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Metformin 1s the Major Drug In Treating Type 2
Diabetes

9% of world has Type 2 Diabetes m

Growing prevalence of disease
st i w

HbAlc is a well established biomarker i "E "
b= :'.

Wide variation in response to metformin
* >1/3 of patients taking metformin do

not respond sufficiently M “‘:?-1‘
o ’ METFORN .
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* The progression of HbAlc levels and
metformin tolerance has not been well
characterized




Sources of Drug Response Variability

manufacturing & distribution

prescribing
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Product design +

Nature’s responsibility

\ drug response
Harter & Peck, Aun NY Acad Sai, 618: 563-571, 1991 O




Goal: to understand variability in individual
drug response to metformin

Short term /
response .
Genetics

(glucose- /
insulin) / Drug

response

il Long term / Disease
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(Hbalc) . progression
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Research Focus
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What are key genetic and non-genetic determinants of
metformin response?
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Candidate Genes that Modulate Metformin

Pharmacokinetics
| Metformin
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Since metformin is not metabolized, membrane transporters in the intestine, kidney
and liver play an even very important role in metformin disposition and response

Despite metformin’s peripheral glucose lowering effects in peripheral tissues such as
fat and muscle, the primary site of action is in the liver, shown here

In the liver, metformin conducts many of its pharmacological actions, including
increasing glucose uptake and decreasing gluconeogenesis




Genetic variants in key transporters have
been shown to influence metformin
pharmacokinetics and response
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. Genetic polymorphisms in these transporters have been shown to affect metformin’s
pharmacological outcomes

. Afew small studies have shown the effect of genetic variants on metformin PK, fewer
have looked at PD

For example, in the liver, there are 4 OCT1 variants, 1 of which is a deletion, that has
been associated with an increase in AUC, CMAX, and renal clearance

. There is an OCT2 coding variant, associated with an increase in exposure and renal
clearance




Candidate Genes that Modulate Metformin
Pharmacodynamics
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Genetic polymorphisms in these transporters have been shown to affect metformin’s
pharmacological outcomes

A few small studies have shown the effect of genetic variants on metformin PK, fewer
have looked at PD

For example, in the liver, there are 4 OCT1 variants, 1 of which is a deletion, that has
been associated with an increase in AUC, CMAX, and renal clearance

There is an OCT2 coding variant, associated with an increase in exposure and renal
clearance
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Ethnic Differences in Metformin Response Have Been
Reported

£ Reported Lower HbAlc in African Americans
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Basaline HbAlc

Integrative Pharmacokinetic, Genetic, Demographic and Clinical
factors driving wide variation in long term response

Williams et al, “Differing Effects of metformin on Glveemic Control by Race-Ethnicity, JCEM




A Longitudinal HbAlc Model
Elucidates Genes Linked to Disease

Progression on Metformin Therapy

Rada Savic, PhD

Dept. Of Bioengineerign and Therapeutic Sciences, UCSF
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Research Aim

Characterize and predict treatment response to metformin using

a linked bioinformatics and NLME approach in T2D patients

Identify patients likely not to respond

Questions to explore:
1. Can we identify and quantify disease progression in T2D patients?
2. At what point do HbAlc levels start to increase in T2D Patients?
3.  What are the relative roles of genetic and non-genetic factors?
4

Which genes influence the dynamics of disease progression?
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1056

N
Males 415
Females 641
European Americans 376
African Americans 663
15

Asian Americans and Others

Quantitative Variable

Median (range)

Age (years,

55 (23-90)

Body weight (kg)

96 (34-212)

Time (days
N——— . c:\:;,,_‘ — Base HbAlc ("5) 7.6 (3.6-17.9)
Metformin daily dose (mg) 1000 (200-2500)
# HbAlc san 7.5(1-45)
Years on study 2.78 (0.28-13.5)
KRG wopr. Lt
H sex
o 0 -0
Z 4mmmmmm  Responding well
s — Sa—
4mmmmmm  Disease progressi
TME
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Research Design

(1) HbAlc modeling

(2) Clinical/Demographic
analysis

(3) Genetic analysis

HbA1c Levels (%)

! Time (years)

HbA1c Levels (%)

i Hyperlasso and Regression
Time (years)

REPLICATION/VALIDATION

‘ ; Final Model With Selected

Variants That Have Strong

\W Effect Sizes
4

) = f(HbAl¢,Druglevels, LabValues, Demog, Genes,...)

Model-based methodology
.| and functional I support

da HbAlc

Personalizing Metformin Therapy

UGsr

* The workflow for the research is as follows:

» Development of semi-mechanistic HbA1c model in a cohort of approximately 1100
patients with T2D with genomic data.

« SCM, clinical/demographic analysis of model parameters prior to the investigation of
genetics.

» Genetic analysis

+ Selection of candidate genes: 2 approaches were used to prioritize genes for
analysis on disease progression. 1) Pulling disease linked genes from an online
GWAS database called HUGE navigator. 2) Pulling all relevant PK/PD genes from
PharmGKB. The reason these two sources were preferred is because we
hypothesize that the long term trajectory of HbA1c may be influenced by both T2D
disease genes as well as metformin pharmacological genes. Drug resistance and a
patient’s underlying disease progression may play a role here.

+ Selection of SNPs within 50 kilobases of the genes of interest (both pharmacological
and disease based).

» Hyperlasso methodology. Considers correlation patters across SNPs being tested.
Corrects for number of SNPs as well as number of phenotypes tested.

» Top HL SNPs are then investigated using a model based approach: A full model of
HL identified SNPs was created. SNPs with low effect sizes and not statistically
significant were removed.

15
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SNP

rs35191146
rs34130495

rs34059508

rs12208357

rs1867351

rs622342

rs2289669

rs8065082

rs316019

rs12943590

rs2252281

rs10735

rs555754

rs60515630

PMT6211

Gene

SLC22A1

SLC22A1

SLC22A1

SLC22Aa1

SLC22A1

SLC22A1

SLC47A1

SLC47A1

SLC22A2

SLC47A2

SLC47A1

SLC47A1

SLC22A3

SLC22A3

SLC22A3

Association in Literature

AUC Cmax CLr Vd OGTT

AUC Cgax !Lr Vd' OG‘T l
AUC Ctax Lr Vd' OG‘T l
AUC C%&x iLr Vdt OG‘T ‘

Renal Clearance(CLr) I l l’

Response”™ HbA1c

[

Response: HbA1c

Diabetes incidence l

AUC Cmax CLr

| B I |
Response: HbA1c CLr

1

Nothing known; promoter variant
Luciferase activity for Minor allele
mRIA of OCT3
Luciferase actijity for Minor allele
mR!f ofOCT3

Altered glucose tolera!ca

Nothing known: promoter variant

Genetic Data selected based on literature support
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PMID
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PMID:19536068;
PMID:17609683

PMID:19536068

PMID:19381165
PMID: 19228809
PMID: 20682687
PMID: 19228809
PMID: 20682687
PMID:18401339;
PMID:18551044;
PMID: 19483665

PMID:21956618
PMID:23267855

PMID:23267855

NA

PMID: 22231567
PMID: 22231567

NA

~

OSF

Collection of variants in literature associated with metformin phenotypic outcomes

In addition to transporter variants, there has been 1 Genome wide association study
that identified an ATM locus associated with response. This study however was not
replicated and the phenotype that was looked at was a binary stratification of

HBA1C.

Limitations anchoring these studies include: sample size, and methodology

Also, a couple of these variants, although not much known, are promoter variants

with minor allele frequencies >10 %
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Base Disease Progression Model Development

1.) Turnover HbAlc Model

d(HbA1c)

T Kin+ (1 — Metf_Effect) — Kout x HbAlc

Homeostatic system, no disturbance

kin - knu‘

2.) Synthesis rate of HbAlc time dependent

d(Kin) . ) Type | disease system: decreasing system input function (k)
o = Ksyn = (1 + dispr) — Kloss * Kin PRS——
I | -
1 H kin kout g “
3) Symptomatic metformin effect s ®
) Syup ,f‘-—’a,, i
a

o \
4) Exposure - response built in orotectve reatment site

* serum creatinine surrogate for the exposure

5.) Full variance —covariance block + Cox-Box transformation for 2 ETAS
* baseline
* disease progression
+ effect

Post et al. Disease System Analysis: Basic Disease Progression Models in Degenerative Disease g
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Longitudinal Model Captured Upward HbAlc Trends

Observations Visual Predictive Check
— B‘
g 3
(&] (&]
3 =
i =3 s
Time (days) Time (days)

* Source Files:
1) PD_Datasumm.R
2) Vpc_ron.R

3) Further modification illustrator etc.
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Research Design

HbA1c Levels (%)

Standard SCM

(1) HbAlc modeling

16

v

(2) Clinical/Demographic
analysis

nonresponder

Hagebwtpex...)

g

a

- 2
Time (years) o 3
o

<
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(3) Genetic analysis

Variants in 267 Genes
Conferring Risk to Diabetes

Hyperlasso and Regression

Model-based methodology
| and functional support

Final Model With Selected
Variants That Have Strong
Effect Sizes

d(_ﬂl::“ )= f(HbAle,Druglevels, LabValues, Demog, Genes,...)

Personalizing Metformin

Therapy
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Genetic Analysis

1. Initial GWAS Approach
= 100000 SNPs

Machine learning on individual disease progression rates

2. Selection of 267 physiologically meaningful genes

12000 variants within a 50-kilobase region around each PharmGKE — PKPD genes
gene HuGE navigato — disease liked gene

> 12000 SNPs

3. Hyperlasso and regression on disease progression

SNP correlation parterns accounted for o o 21 SNPs
Corrected for number of phenotypes and SNPs NI Tl
4 NLME Model based approach — full model established 21 SNPs
5. Parsimonious model (9 SNPs)
SNPs with low effects sizes and no significance removed 9 SNPs

20



Significant associations

Table 3 Summary of top genetic varknts inchided In
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Significant associations

Table 3 Continued

Effect size of
Modet minor allele
Minor Major based on DP MAF MAF
SNP One Gene abele allele Feature Poalue paramaeter CEV YR Gene functions
57150552 14 FOXN3 - Forkhead Box T G Proximal 0.009 0.25 (TG) 027 035 This is a transcrptional
N3 repressor, which plays an
important role in cell cycle
amest. This gene Is localzed
in chromosome 14424.3-
31, which is a locus assock
ated with insulindependent
diabetes mellitus
susceptiviity. >
$7500549 16 WWOX - WW Domain c T Intron 0.029 016 (CT) 0.55 0.20 SNP inthis locus was assoch
Contal ted with recuced insulin
Ovidoreductase secmtion.®*
Poaion = The lorved that resulted function harges afer SNP adStion 10 the demogeashic comected bise model. Ganetic varant 53160009 sgnScance theshokd was detemminnd theorgh

mOdekbased analysis of B SNP effect of camions of olwr 1 0r 2 aleles. MAF, minor alisk Hequency: DP. disease progession; CEU, Northem Europeans: YRL Atrican populiticn.
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Top Variants From Hyperlasso and Model Based
Methodology Were More Influential on HbAlc Levels
than Demographic Covariates

Simulated median (95% CI) of HbAlc levels

Poorer response Improved response Poorer response Improved response
L eeee—— SS—
Normal i 1.08(0.97,1.19) Normal —-— 055( 043,066]
rs12907856(GG) [VPS13C) e 120(1.10,1.30) rs12007856{GG) [VPS13C] o 1.06( 0.95,1.16)
rs2617102(CC) [CSMD1]  rls - 0.93[0.82,1.04) rs2617102(CC) [CSMD1]  —a— - 0.08[-0.06,0.24]
rs2815022(GG) [KCNK16]  +——a—— 0.94[0.83, 1.05) rs2815022(GG) [KCNK16]  +—e— 0.10[-0.05,0.25]
rs2954625(TT) [CSMD1) —— 4m 0.97(0.86, 1.08) rs2054625(TT) [CSMD1) —e— 4mm 0.19[ 0.05,0.33]
rs316009(TT) [SLC22A2) - —— 121[1.11,1.31) rs31600(TT) [SLC22A2) =) - 1.10( 1.00,1.21)
rs642887(AA) [EMILINZ] —— 115[1.04,1.25) rsB42887(AA) [EMILINZ] c. 0.80( 0.69,0.91)
rs6982250(TT) [SULF1) i 115[1.04,1.25) rs6082250(TT) [SULF1) —.— 0.81( 0.70,0.92)
rs7159552(TT) [FOXN3) L | 147 [1.07,1.28) rs7159552(TT) [FOXN3] L. 0.92( 0.81,1.02)
rs750054%(CC) [WWOX] —— 1.19[1.09,1.30) rs7500549(CC) [WWOX) ce 1.03[ 0.93,1.13]
Age (49 years) —— 1.05[0.84,1.15) Age (49 years) - 0.42[ 0.29,056)
Body Weight (140kg) 1.01[0.91,1.12) Body Weight (140kg) .— 047( 034,059]
Serum Creatine (0.6 mg/dL) e 0.98(0.87,1.09) Serum Creatine (0.6 mg/dL) —— 043( 0.30,0.56)
T T T T T I ; T
0.80 1.00 1.20 1.40 -050 000 050 100 150
Improvement From Baseline (1 year) Improvement From Baseline (5 year)

UGsr
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Genetic Interactions between CSMD1, SLC22A2, and
WWOX Impact the Dynamics of HbAlc

Simulated median (95% CI) of HbAlc levels

No-response SNP&{ Protective SNPs
CSMD1 ‘
—_ rs2617102(CC) + rs2954625(TT o
2 =
" E{_ Normal
3 @/ No minor alleles
o o
< =
T T
0 SLC22A2/WWOX
Normal rs316009(TT) + rs7500549(CC)
No minor alleles
Time (years) Time (years)

Blue shade with solid line: Simulated median for patients carrying no minor alleles with 5* and 95% confidence interval L@:

Red/green shade with dashed line: Simulated median for patients casrying minor alleles of labeled gene(s) with 5% and 95* confidence interval of median®
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E INAL
Description ﬁgDEL FULL MODEL |MODEL

Objective function value 6212.14) 6071.49]  6134.225(
OFV Difference from Base Model 0 -14065  -77.91
li 7.74) 7.74) 7.74)
Half Life of Effect 40.9) 42.9) 42)
Proportional Error 0.0977] 0.0974| 0.0975|

Additive Error 0.1 Fixed 0.1 Fixed 0.1 Fixed
Base Model Par ters [Effect 0.13] 0.13§) 0.135|
Disease Progression 82| 234 172
Scale on Effect 2. 2.31) 2.37]
Kloss 0.2 0.25) 0.232)
Scale on Disease Progression -0.246] 0.4 031
Body Weight -0.00268]  -0.00263]  -0.00262|
Average Serum Creatinine 04276] 0.2 0.273

Covariates on Effect Magnitude [Clinical Site Effect (Vanderbilt) -0.165 -0.162 -0.16

Clinical Site Effect (Marshfield Clinic) -0.303] »0.2% vO.Zé
Clinical Site Effect (Kaiser Georgia) -0.0251] -0.0301 -0.0333)
Age -0.0281] 4).023{ -0.029)
152815022 (GA) NA 0.272] 0.389|
rs2815022 (GG) NA 0.966] 0.936|
rs316009 (TC) NA -0.552 -0.442)
rs316009 (TT) NA -0.894) -0.73
rs2954625 (TC) NA 0.0342] 0.234]
rs2954625 (TT) NA 0.735) 1.13]
rs2617102 (CA) NA 0.517] 0.717]
Covariates on Di rs2617102 (CC) NA 1.06| 1.07|
Progression rs6982250 (TC) NA -0.357| -0.312)
rs6982250 (TT) NA -0.276| -0.559)
rs7159552 (TG) NA -0.337| -0.248
rs7159552 (TT) NA -0.595] -0.57§
rs12907856 (GA) NA -0.363 -0.147]
rs12907856 (GG) NA -0.765 -0.745|
rs7500549 (CT) NA -0.217| -0.162)
rs7500549 (CC) NA -0.815 -0.588)
rs642887 (AG/AA) NA -0.506| -0.429)

eline 16.90% 16.90% 16.

Parameter Variability %L@ 324 180% zz%
ffect Magnitude 76.40% 74.80% 74.
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Summary & Next steps

o

The onset of observable disease progression is approximately 1 year

HbA1C levels increase at a rate of 0.1% [0.04%-0.16%] vs 0.16% [0.08%-
0.22%] HbAlc/year for responders/non-responders

Joint PKPD, Pharmacogenomics and Bioinformatics approaches
revealed 9 variants that accounted for approximately 1/3 of the estimated

variability in long term response
->GWAS approaches usually account for up to max 3% of the variance

Two known genes, CSMD1, WWOX, that were previously identified to
confer risk to Type 2 Diabetes, and a well known transporter gene SLC22A2

candidates for potential stratified diabetes therapy

Next step: Validation on the database from 10000 pateints

26
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