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Introduction B I'

* The assessment of thyroid nodules is a common clinical
problem.

« Thyroid nodules are common in the adult population

« Thyroid cancers:
- 5-15% of thyroid nodules examined by ultrasound and FNA
- 1% of all cancers

= Challenge :

- accurately diagnose cancer in these nodules
- avoid unnecessary thyroid surgery for benign disease

Yeung, Oncologist 2008
Hegedus, The New England Journal of Medicine 2004
DeLellis R, et al., WHO 2004
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Fine-Needle Aspiration (FNA) Erasme

» Gold standard diagnosis method for thyroid nodules
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Fine-Needle Aspiration (FNA) bl I'

» Gold standard diagnosis method for thyroid nodules

« Accurate diagnosis of benign and malignant lesion in the majority
of cases
* Intrinsic limitations :

10-26% are diagnosed as indeterminate

« Patients referred to SURGERY -> Histological diagnosis

« 20-30% incidence of malignancy in the specimens with
Indeterminate cytology

Necessary to improve the management of patients
with indeterminate cytology

Layfield, Cancer J for Clinicians 2009
Hegedus, The New England Journal of Medicine 2004



Genetic alterations in thyroid tumors

Histological Type Prevalence
(%)
Follicular carcinoma © -
RAS 40-50 o ™"
ppnnenensaananannnrensanssibinntateesess,,
PAX8/PPARy 30-35 m:EmM““““NNWWW P e,
PIK3CA <10 st 0 Sl e,
hlgdesd” MR, RET/PTC iy
PTEN <10 W L Mo NTRK iy E:
Papillary carcinoma Gs B 7 RAS
BRAF 40-60 N |
RET/PTC 10-20 BRAF
RAS 10-20
TRK <5 l MAPK UER
Anaplastic carcinoma pathway
— TP53 50-80
— CTNNB1 50-70
RAS 20-40
BRAF 20-40
PIK3CA 10-20
PTEN 5-15
AKT1 5-10
Poorly differentiated carcinoma Transcription factors
RAS 20-40
— TP53 20-30
— CTNNB1 10-20
BRAF 10-20
~ PIK3CA 5-10
AKT1 5-10 Hsiao, Endocr Relat Cancer, 2014

Xing, Nat Rev Cancer, 2013



Molecular biology testing improves FNA diagnosis Frare I-‘

= Several prospective studies have shown that molecular testing
can improve the FNA diagnosis of thyroid nodules

* The use of these molecular markers is formally recommended
iIn the 2009 revised ATA Management guidelines for patients
with Thyroid nodules and differentiated thyroid cancer

Positive Indeterminate Negative
for malig\rlancy l mr,r,r}allgnanmnr BRAF (V600) RET/PTC1 :
‘n\‘ }’,f' KRAS (G 12; 613) RET/PTC3

HRAS (Q61; G12)  paxg/PPARY
NRAS (Q61)
; /@ /@ R
Total Repeat FNA, Mo

thyroidectomy lobectomy surgery Nikiforov, Nat rev Endocrinol 2011



Erasme P

= Not yet applied in daily practice !!!!

« Sequential mutation testing is performed
Mutations in BRAF, HRAS, KRAS, NRAS
RET/PTC and PAX8/PPARYy rearrangement -> RNA
Other genes : TP53, PIK3CA, AKT1, CTNNB1, PTEN, etc...

« Large amount of DNA/RNA needed
« Time / cost

- NEXT GENERATION SEQUENCING (NGS) !



The Sequencing Explosion Erasme I' ﬂ

The human genome project : Started in 1990 by the NIH & the U.S.
Department of Energy:

= Sequence the 3 billion bases of the human genome
= Discover the 20.000 — 25.000 human genes

Lasted 13 years ->Cost 3 billion $ (1$/base) -> Sanger sequencing (1977)

Adapted from

W The Sequencing Explosion

2007: Craig Venter: 4 years, $100 million NGS
2008: James Watson: 2 years, $2 million costof outing o
2009: 6 months, $200,000 bl solein ped 10000
2010: 1 month, $20,000 \
2011: 2 weeks, $5,000 Cost of Sequencing 100
2012 : 2 weeks, $3,000 10
2015 : <2 days, <$1,000 10

Human Genomes Sefjuenced $1,000,

I I I I I I I I [ I

2000 2002 2004 2006 2008 2010



Next Generation Sequencing Erasme I' ﬂ

= Definition :

Technologies that share the ability to massively sequence millions of
DNA templates in parallel

Roche IHlumina ife technologies
GS Junior MiSeq Gﬂ.llx HiSeq HiSeq 5500xI 5500
1000/1500  2000/2500 ohip  SOLIiD SOLiD
Titanium GS FLX+ 316 318
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Beads
v
Parallel

sequencing



Next Generation Sequencing bt F

Roche Illumina ife technologies
g T ﬂ = e o=
\.——Cﬂ - - r-h‘.
GS Junior 454 MiSeq GAllx HiSeq HiSeq 5500xI 5500
1000/1500  2000/2500 k i - : SOLiD SOLiD
Titanium G5 FLY+

Micro-machined wells

DNA Library

|

lon-sensitive layer ————

Proprietary lon sensor ———=

Clonal amplification 11 millions wells
: Sensing Layer :
v
arallel rr—
sequencing

semiconductor sequencing 10



Hopital

Sanger Sequencing vs NGS Bt I-’ ULB

= Sanger Sequencing = Next generation sequencing
= Low throughput (100kb) = High throughput (1-100 Gb)
= High cost = Low cost
= Slow = Fast
= Low sensitivity (10-30% of mutant = High sensitivity (2-5%)

DNA) o -> high coverage depth
o -> low coverage depth
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Next Generation Sequencing Erasme I' m

Applications in Oncology

Whole Genome sequencing (WGS)
Exome sequencing (WES)
Targeted Sequencing

RNA sequencing



Next Generation Sequencing Erasme I' ﬂ

Applications in Oncology

Targeted Sequencing
RNA sequencing
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Targeted sequencing -> Gene panels et I'|

The lon AmpliSeq™ Cancer Panel targets 50 genes

1 run => 1 chip
ABL1 EZH2 JAK3 PTEN
50 genes for 16 samples [k FBXW7 | IDH2 PTPN11
->10 ng of FFPE DNA ALK FGFR1 KDR RB1
APC FGFR? KIT RET
-> 200€ / sample ATM FGFR3 KRAS SMAD4
BRAF FLT3 MET SMARCB1
CDH1 GNAT1 MLH1 SMO
CDKN2A | GNAS MPL SRC
CSFIR GNAQ NOTCH1 | STK11
CTNNB1 | HNF1A NPM1 P53
EGFR HRAS NRAS VHL
ERBB? IDH1 PDGFRA
ERBB4 JAK2 PIK3CA

-> Commercial panels:
20 -400 genes

-> Custom panels
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RNA sequencing et I"

Gene Expression Alternative Splicing

Bimple transcription

RET/PTC
|~ PAXS/PPARG

Short read is split by
intron when aligning

<Gene Fusions
V4

AL ——— " =Y

(fused)

Gem
Junction

And RNA-editing, Allele specific
expression, Transcript Discovery...

End-pared
8hat reads
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Log10 fraction of total counts
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Detecting Lung Cancer Fusions in Cell Line and
Human Tissue RNA

RNA sequencing
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NEXT GENERATION SEQUENCING (NGS) :

Can NGS improve the diagnosis of FNA specimens with
Indeterminate cytology?
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J Clin Endocrin Metab. First published ahead of print August 26, 2013 as doiz 10 1210/jc. 2013-2292

Targeted next-generation sequencing panel
(ThyroSeq) for detection of mutations in thyroid
cancer

Marina M. NikifD[Dva', Abigail 1. Wald, Somak Roy, Mary Beth Durso, and
Yuri E. Nikiforov

Division of Malecular and Genomic Fathology, Department of Pathology, University of Fittsburgh
Medical Center, Pittsburgh, P&
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Nikiforova, J Clin Endocrin Metab 2013



ThyroSeq Panel Erasr;le I'I

POTC |n=T10)
mac m s |08
- _ MAAS PIEICA
Point Mutations P53 [ 1] GHAS |I
BRAF
NRAS RET T T arceean NNANARNN RRARNANNN
HRAS TSHR Hixs e BRaF
BRAE [T} MRAS (P11
ggj's: a:g; TSHR ] i) AaE =I IlIlIII
PIK3CA  GNAS cmﬁ L e .
PTEN CTNNB1 KRAS i CTMMET [ |
oFTC (n=18) EEEEEEENENENE MCin-15)
TPS3 RET
Eﬁ |. HRAS i
PTEM [ | . :
] ] T ] | | | |
. ] L] L] | | | | | |
L 228 therId Samples o : o z ET = M 3:' = o ’ 5 HJmEf:fTLrnlq:':-'Mutﬂai:rﬁ : :
(145 malignant and 83
benign)

Mutations detected in 68% of thyroid cancer and in

* 5-10ng of DNA
only 6% of benign thyroid nodules

-> successful analysis in
99.6% of samples

Nikiforova, J Clin Endocrin Metab 2013
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Le Mercier, Histopathology 2014



Material and Methods

= Retrospective study

- Inclusion criteria :

25 avril 2015

34 FNA specimens with indeterminate cytology (2010-2012)

Followed by surgery

Erasme P

The lon AmpliSeq™ Cancer Panel targets 50 genes

Le Mercier, Histopathology 2014

ABL1 EZHZ JAK3 PTEN
AKT1 FBXW7 IDH2 PTPNTI1
ALK FGFR1 KDR RB1
APC FGFR2 KIT RET
ATM FGFR3 KRAS SMAD4
BRAF FLT3 MET SMARCB1
CDH1 GNAT1 MLH1 SMO
CDKNZA GNAS MPL SRC
CSFIR GNAQ NOTCH1 STK11
CTNNBT HNFTA NPM1 P53
EGFR HRAS NRAS VHL
ERBBZ2 IDH1 PDGFRA

ERBB4 JAK2 PIK3CA




Materiel and Methods Frare I-‘

DNA extraction

Sequencing
\

Nb of
reads <

DNA extraction

Sequencing

[DNA] < 2ng/ul
[Library] < 100ng/ml

Le Mercier, Histopathology 2014



o 2
Results rasme

Indeterminate

FNA Cancer risk : 20% n=34
Malignant Adenoma MNG / thyroiditis
n= 7 n= 21 n= 6
BRAF NRAS KRAS NRAS PTEN
n=1 n=3 n=1 n=2 n=1
71% 14%

Le Mercier, Histopathology 2014
25 avril 2015 23
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Results rasme

Histological diagnosis

Molecular Test

Malignant (n=7) Benign (n=27)
Positive | 3 NRAS (1 FT-UMP, 1 FVPTC, 1 MIFC) | 2 NRAS (2 FA) L.
(n=8) Sensitivity 71%
n=
1 KRAS (1 MIFC) 1 PTEN (1 FA)
Specificity 89%
1 BRAF (1 PTC)
PPV 63%
Negative | 2 (1 FVPTC, 1 MIFC) 24 (3MNG, 3 Thyroiditis, 18 FA)
(n=26) NPV 92%
Accuracy 85%

FNA indeterminate = Cancer risk : 20%

positive molecular test = Cancer risk : 63%
negative molecular test = Cancer risk : 8%

Le Mercier, Histopathology 2014
25 avril 2015 24



Results

121 cases -> 112 contributives

Indeterminate

Erasme F m

FNA Cancer risk : 25% n=112
Malignant Adenoma MNG / thyroiditis
n=28 n =66 n=18
v v v \ 4 \ 4 \ v v v v
BRAF RAS TP53 RAS TP53 PTEN ||PIK3CA RAS TP53
n=4 n=9 n=1 n=9 n=1 n=1 n=1 n=3 n=1

50%

25 avril 2015

18%

22%

25
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Results rasme

Histological diagnosis

Malignant (n=28) Benign (n=84)

Positive | 9 RAS (2 PTC, 3 FVPTC, 3 MIFC, 1 FT- | 12 RAS (9 FA, 1 Thyroiditis, 2

(n=30) UMP) colloide nodules)
Sensitivity 50%
4 BRAF (1 FT-UMP, 3 PTC) 1 PIK3CA (1 FA)

73 Specificity 81%
l“_-’ 1 TP53 + GNAS (1 MIFC) 1 PTEN (1 FA)
& PPV 47%
3 2 TP53 (1FA, 1 MNG)
(V]
© - — NPV 85%
S Negative | 14 (2 FVPTC, 5 MIFC, 3 PTC, 4 FT- 68 (8 MING, 6 Thyroiditis, 54 FA)

(n=82) | UMP) Accuracy 73%

FNA indeterminate = Cancer risk : 25%

positive molecular test = Cancer risk : 47%

negative molecular test = Cancer risk : 15%

25 avril 2015 26
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Original Article

Highly Accurate Diagnosis of Cancer in Thyroid Nodules With
Follicular Neoplasm/Suspicious for a Follicular Neoplasm
Cytology by ThyroSeq v2 Next-Generation Sequencing Assay

Yuri E. Nikiforov, MD, PhD"; Sally E. Carty, MD? Simon |. Chiosea, MD'; Christopher Coyne, MD%;
Umamaheswar Duvvuri, MD* Robert L. Ferris, MD, PhD* William E. Gooding, MS®; Steven P. Hodak, MD%
Shane O. LeBeau, MD* N. Paul Ohori, MD"; Raja R. Seethala, MD'; Mitchell E. Tublin, MD®; Linwah Yip, MD?;

and Marina N. Nikiforova, MD'

Nikiforov, Cancer 2014



ThyroSeq v2 Panel s I'

Point Mutations 143 FNA with cytological diagnosis FN/SFN

with known surgical outcome

NRAS RET
HRAS TSHR (retrospectively and prospectively)
KRAS AKT1
BRAF TP53
PIK3CA GNAS No. of Samples
PTEN CTNNB1 Cancer
Identified at
+ TERT Unique Surgery Negative
Diagnostic (Cancer Because of
Alteration Positive Events Risk, %) Low Level
Gene Rearrangements Point mutations
NRAS 16 13 13 (81) 2
RET/PTC KRAS 6 6 5 (83) 4
HRAS 2 2 2 (100) 0
PAXB/PPARG TERT 4 2 4 (100) 0
NTRK1 TSHR 3 3 1 (33} 1
BRAF VB0O0E 1 1 1 (100) 0
NTRK3 BRAF KB01E 1 1 0 (0) 0
TP53 1 0 1 (100) 0
ALK PIK3CA 1 0 1 (100) 0
Gene fusions
THADA THADA 5 5 5 (100) 0
PPARG 4 4 4 (100) 0
NTRK3 2 2 2 (100) 0

Nikiforov, Cancer 2014



ThyroSeq v2 Panel

143 consecutive FN/SFN nodules with surgery

group
n=91

Retrospective

N

Mutation
NEGATIVE
n=64

Mutation
POSITIVE
n=27

/N

/\

CANCER/|| BENIGN CANCER || BENIGN
n=2 n=62 n=23 n=4

Prospective
group
n=52

N

Mutation Mutation
NEGATIVE POSITIVE
n=37 n=15

ZANIREVAN

Sensitivity 92%
Specificity 94%
PPV 85%
NPV 97%

Accuracy 93%

Overall test performance

Sensitivity 90% (CI: 80-89%)
Specificity 93% (Cl: 88-98%)
PPV 83% (Cl: 72-95%)

CANCER || BENIGN CANCER|| BENIGN
n=2 n=35 n=12 n=3

Sensitivity 86%
Specificity 92%
PPV 80%
NPV 95%
Accuracy 90%

NPV 96% (Cl: 92-85%)
Accuracy 92% (Cl: 88-97%)

Erasmé F

FNA Cancer risk : 27%

FNA & mutation +
Cancer risk : 83%

FNA & mutation —
Cancer risk : 4%

Nikiforov, Cancer 2014



Conclusion Erasme F m

* NGS testing is feasible on Thyroid samples

= On fresh, frozen, FFPE or smear (diff-quick, ...)

» Good results were obtained even with low DNA input (<5ng of
DNA)

= Applicable in daily practice

* NGS testing can improve diagnosis of FNA
specimens with indeterminate cytology

= Mutation positive : higher cancer risk
= Mutation negative : lower cancer risk



Future Erasme I' ﬂ

= Validation on a large prospective series
= Creation and validation of Thyroid specific panel

Follicular
Proliferation

European Consortium for Thyroid fusion panel :

->RET/PTC ->NTRK3 M%i?j%
- PAX8/PPARG ->BRAF
->NTRK1 ->ALK

+ Thyroid gene panel

BRAF KRAS AKT1
RET PIK3CA TERT WP = 1527
NRAS CTNNB1 | IDH1

HRAS TP53

MP = 5.7% MP = 22 6%
{n=35) (n=31) ) )
Rorive, Eur J Endocrinol 2010
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