya et al., 2006; Matsumoto et
al., 2006) since regulation of those proteoglycan genes is critical in differentiation of
chondrocytes and development of articular cartilage.

2. Materials and methods

2.1. Cell culture and administration of IGF2

C-28/12 human chondrocytes (Goldring et al., 1994) were cultured in Dulbecco’s modified
Eagle’s medium containing10% FBS and antibiotics (50 units/ml penicillin and 50 pg/ml
streptomycin; Invitrogen). Cells were incubated at 37°C in a humid chamber with 5% CO, in
air, and cultured for experiments at 70-80% confluency. Approximately 4 x 10° cells were
starved for 14 h in a 60-mm plastic dish (Falcon) in the medium containing 0.1% FBS and
treated with IGF2 (R&D Systems) at 10, 50, or 100 ng/ml for 5 h. The IGF2 dosages were
based on the responses to other cell types (Smith et al., 1999; and Fiedler et al., 2006).

A phosphatidylinositol 3-kinase (PI3K) pathway was inhibited through 30 min pre-incubation
with LY294002 (Cell Signaling Technology) prior to incubation with 100 ng/ml IGF2 for 5 h.

2.2. Microarray

Microarray experiments were conducted using Agilent whole human genome arrays (G4112A,
Agilent). Eight RNA samples isolated from 4 pairs of control chondrocyte cells and IGF2-
treated cells (100 ng/ml IGF2 for 5 h) using an RNeasy Plus mini kit (Qiagen) were labeled
with the Agilent low RNA input fluorescent linear amplification kit. They were hybridized to
8 one-color arrays using the in situ hybridization kit (Agilent). Microarray data were filtered
to remove background noise and a modified t-test was performed to identify a group of genes
that were altered >2-fold or <0.5-fold with statistical significance at P<0.01. The list of genes
was imported into Pathway-Express which identified gene signaling pathways through
calculation of an impact factor. The impact factor of the entire pathway was calculated using
a probabilistic term that considered the proportion of differentially expressed genes on the
pathway and gene perturbation factors of all the genes.
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2.3. Reverse transcription and real-time PCR

Using ~50 ng of total RNA reverse transcription was performed with high capacity cDNA
reverse transcription kits (Applied Biosystems). Quantitative real-time PCR was performed
using ABI 7500 with Power SYBR green PCR master mix kits (Applied Biosystems). We
evaluated the mRNA levels of chondrogenic genes (Aggrecan, Versican, Sox9, and Col2A1l),
hypertrophic genes (Runx2 and Col10A1), a collagenase gene (MMP13), a growth factor gene
(TGFpBL) and GAPDH with the PCR primers listed in the Table. GAPDH was used as an internal
control and the results were given as a ratio of the mRNA level of IGF2-treated cells to that of
control cells.

2.4. Immunoblots

Cells were sonicated with a sonic dismembrator (Model 100; Fisher Scientific) and lysed in a
RIPA lysis buffer containing protease inhibitors (Santa Cruz Biotechnology) and phosphatase
inhibitors (Calbiochem). Isolated proteins were fractionated using 10 % SDS gels and electro-
transferred to Immobilon-P membranes (Millipore). The membrane was incubated for 1 h with
primary antibodies followed by 45 min incubation with goat anti-rabbit 1gG (Cell Signaling
Technology) or goat anti-mouse 1gG conjugated with horseradish peroxidase (Amersham)
(1:2000 dilution) and antibodies against Akt, p-Akt and p-GSK3p (Cell Signaling Technology)
and anti B-actin (Sigma). Protein levels were assayed with an ECL advance western blotting
detection kit (Amersham Biosciences) and signal intensities were quantified with a luminescent
image analyzer (LAS-3000, Fuji Film).

2.5. Statistical analysis

Experiments were conducted at least twice and the data were expressed as mean * s.d. Real-
time PCR was run using 4 independent wells for each experiment and statistical significance
from t-test was indicated with *(P<0.05) and ** (P<0.01).

3. Results

3.1. Microarray data

Quantitative real-time PCR was conducted prior to microarray experiments to examine the
dosage response to IGF2 in C-28/12 chondrocytes using 6 marker genes with 3 chondrogenic
genes (Aggrecan, Sox9, and Col2A1l), 2 hypertrophic genes (Runx2 and Col10A1l) and 1
collagenase gene (MMP13) (Fig. 1). In response to 10, 50 and 100 ng/ml IGF2 administration
for 5 h, upregulation of Aggrecan mRNA and Sox9 mRNA exhibited dependence on IGF2
dosage. The level of Col12A1 mRNA was elevated but its elevation did not show clear
dependence on IGF2 dosage. The mRNA levels of MMP13, Runx2 and Col10A1 were largely
unchanged and we administered IGF2 at a concentration of 100 ng/ml.

Microarray data identified a group of 908 genes whose mRNA expression levels were
significantly altered at p < 0.01 by IGF2 treatments with a fold change above 2 or below 0.5.
Illustrated in Fig. 2 and Fig.3 is a list of the top 40 genes most downregulated (0.20 to 0.32-
fold change) and most upregulated (5.4 to 69-fold change). Although the color-coded mRNA
expression patterns of the fourth control sample and the first IGF2-treated sample in Fig. 2 and
Fig. 3 deviated from the other color patterns all samples were included for analyses. Real-time
PCR analysis indicated variations in the array-derived mMRNA expression patterns were caused
during microarray processing. The downregulated genes included insulin induced protein 2
(0.29-fold), insulin receptor substrate 2 (0.30-fold) and phospholipase D1 (0.30-fold) and the
list of the upregulated genes had EGF receptor pathway substrate homolog (5.4-fold), FGF1
receptor-like precursor (6.4-fold), Ras related protein Rab5b (8.1-fold) and v-Akt murine viral
oncogene homolog 1 (10-fold).
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3.2. Identification of PI3K and TGF signhaling pathways

The extreme changers in Fig. 2 and Fig. 3 indicate IGF2-induced alterations ranges in various
transcriptional regulatory networks. These alone do not allow us to identify particular signaling
pathways, so we employed Pathway-Express to find the most relevant pathways in the context
of complex molecular interactions. The two highest ranked were the TGFp pathway (impact
factor: 10.3) and the PI3K pathway (impact factor: 35.7). In the TGFp pathway three gene
members (TGFp, Noggin and thrombospondin 1 - THBS1) were perturbed at the entry point
of the pathway (Fig. 4) and many of the altered genes were linked to BMP. TGFf3 was a key
stimulator in the pathway whose mRNA expression level was elevated while Noggin and
THBS1 were inhibitors and their mRNA levels were reduced. Since those three genes appeared
at the very beginning of this TGFf pathway their perturbations are widely propagated
throughout the pathway that exhibit the second highest impact factor.

The highest score was given to the PI3K pathway whose impact factor was roughly 3.5 times
higher than the TGFp pathway. Three affected genes in the PI3K pathway were type 1A/1B
P13 kinase, P3 5-phosphatase and DG kinase (Fig. 5). Type LA/1B PI3 kinase was involved in
a phosphorylation process from phosphatidylinositol (5,5)-bisphosphate to
phosphatidylinositol (3,4,5)-triphosphate and P3 5-phosphatase conducted a
dephosphorylation reaction of Inositol (1,3,4,5)-tetraphosphate and Inositol (1,4,5)-
triphosphate.

3.3. IGF2-driven phosphorylation of Akt protein and GSK3 protein

To evaluate the role of the PI13K signaling pathway in the observed responses to IGF2 we
examined the phosphorylation state of Akt and GSK3p proteins, two of the critical kinases in
the PI3K pathway. Western analysis showed that in 15 min after the onset of IGF2
administration the levels of phosphorylated Akt (p-Akt) and GSK3p (p-GSK3 B) were
significantly increased. Their elevated levels were sustained at least for 2 h (Fig. 6), so the
PI13K signaling pathway is involved in IGF2-treated chondrocytes.

3.4. Effects of LY294002 on p-Akt, p-GSK3B, and IGF2-driven genes

To evaluate the role of the PI3K pathway particularly in regulation of mMRNA expression of
proteoglycan and TGFp genes we examined the responses to IGF2 in the presence and absence
of LY294002 and the concentration of 20 pM LY 294002 was sufficient to block IGF2-induced
activation of Akt phosphorylation (Fig.7). Pre-incubation with 10 uM LY 294002 and
administration of IGF2 revealed IGF2-driven elevation of Aggrecan mRNA, Versican mRNA
and Noggin mRNA was suppressed almost completely but IGF2-induced upregulation of
TGFB mRNA or THBS1 mRNA was unchanged. The mRNA levels of two other proteoglycans
(Decorin and Biglycan) were not affected by administration of IGF2 (data not shown).

4. Discussion

A recently developed systems biology-based tool (Pathway-Express) conducted an impact
analysis for identification of IGF2 driven signaling pathways. Two conventional approaches
for searching pathways include an “over-representation” method and a “functional class
scoring” method such as the gene set enrichment analysis (Subramanian et al., 2005;
Hamamura et al. 2007). Unlike those existing ontology tools that consider only the presence
and/or fold-change of genes in a given pathway Pathway-Express takes into account the
upstream/downstream positions of genes in the pathway. The impact factor, which is used to
rank putative signaling pathways, includes summation of the perturbation factors for all genes
on the given pathway considering the role of any given gene (+1 for induction and —1 for
repression) and the number of the downstream genes, but any in silico prediction from mRNA
expression data needs to be verified by biological experiments. We evaluated the role of PI3K
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focusing on the phosphorylation state of Akt and GSK3p in the presence and absence of
LY294002. In the P13K pathway Akt phosphorylates GSK3p at Ser9 and blocks GS3K-driven
degradation of B catenin. As transcription of proteoglycans such as Versican is mediated by
B catenin signaling (Rahmani et al. 2005) the results support the critical role of PI3K in
chondrogenesis.

Microarray data and protein analysis from this study indicates that administration of IGF2 to
human chondrocytes activates the PI3K and TGFp pathways. IGF2-driven phosphorylation of
Aktand GSK3p in the PI3K pathway was shown and inhibition of PI3K by LY294002 revealed
that upregulation of Aggrecan mRNA and Versican mMRNA was mediated by PI13K. LY 294002
did not affect the TGFB1 mRNA level, but it suppressed the IGF2-driven mRNA elevation of
Noggin. Noggin is included as a member in the TGFp pathway and the results indicate that the
PI3K pathway has in part a crosstalk to the TGF3 pathway.

As a response to IGF1 proteoglycan synthesis is considered to be mostly regulated at the
translational level. The mMRNA levels of Aggrecan and Versican were elevated by IGF2
although the levels of Decorin mMRNA and Biglycan mRNA were not affected, so, in response
to IGF2 proteoglycans are likely to be regulated at transcriptional and translational levels.

IGF1 and TGFp have additive effects regarding the effect of IGF1 on chondrogenesis of bone
marrow mesenchymal stem cells and ERK mediates the responses to TGFp and in part to IGF1
(Longobardi et al., 2006). Activation of ERK has been reported as an IGF1 response in
chondrocytes but inhibition of ERK did not affect proteoglycan synthesis (Starkman et al.,
2005). Further analysis of the IGF2 response is needed to examine changes in the protein level
of the TGFp family and the associated role of ERK in regulation of proteoglycan molecules.

One of the potential clinical applications of IGF1 is lengthening long bones such as tibiae and
femora by activating proliferation and differentiation of chondrocytes in the growth plate
(Abbaspour et al., 2007). Administration of human recombinant IGF1 alone causes side effects
including lymphoid hyperplasia, coarsening of the face and increased body fat. A combinatory
administration of IGF1, IGFBP3 and/or growth hormone is therefore suggested (Rosenbloom,
2007). Injection of IGF2 to a mouse hind limb stimulated a longitudinal growth of femora
(personal communication) and a combinatory administration including IGF2 could be
considered to improve the current IGF1-based treatment. In summary, administration of IGF2
to human chondrocytes induced the PI3K and TGF pathways and transcriptional activation
of chondrogenic genes such as Aggrecan and Versican was mediated by the PI3K pathway.
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Figure 1.

Alterations in mMRNA levels of Aggrecan, Sox9, Col2Al, MMP13, Runx2 and Col10A1 in
response to 10, 50, and 100 ng/ml IGF2 for 5 h. The relative mRNA level was normalized by
the level of control cells without IGF2 administration. The asterisks indicate statistical
significance at P<0.05 (*) and P<0.01 (**).
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pleckstrin homology domain containing, family A

U6 snRNA-associated Sm-like protein LSm8

transmembrane protein 35

glutamate-cysteine ligase, catalytic subunit

zinc finger protein 33A isoform b

lysosomal trafficking regulator

leucyl-tRNA synthetase

Top forty genes significantly downregulated by IGF2 administration. The first 4 color-coded
columns correspond to 4 control samples and the second 4 columns to 4 IGF2-treated samples,
where red and green colors indicate “upregulation” and “downregulation,” respectively. The
values next to the color patterns designate fold-changes.
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5.40 | Jak and microtubule interacting protein 2
5.40 | EGF receptor pathway substrate 15-like 1
5.48 | activin A receptor type ll-like 1

5.51 | myosin-reactive immunoglobulin heavy chain
5.53 | MEGF11 protein

5.90 | talin 1
6.01 | small glutamine-rich tetratricopeptide
6.09 | flotillin 2

6.14 | family with sequence similarity 5, member C
6.27 | olfactory receptor, family 5, subfamily P, member 2
6.28 | zyxin
6.39 | fibroblast growth factor receptor-like 1 precursor
6.44 | adaptor-related protein complex 2
6.72 | la related protein isoform 2
7.13 | calcium channel, voltage-dependent, T type
7.39 | WAP four-disulfide core domain 12 precursor
7.42 | tetratricopeptide repeat domain 7B
7.55 | alpha glucosidase Il alpha subunit isoform 2
8.08 | ras related protein Rab5b
8.21 | SH3-containing protein SH3GLB2
8.51 | voltage-gated sodium channel beta-3 subunit
9.74 | lactotransferrin
9.79 | thrombospondin, type |, domain containing 4
9.79 | ADP-ribosylation factor GTPase activating protein 1
9.97 | v-akt murine thymoma viral oncogene homolog 1
10.26 | solute carrier family 8 member 3 isoform C
10.66 | frequenin homolog
10.93 | zinc finger protein 358
11.03 | splicing factor 3b, subunit 4
11.35 | fatty acid desaturase 2
11.97 | ribosomal protein L15
12.38 | cytokeratin type Il
18.65 | putative GR6 protein
20.17 | olfactory receptor, family 12, subfamily D, member 2
28.64 | gap junction protein, beta 7
43.26 | serine (or cysteine) proteinase inhibitor, clade B
47.92 | nebulin
55.83 | thyroid stimulating hormone receptor isoform 2
58.41 | sarcoglycan zeta
68.55 | phosphatase and actin regulator 3 isoform 1

. J \ J

Y Y
control IGF2-treated

Figure 3.

Top forty genes significantly upregulated by IGF2 administration. The first 4 color-coded
columns correspond to 4 control samples and the second 4 columns to 4 IGF2-treated samples,
where red and green colors indicate “upregulation” and “downregulation,” respectively. The
values next to the color patterns designate fold-changes.
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Osteoblast differe ntiation,
NEVIOgenesis,

ventral mesoderm specification

Angiogenesis,
extrace lular matrix
neogenesis,
immunosuppression,
apoptosis indvetion

Apoptosis

G1 arrest

TGFp pathway as affected by IGF2 administration based on Pathway-Express. There are 10
differentially expressed component boxes with an impact factor of 10.3. The upregulated genes
include TGFB (control: 0.57 + 0.18, mean + s.d.; IGF2: 2.3 £ 0.94), TGFB RI (control: 0.85 +
0.23; IGF2: 7.4 £ 12), Noggin (control: 0.47 £ 0.28; IGF2: 1.9 + 0.53), THBS1 (control: 0.76
+0.25; IGF2; 2.7 £ 1.6), Smurfl (control: 0.73 £ 0.14; IGF2: 2.0 + 0.91), Smurf2 (control:
0.750.25; IGF2: 1.8 £ 0.79) and Activin RI (control: 0.92 + 0.12; IGF2: 7.3 + 12) while the
downregulated genes are Smad1 (control: 1.9 £ 0.62; IGF2: 0.53 £ 0.37), Id (control: 1.4 +
0.41; IGF2: 0.65 + 0.37) and Pitx2 (control: 1.6 + 0.70; IGF2: 0.66 £ 0.27).
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Figure 5.

PI3K pathway as affected by IGF2 administration based on Pathway-Express. There are 4
differentially expressed component boxes (blue, down-regulated) corresponding to 3 genes
with an impact factor of 35.7. Those genes include type 1A/1B P13 kinase, P3 5-phosphatase
and DG kinase.
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Figure 6.
Western blots illustrating elevated phosphorylation of Akt and GSKp in response to 100 ng/

ml IGF2 at 4 time-points (15, 30, 60, and 120 min after IGF2 administration). Akt and B-actin

proteins were used as control.
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Figure 7.

Effects of blocking the PI3K pathway by LY294002. (A) Dosage response of p-Akt and p-
GSK3p to LY294002 at 10, 20, 30 and 40 pM. (B) Relative mRNA levels of Aggrecan,
Versican, TGFB1 and Noggin in response to IGF2 in the presence and absence of LY294002.
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Table 1

Real-Time PCR primers

Gene forward primer backward primer

Aggrecan 5’- GACAGACTTGAGGGGGAGGT -3’ 5’- GCAGTGGCATTGTGAGATTC -3’
Col2A1 5’- TACCACTGCAAGAACAGC -3’ 5- GTGCAATGTCAATGATGG -3’
Col10A1 5’- CAGGCAACAGCATTATGACC -3’ 5’- CATTTGACTCGGCATTGG -3’
MMP13 5- AATATCTGAACTGGGTCTTCCAAAA -3’ 5’- CAGACCTGGTTTCCTGAGAACAG -3’
Noggin 5’- GAAGCTGCGGAGGAAGTTACAG -3’ 5’- GGTCGTTCCACGCGTACAG -3’
Runx2 5’- AACCCACGAATGCACTATCCA -3’ 5’- CGGACATACCGAGGGACATG -3’
Sox9 5’- CATGAGCGAGGTGCACTCC -3’ 5’- TCGCTTCAGGTCAGCCTTG -3’
TGFB1 5’-GGACACCAACTATTGCTTCAGCT-3’ 5-CTTGCTGTACTGCGTGTCCAGG-3’
\ersican 5’-CACAAGACACGGTGTCACTGACT-3’ 5’-ACGTCCAAACAAGCCTTCTGA-3’
GAPDH 5’- GCACCGTCAAGGCTGAGAAC -3’ 5- ATGGTGGTGAAGACGCCAGT -3’
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