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De Sedibus et Causis Morborum per Anatomen Indagata

yses of diseases inve. gg'ted by anatomy)

74-year-old female patient who died from an ictal event with severe obesity
and android aspect (valde obesa et virili aspectu). The abdomen is
described as prominent and filled by a large amount of fat.

Morgani, JB. Vol. I, 2nd edn., Remondini: Padova,1765

Mendelian Disorders
HAIR-AN

e Type A Adolescent girls, insulin
receptor mutations and unknown

o Leprechaunism Infants, insulin
receptor mutations
e Lipodystrophy Syndromes
Lamin A/C mutations
PPARy mutations

unknown
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Polycystic Ovary Syndrome
e ~7% Prevalence Anovulatory PCOS
e Leading Cause Hormonally-Related Infertility
e ~7-Fold Increased Risk Type 2 Diabetes Mellitus

Insulin
Resistance

=) Masculinization

EUKARYOTES.
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Metabolism & Reproduction

e Insights from PCOS
e Reproductive Actions of Insulin

e Metabolic Actions of Reproductive
Hormones

e Genetic Analyses

Insulin-Mediated Glucose Uptake
Decreased by ~40% in PCOS
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NL  PCOS Type2DM NL PCOS Type 2 DM

Obese Lean
Dunaif A. Endocr Rev 18:774, 1997

PCOS

Leading Risk Factor Diabetes & MetS
Ages 14 - 40 Years

Metabolic Syndrome

*P<0.001

Glucose Tolerance

25< 25-30
BMI (kg/m?)

I NHANES M control [ PCcOS

\dapted from Legro etal. J ¢
Palmertet al. J Clin Endocrin
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NEW AROUND
THESE PARTS,
STRANGER?

IFHSN0Y THOL / NOGNOT

AND YET THE QUESTION REMAINED:
"WHO CAME FIRST?"

Hyperinsulinemia Amplifies
Reproductive Disturbances in PCOS

Insulin

Androgens

A. Dunaif with permission.

Insulin Sensitizing Agents Increase
Ovulation in PCOS

80%

P 0.0001
62%

Adjusted Mean Rate

T 300 T 600
Azziz et al. J Clin Endocrinol Metab 86:1626-1632, 2001
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Androgen Receptor Blockade
Reduces Visceral Fat & Improves Insulin Sensitivity

0
Placebo Flutamide Placebo Flutamide

Gambineri et al. J Clin Endocrinol Metab 91:3970, 2006

Metabolism & Reproduction

e Insights from PCOS

e Reproductive Actions of Insulin

e Metabolic Actions of Reproductive
Hormones

e Genetic Analyses

Insulin Action & Reproduction

IRS-2 pathways integrate female
reproduction and energy homeostasis

Deborsh L Burks®, Jalme Font de Moraf, Markus Schubert,
Dominkc J. Wihers, Martin G Myers®, Heather H. Towery,
Sharl L. Mismurs*, Camla L. Flint* & Marris F. White”

* Howard Hugles Medical bertinum, [oslin Diobetes Center,

Harvasd Medical Selaal, Qe Jaslis Plare, Boaray, Masackus oy 0225, [EA
T ey de Testigacion del Casces, Facultad de Madiclas,

Ubabvaral daed e Salsssancs, Solowanas I7NF, Spain

Nature 407:377, 2000
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Basal Senam LH (ngiml)

Insulin Action & Reproduction

Role of Brain Insulin Receptor
in Control of Body Weight and

Reproduction

Jens C. Briming,"* Dinesh Gautam,' Deborah ). Burks,®

Jennifer Gillette,” Markus Schubert,’ Paul C. Orban?t

Riidiger Klein,? Wilhelm Krone," Dirk Miiller-Wieland,’
€. Ronald Kahn®

Science 289:2122, 2000

Pituitary Insulin Sensitivity &
Reproduction

Gell Metabolism

Rescue of Obesity-Induced Infertility
in Female Mice due to a Pituitary-Specific
Knockout of the Insulin Receptor

IKathryn J. Brothers,*Sheng Wy, ' Sara A. DIVall! Marcus R, 3 4 Ayans. Miler,” Sally
Fredric E. Wondisford,*- and Andrew Wolfe" 25
" Division of Padiatic Endacrinaiogy

Crision of Marataliem
Dapanment af Prysoiegy

“Thaes mahom conkitasied aqualy o this wodk
“Comampondance: s wclia 30ffwniads
DO 10101 4] comet. 2010, 06,010

Brothers et al. Cell Metab 12:295, 2010

Pituitary Insulin Resistance Protects Against
DIO-Mediated Reproductive Dysfunction

Mating Success Rate

7/15/2011 2:01:14 PM

Brothers et al. Cell Metab 12:295, 2010
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Metabolism & Reproduction

e Insights from PCOS
e Reproductive Actions of Insulin

Metabolic Acti £ R ucti

Hormones
e Genetic Analyses

Liu S and Mauvais-Jarvis M. Endocrinology 151:859, 2010

Prenatally Androgenized Rhesus

Phenocopy of PCOS

David Abbott & Dan Dumesic
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Developmental Exposure to
Androgens Programs MetS

Transient prenaal androgen exposure produces metabolic syndrome
in adult female r

Marsk

Complex Genetic Disease
Non-Mendelian Familial Aggregation

PCOS A= 5-7.5

31

Correlation Twins
Monozygotic R2=0.71

Complex Genetic Diseases
Disease N Health
PCOS A¢= 5-7.5

s

T:\WOMEN\SLIDES\Miscellaneous
Presentations\MA Medical Society Paris 040700
final 8



7/15/2011 2:01:14 PM

Most of the heritability is not missing but has not previously been
detected because the individual effects are too small to pass
stringent significance tests.

Common SNPs explain a large proportion of the heritability
for human height

+ Brian P McEvoy', Scott Gordon', Anjali K Henders', Dale B Nyholt',
ndrew O Heath?, Nicholas G Martin!, Grant W Montgomery!, Michael E Goddard” &

Nat Genet 42:565, 2010

Elevated Testosterone Levels
Sisters n=224
~40% Sisters 1 Bimodal

14

12

Proband PCOS HA  Unaffected Control 30
Sister ~ Sister  Sister uT ng/dL

Legro et al. Proc Natl Acad Sci 95:14956, 1998

Male Reproductive Phenotype
Brothers are Hyperandrogenemic

DHEAS
4,000 P<0.01

3,000

2,000

1,000

0

I control PCOS Brothers

Legro et al J Clin Endocrinol Metab 87:2134-38, 2002
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Insulin Resistance Aggregates
PCOS Fam:l:es

HOMAIR

Control n=125 PCOS n=650

l- |
6
2

0
ontrol n=60 Mother n=: 140 Brother n=180
Sam et al Diabetes Carz 3] 1237 2008

Metabolic Syndrome Aggregates
PCOS Families

Sisters

Mothers
Unaffected vs Affected NHANES Il vs Mothers

" Ages 20 - 39 yrs . Ages 40 - 69 yrs

BMI (kg/m2) *P<0.05

Sam et al, Proc Natl Acad Sci 10!

Hyperandrogenemia Phenotype
Genetic Analyses PCOS

#Androgens
R&a

Metabolic Defects
&cC
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Methods for Genetic Analyses

Linkage snalysis Associstion studies

Transmission Disequilibrium Test
(TDT)
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IGFBP1+3

(Total of 264 al e es considered)
Urbanek et al Proc Natl Acad Sci 98:8573-8578, 1999

Chromosome 19 13.2p

TDT~500 Families

—
[ Jessreno

e ]
" I— I
I |
] FBN3 — Fibriling

1-=- - |

Chi-Square

g FBN1=Marfan Syndrome, FBN2=congenital
[ @@ @ag contractural arachnodactyly

L e — —+
ELAVL1 ccL2s FBN3

Urbanek et al. J Clin Endocrinol Metab 92:4191, 2007
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Fibrillin & LTBP Superfamily

Charbonneau et al. Birth Defects Research 72:37-50, 2004

Follistatin Linked with PCOS

Prin. Nail el $ui. U3
Vil 36, . ET7IB573, buiy 1599
Gensdx

Thirty-seven candldate genes for polycystle ovary syndrome:
Strongest evidence for linkage is with follistatin

Follistatin

Activin-binding protein
Neutralizes effects of activin
Activin decreases:

> Production of androgen by thecal
cells

Activin increases:
» Development of ovarian follicles
> Secretion of pituitary FSH
> Insulin secretion
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Structural Homology Follistatin,
Fibrillin & LTBP TB Domains

Thompson et al. Dev Cell 9:535, 2005

Follistatin
Case - Control Studies

e ~630 PCOS Cases

e ~540 Controls Most unselected
for androgens

e Included SNPs 20 kb upstream &
downstream of the gene & all
intronic sequences

Follistatin y>=14.4, P=0.0001

Chi-square

rs1363969
rs3797297
rs3756498
rs1469101
rs6450140
rs1363972

rs11957312
/ rs6880850
rs11745088
rs12152850
rs12520984

~. r$9292023
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TGFp Signaling Pathway

e Ligands e Type Il Receptors
> Inhibins, Activins, > ACVRLI1, ACVR2A,
Myostatin, BMPs, GDFs, ACVR2B, BMPR2,
AMH, TGFB1-3, NODAL AMHR2, TGFBR2

e Type Ill Receptors

> Follistatin, Fibrillins, > TGFBR3, ENG, IGSF

Noggin, Chordin,
DAN/Cereberus

e Type | Receptors

e Intracellular Modulators
of Signaling

> ACVRI1, ACVRI1B, > SMADI1-8, Smurf1-2,
ACVR1C, BMPRI1A, SARA, TGFBTRAPI1,
BMPR1B, TGFBR1 BAMBI, GSC

Marfan Syndrome

- . TOE
t * i

activation signaling consequences

Casmant Opinion in Chesmical Biokgy

Ramirez & Dietz Current Opinion in Genetics & Development 17:252, 2007

Follistatin & Metabolism

J Clin Endocrinol Metab 94:3003, 2009
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Fibrillin-3 Not Expressed Adult Ovary

fibrillin family members
in human ovaries

Mark J. I, Nicholas Hatzi I, Helen F. Irving-Rodgers!,
Zhen Z. Zhao?, Jodie N. Painter?, Theresa E. Hickey',

Mark A. Gibson?, William E. Rainey%5, Bruce R. Carr$,

Helen D. Mason®, Robert J. Norman', Grant W. Montgomery?,
and Raymond J. Redgers'”

5008 st
I Rmeach S, LD ADES. At ruks *Deger s of ooy, Heckal Colege o Gocrgh Ao
o o Unwarsy of Touss

Fibrillin-3 Decreased Polycystic Ovaries

Vol SHC1OE 501-515. 3019
Tourmal of Fintoehemntey & Cyieshematry
g jncorg
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ARTICLE

Fibrillins in Adult Human Ovary and Polycystic Ovary Syndrome:

Is Fibrillin-3 Affected in PCOS7

C. Diana Jordan, Sandra D. Bohling, Noe L. Charbonneau, and Lymn Y. Sakai

Department of Pathology. University of Washington Medical Center, Seattle, Washington (C30,508]; Shriners Hospital for
Chikdren, Portland, Oregon INLCLYS); and Department of Buchematry and Melecular Bwlogy, Oregon Hoalth & Science

Univaruty, Portland, Oregen (LYS)

Fibrillin-3 Decreased Polycystic Ovaries

Jordan CD et al. J Histochem Cytochem 58:903, 2010
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Fibrillin-3 Decreased Polycystic Ovaries

Jordan CD et al. J Histochem Cytochem 58:903, 2010

What about genes implicated in
Type 2 Diabetes and Obesity?

TCF7L2, FTO, etc?

TCF7L2

Case - Control Studies

e ~630 PCOS Cases

e ~540 Controls Most unselected
for androgens

e ~260 kb TCF7L2 genomic region
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TCF7L2 - Novel PCOS Locus

rs11196236 (P=6.0x10-4) & rs11196229 (P =0.0013)

Block 11 GAA—

Chi Square value

TCF7L2 T2D Locus

Significant Association Proinsulin:Insulin Molar Ratio

Urbanek et al J Clin Endocrinol Metab 94:2617, 2009

FTO Associated with BMI not PCOS

i
DOl 101

ARTHCLE

Association of variants in the fat mass and obesity associated
(FT() gene with polycystic ovary syndrome

T. M, Barber « A, J
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Proving Causation of a Variant

Especially difficult for
complex diseases!

e Variation rather than mutation

Impli I . . I

e Variation at any given gene is neither
necessary nor sufficient

e Variants may have subtle effects on
expression levels or function

Insulin Resistance FBN3+ PCOS
Independent of BMI
~650 Caucasians PCOS European Ancestry

£
=
2
z
o
g
=
Z
(]
i

n=427
*P=0.01
Urbanek et al. J Clin Endocrinol Metab 92:4191, 2007

Baseline Features PCOS & Controls
Age, BMI & VAT Similar by Genotype

32x7

- 72:29 68121 59:22 74+26 59:22 75£25
- 26:12 219 1916 27:11 239 24212
R N R T s

239114 207+112 178+80 251+128 20684 231136

9116

G
- 131231
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Fibrillin-3 Variant
Basal Glucose Homeostasis

Basal EGP Basal Glucose Clearance

dI/m?/min

Disposition Index

DI- Oral Glucose

Controls

()

*P<0.05 (FBN3+ vs FBN3-); ** P<0.05 (PCOS vs. Control)

TCF7L2 PCOS Variant
Decreased Insulin Action

Basal EGP Basal Glucose Clearance

£
£
<
PN
£
<
=
13

Insulin Sensitivity-Clamp Disposition Index

- N w &
o © o @
¥ ¥ % <
© o o o

DI-Oral Glucose

)

TCF7-PCOS:

() o

*P<0.0001 (TCF7-PCOS+ vs. TCF7-PCOS-); ** P<0.05 (TCF7-PCOS+ vs. Controls)

TCF7L2 DM Variant
Decreased Insulin Secretion

Basal EGP Basal Glucose Clearance

mg/m2/min

Insulin Sensitivity-Clamp Disposition Index

DI-Oral Glucose
A
5 5 8 3
g 38 3

°

TCF7.0Ms

" i 18
* P<0.01 (TCF7-DM+ s, TCF7-DM-); * P<0.05 (PCOS vs. Controls)
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Stepwise Regression Analysis- All
Genotypes With Clinical Risk
Factors

e TCF7L2-PCOS Predicts Insulin
Sensitivity (Partial R2=0.34, P<0.01)

~— e TCF7L2DM Predicts Insulin Secretion
(Partial R?=0.60, P=0.001)

e Trend FBN3 Predicting Glucose
Clearance & Basal Insulin Secretion

Increased Risk DM with Increasing Number
Risk Alleles

TCF7L2, PPARG, FTO,KCNJ11, NOTCH2, WFS1, CDKALI, IGF2BP2, SLC30A8, JAZF1, and HHEX

€ Risk Alledes and Body-M3
Now, of Risk Alledes
09 @l mu

Ost [ W =12

£
é}_
E;

Body-Mass Index
Lyssenko et al. N Engl J Med 359:2220, 2008

Pancreatic p-Cell Dysfunction Associated
with Increasing Number Risk Alleles PCOS

r’= 0.36, P< 0.05

25

Frequency (%)
s & S

w

0 1 2 3 4 5 6
Allele Number
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Genetic Variation & Glucose Homeostasis
PCOS

Insulin-Mediated Non-Insulin
Glucose Uptake Mediated
TCF7-PCOS Glucose Uptake

L

Insulin Secretion
TCF7-DM

g _

Hepatic Glucose
Production

Susceptibility Genes FBN3, FST, TCF7L2, etc

Insulin Signaling
Hyperandrogenemia

Metabolic Reproductive

a5
N\
lclucase T LEi;COSE A

Uptake Production

TTestosterone

Northwestern University
Specialized Center Of Research

Genes, Androgens and Intrauterine Environment
in PCOS

Northwestern University
Andrea Dunaif, MD Milos Lazic, Grad Student

Jon Levine, PhD Maria Olga Cardenas, MD
Margrit Urbanek, PhD Fraser Aird, PhD

Susan Sam, MD Sudha Yalamanchi, MD

Penn State University University of Wisconsin
Richard S. Legro, MD David A. Abbott, PhD

Current: P50 HD44405, RO1 DK073411 & RO1 HD057223
Past: U54 HD034449
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