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Summary
Junctional Adhesion Molecule-A (JAM-A) is an adhesion protein whose
overexpression in breast tumour tissue has been associated with reduced
breast cancer patient survival. It has also been shown that JAM-A expression
correlates with that of the human epidermal growth factor receptor-2 (HER2),
and that JAM-A regulates HER2 protein expression. HER2-targeted
therapies, such as Trastuzumab and Lapatinib, have greatly improved
patient outcomes. However, treatment efficacy is frequently limited by drug
resistance. Hence, the discovery of new predictive markers and therapeutic
targets for HER2-positive breast cancer patients is vital. Given the regulatory
control of HER2 by JAM-A, we hypothesised that JAM-A might drive HER2dependent stability or signalling and thus participate in resistance to HER2targeted therapies in breast cancer models. RT-qPCR analysis in breast cell
lines revealed that JAM-A regulates HER2 at a transcriptional level.
Immunofluorescence and nuclear/extra-nuclear fractionation experiments
suggested that this occurs via JAM-dependent sequestration/release of the
HER2 transcriptional repressor ZONAB. Cell viability and western blot
analyses revealed that JAM-A gene silencing or pharmacological antagonism
was capable of re-sensitising Trastuzumab- and Lapatinib-resistant cell lines
to the anti-proliferative effects of HER2-targeting drugs. Mechanistically,
JAM-A silencing in drug-resistant cells reduced the expression of EGFR, a
HER family member whose upregulation is associated with resistance to
anti-HER2 therapies. Moreover, drug-resistant cells released a cleaved
soluble form of JAM-A, in conjunction with increased expression of certain
metalloproteases. Protease inhibition (and consequently JAM-A cleavage)
re-sensitised drug-resistant cells to the anti-proliferative effects of HER2targeted therapies. In parallel, treatment of cells with recombinant soluble
JAM-A promoted cellular invasion in vitro and in a semi-in vivo model
involving human tumour cell movement across a live chicken egg
chorioallantoic membrane. Promisingly, cleaved soluble JAM-A was
detectable in two pilot studies of serum samples from HER2-positive breast
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cancer patients, and its presence correlated with the development of
resistance to anti-HER2 therapy.
Taken together, our data are consistent with a multi-faceted model whereby
JAM-A expression participates in resistance to HER2-targeted therapies by
stabilising transcription of the HER2 gene, promoting expression of other
HER family members and enabling protease-driven JAM-A cleavage which in
turn may promote invasive capacity. We suggest that soluble JAM-A holds
potential as a biomarker of resistance to HER2-targeted therapies, and that
co-targeting of JAM-A and HER2 may be a future therapeutic option for
patients resistant to HER2-targeted therapies.
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Chapter 1: Introduction
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Chapter 1: Introduction
1.1

Breast Cancer

1.1.1 Breast Cancer Epidemiology
Breast cancer is the most common cancer in women worldwide, with an
estimated 1.7 million new cases diagnosed in 2012 (1). This represents just
over 25% of all cancers in women. There are approximately 2,800 new cases
of invasive breast cancer diagnosed per year in Ireland, making it the most
common invasive cancer in the country (2). This strong invasive potential of
breast tumours poses a major clinical problem, as metastasis of the primary
tumour to the liver, lung and brain still carries a high risk of death (3, 4).
Over the past 20 years, the survival rates of breast cancer patients have
greatly improved due to significant progress in screening and the use of
adjuvant therapies. However, despite medical advances in diagnosis and
treatment, a significant number of patients still experience disease
recurrence. Furthermore, successful patient response to specific targeted
therapies can be limited due to either de novo or acquired resistance (5, 6).
The prospective identification of patients who are most likely to develop
disease recurrence is crucial in order to select an appropriate therapeutic
strategy for such patients. However, this remains a major challenge due to
the lack of strong prognostic and predictive markers for resistance to
individual targeted therapies. Therefore, the discovery of new biomarkers is
of great importance for two reasons; in order to identify which patients are
most likely to develop cancer recurrences, and to understand how
biomarker-related signalling pathways could be exploited to develop more
effective therapies for specific patient populations.
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1.1.2 Structure and Function of the Breast

Breasts are highly organised glandular structures made up of exocrine ducts,
fat, nerves, blood vessels and connective tissue that helps hold everything in
place. A complex network of lobules and milk ducts co-exist to drive the
primary function of the gland - lactation (7). Lobules are small milk-producing
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 (8). 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.
In healthy breasts, 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 (9). These
myoepithelial cells assist in milk ejection through contracting the lobules and
ductal walls. Occasionally there is excessive 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) (10). Although these represent benign tumorigenic growth, some of
those tumours may progress to become malignant.

1.2

Classification of Breast Cancer

Breast cancer is an extremely heterogeneous disease which is histologically
classified into different types according to the anatomical site of origin and
downstream features of invasion (11). A molecular classification of the
5

disease has also been developed based on tissue expression of hormonal
receptors (12).

1.2.1 Histological Classification of Breast Cancer

Carcinomas of the breast are divided into those which are invasive, having
spread to surrounding breast tissue and its vasculature, versus those which
are non-invasive. Non-invasive subtypes include ductal carcinoma in situ
(DCIS) and lobular carcinoma in situ (LCIS), while invasive subtypes include
invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC).
Although non-invasive tumours are not life threatening, they can increase the
risk of developing invasive breast cancer and therefore require treatment
(13).
DCIS is the most common type of non-invasive breast cancer, accounting for
approximately 20% of all new breast cancer diagnoses. Due to the strong
overlap between genetic and proteomic changes in DCIS and IDC, DCIS is
frequently described as a pre-invasive cancer. Women treated with
lumpectomies have a 25-30% chance of recurrence, while lumpectomy
followed by radiation therapy is the most common treatment for DCIS as it
lowers recurrence rates to 15% (14). Reported recurrences are equally split
between invasive and non-invasive disease (15). LCIS is an unusual lesion
as it usually does not cause any symptoms, is not palpable, cannot be
detected by mammogram and is therefore often diagnosed as a result of
biopsy performed on the breast for other reasons. Patients typically also
have more than one lobule affected. However, unlike DCIS, LCIS is not
considered to be a precursor as such for invasive cancer. It has been
associated with a 7 to 12-fold increased risk of developing invasive cancer in
either breast; making it an indicator rather than a precursor lesion.
Approximately 20-30% of patients with LCIS go on to develop invasive
tumours, with 50% of those being diagnosed with ILC and 50% with IDC
(16).
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IDC is the most common type of breast cancer and accounts for
approximately 80% of invasive carcinomas. 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 as illustrated in Figure 1.1 (17). Accordingly, tumour
cells may be able to spread to other parts of the body via blood or lymph,
forming secondary tumours by a process called metastasis. In addition to
standard IDC, there are five uncommon subtypes of IDC – tubular
carcinoma, medullary carcinoma, mucinous carcinoma, papillary carcinoma
and cribriform carcinoma. ILC accounts for approximately 10% of invasive
breast tumours. This cancer type is difficult to detect by mammogram, as
only 30% are associated with micro-calcifications (18, 19). The remaining
10% of invasive breast tumours incorporate other rare forms of the disease
including inflammatory breast cancer and Paget’s disease of the nipple (20,
21).

7

Figure 1.1 Structure of the breast and progression of a healthy ductal
epithelium to ductal carcinoma in situ (DCIS) and invasive ductal
carcinoma (IDC). IDC is the most common type of invasive breast cancer
accounting for approximately 80% of all breast tumours (17).

1.2.2 Molecular Classification of Breast Cancer

The female breast undergoes constant remodelling throughout a woman’s
life - during puberty, each menstrual cycle, pregnancy and the menopause.
Each month, women experience fluctuations in hormones that make up the
normal menstrual cycle. Oestrogen is produced by the ovaries during the first
half of the cycle, stimulating enlargement of milk ducts in preparation for
8

ovulation and potential fertilisation. Then the hormone progesterone takes
over the second half of the cycle, stimulating lobular growth (22). Such cyclic
physiological changes cause swelling, pain and tenderness in breasts that
many women experience before menstruation. This continuous modification
of breast architecture relies on high rates of cellular proliferation and
programmed cell death (23). It is extremely important that both of these
processes are tightly regulated in all tissues of the human body, as any
imbalance can promote tumour formation. However, continuous fluctuations
between high levels of proliferation and apoptosis make cells of the breast
particularly vulnerable to genetic modifications that may lead to cancer (23).
Furthermore, the nature of the menstrual cycle relies on high sensitivity of
breast cells to hormones. This means that tight hormonal regulation is also of
great importance in maintaining healthy breast tissue. Hence, it is not
surprising

that

subtypes

of

breast

cancer

have

been

molecularly

characterised on the basis of expression of specific hormone receptors.
Specifically, five major molecular subtypes have been defined by gene array
analysis of thousands of breast cancer patient tissues (24, 25); Luminal A,
Luminal B, Triple-negative/ Basal-like, Claudin-low, and the HER2+ subtype
(26). These major subtypes have been defined by the presence of hormone
receptors; the oestrogen receptor (ER), and the progesterone receptor (PR),
as well as a growth factor receptor, human epidermal growth factor receptor
2 (HER2).
The Luminal A subtype accounts for approximately 40% of breast cancer
cases. Cells of these tumours share features with the normal cells present in
the luminal lining of mammary ducts. These tumours tend to have the best
prognosis, with high patient survival rates and relatively low recurrence rates
(27). Their cells are characterised by expression of ER and/or PR, absence
of the HER2 receptor and low Ki67 (a nuclear protein associated with cellular
proliferation) levels (28).
The Luminal B subtype accounts for approximately 20% of breast cancers
and is ER+ and/or PR+ and HER2+ (with high Ki67) (28). This subtype also
has cells that share common characteristics with the lining of mammary
ducts. Luminal B tumours are usually lymph node-positive, and genetic
9

mutations of the p53 tumour suppressor gene are present in approximately
30% of cases (27).
The Triple-negative/ Basal-like subtype affects approximately 15% of breast
cancer patients (29). This subtype is ER-, PR- and HER2-. Basal-like
tumours have cells with features similar to those of the basal (myoepithelial)
cells lining the mammary ducts. There is significant overlap between the
triple-negative and basal-like subtypes, as most triple-negative tumours are
basal-like and vice versa. These tumours tend to express HER1 (EGFR)
and/or cytokeratin 5/6 proteins, and most of them contain p53 mutations (30).
The Claudin-low subtype accounts for approximately 10% of breast cancers.
It lacks expression of members of the claudin family such as Claudin-3, -4
and -7, as well as E-cadherin (31), an adherens junction protein frequently
down-regulated or inactivated in cancer (32). Clinically, the majority of
claudin-low tumours are triple-negative and associated with poor prognosis.
In addition, the claudin-low subtype of breast cancer most closely resembles
mammary epithelial stem cells (31).
The HER2 subtype has a prevalence of approximately 15% and is ER-, PRand HER2+. Although this subtype does not express ER and PR, the gene
that

encodes

HER2

is

amplified

and

its

corresponding

protein

overexpressed, leading to increased cell proliferation and decreased cell
death. Tumours of this type are usually lymph-node positive and about 75%
contain p53 mutations.
This thesis primarily focusses on HER2+ tumours; those of the Luminal B
and HER2 subtypes. Patients with these tumours usually have poor
prognoses and are prone to metastasis and early recurrence (27).
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1.3

HER2+ Breast Cancer

HER2 is overexpressed in approximately 30% of breast cancers. Women
whose breast tumours overexpress the HER2 receptor have an aggressive
form of the disease with significantly shortened disease-free survival and
overall survival. This reflects the fact that HER2+ breast tumours correlate
with several poor prognostic factors including large tumour size, high nuclear
grade and higher proliferative index (33). All Irish patients diagnosed with
breast cancer are now tested for HER2 expression levels in order to
determine whether they may benefit from anti-HER2 therapy. If the disease
recurs or spreads, the tumour is re-tested for HER2 status, as its expression
may change from that of the original diagnosis.

1.3.1 HER2
HER2, also known as CD340, is a receptor tyrosine kinase (RTK) protein
encoded by the proto-oncogene ERBB2, discovered by Weinberg and
associates in 1984 (34). Kinases are enzymes which function in adding
phosphate groups (PO3)- to proteins in an ATP-dependent process termed
phosphorylation. Healthy cells have one copy of ERBB2 on the long arm of
each chromosome 17 (position 17q13), while HER2+ breast cancers feature
2- to 20-fold amplification of this gene (35). Accordingly, while a normal
breast cell may express approximately 20,000 HER2 receptors at protein
level, amplification of the HER2 gene can result in augmented receptor
expression levels of up to 2,000,000 per cell (36).
HER2 is a 185kD transmembrane growth factor RTK which transmits signals
to promote cell growth and inhibit cell death. Thus, HER2 has become an
important biomarker and therapeutic target for breast cancer patients whose
tumours overexpress the protein.
HER2 was the second member of the HER/ErbB family to be discovered.
There are four members of this family; HER1, which is also known as
epidermal growth factor receptor (EGFR), HER2, HER3, and HER4. All four
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members are composed of an extracellular ligand-binding domain, a
transmembrane domain, and an intracellular domain involved in signal
transduction. Binding of ligands to the extracellular domains of these proteins
stimulates members to heterodimerise with one another, leading to
autophosphorylation of tyrosine residues within the cytoplasmic domain of
the receptors and subsequent induction of a number of signalling pathways
(37). HER2 is the preferential binding partner for the other members due its
high catalytic activity. Interestingly however, HER2 is the only family member
that lacks a known ligand. Therefore, it is constantly in an open (active)
conformation to enable dimerization with other HER family members, as it
does not naturally homodimerise. Similarly, HER3 is unable to homodimerise
as it lacks an active kinase domain to stimulate signal transduction.
Interestingly, heterodimerisation between HER2 and HER3 forms the
strongest signalling dimer (38).
Key signalling pathways activated by HER family members include the
phosphoinositide-3 kinase (PI3K) pathway, and the mitogen-activated protein
kinase (MAPK) pathway. As shown in Figure 1.2, these pathways are
involved in controlling cellular proliferation and apoptosis, two functions that
must be tightly regulated in order to prevent tumour formation. Dysregulation
of signalling through these pathways occurs in many tumour types as a result
of mutations in crucial protein components, enabling transformed cells to
proliferate and evade cell death (39-41). For this reason, signalling via these
key pathways will be evaluated throughout this project.
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Figure 1.2 The PI3K pathway illustrated on the left and MAPK pathway
illustrated on the right. Signalling via the PI3K and MAPK pathways
promotes cellular proliferation and inhibits apoptosis. Aberrant regulation of
these pathways is frequently associated with breast cancer (41). HER2 Human epidermal growth factor receptor 2, ErbB – any other member of the
ErbB/HER family; EGFR (epidermal growth factor receptor), HER3 or HER4,
PI3K - Phosphoinositide-3 Kinase, mTOR - mammalian Target of
Rapamycin, MEK - MAPK/ERK kinase, MAPK - Mitogen Activated Protein
Kinase, ERK - Extracellular-signal Regulated Kinase.
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1.3.2 The PI3K pathway
The PI3K pathway is a key regulator of apoptosis and cell proliferation in
diverse tissues. There are three classes of PI3Ks, grouped according to
structure and function. Class IA PI3K is the one most clearly implicated in
cancer. Class IA PI3Ks consist of a regulatory subunit, p85, and a catalytic
subunit, p110. There are three different types of the regulatory subunit p85;
p85α (with p85α, p55α, and p50α isoforms), p85β, and p55γ, which are
encoded by the genes PIK3R1, PIK3R2, and PIK3R3, respectively. There
are also three catalytic isoforms; p110α, p110β, and p110δ, which are
produced from PIK3CA, PIK3CB, and PIK3CD genes, respectively (42). Both
PIK3R1 and PIK3CA are frequently mutated in cancer. These mutations
promote activation of the PI3K pathway. Dysregulation can also occur as a
result of a genetic deletion or loss-of-function mutation in the gene that
encodes phosphatase and tensin homolog (PTEN), a tumour suppressor
phosphatase whose activity opposes the effects of PI3K-dependent
phosphorylation (39).
The PI3K pathway is activated by the binding of a ligand to a growth factor
RTK, such as one of the HER family members on the surface of breast cells.
This

interaction

leads

to

receptor

dimerization

and

subsequent

autophosphorylation of tyrosine (Y) resides. These phosphotyrosine residues
enable the RTKs to interact with src homology 2 (SH2) domain-containing
molecules such as the regulatory subunit of PI3K, p85. This 85kDa subunit
can bind directly to phospho-YXXM motifs (where X represents any amino
acid) within the RTK. In this manner, the phosphotyrosine residues act as
docking sites for p85.This interaction leads to a change in the conformation
(and subsequent activation of) p110, the catalytic subunit of PI3K (40).
When activated, p110 phosphorylates the 3-position hydroxyl group of the
inositol ring of phosphatidylinositol 4, 5-biphosphate (PIP2), generating the
second messenger lipid phosphatidylinositol (3, 4, 5) triphosphate (PIP3).
PIP3 in turn recruits phosphatidylinositide-dependent protein kinase 1
(PDK1) and Akt, also known as protein kinase B (PKB), to the inner surface
of the cell membrane via their pleckstrin homology (PH) domains. This
14

interaction leads to a conformational change in Akt, exposing certain amino
acid residues. PDK1 then phosphorylates Akt at threonine 308 (T308) in the
activation loop, resulting in Akt activation. The mammalian target of
rapamycin (mTOR) complex mTORC2 also phosphorylates Akt at serine 473
(S473), activating it further (39).
Activated Akt is a key component of the PI3K pathway which has multiple
functions in promoting cell survival and increasing proliferation. It exerts
these functions through several downstream substrates including the Bcl-2
family member Bcl-2-associated death promoter (BAD), Mdm-2, IKK, p27,
forkhead box transcription factors (FOXO), glycogen synthase kinase 3β
(GSKβ), and tuberous sclerosis complex 2 (TSC2).
In the context of apoptosis, Akt promotes cell survival by translocating to the
nucleus

and

inhibiting

pro-apoptotic

proteins

such

as

BAD.

Akt

phosphorylates BAD on serine 136 (S136), inhibiting it from forming holes in
the outer mitochondrial membrane and initiating a caspase cascade that
induces apoptosis (43). Akt also inhibits p53-mediated induction of apoptosis
by phosphorylating and subsequently activating mouse double minute 2
(Mdm2), a negative regulator of the tumour suppressor protein p53. Aktmediated phosphorylation of Mdm2 at serine 186 (S186) induces Mdm2 to
ubiquitinate p53, and thus target it for degradation (44). Akt further promotes
cell survival by activating the anti-apoptotic transcription factor NFκB via IκB
kinase (IKK) phosphorylation. Phosphorylation of IKK leads to its activation.
IKK then goes on to phosphorylate inhibitor of κB (IκB), an NFκB inhibitor.
This interaction leads to a conformational change in IκB which decreases its
affinity for NFκB, and therefore releases it. NFκB is then free to translocate
into the nucleus and induce transcription of anti-apoptotic proteins such as
TRAF1 and TRAF 2 (45).
In relation to cell proliferation, Akt promotes proliferation directly and
indirectly through suppression of p27, a cell cycle inhibitor. It directly
regulates p27 by phosphorylation and therefore suppression of its inhibitory
function, promoting entry into the cell cycle. It indirectly regulates p27 by
phosphorylating FOXO3A, which prevents FOXO3A from translocating into
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the nucleus and acting as a transcription factor to induce the transcription of
the p27 gene CDKN1A (39). Akt also induces cell proliferation by
phosphorylating GSK3β at serine 9 (S9), deactivating it and preventing it
from complexing with other proteins to phosphorylate β-catenin and target it
for ubiquitination and degradation. Hence GSK3β inhibition downstream of
Akt activation leads to the cytosolic accumulation of β-catenin, followed by its
nuclear translocation and interaction with T-cell factor/lymphoid enhancer
factor (TCF/LEF) family transcription factors to promote the expression of
genes such as CCND1, the gene encoding cyclin D1. Induction of cyclin D1
suppresses various cell cycle inhibitors, enabling cell-cycle progression
through the G1 phase. Akt-dependent inhibition of GSK3β also prevents
phosphorylation of cyclin D1 on threonine 286 (T286), leading to nuclear
accumulation of cyclin D1 and induction of cellular proliferation (46-48).
Another mechanism by which Akt promotes cell proliferation is by
phosphorylating and subsequently inhibiting the tumour suppressor tuberous
sclerosis protein 2 (TSC2). Inhibition of TSC2 results in constitutive activation
of RHEB (Ras homolog enriched in brain), which itself stimulates the mTOR
containing

protein

complex

mTORC1

(49,

50).

mTORC1

then

phosphorylates a negative regulator of proliferation; eukaryotic initiation
factor 4E (eIF4E)-binding protein (4E-BP), suppressing its ability to inhibit
translation of proteins necessary for cell growth (50). mTORC1 also
promotes proliferation through phosphorylating and thus activating S6 kinase
(p70rsk) and the S6 ribosomal protein which induces protein synthesis at the
ribosome, enabling cell growth (51).
Due to the myriad functions of Akt in the PI3K pathway displayed in Figure
1.3, activation of this key signalling molecule is considered indicative of PI3K
pathway function.
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Figure 1.3 The PI3K pathway concurrently promotes cell proliferation
and cell survival. Signalling via the PI3K pathway induces cell growth and
inhibits apoptosis through activation of Akt, a key signalling molecule of the
pathway. This process is frequently dysregulated in breast cancer. HER2 Human epidermal growth factor receptor 2, ErbB – any other member of the
ErbB/HER family; EGFR (epidermal growth factor receptor), HER3 or HER4,
PI3K - Phosphoinositide-3 Kinase, PIP2 - Phosphatidylinositol 4, 5biphosphate, PIP3 - Phosphatidylinositol (3, 4, 5) triphosphate, PTEN –
Phosphatase and Tensin homolog, PDK1 - Phosphatidylinositide Dependent
protein Kinase 1, BAD - Bcl-2 Associated Death promoter, Mdm2 - Mouse
double minute 2, IKK - IKB Kinase, IKB – Inhibitor of KB, NFKB – Nuclear
factor kappa-light-chain-enhancer of activated B cells, FOXO3A - Forkhead
box transcription factors 3A, GSK3β - Glycogen Synthase Kinase 3β, TSC2 Tuberous Sclerosis Complex 2, RHEB - Ras homolog enriched in brain,
mTORC1 - mTOR containing protein complex 1, 4E-BP - 4E (eIF4E)-binding
protein.
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1.3.3 The MAPK pathway
The MAPK pathway is another vital pathway activated by HER family
members which regulates gene expression and cellular proliferation.
Mutation of signal transduction components of this pathway have been
implicated in a wide range of cancers (52). There are several key upstream
activators of the MAPK pathway, one of which is the small GTPase protein
Ras. There are three members of the Ras family; K-Ras, H-Ras, and N-Ras.
K-Ras is the most commonly mutated isoform in human tumours. Another
initiator of the MAPK signalling pathway is the proto-oncogene Raf. There
are three Raf proteins; B-Raf, C-Raf, and A-Raf, with B-Raf being the most
frequently mutated in cancer (53).
The MAPK pathway is stimulated by high-affinity binding of specific ligands
to a RTK, such as members of the HER family on the surface of a cell,
followed by receptor dimerization and autophosphorylation of tyrosine
residues on the cytosolic domain of the RTK. These phosphotyrosines then
function as docking sites for the SH2 domain of growth-factor receptor bound
protein 2 (Grb-2). Grb-2 is an adaptor protein for son of sevenless (SOS), a
GDP/GTP exchange factor (GEF). SOS then binds to inactive, GDP-bound
Ras. This interaction leads to a conformational change in Ras, facilitating
exchange of GDP for GTP. Once GTP-bound, Ras becomes activated and
initiates a phosphorylation cascade. Many other receptor types, such as G
protein-coupled receptors, can also activate Ras through stimulation of
guanine exchange factors (54-56). Activated Ras phosphorylates and
activates Raf, a serine/threonine kinase. This interaction localises Raf to the
plasma membrane, and in turn promotes Raf-mediated phosphorylation and
activation of MEK, a mitogen-activated protein kinase kinase (MAPKK). MEK
then phosphorylates and activates extracellular-signal regulated kinase
(ERK), a mitogen-activated protein kinase (MAPK). As illustrated in Figure
1.4, activated ERK interacts with numerous substrates including Elk1, c-Jun,
and p90 ribosomal protein S6 kinase (p90rsk) (57-59) to activate proliferation
by several pathways. In this manner, ERK effectively does for the MAPK
pathway what Akt does for the PI3K pathway. Specifically, ERK
phosphorylates and activates Elk1, promoting interaction of the latter with its
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cofactor, serum response factor (SRF). This interaction allows Elk1 to bind to
the c-Fos promoter, through its A domain, and instigate c-Fos transcription
(57).
ERK also phosphorylates and activates c-Jun, enabling it to combine with cFos and form the activator protein 1 (AP-1) transcription factor heterodimer.
AP-1 binds to the promoter regions of many genes involved in cell cycle
regulation and upregulates their transcription. For example, AP1-dependent
induction of cyclin D1 expression leads to the suppression of cell-cycle
inhibitors such as the cyclin-dependent kinase inhibitor (CDKI) p27 (58). The
newly synthesised cyclin D1 also associates with (and activates) the cyclindependent kinases CDK4 and CDK6, promoting phosphorylation of
retinoblastoma tumour suppressor protein (RB) and dissolution of the RBE2F transcription factor complex. Once released, E2F induces transcription
of several genes that are required for G1/S phase transition including cyclin
E and cyclin A (58). Through this mechanism, upregulation of the RAS-RAFMEK (MAPK) pathway promotes cellular proliferation.
ERK also regulates cellular proliferation by phosphorylating and activating
cytoplasmic p90rsk. Activated p90rsk regulates transcription factors by
translocating to the nucleus, phosphorylating and subsequently activating cFos at serine 362 (S362), SRF at serine 103 (S103), and cyclic AMP
response element-binding protein (CREB) at serine 133 (S133). These
transcription factors then bind to the promoters of genes important for cellular
proliferation (59).
ERK is a key signalling molecule in this pathway with multiple functions.
Hence, as phosphorylation and activation of ERK is frequently assessed in
studies to evaluate the activity of the MAPK pathway and its role in
proliferation.
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Figure 1.4 Regulatory influence of MAPK pathway on cellular
proliferation. Signalling via the MAPK pathway promotes cell growth
through activating ERK, a key mediator of the pathway. This mechanism is
frequently dysregulated in breast cancer. HER2 - Human epidermal growth
factor receptor 2, ErbB – any other member of the ErbB/HER family; EGFR
(epidermal growth factor receptor), HER3 or HER4,, Grb2 - Growth-factor
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These two signalling pathways are crucial to the pathological effects of HER2
overexpression in breast cancer. Therefore, pharmacological antagonism of
HER2 and thus inhibition of this downstream signal transduction has been
extremely effective in the treatment of HER2+ breast cancer.

1.4

Treatment of HER2+ Breast Cancer

HER2 has been successfully targeted by a number of anti-HER2 therapies.
Trastuzumab (Herceptin, Genentech), is a humanised IgG monoclonal
antibody directed against the extracellular domain of HER2. This was the first
anti-HER2 drug to be developed and has shown significant clinical benefit
(60). The HER2 receptor has also been targeted by Lapatinib (Tykerb,
GlaxoSmithKline), a dual tyrosine kinase inhibitor (TKI) that targets the ATPbinding domain of HER2 as well as that of its dimerization partner EGFR
(61). Pertuzumab (Perjeta, Genentech) is another dimerization-blocking
monoclonal antibody with a binding site distinct from that of Trastuzumab.
Pertuzumab treatment in combination with Trastuzumab has been shown to
significantly prolong progression-free survival of patients with metastatic
breast cancer compared to Trastuzumab treatment alone (62, 63). Another
anti-HER2

drug

which

has

been

developed

is

Ado-Trastuzumab

emtansine/T-DM1 (Kadcyla, Genentech). This is an antibody-drug conjugate
consisting of Trastuzumab linked to the cytotoxic agent DM1, which enters
the cells and kills them by targeting the microtubule cytoskeleton (64). A
number of other HER2-targeting therapeutic agents are also currently being
tested in clinical trials, for example the pan-HER tyrosine kinase inhibitor
Neratinib which irreversibly binds to both EGFR and HER2 (65).
However, the standard targeted therapy for treatment of HER2+ breast
cancer over the past 15 years has been Trastuzumab. More recently, the
standard of care for HER2+ breast cancer patients has been a combination
of Trastuzumab and Lapatinib treatment.
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1.4.1 Trastuzumab

In 1998, Trastuzumab was approved by the US Food and Drug
Administration (FDA) for the treatment of metastatic HER2+ breast cancer.
The addition of Trastuzumab to chemotherapy significantly improved
response rates, lengthened time to disease progression, and enhanced
overall survival and patient quality of life compared to chemotherapy alone
(60).
Trastuzumab revolutionised the treatment of HER2 positive breast cancer.
The drug has the most significant clinical benefit in the adjuvant therapy
setting, reducing recurrence by up to 50%. However, Trastuzumab
administration can result in the development of ventricular dysfunction and
congestive heart failure in some patients, necessitating the evaluation of left
ventricular function during treatment (66).
A number of mechanisms of action for Trastuzumab have been proposed, of
which the best-established is the inhibition of downstream signalling
pathways. Trastuzumab binds to the extracellular domain IV of HER2 and
has been shown to suppress activation of key signalling effectors in the PI3K
and MAPK pathways, Akt and ERK (respectively), leading to cell cycle arrest
at the G1/S phase transition (67).
Trastuzumab has also been demonstrated to trigger HER2 internalisation
and degradation through recruitment and activation of c-Cbl, a ubiquitin
ligase which ubiquitinates HER2 and targets it for proteasomal degradation
(68).
In addition, Trastuzumab has been shown to mediate antibody-dependent
cellular toxicity (ADCC). During this process, Trastuzumab-bound breast
cancer cells attract the attention of immune cells such as natural killer (NK)
cells, which are recruited to lyse the antibody-tagged target cells (69-71).
Accordingly, patient tumour samples reportedly have significant infiltration of
NK cells following drug treatment (72).
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1.4.2 Lapatinib

In 2007, Lapatinib was approved by the FDA for the treatment of advanced
metastatic HER2+ breast cancer. It is a small, orally-active, reversible dual
tyrosine kinase inhibitor which targets both HER2 and EGFR. Lapatinib
diffuses freely into breast cells, binding to the kinase domains of HER2 and
EGFR and inhibiting their phosphorylation / activation (73).
Unlike Trastuzumab, Lapatinib can cross the blood-brain barrier due to its
low molecular weight. Thus, clinical research has shown that the drug
reduces the risk of brain metastases in Trastuzumab-resistant HER2+ breast
cancer patients. Lapatinib also carries the advantage of having much lower
cardiotoxicity than Trastuzumab (74), and overall has shown significant
clinical benefit when treated in combination with the antibody. A synergistic
interaction between the two drugs has been reported, as typified by the
NeoALTTO study which reported a significant increase in complete response
in patients who received a combination of both Trastuzumab and Lapatinib
(51.3%) compared to either Trastuzumab (29.5%) or Lapatinib (24.7%) alone
(75).
The primary mechanism of action of Lapatinib is inhibition of signalling
through HER-mediated signalling pathways. However, as Lapatinib is a
relatively new drug, further studies are needed to elucidate other potential
activities in breast cancer cells.
While the aforementioned personalised therapies for HER2+ breast cancer
patients have significantly changed the clinical course of the disease, innate
and acquired drug resistance remain a major clinical problem (68).

1.4.3 Resistance to anti-HER2 Therapies
Although less than 35% of HER2+ breast cancer patients with metastatic
disease respond to Trastuzumab monotherapy, this proportion increases to
50% in combination with chemotherapy. However, approximately 50% of
patients who initially respond well to the drug will acquire resistance within 223

3 years (67, 76). Innate and acquired resistance to Lapatinib have also been
reported in preclinical and clinical studies. Therefore, there is a great need to
accelerate the discovery of biomarkers and future therapeutic targets that will
overcome the problem of therapeutic resistance to HER2-targeted
medications in such patients.
Understanding the mechanisms by which HER2+ tumours develop
resistance to targeted therapies is critical to improving the survival rates of
patients.

While there are currently no clinically validated markers for

resistance to Trastuzumab, a number of potential mechanisms have been
proposed (5, 6, 65, 67, 68, 76-84). Due to the fact that Lapatinib has only
recently been approved for HER2+ breast cancer treatment, much less is
understood about the mechanistic development of Lapatinib resistance. A
greater understanding is crucial, since some reported mechanisms for
Trastuzumab resistance are overcome by Lapatinib treatment.
A case in point is that increased expression of EGFR and its ligands has
been associated with Trastuzumab resistance (78, 85). This is not surprising,
as the binding of Trastuzumab to HER2 does not prevent EGFR homodimerization and activation of intracellular signalling. Therefore, cells may
upregulate EGFR expression as a compensatory mechanism to overcome
interference with HER2 signalling. The fact that Lapatinib targets EGFR in
addition to HER2 signalling makes combined treatment with Lapatinib an
attractive way of overcoming this mechanism of Trastuzumab resistance.
Nevertheless, it does not preclude upregulation of other HER family
members as a mechanism of Trastuzumab and Lapatinib resistance.
An additional mechanism of Trastuzumab resistance that may be overcome
by Lapatinib involves enzymatic cleavage of the extracellular domain of
HER2. Such cleavage

generates p95-HER2, the truncated intracellular

fragment of HER2 which lacks a binding site for Trastuzumab, while the
cleaved extracellular domain is concurrently released and capable of further
inhibiting

Trastuzumab

efficacy

through

competitive

binding

(86).

Furthermore, it has also been proposed that p95-HER2 itself contributes to
Trastuzumab resistance as previous studies using HER2 mutants have
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shown that p95-HER2 has enhanced tyrosine kinase activity and confers
increased activation of Akt and ERK compared to full-length HER2 (87-89).
This mechanism of acquired resistance has been supported by studies
showing that HER2+ patients expressing the p95 intracellular fragment of
HER2 are less likely to respond to Trastuzumab than those expressing the
full-length receptor (86, 90). However, given the intracellular kinase domain
binding site of Lapatinib, this mechanism of Trastuzumab resistance should
also be overcome by treatment with the TKI as it would also bind to (and thus
suppress) activity of the p95 fragment of HER2.
These mechanisms of acquired resistance may explain why Lapatinib is
effective at inhibiting growth of some Trastuzumab-resistant tumours.
However, other reported mechanisms of Trastuzumab resistance may also
confer innate and/or acquired resistance to Lapatinib.
For example, Insulin-like growth factor 1 receptor (IGF-1R) enhanced
signalling has been implicated in Trastuzumab resistance, as cell lines which
co-express HER2 and IGF-1R can be less responsive to the treatment (91).
Furthermore, inhibition of IGF-1R has been shown to re-sensitise these cells
to Trastuzumab (92). This may also be a mechanism of Lapatinib resistance,
as IGF-1R independently mediates signalling via the PI3K and MAPK
pathways (61).
In addition, PTEN, the primary negative regulator of the PI3K pathway, is
mutated in approximately 50% of human breast tumours. Alterations in this
tumour suppressor protein have also been associated with acquired
resistance to Trastuzumab (81). Specific PI3K mutations, such as H1047R in
the kinase domain and E454 in the catalytic domain of the p110α subunit,
have been shown to constitutively activate the PI3K pathway (93). These
mutations have been associated with Trastuzumab resistance, as they
circumvent the necessity to activate PI3K via the HER2 receptor.
Furthermore, previous studies have shown that cells with a combination of
these mutations and PTEN alterations are more likely to be resistant to
Trastuzumab than those with either mutation alone (81). Alterations in the
PI3K pathway have also been reported in Lapatinib-resistant settings (94).
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Taken together, there are multiple mechanisms of acquired resistance to
anti-HER2 therapies. Unfortunately, however, there is no universal
consensus as to which factors are consistently altered in acquired resistance
to these drugs. This 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.
Hence, one could argue that the most promising approach to overcoming the
problem of drug resistance is to identify alternative fundamental mechanisms
that enable drug-resistant cells to survive. In considering those mechanisms,
it is valuable to think outside the traditional boundaries of known paradigms
for receptor tyrosine kinase signalling. This thesis has adopted such an
approach, by focussing on the role of a lesser-known adhesion protein,
junctional adhesion molecule-A (JAM-A), which our previous work has begun
to associate with the HER2+ breast cancer phenotype (95, 96). The current
body of work will argue that focussing attention on an unconventional target
like JAM-A, which has several functions within breast cancer cells, may help
in the fight to overcome the ability of drug-resistant cells to adapt and
flourish.

1.5

Intercellular Adhesion and Breast Cancer

Epithelial intercellular adhesion is essential for maintaining a functional
barrier and the structural integrity of the breast epithelium. Adjacent cells are
held together by multi-protein junctional complexes which maintain
architectural structure and polarity. Such cell-cell contacts are constantly
remodelled to shed old or damaged cells and to incorporate newlydifferentiated cells during life processes such as menstruation, pregnancy
and menopause. Thus, cells of the breast ductal epithelium are particularly
vulnerable to aberrant modulation that may lead to cellular transformation. In
addition, intercellular adhesion proteins often become dysregulated during
these processes, leading to impaired barrier function, adhesion and polarity,
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as well as affecting intracellular signalling (97). Therefore, it is not surprising
that many studies have referenced dysfunctional cellular adhesion as a
contributor to breast cancer initiation or progression (98).
There are four major types of intercellular junctions in the breast epithelium,
namely desmosomes, gap junctions, adherens junctions (AJs), and tight
junctions (TJs). AJs and TJs are asymmetrically distributed at the apical tip
of the lateral intercellular membrane, forming the apical junctional complex.
This project focuses on an integral membrane protein belonging to TJs, JAMA.

1.5.1 Tight Junctions

TJs are located just beneath the apical epithelial surface and form the
closest contact between adjacent cells. They are occluding junctions, acting
as barriers that control paracellular permeability and regulate trans-epithelial
water and solute movement (99, 100). They also function in maintaining
cellular polarity. As illustrated in Figure 1.5, these dynamically-adhesive
structures are composed of integral transmembrane proteins that link
adjacent cells through homophilic and heterophilic interactions.
TJ transmembrane proteins also recruit cytoplasmic TJ adaptor proteins via
binding sites in their intracellular C-terminal tails (101). These adaptor
proteins anchor the TJ complex to the actin cytoskeleton and can recruit
other cytosolic partners into signalling complexes. Such complexes are
involved in the initiation of a number of signalling cascades that regulate,
amongst other things, the expression of genes involved in proliferation and
differentiation (97). In this manner, TJs form a connection between the
extracellular milieu and the nucleus.
This crucial role of TJ proteins in proliferation and differentiation has only
emerged in recent years. Thus, research into aberrant TJ function in cancer
has become a major focus in cell-adhesion biology. The current paradigm
holds that loss of TJ protein expression and consequent deficits in cell-cell
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adhesion drive tumour cell detachment from a primary tumour, setting the
stage for local invasion and later distant metastasis. Furthermore, loss of TJbased

adhesion

would

compromise

cellular

polarity

and

stimulate

dedifferentiation, another hallmark of cancer cells (100). Thus, many studies
have established that loss of TJ proteins (including occludin and Claudin-7)
can enhance tumour progression (102, 103). However, this paradigm has
recently been challenged by reports that the overexpression of many TJ
proteins is associated with tumour growth and metastasis. This apparent
contradiction highlights an under-appreciated complexity and plasticity in the
functions of TJ proteins (reviewed in our recent publication (98)). Specifically,
it is likely that TJ proteins function not only in intercellular adhesion and
polarity, but also in regulating adhesion-independent intracellular signalling
that controls proliferation and migration. Evidently, optimal expression of TJ
proteins is important in maintaining normal physiological function and any
imbalance could have pathological consequences.
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Figure 1.5 Spatial location of tight junctions in cells of the breast
epithelium. The tight junction (TJ) complex functions in intercellular
adhesion and forms the closest contact between adjacent cells. It includes
members of the junctional adhesion molecule (JAM), Claudin and Occludin
family.

1.5.2 Tight Junction Proteins

In 1963, Farquhar and Palade first described the ultrastructure of epithelial
TJs (104). Since then >40 TJ proteins have been identified; including
transmembrane proteins such as occludin, claudins, the Coxsackievirus and
Adenovirus receptor (CAR), and members of the junctional adhesion
molecule (JAM) family. TJ adaptor proteins include members of the zona
occludens (ZO) family (ZO-1, ZO-2 and ZO-3), afadin (AF6), Par3,
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Ca2+/Calmodulin-dependent serine kinase (CASK), multi-PSD-95/Discslarge/ZO-1 (PDZ) domain protein 1 (MUPP1), membrane-associated
guanylate kinase (MAGUK) with inverted domain structure-1 (MAGI-1), and
PDZ–Guanine exchange factor 2 (PDZ-GEF2) ( (97, 99). These proteins are
dynamically regulated during processes such as wound repair, tissue
remodelling and inflammation. Therefore, TJ protein expression and
localisation is strenuously regulated to maintain barrier function, and
consequently TJ proteins are particularly vulnerable to aberrant modulation
that may lead to cellular transformation. This project will focus on the first
member of the JAM family to be identified, JAM-A.

1.6

JAM-A

A key interest of our laboratory is in the contribution of JAM-A to breast
cancer (95, 96, 105, 106). JAM-A is a type I transmembrane protein
expressed predominantly by epithelial and endothelial cells, but also by
circulating leukocytes and platelets. As illustrated in Figure 1.6, it is
composed of two extracellular Ig-like domains in its N-terminal tail (D1 distal
loop and D2 proximal loop), a single transmembrane region, and a Cterminal cytosolic tail (106, 107). The carboxyl terminus of JAM-A
incorporates a PSD-95/Discs-large/ZO-1 (PDZ) binding domain that is
responsible for intracellular interactions with a number of scaffolding
proteins, including ZO-1, AF6, Par3, CASK, MUPP1, MAGI-1, and PDZ–
GEF2 (107).
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Figure 1.6 Structural diagram of JAM-A. The extracellular domain contains
two Ig-like loops with intra-chain disulfide bonds which are represented as
SS. Two N-linked glycosylation sites (G) and the intracellular PDZ (PSD95/Discs-large/ZO-1) binding domain are also shown.

1.6.1 JAM-A and Breast Cancer

It was initially reported that the loss of JAM-A is a contributing factor for
breast cancer progression, with JAM-A expression shown to be downregulated in metastatic breast tumour tissue samples (108). However, using
much larger clinical datasets, we and subsequently others demonstrated a
significant correlation between the overexpression of JAM-A and poor
prognosis in breast cancer patients (96, 109). In addition, patients whose
tumours expressed high levels of JAM-A were significantly more likely to
develop recurrence within 5 years compared to those whose tumours
expressed low levels of the protein (96).
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Further work by our lab showed that JAM-A dimerization leads to the
formation of a signalling complex incorporating AF-6 and the Rap1 activator
PDZ-GEF2 (guanine exchange factor) in breast cancer cells, including
primary breast tumour cultures (105). This complex then activates Rap1GTPase, leading to activation of the migratory protein β1-integrin (105).
These results further suggested that the link between JAM-A overexpression
and increased risk of metastasis may lie in the ability of JAM-A to promote
cell migration, an early event in the metastatic cascade. This was further
supported by a study demonstrating downregulation of microRNA miR-145 in
breast tumours relative to healthy tissue, in conjunction with the observation
that miR-145 targets JAM-A mRNA for degradation and decreases cell
migration (110).
However, the potential contribution of JAM-A to tumorigenesis may not be
limited to its regulatory influence on cell migration, since evidence also
suggests that JAM-A regulates cellular proliferation and apoptosis (109,
111). A role for JAM-A in apoptosis has been highlighted by in vivo studies in
which JAM-A-null mice were shown to develop significantly smaller tumours
than JAM-A-positive mice, due to a significant increase in apoptosis in the
former (109). Other in vivo studies have demonstrated that JAM-A influences
tumour proliferation, and suggested its potential as an effective therapeutic
target (111). Specifically, tumour cells were injected into mice as
immunogens to develop monoclonal antibodies targeting membrane
receptors involved in cancer cell growth. These antibodies were then
screened for their ability to inhibit proliferation. The target of the most
efficacious antibody was subsequently identified as JAM-A, and its use in
murine breast tumour xenograft models resulted in significant growth
inhibition (111). The reported novel influence of JAM-A on proliferation and
apoptosis support the value of exploring JAM-A as a future therapeutic target
in breast cancer.
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1.6.2 JAM-A and HER2

Our previous work has demonstrated that JAM-A expression correlates with
that of HER2 in breast cancer patients (95, 96). Subsequent work showed
that JAM-A acts as a regulator of HER2 expression, by putatively partially
inhibiting proteasomal degradation of the HER2 protein (95). Taken together,
this may explain other reports that JAM-A promotes proliferation and inhibits
apoptosis (109, 111), two well-defined features executed by HER2 signalling
via the PI3K and MAPK pathways. For this and other reasons, the role of
JAM-A in HER2+ breast cancer is the focus of this thesis.
Due to the significant correlation between JAM-A and HER2 expression in
aggressive tumours (95, 96) in conjunction with our observation that JAM-A
expression regulates that of HER2 (95), we postulated that overexpression of
JAM-A may stabilise HER2 signalling and thus participate in the
development of resistance to HER2-targeted therapies (illustrated in Figure
1.7). Accordingly, we hypothesised that patients who develop disease
recurrence whilst on HER2-targeted therapies represent a population whose
tumours may overexpress JAM-A in addition to HER2.
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Figure 1.7 Overexpression of JAM-A may confer some degree of
resistance to anti-HER2 therapies. Illustration depicting hypothesis that
JAM-A overexpression in breast tumour cells may stabilise HER2 protein
expression and augment signalling via the PI3K and MAPK pathways
throughout anti-HER2 treatment. treatment confer resistance to anti-HER2
therapy by stabilising HER2 protein expression and signalling via the PI3K
and MAPK pathways throughout treatment. JAM-A – Junctional Adhesion
Molecule A, HER2 - Human epidermal growth factor receptor 2, PI3K Phosphoinositide-3 Kinase, mTOR - mammalian Target of Rapamycin, MEK
- MAPK/ERK kinase, MAPK - Mitogen Activated Protein Kinase, ERK Extracellular-signal Regulated Kinase.
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As the relationship between JAM-A and HER2 has only recently emerged,
the mechanism by which JAM-A regulates HER2 expression or function is
not well understood. Therefore, it is difficult to postulate how JAM-A may
mechanistically contribute to the development of resistance to anti-HER2
therapies. However, based on the principal finding that JAM-A regulates the
expression of HER2, we propose that this avenue merits further
investigation. Elucidating the mechanism of this relationship may provide
significant insight into the regulation of HER2 and downstream signalling
complexes within tumour cells.
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1.7
-

Hypothesis

JAM-A overexpression in breast tumours may participate in resistance
to anti-HER2 therapy through stabilising HER2 protein expression and
thus enhancing pro-tumorigenic signalling via the PI3K and MAPK
pathways.

-

Patients whose tumours overexpress JAM-A may represent a
population who are at risk of developing disease recurrence whilst on
anti-HER2 treatment.

-

JAM-A may be an effective prognostic and/or therapeutic biomarker
for patients who are at risk of developing resistance to HER2-targeted
therapies.
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1.8

Aims

The overall aim of this project was to elucidate crosstalk mechanisms
between JAM-A and HER2 in breast cancer cells, and to determine whether
JAM-A plays a role in resistance to anti-HER2 therapy. The specific aims
were as follows:

1) To elucidate the mechanism by which JAM-A regulates HER2
expression and function in breast cancer cells
Identification of proteins involved in crosstalk between JAM-A and HER2 is
essential to determine whether this process could be manipulated in a
pharmacological setting in HER2+ breast cancer models.

2) To test whether JAM-A is involved in resistance to anti-HER2 therapy
Investigating whether JAM-A expression is augmented in HER2-positive
breast cancer cells and patient tissue with resistance to anti-HER2 therapy,
will determine whether JAM-A expression promotes resistance to anti-HER2
therapy.

3) To determine whether soluble JAM-A holds potential as a clinical
biomarker for resistance to anti-HER2 therapies.
Testing whether resistance to anti-HER2 therapies is associated with
increased levels of soluble JAM-A released from drug-resistant breast cancer
cells or in patient serum samples will determine whether soluble JAM-A
holds any promise a future biomarker of resistance to anti-HER2 therapy.
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1.9

Objectives

Specific Aim 1
In order to elucidate the mechanism by which JAM-A regulates HER2
expression and function in breast cancer cells; Western blot, qPCR and
immunofluorescence analysis was used to decipher the regulatory stage at
which JAM-A promotes HER2 protein expression and to identify intermediate
proteins involved this mechanism.
Specific Aim 2
In order to test whether JAM-A is involved in resistance to anti-HER2
therapy; Western blot, qPCR and immunohistochemistry analysis was
carried out on cell lines with acquired resistance to anti-HER2 therapy and
patient breast tumour tissue samples to determine whether increased JAM-A
expression correlated with resistance to anti-HER2 therapy. A variety of
assays were carried out to determine whether targeting both JAM-A and
HER2 is more effective at inhibiting pro-tumorigenic processes than targeting
HER2 alone.

Specific Aim 3

In order to determine whether soluble JAM-A holds potential as a clinical
biomarker for resistance to anti-HER2 therapies; Western blot analysis was
carried out using cultured media from anti-HER2 therapy-resistant cells and
serum samples from patients who had developed resistance to HER2-tareted
therapy to determine whether levels of soluble JAM-A correlated with
resistance to anti-HER2 treatment. Invasion and CAM assays were used to
investigate whether soluble JAM-A may contribute to the development of
resistance to anti-HER2 therapy.
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Chapter 2: Materials & Methods
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Chapter 2: Materials & Methods

2.1

Cell Culture

MCF7 breast cancer cells stably overexpressing HER2 (MCF7-HER2) were
used to investigate crosstalk mechanisms between JAM-A and HER2.
BT474 and SKBR3 breast cancer cells conditioned to be either
Trastuzumab-resistant or Lapatinib-resistant were used when investigating
the role of JAM-A in drug resistance. These experiments were carried out in
parallel with corresponding drug-sensitive parental cell lines which were used
as a HER2-targeted therapy-sensitive model. MCF7-HER2, BT474-sensitive
and –Trastuzumab resistant cells were a kind gift from Prof. Dennis Slamon
(UCLA), obtained through Dr. Norma O’Donovan (Dublin City University)
(112). SKBR3 drug-sensitive, -Trastuzumab-resistant and – Lapatinibresistant cells were a kind gift from Dr. Alex Eustace (RCSI) and Dr. Norma
O’Donovan (DCU) (112).
MCF7-HER2 cells were cultured in Minimum Essential Medium Eagle (MEM)
cell culture medium (Sigma-Aldrich) supplemented with 10% (v/v) Foetal
Bovine Serum (FBS), 50U/mL penicillin, 50µg/mL streptomycin, 2mM Lglutamine and 1% (v/v) MEM non-essential amino acids (NEAA). BT474 and
SKBR3 cells were maintained in RPMI-1640 cell culture medium (SigmaAldrich) supplemented with 10% (v/v) FBS, 50U/mL penicillin, and 50µg/mL
streptomycin. BT474 Trastuzumab-resistant cells were cultured in 100µg/mL
Trastuzumab (St. James’ Hospital Pharmacy), while SKBR3 Trastuzumabresistant cells were cultured in 10µg/mL Trastuzumab. SKBR3 Lapatinibresistant cells were cultured in 150ng/mL Lapatinib (Sequoia Research
Products). All cell lines were maintained in a humidified incubator at 37°C
and 5% CO2. They were subcultured every 3-4 days in a sterile laminar flow
hood, using aseptic technique. All cell lines were routinely assessed for
Mycoplasma contamination every three to four months. DNA from all cell
lines was sequenced yearly via STR genotyping to confirm their identity.
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2.2

siRNA transfection

In order to determine the effect of JAM-A gene silencing on HER2 gene and
protein expression, JAM-A siRNA was transiently transfected into MCF7HER2 cells using Dharmafect-1 transfection reagent, and changes in protein
levels were analysed via western blotting. Specifically, cells were plated at
150,000 cells per well in 6-well plates 16 hours (hr) prior to transfection. The
following day, 10µL of 5µM siRNA targeting JAM-A, or non-targeting siRNA
control siRNA (siGENOME non-targeting siRNA #1, D-001210-01-05,
Dharmacon) as a negative control, was added to 190µL additive-free media.
Separately, 4µL of Dharmafect-1 transfection reagent was added to 196µL
additive-free media. The two solutions were then added together, mixed well,
and left at room temperature (RT) for 20min. During this time, antibiotic-free
media was made up by adding 10% (v/v) FBS and 1% (v/v) L-glutamine to
the required volume of medium. Following 20min incubation at RT, the
siRNA-Dharmafect mixture was added to 1.6mL of antibiotic-free medium to
give a final concentration of 25nM JAM-A siRNA. The old media was
aspirated from the wells and replaced with siRNA-Dharmafect complexes in
antibiotic-free media, and cells were incubated for 72hr at 37°C with 5% CO2.
In order to determine whether changes in HER2 expression secondary to
JAM-A knockdown were proteasome-dependent or lysosome-dependent,
cells were treated with either 5μg/mL MG132 (a proteasomal inhibitor) or
30μg/mL chloroquine (a lysosomal inhibitor), 6hr prior to protein or RNA
extraction.
Presented results involving JAM-A knockdown were carried out using siJAM
(SASI_Hs01_00048785, Sigma-Aldrich). These results have been replicated
using an alternative siRNA specific for a different region of JAM-A mRNA
(GGGGGUCGCAGGAAUCUGUU,

Dharmacon).

These

results

are

presented in Appendix I as supplementary data. Although this verifies that
any observed secondary effects are a direct result of silencing JAM-A,
excluding the likelihood of an off-target effect, it should be noted that some
JAM-A siRNAs were less effective than others in obtaining such results.
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2.3

Protein extraction

Following 72hr incubation with JAM-A siRNA, protein was extracted from
MCF7-HER2 cells as follows. Cells were washed 3 times with 2mL of icecold PBS and scraped in 200µL of Relax buffer (Appendix II) containing 1%
(v/v) Triton-X100, protease inhibitor cocktail and phosphatase inhibitor
cocktails -2 and -3 (all Sigma-Aldrich). The cells were lysed via trituration (20
times using a 1mL syringe and 28-gauge needle), whereupon extracts were
centrifuged at 1,500 x g for 5min at 4°C and supernatants stored at -20°C.
The protein content was then quantified via bicinochoninic (BCA) assay
(Pierce, Thermo Scientific).

2.4

Protein Quantification via BCA Assay

Lysate extracts were thawed on ice and 10μL plated in duplicate on 96-well
plates alongside 10μL duplicates of bovine serum albumin (BSA) protein
standards (5, 2.5, 1.25, 0.625, 0.3125, 0 mg/mL). 200μL of BCA solution
(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 30min.
The absorbance was then measured at 544nm using a VICTOR™ X3
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.

2.5

SDS-PAGE

Sodium dodecyl sulphate – polyacrylamide gel electrophoresis (SDS-PAGE)
was performed in order to separate proteins by size to enable identification.
10% acrylamide running gels were prepared (Appendix II), poured, overlain
with ethanol and allowed to solidify for 20min. 5% stacking gels were then
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prepared (Appendix II), and poured on top of the polymerised separating gel
following ethanol aspiration. 10-well combs were added to the gels, which
were then allowed to solidify for 15min.
Protein samples were prepared by calculating the volume of lysate needed
for 15µg and then by adding the appropriate volume of 6x reducing Laemelli
sample buffer (Appendix II). Samples were denatured at 95°C for 5min prior
to electrophoretic separation at 40mA constant current per gel for ~45min
using a Bio-Rad Mini-Protean III gel system (Bio-Rad Laboratories,
Hertfordshire, UK). 5µL of 10-250kDa pre-stained molecular weight markers
(BioRad Precision Plus Protein Standards) were used as a reference.

2.6

Western Blot Analysis

Following SDS-PAGE, resolved proteins were transferred to nitrocellulose
(Sigma-Aldrich)

or

methanol-activated

polyvinylidene

fluoride

(PVDF)

membrane (Millipore) at 100V for 75min using a Bio-Rad Mini-Protean III
blotting system. Membranes were then blocked with either 5% (w/v) milk or
5% (w/v) BSA, made up in 1x TBS containing 0.1% (v/v) Tween-20 (TBS-T)
for 1hr while rocking.
Primary antibodies were diluted as specified in Appendix C in 5% (w/v) milk
or 5% (w/v) BSA. Membranes were incubated with 5mL of primary antibody
overnight on a roller at 4°C. The following day, membranes were washed 5
times with 10mL TBS-T for 5min each. Goat anti-mouse or goat anti-rabbit
secondary antibodies were then diluted (according to manufacturer
instructions) in 5% (w/v) milk or 5% (w/v) BSA. Secondary antibodies were
then added to the membranes and incubated for 1hr at RT on a roller.
Membranes were then washed 5 times for 5min with TBS-T and soaked in
electrochemiluminescence (ECL) solution (Perkin Elmer) for 1min. In a dark
room, the membrane was exposed to X-ray film for varying lengths of time,
whereupon films were developed and fixed using Kodak processing
chemicals.
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PVDF membranes were stripped of the first primary antibody in order to reprobe with an actin primary antibody, to use as a loading control for
densitometric analysis. Membranes were washed 3 times for 5min in TBS-T,
then submerged in 10mL stripping buffer (Appendix II) containing 0.7% (v/v)
β-mercaptoethanol and incubated at 65°C for 8min. Following incubation,
membranes were washed 6 times for 5min with TBS-T, blocked for 1hr with
5% (w/v) milk and then re-probed with 5mL 5% (w/v) milk containing
0.02μg/mL Actin primary antibody (ab8227, Abcam) overnight at 4°C on a
roller. The remaining steps in Western blotting were performed as previously
described.

2.7

RNA Extraction

MCF7-HER2 cells were plated at 50,000 cells per well in 24-well plates in
duplicate. JAM-A was transiently silenced 16h later using Dharmafect-1
Transfection Reagent (as previously described). Following 72hr of JAM-A
knockdown, RNA was extracted from the cells. Specifically, medium was
removed and cells were washed once with 500µL PBS. In the fume hood,
500µL TRI-Reagent (T9424, Sigma-Aldrich) was added to the cells. The
solution was pipetted up and down (in order to recover the cells from the
plate), transferred to a 1.5mL Eppendorf tube and incubated at RT for 5min.
100µL chloroform (C2432, Sigma-Aldrich), was then added to the solution
and shaken thoroughly. The solution was incubated at RT for 10min and then
centrifuged at 12,000 x g for 15min at 4°C. The top aqueous layer was
transferred to 250µL 2-propanol (I9516, Sigma-Aldrich), mixed well,
incubated at RT for 10min and centrifuged at 12,000 x g at 4°C for 15min.
The supernatant was then discarded and the RNA pellet washed with 70%
(v/v) ethanol followed by another centrifugation step at 12,000 x g for 15min
at 4°C. The supernatant was discarded and the pellet allowed to dry, then
resuspended in 25µL nuclease-free H2O. The RNA concentration was
analysed using a Roche Nanodrop 8000 and all RNA was of sufficient
quality, with A260/280 values > 1.8.
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2.8

Reverse Transcription and Real-Time PCR

Reverse transcription was carried out on RNA (using QuantiTect Reverse
Transcription Kit, 205311, Qiagen) to make complementary DNA (cDNA) for
real-time quantitative PCR (qPCR). First, genomic DNA elimination reactions
were carried out in order to remove genomic DNA from the cells. In order to
do this, 1µg RNA was added to 2µL 7x gDNA Wipeout Buffer and made up
to 14µL with nuclease-free H2O. The mixture was then incubated at 42°C for
5min and immediately placed on ice. Reverse-transcription reactions were
prepared by adding this 14µL to 4µL 5x Quantiscript RT Buffer, 1µL
Quantiscript Reverse Transcriptase and 1µL RT Primer Mix. The total 20µL
reaction was incubated at 42°C for 30min, followed by 95°C for 3min to
inactivate the transcriptase. The resulting cDNA solution was placed directly
on ice and subjected to qPCR using LightCycler 480 SYBR Green I Master
(04707516001, Roche). The following primers were designed for JAM-A,
HER2 and the housekeeping gene RPLP0, and 10µM stocks were prepared.

JAM-A (160bp product) - Forward: CTC TCA GTC CCC TCG CTG TA
- Reverse: AAT GCC AGG GAG CAC AAC AG
HER2 (80bp product)

- Forward: ACG TTT GAG TCC ATG CCC AA
- Reverse: AGG TAG TTG TAG GGA CAG GCA

EGFR (69bp product)

- Forward: TGC CAT CCA AAC TGC ACC TA
- Reverse: TCT TAG GCC CAT TCG TTG GAC

HER3 (108bp product)

- Forward: GTG GTG AAG GAC AAT GGC AG
- Reverse: CAC AGA TGG TCT TGG TCA ATG TC

HER4 (75bp product)

- Forward: AGG CTT TCA ACA TCC CAC CT
- Reverse: CTG TGT CCA ATT TCA CTC CTA
TTC G
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ZONAB (156bp product) - Forward: GTT GAA GGA GAG AAG GGT GCA G
- Reverse: CTC CTC CTC CCC AGC GTA A
RPLP0 (81bp product)

- Forward: GGC AGC ATC TAC AAC CCT GA
- Reverse: AAC ATT GCG GAC ACC CTC C

qPCR mix for each gene was made up for the number of samples needed.
18 µL of this mix was added to the appropriate wells of a qPCR plate
(LightCycler 480 Multiwell Plate 96, 4729692001, Roche), consisting of 10µL
SYBR Green, 1µL Forward Primer, 1µL Reverse Primer, and 6µL nucleasefree H2O. 2µL of the specific cDNA sample was added to each well and
mixed well. All treatments were done in experimental triplicate and each
sample was measured in technical triplicate. The plate was covered with a
sealer and all rows and columns sealed tightly. The plate was then briefly
centrifuged and qPCR was performed using a RocheLightCycler 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
(from SYBR green) to rise above background noise. Hence, the higher the
initial RNA concentration, the lower the Ct value becomes. 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. The difference between the reference gene Ct
value (Ct REF) and the target gene Ct value (Ct

TARGET)

was designated delta

Ct (∆Ct). ∆Ct in the treatment condition was taken away from ∆Ct in the control
condition and this difference was designated ∆∆Ct. Hence, if ∆∆Ct is a
negative value, the RNA levels of the test gene have increased following
treatment; and if ∆∆Ct is a positive value, the RNA levels have decreased.
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2.9

Immunofluorescence staining

MCF7-HER2 cells were plated at 30,000 cells per well on 13mm round glass
coverslips in 24-well plates. 16hr later, JAM-A was knocked down using
Dharmafect-1 Transfection Reagent (as previously described). Following
72hr of JAM-A silencing, cells were washed twice with 1mL PBS. They were
then fixed with 500µL ice-cold ethanol for 20min at -20°C and blocked with
5% (w/v) goat serum for 1hr at RT. The cells were then incubated in primary
antibody (2.5µg/mL) overnight at 4°C. The cells were then washed 3 times
with PBS and incubated in secondary antibody (either Alexa-Fluor-488 goat
anti-mouse IgG or Alexa-Fluor-568 goat anti-rabbit IgG). Coverslips were
washed 3 times with PBS and then inverted onto slides using 10 µL
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.

2.10 Preparation of Nuclear and Extra-Nuclear Extracts
Following 72hr JAM-A knockdown in MCF7-HER2 cells, nuclear and extranuclear fractions were prepared as follows. Cells were washed once in icecold PBS and then scraped in 1mL Buffer A (Appendix II). They were
centrifuged at 21,000 x g for 10min at 4°C. The supernatant was discarded
and the cellular pellets were resuspended in 20µL Buffer A containing 0.01%
(v/v) NP-40 (Igepal CA-630) and incubated on ice for 10min. The cells were
then centrifuged at 21,000 x g for 6 mins at 4°C. The supernatant was saved
as the extra-nuclear fraction while the remaining nuclear pellet was
resuspended in 15µL Buffer B (Appendix II). The solution was incubated on
ice for 15min and then centrifuged at 21,000 x g for 6min at 4°C. The
remaining supernatant was the nuclear fraction which was transferred to
75µL Buffer C and stored at -20°C.
47

2.11 ZONAB Electrophoretic Mobility Shift Assay (EMSA)
The EMSA assay utilises biotinylated DNA oligonucleotides (oligos)
incorporating sequences corresponding to the proposed binding site of the
target protein. Nuclear fractions are incubated with these biotinylated DNA
oligos to enable protein-DNA interactions. The samples are then run on a
native polyacrylamide gel under non-denaturing conditions. Binding of the
biotinylated DNA oligos to a specific protein causes a shift of the signal due
to the larger size of the protein-DNA complex. A control condition involves
addition of excess unlabelled biotinylated DNA oligos with the same
sequence, in order to compete with biotinylated-DNA oligo binding and thus
quench the shifted signal. Lastly, in order to verify that the bound protein is
the protein of interest, an antibody specific to the target protein is added to
the binding reaction. There should be a supershift in the signal if the protein
bound to the DNA oligos is the protein of interest.
A number of biotinylated-DNA oligos were designed based on the suggested
binding

site

of

ZONAB

to

ATTCCCCTCCATTGGGACCGGAGA

(113).

the
This

ErbB2
binding

promoter,
site

was

suggested due to the presence of the reverse-complement CCAAT
sequence to which ZONAB has been shown to bind to. Four sequences of
the ErbB2 promoter were designed, all containing this sequence, differing in
specific flanking regions. The oligo sequences were as follows;

1) ATTCCCCTCCATTGGGACCGGAGA
2) ATTCCCCTCCATTGGGACCGGAGAAACCAGGGGAGCCCCCCGG
GCAGCCGCGCGCCC
3) CTTGAGGAAGTATAAGAATGAAGTTGTGAAGCTGAGATTCCCCTC
CATTGGGACCGGAGA
4) TGAAGCTGAGATTCCCCTCCATTGGGACCGGAGAAACCAGGGGA
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The Lighshift Chemiluminescent EMSA kit (20148, Thermo Scientific) was
used to carry out this experiment. Binding reactions were prepared including
the nuclear protein fraction and biotinylated oligos and incubated at RT for
20min. This was followed by addition of a ZONAB-targeting antibody (402800, Thermo Scientific) and incubation at RT for an additional 20min. These
binding reactions were electrophoretically separated on native 8%
polyacrylamide gels in 0.5X TBE at 100V constant voltage for 45min.
Proteins were then transferred to nylon membrane at 380mA constant
current for 30min. The transferred proteins were subsequently crosslinked to
nylon membranes through direct exposure to a UV transilluminator for 5min.
The membranes were then blocked, incubated with streptavidin-horseradish
peroxidase conjugate, washed and incubated in substrate working solution
for 5min. The membranes were finally exposed to X-ray film in the dark for
10sec.

2.12 Viability/Proliferation Assays
Cellular viability/proliferation was measured by performing 3-(4, 5dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assays as
follows: 1,500 cells were plated per well in a 96-well plate in triplicate, and
transfected the following day with 25nM of control siRNA (siGENOME nontargeting siRNA #1, D-001210-01-05, Dharmacon), or JAM-A siRNA 1
(SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated with
either 10μg/mL or 100μg/mL Trastuzumab for 72hr. 20μl of sterile 5mg/mL
MTT reagent (final concentration 0.5mg/mL) was then added to the cells and
incubated in the dark for 5hr at 37°C. Following aspiration of media/MTT
reagent from all wells, the purple water-insoluble formazan product in each
well was solubilised with 200μL DMSO for 5min at 37°C. Absorbance was
then measured at 560nm using a VICTOR™ X3 Multilabel Plate Reader
(Perkin Elmer).
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2.13 Annexin V Apoptosis Assay
Phosphatidylserine (PS) residues are usually located on the inner surface of
the plasma membrane. However, these residues “flip” to the outer surface of
the cell membrane during early stages of apoptosis. Therefore, detection of
PS on the outer surface of the membrane can be used to measure
apoptosis. Annexin V is a calcium-dependent phospholipid-binding protein
which is fluorescently labelled and used to detect PS, and therefore measure
cellular apoptosis. However, if cells undergo necrosis, PS binding will also
occur as cellular contents will be expelled during the necrotic process.
Therefore, in order to distinguish between apoptotic and necrotic cells,
propidium iodide (PI) is used. PI is a membrane-impermeable DNA
fluorescent molecule. Hence, when cells are incubated with both AV and PI,
healthy cells should be negative for both PI and AV, cells in early stages of
apoptosis (when the membrane is still impermeable) should be AV positive,
PI negative, and dead cells or those in the late stages of apoptosis or
necrosis should be both AV- and PI-positive.
Following JAM-A knockdown combined with anti-HER2 treatment, cells were
analysed for apoptosis using the FITC Annexin V Apoptosis Detection it I
(556547, BD Biosciences). Specifically, 2 x 103 cells were trypsinised,
centrifuged at 300 x g and washed twice with calcium- and magnesium-free
PBS (D853, Sigma-Aldrich). Cell pellets were then resuspended in 100μL 1x
binding buffer and incubated with 5μL FITC-labelled Annexin V (AV) binding
antibody and 5μL PI for 15min at RT in the dark. An additional 400μL 1x
binding buffer was then added to the cells prior to analysis for AV and PI
binding using the BD FACSCaliber instrument (BD Biosciences). AV and PI
binding analysis was carried out on 10,000 gated cells. 24hr of 50μg/mL
Staurosporine treatment was used as a positive control for apoptosis. This
drug is a well-established inducer of apoptosis commonly used as a positive
control for the mechanism.
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2.14 Matrigel Invasion Assays
Following recombinant soluble JAM-A treatment or JAM-A knockdown
combined with anti-HER2 therapy, invasion assays were carried out using
Corning BioCoat Growth Factor Reduced Invasion Chambers (354483,
Corning). These invasion chambers contain inserts with an 8-micron pore
size polyethylene terephthalate (PET) membrane. Each membrane is
covered by a thin layer of growth factor-reduced Matrigel basement
membrane matrix, which serves as a reconstituted basement membrane in
vitro. This Matrigel matrix contains laminin, collagen type I, heparin sulfate
proteoglycan, entactin, growth factors and other components. However, the
levels of endogenous growth factors, excluding TGF-b, are greatly reduced
in order to exclude influence on cell behaviour. The Matrigel layer occludes
the pores of the membrane, necessitating matrix breakdown or redistribution
prior to cellular invasion. Specifically, cells were trypsinised and 1 x 105 cells
plated into Matrigel inserts in serum-free media. Serum-containing media
(10% (v/v) FBS) was inserted in the lower chamber of the wells into which
the inserts were submerged. This serum acts as a chemoattractant to the
cells

and

therefore

promotes

invasion

through

matrigel

and

the

membrane.16hrs later, non-invasive cells were scrubbed off, while invasive
cells were fixed in methanol for 5min at RT and stained with 0.5% (w/v)
crystal violet for 30min at RT. One 10x brightfield micrograph was taken in
each quadrant of the membrane using an Olympus CKX41 microscope with
Cell B imaging software, and invaded cells were quantitated by an
independent blinded party.

2.15 Automated Immunohistochemistry (IHC) of JAM-A
Immunohistochemistry (IHC) was carried out on four invasive breast cancer
tissue microarray (TMA) slides (containing 4 cores each from 225 patients)
and on 77 full-face breast cancer tissue sections (kindly donated by Profs.
Bassam Abdulkarim and Siham Sabri, McGill University, Canada) to detect
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expression levels of JAM-A in tumours. This was carried out to investigate
potential associations between JAM-A expression with resistance to antiHER2 therapy. Staining of these TMAs was performed as a service by Dr.
Tony O’Grady (Histopathology department, RCSI) using an automated IHC
stainer. The TMAs were then independently scored by Astrid Leech (thesis
author) and a consultant breast histopathologist (Dr. Katherine Sheehan or
Prof. Elaine Kay) for intensity of membranous JAM-A staining. Each core
was assigned a value of either 0, 1+, 2+ or 3+, representing membranous
JAM-A staining intensity.

2.16 Detection of cleaved soluble JAM-A

Cells were cultured for 72hr in serum-free media, whereupon 2mL
conditioned media was centrifuged at 300 x g for 5min at 4°C to pellet and
exclude any floating cells. The resuspended conditioned medium was then
concentrated approximately 15-fold using Amicon Ultra-2 Centrifugal Filter
Spin Columns (UFC200324, Merck Millipore). Protease and phosphatase
inhibitor cocktails were added to the samples which were then stored at 80°C until BCA and western blot analysis was carried out as described in
Sections 2.4-2.6. It should be noted that Ponceau S staining of the
membranes was used as a loading control for conditioned media, as there
are no well-established housekeeping controls for secreted proteins.
In order to detect soluble JAM-A in patient serum samples, samples were
diluted 5-fold in Relax buffer (Appendix II). Low molecular weight
contaminants were then depleted from the samples using Vivaspin 500
centrifugal concentrators with a molecular cut-off filter of 5kD (Z614009,
Sigma-Aldrich) and centrifuged at 21,000 x g for 20min at 4°C. Samples
were electrophoresed on a 10% acrylamide gel at 40mA constant current for
75min and transferred to nitrocellulose membrane at 100V constant voltage
for 1hr. The following steps of western blot analysis were carried out as
previously described in Sections 2.4-2.6.
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2.17 Recombinant soluble JAM-A

The extracellular domain of JAM-A is naturally cleaved by metalloproteases
and released into the extracellular milieu (114). In order to explore potential
functional roles of this cleaved, soluble form of JAM-A (sJAM-A) in breast
cancer progression, we used a commercially available human recombinant
protein fragment of the extracellular domain of JAM-A which mimics the
amino acid sequence of sJAM-A. This recombinant protein fragment was
designated recombinant soluble JAM-A (rsJAM-A; ab151859, Abcam) and
was used in a number of experiments.

2.18 Clonogenic Assays

SKBR3 drug-sensitive cells were plated at 15,000 cells per well in 6-well
plates. The following day, cells were treated with rsJAM-A or PBS as vehicle
control. Cells were retreated twice at 72hr intervals. Following 9 days of
treatment, colonies were fixed in methanol and stained with 0.5% (w/v)
crystal violet for 30min at RT to determine the number of colonies formed.
Colony number was analysed via ImageJ.

2.19 Scratch Wound Migration Assays

Following 72hr rsJAM-A pre-treatment, SKBR3 drug-sensitive cells were
trypsinised and plated at 1 x 105 cells per well of 24-well plates. 24hr later, a
single scratch was made across each confluent monolayer using a p10 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,
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treated with rsJAM-A and imaged at time 0. The same wound area was then
imaged again 6 hrs later. The scratch area at both time points was measured
using ImageJ, and combined analysis of three independent experiments was
carried out to determine any difference in wound closure (cell migration)
following rsJAM-A treatment.

2.20 Chick Chorio-Allantoic Membrane (CAM) Assay

Fertilized chicken eggs were purchased from ‘Egg and Hen’ (Co.
Fermanagh) and incubated at 37°C. On day 3, a window was opened on the
surface of the egg using a sterile scalpel and 2mL of albumin was withdrawn
to lower the CAM. On day 9, a silicon ring from cryovials was washed in
100% (v/v) ethanol followed by sterile ddH20 and then introduced onto the
CAM. 2 x 106 SKBR3 drug-sensitive cells were resuspended in 50μL RPMI
media (no additives)/50μL Matrigel and added to the centre of the silicon
ring. The tumour cells were then treated daily from day 10 - day 14 with 40ng
rsJAM-A (equivalent of 2mL 1ng/mL treatment of 100,000 cells) or 1x PBS
as vehicle control. On day 14, the embryos were sacrificed and the tumour
was isolated by cutting the surrounding CAM 2-5mm away from the silica
ring. The tumours were fixed overnight at RT in 4% (w/v) PFA and washed
with 70% (v/v) ethanol the following day. The tumours were then paraffinembedded and immunohistochemically stained for pan-cytokeratin and Ki67
(performed on an auto-stainer by Dr. Tony O’Grady, Histopathology
department, RCSI), and β1-Integrin. Embryo implantation, treatment and
excision were principally carried out by Dr. Sri HariKrishna Vellanki,
Department of Surgery, RCSI.
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2.21 Manual Immunohistochemistry (IHC) for β1-Integrin

CAM tumours were manually stained by IHC for β1-Integrin as a marker of
cell migration capacity in tumour cells following rsJAM-A treatment. 5μM
sections containing both rsJAM-A CAM tumour and PBS-treated CAM
tumour were deparaffinised and rehydrated as follows: 10min incubation at
62°C, 10min in xylene substitute (Sigma) x 2 at RT, 3min in 100% (v/v)
ethanol x 2 at RT, 3min in 96% (v/v) ethanol x 2 at RT, followed by 3min
ddH20. Antigen retrieval was performed by incubating the sections in 0.01M
sodium citrate pH6.0 in a vegetable steamer at 100°C for 30min. The
sections were then allowed to cool for an additional 20min prior to IHC. IHC
was carried out using the UltraVision Detection System (TP-015-HD, Thermo
Scientific). Endogenous peroxidase was blocked using 3% (w/w) H2O2
(Sigma) and sections were rinsed in PBS containing 0.1% (v/v) Tween-20
(PBS-T). Ultravision (UV)-Block blocking solution was added for 10min at
RT. Sections were rinsed in PBS-T. Tumours were then incubated with rabbit
β1-Integrin (1/100 dilution) primary antibody diluted in 5% (w/v) goat serum
overnight at 4°C.The following day, sections were rinsed x 3 in PBS-T.
Biotinylated Goat Anti-Rabbit/Mouse polyvalent antibody solution (TS-015HR) was added for 10min at RT and rinsed x 3 in PBS-T. Diaminobenzidine
(DAB) Plus Chromagen (TA-001-HCX): DAB Plus Substrate (TA-015-HSX)
at a ratio of 1:50 was then applied to the sections for 3min at RT, and the
sections were counterstained with Mayer’s haematoxylin (Sigma) for 3min
and submerged into Scott’s tap water to blue the nuclei. The slides were then
rinsed in water and dehydrated as follows: 96% (v/v) ethanol for 2 x 30s,
100% (v/v) ethanol for 2 x 30s, and xylene for 2 x 5min. Slides were then
coverslipped in DPX mounting medium and analysed via light microscopy on
an Olympus CKX41 microscope linked to a charge-coupled device colour
camera using Cell B imaging software.
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2.22 Statistical Analysis

Averaged data from at least triplicate western blot experiments, RT-qPCR,
invasion assays, and cell viability assays were graphed along with standard
error of the mean (SEM) values. Two-tailed unpaired student’s t-tests were
used to determine statistical significance between two treatment conditions.
These were analysed as either equal variance or unequal variance, based on
results from F-test analysis and thus calculated F values. One-way ANOVA
with Tukey’s Multiple Comparison post-test was used to determine statistical
significance between more than two treatment conditions. STATA software
was used to carry out statistical analysis, using χ2 test and Fisher’s twotailed

exact

tests

for

comparison

of

JAM-A

expression

with

clinicopathological factors. In all cases *, ** and *** denote p<0.05, p<0.01
and p<0.001 (respectively).
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Chapter 3: Elucidating the means by which
JAM-A expression regulates that of HER2 in
breast cancer cells
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Chapter

3:

Elucidating

the

means

by

which

JAM-A

expression regulates that of HER2 in breast cancer cells

3.1

Introduction

Previous work in our laboratory has shown that JAM-A expression
significantly correlates with that of HER2 in breast tumours (96). In addition,
we have shown that silencing JAM-A in a number of breast cancer cell lines
causes downregulation of HER2 protein expression, but that the reverse is
not the case (95). Reduced HER2 expression downstream of JAM-A
knockdown was partially recovered upon proteasomal inhibition, suggesting
that JAM-A may promote HER2 expression through inhibiting its proteasomal
degradation (95). Alternatively, it may be the case that an intermediate
protein in this pathway is regulated by the proteasome.
Despite the direct correlation between gene and protein expression of both
JAM-A and HER2 in breast cancer patient tissues (95, 96), it is currently
unknown whether JAM-A regulates HER2 expression at a transcriptional
level. Conceptually this could occur by JAM-A either stimulating an activator
or inhibiting a suppressor of the ERBB2 gene. Transcriptional regulation of
HER2 expression incorporates a number of signalling pathways whereby
transcription factors act as activators or repressors of the ERBB2 gene (115118). Accordingly, several transcriptional activators of the ERBB2 gene have
been identified including activating protein-2 (AP-2), Ying-Yang 1 (YY1), Ybox binding protein-1(YBX1), ER81, and members of the E2F family. AP-2
transcription factors are highly expressed in breast cancer cells overexpressing HER2, and were identified as activators of the ERBB2 gene
through the discovery that oestrogen treatment reduced AP-2 levels and led
to repression of HER2 expression (115). Furthermore, the transcription factor
YY1, although frequently a transcriptional repressor, has been shown to cooperate with AP-2 to enhance transcription of the ERBB2 gene (116). Levels
of both proteins have been reported to significantly correlate with HER2
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protein expression in breast tumours (119). YBX1 is another transcriptional
activator of the ERBB2 gene. Silencing YBX1 reduces HER2 expression,
and nuclear localisation of YBX1 has been shown to significantly correlate
with HER2 expression in breast tumours (120). YBX1 likely functions
downstream of several cell surface molecules/receptors, with interesting
evidence that pharmacological

inhibition of Integrin-linked kinase (ILK)

suppresses HER2 expression through down-regulation of YBX1(121).
Finally, ER81 is a member of the ETS (E26 transformation-specific)
transcription factor family which has also been implicated in activating the
ERBB2 gene. Previous work has shown that ER81, together with its coactivators p300 and CREB-binding protein (CBP), activates the ERBB2
promoter. This process has been reported as a positive feedback loop
following activation of ER81 via phosphorylation by MAPK signalling (122).
Recent transgenic knockout studies have revealed upregulation of certain
E2F family members in response to silencing of others in order to maintain
ERBB2 expression. These compensatory mechanisms suggest that the E2F
family play an important role in regulation of HER2 expression (123, 124).
In addition to transcriptional activators of HER2, a number of transcriptional
repressors of the ERBB2 gene have also been identified. These include
polyomavirus enhancer activator 3 (PEA3), forkhead box P3 (FOXP3), AIB1,
ANCO1, and ZO-1 associated nucleic acid binding protein (ZONAB). PEA3 is
a MAPK-activated member of the ETS transcription family. Previous studies
have found that PEA3 specifically targets the HER2 promoter to
downregulate its activity, suggesting that the protein acts as a repressor of
the ERBB2 gene (125). FOXOP3 has also been shown to bind and repress
the HER2 promoter. Furthermore, downregulation of FOXOP3 significantly
correlated with overexpression of HER2 in human breast cancer samples
(117). AIB1 and its corepressor ANCO1 have also been reported to repress
HER2 transcription (118). These proteins facilitate E2-induced suppression
of HER2 expression. However, a splice isoform of AIB1, AIB1-∆4, has been
shown to prevent inhibition of the ERBB2 gene as it competes for promoter
binding but is unable to recruit ANCO1 to successfully suppress transcription
(118). Previous studies have also shown that nuclear localisation of the Y59

box domain containing protein ZONAB (also called YBX3) correlates with
downregulation of HER2 expression (126, 127). These studies have verified
binding of ZONAB to the ERBB2 promoter and suggest that the protein acts
as a transcriptional repressor of HER2 (126-128). It is as yet unknown
whether JAM-A may regulate HER2 at a transcriptional level through
promoting a transcriptional activator or inhibiting a transcriptional repressor
of the ERBB2 gene.
Another possible mechanism by which JAM-A could technically regulate
HER2 expression is at a post-transcriptional, pre-translational level through
controlling microRNA-regulation of HER2 mRNA. JAM-A signalling could in
theory prevent specific microRNAs from targeting HER2 mRNA for
degradation. The net effect of this process would be downregulation of HER2
following JAM-A loss, as previously observed (95). Although it is important to
consider all possible mechanisms of JAM-A-dependent regulation of HER2,
the existence of this pathway is unlikely due to the membranous location and
known functions of JAM-A. Furthermore, JAM-A has not been linked to any
of the several microRNAs that have been identified to target HER2 mRNA for
degradation (miR-125a, miR-125b (129), miR-552, miR-541, miR-193a-5p,
miR-453, miR-134, miR-498, and miR-331-3p (130)). Thus, the potential for
JAM-A-dependent, mRNA-mediated HER2 regulation was not investigated in
this project.
The last stage at which JAM-A could regulate HER2 expression is through
affecting the degradation of the protein itself. HER2 can be degraded either
via internalisation and lysososomal degradation, or through ubiquitination
and proteasomal degradation (131). Although other members of the HER
family undergo receptor-mediated endocytosis following ligand-binding, a
number of studies have shown that HER2 is relatively resistant to
internalisation and thus endocytic processing (132, 133). Furthermore,
evidence suggests that any other member of the HER family which
heterodimerises with HER2 is also largely protected from internalisation
(134). Speculation as to why HER2 can circumvent internalisation include; 1)
its lack of binding sites for clathrin-associated sorting proteins (CLASPS)
needed to facilitate endocytosis (135), 2) tethering of HER2 to the cell
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membrane by lipid-raft associated proteins such as MUC1-C and Flotillins
(136, 137), 3) the location of this tethering – HER2 expression is restricted to
cellular protrusions in the plasma membrane and excluded from clathrincoated pits (133), and 4) the lack of a binding ligand for HER2 which would
induce receptor-mediated endocytosis (138). However, cleavage of the
extracellular domain of HER2 by metalloproteases such as ADAM10 and
MMP1 has been shown to overcome endocytosis-resistance of HER2 as it
induces internalisation of the protein (138, 139). In addition, treatment with
HER2-targeting antibodies such as Trastuzumab and Pertuzumab has also
been shown to induce HER2 internalisation and degradation via the
lysosome (140, 141). It is possible that JAM-A somehow promotes
internalisation resistance of HER2, thereby stabilising HER2 expression.
A number of mechanisms have been proposed for the proteasomal
degradation of HER2. One reported mechanism involves a protein called cCbl, the E3 ubiquitin ligase primarily responsible for targeting EGFR for
degradation (131, 142). C-Cbl has been shown to bind phosphorylated
tyrosine 1112 (Y1112) residues of HER2, facilitating ubiquitination and
degradation of the protein following treatment with HER2-targeting antibodies
such as Trastuzumab and Pertuzumab (142).
Another reported mechanism by which HER2 is degraded via the
proteasome involves loss of the chaperone protein heat shock protein 90
(Hsp90) which binds and stabilises HER2 (143). Loss of Hsp90 enables
Hsp70 to bind HER2 (144), which recruits ubiquitin ligases to target the RTK
for degradation (145-147). One of these ligases, C-terminus of Hsc70interacting protein (CHIP) has a PDZ domain, thus JAM-A may promote
HER2 expression through binding and inhibiting CHIP from targeting HER2
for degradation (145).
As described above, there are many stages at which JAM-A could influence
HER2 expression. The aim of this chapter is to elucidate this pathway; to
identify intermediate proteins that may be crucial for HER2 expression.
Pharmacological antagonism of such proteins may be more effective at
destabilising HER2 than JAM-A itself. In addition, targeting of alternative
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intermediate proteins would enable preservation of the physiologicallyimportant adhesive roles of JAM-A. Hence, discovering this pathway could
form the basis for translational research which may be of benefit to HER2positive breast cancer patients.
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3.2

Aims of this chapter

The primary aim of this chapter was to elucidate the mechanism by which
JAM-A regulates HER2 expression and function in breast cancer cells. This
is important in order to speculate whether this process could be
pharmacologically manipulated as an alternative/additive therapeutic strategy
for HER2-positive breast cancer patients. The specific aims were as follows;

1) Determine the regulatory stage at which JAM-A controls HER2
expression;

2) Identify intermediate proteins involved in crosstalk between JAM-A
and HER2;

3) Investigate whether inhibition of such intermediate proteins is as
effective at downregulating HER2 expression as silencing JAM-A.
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3.3

Results

JAM-A gene silencing has been reported to reduce HER2 protein expression
in breast cancer cells (95). In order to verify these results, JAM-A was
transiently knocked down for 72hr using a siRNA approach in MCF7-HER2
cells, and HER2 protein expression was analysed by western blotting.

3.3.1 Silencing JAM-A significantly reduces HER2 protein expression

As shown in Figure 3.1, JAM-A protein levels were successfully reduced in
MCF7-HER2 cells transfected with JAM-A-targeting siRNA relative to
untreated (Unt) and non-targeting siRNA control (siNEG) conditions. JAM-A
silencing concomitantly led to a significant 56% ±6% reduction in HER2
protein expression (p<0.05) compared to siNEG conditions. These results
have been replicated using siRNA targeting an alternative region of JAM-A
mRNA (Supplementary Figure 1, Appendix I), and are consistent with our
previously-published observations that JAM-A regulates HER2 protein
expression.
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Figure 3.1 JAM-A knockdown significantly reduces HER2 protein levels.
MCF7-HER2 cells were plated at 150,000 cells/well in 6-well plates and were
either untreated (Unt) or transfected the following day with 25nM of control
siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A siRNA (siJAM;
SASI_Hs01_00048785, Sigma-Aldrich). The specified siRNA concentration
was chosen based on previously published experimentation from which this
work stems (95). 72hr later, protein was extracted for western blot analysis.
A) Representative western blot images for JAM-A and HER2 following JAMA knockdown, B) Densitometry analysis of western blots normalised to actin.
*p<0.05, **p<0.01 by equal variance unpaired t-test, n=4 independent
experiments.

As already alluded to, previous work from our group showed that treatment
with the proteasomal inhibitor MG132 partially rescued expressional
reductions in HER2 protein levels following JAM-A knockdown (95). This
implied that JAM-A loss activated a proteasomal degradation pathway, and,
by analogy, that the presence of JAM-A somehow inhibits the proteasomal
degradation of HER2 at a post-translational level. Hence, we aimed to further
investigate this mechanism of regulation. Although MG132 primarily exerts
its effects on the proteasomal pathway, it has also been shown to have nonspecific inhibitory effects on the lysosome. As this organelle provides the
primary mechanism for degradation of cell surface receptors (148), and
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HER2 is a cell surface molecule, we investigated whether HER2 loss
downstream of JAM-A knockdown could occur via the lysosome rather than
the proteasome.

3.3.2 Inhibiting

proteasomal

degradation

further

reduces

HER2

expression following downregulation of JAM-A

Proteasomal and lysosomal function were independently inhibited using the
proteasomal inhibitor MG132 (MG; 5μg/mL) or the lysosome inhibitor
chloroquine (CQ; 30μg/mL) during the final 6 hr of 72hr JAM-A knockdown in
MCF7-HER2 cells. As shown in Figure 3.2, successful inhibition of both the
proteasome and lysosome (respectively) was evidenced by increased levels
of ubiquitin in MG132-treated cells and augmented levels of LC3B in CQtreated cells. These are common positive controls for proteasomal and
lysosomal inhibition, as ubiquitinated proteins are degraded via the
proteasome and LC3B is degraded in the autolysosome by lysosomal
hydrolases (149, 150). As shown in Figure 3.2, LC3B runs as a doublet as it
has two isoforms; LC3B-I and LC3B-II which are 16kDa and 14kDa,
respectively.
As shown in Figure 3.2, successful silencing of JAM-A alone reduced HER2
protein levels (as expected). Pharmacological inhibition of lysosomal function
following JAM-A knockdown had no effect on HER2 expression. However,
unexpectedly, proteasomal inhibition with MG132 under JAM-A knockdown
conditions did not rescue HER2 levels, but further downregulated HER2
expression (p<0.01).
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Figure 3.2 Proteasomal but not lysosomal inhibition additively reduces
HER2 protein expression downstream of JAM-A knockdown. MCF7HER2 cells were plated at 150,000 cells/well in 6-well plates and transfected
the following day with 25nM of control siRNA (siNEG; D-001810-01-05,
Dharmacon) or JAM-A siRNA (siJAM; SASI_Hs01_00048785, SigmaAldrich). Cells were treated with vehicle control (VC; 0.1% (v/v) DMSO), the
proteasomal inhibitor MG132 (MG, 5μg/mL), or the lysosomal inhibitor
chloroquine (CQ, 30μg/mL) after 66hr. At 72hr, protein was extracted for
western blot analysis. The specified concentration and treatment times for
MG132 and CQ were chosen based on previously published experimentation
including that on which this work is based (95, 151). A) Representative
western blot images for HER2 following JAM-A knockdown and specified
additional treatments, B) Densitometry analysis of western blots normalised
to actin. **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.
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These results were extremely surprising as they conflicted with the
previously published work on which these experiments were based (95).
Although the experimental conditions were precisely replicated, such
conflicting results may be due to MG132 batch variability or unknown minor
concentration

or

time-point

modifications.

Such

slight

variations

in

proteasomal inhibition may have stark effects at a molecular level due to the
myriad consequences of targeting a system which regulates so many cellular
processes. These unanticipated results led us to speculate that the means
by which JAM-A regulates HER2 expression may rely less on posttranslational events than previously assumed. Hence, in order to resolve this
issue and investigate a potential pre-translational component, HER2 mRNA
expression was evaluated via RT-qPCR following 72hr of JAM-A knockdown.

3.3.3 Silencing JAM-A reduces HER2 gene expression while additive
proteasomal inhibition enhances this effect

Transient transfection of MCF7-HER2 cells with JAM-A targeting siRNA for
72hr elicited a 65% ±2% reduction in JAM-A mRNA levels (Figure 3.3).
Interestingly, HER2 mRNA levels were concurrently downregulated (by
approximately 45% ±4% under JAM-A knockdown conditions compared to
control non-targeting siRNA conditions (p<0.001). These results suggest that
JAM-A regulates HER2 expression at a transcriptional level.
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Figure 3.3 JAM-A knockdown significantly reduces levels of HER2
mRNA. MCF7-HER2 cells were plated at 50,000 cells/well in 24-well plates
and transfected the following day with 25nM of control siRNA (siNEG; D001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 72hr later, RNA was extracted for
RT-qPCR analysis. ***p<0.001 by equal variance unpaired t-test, n=3
independent experiments.

These results were very intriguing as they implicated, for the first time, a
mechanism whereby JAM-A regulates HER2 expression at a transcriptional
level.

Furthermore,

enhancements

in

they
HER2

suggested
protein

the

loss

possibility

following

that

dual

observed

proteasomal

inhibition/JAM-A knockdown may also be occurring at a transcriptional level.
In order to investigate a transcriptional component to the additive
downregulation of HER2 protein levels following proteasomal inhibition and
concurrent JAM-A knockdown, HER2 mRNA levels were analysed following
proteasomal inhibition (as previously described) via RT-qPCR analysis.
In accordance with western blot results from Figure 3.2, HER2 mRNA levels
were additively downregulated in JAM-A knockdown cells treated with the
proteasomal inhibitor MG132 relative to vehicle (Figure 3.4). Inhibition of the
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proteasome led to an additional 42% ±13% decrease in HER2 mRNA
expression compared to JAM-A knockdown alone (p< 0.05).
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G
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in

conjunction

with

JAM-A

knockdown additively reduces HER2 mRNA expression over JAM-A
knockdown alone. MCF7-HER2 cells were plated at 30,000 cells/well in
24-well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). Cells were treated with vehicle
control (VC; 0.1% DMSO) or the proteasomal inhibitor MG132 (MG, 5μg/mL)
after 66hr. At 72hr, RNA was extracted for RT-qPCR analysis. *p<0.05,
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.
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The additive decrease in HER2 mRNA expression following coincident JAMA knockdown and proteasomal inhibition suggested that an intermediate
protein crucial for the regulation of HER2 by JAM-A may itself be regulated
by the proteasome. Of the two potential mechanisms by which JAM-A could
promote HER2 gene expression (activating a transcriptional promoter or
inhibiting a transcriptional repressor), we considered it most likely that JAM-A
loss was activating a HER2 repressor whose natural turnover was further
prevented by proteasomal inhibition. Taken together, this would account for
enhanced reductions in HER2 expression downstream of dual JAM-A
knockdown/proteasomal inhibition.
We therefore questioned whether JAM-A expression may inhibit a
proteasomally-regulated transcriptional repressor of HER2. As previously
mentioned, there are many HER2 repressor proteins including PEA3 (125),
FOXP3 (117), AIB1 and ANCO1 (118). However, establishing a link between
JAM-A and these repressors seemed unlikely due to radical differences in
their cellular localisation. In contrast, the HER2 transcriptional repressor
ZONAB/YBX3 is known to physically associate with a binding partner of
JAM-A, the TJ protein ZO-1 (113, 152). When cellular levels of ZO-1 are
abundant, it binds to ZONAB and sequesters it at the TJ complex in the cell
membrane. This prevents it from translocating into the nucleus where it
would repress transcription of the HER2 gene (113). Furthermore,
proteasomal inhibition has been shown to increase ZONAB expression (153,
154). Therefore, we hypothesised that silencing JAM-A might disrupt the
physical connection between ZO-1 and ZONAB, enabling ZONAB to
translocate into the nucleus and repress HER2 gene expression.
To first test whether proteasomal inhibition was capable of increasing
ZONAB levels, MCF7-HER2 cells were transfected with JAM-A siRNA for
72hr and treated with 5μg/mL MG132 or vehicle control during the final 6 hr
of knockdown.
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3.3.4 Proteasomal inhibition partially increases ZONAB expression

As shown in Figure 3.5, proteasomal inhibition with MG132 following JAM-A
knockdown tended to increase ZONAB expression by an average of 49%
±27%. However, this effect was extremely variable and therefore statistically
insignificant. The variability observed may have been due to slight
differences in the degree of JAM-A knockdown which alters between
replicated transfections. These inevitable variations may have affected
cellular distribution of ZONAB which could in turn affect ubiquitination and
thus degradation of the protein.
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Figure 3.5 Proteasomal inhibition somewhat increases ZONAB protein
expression. MCF7-HER2 cells were plated at 150,000 cells/well in 6-well
plates and transfected the following day with 25nM of JAM-A siRNA (siJAM;
SASI_Hs01_00048785, Sigma-Aldrich). After 66hr, cells were treated with
0.1% DMSO as a vehicle control or the proteasomal inhibitor MG132 (MG,
5μg/mL). At 72hr, protein was extracted for western blot analysis. A)
Representative western blot images for ZONAB following JAM-A knockdown
and proteasomal inhibition, B) Densitometry analysis of western blots
normalised to actin. Results were statistically insignificant due to high
variability between three replicate experiments.
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To further investigate whether ZONAB may be involved in the regulation of
HER2 by JAM-A, we next questioned whether silencing JAM-A affected the
protein expression of either ZO-1 or ZONAB and thus the likelihood of ZO-1
sequestering ZONAB away from the nucleus.

3.3.5 Silencing JAM-A downregulates membranous ZO-1 expression
and leads to translocation of ZONAB from the cell membrane to the
nucleus

As shown in Figure 3.6, 72hr knockdown of JAM-A in MCF7-HER2 cells
significantly reduced ZO-1 protein expression by approximately 58% ±14%
(p<0.05), but had no effect on ZONAB expression.

73

B)

siNEG siJAM

ZO-1
% Protein Expression

150

37kDa

JAM-A

ZO-1

250kDa

Actin

37kDa

100%

42%

*
100

50

0

D)

% Protein Expression

150

37kDa
50kDa

ZONAB

Actin

37kDa

100%

103%

100

50

si
N

EG

0

M

JAM-A

JA

ZONAB

JA

siNEG siJAM

si

C)

si

si
N

EG

M

A)

Figure 3.6 JAM-A knockdown reduces ZO-1 protein expression but has
no effect on ZONAB. MCF7-HER2 cells were plated at 150,000 cells/well in
6-well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon),

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 72hr later, the cells were harvested
for western blot analysis. A) Representative western blot images for ZO-1
and ZONAB following JAM-A knockdown, B) Densitometry analysis of
western blots normalised to actin. *p<0.05 by equal variance unpaired t-test,
n=3 independent experiments.

Proof that silencing JAM-A downregulated ZO-1 protein expression
supported our hypothesis that JAM-A knockdown might release ZONAB from
the TJ complex, freeing it to translocate to the nucleus and repress HER2
gene expression. However, ZO-1 has been shown to localise at the
membrane and nucleus (126). Therefore, in order to verify membranous
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expression of ZO-1 in MCF7-HER2 cells and reduction of ZO-1 expression at
the membrane following JAM-A knockdown, localisation of ZO-1 before and
after JAM-A knockdown was assessed via immunofluorescence analysis.

3.3.6 Silencing JAM-A downregulates membranous ZO-1 expression
and leads to increased nuclear localisation of ZONAB from the cell
membrane to the nucleus

As shown in Figure 3.7, immunofluorescence labelling of MCF7-HER2 cells
under non-targeting siRNA conditions revealed that ZO-1 is primarily
localised in membranous pools but with some nuclear and cytoplasmic
localisation. However, levels of membranous ZO-1 expression were most
affected by JAM-A knockdown (as indicated by arrows).
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Figure 3.7 JAM-A knockdown principally reduces membranous
expression of ZO-1. MCF7-HER2 cells were plated at 30,000 cells/well on
glass coverslips in 24-well plates and transfected the following day with
25nM control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A siRNA,
(siJAM; SASI_Hs01_00048785, Sigma-Aldrich). 72hr 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. This is a representative image
for results observed in n=3 independent experiments.
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As ZO-1 is an adaptor protein between ZONAB and the TJ complex, these
results support our overall hypothesis that silencing JAM-A may permit
redistribution of ZONAB. In order to test this, ZONAB localisation following
JAM-A knockdown was analysed via immunofluorescence analysis. As
shown in Figure 3.8, the majority of ZONAB expression was membranous
under control (siNEG) conditions. However, membranous expression of
ZONAB was completely lost following JAM-A silencing, in conjunction with a
marked re-localisation of ZONAB to the nucleus (as indicated by arrows).
These results have been replicated using siRNA targeting an alternative
region of JAM-A mRNA (Supplementary Figure 2, Appendix I).
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Figure 3.8 Silencing JAM-A increases nuclear levels of ZONAB. MCF7HER2 cells were plated at 30,000 cells/well of 24-well plates and transfected
the following day with 25nM control siRNA (siNEG; D-001810-01-05,
Dharmacon) or JAM-A siRNA, (siJAM; SASI_Hs01_00048785, SigmaAldrich). 72hr later, the cells were processed for immunofluorescence
analysis of JAM-A and ZONAB localisation, using DAPI as a nuclear counterstain. This is a representative image for results observed in n=3 independent
experiments.
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To otherwise verify this striking increase of ZONAB levels to the nucleus
following JAM-A knockdown, JAM-A was silenced in MCF7-HER2 cells and
nuclear/extra-nuclear fractions were subjected to western blot analysis. As
shown in Figure 3.9, ZONAB was principally, 67% ±6% extra-nuclear under
control conditions, whereas this shifted to 73% ±7% nuclear ZONAB in JAMA knockdown cells. Differences in both nuclear and extra-nuclear expression
of ZONAB in control versus JAM-A-knockdown cells were statistically
significant (p<0.01). The observed shift in ZONAB between the nuclear and
extra-nuclear fractions may be due to distinct buffer compositions which can
lead to differential migration of the same proteins. The identity of nuclear
versus extra-nuclear compartments was validated by the presence of actin in
the extra-nuclear fraction, and Lamin A/C in the nuclear fraction. These
results support our findings that nuclear levels of ZONAB are augmented
following JAM-A knockdown.
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Figure 3.9 JAM-A knockdown reduces extra-nuclear levels of ZONAB
and increases nuclear levels of ZONAB. MCF7-HER2 cells were plated at
150,000 cells/well in 6-well plates and transfected the following day with
25nM of control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A
siRNA (siJAM; SASI_Hs01_00048785, Sigma-Aldrich). 72hr later, the cells
were harvested and nuclear/extra-nuclear fractions prepared for western blot
analysis. A) Representative western blot images for ZONAB in nuclear/extranuclear fractions, B) Densitometry analysis of western blots. *p<0.05 by
equal variance unpaired t-test, n=3 independent experiments.
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Our results thus far have shown that silencing JAM-A; 1) decreases
expression of ZO-1, 2) induces nuclear translocation of ZONAB

and 3)

reduces HER2 mRNA expression. Collectively these findings support our
hypothesis that JAM-A expression may stabilise HER2 transcription by
sequestering ZONAB in a complex with ZO-1 at the cell membrane,
restraining it from entering the nucleus and repressing the ERBB2 gene.
However, in order to test whether ZONAB acts as a repressor of ERBB2
transcription in MCF7-HER2 cells, JAM-A and ZONAB were concurrently
silenced to determine if ZONAB loss prevented HER2 reductions secondary
to JAM-A knockdown.

3.3.7 Silencing ZONAB successfully reduces ZONAB mRNA but not
ZONAB protein and has no effect on HER2 mRNA expression

A shown in Figure 3.10, transfection of MCF7-HER2 cells with 25nM
ZONAB-targeting siRNA significantly reduced ZONAB mRNA levels by
approximately 89% ±3 % and 85% ±5% for siZONAB and siBOTH (siZONAB
and siJAM), respectively. However, HER2 mRNA levels were unaffected by
ZONAB knockdown. HER2 mRNA was reduced by 54% ±8% in JAM-Asilenced conditions but only by 25% ±10% in cells with concurrent JAM-A
and ZONAB knockdown. However, it cannot be excluded that this partial
rescue of HER2 mRNA levels reflected less efficient JAM-A silencing in the
double knockdown condition rather than an effect of silencing ZONAB.
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Figure 3.10 Silencing ZONAB at an mRNA level had no effect on HER2
mRNA expression. MCF7-HER2 cells were plated at 30,000 cells/well of
24-well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon),

JAM-A

siRNA,

(siJAM-A;

SASI_Hs01_00048785, Sigma-Aldrich), and/or ZONAB siRNA (siZONAB;
sc-38632, Santa Cruz). 72hr later, RNA was extracted for RT-qPCR analysis.
*p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.
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These results were quite surprising as ZONAB has been reported as a
suppressor of HER2 expression by a number of studies (126-128). However,
concurrent western blot analysis revealed that ZONAB was not successfully
knocked down at a protein level under these conditions.
As depicted in Figure 3.11, MCF7-HER2 cells transfected with 25nM
ZONAB targeting siRNA for 72hr did not yield any decrease in ZONAB
protein expression. Further optimisation of ZONAB silencing included
transfection of ZONAB-targeting siRNA at differing concentrations ranging
from 10nM to 100nM over a number of time-points such as 24hr, 48hr, 72hr
and so on up to 216hr. Two different transfection reagents were tested;
Dharmafect transfection reagent 1 and Lipofectamine 2000. Three separate
siRNAs targeting differential regions of ZONAB mRNA, including a
SMARTpool of four distinct siRNAs, were tested. Furthermore, three different
antibodies targeting ZONAB were tested to discount non-specific antibody
binding and ensure that we were detecting ZONAB expression. However,
unfortunately all of these attempts to silence ZONAB protein expression were
unsuccessful. Furthermore, alternative knockdown strategies were carried
out such as silencing JAM-A 48hr before ZONAB knockdown - in case
membranous localisation of ZONAB was protecting it from degradation. In
addition, 72hr cyclohexamide treatment to disrupt global protein translation
showed reduced ZONAB expression, indicating that the half-life of the
protein should be less than 72hr.
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Figure 3.11 Transfection of MCF7-HER2 cells with siRNA targeted
towards ZONAB mRNA had no effect on ZONAB protein expression.
MCF7-HER2 cells were plated at 150,000 cells/well of 6-well plates and
transfected the following day with 25nM of control siRNA (siNEG; D-00181001-05, Dharmacon), JAM-A siRNA, (siJAM-A; SASI_Hs01_00048785,
Sigma-Aldrich), ZONAB siRNA (siZONAB; sc-38632, Santa Cruz). 72hr later,
protein was extracted for western blot analysis. A) Representative western
blot images for JAM-A, ZONAB, HER2 and actin following JAM-A and
ZONAB knockdown, B) Densitometry analysis of ZONAB protein expression
normalised to actin in n=3 independent experiments.

As herculean efforts to knock down ZONAB at a protein level were
unsuccessful, we tried an alternative strategy to determine whether nuclear
translocation of ZONAB (Figures 3.8, 3.9) was responsible for reducing
HER2 levels following JAM-A knockdown. Specifically, electrophoretic
mobility shift assays (EMSAs) were carried out to determine whether ZONAB
binds to the predicted ERBB2 gene promoter.
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3.3.8 Silencing JAM-A inconsistently promoted binding of ZONAB to
the ERBB2 promoter

A control Epstein-Barr nuclear antigen (EBNA) system was used to verify
correct experimental conditions. This involves binding of Biotin-EBNA control
DNA to EBNA extract which contains sufficient target protein for binding,
leading to a shift of the Biotin-EBNA DNA. As shown in Figure 3.12, the
EBNA control system worked successfully, as evidenced by an upward shift
in Lane 2. Biotinylated DNA-oligo sequences of the ERBB2 promoter were
combined with nuclear extract from MCF7-HER2 cells following JAM-A
silencing or control conditions in a binding reaction. In order to confirm or
deny the identity of ZONAB as an oligo-binding protein, an antibody targeted
towards ZONAB was added into the binding reaction. Therefore, if ZONAB
was one of the detected ERBB2-promoter-bound proteins, addition of a
ZONAB-antibody should hinder electrophoretic mobility further, leading to a
signal super-shift.
As shown in Figure 3.12, equal protein loading between nuclear fractions of
non-targeting siRNA and JAM-A knockdown conditions resulted in a
substantial increase in recovery of a protein bound to the biotinylated DNA
oligos (Lanes 6 versus 9). Furthermore, inclusion of ZONAB antibody in the
EMSA binding reaction resulted in the presence of an additional band at
approximately 150kDa, suggesting a supershift of the biotin-signal (arrow,
Lane 9). The results in Figure 3.12 were observed once with exquisite
clarity, but replicate experiments lacked the same degree of clarity.
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Figure 3.12 Silencing JAM-A inconsistently promoted ZONAB-binding
to the ERBB2 promoter. 150,000 MCF7-HER2 cells/well were plated in 6well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM-A;

SASI_Hs01_00048785, Sigma-Aldrich). 72hr later, cells were harvested and
nuclear/extra-nuclear fractions were prepared for EMSA analysis.

In summary, this chapter has shown that silencing JAM-A significantly
reduces ZO-1 expression and induces re-localisation of ZONAB from the
membrane to the nucleus in conjunction with significant reductions in HER2
mRNA expression. While our results are consistent with a mechanism
whereby ZONAB negatively regulates HER2 transcription in the JAM-A
silenced setting, categorical verification of ZONAB acting as a repressor of
the ERBB2 gene in this model will be pursued beyond the term of this project
via chromatin immunoprecipitation and nuclear run-on assays.
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3.1

Discussion

Knowing that JAM-A and HER2 are co-expressed in breast cancer patient
tissues (95, 96) and that JAM-A expression levels regulate those of HER2 in
breast cancer cell lines (95), a key aim of this project was to uncover the
means by which JAM-A regulates HER2 expression.
Previous results in our lab had indicated that JAM-A may protect HER2 from
proteasomal degradation (95). However, unexpectedly, we found that direct
proteasomal inhibition exerted additive effects on HER2 loss downstream of
JAM-A knockdown. These discordant results may reflect the effect of
proteasomal inhibition on countless proteins, and the subsequent breakdown
of numerous signalling pathways. Thus, although experimental conditions
were repeated precisely (to the best of our knowledge), any minor variability
in cells or reagent batches may have a substantial effect on protein
expression. Since the proteasome regulates a myriad of regulatory proteins
in addition to membrane receptors like HER2, we undertook a deeper
investigation into the stage of HER2 expression that is regulated by JAM-A.
We found that silencing JAM-A significantly reduced HER2 mRNA levels,
providing the first evidence that JAM-A regulates HER2 expression at a pretranslational stage. Although membrane protein-mediated transcriptional
regulation of HER2 has rarely been reported, previous studies have found
that the Epstein-Barr virus downregulates transcription of HER2 in gastric
carcinoma through expressing latent membrane protein 2 (LMP2), a
membranous protein which inhibits the HER2 transcriptional activators
TWIST and YBX1 (155). In addition, other transmembrane TJ proteins have
been implicated in transcriptional regulation. Overexpression of Claudin-1 in
colon cancer has been shown to promote expression of ZEB1, a transcription
factor which represses E-cadherin expression (156), an adhesion protein
frequently downregulated in cancer (32).
In light of the fact that proteasomal inhibition elicited additive reductions in
HER2 expression downstream of JAM-A knockdown, this led us to speculate
that inhibiting the proteasome may affect an intermediate protein in this
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relationship. Accordingly, qPCR 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. This intermediate protein
could affect HER2 at a transcriptional level or, in theory, at a posttranscriptional but pre-translational level. As JAM-A signalling has not been
linked to the activity of any miRNAs, and several transcriptional regulators
are known to be downregulated by the ubiquitin-proteasome system (157,
158), transcriptional regulation of HER2 expression was investigated further.
Inhibiting the proteasomal degradation of a transcriptional activator of HER2
should rescue HER2 expression following JAM-A knockdown, whereas we
observed the opposite – further downregulation of HER2 levels in the
presence of a proteasomal inhibitor. This suggested that proteasomal
inhibition augmented the expression of a transcriptional repressor of the
HER2 gene. Thus, we considered suppressors of HER2 that may be
regulated by JAM-A. This led us to ZONAB; a transcriptional repressor of
HER2 which physically associates with ZO-1, a TJ protein binding partner of
JAM-A (113, 152). Previous studies have shown that abundant cellular levels
of ZO-1 bind to and sequester ZONAB to the TJ complex, preventing it from
translocating into the nucleus and repressing transcription of the HER2 gene
(113, 126, 127). In addition, other work has reported critical regulation of
ZONAB expression by proteasomal degradation (153, 154). Hence, we
aimed to investigate whether JAM-A regulated HER2 transcription in a ZO1/ZONAB-dependent manner.
Our results revealed significant reductions in membranous ZO-1 expression
following JAM-A knockdown. These results are supported by previous
studies suggesting a role for JAM-A in ZO-1 stabilisation (109, 159).
Overexpression of JAM-A has been shown to induce ZO-1 expression in
Chinese hamster ovarian (CHO) cells (159). In addition, ZO-1 expression is
significantly reduced in the tumours of JAM-A-null mice compared to JAM-Apositive mice (109). Hence, breast cancer-related upregulation of JAM-A
may promote ZO-1 expression. It should be noted that loss of ZO-1 has
previously been reported to correlate with poor prognosis in breast cancer
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patients (160). However, this is not surprising due to the large heterogeneity
between breast cancer subtypes and other studies have shown that
overexpression ZO-1 correlates with tumour progression (161) .
Consistent with our hypothesis, there was a distinct change in ZONAB
localisation from membranous to nuclear compartments following JAM-A
knockdown and associated reductions in membrane-localised ZO-1.

A

similar effect of ZO-1 loss on ZONAB localisation has been reported in
epididymal cells, whereby silencing of ZO-1-bound CFTR reduced ZO-1
expression, initiating nuclear localisation of ZONAB and suppression of
HER2 transcription (127). Other studies have shown that this ZO-1dependent regulation of HER2 by ZONAB is regulated in a cell-density
dependent manner whereby low confluency correlates with reduced levels of
ZO-1, abundant nuclear ZONAB and low levels of HER2, whereas increased
confluency led to augmented ZO-1 expression, membranous localisation of
ZONAB and increased HER2 (126). Furthermore, other work has shown
strong nuclear expression of ZONAB in isolated cells which lack tight
junctions (153). These studies support our observations that loss of an
integral TJ protein stimulates nuclear localisation of ZONAB.
This ability of ZONAB to sense changes in intercellular adhesion and
accordingly mediate gene transcription is similar to that of β-catenin (113,
162). Like ZONAB, β-catenin is dual-functioning – when associated with αcatenin it promotes stable cell-cell adhesion, but when dissociated from acatenin (under the influence of Wnt signalling) it mediates gene transcription
of pro-proliferative pathways. Previous studies have revealed that β-catenin
function is tightly regulated through signal-induced modification leading to
distinct function-specific forms of the protein (163). Thus, it is intriguing to
speculate that ZONAB function may also be mediated by changes induced
by a molecular switch such as JAM-A dimerization.
Our results thus far, combined with reports in the literature, support a
mechanism whereby loss of JAM-A leads to downregulation of ZO-1,
releasing ZONAB from the TJ complex and freeing it to translocate to the
nucleus

and

suppress

HER2

transcription
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(Figure

3.14).

Thus,

overexpression of JAM-A in breast tumours likely sequesters ZONAB at the
cell membrane and promotes HER2 gene expression by de-repression.
These results offer potential for alternative targeting of ZO-1 in HER2positive breast cancer, as well as development of a peptide mimic of ZONAB
that may repress the HER2 gene (164).
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Figure 3.14 Hypothesis: JAM-A knockdown leads to re-localisation of
ZONAB

to

the

nucleus

and

subsequent

repression

of

HER2

transcription. When JAM-A expression at the TJ complex is abundant, ZO-1
can bind ZONAB and sequester it to the cell membrane, preventing it from
translocating into the nucleus and repressing transcription of the HER2 gene.
JAM-A – Junctional Adhesion Molecule A, HER2 – Human Epidermal Growth
Factor Receptor 2, ZO-1 – Zonula Occludens-1, ZONAB – ZO-1-associated
nucleic acid binding protein.
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To further test whether depletion of ZONAB interfered with reductions in
HER2 expression downstream of JAM-A knockdown, we used a dual JAMA/ZONAB silencing approach. Intriguingly, we only observed successful
ZONAB silencing at mRNA but never at protein level, despite systematic
modifications in transfection reagents, times and methods, siRNA constructs
and concentrations, and even ZONAB antibodies. Another study has
conflictingly reported successful knockdown of ZONAB at protein level
following 48hr of siRNA transfection in K562 leukemia cells (165). It may be
the case that downregulation of mRNA levels for specific proteins such as
ZONAB is differentially sensed in different cell lineages, thus a feedback
regulation loop may be initiated to inhibit degradation of that specific protein.
Alternatively, minor amounts of ZONAB mRNA may be sufficient to translate
normal levels of ZONAB protein, or indeed tethering of ZONAB to the TJ
complex through ZO-1 binding may protect the protein from degradation.
However, efforts to liberate ZONAB from the cell membrane by silencing
JAM-A (and accordingly reduce ZO-1 levels) prior to ZONAB knockdown
failed to have any impact on reducing ZONAB protein expression. Therefore,
it seems likely that the half-life of ZONAB protein, which is as of yet
unpublished and unknown, is exceptionally long. However, our observed
reductions in ZONAB protein expression following short-term inhibition of
protein synthesis would argue against that possibility. Another explanation
for lack of ZONAB knockdown at a protein level may be that as ZONAB is a
cold shock protein and therefore functions in cell survival under strenuous
conditions, obliteration of its mRNA may be detected and induce specific
conformational changes in the protein, enabling it to circumvent degradation
(166). An alternative experimental approach that could be tried in the future
is lentiviral-mediated stable shRNA knockdown of ZONAB, enabling longer
knockdown periods which may overcome the issue of excessive ZONAB
protein stability.
Further investigation of this hypothesis involved electrophoretic mobility shift
assays (EMSAs) to detect ZONAB binding to the HER2 promoter. Despite
proof-of-concept individual results, there was no overall statistical difference
in oligo-binding protein levels between nuclear fractions of controls versus
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JAM-A-silenced cells. Furthermore, consistent supershift of the predicted
ZONAB/DNA band was not observed following incubation of the oligobinding protein with ZONAB antibody. However, these results do not
disprove that ZONAB acts as a suppressor of the ERBB2 gene, since
several reasons could have accounted for ZONAB binding being low. Firstly,
since the ZONAB binding site of the ERBB2 promoter has only been
predicted rather than proven, the designed oligos may not have successfully
incorporated it. Another member of the YBX family, YBX1, has been shown
to act as a transcriptional activator of HER2 and binds to a different part of
the ERBB2 promoter (167). As there is significant overlap of ZONAB and
YBX1 sequences (72 amino acids) and they share binding-site specificity,
ZONAB may also bind to this sequence and compete with YBX1 for HER2
promoter binding.
In addition, all transcription factors which bind to our designed biotinylatedDNA oligos create a shift in the biotin signal, and numerous transcriptional
regulators of HER2 have been reported (115-117, 167, 168). Therefore, the
most abundant transcription factors, or those with the highest binding affinity
for the ERBB2 promoter oligo sequences would have the strongest signal.
Thus, detection of less abundant oligo-binding proteins (and any differences
in those signals) may be masked by a stronger signal from more
abundant/specific proteins. Such masking of biotinylated signal would also
explain the lack of a consistent supershift following addition of ZONAB
antibody to the binding reaction. This could be overcome by size
fractionation of lysates prior to EMSA. Alternatively, as we have already
verified nuclear translocation of ZONAB following JAM-A knockdown,
recombinant ZONAB could be incubated with the biotinylated-DNA oligos in
order to determine whether binding occurs.
Furthermore, lack of a consistent ZONAB antibody-mediated supershift may
also reflect insufficient optimisation for antibody concentrations and binding
reaction conditions. Incidentally, some antibodies are incapable of inducing a
supershift due to interference of antibody-binding by protein-DNA interaction
or vice versa. As a future approach, chromatin-immunoprecipitation (ChIP)
with a ZONAB antibody could be considered in order to crosslink protein93

DNA interactions, allowing specific isolation of ZONAB and the DNA to which
it is bound. qPCR analysis using primers designed to amplify the suggested
ERBB2 promoter sequence could then be used to detect whether these
promoter regions have bound to ZONAB. Alternatively, ZONAB-bound DNA
could be sequenced to determine whether ZONAB binds to any region of the
ERBB2 promoter sequence, and, if so, the precise location of binding.
Although we have not proven ZONAB to act as a transcriptional repressor of
HER2 expression in MCF7-HER2 cells, our findings in conjunction with
previous studies reporting its binding to the ERBB2 promoter and resultant
suppression of HER2 expression (113, 126, 128) support a model whereby
silencing JAM-A; 1) decreases expression of ZO-1, 2) induces nuclear
localisation of ZONAB and 3) reduces HER2 mRNA expression. Collectively,
these findings support our hypothesis (illustrated in Figure 3.14) that
silencing JAM-A leads to ZONAB-dependent suppression of HER2 gene
expression. However, as attempts to prove that JAM-A regulates HER2 in
this manner were unsuccessful due to technical difficulties, further
experimentation is needed to verify this proposed pathway. Nonetheless,
overexpression of JAM-A in breast tumours may stabilise HER2 transcription
by sequestering ZONAB in a complex with ZO-1 at the cell membrane,
restraining it from entering the nucleus and repressing the ERBB2 gene. This
is extremely interesting as it suggests that JAM-A expression may account
for upregulation of HER2 in a subset of breast cancer patients. This is
supported by previous studies revealing that, in addition to gene amplification
(169, 170), overexpression of HER2 in breast cancer can be accounted for
by aberrant transcriptional repression of the ERBB2 gene (171).
Collectively, these results suggest a rationale for future investigations into
inhibiting JAM-A signalling as an upstream mechanism to downregulate
HER2 expression. In theory, targeting HER2 at the transcriptional level may
prevent mechanisms of developing resistance to anti-HER2 therapy that
require feedback loops or post-translational modification of the protein (122,
172). This leads us to the next aim of this project - to investigate whether
JAM-A may be involved in the development of resistance to anti-HER2
therapies.
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Chapter 4: Investigating a potential role for
JAM-A in resistance to anti-HER2 therapies
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Chapter 4: Investigating a potential role for JAM-A in
resistance to anti-HER2 therapies

4.1

Introduction

As previously discussed, HER2 is a well-defined biomarker in breast cancer
by virtue of its overexpression in approximately 30% of breast tumours and
the resultant pro-proliferative and anti-apoptotic signalling via the PI3K and
MAPK pathways (36). Accordingly, HER2-targeted therapy for breast cancer
patients has dramatically impacted the practice of medical oncology. The
remarkable clinical response of a subset of HER2-positive patients with
advanced systemic disease to such therapies serves as an important
illustration of the value of translational research.
Currently, the most effective anti-HER2 therapy for breast cancer patients is
combined Trastuzumab and Lapatinib treatment (75, 173, 174). Dual therapy
has been shown to elicit a significantly higher pathologic complete response
(pCR) rate at 51.3%, compared to either Trastuzumab or Lapatinib treatment
alone, at 29.5% and 21.1% respectively (75). As previously described,
Trastuzumab is a monoclonal antibody targeted towards the HER2 protein
which, upon binding; 1) inhibits the ability of HER2 to induce downstream
signalling, 2) initiates internalisation and degradation of the protein, and 3)
targets HER2-positive breast cancer cells for ADCC. Lapatinib is a small,
potent, membrane-permeable tyrosine kinase inhibitor which competes with
the ATP-binding site of both HER2 and EGFR to block autophosphorylation
and thus downstream signalling. When used together, these drugs have
complementary mechanisms of action and synergistic anti-tumour activity for
HER2-positive breast cancer patients (75). However, although combined
Trastuzumab and Lapatinib treatment has provided significant clinical benefit
to such patients, one great limitation remains; that of drug resistance.
Approximately 50% of patients treated with dual anti-HER2 therapy
experience either de novo or acquired resistance to these drugs (6, 62, 73,
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74). Therefore, elucidating novel mechanisms of resistance to anti-HER2
therapy is crucial to the discovery of new drug targets which may overcome
this issue.
Our findings thus far have suggested a mechanism whereby JAM-A
promotes HER2 expression via transcriptional control of the HER2 gene.
This, taken together with the known correlation between JAM-A and HER2
expression in aggressive breast tumours (95, 96), led us to hypothesise that
JAM-A may be involved in resistance to anti-HER2 therapies. As illustrated in
Figure 4.1, we postulate that overexpression of JAM-A may stabilise HER2
levels and signalling throughout anti-HER2 treatment, and that patients who
develop disease recurrence during treatment may represent a population
whose tumours overexpress JAM-A in addition to HER2.
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Figure 4.1 Hypothesis: overexpression of JAM-A in breast cancer cells
may contribute to the development of resistance to anti-HER2
therapies. Illustration depicting hypothesis that overexpression of JAM-A in
breast tumour cells may stabilise HER2 protein expression and thus
augment signalling via the PI3K and MAPK pathways. In this manner,
overexpression of JAM-A may participate in the development of resistance to
HER2-targeted therapies. JAM-A – Junctional Adhesion Molecule A, HER2 Human epidermal growth factor receptor 2, PI3K - Phosphoinositide-3
Kinase, mTOR - mammalian Target of Rapamycin, MEK - MAPK/ERK
kinase, MAPK - Mitogen Activated Protein Kinase, ERK - Extracellular-signal
Regulated Kinase.
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To begin evaluating whether JAM-A expression may confer resistance to
anti-HER2 therapies, any potential involvement of JAM-A in reported
mechanisms of such resistance must first be considered. As previously
described, several mechanisms of resistance to Trastuzumab and/or
Lapatinib have been reported.
In brief, resistance can be acquired through activation of compensatory
pathways such as upregulation of other HER family members (78, 82, 83,
175-178), or alternative activators of the PI3K and/or MAPK pathways (91,
92, 94, 179-182). Expressional modification of (or constitutively activating
mutations in) mediators of these pathways have also been shown to confer
drug resistance (81, 94, 181). Lastly, alterations in HER2 itself, such as posttranslational

modifications

that

sustain

its

functions

(77,

182-184),

upregulation of the ERBB2 gene, or inhibition of HER2 degradation (185) are
also documented mechanisms by which tumours may develop resistance to
anti-HER2 therapies (186).
Work in our laboratory has shown that JAM-A is capable of regulating other
members of the HER family in addition to HER2 (Rodrigo G.B. Cruz,
personal communication). As previously mentioned, increased expression of
other members of this family (EGFR, HER3 and HER4) has been shown to
correlate with Trastuzumab and/or Lapatinib resistance (78, 82, 83, 175178). Therefore, overexpression of JAM-A could promote this upregulation of
other HER family members following anti-HER2 therapy.
JAM-A could also promote the expression or function of alternative proteins
which activate the PI3K and/or MAPK pathways. A case in point is the
association between the Akt/ERK signalling activator β1-Integrin and
acquired resistance to Trastuzumab and Lapatinib (179, 187). Knockdown or
pharmacological inhibition of β1-Integrin has been shown to significantly
reduce growth of Trastuzumab- and Lapatinib- resistant cell lines, whilst
having no effect on parental drug-sensitive cells (179). Furthermore, the
association between β1-Integrin and Trastuzumab resistance has been
validated in HER2-positive metastatic breast tumour samples (187).
Interestingly, previous work from our laboratory has shown a positive
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correlation between levels of JAM-A and β1-Integrin in breast tumour tissue
(96), and that β1-Integrin expression levels are regulated by JAM-A in breast
cancer cells (96) in a Rap1-dependent fashion (105). Thus, JAM-A could
perhaps promote resistance to anti-HER2 therapy via upregulation of β1Integrin expression.
Other studies have suggested that JAM-A itself may act as an alternative
activator of the PI3K and/or MAPK pathways. The TJ protein has been
shown to promote phosphorylation of Akt or inhibition of GSK3β, without
activation of HER2 (188, 189). Therefore, if HER2 is inhibited due to
Trastuzumab or Lapatinib treatment, JAM-A may become activated as a
compensatory mechanism to induce signalling via the PI3K pathway,
circumventing the necessity for HER2 stimulation.
One of the primary mechanisms of action for Trastuzumab is its stimulation
of HER2 protein internalisation and subsequent degradation, resulting in
termination of HER2 tumorigenic signalling (142). Cleavage of the
extracellular domain of HER2 by metalloproteases has been shown to
correlate with Trastuzumab-resistance. As JAM-A is also cleaved by these
HER-specific metalloproteases, JAM-A may somehow be involved in this
regulatory process.
Taken together, there are multiple means by which JAM-A could potentially
promote the development of resistance to anti-HER2 therapies. Given the
large degree of inter-patient variability and the existence of multiple
compensatory cellular signalling pathways, a single common mechanism of
resistance to anti-HER2 therapies is highly unlikely. Despite these limitations,
we hypothesise that JAM-A contributes to therapeutic resistance to antiHER2 therapies in a population of patients, and that its inhibition offers
potential for overcoming such resistance. Thus, mechanistic investigation of
these concepts forms the basis of this chapter.
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4.2

Aims of this chapter

The primary aim of this chapter was to investigate whether JAM-A is involved
in resistance to anti-HER2 therapies. The specific aims were as follows;

1) Determine whether JAM-A expression is altered in HER2-positive
breast cancer cells that have developed resistance to anti-HER2
therapy;

2) Investigate whether manipulation of JAM-A levels alters response of
resistant cells to anti-HER2 treatment, and if so, to determine how this
may occur;

3) Elucidate whether JAM-A expression correlates with resistance to
HER2-targeted therapies in clinical samples from breast cancer
patients.
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4.3

Results

To begin investigating whether JAM-A plays any role in the development of
resistance to anti-HER2 therapy, two isogenic cell line models of
conditionally-induced resistance to Trastuzumab and Lapatinib were
procured. In brief, BT474 and SKBR3 cells were induced to become
Trastuzumab-resistant through continuous bi-weekly Trastuzumab treatment
(100μg/mL and 10μg/mL for BT474 and SKBR3 respectively) for 9 months
(112, 190). Parental control cells (BT474 and SKBR3 drug-sensitive) were
cultured alongside treated cells. Resistance was defined as having less than
a 0.2-fold decrease in cellular proliferation following Trastuzumab treatment.
SKBR3 Lapatinib-resistant cells were generated through continuous
Lapatinib treatment at 150ng/mL twice weekly for 6 months, followed by
verification of resistance as a 0.2 fold increase in proliferation following
treatment with the IC50 value of Lapatinib for SKBR3-sensitive cells
(150ng/mL) (181).

4.3.1 Characterisation of anti-HER2 drug-sensitive, Trastuzumabresistant and Lapatinib-resistant cell lines

BT474 cells represent the HER2-positive Luminal B subtype of breast cancer
which co-express ER, PR and HER2. SKBR3 cells are the HER2-positive
subtype of breast cancer, expressing HER2 but negative for both ER and
PR. As shown in Figure 4.2, BT474 cells grow in bundles, and have been
categorized as having an aggressive “mass” morphology (191), while SKBR3
cells form a monolayer with a morphology previously described as “grapelike” (191). The morphology of both cell lines was not altered following
acquisition of resistance to Trastuzumab or Lapatinib.
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Figure 4.2 Features of BT474 and SKBR3 HER2-positive breast cancer
cell lines. A) Known receptor status of BT474 and SKBR3 cells.
Representative phase contrast micrograph of B) BT474 and C) SKBR3 cells.

Understanding

baseline

differences

between

Trastuzumab-resistant,

Lapatinib-resistant, and -sensitive cells was important in order to correctly
interpret any subsequent results. Therefore, cell viability responses of the
established cell lines to varying concentrations of Trastuzumab and Lapatinib
were initially analysed to determine response differences and to verify drug
resistance.

4.3.2 Anti-HER2 therapy reduces viability of BT474 and SKBR3sensitive cells but not their corresponding Trastuzumab or Lapatinib–
resistant cell lines

As shown in Figure 4.3A, Trastuzumab treatment (6.25 - 100μg/mL) of
BT474 Trastuzumab-sensitive cells elicited statistically significant (but
concentration-independent) reductions in cell viability. In contrast, the same
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conditions had no effect on the viability of BT474 Trastuzumab-resistant cells
compared to vehicle-treated control cells (Figure 4.3B). In addition, when
directly comparing drug-sensitivity of the two cell lines (at the highest
concentration of 100µL/mL Trastuzumab), BT474 Trastuzumab-sensitive
were significantly more sensitive to Trastuzumab treatment compared to
BT474 Trastuzumab-resistant cells (Supplementary Figure 3A, Appendix I).
These results verify that the BT474 Trastuzumab-resistant cell line is an
effective model for acquired resistance to Trastuzumab.
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Figure 4.3 Trastuzumab treatment significantly reduces the viability of
BT474 Trastuzumab-sensitive cells but not BT474 Trastuzumabresistant cells. BT474 Trastuzumab-sensitive and -resistant cells were
plated in triplicate wells of 96-well plates (1,500 cells/well), and treated the
following day with the highest concentration of vehicle control (VC; nucleasefree H2O, 0.5% v/v) or the stated concentration of Trastuzumab. 72hr later,
cellular viability was measured via MTT assay. A) Cell viability response of
BT474 Trastuzumab-sensitive cells to a range of Trastuzumab treatments, B)
Cell viability response of Trastuzumab-resistant BT474 cells to a range of
Trastuzumab treatments. ***p<0.001 by One-way ANOVA with Tukey’s
multiple comparison test, n=3 independent experiments.
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As shown in Figure 4.4A, Trastuzumab treatment (6.25 - 100μg/mL) of
SKBR3 Trastuzumab-sensitive cells elicited statistically significant but
concentration-independent reductions in cell viability. It is noteworthy that
these cells were less sensitive to the drug than previously reported (112)
(viability reductions of ~30% versus 40% following Trastuzumab treatment).
This loss of sensitivity likely reflects the high passage of the drug-sensitive
(parental) cell line due to mirrored culturing alongside the resistant cell line.
Both Trastuzumab-resistant (Figure 4.4B) and Lapatinib-resistant (Figure
4.4C) SKBR3 cells exhibited insignificant reductions in cell viability following
Trastuzumab treatment, indicating that both cell lines are resistant to
Trastuzumab.

Furthermore,

when

directly

comparing

Trastuzumab

sensitivity, SKBR3 Trastuzumab-sensitive cells were significantly more
sensitive

to

Trastuzumab

treatment

(at

100µg/mL)

compared

to

Trastuzumab-resistant and Lapatinib-resistant SKBR3 cells (Supplementary
Figure 3B&C, Appendix I).

106

A)

SKBR3 - Sens
150

% Cell Viability

100%

71%

70%

74%

68%

70%

**

**

**

***

**

100

50

0
10

50

25

.5
12

25
6.

VC

0

Trastuzumab (µg/mL)
B)

SKBR3 - Tras. Res
150

% Cell Viability

100%

90%

87%

90%

96%

95%

100

50

0
10

50

25

.5
12

25
6.

VC

0

Trastuzumab (µg/mL)
C)

SKBR3 - Lap. Res
150

% Cell Viability

100%

94%

96%

89%

87%

84%

100

50

0
10

50

25

.5
12

25
6.

VC

0

Trastuzumab (µg/mL)

Figure 4.4 Trastuzumab treatment reduces viability of SKBR3-sensitive
cells but not Trastuzumab or Lapatinib -resistant cells. 1,500 cells/well
of A) SKBR3-sensitive, B) Trastuzumab- or C) Lapatinib-resistant cells were
plated in triplicate in 96-well plates, and treated the following day with vehicle
control (VC; nuclease-free H2O, 0.5% v/v) or stated concentration of
Trastuzumab. 72hr later, cell viability was measured via MTT assay.
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.
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As shown in Figure 4.5A, Laptinib treatment (37.5ng/mL – 600ng/mL) of
SKBR3-sensitive cells elicited significant concentration-dependent reductions
in cell viability. Lapatinib-resistant SKBR3 cells exhibited minor but
concentration-dependent reductions in cell viability following Lapatinib
treatment, which were statistically significant only at the three highest
concentrations (IC50 or above; Figure 4.5B).
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Figure 4.5 Lapatinib treatment significantly reduces the cell viability of
SKBR3-sensitive but not SKBR3 Lapatinib-resistant cells. 1,500 SKBR3sensitive and Lapatinib-resistant cells were plated in triplicate wells of 96-well
plates, and treated the following day with the highest concentration of vehicle
control (VC; DMSO, 0.002% v/v) or the stated concentration of Lapatinib.
72hr later, cellular viability was measured via MTT assay. A) Cell viability
response of SKBR3-sensitive cells to a range of Lapatinib treatments, B) Cell
viability response of SKBR3 Lapatinib-resistant cells to a range of Lapatinib
treatments. *p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s
multiple comparison test, n=3 independent experiments.
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Having confirmed anti-HER2 drug sensitivity versus resistance in the various
cell line models, we next searched for any association between basal JAM-A
expression and Trastuzumab- or Lapatinib-resistant cell phenotypes.

4.3.3 Trastuzumab- and Lapatinib-resistant cells express lower levels
of JAM-A than their corresponding drug-sensitive cell lines

Surprisingly, as shown in Figure 4.6, BT474 Trastuzumab-resistant cells
expressed significantly lower levels of JAM-A compared to BT474
Trastuzumab-sensitive cells (p<0.001). In addition, this approximate 73%
±6% decrease in expression was independent of Trastuzumab treatment
(Supplementary Figure 4B, Appendix I), suggesting a fundamental
association between JAM-A and acquired resistance to the drug rather than
a transient event dependent upon simple receptor-ligand interaction.
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Figure 4.6 Trastuzumab-resistant BT474 cells express lower levels of
JAM-A compared to Trastuzumab-sensitive BT474 cells. 150,000
cells/well of BT474 Trastuzumab-sensitive (Sens) and Trastuzumab-resistant
(Tras.Res) cells were plated in 6-well plates. At 72hr, cells were harvested
for western blot analysis. A) Representative western blot images for basal
protein expression of JAM-A, B) Densitometry analysis for JAM-A protein
expression normalised to actin. ***p<0.001 by equal variance unpaired t-test,
n=5 independent experiments.

As shown in Figure 4.7, there was also a significant decrease in JAM-A
expression in Trastuzumab-resistant and Lapatinib-resistant SKBR3 cells
compared to compared to drug–sensitive SKBR3 cells (p<0.01 and p<0.001,
respectively).

Furthermore,

this

change

in

JAM-A

expression

was

independent of anti-HER2 treatment Supplementary Figure 4D, Appendix I).
Taken together, these results suggest that loss of JAM-A expression is a
characteristic of acquired resistance to Trastuzumab and Lapatinib.
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Figure 4.7 Lapatinib-resistant SKBR3 cells express decreased levels of
JAM-A compared to Trastuzumab-resistant and -sensitive SKBR3 cells.
150,000 drug-sensitive (Sens), Trastuzumab-resistant (Tras.Res) and
Lapatinib-resistant (Lap.Res) SKBR3 cells were plated per well in 6-well
plates. At 72hr, cells were harvested for western blot analysis. A)
Representative western blot images for basal protein expression of JAM-A,
B) Densitometry analysis for JAM-A protein expression normalised to actin.
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.

Reductions in JAM-A expression in the drug-resistant cells were unexpected
due to the aforementioned role of JAM-A in stabilising HER2 expression.
However, since loss of JAM-A expression was associated with the drugresistant phenotype, we next tested whether JAM-A knockdown in BT474and SKBR3-sensitive cells would be sufficient to confer some degree of
resistance to the anti-HER2 treatment.

112

4.3.4 JAM-A

knockdown

enhances

the

anti-viability

effects

of

Trastuzumab and Lapatinib treatment in both –sensitive and –resistant
cells
JAM-A expression was silenced in drug-sensitive BT474 and SKBR3 cells
alone and in combination with Trastuzumab treatment.
Surprisingly, silencing JAM-A in BT474 and SKBR3-sensitive cells in
combination with Trastuzumab treatment produced a greater anti-viability
effect than HER2-targeted therapy alone (Figure 4.8).
Specifically, Trastuzumab treatment alone decreased the viability of drugsensitive BT474 cells to 65% ±8% of control levels (p<0.01), silencing JAM-A
alone reduced viability to 67% ±9% (p<0.01), whereas Trastuzumab
combined with JAM-A knockdown significantly decreased cell viability to 45%
±5% of control levels (p<0.001).
Similarly, for SKBR3 cells, Trastuzumab treatment alone decreased the
viability of drug-sensitive cells to 79% ±5% of control levels, silencing JAM-A
alone reduced viability to 80% ±7%, whereas Trastuzumab combined with
JAM-A knockdown significantly decreased cell viability to 61% ±8% of control
levels (p<0.05). These results suggest that silencing JAM-A expression may
enhance the anti-proliferative and/or pro-apoptotic effects of Trastuzumab in
Trastuzumab-sensitive BT474 and SKBR3 cells.
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Figure 4.8 Silencing JAM-A in addition to Trastuzumab is more effective
than Trastuzumab treatment alone at reducing viability of BT474 and
SKBR3-sensitive cells. 1,500 cells/well of BT474 and SKBR3-senstive cells
were plated in triplicate in 96-well plates and transfected the following day
with 25nM control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A
siRNA (siJAM; SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were
treated with vehicle control (VC; nuclease-free H2O, 0.5% v/v) or
Trastuzumab (10μg/mL or 100μg/mL for SKBR3 and BT474 cells,
respectively). 72hr later, cell viability was measured via MTT assay. A-B) Cell
viability response of A) BT474-sensitive and B) SKBR3-sensitive cells to
Trastuzumab treatment alone and combined with JAM-A knockdown.
*p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple
comparison test, n=6 independent experiments.
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These results were initially surprising due to our observed correlations
between

reduced

JAM-A

expression

and

anti-HER2

drug-resistant

phenotypes (Figure 4.6 & Figure 4.7). Accordingly, it was clear that loss of
JAM-A alone did not confer drug resistance, but rather increased sensitivity
of cells to anti-HER2 therapy.
However, since both Trastuzumab-resistant cell lines and SKBR3 Lapatinibresistant cells still expressed ample levels of JAM-A protein (albeit less than
their corresponding drug-sensitive cells), we investigated whether dual
targeting of JAM-A and HER2 also had enhanced anti-viability effects in the
drug-resistant cell line models. As shown in Figure 4.9, silencing JAM-A in
combination with Trastuzumab or Lapatinib treatment augmented the antiviability properties of anti-HER2 drugs in both Trastuzumab-resistant cell
lines and in SKBR3 Lapatinib-resistant cells.
Specifically, the viability of BT474 Trastuzumab-resistant cells was reduced
to 78% ±11% of control levels in response to Trastuzumab treatment alone,
JAM-A knockdown alone decreased viability to 55% ±11%, whereas
silencing JAM-A in addition to Trastuzumab treatment further reduced
viability to 37% ±8% of control levels (Figure 4.9A; p<0.001). Comparison of
cell viability between Trastuzumab plus JAM-A knockdown versus
Trastuzumab treatment alone was also statistically significant (p<0.05).
Similarly, the viability of SKBR3 Trastuzumab-resistant cells was significantly
reduced to 73% ±7% of control levels in response to Trastuzumab treatment
alone (p<0.05), silencing JAM-A alone decreased viability to 76% ±7%
p<0.05), whereas Trastuzumab treatment in addition to JAM-A knockdown
significantly reduced cell viability to 58% ±6% of control levels (Figure 4.9B;
p<0.001). Furthermore, Lapatinib treatment alone reduced the viability of
SKBR3 Lapatinib-resistant cells to 81% ±4% of control levels, JAM-A
knockdown alone decreased viability to 73% ±5%, whereas silencing JAM-A
in addition to Lapatinib treatment reduced cell viability to 44% ±11% of
control levels (Figure 4.9C; p<0.01). In addition, comparison of cell viability
between Lapatinib plus JAM-A knockdown versus Lapatinib treatment alone
was also statistically significant (p<0.05).
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Trastuzumab and Lapatinib in resistant cells. 1,500 cells/well of A) BT474
Trastuzumab-resistant, B) SKBR3 Trastuzumab- and C) SKBR3 Lapatinibresistant cells were plated in 96-well plates and transfected 24hr later with
25nM control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A siRNA
(siJAM; SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated
with vehicle control (VC; nuclease-free H2O, 0.5% v/v or DMSO, 0.002%
v/v), Trastuzumab (100μg/mL), or Lapatinib (150ng/mL). 72hr later, MTT
assays were carried out. *p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA
with Tukey’s multiple comparison test, n=6 independent experiments.
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In light of previous western blot results showing reduced JAM-A expression
in Trastuzumab-resistant cell lines (Figure 4.6 & Figure 4.7), it was puzzling
to explain why silencing JAM-A should additively reduce Trastuzumabinduced toxicity rather than reverse it. Therefore, we began to search for
changes at a molecular level which might explain these incongruities.
Our first step was to compare expression levels of HER2 and its downstream
signalling

effectors

among

the

various

conditions.

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.

4.3.5 Silencing JAM-A enhances downregulation of HER2 expression
and Akt phosphorylation following anti-HER2 treatment in drugresistant breast cancer cell lines

As shown in Figure 4.10A/B, Trastuzumab treatment alone in Trastuzumabresistant BT474 cells reduced HER2 expression to 56% ±1% of that in
siNEG control cells (p<0.05). JAM-A knockdown alone decreased HER2
levels to 72% ±25%, whereas JAM-A silencing in addition to Trastuzumab
treatment reduced HER2 expression to 31% ±10% compared to control
(p<0.01).
In addition, as depicted in Figure 4.10A/C, Trastuzumab treatment alone
decreased Akt phosphorylation to 53% ±14% of control levels JAM-A
knockdown alone reduced pAkt levels to 69% ±12%, while silencing JAM-A
in combination with anti-HER2 treatment decreased pAkt levels to 16% ±8%
of control levels (p<0.01). Total Akt was used as a loading control for pAkt
densitometry calculations.
As illustrated in Figure 4.10A/D, Trastuzumab treatment alone reduced ERK
phosphorylation to 50% ±9% of that in untreated control cells. JAM-A
knockdown alone led to an overall increase of pERK levels of 85% ±73%.
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However, this result was largely variable and thus statistically insignificant.
As shown in Figures 4.10B and C, targeting JAM-A in addition to HER2
reduced pERK levels to 34% ±8% compared to untreated control cells. Total
ERK was used as a loading control for pERK densitometry calculations.
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Figure 4.10 Silencing JAM-A enhances downregulation of HER2
expression and Akt phosphorylation following Trastuzumab treatment
in BT474 Trastuzumab-resistant cells. 150,000 cells/well were plated in 6well plates and transfected the following day with 25nM control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated with
vehicle control (VC; nuclease-free H2O, 0.5% v/v) or 100μg/mL Trastuzumab
for 72hr. A) Representative western blot images for HER2, pAkt and pERK,
B-D) Densitometry analysis for HER2 (B), pAkt (C), and pERK (D)
expression. *p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s
multiple comparison test, n=3 independent experiments.
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In order to examine the effects of combined anti-HER2 therapy and JAM-A
silencing on tumorigenic signalling in the SKBR3 Trastuzumab-resistant cell
model, western blot analysis was carried out under the same conditions. As
shown in Figure 4.11A/B, Trastuzumab treatment had no effect on HER2
protein expression at 113% ±28% compared to control cells. Surprisingly,
silencing JAM-A alone had a largely variable effect on HER2 protein
expression but led to an overall increase at 161% ±73% compared to control
cells. On the other hand, Trastuzumab treatment in addition to JAM-A
knockdown reduced HER2 levels to 25% ±6% of those in control cells.
As illustrated in Figure 4.11A/C, anti-HER2 treatment alone reduced Akt
phosphorylation to 40% ±15% of untreated control levels (p<0.05), while
silencing JAM-A alone had little effect on pAkt levels at 83% ±17% compared
to control cells. However, JAM-A knockdown in addition to anti-HER2
treatment reduced pAkt to 9% ±1% compared to that in untreated control
cells (p<0.01).
Lastly, as depicted in Figure 4.11A/D, Trastuzumab treatment alone did not
significantly alter pERK levels at 113% ±28% relative to control conditions in
SKBR3 Trastuzumab–resistant cells. Silencing JAM-A alone had a largely
variable effect on pERK levels leading to an overall increase at 260% ±65%
compared to control siNEG cells. Dual targeting of JAM-A and HER2 had
little effect on ERK phosphorylation at 117% ±40% compared to control cells.
Total ERK was used as a loading control for pERK densitometry calculations.
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Figure 4.11 JAM-A knockdown enhances downregulation of HER2
expression and Akt phosphorylation following Trastuzumab treatment
in SKBR3 Trastuzumab-resistant cells. 150,000 cells/well were plated in
6-well plates and transfected the following day with 25nM control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated with
vehicle control (VC; nuclease-free H2O, 0.5% v/v) or 10μg/mL Trastuzumab
for 72hr. A) Representative western blot images for HER2, pAkt and pERK,
B-D) Densitometry analysis for HER2 (B), pAkt (C), and pERK (D)
expression. **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.
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These experiments were also carried out using Lapatinib-resistant SKBR3
cells in order to determine whether silencing JAM-A affected HER2
expression and Akt phosphorylation in the dual-resistant phenotype. As
illustrated in Figure 4.12A/B, Lapatinib treatment alone resulted in a 42%
±16% increase in HER2 expression relative to that in control cells (p=ns).
Silencing JAM-A expression in conjunction with Lapatinib treatment
significantly reduced HER2 levels to 13% ±6% of those in control cells
(p<0.01) or 9% of those in cells treated with Lapatinib alone (p<0.001).
As shown in Figure 4.12A/C, anti-HER2 treatment alone significantly
reduced Akt phosphorylation to 29% ±5% of that in control cells (p<0.001).
JAM-A knockdown in addition to Lapatinib treatment significantly reduced
pAkt levels to 11% ±2% of those in untreated cells (p<0.001) and 38% of
those in cells treated with Lapatinib alone (p<0.05). Levels of phosphorylated
Akt were analysed using total Akt as a loading control.
Lastly, as demonstrated in Figure 4.12A/D, Lapatinib treatment had no effect
on levels of ERK phosphorylation, alone or in combination with JAM-A
silencing. Total ERK was used as a loading control for pERK densitometry
calculations.
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Figure 4.12 Silencing JAM-A enhances downregulation of HER2
expression and Akt phosphorylation following Lapatinib treatment in
Lapatinib-resistant SKBR3 cells. 150,000 cells/well were plated in 6-well
plates and transfected the following day with 25nM control siRNA (siNEG; D001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated with
vehicle control (VC; DMSO, 0.002% v/v) or 150ng/mL Lapatinib for 72hr. A)
Representative western blot images for expression of HER2, pAkt and
pERK, B-D) Densitometry analysis for HER2 (B), pAkt (C), and pERK (D)
expression. **p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.
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Taken together, these results suggest that targeting JAM-A in addition to
HER2 may be more successful at reducing cell viability and inhibiting PI3Kdependent signalling versus targeting HER2 alone in drug-resistant breast
cancer cells.
However, the discordant association between JAM-A expression and
resistance to anti-HER2 therapy still remained. Therefore, we evaluated
other ways by which alterations in JAM-A expression may help mediate
resistance to anti-HER2 therapies. Other work in our lab has revealed that
JAM-A is also capable of regulating expression of other members of the HER
family; HER1 (EGFR), HER3 and HER4 (Rodrigo G.B. Cruz, personal
communication). Since previous studies have associated upregulation of
other HER family members with acquired resistance to anti-HER2 therapy
(78, 82, 83, 175-178), we searched for expressional differences of EGFR,
HER3 and HER4 between drug–resistant and -sensitive cell line models and
their sensitivity to manipulation by altered JAM-A levels.

4.3.6 BT474 Trastuzumab-resistant cells express augmented levels of
EGFR mRNA and protein compared to BT474 Trastuzumab-sensitive
cells

We first investigated whether Trastuzumab-resistant BT474 cell lines
expressed altered levels of EGFR protein compared with their corresponding
Trastuzumab-sensitive parental cell line. As illustrated in Figure 4.13A & B,
Trastuzumab-resistant cells expressed almost 3-fold higher levels of EGFR
protein compared to their Trastuzumab-sensitive counterparts (p<0.01).
Furthermore, this increase was also observed at an mRNA level (Figure
4.13C) with Trastuzumab-resistant BT474 cells expressing 4-fold EGFR
mRNA levels compared to drug-sensitive control cell lines (p<0.05).
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Figure 4.13 Trastuzumab-resistant BT474 cells express increased levels
of EGFR at both protein and mRNA level compared to Trastuzumabsensitive cells. Trastuzumab-sensitive and -resistant BT474 cells were
plated at 150,000 cells/well in 6-well plates for western blot analysis and at
50,000 cells/well in 24-well plates for qPCR analysis. At 72hr, cells were
harvested for western blot and qPCR analysis. A) Representative western
blot images for basal protein expression of EGFR in BT474 Trastuzumabsensitive and -resistant cells, B) Densitometry analysis for EGFR protein
expression normalised to actin, C) qPCR analysis of BT474 Trastuzumab sensitive and -resistant basal EGFR mRNA expression. *p<0.05, **p<0.01 by
equal variance unpaired t-test, n=3 independent experiments.
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We next aimed to test whether this increase in EGFR expression also
occurred in SKBR3 Trastuzumab-resistant cells and Lapatinib-resistant cells.
As shown in Figure 4.14A & B, there was no significant difference between
the levels of EGFR protein expressed by Trastuzumab-resistant and sensitive SKBR3 cells. However, Lapatinib-resistant SKBR3 cells expressed
significantly augmented levels (2-fold) of EGFR protein compared to sensitive cells. Consistent with western blot analysis, there were no
differences in EGFR mRNA levels between SKBR3 Trastuzumab-resistant
and -sensitive cells.

However increased EGFR expression in Lapatinib-

resistant cells was observed at an mRNA level, with an approximate 2.5-fold
increase in EGFR mRNA, (Figure 4.14C).
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Figure 4.14 SKBR3 Lapatinib-resistant cells express increased gene
and protein expression of EGFR compared to Trastuzumab-resistant
and -sensitive SKBR3 cells. Drug-sensitive, Trastuzumab- and Lapatinibresistant SKBR3 cells were plated at 150,000 cells/well in 6-well plates for
western blot analysis and at 50,000 cells/well in 24-well plates for qPCR
analysis. At 72hr, cells were harvested. A) Representative western blot
images for basal protein expression of EGFR in SKBR3-sensitive,
Trastuzumab-resistant

and

Lapatinib-resistant

cells,

B)

Densitometry

analysis for EGFR protein expression normalised to actin, C) qPCR analysis
of drug-sensitive, Trastuzumab- and Lapatinib-resistant SKBR3 cells’ basal
EGFR mRNA expression. *p<0.05 by One-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.
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As illustrated in Figure 4.15A & B, Trastuzumab-resistant BT474 cells also
expressed significantly increased levels of HER3 compared to BT474
Trastuzumab-sensitive cells (p<0.01). Western blot analysis revealed a 3-fold
upregulation of HER3 protein expression in the Trastuzumab-resistant model
(p<0.01). Although, HER3 mRNA levels were also elevated in BT474
Trastuzumab-resistant compared to –sensitive cells (Figure 4.15C), the
increase (37% ±6%) was less substantial than that of protein expression
(201% ±42%).
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Figure 4.15 Trastuzumab-resistant BT474 cells express increased levels
of HER3 at both protein and mRNA level compared to Trastuzumabsensitive cells. Trastuzumab-sensitive and -resistant BT474 cells were
plated at 150,000 cells/well in 6-well plates for western blot analysis and at
50,000 cells/well in 24-well plates for qPCR analysis. At 72hr, cells were
harvested. A) Representative western blot images for basal protein
expression of HER3 in BT474 Trastuzumab-sensitive and -resistant cells, B)
Densitometry analysis for HER3 protein expression normalised to actin, C)
qPCR analysis of BT474 Trastuzumab-sensitive and -resistant basal HER3
mRNA expression. **p<0.01 by equal variance unpaired t-test, n=3
independent experiments.
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HER3 protein and mRNA expression in the other cell line model (SKBR3
Trastuzumab-resistant, Lapatinib-resistant, and –sensitive cells) was then
analysed via western blot and qPCR analysis, respectively.
As shown in Figure 4.16A & B, HER3 protein expression was increased
approximately 2-fold (p<0.05) in SKBR3 Trastuzumab-resistant cells, and 3fold (p<0.01) in Lapatinib-resistant cells compared to SKBR3-sensitive cells.
Additionally, although to a lesser extent, this augmentation of HER3
expression associated with resistance to anti-HER2 therapies was also
observed at an mRNA level. As illustrated in Figure 4.16C, Trastuzumabresistant SKBR3 cells expressed 21% ±12% more HER3 mRNA compared
to their corresponding Trastuzumab–sensitive cell line (p<0.05). HER3
mRNA expression was elevated by 78% ±17% in SKBR3 Lapatinib-resistant
cells

compared

to

SKBR3

Lapatinib-sensitive

cells.

Similarly,

to

Trastuzumab-resistant and –sensitive BT474 cells, these results suggest that
upregulation of HER3 protein expression upon resistance to anti-HER2 drugs
may be due to combinatorial changes in transcriptional and post-translational
modification of HER3.
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Figure 4.16 Lapatinib-resistant and Trastuzumab-resistant SKBR3 cells
express increased levels of HER3 gene and protein compared to drugsensitive cells. Drug-sensitive, Trastuzumab-resistant and Lapatinibresistant SKBR3 cells were plated at 150,000 cells/well in 6-well plates for
western blot analysis and at 50,000 cells/well in 24-well plates for qPCR
analysis. At 72hr, cells were harvested for western blot and qPCR analysis.
A) Representative western blot images for basal protein expression of HER3
in drug-sensitive, Trastuzumab-resistant and Lapatinib-resistant SKBR3
cells, B) Densitometry analysis for HER3 protein expression normalised to
actin, C) qPCR analysis of SKBR3-sensitive, Trastuzumab-resistant and
Lapatinib-resistant cells’ basal HER3 mRNA expression. *p<0.05, **p<0.01
by One-way ANOVA with Tukey’s multiple comparison test, n=3 independent
experiments.
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Expression of the most recently discovered member of the HER family,
HER4, was then analysed to search for any association with resistance to
anti-HER2 drugs. As depicted in Figure 4.17A & B, HER4 was dramatically
upregulated (approximately 6.5-fold) in Trastuzumab-resistant compared to
Trastuzumab-sensitive BT474 cells (p<0.05). Accordingly, HER4 mRNA
levels were increased to a similar degree (Figure 4.17C).
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Figure 4.17 Trastuzumab-resistant BT474 cells have increased gene
and protein expression of HER4 compared to Trastuzumab-sensitive
BT474 cells. Trastuzumab-sensitive and -resistant BT474 cells were plated
at 150,000 cells/well in 6-well plates for western blot analysis and at 50,000
cells/well in 24-well plates for qPCR analysis. At 72hr, cells were harvested
for western blot and qPCR analysis. A) Representative western blot images
for basal protein expression of HER4 in Trastuzumab-sensitive and -resistant
BT474 cells, B) Densitometry analysis for HER4 protein expression
normalised to actin, C) qPCR analysis of BT474 Trastuzumab -sensitive and
-resistant basal HER4 mRNA expression. *p<0.05 by equal variance
unpaired t-test, n=3 independent experiments.
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HER4 protein and mRNA expression was then analysed in the SKBR3 cell
models. As shown in Figure 4.18A & B, SKBR3 Trastuzumab-resistant cells
had approximately 2.5-fold higher levels of HER4 protein compared to
SKBR3 Trastuzumab-sensitive cells (p<0.001) whereas SKBR3 Lapatinibresistant cells expressed reduced levels of the protein compared to control
conditions. qPCR analysis of HER4 mRNA expression mirrored these
results, demonstrating a dramatic ~6-fold increase in HER4 mRNA
expression in SKBR3 Trastuzumab-resistant cells and an 80% ±16%
decrease in Lapatinib-resistant SKBR3 cells compared to their corresponding
sensitive cell line (Figure 4.18C).
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Figure 4.18 HER4 protein and mRNA is increased in SKBR3
Trastuzumab-resistant cells but reduced in Lapatinib-resistant cells
compared to SKBR3-sensitive cells. SKBR3-sensitive, Trastuzumab- and
Lapatinib-resistant cells were plated at 150,000 cells/well in 6-well plates for
western blot analysis and at 50,000 cells/well in 24-well plates for qPCR
analysis. At 72hr, cells were harvested for western blot and qPCR analysis.
A) Representative western blot images for basal protein expression of HER4
in SKBR3 drug-sensitive, Trastuzumab-resistant and Lapatinib-resistant
cells, B) Densitometry analysis for HER4 protein expression normalised to
actin, C) qPCR analysis of basal HER4 mRNA expression in SKBR3sensitive, Trastuzumab-resistant and Lapatinib-resistant cells. *p<0.05,
***p<0.001 by One-way ANOVA with Tukey’s multiple comparison test, n=3
independent experiments.
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Taken together, these results suggest that resistance to anti-HER2 drugs is
associated with upregulation of genes and proteins encoding other members
of the HER family (EGFR, HER3 and HER4) in our cell line models. Hence,
we aimed to investigate whether resistance-associated expressional
increases in other HER proteins were reversible upon JAM-A silencing.

4.3.7 Silencing JAM-A combined with anti-HER2 treatment reduces
EGFR expression in Trastuzumab and Lapatinib-resistant cells

As shown in Figure 4.19 A&B, Trastuzumab treatment alone had no effect
on the protein expression levels of EGFR in BT474 Trastuzumab-resistant
cells. However, silencing JAM-A in combination with Trastuzumab treatment
significantly reduced EGFR expression to 35% ±4% of that in control cells
(p<0.001). Trastuzumab treatment by itself reduced HER3 levels in BT474
Trastuzumab-resistant cells, but concurrent JAM-A knockdown had no
additive effect (Figure 4.19 A&C).
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Figure 4.19 JAM-A knockdown in addition to Trastuzumab treatment
reduces EGFR, but not HER3 expression in BT474 Trastuzumabresistant cells. 150,000 cells/well of Trastuzumab-resistant BT474 cells
were plated in 6-well plates and transfected the following day with 25nM of
control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A siRNA
(siJAM; SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated
with

vehicle

control

(nuclease-free

H2O,

0.5%

v/v)

or

100μg/mL

Trastuzumab. At 72hr, cells were harvested for western blot analysis. A)
Representative western blot images for expression of EGFR and HER3,
following specified treatments. B) Densitometry analysis for EGFR protein
expression normalised to actin, C) Densitometry analysis for HER3 protein
expression normalised to actin. ***p<0.001 by One-way ANOVA with Tukey’s
multiple comparison test, n=3 independent experiments.
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Currently, the most effective therapeutic approach to treat HER2-positive
breast cancer patients is combined Trastuzumab and Lapatinib treatment
(75, 173, 174). Thus, our subsequent experimental strategies utilised only
the SKBR3 Lapatinib-resistant cell line, which was deemed to be a more
clinically relevant model due to its dual resistance to Lapatinib and
Trastuzumab (Figure 4.4C).
In order to investigate whether targeting JAM-A may affect EGFR or HER3
protein expression in SKBR3 Lapatinib-resistant cells, western blot analysis
was carried out. As shown in Figure 4.20 A&B, EGFR expression was
increased by approximately 32% ±17% over control levels following Lapatinib
treatment of SKBR3 Lapatinib-resistant cells. However, silencing JAM-A in
addition to Lapatinib treatment significantly decreased EGFR expression
compared to both control cells (p<0.01) and Lapatinib treated cells (p<0.001)
to 36% ±8% of control conditions.
Expression of HER3 was also elevated following Lapatinib treatment, but this
was not statistically significant due to high variability. Nonetheless, JAM-A
knockdown combined with Lapatinib treatment overcame the upregulation of
HER3 expression in response to Lapatinib alone. These results were also
statistically insignificant due to high experimental variability. Taken together,
however, these results suggest that JAM-A may regulate both EGFR and
HER3 expression in SKBR3 Lapatinib-resistant cells.
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Figure 4.20 JAM-A knockdown in addition to Lapatinib treatment
reduces EGFR and HER3 expression in Lapatinib-resistant SKBR3
cells. 150,000 cells/well of Lapatinib-resistant SKBR3 cells were plated in 6well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM;

SASI_Hs01_00048785, Sigma-Aldrich). 24hr later, cells were treated with
vehicle control (DMSO, 0.002% v/v) or 150ng/mL Lapatinib. At 72hr, cells
were harvested for western blot analysis. A) Representative western blot
images for expression of EGFR and HER3 following specified treatments. B)
Densitometry analysis for EGFR protein expression normalised to actin, C)
Densitometry analysis for HER3 protein expression normalised to actin.
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.
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These results indicate that JAM-A expression may promote EGFR
expression, and potentially that of HER3 in cells resistant to anti-HER2
drugs. This mechanism suggests a framework whereby JAM-A could be
involved in the development of resistance to Trastuzumab and/or Lapatinib.
To date, we have shown that cellular viability is significantly reduced
following JAM-A knockdown combined with Trastuzumab or Lapatinib
treatment (compared to anti-HER2 treatment alone). We have also shown
that JAM-A loss in conjunction with anti-HER2 drugs decreases expression
of HER2 and EGFR, as well as reduces signalling via the PI3K pathway.
However, it is still unclear whether observed reductions in cellular viability
reflect inhibition of cellular proliferation, induction of cell death, or a
combination of both. It is well known that signalling via the PI3K pathway
stimulates cellular proliferation and inhibits apoptosis (192). Therefore, in
order to investigate whether coincident JAM-A silencing and anti-HER2
treatment stimulated cells to undergo apoptosis, Annexin V apoptosis assays
were performed.
As described in Chapter 2, the Annexin V assay determines apoptotic levels
through AV and PI binding. Healthy cells should be negative for both PI and
AV, cells in early stages of apoptosis should be AV positive and PI negative,
while dead cells or those in the late stages of apoptosis or necrosis should
be both AV- and PI-positive.
Lapatinib-resistant SKBR3 cells were transfected with JAM-A-targeting
siRNA and treated the following day with 150ng/mL Lapatinib. 48hr later,
cells were trypsinised and incubated with FITC-labelled Annexin V (AV)
binding antibody and PI. Apoptosis was detected flow cytometrically by the
binding of Annexin V, with staurosporine treatment (50μg/mL /24h) as a
positive control.
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4.3.8 Silencing JAM-A in addition to Lapatinib treatment increases
apoptosis compared to anti-HER2 treatment alone in SKBR3 Lapatinibresistant cells

As illustrated in Figure 4.21A (representative dot plot), there was a
considerable amount of background AV and PI staining. This may be due to
a combination of spontaneous apoptosis and cellular stress induced by the
transfection process in addition to DMSO treatment. However, as the
population of interest is the AV-positive, PI-negative subgroup (apoptotic
cells; highlighted in blue box), analysis was carried out on this population.
As staurosporine is a potent inducer of apoptosis, apoptotic levels in each
treatment condition were analysed relative to staurosporine treatment of
Lapatinib-resistant SKBR3 cells (Figure 4.21B). As shown in Figure 4.21B,
Lapatinib treatment alone featured 35% ±11% apoptotic cells, while silencing
JAM-A in addition to Lapatinib treatment significantly increased the apoptotic
population to 88% ±13% relative to staurosporine treatment (p<0.05). This
shift in Annexin V staining of Lapatinib-resistant SKBR3 cells upon JAM-A
silencing is illustrated in Figure 4.21C. These results suggest that one
mechanism by which the combination of JAM-A knockdown and anti-HER2
treatment reduces cell viability is through induction of apoptosis.
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Figure 4.21 JAM-A knockdown in addition to Lapatinib treatment
increases apoptosis compared to Lapatinib alone in Lapatinib-resistant
SKBR3 cells. 150,000 cells/well were plated in 6-well plates and transfected
the following day with 25nM control siRNA (siNEG; D-001810-01-05,
Dharmacon) or JAM-A siRNA (siJAM; SASI_Hs01_00048785, SigmaAldrich). 24hr later, cells were treated with vehicle control (VC; DMSO,
0.002% v/v) or 150ng/mL Lapatinib. 24hr later, positive control cells for
apoptosis were treated with 50μg/mL staurosporine. Following 48hr of
Lapatinib/VC treatment, cells were harvested for flow cytometric analysis of
Annexin V binding. A) Representative dot plot depicting distribution of
SKBR3 Lapatinib-resistant cells based on Annexin V (AV; FL1-H, X-Axis)
and Propidium Iodide (PI; FL2-H, Y-Axis) staining, B) Quantitative analysis
measuring apoptotic levels relative to staurosporine-treated cells, C)
Representative histogram illustrating AV binding (AV signal along X-Axis and
cell count along Y-Axis). *p<0.05 by One-way ANOVA with Tukey’s multiple
comparison test, n=3 independent experiments.

142

4.3.9 JAM-A knockdown in addition to Lapatinib treatment has no
effect on the invasive capacity of Lapatinib-resistant SKBR3 cells

In addition to cell survival, another fundamental process frequently
manipulated during breast cancer progression is cell migration and invasion.
In fact, the acquisition of migratory and invasive characteristics is one of the
earliest events in local invasion, which may progress to distant metastasis,
the main cause of breast cancer-related fatalities. Previous studies have
found that JAM-A promotes cancer cell migration (96, 105, 193). Therefore,
matrigel invasion assays were carried out to investigate whether targeting
JAM-A affected the invasive capability of cells with acquired resistance to
anti-HER2 therapy. Following 24hr JAM-A knockdown, SKBR3 Lapatinibresistant cells were treated with 150ng/mL Lapatinib for 48hr and subjected
to invasion assays. As shown in Figure 4.22, Lapatinib treatment alone had
no effect on the strongly invasive characteristics of SKBR3 Lapatinibresistant cells. Silencing JAM-A in addition to anti-HER2 treatment led to a
small and statistically insignificant decrease in invasion compared to cells
treated with Lapatinib alone. These results suggest that silencing JAM-A has
no effect on the invasive potential of SKBR3 Lapatinib-resistant cells.
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Figure 4.22 JAM-A knockdown in addition to Lapatinib treatment has no
effect on invasion of SKBR3 Lapatinib-resistant cells. 150,000 SKBR3
Lapatinib-resistant cells/well were plated in 6-well plates and transfected the
following

day

with

25nM

control

siRNA

(siNEG;

D-001810-01-05,

Dharmacon) or JAM-A siRNA (siJAM; SASI_Hs01_00048785, SigmaAldrich). 24hr later, cells were treated with vehicle control (VC; DMSO,
0.002% v/v) or 150ng/mL Lapatinib. 48hr later, the cells were trypsinised and
100,000 cells were plated in serum-free media into matrigel invasion
chambers. 10% FBS in the lower chamber was used as a chemoattractant.
16hr later, non-invaded cells were mechanically removed, and invasive cells
were fixed and stained with 0.5% crystal violet. An image was taken in each
quadrant of the membrane and analysis was based on cell counting carried
out by an independent, unbiased party. A) Representative images from each
treatment group, B) Quantitative analysis of SKBR3 Lapatinib-resistant cell
invasion in specific treatment groups. Statistical analysis was carried out by
One-way ANOVA with Tukey’s multiple comparison test, n=3 independent
experiments.
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As silencing of the JAM-A gene is impractical in a clinical setting, we next
aimed

to

determine

whether

pharmacological

inhibition

of

JAM-A

recapitulated enhanced anti-viability effects in conjunction with anti-HER2
drugs in drug-resistant cell line settings. In order to test this, a novel peptide
inhibitor of the JAM-A protein, JBS2, in conjunction with anti-HER2 treatment
was used to treat BT474 Trastuzumab-resistant cells and Lapatinib-resistant
SKBR3 cells.

4.3.10 Pharmacological antagonism of JAM-A enhances the antiviability effects of Trastuzumab and Lapatinib in drug–resistant cells

As illustrated in Figure 4.22A, Trastuzumab treatment alone decreased cell
viability to 79% ±4% of control levels whereas combined Trastuzumab and
JBS2 treatment induced an additive reduction in cell viability (to 51% ± 4%,
p<0.05). As shown in Figure 4.22B, Lapatinib treatment alone reduced cell
viability to 58% ±1% of control levels (p<0.001), while combined JBS2 and
Lapatinib treatment decreased viability to 22% ±6% of control levels
(p<0.001).
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Figure 4.23 Pharmacological inhibition of JAM-A in addition to
Lapatinib treatment is more effective at reducing Lapatinib-resistant
SKBR3 cell viability compared to Lapatinib treatment alone. 1,500
cells/well of Lapatinib-resistant SKBR3 cells were plated in triplicate on 96well plates and treated the following day with either vehicle control (PBS) or
400μg/mL JBS2 (a proprietary peptide inhibitor of JAM-A). 24hr later, cells
were treated with vehicle control (VC; DMSO, 0.002% v/v) or 150ng/mL
Lapatinib. 72hr later, cell viability was measured via MTT assay. *p<0.05,
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.
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Taken together, our results thus far have suggested that targeting JAM-A in
addition to HER2 may be more effective than anti-HER2 therapy alone in
both a neo-adjuvant setting and to overcome resistance to HER2-targteted
therapy. In order to test whether JAM-A holds potential as a clinical
biomarker for resistance to anti-HER2 therapy, JAM-A expression was
analysed in a small HER2-positive invasive breast cancer patient tissue
microarray (TMA) via immunohistochemistry.

4.3.11 JAM-A was overexpressed in breast tumours of all patients who
developed disease recurrence following HER2-targeted therapy

A TMA composed of 225 invasive breast cancer tissue cores was analysed
for JAM-A expression. Forty-nine of these cores were from HER2-positive
breast cancer patients, of whom 36 did not develop disease recurrence and
13 did. Unfortunately, JAM-A expression in 15 cores (9 no recurrence, 6
recurrence) was unscorable due to loss of tissue or absence of tumour.
Thus, JAM-A expression was analysed in the remaining 34 tissues (27 no
recurrence, 7 recurrence). Time of follow-up ranged from 0.1-10 years,
averaging at 4 years with 6 patients’ follow-up time less than 2 years.
As illustrated in Figure 4.25, cores were scored 0 (negative), 1+, 2+ or 3+
according to the intensity of membranous JAM-A staining in tumour cells.
Scoring was performed by two independent observers (including Prof. Elaine
Kay, consultant histopathologist at Beaumont Hospital) and combined results
were analysed with respect to disease recurrence (Figures 4.25 & 4.26) and
other clinical parameters (Figure 4.26). As HER2 is also a membranous
protein, the clinical guidelines for scoring HER2 were assigned for
interpretation of JAM-A expression. As shown in Figure 4.25, JAM-A was
overexpressed (2+ or 3+ staining intensity) in the breast tumours of all (7/7)
patients who developed disease recurrence following HER2-targeted
therapy.
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Figure 4.24 JAM-A was overexpressed in all tumours of analysed HER2positive patients that developed recurrence. A TMA composed of
invasive breast cancer tissue cores from 34 HER2-positive breast cancer
patients was analysed for JAM-A expression. Cores were scored either 0,
1+, 2+ or 3+ based on intensity of membranous JAM-A staining, representing
levels of JAM-A expression. A) Representative cores of the TMA illustrating
levels of JAM-A staining corresponding to assigned scores. B) JAM-A
expression levels in 34 HER2-positive breast cancer tissue cores comparing
patients who responded well to anti-HER2 therapy with patients who
developed resistance to treatment.
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As JAM-A was overexpressed (score 2+ or 3+) in 29 of the 34 patients,
clinical parameters were analysed with respect to “low” JAM-A expression (0,
1+ and 2+ JAM-A staining) and high JAM-A expression (3+ JAM-A staining
intensity). As illustrated in Figure 4.26, 71.4% of patients who developed
disease recurrence expressed high (3+) JAM-A staining intensity while the
remaining 28.6% expressed low (although all 2+) JAM-A staining. In addition,
high JAM-A expression significantly correlated with progesterone receptor
(PR)-positivity in HER2-positive breast tumours (p<0.05). It should be noted
that there was also a significant correlation between ER-positivity and JAM-A
expression when association was analysed via one-tailed Fisher’s exact test
rather than two-tailed (p=0.045). High JAM-A expression did not correlate
with age at diagnosis or tumour grade.
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Figure 4.25 Table of clinicopathological features of HER2-positive
breast

cancer

patients

stratified

according

to

JAM-A

protein

expression. A TMA composed of invasive breast cancer tissue cores from
34 HER2-positive breast cancer patients was analysed for JAM-A
expression. Cores were scored either 0, 1+, 2+ (Low JAM-A) or 3+ (High
JAM-A) based on intensity of membranous JAM-A staining. Statistical
analysis was carried out using χ2 test and Fisher’s two-tailed exact tests for
comparison of JAM-A expression with clinicopathological parameters. ER oestrogen receptor. *p<0.05 by two-tailed Fisher’s exact test.
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These results suggest an association between overexpression of JAM-A and
the development of resistance to anti-HER2 therapy. In order to determine
whether JAM-A expression correlated with the intensity of disease
recurrence, JAM-A levels were analysed in 77 full-face breast cancer tissue
sections from a separate cohort of HER2-positive breast cancer patients
(187) who developed disease recurrence and metastasis following antiHER2 therapy.
As illustrated in Figure 4.26, full-face breast tumour sections were scored
1+, 2+ or 3+ according to the intensity of membranous JAM-A staining in
tumour cells. Scoring was performed by two independent observers
(including Dr. Katherine Sheehan, histopathologist at Beaumont Hospital). As
with previous JAM-A scoring, the clinical guidelines for scoring HER2 were
assigned for interpretation of JAM-A expression. Unfortunately, 7 full-face
sections were unscorable due to tissue damage or lack of sufficient tumour.
JAM-A scoring results from the remaining 70 sections were combined and
analysed with respect to anti-HER2 therapy response, time to disease
progression and other clinicopathological parameters (Figure 4.27B).
Data collected included standard prognostic factors such as ER and PR
status, tumour size, tumour grade as well as time to disease progression and
site of metastasis. Patients received Trastuzumab treatment weekly from
date of diagnosis. Response to Trastuzumab treatment was evaluated after 9
weeks of Trastuzumab-based therapy and then at 12-week intervals using
Response Evaluation in Solid Tumours Assessment (194). Complete
response was defined as the disappearance of all target lesions. Partial
response was defined as a decrease of more than 50% in the dimensions of
all measurable lesions. Progressive disease was defined as an increase of
more than 25% in the dimensions of any measurable lesion. Stable disease
was defined by neither partial response nor progressive disease criteria met,
typically involving a small amount of growth or minor shrinkage. Time to
disease progression (TDP) was defined as the time from initiation of
Trastuzumab treatment until the date of tumour progression.
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4.3.12 Overexpression

of

JAM-A

significantly

correlated

with

metastasis in HER2-positive breast cancer patients

As shown in Figure 4.28, JAM-A was overexpressed (2+ or 3+ staining
intensity) in 80% (56 out of 70) of tumours from patients with metastatic
HER2-positive breast cancer. In addition, there was a significant association
between overexpression of JAM-A and metastasis as tumours from 96% of
patients who had metastatic disease at diagnosis overexpressed JAM-A
(p<0.05). There were no significant correlations between JAM-A expression
and other clinicopathological parameters (age, tumour size, tumour grade,
ER expression, PR expression etc.).

Figure 4.26 Representative images illustrating 1+, 2+ and 3+
membranous JAM-A scoring intensities. Full-face sections from 70 HER2positive breast cancer patients with metastatic disease were analysed for
JAM-A expression. Sections were scored either 1+, 2+ or 3+ based on
intensity of membranous JAM-A staining, representing levels of JAM-A
expression.
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Variable

N

Age (years)

70

N
Median (range)
Tumour Diameter (cm)

Low JAM-A (%)

High JAM-A (%)

0.560
14

56

53 (24 – 82)

53.5 (29 – 82)

70

0.616

T1 (< 2cm)

3 (14.3%) (21.4)

18(85.7%) (32.1)

T2 (2 - 5cm)

10 (24.4%) (71.4)

31(75.6%) (55.4)

T3 (> 5cm)

1 (12.5%) (7.2)

7 (87.5%) (12.5)

Grade

64

0.432

G2

1 (8.3%) (7.7)

11 (91.7%) (21.6)

G3

12 (23.1%) (92.3)

40 (76.9%) (78.4)

ER

0.378

70

Negative

4 (14.3%) (28.6)

24 (85.7%) (42.9)

Positive

10 (23.8%) (71.4)

32 (76.2%) (57.1)

PR

70

0.230

Negative

6 (14.6%) (42.9)

35 (85.4%) (62.5)

Positive

8 (27.6%) (57.1)

21 (72.4%) (37.5)

Metastasis at Diagnosis

70

0.013 *

No

13 (28.9%) (92.9)

32 (71.1%) (57.1)

Yes

1 (4.0%) (7.1)

24 (96.0%) (42.9)

Time to Progression

70

0.666

> 6 months

8 (23.5%) (57.1)

26 (76.5%) (46.4)

6 months – 1 year

5 (20.0%) (35.7)

20 (80.0%) (35.7)

1 (9.1%) (7.1)

10 (90.9%) (17.9)

> 1 year
Local Response

70

0.710

Complete Response

0 (0.0%) (0.0)

5 (100.0%) (8.9)

Partial Response

1 (20.0%) (7.1)

4 (80.0%) (7.1)

12 (21.0%) (85.7)

45 (79.0%) (80.4)

1 (33.3%) (7.1)

2 (66.7%) ( 3.6)

Stable Disease
Progressive Disease

p-value

153

Figure 4.27 Table of clinicopathological features of metastatic HER2positive breast cancer patients stratified according to JAM-A protein
expression. Full-face sections from 70 HER2-positive breast cancer patients
with metastatic disease were analysed for JAM-A expression. Sections were
scored either 0, 1+, 2+ or 3+ based on intensity of membranous JAM-A
staining, representing levels of JAM-A expression. This table displays
clinicopathological parameters according to low JAM-A expression (0 and
1+) and high JAM-A expression (2+ and 3+). Statistical analysis was carried
out using χ2 test and Fisher’s two-tailed exact tests for comparison of JAM-A
expression with clinicopathological parameters. JAM-A overexpression
significantly correlated with the presence of metastatic disease at diagnosis.
Row percentage represented with % sign in brackets followed by column
percentage in brackets. It should be noted that there is patient number
overlap in recurrence sites as metastasis occurred in a number of locations
in some patients. ER - oestrogen receptor, PR - progesterone receptor.
*p<0.05 by two-tailed Fisher’s exact test.
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4.4

Discussion

Previous studies have described a significant correlation between JAM-A
and HER2 expression in aggressive breast tumours (95, 96). In addition, our
findings from Chapter 3 suggested that the presence of JAM-A protein at the
cell membrane sequesters a repressor of the ERBB2 gene away from the
nucleus and thus indirectly facilitates HER2 expression. Therefore, we
hypothesised that co-overexpression of JAM-A and HER2 in patient tumours
could stabilise HER2 signalling, counteracting the effects of HER2-targeted
therapies and potentially contributing to drug resistance and disease
recurrence.
In order to test this hypothesis, western blot analysis was carried out to
search for differences in JAM-A expression between HER2-positive breast
cancer cells and those with acquired resistance to anti-HER2 therapies.
Trastuzumab-resistant BT474 cells as well as Trastuzumab-resistant and
Lapatinib-resistant SKBR3 cells were suggested to express significantly less
JAM-A compared to their corresponding drug-sensitive cells. These changes
in

JAM-A

expression

were

independent

of

anti-HER2

treatment

(Supplementary Figure 4, Appendix I), suggesting that this alteration is
associated with acquired resistance to HER2-targeted therapy, rather than
signalling induced by a simple receptor-ligand interaction.
These results were unexpected as JAM-A expression has previously been
shown to promote that of HER2 (95), so we had hypothesised that levels of
JAM-A might increase in drug-resistant cells rather than decrease as we
observed. In order to determine whether reducing levels of JAM-A in
sensitive cells conferred any resistance to anti-HER2 drugs, JAM-A was
transiently silenced in BT474 and SKBR3 drug-sensitive cells. However,
once more against expectations, combined targeting of JAM-A and HER2
exerted greater anti-viability effects in all drug-resistant cell lines compared
to anti-HER2 treatment alone. These results suggested that loss of JAM-A
does not confer resistance to anti-HER2 therapy. In fact, they supported our
original (and opposite) view; that JAM-A expression was associated with
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tumorigenic potential. This is supported by a myriad of studies illustrating
pro-tumorigenic roles for JAM-A in processes frequently dysregulated in
cancer such as proliferation, apoptosis and migration (105, 109-111). In
addition, it correlates with our previous findings of an association between
JAM-A expression and poor prognosis in breast cancer patients (96). These
results suggest that targeting JAM-A in addition to HER2 may be more
effective that anti-HER2 therapy in a neo-adjuvant setting, regardless of
resistance status. However, the development of resistance to anti-HER2
therapies is a major clinical problem. Thus, we next aimed to determine
whether silencing JAM-A may also suppress the tumorigenic potential of
cells with acquired resistance to such therapies.
Similarly, in all of our resistant models, combining JAM-A knockdown to antiHER2 therapy exerted superior anti-proliferative effects than targeting HER2
alone. In vivo murine studies have confirmed that JAM-A is involved in breast
tumour proliferation, and, promisingly, that an anti-JAM-A monoclonal
antibody can decrease murine breast tumour xenograft growth (111). JAM-A
has also been shown to promote proliferation in gastric cancer (195). Our
results support the novel possibility that targeting JAM-A in addition to HER2
may be more effective at reducing cell viability of Trastuzumab- and
Lapatinib-resistant cells compared to anti-HER2 treatment alone. This
supports our original hypothesis that JAM-A may stabilise HER2 expression
and confer some degree of resistance to anti-HER2 therapies.
In an attempt to elucidate how JAM-A inhibition suppresses growth of our
drug-resistant cellular models, signalling via key intracellular pathways was
investigated. Specifically, HER2 expression and phosphorylation of key
downstream mediators of the PI3K and MAPK pathways (Akt and ERK,
respectively) were analysed via western blotting. Silencing JAM-A in addition
to anti-HER2 treatment significantly reduced expression of HER2 in SKBR3
Trastuzumab-resistant

and

Lapatinib-resistant

cells

as

well

as

phosphorylation of Akt in all of our resistant models. Increased stability of
HER2 expression has been shown to confer resistance to anti-HER2
therapies (185, 196, 197). In addition, increased activation of the PI3K-Akt
pathway through loss of PTEN or PIK3CA mutations is frequently reported
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(68, 81, 198, 199). Our results support the view that targeting JAM-A would
suppress HER2 expression and subsequent signalling via the PI3K pathway.
Thus, any dependency of Trastuzumab- and Lapatinib-resistant cells on
HER2 expression and Akt activity may account for their vulnerability to JAMA inhibition. This is supported by previous studies demonstrating a role for
JAM-A in regulating HER2 expression (95) and Akt signalling (188, 200).
However, although anti-HER2 treatment decreased ERK phosphorylation,
JAM-A silencing did not have additive effects on levels of pERK. This result
was surprising as HER2 activates both the PI3K pathway and the MAPK
pathway. However, this may be due to reduced dependency of anti-HER2
therapy-resistant cells on the MAPK pathway as previous studies have found
that Lapatinib treatment is less effective at reducing pERK levels in cells with
acquired resistance to the drug (201).
Taken together, these results suggest that silencing JAM-A in addition to
Trastuzumab treatment enhances the anti-proliferative effects of the drug
through aiding downregulation of HER2 expression and thus signalling via
the PI3K pathway. These results support the theory that targeting JAM-A in
addition to HER2 may be more effective than targeting HER2 alone in
tumours which are either sensitive or resistant to anti-HER2 treatment.
Although these results were extremely interesting and supported the
potential of targeting JAM-A in anti-HER2 therapy-resistant cells, a specific
role for JAM-A in acquiring resistance remained unclear. Therefore, we
aimed to understand the implications of JAM-A expression in Trastuzumaband Lapatinib-resistant cells. Previous studies have shown associations
between upregulation of other members of the HER family and the
acquisition of resistance to anti-HER2 therapies (78, 82, 183, 190).
Complementary work in our lab has also shown that JAM-A is capable of
regulating the expression of these receptor tyrosine kinases. Therefore, we
hypothesised that JAM-A may promote expression of other HER family
members, and that downregulating JAM-A would counteract this process.
Accordingly, EGFR mRNA and protein expression was significantly
upregulated in our Trastuzumab and Lapatinib-resistant models. These
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results are supported by a number of previous studies which have
demonstrated increased levels of EGFR in cells with acquired resistance to
anti-HER2 therapy (5, 78, 79, 82).
Similarly, augmented HER3 expression was observed in all of our resistant
cell line models. These expressional differences in HER3 were also
observed at an mRNA level, suggesting, like EGFR, that increased
transcription of the HER3 gene is associated with resistance to anti-HER2
therapies. It should be noted that although HER3 mRNA levels were
significantly upregulated in all resistant cell lines, the increase in mRNA was
less substantial than that of protein expression. This may be due to reduced
degradation of HER3 in cells with drug resistance. Alternatively, the ratio of
HER3 protein:mRNA may be higher than that of EGFR. This may be due to a
slower degradation rate of HER3 mRNA, thus allowing more time for HER3
mRNA to act as a template for translation of the HER3 protein. Alternatively,
there could be a faster translation rate of the HER3 protein compared to that
of EGFR. Previous studies investigating the relationship between protein and
associated mRNA suggest that protein levels are not always proportional to
those of mRNA, but rise more rapidly due to post-transcriptional amplification
of translation (202). This may explain why HER3 protein was overexpressed
at a greater level than HER3 mRNA in our resistant models.
Previous studies support our results suggesting that increased transcription
of the HER3 gene is associated with resistance to anti-HER2 therapies (175,
177). Specifically, inhibition of HER2 by Lapatinib treatment reportedly
results in increased expression of HER3 mRNA and protein. Upregulated
HER3 was then phosphorylated by residual HER2 activity, and thus
signalling through the PI3K pathway was rescued. Furthermore, silencing
HER3 or inhibition using a HER3 neutralising antibody sensitised HER2positive breast cancer cells and xenografts to Lapatinib both in vivo and in
vitro (177).
Although HER4 protein and mRNA levels were dramatically increased in
BT474 and SKBR3 Trastuzumab-resistant cells, HER4 appeared to be
downregulated in SKBR3 cells resistant to both Lapatinib and Trastuzumab.
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Previous studies have shown that HER4 cleavage and subsequent nuclear
localisation of the HER4 protein are associated with resistance to anti-HER2
therapies (178). However, overexpression of HER4 has also been shown to
correlate with improved survival of breast cancer patients (203). Conflicting
evidence for the role of HER4 as a tumour promoter (204) versus tumour
suppressor (205, 206) has been reported in the literature. This, combined
with its inconsistent expression levels in our resistant models, make it difficult
to speculate as to the role of HER4 in resistance to anti-HER2 therapies.
Despite this paradoxical role of HER4 in breast cancer, our western blot
results suggest that Lapatinib treatment may overcome any potential HER4associated mechanism of Trastuzumab resistance. Therefore, as HER2positive breast cancer patients are currently treated with a combination of
Trastuzumab and Lapatinib as the standard of care, HER4 expression was
not considered further.
Following verification of EGFR and HER3 upregulation in our drug-resistant
models, (supported by a number of studies (5, 78, 79, 82, 175, 177)),
potential regulation of these proteins by manipulation of JAM-A levels was
investigated. Silencing JAM-A significantly reduced EGFR expression in our
resistant cell lines and inhibited Lapatinib-dependent upregulation of HER3 in
SKBR3 Lapatinib-resistant cells. These results suggest that, in addition to
HER2, JAM-A may also regulate EGFR expression and mediate Lapatinbinduced upregulation of HER3.
Our results thus far suggested that silencing JAM-A in addition to anti-HER2
therapy is more effective at reducing cell viability of our Trastuzumab and
Lapatinib-resistant cells. However, as MTT assays measure cell viability
rather than cellular proliferation, it was uncertain whether silencing JAM-A in
addition to anti-HER2 treatment inhibited cell growth, induced cell death, or
both. Previous in vivo studies have found that JAM-A is involved in both
promoting proliferation and inhibiting apoptosis of breast cancer cells (109,
111). As these are two key outcomes of the PI3K pathway, which we showed
to be inhibited following JAM-A knockdown, we tested whether JAM-A
knockdown in addition to anti-HER2 therapy may be inducing apoptosis.
Annexin V assays revealed a clear increase in cellular apoptosis under JAM159

A knockdown, Lapatinib-treated conditions. This is consistent with the idea
that silencing JAM-A in addition to anti-HER2 treatment additively reduces
cell viability through the induction of apoptosis. Previous in vivo studies have
reported a role for JAM-A in apoptosis. In one study, JAM-A null mice
developed significantly smaller tumours than JAM-A positive mice, due to
increased apoptosis in the former (109). Furthermore, JAM-A has also been
shown to inhibit apoptosis in gastric cancer through promoting expression of
the anti-apoptotic protein Bcl-xL (195).
Metastasis of the primary tumour to secondary sites is the main cause of
breast cancer-related fatalities. In order for cells to break away from their site
of origin, they must possess migratory and invasive potential. A number of
studies have reported a role for JAM-A in enhancing migration of breast
cancer cells (105, 110, 188). This suggests that targeting JAM-A may also
prevent alternative pathways involved in tumour progression which may be
utilised by cells with acquired resistance to anti-HER2 therapies. However,
matrigel invasion assays revealed that silencing JAM-A in addition to
Lapatinib treatment has no effect on the invasive potential of SKBR3
Lapatinib-resistant cells in our hands. Although there is no evidence for a
role of JAM-A in invasion, it should be noted that extensive conditions were
not tested. Furthermore, analysis of JAM-A expression in 70 full-face breast
tumour

tissue

sections

revealed

a

significant

association

between

overexpression of JAM-A and metastatic disease at diagnosis. These more
compelling translational results support a role for JAM-A in promoting tumour
cell metastasis, even if the underlying mechanisms have not been fully
elucidated.
Since silencing JAM-A is impossible in a clinical setting, we aimed to
complement our knockdown studies with pharmacological inhibition of JAM-A
to test if additive anti-viability effects in conjunction with anti-HER2 drugs
could be reproduced. Encouragingly, similar to JAM-A knockdown, treatment
with a novel self-designed anti-JAM-A peptide (JBS2) in addition to antiHER2 treatment was significantly more effective than anti-HER2 treatment
alone at reducing the viability of drug-resistant cell line models. Therefore,
targeting JAM-A in a more clinically-relevant setting merits further exploration
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as an additional therapeutic strategy for HER2 positive breast cancer
patients.
Taken together, our in vitro data suggest a novel association between JAM-A
and resistance to anti-HER2 drugs.

We found that silencing or

pharmacologically inhibiting JAM-A enhanced the anti-viability effects of
HER2-targeted therapy in Trastuzumab and Lapatinib-resistant cells.
Moreover, we showed that JAM-A knockdown in addition to anti-HER2
therapy enhanced downregulation of HER2 expression and activation of the
key downstream signalling effector Akt. These results may be due to
targeting HER2 “from both ends” – at a transcriptional level through silencing
JAM-A and a posttranscriptional level via Trastuzumab or Lapatinib, affecting
signal transduction and degradation of HER2 (6, 67, 74-76). In addition, we
have shown that JAM-A also stabilises EGFR levels, the upregulation of
which is a characteristic of acquired resistance to anti-HER2 drugs (78, 83,
85). Furthermore, in a cohort of 34 HER2-positive breast cancer patients, we
found that JAM-A was overexpressed in tumours of all patients who
developed

disease

recurrence

following

anti-HER2

therapy.

JAM-A

expression was also significantly associated with metastatic disease at
diagnosis in a cohort of 70 HER2-positive breast cancer patients. These
results support our hypothesis that JAM-A expression may be involved in the
development of resistance to Trastuzumab and Lapatinib. However, in order
for JAM-A to be seriously considered as a potential drug target for patients
experiencing such resistance, similar results would have to be reproduced in
an in vivo system. Nonetheless, our results obtained thus far are promising,
and the potential of JAM-A as a future therapeutic target in HER2-positive
breast cancer patients merits further investigation.
However, given the anti-tumour efficacy of targeting JAM-A in addition to
anti-HER2 treatment in Trastuzumab and Lapatinib-resistant cells, the
significant loss of basal JAM-A expression in cells with acquired resistance to
anti-HER2 therapies remained puzzling. We thus considered the case that
JAM-A processing is altered in Trastuzumab- and Lapatinib- resistant cells,
rather than overall loss of JAM-A expression. For instance, cleavage of the
extracellular domain of JAM-A has been reported in a number of studies
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(114, 207, 208). Thus, increased JAM-A cleavage in our resistant models
may be mistaken for loss of overall JAM-A expression. Furthermore, the two
metalloproteases involved in cleaving JAM-A have been implicated in
resistance to HER2-targeted therapies (77, 114, 209, 210). These findings in
conjunction with our results thus far lead to the final aim of this project – to
investigate whether cleaved soluble JAM-A is associated with resistance to
anti-HER2 therapies.

162

Chapter 5: A novel role for JAM-A cleavage in
resistance to anti-HER2 therapies
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Chapter 5: A novel role for JAM-A cleavage in resistance to
anti-HER2 therapy

5.1

Introduction

Previous work in our lab has shown that overexpression of JAM-A correlates
with HER2 expression and poor prognosis in breast cancer patients (96).
Furthermore, we have shown that JAM-A regulates HER2 expression (95). In
light of this, we speculated that overexpression of JAM-A in breast tumours
may stabilise HER2 signalling and thus participate in the development of
resistance to HER2-targeted therapies.
Results presented in this thesis thus far have revealed an enhanced antitumour efficacy of targeting JAM-A in addition to HER2 in Trastuzumab- and
Lapatinib-resistant breast cancer cells. For this reason, our western blot
results suggesting loss of basal JAM-A expression in cells with acquired
resistance

to

anti-HER2

therapies

remained

intriguing.

Hence,

we

questioned whether there was a fundamental alteration in JAM-A processing
in drug-resistant cells, rather than loss of JAM-A expression itself. JAM-A
undergoes

a

number

of

post-translational

modifications

such

as

glycosylation, phosphorylation, and cleavage of the full-length protein (114,
207, 208). Alterations in protein bands due to glycosylation and
phosphorylation status may be imperceptible via western blot analysis.
However, cleavage of the extracellular domain of JAM-A could be mistaken
for protein loss by western blot analysis, as the JAM-A antibody used in
these experiments targets this domain of JAM-A.
Proteolytic cleavage of transmembrane molecules at the cell surface leads to
the release of soluble variants of such proteins, in a process termed
shedding. This is carried out by proteases which are usually also expressed
on the cell surface. Two metalloproteases have been reported to cleave
JAM-A, namely members of the ADAM (A Disintegrin And Metalloprotease
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domain-containing protein) family, ADAM10 and ADAM17 (114). Both
enzymes clip the protein at its extracellular surface, resulting in the release of
a truncated ~26kDa soluble JAM-A fragment. Increased expression of
ADAM10 and ADAM17 has been associated with augmented release of
soluble JAM-A (sJAM-A), and corresponding reductions in expression of cellsurface JAM-A (114). While very little is known about the upstream
regulators and downstream consequences of JAM-A cleavage, enhanced
shedding of endothelial sJAM-A has been noted in response to treatment
with the pro-inflammatory cytokines interferon-gamma (IFNγ) and tumour
necrosis factor alpha (TNFα). Plasma levels of TNFα have also been shown
to correlate with that of sJAM-A (211). Levels of plasma sJAM-A have been
associated with the presence and severity of coronary artery disease and
thus may be an important mediator of inflammation on the vessel wall (211).
However, it remains an unanswered question as to whether JAM-A can be
cleaved from epithelia, and, if so, whether this has any physiological or
pathophysiological relevance. Regarding the pathophysiological significance
of altered ADAM10 and ADAM17 expression, intriguing recent studies have
reported an association between upregulation of these proteases and
acquired resistance to Trastuzumab and Lapatinib in HER2-positive breast
cancer patients (77, 209, 210, 212, 213). Therefore, it was reasonable to
speculate upon the existence of a possible link between JAM-A cleavage,
ADAM expression and drug resistance.
In in vitro and in vivo xenograft mice settings, elevated ADAM10 expression
has been demonstrated following Trastuzumab treatment, while ADAM10
inhibition or knockdown has been shown to enhance responsiveness to
Trastuzumab in cells resistant to the drug (77). Importantly, higher pretreatment expression of ADAM10 in tumours also correlated with poorer
relapse-free survival and decreased clinical response of breast cancer
patients to Trastuzumab (77). In terms of the mechanistic relationship
between ADAM upregulation and drug resistance, a number of possibilities
have been proposed. ADAM10 upregulation in the Trastuzumab-resistant
setting has been associated with decreased levels of a microRNA (miR-1225p) that targets the protease for degradation. Increased miR-122-5p activity
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upon

Trastuzumab

administration

has

been

shown

to

re-sensitise

Trastuzumab-resistant cells to the treatment (214). Alternatively, it has been
proposed that upregulation of ADAM10 may enhance cell migratory capacity
in light of previous studies that silencing or inhibiting ADAM10 decreases the
in vitro migration of HER2-positive breast cancer cells (215). Although
completely unknown, it is intriguing to speculate that this may be partially due
to cleavage of the extracellular domain of JAM-A and thus loss of its
associated intercellular adhesive function.
Elevated expression of ADAM17 has also been associated with resistance to
anti-HER2 therapies. One study has shown that ADAM17 plays a key role in
maintaining HER2 phosphorylation during Trastuzumab treatment, and in
this way its upregulation confers resistance to the drug (216). Other studies
have shown that treatment with transforming growth factor beta (TGFβ),
which is frequently upregulated in breast cancer (217), activates ADAM17
activity, and consequently reduces sensitivity of HER2-positive breast cancer
cells to Trastuzumab (180, 218). Accordingly, silencing ADAM17 restored
sensitivity to the anti-HER2 treatment (180, 218). Interestingly, these reports
may correlate with an uninvestigated potential role for JAM-A shedding
during breast cancer progression, as TGFβ treatment has been shown to
attenuate membranous JAM-A expression in conjunction with enhancing the
migratory potential of breast cancer cells (219).
In relation to other proposed mechanisms by which increased expression of
ADAM10 and ADAM17 could confer resistance to anti-HER2 therapy, it is
interesting to note that both ADAM10 and ADAM17 can cleave all known
HER family ligands (220). ADAM10 is the reported sheddase for EGF and
betacellulin while ADAM17 is involved in in shedding TGFα, HB-EGF,
epiregulin and amphiregulin (220). Previous studies have found an
association between augmented release of a number of these ligands and
poor response to anti-HER2 therapy (221-224). Therefore, elevated
expression or activity of ADAM10 and/or ADAM17 should result in greater
release of HER ligands and potentially ligand-receptor signalling that would
compensate for HER2 antagonism. In addition, ADAM10 and ADAM17 can
extracellularly cleave HER2 itself, leaving a membrane-bound HER2
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fragment (termed p95-HER2) which has enhanced kinase activity and whose
detection has been linked with reduced efficacy of HER2-targeting
treatments and poor outcome for HER2 positive breast cancer patients (88,
196).
In support of the role of ADAM10 and ADAM17 in tumorigenesis, previous
studies have demonstrated that their inhibition (by the dual inhibitor
INCB3619)

significantly

increased

the

anti-proliferative

effects

of

Trastuzumab in vitro and in a HER2-positive in vivo murine xenograft tumour
model (196). Other in vivo studies have demonstrated that combining
another ADAM10/ADAM17 inhibitor, INCB7839, with Lapatinib exerted
greater anti-proliferative efficacy on human breast cancer xenografts than
Lapatinib

treatment

alone

(213).

Furthermore,

INCB7839

treatment

combined with Trastuzumab increased the clinical response rate of breast
cancer patients with p95-positive HER2 tumours compared to Trastuzumab
treatment alone (225).
Taken together, these studies provide compelling evidence that increased
expression or activity of ADAM10 and ADAM17 is associated with resistance
to anti-HER2 therapies. As these proteases have independently been
implicated in JAM-A cleavage (114), we speculated that resistance to HER2targeted therapies may correlate with increased levels of sJAM-A released
from breast cancer cells. If true, this proposed mechanism (illustrated in
Figure 5.1) would account for our previous results suggesting loss of JAM-A
expression in Trastuzumab and Lapatinib-resistant cellular models.
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Figure 5.1 Hypothesis: Resistance to anti-HER2 therapies correlates
with upregulation of ADAM10 and ADAM17, thus increasing cleavage of
JAM-A at the cell membrane, resulting in augmented levels of soluble
JAM-A released into the extracellular milieu. Anti-HER2 treatment has
been shown to upregulate ADAM10 and ADAM17 expression via
downregulation of pAkt (77, 216). These proteases have been implicated in
JAM-A cleavage (114). HER2 – Human Epidermal Growth Factor Receptor,
JAM-A – Junctional Adhesion Molecule-A, ADAM10/17 – A Disintegrin and
Metalloproteinase domain-containing protein-10/17
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5.2

Aims of this chapter

Overall, we aimed to determine whether reductions of JAM-A expression in
Trastuzumab and Lapatinib-resistant cell line models reflected increased
cleavage of sJAM-A, and whether this was clinically relevant. The specific
aims were as follows;

1) Investigate whether Trastuzumab- and Lapatinib-resistant breast
cancer cells release increased levels of sJAM-A, and, if so, to
determine the functional role of sJAM-A in that setting;

2) Elucidate whether ADAM10 and/or ADAM17 are upregulated in
Trastuzumab and Lapatinib-resistant cells, and if they mediate JAM-A
cleavage in these models;

3) Determine whether sJAM-A holds any promise as a clinical biomarker
for resistance to anti-HER2 therapies.
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5.3

Results

Results from the previous chapter indicated that silencing JAM-A in addition
to anti-HER2 treatment was more effective at treating Trastuzumab- and
Lapatinib-resistant cells than anti-HER2 treatment alone. However, western
blot analyses revealed that cells with conditionally-induced drug resistance
expressed significantly less JAM-A than their corresponding drug-sensitive
cell lines. In order to investigate whether this reduction of JAM-A levels in our
resistant models occured at a transcriptional level, basal JAM-A mRNA
levels were determined via RT-qPCR analysis.

5.3.1 Trastuzumab- and Lapatinib-resistant cells express similar levels
of JAM-A mRNA to their corresponding sensitive cell lines

As illustrated in Figure 5.2, there were no differences between JAM-A
mRNA levels expressed in Trastuzumab- and Lapatinib-resistant cell lines
versus their corresponding drug-sensitive cell lines. This supported our
hypothesis that modification of JAM-A processing rather than downregulation
of JAM-A expression may account for the apparent loss of JAM-A expression
in cells resistant to HER2-targeted therapies.
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Figure 5.2 BT474 Trastuzumab-resistant and SKBR3 Lapatinib-resistant
cells express similar levels of JAM-A mRNA to their corresponding
anti-HER2 therapy-sensitive cell lines. BT474 Trastuzumab-sensitive or resistant and SKBR3 Lapatinib-sensitive or -resistant cells were plated at
50,000 cells/well in 24-well plates. At 72hr, RNA was extracted for qPCR
analysis. A) qPCR analysis of JAM-A mRNA expressed in BT474
Trastuzumab-sensitive and BT474 Trastuzumab-resistant cells, B) qPCR
analysis of JAM-A mRNA expressed in Lapatinib-sensitive and -resistant
SKBR3 cells.

Although a number of post-translational modifications of JAM-A have been
reported (114, 207, 208), cleavage of the protein is the only alteration which
could be interpreted as loss of expression via western blot analysis. In
addition, a potential correlation between JAM-A cleavage and resistance to
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anti-HER2 therapy is supported by many aforementioned studies reporting
an association between drug resistance and increased activity of proteases
independently known to cleave JAM-A (77, 114, 209, 212, 220, 224, 225).
However, JAM-A cleavage has not yet been investigated in breast cancer or
in association with resistance to anti-HER2 therapy.
Hence,

we

first

aimed

to

determine

whether

expression

of

the

metalloproteases involved in JAM-A cleavage; ADAM10 and ADAM17, was
upregulated in Trastuzumab and Lapatinib-resistant cells relative to their
corresponding drug-sensitive cell lines via western blot analysis.

5.3.2 Expression of both ADAM10 and ADAM17 is upregulated in cells
with acquired resistance to anti-HER2 therapy

As illustrated in Figure 5.3A&B, Trastuzumab-resistant BT474 cells
expressed 2-fold higher ADAM10 levels than BT474-sensitive cells (p<0.01).
Expression of ADAM17 was also >3-fold higher in Trastuzumab-resistant
compared to Trastuzumab-sensitive BT474 cells (Figure 5.1A&C, p<0.01).
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Figure 5.3 BT474 Trastuzumab-resistant cells express increased levels
of ADAM10 and ADAM17 relative to Trastuzumab-sensitive BT474 cells.
150,000 cells/well of Trastuzumab-sensitive and Trastuzumab-resistant
BT474 cells were plated in 6-well plates. At 72hr, cells were harvested for
western blot analysis. A) Representative western blot images for basal
protein expression of ADAM10 and ADAM17. B) Densitometry analysis for
ADAM10 protein expression. C) Densitometry analysis for ADAM17 protein
expression. *p<0.05 by equal variance unpaired t-test, n=3 independent
experiments.

In order to investigate whether the association between increased ADAM10
and ADAM17 levels and resistance to anti-HER2 therapy expression also
occurred in SKBR3 Lapatinib-resistant cells, levels of sJAM-A release were
investigated under the same conditions. As shown in Figure 5.4, Lapatinibresistant SKBR3 cells also expressed approximately 2-fold greater levels of
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ADAM10 compared to Lapatinib–sensitive cells (Figure 5.4A&B, p<0.05).
Furthermore, there was a 55% ±15% increase in ADAM17 expressed by
Lapatinib-resistant cells compared to –sensitive SKBR3 cells (Figure
5.4A&C, p<0.05).
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Figure 5.4 Lapatinib-resistant SKBR3 cells express increased levels of
ADAM10 and ADAM17relative to Lapatinib-sensitive cells. 150,000
cells/well of Lapatinib-sensitive and -resistant SKBR3 cells were plated in 6well plates. At 72hr, cells were harvested for western blot analysis. A)
Representative western blot images for basal protein expression of ADAM10
and ADAM17. B) Densitometry analysis for ADAM10 protein expression. C)
Densitometry analysis for ADAM17 protein expression. *p<0.05, **p<0.01 by
equal variance unpaired t-test, n=3 independent experiments.
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These results support previous findings that upregulation of ADAM10 and
ADAM17 is associated with resistance to anti-HER2 therapies (77, 209, 224).
In addition, they support our hypothesis that JAM-A cleavage may also
correlate with such resistance. Hence, in order to determine whether our
Trastuzumab and Lapatinib-resistant cell lines release increased levels of
sJAM-A, basal levels of sJAM-A released into conditioned media from our
cell lines were analysed via western blotting.

5.3.3 Both

Trastuzumab

and

Lapatinib-resistant

cells

release

increased levels of cleaved sJAM-A compared to their corresponding
drug-sensitive cell lines

As shown in Figure 5.5, there was a significant increase in levels of sJAM-A
released from Trastuzumab-resistant BT474 cells compared to drugsensitive cells (p<0.01). Specifically, Trastuzumab-resistant BT474 cells
released approximately 3-fold greater levels of sJAM-A compared to drugsensitive cells.
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Figure 5.5 BT474 Trastuzumab-resistant cells release increase levels of
cleaved soluble JAM-A compared to BT474 Trastuzumab-sensitive
cells. 150,000 cells/well of BT474 Trastuzumab-sensitive and -resistant cells
were plated in 6-well plates in serum-containing media. 48hr later cells were
washed and serum-free media was added to the wells. At 72hr, conditioned
media was centrifuged to exclude any floating cells and concentrated using
Amicon Ultra-2 Centrifugal Filter Spin Columns. Changes in soluble JAM-A
(sJAM-A) levels released into conditioned media were then analysed via
western blot analysis based on equal protein loading. A) Representative
western blot images illustrating changes in release of cleaved sJAM-A
between BT474 Trastuzumab-sensitive and –resistant cells, B) Densitometry
analysis for levels of soluble cleaved JAM-A released into media over 72hr
normalised to ponceau staining. *p<0.05 by equal variance unpaired t-test,
n=3 independent experiments.

Furthermore, similar differences in levels of cleaved sJAM-A were observed
between Lapatinib-resistant and -sensitive SKBR3 cells. As shown in Figure
5.6, western blot analysis revealed a significant 4-fold increase in levels of
cleaved sJAM-A released into the media of Lapatinib-resistant compared to –
sensitive SKBR3 cells (p<0.05).
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Figure 5.6 SKBR3 Lapatinib-resistant cells release increased levels of
cleaved soluble JAM-A compared to Lapatinib-sensitive cells. 150,000
cells/well of Lapatinib-sensitive and -resistant SKBR3 cells were plated in 6well plates in serum-containing media. 48hr later cells were washed and
serum-free media was added to the wells. At 72hr, conditioned media was
centrifuged to exclude any floating cells and concentrated using Amicon
Ultra-2 Centrifugal Filter Spin Columns. Changes in soluble JAM-A (sJAM-A)
levels released into conditioned media were then analysed via western blot
analysis based on equal protein loading. A) Representative western blot
images illustrating changes in release of cleaved sJAM-A between specified
cell lines, B) Densitometry analysis for levels of soluble cleaved JAM-A
released into media over 72hr. (*p<0.05 by equal variance unpaired t-test,
n=3 independent experiments).

Taken together, these results suggest that the acquisition of resistance to
anti-HER2 treatment is associated with increased cleavage of full-length
JAM-A protein to its truncated form. Therefore, if cleaved JAM-A released
into the extracellular milieu is detectable in serum samples of breast cancer
patients receiving anti-HER2 therapy, sJAM-A may have potential as a
therapeutic biomarker for the development of drug resistance. Hence, we
next tested whether sJAM-A is detectable in serum samples of a small
(n=10) cohort of HER2-positive breast cancer patients, and whether it
correlates with drug resistance.
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5.3.4 Soluble JAM-A detected in patient serum samples may have
potential as biomarker for resistance to anti-HER2 therapy

The HER2-positive patients were in a phase II clinical trial aiming to assess
the efficacy of combined Trastuzumab and Lapatinib treatment in neoadjuvant therapy of HER2-positive breast cancer. All patients were treated
with the chemotherapeutic agents Docetaxel (T) and Carboplatin (C). In
addition to T and C treatment, there were three arms of the study;
Trastuzumab treatment (H, for Herceptin), Lapatinib Treatment (L), or a
combination of both (HL). The patients were treated with one of these antiHER2 therapy combinations at diagnosis. Treatment response was assessed
at time of surgery as either complete response (CR), partial response (PR),
or no response (NR). Complete response was defined as disappearance of
all target lesions, partial response defined as at least 30% decrease in
tumour size, and no response as stable or progressive disease. Following
surgery, patients were assessed for disease relapse as a surrogate for
resistance to anti-HER2 therapy. The overall dataset incorporated 79
patients (38 CR, 32 PR, 9 NR). However, only ten patient serum samples
were available to us from this dataset (4 CR, 4 PR, 2 NR).
As illustrated in Figure 5.7, sJAM-A was detected in five of the ten patient
samples (1 CR, 3 PR, 1 NR). It should be noted that a sJAM-A band was
also detected in the serum of patient number H. However, this band was faint
and was not clear when scanned. Of the patients where sJAM-A was
detectable in their serum; patient A was treated with Trastuzumab alone and
initially responded well to treatment but subsequently developed resistance
and drug recurrence post-surgery. Patient C was treated with Lapatinib only
and progressed from Stage IIB to Stage IIIA. Patient H was treated with
Trastuzumab only and partially responded to treatment, but later developed
resistance and disease recurrence post-surgery. Patient I had dramatically
increased levels of sJAM-A compared to other patient samples. This patient
was treated with both Trastuzumab and Lapatinib and showed partial
response to anti-HER2 treatment. It should be noted that this patient was the
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only one with a residual tumour-resection margin. Patient number J was also
treated with Trastuzumab and Lapatinib and partially responded to the
treatment.

Figure 5.7 Soluble JAM-A is detectable in serum samples of breast
cancer patients and may have potential as biomarker for resistance to
anti-HER2 therapy. Western blot analysis of soluble JAM-A (sJAM-A) in
HER2-positive breast cancer patient serum samples from a phase II clinical
trial assessing the efficacy of combined Trastuzumab and Lapatinib
treatment in neo-adjuvant treatment of HER2-positive breast cancer, using
pathological complete response (pCR) as the primary endpoint. A) Clinical
information and western blot analysis for Patients A-E; B) Clinical information
and western blot analysis for Patients F-J. T-Docetaxel, C-Carboplatin, HHerceptin/Trastuzumab, L-Lapatinib. + Low sJAM-A, +++ High sJAM-A.
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Figure 5.8 Table of clinical variables for HER2-positive breast cancer
patients stratified according to presence of soluble JAM-A in serum.
Serum samples from HER2-positive breast cancer patients were analysed
for presence of soluble JAM-A (sJAM-A) via western blot analysis. Statistical
analysis was carried out using χ2 test and Fisher’s two-tailed exact tests for
association of sJAM-A with response to anti-HER2 therapy and other
clinicopathological parameters. Row percentage represented with % sign in
brackets followed by column percentage in brackets. ER - oestrogen
receptor, PR - progesterone receptor, T-Docetaxel, C-Carboplatin, HTrastuzumab, L-Lapatinib.
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Overall, these results indicate for the first time that sJAM-A is detectable in
serum samples from HER2-positive breast cancer patients, and that it merits
further investigation as a novel biomarker of resistance to anti-HER2
therapies. To further explore the translational relevance, we next investigated
sJAM-A levels in a separate small cohort of matched patient serum samples,
before and after disease recurrence.

5.3.5 Levels of soluble JAM-A detected in breast cancer patient serum
is patient and time-points specific

Matched serum samples from 20 patients at different stages of disease
(before and after disease recurrence) were procured from a HER2-positive
breast cancer dataset. This dataset did not measure pathological complete
response to anti-HER2 treatment. However, disease recurrence, a surrogate
marker of resistance to anti-HER2 therapy, was documented. Therefore,
levels of sJAM-A in patient serum samples were analysed relative to drugresistance status. Regarding matched serum samples of patients who
developed resistance, earlier time-point samples were taken before disease
recurrence whereas later time-point samples were taken after disease
recurrence. As illustrated in Figure 5.9, sJAM-A was detected in 5 out of the
7 patients who developed disease recurrence (71.43%). Interestingly, in 2/7
patients sJAM-A was detected in the serum sample taken before disease
recurrence was documented rather than afterwards. sJAM-A was also
detected in 4 out of the 12 serum samples from patients who didn’t develop
recurrence (30.77%). One of these was in the earlier time-point sample
whereas the other three were in later time-point samples.
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Figure 5.9 Levels of soluble JAM-A in breast cancer patient serum differ
between patients and time-points. Western blot analysis of soluble JAM-A
(sJAM-A) in matched HER2-positive breast cancer patient serum samples.
Earlier time-point samples are displayed on the left whereas later time-point
samples are displayed on the right. Regarding samples from patients who
developed disease recurrence, earlier time-point samples were taken before
disease recurrence whereas later time-point samples were taken after
disease recurrence. A) Western blot analysis of sJAM-A in serum samples
from HER2-positive breast cancer patients who did not recur (patients 1-13,
top) and patients who developed disease recurrence (patients 14-20, bottom)
and, B) Table of values for sJAM-A levels in each category, C) Bar chart
representing percentage of patients with detectable levels of sJAM-A in their
serum over total number of patients per group based on disease recurrence.
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Figure 5.10 Table of clinical variables for HER2-positive breast cancer
patients stratified according to presence of soluble JAM-A in serum.
Serum samples from HER2-positive breast cancer patients were analysed
for presence of soluble JAM-A (sJAM-A) via western blot analysis. Statistical
analysis was carried out using χ2 test and Fisher’s two-tailed exact tests for
association of sJAM-A with disease recurrence following anti-HER2 therapy
and other clinicopathological variables. Row percentage represented with %
sign in brackets followed by column percentage in brackets. ER - oestrogen
receptor, PR - progesterone receptor, T-Docetaxel, C-Carboplatin, HTrastuzumab, L-Lapatinib.
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Taken together, these results reveal that sJAM-A is detectable in the serum
samples of breast cancer patients. Data from two small patient cohorts
suggest that there may be a correlation between increased sJAM-A and
resistance to anti-HER2 therapies. However, this association could not be
verified in this study due to the small sizes of patient cohorts available and
variability across patients. Thus, further investigations using larger clinical
datasets are required to elucidate whether this is the case. Nonetheless,
these results suggest that sJAM-A may hold potential as a future therapeutic
biomarker for resistance to anti-HER2 therapy.
Following verification that sJAM-A is detectable in serum samples of HER2positive breast cancer patients and may be associated with resistance to
anti-HER2 treatment, we next aimed to determine whether release of sJAMA may be pharmacologically inhibited in vitro. In order to test this, a dual
ADAM10/ADAM17 inhibitor called GI254023X (GI25) was used. In order
determine whether ADAM10 and/or ADAM17-mediated JAM-A cleavage in
our resistant models, BT474 Trastuzumab-resistant and SKBR3 Lapatinibresistant cells were treated with GI25 or DMSO vehicle control for 72hr.
Levels of sJAM-A were then detected as previously described.

5.3.6 ADAM10 and ADAM17 inhibition dramatically reduces cleavage
of JAM-A in cells with acquired resistance to anti-HER2 therapies

As shown in Figure 5.11, 72hr of pharmacological ADAM inhibition using
GI25 substantially inhibited release of cleaved sJAM-A from Trastuzumabresistant BT474 cells (A/B) and Lapatinib-resistant SKBR3 cells (C/D).
Release of sJAM-A was reduced by 87% ±6% following ADAM10 and
ADAM17 inhibition in BT474 Trastuzumab-resistant cells compared to DMSO
treated control cells (p<0.001). Similar results were observed in Lapatinibresistant SKBR3 cells, with GI25 treatment resulting in a 95% ±1% decrease
in sJAM-A levels (p<0.001).
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Figure 5.11 ADAM10 and ADAM17 inhibition downregulates cleavage of
soluble JAM-A in BT474 Trastuzumab-resistant and SKBR3 Lapatinibresistant cells. Trastuzumab-resistant BT474 cells and Lapatinib-resistant
SKBR3 cells were plated at 150,000 cells/well in 6-well plates in serumcontaining media. 48hr later cells were washed and treated with serum-free
media containing either vehicle control (DMSO, 0.3% v/v) or 12μg/mL
GI254023X (GI25; SML0789, Sigma-Aldrich). At 72hr, conditioned media
was centrifuged to exclude any floating cells and concentrated using Amicon
Ultra-2 Centrifugal Filter Spin Columns. Changes in soluble JAM-A (sJAM-A)
levels released into conditioned media were then analysed via western blot
analysis based on equal protein loading. A-B) Representative western blot
image (A) and densitometry analysis (B) for BT474 Trastuzumab-resistant
cells relative to ponceau staining, C-D) Representative western blot image
(C) and densitometry analysis (D) for SKBR3 Lapatinib-resistant cells relative
to ponceau staining. ***p<0.001 by equal variance unpaired t-test, n=3
independent experiments.
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These results suggest that the metalloproteases ADAM10 and/or ADAM17
are involved in cleavage of JAM-A from the cell membrane to the
extracellular milieu. However, although both of these proteases have been
reported to cleave JAM-A (114), it may be the case that only one of the
proteins mediates JAM-A shedding in our resistant models. Therefore, in
order to define if one or both ADAMs were primarily involved in this process,
both proteases were transiently knocked down, either alone or in
combination, for 48hr. Release of sJAM-A into media was analysed 72hr
later as previously described.

5.3.7 Silencing ADAM10 significantly reduces levels of sJAM-A
released from BT474 Trastuzumab-resistant and SKBR3 Lapatinibresistant cells

As illustrated in Figure 5.12, successful silencing of ADAM10 significantly
reduced levels of sJAM-A released from BT474 Trastuzumab-resistant cells
to 36% ±10% (p<0.05). ADAM17 knockdown reduced sJAM-A levels to 85
±19% (p=ns). However, large variability should be noted, as in 3 out of the 6
replicated

experiments,

silencing

ADAM17

reduced

sJAM-A

levels.

Combined silencing of ADAM10 and ADAM17 did not additively reduce
sJAM-A levels, supporting the idea that ADAM10 is principally responsible
for cleaving JAM-A in this cellular model.
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Figure 5.12 Knockdown of ADAM10 but not ADAM17 reduces sJAM-A
release from Trastuzumab-resistant BT474 cells. Trastuzumab-resistant
BT474 cells were plated at 100,000 cells/well in 6-well plates in serumcontaining media. 24hr later, cells were transfected with 25nM of control
siRNA (siNEG; D-001810-01-05, Dharmacon), ADAM10 siRNA (siADAM10;
D-004503-01-0002, Dharmacon), ADAM17 siRNA (siADAM17; D-00345301-0002, Dharmacon), or a combination of both. 48hr later, the cells were
washed and treated with serum-free media. At 72hr, conditioned media was
centrifuged to exclude any floating cells and concentrated using Amicon
Ultra-2 Centrifugal Filter Spin Columns. A) Representative western blot
image of ADAM10, ADAM17 and soluble JAM-A following ADAM10/17
knockdown in BT474 Trastuzumab-resistant cells, B) Densitometric analysis
for soluble JAM-A released from BT474 Trastuzumab-resistant cells relative
to ponceau staining. *p<0.05 by One-way ANOVA with Tukey’s multiple
comparison test, n=6 independent experiments.
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As illustrated in Figure 5.13, silencing ADAM10 in SKBR3 Lapatinib-resistant
cells also significantly reduced sJAM-A levels to 35% ±5% of control levels
(p<0.01). ADAM17 knockdown reduced JAM-A cleavage to 73% ±10% of
control levels, but high inter-experimental variability rendered it statistically
insignificant. There was no additive effect of simultaneously silencing
ADAM10 and ADAM17, again supporting the idea that ADAM10 is the main
player in cleaving JAM-A in this model.
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Figure 5.13 Silencing ADAM10, but not ADAM17, significantly reduces
levels of sJAM-A released from Lapatinib-resistant SKBR3 cells.
100,000 cells/well were plated in 6-well plates and transfected the following
day with 25nM control siRNA (siNEG; D-001810-01-05, Dharmacon),
ADAM10 siRNA (siADAM10; D-004503-01-0002, Dharmacon), ADAM17
siRNA (siADAM17; D-003453-01-0002, Dharmacon), or a combination of
both. 48hr later, cells were treated with serum-free media. At 72hr,
conditioned media was centrifuged to exclude any floating cells and
concentrated using Amicon Ultra-2 Centrifugal Filter Spin Columns. A)
Representative western blot image of ADAM10, ADAM17 and soluble JAM-A
following ADAM10/17 knockdown in SKBR3 Lapatinib-resistant cells, B)
Densitometric analysis for soluble JAM-A released from SKBR3 Lapatinibresistant cells relative to ponceau staining. **p<0.01 by One-way ANOVA
with Tukey’s multiple comparison test, n=4 independent experiments.

These results were interesting as they suggested that ADAM10 was primarily
responsible for JAM-A cleavage in both BT474 Trastuzumab-resistant and
SKBR3 Lapatinib-resistant cells, despite the fact that expression of both
proteases was increased in our drug-resistant models (Figures 5.3 & 5.4).
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However, our results do not exclude the possibility of ADAM17 involvement
in JAM-A shedding, as silencing the protease affected sJAM-A levels in
some of our experiments. Due to this, and the fact that ADAM17 has been
reported

to

cleave

JAM-A

in

other

settings

(114),

subsequent

experimentation also included ADAM17 manipulation.
We next tested whether silencing of these proteases, and thus suppression
of JAM-A cleavage, could re-sensitise Trastuzumab and Lapatinib-resistant
cells to the anti-proliferative effects of anti-HER2 drugs. In order to do this,
cell viability assays were carried out following ADAM10 and/or ADAM17
knockdown and anti-HER2 treatment in BT474 Trastuzumab-resistant and
SKBR3 Lapatinib-resistant cells.

5.3.8

Silencing ADAM10 and/or ADAM17 enhances the anti-viability

effect of HER2-targeted therapy in BT474 Trastuzumab-resistant and
SKBR3 Lapatinib-resistant cells

As illustrated in Figure 5.14A, Trastuzumab treatment alone had no effect on
the viability of Trastuzumab-resistant BT474 cells. However, ADAM10
knockdown in addition to Trastuzumab treatment significantly reduced
viability by 21% ±2% (p<0.01). Similarly, silencing ADAM17 in combination
with Trastuzumab treatment reduced viability by 25% ±4% in this cell line
(p<0.01). Combined ADAM10 and ADAM17 knockdown had no additive
effect versus the silencing of either gene alone in the Trastuzumab treatment
setting (p<0.01). Similar results were observed following ADAM10 and/or
ADAM17 knockdown in the Lapatinib-resistant SKBR3 cell model (Figure
5.14B). Specifically, Lapatinib treatment alone reduced cell viability by 19%
±5%, while Lapatinib combined with ADAM10 knockdown decreased viability
by 31% ±4% (p<0.05). Silencing ADAM17 in addition to Lapatinib treatment
reduced cell viability by 40% ±2% (p<0.05), while combined knockdown of
both ADAM10 and ADAM17 in conjunction with Lapatinib treatment
decreased viability by 49% ±3% (p<0.01).
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Figure 5.14 Silencing ADAM10 and/or ADAM17 in addition to anti-HER2
treatment is more effective at reducing viability of BT474 Trastuzumabresistant and SKBR3 Lapatinib-resistant cells than anti-HER2 treatment
alone. Cells were plated at 1,500 cells/well in 96-well plates. 24hr later, cells
were transfected with 25nM control siRNA (siNEG; D-001810-01-05,
Dharmacon), ADAM10 siRNA (siADAM10; D-004503-01-0002, Dharmacon),
ADAM17

siRNA

(siADAM17;

D-003453-01-0002,

Dharmacon),

or

a

combination of both. The following day, cells were treated with vehicle
control (VC; nuclease-free H2O, 0.5% v/v, or DMSO, 0.002% v/v), 100μg/mL
Trastuzumab, or 150ng/mL Lapatinib. 72hr later, cell viability was measured
via MTT assay. A-B) Cell viability response of BT474 Trastuzumab-resistant
cells (A) and SKBR3 Lapatinib-resistant cells (B) to anti-HER2 treatment
alone and combined with ADAM10/17 knockdown. *p<0.05, **p<0.01 by
One-way ANOVA with Tukey’s multiple comparison test, n=3 independent
experiments.
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These results indicate that expression of ADAM10 and ADAM17 confer
some degree of resistance to anti-HER2 therapies, and suggest that
targeting these proteins may hold potential for overcoming such resistance.
However, as gene silencing is impractical in the clinical setting, the ADAM
inhibitor

GI25

was

tested

to

determine

whether

pharmacologically

antagonising ADAM10 and ADAM17 can re-sensitise Trastuzumab and
Lapatinib-resistant cells to the anti-proliferative effects of anti-HER2
treatments.

5.3.9 Pharmacological inhibition of ADAM10 and ADAM17 activity
does not re-sensitise Trastuzumab- and Lapatinib-resistant cells to
anti-HER2 treatment

As depicted in Figure 5.15A, GI25 treatment alone or in combination with
Trastuzumab reduced cell viability of BT474 Trastuzumab-resistant cells to
similar levels (89% ±4%, p<0.05 and 84% ±3%, p<0.01, respectively). There
was no significant additive effect of combined Trastuzumab/GI25 treatment
versus Trastuzumab treatment alone.
A similar pattern was observed in Lapatinib-resistant SKBR3 cells (Figure
5.15B). GI25 treatment alone reduced cell viability to 86% ± 3%, p<0.05
while combined Lapatinib and GI25 treatment decreased viability to 77%
±3%, p<0.001. However, as with BT474 Trastuzumab-resistant cells, there
was no statistically significant difference between SKBR3 Lapatinib-resistant
cells treated with Lapatinib alone compared to those treated with both
Lapatinib and GI25.

192

Figure 5.15 ADAM10 and ADAM17 inhibition alone does not have an
additive anti-viability effect to anti-HER2 treatment in drug-resistant cell
lines. BT474 Trastuzumab-resistant and SKBR3 Lapatinib-resistant cells
were plated at 1,500 cells/well in 96-well plates and treated 24hr later with
vehicle control (VC; DMSO, 0.3% v/v) or 12μg/mL GI254023X (GI25;
SML0789, Sigma-Aldrich). GI25 concentration was optimised based on
complete inhibition of JAM-A cleavage (as illustrated in Figure 5.11). The
following day, cells were treated with vehicle control (VC; nuclease-free H2O,
0.5% v/v or DMSO, 0.002% v/v), 100μg/mL Trastuzumab, or 150ng/mL
Lapatinib. 72hr later, cell viability was measured via MTT assay. A-B) Cell
viability response of BT474 Trastuzumab-resistant cells (A) and SKBR3
Lapatinib-resistant cells (B) to anti-HER2 treatment alone and combined with
GI25 treatment. *p<0.05, **p<0.01, ***p<0.001 by One-way ANOVA with
Tukey’s multiple comparison test, n=3 independent experiments.
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These results indicate that silencing overall ADAM10 and ADAM17
expression is more effective than pharmacological inhibition of the proteases
at enhancing the anti-viability effect of HER2-targeted therapy in BT474
Trastuzumab-resistant and SKBR3 Lapatinib-resistant cells.
Taken together, our results thus far suggest that increased ADAM-dependent
cleavage of JAM-A is associated with resistance to anti-HER2 therapies in
two breast cell line models. In addition, we have found that sJAM-A is
detectable in serum from HER2-positive breast cancer patients and may
correlate with resistance to anti-HER2 therapy. Lastly, we have shown that
silencing ADAM10 and/or ADAM17, but not pharmacological antagonism of
the proteases, re-sensitises BT474 Trastuzumab-resistant and SKBR3
Lapatinib-resistant cells to anti-HER2 treatment. These data support our
initial hypothesis (Figure 5.1), however, the functional relevance of
increased sJAM-A release remained unclear. Therefore, we utilised
recombinant soluble JAM-A (rsJAM-A) to explore the potential functional
roles of sJAM-A in breast cancer progression.
Although the specific sites of JAM-A cleavage by ADAM10 and ADAM17
have not yet been elucidated, we procured a commercial source of
recombinant soluble JAM-A which acted as a good mimic for the predicted
cleaved form of JAM-A detected in the conditioned medium of drug-resistant
cells and in patient serum samples. Specifically, as illustrated in Figure 5.16,
the sequence for this recombinant fragment of JAM-A incorporates the
extracellular domain of the TJ protein, containing its two Immunoglobulin-like
domains. Furthermore, the production of this recombinant fragment in a
human cell source (human embryonic kidney HEK293 cells) was a positive
assurance that post-transcriptional modifications such as glycosylation of this
domain of JAM-A should be as similar as possible to those in our cell line
models.
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Figure 5.16 Comparison of JAM-A sequence and domains versus the
sequence of the commercial source of recombinant soluble JAM-A. A)
Alignment of the full-length JAM-A (flJAM-A) sequence with that of
recombinant soluble JAM-A (rsJAM-A), B) Detailed description of the
different domains of the JAM-A protein.
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Prior to treatment of cells with rsJAM-A, an appropriate concentration
reference range was established by estimating the concentration of sJAM
released from drug-resistant cells. To accomplish this, drug-sensitive BT474
and SKBR3 cells were treated with a range of rsJAM-A concentrations in
order to determine a treatment concentration in the same approximate range
as basal levels of sJAM-A released from their corresponding Trastuzumab or
Lapatinib-resistant cell line. Based upon this, two concentrations of rsJAM-A
were selected for each cell line. Basal levels of sJAM-A released by drugresistant BT474 cells were almost 5 times that of drug-resistant SKBR3 cells,
so the range of rsJAM-A concentrations illustrated in Figure 5.13 differs for
each cell line.
As shown in Figure 5.17A, basal levels of sJAM-A released by
Trastuzumab-resistant BT474 cells correlated most closely with 2.5ng/mL
and 5ng/mL rsJAM-A treatment. Therefore, these were the concentrations of
rsJAM-A selected for subsequent treatment of BT474 Trastuzumab-sensitive
cells. As depicted in Figure 5.17B, 0.5-1ng/mL rsJAM-A treatment best
reflected basal sJAM-A levels released from Lapatinib-resistant SKBR3 cells.
Based upon media volumes, we estimated that Trastuzumab-resistant
BT474 cells released approximately 5-10ng sJAM-A over the course of 72hr,
while Lapatinib-resistant SKBR3 cells released approximately 1-2ng sJAM-A
in this time.
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Figure 5.17 Estimation of recombinant soluble JAM-A treatment
concentrations which correlate with soluble JAM-A levels released by
Trastuzumab-resistant BT474 cells and Lapatinib-resistant SKBR3
cells. Trastuzumab-sensitive or -resistant BT474 cells and Lapatinibsensitive or -resistant SKBR3 cells were plated at 150,000 cells/well in 6-well
plates in serum-containing media. The following day, cells were treated in
serum-free media with vehicle control (PBS, 0.001% v/v) or varying
concentrations of recombinant soluble JAM-A (rsJAM-A; Recombinant
Human Junctional Adhesion Molecule 1 protein, ab151859, Abcam). A)
Representative western blot image showing basal sJAM-A levels released
from drug-sensitive BT474 cells, followed by increasing concentrations of
rsJAM-A treatment, and basal levels of sJAM-A released from Trastuzumab
–resistant BT474 cells, B) Western blot image displaying basal sJAM-A
released from drug-sensitive SKBR3 cells, increasing concentrations of
rsJAM-A treatment, and basal sJAM-A released from Lapatinib-resistant
SKBR3 cells.
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Following the selection of rsJAM-A treatment concentrations approximating
the levels of sJAM-A released by drug-resistant cells, these concentrations
were used to assess the possible impact of rsJAM-A on a number of
functional cellular behaviours relevant to tumorigenesis in Trastuzumabsensitive BT474 cells and Lapatinib-sensitive SKBR3 cells.

5.3.10 Recombinant soluble JAM-A treatment does not promote cell
viability or reduce sensitivity of BT474 or SKBR3-sensitive cells to antiHER2 therapy

To first assess whether sJAM-A might promote cell viability, Trastuzumabsensitive BT474 and Lapatinib-sensitive SKBR3 cells were treated with
rsJAM-A for 72hr and cell viability analysed via MTT assay. As shown in
Figure 5.18, rsJAM-A treatment did not have any effect on the viability of
drug-BT474 or SKBR3 cells. In addition, clonogenic assays revealed that 9day rsJAM-A treatment had no effect on the colony-forming potential of
SKBR3-sensitive cells (Supplementary Figure 9, Appendix I).
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Figure 5.18 Recombinant soluble JAM-A treatment does not affect the
viability of Trastuzumab-sensitive BT474 or Lapatinib-sensitive SKBR3
cells. Trastuzumab-sensitive BT474 and Lapatinib-sensitive SKBR3 cells
were plated at 1,500 cells/well in 96-well plates. The following day, cells were
treated in serum-free media with vehicle control (PBS, 0.0004% v/v for
BT474-sensitive and 0.0001% v/v for SKBR3-sensitive) or specified
concentrations of recombinant soluble JAM-A (rsJAM-A; Recombinant
Human Junctional Adhesion Molecule 1 protein, ab151859, Abcam).
Specified concentrations of sJAM-A were selected based on previously
described

approximation

of

sJAM-A

levels

naturally

released

by

corresponding drug-resistant cells. 72hr later, cell viability was measured via
MTT assay. A) Cell viability response of Trastuzumab-sensitive BT474 cells
to recombinant soluble JAM-A treatment, B) Cell viability response of drugsensitive SKBR3 cells to recombinant soluble JAM-A treatment. Quantitative
analysis is based on n=3 independent experiments.
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These results indicate that rsJAM-A treatment has no effect on the viability of
HER2-targeted therapy-sensitive cell lines. However, as our previous results
suggested that elevated sJAM-A levels correlate with resistance to
Trastuzumab and Lapatinib, it may be the case that sJAM-A interferes with
the anti-tumorigenic effects of these drugs. Therefore, in order to elucidate
whether rsJAM-A treatment may confer some degree of resistance to antiHER2 therapies, SKBR3-sensitive cells were treated with rsJAM-A for 72hr
in the presence or absence of Trastuzumab or Lapatinib for an additional
72hr. Cell viability was then analysed via MTT assay.

5.3.11 Recombinant soluble JAM-A treatment does not additively
reduce viability with anti-HER2 drugs in drug-sensitive SKBR3

As illustrated in Figure 5.19, rsJAM-A pre-treatment followed by combined
anti-HER2 and rsJAM-A treatment did not affect the responsiveness of
SKBR3-sensitive cells to Trastuzumab or Lapatinib treatment. Specifically,
Trastuzumab treatment alone reduced cell viability to 71% ±9%, whereas
Trastuzumab combined with 0.5ng/mL or 1ng/mL rsJAM-A treatment
decreased viability to 73% ±8% and 84% ±14%, respectively (Figure 5.19A).
As shown in Figure 5.19B, Lapatinib treatment alone reduced cell viability to
approximately 58% ±11% while Lapatinib treatment combined with 0.5ng/mL
or 1ng/mL rsJAM-A decreased it to 60% ±10% and 51% ±5%, respectively.
These results suggest that rsJAM-A exposure does not alter the sensitivity of
drug-sensitive SKBR3 cells to Trastuzumab or Lapatinib treatment.
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Figure 5.19 Recombinant soluble JAM-A treatment does not improve
the sensitivity of drug-sensitive SKBR3 cells to anti-HER2 treatment.
SKBR3-sensitive cells were plated at 1,500 cells/well in 96-well plates. The
following day, cells were treated in serum-free media with vehicle control for
rsJAM-A (PBS, 0.0001% v/v) or recombinant soluble JAM-A (rsJAM-A;
Recombinant Human Junctional Adhesion Molecule 1 protein, ab151859,
Abcam). Specified concentrations of sJAM-A were selected based on
previously described approximation of sJAM-A levels naturally released by
corresponding drug-resistant cells. 72hr later, cells were treated with a
combination of rsJAM-A and either 100μg/mL Trastuzumab (or vehicle
control (VC; nuclease-free H2O, 0.5% v/v)) or 150ng/mL Lapatinib (or
equivalent vehicle control (VC; DMSO, 0.002% v/v). Cell viability was
measured via MTT assay 72hr later. A) Cell viability response of SKBR3sensitive cells to rsJAM-A and Trastuzumab treatment, B) Cell viability
response of SKBR3-sensitive cells to rsJAM-A and Lapatinib treatment.
Quantitative analysis is based on n=3 independent experiments.
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Having established that (under the selected experimental conditions) rsJAMA had no effect on cell viability or colony-forming potential, we next tested
whether it could influence other pro-tumorigenic processes. As disruption of
intercellular adhesion can promote cancer cell migration and invasion, two
early events in metastasis, we next aimed to determine whether rsJAM-A
had any effect on the migration of breast cancer cells. In order to do this,
scratch-wound migration assays were carried out following rsJAM-A
treatment.

5.3.12 Recombinant soluble JAM-A treatment does not affect the
migratory capacity of SKBR3-sensitive cells

As shown in Figure 5.21, 72hr pre-treatment with 0.05ng/mL rsJAM-A
promoted an average of 85% greater wound closure over control conditions
in Trastuzumab/Lapatinib-sensitive SKBR3 cells. 72hr rsJAM-A treatment at
1ng/mL resulted in approximately 56% increased wound closure in 6 hr.
However, the effects of rsJAM-A treatment on wound closure were variable
and therefore statistically insignificant. Furthermore, since the rate of wound
closure in SKBR3 cells over 6 hr is very slow, the model had sub-optimal
sensitivity to measure subtle changes in cell migration. In addition, there
appeared to be more cell scattering than linear migration. Thus, analysis of
alterations in this process was challenging.
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Figure 5.20 Recombinant soluble JAM-A treatment does not promote
linear migration in SKBR3-sensitive cells. Cells were plated at 100,000
cells/well in 6-well plates and treated 24hr later in serum-free media with
vehicle control (PBS) or specified concentrations of recombinant soluble
JAM-A (rsJAM-A; ab151859, Abcam). Specified concentrations of sJAM-A
were selected based on previously described approximation of sJAM-A
levels naturally released by corresponding drug-resistant cells. 72hr later,
cells were trypsinised and counted. 100,000 cells from each condition were
then plated per well of 24-well plates. A confluent cell monolayer was
scratched with a p10 tip and treated with rsJAM-A. The scratch was imaged
at 0 and 6hr to determine any difference in wound closure following rsJAM-A
treatment. A) Representative scratch-wound images from each treatment
group, B) Quantitative analysis of wound closure based on n=3 independent
experiments.
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These results suggest that rsJAM-A treatment does not promote migration of
SKBR3-sensitive cells. However, as noted above, the cells treated with
rsJAM-A tended towards an unquantified increase in scattering. Thus, we
next aimed to determine whether rsJAM-A treatment may affect other
parameters of cell movement in drug-sensitive SKBR3 cells.

5.3.13 Recombinant soluble JAM-A treatment promotes invasion of
SKBR3-sensitive cells through an extracellular matrix substitute

As illustrated in Figure 5.22, 0.5ng/mL rsJAM-A dramatically increased the
invasion of SKBR3-sensitive cells through Matrigel matrix (in modified
Boyden chamber assays) by 143% ±43% compared to vehicle control
treated cells (p<0.01). A significant elevation of invasive capacity by 134%
±8% was also observed upon treatment with 1ng/mL rsJAM-A relative to
control conditions (p<0.05). Interestingly, this effect was concentrationindependent.
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Figure 5.21 Recombinant soluble JAM-A treatment promotes invasion
of SKBR3-sensitive cells in vitro. 100,000 cells were plated per well in 6well plates. 24hr later, cells were treated in serum-free media with vehicle
control (PBS) or specified concentrations of recombinant soluble JAM-A
(rsJAM-A; ab151859, Abcam). Specified concentrations of sJAM-A were
selected based on previously described approximation of sJAM-A levels
naturally released by corresponding drug-resistant cells. 72hr later, 200,000
cells from each condition were inserted into the top chamber of a matrigel
invasion assay in serum-free media with PBS or rsJAM-A treatment. 5% FBS
in the lower chamber was used as a chemoattractant. 16hr later, noninvaded cells were scrubbed off, and invaded cells fixed and stained with
0.5% crystal violet. An image was taken in each quadrant of the membrane
at 20X magnification and analysis was based on cell counting by an
independent party. A) Representative image of invaded cells in specified
treatment groups, B) Quantification of SKBR3-sensitive cell invasion in
response to rsJAM-A treatment. *p<0.05 by One-way ANOVA with Tukey’s
multiple comparison test, n=4 independent experiments.
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As the matrigel matrix served as an in vitro basement membrane, these
results suggest that rsJAM-A promotes the invasive capacity of SKBR3sensitive cells. Taken together, this data indicates that rsJAM-A promotes
invasion (but less so migration) of HER2-positive breast cancer cells.
To determine whether rsJAM-A treatment may have pro-invasive or protumorigenic effects in a higher order experimental model, a semi-in vivo
approach using chick embryo chorio-allantoic membrane (CAM) assays was
adopted. The CAM is a vascular membrane found in chick eggs. It is
composed of a multilayer epithelium: the ectoderm chorionic epithelium, the
mesoderm (or stroma), and the allantoic epithelium at the interface with the
allantoic sac. The allantoic sac helps the embryo exchange gases and
handles liquid waste, thus serving the functions of a placenta for the growing
chick embryo. The CAM consists of blood capillaries to facilitate gas
exchange and contains extracellular matrix proteins such as fibronectin,
laminin, collagen and integrin αvβ3. Due to the presence of these blood
vessels and ECM proteins which mimic the tumour micro-environment (226),
the CAM model has become an established in vivo system to assess tumour
progression (226-229).
In order to examine potential pro-invasive/pro-tumorigenic effects of rsJAM-A
treatment in this system, tumour cells were seeded onto the CAM and
treated daily for 4 days with 40ng rsJAM-A (equivalent of 2mL 1ng/mL
treatment of 100,000 cells). Tumours were then excised, paraffin-embedded
and immunohistochemically analysed for pro-tumorigenic markers.

5.3.14 Recombinant soluble JAM-A treatment promotes an invasive
phenotype of breast tumours in vivo

Using the CAM model, implanted “tumours” that developed following
treatment with rsJAM-A were noticeably larger in size compared to those
treated with vehicle control. In addition, tumours treated with rsJAM-A
appeared to have an increased number of surrounding blood vessels.
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Unfortunately, tumour size and vasculature could not be systematically
measured or imaged in situ prior to fixation and embedding. In order to
examine potential pro-invasive/pro-tumorigenic effects of rsJAM-A treatment
in this setting, excised tumours were stained for pan-cytokeratin (to identify
epithelial cells and to monitor tumour cell invasion of the CAM), Ki67 (to
determine proliferation), and β1-integrin (as an indicator of cell migration
capacity).
As shown in Figure 4.23B, haematoxylin and eoisin (H & E) staining
revealed that tumour cells treated with rsJAM-A appeared to have a more
aggressive morphology compared to those treated with vehicle control. Pancytokeratin (cytok) staining distinguished the implanted tumour (stained
brown) from the surrounding CAM tissue (clear). Increased invasion of
tumour cells into surrounding CAM tissue was visible in rsJAM-A-treated
cells compared to controls treated with PBS. Although there appeared to be
more Ki67-positive breast cancer cells in rsJAM-A-treated tumour cells
(Figure 4.23B), this difference did not fully reflect the extent of larger tumour
size in rsJAM-A-treated versus PBS-treated tumours. Lastly, β1-integrin
positivity was more intense in rsJAM-A-treated tumours compared to vehicletreated controls (Figure 4.19B). These results suggest that rsJAM-A
promotes an invasive phenotype of breast tumours in vivo, possibly via
upregulation of β1-integrin expression.
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Figure 5.22 Recombinant soluble JAM-A treatment promotes an
invasive phenotype of breast tumours in vivo. 2 x 106 SKBR3-sensitive
cells were seeded on the chorioallantoic membrane (CAM) of chick embryos
in a silica ring. The following day, tumours were treated with 40ng rsJAM-A
or PBS for 4 days. The tumour and surrounding CAM were then excised,
fixed in 4% PFA overnight, and paraffin embedded. A) Images taken of
tumours inside chick egg before excision, B) Immunohistochemical staining
of haematoxylin and eosin (H&E), pan-cytokeratin (Cytok), Ki67 and β1Integrin (β1-Int).
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5.4

Discussion

Results presented in Chapter 4 of this thesis suggested that Trastuzumab
and Lapatinib-resistant cells express lower levels of JAM-A compared to their
corresponding

drug-sensitive

cell

lines.

However,

in

an

apparent

contradiction, silencing JAM-A in addition to HER2-targeted therapy exerted
greater anti-tumorigenic effects than anti-HER2 treatment alone. While
investigating potential mechanisms to explain the conflict, we considered the
possibility of a JAM-A pool which was not being detected by western blot
analysis. As the JAM-A primary antibody used for western blotting targeted
the extracellular domain of the protein, cleavage of the extracellular domain
would have appeared as loss of JAM-A expression. Therefore, we
hypothesised that a change in JAM-A processing, rather than expression,
may correlate with resistance to anti-HER2 therapies. This hypothesis was
supported by previous studies revealing a correlation between increased
expression of ADAM10 and ADAM17, two proteases known to be capable of
JAM-A cleavage (114), and resistance to anti-HER2 therapies (77, 180, 209,
213, 215, 216, 220, 224, 225). Thus, we aimed to investigate whether
resistance was associated with increased levels of sJAM-A released from
breast cancer cells.
qPCR analysis revealed no difference in JAM-A mRNA levels between cells
with resistance to anti-HER2 therapy and their associated drug-sensitive cell
lines, supporting that previously observed “loss” of JAM-A expression may
reflect increased cleavage of the TJ protein. Our hypothesis that resistance
may be associated with JAM-A cleavage was further supported by findings
that Trastuzumab and Lapatinib-resistant cell lines expressed significantly
upregulated levels of the proteases involved in shedding JAM-A; ADAM10
and ADAM17. These results are supported by a number of aforementioned
studies reporting an association between these metalloproteases and
resistance to anti-HER2 therapies (77, 209, 212, 215, 216, 225).
Accordingly, we detected increased levels of sJAM-A released into
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conditioned media by both of our resistant models compared to their
corresponding drug-sensitive cell lines.
As these results suggest that sJAM-A is associated with resistance to antiHER2 therapies, we then aimed to test whether sJAM-A could be detected in
patient serum samples to evaluate its potential as a biomarker of resistance.
We found that sJAM-A was detectable in serum samples from two small
cohorts of HER2-positive breast cancer patients. In one of these cohorts,
sJAM-A was only detected in patients who partially responded to anti-HER2
treatment or who initially responded well to treatment, but then quickly
developed disease recurrence. The other cohort of serum samples revealed
that sJAM-A was expressed more frequently in patients who developed
disease recurrence following anti-HER2 therapy. Recent studies have
supported a role for sJAM-A as a biomarker of tumorigenesis as sJAM-A
levels were found to be significantly increased in the sera of head and neck
squamous cell (HNSCC) patients compared to healthy subjects (230). These
results are exciting as they indicate that tumour-associated sJAM-A is
detectable in patient serum and thus has potential as a clinical biomarker of
tumour progression. Taken together, these findings suggest that sJAM-A
holds promise as a potential biomarker for resistance to anti-HER2 therapy
for breast cancer patients.
We then found that JAM-A cleavage and consequent production of sJAM-A
can be pharmacologically suppressed by inhibiting ADAM10 and -17 activity.
However, silencing each protease independently revealed that JAM-A
cleavage is primarily regulated by ADAM10 in this experimental setting. This
is in keeping with a potential association between sJAM-A and resistance to
anti-HER2 therapy, as the majority of studies have focussed on a
relationship between ADAM10 and drug resistance (77, 209, 212, 213, 224,
225), rather than ADAM17 (216, 225).
In order to test whether inhibition of JAM-A cleavage could re-sensitise
resistant cells to anti-HER2 therapy, cell viability was assessed following
ADAM10 and ADAM17 knockdown and anti-HER2 treatment. Silencing of
both proteases (individually and combined), in addition to anti-HER2 therapy
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was more effective at reducing cell viability compared to Trastuzumab or
Lapatinib-treatment alone. These results are supported by a number of
studies showing that targeting these metalloproteases may overcome
resistance to anti-HER2 therapies (77, 180, 209, 214).
However, it should be noted that there was little difference between the
effects of silencing ADAM10 compared to ADAM17 on viability of resistant
cells, whereas ADAM10 knockdown had a much greater effect at inhibiting
JAM-A cleavage. This suggests a multi-faceted role of these proteases in
resistance to anti-HER2 therapies, such as cleavage of HER2 itself (77, 196,
209).
Despite the importance of adhesion proteins in maintaining barrier function,
their cleavage during physiological and pathological conditions is not well
characterised (114, 231, 232). Therefore, as little is known about the
functions of cleaved sJAM-A itself, it is difficult to assess the effect it may
have on breast cancer cells. In addition, the majority of studies investigating
sJAM-A thus far have been carried out in endothelial cells where sJAM-A
may have alternative effects in a different microenvironment. Furthermore,
investigating the effects of sJAM-A in endothelial studies is less complicated,
as the cleaved product is directly released into the bloodstream and is
therefore readily accessible in patient serum samples (233, 234).
A number of investigations regarding the function of endothelial sJAM-A
have been carried out. Previous studies have found that serum levels of
sJAM-A were significantly higher in hypertensive subjects compared to
normotensive subjects, supporting a role for sJAM-A in the pathophysiology
of hypertension (234). Other work has suggested a potential role for sJAM-A
in vascular inflammation (114, 211).
As of yet, JAM-A shedding and the resultant soluble form of the protein have
not been investigated in breast cancer. Hypothetically speaking, there are a
number of ways by which JAM-A cleavage could promote breast cancer
progression and resistance to anti-HER2 therapies. It is possible that sJAMA itself acts as a ligand which stimulates signalling to promote resistance to
anti-HER2 drugs. For example, sJAM-A may bind to intact JAM-A molecules
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on other cells to stimulate JAM-A-mediated pro-tumorigenic processes such
as proliferation (111), migration (105, 110), invasion (110) and inhibition of
apoptosis (109). Alternatively, it is not inconceivable that cleaved sJAM-A
could interact with members of the HER family, thus functioning as a ligand
and stimulating pro-proliferative and anti-apoptotic signalling. Firstly,
increased ADAM-mediated shedding of HER family ligands has long been
associated with resistance to anti-HER2 therapies (222). Secondly, other Iglike family members such as L1CAM have been shown to physically bind to
members of the HER family such as EGFR and activate downstream
signalling pathways (235). This suggests that proteins with Ig-like domains
(such

as

sJAM-A)

and

HER

receptors

may

have

conformational

compatibility.
Alternatively, JAM-A cleavage may promote resistance to anti-HER2
therapies through formation of an unregulated, intracellular JAM-A fragment
with enhanced intracellular signalling activity. Such JAM-A-dependent
signalling could promote tumorigenic processes such as proliferation (111),
migration (105, 110), invasion (110) and inhibit apoptosis (109). Cleavagedependent formation of a truncated protein with enhanced intracellular
signalling activity is exemplified by the production of p95-HER2 following
HER2 cleavage (88, 90, 182, 196), where the p95-HER2 fragment has been
shown to correlate with resistance to HER2-targeted therapies (182).
However, as changes in JAM-A cleavage were not monitored throughout the
longitudinal acquisition of Trastuzumab and Lapatinib resistance in our
models, increased sJAM-A could merely be a bi-product of upregulated
ADAM10 and/or ADAM17 expression, rather than driving resistance itself.
Nonetheless, in such case, sJAM-A could still hold potential as a therapeutic
biomarker for resistance to anti-HER2 therapy. Furthermore, although our
results suggest that sJAM-A itself does not drive resistance to such therapy
in an in vitro setting, it is a clear by-product of repeated exposure to antiHER2 treatment which may promote tumour progression in an in vivo setting.
Thus, we speculated that sJAM-A may affect migration and invasion; two
integral events in breast cancer metastasis. While scratch-wound analysis
suggested that rsJAM-A may enhance migration of breast cancer cells
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(although these results were inconclusive due to technical difficulties),
Matrigel invasion assays revealed that rsJAM-A treatment promotes invasive
potential of breast cancer cells. This is supported by our observations that in
matrigel invasion assays, SKBR3 Lapatinib-resistant cells (which release
more sJAM-A) have a much stronger invasive potential compared to their
corresponding sensitive cell line.
Extracellular cleavage products of other adhesion proteins have also been
shown to induce cancer cell invasion in an autocrine and/or paracrine
manner (236, 237). For example, ADAM10 has also been shown to mediate
cleavage of the adhesion protein E-cadherin (238), and exogenous
application of soluble E-cadherin to conditioned media has been shown to
enhance the invasive potential of lung cancer cells (239). In addition, it could
be argued that binding of cleaved soluble JAM-A to intact JAM-A proteins
interferes with the architectural integrity of functional epithelial layers,
compromising barrier function or polarity and promoting a tumourigenic
phenotype. Previous studies have shown this to occur with other cleaved
soluble adhesion proteins in breast and ovarian cancer cells (240, 241).
Furthermore, cleavage of the extracellular domain of JAM-A would obliterate
the adhesive functions of the TJ protein, and potentially retain its intracellular
signalling ability to promote invasion, proliferation and inhibit apoptosis (109111).
In order to determine whether sJAM-A holds potential as a future therapeutic
biomarker for resistance to anti-HER2 therapies, levels of sJAM-A were
investigated in serum samples from two small subsets of HER2-positive
breast cancer patients. Results obtained from the first cohort revealed that all
patients with detectable levels of serum JAM-A either developed disease
recurrence or only partially responded to anti-HER2 therapy. In the second
cohort, levels of sJAM-A were detected more frequently in patients who
developed disease recurrence compared to those who responded well to
treatment. Furthermore, detectable levels of sJAM-A in patients who
responded well could potentially indicate the emerging development of
resistance to anti-HER2 treatment. These preliminary studies suggest that
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sJAM-A may hold potential as a biomarker for resistance to anti-HER2
therapy.
However, as a number of studies have detected endothelial sJAM-A in
patient serum samples (114, 233, 234), it is unknown whether the sJAM-A
detected in our pilot studies is cleaved from breast cancer epithelial cells or
endothelial cells. It is likely that sJAM-A cleaved from breast cancer cells has
access to the tumour neo-vasculature created as a result of angiogenesis. In
addition, due to the established roles of JAM-A in transendothelial migration
(242), sJAM-A could easily breach the vascular barrier. However, in order to
distinguish between sJAM-A released from breast tumour epithelial cells and
endothelial sJAM-A, there would need to be detectable differences between
them. Nonetheless, if sufficient studies establish an association between
sJAM-A in patient serum samples and resistance to HER2 therapy, such
distinction may not be necessary.
Taken together, our results suggest a novel mechanism whereby
upregulation of JAM-A cleavage is associated with resistance to anti-HER2
therapies, via increased expression of ADAM10 (and possibly ADAM17).
Functionally, we have shown novel evidence that sJAM-A promotes invasion
of breast cancer cells in vitro and in a semi-in vivo model. We have also
provided pilot evidence that sJAM-A is detectable in serum samples of breast
cancer patients and may have potential as an indicator of resistance to antiHER2 therapies. However, further investigations using much larger clinical
datasets are needed to determine whether this is the case. From a clinical
point of view, if sufficient patient-based studies validate a significant
correlation between serum levels of sJAM-A and such resistance, ELISAbased detection of sJAM-A levels could easily be incorporated into routine
clinical practice. Thus, detection of sJAM-A may enable monitoring of patient
response to anti-HER2 therapies and aid identification of patients who may
be in danger of developing disease recurrence. Therefore, comprehensive
future investigations into sJAM-A in resistance to anti-HER2 therapies may
reveal a novel biomarker of drug resistance.
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Breast cancer is the most common cancer in women worldwide, with an
estimated 1.7 million new cases diagnosed in 2012 (accounting for
approximately 25% of all cancers in women) (1). There are approximately
2,800 new cases of invasive breast cancer diagnosed per year in Ireland,
making it the most common invasive cancer in the country (2). The strong
invasive potential of breast tumours poses a major clinical problem, as
metastasis of the primary tumour to the liver, lung and brain still carries a
high risk of death (3, 4).
Breast

cancer

is

an

extremely

heterogeneous

disease.

Therefore,

personalised medicine based on the molecular profile of individual tumours
has become the most promising strategy for treating specific subtypes of the
disease. Targeted therapies are drugs which selectively mark tumour cells
expressing specific molecular markers for destruction - a radical departure
from traditional chemotherapeutic approaches which attack all rapidlydividing cells. Due to this, personalised therapy offers the hope of significant
clinical benefit and reduced patient side effects compared to other treatment
options such as radiation and chemotherapy. 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.
The development of effective targeted therapies depends upon the
identification of molecules which are critical to the tumorigenic potential of
specific cancer types. Discovery of the driving role of HER2 in a subset of
breast cancers in 1987 epitomised the importance of research into breast
cancer pathophysiology and the implications that such discoveries may have
for cancer patients (169).
HER2 is a 185kDa membranous receptor tyrosine kinase (RTK) which is
overexpressed in 20-30% of breast tumours (169). While a normal breast cell
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expresses approximately 20,000 HER2 receptors, amplification of the HER2
gene can result in augmentation of up to 2,000,000 protein receptors per cell
(36). Overexpression of HER2 protein leads to constitutive signalling via the
PI3K and MAPK pathways, resulting in the induction of cellular proliferation
and inhibition of apoptosis (36). For this reason, upregulation of HER2 is
associated with a particularly aggressive breast cancer phenotype and thus
poor patient survival (169).
Following this discovery, HER2 became a novel drug target. In 1991, the
anti-HER2 antibody Trastuzumab was developed (60), providing significant
clinical benefit to HER2-positive breast cancer patients (243-246). Prospects
for patients improved further following FDA approval of the tyrosine kinase
inhibitor Lapatinib in 2007. Although a number of other HER2-targeted drugs
have been developed, currently the most effective anti-HER2 treatment for
breast cancer patients is combined Trastuzumab and Lapatinib therapy (75,
173, 174). However, the efficacy of these anti-HER2 treatments is limited by
de novo and acquired resistance, with an estimated 50% of HER2-positive
breast cancer patients developing resistance to the drugs (61, 68, 94, 172).
Currently there are no clinically verified factors that predict resistance to antiHER2 therapies. Therefore, there is a great need for strong prognostic and
predictive markers for patients who develop resistance. Allied to this, the
identification of protein markers mechanistically involved in the acquisition of
resistance is crucial to the development of new therapies which may prevent
disease recurrence.
Previous work in our lab and others has shown that the TJ protein JAM-A is
significantly associated with HER2 expression and poor clinical outcome in
breast cancer patients (95, 96). In addition, insights that JAM-A positively
regulates HER2 expression (95) led us to hypothesise that JAM-A
expression could stabilise HER2-dependent signalling and play a role in
resistance to anti-HER2 therapies.
JAM-A is a TJ protein expressed primarily by epithelial and endothelial cells,
but also by circulating leukocytes and platelets. It has a number of functions
including the regulation of intercellular adhesion, signal transduction, cellular
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polarity, leukocyte transmigration, platelet activation, angiogenesis and cell
morphology (247-252). Given these dynamic functions, it is unsurprising that
many studies have highlighted aberrant expression of JAM-A in carcinomas
(188, 195, 230, 253, 254). While the role of JAM-A in breast tumorigenesis is
best studied, evidence that JAM-A dysregulation contributes to glioblastoma
(GBM), head and neck squamous cell carcinoma (HNSCC), nasopharyngeal,
gastric, and lung cancer is also emerging (98, 188, 195, 230, 253, 254). In
these studies, JAM-A has been shown to promote tumorigenesis by inducing
proliferation, migration, invasion, de-differentiation, as well as inhibiting
apoptosis (110, 188, 195, 230, 253, 254). In addition, JAM-A has been
identified as a cell surface marker for cancer stem cells (CSCs) in breast
cancer (255) and as an indispensable self-renewal promoter of CSCs in
glioblastoma (256).
The mechanism by which JAM-A is overexpressed in breast cancer is not yet
fully understood. Previous studies have shown that this may be due to
frequent downregulation of microRNA miR-145 in breast tumour tissue, as
miR-145 has been shown to negatively regulate JAM-A expression (110). In
addition, other preliminary work in our lab has shown that DNA damage,
which is largely associated with transformation, leads to upregulation of the
TJ protein.
Due to the significant correlation between JAM-A and HER2 expression in
aggressive tumours (95, 96) in conjunction with our observation that JAM-A
expression regulates that of HER2 (95), we postulated that overexpression of
JAM-A may stabilise HER2 signalling and thus participate in the
development of resistance to HER2-targeted therapies. Accordingly, we
hypothesised that patients who develop disease recurrence whilst on HER2targeted therapies represent a population whose tumours may overexpress
JAM-A in addition to HER2. The overall aim of this project was thus to
elucidate how JAM-A regulates HER2 expression and to determine whether
it is involved in resistance to HER2-targeted therapies.
Results presented in Chapter 3 of this thesis suggest that JAM-A regulates
HER2

expression

at

a

transcriptional
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level

via

JAM-A-dependent

membranous sequestration of the HER2 transcriptional repressor ZONAB.
JAM-A is bound to ZO-1 at the plasma membrane which in turn binds to
ZONAB, a transcriptional suppressor of HER2. We found that silencing JAMA significantly reduced ZO-1 expression and induced relocalisation of
ZONAB from the cell membrane to the nucleus. Accordingly, silencing JAMA reduced HER2 mRNA expression, suggesting that JAM-A regulates
transcription of the HER2 gene in this manner.
Tight regulatory control of cellular functions such as proliferation and
apoptosis has been shown to rely on protein localisation to specific spatial
compartments (257). Our hypothesis of ZONAB localisation-dependent
regulation of HER2 transcription is supported by the regulatory mechanism
for the transcription factor heat shock factor 1 (HSF1). Previous studies have
demonstrated that the transcription factor is inactive when bound to the
Hsp40/Hsp70/Hsp90 complex at the cell membrane (258). However, upon
cellular stress (such as increased temperature), HSF1 is released from the
chaperone complex, translocates to the nucleus and binds to heat shock
promoter elements (HSE) to promote transcription of heat shock proteins
which protect cells under strenuous conditions (258, 259).
It is likely that a similar mechanism exists for ZONAB (YBX3), as it is part of
the Y-box (YBX) family of transcription factors which function as cold-shock
proteins. These regulatory transcription factors interact with one another to
protect cells against stresses of low temperature by sustaining the
expression of genes necessary for cell growth (260). Another member of this
family of transcription factors, YBX1, has been reported as a transcriptional
activator of HER family members in breast cancer (120), non-small cell lung
cancer (261) and gastric cancer (167). Results presented in Chapter 4 of this
thesis reveal that EGFR is upregulated in our resistant models and silencing
JAM-A downregulates this EGFR expression, suggesting that its resistanceassociated upregulation may be mediated by JAM-A. Overexpression of
YBX1 and its binding to the EGFR promoter have been associated with
resistance to anti-HER therapies (261, 262). As transcriptional repressors
have been shown to function by competing with activators for binding to the
same promoter-sequence, and both ZONAB and YBX1 bind inverted-CCAAT
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sequences, it is intriguing to speculate that these two YBX family members
may participate in a complex JAM-A-dependent mechanism to reciprocally
regulate transcription of HER family members. This is supported by binding
of both YBX1 and YBX3 to the ERBB2 promoter (128).
Observed downregulations of EGFR expression (and/or HER2) following
JAM-A knockdown likely account for significant reductions in Akt
phosphorylation and cell viability in Trastuzumab and Lapatinib-resistant
models (Chapter 4). As silencing JAM-A also induced apoptosis in our drugresistant cells, by analogy, the pro-tumorigenic effects of JAM-A expression
may be due to inhibition of programmed cell death. It is well known that
activation of the PI3K pathway inhibits apoptosis through its key mediator,
Akt. Phospho-Akt has been shown to inhibit cell death by inhibiting proapoptotic Bcl-2 family members BAD, Bax, GSK3, and FOXO1 (43, 46, 263,
264) and activating the anti-apoptotic transcription factor NFκB via IκB kinase
(IKK) phosphorylation (45). Thus, increased apoptosis following JAM-A
knockdown may reflect reduced JAM-A-dependent stabilisation of HER
family members and subsequent hindrance of survival signalling via the PI3K
pathway. A role for JAM-A expression in opposing apoptosis has also been
highlighted by in vivo studies in which JAM-A null mice were shown to
develop smaller tumours than JAM-A positive mice, due to increased
apoptosis in the former (109).
Our results from Chapters 3 and 4 revealed that JAM-A expression is
associated with that of HER2 and EGFR, as well as downstream Akt. We
found that targeting JAM-A enhances the anti-viability effects of HER2targeted therapy in Trastuzumab and Lapatinib-resistant cells. Furthermore,
as presented in Chapter 5, we found a novel association between ADAM10mediated JAM-A cleavage and resistance to anti-HER2 therapies.
Interestingly, pharmacological antagonism of ADAM10 has been shown to
overcome resistance to anti-HER2 therapy (77, 180, 209, 214). However, the
role of JAM-A, despite being a target of ADAM10, has never been
considered in that setting. In addition, for the first time we demonstrated that
sJAM-A is detectable in the serum of HER2-positive breast cancer patients
220

and, excitingly, two separate pilot studies suggested that sJAM-A levels
inversely correlated with patient response to anti-HER2 treatment. Although
a larger cohort of patient samples is needed for further verification, validation
of sJAM-A as a biomarker for resistance to HER2-targeted therapy would
have a significant impact on the lives of patients who develop drug
resistance. It would facilitate monitoring of tumour sensitivity to anti-HER2
treatment, enabling early identification of developing-resistance and thus
modification of therapeutic strategy. Hence, strong correlations between
sJAM-A and resistance to anti-HER2 treatment could potentially reduce
disease recurrence and the associated risk of mortality for many patients.
In an attempt to elucidate the association between JAM-A cleavage and
resistance to anti-HER2 therapy, we found that short-term sJAM-A treatment
did not singly confer features of drug-resistance to breast cancer cells.
However, sJAM-A did promote the invasive capacity of breast cancer cells
both in vitro and in vivo. Taken together, these results suggest a previously
unreported role for sJAM-A in promoting drug resistance and disease
recurrence via enhancement of invasive potential.
Moreover, sJAM-A may have additional pro-tumorigenic effects in vivo that
were not explored in this project. For example, as JAM-A mediates leukocyte
migration (242), released sJAM-A could in theory bind to JAM-A expressed
on leukocytes, inhibit their JAM-A-dependent extravasation and thus restrict
leukocyte-tumour infiltration. This potential mechanism is supported by
previous studies showing that sJAM-A inhibits mononuclear cell recruitment
to inflamed endothelium (265) and neutrophil infiltration in a murine air pouch
model (114). In this manner, JAM-A cleavage and concurrent release of
sJAM-A might facilitate tumour cell evasion of the immune response.
Interestingly, previous studies have also shown that treatment of endothelial
cells with pro-inflammatory cytokines interferon-gamma (IFNγ) and tumour
necrosis factor alpha (TNFα) causes JAM-A redistribution away from
intercellular junctions (266), and enhances ADAM-mediated JAM-A cleavage
(114). It is noteworthy that ADAM17 is responsible for processing TNFα
(266), in addition to reported JAM-A-cleavage (114). Other studies have
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revealed that levels of plasma sJAM-A correlate with known inflammatory
cytokines (211, 267) and are associated with coronary artery disease caused
by inflammation of vessel walls (211). Taken together, these studies suggest
an important link between sJAM-A and inflammation; which is an important
factor in cancer (268, 269).
Despite the increased cleavage of JAM-A in drug-resistant cell lines, it is
important to note that full-length JAM-A expression (flJAM-A) was
nonetheless not obliterated. Thus, there is likely to be a mixed population of
cleaved and intact JAM-A molecules on the cell surface of HER2-targeted
therapy-resistant cells. A number of studies have shown that JAM-A
expression enables transendothelial migration (242, 270, 271). It may be the
case that this mixed population promotes vascular invasion of cancer cells
via sJAM-A-enhanced migration of cancer cells through the extracellular
matrix and flJAM-A-dependent intravasation of cancer cells to blood vessels.
This is supported by previous studies revealing that flJAM-A promotes
transendothelial migration of melanoma cells (270). In addition, this role of
JAM-A should also facilitate extravasation of tumour cells to secondary sites
such as the liver, lung or brain. Intravasation and extravasation are two
integral parts of metastasis, the primary cause of breast cancer-related
death.
Furthermore, JAM-A is an integral membrane protein of brain endothelial TJs
which function as crucial occluding components of the blood brain barrier
(BBB) (272). Therefore, intact JAM-A molecules may play a role in promoting
migration of breast tumour cells across the BBB.
Our results suggest that sJAM-A is insufficient to confer resistance to antiHER2 therapies. However, it is possible that JAM-A cleavage may promote
drug resistance via the remaining intracellular JAM-A fragment. To date,
there have been no reported studies on the relevance of truncated
intracellular JAM-A in breast cancer (or any) pathophysiology. However,
JAM-A cleavage could generate a form of the protein with increased
intracellular signalling activity analogous to the production of p95-HER2
following HER2 cleavage (88, 90, 182, 196). The p95-HER2 fragment has
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been shown to correlate with resistance to HER2-targeted therapies (182),
and it is interesting to speculate that a JAM-A fragment could function
likewise.
As to how enhanced JAM-A signalling might promote resistance, previous
studies have found that loss of JAM-A dimerization promotes proliferation of
intestinal epithelial cells through phosphorylation and activation of Akt at
Thr308 (200). This in turn phosphorylates β-catenin at Ser552, activating the
canonical Wnt signalling pathway, facilitating the nuclear translocation of bcatenin and its association with TCF/LEF transcription factors to induce cell
growth (200). Therefore, cleavage of JAM-A and thus loss of extracellular
dimerization may induce pro-tumorigenic signalling in an Akt/ β-catenindependent manner. In support of this, augmented canonical Wnt signalling
has been associated with resistance to anti-HER2 therapies (273).
Furthermore, increased Wnt signalling and resultant nuclear expression of βcatenin in the Trastuzumab-resistant setting has been shown to upregulate
EGFR expression (273). Our results have independently demonstrated that
resistance to anti-HER2 therapy is associated with increased JAM-A
cleavage and JAM-A-driven upregulation of EGFR. Thus, it is interesting to
speculate that JAM-A cleavage could increase Wnt signalling which in turn
could account for upregulation of EGFR expression in our resistant cell line
models (273).
Cleavage of transmembrane proteins has also been shown to induce their
internalisation (138). Therefore, JAM-A cleavage may facilitate internalisation
and relocalisation of a functional intracellular JAM-A fragment which could
act as a transcription factor to promote expression of resistance-associated
proteins. This is supported by previous findings that ADAM10-mediated
cleavage of another member of the Ig-like superfamily, L1-CAM, induces
internalisation of its intracellular fragment, L1-ICD, which then functions as a
transcription factor to promote expression of several proteins including β3Integrin (274).
Collectively, there are many possibilities by which JAM-A cleavage could
promote resistance to anti-HER2 therapy. We have shown that inhibiting
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JAM-A partially re-sensitises Trastuzumab and Lapatinib-resistant cells to
anti-HER2 therapy, and that cleavage of JAM-A is associated with drug
resistance. Thus, it may be the case that overexpression of both JAM-A and
ADAM10 is required for the acquisition of resistance to anti-HER2 therapies.
This hypothesis is supported by our immunohistochemistry (IHC) results
revealing that all patients who developed recurrence following anti-HER2
treatment expressed high levels of JAM-A. Furthermore, previous studies
have shown that higher pre-treatment expression of ADAM10 in tumours
correlates with decreased clinical response of breast cancer patients to
Trastuzumab, and poorer relapse-free survival (77).
From a clinical point of view, if overexpression of both JAM-A and ADAM10
are required for developing resistance to anti-HER2 therapy, IHC staining of
both markers may identify patients at high risk of developing resistance.
However, upregulation of ADAM10 has also been shown to occur in
response to anti-HER2 treatment, throughout development of resistance to
therapy (77, 216). Therefore, resistance-associated overexpression of
ADAM10 may not be detectable at diagnosis. Nonetheless, overexpression
of JAM-A alone may be indicative of a tumours potential to acquire
resistance to anti-HER2 therapy. In addition, it should be noted that silencing
JAM-A also reduced the viability of drug-sensitive cell lines as well as those
resistant to anti-HER2 therapy. Thus, dual JAM-A/HER2 targeting may also
be of benefit as a neo-adjuvant treatment of patients with HER2-positive
breast cancer as well as those who acquire resistance to anti-HER2 therapy.
This is supported by a number of studies demonstrating the pro-tumorigenic
potential of JAM-A (95, 96, 111).
In both cases, JAM-A IHC staining could easily be incorporated into routine
clinical practice. This could identify patients who may benefit from combined
anti-HER2, anti-JAM-A therapy and enable timely prospective identification
of patients at risk for developing therapeutic resistance to anti-HER2
treatment.
Taken together, our data are consistent with a multi-faceted mechanism
whereby JAM-A contributes to anti-HER2 therapy resistance through; 1)
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stabilising transcription of the HER2 gene, 2) stabilising expression of other
HER family members and 3) enabling metalloprotease-driven JAM-A
cleavage which in turn may promote invasive capacity. We suggest that cotargeting JAM-A and HER2 holds promise as a future therapeutic option for
patients with resistance to HER2-targeted therapies. Furthermore, this work
suggests that soluble JAM-A has potential as a future biomarker of such
resistance. In conclusion, the association between JAM-A and resistance to
anti-HER2 therapies merits further exploration.
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Future Directions
This work has provided a strong foundation to justify further investigation into
the association between JAM-A and resistance to anti-HER2 therapy. Future
work should determine whether (and how) targeting JAM-A re-sensitises
tumours to anti-HER2 treatment, and whether sJAM-A may be exploited as a
predictive or prognostic biomarker of resistance.
Firstly, the potential of JAM-A inhibition in re-sensitising Trastuzumab- and
Lapatinib-resistant cells to anti-HER2 therapy should be validated in in vivo
models such as patient-derived xenografts in immuno-deficient mice. This is
crucial for two reasons; 1) to determine whether antagonising JAM-A is of
benefit for treating drug-resistant tumours in vivo, and 2) to elucidate any
potentially dangerous adverse effects of targeting the TJ protein (as JAM-A
is expressed by a number of cell types, and functions in many cellular
processes).
Secondly, to further validate the concept of JAM-A as a biomarker for
resistance to anti-HER2 therapy, clinical samples from a large cohort of
HER2-positive breast cancer patients would be vital. Specifically, access to
breast tumour samples from such a cohort would define whether JAM-A
expression; 1) is significantly associated with resistance, 2) has potential as
an effective therapeutic target, and 3) could enable prospective identification
of patients in danger of developing disease recurrence.
Thirdly, detection of sJAM-A in serum samples from a large cohort of HER2positive breast cancer patients will determine whether levels of sJAM-A
significantly correlate with resistance to anti-HER2 therapy, and could be
used as a biomarker to monitor drug response.
All in all, it is an exciting possibility that the work in this project could
potentially aid in the discovery of a novel marker and therapeutic target for
resistance to anti-HER2 therapy. This could enable timely identification of
patients who are at risk of developing resistance, and the advancement of
prospective treatment strategies to overcome such resistance, reducing
disease recurrence and associated risk of mortality for such patients.
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Appendices
Appendix I – Supplementary Data

Supplementary Figure 1 JAM-A knockdown using alternative siRNA
significantly reduces HER2 protein levels. MCF7-HER2 cells were plated
at 150,000 cells/well in 6-well plates and transfected the following day with
25nM of control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A
siRNA (siJAM-A2;CGGGGGUCGCAGGAAUCUGUU, Dharmacon). 72hr
later, protein was extracted for western blot analysis. JAM-A knockdown
using alternative siRNA significantly reduced JAM-A protein levels. In
addition, HER2 protein levels were concurrently reduced in these conditions.
A) Representative western blot images for JAM-A and HER2 following JAMA knockdown, B) Densitometry analysis of western blots. HER2 expression
was normalised to actin as a loading control. **p<0.01 by equal variance
unpaired t-test, n=3 independent experiments.
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Supplementary Figure 2 JAM-A knockdown using alternative siRNA
increases nuclear levels of ZONAB. MCF7-HER2 cells were plated at
30,000 cells/well in 24-well plates and transfected the following day with
25nM control siRNA (siNEG; D-001810-01-05, Dharmacon) or JAM-A siRNA,
(siJAM-A2; CGGGGGUCGCAGGAAUCUGU U, Dharmacon). 72hr later, the
cells were processed for immunofluorescence analysis of JAM-A and
ZONAB localisation, using DAPI as a nuclear counter-stain.
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Supplementary Figure 3 BT474 and SKBR3 Trastuzumab-sensitive cells
are significantly more sensitive to Trastuzumab than BT474 and SKBR3
Trastuzumab- and Lapatinib-resistant cells. 1,500 cells were plated in
triplicate wells of 96-well plates, and treated the following day with vehicle
control (VC; nuclease-free H2O, 0.5% v/v) or 100μg/mL Trastuzumab. 72hr
later, cellular viability was measured via MTT assay. A-C) Cell viability
response of BT474 Trastuzumab-sensitive and -resistant cells (A), SKBR3sensitive and Trastuzumab-resistant cells (B), and SKBR3-sensitive and
Lapatinib-resistant cells (C) to Trastuzumab. *p<0.05, by equal variance
unpaired test, n=3 independent experiments.
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Supplementary Figure 4 Trastuzumab-resistant BT474 and SKBR3 cells
express lower levels of JAM-A compared to drug-sensitive BT474 and
SKBR3 cells. 150,000 cells/well of BT474 or SKBR3 Trastuzumab-sensitive
(Sens) and Trastuzumab-resistant (Tras. Res) cells were plated in 6-well
plates. At 72hr, cells were harvested for western blot analysis. A&C)
Representative western blot images for basal protein expression of JAM-A in
BT474 and SKBR3 cells, respectively, B&D) Densitometry analysis for JAMA protein expression normalised to actin in BT474 and SKBR3 cells,
respectively. **p<0.001, ***p<0.001 by One-way ANOVA with Tukey’s
multiple comparison test, n=5 independent experiments.
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Supplementary Figure 5 JAM-A knockdown using alternative siRNA
enhances the anti-proliferative effect of anti-HER2 treatment in
Trastuzumab-

and

Lapatinib-resistant

cells.

1,500

cells/well

of

Trastuzumab-resistant BT474 and SKBR3 cells were plated in triplicate on
96-well plates and transfected the following day with 25nM of control siRNA
(siNEG;

D-001810-01-05,

Dharmacon)

or

JAM-A

siRNA

(siJAM2;

GGGGGUCGCAGGAAUCUGUU, Dharmacon). 24hr later, cells were treated
with vehicle control (VC; nuclease-free H2O, 0.5% v/v) or Trastuzumab
(100μg/mL or 10μg/mL for BT474 Trastuzumab-resistant and SKBR3
Trastuzumab-resistant cells, respectively). 72hr later, cell viability was
measured via MTT assay. A) Cell viability response of BT474 Trastuzumabresistant cells to Trastuzumab treatment alone and combined with JAM-A
knockdown, B) Cell viability response of SKBR3 Trastuzumab-resistant cells
to Trastuzumab treatment alone and combined with JAM-A knockdown,
Silencing JAM-A expression using alternative siRNA in addition to anti-HER2
treatment was more effective than anti-HER2 treatment alone at reducing the
viability of BT474 and SKBR3 Trastuzumab-resistant cells. *p<0.05,
**p<0.01, ***p<0.001 by One-way ANOVA with Tukey’s multiple comparison
test, n=3 independent experiments.
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Supplementary Figure 6 Compensation optimisation and gating of
propidium iodide and annexin V positive cells. 150,000 cells/well of
Lapatinib-resistant SKBR3 cells were plated in 6-well plates. 72hr later, cells
for propidium iodide (PI) and annexin V(AV) staining were treated with
50μg/mL Staurosporine. The following day, cells were harvested for flow
cytometric analysis of PI and AV binding. Untreated and unstained cells,
staurosporine treated and PI only, staurosporine treated and AV only, and
staurosporine treated and AV plus PI cells were used as controls for every
experiment to optimise compensation of PI and AV staining and gate
separate populations of cells. A) Representative dot plot depicting the
distribution of untreated and unstained SKBR3 Lapatinib-resistant cells, B)
Representative dot plot depicting the distribution of staurosporine treated
and PI stained SKBR3 Lapatinib-resistant cells, C) Representative dot plot
depicting the distribution of staurosporine treated and AV stained SKBR3
Lapatinib-resistant cells, D) Representative dot plot depicting the distribution
of staurosporine treated and PI plus AV stained SKBR3 Lapatinib-resistant
cells.
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Supplementary Figure 7 JAM-A knockdown alone increases apoptosis
of Lapatinib-resistant SKBR3 cells. 150,000 cells/well of Lapatinibresistant SKBR3 cells were plated in 6-well plates and transfected the
following day with 25nM of control siRNA (siNEG; D-001810-01-05,
Dharmacon) or JAM-A siRNA (siJAM; SASI_Hs01_00048785, SigmaAldrich). 48hr later, untreated cells designated for a positive control for
apoptosis were treated with 50μg/mL staurosporine. Following 72hr of JAMA knockdown, cells were harvested for flow cytometric analysis of Annexin V
binding. A) Representative dot plot depicting the distribution of staurosporine
treated SKBR3 Lapatinib-resistant cells based on Annexin V (AV) and
Propidium Iodide (PI) staining. Measurement of AV staining is set along the
X-Axis (FL1-H), while PI staining is portrayed on the Y-Axis (FL2-H), B)
Representative dot blot for cells transfected with non-targeting siRNA, C)
Representative dot blot for cells with JAM-A silenced, D) Quantitative
analysis of n=1 experiment measuring apoptotic levels between treatment
groups relative to Staurosporine-treated cells. JAM-A knockdown alone
increases apoptosis of Lapatinib-resistant SKBR3 cells.
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Supplementary Figure 8 Pharmacological inhibition of JAM-A reduces
viability of Trastuzumab-resistant BT474 cells and Lapatinib-resistant
SKBR3 cells 1,500 cells/well of Lapatinib-resistant SKBR3 cells were plated
in triplicate on 96-well plates and treated the following day with either vehicle
control (PBS) or 400mg/mL JBS2 (a proprietary peptide inhibitor of JAM-A).
96 hr later, cell viability was measured via MTT assay. Inhibiting JAM-A
function reduced BT474 Trastuzumab-resistant and SKBR3 Lapatinib–
resistant cell viability. ***p<0.001 by equal variance unpaired t-test, n=3
independent experiments for BT474 Trastuzumab-resistant cells and n=1 for
SKBR3 Lapatinib-resistant cells.
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Supplementary Figure 9 Recombinant soluble JAM-A treatment does
not have any effect on colony-forming potential of Lapatinib-sensitive
SKBR3 cells. Lapatinib-sensitive SKBR3 cells were plated at 15,000
cells/well in 6-well plates. The following day, cells were treated with 0.5ng/mL
rsJAM-A, 1ng/mL rsJAM-A or PBS as vehicle control. Cells were retreated
twice at 72hr intervals. Following 9 days of treatment, colonies were fixed
and stained with crystal violet to determine number of colonies formed.
Recombinant soluble JAM-A treatment did not have any effect on colonyforming potential of SKBR3-sensitive cells. A) Representative colony images
from each treatment group, B) Quantitative analysis of colony number based
on n=3 independent experiments. Statistical analysis was carried out by
One-way ANOVA with Tukey’s multiple comparison test.
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Appendix II – Solutions
Relax Buffer (200mL)
-

0.1M KCl (1.4912g)

-

2.5mM NaCl (0.0351g)

-

3.5mM MgCl2 (0.0666g)

-

10mM HEPES (2mL 1M)

-

pH to 7.4

10X Tris Glycine (1L)
-

0.25M Tris base (30.3g)

-

1.9M Glycine (144g)

10X TBS (1L)
-

1.4M NaCl (80g)

-

0.03M KCl (2g)

-

0.25M Trizma base (30g)

-

pH to 7.4

10% Running Gel (20mL)
-

39.5% H20 (7.9mL)

-

33.5% acrylamide (6.7mL)

-

0.25M Tris-Cl pH8.8 (5mL 1M Tris-Cl pH8.8)

-

0.1% SDS (200µL 10% SDS)

-

0.1% APS (200µL 10% APS)

-

0.0004% TEMED (8µL)
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5% Stacking Gel (10mL)
-

68% H20 (6.8mL)

-

17% acrylamide (1.7mL)

-

0.125M Tris-Cl pH6.8 (1.25mL 1M Tris-Cl pH6.8)

-

0.1% SDS (100µL 10% SDS)

-

0.1% APS (100µL 10% APS)

-

0.1% TEMED (10µL)

Running Buffer
-

100mL 10X Tris-Glycine

-

5mL 10% SDS (0.05%)

-

dH2O up to 1L

Transfer Buffer
-

140mL methanol (20%)

-

70 mL 10X Tris-Glycine

-

H2O up to 700mL

Stripping Buffer (400mL)
-

62.5mM Tris-Cl pH 7 (25mL 1M Tris-Cl pH 7)

-

2% SDS (80mL 10% SDS)

-

0.7% β- mercaptoethanol (2.8mL)
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Buffers for preparation of nuclear and extra-nuclear fractions;

Buffer A
10mM HEPES pH7.9
1.5mM MgCl2
10mM KCl
0.5mM PMSF

Buffer B
20mM HEPES pH 7.9
420mM NaCl2
1.5mM MgCl2
0.2mM EDTA

Buffer C
10mM HEPES pH 7.9
50mM KCl
0.2mM EDTA
0.5mM PMSF
0.5mM DTT
20% Glycerol
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Appendix III - Antibodies
Antibody

Brand

Species

Dilution

Conc

Diluent

kDa

Iso

Product Code

Actin

Abcam

Rabbit

1
5000

in

0.02
µg/mL

Milk

42

P

#ab8227

ADAM10

Cell
Signalling

Rabbit

1
1000

in

-

BSA

90

P

#14194

ADAM17

Cell
Signalling

Rabbit

1
1000

in

-

BSA

135

P

#3976

EGFR

Santa Cruz

Rabbit

1
1000

in

0.2
µg/mL

Milk

170

P

#sc-03

HER2

BD

Mouse

1
1000

in

0.25
µg/mL

BSA

185

M

#610161

HER3

Cell
Signalling

Rabbit

1
2000

in

-

Milk

185

M

#12708

HER4

Santa Cruz

Mouse

1
1000

in

0.2
µg/mL

BSA

180

M

#sc-8050

JAM-A

BD

Mouse

1
1000

in

0.25
µg/mL

Milk

36

M

#612120

JAM-A

Abnova

Mouse

1
1250

in

0.4
µg/mL

Goat
Serum

36

M

#H0005084
8-M01

LC3B

Cell
Signalling

Rabbit

1
1000

in

-

BSA

14,
16

P

#2775

pAkt

Cell
Signalling

Rabbit

1
1000

in

-

BSA

60

P

#9271

pERK1/2

Cell
Signalling

Rabbit

1
1000

in

-

BSA

42,
44

M

#4695

Ubiquitin

Santa Cruz

Mouse

1
1000

in

0.2
µg/mL

BSA

9

M

#sc-271289

ZO-1

Thermo
Scientific

Rabbit

1
1000

in

0.25
µg/mL

BSA

220

P

#61-7300

ZONAB

Thermo
Scientific

Rabbit

1
1000

in

0.25
µg/mL

BSA

40

P

#40-2800
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Appendix IV – Publications & Presentations

Publications

Review

-

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. (98)

Manuscripts in Preparation;

-

Leech AO, Vellanki SH, Hudson L, Sheehan, KM, Kay EW,
Sabri S, Abdulkarim B, Hill AD, Hopkins AM. A novel role for JAM-A in
resistance to anti-HER2 therapies (to be submitted November 2016)

-

Leech AO, Hill AD, Hopkins AM. JAM-A regulates ERBB2 gene
expression in a ZO-1/ZONAB-dependent manner (work in progress)
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Presentations

Oral Presentations
-

A novel role for JAM-A in resistance to HER2-targeted breast cancer
therapies, Irish Association of Cancer Research (IACR) conference,
February 2016

-

Crosstalk between JAM-A and HER2 driving Breast Cancer,
Department of Surgery Day, Beaumont Hospital, July 2015

-

Mechanisms of JAM-A regulating HER2 in Breast Cancer, Department
of Surgery Lunch, Beaumont Hospital, July 2014

Poster Presentations
-

A novel role for JAM-A in resistance to HER2-targeted breast cancer
therapies, Irish Association of Cancer Research (IACR) conference,
February 2016

-

Crosstalk between JAM-A and HER2 in the Trastuzumab-resistant
breast cancer phenotype. A Leech, LS Young, AD Hill, AM Hopkins,
RCSI Research Day, March 2015

-

Crosstalk between Junctional Adhesion Molecule A (JAM-A) and
HER2 in the Trastuzumab-resistant breast cancer phenotype, A
Leech, LS Young, AD Hill, AM Hopkins, Irish Association of Cancer
Research (IACR) conference, February 2015

-

The role of JAM-A in the Trastuzumab-resistant breast cancer
phenotype. A Leech, L Hudson, T O’Grady, EW Kay, AD Hill, LS
Young, AM Hopkins, Sheppard Prize, Beaumont Hospital, February
2015
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