Mitochondria and mitochondrial DNA (mtDNA)

The mitochondrion is a highly specialized organelle, present in almost all eukaryotic
cells and principally charged with the production of cellular energy through oxidative
phosphorylation (OXPHOS).

Mitochondria are also involved in calcium signalling, regulation of cellular metabolism, haem
synthesis, steroid synthesis and, perhaps most importantly, programmed cell death (apoptosis).
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« Mitochondria have their own
DNA, known as mitochondrial

DNA or mtDNA.
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Mitochondria and mitochondrial DNA (mtDNA)

M1DNA consists in a heavy (H) and a
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Mitochondria divide by binary fission, similar to
bacterial cell

In mammals mitochondria may replicate their DNA and
divide mainly in response to the energy needs of the
cell, rather than in phase with the cell cycle




Mammals normally inherit their mtDNA from the population present in the oocyte, just
prior to fertilization when mtDNA replication has been completed (matrilinear

inheritance)

PATERNAL WITOCHONDRIA
DESTROYED AFTER FERTILISATION

CELL DIVISION IN
DEVELOPING EMBRYO

Uniparental inheritance leads
to little opportunity for genetic
recombination between
different lineages of
mitochondria

These copies tend to be identical and thus the mtDNA transmitted to the offspring is

homoplasmic.

Following natural fertilization, sperm mtDNA tends to be eliminated thus ensuring the

maintenance of homoplasmy



The near-absence of genetic recombination in mitochondrial DNA makes it a useful source
of information for population genetics and evolutionary biology.

Mitochondrial DNA is inherited as a single unit, or haplotype that can be used to infer
the evolutionary history of populations.

The segregation of
mtDNA molecules tends
e to follow a pattern of
i random genetic drift
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Normally, all of the thousands of copies of mtDNA within an individual are wild-type
(WT) and identical, i.e. homoplasmic.

However, mutant and WT mtDNA molecules can coexist in a state described as
heteroplasmy.

Over 100 point mutations and large-scale deletions have been identified so far

MATERNAL INHERITANCE OF MITOCHONDRIAL DNA MUTATIONS
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Mitochondria, undergoing uniparental inheritance and with little fo no recombination
should accumulate deleterious mutations until functionality is lost.

Mitochondria avoid this buildup through a developmental process known as the mtDNA

bottleneck: a single egg cell with some proportion of mutant mtDNA produces an embryo
where different cells have different mutant loads

MATERNAL INHERITANCE OF MITOCHONDRIAL DNA MUTATIONS
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Mother has abnormal mitochondrial DNA gene
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100% chance -

all children are affected with varying severity

- Mitochondrial disease is an inherited

chronic illness that can be present at
birth or develop later in life.

* It causes debilitating physical and

cognitive disabilities, loss of muscle
coordination; muscle weakness and pain;
seizures; vision and/or hearing loss;
learning disabilities

- It is estimated that 1 in 4,000 people has
Mito.
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Altered metabolism in cancer cells has been directly or indirectly linked to
mitochondria.

Cancer cells are metabolically adapted for rapid growth and proliferation under
hypoxic conditions, a condition in which normal cells would not grow at all or only
poorly.

Differences in the ultra structure of mitochondria and depletion cellular
mitochondrial numbers have been reported in liver carcinogenesis

Differences in content and composition of all oxidative phosphorylation
complexes, respiratory chain activity, expression of oxidative phosphorylation
genes and levels of mitochondrial DNA were reported relative to normal controls.




Schemalic presentation of Nitochondrisl witd type genome

ATPases ATPased

MROCHONGAM regions NAMOIING COMMON MULAlions in Ciffesent Cancer saes

Several mtDNA mutations have been
identified in various types of human
cancer.

Mutations have been found to be
present in both the non-coding region
and coding regions of the mtDNA and
the majority of the mutations appeared
to be homoplasmic in nature



A mitochondrial etiology of complex disease

mtDNA variants
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STEM CELLS AND CANCER

Adult stem cells (SCs) maintain tissue homeostasis throughout life and are rare,
largely quiescent cells capable of 1) self-renewal, 2) maintaining the stem cell pool,
and 3) differentiating to ensure life-long production of all mature cells within a tissue

Chronological age

v

5 Asymmetric cell division allows SCs to

3 \)_l\ 0 self-renew and produce another cell that

@—l\ o undergoes differentiation, thus providing a
simple method for tissue homeostasis.

ade aanendal

@—l\ . The SC daughter(s) of a stem cell
@ maintain all stem cell characteristics,
including proliferation capacity,
undifferentiated state, and the capability
to produce daughter cells that undergo

differentiation.

A failure to maintain the correct stem cell number has been speculated to lead to
tumorigenesis/tissue hyperplasia via stem cell hyperproliferation or tissue
degeneration/aging 11
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STEM CELLS AND CANCER

Stem cells Progeny Wnt, Notch and Hedgehog pathways have been
o“a aae identified as the controllers of the balance
@ °00 between self-renewal and differentiation in neural,

epidermal, intestinal, breast and haematopoietic
.oooo - Loss of lineage SCS

specificity

-

()

—p
e

o — 00 Ovmdeo Cell survival and cell-cycle-regulating pathways,
—p
—p

ossofselfreneal  such as p53, Bmi-1 and cyclin-dependent kinase
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by accumulating DNA or protein damages

Aging induces the lost of specificity and and functionality with the onset of symmetric
divisions.
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STEM CELLS AND CANCER

\ Because only SCs are endowed with the ability to both
% self-renew and differentiate to give rise to mixed

cellular populations, the tumour-initiating cell might in
202, niimr  fact be a cancer stem cell.

)
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o — @@  Depletiondueto It is still unclear whether tumour initiation is driven
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Q Qoo loss of self-renewal
) by a 1) genomically advantaged stem cell or 2) by a
< e Depletion due o o . .
N ®®  iosenescence more differentiated cell which has reacquired stem
o RON —— cell properties, or if both events are possible.
L~ DN transformation
!oy &

The small pool of cancer stem cells could explain the heterogeneity for the of nearly
all fumors and the relapse occurring in patients considered tumour-free for many
years.

The existence of CSCs, and whether they are sufficient to maintain fumour growth
in humans, has not yet been definitively confirmed.
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STEM CELLS AND CANCER

Stem cells Progeny
o \
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mutations can be a stem cell, as
QLD  specty demonstrated for certain leukaemias and
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acquires a gain of function mutation that
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A tight control on SC asymmetric cell divisions is important to prevent the
formation of aberrant SC pools with unrestrained proliferation, which might
result in overgrowing tissues.
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STEM CELLS AND CANCER

Cancer stem cells
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Normal SCs divide mainly
asymmetrically giving rise to stem
(5¢) and progenitor (P) cells.

Their self-renewal potential is
intrinsically restricted, exhausting
when they reach the limit of six to
seven divisions.

In normal SCs, p53-dependent
regulation of c-Myc imposes an
asymmetric mode of division and p21
maintains self- renewal.

In cancer stem cells (Csc), self-renewal capability is deregulated.

Loss of p53 results in a switch to the symmetric mode of cell division, and
upregulation of p21 extends the self-renewal ability of CSCs.

The CSCs undergo an indefinite number of rounds of cell division, which results

in the expansion of the stem cell pool.



STEM CELLS AND CANCER

SCs are equipped with specific and effective DNA-damage response mechanisms in
order to avoid propagation of genetic lesions to all their progeny.

Chronclosical age > SCs possess specific they
@—l\ = transporters that pumps
) genotoxic compounds out of the
e cells and they are mostly
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C [\ o metabolically inactive,
@—l\ . minimizing replication errors
. and the production of ROS

However, they are subjected to DNA damage.

In most adult tissues (one exception being the intestine), SCs appear to be more
resistant to DNA damage than their differentiated progeny

SCs survive by activation of specific prosurvival and DNA-repair responses.
Upregulation of p53 in all these type of cells has been always observed during these

responses to induced DNA damage, irrespective of their degree of differentiation 16



STEM CELLS AND CANCER

Physiological response Pathological response
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The DNA-damage response is
different between stem (Sc) and
progenitor (P) cells.

Progenitor cells respond fto
damage via pb53-dependent
upregulation of p21 that induces
apoptosis or senescence

SCs upregulate p21, resulting in
downregulation of p53 activity, which
inactivates apoptotic responses,
cell cycle entry and expansion of
the SC pool, increasing the rounds
of symmetric divisions.

Continuous DNA damage and repair suppresses apoptosis/senescence favouring

the survival of SCs that harbour DNA mutations.

This could generate an actively expanding pool of immortal and genomically

unstable SCs increasing the risk of cancer.
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STEM CELLS AND HEMATOPOIETIC CANCER

Cytogenetic risk
Translocation TF
+ Mutations signaling (FLT3, KIT) \

Favorable

Mutations
NPM1 + signaling (FLT3)
+ TFs, ERs (TET2, DNMT3A, IDH) Primary
> > AML Intermediate
Mutations TP53 + Genetic instabity
Adverse
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HSC/PG Mutations Primary disease
TFs (RUNX1), ERs (ASXL1, EZH2, TET2)
+ signaling (CBL, JAKZ, RAS)
+ splicing (SF381, SRSF2, U2AF1) \
. MPN, MDS or CMML

BCR-ABL1 + Addtional mutations/deletions
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> Secondary  mpN (CML)
AML

Mutations TPS3 + Genetic instability
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STEM CELLS AND COLORECTAL CANCER

Dt aNERasON
and migration
24-48 I'r

Human colon is composed
of 5 x 106

1/6- 1/3 of these
cells fell into

intestinal lumen every
24 hours

Genes involved in this regulation are important in the first steps of

tumorigenesis

- Stem cells are located in the stem cell niche at the bottom of the crypt, among Paneth

cells, and are responsible for the maintenance of crypt homeostasis.
* They were first investigated by Cheng and Leblond, who called them “crypt base

columnar cells.”
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The complete life cycle of these cells takes about 5
days, and the entire epithelial lining of the gut is
replaced once a week.

The number of stem cells must be maintained since they
are the only cells capable of preserving the population
and producing an of fspring of differentiated cells

The Paneth cells produce factors such as epidermal growth factor, transforming growth
factor a, and Wnt3, all essential for activation of the Wnt pathway and stem cell

maintenance

Stress condition induce symmetric division of the SCs

Immortal Stem Cells:
Only
Asymmetrical Divisions
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Cell Stem Cell |
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Cell
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In A Niche: Symmetric and Asymmetric Divisions

Non-stem Stem Cell
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STEM CELLS AND GASTRIC CANCER
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STEM CELLS AND MAMMARY GLAND

Pregnancy
/ L ecunion (20
Embryonic  —2 Puberty —> Mature Virgin — actation "_@ ;
(E10 - Birth) D
@ @ Involution

Myoepithelial cells
@ — CBD e ve):

Myoepithelial CDZ%tCDdstmcozhcom\ STy \

@ — E Luminal cells

Luminal (iner layer);
CD291CD491+CD24+CD61-Scal +
progenios ER+ or ER-

22



STEM CELLS AND

Mammary epithelial
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ALTERNATIVE SPLICING

The production of
several isoforms from
the same transcriptional
unit

Conserved motives near or
flanking introns :

6U, AG, polypirimidine
tract preceding 3'AG and A
residues using as a
branchpoint

a r ntron
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Cartegni et al., 2002

Nature Reviews | Genetics



Alternative spicing isoforms can modulate the phenotype of
several genes

The percentage of mammalian genes affected by alternative splicing can vary

between 22 and 74%

A subset of these isoforms are
degraded as nonsense mediated
mRNA decay (NMD)

Most gives rise to
functional protein isoforms

« Alternative transcripts are less subjected to deleterious mutations and
are hotspots for the evolution of proteins

* Genomic variant can influence the quality and quantity of the alternative slicing

v

Alternative splicings can act as low penetrant alleles




PHENOTYPE MODULATION
Quantitative variation of alternative splicing

Neurologic replies to stress are associated
with the differential splicing of the
acetylcholinesterase gene (AChE)
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10-15% of the mutations involved in genetic disease
are due to splicing alterations of pre-mRNAs

W oo G, —— Aberrant splicings are due to

variants playing in cis and in trans

@ oh ml‘e.n U1 m * In cis variants: splicing sites,
U2AF5S . ) )

«——~——f  branchpoint points and supporting

FSEs ESS elements (es.ESE, ESS, etc)

Cc

e"*‘""".‘ﬁmncmmmo * In trans variants : splicing machinary
iyl cmm.’.‘m. proteins involved in splicing

classical splice sites cryptic splice sites riegula'rlon

Most of the pathologies show in cis variants

- Splicing variants affecting the conserved in-cis motives

* Missense or silent variants involving binding sites for the SR proteins
regulating the splicing



Splicing alterations caused by exonic
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variants

a. SMN1 and SMN2 gene splicing are
involved in spinal muscular atrophy
In SMN2 the silent transition C>T in
position +6 of exon 7, inactivating an

ESE sequence, causes an inefficient
inclusion of this exon

b. MAPT splicing is involved in dementia
and parkinsonism associated with
chromosome 17

Exon 10 contains ESE and ESS
elements. Sequences variants can alter
the 4R-tau and 3R-tau ratio causing the
disease

Cartegni et al., 2002



Genotype-phenotype correlation of splicing variants

Disease phenotype can correlate with mRNA transcript level of splicing
variants and with the ratio of alternative isoforms

Disease  Gene Mutation Abermant RNA Level of aberrant RNA (%)  Phenotype tissue  Analyzed Refs
MD ATP7A IVS641 G~A Exon 6 100 Severe Fibroblasts 7]
IVS645G—A 100 Severe
OHS IVS646 T--A 95-98 Mild
SMA SMN2 IVS646 T--C Exon 7 61 Type ] Lymphoblastoid cells [17)
59 Type Il
47 Type ID*®
CF CFTR 38494 10kb C~T 484 bp cryptic exon  50-99 Mild-severe® Lung, pancreas, ieum, [9,12]
colon
CF CFIR IVS8-ST Exon 9° 63-94 Mild-severe” Lung, epidydimis [10,12,13]
76-94
FD IKBKAP  IVS2046 T-C  Exon 20 100 Severe Brain (8]
NA Mild-severe” NA
Sandhoff HEXB P417L Exon 11 20-40 Mild-severe® Fibroblasts [41)
PDH PDH Elex  AlTST Exon 6~ 100 Severe Fibroblasts [4243]
G185G S0-80 Mild
BMD Dystrophin - R1314X Exon 297 10¢ Mild Muscle [44]
BMD Dystrophin  E1211X Exon 27 10-20 Mild Muscle [15]




Splicing alterations can be germline - associated with monogenic
syndromes- and somatic -associated with poligenic diseases

Discase Gene Mutation Spixing 1soforms Change Analyzed tissue Retfs
FIDP-17 Tau A280K Exonl04/- i Brain (20-22
IVS10+13/14/16
L2841, N2O6N
N279K, S305N Brain
NE2 NF2 173743 AT Exon 154/ i Fibroblasts [46]
Frasier wTl! IVS9+4/5/6 KTS+/- : Gonadal tissve [47.48]
Wilms tumor wT1! KTS4/ f Tumor tissue [49]
Wilms tumor WT1 - ExonS5+/ i Tumor tissve [49]
Breast and ovarian cancers  BRCA/ ¥1694X ExonlS+/- : Breast carcinoma cells [16,50]
Breast cancer BRCA2 Exonl2+/- . Breast carcinoma cells [51)
Renal, lung and urothelial CD44 CDMVE-CDAAvE+/ t Tumor tissue [52]
cancers
Gastnic cancer CcD44 CDa4vs, CD4aAvEH/ - Serum [24)
Papillary thyroid cancer cD44 CDAVE-CD44av104 /-~ Papillary thyrosd carcino-  [53]
nas
HNSCC, lung cancer FHIT Full length/ vanable exon HNSCC cells, lung cancer  [54.55]
skipping tissues
Invasive breast cancer MDM? Full length/ vanable exon Breast carcinoma [56]
skipping
Giant cell tumors of bone MDM?2 Mdm2mdnm2-b | Giant cell tumors of bone  [57)
Prostate cancer FGFR-2 Myl ! Prostate cancer cells [58]
Melanoma Binl Exonl2A+/- Melanoma cells [59]
Prostate cancer, lymphoma, Bcl-2 Bel-2a/B Prostate cancer cells, fol-  [23)
BASITC carcinoma licular lymphomas, gastric
CRICINOma
Lymphoma, breast cancer  Bel-x Bel-xL/S Lymphoma cells, breast [23]
carcinoma
Oral and oropharyngeal Bax Bax-ofto . Oral and oropharyngeal [23)
Cancers Carcinomas




APC gene altered transcript level in AFAP patients negative for APC
truncating mutations

CASES : 26 AFAP patients without APC fruncating mutations

9 patients <15 adenomas + 11 patients > 15-70 adenomas + 6 patients <70-100 adenomas

CONTROLS : 20 healthy subjects without a family history of polyposis or CRC

1. APC mRNA level in AFAP patients vs healthy controls
We checked APC gene transcript level by Real Time RT-PCR (Tag-Man method)

Patients mRNA pg
8 0.06+0
A samples
40 9 0,13:0,01
® controls
— 11 0,17:0,02
30 4 .
A, —a | 13 1,24 0,21
1 ] A
o 20 ] ' -
“ - ' 15 1.20:0,4
10 1 : 5 17 0,17:0,03
0 I S S 18 4,86:1,67
0,01 0,10 1,00 10,00 20 1.35:0,26
pY
22 4,01:0,7
23 0,16:0,03
24 6.,04:0,78

11 AFAP patients (42%) showed mRNA APC < 0.22 pg or > 1.11 pg



2. APC alternative transcripts by nested RT-PCR

A Exons
LY 2] 2 epspeLryry] j1og v o] u| " ]
F 7 T R0l | S | | 1 1 |
i ET-PCR RILS
I L)
o 2T7¥ Nested RT-PCR RTIS
' L)
y 2T7F *:'H'
217 LRI,
AT RT1S
(AT RT1$
r
B Cy C4 15 11 13 » 2 2
Full length
e Ex 14 skipping
1500 by
Ex 118 1ofoem
C M 1 23 45 6710121416 1921 2526 M

e Full length
+« Ex M skipping

In 4 patients (20, 22, 23, 17)
the high expression of a new
transcript was associated with a
decreased expression of the
full-length transcript

Healthy controls



3. Sequencing of APC alternative transcripts

Direct sequencing of RT-PCR products evidenced an alternative splicing joining exons
10 and 15, reported in colorectal cell lines (Sulekova et al. 1995).

This splicing caused the loss of the reading frame with the insertion of a stop codon at
the beginning of exon 15

A B
i

A A Y A A TA . A T N A = ~ A

Pl 2 W FE AL LA P LI |

T |\\ {

li\on 10 <=+ Exonsll .md 15

By using specific primers mapping on exon 10 and 15, we evidenced the presence of this
splicing also in the control populations

4. The stability of this transcript was checked by Protein Truncation Test

PTT was performed on the nested RT-PCR fragment joining exons 10 and 15.

It showed the presence of a truncating protein product



5. A silent variant was identified in a ESE sequence of exon 13 (1635 A>G)
TTATTGCGAGTG

TTATTGCNAGTG

TTA":.‘LT TG CA“:‘LLL’.‘AG TG

1635 6/6

1635 A/6

Variant Protein Cut-of f Wild-type Variant
significity significity significity
2,67 2,83 0,28

SR
1635 A—>6  SRp40
Three AFAP patients showing this splicing were heterozygous A/G and one was

1635 A/A
This A>G transition is able to destroy an ESE motif and decreases the affinity of
this region for the SRp40 protein which is involved in the splicing mechanism.

homozygous 6/6G



Web softwares for the identification of nucleotide substitutions affecting splicing
(in silico analysis)

ESE finder, RescueESE and PESX

In-silico splicing predictions do not always correlate with in-vivo data

InSIGHT database reported 382 mutations for hMLH1 and hMSH2

A lot of these alterations were nonsense or frameshift pathogenetic mutations

Most of the missense mutations were located in ESE (Gorlov et al., 2003)

Lastella et al., 2006

To assess the correlations of in silico splicing predictions with in vitro results

* 99 hMLH1 and hMSH2 missense mutations reported in database were analyzed
with 6 different algorithm (ESE finder, RescueESE and PESX etc)

+ 20 of these alterations were also tested by in vitro analysis



Reporter constructs were assessed to carry out splicing assays

Ov X b Bam SAv
1

- F —
506 SA2
hMLH1/hMSH2 minigenes

— Al —_—

—_ " —_—

Cos-7 cells were transfected

MOs

pSPL3

T % exon Inclusion

- 8 mutations were associated with
splicing alterations

- 6 caused a 50% decrease of their
exon inclusion rate




RNA interference : a potential therapy
for disease associated isoforms

Selected siRNAs for mRNAs associated
specifically with the disease

Exon-exon junction siRNAs are the
more difficult to project

2 different approaches:

* Knockdown using RNAi specific for
splicing isoforms

* Knockdown using RNAi for allele
variants

A Isoform-specific RNAI

1.5 6 7 8 1-5 7T 8

I- I § P e
Isodorm speofic sRNA i

B Allele-specific RNAI

Wikzype aede QSZ226F mutant alele
S — N = iz
UGCUCUUCUCCUUCUUAAC UGCUCULCUUCUUCUVAAC

LH'

Y
Alak-spohic 3. dTdT ACCGAGAAGAAGAAGAALUG -5
SRNA 5« UGCUCUUCUUCUUCUUAAC aTdT 2

g

= TH

=\



Downregulation of splicing isoform:
Bcl-xL

Bcl-X, a member of Bcl-2 family,is a apoptotic regulator

2 isoforms: Bcl-xL, anti apoptotic and Bcl-xS, pro-apoptotic

D5 ss PS5 ss 3 ss

T —

RNAi knockdown of Bcl-xL can
be used as anti cancer drug \

Bel-xL. (Anti-apoptotic) BL' xS (Pro-apoptotic)

siRNA

lxgmdm



Downregulation of allele variant:

tau gene

Some tau mutations cause aberrant splicings,

others led to the expression of aberrant proteins

tau V337M mutation, on exon 12 is associated with frontotemporal dementia (FTD)

WT-rane mRNA Mutant-raw mRNA

G A
mRNA GUGGOCAC UGGAAGUAAAALC mRNA (.((A.(‘t'.\t'-\l(.(iv\.\(.( AAAALKC
SIRNA CACCGGLX ACCUUCAUUUUAG siRNA CACCGGUCU B CCUUCAUUUUAG

A specific siRNA can inactivate the mutant mRNA allele
without affecting the expression of the normal allele



Cancer cells are dependent on the activation or the expression of one
specific oncogene

Oncogene addiction

(Weinstein et al, 2000)

<
} } / }
’ { {

Cell growth

c-KIT/ PDGFRx in sarcomas
BCR-ABL  in leukemias

HER-2/neu in breast cancer
EGFR in lung cancers

Transduction alterations
inducing drugs sensibility

" Target Ther'apy>

Sharma et al., Nature Rev, 2007



\Oncogene addiction

Sharma et al., Nature Rev, 2007

Baseline/cancer Vulnerable window Adaptation and
cell survival of drug sensitivity drug resistance
< > < > < >

Oncoprotein Z shock
disruption byTKI | during which

.\ pro-apoptotic signals

. exceed pro-survival

. signals

\:

i Pro-survival signals

. Pro-apoprotic signals

fime

Target drugs induce an
imbalance between pro-
apoptotic and pro-survival
signals

Nature Reviews | Cancer




Epidermal Growth Factor Receptors

EGF-like ligands:
EGF, TGFa, amphiregulin,
beta-cellulin, ephrin

Heregulin-like ligands
heregulin-1,-2,-3, neuregulin

EGF-and Heregulin-like ligand
heparin-binding-EGF, epiregulin,

betacellulin

- 4

1 R HER?2 H




EGFR family pathway

Ono et al., Clin Cancer Res, 2006

Tyrosin kinase receptors

Activation

Omo/dimerization
Amplificaton
* Mutation

Cell transformation control

CCR Focus A€

EGFR expression has been reported indifferent neoplasia

Head-neck, gastric, colon,breast,lung cancers.....



Trasformation

Hyperproliferation

* Apoptosis inhibition

Invasion

Metastatization

* Angiogenesis




Anti-HERZ2 and EGFR TKi

/

Monoclonal
Antibodies
(MAD) Tyrosin-Kinase
Inhibitors
(TKIs)




Mechanisms of action of EGFR inhibitors

. Antibody

@ 1 —n Extracellular

Small molecule \)@
RTK inhibitor \/
endosome

Downstream signal
transducers Lysosome

Arteaga, C. L. J Clin Oncol; 19:32s-40s 2001



HER-2 gene in breast cancer

Increased expression

Chromosome 17 of HER-2 mRNA

(normal)

Y

- i

Increased expression of HER-2 protein
HER-2 gene

- amplification, 20-
*‘:-, 30% of breast

we ! cancer patients [ HER.2 protein

Signals cells to
proliferate, tumors
more aggressive




HER-2 gene in breast cancer

Dual Color FISH




HER-2 amplification




in breast cancer

in expression

2 protei

HER




Inhibition by MAbs

‘-0

Monoclonal Antibody

Growth
factor

. -
. -

-
\ - - -
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LUNG CANCER

Heterogeneous disease Neural
crest
Small Cell Lung Carcinoma - SCLC- e
Epithelial lung

Non Small Cell Lung Carcinoma - NSCLC-

cells

- Adenocarcinoma = ) o
80%
- Bronchio-alveolar

Frequent metastatization
- Squamous

- Anaplastic Chemotherapy

- Large cells poor benefit and high toxicity




LUNG CANCER

LOH 3p, 6q, 8p, 9p 16p and

‘
v'//

.?_\,. % f ; “;-

Small Cell Lung Carcinoma - SCLC-

KRAS and pb53 mutations

- Adenocarcinoma

- Bronchio-alveolar
- Squamous

- Anaplastic cells

- Large cells




EGFR pathway and “target therapy”

Targets for NSCLC

.\ - EGFr was found as anti-

PI3-K $¥ e l

| o : cancer target in '80

STAT

PTEN B AKT

Proliferation/
maturation

Invasion/

y . Metastasis
Survival/ Angiogenesis
Anti-apoptosis

REVERSIBIL INHIBITORS
Gefitinib (Iressa)
Erlotinib (Tarceva)

approved by FDA in 2003 and 2004

Poor results Il




EGFR pathway and "target therapy”

S5

Lynch et al., NETM, 2004

TKIs inhibition is associated with mutations in
the EGFR tyrosin kinase domain

Paradigma

EGFr pathway must be activated for being
a therapeutic target

EGFR mutated patients were only a "subet” of NSCLC cases

mainly women, with adenocarcinoma, non-smokers

(15%)




EGFR mutations and NSCLC (2004-2012)

Regulatory

More frequent mutations (80-90%)

- in-frame deletions in exon 19

- L858R mutation in exon 21

Rare mutations in exons 18-21 are also
associated with a mild responsiveness
to TKI

Few secon mutations in exon 20
confer resistance to TKI

Gately K et al. J Clin Pathol 2012;65:1-7



‘EGFR mutations and "target therapy”

Only few mutations confer sensibility to TKI treatment

exon 19del, L858R or L861Q (exon 21), 6719A/C (exon 18)

N/ ~
- /,‘v.. Gefitinib/erlotinib compete with ATP for binding the
N ’/‘» ':‘:: \\ B same EGFR site in tyrosin kinase domain
"“:'j GRS loor Mutations of exons 19 and 21are located in

C-lobo" ] J«\ ThiS Site




‘EGFR and TKi treatment

EGFR increased copy nhumber (ICN) in addition fo EGFR mutations

Cappuzzo et al., J Natl Cancer Inst 2005

EGFR amplification and chromosome 7p
polysomy may be associated with TKIs
responsiveness




EGFR increased copy number and EGFR mutations

Mutations and amplifications are
associated with the presence of 3
polymorphisms :

CA-SSR1, in infron 1, SNP-216 and
SNP191, in the promotore

Nomura et al., Plos Med

Takano et al., JCO, 2005; 23, 6829-36
Okabe et al., Cancer Res., 2007; 67, 2046-53
Sholl et al.,Cancer Res.,2009; 69,8341-8347

same allele

Mechanisms underlying this correlation ?

Mutation and amplification frequently onset on the
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Primary resistance to TKIs treatment

TKi responsiveness is abrogated by the acquisition of genetic alterations affecting
genes other pathway

MAPK pathway gene mutations
MET gene amplifications

HERZ2 mutations

Alternative drugs targeting

 pathway P13K-mTOR-AKT

Ly dsawmin

Owyodaton
| | 2 | ' 1 - pathway RAS-RAF-MEK-ERK-ERK
.10 @& @&

\l b%l&660‘1(66;&66&6&4664:66‘64566‘ A

\ whibmon of & 02 i en Fop =72 OX

\ \(.;’l-“ VEGF Col c;r.h progresscn .'.L:l 4250 J

. | I + +

|k-‘4uu [As;wl Iw“ml [L!wmw.l IGNZJL:'

Secondary resistance to TKIs treatment

Second EGFR mutations on exon 20, particularly T790M



The genomic approach... L Ding et al. Nature 455, 1069-1075 (2008)

188 primaries screened for 623 candidate genes

Number of mutations L. . .
8 8 8 8 3 26 significantly mutated genes in lung adenocarcinomas

A A A

Y n
o o o
4 A A

TP53
KRAS
STK11
EGFR
LRPI1B
NF1
ATM
APC
EPHA3
PTPRD
CDKN2A

Concurrent and mutual exclusion of mutations
observed across genes in lung adenocarcinomas.

Samples

KRAS

TP53

LRP1B

RB1

Smoking status

RBB4
= EEn STK11
KDR
FGFR4 fg” ‘g a:? NF1
NTRK1 = 5=
RB1 g § 53} EGFR
NTRK3 b=t ip=glileg KDR
EPHAS .g. ?. ?. EPHA3
PDGFRA 333
GNAS g g g NTRK3
LTK &0 e ERBB4
INHBA Q2
PAK3 ; '; ;’ EPHAS
ZMYND10 2323 ATM
NRAS
2§§

SLC38A3




Significantly mutated pathways
in lung adenocarcinomas

EGFR FGFR PDGFR VEGFR NTRK EPHA/B INSR

_ i |
27% MM

19%“. 4% M 9%MN 10%“ 16%MN 5% M

CTNNB1

13%M @ 1% M
NTSA i

v v

Proliferation| Proliferation Protein Cell death Cell cycle
) synthesis progression
M Mutation :

B Amplification

E8H Loss of heterozygosity

23% M EON

v




Target therapy and colorectal cancer
MoAbs targeting EGFR amplifications in CRC

mimgé J\)q.mm KRAS mutations activate the EGFR
- T pathways independently of EGFR
G - :
| status....

In this case the EGFR MoAB
treatment is useless

CRCs show KRAS mutations in
50% of cases are

Neumann et al., Pathol. Res. Practise, 2009

618 60.7%




NRAS, BRAF and PI3KCA mutations can activate the MAPK pathway

(Rocha-Lima et al., 2007).
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Also in this case the EGFR
MoAB treatment can be
useless

Before EGFR MoAB treatment is compelling to analyze the metastatic
colorectal cancer for the presence of KRAS and NRAS mutations on
selected codons (12,13,59,61, 117,146)



Target therapy e melanoma
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Nature Reviews | Cancer

Somatic genetic alterations of the
MAPK pathway play a role for the
onset of most melanomas

BRAF mutations are the most frequent
alterations, prevalently due o T/A
substitution on codon 600 (>90%)

Alterations involving NRAS, mostly on
codon 61, have been also associated with
melanomagenesis, but o a lesser extent

Mutated BRAF TKis have been
developed and successfully
used in the treatment of
several melanomas




BRAF mutations have been reported in 45% of cutaneous melanomas from
intermittently sun exposed sites

Mutations are mostly on exon 15

The most frequent mutations are :

V600E (75%) and V600K (20%)
Rarer mutations in codons 599 and 601

cR1 CR2 CR3
{ - ~
RAS.2D ~ Kinaso comain
1 5 \ — T 765
1 P-ioop Actvation segment
462 469 600
— I‘\—}‘“ PRIGCGSCESPGC DY GLATYIEN
'an«rcr on ackons “.JAJ Strong activity I § S C A Vi R ¢
Impaired activity

'/\\/X\/I\\/ﬂ
Nature Reviews | Cancer

NRAS Mutations have been reported in 10-15% of cutaneous
melanomas from chronically sun exposed sites E'\:

The most frequent mutations are:
Q60 and Q61 (80%) in exon 2
G612 and 613 (20 %) in exon 1.

i
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Nature Reviews | Cancer




Other mutations associated with different histology and different sites ?

cKIT mutations have been found in 10-20% of
mucosal, acral and cutaneous melanomas from
chronically sun exposed sites

sl melasomy (“20N)

(N el ol

: ‘ Mainly missense mutations

in exons 13, 17 and 18

(8R¢)

Akt amphlcation [ 60N

oy This type of mutations can be used for

® &
® .
,;;_wm__;;; . 9.7 specific treatment with cKIT TKi

\

Activating mutations in GNAQ and GNAQ11 in 35% and 45%
of




Target therapy and thyroid tumors

Alterazione Tipo di tumore Frequenza

genetica

RET/PTC CPT classico /micro (RET/PTC1) 20-60%

traslocazioni Variante ,tall cell“ (RET/PTC3)
Diffuso sclerosante (RET/PTC1) 11%
Post-radiazione (RET/PTC3) 80-90%

Mutazioni di RAS Variante follicolare CPT 15%
Adenoma follicolare 33%
Carcinoma follicolare 22%

BRAF V600E CPT classico 40-60%
Variante ,tall cell” 15%
Microcarcinoma 5%

BRAF K601E Variante follicolare CPT 7-10%




Potential multi-drugs approach....

Important
weaknesses of
the target
therapy

(e p53, Rb)

A new role of active specific immunotherapy in different tumors



