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I. INTRODUCTION. 

The insulin-like growth factor binding proteins (IGFBPs) 1-6 bind IGF-I and IGF-II with 

high affinity and serve to transport the IGFs, prolong their half-lives, and modulate their 

proliferative and anabolic effects on target cells. The molecular mechanisms involved in the 

interaction of the IGFBPs with the IGFs and their receptors remain unclear, but these molecules 

appear, at least, to regulate the availability of free IGFs for interaction with IGF receptors. 

Recent studies from our laboratory and others demonstrated that some IGFBPs have ability to 

exert IGF-independent actions. 

In this project, I proposed investigation of the characterization of the IGFBP-3-specific 

receptor, the elucidation of the pertinent signal transduction pathways and analysis of 

structure-function relationships in the IGFBP-3 in the context of growth control in human 

breast cancer. 

II. BODY. 

I. characterization of the IGFBP-3 receptor in human breast cancer cells (Tasks 1-7). 

In our continuing investigation of the biological importance of IGFBP-3, we are characterizing 

specificity of the IGFBP-3 receptor binding to IGFBP-3 and involvement of the IGFBP-3 

receptor on the IGFBP-3-induced growth inhibition. 

As IGFBP-3 has been previously reported to specifically bind to the surface of breast cancer cells 

and subsequently exhibit growth suppressing activity, I further determined whether the IGFBP-3 

receptor might participate in this process. Hs578T and MCF-7 human breast cancer cells were 

transiently transfected with a construct encoding IGFBP-3 receptor FLAG-tagged at the 

C-terminus (4-33F) or with vector alone. These cells were then subjected to a monolayer binding 

assay using 125I-labelled IGFBP-3. The overexpression of 4-33 resulted in a 30-60% increase in 

IGFBP-3 binding to the cell surface relative to cells expressing endogenous levels of 4-33 (Figure 

1). This result was greatly magnified when the same assay was done using Sf9 insect cells either 

uninfected or infected with virus harboring the 4-33F cDNA, as the infected cells overexpress 4- 

33F to a much greater degree compared to control cells. In these cells the increase in IGFBP-3 

cell surface binding was nearly 3.5 fold over control. The increased IGFBP-3 binding was 

competed in a dose-dependent manner with the addition of cold IGFBP-3, and was unaffected by 

the presence of the FLAG-tag at the C-terminus of the 4-33 protein. Further, fragments of 

IGFBP-3 containing the putative binding region for 4-33 (amino acids 88-148) were able to 

successfully compete labelled full-length IGFBP-3 binding, but an N-terminal fragment comprised 



of amino acids 1-97 was not.  Additionally, other IGF binding proteins were unable to compete 

IGFBP-3 binding in this assay, demonstrating IGFBP-3 specificity. 
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Figure 1. A) Increased cell surface binding 

of IGFBP-3 to cells overexpressing 4-33. B) 

Competitive inhibition of IGFBP-3 cell 

surface binding with unlabelled IGFBP-3. 

Only fragments containing amino acids 88- 

148 were able to sucessfully compete full- 

length IGFBP-3 binding. Other IGF 

binding proteins were unable to compete. 

The IGFBP-3 receptor involvement in IGFBP-3 biological function:   cell cycle arrest and 

apoptosis. 
To facilitate the study of the biological actions of 4-33 and IGFBP-3, we have generated a 

stably-transfected inducible IGFBP-3 MCF-7 breast cancer cell line using the ecdysone-inducible 

system (see Appendix 1). One of the sublines, designated MCF-7:BP-3 #3 (colony #3), inducibly 

produced IGFBP-3 at levels comparable to the endogenous levels produced by Hs578T cells. 

The induction of IGFBP-3 in these cells caused inhibition of growth and DNA synthesis as 

measured by incorporation of [3H]thymidine, to a similar degree as has been described for 

treatment of MCF-7 cells with exogenous IGFBP-3. Induced expression of IGFBP-3 in these 

cells further leads to cell cycle arrest at Gx. We observed an increase in the percentage of cell in 

Gi from 72.1% to 78.1%, with a concurrent decrease in cells in S and G2/M phases (data not 

shown, see Appendix 1). Further, our data indicate that IGFBP-3 induces apoptosis in this cell 

system (Figure 2). 
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Figure 2. A) IGFBP-3-induced cell cycle arrest. B) IGFBP-3 induction of apoptosis, as measured by Annexin V 

binding and assays for caspase activity. * = p<0.05. 

o 

Studies of 4-33 in breast cancer cells which produce IGFBP-3 demonstrated that transient 

overexpression of 4-33 resulted in a significant increase in cell detachment / death over time, 

compared to little or no effect in cells which do not produce IGFBP-3 (data not shown). 

IGFBP-3-expressing Hs578T cells displayed fewer cells per field following transient 

overexpression of 4-33 compared to transfection with vector alone, while no such effect was seen 

in IGFBP-3-nonexpressing MCF-7 cells. We further investigated the effect of 4-33 and IGFBP-3 

on cell proliferation as indicated by incorporation of [3H]thymidine during DNA synthesis. We 

compared wild type MCF-7 cells with the MCF-7:BP-3 #3 subline, with and without incubation 

with ponasterone A. As expected, induction of IGFBP-3 by ponasterone A resulted in an 

inhibition of DNA synthesis to an average of 55% of control levels (Figure 3). With the 

additional overexpression of 4-33 in these cells, DNA synthesis was further inhibited down to an 

average of 35% of control levels.   Overexpression of 4-33 had no significant effect on DNA 

synthesis in the absence of IGFBP-3 (either wild type 

MCF-7 or uninduced MCF-7 :BP-3 #3 cells), and 

ponasterone A had no inhibitory effect in wild type MCF-7 

cells. 

Figure 3. Growth inhibition of breast cancer cells by IGFBP-3 and 

4-33. 4-33 enhances the IGFBP-3 growth-inhibitory effect on breast 

cancer cells as measured by thymidine incorporation. * = p<0.05. 
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2.    Identification of the IGFBP-3/IGFBP-3 receptor-induced signal tansduction pathway 

(Tasks 8 and 9) 

As reported last year, we have successfully generated inducible IGFBP-3 stably transfected human 

breast cancer cell line, MCF-7:IGFBP-3 #3 (see Appendix 1). Dose-dependent inducible 

production of IGFBP-3 protein was detected in the induced stably-transfected cells, compared to 

undetectable levels in control parental and uninduced stably-transfected cells. Induction of 

IGFBP-3 in these cells showed dose-dependent inhibition of DNA synthesis as assessed by [-*H]- 

thymidine incorporation assays. This inhibitory effect was abolished by co-treatment with Y60L- 



IGF-I, an IGF analog which has significantly reduced affinity for the IGF receptor but retains high 

affinity for IGFBP-3, demonstrating specificity and IGF-independence. In addition, flow 

cytometry analysis showed that induced expression of IGFBP-3 led to an arrest of the cell cycle in 

Gl-S phase. Induction of IGFBP-3 resulted in a significant decrease in the mRNA and protein 

levels of cyclin D, but not cyclin E, as well as concomitant decreases in the levels of cdk4, total- 

Rb, and phosphorylated-Rb, consistent with and presenting a possible mechanism for IGFBP-3 - 

induced cell cycle arrest. Moreover, IGFBP-3 inhibited oncogenic Ras-induced phosphorylation 

of MAPKs, presenting the evidence for cross-talk of IGFBP-3 signaling with MAPK signal 

transduction pathway. IGFBP-3-expressing cells also displayed increased Annexin V binding 

compared to controls, exhibiting the IGFBP-3-induced apoptosis. Further studies demonstrated 

that IGFBP-3 caused an increase in caspase activities, suggesting a potential mechanism for the 

IGFBP-3-induced apoptosis. Taken together, present study shows that cellular production of 

IGFBP-3 leads to cell cycle arrest and induction of apoptosis, thereby inhibiting cell proliferation 

in these MCF-7 human breast cancer cells and suggesting that IGFBP-3 functions as a negative 

regulator of breast cancer cell growth, independent of the IGF axis. 

Cell cycle arrest. I examined the effect of the IGFBP-3 receptor on these specific proteins known 

to be involved in cell cycle progression and the apoptotic process. Hs578T and MCF-7 cells, and 

the IGFBP-3 -constitutively expressing MCF-7 :BP-3 #1 cell line were either left untreated, treated 

with an apoptosis inducer (sodium butyrate, NaB), or transfected with vector alone or the 

IGFBP-3 receptor. At 24 hours post-transfection cell lysates were harvested, assayed for protein 

content, and equal amounts of protein per sample were immunoblotted. Examination of cell cycle 

proteins cyclin Dl, cyclin E, and p21/Wafl revealed a specific decrease in the level of cyclin Dl 

protein in the IGFBP-3 receptor-transfected cells in the presence of IGFBP-3. Control 

transfected cells, and the IGFBP-3 receptor-transfected cells in the absence of IGFBP-3 had no 

effect on cyclin Dl levels. Cyclin E and p21/Wafl were unaffected by these treatments, while 

proper induction of p21/Wafl was seen with NaB treatment. Additionally, when the IGFBP-3 

receptor-transfected cells were examined by immunofluorescence with antibodies against Cyclin 

Dl, Rb and the IGFBP-3 receptor, a significant reduction in both Cyclin Dl and Rb 

immunodetectable protein levels occurred in 4-3 3-transfected cells, but not in neighboring 

untransfected cells (Figure 4). 
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A possible mechanism for this effect may be perturbation of p44/42 mitogen-activated 

protein kinase (MAPK) signaling pathways. Our data indicate that levels of phosphorylated 

MAPK, Cyclin Dl, and phosphorylated retinoblastoma (Rb) proteins are significantly reduced 

upon induction of IGFBP-3 expression in MCF-7:BP-3 #3 cells (Figure 5). 
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Figure 5.   Western immunoblot and inununofluorescence data showing a significant decrease in the levels of 

phospho-p44/42 MAPK, Cyclin Dl, and phospho-Rb proteins with induction of IGFBP-3 expression. 



Apoptosis; We further investigated whether the IGFBP-3 receptor plays a role in IGFBP-3 - 

induced apoptosis. Hs578T, MCF-7, and induced MCF-7:BP-3 #3 cells were either untreated or 

transfected with vector or 4-33 and the cell cycle profile was analyzed by propidium iodide 

staining of DNA content followed by flow cytometry detection (Figure 6A). In each case, the 

IGFBP-3 receptor-transfected cells displayed an increase in the sub-Gl population and a 

concurrent decrease in the S/G2/M population compared to control cells. A peak in the sub-Gl 

range can be indicative of cells undergoing apoptosis. We investigated this further using an 

Annexin V assay, which is used to identify cells early in the apoptotic process. By incubating 

suspended cells with FITC-labelled Annexin V, coupled with concurrent propidium iodide staining 

without permeabilization of the plasma membrane, it is possible to discriminate between cells in 

early apoptosis and those in late apoptosis or necrosis using a two-color flow cytometric analysis. 

Hs578T cells were transfected with vector alone or the IGFBP-3 receptor, and subsequently 

harvested and assayed at 14, 24, 36, and 48 hours post-transfection. As shown in Figure 6B, at 

each time point, the population of early apoptotic cells was significantly increased in the cells 

transfected with the IGFBP-3 receptor, compared to control-transfected cells. 
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Figure 6. Induction of apoptosis by IGFBP-3 and the IGFBP-3 receptor (4-33). A) Cell cycle analysis of breast 

cancer cells either untransfected or transfected with vector or 4-33. B) Annexin V binding assay data from a time 

course of Hs578T cells transfected with vector or 4-33. Annexin V binding is an indicator of the early stages of 

apoptosis. 



As IGFBP-3 has been shown to potentiate caspase activity, we examined this phenomenon 

as a potential mechanism for IGFBP-3/IGFBP-3 receptor biological funtion. Caspases are a 

family of evolutionarily related cysteine-dependent proteases, with an universal specificity for Asp 

in the V\ position, that play a prominent role during the progression of apoptosis. Activation of 

caspases and subsequent cleavage of critical cellular substrates are implicated in many of the 

morphological and biochemical changes associated with apoptotic cell death. Using an assay 

which detects activity of a broad range of caspases by incubating cell lysates with a mixture of 

purified fluorogenic peptide caspase substrates and measuring subsequent reaction kinetics, we 

demonstrated a measurable and reproducible increase in caspase activity (described as pmol 

substrate cleaved / min / mg protein) in Hs578T cells with transient overexpression of 4-33 

compared to control-transfected cells (Figure 7). 
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Figure 7. Potentiation of caspase activity in Hs578T 
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3.    Characterization of structure-function aspects of IGFBP-3 action in human breast 

cancer.   (Tasks 10-13) 

Our previous report demonstrated that we have generated proteolytic fragments derived 

from plasmin-digested recombinant human IGFBP-3, synthetic fragments generated using the 

baculovirus expression system, and IGFBP-3 fragments in normal human urine. With each of 

these reagents we demonstrated retention of IGF binding of an N-terminal IGFBP-3 fragment, 

albeit with significantly reduced affinity as compared to the intact molecule. In addition, we 

demonstrated that these N-terminal fragments can bind specifically to insulin, and inhibit insulin 

receptor autophosphorylation. As further investigation, we identified differential effects of 

IGFBP-3 and those IGFBP-3 proteolytic fragments on ligand binding, cell surface association and 

10 



IGF-I receptor signaling (see Appendix #2). We demonstrated that IGFBP-3 showed a dose- 

dependent inhibition of autophosphorylation of the beta-subunit of IGF-I receptor (IGFIR). The 

(l-97)NH2-terminal fragment inhibited IGFIR autophosphorylation at high concentrations and 

this effect appears largely due to sequestration of IGF-I. In contrast, no inhibition of IGF-I 

induced IGFIR autophosphorylation was detectable with the (98-264) and (184-264)COOH- 

terminal fragments, despite their ability to bind IGF. However, unlike the (l-97)NH2-terminal 

fragment, the COOH-terminal fragments of IGFBP-3 retained their ability to associate with the 

cell surface and this binding was competed by heparin, similar to intact IGFBP-3 (Appendix #2). 

In addition, we are in the progress to synthesize IGFBP-3 mutants which show no binding affinity 

to IGFs, but retain full affinity for the IGFBP-3 receptor. 

These preliminary data support the hypothesis that 4-33 is a functional receptor for IGFBP-3 in 

the breast cancer system, and that the interaction of IGFBP-3 with 4-33 may be an important 

mechanism in the IGF-independent, growth-inhibitory actions of IGFBP-3. These studies firstly 

demonstrated the underlying mechanism for the IGF/IGFBP-3 receptor-induced biological 

function; the IGFBP-3/IGFBP-3 receptor axis arrests cell cycle progression through ablation of 

the MAPK signaling cascades, and induces apoptosis via potentiating caspase activities. 

Current findings under this grant support will provide pivotal evidence for clinical significance 

and potential application of the IGFBP-3/IGFBP-3 receptor axis in the prevention and/or 

treatment of human neoplasia, in particular, breast cancer. 

m. KEY RESEARCH ACCOMPLISHMENTS 

• Demonstration of the binding specificity of the IGFBP-3 receptor (4-33) to IGFBP-3 and 

other binding proteins. 

• Characterization of the IGFBP-3-induced biological function in human breast cancer ells. 

• Identification of the potential mechanisms for the IGFBP-3/IGFBP-3 receptor-mediated cell 

cycle arrest and induction of apoptosis. 

• Characterization of IGFBP-3 proteolytic fragments on ligand binding, cell surface association 

and IGF-I receptor signaling. 

11 



IV.   REPORTABLE OUTCOMES 

• Devi, GR, et al., 2000. Endocrinology, in press. 

• Kim, H-S, et al., 2000. J. Biol. Chem, in submission. 

• Ingermann, A.R. and Oh, Y. 2000.   4th International Workhsop on IGF Binding Proteins, 

Sydney, Australia. 

• Kim, H-S and Oh, Y. 2000.   4th International Workhsop on IGF Binding Proteins, Sydney, 

Australia. 

V.    CONCLUSIONS: 

In summary, my laboratory has demonstrated IGFBP-3 / IGFBP-3 receptor interactions in the 

human breast cancer cell system, identified and initially characterized an IGFBP-3 interacting 

protein from breast cancer cells, and generated a polyclonal antibody against this interacting 

protein, and generated inducible IGFBP-3 stably transfected cell lines. Now, we have successfully 

characterized binding specificity of the IGFBP-3 receptor to IGFBP-3; Only IGFBP-3 and its 

fragment (aa88-148) bind the IGFBP-3 receptor with high affinity, whereas IGFBPs, -2, 4-, -5 

and -6 did not interact with the IGFBP-3 receptor, demonstrating specificity of the IGFBP-3 

receptor. We have also identified the IGFBP-3/IGFBP-3 receptor-mediated signal transduction 

pathway in human breast cancer cells. Current studies demonstrated that the IGFBP-3/IGFBP-3 

receptor axis causes cell cycle arrest in Gl phase and induces apoptosis. The underlying 

mechanisms are ablation of MAPK signaling cascades and increase of caspase activity, 

respectively. Further through investigation is currently in the process in my laboratory. As 

characterization of the structure-functional analysis of IGFBP-3 and the IGFBP-3 receptor, we 

demonstrated that these N-terminal fragments can bind specifically to insulin, and inhibit insulin 

receptor autophosphorylation. As further investigation, we identified differential effects of 

IGFBP-3 and those IGFBP-3 proteolytic fragments on ligand binding, cell surface association and 

IGF-I receptor signaling. As laid out in the Statement of Work, We have completed Technical 

Objective 1, Tasks 1-7 in this year. We have accomplished Technical Objective 2, Tasks 8-9 and 

published 2 papers. Technical Objective 3, Tasks 10-11 are finished and published work. Tasks 

11-12 are currently underway. In order to finish those Tasks, one-year extension was requested 

and proved by the U.S. Army Medical Research Committee 

12 



VI.   APPENDICES 

1. Devi, GR, Yang, D-H, Rosenfeld, RG, Oh Y. Differential effects of insulin-like growth 

factor (IGF)-binding protein-3 and its proteolytic fragments on ligand binding, cell surface 

association, and IGF-I receptor signaling. Endocrinology, 2000, in press. 

2. Kim, H-S, Ingermann AR, Tsubaki, J, Twigg, SM, Oh Y. Cellular expression of insulin- 

like growth factor binding protein-3 arrests the cell cycle and induces apoptosis in MCF-7 

human breast cancer cells,. J. Biol. Chem., 2000, in submission. 
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ihi« biniliiijj wa* a»>i"«l«il (jy lwp«riu., tiwIlHi" u« '•")*xl TCRP-S 
(FjirfoorinWugji 14l! 0000-0000, 2000) 

T™ TKSUT.TN-UKE GROWTH fftttO« GCF) T and -II 
play an acth-e role in. t«l) prolifwndtiiui and exUl in 

avvutiaüüii M'iÜi ilislioi:! AHH S|wriKr l(rl -hinHing prntrm^ 
druicnalfd M ICFEPo I 6 CD nnd posr-ibly ICFBP related 
protdbno (ICFBP-rPr.) (2V 1GPBP-3, the major IGPBP in adult 
svn.im.l'iii'JiL'yliilfjFswillilMijIiHM'ii-illj jnil^j-ift-iririly,».^ 
ir w-rvc« ».■« A «rrif.r nf ICFs, prolonging their half lives, as 
well as modulating their prollfcrative and anabolic effects on 
target cells by regulating ICT3 bioavaiLibilily. Exu^enuu» 
IGFBP-3 iut> id»u Iweit deilvoosli'fll^H lo sij^nifiriintly inKihif 
Hie growth of v.inoiif orlU, inrlndiTiff HA.^7fiT «trngfiri iv- 
c^ptriT-nfgiitiv* human breast cancer eclb (3), Decreased cell 
growth was observed when human 1GFDP-3 complementary 
DMA (cDNA) was traiikfei;l«J iiilu miXiS* DiJb/c libiob^sl 
e*JJs(*).»n,1 intn hhirnhl;i*re*lhderived from mouse«mbr>'os 
homnzygous for u targeted disruption of the type 1 IC,¥ 
receptor g«n« ($). Tim metlvaiü»m of Üii» inlüUiUO" s^üms to 

Kocoivcd March 2$, 2000. 
Address nil earrcApoftdaia arid requerif for rronnts to: Gay»thrl 5. 

Devi, 1'hJJ., AVi KloHwrmo, Inc, 1S7S SW Pjscireh vv»y, Sulto 2U0, 
0-pn.-»ll«, Oriwon V?^j. Umail: grdev»4avibio,com. 

»TM» n^«in-h wan nuppnrtad b)- IÄ Army »ufOittS L>AMX>1/W 
l-*»J (In r.MTl.) *,n1 rjAMDU-Wrl-CilM aid UAMUlV^fc-1/JU4 
(to V O H) 4.«1 i.y MTI r.i*,il« ran -Ul<.-515i:S (io U.U.«.) and LA-WUvJ 
fttiKfiltl 

* I ?wi'l „lil.Kxt A\T n;.irii.ifm,! Itu-., «7S!iW KitwarchWay, iAnt« 
200, Cwi-v^lli» rti*yi-m <WTi1. 

4Piifyr"' «lili-s» rVii.ii!m.M! at r»nf/,y, rhnnhnk NnHnrll Lni- 
ufi-tily Mäü^I fVrnwl, ChanjiJ. [Cure*. 

be both IGF-lndependent and IGF receptor-independent 
jud i»; inwliated, prtwuniably, Uir«u(j(li biiulkm [u »jjedfit; 
K.;i UIV1 rwplnre. (f,.)i) 

IC.FBP-3 may be posttrünalotionally modified by ICFBP 3 
pfOteacfXoJpreoentln biological fluldc or culture media (phi- 
milt, j.TOkfcitc-if.H.Hiüt: untlyon (PSA), matrix metallopiu- 
lpa«M) (4) *iiri threw whom- arHviiy hAa h«»rt LHi~mnn«rivit«t 
only in CTtm like, thai of stromelysin 3, thrombin (10). Sftrum 
ICFBP ptoteases(») have bccti detected in diabetes (11. \2). 
renal (13). pregnancy (Id), malignancy (15,16), and following 
traumatic conditions or invasive procedures, such as sur- 
jjwry. Ckavajw *it«» in IGFBP-3 hav« beuii lwatgd al Ute 
Ixftiiininß oi Hie v-rtriflhlc iHoiiwiri (.csirin« S"i-Wil), i»vKcn- 
larly residue 07, which is the cleavage site for PSA, plasmin, 
human scrvrti. and thfombin vieldf a fragment of approxi- 
mawly 16 l;Da or 20 kO» («lycosyl»*«^ K5FBP4) (10). Kow- 
rvrr, \\it-1 t X )l \-\rriMirifll tTflfrmrnts, rontflining n highly tw- 
sic heparin binding domain, have only been detected in vitro 
by ptosmifl digestion of intact TCPBP 3 and thcoc fragments 
seem to inhibit dejrradation uf other binding proteins (17), It 
1* iewjj,niz«d Üml 1GFBP f.irgl««ly*i» al*v uw-urs in Hie nui- 
utal suie oulside ol [he bloodsU««m (18.19) aiul llnal, iit Ihe 
or 11 ^nviri^nni^nt, it i« nr\ «%rnh»l Tiwrruinum in r^iilflrmg 
the bioDvaUability oi IGF, Both intact ICFBP 3 and ICFBP 3 
proteolytic fragmenti have been shown to be capable of 
bl(xkJ"B tfi« uiilwatsitic «IfisLl of IGF« (20). WlieÜwr Linse 
.xHons prim,vily rrpnrvnt 11.^1 -fi^prnHrnt or KM-indepen- 
dent rernaijfi» to be determinod. 

yng. ue. 
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i'l IK tt'fECT OF JGFBP 3 FRAGMENTS ON ICFIR STOKA1 .INf» 

Our laboratories have demonsliaUfd UvU »hi- Nl l--h»frni- 
Ital racumbiimuL Clients of It^lVsr'-:1. (I «7) and (1 97) 
retain Uie ability to hind IGF. albeit with substantially re- 
duced Affinity. 'Additionally, these fragments, tsj/ouliuillv 
bind insulin and emulate insulin binding loib receptor (/', 
22). Basad u" the*« »ludies. U h.i* hr «i hypothesized that the 
Lürtserwi Ml lj- nnd COOH terminal sequences, as wall üS 

the appropriate ternary Btructuxe formed by ilisullide bonds 
In the *i-% dd«k<d IGKHi-'s. .vv all revrinred for high affinity 
binding nf TGF.i. A recent study had Indicated that a natural 
COOH tcrxninal fragment of Jimiuii ICJFDF-2 «lained ywir- 
rial IGF*buid«ns «n-tlvilv (23), and * roOH-terminel, IS kDa 
UäFUl'-ö hafimrnt (i viluted from hcmofiltrate) showed sim- 
ilar rMulta (24). However, then» Is limited information i«t Uie 
binding characteristics of the FGFBP-3 ClXJU-tettvuiv»! do- 
main and the resultant bioloi^ical etlecls of pnofrnlyhc ffflg- 
uuaJs ucnniaininf; ri*hrr t'tw isfHj- or C.OOH terminal residues. 

In thb 3tudy. wc demonstrate the ability of COOH. 
terminal fragment* of IGFBF-3 to bind lOf Thi» (SlrWM) 
1GFDP-3 Ireament md the (l-WJNIHj-tei-minDl fragment arc 
both characterized, furthermore-, by the ability to bind insulin 
with low affinity, but with lii(fliei ailijiily [h*A is (he case for 
litUuil ItiHir-'.l Additionally, we. have examined the effect of 
intact H"FBP-S and the 1CFBP 3 fragments on KJF-i-etimu- 
latcd autophocphorylation of the IGV-l w.«>'tur (ICjFIR) 
ß-subunit and their ability k' associate wilh Ihe cell stivfa« 

M&tAriats and Methods 
AntibvtitUK und iwyvnls 

(CJFJ and ICSJI w«w purchoiwd In»» Aiisli«! niuln£ii'Ak (VH.IA 
Clara, CA). "»MOM (specifv. nn.ii«,tiiH» II>I«I,».I "^-70 itT,/,^ by a 
modification of diknuiiiiiv-T IWIUMIJI»-) *url TcTTTTV) mf,ii<-«.-lrtnal an- 
tibody wet« kindly ><x<.^v.lvl by riwjjiKtJIi Sykliwm l^tvuAlnrim, Tiw, 
Wabiitiir, TX. 1GFBP-3'"-**1"" •«<*• rJilAirwKl from CXrrix Pharme- 
caurkalk. tit. (Sant« CW, OA) l',1-(A14)-iiiiinniiv!iriiilf>3 invilin ma 
purchased trom.Ajn<mlismiPWtw.i'<TV.,>Uli nnvift»ift«iilii>*M»Biir- 
eroeedrtomftgrna. AiitlphDW-phut\n»"mBiiiivii.».l'.'i"l'"iii;li«Iy («i1(l5 
war. a gencrouc gift from Dr- &. J. Cnikar (Dupartmunt of Himttttuk'^y 
and Medical Cmwlogy, OrtgonHeal* Sciencec University). Ruananh 
used for SLfe-fACb wer« putctinicd frum Bia Rad UlbO^tOflee, In«. 
(Rirhmend, l^A). 

Ccllcutfwv 
M1W »IÜ «Clio OYOKKprEsnns the hiunAA tCFTR ww kindly Rl/lad 

trom W- C f. Subcalu, Tr. (T>ep»rtfl\erii of PedLurt«, OHRMI Ilnalth 
Bticncw unn-eoityl and grown m DMEMvW 10"i FCSplu» S0Ö ^a/rnl 
jeneböfl at !/ C Wldi S% C02. 

Generation and purification of recombinant 10FBP-3 
pntcobytic fr^mmintH 

(l-97)Kjr'Bf3aAaUXJ 'H!iliCfllP3FLAC-epitep«t«ji5eÄih«sinw«» 
ww generated and purilicd jn baculov-uuj; jnd toftad to be 99% pure, 
» described earlier tfs, a>). I no cu^ A:; for the CCXJH-tenninal fxjj- 
ram!» C*-2M) «nd (104 2M) ^vcrc ?cncrat«d by PCR amplification 
fir*, Ihf hiimtn 1UI-IUX) cUNA tmd « H.AC cp-.mrw :Kquia«E 
(TlNtcnnnnK), *nd * .imp cudun wtii added immediately fallnwms 
H,.,:,«■. wid 2M. Th« sigral peptide seauerVCC» 01 u^MV i «UNA «,-crc; 
llAHtnil In Nl l,4itrmint ot lül'Bl'-S rrasmcnts- After sequonanB. the 
W-9r4 AmpHorn wii th«n Jubeloncd into tns wailimiwi Mproocion 
VKIUI, jiFAlrmAn (l.il« l«->.noiosi«s)4nattanstotmodmrnDHlftBji- 
CtMift,» c-i/; iwlk Tl» .imrtlifiHl DNA wis transterted into bft' insect 
odL;(ATCC),M"J I*««-«* r,l^(>ir^i--i<i iVuiiwi-Alionwashflgxmbyirdechnj 
»he M vlrm Into lO^HI-5 jiow:» n-lK (T:,vil „.^,0, .H o muliifilirily ot 
infecdort of J, it J7 C £w J ii«y>. 'Ow nwli- di*« llif iiifwlfd rrll« wm 

collected and concentrated, and th» nwulstiiti: wetebound kw xni!-M? 
animodv «nlumn ovenUftfii At ■( C, and tha RAC t««K«l («-W) 
prOriinVns then dutud by using FLAG pepttde (03 fifr/ml), ai du- 
.vribed «uilier &). 1 he punfiod protein wa£ £ubjeeted to Sl>S-PAGE in 
/ 1.7if, «fl and stained with Loomasic blue- Further, tha fcagatOtt wae 
A*, «Ci.rinwl by Immimnhkitting wiiri the Mil onbjFLAC antibody 
(F^vl , Ifi.U'r.-,., Km llavm, tm end anti-lüfKl'-J monoclonal 
«irtitijiy (Di-wBif.r,,' riv".lfr,iv [jhnrabnriea, tat), iihihidbachons trom 
Mi»Mii^?-iiinii.lymf,irniiTtrmrx»W,rnn(i<mbab^andcniaririt(Rcd 
Vy ,.V"V"-~K, will, V,„,w,i «mn'nil» nl KiA and lül'UlV!^""*" l^ 

'H». (1M->iU)IfTniM amnlimn, after Mquendng. w«9Sul>clOMdin 
Ui? C-'KI"''!"-! «»I .-if gliilAlIiiiinr frtrareiferaw {iifil) m the plasrrdd 
►•GEXiT "ml ',i<ii»riii:iwi1 inln r.vlirriili'ii mli rnlb. Thp mlture lira» 
Uruwnoveinijjl'l ■-.• I H-*m|ii< (111,, ,HKI iintiuvil wilh?mvTPTft,and th* 
call lytatiai uf the (1*1-244) (39T 'in>io" |.'nil»in w*,s jviijM.e.l. Tly> 
lyf »t« iv«e Incubated vi^th CST StfAiaroii« twHd» fuc 11> ft FT »ml lliwi 
Washed, Purity and concentration «f tha fca^muini win dvtyruiiiuKl by 
comparoon with knotvit amouma of USA standards after sdnr stainrng. 
Itirthi:, tftc p united protem was subjwtcd to SDS PACE in a 15% gel 
and stained with (.ooroasic Blue ana sk.o transferred to nitracallulcea 
ondidaihhedby «wnunoftloHing wilh Mi onü FLAC antibody fli3000 
dihibon). 

Affinity cross-linking 

Intact iülTjr-3 or the NHa- and t(AJH-tCrnMMl rragrncnta were 
mcubated with ,ul-l(Jl -1 ar lfcl-injukn l.b0,U0U cpm), m the presence or 
ahvwf r,f liniabeIni l:(,and, in a lIXJ-nl vnl tot It, h at 4 L and then 
i-ir**-linV#rf wilh fl." iitvfrfiniirciniinHyl snhfrnte(r>7i) for 1^ min at i 
C "Hi* M<"|(.IIH!. «WK IIWII «nhji>rl«,1 In Snü-PAOT. (1?% tv IfVM» yk) 
undwr wduüiix uuiiLÜlio;«, <utd aut'.irmliuj4i*i.'Uy on Biuiium MS nim 
(EMWW> Kod»l< Co.). Band« toara quantiflad by diinültumdtry (Biu-Rad 
Liboritoriec, inc.). 

Wcetarn ligand blot analysis 

Ligandbiottlns wee perfbrrned « dwerjbed by Hot senlopp at al (M)., 
with oMnor (nodltleatton«. Brtafty, tamplaä of Intact lCPfiP-3 (1-S7), 
IGFBP-3, and (96-3M)lGFBI'-3 frajrmanli;, at ths eoncontrattomi indi- 
cated in the ftflvr» tigands, were tublactad to SD&PACE (12% or 15% 
felj under reducing or nonraductna; condltlonf, alectroblottad onto nl- 
uoeelluleee filter», Incut«««« with IS * JO4 cpm of ""T-tnsultn or a 
mixture of **! ICTI and "?MCF-D, waehecL dried, and exposed to film 
(Kiomax). 

MonolayrT lishlOF-1 affinity cross-linking 
nT.imt.T(inft.nnfli'iwi) »*** r>«»iri«-.iKil«5 Ln/imirrnfiiWiluhpfarSh 

HI 4 r in ii.H inwiii * I'II zhvtti-f of mid ir.r.i, iitiart rcirrtp-^ an n-«) 
(W..?M). IfApJ (?.T) .i\0 (IM-a'J.), TGrrfP-1 (2S0 m*), or (1-97) 
TfiFRP.SCMn.iM) :.i!.l:nIiiiel,iirfri(rlninwtTFPFS,l.Tn,mfh;*rit1.7y» 
TWA). r,»ifl„i-i-,l MT MT) ,-Al« Mithly Iraiwffrted with the human KiFIR 
iDMA (NTTMTS-TfirTO i-#H«) miv'iih-uhalMi in wmim fnw medium 
,n,uniiKlil TTi«. islk mimt wjwhoii iiiw» with rTR. Th» r»lk w#r» inru- 
L>«t*lwitli0wl'"i-iOh'-i/tGFT)P.^i,i,iiiiliiiwi'i.«i*iiiliV1V.ii«'«i,i>lkfi-B/lh 
at 19 C. Tha culli. wan thin wiuihud witli PrtS and awolinkutl will' OSS 
for 15 mln at 4 C. and th« »action was qwouiwd witli 100 nut Xrü/KCL 
Tt£ cdfc were eolutUlaed with semple buffer. Th» covalant HRand- 
rcecptot l13ST ICF t TCHR) complex in the lysatcc was resolved on a 
noarcaucuig b% b.Jtf> HAC t. foliwcd by auttnadiography, iUKXhor cot 
ot the same «unp'X! oi cell lyaatea war. run on a 15% KiS PACE under 
reducing conditions ana tirmunoblotted with M2 and FLAC antibody 
or anti-Kil'Bi'-j monoclonal antiOody, and the cell aasociatcd bands 
yum deteeud with entxneed ehCrnilummeecoKC lAatcraham rTiarma 
cia Ilioavn). 

Determination of cell surface association of intact IGFBP 3 
and the fragmante 

Lonrlucnt monoloyero of NTH .<'f;< IC.PTR celbv won inaibjted in 
»rum he* medium i^emiSht. intf-Ct K,rRl'-J (^U nicliirasments 'Ä i<A 
(2S1 n«), 1H4-264 HbU nw. or I '// (üw riKi in the presence or absence 
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THE EFFECT Of tOFRP-S FRAGMENTS ON KU'IK SII.4NAI .1 NU 

^V 

<•> 

ofun TO'1'"' h^win (T.ignM), in bifldtae CUlt-v. was added to tho cells. 
It.««m.il., *»iwim«nt,citLfl weretreatedwithhcpirin (100 j±g/ml) tor 
11, i*.iiw*iiliriofniMhnpepndes &3 lutedabove.Thetxcatmenttwere 
.'«■7 !M] .u.l .tl 15 C for 3 h. The etlli WMC washed with PBS and Croet- 
lii.V«<1 wilh nt?l M described above. 1 he solubdiaod cell lyMtcc were 
llw.i .'...I on 4 15% 'JDÜ-1'AUs (Wd jflimunnblottcd with and-IGFBP-3 
  k,,Ml a.nihody and detected with cWwrccd chimiliimincMeflCC!. 

IW-l.intiiitrA H'lFTR autophoaphorytatiorl <WWy 

Cuiiflv«i" ..«nuiliyf.* or *.»...nl-Varv«d Nlll-JliMLir'ltt cells WCfC 
axpowi iii * mi>. i..' "« TCF-I which had hff.n prancubated Wntl/ 
without into.'. 1GFBP-? ft^T), TCrniM ,nr (9fl-2M)l«lIläl'-3 ifti 2 h at 4 
C.Ther«acriunwii»4iw"..h-.]l^~ili.l>:ii/^l»wl7..[f«-|l%Nf,nidBti,-4a, 
20mMTris-Ha(pH?0), 1 ...» FTYTA, 1.r.fl MM N*CI, 1(1% ajyrernl, 12 
U/ml ipn.ninu\ f.Vnyl..i»iliyk..lfu.i)! fW.rido, And 1 mv Na,VUi|. 
StiubUiuid |uulsiin (75 ,'1nfll»! .vll II/MIM) wwi» «maToted by SLä- 
PACE (7.5%) und«wJi«.i"[;'<»''lill.v.*.iiid vi«i»li»<i by immunoblnt 
analysis. For kiumui..*A.l -....lyiK ft* fillf.% wfm Mcvked in Triv 
buffored salin« (TBS) «*!■ **« H-1'1'" Ihr 1 h 'I morn KmpwaniT» and 
ih»nlncubat»d'whhmitii.lH.^^«.'lynr.li»' untui« V..wl anlihndy (1.!i|.$/ 
ml) diluted by TBS + 0.1% Trtoii X-100 (TRST) r,„ 1 h ,il mnm lm- 
pentuie. The flltwe were thim rinsed in 1 x TBST utd iuuuwUiu in » 
i*0Ü0 dilution of goit IMbnouee rßC-conluRitod honMudith pwuxi. 
due (Amartum Pharmacia Biotech) for 1 h at mom temperature. Im- 
munofcocovc pmteinr. «si vüuitiaod uelnj in enhartojd cheTnUumt. 
neHMnce detection system- 

R«iulU 
KqimuiKm of the ICFBP-3 reeombintmt fragments 

DAS*d Cxi H» a5T»rtain«l jinrl priffifted IffiA rrYOgniriflfi 
sites in ICFBP 3 and thcjSCySnlHori 5t!<*ft>r otlTer w10^ 
1GFBP-3 protean««, such «; .m**illuf>ryb*i»ie» aiiJ jiluiuiiii, 
butti uitact KIFBP-3 «un.1 lour CiUlMeiU i*.:omhinant fraj». 

N .o?*n^ *"■"■ n'n^rrthrrf in A baciilwi i-u.i and /or Exhaickia colt 
expression system. Each peptide was coupled with a FLAG- 
epitope tagatthe arboxytBrnUJi.uk, u* sliv*» in Fijj. 1 A^Tiie 
L.uiiIi«U pi'C'leüx* we»"* i«Wttiin.-il-»loll*cl vH^ nnh-l'I.Al'r M7 
or «nli-K"FBP-3 monoclonal antibody for estimation of thcii 
molecular weights. Intact IGPBP-3 »nd *}\ th« früjjnwfe 
we« LWIäUL.IC I.» «iiLi-VlAtj M7 Jinllhcuiy .mrier nr.lncinp, 
(I ig. IB) »nd n^nivduring «mditiora. Dimcrizcd forms nf 
me prottlns wore Identified in a'nti-FLAG M2 immunoblots 
run undw nyttrvdutiinj cuiidiuuiu. (dal» iK'l iliöwii). Saudi 
disaeptuKies betw*e-ji WiC Mr f?r ivitnrt lCtVf)t'-:i (l-^y), 
l(>|.Hl'-:i (<#.-/h4), rGrfiT'-?., and (fi8-14fl)TC,FBP 3 proteins 
seen on die immunoblots relative to the predicted Mr, which 
it purely based on auünu «id witi^wilivn wf UIK pmleiti», 
nuivlmv«axi«uiL«CAuS«olN-liiitidglycosyiflUcn then».ire 
tht** pobiAtiel N-glyeo»yktion sites (Fig. 1A)I .\sn'v. Asn1OT. 
and Aen"*, in 1GFBP-3 (29). The anti-IGFBP-3 nionodoiiid 
wiiiboJv del*cl«d kiucl lOVl.tf-3 a.i.i lW-7^)l(Ji:Hl'-3 yn- 
der both nonrcducing (Fig. IB) and reducing conditions (data 
not shown). The fragment 1-97 WJV dvtwtab!« only und«r 
rtC.il/ertncins wnri'tion*.'I'h^ 1H*-Vn4nnri KK-1JHfTflpnwnt^ 
were not detected effectively with this antibody. 

Anaiysiv of iGf bUtdinfi t» th« IGFBP-S 

To determine whether the regions encompsHied by the 
IüFDP-3 üa^uujnls tcuilAu'ie'l * l...i.:li.>.iJl lt.,r.l.h:,iriinj>/ 
rrrtAS-linkine site, the proteins were incubated with 12S1 IC;F-1 
and then affinity cross-linked with l?SS and »nalywd by 

'  snS-PAtil-;. 'llv .tl!* :.-. lift ?A dmiwin«frnh' Ihat lir"l-IC it—i 

a       1«   llii;JUilH   38 
184 «1 

D 
2 

2 
8? 

GO 

i 
* 5; 
* fc   § «   ^   3 

4? 
M* 

31- 

14-           « 
Jb. 

30-   ^■JP' 

21- 

»4- 

aiiti-H.AG anti-TGFBP-3 
1?":- 1 Ef|itvwiuii «TFlAG-cpUupe wmred human IGFBP-S und Its 
rmyjueut». A, Tlw cDNA Cv pcvpamliua of Ih» IGFBP-3 fragment! 
w,u vyullivüuvd by a wiriw vf PCR naRiima using the human 
ICi"6P.3 eDNA us template and iscaiporating sequence encoding s 
COOH-lerminal FLAG epUope tag. The dark boa» (1^87) repreeent 
±u consented KHrtermfnal ngios; ma diamond «sHpsd tow* C153- 
2M). the eonaeivad COOH-twmlnal »«Ion; aod the imn GETOM^ 
fmeu (»»-184), the v«rl)bl« Intermedia» reqiofl »f IÖFBP 3, Tho 
srodktod aolceulir weichte (KW) flic bated on the imiino odd com 
potiition of tho proteins, B. Protein ctprcssion was analysed by lm- 
tscnoblotan; uncs the M!i monocloaal antibody under redunmc con- 
ditions or the lüb'Bl'^i moocclonal antibody under nonmriudnc 
OOnditiona. coupled to LC!L. 

Lau be <jww.-liiil.ed U> tin,; (l-9?)ICFBP-3 and (95-264) 
TGFBTVt fr«i>mrnK m is Hfw^-HcrwvHetir nurni« tüRiliiicanl 
IGF CrOOS linking woo. observed at 50 riM concentrations of 
Cl-97)IGFBP-3, wliidi wav wmyltttwly «aturated by 100 nM 
conrenti'ohrtns. In thf r*v of (yri-;M)U 41 'HI •-'.!, a rf.Mie- 
dependent Increase in IGF binding with increasing protein 
wm.«ntr«tk>nts with saturation of binding occurred by 
500-fiM LOiiufiilialiuii raune. Tiie cxpucied vi^vn of the tndi- 
vidufll pfrvtcnlyhi' f>«i>ni^nt<viiipl«i ro 7-H )n U5l-.lijl''l were 
detected, shown as 25 and 41 kDa band», rMperhwIy. A 
faint band at 39 kDa k potentially a dlmoriaed form of 1 97 
l»"Afto:#'M .u^s>-liiil.ed tul^JF-1. 

For estimation of the affinity of TOilM binding, tlw pny- 
teoKtic fragments were affinity croEs-Ilnkdd with ,5iil TCP 1 
in lh<* pa^^^.'irr itii'i.J.ilS '.'»f illil,rl.)^lv..l TC1F-1.. 
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TMK RFFECT OF IOFÜP-3 l-'HAISMKN IS ON UiKIH fill'JNAIJNCJ 

'3? 

Amdym of insulin binding: to IGFliP-3 fniM^nU 

The observations Hist insulin could compete for '■"'I-IGF-l 
bindine to the fragments led us to assess trw insulin bindm* 
activity. Bo* (l-97)lCFBP-3 and (98-264>lUR<F-3 showed j- 
ttronu "^-Uwuliii aüss-ünkinf» band, m comparison with 
(hot observed with ICFBP 3 at Similar concentrations (Fijj. 
4o), ürdabclcd Insulin was able to dvws-dejjendeiilly Inhibit 
"1-insuliu binding to both (h* Ml l2 and tTJOH-wrminol 
liajuwenr« (lif. 4K), Although even higher concentrations of 
unlabclcd insulin could not completely duipLsLs " l-uisui;.'' 
binding to the <98-264)IGt»r-'J. S''f,f,fshnK " *1(V;V di,won 

ütiyu tile. Calculation of the unlabclcd insulin conccntra- 
Uons required to achieve 1QV Indicated that the (1-97) 
TGFBP3 had an IC*, value ranging Vtstw«» 0-3-0.4 ^M. 

whereas nearly 1 UM uiOabvWJ insulin w<is...-eni"n-d Mrmiv 
50%di*i>la<.euieiUoJ: 'r'l-m«nhTi binding to the (98 264) frag 
awnt (I if;- **)• K1F-T was aba able to compote for the " 1- 
insulin binding to the frajianents, aldioujjh lii>d«i «.jsnoen- 
trations of IGF-I wete lequired in the f"» of ('-.>K-*-4)TGFBP-3. 
bi snmnvity, the (i->>7)IGFBP 3 showed significantly high af- 
finity for Insulin, relative to tins (9$-264)IGFBF-3 £i«fcitteol 

FuilliKi, Western Wot eroik-ws with indinatc.d insulin 
shewed that both the 1-07 and'the 9S 261 fragments bound 
insulin. The TGFBP-3 intermedia« fragment (88-148), wlm.li 
lacks both trw NH,. and COOlMeuX'J.'«! rfomiiiii«, «hnwed 
noVliidiiis U.«KJF-L K.;i-H,orinsulin,in Western ligend blot 
(»Int« nnt *hnwn). 

IOFW-1 mut 1-07 frnemrni« inhibit IGF-I interaction with 
lite ICFIR 

lo determine, whether the ability of intact ICFBP Ä and the 
ROÜAO"andcarboxyterrrdnal frapiivnklo bind IGFs i« !>i/'o 
lead ty vequejlralion ot Hjl'5 ™ JJTWI, n ,SJf-Tl"F-T monolayer 

~ Ajti.iity rmw-link-ing assav was done in the NTH 3T cells 
overexprcssing the ICFIR (NIH-3T3-IGF1&). The data in Fig. 

/SA Shows that li5I-IGF-I specifically >:IV»*-1üü\* with the 
/ IGFIR shown a» A 230-kLV hsn,< iinHcv nnnnrdiirmj» condi- 

tion U5l-"M-t Hmdinf; to fCFIR wan completely diapbccd 
hy lOOnMunlnbelcdlCT I.Further,ttalGF-1-lGPIRcomplex 
formation wit completely inhiblUid by (.ireiiicubÄtion ol the 
iydiiialiKt 1ÜF-1 with nnhtvlrd KVl'KIVi («! nw) and about 
w«! inhibited by prcincubating vvith ^50 IM concentration of 
(1 97) NK^terminal fraijnwiit. Tl« Lic»»-liiii>.e<:l b*nd was 
mit udiii:>il*i.1 lK'Wevci", hv preinfuhation of thR ™-KiF-I 
vrirh .'Ml «M of (0fi-2ft4)lGFBF 3 or the (181 2WHGFBP-3 
fragment, 

The same eet of Eamplwb wvrv n:«iiw«:l on Ail inunonoblot 
and uruUd will', M2 «nti-l'l -Aft Antibody. V<MultS in Fig. SB 
show ihnf the fArbovvwrminal fragments (98 264). (.181 
,'M), end intact lCfBP 3 molecules associated with the udl 
surface in the present« yf TCF-I (l-SDlGRV-Vl, however. 
«)iuw«.l iw> C*ll-*SSOCi*t«< h^nd. 

TA« ru/6o(>Oi,min«' fingnuinbi hour, the ability to asxäatc 
tm thr. rAl nurfaci 

Dec*u5«, comi'wircfi with thp NHj-terminal fragment, the 
(4rt-2(W) CCX^H terminal ICrBP-3 fragment failed to inhibit 
binding oHCF-I to the KJFIR. w« waiitwl tusludv U* *b:niy 

nf UM fidKmwü; lo associate with ttir <rll ■uirfar* m thi> 
nhwnrc of \CTA. Monnlayer cross linking was carried Out 
with the FLAC epitopo tagged Intact lGFBP-3 (1-97) or (98- 
26-1) fragment» in NIH-3T3-IGFIR KVO», and Ü« <*U-a»oci- 
aled UIUIAUü «ei* cl«l«lcd hy immiinoblfifhTijj thi« fril ly- 
wt*A with anti-lllFEP-;', monoclonal antibody. The (98 261) 
Caiboxytormbal fragment and intact IGFBP-3 mul«eu]«v w 
MKiabd   wiUi  die «11 *iu-lac«   (l-H7)lOI'l!IV.i/  howi-\w,     V 
showed nn i»ll-/n<iort*h»d hand (Fig. «i, lanes 2 and 5). Fur   . \ 
thcr. there was no detectable shift In molecular weights of the V, 
cryai-linVjed pryleLi» «vlufiL Lonipared wiUi conlrol (I'ij» 11'<) 
noncrOfS'linkfd protein prcpftrttionfl. 

To t*st whether the ability of intact ICFBP 3 and the car- 
boxylrermlnal fragment to bind to the tell surface was via Hi« 
heparin-binding douudns, evils wm piv'uuiubated *ilh hep- 
ariii (100 fiS'''u,i) *lld U'lieo ,^*'!,(l^'', wi,h ,hr P<T,tirl"; Ä,trr_ 

riAtivf ly, th*" rwpndes wr.rf. preincubatcd with heparin and 
then added to the cells, followed by monolayer crew-linking 
in both cases (Fig- 6)- Similai re»iJU wtu« ol'ieived in Lolli 
!y|ics ot erpfrimrnK, i.f.. hppunn hlncted the r*.ll surface 
asaodation of intact lCfW 3 (Fig- 6. lanes 3 and '1) and the 
(ü>8-26»)I'GFBP-3 riaymeiit (Fl^. 6, Luu» 0 nvi 7). 

InhiUliwi vfiOlWl ■iig»-ili'>8 

Because intact IGFBP-3 and its fragm*"* huv« thv ability 
ty bind IGFs and Üiei«by uin.'«.l« ib iiileniLliü« toiUl U» 
Kjl-lU, wi» nnalyn>d thr pn*rnr«il hiolnpirrtl 7n«Tiifrsh)rion of 
this interaction on ICFIR signaling, This was carried Out by 
»Sting the effect of IGFBP-3 and its fragments on IGF-I- 
induved ICiFlE au lu^Uc*(jiiOivi«lio»-i in NU 1-J13-1IÜUR e#*Js 
("rmrml «•prrimi'ntA wi* IGF-T revealed that 5-min treat- 
ments w i th 7-14 nut of the peptide showed maximal Intensity 
auluyliiApliuiylalioiL ol llie 95-1X1* band ol the /J-Siibiu'ill ol .', 
IGMU m «nhphosphotyrosine immiinnhlntt (Fig. 7A). 1 

ICFBP 3 inhibited 1CF1 stimulated autophocphorylatlon ' - 
of the IGHR 0-subunit in a dose-dependent manner (Phi- 7B)- 
Quaiitiricaüuii uf (lie Liliibilioii ol llie |.iliOi^liOj.vlaled iuL'- 
unitof KjI'IK «.-«« «iiTiprf oiitbyrirn-titOmptnrnlly nnnlyring 
the. specific. 95 kDa band and the 116 kDa nonspedfic band 
In each gel. The ratio of the two band intensities was used to 
utimiali« and taln-ilal« Uie |jeiueid.a^e oi iiuuiiinil 1GF-1- 
«hmuln^d ifii'lT* Aiitnphosphoiylation detected in the pres- 
ence of IGFBP-3 and Ae IGFBP-3 fragments (Fig, 7C). IGFBP-3 
uii.aw.150% iiiliEL'lliuit wf (IK IGF-I-uidiiLed «lulcylittiplioiylji- 
hon «f •>-/ nv concentration rangp, and hy IS-2fl OM TGFBP-S 
cortccntrationo, cornplete inhibition of IGFIR autophoophory- 
lation was observed. In contrast, the (l-*7)IGEBP-3 fragment 
üüiibital us-eplui aulu^.'liui.j.'lioiYlalioii mdy «I lii|^liBi. (.unuSn- 
rr/ih^ms (hd-ViM.inhibition »t ll.M-iSInv enncentrarions). The 
(98 264)ICFBP 3 and (184 26D1CFBP 3 fragments, however, 
d Id not show any significant inhibition of lGF-1-induced IGWE 
auU..|jli04MliOiylÄUOi\ evw *( 77*1 iXM COiXenU-.Hions (l^fi 7, I! 
and Q, although these fragments were able to bind IGF I in 
binding assays. 

DlKUIUMVU 

We report herein thai IGFBP-3 fragments are capable of 
binding ICF-I and IGF-ll, alllumgli willi luwei alliiiily lliau 
HIAI w*,l wilh irtlm-l UTI lll'-.i. I urlhpr, the *r»gmpn(* hnvp 
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THF. EFFECT OF lClfBP-3 FRAGMENTS ON IGFIR SIGNALING 

A 
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Competitor, piM 
tlU. 4. ln^ullpb*iiHin^3mj»lyBifi.A,iaI-iMuiinafl^tycrMa-liiikiDg: 
lölfBP-3 protwiytlc fräfjrriann, ware incuaatöä with ^I-insuiin (1 x 
XO* Cpm) 10 a WO *tl vol *pr 1$ h at 4 C «ad th«i eross-Uakad with 0.3 
m« OSS &r 15 min mr 4 C. Tha uttnlty labeled firugaeaLs ware 
4»p«rttad on A X5Ä SDS polyacrylamida g«L An autoraciogram of the 
gal U shown, -which Ls repräsentativ« of three repücatow. Values sji- 
Koatattd *ith tha arroitw inUicutv thu vulculated molvcuiur «-'üghti; ->f 
tha major radiauctiva tipuciwi. B, CDU[H)UUVU ,y,l-üa;ului affinity 
croec-HnWnrc IGFBP-J and th« prot«ctytic facai«pti <Ö0 nw) wviv- 
(ilent ta 5 pmoU WCTü inöuböiod wlih rüäiclabolüd inculin in Uio 
prwcacc or abocnec of the indicuted conoentrutiönti of untabälcd in 
&uiin or iCJF-I. Cro33-linlün» w« then done wich. PSS. followed by 
UiHi-l'AUK. l'h^^uborjiciogTftm of thedntsd sei u ahown. Ihtarrown 
i.tiiir*te Mt* mayiv va ri uw.ttvc: «IWCJM. (I, titiAr.titfttivfr »riAiysi* of 
rwrr-fiUtrtlwl "^MnenHri di*pl;Kwmrnr from KiRN'-fl fr^jmft'.ito: thft 
;IJK nliifwn iii H w*»* i'Irfi-iAitiini^tcH'jilly .inalywvl fi**r i^u^-tfir.Ai'.ivft 
«*J.m<*l.«'iii itf l.hf: t AriUvw-.rivity ,i«hv:,iral vnr.h thft ir.ri'lvirinfll Uwe*. 
TW  tUiJi   hA»Pi>  tw.ri  ftAi'ji-^AAff   AÄ  A   pftrf.ftr.tAgf: Vif  IMA'XIIVMI   hAUii 
iritart*!!/. 
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F«i. 5, Monolay«raffla!t5'cros8-linlan(jirtth1MI-IGf-l,A1'
!läI-lGPl 

wae »remcübatod ai 1C ia tlw pwccii« ot obetneo orualibaledlOF I 
U00 nJt;, IG7BP 3 (SO nM), or frojanento (250 BM); end then thaw 
Bttatmeau wxa odiKxI w »aHiiem mattöla^-ait of KIH 31? IGFTB 
COllt för 3 h at 15 C. Aflör wü£hinCi the «lie wore encz Hnlxcdt end 
cell tytatoe *ere run 4n o, SS» SDS PAGE eel. The arrow indicates Ac 
IGFIRCOMICC crote linked U> radiolaiclod IGT I. B, A oct a£ the «ime 
oell Ivt4to0 were run en o 15* SDS PACE, under reduoed ounditiotil. 
and lmmuse&lacitd With M2 onti ITL\G monoelonnl nntibedy- 

Ü'i6 aL>ilLl.yi Id Liuiil uiauliii wiUi lii^lier MTHILILV tluui yb«frv«[J 
wiHl mhirt rGFKP-.i. Thf prinrip«! romcllision is (h.il Ihe 
high affinity binding of iCFs by TGFRP-/1 TWjmrt»* prrtpi^- 
tertiary configuration of the NHV and OOOH «rmir«l do 
m<iiii> Tlii» oliMUvntiuii j» fuiLliei kU(.<|jutUfd by tlui ruewne 
t'rtncftptfif «n IGFBr mipf rf/imily (:Vt,.'(l). l"hr<M- thpfniir» ot 
evolution, the dacsical ICFEPr., whidn have well conserved 
Ni-J,- tuv.1 CÜOH-leruüiial duuuiniv, «vylv«^ into Wgh- 
fiffiility TOir-Hindm (1). In rrmrm*t, the Ifillil Vl> (I pivarlinil y 
K.;FBPS) onlj' oha« the cOAKrvccl NHa terminal doraairt (32). 
Tills »lrui.lural dirfuivncu, w;ibJiwil with, the present data, 
slrciriftly liTiplilÄle Um "uilpc^Lcut-e oi lie KJFBFCOOH-lwnui- 
n«l rfnmrtin in rnnfirmn^ hijrri^fftnity H'.l' Kini-lin^ 

The concept thnt interaction between >JHj- and COOH- 
torniiiul doniaint it «swsutwl for hitrh-afruüty IGF binding 
was initially ronc^iv«) IM^«1 on obiwi«!lions IIMI pnol«il" 
ysis of IGFBPB in biological fluids results in fragments that 
hflvf iHimini^hiM or no hiiirtIii}> ailiivlies loi IGFs (33), Tlw in 
vitro generation of recombinam fragmcma Or fragments iso 
l.i*cri by limifofl pr&lfrCilysif Supt-'iOnlS live hi vim daltt. A 
lfi-kDa'fVagmont corrcoponding to the NHa terminus and o 
sm<iU pioi'Uoii ol uiliiiuiBilialB iej,;uii, generated liv pryttv- 
lynrally mndifying ICiFBP-4, »p^rifirnlly i-mss-lmV«) rn hnith 
KP-I and 11, although with a 20-fold lower affinity than Intact 
H.il'UlM (;u, 'Si) liiroilavly, a caibocyUiaicaled 23-kDo 
lCFBP-5 fragrnent from osteoblaftr-lil» wll* d^fnofKh-nh^ 
decreased IGF binding affinity (36,37). Deletion mutagefKSio 
nf thi"r»i+iovyt^rminfllrioinnin5o' K.ilMtIM «met |,<JIW-41\i(S 
reEUlted in a decrease In IGF aff inity, thereby demonotraring 
tlw importance at the liif>hly i:Oii»i"v«l (.'ys-'lVy-Cyfr-V*! ititi- 
t£f in. the carboxytcrmlnal region (S8, S9). The present study 
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FiU. 8. Eflki ijf ln-iwr'iii UN »ill MII r.iiv: .iMv.i.ifciiiii of Kil'lUM! and 
Its frugmeabi. Cwidwil. NrE-ÄTfl-TfVnTR IXIIJ. »ft« tiUMtari with ei- 
ther pgptidM ulon» [lime 1, unU-wUl tvIK I** «. HOTnP-JI: law. S, 
<»»-M*>IOFBP-S; tiaut 6, <U97)IGFBP-8] or «.Mi iw^l* (.nw.n- 
batod with hepsrtn for 1 h at 4 C llmw 4, IOFBF-S i hepM-in; law 7, 
[93 26-l)lGFBP 3-flMDartal;or Ü» sail« <">» Cnl uvuLul wilt hep. 
ario for 1 a, w<mhod, and thou Che followfci c peptld w war» addad: Una 
8, ICPBP 8t lano <5. (68 26WGFBP 3. All tho troatmenW were ear- 
ned out for 8 km ibC. After woihinÄ, ill« ecus wero eroae-tokad, and 
ecu iaswxa wens run on a 15% SDS PAGE and lmmunoblottod *rtth 
tott-lG'Jr£F-s' monoclonal antibody- The wrtwc indicate th* Mil- 
aurläcc-oawxiatcd apeoeo. 

is the first tu dearly demonstrate llie ability of Uie 2B-kDa 
(«}«-?&*), lljl-'Kl'-n intermediate iC.^H-lrrminal prolc.o 
lytk fragment to bind both IGFr. and insulin in two different 
pro»«dui*>, alfuiily uOiS-liiuünft «lid Weife-.-n tij»>md hint 
Interestingly, the binding of the (98 26D1CFBP 3 fragment 
to "*I-IGF-I or ' "1-insuUn wab compwlillvely dixpIaLed by 
both Uil:»l /wd insulin, rhniifjh with different affinities, sug- 
gesting that the insulin and IGF binding sites are probably 
not identical but uveiU|.< CIL «Sid« Closely on the If <rl■!«*-"S 
molecule. This b in contraw with the (J 97)ICFBP-3 frag- 
ment, where, insulin and 1GF-1 *»eie Appiw'unaieiy ciiilpo" 
trnt in displacing ^T-IGF T. 

We have shown that IGFBP-3 eaubub a dy»e-depejideul 
iiiMbition of Kil'-Hndnred tGTTR »utnphosphorylation in 
MIH 3T3 cells ovcrcxprerstng the lGt'lR. This inhibition oe- 
cum at an 1.1 liiülai i*lio dl Hjl:HI'-! tn KM -I, «iiRj^tm^nn 
IGF-dftpcndcnt mcchnrdSffi of modulation of receptor pig- 
nalingThe(1-97)NH,-Ua-uiiiudiiasuuiiiliel*ined th* nt>!i» 
ii^- h-> mndnlntp Tt'if-t hmdingand signaling vio the IGF1R b>- 

inhibitiliG lGP-l-6timulated lGl'lk iiuttiplu)spliuryUilioii, ni- 
h«ril nt .SlMnlrt higtirr ronCCnrratiftrifl than ii\tfl« 1CFBP 2. 
That thie inhibition of lCPIR ni^nalimj; in liiti^ulv attributable 
(o 5Cfjiic**mrirm of ll~F-T * .^trongl)''supported by the ob 
ocrvaüons that both intact IGrBPO and (l-$7)IGFBP-3 UKII- 
pebK ^viU'i ^''UKJI'-I 1VkVji.i«;/rrn«viinK-iTi£ tr> th^ r^^ptor irt 
monolnyer affinity croso linking oxporiments. 

Inttsret.-tlii»ly, [he («18-264) lia^n^nt «.-ili^c Iho (1-4VJ 
K'i'l'flP-S, failed to show any inhibition of ICF1R oigrialiflg, 
despite Its ability to bind IGPB, as rvv «alisl by.:«-j/.'ro biiiduix 

IUIAI yiis. The COÜ1 l-lem'ün.ll tfopi?nrs (•#)-?<*) »nri (1W4- 
284) also failed to compete for 13äI ICFI binding and Cross 
linking to the 1GMR, compartd with intet IGFBF-3 «utd lit« 
(1-97) .Nlij-leuiiii-.<u lGFUr«3 fcagment Wi» spco.ilitf hSnt 
iht. inabilirv' of the fragments containing the COOH terminal 
domain oHGFf>P-3 to inhibit 1CF-I binding tu tliv IGFIE 
rnnIrt be »ttributflblr hi ihr fallowing mecharliflrnS: I) the 
COOH-termlnal fragment binds IGP-I, and the entire cum- 
|.ile.i. is slill capable ol hinrtirif> to nrwi mitopbofphon-ylAhnfr 
the ICFIK. implying that die binding cite on rGF-I for the 
i«.e|.<lui and leu the '.*■ benyleimififl «!f,k"i ol ItiMIIVl are 
different and 2) the COOH tcrmmal domain of ICFßP 3 
pyssesseii an extracellular matrix (BCM) bWicJEng; Tejjic>", and 
il is possible lh.ir in Hie rrllnbir rnTironmrnt ihr bnfpnml* 
containing the COOH-terminal domains orr. more prone to 
asEOciate with the cell surface and are not available to se- 
i.|ues(ei' lf_-H'-l, espiMially fjiven Iheir lew Affinity for UjJI''   I'o 
test these hypotheses, the ability of the FLAG cpitope tagged 
fragmeitb; li>a>«uuale widi die cell i.urXau! wakisluJiediiL die 
presence of TfiF-T, with subsequent cross-linking and by anal- 
ysis of cell lysates on immunotlots probed with anti-lGFBP-3 
or M^ unti-l'l A("i unhhody. I'hir Hnt/i indirati- hS,it ihr 
COOH-termlnal fragments (98 -26-1) and (181 - 26'l) have the 
a.L''.*Jily to<issoo.ale to U-ieceil s^'-'Uceu'i-lhe pxe^iiceOIKJI--1, 
unlike the NH2 fragment (1 97), IGFBP 3, which showed no 
eell-Burrace association. Further, there was no shift in mo- 
Jeeulor weiftltl ot Ihe ce.U-swta.ee assccialed bands, and h*p- 
arin blocked the binding of both intact and the (98- 264)IG 
FBP-3 fraipnent to the cell surface, ruling out the possibility 
of inti-rflrhnn nf th^ fwipmmls with any rrrrpfor mcileoiir 
and thereby Eupporting the second hypothesis. This Is In 
a^eeinenl with ait eitiliei skilly (4Ü), wlddue^ited Uialan 
1CPBP3 deletion fragment, lacking the 184 264 region- 
[ailed lu iliow any iell-»urLiLe aiÄOtiuüviu Tlivrv arw twv 
putative hepcrin-binding motifs in TGFBP-X lor^lTd A» 
amino addr, 148-153 and 219-226 in the central and car- 
bovylteiTnina). i.'efii.ons, respeclively, and ^e catboxyllemü- 
nal motif has been shown to have 4 fold higher affinity for 
huparin (41). R«<.wiitly, ßramarü «t ul, 1999 (42), have iden- 
tified twfi nOnHnHir TCHIHIK^ (filyVll'l nnrt Oln'W) within the 
BCMblndiog region (201 218) in the «Aoxytcirrrunal region 
ol UJHiP-5, iViulaliCuu» cd wiiicii ca<.u>e 8- LulO-Iukl LeduLtiun 
in affinity for human ICF I. This region is a highly conserved 
donusm lii IGFBP-5, -3, and -6 and it Vjiywn to contain th« 
hepann-bindinR dnmAin. The Authors have prnpow^i th^f- 
the 1GF-1 and HCM binding sites partially overlap, and hep- 
nrin liinrlinjv to the K.isic .imino ,-icirts mij>hl iolei'leie wilh 
ICF 1 interaction ft vivo. 

Previous fctudi«B with midi-reeeptor construct» and wim 
isolaled doniAin« Or protvolyhe h-*j»ments of ihr ItM-VK 14.',) 
uroklnasc receptor (M), CH receptor (15), »aUn(16), to name 
a lew, liave Liudiimed Uw uivolvuiiiunl of two or mori,: ligand 
contact regions. Similarly, in the case of IGFBP-X it seems 
that th# 1CT- »nd intulin-binding domains »re bipartite and 
pArtiMy nverlnpping. In Our hioiopi-al system, the «h-vrhi- 
ometry of IGFBP-3 binding to 1GF-I seems to be 1:1. We 
pi-xtiilV.h* (+i»t hoth M l2- .mrt t I.X.ll 1-trrniinAl riom.-iins hnvr- 
rc:-idues that arc capable of binding ICF I and insulin with 
U>« afiinilv- HuH-uvw, Uiere u, (.iiiiullanvou* Intwratliyn yf 
the two so-rflll^d hnlf •wre-v in infart Itir-BV'-'i, which rrpntrs 
a hlgh-afflnily ICF binding f-ito on the molecule. Slmulta- 
iieuuilv, Uüii üiläiai-liuii leo'Ji lu a markedly i«dm.e<.l .ibiiilv 
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of intact 1GFBF-3 to bind insulin, pouuUy Ufcdu»« yf uiail.- 
i)i(> *) tn<r rrsi.in^» ihnt- internet with insulin, as ü remit of 
tertiary conformations! change (2lV With respect tu IGF 
binding lo Ujl'lll'-'.V i» i* nnrlMi- whrtber rhp NTHj- And 
COOK terminal domains contribute equally, We predict th« 
iJieseuce ol lunoüeivil resign« i" the Ml l2-n-i-minu* ('1-97) 
and COOH fcrmimis (149 264) that confer high af&tftyjjy 
cooperative or conformiiliuiial Jiang«; Uuf »UiK.lui<kl itsi- 
durj that n-^Amtr thr nwe.wAry n<wnval(>nt interactions 
may reside in the NH2-. intermediate orCOOH-terminus of 
tliu IGFBP-S uiuläLulB. AIleiurtli>.«is-, fciven Uie slfLUnft sim- 
ilsrity of the NHj-tcrminal domains and the fart that this 
region is encoded by a singl« e.\on In wl) of thv cWical 
iGlhT* und the rCVFBP-rPfl (low-affinity IGF binder»), il is 
possible that the NH^-terminus is the critical functional com- 
nonn-vt invnlvnl in hinrting K'il'S, And that fftnt'orrnBtiortill 
effects imposed on the Nil,-terminus by the COOH-texrninal 
drimniTi an- n"f|inn-d for hifth-Arhnity binding. 

In surnmary. the present study, along with previous work 
horn OUJ- Äiid ütliei lAl.or*li.vies, dearly demcfalrates (h* 
ability of the. IGFBP■', aminotcrmiruil fragment to bind iCF 
and insulin and tu inhibit IGFIR and iutuliii receptor auto- 
plimphnryl»tinn (,'1,')')), rmrnilmj; thnttltT* I lr-\:)')n frBßmMlt 
may b? capable of both IGF-I-dcperidcnt and IGF-Indepen- 
d*nl roles in woduUilws eel) Rrowrh I lcwevct, the c»>t>o*» 
ylterrriirüil fragments, which also have the ability to bind 
bull\ ICiF-I iuitl üuuliii iii uilru, (ail tu prevent binding of 
eidwr ICH J or insulin (dats not shown) to their respective 
ifcCet'luiS, Lw.dui4 ol Uw Ititdem-y ul Uufse Ud^uieuU iutt (Sail 
surface a330ciction via the heparin binding domain. Also 
i"trigui;vij ib tlu; identification of * thyryj{lobulin-likH motif 
in the CTHTH-trrmin«! rrjjiim» nf ll"tl KC mrpprfiiTnily, which 
has also been found in the superfamily of protein inhibitorä 
ul Lytleiiie ^luleiiidke» (47, 48). Wlietlw tliiv liijjlily con- 
served thymglohulin typc-f clement ind^fki «rts »^ »n in- 
hibitor of cysteine proteinases in these proteins, remains to 
b* eftuhH^hVd. Thr mtcnTirdi/ih- rwion nf KM HI VI r)r** not 
bwirn to bind IGFa or insulin, anifits roie in high-affinity 
binding to TGV'« D» prnhably rrlnVd tin ih flhilify tn pmmntr 
priifttir tartiary btructur« and optim»! interactions between 
the amino- and rorbovy+^rminAl T*«idnM. riirth^r, it hn% 
bw.n demonsttated that'the intermediate region of lGFBP-3 
iA mvnlvpd in tbr Tpprihr inW*-Kon hfhwr^n ltjl!UIV.i jinH 
it? putative ccil-?urfaco receptor (26). Taken together, it is 
teiiiplüiij, lo ^«(.uldLe tluil vaiiou* foiui* of IGFBP-3 («)J- 
ments msulting from prott»nlysis by ITiraP-.'i *nwifir prn- 
teases will have different effects on the ICF-ICFIR axis, as 
w«"ll «» pot^ntiÄl ll'ir-inilqipnrlent .icHon* 

»   IM Ul        0  IM UO        « lftUSt 
1-^7 »S 1<J4 1*4-264 

I iKSituiwnl, uM 

Fiu. 7. IGFIR »ul«i»li»iilrjrylKlw>i M»a_». A. OMI-HWI'I WH^TS- 
ICFIR <»UE stably tmnsfecwd uritii ihc Uiiiiimi IGFIK '.-DNA «w 
oxpawd for «ither 5 min or 10 miri m I, 7, »nd U TU* 1ÜF-I papdd». 
The reaction woo nucachod by colutilisatiOB Uuffor, and tho eolubl 
üzed preteino *OTC seporoted t»v 7.S* SDS PAGE, unicr reduoiBc 
coaaifioao. «nd »isnwliwd >v inmnnnblot oonlvcic uaios natichoc 
phätJTOSme monocl9r.nl antibody The. arrow indicutca the 06 kDu 
(J-»ubumt 01 lüUS. (f. Confluent >ITH ÄTÄ ICFIR «1^: were expoaod 
tor 6 aua TO 6U n«/ml (Clr'-l, which had noon pmincubatcd with 
lCiW-3. t-'J'/, o' UK ÜB4 urotcolnie ftmrmcat for S h ot 1 C. The 

Aclcnovrled e^ne^U 

W^,rK!-1..|H'Mli,il1,.il 
niiv.ii «mi I.. ry» Vivi, n 'I» 

Hint F1i/Hl.k?ili Wiliijjii fwtwiuOcd 
«I «J^i..!.!-.. M Twijop fur lwl^f'.J 

»olubiliiBd prowlns «■«TO Mpamtad by r.5» SÜS-PACK, vindu1 re- 
ducing conditions, and visysüiäed by lmmunoblot analytic ueine aa 
tlDflOBPBOtvrocino öononlonal antibody. Tho orrowo indicate the 96 
UDo fci ruhyr.it of 7CF1R in each immuaoblot, 0, The apeedie U6-klJ« 
banda rcprcscntia« the paosphorylattd U-subunit of the lcii'llt and 
the liti-Klta QOnseeeihe baads in the et,\x shown in U and in other 
rcphc&te eKPor^nentt <n - a-4)irtr« denotioinetaeaily uuibrwd. The 
ratio 01 the t«ro band wtentitica ni used to nonnaliie and quantify 
tue peramtast ot maximal lCit-1-induced lClt'Ul autophoaphoryla- 
;ion detected in yw prt--seil«* ot idtact iUrt-i'-a and its frasmentB. 
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Summary: 
The IGFBPs are classically known to bind IGFs and modulate the IGF signaling system, however, emerging data have 

suggested that IGFBPs may play more active, IGF-independent roles in growth regulation in various cell systems. In 

support of this hypothesis, IGFBPs, in particular IGFBP-3, have been recently shown to potently inhibit proliferation 

of various cell types in an IGF-independent manner. However, the specific mechanism for the IGF-independent action 

of IGFBP-3 is not yet clearly understood. In the present study, we have demonstrated a novel, IGF-independent role for 

IGFBP-3; cell cycle arrest and induction of apoptosis in MCF-7 human breast cancer cells. MCF-7 cells, which do not 

produce IGF peptides, were stably transfected with an IGFBP-3 cDNA construct using the ecdysone-inducible expression 

system. Dose-dependent inducible production of IGFBP-3 protein was detected in the induced stably-transfected cells, 

compared to undetectable levels in control parental and uninduced stably-transfected cells. Induction of IGFBP-3 in 

these cells showed dose-dependent inhibition of DNA synthesis as assessed by [3H]-thymidine incorporation assays. 

This inhibitory effect was abolished by co-treatment with Y60L-IGF-I, an IGF analog which has significantly reduced 

affinity for the IGF receptor but retains high affinity for IGFBP-3, demonstrating specificity and IGF-independence. In 

addition, flow cytometry analysis showed that induced expression of IGFBP-3 led to an arrest of the cell cycle in Gl- 

S phase. Induction of IGFBP-3 resulted in a significant decrease in the mRNA and protein levels of cyclin D, but not 

cyclin E, as well as concomitant decreases in the levels of cdk4, total-Rb, and phosphorylated-Rb, consistent with and 

presenting a possible mechanism for IGFBP-3-induced cell cycle arrest. Moreover, IGFBP-3 inhibited oncogenic Ras- 

induced phosphorylation of MAPKs, presenting the evidence for cross-talk of IGFBP-3 signaling with MAPK signal 

transduction pathway. IGFBP-3-expressing cells also displayed increased Annexin V binding compared to controls, 

exhibiting the IGFBP-3-induced apoptosis. Further studies demonstrated that IGFBP-3 caused an increase in caspase 

activities, suggesting a potential mechanism for the IGFBP-3-induced apoptosis. Taken together, present study shows 

that cellular production of IGFBP-3 leads to cell cycle arrest and induction of apoptosis, thereby inhibiting cell 

proliferation in these MCF-7 human breast cancer cells and suggesting that IGFBP-3 functions as a negative regulator 

of breast cancer cell growth, independent of the IGF axis. 
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Introduction: 

The insulin-like growth factor binding proteins (IGFBPs) are components of the IGF signaling system, and their 

superfamily is comprised of six high affinity species (IGFBPs 1-6) and several low affinity binders (IGFBP-related 

proteins (IGFBP-rPs)) (1-5). The classical role of the IGFBPs involves IGF binding and modulation of IGF signaling, 

however, recent data suggest that some IGFBPs may play more active, IGF-independent roles in growth regulation in 

various cell systems (6-19). In particular, IGFBP-3 has been shown to potently inhibit proliferation of various cell 

types in an IGF-independent manner. This concept of IGF-independent action of IGFBP-3 is supported by demonstrations 

that (1) exogenous IGFBP-3 binds to specific proteins on cell surface and this interaction is strongly correlated with the 

ability of IGFBP-3 to inhibit cell growth (8,9); (2) overexpression of a transfected human IGFBP-3 cDNA inhibits cell 

proliferation (10-12); (3) IGFBP-3 mediates transforming growth factor-b (TGF-b)- (13), retinoic acid- (14), antiestrogen- 

(15), vitamin D analogs- (16), and tumor necrosis factor-a (TNF-a)- (17) induced growth inhibition; (4) regulation of 

IGFBP-3 gene expression plays a role in signaling by p53, a potent tumor-suppressor protein (18); and (5) IGFBP-3 

fragments inhibit the stimulation of DNA synthesis induced either by IGF-I or insulin (19). Recently, several reports 

have demonstrated that IGFBP-3 induces apoptosis in PC-3 prostate cancer (20) and MCF-7 breast cancer cells (21), 

and increases ceramide-induced apoptosis in Hs578T breast cancer cell line (22). However, the specific mechanism for 

the IGF-independent action of IGFBP-3 is yet to be elucidated. Moreover, applications of the purified IGFBP-3 from 

biological fluids and recombinant species have showed limitation for the biological studies due to concerns about the 

purity, bioactivity and post-translational modification of IGFBP-3. In this study, we have investigated a novel, IGF- 

independent role for IGFBP-3; cell cycle arrest and induction of apoptosis in MCF-7 human breast cancer cells by 

inducible cellular expression of IGFBP-3. 

We hypothesized that IGFBP-3 inhibits cell growth in an IGF-independent manner and were interested to 

determine whether its growth-inhibitory effects involve regulation of the cell cycle arrest and/or induction of apoptosis. 

To address these questions, we generated a subline of MCF-7 cells (which do not produce IGF peptides) stably transfected 

with an inducible IGFBP-3 cDNA construct using the ecdysone-inducible expression system. This controlled system 

was used to look carefully at the effects of induced IGFBP-3 expression on the cell cycle and apoptosis. We then 

investigated possible mechanisms of growth inhibition and the signal transduction pathways involved in inhibitory 

actions of IGFBP-3. 



Experimental Procedures 

Materials 

Cells were purchased from American Type Culture Collection (Rockville, MA). Tissue culture reagents and 

plastics were purchased from Mediatech (Hemdon, VA), Becton Dickinson (Franklin Lakes, NJ) and Nunc (Naperville, 

IL). Monoclonal antibodies against cyclin Dl were purchased from NeoMarkers (Fremont, CA), cyclin D3 from 

Calbiochem (Cambridge, MA), cyclins A, E and poly(ADP-ribose) polymerase (PARP) from Santa Cruz Biotechnology 

(Santa Cruz, CA), cyclin-dependent kinase (cdk) 4 from Transduction Laboratories (Lexington, KY). Polyclonal 

antibodies against retinoblastoma protein (Rb), phospho-Rb, p44/42 mitogen-activated protein kinase (MAPK), and 

phospho-p44/42 MAPK were purchased from New England Biolabs/Cell Signaling Technology (Beverly, MA). 

Monoclonal antibody against IGFBP-3 and a radioimmunoassay kit for IGFBP-3 were generously provided by Diagnostic 

Systems Laboratories (Webster, Tx). Recombinant human IGF-I analog, Y60L-IGF-I was the generous gift of Protigen 

Inc. (Mountainview, CA). DEVD-AMC and LEHD-AMC flourogenic caspase substrate peptides were purchased from 

Biomol (Plymouth Meeting, PA). The ecdysone-inducible expression system was from Invitrogen (Carlsbad, CA). 

Human cyclin Dl cDNA was purchased from American Type Culture Collection (Rockville, MA). A constitutively 

active Ras (RasV12) cDNA expression construct was the kind gift of Dr. Philip Stork, Vollum Institute, OHSU, (Portland, 

OR). DNA preparations were made using kits from Qiagen (Chatsworth, CA). 

Generation of an MCF- 7-derived Inducible IGFBP-3 Cell Line 

A cDNA encoding human IGFBP-3 was cloned into the pIND expression vector. This construct was 

cotransfected with pVgRXR (encoding a hybrid ecdysone / retinoid X receptor) into MCF-7 cells using FuGene 6 

transfection reagent (Roche, Indianapolis, IN). Cells were split 48 h later to low density into selective medium containing 

G418 (800 |Xg/ml) and zeocin (100 |J.g/mi). After 14 days, isolated foci of selection-resistant cells were subcultured and 

expanded. To test for the proper inducible expression of IGFBP-3, each clone was cultured in the presence of the 

inducer ponasterone A (2-15 uM). Conditioned media (CM) were collected to test for ponasterone-inducible expression 

of IGFBP-3 by western immunoblot. Hybrid receptor only-transfected (MCF-7 :EcR) cells were used as a negative 

control. 

Cell Cultures 

All cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 4.5 g/liter 

glucose, 110 mg/liter sodium pyruvate, and 10% fetal bovine serum. Stably-transfected MCF-7 :EcR cells were 

maintained in selective medium containing 100 |Xg/ml zeocin. Stably-transfected MCF-7 :BP-3 cells were maintained 

in selective medium containing 800 |i.g/ml G418 and 100 |0,g/ml zeocin. For studies involving the induction of IGFBP- 



3 expression, cells were seeded and cultured until 60-70% confluent, then switched to serum-free media with or without 

15 \iM ponasterone A for 72 h, unless otherwise indicated in the text. CM were collected and centrifuged at 1000 X g 

for 10 min to remove cell debris. 

pHJ Thymidine Incorporation Assay 

Cells were seeded and cultured in 24-well dishes. After three days of IGFBP-3 induction, a 4 h pulse of 0.1 

|j,Ci of [3H] thymidine (25 Ci/mM; NEN, Boston, MA) in a volume of 25 nl was added to each well. Cells were 

incubated, and the rate of DNA synthesis was estimated by measuring the trichloroacetic acid-precipitable radioactivity, 

as described previously (23). 

Flow Cytometry: Cell Cycle and Apoptosis Assays 

Cells were seeded and cultured in 6-well dishes, then induced to express IGFBP-3. Cells were harvested, 

pelleted at 1000 rpm for 5 min and washed three times with phosphate-buffered saline (PBS). For cell cycle analysis, 

each sample was resuspended in propidium staining solution (50 mg/ml propidium iodide, 100 U/ml RNase A, 0.1% 

Triton X-100, 0.1% sodium azide in PBS) and incubated for 30 min in the dark. Analysis of apoptotic cells was 

performed using FITC-conjugated Annexin V (Santa Cruz Biotechnology, Santa Cruz, CA ) according to the 

manufacturer's directions. Data were collected on a FACSCalibur flow cytometer (Becton Dickinson, Frnaklin Lakes, 

NJ) eqüiped with an argon laser. The data were analyzed using Cell Quest software (Becton Dickinson). 

Western Immunoblotting 

Cell lysates were prepared as described previously with minor modifications (24). In brief, confluent cells 

were washed with cold PBS, then scraped from plates in the presence of cold RIPA lysis buffer containing 20 mM Tris, 

pH 8.0,150 mM NaCl, 1% Nonidet P-40, 0.5% Na DOC, 0.1% SDS, containing a protease inhibitor cocktail (Roche, 

Indianapolis, IN). Cell lysates were rocked for 15 min at 4°C, then centrifuged to remove cell debris. The aliquots were 

stored at-70°C until use. Conditioned media samples were fractionated by 12% SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) under nonreducing conditions, while cell lysate samples were fractionated under reducing conditions. 

Fractionated proteins were electrotransferred onto Hybond-ECL nitrocellulose (Amersham Pharmacia, Arlington, VA). 

Membranes were blocked in 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST), and incubated 

with primary antibodies diluted in TBST for 2 h at room temperature or overnight at 4°C. Membranes were washed in 

TBST, then incubated with horseradish peroxidase-conjugated secondary antibodies (Southern Biotechnology Associates, 

Birmingham, AL), diluted 1:7000, for 1 h at room temperature. Immunoreactive proteins were detected using Renaissance 

Western Blot Chemiluminescence reagents (NEN, Boston, MA). 



Northern Blot Analysis 

Total RNAs from monolayer cultures of IGFBP-3-transfected stable cell line cultured with or without 

ponasterone A were isolated using the RNeasy RNA isolation kit (Qiagen, Chatsworth, CA), and quantitated by 

absorbance at 260 nm. Five |Xg of total RNA were electrophoresed on 1% formaldehyde gels and transferred to 

GeneScreen Plus nylon membranes (NEN). Membranes were UV crosslinked and stained in 0.02% methylene blue / 

0.3 M NaOAc, pH 5.5 to verify equivalent loading and transfer. 32P-labelled cDNA probes were prepared using the 

Prime It kit (Stratagene, Cedar Creek, TX). Membranes were hybridized in ULTRAhyb buffer (Ambion, Austin, TX) 

overnight at 42°C, and washed in 0.1 X SSC as described (3). 

Densitometric and Statistical Analysis 

Densitometric measurement of immunoblots were performed using a Bio-Rad GS-670 Imaging densitometer 

(Bio-Rad, Melville, NY). All experiments were conducted at least three times. The data were analyzed with Student's 

t test, using the Microsoft Excel 98 software package. 

Caspase Assay 

Cells were seeded in 96-well plates until 90% confluent, then incubated in triplicate with or without ponasterone 

A for the times indicated. Cells were lysed in 30 jLtl per well of ice-cold lysis buffer (50 mM HEPES, pH 7.4, 0.1% 

CHAPS, 0.1% Triton X-100,1 mMDTT,0.1 mMEDTA). 20 u.1 of each lysate was used in assays for caspase activity 

using a combination of two fluorogenic peptide substrates, DEVD-AMC and LEHD-AMC, which together cover 

specificity for a wide range of caspases. Lysates were distributed into a 96-well black plate and diluted in 190 JJ,1 of 

assay buffer (50 mM HEPES, pH 7.4, lOOmMNaCl, 0.1% CHAPS, lOmMDTT, 1 mMEDTA, 10%glycerol). Serial 

dilutions of free 7-amino-4-methylcoumarin (AMC, Sigma, St. Louis, MO) diluted in assay buffer were included to 

generate a reference standard curve for determination of the amount of AMC released in each reaction. The plate was 

pre-incubated for 10 minutes at 37°C, then the reactions were started with the addition of DEVD-AMC and LEHD- 

AMC to each well to a final concentration of 40 |i.M each. Reaction kinetics were monitored for up to 16 hours at 37°C 

in a Bio-Rad Fluoromark fluorometer, with plate readings taken every 10 minutes at excitation/emission of 390nnV 

460nm. Of the remaining cell lysate, 5 ml were assayed for protein content. Data were analyzed from the linear 

portion of the reactions using Microplate Manager software (Bio-Rad), and final results were adjusted for protein 

content. 



Immunocytochemistry 

Cells were seeded in 8-chamber slides and cultured until 70% confluent, then incubated with or without ponasterone A 

for 48 or 72 hours. Cells were then rinsed twice in PBS, fixed in 4% paraformaldehyde, then rinsed again in PBS. For 

some antibodies, cells were additionally incubated in ice-cold methanol for 2 minutes on ice. Slides were blocked in 

5% normal goat serum / PBS / 0.1% Triton for 1-2 hours at RT, then incubated with primary antibodies diluted in 

blocking solution at 4°C overnight. Slides were rinsed 3 times 5 minutes in PBS and incubated with secondary antibodies 

diluted in blocking solution for 1 hour at RT. Slides were rinsed as before, and cells were covered in 50% glycerol 

before coverslipping. Data were collected on a Nikon (Melville, NY) Diaphot 300 inverted fluorescent microscope 

equipped with a 1.3 megapixel CCD camera (Princeton Istruments, Trenton, NJ) using IPLab software (Scanalytics, 

Fairfax, VA). 



Results 

Induced Expression ofIGFBP-3 in the MCF-7'-derived Sstable Cell Lines 

For these studies we developed a subline of MCF-7 human breast cancer cells which expresses IGFBP-3 

when cultured in medium containing an inducing compound, ponasterone A. The parental MCF-7 cells do not express 

detectable levels of IGFBP-3, and also do not express IGF peptides (25), making this cell line an ideal choice. A total 

of 16 selection-resistant clones were generated, and these were tested for inducible expression of IGFBP-3 by western 

immunoblotting of conditioned media (CM) samples. Figure 1 shows the panel of IGFBP-3 protein production from 

these 16 clones. IGFBP-3 was expressed in clones #2, #3, and #6 in an inducible manner, while constitutively expressed 

in clones #1 and #16. Expression of IGFBP-3 could be detected from 24 h at the concentrations of ponasterone A 

ranging from 1 to 15 |xM without affecting the cell viability (data not shown). Clone #3 (MCF-7:IGFBP-3 #3) was used 

for further experiments. Quantitative analysis of IGFBP-3 protein levels in CM of induced MCF-7:IGFBP-3 #3 cells 

using a radioimmunoassay indicated that maximal levels of IGFBP-3, ranging from approximately 100-150 ng/ml, 

occurs on day 3 at the concentration of 15 |J,M ponasterone A. 

IGF-independent Inhibition of DNA synthesis by IGFBP-3 

Induced expression of IGFBP-3 by ponasterone A resulted in an inhibition of DNA synthesis compared to 

IGFBP-3-uninduced cells (MCF-7:IGFBP-3 #3 without ponasterone A), shown in Fig. 2A. This inhibitory effect of 

IGFBP-3 was dose-dependent, with 45% inhibition at a concentration of 10 uM ponasterone A (p<0.001). Meanwhile, 

an inhibition of DNA synthesis in pVgRXR-transfected control cells (MCF-7:EcR) was not prominent. This effect of 

IGFBP-3 does not result from blocking the mitogenic actions of IGFs by preventing their binding to IGF receptors, 

because MCF-7 cells, which do not produce IGF peptides (25), were cultured in SFM in our system to exclude the 

effects of IGFs. Moreover, this IGFBP-3-induced inhibitory effect was abolished by co-treatment with Y60L-IGF-I, an 

IGF analog with a leucine for tyrosine substitution at amino acid position 60, has a 100-fold reduced affinity for IGF 

receptors but full affinity for IGFBP-3, demonstrating the specificity of the IGF/IGF receptor-independent action of 

IGFBP-3 (Fig. 2B). 

IGFBP-3 Arrests the Cell Cycle and Regulates Cell Cycle-related Proteins 

To identify the mechanism for the growth-inhibitory effect of IGFBP-3, we performed flow cytometry analysis. MCF- 

7TGFBP-3 #3 and EcR cells cultured in SFM with or without ponasterone A were used to analyze the cell cycle profile 

by propidium iodide staining of DNA content followed by flow cytometry detection. The treatment of MCF-7:IGFBP- 

3 #3 with 15 |jM ponasterone A caused a decrease in the percentage of cells in the S phase, from 18.4% in the absence 

of ponasterone A to 13.8% and an accumulation of cells in the Gl phase from 72.1% to 78.1% (Fig. 3). There was no 



change in the cell cycle distribution in EcR cells treated with ponasterone A (data not shown). These results suggest that 

induced expression of IGFBP-3 leads to a cell cycle arrest in the Gl/S phase. We further examined whether IGFBP-3 

affects the levels of cell cycle regulatory proteins, such as cyclin D1, cyclin D3, cyclin A, cdk4, Rb, and phospho-Rb, 

which are known as key cell cycle regulatory proteins for progression through Gl phase of the cell cycle in breast 

epithelial cells (27, 28). Firstly, we examined steady-stable cyclin Dl mRNA level by northern blotting using MCF- 

7:IGFBP-3 #3 cells cultured in SFM with or without ponasterone A (Fig. 4A). Both cyclin Dl mRNA species, 

approximately 4.5 and 1.5 kb in size, were observed in MCF-7:IGFBP-3 #3 cells. A significant decline in 4.5 kb cyclin 

Dl mRNA levels were observed from 24 h after addition of ponasterone A. In contrast, the 1.5 kb mRNA species was 

not affected by addition of ponasterone A. The expression of IGFBP-3 mRNA was observed from 12 h, before the 

decrease in expression of cyclin Dl mRNA. Hybridization with b-actin showed equal loading of the gel. Further, 

immunoblot analysis revealed a concomitant decline in the levels of cyclin Dl protein (Fig.4B). Addition of ponasterone 

A resulted in a reduction in cyclin D1 in MCF-7:IGFBP-3 #3 cells, but not in EcR cells. Decreased levels of cyclin Dl 

in MCF-7TGFBP-3 #3 cells with ponasterone A was reversed by co-treatment ofY60L-IGF-I (Fig. 4C), suggesting the 

IGFBP-3 either directly or indirectly is involved in regulating cyclin D1 expression in an IGF/IGF receptor-independent 

manner. 

Further analysis of various cell cycle-regulated proteins was performed in MCF-7: IGFBP-3 #3 cells cultured 

in SFM with or without ponasterone A at 0, 24,48, 72 h. As shown in Fig. 5 A, the levels of cyclin D1, cdk4, total Rb, 

and phosphorylated Rb were decreased from day 1 and levels of cyclin A from day 3, while the levels of cyclins D3 and 

E were unchanged. These results suggest that IGFBP-3 specifically decreases the levels of cyclin Dl, cdk4, and total 

and phosphorylated Rb in these cells, presenting a possible mechanism for IGFBP-3-induced cell cycle arrest in Gl/S 

phase. Ultimately, the decreased levels of Rb and phosphorylated Rb may serve to directly suppress exit from Gl 

phase. Additionally, as shown in Fig 5B, imrnunocytochemistry experiments revealed a similar pattern of decreased 

protein levels. Immunodetectable levels of Cyclin Dl and phosphorylated Rb proteins were significantly reduced in 

cells induced to express IGFBP-3 compared to controls. 

Effect of IGFBP-3 on the MAPK signaling pathway 

Previous studies indicated that mitogen-activated protein kinase (MAPK) cascades modulate the expression 

of cyclin Dl (29), thus we examined the effect of IGFBP-3 on MAPK cascade proteins. Fig. 6A shows that the levels 

of phosphorylated, but not total p44/42 MAPK was decreased in MCF-7:IGFBP-3 #3 cells after induction of IGFBP- 

3 with ponasterone A. Further, immunofluorescent microscopy studies demonstrated that induced expression of IGFBP- 

3 results in significant decrease as well as disturbed subcellular localization of phosphorylated p44/42 MAPK (Fig. 

6B). This suggests that the IGFBP-3-mediated decrease in cyclin Dl results, at least in part, of modulation of p44/42 



MAPK activity. 

To further investigate the cross-talk between IGFBP-3 signaling and the MAPK signaling cascades, we 

transiently transfected constitutively active Ras (RasV12) into our cell system. As shown in Fig. 7, overexpession of 

oncogenic Ras resulted in stimulation of DNA synthesis as well as activation of p44/42 MAPK. Induction of IGFBP- 

3 expression caused a significant inhibition of both oncogenic Ras-induced DNA synthesis and p44/42 MAPK 

phosphorylation. Taken together, these data suggest that IGFBP-3 antagonizes Ras-MAPK signaling cascades. 

IGFBP-3 induces apoptosis 

At the same time, we determined whether IGFBP-3 could induce apoptosis using the annexin V binding assay, which 

is used to identify cells in the early stages of the apoptotic process (26). Fig.8A shows that induced expression of 

IGFBP-3 caused increase in the percentage of cells in the apoptosis, from 1.5% in the absence ofponasterone A to 36%, 

suggesting that IGFBP-3 induces apoptosis in this cell system. Additional indication that IGFBP-3 induces apoptosis 

came from results of assays for caspase activity. The data in Fig 8B demonstrate that induction of IGFBP-3 expression 

causes an increase caspase activity in these cells as measured by incubating cell lysates with a combination of the 

purified fluorogenic caspase substrate peptides DEVD-AMC and LEHD-AMC. Caspase activity in uninduced cells 

lysates was detected at an average of 7.8 pmol AMC released/min/mg to an average of 10 pmol/min/mg with induced 

IGFBP-3 expression (p<0.05) at 48 hrs. In addition, IGFBP-3 increases caspase activity in a dose-dependent manner. 

The topoisomerase II inhibitor etoposide, and taxol, which reversibly binds to tubulin, were used as control apoptosis 

inducers. To present further evidence of capase activation by IGFBP-3, we examined cleavage of one caspase sub- 

strate, poly(ADP-ribose) polymerase (PARP) by immunoblotting. This nuclear enzyme is proteolytically cleaved by 

activated caspases during apoptosis (30). As shown in Fig. 8C, the induced expression of IGFBP-3 resulted in an 

increase of the 85 kDa carboxy terminal fragment of PARP, confirming that IGFBP-3 induces apotosis at least, in part, 

through activation of caspases in MCF-7 breast cancer cell system. 



Discussion 

A growing accumulation of data has demonstrated that some IGFBPs, including IGFBPs -1, -3, -5, and pre- 

sumably IGFBP-rPs, have their own IGF-independent biological actions (3, 5, 8-11). In particular, the IGF-indepen- 

dent effects of IGFBP-3 have been reported in various cell systems by treatment of recombinant IGFBP-3 exogeneously 

or use of stable transfection systems. However, its action requires relatively high concentrations of recombinant IGFBP- 

3, ranging 500-1500 ng/ml to achieve biological effects of IGFBP-3 (8, 11, 20, 21). At present study, we utilize the 

ecdysone-inducible expression system in MCF-7 human breast cancer cells, and thereby examining the biological 

effects of endogenous IGFBP-3 expressed under controlled induction. As demonstrated, human endogenous IGFBP- 

3 was induced ranging 100-150 ng/ml in our cell system, of which concentrations appear to be comparable to those 

obtained in conditioned media after treatment of various reagents, such as TGF-b, RA, TNF-a and entiestrogen, for 

investigation of biological function of induced IGFBP-3 in various cell systems. Our results demonstrate that this 

lower concentration of endogenous IGFBP-3 is sufficient to inhibit DNA synthesis and induces apoptosis, despite 

relatively high concentrations (300-1000 ng/ml) of recombinant IGFBP-3 which were required to obtain similar bio- 

logical effects of IGFBP-3 in MCF-7 cells (21). It is tempting to speculate that difference in the sensitivity of IGFBP- 

3 on biological function may result from the difference of IGFBP-3 preparations, that is a natural vs. recombinant form, 

and endogenous secretory protein from the cell or exogenous form added to the cultures. In addition, post-translational 

modifications, such as glycosylation and phosphorylation, may affect the sensitivity. On the other hand, sensitivity to 

IGFBP-3 may determine whether the cell types express the oncogenes or other molecules which influence the signal- 

ing pathways in the development of IGFBP-3 insensitivity. Martin and Baxter (31) reported that resistance to IGFBP- 

3 is induced in normal mammary epithelial cells transfected with oncogenic ras, therby activating the MAPK/ERK 

pathway. In contrast, MCF-10A normal human mammary epithelial cells, which require 10-100 ng/ml human plasma- 

derived IGFBP-3 to achieve a similar level of inhibition to that seen with 500-1500 ng/ml in the transformed cells, are 

considerably more sensitive to IGFBP-3 than breast cancer cells. Increased activity of oncogenic Ras-dependent sig- 

naling pathways is implicated in the development of IGFBP-3 insensitivity (31). It is of note that MCF-7 cells do not 

express oncogenic Ras, which may explain why such low concentrations of IGFBP-3 are sufficient to exert its biologi- 

cal effects. 

The IGF-independent effect of IGFBP-3 has been extensively investigated in variety of cell systems, how- 

ever, the mechanisms by which these actions are exerted are not fully elucidated. Recent studies have proposed that 

IGFBP-3 functions as an apoptosis-inducing agent and that this action is mediated through ap53- and IGF-independent 

pathway in PC-3 prostate cancer cells (20), whereas IGFBP-3 has no direct inhibitory effect on Hs578T breast cancer 

cells but could accentuate apoptosis induced by ceramide (22). On the other hand, a vitamin D3 analog (Ro 24-5531) 

inhibits cell growth and increases the IGFBP-3 mRNA and protein levels in human osteosarcoma cell line, and the 



inhibition in cell growth is accompanied by a decrease in the expression ofp34cdc2, a protein critically involved in cell 

cycle regulation. These studies have provided circumstantial evidence that IGFBP-3 involves cell growth arrest (32). 

Our present studies focus on identification of the potential mechanism for IGFBP-3-induced growth inhibition, and 

demonstrate for the first time that IGFBP-3 induces cell cycle arrest in Gl phase by regulating expression of cell cycle- 

regulatory proteins, in particular cyclin Dl, as well as inducing apoptosis by modulating proapoptotic caspase activi- 

ties. 

Since IGFBP-3 prevents cell cycle progression at Gl phase, we determined whether IGFBP-3 affects cell 

cycle-regulated proteins in MCF-7:IGFBP-3 #3 cells. Components responsible for the coordinated progression through 

the cell cycle include the cyclin-dependent kinases (cdks), regulatory cyclin subunit, and cdk inhibitors (33-35). Once 

extracellular signals activate the synthesis of the regulatory cyclin subunit, appropriate sites on the catalytic subunit 

must be phosphorylated by the cdk-activating kinase (CAK, also known cdk7) to phosphorylate the product of the Rb 

gene, resulting in the derepression of E2F/DP-dependent transcription and passage through S phase of the cell cycle 

(36, 37). D-type cyclins (cyclins Dl, D2, and D3), in conjunction with their catalytic partners, cdk4 and cdk6, have 

been known to execute their critical functions during mid-to-late Gl phase, as cells cross a Gl restriction point (33). 

Overexpression of cyclin Dl can shorten the Gl cell cycle phase, decrease cell size, reduce requirements for growth 

factors (38-40). Microinjection of antisense constructs or antibodies to cyclin Dl into normal fibroblasts can prevent 

them from entering S phase (38, 41). In contrast, cyclin E is expressed later in Gl phase and its expression is periodic 

and maximal at the Gl-S transition (42). In our study, we have found that induction of IGFBP-3 leads to inhibition of 

expression of cyclin Dl mRNA followed by a reduction in protein levels, and concomitant decrease of cdk4, total Rb, 

and phospho-Rb proteins, indicating a possible mechanism of cell cycle arrest in Gl/S phase. In contrast, cyclin D3, 

cyclin A, and cyclin E do not show any change, suggesting that cyclin D1 is a major player in the regulation of G1 -S 

phase progression by IGFBP-3 in MCF-7 cells. Cyclin Dl is important for neoplastic transformation as well as cell 

cycle pregression. When cyclin Dl is cotransfected with other oncogenes, such as activated Ha-ras or adenovirus El A 

into human fibroblast, malignant transformation of cells has been reported (43,44). Overexpression of cyclin Dl in the 

mammary gland of transgenic mice induces mammary carcinoma (45). Moreover, dysregulated cyclin Dl expression 

have been observed in human neoplasia, including breast cancer (46,47). These results suggest that IGFBP-3, which is 

able to modulate cyclin Dl expression, has a potential role in a strategy for anti-cancer therapy. 

The expression of cyclin Dl is known to be regulated by transcriptional, translational, and posttranscriptional 

processes (48, 49). Multiple signaling pathways seem to be involved in the regulation of cyclin Dl expression at a 

transcriptional level. Previous studies have shown that cyclin Dl expression is regulated by the p42p/44 MAPK, p38 

MAPK, and Jun kinases (JNKs) (29). Moreover, direct induction of cyclin Dl can be achieved by serum, growth 

factors, cytokines, Rb, oncogenic Ras, and Src kinase (29, 50-53). Ectopic expression of E2F1 inhibits the cyclin Dl 



protein at the transcriptional level, suggesting a negative feedback for cells already in S phase (54). Decreased expres- 

sion of cyclin Dl by IGFBP-3 shown in this study may be, at least in part, associated with the decreased level of p42/ 

p44 MAPK activity. Our results demonstrated that induced expression of IGFBP-3 results in inhibition of not only 

basal level of phosphorylation of p42/p44 MAPK but also oncogenic-Ras-induced phosphorylation of p42/p44 MAPK, 

indicating that IGFBP-3 appears to interact with the Ras-MAPK signaling cascades, presumably on a downstream 

effector of Ras and thereby regulating cyclin Dl expression and subsequent cell cycle progression. More proximal 

events of IGFBP-3-induced antagonism of the MAPK signaling pathway will be the subject of future studies in our 

laboratory. 

Beyond arrest of the cell cycle, our data also indicate that cellular expression of IGFBP-3 promotes apoptosis 

in MCF-7 cells. Apoptosis is a major multi-faceted form of cell death, that has been implicated as playing a role in 

several human diseases, including cancer. There are a series of events involved in the commitment and execution of 

apoptotic cell death, several of which have been well characterized. Among these are changes in the plasma mem- 

brane, with the enzymatically-driven translocation or "flipping" of phosphatidylserine (PS) to the extracellular surface. 

The result of this process can be detected utilizing the binding properties of Annexin V, which binds preferentially to 

PS and other negatively charged phospholipids. Our results show a clear and significant increase in annexin V binding 

in cells induced for IGFBP-3 expression relative to controls. Another indicator of the apoptotic process is caspase 

activity. Caspases are a family of evolutionarily related cysteine-dependent proteases, with an universal specificity for 

Asp in the P^ position, that play a prominent role during the progression of apoptosis. Activation of caspases and 

subsequent cleavage of critical cellular substrates are implicated in many of the morphological and biochemical changes 

associated with apoptotic cell death. Using an assay which detects activity of a broad range of caspases, we demon- 

strate a measurable and reproducible increase in caspase activity in IGFBP-3-induced cells relative to control uninduced 

cells, and further the increase in caspase activity was dose-dependent with regard to IGFBP-3. Furthermore, increased 

cleavage of the caspase substrate poly(ADP-ribose) polymerase (PARP) was observed after induction of IGFBP-3 

expression. The nuclear enzyme PARP is proteolytically cleaved by activated caspases, primarily caspases 3 and 7 

during apoptosis, but can also be cleaved in vitro by a wide range of caspases (30). It is of note that MCF-7 cells do not 

express caspase 3 due tu a functional deletion of the gene (55), suggesting that the IGFBP-3-induced activation of 

caspase activity may be mediated primarily through caspase 7 and others. Nevertheless, these three lines of evidence 

indicate that induction / promotion of apoptosis is a major effect of cellular expression of IGFBP-3 in these cells. 

Our previous studies have demonstrated that IGFBP-3 inhibits cell growth in an IGF-independent manner 

through an IGFBP-3 receptor in Hs578T breast cancer cells (8, 9, 13). In addition, we have sequenced and character- 

ized a novel gene/protein which specifically interacts with IGFBP-3, designated IGFBP-3 receptor (BP3-R) (unpub- 

lished data). When we transfect BP-3R into IGFBP-3-induced cells, DNA synthesis was further inhibited (by an aver- 



age of 65%) compared to control IGFBP-3-induced cells (an average of 45%), suggesting that IGFBP-3 and BP-3R 

appear to cooperatively suppress DNA synthesis and cell growth, to an extent greater than that seen with IGFBP-3 

alone (unpublished data). Furthermore, BP-3 R alone without induction of IGFBP-3 results in no significant changes in 

DNA synthesis and cell growth in the same cell system, suggesting necessity of interaction between IGFBP-3 and BP- 

3R for IGFBP-3-induced biological function. 

We thus concluded that cellular expression of IGFBP-3 inhibits DNA synthesis and cell growth through the 

cell cycle arrest in Gl phase and induction of apoptosis at physiological concentrations in an IGF-independent manner 

in MCF-7 breast cancer cells. Regardless of the underlying mechanisms, the present study demonstrates that IGFBP-3 

decreases the levels of cyclin D1 protein, followed by cdk4, Rb, and phospho-Rb, indicating a possible mechanism of 

cell cycle arrest. Although we cannot exclude a possible additional posttranscriptional and translational regulation of 

cyclin Dl by IGFBP-3, our results suggest that IGFBP-3 decreases the cyclin Dl expression at the level of transcrip- 

tion, in part, through the decline in p42/p44 MAPK expression. This novel cell cycle regulatory and apoptosis-inducing 

aspect of IGFBP-3 have clinical significance in the prevention and/or treatment of human neoplasia, particularly in 

conjunction with IGFBP-3 receptor. 
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Fig. 1. Panel of IGFBP-3 expression in 16 clones tested for induction with ponasterone A. MCF-7 cells were stably 

transfected using the ecdyson-inducible system. Transfected cells were selected in G418- and Zeocin-containing medium. 

Incubation of the cells with Ponasterone A induces the expression of IGFBP-3. Clones 1 and 16 constitutively expressed 

IGFBP-3; clones 2, 3, and 6 expressed IGFBP-3 in an inducible manner. 

Fig. 2. Inhibitory effect of IGFBP-3 on DNA synthesis in inducible stably transfected MCF-7 cells. A) Cells were 

treated with ponasterone A at concentrations of 0-10 \lM for 72 h in SFM prior to assessing DNA synthesis by [JH]- 

thymidine incorporation. Significant decreases in DNA synthesis compared with noninducible control (receptor only) 

transfected cells were seen. B) Cells were treated with Y60L-IGF-I (100 ng/ml), an IGF-I analog with significantly 

reduced affinity for the IGF receptor but high affinity for IGFBPs, in the presence or absence of ponasterone A (10 uJVl) 

as indicated for 72 h prior to assay for [3H]-thymidine incorporation. The inhibitory effect of IGFBP-3 was abolished 

by Y60L-IGF-I, demonstrating IGFBP-3 specificity and IGF-independency. * = p<0.05, ** = pO.001. 

Fig. 3. Cell cycle arrest in the IGFBP-3-induced cells. Asynchronous MCF-7:IGFBP-3 #3 cells were seeded with or 

without ponasterone A in SFM for 72 h. The percentages of cells in the various phases of the cell cycle were determined 

by propidium iodide ataining for DNA content and subsequent flow cytometry. These data show that induced expression 

of IGFBP-3 resulted in an arrest of the cell cycle in Gl phase. 

Fig. 4. Induced IGFBP-3 expression causes a reduction in Cyclin Dl at mRNA and protein levels. A) Northern blot 

analysis of a time course of cyclin Dl and IGFBP-3 expression in induced and uninduced cells. With the induction of 

IGFBP-3, expression of the 4.5 kb cyclin Dl mRNA species is decreased. Expression of the 1.5 kb species is not 

affected. B-actin was used as a control. B) Western blot analysis of Cyclin Dl protein in the MCF-7 :IGFBP-3 #3 and 

MCF-7 :EcR cells after treatment with increasing concentrations of ponasterone A for 72 h. Induction of IGFBP-3 

results in a significant decrease in the level of Cyclin Dl. C) Co-treatment with Y60L-IGF-I reverses the decreased 

level of cyclin Dl showed in IGFBP-3-induced cells, demonstrating specificity of IGFBP-3. 

Fig 5. Cell cycle proteins affected by induction of IGFBP-3 expression. A) Western blot analysis of various cell cycle- 

related proteins in the MCF-7:IGFBP-3 #3 cells cultured in the presence or absence of ponasterone A at indicated time. 

The expression of cyclin Dl, cdk4, total Rb, and phospho-Rb starts to decline from day 1 in the IGFBP-3-induced cells, 

presenting a possible direct mechanism for IGFBP-3-induced cell cycle arrest. A decrease of cyclin A expression is 

evident after day 3. B) Immunofluorescent staining of cells showing the decrease in Cyclin Dl and phosphorylated 

Rb detectable levels with the induction of IGFBP-3. 



Fig. 6. IGFBP-3 induction causes a decrease in active MAPK. A) Western blot analysis of p44/42 mitogen-activated 

protein kinase (MAPK) and phosphorylated p44/42 MAPK in the MCF-7:IGFBP-3 #3 cells cultured the presence or 

absence of ponasterone A at indicated time. The phosphorylation of MAPKs declines with induction of IGFBP-3. B) 

Immunofluorescent staining of phospho-p44/42 MAPK in control uninduced and IGFBP-3-induced cells. A decrease 

in detectable levels of phospho-MAPK is evident, as well as perturbed subcellular localization. 

Fig. 7. IGFBP-3 antagonizes Ras-induced MAPK signaling. MCF-7:IGFBP-3 #3 cells were transfected with a 

constitutively active Ras (RasV12) construct, which increased A) DNA synthesis and B) phosphorylation of p44/42 

MAPK. Induction of IGFBP-3 expression abrogated both of these RasV12-induced effects. 

Fig. 8. Induction of apoptosis in the MCF-7:IGFBP-3 #3 cells. A) Asynchronous MCF-7:IGFBP-3 #3 cells were 

seeded with or without ponasterone A for 72 h. Cells were incubated with Annexin V, then binding of Annexin V was 

determined by flow cytometry. IGFBP-3 -induced cells showed significantly increased binding of Annexin V, an indicator 

of cells undergoing apoptosis. B) Asynchronous MCF-7:IGFBP-3 #3 cells were cultured with or without ponasterone 

A, and cell lysates were assayed for caspase activity. Induction of IGFBP-3 caused a dose-dependent increase in 

caspase activity compared to control uninduced levels. C) Detection of PARP cleavage to the p85 protein species as 

detected by western immunoblot. An increase in the p85 species was seen in lysates from IGFBP-3-induced cells 

compared to uninduced controls. * = p<0.05. 



Ponasterone A    0 10 0 10 (|iM) 

9 

10 

11 

12 

13 

14 

15 

g™ 
16 



□ Pon A 0 nM 
M Pon A 5nM 
■ Pon A 10 nM 

B O Pon A 0 |jM 
■ PonAlOuM 
M Y60L-IGF-1100 ng/ml 
m Pon A 10 nM + Y60L-IGF-I 

MCF-7: EcR   MCF-7:IGFBP-3 #3 MCF-7:EcR    MCF-7:IGFBP-3 #3 



100 

90 

80 

70 

60 

SO 

40- 

30 

20 

10 

0 

PonA 

ilfa 

+ Pon A 

G./G, S  G2M G„/Gj S  G2/M 

% G„/G, 72.1 78.1 
%S 18.4 13.8 
%G,M 9.5 8.1 

MCF-7: IGFBP-3 #3 



Time(h)_0_ J2      24      36      48     60 
Pon A    - + - + -+- +- + - + 

Cyclin Dl 

IGFBP-3 

ß-actin 

4.5 kb 

1.5 kb 

B        MCF-7: 
EcR 

Pon A' 
QiM) 

MCF-7: 
IGFBP-3 #3 

Cyclin Dl 

MCF-7:IGFBP-3 #3 

Pon A    -        +        + 
Y60L-IGF-I + 

•+■ Cyclin Dl 



Time (d)    Q 

PonA 
(15 \xM) 

+ + 
mm mm mm 

+ 
<- Cyclin Dl 

•4- Cyclin D3 

,„„„„ ^ Cyclin E 

Cyclin A 

cdk4 

total Rb 

Phospho-Rb 

B-actin 

B 

PonA 

IGFBP-3       Cyclin Dl 

+ PonA 

IGFBP-3     Phospho-Rb 

PonA 

+ PonA 



Time (h)      0 18 36 

Pon A     -     + + +   -     + 

§S*8»S v^^^^^^"^ss^^ss^ 

Phospho- 
p44/42 MAPK 

PS^Sj p44/42 MAPK 

B 

Pon A 

+ PonA 

IGFBP-3 Hoechst 
phospho- 
MAPK 



MCF-7:IGFBP-3 #3 

180 

Ö       160 

e-i120 
o 9 
|S 109 

u 0    80 

R       40- 
M        20 

T 

D - Pon A 
■ + Pon A 

i 

T 

* 

i 
pcDNA                        RasV12 

Phospho- 
p44/42 MAPK 



B 

Annexin V Binding Assay 
MCF-7:IGFBP-3#3 

100 

:! so 

60 

40 

20 

-PonA     +PonA 

Caspase   activity 
MCF-7:IGFBP-3   #3 

0 PonA       15 uM  PonA       SO   |iM 1    ng/ml 
eloposlde taxol 

Caspase   activity 
MCF-7:1GFBP-3   #3 

20 

t» 
E 

N.  15 e 
E 
e 10 
E a. 

5 

0 

A            * ^r- H f Ponft 

w 

24   rhs          48   hrs         72   hrs 

c 
PonA: + 

full length PARP 

**** &mm P85 


