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Riassunto-

Il tumore della mammella e la neoplasia piu frequente nelle donne
dell'Occidente. Ad oggi sono stati identificati alcuni fattori di rischio per lo
sviluppo della neoplasia mammaria, ma il maggiormente significativo e la
presenza di storia familiare, che & associata alla presenza nei membri della
famiglia di alterazioni germinali predisponenti. Fino ad oggi sono stati identificati
alcuni geni responsabili dell'aumento di rischio per lo sviluppo del tumore della
mammella, tra cui i piu rilevanti sono i geni ad alta penetranza BRCA1 e
BRCAZ2. Tuttavia piu del 70% dell'eccesso di rischio che si riscontra in casi
familiari di tumore della mammella rispetto la popolazione generale non trova
ad oggi un riscontro in alterazioni genetiche predisponenti.

Durante il mio dottorato mi sono occupata dell'identificazione di alterazioni
genetiche coinvolte nella predisposizione e progressione del tumore eredo-
familiare della mammella in cui sono state escluse mutazioni chiaramente
patogenetiche dei geni BRCA1/BRCAZ2.

In un primo progetto ho partecipato alla caratterizzazione del ruolo patogenetico
della variante BRCAL1 p.Vall688del, identificata come variante di incerto
significato clinico (Unclassified Variant, UV) e riscontrata frequentemente in
pazienti provenienti dalla regione Veneto. In assenza di un chiaro effetto
deleterio sulla funzionalita della proteina, le UV non possono essere utilizzate
per lidentificazione e la sorveglianza degli individui ad alto rischio per lo
sviluppo della neoplasia mammaria. Allo scopo di chiarire il ruolo patogenetico
della delezione p.Vall1688del, abbiamo utilizzato un approccio multi fattoriale,
descritto da Golgar et al. (2004), attraverso il quale evidenze di diversa natura
vengono integrate per derivare un rapporto di probabilita in favore della
patogenicita o neutralita della variante. A questo scopo, i membri di 12 famiglie
portatrici della variante sono stati analizzati per ottenere dati quali la co-
segregazione della variante con il fenotipo tumorale, la co-presenza di
mutazioni patogenetiche nel gene BRCAL, listopatologia del tumore, la perdita
di eterozigosi (LOH) e la conservazione filogenetica del residuo aminoacidico
alterato. Assunta l'indipendenza delle evidenze raccolte, i rapporti di probabilita

associati a ciascuna evidenza sperimentale e clinica sono stati combinati,



ottenendo un valore di 349000:1 in favore del ruolo patogenetico della variante,
che supera di molto il cut off di 1000:1 stabilito per poter classificare la variante
come alterazione predisponente.

Il secondo progetto di cui mi sono occupata riguarda la definizione del profilo
genetico della linea cellulare di carcinoma mammario HCC1500, derivata da
una paziente con probabile tumore eredo-familiare della mammella. Nonostante
I'etd precoce di insorgenza e la storia familiare di tumore della mammella e del
colon, il coinvolgimento dei geni BRCA1l, BRCA2 e TP53 e stato escluso
mediante screening mutazionale. La linea HCC1500 é stata quindi analizzata
mediante due approcci complementari: i) I'identificazione di mutazioni nonsenso
mediante l'utilizzo di un’approccio di analisi recentemente descritto chiamato
GINI (Gene lIdentification by NMD Inhibition; Noesie and Dietz, 2001), e ii)
l'identificazione di alterazioni numeriche mediante l'utilizzo di array per la
genotipizzazione di un elevato numero di SNP, una recente tecnologia che
permette un’elevata risoluzione di analisi. Mediante questo approccio € stato
possibile identificare singoli geni mutati con specifiche alterazioni puntiformi o a
causa di piu estesi riarrangiamenti genomici. In particolare, nel gene PNLIPRP3
abbiamo identificato una sostituzione intronica che, modificando lo splicing del
pre-mRNA, potrebbe dare origine ad un trascritto con mutazione troncante.
Inoltre, l'elevata risoluzione dell'analisi per lo studio delle alterazioni
cromosomiche numeriche, ci ha permesso di identificare singoli o pochi geni
coinvolti in delezioni in omozigosi, amplificazioni di piccole regioni e
riarrangiamenti intragenici derivanti da eventi di amplificazione o delezione.
Sulla base di criteri quali la funzione biologica e mutazioni ritenute rilevanti per
la selettivita con cui alterano specifiche regioni codificanti, abbiamo selezionato
alcuni geni che, prioritariamente ad altri, andrebbero confermati e analizzati in

maggior dettaglio con ulteriori studi..

Un terzo progetto che ho seguito direttamente, ma che comunque non trattero
nella mia tesi, riguarda [lidentificazione di fattori genetici coinvolti nella
modificazione del rischio per i soggetti portatori di mutazione BRCA1 e BRCAZ2.
Tale progetto si inserisce nell'ambito di un consorzio internazionale, denominato
CIMBA (Consortium of Investigators of Modifiers of BRCA1/2; (Chenevix-

Trench et al., 2007). SNP identificati prevalentemente attraverso studi di
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associazione genome-wide sono stati genotipizzati in 213 carriers di mutazione
BRCA1/2 della nostra casistica mediante discriminazione allelica con sonde
TagMan. L’analisi statistica e stata effettuata sui dati genotipici provenienti da
piu di 30 gruppi di lavoro, permettendo la raccolta di dati derivanti da migliaia di
individui. In questo modo € possibile ottenere la potenza statistica necessaria
per l'identificazione dell’associazione tra polimorfismi con debole effetto e un
aumentato rischio di sviluppo del tumore della mammella in specifiche
sottoclassi di soggetti gia portatori di mutazione nei geni ad alta penetranza
BRCAL1/2. Effettuati su piu di 9400 e 5600 carriers di mutazione rispettivamente
di BRCA1 e BRCAZ2, tali studi hanno permesso di identificare un’associazione
significativa tra gli SNP rs3817198 (LPS1) e rs13387042 (2935) ed un
aumentato rischio in soggetti portatori di mutazioni BRCAZ2, e, nel secondo caso
BRCA1 o BRCAZ2. L’identificazione e studio di fattori genetici modificatori
permettera di acquisire una piu approfondita conoscenza della predisposizione
e patogenesi del tumore della ereditario mammella, ma anche di stimare con
migliore precisione il rischio di sviluppo della neoplasia cosi come di fornire utili

informazioni per l'identificazione di nuovi approcci terapeutici.
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Suwmmary

Breast cancer is the most common malignancy affecting women in the Western
world. At present, several risk factors have been identified and, among them,
the most significant is a positive family history for the disease due to the
presence of inherited predisposing germline alterations. Despite the discovery
of many susceptibility genes, among which the highly penetrant BRCA1 and
BRCA2 are the most relevant, more than 70% of the genetic predisposition to
breast cancer remains unexplained.

During my three-years Ph.D., | used different analytical approaches to
investigate DNA alterations and loci that could be relevantly implicated in the
aetiology and progression of hereditary breast cancers.

As first project on non informative BRCA1/2 families, | was involved in the
assessment of the pathogenetic role of the BRCA1 p.Vall1688del allele, which
recurs in the Northeast Italy. Unclassified variants (UVs) provide a considerable
challenge in the clinical management of high-risk families. Indeed, the absence
of conclusive data on UVs pathogenicity, due to the lack of an evident
deleterious effect on protein function, prevents their use in the identification of
individuals predisposed to breast cancer development. To assess the
pathogenetic role of BRCA1 p.Vall1688del, we used the integrated multifactorial
likelihood model described by Goldgar et al. (2004). Several independent
evidences were derived from epidemiologic and linkage studies as well as
histopathology, LOH and evolutionary conservation analyses, in 12 families
carrying the p.Val1688del allele. All the evidences were than properly evaluated
to obtain, from each, the probability of the observed data given that the variant
is a deleterious mutation, against the probability of the observed data under the
hypothesis that the variant is neutral. The likelihood ratios were integrated to
obtain a combined odd of variant causality, resulting in a clear assessment of
the BRCA1 p.Vall688del pathogenicity. Indeed, the final integrated odd of
349,000:1 in favor of disease causality largely exceeds the established cut off
1,000:1 needed to state the deleterious effect of the variant.



The second project, described herein, focused on the identification of molecular
alterations involved in non-BRCA1/BRCA2 breast cancers. To this purpose, |
performed a comprehensive genomic profile of the breast cancer cell line
HCC1500, which was established from a patient who probably harboured a
predisposing germline mutation affecting genes other than BRCA1 and BRCAZ2.
Indeed, despite the early age of disease development and a positive family
history for breast and colon cancer, we did not detect any deleterious BRCA1,
BRCA2 or TP53 alteration. The HCC1500 cell line was analysed by two
complementary approaches: i) a novel combined strategy named GINI (Gene
Identification by NMD Inhibition; Noesie and Dietz, 2001) for the identification of
nonsense mutations at the transcriptome level, and ii) a copy number alteration
(CNA) analysis that was achieved by array-based high-density SNP genotyping.
This approach led to the identification of genes specifically mutated by either
point mutations or major genomic rearrangements. In particular, we identified an
intronic substitution in the PNLIPRP3 gene, which is predicted to create a PTC
by altering pre-mRNA splicing. Moreover, high-resolution CNA analysis allowed
the detection of small homozygously deleted regions as well as focal
amplifications, involving single or few genes. A gene selection based on the
specific biological function and/or type of mutation and/or previously reported
involvement in cancer pathways, allowed the definition of a relatively small
number of candidate breast cancer genes that will deserve further and more

specific investigation.

Finally, among the minor research projects that | will not discuss in my thesis, |
was also directly involved in studies carried out by our research group as part of
an international consortium, named CIMBA (Consortium of Investigators of
Modifiers of BRCA1/2), whose aim is the identification of genetic factors
implicated in the modification of BRCA1 and BRCA2 penetrance (Chenevix-
Trench et al., 2007). Candidate single nucleotide polymorphisms (SNPs), most
of which derived from genome-wide association studies, were genotyped in 213
BRCA1/2 mutation carriers from our cohort by the tagman allele discrimination
technique, and subsequently statistically analyzed together with the data
obtained from more than 30 study groups world-wide. The genotyping of SNP

alleles in thousands of BRCA1/BRCA2 mutation carriers provide the necessary



statistical power for the identification of significant association between common
SNPs with typical low effects and specific subclasses of individuals at higher
risk. These studies were carried out on more than 9400 BRCA1 and 5600
BRCA2 mutation carriers and allowed the identification of a significant
association between rs3817198 in LPS1 and rs13387042 at 2935 (already
found to be associated with increased breast cancer risks in the general
population) and increased breast cancer risk in BRCA2 and both BRCAL1 and
BRCA2 mutation carriers, respectively. The identification of genetic modifiers of
breast cancer risk not only will favor a better understanding of breast cancer
predisposition and pathogenesis but will also allow more precise cancer risk
estimates and will represent a useful tool for the design of new therapeutic

approaches.
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1. Breast Cancer: Environmental and Genetic Suscept ibility
Factors

With an average lifetime risk of 8-10%, breast cancer is the most common
malignancy in women in the Western world, accounting for 22% of all female
cancers and being, after lung cancer, the second cause of cancer death in
women (Ripperger et al., 2009; Oldenburg et al., 2007).

To date, many risk factors involved in the aetiology and development of breast
cancer have been identified. Among these, breast cancer incidence rates
correlate with gender (approximately, only one out of every 150 breast cancers
occurs in males), and with ethnic origin; a difference of 5-10 fold in the
incidence and mortality rates has been observed between low- (Far East, Africa
and South America) and high-risk (North America and Northern Europe) areas.
Moreover, breast cancer incidence show age specific patterns: very low before
age 25, it increases up to 100-fold by age 45. After menopause, there is a great
divergence in the breast cancer risk among the four different continents
(Dumitrescu and Cotarla, 2005). In many epidemiological studies, the extent
and duration of exposure to sex hormones has also been consistently identified
as a risk factor. Lifetime exposure to endogenous sex hormones have been
studied in relation to breast cancer risk: early age at menarche, late age at
menopause, nulliparity and late age at first full-term pregnancy increase breast
cancer risk, whereas other factors including early age at first full-term
pregnancy, higher parity and prolonged breast-feeding are protective against
breast carcinogenesis (Dumitrescu and Cotarla, 2005).

The most important and well established risk factor for breast cancer is a
positive family history. Epidemiological observations underlining the clustering
of breast cancer cases within families dates back to Roman times. Breast
cancer is twice as common in women with an affected first-degree relative; the
risk of tumor development increases with the number of affected relatives, and it
is greater for women with relatives affected at younger age, with bilateral
disease or a history of benign breast disease (Oldenburg et al., 2007). The
predominant component of the familial aggregation in breast cancer is due to
genetic predisposition, as it has been demonstrated by twin studies. Indeed, the

risk of a monozygotic twin is substantially higher than that of a dizygotic twin of
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an affected individual (Turnbull and Rahman, 2008). It is estimated that 5-10%
of all breast cancers arise due to a single high-penetrance, inherited,
predisposing allele, whereas the other 90-95% of cases are considered
sporadic. Compared with sporadic cancers, hereditary breast cancers arise
usually at an earlier age and are often multifocal or bilateral. To date, only 20-
25% of the overall excess familial risk is explained by mutations in known breast
cancer susceptibility genes (Oldenburg et al., 2007), and more than 70% of the
genetic predisposition to familial breast cancer remains unexplained.

Since 1990s, linkage analysis, mutational screening based upon candidate
gene approach and, more recently, genome-wide association studies, have
allowed the identification of three classes of breast cancer susceptibility alleles:
high-penetrance alleles, rare moderate-penetrance alleles, and common low-
penetrance alleles. These three groups of breast cancer predisposing alleles
confer different levels of risk and have different prevalence in the population
(Stratton and Rahman, 2008).

2. Breast Cancer Susceptibility Genes

2.1 High-Risk Breast Cancer Susceptibility Genes

2.1.1 BRCA1 and BRCAZ2 Penetrance

The hereditary breast and ovarian cancer syndrome is the most frequent
autosomal dominant disorder associated with a high breast cancer risk. This
syndrome arises as a consequence of germline mutations of BRCA1 and
BRCA2 genes (BReast Cancer), conferring a greater than tenfold relative risk of
breast cancer (Stratton and Rahman, 2008). Some features within a family
pedigree suggest the presence of BRCAL or BRCAZ2 alterations: i) two or more
individuals in the family with breast and/or ovarian cancer, ii) early onset of
breast cancer cases (i.e. before age 40), iii) multifocal and bilateral breast
cancer or breast and ovarian cancer in the same individual, iv) male breast
cancer cases, and v) Ashkenazi Jewish ancestry (Prucka et al., 2008).
Estimates of the penetrance of BRCA1 and BRCA2 mutations (i.e. lifetime risk
of mutation carrier of developing the disease) vary according to the nature of

cases studied. Studies based on high-risk families, which could be enriched for
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other familial risk factors, suggested that the risk of breast cancer by age 70
might have been as high as 87% for BRCA1 and 84% for BRCA2 mutations
carriers (Turnbull and Rahman, 2008). A meta-analysis of 22 population-based
studies of breast cancer cases, unselected for family history, estimated lower
risks: 65% for BRCAL, and 45% for BRCA2 mutation carriers (Antoniou et al.,
2003). BRCA1 and BRCA2 are also high-penetrance ovarian cancer genes.
Within multiple-cases families, the cumulative risk of ovarian cancer at age 70 in
BRCA1 and BRCA2 mutation carriers is 63% and 27%, respectively, whereas
population-based studies suggest an average cumulative risk by age 70 years
of 39% and 11% for BRCA1 and BRCA2 mutation carriers, respectively
(Antoniou et al., 2003).

Though to a much lower extent, BRCA1 and BRCA2 mutation carriers are at
increased risk of other cancer types, such as colon and prostate cancer
(BRCAL1 carriers) and male breast, prostate, laryngeal and pancreatic cancer
(BRCAZ2 carriers) (Oldenburg et al., 2007).

2.1.2 Structure and Functions of BRCA1 and BRCAZ2

BRCA1 and BRCA2 genes were identified in 1994 and 1995, respectively,
through linkage analysis and positional cloning (Narod and Foulkes, 2004). Both
BRCA1 and BRCA2 are large genes: BRCAl has 23 exons, spans
approximately 100 kb of genomic DNA and encodes a 1,863 amino acid protein,
while BRCA2 has 27 exons, spans about 70 kb, and encodes a protein of 3,418
amino acids. BRCA1 and BRCA2 proteins play a central role in pathways
responsible for the integrity of the genome and the maintenance of
chromosome stability (Narod and Foulkes, 2004). For this reason, they are
included among the caretaker genes that act as sensor of DNA damage.
BRCAL protein contains three well known domains involved in protein functions
(Figure 1A). The amino-terminal RING finger domain (Cyss-His-Cys,) mediates
important protein interactions. The central region of the protein contains two
nuclear localization sequences (NLS), responsible of the mainly nuclear
localization of BRCAL.
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Figure 1. BRCA1 and BRCA2 proteins . Schematic representation of
functional domains involved in protein-protein or protein-DNA interactions
(modified from Venkitaraman, 2009).

The carboxyl-terminal BRCT domain is a tandem repeat of about 95 amino
acids found in a variety of proteins involved in cell cycle checkpoints and DNA
repair. Indeed, BRCAL1 is involved in the repair of double strand DNA breaks by
homologous recombination (HR), co-localizing and associating with the RAD51
recombinase in nuclear foci during S and G2 phases of the cell cycle. BRCA1 is
also involved in the nonhomologous end-joining (NHEJ) mechanism of double-
strand break repair, and in the nucleotide-excision repair (NER) process, which
deals with the repair of single-strand breaks (Narod and Foulkes, 2004;
Gudmundsdottir and Ashworth, 2006). When DNA is damaged, BRCAL is
rapidly phosphorylated by the key DNA damage response kinases ATM (Ataxia
Telangiectasia Mutated), ATR (Ataxia Telangiectasia and RAD3-Related), and
CHK2 (cell cycle checkpoint kinase). Some of the phosphorylated sites allow
BRCAL to modulate the function of specific downstream target proteins, which
are involved in the activation of DNA repair response and cell cycle checkpoints
(Gudmundsdottir and Ashworth, 2006). Indeed, in addition to its direct role in
DNA repair process, BRCAL1 is also involved in cell cycle arrest (G1-S, intra-S-
phase, and G2-M checkpoints), providing the proper timing for DNA repair
processes.

Furthermore, BRCA1 has also been implicated in other biological processes
including: i) ubiquitination, through the ubiquitin ligase activity of BRCA1:BARD1
(BRCALl-associated Ring Domain 1) heterodimer, ii) transcriptional regulation,
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via its direct interaction with the RNA polymerase Il holoenzyme complex and
several transcription factors (ER-a, p53, STAT1, c-Myc, CtIP, ZBRK1), and iii)
chromatin remodeling, through BRCA1 association with histone deacetylases
HDAC1 and HDAC2, as well as components of the SWI/SNF-related chromatin-
remodeling complex (Mullan et al., 2006).

The central region of the BRCA2 protein contains eight BRC repeat motifs
consisting of a repetitive sequence of approximately 70 amino acids that are
essential for the DNA repair protein function. The NLSs sequences and the
single-strand DNA-binding domains (DBD) are located In the C-terminal region.
This protein region is composed of a conserved globular domain made-up
primarily by a-helices, and three OB folds (oligonucleotide/oligosaccharide-
binding). Moreover, a largely a-helical domain (termed tower domain) emerges
from the second OB-fold and mediates BRCAZ2 interaction with double-stranded
DNA by means of its three-helix bundle motif (Figure 1B).

BRCA2 plays an important role in the control of the cellular recombination
processes. Via its BRC motifs, BRCA2 interacts with and regulates RAD51
recombinase during HR, targeting RAD51 to single-stranded DNA generated at
a double-stranded break site. Moreover, BRCA2 stabilizes RAD51
nucleoprotein filaments through the interaction with its C-terminal domain
named TR2. Like BRCA1, BRCA2 function is regulated by phosphorylation
events that occur in the G2 phase of cell cycle, which impair TR2 interaction
with RAD51. Thus, BRCA2 phosphorylation is thought to coordinate the DNA
repair process with the entry of the cell in the mitotic phase (Thorslund and
West, 2007).

Additional BRCA2 functions include the control of the normal homologous
recombination processeses (crossing-over) between parental chromosomes in
germline cells in combination with RAD51 and the meiosis-specific recombinase
DMC1 (Gudmundsdottir and Ashworth, 2006).
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2.1.3 BRCA1 and BRCA2 Mutations and Variants of Unk  nown Significance
The present knowledge on the molecular basis of hereditary breast cancer has
allowed the application of genetic tests for the identification of germline
mutations that could explain the inherited predisposition to tumor development.
Genetic testing of cancer susceptibility genes is now widely applied in clinical
practice to predict risk of developing cancer.

ERCA1
ﬁ"" S (AR T [ &
ERCAZ
a* 8 E:E E = :IE ﬂgﬂﬂ EI“-'“EE"E"" e Fagf°=B EE“E
Figure 2. BRCA1 and BRCAZ2 point mutations spectrum . Missense

mutations (e), nonsense mutations (H), and mutations affecting splice-sites
(9) are schematically reported. Mutations spans the entire coding sequence
of both genes without mutation hot-spots (modified from
http://research.nhgri.nih. gov/bic/).

The mutational screening of the entire coding sequence of BRCA1 and BRCA2
genes (Figure 2) is performed on affected individuals of high-risk families, and
lead to three possible outcomes. Genetic testing may detect pathogenic
changes, which means sequence alterations that clearly impair protein function
(typically truncating mutations). A positive result allows for the extension of the
test to other family members and the enrollment of mutation carriers in clinical
surveillance and prevention strategies. A non-informative result is given when
no variation in DNA sequence is detected. This could be ascribed to insufficient
sensitivity of the current technology employed or to the presence of
phenocopies, (i.e. breast cancer cases that do not share the genetic
predisposition of the other affected family members), as well as to genes other
than BRCA1 and BRCA2. In the absence of an informative result, the risk
assessment must be based on the clinical history of the patient and her/his

family. A third possibility is the detection of a sequence variant with uncertain
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clinical significance (UVs, unclassified variants). In other words, it is not
possible to readily predict the effect of the variant on gene function and
consequently its influence on cancer risk. Genetic variants of uncertain
significance are typically missense mutations and small in-frame deletions (1-3
amino acids). The result of genetic test should be considered not informative
and medical management should be based on patient’'s personal and familial
cancer history (Berliner and Fay, 2007). Such variants represent a considerable
challenge for their clinical implications. In the public database BIC (Brest
Cancer Information Core, http://research.nhgri.nih.gov/bic) more than 8,000
affected individuals are reported as carriers of BRCA1/BRCA2 UVs. These data
highlight the importance of clarifying the role of UVs to improve genetic
counselling and clinical management for a relevant number of families. To this
purpose, different epidemiological approaches could be applied. However, the
majority of BRCA1 and BRCAZ2 variants are individually rare and many have
been reported only in single families, a factor that clearly impairs the power
efficiency of epidemiologic studies aimed to assess UV’s pathogenicity. Goldgar
et al. (2004) described a multifactorial model that provides the probability that a
variant is a deleterious mutation rather than a neutral nucleotide change,
integrating the contribution to odds of causation of several independent factors.
This kind of approach represent a powerful tool to establish the tumor
predisposing nature of BRCA1 and BRCAZ2 variants, thus improving genetic

counselling and medical management of high-risk families.

2.1.4 Breast Cancer-Associated Cancer Predispositio  n Syndromes

In addition to the hereditary breast/ovarian cancer syndrome, there are some
other rare cancer predisposing syndromes associated with an increased breast
cancer risk (Figure 3).

The Li-Fraumeni syndrome is a rare disease caused by germline mutations of
TP53 gene, and breast cancer is one of the several neoplasias that frequently
occur at a young age. Though the estimated penetrance of TP53 mutations is
28-56% by age of 45 years, constitutive TP53 mutations are uncommon in non-
Li-Fraumeni breast cancer families and the attributable risk of TP53 mutations

to familial breast cancer is very low (Oldenburg et al., 2007).
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An increased breast cancer risk is present in individuals with the rare Peutz-
Jeghers syndrome carrying heterozygous germline mutations in STK11 tumor
suppressor gene, which encodes a serine/threonine kinase. The probability of
developing cancer by age 65 is estimated to be about 50%, and in particular
breast cancer risk ranges between 29% and 54% (Oldenburg et al., 2007).
Another gene associated with the increased breast cancer risk is PTEN, a lipid
phosphatase that functions as a tumor suppressor through the negative
regulation of cell-survival signaling pathways. Germline mutations of PTEN give
rise to the Cowden syndrome, a multiple hamartoma syndrome that includes
increased risk of benign and malignant tumors of the breast, thyroid, and
endometrium. Women carrying a PTEN mutation have a 25-50% lifetime breast
cancer risk. However, no mutations in the PTEN gene have been detected in
breast cancer families without features of Cowden syndrome, and PTEN
somatic mutations are very rare.

E-cadherin gene CDH1 plays a central role in the maintenance of cell
differentiation and the normal architecture of epithelial tissues. Germline CDH1
mutations are associated with hereditary diffuse gastric cancer syndrome, and
within families this mutation is associated with an increased risk of breast
cancer. Indeed, the lifetime risk of developing breast cancer in CDH1 mutation
carriers was estimated at 20-40%. In particular, somatic CDH1 mutations have
been found in women with lobular breast cancer.

In addition, also germline mutations in neurofiboromatosis type | gene (NF1) and
in NBN gene, responsible of Nijmegen breakage syndrome, are described to be
associated with a moderately increase of breast cancer risk (Ripperger et al.,
2009). Altogether, these conditions account for tiny fraction, about 1-2%, of the
hereditary breast cancers with the majority of the familial risk remaining
unexplained. Genome-wide linkage analyses in non-BRCA1/BRCA2 families
have failed to identify additional high-penetrance susceptibility genes,
suggesting that, if they exist, each of them should accounts for a very small

fraction of familial risk
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Figure 3. Brest cancer susceptibility genes . To date three class of
predisposing genes are known: high-penetrance genes, rare intermediate-
penetrance genes, and common low-penetrance alleles. Bi-allelic germline
mutation in some of these genes associated with an increased breast cancer
risk give rise to distinct severe disorders (from Ripperger et al., 2009).
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2.2 Rare Intermediated-Penetrance Breast Cancer Pre disposition Genes

To date, despite significant efforts made to identify other highly penetrant breast
cancer predisposing genes, a BRCA3 gene has not been identified yet, likely
due to the genetic heterogeneity of families non-BRCA1/BRCA2, and/or a low
mutation frequency of the putative genes involved (Oldenburg et al., 2007).
However, sequencing of genes involved in DNA repair processes has allowed
the identification of several intermediate-penetrance breast cancer susceptibility
genes. In high-risk families, the direct sequencing of candidate genes for coding
variants led to the identification of rare mutations affecting i) CHEK2, a
checkpoint kinase involved in DNA repair, ii) BRIP1/BACH1, which has a
BRCA1-dependent role in DNA repair and checkpoint control, and iii) PALB2, a
protein that promotes localization and stability of BRCA2. Heterozygous
mutation carriers of ATM, the key kinase involved in the response to double-
strand breaks, and the gene responsible for the autosomal recessive disorder
ataxia telangiectasia, were also identified carrying a moderate increase in
breast cancer risk.

The risk for heterozygous mutation carriers of these genes lie between 2.0X
and 4.3X, classifying them as genes with a moderate penetrance (Ripperger et
al., 2009). Carriers of these alleles have approximately a 6-10% risk of
developing breast cancer by age 60, compared to 3% of the general population
(Stratton and Rahman, 2008). The multiple pathogenic mutations of these four
genes are individually very rare, and collectively account for only approximately
2.3% of the overall familial risk of breast cancer. Interestingly, biallelic germline
mutations affecting BRIP1/BACH1, PALB2, as well as BRCA2, are responsible
for different clinical subgroups of the inherited genomic instability disorder
Fanconi anemia (FA) that are named FANCJ, FANCN, and FANCD1,
respectively (Figure 3).

An association between moderate increase in breast cancer risk and RAD50
mutations was also identified (4.3X for the founder mutation 687delT). However,
RADS50 involvement in breast cancer predisposition seems likely to be specific
for the Finnish population (Ripperger et al., 2009).

A feature of the intermediate-penetrance susceptibility genes is the incomplete
cosegregation of mutant alleles with the disease. This is because most mutation

carriers do not develop breast cancer because of the low risk, and more
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variants in multiple genes have likely to occur in the same individual for disease

to develop.

2.3. Common Low-Penetrance Breast Cancer Predisposi tion Alleles

A third class of genes in the landscape of breast cancer susceptibility has been
recently found through association studies that identified low-penetrance breast
cancer susceptibility alleles. In order to reach the adequate statistical power
necessary to detect common single nucleotide polymorphisms (SNPs)
associated with an expected small effect on individual risk, world-wide
multigroup collaborations have combined data to achieve very large numbers of
cases and controls. Three genome-wide association studies have reported
seven new low-penetrance breast cancer susceptibility loci at highly stringent
levels of statistical significance (Easton et al., 2007; Stacey et al., 2007; Cox et
al., 2007). The SNPs associated to date with low breast cancer risk are located
within FGFR2 (Fibroblast Growth Factor Receptor 2), LSP1 (Lymphocyte-
specific protein 1), MAP3K1 (Mitogen-Activated Protein Kinase kinase kinase
1), TNRC9/TOX3 (putative transcription factor), TGFB1 (Transforming Growth
Factor Beta 1) genes, as well as in 8924 and 2935 loci where no known protein-
coding genes reside. Moreover, Cox et al. reported on a common SNP in
CASP8 (caspase-8) associated with a decreased risk of breast cancer.
Although the relative risk of breast cancer associated with a single copy of each
risk allele ranges between 1.07 and 1.26, the population frquency of each of
these SNP is rather high (28%-87%). Thus, despite the low risk conferred by
these alleles, their contribution to the population attributable risk of breast
cancer could be relevant. The six loci identified by Easton et al. and Cox et al.
are estimated to account for 3.9% of the excess familial risk of breast cancer in
European population (Stratton and Rahman: 2008).

3. Somatic Alterations in Breast Cancer

Breast cancer is a highly genetically heterogeneous disease with respect to the
loci involved and the specific somatic mutations that have been found. In the

attempt to better characterize breast cancer at molecular and genomic level, a
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large number of studies investigated the expression and genomic profiles of
breast tumor cells. The development of solid tumors involves acquisition of
genetic and epigenetic alterations, and concomitant changes in gene
expression, which modify normal growth and survival pathways.

Array comparative genomic hybridization (CGH) is a technique for the detection
of Copy Number Alterations (CNA) such as deletions and amplifications
(Kallioniemi et al., 1992); it is a powerful tool to detect genomic alterations that
occur as a result of genomic instability, thus providing new insights in cancer
genetics. The comparison among genomic profiles of different classes of breast
tumors (hereditary and sporadic cancers, different histopathological subtypes)
have been shown to be useful in identifying specific aberration patterns.
Hereditary breast cancers show specific alterations that differentiate them from
sporadic tumors, suggesting different tumor progression pathways (Palacios et
al., 2008). Overall, BRCAl-associated tumors have a higher frequency of CNA
than BRCA2-associated and sporadic tumors (van Beers et al., 2005). BRCA2-
associated and sporadic breast cancer have more similar alteration patterns,
even if few chromosomal regions more frequently altered in BRCA2 tumors
have been identified. The genetic changes more commonly found in BRCA1
tumors are gains of 8gq and 3q, as well as losses of 4p, 4q and 5q. BRCA2
tumors present gains of 8qg, 19q and 20g and lose 8p, 13q and 11q (Palacios et
al., 2008). In familial non BRCA1/BRCAZ2 associated tumors a significant higher
frequency of gain in 8q, 19p, and 19q, and loss on 8p was observed (Oldenburg
et al., 2007).

Chromosomal regions showing a higher frequency of genomic imbalance within
specific class of breast tumors represent candidate loci for the search of genes
involved in the aetiology and progression of the breast cancer. In particular,
specifically amplified regions are useful in mapping oncogenes, being their
increased expression one important mechanism of their activation. In breast
cancer, several discrete amplicons have been identified including 17pl2
(ERBB2/HER-2), 8924 (c-Myc), 11913 (CCND1), and 10926 (FGFRZ2). Also the
8pl11-p1l2 region has been reported amplified in 10-15% of human breast
cancers (Ray et al., 2004).

Moreover, somatic loss of heterozygosity (LOH), i.e. deletion of one allele at a

heterozygous locus, has been widely reported as a means to identify putative
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tumor suppressor genes. Miller et al. (2003) analyzed 151 published LOH
studies on breast cancer, highlighting several small DNA regions of recurrent
loss likely harbouring putative tumor suppressor genes.

The new technologies for the detection of copy number alterations (CNAs) are
constantly improved, providing great advances in our understanding of the
tumor cells genome. To date, the sensitivity and analytical resolution have been
largely increased due to the high number of markers interrogated throughout
the whole genome. In recent years, high-density single nucleotide
polymorphisms (SNPs) mapping has provided a suitable means to obtain a
detailed portrait of cancer genome alterations. The genotyping of hundreds of
thousand of SNPs can allow the simultaneous identification of CNA and loss of
heterozygosity (LOH), and, notably, can unveil copy-neutral changes (i.e. two
copies of the same allele with lost of the other one), a condition referred to as
uniparental disomy (UPD) (Tuna et al., 2009).

4. A Novel Integrated Analysis for Putative Tumor S uppressor

Gene ldentification

One of the major challenges in cancer genetics research is the identification of
the genes that contribute to the development of the malignant phenotype.
Noensie and Dietz (2001) developed a novel strategy for the identification
genes harboring nonsense mutations that underline human diseases. The
approach is based on the inhibition of one of the best characterized mRNA
guality control pathways, the Nonsense-mediated mMRNA decay (NMD). NMD
triggers the degradation of mMRNAs harboring a premature termination codon
(PTC), avoiding the synthesis of potentially harmful truncated protein (see
below for the molecular mechanism description). The strategy was named
“Gene Identification by NMD Inhibition” (GINI): preventing NMD-mediated
MRNAs degradation, PTC-containing transcripts are stabilized. Comparing
NMD competent and NMD-inhibithed cells, mutant mRNAs could be identified,
because of their higher expression levels in treated cells. At present, the most
commonly used technology for a widespread evaluation of differences in mRNA

levels is the microarray expression profiling. Microarray technology allows an
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analysis at the transcriptome level, providing the tool for a complete monitoring
of the differences in transcripts levels between two groups of cell populations.
This approach can be readily applied to investigate genes involved in recessive
diseases, in which there is a biallelic gene inactivation, because wild type allele
would otherwise mask the increase of level of premature terminating mRNA
(Noensie and Dietz, 2001).

Due to the strong interconnection between the NMD and translation pathways
(see below), the NMD machinery can be inhibited by a pharmacological block of
protein synthesis. Among different translation blocking drugs, emetine has been
shown to be the most effective and selective in stabilizing nonsense reporter
transcripts (Noensie and Dietz, 2001). Background emetine response, at least
partially, was determined by treating normal cell lines and identifying wild type
transcripts with an increased expression level.

The major drawback of the GINI method is the nonspecific increased
expression of genes involved in emetine-induced stress response, making
difficult to select candidate genes for sequencing analysis. To further improve
the identification strategy of mutant genes, after emetine treatment, cells were
also incubated with actinomycin D, a transcription blocking drug (lonov et al.,
2004). In the absence of newly synthesized mRNA, more rapid degradation of
stress response transcripts than mRNA truly harboring nonsense mutations
allows a better identification of the latter.

The GINI approach has been used to identify nonsense mutations involved in
several kind of tumors, such as mantle cell lymphoma (Pinyol et al., 2007),
melanoma (Bloethner et al., 2008), prostate cancer (Rossi et al., 2005; Kunnev
et al., 2009), and colon cancer (lonov et al., 2004; Ivanov et al., 2007). These
studies confirmed the efficiency of the GINI method in the identification of
mutant genes in cancer cell lines (even though the relevance of the specific
mutation identified has to be eventually demonstrated through functional
analyses and mutational screening on a larger number of tumor samples).
Chances of identifying mutated genes could be increased by combining data on
gene expression profiling with additional information on the disease under
study. This information could consist, for example, either in the biological
function of candidate genes or in a known genomic map position for a given

phenotype. Huusko et al. combined GINI with high resolution data on deleted
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genomic regions in cancer cell lines obtained with array-based comparative
genomic hybridization (aCGH). In this case, the selection of candidate genes
was achieved by identification of genes i) whose transcripts are stabilized
following NMD pathway inhibition and ii) that have also lost one allele. Thus, the
integration of these two array-based analyses allows a genome-wide
identification of bi-allelic inactivation events. In cancer cells genomic alterations
that prevent the synthesis of functional protein are often a hallmark of tumor
suppressor genes, whose inactivation is advantageous for tumor cell growth
and survival. In the DU 145 prostate cancer cell line this strategy led to the
identification of a hemizygous nonsense mutation in EPHB2 gene, which
encodes a tyrosine kinase receptor (Huusko et al., 2004). Further evaluation of
EPHB2 alterations in prostate tumor samples, led to identification of cancer-
associated mutations in 8% of primary and metastatic specimens, and
functional in vitro experiments unveil a role as a tumor suppressor gene in
prostate cancer progression. Muggerud and co-workers (2009) applied this
integrated genomic approach to identify putative tumor suppressor genes in
breast cancer. Among cell lines analyzed, in ZR-75-I cells a truncating mutation
affecting RIC8A gene (a guanine nucleotide exchange factor), was identified.

5. The Nonsense-Mediated mRNA Decay (NMD) Pathway

One of the cellular pathways that controls the fidelity and accuracy of gene
expression is the Nonsense-Mediated mMRNA Decay (NMD). The NMD pathway
recognizes and degrades mRNA harboring PTC located at least 50-55
nucleotides upstream of the last exon-exon boundary (Nagy and Marquat,
1998), thus preventing the synthesis of potentially deleterious truncated
proteins. Erroneous, PTC harboring transcripts can arise owing to genomic
frameshift (insertions or deletions) or nonsense mutation, as well as a result of
errors in pre-mRNA splicing, leading to intron derived stop codon or a nonsense
codon downstream from the site of missplicing, and unproductive DNA
rearrangements in T cell receptor and immunoglobulin loci.

Nonsense-mediated mRNA decay is an evolutionary conserved mechanism

involved in the surveillance and regulation of gene expression in all eukaryotes
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examined so far, even if the mechanism of PTC recognition differs among
species (Behm-Ansmant et al.,, 2007). During the pre-mRNA splicing, a
multiprotein complex called Exon Junction Complex (EJC) is deposited 20-24 nt
upstream of exon-exon junctions (Le Hir et al., 2000), and during the first mMRNA
translation event the NMD machinery checks if an intron is present downstream
of the stop codon (Figure 4). If an EJC is detected downstream of a stop codon,
the transcript is recognized as premature terminating and triggered to
degradation (Maquat, 2004).

5.1 NMD Core Proteins
UPF2 and UPF3 together with UPF1 are the three principal players of the NMD

pathway. UPF1 is a phosphoprotein that localizes mainly in the cytoplasm, and

contains domains with ATP-dependent 5 to 3’ helicase activity and RNA-
dependent ATPase activity. UPF1 interacts with eukaryotic translation release
factors eRF1 and eRF3, and with UPF2 and UPF3, providing a link between the
MRNA survelliance complex and the translation machinery (Conti and
Izaurralde, 2005).

UPF2 localizes in the perinuclear region of the cytoplasm, and it is the
molecular bridge that mediates the interaction between UPF1 and UPF3 to elicit
NMD (Lykke-Andersen et al., 2000).

UPF3 is a predominantly nuclear protein that shuttles to the cytoplasm. There
are two UPF3 genes, UPF3a on chromosome 13, and UPF3b on the
chromosome X. These homologous proteins are unlikely to be redundant,
because depletion of human UPF3b, but not of UPF3a, impairs NMD of some

MRNA containing nonsense codons (Behm-Ansmant et al., 2007).

5.2 Molecular Mechanism of NMD

The recognition of PTC is a translation-dependent process that involves a

cross-talk between the ribosome stalled at a stop codon and the downstream
EJC cis-acting signal on the mRNA. To efficiently prevent the synthesis of
erroneous truncated proteins, the NMD pathway acts to degrade premature
terminating mMRNAs as early as possible. In fact, experimental evidences shown
that, in mammals, NMD occurs during the so called pioneer round of translation,

i.e. the first event of neo-synthetized mRNA translation (Chang et al., 2007).
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Figure 4. Nonsense -mediated mRNA Decay (NMD) pathway . Schematic
representation showing the main steps in premature termination codon (PTC)
recognition. The presence of an EJC (Exon Juntion Complex) downstream of
a stop codon targets mRNA as a premature terminating: upon assembly of the
surveillance complex (UPF1, SMG1, eRF1, eRF3), UPF1 can interact with
downstream UPF2 and UPF3 EJC-associated proteins. NMD core proteins
interaction triggers SMG1-mediated UPF1 phosphorylation, which in turn
determines UPF1 interaction with SMG5-6-7 proteins. Nonsense MRNA
degradation occurs via both 5’ to 3’ and 3’ to 5’ exoribonuclease pathways
(modified from Behm-Ansmant et al., 2007).

The heterodimer CBP80:CBP20 (Cap Binding Protein) is bound at the 5’ end of
newly synthesized mRNAs, and this 5’-cap binding complex is later replaced by
elF4E, a translation initiation factor that support translation for the bulk of
proteins production. It has been evidenced that EJC (and thus essential NMD
factors) is present on mRNAs bound by CBP80:CBP20 but not on elF4E bound
transcripts (Isken and Maquat, 2007).

During the pioneer round of translation, two proteins involved in NMD pathway,
UPF1 and the phosphoinositide-3-kinase-related protein SMGL1, are recruited at
the termination codon, together with the eukaryotic release factors eRF1 eFR3

involved in translation termination, to form the so called SURF complex (SMG1,
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UPF1/2,eRE1/3) (Figure 4). When this complex is assembled on a premature
termination codon located at least 50-55 nt upstream the last exon-exon
boundary, UPF1 can interact with the UPF2 protein located on the downstream
EJC. The establishment of this molecular cross-talk between SURF complex
and EJC activates SMG1 to phosphorylate UPF1. Phosphorylated UPF1 is
recognized by SMG5, SMG6 and SMG7 proteins that contain a 14-3-3-like
domain through which they bind UPF1 at phosphoserine residues. SMG5-7
proteins promote UPF1 dephosphorylation by the recruitment of the protein
phosphatase 2A (PP2A) (Behm-Ansmant et al., 2007). The UPF1
phosphorylation and its subsequent dephosphorylation are essential steps to
drive mRNA decay. SMG7 is thought to be the terminal effector in NMD,
providing the link between the PTC recognition machinery and the mRNA
degradation process. Through its C-terminal region, SMG7 localizes in
cytoplasmatic foci called P-bodies (MRNA Processing bodies), a dynamic
compartment of eukaryotic cells that harbors high concentrations of RNA decay
factors (Chang et al, 2007). Both the decapping-dependent 5’-t0-3’
exoribonuclease pathway and the exosome-mediated 3'-to-5’ exoribonuclease
pathway rapidly degrade mRNAs harboring PTCs.

Recently, it was also suggest that NMD can occur even in the absence of a
downstream EJC, an alternative mechanism of PTC recognition that mainly
relies on the capability of UPF1 to interact with Poly(A) Binding Protein C1
(PABPC1), which binds to poly(A) mRNA tail (Stalder and Muhlemann, 2008).
Indeed, in human cells artificial tethering of PABP into close proximity of an
otherwise NMD-triggering PTC efficiently suppresses NMD (Muhlemann et al.,
2008).

6. NMD in mRNA Decay and Gene Expression Reqgulation

Gene expression profiling experiments in S. cerevisiae, D. melanogaster and
human cells depleted of essential NMD factors have revealed that 3-10% of the
transcriptome is regulated by NMD factors, either directly or indirectly. These
data indicate an important role of NMD in gene regulation that extends beyond
MRNA quality control (Muhlemann et al., 2008). These studies on the

physiological role of NMD revealed that the repertoire of genes regulated by this

28



surveillance mechanism is not conserved among different species (Behm-
Ansmant et al., 2007).

Among the NMD targets there are also naturally occurring wild type mRNA with
features recognized by the surveillance machinery. These physiological
substrates of NMD pathway are i) transcripts with upstream Open Reading
Frame (UORF), that is, mMRNA with alternative AUG translational initiation codon
in the 5’-UTR leading to premature termination; ii) genes with introns in the 3'-
UTR at a distance greater than 50-55 nt from the termination codon; iii)
nonsense-containing transposon, retroviral sequences or pseudogenes; and iv)
selenoprotein mRNAs, which harbor UGA codons encoding for selenocysteine
residues instead of a stop codon (Mendell et al., 2004).

In mammalian cells, a primary source of nonsense codons that elicit NMD
appears to consist of alternative pre-mRNA splicing, which affects the
expression of about 60-75% of human genes (Lejeune and Maquat, 2005). In
fact, up to one-third of human alternative splicing events create a premature
termination codon (McGlincy and Smith, 2008). Moreover, a coupling between
NMD and alternative splicing could lead to a quantitative gene expression
regulation, fine-tuning the amount of MRNA that will be translated.. Interestingly,
certain gene families expression seems to be regulated by a mechanism that
couples alternative splicing and NMD. Indeed, NMD is involved in an auto-
regulatory gene expression mechanism termed ‘Regulated Unproductive
Splicing and Translation’ (RUST) (Muhlemann et al., 2008). The splicing-
promoted inclusion or exclusion of specific sequences in the mRNA results in
the generation of a premature termination codon that triggers NMD.
Experimental evidences suggest that alternative splicing-NMD coupling might
be a conserved mechanism in serine/arginine-rich proteins (SR-proteins) level
regulation (Lareau et al., 2007), as well as in the expression regulation of
hnRNPs (heterogeneous nuclear ribonucleoproteins) and many core
spliceosomal proteins. Thus, alternative splicing-NMD-mediated negative
feedback could be an important mechanism for the homeostatic regulation of
splicing factors (McGlincy and Smith, 2008).

Among NMD targets, genes involved in amino-acid homeostasis seem to be a
class of NMD-regulated transcripts. Indeed, Mendell et al. (2004), analyzing

gene expression profiling of UPF1 silenced human cells, found upregulation of
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15% of the interrogated transcripts that belong to the ontologic category of

‘amino-acid transport’, ‘amino-acid biosynthesis’ and ‘amino-acid activation.
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1 Families Recruitment

Families were identified through the Hereditary Breast/Ovarian cancer Center of
the Istituto Oncologico Veneto (Padova), and through Istituto Nazionale Tumori
and lIstituto Oncologico Europeo (Milan). Recruitment was based on published
operational criteria (Federico et al., 1999). Briefly, families considered carriers
of breast cancer predisposing germline mutations are those that have at least
one of the following criteria: i) a member affected by both breast and ovarian
cancer, ii) early onset breast cancer (<36 years old), iii) bilateral disease, iv)
males affected by breast cancer, v) and breast cancer affected individuals with
at least 2 first-degree relatives affected by breast (<50 years, or bilateral
disease, or a male affected) or ovarian cancer. The presence of at least 3
affected first-degree relatives is necessary for the recruitment of individuals
affected by breast cancer older than 50.

2 DNA extraction
DNA purification was performed using QlAamp DNA Mini Kit (Qiagen). Cells

were resuspended with 200 ul PBS 1X and were then lysated adding 200 pl AL
buffer and 20 pl proteinase K. To obtain a complete cell lysis, samples were
vortexed 15 sec and then incubated 30 min at 56<C. 200 pl of ethanol 96-100%
were added to samples to allow optimal binding conditions of DNA to column
membrane. Samples were vortexed for 15 sec and through a centrifugation step
(2 min at 6000 x g) DNA was adsorbed onto the silica membrane. DNA was
then washed by two centrifugation step to remove any residual contaminant.
500 pl AW1 buffer were pipetted into spin column and eluted by 1 min
centrifugation at 6000 x g; then 500 ul AW2 buffer were pipetted into spin
column and eluted by 3 min centrifugation at 20000 x g. To completely eliminate
the chance of possible buffer AW2 carryover, samples were further centrifuged
1 min at 20000 x g. Purified DNA was eluted pipetting directly onto the silica
membrane 100 pl of water, incubating the spin column 20 min at room
temperature, and centrifuging samples 1 min at 6000 x g. Elution step was
repeated twice to increase DNA yields.
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3 Denaturing High Performance Liguid Chromatography

(DHPLC)

Denaturing High Performance Liquid Chromatography (DHPLC) is a

Transgenomic technology that allows the identification of single nucleotide
polymorphisms or point mutation as well as small insertions and deletions.
DHPLC was used to investigate the presence of deleterious mutation in BRCA1
and BRCA2 genes.

BRCA1 and BRCA2 genes were entirely amplified through 35 and 47 PCR
reactions, respectively. After PCR reactions, amplified fragments were heated
at 96 for 5 min, and then slowly cooled to 10C. This decreasing temperature
ramp allows the formation of the so called heteroduplexes, that is double-
stranded PCR products made up by the two nearly complementary strands
derived from two heterozygous alleles. Thus, there are four possible
configurations for heterozygous samples (Figure 5). Since in HCC1500 cells
BRCAZ2 gene has only one allele, to allow the formation of heteroduplexes cell
line genomic DNA was mixed with genomic DNA of a wild type control sample
(2:1 ratio).
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and heteroduplexes fragments with the chromatographic column. The samples
are injected into the buffer flow path containing triethylammonium ion (TEA+)
and acetonitrile (ACN). The positively charged portion of TEA+ forms an
association with the negatively charged phosphate backbone of the DNA;
therefore molecules bind to the hydrophobic chromatographic column. Based
upon specific DNA fragment features, oven temperatures that allow the partial
denaturating status of amplified products and ACN gradient conditions are set
up (Navigator™ Software). Over time, the increasing ACN concentration of the
solution injected into the chromatographic column reduces the DNA-binding
capabilities of the TEA+ ions, and the DNA fragments are released from the
column. Heteroduplexes, due to their lower column binding affinity, elute earlier
than homoduplexes.

The PCR fragments pass through the UV detector, which detects the nucleotide
absorbance (260 nm) over time, and information is recorded as a
chromatogram. If no mutations are present, all of the homoduplex DNA
fragments elute at the same time, producing a single peak on the
chromatogram. If a mutation is present, two to four peaks will be visible.

To assess the sensitivity of DHPLC analysis, for each PCR product positive

controls, that is heterozygous samples, are included.

4 Multiplex Ligation-dependent Probe Amplification (MLPA)

PCR and DHPLC analysis do not evidence large heterozygous genomic
rearrangements; thus, to investigate large deletions and amplifications wthin
BRCA1 and BRCA2 genes, the multiplex PCR method “Multiplex Ligation-
dependent Probe Amplification” (MLPA, MRC-Holland) was used.

The MLPA reaction can be divided in four steps (Figure 6). 1) DNA denaturation
and hybridization of a mixture of MLPA probes. 100 ng of DNA sample in 5 pl
are denatured for 5 min at 98C. Subsequently, 1.5 pl of buffer and 1.5 pul of
MLPA probes mix are added at 25¢C. Each MLPA probes pair consist of two
separate oligonucleotides, designed to hybridize to immediately adjacent target
sequences, and both contain one of the two universal PCR primer sequences.
In fact, a single PCR primers pair is used for a subsequent amplification step.
After 1 min at 95T following probe addition, sampl es are incubated over night

(at least 16 hrs) at 60C allowing hybridization to occur. 2) Ligation reaction.
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Only when both the two probes hybridized to their adjacent targets, a ligation
reaction could occur. 1 pl Ligase-65 is mixed with 3 pl Ligase-65 buffer A, 3 pl
Ligase-65 buffer B, and 25 ml H,O. This ligation buffer mix was added to
samples at 54C, and the ligation reaction occurred for 15 min at 54<C. Ligase
inactivation was obtained incubating samples 5 min at 98C. 3) PCR reaction is
performed by mixing 4 ul SALSA PCR buffer, 31.5 pl H,0O, 10 ul MLPA ligation
reaction, 2 ul SALSA PCR-primers, 2 ul SALSA Enzyme Dilution buffer, and 0.5
pl SALSA Polymerase, through 35 cycles at: 30 sec at 95C, 30 sec at 60T, 1
min 72<C. Because only ligated probes will be expon entially amplified during the
subsequent PCR reaction, the number of probe ligation products is a measure

of the number of target sequences in the sample.
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Figure 6. MLPA procedure . Whenever target sequences are present, the
two probes of each MLPA pair hybridize to adjacent sequences and are
subsequently ligated. All ligated MLPA probes are PCR amplified through
universal fluorescent-labelled primers, and then separated by capillary
electrophoresis, due to the different size of stuffer sequences (from MRC
Holland website).
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4) Separation of amplification products, which range between 130 and 480 nt in
length, by capillary electrophoresis (ABI-PRISM 3130xI, Applied Biosystems).
Within the multiplex PCR, one probe in each oligonucleotide pairs contains a
stuffer sequence, different in length between the different probes.

Differences in probes amplification are detected by comparing the sample peak
pattern to that of the reference sample. Probes that have different amplification
signal in a sample relative to the reference infer the presence of sequences with
aberrant copy numbers. Probe oligonucleotides that are not ligated cannot be
amplified and will not generate a signal. On the other hand, gene amplification
give to MLPA probes more template to generate more PCR product relative to
normal reference samples.

Within the MLPA probe mix there is a pool of internal controls for the evaluation
of the accuracy of the reaction, i.e. proper DNA amount, denaturation, probe-to-
target hybridization, and ligation efficiency.

After the initial evaluation of raw data, electrophoresis results are normalized.
Statistical analysis is performed using the Coffalyser software (MRC-Holland).
Normalization of MLPA data is achieved dividing the peak area of each
amplification product by the total peak area of the reference probes in the
probemix. Furthermore, an additional correction could be made for a possible
length-dependent bias in fragment amplification (the decrease of peak high for

longer fragments).

5.1 Co-Segreqation Analysis

To assess the co-segregation of p.Val1688del BRCAL variant with the disease,
patients’ peripheral blood was processed to isolate PBMCs and DNA was
extracted through the phenol-chloroform method. To identify the BRCAL variant,
exon 17 was PCR amplified (17F 5-GGGTTTCTCTTGGTTTCTTT-3’; 17R 5-
TCGCCTCATGTGGTTTTA-3’) and sequenced (ABI-PRISM-3130XL, Applied
Biosystems).

Co-segregation analysis was performed wusing the Linkage package
(http://capella.uni-kiel.de/gmc2006/linkage/user.pdf), assuming an allelic
frequency of 0.0001 and a 75% penetrance, according to the literature for
pathogenetic BRCA1 mutations.
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5.2 Co-Occurrence Analysis

The presence of a well established pathogenetic BRCA1 mutation in
p.Vall688del carriers was investigated through a mutational screening of the
entire coding sequence of BRCA1 gene. The screening for point mutations and
small insertions or deletions identification was achieved by DHPLC analysis
(Denaturing High-Performance Liquid Chromatography), whereas the absence
of BRCAL large genomic rearrangements was assessed by MLPA (Multiplex
Ligation-dependent Probe Amplification).

To integrate the co-occurence data in the multifactorial likelihood ratio model
proposed by Goldgar et al. (2004), an overall frequency of deleterious BRCA1
mutations of 10% was used. This percentage is based on the ratio of
pathogenic BRCA1 mutation carriers in our cohort of about 800 high risk

breast/ovarian cancer families.

5.3 Loss of Heterozigosity (LOH) Analysis

Paraffin embedded tumor samples from patients were processed to isolate DNA
by QiAmp DNA Mini Kit (Qiagen) while DNA from PBMC was extracted by
phenol-chloroform standard procedure.

The BRCAL gene fragment containing p.Vall1688del was PCR amplified from
both PBMC-derived and tumor-derived genomic DNA, and the genotype was
investigated by DHPLC. To discriminate by sizing the two alleles in each
sample, PCR products were injected into the chromatographic column in non
denaturing conditions (50°C), and gradually eluted by an acetonitrile increasing
concentration gradient.

Likelihood ratios were calculated using the probability distribution for the three
possible LOH results (no LOH, loss of the wild type allele, or loss of the variant

allele), as previously described by Osorio et al. (2007).

5.4 Short Tandem Repeat (STR) Genotyping

Four microsatellites (D17S855, D17S1322, D17S1323, and D17S1327)
spanning BRCAL locus were genotyped to determine a possible common

haplotype among p.Val1688del carriers.
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Each microsatellite was independently amplified using a FAM-labeled primer.
PCR products were analyzed by capillary electrophoresis (ABI-PRISM 3130xl,
Applied Biosystems), and the size of microsatellites determined by Gene
Mapper v3.7 software (Applied Biosystems). The allelic phase was determined
by genotyping parents of index cases and identifying the haplotype of the

available tumor samples with somatic loss of the wild type BRCAL1 allele.

5.5 Philogenetic Sequence Conservation

The constrain position likelihood for amino acids Vall687 and Vall688 was
calculated using parameters previously defined by Tavtigian et al. (2006). In
particular, based on a 12-sequence alignment, that contains full-length BRCA1
sequences from eight placental mammals plus M. domestica, G. gallus, X.
laevis, and T. nigroviridis, a likelihood ratio of 27:1 was derived for positions that
were shown to be invariant through evolution. This ratio dropped to 2.6:1,
1:2.25,1:0.025 and 1:0.003 at positions including 1,2,3 and 4 substitution in the

sequence alignment.

6.1 Cell Cultures
Breast cancer HCC1937 BRCA1l defective cell line (homozygous for the

5382insC mutation) was obtained from ATCC (American Type Culture
Collection) and maintained in RPMI-1640 medium supplemented with 10% FBS
(Fetal Bovine Serum), and L-glutamine 2 mM.

HCC1500 cell line has been a kind gift from Alfred O. Mueck (University
Women's Hospital, Tuebingen, Germany). It is a breast cancer cell line
established from a 32 years old female with a family history of early-onset colon
cancer, as well as a sister with breast cancer. Cells were maintained in RPMI-
1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose, 10 mM Hepes, 1 mM sodium pyruvate, and

antibiotics. Both cell lines were maintained at 37°C in a 5% CO, atmosphere.

6.2 Pharmacological treatment

HCC1937 cells were seeded in 6 wells plate at a density of 10° cells/well 24

hours before chemical treatment. For NMD pathway inhibition, emetine (100
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pug/mL) (Calbiochem) was added to the culture medium. Emetine is an effective
inhibitor of protein synthesis in eukaryotes, stabilizing ribosomes on polysomes.
The 80S ribosome subunit-emetine complexes cannot carry out aminoacyl-
tRNA binding and translocation. Untreated cells were used as control.

Inhibition of translation triggers a cellular stress response that leads to
increased levels of wild type transcripts, masking the stabilization of premature
terminating mRNAs. In order to reduce nonspecific drug response, after an
initial 12 hours emetine treatment cells were additionally treated with
actinomycin D (5 pg/mL) (Sigma). Actinomycin D is a polypeptide antibiotic
which inhibits translation by forming a stable complex with double-stranded
DNA, thus inhibiting DNA primed RNA synthesis. Cells were incubated with
actinomycin D for 30 min, 2 hrs or 4 hrs. Control cells were incubated with the
ethanol vehicle.

After a wash with PBS (Phosphate Buffered Saline), cells were lysated for RNA

isolation. Lysates were stored at -80C.

6.3 Gene silencing

Transient gene silencing was achieved through the method of small interfering
RNA (siRNA), small RNA molecules (21-23 nt) that target specific transcripts to
degradation.

24 hrs before transfection, 200,000 HCC1937 cells/well were seeded in a 6-well
cell culture plate using cell culture medium without antibiotics. SIiRNA
transfection was performed preparing in OptiMEM medium (Invitrogen) the
proper dilution of DharmaFECT #2 transfection reagent (Dharmacon), UPF1
and UPF2 pools of four siRNAs (ON-TARGET Plus, Dharmacon), and a
scramble siRNA as a control of transfected cells. After an incubation of 5 min at
room temperature, siRNAs were mixed with liposomes, and the mixture was
incubated at room temperature for 20 min for the formation of siRNA-liposome
complexes; 400 ul/well of transfection medium was then added to cells. UPF1
and UPF2 silencing was performed with 50 uM siRNA. For simultaneous UPF1
and UPF2 knock-down cells were transfected with 50 uM si-UPF1 and 25 uM
si-UPF2.
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Gene silencing in HCC1500 cells was performed seeding in a 6-well cell culture
plate and in antibiotic-free medium 700,000 cells/well 24 hrs before transfection.
The transfection protocol is the same of the one used with HCC1937 cells,
except for the transfection reagent used, lipofectamine 2000 (Invitrogen), and
the transfection medium volume (500 pl/well), following liposome’s
manufacturer instruction. For simultaneous UPF1 and UPF2 knock-down cells
were transfected with 75 uM of each siRNA. After 24 h, cell culture medium was
replenished to reduce liposome-mediated cytotoxicity. To maintain a good
knockdown of UPF1 and UPF2 genes up to 6 days, at 72 hrs from transfection
cells were transfected again, following the same protocol.

For Western Blot and real-time PCR assessment of gene silencing efficiency,

cells were washed with PBS 1X and lysated directly into the cell culture well.

7 Gel Electrophoresis and Western Blot

Cell lysates (lysis buffer: 20% SDS, 1% [I-mecaptoethanol, 10% glicerol, 50
mM Tris-HCI pH 6.8, 0.05%. bromophenol blue) were homogenized by
incubating samples 10 min at 95°C and passing them through a fine gauge
needle. Samples were run on 10% polyacrylamide gel at 14-25 mA (gel
electrophoresis buffer: 2M glycine, 250mM Tris-HCI, 1% (w/v) SDS).

Proteins transfer was performed onto PVDF membrane (Hybond-P, Amersham
Bioscience). PVDF membranes were previously equilibrated 10 sec into 100%
methanol solution, 5 min into milliQ water, and finally 15 min into transfer buffer
(2M glycine, 250mM Tris-HCI, 1% (w/v) SDS, 20% (v/v) methanol).
Electroblotting was performed at 4C at 350 mA for 2.5 hrs.

PVDF membranes were subsequently dried, and then incubated 10 min in a
100% methanol solution and washed 5 min with milliQ water. In order to block
nonspecific antibody binding sites, PVDF membranes were incubated 1 hr in
buffer A: 2% blocking solution (Roche) diluted in PBS 1X, added with 0.05%
(v/v) Tween-20. Protein staining was performed incubating membranes for 1 hr
with the primary antibody anti-UPF1 (P14: sc-18260, Santa Cruz
Biotechnology), anti-UPF2 (N-16: sc-20225, Santa Cruz Biotecnology), or anti-
actin (20-30, Sigma) diluted in PBS 1X with addition of 3% (w/v) BSA, following
manufacturer’'s instructions. After several washes with 0.05% (v/v) Tween-20
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diluted in PBS 1X, the membranes were incubated 1 hr with the secondary
antibody HRP-conjugated (anti-goat or anti-rabbit 1gG, Santa Cruz
Biotechnology), properly diluted in buffer A, following manufacturer’s instruction.
After washes to remove the secondary antibody excess, proteins detection was
performed on a Hyperfilm MP photographic plate (Amersham Bioscience), using
a chemoluminescent reagent (ECL Plus Western Blotting Detection Reagents,
GE Healthcare)

8.1 Total RNA isolation
Total RNA was extracted using RNeasy MiniKit (Qiagen) following

manufacturer’s instructions. This technique is based on affinity purification,
combining RNA binding properties of a silica-gel-based membrane with
centrifugation, to efficiently isolate RNA molecules longer than 200 nt.

Cells were lysated into wells of cell culture plates with 350 pl of RLT buffer,
containing guanidine-isothiocyanate, a chaotropic agent for RNases inhibition,
supplemented with 1% (v/v) [-mercaptoethanol. Cell lysates were also
homogenized through a 0.9 mm needle. When stored at -80TC, cell lysates
were first incubated for 20 min at 37<C to dissolve completely salts. To optimize
RNA binding conditions to column membrane, 350 ul of 70% (v/v) ethanol was
added to samples before their transfer into RNeasy column. After 15 sec of
centrifugation at >8000 x g, 350 pl of RW1 buffer was added into column, and
then removed by a 15 sec centrifugation at >8000 x g. DNA digestion was also
carried out, incubating samples bound to column membrane 15 min at room
temperature with DNase |. To remove DNase I, the silica-gel-based membrane
was wash with RW1 buffer, as previously described. Other two washes were
performed with 500 ul RPE buffer (an ethanol containing solution) to remove
contaminants. In order to discard RPE buffer and dry the silica-gel membrane,
columns were centrifuged a first time for 15 sec at 28000 x g, and then for 2 min
at >8000 x g. To ensure the complete elimination of ethanol, a further
centrifugation was made in a microcentrifuge at full speed for 1 min. To elute
RNA, 30 pl of RNase-free water was pipetted directly onto the RNeasy silica-gel
membrane and the column transferred into a new collection tube was

centrifuged for 1 min at =8000 x g. RNA was stored at -80C.
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8.2 cDNA synthesis

RNA samples were reverse transcribed to obtain PCR templates. In a first step,

1 ug of total RNA, mixed with 3 mM dNTPs and 10 uM random hexamers, was
heated for 5 min at 65<C, and, soon after, samples were incubate on ice for at
least 1 min to resolve RNA secondary structures. Thereafter, RNA was reverse
transcribed using 10 U/pl of SuperScript 1ll reverse transcriptase (RT)
(Invitrogen) in presence of 50 mM Tris-HCI pH 8.3, 75 mM KCI, 3 mM MgCl,, 5
mM dithiothreitol (DTT), and 2 U/ul of RNaseOUT (Invitrogen), a recombinant
RNase inhibitor. After 5 min incubation at 25T, single-strand cDNA is
synthesized during 1 hr incubation at 50C. The RT enzyme was inactivated by

heating samples 15 min at 70<C.

8.3 Quantitative PCR

To evaluate the degree of NMD core factors’ silencing, and also to estimate the

increase in PTC-containing transcript, quantitative PCR was used. Currently,
real time PCR is broadly used to quantify the level of a transcript of interest.
Real time PCR allows detection and measurement of the amplified product
while in progress. During the PCR exponential phase, when no reaction
components are limiting, the amount of PCR product approximately doubles in
each cycle. Thus, a real time measurement of the amplicon amount in the
exponential phase is directly correlated to the initial quantity of template present
in the reaction. In the exponential phase, the cycle number at which samples
reach a determined, well detectable fluorescent signal as defined by the
threshold line is called threshold cycle (Ct).

Each sample was analyzed in triplicate. PCR product detection was performed
with the SYBER Green method. SYBER Green is a fluorescent dye that
specifically binds to double-strand DNA. PCR reactions were performed with 10
pl of Platimun SYBR-green qPCR SuperMix-UDG with ROX (Invitrogen), 0.5
UM forward and reverse primers, 3 ul H,O. To assess the amplification
efficiency for each primer pair, serial dilutions of reference cDNA (each point as
a duplicate) were analyzed for all genes tested within the plate, to generate a
standard curve (log of the starting quantity of template against the Ct value).

Amplification was performed as follows: 50C for 2 min, 95 for 2 min, and 40
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cycles of three step denaturation/annealing/extension reactions: 15 sec at 95T,
30 sec at 60C, 30 sec at 68C. To assess the absen ce of nonspecific PCR
products, amplification reaction was followed by a melting curve: 15 sec at
95%C, 20 sec at 60C, and with a slower ramp rate, the temperature reached
again 95T.

Real-time PCR data were analyzed following the [111Ct method, to obtain a
relative quantification that compares specific mMRNA amount in test and control
cells. The amplification efficiency (E) was calculated through the relation:

E (%) = (10%® - 1) (0100, where S is the standard curve’s slope. The real-time
PCR reaction was considered successful when amplification efficiency was
>85%. Relative quantifications were obtained normalizing target gene
expression levels to average expression levels of two reference genes: lamin
AIC (Fw 5-GTACGGCTCTCATCAACTC-3, Rv 5-AGGTCATCTCCAT
CCTCATC-3) and GAPDH (Fw 5-GAAGGTGAAGGTCGGA GT-3’; Rv 5-
CATGGGTGGAATCATATTGGAA-3'). To calculate relative gene expression,
the Pfaffl method was applied, which takes into account a possible different
amplification efficiency of target and reference genes. The expression ratios (R)
between the test sample (silenced cells) and calibrator (control cells) were
calculated using the following formula:

R=(E target)_:Ct' target (test-calibrator) (E reference)_DCt' reference (test-calibrator)

By real-time PCR, relative expression levels of UPFl1 (Fw 5'-
GTGTCACTGCAGC GGATCGT-3', Rv 5-GCCTCGGTCCTGTTCAGGTA-3),
UPF2 (Fw 5-GCGGTGGACTTAAGCATGTA-3, Rv 5-CACCACTTCGTTGC
TCTAGA-3’), and p53 (Fw: 5-AGTCTGTGACTTGCACGTACTC-3', Rv: 5-GTG
CTGTGACTGCTTGTAGATG- 3’) were monitored.

9 Candidate Genes Selection

To reduce the number of putative genes affected by nonsense mutations,
microarray data were overlapped with information that provided inclusion and
exclusion criteria. Focusing our attention on bi-allelic inactivation events, a first
selection was made by the identification of up-regulated genes that were
located within genomic regions with LOH (Loss of Heterozygosity). The
combination between microarray data on NMD sensitive genes and genomic

profile information of HCC1500 cell line could highlight putative tumor
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suppressor genes. According to Knudson’s two hits hypothesis, a complete loss
of gene function could be achieved by the truncation of one allele and the loss
of the wild type one. Thus, taking advantage of the reports on bona fide NMD
targets (Mendell et al., 2004; Wittmann et al., EI-Bchiri et al., 2008), genes
already described as up-regulated after NMD inhibition were excluded. To
further reduce the candidate gene number, genes within loci found to be
associated to breast cancer predisposition were prioritized (Wiechec et al.,
2008; Argos et al., 2008; Huusko et al., 2004b; Bergman et al., 2007; Gonzalez-
Neira et al., 2007; Zheng et al., 2009; Gronwald et al., 2005; Seitz et al., 1997,
Easton et al., 2007; Oldenburg et al., 2008; Rosa-Rosa et al., 2009a; Kainu et
al., 2000; Thompson et al, 2002; Meguire et al., 2005; Rosa-Rosa et al., 2009b).
Finally, genes harboring features of NMD targets, that is, genes involved in
RNA processing, introns within 3'-UTR (http://genome.ucsc.edu), and genes
with putative 5" UORF (http:/flj.hinv.jp/ATGpr/atgpr/index.html) were excluded.

Due to the strong relation between DNA repair processes and breast cancer
susceptibility, among genes up-regulated after NMD inhibition, those involved in

DNA repair were chosen for full sequencing.

10.1 Direct Sequencing

Genomic DNA (50-25 ng) was PCR amplified with 0.05 U/ml of AmpliTaq Gold
DNA polymerase (Applied Biosystems) in the presence of PCR buffer 1X, 1.5-
2.5 mM MgCl,, 480 uM dNTPs, 0.6 uM for each M13-tailed primer. The larger

part of primer sequences to amplify the entire coding sequence of candidate
genes was obtained from Probe database (http://www.ncbi.nlm.nih.gov/probe/).
Standard PCR condition were: 8 min at 95T, followe d by 40 cycles of 30 sec at
95T, 40 sec at melting temperature of primer pair, 40 sec at 72TC. PCR
reaction ended with 10 min at 72<C.

To perform DNA sequencing, PCR products were subsequently cleaned-up to
remove excess of primers and unused nucleotides using an enzymatic method.
5 ul of PCR product were mixed with 2 pl of ExXoSAP-IT (USB corporation),
which contains Exonuclease | and Shrimp Alkaline Phosphatase enzymes for
degradation of unused PCR reaction components. Samples were incubated 15
min at 37C; then ExoSAP-IT inactivation was achieved with 15 min sample
incubation at 80<C.
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Sequencing reactions were performed with BigDye terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems). 1 pl of purified PCR products properly
diluted (1-5 ng/ul) was mixed with sequencing buffer at the final concentration
1X, BigDye Terminator solution (containing dNTPs, fluorophore-conjugated
ddNTPs, and Taq polymerase) at 1:10 final dilution, 0.16 uM M213 universal
primer (M13_Fw: 5 TGTAAAACGACGGCCAGT 3; M13 Rv: 5
CAGGAAACAG CTATGACC 3’), or amplicon-specific primer. Sequencing
reaction was performed as follows: 1 min at 96<C, and 25 cycles of 10 sec at
96T, 4 min at 60C.

Fluorescent-labeled sequences were then cleaned-up to remove
unincorporated dye terminators, dNTPs, and free salts using BigDye
XTerminator Purification Kit (Applied Biosystems) following manufacturer’s
instructions. Within the reaction plate, 10 pl of sequencing reaction products
were added to the XTerminator solution: 45 pL SAM solution and 10 pL
XTerminator solution containing beads that sequester unused cycle-sequencing
components. The reaction plate was subsequently vortexed at 2000 rpm for 30
min and then centrifuged at 1000 x g for 2 min. Samples were analyzed by
capillary electrophoresis using ABI-PRISM 3130xl genetic analyzer (Applied

Biosystems).

10.2 Sequences Analysis

Sample sequences were automatically aligned with GeneBank reference
genomic sequences (build 37, assembly GRCh37), using SeqScape v2.5
software (Applied Biosystems). Exonic sequence variants were then searched
in SNP database (http://www.ncbi.nlm.nih.gov/snp) to verify if they were already
known polymorphisms. Intronic sequence variants located less than 30 bp from
exon boundaries were in silico evaluated for their effect on splicing process
(http://www.fruitfly.org/seq_tools/splice.html). In silico predictions of functional
effects of not previously reported sequence variants were performed by

Polyphen prediction tool (http://genetics.bwh.harvard.edu/pph/).
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11.1 Microarray Gene Expression Profiling

Genome-wide expression profiling was performed with Human-Genome U133
Plus 2.0 platform (Affymetrix). This array allows the measurement of expression
level of over 47,000 transcripts, interrogating each gene with multiple
independent probes.

Three biological replicates of paired UPF1 and UPF2 silenced and control cells
at 120 hrs from transfection were lysated and total RNA isolated with RNeasy
Mini Kit (Qiagen). RNA was then quantified through determination of its
absorbance at 260 nm. Absorbance ratio 260nm/280nm was also evaluated.
Integrity of RNA samples was assessed by Agilent 2100 Bioanalyzer.

Samples were carefully processed following the one-cycle target labeling
protocol provided by the manufacturer (Figure 7). Initially, 4 pg of RNA were
retrotranscribed using One-Cycle cDNA Synthesis Kit (Invitrogen). RNAs mixed
with 8.3 pM T7-oligo(dT) primer (5 — GGCCAGTGAATTGTAATACGACTCA
CTATAGGGAGGCGG — (dT)24 — 3') and a pool of properly diluted eukaryotic
polyA RNA controls, as exogenous positive controls (Bacillus transcripts dap,
lys, phe, thr, trp modified by the addition of a Poly(A) tail) to monitor the entire
target labeling process. Samples were incubated at 70C for 10 min, followed
by at least 2 min incubation at 4C. The first-strand cDNA synthesis reaction
was performed adding to samples 1% strand reaction mix at a final concentration
1X, 10 mM DTT, and 0.5 mM dNTPs. Following 2 min pre-heating at 42C, 1 pl
SuperScript Il reverse transcriptase enzyme was added to the mixes. Samples
were incubated 1 hr at 42<C, and then cooled at 4C for at least two min to
avoid the inactivation of the enzyme needed for the second-strand cDNA
synthesis. Double-stranded cDNA synthesis was performed adding to single-
strand cDNA samples 2" strand reaction mix at 1X final concentration, 0.2 mM
dNTPs, 1 pl RNase H, 4 ul E. coli DNA polymerase I, and 1 pl E. coli DNA
ligase. Samples were incubated 2 hrs at 16T, follo wed by 5 min incubation at
16T after the addition of 2 pl of T4 DNA polymerase. Enzyme inactivation was
achieved by the addition of 40 mM EDTA.
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Cleanup of double-stranded cDNA
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Figure 7. Sample processing for microarray gene exp  ression analysis .
Total RNA is first reverse transcribed using a T7-oligo(dT) primer in the first-
strand cDNA synthesis reaction. Following RNase H-mediated second-strand
cDNA synthesis, the double-stranded cDNA is purified and serves as a
template in the subsequent in vitro transcription reaction (IVT). The IVT
reaction is carried out in the presence of T7 RNA Polymerase and a
biotinylated nucleotide analog/ ribonucleotide mix for cRNA amplification and

biotin labeling. The biotinylated cRNA targets are then cleaned, fragmented,
and hybridized to GeneChip expression arrays.

Double stranded cDNA samples were subsequently cleaned-up with Sample
Cleanup Module (Qiagen): 600 pl of cDNA Binding Buffer was added to cDNA
and vortexed 3 sec. 500 pl of cDNA was transferred onto a cDNA Cleanup Spin
Column and centrifuge 1 min at 28,000 x g. After discarding the flow-through
and repeating a second time these initial steps to collect within the column all
the synthesized cDNA, a first wash step was performed with 750 yl of cDNA
Wash Buffer. After buffer addition, columns were centrifuged 1 min at 28,000 x
g and, to ensure complete ethanol removal, a further centrifugation for 5 min at
<25,000 x g was performed. 14 ul of cDNA Elution Buffer were pipetted directly
onto spin columns membrane and, after 1 min of incubation at room
temperature, cDNA was eluted into a new collection tube by 1 min

centrifugation at <25,000 x g.
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cDNA samples were subsequently processed with GeneChip IVT Labelig Kit
(Invitrogen) for in vitro transcription (IVT), to amplify and, at the same time, label
the initial population of RNA molecules. At room temperature, 12 ul of purified
cDNA samples were mixed with 8 pl of RNase-free water, 4 pl 10X IVT labeling
buffer, 12 pl IVT labeling NTP mix with biotinylated dNTPs, and 4 pl IVT labeling
enzyme mix, which contains T7 RNA polymerase. To obtain biotin-labeled
cRNA (complementary RNA), samples were incubated 16 hrs at 37<TC.
Biotinylated cRNA samples were then purified with Sample Cleanup Module
(Qiagen). 60 pl of RNase-free water were added to biotinylated cRNA and
vortexed for 3 sec; then 350 pl IVT cRNA binding buffer was added and
samples again vortexed for 3 sec. After addition of 250 ul of ethanol 96-100%,
samples were transferred onto cRNA cleanup spin columns and were
centrifuged for 15 sec at 28,000 x g. A wash step was performed pipetting 500
ul of IVT cRNA wash buffer onto spin columns and centrifuging for 15 sec at
28,000 x g. Discarded the flow-through, 500 ul of ethanol 80% (v/v) were added
onto spin columns, then removed by 15 sec centrifugation at 28,000 x g. To
ensure a complete ethanol removal, a further 5 min centrifugation at <25,000 x
g was performed. Finally, purified biotinylated cRNA samples were eluted
pipetting directly onto spin column membranes 11 ul of RNase-free water and
centrifuging 1 min at 25,000 x g. This elution step was repeated once with 10
pul of RNase-free water. Biotin-labeled cRNAs were quantified determining
samples absorbance at 260 nm, and cRNA quality was assessed by Agilent
2100 Bioanalyzer.

Before hybridization onto GeneChip probe array, biotin-labeled cRNA was
fragmented: 20 pg of cRNA were mixed with fragmentation buffer and samples
were incubated 35 min at 94C. cRNA fragments (with in the range size of 35-
200 bp) were qualitatively analyzed by Agilent 2100 Bioanalyzer.

At the end of the procedure, samples were processed for hybridization: 0.05
pug/uL of fragmented biotin-label cRNA were mixed with 50 pM control
oligonucleotide B2, 1X eukaryotic hybridization control (E. coli transcripts bioB,
bioC, bioD, and cre, at 1.5 pM, 5 pM, 25 pM, and 100 pM, respectively), 0.3
mg/mL herring sperm DNA, 0.5 mg/mL BSA, 10% DMSO, and 1X hybridization

buffer. Hybridization cocktails were incubated 5 min at 65T, 5 min at 98<C, and
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5 min at 45C, and then centrifuged 10 min at <25,000 x g. Meanwhile,
GeneChip arrays were filled with 1X pre-hybridization buffer and were kept in
the hybridization oven 640 (Affymetrix) for 10 min at 45T, with rotation. After
removal of pre-hybridization buffer, arrays were re-filled with 200 uL of clarified
hybridization cocktail and were placed into the hybridization oven at 45T, with
rotation at 60 rpm for 16 hrs.

Standard washing and staining procedures were performed with the Fluidics
Station 450 (Affymetrix) and with the assistance of the Affymetrix GeneChip
Command Console Software. The amplification of biotinylated target signal was
then achieved with subsequent cycles of incubation with streptavidin conjugated
with the fluorescent dye phycoerythrin, biotinylated antibody, and streptavidin-
phycoerythrin. GeneChip probe arrays were scanned using GeneChip Scanner
3000 (Affymetrix).

11.2 Microarray Data Analysis
Quality controls, which assess the reliability of RNA samples and of the

intermediate stages of sample preparation and hybridization, were performed
with Simpleaffy package (BioConductor). Data normalization was performed
using the RMA algorithm (Robust Multi-array Analysis), which corrects
background, normalizes, and summarizes probe level information.

To detect differential gene expression, microarray data were analyzed with SAM
algorithm (Significance Analysis of Microarray), with an FDR (False Discovery
Rate) of 1% that means setting the number of false positives < 1% among
genes identified as differential expressed between treated and control sample.
Finally, reconstruction of genes expression levels was performed using a set of
custom Chip Definition Files (CDF) that are composed of a unique probeset for

each gene, containing only highly specific probes (Ferrari et al., 2007).

12.1 Copy Number and LOH Analysis
Copy number and LOH analysis was performed using Genome-Wide Human

SNP Array 6.0 (Affymetrix). This array platform contains about 1,850,000 SNP

and non-SNP oligonucleotide probes, which allow an average resolution of 700

bp. To prepare genomic DNA for hybridization on chip, the Genome-Wide
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Materials & Methods

Human SNP Nps/Sty Assay Kit 5.0/6.0 (Affymetrix) was used, carefully

following manufacturer’s instructions (Figure 8).
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Figure 8. Sample processing for copy number and LOH a  nalysis .
Genomic DNA is digested with two restriction enzymes and ligated to
adaptors that recognize the cohesive 4 bp overhangs. Universal primer
pairs that recognizes the adaptor sequences are used to amplify adaptor-
ligated DNA fragments. PCR conditions have been optimized to
preferentially amplify fragments in the 200 to 1,100 bp size range. PCR
amplification products for each restriction enzyme digest are combined and
purified using polystyrene beads. The amplified DNA is then fragmented,
labeled, and hybridized to a SNP Array 6.0.

Two aliquots of 250 ng each of HCC1500 genomic DNA were digested with 0.5
U/ul Nspl and Styl restriction enzymes, respectively (digestion master mix: NE
buffer 1X, BSA 2 pg). Together with test DNA, also a negative (H,O) and a
positive control (Refl03) were processed. Digestions were performed at 37°C
for 2 hrs, followed by 20 min at 65°C.
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Genomic DNA was then ligated to adaptors that recognize the cohesive 4 bp
overhangs. The two ligation master mixes were set up with 1.5 uM Nspl or Sty
adaptors, 32 U/ul T4 DNA ligase, and T4 DNA ligase buffer 1X. Ligation
reactions were performed at 16°C for 3 hrs, followed by 20 min at 70°C. To
obtain the proper template concentration for the following PCR reactions,
ligated samples were diluted 1:4.

10 ul of Nspl and Styl ligated samples were used to PCR amplify genomic DNA,;
four and three PCR reactions were set up for Npsl and Styl digested DNA,
respectively. Each reaction contains TITANIUM Taq PCR buffer 1X, 1 M GC-
Melt, 1.4 mM dNTPs, 4.5 uM primer, and TITANIUM Taqg DNA polymerase 1X.
PCR reactions were performed as follows: 3 min at 94°C, 30 cycles of
denaturation at 94°C for 30 sec, annealing at 60°C for 45 sec, extension at
68°C for 15 sec; and finally 7 min at 68°C. To verify the positive result of PCR
reactions, which would produce a pool fo amplified genomic fragment within
200-1100 bp size range, amplified samples were run on a 2% agarose gel.
Subsequently, the seven Nspl and Styl PCR reactions were pooled together
within a unique tube and purified to remove unused primers and dNTPs by
magnetic beads. 1 ml of magnetic beads solution was added to pooled sample,
and, after well mixing, it was incubated 10 min at room temperature, for DNA
binding to the magnetic beads. After 3 min centrifugation at maximum speed in
a microcentrifuge, tubes were placed on a magnetic stand, which holds the
bead pellet at the bottom of the tube. Once removed the supernatant, 75%
ethanol was added and the samples vortexed for 2 min. To complete this wash
step, samples were centrifuged 3 min at maximum speed and tubes paced on
the magnetic stand to remove the supernatant. This procedure was repeated
twice to ensure a complete ethanol removal. Finally, 55 ul of EB elution buffer
were added and samples vortexed for 10 min, to ensure a homogeneous bead
resuspension and thus an effective DNA release. After 5 min centrifugation at
maximum speed, tubes were place on the magnetic stand for at least 5 min,
and 47 pl of supernatants transferred in new tubes. PCR purified products were
quantified at 1:100 dilution using spectrophotometer. Adequate DNA yield
ranges between 4.5 and 7 pg/ul.
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Then, the amplified DNA, after adjusting its volume to 50 pl by adding the 10X
fragmentation buffer, was fragmented: working rapidly on ice to avoid loss of
enzyme activity, 0.5 U/ml of fragmentation enzyme (DNase |) and fragmentation
buffer 1X were added to the samples. DNA fragmentation take place during 35
min incubation at 37°C, followed by enzyme inactivation step at 95°C for 15
min. The fragmentation reaction, which should lead to an average fragment size
<180 bp, was checked on 4% agarose gel.

At the end of genomic DNA processing for hybridization, fragmented samples
were labeled using the activity of Terminal Deoxynucleotidyl Transferase (TdT),
which catalyses, without a template, the addition of nucleotides to the 3’
terminus of DNA molecules. Labeling reaction was performed adding to
fragmented sample TdT buffer at the final concentration of 1X, 0.83 mM DNA
labeling reagent (biotin-labeled ddNTPs), and 1.5 U/ul TdT enzyme. Labeling
nucleotides addition was been achieved by 4 hrs incubation at 37°C, following
by an inactivation step at 95°C for 15 min.

Finally, sample was hybridized on the array chip. To this aim, a hybridization
master mix was prepared: 80 mM MES (2-(N-Morpholino)ethanesulfonic acid
hydrate, 4-Morpholineethanesulfonic acid; CgH13NO,4S), 3.4X Denhardt’s
solution, that is a mixture of high-molecular weight polymers capable of
saturating non-specific binding sites and artificially increasing the concentration
of available probe, 8 mM EDTA, 0.16 mg/mL herring sperm DNA, oligo control
reagent diluted 1:95, 16 pg/mL Human Cot-1 DNA, 0.016% Tween-20, 6.8%
DMSO, 3.7 M TMACL (tetramethylammonium chloride). 190 ul of hybridization
master mix were added; the samples were denatured at 95°C for 10 min, and
then manteined at 49°C. 200 ul of hybridization cocktail were injected into the
array. Hybridization took place in a hybridization oven (GeneChip Hybridization
Oven 645), with the array chips rotating at 60 rpm and 50°C for 16 to 18 hrs.
After hybridization, arrays were washed and stained following manufacturer’'s
instructions. After removal of hybridization cocktail arrays were filled with 270 pl
of array holding buffer (100 mM MES, 1 M NaCl, 0.01% Tween-20), and
inserted into one module of GeneChip Fluidics Station 450 (Affymetrix). The
standard  protocol for array wash and staining was used

(GenomeWideSNP6_450). Chip arrays were subjected to subsequent cycles of
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washing, staining with 10 ng/mL streptavidin molecules conjugated with
phycoerythrin (SAPE), post staining washes, staining with 5 ng/mL biotinylated
antibody, a further staining step with SAPE solution, and finally a washing step
and complete filling of the array with array holding buffer. Genome-Wide Human

SNP 6.0 Array were scanned using GeneChip Scanner 3000 (Affymetrix).

12.2 SNP _Array Data Analysis
The genome-Wide Human SNP 6.0 Array file was analyzed using the

Genotyping Console (GTC) 3.0.1 (Affymetrix). Genomic profiles of analyzed
sample were compared to the reference model file, supplied by Affymetrix, that
was generated upon the analysis of 270 HapMap individuals. Affymetrix
software allows a simple graphical overview of i) allele difference, that is the
difference between signals of the two possible genotypes each standardized
with respect to their median values in the reference dataset, ii) copy number
state (CN 0: homozygous deletion; CN 1: heterozygous deletion; CN 2: normal
diploid; CN 3: single copy gain; CN 4: amplification with copy number 24),
determined using the HMM model (Hidden Markov Model), iii) LOH, iv) log2
ratio value, and v) smoothed log2 ratio. Moreover, for each genomic locus GTC
3.0.1 visualizes reference genes. GTC 3.0.1 segment reporting tool (SRT)
parameters were set to identified copy number alterations greater than 500 Kb
and that contain at least 450 markers. Considering that the average spacing of
the targets of this array is 0.7 Kb, the smallest genomic altered region is thus
expect to be supported by 714 SNP markers.

Copy number data were also analyzed with Partek Genomic Suite Software,
considering significant a copy number alteration detected in a genomic segment

containing at least 30 markers.
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Aim of the study

The aim of the projects described in this thesis deals with the identification of
genes and variants that might explain the genetic factors that underline tumor
occurring in families at high risk for breast and ovarian cancer but without
detectable pathogenetic alterations in the BRCA1 or BRCA2 genes.

The first project focuses on the characterization of a BRCAL unclassified variant
that recurs in Veneto and that cannot be used for the clinical genetic testing of
family members (i.e. for their inclusion or exclusion from surveillance programs)
because of its unclear on the protein coded. So far, many types of studies have
been used to classified BRCA1 and BRCA2 variants, including functional,
genetic-epidemiological and in silico analyses, among others. In most cases,
however, none of these methods provide indications strong enough to
unambiguously classify the variant. We therefore aimed at integrating as many
different evidences as possible, to obtain a final response that could support
clinical decisions for individuals at high risk of breast cancer and ovarian
cancer. We took advantage of a method recently described that maximize the
power of this kind of studies and could likely be extended to the analysis of the
other genetic disease.

The purpose of the second project relies on the identification of genetic
alterations that might be relevant for tumor predisposition and/or development in
patients without highly penetrant mutations in the major breast cancer
predisposing genes. To this purpose, we decided to perform a comprehensive
genomic analysis in the search of point mutation as well as major genomic
rearrangements in a breast cancer cell line selected for a probability of being
derived from a hereditary breast cancer. We employed a multi-strategy
approach based on the GINI (Gene Identification by NMD Inhibition) method as
well as high-throughput technologies for the sensitive detection of chromosomal

imbalances.
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Project I:
Resudly & Discussior
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Resulty

1. Integrated Evaluation of the BRCA1 p.Vall1688del variant

In the last ten years, nine families carrying BRCA1 p.Vall688del sequence
variant were recruited by the Hereditary Breast/Ovarian Cancer Center at
Istituto Oncologico Veneto .Three additional families with the same BRCAL
variant were identified by the Istituto Nazionale Tumori (INT, Milan, Italy) and
the Istituto Oncologico Europeo (IEO, Milan, Italy).

All families were from the Veneto Region, but, we were unable to connect any
of the pedigrees despite exhaustive family history on three or four generation.
The presence of a common ancestor for a putative p.Vall688del founder
mutation effect in the Veneto region was investigated through genotyping of
microsatellite markers spanning the BRCAL locus. This analysis identified a
common haplotype shared by all index cases, thus confirming a common origin
of this variant.

To rule out the possibility that p.Val1688del represented a common polymorphic
variant, this three nucleotides deletion (5181-1583 of exon 17 of BRCAl) was
analyzed in 200 healthy individuals from Veneto. Mutational screening did not
reveal any p.Vall1688del in this geographically matched control population.

In the attempt to investigate the pathogenetic role of the p.Vall1688del BRCA1
variant, different type of evidences, deriving from segregation, tumor pathology,
evolutionary conservation, and epidemiological data, were integrated in a
multifactorial model proposed by Goldgar and co-workers (2004). The aim of
this approach is to combine the odds of causality of the variant derived from
multiple independent sources. This model properly weighted different evidences
related to the variant under study to finally determine the ratio:

likelihood of the observed data under the hypothesis of causality

likelihood of the observed data under the hypothesis of neutrality
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1.1 Co-occurrence
Clinical data of the 12 index cases (Table 1) were similar to those usually

associated to BRCAL1 gene defects. In fact, i) four of the 12 patients had
bilateral breast cancer, ii) three probands developed both breast and ovarian
cancer iii) and, overall, patients were characterized by an early age at cancer
diagnosis (mean values 39.4 and 50.3 years for breast and ovarian cancer,
respectively). In agreement with these data, the BRCAPRO analysis of a priori
probability of BRCA1/BRCA2 mutation scored higher than 50% in all but one
patient (Table 1). Despite exhaustive BRCA1/BRCA2 mutational screening of all
the samples, the BRCAL1 p.Vall688del was the only detectable anomaly.
Supporting this data, also four additional p.Val1688del carriers were reported by
Myriad Genetics at the BIC database (Breast Cancer Information Core,
http://research.nhgri.nih.gov/bic) without any other detectable BRCA1/BRCA2
deleterious mutation. Due to the inferred lethality of BRCA1 homozygotes, the
absence of co-occurence of p.Val1688del with other BRCA1/BRCA2 deleterious
mutations is slightly in favor of causality by 1.85:1 (Goldgar et al., 2004).

Table 1. Phenotypic characteristics of 12 families carrying the
p.Vall688del. (Malacrida et al., 2008)
Farnily
Crvarian
_ ) i Cancars
Proband Ags fyaars) Ereast Cancer Patients Patients B "
raast/
Breast Ags  Owary
Proband Famiily Tumior Type Cancer Cwarian Cancer Mo, Age lyaars) Mo, fyears)  Ratio Othar Tumcrs ERCAFRO
Boz7 14 Owvary — 53 5 48, 41/49, 47, 44, 46 1 57 62 — 0.827
BOS3 G1  EBilateral braast 27/40 — 3 35, 35, 30 — 510 Calan in = 1} 0.957
B108 78 Eilateral breastiovary  44/50 L] — — 21 Lung in = 21, prostata (n = 20, 0.859
gastric in = 2}
B133 100 Breast 35 — 4 45, 55, 45, 42 — =] — 0.822
Baz22 232 Braast 5z} FO 2 29, 58 — 3 — 0.082
Bai17 305  Bilateral breast/ovary  31/45 E3 1 40 1 52 32 Lung in = 41, prostate ino= 1], 0.554
osteosarcoma n = 1,
gastric (n = 1)
BAa5G 342 Braast il — = B0, 35, 47 —_ 440 Thyreid (n = 11 0.247
BESE EO0 Ovary — B2 1 42 2 52,88 142 — 0.957
Be3a 624  Ovary — 43 — 1 45 oz Calon in = 1} 0.503
MONG MOMN  Brasst 42 Frophiylactic 2 BE, 51/20 1 &1 41 MHL in = 1}, gastric_n = 1), 0817
oophoractarmy utarus In = 11, paritoneal {n
=1}, colon in = 11
BOT BOT  Braast 38 — — 2 54,54 12 — 0.864
Booz Booz  Bilateral breastiovary  37/37 45 3 53, 50, 45 — 51 — 1.000
IMean valuas 39.47 50.3 1 455" 54.1 281
Abbreviation: MHL, non-Hodgkin®s lymphoma.
“Age at first tumor in bilateral cases was used for maan age caloulation.
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Figure 9. Pedegrees of two families carrying the p. Vall688del. The
presence (M) or absence (W) of p.Vall1688del is indicated under each tested
individual. Numbers refer to current age and age at diagnosis for healthy and
affected subjects, respectively. Probands are marked by arrows (from
Malacrida et al., 2008).

1.2 Co-segregation
To assess co-segregation of the p.Val1688del with disease, 16 additional family

members were investigated from two of the larger families. As shown in figure
9, six of six affected sisters in family #14 were carriers of p.Vall688del,
whereas two healthy subjects did not inherit the variant. Similarly, in family
MON all affected members analyzed carried the deletion, including a maternal
aunt who developed cervical cancer at age 63 years and a peritoneal cancer 7
years after removal of the ovaries, in line with data suggesting a substantial
residual risk for peritoneal cancer even after salpingo-oophorectomy (Finch et
al., 2006). The mutant allele was also inherited by a proband’s cousin affected
by a non-Hodgkin’s lymphoma at age 30, thus suggesting a nearly complete co-
segregation. Assuming an allele frequency of 0.0001 and a 75% penetrance,

and considering the two families as independent, co-segregation analysis was
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performed with the Linkage package software. From the combined values of
lod-score (logio odds) of the two families, a odds ratio of 661:1 in favor of

causality we obtained.

1.3 LOH at BRCA1 Locus
To investigate somatic LOH at the BRCA1 locus, DHPLC-based identification of

the wild type and p.Vall1688del allele was performed in two tumor samples, one
breast and one ovarian cancer. In contrast to a 30% expected deletion
frequency, randomly affecting either one of the two alleles in non-BRCA tumors
(Osorio et al., 2007), both sample analyzed showed loss of the wild type allele.
This data provided a causative odds for p.Val1688del of 27.8:1.

1.4 Tumor Histopathology of p.Val1688del Carriers
Histopatologic reports of five breast cancers (one medullary, one tubular, two

ductal, and one of unknown histotype) from affected carriers disclosed features
characteristic of BRCAL tumors. Indeed, four out of five samples showed high
grade (G3) and negativity for estrogen and progesterone receptors. These
qualitative evidences further supported a pathogenic role of pVal1688del variant

in a causative odds ratio of 3.8:1.

1.5 Phylogenetic Conservation of BRCA1 Valinel688 R esidue
The deletion of the GTT that causes p.Vall688del falls within a trinucleotide

repeat. According to consensus guidelines on mutation nomenclature, the
sequence variant is named from the most 3’ GTT repetition. However, deletion
of Valinel687 or Valinel688 are synonymous events for the impairment of
protein function. In fact, both these amino acid residues fall within a well
conserved region of the BRCT domain.

To investigate the severity of the amino acid deletion, we used a multiple
alignment of 12 full-length BRCA1 sequences from different species with a
probability of pathogenecity derived from the number of substitutions occurring
during evolution in these positions, as previously determined (Tavtigian et al.,
2006). Valinel688 is substituted by an isoleucine in half of the 12 BRCAL
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orthologs, whereas Valinel687 is one of the 130 invariant positions out of 1863
amino acids throughout the 12 species considered. This evidence suggests that
Vall687 is under a strong functional constrain. Considering the constrain
position likelihood as a predictor of variant pathogenicity, two scores of 27 and
2.7 were obtained for Val1687 and Val1688, respectively. In order to reduce the
risk of false positive results, the lowest score (odds ratio 2.7:1) was used for the
subsequent integration with the odds obtained from the other independent

evidences.

1.6 Integration of Independent Odds Ratio for p.Val 1688del
Classification

Considering all the evidences obtained, we derived a combined odd of causality

under the assumption that all data sources are independent of each other,
accordingly to the approach proposed by Goldgar and co-workers. Under this
model, the likelihood ratios obtained were multiplied to obtain a final score of
349,000:1 (1.85 x 661 x 3.8 x 27.8 x 2.7) in favor of causality, thus convincingly
exceeding the minimal ratio of 1,000:1 for classification of a variant as
pathogenetic.
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Even though great efforts have been made since BRCA1l and BRCA2
discovery, the genetic factors involved in breast cancer development in the
majority of individuals who show positive family history for the disease, or have
other features strongly suggestive of predisposing germline alterations, remain
largely unknown.

A relevant fraction of families can likely be attributed to BRCA1 and BRCA2
variants that, because of their non obvious effect on the coded protein, cannot
be used for identification of predisposed individuals within families. BRCA1 and
BRCA2 unclassified variants (UVs) account for a large number of gene
sequence changes and can represent the result of up to 13% of the genetic
tests (Tavtigian et al., 2008). Therefore, the understanding of UVs pathogenetic
role is highly valuable with respect to all high-risk individuals that could take
advantage from a proper clinical management.

Among our cohort of patients, BRCA1 p.Vall1688del variant occurs in 1.5% of
families and was identified in a total of 12 families from Northern Italy.
Haplotype analysis confirmed that this variant has a common founder, whose
descendants live in a geographical region located among Padua, Vicenza, and
Rovigo (even if none of the p.Val1688del carriers were from any of these cities).
Using a number of independent evidences, we showed that p.Vall1688del is a
pathogenetic mutation affecting the BRCA1 function, likely by altering the
functionality of the BRCT domain. Indeed, Vall687 and Val1688, both of which
can be considered the target of the deletion, lie in a highly conserved region of
the BRCT domain. Accordingly, one of the first studies based on the intrinsic
transactivation activity of BRCT domain reported an impaired function for
mutants carrying the p.Val688del: this BRCA1 allele was unable to transactivate
the transcription of different target genes when fused to GAL4 or LexA DNA-
binding domains in yeast and mammalian-based assays (Vallon-Christersson et
al., 2001). In addition, very recently De Nicolo and co-workers (2009) published
a comprehensive functional characterization of BRCAL p.Vall1688del mutation.

They confirmed p.Val1688del pathogenic effect and showed that this sequence
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alteration profoundly destabilizes the BRCT hydrophobic core and compromises
protein stability and function.

The clinical data of the 12 families analyzed in our study are consistent with a
highly penetrant pathogenetic effect of p.vVall1688del. Tumors phenotypic data
highly resembled those of BRCAl-associated cancers, and ages at disease
diagnosis in all affected carriers were not statistically different from those
calculated from Italian carriers of pathogenic BRCA1 mutations (Aretini et al.,
2003). Moreover, p.Vall1688del showed a nearly complete co-segregation with
the disease.

To obtain a final assessment of p.Vall1688del pathogenicity, we used as many
different approaches as possible. Notably, most of the approaches employed,
such as co-occurrence with pathogenetic mutations, LOH, histopathology data,
and conservation analysis are much more powerful to obtain evidence in favor
of neutrality rather than causality. Therefore, in general, the higher the number
of independent approaches employed the more reliable are the results of the
analysis.

Using the approach described by Goldgar and co-workers (2004), we were able
to integrate the results from five independent evidences. Under this model, we
reached a highly significant result that, as such, can be readily translated in an
unequivocal pathogenetic role of BRCA1 p.Val1688del.

If we consider the whole cohort of our patients with BRCA1l pathogenic
mutations, p.Vall688del represents the most frequent mutation in Northeast
Italy. This will allow implementation of pre-screen tests, at least in those families
coming from specific geographical subregions. p.Vall1688 accounts for 15% of
our families with BRCA1l point mutation or few nucleotide deletions or
insertions. Therefore, a single variant accounts for a relevant proportion of
informative families comparable, for instance, with the one of major genomic
rearrangements in the same gene (Agata et al., 2006). Thanks to this study, the
genetic test of p.Val1688del can now be offered to probands’ family members to
discriminate subjects at increased risk for the disease, who can be enrolled in
the surveillance programs from non-carriers who can be spared anxiety and
unnecessary medical interventions. These data should prompt further research

in the field of BRCA1l and BRCAZ2 variants characterization of and can
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contribute to fill in the gap between families predicted to carry pathogenetic
mutations and those in which a molecular defect can actually be demonstrated.
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Project 11
Resudty & Discussion
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Resulty

2. Genomic Characterization of the Hereditary Breas t Cancer
Cell Line HCC1500

In the attempt to shed some light upon molecular alterations that affect
hereditary non-BRCA1/BRCAZ2 breast cancer, we performed a comprehensive
genomic analysis of the HCC1500 cell line, which was established from a breast
cancer occurred at age 32 in a patient with a family history of breast and colon
cancer.

After the exclusion of mutations in either of the major predisposing breast
cancer genes, we used two analytical strategies: First, we optimized a recently
described approach, named GINI (Gene Identification by NMD inhibition)
(Noesie and Dietz, 2004), to identify nonsense mutations affecting putative
tumor suppressor genes. Secondly, we performed a profile of the genomic

alterations by high resolution copy number and LOH analysis.

2.1 A Revised Strateqgy for Nonsense Mutation Detect ion

2.1.1 Evaluation of the GINI Method in the HCC1937 Cell Line

To evaluate the efficacy of the recently described GINI approach (Gene
Identification by NMD Inhibition), the HCC1937 cell line was pharmacologically
treated to inhibit the NMD pathway (Noensie and Dietz, 2001; lonov et al.,
2004). By blocking the cellular translational machinery with emetine, in the
absence of ribosome recognition of nonsense codons, UPF1 is not recruited

onto termination complex and the mRNA quality control does not occur.
PTC

UK FUIR
—

Figure 10. Nonsense TP53 mRNA . HCC1937 cells have lost the TP53 wild
type allele while the remaining allele harbors the p.R306X nonsense mutation
recognizable by the NMD pathway. PTC: premature termination codon.
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HCC1937 cells have only one TP53 allele harboring p.R306X truncating
mutation (c.916 C>T) (Figure 10). Thus, the TP53 gene was used as an
endogenous control for the evaluation of the stabilization of premature
terminating transcripts after NMD inhibition. HCC1937 cells were treated with
emetine alone, blocking translation, or with emetine and actinomycin D, leading
to a sequentially impairment of both translation and transcription. As shown in
figure 11, pharmacologically treated cells showed a high degree of stabilization
of truncated TP53 transcript compared with the untreated counterpart. Indeed,
emetine treatment alone increased up to 9-fold the presence of TP53 mutant
transcript. The combination of emetine with actinomicyn D, which was reported
to reduce the nonspecific increase of stress-induced cellular transcripts,
affected only slightly the accumulation of the reporter mRNA, leading to a 9-fold

increase of the level of premature terminating TP53 transcript (Figure 11).
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Figure 11. Real-time PCR evaluation of nonsense TP53 mMRNA
stabilization by pharmacological cell treatment. NMD-mediated
degradation of mutated TP53 mRNA was inhibited by HCC1937 treatment
with emetine subsequently followed or not by actinomycin D incubation.
Non treated cells were incubated with ethanol vehicle.
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However, the pharmacological treatment for NMD inhibition as originally
described by Noesie and Dietz, and subsequently modified, has a major
drawback causing a high background noise due to up-regulation of genes
involved in the cellular stress-response, and actinomycin D compromises
subsequent gene expression profiling due to an overall reduction of transcripts
level (Ivanov et al.,2007).

To target more specifically the NMD pathway, the expression of two core
proteins involved in nonsense transcript decay, UPFl1 and UPF2 were
transiently silenced by siRNAs. HCC1937 cells were transfected with pools of
four siRNA targeting UPF1 or UPF2, and the decrease of mRNA and protein
levels was assessed at different time points (48h, 72h, and 96h). Control cells
were transfected with a pool of non-targeting siRNAs.
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Figure 12. NMD inibition by
SiRNAs targeting UPF1 and UPF2
genes. NMD inhibition  was
achieved by alternatively knocking-
down two core proteins of NMD
pathway. A and B: real-time and
31 Western blot assessment of UPF1
and UPF2 downregulation, at
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Both real-time PCR and Western blot experiments showed a good level of gene

silencing (more than 80%) and protein amount reduction (Figure 12A and 12B).
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The degree of stabilization of the mutant TP53 transcript was then verified by
real-time PCR. Despite the low level of expression of UPF1 and UPF2 proteins,
TP53 transcript did not increased significantly (Figure 12C), and would been
probably insufficient for a microarray-based detection.

To improve nonsense transcripts up-regulation following NMD inhibition,
HCC1937 cells were co-transfected with a-UPF1 and a-UPF2 siRNAs pools
and the increase of premature terminating TP53 transcript was assessed at
longer time points (96h, 120h, and 144h). Cells were first transfected with
different concentrations of both siRNA pools, to identify the best condition. This
approach led to an appreciable improvement in mutant TP53 transcript
stabilization. Compared to control cells, downregulation of both UPF1 and UPF2
genes (Figure 13A) led to a 3.5-fold increase in TP53 mRNA level (Figure 13B).
Supporting the efficacy of our method, the siRNA-mediated downregulation of
UPF1 alone led to a lower increase in TP53 transcript level as shown in figures
13C and 13D.

2.1.2 High-Penetrance Genes in the HCC1500 Cell Lin e

Looking for new genes involved in the aetiology and progression of hereditary
breast cancer, the HCC1500 cell line, was first analyzed to exclude possible
pathogenetic mutations in BRCAL, BRCA2, and TP53 high-penetrance genes.
DHPLC and sequencing based mutational screening of BRCA1 and BRCA2
detected only an intronic variant (IVS 24-83 G>A) and a c.10462 A>G
substitution (p.13412V) in the BRCA2 gene. This missense sequence alteration
occurs in the last exon and is reported at BIC website as UV, but both its high
allelic frequency and its in silico evaluation suggest that it most likely represents
a neutral polymorphism.

The MLPA analysis did not detect any large genomic rearrangements within
both BRCA1 and BRCAZ2 loci, even though the somatic loss of one BRCA2
allele was found.

Also the analysis of the most frequently mutated exons of TP53 gene did not
unveil any sequence alteration. Thus, HCC1500 cells were considered
representative of a non-BRCA1/BRCA2 familial cancer,
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Figure 13 . NMD-inhibition by simultaneous silencing of both UPF1
and UPF2. To improve NMD inhibition, HCC1937 cells were transiently
silenced to downregulate both UPF1 and UPF2 up to 6 days. A: real-
time PCR assessment of UPF1 and UPF2 mRNA level in silenced and
control cells. B: relative expression of mutated TP53 mRNA at
corresponding time points (96h, 120h, 144h). C and D: comparatively,
HCC1937 cells were silenced only for UPF1 gene and the degree of
NMD pathway inhibition was assessed by real-time PCR measuring
nonsense TP53 transcript at 120h.
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2.1.3 NMD Inhibition in HCC1500 Cells: Looking for  Point Mutations
Optimized siRNA-mediated NMD inhibition was performed in the HCC1500
breast cancer cells and siRNAs were shown to be effective in reducing UPF1
and UPF2 gene expression up to 6 days (Figure 14).

After NMD inhibition, the search for putative premature terminating mRNAsS was
achieved through microarray-based gene expression profiling. For this purpose,
we chose to analyze the HCC1500 NMD-silenced cells at the 120 hrs, when the
control TP53 PTC-harboring transcript showed the maximum level of increase
(Figure 13B).
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Figure 14. UPF1 and UPF2 siRNA mediated knockdown i n HCC1500
cells. Real-time PCR confirmed the relevant degree of simultaneous UPF1
and UPF2 silencing in the HCC1500 cells.

Both real-time PCR and microarray analysis confirmed the good degree of
UPF1 and UPF2 genes silencing in all three replicates used to hybridize
microarrays, and highlighting the high reproducibility of the experimental setting.
Microarray data analysis led to identification of 720 genes, which were
significantly up-regulated after UPF1 and UPF2 silencing. This data set included
genes involved in ubiquitination, apoptosis, proliferation, DNA damage, amino
acids metabolism, as well as genes already reported downregulated by NMD
(Mendell et al., 2004; Wittmann et al., 2006).
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A statistical clustering analysis based on gene ontology classification (Figure
15) interestingly showed a significant enrichment in genes involved in RNA
metabolic processes (p-value 4.7 10®) among up-regulated genes. These data
could suggest a possible crosstalk between the mRNA decay pathway, or its
core factors UPF1 and/or UPF2, and other pathways related, at least to some
extent, to gene expression regulation.

Among the genes up-regulated in NMD-silenced cells, we took into
consideration those located in genomic regions with LOH, to focus our attention
on bi-allelic inactivation events (i.e. truncating mutation in one allele and LOH of
the other one), which could underline putative tumor suppressor genes. This
approach led to identification of 286 genes. To further reduce the number of
candidate genes, we prioritized those located within genomic regions
associated with breast cancer susceptibility (126 genes), whereas genes
already reported up-regulated by UPF1 or UPF2 inhibition in previous studies
(229 genes) were excluded. In addition, due to the correlation between breast
cancer susceptibility genes identified to date and DNA repair pathways, we
selected also genes involved in the maintenance of genome integrity and those
encoding proteins interacting with BRCA1 or BRCA2. This rationale-based
multiple selection strategy led to the identification of 29 genes (Table 2). Some
of these genes have intriguing functions that could well support a role in breast
cancer susceptibility. For instance, RAP80/UIMC1 is essential for the
recruitment of BRCA1 at DNA damage sites and, in recent studies, it has been
evaluated for its possible role as breast cancer susceptibility gene (Akbari et al.,
2009; Osorio et al., 2009). ZSWIM7, MUS81, and ERCCS8 directly participate in
DNA repair pathways. CDKN2AIP, GADD45G, PINX1, RINT1, and TBRG1
genes are involved in pathways that control cell growth and genome stability,

acting as tumor suppressor genes.

76



AANDR asela)sUeA18dE [RUILLIE]-N Bulie|dsip xajdwod e o1 Gunjag AeLl Agndadsns g0 18 'HOO L1 FLbEL e T
suoaunl AepioH PEX2IU pUE S0y _ . .
uoedndal 'saumongs dey- g s1afiel eyl asesjanuopua J123ds-81N1an0s wi g Aedal yNa " Alendaasns e 43 VELBLL 5l LESA
$3L0s003ua0 18 Guoyaue Jo UORR3|INU 3|NG1oJaIL Ul Pas0aul Aignoaasns £d :
a3 1e buuoy nes| [MOPI0AZILLE LT Paas|0Aul B4y 1g UDNEIALLE 3 o ELELDEL 9l THOOH
ssadoud (43n) Jedas uoisiaxa Jedau . o .
apRoaaNU U paaoall Jo1ae) uonduasuel] |gsen H)l41-8402 ayl 4o Jusuodwiad . VNG HON LSLEL Ll tHE419
3SEUR F TS MLIY ansuodsal-ssans _ . .
J0 uoneAnde saeipaly “sisoidode pue yiaolB o uonenBal ayl ul pasjoadl fredaryNg * Aigadasns e3 43 z7zhB Ve 95raavo
LOISSILISUEOINAU J0 UOIgIJuUl paanpul funnd _ q )
-{p1oe auAINgouILE-ELULLIER) wEYO Saleipall 18] [auueyd Jiuol pajei-puehi INGREEISnS BD 18 HO'T ity Bl LOHEvY
‘s3s5a70.d 4 . q b )
{31) Jiedal uoisiaxs apioaanu pue Jiedad pajdnod-uonduasue.] U pasjoaul ARTEASMT UEHEILOLIE 5 HON LELng a1 89943
Ul Aseal LiauAD Aingndaasns el 49 'HOT £zebz gl LHWNG
Hodsuen 1Blo9-H3 U pasoall Apgndadsns e5 48 'HOT AR oA gl £Q0D
shemyled Juspusdapul pue Japuadap- A d saleAlIE uiE0.d Bupaeaul geh :
4 P purp P PHENHOD A9 ESHEGHL ! -ced g ZWaW  SaveLd 'Hon L 'GERE oe dIFENHOD
s|Iydouisoa pue 5|22 Jadjay-] Alowiall 'sa1Ai0u0u0] 1o} JUeldeeoUlayd Angndadsns B0 19 'HOO FARSTA BE snlele]
anl Aipgndadsns e5 g 'HOT EETbLL oz FB2022
am Aigndaasns en g 'HOT l'lzdg gl Sgoadoaa
an Apgndadsns e g 'HOT ZErbLL 9l LBHOL LD
am Aigndaasns en g 'HOT £gzhol ¥ CagHonLa
Jiedar uoisiaxa aseq Nedal ¥ealq yhJ pUBLS-a|gnop pue w0 puens-albus Jedal yNQO celdg al W1 v
Jedal yealq g pueds-2|gnop pue puens-ajbus Jedaryyg "HOO ¥1dz g J1dv
abBueyn
usnouhd auac BLISJUY UBISh]oU| uontsod pled awep auag
. - . SWOSOWOIUD | | o1ssaadx
! 3

“laoued jsealq Ale)palay ZyoxaiL Y Iy g-uou Ul sausb pajeanoeul d1ja|[e-Ig ajepipues) "z s|qel

77



Ul pauodsal ale Uonoun) uislodd papoous Uusoly pue '(seusb Alngndsosns Jaoues 1sesld Buunodley &gissod
52 adnedall ul pedodald 120 Agndassns g0 g MIsobAZols1ay Jo S50 HOT) UoIEZUEILO LD MO 18U] B LS
UONBZIE20| [BLUOSOLICULD "UoIIgIyul (s Jeye abueyd plo) uolssalde ausf yoes 104 (penunpuos) 'z ||qel

Jiedal wyg voReuquiodas snofojoway u pasoadl Jledad yg T HO z1dyy gl LMIAASZ
sUIEYD umnbignAjod Jedad w0 'waoad Gunaelsaiu arh )
paEuUl-£g-347 spuig pue saziubooal Ajeayoads Jeul uiagold Guipuig-uinbign -1¥og "uonesydwle @ HO ¢ 5ERS be LARIN/DS4vS
aselelpAyap-g'y asoonB-4g1p Aiondaasns 8749 "HOT l'zebEL g1 Sd9L1
Ailigels |ewiosowoIya BuilleluEL Ul paAoAul 1 pUe Joyigiyul yiaoaB e se s1ae Aiondaasns 8749 "HOT TEThLL Bl 19481
anl Aiondaasns 8749 "HOT EEzblL ¥l 21als
£/|32 pajEIID O UORIUR J0 UoRELLLI) 3Ll Ul 3ja) & Aejd Aew Aiondaasns 8749 "HOT 7E Tl gl d2dd
|043U07 Jody3ayd
uno.ad Buioeiaiul ] ]
31242 (122 W0 Ul 3jod & Aejd Aew pue (002 L1Bua| alawio)al Jo) [enuassa \ 7 TEhy 07 LI
_ -050%H Mody33y3a 21242 (|22
311 o3 3y1 pue 1Gj09) 3Ul usamlag Jel] suUeIgIELL JO uone|nfial ul pasjoadl
wajoad pajejal-ased) anealsued Aiondaasns 8749 "HOT £'szbol EE EdeddiNd
Miaoe aseiallo|al spoyul Aiondaasns 8749 "HOT L'ezda g1 LM
anl Aiondaasns 8749 "HOT ErlbEL L LldHd
aseU Uaj0Id-auuoaIuyauULas uiatoud Bunae.laiuli-| v g 'HOT £y ¥l 1H120d
ulajodd uoisaype-||ad Aiondaasns 8749 "HOT L'Lzhel g1 LIHO2d
aBueyn
uonRaund ausg e840 uolIsh|au| uonlsed pled awep auag
; o ; awesowodyy
uolssaddxg

78



Despite this rational-based gene selection, most of the variants identified were
missense changes and no frameshift nor nonsense mutations were found in
HCC1500 cells (Table 3). However, the sequencing of candidate genes
highlighted three sequence variants that could impair protein function. DNAH7
gene, encoding a protein that belongs to the dynein heavy chain family, has two
missense substitutions, not yet reported in the literature, within exon 38 and

exon 43.
Gene SNP rs# | Exon MNucleotide Amino Acid
Mutation Type Change Change
APLF rs11802811 a A—G plle100val
rs35002937 B T—A p.Ser24Thr
rs2985859 12 A—G n.Glud 333G
cOG3 rsa014860 14 A—G n.GInd87GIn
rs301430% 23 C—T p.Serd2aleu
rsoB244086 23 A p.Serd2oser
r=17838586 10 A—G plled15val
rsB7 19200 1d A n.LysB250GIU
ONAHT rsB0214309 15 C—T p.Serigabser
M= a8 AT p.Asp2045Yal
M= 43 A—G 0. Glu2622Glky
rs16841018 45 A—G p lleZ809val
GABRGT rs976156 a A—G p.ThrB8Thr
= 11 T n.Arg3BEArg
HOOK2
rs35337531 15 G plLeudB2leu
MLISE T rsa34381357 a Z—T (het) n.Serl18FPhe
FHF11 rs2031532 d A pleus?leu
PIrT rs1078543 7 AT n.Ser2o4Cys
PNLIPRPS rs10736251 10 G—A pYaldsille
rs 1897419 10 A [.Arg3B2GH
rs1700490 a C—T p lle?Blle
RAPBOMLIMC rs365132 H C—h p. Thrdd8Thr
rs10475633 12 G—A p.Glyaa6GIu

Table 3. Sequence variations identified in candidat e genes. The
analysis was performed by aligning HCC1500 gene sequences to the
reference sequences deposited at NCBI database (SeqScape v2.5
software, Applied Biosystems). S: synonymous; MS: missense; het:
heterozygous.
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Both sequence variants were predicted to be damaging by in silico analysis; in
particular, the functional relevance of the Asp2045 residue is supported by its
high evolutionary conservation. Indeed, the p.Asp2045Val could impair the
AAA3 ATP-binding domain, one of the six AAA domains which form the motor
region of the protein, whereas p.Glu2622Gly could alter microtubules-binding
ability of the DNAH7 stalk domain.

The synonymous nucleotide substitution within exon 11 of the HOOK2 gene
(Table 3) failed to demonstrate any predictable effect on pre-mRNA splicing by
in silico analyses

In silico evaluation of the effect of other sequence variants (see Material and
Method section) showed that PNPLIPRP3 gene, encoding for a lipase, has an
intronic sequence variant (IVS10+15 A>C) that might affect pre-mRNA splicing
(Table 4). This intronic substitution was predicted to create a cryptic donor
splice site that, in turn, can give rise to a downstream PTC potentially
recognized by the NMD pathway. However, this in silico prediction has yet to be

experimentally confirmed.

Nucleotide Variant Table 4. Intronic variants of candidate
Gene Description genes. Intonic variants located within 30
APLE VS0 46 GoT bp from exon bo_undanes were in silico
evaluated for their effect on pre-mRNA
¢ 100rf82 V54 +13 T>C splicing. In yellow, the nucleotide variant
CCDC25 VST -9 dell predicted to alter splicing and possibly
FHF11 W38 +24 G=T creating a premature terminating mRNA.
WS2 +19 G=A Nucleotide variant description for PHF11
PIM1 WS4 26 A=G gene refers to transcript variant 1.
M58 -13 A=G
=4 +24 delT
PRLPRPS VS0 +15 A=C
SIOT2 MW3522 22 C=T
TERG VST +10 A=
RAPBO/UIMCH 512 17 G=A
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2.2 Genomic Profiling of HCC1500 cells

The genomic profile of HCC1500 was analyzed for chromosomal copy number
alterations (CNA) that could underline genes causally implicated in breast
cancer. This analysis was performed by means of the Affimetrix platform SNP
array 6.0, which allows a high resolution in copy number detection.

Overall, HCC1500 showed a high level of chromosomal instability, with a large
number of amplifications and deletions (Figure 16), some of which
corresponding to well known regions of copy number alteration in breast cancer.
Indeed, genomic instability is a feature of breast cancer, and hereditary
BRCA1/2-associated cancer in particular; breast cancer derived cell lines have
similar, even if more complex, patterns of genomic alterations (Mackay et al.,
2009).

R 0

log2 ratio

Chr 1 2 3 4 5 6 7 8 9 10 11 12 13 14 156 1617 1819202122 X

Figure 16. Genome -wide copy number profile of HCC1500 cell line . The
values of log, ratio derive from tumor hybridization intensity divided by normal
reference samples from the HapMap project of [2 million markers distributed
throughout the genome. Log?2 ratio O corresponds to the dyploid status.

Considering the large number of chromosomal alterations identified, we decided
to focus on CNAs that either narrow regions of well known aberrations or
represent focal alterations (i.e. alterations involving a small number of genes),

thus aiming at the identification of a small number of specific candidate genes.

2.2.1 Genomic Amplifications

In HCC1500 cells relevant amplifications (i.e. > 3 copies) were detected at
1943-qgter, 2q14.3, 3g26.31-qter, 49q13.1-g21.1, 7pl5, 8pl2, 80923.1-q24.13,
10p12.1-12.31, 10p15.3, 11pl4.3-pl4.1, 11913.2-q14.1, 12p13-p11.21,
17925.2-25.3, 18g21.32-g22.1, 20g13.33. Some of the amplified chromosomal
regions, such as those located at 3g26.31-qgter, 4913.1-g21.1, 7p15.1, 8pl2,
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resulted from the high level amplification of one parental allele, whereas the
other one is lost, thus suggesting the co-presence of oncogenes and tumor
suppressor genes at the same chromosomal locations.

8p11-12, 8924, 11913, and 20q13 amplicons occur in a significant fraction of
breast cancers, and each region harbors several genes that have been
implicated in breast cancer development (Teschendorff and Caldas, 2009).

At 8pll-pl2 cytoband, which is amplified in 10-15% of human breast cancers,
there may be as many as four sub-regions of amplification, raising the
possibility that there are multiple cancer-relevant genes in this region (Cooke et
al., 2008). In HCC1500 cells we succeeded in defining the minimal amplified
region to 370 kb encompassing only eight amplified genes (18 copies). Among
these, RAB11FIP1, BRF2, PROSC, and ZNF703 genes were previously
reported as candidate oncogenes, whereas the hypothesized driver gene
FGFR1 is not included. Moreover, at locus 11g13.2-q13.3 HCC1500 cells have
a minimal amplified region (9 copies) of 642 kb, including the supposed driver
oncogene CCND1.

Another focal amplification was detected at chromosome 2q14.3, where a 580
kb DNA stretch was amplified (4 copies) involving only two genes: MKI67IP and
TSN (Figure 17). MKI67IP gene encodes a nucleolar protein that interacts with
the forkhead-associated (FHA) domain of the Ki-67 antigen, a proliferation-
related protein. Interestingly, FHA domain is a phosphopeptide-binding domain
present in a variety of nuclear cellular proteins involved in DNA repair, cell cycle
arrest, or pre-mRNA processing. Interestingly, also the breast cancer
susceptibility genes NBN and CHK2 encode FHA domain-containing proteins
(Takagi et al.,, 2001). TSN is a DNA-binding protein which specifically
recognizes conserved target sequences at the breakpoint junctions of
chromosomal translocations and has been suggested to function also in DNA
damage response (Abeysinghe et al., 2003).

Furthermore, at chromosome 7p15.1 a minimal amplified region of 624 kb was
detected (5 copies). Interestingly, this CNA has its boundaries within two coding
genes, CREB5 and CHNZ2/beta chimerin (see below), and includes the
amplification of only two genes: CPVL, which encodes a carboxypeptidase first
characterized in human macrophages, and the hypothetical protein-coding
KIAA0644 gene.

82



Chr 2

120.19 Mb
125.5 Mb

L1 T I

GLI2 TSN CNTNAPS

CLASPT MKI67IP

2.00

0.00*

log2 ratio

-1.00

-2.00

Figure 17. Focal amplification at locus 2q14.3 . Identification of a small
amplified region containing only the MKI67IP and TSN genes. The graph was
generated with Partek Genomic Suite software.

2.2.2 Homozygous Deletions

The search for homozygous deletions in cancer genomes has been shown to
be instrumental to the identification of tumor suppressor genes.

Homozygous deletions involving coding genes were identified at three distinct
loci in the HCC1500 cell line (Table 5).

Minimal
Chr |Cytoband Region {kb) Genes Involved
2 q33.3 4356 PARD3E

IFMATS, IFNAS, KLHLE, INFAB, INFATZ, INFAZ,
H p21.3 38823 INFAS, IFNAT, INFET, MTAF, CDRNZA,
COKNZE, DMRTAT, ELAVLZ

22 g13.1 H8.3 GTPEF1, UNCB4E, DNALS

Table 5. Homozygous deletions . Genes inactivated by homozygous
deletion in HCC1500 cells.

In particular, chromosome 9p21.3 locus was shown to harbor a [3.9 Mb

homozygous deletion that involves KLHL9, MTAP, DMRTAl, ELAVLZ2,
CDKN2B, CDKN2A (the well known tumor suppressor gene), and eight
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members of an INF-a genes cluster. Homozygous deletions of MTAP, CDKN2A
(p16/INK4A and pl4/ARF), and CDKN2B (p15/INK4b) tumor suppressor genes
are often reported in several types of human cancers and in tumor cell lines.

Interestingly, at chromosome 2g33.3 the PARD3B gene, which encodes a
protein that co-localize at tight junctions in epithelial cells and participates to cell
polarity establishment, is completely inactivated in HCC1500 cells by a
complete deletion of one allele, while the other is inactivated by an intragenic

alteration encompassing 43.6 kb (Figure 18).
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Figure 18. Intragenic h omozygous deletion . In HCC1500 cells PARD3B is
completely inactivated by loss of one allele and intragenic 43.5 kb deletion
encompassing exons 2-10 of the other allele. Log2 ratio: tumor hybridization
intensity divided by normal reference samples from HapMap project; CN:
copy number state; RefSeq: reference sequences. Graph generated with the
Genotyping Console software (Applied Biosystems).

At locus 22q13.1 a 98.3 kb homozygous deletion determined the complete loss
of three genes: UNC84B, GTPBP1, and DNAL4. UNC84B is the human
ortholog of UNC-84 gene, encoding a protein that acts at the nuclear envelope
during nuclear migration and anchoring in C. elegans. In mammalian cells it was
found to interact with, and thus regulate, Rab5, a ras-related GTPase protein.
The other two genes, GTPBP1 and DNAL4, encode a GTP-binding protein and

a dynein light chain, respectively.
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2.2.3 Copy Number Alterations Driving Intragenic Re  arrangements

The high resolution of copy number analysis (0.7 kb on average) provided with
the SNP array 6.0 platform (Affymetrix), allowed us to undertake a third strategy
for the identification of even more focal alterations involving single genes.
Genes clearly affected by intragenic genomic rearrangements are reported in
tables 6 and 7. These genes are involved in a broad range of cell functions,
most of which have been reported in the oncogenic pathways usually subverted
in breast cancer and including: DNA repair, protein modification, cell shape and
adhesion, DNA transcription, and cell signaling.

In order to discriminate genes that might represent neutral target of genomic
instability (also referred to as "passenger alterations”) from genes whose
alteration is selected for during tumor development (i.e. "driver alterations"), this
analysis was integrated with sequence data derived from genome-wide or
candidate gene scans of breast and other cancers. Interestingly, somatic point
mutations were reported in 40% (12 out of 30) of the genes identified (The
Catalogue of Somatic Mutations in Cancer - COSMIC - described in Forbes et
al., 2008; Wood et al., 2007) (Tables 6 and 7).

Several genes among those listed represent appealing candidates for breast
cancer related genes. For example, LRP1B was found to be frequently
inactivated both via genomic or epigenetic modifications in several types of
cancer (lung adenocarcinoma, esophageal squamous cell carcinoma,
glioblastoma multiforme, acute lymphoblastic leukemia), thus suggesting a role
as tumor suppressor gene (Liu et al.,, 2000; Sonoda et al., 2004; Yin et al.,
2009; Taylor et al., 2007). Similarly, PTPRT was found frequently mutated in
colorectal and lung cancer (Wang et al., 2004 and COSMIC).
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CHNZ2/chimerin, which is an effector of the second messenger diacylglycerol
(DAG), stimulates p21rac GTPase activity leading to its inactivation (Yang et al.,
2005). CHN2 transcript levels are significantly down-regulated in human breast
cancer cell lines as well as in breast tumors. An insufficient expression level of
CHNZ2 is expected to lead to higher p2lrac activity, which acts on cell growth
and proliferation associated with the RAS protein. An impaired control on the
activity of p21rac could therefore play a role in the progression from low-grade
to high-grade tumors (Dieckmann et al., 1991). Notably, p21lrac is reported to
up-regulate the expression of cyclin D1, which we found amplified in HCC1500
cells (Yang et al., 2005).

GAS2 encodes a protein that possibly enhances p53 stabilization by its
inhibitory effect on m-calpain protease. Impaired expression of GAS2 gene
could negatively affect p53 protein accumulation, therefore contributing to a
lower cells susceptibility to p53-mediated apoptosis (Benetti et al., 2001).
Notably, also STAG1, rearranged in HCC1500 cells, is involved in p53-
mediated apoptotic process (Anazawa et al., 2004).

Of particular interest is the alteration that affects the CTNNZ2A gene, encoding a
member of catenin protein family. This genomic rearrangement causing the 3'
gene loss consists of a deletion of 3.78 Mb that does not involve any other
gene.

As shown in figure 19, some of the CNAs analyses exemplify the complexity of
copy number alterations, as also described for breast cancer amplicons at 8p12
and 11913 (Kwek et al., 2009). In particular, in a 900 kb region at chromosome
12p12.3, HCC1500 cells showed distinct contiguous amplicons, whose
boundaries fall within the coding sequence of three reference sequences. In
particular, the rearranged PIK3C2G gene (Figure 19), due to the well known
involvement of PI3K pathways in breast cancer (Leary et al., 2008), could
represent another gene whose alteration contribute to the impairment this

cancer related signaling cascade.
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Figure 19. Focal high level DNA amplification at 12  p12.3 locus. Within a
900 kb region a complex amplification determines the rearrangement of
PIK3C2G, PLCZ1, and PLEKHAS5 genes. The graph was generated with
Partek Genomic Suite software.

2.2.4 Future directions: investigation of candidate gene relevance in non-
BRCAL1/BRCAZ2 hereditary breast cancer

Due to all the evidences described above (GINI approach, focal amplifications,
homozygous deletion, and intragenic rearrangements), mutational
characterization of HCC1500 cells provided some intriguing candidate genes
that deserve further investigation (Table 8).

Combining all the evidences obtained with the genomic analyses described so
far a number of different genes have been identified that might represent
reasonable candidates with a direct role in breast cancer pathogenesis. Though
many of the alterations affecting these genes might prove functionally related to
the tumorigenic process, we sought a reclassification that could prioritize those
genes that more likely deserve further investigation. Table 8 reports a subset of
12 genes that were selected based on their previously reported involvement in
cancer and/or relevance of the biochemical pathway and /or peculiarity of the

molecular alterations (i.e. specifically pointing to single genes).
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Gene Name

Identification

Alteration in

Selection Criteria:
experimental evidences and

Strategy HCC1500 Cells . .
protein function
DMNAHY G hS, LOH bi-allelic inactivation
PNLIPRP3 G S, LOH putative PTC
TSN ChA focal amplification putative oncogenetic function
MKIETIP ChA focal amplification putative oncogenetic function
PARD3B HDO _cnmplete putatre tumor suppressar
inactivation
LRP1B CHA intagenic frequently inactivated in several
rearrangement tumor types
intagenic involved in DMNA repair process
XRCCS A rearrangerment (NHEJ)
GAS?2 CHA intagenic |nvulv¢d in the arrgst aof cell grumh
rearrangement and in pS3-mediated apoptosis
STAG1 CMA Intagenic involved in pa3-mediated apoptosis
rearrangement
CHN2/! beta CNA intagenic low expression in breast cancer;
chimerin rearrangement regulates the actwity of p21rac
PIK3C2G CMA Intagenic belong ta PIZK signaling pathway
rearrangement
PTPRT CIA intagenic frequently inactivated in same
rearrangement cancers

Table 8. Relevant genes selected for further evaluations

. With

the different analytical approaches (GINI and CNA analysis) in

HCC1500 cells were

identified several

genes with specific

alterations (MS: missense mutation; SM: splicing mutation) whose
relevance in breast cancer susceptibility and progression could be
better investigate.




Di .

In this project, we characterized a breast cancer cell line by investigating, by
means of different analytical approaches, both sequence point mutations and
DNA copy number alterations (CNAs). The HCC1500 cell line was established
from a patient who probably harbored a germline predisposing alteration, based
on a number of features including early disease onset, a first-degree relative
affected by breast cancer, and a family history for colon cancer. Involvement of
the high-penetrance genes BRCAL, BRCA2, and TP53 was specifically ruled
out by mutational screening.

Using the GINI strategy, we aimed at identifying putative tumor suppressor
genes involved in non-BRCA1/BRCA2 hereditary breast cancer predisposition
or progression and inactivated by nonsense mutations and deletions. Although
we efficiently inhibited the NMD pathway, by specifically knocking-down UPF1
and UPF2 genes, and reduced false positives results by excluding those genes
having features known to be associated with NMD targets, this approach was
not as effective as expected, with the exception of the lipase coding gene
PNLIPRP3, which had an intronic substitution predicted to alter pre-mRNA
splicing and leading to a PTC. Among the candidate genes sequenced, we also
identified two potentially deleterious missense mutations affecting DNAH7 and a
synonymous amino acid change within HOOK2.

It is now well known that NMD core factors are involved in a broad range of
distinct cellular processes, among which genome integrity and telomere
maintenance, as well as in the regulation of many classes of physiologic
transcripts (Isken and Maquat, 2008; Mendell et al., 2004). Thus, although our
NMD inhibition approach was very specific, many wild type transcripts, either
direct or indirect targets of the pathway, were stabilized and probably generated
a noisy background weakening the detection power of the GINI approach.
Interestingly, in addition to the previously known physiologic transcripts
regulated by the NMD pathway, NMD-inhibited HCC1500 cells showed a large
number of mMRNAs encoding proteins involved in the transcriptional and post-
transcriptional regulation of gene expression. Indeed, the Gene Ontology

enrichment analysis, performed on genes up-regulated following NMD
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inhibition, evidenced a statistically significant presence of transcripts assigned
to the “RNA metabolic process” (p-value 4.7(10°) and, more specifically to
genes involved in “RNA metabolic process” (p-value 2.9 10°), and “RNA
processing” (p-value 9M10™) (Figure 15, page 75). These data are consistent
with previous findings suggesting a relationship between the NMD pathway and
cellular homeostatic mechanisms (Mendell et al., 2004), and suggest a more
complex and wide relationship between the NMD pathway itself, or UPF1 and
UPF2 factors, and protein synthesis regulation.

With the advent of massive parallel sequencing technologies, which provide a
comprehensive analysis of entire cancer genomes, a more detailed portrait of
genomic alterations in breast cancer is now emerging (Teschendorff and
Caldas, 2009). The genome-wide analysis of somatic gene alterations
highlighted the presence of only a few genes frequently mutated, mainly
PIK3CA and TP53, in contrast with a larger number of genes mutated at low
frequency (Wood et al., 2007). These recent findings not only evidenced a
relatively low number of genes affected by point mutations, but also suggested
that nonsense mutations, in particular, are much less common than expected
(Wood et al., 2007; http://www.sanger.ac.uk/genetics/CGP/cosmic/). This new
light shed on the mutational spectrum of breast cancers likely contributes to
explain the apparently low efficiency of the GINI strategy in the identification of
truncated transcripts. Moreover, the GINI approach was recently used to
analyze six breast cancer cell lines (Muggerud et al., 2009). This study found
only one nonsense mutated gene in one of the cell line analyzed, thus
confirming a low frequency of nonsense mutations.

In previous studies, the GINI approach was successfully applied to
microsatellite instable cell lines that had a phenotype that highly increased the
probability of frameshift-derived PTC (Huusko et al., 2004a; lonov et al., 2004;
Ivanov et al., 2007; EI-Bchiri et al., 2005). Conversely, in a very recent work,
Buffart et al. (2009) failed to identify nhonsense mutated genes in two gastric
cancer cell lines that were not characterized by microsatellite instability.

The second approach used to identify relevant DNA alterations in HCC1500 cell
line is the CNA analysis. This analysis was performed through genome-wide

genotyping of (2 million markers (SNP Array 6.0, Affymetrix), allowing us a
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better analytical resolution compared to conventional cytogenetic techniques
and providing the means to precisely map the boundaries of CNAs and to
pinpoint relevant genes. To date, few cytogenetic studies addressed the issue
of chromosomal imbalances in non-BRCA1/2 hereditary breast tumors
(Gronwald et al., 2005; Mangia et al., 2008). In line with data on CNA frequently
found in non-BRCA1/BRCA2 breast tumors, HCC1500 cells show loss at
8p23.1-p23.3, and gain at 89g23.1-g24 and 19ql12-qgter, as well as 20q, which is
significantly associated with non-BRCA1/BRCA2 ductal carcinomas (like the
tumor of origin of the HCC1500 cell line) (Gronwald et al., 2005).

Supported by the high analytical resolution, we investigated three types of
genomic alterations that could pinpoint candidate cancer genes: small amplified
regions, homozygous deletions, and copy number alterations causing intragenic
rearrangements. The picture of breast cancer genomes that emerges from
large-scale studies is one of remarkable complexity, a feature characterizing
cell lines as well as primary tumors, in which genome copy number changes
and epigenomic modifications seem to deregulate the largest number of genes
(Korkola ang Gray, 2010).

We succeeded in identifying small altered loci, as the focal amplification at
2014.3 locus affecting only two genes, MKI67IP and TSN, both of which having
biological functions possibly compatible with an oncogenic activity. TSN protein
binds to a variety of single-stranded DNA sequences and consensus TSN
binding sites were found to be significantly over-represented near translocation
and deletion breakpoints, and it is thus suspected of mediating chromosomal
translocations in lymphoid malignancies and in solid tumors (Abeysinghe et al.,
2003). Its amplification could thus be involved in conferring a proliferative
advantage to the genomic unstable HCC1500 cells.

Among the altered genes identified, some evidences, related to their biological
function, suggest the existence of multiple alterations acting together in the
activation of common oncogenes (CHNZ2/beta chimerin rearrangenent and
cyclin D1 amplification) and likely confirming proliferative advantages, as well as
resistance to apoptosis (rearrangement at STAG1 and GAS2 loci).

Among the rearranged genes, a very high proportion (40%) was already

reported as affected by point mutations in several cancer types, thus supporting
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a direct role of some of these genes in cancer development rather than a
random accumulation of “passenger alterations”.

The evidences achieved so far at either gene and genomic level provide an
intriguing starting point for future investigations. Together, GINI approach ad
CNA analysis unveiled a subset of genes whose involvement in breast cancers
initiation and progression can be further investigated. Genes highlighted by the
searching of point mutations (PNLIPRP3, DNAH7) will be evaluate
experimentally, in the attempt to clearly establish the detrimental effect of the
sequence changes identified. Moreover, it will be interesting to evaluate
whether any of the expressed genes rearranged in HCC1500 cells give rise to
chimeric transcripts with possible oncogenic functions.

In conclusion, using a combined approach for the search of point mutations
(GINI analysis) and copy number alterations we provide evidences suggesting
that the major driving mutational mechanism in the HCC1500 cell line likely
relies on a genomic instability that leads to multiple rearrangements and/or copy
number imbalances. These data are also in line with a recently emerging
scenario in which chromosomal aberrations and fusion transcripts would play
previously unexpected relevant roles in breast cancer tumorigenesis
(Teschendorff and Caldas, 2009).

By this approach we were also able to select a reasonable number of genes
whose involvement in breast cancers is suggested by the specific mutational
events identified as well as their biological function or previously demonstrated

involvement into breast cancer pathways.
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