
Excessive Insulin Receptor Serine Phosphorylation in Cultured Fibroblasts and
in Skeletal Muscle
A Potential Mechanism for Insulin Resistance in the Polycystic Ovary Syndrome

Andrea Dunaif,** Jinru Xia,* Carol-Beth Book,* Esther Schenker,** and Zhichun Tang**
*Division of Endocrinology, Diabetes and Metabolism, Department of Medicine, Pennsylvania State University College of Medicine,
Milton S. Hershey Medical Center, Hershey, Pennsylvania 17033; and *Department of Medicine, Mt. Sinai School of Medicine,
New York 10029

Introduction

We investigated the cellular mechanisms of the unique dis-
order of insulin action found in the polycystic ovary syn-
drome (PCOS). Approximately 50% of PCOS women

(PCOS-Ser) had a significant increase in insulin-indepen-
dent 13-subunit [32P]phosphate incorporation (3.7-fold, P
< 0.05 vs other groups) in skin fibroblast insulin receptors
that was present in serine residues while insulin-induced
tyrosine phosphorylation was decreased (both P < 0.05 vs
other groups). PCOS skeletal muscle insulin receptors had
the same abnormal phosphorylation pattern. The remaining
PCOS women (PCOS-nl) had basal and insulin-stimulated
receptor autophosphorylation similar to control. Phosphor-
ylation of the artificial substrate poly GLU4:TYR1 by the
PCOS-Ser insulin receptors was significantly decreased (P
< 0.05) compared to control and PCOS-nl receptors. The
factor responsible for excessive serine phosphorylation ap-
peared to be extrinsic to the receptor since no insulin recep-
tor gene mutations were identified, immunoprecipitation be-
fore autophosphorylation corrected the phosphorylation de-
fect and control insulin receptors mixed with lectin eluates
from affected PCOS fibroblasts displayed increased serine
phosphorylation. Our findings suggest that increased insulin
receptor serine phosphorylation decreases its protein tyro-
sine kinase activity and is one mechanism for the post-bind-
ing defect in insulin action characteristic of PCOS. (J. Clin.
Invest. 1995. 96:801-810.) Key words: insulin receptors .
signal transduction * phosphoserine * polycystic ovary syn-
drome * insulin resistance
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1. Abbreviations used in this paper: DGGE, denaturing gradient gel
electrophoresis; hIR, human insulin receptor; NIDDM, non-insulin de-
pendent diabetes mellitus; PCOS, polycystic ovary syndrome; PCOS-
nl, PCOS insulin receptorl(-subunits with phosphotyrosine and phos-
phoserine content similar to control; PCOS-Ser, PCOS insulin receptor
(l-subunits with increased phosphoserine, decreased phosphotyrosine
content.

Polycystic ovary syndrome (PCOS)' is probably the most com-
mon endocrine disorder of premenopausal women (1, 2). This
is a condition of unknown etiology characterized by hyperan-
drogenism, chronic anovulation and, frequently, substantial in-
sulin resistance (1, 3, 4). Obesity and PCOS have a synergistic
negative impact on insulin action such that 20% of obese PCOS
women have impaired glucose intolerance or non-insulin depen-
dent diabetes mellitus (NIDDM) by their third decade (3, 4).
It can be extrapolated from these data that PCOS-related insulin
resistance is an important cause of glucose intolerance in pre-
menopausal women (5). The cellular mechanisms of insulin
resistance in PCOS, however, appear to differ from those in the
other common insulin resistant states of obesity and NIDDM
(6). There is a striking shift to the right in the insulin dose-
response curve for glucose uptake in adipocytes, without
changes in adipocyte insulin binding, greater than that seen with
obesity alone (6, 7). This defect is, in part, explained by a

decrease in insulin-stimulated insulin receptor autophosphoryla-
tion (7). There is also a more modest but significant decrease
in maximal rates of insulin-mediated glucose uptake in adipo-
cytes in PCOS (6). This is secondary to decrease4 abundance
of the insulin-regulatable GLUT4 glucose transporter (8). Al-
though caution must be exercised in extrapolating cellular
mechanisms from in vivo dose-response curves, such studies
suggest that similar defects are present in muscle, the major
insulin target tissue (6).

In NIDDM and in obesity many abnormalities in insulin
action are secondary to hyperinsulinemia and hyperglycemia
(9-13). In contrast, in PCOS such defects are independent of
glucose tolerance, insulin levels, and body fat topography (6,
8). Some investigators have suggested that hyperandrogenism
decreases insulin action (14, 15). In our studies, circulating
androgen levels have not been correlated with parameters of
insulin sensitivity and we have found that suppression of hyper-
androgenism achieved through "medical castration" with a
long-acting GnRH analog does not alter insulin action in PCOS
(3, 4, 6, 16). However, other studies (17, 18) have suggested
that androgens do contribute to insulin resistance in PCOS.
Thus, it remains possible that defects in insulin action in PCOS
represent acquired rather than intrinsic abnormalities. To inves-
tigate this possibility and to further assess the mechanisms of
the post-binding defect in insulin receptor-mediated signal
transduction, we examined insulin binding and receptor protein
tyrosine kinase activity in cultured PCOS skin fibroblasts that
had been removed from the in vivo environment for generations
as well as in skeletal muscle. We have identified a novel abnor-
mality of insulin receptor phosphorylation characterized by in-
creased insulin-independent phosphate incorporation into serine
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residues, decreased insulin-dependent tyrosine autophosphory-
lation and decreased artificial substrate phosphorylation in
50% of PCOS women. Serine phosphorylation of the insulin

receptor is postulated to be a mechanism for terminating insulin

signaling ( 19-22). PCOS is thus the first insulin resistant state
in which this mechanism appears to be operative.

Methods

Materials. DME, FBS, penicillin-streptomycin solution, and EDTA

were obtained from Fisher Scientific (Pittsburgh, PA) Phosphate-free
DME was obtained from GIBCO BRL (Gaithersburg, MD) Hepes,

Triton X-100 and DTT were obtained from Boehringer Mannheim (Indi-

anapolis, IN) Wheat germ agglutinin (WGA) was obtained from Calbio-
chem (San Diego, CA). Protein A Sepharose CL-4B was purchased
from Pharmacia LKB (Piscataway, NJ) Centricon-30 concentrators

were purchased from Amicon Inc. (Beverly, MA), and N-ethyl-

morpholine was purchased from Pierce (Rockford, IL). Human insulin

was purchased from E. Lilly Co. (Indianapolis, IN) and IGF-I was

purchased from Bachman (Torrance, CA). A 14-tyrosine [tn"I]insulin
and [32P]orthophosphate were purchased from Dupont (Wilmington,
DE). The antiphosphotyrosine antibody, PY20, and [32P]-ATP were

purchased from ICN Biochemicals (Costa Mesa, CA). The polyclonal
anti-insulin receptor antibody was purchased from Transduction Labora-
tories (Lexington, KY). The monoclonal anti-insulin receptor antibody,
18-44, was the gift of Dr. Kenneth Siddle, and the monoclonal anti-
IGF-I receptor antibody, aIR3, was the gift of Dr. Jeffrey Pessin. NIH
3T3 fibroblasts that overexpress transfected human insulin receptor

cDNA were the gift of Dr. J. Whittaker (23). The remaining reagents

were purchased from Sigma Chemical Co. (St. Louis, MO).
Subjects. 16 women with PCOS (10 obese, 6 nonobese) and 9

control women (5 obese, 4 nonobese) matched for age and weight were

studied. 14 subjects, PCOS (PCOS Subjects 1-8 and 11-14, Tables I

and II) and control (4 obese and 4 nonobese), had participated in our

previous studies of insulin action on glucose transport examined in

isolated adipocytes (6, 8). Two additional PCOS women and one control
woman had muscle biopsies; these PCOS women had insulin resistance

documented by euglycemic glucose clamp studies (6). Subjects were

between the ages of 21-43 yr, in good health, euthyroid, and none had

taken any medications known to affect gonadal function or carbohydrate
metabolism for at least three months prior to study. The diagnosis of

PCOS was made when testosterone, non-sex hormone binding globulin
bound testosterone and/or androstenedione levels were elevated greater
than two standard deviations above the female control mean in associa-

tion with chronic anovulation, as evidenced by either amenorrhea or

oligomenorrhea with six or fewer menses per year. No PCOS woman

had late-onset 21-hydroxylase deficiency by a 1 h ACTH stimulation

test or hyperprolactinemia (1). Most of the PCOS women also had

polycystic ovaries on ovarian ultrasound (2). Hirsutism was not used

as a selection criterion because hyperandrogenism can be present with-

out any clinical expression due to differences among individuals in

target tissue sensitivity to androgens (24). Acanthosis nigricans was

not used to stratify subjects because we have shown that the skin lesion
is an epiphenomenon of insulin resistance rather than a specific marker

for hyperandrogenism (25).
Normal nondiabetic control women had regular menses every 27-

32 d; no hirsutism or hyperandrogenism were present. There was no

history of NIDDM or insulin-dependent diabetes mellitus in the first

degree relatives of the control women. Obesity was defined as a body
mass index (BMI) > 27 kg/m2 while nonobese women had a BMI

< 27 kg//m2. Studies were approved by the institutional review boards of

the Mt. Sinai School of Medicine and the Pennsylvania State University
College of Medicine. Written informed consent was obtained on all

subjects before study.
A 75 gram oral glucose tolerance test was performed in the morning

after a 3 d 300 gram carbohydrate preparatory diet and glucose and

insulin levels were obtained every 30 min for 2 h. All of the control

Table I. Clinical Features and Glucose Tolerance

Glucose (mM) Insulin (pM)
Racial/ Age BMI

Subject ethnic (yr) (kg/M2) 0 min 120 min 0 min 120 min

Obese PCOS
1 C 40 48.9 5.4 8.5 101 761

2 H 40 41.7 6.2 10.5 804 5442

3 C 34 39.7 5.0 9.9 237 1099
4 H 24 30.2 4.7 7.7 187 1292

5 H 32 55.2 4.5 5.8 172 610

6 C 43 36.1 5.1 9.1 287 1587

7 C 21 31.2 4.5 6.8 165 783

8 B 28 27.9 5.2 8.3 86 495

9 C 21 45.1 4.8 7.3 244 1630

10 C 26 46.9 5.8 8.3 165 1106

Mean±SEM 33±3 38.6±3.5 5.1±.2 8.3±.6 255±82 1509±577

Obese
control

n = 5
mean±SEM 35±2 32.8±2.5 5.1±.2 6.2±.5 108±41 316±79

Nonobese
PCOS

11 C 37 23.0 5.0 5.4 72 323

12 C 26 26.3 5.1 5.2 22 129

13 C 23 22.8 4.3 4.9 29 280

14 C 28 26.4 5.0 8.3 101 984

15 H 23 25.4 5.0 7.6 144 819

16 C 42 20.6 5.2 6.8 43 187

Mean±SEM 30±3 24.1±.9 4.9±.1 6.4±.6 68±19 454±146
Nonobese

control
n = 4
mean±SEM 25±3 22.4±1.2 4.6±.2 5.3±.5 50±9 355±127

C, Caucasian; H, Hispanic; B, Black.

women had normal glucose tolerance whereas some of the PCOS women
had impaired glucose tolerance or diabetes mellitus by WHO criteria
(5). None of the PCOS women had fasting hyperglycemia. The clinical
features and glucose tolerance data are summarized in Table I and the

adipocyte insulin action data in Table II. Most of these data have been

reported previously (6, 8) and are reported again in this study to describe
the phenotype of the PCOS women.

Skin biopsies and fibroblast cultures. After local anesthesia with

1% lidocaine with epinephrine, a 2-mm punch biopsy was performed
under sterile conditions on the volar aspect of the forearm. The skin
was cultured in DME (4 grams/liter glucose) supplemented with 10%
FBS and 1% penicillin/streptomycin solution in a humid 370C incubator

with 5% CO2 (26). In 7-14 d, fibroblast outgrowth from the primary
biopsy was evident; growth continued to near confluence before further

subculturing was performed. Cells were used for study between the

fourth and eighth passage.
Muscle biopsies. Muscle biopsies were performed in the morning

after an overnight fast and a 3 d 300 gram carbohydrate preparatory
diet in two PCOS women and one control woman. After local anesthesia
with 1% lidocaine, a 5-cm incision was made in the left axilla under

sterile conditions and -1 gram of pectoralis major muscle was re-

moved. Approximately 1 gram of rectus abdominus muscle was taken

at the time of indicated surgery in an additional normal woman. Muscle

was immediately frozen in liquid nitrogen until use.

Insulin binding assay. Fibroblasts were grown to confluence in 6-

well tissue culture dishes in supplemented DME prior to incubation in

serum-free medium containing 0.1% BSA for 48 h. Previous studies
had shown that this period of serum-starvation was necessary to achieve

maximal insulin binding (26). The binding assay was performed at

room temperature for 4 h with radiolabeled insulin and unlabeled insulin

in buffer containing 50 mM Hepes, 50 mM Tris, 10 mM dextrose, 10
mM MgCl2, 50 mM NaCl, 5 mM KCl, 10 mM CaCI2, 2 mM EDTA,
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Table 11. Adipocyte Insulin Action and Fold-Stimulation
Fibroblast Insulin Receptor Autophosphorylation

ED50 insulin Max Percent
Subject pM Basal (al/mm2Is) B/T Fold

Obese PCOS
1 415 0.45 1.32 8.9 2.9

2 482 0.58 1.11 3.4 2.4

3 359 1.66 3.53 6.6 1.4

4 98 0.56 0.88 6.8 1.3
5 139 1.53 3.22 6.7 1.1

6 200 0.57 1.07 9.0 1.6

7 87 1.67 3.50 3.0 2.4

8 59 1.39 2.42 2.6 1.6

9 ND ND ND ND 1.0*

10 ND ND ND ND 1.0*

MeantSEM 230±58 1.05±0.20 2.13±0.41 5.9±0.9
Obese

control
n = 4

mean±SEM 101±29 1.09±0.12 2.35±0.10 7.1±2.0

Nonobese
PCOS

1 1 58 0.82 1.48 2.8 2.0

12 244 2.56 7.51 9.0 2.4

13 52 2.95 6.80 10.1 3.4

14 412 0.62 1.31 5.1 2.2

15 29 0.84 1.55 4.5 1.3
16 147 2.79 4.25 7.3 1.1

Mean±SEM 157±60 1.76±0.45 3.82±1.15 6.5±1.2 1.9±0.7**
Nonobese

control
n = 4

mean±SEM 122±50 2.5±0.23 6.12±1.73 8.6±1.4 2.8+0.3***

ED5o Insulin, EDm adipocyte insulin-stimulated glucose uptake; al/mm2/s, attoli-
ters per millimetere per second; Basal, basal rate and Max, maximal rate of
adipocyte insulin-stimulated glucose uptake; Percent BIT, percent bound over

total adipocyte [InIlinsulin binding; * skeletal muscle insulin receptor; ** insu-

lin-induced fold-stimulation of fibroblast insulin receptor autophosphorylation in
obese and nonobese PCOS; *** insulin-induced fold-stimulation of fibroblast
insulin receptor autophosphorylation in obese and nonobese controls.

and 1% BSA (pH 8.0) (26). Each concentration of unlabeled insulin
was tested in triplicate. Cells were washed with ice cold phosphate
buffered saline (pH 7.4) to remove unbound isotope and solubilized in
0.2 N NaOH. Bound [1"I]insulin was determined by gamma counting
and protein concentrations were determined by the Lowry procedure
(26). Scatchard analysis was performed on the binding data using the
Ligand computer program. The interassay coefficient of variation was
9% for the fibroblast insulin binding studies. Fibroblast insulin binding
data from the control women were reported as normative data in a
previous manuscript (26).

Studies ofinsulin receptor autophosphorylation and protein tyrosine
kinase activity. Skin fibroblasts were grown to confluence, serum-starved
for 48 h and harvested in 10 mM Hepes, 1 mM EDTA, pH 7.4. After
the addition of sucrose to 10% (wt/vol), the cells were lysed by nitrogen
cavitation (20 min, 400 psi, 4°C) (cell disruption bomb, Par Instrument
Co, Moline, IL) and the nuclei were separated by centrifugation at 1,000
g for 10 min at 4°C (27). Plasma membranes were pelleted at 200,000 g
for 60 min at 40C and stored at -700C. Before insulin receptor isolation,
fibroblast membranes were washed first with 50 mM Hepes, 1 mM
EDTA, pH 7.0 (buffer A) and then with buffer A containing 1.5 M
NaCl (27). Membranes then were solubilized in buffer A containing
2% Triton. For studies of insulin receptor protein kinase activity, insulin
receptors were extracted directly from confluent serum-starved fibro-
blasts with 50 mM Hepes, 1 mM EDTA, 2 mM PMSF, 0.1 mg/ml
aprotinin, 1% Triton, pH 7.4, at 40° for 1 h (28). Extracts were then

spun at 150,000 g for 1 h at 40C (28). Insulin receptors were partially-

purified from solubilized fibroblast membranes and from fibroblast

monolayer extracts by affinity chromatography on WGA-Sepharose
(column volume 300 pl). For autophosphorylation studies, receptors
were eluted with 0.3 M N-acetylglucosamine in buffer A containing
0.12% Triton. For substrate phosphorylation studies, fibroblast extracts

were eluted with 0.3 M N-acetylglucosamine in 50 mM Hepes, 1 mM

EDTA, 2 mM PMSF, 0.1 mg/ml aprotinin, 0.12% Triton, pH 7.4.

WGA-Sepharose columns were washed four times with 250 jld of elu-

tion buffer. The eluates were pooled and concentrated to 100-200 pl
with Centricon-30 concentrators. Skeletal muscle homogenates were

prepared and insulin receptors were then partially purified by affinity
chromatography on 300 sl of WGA-Sepharose as reported (29).
WGA-Sepharose columns were washed and pooled eluates were con-

centrated as described above.

Insulin binding was determined in the lectin eluates in the presence
of binding buffer (200 mM Na2HPO4, 1 mM EGTA, 1 mM EDTA pH
7.8), 1% bovine serum albumin, [ "I] insulin and unlabeled insulin

(increasing concentrations or 17.5 tiM). The final reaction volume (300
jsl) was incubated overnight at 40C and was precipitated by incubation

at 40C for 15 min with 0.4% bovine gamma globulin and 20% polyethyl-
glycol. Bound ["2I] insulin was pelleted in a microcentrifuge at 40C
for 15 min and counts were determined by gamma scintillation. Eluate

protein concentration was determined using the Biorad Protein Assay
(Hercules, CA) and insulin receptor number and affinity were deter-
mined using the Ligand computer program.

Autophosphorylation was examined by incubating WGA-Sepharose
eluates at room temperature in the presence or absence of 1 OM insulin

(28, 30). Similar amounts of protein (- 10 jig for fibroblast studies
and - 20 1ig for skeletal muscle studies) were used and PCOS subjects
were always assayed in parallel with samples from control women. The
studies in partially-purified fibroblast insulin receptors were performed
at the optimal pH for the insulin receptor tyrosine kinase, pH 7.0, and
1 iM insulin was used to ensure maximal insulin receptor activation at

this pH (27, 30). Studies in skeletal muscle were performed at pH 7.4.
Reactions were initiated by the addition of 10 jiM ATP, 50 tCi [32p]_
y-ATP (2 OM; 7,000 Ci/mmol sp act) and 5 mM manganese acetate

(final concentrations). After 30 min, the reactions were quenched with
concentrated Laemmli sample buffer containing 60 mM DTT and ana-

lyzed by SDS-PAGE on 8% polyacrylamide gels. The receptor /3-sub-
units were localized on dried gels by autoradiography, excised and
counted. Equal areas of each gel judged to be free of proteins were
excised and counted as background. Studies were repeated if fold-stimu-
lation was < twofold. Immunochemical identification of receptors was

performed by incubation overnight at 40C with the anti-insulin receptor
,8-subunit antibody, 18-44 (31), the anti-IGF-I receptor antibody, a-

IR3, or the antiphosphotyrosine antibody, PY20, and precipitation with
Protein A-Sepharose for 2 h. When immunoprecipitation was per-
formed after autophosphorylation, reactions were first stopped with 50
mM Hepes, 100 mM NaF, 10 mM Na-pyrophosphate, 5 mM EDTA, 2
mM Na-vanadate, pH 7.4, immunoprecipitated overnight and were then
analyzed by SDS-PAGE.

Insulin receptor tyrosine kinase activity towards artificial substrate
was determined by preincubating 5-jig aliquots of insulin receptors
partially-purified from extracts of confluent skin fibroblasts for 30 min
at 220C in 60 Il total volume at pH 7.4 with 0-100 nM insulin to
examine insulin receptor kinase activity under physiologic conditions
(28). The artificial substrate, poly GLU4:TYRI, (400 ig/40 pl) was
added to the reaction volume and phosphorylation was initiated by
adding 40 ILI of a mixture calculated to give final concentrations of 5
mM manganese acetate, 20 mM MgCl2, 28.6 tiM ATP, 2 pCi [32p]_
y-ATP (7,000 Ci/mmol sp act) and 50 mM Hepes, pH 7.4. After
incubation for 20 min phosphorylation was terminated by spotting on
Whatman # 3 filter paper (28). The papers were washed at room temper-
ature in 10% trichloroacetic acid containing 10 mM Na-pyrophosphate
with constant stirring over 24 h and the remaining radioactivity was
determined by Cerenkov scintillation counting. Data were expressed as
fmol of [32p] phosphate incorporated per mg of substrate per minute
per fmol insulin binding.
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Phosphoamino acid analysis. Phosphorylated ,1-subunits of the insu-
lin receptor were identified by their mobility on SDS-gels. Immunopre-
cipitation after autophosphorylation with the anti-insulin receptor anti-
body 18-44 confirmed the identity of the insulin receptor 13-subunit
but was not performed routinely to ensure that sufficient amounts of
phosphorylated 13-subunit remained in both the absence and presence
of insulin for phosphoamino acid analysis. 13-subunits were cut from
dried gels according to properly aligned autoradiograms, rehydrated in
water and digested overnight in 50 mM N-ethylmorpholine acetate, pH
8.6 containing 0.1 mg/ml trypsin. Lyophilized tryptic peptides were
hydrolyzed with 6 N HCL containing 1 mg/ml phenol for 30 min at
150'C (32), and [32P]phosphoamino acid were separated by a thin layer
high voltage electrophoresis at pH 3.5 using a, flatbed gel apparatus,
Hoefer Scientific (San Francisco, CA) (32). Phosphoamino acids were
quantitated by scraping appropriate regions of thin layer plates and
subjecting each sample to Cerenkov scintillation counting for 30 min.

Mixing experiments. The NIH 3T3 fibroblasts overexpressing the
human insulin receptor (hIR) cDNA were grown to confluence and
serum-starved as described above. Plasma membranes were prepared
and hIRs were partially-purified by affinity chromatography on WGA-
Sepharose prior to further purification by immunoprecipitation with the
anti-insulin receptor antibody, 18-44 as described above. Immunopuri-
fied hIRs were then mixed with WGA-Sepharose eluates from PCOS
fibroblast membranes containing insulin receptors with increased phos-
phoserine-decreased phosphotyrosine (PCOS-Ser) or from control fi-
broblasts in a ratio of - 10 fmol hIR:l fmol WGA-Sepharose insulin
binding activity. Autophosphorylation in the presence and absence of 1
,uM insulin was then performed as described above. Phosphorylated 13-
subunits were excised from SDS gels and phosphoamino acid analysis
was performed as outlined above.

In vivo fibroblast labeling. Control and PCOS-Ser fibroblasts (7-
11th passage) were maintained in supplemented DME media as de-
scribed above. Confluent cells were serum starved with DME containing
0.1% BSA for 48 h and pre-incubated in serum-free and phosphate-free
DME media with 10 mM Hepes, pH 7.5 for 1 h at 37°C, labeled with
0.4 mCi/ml of [32P]orthophosphate for 4 h, and incubated in the pres-
ence and absence of 100 nM insulin for 10 min (33). Reactions were
terminated by removing the media and immediately freezing cells in
liquid nitrogen. Cells were solubilized and cell lysates prepared as re-
ported (33). Equal protein concentrations of cell lysates (800 ,g) were
incubated overnight at 4°C with 4 ,ug of the polyclonal anti-insulin
receptor antibody and immunoprecipitated complexes were resolved as
above by SDS-PAGE.

Denaturing gradient gel electrophoresis (DGGE). Genomic DNA
was extracted from blood or confluent skin fibroblasts and amplified by
PCR as reported (26, 34). Amplified fragments of DNA were analyzed
by parallel DGGE in a Hoefer SE600 vertical apparatus at 60°C as

reported (26, 34). Perpendicular DGGE was performed when a potential
mutation was detected (26, 34). Amplified DNA was directly sequenced
as reported (26) when the perpendicular DGGE suggest the presence
of a bp change.

Data analysis. Fibroblast insulin binding and phosphorylation data
from obese and nonobese individuals in the PCOS and the control groups
were combined since changes in these parameters related to obesity
reflect the in vivo hormonal environment and resolve in tissue culture
( 11-13, 26, 35 ). Two groups were analyzed by unpaired t tests. When
three groups were present (i.e., PCOS-Ser, PCOS-nl, control), data
analysis was performed by one-way ANOVA with Tukey's post-hoc
test to determine which group(s) differed significantly. Simple linear
regression analyses were performed between parameters of insulin re-

ceptor phosphorylation and adipocyte insulin action. Log transformation
of the data was performed when necessary to achieve homogeneity of
variance. Statistical analyses were performed using SAS software (Cary,
NC) and all data are reported as the untransformed mean±SEM.

Results

Autophosphorylation studies. There were no apparent differ-
ences in receptor number or affinity by Scatchard analysis (data

,-subunit- ,

- 116

-97

insulin Il
_-+-_+ -+- +
anti Insulin Receptor

antibody
anti IGF-I Receptor

antibody

Figure 1. Autoradiogram of insulin receptor 13-subunits immunoprecipi-
tated with anti-insulin receptor antibody and of IGF-I receptor 13-sub-
units immunoprecipitated with anti-IGF-I receptor antibody after auto-
phosphorylation±l MM insulin. Aliquots of partially purified skin fi-
broblast insulin and IGF-I receptors from a PCOS-Ser and a control
woman containing equal amounts of protein (10 Mg) were incubated in
the presence or absence of 1 AM insulin as indicated and the autophos-
phorylation reactions were terminated after 30 min as described in Meth-
ods. Autophosphorylated receptors were immunoprecipitated for 2 h
with protein A-Sepharose after incubation overnight at 40C with specific
antibodies to the insulin and IGF-I receptors, reduced with DPT and
resolved by SDS-PAGE. The insulin receptor 13-subunit (left panel)
from the PCOS-Ser has marked phosphate incorporation in the absence
of insulin and minimal stimulation of phosphate incorporation by 1 ,uM
insulin as compared to the control insulin receptor 1i-subunit. In contrast,
basal and stimulated (by spillover occupancy by insulin) IGF-I receptor
13-subunit phosphate incorporation is similar in PCOS-Ser and in control
(right panel).

not shown). Partially-purified PCOS insulin receptors were rec-
ognized by anti- 13-subunit monoclonal antibody 18-44 (Fig.
1). PCOS 1-subunits of insulin and IGF-I receptors, labeled by
autophosphorylation, migrated in SDS-gels with an apparent
molecular weight similar to the control 1-subunits (Fig. 1). No
functional insulin receptors from either PCOS or control women
were found in the nonadsorbed flow-through of the lectin col-
umn. Insulin-stimulated autophosphorylation of partially puri-
fied fibroblast insulin receptors was significantly decreased in
PCOS (fold stimulation±SEM [1.0 = no stimulation] 1.9±.7
PCOS vs 2.8±.3 control, P < 0.05, Table II).

There appeared to be two groups of PCOS insulin receptors.
Insulin receptors from seven of 14 PCOS women (50%) and
one normal woman had increased basal autophosphorylation
(> 60% of insulin-stimulated autophosphorylation) (Fig. 2).
The other 7 PCOS women had basal autophosphorylation
(< 50% of insulin-stimulated phosphorylation) and insulin-
stimulated receptor autophosphorylation similar to receptors
from control women (Fig. 2). This was investigated a priori
by re-establishing skin fibroblast cultures from these cell lines
and performing additional studies with partially purified insulin
receptors. In the PCOS insulin receptors with increased basal
autophosphorylation (PCOS-Ser, n = 7), basal [32P]phosphate
incorporation was increased significantly (3.7-fold, one-way
ANOVA P < 0.001, P < 0.05 vs. other groups by Tukey's
test) and there was minimal insulin-stimulated phosphorylation
(Fig. 3). In PCOS insulin receptors with normal basal autophos-
phorylation (PCOS-nl, n = 4), basal and insulin-stimulated

[32P]phosphate incorporation was similar to that seen in control
insulin receptors (Fig. 3). There were no significant correlations
between parameters of receptor phosphorylation and insulin ac-

tion in PCOS and control women. There were no significant
differences in clinical characteristics or parameters of insulin
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Figure 2. The distribution of basal skin fibroblast insulin receptor auto-
phosphorylation in PCOS (solid bars) and control women (cross-
hatched bars). Basal receptor autophosphorylation is represented as the
percent of maximal insulin-stimulated autophosphorylation. There ap-
pear to be two groups of insulin receptors from PCOS women. 50% of
PCOS insulin receptors have high basal phosphate incorporation > 60%
and - 50% of PCOS insulin receptors have basal phosphate incorpora-
tion < 50% of maximal autophosphorylation, similar to that seen in
controls.

action in the PCOS-Ser compared to the PCOS-nl women (data
not shown). One normal control woman also had increased
basal autophosphorylation. She was nonobese and had normal
adipocyte insulin action. Unfortunately, her fibroblast lines were
not available for further studies.

Phosphoamino acid analysis of the insulin receptor /-sub-
units revealed that [32P]phosphate incorporation into serine res-
idues was elevated in PCOS-Ser compared to controls (one-
way ANOVA P < 0.05, P < 0.05 vs PCOS-nl by Tukey's test)
and insulin-stimulated tyrosine phosphorylation was diminished
(one-way ANOVA P < 0.05, P = NS vs other groups by
Tukey's test) (Figs. 3 and 4). Insulin-independent phosphoser-
ine content and insulin-dependent phosphotyrosine content were
similar to control levels in PCOS-nl /3-subunits (Fig. 3 and 4).
No phosphothreonine was detected. Immunoprecipitation after
autophosphorylation confirmed that the abnormal pattern of
phosphorylation was present in the insulin receptor /3-subunit
(Fig. 1). However, insulin induced (by spillover occupancy)
similar patterns of [32P]phosphate incorporation in PCOS-Ser
and control IGF-I receptors (Fig. 1) and antiphosphotyrosine
antibody immunoprecipitated similar amounts of /-subunit un-
der these conditions to that immunoprecipitated by aIR-3 anti-
body (data not shown) suggesting that the PCOS-Ser IGF-I
receptor tyrosine phosphorylated normally.

Insulin receptors partially-purified from PCOS skeletal mus-
cle and immunoprecipitated after autophosphorylation had the
same increased insulin-independent /-subunit [32P]phosphate
incorporation and minimal further insulin-stimulated phosphor-
ylation as that seen in PCOS skin fibroblast insulin receptors
(Fig. 5). Phosphoamino acid analysis revealed that this in-
creased phosphate incorporation was into serine rather than ty-
rosine residues (data not shown). Insulin receptor /3-subunits
phosphorylated in vivo in PCOS-Ser fibroblasts showed the
same pattern of phosphorylation as that found in insulin recep-
tors partially-purified from these cells and phosphorylated in
vitro (data not shown). Patterns of insulin receptor autophos-
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Figure 3. Phosphate incorporation in insulin receptor p3-subunits par-
tially-purified from skin fibroblast membranes of control (open bars),
PCOS-nl (hatched bars) and PCOS-Ser (cross-hatched bars) women
with phosphoamino acid analysis shown in the inset. The 13-subunits
were phosphorylated in the presence and absence of 1 tzM insulin,
resolved by SDS-PAGE, excised from the gel, counted and phospho-
amino acid analysis performed as described in Methods. 1-subunit [32P]-
phosphate incorporation± 1 tiM is significantly increased in PCOS-Ser
vs other groups; one-way ANOVA basal P < 0.001, + 1 OM insulin
P < 0.05; * P < 0.05 vs control and PCOS-nl by Tukey's post hoc
test. The values are the mean±SEM from 7 PCOS-Ser, 4 PCOS-nl,
and 6 control subjects. The cpms tyrosine (cross-hatched bars) and
serine (open bars) ± 1 uM insulin after 13-subunit phosphoamino acid
analysis are shown in the inset; one-way ANOVA basal tyrosine
P = NS, serine P < 0.05, + 1 uM insulin tyrosine P < 0.05, serine
P < 0.001; * P < 0.05 vs control and PCOS-nl, ** P < 0.05 vs
PCOS-nl by Tukey's post-hoc test; * * * P < 0.05 for three groups by
one-way ANOVA. The values are the mean±SEM from 7 PCOS-Ser,
3 PCOS-nl, and 5 control subjects.

phorylation also did not differ in control fibroblast receptors
phosphorylated in vitro and in vivo (data not shown). The
presence of this abnormal pattern of receptor phosphorylation
in insulin receptors isolated from [32P]phosphate labeled intact
cells and from skeletal muscle, the major insulin target tissue,
suggests that this finding is not an artifact of the phosphorylation
conditions or tissue used.

Artificial substrate phosphorylation studies. Tyrosine kinase
activity of the partially purified skin fibroblast insulin receptors
was determined by the ability of the receptors to phosphorylate
the artificial substrate poly GLU4:TYRl. Basal rates of sub-
strate phosphorylation were similar in PCOS-Ser, PCOS-nl and
control women (Fig. 6). Maximal rates of substrate phosphory-
lation as well as the insulin-induced increment over basal were

significantly decreased in PCOS-Ser compared to control and
PCOS-nl insulin receptors (both one-way ANOVA P < 0.005,
P < 0.05 vs other groups by Tukey's test, Fig. 6).
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Figure 4. Representative autoradiograms of autophosphorylated skin
fibroblast insulin receptor /6-subunits (top) and phosphoamino acid anal-
ysis (bottom) ±1 IuM insulin from normal (control), PCOS-nl and
PCOS-Ser women; S-serine, Y-tyrosine. Autophosphorylation and phos-
phoamino acid analysis were performed as described in Methods.

Immunopurification and mixing studies. When partially puri-
fied insulin receptors were immunoprecipitated with anti-insulin
receptor antibody, 18-44, before autophosphorylation, the
amount of basal and insulin-stimulated [32P]phosphate incorpo-
ration into PCOS-Ser insulin receptors was similar to control
(Table HI). Both control and PCOS-Ser receptors had greater
fold-stimulation of autophosphorylation after immunoprecipita-
tion. This finding suggests that these isolated receptors did not
contain increased amounts of insulin-independent phosphoserine.
Mixing of immunopurified hIR with PCOS-Ser skin fibroblast
WGA-Sepharose eluate resulted in increased insulin-indepen-
dent /3-subunit phosphorylation on serine residues and decreased
insulin-stimulated tyrosine phosphorylation as compared to hIR
mixed with control skin fibroblast WGA-Sepharose eluate and
to unmixed hIR (Fig. 7).

Insulin receptor gene sequencing. We have previously re-

ported direct DNA sequencing of the insulin receptor gene in
two of the PCOS-Ser women (subjects 6 and 8, Tables I and
II) that showed no mutations and both alleles appeared to be

e Control -' H PCOS- Ser- e Control -i H PCOS-Seri

n-subunit-*

insulin - + - + - + - +

Figure 5. Autoradiogram of skeletal muscle insulin receptor,/-subunits
immunoprecipitated with anti-insulin receptor antibody, 18-44, after
autophosphorylationt1 tM insulin. Aliquots of partially-purified skele-
tal muscle insulin receptors from 2 PCOS-Ser and 2 control women

containing equal amounts of protein (20,ug) were incubated in the pres-
ence or absence of 1 /sM insulin and the autophosphorylation reactions
terminated after 30 min as described in Methods. The autophosphory-
lated receptors were immunoprecipitated and resolved by SDS-PAGE
as described in Fig. 1. There is increased basal autophosphorylation in
both PCOS /-subunits and no further stimulation of phosphorylation
by insulin (cpm basal/insulin 763/503, 967/901, respectively). In the
control insulin receptors, there is minimal insulin-independent autophos-
phorylation and 10-14-fold insulin-stimulated phosphorylation (cpm
basal/insulin 98/1414, 96/1036, respectively).

Insulin nM

Figure 6. Phosphorylation of poly GLU4:TYR1 by aliquots (5 pg pro-

tein) of partially-purified skin fibroblast insulin receptors at pH 7.4, in

the presence of 0-100 nM insulin, *l-way ANOVA P < 0.005; PCOS-
Ser < control and PCOS-nl, P < 0.05 Tukey's test. Skin fibroblast
insulin receptors were directly extracted from confluent cell cultures,

partially-purified, incubated in the presence of 0-100 nM and assays

of the phosphorylation of poly GLU4:TYRI performed as outlined in
Methods. The values are the mean±SEM from 5 PCOS-Ser (-), 4

PCOS-nl (m), and 4 control (o) subjects.

expressed normally (26). The remaining PCOS-Ser women

were screened for mutations in the insulin receptor /-subunit
exons containing tyrosine phosphorylation sites (exons 16-22)
by DGGE and direct sequencing, when necessary. No mutations
were detected.

Discussion

Cellular insulin action is initiated by insulin binding to the a-

subunit of the receptor (for review see reference 22). This
results in autophosphorylation of the /-subunit on tyrosine resi-
dues thereby increasing the receptor's protein tyrosine kinase
activity. The autophosphorylated ,/-subunit then tyrosine phos-
phorylates endogenous substrates, such as insulin receptor sub-

strate-i, resulting in a cascade of intracellular signaling events.

The mechanisms for terminating the insulin signal have not

been identified. However, serine phosphorylation of the insulin

receptor in vivo and in cell-free systems has been shown to

decrease the receptor's protein tyrosine kinase activity and may,

thus, represent one mechanism for terminating insulin signaling
(19-22, 36, 37). Defects in insulin receptor autophosphoryla-
tion or substrate phosphorylation could result in the abnormalit-

ies of cellular insulin action characteristic of PCOS (6, 7).

Table Ill. Immunoprecipitation of Fibroblast Insulin Receptors
After and Before Autophosphorylation

Subject - Insulin cpm + Insulin cpm Fold

After

Control 237 2180 9.2

PCOS-Ser 1128 1156 1.0

Before

Control 603 4290 7.1

PCOS-Ser 265 1828 7.0
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Figure 7. Phosphoamino acid analysis of immunopurific
units, basally and mixed with WGA-Sepharose eluates i
PCOS-Ser fibroblasts. hIRs were immunopurified fromW
eluates with anti-insulin receptor antibody, 18-44, and n

of 10 fmol hIR: 1 fmol PCOS-Ser or control lectin eluate
activity. The /-subunits were autophosphorylated resolv
PAGE, localized by autoradiography, excised and hydrc
scribed in Methods. Autophosphorylation± 1 MM insulin
ified hIR showed 63/234 cpm/fmol basal insulin and hi
control lectin eluate showed 59/210 cpm/fmol basal/in,
hIR mixed with PCOS-Ser showed 249/474 cpm/fmol
Phosphoamino acid analysis revealed a striking increase
ine content and a marked decrease in insulin-stimulated p
content after mixing with PCOS-Ser lectin eluates as coI
ing with control lectin eluates or in the absence of mixi

As expected from previous studies in isolate
(6, 7), there were no significant decreases in t
affinity of cell surface insulin binding sites in sk
from PCOS women. There was a modest, 309
cant decrease in insulin-induced fold-stimulation
phorylation in PCOS as compared with control inst
When the individuals were examined, however, t
to be two groups of PCOS insulin receptors: one v
basal phosphorylation and minimal further insu]
autophosphorylation, and one with basal and in
phosphorylation similar to control insulin receptor
this hypothesis a priori skin fibroblast cultures v
lished and insulin receptor phosphorylation was
each group of PCOS insulin receptors. We found
different patterns of [32P]phosphate incorporation
Ser receptors which had increased [32P] phosphate
in the absence of insulin and minimal net stimulati
ration by insulin. In contrast, /3-subunit [32p] phosp
ration in the absence and presence of insulin was
PCOS-nl and the control receptors.

Phosphoamino acid analysis of the /3-subu
that [32p] phosphate incorporation was significan
in serine residues in PCOS-Ser /-subunits in th
insulin. Phosphoserine content was not further
insulin and there was significantly decreased ii
lated [32] phosphate incorporation into tyrosin
the PCOS-Ser /-subunits. The PCOS-nl and c(
units had similar amounts of insulin-stimula
phosphorylation. Phosphoserine was also presen
demonstrated no stimulation by insulin in PCOS
trol women. Immunoprecipitation with the speci
lin receptor monoclonal antibody after autophc

confirmed that the abnormal pattern of basal phosphorylation
was present in the insulin receptorl(-subunit. The autophos-

*< S phorylation of the IGF-I receptor induced by the high concen-

trations of insulin used (Fig. 1) indicated that some of the
[32P]phosphate incorporation was present in the /3-subunits

de of the IGF-I receptor in the receptor preparations that were

not immunopurified after autophosphorylation. Since human
skin fibroblasts contain both insulin and IGF-I receptors (38,
39), it is probable that hybrid insulin/IGF-I receptors were

present and that their phosphorylated /3-subunits were immu-
noprecipitated by both the anti-insulin receptor and the anti-
IGF-I receptor antibodies (40, 41). The presence of these
receptors does not alter the conclusion that PCOS-Ser insulin
receptor /3-subunits contained increased phosphoserine be-

xd hIR /3-sub- cause immunoprecipitated IGF-I receptors had minimal basal
from control or [32P] -incorporation (Fig. 1) and immunoprecipitation with

rGA-Sepharose antiphosphotyrosine antibody yielded similar results. This
nixed in a ratio suggests that the aIR-3 immunoprecipitated /3-subunits were
insulin binding tyrosine phosphorylated. It remains possible that some basal
ved by SDS- phosphoserine was present in hybrid receptor /3-subunits
)lyzed as de- (40, 41).
of immunopur- The ability of partially purified insulin receptors to stimulate
IR mixed with phosphorylation of the artificial substrate poly GLU4:TYR1
sulin, whereas
basal/insuli. was examined over a range of physiologic insulin concentra-

in phosphoser- tions. The maximal rates of substrate phosphorylation as well

ohosphotyrosine as the increment in the rate of phosphorylation over basal were

mparedto mix- significantly decreased in insulin receptors from PCOS-Ser
ing. compared to insulin receptors from PCOS-nl and control

women. Insulin receptors from PCOS-nl and control women
did not differ significantly in their ability to phosphorylate arti-

,d adipocytes ficial substrate. Thus, increased insulin receptor serine phos-
ie number or phorylation was associated with decreased receptor tyrosine ki-
in fibroblasts nase activity with respect to both tyrosine autophosphorylation
lo, but signifi- and substrate phosphorylation.
of autophos- The increased insulin-independent insulin receptor phos-
Alin receptors. phorylation did not differ for PCOS-Ser receptors phosphory-
here appeared lated in vivo (42). The abnormal pattern of insulin receptor
vith increased phosphorylation was also present in insulin receptors partially
lin-stimulated purified from PCOS skeletal muscle. Taken together, these
Lsulin-induced findings indicate that this phosphorylation abnormality can oc-
rs. To explore cur in intact cells and in the major insulin target tissue, muscle,
vere re-estab- supporting the hypothesis that excessive insulin receptor serine
examined in phosphorylation may cause insulin resistance in affected PCOS

I significantly women. Nevertheless, only artificial substrate was examined
in the PCOS- and the ability of the insulin receptor to phosphorylate endoge-
incorporation nous substrates may differ (21). Studies of activation of endog-
on of incorpo- enous insulin receptor substrates are currently in progress in our
?hate incorpo- laboratory to determine whether the changes in insulin receptor
similar in the phosphorylation reported here are physiologically relevant.

Defects in receptor autophosphorylation have been reported
nits revealed with a variety of mutations in the insulin receptor gene (for a
itly increased review see reference 43). Increased insulin-independent [32p]_
ie absence of phosphate incorporation has been reported occasionally with
increased by insulin receptor mutations (44-47). These latter receptors have
nsulin-stimu- been constituitively active, however, and have been tyrosine
e residues in phosphorylated (44-47). In two PCOS-Ser women in whom
ontrol /3-sub- we have previously directly sequenced the entire coding portion
ited tyrosine of the insulin receptor gene, no mutations or evidence for de-
it basally and creased expression of one allele was found (26). The remaining
5-n1 and con- PCOS-Ser women had no mutations detected by DGGE screen-
ific anti-insu- ing of exons 16-22 of the insulin receptor gene, representing
)sphorylation the exons containing the /-subunit tyrosine phosphorylation
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sites (43). It remains possible that mutations, such as those that
alter the expression of one allele of the insulin receptor, escaped
detection, although such mutations usually produce marked in-

sulin binding defects and only occasionally affect receptor auto-
phosphorylation (43, 48).

Immunoprecipitation of the PCOS-Ser insulin receptors
prior to autophosphorylation resulted in normal fold-stimulation
of autophosphorylation and [32P] phosphate incorporation. Mix-

ing PCOS-Ser WGA-eluates with a 10-fold excess of control
hIR resulted in increased insulin-independent serine phosphory-
lation and decreased insulin-stimulated tyrosine phosphoryla-
tion of these insulin receptors. These results strongly suggest
that the WGA-eluates contained a factor that was responsible for

the excessive serine phosphorylation of the PCOS-Ser insulin
receptors. This factor could be either a serine/threonine kinase
or an inhibitor of a serine/threonine phosphatase (49). Since the
PCOS-Ser IGF-I receptors had [32P]phosphate incorporation
similar to control, this suggests that the insulin receptor but not

the IGF-I receptor was a substrate for this factor. Thus, serine
residues unique to the insulin receptor /3-subunit may have been
the sites of phosphorylation (50, 51). Mapping of the /3-subunit
phosphorylation sites will be necessary to investigate this hy-
pothesis.

Candidate factors include an isoform of protein kinase C, a
casein kinase I-like enzyme and cyclic AMP kinase (21, 52,
53). There is extensive evidence indicating that protein kinase C
can serine phosphorylate the insulin receptor (19-21). Indeed,
overexpression of protein kinase Ca and human insulin recep-

tors in Chinese hamster ovary cells results in decreased in vivo
insulin signaling coincident with protein kinase C-mediated
insulin receptor serine phosphorylation (21). Arguing against
this, we detected no phosphothreonine and protein kinase-C
has been shown to phosphorylate threonine 1336 of the insulin
receptor ([54] numbered according to Ullrich et al. reference
50). Further, the IGF-I receptor also appears to be a substrate
for this kinase (55). Alternatively, a novel factor may be re-

sponsible for the excessive serine phosphorylation. Insulin-stim-
ulated serine phosphorylation of the insulin receptor also occurs

and this appears to be secondary to intrinsic insulin receptor
serine kinase activity (56, 57). However, in the present study
insulin receptor serine phosphorylation was insulin-independent
and the serine phosphorylation factor was extrinsic to the recep-
tor indicating that the receptor was not constituitively active.

Recent studies have identified an inhibitor of insulin recep-
tor tyrosine kinase activity in WGA-eluates of skin fibroblasts
from some insulin resistant subjects (58-60). This inhibitor,
the membrane glycoprotein PC-1, differs from our putative ser-

ine phosphorylation factor in that it does not cause the increased
basal [32P]phosphate incorporation characteristic of the serine
phosphorylated PCOS-Ser insulin receptors (58, 60). Further,
PC-1 appears to be a threonine-specific protein kinase (61).
Many, but not all, of the insulin resistant patients examined had

increased PC-1 activity, similar to our finding that only 50% of

PCOS women had increased insulin receptor serine phosphory-
lation. Other causes for insulin resistance must be sought in

these individuals. Both studies, however, suggest an important
role for factors extrinsic to the insulin receptor that regulate its

kinase activity in the pathogenesis of human insulin resistance.

This is the first report, to the best of our knowledge, of
excessive insulin receptor serine phosphorylation associated
with a human disorder of insulin action. However, it has been

suggested that hyperglycemia induces insulin receptor serine

phosphorylation causing a reversible component of insulin resis-

tance in NIDDM (62, 63). Limited previous studies have found

minimal phosphoserine in insulin receptor /-subunits from indi-
viduals with NIDDM (64, 65). In contrast, we found a moderate

amount of phosphoserine in control and PCOS-nl /3-subunits.
Technical differences in the autophosphorylation conditions and

reaction times may explain this observation since studies in

cell lines overexpressing human insulin receptors have clearly

shown that these receptors are serine phosphorylated under vari-
ous conditions (21, 53, 57). The presence of phosphoserine, in

addition to phosphotyrosine, under normal circumstances raises

the possibility that the insulin receptor may be under tonic
inhibition by serine phosphorylation and that the factor respon-

sible for this may be upregulated in PCOS-Ser cells. Serine
dephosphorylation studies will be required to address this issue.
The presence of increased phosphoserine in hIR ,/-subunits after
mixing with control lectin eluates suggests that the serine phos-

phorylation factor is present in normal human fibroblasts but

not in murine fibroblasts (Fig. 7).
The excessive serine phosphorylation appears to be a genetic

defect since it persists in cultured cells (43). Although skin

fibroblasts are not classic insulin target tissues, abnormalities
in insulin binding and receptor autophosphorylation identified
in fibroblasts have reflected mutations in the insulin receptor

gene (43-45, 47). Moreover, we have also found increased
phosphoserine and decreased phosphotyrosine in insulin recep-

tors isolated from PCOS muscle, the major insulin target tissue.
We hypothesize that the factor producing excessive insulin re-

ceptor serine phosphorylation is a likely locus for a mutation

producing the insulin resistant state in affected PCOS women.
Whether the decrease in adipocyte GLUT4 content (8) is an

associated genetic defect or an acquired abnormality secondary

to decreased insulin receptor-mediated signaling will require
further study. There were no apparent phenotypic differences
in the PCOS-Ser compared with the PCOS-nl women; both

groups were insulin resistant, had Caucasian and Hispanic as

well as lean and obese individuals. We hypothesize that the

PCOS-nl women will have downstream defects in insulin re-
ceptor signaling since they have a similar biochemical pheno-

type to that of the PCOS-Ser women, i.e., a striking loss of

insulin sensitivity (6, 7, 22). PCOS is the first common insulin

resistant state conferring an increased risk for NIDDM in which

a specific and, potentially, intrinsic biochemical defect in insulin
receptor signal transduction appears to be present (66).

Acknowledgments

The authors wish to thank Drs. K. Siddle and J. Pessin for the gifts of

monoclonal antibodies, Dr. J. Whittaker for the gift of the NIH 3T3
fibroblasts, Dr. M. Billingsley for helpful discussions and Dr. M. Verder-
ame for his critical review of the manuscript.

This work was supported by PHS RO DK-40605 to A. Dunaif.

References

1. Dunaif, A., J. R. Givens, F. Haseltine, G. R. Merriam 1992. The Polycystic
Ovary Syndrome. Blackwell Scientific, Cambridge, MA. 392 pp

2. Polson, D. W., J. Wadsworth, J. Adams, and S. Franks. 1988. Polycystic
ovaries-a common finding in normal women. Lancet. 1:870-872.

3. Dunaif, A., M. Graf, J. Mandeli, V. Laumas, and A. Dobrjansky. 1987.

Characterization of groups of hyperandrogenic women with acanthosis nigricans,
impaired glucose tolerance and/or heinsulinemia. J. Clin. Endocrinol. Metab.
65:499-507.

4. Dunaif, A., K. R. Segal, W. Futterweit, and A. Dobrjansky. 1989. Profound

808 Dunaif et al.



peripheral insulin resistance, independent of obesity, in the polycystic ovary syn-
drome. Diabetes. 38:1165-74.

5. Harris, M. I., W. C. Hadden, W. C. Knowler, and P. H. Bennett. 1987.
Prevalence of diabetes and impaired glucose tolerance and plasma glucose levels
in U.S. population aged 20-74 yr. Diabetes. 36:523-534.

6. Dunaif, A., K. R. Segal, D. R. Shelly, G. Green, A. Dobdjansky, and T.
Licholai. 1992. Evidence for distinctive and intrinsic defects in insulin action in
the polycystic ovary syndrome. Diabetes. 41:1257-1266.

7. Ciaraldi, T. P.P., A. El-Roeiy, Z. Madar, D. Reichert, J. M. Olefsky, and
S. S. Yen. 1992. Cellular mechanisms of insulin resistance in polycystic ovarian
syndrome. J. Clin. Endocrinol. Metab. 75:577-583.

8. Rosenbaum, D., R. Haber, and A. Dunaif. 1993. Insulin resistance in poly-
cystic ovary syndrome: decreased expression of GLUT4 glucose transporters in
adipocytes. Am. J. Physiol. 264:E197-202.

9. Foley, J. E. 1988. Mechanisms of impaired insulin action in isolated adipo-
cytes from obese and diabetic subjects. Diabetes/Metabolism Reviews. 4:487-
505.

10. Caro, J. F., L. G. Dohm, W. J. Pories, and M. K. Sinha. 1989. Cellular
alterations in liver, skeletal muscle, and adipose tissue responsible for insulin
resistance in obesity and Type II diabetes. Diabetes/Metabolism Reviews. 5:665-
689.

11. Freidenberg, G. R., D. Reichart, J. M. Olefsky, and R. R. Henry. 1988.
Reversibility of defective adipocyte insulin receptor kinase activity in non-insulin-
dependent diabetes mellitus. Effect of weight loss. J. Clin. Invest. 82:1398-1406.

12. Lima, F. B., R. S. Ties, and W. T. Garvey. 1991. Glucose and insulin
regulate insulin sensitivity in primary cultured adipocytes without affecting insulin
receptor kinase activity. Endocrinology. 128:2415-2426.

13. Bak, J. F., N. Moller, 0. Schmitz, A. Saaek, and 0. Pedersen. 1991. In
vivo insulin action and muscle glycogen synthase activity in Type 2 (non-insulin-
dependent) diabetes mellitus: effects of diet treatment. Diabetologia. 35:777-
784.

14. Buffington, C. K., J. R. Givens, and A. E. Kitabchi. 1991. Opposing
actions of dehydroepiandrosterone and testosterone on insulin sensitivity. Diabe-
tes. 40:693-700.

15. Holmang, A., J. Svedberg, E. Jennische, and P. Bjorntorp. 1990. Effects
of testosterone on muscle insulin sensitivity and morphology in female rats. Am.
J. Physiol. 259:E555-E560.

16. Dunaif, A., G. Green, W. Futterweit, and A. Dobrjansky. 1990. Suppres-
sion of hyperandrogenism does not improve peripheral or hepatic insulin resistance
in the polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 70:699-704.

17. Elkind-Hirsch, K. E., C. T. Valdes, and L. R. Malinak. 1993. Insulin
resistance improves in hyperandrogenic women treated with Lupron. Fertil. Steril.
60:634-641.

18. Moghetti, P., R. Costello, C. Magnani, F. Tosi, C. Negri, L. Furloni,
M. G. Zenti, and M. Muggeo. 1992. Increased insulin action in hyperandrogenic
women treated with spironolactone. Diabetes. 41 (Supplement 1):63A (Abstr.).

19. Bollag, G. E., R. A. Roth, J. Beaudoin, D. Mochly-Rosen, and D. E.
Koshland, Jr. 1986. Protein kinase C directly phosphorylates the insulin receptor
in vitro and reduces its protein-tyrosine kinase activity. Proc. Natl. Acad. Sci.
USA. 83:5822-5234.

20. Takayama, S., M. F. White, and C. R. Kahn. 1988. Phorbol ester-induced
serine phosphorylation of the insulin receptor decreases its tyrosine kinase activity.
J. Biol. Chem. 263:3440-3447.

21. Chin, J. E., M. Dickens, J. M. Tavare, and R. A. Roth. 1993. Overex-
pression of protein kinase C isoenzymes a, ,3I, y, and E in cells overexpressing
the insulin receptor. J. Biol. Chem. 268:6338-6347.

22. Kahn, C. R. 1994. Insulin action, diabetogenes, and the cause of Type II
diabetes. Diabetes. 43:1066-1084.

23. Whittaker, J., A. K. Okamoto, R. Thys, G. I. Bell, D. F. Steiner and
C. A. Hoffmann. 1987. High-level expression of human insulin receptor cDNA
in mouse NIH 3T3 cells. Proc. Natl. Acad. Sci. USA. 84:5237-5241.

24. Lobo, R. A., V. Goebelsmann, and R. Horton. 1983. Evidence for the
importance of peripheral tissue events in the development of hirsutism in polycys-
tic ovary syndrome. J. Clin. Endocrinol. Metab. 57:320-326.

25. Dunaif, A., G. Green, M. Lebwohl, R. Phelps, W. Futterweit, and L.
Lewy. 1991. Acanthosis nigricans, insulin action, and hyperandrogenism: clinical,
histological, and biochemical findings. J. Clin. Endocrinol. Metab. 73:590-595.

26. Sorbara, L. R., Z. Tang, A. Cama, J. Xia, E. Schenker, R. A. Kohanski,
L. Poretsky, E. Koller, S. I. Taylor, and A. Dunaif. 1994. Absence of insulin
receptor gene mutations in three women with the polycystic ovary syndrome.
Metabolism. 43:1568-1574.

27. Kohanski, R. A., and M. D. Lane. 1985. Homogeneous functional insulin
receptor from 3T3-L1 adipocytes. J. Biol. Chem. 260:5014-5025.

28. Grigorescu, F., J. S. Flier, and C. R. Kahn. 1984. Defect in insulin receptor
phosphorylation in erythrocytes and fibroblasts associated with severe insulin
resistance. J. Biol. Chem. 259:15003-15006.

29. Bak, J. F., A. Handberg, B-N. Henning and 0. Pedersen. 1990. Kinetics
of insulin binding and kinase activity of the partially purified insulin receptor
from human skeletal muscle. Biochim. Biophys. Acta. 1052:306-312.

30. Kohanski, R. A., S. C. Frost, and M. D. Lane. 1986. Insulin-dependent

phosphorylation of the insulin receptor-protein kinase and activation of glucose
transport in 3T3-LI adipocytes. J. Biol. Chem. 261:12272-12281.

31. Prigent, S. A., K. K. Stanley, and K. Siddle. 1990. Identification of epitopes
on the human insulin receptor reacting with rabbit polyclonal antisera and mouse

monoclonal antibodies. J. Biol. Chem. 265:9970-9977.
32. Cooper, J. A., B. M. Sefton, and T. Hunter. 1983. Detection and quantifica-

tion of phosphotyrosine in proteins. Methods Enzymol. 99:387-402.
33. Tavare, I., R. M. O-Brien, K. Siddle, and R. M. Denton. 1988. Analysis

of insulin-receptor phosphorylation sites in intact cells by two-dimensional phos-
phopeptide mapping. Biochem. J. 253:783-788.

34. Barbetti, F., P. V. Gejman, S. I. Taylor, N. Raaaben, A. Cama, E. Bonora,
P. Pizzo, P. Moghetti, M. Muggeo, and J. Roth. 1992. Detection of mutations in
insulin receptor gene by denaturing gradient gel electrophoresis. Diabetes.
41:408-415.

35. Bar, R. S., P. Gorden, J. Roth, C. R. Kahn, and P. DeMeyts. 1976.
Fluctuations in the affinity and concentration of insulin receptors on circulating
monocytes of obese patients: effects of starvation, refeeding, and dieting. J. Clin.
Invest. 58:1123-1135.

36. Karasik, A., P. L. Rotherberg, K. Yamada, M. F. White, and C. R. Kahn.
1990. Increased protein kinase C activity is linked to reduced insulin receptor
autophosphorylation in liver of starved rats. J. Biol. Chem. 265:10226-10231.

37. Ahn, J., D. B. Donner, and 0. M. Rosen. 1993. Interaction of the human
insulin receptor tyrosine kinase from the baculovirus expression system with
protein kinase C in a cell-free system. J. Biol. Chem. 268:7571-7576.

38. Gavin, J. R. III, J. Roth, P. Jen, and P. Freychet. 1972. Insulin receptors
in human circulating cells and fibroblasts. Proc. NatI. Acad. Sci. USA. 69:747-
751.

39. Rosenfeld, R. G., and L. A. Dollar. 1982. Characterization of the soma-
tomedin-C/insulin-like growth factor I (SM-C/IGF-I) receptor on cultured human
fibroblast monolayers: regulation of receptor concentrations by SM-C/IGF-I and
insulin. J. Clin. Endocrinol. Metab. 55:434-440.

40. Soos, M. A., and K. Siddle. 1989. Immunological relationships between
receptors for insulin and insulin-like growth factor I. Biochem. J. 263:553-563.

41. Soos, M. A., J. Whittaker, R. Lammers, A. Ullrich, and K. Siddle. 1990.
Receptors for insulin and insulin-like growth factor-I can form hybrid dimers.
Biochem. J. 270:383-390.

42. White, M. F., S. Takayama, and C. R. Kahn. 1985. Differences in the
sites of phosphorylation of the insulin receptor in vivo and in vitro. J. Biol. Chem.
260:9470-9478.

43. Taylor, S. I., A. Cama, D. Accili, F. Barbetti, M. J. Quon, M. de la Luz
Sierra, Y, Suzuki, E. Koller, R. Levy-Toledano, E. Wertheimer, V. Y. Moncada,
H. Kadowaki, and T. Kadowaki. 1992. Mutations in the insulin receptor gene.
Endocrine Reviews. 13:566-595.

44. Longo, N., S. D. Langley, L. D. Griffin, and L. J. Elsas. 1993. Activation
of glucose transport by a natural mutation in the human insulin receptor. Proc.
Natl. Acad. Sci. USA. 90:60-64.

45. Petruzziello, A., P. Formisano, C. Miele, B. De Finizio, R. Riccardi, A.
Ferrara, L. Beguinot, and F. Beguinot. 1993. Defective insulin action in fibroblasts
from noninsulin-dependent diabetes mellitus patients with Gln"52 insulin receptor
mutation. J. Clin. Endocrinol. Metab. 77:409-412.

46. Yamada, K., E. Goncalves, C. R. Kahn, and S. E. Shoelson. 1992. Substitu-
tion of the insulin receptor transmembrane domain with the c-neu/erB2 transmem-
brane domain constitutively activates the insulin receptor kinase in vitro. J. Biol.
Chem. 267:12452-12461.

47. Longo, N., R. C. Shuster, L. D. Griffin, and L. J. Elsas. 1990. Insulin-
receptor autophosphorylation and kinase activity are constitutively increased in
fibroblasts cultured from a patient with heritable insulin-resistance. Biochem.
Biophys. Res. Commun. 167:129-1234.

48. Accili, D., L. Mosthaf, A. Ullrich, and S. I. Taylor. 1991. A mutation in
the extracellular domain of the insulin receptor impairs the ability of insulin to
stimulate receptor autophosphorylation. J. Biol. Chem. 266:434-439.

49. Guo, H., and Z. Damuni Z. 1993. Autophosphorylation-activated protein
kinase phosphorylates and inactivates protein phosphatase 2A. Proc. Natl. Acad.
Sci. USA. 90:2500-2504.

50. Ullrich, A., J. R. Bell, E. Y. Chen, R. Herrera, L. M. Petruzzelli, T. J.
Dull, A. Gray, L. Coussens, Y-C. Liao, M. Tsubokawa, A. Mason, P. H. Seeburg,
C. Grunfeld, 0. M. Rosen, and J. Ramachandran. 1985. Human insulin receptor
and its relationship to the tyrosine kinase family of oncogenes. Nature (Lond.)
313:756-761.

51. Ullrich, A., A. Gray, A. W. Tam, T. Yang-Feng, M. Tsubokawa, C.
Collins, W. Henzel, T. Le Bon, S. Kathuria, E. Chen, S. Jacobs, U. Francke, J.
Ramachandran, and Y. Fujita-Yamaguchi. 1986. Insulin-like growth factor I recep-
tor primary structure: comparison with insulin receptor suggests structural deter-
minants that define functional specificity. EMBO (Eur. Mol. Biol. Organ.) J.
5:2503-2512.

52. Roth, R. A., and J. Beaudoin. 1987. Phosphorylation of purified insulin
receptor by cAMP kinase. Diabetes. 36:123-126.

53. Rapuano, M., and 0. M. Rosen. 1991. Phosphorylation of the insulin

receptor by a casein kinase I-like enzyme. J. Biol. Chem. 266:12902-12907.
54. Lewis, R. E., L. Cao, D. Perragaux, and M. P. Czech. 1990. Threonine

Insulin Receptor Serine Phosphorylation in PCOS 809



1336 of the human insulin receptor is a major target for phosphorylation by
protein kinase C. Biochem. 29:1807-1813.

55. Pillay, T. S., J. Whittaker, P. Lammers, A. Ullrich, and K. Siddle. 1991.
Multisite serine phosphorylation of the insulin and IGF-I receptors in transfected
cells. FEBS Lett. 288:206-211.

56. Zick, Y., G. Grunberger, J. M. Podskalny, V. Moncada, S. I. Taylor, P.
Gordon, and J. Roth. 1983. Insulin stimulates phosphorylation of serine residues
in soluble insulin receptor. Biochem. Biophys. Res. Commun. 116:1129-35.

57. Baltensperger, K., R. E. Lewis, C-W. Woon, P. Vissavajjhala, A. H. Ross,
and M. P. Czech. 1992. Catalysis of serine and tyrosine autophosphorylation by
the human insulin receptor. Proc. Nati. Acad. Sci. USA. 89:7885-7889.

58. Sbraccia, P., P. A. Goodman, B. A. Maddux, K. Y. Wong, Y-D. I. Chen,
G. M. Reaven, and I. D. Goldfine. 1991. Production of inhibitor of insulin-receptor
tyrosine kinase in fibroblasts from patient with insulin resistance and NIDDM.
Diabetes. 40:295-299.

59. Maddux, B. A., P. Sbraccia, G. M. Reaven, D. E. Moller, and I. D.
Goldfine. 1993. Inhibitors of insulin receptor tyrosine kinase in fibroblasts from
diverse patients with impaired insulin action: evidence for a novel mechanism of
postreceptor insulin resistance. J. Clin. Endocrinol. Metab. 77:73-79.

60. Maddux, B. A., P. Sbraccia, S. Kumakura, S. Sasson, J. Youngren, A.
Fisher, S. Spencer, A. Grupe, W. Henzel, T. A. Stewart, G. M. Reaven, and

I. D. Goldine. 1995. Membrane glycoprotein PC-I and insulin resistance in non-
insulin dependent diabetes mellitus. Nature (Lond.). 373:448-451.

61. Oda, Y., M-D Kuo, S. S. Huang, and J. S. Huang. The plasma cell
membrane glycoprotein, PC-1, is a threonine-specific protein kinase stimulated
by acidic fibroblast growth factor. 1991. J. Bio. Chem. 266:16791-16795.

62. Brillon, D. J., G. R. Freidenberg, R. R. Henry, and J. M. Olefsky. 1989.
Mechanism of defective insulin-receptor kinase activity in NIDDM. Diabetes.
38:397-403.

63. Berti, L., L. Mosthaf, G. Kroder, M. Kellerer, S. Tippmer, J. Mushack,
E. Seffer, K. Seedorf, and H. Haring. 1994. Glucose-induced translocation of
protein kinase C isoforms in rat-l fibroblasts is paralleled by inhibition of the
insulin receptor tyrosine kinase. J. Biol. Chem. 269:3381-3386.

64. Caro, J. F., M. K. Sinha, S. M. Raju, 0. Ittoop, W. J. Pories, E. G.
Flickinger, D. Meelheim, and G. L. Dohm. 1987. Insulin receptor kinase in human
skeletal muscle from obese subjects with and without noninsulin dependent diabe-
tes. J. Clin. Invest. 79:1330-1337.

65. Freidenberg, G. R., R. R. Henry, H. H. Klein, D. R. Reichart, and J. M.
Olesfky. 1987. Decreased kinase activity of insulin receptors from adipocytes of
non-insulin-dependent diabetic subjects. J. Clin. Invest. 79:240-250.

66. Wells, A. M., I. C. Sutcliffe, A. B. Johnson, and R. Taylor. 1993. Abnormal
activation of glycogen synthesis in fibroblasts from NIDDM subjects. Diabetes.
42:583-589.

810 Dunaif et al.


