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You will vote on this question after the session

Do you agree with this statement?

“Southern blot analysis will be replaced by faster and
simpler methods such as methylation PCR.”
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Objectives and Disclosure

To understand the diagnostic value of determining
FMR1 methylation

To review Southern blot challenges and limitations

To learn about new approaches with PCR
based assays, capable of improving the throughput
and resolution of FMR1 molecular diagnostics

Disclosures:

— Receive commercial reagents for studies
— Honorarium



Fragile X Syndrome

« Most common inherited
form of mental retardation.

* |ncidence 1:4000 males and
1:8000 females.

« Affected males have mental
retardation, characteristic
physical features and
behavior.

« Affected females exhibit a
less severe phenotype.

* Found in all populations.
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Fragile X: Molecular Defect

« Tri Nucleotide Repeat (CGG) at the 5
Untranslated Region (UTR).

— A small expansion (pre-mutation)
associated with increased mRNA

= FX Ataxia, POI

— Alarge expansion associated with
methylation, inactivating gene

expression.

Premutation FMR-1zene

200+

T Repeats 7

CGG
Full Mutation FMR-1 gene
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Repeat Number Classification

Normal: 5-44 repeats: Rules out diagnosis of Fragile X
syndrome/carrier status.

Intermediate: 45-54 repeats: Not affected but unstable, could
eventually expand to a pre-mutation, then full mutation.

Pre-mutation: 55-200 repeats: Carrier and at risk for
expansion in next generation (females). At risk for premature
ovarian insufficiency (POI) or ataxia.

Full mutation: >200-230 repeats: Gene is methylated and
Inactive; confirms diagnosis of Fragile X syndrome.

Mosaic: Both pre-mutation (un-methylated) and full mutation
(methylated) present. Severity of symptoms cannot be
predicted, but may be milder.

RENCE LABORATORY
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Methylation

Variable expression of FXS

Full mutations (>200-230 CGG repeats)

— Mostly fully methylated
— >230 CGG repeats without methylation
« High functioning males (5%)
Mosaics — may modify phenotype
— Pre-mutation/full mutation
— Intermediate (normal)/ full mutation
« Contraction?

Testing reflects status in blood

THOLOGY



Methylation in Females

« Varible phenotype

— <50% females with full mutations have intellectual disability
— Other symptoms may be present
» Avoidance personality, mood, stereotypic disorders
* Not proven to be due to FMR1 full mutation or methylation
« X inactivation
— Random vs skewing

« Degree of methylation not necessarily correlated with
Intellectual disability
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Mosalcism

 Sjze mosaicism

« Methylation mosaicism

— Unmethylated pre-mutation (intermediate or normal)/methylated
full mutation

— Unmethylated and methylated full mutation size range
_ POSSI ble meChan|SmS Three possible types of methylation mosaicism at FMR1:

* Possible types

A) Mosaicism among cells ® ®transcription
(epialleles) @ O 6 5

B) Mosaicism among sites transcription?

C) Mosaicism between strands

Stoger R, et al. (2011) PLoS ONE 6(8): €23648. doi:10.1371/journal.pone.0023648
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Methylation in Newborn Screening

* FXS screening in newborns currently not recommended

« Studies use methylation to identify only full mutations
— Will not identify pre-mutations
— Reduces concern for adult onset FXTAS or FXPOI

« High sensitivity/specificity in males
* Reduced sensitivity/specificity in females
« Screen males only or males and females?
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Fragile X Testing

« PCR
— Sizes normal/pre-mutation allele

— Amplification into CGG repeat full mutation range possible
« Preferential amplification of normal allele in females

« Difficult to distinguish: One allele/undetected expanded allele from
two normal homozygous alleles in females

« Methylation:

— Southern blot analysis (concurrently or reflexed)
« 80-1000+ repeats
 Full mutations
» Methylation
» Sizing not accurately (+ 50 CGGSs)

— mMPCR
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Electropheragram

16001}

T6 27 Green FX30/76

6 27Red FX30/76
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Chimeric PCR

200 20 2] paill L 340

l

55 repeats

20/31 CGG repeats
150 . .?U:l 2510 . 300 150 400 450
AGGs 55 repeats 29/103 CGG repeats
—— L
150 200 250 00 350 ann 450

04

140/800 mosaic CGG repeats
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nuclease

labeled DNA

of known sizes as

size markers

agarose
gel

DNA FRAGMENTS SEPARATED
BY AGAROSE GEL ELECTROPHORESIS

Restriction Digest
Electrophoresis
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Southern Blot

stack of paper towels

sponge
alkali solution

SEPARATED DNA FRAGMENTS BLOTTED
ONTO NITROCELLULOSE PAPER

Transfer to membrane

Anneal Probe

Detect

remove nitrocellulose
paper with tightly bound DNA
(&3}

nitrocellulose

gel

LABELED DNA PROBE
HYBRIDIZED TO
SEPARATED DNA

sealed

/ plastic

bag

labeled
DNA probe
in buffer

LABELED DNA PROBE HYBRIDIZED
TO COMPLEMENTARY DNA BANDS
VISUALIZED BY AUTORADIOGRAPHY

- labeled
bands

positions <

markers

y

L
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Restriction Diagram

« The FMR-1 gene region
with the CGG trinucleotide
repeats is flanked by Eco
RI sites and a methylation
sensitive enzyme site (Nru
1).

« Full mutation has been
shown to methylate the
gene and prevent enzyme
restriction of DNA.
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Methylation
Sensitive
EcoR1 Nrul EcoR1
|
l N 1
b
' DAKQ Fragile X Probe
| CGG repeat region
TWO e
possible 2.1 kb band = not methylated
bands = =——————ii

5.2 kb band = methylated

DAKO’s Fragile X probe is specific for the 1.1 kb Psrl fragment 3" to the CGG trinucleotide
repeat region within the FMR1 gene on human chromosome Xq27.3.
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 Normal females show
— one methylated
allele (5.2 kb)
— one un-methylated
allele (2.1 kb)

 Normal males
— one un-methylated

allele (2.1 kb)
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Southern Schematic

Fragile X Analysis by Southem Hlot
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Southern Example

Size standards

Full mutation , Male
Pre-mutation , Female

Normal , Female
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Simplify Methylation Analysis

* Methylati()n PCR (mPCR) )—'1 Sulph onatian MH,
— Sodium Bisulfate Methylation | ‘ Hso, N
Modification D”“k oH J\w -
h Oy
H H

— Restriction digest

Cwtosine Cytosine
suUlphonate
« Approaches o
Hydrokytic
— MLPA MM ‘>l LDeaminatior
e
— Real-time PCR ke
— Mass Spectrometry 2 Desulphonation %
. . H H K
— Capillary Electrophoresis ‘ H350s.
0 OH 0 50,
i !
Uracil Ll racil

sUlphonate
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Reference target
Methylated target Unmethylated target lacking Hhal site

Denaturation and multiplex probe hybridization

~ el

M

Simultaneous ligation and digestion with /fhal (methylation-sensitive endonuclease)

W 7 /

et -

PCR using one universal primer pair; only undigested
and ligated probes are exponentially amplified

Nygren AOH et al. JMD 2008; 10 (6):496-501
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ML PA Results

Nygren AOH et al. JMD 2008; 10 (6):496-501
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Real-Time PCR

:

« TagMan * i—
— Methylated
— Unmethylated

§

« Melt curves

I mw 2l n a
cyde nunmber
Methylated FMR 7 DNA

Coffee B et al. AJHG 2009; 85:503-514.
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Relative Fluorescent Units (RFUSs)
:
Relative Fluorescent Units (RFUs)

cyde number
Unmethylated FMRT DNA



males

females

1

1.00
090 -
080 -
0.70 4
060 -
050 H
040 -
0.30 H
020 4

Amount of meathylated FMET DRNA

010 H
000

Real-Time PCR Results

Full

Mosaic KS Normal

H H +

;F

t 0.20
3
E 0.10

{ﬂ'mlzlithll

Coffee B et al. AJHG 2009; 85:503-514.

ARUP LABORATORIES | NATIOMAL REFERENCE LABORATORY

Inexpensive
Sensitive/specific
for males

82% sensitive for
females (PPV:
97%) for genotype
Unable to predict
phenotype
(intellectual
disability)

UNIVERSITY OF UTAH SCHOOL OF MEDICINE | DEPARTMENT OF PATHOLOGY



Melt Analysis

Melting Peaks

16914
15414

A
£

(Negative fNMf :
/

[\

(NF)

1.241-
1,081
084
0.7914
0641
0.4¢-
0.3414
04911
0.041-
048]

(-d/dT) Fluorescence (530

W & B4 & & 0 TN W ® W @ £ 84 & 8 0w 00 0w
Temperature (°C)

Elias MH et al. Genet Test Molec Bio 2011; 15(6):387-393.
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Real-time PCR — Melt Analysis

Amplification Curves

Fluorescence (483-533)

243021

Reagents provided by Celera
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Cycles

Melting Curves

301704

25670

21170

Fluorescence (483-533)

16.670]

12170}

7.670]

31704

A 72 73 74 75 76 77 78 79 80 8 82 83 84 8 g 6 88 63 90 9 92 93 9% %
Temperature (*C)

Melting Peaks m

mee (¢
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‘Melting Peaks’

1 MeltingWizard: High-Resolution Melting Analysis v3.0 ® 2002- 2006 University of Utah
Fle Edk Analyss Owplay Plots Style About..

unmethylated methylated

and 1 XHRM

Normal Females

Fluorescence

O8 B e i, 0 il i oo s ot b e T e ol e B
72 73747576 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 9495
Temperature (°C)

! MeltingWizard: High-Resolution Melling Analysis v3.0 © 2002- 2006 University of Utah
File Edt Analysis Display Phts Style About...

C:\D¢ and 1 XHRM

Titration % methylation

Fluorescence

Reagents provided by Celera Temperature (°C)
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« Hairpin bisulfite modification
« MALDI TOF

Site Specific Analysis

« Compare to levels of mMRNA or protein

hairpin PCR 1l
|

hairpin PCR | hairpin PCR 1lI

0.4

0.3

0.2

Frequency of methylation events

0.1

0.0

10 13 16 19 22 25 28 31 34 37 40 43 46 49 52
CpG Sites

—o—  Methylated alleles from fragile X males expressing FMR1
—e— Methylated alleles from fragile X males not expressing FMR1

147

Stoger R et al. PLOS One 2011 e23648

NM(Cpai12) NM (CpG 21) + S_03

M (CpG 11) " 3

M
(CpG 03-05)

M (CpG 12)

NM (CpG 03-05)[ NM (CpG 11)

500 23600 3700 3900 4000 4100 4200 4300 4400 4500

3800

Godler et al. Human Molecular Genetics 2010; doi:10.1093/hmg/ddq037 1-15
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MPCR and Capillary Electrophoresis

* Results visually similar to Southern blots

« Methylation status of each CGG-repeat subpopulation
« Restriction digest followed by PCR

« Digestion controls with each sample

* Reference range (categories)
— <20% unmethylated
— 20-80% partially methylated
— >80% fully methylated



MPCR Workflow Overview (CE)

8 uL of Purified gDNA (~20 ng/uL)
+ 2uL of Control DNA

4 uL 4 uL

Digestion Enzyme
(HEX)

v
PCR
HEX Primers

1L ll pL

2 UL of Pooled PCR Amplicons, 11 pL HiDi+ 2 pLof ROX 1000 Size Std
Denature at 95°C — 5 min, cool at 4°C — 2 min.

A4

ABI 3130 XL
DATA Analysis

From http://www.asuragen.com/Diagnostics/US/Products/Methylation_PCR_FragileX/

ARUP LABORATORIES | NATIOMAL REFERENCE LABORATORY UNIVERSITY OF UTAH SCHOOL OF MEDICINE | DEPARTMENT OF PATHOLOGY



ARUP

Pilot Sample Study Summary

« 25 Pilot clinical samples were prepared and run
at ARUP and sent to Asuragen.

* The Pilot Sample results were in high agreement
for size and methylation status.
— 23/25 concordant with 2 technical issues
— 1 sample had no Hex reference peak

— 1 sample had a technical issue, 1 sample (FX#35)
with an under call on % methylation

— Both samples were resolved at Asuragen

Confidential, not intended for distribution
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FXA13_B01_003 fsa

Fx#&1a

Normal Female

5sec injection

[FAM

Signal height in linear range

300

400

a0

EO0

o0 an

2400 F
2000
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33

29
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—
31592
HOE
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mPCR: Normal allele, 29/30

1100 1200

T I
210.32p2.32
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HOE [OF

* Note: Blue signal saturated
(as expected for alleles in the
normal range).

* Need 5 sec injection data for

I:l T

283
DIG.C

211.28p

315.92
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HOE

14 |

T

FXA13_B01_003 fsa

Fx#&1a

S5sec injection

[REX

accurate determination of
methylation status for NOR
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200

400
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o S4% 65y
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| |
31043
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Male, Pre-mutation, Unmethyla

(D

FX#50_ENZ_010fsa

’FX#GO

FXS_Methyiation_v3 ’ |v

300

400

500

E00

Fo0

Size standards

Full mutation male
Pre-mutation female
Normal female

200 a00 1000 1100 1200

59

]

365.55
207

GREAY M

T
3.85
63

< |

L

| FX#60_E02_010 fsa

FXS_Methyation_v3 ’

[HEX

00

16001

12001

200 1

400 +

0 i s

200 00 1000 00 1200

1§
211.77
11

4

DIG.C

GRAY

Digestion controls
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emale, Full Mutation,
ully Methylated

Size standards

Full mutation male
Pre-mutation female
Normal female

FX#26_AD3_001fsa Fx#26 }'Fxs_Meth;Aation_vg \ | ,
! ‘ A |&
[FAM ]
300 400 500 600 700 800 300 1000 1100 1200
e 36 CGG
2000
16004
12004
800§ >200 CGG
- o
ol L t
I ¢ 1
211.37f7 336,39 1,017 .94 50
566 7837 217
DIG.C NOR F1
- i )
F)#26_AD3_001fsa Fu2s | FXS_Methyiation_v3 | A |4
[HEX ]
200 ano 500 600 700 800 300 1000 1100 1200
2400
2000 4 54% Me
16004
1200
800 o
1 100%
a00 1 j 100°M
o L
2116958 336.90 1,017.50].63
35 3805 212
DIG.C NOR FI
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Male, Full mutation, Mosalic

Pre-mutation female

Full mutation male
Normal female

Size standards
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F311-E01-2011-12-09-09-36-04-01 fsa | FX11 3500xL_FXS_Methydatic | | | oy
230 290 430 530 630 730 330 330 1030
6000
5000
4000
2000 i
2000
1000 pe
0 590 630 650 ¥ T _.-'r— ; : : T

212.67[34 612.80[16 852.82 9791413 112744

DIG.C[ PR Fu T2 YEY:

2619 . 134 176 636 ks

i;a 95 ;}l: 39‘
m
JET L |
| F311-E01-2011-12-09-09-36-04-01 fsa IFX1 1 3500xL_FXS_Methydatic I | | oy
[REX
230 230 430 590 630 790 230 330 1030
6000 100%
5000
4000
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z00n 100%  100%
o ‘0
1000 64%, 11%
0 b= = T T

2129057 612.9559 35282 978 58017 60R6 3

DIG.CT P FM FRL AL

54 97 208 817 1

250 repeats
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omparison between mPCR and Southern

Backgro_und ARUP - mPCR, Methylation Comparison Agreement
Information
Sample ID Sex ARUP - mPCR ARUP - SB Results
FX#1 F  Fully methylated FM Fully methylated FM- Yes
Size mosaic
FX#3 F  Fully methylated FM Fully methylated FM Yes
FX#5 M  Normal N/A Yes
Premutation
FX#8 M Unmethylated PM unmethylated PM Yes
T Methylated - may have
EX#11 M Mos_tly methylated, maybe some indication of low level unmethylated Yes
partial .
mosaic
: . methylated/
FX#15 F  Partial Methylation (Female PM) unmethylated PM Yes
. . methylated/
FX#17 F  Partial Methylation (Female PM) unmethylated PM Yes
FX#18 F  Normal N/A Yes
. . methylated/
FX#21 F  Partial Methylation (Female PM) unmethylated PM Yes
FX#26 F  Fully methylated FM Fully methylated FM Yes
Premutation
FX#28 M Unmethylated PM unmethylated PM Yes
FX#29 M Fully methylated FM Fully methylated FM- Yes
Size mosaic
Skewed, premutation
FX#33 F  Partial Methylation (Female PM) mostly unmethylated Yes
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ARUP LABORA

omparison between mPCR and Southern

Background

. ARUP - mPCR, Methylation Comparison Agreement

Information

Sample ID Sex ARUP - mPCR ARUP - SB Results

FX#34 F  Normal N/A Yes

EX#35 M Possib_le mosaic with partial methyl_ation in FM F_uIIy methylated FM- Yes

allele, likely undercalled as a technical error Size mosaic

Premutation

FX#37 M  Mostly methylated PM with unmethylated FM unmethylated/size Yes
mosaic

FX#38 F  Fully methylated FM Fully methylated FM Yes

FX#39 F  Partial Methylation (Female PM) Premutation Yes

e Methylated FM - may

EX#48 F E;Irlt)i/a?ethylated FM (maybe some indication of have low level Yes
unmethylated

FX#54 M Fully methylated FM Fully methylated FM Yes

FX#55 M  No Reference Peak in HEX (technical) Fully methylated Yes
Premutation

FX#60 M Unmethylated PM unmethylated PM Yes
Possibly skewed pre-

FX#74 F  Partial Methylation (Female PM) mutation mostly Yes
unmethylated PM

FX#85 M  Unmethylated Premutation Yes
unmethylated

FX#165 F  Fully methylated FM Fully methylated FM - Yes
Size mosaic

ARUP-NTC

Neg ND

M gﬂﬁjﬁafESM(:l; LABORATORY N D

UNIVERSITY OF UTAH SCHOOL OF MEDI

FINE | DEPARTMENT O
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B

Job |1D: mPCR-4-25-2012
Operator: Jama

Date Processed: 0772172012

Samples: 24

Source File: mPCR-5-20-
2012_AllsleReport XLS

Color Key:

- Signal > Saturation Limit (FAM)

Signal < Threshold

- Missing/Mismatched Feak Information

- Dig Ctrl. < Digestion Control Cutoff

Summary Report

BmplideX® FMR1 mPCR Summary Sheet

* Missing Dig. Ctrlinformation snd/or
invalid Size ranges.
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1D Sample Allele Ranges Peak 1 Peak 2 Peak 3 Peak 4 Peak 5 Peak 6 Peak 7 Peak 8
Metrics Detected
Sample File g;:fl ::fﬁu Nor Int ‘PM FM Size1 |%Me1 Size? |%WMe 2 | 5ized [%Me 3 | Sized |%WMe 4 |Sized |[%Me 35 | Size® | Me6 |[Size? |%Me T |Sized |%Me 8
Fx#104_AD1_001 fsa 3% 099 . 45 9%
Fx#100_A03_001fsa 0% 1.33 - - 30 3% (47 B0%
FX#110_B03_003 fsa 2% 233 . . 51 52% (95 100% | 111 100% (116 7%
FX3#114_B01_003.fsa 93% 1.05 . . 29 41% |46 34%
F#119_C03_005 fsa o4 | -
FX#120_D03_007 fsa 96% 0.8 . . . |32 -61 100% |=200 15% |=200 89% [=200 &6%
Fx#122_C01_005fsa 95% 093 - 23 36% (33 &1%
FX3#123_D01_00T7 fsa 100%  1.01 . 65 2%
Fx#125_E03_008 fsa 85% 078 - - 30 11% (=200 100% |=200 100% |=200 93%
FX#130_F03_011.fsa 1.19 . 30 -
F#131_ED1_009 fsa e9% 098 | 20 -
FX#132_F01_011.fsa 94%  1.08 . . |30 - »200 |[73% |=200 72% |[=200  85%
Fx#135_G03_013fsa 91% 0.8 - . 30 59% ‘ a5 B0%
FX#140_HO3_015.fsa 2% 0.96 . . 23 29% ‘47 100%
Fx#141_G01_013fsa 2% 0497 - 23 12% ‘
FX#149_AD4_D02 fsa 85%  1.22 23 85 22%
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ARUP Study: mPCR/CE

200 clinical samples submitted for FXS analysis and enriched for
pre-mutations/full mutations

— 88 males, 112 females

— 36 normal, 36 intermediate, 65 pre-mutation, 63 full mutations

Test set ARUP/Asuragen comparison
— 25 samples: tested at Asuragen/ARUP
« Reproducibility: 2X (ARUP)
Accuracy — 175 additional samples

— 90 analyzed to date
« Switching from GeneMapper to GeneMarker

— Southern analysis available for pre-mutations/full mutations
Reproducibility
— 2X for all full mutations

— In progress: precision studies with full/pre/intermediate and normal
alleles
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Size standards

Full mutation male

Pre-mutation female

Normal female




Female, Fully Methylated
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» mPCR at Asuragen
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Male, High Repeats
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Male, Full Mutation

Oye: Blue - 7 peaks - 2nd-FX#150_H_009D fsa
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Next Steps

Continue reproducibility study
— between run, within run

Confirm reference range

Evaluate skewed X inactivation
— Normal allele, pre-mutation alleles

Side-by-side with clinical samples
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Conclusions

 mMPCR for FX

— Several methods available

» Overall methylation status
— MLPA
— Real-time PCR

» Specific subpopulations
— CE (validation nearly complete)

— Standardize methylation percentages
* Improve understanding of methylation patterns to clinical severity

— Reduce/replace Southern analysis
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