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Signal transduction pathways involved in the 

proliferation and survival of cancer cells

Hanahan & Weinberg Cell 2011



Target-based agents + predictive biomarkers: 

PRECISION MEDICINE

WITHOUT
BIOMARKERS

WITH
BIOMARKERS



Biomarkers recommended for solid tumors

COLON CANCER: KRAS, NRAS, BRAF, MSI

LUNG CANCER: EGFR, ALK, ROS1, BRAF, PD-L1

MELANOMA: BRAF

GASTRIC CANCER: ERBB2 (HER2)

BREAST CANCER: ERBB2 (HER2)

OVARIAN CANCER: BRCA1/BRCA2

GIST: KIT, PDGFRA, BRAF 

TUMOR AGNOSTIC: NTRK



Genomic Therapy Drugs 

Approved by the FDA, 

2006-2018

Marquart JAMA Oncol 2018

GT: genomically targeted therapies

GI: genomically informed therapies



Estimated US Patient Eligibility and Benefit From 

Genomically Targeted- and Genomically Informed-Therapies

Marquart JAMA Oncol 2018



Targeted therapy for adenocarcinoma

Tsao AS, J Thorac Oncol. 2016

EGFR Other 4% MET 3%
> 1 Mutation 3%

ROS1 2%

BRAF 2%

RET 2%

NTRK1 1%

PIK3CA 1%

MEK1 < 1%

HER2 2%

EGFR Sensitizing
▪ Gefitinib4

▪ Erlotinib4

▪ Afatinib4

▪ Osimertinib4

▪ Necitumumab4

▪ Rociletinib3

MET
▪ Crizotinib2

▪ Cabozantinib2
ALK
▪ Crizotinib4

▪ Alectinib4

▪ Ceritinib4

▪ Lorlatinib2

▪ Brigatinib2

Key
1. Phase I
2. Phase II

3. Phase III 4. 
Approved

HER2
▪ Trastuzumab emtansine2

▪ Afatinib2

▪ Dacomitinib2

ROS1
▪ Crizotinib4

▪ Cabozantinib2

▪ Ceritinib2

▪ Lorlatinib2

▪ DS-6051b1

BRAF
▪ Vemurafenib2

▪ Dabrafenib2

RET
▪ Cabozantinib2

▪ Alectinib2

▪ Apatinib2

▪ Vandetanib2

▪ Ponatinib2

▪ Lenvatinib2
KRAS
25%

Unknown
Oncogenic Driver

31%

EGFR Sensitizing
17%

ALK
7%

NTRK1
▪ Entrectinib2

▪ LOXO-1012

▪ Cabozantinib2

▪ DS-6051b1

MEK1
▪ Trametinib2

▪ Selumetinib3

▪ Cobimetinib1

PIK3CA
▪ LY30234142

▪ PQR 3091
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Druggable Alterations in Oncology Today and in the 

Near Future

Hyman Cell 2017



Panorama of driver mutations in PCAWG

The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium NATURE 2020



Distribution and frequency of NTRK fusions in adult and 

paediatric tumours

Cocco Nat Rev Clin Oncol 2018



Best change in tumor size in adult patients with NTRK 

fusion cancer treated with larotrectinib

Hong ASCO 2019



BRAF mutations in melanoma, CRC and NSCLC

Cancer Frequency Prognostic Predictive§ %V600E

Melanoma 50% Y/N Y 90%

CRC 10% Y N 90%

NSCLC 3% Y* Y 50%

*only V600E
§for response to cIass I RAF kinase inhibitors



BEACON study: 

Encorafenib+ 

Binimetinib+ Cetuximab

in previously treated

BRAF V600E mutant

mCRC pts

Kopetz NEJM 2019



Mismatch repair deficiency across tumors

Le Science 2017



Patient survival and response to pembrolizumab across

12 different tumor types with mismatch repair deficiency 

Le Science 2017



EGFR
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PIK3CA

AKT1

MAP2K1

STK11

FGFR1-3

IDH1

EML4-ALK

ROS-1

NTRK1-2-3

RET

FGFR1-2-3

ERBB2

EGFR
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MSI
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TMB

HRD

Approved biomarkers

Biomarkers in clinical trials
FISH, immunohistochemistry, qPCR, NGS

Modified from: McConaill LE, Garraway LA. J Clin Oncol. 2010;28:5219–28.

CML, chronic myeloid leukaemia; FISH, fluorescence in-situ hybridisation; 
MSI, microsatellite instability; NGS, next-generation sequencing; 
qPCR, quantitative polymerase chain reaction; TMB, tumour mutational 
burden; TS, tumour suppressor.

The major classes of genomic alterations that give rise 

to cancer



Frequency of NTRK fusions across various histologies

Gatalica Mod Pathol 2019



Region Country FGFR2+, n N

Frequency

Country Region

United 

States

US 21 138 15.2% 15.2%

Europe France 10 107 9.4% 7.4%

UK 7 81 8.6%

Germany 5 61 8.2%

Belgium 4 50 8.0%

Italy 13 171 7.6%

Spain 3 99 3.0%

Rest of

world

Thailand 2 32 6.2% 2.2%

Israel 1 25 4.0%

Taiwan 1 44 2.3%

Korea 5 283 1.8%

Japan 2 115 1.7%

Hollebecque A, et al. ESMO poster presentation 2019; abstract #2078.

FGFR2+ rate by country and region FGFR2 rearrangements 

FGFR2 alterations in primary intrahepatic 
cholangiocarcinoma – FoundationOne test



CNB=core needle biopsy; CNV=copy number variation; FFPE=formalin-fixed paraffin-embedded; FNA=fine needle aspirate; indel=insertion and 
deletion; Mb=megabase; MNV=multi-nucleotide variants; mut=mutations; no=number; SNV=single-nucleotide variant; TMB=tumour mutational 
burden

NGS panels for comprehensive genomic profiling: tissue

25

Assay name
FoundationOne

CDx™
MSK-IMPACT™

Molecular 

Intelligence® Tempus xT
ACE 

ImmunoID™16-18

TruSight

Oncology 500

(assay under 

development)

OncomineTM

Tumour

Mutational Load 

assay

NeoTYPE® 

Discovery Profile
CANCERPLEX

Sequencing

platform

Illumina HiSeq

4000

Illumina HiSeq

2500
Illumina NextSeq

Illumina HiSeq

4000

Illumina 

NovaSeq 600

Illumina 

NextSeq 550Dx

Ion GeneStudio

S5 series
Not reported Illumina NextSeq

No. of genes 324 468 592 595 >20,000 523 409 326 435

Types of 

alterations

Substitutions,

indels, CNVs, 

rearrangements

Somatic SNVs, 

indels, CNVs, 

rearrangements

Somatic 

non-synonymous 

missense 

mutations

SNVs, indels, 

CNVs, 

rearrangements

SNVs, indels, 

fusions

SNVs, MNVs, 

indels

Nonsynonymous 

and synonymous 

SNVs

SNPs, indels, 

rearrangements

SNVs, indels, 

CNVs, 

rearrangements

Tumour slide 

specifications

10 FFPE slides 

(20% tumour

nuclei)

FFPE tissue

(50–250 ng)
15 FFPE slides

FFPE slides 

(20% tumour

nuclei)

FFPE tissue 

(50 ng DNA)
Not reported

FFPE tissue 

(20 ng DNA)
FFPE tissue

FFPE 

slides/blocks, 

CNB, FNA (>20% 

tumour nuclei)

(>50 ng DNA)

Patient-matched 

normal sample
No Yes No Yes No No No No No

Reported TMB 

value 

(determination for 

TMB high)

mut/Mb

(≥20)

mut/Mb

(≥13.8)

mut/Mb

(≥17)

mut/Mb

(not reported)

Non-

synonymous 

mut/Mb

(not reported)

mut/Mb

(≥15)

mut/Mb

(not reported)

mut/Mb

(not reported)
Not reported

Turnaround time <2 weeks <3 weeks 10–14 days 2–3 weeks 2–4 weeks Not reported 2–3 days 14–22 days 7–10 days



NGS panels for comprehensive genomic profiling: liquid biopsy

bTMB=blood TMB; cfDNA=cell-free DNA; CNA=copy number alteration; CNV=copy number variation; indel=insertion and deletion; NGS=next-generation 
sequencing; no=number; seq=sequencing; SNV=single nucleotide variant; TMB=tumour mutational burden

Test name*
FoundationOne® 

Liquid/bTMB
Guardant360/ 

GuardantOMNI™
MutatorDETECT Unnamed PredicineATLAS

Oncomine Pan-

Cancer Cell-Free 

Assay

AVENIO ctDNA

Kits

No. of genes 
measured

70/394 73/500+ 64 508 600 52 17/77/197

Sequencing
platform

Illumina HiSeq 
4000

Guardant Health 
Digital Seq
Platform

Illumina NGS‡ Illumina NGS Not reported
Ion GeneStudio

S5 series

Illumina 

NextSeq

Types of 
alterations

SNVs, indels, 
fusions, CNAs

SNVs, indels, 
fusions, CNAs

SNVs, indels, 
fusions, CNVs

SNVs, indels, 
CNVs

SNV, CNV, 
rearrangements§

SNVs, indels, 

fusions, CNVs

SNVs, indels, 

fusions, CNVs

Sample 
requirement

(20 ng cfDNA)
1–2 mL plasma

(5–30 ng cfDNA)

Two 10 mL tubes 
of peripheral 

whole blood or 6–
10 mL plasma‡

Plasma 
(single blood 

draw)
Plasma (5 mL)§ 20 ng cfNA 10-50 ng cfDNA



CAPRI GOIM trial

Primary end-points: 
1st line treatment: PFS1 2nd line treatment: PFS2

From July 2009 to June 2013: 340 patients enrolled for 1st line

As of 31 August 2013, 151 pts have progressed and were randomized to ongoing 2nd line therapy (cetuximab + mFOLFOX4, 
n=76; mFOLFOX4, n=75)

2nd line

1st line 
KRAS wt mCRC

(local pathology lab assessment for KRAS 
codons 12 and 13)

PFS2PFS1

Cetuximab + FOLFIRI

Treat 
until PD 

or 
toxicity

Treat 
until PD 

or 
toxicity

R

Cetuximab + 
mFOLFOX4

mFOLFOX4

Ciardiello, Normanno et al Ann Oncol 2014



Gene mutations assessed by NGS in mCRC patients 

enrolled in the CAPRI-GOIM trial
Genes with >10 

mutated cases

Total mutated cases, n  

(N=182 analyzed)

Cases with multiple 

mutations, n
Types of concomitant mutations (n)

KRAS 45 30*
TP53 (18), PIK3CA ex9 (9), PIK3CA ex20 (5), FBXW7 (5), BRAF (4), 

MET (1), EGFR (1), SMAD4 (1), FGFR3 (1), ERBB2 (1), PTEN (1)

NRAS 13 5 TP53 (3), PIK3CA ex9 (1), MET (1)

BRAF 15 12†
TP53 (9), KRAS (4), PIK3CA ex20 (3), FBXW7 (2), PIK3CA ex9 (1), 

SMAD4 (1), FGFR3 (1), FGFR2 (1)

PIK3CA ex9 16 14‡
KRAS (9), TP53 (8), PIK3CA ex 20 (2), NRAS (1), BRAF (1), MET (1), 

EGFR (1), ERBB2 (1)

PIK3CA ex20    10 7‡
KRAS (5), BRAF (3), TP53 (3), PIK3CA ex9 (2), FBXW7 (2), ERBB2 

(1)

TP53 72 36

KRAS (18), BRAF (9), PIK3CA ex9 (8), FBXW7 (5), NRAS (3), 

PIK3CA ex20 (3), MET (1), EGFR (1), SMAD4 (1), CTNNB1 (1), 

FGFR3 (1), ERBB2 (1)

*11 cases with KRAS mutated tumors had >2 concomitant mutations (maximum 5 mutations); †5 cases with BRAF mutated tumors had >2 concomitant 

mutations (maximum 4 mutations); ‡9 cases with PIK3CA mutated tumors had >2 concomitant mutations (maximum 4 mutations)

Ciardiello, Normanno et al Ann Oncol 2014



Heterogeneity Score (HS) in mCRC patients enrolled in 

the CAPRI trial

Normanno et al Ann Oncol 2015

➢ The heterogeneity score 

(HS) was obtained by 

normalizing the 

frequency of mutant 

alleles for the fraction of 

neoplastic cells

➢ The HS virtually 

corresponds to the 

fraction of neoplastic 

cells that carry a specific 

mutation



Open questions

◆ Which patients should receive a comprehensive genomic profiling (CGP)?

◆ Advanced or metastatic, failure of previous lines of standard therapy, progression after

target therapy….

◆ At first diagnosis in

◆ NSCLC (non squamous)

◆ Young patients, rare diseases, unusual clinical presentation, CUP…..

◆ How should the result of a CGP test be interpreted with respect to tumor

heterogeneity (target priority)?

◆ Clonal vs sub-clonal driver alterations

◆ Tissue and cfDNA testing to assess clonal architecture of the disease

◆ Monitoring clonal evolution of the disease



Open questions (continued)

◆ How to offer a therapeutic opportunity for cancer patients undergoing CGP?

◆ Using large NGS panels will increase the number of patients with mutations that might be 

targeted with drugs not approved for the tumor type

◆ Need to organize a large set of clinical trials to offer the possibility of treatment within a 

framework approved by regulatory bodies

◆ In addition, access to drugs already approved for other indications should be guaranteed 

in an adequately regulated context and under agreements with pharmaceutical companies

◆ How to handle incidental findings such as germline mutations that are occasionally

detected?

◆ Some mutations identified in the tumor tissue could also be of a germinal nature



Garraway JCO 2013
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Precision Oncology: The role of the Molecular Tumor 

Board



DECRETO COMMISSARIO AD ACTA N. 99 DEL 

14.12.2018

2. Realizzazione della Rete della Medicina di Precisione

Obiettivi e Indicatori
a. Incrementare la cultura dell’approccio multidisciplinare per la medicina di precisione

➢ Costituzione del Molecular Tumor Board regionale
b. Garantire l’accesso ai test per i biomarcatori approvati nella pratica clinica

➢ Incremento del numero dei pazienti analizzati per biomarcatori approvati nella pratica clinica
c. Incrementare l’impiego di farmaci molecolari approvati per la pratica clinica

➢ Incremento dei pazienti trattati con farmaci molecolari approvati in pratica clinica
d. Attuare programmi di screening genetico-molecolare esteso per pazienti selezionati

➢ Incremento dei pazienti sottoposti a screening genetico-molecolare esteso
e. Sviluppare studi clinici con farmaci a bersaglio molecolare per pazienti con specifiche alterazioni 
genetico-molecolari

➢ Incremento del numero di pazienti arruolati in studi clinici con farmaci a bersaglio molecolare



Rete della Medicina di Precisione

◆ Molecular Tumor Board come strumento di governance della applicazione clinica della 

medicina di precisione

◆ Molecular Tumor Board Regionale responsabile della realizzazione della rete, della 

armonizzazione delle procedure e del monitoraggio dei risultati

◆ Molecular Tumor Board dei CORP e CORPUS responsabili della implementazione a livello dei 

GOM

◆ Propone azioni per la ottimizzazione dei percorsi per i test per i biomarcatori nell’ambito 

del CORP/CORPUS

◆ Monitora l’andamento e l’appropriatezza dei test per biomarcatori nell’ambito dei GOM del 

CORP/CORPUS

◆ Valuta la appropriatezza della richiesta di test di NGS per CGP

◆ Discute i risultati dei test di CGP e propone raccomandazioni terapeutiche


