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1. ABSTRACT 

Membrane glycoprotein PC-I has been shown to be increased in NIDDM and involved in 

insulin resistance through inhibiting the in sulin receptor tyrosine kinase , which was 

demonstrated usin g cultured breast cancer cells. However, other reports have shown 

contradicting results in CHO cells and in vitro kinase assay. Thus, l considered it necessary 

to investigate the effect of PC-I using high ly insuLin-sensitive cells. 

Here, l employed two approaches; I) investigating PC-I expression levels in insulin-responsive 

tissues in rat models of diabetes , 2) overexpressing PC-I in 3T3-Ll adipocytes. I found that 

PC-I was high ly expressed in insulin-responsive tissues such as liver and adipose tissue in 

normal rats. However, high-fat feeding or streptozotocin-induced diabetes did not change its 

expression levels in liver, ad ipose tissue and skeletal muscle. Thus, PC-I expression levels 

were not associated with high-fat diet-induced insulin resistance or hyperglycemia. Although 

PC-I was increased in adipose tissue in Zucker fatty rats (protein level: by 50%, mRNA 

level: by 90%), its expression levels in liver and skeletal muscle did not significantly differ 

from those in normal rats, tissues that are more responsible for whole body glucose metabolism 

than adipose tissue. 

Next, I overexpressed PC-I in 3T3-L I adipocytes using an adenovirus transfection 

system. PC-1 expression was markedly increased to a level 16-fold greater than that in 

normal human adipose tissue, which is higher than the previously reported levels in diabetic 

patients. However, insulin-induced tyrosine phosphorylation of the insuJin receptor and insulin 

receptor substrate-! , activat ion of phosphatidylinositol 3-kinase, and glucose uptake were not 

affected by PC-I overexpression. These resuJts strongly suggest that increased PC-1 expression 

is not causally re lated to insulin resistance. 



2. INTRODUCTION 

lnsulln resistance, which is caused by a combination of genetic and environmental factors 

such as excessive caloric imake, insufficient activity and high- fat diet. plays a key role in the 

occurrence of NIDDM( l , 2). Thus, to develop better treatment for NIDDM, much effort ha. 

been directed to detennining the molecular mechanism of insulin resi ·tance in vari ous animal 

models of diabetes as well a humans. 

PC- I is a c lass II transmembrane glycoprotein which is orien ted with its N tem1inus in the 

cytoplasm and an ex tracellular C terminus. This protein has been used as a cell surface 

marker for plasma cell s for two decades (3). A !though PC-1 was reported to possess threonine

specific ecto-protein kinase activity (4) and/or nucleotide pyrophosphatase activity (5, 6), its 

physio logical ro le remains largely un known. Recently , Maddux et al. isolated an inhibitor of 

insulin receptor tyrosine kinase activity from cu ltured fibroblasts of insulin-resistant subjects, 

which was turned to be PC-1 (7, 8). ln addition, it was also reported that , in cu ltured breast 

cancer cell s (MCF-7), PC-I inhibited insulin receptor tyrosine kinase, and thus, increased 

expression of PC- I reduced the insulin sensitivity of the cell s. Based on these previous 

reports, the hypothesis that increased PC-I may be a cause of obes ity-related insul in resistance 

bas been suggested. 

However, the effect of PC-1 on insulin action was studied in a cultured breast cancer ce ll 

line, which d id not exhibit high insulin sensitivi ty or responsiveness. To clarify the poss ible 

involvement of PC-1 in insulin resi stance, I measured PC- l expression levels in insu lin 

-sensitive tissues in the models of insulin resistance and/or diabetes. I further studied the 

effect of PC-I overexpress ion on insulin action in hi ghl y insulin-sensitive ce ll s, 3T3-L I 

adipocytes. My results strongly suggest that expression level of PC-I is not involved in 

im;ulin action. 
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3. RESEARCH DESIGN AND METHODS 

I) Iso lation and sequencing of rat PC-I eDNA 

To isolate rat PC-I eDNA, two degenerated oligonucleotides primers of mouse PC-I were 

ynthesized as follows: 

CA(C!T)AT(A/CfT)TGGAC(A/C!T/G)TG (C!T)AA(CfT}AA(A/G)TI(CfT) as the sense 

primer corresponding to amino acids 127-134 of mouse PC-I and 

CAT(CfT)TI(A/CfT/G)GG(A/G)TC(A/G)TACA T(CfT)TT(A/G)TI(A/G)TC as the 

antisense primer corresponding to amino acids 258-266 of mouse PC-I . PCR was performed 

using rat liver genomic DNA, and PCR products were subcloned into a TA vector (Original 

TA Cloning Kit; Invitrogen) and sequenced. The other set of degenerated oligonucleotides 

primers of mouse PC-I was synthesized as fo llows: 

GC(A/CfT/G)AA(A/G)GA(CfT)CC(A/CfT/G)AA(CfT)AC(A/CfT/G)T A(CfT)AA(A/G)CA 

as tbe sense primer corresponding to amino acids 51-59 of mouse PC-J and a gene-specific 

primer (GSPl ; GTCGTCCGCACAGGAGCACAC) which is complementary to nucleotides 

433-453 in rat PC-I were synthesized. The first PCR was performed using rat liver genomic 

DNA. Nested PCR was perfom1ed using ihe first PCR product as a template and the 

degenerated oligonucleotides primer and a nested gene-specific primer (GSP2; 

GGACAGCCTCTICTCGCCGC) which is complementary to nucleotides 407-426 in rat 

PC-I. PCR products were subcJoned into a TA vector and sequenced. Then 5 ' RACE (rapid 

amplification of eDNA ends) was performed according to the manufacturer's instructions 

(5'RACE System for Rapid Amplification of eDNA Ends. Version 2.0; Life Technologies, 

Inc.}, using rat liver RNA, a gene-specific primer (GSP3 ; TGGTTICAACCCAAGGAT) 

complementary to nucleotides 226-243 in rat PC- I, and a nested gene-specific primer (GSP4; 

ACAACCAAGAATAGTIGT) complementary to nucleotides 208-225 in rat PC- I. All of 
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the nucleotides sequences were determined using an ABI automatic sequencer. Nucleotide.~ 

and amino acids are numbered from the I st ATG codon. 

2) Construction of GST -PC- I fusion protein 

GST-PC-l fusion protein was con true ted from the N-teJminu of rat PC-I corresponding 

to amino acids l -142, from which the transmembrane domain was removed. To remove the 

hydrophobic transmembrane domain. point-mutated oligonucleotides primers were 

synthesized as follows: GGATTCATGGAGCGCGACGGCGAACAG as the sense primer 

corresponding to nucleolides 1-21 of rat PC-I , CAGTACTTTGT AAGTGTTGGGGT as the 

antisense primer corresponding to nucleotides 158- 180 ( 177C-T) of rat PC- I, 

TTGAAACCCAGCTGTGCCAAA as the ense primer corresponding to nucleotides 235-

255 (243A-C) of rat PC- I, and GSP2 described above as the antisense primer. PCR was 

performed using rat PC-I eDNA, and two fragments (corresponding to nucleotides 1- 180 and 

235-426 of rat PC-I ) were subcloned into a TA vector and sequenced. The fragment ( 1-1 80) 

was di gested with BamH I and SeaT, and lhe fragment (235-426) was digested with Pvu Tl 

and EcoR I. As both Sea 1 and Pvu IT are diges ted blunt end, the two fragments were inserted 

into pGEX-4T-3 (Amersham Phannacia Biotech) at the BamH J /EcoR I sites. GST fusion 

protein was expressed with isopropyi-P-D-thiogalactopyranoside induction and purified as 

de cribed by the manufacturer (Amersharn Phmmacia Biotech). SDS-PAGE analys is and 

Coomassie stain ing of the purified protein revealed a single major band of 41 kDa (data not 

shown). 

3) Anribodies 

The affinity-purified antibody against anti-TRS- 1 was prepared as previously described. 

Anti-phosphotyrosine monoclonal antibody (4G 10) was purchased from Upstate 

Biotechnology (Lake Plac id, NY). An anti-PC-I pecific antibody was prepared by 

4 



immuniz ing rabbits with a GST-PC- 1 fusion protein. The antibody was affinity-purified as 

previously described (9). 

4) Animals 

Male obese (fa/fa) and lean (-/) Zucker rat aged 7 weeks, and male Sprague-Dawley rats 

aged S weeks for STZ rats and high-fat-fed rats were purchased from Tokyo Experimental 

Animals. Zucker rats and STZ rats were fed standard rodent diet (protein 23%, lipid I I%, 

carbohydrate 66% of total calories). Several Sprague-Dawley rats (SD rats) were fed a diet 

high in fat (protein 24.5 %, lipid 60%, carbohydrate I S.S % of total calories) for 2 weeks. To 

prepare STZ rats, streptozotocin in citrate buffer (pH 4.S) was administered intraperitoneally 

in a single dose of 80 mg/kg body wt, and these diabetic rats were used 7 days after STZ 

injection. Food was withdrawn 12-14 h before the experiments, and the rats were killed by 

decapitation. Liver, hind limb muscles and epididymal fat pads were removed and 

inm1ediately homogenized with a polytron operated at maximum speed for 30 sin 6 vo lumes 

of homogenizing buffer (SO mM HEPES , I SO mM NaCI , I% Triton X-1 00, I J.tM 

phenylmethylsulfonyl fluoride (PMSF), 2 ~LM leupeptin , 0.1 mg/m l aprotinin) . Both extract 

were centrifuged at I S,OOOg at 4°C for 30 min to remove insolu ble material, and the 

supernatants were used as samples for immunoprecipitation and immunoblotting. 

5) Immnnoprecipitation and immunoblotting 

Supernatants containing equal amounts of protein were incubated with anti-PC-1 antibody 

(3 Jlg/ml) and then incubated with IS f!.l protein A-sepharose. The samples were washed five 

times with homogenizing buffer and boiled in Laemmli sample buffer containing 100 mM 

dithiothreitol. Next, immunoprecipimted proteins were subjected to SDS-PAGE (7.S% Tris 

acrylamide). Electrotransfer of proteins from the gel to nitrocellulose was performed for 3 h 

at90V, and immunoblotting using anti-PC-1 antibody was performed with enhanced 
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chemiluminescence (ECL). Band imen ities were quantified with a Molecular Imager 

GS-525 using Imaging Screen-CH. 

6) RNA extraction and RNase protection assay 

Total tissue RNA was isolated usi ng an Isogen RNA isolation kit (Nippon Gene, Tol.:yo, 

Japan). RNA concentrations were estimated based on absorbance at 260 nm. RNase 

protection assays were perfom1ed using a riboprobe corresponding a 172-bp fragment 

corresponding to 433-605 bp of rat PC-I cON A as described previous ly ( I 0). 

7) Cell culture 

3T3-Ll fibroblasts were maint~tined in Dulbecco' s modified Eagle's medium (DMEM) 

containing I 0% donor calf serum (Life Technologies, Inc.) in an atmosphere of I 0% C02 at 

37°C. Two days after the fibroblasts had reached confluence, differentiation was induced by 

treating cells with DMEM containing 0.5 mM 3-isobuty l-1 -methylxanthine, 4 ~g/ml 

dexamethasone, and l 0% fetal bovine serum for 48 h. Ce lls were fed with DMEM 

supplemented with I 0% fetal bovine serum every other day for the following 4- 10 days. 

More than 90% of ce ll s expressed tbe adipocyte phenotype. 

8) Gene transduction 

Full-length human PC-I eDNA was obtained by PCR reaction based on the reported 

sequence. Recombinant adenovimses Adex l CAPC-1 (1st A TG) and Ad ex I CAPC-1 (2nd 

ATG) encoding human PC- I proteins beginning from the lst ATG codon and from the 2nd 

ATG codon, respectively, were constructed by homologous recombi nation between the 

expression co:mid cassette and the parental virus genome as described previously ( II). 

3T3-L l ad ipocytes were incubated with DMEM containing the adenovimses for 6 hat 37°C, 

and growth medium was then added. Experiments were perfonned 3 days after infection . 

Infection with Adex I CAPC-1 ( I st ATG) or Adex l CAPC-J (2nd ATG) resulted in no 
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apparent differences in exten t of differentiation into adipocytes, numbers of differentiated 

adipocytes , or morphological featu re in 3T3-L I adipocytes , as compared with untreated cells 

on posrinfection day 3. ln the present study, recombinant adenoviruses were applied at a 

multip lic ity of infection of approximately 200-300 pfu/cell , and 3T3-L I adipocytes infected 

with Adex I CALacZ virus ( 11) were used as a control. When the adenovirus Adex I CALacZ 

vi rus was applied at a multiplicity of infection of 200-300 pfu/cell, lacZ gene expression wa~ 

ob erved .in more than 90% of 3T3-LI adiocytes on postinfection day 3. 

To determine the overexpression level of PC-I in 3T3-Ll adipocytes, abdominal 

subcutaneous adipose tissues of four non-obese non-diabetic subjects, which were obtained at 

abdominal surgery and immediately frozen in liquid nitrogen, were used as a control. The 

frozen adi pose tissue was pulverized under liquid nitrogen. The resultant powder was 

homogenized as described above. 3T3-L I ad ipocytes were lysed as described above. 

Supernatants contai ning equal amounts of protein were immunoprecipitated and 

immunoblotted using anti-PC-1 antibody as described above. 

9) Tyrosine phosphorylation of IR and IRS-I 

3T3-L I adipocytes in a 12-wel l cultu re dish were serum starved for 3 h in DMEM 

conta ining 0.2% bovine serum albumin. The cells were incubated with or without 10.,; M 

insulin for 5 min. Then, the cells were lysed at 4°C with ice-cold HEPES (pH 7.6) containing 

I% Triton X-100, I !J.M PMSF, and 100 J.LM sodium onhovanadate. Insoluble material was 

removed by centrifugation at lS ,OOOg for 10 min at 4°C. The cell lysates were incubated 

with anti-IRS-I antibody or anti-phosphotyrosine an tibody. lmmunocomplexes were 

precipitated with protein A or G-sepharo ·e (Pharmacia Biotech Inc.), and subjected to 

SDS-PAGE and immunoblotting using anti- [RS- 1 antibody or anti-phosphotyrosine antibody 

as described above. 
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10) PI 3-k.ina e assay 

After overnight serum starvation , 3T3-Ll adipocytes were incubated with or without I 0-6 

M insulin stimulation for 5 mio , and so lubilized in ice-cold lysis buffer containing 20 mM 

Tris, pH 7.5, 137 mM NaCI, I mM CaCl2 , I ~LM phenylmethylsulfonyl fluoride, and 100 ~ 

sodium orthovanadate. Lysates were immunoprecipitated with anti-IRS-I antibody or 4G I 0 

as described above. PI 3-k.inase activity in the immunoprecipitates was assayed as reported 

previously ( 12). 

1 I) Glucose uptake 

The cells were serum starved for 3 h, as descrjbed above, and glucose-free incubation was 

performed for 45 min in Krebs-Ringer phosphate buffer. Cells were then incubated with or 

without 10<> M insulin for IS min , and 2-deoxy-D-['H]glucose uptake was measured as 

described previously (13). 
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4. RESULTS 

I) Sequence of N-terminal rat PC-I eDNA 

Degenerated PCR and S'RACE were performed, and a 775-nucleotide fragment 

containing theN-terminal coding region of rat PC-I was obtained. The nucleotide sequence 

of the fragment was determined, and predicted amino acids are shown in Fig. lA. This clone 

contained two putative trans lation starting ATG codons, as similarly observed for mouse and 

human PC-1 cDNAs. The predicted amino acid sequence was compared with those of mouse 

and human PC-I (Fig. I B). The sequences of rat and mouse PC-I were 94% identical (242 I 

257) ( 14). The sequ.ences of rat and human PC-1 were 87% identical (223 I 257) ( 15). The 

transmembrane domains (21 amino acids, underlined) were conserved completely in these 

three species. The cytoplasmic N-terminaJ domain (58 amino acids from the first ATG codon 

or 24 amino acids from the second ATG codon) had the same length as that of mouse PC-I, 

and two portions of human PC- J were deleted in mouse and rat PC- J. According to the rat 

PC-I amino acid sequence, we prepared an antibody against rat PC-I and also a riboprobe for 

RNase protection assay to measure PC-I mRNA. 

2) Tissue distribution of PC-J protein in SD rat 

To prepare tbe antibody against PC-I, rabb its were immunized with GST-fusion protein 

containing amino acids 1-58 and 80-142 of rat PC-I . Equal amounts of protein from brain, 

heart, liver, kidney, adipose tissue and skeletal muscle in SD rat were immunoprecipitated 

and immunoblotted with anti-PC-1 antibody. Three bands (II 0 k.Da, 120 kDa and 220 k.Da) 

were visualized (Fig. 2A). The molecular. ize of PC-I in SDS-PAGE is reportedly J I 0-135 

k.Da, depending on the llssue. Since some part ofPC-1 rep01tedJy exists as a dimer, the 220 

kDa protein is likely to be a dimeric form. Although it remains unknown why PC-I was 

detected as a doublet of 120 k.Da and 110 k.Da bands, different degrees of glycosylation or 
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phosphorylation are possible explanation It is also possible that these two proteins may be 

products from the different translation stru1 A TG codon. as mentioned above. Both the J 20 

kDa and J I 0 kDa bands were quantified and the folds of PC-I protein per upper band of 

skeletal muscle are shown in Fig. 2B. The relative abundance of 120 kDa and II 0 kDa PC-I 

in the tissues was revealed to be very similar, and of the tissues examined. the liver showed 

the highest expression of PC-I. PC-I was also abundantly expressed in adipose tissue, while 

the express ion leve l of PC-I was low in brain and skeletal muscle. Based on these data, there 

seems to be no relationship between the expression level of PC-1 and insulin responsiveness 

in tissues. 

3) Characterization of rats 

Table I summarizes the body weight, plasma glucose, and serum insulin levels of the 

diabetic rats and their controls. Body weight and serum insulin leve l in Zucker fatty rats 

were marked ly higher than those in lean rats. Body weight and plasma glucose in high-fat 

diet rats were the same as those in normal diet rats. but a high-fat diet induces insulin 

resistance ( 16-19). STZ rats showed severe hyperglycemia due to insulin deficiency. 

4) PC-I mRNA and protein expression in liver, muscle and adipose tissue of Zucker rats 

To determine the PC-I expression levels in liver, muscle and adipose tissue of Zucker rats, 

we performed RNase protection assay and immunoblorting to measure the amounts of PC-I 

mRNA and protein, respectively (Fig. 3). RNase protection assay revealed that the 

expression level of PC- I mRNA in adipose ti ssue in fatty rats was increased to 190% of the 

level in lean rats (P < 0.01 ). Immunoblotting also revealed that PC-I protein level in the 

adipose ti.ssue of fatty rats was 50% higher than that in control rats (P < 0.05). However, in 

liver and musc le, both mRNA and protein express ion of PC- l did not differ significantly 

between fatty and cont rol rats. 
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5) PC-I. mRNA and protein expression in li ver. muscle and adipose tissue of high-fat-fed 

rats. 

Although hepatic PC-I mRNA level in high-fat-fed rats was decreased to 78% of that in 

contro l rats (P < 0.05), hepatic PC-I protein level did not differ significanUy between high

fat-fed rats and control rats (Fig. 3). Similarly, although muscle PC-I mRNA level in 

high-fat fed rats was decreased to 69% of that in control rats (P < 0.05), muscle PC-I protein 

level did not differ significantly between high-fat-fed rats and control rats. In addition , PC-I 

mRNA and protein level in adipose tissue did not differ significantly between high-fat-fed 

rats and control rats. These results are consistent with the studies of bzel et al(20). 

6) PC-I mRNA and protein expression in liver and muscle of STZ rats 

Hepat ic PC-I mRNA and protein levels in STZ rats were 138% and l07% of those in 

control rats, respectively, but these differences were not statistically significant (Fig. 3). 

Muscle PC-I mRNA and protein levels in STZ rats were 74% and 84% of those in control 

rats, but the differences were not statistically significant, either. Since the adipose tissue of 

STZ rats is extremely atrophic, I did not examine adipose tissue of STZ rats. 

7) Overexpression of PC-I in 3T3-L I adipocytes 

Overexpression of PC-I was achieved by utilizing an adenovirus-mediated gene 

transduction system in 3T3-L I adipocytes. Since there are two possible translation start ATG 

codons in PC-I eDNA, I constructed two adenov iruses to express both PC- ·1 proteins from 

the I st ATG and 2nd ATG, respective.ly. PC-I proteins from the first ATG codon and the 

second ATG codon possess a 58 and 24 amino acid sequence in the intracellular domain , 

respectively. 3T3-LI adipose cells were infected with control Lac-Z, 1st ATG PC-I , or 2nd 

A TG PC- I, and lhe expression levels of PC-I in the membrane fraction of 3T3-L I cell s were 

investigated by immunoblotting in comparison with those in human adipose tissue (Fig. 4). 
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The size of PC- I in human adipose tissue is very similar to that of the 1st ATG PC-I 

expressed in 3T3-Ll , suggesting that the I st ATG codon is likely to be the major translation 

stmt codon, at least in human adipose tissue. l. prepared adipo e membrane fractions from 

four subjects in whom the expression levels were revealed to be similar (data not shown). and 

one sample was sbown as a contro l (Fig. 4. lane I). Equal amounts of protei n from 

·ubcutaneous adipose tissue of non-diabetes humans and from PC-1-overex.pressing 3T3-LI 

adipocy tes were immunoprecipitated and immunoblotted with anti -PC- 1 antibody. A 1/16-1 

volume of the PC-1-overexpressing samples was subjected to SDS-PAGE. As shown in Fig. 

4, a very smal l amount of endogenous PC- I was detected in the conrrol 3T3-L l cells , whi le a 

very large amount of PC-I was observed in the 3T3-L I cells in fec ted with the corresponding 

adenoviruses. In comparison with the control human ad ipose ti ssue sample, the expressed 

levels of 1st ATG PC- I was calcul ated to be approx imately 16 fold. Thus, lhe level of 

overexpress ion of PC- I in 3T3-Ll cells is cons idered to be enough or more than enough to 

in vesti gate the effect of PC-I on insulin action. 

8) Effect of overexpressed PC- I on insulin s ignaling and glucose transport activity 

After 10.,; M insulin sti mulation for 5 min, lysate from 3T3-Ll ce lls were 

immunoprec ipitated and immunoblotted wi th anti -IRS- ! antibody or 4G I 0 (Fig. 5). Insulin

induced tyros ine phosphorylation of rR did not differ significantly in 3T3-L I adipocytes 

overexpressing either I st or 2nd PC- I compared with the control (which overexpressed 

Lac-Z; upper panel of Fig. 5 A). Neither the amount of IRS-I nor its tyrosine 

phosphorylation level differed signifi cantl y with or without PC- I overexpression (middle and 

lower panels of Fig. 5 A, respective ly), PI 3-kinase activity was assayed after insulin 

stimulation at 1 o~ M for 5 min at 37°C. Pl 3-k.inase activity in the immunoprec ipitates with 

anti-IRS- ! antibody or 4G I 0 did not differ significan tly with overexpression of e ither I st or 
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2nd PC-1 in 3T3-Ll adipocytes compared with U1e control (Fig. 5 B). 

Finally, 2-deoxy-D-[3H]glucose uptake in respon e to 15-rnin incubation with I 0.,; M 

insulin was measured in control and PC-1-overexpressing 3T3-L I adipocytes (Fig. 6). 

Various amounts of PC-I or control Lac-Z were overexpressed in 3T3-Ll adipocytes (In the 

experiments shown in Fig. 4 and Fig. 5, the 500 !!1/well of adenovirus solutions, a 

multiplicity of infection of approximately 200-300 pfu/cell , was used). Under this condition, 

no significant alteration of insulin-induced increase in gluco e uptake was observed with 

overexpression of PC-I (Fig. 6 A, B). Glut4 expression did not differ signi ficantly, either, 

between control and PC-1-overexpressing 3T3-L I adipocytes (Fig. 6 C). 
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5. DISCUSSION 

Membrane glycoprotein PC-I ha been suggested to play a role in insulin resistance. Thi 

hypothesis has been proposed primarlly ba ed on two findings . One is that the expression 

level of PC-I is increased in muscle and adipose tissue of insulin-resistant subjects (21) 

(22-24). The other is that overexpression of PC-I in cultured breast cancer cell s (MCF-7) 

transfected with PC-I eDNA impaired both insulin action and insulin receptor tyrosine kinase 

activity (8). However, the results in this study, PC-I expre sion levels in insulin-sensitive 

ti ssues of animal models of diabetes and/or insulin resistance and the effect of overexpression 

of PC-I in 3T3-L I adipocytes , do not support the hypothesis that PC-I expression is involved 

in insulin resistance. 

One of the interesting findings in this study is that PC- I was expressed very abundanlly in 

two highly insulin-sensitive tissues- adipose tissue and liver, while insulin-insensitive brain 

and kidney contained low levels of PC-I. This data may aJso suggest that PC-I cannot be a 

cause of insulin resi tance. In addition, among the various tissues in the three types of 

diabetic rats, the only tissue in which an increased expression level of PC-I protein was 

observed was Zucker rat adipose tissue. Taking into consideration that the overexpression of 

PC-I did not affect insulin action in 3T3-Ll adipocytes, it is very questionable that increased 

PC-I is involved in the mechanism of insulin resistance, even in adipose tissue of Zucker 

fatty rats. In addition, although adipose tissue is a highly insulin-sensitive tissue, muscle and 

liver are more important tissues affecting whole-body insulin sensitivity. Thus, in the Zucker 

fatty rat, even assuming that PC-I impairs insulin sensitivity, the contribution of PC-I to 

whole-body insulin resistance must be very small. 

Increased expression of PC-I in adipose tissue is observed in both obese humans and 

Zucker fatty rats used in our study. Considering the recent report that the expression of PC-I 
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in the liver is strictly growth-related (25) , it can be speculated that increased PC-I in Zucker 

fatty rat adipose tissue is related to the proliferation or enlargement of cells. which is 

independent of insulin resistance. On the other hand, although it is reported that the level of 

PC-I in obese human muscle i increased (2 1 ). the level of PC-I protein in insulin-re istant 

rat muscle was not significantly different from that in control rats. Regarding this 

contradiction, I speculate tl1at the existence of adipose ti ssue in muscle, which is commonly 

observed in obese humans, may be an explanation for the increased PC-I level in human 

muscle tissue, since fat cell s contain a much higher level of PC-I than musc le (Fig. 2). In 

add ition, in the li ver, PC-I expression levels were similar among the three diabetic rats and 

control rats. Although I can not exclude the possibility that there may be some difference in 

the regulatory mechanism of PC-I expression between rat models and humans, based on my 

results, it seems that PC-I is just one of the proteins that are upregulated in accordance with 

the increase in the size of adipose tissue. 

Furthermore, it was not demonstrated how PC-I interacts with insulin signaling. 

Although it had been speculated that PC-I associates with the insulin receptor (26), resulting 

in reduction in the activation of insulin receptor tyrosine kinase, no direct evidence showing 

an association of the insulin receptor and PC-I has been reported yet. Indeed, I have never 

detected an association between the insulin receptor and PC- I in Sf-9 cell s overexpressing 

both IR and PC-I proteins with baculovirus system (data not shown). Therefore, I consider 

that a direct association between them is unlikely. Moreover, Stefan et al. reported that PC-I 

is a general protein kinase inhibitor in vitro, owing to its hydrolysis of ATP, suggesting that 

the inhibition of insulin tyrosi ne kinase activi ty may be an artifact (27). Recently , it was 

reported that PC- I overexpression did not affect insulin receptor activation in CHO-IR cells. 

although in CHO cell s PC-1 overexpression decreased insulin receptor activation(28). This 
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result . uggested that PC-1 inhibit insulin receptor activation only in the insulin-in ensitive 

cell lines because of small expression level ofiR, even though some weak responses ro 

insulin stimulation were observed. Thu , it seems that doubts have been recently cast on the 

hypothesis regarding the effect of PC-I on insulin aclion, and I considered it necessary to 

investigate the effect of PC- I on insul in actions using highly insulin-sensitive cell lines, and 

decided to adopt 3T3-L l adipocytes. 

PC-1 mRNA contai ns two putative translation starting ATG codons (29). Tf the 

translation of PC-l starts at the 1st ATG codon, the intracell ul ar domain consists of 76 ami no 

acids (human PC-I) , and if it starts at the 2nd ATG codon, the intrace llular domain consists 

of26 ami no acids. The 1st ATG codon is likely to be a major translation start site, s ince the 

size of PC- I in human ad ipose tissue was very imilar to that of 1st ATG PC-I expressed in 

3T3-LI cells. However, I considered that on ly one of these two products can be a negative 

regulator of insulin action , and thus decided to investigate the effects of both I st A TG PC-1 

and 2nd ATG PC-1. In my experiments usi ng 3T3-L J adipocytes, the expression level of 

PC-I using adenovirus was sufficiently high for revealing the effect of PC-I, and careful and 

repeated experiments were performed. In previous reports using human tissues, PC-I level in 

most insulin-re is tam subjec ts was shown to be increased by 50-200% of that in normal 

subjects. If such a relatively small difference is related to the occurrence of apparent insulin 

resistance, the degree of overexpression of PC-I in our experiments must cause marked 

insulin resistance. However, my result clearly indicated that PC-I overexpress ion did not 

affect insu lin-i nduced phosphorylation of IR and IRS- I. Similarly, neither insulin-induced PI 

3-ki nase activation nor insulin-stimulated glucose uptake was reduced by PC- I 

overexpressioo. Therefore, we conclude that PC-I cannot be a cause of insulin resistance. 

Goldfine and co lleagues reported severa l studies. hawing the association of high PC-I 

16 



expression with defective insu lin action in human tissues. However. 0' Rahilly et al. 

reponed no increase in PC-I expression level in dermal fibroblasts from patients with 

syndromes of insulin resistance (30). In addition, it was shown that PC-I is markedly 

{approximately LO fo ld) overexpressed in the tissue as well as cultured skin fibroblasts from 

the patients of Lowe's syndrome (31 ). Lowe's syndrome is an X-linked recessive hereditary 

disease characterized by growth failure, mental retardation , hyporonia , mild or evere 

metabolic acidosis, genera li zed aminoaciduria, proteinuria, rickets, congenital cataract and 

glaucoma, but does not include diabetes or insu li n resistance. Taking all these previous 

reports and my data into consideration. it seems that the expression level of PC- J varies 

according to various body conditions and diseases; however, this alteration does not correlate 

with insulin resi tance or diabetes. Therefore, in conclusion, PC-I is unlikely to be a cause of 

insulin res istance related to obesity. 
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Footnotes 

Abbreviations: PC-I , plasma cell l; NIDDM. non-insulin-dependent diabetes mellitus; IR, 

insulin receptor; IRS- I, insulin receptor substrate-!: P[ 3-kinase. phosphatidylinositol 

3-kinase; CHO cell , Chinese hamster ovary cell ; STZ. streprozotocin ; RACE, rapid 

amplification of eDNA ends; SD rat, Sprague-Dawley rat. 
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7. Figure Legends 

Fig. I Nucleotide sequence of N-terminal rat PC- I eDNA 

(A) Nucleotide sequence of N-terminal rat PC-I eDNA and predicted amino acid sequence of 

the prote in (nucleotides I - 771). 

(B) Comparison of amino acid sequences of rat, mouse and human PC-I proteins. The 

transmembrane regions are under I ined. The sequences of rat and mouse are 94% identica l 

(242 I 257). The sequences of rat and human are 87% identical (223 I 257). 

Fig. 2 Tissue distribution of PC- I protein in SD rats 

Prorei ns were isolated from brain, heart, li ver, kidney, adipose tissue and skeletal muscle as 

described in MATERIALS AND METHODS. Supernatants containing equal amount of 

protein were immunoprecipitated with anti-PC- 1 antibodies at 4°C and subsequently with 

protein A-sepharose. lmmunoprecipitated proteins were immu.noblotted with anti-PC-1 

antibodies and an ECL kit. The intensities of PC-I protein bands were quantified with a 

molecular imager. 

Fig. 3 Altered expression of PC-I in liver, muscle and adipose tissues of Zucker fatly rats, 

high-fat diet-fed rats and STZ rats 

The levels of PC-I mRNA and protein were investigated in liver, skeletal muscle and adipose 

ti ssue of Zucker fatty rats, high-fat diet-fed rats and STZ rats. RNA and protein were isolated 

from liver, skeletal muscle and adipose tissue as described in MATERIALS AND 

METHODS. The level of PC-I prote in was detennined by immunoprecipitation and 

immunoblotting with anti- PC-I antibodies. RNase protection assay with radiolabeled 

anti sense riboprobes was perfo rmed to quantitate PC- I mRNA in the ti ssues as described in 
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MATERIALS AND METHODS. *P < 0.05, **P < 0.01 vs. Zucker Jean rats. 

Fig. 4 Overexpression of PC- I in 3T3-Ll adipocytes 

Protein was isolated from adipose tissue of a normal subject and 3T3-L I adipocytes 

overexpressing PC- I or control Lac-Z as described in MATERIALS AND METHODS. 

Supernatants comaining eq ual amounts of protein were immunoprecipitated with anti-PC- I 

antibod ies and subsequently with protein A-sepharo e. Then, Ill 6- I diluations of PC- I

overexpressing samples were subjected to SDS-PAGE. Immunoprecipitated proteins were 

inununoblotted with anti-PC-1 antibodies and an ECL kit. 

Fig. 5 Elfects of overexpression of PC-1 in 3T3-L J adipocytes on insulin signaling 

3T3-L I ad ipocytes overexpressing I st ATG PC- I, 2nd ATG PC- J, or Lac-Z were incubated 

with or without 10-6 M insulin for 5 min at 37°C. For t.he de termination of tyrosine 

phosphorylation level of the insulin receptor, the cell s were solubilized and 

immunoprecipitated with anti -phosphotyros ine antibody at4°C and subsequently with 

protein G-sepharose. lmmunoprecipirated proteins were immunoblotted with 4G I 0 and an 

ECL kit. The amount of IRS- I and tyrosine phosphorylation level of IRS- I were determined 

by immunoblorting of anti-IRS- J antibody immunoprecipitates wi th anti-IRS-1 antibody and 

anti-phosphotyrosine antibody, respecti vely. Pl 3-kinase activity in the anti-IRS-1 and 

anti-phosphotyrosine antibody immunoprecipitates was assayed as described in 

MATERIALS AND METHODS. The resulting labeled li pids were extracted, separated by 

thin-layer chromatography, then quantified and visualized with a Bio-Rad Molecular Imager. 

Fig. 6 Effects of overexpression of PC- I in 3T3-Ll adipocytes on insulin-induced glucose 

transport activity 
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(A) Various titers of lst ATG PC-I , 2nd ATG PC-I or colliTOI Lac-Z were overexpressed in 

3T3-L l adipocytes. 3T3-L l adipocytes were preincubated with or without insulin for 15 min 

at 37°C. The assay was initiated by the addition of 2-deoxyglucose. The assay was 

terminated after 4-min incubation at 37°C by the addition of cold KRP buffer containing 

phloretin. 

(B) Cellul ar content of GLUT4 was determined by immunoblotting using anti-Glut4 ant ibody 

performed with an ECL kit. 
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Table I. 

Characteristics of experimental rats 

Body Plasma Serum 
weight (g) glucose (mg/dl) insulin (pmolll) 

Zucker lean 272.3 ± 19.7 113±9 187 ±70 
Zucker fatty 353.7 ± 9.6* 112.3 ± .18.5 1416± 174' 

Normal diet 

initial 124.5 ± 1.9 

14d 220± 10.8 98.5 ±0.7 321 ± 78 
High fat diet 

initial 123±4.2 

14d 220±4. 1 99 ± 1.7 401 ±55 

Control 225.5 ±5.8 106 ±6.9 332 ± 64 
STZ diabetes 160.2±3.1 1 493.8±15.1 1 108 ± 36* 

Data are means ± SE (n = 6). * P < 0.005, 'P < 0.0005, 1 P < 0.000 I, all vs control rats. 
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