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Molecular basis of breast cancer
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ABSTRACT

Breast cancer is the most frequent cancer in women and represents the second leading cause of cancer death among
women (after lung cancer). A common phenotypic abnormality of breast cancer cells is dysregulation of cell cycle control.
The transformation of normal cell to a cancer cell appears to depend on mutation in genes that normally control cell cycle
progression, thus leading to loss of the regulatory cell growth. We summarize here the molecular regulation of mammary
carcinoma with regards to the most prominent oncogenes and tumor suppressor genes and their outcome in terms of

cellular prognosis, and tumor development.
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he mammalian cell cycle has been divided into

a series of sequential phases. The G, S, G,, and
M phases are sequentially transition in response to
growth factor or oncogenic stimulation. The S phase
(DNA synthesis) and M phase (mitotic phases) are
preceded by G, and G, (gap phases), and during the
transition of the cell cycle, distinct checkpoints are
inactivated.! These checkpoints provide mechanisms
by which the intracellular compartment senses a
favorable growth factor environment and continually
transduces this information to ensure genetic integrity
during cellular replication. The presence of DNA
damage and the integrity of mitotic spindles are
assessed during transition between these phases of
the cell cycle. Cell cycle progression is orchestrated
by the relative activity of a family of serine threonine
kinases.!

Genome instability appears to be one of the
earliest recognizable phenotypes and may be present
even in histologically normal tissue. In fact, inherited
cancer syndromes often involve this phenotype, for
example, the breast-cancer susceptibility gene 1 and

2 (BRCA-1 and BRCA-2) breast/ovarian cancer risk
genes are both involved in DNA repair.>* Genome
instability, whether inherited or not, results in a
greater potential to develop genetic changes such
as gene loss, gene amplification, point mutations
and chromosomal translocations.*> While most of
these subsequent changes may result in cell death,
some can affect key genes involved in cell survival,
proliferation, invasiveness, motility, drug resistance
and other malignant characteristics.*® Cellular
pathways affected by these genetic changes are
highly interactive with each other. These complexities
explain why diagnostic and therapeutic applications
have progressed slowly.

Tumor genesis is thought to result from a series
of progressive changes, including inactivation of
tumor suppressor genes and activation of oncogenes.
To determine the natural history of tumor and its
response to chemotherapy, we should understand the
vital role of cellular processes, which trigger, regulate
and affect both programmed cell death (apoptosis) and
cell proliferation.>* Oncogenes and tumor suppressors
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have opposite effects on the progression of cell cycle,
so it was suggested that the growth abnormalities of
tumor cells resulted from both too little of cell cycle
breaks (tumor suppressors) and too little of the cell
cycle accelerators (oncogenes).®’

In mammary carcinomas, numerous factors related
to and appear to influence the survival of patients with
breast carcinoma. These molecular markers might
merit reconsideration if individual genetic alterations
can be targeted by means of specific therapies. These
markers have been classified into 2 groups depending
on there role in the development of cancer; oncogenes
and tumor suppressor genes.*¢ An oncogene results
from a gain of function mutation of a proto-oncogene
that generates a tumorigenic product, whereas
mutation of a tumor suppressor causes a loss of
function in the ability to restrain cell growth.® Many of
the genes classified as oncogenes falls into categories
of abnormally activated growth factors, growth
factor receptors, intracellular signaling molecules
and nuclear transcription factors. On the other hand,
tumor suppressor genes mostly related and known to
influence the cell cycle machinery are pRb and p53.°
Moreover, there has been much attention focused on
oncogenic components of the cell signaling system,
such as the HER-2/Neu cascade.®’ In this article, we
will discuss the most important oncogenes and their
link to many end events, including cell proliferation,
angiogenesis and apoptosis and their role in breast
tumor progression.

The p53. P53 is regarded as a tumor suppressor gene
and involved in distinct functions at the cellular level,
as regulation of normal cell growth and division, gene
transcription, DNA repair and genomic stability.'” As
a consequence, disruption of p53 function promotes
checkpoint defects, cellular immortalization, genomic
instability, and inappropriate survival allowing the
continued proliferation and evolution of damaged
cells."! In addition to its role in tumor suppression, p53-
dependent apoptosis contributes to the chemotherapy
induced cell death.'> The protein product of the p53
gene (located on chromosome 17p13.1) is a phospho-
protein comprising 393 residues with 4 highly
conserved domains."? Mutation of p53 gene can occur
in a number of ways including missense, nonsense,
and frame shift mutations and the missense mutations
that usually results in an increased half-life of the
protein product and accumulation of the mutant p53
protein.!*13

P53 is found to promote or repress the expression
of target genes in response to DNA damage. Amongst
the key p53 target genes, in which altered expression
is detected in many cancers including breast cancer,
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are mdm2 and p2l.” Murine double minute 2
(MDM2) gene (MDM?2) codes for oncoprotein which
controls p53 biological activity and targets p53 for
destruction.'® P21 mediates the tumor-suppressing
effect of p5S3 by inhibiting cyclin dependent kinase
(Cdk) complex activity, thus blocking the transition
from G, to S phase mediating p53-dependent growth
arrest.” Several studies have suggested that p53 status
is an important determinant of tumor responsiveness
to anti-neoplastic agents, where p53 mutation is
found to be the most common genetic abnormality in
human cancer, and in breast cancer seen in up to 50%
of primary carcinomas.'” Loss of normal p53 function
can potentially result in the relative resistance of breast
cancers to chemotherapeutic agents due to the loss of
the apoptotic properties of p53." The independent
prognostic power of p53 is suggested to be weak and
it is best combined with other cellular and biological
parameters as estrogen and progesterone receptor
expression, Bcl-2, Bax and Her-2 for the proliferative
properties of the tumor.'*?

P53 has been shown to affect apoptosis by
regulating the expression of Bcl-2 and Bax which
inhibit and promote apoptosis respectively. The
reduced Bcl-2 and increased Bax expression observed
in a p53-dependent manner following treatment with
systemic chemotherapy suggest that analysis of the
Bcl-2/Bax ratio as well as p53 status offers more
practical information on tumor response following
systemic chemotherapy.”’ The most intuitive link
between p53-mediated transactivation and apoptosis
comes from its ability to control transcription of
proapoptotic members of the Bel-2 family, including
the multidomain member Bax.?? The promoter of
this gene harbor consensus p53 response element
that is capable of binding p53 in vitro, resulting in
the increasing the ratio of pro- to anti-apoptotic Bcl-2
proteins, thereby favoring the release of apoptogenic
proteins from the mitochondria, caspase activation,
and apoptosis.?

The BCL-2. The Bcl-2 family members can be both
pro-survival (Bcl-2 and Bcl-XL) and pro-apoptotic
(Bax, Bad and Bid). Bcl-2 and Bcl-XL have all 4
domains (BH1, BH2, BH3 and BH4), while Bax
has only BH1, BH2 and BH3 (no BH4), and Bad
and Bid are part of the BH3 sub-family, with only
BH3 domain.?* During the developmental period,
Bcl-2 is expressed in every tissue, however in adults
it is expressed in proliferating or reserve cells. In
breast tissue, Bcl-2 is known to be expressed in the
normal mammary epithelial cells of the non-pregnant
female and during early pregnancy but undetectable
in the lactating or involuting mammary gland.> A
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balance between cell proliferation and apoptosis
controls the development and function of normal
breast, as a result the anti-apoptotic function of Bcl-
2 is required in adult mammary glands, which also
express estrogen receptor.’® Bcl-2 protein is known
to promote cell survival, but does not proliferate the
cells, by prolonging cell cycle where Bcl-2 expressing
breast cancer cells showed increased doubling time,
decreased S phase fraction, and G /G, fraction,
where these processes are subject to distinct genetic
control.?%’

Bcl-2 gene (18q21.3) was initially identified at a
breakpoint in a chromosomal translocation (t14:18)
that occurs in human B-cell lymphomas.”® The
26kDa oncoprotein Bcl-2 localizes to intracellular
membranes including the endoplasmic reticulum,
mitochondria and perinuclear membrane. It anchors
to intracellular membranes through a hydrophobic
region located near its C terminus, while the major
portion of the molecule is in the cytoplasm.” Tt
may directly bind to the mitochondrial channel and
control the mitochondrial membrane permeability by
stabilization.”® Bcl-2 protein is well known to protect
cells from various stresses such as ionizing radiation
exposure, chemotherapeutic agent treatment and
serum and growth factor withdrawal. It also facilitates
recovery from DNA damage after oxidative stress.’!
An important correlation was found between Bcl-2
expression and ER and PR status, where 1783-estradiol
had an effect on the anti-apoptotic protein Bcl-2
resulting its upregulation but down regulated Bcl-X
protein.¥? In addition tamoxifen, an antiestrogen,
blocked the down regulation of Bcl-X by 178-
estradiol. These findings suggests that Bcl-2 family
proteins may be regulated through unique pathways
modulated by estradiol, thus the expression of ER by
the tumor cells controls the Bcl-2 expression or down
regulation.?6-¥

In normal adult state cells, Bcl-2 makes
heterodimer with a pro-apoptotic member of the
Bcl-2 family, namely Bax coded by gene located
on chromosome 19q13.3. While in pro-apoptotic
conditions, intracytoplasmic Bax overexpression
makes the equilibrium shift to the Bax homodimer
formation which forms a channel in the mitochondrial
membrane allowing the exit of cytochrome C which
results in apoptosis.* In anti-apoptotic conditions the
equilibrium shift to the Bcl-2 homodimer blocks the
channel forming activity of Bax.** In addition, it has
been shown that phosphorylation of Bcl-2 at serine
residues leads to the loss of Bcl-2 anti-apoptotic
function and anti cancer drugs induces Bcl-2
phosphorylation followed by apoptosis in prostate
cancer cell lines. These results in decreased Bcl-2

binding to the proapoptotic Bax protein.*> These
results were suggested to lead to a novel role for Bcl-
2 as a guardian of microtubules integrity which are
important in chromosome segregation. Bcl-2 responds
to damage in microtubules by leaving its normal
anti-apoptotic function through its phosphorylation
and functional inactivation, leading to induction of
apoptotic death of cells exhibiting such alterations.*

The Bag-1. Bag-1 (Bcl-2-associated athanogene) is
identified as Bcl-2 interacting anti-apoptotic protein,
it also binds hormone receptors (as ER) and inhibits
hormone induced apoptosis, this, beside other Bag-1
interactions, plays an essential role in the oncogenesis
and disease progression of breast cancer, since Bag-
1 interacts with Bcl-2 and is upregulated by mutant
p53.%7 Bag family proteins were originally identified
by their ability to interact with the anti-apoptotic
Bcl-2 protein.*® Six human Bag proteins have been
reported and only 4 of them (Bag-1, -3, -4, and -6)
have been confirmed in vivo and shown to interact
with heat shock proteins (Hsc70/Hsp70).** The
Bag-1 gene (9p12) encodes 4 isoforms of the Bag-1
proteins, expressed through alternative translation
initiation sites, these are Bag-1L (52kDa), Bag-1M
(46kDa), and Bag-1S (29kDa). Bag-1L is located
primarily in the nucleus, while Bag-1M and Bag-1S
proteins are found mainly in the cytoplasm. Bag-1M
is occasionally found in the nucleus depending on the
cell type and whether the cells were exposed to stress
conditions.*

All Bag-1 isoforms contain a C-terminal “Bag
domain” which plays a key role in mediating many
Bag-1 functions. The C-terminal domain has 110-124
amino acids comprised of 3 anti-parallel a helix and
each one have approximately 30-40 amino acids in
length. The first and second helices interact with
the serine/threonine kinase Raf-1, while the second
and third helices bind with the ATPase domain of
Hsc70/Hsp70 to stimulate the ATP hydrolysis of
Hsc70 by accelerating the exchange of ADP/ATP.*!
The Bag domain contributes to the anti-apoptotic
activity of Bag family proteins; it enhances the cell
resistance to apoptotic stimuli. Bag-1 binds with
a variety of intracellular proteins which regulates
several processes relevant to cancer as cell division,
cell survival and cell migration.*? Bag-1 binds to
serine/threonine kinase Raf-1, which is normally
activated by Ras, then the activated Raf-1 turns on
its downstream extracellular signal-related kinase
(ERK) in stimulating cell proliferation.

Moreover, when cells are under stress, the
increased Hsp70 may compete with Raf-1 for Bag-1
binding which inhibits the subsequent events as DNA

WWW.smj.org.sa Saudi Med J 2006; Vol. 27 (1) 11



Breast cancer ... Al-Mansouri & Alokail

synthesis, resulting in cell cycle arrest.** Thus, Bag-1
is suggested to function as a molecular switch, that
encourages cells to proliferate in normal conditions,*
then becomes quiescent under a stressful environment.
As a result of that, Bag-1 overexpression provides
a potential mechanism by which tumors lacking
oncogenic Ras mutations. Hence, Bag-1 activates
Raf-1 independent of Ras, activation of mitogen
activated protein kinase (MAPK) pathway leads to
mediated proliferative and survival signals.*

The resulting suppression of apoptosis by Bag-1,
might contribute to the ability of Bag-1 to promote
metastatic spread through enhanced cell motility.*
Several other proteins are found to interact with
Bag-1 including nuclear hormone receptors (NHR)
where Bag-1 potentiates the activity of ER mediating
proliferative and survival responses to estrogens in
hormone dependent breast cancers.*® Besides the
NHR, Bag-1 found to interact with the anti-apoptotic
Bcl2 protein and some tyrosine kinase receptors
such as hepatocyte growth factor (HGF) and platelet
derived growth factor receptors (PDGFR).** A positive
correlation was represented by a study between
the expression of Bag-1 and p53, this supports the
finding that the activity of the Bag-1 promoter was
upregulated by mutant p53 and this regulation was
dose dependent with the increasing concentrations of
the mutant p53.*

Furthermore, a relatively high level of positive
correlation exists between the expression of Bag-1,
ER and PR. Bag-1 expression was elevated in 92%
(66% in other study) of invasive breast cancers
wherein most of which exhibited cytosolic isoform
“rarely found in normal mammary epithelium” 478
While a small portion showed nuclear expression, it
might be correlated to the tumor grade/differentiation
where relatively high levels of nuclear Bag-1
expression was found in low grade tumors.* These
findings beside the forced expression of Bag-1
isoforms in human breast cancer cells resulted in
enhanced survival during growth factor deprivation
and accelerated growth in vivo. These data suggest
that Bag-1 may be a reliable molecular marker for the
pathogenesis and progression of breast cancer serving
an independent prognostic factor in the management
of breast cancer.

P27 and Skp2. Pelargonium flower break virus
protein (p27) and S-phase kinase-associated protein
2 (skp2) are negative regulators of the cell cycle are
considered tumor suppressor genes in that a loss of
their function can contribute to malignant behavior.
First isolated in 1993, p27 belongs to a family of
cyclin-dependent protein kinase inhibitors (CKIs)
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known as Cip/Kip, whose other members are p21 and
p57.% CKIs slow the progression of the cell cycle;
p27 is capable of binding to a number of unique
cyclin/CDK complexes to attenuate their activity,
typically directing the cell toward arrest in the G1
phase. It has been demonstrated that p27 has separate
binding sites for cyclin and CDK?2 and that binding
to this complex results in conformational changes of
the catalytic cleft of CDK?2.% Many roles of p27 have
been proposed, including functions in modulation of
drug resistance, cell differentiation, and protection
from inflammation.® Supporting the role of p27 as
a tumor suppressor, decreased expression has been
documented in a wide range of human cancer cell
lines. However, mutations of p27 appear to be an
uncommon events in malignancy, occurring in only
1% of tumors in one study.’!

In breast cancer, diminished expression of p27 is
associated with shorter overall survival and shorter
time to progression, and it seems to be a stronger
independent predictor of outcome than either p53
alterations or tumor grade.”” Stepwise, loss of
p27 expression may be an event that parallels the
transition of a cell from the normal to premalignant
to malignant phenotypes.>® Some degree of the poor
prognosis conferred by loss of p27 expression may
be related in part to a role in modulating cell-cell
adhesion, and thus, tendency for metastatic spread.
In one series, analyzing tumors smaller than 1 cm
in diameter, p27 underexpression was found to be
a strong predictor of lymphatic spread.* Affording
further support for the importance of p27 in tumor
behavior is the finding that antiestrogen compounds
result in increased inhibition of CDK activity.”> The
S-phase kinase-associated protein Skp2 is required
for the ubiquitin-mediated degradation of p27 and has
been shown to experimentally increase oncogenicity
and resistance to antiestrogens in vitro.”® Skp2 may
also be preferentially overexpressed in ER and HER-
2 breast cancer, a subset of breast cancer recently
defined as the “basal phenotype” by gene profile
analysis.

The HER-2. One of the most promising tumor
associated marker is the HER2/neu.”” HER2/neu is a
proto-oncogene located on chromosome 17q11.2-q12,
encodes a 185-kDa transmembrane glycoprotein, with
intracellular tyrosine kinase activity that belongs to
the epidermal growth factor receptor family.’® HER2/
neu is expressed in a variety of tissues where it plays
fundamental roles in development, proliferation,
and differentiation. Although no direct ligand has
been found for HER2/neu, it can be activated by its
overexpression or transactivated by various ligands
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of EGF family.” The activation of HER2/neu by the
formation of heterodimers with other ErbB receptors
is well described and involves prolongation of the
signaling by ErbB2 containing heterodimers.®® Ras/
MAPK and PI3K/Akt are 2 downstream pathways
of ErbB2, which link ErbB2 to its biological
functions.®!

An amplification or over expression of tyrosine
kinase receptor HER2/neu is found in approximately
20-40% of patients with breast cancer, as a result
HER2/neu is overexpressed on the cell surface
leading to increased oncogenesis.”® There is evidence
that over-expression of HER2 and p53 is involved in
breast cancer progression, indicating the coexistence
of HER2 over-expression and accumulation of p53
protein is a strong prognostic molecular marker in
breast cancer.®*®*  Furthermore, receptor tyrosine
kinases (RTKs) are involved in a broad spectrum of cell
growth and differentiation events. Receptor tyrosine
kinases are classified based on sequence homology
and domain organization. Type I RTKs include the
epidermal growth factor receptor (EGFR) and the
human EGF receptor (ErbB1, HER1) homologues
ErbB2 (Neu, HER2), ErbB3 (HER3), and ErbB4
(HER4) also named as c-erbB1-4.%! Overexpression
of several members of this receptor family, especially
EGFR and HER?2, is associated with a variety of solid
tumor malignancies.

The ErbB receptor tyrosine kinases, in particular
ErbB1 and ErbB2, have roles in human cancer
development, thus making them attractive targets for
cancer therapies.* ErbB2 overexpression, generally
attributable to gene amplification which occurs in
25-30% of breast cancer and correlates with shorter
time to relapse and lower overall survival.®® Tt has
been observed that targeting of overexpressed active
ErbB2 results in efficient inhibition of breast cancer
cell proliferation, which proceeds via inhibition of
intracellular signaling pathways and directly targets
various members of the cell cycle machinery.®
Interestingly, expression of ErbB3 is seen in many
tumors that express ErbB2, including breast,” and
ErbB3 has impaired kinase activity and it needs a
dimerization partner to become phosphorylated and
acquire signaling potential.®*7°

The estrogen receptors (ER). Other molecular
marker, usually associated with breast cancer is
the ER. Estrogens have essential functions in both
female and male physiology, especially 17B-estradiol
(E2) which plays central role in the proliferation
and differentiation of responsive cells, through
changing the expression profile of target genes within
responsive tissues.”' 17B-estradiol target tissues

can be divided in to 2 groups, the classical and non-
classical E2 target tissues. The classical targets are
the uterus mammary gland, placenta, liver, central
nervous system, cardiovascular system and bone; and
these tissues have a high ERa content.”” The non-
classical target tissues include prostate, testis, ovary,
pineal gland, thyroid gland, parathyroids, adrenals,
pancreas, gallbladder, skin, urinary tract and erythroid
tissues. In these tissues, expression of ERa is either
very low or not measurable, whereas ERB is highly
expressed.”

In the mammary glands, ER is found in both the
epithelial cells (ductal and lobular) and stromal cells
and even during embryogenesis, ER is expressed
in both the ductal epithelium and stroma, not in
the lobular epithelium. One of the most interesting
aspects of ERs in the breast is their dual role in
both proliferation and differentiation.” E2 binds to
transcription factors belonging to the nuclear receptor
superfamily, in order to mediate its effect, the estrogen
receptors (ERa and ERB), these are proteins encoded
by 8 exons of 2 genes on different chromosomes.”

Genes relevant to tumorigenesis and thought to
be regulated either directly (ER DNA binding) or
indirectly (via cooperative interactions with other
transcription factors), by ER encode proteins involved
in apoptosis (as Bcl-2), cellular invasiveness (as
cathepsin D), and cellular proliferation such as v-myc
myelocytomatosis viral oncogene homolog (Myc)
and transforming growth factor-alpha (TGFa).”®
On one hand, the expression of ERB is much lower
in tumors than in healthy glands and in relation to
ERoa, ERB expression is reported to decrease during
carcinogenesis.”’ Additionally, overexpression of
ERB mRNA was reported in tumors from patients
who became resistant to chemotherapeutics such as
tamoxifen, where tamoxifen-liganded ERo and ERf
have been shown to have strikingly different effects on
activation number 1, AP-1 (a transcription factor) gene
regulation with tamoxifen-liganded ERo. exerting
antagonistic effects.”® While tamoxifen-liganded
ERSB agonistically activates AP-1 target genes in all
cell types tested, thus increased tumor expression of
ERB could be associated with the development of
tamoxifen resistance mediated through AP-1 target
genes.”

ERa, on the other hand, is a well established
prognostic marker in breast cancer pathogenesis,
and it is thought to be the primary predictive factor
for endocrine response in breast tumors.” In clinic,
factors as ERa, PR, and nodal status used to predict
response to endocrine therapy, patients with ERo+
show 53% objective response rate to endocrine
therapy, and this can be split into 69% for ERo+ PR+
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and 11% of ERo+ PR-.* In addition, most tumors
expressing mutant p53 belonged to the high-grade,
poorly differentiated malignancies, this agrees with
the observation that expression of ER and mutant p53
is completely inverse in breast cancer cells.®! These
data suggested that the association of p53 mutation
with cell cycle progression led to rapidly growing
cells with low amount of ER accumulation.?!8 ERa
is capable of binding to MDM?2 and the NH2 terminus
of the p53 protein, thus protecting p53 from being
deactivated by the MDM2 ligand independently.®® It
has been reported that ER-positive breast cancer cells
have significantly higher (up to 30 folds) MDM?2
mRNA levels than ER- negative ones, and this
observed stimulatory effect of ERo. on MDM2 was
carried out via elevated p53 transcriptional activity.®*

Furthermore, in ERa+/EGFR+ tumors, individual
tumor cells express high levels of only ERa or
EGFR, but never both.*> The EGFR+ cells in these
tumors are also associated with a higher growth rate
than the ERo+/low EGFR cells.* Interestingly, ERo.
and EGFR expression in the same cell is observed in
normal and benign breast specimens,?” suggesting that
the interaction between these 2 signaling pathways is
altered in breast cancer cells.

In conclusion, there are more questions than
answers at this time regarding the putative functional
significance of many prominent markers expression
by breast cancer cells. It will be important to address
whether breast cancer cells form similar patterned
networks and this area of research merits further
exploration, with potential benefits for molecular
diagnosis and therapeutic intervention strategies.
We hope that our paper will encourage us and other
investigators to examine breast tumors and other
cancers for the putative biological significance of the
molecular expression of these markers in cancers cells.
Nonetheless, in order to evaluate more accurately the
overall risk of breast tumorigenesis, novel genetic
and phenotypic traits need to be identified.
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