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Activation of the insulin receptor (IR) by insulin and a synthetic peptide has different effects on gene expression in IR-transfected L6 myoblasts
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Single chain peptides have been recently produced that display either mimetic or antagonistic properties against the insulin and IGF-1 receptors. We have earlier shown that the insulin mimetic peptide S597 leads to significant differences in receptor activation and initiation of downstream signaling cascades despite similar binding affinity and in vivo hypoglycemic potency. It is still unclear how two ligands can initiate different signaling responses through the insulin receptor (IR). To further investigate how the activation of the IR by insulin and S597 differentially activates post-receptor signaling, we here studied the gene expression profile in response to IR activation by either insulin or S597 using microarray technology. We found striking differences between the patterns induced by these two ligands. Most remarkable was that almost half of the genes differentially regulated by insulin and S597 were involved in cell proliferation and growth. Insulin either selectively regulated the expression of these genes or was a more potent regulator. Furthermore we found that half of the differentially regulated genes interact with the genes involved with the MAPK pathway. These findings support our signaling results obtained earlier and confirm that the main difference between S597 and insulin stimulation resides in the activation of the MAPK pathway. In conclusion we show that insulin and S597 acting via the same receptor differentially affect gene expression in cells resulting in a different mitogenicity of the two ligands, a finding which has critical therapeutic implications.

INTRODUCTION

The insulin receptor (IR) is a member of the large family of receptor tyrosine kinases and has a covalent dimeric α 2 β 2 -organization [START_REF] De Meyts | Structural biology of insulin and IGF1 receptors: implications for drug design[END_REF]. Activation of the IR initiates a cascade of intracellular signaling events, which regulate multiple biological processes such as glucose and lipid uptake/metabolism, gene expression/protein synthesis and cell growth, division and survival [START_REF] Taniguchi | Critical nodes in signalling pathways: insights into insulin action[END_REF]. The binding of insulin to its receptor is complex and binding models for insulin integrating the available data from structural and kinetic evidence have been proposed [3;4]. The complexity of the insulin binding mechanism makes the design of IR agonists especially difficult. Investigation of phage display libraries (ranging in size from 20 to 40 amino acids) have identified several peptides that bind to the IR [START_REF] Pillutla | Peptides identify the critical hotspots involved in the biological activation of the insulin receptor[END_REF]. These peptides bound three non-overlapping hot spots on the IR (Sites 1, 2 and 3). Site 1 and 2 seem to correlate with the two insulin binding sites on the IR, whereas the site 3 IR binding peptides seem to bind somewhere near the site 2 peptides possibly influencing the binding of these peptides. Whether or not these insulin mimetic peptides actually bind to the same sites as insulin on the IR is not known, but they are located close enough to be able to compete with insulin for binding [START_REF] Pillutla | Peptides identify the critical hotspots involved in the biological activation of the insulin receptor[END_REF]. Recently homodimers and heterodimers of the site 1 and 2 mimetics have been generated to create molecules that activate the insulin receptor with high potency and specificity -possibly through a mechanism similar to the binding of insulin [START_REF] Schäffer | Assembly of high-affinity insulin receptor agonists and antagonists from peptide building blocks[END_REF]. From this selection a heterodimer (site 2-site1 mimetic) was found to lower the blood glucose level in rats with a potency similar to insulin's. Due to the smaller size and simpler structure of these insulin mimetic peptides, they are good candidates for drug development with potential use in the treatment of diabetes as a replacement for,-or in combination with, insulin, and as templates for the design of peptidomimetics. We have now studied such an optimized peptide (S597) in detail with regard to binding to the IR (isoform A) (manuscript in preparation) as well as the effect on IR phosphorylation and downstream signaling molecules [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. S597 was found to bind selectively to the IR and not the closely related IGF-1 receptor. The binding of S597 to the IR is similar to insulin with respect to association rates, affinity and pH dependence of binding. However S597 dissociates very slowly from the IR, suggesting that it interacts with the receptor in a different way than insulin ( [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF] and manuscript in preparation). Moreover we found that binding of S597 and insulin leads to significant differences in receptor activation and initiation of downstream signaling pathways [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. S597 phosphorylates the same number of insulin receptors as insulin but to a lower degree. S597 can fully activate the PI3K/Akt pathway compared to insulin but only weakly activates the Shc/ERK pathway [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. Furthermore S597 is able to stimulate glycogen synthesis to almost the same extent as insulin but has a much lesser effect on cell proliferation. It is still unclear how two ligands can initiate different signaling responses through the IR. To further investigate how the activation of the IR by insulin and S597 differentially activates post-receptor signaling, we here studied the gene expression profile in response to IR activation by either insulin or S597 using microarray technology.

EXPERIMENTAL The peptide, S597

The insulin mimetic peptide, S597, with the sequence Ac-SLEEEWAQIECEVYGRGCPSESFYDWFERQL-amide, was synthesized by standard solid phase peptide synthesis using Fmoc chemistry and purified by RP-HPLC after formation of the disulphide bridge. Insulin was from Novo Nordisk, Denmark

Cell culture

The rat L6 myoblast cell line stably transfected with the human insulin receptor (hIR) isoform A (L6-hIR) used in this study was kindly provided by Bo Falck Hansen, Novo Nordisk, Denmark. The cells were cultured in DMEM 21885-025 supplemented with 10% Fetal Bovine Serum, 100 U/ml Penicillin, 100 µg/ml Streptomycin and 0.5 mg/ml Geneticin. The cells were grown at 37 o C in 5 % CO 2 humidified atmosphere. Cells were passaged 2-3 times a week by trypsination and resuspended in fresh media at an appropriate dilution -usually 1:6 (all from Gibco, USA).

Preparation of cells, RNA and microarrays

L6-hIR cells were harvested, seeded out in 12 large Petri dishes and allowed to recover for 3 days. The cells were then starved for 24 hours and stimulated for 3 hours with 100 nM insulin, S597 or left unstimulated. RNA isolation, reverse transcription and cRNA synthesis, labeling and hybridization with Affymetrix Rat genome 230 2.0 GeneChip ® array (Affymetrix Microarray Suite; Affymetirx, Santa Clara, CA) were conducted following the standard affymetrix protocol (available at http://www.affymetrix.com/support/technical/manual/expression_manual.affx). In summary four GeneChip microarrays were hybridized with cells from the same passage for each experimental condition (insulin-, S597-or non-stimulated cells).

Microarray analysis

Quality control of the arrays was performed using the R package from Bioconductor and confirmed that the arrays were of good quality. The probe level data (CEL files) were transformed into expression measures using R (http://cran.at.r-project.org) and the gcrma package from BioConductor (http://www.bioconductor.org). Gene list comparisons were made in DChip [START_REF] Li | Model-based analysis of oligonucleotide arrays: expression index computation and outlier detection[END_REF] (available at http://www.dchip.org) using a P value < 0.005, a fold change > 1.5 fold or 2 fold, and a lower confidence bound of fold changes for filtering. Furthermore the threshold for absolute difference between the two group means was set to 35. The P value was chosen as it gave a false discovery rate -of max. 3.3% calculated by running 100 permutations in dChip. Transcripts preferentially regulated by insulin (i.e. the genes that met the above mentioned selection criteria for insulin treated samples compared to untreated samples but not for S597 treated samples compared to untreated) (these are the results shown in figure 2) were determined using dChip by comparing the gene expression affected more than 1.5 and 2 fold by insulin and excluding transcripts that also were affected more than 1.5 and 2 fold by S597 (compared to untreated). Transcripts preferentially regulated by S597 were determined in the same way. Transcripts responsive to both ligands were identified using dChip by only including transcripts that were affected more than 1.5 fold by both ligands compared to untreated samples. As many genes are represented on arrays by multiple probesets the number of transcripts regulated by insulin and S597 given in figure 1 and 2 and, table 1 and 2 refer to the number of probesets found on the microarray and not number of unique genes. The transcripts responsive to insulin, S597 or both ligands are listed in supplemental table 2. Functional analyses of these transcripts were subsequently generated using Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com). Transcripts that met the fold change cut off of 1.5 and were associated with biological functions in the Ingenuity Pathways Knowledge Base were considered for the analysis. Fischer's exact test was used to calculate a p-value determining the probability that each biological function assigned to that data set is due to chance alone. The differentially regulated transcripts were identified in a direct comparison of the insulin-and S597-treated samples using dChip (listed in supplemental table 3). The transcripts regulated similarly by insulin and S597 were determined by comparing the gene expression affected by insulin and S597 compared to untreated, excluding transcripts already categorized as differentially regulated (listed in supplemental table 4).

Validation of genes using qRTPCR on biological replicates

Two-step qRT-PCR was performed on 13 selected genes to validate the microarray data. Cells from four different passages were stimulated at different days with 100 nM insulin, S597 or nothing and the RNA extracted as described above. The RNA was reverse transcribed into single-stranded cDNA according to the manufacturer's protocol using the Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science). The real-time RT-PCR assay was performed using FastStart TaqMan Probe Master (Rox) (Roche Applied Science). Probes were purchased from Universal ProbeLibrary and primer sequences designed using the ProbeFinder software (Universal ProbeLibrary, Roche). The primers used are listed in supplementary table 1 and were purchased from DNA-technologies, DK. Standard curves were generated using serial dilutions of cDNA. TaqMan PCR assays for each gene target were performed in triplicate on cDNA samples on an ABI 7900HT Prism sequence detection system (Applied Biosystems) according to manufacturers protocol (Roche Applied Science). 18S was used as an internal control and included on all plates. The data were analyzed using Sequence Detector Software (Applied Biostystems), the C T values normalized to S18 and fold changes calculated.

RESULTS

To analyze gene expression profiles following IR activation by either insulin or S597, L6 rat myoblasts stably transfected with the human IR were stimulated with either ligand (100 nM) for 3 hours. This cell line was chosen as skeletal muscle is one of the major targets for insulin action. The same concentration was used as S597 binds specifically and with a similar affinity as insulin to the IR isoform A [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. Cells from the same passage were stimulated and harvested in quadruples. RNA was isolated and hybrized to Affymetrix GeneChip Rat Genome 230 2.0 Arrays according to Affymetrix procedure -four arrays per condition.

Cellular and molecular functions of transcripts affected by insulin and S597

We identified transcripts (i.e. probe sets) that were regulated between the unstimulated, insulin-or S597-stimulated samples, using a P value < 0.005 and fold changes > 1.5 fold or 2 fold as selection criteria (see Experimental for more detail). Using these selection criteria we found that insulin affected two (> 1.5 fold change) to four (> 2 fold change) times as many transcripts as S597 (figure 1). As many genes are represented on arrays by multiple probesets, the number of transcripts regulated by insulin refer to the number of probesets found on the microarray and not to the number of unique genes. Subsequently we focused on the transcripts that were regulated by insulin and S597 compared to untreated. These transcripts were divided into three groups: transcripts preferentially regulated by insulin, by S597 or by both insulin and S597 (figure 2, all transcripts are listed in supplemental table 2). The transcripts regulated by both ligands were defined as transcripts that met the above mentioned selection criteria for both insulin and S597 treated samples when comparing with untreated. In contrast transcripts preferentially regulated by insulin were defined as transcripts that only met the selection criteria when comparing insulin treated with untreated samples and not S597 treated samples. In this way transcripts preferentially regulated by insulin are transcripts that are significant regulated by insulin compared to untreated However this does not mean that there exists a significant difference in expression between insulin and S597 samples, only that S597 is not able to induce a fold change that is significant compared to untreated. Transcripts preferentially regulated by S597 were defined in the same way. An overview of the gene lists used in this study is shown in table 1. Subsequently the five most significant molecular and cellular functions associated with the three groups were investigated by performing a functional analysis using the Ingenuity Pathway Analysis software (Ingenuity® Systems, www.ingenuity.com) as described in Experimental. Not all the transcripts are annotated in Ingenuity and furthermore only a subset of these genes is eligible for functional analysis. The differences in significance as well as the number of unique genes associated with the cellular and molecular functions between the three groups are shown in table 2. The five most significant functions with which the transcripts preferentially regulated by insulin were associated were: Gene expression, cellular development, cellular growth and proliferation, cell cycle and cell death. Transcripts preferentially regulated by S597 were most significantly associated with: molecular transport, gene expression, amino acid metabolism, cell cycle and cell morphology. The most significant functions with which the third group, transcripts responsive to both insulin and S597, was associated were: cellular growth and proliferation, cell cycle, gene expression, cell death and cell morphology. This analysis indicates that the major functional themes associated with insulin and S597 stimulation are related to cellular growth and proliferation, gene expression and cell cycle.

Transcripts differentially regulated by insulin and S597

It is difficult to define if genes are differentially or similarly regulated by two ligands as no real biological selection criteria exist. As the aim of this study was to investigate in more detail how S597 and insulin initiate different responses through the IR we started by defining the selection criteria for the differentially regulated transcripts. We defined differentially regulated transcripts as transcripts where there is a significant (P value < 0.005) difference and a fold change in expression values of more than 1.5 fold between insulin and S597 samples. In this way we are certain that a significant difference exists between the insulin and S597 treated samples but without making assumptions about the effect compared to untreated. 131 transcripts (i.e. probesets) were found to be differentially regulated by insulin and S597. The annotated transcripts are listed in table 3 (the complete list (i.e. inclusive the ESTs) is in supplemental table 3). 77 of the differentially regulated transcripts responded (>1.5 fc) only to insulin. One transcript, an EST (affymetrix probe set 1377092_at) responded (>1.5 fc) only to S597 and was down-regulated. Using Blast (http://www.ncbi.nlm.nih.gov/) we searched for similar sequences. We found that this EST has a high sequence identity (93%) to a part of the mRNA of suppressor of cytokine signaling 3 (SOCS3) in mouse. However we could not confirm the presence of this transcript in the samples using qRT-PCR. Accordingly 58% of the differentially regulated transcripts are transcripts regulated by insulin > 1.5 fold but not by S597. No transcripts were found to be regulated in opposite directions by insulin and S597 compared to untreated. For the remaining transcripts S597 has a similar effect as insulin compared to untreated but to a lesser extent. The differentially regulated transcripts are involved in many functions but as many as 33 of the annotated (unique) genes are involved in growth and proliferation as found by using the Ingenuity Pathway Analysis software, dChip and PubMed searches (marked in table 3 and supplementary table 3). Twenty-two of these genes are selectively regulated by insulin. The rest of the genes involved in growth and proliferation are up-or down-regulated by insulin and to a lesser extent S597 compared to untreated. Analyzing the differential regulated annotated genes (using the Ingenuity Pathway Analysis software) we see that the changes in gene expression have both positive and negative effects on cell growth and cell proliferation (shown in table 3). The number of genes of which up-or down-regulation has a positive effect on cell growth and cell proliferation is larger than the ones having a negative effect. The analysis does not, however, provide information regarding the importance of individual genes for the resulting effect (positive or negative) on the function. Using the KEGG pathway database we also identified five genes involved in the MAPK signaling pathway: v-jun sarcoma virus 17 oncogene homolog (JUN), activating transcription factor ATF-4 (ATF4), dual specificity phosphatase 5 (DUSP5), dual specificity phosphatase 6 (DUSP6) and v-myc avian myelocytomatosis viral oncogene homolog (MYC). The proteins encoded by DUSP5 and DUSP6 are phosphatases that negatively regulate members of the MAPK superfamily (MAPK/ERK, SAPK/JNK, p38). The expression of DUSP5 is induced by VEGF and further regulated by KRAS, which both are found to be up-regulated in this study [START_REF] Fu | Growth retardation alters the epigenetic characteristics of hepatic dual specificity phosphatase 5[END_REF]. The expression of DUSP6 has been found to be regulated by MYC and IL-6 [START_REF] Zhao | The mechanism of dephosphorylation of extracellular signalregulated kinase 2 by mitogen-activated protein kinase phosphatase 3[END_REF] which both are up-regulated by insulin and to a lesser extent S597 in this study. The genes hexokinase 2 (HK2) and MYC are involved in the expression level of glucose-6phosphatase, a key-enzyme in glycolysis and gluconeogenesis [11;12]. HK2 and heparin-binding EGF-like growth factor (HBEGF) are involved in the metabolism of D-glucose [START_REF] Robey | Regulation of mesangial cell hexokinase activity and expression by heparin-binding epidermal growth factor-like growth factor: epidermal growth factors and phorbol esters increase glucose metabolism via a 15[END_REF]. These genes were all more up-regulated by insulin than by S597.

Transcripts regulated similarly by insulin and S597

We defined transcripts regulated similarly by insulin and S597 as transcripts of which expression was affected in the same direction and to a similar extent by both ligands compared to untreated samples (as described in Experimental). In this way only 139 transcripts were similarly regulated out of the 176 transcripts found above to be affected by both insulin and S597. The annotated transcripts (44 unique genes) are listed in table 4 (the complete list (i.e. inclusive the ESTs) is in supplemental table 4). The expression of the gene heme oxygenase 1 (HMOX1) was found to be much more up-regulated by insulin (14.84 fold) than by S597 (4.65 fold). Heme oxygenase is a microsomal enzyme which catalyzes the oxidation of heme to biliverdin and carbon monoxide [14]. The reason that it is not excluded from the similarly regulated genes in the microarray analysis is that the P value was not below 0.005. However, the fold changes were validated using qRT-PCR and showed that HMOX1 is indeed differentially regulated, with insulin being a much more potent inducer of HMOX1 expression than S597 (figure 4). The role of heme oxygenase in skeletal muscle is still unclear but it is involved in cellular protection against oxidative stress and regulation of heme turnover [15]. The MAPK signaling pathway is one of the major signaling pathways initiated after activation of the IR and is highly associated with cellular proliferation and differentiation and we have recently shown that S597 is not able to activate the MAPK pathway to the same extent as insulin [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. Using the KEGG pathway database (http://www.genome.jp/kegg/pathway.html) we found two upregulated genes that are involved in the MAPK signaling pathway: RAS p21 protein activator 1 (RASA1) and Kirsten rat sarcoma viral oncogene homolog (KRAS). Using dChip, Ingenuity Pathway Analysis and PubMed Central searches we furthermore found that many of the transcripts that were regulated similarly by insulin and S597 are involved in growth and proliferation. Using the Ingenuity software it is possible to distinguish if the changes in expression influence a given function in a positive and negative sense. In many instances however is the effect of a specific gene unclear or unknown. Analyzing the similarly regulated transcripts we saw that the changes in gene expression have both positive and negative effects on cell growth and cell proliferation (shown in table 4). The analysis does not, however, provide information regarding the importance of individual transcripts for the resulting effect on the function.

Interactions between genes involved in the MAPK pathway

To investigate if the lack of activation of the MAPK pathway when stimulating with S597 [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF] could explain some of the differences in gene expression induced by insulin and S597 we took a closer look at the similarly and differentially regulated genes that were involved in the MAPK pathway to see how they interact with the rest of the genes. We imported the similarly regulated genes KRAS and RASA1 as well as the differentially regulated genes JUN, ATF4, DUSP5, DUSP6 and MYC into the Ingenuity Pathway Analysis software as they were identified to belong to the MAPK pathway (using the KEGG database). Using the Ingenuity Pathway Analysis software we analyzed for interactions between these genes and the rest of the similarly or differentially regulated genes. The interactions are shown in figure 3. Only two of the similarly regulated genes (KRAS and RASA1) belonged to the MAPK pathway and only KRAS interacts (indirectly) with one similar regulated gene (PLAGL1). In contrast the five differentially regulated MAPK pathway genes (JUN, ATF4, DUSP5, DUSP6 and MYC) interact with 21 of the rest of the differentially regulated genes. These genes were either only regulated by insulin or insulin was a more potent regulator than S597 indicating that insulin is more potent in affecting the MAPK pathway than S597.

Validation of microarray data using quantitative real-time PCR

Quantitative Real-Time PCR (qRT-PCR) was performed on 13 genes using four biological replicates (cells from different passages stimulated and harvested at different days) to confirm the microarray data. The C T values were normalized to the internal control of 18S and fold changes calculated (figure 5). The direction (up-or down-regulated) of the expression of all 13 genes compared to untreated were the same obtained with qRT-PCR and microarray analysis. However due to variation between the biological replicates it is unclear whether S597 and insulin induces the expression of TRIB3 and MYC to a different or similar degree.

DISCUSSION

The molecular mechanisms responsible for how different ligands activating the same receptor can initiate different biological responses in the same cell are still not completely known. Selectivity in IR signaling has been suggested to be gained by differences in binding properties as well as signal transduction from different cellular compartments [16;17]. This is consistent with our recent findings that activating the IR with the slow-dissociating and non-internalizing synthetic peptide S597 and insulin led to significant differences in receptor activation and initiation of downstream signaling pathways and biological responses [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. We have in this study further investigated how the activation of the IR by insulin and S597 differentially activates post-receptor signaling by studying the gene expression profile in response to IR activation by either insulin or S597. Using microarray technology we have found striking differences in the effect of these ligands on gene expression.

Out of more than 30,000 transcripts present on the microarrays, a total of 738 transcripts were regulated by one or both ligands (insulin and S597). The majority of these transcripts were regulated in the same direction by insulin and S597. 131 transcripts were differentially expressed in response to either insulin or S597. No genes were found to be regulated in opposite directions by insulin and S597 compared to untreated.

Microarray analysis of insulin-induced gene expression in IR-transfected cells has previously been done, however in these studies different cell models (that were not classical insulin target cells) and different stimulation and analysis modalities were used. Dupont et al. [18;19] used NIH-3T3 cells transfected with IR and stimulated for 90 min. Mulligan et al., 2002 [20] used 3T3 fibroblasts transfected with a TrkC/IR chimeric receptor and stimulated for 4 hours. Pandini et al. [START_REF] Pandini | Differential gene expression induced by insulin and insulin-like growth factor-II through the insulin receptor isoform A[END_REF] used IGF-I receptor-deficient murine fibroblasts transfected with the human IR. In this study they stimulated the cells with 10 nM insulin for 30 min, 3 or 8 hours. All of these studies gave different lists containing genes responsive towards insulin stimulation. The different setups make it difficult to compare the results between these and our studies. However, the insulin responsive genes that are found in both these and this study are regulated in the same direction between studies. These are: early growth response 1 (EGR1), zinc transporter 1 (SLC30A1), HBEGF, cyclin G2 (CCNG2), Kruppel-like factor 9 (KLF9), JUNB and IL-6. Pandini et al. [START_REF] Pandini | Differential gene expression induced by insulin and insulin-like growth factor-II through the insulin receptor isoform A[END_REF], also found many genes involved in proliferation, cell cycle and apoptosis up-regulated by insulin as we do. Other genes found in this study to be insulinresponsive have also previously been shown to respond to insulin using other methodologies; EGR1, Vascular Endothelial Growth Factor (VEGF), GLUT1, Basic Helix-loop-helix domain B (BHLHB2) [START_REF] Miele | Insulin and insulin-like growth factor-I induce vascular endothelial growth factor mRNA expression via different signaling pathways[END_REF][START_REF] Zelzer | Insulin induces transcription of target genes through the hypoxia-inducible factor HIF-1alpha/ARNT[END_REF][START_REF] Keeton | Insulin-regulated expression of Egr-1 and Krox20: dependence on ERK1/2 and interaction with p38 and PI3-kinase pathways[END_REF][START_REF] Shen | Basic helix-loop-helix protein DEC1 promotes chondrocyte differentiation at the early and terminal stages[END_REF]. This concordance together with the qRT-PCR validation experiments on biological replicates indicates that the microarray data generated here are a valid picture of the gene expression profile.

To investigate if insulin and S597 induced different gene expression profiles we used fold changes and P values as a way to define transcripts that were differentially regulated by the two ligands. In this way the genes lists obtained with similarly and differentially regulated genes are not two discrete biological classes defined by biological criteria but opposite ends of a continuum, in which assignment is very dependent on arbitrary cut-offs set for fold change and statistical significance. Furthermore we chose very stringent selection criteria. It is therefore likely that the number of differentially regulated genes is higher. There is no good way of defining selection criteria for when genes are similarly regulated. We chose to focus on genes that were significantly regulated by both insulin and S597 compared to untreated and then exclude all genes that also fulfilled the selection criteria we made for differentially regulated genes. The transcripts included as similarly regulated are thereby not included based on statistically significant similarity but lack of statistically significant difference. This is why some of the genes included in the similarly regulated genes have very different fold changes (like HMOX1) and in reality are differentially regulated. Which genes and how many genes are included in these lists will thereby change accordingly to different cut offs.

The genes induced by insulin and S597 were involved in many different regulatory functions. As the definition of these classes is somewhat arbitrary it is difficult to make clear conclusions when comparing the cellular and molecular functions of genes in different regulatory classes. It was, however striking that almost half of the genes differentially regulated by insulin and S597 were involved in cell proliferation and growth. Insulin either selectively regulated the gene expression of these genes or was a more potent regulator than S597. Using the Ingenuity software we found that many of the changes in gene expression induced (selectively or more potently) by insulin had a positive effect on cell growth and proliferation. This is consistent which the recent finding that S597 was less potent than insulin in stimulating cell proliferation using a thymidine incorporation assay [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. Furthermore we find that half of the (annotated) differentially regulated genes interact directly or indirectly with the genes involved with the MAPK pathway (figure 3). This fits with the earlier finding that S597 stimulates activation of Shc and ERK which are members of the MAPK pathway [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF] much more weakly than insulin, and supports the idea that the main difference between insulin and S597 stimulation is the lack of activation of the MAPK pathway (14). How much the different signaling pathways contribute to the proliferation effect of insulin is not completely clear, but the MAPK pathway has been shown to play a major role in inducing the mitogenic response of insulin and the lack of activation of this pathway in our study is most likely the main reason why S597 is less potent than insulin in stimulating cell proliferation [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. This is further supported by studies that show that activation of genes like EGR1 (that is massively up-regulated by insulin compared to S597 and interacts with the MAPK pathway genes) is critical for insulin-inducible DNA synthesis [START_REF] Gousseva | Early growth response factor-1 mediates insulin-inducible vascular endothelial cell proliferation and regrowth after injury[END_REF]. The difference in mitogenicity of insulin and S597 results most likely from different activation of the IR and not simply from activation of IGF-1 receptors or hybrid receptors by insulin. Insulin has been shown to have a low affinity for the IGF-1 receptor and hybrid receptors [27;28]. Therefore the effect of insulin through the IGF-1 receptor or receptor hybrids should be minimal at the concentration of 100 nM insulin used in the microarray studies. This is further supported by the finding that insulin only had a small effect on phosphorylation of the IGF-1 receptor and proliferation in untransfected L6 cells which express only few IRs, while S597 had no effect [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. This supports that it is not cross-talk with IGF-1 receptors that results in the higher mitogenicity of insulin.

One of the other genes involved in cell proliferation that was dramatically regulated by insulin (32.73 fold down-regulated) compared to S597 (3.95 fold down-regulated) is cyclin G2 (CCNG2). This massive fold change was also validated using qRT-PCR. This gene has also earlier been found [START_REF] Pandini | Differential gene expression induced by insulin and insulin-like growth factor-II through the insulin receptor isoform A[END_REF], using microarray analysis and qRT-PCR, to be down-regulated by insulin in IGF-I receptor-deficient murine fibroblasts transfected with the human IR. Cyclin G2 is an unconventional cyclin highly expressed in postmitotic cells. Unlike classical cyclins that promote cell cycle progression, cyclin G2 blocks cell cycle entry [START_REF] Horne | Cyclin G2 is up-regulated during growth inhibition and B cell antigen receptor-mediated cell cycle arrest[END_REF][START_REF] Bennin | Cyclin G2 associates with protein phosphatase 2A catalytic and regulatory B' subunits in active complexes and induces nuclear aberrations and a G1/S phase cell cycle arrest[END_REF][START_REF] Martinez-Gac | Control of cyclin G2 mRNA expression by forkhead transcription factors: novel mechanism for cell cycle control by phosphoinositide 3-kinase and forkhead[END_REF]. It has been shown that ectopic expression of cycling G2 inhibits proliferation of several cell types [START_REF] Horne | Cyclin G2 is up-regulated during growth inhibition and B cell antigen receptor-mediated cell cycle arrest[END_REF][START_REF] Yue | Cyclin G1 and cyclin G2 are expressed in the periimplantation mouse uterus in a cell-specific and progesterone-dependent manner: evidence for aberrant regulation with Hoxa-10 deficiency[END_REF][START_REF] Bennin | Cyclin G2 associates with protein phosphatase 2A catalytic and regulatory B' subunits in active complexes and induces nuclear aberrations and a G1/S phase cell cycle arrest[END_REF][START_REF] Rachchige-Don | Cyclin G2 is a centrosome-associated nucleocytoplasmic shuttling protein that influences microtubule stability and induces a p53-dependent cell cycle arrest[END_REF][START_REF] Liu | Effect of cyclin G2 on proliferative ability of SGC-7901 cell[END_REF][START_REF] Le | Roles of human epidermal growth factor receptor 2, c-jun NH2-terminal kinase, phosphoinositide 3-kinase, and p70 S6 kinase pathways in regulation of cyclin G2 expression in human breast cancer cells[END_REF] and that stable down-regulation of CCGN2 by short interfering RNAs resulted in enhanced cell growth. So the big difference in CCNG2 expression induced by insulin and S597 may play a critical role in the difference in mitogenicity of the two ligands. This is currently being investigated further in our laboratory. However the expression of this gene has been shown not to be affected by inhibition of ERK in human breast cancer cells [START_REF] Le | Roles of human epidermal growth factor receptor 2, c-jun NH2-terminal kinase, phosphoinositide 3-kinase, and p70 S6 kinase pathways in regulation of cyclin G2 expression in human breast cancer cells[END_REF] and this suggests that other signaling pathways that the MAPK pathway may be affected differently by S597 and insulin. Furthermore it has been shown that CCGN2 dysregulation may play an important role in epithelial transformation and the early stages of human oral cancer development [START_REF] Kim | Cyclin G2 dysregulation in human oral cancer[END_REF]. Development of insulin mimetic peptides like S597 that do not lead to dysregulation of such genes could turn out to have profound therapeutic implications as enhanced mitogenicity associated with some insulin analogues designed for optimized therapy of diabetes has been a matter of major concern [START_REF] Kurtzhals | Correlations of receptor binding and metabolic and mitogenic potencies of insulin analogs designed for clinical use[END_REF] The finding that two ligands activating the IR give different mitogenic responses is reminiscent of earlier studies investigating the effect of insulin and IGF-2 on the IR, isoform A [21;40-42]. Like in this study, the two ligands (insulin and IGF-2) bind with a similar affinity to the IR but result in different biological effects. Insulin led primarily to metabolic effects (measured by glucose uptake), whereas IGF-2 led primarily to mitogenic effects (measured by 3H-thymidine incorporation assays). These differences in the biological effects were associated with differential recruitment and activation of intracellular substrates as well as selective changes in gene expression. However, in our present work, it is the noncognate ligand that is much less mitogenic than insulin.

The molecular mechanisms responsible for how different ligands activating the same receptor can initiate different biological responses in the same cell are still not completely known. Selectivity in insulin signaling has been suggested to be gained by differences in binding properties as well as signal transduction from different cellular compartments [16;17]. Previous work showed that insulin analogues dissociating very slowly from the IR have an increased mitogenic activity, indicating that an increased duration of the insulin signal at the receptor level result in a shift towards a more mitogenic insulin response [39;43-45]. This is in contrast to what is found in this study as S597 dissociates slowly from the IR but has a much lower mitogenic potency compared to insulin. However, we have currently shown that S597 phosphorylates the same number of insulin receptors as insulin but to a lower degree. This suggests that even though S597 is dissociating much more slowly than insulin it is not able to activate the insulin receptor to the same degree as insulin. As the duration of the phosphorylation is similar to insulin stimulation, it seems that it is not the duration that is responsible for the differences in biological properties of S597 and insulin. We believe that the reason for the differential signaling is due to this lesser activation of the insulin receptor as well as lack of internalization of the S597/insulin receptor complex seen in the study, which in the end results in full activation of the PI3K/Akt pathway and almost no activation of the Shc/ERK pathway (explaining the lower mitogenicity) [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. The lesser activation of the MAPK pathway is most likely the main reason for the differences observed in the insulin/S597 stimulated gene expression in this study. The low phosphorylation degree of the IR is most likely part of the reason for the lack of internalization as internalization is dependent on phosphorylation of several of the tyrosines residues on the IR [START_REF] Wilden | The role of insulin receptor kinase domain autophosphorylation in receptor-mediated activities. Analysis with insulin and anti-receptor antibodies[END_REF]. That selective signaling transduction occurs from different cellular compartments has been suggested by several studies (reviewed by [16;17]). It has been shown that activation of Shc is more dependent on internalization of the IR then IRS1 [47;48]. These studies support the general concept, that insulin/IGF-1 receptors initiate metabolic signaling from the plasma membrane whereas mitogenic signaling originates from inside the cells following internalization of activated receptors. Recently another study was published that investigates how different signaling cascades in beta cells can be activated through the IR [START_REF] Uhles | Selective gene activation by spatial segregation of insulin receptor B signaling[END_REF]. The authors showed that selective activation of the glucokinase and cfos genes was achieved through the IR-B by signaling from different cellular compartments. This supports our findings in this study that in insulin-target cells i.e. muscle cells and through the IR isoform A we can obtain differential signaling and effects on gene expression through the same receptor. That S597 stays on the cell surface for much longer than insulin is likely an important part of the reason for the differences in signaling, gene expression profiles and mitogenicity.

Activation of the MAPK pathway and Akt signaling pathway seemingly differ in the dependence of the activation degree of IR [START_REF] Jensen | Activation of the insulin receptor by insulin and a synthetic peptide leads to divergent metabolic and mitogenic signaling and responses[END_REF]. It is likely that gene-regulatory events also are differently dependent on the level of activation of signaling pathways. Thus differences in the biological responses (signaling, internalization, gene expression) could be due to different dependences for receptor activation rather than distinct signaling mechanisms. If this is the case weak agonists might be the more selective therapeutic agents, in terms of balancing metabolic and mitogenic effects. Our work adds to a growing body of evidence suggesting that activation of the IR is not simply a matter of flipping an on/off switch, and that qualitatively as well as quantitatively the biological consequences of receptor activation are dependent on the nature, binding kinetics and spatial localization of the activating ligand.

Gene lists used in this study

Comparison of insulin-and S597-treated samples to untreated (supplemental table 2):

Regulated by both ligands (176 transcripts)

Transcripts that are significantly regulated by insulin and S597 compared to untreated.

Preferentially regulated ranscripts that are only significantly regulated by insulin compared to untreated. 

Similarly regulated

Transcripts that are significantly regulated by insulin and S597 (139 transcripts) untreated (as above) excluding transcripts where there is a significant difference between insulin and S597 samples 

  expressed when compared rectly to insulin samples) parison of insulin ulated (131 transcripts) ranscripts where there is a significant difference in expression values between sulin and S597 samples. these transcripts are not (significantly) differently expressed when compared directly to S597 samples) Transcripts that are only significantly regulated by S597 compared to untrea (None of these transcripts are (signific Preferentially regu by S597 di -and S597-untreated samples (supplemental tables 3 and 4): Direct com Differentially reg T in

Figure 4 .

 4 Figure 4. QRT-PC on biological replicates. in biologica eplicates Foldchanges for insulin-mple pared to (UT) sample s were m asured for A: Similarly regulated gene

Figure 1 Figure 2 18

 12 Figure 1

Figure 3

 3 Figure 3

Table 1 .

 1 Definitions of th study.Significantly regulated is fined as: P value < 0.005 and a difference in expression fold change > 1.5

e gene lists used in this de

  Genes preferentially regulated by insulin (465 transcripts in total -189 unique genes eligible for functional analysis)

	Molecular and cellular function	Significance	Number of genes
	Gene expression	1.37E-11-4.42E-03		64
	Cellular development	1.30E-11 -4.42E-03	56
	Cellular growth and pro	1.74E-07 -4.42E-03	73

Table 2 .

 2 Molecular and cellular functions associated with tran

				liferation
	Cell cycle					5.72E-07 -4.64E-03	33
	Cell death					1.18E-06 -4.62E-03	60
	ferentially regulated by S597 (97 transcripts in total -42 unique Genes pre	genes eligible for function	al analy	sis)
	ansport Molecular tr			4.53E-04 -4.75E-02	7
	Gene expression				2.79E-03 -3.51E-02	11
	Amino acid metabolism		3.24E-03 -4.68E-02	5
	Cell cycle					3.24E-03 -4.53E-02	4
	Cell morphology				3.24E-03 -4.92E-02	7
	Genes responsive to both i	nsulin and S597 (176 transcripts in total-66 unique	genes eligible for functional analysis)
	eration Cellular growth and prolif
					functions. Comparison of the	P values for the	most significant
					scripts preferentially regulated by	insulin, S597 or by	both	ds. The ligan
	five most	significant functions associated with each of the th ree groups were id	entified using the
	Ingenuity Pathwa	y Analysis software. Several of top five functio ns where the same	betwe en t	he three
	groups (eight dif	ferent functions were found in total). The signifi cance (P value) as w	ell as	the	number
	of unique	genes associated with a given function for each of th e three groups is sh	own.	See	text for
	more details.			

Table 4 . Ge simil ted by insulin and S597.

 4 number of probesets found on the microarray and not the number of unique genes.

	1.88E-10 -6.63E-03	33
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