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Summary

Junctional Adhesion Molecule-A (JAM-A) is a transmembrane protein with
important physiological functions in regulating cell-cell adhesion, and an
emerging role in the pathophysiology of breast cancer. JAM-A levels have
been reported to regulate expression of the important oncogene Human
Epidermal Growth Factor Receptor-2 (HER2) in breast cancer cells, thus we
aimed to investigate the underlying mechanisms and whether they extended
to regulating the expression of other HER family members. This thesis
presents novel evidence that JAM-A expression positively regulates that of
HER2 and HER3 at a transcriptional level, accordingly influencing signalling
through its downstream effectors and functional outcomes including cell
viability, migration and colony formation in vitro and proliferation in a semi-in
vivo xenograft model. Mechanistically, the transcription factors ZONAB and
FOXA1 were identified as potential regulators of HER expression
downstream of JAM-A expression. Overexpression and silencing strategies
revealed FOXA1 rather than ZONAB as a key regulator of HER2/3
expression in the breast cancer setting. Specifically, JAM-A expression
levels influenced those of FOXA1 at a transcriptional level, and FOXA1 gene
silencing reduced both HER2 and HER3 expression. Furthermore, FOXA1
bound specifically to oligonucleotides representing its predicted binding sites
in the HER2 and HER3 gene promoters, and JAM-A gene silencing reduced
FOXA1 binding to these oligonucleotides. The mechanism whereby JAM-A
H[SUHVVLRQUHJXODWHVWKDWRI)2;$DSSHDUVWRLQYROYHȕ-catenin activation
and its transit to the nucleus of breast cancer cells, and to be dependent on
the dimerization and PDZ-binding domains of JAM-A. Accordingly, a
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proprietary

dimerization-blocking

anti-JAM-A

peptide

reduced

cell

proliferation and AKT/ERK activation in breast cancer cells. Finally, a
stepwise connection between the expression of JAM-$ ȕ-catenin, FOXA1
and HER3 was confirmed by immunohistochemical staining in a tissue
microarray derived from invasive breast cancer patient tumours. Taken
together, our data provide novel evidence of a direct relationship between
levels of JAM-$ȕ-catenin, FOXA1 and HER2/HER3 in breast cancer cells.
In conclusion, we suggest that JAM-A merits investigation as a novel target
to inhibit HER2/HER3-dependent tumourigenic signalling in breast cancer.
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CHAPTER 1: Introduction
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1.1 Physiological structure and function of the breast
The breast is an organ whose structure reflects its special function: the
production of milk during lactation. Breasts are highly organized glandular
structures made up of exocrine ducts, fat, nerves, blood vessels and
connective tissue (1). A complex network of lobules and milk ducts co-exist
to drive the primary function of the gland ± lactation. The epithelial
component of the tissue consists of lobules, where milk is made, which
connect to ducts that lead out to the nipple. Lobules are small milkproducing glands, made up of grape-like clusters of acini. With 15-20 lobules
in each breast, comprised of approximately 20-40 acini, these lobules are
connected to small milk ducts, forming terminal duct lobular units (TDLU),
which stem into increasingly larger ducts that carry milk from the lobules to
the nipple openings. There are up to 10 major ductal systems in each
breast, and, throughout pregnancy, the attached lobules grow and begin
milk production. Following pregnancy, nipple stimulation results in
contraction of the muscle tissue around the TDLU, expelling milk into the
ducts and down to the nipple (2, 3) (Figure 1A).
The structure of the male breast is nearly identical to that of the female
breast, except that the male breast tissue lacks the specialized lobules, as
there is no physiologic need for milk production by the male breast (4).
Anatomically, the adult breast is located atop the pectoralis muscle, atop the
ribcage. The breast tissue extends horizontally (side-to-side) from the edge
of the sternum out to the mid-axillary line. It is important to note that a tail of
breast tissue called the "Spence tail´GRHVH[WHQGLQWRWKHD[LOODA mass of
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breast cancer can develop in this axillary tail, even though it might not seem
to be in the breast proper (5).
The breast tissue is encircled by a thin layer of connective tissue called the
fascia. The deep layer of this fascia sits immediately on top of the pectoralis
muscle, and the superficial layer sits just under the skin. The skin covering
the breast is similar to skin elsewhere on the torso; with sweat glands, hair
follicles, and other characteristic features. The blood supply to the breast
comes primarily from the internal mammary artery, which runs underneath
the main breast tissue. The blood supply provides nutrients, such as oxygen,
to the breast tissue. The lymphatic vessels of the breast flow in the opposite
direction to the blood supply and drain into lymph nodes. It is through these
lymphatic vessels that breast cancers can metastasize to lymph nodes. Most
lymphatic vessels flow to the axillary lymph nodes, while a smaller number
of lymphatic vessels flow to internal mammary lymph nodes located deep in
the breast. Knowledge of lymphatic drainage has proven to be important for
our understanding and management of breast cancer metastasis, since the
first lymph node in the chain of lymph nodes (the "sentinel´ lymph node) is
often removed for histopathological analysis to detect metastasis in invasive
breast cancer patients (6) (Figure 1B).
In healthy breast tissue, lobules and ducts are lined by two cell types;
epithelial cells and myoepithelial cells. The epithelial cells form the inner
layer which lines the ductal lumen, while a surrounding layer of flattened
myoepithelial cells connects the epithelial layer to the basement membrane
(7). These myoepithelial cells assist in milk ejection by mechanically
contracting the lobules and ductal walls. Occasionally there is excessive
22

growth of ductal or lobular epithelial cells. This process is relatively normal
and

is

known

as

hyperplasia.

However,

if

these

cells

change

morphologically, it is known as atypical hyperplasia. This can occur in breast
lobules (atypical lobular hyperplasia; ALH), or in ducts, in which case it is
known as atypical ductal hyperplasia; ADH). Although these represent
benign growth, some hyperplastic events may progress to become
malignant tumours (8).
A)

B)
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Figure 1.1 Schematic representation of a normal female breast and its
draining lymph nodes. A) represents the normal breast with its structural
components, while B) shows location and nomenclature of breast lymph
nodes (used with permission from the authors) (9).

1.2 Breast cancer epidemiology
Most cancers of the breast arise from the cells which form the lobules and
terminal ducts. These lobules and ducts are spread throughout the
background fibrous tissue and adipose tissue that make up the main mass
of the breast (10). Breast cancer is the most common cancer in women
worldwide, with an estimated 1.7 million new cases diagnosed in 2012,
representing just over 25% of all cancers in women (11). There are
approximately 2,800 new cases of invasive breast cancer diagnosed per
year in Ireland, making it the most common invasive cancer (12). The strong
invasive potential of breast tumours is what makes the disease dangerous,
accordingly metastasis of the primary tumour to the liver, lung and brain still
carries a high risk of death (13).
In the United States, the number of early stage breast cancer diagnoses
increased from 112 to 234 per 100,000 women within a 30-year interval from
1976 to 2008, while the number of women with terminal life-threatening
breast cancer reduced slightly from 102 to 94 cases per 100,000 women
(14). The risk of developing breast cancer increases significantly from the
age of 65, although in recent years, the diagnosis of breast cancer has
become more common among younger women since a larger proportion of
the population has access to mammography screening and advances in
24

technology allowing the detection of breast cancer with high accuracy at
very early stages (15). Although rare, even men can develop breast cancer,
but they account for only about 1% of all breast cancer cases (16).

1.3 Breast cancer causes and risk factors
Definitive causes of breast cancer remain unclear to this day. However the
most usual risk factors can be summarised in four groups: Biological
attribution - comprising genetic factors and family history, age, breast
density, height and demographic factors such as socioeconomic group and
geographic localization; Environmental attributions ± for instance,
exposure to pesticide agents or radiation; Hormone status ± characterized
by biological changes caused by menopause, pregnancy and breast
feeding; Lifestyle ± factors influenced by diet, physical activity, body size,
alcohol and other drugs (17). However, new studies are constantly
investigating new factors and there has been an increasing number of
studies focused on investigating psychological elements involved in the
development of cancer. On the other hand, there is also emerging evidence
of more genetic mutations and biological characteristics associated with
cancer, which raises a discussion on the balance between the impact of
modern lifestyles and genetics in tumourigenesis.
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1.4 Classification of breast cancer

1.4.1 Histological classification
The majority of breast malignancies are adenocarcinomas, a type of
malignant tumour formed from glandular structures in epithelial tissue and
numbering >95% of breast cancer diagnoses (18).
There are two main types of breast tumours: non-invasive or carcinoma in
situ and invasive carcinoma. They are sub-divided into ductal and lobular,
based on the site from which the tumour originated.
In general, non-invasive breast carcinoma is divided into ductal carcinoma in
situ (DCIS) and lobular carcinoma in situ (LCIS). The term breast carcinoma
in situ was coined long ago to describe lesions comprised of abnormal
epithelial cells that are completely confined within breast lobules and/or
ducts, but that look very similar to cells of invasive carcinoma when viewed
under a microscope. DCIS refers to a condition in which abnormal cells
arising in the terminal duct lobular units replace the normal epithelium of milk
ducts, however the basement membrane remains intact, with no evidence of
stromal invasion (19). LCIS, also called lobular neoplasia (LN), represents 12% of all breast cancers and is considered to be the restricted growth of
tumour cells within breast lobules (20). It remains a discussion point as to
whether LCIS and DCIS represent separate diseases or are merely the early
stages of invasive breast carcinomas at the same site.
Invasive or infiltrative carcinoma refers to malignant abnormal proliferation of
neoplastic cells which has penetrated through the duct or lobule walls into
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the breast stroma. Invasive ductal carcinoma (IDC) is the most common
form of invasive breast cancer; accounting for more than 55% of breast
cancer diagnoses. In this form of the disease, tumour cells break through the
wall of the duct and grow into the surrounding fatty tissue of the breast.
Invasive Lobular Carcinoma (ILC) accounts for approximately 10% of
invasive breast carcinomas, and, although there is a histogenetic distinction
between ductal and lobular carcinomas, their prognostic and therapeutic
differences are slight.
In addition to standard IDC and ILC, there are five uncommon subtypes of
invasive carcinoma ± tubular carcinoma, medullary carcinoma, mucinous
carcinoma, papillary carcinoma and cribriform carcinoma and other rare
IRUPV RI WKH GLVHDVH LQFOXGLQJ LQIODPPDWRU\ EUHDVW FDQFHU DQG 3DJHW¶V
disease of the nipple (21, 22). The estimated incidence of each type of
breast cancer is summarized in Table 1.1.
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Table 1.1 Histological classification of breast cancer and average
incidence (19, 23)
Type

Frequency

Invasive Carcinomas

80-85%

-invasive ductal

>70%

-invasive lobular

10%

-others (mucinous, medullary or tubular carcinomas)

<5%

Non-Invasive Carcinomas (Carcinoma in situ)

15-20%

-ductal carcinoma

95%

-lobular carcinoma

5%

The histological classification of breast cancer presented above is based on
a World Health Organization (WHO) series of monographs on tumour
classification, published by the International Agency for Research on Cancer
(IARC), and has traditionally defined tumour classification and nomenclature
standards for pathologists worldwide (24). However it is not the only
classification system in use. In conjunction with the WHO classification,
pathologists also use alternatives that define tumour grade (such as the
Bloom-Richardson grade, Scarff-Bloom-Richardson grade or Nottingham Elston-Ellis grade - Table 1.2), which are all based on how closely the
tumour cells resemble healthy tissue (25). Another commonly-used
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classification is based on cancer stage. The TNM classification evaluates
the extent of the tumour (T), the extent of spread to the lymph nodes (N),
and the presence of metastasis (M), and assigns numbers to the spread and
evolution of the breast cancer (26). Finally, an increasing number of
pathologists utilise classifications according to the molecular status of the
breast cancer. This will be explained in detail in the next section.
Table 1.2 Summary of features analyzed in grading systems (27, 28)
Grade System

Classification Features

Bloom-Richardson

Tumour tubule formation, nuclear pleomorphism
and mitotic activity

Scarff-Bloom-Richardson Tumour tubule formation, mitotic activity,
nuclear pleomorphism and nuclear grade
Nottingham - Elston-Ellis Tumour tubule formation, nuclear grade and
mitotic activity

1.4.2 Molecular classification
Breast cancer is a heterogeneous disease with a spectrum of patient
prognoses and outcomes. Recent advances in genetic screening have
enabled the subdivision of breast cancers according to their molecular
profiles, as defined by the presence or absence of receptors including
Oestrogen Receptor (ER), Progesterone Receptor (PR) and Human
Epidermal Growth Factor Receptor-2 (HER2) (29-31). Accordingly, on the
basis of measuring the expression of these genes and collating them across
populations, three broadly different types of breast cancer (Luminal, HER2positive and triple-negative), and five so-called "intrinsic subtypes", have
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been identified (Luminal A, Luminal B, HER2-positive, Basal-like and
Claudin-Low), although the classification varies according to different
authors (29, 32, 33).
Table 1.3 presents the immunohistochemical parameters used in the most
common molecular classification of breast cancer patients, and their
associated therapies.
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Table 1.3 Immunohistochemical classification of breast cancer (29, 32,
34, 35)

Subtype

Subgroup

Luminal

Luminal-A

HER2+

Luminal B

Triple negative

Basal-

Claudin-

like

low

ER / PR

ER / PR

ER / PR

negative

negative negative

positive

negative negative

HER2+

Oestrogen
receptor (ER) /

ER positive /
ER / PR

Progesterone

PR positive
positive

(PR) receptor

or negative

status
HER2 status

negative

positive

Claudin
Additional

CK5/6+;
ADH1B high ADH1B low GRB7 high

Features

3, 4 and
EGFR+
7 low

Therapy

ET

CT + ET + T

CT + T

CT

CT

ADH1B: Alcohol dehydrogenase 1B; GRB7: Growth factor receptor-bound
protein 7; CK5/6: Cytokeratin 5/6; EGFR: Epidermal Growth Factor
Receptor; ET: endocrine / hormonal therapy; CT: chemotherapy; T:
Trastuzumab.
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The subtypes differ from each other as follows:
Luminal A is the least aggressive breast cancer type and tends to have the
best prognosis, with excellent patient survival and relatively low recurrence
rates. It accounts for approximately 40% of breast cancer cases (36). Cells
of these tumours share many features with the normal cells lining mammary
ducts, and, since they express hormone receptors, respond well to antihormone therapies like tamoxifen. In addition to expression of ER and/or PR
and the absence of HER2 expression, Luminal A tumours typically have low
levels of Ki67 (a nuclear protein associated with cellular proliferation) (37).
Luminal B tumour cells divide faster and therefore represent a more
aggressive disease phenotype than Luminal A. This molecular subtype of
breast cancer accounts for approximately 20% of all breast cancers; and is
ER+ and/or PR+ and usually HER2+ (with high Ki67). Treatment with
tamoxifen is in most cases not sufficient, and therefore Luminal B tumours
are treated with additional chemotherapy and with drugs directed specifically
against HER2 receptors, for example with the monoclonal antibody
Trastuzumab. Luminal B tumours are also usually lymph node-positive, and
genetic mutations of the p53 tumour suppressor gene are present in
approximately 30% of cases (33).
The HER2+ subtype has a prevalence of approximately 25-30% (38) and is
ER-, PR- and HER2+. Its defining feature is that the gene encoding HER2 is
amplified and its corresponding protein overexpressed, leading to increased
cell proliferation and decreased programmed cell death. Tumours of this
molecular subtype are usually lymph-node positive, and about 75% contain
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p53 mutations. The development of targeted therapies that block HER2
signalling

in

these

cells,

including

Trastuzumab

and

adjuvant

chemotherapies such as lapatinib, has considerably reduced the mortality of
HER2+ patients (39).
The Triple Negative Breast Cancer (TNBC) subtype is characterized by
lack of expression of ER, PR and HER2. It comprises a heterogeneous
group of breast cancers which is the focus of considerable research
investigation, since the paucity of targetable cell surface markers means that
there are currently no adjuvant treatments that can be used specifically in
this group of patients (40). It can be subdivided into two groups:
Basal-like breast cancer (BLBC) subtype has negative ER, PR and HER2
and high expression of CK5/6 and/or EGFR (18, 40, 41).
Claudin-low (CL) subtype is characterized by absent expression of ER, PR
and HER2 in conjunction with low expression of genes involved in tight
junctions and epithelial cell-cell adhesion, including claudins-3, -4 and -7,
occludin and E-cadherin. In addition, the human CL tumours show low
expression of luminal epithelial genes and high expression of lymphocyte
and endothelial cell markers, in conjunction with high enrichment for
epithelial-to-mesenchymal transition markers, immune response genes and
cancer stem cell-like features (42-44).
In general, TNBC are considered the most aggressive breast cancer
subtype, reflecting a lack of available targeted therapies, higher grade at
diagnosis, and a predilection for early metastasis (33).

33

More recently, studies analysing large datasets of molecular characteristics
in breast cancer patients have suggested additional molecular subtypes
including interferon-rich, molecular apocrine and normal-like breast cancer
(29, 33, 45), although how best to define these tumours is a matter of
controversy and ongoing debate.
Several current studies are also investigating other molecules and their roles
in the characterization of new subtypes of breast cancer, so in the future it is
likely that markers including androgen receptor (AR), long-chain-fatty-acid²
CoA ligase 4 (ACSL4), S-phase kinase-associated protein 2 (SKP2),
epidermal growth factor receptor (EGFR) and cluster of differentiation 151
(CD151) will help redefine breast cancer subgroups and serve as roadmaps
for newer targeted therapies (46). Interestingly, emerging studies are also
showing that cells may have heterogeneous distributions of molecular
biomarkers within the same tumour. This could result in a group of cells
being positive for one molecular marker while others are negative, resulting
in different molecular portraits among the cells within the same patient (47).
This characteristic is being increasingly associated with mechanisms of
resistance to drugs currently used in the course of cancer treatment, but a
better understanding of the heterogeneity of cells within tumours could
increase the chances of combining therapies to avoid and circumvent drug
resistance.
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1.5 The family of ErbB/HER receptors
The human EGF receptor family consists of four members (HER1±4) that
belong to the ErbB lineage of proteins (ErbB1±4). This family of receptors is
ubiquitously expressed in epithelial, mesenchymal and neuronal cells plus
their cellular progenitors. The gene symbol, ERBB, is derived from the name
of the avian viral erythroblastosis oncogene to which these receptors are
related. Synonyms for EGFR include ERBB, ERBB1, and HER1. ERBB1
refers to the erythroblastosis virus, and HER1 refers to the Human EGF
Receptor 1 (48).
The other genes belonging to the EGFR family also have different
designations: ERBB2, HER2 and NEU; ERBB3 and HER3; ERBB4 and
HER4. The corresponding protein nomenclatures are EGFR, HER1 and
ErbB1; HER2, ErbB2, Neu and CD340; HER3 and ErbB3; HER4 and ErbB4
(48).
These receptors are intrinsic transmembrane proteins with tyrosine kinase
activity, and belong to the type 1 receptor tyrosine kinase family of proteins.
The four molecules are structurally very similar and consist of three
domains: an extracellular ligand binding domain that participates in ligand
binding and homo- or heterodimer formation with ErbB family members, a
single hydrophobic transmembrane helix segment of 19±25 amino acid
residues responsible for anchoring the receptor in the cell membrane, and
finally an intracellular portion of about 550 amino acid residues that contains
a juxtamembrane segment, a protein kinase domain, and a carboxyterminal
tail (48) (Figure 1.2).
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Figure 1.2 Molecular structure of ErbB/HER family members. HER1 [1]
is the founder member of the family; HER2 [2] is the only member of this
family that does not possess any ligand-binding site on its ectodomain;
HER3 [3] lacks a tyrosine kinase (TK) region in its internal domain; HER4
[4], similarly to HER1, contain both the ligand-binding site and the TK region
(used with permission from the authors) (49).

EGFR family members have a molecular weight ranging from 170 to 185
kDa, and their sequence identity varies between 37% for EGFR / ErbB3 to
49% for EGFR / ErbB2. Activation of ErbB receptors occurs through the
binding of extracellular ligands, subsequent homo- or heterodimerization of
the receptors and a consequent autophosphorylation of the tyrosine-rich
chains in the cytoplasmic domain (50). Notwithstanding the structural
similarities among HER receptors, the downstream signalling that follows
engagement of each one can differ according to functional characteristics
peculiar to each receptor. Specifically, EGFR and ErbB4 are functional
receptors which can activate downstream pathways through either homo- or
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heterodimeration, whereas ErbB2 and ErbB3 are subtly different (51). This
reflects the fact that ErbB2 has no ligand site and ErbB3 lacks an
intracellular protein kinase domain. As a result, these receptors can only be
activated following hetero- dimerization with other members of the ErbB
family (52).
Ligands of the ErbB family can be divided into four groups: firstly the ligands
that bind specifically to HER1, comprising Epidermal Growth Factor (EGF),
transforming growth factor-Į (TGF-Į DQGDPSKLUHJXOLQ $5(* . The second
group comprises ligands that bind to both EGFR and ErbB4; and includes
betacellulin (BTC), heparin-binding EGF-like growth factor (HB EGF) and
epiregulin (EREG). The third group comprises the neuregulins (NRG), and
can be subdivided in in two subgroups: NRG1 and NRG2 that bind to both
ErbB3 and ErbB4; and the second subgroup of NRG3 and NRG4 that bind
only to ErbB4. Finally the fourth group comprises the ligand Epigen that has
significantly lower affinity than the other ligands and binds to EGFR, ErbB3
and ErbB4 only in the presence of ErbB2 (Figure 1.3). None of the known
ligands bind to ErbB2 (50).
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Figure 1.3 Ligands of ErbB/HER family members. (*)7*)Į and AREG
bind exclusively to HER1. BTC, HB EGF and EREG bind to HER1 and
HER4. Epigen binds to HER1, HER3 and HER4 in the presence of HER2.
NRG1 and NRG2 bind to HER3 and HER4. NRG3 and NRG4 bind to only to
HER4.

The formation of dimers or higher-order oligomers is an essential step for
activating EGFR family members. Although ligand binding promotes
dimerization, enhanced expression of the receptors can also drive
dimerization through mass action, which is important in certain cancers.
Heterodimerization between EGFR family members is an important regulator
of their function; particularly (as mentioned earlier) for HER3 which lacks its
own kinase domain.

In illustration of this point, EGFR preferentially

homodimerizes with itself or heterodimerizes with ErbB2 and ErbB3, but
rarely heterodimerizes with ErbB4. Likewise, although HER2 possesses an
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active kinase domain, it does not readily homodimerize, but is preferentially
activated by heterodimerization with ligand-bound partners, particularly
HER3. Despite their individual limitations, the HER2-HER3 dimer forms the
most potent receptor pair of the ErbB family in terms of cellular proliferation
and transformation (53, 54). Finally HER4 typically forms homodimers and
can signal from the plasma membrane, but its cleavage by membraneassociated proteases following activation causes translocation of the kinase
domain from the plasma membrane to intracellular compartments. In
summary, ectodomain cleavage of the full length HER4 protein at the cell
surface is mediated by tumour necrosis factor-ĮFRQYHUWLQJHQ]\PH 7$&( 
a member of the ADAM metalloproteinase family referred to as ADAM17.
Following TACE cleavage, the heavy cleaved part of the HER4 ectodomain,
which includes the ligand binding region, is shed into the extracellular milieu
while the remaining cleavage product is retained as a transmembrane
peptide, harboring an active tyrosine kinase domain and a carboxyl terminus
with several potential tyrosine phosphorylation sites. Although the light
fraction can be phosphorylated, it remains unclear if this membrane-tethered
peptide transmits cellular signals (55, 56).

1.5.1 Downstream signalling pathways of HER receptors
EGFR family members engage a variety of downstream signalling pathways
to exert their biological functions. The induction of these downstream
signalling pathways depends on the ligands, the dimerization partners and
the signalling molecules affiliated with different autophosphorylation sites
within the cytoplasmic domain of each EGFR family member. The multiplicity
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of signalling pathways facilitates the regulation of many different biological
processes including proliferation, differentiation, migration and apoptosis.
The three best-investigated signalling pathways downstream of ErbB
receptors are the mitogen-activated protein kinase (MAPK) signalling
pathway, the phosphatidylinositol-3 kinase (PI3K) / protein kinase B (AKT)
signalling pathway and the phospholipase C gamma - protein kinase C
(PLCȖ-PKC) signalling pathway (57).
Activation of the Ras / MAPK signalling pathway can be achieved by all
ErbB ligands and receptors. This is accomplished either directly via Src
Homology 2 (SH2)-mediated recruitment of the growth factor-bound protein
2 (GRB2), or indirectly via PTB (phosphotyrosine-binding domain)-mediated
binding of the SHC (Src homology and collagen protein) adaptor protein.
GRB2 associates with the guanine nucleotide exchange factor SOS (Son of
Sevenless), which then activates Ras via the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP). Activated (GTPbound) Ras binds then to Raf kinase, activating it and in turn a kinase
cascade. Phosphorylation and consequent activation of serine residues on
MEK1/2 (MAPKK) and tyrosine and threonine residues on ERK1/2 finally
activate various cytoplasmic and cytoskeletal proteins, such as the MAPK
activated protein kinases and the ribosomal p70-S6 kinase, as well as
instigating MAPK translocation to the nucleus where it activates a variety of
transcription factors promoting cell migration, proliferation and apoptosis
(57).
ErbB receptors also activate the PI3K signalling pathway through its
phosphorylation,

causing

the

formation
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of

phosphatidylinositol-3,4,5-

trisphosphate (PIP3). In turn, PIP3 phosphorylates and activates AKT, which
has both cytoplasmic as well as nuclear functions. Specifically, AKT
promotes cell survival and blocks apoptosis by inhibiting the pro-apoptotic
protein BAD (BCL2 antagonist of cell death), procaspase 9 and the
Forkhead-Box (FOX) transcription factor proteins (58).
The Shc/GRB2/SOS/Ras/MAPK cascade been proposed to be the major
mitogenic signalling pathway initiated by the EGFR family of kinases (59).
Thus, ErbB receptors also stimulate the PI3K signalling pathway, in two
different ways: EGFR and ErbB2 bind indirectly to p85, the regulatory
subunit of PI3K, whereas ErbB3 and ErbB4 have direct binding sites (60).
Figure 1.4 shows a brief schematic of ErbB activation of the MAPK/AKT
signalling pathways.
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Figure 1.4 ErbB/HER-mediated activation of downstream signalling
pathways. Activation of ErbB receptors by ligand (e.g. EGF) can lead to the
recruitment of PI3K and subsequent activation of Pdk-1 and AKT.
Recruitment of adaptor proteins such as Shc, GRB2 and SOS leads to
activation of the Ras/MAPK pathway. ErbB receptor activation ultimately
leads to the activation of AKT and MAPK (61); ErbB activation of MAPK/AKT
pathways generate signals resulting in cell proliferation, differentiation,
migration and cell survival.

1.5.2 HER family receptors and breast cancer
A key goal of oncological research is in understanding how to inhibit the
formation of local tumours and distant metastases, while maintaining the
function of normal cells. This requires an appreciation of signalling pathways
that are important for tumourigenesis (62); several of which are engaged by
HER family receptors. Since these pathways regulate cell proliferation,
motility, apoptosis, invasion and angiogenesis; it is not surprising that
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overexpression or amplification of HER family members is often detected in
carcinomas (63).
High expression of HER receptors has been reported on several occasions
especially in breast cancer, ovarian cancer, and non-small cell lung cancer
(63). Overexpression of HER1, for instance, has been frequently associated
with advanced tumour stage, shorter survival, resistance to standard
therapies such as hormonal therapy, chemotherapy or radiation, and
generally associated with poor prognosis (64). It is not clear what
mechanisms are involved in enhanced signalling of HER family members in
cancer cells. It has been reported that inappropriate activation of the EGFR
in cancer mainly results from amplification and point mutations at the
genomic locus, but transcriptional upregulation or ligand overproduction due
to autocrine/paracrine mechanisms have also been described (65). However
it is currently not well-understood if those mechanisms could also be applied
to the other HER family members that are frequently overexpressed and
over-activated in cancer.
In the context of breast cancer, overexpression of a HER family member has
been reported in almost 50% of recorded cases. Specifically, overexpression
of HER1, HER3 and HER4 has been reported to be present in
approximately 16%, 18% and 12% of patients, respectively. About 39% of
cases overexpressed one or more of HER1, -2 or -3, while HER4 was rarely
overexpressed with other HERs (1.4% of cases) (66). HER1, HER2 and
HER3 upregulation represent poor prognosis and reduced survival, while
patients overexpressing HER4 reportedly have better survival prospects. In
the last years, patients with either HER1 or HER2 overexpression have had
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considerably extended survival rates due to advances in targeted treatments
for these oncogenes (66). One potential explanation for the differences in
survival rates between patients with HER1/2 versus HER4 overexpressing
breast cancer is that the latter protein is expressed in different isoforms, of
which one cannot activate the PI3K signalling pathway, therefore stimulating
only apoptosis-controlling but not growth-promoting mechanisms. Another
possibility is that HER4 overexpression in conjunction with other HER family
members is rare, whereas coincident HER2 and HER3 overexpression, for
example, is relatively common (66).
As a consequence of their importance in tumourigenic signalling, several
anti-cancer therapies targeting HER family members have been developed,
principally those inhibiting HER1 and HER2. Approaches to anti-HER
therapy will be further discussed in the next section.

1.6 Breast cancer treatment and therapies
In recent years, there has been an explosion of life-saving treatment
advances against breast cancer. Today there are an increasing number of
treatment choices that fight the complex mix of signalling events in cancer,
and each day more drugs against specific targets are generated. Collectively
WKLV IHHGV LQWR WKH FRQFHSW RI ³SUHFLVLRQ medicine´, whose ultimate goal is
the selection of specific drugs for each individual patient according to his/her
needs.
After a diagnosis of breast cancer, a patient will follow a series of treatment
stages according to the stratification of risk associated with her particular
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breast cancer type. This is a dynamic process, and accordingly treatment
plans are normally made up of one or more specific treatments that are
intended to target the cancer cells in different ways and reduce the risk of
future breast cancer recurrence. Treatment decisions normally include
consideration of the overall medical condition and particularities of each
patient. Usually, surgery, radiation, chemotherapy and hormonal therapy or
adjuvant therapy is the most usual sequence of treatments, but not all
patients are required to go through all the same proceedings (67).
Surgery and radiation target cancer cells in a very specific body
region. However, a risk of both surgery and radiation is that not all malignant
cells have been removed or destroyed. There is an increasing awareness
that a population of cells in a tumour can become resistant to radiation
therapy in particular (68). Another alternative is that detached tumour cells
can move with the blood or lymph to another location in the body, causing
metastasis. It has also been shown that some surviving tumour cells can
remain dormant or inactive for an extended period of time; but recommence
proliferation under the appropriate environmental conditions in a process
that is not yet fully understood (69). Procedures like surgery and radiation
have saved the lives of millions of cancer patients around the world,
although their side effects and disadvantages have increased the search for
alternative treatments that are less invasive or more effective; to be used
alone or in combination with the traditional approach.
In this context, a new cancer treatment approach termed adjuvant therapy
has emerged. It has been idealized as an additional treatment option for
patients who no longer have any visible signs of cancer. A variation on this
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theme is called neoadjuvant therapy, which is given pre-operatively in order
to reduce tumour size and minimize the chances of metastasis (68). In
general adjuvant/neoadjuvant therapy aims to destroy all cancer cells by
selecting drugs that target specific biomarkers within the cancer cells;
potentially inhibiting hormone receptors, antagonizing HER2 signalling or
inhibiting molecules involved in mechanisms of proliferation. Some of the
most important adjuvant therapies are described in the next section.

1.6.1 Hormone therapy in breast cancer
Hormone therapy consists of inhibition / antagonism of the female sex
hormones responsible for cellular growth in breast tissue. Oestrogen,
progesterone and other sexual hormones are associated with breast
development, also known as mammogenesis. In addition to its important
physiological functions, the oestrogen receptor (ER) is frequently expressed
in breast cancers (about 2 of every 3 cases of breast cancers are ER+,
according to the American Cancer Society) (70).
ER belongs to the steroid hormone superfamily of nuclear receptors, which
act as transcription factors after binding to oestrogen. ER activity modulates
multiple biological activities such as reproductive organ development, bone
modelling, cardiovascular system functioning, metabolism, and behaviour in
both females and males (71). ERs function through three general modes of
action: DNA-binding dependent on oestrogen response elements (EREs),
nuclear signalling via protein-protein interactions to other transcription
factors

(nuclear

non-ERE

signalling)

and

extra-nuclear

signalling

(membrane-bound functions of ERs) (72). In summary, ER transcriptional
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activity regulates the expression of genes involved in cell survival and cell
proliferation. This can be by either directly promoting the transcription of
certain genes, by activating other transcriptional promoters directly/indirectly,
and by association with other proteins at the membrane of the cells that
activate signalling pathways such as MAPK (73, 74).
Anti-hormone therapies act to block hormone growth-promoting effects by
suppressing either the bodily production of sex hormones or by blocking
their effects at hormone receptors. A lot of research has been carried out on
the mechanism of action of steroid hormone receptors, which has helped to
identify potential molecular targets in cells that could be used to prevent or
treat breast cancer. However, there is still an on-going search for drugs with
maximal benefits and minimal (or absent) undesirable effects. In this
respect, there are different therapeutic approaches for hormone-dependent
breast cancers (73).
The Selective Oestrogen Receptor Modulators (SERMs) are drugs that act
as oestrogen receptor antagonists; blocking the effect of oestrogen on its
receptors. The most common and successfully used member of this group is
tamoxifen, a non-steroidal anti-oestrogen that antagonizes the effects of
oestrogen in the breast and is used in both the prevention and treatment of
breast cancer. One study showed that women given 20 mg of tamoxifen
daily for five years had a 49% lower risk of invasive breast cancer, and that
the treatment reduced the occurrence of ER-positive tumours by 69%
(without effect on ER-negative tumours) (75). Although the use of tamoxifen
has been shown to be beneficial in the treatment of breast cancer because
of its anti-estrogenic properties, it has been reported to increase endometrial
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proliferation, hyperplasia, polyp formation, invasive carcinoma and uterine
sarcoma, most likely due to its modest estrogenic activity in some tissues
outside the breast (76, 77).
Raloxifene, lasofoxifene and bazedoxifene are other drugs that also belong
to this class of medicines. They serve as antagonists of oestrogen at the
molecular level by binding to the ligand binding domain (LBD) AF-2 of the
oestrogen receptor, and their structural differences with oestrogen cause a
conformational change in the LBD which is different from that produced by
oestrogens. This altered conformation prevents co-activator proteins from
binding to AF-2, thereby blocking the transactivation function of the
receptors. In contrast, the AF-1 domain of ER remains unaffected by those
drugs and is thought to be responsible for the partial agonist action of those
SERMs in tissues other than breast (78).
Another class of anti-hormone drugs is the Selective Oestrogen Receptor
Down-Regulators (SERDs). These are anti-oestrogens with no agonist
activity and are more potent than SERMs. One of the most widely used
members is fulvestrant, a steroidal anti-oestrogen. Fulvestrant is more
effective than tamoxifen, having a 100-fold higher affinity for the ER and the
advantage of no agonistic activity in the uterus. It can completely block the
stimulatory activity both of oestrogen and the partial agonist activity of
SERMs, although fewer clinical data exist for the SERMs and thus it remains
unclear whether any clinical advantage exists for the SERMs over tamoxifen
as first-line therapy for breast cancer patients with ER-positive tumours (79).
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Aromatase inhibitors (AIs) are a newer class of drugs that are superior to
tamoxifen in both efficacy and toxicity profile, and have the potential to
combat even ER-negative tumours by synergising with COX-2 inhibitors
(80). AIs block the production of oestrogens from androgens, which is the
main pathway of oestrogen production in post-menopausal and nonpregnant women at a variety of sites and tissues throughout the body.
Oestrogen from these tissues increases the activation of oestrogen in other
parts of the body, such as in the breast, facilitating the pathogenesis of
breast cancer (81). The specific mechanism of action of AIs is in blocking
enzymes involved in oestrogen biosynthesis (aromatase cytochrome P450
or oestrogen synthetase), and are commonly used in post-menopausal
women (82). Aminoglutethimide was the first AI, but problems have arisen
due to its relative lack of specificity, low ability to inhibit oestrogen synthesis
in tissues other than the breast, and low activity in breast cancer patients
previously exposed to medroxyprogesterone (83). Second generation AIs
with higher potency and specificity have since been introduced; and include
anastrozole, letozole and exemestane. The last, for instance, has been
reported to suppress estrone, estradiol, and estrone sulfate to 35, 28, and
39% of basal values, respectively, persisting for at least 5 days after
administration of a single dose (84). It is believed that second generation AIs
may replace SERMs like tamoxifen which lose their potency over time (85).
Finally, the last class of drugs commonly used in ER+ breast cancer patients
is the gonadotropin-releasing hormone (GnRH) antagonists. The continuous
administration of these drugs is followed by a dramatic drop in the secretion
of the gonadotropins, luteinizing hormone (LH) and follicle-stimulating
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hormone (FSH). This in turn reduces activation of the gonads and the
production of sex steroids, including that of estradiol and progesterone (86).
Common examples include buserelin, goserelin, leuprolin and triptorelin. In
general, those drugs have been demonstrated to be more effective in
suppressing hormones such as estradiol in the plasma compared to
treatment with tamoxifen; while presenting only minor side effects. GnRH
antagonists have been proposed for use in young women with breast
cancer, because those drugs have been reported to preserve ovarian
function in patients. However, more studies are necessary to establish this
treatment as a safe alternative for this purpose (87).

1.6.2 Anti-HER therapy
As earlier alluded to, HER family members are important oncogenes that
have been mechanistically implicated in several pathways associated with
tumour progression. Consequently, several drugs targeting those molecules
have been developed and introduced into the clinic as important targeted
treatments for breast cancer patients with high HER expression.
There are currently two main approaches to inhibiting signalling from HER
family receptors: humanized monoclonal antibodies (mAb) that bind to
receptor extracellular domains and either compete for ligand binding or
occupy the receptor dimerization sites, and small molecules that bind
intracellularly and inhibit autophosphorylation plus activation of downstream
signalling pathways.
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Trastuzumab (brand name, Herceptin, Roche) was the first anti-HER drug
approved for use in breast cancer patients (88). Adjuvant treatment with
Trastuzumab is currently indicated for patients with HER2-overexpressing
breast cancers. The use of Herceptin is indicated for breast cancer patients
with confirmed HER2 expression (3+ by immunohistochemistry analysis or
gene amplification by FISH analysis), node-positive or node-negative,
ER/PR-negative or ER/PR positive with one of the following features: tumour
size >2 cm, age <35 years, or tumour grade 2 or 3. It is used as part of a
treatment regimen containing doxorubicin, cyclophosphamide and either
paclitaxel or docetaxel. It can also be used in combination with paclitaxel for
the first line treatment of HER2-overexpressing metastatic breast cancer or
as a single agent for treatment of HER2-overexpressing breast cancer in
patients who have received one or more chemotherapy regimens for
metastatic disease (89, 90).
Trastuzumab is a monoclonal antibody that targets the extracellular domain
of HER2. It is believed to impede HER2 cleavage, block receptor signalling
sites and hence the phosphorylation-driven activation of its pro-tumourigenic
downstream signalling pathways (91). Another possible mechanism of action
is by attracting immune cells to tumour sites that overexpress HER2, by a
mechanism called antibody-dependent cellular cytotoxicity (92).
Breast cancers overexpressing HER2 have been associated with aggressive
clinical phenotypes that include high-grade tumours, increased growth rates,
early systemic metastasis, and decreased rates of disease-free and overall
survival (93, 94). Initial studies showed that Trastuzumab consistently
prolonged disease-free survival and overall survival in HER2+ breast cancer
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patients when administered concurrently with chemotherapy regimens (95).
Currently it is used not only as an adjuvant therapy to reduce the risks of
metastases and recurrence in post-surgical patients, but also as a
neoadjuvant drug to reduce tumour size prior to surgery. Trastuzumab is
credited with significantly increasing pathologic complete response rates to
as high as 65%, with knock-on improvements in disease-free, overall, and
event-free survival (96).
The success of Trastuzumab has driven HER2 to become one of the most
extensively studied oncogenes in the world; and has led to the development
of multiple other drugs targeting HER2. Lapatanib (Tykerb, Novartis), for
example, is a small molecule of the Tyrosine Kinase Inhibitor (TKI) family
that selectively targets and inhibits both HER2 and HER1. It differs from
Trastuzumab in that Lapatanib binds to (and inhibits) the intracellular
phosphorylation domain of HER1 and HER2, while Trastuzumab targets the
extracellular part of HER2 (97). Lapatanib has demonstrated benefit when
used as a component of first-line treatment regimens for HER2-positive
metastatic breast cancer (MBC) (98, 99) however, its utility in broader breast
cancer studies is uncertain.
Pertuzumab (Perjeta, Genentech) is a recombinant humanized monoclonal
antibody that targets the extracellular dimerization domain of the HER2
receptor, preventing HER2 dimerizing with other HER members (including
EGFR, HER3 and HER4) (100). In this it differs from Trastuzumab, which
targets the cleavage site of HER2. Pertuzumab has been approved in
combination with Trastuzumab and docetaxel for the treatment of breast
cancer patients who have not received prior anti-HER2 therapy or
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chemotherapy for metastatic disease. Encouraging pre-clinical evidence of
synergy has been observed between Pertuzumab and Trastuzumab (101).
However, while Pertuzumab has been approved by the FDA for both
adjuvant and neoadjuvant therapy, its clinical development has focused on
combination use with other HER2-targeted agents, on the basis of limited
single-agent clinical activity in phase I trials in various advanced cancers
(99, 102).
Another key anti-HER2 drug is Ado-Trastuzumab emtansine/T-DM1
(Kadcyla, Genentech). This is an antibody-drug conjugate consisting of
Trastuzumab linked to the cytotoxic agent DM1. T-DM1 binds to subdomain
IV of the HER2 receptor, undergoing receptor-mediated internalization and
subsequent lysosomal degradation prior to the intracellular release of DM1containing cytotoxic catabolites. Binding of DM1 to tubulin disrupts
microtubules, resulting in cell cycle arrest at the G2/M interface, and driving
apoptosis. It has been approved for use as a single agent for the treatment
of patients with HER2+ metastatic breast cancer who have previously
received Trastuzumab and a taxane, separately or in combination (103).
Several new small molecules that target HER family members are also
undergoing development and testing in clinical trials; while some have
already been introduced for the treatment of breast and other cancers.
Examples include Neratinib (Nerlynx, Puma Biotechnology) and Afatinib
(Gilotrif, Boehringer Ingelheim), both small molecule irreversible inhibitors of
HER1, HER2, and HER4. Neratinib and Afatanib (respectively) have been
approved for breast cancer and non-small cell lung carcinoma patients either
alone or in various combination regimens (99).
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EGFR/HER1 is another molecule that has been extensively studied for its
contribution to breast cancer, and many drugs have already been developed
to inhibit its pro-tumourigenic signalling. Monoclonal antibodies targeting
EGFR including Cetuximab (Erbitux, Lilly) and Panitumumab (Vectibix,
Amgen) have been approved for patients with metastatic colorectal cancer,
metastatic non-small cell lung cancer and head and neck cancer, while other
molecules that selectively inhibit HER1 (eg. Gefitinib / Iressa; AstraZeneca
and Erlotinib / Tarceva; Genentech) have been introduced in the market for
patients of various types of cancers that did not respond to previous forms of
treatment (104).
Interestingly, although some of the aforementioned drugs indirectly target
HER4, there are currently no available approaches to specifically target
HER3 or HER4. This principally reflects the lack of intrinsic tyrosine kinase
activity in HER3 and a lack of clarity about the role of HER4 in
tumourigenesis. However HER3 has significant potential to become a drug
target if highly expressed in particular breast cancers, since it forms the
most active dimerization partnership with HER2 in stimulating protumourigenic signalling (54).

1.6.3 Resistance to targeted therapy
Although targeted therapies (such as the aforementioned anti-HER
therapies) have revolutionized the treatment of breast cancer in recent
decades, high rates of primary and acquired resistance are among the
barriers to improving long-term patient outcomes. Resistance to targeted
therapy can be defined as the presence of molecular changes that enable a
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cancer cell to escape the intended effect of targeted therapy, giving the
resistant cell a survival advantage (105, 106). Resistance to treatment
occurs via many different pathways and is classified in several different
ways; the simplest being primary (de novo) versus acquired resistance.
Primary resistance means that there was never a response to the drug,
while acquired resistance means that the patient initially derived benefit from
a specific targeted therapy which was then lost as the disease progressed.
Drug resistance is a significant clinical problem. For instance, primary
resistance to single-agent Trastuzumab reportedly ranges from 66-88%, and
from 20-50% for combination therapy. Moreover, most patients that
experience Trastuzumab resistance will show evidence of disease
progression within as little as 1 year (107). Studies have shown that less
than 35% of HER2+ breast cancer patients with metastatic disease respond
to Trastuzumab monotherapy, and this proportion increases to 50% in
combination with chemotherapy. Moreover, approximately 50% of patients
who initially respond well to the drug will acquire resistance within 2-3 years,
while some studies have reported that up to 75% of patients previously
treated with Trastuzumab were either refractory or had become resistant to
treatment (92, 108, 109). Also, an increasing number of studies have
associated Trastuzumab with potential cardiotoxicity and an increased
incidence of brain metastases when used in the adjuvant setting (110).
Drug resistance is not limited to the HER2-targeted therapies just discussed,
but also affects targeted anti-hormone therapies. Although endocrine
therapy has led to substantial improvements in outcomes for women with
ER+ breast cancer, it is estimated that a third of tamoxifen-treated women
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with early-stage breast cancer develop resistance to the drug. Moreover, for
postmenopausal women, long-term use of tamoxifen has been reported to
double the risk of endometrial cancer (111). Despite the introduction of new
anti-hormone drugs with great response rates, resistance to those
treatments has already begun to emerge (112, 113). An understanding of
the underlying mechanisms of resistance to these agents is therefore
essential for better management of patients. Some of the many mechanisms
of resistance proposed for anti-hormone therapies include loss of ER
expression, ER mutation and a switch from growth factor-independent to
growth- factor-dependent pathways (111).
Innate and acquired resistance to the dual EGFR/HER2 kinase inhibitor
lapatinib have also been reported in preclinical and clinical studies (114),
although there is a relative paucity of data about the statistics and
mechanisms involved in resistance to this drug. One study has shown that
lapatinib

resistance

in

breast

cancer

cells

was

accompanied

by

phosphorylation-mediated reprogramming of glycolysis and supported by
widespread changes in corresponding metabolites (115), while another
study showed compensatory overexpression of AXL, a membrane-bound
receptor tyrosine kinase capable of activating pathways linked to
proliferation and survival, as a novel mechanism of acquired resistance to
lapatanib (116). Others have proposed different mechanisms related to
resistance to lapatanib, but with few implications to date for the management
of breast cancer patients.
Other mechanisms that have been associated with anti-HER2 therapy are
the following: compensatory increases in the expression of EGFR or its
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ligands during HER2 blockade (117); enzymatic cleavage of the extracellular
domain of HER2 into a moiety that competes with Trastuzumab for receptor
binding, in addition to generating an intracellular fragment (p95-HER2) that
is constitutively active (118).
These mechanisms of acquired resistance may help explain why lapatinib is
effective at inhibiting the growth of some Trastuzumab-resistant tumours;
since lapatanib acts as a dual HER2 and EGFR inhibitor by binding to the
intracellular kinase domain of both molecules. However, other reported
mechanisms of Trastuzumab resistance may simultaneously confer innate
and/or acquired resistance to lapatinib, such as enhanced interaction of
HER2 with the Insulin-like growth factor 1 receptor (IGF-1R) (119); while
mutations in the tumour suppressor gene PTEN - reportedly present in 50%
of breast cancer cases (120, 121) - have also been associated with acquired
resistance to Trastuzumab (122).
The way patients respond to a given treatment in cancer may reflect not just
inter-individual variability, but also the fact that genomically-unstable cancer
cells can adapt through further mutation at rates that will enable survival.
Therefore, the development of resistance to such therapies is driven by
Darwinian selection of cancer cells. However, as the aforementioned studies
show, resistance to current treatments is common. Therefore, despite
incredible advances in the development of new drugs and alternative
treatment combinations for breast cancer, continual adaptation of the
disease highlights that there will never be one definitive treatment that
benefits all patients. Thus, developing effective anti-tumour therapeutic
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strategies requires an understanding of how targeted treatments can be
combined to best interrupt survival signalling pathways.
In this context, it is essential to investigate and understand the roles of new
players in breast cancer. It is valuable to think outside the traditional
boundaries of known paradigms for receptor tyrosine kinase signalling and
to investigate lesser-known players that could be targeted in conjunction
with more traditional approaches in order to improve breast cancer
treatment. Herein lies the work of this thesis. Specifically, the thesis
investigates the unconventional target junctional adhesion molecule-A (JAMA), a protein with several functions within breast cancer cells whose
antagonism may prove useful in breast cancer patients. The role of adhesion
proteins like JAM-A in normal physiology as well as their potential
contributions to breast cancer pathophysiology will next be outlined.

1.7 Intercellular adhesion proteins and tight junctions
Correct architectural integrity of the breast epithelium is a key driver of
normal cellular functioning within the breast. Breast epithelial architecture is
regulated by cell-cell and cell-matrix adhesion complexes, and accordingly
several studies have referenced dysfunctional cellular adhesion as a
contributor to breast cancer progression (123). Since this thesis will focus on
a proteinaceous component of cell-cell adhesion complexes, their structure
and function will be outlined in more detail below.
Adhesion proteins are organised into multi-protein intercellular junctional
complexes; of which there are four principal types in breast epithelial cells.
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These comprise adherens junctions (AJs), desmosomes, gap junctions and
tight junctions (TJs). TJs form the closest physical contact between adjacent
cells, effectively acting as barriers that regulate the movement of water and
solutes between epithelial cells (124). Accordingly, dynamic adhesion events
at TJs govern paracellular permeability, assist in the generation and
maintenance of cellular polarity, and participate in intracellular signalling. For
example, TJs have recently been shown to participate in signal transduction
mechanisms that regulate epithelial cell proliferation, gene expression,
differentiation and morphogenesis (125). In the context of the breast
epithelium specifically, hormonally-driven changes in TJ-based adhesion are
known to underlie the transition from a leak-free mammary duct to one which
permissively allows milk to cross during lactation ± for review see Owens et
al. 2013 (126).
These and other functions are carried out by the numerous proteins within
TJs, which can be coarsely categorized into transmembrane proteins,
cytosolic

adaptor

proteins

and

signalling

proteins.

The

integral

transmembrane proteins comprise claudins, occludin and junctional
adhesion molecules (JAMs), which link adjacent cells through homophilic
and heterophilic interactions. Cytosolic adaptor proteins include the PDZ
motif-expressing proteins zona occludens (ZO)-1, -2, -3, multi-PDZ domain
protein-1 (MUPP1), and membrane-associated guanylate kinase with
inverted orientation (MAGI)-1,-2,-3; and the cell polarity molecules such as
ASIP/PAR-3, PAR-6, PALS-1, and PALS-1-associated TJ (PATJ). Those
components interact with TJ membrane proteins as well as each other,
creating

a

protein

network

that
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dynamically

controls

paracellular

permeability, gene expression, junctional association dynamics, proliferation
and polarity. Finally, the signalling proteins, consisting of the non-PDZexpressing proteins cingulin, symplekin, ZONAB, GEF-H1, aPKC, PP2A,
Rab3b, Rab13, PTEN, among many others, are responsible for gene or
enzymatic regulation once activated by proteins within the TJ scaffold. This
way, TJs form an important connection between the extracellular milieu and
cellular nuclei (127, 128).
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Figure 1.5 Adhesion proteins and tight junction proteins within the
cells of the breast epithelium. Schematic showing the types and position
of A) adhesion proteins and B) tight junction adhesion proteins present in
breast epithelial cells.

1.8 Tight junction proteins and breast cancer
As described above, epithelial intercellular adhesion is essential for
maintaining a functional barrier and the structural integrity of the breast
epithelium under physiological conditions. Accordingly, there is a wealth of
accumulating evidence to suggest that dysregulated adhesion contributes to
various pathophysiological conditions including cancer (129). Among other
reasons, this likely reflects the fact that cell-cell contacts are dynamically
remodelled to shed old or damaged cells and to incorporate newlydifferentiated cells; making the breast ductal epithelial barrier particularly
vulnerable to aberrant modulation leading to cellular transformation. In
addition, epithelial cells have the capability to migrate in order to repair
damaged tissue barriers; moving as sheets, strands or clusters rather than
individually. Accordingly, when TJs are disturbed in aberrant cancer cells,
the innate migration features of epithelial cells can be disrupted and feed
into local invasion and potentially distant metastasis (130).
In further considering the potential contributions of TJ proteins to cancer,
there is a danger of over-simplification. If one considers the sole function of
TJs as the maintenance of cellular adhesion and polarity, then a consistent
correlation between TJ protein loss and tumour promotion would be
expected. However, TJs also exert pro-proliferative and pro-differentiation
61

functions which have only emerged in recent years, suggesting that their
gain could actually be tumour-promoting.
In support of the first argument, the current paradigm holds that loss of TJ
protein expression and consequent deficits in cell-cell adhesion drive tumour
cell detachment from a primary tumour, setting the stage for local invasion
and potentially distant metastasis. Furthermore, loss of TJ-based adhesion
compromises cellular polarity and stimulates dedifferentiation, another
hallmark of cancer progression (131). Many studies have accordingly
established that loss of TJ proteins (including occludin and claudin-7) can
enhance tumour progression (132, 133). However this paradigm has
recently been challenged by reports that the overexpression of some TJ
proteins associates with tumour growth and metastasis; as typified by
claudins-3 and -4 (129, 134, 135). This apparent contradiction highlights an
under-appreciated complexity and plasticity in the functions of TJ proteins.
Specifically it is likely that TJ proteins function not only in intercellular
adhesion and polarity, but also in regulating intracellular signalling events
that control proliferation and migration. Evidently, optimal spatial and
temporal expression of TJ proteins is important in maintaining normal
physiological function; and any imbalance could have pathological
consequences (129).
The association between TJ protein overexpression and breast cancer is a
central theme of this thesis, which will concentrate in particular upon links
between JAM-A overexpression and tumour formation/progression. However
JAM-A, which will be further described below, is by no means the only TJ
protein whose upregulation has been described in cancers including that of
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the breast. A related family member, the coxsackie-adenovirus receptor
(CAR), has also been reported to be overexpressed in breast cancer
compared to healthy tissue. Importantly, its levels of expression have been
reported to positively correlate with tumour grade and metastasis (136), and
to increase during the transition from precursor lesions to neoplastic breast
tumours (137). Furthermore, claudin-1 (138), claudin-2 (139), claudin-3
(135), claudin-4 (135) and claudin-16 (140) are other TJ proteins that have
been reported to be increased in breast cancer. Although the downstream
mechanisms by which TJ protein overexpression can drive tumourigenesis
have been somewhat investigated (and in general associate with activation
of pro-proliferative, anti-apoptotic and pro-migratory signalling pathways), it
is intriguing to note that much less is known about the mechanisms why TJ
proteins are overexpressed in the first place. Emerging evidence has
suggested that DNA damage, frequently one of the first events in
tumourigenesis (141), can increase the expression of claudin-5 (142).
Preliminary evidence from our laboratory has also suggested that activation
of DNA damage/repair mechanisms can upregulate JAM-A protein
expression in breast cancer cells (A. Hopkins, personal communication); but
extensive investigation would be necessary to verify this finding and extend
it to other proteins and cellular contexts. Moreover, microRNAs (miRNAs)
have been implicated in the regulation of TJ proteins and their function
(143). Many miRNAs are reportedly dysregulated in breast cancer (144,
145). Taken together, is possible that the loss of certain miRNAs that
downregulate TJ protein expression levels could account for overexpression
of those TJ proteins in the early stages of certain cancers.
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As previously presented, there are many fascinating possible mechanisms
associating TJs and breast cancer. The focus of this work will be in
elucidating the role of JAM-A in the development of tumourigenic behaviour
in breast cancer cells, and its novel regulation of the HER family of
receptors. The next section will describe JAM-A and its potential relationship
to cancer in further detail.

1.9 Junctional Adhesion Molecule-A (JAM-A)
JAM-A is a type I transmembrane protein of the immunoglobulin superfamily
(IgSF) of proteins, and a member of the JAM family of TJ glycoproteins that
also includes JAM-B, JAM-C, JAM-4 and JAM-L (146). JAM proteins are
expressed in a variety of tissues and cell types, including endothelial and
epithelial cells, as well as on circulating platelets and lymphocytes (147,
148).
The JAM-A protein, also designated CD321, JAM-1 and occasionally F11R
(after its gene name), was the first member of the family to be discovered in
1998 (149). JAM-A is composed of two extracellular Ig-like domains in its Nterminal tail, a single transmembrane region, and a short C-terminal
cytosolic tail. The carboxy terminus of JAM-A incorporates a PSD-95/Discslarge/ZO-1 (PDZ) binding domain that is responsible for intracellular
interactions with scaffolding proteins such as ZO-1, AF6, PAR3, CASK,
MUPP1, afadin, and PDZ±GEF2 (150-152). JAM-A is known to have
important regulatory functions in numerous cellular processes including
intercellular

tight

junction

assembly,

cellular

polarity,

leukocyte

transmigration, platelet activation, angiogenesis, and cell morphology (153).
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Intracellular signalling is mediated through JAM-A homophilic dimerization
both in cis (on the same cell) and in trans (across cells) (154, 155).

Figure 1.6 Structural diagram of JAM-A. The extracellular domain
contains an N-terminal tail, two Ig-like loops with intra-chain disulfide bonds
(SS) and two N-linked glycosylation sites (

), a single transmembrane

region and a short C-terminal cytosolic tail.

1.9.1 JAM-A and breast cancer
Conflicting data have been published regarding the role of JAM-A in breast
cancer progression. While Naik et al. first reported loss of JAM-A as a
contributing factor for breast cancer progression (156), our group and others
subsequently reported that high breast epithelial expression of JAM-A in fact
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positively correlates with aggressive disease and poor outcome in larger
datasets of breast cancer patients (153, 157, 158). Furthermore, patients
whose tumours expressed high levels of JAM-A were significantly more
likely to develop a recurrence within 5 years compared to those whose
tumours expressed low levels of the protein (153). There is also emerging
evidence that dysregulation of JAM-A contributes to other types of cancer
such as glioblastoma (GBM), nasopharyngeal, gastric and lung cancer (159162).
We have since shown that JAM-A dimerization initiates a signalling complex
incorporating AF-6 and the Rap1 activator PDZ-GEF2 (guanine exchange
factor), in turn promoting Rap1-GTPase activation, inducing expression of
ȕ-integrin and thus promoting cellular migration (163). Supporting this role
for JAM-A, others have demonstrated that the micro-RNA miR-145, which is
downregulated or completely eliminated in breast cancer, targets JAM-A,
and is associated with reduced breast cancer cell motility and invasiveness
(164). This suggests that upregulation of JAM-A (whether through the loss of
a JAM-degrading micro-RNA, or otherwise) may contribute to the risk of
metastasis by virtue of its ability to promote cell migration, an early event in
the metastatic cascade.
However the potential role of JAM-A in cancer progression may not be
restricted to its regulatory influence on cell migration, but might also involve
dynamic control of proliferation and apoptosis. One in vivo study involving
JAM-A null mice has shown that abrogation of JAM-A expression is capable
of inducing cell apoptosis and reducing breast cancer progression,
suggesting that JAM-A acts as a survival factor for mammary carcinoma
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cells (158). In addition, further work has demonstrated that administration of
an anti-JAM-A antibody results in significant inhibition of tumour growth in a
murine xenograft model of human breast tumours (165).
Having illustrated the potential of exploring JAM-A as a novel drug target in
breast cancer, it is intriguing to contextualize this in terms of existing targets.
Previous work in our lab has investigated whether JAM-A expression is
associated with any specific molecular subtype of breast cancer (as defined
by the expression of the molecular markers HER2, ER and PR). In order to
do this, crosstalk between JAM-A, HER2, and ER was examined in several
breast cancer cell lines. Results revealed a significant correlation between
high JAM-A expression and HER2 protein levels (157). In addition, high
JAM-A expression also correlated with ER negativity, lower patient age, and
high grade breast cancers. In order to further investigate the relationship
between JAM-A and HER2, Brennan et al. (2013) examined whether one
protein regulated the expression levels of the other (157). Gene silencing or
functional antagonism of HER2 did not alter JAM-A expression. However,
JAM-A gene silencing led to a significant decrease in HER2 protein levels. In
addition, a significant reduction in phospho-(active) AKT levels was
observed following JAM-A knockdown. These results suggest that JAM-A
acts as an upstream regulator of HER2 expression and signalling. Due to
the significant correlation between high expression of both JAM-A and
HER2 in aggressive breast tumours, this has led us to hypothesise that
JAM-A could potentially drive increased stability of the HER2 protein
and promote its signalling through downstream pathways like PI3K &
MAPK. Furthermore, given that JAM-A expression levels regulate those
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of HER2, we also hypothesise that JAM-A regulates the expression of
other members of the HER family. Accordingly this thesis has set out to
test this hypothesis, and, in doing so, to establish if JAM-A could represent a
future drug target in the treatment of breast cancer.
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1.10 Aims
The global aim of this project was to investigate if JAM-A regulates the
expression of other HER family members in addition to HER2, its clinical
significance, and whether JAM-A may act as a future drug target to reduce
HER-dependent tumourigenic signalling. The specific aims of the project
were as follows:
1) To confirm if expressional changes in JAM-A correlate with features of
breast

cancer

development

or

progression

and

identify

possible

mechanisms by which JAM-A regulates the expression of HER2;
2) To determine if JAM-A regulates the expression of the other HER family
members and, if so, by what mechanisms;
3) To translate findings from the previous aims into higher-order models and
in breast cancer patient tissues.
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CHAPTER 2: Materials and Methods
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Materials:
A list with the suppliers and catalogue numbers of all reagents used can be
found in Appendix A.

Methods:
2.1 Cell Culture
Table 2.1 Characteristics of cell lines
Breast
Cell
Line

Tissue

Disease

Cancer

Tumourigenic

Molecular

(in vivo)

Subtype
Epithelial cells
originated from
MDA-

mammary gland;

Adenocarci

Triple

MB-231

Derived from

noma

Negative

Yes

metastatic site:
Pleural effusion
Epithelial cells
originated from
MCF7

mammary gland;

Adenocarci

Derived from

noma

Luminal A

Yes

HER2+

Yes

metastatic site:
Pleural effusion
Epithelial cells
originated from
SKBR3

mammary gland;

Adenocarci

Derived from

noma

metastatic site:
Pleural effusion
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Table 2.1 summarises characteristics of the breast cancer cell lines used in
this thesis (166). MCF7 and MDA-MB-231 cells were purchased from the
American Tissue Culture Collection. SKBR3 cells were a kind gift from Dr.
$OH[(XVWDFHDQG'U1RUPD2¶'RQRYDQ(Dublin City University) (167).
Cells stably overexpressing JAM-A (MDA-MB-231-JAM+, MCF7-JAM+ and
SKBR3-JAM+) were generated by transfection of full-length human JAM-A
DNA in a pcDNA3 plasmid (kind gift from Prof. Charles Parkos, University of
Michigan, USA) (154) into wild type cells and subsequent selection with
G418 (performed by Dr. Kieran Brennan). MCF7-HER2 cells were a kind gift
from Prof. Dennis Slamon (University College Los Angeles, obtained
WKURXJK'U1RUPD2¶'RQRYDQ'XEOLQ&LW\8QLYHUVLW\ (168, 169).
MDA-MB-231 and MDA-MB-231-JAM+ cells were maintained in Dulbecco's
Modified Eagle Medium supplemented with 10% Foetal Bovine Serum, 50
U/mL penicillin, 50 µg/mL streptomycin and 2 mM L-glutamine.
MCF7, MCF7-JAM+ and MCF7-HER2 cells were maintained in Minimum
Essential Medium Eagle medium supplemented with 10% Foetal Bovine
Serum, 50 U/mL penicillin, 50 µg/mL streptomycin, 2 mM L-glutamine and
1% non-essential amino acids. SKBR3 cells were maintained in RPMI-1640
medium supplemented with 10% Foetal Bovine Serum, 50 U/mL penicillin,
50 µg/mL streptomycin and 2 mM L-glutamine. They were maintained at
37°C and 5% CO2 in a humidified environment and subcultured every 3-4
days in a sterile laminar flow hood using 1% trypsin in 0.02% EDTA solution,
following aseptic technique. All cell lines were quarterly confirmed as
mycoplasma-free using MycoAlert detection kit (Lonza, Basel, Switzerland).
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Cell lines were genotyped once-yearly via Short Tandem Repeat
sequencing to confirm their identity (Source BioScience, Nottingham, UK).

2.2 siRNA transfection
Short interfering RNA (siRNA) sequences targeting the genes of interest
were transiently transfected into cells using Dharmafect-1 transfection
reagent. Specifically, cells were plated at 150,000 cells per well in 6-well
plates 24 h prior to transfection. The following day, 10 ȝ/ RI  ȝ0 VL51$
targeting the mRNA of the gene of interest, or non-targeting siRNA control
siRNA pool (ON-TARGETplus Non-targeting Pool # D-001810-10-05,
Dharmacon) consisting of a negative control pool of four siRNA sequences
designed to target no known genes in human, was added to 190 ȝ/DGGLWLYHfree media. Separately, 2 ȝ/ RI 'KDUPDIHFW-1 transfection reagent was
added to 198 ȝ/ DGGLWLYH-free media. The two solutions were then added
together, mixed well, and incubated at room temperature (RT) for 20 min.
During this time, antibiotic-free media was made up by adding 10% FBS and
1% L-glutamine to the required volume of medium. Following 20 min
incubation at RT, the siRNA-Dharmafect mixture was added to 1.6 mL of
antibiotic-free medium to give a final concentration of 25 nM siRNA. The old
media was aspirated from the wells and replaced with siRNA-Dharmafect
complexes in antibiotic-free media, and cells were incubated for 72 h at
37°C with 5% CO2.
The results shown for JAM-A (F11R gene) knockdown were carried out
using the following siRNAs for F11R (NM_016946 - SASI_Hs01_00049785,
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Sigma Aldrich) (namely siJAM1), and JAM-A siRNA designed by us and
manufactured

by

Dharmacon

±

Sense

Sequence

CGGGGGUCGCAGGAAUCUGUU (namely siJAM2), used either as a dual
siRNA pool or individually (as specified in the figures). Different JAM-A
siRNA sequences were used to confirm some experiments as shown in
Appendix B - Supplementary Figure 1. HER1, HER2, HER3, HER4,
ZONAB, FOXA1 (5Į DQG ȕ-catenin gene silencing was carried out using
the following Dharmacon siRNAs: SMARTpool: ON-TARGETplus EGFR
siRNA (L-003114-00-0005); SMARTpool: ON-TARGETplus ERBB2 siRNA
(L-003126-00-0005); SMARTpool ON-TARGETplus ERBB3 siRNA (L003127-00-0005), SMARTpool: ON-TARGETplus ERBB4 siRNA (L-00312800-0005); SMARTpool: ON-TARGETplus YBX3 siRNA (L-015793-00-0005);
SMARTpool:

ON-TARGETplus

FOXA1

siRNA

(L-010319-00-0005);

SMARTpool: ON-TARGETplus ESR1 siRNA (L-003401-00-0005); and
SMARTpool: ON-TARGETplus CTNNB1 siRNA (L-003482-00-0005).
All Smartpools are a mix of 4 siRNAs targeting different regions of the target
mRNA. All siRNAs were incubated at a final concentration of 25 nM for 72 h,
or the time specified in individual figures.

2.3 Functional Assays
2.3.1 Cell Viability/Proliferation Assays
Cellular viability/proliferation was measured by performing Alamar Blue Resazurin or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assays as follows: 1,500-6,000 cells were plated in triplicate wells of

74

96-well plates. After period of incubation or treatment, cell viability assays
were carried out as follows:
- 10 ȝORI$ODPDUEOXHsolution diluted in media was added to the cells (final
concentration 220 µg/mL) and incubated in the dark for 5-6 h at 37°C.
Fluorescence was then measured at 610 QP XVLQJ D 9,&725 ;Multilabel Plate Reader (PerkinElmer).
- 20 ȝORf sterile 5 mg/mL MTT reagent (final concentration 0.5 mg/mL) was
added to the cells and incubated in the dark for 5 h at 37°C. Following
aspiration of media/MTT reagent from all wells, the purple water-insoluble
formazan product in each well was solubilised with 200 ȝ/'062IRUPLQ
at 37°C. Absorbance was then measured at 560 QPXVLQJD9,&725;
Multilabel Plate Reader.

2.3.2 Clonogenic Assays
3,000 cells were seeded per well in 6-well plates. For knockdown
experiments, cells were transiently transfected with siRNA (as described
before) at day 3 and repeated 72 h later. Following 9 days of incubation,
colonies were fixed in 100% methanol for 5 min and stained with 0.5%
crystal violet for 40 min at RT to highlight the colonies formed. Colony
number was analysed via ImageJ software.

2.3.3 Scratch Wound Migration Assays
30,000 cells were plated per well of 24-well plates. Knockdown was
performed as described before after 24 h. Following 72 h incubation, a
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single scratch was made across each confluent monolayer using a sterile
p100 tip attached to gentle suction. A horizontal reference line was marked
across the wells on the bottom of the plate to facilitate imaging of the same
wound area. The cells were then washed once with 1x PBS to discard any
floating cells and imaged at time 0. The same wound area was then imaged
again 8 h later. The scratch area at both time points was measured using
ImageJ, and combined analysis of three independent experiments was
carried out to determine percentage of wound closure (as a surrogate for cell
migration).

2.4 Polymerase Chain Reaction (PCR)
2.4.1 RNA Extraction
Cells were plated in duplicate at 30,000 cells per well in 24-well plates, and
gene-silenced using transient transfection as described above. Following 72
h incubation, RNA was extracted from the cells. Specifically, medium was
removed and cells were washed once with 500 ȝ/3%6,QWKHIXPHKRRG
500 ȝ/ 75,-Reagent was added to the cells. The solution was pipetted up
and down (to recover the cells from the plate), transferred to a 1.5 mL
Eppendorf tube and incubated at RT for 5 min. 100 ȝ/FKORURIRUPZDVWKHQ
added to the solution and shaken thoroughly. The solution was incubated at
RT for 10 min and then centrifuged at 12,000 x g for 15 min at 4°C. The top
aqueous layer was transferred to a tube containing 250 ȝ/ RI -propanol,
mixed well, incubated at RT for 10 min and centrifuged at 12,000 x g at 4°C
for 15 min. The supernatant was then discarded and the RNA pellet washed
with 70% ethanol followed by another centrifugation step at 12,000 x g for 15
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min at 4°C. The supernatant was discarded and the pellet allowed to dry,
then resuspended in 25 ȝ/ QXFOHDVH-free ddH2O. The RNA concentration
was analysed using a Roche Nanodrop 8000 and all RNA was of sufficient
quality, with A260/280 values > 1.8.

2.4.2 Reverse Transcription and Real-Time PCR
Reverse transcription was carried out on RNA (using QuantiTect Reverse
Transcription Kits, Cat 205311, Qiagen) to make complementary DNA
(cDNA) for real-time quantitative PCR (qRT-PCR). First, genomic DNA
elimination reactions were carried out in order to remove genomic DNA from
the cells. In order to do this, 1 ȝJ51$ZDVDGGHGWo 2 ȝ/[J'1$:LSHRXW
Buffer and made up to 14 ȝ/ ZLWK QXFOHDVH-free ddH2O. The mixture was
then incubated at 42°C for 5 min and immediately placed on ice. Reversetranscription reactions were prepared by adding this 14 ȝ/ WR  ȝ/ [
Quantiscript RT Buffer, 1 ȝ/ 4XDQWLVFULSW 5HYHUVH 7UDQVFULSWDVH DQG  ȝ/
RT Primer Mix. The total 20 ȝ/UHDFWLRQZDVLQFXEDWHGDW&IRU min,
followed by 95°C for 3 min to inactivate the transcriptase. The resulting
cDNA solution was stored at -80°C and later subjected to qPCR using a
LightCycler 480 SYBR Green I Master (04707516001, Roche). Primers
(sequences below) targeting genomic DNA were obtained from Integrated
DNA Technologies Inc. and prepared as 10 ȝ0 VWRFNV7KH T3&5 PDVWHUmix for each gene was made up for the number of samples needed by
adding primers, ddH20 and LightCycler 480 SYBR Green I Master according
to the manufacturer¶V instructions. 18 ȝ/ RI WKLV PL[ ZDV DGGHG WR WKH
appropriate wells of a qPCR plate (LightCycler 480 Multiwell Plate 96,
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4729692001, Roche), then 2 ȝ/RIWKHVSHFLILFF'1$VDPSOHDGGHGWRHDFK
well and mixed well. All treatments were done in experimental triplicate and
each sample was measured in technical duplicate. The plate was covered
with a sealer and all rows and columns sealed tightly. The plate was then
briefly centrifuged and qPCR performed using a Roche LightCycler 480
instrument.
Analysis yielded the cycle threshold (Ct) for a particular gene in each
treatment. The Ct is the number of cycles it takes for the fluorescent signal
for each gene (from SYBR green) to rise above background noise. Hence,
higher initial RNA concentrations for the gene of interest translate into lower
Ct values. RNA expression was evaluated by the relative qPCR analysis
method using RPLP0 as a reference housekeeping gene to standardise and
compare Ct values between different treatments. Data analysis was
performed using the following calculations: Average Ct values for all gene
replicates, Delta Ct value between gene of interest and housekeeping gene
for each experiment, Average Delta Ct values between experiments
(replicates), Delta-Delta Ct values (Delta Ct experiment - Delta Ct control)
and finally Fold Change [2^(-Delta Delta Ct)].
Primer sequences:
RPLP0 - Forward: GGC AGC ATC TAC AAC CCT GA
- Reverse: AAC ATT GCG GAC ACC CTC C
JAM-A - Forward: CTC TCA GTC CCC TCG CTG TA
- Reverse: AAT GCC AGG GAG CAC AAC AG
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HER1 - Forward: TGC CAT CCA AAC TGC ACC TA
- Reverse: TCT TAG GCC CAT TCG TTG GAG
HER2 - Forward: ACG TTT GAG TCC ATG CCC AA
- Reverse: AGG TAG TTG TAG GGA CAG GCA
HER3 - Forward: GTG GTG AAG GAC AAT GGC AG
- Reverse: CAC AGA TGG TCT TGG TCA ATG TC
HER4 - Forward: AGG CTT TCA ACA TCC CAC CT
- Reverse: CTG TGT CCA ATT TCA CTC CTA TTC G
ZONAB - Forward: GTT GAA GGA GAG AAG GGT GCA G
- Reverse: CTC CTC CTC CCC AGC GTA A
FOXA1 - Forward: AGG GCT GGA TGG TTG TAT TG
- Reverse: GCT CGT AGT CAT GGT GTT CAT
ȕ-catenin - Forward: CCT TCA ACT ATT TCT TCC ATG CG
- Reverse: CTA GTT CAG TTG CTT GTT CGT G

2.5 Immunofluorescence (IF) staining and epifluorescence or confocal
microscopy
Cells were plated at 30,000 cells per well on 13 mm round glass coverslips
in 24-well plates and transiently transfected as described before. Following
72 h incubation, cells were washed twice with 1 mL PBS. They were then
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fixed with 500 ȝ/LFH-cold ethanol for 20 min at -20°C and blocked with 5%
goat serum or 3% BSA for 1 h at RT. The cells were then incubated in
primary antibody (specifications of the antibodies are presented in
Appendix C) overnight at 4°C. The cells were then washed 3 times with
PBS and incubated in blocking buffer containing 2 ȝJP/ VHFRQGDU\
antibody (either Alexa-Fluor-488 goat anti-mouse IgG, A32723 or AlexaFluor-568 goat anti-rabbit IgG, A11079, ThermoFisher). Coverslips were
ZDVKHG  WLPHV ZLWK 3%6 DQG WKHQ LQYHUWHG RQWR VOLGHV XVLQJ ȝ/
Vectashield

mounting

medium

containing

DAPI

(H-1200,

Vector

Laboratories). Fluorescent micrographs were then acquired using an
Olympus CKX41 epifluorescent microscope connected to a charge-coupled
device colour camera, with identical exposure settings used for directlymatched control versus test conditions using Cell B imaging software. Some
experiments were verified by analysis on an LSM510 Meta confocal
microscope (Zeiss) using 63X oil immersion lenses and identical
thresholding for control versus test samples (with assistance from Dr. Ann
Hopkins).

2.6 Transcription Assays
2.6.1 Preparation of Nuclear Extracts
1XFOHDU H[WUDFWV ZHUH SUHSDUHG IURP FHOOV XVLQJ WKH (SL4XLN 1XFOHDU
([WUDFWLRQ .LW (SLJHQWHN  DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV
Specifically, when cells reached 80% confluence or after 72 h gene silencing
as described before, nuclear and cytosolic fractions were prepared as
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follows. Medium was removed, cells were washed twice with PBS, scraped
and transferred into 15 ml conical tubes. Extracts were then centrifuged for 5
min at 1,000 x g and the supernatant discarded. 10X Pre-Extraction Buffer
was diluted with distilled water at a 1:10 dilution (1X) and Dithiothreitol (DTT)
solution and Protease Inhibitor Cocktail (PIC) was added to a 1:1000
dilution. Cell pellets were re-suspended in 100 µl of diluted Pre-Extraction
Buffer (1X) per 106 cells, and transferred to micro-centrifuge vials. Tubes
were incubated on ice for 10 min and vortexed vigorously for 10 seconds
before being centrifuged for 1 min at 12,000 x g. Supernatants containing
cytoplasmic extracts were removed from nuclear pellets and stored at -20°C
until use. Extraction Buffer (10 µl per 106 cells) was prepared by adding DTT
solution and PIC at a 1:1000 dilution, whereupon this was incubated with the
nuclear pellets on ice for 15 min (vortexing for 5 seconds every 3 min).
Samples were then centrifuged for 10 min at 14,000 x g at 4°C, whereupon
supernatants were transferred into new micro-centrifuge vials and stored at 20°C until use.

2.6.2 Transcription factor binding assay
Bioinformatics analysis was carried out by Dr. Stephen Madden in order to
identify the putative regions where the FOXA1 transcription factor bound in
the proximal promoter of HER2 and HER3 gene in breast cancer cells. The
platforms used were the ENCODE (Encyclopedia of DNA Elements) project
(https://www.encodeproject.org/), TRANSFAC (170) and the TFFFIND
search tool from the Piptools package (171). Based upon this, the following
oligonucleotide sequences were designed to replicate the putative FOXA181

binding promoter regions of HER2 and HER3 and synthesised by Integrated
DNA Technologies (putative FOXA1 binding sequences are underlined):
HER2
Oligonucleotide1:
ƍ-CATGTACCCTGCTCCCTGAGTAAATAAAGCTCCTGGATGT-ƍ
Scramble Oligonucleotide 1:
ƍ-GAGTAACGCTCTGTCACCGTCAGTCGCATTAGCCTATATA-ƍ
Oligonucleotide 2:
ƍ-GTTGCAGCCCCAGCCTGTTGACTTAGAGGTCACCCTCGGA-ƍ
Scramble Oligonucleotide 2:
ƍ-GTGGTCGCCTCAGTACTCACGCAACCGTCTGGCTCGTAGA-ƍ
HER3
Oligonucleotide 1:
ƍ-AGAAATATTCACATTCTGAGAGAAAATCCACCAAGTGAACCAACC-ƍ
Scrambled Oligonucleotide 1:
ƍ-GACATAGAACTACCCAATGCAATCAGAAGTCACACGTCAAATAAT-ƍ
Oligonucleotide 2:
ƍ-CCGGCTCCGGCTCCGATTGCAATTTGCAACCTCCGCTGCC-ƍ

To detect the binding of FOXA1 to oligonucleotide sequences representing
the DNA of the HER2/HER3 promoter in vitro WKH (SL4XLN *HQHUDO
Protein-DNA Binding Assay Kit (Colorimetric) (Epigentek) was used
DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV %ULHIO\ ZHOOV IURP WKH VWULS
selected for the experiment were washed twice with 150 µl of 10X Wash
Buffer diluted with distilled water (pH 7.2-7.5) at a 1:10 ratio. Next 23 µl of
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Assay Binding Buffer, 2 µl (40 ng) of Biotinylated Double Stranded
Oligonucleotide, and 5 µl of nuclear extracts (20 µg) were added to each
strip well, covered with parafilm and incubated at room temperature for 60
min. Control blanks were set containing the biotinylated oligonucleotides, but
lacking nuclear extract. After incubation, wells were aspirated and washed
three times with 150 µl of diluted Wash Buffer. Primary antibody was diluted
at 1µg/mL with Antibody Dilution Buffer; 50 µl added to each strip well and
incubated at room temperature for 60 min on an orbital shaker (100 rpm).
Following incubation, wells were aspirated and washed four times with 150
µl of diluted Wash Buffer. HRP-conjugated Secondary Antibody was diluted
to 0.5 µg/mL with diluted Wash Buffer, 50 µl added to each stripwell, and
incubated at room temperature for 30 min. Wells were aspirated and washed
with 150 µl of diluted Wash Buffer for four times, and incubated for 2 min
during the last wash. Following washes, 100 µl of Developing Solution was
added to each well and incubated at room temperature for 10 min away from
light. Next 50 µl of Stop Solution was added to each well and the
DEVRUEDQFH UHDG RQ D PLFURSODWH UHDGHU 9,&725 ;-Multilabel Plate
Reader ± PerkinElmer) at 450 nm. Binding activity was calculated using the
formula: Binding Activity = OD (sample ± blank) × sample dilution.
A FOX$+1)Į '3%  DQWLERG\  &HOO 6LJQDOOLQJ  ZDV XVHG WR
detect specific protein-DNA binding.
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2.7 Protein Biochemistry
2.7.1 Protein extraction
Total protein extract was prepared from cells as follows. Cells were washed
3 times with 2 mL of ice-cold PBS and scraped in 400 ȝ/ RI 5HOD[ EXIIHU
containing 1% Triton-X100, a protease inhibitor cocktail and phosphatase
inhibitor cocktails -2 and -3. The cells were lysed via trituration (20 times
using a 1 mL syringe and 28-gauge needle), whereupon extracts were
clarified by centrifugation at 1,500 x g for 5 min at 4°C and supernatants
stored at -20°C. The protein content was quantified via bicinchoninic (BCA)
assay (details of solutions used in all protocols are described in Appendix
D).

2.7.2 Protein Quantification via BCA Assay
Lysate extracts were thawed on ice and 10 ȝ/SODWHGLQGXSOLFDWHRQ-well
plates alongside 10 ȝ/ GXSOLFDWHV RI ERYLQH VHUXP DOEXPLQ %6$  SURWHLQ
standards (5, 2.5, 1.25, 0.625, 0.3125, 0mg/mL). 200 ȝ/ RI %&$ VROXWLRQ
(blue copper sulphate solution in clear alkaline bicarbonate buffer in a ratio
of 1:50, respectively) was added to each well and incubated at 37°C for 30
min. The absorbance was then measured at 544 QPXVLQJD9,&725;
Multilabel Plate Reader (Perkin Elmer, MA, USA), and the protein
concentration of lysate extracts extrapolated from a linear standard curve
constructed from the relationship between protein concentration and optical
density of the BSA standards.
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2.7.3 Protein electrophoresis
Sodium dodecyl sulphate ± polyacrylamide gel electrophoresis (SDS-PAGE)
was performed in order to separate proteins by size to enable identification.
9% acrylamide running gels were prepared, poured, overlain with ethanol
and allowed to solidify for 20 min. 5% stacking gels were then prepared.
Following removal of ethanol, stacking gel solutions were poured on top of
the polymerised separating gels, and 10-well combs were added to the gels,
which were then allowed to solidify for 15 min.
Protein samples were prepared by calculating the volume of lysate needed
for 10-20 ȝJ DQG WKHQ E\ DGGLQJ WKH DSSURSULDWH YROXPH RI [ UHGXFLQJ
Laemelli sample buffer. Samples were denatured at 95°C for 5 min prior to
electrophoretic separation at 40 mA constant current per gel for ~45 min
using a Bio-Rad Mini-Protean III gel system (Bio-Rad Laboratories,
Hertfordshire, UK). 5 ȝ/ RI -250 kDa pre-stained molecular weight
markers (BioRad Precision Plus Protein Standards) were used as a
reference.

2.7.4 Western Blot Analysis
Following SDS-PAGE, resolved proteins were transferred to nitrocellulose or
methanol-activated PVDF membrane at 100 Volts for 75 min using a BioRad Mini-Protean III blotting system. Membranes were then blocked with
either 5% milk or 5% BSA, made up in 1x TBS containing 0.1% Tween-20
(TBS-T) for 1 h while rocking. Primary antibodies were diluted as specified in
Appendix C in 5% milk or 5% BSA. Membranes were incubated with 5 mL
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of primary antibody overnight on a roller at 4°C. The following day,
membranes were washed 4 times with 10 mL TBS-T for 5 min each. HRPlinked secondary antibodies (goat anti-rabbit IgG, 7074, Cell Signalling; goat
anti-mouse IgG, A9044, Sigma-Aldrich) were then diluted (according to
manufacturer instructions) in 5% milk or 5% BSA. Secondary antibodies
were then added to the membranes and incubated for 1 h at RT on a roller.
Membranes were then washed 4 times for 5 min with TBS-T. Following
incubation with Western Lightning Plus Enhanced Chemiluminescence ECL
reagent, blots were imaged on a ChemiDoc XRS+ system (Bio-Rad), and
densitometry analysis carried out using ImageJ. Membranes were stripped
of the first primary antibody in order to re-probe with an Actin primary
antibody, to use as a loading control for densitometric analysis. Membranes
were washed 3 times for 5 min in TBS-T, then submerged in 10 mL stripping
EXIIHUFRQWDLQLQJȕ-mercaptoethanol and incubated at 60°C for 10 min.
Following incubation, membranes were washed 4 times for 5 min with TBST, blocked for 1 h with 5% milk and then re-probed with 5 mL 5% milk
containing 0.02 ȝJP/ $FWLQ SULPDU\ DQWLERG\ RYHUQLJKW DW & RQ D UROOHU
The remaining steps in Western blotting were performed as previously
described.

2.8 Automated Immunohistochemistry (IHC)
Immunohistochemistry (IHC) was carried out on slides of an invasive breast
cancer tissue microarray (TMA), containing duplicate cores of 144 patients
(kindly donated by Prof. Karin Jirström, Lund University, Sweden), in order
to detect expression levels of JAM-$ ȕ-catenin, FOXA1 and HER3 in the
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tumours. Staining of the TMA was performed by Dr. Joanna Fay from RCSI
Histopathology Department using a Leica Bond III automated IHC stainer
IROORZLQJ WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV DQG XVLQJ /HLFD %LRV\VWHPV
reagents. Antibodies and concentrations used are specified in Appendix C.
The TMA was then independently scored by Rodrigo Cruz and a consultant
breast histopathologist (Dr. Katherine Sheehan). Each core was assigned a
value (0, 1+, 2+ or 3+) representing the overall intensity of FOXA1, HER3
DQGȕ-catenin expression. ȕ-catenin was also scored in terms of presence in
the membrane, cytoplasm or nucleus of the cells. Membranous intensity of
JAM-A protein expression was scored as follows: 0 when no staining was
observed, or membrane staining was observed in <10% of the tumour cells;
1+ when a faint/barely perceptible and incomplete membrane staining was
detected in >10% of tumour cells; 2+ when a weak to moderate complete
membrane staining was observed in >10% of tumour cells; and 3+ when a
strong complete membrane staining was observed in >10% of tumour cells.

2.9 Chick Chorio-Allantoic Membrane (CAM) Assay
Fertilized chicken eggs were purchased from Shannonvale Hatchery (Co.
Limerick) and incubated at 37°C. On day 4 a window was opened on the
surface of the egg using a sterile scalpel, and approximately 3 mL of
albumin was withdrawn to lower the CAM. On day 9, a silicon ring from
cryovials was washed in 100% ethanol followed by sterile ddH 20 and then
introduced onto the CAM. Next, 2x106 cells (MCF7) were resuspended in
100 ȝ/ 0DWULJHO DQG DGGHG WR WKH FHQWUH RI WKH VLOLFRQ ULQJ (JJV ZLWK
implanted tumour xenografts were treated with control siNEG or JAM-A
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siRNA (25 nM final concentration) on days 10 and 12. On day 14, the
embryos were sacrificed and the tumour xenografts isolated by cutting the
surrounding CAM 2-5 mm away from the silica ring. Tumours xenografts
were fixed overnight at RT in 4% formaldehyde and washed with 70%
ethanol the following day. Tumours were then paraffin-embedded and
immunohistochemically stained Ki67 antibody (as described in Automated
Immunohistochemistry

section).

Embryo

implantation,

treatment

and

excision were principally carried out by Dr. Sri HariKrishna Vellanki,
Department of Surgery, RCSI. Histopathological analysis was carried out
with the assistance of Dr. Hanne Jahns, Department of Pathology, College
of Veterinary Medicine, University College Dublin.

2.10 Statistical Analysis
Averaged data from triplicate experiments are presented and were graphed
along with standard error of the mean (SEM) values. Two-tailed, equal
YDULDQFH 6WXGHQW¶V W-tests were used to determine statistical significance
(*p<0.05, **p<0.01, ***p<0.001) between the indicated conditions. SPSS
software

was

used

to

carry

out

statistical

analysis

comparing

histopathological conditions and clinicopathological factors by Ȥ2 test and
)LVKHU¶V WZR-tailed exact tests; and p<0.05 was considered statistically
significant.
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CHAPTER 3: Elucidating the putative mechanisms by
which JAM-A regulates the expression of HER2
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3.1 Introduction
Previous work in our laboratory has investigated whether JAM-A
overexpression is associated with specific molecular subtypes of breast
cancer. Results revealed a significant correlation between high JAM-A
expression and HER2 protein levels in several breast cell lines. In patients,
high JAM-A expression also correlated with HER2 expression, ER
negativity, lower patient age, and high grade breast cancers. Interestingly,
while knockdown or functional antagonism of HER2 did not alter JAM-A
expression in vitro, JAM-A knockdown significantly decreased HER2 protein
levels and those of its effector phospho-AKT. These results suggested for
the first time that JAM-A acts as an upstream regulator of HER2 protein
expression (157).
The same study also showed that reduced HER2 expression downstream of
JAM-A knockdown was partially recovered upon proteasomal inhibition,
suggesting that JAM-A may promote HER2 expression (at least in part)
through inhibiting its proteasomal degradation (157). However, it could not
be excluded that an intermediate protein in this pathway regulated by the
proteasome was responsible for the regulation of HER2 expression
downstream of manipulations in JAM-A expression. Therefore the
mechanism by which JAM-A regulates HER2 expression in breast cancer
cells remains unclear.
Theoretically, this process could also happen at transcriptional level, posttranscriptional level, as well as by directly affecting HER2 degradation.
HER2 can be degraded either via internalisation and lysosomal degradation,
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or via ubiquitination and proteasomal degradation (172). If JAM-A
expression somehow affected any of those process, HER2 expression could
be affected as a consequence. Another study from our laboratory found that
pharmacological inhibition of lysosomal function could not recover HER2
expression deficits secondary to JAM-A gene silencing (Dr. Astrid Leech,
personal communication). However the same investigator also found that
direct proteasomal inhibition in fact exerted additive effects on HER2 loss
downstream of JAM-A knockdown, instead of the expected outcome of
partially

recovering

HER2

expression

(Dr.

Astrid

Leech,

personal

communication).
In light of ambiguity over the role of the proteasome in HER2 degradation
following JAM-A silencing relative to our previously-published work (157), a
number of potential explanations were considered. The first was that
attenuation of HER2 loss by a proteasome inhibitor in JAM-silenced cells
was regulated by cell type and temporal context. The second speculation
was that inhibiting the proteasome may affect an intermediate protein
between JAM-A and HER2. Accordingly, qRT-PCR analysis revealed that
proteasomal inhibition additively reduced HER2 mRNA levels compared to
silencing JAM-A alone, suggesting that a key mediator in JAM-dependent
regulation of HER2 (rather than HER2 itself) is degraded by the proteasome
(Dr. Astrid Leech, personal communication). This intermediate protein would
affect HER2 at a level which is pre-translational: either transcriptional or
post-transcriptional.
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Considering first the post-transcriptional scenario: JAM-A expression could
in theory prevent specific microRNAs (miR) from targeting HER2 mRNA for
degradation. Previous studies have identified several miRs that target HER2
mRNA, including miR-125a, miR-125b (173), miR-552, miR-541, miR-193a5p, miR-453, miR-134, miR-498, and miR-331-3p (174). However none of
these have previously been linked with JAM-A; nor is there any current
mechanism to suggest why a membranous protein like JAM-A would
influence miRNA expression or function. Accordingly, there is also no
current mechanism to explain the possibility that JAM-A levels would directly
influence the stability of the mRNA transcripts. Therefore JAM-A regulation
of HER2 at a transcriptional level would appear to be a stronger possibility.
If JAM-A were to regulate HER2 expression at a transcriptional level, at least
two possibilities can be considered: 1) that JAM-A influences a
transcriptional promoter of the ERBB2 gene or 2) that JAM-A influences a
transcriptional repressor of the ERBB2 gene.
Several transcriptional activators of the ERBB2 gene have been identified;
including activating protein-2 (AP-2), Ying-Yang 1 (YY1), Y-box binding
protein-1 (YBX1), ER81 and FOXA1. AP-2 transcription factors are highly
expressed in breast cancer cells over-expressing HER2, and were identified
as activators of the ERBB2 gene through the discovery that oestrogen
treatment reduced AP-2 levels and repressed HER2 expression (175).
Furthermore

the

transcription

factor

YY1,

although

frequently

a

transcriptional repressor, has been shown to co-operate with AP-2 to
enhance transcription of the ERBB2 gene (176). Levels of both proteins
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have been reported to significantly correlate with HER2 protein expression in
breast tumours (177). YBX1 is another transcriptional activator of the
ERBB2 gene whose silencing has been reported to reduce HER2
expression, whilst nuclear localisation of YBX1 has been shown to correlate
with HER2 expression in breast tumours (178). ER81 is a member of the
ETS (E26 transformation-specific) transcription factor family which, together
with its co-activators p300 and CREB-binding protein (CBP), has been
shown to activate ERBB2 gene transcription (179). Finally, FOXA1 has been
shown to regulate the transcription of ERBB2 signalling genes and to be
strongly associated with overexpression of ERBB2 in ER- breast tumours
(180).
Transcriptional repressors of the ERBB2 gene that been identified include
GATA4, AIB1, ANCO1, polyomavirus enhancer activator 3 (PEA3), forkhead
box P3 (FOXP3), and ZO-1-associated nucleic acid binding protein
(ZONAB). Specifically, GATA4 has been shown to directly bind to the
ERBB2 promoter region and repress ERBB2 transcription in breast cancer
(181). AIB1 and its corepressor ANCO1 have also been reported to repress
HER2 transcription (182). These proteins facilitate oestrogen-induced
suppression of HER2 expression. However, a splice isoform of AIB1, AIB1ǻKDVEHHQVKRZQWRSUHYHQWLQKLELWLRQRIWKH(5%%JHQHDVLWFRPSHWHV
for promoter binding but is unable to recruit ANCO1 to successfully suppress
transcription (182). PEA3, a MAPK-activated member of the ETS
transcription family, has also been implicated in HER2 repression by
targeting the HER2 promoter to downregulate its activity (183). FOXOP3
downregulation significantly correlated with overexpression of HER2 in
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human breast cancer samples and has been shown to bind to (and repress)
the HER2 promoter (184). Furthermore, previous studies have shown that
nuclear localisation of the Y-Box Binding Protein 3 (YBX3; also called
ZONAB) correlates with downregulation of HER2 expression (185, 186).
These studies have verified binding of ZONAB to the ERBB2 promoter and
suggested that the protein acts as a transcriptional repressor of HER2.
Although there is currently no evidence to connect JAM-A to most of the
aforementioned HER2 transcriptional activators and repressors, it is
intriguing to note that JAM-A forms a complex with ZO-1, which in turn binds
to the HER2 repressor YBX3/ZONAB (185, 187).

Therefore it must be

considered that JAM-A levels could influence those of HER2 not only by a
direct proteasomal processing mechanism, but also by either positively
affecting transcriptional activators of the HER2 gene or negatively affecting
transcriptional repressors of same. This chapter will explore that theme.

94

3.2 Aims of this chapter
The broad aim of this chapter was to elucidate pre-translational mechanisms
by which JAM-A regulates HER2 expression and function in breast cancer
cells. This is important in order to begin understanding if pharmacological
manipulation of JAM-A might bear value in the upstream regulation of HER2
in breast cancer patients. The specific aims are:
1) To confirm that coincident JAM-A and HER2 expression associates with
poor prognosis in breast cancer patient datasets;
2) To investigate if JAM-A controls HER2 expression at a transcriptional
level;
3) To identify intermediate proteins involved in crosstalk between JAM-A and
HER2 at a transcriptional level.
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3.3 Results
3.3.1 Analysis of JAM-A expression in breast cancer cell lines
High expression of JAM-A has been described by our group and others to
be associated with poor prognosis in breast cancer patients (153, 158). In
order to establish the basal levels of JAM-A protein expression in breast
cancer cell lines, western blot analysis was carried using protein lysates
from MCF7, SKBR3 and MDA-MB-231 breast cancer cells, each one
representing a different molecular subtype (Luminal A, HER2+ and triple
negative breast cancer, respectively) (166). As shown in Figure 3.1, MCF7
and SKBR3 cells expressed high levels of JAM-A protein, while that in MDAMB-231 cells was low to null.

Figure 3.1 JAM-A protein is highly expressed in two out of three breast
cancer cell lines. 150,000 cells of MCF7, SKBR3 and MDA-MB-231 breast
cancer cell lines were plated per well in 6-well plates and whole cell lysates
isolated at confluency for analysis by Western immunoblotting. The
representative western blot image and densitometric analysis of three
independent experiments revealed that MCF7 and SKBR3 had high JAM-A
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expression, while MDA-MB-231 had low JAM-A protein expression. Data
represent mean ± s.e.m.
Fundamentally important to this study, cell lines expressing detectable to
high levels of JAM-A were used throughout this project in order to
recapitulate the fact that JAM-A expression is typically high in the normal
physiological setting of the breast. To mimic the JAM-A overexpression
events observed in certain aggressive breast tumours, full-length human
JAM-A was stably overexpressed in MCF7, SKBR3 and MDA-MB-231 cells
from a JAM-A construct inserted into a pcDNA3 vector (Invitrogen; kind gift
of Professor Charles Parkos, University of Michigan). This step had been
carried out by Dr. Kieran Brennan prior to the commencement of these
studies. As shown in Figure 3.2, JAM-A protein was confirmed to be
successfully

overexpressed

in

all

cell

lines.

Specifically,

MCF7

overexpressing JAM-A (MCF7-JAM+) had 50% higher JAM-A expression
compared to cells containing control empty pcDNA3 vector (MCF7). JAM-A
overexpression in SKBR3 cells (SKBR3-JAM+) resulted in an average 20fold increase in protein expression compared to empty vector-expressing
SKBR3 cells. Lastly, MDA-MB-231 overexpressing JAM-A (MDA-MB-231JAM+) expressed on average 3-fold more JAM-A protein than empty vectorexpressing cells (MDA-MB-231). JAM-A overexpression was statistically
significant in all three cell lines compared to empty vector control conditions.
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Figure 3.2 Successful overexpression of JAM-A in MCF7, SKBR3 and
MDA-MB-231 breast cancer cells. 150,000 cells of each breast cancer cell
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line were plated per well in 6-well plates and whole cell lysates prepared at
confluency from empty vector control cells (expressing pcDNA3 plasmid)
versus full-length human JAM-A in the same vector for Western
immunoblotting. Representative western blot images and densitometric
analysis of three independent experiments confirmed that JAM-A was
significantly overexpressed in all cell lines ± (A) MCF7-JAM+, (B) SKBR3JAM+ and (C) MDA-MB-231-JAM+, compared to control empty vector cells
(MCF7, SKBR3 and MDA-MB-231). Data represent mean ± s.e.m,
compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, ** p<0.01, ***
p<0.001.

3.3.2 Characterization of molecular subtypes of cell lines
Having characterized JAM-A expression amongst the breast cancer cell
lines to be used as study models, we next assessed the expression of key
molecules involved in tumourigenesis such as Oestrogen Receptor-Į (5Į 
and HER family members (HER1, HER2, HER3 and HER4) in order to
confirm the molecular subtype classification of MCF7, SKBR3 and MDA-MB231 cells (previously described to be Luminal A, HER2+ and Triple negative,
respectively) (166).
As shown in Figure 3.3, MCF7 cells had significantly higher expression of
(5Į FRPSDUHG WR WKH RWKHU WZR FHOO OLQHV ZKLOH WKDW LQ 0'$-MB-231 cells
was undetectable (as expected). However, although SKBR3 cells have been
UHSRUWHG WR EH (5Į-negative (166, 188), we observed low but detectable
levels of the protein (Figure 3.3). Although unexpected, we are confident of
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the genomic identity of the cells and it is noteworthy that other studies have
DOVRGHPRQVWUDWHG(5ĮH[SUHVVLRQLQ6.%5FHOOV(189, 190).

Figure 3.3 (5Į SURWHLQ H[SUHVVLRQ is detectable in MCF7 and SKBR3
cells. 150,000 cells of each breast cancer cell line were plated per well in 6well plates and whole cell lysates prepared at confluency for analysis of (5Į
protein expression by Western immunoblotting. Representative western blot
images and densitometric analysis of three independent experiments
revealed hLJK (5Į H[SUHVVLRQ LQ 0&) ORZ H[SUHVVLRQ LQ 6.%5 DQG
undetectable levels in MDA-MB-231 cells. Data represent mean ± s.e.m,
compared using two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *** p<0.001.
Next we investigated the expression of all four HER family members in the
same cell lines. Although only HER2 expression is currently used to
molecular subtype classification, this thesis has a special interest in the
expression of other HER receptors since HER1, HER3 and HER4 have also
been implicated in tumourigenesis.
Results in Figure 3.4 revealed that MDA-MB-231 cells express high levels
of HER1 compared to that in MCF7 and SKBR3 cells. HER2 was highly
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expressed in SKBR3 cells but not detected in MCF7 or MDA-MB-231 cells.
HER3 was overexpressed in MCF7 and SKBR3 cells but not detected in
MDA-MB-231 cells, while HER4 was only detected in MCF7 cells.
In relation to the expression of the HER family members in MCF7 cells,
HER3 was the most abundant; HER1 and HER4 were detectable but at low
expression levels; and HER2 was not detected. In SKBR3 cells, HER3 and
HER2 were overexpressed; HER1 was just detected while HER4 was not.
Lastly, in MDA-MB-231 cells, HER1 was overexpressed while HER2, HER3
and HER4 were not detected (Figure 3.4).
In conclusion, based on the aQDO\VLV RI (5Į DQG +(5 VWDWXV LQ WKH FHOO
lines tested, we could confirm that MCF7 belongs to the Luminal A
PROHFXODUVXEW\SH (5Į+(5-); MDA-MB-231 is a triple negative cell line
(5Į-/HER2-), although SKBR3 could not be classified as HER2+ subtype
(ERĮ-/HER2+) according to our results, because it presented detectable
OHYHOVRI(5Į
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Figure 3.4 Protein expression of HER family members in breast cancer
cell lines. 150,000 cells of MCF7, SKBR3 and MDA-MB-231 breast cancer
cell lines were plated per well in 6-well plates and whole cell lysates
prepared at confluency for the detection of HER1, HER2, HER3 and HER4
protein by Western immunoblotting. A) Representative western blot images
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and densitometric analysis of three independent experiments revealed that
HER1 (B) was overexpressed only in MDA-MB-231 cells. HER2 (C) was
overexpressed only in SKBR3 cells. HER3 (D) was overexpressed in MCF7
and SKBR3 cells. HER4 (E) was detected only in MCF7 cells. Data
represent mean ± s.e.m.

3.3.3 Overexpression of JAM-A increases proliferation, migration and
colony formation in breast cancer cell lines
As previously described, high JAM-A expression on tumour tissue has been
associated with poor prognosis in breast cancer patients (153). To better
understand the consequences of JAM-A overexpression in a reductionist
breast cancer cell setting, we used functional assays to compare
proliferation, migration and colony formation in cell lines genetically modified
to overexpress JAM-A compared with control cells overexpressing the empty
vector pcDNA3.
Experiments were carried out in MCF7 cells because they have high basal
expression of JAM-A and a moderate increase in JAM-A expression in the
overexpressing cells (MCF7-JAM+); and also in MDA-MB-231 cells because
those cells have low basal expression of JAM-A and consequently the
overexpression resulted in much higher levels of JAM-A. SKBR3 cells were
not used because they already express high levels of JAM-A, and its
overexpression resulted in levels that could be considered supraphysiologic
even in breast cancer cells (20-fold increase compared to control cells).
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As shown in Figure 3.5, cell viability (used as a surrogate for proliferation)
was increased in both cell lines overexpressing JAM-A (MDA-MB-231-JAM+
and MCF7-JAM+) compared to empty vector control cells (MDA-MB-231
and MCF7). Although increases in proliferation are more evident from 96h in
both cell lines, differences between the JAM-overexpressing versus control
cell lines became statistically significant from 24h in MDA-MB-231-JAM+
cells (p<0.01) and from 48h in MCF7-JAM+ cells (p<0.01).
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Figure

3.5 Cell

viability

is

increased

in

breast

cancer

cells

overexpressing JAM-A. 1,500 cells were seeded in 96 well-plates and cell
viability/proliferation measured by MTT assays at 24 h to 120 h. (A) MDAMB-231-JAM+ and (B) MCF7-JAM+ cells proliferated more than empty
vector control cells. Experiments were performed three times and data
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represent mean ± s.e.m, compared using two-tailed, equal variance
6WXGHQW¶VW-tests, *p<0,05, ** p<0.01, *** p<0.001.

Figure 3.6 shows the results of cell migration assays comparing wound
closure in MDA-MB-231 versus MDA-MB-231-JAM+ cells and MCF7 versus
MCF7-JAM+ cells at 0 and 8h. Results of the experiments revealed that,
although cells overexpressing JAM-A migrated more than control cells,
differences were not statistically significant due to high variability between
experiments.

Figure 3.6 Cell migration was not significantly increased in breast
cancer cells overexpressing JAM-A. 50,000 MCF7 or MDA-MB-231 cells
overexpressing JAM-A versus empty vector controls were seeded in 24 wellplates, grown to confluency and scratched with a p100 tip. Cells were
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imaged at time 0 and 8 h later to compare wound closure. Cells
overexpressing JAM-A (A) MDA-MB-231-JAM+ and (B) MCF7-JAM+
migrated more than empty vector control cells, although differences in
wound closure were not statistically significant. Experiments were performed
three times and data represents mean ± s.e.m, compared using two-tailed,
HTXDOYDULDQFH6WXGHQW¶VW-tests.

Finally, comparison of colony formation between empty vector controls and
JAM-A-overexpressing cells revealed that MDA-MB-231-JAM+ cells formed
significantly more colonies than control cells (p<0.001). Although MCF7JAM+ cells on average produced 30% more colonies than control cells, this
was not statistically significant. This may be explained because MCF7 cells
grow faster than MDA-MB-231 cells and hence were exposed to resourcelimiting conditions, so further optimization of the experiment including
various different initial densities and different incubation times may have
been necessary to identify significant differences.
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Figure 3.7 Colony formation was increased in MDA-MB-231 but not
MCF7 cells overexpressing JAM-A. 3,000 cells were seeded in 6 wellplates and incubated at 37°C for 9 days. Cells were fixed with methanol and
colonies stained with crystal violet. (A) MDA-MB-231-JAM+ cells had
significantly more colonies compared to empty vector control cells. No
statistically significant difference was observed between colony number in
MCF7 and MCF7-JAM+ cells (B). Experiments were performed three times
and data represent mean ± s.e.m, compared using two-tailed, equal
vaULDQFH6WXGHQW¶VW-tests, *** p<0.001.
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3.3.4 JAM-A overexpression increases levels of survival effector
proteins in breast cancer cells
As overexpression of JAM-A in the cell lines significantly increased cell
viability/ proliferation (Figure 3.5), we next investigated whether changes in
proliferation caused by JAM-A overexpression would reflect changes in
expression of known survival effector proteins in key pathways involved in
cell survival and proliferation. Levels of AKT phosphorylation were examined
to determine signalling activity via the PI3K pathway, while phosphorylation
of ERK was investigated as a marker of MAPK pathway signalling. As
shown in Figure 3.8, both cell lines overexpressing JAM-A (MDA-MB-231JAM+

and

MCF7-JAM+)

had

significantly

higher

levels

of

AKT

phosphorylation (p<0.01) compared to empty vector control cells, while ERK
phosphorylation was significantly increased in MCF7-JAM+ (p<0.001) but
not MDA-MB-231-JAM+ cells compared to controls. This confirms that
overexpression of JAM-A drives increased activation of protein effectors
from the PI3K and MAPK pathways, which likely explain the increased
proliferation, migration and colony formation of those cells.
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Figure 3.8 JAM-A overexpression increases activation of AKT and ERK
in breast cancer cell lines. 150,000 MCF7 or MDA-MB-231 breast cancer
cells overexpressing JAM-A or empty vector control were plated in 6-well
plates and whole cell lysates prepared at confluency for Western
immunoblotting. Representative western blot images and densitometric
analysis for JAM-A protein expression normalised to actin, pAKT protein
expression normalised to AKT and pERK expression normalised to ERK in
(A) MDA-MB-231 empty vector control and JAM-A-overexpressing cells and
(B) MCF7 empty vector control and JAM-A-overexpressing cells. Results
revealed increased phosphorylation of AKT and ERK in MDA-MB-231-JAM+
and MCF7-JAM+ cells compared to controls. Experiments were performed
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three times and data represent mean ± s.e.m. Results were compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, ** p<0.01, *** p<0.001.

Having confirmed that overexpression of JAM-A in breast cancer cells is
associated with markers and functional behaviours of tumourigenesis, we
sought to confirm previous observations made by our laboratory that JAM-A
and HER2 are associated in breast cancer and that JAM-A can regulate the
expression of HER2 in cell lines.

3.3.5 High JAM-A and HER2 co-expression is breast cancer patients is
associated with poor survival outcome
We next used an online Kaplan-Meier platform (www.kmplot.com) (191) in
order to compare gene co-expression of JAM-A and HER2 in breast cancer
patients. As expected, analysis revealed that high expression of JAM-A and
HER2 mRNA in breast cancer patients was associated with poorer
prognosis. Specifically, mRNA analysis of 626 breast cancer patients
revealed that high co-expression of JAM-A and HER2 significantly reduced
overall survival (p=7.8x10-5) (Figure 3.9 A). Also, mRNA analysis of 1764
breast cancer patients revealed that high expression of both JAM-A and
HER2 mRNA was associated with significantly reduced free survival
(p=3.1x10-6) (Figure 3.9 B).
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Figure 3.9 JAM-A and HER2 overexpression are related to poor
prognosis

in

breast

(http://kmplot.com/analysis/)

cancer

patients.

analysis

revealed

Kaplan-Meier
that

high

platform

mRNA

co-

expression of JAM-A and HER2 is associated with reduced overall survival
(A) and reduced recurrence-free survival (B) in breast cancer patients.
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3.3.6 Silencing JAM-A reduces HER2 mRNA and protein expression in
breast cancer cell lines
In order to confirm previous findings that JAM-A regulates HER2 mRNA (Dr.
Astrid Leech, personal communication) and protein (157) expression in
breast cancer cell lines, we used two cell lines overexpressing HER2
(SKBR3 and MCF7-HER2) and performed transient JAM-A gene silencing
experiments using siRNA.
First, to compare HER2 expression in the cell lines selected, we analysed its
protein expression by western blotting. MCF7-HER2 cells had significantly
higher expression of HER2 than MCF7 empty vector control (p<0.001) and
SKBR3 cells (p<0.01). SKBR3 cells also had high expression of HER2
protein, significantly higher than that in MCF7 parental cells (p<0.001)
(Figure 3.10).
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Figure 3.10 HER2 expression in breast cancer cell lines. 150,000 MCF7HER2 or SKBR3 cells were plated per well in 6-well plates and whole cell
lysates prepared at confluency for analysis by Western immunoblotting.
Representative western blot images and densitometric analysis of three
independent experiments revealed that MCF7-HER2 and SKBR3 cells had
higher HER2 protein expression than MCF7 control cells. Results were
compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, ** p<0.01, ***
p<0.001.

We silenced JAM-A gene expression in SKBR3 and MCF7-HER2 cells using
a two-sequence siRNA pool; then analysed HER2 mRNA expression by
qRT-PCR and protein expression by Western blot analysis. Results revealed
that transient transfection of JAM-A siRNA successfully reduced JAM-A
mRNA expression by 75% in SKBR3 and 85% in MCF7-HER2 cells, while
similar reductions were observed at protein level compared to control siNEG
conditions. As expected, JAM-A gene silencing also significantly reduced
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expression of HER2 mRNA by 25% in SKBR3 and by 80% in MCF7-HER2
cells (p<0.01 and p<0.001, respectively) compared to control conditions. At
the protein level, JAM-A knockdown resulted in HER2 reductions of 60% in
SKBR3 and 85% in MCF7-HER2 cells (p<0.001) compared to control siNEG
conditions (Figure 3.11). Those results confirmed preliminary results that
JAM-A regulates HER2 at a transcriptional level, and demonstrated that the
regulation happens in two cell lines expressing very different basal levels of
HER2.

Figure 3.11 JAM-A gene silencing reduced HER2 mRNA and protein
expression in HER2+ breast cancer cell lines. 150,000 SKBR3 and
MCF7-HER2 cells were plated per well in 6-well plates, transfected 24 h
later with 25 nM control siRNA (siNEG) or a pool of JAM-A siRNA and
harvested 72 h later for qRT-PCR and immunoblot analysis. Results show
qRT-PCR analysis of JAM-A and HER2 mRNA expression after JAM-A
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silencing in A) SKBR3 and B) MCF7-HER2 cells. Representative western
blot images and densitometric analysis for HER3 and JAM-A protein
normalised to actin expression after JAM-A knockdown in C) SKBR3 and D)
MCF7-HER2 cells. Experiments were performed three times and data
represent mean ± s.e.m, compared using two-tailed, equal variance
6WXGHQW¶VW-tests, *p<0,05, ** p<0.01, *** p<0.001.

3.3.7

Silencing

JAM-A

with

individual

siRNAs

evokes

similar

reductions in HER2 protein expression
As described previously, transient gene silencing of JAM-A using a pool of
two siRNA targeting different regions of JAM-A mRNA resulted in
downregulation of HER2 mRNA and protein expression. We then used the
siRNAs individually in MCF7-HER2 cells to analyse if results could be
reproduced. As shown in Figure 3.12, knockdown using siJAM1 and siJAM2
elicited similar reductions in HER2 protein expression, both significantly
(p<0.001) when compared to the control siNEG condition. This revealed that
regulation of HER2 by JAM-A was not siRNA sequence-dependent and
could equally affect HER2 expression when used in combination or as
individual siRNAs.
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Figure 3.12 JAM-A silencing using individual siRNA constructs
reduces HER2 protein expression. 150,000 MCF7-HER2 cells were plated
in 6-well plates, transfected 24 h later with 25 nM control siRNA (siNEG) or
JAM-A siRNA (siJAM1 or siJAM2) and harvested 72 h later for qRT-PCR
and immunoblot analysis. Representative western blots and densitometric
analysis of three independent experiments revealed that siJAM1 and siJAM2
affected HER2 protein expression to a similar extent. Data represent mean ±
s.e.m, compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V t-tests, **
p<0.01, *** p<0.001.

3.3.8

Elucidating

the

mechanism

by

which

JAM-A

influences

expression of HER2
Having confirmed that JAM-A regulation of HER2 expression happens at
least partially at a transcriptional level, we next investigated the possible
mechanism(s) involved in this regulation. As schematically represented in
Figure 3.13, there are at least two possible ways JAM-A could influence
HER2 mRNA expression:
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1- JAM-A expression inhibits a transcriptional repressor of the HER2
gene
2- JAM-A expression activates a transcriptional promoter of the HER2
gene
As described earlier in this chapter, there are several transcriptional
repressors and promoters involved in HER2 gene regulation. We started our
investigations with the HER2 transcriptional repressor ZONAB/YBX3
because it is known to physically associate with a binding partner of JAM-A,
the TJ protein ZO-1 (185, 192).
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Figure 3.13 Hypotheses of how JAM-A silencing downregulates
transcriptional expression of HER2. Hypothesis 1 represents how JAM-A
loss at the cell membrane might cause dissociation of a transcriptional
repressor (for instance ZONAB), freeing it to travel to the nucleus and
repress HER2 gene transcription. Hypothesis 2 posits that JAM-A loss would
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prevent a transcriptional promoter of HER2 gene expression from entering
the nucleus and promoting HER2 expression.

3.3.9 Silencing JAM-A does not change ZO-1 expression or localization
As shown in Figure 3.14, immunofluorescence labelling of SKBR3 cells
under non-targeting siRNA conditions revealed that ZO-1 and JAM-A are
primarily localised in cell membranes with some cytoplasmic expression.
JAM-A knockdown, while completely obliterating its own signal, had little to
no effect on the expression or localisation of membranous ZO-1 in SKBR3
cells.

Figure 3.14 JAM-A knockdown does not affect ZO-1 expression or
localization in SKBR3 cells. SKBR3 cells were plated at 30,000 cells per
well on glass coverslips in 24-well plates and transfected the following day
with 25 nM of control siRNA or a pool of JAM-A siRNA. 72 hours later, the
cells were subjected to double immunofluorescence labelling for JAM-A and
ZO-1, with a counter-stain of DAPI to highlight the nuclei. Knockdown of
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JAM-A did not change ZO-1 staining compared to control cells. This is a
representative image for results observed in n=3 independent experiments.

3.3.10 Silencing JAM-A has no effect on ZONAB mRNA or protein
expression
In order to identify if JAM-A expression directly affected the expression of
the ZO-1 binding partner ZONAB, we silenced JAM-A expression using an
siRNA pool and analysed ZONAB mRNA or protein expression (by qRTPCR and Western blotting respectively). Results in Figure 3.15 revealed
that, although JAM-A knockdown successfully reduced JAM-A mRNA and
protein expression in SKBR3 cells (p<0.001 for both mRNA and protein
expression), neither ZONAB mRNA or protein expression was affected
(Figure 3.15).
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Figure 3.15 ZONAB mRNA or protein expression is not affected by
JAM-A gene silencing. 150,000 SKBR3 cells were plated per well in 6-well
plates and transfected 24 h later with 25 nM control siRNA (siNEG) or a pool
of JAM-A siRNA and harvested 72 h later for qRT-PCR and immunoblot
analysis. A) qRT-PCR analysis revealed that ZONAB mRNA expression was
not affected by JAM-A knockdown. B) Representative Western blot and
densitometric analysis of three independent experiments revealed that JAMA gene silencing had no influence on ZONAB protein expression. Data
represent mean ± s.e.m, compared using two-tailed, equal variance
6WXGHQW¶VW-tests, *** p<0.001.
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3.3.11 Silencing JAM-A has no effect on ZONAB localization
As JAM-A knockdown did not affect the expression of ZONAB, we next
tested whether it would affect ZONAB localization in breast cancer cells. The
rationale for this experiment was that, since ZONAB is a repressor of the
HER2 gene, its potential translocation to the nucleus following JAM-A gene
silencing would explain why HER2 is downregulated following JAM-A
knockdown. The identity of nuclear versus non-nuclear subcellular
compartments was validated by the presence of GAPDH in the non-nuclear
fraction and Lamin A/C in the nuclear fraction.
As shown in Figure 3.16, results did not support this hypothesis, since no
significant change in ZONAB localization was observed following JAM-A
silencing.
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Figure 3.16 ZONAB localization is not affected by JAM-A gene
silencing. SKBR3 cells were plated at 150,000 cells per well in 6-well plates
and transfected the following day with 25 nM of control siRNA or a pool of
JAM-A siRNA. 72 hours later, cells were harvested and non-nuclear/nuclear
fractions prepared for western blot analysis. Representative Western blot
images and densitometric analysis of three independent experiments
revealed no significant change in ZONAB localization. Data represent mean
± s.e.m, compared using two-tailed, equDOYDULDQFH6WXGHQW¶VW-tests.
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3.3.12 Silencing ZONAB successfully reduces ZONAB mRNA but not
ZONAB protein and has no effect on HER2 mRNA expression
Since ZONAB could not be connected to the observed changes in HER2
downregulation following JAM-A silencing, we then tested whether ZONAB
could in fact act as a HER2 gene repressor in SKBR3 cells. To accomplish
this, ZONAB gene silencing was performed with a siRNA pool in order to
determine consequent effects on HER2 and JAM-A expression. As shown
in Figure 3.17, transfection of SKBR3 cells with 25 nM ZONAB-targeting
siRNA significantly reduced ZONAB mRNA levels by approximately 95%.
However, changes in HER2 mRNA expression after ZONAB knockdown
were not statistically significant. No changes in JAM-A mRNA levels were
observed.

Figure 3.17 ZONAB gene licencing did not significantly affect HER2 or
JAM-A mRNA expression. SKBR3 cells were plated at 30,000 cells per
well in 24-well plates and transfected the following day with 25 nM of control
siRNA or ZONAB smartpool siRNA. 72 hours later, RNA was extracted for
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RT-qPCR analysis. Transfection of SKBR3 cells with ZONAB-targeting
siRNA significantly reduced ZONAB mRNA levels but had no effect on
HER2 or JAM-A mRNA expression. Experiments were performed three
times and data represent mean ± s.e.m, compared using two-tailed, equal
YDULDQFH6WXGHQW¶VW-tests, *** p<0.001.

These results were quite surprising as ZONAB has been previously reported
to suppress HER2 expression (185). However, concurrent western blot
analysis revealed that ZONAB was not successfully knocked down at protein
level under these conditions. As indicated in Figure 3.18, transfection of the
siRNA pool targeting ZONAB was performed even for extended periods,
ranging from 6 to 10 days, but significant reductions in ZONAB protein
expression were never attained. In fact substantial efforts to reduce ZONAB
expression at protein level proved futile, despite using several different
siRNAs targeting different regions of ZONAB mRNA, siRNA concentrations
ranging from 25 ± 100 nM, and three different ZONAB antibodies (data not
shown ± performed by Dr. Astrid Leech).

126

Figure 3.18 ZONAB silencing in SKBR3 cells had no effect on ZONAB
protein expression. SKBR3 cells were plated at 150,000 cells per well in 6well plates and transfected after 24 h with 25 nM of control siRNA or ZONAB
siRNA, and repeated every 72 h. Protein was extracted at 6 days, 8 days or
10 days for Western blot analysis. Representative western blot images and
densitometric analysis of ZONAB protein expression normalised to GAPDH
revealed that ZONAB silencing had no significant effect on ZONAB protein
expression. Experiments were performed three times and data represent
mean ± s.e.m, compared using two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests.
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Although we cannot rule out the possibility that JAM-A and ZONAB could be
involved in the regulation of HER2 expression, our results discouraged
further investigations regarding how JAM-A would affect a candidate HER2
gene repressor. We therefore decided to test the second proposition that
JAM-A was associated with a promoter of HER2 gene expression.

3.3.13 High co-expression of the transcription factor FOXA1 with HER2
and JAM-A is associated with poor prognosis in breast cancer
Several transcription factors have been described as promoters of HER2
gene expression; among them AP-2, YY1, YBX1, ER81 and FOXA1. We
analysed the impact of the co-expression of each of these genes with HER2
and JAM-A on Recurrence Free Survival (RFS) in breast cancer patients
using a publicly-available Kaplan-Meier platform (www.kmplot.com) (191).
There were no statistically significant differences in recurrence between
patients with low versus high co-expression of AP-2 with JAM-A and HER2
(data not shown) and therefore we excluded it as a possible target. YY1 and
YBX1 were excluded because there is evidence that they correlate less than
FOXA1 with HER2 expression (177, 193, 194), while ER81 was excluded
because it has been shown to be regulated by HER2 in a bi-directional
pathway (195). We therefore focussed on FOXA1 because it has also been
shown to be associated with transcriptional regulation of another HER family
member (HER3) (196, 197), a relationship that is further studied in the next
chapter of this thesis, and because its high co-expression with JAM-A and
HER2 was associated with recurrence (Figure 3.19).
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Figure 3.19 High co-expression of FOXA1, HER2 and JAM-A is
associated with higher chance of disease recurrence in breast cancer
patients. Analysis of an online Kaplan-Meier gene expression platform
(http://kmplot.com/analysis/)

showed

that

concurrently

high

mRNA

expression of FOXA1, JAM-A and HER2 is associated with a lower
probability of recurrence-free survival in breast cancer patients.
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3.3.14 Overexpression of JAM-A results in increased FOXA1 protein
expression in SKBR3 cells
Following on from the survival curves, we next compared the protein
expression of FOXA1 in SKBR3 JAM-A-overexpressing cells (SKB3-JAM+)
versus empty vector control cells (SKBR3). Results revealed that JAM-A
expression associated with a significant increase in FOXA1 protein
expression (approximately 2.5-fold) compared to that in control cells (Figure
3.20).

Figure 3.20 Overexpression of JAM-A increases FOXA1 protein
expression in SKBR3 cells. 150,000 SKBR3 cells overexpressing JAM-A
versus empty vector controls were plated per well in 6-well plates and whole
cell lysates prepared at confluency for analysis by Western immunoblotting.
A) Representative western blot images and densitometric analysis of B)
JAM-A and C) FOXA1 protein expression revealed that SKBR3-JAM+ cells
expressed more FOXA1 than empty vector control cells. Experiments were
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performed three times and data represent mean ± s.e.m, compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *** p<0.001.

3.3.15 JAM-A gene silencing downregulates FOXA1 mRNA and protein
expression in breast cancer cells
Having noted that overexpression of JAM-A correlates with high expression
of FOXA1, we next tested whether JAM-A gene silencing (using a siRNA
smartpool) would induce parallel reductions in FOXA1 mRNA or protein
expression.
Results revealed that JAM-A knockdown significantly reduced mRNA and
protein expression of FOXA1 in SKBR3 cells (p<0.001 and p<0.01,
respectively) in comparison to control siNEG conditions. Similarly, FOXA1
mRNA and protein expression was significantly reduced in MCF7-HER2
cells compared to control conditions (p<0.01 and p<0.001, respectively)
(Figure 3.21).
Taken together, results revealed that JAM-A regulates the expression of the
transcription factor FOXA1 and this regulation occurs, at least partially, at
transcriptional level.

131

Figure 3.21 JAM-A knockdown decreases FOXA1 mRNA and protein
expression in breast cancer cells. 150,000 SKBR3 and MCF7-HER2 cells
were plated per well in 6-well plates and transfected 24 hours later with 25
nM of control siNEG or JAM-A smartpool siRNA. 72 hours later, RNA and
protein were extracted for qRT-PCR and immunoblot analysis. Results show
qRT-PCR analysis of JAM-A and FOXA1 mRNA expression after JAM-A
silencing in A) SKBR3 and B) MCF7-HER2 cells. Representative western
blot images and densitometric analysis for JAM-A and FOXA1 protein
normalised to actin expression after JAM-A knockdown in C) SKBR3 and D)
MCF7-HER2 cells. Knockdown of JAM-A evoked reductions in FOXA1
mRNA and protein expression in both cell lines. Experiments were
performed three times and data represent mean ± s.e.m, compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, ** p<0.01, *** p<0.001.
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3.3.16 The transcription factor FOXA1 regulates HER2 mRNA and
protein expression
Having established JAM-A-dependent regulation of FOXA1 levels in breast
cancer cells, we next tested the capacity of FOXA1 to alter HER2 levels.
Transient gene silencing of FOXA1 with a smartpool of four siRNAs
significantly reduced the mRNA expression of HER2 in SKBR3 (Figure 3.22
A) and MCF7-HER2 cells (Figure 3.22 B). FOXA1 silencing also
significantly reduced the protein expression of HER2 in SKBR3 (Figure 3.22
C) and MCF7-HER2 (Figure 3.3.22 D).

Figure 3.22 FOXA1 knockdown reduces HER2 mRNA and protein
expression in breast cancer cells. 150,000 SKBR3 and MCF7-HER2 cells
were plated per well in 6-well plates and transfected 24 hours later with 25
nM of control siNEG or FOXA1 smartpool siRNA. 72 hours later, RNA and
protein were extracted for qRT-PCR and immunoblot analysis. Results show
qRT-PCR analysis of HER2 mRNA expression after FOXA1 knockdown in
133

A) SKBR3 and B) MCF7-HER2 cells. Representative western blot images
and densitometric analysis for FOXA1 and HER2 protein normalised to actin
expression after FOXA1 knockdown in C) SKBR3 and D) MCF7-HER2 cells.
Knockdown of FOXA1 decreased mRNA and protein expression of HER2 in
both cell lines. Experiments were performed three times and data represent
PHDQ  VHP FRPSDUHG XVLQJ HTXDO YDULDQFH XQSDLUHG 6WXGHQW¶V W-tests,
*** p<0.001.

3.3.17 FOXA1 binding activity to a HER2 gene promoter sequence is
affected by JAM-A expression
Having observed that FOXA1 regulates HER2 mRNA and protein
expression, we carried out a targeted bioinformatics analysis in collaboration
with Dr. Stephen Madden (RCSI) in order to identify putative sequences
where FOXA1 binds to the HER2 gene promoter. Using data from the
ENCODE

(Encyclopedia

of

DNA

Elements)

project

(https://www.encodeproject.org/), the broad regions where FOXA1 binds to
the HER2 promoter were identified by analysis of CHIP-seq information
available in T-47D breast cancer cells. As those sequences of the identified
regions are extensive and cannot be used for binding assay tests in vitro,
the search for FOXA1 binding sites in the HER2 promoter was further
narrowed using transcription factor binding sites (TFBS) information from
TRANSFAC (170) and the PipTools package (171). The analysis resulted in
a list of putative sequences of the regions where FOXA1 is believed to bind
to the HER2 gene promoter (Figure 3.23).
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Figure 3.23 Bioinformatics analysis of putative FOXA1 binding sites to
HER2 gene. Segments of HER2 promoter gene identified by bioinformatics
analysis with putative sequences of FOXA1 binding highlighted (generated
by Dr. Stephen Madden, RCSI).

Once putative sequences where FOXA1 binds to the HER2 gene promoter
had been identified, protein-DNA binding assays were then used to
determine if FOXA1 bound to those sequences in our cell line models (the
ENCODE project used T-47D cells). Specifically, oligonucleotide sequences
were generated based on the prediction that they contained TFBS for
FOXA1 and formed part of the FOXA1 target regions from the ENCODE
project. As shown in Figure 3.24 A, we identified one region of the HER2
gene promoter in MCF7-HER2 cells (represented by Oligo 1) that showed
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high FOXA1 binding activity compared to the scrambled control. We also
tested binding another region of the HER2 promoter gene also recognized
as a putative FOXA1 TFBS (represented by Oligo 2; Figure 3.24 A), but this
was not confirmed by our experimental data (the experimentally-determined
binding sites upon which these searches are based present short and
degenerate sequences). A scrambled sequence of Oligo 2 (represented as
Scramble Oligo 2) similarly had low experimental interaction with FOXA1
(Figure 3.24 A).
After identifying one oligonucleotide representing the HER2 gene promoter
which resulted in high FOXA1 protein binding activity (Oligo 1), we lastly
wanted to verify that JAM-A silencing would reduce binding of FOXA1 to this
sequence. To this end, we extracted nuclear protein fractions from MCF7HER2 cells transfected with control siRNA (siNEG) and a pool of JAM-Atargeting siRNAs, and proceeded with protein-DNA binding assays using the
oligonucleotide sequence established to represent the FOXA1 binding site
(Oligo 1). As predicted, JAM-A gene silencing significantly reduced the
binding of FOXA1 protein to Oligo 1 compared to control conditions (Figure
3.24 B). Taken together, these results suggest that the downregulation of
FOXA1 observed after JAM-A knockdown has reduced the amount of
FOXA1 protein available to bind to the HER2 gene promoter, in turn
reducing HER2 gene transcription and protein expression.
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Figure 3.24 FOXA1 binds to a specific sequence of the HER2 gene
promoter and is its binding activity is influenced by JAM-A expression.
Nuclear proteins were extracted from untreated MCF7-HER2 cells and those
transfected with non-targeting control siRNA or JAM-A siRNA, and used in
protein-DNA binding assays. (A) Colorimetric measurement of the reactions
(delta optical density) of nuclear protein binding activity to different
oligonucleotides representing the HER2 gene promoter revealed that
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FOXA1 had high affinity only for the sequence of Oligonucleotide 1 (Oligo 1).
(B) Relative optical densities revealed that FOXA1 binding to the HER2
gene promoter was decreased in JAM-A knockdown compared to control
siNEG conditions. Experiments were performed three times and data
UHSUHVHQWPHDQVHPFRPSDUHGXVLQJHTXDOYDULDQFHXQSDLUHG6WXGHQW¶V
t-tests, *** p<0.001.

3.3.18 JAM-A regulation of FOXA1 and HER2 is unidirectional
Having demonstrated a pathway whereby JAM-A expression affects that of
FOXA1 and subsequently HER2, we next sought to understand if this
relationship worked in reverse. Accordingly, we used a pool of siRNA
targeting HER2 or FOXA1, and analysed their effects on the mRNA and
protein expression of JAM-A. First we silenced FOXA1 expression in SKBR3
and MCF7-HER2 cells and analysed JAM-A expression. Results revealed
that FOXA1 gene silencing did not significantly affect JAM-A mRNA or
protein expression (Figure 3.25).
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Figure 3.25 FOXA1 gene silencing does not affect JAM-A mRNA or
protein expression. 150,000 SKBR3 and MCF7-HER2 cells were plated
per well in 6-well plates and transfected 24h later with 25 nM of control
siNEG or FOXA1 Smartpool siRNA. 72 hours later, RNA and protein were
extracted for qRT-PCR and immunoblot analysis. Results show qRT-PCR
analysis of JAM-A mRNA expression after FOXA1 knockdown in A) SKBR3
and B) MCF7-HER2 cells. Representative Western blot images and
densitometric analysis for FOXA1 and JAM-A protein normalised to actin
expression after FOXA1 knockdown in C) SKBR3 and D) MCF7-HER2 cells.
Knockdown of FOXA1 did not affect JAM-A mRNA or protein expression in
either cell line. Experiments were performed three times and data represent
PHDQ  VHP FRPSDUHG XVLQJ HTXDO YDULDQFH XQSDLUHG 6WXGHQW¶V W-tests,
*** p<0.001.

Lastly, HER2 was transiently silenced in SKBR3 and MCF7-HER2 cells, and
expression of FOXA1 and JAM-A analysed. Results revealed that HER2
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gene silencing did not affect JAM-A or FOXA1 mRNA and protein
expression (Figure 3.26).
The results suggest that JAM-A regulation of FOXA1 and HER2 expression
is unidirectional, since changes in FOXA1 and HER2 expression had no
effect on the expression of JAM-A. Furthermore, HER2 expressional
changes did not affect FOXA1 expression.

Figure 3.26 HER3 gene silencing does not affect FOXA1 or JAM-A
mRNA and protein expression. 150,000 SKBR3 and MCF7-HER2 cells
were plated per well in 6-well plates and transfected 24 h later with 25 nM of
control siNEG or HER2 Smartpool siRNA. 72 h later, RNA and protein were
extracted for qRT-PCR and immunoblot analysis. Results show qRT-PCR
analysis of FOXA1 and JAM-A mRNA expression after HER2 knockdown in
A) SKBR3 and B) MCF7-HER2 cells. Representative western blot images
and densitometric analysis for HER2, FOXA1 and JAM-A protein normalised
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to actin expression after HER2 knockdown in C) SKBR3 and D) MCF7HER2 cells. Knockdown of HER2 did not change FOXA1 or JAM-A mRNA
or protein expression in either cell line. Experiments were performed three
times, and data represent mean ± s.e.m, compared using equal variance,
XQSDLUHG6WXGHQW¶VW-tests, *** p<0.001.
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3.4 Discussion
Published reports on the contribution of JAM-A to cancer development have
been recent and controversial. As the principal role of this protein is related
to cellular adhesion, one might predict that loss of JAM-A would associate
with local invasion, increasing the risk of distant metastasis and poor patient
prognosis. In the context of breast cancer, one study has made this
connection (156). However, more recent studies with larger patient datasets
have convincingly shown the opposite, namely that high expression of JAMA predicts early tumour recurrence and reduced life expectancy in breast
cancer patients (153, 157, 158). In fact a recent review from our laboratory
has highlighted intriguing evidence implicating gain rather than loss of
several adhesion proteins in cancer initiation and progression (129).
We started our investigations by using cell lines overexpressing JAM-A and
comparing their ability to proliferate, migrate and form colonies versus those
of control cells. Our results were consistent with previous observations that
high JAM-A is associated with poor prognosis in breast cancer patients
(153), since cells expressing more JAM-A exhibited more aggressive
functional behaviours of tumourigenesis. This could be explained by our
findings that phosphorylation of AKT (Ser473) and ERK1/2 (Thr202/Tyr204)
were increased in the cells overexpressing JAM-A; as increased activation
of those proteins has been extensively associated with breast cancer (198200).
The correlation between JAM-A expression and activation (phosphorylation)
of AKT is aligned with a previous study from our laboratory showing that
142

JAM-A and HER2 are co-expressed (157); and another supportive study
evidencing a similar activation in human nasopharyngeal cancer (160).
However, a prior study had shown the opposite, specifically that loss of
JAM-A was associated with increased AKT phosphorylation and with
induction of proliferation (201). Potential reasons underlying the conflict may
be that this study was carried out using normal intestinal epithelial cells,
while ours and other studies supporting our findings were carried out in
cancer cells. In terms of ERK activation, Brennan et al. reported a
statistically insignificant increase in ERK phosphorylation following JAM-A
knockdown (157), while our results pointed to a significant enhancement in
ERK phosphorylation in cells overexpressing JAM-A. Although there is no
clear indication what could account for those differences, findings reported in
this project are consistent with studies demonstrating that HER family
members (in particular HER2) have been shown to activate both AKT and
ERK signalling pathways (202, 203). Moreover, the anti-tumour activity of
the HER2-targeting drug Herceptin (Trastuzumab) has been linked with its
capacity to reduce ERK/AKT signalling (204).
We next confirmed previous findings that JAM-A and HER2 are associated
with poor prognosis in breast cancer patients (153, 157, 158) in two different
ways: 1) by revealing that high JAM-A and HER2 co-expression associate
with poor survival outcomes in breast cancer patients using an online plotter
(205); and by showing that knockdown of JAM-A reduced HER2 expression
in breast cancer cells. We subsequently confirmed preliminary unpublished
data that JAM-A-dependent regulation of HER2 may occur at a
transcriptional level (Dr. Astrid Leech, personal communication), by noting
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reductions in the mRNA expression of HER2 secondary to JAM-A
knockdown in breast cancer cells.
As transcriptional regulation of HER2 gene expression by JAM-A had been
observed, we postulated, based on likely mechanisms of gene regulation in
the literature (206), that this involved either JAM-A interference with a
transcriptional factor which promotes or represses ERBB2 gene expression
(207).
Understanding the mechanism by which JAM-A might regulate HER2
expression is an essential route towards translational research into the
targeting of JAM-A as an upstream regulator of HER2 expression. It is also
important to understand the players potentially involved in such a
mechanism, as pharmacological antagonism of such proteins may also offer
novel approaches to targeting HER2.
Our investigations first led us to ZONAB, a transcriptional repressor of the
HER2 gene which physically associates with ZO-1, a tight junctionassociated protein and binding partner of JAM-A (192, 208). Previous
studies have shown that abundant cellular levels of ZO-1 sequester ZONAB
at the tight junction complex, preventing it from translocating into the nucleus
and repressing transcription of the HER2 gene (185, 186). Furthermore,
ZONAB has been shown to be regulated by proteasomal degradation (209),
making it an ideal candidate to explain why proteasomal inhibition additively
reduced HER2 mRNA levels compared to silencing JAM-A alone (Dr. Astrid
Leech, personal communication). However, results presented in this thesis
did not confirm that JAM-A could influence ZO-1 or ZONAB expression or
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localization in the cell lines tested, and attempts to link ZONAB association
to HER2 gene repression remained fruitless. Therefore, while we cannot
completely rule out the possibility of ZONAB playing a part in this regulation,
we decided to focus on other transcriptional targets, in view of a paucity of
specific tools to study ZONAB.
FOXA1 is the founding member of the forkhead box (FOX) family of
transcription

factors

that

is

comprised

of

at

least

40

members.

)2;$+1)Į )2;$+1)ȕ DQG )2;$+1)Ȗ FRQVWLWXWH WKH )2;$
subfamily, which were originally named hepatocyte nuclear factor-3 (HNF3)
due to the transcriptional regulation of liver-specific gene expression such as
WUDQVWK\UHWLQ 7WU  DQG Į-antitrypsin (Serpina1) (210, 211). FOXAs have
been found to regulate many genes involved in developmental specification
of not just hepatic but also several other tissues (212).
In breast cancer, overexpression of FOXA1 and HER2 has been
demonstrated to be strongly associated with ER-negative breast tumours
(180). In our analysis of the Kaplan-Meier Plotter online tool (205), high coexpression of HER2, JAM-A and FOXA1 mRNA was associated with
increased risk of disease recurrence in breast cancer patients. In molecular
apocrine breast cancer cells (a subtype characterized by lack of ER/PR;
high expression of AR and FOXA1; and HER2 presence in 50% of the
cases) (213, 214), FOXA1 has been shown to regulate HER2 expression by
two mechanisms involving CREB1 and c-Fos regulation of FOXA1
WUDQVFULSWLRQ DQG DQRWKHU ZKHUH $3Į UHJXODWHV WKH H[SUHVVLRQ RI ERWK
FOXA1 and HER2 (180).
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Our work has revealed that FOXA1 binds to sequences mimicking the HER2
gene promoter, and that FOXA1 knockdown decreases HER2 expression.
Interestingly, this event was observed in cell lines presenting both noninduced and induced expression of HER2, suggesting that FOXA1 could
also be involved in the activation of the promoter of the exogenous HER2
gene present in MCF7-HER2 cells as well as the endogenous HER2 gene in
SKBR3 cells. FOXA1 has been shown to bind to nucleosomes and induce
an open chromatin configuration (215); enabling transcriptional activation
that may occur either by direct recruitment of transcription initiation
machinery, or through indirect recruitment of other transcriptional modulators
such as members of the nuclear hormone receptor superfamily (216).
Although FOXA1 likely functions independently of co-factor recruitment in
initiating transcription, this has not been specifically demonstrated
experimentally (217). Moreover, FOXA1 transcription activity has been
shown to maintain ER expression during normal mammary ductal
morphogenesis (218) and to act as a cell-type specific pioneer factor that
facilitates recruitment of ER and AR to their cis-regulatory elements across
the genome (219).
Our results together with the literature suggest that FOXA1 might play an
important role in HER2 gene transcription, by directly activating its
transcription or by facilitating access to HER2 gene to be transcribed by
other molecules. Moreover, our results also showed that JAM-A influences
FOXA1 expression, as overexpression of JAM-A resulted in increased
expression of FOXA1 and knockdown of JAM-A had the opposite effect.
Accordingly, JAM-A knockdown reduced FOXA1 binding to HER2 gene
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promoter sequences, probably due to a deficit in FOXA1 protein resulting
from JAM-A gene silencing. In its turn, reduction in FOXA1 expression and
availability might be responsible for reductions in HER2 expression. To the
best of our knowledge, it is the first time JAM-A has been implicated in the
regulation of a transcription factor. A precedent has however been set, since
for instance overexpression of the TJ protein Claudin-1 in colon cancer has
been shown to promote expression of ZEB1, a transcription factor which
represses E-cadherin expression (220).
In conclusion, we have shown a novel mechanism by which JAM-A
regulates the expression of FOXA1 and consequently regulates HER2
transcription activation. However, it is highly possible other mechanisms
might be involved in this regulation. Previous studies, for example, revealed
that overexpression of HER2 in breast cancer are associated to aberrant
transcriptional repression of the ERBB2 gene (221). Although future
investigations may implicate other players, (possibly even ZONAB?), this
thesis chapter has nonetheless revealed a novel mechanism by which JAMA regulates the expression of a key breast cancer oncogene by influencing
the expression of one of its transcription factors. This information is of
enormous relevance once we consider that FOXA1 has been shown to
regulate the expression of over one hundred genes (222), many involved in
processes associated with breast cancer development. Among those
oncogenes include HER3, the most important signalling partner of HER2
(223). If JAM-A can regulate FOXA1, it is thus possible that JAM-A can also
be linked to HER3 expression or signalling. The next chapter will therefore
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investigate a putative relationship between JAM-A and the other HER family
members, particularly HER3.
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CHAPTER 4: Junctional Adhesion Molecule-A is a
novel upstream regulator of Human Epidermal
Growth Factor Receptor-3 signalling in breast cancer
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4.1 Introduction
Members of the human epidermal growth factor receptor family of tyrosine
kinases (HER1, HER2, HER3 and HER4) have long been implicated in
breast cancer development and progression. HER2 has received particular
attention, its amplification/overexpression having defined a genomic subtype
of breast cancer (31) and inspired a generation of HER2-targeted therapies
(224). However HER3 is emerging as a player of significant interest in the
breast cancer setting. When activated by a ligand, HER3 can heterodimerize
with the other three members of the EGFR family (EGFR/HER1,
ErbB2/HER2 and ErbB4/HER4), promoting phosphorylation on tyrosine
residues to activate pro-proliferative and anti-apoptotic signalling pathways
through mitogen-activated protein kinase (MAPK) and phosphatidylinositol
3-kinase (PI3K)/AKT(48, 225).
The structure of HER3 differs from that of other HER family members, in that
it lacks the intracellular protein kinase domain which is a defining feature of
EGFR, HER2 and HER4 (53). Accordingly HER3 requires interactions with
other HER family members in order to activate kinase-dependent
downstream effector signalling (51). Notwithstanding the lack of its own
intrinsic kinase function, HER3 is best-equipped among all the HER family
members to activate PI3K/AKT signalling, as it has the most tyrosine
residues on its C-terminal tail and therefore its heterodimerization with HER2
or HER1 has been shown to generate potent intracellular signals (49, 52).
Moreover, evidence has shown that HER2 overexpression alone is
insufficient to promote breast tumour cell division, and that HER3 is an
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essential partner of HER2 in activating downstream signalling pathways.
This has been supported by results showing that loss of HER3 in HER2positive breast cancer cells had similar effects to HER2 functional
inactivation in reducing cell proliferation. Moreover, HER1 or HER4 were not
able to replace HER3 in partnering with HER2 to drive cell proliferation in
several breast cancer cell lines tested (54).
In the context of breast cancer, overexpression of HER3 has been reported
in approximately 18% of patients, and is associated with poor prognosis and
reduced survival (66). In contrast to HER2, HER3 overexpression is more
likely to result from increased gene transcription than gene amplification
(226). Besides its high expression and association with the development of
breast cancer, which alone justifies the study of HER3 as an important
oncogenic molecule, HER3 has also been increasingly implicated in the
development of resistance to anti-HER2 therapy (227, 228). Reasonably,
since HER3 is frequently co-overexpressed with HER2 (229), compensatory
dimerization of HER3 with HER1 or HER4 in the setting of pharmacological
HER2 antagonism has received much attention.
At the moment there are no commercially-available cancer therapies which
exclusively target HER3. Although a number of drugs that target HER3 have
been developed and are being tested, its lack of intrinsic kinase activity
reduces the options for pharmacologically targeting HER3 with chemical
inhibitors. Therefore the main pre-clinical pipeline involves monoclonal
antibodies against HER3 (230). However, resistance to antibody therapies is
common. Thus, developing effective anti-tumour therapeutic strategies
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requires an understanding of how targeted treatments can be combined to
best interrupt survival signalling pathways (231), and would benefit from the
identification of new upstream regulators of key players involved.
As described in CHAPTER 1, junctional adhesion molecule-A (JAM-A) is
emerging as a protein of significant interest in cancer (129, 153, 157, 163).
Notwithstanding several important physiological roles for normal JAM-A
expression, we (153, 157) and others (158, 159, 161, 162, 165) have linked
high expression of JAM-A with aggressive disease and poor outcome in
patients with various solid tumours. In breast cancer cells we have
demonstrated that JAM-$ GLPHUL]DWLRQ VLJQDOOLQJ LQGXFHV H[SUHVVLRQ RIȕintegrin and promotes cellular migration (163). Others have demonstrated
that forced overexpression of a JAM-A-degrading micro-RNA, miR-145
(itself frequently downregulated or eliminated in breast cancer), reduces
breast

cancer

cell

motility

and

invasiveness

(164).

Importantly,

administration of an anti-JAM-A antibody has also been shown to
significantly inhibit tumour growth in a murine xenograft breast cancer model
(165). Furthermore, other in vivo experiments have shown that abrogation of
JAM-A

expression

induces

apoptosis

and

reduces

breast

cancer

progression, suggesting that JAM-A acts as a survival factor for mammary
carcinoma cells (158).
Foundation studies from our laboratory have reported correlations between
high JAM-A expression and HER2 protein levels in breast cell lines and
patient tissues, and provided evidence that JAM-A expression levels may
regulate those of HER2 in a uni-directional manner (157). CHAPTER 3 of
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this thesis built upon these observations to provide novel evidence that JAMA regulates HER2 expression at transcriptional level in a pathway involving
the transcription factor FOXA1. Given the potential for JAM-A to act as an
upstream regulator of HER2 expression, we questioned whether JAM-A
expression levels could also regulate those of HER3 and thereby influence
HER3 signalling through the PI3K and MAPK pathways.
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4.2 Aims of this chapter
The primary aim of this chapter was to elucidate whether JAM-A regulates
the expression of HER3 in breast cancer cells, and, if so, the mechanisms
involved in such regulation. This is important because JAM-A levels have
been shown to influence the expression of the HER3 binding partner HER2,
and the previous chapter (CHAPTER 3) demonstrated that this regulation is
at least partially at transcriptional level and through a pathway involving the
transcription factor FOXA1. The specific aims of this chapter thus were as
follows:
1) To determine whether expression of HER3 and JAM-A correlate in breast
cancer cells, and if their co-expression signifies poor prognosis in breast
cancer patients;
2) To determine if JAM-A regulates the expression of HER3 at
transcriptional level;
3) To elucidate potential players involved in the putative regulation of HER3
expression by JAM-A.
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4.3 Results

4.3.1

Overexpression

of

JAM-A

increases

mRNA

and

protein

expression of HER1 and HER3
In light of correlations between the expression of JAM-A and HER2 in breast
tumours, and their links to poor patient outcome (153, 157), we first set out
to investigate potential links between JAM-A and other HER family
members.
Using the MCF7 breast cancer cell line genetically-modified to overexpress
full-length JAM-A (MCF7-JAM+) as a presumptive model for JAMoverexpressing breast cancers, we compared basal mRNA expression
levels of JAM-A, HER1, HER2, HER3 and HER4 between it and wild type
MCF7 cells transfected with pcDNA3 empty vector as a control condition
(MCF7) (Figure 4. 1).
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Figure 4.1 JAM-A overexpression increases mRNA expression of HER1
and HER3 in breast cancer cells. 30,000 cells of empty vector-expressing
MCF7 (MCF7) cells and MCF7 cells overexpressing JAM-A (MCF7-JAM+)
were plated per well in 24-well plates and mRNA extracted at confluency for
qRT-PCR analysis of JAM-A, HER1, HER2, HER3 and HER4 expression.
Analysis revealed significant upregulation of HER1 and HER3 mRNA
expression in MCF7-JAM+ cells compared to MCF7 cells expressing only
empty vector. Experiments were performed three times and data represent
mean ± s.e.m, compared using two-WDLOHG HTXDO YDULDQFH6WXGHQW¶V W-tests,
** p<0.01, *** p<0.001.
Results revealed that the expression of JAM-A in MCF7-JAM+ cells was
twice that in empty vector-expressing MCF7 cells (p<0.01), and was
associated with increased mRNA expression of HER family members in
general. However, only mRNA expression of HER1 and HER3 were
significantly increased compared to basal expression in the MCF7 breast
cancer cell line (p<0.01 and p<0.001, respectively), while minor increases in
expression of HER2 and HER4 mRNA were not statistically significant.
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4.3.2 HER3 is overexpressed in two out of three cell lines tested
Having observed that HER1 and HER3 mRNA was increased in a JAM-Aoverexpressing breast cell line, we next compared the protein expression of
HER3 and HER1 among three cell lines (MCF7, SKBR3 and MDA-MB-231)
representing different molecular subtypes of breast cancer (Luminal A,
HER2 and triple negative, respectively) (166). As shown in Figure 4.2,
HER3 protein was highly expressed in two cell lines (MCF7 and SKBR3),
while HER1 expression was only high in MDA-MB-231 cells. Since JAM-A is
also expressed at low to undetectable levels in MDA-MB-231 cells (Figure
3.1), this argued against this cell line being a good model for our subsequent
studies.

Figure 4.2 HER3 protein is highly expressed in MCF7 and SKBR3 cells
while only HER1 is overexpressed in MDA-MB-231 cells. 150,000 cells of
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MCF7, SKBR3 and MDA-MB-231 breast cancer cell lines were plated per
well in 6-well plates and whole cell lysates prepared at confluency for
western blot analysis of the expression of HER1 and HER3 (A).
Densitometric analysis of HER1 protein expression (B) and HER3 protein
expression (C). Experiments were performed three times and data represent
mean ± s.e.m.

4.3.3 Concurrent JAM-A and HER3 overexpression are related to poor
prognosis in breast cancer patients
In light of findings that JAM-A overexpression increased HER3 mRNA
expression, and that HER3 is highly expressed in two of the three cell lines
tested, we next sought to confirm the potential value of HER3 and JAM-A as
cancer targets. To this end, gene expression of HER3 and JAM-A was
examined

in

the

cancer

microarray

database

Oncomine

(www.oncomine.org) (232). Results confirmed either JAM-A and HER3 were
significantly increased in the tissue of patients with invasive breast
carcinoma compared to normal breast tissue (p=1.05e-20 and p=6.63e-14
respectively; Figure 4.3 A/B).
Since it is not possible to analyse patient clinico-pathological parameters in
the Oncomine database, we complemented this work by using an online
Kaplan-Meier platform (www.kmplot.com) (191) to search for evidence of
cooperativity between JAM-A and HER3 gene expression in influencing
breast cancer patient prognosis. Microarray analysis of 1764 breast cancer
patients from the database revealed that patients with high co-expression of
JAM-A and HER3 mRNA were significantly more likely to develop disease
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recurrence compared with patients who had low co-expression of those
markers (p=0.00078) (Figure 4.3 C).
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Figure 4.3 JAM-A and HER3 overexpression are related to poorer
recurrence-free survival in breast cancer patients. ONCOMINE (232)
platform analysis of A) JAM-A gene expression and B) HER3 gene
expression in normal breast tissue compared to invasive breast carcinoma.
C) Kaplan-Meier (191) platform analysis of recurrence-free survival stratified
by high or low co-expression of JAM-A and HER3 in breast cancer patients.
High JAM-A and HER3 co-expression correlated with increased chance of
recurrence.

4.3.4 Overexpression of JAM-A increases protein expression of HER3
in breast cancer cell lines
Given that high JAM-A and HER3 gene co-expression was associated with
poor prognosis in breast cancer patients, and that overexpression of JAM-A
in breast cells drove high expression of HER3 at mRNA level, we next
investigated whether this correlation would hold at protein level.
In breast cancer cell lines overexpressing JAM-A (MCF7-JAM+, SKBR3JAM+ and MDA-MB-231-JAM+) versus empty vector controls (MCF7,
SKBR3 and MDA-MB-231), our results revealed that HER3 protein levels
were significantly higher in all cell lines induced to overexpress JAM-A
(Figure 4.4).
These findings collectively suggest that JAM-A and HER3 are co-regulated
in the cell lines tested, and provide the first suggestive evidence of a
transcriptional connection between the two molecules.
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Figure 4.4 JAM-A overexpression increases HER3 protein expression
in breast cancer cells. 150,000 cells of MCF7, SKBR3 or MDA-MB-231
breast cancer cells overexpressing JAM-A (JAM+) versus empty vector were
plated in 6-well plates and total protein extracted at confluency for analysis
by Western immunoblotting. Representative blot images and densitometric
analysis of JAM-A and HER3 bands normalised to actin revealed that
overexpression of JAM-A in A) MCF7-JAM+ cells, B) SKBR3-JAM+ cells
and C) MDA-MB-231-JAM+ cells was associated with upregulation of HER3
protein expression compared to control cells transfected with empty vector.
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Experiments were performed three times and data represent mean ± s.e.m,
compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, ** p<0.01, ***
p<0.001.

4.3.5 Silencing JAM-A reduces protein and mRNA expression of HER3
Since overexpression of JAM-A was sufficient to increase HER3 expression,
we next investigated if JAM-A gene silencing induced the opposite outcome
(Figure 4.5). Transfection of MCF7 (Figure 4.5 A), MCF7-JAM+ (Figure 4.5
B) and SKBR3 (Figure 4.5 C) breast cancer cells with a pool of two siRNAs
targeting JAM-A elicited significant reductions in JAM-A gene expression
after 72 hours as measured by qRT-PCR. Accordingly, mRNA levels of
HER3 were also significantly reduced in JAM-silenced cells compared to
control non-targeting siRNA conditions in all cell lines (p<0.05, p<0.001 and
p<0.01 respectively).
Furthermore, transient JAM-A gene silencing significantly reduced the
protein expression of HER3 in MCF7 (p<0.01; Figure 4.5 D), MCF7-JAM+
(p<0.01; Figure 4.5 E) and SKBR3 (p<0.001; Figure 4.5 F) cells compared
to negative control siRNA conditions.
The results reaffirm that JAM-A-dependent regulation of HER3 expression
occurs, at least partially, at transcriptional level.
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Figure 4.5 JAM-A gene silencing reduces HER3 mRNA and protein
expression. 150.000 MCF7, MCF7-JAM+ and SKBR3 cells were plated per
well in 6-well plates, transfected at 24 h with 25 nM of control siRNA (siNEG)
or JAM-A siRNA and harvested 72 h later for qRT-PCR and immunoblot
analysis. Results show qRT-PCR analysis of JAM-A and HER3 mRNA
expression after JAM-A silencing in A) MCF7, B) MCF7-JAM+ and C)
SKBR3 cells. Representative western blot images and densitometric
analysis are shown for HER3 and JAM-A protein bands normalised to actin
expression after JAM-A knockdown in D) MCF7, E) MCF7-JAM+ and F)
SKBR3 cells. Experiments were performed three times and data represent
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mean ± s.e.m, compared using two-WDLOHG HTXDO YDULDQFH6WXGHQW¶V W-tests,
*p<0,05, ** p<0.01, *** p<0.001.

4.3.6 JAM-A and HER3 gene silencing reduced levels of survival
effector

proteins

and

functional

behaviours

associated

with

tumourigenesis in breast cancer cells
To determine the cellular signalling consequences of expressional
alterations in JAM-A and HER3, we focused upon the HER family
downstream effectors AKT and ERK as representatives of the PI3K and
MAPK pathways (respectively). As demonstrated in Figure 4.6, JAM-A gene
silencing in both MCF7 (Figure 4.6 A) and MCF7-JAM+ (Figure 4.6 B) cells
significantly reduced the protein levels of active pAKT and pERK (relative to
total AKT and ERK respectively). HER3 gene silencing similarly elicited
statistically significant reductions in pAKT and pERK protein levels in MCF7
(Figure 4.6 C) and MCF7-JAM+ (Figure 4.6 D) cells.
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Figure 4.6 Silencing of JAM-A or HER3 reduces activation of AKT and
ERK. 150,000 MCF7 and MCF7-JAM+ cells were plated per well in 6-well
plates, transfected at 24 h with 25 nM control siRNA (siNEG) or siRNA
targeting JAM-A or HER3 and harvested at 72 h for immunoblotting.
Representative western blot images and densitometric analysis for pAKT
protein expression normalised to AKT expression, pERK expression
normalised to ERK expression and JAM-A normalised to actin expression in
MCF7

(A)

and

MCF7-JAM+

(B)

cells

after

JAM-A

knockdown.

Representative western blot images and densitometry analysis for pAKT
protein expression normalised to AKT expression, pERK expression
normalised to ERK expression and HER3 normalised to actin expression in
MCF7 (C) and MCF7-JAM+ (D) cells after HER3 knockdown. Experiments
were performed three times and data represent mean ± s.e.m, compared
using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, *p<0,05, ** p<0.01, ***
p<0.001.
Predictably, in light of noted reductions in pAKT and pERK levels, gene
silencing of either JAM-A or HER3 was also associated with cellular viability
deficits in MCF7, MCF7-JAM+ and SKBR3 breast cancer cells (p<0.01,
p<0.01 and p<0.001 respectively for JAM-A silencing; p<0.001, p<0.01 and
p<0.001 respectively for HER3 silencing; Figure 4.7 A). Interestingly,
viability reductions induced by JAM-A loss versus HER3 loss were
indistinguishable from each other, potentially suggesting that they may act in
a linear (rather than parallel) pathway in terms of cell proliferation. These
data also imply participation of HER3 in cell survival processes
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independently of HER2 status, since MCF7 and MCF7-JAM+ are considered
HER2-negative whilst SKBR3 cells express high levels of HER2.
Furthermore, knockdown of JAM-A or HER3 significantly reduced MCF7 cell
migration compared to control conditions (comparing wound closure after
8h; p<0.01 for JAM-A knockdown and p<0.001 for HER3 knockdown; Figure
4.7 B). Surprisingly, reductions in cell migration under HER3 knockdown
conditions significantly exceeded those under JAM-A knockdown conditions
(p<0.05).
In addition, knockdown of JAM-A or HER3 dramatically reduced colony
formation of MCF7 cells in a similar way, while knockdown of HER2 in those
cells was without effect on colony formation (Figure 4.7 C). This likely
reflects the fact that MCF7 cells only express low to undetectable levels of
HER2 protein.
All the knockdown experiments were performed using siRNA pools rather
than individual sequences (four non-targeting sequences for control siNEG,
two siRNAs targeting JAM-A, and four siRNA sequences each against
HER3 and HER2).
Some of the experiments from this chapter were repeated using individual
JAM-A siRNAs to confirm that results were independent of the siRNA
sequences used, and hence are not affected by what region of JAM-A
mRNA is being targeted by each sequence. These data are shown in
Appendix B ± Supplementary Figure 3.
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Figure 4.7 Silencing of JAM-A or HER3 reduces cell viability, migration
and colony formation in breast cancer cells. (A) Cell viability was
measured via Alamar Blue assays after 72 hours of knockdown using control
siNEG, JAM-A or HER3 siRNA (25 nM). (B) Representative images at time
zero and 8 hours migration; and analysis of cell migration of MCF7 cells
following 72 hours of knockdown using control siNEG, JAM-A and HER3
siRNA. (C) Colony formation assay at day 9 after treatment with siNEG
control, JAM, HER3 and HER2 siRNA. Experiments were performed three
times and data represent mean ± s.e.m, compared using two-tailed, equal
YDULDQFH6WXGHQW¶VW-tests, *p<0,05, ** p<0.01, *** p<0.001.

4.3.7 JAM-A knockdown reduces breast cancer cell proliferation in the
semi-in vivo chick embryo chorioallantoic membrane model
We next sought to test our hypothesis using a higher order model.
Commonly, mouse models are used for the in vivo assessment of potential
new therapeutic targets in breast cancer. However, animal models are costly
and

time

consuming.

Other

models, such

as the

chick embryo

chorioallantoic membrane (CAM) assay, are therefore an attractive
alternative. CAM assays have been widely used to study angiogenesis,
tumour invasion and metastasis of colorectal, prostate and brain cancers
(233-236). As JAM-blocking reagents produced in vitro results that could not
readily be explained (data not shown), we decided to use the more
controlled conditions of JAM-A siRNA to analyse the effects of JAM-A
manipulation in human breast cancer cells xenografted onto the chicken
CAM. The use of siRNA-transfected cells in CAM assays has previously
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been validated in studies of human glioblastoma (237) and human breast
cancer (238). For this reason, we implanted MCF7 cells in the CAM of 15
eggs and treated the xenografts with control siNEG (n=7) or JAM-A siRNA
(n=8) (Figure 4.8). After 6 days of incubation, the tumours were extracted
and prepared for immunohistochemical staining. The proliferation index was
compared by analysis of Ki67 status in 500 tumour cells per slide
(immunohistochemical data analysed by Dr. Hanne Jahns).

Figure 4.8 Illustrative images from tumours inside chick egg before
and after excision. Representative image from tumours of MCF7 cells
transfected with A) siNEG and B) siJAM.
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Results revealed that tumours treated with siJAM-A were grossly smaller
and had significantly more Ki67-negative cells than controls treated with
siNEG (Figure 4.9; p<0.05 by one-tailed equal variance unpaired 6WXGHQW¶V
t-tests). This result indicates that JAM-A knockdown is associated with a
likely reduction in proliferation within the tumour cells, and is consistent with
the in vitro data before. However, as the transfection was performed in situ
on tumour xenografts rather than in the cells prior to their implantation onto
the CAM, reductions in JAM-A expression under gene-silenced conditions
were much less than those attained in vitro (data not shown). Regardless, a
statistically significant lowering of the proliferative marker Ki67 even in the
face of sub-optimal silencing of JAM-A suggests promise for future
development of JAM-targeting strategies.

Figure 4.9 Proliferation is reduced in model xenografts treated with
JAM-A siRNA. 2 x 106 MCF7 cells were seeded on the chorioallantoic
membrane (CAM) of chick embryos. At 48 h and 96 h, xenografted tumours
172

were treated with control siRNA or a pool of JAM-A siRNA at a final
concentration of 25 nM. After 14 days, tumours and their surrounding CAM
were excised, fixed in 4% paraformaldehyde overnight, and paraffin
embedded for immunohistochemistry of the proliferation marker Ki67. A)
Representative image from high and low Ki67 staining. B) Ki67 status in
tumours treated with control siNEG and JAM-A siRNA (siJAM) revealed that
JAM-A silencing is associated with a higher percentage of Ki67-negative
cells relative to control (siNEG) conditions. Data represent mean ± s.e.m,
compared using one-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05.

Thus far, our results are consistent with a model in which loss of JAM-A and
HER3 are associated with reductions in AKT and ERK activation
(phosphorylation), consequently impairing the signalling responsible for
proliferation, migration and colony formation in breast cancer cells. In
association with results showing JAM-A-dependent regulation of HER3
expression, it is reasonable to propose that JAM-A expression influences
ERK/AKT pathways, at least in part through HER3 signalling. This
hypothesis has been summarised in Figure 4.10.
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Figure 4.10 Hypothesis that JAM-A transcriptionally regulates HER3
resulting in activation of AKT and ERK signalling pathways. Our results
thus far are consistent with a hypothesis that JAM-A expression positively
regulates that of HER3 at a transcriptional level, accordingly activating
PI3K/MAPK pathways which drive cell survival and proliferation.
Having provided experimental evidence that JAM-A regulates HER3
expression at a transcriptional level, we attempted to identify potential
mediators of crosstalk between them. In collaboration with Dr. Stephen
Madden (Data Science Centre, RCSI), weighted gene co-expression
network analysis (WGCNA) (239) was used to identify genes co-expressed
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with both JAM-A and HER3 across 2,342 breast cancer samples from 13
independent gene expression studies. However no candidates were
identified (data not shown). We therefore repeated the analysis to identify
genes co-expressed with HER3 only, which generated a list of >30
candidates (Table 4.1). Curiously, the gene encoding JAM-A protein (F11R)
was not among those identified in this list. Based on an analysis of the
literature we selected three candidates that were known either as
transcription factors or to be influenced by JAM-A expression (TJP3, GATA3 and FOXA1). TJP3 was subsequently excluded because its mRNA
expression was undetectable in the cell lines tested (data not shown), whilst
GATA-3 was excluded since its expression was unaffected by alterations in
JAM-A expression in the cell lines tested (Appendix B - Supplementary
Figure 2). However FOXA1 (formerly known as Hepatocyte nuclear factor
3a (HNF3a), a member of the Forkhead box (Fox) family of transcription
factors), was of interest in light of being a reported transcriptional regulator
of HER3 in breast cancer cell lines (196, 197).
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Table 4.1 Genes coexpressed with HER3 in breast cancer (list generated
by Dr. Stephen Madden)
DF
S
HR
1.0
4

6.53
E-01

0.52

0.8
7

8.93
E-02

GATA binding
protein 3

0.56

0.8
8

1.06
E-01

estrogen
receptor 1
forkhead box A1

0.51

GATA3

GATA binding
protein 3

0.55

0.8
8
0.8
3
0.8
8

1.29
E-01
2.61
E-02
1.30
E-01

79083

MLPH

melanophilin

0.58

771

CA12

carbonic
anhydrase XII

0.5

0.8
2
0.8
4

1.71
E-02
3.98
E-02

209604_s_
at

2625

GATA3

GATA binding
protein 3

0.55

0.9
1

2.28
E-01

200670_at

7494

XBP1

X-box binding
protein 1

0.52

0.8

7.47
E-03

220192_x_
at

25803

SPDEF

SAM pointed
domain
containing ets
transcription
factor

0.58

1.1

2.52
E-01

Entrez
ID

Gene
Symbol

202625_at

4067

LYN

v-yes-1
Yamaguchi
sarcoma viral
related
oncogene
homolog

-0.5

204508_s_
at

771

CA12

carbonic
anhydrase XII

209603_at

2625

GATA3

205225_at

2099

ESR1

204667_at

3169

FOXA1

209602_s_
at

2625

218211_s_
at
210735_s_
at

AffyID

Gene Title
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Correla
tion

0.59

Pvalue

DF
S
HR
0.9
8

7.97
E-01

0.52

1.1
1

1.92
E-01

SAM pointed
domain
containing ets
transcription
factor

0.53

1.1
3

1.38
E-01

SLC22A
5

solute carrier
family 22
(organic
cation/carnitine
transporter),
member 5

0.5

0.8
9

1.56
E-01

388

RHOB

ras homolog
family member B

0.52

0.8
7

9.15
E-02

212692_s_
at

987

LRBA

LPS-responsive
vesicle
trafficking, beach
and anchor
containing

0.52

0.8
8

1.07
E-01

205597_at

80736

SLC44A
4

solute carrier
family 44,
member 4

0.54

0.8
2

1.96
E-02

213627_at

10916

MAGED
2

melanoma
antigen family D,
2

0.5

1.0
1

9.16
E-01

Entrez
ID

Gene
Symbol

208682_s_
at

10916

MAGED
2

melanoma
antigen family D,
2

0.55

214404_x_
at

25803

SPDEF

SAM pointed
domain
containing ets
transcription
factor

213441_x_
at

25803

SPDEF

205074_at

6584

212099_at

AffyID

Gene Title
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Correla
tion

Pvalue

DF
S
HR
0.7
8

2.43
E-03

0.51

0.8
8

1.32
E-01

myosin VC

0.53

family with
sequence
similarity 174,
member B

0.51

0.8
5
0.8
2

5.25
E-02
1.76
E-02

0.7
9
0.9
4
1.1
3
0.8
6
0.9
3

4.32
E-03
4.72
E-01
1.37
E-01
7.16
E-02
4.10
E-01

0.9
3
0.9
7

4.10
E-01
6.93
E-01

1.0
3
0.9
4
0.9
9

7.42
E-01
4.25
E-01
8.81
E-01

0.9
9

8.71
E-01

Entrez
ID

Gene
Symbol

204798_at

4602

MYB

v-myb
myeloblastosis
viral oncogene
homolog (avian)

0.54

209623_at

64087

MCCC2

methylcrotonoylCoA carboxylase
2 (beta)

218966_at

55930

MYO5C

51158_at

400451

FAM174
B

221874_at

57535

0.53

212442_s_
at
201596_x_
at
211110_s_
at
35148_at

253782
3875

KIAA132 KIAA1324
4
CERS6
ceramide
synthase 6
KRT18
keratin 18

367

AR

0.51

27134

TJP3

androgen
receptor
tight junction
protein 3

204067_at

6821

SUOX

sulfite oxidase

0.54

212148_at

5087

PBX1

pre-B-cell
leukemia
homeobox 1

0.57

222212_s_
at
203962_s_
at
213412_at

29956

CERS2

0.51

10529

NEBL

ceramide
synthase 2
nebulette

27134

TJP3

tight junction
protein 3

0.54

212151_at

5087

PBX1

pre-B-cell
leukemia
homeobox 1

0.57

AffyID

Gene Title
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Correla
tion

0.51
0.62

0.55

0.5

Pvalue

DF
S
HR
1.0
9

2.76
E-01

0.53

0.9
1

2.53
E-01

0.53

1.0
1

9.47
E-01

Entrez
ID

Gene
Symbol

210239_at

10265

IRX5

iroquois
homeobox 5

0.52

211778_s_
at

58495

OVOL2

ovo-like 2
(Drosophila)

202525_at

5652

PRSS8

protease, serine,
8

AffyID

Gene Title

Correla
tion

Pvalue

4.3.8 JAM-A expression influences mRNA and protein expression of
FOXA1
In light of results presented in CHAPTER 3 where we proposed a
mechanism of JAM-A regulation of HER2 expression through FOXA1 in
HER2+ breast cell lines, it is interesting to note that an unbiased
bioinformatics search also identified FOXA1 as a gene co-expressed with
HER3. Added to reports showing that FOXA1 can regulate the transcription
of HER3 (196, 197) we next questioned if JAM-A would regulate the
expression of FOXA1 in HER3-positive/HER2-negative breast cell lines.
Firstly, JAM-A gene silencing significantly reduced the mRNA expression of
FOXA1 in MCF7 (Figure 4.11 A) and MCF7-JAM+ (Figure 4.11 B) cells.
JAM-A silencing correspondingly exerted statistically significant reductions in
FOXA1 protein expression in the same cell lines (Figure 4.11 C for MCF7
and Figure 4.11 D for MCF7-JAM+).
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Figure 4.11 JAM-A gene silencing reduces FOXA1 mRNA and protein
expression. 150,000 MCF7 and MCF7-JAM+ cells were plated per well in
6-well plates, transfected 24 h later with 25 nM control siRNA (siNEG) or
JAM-A siRNA and harvested 72 h later for qRT-PCR and immunoblot
analysis. Results show qRT-PCR analysis of FOXA1 mRNA expression after
JAM-A knockdown in A) MCF7 cells and B) MCF7-JAM+ cells.
Representative western blot images and densitometric analysis for FOXA1
protein normalised to actin expression after JAM-A knockdown in C) MCF7
and D) MCF7-JAM+ cells. Experiments were performed three times and
data represent mean ± s.e.m, compared using two-tailed, equal variance
6WXGHQW¶VW-tests, ** p<0.01, *** p<0.001.

Furthermore, FOXA1 was significantly upregulated at both mRNA and
protein level in MCF7 cells stably overexpressing JAM-A (Figure 4.12)
compared to MCF7 cells expressing the empty vector.
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Figure 4.12 JAM-A overexpression increases mRNA and protein
expression of FOXA1. 150,000 cells of MCF7 cells overexpressing empty
vector or JAM-A were plated per well in 6-well plates and RNA and protein
extracted at confluency for analysis by qRT-PCR and immunoblotting
respectively. (A) Analysis of MCF7-JAM+ cells by RT-qPCR revealed
significant upregulation of FOXA1 mRNA expression compared to that in
MCF7 cells expressing empty vector. B) Representative western blot images
and densitometric analysis of FOXA1 protein levels normalised to actin
revealed that overexpression of JAM-A in MCF7-JAM+ cells was associated
with upregulation of FOXA1 protein expression compared to MCF7 cells
transfected with empty vector. Experiments were performed three times and
data represent mean ± s.e.m, compared using two-tailed, equal variance
6WXGHQW¶VW-tests, *p<0.05, ** p<0.01.
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4.3.9 The transcription factor FOXA1 regulates HER3 mRNA and
protein expression
Having established JAM-A-dependent regulation of FOXA1 levels, we next
tested the capacity of FOXA1 to alter HER3 levels. Transient gene silencing
of FOXA1 with a pool of four siRNAs significantly reduced the mRNA
expression of HER3 in MCF7 (Figure 4.13 A), MCF7-JAM+ (Figure 4.13 B)
and SKBR3 (Figure 4.13 C) cells. FOXA1 silencing also significantly
reduced the protein expression of HER3 (but not JAM-A) in MCF7 (Figure
4.13 D), MCF7-JAM+ (Figure 4.13 E) and SKBR3 (Figure 4.13 F) cells.
Importantly, knockdown of FOXA1 was without effect on JAM-A expression
at either mRNA or protein level, consistent with the likelihood that this is a
unidirectional regulation.
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Figure 4.13 FOXA1 knockdown reduces HER3 mRNA and protein
expression, but does not influence JAM-A expression. 150,000 MCF7,
MCF7-JAM+ and SKBR3 cells were plated in 6-well plates, transfected 24 h
later with 25 nM control siRNA (siNEG) or a pool of four siRNAs targeting
FOXA1 and harvested 72 h later for qRT-PCR and immunoblot analysis.
Results show qRT-PCR analysis of HER3 and JAM-A mRNA expression
after FOXA1 knockdown in A) MCF7, B) MCF7-JAM+ and C) SKBR3 cells.
Representative western blot images and densitometric analysis for HER3
and JAM-A protein normalised to actin expression after FOXA1 knockdown
in D) MCF7, E) MCF7-JAM+ and F) SKBR3 cells. Experiments were
performed three times and data represent mean ± s.e.m, compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05, ** p<0.01, *** p<0.001.

Following this experimental confirmation that FOXA1 regulates HER3
expression in breast cancer cells, our collaborator Dr. Stephen Madden
carried

out

bioinformatic

analysis

using

data

from

the

ENCODE

(Encyclopaedia of DNA Elements) project (https://www.encodeproject.org/)
to identify putative FOXA1-binding regions in the proximal HER3 promoter of
breast cancer cells. Specifically, from CHIP-seq data the ENCODE project
identified two FOXA1 binding regions in the HER3 transcription start site
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(TSS) of T-47D breast cancer cells. However, a limitation of the CHIP-seq
approach is in its relative imprecision for this application, since the actual
binding sites for transcription factors (including FOXA1) are typically less
~20 bp in length. Therefore, to further localise the specific sequence targets
of FOXA1, Dr. Madden then searched the HER3 promoter regions for
putative FOXA1 transcription factor binding sites (TFBS) using information
from TRANSFAC (170) and the TFFIND search tool in the Piptools package
(171). This analysis yielded five putative FOXA1 binding sequences within
the HER3 gene as shown in Figure 4.14.

Figure 4.14 Bioinformatics analysis of putative FOXA1 binding sites in
the HER3 gene promoter.

Highlighted sequences of each motif

representing putative sequences of FOXA1 binding to HER3 promoter gene
were identified by bioinformatics analysis (in collaboration with Dr. Stephen
Madden, RCSI Data Science Centre).
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4.3.10 JAM-A gene silencing affects the ability of FOXA1 to bind to
sequences within the HER3 gene promoter
Protein-DNA binding assays were then used to determine if FOXA1 bound
to its predicted binding sites within the HER3 promoter sequences in our cell
line models (the ENCODE project used T-47D cells). Specifically,
oligonucleotide sequences were generated based on the prediction that they
contained TFBS sequences for FOXA1 and formed part of the FOXA1 target
regions from the ENCODE project. As shown in Figure 4.15 A, we identified
one region of the HER3 gene (represented as Oligo 1 ± ¶-AGAAATA
TTCACATTCTGAGAGAAATCCACCAAGTGAACCAACC-¶  WKDW VKRZHG
high FOXA1 binding activity from MCF7 cellular extracts compared to the
scrambled control (represented as Scramble Oligo 1 - ¶- GTCGG
AGGAGGAGGTTTCTGGTGAGGTGACGGTTGAATGT-¶ XVHG LQ RUGHU WR
show that binding activity is specific for the sequence represented by the
promoter of the HER3 gene). However, FOXA1 binding activity to a separate
oligonucleotide sequence representing another region of the HER3 gene
promoter, also recognized as a putative FOXA1 TFBS (represented as Oligo
2 ± ¶-GCTAGGGGAGTTGAGTGATTT GGTTAATGGGCGAGGCCA-¶ ,
was significantly lower compared to Oligo 1, so FOXA1 interactions with this
site could not be confirmed.
Importantly, we observed a proportional increase in FOXA1 binding activity
to the HER3 promoter sequence represented by Oligo 1 with increasing
concentrations of nuclear protein, supporting specific binding of the FOXA1
protein to this region of the HER3 gene promoter (Figure 4.15 B). The fact
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that one of the TFBS bioinformatically selected could not be confirmed
experimentally to support FOXA1 binding (Oligo 2 - Figure 4.15 A) can be
attributed to the fact that the TFBS were predicted using data from
TRANSFAC. This is a common problem with TFBS predictions, as the
experimentally-determined binding sites upon which these searches are
based are short and degenerate.

Figure 4.15 FOXA1 binds in a concentration-dependent manner to an
oligonucleotide sequence representing one of its putative binding sites
in the HER3 gene promoter. 150,000 MCF7 cells were plated per well in 6well plates, whereupon nuclear proteins were extracted at confluence and
subjected to protein-DNA binding assays using specific oligonucleotides
representing putative FOXA1 binding sites in the HER3 gene promoter. A)
Delta optical density (OD) results of the colorimetric measurement of the
nuclear protein binding activity to different regions of HER3 promoter gene
revealed that FOXA1 had high affinity binding only for Oligonucleotide 1. B)
Increasing concentrations of nuclear protein elicited proportional increases
in optical density values of FOXA1 binding to the selected region of the
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HER3 gene promoter. Experiments were performed three times and data
represent mean ± s.e.m. Results were compared using two-tailed, equal
YDULDQFH6WXGHQW¶VW-tests, *** p<0.001.

Having accumulated strong evidence for a pathway whereby JAM-A
regulates the expression of FOXA1 which in turn binds to the HER3 gene
promoter and upregulates HER3 transcription, we lastly wanted to verify that
JAM-A silencing would reduce the binding of FOXA1 to a sequence
representing its putative binding site in the HER3 gene promoter. To this
end, we extracted nuclear protein fractions from MCF7 cells transfected with
a pool of two siRNAs to JAM-A or control sequences (siNEG), and
proceeded with protein-DNA binding assays using the HER3 promoter
oligonucleotide sequence established to represent the FOXA1 binding site
(Oligo 1). As predicted, JAM-A silencing significantly reduced binding to this
putative FOXA1-binding site in the HER3 promoter sequence compared to
control conditions (Figure 4.16). This is consistent with the scenario that
reductions in FOXA1 expression secondary to JAM-A silencing have
reduced the amount of FOXA1 protein available to bind to the HER3 gene
promoter, which would reduce HER3 gene transcription and consequently its
protein expression. Taken together, these results suggest a novel model
whereby JAM-A regulates the expression of HER3 in breast cancer cells
(independent of HER2 expressional status) by first altering the expression of
the HER3 transcription factor FOXA1.
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Figure 4.16 JAM-A gene silencing reduces FOXA1 binding to the HER3
gene promoter. 150,000 MCF7 cells were plated per well in 6-well plates
and 24 hours later transfected with 25 nM of control siNEG or a pool of JAMA siRNA for 72 hours. Nuclear proteins were extracted and subjected to
protein-DNA binding assays using Oligonucleotide 1. Relative optical
densities revealed that FOXA1 binding to the HER3 gene promoter was
decreased

in

JAM-A

knockdown

compared

to

control

conditions.

Experiments were performed three times and data represent mean ± s.e.m,
compared using two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *** p<0.001.

4.3.11 HER3 gene silencing does not affect JAM-A or FOXA1
expression
Next, we sought to identify if there was reciprocal crosstalk between HER3
and JAM-A in the regulation of FOXA1 expression. To identify if HER3
expression regulated that of JAM-A and FOXA1, we transiently silenced
HER3 expression in MCF7 and MCF7-JAM+ cells using a pool of four siRNA
sequences. As demonstrated in Figure 4.17 A-D, HER3 knockdown did not
alter either mRNA or protein expression of JAM-A in MCF7 or MCF7-JAM+
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cells. Knockdown of HER3 also did not significantly affect FOXA1 mRNA or
protein expression (Figure 4.17 E-H). These results suggest that JAM-Adependent regulation of HER3 expression via FOXA1 is uni-directional.
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Figure 4.17 HER3 gene silencing does not affect JAM-A or FOXA1
expression. 150,000 MCF7 and MCF7-JAM+ cells were plated per well in
6-well plates and transfected 24 h later with 25 nM control siRNA (siNEG) or
HER3 Smartpool siRNA. After 72 h, RNA and protein were extracted for
qRT-PCR and immunoblot analysis. qRT-PCR analysis of JAM-A mRNA
expression after HER3 knockdown in MCF7 cells (A) and in MCF7-JAM+
cells (B). Representative western blot images and densitometric analysis for
JAM-A protein normalised to actin expression after HER3 knockdown in
MCF7 cells (C) and in MCF7-JAM+ cells (D). qRT-PCR analysis of FOXA1
mRNA expression after HER3 knockdown in MCF7 cells (E) and in MCF7JAM+ cells (F). Representative western blot images and densitometric
analysis for FOXA1 protein normalised to actin expression after HER3
knockdown in MCF7 cells (G) and in MCF7-JAM+ cells (H). Experiments
were performed three times and data represent mean ± s.e.m. Results were
compared using two-tailed, equal vDULDQFH6WXGHQW¶VW-tests, *** p<0.001.

4.3.12 JAM-A-dependent regulation of HER3 expression in MCF7 cells
LV(5Į-independent
MCF7 and MCF7--$0 FHOOV H[SUHVV 2HVWURJHQ 5HFHSWRU Į (5Į  DQG
SKBR3 cells expressed detectable levels of ERĮ Figure 4.18 A), as also
published by others (189, 190) despite original reports that SKBR3 cells are
(5Į-negative (166). Since ER expression and signalling is robustly
implicated in the development of breast cancer, we finally investigated
whether JAM-A-dependent regulation of HER3 was dependent upon the
SUHVHQFHRI(5Į
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To this end, we used a combination gene silencing approach for both JAM-A
DQG (5Į LQ RUGHU WR DQDO\VH LI +(5 SURWHLQ H[SUHVVLRQ ZDV GLIIHUHQWLDOO\
affected. Individual knockdown of JAM-$DQG(5ĮVLJQLILFDQWO\UHGXFHGWKH
expression of HER3, although to a greater extent in the siJAM-A condition.
The effect of combined siJAM-$ DQG VL(5Į VLOHQFLQJ on HER3 expression
was not statistically different from that observed with single knockdowns
(Figure 4.18 B). These results suggested that JAM-A regulation of HER3
expression does not dHSHQG RQ WKH H[SUHVVLRQ RI (5Į Interestingly,
knockdown of JAM-A DORQHVLJQLILFDQWO\UHGXFHG(5ĮH[SUHVVLRQZKLOH(5Į
gene silencing correspondingly reduced JAM-A expression, suggesting an
inter-regulation between the two molecules (which will not be further
explored in this thesis).

Figure 4.18 Combination silencing of JAM-$ DQG (5Į GRHV QRW
additively downregulate HER3 protein expression in comparison to
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single gene silencing. 150,000 MCF7 cells were plated per well in 6-well
plates and transfected 24 h later with 25 nM control siNEG, JAM-A siRNA,
(5ĮVL51$RUDFRPELQDWLRQRIWKHlatter two. Protein was extracted at 72 h
and analysed by Western immunoblotting. A) 5HSUHVHQWDWLYH EORW IRU (5Į
expression in untreated SKBR3 and MCF7 cells. B) Representative western
blot image and densitometric analysis for protein expression after JAM-A,
(5ĮDQG-$M-$(5ĮNQRFNGRZQLQ0&)FHOOV.
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4.4 Discussion
Several studies have investigated the association between JAM-A
expression and breast cancer. Although the main physiological function of
JAM-A in normal tissues is related to maintenance of cell-cell adhesion and
cell polarity, in the pathophysiological context of breast cancer, JAM-A has
been increasingly related to regulatory processes involving cell migration,
proliferation and apoptosis (158, 163, 165). Therefore it is likely that JAM-A
differentially regulates signalling in normal versus cancerous conditions. An
illustration of the point is that depletion of JAM-A in normal intestinal
epithelial cells reportedly increased AKT activity (201), whereas our results
in breast cancer cell lines have suggested that, in the pathophysiological
context, loss of JAM-A reduces pAKT, proliferation and cellular mechanisms
of survival. Another group has described a similar parallel relationship
between JAM-A levels and AKT activity/phosphorylation in nasopharyngeal
cancer (160). In this chapter, we have provided supportive evidence that
JAM-A positively regulates MAPK/AKT signalling, since gene silencing of
JAM-A and HER3 in breast cancer cell lines reduced phosphorylation of
AKT and ERK 1/2 and cell viability. These findings support our hypothesis
that JAM-A does not act only as an adhesion protein in physiological
settings, but likely also drives adhesion-independent survival signalling
within cells in pathophysiological settings.
We next tested whether JAM-A expression would influence proliferation in
breast cancer cells using a semi-in vivo approach by performing JAM-A
gene silencing in cells implanted on the chick embryo chorioallantoic

193

membrane (CAM), as previously demonstrated (238). Our results revealed
that, although levels of JAM-A were not consistently reduced, this was
sufficient to decrease levels of the proliferation marker Ki67 in cells treated
with JAM-A siRNA compared to controls. It is tempting to speculate that if
the knockdown was performed prior to cells being implanted on the CAM, it
would have produced even more significant results. It would be also
interesting to test other parameters such as invasion in this context using
different cell lines, since MCF7 cells have been reported not be invasive in
vitro (240, 241).
Having previously described a link between JAM-A expression and that of
the important breast cancer oncogene HER2 (153, 157), evidence provided
in the last chapter (CHAPTER 3) suggested one mechanism that could at
least partially explain this association. In in this chapter we provide the first
evidence of JAM-A also acting as an upstream regulator of HER3.
Specifically, we showed that overexpression of JAM-A upregulated HER3
mRNA and protein levels, whilst gene silencing of JAM-A reduced HER3
mRNA and protein expression. Although we cannot rule out concomitant
translational or post-translational regulation of HER3 by JAM-A, here we
provide novel evidence that at least a significant component of JAM-Adependent regulation of HER3 expression occurs at a transcriptional level.
In order to identify potential mechanisms of crosstalk between JAM-A and
HER3, we investigated genes that were co-expressed with HER3 using
weighted gene coexpression network analysis (WGCNA). This method
FRPSULVHV D SRZHUIXO µJXLOW-by-DVVRFLDWLRQ¶-based method to extract co-
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expressed groups of genes from large heterogeneous messenger RNA
expression data sets (239), and selected potential transcription factors that
are capable of regulating HER3 transcription process and being regulated by
JAM-A expression. Of greatest interest was FOXA1. Overexpression of
FOXA1 has been reported in prostate (242), oesophageal and lung (243)
cancer. In breast cancer, its overexpression has been shown to correlate
with specific subtypes such as the molecular apocrine (180) and luminal A
(244), and with cancer metastases that are resistant to endocrine therapy
(245). Collectively this suggests that FOXA1 may significantly contribute to
pro-tumorigenic phenotypes (246).
In mechanistic terms, FOXA1 has been described as a key transcription
factor that binds to the promoters of more than 100 genes which in turn
regulate many important cellular functions (222). One of the known targets
of FOXA1 is HER3 (196, 197). Studies have shown that FOXA1
predominantly binds to enhancer regions distal to transcriptional start sites
(219, 247). Other studies based upon ChIP-Seq and ChIP-PCR in breast
cancer cells have indicated that FOXA1 binds to the HER3 gene (196, 197).
Moreover, one study showed that FOXA1 knockdown reduced HER3 gene
expression in a panel of breast cancer cell lines (197), corroborating our
results that FOXA1 gene silencing reduced HER3 protein expression.
In our hands JAM-A gene silencing significantly reduced FOXA1 levels,
suggesting that JAM-A-dependent regulation of HER3 expression may occur
through FOXA1. In contrast, FOXA1 or HER3 silencing had no effect on
JAM-A expression, suggesting that JAM-A acts upstream of both FOXA1
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and HER3 and regulates their expression in a unidirectional manner. In
common with the previously described mechanism by which JAM-A
regulates the expression of HER2 (via FOXA1), this novel finding that JAMA similarly regulates HER3 expression suggests that there is a common
pathway involving JAM-A, FOXA1 and expression of the two HER family
members.
Our results also suggested that JAM-A regulation of HER3 expression is
LQGHSHQGHQW RI (5Į status. Interestingly, knockdown of JAM-A alone
VLJQLILFDQWO\ UHGXFHG (5Į H[SUHVVLRQ ZKLOH (5Į JHQH VLOHQFLQJ
correspondingly reduced JAM-A expression. JAM-$ UHJXODWLRQ RI (5Į KDV
been previously shown by another study in our laboratory (157). The results
of that study revealed that knockdown of JAM-$UHGXFHGH[SUHVVLRQRI(5Į
in the MCF7-HER2 cells, a MCF7 breast cancer cell line genetically modified
WR RYHUH[SUHVV +(5 +RZHYHU LQ WKH VDPH FHOO OLQH QHLWKHU (5Į JHQH
VLOHQFLQJQRUSKDUPDFRORJLFDOLQKLELWLRQRI(5ĮE\WDPR[LIHQDIIHFWHG-$0-A
H[SUHVVLRQ )XUWKHUPRUH FRPELQHG NQRFNGRZQ RI +(5DQG (5Į ZDV QRW
sufficient to reduce JAM-A expression in breast cells. These data suggest
that HER2 expression might promote changes in the interactions between
JAM-$DQG(5ĮWKDWDUHQRWUH-established even after HER2 antagonism or
abrogation. Moreover, the level of overexpression of HER2 in the MCF7HER2 cell line is supra-physiological, and, as such, the introduction of
experimental artefacts is always a risk. It would be interesting to repeat
WKRVHH[SHULPHQWVLQFHOOOLQHVZLWKFRPSOHWHO\QHJDWLYHH[SUHVVLRQRI(5Į
in order to further understand those differences.
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Thus, our findings may offer promise of a new approach to interfering with
pro-tumorigenic gene expression by targeting JAM-A, a protein which is
easily accessible because of its localization on the outer face of the cell
membrane. Of course it will be important to determine if gene-level
regulation of HER3 is reproduced when JAM-A is pharmacologically rather
than genetically targeted, but unpublished evidence from our laboratory
suggests promising capabilities of a JAM-A-degrading drug in regulating
expression of multiple receptor tyrosine kinases (SH Vellanki, personal
communication).
In the clinical context, JAM-A-dependent regulation of FOXA1 may have
further importance because of links between the latter and endocrine
resistance. FOXA1 overexpression has also been correlated with endocrine
resistance by virtue of its capacity to trigger oncogenic gene signatures and
pro-resistance proteomic profiles (248). If pharmacological inhibition of JAMA could reproduce the effects of JAM-A gene silencing, it would be exciting
to test whether targeting JAM-A could overcome endocrine resistance by
acting as an upstream suppressor of FOXA1 expression in endocrineresistant breast cancers with high expression of FOXA1. However, one
study analysing a large population-based cohort has defined FOXA1 as a
significant marker of good prognosis in breast cancer patients due to its
negative association with tumour size, tumour grade, nodal status, Ki67,
HER2 expression and basal subtype (249). Another has correlated FOXA1
expression with good patient prognosis in ER+ breast cancer (244).
Therefore many questions remain to be answered about the contribution of
FOXA1 to cancer, and it is possible that precision medicine approaches will
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reveal differences in its druggability depending on which other players
contribute to its function in various types of breast cancer.
Similarly to the involvement of FOXA1 in endocrine resistance, HER3
expression has also been reported to play an important role in resistance to
anti-HER2 therapies. Co-expression of HER2 and HER3 has been
commonly reported as a sign of poor patient prognosis (229). Moreover,
HER3 upregulation after HER2 inhibition has been shown to re-establish
tumorigenic signalling via the PI3K pathway (227). Since direct anti-HER3
therapeutic options are limited (because of its lack of a tyrosine kinase
domain), we suggest that JAM-A merits investigation as a novel and
valuable upstream regulator to reduce compensatory HER3 expression /
signalling in cancer patients resistant to HER2-targeted therapies.
In conclusion, our results suggest that JAM-A merits further mechanistic
investigation as an anti-cancer drug target as it has been shown to control
the expression of important molecules involved in mechanisms of cell
survival and proliferation. The novel pathway described in this chapter,
involving JAM-A-dependent regulation of HER3 by modulating FOXA1
expression, has potential value in a large number of breast cancer subtypes
LI LW LV LQGHHG YHULILHG WR EH LQGHSHQGHQW RI (5Į RU +(5 VWDWXV ,W LV DOVR
intriguing to speculate that JAM-A antagonism would offer promise in
overcoming resistance to HER2-targeted therapies. Regardless, despite
promising progress from this chapter in understanding the mechanisms by
which JAM-A regulates expression of HER family members, gaps remain to
be filled. This leads us to the aims of the next chapter of this thesis ± to
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elucidate potential mechanisms by which JAM-A influences the expression
of FOXA1, and to confirm its clinical significance in translational studies.
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CHAPTER

5:

Mechanism

of

JAM-A-dependent

regulation of FOXA1 in breast cancer cells
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5.1 Introduction
Results from CHAPTER 3 and CHAPTER 4 successfully connected JAM-A
expression to that of FOXA1 and HER2/HER3 in breast cancer cells.
Specifically, our data revealed how JAM-A expression had a parallel
influence on that of FOXA1, accordingly altering the capacity of FOXA1 to
bind to transcriptional start sites in the HER2 and HER3 gene promoter
regions. Interestingly, JAM-A regulation of FOXA1 was shown to be, at least
partially, at transcriptional level. There is currently no published evidence
that connects FOXA1 and JAM-A. As JAM-A is a membrane protein (151)
while FOXA1 is principally a nuclear protein (222), it is unlikely they would
directly interact or that JAM-A could directly interfere with FOXA1-mediated
transcription. In this chapter, we therefore set out to probe potential
mechanisms linking both proteins.
To our knowledge, the work until this point represents the first demonstration
that JAM-A can regulate the expression of a transcription factor. There is
however a precedent for at least one other tight junction protein acting in this
fashion. Specifically, a study has shown that Claudin-1 regulates the
expression of E-cadherin by regulating the transcription repressor ZEB1.
Furthermore, the regulation of ZEB1 by Claudin-1 has been shown to be
dependent on activation of the Wingless±Int (Wnt)/ȕ-catenin signalling
pathway (220). Given that both JAM-A and Claudin-1 are transmembrane
tight junction proteins, it is possible that they share common pathways in
regulating transcription factor expression or function. The next section will
therefore describe known mechanisms associated with Wnt signalling.
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Wnts are secreted glycoproteins that comprise a large family of nineteen
members in humans. Wnt signalling is one of the fundamental mechanisms
directing cell proliferation, cell polarity and cell fate determination. It is
present from embryonic development to terminally-differentiated tissue
homeostasis, and dysregulation of Wnt signalling has been associated with
a series of diseases including congenital malformations, diabetes and
cancer (250). In brief, three distinct pathways have been characterized for
Wnt signalling: the canonical Wnt pathway, the non-canonical planar cell
polarity pathway, and the non-canonical Wnt/calcium pathway (251). The
canonical pathway was the first to be identified, and its hallmark is the
accumulation and nuclear translocation of the adherens junction associatedproWHLQ ȕ-catenin. This happens when a complex of Wnt proteins acts to
disrupt

the

ȕ-catenin

destruction

complex,

which

includes

Axin,

adenomatosis polyposis coli (APC), protein phosphatase 2A (PP2A),
glycogen synthase kinase-3 (GSK3) and casein kinase - &.Į . ȕ-catenin
accumulation and translocation from the membrane/cytoplasm into the
nucleus then ensues (252), where it acts to stimulate cell proliferation that is
presumed to repair a defective endothelial or epithelial barrier. The noncanonical planar cell polarity pathway is defined by regulation of the actin
cytoskeleton, polarization of cell structures and the initiation of directional
migration. This pathway is independent of ȕ-catenin and does not involve
gene transcription (253). The non-canonical Wnt/calcium pathway also does
QRW LQYROYH ȕ-catenin or direct transcriptional regulation, rather regulating
calcium release from the endoplasmic reticulum (ER) in order to control
intracellular calcium levels and cellular signalling events (254).
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As our studies to date have implicated JAM-A as a potential transcriptional
level regulator of FOXA1, it would make sense to focus on the canonical
Wnt pathway. Mechanisms involved in ȕ-catenin activation of transcription
will thus be described in the upcoming paragraphs.
ȕ-catenin is a multi-tasking and evolutionarily-conserved molecule which
exerts crucial roles in a multitude of developmental and homeostatic
processes. There are generally two pools oIȕ-catenin in cells, one tethered
at the membrane and RQH ³IUHH´ LQ WKH F\WRVROQXFOHXV. 0HPEUDQRXV ȕcatenin is tightly associated with cadherins at cell-cell junctions; where it
controls E-cadherin-mediated cell adhesion at the plasma membrane and
links adherens junction proteins with the actin cytoskeleton (255). The extramembranous pool RI ȕ-catenin is involved in gene transcription regulation,
when it makes its way to the nucleus.
7KH ȕ-catenin gene (CTNNB1) is continuously transcribed in most cells. In
order to keep its cytosolic protein concentration low and thereby limit its
WUDQVORFDWLRQWRWKHQXFOHXVȕ-catenin is also continuously degraded (256).
This process is executed through a multi-SURWHLQ FRPSOH[ WHUPHG WKH ȕcatenin destruction complex, anchored by Axin1/2 and APC. This complex is
phosphorylated by casein kinase 1-alpha (&.Į) at Ser45, which in turn
primes glycogen synthase kinase-3 (GSK3) SKRVSKRU\ODWLRQRIȕ-catenin on
the more N-WHUPLQDO 7KU 6HU DQG 6HU UHVLGXHV 3KRVSKRU\ODWHG ȕcatenin is ubiquitinated by the F-box-FRQWDLQLQJSURWHLQȕ-TrCP ubiquitin E3
ligase, and finally degraded by the proteasome (257).
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When Wnt proteins are secreted and bind to the N-terminal extracellular
cysteine-rich domain of the Frizzled (Fz) receptor family and low-densitylipoprotein-related protein 5/6 (LRP5/6), they activate the canonical Wnt
pathway and trigger a series of reactions resulting in dissociation of the ȕcatenin inhibitory complex, promoting its accumulation in the cytoplasm and
its translocation to the nucleus (251). There is no consensus on the
PHFKDQLVP E\ ZKLFK ȕ-catenin travels between the cytoplasm and the
nucleus. Two proteins, T-cell factor/lymphoid enhancer factor (TCF/LEF)
DQG3\JRSXVDUHSURSRVHGWRDQFKRUȕ-FDWHQLQLQWKHQXFOHXVDOWKRXJKȕcatenin can still localize to the nucleus in the absence of either protein (258).
Once in the nucleus, ȕ-catenin has been shown to act as a potent
transcriptional activator of reporter gene constructs containing the DNA
element recognized by proteins of the TCF/LEF family (259). The
association of ȕ-catenin with these transcription factors has been
extensively studied in view of their importance in embryonic development
and in pathologies including cancer. However, there are also other
transcription factors known to ELQG ȕ-catenin and activate transcription.
These include type I and type II nuclear receptors, several members of the
SOX family, FOXO proteins, the homeodomain proteins Prop1 and PitX2,
hypoxia-LQGXFLEOH IDFWRU Į +,)Į  DQG WKH basic helix-loop-helix (bHLH)
protein MyoD (260).
Interestingly, one study reported that ȕ-catenin interacts with SOX17 in the
nucleus of human colorectal cancer cells, cooperatively inducing the
transcription of hepatocyte nuclear factor 1 homeobox beta (HNFȕ),
endodermin (Edd), FOXA1 and FOXA2 genes (261).
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Regarding potential connections between ȕ-catenin and JAM-A, one study
has reported that JAM-A could be involved in the regulation of ȕ-catenin
activation through AKT phosphorylation (201). However this report
suggested an inverse relationship between JAM-A levels and AKT
phosphorylation (201), whereas our findings (CHAPTER 4) and those of
others (160) have shown a direct relationship. Since the Nava et al. study
was carried out in normal intestinal epithelial cells whereas the opposing
findings were from breast (CHAPTER 4) or nasopharyngeal (160) carcinoma
cells, it is possible that this regulation could have different outcomes in
physiological

versus

pathophysiological

settings.

This

chapter

will

investigate the potential role of ȕ-catenin as an intermediate in JAM-Adependent regulation of FOXA1 and HER3/HER2 expression in breast
cancer settings.
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5.2 Aims of this chapter
The primary aim of this chapter is to investigate the mechanism by which
JAM-A regulates the transcription of FOXA1 in breast cancer settings.
The specific aims were as follows:
  7R WHVW ZKHWKHU ȕ-catenin is associated with FOXA1 transcription in
breast cancer cells, and if/how JAM-$UHJXODWHVWKHDFWLYDWLRQRIȕ-catenin in
those cells;
2) To investigate potential correlations between JAM-A, ȕ-catenin, FOXA1
and HER3 expression in tissue samples from breast cancer patients;
3) To begin investigating the druggability of JAM-A in breast cancer cells.
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5.3 Results
5.3.1 FOXA1 and JAM-A do not co-localize in breast cancer cells
To begin investigating potential links between JAM-A and FOXA1, we
analysed the localization of both proteins in MCF7 breast cancer cells by
confocal immunofluorescence microscopy. As shown in Figure 5.1, JAM-A
staining was mostly membranous, while FOXA1 was mainly detected in the
nuclei. These results supported our assumption that JAM-A-dependent
regulation of FOXA1 was unlikely to involve their direct physical contact.
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Figure 5.1 JAM-A and FOXA1 localize to separate compartments of
breast cancer cells. MCF7 cells were plated at 30,000 cells per well on
glass

coverslips

in

24-well

plates

and

subjected

to

double

immunofluorescence labelling for JAM-A and FOXA1, with a counter-stain of
DAPI (blue) to highlight the nuclei. Confocal microscopy for JAM-A (green)
and FOXA1 (red) revealed no spatial overlap of these proteins within the
cells. A representative image for results observed in three independent
experiments is shown.

5.3.2 JAM-A expression does not change SOX17 nuclear localization
$VSUHYLRXVO\GHVFULEHG62;DVVRFLDWHGZLWKȕ-catenin has been shown
to regulate the transcription of FOXA1 in endodermal cells and human
colorectal cancer cells (261). In order to test if JAM-A-dependent
transcriptional regulation of FOXA1 involved SOX17, we analysed whether
changes in JAM-A expression would affect the levels of nuclear SOX17 in
breast cancer cells.
To

this

end,

we

compared

nuclear

SOX17

expression

in

cells

overexpressing JAM-A versus empty vector controls. MCF7 and SKBR3
cells were selected for this analysis because JAM-A overexpression of in
these cells had already been shown to significantly correlate with increased
FOXA1 and HER3 expression (CHAPTER 4).
Results revealed that overexpression of JAM-A did not alter SOX17
abundance in the nuclear fraction of MCF7-JAM+ or SKBR3-JAM+ cells
compared to empty vector controls (Figure 5.2). This suggested that JAM-A
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was unlikely to regulate transcription of FOXA1 through WKH 62;ȕcatenin pathway by direct alteration of SOX17 expression or localization.

Figure 5.2 JAM-A overexpression does not change nuclear SOX17
levels. 150,000 cells overexpressing either JAM-A or empty vector were
plated per well in 6-well plates and nuclear extracts prepared at confluency
for analysis by Western immunoblotting. Western blots and densitometric
analysis showed no changes in SOX17 levels in the nuclear fraction of either
A) MCF7-JAM+ or B) SKBR3-JAM+ cells compared to empty vector
controls. Experiments were performed three times and data represent mean
± s.e.m, compared using two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests.
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5.3.3

ȕ-catenin

gene

silencing

downregulates

FOXA1

mRNA

expression
As altering JAM-A expression did not affect the nuclear levels of SOX17, we
next focussed on ȕ-catenin. To first interrogate its importance in FOXA1
transcription, we used a pool of siRNA targeting ȕ-catenin and analysed
FOXA1 mRNA expression by qRT-PCR. Results confirmed that ȕ-catenin
silencing significantly reduced FOXA1 gene expression in all cell lines tested
(MCF7 and MCF7-HER2 p<0.001; SKBR3 p<0.01), compared to control
siNEG conditions (Figure 5.3). These results confirm previously published
data affirming that ȕ-catenin is an activator of FOXA1 transcription (261).

Figure 5.3 ȕ-catenin knockdown reduces FOXA1 mRNA expression.
150,000 MCF7, MCF7-HER2 and SKBR3 cells were plated per well in 6-well
plates, transfected 24 h later with 25 nM control siRNA (siNEG) or ȕ-catenin
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siRNA and harvested 72 h later for qRT-3&5 DQDO\VLV 5HVXOWV VKRZ ȕFDWHQLQDQG)2;$P51$H[SUHVVLRQDIWHUȕ-catenin silencing in A) MCF7,
B) MCF7-HER2 and C) SKBR3 cells. FOXA1 mRNA expression was
UHGXFHGLQDOOFHOOOLQHVIROORZLQJNQRFNGRZQRIȕ-catenin. Experiments were
performed three times and data represent mean ± s.e.m, compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, ** p<0.01, *** p<0.001.

5.3.4 JAM-A knockdown increases cytosolic and membranous ȕcatenin in breast cancer cells
Having confirmed that ȕ-catenin regulates FOXA1 transcription, we next
sought to investigate whether JAM-A levels could regulate ȕ-catenin
expression and thereby explain reductions in FOXA1 mRNA expression
downstream of JAM-A knockdown (Figures 3.21 and 4.9). To this end,
JAM-A was transiently silenced in breast cell lines and ȕ-catenin protein
expression analysed by immunofluorescence microscopy.
Surprisingly, results revealed an increase in ȕ-catenin expression in MCF7
cells following JAM-A silencing, compared to cells transfected with control
siNEG (Figure 5.4). Interestingly, however, ȕ-catenin in JAM-knockdown
cells was mostly localized in non-nuclear compartments, principally in the
cell membrane.
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Figure

5.4 JAM-$ JHQH VLOHQFLQJ LQFUHDVHV ȕ-catenin

protein

expression in cytosolic and membranous locations of breast cancer
cells. MCF7 cells were plated at 30,000 cells per well on glass coverslips in
24-well plates and transfected the following day with 25 nM of control siRNA
(siNEG) or a pool of JAM-A siRNA (siJAM). 72 h later, cells were subjected
to double immunofluorescence labelling for JAM-A (green) DQG ȕ-catenin
(red), with a counter-stain of DAPI (blue) to highlight the nuclei. Images were
acquired on an epifluorescence microscope at identical exposure settings
per channel between test and control conditions. JAM-A knockdown
increased the membranous and cytoplasmic (but not nuclear) LQWHQVLW\RIȕcatenin protein staining in MCF7 cells. A representative image of results
observed in three independent experiments is shown.

As the observed increase in ȕ-catenin staining intensity following JAM-A
knockdown was predominantly in non-nuclear cellular compartments, where
it would be incapable of directly activating FOXA1 transcription, we next
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adopted a biochemical subcellular fractionation approach to test if ȕ-catenin
localization could be altered by manipulating JAM-A levels.

5.3.5 JAM-A gene silencing reduces nuclear ȕ-catenin and increases
non-nuclear ȕ-catenin protein expression in breast cancer cells
Non-nuclear and nuclear protein extracts prepared from MCF7, MCF7HER2 and SKBR3 cells after transfection with control siNEG and a pool of
JAM-A siRNA were analysed by western blotting.
As predicted from the immunofluorescence co-localisation analysis, ȕcatenin expression in non-nuclear cellular fractions was significantly
increased in all three cell lines (MCF7 p<0.01, MCF7-HER2 p<0.001 and
SKBR3 p<0.05) following JAM-A gene silencing compared to control siNEG
conditions (Figure 5.5 A-C).
Importantly, however, JAM-A knockdown significantly reduced ȕ-catenin
abundance in nuclear fractions compared to control conditions in all cell
lines tested (MCF7 p<0.05, MCF7-HER2 p<0.001 and SKBR3 p<0.001)
(Figure 5.5 D-F). This suggests that JAM-A expression influences ȕ-catenin
translocation to the nucleus of breast cancer cells.
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Figure 5.5 JAM-A gene silencing reduces nuclear levels and increases
non-nuclear levels RIȕ-catenin protein. 150,000 MCF7, MCF7-HER2 and
SKBR3 cells were plated in 6-well plates and transfected 24 h later with 25
nM of control siRNA (siNEG) or a pool of JAM-A siRNA (siJAM). 72 h later,
non-nuclear/nuclear

protein

fractions

were

prepared

for

Western

immunoblotting. Representative western blot images and densitometric
analysis of non-nuclear JAM-$DQGȕ-catenin protein expression normalised
to actin after JAM-A knockdown in A) MCF7, B) MCF7-HER2 and C) SKBR3
FHOOV DQG QXFOHDU ȕ-catenin protein expression normalised to Lamin A/C
after JAM-A knockdown in D) MCF7, E) MCF7-HER2 and F) SKBR3 cells.
Recovery of ȕ-catenin in non-nuclear fractions was increased in all cell lines
following JAM-A knockdown compared to control siNEG conditions, whilst its
recovery in nuclear fractions was decreased in all cell lines following JAM-A
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knockdown compared to control conditions. Experiments were performed
three times and data represent mean ± s.e.m, compared using two-tailed,
HTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05, ** p<0.01, *** p<0.001.

5.3.6 JAM-A overexpression increases ȕ-catenin protein recovery in
nuclear and non-nuclear compartments of breast cancer cells
As JAM-A gene silencing decreased the recovery of ȕ-catenin in nuclear
fractions of breast cancer cells whilst increasing its recovery in non-nuclear
fractions; we next tested whether overexpression of JAM-A in breast cancer
cells would induce the converse.
Accordingly, ȕ-catenin recovery in non-nuclear and nuclear fractions of cells
was

compared

by

western

blotting

in

MCF7

and

SKBR3

cells

overexpressing JAM-A, versus control cells overexpressing empty vector. In
direct correlation with JAM-A knockdown experiments (Figure 5.5), there
was a significant increase in nuclear ȕ-catenin levels in MCF7-JAM+ and
SKBR3-JAM+ cells compared to empty vector control cells (p<0.001 and
p<0.05,

respectively)

(Figure

5.6

A-B).

Unexpectedly,

JAM-A

overexpression also significantly increased ȕ-catenin recovery from nonnuclear fractions in both MCF7-JAM+ and SKBR3-JAM+ cells (p<0.01)
compared to control cells (Figure 5.6 C-D).
Collectively these findings support our hypothesis that nuclear ȕ-catenin
abundance is affected by JAM-A expression, which in turn would influence
FOXA1 transcription and drive changes in HER3 and HER2 expression. One
anomaly however was that the non-nuclear levels of ȕ-catenin went up
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whether JAM-A was silenced or overexpressed. Although longer-term
investigations would be necessary to understand this, we speculate that
JAM-A could influence ȕ-catenin expression/localization in different ways.
Specifically, in the gene silencing scenario, ȕ-catenin recruitment to the cell
membrane may be required to compensate for compromised cell
adhesion/barrier function downstream of JAM-A loss. In the overexpression
scenario, the ability of JAM-A to increase total expression of ȕ-catenin may
just dictate that more protein is available in both non-nuclear and nuclear
compartments of the cells (without necessarily having a stoichiometric
binding relationship at the cell membrane).
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Figure 5.6 JAM-A overexpression increases nuclear and non-QXFOHDUȕcatenin expression in breast cancer cells. 150,000 cells of MCF7 or
SKBR3 cells overexpressing JAM-A versus empty vector were plated in 6well plates and non-nuclear or nuclear proteins extracted at confluency for
analysis of JAM-$ DQG ȕ-catenin expression by Western immunoblotting.
5HSUHVHQWDWLYHZHVWHUQEORWLPDJHVDQGGHQVLWRPHWULFDQDO\VLVRIQXFOHDUȕcatenin protein expression normalised to Lamin A/C in A) MCF7 empty
vector controls versus JAM-A-overexpressing cells and B) SKBR3 empty
vector controls versus JAM-A-overexpressing cells; and non-QXFOHDU ȕcatenin protein expression normalised to actin in C) MCF7 empty vector
controls versus JAM-A-overexpressing cells and D) SKBR3 empty vector
controls versus JAM-A-overexpressing cells. Experiments were performed
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three times and data represent mean ± s.e.m, compared using two-tailed,
HTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05, ** p<0.01, *** p<0.001.

5.3.7 Changes in ȕ-catenin expression after JAM-A gene silencing are
upstream of alterations in FOXA1 or HER3 expression
We next sought to establish the sequence of events from JAM-A knockdown
to observed reductions in HER family gene/protein expression, in order to
test our proposed mechanism involving regulation by FOXA1 and ȕ-catenin.
Accordingly, we transiently silenced JAM-A expression in MCF7 cells using
an siRNA pool and analysed the protein expression of HER3, FOXA1 and ȕcatenin after 24 h and 96 h. By 24 h, JAM-A expression had already gone
down by approximately 55% in test versus control conditions (Figure 5.7).
Results also showed that ȕ-catenin expression was significantly increased at
24h following JAM-A knockdown (p<0.01), while no changes in either
FOXA1 or HER3 expression were observed at this time point. After 96 h
gene silencing, JAM-A expression was reduced by approximately 95%
compared to control (siNEG) conditions. At the same timepoint, ȕ-catenin
levels were similar to those observed at 24 h (~50% increase at 24 h versus
~60% increase at 96 h). Importantly, however, HER3 and FOXA1 protein
levels were significantly reduced (p<0.01 and p<0.001, respectively) at the
later timepoint (Figure 5.7).
Incidentally, increased expression of ȕ-catenin and reduced expression of
FOXA1 and HER3 after 96 h of JAM-A knockdown are consistent with
results previously shown after 72 h of gene silencing (Figures 5.5, 4.9 and
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4.5). The same experiments were also performed at 48 h, but changes were
identical to those observed at 24 h (data not shown). Taken together, these
results suggest that the first protein in the pathway to be affected by altered
JAM-A expression is ȕ-catenin, and that the effect persists over a number of
days. The downstream effects of these alterations include expressional
changes in FOXA1 and HER3, detectable at 72 h and persisting until at least
96 h.
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Figure 5.7 ȕ-catenin is the first protein to be affected by JAM-A
knockdown. 150,000 MCF7 cells were plated per well in 6-well plates and
transfected 24 h later with 25 nM of siNEG control siRNA or a pool of JAM-A
siRNA. Protein was extracted after 24 h or 96 h and analysed by Western
immunoblotting. Representative western blot images and densitometric
DQDO\VLV RI WKH UHVXOWV DUH VKRZQ 5HVXOWV UHYHDOHG WKDW ȕ-catenin protein
expression was similarly increased following 24 h or 96 h JAM-A
knockdown, while HER3 and FOXA1 protein expression was decreased only
by 96 h. Experiments were performed three times and data represent mean
± s.e.m, compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, **
p<0.01, *** p<0.001.

Thus far, our results have supported the hypothesis that JAM-A regulates
the expression of HER family members (HER2 and HER3) by influencing the
expression of FOXA1 and ȕ-catenin. Specifically, this thesis has shown that
overexpression of JAM-A increases nuclear ȕ-catenin levels in the breast
cancer cell lines tested. More ȕ-catenin in the nuclei drives increased
FOXA1 transcription, and hence more FOXA1 protein is available to activate
transcription of HER2 and HER3. This ultimately results in upregulation of
HER2 and HER3 protein expression. JAM-A knockdown experiments
reinforced our assumptions by confirming the converse effect of that found in
the JAM-A overexpression setting. Figure 5.8 shows a hypothetical model of
how JAM-A influences HER3 expression by the suggested mechanism in
the two conditions studied (JAM-A overexpression and knockdown). The
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same mechanism can also be extrapolated to JAM-A regulation of HER2
expression.

Figure 5.8 Proposed mechanism of JAM-A-dependent regulation of
HER3 expression. A) JAM-A overexpression and B) JAM-A knockdown
influence ȕ-catenin presence in the nucleus of the cells, affecting FOXA1
transcription and lastly HER3 expression.
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5.3.8 Analysis of the proposed pathway in a patient tissue microarray
of invasive breast cancer specimens
A tissue microarray (TMA) composed of duplicate cores from 144 patients
with invasive breast cancer was analysed for JAM-A expression. Table 5.1
depicts the clinical and pathological characteristics for each patient. Patients
ZHUHVWUDWLILHGDFFRUGLQJWRDJH RU!\HDUVROG WXPRXUVL]H RU
>20 mm), tumour grade (1 = well-differentiated, 2 = moderatelydifferentiated, 3 = poorly-differentiated), molecular subtype (Luminal A,
Luminal B, HER2+ and Triple Negative), and expression of Oestrogen
Receptor, Progesterone Receptor and HER2. Other parameters such as
menopausal

status,

heredity,

histological

subtype,

radiotherapy,

chemotherapy, endocrine therapy status and Ki67 expression were also
analysed and are presented in Appendix B - Supplementary Table 1.
From 144 patients, almost 90% were older than 50 years (n=124), with a
median age of 64.5 years (minimum 34 and maximum 97 years). Tumour
VL]HZDVHTXDOO\GLVWULEXWHGEHWZHHQSDWLHQWV PP YHUVXV!
mm = 49.3%). Tumour grade 2 was the most common grade, noted in
44.4% of patients (n=64). Almost 76% of patients (n=109) had their breast
cancer molecular subtype classified as Luminal A. Accordingly, the majority
of patients presented high ER/PR expression (86.8% and 69.4%
respectively) and low HER2 expression (90.3%).
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Table 5.1 Clinicopathological parameters of breast cancer patients for
TMA analysis

Parameter
Age (years)

> 50
Median (range)
Tumour Size (mm)

> 20
NHG
G1
G2
G3
Molecular Subtype
Luminal A
Luminal B
HER2+
Triple Negative
Unknown
ER Status
Negative
Positive
PR Status
Negative
Positive
HER2 Status
Negative
Positive
Unknown

No. Patients (n=144) Total % Relative %
20
124
64.5 (34-97)

13.9
86.1

73
71

50.7
49.3

22
64
58

15.3
44.4
40.3

109
8
5
15
7

75.7
5.6
3.5
10.4
4.9

19
125

13.2
86.8

44
100

30.6
69.4

130
9
5

90.3
6.3
3.4

79.6
5.8
3.7
10.9

93.5
6.5

NHG = Nottingham Histological Grade; ER = Oestrogen Receptor; PR =
Progesterone Receptor
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We next analysed JAM-A expression in the TMA cores using our previouslyutilised scoring system of 0 (negative), 1+, 2+ or 3+ according to the
intensity of membranous JAM-A staining in tumour cells (Figure 5.9).This
semi-quantitative score was used to define JAM-A expression as either high
(2+ and 3+) or low (0 and 1+). Scoring was independently performed by
RGB Cruz and Dr. Katherine Sheehan, consultant histopathologist at
Beaumont Hospital; whereupon combined results were compared with the
clinicopathological parameters (Table 5.2). Statistical analysis was carried
out using SPSS software and tested by )LVKHU¶V ([DFW WHVW RU Chi-square
test. P-values of less than 0.05 estimated from two-sided tests were
considered statistically significant.
Results revealed that JAM-A expression by itself was not statistically
associated with age, tumour size or HER2 expression in the population
studied. It is important to note that, with the exception of tumour size
groupings, the population was strongly biased in numbers in favour of older
patients (>50 years) and those who were HER2-negative. Since we had
previously reported statistically significant correlations between JAM-A
expression and both lower patient age and HER2 positivity (157), the
reverse bias in the current patient population was therefore highly likely to
have influenced the analysis. Regardless, high JAM-A expression did
significantly correlate with higher grade tumours (p=0.017), triple negative
and Luminal B molecular subtypes (p=0.048), ER-negativity (p=0.019) and
PR-negativity (p=0.004).
Association of JAM-A expression with other clinicopathological parameters
such as menopausal status, heredity, histological subtype, radiotherapy,
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chemotherapy, endocrine therapy status and Ki67 expression were not
statistically significant (Appendix B - Supplementary Table 2).

Table

5.2

Correlation

between

JAM-A

expression

and

clinicopathological parameters in invasive breast cancer TMA
Parameter
Age (years)

> 50
Tumour Size (mm)

> 20
NHG
G1
G2
G3
Molecular Subtype
Luminal A
Luminal B
HER2+
Triple Negative
ER Status
Negative
Positive
PR Status
Negative
Positive
HER2 Status
Negative
Positive

N
126

High JAM-A

%

Low JAM-A

%

9
47

16.1
83.9

9
61

12.9
87.1

126

p-value
0.799

0.051
22
34

39.3
60.7

40
30

57.1
42.9

2
25
28

3.6
46.4
50.0

14
31
25

20.0
44.3
35.7

37
3
2
11

69.8
5.7
3.8
20.8

58
3
3
3

86.6
4.5
4.5
4.5

13
43

23.2
76.8

5
65

7.1
92.9

25
31

44.6
55.4

14
56

20.0
80.0

49
5

90.7
9.3

66
3

95.7
4.3

126

0.017*

120

0.048*

126

0.019*

126

0.004*

123

0.297

NHG = Nottingham Histological Grade; ER = Oestrogen Receptor; PR =
Progesterone Receptor. Percentage indicates values within the JAM-A
group. * p<0.05 by two-sided )LVKHU¶V([DFW7HVWRU&KL6TXDUH7HVW

The TMA was next stained for the other proteins of interest in the model
pathway described in Figure 5.8 A )2;$ +(5 DQG ȕ-catenin were
scored 0 (negative), 1+, 2+ or 3+ according to their overall staining intensity
in tumour cells. FOXA1 expression was predominantly nuclear. ȕ-catenin
was observed in all three cellular compartments, being mostly present in the
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cytoplasm and/or membrane but rarely in the nucleus. HER3 expression
was both membranous and cytoplasmic (Figure 5.9).

Figure 5.9 Immunohistochemical staining in breast cancer tissue
microarrays. Representative images illustrating 0, 1+, 2+ and 3+ JAM-$ȕcatenin, FOXA1 and HER3 scoring intensities. JAM-A expression was
predominantly membranous with some cytosolic expression. ȕ-catenin was
mostly present in the cytoplasm and/or membrane but occasionally in the
nucleus. FOXA1 expression was predominantly nuclear. HER3 expression
was both membranous and cytoplasmic.

Similarly to JAM-$ H[SUHVVLRQ ȕ-catenin, FOXA1 and HER3 expression
were VWUDWLILHG DV KLJK  DQG   RU ORZ  DQG   ȕ-catenin was also
analysed according to its absence (score = 0) or presence in each of the
cellular compartments. The localization was used to determine its putative
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activation

status

±

membranous

staining

signifying

inactive,

and

cytosolic/nuclear presence signifying active protein (262, 263) (Table 5.3).
Unscorable cores due to loss of tissue or absence of tumour were classified
DV³XQNQRZQ´-$0-A was highly expressed in 44.4% of patients (n=56)ȕcatenin was high in 69% (n=89), high FOXA1 was observed in 81.7% (n=
103) and HER3 was highly expressed in 40.2% of patients (n=49)ȕ-catenin
was exclusively membranous in only 3.9% of patients (n=5), while 79.1%
presented cytoplasmic/nuclear expression (n=102), indicating that ȕ-catenin
is highly activated in cancer cells.
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Table 5.3 Expression of JAM-$ȕ-catenin, FOXA1 and HER3 within the
breast cancer TMA

Parameter
JAM-A Status
Low
High
Unknown
ȕFDWHQLQ6WDWXV
Low
High
Unknown
ȕFDWHQLQ/RFDOL]DWLRQ
Membrane
Cytoplasm/Nucleus
Absent
Unknown
FOXA1 Status
Low
High
Unknown
HER3 Status
Low
High
Unknown

No. Patients (n=144) Total % Relative %
70
56
18

48.6
38.9
12.5

55.6
44.4

40
89
15

27.8
61.8
10.4

31.0
69.0

5
102
22
15

3.5
70.8
15.3
10.4

3.9
79.1
17.0

23
103
18

16.0
71.5
12.5

18.3
81.7

73
49
22

50.7
34.0
15.3

59.8
40.2

We proceeded to examine the relationship between JAM-A expression
levels and those of the other proteins of interest in the invasive breast
cancer TMA. Curiously, high JAM-A expression was significantly associated
with high ȕ-catenin expression (p=0.003), but not with high FOXA1 or HER3
expression (Appendix B - Supplementary Table 3). The fact that high
JAM-A expression was not associated with high expression of FOXA1 and
HER3 as expected likely reflects limitations in the TMA size and molecular
subtype variety, in addition to the fact that tumours were on the whole less
aggressive than those in which high JAM-A expression has previously been
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reported (153, 157). For example, coincident high expression of JAM-A,
FOXA1 and HER3 was observed in the aggressive Luminal B subtype, but
we could not further investigate their association due to the small number of
Luminal B patients in which these proteins were scoreable (n=5) (Appendix
B - Supplementary Table 4). High JAM-A expression was more associated
with the small number of triple negative breast cancer cases; high FOXA1
and HER3 were highly associated with the Luminal A subtype; and high ȕcatenin was not significantly correlated with any one molecular subtype.
As

direct

correlations

between

JAM-A

expression

and

those

of

FOXA1/HER3 lacked the robustness that would have been provided by a
patient population more diverse in molecular subtypes, we instead elected to
analyse the expression levels of each protein in context with its nearest
neighbour in our proposed pathway (Figure 5.8). Due to the small number of
HER2-expressing cores in the TMA (n=9), we focussed our attention on the
pathway culminating in HER3 expression.
As shown in Table 5.4, high JAM-A expression was firstly associated with
KLJK ȕ-catenin expression (p=0.003). There was however no statistically
significant correlation between JAM-$H[SUHVVLRQDQGȕ-catenin subcellular
localization in this limited TMA+LJKȕ-catenin expression in turn correlated
significantly with high FOXA1 expression (p=0021); and high FOXA1
expression was positively associated with high HER3 expression (p=0.000).
The results support our hypothesis, and, in association with our previous
findings, are consistent with a model whereby expression of JAM-$ ȕcatenin, FOXA1 and HER3 are intrinsically associated in breast cancer cells.
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Table 5.4 Linear correlations between high versus low protein
expression of JAM-$ ȕ-catenin, FOXA1 and HER3 in breast cancer
patient tissues
Variable
ȕFDWHQLQ([SUHVVLRQ
Low
High
ȕFDWHQLQ/RFDOL]DWLRQ
Membrane
Cytoplasm/Nucleus
Absent

N
120

Variable
FOXA1 Expression
Low
High

N
120

Variable
HER3 Expression
Low
High

N
122

High JAM-A

%

Low JAM-A

%

9
46

16.4
83.6

27
38

41.5
58.5

4
44
7

7
80
13

1
49
15

1.5
75.4
23.1

+LJKȕFDWHQLQ

%

/RZȕFDWHQLQ

%

20
65

5.7
94.3

2
33

23.5
76.5

High FOXA1

%

Low FOXA1

%

51
48

51.5
48.5

22
1

95.7
4

120

p-value
0.003*

0.124

p-value
0.021*

p-value
0.000*

* p<0.05 by two-sided )LVKHU¶V([DFW7HVWRU&KL6TXDUH7HVW

5.3.9 JAM-A knockdown does not affect expression of the JAM-A- and
ȕ-catenin binding partners MAGI-1 or PAR3
Our results suggest that JAM-A H[SUHVVLRQLQIOXHQFHVWKDWRIȕ-catenin. To
further understand how this process happens, we have begun investigating
potential links between both SURWHLQVȕ-catenin has been shown to interact
with the tight junction-associated PDZ proteins Scrib, MAGI-1, PAR-3 and
ZO-3 (264). JAM-A has also been shown to interact with the scaffolding
proteins ZO-1, AF6, PAR-3, CASK, MUPP1, MAGI-1, afadin and PDZ±
GEF2 (265). In common, MAGI-1 and PAR-3 are two tight junctionassociated proteins containing a PDZ domain and interacting with both JAM$DQGȕ-catenin.
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We therefore reasoned that if JAM-A expression affected the expression of
MAGI-1 and PAR-3, this would in turn affect the availability of those proteins
to LQWHUDFWZLWKȕ-catenin, and offer an explanation why JAM-A levels might
LQIOXHQFH ȕ-catenin nuclear translocation. We therefore analysed MAGI-1
and PAR-3 protein expression following JAM-A knockdown in breast cancer
cells. We also investigated PAR6B expression levels downstream of JAM-A
gene silencing, because PAR-3/PAR6B interactions reportedly prevent PAR3 from associating with JAM-A (266).
As shown in Figure 5.10, JAM-A gene silencing had no effect on the protein
expression of MAGI-1, PAR-3 or PAR6B, although (as expected) HER3
expression was significantly reduced compared to control (siNEG)
conditions. This suggests that JAM-$ UHJXODWLRQ RI ȕ-catenin transit and
H[SUHVVLRQ LV XQOLNHO\ WR UHIOHFW VLPSOH H[SUHVVLRQDO FKDQJHV LQ ȕ-catenin
binding partners such as MAGI-1 and PAR-3.
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Figure 5.10 JAM-A gene silencing does not affect MAGI-1, PAR-3 or
PAR6B protein expression. 150,000 MCF7 cells were plated per well in 6well plates and transfected 24 h later with 25 nM of siNEG control siRNA or
a pool of JAM-A siRNA. Total protein was extracted after 72 h for Western
immunoblotting analysis, and representative western blot images and
densitometric quantifications shown. Results revealed that MAGI-1, PAR-3
and PAR6B protein expression were not affected by JAM-A expressional
changes. Experiments were performed three times and data represent mean
± s.e.m, compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, **
p<0.01, *** p<0.001.

5.3.10 Role of the dimerization domain and PDZ-binding domain of
JAM-$LQJRYHUQLQJȕ-catenin expression and localization
To further probe the mechanism by which JAM-$ UHJXODWHV ȕ-catenin
expression or localization, we focussed on functional domains within the
JAM-A molecule. Specifically we hypothesised that JAM-$PD\ UHJXODWH ȕcatenin expression either by dimerization signalling or through its
intracellular PDZ-domain binding motif. To this end, we utilised SKBR3 cells
overexpressing full-length JAM-A (SKBR3-JAM+) versus a JAM-A mutant
missing the PDZ-binding motif (dFLV) (SKBR3-FLV) or a dimerizationdefective mutant containing two point mutations in the dimerization site
(E61A, K63A; 6163) (SKBR3-6163). These stable cell lines had previously
been generated by Dr. Kieran Brennan, and were selected for this
H[SHULPHQWGXHWRWKHLUKLJKH[SUHVVLRQRIȕ-catenin both in non-nuclear and
nuclear cellular fractions.
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Results revealed that both SKBR3 mutant cell lines had significantly less ȕcatenin protein expression in non-nuclear fractions compared to cells
overexpressing full-length JAM-A (approximately 80% reduction in SKBR3)/9 FHOOV ʊ p<0.01; and 60% reduction in SKBR3- ʊ S  with
no statistically significant differences between SKBR3-FLV and SKBR36163 (Figure 5.11 A). Interestingly, cells overexpressing the JAM-A mutant
deleted for the PDZ binding motif had ~70% more nuclear ȕ-catenin
(p<0.001), while the dimerization-defective mutant cells had ~75% less
nuclear ȕ-catenin compared to cells overexpressing full-length JAM-A.
Nuclear expression of ȕ-catenin was also significantly decreased when
comparing SKBR3-6163 cell to SKBR3-FLV cells (p<0.001) (Figure 5.11 B).

Figure 5.11 Non-QXFOHDU DQG QXFOHDU H[SUHVVLRQ RI ȕ-catenin is
influenced by the PDZ binding motif and dimerization sites of JAM-A.
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Non-nuclear and nuclear proteins were extracted from SKBR3 cells
overexpressing full-length JAM-A (SKBR3-JAM+), cells overexpressing
JAM-A deletion mutants missing the PDZ binding motif (dFLV) (SKBR3FLV), and dimerization-defective mutant cells containing two point mutations
in

the

dimerization

site

(E61A,

K63A;

6163)

(SKBR3-6163).

(A)

Representative image and densitometric analysis of the results showing that
mutations at both PDZ binding motif and dimerization sites resulted in less
ȕ-catenin at non-nuclear fraction of the cells. (B) Representative image and
densitometric analysis of the results showing that deletion of the PDZ
ELQGLQJ PRWLI UHVXOWHG LQ LQFUHDVHG ORFDOL]DWLRQ RI ȕ-catenin in the nuclear
fraction, while mutation in the dimerization domain had the opposite effect.
Experiments were performed three times and data represent mean ± s.e.m,
compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, ** p<0.01, ***
p<0.001.

We next investigated whether changes in ȕ-catenin expression would affect
those of FOXA1 and HER3 expression in the SKBR3 cells overexpressing
full-length versus mutant JAM-A. Importantly, FOXA1 and HER3 total protein
expression correlated entirely with changes in nuclear ȕ-catenin expression
observed in the mutant cells. Specifically, in SKBR3-FLV cells which
presented the highest nuclear ȕ-catenin expression, there was on average
2-fold more FOXA1 and HER3 protein expression than in SKBR3-JAM+
cells (p<0.01 for FOXA1 and p<0.001 for HER3) or SKBR3-6163 cells
(p<0.001 for both FOXA1 and HER3). In contrast, SKBR3-6163 cells which
presented the lowest nuclear ȕ-catenin expression in comparison to the
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other cells had significantly lower protein expressions of FOXA1 and HER3
relative to SKBR3-JAM+ cells (p<0.001 for both FOXA1 and HER3) or
SKBR3-FLV cells (p<0.001 for both FOXA1 and HER3) (Figure 5.12).

Figure 5.12 FOXA1 and HER3 expression is affected by the PDZ
binding motif and dimerization sites of JAM-A. Protein was extracted for
immunoblot analysis from SKBR3 cells overexpressing full-length JAM-A
(SKBR3-JAM+), cells overexpressing JAM-A mutants lacking the PDZ
binding

motif

(dFLV)

(SKBR3-FLV),

or

dimerization-defective

cells

containing two point mutations in the dimerization site (E61A, K63A; 6163)
(SKBR3-6163). Representative images and densitometric analysis of the
results are presented. Overexpression of the JAM-A deletion mutant for the
PDZ binding motif resulted in increased expression of FOXA1 and HER3,
while overexpression of the dimerization-defective JAM-A mutant reduced
both FOXA1 and HER3 protein expression compared to the other cells.
Experiments were performed three times and data represent mean ± s.e.m,

236

compared using two-WDLOHG HTXDO YDULDQFH 6WXGHQW¶V W-tests, ** p<0.01, ***
p<0.001.

Those results lent further support to our hypothesis that JAM-A regulates
HER3 expression through a mechanism involving FOXA1 and ȕ-catenin.
Furthermore, it suggests for the first time that both the PDZ binding domain
and dimerization domain of JAM-A are involved in the regulation of ȕ-catenin
transit to the nucleus, with knock-on effects for FOXA1 and HER3
expression. Moreover, it suggests that disturbing dimerization of JAM-A
might offer a potential pharmacological strategy in order to reduce HER3
expression.

5.3.11 Pharmacological inhibition of JAM-A dimerization reduces cell
proliferation but increases JAM-A protein expression
In light of our previous observation that cells expressing dimerizationdefective JAM-A had reduced nuclear ȕ-catenin levels in parallel with
downregulated FOXA1 and HER3 protein expression, we began to explore
the possibility of pharmacologically antagonising JAM-A dimerization as a
strategy to reduce tumourigenic behaviour in breast cancer cells. Since
commercially-available JAM-A antagonists are rare and unreliable (data not
shown), we used a proprietary dimerization-targeting peptide termed JBS2
which had been developed in our laboratory (by Dr. Yvonne Smith).
We first tested the effect of JBS2 on viability in MCF7 cells. Three
concentrations (200, 400 and 800 μg/mL) were selected based upon

237

preliminary data in breast ductal carcinoma in situ (DCIS) cell lines and in an
in vivo study that observed reductions in cell viability and tumour size using
the equivalent of 400 μg/mL JBS2 (Dr. Yvonne Smith, personal
communication). We used two control conditions for these experiments,
firstly MCF7 cells treated with peptide diluent alone (PBS) and secondly
MCF7 cells treated with a scrambled sequence of JBS2 (scrambled control
peptide).
As shown in Figure 5.13, the viability of MCF7 cells (assessed by MTT
assay) was reduced in a concentration-dependent fashion by all three
concentrations of JBS2 (p<0.05) when compared to PBS control conditions.
However, the scrambled control peptide also significantly reduced cell
viability at all concentrations tested (compared to PBS controls) (p<0.05;
Figure 5.13). These results highlight both a strength and a limitation in
working with lead molecules as small as JBS2 (5 amino acids long, of which
only 4 are unique). The limitation is that any scrambled control is highly likely
to bind to the same target sequence as the lead molecule, and in fact
molecular modelling studies confirmed that the scrambled control peptide
did bind to JAM-A (Dr. Yvonne Smith, personal communication). The
strength is that instead of one JAM-A-targeting molecule, we potentially
have several.
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Figure 5.13 Peptide JBS2 and scrambled control peptide treatment
reduce MCF7 cell viability. 1,500 MCF7 cells were plated in triplicate wells
of 96-well plates and treated 24 h later with 200, 400 or 800 ȝJP/ RI the
proprietary JAM-A antagonist JBS2, scrambled control peptide or an
equivalent final volume of PBS alone. 72 h later cell viability was measured
by MTT assays. (A) Cell viability of MCF7 cells treated with 200 ȝJP/ RI
peptides for 72 h; (B) cell viability of MCF7 cells treated with 400 ȝJP/RI
peptides for 72 h; and (C) cell viability of MCF7 cells treated with 800 ȝJP/
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of peptides for 72 h. Treatment with JBS2 and scrambled control peptide
reduced cell viability at all concentrations tested. Experiments were
performed three times and data represent mean ± s.e.m, compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05,** p<0.01, *** p<0.001.

We next analysed the activation (phosphorylation) of cell proliferation
effectors AKT and ERK1/2 in MCF7 cells treated with JBS2, scrambled
control peptide (both 400 ȝJP/ for 72 h) or PBS at an equivalent volume.
The concentration of 400 ȝJP/ peptide was chosen since treatment with
JBS2 at this concentration reduced cell viability by 20% more than that
achieved at 200 ȝJP/, and only 10% less than that observed at 800 ȝJP/.
As shown in Figure 5.15, phosphorylation of both AKT and ERK1/2 was
significantly reduced by treatment with JBS2 and the scrambled control
peptide. These results partially explain reductions in cell viability observed
after JBS2 treatment.

Figure 5.15 Peptide JBS2 and scrambled control peptide treatments
reduce AKT and ERK activation. 150,000 MCF7 cells were plated per well
in 6-well plates and treated 24 h later with 400 ȝJP/ RI -%6 VFUDPEOHd
control peptide or an equivalent volume of PBS. After 72 h, protein was
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extracted and analysed by Western immunoblotting. Representative western
blot image and densitometric analysis of phosphorylated AKT normalised to
total AKT expression and phosphorylated ERK1/2 normalised to total
ERK1/2 expression revealed that MCF7 cells treated with JBS2 and
scrambled control had lower levels of pAKT and pERK1/2 expression
compared to control conditions. Experiments were performed three times
and data represent mean ± s.e.m, compared using two-tailed, equal
YDULDQFH6WXGHQW¶VW-tests, *p<0.05,** p<0.01.

We next sought to investigate whether reductions in activation of AKT and
ERK1/2 were associated with changes in the expression of ȕ-catenin,
FOXA1 and HER3 as suggested by the proposed mechanism (Figure 5.8).
To this end, we analysed protein expression of JAM-$ ȕ-catenin, FOXA1
and HER3 following treatment with JBS2 at 400 ȝJP/ for 72 h.
Unexpectedly, treatment with JBS2 and scrambled control peptide
significantly upregulated these proteins compared to PBS control conditions
(Figure 5.16). However it must be noted that peptide treatment also
upregulated levels of the positive control protein pGSK-3ȕ - whose
expression is considered to be inversely proportional to JAM-A expression
or function (267) (Figure 5.16). This would be consistent with an inhibitory
effect of the peptides on JAM-A function, alongside a possible compensatory
mechanism whereby loss of JAM-A function stimulates its own synthesis
(potentially to preserve barrier function). These findings, while outside the
scope of the current study, present intriguing avenues for future exploration.
They do however support our model that when JAM-A levels are high, so too
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would be those of -catenin, FOXA1 and HER3; mechanistically supporting
a reason for the aggressive tumour phenotypes typically associated with
high JAM-A expression.

Figure 5.16 Peptide JBS2 and scrambled control peptide treatment
increase JAM-$ )2;$ ȕ-catenin and HER3 expression. 150,000
MCF7 cells were plated per well in 6-well plates and treated 24 h later with
400 ȝJP/ RI -%6 VFUDPEOHd peptide or an equivalent volume of PBS.
After 72 h total protein was extracted and analysed by Western
immunoblotting. Representative western blot image and densitometric
analysis of JAM-$ ȕ-catenin, FOXA1, HER3 and pGSK-ȕ normalised to
actin expression revealed that MCF7 cells treated with JBS2 and scrambled
control peptide had increased levels of JAM-$ ȕ-catenin, FOXA1, HER3
and pGSK-ȕ expression compared to PBS treatment alone. Experiments
were performed three times and data represent mean ± s.e.m, compared
using two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05,** p<0.01.
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5.4 Discussion
Based on our previous results suggesting that JAM-A regulates the
expression of FOXA1 at a transcriptional level, we investigated mechanisms
by which this process might happen. There was no evidence in the literature
to connect JAM-A and FOXA1; furthermore our results showing no spatial
overlap of JAM-A and FOXA1 in breast cancer cells would preclude the
likelihood of a direct physical interaction. In this context, the existence of an
intermediate player connecting both proteins was considered.
Our investigation focused initially on SOX17, since it LQ DVVRFLDWLRQ ZLWK ȕcatenin has been reported to regulate FOXA1 transcriptional expression
(261). However, despite having confirmed the presence of SOX17 in the
nuclei of the breast cancer cells tested, manipulation of JAM-A expression
did not affect the nuclear levels of SOX17. We next turned into investigating
ȕ-catenin, since it has been reported to be necessary for SOX17
transcription of FOXA1 (261) and has been associated with the regulation of
the transcription factor ZEB-1 by the tight junction protein Claudin-1 (220) in
colon cancer cells.
ȕ-catenin gene silencing was sufficient to induce significant reductions in
FOXA1 gene H[SUHVVLRQ $V ȕ-catenin translocation to the nucleus is a
necessary step to initiate transcription (268) ZH FRQILUPHG ȕ-catenin
localization in the nuclear fractions of breast cancer cells and that high JAMA expression was associated with high nuclear ȕ-catenin expression.
Interestingly, both JAM-A overexpression and knockdown also increased ȕcatenin expression in non-nuclear fractions; a finding we speculate
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associates with the functions of ȕ-catenin in cellular adhesion (269, 270)
rather than tumourigenesis.
We then adopted a translational approach in seeking to confirm our in vitro
results from breast cancer cell lines with experimental data from a tissue
microarray (TMA) of patients with invasive breast cancer. It has been
previously shown that high expression of JAM-A is associated with high
tumour grade, larger tumour size, lower patient age, low PR, ER negativity,
HER2 positivity, and Luminal B, HER2+ and basal subtypes of breast cancer
(153, 157). In accordance with the previous studies, our analysis confirmed
that high JAM-A is associated with high tumour grade, larger tumour size;
ER and PR negativity; Luminal B and triple negative subtypes. However,
JAM-A expression had no statistical association with HER2 expression or
age in the tissue from the TMA we tested, most likely due to the very small
number of patients who had HER2-positive tumours or were younger than
50 years old.
As our study had gradually led us to a linear mechanism linking JAM-A, ȕcatenin, FOXA1 and HER3 regulation (in that order), we therefore analysed
sequential associations between those players in the TMA and verified that
high expression of each protein was associated with high expression of its
next downstream effector. An important characteristic within our TMA patient
population was the high incidence of tumours classified as Luminal A
(ER+/PR+/HER2-) ± almost 80%. Although ȕ-catenin and HER3 expression
have not been shown to associate with hormone receptor status (271, 272),
JAM-A expression has been correlated with negative ER/PR expression
(157), while FOXA1 correlates with ER-positivity (249). This could account
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for some unexpected correlations observed within our TMA, which would
have less of a factor in larger patient populations or those with greater
heterogeneity in breast cancer molecular subtype.
Having confirmed that JAM-A expression is associated with that of ȕcatenin, we further investigated this relationship. ȕ-catenin interacts with
adherens-type junctions forming a complex with the cytoplasmic domain of
different cadherins and linking them to the actin cytoskeleton (273). One
study in colon cancer cells has shown that transfection of the cell adhesion
protein N-FDGKHULQWULJJHUHGWKHUHORFDWLRQRIȕ-catenin from the nucleus to
the plasma membrane (274). Moreover, several studies demonstrated that
loss of E-FDGKHULQ LV DVVRFLDWHG ZLWK DFFXPXODWLRQ RI ȕ-catenin in the
nucleus of cells (275-277). If JAM-A loss or overexpression would disrupt
membrane adhesion complexes, it cRXOG DIIHFW ȕ-catenin presence in
different cellular compartments; providing a direct link between altered JAMA expression and FKDQJHV LQ ȕ-catenin localization. One study has
supported this idea by showing that the absence of JAM-A resulted in the
mislocalization of other tight junction proteins, and transcriptional induction
of the adherens junction protein E-cadherin (278). A similar mechanism has
been reported following loss of the tumour suppressor protein Rasassocation domain family 8 (RASSF8) in lung cancer cells (279).
Although we have not specifically investigated JAM-A and cadherin
LQWHUDFWLRQV ZH LQTXLUHG ZKHWKHU -$0 PRGXODWLRQ RI ȕ-catenin expression
was influenced by other partners in the putative adhesion complex. JAM-A
DQG ȕ-catenin have been shown to interact with various tight junctionassociated proteins (150-152, 264, 265). MAGI-1 and PAR3 have been
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reported to bind both JAM-$ DQG ȕ-catenin via PDZ domain-mediated
protein±protein interactions (264, 265). PAR6 is part of a ternary protein
complex that contains PAR3 and atypical protein kinase C (280). Changes in
JAM-A expression could result in disruption to any of those scaffolding
SURWHLQV DQG SRWHQWLDOO\ DIIHFW ȕ-catenin stabilization. However, our results
did not identify a potential link between JAM-A expression and changes in
MAGI-1, PAR3 or PARD6 expression in MCF7 cells. Nonetheless, studies
carried out in our laboratory by two medical students (Yasser Al-Maskari and
Niamh Kyne) suggested that knockdown of JAM-A in another breast cancer
cell line (SKBR3) decreased MAGI-1 expression by immunofluorescent
analysis. Furthermore, their study also showed that JAM-A expression was
associated with the expression of other tight junction proteins such as
Occludin and CAR. Together, those results suggest that JAM-A regulation of
ȕ-catenin expression could be cell line-specific, and also rely on
associations with other tight junction proteins that have not yet been studied
in that context.
We also tested what regions of the JAM-A protein might be responsible for
regulating ȕ-catenin translocation to the nucleus, using different JAM-A
mutant constructs overexpressed in breast cancer cells. It has been
previously reported that cis-dimerization±defective JAM-A mutants affected
epithelial cell migration and adhesion functions (154). In breast cells we
have shown that functional antagonism of JAM-A using an inhibitory
antibody that blocks JAM-A cis dimerization decreased breast cancer cell
migration (153). Results in this thesis further suggested that both the cis
dimerization site and the PDZ-domain are involved in regulating ȕ-catenin
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levels, however only the cis dimerization domain was required for inducing
nuclear localization of ȕ-catenin and therefore FOXA1 and HER3
expression. However, as the overexpression levels of mutant JAM-A were
not identical to those of full length JAM-A, it is possible that this could also
influence the results. For future studies it would be important to account for
differences in JAM-A expression between the cell lines and also to
determine whether JAM-A cis or trans dimerization would affect the
expression of the proteins of interest, since it has been shown that transdimerization of JAM-A occurs at a unique site and with different affinity
compared to cis dimerization (155).
As targeting the cis dimerization site of JAM-A has suggested itself as a
potential option to reduce downstream signalling, we finally tested
biochemical and functional effects of the proprietary peptide JBS2,
developed to bind to the dimerization site of JAM-A. Although treatment with
JBS2 in the breast cancer cells tested reduced cell proliferation and
activation (phosphorylation) of AKT and ERK compared to vehicle control
conditions, the scrambled control peptide also affected the cells to the same
extent as JBS2. Furthermore, JAM-A antagonism evoked an unexpected
increase in expression of JAM-A and the other proteins of interest (ȕcatenin, FOXA1 and HER3). This may reflect a compensatory mechanism
ensuring that the loss of proteins with adhesion functions does not
compromise the physiological need to retain an intact epithelial barrier.
However, despite promising indications that JBS2 can reduce tumour
burden in a mouse model of breast cancer (Dr. Y. Smith, personal
communication), specificity experiments that examine potential off-target
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effects of JBS2 remain to be undertaken. As evidenced by our results,
further development of peptide controls would also be important, since the
scrambled control designed for this study had similar properties to the
original peptide. This illustrates the challenges in working with peptides of
such a small size, since several iterations of scrambled control peptides
tested by molecular modelling had binding affinity for the JAM-A molecule
(Dr. Y. Smith, personal communication).
It was also disappointing that the latter results did not confirm our previous
findings that reductions in proliferation and activation of AKT/ERK were
associated with downregulated HER3 expression in MCF7 cells. However,
the role of JAM-A in proliferation remains incompletely understood. One
report has suggested that JAM-A dimerization restricts epithelial-cell
proliferation by negatively regulating Akt/ȕ-catenin signalling (201), while
another has conversely demonstrated that JAM-A blockade by antibodies
reduced breast tumour growth (158). Potentially JBS2 could cause off-target
effects or act as a positive feedback ligand at high concentrations or in
pathophysiological settings, failing to exert an inhibitory effect and resulting
instead in observed increases in JAM-A expression and consequently those
of its putative downstream effector proteins.
Regardless, this study has raised important questions around our
understanding of the pharmacology of JAM-A inhibition, which will
necessitate future studies enabling the development of an efficient approach
to target JAM-A. Furthermore, our results suggest a strong correlation
between JAM-A expression, QXFOHDU ORFDOL]DWLRQ RI ȕ-catenin and the
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expression of FOXA1 and HER3 in breast cancer cells, reinforcing the
evidence presented in this thesis that JAM-A can play an important role in
tumourigenesis.
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CHAPTER 6: General Discussion
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Breast cancer remains a major public health problem globally, and is
currently the most frequently occurring cancer in women (281). Being a
highly heterogeneous disease, some breast cancers exhibit slow growth and
are associated with excellent patient prognosis, while others are more
aggressive and hold a poorer patient prognosis. Although technological
advances in medical sciences and healthcare have enabled earlier detection
and therefore earlier commencement of treatment, there are nonetheless
many

unanswered

questions

regarding

the

molecular

mechanisms

underlying the aggressiveness of certain breast cancer subtypes, and their
frequent resistance to current therapeutics.
Recent advances in molecular biology and genomics have revolutionized the
way in which the disease is classified, ushering in an era of
precision/personalised medicine whereby patients are treated with targeted
therapies based on the molecular profile of individual tumours (282).
Targeted therapies are drugs which selectively attack tumour cells
expressing specific molecular markers - a radical departure from traditional
chemotherapeutic approaches which attack all rapidly-dividing cells.
Furthermore, targeted therapies can also fight tumours at a systemic level
whereas surgical benefits are limited to the local primary tumour. Therefore,
at its best, targeted therapy would enable treatment of metastatic disease
and accordingly reduce the risk of breast cancer-associated deaths (283).
Treatment of hormone receptor-positive breast cancers with endocrine
therapies (including tamoxifen) and HER2-positive breast cancers with antiHER2 drugs (including Trastuzumab) have benefited millions of patients (95,
284). However, the efficacy of these treatments is frequently limited by de
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novo and acquired therapeutic resistance (285, 286). Therefore there is an
ongoing search for other protein targets of interest in the pathophysiology of
breast cancer. An accumulating body of evidence has supported the
potential importance of membrane adhesion protein overexpression in
breast cancer, such as JAM-A (153, 157, 158), N-cadherin (287), CAR (136)
and claudin-4 (288). The focus of this study, JAM-A, has been shown by our
laboratory and others to be associated with poor clinical outcome in breast
tumours in which it is highly expressed (153, 158, 165). Furthermore high
JAM-A expression has been associated with expression of the poor
prognosis marker HER2 in breast cancer patients (157). Although the
potential role of JAM-A expressional dysregulation in breast cancer was
initially controversial - ZLWKDQLVRODWHGUHSRUWVXJJHVWLQJLWV¶GRZQUHJXODWLRQ
in metastatic breast tumours (156) - consensus is beginning to emerge that
JAM-A overexpression could promote breast cancer progression in several
tumour types including glioblastoma, head and neck squamous cell
carcinoma, nasopharyngeal, gastric and lung cancer (129, 159-162, 289).
The mechanism by which JAM-A is overexpressed in breast cancer is not
yet known. One previous study has suggested it may reflect downregulation
of microRNA miR-145 in breast tumour tissue, as miR-145 has been shown
to negatively regulate JAM-A expression (164). In addition, preliminary work
in our laboratory has shown that DNA damage, which is frequently
associated with early tumour development (290) and has been linked with
nuclear accumulation of oncogenic proteins like RASSF7 as in renal cell
carcinoma (291), can lead to upregulation of tight junction proteins including
JAM-A.
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Regardless, based on foundational information that JAM-A is associated
with poor prognosis in breast cancer patients, we started our investigation
into the mechanisms by which JAM-A promotes tumourigenesis and controls
the expression of oncogenes from the HER family. In Chapter 3 of this thesis
we demonstrated in vitro that breast cancer cells overexpressing JAM-A
were associated with more proliferative phenotypes and higher activation of
pro-survival signalling mediators. Those results support previous studies
showing that JAM-A promotes tumorigenesis by inducing proliferation,
migration, invasion, de-differentiation, as well as inhibiting apoptosis (159162, 164, 289). In light of the known role of receptor tyrosine kinases like
HER2 in promoting similar behaviours, and previous studies from our
laboratory evidencing a link between the expression and regulation of HER2
and JAM-A in breast cancer (153, 157), we therefore set out to investigate
possible mechanisms underlying this relationship.
After having established for the first time that JAM-A regulates HER2
expression at a transcriptional level, we hypothesised that JAM-A
expression levels might orchestrate this by affecting the localization and thus
function of HER2 transcription factors. The transcriptional repressor ZONAB
(YBX3) was first considered; since it binds to ZO-1, a binding partner of
JAM-A, and has been shown to inhibit HER2 transcription (185). Previous
studies have shown that abundant cellular levels of ZO-1 bind to and
sequester ZONAB to the tight junction complex, preventing it from
translocating into the nucleus and repressing transcription of the HER2 gene
(186, 192, 208). Specifically we considered the hypothesis that JAM-A could
anchor ZONAB at the cell membrane, and that JAM-A loss would free
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ZONAB to travel to the nucleus and repress HER2 transcription. However
our experimental data precluded that changes in JAM-A expression affected
nuclear trafficking of ZONAB.
We next carried out a bioinformatics search for other transcription factors
involved in the regulation of HER2 expression; and identified FOXA1, a
transcriptional activator of HER2, as a potential candidate. Accordingly, our
experimental data revealed a strong parallel association between JAM-A
expression and that of FOXA1 in several breast cancer cell lines. FOXA1 is
a transcription factor essential for the physiological development and
differentiation of epithelial cells in the pancreas, liver, breast and prostate
(218, 292-294). However FOXA1 has also been linked with controversial
roles in the pathophysiology of cancer. Several studies have proposed that
increased FOXA1 transcriptional activity promotes tumourigenesis and
metastasis in several cancers (243, 295-298). In contrast, loss of either
FOXA1 or FOXA2 in pancreatic cancer cells reportedly has a metastasissuppressive role in this setting (299). The controversy is no less in breast
cancer, with evidence that FOXA1 plays an important role in the promotion,
progression and metastasis in breast cancer (300-303). Conversely, FOXA1
expression has recently been shown to positively correlate with good patient
prognosis in a large population-based study (249) and a systematic review
(304). Data presented in this thesis support the first view - namely that high
FOXA1 expression (in this case driven by high JAM-A levels) would promote
HER2 gene transcription and a pro-tumourigenic outcome.
While our view conflicts with the studies suggesting that high FOXA1 levels
are prognostically favourable in patients, it may be explainable on the basis
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of tumour type and disease aggressiveness. Specifically, the populationbased study (249) and others (244, 305) showed that FOXA1 significantly
associates witK (5Į-positivity and HER2-negativity; both markers of lessDJJUHVVLYH WXPRXUV WKDQ (5Į-negativity or HER2-positivity. Our group has
shown that high JAM-A expression significantly associates with ERnegativity, HER2-positivity, higher grade tumours, metastasis at diagnosis or
lower patient age, all markers of highly-aggressive tumours. Therefore it is
intriguing to speculate that the positive relationship between JAM-A, FOXA1
and HER2 expression is most relevant to aggressive tumour phenotypes.
Future exploration of this concept in large patient-based studies will be
valuable.
Since ER-positivity is frequently stated as the most favourable prognostic
outcome of all the subtypes (306), at least partially due to the high efficacy
of endocrine therapy, it is predictable that patients with high ER/FOXA1
expression would have a more favourable outcome than patients with other
subtypes of breast cancer. However, interesting recent studies have also
conversely suggested that FOXA1 expression associates with endocrine
resistance and metastasis in ER-positive breast cancers (245, 248, 307).
Moreover, other studies have QRWHGWKDWVRPH(5Į-negative tumours have
high FOXA1 expression (213, 222); particularly those that are concurrently
HER2-positive (180, 193). Therefore, while experimental investigation of the
potential contribution of JAM-A/FOXA1 to therapeutic resistance is outside
the scope of this study, it is nonetheless intriguing to consider a connection.
Another study from our group (Leech AO et al., manuscript under revision)
has provided novel evidence that high JAM-A expression and its cleavage at
255

the cell membrane associates with the development of resistance to HER2targeted therapies in cell line models and patient serum samples. This may
put into perspective our proposed approach of using JAM-A to regulate
FOXA1 and HER2 expression in breast cancer.
This thesis further led us not only to evidence of a regulatory mechanism
involving JAM-A, FOXA1 and HER2, but to a similarly novel association
between JAM-A, FOXA1 and another member of the HER family, the
oncogene HER3. Specifically, our experimental data in several breast cell
lines showed that changes to JAM-A expression induced parallel changes in
the expression of FOXA1 and concurrently affected its presence in the
nucleus to bind to promoter sequences in the HER3 gene.
While other studies have demonstrated that FOXA1 is a transcription factor
for the HER3 gene (196, 197), this thesis is, to our best knowledge, the first
time that an association between JAM-A and HER3 has been described.
Specifically, we have shown that JAM-A acts upstream of FOXA1 to regulate
HER3 expression and the phosphorylation (activation) of its signalling
effectors AKT and ERK. However, while our data showed that knockdown of
JAM-A reduced ERK activation (phosphorylation), another study from our
laboratory had previously shown no significant reduction of ERK
phosphorylation following JAM-A knockdown (157). This discrepancy likely
reflects technical differences between the models in addition to a
contribution of HER2 itself; with the published results having been derived
from a genetically-modified cell line induced to express supra-physiological
levels of HER2 (MCF7-HER2 cells) (168), in contrast to this thesis where
parental (HER2-negative) MCF7 cells were used. Not only was there
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significant inter-experimental variability in ERK phosphorylation in the
published study (157), but we speculate that HER2-dependent ERK
signalling in HER2-overexpressing cells would greatly surpass HER2independent JAM-dependent ERK signalling in cells not expressing HER2.
We also used a higher order semi-in vivo model to confirm the potential of
JAM-A degradation to reduce model tumour xenograft formation. Our results
demonstrating a decrease in the proliferation marker Ki67 in JAM-silenced
tumour cells implanted on the chick embryo chorioallantoic membrane are
particularly encouraging in light of sub-optimal JAM-A silencing, and provide
an incentive for further investigations into JAM-targeting molecules. That
JAM-targeting compounds might have pharmacological value is supported
by evidence showing that JAM-A promotes multiple functional characteristics
of tumourigenesis in breast cancer (163) and other cancers (161, 165, 308).
We next investigated the transcriptional regulation of FOXA1 expression by
JAM-A. Given the lack of spatial overlap between these two proteins in
breast cancer cells, and no evidence in the literature that JAM-A could
regulate transcription, we assumed that an intermediate player must be
involved in their proposed crosstalk. Our investigation led to ȕ-catenin, a
double function molecule that plays important roles in cellular adhesion and
activates Wnt signalling to transcribe genes (309) including FOXA1 in
association with SOX17 (261). Wnt signalling is activated in over 50% of
breast cancer patients and linked to reduced overall survival (262).
Our results revealed that expressional changes in JAM-A induced parallel
changes in nuclear ȕ-catenin levels. This suggested that enhanced nuclear
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ȕ-catenin downstream of JAM-A overexpression could be responsible for
enhancing the transcription of FOXA1. Consistent with this, active (nonmembranous) ȕ-catenin has been extensively reported to associate with
adverse outcome in breast cancer patients (271, 310-312). In colorectal
cancer (313, 314), melanoma (315), hepatocellular (316) and ovarian
carcinomas (317), abnormal levels of nuclear ȕ-catenin have also been
shown to associate with mutations in the regulatory region of ȕ-catenin or
the machinery that controls its degradation (313).
As to how JAM-A might regulate the spatial relocalization of ȕ-catenin to
breast tumour cell nuclei, a number of avenues could be considered. The
first is a physical anchorage theory ± namely that overexpression of JAM-A
acts to restrain ȕ-catenin at the membrane and prevent its translocation into
the nucleus to initiate transcription of FOXA1 (or other genes). However, in
our hands, JAM-A levels did not affect those of MAGI-1, PAR3 or PAR6B proteins that have been shown to participate in the cytoplasmic plaque of
tight junctions and interact with JAM-A and ȕ-catenin through their PDZbinding domains (264, 265).
This opens up a second but related consideration ± that the capacity for
functional associations between proteins may exert more influence on ȕcatenin localization than simple expressional alterations in any of the
players. Experimental manipulation of the functional domains within the
JAM-A protein revealed that both its dimerization and PDZ-binding domains
exerted some regulatory control over nuclear versus non-nuclear levels of ȕcatenin. This could imply at least two ways of JAM-dependent regulation of
ȕ-catenin: 1) JAM-A dimerization could exert a negative tone on
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the

signalling network responsible for ȕ-catenin degradation or translocation; 2)
The JAM-A PDZ-binding domain could be required for protein-protein
interactions that could restrain ȕ-catenin at the membrane, in its proadhesion state. In support of these theories, ȕ-catenin translocation to the
nucleus can be activated by MUC1 (318, 319), a protein with anti-adhesion
properties which inhibits cell-cell interactions (320). Furthermore, JAM-A
loss has been associated with the induction of E-cadherin transcription
(278), an adhesion protein that binds to ȕ-catenin and maintains it at the cell
membrane (321). Nevertheless, future investigations will be instrumental in
understanding the events facilitating changes to ȕ-catenin localization
caused by JAM-A expression.
Taking these studies back to their putative relevance in the translational
context of breast cancer patients, our results confirmed the existence of a
linear pathway where JAM-A, ȕ-catenin, FOXA1 and HER3 are associated
in tissue specimens from 144 patients with invasive breast cancer. However,
due to a lack of heterogeneity within the studied population, further
investigation will be valuable in analysing correlations between JAM-A, ȕcatenin, FOXA1 and HER2 in the context of the molecular subtypes of
breast cancer.
Our studies showing that JAM-A expression levels can control those of
HER2 and HER3 open up a discussion on whether pharmacological
targeting of JAM-A could recapitulate the same effects. The possibility of
pharmacologically targeting JAM-A to indirectly reduce expression of HER2
or HER3 is an appealing one; not least because its localisation on the outer
face of the cell membrane makes it easily accessible to drugs. Furthermore,
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similar

to

the

recently-approved

drug

Pertuzumab

which

inhibits

HER2/HER3 dimerization (322), a JAM-A antagonist would theoretically
reduce the likelihood of HER2/3 receptor dimerization - the most potent HER
signalling

combination

(323)

-

simply

by

virtue

of

expressional

downregulation of both HER2 and HER3. It would also have the advantage
of potential utility in HER2-negative/HER3-positive breast cancers, by
reducing the availability of HER3 to dimerize with other HER family
members. This strategy could also have future value in the treatment of
breast cancers that have developed resistance to HER2-targeted therapies
by overexpressing HER3 in order to maintain survival signalling (228).
Moreover, JAM-A could be useful not only in the treatment of breast cancer,
but in other solid tumours that have been previously shown to upregulate
expression of HER2 and/or HER3, principally malignancies of epithelial
origin such as gastric, non-small cell lung, ovarian, colon and pancreatic
cancers (324, 325). Importantly, another study from our laboratory has
revealed that expressional alterations in Occludin, another protein from the
tight junction complex, had no effect on the expression of HER2, suggesting
that JAM-A has an intrinsic capacity of regulating HER2 not shared with
other tight junction proteins. In our hands, the JAM-inhibitory peptide JBS2
reduced breast cancer cell proliferation and the activation of cell survival
effectors; while another group has shown an anti-JAM-A monoclonal
antibody to inhibit human tumour xenograft growth in vivo (165). However it
is worth noting that an alternative approach of screening for JAM-Adegrading drugs may have more practical value in reducing tumourigenic
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behaviour, as noted in a manuscript recently submitted by our laboratory
(Vellanki SH, Cruz RGB et al; manuscript submitted).
In conclusion, this thesis has presented novel evidence of a functional
connection between JAM-A, FOXA1, ȕ-catenin and HER2/HER3 signalling
in breast cancer cells. Our data suggest that JAM-A merits further
mechanistic investigation as an anti-cancer therapy, by virtue of its ability to
control the expression of important molecules involved in mechanisms of cell
survival and proliferation. Our study is the first to indicate a JAM-Adependent regulation of HER2/HER3 by modulating ȕ-catenin and FOXA1
expression, and it has the potential to be valuable in a large number of
breast cancer subtypes. Collectively, our findings suggest benefit in
exploring JAM-A antagonism as a novel strategy in certain aggressive
breast cancer populations. We speculate that JAM-A could be successfully
exploited in the context of precision medicine, as both a biomarker of tumour
aggressiveness and a treatment target in the future.
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Future Directions

This work has provided a strong foundation to justify further investigation
into the association between JAM-A and the HER family members. Future
studies would benefit from determining:
1) What are the precise mechanisms involved in JAM-A regulation of ȕcatenin localization and/or its inhibitory effect on ȕ-catenin degradation?
2) Can changes in JAM-A expression be exploited to circumvent therapeutic
resistance to anti-hormone and anti-HER2 therapies in patient settings?
3) How can JAM-A best be pharmacologically targeted to reproduce the
effects of gene silencing in reducing expression of HER2 and HER3?
We would hope that this study sets the scene for JAM-A pharmacological
antagonism to undergo Phase I clinical trials in the future.

262

References
1.
Jesinger RA. Breast anatomy for the interventionalist. Techniques in
vascular and interventional radiology. 2014;17(1):3-9.
2.
Zucca-Matthes G, Urban C, Vallejo A. Anatomy of the nipple and breast
ducts. Gland Surgery. 2016;5(1):32-6.
3.
Neville MC, McFadden TB, Forsyth I. Hormonal regulation of mammary
differentiation and milk secretion. Journal of mammary gland biology and neoplasia.
2002;7(1):49-66.
4.
Nguyen C, Kettler MD, Swirsky ME, Miller VI, Scott C, Krause R, et al. Male
breast disease: pictorial review with radiologic-pathologic correlation.
Radiographics : a review publication of the Radiological Society of North America,
Inc. 2013;33(3):763-79.
5.
Ampil F, Caldito G, Henderson B, Li B, Kim RH, Burton G, et al. Carcinoma
of the axillary tail of Spence: a case series. Anticancer research. 2012;32(9):40579.
6.
Hindle WH. Breast Care - $&OLQLFDO*XLGHERRNIRU:RPHQ¶V3ULPDU\+HDOWK
Care Providers. New York, NY: Springer, New York, NY; 2012.
7.
Vidi PA, Bissell MJ, Lelievre SA. Three-dimensional culture of human breast
epithelial cells: the how and the why. Methods in molecular biology (Clifton, NJ).
2013;945:193-219.
8.
Bianchi S, Palli D, Galli M, Zampi G. Benign breast disease and cancer risk.
Critical Reviews in Oncology/Hematology. 1993;15(3):221-42.
9.
Society CC. The breasts Canadian Cancer Society website [Available from:
http://www.cancer.ca/en/cancer-information/cancer-type/breast/breast-cancer/thebreasts/?region=on.
10.
Macéa JR, Fregnani JHTG. Anatomy of the Thoracic Wall, Axilla and
Breast. International Journal of Morphology. 2006;24:691-704.
11.
Ferlay J, Shin HR, Bray F, Forman D, Mathers C, Parkin DM. Estimates of
worldwide burden of cancer in 2008: GLOBOCAN 2008. International journal of
cancer Journal international du cancer. 2010;127(12):2893-917.
12.
Ireland NCR. Cancer Factsheet - Female breast. 2013.
13.
Guth U, Magaton I, Huang DJ, Fisher R, Schotzau A, Vetter M. Primary and
secondary distant metastatic breast cancer: two sides of the same coin. Breast
(Edinburgh, Scotland). 2014;23(1):26-32.
14.
Bleyer A, Welch HG. Effect of Three Decades of Screening Mammography
on
Breast-Cancer
Incidence.
New
England
Journal
of
Medicine.
2012;367(21):1998-2005.
15.
Tang J, Rangayyan RM, Xu J, El Naqa I, Yang Y. Computer-aided detection
and diagnosis of breast cancer with mammography: recent advances. IEEE
transactions on information technology in biomedicine : a publication of the IEEE
Engineering in Medicine and Biology Society. 2009;13(2):236-51.
16.
Singletary SE. Rating the Risk Factors for Breast Cancer. Annals of
surgery. 2003;237(4):474-82.
17.
Dumalaon-Canaria JA, Hutchinson AD, Prichard I, Wilson C. What causes
breast cancer? A systematic review of causal attributions among breast cancer
survivors and how these compare to expert-endorsed risk factors. Cancer Causes
& Control. 2014;25(7):771-85.
263

18.
Makki J. Diversity of Breast Carcinoma: Histological Subtypes and Clinical
Relevance. Clinical Medicine Insights Pathology. 2015;8:23-31.
19.
Ward EM, DeSantis CE, Lin CC, Kramer JL, Jemal A, Kohler B, et al.
Cancer statistics: Breast cancer in situ. CA: a cancer journal for clinicians.
2015;65(6):481-95.
20.
Cutuli B, De Lafontan B, Kirova Y, Auvray H, Tallet A, Avigdor S, et al.
Lobular carcinoma in situ (LCIS) of the breast: is long-term outcome similar to
ductal carcinoma in situ (DCIS)? Analysis of 200 cases. Radiation Oncology.
2015;10(1):110.
21.
Sastre-Garau X, Jouve M, Asselain B, Vincent-Salomon A, Beuzeboc P,
Dorval T, et al. Infiltrating lobular carcinoma of the breast. Clinicopathologic
analysis of 975 cases with reference to data on conservative therapy and
metastatic patterns. Cancer. 1996;77(1):113-20.
22.
Hance KW, Anderson WF, Devesa SS, Young HA, Levine PH. Trends in
Inflammatory Breast Carcinoma Incidence and Survival: The Surveillance,
Epidemiology, and End Results Program at the National Cancer Institute. Journal of
the National Cancer Institute. 2005;97(13):966-75.
23.
Ping Z, Siegal GP, Almeida JS, Schnitt SJ, Shen D. Mining genome
sequencing data to identify the genomic features linked to breast cancer
histopathology. Journal of pathology informatics. 2014;5(1):3.
24.
Sinn H-P, Kreipe H. A Brief Overview of the WHO Classification of Breast
Tumors, 4th Edition, Focusing on Issues and Updates from the 3rd Edition. Breast
Care. 2013;8(2):149-54.
25.
Bansal C, Pujani M, Sharma K, Srivastava A, Singh U. Grading systems in
the cytological diagnosis of breast cancer: A review. Journal of Cancer Research
and Therapeutics. 2014;10(4):839-45.
26.
Singletary SE, Connolly JL. Breast cancer staging: working with the sixth
edition of the AJCC Cancer Staging Manual. CA: a cancer journal for clinicians.
2006;56(1):37-47; quiz 50-1.
27.
Bloom HJG, Richardson WW. Histological Grading and Prognosis in Breast
Cancer: A Study of 1409 Cases of which 359 have been Followed for 15 Years.
British journal of cancer. 1957;11(3):359-77.
28.
Rakha EA, Reis-Filho JS, Baehner F, Dabbs DJ, Decker T, Eusebi V, et al.
Breast cancer prognostic classification in the molecular era: the role of histological
grade. Breast cancer research : BCR. 2010;12(4):207.
29.
Dai X, Xiang L, Li T, Bai Z. Cancer Hallmarks, Biomarkers and Breast
Cancer Molecular Subtypes. Journal of Cancer. 2016;7(10):1281-94.
30.
Prat A, Perou CM. Deconstructing the molecular portraits of breast cancer.
Molecular Oncology. 2011;5(1):5-23.
31.
Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al.
Molecular portraits of human breast tumours. Nature. 2000;406(6797):747-52.
32.
Prat A, Pineda E, Adamo B, Galvan P, Fernandez A, Gaba L, et al. Clinical
implications of the intrinsic molecular subtypes of breast cancer. Breast (Edinburgh,
Scotland). 2015;24 Suppl 2:S26-35.
33.
Dai X, Li T, Bai Z, Yang Y, Liu X, Zhan J, et al. Breast cancer intrinsic
subtype classification, clinical use and future trends. American Journal of Cancer
Research. 2015;5(10):2929-43.

264

34.
Fulawka L, Halon A. Ki-67 evaluation in breast cancer: The daily diagnostic
practice. Indian journal of pathology & microbiology. 2017;60(2):177-84.
35.
Lachapelle J, Foulkes WD. Triple-negative and basal-like breast cancer:
implications for oncologists. Current Oncology. 2011;18(4):161-4.
36.
Onitilo AA, Engel JM, Greenlee RT, Mukesh BN. Breast cancer subtypes
based on ER/PR and Her2 expression: comparison of clinicopathologic features
and survival. Clinical medicine & research. 2009;7(1-2):4-13.
37.
Cheang MC, Chia SK, Voduc D, Gao D, Leung S, Snider J, et al. Ki67
index, HER2 status, and prognosis of patients with luminal B breast cancer. J Natl
Cancer Inst. 2009;101(10):736-50.
38.
Cobleigh MA, Vogel CL, Tripathy D, Robert NJ, Scholl S, Fehrenbacher L,
et al. Multinational study of the efficacy and safety of humanized anti-HER2
monoclonal antibody in women who have HER2-overexpressing metastatic breast
cancer that has progressed after chemotherapy for metastatic disease. Journal of
clinical oncology : official journal of the American Society of Clinical Oncology.
1999;17(9):2639-48.
39.
Smith SE, Mellor P, Ward AK, Kendall S, McDonald M, Vizeacoumar FS, et
al. Molecular characterization of breast cancer cell lines through multiple omic
approaches. Breast Cancer Research. 2017;19(1):65.
40.
Badve S, Dabbs DJ, Schnitt SJ, Baehner FL, Decker T, Eusebi V, et al.
Basal-like and triple-negative breast cancers: a critical review with an emphasis on
the implications for pathologists and oncologists. Modern pathology : an official
journal of the United States and Canadian Academy of Pathology, Inc.
2011;24(2):157-67.
41.
Seal MD, Chia SK. What is the difference between triple-negative and basal
breast cancers? Cancer journal (Sudbury, Mass). 2010;16(1):12-6.
42.
Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, et al.
Phenotypic and molecular characterization of the claudin-low intrinsic subtype of
breast cancer. Breast Cancer Research. 2010;12(5):R68.
43.
Hennessy BT, Gonzalez-Angulo A-M, Stemke-Hale K, Gilcrease MZ,
Krishnamurthy S, Lee J-S, et al. Characterization of a Naturally Occurring Breast
Cancer Subset Enriched in Epithelial-to-Mesenchymal Transition and Stem Cell
Characteristics. Cancer research. 2009;69(10):4116-24.
44.
Dias K, Dvorkin-Gheva A, Hallett RM, Wu Y, Hassell J, Pond GR, et al.
Claudin-Low Breast Cancer; Clinical & Pathological Characteristics. PLoS ONE.
2017;12(1):e0168669.
45.
Guiu S, Michiels S, Andre F, Cortes J, Denkert C, Di Leo A, et al. Molecular
subclasses of breast cancer: how do we define them? The IMPAKT 2012 Working
Group Statement. Annals of oncology : official journal of the European Society for
Medical Oncology. 2012;23(12):2997-3006.
46.
Hon JDC, Singh B, Sahin A, Du G, Wang J, Wang VY, et al. Breast cancer
molecular subtypes: from TNBC to QNBC. American Journal of Cancer Research.
2016;6(9):1864-72.
47.
Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to cancer
therapies. Nature reviews Clinical oncology. 2018;15(2):81-94.
48.
Roskoski R, Jr. The ErbB/HER family of protein-tyrosine kinases and
cancer. Pharmacological research : the official journal of the Italian
Pharmacological Society. 2014;79:34-74.
265

49.
Barros FF, Powe DG, Ellis IO, Green AR. Understanding the HER family in
breast cancer: interaction with ligands, dimerization and treatments.
Histopathology. 2010;56(5):560-72.
50.
Appert-Collin A, Hubert P, Crémel G, Bennasroune A. Role of ErbB
Receptors in Cancer Cell Migration and Invasion. Frontiers in Pharmacology.
2015;6:283.
51.
Yarden Y, Sliwkowski MX. Untangling the ErbB signalling network. Nature
reviews Molecular cell biology. 2001;2(2):127-37.
52.
Bublil EM, Yarden Y. The EGF receptor family: spearheading a merger of
signaling and therapeutics. Current opinion in cell biology. 2007;19(2):124-34.
53.
Citri A, Skaria KB, Yarden Y. The deaf and the dumb: the biology of ErbB-2
and ErbB-3. Experimental cell research. 2003;284(1):54-65.
54.
Holbro T, Beerli RR, Maurer F, Koziczak M, Barbas CF, 3rd, Hynes NE. The
ErbB2/ErbB3 heterodimer functions as an oncogenic unit: ErbB2 requires ErbB3 to
drive breast tumor cell proliferation. Proceedings of the National Academy of
Sciences of the United States of America. 2003;100(15):8933-8.
55.
Kovacs E, Zorn JA, Huang Y, Barros T, Kuriyan J. A Structural Perspective
on the Regulation of the EGF Receptor. Annual review of biochemistry.
2015;84:739-64.
56.
Jones FE. HER4 Intracellular Domain (4ICD) Activity in the Developing
Mammary Gland and Breast Cancer. Journal of mammary gland biology and
neoplasia. 2008;13(2):247-58.
57.
Fitzgerald TL, Lertpiriyapong K, Cocco L, Martelli AM, Libra M, Candido S,
et al. Roles of EGFR and KRAS and their downstream signaling pathways in
pancreatic cancer and pancreatic cancer stem cells. Advances in biological
regulation. 2015;59:65-81.
58.
Hynes NE, MacDonald G. ErbB receptors and signaling pathways in cancer.
Current opinion in cell biology. 2009;21(2):177-84.
59.
Walker F, Kato A, Gonez LJ, Hibbs ML, Pouliot N, Levitzki A, et al.
Activation of the Ras/Mitogen-Activated Protein Kinase Pathway by KinaseDefective Epidermal Growth Factor Receptors Results in Cell Survival but Not
Proliferation. Molecular and Cellular Biology. 1998;18(12):7192-204.
60.
Wee P, Wang Z. Epidermal Growth Factor Receptor Cell Proliferation
Signaling Pathways. Cancers. 2017;9(5):52.
61.
Bachawal SV, Wali VB, Sylvester PW. Combined gamma-tocotrienol and
erlotinib/gefitinib treatment suppresses Stat and Akt signaling in murine mammary
tumor cells. Anticancer research. 2010;30(2):429-37.
62.
Slobbe P, Windhorst AD, Stigter-van Walsum M, Schuit RC, Smit EF,
Niessen HG, et al. Development of [18F]afatinib as new TKI-PET tracer for EGFR
positive tumors. Nuclear medicine and biology. 2014;41(9):749-57.
63.
Wang Z. ErbB Receptors and Cancer. Methods in molecular biology
(Clifton, NJ). 2017;1652:3-35.
64.
Arteaga CL. Epidermal growth factor receptor dependence in human
tumors: more than just expression? The oncologist. 2002;7 Suppl 4:31-9.
65.
Sigismund S, Avanzato D, Lanzetti L. Emerging functions of the EGFR in
cancer. Molecular Oncology. 2018;12(1):3-20.

266

66.
Witton CJ, Reeves JR, Going JJ, Cooke TG, Bartlett JM. Expression of the
HER1-4 family of receptor tyrosine kinases in breast cancer. The Journal of
pathology. 2003;200(3):290-7.
67.
Society IC. Treatment of breast cancer 2018 [Available from:
https://www.cancer.ie/cancer-information/breast-cancer/treatments.
68.
Kim BM, Hong Y, Lee S, Liu P, Lim JH, Lee YH, et al. Therapeutic
Implications for Overcoming Radiation Resistance in Cancer Therapy. International
Journal of Molecular Sciences. 2015;16(11):26880-913.
69.
Aguirre-Ghiso JA. Models, mechanisms and clinical evidence for cancer
dormancy. Nature reviews Cancer. 2007;7(11):834-46.
70.
Society
AC.
Hormone
Therapy
for
Breast
Cancer
https://www.cancer.org/cancer/breast-cancer/treatment/hormone-therapy-forbreast-cancer.html2018
[cited
2018
January].
Available
from:
https://www.cancer.org/cancer/breast-cancer/treatment/hormone-therapy-forbreast-cancer.html.
71.
Lee H-R, Kim T-H, Choi K-C. Functions and physiological roles of two types
RI HVWURJHQ UHFHSWRUV (5Į DQG (5ȕ LGHQWLILHG E\ HVWURJHQ UHFHSWRU NQRFNRXW
mouse. Laboratory Animal Research. 2012;28(2):71-6.
72.
Roforth MM, Atkinson EJ, Levin ER, Khosla S, Monroe DG. Dissection of
Estrogen Receptor Alpha Signaling Pathways in Osteoblasts Using RNASequencing. PLoS ONE. 2014;9(4):e95987.
73.
Abdulkareem IH, Zurmi IB. Review of hormonal treatment of breast cancer.
Nigerian journal of clinical practice. 2012;15(1):9-14.
74.
%M|UQVWU|P / 6M|EHUJ 0 0HFKDQLVPV RI (VWURJHQ 5HFHSWRU 6LJQDOLQJ
Convergence of Genomic and Nongenomic Actions on Target Genes. Molecular
Endocrinology. 2005;19(4):833-42.
75.
Fisher B, Costantino JP, Wickerham DL, Redmond CK, Kavanah M, Cronin
WM, et al. Tamoxifen for prevention of breast cancer: report of the National
Surgical Adjuvant Breast and Bowel Project P-1 Study. J Natl Cancer Inst.
1998;90(18):1371-88.
76.
Sismondi P, Biglia N, Volpi E, Giai M, de Grandis T. Tamoxifen and
endometrial cancer. Annals of the New York Academy of Sciences. 1994;734:31021.
77.
Gynecologists ACoOa. Committee Opinion No. 601: Tamoxifen and uterine
cancer. Obstetrics and gynecology. 2014;123(6):1394-7.
78.
An K-C. Selective Estrogen Receptor Modulators. Asian Spine Journal.
2016;10(4):787-91.
79.
Howell SJ, Johnston SRD, Howell A. The use of selective estrogen receptor
modulators and selective estrogen receptor down-regulators in breast cancer. Best
Practice & Research Clinical Endocrinology & Metabolism.18(1):47-66.
80.
Smith IE, Dowsett M. Aromatase inhibitors in breast cancer. The New
England journal of medicine. 2003;348(24):2431-42.
81.
Altundag K, Ibrahim NK. Aromatase inhibitors in breast cancer: an overview.
The oncologist. 2006;11(6):553-62.
82.
Chan HJ, Petrossian K, Chen S. Structural and Functional Characterization
of Aromatase, Estrogen Receptor, and Their Genes in Endocrine-Responsive and
± Resistant Breast Cancer Cells. The Journal of steroid biochemistry and molecular
biology. 2016;161:73-83.
267

83.
Alberto P, Mermillod B, Kaplan E, Goldhirsch A, Obrecht JP, Jungi F, et al.
A clinical trial of aminoglutethimide in advanced postmenopausal breast carcinoma:
low response in patients previously treated with medroxyprogesterone. European
journal of cancer & clinical oncology. 1985;21(4):423-8.
84.
Evans TR, Di Salle E, Ornati G, Lassus M, Benedetti MS, Pianezzola E, et
al. Phase I and endocrine study of exemestane (FCE 24304), a new aromatase
inhibitor, in postmenopausal women. Cancer research. 1992;52(21):5933-9.
85.
Chumsri S, Howes T, Bao T, Sabnis G, Brodie A. Aromatase, Aromatase
Inhibitors, and Breast Cancer. The Journal of steroid biochemistry and molecular
biology. 2011;125(1-2):13-22.
86.
Robertson JF, Blamey RW. The use of gonadotrophin-releasing hormone
(GnRH) agonists in early and advanced breast cancer in pre- and perimenopausal
women. European journal of cancer (Oxford, England : 1990). 2003;39(7):861-9.
87.
Turner NH, Partridge A, Sanna G, Di Leo A, Biganzoli L. Utility of
gonadotropin-releasing hormone agonists for fertility preservation in young breast
cancer patients: the benefit remains uncertain. Annals of Oncology.
2013;24(9):2224-35.
88.
Wilson FR, Coombes ME, Wylie Q, Yurchenko M, Brezden-Masley C,
Hutton B, et al. Herceptin® (trastuzumab) in HER2-positive early breast cancer:
protocol for a systematic review and cumulative network meta-analysis. Systematic
Reviews. 2017;6:196.
89.
Baselga J. Clinical trials of Herceptin(trastuzumab). European journal of
cancer (Oxford, England : 1990). 2001;37 Suppl 1:S18-24.
90.
Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M,
Smith I, et al. Trastuzumab after Adjuvant Chemotherapy in HER2-Positive Breast
Cancer. New England Journal of Medicine. 2005;353(16):1659-72.
91.
Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas J, Baselga J.
Trastuzumab (herceptin), a humanized anti-Her2 receptor monoclonal antibody,
inhibits basal and activated Her2 ectodomain cleavage in breast cancer cells.
Cancer research. 2001;61(12):4744-9.
92.
Vu T, Claret FX. Trastuzumab: Updated Mechanisms of Action and
Resistance in Breast Cancer. Frontiers in Oncology. 2012;2:62.
93.
Harries M, Smith I. The development and clinical use of trastuzumab
(Herceptin). Endocrine-related cancer. 2002;9(2):75-85.
94.
Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Press M, et al.
Adjuvant trastuzumab in HER2-positive breast cancer. The New England journal of
medicine. 2011;365(14):1273-83.
95.
Garnock-Jones KP, Keating GM, Scott LJ. Trastuzumab: A review of its use
as adjuvant treatment in human epidermal growth factor receptor 2 (HER2)-positive
early breast cancer. Drugs. 2010;70(2):215-39.
96.
Chang HR. Trastuzumab-based neoadjuvant therapy in patients with HER2positive breast cancer. Cancer. 2010;116(12):2856-67.
97.
Segovia-Mendoza M, González-González ME, Barrera D, Díaz L, GarcíaBecerra R. Efficacy and mechanism of action of the tyrosine kinase inhibitors
gefitinib, lapatinib and neratinib in the treatment of HER2-positive breast cancer:
preclinical and clinical evidence. American Journal of Cancer Research.
2015;5(9):2531-61.

268

98.
Xu Z-q, Zhang Y, Li N, Liu P-j, Gao L, Gao X, et al. Efficacy and safety of
lapatinib and trastuzumab for HER2-positive breast cancer: a systematic review
and meta-analysis of randomised controlled trials. BMJ Open. 2017;7(3):e013053.
99.
Gradishar WJ. Emerging approaches for treating HER2-positive metastatic
breast cancer beyond trastuzumab. Annals of oncology : official journal of the
European Society for Medical Oncology. 2013;24(10):2492-500.
100. Capelan M, Pugliano L, De Azambuja E, Bozovic I, Saini KS, Sotiriou C, et
al. Pertuzumab: new hope for patients with HER2-positive breast cancer. Annals of
oncology : official journal of the European Society for Medical Oncology.
2013;24(2):273-82.
101. von Minckwitz G, Procter M, de Azambuja E, Zardavas D, Benyunes M,
Viale G, et al. Adjuvant Pertuzumab and Trastuzumab in Early HER2-Positive
Breast Cancer. New England Journal of Medicine. 2017;377(2):122-31.
102. Amiri-Kordestani L, Wedam S, Zhang L, Tang S, Tilley A, Ibrahim A, et al.
First FDA approval of neoadjuvant therapy for breast cancer: pertuzumab for the
treatment of patients with HER2-positive breast cancer. Clinical cancer research :
an official journal of the American Association for Cancer Research.
2014;20(21):5359-64.
103. Amiri-Kordestani L, Blumenthal GM, Xu QC, Zhang L, Tang SW, Ha L, et al.
FDA approval: ado-trastuzumab emtansine for the treatment of patients with HER2positive metastatic breast cancer. Clinical cancer research : an official journal of the
American Association for Cancer Research. 2014;20(17):4436-41.
104. Petrelli F, Cabiddu M, Cazzaniga ME, Cremonesi M, Barni S. Targeted
therapies for the treatment of breast cancer in the post-trastuzumab era. The
oncologist. 2008;13(4):373-81.
105. von Manstein V, Yang CM, Richter D, Delis N, Vafaizadeh V, Groner B.
Resistance of Cancer Cells to Targeted Therapies Through the Activation of
Compensating Signaling Loops. Current Signal Transduction Therapy.
2013;8(3):193-202.
106. Friedman R. Drug resistance in cancer: molecular evolution and
compensatory proliferation. Oncotarget. 2016;7(11):11746-55.
107. Shattuck DL, Miller JK, Carraway KL, 3rd, Sweeney C. Met receptor
contributes to trastuzumab resistance of Her2-overexpressing breast cancer cells.
Cancer research. 2008;68(5):1471-7.
108. Valabrega G, Montemurro F, Aglietta M. Trastuzumab: mechanism of
action, resistance and future perspectives in HER2-overexpressing breast cancer.
Annals of oncology : official journal of the European Society for Medical Oncology.
2007;18(6):977-84.
109. de Melo Gagliato D, Jardim DL, Marchesi MS, Hortobagyi GN. Mechanisms
of resistance and sensitivity to anti-HER2 therapies in HER2+ breast cancer.
Oncotarget. 2016;7(39):64431-46.
110. Bria E, Cuppone F, Fornier M, Nistico C, Carlini P, Milella M, et al.
Cardiotoxicity and incidence of brain metastases after adjuvant trastuzumab for
early breast cancer: the dark side of the moon? A meta-analysis of the randomized
trials. Breast cancer research and treatment. 2008;109(2):231-9.
111. Fan W, Chang J, Fu P. Endocrine therapy resistance in breast cancer:
current status, possible mechanisms and overcoming strategies. Future Medicinal
Chemistry. 2015;7(12):1511-9.
269

112. Nelson WG, Yegnasubramanian S. Resistance Emerges to Second
Generation Anti-Androgens in Prostate Cancer. Cancer discovery. 2013;3(9):971-4.
113. Huang D, Yang F, Wang Y, Guan X. Mechanisms of resistance to selective
estrogen receptor down-regulator in metastatic breast cancer. Biochimica et
biophysica acta. 2017;1868(1):148-56.
114. D'Amato V, Raimondo L, Formisano L, Giuliano M, De Placido S, Rosa R,
et al. Mechanisms of lapatinib resistance in HER2-driven breast cancer. Cancer
treatment reviews. 2015;41(10):877-83.
115. Ruprecht B, Zaal EA, Zecha J, Wu W, Berkers CR, Kuster B, et al. Lapatinib
Resistance in Breast Cancer Cells Is Accompanied by Phosphorylation-Mediated
Reprogramming of Glycolysis. Cancer research. 2017;77(8):1842-53.
116. Liu L, Greger J, Shi H, Liu Y, Greshock J, Annan R, et al. Novel mechanism
of lapatinib resistance in HER2-positive breast tumor cells: activation of AXL.
Cancer research. 2009;69(17):6871-8.
117. Dua R, Zhang J, Nhonthachit P, Penuel E, Petropoulos C, Parry G. EGFR
over-expression and activation in high HER2, ER negative breast cancer cell line
induces trastuzumab resistance. Breast cancer research and treatment.
2010;122(3):685-97.
118. Scaltriti M, Rojo F, Ocana A, Anido J, Guzman M, Cortes J, et al.
Expression of p95HER2, a truncated form of the HER2 receptor, and response to
anti-HER2 therapies in breast cancer. J Natl Cancer Inst. 2007;99(8):628-38.
119. Nahta R, Yuan LX, Zhang B, Kobayashi R, Esteva FJ. Insulin-like growth
factor-I receptor/human epidermal growth factor receptor 2 heterodimerization
contributes to trastuzumab resistance of breast cancer cells. Cancer research.
2005;65(23):11118-28.
120. Kechagioglou P, Papi RM, Provatopoulou X, Kalogera E, Papadimitriou E,
Grigoropoulos P, et al. Tumor suppressor PTEN in breast cancer: heterozygosity,
mutations and protein expression. Anticancer research. 2014;34(3):1387-400.
121. Simpson L, Parsons R. PTEN: Life as a Tumor Suppressor. Experimental
cell research. 2001;264(1):29-41.
122. Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, et al. PTEN
activation contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts
trastuzumab resistance in patients. Cancer cell. 2004;6(2):117-27.
123. Li DM, Feng YM. Signaling mechanism of cell adhesion molecules in breast
cancer metastasis: potential therapeutic targets. Breast cancer research and
treatment. 2011;128(1):7-21.
124. Anderson JM, Van Itallie CM. Physiology and function of the tight junction.
Cold Spring Harbor perspectives in biology. 2009;1(2):a002584.
125. Takano K, Kojima T, Sawada N, Himi T. Role of tight junctions in signal
transduction: an update. EXCLI Journal. 2014;13:1145-62.
126. Owens MB, Hill ADK, Hopkins AM. Ductal barriers in mammary epithelium.
Tissue Barriers. 2013;1(4):e25933.
127. Balda MS, Matter K. Tight junctions and the regulation of gene expression.
Biochimica et biophysica acta. 2009;1788(4):761-7.
128. Chalmers AD, Whitley P. Continuous endocytic recycling of tight junction
proteins: how and why? Essays in biochemistry. 2012;53:41-54.

270

129. Leech AO, Cruz RG, Hill AD, Hopkins AM. Paradigms lost-an emerging role
for over-expression of tight junction adhesion proteins in cancer pathogenesis. Ann
Transl Med. 2015;3(13):184.
130. Friedl P, Gilmour D. Collective cell migration in morphogenesis,
regeneration and cancer. Nature Reviews Molecular Cell Biology. 2009;10:445.
131. Martin TA, Jiang WG. Loss of tight junction barrier function and its role in
cancer metastasis. Biochimica et biophysica acta. 2009;1788(4):872-91.
132. Martin TA, Mansel RE, Jiang WG. Loss of occludin leads to the progression
of human breast cancer. International journal of molecular medicine.
2010;26(5):723-34.
133. Kominsky SL, Argani P, Korz D, Evron E, Raman V, Garrett E, et al. Loss of
the tight junction protein claudin-7 correlates with histological grade in both ductal
carcinoma in situ and invasive ductal carcinoma of the breast. Oncogene.
2003;22(13):2021-33.
134. Shang X, Lin X, Alvarez E, Manorek G, Howell SB. Tight Junction Proteins
Claudin-3 and Claudin-4 Control Tumor Growth and Metastases. Neoplasia (New
York, NY). 2012;14(10):974-IN22.
135. Hewitt KJ, Agarwal R, Morin PJ. The claudin gene family: expression in
normal and neoplastic tissues. BMC cancer. 2006;6:186.
136. Martin TA, Watkins G, Jiang WG. The Coxsackie-adenovirus receptor has
elevated expression in human breast cancer. Clinical and experimental medicine.
2005;5(3):122-8.
137. Brüning A, Stickeler E, Diederich D, Walz L, Rohleder H, Friese K, et al.
Coxsackie and Adenovirus Receptor Promotes Adenocarcinoma Cell Survival and
Is Expressionally Activated after Transition from Preneoplastic Precursor Lesions to
Invasive Adenocarcinomas. Clinical Cancer Research. 2005;11(12):4316-20.
138. Liu Y, Wang L, Lin XY, Wang J, Yu JH, Miao Y, et al. Anti-apoptotic effect of
claudin-1 on TNF-alpha-induced apoptosis in human breast cancer MCF-7 cells.
Tumour biology : the journal of the International Society for Oncodevelopmental
Biology and Medicine. 2012;33(6):2307-15.
139. Kimbung S, Kovacs A, Bendahl PO, Malmstrom P, Ferno M, Hatschek T, et
al. Claudin-2 is an independent negative prognostic factor in breast cancer and
specifically predicts early liver recurrences. Mol Oncol. 2014;8(1):119-28.
140. Kuo SJ, Chien SY, Lin C, Chan SE, Tsai HT, Chen DR. Significant elevation
of CLDN16 and HAPLN3 gene expression in human breast cancer. Oncology
reports. 2010;24(3):759-66.
141. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, et al. DNA
damage response as a candidate anti-cancer barrier in early human tumorigenesis.
Nature. 2005;434(7035):864-70.
142. Watari A, Hasegawa M, Yagi K, Kondoh M. Checkpoint Kinase 1 Activation
Enhances Intestinal Epithelial Barrier Function via Regulation of Claudin-5
Expression. PLoS ONE. 2016;11(1):e0145631.
143. Cichon C, Sabharwal H, Rüter C, Schmidt MA. MicroRNAs regulate tight
junction proteins and modulate epithelial/endothelial barrier functions. Tissue
Barriers. 2014;2(4):e944446.
144. Hannafon BN, Sebastiani P, de las Morenas A, Lu J, Rosenberg CL.
Expression of microRNA and their gene targets are dysregulated in preinvasive
breast cancer. Breast Cancer Research. 2011;13(2):R24.
271

145. Iorio MV, Croce CM. MicroRNA dysregulation in cancer: diagnostics,
monitoring and therapeutics. A comprehensive review. EMBO Molecular Medicine.
2012;4(3):143-59.
146. Mandell KJ, Parkos CA. The JAM family of proteins. Advanced drug delivery
reviews. 2005;57(6):857-67.
147. Prota AE, Campbell JA, Schelling P, Forrest JC, Watson MJ, Peters TR, et
al. Crystal structure of human junctional adhesion molecule 1: implications for
reovirus binding. Proceedings of the National Academy of Sciences of the United
States of America. 2003;100(9):5366-71.
148. Liu Y, Nusrat A, Schnell FJ, Reaves TA, Walsh S, Pochet M, et al. Human
junction adhesion molecule regulates tight junction resealing in epithelia. Journal of
cell science. 2000;113(13):2363-74.
149. Martin-Padura I, Lostaglio S, Schneemann M, Williams L, Romano M,
Fruscella P, et al. Junctional adhesion molecule, a novel member of the
immunoglobulin superfamily that distributes at intercellular junctions and modulates
monocyte transmigration. The Journal of cell biology. 1998;142(1):117-27.
150. Severson EA, Lee WY, Capaldo CT, Nusrat A, Parkos CA. Junctional
adhesion molecule A interacts with Afadin and PDZ-GEF2 to activate Rap1A,
regulate beta1 integrin levels, and enhance cell migration. Molecular Biology of the
Cell. 2009;20(7):1916-25.
151. Ebnet K, Suzuki A, Ohno S, Vestweber D. Junctional adhesion molecules
(JAMs): more molecules with dual functions? Journal of cell science. 2004;117(Pt
1):19-29.
152. Martinez-Estrada OM, Villa A, Breviario F, Orsenigo F, Dejana E, Bazzoni
G. Association of junctional adhesion molecule with calcium/calmodulin-dependent
serine protein kinase (CASK/LIN-2) in human epithelial caco-2 cells. The Journal of
biological chemistry. 2001;276(12):9291-6.
153. McSherry EA, McGee SF, Jirstrom K, Doyle EM, Brennan DJ, Landberg G,
et al. JAM-A expression positively correlates with poor prognosis in breast cancer
patients. International journal of cancer Journal international du cancer.
2009;125(6):1343-51.
154. Severson EA, Jiang L, Ivanov AI, Mandell KJ, Nusrat A, Parkos CA. CisDimerization Mediates Function of Junctional Adhesion Molecule A. Molecular
Biology of the Cell. 2008;19(5):1862-72.
155. Monteiro AC, Luissint AC, Sumagin R, Lai C, Vielmuth F, Wolf MF, et al.
Trans-dimerization of JAM-A regulates Rap2 and is mediated by a domain that is
distinct from the cis-dimerization interface. Molecular Biology of the Cell.
2014;25(10):1574-85.
156. Naik MU, Naik TU, Suckow AT, Duncan MK, Naik UP. Attenuation of
junctional adhesion molecule-A is a contributing factor for breast cancer cell
invasion. Cancer research. 2008;68(7):2194-203.
157. Brennan K, McSherry EA, Hudson L, Kay EW, Hill AD, Young LS, et al.
Junctional adhesion molecule-A is co-expressed with HER2 in breast tumors and
acts as a novel regulator of HER2 protein degradation and signaling. Oncogene.
2013;32(22):2799-804.
158. Murakami M, Giampietro C, Giannotta M, Corada M, Torselli I, Orsenigo F,
et al. Abrogation of junctional adhesion molecule-A expression induces cell
apoptosis and reduces breast cancer progression. PLoS ONE. 2011;6(6):e21242.
272

159. Rosager AM, Sørensen MD, Dahlrot RH, Boldt HB, Hansen S, Lathia JD, et
al. Expression and prognostic value of JAM-A in gliomas. Journal of NeuroOncology. 2017;135(1):107-17.
160. Tian Y, Tian Y, Zhang W, Wei F, Yang J, Luo X, et al. Junctional adhesion
molecule-A, an epithelial-mesenchymal transition inducer, correlates with
metastasis and poor prognosis in human nasopharyngeal cancer. Carcinogenesis.
2015;36(1):41-8.
161. Ikeo K, Oshima T, Shan J, Matsui H, Tomita T, Fukui H, et al. Junctional
adhesion molecule-A promotes proliferation and inhibits apoptosis of gastric
cancer. Hepatogastroenterology. 2015;62(138):540-5.
162. Zhang M, Luo W, Huang B, Liu Z, Sun L, Zhang Q, et al. Overexpression of
JAM-A in Non-Small Cell Lung Cancer Correlates with Tumor Progression. PLoS
ONE. 2013;8(11).
163. McSherry EA, Brennan K, Hudson L, Hill AD, Hopkins AM. Breast cancer
cell migration is regulated through junctional adhesion molecule-A-mediated
activation of Rap1 GTPase. Breast cancer research : BCR. 2011;13(2):R31.
164. Gotte M, Mohr C, Koo CY, Stock C, Vaske AK, Viola M, et al. miR-145dependent targeting of junctional adhesion molecule A and modulation of fascin
expression are associated with reduced breast cancer cell motility and
invasiveness. Oncogene. 2010;29(50):6569-80.
165. Goetsch L, Haeuw JF, Beau-Larvor C, Gonzalez A, Zanna L, Malissard M,
et al. A novel role for junctional adhesion molecule-A in tumor proliferation:
modulation by an anti-JAM-A monoclonal antibody. International journal of cancer
Journal international du cancer. 2013;132(6):1463-74.
166. Holliday DL, Speirs V. Choosing the right cell line for breast cancer
research. Breast cancer research : BCR. 2011;13(4):215.
167. Browne BC, Crown J, Venkatesan N, Duffy MJ, Clynes M, Slamon D, et al.
Inhibition of IGF1R activity enhances response to trastuzumab in HER-2-positive
breast cancer cells. Annals of oncology : official journal of the European Society for
Medical Oncology. 2011;22(1):68-73.
168. Chazin VR, Kaleko M, Miller AD, Slamon DJ. Transformation mediated by
the human HER-2 gene independent of the epidermal growth factor receptor.
Oncogene. 1992;7(9):1859-66.
169. Pegram MD, Finn RS, Arzoo K, Beryt M, Pietras RJ, Slamon DJ. The effect
of HER-2/neu overexpression on chemotherapeutic drug sensitivity in human
breast and ovarian cancer cells. Oncogene. 1997;15(5):537-47.
170. Wingender E, Dietze P, Karas H, Knüppel R. TRANSFAC: a database on
transcription factors and their DNA binding sites. Nucleic Acids Research.
1996;24(1):238-41.
171. Elnitski L, Riemer C, Petrykowska H, Florea L, Schwartz S, Miller W, et al.
PipTools: a computational toolkit to annotate and analyze pairwise comparisons of
genomic sequences. Genomics. 2002;80(6):681-90.
172. Marx C, Held JM, Gibson BW, Benz CC. ErbB2 trafficking and degradation
associated with K48 and K63 polyubiquitination. Cancer research.
2010;70(9):3709-17.
173. Scott GK, Goga A, Bhaumik D, Berger CE, Sullivan CS, Benz CC.
Coordinate suppression of ERBB2 and ERBB3 by enforced expression of micro-

273

RNA miR-125a or miR-125b. The Journal of biological chemistry.
2007;282(2):1479-86.
174. Leivonen SK, Sahlberg KK, Makela R, Due EU, Kallioniemi O, BorresenDale AL, et al. High-throughput screens identify microRNAs essential for HER2
positive breast cancer cell growth. Mol Oncol. 2014;8(1):93-104.
175. Perissi V, Menini N, Cottone E, Capello D, Sacco M, Montaldo F, et al. AP-2
transcription factors in the regulation of ERBB2 gene transcription by oestrogen.
Oncogene. 2000;19(2):280-8.
176. Begon DY, Delacroix L, Vernimmen D, Jackers P, Winkler R. Yin Yang 1
cooperates with activator protein 2 to stimulate ERBB2 gene expression in
mammary cancer cells. The Journal of biological chemistry. 2005;280(26):2442834.
177. Powe DG, Akhtar G, Habashy HO, Abdel-Fatah T, Rakha EA, Green AR, et
al. Investigating AP-2 and YY1 protein expression as a cause of high HER2 gene
transcription in breast cancers with discordant HER2 gene amplification. Breast
cancer research : BCR. 2009;11(6):R90-R.
178. Fujii T, Kawahara A, Basaki Y, Hattori S, Nakashima K, Nakano K, et al.
Expression of HER2 and estrogen receptor alpha depends upon nuclear
localization of Y-box binding protein-1 in human breast cancers. Cancer research.
2008;68(5):1504-12.
179. Bosc DG, Janknecht R. Regulation of Her2/neu promoter activity by the
ETS transcription factor, ER81. Journal of cellular biochemistry. 2002;86(1):174-83.
180. Naderi A, Meyer M, Dowhan DH. Cross-regulation between FOXA1 and
ErbB2 Signaling in Estrogen Receptor-Negative Breast Cancer. Neoplasia (New
York, NY). 2012;14(4):283-96.
181. Hua G, Zhu B, Rosa F, Deblon N, Adelaide J, Kahn-Perles B, et al. A
negative feedback regulatory loop associates the tyrosine kinase receptor ERBB2
and the transcription factor GATA4 in breast cancer cells. Molecular cancer
research : MCR. 2009;7(3):402-14.
182. Garee JP, Chien CD, Li JV, Wellstein A, Riegel AT. Regulation of HER2
oncogene transcription by a multifunctional coactivator/corepressor complex.
Molecular endocrinology (Baltimore, Md). 2014;28(6):846-59.
183. Xing X, Wang SC, Xia W, Zou Y, Shao R, Kwong KY, et al. The ets protein
PEA3 suppresses HER-2/neu overexpression and inhibits tumorigenesis. Nature
medicine. 2000;6(2):189-95.
184. Zuo T, Wang L, Morrison C, Chang X, Zhang H, Li W, et al. FOXP3 is an Xlinked breast cancer suppressor gene and an important repressor of the HER2/ErbB2 oncogene. Cell. 2007;129(7):1275-86.
185. Balda MS, Matter K. The tight junction protein ZO-1 and an interacting
transcription factor regulate ErbB-2 expression. Embo j. 2000;19(9):2024-33.
186. Ruan YC, Wang Y, Da Silva N, Kim B, Diao RY, Hill E, et al. CFTR interacts
with ZO-1 to regulate tight junction assembly and epithelial differentiation through
the ZONAB pathway. Journal of cell science. 2014;127(Pt 20):4396-408.
187. Bazzoni G, Martinez-Estrada OM, Orsenigo F, Cordenonsi M, Citi S, Dejana
E. Interaction of junctional adhesion molecule with the tight junction components
ZO-1, cingulin, and occludin. The Journal of biological chemistry.
2000;275(27):20520-6.

274

188. Subik K, Lee J-F, Baxter L, Strzepek T, Costello D, Crowley P, et al. The
Expression Patterns of ER, PR, HER2, CK5/6, EGFR, Ki-67 and AR by
Immunohistochemical Analysis in Breast Cancer Cell Lines. Breast Cancer : Basic
and Clinical Research. 2010;4:35-41.
189. Al-Bader M, Ford C, Al-Ayadhy B, Francis I. Analysis of estrogen receptor
isoforms and variants in breast cancer cell lines. Experimental and Therapeutic
Medicine. 2011;2(3):537-44.
190. Ford CH, Al-Bader M, Al-Ayadhi B, Francis I. Reassessment of estrogen
receptor expression in human breast cancer cell lines. Anticancer research.
2011;31(2):521-7.
191. Szasz AM, Lanczky A, Nagy A, Forster S, Hark K, Green JE, et al. Crossvalidation of survival associated biomarkers in gastric cancer using transcriptomic
data of 1,065 patients. Oncotarget. 2016;7(31):49322-33.
192. Balda MS, Garrett MD, Matter K. The ZO-1-associated Y-box factor ZONAB
regulates epithelial cell proliferation and cell density. The Journal of cell biology.
2003;160(3):423-32.
193. Sircoulomb F, Bekhouche I, Finetti P, Adélaïde J, Hamida AB, Bonansea J,
et al. Genome profiling of ERBB2-amplified breast cancers. BMC cancer.
2010;10:539-.
194. Lee A, Woo J, Park H, Sung SH, Seoh J-Y, Lim W, et al. The value of
cytoplasmic Y-box-binding protein 1 as a prognostic marker for breast cancer in
Korean. Breast Cancer (Tokyo, Japan). 2016;23(5):685-91.
195. Bosc DG, Goueli BS, Janknecht R. HER2/Neu-mediated activation of the
ETS transcription factor ER81 and its target gene MMP-1. Oncogene.
2001;20(43):6215-24.
196. Ni M, Chen Y, Lim E, Wimberly H, Bailey ST, Imai Y, et al. Targeting
androgen receptor in estrogen receptor-negative breast cancer. Cancer cell.
2011;20(1):119-31.
197. Bernardo GM, Bebek G, Ginther CL, Sizemore ST, Lozada KL, Miedler JD,
et al. FOXA1 represses the molecular phenotype of basal breast cancer cells.
Oncogene. 2013;32(5):554-63.
198. Bose S, Chandran S, Mirocha JM, Bose N. The Akt pathway in human
breast cancer: a tissue-array-based analysis. Modern Pathology. 2005;19:238.
199. Baselga J. Targeting the phosphoinositide-3 (PI3) kinase pathway in breast
cancer. The oncologist. 2011;16 Suppl 1:12-9.
200. Saini KS, Loi S, de Azambuja E, Metzger-Filho O, Saini ML, Ignatiadis M, et
al. Targeting the PI3K/AKT/mTOR and Raf/MEK/ERK pathways in the treatment of
breast cancer. Cancer treatment reviews. 2013;39(8):935-46.
201. Nava P, Capaldo CT, Koch S, Kolegraff K, Rankin CR, Farkas AE, et al.
JAM-A regulates epithelial proliferation through Akt/beta-catenin signalling. EMBO
reports. 2011;12(4):314-20.
202. Citri A, Yarden Y. EGF-ERBB signalling: towards the systems level. Nature
reviews Molecular cell biology. 2006;7(7):505-16.
203. Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases.
Cell. 2010;141(7):1117-34.
204. Yakes FM, Chinratanalab W, Ritter CA, King W, Seelig S, Arteaga CL.
Herceptin-induced inhibition of phosphatidylinositol-3 kinase and Akt Is required for

275

antibody-mediated effects on p27, cyclin D1, and antitumor action. Cancer
research. 2002;62(14):4132-41.
205. Lanczky A, Nagy A, Bottai G, Munkacsy G, Szabo A, Santarpia L, et al.
miRpower: a web-tool to validate survival-associated miRNAs utilizing expression
data from 2178 breast cancer patients. Breast cancer research and treatment.
2016;160(3):439-46.
206. Engstrom MD, Pfleger BF. Transcription control engineering and
applications in synthetic biology. Synthetic and Systems Biotechnology.
2017;2(3):176-91.
207. Lambert SA, Jolma A, Campitelli LF, Das PK, Yin Y, Albu M, et al. The
Human Transcription Factors. Cell. 2018;172(4):650-65.
208. Birnbaum D, Sircoulomb F, Imbert J. A reason why the ERBB2 gene is
amplified and not mutated in breast cancer. Cancer cell international. 2009;9:5.
209. Lima WR, Parreira KS, Devuyst O, Caplanusi A, N'Kuli F, Marien B, et al.
ZONAB promotes proliferation and represses differentiation of proximal tubule
epithelial cells. Journal of the American Society of Nephrology : JASN.
2010;21(3):478-88.
210. Hannenhalli S, Kaestner KH. The evolution of Fox genes and their role in
development and disease. Nature reviews Genetics. 2009;10(4):233-40.
211. Costa RH, Grayson DR, Darnell JE, Jr. Multiple hepatocyte-enriched
nuclear factors function in the regulation of transthyretin and alpha 1-antitrypsin
genes. Mol Cell Biol. 1989;9(4):1415-25.
212. Kaestner KH. The FoxA factors in organogenesis and differentiation.
Current opinion in genetics & development. 2010;20(5):527-32.
213. Doane AS, Danso M, Lal P, Donaton M, Zhang L, Hudis C, et al. An
estrogen receptor-negative breast cancer subset characterized by a hormonally
regulated transcriptional program and response to androgen. Oncogene.
2006;25(28):3994-4008.
214. Farmer P, Bonnefoi H, Becette V, Tubiana-Hulin M, Fumoleau P, Larsimont
D, et al. Identification of molecular apocrine breast tumours by microarray analysis.
Oncogene. 2005;24(29):4660-71.
215. Overdier DG, Porcella A, Costa RH. The DNA-binding specificity of the
hepatocyte nuclear factor 3/forkhead domain is influenced by amino-acid residues
adjacent to the recognition helix. Mol Cell Biol. 1994;14(4):2755-66.
216. Cirillo LA, Lin FR, Cuesta I, Friedman D, Jarnik M, Zaret KS. Opening of
compacted chromatin by early developmental transcription factors HNF3 (FoxA)
and GATA-4. Molecular cell. 2002;9(2):279-89.
217. Bernardo GM, Keri RA. FOXA1: a transcription factor with parallel functions
in development and cancer. Bioscience reports. 2012;32(2):113-30.
218. Bernardo GM, Lozada KL, Miedler JD, Harburg G, Hewitt SC, Mosley JD, et
al. FOXA1 is an essential determinant of ERalpha expression and mammary ductal
morphogenesis. Development (Cambridge, England). 2010;137(12):2045-54.
219. Lupien M, Eeckhoute J, Meyer CA, Wang Q, Zhang Y, Li W, et al. FoxA1
translates epigenetic signatures into enhancer driven lineage-specific transcription.
Cell. 2008;132(6):958-70.
220. Singh AB, Sharma A, Smith JJ, Krishnan M, Chen X, Eschrich S, et al.
Claudin-1 up-regulates the repressor ZEB-1 to inhibit E-cadherin expression in
colon cancer cells. Gastroenterology. 2011;141(6):2140-53.
276

221. Oliveras-Ferraros C, Massaguer Vall-Llovera A, Vazquez-Martin A, Salip
DC, Queralt B, Cufi S, et al. Transcriptional upregulation of HER2 expression in the
absence of HER2 gene amplification results in cetuximab resistance that is
reversed by trastuzumab treatment. Oncology reports. 2012;27(6):1887-92.
222. Albergaria A, Paredes J, Sousa B, Milanezi F, Carneiro V, Bastos J, et al.
Expression of FOXA1 and GATA-3 in breast cancer: the prognostic significance in
hormone receptor-negative tumours. Breast cancer research : BCR.
2009;11(3):R40.
223. Takagi S, Banno H, Hayashi A, Tamura T, Ishikawa T, Ohta Y. HER2 and
HER3 cooperatively regulate cancer cell growth and determine sensitivity to the
novel investigational EGFR/HER2 kinase inhibitor TAK-285. Oncoscience.
2014;1(3):196-204.
224. Parakh S, Gan HK, Parslow AC, Burvenich IJG, Burgess AW, Scott AM.
Evolution of anti-HER2 therapies for cancer treatment. Cancer treatment reviews.
2017;59:1-21.
225. Sithanandam G, Anderson LM. The ERBB3 receptor in cancer and cancer
gene therapy. Cancer gene therapy. 2008;15(7):413-48.
226. Lemoine NR, Barnes DM, Hollywood DP, Hughes CM, Smith P, Dublin E, et
al. Expression of the ERBB3 gene product in breast cancer. British journal of
cancer. 1992;66(6):1116-21.
227. Garrett JT, Olivares MG, Rinehart C, Granja-Ingram ND, Sanchez V,
Chakrabarty A, et al. Transcriptional and posttranslational up-regulation of HER3
(ErbB3) compensates for inhibition of the HER2 tyrosine kinase. Proceedings of the
National Academy of Sciences of the United States of America.
2011;108(12):5021-6.
228. Sergina NV, Rausch M, Wang D, Blair J, Hann B, Shokat KM, et al. Escape
from HER-family tyrosine kinase inhibitor therapy by the kinase-inactive HER3.
Nature. 2007;445(7126):437-41.
229. Wiseman SM, Makretsov N, Nielsen TO, Gilks B, Yorida E, Cheang M, et al.
Coexpression of the type 1 growth factor receptor family members HER-1, HER-2,
and HER-3 has a synergistic negative prognostic effect on breast carcinoma
survival. Cancer. 2005;103(9):1770-7.
230. Ma J, Lyu H, Huang J, Liu B. Targeting of erbB3 receptor to overcome
resistance in cancer treatment. Molecular cancer. 2014;13:105.
231. Bianco R, Gelardi T, Damiano V, Ciardiello F, Tortora G. Rational bases for
the development of EGFR inhibitors for cancer treatment. The international journal
of biochemistry & cell biology. 2007;39(7-8):1416-31.
232. Rhodes DR, Yu J, Shanker K, Deshpande N, Varambally R, Ghosh D, et al.
ONCOMINE: a cancer microarray database and integrated data-mining platform.
Neoplasia (New York, NY). 2004;6(1):1-6.
233. Richardson M, Singh G. Observations on the use of the avian
chorioallantoic membrane (CAM) model in investigations into angiogenesis. Current
drug targets Cardiovascular & haematological disorders. 2003;3(2):155-85.
234. Cimpean AM, Ribatti D, Raica M. The chick embryo chorioallantoic
membrane as a model to study tumor metastasis. Angiogenesis. 2008;11(4):311-9.
235. Deryugina EI, Quigley JP. Chick embryo chorioallantoic membrane model
systems to study and visualize human tumor cell metastasis. Histochemistry and
cell biology. 2008;130(6):1119-30.
277

236. Zhai Y, Kuick R, Nan B, Ota I, Weiss SJ, Trimble CL, et al. Gene expression
analysis of preinvasive and invasive cervical squamous cell carcinomas identifies
HOXC10 as a key mediator of invasion. Cancer research. 2007;67(21):10163-72.
237. Lamour V, Le Mercier M, Lefranc F, Hagedorn M, Javerzat S, Bikfalvi A, et
al. Selective osteopontin knockdown exerts anti-tumoral activity in a human
glioblastoma model. International journal of cancer Journal international du cancer.
2010;126(8):1797-805.
238. Croker AK, Rodriguez-Torres M, Xia Y, Pardhan S, Leong HS, Lewis JD, et
al. Differential Functional Roles of ALDH1A1 and ALDH1A3 in Mediating Metastatic
Behavior and Therapy Resistance of Human Breast Cancer Cells. Int J Mol Sci.
2017;18(10).
239. &ODUNH & 0DGGHQ 6) 'RRODQ 3 $KHUQH 67 -R\FH + 2¶'ULVFROO / HW DO
Correlating transcriptional networks to breast cancer survival: a large-scale
coexpression analysis. Carcinogenesis. 2013;34(10):2300-8.
240. Nagaraja GM, Othman M, Fox BP, Alsaber R, Pellegrino CM, Zeng Y, et al.
Gene expression signatures and biomarkers of noninvasive and invasive breast
cancer cells: comprehensive profiles by representational difference analysis,
microarrays and proteomics. Oncogene. 2006;25(16):2328-38.
241. Sun N, Xu HN, Luo Q, Li LZ. Potential Indexing of the Invasiveness of
Breast Cancer Cells by Mitochondrial Redox Ratios. Advances in experimental
medicine and biology. 2016;923:121-7.
242. Jain RK, Mehta RJ, Nakshatri H, Idrees MT, Badve SS. High-level
expression of forkhead-box protein A1 in metastatic prostate cancer.
Histopathology. 2011;58(5):766-72.
243. Lin L, Miller CT, Contreras JI, Prescott MS, Dagenais SL, Wu R, et al. The
hepatocyte nuclear factor 3 alpha gene, HNF3alpha (FOXA1), on chromosome
band 14q13 is amplified and overexpressed in esophageal and lung
adenocarcinomas. Cancer research. 2002;62(18):5273-9.
244. Badve S, Turbin D, Thorat MA, Morimiya A, Nielsen TO, Perou CM, et al.
FOXA1 expression in breast cancer--correlation with luminal subtype A and
survival. Clinical cancer research : an official journal of the American Association
for Cancer Research. 2007;13(15 Pt 1):4415-21.
245. Ross-Innes CS, Stark R, Teschendorff AE, Holmes KA, Ali HR, Dunning
MJ, et al. Differential oestrogen receptor binding is associated with clinical outcome
in breast cancer. Nature. 2012;481(7381):389-93.
246. Augello MA, Hickey TE, Knudsen KE. FOXA1: master of steroid receptor
function in cancer. Embo j. 2011;30(19):3885-94.
247. Robinson JLL, MacArthur S, Ross-Innes CS, Tilley WD, Neal DE, Mills IG,
et al. Androgen receptor driven transcription in molecular apocrine breast cancer is
mediated by FoxA1. The EMBO Journal. 2011;30(15):3019-27.
248. Fu X, Jeselsohn R, Pereira R, Hollingsworth EF, Creighton CJ, Li F, et al.
FOXA1 overexpression mediates endocrine resistance by altering the ER
transcriptome and IL-8 expression in ER-positive breast cancer. Proceedings of the
National Academy of Sciences of the United States of America.
2016;113(43):E6600-e9.
249. Mehta RJ, Jain RK, Leung S, Choo J, Nielsen T, Huntsman D, et al. FOXA1
is an independent prognostic marker for ER-positive breast cancer. Breast cancer
research and treatment. 2012;131(3):881-90.
278

250. 0DF'RQDOG %7 7DPDL . +H ; :QWȕ-catenin signaling: components,
mechanisms, and diseases. Developmental cell. 2009;17(1):9-26.
251. Komiya Y, Habas R. Wnt signal transduction pathways. Organogenesis.
2008;4(2):68-75.
252. Gordon MD, Nusse R. Wnt signaling: multiple pathways, multiple receptors,
and multiple transcription factors. The Journal of biological chemistry.
2006;281(32):22429-33.
253. Seifert JR, Mlodzik M. Frizzled/PCP signalling: a conserved mechanism
regulating cell polarity and directed motility. Nature reviews Genetics.
2007;8(2):126-38.
254. Kohn AD, Moon RT. Wnt and calcium signaling: beta-catenin-independent
pathways. Cell calcium. 2005;38(3-4):439-46.
255. Brembeck FH, Rosário M, Birchmeier W. Balancing cell adhesion and Wnt
VLJQDOLQJ WKH NH\ UROH RI ȕ-catenin. Current opinion in genetics & development.
2006;16(1):51-9.
256. Li Vivian SW, Ng Ser S, Boersema Paul J, Low Teck Y, Karthaus Wouter R,
Gerlach Jan 3HWDO:QW6LJQDOLQJWKURXJK,QKLELWLRQRIȕ-Catenin Degradation in
an Intact Axin1 Complex. Cell. 2012;149(6):1245-56.
257. Wu D, Pan W. GSK3: a multifaceted kinase in Wnt signaling. Trends in
biochemical sciences. 2010;35(3):161-8.
258. &OHYHUV + :QWȕ-Catenin Signaling in Development and Disease. Cell.
2006;127(3):469-80.
259. Cadigan KM, Nusse R. Wnt signaling: a common theme in animal
development. Genes & development. 1997;11(24):3286-305.
260. Cadigan KM, Waterman ML. TCF/LEFs and Wnt Signaling in the Nucleus.
Cold Spring Harbor perspectives in biology. 2012;4(11):a007906.
261. Sinner D, Rankin S, Lee M, Zorn AM. Sox17 and beta-catenin cooperate to
regulate the transcription of endodermal genes. Development (Cambridge,
England). 2004;131(13):3069-80.
262. Lin S-<;LD::DQJ-&.ZRQJ.<6SRKQ%:HQ<HWDOȕ-Catenin, a
novel prognostic marker for breast cancer: Its roles in cyclin D1 expression and
cancer progression. Proceedings of the National Academy of Sciences.
2000;97(8):4262-6.
263. Rimm DL, Caca K, Hu G, Harrison FB, Fearon ER. Frequent
nuclear/cytoplasmic localization of beta-catenin without exon 3 mutations in
malignant melanoma. The American journal of pathology. 1999;154(2):325-9.
264. Gujral TS, Karp ES, Chan M, Chang BH, MacBeath G. Family-wide
investigation of PDZ domain-mediated protein±SURWHLQ LQWHUDFWLRQV LPSOLFDWHV ȕcatenin in maintaining the integrity of tight junctions. Chemistry & biology.
2013;20(6):816-27.
265. Brennan K, Offiah G, McSherry EA, Hopkins AM. Tight Junctions: A Barrier
to the Initiation and Progression of Breast Cancer? Journal of Biomedicine and
Biotechnology. 2010;2010:16.
266. Joberty G, Petersen C, Gao L, Macara IG. The cell-polarity protein Par6
links Par3 and atypical protein kinase C to Cdc42. Nature cell biology.
2000;2(8):531-9.

279

267. Bazzoni G, Tonetti P, Manzi L, Cera MR, Balconi G, Dejana E. Expression
of junctional adhesion molecule-A prevents spontaneous and random motility.
Journal of cell science. 2005;118(Pt 3):623-32.
268. Moon RT, Bowerman B, Boutros M, Perrimon N. The Promise and Perils of
:QW6LJQDOLQJ7KURXJKȕ-Catenin. Science. 2002;296(5573):1644-6.
269. Karayiannakis AJ, Nakopoulou L, Gakiopoulou H, Keramopoulos A, Davaris
PS, Pignatelli M. Expression patterns of beta-catenin in in situ and invasive breast
cancer. European journal of surgical oncology : the journal of the European Society
of Surgical Oncology and the British Association of Surgical Oncology.
2001;27(1):31-6.
270. Berx G, Roy FV. The E-cadherin/catenin complex: an important gatekeeper
in breast cancer tumorigenesis and malignant progression. Breast Cancer
Research. 2001;3(5):289.
271. Li S, Li S, Sun Y, Li L. The expression of beta-catenin in different subtypes
of breast cancer and its clinical significance. Tumour biology : the journal of the
International Society for Oncodevelopmental Biology and Medicine.
2014;35(8):7693-8.
272. Bae SY, La Choi Y, Kim S, Kim M, Kim J, Jung SP, et al. HER3 status by
immunohistochemistry is correlated with poor prognosis in hormone receptornegative breast cancer patients. Breast cancer research and treatment.
2013;139(3):741-50.
273. Geiger B, Yehuda-Levenberg S, Bershadsky AD. Molecular interactions in
the submembrane plaque of cell-cell and cell-matrix adhesions. Acta anatomica.
1995;154(1):46-62.
274. Sadot E, Simcha I, Shtutman M, Ben-Ze'ev A, Geiger B. Inhibition of betacatenin-mediated transactivation by cadherin derivatives. Proceedings of the
National Academy of Sciences of the United States of America.
1998;95(26):15339-44.
275. Eger A, Stockinger A, Schaffhauser B, Beug H, Foisner R. Epithelial
mesenchymal transition by c-Fos estrogen receptor activation involves nuclear
translocation of beta-catenin and upregulation of beta-catenin/lymphoid enhancer
binding factor-1 transcriptional activity. The Journal of cell biology.
2000;148(1):173-88.
276. Orsulic S, Huber O, Aberle H, Arnold S, Kemler R. E-cadherin binding
prevents beta-catenin nuclear localization and beta-catenin/LEF-1-mediated
transactivation. Journal of cell science. 1999;112 ( Pt 8):1237-45.
277. Kuphal F, Behrens J. E-cadherin modulates Wnt-dependent transcription in
colorectal cancer cells but does not alter Wnt-independent gene expression in
fibroblasts. Experimental cell research. 2006;312(4):457-67.
278. Konopka G, Tekiela J, Iverson M, Wells C, Duncan SA. Junctional adhesion
molecule-A is critical for the formation of pseudocanaliculi and modulates Ecadherin expression in hepatic cells. The Journal of biological chemistry.
2007;282(38):28137-48.
279. Lock FE, Underhill-Day N, Dunwell T, Matallanas D, Cooper W, Hesson L,
et al. The RASSF8 candidate tumor suppressor inhibits cell growth and regulates
the Wnt and NF-kappaB signaling pathways. Oncogene. 2010;29(30):4307-16.

280

280. Lin D, Edwards AS, Fawcett JP, Mbamalu G, Scott JD, Pawson T. A
mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and aPKC signalling
and cell polarity. Nature cell biology. 2000;2(8):540-7.
281. Tao Z, Shi A, Lu C, Song T, Zhang Z, Zhao J. Breast Cancer: Epidemiology
and Etiology. Cell biochemistry and biophysics. 2015;72(2):333-8.
282. Brenton JD, Carey LA, Ahmed AA, Caldas C. Molecular Classification and
Molecular Forecasting of Breast Cancer: Ready for Clinical Application? Journal of
Clinical Oncology. 2005;23(29):7350-60.
283. Masoud V, Pagès G. Targeted therapies in breast cancer: New challenges
to fight against resistance. World Journal of Clinical Oncology. 2017;8(2):120-34.
284. Jordan VC. Tamoxifen: a most unlikely pioneering medicine. Nature
Reviews Drug Discovery. 2003;2:205.
285. Ali S, Rasool M, Chaoudhry H, N Pushparaj P, Jha P, Hafiz A, et al.
Molecular mechanisms and mode of tamoxifen resistance in breast cancer.
Bioinformation. 2016;12(3):135-9.
286. Wong ALA, Lee S-C. Mechanisms of Resistance to Trastuzumab and Novel
Therapeutic Strategies in HER2-Positive Breast Cancer. International Journal of
Breast Cancer. 2012;2012:13.
287. Saadatmand S, de Kruijf EM, Sajet A, Dekker-Ensink NG, van Nes JG,
Putter H, et al. Expression of cell adhesion molecules and prognosis in breast
cancer. The British journal of surgery. 2013;100(2):252-60.
288. Lanigan F, McKiernan E, Brennan DJ, Hegarty S, Millikan RC, McBryan J,
et al. Increased claudin-4 expression is associated with poor prognosis and high
tumour grade in breast cancer. International journal of cancer Journal international
du cancer. 2009;124(9):2088-97.
289. Kakuki T, Kurose M, Takano K-i, Kondoh A, Obata K, Nomura K, et al.
Dysregulation of junctional adhesion molecule-A via p63/GATA-3 in head and neck
squamous cell carcinoma. Oncotarget. 2016;7(23):33887-900.
290. Weeden CE, Asselin-Labat ML. Mechanisms of DNA damage repair in adult
stem cells and implications for cancer formation. Biochimica et biophysica acta.
2018;1864(1):89-101.
291. Gulsen T, Hadjicosti I, Li Y, Zhang X, Whitley PR, Chalmers AD. Truncated
RASSF7 promotes centrosomal defects and cell death. Developmental Biology.
2016;409(2):502-17.
292. Besnard V, Wert SE, Kaestner KH, Whitsett JA. Stage-specific regulation of
respiratory epithelial cell differentiation by Foxa1. American journal of physiology
Lung cellular and molecular physiology. 2005;289(5):L750-9.
293. Gao N, LeLay J, Vatamaniuk MZ, Rieck S, Friedman JR, Kaestner KH.
Dynamic regulation of Pdx1 enhancers by Foxa1 and Foxa2 is essential for
pancreas development. Genes & development. 2008;22(24):3435-48.
294. Mirosevich J, Gao N, Matusik RJ. Expression of Foxa transcription factors in
the developing and adult murine prostate. The Prostate. 2005;62(4):339-52.
295. Neben K, Schnittger S, Brors B, Tews B, Kokocinski F, Haferlach T, et al.
Distinct gene expression patterns associated with FLT3- and NRAS-activating
mutations in acute myeloid leukemia with normal karyotype. Oncogene.
2005;24(9):1580-8.
296. Nucera C, Eeckhoute J, Finn S, Carroll JS, Ligon AH, Priolo C, et al.
FOXA1 is a potential oncogene in anaplastic thyroid carcinoma. Clinical cancer
281

research : an official journal of the American Association for Cancer Research.
2009;15(11):3680-9.
297. Li J, Zhang S, Zhu L, Ma S. Role of transcription factor FOXA1 in nonsmall
cell lung cancer. Molecular medicine reports. 2018;17(1):509-21.
298. Sano M, Aoyagi K, Takahashi H, Kawamura T, Mabuchi T, Igaki H, et al.
Forkhead box A1 transcriptional pathway in KRT7-expressing esophageal
squamous cell carcinomas with extensive lymph node metastasis. International
journal of oncology. 2010;36(2):321-30.
299. Song Y, Washington MK, Crawford HC. Loss of FOXA1/2 is essential for
the epithelial-to-mesenchymal transition in pancreatic cancer. Cancer research.
2010;70(5):2115-25.
300. Yamaguchi N, Ito E, Azuma S, Honma R, Yanagisawa Y, Nishikawa A, et
al. FoxA1 as a lineage-specific oncogene in luminal type breast cancer.
Biochemical and biophysical research communications. 2008;365(4):711-7.
301. Carroll JS, Brown M. Estrogen receptor target gene: an evolving concept.
Molecular endocrinology (Baltimore, Md). 2006;20(8):1707-14.
302. Tachi K, Shiraishi A, Bando H, Yamashita T, Tsuboi I, Kato T, et al. FOXA1
expression affects the proliferation activity of luminal breast cancer stem cell
populations. Cancer science. 2016;107(3):281-9.
303. Robinson JL, Carroll JS. FoxA1 is a key mediator of hormonal response in
breast and prostate cancer. Frontiers in endocrinology. 2012;3:68.
304. Shou J, Lai Y, Xu J, Huang J. Prognostic value of FOXA1 in breast cancer:
A systematic review and meta-analysis. Breast (Edinburgh, Scotland). 2016;27:3543.
305. Habashy HO, Powe DG, Rakha EA, Ball G, Paish C, Gee J, et al.
Forkhead-box A1 (FOXA1) expression in breast cancer and its prognostic
significance. European Journal of Cancer. 2008;44(11):1541-51.
306. Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, et al. Gene
expression patterns of breast carcinomas distinguish tumor subclasses with clinical
implications. Proceedings of the National Academy of Sciences of the United
States of America. 2001;98(19):10869-74.
307. Pratt MAC. Paradoxical roles for FOXA1 in anti-estrogen resistance and as
a luminal differentiation factor in breast cancer. Gland Surgery. 2012;1(1):9-11.
308. Solimando AG, Brandl A, Mattenheimer K, Graf C, Ritz M, Ruckdeschel A,
et al. JAM-A as a prognostic factor and new therapeutic target in multiple myeloma.
Leukemia. 2017;32:736.
309. Valenta T, Hausmann G, Basler K. The many faces and functions of betacatenin. Embo j. 2012;31(12):2714-36.
310. Geyer FC, Lacroix-Triki M, Savage K, Arnedos M, Lambros MB, MacKay A,
et al. beta-Catenin pathway activation in breast cancer is associated with triplenegative phenotype but not with CTNNB1 mutation. Modern pathology : an official
journal of the United States and Canadian Academy of Pathology, Inc.
2011;24(2):209-31.
311. Khramtsov AI, Khramtsova GF, Tretiakova M, Huo D, Olopade OI, Goss
KH. Wnt/beta-catenin pathway activation is enriched in basal-like breast cancers
and predicts poor outcome. The American journal of pathology. 2010;176(6):291120.

282

312. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene.
2017;36(11):1461-73.
313. Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein B, et al.
$FWLYDWLRQRIȕ-Catenin-7FI6LJQDOLQJLQ&RORQ&DQFHUE\0XWDWLRQVLQȕ-Catenin or
APC. Science. 1997;275(5307):1787-90.
314. Korinek V, Barker N, Morin PJ, van Wichen D, de Weger R, Kinzler KW, et
DO &RQVWLWXWLYH 7UDQVFULSWLRQDO $FWLYDWLRQ E\ D ȕ-Catenin-Tcf Complex in
$3&VXS!ííVXS!&RORQ&DUFLQRPD6FLHQFH  -7.
315. Rubinfeld B, Robbins P, El-Gamil M, Albert I, Porfiri E, Polakis P.
Stabilization of beta-catenin by genetic defects in melanoma cell lines. Science.
1997;275(5307):1790-2.
316. Miyoshi Y, Iwao K, Nagasawa Y, Aihara T, Sasaki Y, Imaoka S, et al.
Activation of the beta-catenin gene in primary hepatocellular carcinomas by
somatic alterations involving exon 3. Cancer research. 1998;58(12):2524-7.
317. Palacios J, Gamallo C. Mutations in the beta-catenin gene (CTNNB1) in
endometrioid ovarian carcinomas. Cancer research. 1998;58(7):1344-7.
318. Huang L, Ren J, Chen D, Li Y, Kharbanda S, Kufe D. MUC1 cytoplasmic
domain coactivates Wnt target gene transcription and confers transformation.
Cancer biology & therapy. 2003;2(6):702-6.
319. Udhayakumar G, Jayanthi V, Devaraj N, Devaraj H. Interaction of MUC1
with beta-catenin modulates the Wnt target gene cyclinD1 in H. pylori-induced
gastric cancer. Molecular carcinogenesis. 2007;46(9):807-17.
320. Makiguchi Y, Hinoda Y, Imai K. Effect of MUC1 mucin, an anti-adhesion
molecule, on tumor cell growth. Japanese journal of cancer research : Gann.
1996;87(5):505-11.
321. Tian X, Liu Z, Niu B, Zhang J, Tan TK, Lee SR, et al. E-cadherin/betacatenin complex and the epithelial barrier. Journal of biomedicine & biotechnology.
2011;2011:567305.
322. Sakai K, Yokote H, Murakami-Murofushi K, Tamura T, Saijo N, Nishio K.
Pertuzumab, a novel HER dimerization inhibitor, inhibits the growth of human lung
cancer cells mediated by the HER3 signaling pathway. Cancer science.
2007;98(9):1498-503.
323. Wallasch C, Weiss FU, Niederfellner G, Jallal B, Issing W, Ullrich A.
Heregulin-dependent regulation of HER2/neu oncogenic signaling by
heterodimerization with HER3. Embo j. 1995;14(17):4267-75.
324. Yan M, Schwaederle M, Arguello D, Millis SZ, Gatalica Z, Kurzrock R.
HER2 expression status in diverse cancers: review of results from 37,992 patients.
Cancer Metastasis Reviews. 2015;34:157-64.
325. Ocana A, Vera-Badillo F, Seruga B, Templeton A, Pandiella A, Amir E.
HER3 overexpression and survival in solid tumors: a meta-analysis. J Natl Cancer
Inst. 2013;105(4):266-73.

283

Appendix A ± Reagent suppliers and catalogue numbers
Reagents

Sigma-Aldrich
Bio-Science

Catalogue
number
D6546
10270-106

Sigma-Aldrich

P4333

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
ThermoFisher
Sigma-Aldrich

G7513
M4526
R8758
M7145
T4549
E8008
T-2001-02
R7017
M2128
D4540
24229
C0775
T9424
C2432
I9516
W4502
51976
G9023
X100-5ML
P2714-1BTL
P5726-1ML
P0044-1ML
23225
A3699-100ML

Bio-Rad

1610373

Sigma-Aldrich
Sigma-Aldrich
PerkinElmer
Sigma-Aldrich
Fisher Scientific
Leica
Leica

A9647-50G
P1379-500ML
NEL103E001EA
M6250-10ML
354248
AR9961
AR9640

Supplier

Dulbecco's Modified Eagle Medium
Foetal Bovine Serum (Gibco)
Penicillin (10,000 U)/streptomycin
(10 mg)
L-glutamine 200mM solution
Minimum Essential Medium Eagle
RPMI-1640 Medium
Non-essential amino acids 100X
Trypsin 10X
0.02% EDTA
Dharmafect-1 (Dharmacon)
Alamar Blue - Resazurin
MTT
DMSO
100% methanol
Crystal violet
TRI-Reagent
Chloroform
2-propanol
Nuclease-free water
100% ethanol
Goat serum
Triton-X100
Protease inhibitor cocktail
Phosphatase inhibitor cocktails -2
Phosphatase inhibitor cocktails -3
BCA solution (Pierce)
Acrylamide 30% solution
Precision Plus Protein Standards
(10-250 kD)
BSA
Tween-20
Western Lightning Plus ECL
ȕ-mercaptoethanol
Matrigel (Corning) high concentration
Epitope Retrieval Solution 1 (ER1)
Epitope Retrieval Solution 2 (ER2)
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Appendix B ± Supplementary Data

Supplementary Figure 1 JAM-A silencing with multiple independent
siRNA constructs consistently reduces HER3 expression. MCF7 cells
were transfected with 25 nM control siRNA (siNEG) or five different JAM-A
siRNA (siJAM1 Sigma - SASI_Hs01_00049785; siJAM2 Designed CGGGGGUCGCAGGAAUCU

G;

siJAM3

Designed

±

GAAUAGGUAUCUUGAGCUU; siJAM4 Sigma - SASI_Hs01_00049786;
siJAM5 Invitrogen - F11RHSS121423) and analysed 72 hours later. A)
Representative western blot image and B) densitometric analysis for HER3
protein expression after JAM-A knockdown. Experiments were performed
three times and data represent mean ± s.e.m, results were compared using
two-WDLOHGHTXDOYDULDQFH6WXGHQW¶VW-tests, *p<0.05, ** p<0.01, *** p<0.001.
285

Supplementary Figure 2 GATA3 mRNA or protein levels are not
affected by JAM-A gene silencing. MCF7 cells were transfected with 25
nM control siRNA siNEG (ON-TARGETplus Non-targeting Pool #D-00181010-05, Dharmacon) or a pool of JAM-A siRNA (siRNA for F11R NM_016946 - SASI_Hs01_00049785, Sigma Aldrich; and JAM-A siRNA
designed by us and manufactured by Dharmacon ± Sense Sequence
CGGGGGUCGCAGGAAUCUGUU) and harvested 72 hours later for qRTPCR and immunoblot analysis. A) qRT-3&5 DQDO\VLV ZLWK SULPHUV ¶TACTGAGAGAGGGAGAGAGAGA-¶ DQG ¶-AAACTGGGTACGGCAGAAT
AAA-¶UHYHDOHGWKDW*$7$P51$H[SUHVVLRQwas not affected by JAM-A
knockdown. B) Representative western blot of three experiments and
densitometric analysis of results revealed that JAM-A gene silencing had no
influence on GATA3 protein expression. Experiments were performed three
times and data represent mean ± s.e.m, compared using two-tailed, equal
YDULDQFH6WXGHQW¶VW-tests, *** p<0.001.
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Supplementary Figure 3 Independent JAM-A siRNA constructs exert
similar outcomes in reducing tumourigenic cellular behaviours. MCF7
cells were transfected with 25 nM control siRNA (siNEG) or two different
JAM-A siRNAs (siJAM1 or siJAM2) and analysed 72 hours later. A) JAM-A
gene silencing revealed that siJAM1 and siJAM2 significantly reduced cell
viability as measured by Alamar blue assays. B) Representative western
blot images and densitometry analysis for pAKT and pERK after JAM-A
knockdown showed reductions in both phospho-proteins following siJAM1 or
siJAM2 exposure compared to control conditions. C) qRT-PCR of HER3
mRNA expression revealed reductions following JAM-A gene silencing using
siJAM1

and

siJAM2.

D)

Representative

western

blot

image

and

densitometric analysis for HER3 after JAM-A knockdown with siJAM1 and
287

siJAM2. E) qRT-PCR of FOXA1 mRNA expression after JAM-A gene
silencing using siJAM1 and siJAM2. F) Representative western blot image
and densitometric analysis revealed reductions in FOXA1 protein expression
secondary to JAM-A knockdown with siJAM1 or siJAM2. Experiments were
performed three times and data represent mean ± s.e.m, results were
FRPSDUHG XVLQJ HTXDO YDULDQFH XQSDLUHG 6WXGHQW¶V W-tests, *p<0.05, **
p<0.01, *** p<0.001.
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Supplementary Table 1 Clinicopathological features of invasive breast
cancer TMA

Parameter
Menopause Status
Pre-menopause
Peri-menopause
Pos-menopause
Unknown
Heredity
No
Yes
Other cancer
Unknown
Hystological Subtype
Mixed
Ductal
Lobular
Tubular
Medullary
Radiotheraphy Status
No
Yes
Unknown
Chemotheraphy Status
No
Yes
Unknown
Endocrine Therapy Status
No
Yes
Unknown
Ki67 Expression (% )
0-10
11-25
>25
Unknown

No. Patients (n=144) Total % Relative %

289

20
118
3
3

13.9
81.9
2.1
2.1

14.2
83.7
2.1

77
31
9
27

53.5
21.5
6.3
18.7

65.8
26.5
7.7

3
104
27
7
3

2.0
72.2
18.8
4.9
2.1

60
83
1

42.0
58.0

113
30
1

41.7
57.6
0.7
100
78.5
20.8
0.7

47
96
1

32.6
66.7
0.7

32.9
67.1

6
52
65
21

4.2
36.1
45.1
14.6

4.9
42.3
52.8

100
79.0
21.0

Supplementary Table 2 Clinicopathological features of invasive breast
cancer TMA stratified according to JAM-A expression
Parameter
Menopause Status
Pre-menopause
Peri-menopause
Pos-menopause
Heredity
No
Yes
Other cancer
Hystological Subtype
Mixed
Ductal
Lobular
Tubular
Medullary
Radiotheraphy Status
No
Yes
Chemotheraphy Status
No
Yes
Endocrine Therapy Status
No
Yes
Ki67 Expression (% )
0-10
11-25
>25

N
123

Low JAM-A

%

High JAM-A

%

11
57
1

15.9
82.6
1.4

55
56
100

16.7
83.3
0.0

39
15
4

67.2
25.9
6.9

58
53
68

65.1
30.2
4.7

3
46
17
4
0

4.3
65.7
24.3
5.7
0.0

100
51
71
80
0

0.0
80.4
12.5
1.8
5.4

31
39

44.3
55.7

56
56

43.6
56.4

53
17

75.7
24.3

54
63

81.8
18.2

25
45

35.7
64.3

58
55

32.7
67.3

4
28
29

6.6
45.9
47.5

80
62
48

2
34.7
63.3

101

p-value
0.672

0.820

126

0.062

125

1.000

125

0.513

125

0.850

110

0.193
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Supplementary Table 3 Association of JAM-A expression with that of
FOXA1 or HER3 in invasive breast cancer patient TMA
Variable
FOXA1 Expression
Low
High
HER3 Expression
Low
High

N
124

High JAM-A

%

Low JAM-A

%

p-value

18
38

32.1
67.9

5
63

7.4
92.6

0.000*

38
18

67.9
32.1

35
31

53.0
47.0

0.138

122

* p<0.05 by two-sided )LVKHU¶V([DFW7HVWRU&KL6TXDUHd Test.
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Supplementary Table 4 $VVRFLDWLRQ RI ȕ-catenin, FOXA1 or HER3
expression with molecular subtype in invasive breast cancer patient
TMA
Variable
Molecular Subtype
Luminal A
Luminal B
HER2+
Triple Negative

N
124

Variable
Molecular Subtype
Luminal A
Luminal B
HER2+
Triple Negative

N
120

Variable
Molecular Subtype
Luminal A
Luminal B
HER2+
Triple Negative

N
116

+LJKȕFDWHQLQ

%

/RZȕFDWHQLQ

%

35
6
4
11

75.3
7.1
4.7
12.9

64
1
1
4

89.7
2.6
2.6
5.1

High FOXA1

%

Low FOXA1

%

82
5
4
7

83.7
5.1
4.1
7.1

12
1
1
8

54.5
4.5
4.5
36.4

High HER3

%

Low HER3

%

39
2
4
1

84.8
4.3
8.7
2.2

54
2
1
13

77.1
2.9
1.4
18.6

* p<0.05 by two-sided )LVKHU¶V([DFW7HVWRU&KL6TXDUHd Test.
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p-value
0.343

p-value
0.003*

p-value
0.008*

Appendix C ± Antibodies

Dilution

Concen
tration
(µg/mL)

Diluent

Product
Code

Rabbit

1:5000

0.02

Milk

#ab822
7

CS

Rabbit

1:1000

-

Milk

#8480

AKT

CS

Mouse

1:1000

-

BSA

#2920

ERK

CS

Rabbit

1:1000

-

BSA

#4695

FOXA1

TF

Rabbit

1:1000

-

BSA

PA527157

HER1

CS

Rabbit

1:1000

-

BSA

#4267

HER2

CS

Rabbit

1:1000

-

Milk

#2165

HER3

CS

Rabbit

1:2000

-

Milk

#12708

HER4

CS

Rabbit

1:1000

-

Milk

#4795

JAM-A

BD

Mouse

1:1000

0.25

Milk

#61212
0

pAKT

CS

Rabbit

1:1000

-

BSA

#4060

PAR3

SC

Mouse

1:1000

0.1

BSA

sc393127

PARD6B

SC

Mouse

1:1000

0.1

BSA

sc166405

pERK

CS

Rabbit

1:1000

-

BSA

#4370

Antibody
(WB)

Brand

Species

Actin

Abcam

ȕ-catenin

293

Antibody
(WB)

Brand

Species

Dilution

Concen
tration
(µg/mL)

Diluent

Product
Code

MAGI-1

SC

Mouse

1:1000

0.1

BSA

sc100326

SOX17

CS

Rabbit

1:1000

-

BSA

#81778

ZO-1

TF

Rabbit

1:1000

0.25

BSA

#617300

ZONAB

TF

Rabbit

1:1000

0.25

BSA

#402800

Antibody
(IF)

Brand

Species

Dilution

Concen
tration
(µg/mL)

Diluent

Product
Code

ȕ-catenin

CS

Rabbit

1:100

-

Goat
Serum

#8480

FOXA1

TF

Rabbit

1:100

1

BSA

PA527157

JAM-A

SC

Mouse

1:500

0.4

Goat
Serum

sc53623

ZO-1

TF

Rabbit

1:500

0.5

Goat
Serum

#617300
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Dilution

Concen
tration
(µg/mL)

Retrieval
Solution

Product
Code

Rabbit

1:50

-

Leica ER1

#8480

TF

Rabbit

1:500

2

Leica ER1

PA527157

HER3

CS

Rabbit

1:50

-

Leica ER2

#12708

JAM-A

Abcam

Mouse

1:1000

-

Leica ER1

MAB14
922

Ki-67

Agilent

Mouse

1:75

-

Leica ER2

M7240

Antibody
(IHC)

Brand

Species

ȕ-catenin

CS

FOXA1

WB = Western Blot; IF = Immunofluorescence; IHC = Immuno
histochemistry; BD = Becton Dickinson; CS = Cell Signaling; SC =
Santa Cruz; TF = Thermo Fisher.
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Appendix D ± Solutions

Relax Buffer (200 mL)
- 0.1 M KCl (1.4912 g)
- 2.5 mM NaCl (0.0351 g)
- 3.5 mM MgCl2 (0.0666 g)
- 10 mM HEPES (2 mL 1M)
- pH to 7.4

10X Tris Glycine (1 L)
- 0.25 M Tris base (30.3 g)
- 1.9 M Glycine (144 g)

10X TBS (1 L)
- 1.4 M NaCl (80g)
- 0.03 M KCl (2g)
- 0.25 M Trizma base (30g)
- pH to 7.4

296

10% Running Gel (20 mL)
- 39.5% H20 (7.9 mL)
- 33.5% acrylamide (6.7 mL)
- 0.25 M Tris-Cl pH 8.8 (5 mL 1 M Tris-Cl pH 8.8)
- 0.1% SDS (200 ȝ/6'6
- 0.1% APS (200 ȝ/$36
- 0.0004% TEMED (8 ȝ/

5% Stacking Gel (10 mL)
- 68% H20 (6.8 mL)
- 17% acrylamide (1.7 mL)
- 0.125 M Tris-Cl pH 6.8 (1.25 mL 1 M Tris-Cl pH 6.8)
- 0.1% SDS (100 ȝ/ 10% SDS)
- 0.1% APS (100 ȝ/$36
- 0.1% TEMED (10 ȝ/
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Running Buffer
- 100 mL 10X Tris-Glycine
- 5 mL 10% SDS (0.05%)
- H2O up to 1 L

Transfer Buffer
- 140 mL methanol (20%)
- 70 mL 10X Tris-Glycine
- H2O up to 700 mL

Stripping Buffer (400 mL)
- 62.5 mM Tris-Cl pH 7 (25 mL 1M Tris-Cl pH 7)
- 2% SDS (80 mL 10% SDS)
- ȕ- mercaptoethanol (2.8 mL)
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Appendix E ± Publications and Presentations

Presentations
Oral Presentations
-Surgery Meeting ± Beaumont Hospital, July 2018
-Molecular Medicine Joint Research Meeting ± Beaumont Hospital,
November 2017

Poster Presentations
-Irish Association for Cancer Research: Annual Meeting ± 2015 (Limerick);
2016 (Cork); 2017 (Kilkenny); 2018 (Dublin)

-RCSI Research Day ± 2017 and 2018 (Dublin)

-Beaumont Hospital Scientific Meeting (Sheppard Prize) ± 2015, 2016 and
2017 (Dublin)

-Brazil Ireland Science Week ± 2015 (Dublin)

-Society of Academic and Research Surgery Annual Meeting ± 2017
(Dublin)

-San Antonio Breast Cancer Symposium ± 2017 (San Antonio, USA)

-European Association for Cancer Research congress ± 2018 (Amsterdam Netherlands)
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Publications

Published:
Leech AO, Cruz RGB, Hill AD, Hopkins AM. Paradigms lost - an emerging
role for over-expression of tight junction adhesion proteins in cancer
pathogenesis. Ann Transl Med. 2015;3(13):184. (Invited review)
Submitted:
Cruz RGB, Vellanki SH, Madden SF, Jahns H, Hudson L, Sheehan KM, Hill
AD, Hopkins AM. Junctional Adhesion Molecule-A is a novel upstream
regulator of Human Epidermal Growth Factor Receptor-3 signaling in breast
cancer.

Vellanki SH, Cruz RGB, Jahns H, Hudson L, Sette G, Eramo A, Hopkins
AM. Natural compound Tetrocarcin-A downregulates Junctional Adhesion
Molecule-A in conjunction with HER2 and Inhibitor of Apoptosis Proteins and
inhibits tumor cell growth.

Vellanki SH, Cruz RGB, Richards CE, Hudson L, Jahns H, Hopkins AM.
Tetrocarcin-A downregulates Junctional Adhesion Molecule-A, inhibitor of
apoptosis proteins and induces apoptosis in triple negative breast cancer
models.
In Preparation:
Cruz RGB, Vellanki SH, Madden SF, Jahns H, Hudson L, Sheehan KM, Hill
AD, Hopkins AM. JAM-A regulates expression of HER2 by a mechanism
LQYROYLQJ)2;$DQGȕ-catenin.
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