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Identification of a growth hormone-responsive STAT5-binding element in the rat insulin 1 gene.

INTRODUCTION

GH and the related hormones PRL and placental lactogen (PL) have been shown to stimulate proliferation of rat pancreatic p-cells and the rat insulinoma-derived cell lrne RIN-5AH (1, 2). Furthermore, these hormones are also able to stimulate insulin biosynthesis in both these cell types (1, 2). The RIN-5AH cells express both GH and PRL receptors (GHR and PRLR) (3), and the cloned GHR has been found to be capable of mediating the insulinotrophic effect of GH (4). We have previously reported that human (h) GH increases the steady state level of insulin mRNA in the RIN-SAH cells (5) and that human GH (hGH) stimulates endogenous insulin gene expression in these cells (6). Despite an extensive characterization of &-acting elements in the insulin enhancer, no evidence for a specific GHresponsive element has so far been recognized (7). Thus the mechanisms involved in GH-stimulated insulin gene transcription have not been defined. The effects of GH are mediated by specific GHRs that belong to the cytokine receptor supetfamrly (8). Although activation of receptors of this family induces intracellular tyrosyl phosphorylation, they are characterized by the lack of intrinsic tyrosrne krnase actrvrty. Mounting evrdence demonstrates that many of these receptors activate tyrosine kinases of the Janus kinase (JAK) family ( 9). These kinases were first identified to be involved in the signal transduction pathway used by interferon-tr and -y, now known as the JAK-STAT (signal transducer and activator of transcription) pathway (10). One of the four currently known members of the JAK family, JAK2, has been shown to be activated by GH (11). Upon GH-induced dimerization of the GHR (12), JAK2 is recruited to the receptor, which leads to autophosphorylation of JAK2 and phosphorylation of the GHR (11). Other proteins have been shown to be tyrosyl phosphorylated in response to GH, including . STAT proteins are latent, cytoplasmic transcription factors that upon phosphorylation will dimerize and translocate to the nucleus where the STAT proteins bind y-interferon activated sequences (GAS)-like elements (GLEs) and actrvate transcription of target genes (IO). STAT1 and STAT3 have been shown to bind as homo-and heterodimers to a regulatory element in the c-fos gene termed SIE (sis-inducible element) and have been implicated in the GH-induced up-regulation of c-fos gene transcription (13,14). STATYMGF (mammary gland factor) was GH-Regulated Insulin Transcription 653 first found to be involved in the PRL-induced activation of p-casein gene expression (16). Recently STAT5 has been suggested to be involved in the GH-induced up-regulation of the liver-specific serine protease inhibitor 2.1 (SPI 2.1) gene transcription, since STAT5 was found to be part of a GH-induced protein complex binding to the GLEl of the GH-responsive element II (GHRE II) present in the SPI 2.1 promoter/enhancer region (17).

In this report we have examined the promoter/enhancer region of the insulin gene to identify putative GHRE(s). Furthermore, we have characterized the involvement of STAT5 in this GH-induced up-regulation of insulin promoter activity.

RESULTS

GH-induced Insulin mRNA Expression in RIN4AH Ceils

To examine the effect of hGH on insulin mRNA levels, RIN-5AH cells were stimulated with hGH for 1-4 days and Northern blot analysis was performed. Human GH was found to increase insulin mRNA level time-dependently with an approximately 4-fold induction after 3-4 days. In contrast, the level of cyclophilin mRNA was unaffected by hGH when equal amounts of total RNA were analyzed (Fig. 1A). The effect of hGH was dosedependent with maximal insulin mRNA levels observed at 500 rig/ml hGH (Fig. 1B).

In rat cells, hGH is known to bind both the GHR and the PRLR. Therefore, RIN-5AH cells were stimulated with hormones with either somatogenic [rat (r) GH or A 0 1 2 3 4 hGH (days) cyclophilin insulin bovine (b) GH)] or lactogenic [rPRL, ovine (0) PRL, or human placental lactogen (hPL)] specificity. Northern blot analysis showed that both types of hormones were able to mediate the insulinotrophic effect of hGH (Fig. 2).

GH-Stimulated

Rat Insulin 1 Promoter Activity

To determine whether the GH-induced increase in insulin mRNA levels was due to an increase in the activity of the insulin promoter, RIN-5AH cells were transiently transfected with the plasmid rlnsl (wt)-CAT, which contains the rat insulin 1 promoter/enhancer region from -345 to +l placed in front of the reporter gene chloramphenicol acetyl transferase (CAT). Stimulation of the transfected cells with hGH increased the CAT activity 1.9-fold. In contrast, the level of CAT activity in cells transfected with a reporter plasmid containing the minimal thymidine kinase promoter (TK-CAT)

was not increased by hGH stimulation (l.l-fold induction by GH, Fig. 3B), indicating a specific effect of hGH on the insulin promoter.

GH-Responsiveness of the Insulin Gene

A GLE in the rat insulin 1 enhancer at position -330 to -322 was identified by sequence homology search and termed Ins-GLE (see Fig. 3A). To determine whether this region is involved in the GH responsiveness of the insulin gene, the plasmid rlnsl (S31)-CAT, in which a block mutation was introduced at position -330 to -322 of the insulin enhancer (see Fig. 3A), was analyzed by CAT assay. No significant effect of hGH on this construct was found when compared with A, Total RNA was isolated from RINdAH cells stimulated with 1 pg/ml hGH for 0, 1, 2, 3, and 4 days (lanes l-5). B, RINQAH cells were stimulated for 2 days with 0, IO, 100, 500, or 1000 rig/ml hGH (lanes l-5). the control plasmid TK-CAT (1.3-fold induction by GH, Fig. 3B).

To examine whether the GLE of the insulin gene can mediate GH responsiveness to a heterologous promoter, we made a construct in which IO copies of the oligonucleotide Ins-GLE (-331 to -321) was inserted upstream of the TK promoter and termed this construct (Ins-GLE),,-TK-CAT (see Fig. 3A). When tested by CAT assay, this construct showed a marked responsiveness to hGH (6.1-fold induction by GH, Fig. 3B).

GH-Induced

Binding of Proteins to Ins-GLE

We performed gel retardation experiments to examine whether GH induces the binding of proteins to Ins-GLE. Incubation of radiolabeled Ins-GLE oligonucleotides with nuclear extracts from RINdAH cells showed that hGH induces the formation of one minor and one major DNA-protein complex termed A and B, respectively (Fig. 4A). The complexes were found to be maximally induced after 5 min of hGH stimulation, after which they decreased gradually (lanes 2-6). Bovine GH mimicked the effect of hGH (Fig. 4B, lane 1). In addition, two complexes with higher mobility appeared, which were not affected by GH (Fig. 4B, lanes 2-6). The two GH-induced complexes and the upper of the two constitutive complexes bound the Ins-GLE oligonucleotide specifically, since they could be competed with excess unlabeled Ins-GLE oligonucleotide (Fig. 4B, lanes 2 and 3) but not with an excess of irrelevant oligonucleotides (Fig. 4B, lanes 4 and 5). Since Ins-GLE shows sequence homology with the SPI-GLEl and the SIE of the c-fos gene (see Fig. 5A), we were prompted to compare the hGH-induced protein complexes that bind to these three elements. As can be seen in Fig. 5B, two hGH-induced complexes were formed with the SPI-GLEl probe (lane 6), which have migration patterns similar to those formed with the Ins-GLE probe (lane 3). In contrast, four hGHinduced complexes were formed with the optimized For each CAT construct tested the result is expressed in terms of fold induction by GH. Each column represents the mean ? SEM of four to eight independent experiments. *, P < 0.05 using a Mann-Whitney U test. NS, Not significant (P > 0.05).

SIE probe (m67) (lane 9). Three of these complexes (indicated by arrows, Fig. 6A, lanes 14-16) have previously been described to consist of STAT3 homodimers (upper band), STATl/STAT3 heterodimers (middle band), and STAT1 homodimers (lower band) (13, 14). In addition, a GH-induced complex appeared with the m67 probe, which has the same mobility as complex A formed with the Ins-GLE probe (Fig. 5B, lane 9; and Fig. 6A, lanes 14-16). with (Y STAT5 antiserum resulted in a dose-dependent decrease in intensity of complex B (Fig. 6A, lanes 7-9), whereas preimmune serum (lanes 4-6) &TAT1 antibody (lane IO), and &TAT3 antibody (lane 11) did not significantly alter the intensity of complex B. Prolonged exposure of the gel showed that complex A was affected neither by &TAT1 nor &TAT3 antibodies. However, it was not possible from this experiment to determine the effect of &TAT5 antiserum on complex A due to the supershift of complex B to the same position as complex A. The specific, but non-GHinducible, complex was not recognized by the crSTAT1, -3, or -5 antibodies (data not shown). The ability of the &TAT1 and &TAT3 antibodies to recognize STAT1 -and STAT3-containing DNA-protein complexes, respectively, was tested by the use of the m67 probe (Fig. 6A To obtain more direct evidence for the presence of STAT5 in complexes A and B, we transiently transfected COS7 cells with GHR cDNA and/or STAT5 cDNA and prepared nuclear extracts from these cells. Gel retardation experiments were carried out with radiolabeled Ins-GLE oligonucleotide.

Identification

As shown in Fig. 6B, lane 8, hGH increased the presence of complex B in nuclear extracts from cells transfected with both GHR cDNA and STAT5 cDNA. Prolonged exposure of the gel revealed that complex A was also induced by GH in these cells. The two GH-inducible complexes showed similar mobility as those found in RIN-5AH cells (Fig. 6B, lane 9). In contrast, the specific non-GH-inducible complex seen in RIN-5AH cells was absent in COS7 cells even after transfection with STAT5 cDNA. STAT5 antiserum, but not preimmune serum, was able to supershift complex B from the STAT5 transfected COS7 cells (Fig. 68, lanes 11 and 10, respectively). Again, the appearance of supershifted bands hindered determination of the presence of STAT5 in complex A. Complex B was found to be present in nuclear extracts from COS7 cells transfected with only STAT5 cDNA, and GH increased to some extent the level of this complex (Fig. 6B, lanes 3 and 4) indicating a low level of expression of endogenous GHRs in these cells. The failure to detect complex A and B in nuclear extracts from mock (Fig. 6B, lanes 1 and 2) and GHR cDNA-transfected cells (Fig. 6B, lanes 5 and 6), even after prolonged exposure, suggests low endogenous expression of STAT5 in COS7 cells. 

DISCUSSION

The time-and dose-dependent increase in GH-mediated insulin mRNA steady state levels and the upregulation of the rat insulin 1 promoter activity shown here in RIN-5AH cells correlate well with the previously reported GH-induced increase in insulin biosynthesis (2) and insulin gene transcription (6). In agreement with previous reports (1, 18), we found that both GH and PRL are able to stimulate insulin production. Since the maximal increase in insulin mRNA level was found to be somewhat higher than the relatively weak induction of insulin promoter activity and furthermore was reached after several days of stimulation, GH might also regulate the insulin mRNA level posttranscriptionally by prolonging the half-life of insulin mRNA. One of the mechanisms by which glucose has been reported to increase insulin expression is by mRNA stabilization (19), indicating that insulin mRNA half-life can be modulated by changes in the extracellular environment. The apparent discrepancy between the rapid GH-induced binding of STAT5 to the Ins-GLE and the slow GH-induced increase in insulin mRNA may have several explanations.

Since by Northern blot analysis we measure the total insulin mRNA content and since basal insulin mRNA content is high and has a long half-life, a modest increase in insulin gene transcription would be expected to yield a slow increase in total mRNA. Alternatively, it is possible that the insulin promoters response to GH is biphasic. In Nb2 cells, PRL has been shown to activate transcription of the IRF-1 gene in a biphasic manner with an initial transient transcriptional activation after 30-60 min followed by a more sustained stimulation after lo-12 h (20, 21). The late response might be dependent upon factors induced during the early transcriptional response. A similar mechanism in GH-induced insulin gene transcription could explain the difference in the kinetics of GH-induced STAT5 activation and insulin mRNA accumulation.

In the rat insulin 1 enhancer at position -330 to --322 we have identified a GLE which we have named Ins-GLE, and this regulatory element was found to mediate GH responsiveness of the rat insulin 1 promoter. However, we can not exclude that there might be other GHREs in the insulin gene. A GA-rich region is present in the insulin promoter at the same position as a GH-regulated GAGA-box in the SPI gene (-~57 to ~ 40). The GAGA-box in the SPI gene has been found to be necessary for both basal and hormone-regulated transcription of the SPI gene ( 22). Mutation of the GA-rich region in the insulin gene was found to decrease transcription of an insulin promoter-CAT construct by 60% in the insulin-producing HIT cells and by 80% in cultured fi-cells (23,24). Furthermore, the transcription factor Pur-1, which binds specifically to this sequence, has been reported to be a potent transactivator of the insulin gene (25). It has not been possible, however. to detect GH-induced binding of protein complexes to these two elements ( 22). It is presently not known whether the GA-rich region in the insulin promoter is involved in GH-regulated transcription. The Ins-GLE is part of a region in the insulin enhancer called El (-333 to ~287) (26). The El element was found to interact with nuclear proteins that are present in insulin-and glucagon-producing cell lines but not In non-islet cell lines such as HELA and BHK (26-28). Mutation of the Ins-GLE has been reported to decrease transcription of an insulin promoter-CAT construct by 40% both in HIT cells and in cultured p-cells (23,24). Interestingly, we find that the Ins-GLE binds a protein complex that was present in RIN-5AH cells but absent In COS7 cells (see Fig. 6B) and in CHO cells (data not shown). This putative islet-specific complex did not contain STATl, -3, or -5, and it was found to be independent of GH. The Ins-GLE was able to confer GH responsiveness to a heterologous promoter not only in RIN-5AH cells but also in the non-Insulin-producing CHO cells (data not shown). Together these data indicate that the Ins-GLE might be involved in the cell-specific expression of the insulin gene by the binding of an islet-specific protein complex, but the mechanism by which GH regulates insulin gene expression via this element is not p-cell type specific.

Two GH-induced protein complexes were found to bind Ins-GLE. We have shown that a STAT5specific antibody is able to supershift the complex B. Detection of STAT5 in the minor complex A was unfortunately obscured by the migration of the supershifted complex B to the same position as complex A. However, the two complexes were only observed in COS7 cells transfected with STAT5 cDNA. These data suggest that GH induces the binding of STAT5 to the Ins-GLE. This is in agreement wrth our frndrng that GH Induces tyrosyl phosphorylation of STAT5 In RIN-SAH cells (data not shown) and is further supported by the recently reported identifrcatron of STAT5 as the GHinduced STAT protein binding to . As shown in Fig. 58, the mrgration patterns of the two GH-induced complexes brnding to Ins-GLE and SPI-GLEl are very similar. Together these data rndrcate that the homologous elements Ins-GLE and SPI-GLEI are functionally equivalent GHREs regulated by the same JAK-STAT pathway. In contrast, the SIE of the c-fos gene binds GH-induced complexes that are distinct from the complexes that bind Ins-GLE and SPI-GLEl.

These SIE-brnding complexes contain STAT1 and STATS: therefore, the SIE element seems to be regulated by another GH-activated JAK-STAT pathway.

STAT5 was originally cloned as the PRL-regulated ovine mammary gland factor MGF ( 16). Recently the cloning of two murine STAT5 isoforms (STAT5a and STAT5b) was reported (29-31). The STAT5 cDNA transfected into COS7 cells in this study IS the ovine homolog of the murine STATSa (30). Furthermore. the antiserum directed against ovine STAT5. which we find is able to recognize the GH-Induced complex B In RIN-5AH cells, seems to recognrze only murrne STAT5a and not murine STATSb (30). Since complex B has the same mobility In RIN-5AH cells and transfected COS7 cells, we hypothesrze that thus complex comprises a STATSa homodimer.

Moreover. we find that complexees A and B are interdependent In the sense that complex A appears whenever the level of complex B is high. In a recent report two srmrlar complexes, which bound the PRL response element of the p-casein gene, were observed in COS cells transfected with STAT5 cDNA (32). The authors present evidence suggesting that whereas the complex wrth the lower mobility is a STAT5 drmer. the complex wrth the higher mobility is a STAT5 tetramer. It IS thus a possibility that complex A. which binds to the Ins-GLE. might be a STAT5 tetramer. Although we have shown the absence of STAT1 and STAT3 in complex A and B. we can not completely exclude the possrbrlrty that other STAT proteins are present in the two complexes. Furthermore, there may be other proteins, which are not members of the STAT family, present In the GHinduced complexes. This has been shown to be the case for the interferon tr-activated DNA-bindrng complex which, in addition to STAT1 and STAT2, contains a 48-kDa protein related to interferon-regulated factor and the myb families of DNA-bindrng proteins (33). In this respect It is interesting that GH-regulated oscillations in intracellular free Ca' concentratron were found to be required for GH-induced Insulin gene transcription. Furthermore, a specific domarn in the GHR was found to be required for activatron of both the Ca' ' pathway and the GH-Induced actlvatron of a SPI-GLEI reporter construct (6). CA). CAT conversions of 2.9 i 1.0% were obtained when approxrmately 70% of the extract from unsttmulated, TK-CAT-transfected RIN-5AH cells was incubated overnrght.

For (lns-GLE),,-TK-CAT-transfected cells the CAT conversion was 7.5 2 1.9%.

Due to the very high actrvrty of the insulin promoter in insulinproducing cells, approximately 20% of the extract from rlnsl (wt)-CAT or rlnsl (S31)-CAT-transfected cells was incubated for 2 h in order to obtain levels of CAT conversion similar to those obtained for the TK~CAT and (Ins-GLE),,-TK-CAT constructs.

In the RIN-5AH cells the level of expression of the S31 mutant was srmrlar to that of the wild type construct.

Nuclear Extracts

RIN-5AH

cells (1.5-2 x 1 06) were cultured in tissue culture plates for 2 days in RPMI 1640 containing 10% FCS. The medium was changed to RPM1 1640 containing 0.5% FCS and after 16 h the cells were incubated with or without her mone (400 rig/ml hGH or 1 wg/ml bGH) for the indicated time. The cells were washed in PBS and scraped off in PBS supplemented with 0.5 mM Na,VO,. After centrifugation at 2500 X g for 5 min, the cell pellets were resuspended in hypotonic buffer A (20 mrv HEPES pH 7.9,lO mM KCI, 1 mM MgCI,, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM 4-(2.amrnoethyl)-benzenesulfonyl fluoride, 1 mM Na,VO,.

1 Kg/ml leupeptrn, 1 pg/ml aprotinin, 20% glycerol). The cells were lysed in a glass Dounce homogenizer.

The nuclei were collected by centrifugation at 2500 x g for 5 mm and extracted for 30 mm on a rocking bench in hypertonic buffer B (buffer A with 400 mM NaCI). The extracts were centrifuged at 20,000 x g for 30 min, and aliquots of the supernatants were frozen in lrqurd 

Gel Retardation Experiments

Three different double-stranded oligonucleotides were used as orobes:

Ins-GLE (see above). SPI-GLEI (5'.aactATGTTCT-GAGAAAATC-3').

and the optimized SIE from the c-fos gene (m67) (5'-agctTCATTfCCCGTAAATCCCTA-3').

The probes were "'P-radiolabeled in a fill-in reaction usrng DNA polymerase (Klenow fragment).

Nuclear extracts (10 pg protein from RIN-5AH and 5 pg protein from COS7) were incubated for 30 min at 30 C with 20 fmol probe in a 20-~1 reaction containing 20 mM HEPES, pH 7.9. 50 rntti NaCI. 1 mM MgCI,, 1 mM EDTA, 1 mM dithiothreitol.

10% glycerol. and 0.1 mg/ml polydeoxyinosinicdeoxycytidylic acrd polydeoxyinosinic-deoxycytidylic acid. Free and bound probe were separated on a 5% polyacrylamide gel containing 2% glycerol and 0.25~ TBE (25 mM Tris/HCI, 25 rnM boric actd. 0.25 mM EDTA; pH 7.9). The gel was dried and exposed to autoradrography.

In competrtion studies 200 or 2000 fmol (lo-fold and 100.fold molar excess, respectively) of unlabeled Ins-GLE was added to the binding reactron. Alternatively, unlabeled &G (5'-GATCAAATTGACGTCATGGTAAAA3') oligonucleotide was used as a nonspecific competitor.

In 

Fig. 1 .

 1 Fig. 1. Effect of hGH on Insulin mRNA Level

  Fig. 4. hGH-Induced Protein Complexes Binding to the Insulin Gene Gel retardation experiments were performed as described in Materials and Methods using radiolabeled Ins-GLE oligonucleotide as probe. A, Probe was incubated with 10 pg nuclear extract prepared from either unstimulated RINdAH cells (lane 2) or cells stimulated with hGH (400 rig/ml) for 5, 15, 30, or 60 min (lanes 3-6). B, Probe was incubated with nuclear extract from RIN-5AH cells stimulated with bGH (1 pg/ml) for 5 min (lane 7). Using nuclear extract from 5-min hGH-stimulated RINdAH cells, unlabeled Ins-GLE oligonucleotide was included in the binding reactions at lo-fold and 1 OO-fold molar excess (lanes 8-9), whereas in lanes 10 and 11 nonspecific competitor C&G oligonucleotide was included at 1 O-fold and 1 OO-fold molar excess, respectively. Arrows a and b indicate the migration of the two GH-induced DNAprotein complexes, whereas arrow c indicates the free probe. The autoradiograph shown is representative of three independent experiments.
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