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TRANSMEMBRANAIRES
APPLIQUES AU TRAITEMENT DU
CANCER DU SEIN

Résumeé

Le domaine transmembranaire des récepteurs membranaires est aujourd’hui considéré comme essentiel
dans l'activation et la régulation des voies de signalisation sous-jacentes. Ceci est tout particulierement le
cas pour neuropiline-1 et -2 (NRP1/2), et ErbB2, trois récepteurs impliqués dans la croissance tumorale.
Notre laboratoire a initialement démontré qu’un peptide ciblant le domaine transmembrane du récepteur
NRP1, bloque I'oligomérisation de ce récepteur et provoque ainsi l'inhibition de la prolifération/migration des
cellules tumorales et I'angiogenése in vivo. L'objectif principal de ce travail de thése était d'élargir cette
stratégie aux récepteurs membranaires NRP2 et ErbB2, et ce, dans le contexte du cancer du sein. Mes
travaux montrent que ces peptides inhibent la pousse tumorale et les métastases associées dans différents
modéles de cancer du sein. Les effets anti-tumoraux peuvent s’expliquer par les propriétés anti-
angiogéniques et anti-prolifératives des peptides démontrées in vitro et in vivo. J'ai également disséqué le
mécanisme d’action du peptide ErbB2 et montré que le peptide inhibiteur de NRP2 induit des effets
secondaires rédhibitoires (promotion des métastases osseuses). Dans I'ensemble, mes recherches valident
le potentiel thérapeutique de cette stratégie peptidique et renforce 'idée d'un développement clinique de ces
composés. D’une terre inconnue a une terre d’espoir, le cceur de la membrane est incontestablement une
nouvelle source d’'inspiration pour le développement des médicaments de demain.

Cancer du sein, Peptides transmembranaires, Neuropiline-1, Neuropiline-2, HER2, Métastases, Etude
préclinique, Imagerie

Résumé en anglais

The role of transmembrane domains (TMD) in membrane receptor activation and regulation is nowadays
appearing as a key step of cell signaling. This has been indeed evaluated for neuropilin-1 and -2 (NRP1/2)
and ErbB2 receptors, three membrane receptors whose signaling has clearly been implicated in
tumorigenesis. Our team had demonstrated that a synthetic peptide blocking the transmembrane domain of
NRP1 blocked NRP1-dependent signaling leading to the inhibition of glioma cell proliferation/migration and
tumor associated angiogenesis in vivo. The major goal of this thesis project was to extend this novel strategy
to NRP2 and ErbB2 in the breast cancer context. Thus, | was able to demonstrate for the first time that the
use of peptides, inhibiting the TMD of these receptors, was able to inhibit tumor growth and related
metastases in vivo, in three different breast cancer mouse models that | have developed in the laboratory.
These results were supported by in vitro experiments demonstrating anti-proliferative and anti-angiogenic
properties of these peptides. Besides, | was able to dissect the mechanism of action of the peptide targeting
ErbB2 receptor in vitro and in vivo, and | provided data excluding NRP2 as a target because of an
unexpected promotion of bone metastasis. Altogether, my data offer convincing evidences to further develop
MTP-ErbB2 and MTP-NRP1 peptides as novel therapeutic compounds for patients suffering metastatic
cancers. From terra incognita to the exploration of a world of hope, the heart of the membrane is becoming a
new promising estate for drug design.

Breast cancer, Transmembrane peptides, Neuropilin-1, Neuropilin-2, HER2, Metastasis, Preclinical studies,
Imaging
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aa: amino acid

ADAM: a-dis-integrin and metalloproteinase
ADH: atypical ductal hyperplasia

Als: aromatase inhibitors
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ALP: alkaline phosphatase

AP2: adipocyte protein-2

AREG: amphiregulin

ASAT: aspartate transaminase

ASCO: american society of clinical oncology
Asn: asparagine

Asp: aspartic acid

ATM: ataxia-telangiectasia mutated gene
BACTH: bacterial two-hybrid

Baso: basophil

BRCAL: breast-cancer-susceptibility-gene-type-1
BRCA2: breast-cancer-susceptibility-gene-type-2
BTC: betacellulin

CAM: chick chorio-allantoic membrane
CDHZ1: cadherin-1

CHEK2: checkpoint-kinase-2-gene

CK18: cytokeratin-18

CK8: cytokeratin-8

CMC: critical micellar concentration

COUP-TFII: chicken ovalbumin upstream promoter

transcription factor-2

COX-2: cyclooxygenase-2

CP: core peptide

Creat: creatinine

CT: computed tomography

CUB: complement C1r/C1s, Uegf, Bmp1l
CXCR4: chemokine receptor-4

CyA: adenylate cyclase

DA: dimerization arm

DCIS: ductal carcinoma in situ

DMEM: dulbecco's modified Eagle medium
DMPC: di-myristoyl-phosphatidyl-choline
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DOPC: di-oleoyl-phosphatidyl-choline

DR: dopamine receptor

DSB: double strand breaks

ECD: extracellular domain

ECGS: endothelial cell growth supplement
ECM: extracellular matrix
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EGF: epidermal growth factor

EGFR: epidermal growth factor receptor
EHS: engelbreth-holm-swarm

EMT: epithelial-to-mesenchymal transition
Eosino: eosinophil

EPG: epigen

EpoR: erythropoietin receptor

ER: estrogen receptor






ER: estrogen receptor

ErbB: epidermal growth factor receptor
ErbB2: epidermal growth factor receptor-2
EREG: epiregulin

ERK: extracellular-signal-regulated-kinase
FACS: fluorescence activated cell sorting
FAK: focal adhesion kinase

FCS: fetal calf serum

FDA: food and drug administration

FGF: fibroblast growth factor

FGFR: fibroblast growth factor receptor
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FRET: Forster resonance electromagnetic transfer
FSH: follicle stimulating hormone
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GnRH: gonadotropin-releasing hormone
GPA: Glycophorin-A

GPCR: G protein coupled receptor
GRAVY: grand average of hydropathy
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HB-EGF: heparin-binding-EGF

HB-FGF: heparin-binding-FGF
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HCV: hepatitis C virus
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HER2: human epidermal growth factor receptor-2
HGB: hemoglobin

HIV: human immunodeficiency virus
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I) Breast cancer

I1.1) Facts and Statistics

Breast cancer is considered to be one of the leading causes of death among women. In France
50 000 women are diagnosed with breast cancer each year (Soria et al., 2012). According to the
GLOBOCAN study in 2008 breast cancer has the highest incidence and mortality among most
frequent cancers in women (incidence rate of 39 per 100 000 individuals and a mortality rate of
12 per 100 000 individuals) (figure 1). The high incidence and mortality of this disease make
breast cancer one of the most relevant health problems in our society. Incidence of breast
cancer is closely related with the world region and can reach a fivefold difference. Indeed,
lowest incidences are recorded in Asia and in Africa with less than 32 women in 100 000,
intermediated incidences are recorded in South America and Eastern Europe with more than 70
women for 100 000 and similar incidences are recorded in Ousters Europe and North America
(Nkondjock and Ghadirian, 2005). In France breast cancer incidence has doubled since the 80s,
whereas mortality has decreased by 13% (Institut National du cancer, 2011). This can be
partially attributed to the national breast cancer diagnosis campaign in France educating
women about the risks of breast cancer, and ensuring that women are being screened. Between
2003 and 2010 women participation rate to this campaign increased from 33% to 52.7% (Institut
National du cancer, 2011), meaning that widespread screening programs allowed improved
diagnosis and coverage of breast cancer with the consequent higher rates of curability. Breast
cancer related deaths are mainly due to the incurable nature of metastatic breast cancer. The
prognosis for metastatic breast cancer (MBC) is very poor, with an estimated 5 years survival
not exceeding 26% (Lu et al., 2009). The probability of death from localized breast cancer (in situ
breast cancer) ranges from 0.03 to 0.1 and this probability is considerably worsen for patient
with distant disease, 0.70 to 0.85 (Schairer et al., 2004). Since breasts are not essential to
sustain life surgery is offering a radical but efficient therapeutic option. Thus breast cancer cells
inflict their lethal effect when they metastasize to distance organs: the bone, lungs, liver and
brain. For example in bones, the most common organ affected by metastatic breast cancer
(MBC), cancer cells will modify the local microenvironment by recruiting and modulating the

activity of the host cells. Osteoclasts will be activated resulting in osteolytic lesions which will be
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associated with bone pain, pathological fractures and cord compression (Hussein and
Komarova, 2011). Hence, the death of woman due to breast cancer remains a sobering fact and

indicates the need to develop new strategies and therapeutic tools.

1.2) Anatomy

The breast lies on top of the pectoralis major muscle, which is supported by and attached to the
front of the chest wall on either side of the sternum by fibrous strands called Cooper’s ligament.
The mammary gland is composed of connective tissue, fat tissue and the mammary gland. This
latter encloses 15 to 20 lobes further divided into terminal ductal lobular units (TDLU). This
functional unit of the breast is formed by the extra-lobular terminal duct and the lobule. Mature
mammary ducts and lobules consist of an inner layer of luminal epithelial cells (or luminal cells)
and an outer layer of myoepithelial cells wrapped by a basement membrane (figure 2). The
epithelial cells produce and secrete the milk, the primary function of the breast. The milk is
therefore produced within the lobule and carried to the nipple by the ducts. Each lobe has a

collection of ductal lobular units (TDLU) surrounded by connective tissue.

In contrast, mouse mammary gland harbors less connective tissue but more adipocytes, and a
clear difference in the ductal tree architecture (figure 3). Nevertheless, numerous evidences

points to a striking similarity between species in the cellular organization (Visvader, 2009).

I.3) Mammary gland development

The mammary gland is submitted to continuous multiple changes during lifespan from
embryogenesis to pregnancy. Two periods can be discriminated in the mammary growth, one
independent of hormone throughout embryogenesis up to puberty and the second is hormone
dependent thereafter (Brisken and O’Malley, 2010). During embryogenesis the mammary bud
develops from the invagination of the placode into the underlying mesenchyme. The placode is
composed of layer of lens-shaped cells which thicken the surface of the ectoderm (Cowin and
Wysolmerski, 2010). Then the sprouting of the mammary buds creates a network of branched
ducts and forms a rudimentary ductal tree gland. After birth, the mammary development is
relatively inert until puberty (Watson and Khaled, 2008). Indeed, the majority of development of

the mammary gland occurs through puberty and pregnancy under the guidance of ovarian
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hormones, growth hormones and growth factors. During puberty under the cyclical production
of ovarian estrogen and progesterone, the ducts will elongate and terminal end buts (TEB) will
form within the mammary fat (Fantozzi and Christofori, 2006). These TEB appear at the tip of
the ducts (figure 4) and will represent the invading front of these, in parallel side branching and
proliferation increase importantly (Watson and Khaled, 2008). Following puberty, the adult
gland remains relatively quiescent until pregnancy. In the mature gland the entire fat pad is
filled with primary and secondary ducts, which develop and involutes within each estrous cycle.
During pregnancy under the guidance of progesterone, prolactin and placental lactogens
mainly, the mammary epithelium undergoes further development and morphological changes
such as lactational differentiation, alveologenesis and sustained proliferation, all of these
mechanisms preparing the secretion of milk (Fantozzi and Christofori, 2006; Watson and Khaled,
2008). During this period, blood supply is also increased thanks to the induction of angiogenesis.
Moreover, during pregnancy the developing gland is resistant to apoptosis to fight against
precipitate involution. After pregnancy and lactation, the loss of sucking stimuli initiates the
mammary gland involution into a normal adult gland by apoptosis and re-differentiation
(Brisken and O’Malley, 2010; Hynes and Watson, 2010). This causes massive cell death to
restore a simple ductal structure again underlying an accurate balance of opposite signaling
during the beginning of pregnancy and involution. Remarkably, during the multiple changes of
the mammary gland development, mechanisms such as proliferation, invasion, angiogenesis,

apoptosis, which are induced in response to hormones, are all involved in breast tumorigenesis.

1.4) Breast cancer risk factors

Most of the known breast cancer risks are listed in table 1. Among them, besides being a
female, age is the most important risk factor. Indeed, between 20 and 70 years olds the
probability of women to develop invasive breast cancer is multiplied by 16 (American cancer
society Breast cancer facts and figures (2011-2012)). About 5 to 10% of breast cancers are
hereditary (World Health Organization (WHQO)) and among the most common genetic mutations
are breast cancer susceptibility gene type 1 and 2 (BRCA1 and BRCA2) increasing the risk of
developing breast cancer to 80% (WHO). Less frequent genes mutations include: ATM ataxia-

telangiectasia mutated gene (ATM), which encode a protein kinase playing a role in the
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Relative
Risk Factor

=4.0 * Age (65+ vs. <65 years, although risk increases
across all ages until age 80)

* Biopsy-confirmed atypical hyperplasia

» Certain inherited genetic mutations for breast
cancer (BRCAT and/or BRCAZ)

* Mammographically dense breasts
* Personal history of breast cancer

2.1-4.0 * High endogenous estrogen or testosterone levels
* High bone density (postmenopausal)
* High-dose radiation to chest
* Two first-degree relatives with breast cancer

1.1-2.0 * Alcohol consumption
* Ashkenazi lewish heritage
* Early menarche (<12 years)
* Height (tall)
» High socioeconomic status
* Late age at first full-term pregnancy (=30 years)
* Late menopause (>55 years)
* Never breastfed a child
= Mo full-term pregnancies
* Obesity (postmenopausal)/adult weight gain
* One first-degree relative with breast cancer

= Personal history of endometrium, ovary,
or colon cancer

* Recent and long-term use of menopausal hormone
therapy containing estrogen and progestin

* Recent oral contraceptive use

Table 1: Factors increasing the risk for breast cancer in women (American cancer society Breast

cancer facts and figures (2011-2012))



activation of cellular responses to DNA double-strand breaks (Goldgar et al., 2011); TP53, a gene
that codes for a tumor suppressor protein (p53) (Bgrresen-Dale, 2003); CHEK2 or checkpoint
kinase 2 gene, coding for an important signal transducer protein of cellular response to DNA
damage (Nevanlinna and Bartek, 2006); PTEN or phosphatase and tensin homologue gene,
encoding a protein phosphatase that negatively regulates PI3K/Akt signaling, a pathway
involved in promoting cell cycle progression and survival (Haiman et al., 2006); CDH1 or
cadherin 1 gene, encoding for a protein essential for the formation and maintenance of
epithelia, it's suppression results into cellular architecture abnormality and loss of tissue
integrity leading to local invasion (Pedina-Slaus, 2003). Each gene mutation leads in turn to

molecular pathogenesis of breast cancer.

Breast cancer risk factors are ranked thanks to relative risk, which is defined by the risk of
disease among a population with a specific exposure to the risk among people without that
exposure. If the relative risk is below 1.0 there is an inverse relation between the exposure and
the disease whereas if the relative risk is higher than 1.0 there is a clear higher risk among the

population expose than the unexposed population (table 1).

I.5) The process of tumorigenesis

The concept of cancer is a multistep progression, resulting from the accumulation of mutations.
According to Hanahan and Weinberg the process of tumorigenesis is a manifestation of
essential alterations switching the cell towards a malignant phenotype which include: sustaining
proliferative signaling, evading growth suppression, avoiding immune destruction, enabling
replicative immortality, tumor-promoting inflammation, activating invasion and metastasis,
inducing angiogenesis, genome instability and mutation, resisting cell death, and deregulating
cellular energetics (Hanahan and Weinberg, 2011). For most epithelial cancer, including breast
cancer, there is evidence of a traditional linear histologic progression from benign to malignant
stages consisting for breast cancer of a progression through normal epithelium to hyperplasia,
atypical hyperplasia, pre-invasive carcinoma in situ, to invasive ductal carcinoma and finally
metastatic disease. The progression from normal to hyperplasia is a step characterized by an

increase in growth of the cells. In atypical hyperplasia in which cells are hyper-proliferative and
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the epithelium begins to pile up, abnormal cells can either be found in the breast lobules
(atypical lobular hyperplasia) or in the breast ducts (atypical ductal hyperplasia). In the same
way pre-invasive carcinoma in situ can be localized rather in the duct or lobules giving rise to
ductal carcinoma in situ (DCIS, representing about 80% of all in situ breast cancers) or lobular
carcinoma in situ (LCIS, representing the remaining 20% of in situ carcinomas) respectively.
Compared to earlier states, in situ carcinomas are described by further growth and the
appearance of increased histological and biological diversity. The transition from in situ to
invasive carcinoma is defined by the ability of cells to escape from the lobular or ductal
compartment. When cells are able to escape from the primary tumorigenic environment and
seed into a distant organ the metastatic disease is then taking place (Allred and Medina, 2008).
In this classic linear model proposed by Wellings and Jensen (Wellings and Jensen, 1973), in
which progression occurs sequentially, the postulates are that: a) DCIS is a direct precursor of
invasive ductal carcinoma (IDC) and that b) atypical ductal hyperplasia (ADH) is a direct
precursor of DCIS, but the progression of each precursor is non-obligatory. Since then, several
models have been proposed to describe the progression from benign to malignant stages based
on immunohistological, morphological and epidemiological studies. In the figure 5, beside the
linear model, a nonlinear “branched” and “parallel” models are proposed to explain the
progression from normal epithelium to invasive breast carcinoma (Kaur et al., 2013). In the
branched model DCIS is a progenitor of IDC and can be sub-classified into low grade,
intermediate and high grade. Each sub-class of DCIS can be its own precursor or the precursor of
the corresponding grades of invasive breast cancer. Whereas, the postulate of the parallel
theory is that DCIS and IDC derived from a common progenitor cell and the different grades of

DCIS and IDC progress individually and in parallel.

1.6) Diagnosis

A triple diagnosis is required for an accurate and rational examination. It is based on clinical,
radiological and pathological criteria (WHO guidelines, National Comprehensive Cancer Network
(NCCN) guidelines). In the clinical criteria the diagnosis is based on a systematic inspection and
palpation of the breast and the locoregional lymph nodes (axilla, infra- and supraclavicular

fossa, see figure 6). A mammography is effectuated in first line for the radiological criteria,
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Figure 7: Evolution of tumor breast staging (www.medinfo.ned)




indeed 90% of breast cancers can be detected on mammograms (NCCN guidelines), ultrasounds
and magnetic resonance imaging (MRI) can eventually be supplemented. For the pathological
diagnosis a core needle biopsy (a very common approach for which large testing sample is

available) or a fine needle aspiration (removal of small cell amounts) is manually effectuated.

1.7) Classification of breast cancer

Breast cancer is a very heterogeneous disease and classification is useful for treatment and
prognosis. Several classifications exist using different criteria and include histological type,

tumor grade, tumor stages and molecular classification.

1.7.1) Histological classification

This classification is based on the morphological characteristics, architectural features and
growth patterns of the tumor cells when using a microscope. Histological breast cancers types
are roughly categorized into in situ and invasive carcinoma. The identification of the localization
of the tumor further discriminates in situ carcinoma into lobular (LCIS, lobular carcinoma in situ)
and ductal (DCIS, ductal carcinoma in situ). While lobular carcinoma in situ has low histological
variation ductal carcinoma in situ is further subdivided into comedo, cribiform, micropapilary,
papillary and solid type. Interestingly, in the case of mice, comedo and cribiform sub-types were
observed in the MMTV-NeuNT mouse model of breast cancer used for in vivo studies. Comedo
ductal carcinoma in situ is composed from the center to the duct wall of cell debris (from
necrosis), dying cells and living cells lying on the basement membrane. Cribiform sub-type in
situ carcinoma exhibits a lumen in the center of the duct, which is surrounded by cancer cells in
which small holes are founded. Invasive carcinoma is also subdivided, this breast cancer type
include six subgroups comprising ductal and lobular invasive carcinoma here again based on the

localization of the tumor within the mammary gland (Malhotra et al., 2010).

1.7.2) Tumor grade

As histological classification, the breast cancer grading refers to the characteristics that tumor
cells exhibit under a microscope. The Bloom-Richardson system is used for grading breast
cancers. Here the notion of differentiation is highly important. Indeed, there are 3 degrees of

severity of differentiation status of the tumor cells; the grade 1 or G1: the cells are well
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T (Tumor) N (Lymph Node) M (Metastases)

X

Tx: Primary tumor cannot be assessed

TO: No evidence of primary tumor

Tis: Carcinoma in situ: ductal (DCIS) or lobular (LCIS)
carcinoma, or Paget’s
disease of the nipple with no tumor

T1: Tumor £2cm
mic<0.1cm,a. 0.1<x<0.5cm,b.0.5<x<1cm,
c.1<x<2cm

T2: Tumor 2cm<x<5cm

T3: Tumor <5cm

T4: Tumor of any size with direct extension to the
chest wall or skin

a. Extension to chest wall not including pectoral
muscle

b. Oedema, including “peau d’orange”, ulceration
of the skin or satellite skin nodules confined to the
same breast

c. Both a and b, d. Inflammatory carcinoma.

cNx: Regional lymph node cannot be assessed

c¢NO / pNO: No regional lymph node metastasis

cN1: Metastasis to movable axillary lymph node
pN1: Tumor growth to 1 to 3 axillary lymph nodes
pN1mi: Lymph node tumor £ 2.0 mm

cN2: a. Metastasis to axillary lymph node fixed to one another or
matted to other structures

b. Clinically-apparent internal mammary lymph node in the absence of
clinically-evident axillary lymph node metastasis

pN2: Tumor growth to 4 to 9 axillary lymph nodes

cN3: a. Metastasis to infra-clavicular lymph node

b. Clinically-apparent internal mammary lymph node in the presence of
clinically-evident axillary lymph node metastasis

c. Metastasis to supraclavicular lymph node with or without axillary or
internal mammary lymph node involvement

pN3: tumor growth to 10 or more axillary lymph nodes or lymph nodes
in other areas around the breast

Mx: Metastases
cannot be assessed

MO: No apparent
metastases

MO: No apparent
metastases

MO: No apparent
metastases

MO: No apparent
metastases

MO: No apparent
metastases

M1: Distant
metastases

Table 2: TNM classification. “c” for clinical stage, “p” for pathologic state (WHO guidelines; NCCN guidelines; Soria et al., 2012)



differentiated (low grade), the grade 2 or G2: the cells are moderately differentiated
(intermediate grade) and the grade 3 or G3: the cells are poorly differentiated (high grade).

Outcome of the disease is therefore correlated to the grade (Bloom and Richardson, 1957).

1.7.3) Tumor stage (TNM)

The tumor-node-metastases (TNM) staging classify tumor within 5 stages. This staging offers
information about the extent of the disease in distant organs and will also lead the treatment.
Remarkably no unique staging system exists, for lymph node staging two sets of category are
described (NCCN guidelines), the clinical staging marked with the letter “c”, and the pathologic
stage marked with the letter “p” (the later based on the number of axillary lymph node
colonized by the cancer cells). Representative images of tumor stages from T1 to T4b are
illustrated in figure 7. Stage 0 describes non-invasive breast cancers as in ductal carcinoma in
situ (DCIS) and lobular carcinoma in situ (LCIS). Breast cancers are labeled Tis as described in
table 2 and do not produce metastasis to lymph node nor distant sites. Stage | designates
invasive breast cancer which is divided in two subcategories: la includes small cancer, the tumor
is no more than 2 cm and has not spread to lymph nodes; Ib the tumor is present or not (in any
case size is less than 2 cm), very small breast cancer cells are found in the axillary lymph nodes
(£ 2.0 mm). In both categories cancer cells have not metastasized to distant organs. Stage Il is
divided into subgroups known as lla and Ilb. Tumor size is not above 5 cm and tumor cells may
or may not have spread to axillary lymph nodes. Stage Il is divided into three groups llla, lllb
and llic. No evidence of tumor can be described or tumor size is not above 5 cm but tumor cells
have spread at least to 1 axillary lymph node. In Stage IV breast cancer cells have metastasized
to distant sites. Then, information from each category allows a stage grouping, which is

presented in the table 3.

1.7.4) Receptor status

Breast cancer can also be classified based on immunohistochemistry profile of the presence or
the absence of estrogen receptor (ER), progesterone receptor (PR) and epidermal growth factor
receptor 2 (ErbB2) expression. The diverse groups are composed of the three receptors giving

rise to eight subtypes, the composition of the subtype provides both a therapeutic and a
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Ila T1 N1 MO
T2 NO MO
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T3 NO MO
TO N2 MO
T1 N2 MO
lla T2 N2 MO
T3 N1 MO
T3 N2 MO
T4 NO MO
b T4 N1 MO
T4 N2 MO
llc Any T N3 MO
\Y Any T Any N M1

Table 3: Stage grouping of breast cancer (WHO guidelines; NCCN guidelines)



prognostic information, moreover there are considerable differences in survival and tumor

characteristics among the eight subtypes (Onitilo et al., 2009; Parise et al., 2009).

I.7.5) Molecular classification

Based on cDNA microarrays analysis, six molecular breast cancer subtypes have been
determined, with the most important determinants of these subtypes being the presence or
absence of expression of the estrogen receptor (ER) or the progesterone receptor (PR), or the
amplification/overexpression of the ErbB2 locus. Nevertheless, the number of clearly different
molecular phenotypes observed among the breast tumors is not, so far, clearly established,
suggesting that we are far from having a complete picture of the diversity of breast tumors.
Molecular classification is still a model in development that requires improvement and
standardization (Perou et al., 2000; Raica et al., 2009; Visvader, 2009; Eroles et al., 2012; Prat
and Perou, 2011).

.7.5.1) Normal-like subtype

As their name implies, normal-like subtypes have similar expression pattern to normal breast
tissue (as adipose tissue, basal epithelial cells and a few epithelial characteristics). The

significances of this subtype has still to be clearly established (Peddi et al., 2011).

1.7.5.2) Luminal A and Luminal B subtype

Luminal breast cancers are characterized by luminal epithelium genes, proteins such as
cytokeratin 8 (CK8) and cytokeratin 18 (CK18) are spotted. Luminal tumors express ER and/or PR
receptor and are HER2 negative. Within the luminal cluster there are at least two subtypes,
luminal A and luminal B. Luminal A subtype is less proliferative (low protein expression of Ki67)
than Luminal B subtype. Luminal A subtype has also a better clinical outcome compared to
luminal B subtype. Indeed luminal B type breast cancers are more aggressive and are usually of

high tumor grade (Raica et al., 2009).

1.7.5.3) Her2 subtype

Here the expression of CK8/CK18 is heterogeneous and moderate; this subtype is frequently

associated with DCIS. The tumors are characterized by high expression levels of ErbB2 and/or
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Table 4: Therapeutic options for breast cancer by stage (Maughan et al., 2010b)



overexpression of genes associated with the ErbB2 pathway. In addition, HER2 subtype present
usually low ER expression, they are more likely to be of high grade and are poorly differentiated,

hence leading to a worse prognosis (Raica et al., 2009; Brenton et al., 2005).

.7.5.4) Claudin-low subtype

This subtype is characterized by the low gene expression of luminal markers and low expression
of tight junction proteins such as claudin 3, 4 and 7, and E-cadherin, a calcium-dependent cell-
cell adhesion glycoprotein. On the other hand they present high expression of epithelial-to-
mesenchymal transition (EMT) markers, and cancer stem-cell-like features. The majority of
claudin-low subtype are triple negative tumors and are of poor prognosis as well (Prat et al.,

2010; Peddi et al., 2011).

I.7.5.5) Basal-like subtype

Such as normal-like subtype, basal subtype was so named because the expression pattern
mimics that of basal epithelial cells. They are indeed characterized by the expression of CK5/6
and/or EGFR. This subtype is commonly associated with triple negative breast cancer (TNBC)
therefore not expressing estrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER2), they also show a high rate of p53 and BRCA1
mutation. These tumors are aggressive and present higher likelihood of being of high grade with

poor prognosis (Raica et al., 2009; Brenton et al., 2005; Peddi et al., 2011).

1.8) Treatment

Once breast cancer is diagnosed, the treatment is impossible to generalize because there are so
many different sets of circumstances. Treatment decision takes into account different factors
such as the age of the patient (more or less than 35), the type and stage of the breast tumor,
menopause and the presence or not of hormone receptors. Treatments used for breast cancer
include; surgery, chemotherapy, radiotherapy, hormonotherapy and targeted therapy. These
latter either being neoadjuvant and/or adjuvant (usually primary therapy is surgery) (NCCN
guidelines, WHO guidelines, Soria et al., 2012). Treatment decision can be based on stages of

breast cancer and the different therapeutic options are presented in table 4.

15



Localized tumor*

Negative surgical margins

Mo diffuse (inflammatory) or multicentric cancer

Mo malignant-appearing mammographic abnormality after surgery

Mo previous radiation therapy to the breast or chest wall (precludes further
radiation therapy)

*—large tumor size in small breast may predude the benefit of breast-conserving
surgery (relative contraindication)).

Table 5: Qualifying factors for consideration of breast cancer conserving surgery in the

treatment of breast cancer (Maughan et al., 2010a)



1.8.1) Surgery

Most women with breast cancer will require surgery (> 80% of women diagnose with breast
cancer according to the National Cancer Intelligence Network (NCIN) guide), this is generally the
primary therapy. There are two well established surgical procedures for breast cancer; breast

conserving surgery and mastectomy.

Pre-operative assessment of the size and extent of the tumor is crucial for determining whether
breast conservation surgery is an alternative to mastectomy. Importantly the patient choice is
also essential, qualifying consideration of breast cancer conserving surgery are presented in the
table 5. In a lumpectomy the surgeons removes only a lump of the breast containing the

cancerous area and surrounding margin of the normal tissues. In a partial mastectomy, the area

of tissue removed is greater than in a lumpectomy but less than in a guadrentectomy, in which

one-fourth of the breast is removed. In both cases the cancerous tissue and the surrounding
margin of normal tissues is removed. The conservative surgery has the aim of preserving a

normal breast appearance after surgery.

When a very large part or the entire breast is removed the surgery is called mastectomy.
Depending on the tissues removed one can distinguish four different types of mastectomy. In

simple mastectomy the surgeon removes the whole breast including the nipple without

removing lymph nodes or the pectoral muscle. Modified radical mastectomy involves the

removal of all the breast tissue with the nipple and lymph nodes in the armpit, here again no

muscle is removed from the beneath the breast. In radical mastectomy the surgeon removes

the entire breast with lymph nodes and the chest wall muscles under the breast, resulting in the

most extensive type of mastectomy. Finally in the subcutaneous mastectomy, while the entire

breast tissue is removed the nipple is left intact.

1.8.2) Chemotherapy

Chemotherapy plays an important role in treatment and improves patient outcome (Swain,
2011). It is given in cycles of treatment, which vary in length according to the drug.

Chemotherapy can be given alone mainly in case of hormone-negative breast cancers and HER2
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Development

Toxicities
stage

Neutropenia, leukopenia, anemia, febrile

: o .
Cabazitaxel (Jevtana®) Sanofi Phase Il \Y e sy, e, e, fslaiE
Nab-paclitaxel Abraxis bioscience/  FDA-approved " Neutropenia, TNGGT, peripheral

(Abraxane®) Celgene (2005) neuropathy, weakness
DJ-927 (Tesetaxel®) Genta Phase Il PO Neutropenia, sepsis, diarrhea, lethargy

EndoTAG + paclitaxel

(EndoTAG®-1) MediGene Phase |l v Neutropenia, chills and fever
XRP9881 (Larotaxel®) Sanofi Phase Il v Neutropenia, neuropathy, diarrhea
Polymeric-micellar AT EaE D Phase Il v Neutropenia, neuropathy, arthralgia,

paclitaxel (Genexol-PM®) hypersensitivity

Table 6: Novel taxane formulation in breast cancer (Yared and Tkaczuk, 2012)



negative breast cancers. It is usually preceding or complementary to hormone or targeted
therapies when the tumor harbors ER, PR and/or HER2 receptor (Turner and Jones, 2008; Soria
et al., 2012). Neoadjuvant chemotherapy is usually given to patient with locally advanced breast
cancer downsizing the local tumor and therefore facilitating breast-conserving surgery. Most

commons chemotherapies include taxanes and anthracyclines.

1.8.2.1) Taxanes

Taxanes are usually given when lymph nodes are colonized (Soria et al., 2012), these drugs are
antineoplastic agents that stabilize microtubule by binding to the interior surface of the beta-
tubulin subunit of microtubule, leading to a cell-cycle arrest, altered mitosis and in turn induce
cellular death (Oakman et al., 2009; Yared and Tkaczuk, 2012). Docetaxel (Taxotere®) and
Paclitaxel (Taxol®) are the most commonly used drugs but recently novel second-generation
taxanes have been discovered (Yared and Tkaczuk, 2012) (table 6). Typical course of treatment

is presented in the table 8.

1.8.2.2) Anthracyclines

This antibiotics drug class is very common and is the standard adjuvant chemotherapy for breast
cancer (Turner and Jones, 2008; Soria et al., 2012), Doxorubicin (Adriamycin) and Epirubicin
(Ellence) are the most common anthracycline in clinical practice (Robson and Verma, 2009).
Anthracyclines have multiple mechanism of action: 1) they form complexes with DNA by
intercalating between base pairs; 2) they inhibit topoisomerase Il (Moreno-Aspitia and Perez,
2009; Minotti et al., 2004); 3) they bind to DNA and induce alkylation; 4) they generate free
radicals leading to DNA damage or lipid peroxidation; all these mechanisms impair DNA
replication and repair, thereby leading to apoptosis. The usefulness of anthracyclines are limited
by cardiotoxicity (Petit, 2004). Novel anthracycline formulation include tumor targeted
formulation consisting for example of liposomal and pegilated formulation and analog

molecules. Typical course of treatment is presented in table 8.

Numerous other chemotherapy drugs can also be used for treating breast cancer. For example,
alkylating agents induce intra and inter DNA strand biding, damaging DNA, which in turn

abrogates cell cycle and induce cell death. The most common DNA damaging agents are
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cyclophosphamide and platinum derivatives such as Carboplatin and Cisplatin (Oakman et al.,
2009). Anti-folates inhibit several enzymes in the synthesis pathway of purines and pyrimidines
(Chu and Lu, 2008a). Taxoids are a class of drug derivatives from taxol, for example larotaxel

(XRP9881) harbors an activity against taxane-resistant breast cancer (Chu and Lu, 2008a).

1.8.3) Endocrine

As mentioned above breast cancer can be classified according to hormone status. Endocrine
therapy is used in ER positive breast cancer patients, as these breast cancers are reliant on
estrogen for growth. From puberty, the ovaries produce estrogen but after menopause
estrogen are converted from androgen by aromatase. Endocrine treatments prevent either the
production of estrogen from ovaries or block estrogen actions. There are three classes of
hormonal treatment: aromatase inhibitors, gonadotropin-releasing hormone agonists and
selective estrogen receptor modulators (Endocrine Treatments for Breast Cancer; Maughan et

al., 2010a).

Aromatase inhibitors (Als), as named, inhibit de production of estrogens from androgens
blocking aromatase. They are used as first line adjuvant therapy for ER positive breast cancers in
postmenopausal women. Common Als in the treatment of breast cancer include Anastrozole
(Arimidex), Exemestrane (Aromasin) and Letrozole (Femara), their typical course of treatment is

indicated in the table 8 (Maughan et al., 2010b; Chumsri et al., 2011).

Gonadotropin-releasing hormone (GnRH) is secreted by the hypothalamus. In response to GnRH
the pituitary gland produce luteinizing hormone (LH) and follicle stimulating hormone (FSH),
two hormones regulating the production of estrogens by the ovaries. Importantly LH secretion
from the pituitary gland requires a pulsatile secretion of GnRH, and GnRH agonist mechanism of
action through constant infusion of GnRH causes a down regulation of GnRH receptor
concentration. Basically, GnRH regulates its own production in the hypothalamus. The pituitary
gland is then desensitized, ovaries do not receive gonadotropin stimulation and estrogen is not

produced in turn (Magon, 2011). Goserelin (Zoladex) is a common GnRH agonist used in breast
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cancer and is given subcutaneously (Maughan et al.,, 2010b) due to molecule destruction if

administrated orally.

Selective estrogen receptor modulators (SERMs) are the reference therapy for premenopausal
women. These molecules bind estrogen receptor and alter receptor conformation inhibiting the
proliferative effects of estrogens that are mediated through the estrogen receptor. Tamoxifen
(Nolvadex) is the most common and successfully SERM used in the treatment of ER positive
breast cancers, Tamoxifen is cytostatic and induces a G1 cell cycle block (Osborne et al., 2000).

Endocrine mechanism of resistance includes cell switching from ER positive to ER negative,

acquired mutation resulting in dysfunctional forms of ER and overexpression of cyclin D1.

1.8.4) Targeted therapy

| will review here the most recent molecular targets in breast cancer targeted therapy. These
therapies fight against three hallmarks of breast cancer detailed above, the inhibition of
proliferative signaling (targets include here ErbB family and signaling), interfering with DNA

repair pathways (BRCA1, BRCA2) and anti-angiogenic therapy.

1.8.4.1) Inhibition of proliferative signaling

1.8.4.1.1) Targeting ErbB family

Epidermal growth factor receptors are members of the transmembrane tyrosine kinase
receptors family. Once activated the signal transduction cascades promote cellular proliferation
and survival through two main pathways: Ras/raf/MAPK and PI3K/Akt/mTOR. Briefly ErbB family
receptors need to dimerize through homo or hetero dimerization for tyrosine kinase activation.
The most important ErbB family member in breast cancer is ErbB2. Interestingly in contrast to
other ErbBs, ErbB2 can adopt a constituvely activated state and is the preferred dimerization
partner of ErbB receptors. Moreover this receptor is overexpressed in 20% to 30% of breast
cancer suggesting that ErbB2 is a major target for breast cancer. ErbB2 importance in breast
cancer and description is summarized later in this thesis (Hudis, 2007; Fang et al., 2011a; Wicki
and Rochlitz, 2012).
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Trastuzumab (Herceptin; Genetech/Roche, South San Francisco, CA) is the first anti-ErbB2
targeted agent developed in breast cancer. ErbB2 extracellular domain (ECD) is composed of
four subdomains and the Trastuzumab Fab binds to the domain IV. This juxtamembrane binding
site of Trastuzumab on ErbB2 receptor results in: a) reducing shedding of the extracellular
domain; b) into a physical inhibition of receptor dimerization; c) the activation of an immune
response by recruiting immune effector cells leading to tumor cell death; and d) receptor down-
regulation through endocytosis (Hudis, 2007). Nevertheless, this multiple levels of mechanism
of action of trastuzumab doesn’t overcome numerous mechanisms of resistance and about 30%
to 50% of ErbB2 over-expressing breast cancers are primary resistant to Trastuzumab. According
to Fang et al., many mechanisms can alter the complex ErbB2-trastuzumab: a) the antibody
binding site can be masked or block by cleavage of ErbB2 ECD or overexpression of MUC4
(Mucin-4 a membrane ErbB2 ligand); b) ErbB2 downstream signaling can be altered through
down regulation of phosphatase and tensin homolog (PTEN) tumor suppressor gene and PI3K
mutant activation enhancing ErbB2 signaling network; c) inhibition of cell cycle growth arrest by
the loss of cyclin-dependent kinase inhibitor p27; d) compensation mechanism by signaling
though other ErbB receptors or non-ErbB receptors such as insulin growth factor receptor
(IGFR). Additionally the most common side effect of Trastuzumab is cardiotoxicity characterized

by a decrease of left ventricular ejection fraction (LVEF) (Wicki and Rochlitz, 2012).

To improve trastuzumab efficacy, the antibody was conjugated to the fungal toxin DM1:
Trastuzumab-maytansine = T-DM1 (Genentech/Roche, South San Francisco, CA). DM1 is a highly
potent anti-microtubule agent inhibiting their assembly. Here trastuzumab is used as a carrier
delivering DM1 to the tumor cells harboring ErbB2 receptor. Targeting microtubules, this
conjugated antibody can therefore overcome some resistant mechanism of the antibody alone
(Fang et al., 2011a; Wicki and Rochlitz, 2012). Here again treatment can lead to diverse toxic

effects including thrombocytopenia, anemia and neuropathy (Chu and Lu, 2008b).
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Pertuzumab (OmnitargTM; Genetech/Roche, South San Francisco, CA) is also a humanized
antibody targeting another ECD of ErBB2, the dimerization arm within the subdomain Il. The
antibody binding site, which is quite different from Trastuzumab, sterically blocks homo and
hetero-dimerization of ErbB2 thereby inhibiting downstream signaling transduction (Fang et al.,
2011b; Wicki and Rochlitz, 2012). Diarrhea, pain, nausea, vomiting are some of the side effects

observed with Pertuzumab (Chu and Lu, 2008b).

Ertumaxomab (Rexomun'™; Fresenius Biotech, Hamburg, DE) is a tri-functional antibody
targeting ErbB2, CD3 on the T cells, and Fc receptors. In presence of Ertumaxomab, tri-cell
complexes consisting of tumor cells, T cells, and accessory cells (macrophage, natural killers)
form to cause the aggregation of these cells leading to tumor cell death through phagocytosis

(Fang et al., 2011).

The ADAMs (a disintegrin and metalloproteinase) are members of the superfamily of matrix
metalloproteinase, they are implicated in different biological functions such as adhesion,
migration, proteolysis and cancer. These molecules harbor a sheddase activity allowing the
cleavage of extracellular domains of transmembrane receptors at their juxtamembrane domain
thereby releasing bound-ligands (Duffy et al., 2009). In breast cancer ADAM-10 and ADAM-17
have exhibited sheddase activity on the ErbB family. Indeed by cleaving the extracellular domain
of ErbB2 ADAMs form the truncated ErbB2 protein p95HER2 (amplifying the intracellular kinase
activity) as well as releasing multiple ErbB ligands. ADAM-10 and ADAM-17 are inhibited with
INCB7839 (Incyte corporation, Wilmington, DE) which inhibits sheddase activity and prevent the
formation of the oncoprotein p95HER2. This compound is in phase Il and has demonstrated
good tolerance and promising activity in HER2 positive metastatic breast cancer (Fang et al.,

2011).

HSP90 (heat shock protein 90) chaperones stabilize, activate, protect from misfolding and
degradation of multiple proteins, including ErbB2, leading in breast cancer to cell survival.

Inhibiting HSP90 therefore decreases ErbB2 expression at the cell surface. Tanespimycin
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Clinical
Network targets Agent Company trials NCT
PIK3CD CAL-101 Calistoga Pharmaceuticals, Inc. Phase 11 NCTO0710528
PIK3CA BYL719 Novartis Phase 1 NCTO01219699
PI3K selective inhibitors PX-866 Oncothyreon Inc Phase 1 NCTO00726583
GDC-0941 Genentech Inc Phase 11 NCTO00960960
XL-147 Exelixis Phase I/11 NCTO01042925
BKM-120 Novartis Phase 1 NCTO1068483
Multitarget inhibitor Pan-PI3K, SF1126 Semafore Pharmaceuticals Phase 1 NCTO00907205
mTORCI1/2, DNA-PK, HIF-1a
Dual PI3K/mTOR XL-765 Exelixis Phase 11 NCTO1082068
BEZ-235 Novartis Phase 1 NCT00620594
GSK1059615 GlaxoSmithKline Phase | NCTO0695448
AKT inhibitors Perifosine Keryx/AOI Pharmaceuticals Phase 11 NCTO0847366
GSK690693 GlaxoSmithKline Phase 1 NCTO0493818
MK-2206 Merck Phase 11 NCT00963547
Rapamycin analogs Sirolimus Wyeth/Pfizer Phase 11 NCTO0411788
Temsirolimus Wyeth/Pfizer Phase 11 NCTO1111825
Everolimus Novartis Phase IVIII  NCTO1061788
Ridaforolimus ARIAD/Merck Phase 11 NCT01234857
mTOR kinase inhibitors AZD-8055 AstraZeneca Phase 1 NCTO0973076
0SI1-027 OSI Pharmaceuticals Phase 1 NCT00698243
INK-128 Intellikine Phase 1 NCTO1058707
Abbreviations: DNA-PK, DNA-dependent protein kinase catalytic subunit; HIF- o, hypoxia-inducible factor 1, « subunit;
mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-Kinase: PIK3A, phosphoinositide-3-kinase; «
polypeptide: PIK3CD, phosphoinositide-3-kinase, catalytic, & polypeptide.

Table 7: Agents targeting the PI3K/Akt/mTOR pathway included in clinical trials. PI3Ks are
grouped into classes |, Il or 1, containing each of them different isoforms. For example, the class

IA PI3K includes PIK3CA, PIK3CB and PIK3CD (Hernandez-Aya and Gonzalez-Angulo, 2011).



(Telatinib™/17-AAG; Kosan Biosciences, Hayward, CA) binds to the ATP pocket of HSP90 and
block its chaperone function. Results of phase Il study revealed promising activity in HER2

metastatic breast cancer (Fang et al., 2011; Wicki and Rochlits, 2012).

Besides targeting the extracellular domain of ErbB2 numerous compounds target the
intracellular domain or downstream signaling of ErbB2 receptor. Several tyrosine kinases
inhibitors (TKI) have been developed including the well-known Lapatinib (TykerbTM,
GlaxoSmithKline, Research triangle Park, NC) and Neratinib (HKI-272, Wyeth Corp, Madison, NJ).
Lapatinib is directed against both HER2 and HER1 and binds reversibly to the ATP pocket
inhibiting receptor auto-phosphorylation. Similar to Lapatinib, Neratinib also inhibits receptor
auto-phosphorylation (irreversely) but of a wider range of ErbB receptors; HER1, HER2 and HER4
(Fang et al., 2011; Wicki and Rochlits, 2012). Here again diarrhea, rash nausea and vomiting can

be observed under treatment (Chu and Lu, 2008b).

1.8.4.1.2) Targeting ErbB signaling
The PI3K/Akt/mTOR pathway comprises many potential targets for drug development in breast

cancer, table 7 summaries current therapies. More than 70% of breast tumors have molecular
alteration in at least one component of the pathway such as PI3KCA-activating mutation

(Hernandez-Aya and Gonzalez-Angulo, 2011).

1.8.4.2) Interfering with DNA repair pathways: Synthetic lethality by
inhibiting poly-ADP-ribose polymerase (PARP) in breast cancer
susceptibility gene 1 and 2 (BRCA1, BRCA2) deficient cells

The major forms of DNA damage include SSB (single-strand breaks) and DSB (double strand
breaks). Single strand breaks repair depends on poly-ADP-ribose polymerase (PARP) and the
most important mechanism for repair of DNA double strand breaks is homologous
recombination (HR). BRCA1 and BRCA2 are tumor suppressor genes and play a key role in the
process of HR repair. Importantly, hereditary breast cancer accounting for 5 to 10% of all breast
cancers, is chiefly attributed to BRCA1 and BRCA2 mutation making such cells important targets

in hereditary breast cancer. In BRCA1/2 mutated cells, were HR is impaired, the inhibition of
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Therapy type Medication Typical course of treatment

Chemotherapy®  Anthracyclines

Doxorubicin IV every 14 to 21 days for four to six cycles;
(Adriamycin) used in combination with a taxane
(docetaxel [Taxotere] or paclitaxel [Taxol]),
cyclophosphamide, and/or fluorouracil

Epirubicin IV day 1 or days 1 and 8, every 21 to
(Ellence) 28 days for three to eight cycles; used
in combination with cyclophosphamide
or fluorouracil

Taxanes
Docetaxel IV every 21 days for three to four cycles;
used in combination with dexorubicin,
epirubicin, cyclophosphamide, and/or
fluorouracil
Paclitaxel I\ every seven to 21 days for four to
12 cycles; used in combination with
doxorubicin and cyclophosphamide
Endocrine Aromatase inhibitors
Anastrozole Oral tablet daily for five years; used alone
(Arimidex) or in sequence with tamoxifen®37
Exemestane Oral tablet daily for at least two to five
(Aromasin} years; used alone or in sequence with
tamoxifen®®3?
Letrozole Oral tablet daily for two to five years; used
(Femara) alone or in sequence with tamaxifen*®4
Gonadotropin-releasing hormone agonist
Goserelin Subcutaneously every one to three
(Zoladex) maonths for two years*>*
Selective estrogen receptor modulators
Tamoxifen Oral tablet daily for two to five years;

used alone or in sequence with an
aromatase inhibitor*®

Tissue-targeted Monocdonal antibody

Trastuzumab IV with first dose of chemotherapy
(Herceptin) regimen and then every one or three
weeks to complete one year*-4

IV = intravenously.

Table 8: Common medications and typical course of treatment used in breast cancer (Maughan

et al., 2010a)



PARP will induce the conversion of SSBs into DSBs. The accumulation of DSBs will form a
complex lethal chromosome alteration inducing cell death. Olaparib (AZD2281; AstraZeneca,
London, UK) and Iniparib (BSI-201, BiPar Sciences, Inc) are both PARP inhibitors in human phase

| study and exhibit promising antitumor activity (Fang et al., 2011; Wicki and Rochlits, 2012).

1.8.4.3) Anti-angiogenic therapies

Angiogenesis is the formation of new vessels from pre-existing ones and is an essential step for
breast cancer progression and dissemination (Filho et al., 2010). Vascular epithelial growth
factor (VEGF) is a crucial mediator in angiogenesis and overexpression has been linked to the
amplification of the oncogene HER2. The first anti-angiogenic therapy approved by the Food and
Drug Administration (FDA) is Bevacizumab (Avastin™; Genetech/Roche, South San Francisco,
CA) which binds the vascular endothelial growth factor A (VEGF-A) thereby inhibiting VEGFR
activation and neovascularization enhancing signal. This anti-angiogenic therapy exhibited
substantial benefit in the treatment of metastatic breast cancer. Typical course of treatment of
Bevacizumab is presented in table 8. Unfortunately, hypertension, proteinuria, bleeding are
major side effects observed with Bevacizumab therapy (Chu and Lu, 2008b). Down-stream
signaling through VEGFR tyrosine kinase activity can be inhibited by Sorafenib (Nexavar'™; Bayer
Health Care AG, DE) and Sunitinib (Sutent™™; Pfizer, New York, NY) two tyrosine kinase inhibitors
(TKlIs) (Fang et al., 2011; Wicki and Rochlits, 2012).

When analyzing drug development the actual trend is to develop novel candidates with larger
spectrum of action, inhibiting signaling platforms rather than inhibiting a single target; indeed
Pertuzumab has been develop to inhibit both homo and heterodimerization of ErbB2, moreover
recent TKlIs have also wider spectrum of action has evaluated with Neratinib inhibiting HER1,
HER2 and HER4 compared to Lapatinib. As mentioned above a sobering fact is that numerous
therapies lead in turn to resistance mechanism and toxicity which highlights the vital need for
novel targeted drugs to fight breast cancer and metastases. Currently, common therapies target
the extracellular domain and the intracellular domain (figure 8) but inhibiting transmembrane

domain (TMD) of bitopic receptors still largely remains terra incognita. In breast cancer drug
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development one should focus on new strategies targeting signaling platforms applied to
validated therapeutic target such as ErbB2 and widen research to other potential therapeutic

targets.
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II) Therapeutic targets in breast cancer: validated and future targets

I1.1) Human epidermal growth factor receptor 2 (HER2)

I1.1.1) Signaling network platform

Human epidermal growth factor receptor 2 (HER2), is a bitopic transmembrane receptor
member of the human epidermal growth factor family (HER/ErbB) which includes four
receptors; HER1 (EGFR), HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4). Each receptor consists
of an extracellular domain (ECD) corresponding to the ligand binding site (excepted in the case
of ErbB2), a transmembrane domain (TMD) and, apart HER3, a functional intracellular tyrosine
kinase domain. HER2, a 185kDa glycoprotein, is the only receptor with no clear identified ligand
(Tai et al., 2010) (figure 9). Carraway and collaborators propose MUC4, a membrane mucin, as a
novel intramembrane ligand for HER2 (Carraway et al., 2003). Due to an intrinsically extended
interaction loop, HER2 is the preferred dimerization partner of all family members and harbors
the strongest catalytic kinase activity leading to very potent signaling functions among all
dimers. There are 10 possible combinations of ErbBs and at least 13 recognized ligands (figure
10): epidermal growth factor (EGF), heparin-binding (HB)-EGF, transforming growth factor alpha
(TGFa), amphiregulin (AREG), epiregulin (EREG), epigen (EPG), betacellulin (BTC) and
neuregulins (NRG 1-6). EGF ligands bind preferentially on one or the other ErbB receptor.
Indeed they can be divided into three groups: the first includes EGF, TGFa and AREG, which
binds specifically to ErbB1 and the second includes BTC, HB-EGF and EREG, which shows dual
specificity binding both ErbB1 and ErbB4. The third group is constituted of the NRGs and forms
two subgroups based on their capacity to bind ErbB3 and ErbB4 (NRG-1 and NRG-2) or only
ErbB4 (NRG-3 and NRG-4). Interestingly EGF ligands exist as membrane-anchored precursors
and are cleaved by metalloproteases (mainly ADAMS), indeed their ectodomains are processed
by proteolysis leading to shedding of the soluble factor (Tai et al., 2010; Yarden, 2001; Eccles,
2011a).

Structurally, HER2 ECD can be divided into four subdomains. The theoretical binding site for
receptor ligands is composed by the subdomain I and Il (figure 9). Subdomains involved in the
homodimerization and heterodimerization are domains Il and IV. As presented above
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subdomain 1V is the binding site of Trastuzumab whereas subdomain Il exhibiting a dimerization

arm (the important contributor for dimerization) is the target of Pertuzumab (Tai et al., 2010).

Ligand binding to ErbBs induces formation of various homo and hetero dimers. Consequently
the intrinsic kinase domain is activated resulting in the phosphorylation of tyrosine kinase
residues in the cytoplasmic domain of the receptor. These phosphorylated residues serve as
docking sites for a variety of signaling molecules leading to the activation of intracellular
pathways. Transduction of HER2 signal is achieved through two major pathways: the
Ras/Raf/MAPK/ERK and the PI3K/AKT/mTOR pathways, but also via the phospholipase C and
signal transducer and activator of transcription (STAT) pathway resulting in a plethora of
biological functions. Profiling of phosphotyrosin interaction sites has shown that the 10 possible
combinations of ErbBs receptors have specific pattern of binding partners (figure 10). Therefore,
HER2 signaling leads in turn to cell growth, survival and differentiation in a complex manner

(Holbro and Hynes, 2004; Tai et al., 2010; Eccles, 2011b).

The structural basis for receptor dimerization has come to light thanks to crystallographic data.
Importantly they are two conformations of the extracellular domain, a closed inhibited or an
open active conformation. Ligand binding changes the receptor conformation and induces the
active conformation and transphosphorylation. Here the association between subdomain | and
[l leads to the protrusion of the dimerization arm making it fully accessible for dimerization (Tai
et al., 2010). In contrast with other ErbB receptors, most HER2 receptors exist naturally in an
activated conformation, which is consistent with the lack of known ligands. Having this in mind,
with the lack of functional tyrosine kinase activity of HER3, HER2 and HER3 harbor therefore
both incomplete signaling. This heterodimer forms the most active signaling and common

heterodimer of the HER family (Moasser, 2007a).

I1.1.2) Roles during embryogenesis and adulthood

As mentioned above HER2 lacks ligand binding and needs to dimerize to trigger intracellular
signaling with other HER receptors: HER1, HER3 and HER4. Additionally, as HER2 is the favorite

partner for dimerization, all together these observations place HER2 as pivotal receptor in the
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ErbB signaling platform. Therefore studying HER2 function during embryogenesis and adulthood

implies to take into account HER2 dimerization partners HER1, HER3 and HER4 as well.

The importance of ErbBs function and roles during embryogenesis has been assessed through
the generation of mice lacking one or the other ErbB receptors. Inactivation of EGFR leads to a
variety of phenotypes, indeed mice surviving for up to 8 days after birth suffer from impaired
epithelial development in several organs, including skin, lung, gastrointestinal tract and in some
regions of the brain (Miettinen et al., 1995; Holbro and Hynes, 2004). In contrast to ErbB1 -/-
mice, ErbB3 -/- embryos only survive until E13.5. Here again numerous defects are observed
which include cardiac cushion abnormalities leading to blood reflux through defective valves,
midbrain and hindbrain regions are affected and cranial ganglia defects are detected (Erickson
et al., 1997). Mice lacking ErbB4 die during mid-embryogenesis from the aborted development
of myocardial trabeculae in the heart ventricle. Cardiac trabeculae are distinct muscle tracts
connecting between different local areas of the inner heart wall, particularly at the apex and
septal junctions. ErbB4 -/- mice also display alterations in the innervation of the hindbrain in the
central nervous system (Gassmann et al., 1995). Remarkably, ErbB2-/- embryos die on E10.5 due
to a lack of cardiac ventricular myocyte differentiation and trabeculation defect. They also
exhibit cranial ganglia defects as observed in the ErbB3 lacking mice (Erickson et al., 1997).
According to Morris, ErbB2 play as well an essential role in peripheral nervous system

development (Morris et al., 1999).

The fact that all null mutations in the ErbB signaling system are lethal, the study of the specific
roles of these receptors in later stages of development is difficult. To circumvent this issue,
conditional knockout mice in a define organ were engineered. Interestingly, a mutant mouse
line carrying a cardiac-restricted deletion of ErbB2 exhibited a dilated cardiomyopathy resulting
in a reduced contractile function of the heart (Negro et al.,, 2004). Conditional knockout in
skeletal muscles leads to a defect in muscle regeneration (Andrechek et al., 2002; Holbro and
Hynes, 2004). Another study revealed the importance of ErbB2 in the formation of effective
neuromuscular synapses. Additionally, mice deficient of ErbB2 in Schwann cell exhibit

movement abnormalities (Holbro and Hynes, 2004).
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Figure 11: ErbB family in normal breast biology adapted from Eccles (2011)



In brief, EGFR is essential for the maintaining of skin and squamous epithelia and HER2, HER3
and HER4 are important in the cardiovascular and nervous system. These numerous studies
underline the fact that HER proteins are essential in mammalian development and involved in

the function of diverse organs including the breast, brain, skin, lung and gastrointestinal tract.

Importantly, ErbB2 protein levels are absent or low in most normal adults tissues with the
exception of the heart explaining the observed cardiac toxicity of Trastuzumab and Pertuzumab

(intensified with antharcyline chemotherapy) (Eccles, 2011b).

I1.1.3) Functions in the mammary gland

The ErbB network has been deeply studied in the mammary gland that undergoes most of its
development after birth as mentioned above. Here again rodent models allowed determining
ErbB roles in normal breast development. This organ is particularly interesting because of its
susceptibility to HER2 induced cancer. Interestingly, mutant mice do not exhibit severe
embryonic mammary gland defects suggesting a degree of redundancy between receptors and
ligands (Hardy et al., 2010). Indeed structural defects in TEBs have been observed in conditional
ErbB2-/- mammary epithelium mice. ErbB receptors are all expressed at some time during
mammary gland development and maturation, and play complementary role as presented in
the figure 11. Signaling between stromal mammary cells and epithelial mammary cells is very
important. EGF receptors ligands are upregulated mainly during puberty, pregnancy and
lactation; this implies a major role of ErbB network during those phases. ErbB2 is expressed
during all periods of development and maturation, which is not observed for ErbB4. During
puberty, ductal outgrowth and TEB development are directly linked to ErbB2 presence in the
epithelial mammary cells, involving ErbB3 as the main partner for signaling. In the maturation
phase of the gland ErbB2 and ErbB3 regulate ductal branching density and morphology. During
pregnancy and lactation ErbB2 is required for alveolar differentiation and milk protein

production (Eccles, 2011b).

Since these ligands and receptors are involved in proliferation, invasion, differentiation and
growth, it is not surprising that many of these proteins are highly expressed in breast cancer

with their importance being ranked such as ErbB2 > ErbB1 > ErbB3 and ErbB4 (Eccles, 2011b).
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I1.1.4) Protein Regulation

Regulation of HER2 protein is of particular importance as HER2 amplification is reported in 20 to
30% of human breast cancer. The causative factors responsible for increasing HER2 expression
levels on mammary cells are not fully understood and only very few studies have investigated
this issue. Nevertheless, matrix metalloprotease-9 (MMP-9), adipocyte protein 2 (AP2), polyoma
enhancer activator protein 3 (PEA3), retinoblastoma (RB) tumor suppressor, and estrogen
receptor have been suggested as potent HER2 regulators. MMP-9 increases HER2 expression in
human mammary epithelial cells, as the induction in HER2 protein expression was suppressed
using a MMP-9 inhibitor (Fatunmbi et al., 2012). AP2, a carrier protein for fatty acids, has been
shown to be a strong activator of HER2 gene, as HER2 protein expression is correlated with the
activity of AP2 (Alroy and Yarden, 1999). On the other hand HER2 is also subjected to negative
regulation of various factors such as PEA3 and the retinoblastoma tumor suppressor (RB) (Hung
and Wang, 1999). PEA3 is a member of the ETS (E-twenty six) oncogene transcription factor
family; this protein is overexpressed in oncogene-induced mouse mammary tumors and
metastatic human breast cancer cells (Chotteau-Lelievre et al., 2003). Moreover, estrogen-
dependent stimulation of estrogen receptor negatively regulates the expression of HER2 at
protein and mRNA level (Russell and Hung, 1992). Further studies need to be investigated to

achieve a complete picture of HER2 protein regulation.

I1.1.5) Variants, homologue and nomenclature

In naturally occurring human breast cancer, three HER2 spliced variants in breast cancer have
been reported to date. HER2 mRNA contains 27 exons and 26 introns (Wan et al., 2009).
A16HER2 lacks a single 48bp coding region resulting in the in-frame deletion of exon 16,
encoding a region in the extracellular domain of HER2. This deletion leads to a conformational
change of HER2 protein promoting homodimerization. A16HER2 appears to be more aggressive
than the wild type HER2 and is implicated in anti-HER2 therapies resistance. P100 and herstatin
are two other naturally spliced variant of HER2. Both are proteins constituting the extracellular
domain of HER2 protein but herstatin harbors a C terminus added of 79 amino acids. In contrast
to A16HER2, p100 is inversely correlated with aggressiveness. Herstatin is able to interfere with

dimerization as an inhibitor of full length HER2 protein. Such as p100, this variant harbors a

29



" hame | owerpion | Smowe | Speces

ErbB2 Include human and rodent epidermal
growth factor receptor protein or gene -
Human cellular epidermal growth factor
receptor protein -
Rodent cellular homologue of epidermal
growth factor receptor protein -

In human and rodent cells
HER2 Only in human cells
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Table 9: Nomenclature of HER2 human and rodent homologue variants



“protective” profile and is therefore inversely correlated with tumor aggressiveness. Other
truncated proteins are detectible in human breast cancers but they don’t occur naturally but
rather though proteolytic cleavages, as observed with p95HER2 produced by ADAMs discussed

earlier (Jackson et al., 2013).

Importantly HER2 has a rodent homologue called Neu. The Neu oncogene was first identified in
a chemically-induced neuroblastoma (Shih et al., 1981). Extended details on Neu homologue will
be presented further in this thesis in the material and methods section. Common nomenclature

of HER2 human and rodent homologues variants are presented in the table 9.

I1.1.6) Transcriptional targets

Besides the protein kinase activity, numerous studies proposed a nuclear function as a
transcription factor for HER2. Transcriptional targets can themselves enhance HER2 tumorigenic
signaling resulting in a vicious circle. Nuclear HER2 was found to associate with multiple
genomic targets, the induction of CXCR4 (CXC chemokine receptor 4), COX-2 (cyclooxygenase 2)
and VEGF are the most potent suggested targets. CXCR4, a chemokine receptor, is positively
correlated with HER2 in breast cancer and metastasis progression. Furthermore, HER2 inhibits
CXCR4 ubiquitination and therefore degradation. Additionally, HER2 phosphorylation is
increased when CXCR4 is stimulated by its ligand (SDF-1 stromal derived factor-1) (Moasser,
2007b; Tai et al., 2010). As CXCR4, COX-2 expression in breast tumor tissues correlates closely
with nuclear expression of HER2. COX-2 is an enzyme which synthetizes prostaglandins from the
conversion of arachidonic acid (AA) during inflammation process. Here HER2 forms a complex
with the COX-2 promoter and is able to stimulate its transcription (Wang et al., 2004).
Suppressing COX-2 in HER2 overexpressing cells results in inhibition of the invasion activity,
suggesting here as well an implication of COX-2 in metastasis progression (Wang et al., 2004). As
mentioned above, vascular epithelial growth factor (VEGF) is a crucial mediator in angiogenesis
and its overexpression has been linked to the amplification of the oncogene HER2. Indeed in a
clinical study, 87.7% of HER2 positive breast cancers were associated with VEGF overexpression
(Konecny et al.,, 2004). Of course, the role of many other genes need to be studied and

identified.
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I1.1.7) Validated target in breast cancer and MBC

HER2 overexpression is observed in 20 to 30% of breast cancer and is often a consequence of
gene amplification, which appears to induce spontaneous dimerization without need of a ligand.
Indeed 25 to 50 copies of the ErbB2 gene can be observed in breast cancer cells leading to 2
million of receptors per cell (Eccles, 2011b). Thereafter having in mind that HER2 expression is
low or absent in adults, accumulating evidences point out HER2 as a logical selective target for
breast cancer therapy. Moreover, HER2 overexpression is associated with poor prognosis,
shorter survival rates and relapse time, greater lymph node invasion and more aggressive tumor
phenotypes. Evidences suggest that ErbB2 amplification in rather an early event in
tumorigenesis and appears in half patients presenting DCIS (Tai et al, 2010; Eccles, 2011b). In
humans ErbB2 overexpression is also reported in other cancers, such as gastric, ovarian and

prostate cancer (Holbro and Hynes, 2004).

The occurrence of metastasis is a critical step in breast cancer progression and linked to disease-
associated death. Indeed as exposed earlier the probability of death from localized breast
cancer (in situ breast cancer) ranges from 0.03 to 0.1 and this probability is considerably worsen
for patient with distant disease, 0.70 to 0.85 (Schairer et al., 2004). The common sites of breast
cancer metastasis include bone, brain, lung and liver. According to Eccles in 2011, HER2 is
involved in all the different steps of metastasis from the primary tumor site to distant secondary
sites. HER2 regulates factors that promote angiogenesis, invasion, motility, directional
migration, extravasation and protection from anoikis (Eccles, 2011b). In numerous studies,
positive breast cancers for HER2 receptor have been associated with increase risk for brain
metastases but a conflicting study suggests no association (Grewal and Kesari, 2008).
Nevertheless, Palmieri observed that HER2 overexpression increases the metastatic outgrowth
of breast cancer cells in the brain and suggests here an implication of EGFR as a major co-
receptor of HER2 in brain metastasis development (Palmieri et al., 2007). According to Eccles,
HER2/HER3 heterodimer is also of importance in brain metastasis development. Interestingly,
this review points out the fact that this heterodimer responds to NGRs, which are local neural
growth factors. Besides the brain, a common signaling mechanism leading to lung, bone and

liver metastasis correlated with HER2 protein has been studied. CXCR4, a chemokine receptor,
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Figure 12: Neuropilins, their ligands and co-receptors (Pellet-many, 2008)




and its ligand the stromal cell derived factor -1 alpha (SDF-1) are implicated in metastatic
processes in these sites. Notably, there is a correlation between HER2 and CXCR4 in breast
tumor tissues proposing a possible signaling pathway through which HER2 positive breast

cancer cells could metastasize to these organs (Freudenberg et al., 2009).

Overall findings are consistent with the fact that HER2 is a validated therapeutic target in breast

cancer and its related metastasis.

I1.2) Neuropilins: neuropilin-1 (NRP1) and neuropilin-2 (NRP2)

I1.2.1) Signaling network platform
Such as HER2, neuropilins (neuropilin-1 (NRP1) and neuropilin-2 (NRP2)) are bitopic

transmembrane glycoprotein receptors composed of an ECD, a TMD and an intracellular
domain, but neuropilins are non-tyrosine kinase receptors. They are 120 to 130 KDa
glycoproteins with multiple co-receptors. Indeed neuropilins are thought to transduce
functional responses only when co-expressed with other receptors, these include vascular
endothelial growth factor receptors (VEGFR) and plexins. The most known ligands of neuropilins
are class 3 semaphorins and VEGF, which are of particular interest in cancer, but also at various
degrees heparin binding proteins, fibroblast factor-2 and placental growth factor. Due to the
binding of diverse ligands, neuropilins exhibits multiple biological functions such as axonal
guidance in the developing nervous system and in vascular development (Ellis, 2006).
Semaphorins (SEMA) are divided into 7 classes containing more than 20 proteins and class 3 to 7
belong to vertebrate. They are membrane bound and cleaved by proteolytic degradation. Class
3 semaphorins require NRP1 and 2 as obligate receptors and have different affinities for one or
the other receptor (see figure 12); neuropilin-1 is a receptor for SEMA3A, SEMA3B, SEMA3C,
SEMA3E and SEMAS3F and neuropilin-2 rather binds SEMA3B, 3C, 3F, 3G (He and Tessier-Lavigne,
1997; Bagri and Tessier-Lavigne, 2002a; Chen et al.,, 1997). In tumorigenesis, semaphorins
exhibit pro and anti-tumoral effects (Nasarre et al., 2005; Gu and Giraudo, 2013; Neufeld et al.,
2012). VEGF plays an important role in vasculogenesis and angiogenesis. In mammals, VEGF
family comprises 4 members VEGF -A, -B, -C and -D in which three members bind neuropilins,

VEGF-A, VEGF-B and VEGF-C. VEGF-A occurs in at least six different isoforms including VEGF-
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165, the most active and abundant isoform. Here again VEGFs binds preferentially one or the

other neuropilins as presented on the figure 12 (Pellet-Many et al., 2008).

The basic structure of neuropilins comprises five domains: three extracellular domains, 1) the
CUB (complement C1r/Cls, Uegf, Bmpl) homology domains (al and a2), binding sites of
semaphorins, 2) two coagulation factor V/VIIIl homology domains (b1 and b2) binding sites of
VEGF, and 3) a MAM (meprin, A-5 protein, and receptor protein-tyrosine phosphatase mu) or c
domain critical for homodimerization and heterodimerization with co-receptors, 4) a
transmembrane domain, and 5) a short cytoplasmic domain. As mentioned above the
cytoplasmic domain does not harbor a tyrosine kinase motif but a PDZ motif (PSD-95/DIg/Z0-1)
potentially serving as a docking site for intracellular signaling through synectin for example

(Pellet-many et al., 2008).

Signaling transduction for neuropilins implies an association with a co-receptor upon ligand
binding. Plexins are transmembrane proteins and nine members have been identified further
subdivided into four families: plexin-A (1-4), plexin-B (1-3), plexin-C1 and plexin-D1 (Tamagnone
et al., 1999). Structurally, plexin are composed of 1) an ECD comprising a sema domain followed
by two or three MRS domains (Met-related sequences rich in cysteins) and three or four IPTs
domains (immunoglobulin-like domains chaired by plexins and transcription factors), 2) a TMD
and 3) an intracellular domain containing two conserved regions responsible for downstream
signaling, occurring mainly through the activation of Rho-like GTPases. Neuropilin/Plexin
complex can form, through ligand binding, an extracellular bridge, leading in turn to growth
cone collapse and the regulation of sensory axonal guidance. Such as plexins, VEGFRs are co-
receptors for neuropilins and most of the past work focused on neuropilin-1 associations with
VEGFR2, nevertheless the existence of NRP2/VEGFR-1, -2 and -3 have been described such as
NRP1/VEGFR-1 and -3. VEGFRs transmembrane proteins are also composed of three regions, an
extracellular domain composed of immunoglobulin like domains, a TM domain and an
intracellular domain harboring tyrosine kinase activity. Downstream signaling through VEGFRs
includes the PLC-y/PKC/ERK1/2 and the PI3K/Akt pathway leading to cell migration,
angiogenesis, lymphangiogenesis, cardiac development and vascular remodeling (Ellis, 2006;
Pellet-Many et al., 2008; Grandclement et al., 2011a). Besides the fact that ligand binding forms
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an extracellular bridge between both molecules, neuropilin cytoplasmic PDZ domain could be

here again important for the complex formation (Prahst et al., 2008).

I1.2.2) Roles during embryogenesis and adulthood

The importance of neuropilins function and roles during embryogenesis has been also assessed
through the generation of mice lacking one or the other neuropilin receptor. According to
Kawasaki and collaborator, NRP1 null mutant embryos showed severe phenotype of various
vascular defects resulting in death at E13.5 (Kawasaki et al., 1999). Additionally, NRP1
transgenic and deficient mouse models established an essential role of NRP1 in the
development of the embryonic nervous and cardiovascular systems (Pellet-Many et al., 2008). In
contrast neuropilin-2 knockout mice are viable but are characterized by abnormal lymphatic
vessels including an abnormal patterning and marked reduction in small lymphatic vessels and
capillaries (Yuan et al.,, 2002). Interestingly, double knock out leads to the most severe
phenotype causing an earliest death at E8.5 exhibiting severe vascular defect (Takashima et al.,
2002). Neuropilin co-receptors null mice exhibit interesting phenotypes; | will not review all null
mutants here but will expose for example the plexin-A subfamily, which is associated with
human breast tumorigenesis (Gabrovska et al., 2011). Interestingly, plexin-A1l null mice exhibit
guidance defects of spinal commissural projections (Nawabi et al., 2010). Plexin-A3 knockout
mice propose that plexin-A3 regulates the development of hippocampal axonal projections
(Cheng et al., 2001). According to Suto and collaborators, plexin-A2 deficiency causes a shift of
mossy fibers from the supra-pyramidal region to the infra and intra-pyramidal regions and
plexin-A4 deficiency induces inappropriate spreading of mossy fibers (Suto et al., 2005).
Concerning VEGFR null mutant mice, all are lethal and relate to vasculature disorders, indeed
VEGFR-1 is lethal in mice at embryonic day E8.5 due to severe malformation of the vasculature
(Fong et al., 1995). VEGFR-2 null mice are embryonic lethal between day E8.5-9.5. These animals
have severe defects in endothelial and hematopoietic cell development with no organized blood
vessel found at any point within the developing embryo (Shalaby et al., 1995). VEGFR-3 null
mice are also embryonic lethal at day E9.5 and display cardiovascular failure as a result of the
abnormal structure and organization of large vessels that leads to defective vessel lumens and

an accumulation of fluid within the pericardial cavity (Dumont et al., 1998).
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Figure 13: Implication of neuropilins network in the mammary gland




In brief, neuropilin-1 is essentialy involved in early vasculogenesis and neuropiline-2 is
important for Iymphangiogenesis during embryogenesis. Remarkably, neuropilin-1 s
preferentially expressed in arteries while neuropilin-2 is rather stated in veins and in lymphatic

vessels (Grandclement et al., 2011b).

In contrast with HER2 receptor, neuropilins harbor a wide pattern of expression in adults in
normal and non-vascular tissues suggesting a pleiotropic role for these receptors in humans.
The functional role of neuropilins, other than in the nervous system and vasculature, is not well
defined and need further investigation. Besides neurons and endothelial cells, neuropilins are
expressed by a variety of cells including dendritic cells, T cells, epithelial cells, platelets,

adipocytes and tumor cells ( Bielenberg et al., 2006; Ellis, 2006; Roth et al., 2008).

I1.2.3) Neuropilins in the mammary gland

Very few studies focused on the functions of neuropilins in the mammary gland development
and biology. Nevertheless, neuropilin-1 and neuropilin-2 immunohistochemistry have been
assessed in the normal breast tissue. According to Stephenson et al., the myoephithelial cells of
the mammary ducts and lobules are positive for NRP1 staining. In contrast, the inner epithelia
cells were not positive to NRP1 staining. Intriguingly, only vascular smooth vessels of blood
vessels from normal breast tissue were positive to NRP1 staining and not endothelial cells
(Stephenson et al., 2002). Such as neuropilin-1, normal breast tissue expresses neuropilin-2 but
the expression pattern is slightly different. Neuropilin-2 staining is spotted in blood and

lymphatic vessels but not in normal breast epithelium (Yasuoka et al., 2009).

As mentioned above in mammary gland development a crucial step during puberty is the
formation of the terminal end buts (TEB) within the mammary fat (Fantozzi and Christofori,
2006). These TEB appear at the tip of the ducts (figure 13) and will represent the invading front
of these. In parallel, side branching and proliferation increase importantly (Watson and Khaled,
2008). TEB were isolated from surrounding tissues and gene expression profile of this isolate
was compared with a normal duct. Numerous genes were upregulated in the TEB compared to
the normal duct including SEMA3B, -3C, -4A, -4F and -4D, but also semaphorin receptors such as

plexin-A2, -A3, -B2, -D1 and neuropilin-1 and -2 (Morris et al., 2006). Neuropilin-2 role in breast
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development has been assessed with a transgenic mouse harboring a mammary gland specific
knockout. This study reveals that neuropilin-2 promoted branching morphogenesis in the
mammary gland by the activation of focal adhesion kinase (FAK), a protein clearly implicated in
mammary gland branching and development (Goel et al., 2011). Taken together these findings
suggest a potential role of the neuropilin platform signaling in ductal growth and

morphogenesis in the developing mammary gland.

I1.2.4) Neuropilins regulation

To date no specific study tackles the regulation of neuropilins specifically in breast cancer,
however numerous studies have been conducted in endothelial cells and other types of cancers
suggesting tumor necrosis factor alpha (TNFa), EGF and various transcription factors as
potential modulators of neuropilins. Indeed in human umbilical vein endothelial cells (HUVECs),
TNF-alpha treatment increases NRP1 expression but not NRP2 according to Yang and
collaborators (Yang et al., 2004). Intriguingly, in the same cells, Giraudo observed adverse effect
using this cytokine rather decreasing neuropilin-1 expression (Giraudo et al., 1998). EGF is also
incriminated in neuropilin-1 upregulation in numerous human carcinomas including gastric
cancer, pancreatic cancer and colon cancer (Akagi et al., 2003; Parikh et al., 2003, 2004).
Transcription factors such as prospero homeobox protein 1 (prox-1) and the chicken ovalbumin
upstream promoter transcription factor 2 (COUP-TFII), both involved in development, decrease
NRP1 expression. Adverse result is sensed with the heart and neural crest derivatives-expressed
protein, playing an essential role in cardiac morphogenesis, inducing an increase of NRP1
(Yamagishi et al., 2000; Hong et al., 2002; You et al., 2005). Notably, NRP2 expression is
differentially regulated, indeed according to Bielenberg, prox-1 induces NRP2 while suppressing
NRP1 and epidermal growth factor (EGF) induces NRP1 and not NRP2 (Bielenberg et al., 2006).
Besides protein and transcription factors both neuropilins levels are increased following nerve
transection or crush injury (Scarlato et al., 2003) and this is also appreciated after cerebral

ischemia due to occlusion of the cerebral artery (Fujita et al., 2001).
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NRP1 Neuropilin-1 Full-lenght Human

Soluble neuropilin-1 isoform truncated at exon

S11INRP1 11

Extracellular NRP1 Human

Soluble neuropilin-1 isoform truncated at exon

S12NRP1 12 Extracellular NRP1 Human

SIINRP1 Soluble neuropilin-1 isoform truncated at exon 9 Extracellular NRP1 Human
followed by exon 12

SIVNRP1 Soluble neuropilin-1 isoform truncated at exon Extracellular NRP1 Human

10 followed by exon 12

NRP2a(17) Full-length neuropllln-? adde'.*d of 17 amino acids Full-lenght + 17aa Human
after amino acid 809

NRP2a(22) Full-length neuropllln-? adde'd of 22 amino acids Full-lenght +22aa Human
after amino acid 809

NRP2b(0) Full-length neuropilin-2 Full-lenght Human

NRP2b(5) Full-length neuropllln-'z add'ed of 5 amino acids e 5 Human
after amino acid 808

NRP2a(0) - - Mouse

NRP2a(5) - - Mouse

S9NRP2 Soluble truncated neuropilin-2 isoform Extracellular NRP2 Human

Table 10: Nomenclature of neuropilin-1 and neuropilin-2 human and rodent homologue variants



I1.2.5) Spliced variants
NRP1 and NRP2 are encoded by genes harboring 17 exons and 16 introns (Rossignol et al.,

2000a). Concerning NRP1, up to date five spliced variant comprising one transmembrane and
four soluble forms have been identified and characterized (table 10). The soluble forms include
s11NRP1 which is truncated at exon 11, s12,NRP1 which is truncated at exon 12, 5;yNRP1 harboring
9 exons and 5yNRP1 possessing 10 exons both added of exon 12 (Gagnon et al., 2000; Rossignol
et al., 2000b; Cackowski et al., 2004). These isoforms have conserved their extracellular domains
responsible for ligand binding but c-domain, TM and intracellular domains are lacking. Such as
HER2 soluble spliced variants, the soluble NRP1 isoforms are speculated to act as decoy
receptors that bind and sequester the ligands thereby harboring a “protective” profile. Indeed
Gagnon and collaborators reported that s;;NRP1 is able to provoke the tumor cell apoptosis by
antagonizing VEGFR binding (Gagnon et al.,, 2000). Importantly, one study reports the
importance of soluble NRP1 variants in breast cancer. According to Cackowski and colleagues
suNrpl and syNrpl inhibit VEGF-A165 binding in vitro in MDA-MB-231 breast cancer cell lines

and suppress VEGF-A165-induced cell migration and proliferation (Cackowski et al., 2004).

In contrast to neuropilin-1, neuroplilin-2 exhibits alternative splice variants of the full-length and
only one soluble form (table 10): ssNRP2. Here again the soluble isoform conserves its
extracellular domains responsible for ligand binding but c-domain, TM and intracellular domains
are lacking. Full length NRP2 isoforms include the NRP2A, and NRP2B and further sub-isoforms
were subsequently described by Rossignol and coworkers giving rise to NRP2a(17), NRP2a(22),
NRPP2b(0) et NRP2b(5). These isoforms result of the insertion of 17 and 22 amino acids after
amino acid 809 (located after the c domain) for NRP2A isoforms and insertion of 0 and 5 amino
acids after amino acid 808 (located after the ¢ domain) for NRP2B isoforms. In mice, two
additional variants, NRP2a(0) and NRP2a(5), were also reported (Chen et al., 1997). NRP1 and
NRP2A show 44% amino acid identity in entire regions (Chen et al., 1997; Nakamura and
Goshima, 2002; Bagri et al., 2009). Specific studies implicating one neuropilin-2 isoforms rather

than another in tumorigenesis has not yet been investigated.
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I1.2.6) Novel targets for breast cancer and metastatic breast cancer

Neuropilins have not been extensively studied in breast cancer but interestingly some work has
been investigated in MDA-MB-231 and MCF7, cells of particular interest for my in vitro and in
vivo studies. Indeed, Bachelder and coworkers demonstrated that neuropilins promotes survival
of MDA-MB-231 cells in vitro since the suppression of VEGF expression induced apoptosis,
having in mind that NRPs are the only VEGF receptors in these cells. In the same paper but on
another cell line, expressing neuropilin-1 in MDA-MB-453 breast cancer cells, protected the cells
from hypoxia-induced apoptosis while mock transfected cells were not. Although some studies
have indicated a pro-tumorigenic role of NRPs in breast cancer, other reports suggest that NRPs
play a more complex role. Lee et al. found that survival effects of VEGF in the breast carcinoma
MDA-MB-231 and MCF-7 cell lines were unaffected by NRP1-knockdown (Lee et al., 2007).
Further experiments with MDA-MB-231 cell line showed that sema3B inhibited tumor cell
growth and induced apoptosis, an anti-tumoral effect that could be mediated through NRP1

(Castro-Rivera et al., 2004).

Besides a role of the neuropilin network in mediating pro or anti-apoptotic signals, numerous
studies suggest a role in migration and metastasis. Interestingly such as HER2, neuropilin-2 is
correlated with lymph node metastasis and CXCR4 expression in breast cancer, a chemokine
regulating chemotaxis and chemoinvasion (Fernandis et al., 2004; Yasuoka et al., 2009).
However, neuropilin-2 expression is able to inhibit tumor cell metastasis to lung in a model of
murine mammary carcinoma cell line (66c14) (Caunt et al., 2008). The expression of sema3E in
mammary adenocarcinoma cells induces lung colony formation in vivo (Casazza et al., 2010).
Moreover, in a three-dimensional co-culture assay, sema3A and sema3C promoted the
migration and proliferation of MCF7 cells (Nasarre et al., 2005). In vivo expression of sema3E in
mammary adenocarcinoma cells induces the ability to form lung metastasis when using the tail
vein injection model (Christensen et al., 2005). Another study reported that VEGF is a
mandatory factor for MDA-MB-231 breast carcinoma cell invasion and that neuropilin-1 is
essential for this function (Bachelder et al., 2002). Here again if some studies report a pro-
migratory and a pro-metastasic role of neuropilin signaling platform some studies report

opposite effects. Indeed sema3A or NRP1-knockdown using siRNA or inhibiting plexin-Al
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enhanced breast carcinoma cell migration (Bachelder et al., 2003). Consistent with an anti-
metastatic role of semaphorins in breast cancer, sema3F has been reported to inhibit MCF7
motility through NRP2 (Nasarre et al., 2005). A previous paper from Nasarre and collaborators in
2003 demonstrated that that sema3F inhibits cell attachment and spreading in the breast
cancer cell line MCF7 and C100 cells via NRP1 and NRP2 respectively.

Reasons explaining such discrepancies may include the wide-range of receptor and/or ligand
repertoire within a particular tumor type and the associated tumor microenvironment. This is
actually not surprising because numerous studies exemplified a competing effect of ligands
when binding to neuropilins. Indeed, semaphorins can act as attractive and repulsive guidance
signals during the development of cortical projection (Bagnard et al., 1998). In tumorigenesis,
semaphorins exhibit pro and anti-tumoral effects (Nasarre et al., 2005) and in breast cancer
Bachelder and colleagues observed a competing effect of sema3A and VEGF for the binding on
neuropilinl receptor during chemotaxis assays of breast carcinoma cells (Bachelder et al., 2003).
Therefore broader studies are necessary to dissect the complex interplay of all the possible

factors modulating the neuropilin platform in breast tumor biology.

Interestingly, the importance of neuropilins in human clinics has also been investigated. Both
proteins are expressed in human breast cancer biopsies (Yasuoka et al., 2009; Ghosh et al.,
2008; Jubb et al., 2012). Neuropilin-2 expression is correlated with poor patients survival and
with lymph node metastasis (Yasuoka et al., 2009). Additionally Kaplan-Meier survival analysis
showed that high levels of VEGF, VEGFR-1, VEGFR-2, and neuropilin-1 were also all significantly
associated with worse survival in breast cancer (Ghosh et al., 2008). Such as HER2, neuropilins
expression have been detected in many other human cancer including prostate, bladder,
stomach, kidney, pancreas, colon, skin, ovary, lung, melanoma, leukemia, osteosarcoma,

glioblastoma and neuroblastoma (Bilenberg et al., 2007).

Taken together, in vitro, in vivo and clinical findings indicate a crucial role of neuropilins in
breast tumor invasion and metastasis in addition to their involvement in tumor vascularisation.
Neuropilins are therefore ideal new attractive targets in breast cancer and some studies have

shown this to be already the case in vitro and in vivo. Indeed, Barr and co-workers
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demonstrated in 2005 that a peptide targeting the VEGF165-binding site on NRP1 antagonizes
the autocrine anti-apoptotic effects of VEGF on 4T1 and MDA-MB-231 breast carcinoma cells in
vitro. Moreover, another group also described an heptapeptide inhibiting VEGF binding to NRP1
thereby reducing tumor volume, blood vessel density and endothelial cell area in an orthotopic

mammary carcinoma model of MDA-MB-231 cells (Starzec et al., 2006).

Of course targeting neuropilins has been already investigated in other fields than breast
tumorigenesis. Genentech has for example developed an anti-NRP1 antibody (MNRP1685A)
undergoing clinical evaluation. Up to date two phase 1 studies were initiated: a first study
started in September 2008, evaluating in a dose-escalation study, the safety and
pharmacological properties of MNRP1685A in patients with locally advanced or metastatic solid
tumors. A second study, started in august 2009, combined MNRP1685A with bevacizumab with
or without paclitaxel in patients with locally advanced or metastatic solid tumors. Unfortunately
no result or publications have been posted yet concerning the first study according to the
service of the United States national institutes of health website. However, the existence of
adverse effects of the antibody has been reported during the 2011 American Society of Clinical
Oncology (ASCO) annual meeting. Acute infusion reactions, mainly rash and pruritus, were
frequent but tolerable with premedication. Platelet reductions were frequent, transient and
recoverable. A higher than expected rate of clinically significant proteinuria, resulting in hold or
discontinuation of the drug, was also observed. Genentech has also developed an antibody
targeting neuropilin-2 receptor, which harbors already promising results in pre-clinical studies

(Caunt et al., 2008). Up to date no clinical trials have been investigated using anti-neuropilin-2.

When analyzing preclinical and/or clinical trials in breast cancer field, HER2 is an outstanding
validated target and mounting evidences suggest neuropilins as novel attractive targets. As
appreciated in my thesis, there exist a plethora of strategies to inhibit HER2 but much less to
tackle NRP1/NRP2 signaling. All of these strategies are essentially inhibiting either the
extracellular or the intracellular receptor domain. As highlighted earlier the actual trend is to
develop novel candidates with larger spectrum of action, inhibiting signaling platforms rather
than inhibiting a single target. Indeed, the work of our laboratory is devoted to the preclinical
development of such therapeutic compounds. However, this is done by following an original
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strategy: interfering with the transmembrane domains of cancer associated membrane

receptors.
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III) Terra incognita: Transmembrane domains (TMD) and the Peptidic
strategy

It is becoming increasingly clear that protein interactions are far more extensive than originally
appreciated. Indeed, mounting evidence concurs in the current idea that the transmembrane
regions are important in receptor association and signaling, and not thought only to be a passive

anchor of the receptor in the membrane.

III.1) Transmembrane domain

TMD are usually composed of 20 to 23 residues and while polar residues are rare, the
hydrophobic residues are over-represented. Various geometric motifs govern TMD interactions
and associations of helical TMD are very dynamic. It should be stress that most TMD of single
spanning proteins are usually more conserved than the rest of the protein, and interestingly one
specific side of the helix is preserved, highlighting the preservation of a potential interacting

motif (Hubert et al., 2010).

I1I.1.1) Once upon a time: Glycophorin A (GPA)

The first study demonstrating that protein dimerization could be driven by specific interactions
between transmembrane alpha helices was performed on the Glycophorin A (GPA) (Lemmon et
al.,, 1992). This protein is present on human erythrocyte membrane and is important for the
classification of blood group antigens (Chasis and Mohandas, 1992). The TM segment of GPA is
composed mostly of hydrophobic residues (ITLIFGVMAGVIGTILLISYGI), a hydrophobic
composition that is typical of single span TM domains. GPA is the most extensively characterized
protein presenting a TMD interaction. Numerous studies comprising mutagenesis studies
(Lemmon et al., 1992), reporter gene dimerization (TOXCAT) (Russ and Engelman, 1999), FRET
quantification (Fisher et al., 1999) and finally the nuclear magnetic resonance (NMR) description
structure of the TMD of GPA (MacKenzie et al., 1997) lead to the elucidation of a crucial motif
controlling the TMD dimerization of this protein: the GxxxG motif (where x represents any
amino acids and G are glycines)(Senes et al., 2000). This motif is characterized now in numerous

other interacting transmembrane domains including TMDs of HER2 and neuropilins.
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HER1 :(?:m l‘s\T I,I,I,I:l,\’\‘ALGIGI.F.\‘I (3?8 » Sternberg-Gullick motif
HER2:653 ST\ TLLVVVLGVVFGILI 675

HER2:653 SI| ILLVVVLGVVFGILI 675

HER3:644 MAL LVVIFMMLGGTFL 664 —> G***G motif
HER4:653 TAA LFILVIVGLTFAVYV 675

Figure 14: Sequences and structure of the human members of the EGFR family transmembrane
domain. A) Dimerization motifs, in red sequences initially described by Sternberg and Gullick in

1990 and in yellow the GxxxG motifs. B) The surface of the HER2 transmembrane domain (Russ

&Engelmann, 2000).

ErbB1

Homo sapiens (human)
Mus musculus (mouse)

ErbB2

Homa sapiens (human)
Mus musculus (mouse)
Rattus norvegicus (rat)
Canis familiaris (dog)
Felis catus (cat)

Gallus gallus (chicken)
Danio rerio (zebrafish)

ErbB3

Homo sapiens (human)

Mus musculus (mouse)

Rattus norvegicus (rat)

Bos taurus (bovine)

Danio rerio (zebrafish)

Fugu rubripes (japanese putterfish)
Gallus gallus (chicken)

ErbB4

Homao sapiens (human)
Mus musculus ([mouse)
Rattus norvegicus (rat)
Danio rerio (zebrafish)
Gallus gallus (chicken)

PSIATGMVGALLLLLVVALG
LGILIGIVGGLLFIVVVALG

SIISAVVGILLVVVLGVVEGILI
FIIATVVGVLLFLIIVVVIGILI
FITATVVGVLLFLILVVVVGILI
SITAAVVEILLAVVVGELVLEILI
SITAARVVGILLVVVVGLVLGILI
SITAGVVGALLVVVLLLITVVCWV
TTVAITVGGVLLFIILLALLVEY

LMALTVIAGLVVIFMMLGGTFLY
HLVIAVIVGLIVIFLILGGSFLY
HLVIAVIVGLAVIIMILGGSFLY
AMALTVVVGLAVIFLILGSTFLY
GIAVAVFAGITVLLALFVLGMLY
GIALGVPAGLIFCLVLFFLGMLY
VIAVLVVGGLFLSCSCVLLSLLY

IARGVIGELFILVIVGLTFAVYV
IARGVIGGLFILVIMALTFAVYWV
IARGVIGGLFILVIMAL TEFAVYWV
IARGLIGGLFVIVIIALSVAVYI
IARGVIGGLFIIVIMGLTFAVYV

Figure 15: Alignment of ErbB receptors TMD sequences from different species (Cymer and

Schneider, 2010)



II1.1.2) Transmembrane domain of HER2
HER2 membrane-spanning alpha-helix domain is composed of 23 amino acids. Sequence
alignment of TMDs of the members of the EGFR family denotes the existence of two
dimerization motifs: the Sternberg-Gullick motif (Small aa-xxx-Small aa) and the GxxxG motif. As
observed below, with the exception of HER3 lacking the GxxxG motif, all the members of the
HER family display both motifs distant by 7 amino acids, assigning these on the same side of the
alpha helix (Chothia et al., 1981)(figure 14). The isolated TMD of ErbBs can form homo- and
heterodimers. According to Mendrola and collaborators, the TM domain of HER2 may undergo
dimerization via either one of the two dimerization motifs (Mendrola et al., 2002). Intriguingly
while both motifs are important for HER2 homodimerization, for EGFR only the C-terminal
GxxxG motif (towards the intracellular space) would be implicated in the homodimerisation and
the Sternberg-Gullick motif in the N-terminal region (towards the extracellular space) would
rather participate in the heterodimerization of the EGFR with the HER2 receptor (Gerber et al.,
2004). Interestingly, the N-terminal motif of the ErbBs was found to mediate and stabilize a
slightly stronger interaction than the C-terminal motif (Cymer and Schneider, 2010). The driving
forces between the dimerization motifs could be engendered by Van der Waals forces and
hydrogen bonds between amino acids of each alpha helix (Bazley and Gullick, 2005).
Noteworthy, homodimerization of ErbB receptor outer membrane domain has been extensively
observed whereas heterodimerization of extracellular ErbB domains is barely undetectable
(Ferguson et al., 2000). Thus suggesting the contribution of other receptor domain, such a TMD,

in this dimerization process.

As mentioned above, they are two conformations of the extracellular domain, a closed inhibited
or an open active conformation. This is completely consistent with computational mapping of
the TM domain of ErbB2 receptor describing two stable conformations of the TM domain
(Fleishman et al., 2002). They suggest that these conformations correspond to the active and
inactive states of erbB2 and that the switch between one and the other interacting domain is

very probable as the energy barrier between these two states is relatively low.
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Figure 16: Predicted structural features of the NRP1 TMD. A) Helical-wheel representation of
the dimer interface in the NRP1 TM domain, (B—D) possible structure of the NRP1 TM domain
homo-dimer (Roth et al., 2008).

Translation Piston
Pivot Rotation

e Y )

Figure 17: Principles of TM signaling. (A) Translational motion (B) Piston motion (C) Pivot motion

(D) Rotation motion (Cymer and Schneider, 2010)



GxxxG-like interaction motifs appear to be well conserved in ErbBs TM helices among species
(figure 15) and the distance with the Sternberg-Gullick is always conserved suggesting that

motifs and their positioning are important for ErbBs activity.

II1.1.3) Transmembrane domain of neuropilins

In contrast to HER2 TMD, less is known about the neuropilins transmembrane domains.
Neuropilins have a transmembrane domain composed of 24 amino acid residues. Neuropilins
TMDs also contain a putative dimerization GxxxG motif. Interestingly, the complete
transmembrane domain is highly conserved; indeed it shares 100% amino acid identity across
species (Takagi et al., 1995; Kawakami et al., 1996). In neuropilin-1 TMD the GxxxG motif, which
is in fact a GxxxGxxxG motif is important for dimerization, oligomerization and is a prerequisite

for sema-3A signaling (Roth et al., 2008) (figure 16).

I11.1.4) Principles of TM signaling and dimerization motifs

Association between helical TM domains involves changes in the topography of TMD in a very
dynamic manner. Four different types of movements of TMD within the membrane bilayer have
been described (figure 17): 1) lateral translation in which the alpha helices move in the
membrane plane, 2) piston motion were TMD move perpendicularly with respect to the bilayer,
3) in pivot motion the helices can move via a change in the crossing angle of the TM helices and
finally 4) the rotation around the helix axis, resulting in a change of the orientation of the intra
and extracellular domains in opposite membrane directions, is called the rotation motion.
These TMD movements are supposed to be connected to signal transduction in conjunction

with the extra or intra cellular domains.

Several motifs have been found to be involved in the association process of TMDs. The most
common motif for interaction of two TMD helices was the one found in the glycophorin A (GPA)
TMD: the GxxxG motif. The helix containing this motif can come in close proximity to each
other, promoting further interactions between other residues. This motif is not sufficient for
dimerization and surrounding residues are also of importance, this is observed in the MCP
protein (Major Coat protein) where the extended motif LxxxGxxxGxxxT is participating to the

dimerization (Melnyk et al., 2004). Motifs formed by the recurrence of GxxxG sequence are
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called Glycin zipper motifs. Besides glycines, other small amino acids can also mediate helix-
helix interactions. This is the case of the SmxxxSm motif, where “Sm” is a small residue (Gly, Ala,
Ser or Thr), often referred to as a “GxxxG-like motif’, was proposed as a more general
interaction motif for TM helices. Aquaporin-1 exhibits numerous SmxxxSm motifs that pack
closely against one another suggesting the involvement of this motif in lateral interaction, but
noteworthy some motifs are not involved in the alpha helices interaction (Li et al., 2012).
Indeed, according to Hubert and coworkers (2010), one third of GxxxG motifs are not interacting

with another helix.

With analogy to glycine zipper motifs, leucine zipper consists of multiple leucine residues
repeats. This motif is also involved in helices dimerization. One of the major adhesion receptors
expressed on the surface of circulating platelets, the glycoprotein Ib-IX-V complex harbors a
leucine zipper motif in the dimerization interface (Wei et al., 2011). In the same way, a leucine
zipper motif controls the dimerization of the transmembrane domain of the platelet-derived
growth factorB-receptor (PDGFBR)(Oates et al.,, 2010) such as in the erythropoietin receptor
(EpoR)(Ruan et al., 2004).

Dimerizing motifs containing polar residues have also been described. The dimerization
interface packs tightly the polar groups away from the hydrophobic bilayer allowing alpha
helices to dimerize. A specific case is the QxxS motif, which has been found in the TMD of the
bacterial aspartate receptor (TAR-1). Sal-Man and colleagues observed that polar to nonpolar
mutation in the sequence reduced dimerization (Sal-Man et al., 2007). This motif has been
extended to Polar-xx-Polar motif, in which polar amino acids include Ser, Thr, Glu, GiIn, Asp, and

Asn.

An aromatic-xx-aromatic motif has also been reported in transmembrane assembly. In the
cholera toxin secretion protein EpsM, TM self-assembly is mediated by an aromatic motif
(WxxW), here again dimerization was substantially affected by mutations in these specific

positions (Sal-Man et al., 2007).

Another motif, the Ser/Thr rich sequences xxSSxxT and SxxxSSxxT can drive dimerization of

transmembrane helices. Such motif is found in the TMD of Hepatitis C virus (HCV) non-structural
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protein 4B, an integral membrane protein playing a role in the organization and function of the

HCV replication complex (Dawson et al., 2002).

As more and more unique interacting helices are characterized, it is becoming clear that the
sequence motif paradigm is incomplete. The existence of one or more of these short motifs
does not necessarily imply a significant interaction, and both the adjacent residues (Dawson et
al., 2002) and the location of the interactive surfaces (Johnson et al., 2006) also contribute

positively or negatively to the interactions.

I11.1.5) Importance of TMD for protein function

Studies reviewing mutation within TMD, using replacement of TMD or truncated receptors in
tyrosine kinase receptor (TKR) highlight the importance of TMD in receptor association, function

and signaling.

As described in figure 14, the position 655 in the human HER2 (blue) exhibits a Val/lle single-
nucleotide polymorphism. This lle variant within the TMD of the HER2 receptor is linked to
reduced risk of contracting breast cancer (Xie et al., 2000). Importantly, a point mutation within
the transmembrane domain of the Neu receptor, the rodent homologue of HER2, resulting in a
V664E mutated protein named NeuT (Bargmann et al.,, 1986) has been found to promote
receptor dimerization and enhance tyrosine kinase activity of this ligand-less receptor (Weiner
et al.,, 1989a). According to Sternberg and Gullick (1989) this activation can be explained by
stereo-chemical considerations. The Glu in position 664 from one alpha helix (H1) will form a
hydrogen bond with the Asp in the position 661 on the second alpha helix (H2). A second
symmetric hydrogen bond will form between Asp661 of H1 and Glu664 of H2. Both hydrogen
bonds account for the constitutive activation of this receptor. Noteworthy, this transforming
Neu TMD has an importance in breast cancer, indeed transgenic mice harboring the Neu
transforming sequence under the control of the mouse mammary tumor virus (MMTV)
promoter lead to multifocal breast tumors in the mice mammary fat pads (Muller et al., 1988).
In this mouse model the activated Neu oncogene appears to be sufficient to induce the
malignant transformation in the mammary tissue. Other mutations present in the TMD of

tyrosine kinases lead to the constitutive activation of the receptor. The mutation of the Val
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residue in the position 938 to an Asp of the insulin receptor leads to its constitutive activation
(Longo et al., 1992), in the same way the substitution of Val627 in a GIn leads to the constitutive
activation of EGFR (Miloso et al., 1995). Moreover, some mutations in the TMD of single
spanning proteins are disease associated. The mutation of Gly380 to a Arg in the fibroblast
growth factor receptor 3 (FGFR3) TMD causes the most common genetic form of dwarfism,
achondroplasia (Shiang et al., 1994). Other selected examples are found in the table 11 (Hubert
et al., 2010).

Gardin and colleagues (1999) observed that the substitution of the insulin receptor
transmembrane domain with that of glycophorin A lead in structural modifications that were
unable to transmit the insulin signal properly. In contrast, numerous tyrosine kinase chimeric
receptors in which the transformed Neu transmembrane domain replaced the native receptor
TMD resulted in the constitute activation of the receptor. This was observed for the insulin

receptor (Cheatham et al., 1993) and the PDGFR (Petti et al., 1998).

Tanner and Kyte (1999) also have shown that EGF-induced dimerization is far more efficient for
a fragment of EGFR that contains both the extracellular and TM domains than the extracellular

domain alone (Tanner and Kyte, 1999).

I11.1.6) Strategies for studying TMD-TMD interaction within the cell
membrane

I will not review here all known methods to study TMD-TMD interaction within the cell
membrane but rather expose the bases of the most important strategies used in the context of

my thesis.

III.1.6.1) Computational approaches: molecular dynamic modeling

Molecular modeling (MD) is assessed to describe the behavior of molecules and molecular
system, and this could not be performed without a computer for extensive calculation. These
methods provide a reasonably quick and efficient tool, as well as a quite rational atomic-scale
model for the assessment of the mode of interaction of a dimeric structure in a membrane. A
very simplistic view of the general process of molecular dynamic simulation can be described as

the following four steps (Durrant and McCammon, 2011). Before starting a molecular dynamic
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simulation, the computer model of the molecular system is prepared from X-rays structures,
nuclear magnetic resonance (NMR), crystallographic or homology-modeling data. MD uses
approximations based on Newtonian physics to simulate atomic motions. Then numerous
equations and algorithms describing potential interactions of the atoms of the proteins of
interest are estimated and parameterized, besides, chemical bonds and atomic angles are also
modeled. In a third step, the positions of the atoms are moved according to Newton's laws of
motion. As molecular dynamics simulations are computationally time consuming, it is only
possible to calculate very short-term periods (such as a few nanoseconds up to microseconds).
Finally, the simulation is assessed and the process is repeated several times. The contributions
of the various atomic forces that govern molecular dynamics are called the “force field”.
CHARMM (Brooks et al., 1983) and AMBER programs (Case et al., 2005) are validated force
fields frequently used in the molecular modeling community. Membrane models of any degree
of complexity can be used in MD calculations. Such as “force field”, validated membrane models
are routinely used; these include di-myristoyl-phosphatidyl-choline (DMPC) and di-oleyl-
phosphatidyl-choline (DOPC). According to Bocharov et al., in 2010, the influence of the
membrane on the protein simulation can be assessed using 1) a full-atome hydrated bilayer,
where protein interaction is considered in detail (that is each atoms of the protein), 2) the
coarse-grain model, where groups of atoms (roughly four atoms) are packed together and
replaced by a “grain” avoiding excessive computational calculation time and 3) a so-called
hydrophobic slab membrane model, in which atomistic details of protein membrane
interactions are not provided (Bocharov et al., 2010). A simulation will then generate a

representative configuration of the mode of interaction of the dimeric structure of interest.

Besides molecular dynamics simulation, molecular docking and Monte Carlo approaches are
also used. Ranking the different methods according to the amount of collected informations
would place molecular dynamics in first position, followed by Monte Carlo approaches and
finally the molecular docking method. Indeed using molecular docking technique, the
membrane is either ignored or modeled basically and many physical factors of protein-protein
and protein-lipid interactions are ignored but this technique allows a very quick scanning in

comparison to the two other methods and therefore is used for an initial characterization. The
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Monte Carlo conformational search is more integrative than molecular docking approaches,
membrane are more accurately taken into account. The most obvious difference with molecular
dynamics is the dynamic parameter of interaction; MD provides wider information about the

time-dependence of the properties of a molecular interaction (Bocharov et al., 2010).

The continuing progress in both computer power and algorithm design augur a bright future of
computer-assisted drug design giving to molecular dynamics simulations a gradually important

role.

I11.1.6.2) Reporter assay: BACTH system

The BACTH assay or bacterial two-hybrid system is based on the recombination of adenylate
cyclase (CyA) from Bordetella pertussis. This reporter gene assay relies on reconstitution of the
catalytic domain of CyA which can be separated into two complementary fragments (Karimova
et al., 2001), T25 and T28. When these two fragments are fused to interacting peptides, here
the transmembrane domains of interest, if heterodimerization occurs, a functional adenylate
cyclase enzyme unit can form. This is followed by the production of cyclic AMP (cAMP) in an E.
coli strain, lacking its own adenylate cyclase. The synthesis of cyclic AMP is proportional to the
association propensity of the two fragments and can be measured in a number of ways (Battesti
and Bouveret, 2012). Dimerization leads to the reporter gene activation, here lac Z, and basically
the stronger is the interaction between the TM domains, the higher is the [-galactosidase

activity (figure 18).

BACTH method has already been assessed for various TMD of interest in the work frame of a
collaborative project with the team of Dr P. Hubert in Marseille (Sawma et al. under revision).
Original results are presented below in the result section. Besides BACTH, other reporter gene
assays are currently used including TOXCAT and TOXluc assays. In the same way a reporter gene
is activated after oligomerization of the transcription factor ToxR occurring only after TMD

dimerization (Roth et al., 2008; Russ and Engelman, 1999).

II1.1.6.3) FRET: Forster Resonance Energy Transfer measurements

Another potent method to study interactions between protein partners involved in a typical

biomolecular process is FRET. This technique offers the possibility to evaluate the dimerization
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capabilities between two molecules within several nanometers, a distance sufficiently close for
molecular interactions to occur. Fluorescence resonance energy transfer involves a radiationless
transfer of energy occurring from an excited state fluorophore, so called fluorescent donor, to a
second fluorophore, the fluorescent acceptor, in close proximity. Thus if the two fluorophores
are close enough, such as in a TMD interacting dimers, FRET will occur. Typical donor/acceptor
pairs are commonly used, for example pyrene/coumarin, Cy3/Cy5, and EGFP/Cy3 (Wouters et
al., 2001; Demchenko, 2010). This technique offers measurement with high sensitivity,
specificity, rapidity and simplicity (Clegg, 1995). FRET analyses have already been achieved for
the TMD of the neuropilin-1 dimer (Roth et al., 2008) (figure 19).

I11.2) Interfering peptide strategy

I11.2.1) Hypothesis

The role of TMD has changed dramatically the past 10 years, once mostly considered as a
membrane anchor, it is now recognized as full-time actors in protein-protein interactions. As
interaction between TMD occurs during the dimerization of the full-length receptors, the
introduction in the membrane of homologous sequences mimicking the TMD should act as
competitors of the dimerization and therefore inhibit downstream signaling. In this way, specific
receptors might be targeted for inhibition using small peptides inserted in the membrane

bilayer (figure 20).

I11.2.2) A prophetic view slow to materialize

Initially, Lofts and coworkers demonstrated that a plasmid encoding mutated TM sequence of
the rat Neu receptor could inhibit cell growth and tumor in nude mice (Lofts et al., 1993). Then,
in a similar experiment using expression vector encoding for peptides of the native and of
mutated TMD of ErbB2, Bennasroune and coworkers observed a specific inhibition of the
autophosphorylation and signaling of the ErbB2 receptor confirming Lofts’s work in 1993
(Bennasroune et al., 2004). This block in signaling involved inhibition of dimerization. Using the
same expressing vector strategy, peptides mimicking the EGFR and the insulin TMD receptor
inhibited the transphosphorylation and signaling of both receptors (Bennasroune et al., 2004,

2005). Again, similar results were observed in another study in which the TM domain of the
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mutated Neu specifically inhibits the phosphorylation of the full-length mutated Neu in vitro (He
et al., 2011).

Using differential epitope tagging, Hebert and colleagues in 1996 observed that beta2-
adrenergic receptors form homodimers in which transmembrane domain VI of the receptor may
represent part of an interface for receptor dimerization (Hebert et al.,, 1996). Noteworthy, a
peptide derived from this domain, that inhibits dimerization, also inhibits beta-adrenergic
agonist-promoted stimulation of adenylyl cyclase activity. Using the same approach for another
G-coupled receptor (GPCR), the D1 dopamine receptor (D1DR), a peptide based on the TMD VI
was able to specifically inhibit D1IDR binding and function but without affecting receptor
oligomerization (George et al.,, 1998). In contrast, on the dopamine receptor D2, peptides
derived from the amino acid sequence of the TMD region VI affected the dimerization of the

receptor and subsequent function (Ng et al., 1996).

A synthetic peptide derived from the transmembrane sequence of the T-cell receptor (TCR)
called the core peptide (CP) exhibited immune-inhibitory effect as an anti-inflammatory peptide
by inhibiting B and natural killer cell function (Huynh et al., 2003). In numerous in vivo studies,
the core peptide (GLRILLLKV) reduced the T-cell mediated inflammation (in animal models of
arthritis, allergic encephalomyelitis and diabetes mellitus) (Manolios et al., 2010) and in T-cell
mediated skin diseases (Gollner et al., 2000). To investigate the effects of this peptide in
humans, patients with psoriasis, atopic eczema, or contact dermatitis were treated topically
with the core peptide. Most of the patients showed a marked improvement or full cured of their

skin disease (Gollner et al., 2000).

In a different study, Yin et al in 2006 showed that an exogenous peptide that corresponds to the
TMD of the integrin a2 3 is capable to interact with the TMD of the native protein and is able
to activate these integrins in vitro. Here the activated state of integrins is completed when alpha
and beta chains are dissociated, these two chains being heterodimerized at the resting state

(Yin et al., 2006).

TM peptides have also been studied as potential therapeutic agents for infections. Indeed
encouraging results were observed treating lymphocytes with TM peptides in the context of
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Figure 21: Preclinical validation of MTP-NRP1 for glioblastoma treatment



HIV-1 infection. These peptides were able to inhibit simultaneously the replication and the

infectivity of HIV-1 (Manolios et al., 2010).

Remarkably, in my lab preclinical validation of the use of a peptide targeting the TMD of
neuropilin-1 has been validated. Roth and coworkers observed in 2008 that this synthetic
peptide abolished the inhibitory effect of Sema3A and mutation studies of the GxxxG
dimerization motif in the TMD of NRP1 confirmed its biological importance for Sema3A
signaling. In further experiments MTP-NRP1 (membrane targeting peptide-NRP1) exhibited both
in vivo and in vitro anti-proliferative, anti-migratory and anti-angiogenic properties combating

brain tumor growth (Nasarre et al., 2010)(figure 21).

Hence, interfering with TMD is becoming an unexpected therapeutic option in a wide range of
fields ranging from immunology, cardiology, virology, to diseases such as cancer. Importantly
the peptide-based interference of TMD has already been achieved in clinics with the example of
the core peptide. Facing the resistance to conventional drugs in many cancers, exploring how to

translate TMD interfering peptides into anti-cancer drugs is obviously a timely challenge.
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IV) Thesis objectives

When | started my PhD in October 2010, tremendous work had already been achieved in my lab
on the peptidic strategy (Bennasourne et al., 2004; Roth et al., 2008; Nasarre et al., 2010).
However, little was known on the validation of this strategy on a confirmed therapeutic target
ErbB2 in an in vivo breast cancer model. Moreover at that time, very little if anything was known
on the potential of inhibiting neuropilin-1 and neuropilin-2 in breast cancer with such strategy. |
was therefore in charge of the preclinical validation of an arsenal of three peptides: MTP-ErbB2,
MTP-NRP1, MTP-NRP2 in the breast cancer context. At the same time, as breast cancer cells
inflict their lethal effect when they metastasize to distant organs, it was also of interest to

examine whether these peptides had an efficacy on breast cancer metastases.
In this context | had two main objectives:

- To evaluate the potential of the MTP-ErbB2 peptide to antagonize ErbB2, a validated
target in breast tumor growth and metastasis, and to elucidate subsequent intracellular

mechanisms.

- To assess whether targeting neuropilin-1 and -2 with membrane targeting peptides

would impede breast tumor growth and metastasis.

To fulfill these objectives, | developed a similar workflow to evaluate the efficacy of the three
transmembrane targeting peptides. First step consisted in a functional validation of the peptides
efficacy in vitro while second step tested peptides in relevant in vivo breast cancer models.
While in vitro assays were routinely assessed in the lab, | had to establish and validate all the in
vivo models for drug potential evaluation. In parallel, an important issue during my PhD was to
monitor closely the breast tumor growth and its related metastasis. This is the reason why

different imaging methods were used and adapted to the various in vivo models | established.

MTP-ErbB2 characterization using the BACTH system or computational models work was done

in a collaborative framework with the group of Dr Pierre Hubert (Marseille) and Dr Monique
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Genest (Orléans) who performed the experiments respectively. Then, we investigated the
impact of the peptide on ErbB2 signaling in vitro (by adding the peptide in the conditioned
medium), confirming results previously obtained in my lab using expression vector encoding for
peptides of the native and of mutated TMD of ErbB2 (Bennasroune et al., 2004). Finally, in vitro
observations were confirmed in vivo using a spontaneous model of breast cancer: the MMTV-
NeuNT mouse model. Besides confirming the inhibition of HER2 signaling in vivo, the peptide
increased overall survival compared to control animals. Here the peptidic strategy, directed
against a validated therapeutical target, has been for the first time applied in an in vivo breast
cancer model. | was able to monitor breast cancer metastases occurrence and growth over time
thanks to the imaging platform in IPHC (Institut pluridisciplinaire Hubert Curien) including a
microCT. Upon 3D reconstruction of lung metastasis | was able to evaluate the impact of the

peptide treatment on breast cancer metastasis.

For the assessment of the functionality of MTP-NRP1 and MTP-NRP2 peptides, | completed
different in vitro models including proliferation assays. As triple negative breast cancers have
still no targeted therapy and reveal very bad prognosis, proliferation assays were assessed on
MDA-MB-231 cells (ER-,PR-,HER2-) harboring a triple negative phenotype. In this first step | was
able to demonstrate for the first time that MTP-NRP1 receptors could be targeted in the triple
negative breast cancer context. To confirm MTP-NRP1 and to evaluate MTP-NRP2 anti-
angiogenic properties | used an in vitro tube formation assay, and an in vivo mouse retinal
angiogenesis model. In both models, both drugs exhibited anti-angiogenic properties. To further
evaluate the potential of both drugs in vivo we decided first to use an orthotopic breast cancer
model to measure the impact of such strategy on the primary tumor growth. In a second step,
as woman breast cancer metastasis related deaths remains still a sobering fact, we tested
whether MTP-NRP1 and MTP-NRP2 would impede metastasis progression using a systemic
breast cancer metastasis model. Here the monitoring of the primary tumor growth or the
metastasis was assessed using luciferases cells and the NightOWL bioimager apparatus. | was
able here again to prove the beneficial property of the elegant peptidic strategy directed against

two new breast cancer targets: neuropilin-1 and neuropilin-2.
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V) Material and Methods

In this section one will find methods for which further details needed to be added (such as for
the MMTV-NeuNT mouse model and the computed tomography (CT) imaging apparatus) as well

as standard supplementary technical data.

V.1) MMTV-NeuNT mouse model

The neu gene was first identified in rat tumors that had been induced by the carcinogen ethyl
nitrosourea. The gene induces synthesis of a tumor antigen with a relative molecular mass of
185 kDa, a protein closely homologous to, but distinct from, epidermal growth factor receptors.
The protein product is composed by an extracellular putative binding domain, a transmembrane
domain, and an intracytoplasmic tyrosine kinase domain (Shih et al., 1981; Schechter et al.,
1984). As exposed earlier the activation of the Neu oncogene in these tumors occurs by the
substitution of Val in position 664 to Glu in the transmembrane domain of the protein
(Bargmann et al., 1986). The presence of this transmembrane mutation causes an increase in
the tyrosine kinase activity of Neu (Bargmann and Weinberg, 1988; Stern et al., 1988; Weiner et
al., 1989a) by inducing ligand-independent receptor oligomerization (Weiner et al., 1989b). For
the sake of clarity wild type Neu will be noted NeuWT and mutant or activated Neu will be
noted NeuNT. Transmembrane sequences are exposed below; in bold underlined the

dimerization motifs:
Rattus norvegicus (rat) NeuWT FIIATVVGVLLFLILVVVVGILI
Rattus norvegicus (rat) NeuNT FIIATVEGVLLFLILVVVVGILI

According to Uniprot analysis (http://www.uniprot.org/), the NeuWT TMD shares 64%

homology with human HER2 TMD, and 88% with the entire human protein sequence.

The mouse mammary tumor virus, formerly known as the Bittner virus, is an onco-RNA virus of
the Retroviridae family (Callahan et al., 2012). Various MMTV promoters exist and among these,
MMTV-LTR has most frequently been used to express a gene of interest in the mammary

epithelium since the promoter is active in both non lactating and lactating females (Taneja et
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Figure 22: Picture of MMTV-NeuNT lung metastasis. (A) a “mixed” lung metastasis (intravascular
and parenchymal), (B) Ki67 staining on a parenchymal lung metastasis, (C) CK8 staining on a
parenchymal lung metastasis (Thesis Ines Velasquez 2013), (D) NeuNT staining on a

parenchymal lung metastasis (Thesis Ines Velasquez 2013).
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Figure 23: Electromagnetic spectrum and CT device



al., 2009a). Genetic background of transgenic mice is also of importance. Indeed, it is generally
believed that the FVB/N strain is more susceptible to mammary tumors than mice of the
C57BL/6 strain. For instance, FVB MMTV-NeuWT females develop mammary tumors at
approximately 7 months of age, whereas FVB x C57BL/6 (F1) MMTV-NeuWT mice have tumor

latencies greater than 18 months (Rowse et al., 1998).

An important issue in the MMTV-NeuNT model is the occurrence of lung metastasis. Even
though metastasis occurrence is reaching 20% according to Muller and coworkers, this is clearly
related to the time of observation of these events in the lungs. In my hands, 90% of MMTV-
NeuNT transgenic mice displayed lung metastases at time of sacrifice (more or less 3 months).
Interestingly, lung metastases occur through two distinct patterns: intravascular and/or
parenchymal (Guy et al., 1992; Moody et al., 2002; Siegel et al., 1999). These lung metastasis are
Neu positive, CK8 positive (Thesis Ines Velazquez, 2013) and Ki67 positive suggesting that these
cells arise from the primary epithelial mammary tumor, as the lung parenchyma is Neu and Ki67
negative (figure 22). Mounting evidences suggest that lung metastasis arise from a group of cells
(an emboli) from the primary mammary tumor (Kosanke et al., 2004; Sugino et al., 2002) and
travel as such to the lungs. In this transgenic models emboli would then be arrested in the lung

vasculature and eventually invade the lung parenchyma in a second step.

V.2) Imaging: Computerized tomography (CT)
X-rays were discovered in 1895 by Wilhelm Conrad Rontgen. An X-ray is an electromagnetic

radiation characterized by a wavelength ranging from 0.01 to 10 nm and energies ranging from

100 eV to 100 KeV (figure 23).

Computed tomography was introduced in the early 1970s by Sir Godfrey Hounsfield and first
applications were for neuro-radiobiology. A computerized tomography (CT) apparatus is
composed of a gantry, the device housing the X-ray tube and detectors, with a large opening

into which the patient or the animal is inserted.

The X-rays are produced in an X-ray tube which is composed of a cathode and an anode (also

called target). Briefly, in the cathode, from the heating of a metal, electrons are produced.
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Bone +1000
Liver 40-60
White mater -20 to -30
Grey mater -37 to -45
Blood 40
Muscle 10-40
Kidney 30

CSF 15

-50 to -100

-1000

Table 12: Hounsfield scale

Figure 25: Computed tomography reconstructed images (2D and 3D)



These are then accelerated and attracted into the anode (tungsten target) and once entered in
the anode the electron will be decelerated. Indeed when these electrons will arrive next to the
nucleus of an atom they will be deviated due to the positive charge of this particle attracting the
electron. This deviation will decelerate and deflect the electrons and this energy change induces
the emission of a photon in the X-ray range. This deceleration is called the bremsstrahlung

effect (figure 24).

The remaining X-ray energy that has not been attenuated by the patient/animal, will be
captured by the detector. This detector has to remain aligned with the X-ray source. CT images
are obtained through the use of an X-ray tube and detector that rotate around the
patient/animal which is stationary. The CT signal is measuring the average linear attenuation
coefficient between the X-ray tube and the detector, that is the degree to which the X-ray
intensity is reduced by a material according to the individual densities though which X-rays
travel. The density information is transferred from the detector to the computer. Basically the
greater the attenuation is, the brighter the pixel is (such as for bones), in contrast the less
attenuation is, the darker the pixel will be as observed with air. The density values corresponds
to a range of numbers evaluated thanks to the Hounsfield scale ranging from +1000 Hu, to -
1000 Hu (Unit : Hu), calibrating universally air at -1000 Hu, water at 0 Hu and bone at +1000 Hu
(table 12).

A sufficient number of transmission measurements is taken at different orientation of the X-ray
source and detectors while rotating around the patient. By assigning different levels to different
attenuation coefficient a 3D image can be reconstructed thanks to multiple calculation
algorithms using a computer. The example in figure 25 shows a 3D reconstruction of a bone

metastasis and lung metastases using the CT apparatus.

CT applications include detecting a wide range of abnormalities or diseases in any part of the
body such as cancer, trauma, infection, inflammation, pneumonia, tuberculosis, angiography,

stroke, bone fracture, sinusitis, spinal column damage, and much more.

57






V.3) Cell lines

Cells Source Origin Morphology
MDA-MB- derived from an epithelial human breast adenocarcinoma ATCC
231 (pleural effusion), ER-/PR-/HER2-
derived from an epithelial human breast adenocarcinoma Gift fr(?m
MCF7 . Dr Patrick
(pleural effusion), ER+/PR+/HER2+
Nasarre
derived from an epithelial human breast adenocarcinoma Gift from
SKBR3 (pleural effusion), ER-/PR-/HER2++ D7 AL
P ! Hubert
derived from an epithelial murin Balb/c spontaneous tumor, Gift from
471 . . . . Dr Fanny
highly metatastatic (lungs, liver, bone, brain), Neu +
Mann
HUVEC derived from human umbilical vein endothelial cells Promo Cell
derived from an epithelial mammary MMTV-NeuNT breast Home -
NeuNT . .
adenocarcinoma, Neu + derived

MDA-MB-231, MCF7, SKBR3 and NeuNT cells were grown in Dulbecco's modified Eagle medium

(DMEM, GIBCO), 4T1 cells were grown in Roswell Park Memorial Institute medium 1640 (RPMI,

GIBCO) and HUVEC cells were cultured in Endothelial Cell Growth Medium (Promo Cell). All cell

mediums were supplemented with 10% fetal calf serum (FCS) (GIBCO), 100 U/ml penicillin, 100

ug/ml streptomycin (Sigma), and cultured at 372C, 5% CO2. HUVEC cells were cultured with

added supplements: ECGS (0.004ml/ml), hEGF (0.1ng/ml), hbFGF (1ng/ml) and FCS (0.02ml/ml).

Cultures were grown to 70 to 80% confluence (not grown over 100% confluency) and were

routinely split in 10 cm culture dishes. Culture were suspended with trypsin-EDTA (0.05%

trypsine, 0.02% EDTA), spin down and split regularly up to 40 passages before newstocks were

thawed with the exception of HUVEC cells split up to 5 passages.
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First Objective

VI) To evaluate the potential of the MTP-ErbB2 peptide to antagonize
ErbB2, a validated target in breast tumor growth and metastasis
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Summary

Breast cancer is still a deadly disease despite major achievements in targeted therapies.
Current targeted therapies have been designed to block ligand or ligand binding subunits for
major tyrosine kinase receptors. But relapse is significant and metastases deleterious which
demands novel strategies to fight this disease. Here we report a proof of concept experiment
demonstrating that small peptides interfering with the transmembrane domain of the tyrosine
kinase epidermal growth factor receptor ErbB2 exhibit anti-cancer properties when used at
micro-molar dosages in a genetically engineered mouse model of breast cancer. A two hybrid-
like assay served to demonstrate the specificity of the ErbB2 targeting peptide that induced
long term reduction of ErbB2 phosphorylation and Akt pathway consistent with reduced
tumor cell proliferation and survival. Micro-computed tomography analysis proved the anti-
metastatic activity of the peptide also impacting primary tumor growth. This reveals the heart

of the cell membrane as a novel dimension for drug design.






Introduction

Breast tumorigenesis is a multistep process leading cells to undergo genetic and epigenetic
transformations eventually giving rise to invasive carcinoma with bad prognosis (Bombonati
and Sgroi, 2011). The ErbB family of tyrosine kinase receptors plays a key role in breast
carcinogenesis. One of the striking characteristics of this family is the existence of a complex
signaling network made of multiple heterodimeric combinations of ErbB receptors to ensure
proper signaling of their ligands such as epidermal growth factor (EGF), transforming growth
factor alpha (TGFa), EGF-like growth factors or the neuregulins (Eccles, 2011). While having
no identified ligand, ErbB2 is amplified and over-expressed in high grade ductal carcinoma
(Ross and Fletcher, 1999) and in high grade inflammatory breast cancer (Charafe-Jauffret et
al., 2004) thereby being largely involved in the induction and development of the malignant
transformation (Freudenberg et al., 2009). Several studies revealed the importance of the
dimeric status of ErbB2 triggering signaling cascades including the MAPK and PI3K/Akt
pathways (Freudenberg et al., 2009). ErbB2 promotes cell proliferation, supports survival and
also favors invasion and metastasis. Most of the ErbB2-positive cancers resist to ErbB2-
targeted therapies or tyrosine kinase inhibitors (Arteaga et al., 2012). The heterodimerization
capacity of ErbB2 with ErbB1 or ErbB3 and activation of compensatory signaling pathways
are considered as important resistance mechanisms (Yamaguchi et al., 2013). An ideal
therapeutic strategy would hence be to interfere with receptor interactions by preventing
dimerization and oligomerization in order to block redundant or compensatory downstream
signaling pathways. Mounting evidence nowadays demonstrate that the transmembrane
domains act as crucial regulators of integral membrane receptors interactions. Strikingly, the
transmembrane domains of ErbB family members are also critically involved in ErbB
signaling by not only stabilizing dimerization but also by controlling structural

rearrangements favoring optimal conformational positioning for kinase activation (Cymer and






Schneider, 2010). Hence, point mutations in the transmembrane domain of the murine
homologue of ErbB2 (mErbB2 also called Neu) lead to constitutive activation of the receptor.
This observation led Gullick and collaborators to show that expression in cells of short
transmembrane mErbB2 proteins lacking any other interacting domains reduced cell growth
both in vitro and in vivo (Lofts et al., 1993). Thus blocking transmembrane domain-dependent
mErbB2 dimerization may represent an avenue for the design of a novel type of drugs with
anti-cancer properties. Indeed, after successful inhibition of brain tumor growth when
disrupting the non-tyrosine kinase receptor Neuropilin-1 oligomerization by administration of
a synthetic peptide antagonizing its transmembrane domain (Nasarre et al., 2010) we decided
to explore how a similar strategy would apply for the inhibition of mErbB2 and how this may
efficiently impact the metastatic process that remains nowadays the major challenge in breast
cancer. We conducted this proof of concept experiment in an animal model of genetically
induced breast tumors in which primary tumors are driven by the expression of a transforming
mutant mErbB2 (NeuNT, exhibiting a mutation in its transmembrane domain leading to the
constitutive activation of the receptor) oncogene under the MMTV mammary specific
promoter (MMTV-NeuNT). Besides allowing the analysis in fully immune-competent mice,
this model also gives rise to lung metastasis and has been clearly shown to be highly
predictive of drug efficacy in human (Roberts et al., 2012). Here, we report that long term tri-
weekly intraperitoneal administration of low doses of a synthetic Membrane Targeting
Peptide (MTP) mimicking the transmembrane domain of NeuNT (MTP-NeuNT) triggers
sustained inhibition of the Akt pathway thereby impeding tumor cell growth and metastasis.
Hence, this proof of concept experiment demonstrates that drugs targeting the transmembrane
domain of tyrosine kinase receptors offer a credible alternative to classical approaches

focused on extra or intracellular domains.






Results and Discussion

Molecular modeling of NeuNT transmembrane domain

The substitution of a valine for a glutamic acid in the TMD of the mErbB2 receptor leads to
the constitutive activation of the receptor in a dimeric state and carcinogenesis (Weiner et al.,
1989). We first performed molecular modeling of TMD dimerizing interface to better predict
the interaction of a TMD-NeuNT mimicking peptide (MTP-NeuNT) with the native TMD.
Figure 1A shows the MTP-NeuNT in the context of the nearly full length dimeric NeuNT
receptor. This model is based on the recently published molecular dynamics study of EGFR
dimers (Arkhipov et al., 2013). Our approach illustrates how the transmembrane domain
kindly accommodates to the interface of the active receptor as previously suggested (Bagossi
et al., 2005). Our model supports the idea of an active role of the TMD to control the proper
dimeric and conformational organization of the receptor as recently described for EGFR
(Endres et al., 2013). The crossing angle of the transmembrane helices at -45 degrees involves
small residues in the core of the dimer. Such conformation was shown to be among the most
stable in previously published ErbB2 TMD models (Bocharov et al., 2010). Thus, in the case
of NeuNT receptor, MTP-NeuNT peptide would inhibit signaling by interfering with
homodimerization of the TMD of the NeuNT receptor through direct competition for binding
to the dimerization interface. When locked within the dimerization interface, MTP-NeuNT
peptide would also prevent further heterodimerization by reducing its availability for any

other interactions.

NeuNT transmembrane domain sequence exhibits highly specific interactions

To address the specificity of the MTP-NeuNT peptide mimicking the native transmembrane
domain of the NeuNT receptor we performed a two hybrid-like screening using the BACTH

system (Karimova et al., 2001). We conducted a systematic approach by co-expressing






constructions encoding several TMD containing GxxxG motifs for measurement of
interactions with NeuNT TMD (Figure 1B). This assay confirmed the high propensity of the
MTP-NeuNT peptide to dimerize with NeuNT TMD when compared with positive control
GPA-GPA interaction or negative GRAM-GPAm interaction (mutated non-dimerizing version
of Glycophorin-A TMD in which glycine 83 is replaced by an isoleucine). This MTP-
NeuNT/NeuNT interaction is specific because the MTP-NeuNT TMD sequence showed no
hetero-dimerization with various GxxxG-containing sequences including glycophorin A
(Figure 1B), Neuropilin-1, Vascular endothelial growth factor receptor 1, Vascular endothelial
growth factor receptor 2, Vascular endothelial growth factor receptor 3 or Integrin Beta 1 (see
supporting information figure 1). The MTP-NeuNT sequence showed strong hetero-
dimerization capacity with the mouse ErbB2 sequence (mErbB2) or the human ErbB2
sequences (hErbB2). Moreover, the MTP-NeuNT sequence significantly interacted with the
murine orthologous of ErbB1 (mErbB1), ErbB3 (mErB3) and ErbB4 (mErbB4) but not with
the human orthologous of these receptors (figure 1B and supporting information figure 1).
Thus, this part of the study confirmed stable homo- and hetero dimer formation of the ErbB2
TMD (Bennasroune et al., 2004; Cymer and Schneider, 2010) and allowed us to define the
dimerizing and antagonizing capability of the MTP-NeuNT peptide while demonstrating the

specificity of interactions.
MTP-NeuNT exhibits a long lasting inhibitory effect

There was no cellular model allowing the study of NeuNT signaling in a native context. To
circumvent this issue we developed a cell line derived from tumors collected in MMTV-
NeuNT mice (NT193 cell line). This cell line exhibits epithelial and metastatic properties and
constitutively expresses the mutated version of ErbB2. We performed a dose-response
analysis to characterize the inhibition of cell proliferation that was obtained with 10°M of the

peptide reaching a maximal effect at 10°M (-21% at 10°M versus vehicle, p < 0.001, Mann






Whitney test) (Figure 1C). Moreover, we found that treating the cells with 10°M had a
prolonged and intensified effect as seen by a significant 2-3 fold amplification of the
inhibitory effect when measuring cell proliferation at 48h and 72h post treatment (-68% at
48h and -41% at 72h compared to control, p < 0.001 Mann Whitney test). This long lasting
effect is dose dependent because 10”M of the MTP-NeuNT peptide only showed mild
reduction over time (-17% at 24h, p < 0.0001 versus -4% at 48h, p = 0.24, and -12% at 72h, p
< 0.0004, compared to control, Mann Whitney test) (Figure 1C). This persistent effect is
consistent with our previous confocal microscopy observations demonstrating that similar
TMD peptides enter the cells within a time frame of 30-50 minutes and that they can be
imaged at the membrane up to 72 hours post incubation before endocytosis and degradation
(Nasarre et al., 2010; Popot et al., 2011). Hence, we verified that MTP-NeuNT inhibited
proliferation of another murine breast cancer cell line (4T1 cells) and ErbB2 expressing
human breast cancer lines (MCF7, SKBR3) but had no effect on human breast cancer MDA-
MB-231 cells lacking expression of ErbB2 at the protein level (supporting information figure

2).
MTP-NeuNT inhibits ErbB2 phosphorylation and Akt phosphorylation

Since we observed a negative impact of MTP-NeuNT on tumor cell expansion we
investigated how this peptide affects ErbB2 signaling. First, we determined the
phosphorylation of ErbB2 in the presence of MTP-NeuNT using a phospho-specific ELISA
assay. We observed a significant 45% reduction of ErbB2 phosphorylation (normalized to
total ErbB2) compared to control conditions (LDS without peptide) in NT193 cells (p =
0.0078, Mann Whitney test, Figure 1E). Moreover, we also found a 58% decrease of Akt
phosphorylation normalized to total Akt (p < 0.0001, Chi-square test) in NT193 cells exposed
to 10°M of MTP-NeuNT for 1 hour (Figure 1F). Strikingly, we found sustained inhibition of

Akt phosphorylation up to 72h consistent with long term inhibition of cell proliferation (see






supporting information figure 3). Similarly, Erk1/2 phosphorylation (the second most
important signaling pathway triggered by NeuNT/ErbB2) was reduced in the presence of the
peptide (see supporting information figure 3). Hence, MTP-NeuNT is able to inhibit the pro-
proliferative and survival signaling cascades triggered by the NeuNT/ErbB2 receptor. From a
therapeutic point of view, the inhibition of the Akt pathway highlights an interesting anti-
tumoral potential of the peptide since the Akt pathway is hyperactive in more than 70% of
breast cancers (Grunt and Mariani, 2013) and is considered as one of the major source of

tumor cell survival and metastasis (Kim and Chung, 2002).
MTP-NeuNT improves overall survival of MMTV-NeuNT mice

MMTV-NeuNT transgenic mice develop stochastic mammary adenocarcinoma approximately
from 12 weeks of age (Muller et al., 1988). To determine how MTP-NeuNT would affect
breast tumor growth we administrated intra-peritoneal bolus of 15 pg/kg of the peptide (a
concentration equivalent to 10°M) 3 times a week starting when the first palpable tumor
reached a volume of 200 mm?®. The experiment was finished when tumors reached the ethical
limit-point as defined in the method section. Tumor occurrence was identical in both groups
(100%) within a similar time frame lasting from birth to measurable 200 mm?® tumors (214
days to reach 200 mm?® in control versus 218 days in MTP-NeuNT group, p = 0.95, Mann
Whitney test) before administration of treatments. A waterfall plot of best response
(determined between day 21 and day 28 of treatment according to the RECIST criteria)
revealed that 100% of the treated animals responded to the treatment with 33% of SD (Stable
Disease, < -30% decrease of target lesion) and 67% with PR (Partial Response > 30%
decrease of target lesion) (Figure 2A). This high response rate translated into a marked
survival benefit (Figure 2B) with a median survival increase up to 122% compared with
untreated animals (73.5 days in control animals versus 90 days in MTP-NeuNT treated

animal, p = 0.0182, Log-rank test). We also found that the delay for the appearance of second






tumors (defined as the second palpated tumor) was doubled in MTP-NeuNT treated mice as
compared to control mice (4.6 days in control group versus 10.4 days in MTP-NeuNT treated
animals, p = 0.0066, Mann Withney test) thereby demonstrating an overall impact on disease
progression. In comparison to our results for MTP-NeuNT that already reduced primary
tumor onset and growth, a genetically delivered TGFp antagonist had no effect on tumor
latency in MMTV-NeuNT mice (Yang et al., 2002). Thus, antagonizing the TMD of NeuNT

appears as a potent therapeutic strategy.
Anti-metastatic activity of MTP-NeuNT

The occurrence of lung metastasis is a critical step in breast cancer progression and linked to
disease-associated death (Chambers et al., 2002). Thus, we decided to monitor whether the
improved survival of mice treated with MTP-NeuNT could reflect reduced lung metastatic
colonization. To this end we analyzed the serial LCT images of the whole animals collected at
different time points of the protocol. Figure 2C is presenting representative examples of the
metastases detected in the control or the MTP-NeuNT treated group (3D surface rendering or
sagittal and axial views). A waterfall plot of best response (determined between week 7 and
week 8 of treatment according to the RECIST criteria) revealed that 100% of the treated
animals responded to the treatment with 20% of SD (Stable Disease, < -30% decrease of
target lesion) and 80% with PR (Partial Response > 30% decrease of target lesion) including
two individuals above 90% of decrease in metastasis volume (Figure 2D). Quantitative
measurements of the total number of metastasis in randomly selected 5/10 control mice and
5/10 MTP-NeuNT mice revealed a 2.4 fold decrease (n=26 detectable metastases in control
versus n=11 metastases in MTP-NeuNT group) in treated animals after eight weeks treatment
(Figure 2E). Determination of metastases volumes also revealed a 4.5 fold decrease when
comparing cumulated volumes of metastases in mice of MTP-NeuNT group with those of the

control group (cumulated volume CV = 78.3 mm? in control versus CV = 17.5 mm?® in MTP-






NeuNT group) (Figure 2F). Hence, uCT analysis revealed a significant anti-metastatic effect
of MTP-NeuNT characterized by both a reduction of the number and size of the lesions.
Because micro-metastases (< 1 mm in diameter) are difficult to analyze by uCT we decided to
perform a detailed histological examination of the lungs to further analyze the anti-metastatic

effect of MTP-NeuNT.

MTP-NeuNT inhibits metastasis proliferation and prevents parenchymal invasion

To further explore the anti-metastatic effect of MTP-NeuNT we performed a systematic
histological examination of the lungs. This allowed us to confirm an overall 1.8 fold reduction
of the mean number of lung metastasis (Figure 3). Interestingly, a detailed histological
analysis allowed us to distinguish between intravascular and parenchymal metastases (Siegel
et al., 2003) to reveal a 2.6 fold decrease of the number of parenchymal metastasis in the
MTP-NeuNT treated group compared to the control group. This result suggests that the
peptide is able to reduce parenchymal invasion, presumably because impeding extravasation
of metastasizing cells forming emboli in blood vessels. We also measured the proliferative
activity of lung metastases using Ki67 staining. Consistently with our in vitro work we found
a general 2.7 fold decrease of tumor cell proliferation (Figure 3B). Moreover, consistent with
the observed reduction of the size of metastases we found a 1.9 fold increase of TUNEL
positive cells in the metastases of treated animals illustrating that the peptide impaired tumor
cell survival (Figure 3C). Hence, we found a general 4.9 fold decrease of Akt phosphorylation
in situ (Figure 3D). Altogether these data demonstrate that the therapeutic peptide is able to
slow down proliferation and extravasation of metastatic cells and survival as a consequence of

Akt pathway inhibition.






Conclusive remarks

We believe that the transmembrane domain of tyrosine kinase receptors offer a novel
dimension for drug design because this underestimated domain is crucial for the control of
receptor activation (Arkhipov et al., 2013; Endres et al., 2013). Our study demonstrates that a
peptide mimicking the TMD of the mutant mErbB2 (NeuNT) is able to specifically
antagonize NeuNT, mouse and human ErbB2 thereby inhibiting phosphorylation of the
receptor and downstream signaling. This long lasting inhibitory property translated into
improved survival and strong reduction of metastasis growth of mice presenting genetically
induced mammary tumors. Strikingly, micro-molar dosage was sufficient to trigger significant
therapeutic benefit with no histological sign of toxicity (supporting information figure 4). This
unique strategy may apply to other tyrosine kinase receptors therefore opening a novel avenue

for drug design.
Experimental Procedures

Cell culture

All cell media were supplemented with 10% fetal calf serum (FCS) (GIBCO), 100 U/ml
penicillin, 100 pg/ml streptomycin (Sigma), and cultures were performed at 37°C, 5% CO2.
Cultures were grown up to 70-80% confluence and were routinely split in 10 cm culture
dishes. Human epithelial breast adenocarcinoma derived from pleural effusion MDA-MB-231
(ErbB2 negative), MCF7 (ErbB2 positive), SKBR3 (overexpressing ErbB2) cells were grown
in Dulbecco's modified Eagle medium (DMEM, GIBCO). Murine Balb/c 4T1 (ErbB2
positive) cells derived from a spontaneous tumor were grown in Roswell Park Memorial
Institute medium 1640 (RPMI, GIBCO). MDA-MB-231 cells were purchased from ECACC
(92020424), MCF7 and 4T1 cells were obtained from our institute collection, MDA-MB-231

were obtained from Dr Jacky Goetz. NT193 cells were derived from MMTV-NeuNT primary






tumors. In brief, breast tumor from MMTV-NeuNT mice was removed upon sacrifice, minced
finely using scissors and subjected to enzymatic digestion using 0.25% trypsine in Versene
solution. The cellular suspension was passed through 40 um nylon filter (BD Falcon) and
cultivated as describe above. The morphology of the cells was analyzed continuously.
Fibroblast-like cells were removed by selective trypsinization. Briefly, cells were washed with
PBS and mesenchymal-like cells were removed after a short (2 to 5 min) treatment with a
solution of trypsin at low concentration (0.05% wi/v trypsin, 0.02% w/v EDTA in PBS).
Detached cells were removed, still adherent (epithelial) cells were then washed with PBS

once and the medium was re-freshed.
Peptides

Peptides have been synthesized by the Peptide Specialty Laboratories GmbH by automatic
peptide synthesis (Fmoc chemistry). The peptide corresponding to the TM sequence of
NeuNT : TFIIATVEGVLLFLILVVVVGILIKRR (in one-letter code, amino acid T°** to R®®
according to Swissprot entry P06494) is referred as MTP-NeuNT. Peptides purity estimated

by RP-HPLC was more than 90% according to manufacturer indication.
Modeling of the NeuNT receptor dimer and MTP-NeuNT

The nearly full length of the monomeric and the dimeric ErbB2 receptors were modeled by
homology using MODELLER 9.11. The multi templates strategy was employed using as
templates the recent model of EGFR obtained by molecular dynamics [24] and the X-rays and
NMR structures of the domains available for the murine ErbB2 receptor. These domains are
the extracellular region (PDB.ID 1N8Y), the kinase domain (PDB.ID 3PP0Q) and the right-
handed dimer model of the TM domain [39]. The 3D structure of the missing part of the

intracellular domain of the murine ErbB2 was modeled using the prediction server |-






TASSER. The homology models of the monomeric and the dimeric ErbB2 receptors were

energetically minimized before their insertion in a lipidic bilayer.

Estimation of MTP-NeuNT dimerization (BACTH Method)

A Dbacterial two-hybrid system based on the recombination of adenylate cyclase CyaA from
Bordetella pertussis was used to measure both homo- and heterodimerization propensities of
transmembrane domains of interest. This system relies on reconstitution of the catalytic
domain of CyaA which can be separated into two complementary fragments [29]. When each
fragment is fused to a protein of interest, a functional adenylate cyclase can be reassembled
upon interaction of the two proteins, which is followed by the production of cyclic AMP in an
E. coli strain lacking its own adenylate cyclase. The synthesis of cyclic AMP is proportional
to the association propensity of the two fragments, and can be measured in a number of ways
[40]. This system has been used widely and is readily amenable for study of membrane
proteins interactions. We have adapted the BACTH system for the study of homotypic and
heterotypic interactions of TMD (Sawma et al, under revision). Very briefly, we have
modified the BACTH pKTN25 and pUT18 plasmids so that they encode for hybrid proteins
containing a signal sequence followed by the different TMDs of interest and the T25 and T18
fragments of adenylate cyclase. Double transformation in BTH101 (cya-) E. coli cells, cell
growth and induction, and beta-Galactosidase assay in 96-well arrays on a TECAN machine
were performed as described [40]. Peptide sequences used in this study are summarized in

supplementary table 1.

Immunocytochemistry

Cells were grown on sterile glass cover slips for one day before immunofluorescence staining.
The cells were fixed with freshly made fixative 4% formaldehyde (FA) for 10 minutes. The

samples were gently rinsed with PBS (1 wash for 10 minutes) before adding the blocking






solution (FCS 5%) for a minimum of 30 minutes. Cells were permeabilized using 1x PBS
with 0.1% Tween20 for 5 minutes. Primary HER2/erbB2 (Cell signaling #2242, diluted 1/50
from stock solution) antibody diluted in 5% fetal calf serum (FBS)-PBS was added to the cell
over night at room temperature. After thorough wash (3 washes of 5 minutes) secondary
antibody (donkey anti-rabbit, Jackson Immunoresearch 711-165-152 diluted 1/1000 from
stock) was added at room temperature for 90 minutes. After washing in PBS, the cell nuclei
were stained with DAPI (4’,6-diamidino-2-phenylindole, 1/30000 in water) for 10 minutes.
Glass coverslips were finally mounted on microscopy glass slides using a polymerization

medium (FluorSave reagent, Calbiochem-Merck cat#345789).

Histology

Giemsa staining

Lung metastasis production was analyzed at the histological level using Giemsa staining.
After mice sacrifice, lung (left lobe) were removed and fixed overnight in 4% FA. Following
extensive wash (at least 3 washes of 15 minutes) organs were dehydrated in 100% ethanol for
a day and then embedded in paraffin. Samples were stored at RT. The paraffin embedded
tissue blocks sections (7um thickness) were de-waxed and rehydrated through 100% Toluene
(2 washes of 15 minutes) then 100% alcohol (2 washes of 15 minutes), 95% alcohol, 90%
alcohol, 70% alcohol and water (1 wash 10 minutes respectively) and then stained with
freshly made up Giemsa stain (RAL#320310-0125, diluted 1/50 from stock solution) for 2h at
37°C. After extensive washing, differentiation is achieved with 0.5% aqueous acetic solution
for 30 seconds. Sections are then rapidly dehydrated in 70% alcohol, 90% alcohol, 95%
alcohol, 100% alcohol with rapid dips in each bath before final wash in toluene for 15
minutes. Slides were mounted in Eukitt (Sigma) for long term conservation and microscopic

observation.






Hematoxylin-eosin

The paraffin embedded kidney and liver sections were dewaxed and rehydrated as described
above. Sections were stained with hematoxylin (Surgipath # 01562E) for 5 minutes and
washed with running tap water. Differentiation was accomplished in acid alcohol solution for
7 seconds followed by thorough wash (running tap water for at least 10 minutes). Sections
were incubated in eosin (Harris, RAL# 31273-7) for 10 seconds, rinsed again and dehydrated

as described above before mounting in Eukitt (Sigma #03989).
Cell proliferation

In vitro cell proliferation was monitored using MTT (3-(4,5 -Dimethylthiazol-2 -yl)-2,5-di
phenyl tetrazolium bromide) proliferation assay according to manufacturer’s instruction
(Sigma, M2128, USA). Optical density was determined at 570 nm using an ELISA plate
reader spectrophotometer (EL800, Bio-Tek Instruments). NT193 cells were seeded at a
density of 10 000 cells per well in a 96 well plate, the cells were then incubated with
increasing peptide concentration (ranging from 10°M to 10°M) or corresponding vehicle
increasing concentration (LDS, ranging from 0.72uM to 720uM). This assay allowed us to
determine acute toxicity of the treatments when performed after 4h treatment (107M) while
cell proliferation was evaluated after 24h, 48h and/or 72h. After desired incubation period the
culture media were removed from the well and 100 pl of MTT dye freshly diluted (to 1/50 in
GBSS) from stock solution (5mg/ml) was added to each well for 4h. After this incubation
period, isopropanol (100ul) was added to the MTT solution in each well before reading the

optical density at 570 nm.

In vivo cell proliferation was determined by quantification of Ki67 positive cells. Sections
(7um thickness) were dewaxed as described above. Tissue was boiled with the antigen

retrieval sodium citrate buffer (pH = 6) for 20 min (Sigma #CQO759) in order to restore






antigenic reactivity. After incubation with blocking solution (PBS Triton-100X +5% NGS)
for 20 minutes, the avidin/biotin blocking solutions were added on the tissue for 15 minutes
respectively (Blocking kit from VECTOR laboratories SP-2001). The primary anti-Ki67
antibody (ThermoScientific, RM-9106) was added to the specimen in blocking solution
overnight at a dilution of 1/200. An extensive washing was then completed (5x1min in PBS)
before incubation with the secondary antibody (Goat anti-rabbit, Vector Laboratories, #PI-
1000) at a dilution of 1/200 in PBS for 1 hour at room temperature. The tissue was rinsed with
PBS (2x2 minutes) and then the endogenous peroxidases were blocked with 1% H,O; solution
(Sigma, #H1009). This later solution was washed out and amplification of the signal was
achieved using the ABC peroxidase solution (Elit Vectastain kit, PK-6100). DAB was finally
added (kit from Vector laboratories). All specimens were counterstained with Hematoxylin to
simplify tissue architecture evaluation (30 seconds). Lastly sections were dehydrated as

described previously and mounted in Eukitt (Sigma, #03989).

Determination of apoptosis

Sections were dewaxed and rehydrated as described above. Apoptosis was determined using
the ‘ApopTag Plus Peroxidase In situ Hybridization and Detection Kit’ (Chemicon, S7101,
CA, USA) according to the manufacturer’s instructions. Number of positive cells was counted
on a total of 8 sections of the control group and 8 sections of the MTP-NeuNT treated group.

Data were expressed as the number of positive (apoptotic) cells per area (um?2).

Image acquisition

Cell fluorescence images and high magnification images were acquired with the fluorescence
Zeiss Imager Z2 equipped with HXP 120W lamp and ApoTome system. Lung metastasis and

low magnification images were acquired using a macroscope Zeiss AXIOZoom.V16. Images






were analyzed using AxioVision 4.7.2 (Zeiss), Zen (Zeiss) and Image J (Wayne Rasband,

NIH) software.
Phosphorylation of ErbB2 receptor on NT193 cells

Phospho-Neu (Y1221/Y1222) cell-Based colorimetric ELISA Kit (Immunoway
Biotechnology Company, Newark, DE, USA) was used to monitor levels of phosphorylated
mErbB2 and related total mErbB2 receptor. NT193 cells were seeded into the wells of the 96
well plate at densities of 30 000 cells in 200l cell culture media and serum starved overnight.
The cells were then treated with either vehicle (LDS 720uM) or MTP-NeuNT peptide for 1h

at 10°M. mErbB2 phosphorylation was assessed according to the manufacturer’s instructions.
Western blot

NT193 cells were seeded at a density of 600 000 cells per well in a 6 well plate and serum
starved overnight. Before protein extraction, the cells were treated either with 10°M of MTP-
NeuNT or Vehicle (LDS, 720uM). After a rapid PBS wash, the protein sample preparation
was completed with Laemmli buffer (100 mg/ml SDS, 250 pl/ml TRIS 1M pH=6.8, 1 mg/ml
Bromphenol Blue, 77 mg/ml Dithiothreitol, 500 pl/ml Glycerol , 500 pl/ml H,0)
supplemented with protease inhibitor (Roche tablets, #11836145001) and 5 mM of Na
orthovanadate. Proteins were resolved in a 8% SDS/PAGE gel and transferred onto a
nitrocellulose membrane (Whatman). The blot was soaked in blocking solution
(TBS/1%tween/5%milk) for 1h at RT. First antibodies (Rabbit anti-phospho-akt, Rabbit anti-
akt, Cell Signaling #4060 and #9272 respectively) and mouse anti-actine (Chemicon
#MAB1501R) were incubated overnight at 4°C. Succeeding washing (3 times 5 minutes,
TBS/tween 1%), secondary antibodies (anti-rabbit-HRP, GE Healthcare, #NA934V and anti-
mouse-HRP, GE Healthcare, #NXA931) were incubated 1h a RT in TBS/1%tween /5%milk.

The revelation step was performed using streptavidin-biotinylated Horseradish Peroxidase






complex (Amersham #RPN1051) according to the manufacturer instructions. Images of the
immune-blots were acquired and analyzed thanks to the GENE GNOME apparatus (Syngene

Bio Imaging, UK).
Animal handling and in vivo ethical statement

Experiments were performed according to the Guide for Care and Use of Laboratory Animals
(E67-6-482-21) and the European Directive with approval of the regional ethical committee
(Reference AL/55/62/02/13). Mice received food and water ad libitum. Animals were
sacrificed using CO,. All necessary precautions were taken to minimize pain or discomfort of
the animals. General health status was monitored 3 times a week by independent observers.

Sacrifice of the animal was effectuated when reaching limit ethical endpoints.
Production of the transgenic MMTV-NeuNT mice

Transgenic FVB mice expressing the mutant activated form of murine ErbB2 (NeuNT) under
control of the mouse mammary tumor virus (MMTYV) promoter (Muller et al., 1988), were
kindly obtained from Dr Gerhard Christofori (University of Basel). Mice were maintained
under strict inbreeding conditions crossing FVB females with MMTV-NeuNT +/- males; the
presence of the NeuNT transgene was checked by PCR on tail DNA two weeks after birth in
females (forward primer NeuNT F: 5’-GGAAGTACCCGGATGAGGAGGGCATATG-3’,
reverse primer NeuNT R: 5’-CCGGGCAGCCAGGTCCCTGTGTACAAGCCG-3’). We
generated a cohort of 20 mice receiving either 15ug/kg of MTP-NeuNT or peptide vehicle
(LDS, 720uM) three times a week. Treatments were administrated when first palpated tumor
reached 200 mm?® volume as determined using electronic caliper based measurements of the
tumor diameter. Upon sacrifice of the mice, lungs, kidney and liver were removed and

collected for histological examination.






In vivo imaging and surface rendering of uCT

In vivo uCT, equipped with dedicated anesthesia chamber, was performed on a weekly basis
allowing pulmonary metastasis monitoring. The cone beam micro-CT system has been
constructed at the IPHC (Institut Pluridisciplinaire Hubert Curien), Strasbourg, France. It
consists in an X-ray source, an x-ray detector and 3D translation and rotation stages. The x-
ray source is a commercially sealed tube (L9181-02, Hamamatsu) with a tungsten anode, a
200 pm beryllium and a 1 mm Aluminum exit windows. The source has an 8 pum focal spot
and a maximum output power of 8 W. With a selected output power less than 4 W, the size of
the focal spot is 5 um. The x-ray source operates in continuous mode with a 39° maximum
beam angle. The x-ray detector is a commercially available flat panel sensor (C7942CA-22,
Hamamatsu) composed of a Csl scintillator plate coupled to 1 mm Aluminum filter and a two-
dimensional photodiode array (CMOS) leading to an active area of 120 x 120 mm2 and 2400
X 2400 active pixel elements. The pixel size is 50 x 50 pm?. Acquisition parameters were 40
kVp, 250 IA and 235 ms exposures per projection in binning 2 x 2 with a projection pixel size
of 100 x 100 cm?. A full-image data set covered 360° in 0.47° steps for a total of 768
projections. The continuous rotation of the system during the acquisition resulted in a total
acquisition time of 3 minutes. Images were reconstructed with a cone-beam reconstruction
algorithm producing in real time a 3-D image with an isotropic voxel size of 0.1 mm. The
delivered dose during each microCT exam was 48 mGy. Once the metastasis was detected in

the lung, its volume was calculated as follows: V = (4/3) * © * rx * ry * rz, where r is the

radius of the metastasis and x, y, z are the axial directions.
Statistics

Statistical analyses were performed using Mann Whitney test (for sample n < 30), Chi square

analysis (for qualitative data), Extra sum of square F test (for the uCT number of metastasis






curves) using GraphPad software (USA). P-values are given in the figure legends, and values
of P < 0.05 were considered to be statistically significant. Normal distribution of the values
was checked using GraphPad software (USA). A minimum of three independent experiments
was performed for in vitro assays (proliferation, toxicity, ErbB2 phosphorylation and Western
blot). For in vivo experiment sample size calculation anticipated a therapeutic effect of 20%
for a standard deviation of 14% and confidence interval of confidence 95% (Lamorte’s Power

calculation, University of Boston).
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Figure legends
Figure 1: Demonstration of the peptide-based inhibition of NeuNT/ErbB2 receptor

(A) Analogy-based model of the nearly full length monomeric and dimeric ErbB2 receptor
illustrating the interaction between native transmembrane domains (TMD) or with a peptide
mimicking the TMD. (B) Bacterial Adenylate Cyclase Two-Hybrid System demonstrating the
specificity and capacity of homo- or hetero dimerization of NeuNT TMD. (C) Demonstration
of the dose-dependent anti-proliferative effect of MTP-NeuNT in NT193 cells derived from
MMTV-NeuNT tumor-bearing mice using a MTT assay. (D) Demonstration of the prolonged
and intensified anti-proliferative effect of the peptide over time. (E) Demonstration of the
inhibition of ErbB2 phosphorylation (ELISA assay) and (F) Akt phosphorylation (Western

blot) in NT193 cells treated with 10°M of MTP-NeuNT.
Figure 2. Effect of MTP-NeuNT in vivo

(A) Demonstration of the inhibitory effect of NeuNT peptide on primary tumors volumes
between day 21 and day 28 of treatment. The Waterfall graph represents the percent change in
tumor volume of individual treated animals (gray bars, n=9) compared to the averaged tumor
volume increased determined in the control group (dark bar, n=10). This demonstrates that
100% of the treated animals responded to the treatment with 30% stable disease and 70%
partial response. (B) Kaplan Meyer survival curve demonstrating a significant increased
survival of the treated animals compared to the control animals. (C) Representative example
of lung metastases seen from puCT 3D surface rendering or single sagittal and axial sections of
the lungs in a control animal (left panel) and in a treated animal (right panel). Lung metastasis
are surrounded in red, spinal cord in dashed pink, heart in dashed yellow, orange arrow heads
point ribs. (D) Waterfall graph representing the percent change in metastases volume of

individual treated animals (gray bars, n=5) compared to the averaged metastases volume






increase determined in the control group (dark bar, n=5) between week 7 and 8 of treatment.
This plot revealed that 100% of the treated animals responded to the treatment. (E) Regression
curves indicating that MTP-NeuNT treatment decreases the number of lung metastasis over

time and (D) the cumulated volume of lung metastases.

Figure 3. Histological analysis of lung metastasis

(A) Representative microphotographs illustrating extravasating metastasis and pure
intravascular metastasis in the control and treated group respectively. Systematic
quantification of the number of metastasis revealing a 2 fold reduction in MTP-NeuNT treated
animals. (B) Demonstration of the anti-proliferative activity of the peptide by systematic
counting of Ki67 positive cells. (C) Demonstration of the pro-apoptotic effect of the peptide
using the TUNEL method. (D) Demonstration of the inhibition of the Akt pathway by
systematic counting of phospho-Akt positive cells in metastasis. (B-D) The left part is
showing representative images of Ki67, TUNEL or phospho-Akt positive cells
(immunocytochemistry, scale bars: 50um). The right parts are presenting the corresponding
quantitation, P-values are determined by Mann Whitney test, * = P < 0.05; ** = P < 0.001;

*** =P <0.0001.






Figure 1. Demonstration of the peptide-based
NeuNT/ErbB2 receptor
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Figure 2. Effect of MTP-NeuNT in vivo
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Figure 3. Histological analysis of lung metastasis
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Supplemental figures — Manuscript by Arpel et al., Cell Reports

Supplemental figure 1 :

This figure is supporting figure 1 to provide reviewers with typical examples of negative
interactions between the transmembrane domain of NeuNT and various transmembrane
domains containing potential interacting sequences.

Determination of the specificity of the transmembrane peptides interaction. BACTH
system (Bacterial Adenylate Cyclase Two-Hybrid system). Bacterias were transformed with
plasmids expressing the transmembrane domain of indicated receptors. Dimerization was
quantified according to B-galactosidase enzyme activity (normalized to Glycophorin A taken
as 100%) as describe in Material and Methods. Nrpl= Neuropilin-1; Intbl= Integrin b-1;
VEGFR1= Vascular Endothelial Growth factor-1; VEGFR2= Vascular Endothelial Growth
factor-2; VEGFR3= Vascular Endothelial Growth factor-3; hEGFR= human Epidermal
growth factor; hERB3= human Receptor tyrosine-protein kinase 3; hErbB4 = human Receptor
tyrosine-protein Kkinase 4. Data are presented as mean = SEM of three independent

experiments performed in triplicates.






Supplemental figure 2:

This figure is supporting information included in figure 2 of the manuscript. Here, the long
lasting inhibition of Akt and Erk1/2 pathways following addition of the therapeutic pepide is
shown. Hence, additional results demonstrate that that this peptide is efficient in other
ErbB2/Her2 expressing cell line but not in cells lacking expression of the targeted receptor.
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MTP-NeuNT inhibits proliferation of ErbB2-expressing breast tumor cells. (A)
Immunofluorescence of ErbB2 receptor (green) and nuclei (blue) of the murine cell line 4T1,
and on human cell lines MCF7, SKBR3, MDA-MB-231 from left to right respectively,
validating expression or lack of ErbB2 expression at the protein level. Insets within images
represent higher magnifications of different fields. Scale bars: 50 um. (B) Proliferation assay
(MTT) respectively from left to right on 4T1, MCF7, SKBR3, MDA-MB-231 cell lines
treated with MTP-NeuNT compared to Vehicle (LDS) at 10-7M and 10-6M for 24h. Only
cells expressing ErbB2 exhibit reduced proliferation when treated with the therapeutic
peptide. Data are presented as mean £ SEM from triplicate experiments. P-values were
determined by Mann Whitney test in comparison to control LDS at 10-7M and 10-6M for






24h. *** = P < 0.0001, ** = P < 0,001 compared to vehicle. n.s., not significant. (C)
Decrease of p-Akt and p-Erk phosphorylation. 72h after addition of MTP-NeuNT at 10°M
on NT193 cells Akt phosphorylation is significantly decreased by 48%, and Erk1/2
phosphorylation is decreased by 15% when evaluated by western blotting. Three independent
western-blots were quantified and results are normalized to total Akt or Erk1/2. P-value is
determined by Chi-square test. *** = P < 0.0001 compared to vehicle.

Supplemental figure 3:

This figure is supporting figure 3 of the manuscript to demonstrate that the observed
therapeutic effect is not correlated with general side effects. This is demonstrated by a
detailed examination of kidney and liver at the histological level.

A Vehicle MTP-NeuNT

Tolerance of the treatment. (A) H&E staining of liver in vehicle and treated animals
(cumulated dose 662ug) demonstrating no sign of tissular lesion when exposed to MTP-
NeuNT peptide treatment. (B) H&E staining of kidney in vehicle and treated animals
(cumulated dose 462ug) presenting the lack of toxic effect at the histological level after
treatment. The analysis was performed under the supervision of a pathologist (Dr Marie-
Pierre Chenard, MD) in Hautepierre hospital (CHU Strasbourg) for 10 animals per group.






Supplemental Method — Manuscript by Arpel et al., Cell Reports

Supplemental table 1:

This table is detailing the sequences of peptides analyzed in the BACTH assay described in
figure 1.

Peptide Sequence
MTP-NeuNT / NeuNT VTFIIATVEGVLLFLILVVVVGILIKRR
mErbB2 VTFIIATVVGVLLFLILVVVVGILIKRR
GpA I[EITLIFGVMAGVIGTILLISYGIRRK
GpAm I[EITLIFGVMAIVIGTILLISYGIRRK
VEGFR1 NLELITLCTCVAATLFWLLLTLFIRKK
VEGFR2 NILVGTAVIAMFFWLLLVIILRTVKRK
VEGFR3 SMEIVILVGTGVIAVFFWVLLLLIFCNRRK
Integrin -1 [IPIVAGVVAGIVLIGLALLLIWKLLKR
Neuropilin-1 ILITHAMSALGVLLGAVCGVVLYRKR
EGFR IATGMVGALLLLLVVALGIGLFMRRR
hErbB2 ISIISAVVGILLVVVLGVVFGILIKRR
hErbB3 ITMALTVIAGLVVIFMMLGGTFLYWRGRR
hErbB4 IAAGVIGGLFILVIVGLTFAVYVRRK
cMet NFTGLIAGVVSISTALLLLLGFFLWLKKR
mEGFR IATGIVGGLLFIVVVALGIGLFMRRR
mErbB3 VIAVTVGLTVIFLILGGSFLYWRGRR
mErbB4 IAAGVIGGLFILVIMALTFAVYVRRK
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Summary

The role of transmembrane domains in membrane receptor activation and regulation is
nowadays appearing as a key step of cell signaling. Consistently, our team has demonstrated
that a peptide targeting the transmembrane domain of neuropilin-1 (MTP-NRP1), blocked
cell proliferation, cell migration and angiogenesis in vitro, and this lead to the decrease of
growth of glioblastoma in vivo (Nasarre et al., 2010; Roth et al., 2008). While further
characterizing the clinical potential of MTP-NRP1 on breast cancer and metastatic breast
cancer, we also decided to extend this novel strategy to the NRP1 closely related membrane
receptor NRP2. Mounting evidences support that both receptors are implicated in breast
cancer and metastasis processes and are correlated with poor prognosis in such cancer
(Stephenson et al., 2002; Bachelder et al., 2003; Yasuoka et al., 2009; Jubb et al., 2012). Our
in vitro data revealed the blocking activity of both peptides on proliferation on MDA-MB-231
cell line, a triple negative human breast cancer cell line. Moreover, in vitro data confirmed
the anti-angiogenic effect of MTP-NRP1 and showed that MTP-NRP2 also inhibits
angiogenesis. Finally, both peptides were evaluated in vivo using an orthotopic breast cancer
model and a systemic breast cancer metastasis model. Animals were treated three times a
week for three months in both models. While all animals (100%) harboring primary tumor
responded to MTP-NRP1 treatment, only 67 % of the MTP-NRP2 treated animals responded
to the treatment, as measured using the RECIST criteria (response evaluation criteria in solid
tumors)(Therasse et al., 2000). Both treatments induced a significant decrease in total
number and extent of breast cancer metastasis. Nevertheless, when analyzing sites of
metastasis in details MTP-NRP2 treated animals exhibited a significant increase number of

metastasis in bones. Overall, our results report that targeting the TMD of NRP1 receptor in






breast cancer is a potent new strategy to fight against breast cancer and related metastases,

while blocking NRP2 may induce unexpected severe side effect in the bone.






Introduction

Since a decade, even though broad achievements were assessed in early breast cancer
diagnosis, the death of woman due to breast cancer and related metastasis remains a
sobering fact (Lu et al., 2009, Medina, 2005). This indicates the need to develop new
strategies and therapeutic tools with effective anti-metastatic properties. To address this
need, we tested a novel strategy inhibiting new breast cancer targets: neuropilin-1 and
neuropilin-2 protein. Indeed, initially described for their role in nervous system development
(Bagri and Tessier-Lavigne, 2002b) and angiogenesis (Jocic and Staton, 1993) for NRP1 and
lymphangiogenesis for NRP2 (Yuan et al., 2002), extensive work implicates a role of both
receptors in breast cancer tumorigenesis and metastasis. Indeed, besides a role in the
survival of breast cancer cells (Bachelder et al., 2001), numerous studies suggest a role of
neuropilins in cell migration and metastasis (Fernandis et al., 2004; Yasuoka et al., 2009;
Caunt et al., 2008). Moreover, both proteins are expressed in human breast cancer biopsies
(Yasuoka et al., 2009; Ghosh et al., 2008; Jubb et al., 2012) and the expression of both
proteins is correlated with patient survival (Yasuoka et al., 2009; Ghosh et al., 2008). In vitro,
in vivo and clinical findings taken together highlights a crucial role for neuropilins in breast
cancer tumor growth and metastasis in addition to their involvement in tumor
vascularisation. Thus, neuropilins are ideal new attractive targets in breast cancer and some
studies have shown this to already be the case in vitro and in vivo. Barr and co-workers
demonstrated in 2005 that a peptide targeting the VEGF165-binding site of NRP1,
antagonises the autocrine anti-apoptotic effects of VEGF on 4T1 and MDA-MB-231 breast
carcinoma cells in vitro. Moreover, another group described that a heptapeptide also
inhibiting VEGF binding to NRP1 reduced tumor volume, blood vessel density and

endothelial cell area in an orthotopic mammary carcinoma model of MDA-MB-231 cells






(Starzec et al., 2006). Strategies targeting extracellular or intracellular domains of receptors
implicated in tumorigenesis are widely accepted and validated, but mounting evidences
nowadays demonstrate that the transmembrane domains act as crucial regulators of integral
membrane receptor interactions (Hubert et al., 2010). Interestingly, our previous work
showed that a peptide mimicking the transmembrane domain of neuropilin-1 (Membrane
Targeting Peptide of neuropilin-1 (MTP-NRP1)) exhibit in vitro and in vivo anti-proliferative,
anti-migratory and anti-angiogenic properties (Nasarre et al., 2010; Roth et al., 2008). After
successful inhibition of glioma growth, we decided to explore how this strategy would apply
for the inhibition of NRP1 and NRP2 in breast cancer and how this may influence the
metastatic progression that remains currently a major issue. Hence, we decided to conduct
this approach in an animal model of orthotopic breast cancer and in a model of systemic
breast cancer metastasis, both mimicking the human pathology. As no targeted therapy is
currently available for triple negative breast cancer, the most aggressive breast cancer, in
vivo experiments were fulfilled grafting MDA-MB-231 (ER-, PR, HER2-). Here, we report that
long term tri-weekly intraperitoneal administration of a synthetic Membrane Targeting
Peptide (MTP) mimicking the transmembrane domain of neuropilin-1 significantly improved
the overall survival of mice compared to vehicle-treated animals (+14% of the mean
survival). This benefit could be attributed to reduced primary tumor growth evaluated using
both bioluminescence and the RECIST criteria (Eisenhauer et al., 2009), and the reduction of
number and burden of systemic metastasis as shown by a longitudinal bioluminescence
study. These data are supported by in vitro assays including proliferation and angiogenesis
assays. However, the results obtained with a peptide targeting NRP2 (MTP-NRP2) revealed
that while the peptide significantly decreased the overall burden and number of metastasis,

survival was not significantly improved. This could be due to an increase in bone metastasis






occurrence. Overall, our data not only validate that the use of peptides antagonizing NRP1 is
a very powerful approach to fight against triple negative breast cancer growth and
metastases, but also exemplify that drugs targeting the transmembrane domain of tyrosine
kinase receptors offer a convincing alternate to conventional drugs targeting extra or

intracellular domains of tyrosine kinase and in general membrane receptors.






Results

MTP-NRP1 and MTP-NRP2 inhibit proliferation of neuropilins-expressing breast tumor cells

To address the biological activity of MTP-NRP1 and MTP-NRP2 synthetic peptides mimicking
the TMD of the NRP1 and NRP2, we performed a proliferation MTT assay. This assay was
conducted on human MDA-MB-231 triple negative breast cancer cells. The analysis of the
expression of both receptors at the RNA or protein levels showed that MDA-MB231 cells
expressed NRP1 and NRP2 receptor (figure 1A and 1B). In order to fully characterize the cell
phenotype, estrogen, progesterone and HER2 receptors mRNA were analyzed using QPCR to
confirm the triple negative phenotype of the cells (figure 1B). Strikingly, as high HER2 mRNA
guantity was observed, HER2 protein expression was also checked to definitely confirm the
triple negative phenotype of MDA-MB-231 (figure 1A). Cells were treated with a dose
response ranging from 10®M to 10°M of both peptides for 24 hours. As for the MTP-ErbB2
peptide (Arpel et al., under revision), the peptides were maintained in a non-aggregated
form thanks to a buffer containing LDS (lithium dodecyl sulphate). MTP-NRP1 induced a
significant reduction of cell numbers from 10®M (-16% at 10®M compared to control LDS
conditions, p < 0.0001 Mann Whitney test respectively), and MTP-NRP2 induced a significant
decrease of cell number but only from 107M (-19% of cells at 10”M compared to control LDS
conditions, p < 0.0001 Mann Whitney test). Taken together, both peptides showed
significant inhibition of cell numbers on MDA-MB-231, triple negative breast tumor cells

(figure 1C).






MTP-NRP1 and MTP-NRP2 are anti-angiogenic agents

Since neuropilin-1 is highly important in angiogenesis (Jocic and Staton, 1993) and that
mounting evidence suggest that neuropilin-2 could also play a role in angiogenesis (in
particular through the binding with co-receptors such as VEGFR2 (Pellet-Many et al., 2008)),
we evaluated both in vitro and in vivo how MTP-NRP1 and MTP-NRP2 peptides would
interfere with blood vessel formation. First we verified that MTP-NRP1 demonstrated an
anti-angiogenic effect using the matrigel assay favoring HUVEC tube formation (Nasarre et
al., 2010), which was conducted simultaneously with MTP-NRP2. As expected, the addition
of MTP-NRP1 peptide significantly inhibited the tube-like structure within 4h at 10”'M (-38%
compared to control condition, p < 0.0001, Mann Whitney test), a concentration previously
shown to induce a maximal effect in this assay. Interestingly, MTP-NRP2 also exhibited a
significant anti-angiogenic effect at 10’M (-54% compared to control condition, p < 0.0001,
Mann Whitney test) (figure 2A). Hence, we confirmed the anti-angiogenic effect of both
peptides using another widely used angiogenesis model: the in vivo mouse retinal
angiogenesis assay. In this case, treating the mice with MTP-NRP1 peptide induced a
significant decrease in the distance of vascular front migration (8% at 1,5 ug/Kg, p < 0.0001,
Mann Withney test). MTP-NRP2 also induced a significant inhibition (-3%, p = 0.0215, Mann
Whitney test) of the vascular front migration although being less pronounced that the one of
MTP-NRP1 (figure 2B). Thus, these results confirmed the anti-angiogenic properties of MTP-

NRP1 and showed that MTP-NRP2 also inhibits angiogenesis.






MTP-NRP1 and MTP-NRP2 reduce primary breast tumor growth in vivo

We further explored the therapeutic potential of MTP-NRP1 or MTP-NRP2 in a model of
orthotopic breast cancer. We decided to monitor tumor growth by injecting luciferase
expressing MDA-MB-231 cells to easily determine tumor extent using bioluminescence
guantitation at week 2, 5, 9 and 13 post grafting using the NightOwl bioimager apparatus.
Initial experimental conditions were standardized by establishing groups of similar
cumulated bioluminescence two weeks after grafting 10° cells in the mouse mammary fat
pad (average bioluminescence in the vehicle group being 4147 cps, 4189 cps in the MTP-
NRP1 group (p = 0.9 Mann Whitney), and 3469 cps in the MTP-NRP2 group (p = 0.2
compared to control, Mann Whitney test). Mice were treated three times a week by intra-
peritoneal injection of either the vehicle (LDS, 72 uM), MTP-NRP1 or MTP-NRP2 at 10"M, a
concentration previously shown to induce a significant decrease of MDA-MB-231 cell
proliferation in in vitro experiments for both peptides and to provoke a decrease of glioma
growth in vivo for MTP-NRP1 peptide (Nasarre et al., 2010). A total number of 15 animals
composed each group. Figure 3A is presenting representative examples of the orthotopic
tumors detected in the control, the MTP-NRP1 and in the MTP-NRP2 treated groups. To
analyze extensively the response of each animal to the treatments a waterfall plot of best
response was assessed for MTP-NRP1 and MTP-NRP2 treatment (determined between the
bioluminescence of week 13 and week 9 according to the RECIST criteria). This analysis
revealed that 100% of the MTP-NRP1 treated animals responded to the treatment with 25%
of SD (Stable Disease, < -30% decrease of target lesion) and 75% with PR (Partial Response >
30% decrease of target lesion) including two individuals above or equal to 90% of decrease
in tumor volume (figure 3B). Noteworthy, 67 % of the MTP-NRP2 treated animals responded

to the treatment (17% of stable disease and 50 % of partial response) but 33% of the animals






showed tumor progression (increase above 20% of target lesion)(figure 3B). This part of the
study demonstrated that blocking NRP1 in triple-negative breast tumor significantly block
tumor growth for all treated animals. However, one third of the animals were not

responding to a treatment inhibiting NRP2.

MTP-NRP1 and MTP-NRP2 exhibit anti-metastatic properties

The occurrence of lung metastasis is a crucial step in breast cancer progression and linked to
disease-associated death (Chambers et al.,, 2002). Thus, we decided to monitor whether
MTP-NRP1 and MTP-NRP2 would impede breast cancer metastasis progression. Animals
were here again treated with 10”M of MTP-NRP1 or MTP-NRP2 peptide or with the vehicle
(LDS, 72 uM). Treatment started 2 days post-intracardiac grafting of 10° cells in the left
ventricle. Figure 4A is exhibiting representative examples of mice developing metastases
over time in the three experimental groups. Strikingly, while the quantification of cumulated
bioluminescent signal showed that the two peptides dramatically reduced metastasis growth
(figure 4B), total number of metastasis was significantly reduced in both groups but in a
wider extent in MTP-NRP1 treated animals (-15% MTP-NRP2 treated animals and -62% in
MTP-NRP1 treated animals)(figure 4C). Strikingly, when further detailing the site of
metastasis soiling (figure 4D) the number of metastasis decreased significantly in all sites
with the exception of a significant marked increase of metastasis number in the bones in the
MTP-NRP2 treated group. Hence, while bioluminescence analysis revealed a significant anti-
metastatic effect of MTP-NRP1 and MTP-NRP2 characterized by both a reduction of the
extent and total number of the lesions, MTP-NRP2 triggered an unexpected increase of

bones metastasis.






MTP-NRP1 improves overall survival but not MTP-NRP2

To finally address the therapeutic benefit of MTP peptides we also monitored mice survival
during the whole protocol. Interestingly, even though MTP-NRP2 animals exhibit a significant
general decrease in the metastasis growth, the Kaplan Meier curve with the log rank test to
compare the different groups of treatments revealed that survival was not significantly
increased with MTP-NRP2 (81 days of mean survival compared to 75 days in the control
group ; p = 0.3456 compared to control, Log-ranked test). This could be consistent with the
increased number of bone metastases and the existence of quite significant number of mice
not responding to this treatment. In contrast, the high response rate of animals to MTP-
NRP1, both for primary tumor and in metastasis, translated into a marked and significant
survival benefit (+ 14% of the mean survival, p = 0.0109 compared to vehicle, Log-ranked

test) (figure 5).

MTP-NRP1 and MTP-NRP2 are well-tolerated drugs

Preclinical evaluation of drug toxicity is a mandatory prerequisite in the “go, no-go” path of
preclinical validation of a drug. Drug safety testing includes determination of acute and
chronic toxicity. This long term three weekly injections by IP administration gave us the
unique possibility to evaluate chronic toxicity of the MTP-NRP1 peptide. As MTP-NRP2
peptide exhibited rather pro-metastatic properties in bones, the first metastatic site
developed in human breast cancer (Solomayer et al., 2000; Berman et al., 2013) blood
samples analysis focused on MTP-NRP1 peptide. Hence blood samples were collected from
the cardiac cavity for analysis before sacrifice of animals of both the orthotopic and the
systemic metastasis model. In all cases, MTP-NRP1 did not worsen biological parameters of

mice including renal, hepatic and heart markers. A seen in table 1, we rather observed a






significant decrease of LDH (reflecting better function of organs) in the treated group. Thus,

the long term administration of the MTP-NRP1 peptide is well tolerated.

Discussion

As described by Weinberg (2011) cancer cells exhibit during tumorigenesis sustained
proliferation capabilities, present strong migration capacity to invade adjacent tissue and
can promote angiogenesis. Here we show that MTP-NRP1 peptide interferes with all of these
three key hallmarks of cancer. The observed reduction of primary tumor and the marked
reduction in the metastasis extent could relate to both a decrease in breast cancer cell
proliferation and angiogenesis. Indeed we have shown the anti-proliferative property of
MTP-NRP1 on the MDA-MB-231 at 10”’M the concentration used in vivo. Moreover the anti-
angiogenic potential of this peptide has been validated on two different models (matrigel
assay and mouse retinal angiogenesis assay). In both case, we demonstrate a lack of tube
formation and a decrease in the distance of the vascular front migration. Besides, our
previous work also demonstrates that MTP-NRP1 is able to decrease endothelial cell
proliferation (Nasarre et al., 2010). This could be supported by further analysis of a
proliferation marker such as Ki67 and a blood vessel marker such as CD31 or isolectin-B4 on
primary tumor histological sections. Interestingly, MTP-NRP1 treatment induces a significant
decrease of the number of metastasis. Albeit MTP-NRP2 showed an evident improvement in
metastasis extent, no decrease in survival was observed. Rather, our detailed analysis of the
sites of metastasis revealed an increase of bone metastasis in animals treated with MTP-
NRP2. Interestingly, NRP2 receptor has been linked with bone homeostasis. Indeed,
according to Verlinden and collaborators (Verlinden et al., 2013), NRP2 knockout mice

exhibited reduced bone mass suggesting a decrease in osteoblast activity, along with an






improved number of osteoclasts and a reduced osteoblast count. The addition of NRP2
inhibiting peptide may therefore lead to the inhibition of osteoblast, favoring bone reduction
further strengthened by metastatic cells colonizing bone. Importantly as bones are the
primary metastatic site in human breast cancer (Solomayer et al., 2000; Berman et al., 2013),
our results identified a major drawback for MTP-NRP2 treatment as demonstrating a high
risk of severe adverse effect in the form of additional bone metastasis. Therefore, in depth
analyses are required to explore the multifaceted relationship of the various factors
controlling neuropilin-2 signaling platform in breast tumor development. Here we obtained
the anti-tumor effect of MTP-NRP1 with very low dosage of 10”M. This is in accordance with
our previous work that showed successful inhibition of glioma growth in vivo with the same
concentration of the peptide. However, in the case of breast cancer cells, the maximal effect
was obtained with 10°M (in vitro corresponding dosage to 1.5 ug/kg), a concentration
similar to the one employed for MTP-NeuNT peptide targeting the TMD of NeuNT receptor.
It would be interesting to evaluate higher concentration of MTP-NRP1 to check whether we
already reached the maximal anti-tumor effect. Importantly, MTP-NRP1 peptide showed no
toxicity according to blood analysis after a long period of treatment therefore suggesting
that we had not reached yet the maximal tolerated dose. This was already the case in
previous assays using MTP-NRP1 peptide (Nasarre et al., 2010) and was also observed when
analyzing liver and kidney sections of mice under MTP-NeuNT peptide treatment (Arpel et
al., 2013, under revision). Noteworthy, no cutaneous lesions were observed on all animals

and during each protocol around the intra-peritoneal injection site of the different drugs.

Conclusive remarks






Targeting the transmembrane domain of bitopic receptors such as NRP1 provides a new
exquisite therapeutic tool. Previous work demonstrated a crucial role of the TMD of NRP1
and suggested that inhibition may represent a therapeutic potential in glioma treatment
(Roth et al., 2008; Nasarre et al., 2010). This strategy has been now validated on another
type of cancer: breast cancer and related metastases. Our results clearly revealed that
peptide mimicking the transmembrane domain of NRP1 decreased both the extent and the
number of breast metastasis translating into a marked improvement of survival. This is
supported by anti-proliferative and anti-angiogenic properties in vitro. Importantly, this
therapeutic benefit was achieved using micromolar dosage and no toxicity was observed
according to blood analysis. In contrast to MTP-NRP1 peptide, for MTP-NRP2 peptide, future
investigation has to be fulfilled to fully understand its effect. Here we report that targeting
the TMD of NRP1, with a peptide mimicking its transmembrane domain could be a future
potent drug in breast cancer. Future investigation will evaluate this unique strategy on other
tyrosine kinase receptors or other single spanning membrane proteins with key functions in

the process of cancer growth.






Material and methods

Cell Culture

The human epithelial breast adenocarcinoma derived from pleural effusion MDA-MB-231
(ER-, PR-, HER2-), MCF7 (ER+, PR+, HER2+), SKBR3 (ER-, PR-, HER2+) cells were grown in
Dulbecco's modified Eagle medium (DMEM, GIBCO) and HUVEC cells were cultured in
Endothelial Cell Growth Medium (Promo Cell). MDA-MB-231 cells were purchased from
ECACC (92020424), HUVEC cells were purchased from Promo Cell (C-12200), MCF7 and
SKBR3 cells were obtained from our institute collection. All cell mediums were
supplemented with 10% fetal calf serum (FCS) (GIBCO), 100 U/ml penicillin, 100 pg/ml
streptomycin (Sigma), and cultured at 372C, 5% CO,. HUVEC cells were cultured with added
supplements: ECGS (0.004 ml/ml), hEGF (0.1 ng/ml), hbFGF (1 ng/ml) and FCS (0.02 ml/ml).
Cultures were grown to 70 to 80% confluence (not grown over 100% confluency) and were
routinely split in 10 cm culture dishes. Culture were suspended with trypsin-EDTA (0.05 %
trypsine, 0.02 % EDTA), spin down and split regularly up to 40 passages before new stocks

were thawed with the exception of HUVEC cells split up to 5 passages maximum.

Peptides

Peptides have been synthesized by Peptide Specialty Laboratories GmbH using automatic
peptide synthesis (Fmoc chemistry). The peptide corresponding to the TM sequence of
NRP1: ILITHAMSALGVLLGAVCGVVLYRKR is referred as MTP-NRP1, the peptide corresponding
to the TM sequence of NRP2: ILITIAMSSLGVLLGATCAGLLLYRKR is referred as MTP-NRP2.
Peptides purity estimated by RP-HPLC was more than 95% according to manufacturer

indication.






RTQ-QPCR

RNA was extracted with TriReagent solution according to manufacturer’s instruction
(Molecular Research Center Inc., Euromedex). RNA was treated with DNasel (Invitrogen) and
reverse transcribed using the High Capacity cDNA RT Kit (Life Technologies). Quantitative
reverse transcriptase polymerase chain reaction (RTQ-PCR) was performed using the Power
SYBR Green PCR Master Mix or TagMan Gene Expression Master Mix (Life Technologies)
using the 7500 Real time PCR System (Life Technologies) following the manufacturer’s
protocol. SYBER green NRP1 sens 5’- CCCGAGAGAGCCACTCATG-3’; NRP1 anti-sens 5’-
GTCATCACATTCATCCACCAA-3’; NRP2 sens 5- CAATTGCAACTTCGATTTCCTC-3’; NRP2 anti-
sens 5-CCGGTCGTTTGG GCTGGA-3’; ER sens 5'- AGCCCGCTCATGATCAAACGCTC-3’; ER anti-
sens 5-GAATAGAGTATCGGGGGCTC-3’; PR sens 5’- TTCCCGTTGGGGCCACCGCCC-3’; PR anti-
sens 5-ATGCACTCCAGGGTCGACCCCG-3’; HER2 sens 5- CAATGGAGACCCGCTGAAC-3’; HER2
anti-sens 5'-CAGTGCGCGTCAGGCTCT-3’ primers were used to quantify human NRP1, NRP2,
ER, PR and HER2 mRNA. Samples were analyzed using 2 pl cDNA. All data were normalized to
the GAPDH human reference gene using Tagman GAPDH probe (GAPDH-Hs99999905_m1).
For the evaluation of human receptors RNA quantity in the breast cancer cells, calculation
were effectuated as the following: Act(MDA-MB-231gp1) = ct (NRP1) — ct (GAPDH), mRNA

quantity = 27(-Act(MCF7ygrp1)).

Immunocytochemistry

Cells were grown on sterile glass cover slips for one day before immunofluorescence
staining. The cells were fixed with freshly made fixative 4% formaldehyde (FA) for 10
minutes. The samples were gently rinsed with PBS (1 wash for 10 minutes) before adding the

blocking solution (FCS 5%) for a minimum of 30 minutes. Cells were permeabilized using 1x






PBS with 0.1% Tween20 for 5 minutes. Appropriate primary anti-body (anti-human anti-body
to rabbit neuropilin-1 (sc-5541; Santa Cruz Biotechnology) and anti-human anti-body to
rabbit neuropilin-2 (H-300) (sc-5542; Santa Cruz Biotechnology) antibody diluted in 5% fetal
calf serum (FBS)-PBS was added to the cell over night at room temperature. After thorough
wash (3 washes of 5 minutes) appropriate secondary antibody (goat anti-rabbit, Nordic
Immunology GAM/Fab/TRITC diluted 1/1000 from stock) was added at room temperature
for 90 minutes. After washing in PBS, the cell nuclei were stained with DAPI (4’,6-diamidino-
2-phenylindole, 1/30 000 in water) for 10 minutes. Glass coverslips were finally mounted on
microscopy glass slides using a polymerization medium (FluorSave reagent, Calbiochem-

Merck cat#345789).

Cell proliferation

In vitro cell proliferation was monitored using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide) proliferation assay according to manufacturer’s instruction (Sigma,
M2128, USA). Optical density was determined at 570 nm using an ELISA plate reader
spectrophotometer (EL800, Bio-Tek Instruments). Appropriate cells were seeded at a density
of 10 000 cells per well in a 96 well plate, the cells were then incubated with increasing
peptide concentration (ranging from 10°M to 10°M) or corresponding vehicle increasing
concentration (LDS, ranging from 0.72 uM to 720 uM). After 24h incubation period the
culture media were removed from the well and 100 ul of MTT dye freshly diluted (to 1/50 in
GBSS) from stock solution (5 mg/ml) was added to each well for 4h. After this incubation
period, isopropanol (100 ul) was added to the MTT solution in each well before reading the
optical density at 570 nm. For cell fluorescence acquisition, images were acquired with the

fluorescence Zeiss Imager Z2 equipped with HXP 120W lamp and ApoTome system.






HUVEC tube-like formation assay

The tube-like formation assay was performed using manufacturer’s instruction (/n vitro
angiogenesis Assay kit; Millipore). Briefly the extracellular matrix (ECM) matrigel and diluent
were pre-chilled at 4°C. On a 96 well plate 70ul of a solution composed of 10% of ECM
diluent and 90% of ECM matrix solution was deposited per well. This matrigel solution was
then allowed to polymerise for 1 hour at 37°C. HUVEC (from 70% confluent dishes grown
after a maximum of 5 passages) were trypsinised, pelleted and 5000 cells were seeded in
each well. After adding the desired compound concentration, the plates were incubated for
a period of 4 hours allowing tube-like structures formation. The number of tube-like
structures was quantified using the Image J software from four pictures per condition. For
each compound tested at least three independent assays with triplicates per condition were

performed.

The mouse retinal angiogenesis assay

C56BI/6 mice were treated on a daily basis with subcutaneous injection of desired drug (100
ul) from P2 up to P5. Freshly enucleated eyes from the P5 mice were fixed in 4%
formaldehyde for 1 hour on ice. Retinas were dissected out of the eyes after careful removal
of lenses. Then retinas were stained overnight at 4°C with FITC-isolectin B4 (Vector) a marker
for vessels. Retina were then flattened and mounted with Vectashield medium. Retina cell
fluorescence images were acquired with the fluorescence Zeiss ImagerZ2 using the mosaic
mode. For quantification, the distance of the vascular front migration from the optic nerve
was measured at 8 different regions covering the whole retinae for each specimen. All
lengths were normalized to control (100%) of each experiment. For each compound a

minimum of three P5 mice from three litters were evaluated.






Orthotropic grafting of cells in the mouse mammary Fat Pad

Nude mice (8 weeks of age) were anesthetized (Initially 3% isoflurane with air/O, mix, then
the animal was kept under anaesthesia with 1.5% Isoflurane). A small incision up to the
sternum was completed, and an angled lateral incision from the initial small incision was
made towards a leg. The blood vessel emerging between these fat pads was cauterised
(Electric cauterizer (FST No 18000-00)). Then the needle (BD Microlance; 22G % - Nr 12; 0,7 x
30 mm, REF 300900) on the syringe containing 10° cells in 50 ul of PBS was inserted in the
mammary fat pad from the external side up to the lymph node and the cells were injected
behind the lymph node within the mammary fat pad. Skins were then aligned as closely to
each other as possible and sutured. The animal was monitored until it was awakened from
the procedure and was moving around the cage normally and then observed on a daily basis
until sacrifice. For bioluminescence detection, IP injection of 100 pl of a luciferin solution at
30 mg/ml was completed on a weekly basis for each mouse. Acquisition was operated for 5

min (filter 560 nm) using a live imager (NightOwl system Berthold).
Intracardiac injection

Cells detached with Versene (an EDTA solution used in order to assess a gentle non-
enzymatic cell dissociation), washed and counted for 10° in 100 ul of PBS, and were injected
into the left ventricle of anesthetized (Initially 3% isoflurane with air/O, mix, then the animal
was kept under anaesthesia with 1.5% isoflurane) nude mice (8 weeks old) using a 26G %
needle and a 1 ml syringe. Blood should enter the needle with pulsatile pressure and light
red colour to be sure of not being in the right ventricle were blood is darker because of
oxygen depletion. Anaesthesia and post-surgical animal monitoring procedure, and

bioluminescence detection were identical to orthotopic injection.






Animal handling and in vivo ethical statement

Experiments were performed according to the Guide for Care and Use of Laboratory Animals
(E67-6-482-21) and the European Directive with approval of the regional ethical committee
(Reference AL/55/62/02/13). Mice received food and water ad libitum. Animals were
sacrificed using CO,. All necessary precautions were taken to minimize pain or discomfort of
the animals. General health status was monitored 3 times a week by independent observers.

Sacrifice of the animal was effectuated when reaching limit ethical endpoints.

Statistics

Statistical analyses were performed using Mann Whitney test (for sample n < 30), Log ranked
test for survival analysis using GraphPad software (USA). P-values are given in the figure
legends, and values of P < 0.05 were considered to be statistically significant. Normal
distribution of the values was checked using GraphPad software (USA). A minimum of three
independent experiments was performed for in vitro assays (proliferation, angiogenesis). For
in vivo experiment sample size calculation anticipated a therapeutic effect of 20% for a
standard deviation of 14% and confidence interval of confidence 95% (Lamorte’s Power

calculation, University of Boston).
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Figure legends

Figure 1: In vitro cell characterization and properties of MTP-NRP1 and MTP-NRP2 on
MDA-MB-231.

(A) Demonstration of the absence of HER2 protein and the presence of NRP1 and NRP2
receptor at protein level on MDA-MB-231 cells. (B) Q-PCR mRNA quantity of GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase), housekeeping gene, NRP1 (neuropilin-1),
NRP2 (neuropilin-2), ER (estrogen receptor), PR (progesterone receptor), and HER2 (human
epidermal growth factor receptor 2). (C) Demonstration of the dose-dependent anti-
proliferative effect of MTP-NRP1 and MTP-NRP2 peptides on MDA-MB-231 cells. ns : not
significant, ** p < 0.01, *** p < 0.001 using Mann and Whitney test.

Figure 2: Anti-angiogenic properties of MTP-NRP1 and MTP-NRP1

(A) Evidence of peptide induced in vitro inhibition of angiogenesis using the tube formation
assay using HUVECs treated for 4h with MTP-NRP1 and MTP-NRP2 at 10'M. (B)
Confirmation of anti-angiogenic properties In vivo using the mouse retinal angiogenesis
model. P5 analysis of distance of front migration (%) when animals are daily treated with
1,5ug/Kg of MTP-NRP1 or MTP-NRP2 from PO to P5. ** p < 0.01, *** p < 0.001 using Mann

and Whitney test.

Figure 3: MTP-NRP1 and MTp-NRP2 reduced primary breast tumor growth in vivo

(A) Representative examples of the orthotopic tumor detected in the control, the MTP-NRP1
and in the MTP-NRP2 treated groups with 1,5ug/Kg three times a week over time (2, 5,9 and
13 weeks). (B) Demonstration of the inhibitory effect of MTp-NRP1 and MTp-NRP2 peptides
on primary tumors volumes between week 9 and 13 of treatment. The Waterfall graph

represents the percent change in tumor volume of individual treated animals (grey bars, n =






12) compared to the averaged tumor volume increased determined in the control group
(dark bar, n = 12). This demonstrates that 100% of the treated animals responded to MTP-

NRP1 treatment and 67 % of the treated animals responded to the MTP-NRP2 treatment.

Figure 4: MTP-NRP1 and MTP-NRP2 exhibit anti-metastatic properties

(A) Representative examples of the metastasis detected in the control, the MTP-NRP1 and in
the MTP-NRP2 treated groups over time (4, 6, 8, 10, 12 and 13 weeks) treated three times a
week at 1,5ug/Kg. (B) Cumulated bioluminescence signal in control, MTP-NRP1 and MTP-
NRP2 treated groups over time. (C) Cumulated number of metastasis in entire animals over
time. (D) Detailed analysis of cumulated number of metastasis in (a) bone, (b) lung, (c) brain
and (d) other “sites” in the mice of control, MTP-NRP1 and MTP-NRP2 treated animals. ** p

<0.01, *** p < 0.001 using Mann and Whitney test.

Figure 5: MTP-NRP1 improves overall survival but not MTP-NRP2

Kaplan Meyer survival curve demonstrating a significant increased survival of the treated
MTP-NRP1 animals compared to the control animals, a beneficial effect not observed with

MTP-NRP2. * p < 0.05 using Mann and Whitney test.

Table 1: Biochemistry analysis of blood samples of animals under MTP-NRP1 treatment

LDH: Lactate dehydrogenase; ASAT: aspartate transaminase; ALAT alanine transaminase; ALP
alkaline phosphatase; Creat: creatinine. ns: not significant, ** p < 0.01 using Mann and

Whitney test.

Table 2: Numeration analysis of blood samples of animals under MTP-NRP1 treatment






HGB: haemoglobin; HCT: hematocrite; PLT: platelets; Baso: basophil; Eosino: eosinophil;
Mono: monocyte; lympho: lymphocyte. ns: not significant, * p < 0.05 using Mann and

Whitney test.






Figure 1: In vitro cell characterization of MDA-MB-231 and in vitro properties
of MTP-NRP1 and MTP-NRP2 on MDA-MB-231
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Figure 2: Anti-angiogenic properties of MTP-NRP1 and MTP-NRP2
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Figure 3: MTP-NRP1 and MTp-NRP2 reduced primary breast tumor
growth in vivo
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Figure 4: MTP-NRP1 and MTP-NRP2 exhibit anti-metastatic properties
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Figure 5: MTP-NRP1 improves overall survival
but not MTP-NRP2
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Table 1: Biochemistry analysis of blood samples of animals
under MTP-NRP1 treatment

LDH cont vs LDH NRP1 261.7 3.308

ALAT cont vs ALAT NRP1 -5.859 0.1105

Creat cont vs Creat NRP1 -0.8238 0.01611

Bilirubin cont vs Bilirubin NRP1 -0.7233 0.01188






Table 2: Numeration analysis of blood samples of animals
under MTP-NRP1 treatment

HGB cont vs HGB NRP1 0.03819
_----
HCT cont vs HCT NRP1 -2.18 0.1387
_----
% Baso cont vs % Baso NRP1 0.007001
_----
% Eosino cont vs % Eosino NRP1 0.1037

% Lympho cont vs % Lympho

NRP1 -31.37 1.997






VIII) Discussion and perspectives

The main objective of my thesis was to achieve the preclinical validation of an arsenal of three
peptides: MTP-NeuNT, MTP-NRP1 and MTP-NRP2 in the context of breast cancer. To this end, a
similar integrated workflow was conducted for each peptide through modelling, evaluation of
TMD dimerization, then to test their functional activity in vitro and finally to test the therapeutic

potential in relevant in vivo breast cancer models.

VIII.1) Molecular modelling

Thanks to the extraordinary growing calculation capacities of computers, molecular modelling is
becoming a very popular strategy in the process of drug design including in cancer research
(Geromichalos, 2007). The wide range of molecular interactions to analyse requires multi-scale
approaches ranging from atomistic molecular simulation and related modelling methods such as
Brownian dynamics or ab initio molecular dynamics to modelling of protein and protein
complexes (Friedman et al., 2013). Here, we used homology modelling strategy to describe the
potential interaction of the NeuNT TMD peptide with the nearly full length dimeric NeuNT
receptor. This has been possible using the work of Arkhipov and coworkers (Arkhipov et al.,
2013) who described early this year with multiple molecular simulations the mechanism by
which the TMD of EGFR is crucial for dimerization. Our work does not provide the complete
scheme of the process by which the peptide disrupts the NeuNT receptor dimer but is
contributing to the demonstration that molecular simulation is a relevant strategy for drug
design. From the modeled interaction, one would predict that the conformational change
occurring in the presence of the peptide is leading to trigger an inactive receptor. It would be
very interesting to strengthen our modeling by additional simulation using coarse graining
approaches giving the opportunity to challenge multiple receptors and allowing the
characterization of the dimerizing interface in a dynamic way. Indeed, this is currently under
investigation for Neuroplin-1 and Plexin-Al in the framework of a collaborative project between
our lab and the group of Monique Genest and Norbert Garnier (Orléans). Strikingly, the
different simulations conducted up to know with for examples a PlexinAl1 TMD reaching a NRP1

TMD dimer or the simulation of a NRP1 TMD with a PlexinAl1 TMD dimer, revealed very complex
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and dynamic processes with transitions from monomers to heterodimers or oligomers in the
timeframe a few microseconds. Hence, this is exemplifying the TMD as an exquisite space for
the control of receptor complex assembly. This observation is completely consistent with the
classical description of the numerous interactions of NRP1 receptor with different partners in
the form of dimers or oligomers. Obviously, one of the long-term goals would be to model these
different interactions in silico to generate cartography of the interactions. This should be done
by adding the extra or intra cellular domain for simulation to envisage how the TMD may trigger
conformational changes altering receptor functions. However, the relevance of simulations
nourishes from experimental data. Thus, an integrated approach combining molecular
simulation with experimental research is mandatory to envisage a fruitful analysis of TMD
interactions. Indeed, to address the multiplicity of the partners a two-hybrid like system was

used to clarify the dimerization interfaces.

VII1.2) BACTH

Since 1996, when the initial bacterial method has been performed to evaluate the interaction of
transmembrane helices in a bacterial membrane, numerous double hybrid systems have been
developed to study interaction of transmembrane domains in biological membranes (such as
TOXCAT, GALLEX and the BACTH). Among these, the bacterial two-hybrid system is an elegant
tool compatible with the analysis of dimerization potential of our membrane targeting peptides,
with either their cognate receptors, or with putative co-receptor existing in the signaling
platform of interest. Here, the analysis of the interaction between TMD is done in a lipid bilayer
providing a relevant hydrophobic cell membrane, even if the double membrane of Escherichia
coli bacteria exhibits different constraints that could probably bias the analysis. The BACTH
method exhibits another limitation because proteins are fused to the T25 and T18 subunit of
the CyA potentially impeding protein folding and stability thereby compromising potential
interaction with partner proteins. Moreover, the output of this assay is the activation of the
lactose operon by cAMP and this process involves a complex signalling cascade which could be
affected by unrelated other signals (Reznikoff, 1992). Besides, this system is conducted with
exogenous plasmids translated by bacteria having a post-translational machinery different from

eukaryotic cells that could alter proteins interactions. It has been reported that for small
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membrane proteins such as TMD unspecific week signals may be observed (Battesti and
Bouveret, 2012) this is the reason why controls with unrelated protein such as GPA have been
achieved in parallel. TMD of interest are expressed from two plasmid harbouring distinct
replication origins giving rise to an asymmetric system, exhibiting different copy numbers. To
circumvent this issue, results were presented as the mean values obtained with both plasmids.
Our results could be further consolidated in a second similar assay using the GALLEX system. In
contrast to the BACTH system, GALLEX also evaluates the heterodimerization potential of
membrane proteins in the Escherichia coli membrane, but measures the repression of a
reporter gene. The stronger the transmembrane helix dimerizes, the lesser the reporter gene is
activated (Schneider and Engelman, 2003). Here the activity of the reporter gene is directly
related to the formation of LexA dimers without the prior production of cAMP, leading to a
direct readout. LexA is a transcription factor composed of an N-terminal DNA binding domain
and a C-terminal dimerization domain. The repression of the reporter gene relies here on the
binding potential of two specific LexA DNA binding domains on the reporter promoter. In
contrast to BACTH, this binding site requirement leads to congestion at the juxtamembrane
space reducing accessibility for other interaction also limited to the same space. For this reason,
the BACTH system may provide a better quantitative signal thanks to the high solubility of
cAMP. As our collaborator in Marseille generated a collection of more than 150 plasmidic
constructions encoding the TMD of bitopic receptors compatible with the BACTH system, the
evaluation of new TMD dimerizing partners was achievable (Sawma et al., 2013, under revision).
This raised the possibility to discover new targets and therefore to develop a battery of novel
therapeutic peptides. Using this collection, homodimers and heterodimers of NRP1 and NRP2
TMD interaction have already been proved (Sawma et al., 2013, under revision). Moreover in
the present study, it was also possible to monitor the interactions between all the ErbB
members, this across different species (human, mice and rat). While not being fully quantitative
due to the limitations previously exposed, this system revealed positive and negative
interactions extended to other receptors. Indeed MTP-NeuNT binds all mouse ErbB TMDs and
human HER2 TMD but not with other human ErbBs nor VEGFR TMDs family members (sharing

100% homology between human and murine species), suggesting that our peptide impacts
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Membrane Targeting Peptide-NRP1
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Figure 26: Determining of the functional minimum motif using short peptides




specifically the signaling platform of the Neu receptor. Next steps will be to use the BACTH
system with mutant variant of the NeuNT TMD in order to identify optimized versions of the
interacting peptide (to identify stronger interaction with the target or presenting extended
interacting capacity with co-receptors). Hence, this would allow us to better define the minimal

motif required to block the NeuNT receptor.

VIIL.3) Dimerizing interface

The GxxxG motif has major implication in various pathological situations (Bargmann and
Weinberg, 1988; Orian-Rousseau and Ponta, 2008). This motif has been described as highly
important in the receptor dimerization for all ErbB members (Mendrola et al., 2002) and for
NRP1 (Roth et al., 2008). A continuing effort in the lab is to further dissect the exact motif
leading the driving force of dimerization. In this context, short peptides comprising one or the
other GxxxG motif (figure 26) have already been synthesized to target NRP1 receptor. Each
exhibited different functions upon in vitro and in vivo analysis. This raised the possibility that
one motif or one region of the TMD may be specifically dedicated to a given function of the
receptor (proliferation, migration, differentiation..). To answer this question further
investigations have to be conducted and this is currently undergoing with the collaboration of
IPSEN pharmaceutical company highly interested in the therapeutic potential of the short
peptides. Importantly, none of these short peptides showed clear improvement of efficacy
when compared with the full-length peptide. Hence, this may be an indirect demonstration that
the full length is the optimal sequence for maximal efficacy. However, synthesis and purification
of shorter versions of TM peptides would certainly be easier. Indeed, when determining the
GRAVY index (Grand average of hydropathy index indicating the solubility of proteins)(Kyte and
Doolittle, 1982), Short peptide 2 (SP2) exhibited a reduced hydrophobic index (0.525) compared
to the one of the full-length peptide (1.730). The two other short peptides exhibit however
similar GRAVY index (SP1=1.726; SP3=1.106). This may confer to SP2 a better biodistribution
profile. Working with shorter peptides may also reduce the risk of immunogenicity. However,
results obtained in the lab showed that neither full-length nor short versions of the peptides
induced immune reaction in the mice. Thus, shorter versions may only conserve economic

advantages with better compatibility with large batch production for use in human clinic. The
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guestion of optimization remains open in the case of MTP-NeuNT because this peptide showed
very modest if any interacting capacities with HER2 co-receptors. We could use BACTH and/or
modelling to identify a sequence allowing the simultaneous inhibition of all of the HER family.
From our results, this may be a chimeric peptide mixing mouse and human sequences. Further
links between computational data, double hybrid investigation assays and TMD function
assessment through in vitro/in vivo studies are needed to fully use the TMD as a new terra for

drug design.

VII1.4) Peptides functionality

According to Hanahan and Weinberg in 2011, in the process of tumorigenesis, malignancy
acquired by a cell comprises: sustained proliferative signaling, evasion from growth suppression,
avoidance of immune destruction, enabled replicative immortality, tumor-promoted
inflammation, activated invasion and metastasis, induced angiogenesis, genome instability and
mutation, resistance to cell death, and deregulation of cellular metabolism (Hanahan and
Weinberg, 2011). The ideal anti-cancer drug should impede all these hallmarks of malignant
cells. Such a dreamed drug is obviously not feasible because acting at very different levels in the
cell. However, we chose our targets because they are implicated at least in many of these

hallmarks: proliferation, migration, metastasis, angiogenesis and cell death.

VIII.4.1) Impact on proliferation

As described in details in the introduction, breast cancers can be classified as a function of ER,
PR and HER2 receptor expressions giving rise to eight phenotypes harbouring considerable
differences in survival and tumor characteristics (Onitilo et al., 2009; Parise et al., 2009).
Therefore, in vitro proliferation assays were conducted on multiple breast cancer cell lines.
When analysing literature for the presence of the receptors of interest (NRP1, NRP2 and
Neu/HER2) conflicting conclusion were spotted. To address this issue, IHC and QPCR analyses
were assessed on all the cell lines to validate the presence of the targeted receptors prior any in
vitro or in vivo assays. As for the receptors of interest, the validation of the presence or absence
of estrogen and progesterone receptors was also assessed using QPCR analysis. Thus we

validated different cell lines for our analysis of cell proliferation conducted with MTT assays.
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MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) is a tretrazolium salt
bearing a yellow color in solution and is taken up by living cells and reduced to purple formazan
in the mitochondria. This is therefore reflecting cell proliferation but also cell death. This
method however doesn’t allow studying proliferation overtime in a continuing manner and no
information on the cell cycle can be extracted. Alternative methods using impedancemetry,
such as the xCELLigence technology (Ke et al., 2011), currently developed in the lab, could be a
decent alternative because allowing live monitoring of cell growth. Combined to classical cell
cycle analysis using flow cytometry, we then would be able to dissect the exact timing of
peptide efficacy. This may be important because upon Herceptin treatment, SKBR3 cells
exhibited significant decrease in the percentage of cells in the S phase (Mayfield et al., 2001)
while knocking down NRP1 in U373 cells, using specific siRNA provoked an accumulation of cells
in the G1 phase (Huang, 2011). Therefore FACS analysis should be achieved to further dissect
the impact of peptides on cell cycle. But in contrast to FACS analysis, the MTT method allows
quick, straightforward and very simple evaluation of drugs on cell proliferation compatible with
screening. Moreover this interesting method allowed us to investigate both the acute toxicity of
a compound, when running the assay within 4h, as well as the impact of a chronic treatment on
cell proliferation, when done after 48h or even 72h depending of the cell line. MTP-NeuNT
peptide indeed revealed an acute toxicity when tested on 4T1 cells for 4h, and similar results

were obtained with MTP-NRP1 and MTP-NRP2 on other breast cancer cell lines.

Importantly, the analysis of cell proliferation was conducted using cell lines not expressing the
target receptors. Indeed, when adding MTP-NeuNT on MDA-MB-231 cells (triple negative) no
impact on proliferation was observed. In contrast MTP-NeuNT significantly inhibited the
proliferation of ErbB2-expressing cells (MCF7, SKBR3 and 4T1 cell). Hence, there were so far,
very few descriptions of NRP1 or NRP2 as regulator of cell proliferation. Our data show that the
inhibition of the two receptors using MTP-NRP1 or MTP-NRP2 peptides efficiently blocked
proliferation of MDA-MB -231 cells. This is extremely important in the context of breast cancer
because triple negative patients suffer from the lack of efficient treatment for this particular

cancer type (André and Zielinski, 2012).
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Table 13: Strengths and limits of some in vivo angiogenesis assays (Auerbach et al., 1991;



VII1.4.2) Impact on angiogenesis

As previously mentioned, tumor angiogenesis is a critical phase of cancer progression.
Consistently, several therapeutic strategies intend to block tumor-induced new blood vessels
formation. Thus, the evaluation of the anti-angiogenic potential of cancer drug is important.
Indeed, the tube like formation assay offers an interesting model for first evaluation of drugs. In
this assay cells are grown on a 3D matrix made of Matrigel, a complex mixture of proteins
secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells. This substrate is creating an
exquisite pro-angiogenic extracellular matrix factors leading endothelial cells, in our case HUVEC
cells, to form tube-like structures mimicking the beginning of an angiogenic process. While rapid
and compatible with a screening approach, this model should only be seen as a first intention
test because angiogenesis requires more than cell alignment and adherence. Thus, it is
important to validate results in vivo. There are different options available such as the corneal
pocket assay, the Matrigel plug assay, the vascularization of the chick chorio-allantoic
membrane or the retinal angiogenesis assay (Auerbach et al., 2003). All of them have
advantages and drawbacks that can be summarized in table 13. | decided here to use the in vivo
mouse retinal angiogenesis assay that was successfully developed in the lab by Laurent Jacob.
This allowed me to confirm the anti-angiogenic effect of MTP-NRP1 while identifying a mild but
significant effect of MTP-NRP2. The amplitude of anti-angiogenic effects may look very small. In
fact, when used in this model, Bevacizumab (Avastin) induced 22% reduction at 50mg/kg, a
concentration 3000 fold higher than the one of MTP peptides (Benedito et al., 2012). Thus, our
peptides exhibit really significant anti-angiogenic effects. It would be now interesting to repeat
these experiments when increasing the concentration of the two peptides as a readout of the
maximal efficient dose. The biodistribution profile of MTP-NRP2 has not been tested so far. Thus
we cannot exclude that the reduced efficacy relates to problems of solubility and diffusion.
However, the two peptides have 80% homology and MTP-NRP2 is less hydrophobic than MTP-
NRP1 with a GRAVY index of 1.436. It is important to mention that improved angiogenesis and
expression of VEGF was linked with overexpression of HER2 in human tumor cells. Moreover,
Herceptin has been shown to inhibit VEGF expression (Kumar and Yarmand-Bagheri, 2001).

Hence, the anti-angiogenic activity of MTP-ErbB2 should be searched. Preliminary data |
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Table 14: MMTV-Neu related transgenic mouse models of breast cancer adapted and completed
from Fantozzi and Christofori (2006), TMD: transmembrane domain, TKD: tyrosin kinase

domain, NeuTPD: Neu Tyrosin Phosphorylation Deficient, Neu NDL: Neu DelLetion mutant.



obtained with the tube-like structure assay actually showed a significant anti-angiogenic effect
of the peptide (-49% compared to control conditions). | also started to collect samples of culture
medium to measure VEGF production of cancer cells grown with or without peptides to
evaluate the impact on the autocrine VEGF-induced cell proliferation and survival. This should
then lead us to in vivo assays or direct monitoring of blood vessels contents in tumor samples
using classical immunohistological analysis using blood vessel markers such as CD31 or Isolectin-

B4.

VIIL.5) Modelling breast cancer and its metastases: One size does not fit
all peptides

VIIL.5.1) The transgenic mouse model MMTV-NeuNT accurately sizes for
MTP-NeuNT

Up to date more than 50 transgenic mouse models of breast cancer have been generated
(Taneja et al., 2009b) and roughly half harbor the MMTV promoter (Fantozzi and Christofori,
2006). Various MMTV-Neu related transgenic breast cancer mouse model exist and each offers
its own characteristics in term of tumor latency, incidence and lung metastasis occurrence. The
table 14 summarizes the most common MMTV-Neu related transgenic breast cancer mouse

model.

The driving force that led us to choose the MMTV-NeuNT transgenic mice rather than another
was based on multiple criteria: first, to evaluate the peptidic strategy targeting ErbB2 on
primary breast cancer and metastases, second, the relevance to human cancer, and third the
time frame. To answer the first criteria, of course besides Neu driven breast cancer mice models
numerous other models can lead to breast cancer (at least 50 different models are available)
such as the PyMT mouse model (Lin et al., 2003) or the MMTV-cyclinD1 mouse model (Wang et
al., 1994). Willing to target the ErbB2 receptor, the Neu driven trangenic models was obvious. In
MMTV-NeuNT, the breast tumorigenesis is driven by a point mutation within the
transmembrane domain on the Neu receptor, region of particular interest in my thesis work.
Moreover, this point mutation is occurring in a dimerization motif. Therefore, all transgenic

mice exhibiting a mutation in the tyrosine kinase domain (Dankort et al., 2001) were not of
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great interest, such as MMTV-NeuNT YB, YD, YPD. In the same way mutation in the extracellular
domain, as observed in the MMTV-Neu NDL transgenic mice are less interesting than mutations
occurring in the TMD. Concerning the relevance to human cancer, HER2 amplification occurs in
20 to 30% of human mammary carcinoma, therefore Neu receptor is of particular interest as it
is the murine counterpart receptor. MMTV-NeuNT transgenic mice model mimics the ductal
carcinoma in situ (DCIS) observed in humans and more precisely the comedocarcinomas type
(Fantozzi and Christofori, 2006) knowing that 80% of in situ human breast cancers are DCIS.
Additionally, cells are able to escape from primary tumor to form metastases to the lungs, the
second most common site of metastasis in human. Importantly, human breast tumors arise
spontaneously; therefore the doxycycline inducible NeuNT transgenic mice was not relevant
neither, also because tumors regress with the loss of ErbB2 expression upon the withdrawal of
doxycycline. For NeuNT knock-in transgenic mice no metastases are reported probably due to
the very long latency before observation of the first primary tumor. Most importantly, MMTV-
NeuNT transgenic mouse model has been clearly shown to be highly predictive of drug efficacy
in human (Roberts et al., 2012). Regarding the time frame criteria, NeuNT knock-in transgenic
mice carry the activated Neu oncogene under the transcriptional control of the endogenous
Neu promoter specifically in the mammary epithelium. Interestingly, tumorigenesis in this
model was associated with selective amplification of the activated Neu allele (2—22 copies)
correlating with elevated levels of Neu transcript and protein. Here mice also developed
comedo-adenocarcinomas such as in the MMTV-NeuNT transgenic model. However, focal
mammary tumors arise in these mice after a very long latency period (over 12months).
Moreover, the penetrance in mice is very low (45%) and no metastases are reported rendering
this model not as efficient as the MMTV-NeuNT model. Hence, the integration of all of these
criteria identified the MMTV-NeuNT transgenic mouse model (in the FVB background due to a
higher susceptibility to develop mammary tumors compared to C57/BI6 mice) as the best
compromise to test whether our peptidic strategy would impede breast tumor growth and
metastasis progression. We had the same discussion around the development of MTP-NRP1 and
MTP-NRP2 therapeutic peptides because a transgenic mouse model developing tumors

exhibiting triple negative-like phenotype exists. These mice harbor tumors following BRAC1
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deficiency, however, these mice exhibit again a very long tumor latency (above 7months), they
harbor reduced penetrance of the phenotype (less than 20% in some models), and poor lung
metastasis occurrence. Moreover mice may need ionizing radiation to produce tumors, a
criterion less relevant to human disease (Jones et al., 2005; Diaz-Cruz et al., 2010). For these

reasons we decided to use tumor cell grafting paradigms.

VIIL.5.2) The triple negative breast cancer cell-grafted mice model
completely sizes for MTP-NRP1 and MTP-NRP2

VIIL.5.2.1) Orthotopic breast cancer model

Bridging the gap between mouse and human is always a challenging task in the field of drug
development. The production of mice with deficient immune system allowed the emergence of
xenograft models consisting in grafting human cells under the skin of nude mice. However, this
approach turned out to be poorly predictive because only a limited number of therapeutic
agents tested in mice harboured a significant clinical efficacy at well-tolerated doses in human
(Bibby, 2004). According to Corbett and co-workers most of the agents that had entered the
clinic in the 80s presented low or no activity against most of the xenografted tumors in mice
(Corbett et al., 1987). In contrast to xenograft models that do not take into account the
microenvironment normally encountered by tumor cells, orthotopic grafting (brain tumor cells
grated into the brain or breast cancer cells grafted into the mammary fat pad for examples)
reproduces the primary site of human cancer to better mimic the clinical situation. Hence, as it
reflects the biological features enabling cancer growth, this model is considered to provide
better prediction of the potential clinical activity for a given drug. Moreover, thanks to the use
of genetically modified cancer cell lines expressing fluorescent or luminescent reporter genes, it
is now possible to achieve longitudinal studies allowing precise monitoring of tumor growth.
Here, | performed orthotopic grafting of MDA-MB-231 expressing luciferase. Strikingly, while
forming large and easily detectable tumors, we never observed metastasis at the time point of
sacrifice. In fact, the tumor mass is developing so quick that mice were eventually dying or
reaching ethical limit points before the end of the protocol compromising the chance to reach
the critical size of metastasis to be detectable with bioluminescence (few micrometres in

diameter). Thus, to assess the anti-metastatic property of MTP-NRP1 and MTP-NRP2 in this
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orthotopic model, one possibility would be to surgically remove the primary tumor and
maintain treatments until metastasis detection. This may probably give a chance to observe
metastases issued from the primary site as already been observed (Elliott et al., 1992; Fu et al.,
1993).

In spite of some variability of the size of the tumors (particularly in the control groups), this
method turns out to be efficient and allowed me to prove the anti-tumor effect of MTP-NRP1
and MTP-NRP2. However, the evaluation of the anti-metastatic effect had to be performed

using an alternative model.

VIIL.5.2.2) Intracardiac injection

Metastasis formation remains the most significant problem in the field of breast cancer. The
intracardiac injection model provides several advantages for metastasis investigation.
Importantly, the tropism of MDA-MB-231 for certain organs closely mimics the human
metastasis anatomic location throughout the body: that is bone, lungs, brain and liver. This is
not achieved using other sites of injection. Indeed, tail vein injection leads to lung metastasis
mainly while intra-splenic or portal vein injections lead to liver metastasis (basically cell seed in
the first capillary bed encountered from the injection site). Another important advantage is that
the time course for metastasis detection is relatively short (1 month) in comparison with
metastasis occurring from primary tumor (at least 3 months).

The main disadvantage of this model is that early process of metastasis is skipped. Indeed
metastatic cells are assumed to leave the primary tumor site, migrate and intravasate into blood
or lymphatic vessels. Then cells are able to transit in these vessels, resisting to shear stress and
anoikis (programmed cell death associated with loss of cellular contact), and to finally attach to
vessel wall to extravasate in the distant organ (Sahai, 2007). This final step is the only one
achieved when performing intracardiac injection. Moreover, cells escaping from the initial
tumor are very specific cells that had acquired evading and migrating capabilities. Therefore
injecting a heterogeneous population of cells abolishes the selection events occurring in the
primary tumor site that yield a distinct profile of successful metastasis. In contrast to the
orthotopic mouse model, intracardiac injection is technically more challenging and some mice

don’t survive the procedure.
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Upon intracardiac injection, using the same luciferases cells as in the orthotopic mouse model, |
was able to achieved longitudinal monitoring of metastasis number and extension and site of
onset. Using this technique | was able to prove the anti-metastatic property of MTP-NRP1
peptide and this was observed in all sites analysed. Even though MTP-NRP2 harboured a
significant reduction both in overall metastasis extent and overall number, when analysing the
impact on bone metastasis number, a clear increase was spotted. This analysis is of major
importance knowing that the primary site of metastasis in human pathology is bone (Solomayer
et al., 2000; Berman et al., 2013). Interestingly, neuropilin-2 expression has been linked with a
physiological role in bone homeostasis. Indeed, very recently, immunohistochemistry analysis
demonstrated positive NRP2 signal in both osteoblastic and osteoclastic cells of the long bones
in mice (Verlinden et al., 2013). As exposed in the introduction, when metastasizing to bone,
cancer cells will modify the local microenvironment by recruiting and modulating the behavior
of the host cells, notably activating osteoclast. Noteworthy, osteoclasts are responsible of bone
modeling while osteoblasts increase bone mass. According to Verlinden and collaborators, NRP2
knockout mice exhibited reduced bone mass suggesting a decrease in osteoblast activity, along
with an improved number of osteoclasts and a reduced osteoblast count. The addition of NRP2
inhibiting peptide may therefore lead to the inhibition of osteoblast, favoring bone reduction
further strengthened by metastatic cells colonizing bone. It would be interesting to generate
NRP2- deficient MDA-MB-231 cells to verify whether the observed increase of bone metastases
is the consequence of the treatment (inhibition of osteoblast) or the modification of tumor cell

phenotype rendering them more aggressive for bone.

It is doubtful that the complexity of cancer in human patients can be completely modelled by a
unigue animal experimental system. Indeed there is no ideal mouse model to answer a specific

biological question.

VIII.6) Towards clinics?

Developing peptides targeting transmembrane domains is a very innovative mechanism of
action to inhibit membrane-spanning proteins implicated in cancer. Up to now no drugs based

on this strategy are to my knowledge being developed in cancer biology. The pioneering
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peptidic strategy harbours already numerous advantages over conventional drugs, and

numerous studies have been assessed to place the peptides on the path towards clinics.

VIIL.6.1) Optimal solubilisation condition

A key issue in drug development is the ability to obtain a drug with formulation compatible with
clinical use. In our case, peptide solubilisation is achieved by dilution in a 72uM lithium-dodecyl-
sulphate (LDS) solution following the suggestions of Penin and coworkers (personal
communication) who successfully used this detergent to solubilize membrane proteins.
Interestingly detergents, such as LDS, are small amphipatic molecules exhibiting the ability to
protect proteins, such as our peptides, from aqueous media. Upon solubilisation LDS
concentration is ten times above the critical micellar concentration (CMC) allowing the
incorporation of the peptides within micelles. Importantly during the solubilisation process,
trifluoro-ethanol (in acetic acid) is used in order to favour the alpha helical structure of the
peptide. This structure is mandatory for the peptide function and is obviously maintained when
peptides are in solution. This has been verified using circular dichroism showing up to 95% alpha
helical structure of peptides upon solubilisation with LDS. When adding the peptide to cells or
when administrating the compound in vivo, as very low dosages are used to reach the peptide
efficacy, the LDS concentration drops below the CMC favouring then integration of the peptides
in the cell membrane.However, little is known about the toxicity and elimination of LDS that is
not yet used as a standard solvent of hydrophobic drugs in the pharmaceutical industry. This is
not the case of DMSO (dimethyl sulfoxide) widely used during initial drug discovery (Stegemann
et al., 2007). This may represent an alternative solvent that could better fulfil regulatory
constraints in the process of clinical development. Indeed, several experiments in the lab
showed that peptides dissolved in DMSO exhibit similar biological properties. Hence, one last
alternative would be the use of amphipols (Popot et al.,, 2011, 2003). These amphiphatic
polymers exhibit a central hydrophobic cage and external hydrophilic chains and were deigned
to stabilize hydrophobic protein such as our peptides in aqueous condition. Here again, in vivo
assay conducted in the lab showed that amphipol-embedded peptides (MTP-NRP1) had

equivalent activity as LDS solubilized peptides in a model of subcutaneous xenograft of brain
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tumors in mice. Such flexibility for the choice of solvent is undoubtedly an asset for future

clinical development of the MTP drugs.

VIII.6.2) What makes TMD peptides good drug candidates?

VIIL.6.2.1) TMD peptides are first in class drugs

A good knowledge of the action mechanism of a new drug is mandatory in the process of drug
development. My work contributes to the accumulation of evidence over the last 10 years
leading to the description of the first class of receptor complex association interfering drugs.
The combination of FRET assay, biochemical assay, immunoprecipitation assays, signalling
assays, now associated with molecular simulations, highlight the existence of a very specific
interacting capacity of TMD peptides for which we need now to establish and formalize an
interactome-like cartography. Hence, upon interaction with its target, a given TMD peptide is
able to alter the formation and or stability of the corresponding signalling platform thereby

disrupting related biological functions.

VIIL.6.2.2) TMD peptides exhibit long term efficacy
One of the striking features of our TMD peptide strategy is the long lasting effect observed both

in vitro and in vivo. As described in the result sections, MTP-NeuNT exhibited for example a
significant effect up to 72h, an effect intensified at 48h. This is consistent with our previous
description of the cellular trafficking of fluorescent versions of TM peptides that can reach in
vitro cell membrane within 45-60 minutes and can be detected there up to 96h before
endocytosis and lysosomal degradation (Bennasroune et al., 2004; Roth et al., 2008). This
persistent activity is counterintuitive because peptidic drugs usually exhibit short half-life time
rarely exceeding few minutes in vivo. The particular behaviour of TMD peptides is probably due
the insertion in the lipidic bilayer protecting the peptides from most of proteases. Only intra-
membrane cleaving protease (I-CliPs) may exhibit the property to cleave membrane proteins
(Erez et al., 2009) and therefore our membrane targeting peptides. Besides this indirect
property, work in the lab is currently exploring how the TMD peptides may perturb receptor
recycling. In brief, receptors such as NRP1 undergo continuing recycling cycles following

endocytic pathways and co-internalisation with signalling receptors. One mechanism of action
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would be the inhibition of this process, leading to accumulation of the target and the inhibitory

peptide at the cell surface.

VIIL.6.2.3) TMD peptides are non-immunogenic

As previously mentioned peptides would rapidly reach cell membrane and stay there in vivo.
This is also hiding the antigenic sites of the peptides rendering it not accessible to the immune
system. Also, the hydrophobicity of a protein is known to compromise immune surveillance
(Naim and van Oss, 1992). A company specialized in the production of antibody by the mean of
coupling the antigen to the KLH protein carrier (Biotem) failed to produce antibody against
NRP1 TMD in mice. This is demonstrating that immunogenicity, that is often a major risk in

clinical drug development, may not be an issue in our case.

VIIL.6.2.4) TMD peptides act at very low dosage
According to Herceptin patent (http://www.google.com/patents/EP1106183A2?cl=en&hl=fr, EP

1106183 A2), muMab 4D5 (the most potent mouse HER2 antibody used in preclinical drug
development) was used in xenograft tumor models at a concentration of 10mg/kg. Concerning
NRP1, the function-blocking antibody developed by Genentech exhibit anti-tumor activity with
dosages ranging from 5 to 10mg/kg (Liang et al., 2007; Pan et al., 2007). Starzec and coworkers
in 2006 also identified a peptide inhibiting VEGF binding to NRP1 and reducing tumor volume in
an orthotopic mammary carcinoma model of MDA-MB-231 cells at a dosage of 20mg/kg. Hence,
our studies demonstrate that TMD peptides exhibit their inhibitory role with concentration

1000-20 000 inferior to standard drugs.

VIII.6.2.5) Faster towards clinics

Importantly in the preclinical-drug development process, teratogenicity and genotoxicity studies
are assessed. Noteworthy, it is not expected that peptides would interact directly with DNA or
other chromosomal material. Therefore these time-consuming and cost-consuming studies are
not needed in peptide derived pharmaceuticals drugs (Guidance for industry, S6 Preclinical
Safety Evaluation of Biotechnology-Derived Pharmaceuticals, FDA regulatory information

guidance, 1997 http://www.fda.gov/downloads/regulatoryinformation/guidances/ucm129171.pdf.)
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VIIL.6.2.7) TMD peptides exhibit unexpected good biodistribution

Previous work achieved in the lab demonstrated that the IP injection of a rhodaminated peptide
(Rhod-MTP-NRP1) could largely diffuse in the entire body and in the tumor of subcutaneous
xenografted-mice (Nasarre et al., 2010). Moreover, when analysing tissue and tumor sections, it
was shown that peptides can exit from the blood circulation and penetrate in the surrounding
tissue. Similar results were also obtained with biotinylated versions of the NRP1 peptide. It
would be useful to perform a systematic analysis of the biodistribution profiles of fluorescent
versions of all of the different therapeutic peptides we had developed. However, the method
used so far is poorly quantitative and remains essentially qualitative. This is the reason why to
further validate the biodistribution profile of the compound we intended to perform SPECT
imaging. This approach requires the use of radio-labelled peptides. This work was done in a
collaborative framework with the IMABIO group in IPHC. Unfortunately, due to the high
hydrophobic nature of the peptide, iodinated peptides could not be achieved yet due to
purification issues. The recent progress made by Polypeptide, the company in charge of
producing a GMP batch of NRP1-peptide for regulatory clinical development may open the
possibility to solve this issue. Hence, we should be able to perform soon detailed PK/PD analysis

of our therapeutic peptides.

VIII.6.3) What's next?

The work | accomplished during my PhD definitively validates the proof of concept of the
proposed therapeutic strategy. Concerning MTP-NeuNT, we obviously will design another
peptide to target human HER2 receptor. Our preliminary in vitro data suggest promising results
on HER2 expressing cells (SKBR3 and MCF7). In the human context, it will be interesting to
compare and/or combine MTP-HER2 with Herceptin. Indeed, 30% to 50% of HER2 over
expressing breast cancer are primary resistant to Trastuzumab. This is the consequence of
several mechanisms altering the HER2-trastuzumab complex as exposed in the introduction: a)
the antibody binding site can be masked or block by cleavage of ErbB2 ECD or overexpression of
MUC4 (Mucin-4 a membrane ErbB2 ligand); b) ErbB2 downstream signaling can be altered
through down regulation of PTEN tumor suppressor gene and PI3K mutant activation enhancing

ErbB2 signaling network; c) inhibition of cell cycle growth arrest by the loss of cyclin-dependent
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kinase inhibitor p27; d) compensation mechanism by signaling through other ErbB receptors or
non-ErbB receptors such as Insulin growth factor receptor (IGFR) (Fang et al., 2011).
Additionally, the most common side effect of Trastuzumab is cardiotoxicity (Wicki et al., 2012).
The use of MTP-HER2 could overpass some of the resistance mechanism describe above as the
peptide is insensitive to ligand and is supposed to destabilize the whole signalling platform. It
has to be checked whether the low concentration used would reduce the non-specific cardiac
toxicity. Hence, targeting MTP-NRP1 and MTP-NRP2 in the breast context appears to be a very

promising strategy and the combination of these peptides with MTP-ErbB should be performed.
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IX) CONCLUSION

The use of membrane targeting peptides definitively represents a unique, original new strategy
in preclinical drug development. Even if the flowchart of each peptides was not yet fully
identical, and more analysis have to be conducted for one or the other peptide, combining in a
ordered manner molecular modelling, the double hybrid system, in vitro and in vivo analysis
offers an outstanding integrative approach for the evaluation of the therapeutic potential of the
strategy. | was able to demonstrated that the peptidic strategy was applicable to breast cancer,
tackling with a widely validated receptor HER2, and to prove that NRP1 is an interesting new
target in metastatic breast context. Concerning NRP2 receptor, further analysis need to be
achieve in order to better understand the role of this receptor in breast cancer particularly at
the level of bone metastasis formation. Noteworthy, the need of new classes of drug is of highly
importance in metastatic breast cancers and especially in triple negative breast cancers
exhibiting the worse outcome. Additional studies should evaluate the combination of both MTP-
NRP1 and MTP-ErbB2 peptides in the breast context as my result exposed for both very
promising clinical outcomes. Over a decade, numerous studies achieved in our team,
supplemented with my data, offer convincing body of evidence supporting the interest to bring
these drugs towards the patient’s bed. From terra incognita to the exploration of a world of
hope, the heart of the membrane is undoubtedly becoming a new promising estate for drug

design.
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