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Abstract

Breast cancer is no longer thought of as a single disease,
but rather as collection of subtypes characterized by
molecular signatures. The use of gene array analysis has
provided insights into the dominant driver pathways that
effect individual tumors and translate into clinical man-
ifestations of the disease, response to treatment and
overall clinical outcome.

Breast cancer represents a heterogeneous group of diseases
with various clinical presentations, responses to treatment,
and outcomes. Several clinical factors affect prognosis, such
as tumor size, nodal involvement, nuclear grade, histologic
type, molecular markers, and surgical margins. Even taking
these factors into account, there remains great variation in
the behavior of breast cancer. The limitations of the prog-
nostic value of these variables have underscored the rational
for developing gene expression profiling of tumor tissue to
try to further classify individual tumors to provide more
reliable information regarding response to prognosis and
treatment. Perou et al. (2000) proposed that the phenotypical
diversity of breast tumors could also be associated with
diverse gene expression patterns. To evaluate this, Perou
et al. used cDNA microarrays to analyze genetic profiles and
grouped genes based on their similar patterns of expression.
Subsequently, Sorlie et al. (2001, 2003) demonstrated breast
tumors can be divided into four distinct molecular subtypes:
(i) luminal A, (ii) luminal B, (iii) HER2-type, and (iv) basal-
like. Investigations of these subtypes in women with breast
cancer have given insight into the heterogeneous biology
and outcomes in patients with early-stage and locally
advanced disease. These subtypes have subsequently been
found to correlate with prognosis, response to systemic
therapy, and locoregional recurrence.
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1 Molecular Subtypes of Breast Cancer

The four distinct molecular subtypes are as follows:
(i) luminal A, (ii) luminal B, (iii) HER2-type, and (iv) basal-
like. The two luminal subtypes (luminal A and B) comprise
most ER-positive breast cancers and are characterized by a
high expression of hormone receptor (HR)-related genes.
The HER2-enriched subtype is characterized by high
expression of HER2-related and proliferation genes and low
expression of HR-related genes (Sorlie et al. 2001, 2003;
Sotiriou et al. 2003). The basal-like subtype is characterized
by the absence of expression of hormonal and HER2
receptors and has a high expression of proliferation genes.

Until recently, strict tissue requirements, costs, com-
plexity, and technical challenges have limited the application
of gene expression profiling to clinical practice. Now,
however, commercially available assays such as Oncotype
DX® and MammaPrint® have become more widely used.
Immunohistochemistry (IHC), using various biomarkers, has
been used as a surrogate to the molecular subtypes. IHC is
inexpensive, readily available, reliable, reproducible, and
technically simple. Antibodies for estrogen receptor (ER),
progesterone receptor (PR), HER2, cytokeratin 5/6 (CK 5/6),
epidermal growth factor (EGFR), and Ki67 have been used
to classify subtypes of breast cancer. Whether IHC analysis
of tumor markers categorizes tumors identically to molecular
subtyping is debatable.

Luminal A breast cancer is the most common subtype,
accounting for 50–60 % of breast cancers. As previously
mentioned, it is characterized by the expression of genes
activated by the ER transcription factor that are typically
expressed in the luminal epithelium lining the mammary
ducts. It is also associated with a low expression of genes
related to cell proliferation. The luminal A IHC profile is
characterized by ER +/− PR expression, an absence of
HER2 expression, a low rate of proliferation measured by
Ki67 (suggested to be <14 %), and a low histological grade.
While women with luminal A, early-stage breast cancer have
the best prognosis and relatively low rates of local and
regional relapses (Voduc et al. 2010), they frequently have
bone as the first site of metastatic disease (Sihto et al. 2011).

Luminal B tumors make up between 10 and 20 % of all
breast cancers. Compared to luminal A, they have a more
aggressive phenotype, higher histological grade and prolif-
erative index, and a worse prognosis. The pattern of distant
relapse also differs, and although bone remains the most
common site of recurrence (30 %), this subtype has a high
recurrence rate in visceral sites such as the liver (13.8 %).
Additionally, the survival from time of relapse is lower
(1.6 years) compared to luminal A (2.2 years) (Kennecke
et al. 2010). The main biological difference between the
luminal A and B subtypes is an increase expression of

proliferation genes. From the IHC standpoint, there have
been attempts to differentiate between luminal A and luminal
B using the protein expression of Ki67 as a possible marker
(Cheang et al. 2009). The luminal A subtype has been defined
as ER-positive/HER2-negative and low Ki67, while the
luminal B subtype has tumors with ER-positive/HER2-neg-
ative and high Ki67 or ER-positive/HER2-positive. There are
also approximately 6 % of luminal B subtype tumors that are
ER-negative and HER2-negative. It is also important to note
that the cutoff point for Ki67 has not been standardized. Since
the prognosis of luminal B tumors is different compared with
luminal A, an effort to identify biomarkers that distinguish
between these two subgroups has been made.

HER2-positive breast cancers are characterized by the
overexpression of the HER2 gene and genes related to cel-
lular proliferation. These tumors are highly proliferative with
approximately 75 % having a high histological grade and
more than 40 % having p53 mutations. HER2-enriched
tumors have a high rate of local recurrence (21 % vs. 8 % for
luminal A); however, it is important to note that these data
were obtained before the routine use of adjuvant trastuzumab
so it is reasonable to assume the risk of local recurrence
would be reduced with its use. Patients with HER2-over-
expressing breast cancer have a higher frequency of devel-
oping brain metastases compared to other subtypes of breast
cancer brain (Gabos et al. 2006), in addition to a higher rate
of metastases to the liver and lung (Kennecke et al. 2010).

The basal-like subtype typically expresses genes present in
normal breast myoepithelial cells, including cytokeratins CK5
and CK17, P-cadherin, CD44, and EGFR. Clinically, basal-
like tumors are characterized by young age at diagnosis,
greater frequency in African–American women, larger tumor
size at diagnosis, high histological grade, and a high frequency
of lymph node involvement. Basal-like tumors tend to have a
high mitotic index and are associated with tumor necrosis.
They behave in a clinically aggressive manner with a pre-
dominance of involvement in visceral organs, mainly lungs,
central nervous system, and lymph nodes. Basal-like tumors
typically, but not uniformly, lack expression of the three key
receptors in breast cancers: ER, PR, and HER2 receptor
overexpression. In clinical practice, the terms basal-like and
triple negative are often interchanged; however, they are not
synonymous. The majority of basal-like breast cancers have
a triple-negative phenotype, and the vast majority of tri-
ple-negative cancers display a basal-like phenotype.

Park et al. (2012) evaluated characteristics and outcomes
of patients according to molecular subtypes of breast cancer
as classified by a panel of four biomarkers using IHC. They
used ER, PR, HER2, and Ki-67 expression to categorize
1,066 breast cancer patients into the four subgroups. Demo-
graphics, recurrence patterns, and survival were retrospec-
tively analyzed. In their study, luminal A, luminal B,
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HER2-enriched, and basal-like tumors accounted for 53.1,
21.7, 9.0, and 16.2 % of cases, respectively. Luminal A
tumors were well differentiated and had a higher expression
of HR than luminal B. HER2-enriched tumors were associ-
ated with larger tumor size and higher frequency of nodal
metastasis. Basal-like tumors were associated with younger
age at diagnosis, larger primary tumor size, higher prolifer-
ation index (i.e., Ki67), poor differentiation, and frequent
visceral metastases. In addition, by using IHC, they found
similar recurrence patterns and survival outcomes consistent
with subtyping by cDNA microarray. Molecular subtyping
based on IHC remains a standard first step for informing
treatment and surveillance strategies in breast cancer patients.

2 How Subtypes May Affect Response
to Therapy?

Themolecular subtypes of early-stage breast cancer have quite
variable disease outcomes such that some patients are cured of
their disease with standard therapy, while others develop rapid
disease progression despite standard multimodal treatment.
The molecular subtypes provide insight into the variable
clinical outcomes in patients andmay serve as prognostic tools
and predictors of response to systemic adjuvant therapy.

A number of studies have explored the effect of the
molecular subtype on both response to preoperative chemo-
therapy and survival (Bertucci et al. 2005; Rouzier et al. 2005;
Rody et al. 2007; Carey et al. 2007; Goldstein et al. 2007;
Guarneri et al. 2006; Fernandez-Morales et al. 2007; Sanchez-
Munoz et al. 2008; Colleoni et al. 2008). These investigations
have shown that the rate of pathologic complete response
(pCR) in both breast tissue and axillary lymph nodes differs
considerably among the molecular subtypes. The luminal A
subtype had a very low rate of pCR (on average less than
10 %, 0–27 %) in patients treated with a variety of preoper-
ative chemotherapy regimens. There was a high rate of pCR
seen with the basal-like (on average 40 %, 10–80 %) and
HER2-enriched subtypes (on average 40 %, 20–62 %). The
luminal B subtype was associated with an intermediate rate of
response (on average less than 20 %, 15–33 %).

The high rate of pCR observed with basal-like, and
HER2-enriched tumors seem to contrast with the inferior
survival of these patients. However, patients who have a
pCR have superior survival regardless of their subtype. The
exception is the luminal A subtype who tend to have a good
prognosis regardless of obtaining a complete pCR. The
unfavorable outcomes observed in the basal-like and
HER2-enriched groups are attributable to those patients who
did not achieve or attain a pCR with preoperative chemo-
therapy and therefore had a higher frequency of relapse or
death (Carey et al. 2007; Fisher et al. 1998; Kuerer et al.
1999; Liedtke et al. 2008).

The treatment of the luminal A subgroup in the metastatic
setting is often preferable to start with endocrine therapy
consisting of the third-generation aromatase inhibitors (AI)
in postmenopausal women, selective estrogen receptor
modulators (SERMs) such as tamoxifen, and pure selective
down-regulators of ER such as fulvestrant.

Luminal B breast cancer, despite expressing ER, is asso-
ciated with increased risk of early relapse with endocrine
therapy compared to the luminal A subtype. One explanation
to explain this behavior is that luminal B breast cancer is
associated with an increased expression of proliferation-
related genes. Several biological pathways are identified as
possible contributors to the poor outcomes, and novel agents
targeting these pathways are being developed with the aim to
improve survival. Some of these agents include inhibitors of
insulin-like growth factor 1 receptor (IGF-1R), inhibitors
of fibroblast growth factor receptor (FGFR), and inhibitors of
mammalian target of rapamycin (mTOR).

The basal-like molecular subtype is correlated with an
aggressive clinical course including an increased likelihood
of disease recurrence and death (Dent et al. 2007). There are
currently no specific targeted treatments for basal-like
tumors due to the scarcity of data on which to base treatment
decisions. The basal-like or triple-negative subtype of breast
cancer represents an unmet therapeutic need and as such
multiples therapeutic strategies are being investigated
including DNA-damaging chemotherapy drugs such as
platinum, inhibitors of poly (ADP-ribose) polymerase
(PARP), and other novel agents.

The HER2 subtype carries a worse prognosis compared
with other subtypes; however, the use of targeted anti-HER2
therapy, specifically adjuvant trastuzumab, a humanized
monoclonal antibody directed against HER2, has improved
survival in the HER2-overexpressing subtype of breast
cancer. Five randomized trials of adjuvant trastuzumab
showed a significant reduction of recurrence and mortality,
as compared to no adjuvant trastuzumab (Viani et al. 2007).
In addition, more recent clinical trials are focused on the
development of newer agents that also block the HER2
receptor or downstream signaling, in addition to the com-
binations of newer HER2 targets which lead to dual HER2
blockade.

3 How Subtypes May Impact Prognosis?

There have been several analyses integrating molecular
subtypes and their impact on prognosis. A pioneering study
by Sorlie et al. noted a significant difference in overall sur-
vival between molecular subtypes (Sorlie et al. 2001, 2003)
among patients with locally advanced breast cancer. The
basal-like and HER2-enriched subtypes showed the poorest
prognosis with both shorter time to progression and overall
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survival. The luminal subtypes are the most heterogeneous.
However, the luminal A subtype had a considerably better
prognosis compared with all other subtypes, and the luminal
B subtype had an intermediate outcome.

Luminal A patients have a good prognosis with a relapse
rate for early-stage luminal A breast cancer of 27.8 % being
significantly lower than that for other subtypes (Kennecke
et al. 2010). In addition, survival from the time of relapse is
also longer (median 2.2 years).

Luminal B cancers have a worse prognosis than do luminal
A cancers despite adjuvant systemic treatment. Cheang et al.
(2009) analyzed tumors from patients with invasive breast
carcinomas and found that luminal B breast cancer was sta-
tistically significantly associated with poor breast cancer
recurrence-free and disease-specific survival in all adjuvant
systemic treatment categories. For these reasons, treatment
decisions regarding the luminal B subtype remain challenging.

HER2-positive tumors have been characterized by a poor
prognosis, although in the last decade inwhichHER2-targeted
therapies have beenwidely used, a substantial improvement in
survival in both early-stage and metastatic HER2-positive
breast cancer has been observed. Agents that target the HER2
receptor, heat shock protein inhibitors, anti-VEGF agents, and
mTOR inhibitors are being studied in clinical trials and also
provide alternative strategies for impacting HER2-driven
disease, particularly following disease progression on an anti-
HER2 therapy. There are many late-stage studies underway
that will clarify the role of these newer therapies and the ways
in which they will be integrated with established treatments.

Basal-like tumors have a worse prognosis compared with
the luminal subtypes (Sorlie et al. 2003). They have a higher
relapse rate in the first 3 years (Dent et al. 2007) despite
having a high response to chemotherapy. They tend to have a
high rate of p53 mutations, which may be an explanation for
their poor prognosis and aggressive behavior. In addition,
BRCA1 mutant tumors tend to be part of the basal-like
subtype. BRCA1 is critical in DNA repair and its inactivation
leads to the accumulation of errors and genetic instability
favoring tumor growth. The BRCA pathway dysfunction can
potentially be exploited therapeutically, e.g., inhibitors of the
PARP enzyme and cross-linking agents as mentioned earlier.
It is critical to continue to identify new therapeutic targets and
design appropriate treatment strategies based on the biology
of the distinct subtypes of breast cancer.

4 How Subtypes May Affect Patterns
of Failure?

Evidence supporting the effect of molecular subtype on local
and regional relapse has been demonstrated in a few studies.
Nguyen et al. (2008) examined a cohort of 793 women with

breast cancer treated with breast-conservation surgery. With
18 local events, the study found the HER2-enriched and
basal-like subgroups were associated with an increased risk
of local recurrence on multivariate analysis, 8.4 and 7.1 %,
respectively. Local recurrence was low for the luminal A
subtype (0.8 %) and the luminal B subtype 1.8 %. However,
in this analysis, no patient received adjuvant trastuzumab.
Haffty et al. (2006) observed a higher overall incidence of
local recurrence in a cohort of 482 patients treated with
breast-conservation surgery. They found the local recurrence
rate to be 17 % at 5 years, with no difference noted between
triple-negative and non-triple-negative breast cancer. There
was a small, but not statistically significant, difference in
nodal recurrence, with a higher risk observed in the triple-
negative cancers versus the non-triple-negative cancer
(5-year nodal recurrence rate of 6 % vs. 1 %, respectively,
p = 0.05). Dent et al. (2009) also did not find a difference in
local recurrence rates for basal-like breast cancer compared
to other subtypes in a study of 1,601 patients.

Voduc et al. (2010) examined the risk of local and
regional relapse in a large cohort of 2,985 patients with
early-stage breast cancer. Luminal A tumors were associated
with a low rate of local recurrence of 8 % at 10 years after
either breast-conservation surgery or mastectomy, a result
consistent across many studies, suggesting luminal A tumors
exhibit the best overall prognosis (van’t Veer et al. 2002).
Since only 46 % of ER-positive patients in the Voduc study
were treated with adjuvant tamoxifen, an even lower rate of
relapse may be expected with the more consistent use of
adjuvant hormonal therapy. Luminal A tumors also had
infrequent regional relapse, 3 % at 10 years for both patients
undergoing breast-conservation surgery and mastectomy.

Voduc et al. also found significant difference in local
relapse rate in the HER2-enriched subgroup (21 % vs. 8 %
for luminal A). The HER2 subtype was an independent
marker for local recurrence after breast-conservation ther-
apy. It is also important to note that with the widespread use
of adjuvant trastuzumab, the risk of local recurrence would
be expected to be lower. One may consider a radiation boost
for some patients with other high-risk features to decrease
the risk of local recurrence with this subtype.

Another important finding in the Voduc study was the
high risk of locoregional relapse in luminal B tumors,
identified using Ki-67. This study suggests luminal B is the
second largest molecular subtype (35 % of hormone recep-
tor-positive and HER2-negative tumors), and they were
associated with significantly higher rates of local and
regional relapse. Colleoni et al. (2004) found that high Ki-67
predicted for recurrence in small (<1 cm), node-negative
breast cancers. Also, Mamounas et al. (2010) found that
25 % of a cohort of ER-positive, node-negative breast can-
cers had a high-risk recurrence score (Oncotype Dx), and
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this subgroup had a much higher risk of locoregional relapse
compared with low-risk tumors (16 % vs. 4 %, respectively).
These IHC markers can predict who may be at an increased
risk of local and regional recurrence. Additional studies are
required to identify the most effective treatment to address
the higher risk of relapse seen with certain groups.

Preferential sites of distant metastatic disease have also
been evaluated between the molecular subtypes. Sihto et al.
(2011) analyzed 2,032 breast cancer core biopsies and found
luminal A cancers had a propensity to give rise first to bone
metastases, HER2-enriched cancers to liver and lung
metastases, and basal-like cancers to liver and brain metas-
tases. These findings are consistent with prior studies con-
cluding biological subtypes are associated with site-specific
distant recurrence.

5 Summary

Breast cancer is a heterogeneous disease with various clin-
ical presentations, responses to treatment, and outcomes.
While tumor size, histologic type, tumor grade, nodal
involvement, and surgical margins affect prognosis, there are
limitations on their prognostic value and there remains a
great variation in breast cancers behavior. The molecular
subtypes: (i) luminal A, (ii) luminal B, (iii) HER2-type, and
(iv) basal-like have yielded insight into the heterogeneous
biology and outcomes in patients with locally advanced
disease. These subtypes have been found to be predictors of
prognosis, response to systemic therapy, and locoregional
recurrence.
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Abstract

Breast cancer remains the second leading cause of cancer-
related deaths worldwide. One of the main obstacles for
finding a cure for breast cancer is the inherent heterogeneity
of the disease. There are three main subtypes which include
estrogen and/or progesterone (ER/PR)-positive, epidermal
growth factor receptor-2 (ErbB-2/HER2)-positive, and
triple negative that lack expression of ER or PR and express
wild type levels of ErbB-2. The etiology of breast cancer
development termed the tumorigenic process has been
closely linked to gene amplification. Several genes have
been shown to be amplified in breast cancer including the
ErbB-2 gene on chromosome 17q12-21. The amplification
of the ErbB-2 gene is a clear and defined indicator of ErbB-
2-positive breast cancer development. In this chapter, we
will review the classes of genes that are amplified and
linked to breast cancer, discuss the significance of the
ErbB-2 signaling pathway to breast cancer progression,
targeted therapy, and drug resistance.

1 Gene Amplification: An Oncogenic
Driver

Gene amplification refers to duplication of a chromosomal
region that contains a gene. It occurs during uneven cross-
ing-over during meiosis between disarranged homologous
chromosomes. Multiple different biologically and clinically
relevant genes are frequently duplicated or multiplied in
breast cancer. Amplification of a gene is one way by which a
gene can be overexpressed. The resulting overexpression of
a proto-oncogene promotes uncontrolled cell proliferation
and drives tumorigenesis by enabling constitutive activation
of downstream signaling pathways and by inducing genetic
instability, and thus, it usually predicts for poor prognosis.
Some studies have shown a correlation between patient
survival and number of gene amplifications. In addition, the
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function of genes involved plays a critical role in deter-
mining tumor characteristics. An early role for gene ampli-
fication in the development of breast cancer has been
proposed. Gene amplification is a hallmark of malignant
transformation and serves as a useful tool in determining
targeted therapeutic options and/or prognosis.

The aim of this chapter was, therefore, to provide an
overview of oncogenes that are amplified in breast cancer.
Particularly, we will focus on understanding the role of
ErbB-2 as an oncogenic driver and a therapeutic target in
breast cancer.

2 Common Gene Amplifications in Breast
Cancer

The following genes have been identified which, when
amplified and overexpressed in breast cancer, are associated
with high tumor grade, metastasis, poor prognosis, and
decreased overall survival: MYC (48 %), PRDM14 (34 %),
TOP2A (32 %), ADAM9 (32 %), HER2 (28 %), CCND1
(26 %), EMSY (25 %), IKBKB (21 %), FGFR1 (17 %), ESR1
(16 %), and EGFR (9 %). Frequently, the chromosomal
regions that are amplified with high copy number during
breast cancer development include 8p (FGFR1, ADAM9,
IKBKB), 11q (CCND1, EMSY), and 17q (PPARBP, HER2,
TOP2A). Most of the common amplifications in estrogen
receptor-α (ERα)-positive breast tumors exhibit amplifica-
tion of 8p and 11q chromosomal regions. However, ampli-
fication of the 17q chromosomal region has been identified
in both ERα-positive and ERα-negative breast tumors.

Gene amplifications in breast cancer are frequent on
chromosome 8p, 11q, and 17q, in which multiple driver
oncogenes are amplified independently or together in various
combinations. For example, tamoxifen-treated breast cancer
patients often exhibit co-amplification of CCND1 and EMSY
and this co-amplification predicts for poor survival. Both
FGFR1 and CCND1 amplifications were associated with
significantly reduced survival. In contrast, simultaneous
amplification of HER2 and MYC has been shown to be
associated with large tumors, reduced survival, and favorable
outcome in response to trastuzumab, an anti-HER2 agent.

Amplification and co-amplification of several genes
(oncogenes and tumor suppressors) have been shown to be
involved in the development, maintenance, and progression
of malignant breast cancer. However, the most comprehen-
sive studies have been conducted in understanding the role
of ErbB-2 (HER2/neu) as a proto-oncogene.

3 ErbB-2 Signaling Pathway (Fig. 1)

The human epidermal growth factor receptor-2 (ErbB-2,
HER2/neu) is a type I transmembrane receptor tyrosine
kinase. ErbB-2 and other family members (EGFR, ErbB-3,
and ErbB-4) contain an N-terminal, extracellular ligand-
binding domain, a transmembrane domain, and a C-terminal,
intracellular tyrosine kinase domain. Unlike the other
family members, ErbB-2 is considered to be an orphan
receptor as it has no known ligand and ErbB-3 lacks
tyrosine kinase activity. Under physiological conditions,
ligand binding triggers hetero- or homo-dimerization of
ErbB receptors resulting in auto- and transactivation of
receptor kinase function. The active receptor tyrosine kinase
then triggers various intracellular signaling pathways,
including PI3’K and MAPK, resulting in cell survival and
proliferation. Not all ErbB dimers exhibit equivalent sig-
naling capacity; homo-dimers transmit weak signals com-
pared to hetero-dimers. As ErbB-2 lacks a ligand, ErbB-2
hetero-dimerizes with other members of the ErbB family.
However, the ErbB-2/ErbB-3 is considered the most potent
hetero-dimer that promotes breast cancer cell proliferation
and disease progression.

4 ErbB-2 Gene Amplification
and Overexpression in Breast Cancer

The ErbB-2 proto-oncogene gene is amplified and is con-
sidered the main mechanism of ErbB-2 protein overexpres-
sion in 20–30 % of invasive breast cancers. ErbB-2-positive
breast tumors have poor prognosis and are prone to early and
frequent recurrence and metastases. Overexpression of
ErbB-2 provides potent and constitutive activation of MAPK
and PI3’K signaling pathways to drive breast tumorigenesis.
Currently, trastuzumab (Herceptin®), a recombinant,
humanized, monoclonal antibody, is a FDA-approved
treatment for ErbB-2-amplified breast cancer. Trastuzumab
specifically binds the juxta-membrane region of ErbB-2 at
the cell surface to inhibit homo- or hetero-dimerization,
thereby slowing growth by inhibiting activation and signal-
ing. The best efficacy and positive therapeutic outcome with
trastuzumab are observed in women with tumors that over-
express, have amplification, or have high activity of ErbB-2.
Trastuzumab showed significant efficacy in the adjuvant
settings with an overall response rate of 26 %, which
increased to 80 % when combined with chemotherapeutic
agents such as taxanes.
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5 Mechanisms of Action (Fig. 2)

The exact mechanism by which trastuzumab inhibits ErbB-2
signaling is not yet fully understood. Some studies have
suggested that trastuzumab binds to the extracellular domain
of ErbB-2 and upon binding promotes internalization and
degradation of ErbB-2 receptor. Other recent studies have
demonstrated that trastuzumab selectively blocks ErbB-2/
ErbB-3 hetero-dimerization. In addition, binding of trast-
uzumab to ErbB-2 blocks cleavage of the extracellular
domain of the receptor, resulting in decreased levels of
constitutively active and soluble p95-ErbB-2. As a result,
trastuzumab acts as a potent anti-proliferative and anti-
survival agent. Trastuzumab is also capable of inducing
immune responses such as antibody-dependent cellular
cytotoxicity (ADCC) against ErbB-2-overexpressing tumor
cells. The Fc domain of trastuzumab engages with Fc
receptors on immune effector cells (T cells) leading to lysis
of tumor cells that overexpress ErbB-2. Furthermore, trast-
uzumab has anti-angiogenic effects. Trastuzumab initiates

one important cellular response and that is cell cycle growth
arrest in G1 phase, which is often accompanied by decrease
in cyclin D1 levels and an increase in p27 levels. Trast-
uzumab induces little if any apoptosis.

6 Mechanisms of Resistance

Although trastuzumab has had a tremendous impact on
improving survival for women with ErbB-2-positive breast
cancer, trastuzumab resistance remains a major problem,
particularly with metastatic tumors. Unfortunately, 66–88 %
of women with metastatic breast cancer are resistant to trast-
uzumab as a single agent. Furthermore, many of the women
who initially respond to trastuzumab-based treatments that
include chemotherapy develop resistance within the first year
of treatment. Approximately 15 % of women who receive
trastuzumab will develop recurrent breast cancer, which
almost always is metastatic to distant organs and ultimately
results in death. In women with trastuzumab-resistant disease,

Fig. 1 ErbB signaling pathway
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lapatinib, a small molecule, dual EGFR/ErbB-2 tyrosine
kinase inhibitor (TKI), has been clinically proven to overcome
some resistance to trastuzumab. However, resistance to
lapatinib has been observed in patients within the first year of
treatment. Thus, despite initial efficacy in the treatment of
metastatic disease with anti-ErbB-2 agents, resistance occurs
with no clinical means currently available to circumvent it.
Thus, understanding the mechanisms responsible for resis-
tance to ErbB-2-targeted therapies is critical to identify novel
targets.

6.1 Functional Redundancy Among ErbB
Family Members

ErbB family members are functionally redundant. The criti-
cal functions of ErbB signaling include dimerization, tyrosine
phosphorylation, and activation of some redundant down-
stream signaling molecules. Even though trastuzumab
inhibits ErbB-2 phosphorylation, it rarely blocks the dimer-
ization of ErbB-2 with other ErbB family members. Recently,

long-term trastuzumab treatment of ErbB-2-positive breast
cancer cells showed increase in EGFR and ErbB-3 expres-
sion. This indicates that alternate ErbB family dimers, such as
ErbB-1/ErbB-1 and ErbB-1/ErbB-3 dimers, could possibly
circumvent trastuzumab-induced blockade and promote
growth and survival of breast tumors. Moreover, TGF-β has
been shown to activate ErbB-3 in ErbB-2-overexpressing
cells and subsequently the PI3’K pathway by enhancing
phosphorylation and translocation of ADAM17 to the cell
surface. This results in an increase in ErbB ligand shedding
and desensitization of these cells to trastuzumab. Interest-
ingly, from EGFR and ErbB-3 receptor knockdown studies,
ErbB-3 has been shown to play a crucial role over EGFR in
ErbB-2-amplified breast cancer. Therefore, a promising
approach to treat trastuzumab resistance would be to design
monoclonal antibodies that can be directed at dimerization of
all the ErbB family members. Pertuzumab is a humanized,
monoclonal antibody that was designed to specifically target
hetero-dimers of the ErbB family. Recently, pertuzumab has
shown significant efficacy when combined with trastuzumab
in ErbB-2-positive metastatic breast cancer.

Fig. 2 Mechanisms of trastuzumab resistance

10 K. Pandya and C. Osipo



6.2 Role for Loss of Negative Regulators

Loss or decreased expression of negative regulators of sig-
naling pathway activated by ErbB receptors has been
implicated in resistance to trastuzumab. For example, the
tumor suppressor phosphatase and tensin homolog (PTEN)
is a negative regulator of the PI3’K/AKT signaling pathway.
PTEN acts as a phosphatase to dephosphorylate PIP3 back to
PIP2. This dephosphorylation results in inhibition of AKT
pathway and subsequently controls cell survival, prolifera-
tion, and growth. ErbB-2-overexpressing breast tumors that
express little to undetectable levels of PTEN respond poorly
to trastuzumab therapy. Concurrently, constitutive PI3’K/
AKT kinase activity has also been shown to promote growth
and proliferation of breast tumors. ErbB-2-overexpressing
breast cancer cells that have heightened PI3’K/AKT sig-
naling and reduced PTEN expression were shown to be the
most sensitive to PI3’K or mTOR inhibitors. These inhibi-
tors when combined with trastuzumab were able to over-
come resistance both in vitro and in vivo breast tumor
models. These results suggest that loss or low expression of
PTEN and subsequent high AKT kinase activity induce
trastuzumab resistance and serve as predictors of poor
response to trastuzumab. Thus, inhibitors of the PI3’K/AKT/
mTOR signaling pathway need to be explored in combina-
tion with trastuzumab to prevent trastuzumab resistance.
However, when tumor samples from trastuzumab-treated
women were analyzed for PTEN and AKT status, the
expression levels of PTEN and AKT did not significantly
correlate with response to trastuzumab-based therapy, time
to disease progression, or incidence of CNS metastases.

As described above, trastuzumab induces cell cycle
growth arrest in G1 phase, which is often accompanied by an
increase in a critical negative regulator of cell cycle pro-
gression, p27. Loss of expression of p27Kip has been
implicated in trastuzumab resistance. The p27Kip1 binds to
cyclin E either alone or in a complex with cyclin-dependent
kinase 2 (Cdk2) and inhibits the catalytic activity of Cdk2 to
prevent Cdk2 from adding a phosphate group to its substrate.
Trastuzumab induces a G1 cell cycle arrest within the breast
tumor by enhancing the association of p27Kip1 with cyclinE/
Cdk2 complexes, thus increasing the half-life of p27Kip1 and
preventing phosphorylation of p27Kip1 by Cdk2 and sub-
sequent ubiquitin-dependent degradation. Decreased p27Kip1

levels and increased Cdk2 levels have been reported in
trastuzumab-resistant breast cancer. Depletion of p27Kip1

using either antisense or siRNA prevented trastuzumab-
induced growth inhibition in ErbB-2-positive breast cancer
cells. Conversely, overexpression of p27Kip1 or preventing
p27Kip1 degradation using a proteasome inhibitor MG132
resensitized resistant cells to trastuzumab. These results
suggest that p27Kip1 could be yet another crucial marker of

trastuzumab resistance. However, p27Kip1 protein expression
has yet to predict response to trastuzumab-based therapy
in patients with ErbB-2-overexpressing, metastatic breast
cancer.

6.3 Accumulation of Soluble p95-ErbB-2

The efficacy of trastuzumab to inhibit ErbB-2 depends on its
ability to recognize the juxta-membrane epitope of ErbB-2
and bind with high avidity. However, full-length ErbB-2 is a
substrate for ADAM metalloproteinases and has been
reported that a soluble form of ErbB-2 is detectable in serum
of breast cancer patients. The remaining truncated version of
ErbB-2 (p95) lacks the critical trastuzumab binding site
within the extracellular domain. The p95-ErbB-2 can
dimerize with other family members in a ligand-independent
manner and constitutively turn on downstream signaling
pathway. Approximately 30 % of ErbB-2-amplified breast
cancers exhibit p95-ErbB-2 expression and is associated with
adverse outcome and resistance to trastuzumab. Breast cancer
cell lines (expressing low levels of ErbB-2) transfected with
p95-ErbB-2 showed sensitivity only to lapatinib, whereas
transfection with full-length ErbB-2 exhibited sensitivity to
both trastuzumab and lapatinib. A retrospective analysis of
46 patients confirmed that expression of p95-ErbB-2
increased tumor growth and led to trastuzumab resistance,
whereas expression of wild-type ErbB-2 maintained sensi-
tivity to trastuzumab. These data suggest that tumors
expressing constitutively active p95-ErbB-2 maintain their
dependence on ErbB-2 activity for proliferation and may
respond better to alternative approaches to inhibiting ErbB-2.

6.4 Role for MUC4: Altered Receptor–
Antibody Interaction

Trastuzumab exerts its anti-tumor activity by binding and
inhibiting ErbB-2 at the cell surface. Thus, altering the
interaction between ErbB-2 and trastuzumab could serve as
an emerging mechanism that could contribute to trastuzumab
resistance. For example, MUC4, a membrane-associated
mucin, functions by modulating ErbB-2 signaling. The
ascites sialoglycoprotein-2 (ASGP-2) subunit of glycopro-
tein MUC4 directly interacts with ErbB-2 via an EGF-like
domain, masking ErbB-2 and inhibiting trastuzumab binding
to ErbB-2. Elevated MUC4 expression is observed during
acquired trastuzumab resistance. This interaction was asso-
ciated with increase in phosphorylation of ErbB-2 at tyrosine
1248, which plays a major role in ErbB-2-driven tumori-
genesis. MUC4 activates ErbB-2, without affecting the
expression of ErbB-2. Inhibition of MUC4 using siRNA
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increased trastuzumab binding and sensitized resistant breast
cancer cells to trastuzumab. Thus, novel agents targeting
MUC4 expression and/or function in combination with
trastuzumab might prove to be advantageous in the treatment
of resistant tumors.

6.5 Crosstalk Between ErbB-2 and Notch
Signaling Pathways

Recently, Notch signaling has emerged as a target for the
treatment of breast cancer. Notch-1 is another breast onco-
gene and a potent cell fate receptor. Women diagnosed with
breast cancer that co-overexpress Notch-1 and its ligand
Jagged-1 have the poorest overall survival. Notch-1 and
Notch-4 are breast oncogenes that promote breast cancer
tumorigenesis by simultaneously inhibiting differentiation,
promoting survival, and proliferation. We have identified,
Notch-1, as a novel target in trastuzumab-resistant breast
cancer. Based on our recent findings, we showed that ErbB-2
inhibits Notch-1 activity. We showed that when breast
cancer cells that overexpress ErbB-2 are treated with trast-
uzumab, the unintended consequence is activation of
Notch-1. This increased Notch-1 signaling decreased the
effectiveness of trastuzumab. We recently showed using
preclinical xenograft models that simultaneous inhibition
of Notch and ErbB-2 significantly decreased recurrence of
ErbB-2-positive breast tumors and reversed trastuzumab
resistance.

7 Alternative Treatment Options
for ErbB-2-Overexpressing Breast
Cancer

Despite the advances that have been made by trastuzumab
and lapatinib, patients with metastatic breast cancer develop
resistance to anti-ErbB-2 agents during the course of treat-
ment and eventually develop disease progression. The table
below shows alternative treatment strategies for patients with
resistant breast cancer.

8 Conclusions

Overexpression of ErbB-2 as a result of gene amplification has
provided an outstanding opportunity to develop targeted
therapy for breast cancer. It has for the most part been a very
successful example of how identification of oncogene ampli-
fication has led to an FDA-approved treatment strategy.
Trastuzumab has had a tremendous impact on improving
survival for women with ErbB-2-positive breast cancer.
However, resistance to trastuzumab remains a major problem,
particularly among women with metastatic disease. Thus,
elucidating the molecular mechanisms underlying intrinsic or
acquired anti-ErbB-2 drug resistance may provide crucial
information about patients that fail to respond to therapy or
develop resistance within the first year of their treatment.
Thus, there is an immediate urge for genomic, transcriptomic,
and proteomic approaches to better understand the mecha-
nisms of ErbB-2-targeted drug resistance. Some of the
molecular mechanisms for acquired resistance and possibly
intrinsic resistance summarized in this book chapter include
overexpression of redundant ErbB family members, overex-
pression ofMUC4, and loss of negative regulators (PTEN and
p27Kip1).We have identified a novel biomarker of trastuzumab
resistance: Notch-1. Compensatory increase in Notch-1
activity upon trastuzumab treatment could provide a survival
advantage to breast cancer cells, driving tumorigenesis, and
resistance. Activated Notch-1 may contribute to resistance by
regulating previously identified molecular markers of trast-
uzumab resistance, activating alternative signaling pathways,
and potentiating crosstalk between the tumor and its sur-
rounding microenvironment. Thus, a thorough analysis of the
role of Notch signaling in ErbB-2-amplified breast cancers
would provide an evidential rationale of whether targeting the
Notch pathway could improve the way trastuzumab-resistant
ErbB-2-positive breast cancer patients are treated today.
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Abstract

Genetic profiling of breast cancer is emerging as an
important prognostic and predictive tool, especially for
patients with early-stage breast cancer. Several genetic
profile assays are already commercially available, and
others are being developed and tested. OncotypeDx, a
21-gene assay, and MammaPrint, a 70-gene assay are the
most extensively evaluated tests. Currently, three prospec-
tive trials to assess the predictive value of gene signature
assays in certain subgroups of breast cancer are ongoing.
These are the Trial Assigning Individualized Options for
Treatment (Rx) (TAILORx) trial, the endocrine-responsive
breast cancer (RxPONDER) trial for 21-gene recurrence
score and Microarray In Node-negative Disease may
Avoid ChemoTherapy (MINDACT) trial using the
70-gene signature.

1 Introduction

Recent research has shown that breast cancer is a hetero-
geneous disease at the genetic level. The variations in gene
expression affect the clinical behavior and course of the
disease. In one of the initial studies, Perou and colleagues
analyzed the gene expression patterns of 65 breast cancer
specimens from 42 individuals (Perou et al. 2000). They
found that the tumors showed a wide variation in the patterns
of gene expression. However, the patterns from two tumor
samples from the same individual were more similar to each
other than to any other sample. Based on their findings, they
were able to identify what are now known as the biological
subtypes of breast cancer: estrogen receptor (ER)-positive,
luminal A and B, basal-like, Erb-B2+, normal, and claudin-
low. These subtypes of breast cancer have different natural
histories and survival patterns, as well as different patterns of
response to therapy. Gene expression profiling is not yet
routinely performed in the analysis of a breast tumor, so
identification of these subtypes is not currently being utilized
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clinically. Instead, tumors are now classified clinically based
on their ER, progesterone receptor (PR), and human epi-
dermal growth factor receptor-2 (HER2) status. For practical
purposes, the subtypes can be approximated using this
clinical data, although there is no perfect correlation between
the results of gene expression array tests.

Over the last two decades, significant improvements have
been made in breast cancer mortality rates. The 5-year rel-
ative survival rate for women with breast cancer increased
from 63 % in the early 1960s to 90 % today (American
Cancer Society 2011). This improvement has likely been due
to earlier diagnosis and improvements in therapy, among
other reasons. Adjuvant therapy has been shown to signifi-
cantly improve disease-free and overall survival in both
premenopausal and postmenopausal patients up to 70 years
of age with node-negative or node-positive breast cancer.
Given the multitude of currently available medical treat-
ments for breast cancer, it is a challenge to select the
appropriate adjuvant therapy for an individual patient.
Genomic assays have recently become powerful tools in
predicting recurrence and mortality, which allows the
refinement of therapeutic approaches.

Unlike conventional clinical prognostic factors, genetic
profiling has not been validated in prospective randomized
clinical trials. Though the results of these tests are repro-
ducible, they are expensive and have limited availability.
Also, there is a paucity of data comparing the available tests.
Nevertheless, they have the potential to improve and indi-
vidualize clinical decision making. Until now, decisions
regarding adjuvant chemotherapy have been determined by
factors including age, performance status, tumor size, tumor
grade, tumor stage, lymph node involvement, and ER, PR,
and HER2 status. These factors are combined in guidelines
such as the National Institutes of Health (NIH) Consensus
Development criteria (National Institutes of Health 2000;
(Eifel et al. 2001), the St. Gallen expert opinion criteria
(Goldhirsch et al. 2001, 2005), the National Comprehensive
Cancer Network Guidelines (2011), and a Web-based
algorithm, Adjuvant! Online (Ravdin et al. 2001; Adjuvant
Inc. 2012). These guidelines suggest that the majority of
women with node-negative, estrogen receptor-positive breast
cancer should be offered chemotherapy. However, this
approach will likely result in overtreatment in many women
since only a minority of these patients will develop recurrent
disease (Eifel et al. 2001; NCCN 2011). It is generally
thought that patients with poor prognostic features benefit
the most from adjuvant therapy. For example, axillary nodal
involvement has been considered one of the most important
prognostic features, with an increasing number of axillary
nodes correlating with a more unfavorable clinical outcome
(Carter et al. 1989; Page 1991; Rosen et al. 1989). It is
thought that patients with positive nodes are most likely to
benefit from adjuvant chemotherapy, with an absolute

benefit of 6–15 % at 5 years (Early Breast Cancer Trialists’
Collaborative Group 2005). However, this population ben-
efit is not true for all individuals, since 25–30 % of node-
positive patients will remain free of distant metastases even
without systemic adjuvant therapy (Joensuu et al. 1998).
Therefore, recommending adjuvant chemotherapy based on
the nodal status alone results in overtreatment of a significant
portion of patients. If more reliable tests could identify
which high-risk patients would benefit from adjuvant che-
motherapy, many other patients could be spared from the
unnecessary toxicities.

This chapter will focus on the different types of gene
expression profiling tests that are available for clinical use in
breast cancer and on new tests that are still being developed.

2 Gene Expression Profiling

The level of gene expression reflects the activity of a particular
gene. The transcription of genetic DNA into messenger RNA
(mRNA) is the first step in gene expression. Technologies
such as DNA microarray analysis and real-time reverse-
transcriptase polymerase chain reaction (RT-PCR) allow the
simultaneous measurement of multiple gene transcriptions.
The two FDA-approved tests that are now available in the
clinical setting are the 21-gene RT-PCR assay (Oncotype Dx)
and the 70-gene signature (MammaPrint). Others that will be
described are a two-gene signature (HOX13:IL17BR ratio),
Mammostrat, the Rotterdam 76-gene signature, 11-gene EP
score, 97-gene genomic grade index, Breast Cancer Index,
and the wound-response gene expression.

3 21 Gene RT-PCR Assay (Oncotype DX)

Oncotype DX is a 21-gene assay that measures the expression
of 16 tumor-related and 5 reference genes by RT-PCR
(reverse-transcriptase polymerase chain reaction). It can be
performed on formalin-fixed, paraffin-embedded tissue sam-
ples. The 16 tumor-related genes were prospectively chosen
from a 250-candidate gene set, selected from an extensive
literature review and analyzed for expression and relation to
relapse-free survival (RFS) across 3 independent studies of
447 patients, which demonstrated a consistent statistical link
between these genes and distant breast cancer recurrence
(Paik et al. 2003; Cobleigh et al. 2005; Esteban et al. 2003).
Five of the genes are in the proliferation group (Ki-67,
STK15, Survivin, Cyclin B1, and MYBL2), two in the HER2
group (HER2 and GRB7), four in the estrogen receptor group
(ER, PR, Bcl2, and Scube2), two in the invasion group
(Stromelysin3 and Cathepsin L2), and 3 unaligned (macro-
phage marker CD68, anti-apoptosis gene BAG1, GSTM1).
Some of the genes were already well described in the breast
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cancer literature, while others were relatively new. Based on
these 21 genes, an algorithm was developed to determine a
RS, which is divided into low-risk (<18), intermediate-risk
(18–30), and high-risk (≥31) categories (Fig. 1).

The 21-gene RT-PCR assay has both prognostic and
predictive values. It estimates the likelihood of disease
recurrence within 10 years, and it predicts the benefit of
chemotherapy and tamoxifen in reducing the risk of recur-
rence. The use of this test is endorsed by the American
Society of Clinical Oncology for women with ER-positive,
lymph node-negative, early-stage breast cancer (Harris et al.
2007), the NCCN guidelines 2011, and the St. Gallen
International Expert Consensus (Goldhirsch et al. 2009).
According to the NCCN guidelines, the 21-gene RT-PCR
assay should be considered in determining the need for
adjuvant chemotherapy for patients with hormone receptor-
positive, HER2-negative tumors that are pT1b-pT3 and N0
or N1mi (≤2 mm axillary nodal metastases). If the RS is low
risk (<18), adjuvant endocrine therapy alone is recom-
mended. If the RS is intermediate risk (18–31), chemother-
apy should be considered, and if it is high risk (≥31),
chemotherapy is recommended.

The 21-gene RT-PCR assay was retrospectively validated
in the National Surgical Adjuvant Breast and Bowel Project
Trial (NSABP) B-14 (Paik et al. 2004). The original trial
prospectively randomized 2,828 node-negative, ER-positive
women to receive tamoxifen or placebo, and an additional
1,235 patients were registered to tamoxifen in the 10-month
period following closure of the trial in 1988, resulting in a
total of 2,617 eligible tamoxifen-treated patients (Fisher
et al. 1996, 1999, 2001a, b). RT-PCR was successfully
performed in 668 of 675 available tumor blocks. Fifty-one
percent of the patients were classified as low risk, 22 % were
intermediate risk, and 27 % were high risk. One primary
objective was to determine whether the proportion of
patients who were free of disease for more than 10 years was
significantly greater in the low-risk group than in the high-
risk group. The 10-year disease-free survival was 93.2 % for
patients in the low-risk group as compared to 69.5 % in the
high-risk group, p < 0.001. The RS also provided significant
predictive power that was independent of age and tumor size
in a multivariate analysis (p < 0.001) (Fig. 2 and Table 1).

The 21-gene RT-PCR assay was further validated in a
large population-based, case–controlled study of node-neg-
ative, ER-positive patients who were not treated with adju-
vant chemotherapy (Habel et al. 2006). Of 4,694 patients
diagnosed with invasive breast cancer between 1985 and
1994, a blinded analysis was performed on the tissue of 220
women who had died from breast cancer and 570 women
who had not. The RS correlated with the risk of breast cancer

Fig. 1 a The final gene list (16 cancer-related and five reference genes)
and summary score (recurrence score) algorithm for this assay were
developed by analyzing the results of three independent preliminary
breast cancer studies (training sets) with a total of 447 patients. The
recurrence score, on a scale from 0 to 100, is derived from the
reference-normalized expression measurements in four steps. In the first
step, the expression for each gene is normalized relative to the
expression of the five reference genes (b-actin, GAPDH, GUS, RPLPO,
and TFRC). Reference-normalized expression measurements range
from 0 to 15, where a 1-unit increase reflects approximately a twofold
increase in RNA. b In the second step, the HER2 group score, the ER
group score, the proliferation group score, and the invasion group score
are calculated from individual gene expression measurements. c In the
third step, the recurrence score unscaled (RSu) is calculated using
coefficients that were predefined based on regression analysis of gene
expression and recurrence in the three training studies (providence,
rush, and NSABP B-20). A plus sign indicates that increased
expression is associated with recurrence risk. A minus sign indicates
that increased expression is associated with decreased recurrence risk.
Source Habel et al. 2006
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death in this population, after adjusting for tumor size and
grade, in both tamoxifen-treated and tamoxifen-untreated
patients (P = 0.003 and P = 0.03, respectively). The RS
provided information independent of tumor size and grade.
The relative risk estimations for RS in the ER-positive
patients were similar to those in NSABP B-14 (Paik et al.
2004).

In a single smaller analysis, the 21-gene RT-PCR assay
did not correlate with recurrence-free survival (Esteva et al.
2005). The RS was performed on archival paraffin-embed-
ded tissue samples of 144 patients with node-negative,
invasive breast cancer who received no systemic adjuvant
therapy. The RS was not predictive of distant disease
recurrence. There was a high concordance between the RT-
PCR results and immunohistochemical assays for estrogen
receptor, progesterone receptor, and human epidermal
growth factor receptor 2 status. When attempting to recon-
cile the results of this series to others, it is important to note

that in this series alone, ER-negative patients were included.
In addition, a high tumor grade was associated with a better
prognosis in this study, calling into question the validity of
this series.

In addition to its prognostic value, the 21-gene RT-PCR
assay has been shown to be predictive of benefit from
tamoxifen and chemotherapy. In NSABP B-14, patients
treated with tamoxifen were compared to those treated with
placebo. The patients with the low- and intermediate-risk RS
who received tamoxifen had large improvements in disease-
free survival, while those with high-risk RS had a smaller
benefit (Paik et al. 2004). NSABP B-20 was a phase III trial
that randomized 2,363 patients to receive tamoxifen either
alone or tamoxifen with chemotherapy (either cyclophos-
phamide, methotrexate, and fluorouracil or methotrexate and
fluorouracil) (Paik et al. 2006). RT-PCR was successfully
performed in 651 patients (227 randomized to tamoxifen,
424 randomized to tamoxifen plus chemotherapy). The
distribution of age, tumor size, tumor grade, and hormone
receptor status was similar to the entire trial population. In
this group, 54.2 % of the patients were low-risk, 20.6 %
intermediate-risk, and 25.2 % high-risk RS. For the low-risk
patients, the addition of chemotherapy added no benefit in
reducing the risk of distant recurrence at 10 years (relative
risk, 1.31; 95 % CI, 0.46–3.78; increase of 1.1 % in absolute
risk), while there was a large reduction in distant recurrence
at 10 years for the high-risk category (relative risk, 0.26;
95 % CI, 0.13–0.53; decrease of 27.6 % in absolute risk).

Fig. 2 Likelihood of distance
recurrence, according to
recurrence score categories.
A low risk was defined as a
recurrence score of less than 18,
an intermediate risk as a score of
18 or higher but less than 31, and
a high risk as a score of 31 or
higher. There were 28 recurrences
in the low-risk groups, 25 in the
intermediate-risk group, and 56 in
the high-risk group. The
difference between the groups is
significant (P <0.001). Source
Paik et al. 2004

Table 1 Kaplan–Meier estimates of the rate of distant recurrence at
10 years, according to recurrence score-risk categories

Risk
category

Percentage
of patients

Rate of distant recurrence at 10 yr
(95 % confidence interval) (%)

Low 51 6.8 (4.0–9.6)

Intermediate 22 14.3 (8.3–20.3)

High 27 30.5 (23.6–37.4)*

*P < 0.001 for the comparison with the low-risk category (Source Paik
et al. 2004)
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The benefit from chemotherapy was less clear for patients in
the intermediate-risk group (relative risk, 0.61; 95 % CI,
0.24–1.59; 1.8 % increase in absolute risk). Given the
uncertainty in the estimate, a clinically important benefit
could not be excluded for the intermediate-risk patients.

The value of the RS in predicting response to neoadjuvant
chemotherapy in locally advanced breast cancer has been
confirmed in two studies. In one study, 89 patients were
treated with neoadjuvant doxorubicin and paclitaxel, and 11
(12 %) had a complete pathologic response (pCR) (Gianni
et al. 2005). The RS was positively associated with the
likelihood of pCR (p = 0.005), suggesting that patients who
had the greatest risk of distant recurrence are likely to derive
the greatest benefit from chemotherapy. In the second study,
97 patients had core biopsies taken prior to treatment with
neoadjuvant docetaxel (Chang et al. 2008). Eighty (82 %) of
the specimens had sufficient RNA for RT-PCR, and in 72
(74 %) of the patients, clinical response data were available.
Clinical complete responses were more likely in the high-RS
group (p = 0.008). Tumors with significant increases in the
proliferative gene group and decreases in the ER gene group
were most likely to respond to chemotherapy.

The 21-gene RT-PCR assay was evaluated in a more
contemporary population of women with early-stage, hor-
mone receptor-positive, node-negative and node-positive,
operable breast cancer in an analysis of the Arimidex,
Tamoxifen, Alone or in Combination (ATAC) trial (Dowsett
et al. 2010). In this trial, postmenopausal women were ran-
domized to anastrozole, tamoxifen, or both drugs. Among the
4,160 patients in the monotherapy arms, there were 1,231
evaluable patients in whom the RS was determined; 71 %
were node-negative, 25 % were node-positive, and 4 % had
unknown nodal status. In both node-negative and node-
positive patients, the RS was significantly associated with
time to distant recurrence by multivariate analyses (p < 0.001
and p = 0.002, respectively). The RS also showed significant
prognostic value beyond that provided by adjuvant! online
(p < 0.001). In node-negative patients, 9-year distant recur-
rence (DR) rates in low (RS < 18), intermediate (RS 18–30),
and high-RS (RS ≥ 31) groups were 4, 12, and 25 %,
respectively, and 17, 28, and 49 %, respectively, in node-
positive patients. This study validated the RS in the tamox-
ifen-treated population. In this analysis, the relative risk
reduction was similar across the different RS groups. Overall,
the ATAC trial demonstrated a 16 % relative reduction in the
rate of distant recurrence for patients treated with anastrozole.
This analysis established that the relationship between the RS
and DR could be applied to patients treated with anastrozole,
with an approximate 16 % adjustment for the lower risk of
distant recurrence for those patients. Also, this study con-
firmed the poor correlation between the RS and adjuvant!
online although both measures provided substantial inde-
pendent prognostic information.

The 21-gene RT-PCR assay is currently recommended
for use in women with node-negative, hormone receptor-
positive tumors, although some of the original work was
done in node-positive patients (Cobleigh et al. 2005). In one
study, RNA was extracted from 78 paraffin tumor blocks of
patients with breast cancer diagnosed between 1979 and
1999. All of the patients had ten or more lymph nodes
involved (median 15 lymph nodes). At the time of publi-
cation, 77 % of the patients had distant disease recurrence or
breast cancer-related death. When the RS was obtained, 11
patients (14 %) had a RS < 18 with a rate of distant recur-
rence at 10 years of 29 %, 19 patients (24 %) had a RS of
18–31 with a rate of distant recurrence at 10 years of 72 %,
and 48 patients (62 %) had a RS of ≥ 31 with a rate of
distant recurrence at 10 years of 80 %. This showed that
there was a subset of node-positive patients with a low RS
who had a prolonged disease-free survival.

Recently, the RS has been tested retrospectively in a
randomized trial of node-positive women, Southwest
Oncology Group (SWOG) 8814 (Albain et al. 2010). The
original trial showed that chemotherapy with CAF (cyclo-
phosphamide, doxorubicin and 5-fluorouracil) given before
tamoxifen improved disease-free and overall survival when
compared to tamoxifen alone in postmenopausal women
with node-positive, ER-positive breast cancer. The two pri-
mary objectives of the retrospective analysis were to deter-
mine whether the RS assay could provide prognostic
information for women with node-positive disease treated
with tamoxifen alone and whether the assay could identify a
subset of node-positive patients who did not benefit from the
addition of chemotherapy. An analysis was performed on
367 specimens from the original trial (40 % of the patients in
the CAF-T and T-alone groups). This subset of patients
resembled the patients in the original study except for a
slightly lower number of positive lymph nodes and smaller
tumor size. When adjusted for the number of positive lymph
nodes, the benefit in disease-free and overall survival was
similar for CAF-T over T alone, as was seen in the parent
trial. The RS was highly prognostic in the T-alone group,
with 10-year DFS estimates of 60, 49, and 43 % for low-,
intermediate-, and high-risk categories. The RS was also a
strong predictive factor of benefit from CAF chemotherapy.
There was no benefit for chemotherapy in women who had a
low-risk RS (stratified log-rank p = 0.97; HR 1.02, 95 % CI
0.54–1.93), whereas those with a high-risk RS had a sig-
nificant improvement in disease-free survival (stratified log-
rank p = 0.033; HR 0.59, 0.35–1.01). This analysis suggests
that there may be subsets of women with ER-positive, node-
positive disease who do not derive additional benefit from
adjuvant anthracycline-based chemotherapy.

The 21-gene RT-PCR assay has been shown to be superior
to standard clinical and pathologic factors (Goldstein
et al. 2008). In a study of 465 patients with hormone

Current Clinical Role of Genetic Profiling in Breast Cancer 19



receptor-positive breast cancer with zero to three positive
axillary nodes, the RS was a powerful prognostic factor for
recurrence in both node-negative and node-positive disease
(p < 0.001 for both). It was more strongly associated with
recurrence than clinical variables, whichwere integrated by an
algorithm modeled after adjuvant! that was adjusted to 5-year
outcomes. The 5-year recurrence rate was only 5 % or less for
the estimated 46 % of patients who have a low RS (<18).

The prognostic utility of the RS and adjuvant! was
compared in the 668 tamoxifen-treated patients in NSABP
B-14, 227 tamoxifen-treated patients in NSABP B-20 and
424 chemotherapy and tamoxifen-treated patients in NSABP
B-20 (Tang et al. 2011). Adjuvant! uses patient and tumor
characteristics to predict the clinical outcome, and is rou-
tinely used in practice (Ravdin et al. 2001; Olivotto et al.
2005). Adjuvant! also utilizes the results of the Early Breast
Cancer Clinical Trialists’ Collaborative Group (EBCTCG)
overview to assign benefit from adjuvant therapies, assum-
ing the same proportional reduction in recurrence and mor-
tality across different prognostic categories (EBCTCG
2005). The results showed that the RS and adjuvant! were
independently prognostic for the risk of distant recurrence.
In the NSABP B-20 cohort with RS results available, the RS
was significantly predictive of chemotherapy benefit (inter-
action p = 0.031 for DRFI, p = 0.011 for OS), whereas
adjuvant! was not significantly predictive (interaction
p = 0.99 and p = 0.311, respectively).

The 21-gene RT-PCR can reclassify patients who were
considered high risk by conventional prognostic markers to a
low-risk group. Paik et al. (2005) showed that the 21-gene
RT-PCR assay was more accurately predictive than the St.
Gallen or National Comprehensive Cancer Network risk
stratification guidelines, and this could be used to change
some patient decisions about chemotherapy. In this study,
about half of the patients who were in the high-risk category
as defined by the NCCN guidelines could be reclassified as
low-risk by the 21-gene RT-PCR assay, with a 10-year
relapse risk of 7 % (CI, 4–11 %). This is similar to the
relapse rate seen in the low-risk RS group without the
NCCN information. A separate study also compared RS with
adjuvant! In the 668 tamoxifen-treated patients from
NSABP-B14 (Bryant 2005), 32 % of the patients were low-
risk according to both algorithms. Overall, there is about a
48 % concordance between the RS and adjuvant! online-risk
categories. About 18 % of patients are classified as low risk
according to one algorithm, but high risk according to the
other. The RS correlated more strongly with outcome than
did adjuvant! These findings suggest that the greatest impact
of the RS is in reclassifying patients from high to low risk,
thereby reducing the number of women who would be given
chemotherapy unnecessarily.

Recently, evidence has emerged that standard immuno-
histochemical markers can have a predictive value similar to
the RS. In a study of 1,125 patients from the ATAC trial, a
comparison of the Oncotype DX with the IHC4 score (a
formula utilizing four standard immunohistochemical
markers: ER, PR, Ki67, and HER2) showed that all four IHC
markers provided independent prognostic information in
the presence of classical variables (Cuzick et al. 2011). The
information from the IHC4 score was similar to that in
the RS, and little additional prognostic value was seen in the
combined use of both scores. These preliminary results
suggest that four standard IHC assays performed in a high
quality laboratory can provide prognostic information simi-
lar to the RS for endocrine-treated ER-positive breast cancer
patients. However, additional studies are required to deter-
mine the reproducibility and general applicability of this test.

A formal integration of the RS and the classic pathologic
and clinical factors, such as tumor size, tumor grade, and
patient age, has been performed and will soon be available
online (Tang et al. 2010, 2011). In this meta-analysis, which
included 647 patients from NSABP B-14 and 1,088 patients
from the ATAC trial, the risk of distant recurrence was
assessed by using the RS, pathologic factors, and clinical
information. These disparate sources of information were
then combined to derive the RS-pathology-clinical (RSPC)
assessment of distant recurrence risk. The RSPC model
provided significantly improved prognostic results for dis-
tant recurrence risk compared with the RS alone (p < 0.001),
or compared with a model using tumor grade, size, and
patient age (p < 001). Compared with the RS alone, there
was an improved separation of risk, with a 33 % relative
reduction in the number of patients with intermediate RS
(17.8 % for RSPC vs. 26.7 % for RS, p < 0.001) and an 18 %
relative increase in the number of patients with a low RS
(63.8 % for RSPC vs. 54.2 % for RS, p < 0.001). This RSPC
model will likely have its greatest utility in these low- and
intermediate-risk patients.

An association has been demonstrated between the RS
and the risk of locoregional recurrence (LRR) (Mamounas
et al. 2010). The study analyzed 895 tamoxifen-treated
patients from the NSABP B-14 and B-20 trials, 355 placebo-
treated patients from B-14, and 424 chemotherapy and
tamoxifen-treated patients from B-20. The primary endpoint
was the time to first LRR. In the tamoxifen-treated patients,
the risk of LRR was significantly correlated with the RS-risk
groups (p < 0.001). The 10-year estimate of LRR was 4.3 %
for the low-risk, 7.2 % for the intermediate-risk, and 15.8 %
for the high-risk RS groups. There was also a significant
association between LRR and the RS in the placebo-treated
group (p = 0.022) and the chemotherapy and tamoxifen-
treated group (p = 0.028). These results are not surprising
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given the strong associations between LRR and distant
recurrence, and they may be helpful in making clinical
decisions regarding locoregional therapy.

The use of the 21-gene RS assay can have an impact on
both physician and patient decisions about adjuvant therapy.
A multicenter study was conducted to prospectively deter-
mine whether the RS affects physician and patient adjuvant
treatment selection and satisfaction (Lo et al. 2010). Physi-
cian adjuvant treatment recommendations were assessed
before and after obtaining the RS in 89 assessable patients.
Patients were also asked about their treatment choices before
and after the RS was obtained, and measures of decisional
conflict, anxiety and quality of life were assessed. In 28
patients (31.5 %), the recommendation of the medical
oncologist was changed when the RS score was provided.
The largest change was from a pretest recommendation of
chemotherapy plus hormonal therapy to a post-test recom-
mendation of hormonal therapy only. This occurred in 20
patients (22.5 %). Nine patients (10.1 %) changed their
treatment decision from chemotherapy and hormonal ther-
apy to hormonal therapy only. Medical oncologists reported
an increased confidence in their treatments in 68 cases
(76 %). Patient anxiety and decisional conflict were signif-
icantly lower after RS results were provided.

Similar results have been shown across six other inde-
pendent decision impact studies (Asad et al. 2008; Henry
et al. 2009; Klang et al. 2010; Liang et al. 2007; Oratz et al.
2007; Thanasoulis et al. 2008). A meta-analysis of these
studies included a total of 912 patient from both academic
and community centers in the United States and showed that
there was a consistently large impact of the RS on treatment
decisions in both directions (Hornberger and Chien 2010,
2011). Overall, the RS led to a 37 % change in treatment
decisions. In 52 % of patients, there was a switch from the
initial recommendation of chemotherapy and hormonal
therapy to hormonal therapy alone and in 12 % of patients,
there was a switch from the initial recommendation of hor-
monal therapy alone to chemotherapy and hormonal therapy.
Results from this meta-analysis underscore a consistent and
large impact of the RS on treatment decisions by physicians.
Recommendations changed in more than a third of treatment
decisions after integrating the RS information with tradi-
tional measures.

In addition to RS, Genomic Health also includes the
results of ER, PR, and HER2 testing by RT-PCR assessment
in their reports. A study of 776 breast cancer patients from
the Eastern Cooperative Oncology Group (ECOG) E2197
compared ER and PR measured by local laboratory immu-
nohistochemistry (IHC), central IHC, and central reverse-
transcriptase polymerase chain reaction (RT-PCR) using the
21-gene assay. There was a high degree of concordance
between the three assays (84–93 %) (Badve et al. 2008).

Although ER expression was marginally associated with
relapse in ER-positive patients treated with chemotherapy
and hormonal therapy, the RS was a highly significant pre-
dictor of recurrence in these patients. Despite this excellent
concordance, evidence showing the prognostic and predic-
tive value of the qRT-PCR cutoffs to define positivity is still
awaited. A study comparing central laboratory HER2 testing
by fluorescence in situ hybridization (FISH) to RT-PCR in
lymph node-negative, chemotherapy-untreated patients from
a large Kaiser Permanente case–control study showed that
HER2 concordance by central FISH and central RT-PCR
was 97 % (95 % CI, 96–99 %) (Baehner et al. 2010). In
contrast, in an independent quality assurance study of 843
patient cases comparing local FISH testing for HER2 to
available HER2 RT-PCR results from Genomic Health,
there was an high false-negative rate for HER2 status with
the RT-PCR assay (Dabbs et al. 2011). Therefore, RT-PCR-
based assessments of ER, PR and HER2 should be inter-
preted together with the results of the FDA-approved
methods for assessment of these biomarkers.

The role of gene expression profiling in the treatment of
ductal carcinoma in situ (DCIS) has recently been evaluated.
A new, prespecified DCIS Score was analyzed to predict
recurrence in patients from the ECOG 5194 trial (Solin et al.
2011). In that trial, 670 eligible patients with low- or inter-
mediate-grade DCIS ≤ 2.5 cm or high-grade DCIS ≤ 1 cm
were treated with surgical excision only, without radiation,
and 228 received tamoxifen (Hughes et al. 2009). RT-PCR
analysis was performed in 327 patients (49 % of the original
population). The primary objective was to determine whe-
ther there was a significant association between the risk of an
ipsilateral breast event (IBE) and the continuous DCIS
Score. With a median follow-up of 8.8 years, the study was
able to prospectively validate that the DCIS score quantifies
recurrence risk and complements traditional clinical and
pathologic factors.

Prospective clinical trials to evaluate the 21-gene RT-
PCR assay are ongoing. The TAILORx trial has completed
accrual, but the results have not yet been reported. This is the
largest randomized adjuvant trial ever conducted, enrolling
over 10,000 patients. All of the patients had the 21-gene RT-
PCR assay performed, and those with a RS between 11 and
25 were randomized to either hormonal therapy alone or
hormonal therapy with chemotherapy. Patients with a
RS ≤ 10 were treated with hormonal therapy only and those
with a RS > 25 were given chemotherapy and hormonal
therapy. The RS ranges for this trial have been altered from
the original definitions of low, intermediate, and high risk to
minimize potential for undertreatment in the high- and
intermediate-risk groups. Another trial, the RxPONDER
trial, also known as SWOG S1007, was opened in January
2011 and is currently accruing patients. The study will
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randomize 4,000 patients with early-stage, hormone recep-
tor-positive, HER2-negative breast cancer with 1–3 positive
lymph nodes who have an RS of ≤ 25 to receive either
chemotherapy plus endocrine therapy or endocrine therapy
alone. Patients will be stratified into groups by RS 0–13
versus 14–25, by menopausal status, and by axillary lymph
node dissection versus sentinel lymph node biopsy. Results
from both of these trials will help to further validate the RS
and to more clearly define the role of the 21-gene RT-PCR
assay in the node-positive population.

4 70 Gene Signature (MammaPrint)

The 70-gene signature (MammaPrint) is a purely prognostic
assay for women less than 61 years of age with node-neg-
ative, ER-positive, or ER-negative breast cancer. Outside of
the United States, it is also being used for patients with 1–3
positive nodes. This test uses DNA microarray technology to
determine gene expression, using fresh frozen tumor sam-
ples. It can also be performed on formalin-fixed, paraffin-
embedded tissue, although the data validating this technique
are limited.

The assay focuses on genes involved in proliferation and
also measures genes regulating invasion, metastases, stromal
integrity, and angiogenesis. It does not directly assess ER,
PR, or HER2. The test gives dichotomous results, predicting
either a high or low risk of disease recurrence. A correlation
coefficient is calculated between a patient’s expression levels
of the 70 genes and an average good-prognosis expression
profile. If the correlation coefficient exceeds 0.4, the patient
is classified as having a good-prognosis signature, whereas a
coefficient less than 0.4 is classified as a poor-prognosis
signature.

In 2007, the 70-gene signature test received approval by
the FDA as a prognostic test for breast cancer patients less
than 61 years, with tumors less than 5 cm, node-negative and
stage I or II breast cancer (Harris et al. 2007). It is approved
for both ER-positive and ER-negative disease, but its use in
ER-negative disease is limited by the fact that less than 10 %
of those tumors will have a good-prognosis signature. The
American Society of Clinical Oncology has determined that
definitive recommendations for the use of this assay will
require data from more clearly directed retrospective studies
or from the ongoing MINDACT Trial which will be dis-
cussed later.

The 70-gene signature was developed at the Netherlands
Cancer Institute, where investigators performed an analysis
of gene expression arrays on frozen tissue from 98 sporadic
primary breast tumor samples (van’t Veer et al. 2002). All of
the women were less than 55 years old with tumors less than
5 cm and negative lymph nodes. All of the patients were
treated with locoregional therapies only. Seventy-eight

(80 %) were sporadic cases, 18 had BRCA 1 mutations, and
two had BRCA 2 mutations. Of the original 78 sporadic
tumors, 34 (44 %) had distant metastases within 5 years,
whereas 44 patients (66 %) did not. A set of 231 genes was
initially identified and found to be statistically significantly
associated with disease outcome, defined as the presence of
distant metastases within 5 years. This group of genes was
then refined to a core group of 70 genes. This 70-gene set
had an 83 % accuracy at differentiating patients who
developed distant disease relapse from those who did not.
The classifier correctly predicted the disease outcome for 65
of the 78 patients (83 %) with 5 poor-prognosis signature
patients. Eight good-prognosis signature patients were
assigned incorrectly.

The 70-gene signature assay was then validated in several
studies. The first trial was a retrospective analysis that
included 295 young patients (age <53 at diagnosis) with T1
or T2 tumors (van de Vijver et al. 2002). Of note, 61 of these
node-negative patients were also part of the original study
done to establish the 70-gene profile, which has been one of
the criticisms of this validation study. Of the 295 patients,
151 patients were node-negative and 144 were node-posi-
tive; 69 patients were ER-negative and 226 were ER-posi-
tive. Adjuvant treatment was given to 10 of the 151 node-
negative patients and 120 of the 144 node-positive patients.
The treatment consisted of chemotherapy in 90 patients,
hormone therapy in 20 patients, and a combination of both in
20 patients. The patients were followed for nearly 7 years.
Good-prognosis signatures were seen in 115 patients and
poor-prognosis signatures in 180. Patients with node-nega-
tive and node-positive diseases were evenly distributed
between the two signature groups, indicating that the prog-
nosis profile was independent of the nodal status. There was
a strong correlation between the good-prognosis 70-gene
signatures and the absence of death or early distant recur-
rence. Overall 10-year survival rates were 94.5 ± 2.6 % and
54.6 ± 4.4 %, respectively, for the good- and poor-prognosis
signature groups. At 10 years, the probability of remaining
free of distant metastases was 85.2 ± 4.3 % in the group with
a good-prognosis signature and 50.6 ± 4.5 % in the group
with a poor-prognosis signature. The odds ratio (OR) for the
development of distant metastases at 5 years in the node-
negative patients (excluding the patients that overlapped
with the prior study) was 15.3, similar to the result of 15
seen in the previous study. For the node-positive patients,
the prognostic signature was also highly significant, with an
OR of 13.7, p < 0.001. In the multivariate analysis, the poor-
prognosis signature was the strongest prognostic factor for
the development of distant metastases. The prognosis profile
was significantly associated with histological grade
(p < 0.001), ER status (p < 0.001), and age (p < 0.001) but
not with tumor size, extent of vascular invasion, number of
lymph nodes involved or the treatment given. This study
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also evaluated the node-negative patients after they were
divided into risk categories based on clinical-pathological
criteria using the St. Gallen criteria (Goldhirsch et al. 2001)
and the NIH criteria (Eifel et al. 2001). The gene signature
profile assigned more patients to the low-risk or good-
prognosis signature groups than traditional methods did:
40 % for the 70-gene assay, 15 % for the St. Gallen criteria,
and 17 % for the NIH criteria. The low-risk patients, iden-
tified by a good-prognosis signature, had a higher likelihood
of metastasis-free survival than those identified as low risk
by the St. Gallen or NIH criteria. In addition, the patients
identified as high risk by a poor-prognosis signature tended
to have a higher rate of distant metastases than did patients
identified as high risk by the St. Gallen or NIH criteria. This
led to the conclusion that clinical–pathological criteria could
misclassify a significant number of patients and could thus
result in many patients being either over-treated or under-
treated. In this study, the 70-gene signature was the strongest
prognostic factor for distant metastasis-free survival, inde-
pendent of adjuvant treatment, tumor size, lymph node sta-
tus, histological grade, or age.

A second study was an independent validation of the 70-
gene signature in 307 women, less than 60 years of age, with
node-negative, T1 or T2 primary tumors who had not been
treated with adjuvant systemic therapy (Buyse et al. 2006).
The median follow-up was 13.6 years. Frozen samples were
available for the 70-gene signature analysis, and the tumors
were scored as low or high risk. The tumors were also
assigned to clinical risk categories based on adjuvant! online
criteria (patient age, comorbidities, tumor size, tumor grade,
ER status, and nodal involvement) (Adjuvant!! Inc. 2012).
The authors determined that the low-clinical risk group
would be defined as patients with a 10-year overall survival
probability of at least 88 %, if 10 % or more of the tumor
cells expressed detectable ER, or of at least 92 %, if ER
expression was seen in less than 10 % of the tumor cells.
When adjusted for clinical risk groups based on the 10-year
survival probability as calculated by adjuvant!, the 70-gene
signature performed independently of clinical variables in
predicting time to distant metastases (HR 2.13, 95 % CI
1.19–3.82) and overall survival (HR 2.63, 95 % CI
1.45–4.79), but not disease-free survival. High-risk patients
had a 10-year overall survival of 70 % compared to 90 % for
those with low-risk signatures. This study showed that the
70-gene signature provides prognostic information inde-
pendent of the traditional clinical and pathological risk fac-
tors in patients with early-stage breast cancer untreated with
systemic therapy.

A third validation study evaluated 123 patients less than
55 years of age with T1-2 N0 breast cancer diagnosed
between 1996 and 1999, with a median follow-up of
5.8 years (Bueno-de-Mesquita et al. 2009). Adjuvant treat-
ment was given to 45 patients (37 %): 18 (15 %) received

chemotherapy, 14 (11 %) received endocrine therapy, and 13
(11 %) received both. Good-prognosis signatures were seen
in 52 % and poor-prognosis signatures in 48 % of patients.
The poor-prognosis signatures were associated with larger
tumors, higher histological grade, and ER-negative and PR-
negative status. The 5-year overall survival was 97 ± 2 % for
the good-prognosis signatures and 82 ± 5 % for the poor-
prognosis signatures, HR 3.4, 95 % CI 1.2–9.6, p = 0.021.
The 5-year distant metastasis (as first event)-free percentage
was 98 ± 2 % for the good-prognosis and 78 ± 6 % for the
poor-prognosis signatures, HR 5.7, 95 % CI 1.6–2.0,
p = 0.007. In a multivariate analysis, the prognosis signature
was an independent prognostic factor and outperformed the
clinical and pathological criteria.

There are clinical data to suggest that the 70-gene sig-
nature can predict the response to chemotherapy, although
this has not been sufficiently validated for clinical use. In one
study, 167 patients with stage I–III breast cancer were ana-
lyzed prior to neoadjuvant chemotherapy, and the rate of
pathological complete response (pCR) was used to measure
chemosensitivity (Straver et al. 2010). Good-prognosis sig-
natures were seen in 23 patients (14 %) and poor-prognosis
signatures in 144 patients (86 %). All 38 of the triple-neg-
ative (ER-, PR-, and HER2-negative) patients had poor-
prognosis signatures. Pathologic complete responses were
seen in 29 of the 144 patients with poor-prognosis signatures
and in none of the 23 patients with good-prognosis signa-
tures, p = 0.015. The authors concluded that the patients with
poor-prognosis signatures were more sensitive to chemo-
therapy. Two other studies have also shown that patients
with poor-prognosis signatures are more likely to achieve an
excellent pathological response with neoadjuvant chemo-
therapy than those tumors expressing a good-prognosis
profile (Esserman et al. 2009; Pusztai et al. 2008). Another
study showed a significant survival benefit for the addition
of adjuvant chemotherapy in patients with the poor-prog-
nosis signature but not for those with a good-prognosis
signature (Knauer et al. 2010). In 541 patients, the 70-gene
signature classified 252 patients (47 %) as low risk and 289
(53 %) as high risk. Within the low-risk group, there was no
significant difference in the 5-year breast cancer-specific
survival (BCSS) between patients who received endocrine
therapy alone and those who received chemotherapy and
endocrine therapy, 97 % versus 99 %, p = 0.62. In the high-
risk group, the 5-year BCSS was 81 % for those who
received endocrine therapy and 94 % for the endocrine
therapy and chemotherapy, p < 0.01). Similarly, distant
disease-free survival (DDFS) at 5 years was not significantly
different for endocrine therapy alone or endocrine therapy
with chemotherapy for the low-risk group (93 % vs. 99 %,
p = 0.20), whereas it was significantly better for the high-risk
patients with the addition of chemotherapy (76 % vs. 88 %,
p < 0.01).
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The 70-gene signature has been evaluated in other groups
of breast cancer patients, including postmenopausal women,
and patients with positive lymph nodes. In one study, 148
patients aged 55–70 with T1-2 N0 tumors were analyzed, and
91 (61 %) were found to have good risk, while 57 (39 %) had
poor-risk signatures (Mook et al. 2010). In these patients, the
BCSS at 5 years was 99 and 80 % for the good and poor-risk
groups, respectively (p = 0.036). The distant metastasis-free
survival rates were 93 and 72 %, respectively. The 70-gene
prognosis signature was a significant and independent pre-
dictor of BCSS during the first 5 years of follow-up with an
adjusted hazard ratio (HR) of 14.4 (95 % confidence interval
1.7–122.2; P = 0.01) at 5 years. These patients were also
analyzed by adjuvant! criteria, which identified 74 patients
(50 %) as clinical low risk and 74 patients (50 %) as clinical
high risk. There was disagreement with the genomic prog-
nosis in 41 (28 %) patients. Twelve (8 %) patients were
identified as clinical low risk but had poor-prognosis geno-
mic signatures, and 29 (28 %) of patients were clinical high
risk but had good-prognosis signatures. This study validated
the prognostic utility of the 70-gene signature in postmeno-
pausal women and showed that its greatest strength was in the
first 5 years after diagnosis. The authors concluded that the
beneficial effects of chemotherapy in postmenopausal women
occur mostly in the first 5 years after diagnosis and the
accurate identification of patients who will have early events,
using this signature, may be helpful in selecting patients for
adjuvant chemotherapy. A second study retrospectively
evaluated 100 postmenopausal patients (median age 62.5)
with node-negative disease with the 70-gene signature and
adjuvant! online criteria (Wittner et al. 2008) In this study, 27
patients were identified as low risk by the 70-gene signature.
None of these patients had distant metastasis as a first event,
leading to a negative predictive value of 100 %. Seventy-
three patients were identified as high risk by the 70-gene
signature. Of these, 9 had distant metastasis as the first event
and the other 64 did not. This led to a positive predictive
value of 12 %, which was lower than had previously been
observed. In comparison with adjuvant! online, the 70-gene
signature identified an additional 21 patients as low risk, and
none of these patients developed a distant metastasis as the
first event.

The 70-gene signature has been shown to have prognostic
value in node-positive disease as well. In one of the original
validation studies, 144 of the 295 patients had node-positive
disease (van de Vijver et al. 2002). Fifty-five of the patients
had good-prognosis and 89 had poor-prognosis signatures,
and the 70-gene prognostic signature was highly predictive
of the risk of distant metastases in these node-positive
patients. Although nodal involvement is considered to be
predictive of poorer survival, this analysis demonstrated that
there is a group of patients who may have a favorable
prognosis, despite having positive axillary nodes.

In another study of node-positive patients, 241 patients
with T1 to operable T3 tumors with 1–3 positive axillary
lymph nodes, including those with micrometastases, were
analyzed using the 70-gene signature (Mook et al. 2009).
The patients received local treatment followed by adjuvant
systemic therapy, according to national guidelines and
patient preferences. The 70-gene signature was performed,
and clinical risk assessment was also determined by adju-
vant! The 70-gene signature classified 99 (41 %) as good
prognosis and 142 (59 %) as poor prognosis. The poor-
prognosis signature patients were more likely to have
received adjuvant chemotherapy, less likely to have received
endocrine therapy, and tended to have larger, more poorly
differentiated, ER- and PR-negative, and HER2-positive
tumors. Breast cancer-specific survival (BCSS) at 5 years
was 99 % for the good-prognosis signature vs. 80 % for the
poor-prognosis signature group (P = 0.036). The 10-year
distant metastasis-free survival (DMFS) and BCSS were 91
and 96 % for the good-prognosis signature group and 76 and
76 % for the poor-prognosis signature group. Using adju-
vant! online, 32 patients (13 %) were classified as clinical
low risk and 209 (87 %) were classified as clinical high risk.
The clinical risk category was discordant with the 70-gene
prognosis signature in 77 patients (32 %): 5 patients were
identified as clinical low-risk with a poor-prognosis signa-
ture, whereas 72 were classified as clinical high-risk with a
good-prognosis signature. For the 209 patients identified as
clinical high risk, the 10-year BCSS was 94 % for those in
the good-prognosis signature group and 76 % for those in
the poor-prognosis signature group. In the 27 patients clas-
sified as low risk by both the adjuvant! online criteria and the
70-gene signature, none developed distant metastatic disease
or died. Again, the 70-gene prognosis signature outper-
formed traditional prognostic factors in predicting disease
outcome in patients in this population and accurately iden-
tified some patients with 1–3 positive nodes who had a
favorable outcome.

The original 70-gene signature was generated on micro-
arrays that were not designed for processing of many sam-
ples on a routine basis. To improve its clinical utility, a
customized microarray (marketed as MammaPrint) with a
reduced set of probes was developed. One study re-analyzed
the 145 patients from the original validation study (van de
Vijver et al. 2002) and the 78 patients from the training set
(van’t Veer et al. 2002), compared the results from the ori-
ginal analysis to the custom microarray, and found an
extremely high correlation of prognostic prediction between
the two assays (p < 0.0001) (Glas et al. 2006).

Currently, a large prospective randomized trial, the
MINDACT, is being conducted in Europe. This study
compares the 70-gene signature to the traditional clinical and
pathological criteria used to select patients for adjuvant
chemotherapy. The trial opened in February 2007, and the
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plan is to enroll 6,000 early-stage breast cancer patients (T1,
T2, and operable T3M0). Originally, the study included only
node-negative patients, but more recently, it was expanded
to include patients with 1–3 positive lymph nodes. The
patients are assessed by the standard clinicopathologic
prognostic factors included in adjuvant! and by the 70-gene
signature assay. If both traditional and molecular assays
predict a high-risk status, then the patient will receive
adjuvant cytotoxic chemotherapy (and hormonal therapy if
the tumor is ER-positive). If both assays indicate a low risk,
no chemotherapy is given and ER-positive patients are given
adjuvant hormonal therapy only. When there is discordance
between the traditional clinicopathologic prognostic factors
and the 70-gene signature, patients are randomized to
receive treatment based on either the genomic or the clinical
predictive results. The results of this trial will provide more
data about the use of the 70-gene signature in early-stage
breast cancer.

5 The HOXB13:IL17BR Ratio

The anti-apoptotic homeobox B13 (HOXB13) gene and
interleukin 17 B receptor (IL17BR) gene are used to cal-
culate the HOXB13:IL17BR (H/I) expression ratio. This
ratio was developed by a microarray-based screening of
22,000 genes in 60 patients with ER-positive, node-positive,
or node-negative breast cancer, treated with tamoxifen (Ma
et al. 2004). Three genes that were identified were signifi-
cantly associated with clinical outcome: HOXB13, IL17BR,
and CHDH (choline dehydrogenase). High expression of
HOXB13 was associated with recurrence, while high
expression of IL17BR and CHDH was associated with non-
recurrence. A higher ratio of the HOXB13 and IL17BR
strongly predicted recurrence, and pairing with CHDH did
not provide additional predictive power. A larger validation
study was done in 852 patients with stage I or II breast
cancer with a median follow-up of 6.8 years (Ma et al.
2006). In this study, 286 (34 %) patients were tamoxifen-
treated and 566 (66 %) patients were untreated. Of note,
patients were not randomized to a treatment arm. The
expression of HOXB13, IL17BR, and CHDH, as well as ER
and PR were quantified by RT-PCR. Gene expression and
clinical variables were analyzed for association with relapse-
free survival. Expression of HOXB13 was associated with a
shorter RFS (p = 0.008), whereas the expression of IL17BR
and CHDH was associated with longer RFS (p < 0.0001 and
p = 0.0002, respectively). In the ER-positive patients, the
HOXB13:IL17BR index predicted clinical outcome, inde-
pendently of treatment, but more strongly in the node-neg-
ative patients. This study also suggested a role for the H/I
ratio as a prognostic test in untreated patients. The HOXB13/
IL17BR ratio was tested but not verified in a retrospective

study of 58 ER-positive patients treated with tamoxifen for
5 years, most of whom were node-positive (77 %) (Reid
et al. 2005). In this study, the H/I ratio failed to show a
relationship between the expression of these genes and dis-
tant relapse or survival.

The association between the H/I ratio and clinical out-
come was evaluated in tumor specimens from the NCCTG
89-30-52 trial (Goetz et al. 2006). In this trial, postmeno-
pausal women with ER-positive breast cancer were ran-
domized to 5 years of tamoxifen with or without 1 year of
fluoxymesterone. For the 227 patients in the tamoxifen-only
arm, RT-PCR profiles for HOXB13 and IL17BR were
obtained from 206 paraffin-embedded tumor blocks. In the
node-positive cohort (n = 86), the H/I ratio was not associ-
ated with relapse or survival. In contrast, in the node-nega-
tive cohort (n = 130), a high H/I ratio was associated with a
significantly decreased relapse-free survival [HR, 1.98;
P = 0.031], disease-free survival (HR, 2.03; P = 0.015), and
overall survival (HR, 2.4; P = 0.014), independent of stan-
dard prognostic markers. One explanation could be that
these genes may have a role in early invasion and metastatic
potential, and therefore, they could be more relevant in the
node-negative population. Similar findings regarding the
nodal status were demonstrated in a large cohort (N = 852)
of both untreated and tamoxifen-treated patients (Erlander
et al. 2005). In this study, the H/I ratio was associated with
relapse and death in node-negative but not node-positive,
ER-positive patients.

In another study, the ability of the H/I ratio to predict
disease-free survival was tested in 1,252 breast tumor
specimens (Jansen et al. 2007). In 468 patients with node-
negative, ER-positive breast cancer who did not receive
adjuvant chemotherapy, the H/I ratio was significantly
associated with poorer disease-free survival (HR, 1.6;
P = 0.02) and poorer overall survival (HR not reported;
P < 0.001). In a multivariate analysis of 151 untreated
patients with ER-positive, node-positive breast cancer, an
association was shown between the H/I ratio and overall
survival (p < 0.001) but not disease-free survival (p = 0.065).
In 193 patients treated with tamoxifen at first relapse, the
ratio was significantly associated with progression-free sur-
vival. The authors concluded that higher H/I ratio expression
levels are associated with both tumor aggressiveness and
failure to respond to tamoxifen. One study investigated
whether the H/I ratio predicted a difference in benefit
between 264 patients with postmenopausal breast cancer
who received tamoxifen for 2 and 5 years and 93 pre-
menopausal patients who did not receive systemic therapy
(Jerevall et al. 2008). In this study, 72 % of the patients had
node-positive disease and 74 % had ER-positive disease.
The HOXB13:IL17BR gene expression ratio and the
expression of HOXB13 alone predicted the benefit of
endocrine therapy, with a high ratio or a high expression
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rendering patients less likely to respond. Neither the patient
profile nor the methods of calculation of the ratio were
identical to those used in previous studies. The results of this
study differed from previous reports because, in this case, the
H/I ratio was associated with outcomes in patients with
lymph node-positive disease.

6 Theros Breast Cancer Index

Theros Breast Cancer Index (TBCI) is a prognostic profile
that provides a quantitative assessment of the likelihood of
distant recurrence in patients with ER-positive, node-nega-
tive breast cancer. It is a molecular assay that combines two
indices—HOXB13:IL17BR and a five-gene molecular grade
index (MGI). The MGI is a gene expression index for tumor
grade that includes 5 cell cycle-related genes. It was gen-
erated using two microarray data sets testing a total of 410
patients (Ma et al. 2008). A 323-patient cohort was used to
develop an RT-PCR assay for MGI and to validate its
prognostic utility. When combined with the HOXB13:
IL17BR index, it was noted that the two assays modified the
prognostic performance of each other. A high MGI was
associated with a significantly worse outcome only in
combination with a high HOXB13:IL17BR, and likewise, a
high HOXB13:IL17BR was significantly associated with a
poor outcome only in combination with a high MGI.

The TBCI was further assessed in a retrospective study of
262 patients with ER-positive, node-negative breast cancer
with at least a 10-year follow-up (Jankowitz et al. 2010). The
TBCI was compared to adjuvant! online to see whether it
added additional predictive power for recurrence and overall
survival. The TBCI predicted breast cancer recurrence and
overall survival more accurately than adjuvant! online
combined with and traditional clinical and pathologic fea-
tures. Both TBCI and adjuvant! online retained independent
prognostic significance for recurrence and death in a multi-
variate analysis, indicating that the two tests can provide
complementary information.

7 Rotterdam 76-Gene Signature

A 76-gene signature was developed using 286 tumor sam-
ples of node-negative breast cancers from a single institution
(Wang et al. 2005). In a training set of 115 tumors, gene
expression analysis led to the identification of a 76-gene
signature consisting of 60 genes for ER-positive tumors and
16 genes for ER-negative tumors. The 76-gene signature
showed 93 % sensitivity and 48 % specificity in a sub-
sequent independent testing set of 171 lymph node-negative
patients. The gene profile identified patients who developed
distant metastases within 5 years (HR 5.67 [95 % CI

2.59–12.4]), even when corrected for the traditional prog-
nostic factors in a multivariate analysis (5.55 [2.46–12.5]).
After 5 years, the absolute differences in distant metastasis-
free and overall survival between the patients with the good
or poor 76-gene signatures were 40 and 27 %, respectively.
Among the patients with good-prognosis signatures, 7 %
developed distant metastases and 3 % died within 5 years.
The 76-gene profile also provided significant prognostic
information regarding the development of metastasis in
premenopausal patients (84 patients), postmenopausal
patients (87 patients), and patients with tumors measuring
10–20 mm. In this series, the assay also outperformed the St.
Gallen’s (Goldhirsch et al. 2001, 2005) and NIH guidelines
(NIH Consensus Statement Online 2000; Eifel et al. 2001)
for the identification of patients with a good prognosis.

The 76-gene signature profile was further validated in an
independent multicenter study of 180 patients with node-
negative breast cancer who did not receive adjuvant systemic
therapy (Foekens et al. 2006). In this study, frozen samples
were analyzed by quantitative RT-PCR rather than micro-
array analysis. The 76-gene signature was highly accurate in
identifying patients who would develop distant metastasis
within 5 years (HR, 7.41; 95 % CI, 2.63–20.9), even when
corrected for traditional prognostic factors in a multivariate
analysis (HR, 11.36; 95 % CI, 2.67–48.4). The actuarial 5-
and 10-year distant metastasis-free survival rates were 96 %
(95 % CI, 89–99 %) and 94 % (95 % CI, 83–98 %),
respectively, for the good-profile group and 74 % (95 % CI,
64 % to 81 %) and 65 % (53–74 %), respectively for the
poor-profile group. The 76-gene signature was confirmed as
a strong prognostic factor in subgroups of ER-positive
patients, premenopausal and postmenopausal patients, and
patients with tumors that were 20 mm or smaller. The sub-
group of patients with ER-negative tumors was too small to
perform a separate analysis.

Like the 70-gene signature, this assay requires fresh or
frozen tissue, and the prognostic information relies primarily
on the degree of expression of proliferation-related genes. It
may not be useful in assessing the outcome in patients with
ER-negative, HER2-negative cancers (Wirapati et al. 2008;
Desmedt et al. 2007).

8 Mammostrat

Mammostrat® is an immunohistochemical (IHC) assay that
measures five biomarkers: SLC7A5, HTF9C, P53, NDRG1,
and CEACAM5. This test could potentially be implemented
in the routine pathologic assessment of breast cancers
because it is performed using IHC. The biomarkers are
independent of one another and do not directly measure
either proliferation or hormone receptor status. They were
selected from gene expression data which guided the
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production of hundreds of novel antibody reagents (Ring
et al. 2006). Five reagents (p53, NDRG1, CEACAM5,
SLC7A5, and HTF9C) were shown to identify ER-positive
patients with poor outcomes. The assay was then tested in a
blinded, retrospective study using tissue arrays of paraffin
blocks from the ER-positive, node-negative samples from
the NSABP B14 and B20 trials (Ross et al. 2008). Tissue
arrays were stained by IHC, targeting the 5 biomarkers, and
risk stratification was done using predefined scoring rules, an
algorithm for combining scores, and cutoff points for low-
risk, moderate-risk, and high-risk patient groups. In a mul-
tivariate model, the IHC assay contributed information
independent of age, tumor size, or menopausal status
(P = 0.007). The Kaplan–Meier estimates for recurrence-free
survival after 10 years were 73, 86, and 85 % for the high-
risk, moderate-risk, and low-risk groups (P = 0.001), and the
breast cancer-specific death rates were 23, 10, and 9 %
(P < 0.0001), respectively. Both high-risk and low-risk
groups showed significant improvement with cytotoxic
chemotherapy. However, the magnitude of benefit in the
high-risk patients was four times greater than in the low-risk
patients. The largest validation of this assay was done in a
single institution series from 1981 to 1998. 1,812 women
with early-stage breast cancer were studied, and 1,390 cases
were assayed (Bartlett et al. 2010). Each case was assigned a
Mammostrat® risk score, and distant recurrence-free sur-
vival (DRFS), RFS, and overall survival (OS) were analyzed
by marker positivity and risk score. An increased Mammo-
strat® score was significantly associated with reduced
DRFS, RFS, and OS in patients with ER-positive breast
cancer (P < 0.00001). In node-negative, tamoxifen-treated
patients, 10-year recurrence rates were 7.6 ± 1.5 % in the
low-risk group vs. 20.0 ± 4.4 % in the high-risk group.

9 PAM-50

PAM-50 is a 50-gene assay using quantitative RT-PCR,
developed to identify intrinsic breast cancer subtypes
(luminal A/B, HER2-enriched, basal-like). It also includes
genes related to proliferation and tumor size. It can be per-
formed on archival breast tissue. A risk of relapse (ROR)
score is generated for all patients, including those with ER-
negative disease. In a test set of 761 patients who did not
receive any systemic therapy, the intrinsic subtypes showed
prognostic significance (P = 2.26E-12) and the results
remained significant in multivariable analyses that incorpo-
rated standard parameters, including ER status, histological
grade, tumor size, and node status (Parker et al. 2009). A
combined model of subtype and tumor size was a significant
improvement on either the clinical/pathological model or

subtype model alone. In a set of 133 patients treated with
neoadjuvant anthracycline and taxanes, the intrinsic subtype
model predicted neoadjuvant chemotherapy efficacy with a
negative predictive value for pathologic complete response
of 97 %.

In a series of 786 patients with ER-positive breast cancer,
treated with tamoxifen, the PAM50 qRT-PCR signatures
performed on formalin-fixed, paraffin-embedded tissue gave
more prognostic information than clinical assays for hor-
mone receptors or Ki-67 (Nielsen et al. 2010). In node-
negative patients, PAM50 qRT-PCR-based risk assignment
weighted for tumor size and proliferation identified a group
with >95 % 10-year survival without chemotherapy. In
node-positive patients, PAM50-based prognostic models
were also superior.

The PAM50 risk of recurrence (ROR) score was evalu-
ated in the TransATAC population (ER-positive, node-
negative, and node-positive women treated with anastrozole
or tamoxifen), and compared with the OncotypeDx and a
composite IHC score (IHC4), including ER, PR, HER2, and
Ki-67 (Dowsett et al. 2011). In this study, PAM-50 provided
greater prognostic information than the OncotypeDx RS, and
as much information as the IHC4. PAM50 was prognostic
for 10-year distant recurrence in the overall population, and
in node-positive, node-negative, and HER2-negative
patients. Similar results were seen with a 46-gene variation
(PAM-46).

10 EndoPredict—11 Genes

The EndoPredict (EP) assay evaluates eight cancer-related
and three reference genes using quantitative RT-PCR on
formalin-fixed, paraffin-embedded tissue (Filipits et al.
2011). A risk score is calculated, and the score is either low
or high. The EP score was combined with nodal status and
tumor size into a comprehensive risk score–EPclin. The test
is designed to assess the risk of distant recurrence in patients
with ER-positive, HER2-negative breast cancer treated with
endocrine therapy alone. The test was validated using sam-
ples from two trials: the Austrian Breast and Colorectal
Cancer Study Group (ABCSG)-6 (n = 378, tamoxifen-only-
treated patients) and ABCSG-8 (n = 1,324, patients treated
with either tamoxifen for 5 years or tamoxifen for 2 years
followed by anastrozole for 3 additional years). In both of
these cohorts, the continuous EP was an independent pre-
dictor of distant recurrence in multivariate analysis (AB-
CSG-6 p = 0.010, ABCSG-8 p < 0.001). The test provided
prognostic information independent of, and in addition to,
clinicopathologic variables, in particular, adjuvant! online
and the Ki-67 labeling index.
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11 Genomic Grade Index–97 Genes

The genomic grade index (GGI) uses a 97-gene assay to
measure the histological tumor grade. The test is based on
the premise that the histological grade is a strong prognostic
factor in ER-positive tumors, and that the reproducibility of
histological grade is suboptimal. The GGI is capable of
dividing breast cancers of intermediate grade into two
groups, grade I-like, which have a low frequency of distant
relapses, and grade III-like, which have a clinical behavior
similar to grade III cancers (Sotiriou et al. 2006). Similar
results were obtained in an analysis of 347 tumor samples,
where it was found that the genomic grade was an inde-
pendent prognostic indicator of disease recurrence (Ivshina
et al. 2006). In another study, 666 ER-positive tumors were
classified into high and low genomic grade using the GGI
(Loi et al. 2007). These were highly comparable to the
previously described luminal A and B classification and
significantly correlated with the risk groups generated using
the 21-gene RS. The two subtypes were associated with
statistically distinct clinical outcome in both tamoxifen-
treated and tamoxifen-untreated populations.

The value of the GGI in predicting the response to neo-
adjuvant chemotherapy in patients with HER-2–normal
breast cancer was reported by investigators from the MD
Anderson Cancer Center (Liedtke et al. 2009). Gene
expression data were generated from fine-needle aspiration
biopsies performed on 229 patients prospectively collected
before neoadjuvant paclitaxel, fluorouracil, doxorubicin, and
cyclophosphamide chemotherapy. Eighty-five percent of
grade 1 tumors had low GGI, 89 % of grade 3 tumors had
high GGI, and 63 % of grade 2 tumors had low GGI. In both
ER-negative and ER-positive patients, a high GGI was
associated with a pathologic complete response or minimal
residual disease, demonstrating an increased sensitivity to
chemotherapy. High GGI was also associated with a sig-
nificantly worse distant RFS in patients with ER-positive
cancer (p = 0.005).

Initially, GGI required fresh or frozen samples. However,
a modified version of this signature based on qRT-PCR
analysis has recently been developed (Toussaint et al. 2009).
The prognostic information provided by GGI is applicable
only to ER-positive breast cancer (Wirapati et al. 2008;
Desmedt et al. 2007).

12 Wound-Response Gene Expression
Signature

Core serum response genes are a set of genes closely asso-
ciated with wound healing and cancer progression. The gene
expression profile of fibroblasts activated in the serum is also

expressed in tumors by the tumor cells, by tumor-associated
fibroblasts, or both. The expression of the wound-response
signature was shown to be associated with poor overall
survival and an increased risk of metastasis in common
epithelial tumors, such as breast, lung, and gastric cancers
(Chang et al. 2004). Measurements of genes in this profile
show a biphasic pattern of gene expression, with either an
activated or quiescent wound-response signature. This pro-
file was validated in the same group of 295 early breast
cancer patients that was used to validate the 70-gene sig-
nature (Chang et al. 2005). A univariate analysis of the
patients showed that the activated signature was associated
with a decreased distant metastasis-free and overall survival.
The wound-response signature gave more accurate risk
stratification independently of known clinical and pathologic
risk factors. The 70-gene prognosis signature and intrinsic
molecular subtype classification (Perou et al. 2000) were
also performed on these tumor samples, and the results from
the different gene signatures were overlapping and were all
consistent predictors of outcome. Prospective studies are
needed to determine whether treatment decisions based on
the wound-response signature will benefit patients clinically.

13 Comparison of Different Genetic Profiles

As discussed in this chapter, many studies of gene expres-
sion in breast cancer have identified expression profiles and
gene sets that are prognostic, predictive, or both. The genes
evaluated in these different profiles show only minimal
overlap. The reasons for this are not completely understood,
but probably include differences in patient cohorts, micro-
array platforms, and methods of statistical analysis.

There is little data about head-to-head comparisons of the
different molecular profiles. However, five profiles were
compared in one data set of 295 samples, where information
was available about RFS and overall survival (OS). These
profiles were the 70-gene signature, the wound-response
gene set, the 21-gene RS, the intrinsic subtype model, and
the HOXB13/IL17BR two-gene ratio (Fan et al. 2006).
These were the same 295 samples that had been used to
develop the 70-gene signature (van de Vijver et al. 2002).
The RS and two-gene ratio were described as a derived score
and estimated from microarray gene expression data rather
than qRT-PCR. Therefore, they were not obtained according
to the protocols and methods used in the marketed assays.
Each of the five gene expression profiles, except for the two-
gene ratio, was a significant predictor of RFS and OS, as
were ER status, tumor grade, tumor diameter, and stage. This
was also true for the 225 tumors that were ER-positive. Each
profile, except the two-gene ratio, added important prog-
nostic information beyond the standard clinical predictors.
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Each profile was analyzed relative to the intrinsic subtype
classification. All 53 tumors with basal-like subtype were
found to have a poor 70-gene signature profile and a high
RS, and 50 tumors had an activated wound-response sig-
nature. This was also true for the tumors with the HER2-
positive, ER-negative subtypes, as well as for the poor-
outcome luminal B subtype that is classified as ER positive.
Conversely, the normal-like and luminal A tumors showed
heterogeneity in terms of how they were classified by the
other models. However, 62 of 70 samples with low RS were
of the luminal A subtype. These results suggest that if a
sample is classified as basal-like, HER2-positive, and ER-
negative, or luminal B, then it would most likely be in the
poor-prognosis groups of the 70-gene, wound-response, and
recurrence score models. Pairwise comparisons of the 70-
gene, wound-response, recurrence score, and two-gene
models showed that the results of all but the two-gene model
were highly concordant. Since the 70-gene signature and the
RS model are the best validated, they were directly com-
pared, with low and intermediate RSs considered equivalent
to a good 70-gene signature and a high RS to be equivalent
to a poor 70-gene signature. In the entire group of patients,

there was 81 % agreement (239/295 patients), and in the ER-
positive subset, there was a 77 % agreement (173/225
patients). These results suggest that even though there is
very little overlap in the genes that are analyzed (the 70-gene
and the RS profiles overlapped by only 1 gene: SCUBE2)
and different algorithms are used, the outcome predictions
provided by these profiles are similar for the majority of
patients. The profiles probably reflect common cellular
phenotypes and biological characteristics in the different
groups of breast cancer patients.

In a comprehensive meta-analysis integrating both clini-
cal, pathological, and gene expression data in over 2,100
patients, a multivariate analysis showed that in the ER+/
HER2− subgroup, only the proliferation module and the
histological grade were significantly associated with clinical
outcome (Desmedt et al. 2008). In the ER−/HER2− sub-
group, only the immune response module was associated
with prognosis, whereas in the HER2+ tumors, the tumor
invasion and immune response modules displayed a signif-
icant association with survival. Proliferation was identified
as the most important component of the prognostic signa-
tures, and the performance was limited to the ER+/HER2-

Table 2 Summary of available prognostic and predictive gene expression signatures

Test Type of assay Type of tissue
sample

Indication FDA
clearance

ASCO
recommended

Oncotype
DX

21-gene recurrence score Formalin-fixed
paraffin-
embedded

Prognosis and prediction of benefit from
chemotherapy in ER+ N0/1–3N+ breast
cancer on tamoxifen use

No Yes

MammaPrint 70-gene signature Fresh frozen
tumor samples

Prognosis in N0, <5 cm tumor diameter,
stage I/II, ER± breast cancer

Yes No

H/I ratio 2-gene expression ratio Formalin-fixed
paraffin-
embedded

ER+, N±, stage I/II breast cancer on
tamoxifen use

No No

Theros
Breast
Cancer
Index

Combination of H/I ratio and
5-gene molecular grade index
into a breast cancer index

Formalin-fixed
paraffin-
embedded

Prognosis and prediction of response to
tamoxifen in ER+ breast cancer

No No

EndoPredict 11-gene score Formalin-fixed
paraffin-
embedded

ER+, HER2− breast cancer treated with
endocrine therapy

No No

Genomic
grade index

97-gene genomic grade index Frozen or
formalin-fixed
paraffin-
embedded

ER+, histological grade II breast cancer No No

Rotterdam
76-gene
signature

76-gene signature Fresh frozen
tumor samples

ER±, N0 breast cancer No No

Mammostrat Immunohistochemical assay
measuring five biomarkers

Formalin-fixed
paraffin-
embedded

ER+, N0 breast cancer No No

PAM-50 50-gene signature Formalin-fixed
paraffin-
embedded

Prognosis in ER+, N ± breast cancer No No

Estrogen receptor (ER); Lymph node (N)
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subgroup. In another meta-analysis of 2,833 breast cancers,
gene coexpression modules of three key biological processes
(proliferation, ER signaling and HER2 signaling) were used
to analyze the genes of nine prognostic signatures (Wirapati
et al. 2008). All nine prognostic signatures had a similar
prognostic performance in the entire data set, mostly due to
the detection of proliferation activity. In this study, ER status
and ERBB2 expression seemed to correspond with a poor
outcome, due to elevated expression of proliferation genes.
Also, clinical variables, such as tumor size and nodal status,
added additional independent prognostic information
(Table 2).

14 Limitations

The gene expression prognostic signatures share several
characteristics (Reis-Filho and Pusztai 2011). Despite the
differences in the genes they measure, the gene signature
tests identify the same group of patients as having a poor
prognosis. The unifying characteristic is the high expression
of proliferation-related genes (Wirapati et al. 2008). When
gene signatures were divided into two subsignatures
(Wirapati et al. 2008; Reyal et al. 2008) one composed of
only the proliferation-related genes and the other composed
of the remaining genes, the proliferation-related subsigna-
tures had a prognostic impact as strong or stronger than the
original signatures (Wirapati et al. 2008; Reyal et al. 2008).
Importantly, the subsignatures composed of non-prolifera-
tion-related genes were shown not to have a prognostic
impact (Wirapati et al. 2008). This is especially true in ER-
positive breast cancers, where the level of expression of
proliferation-related genes is one of the strongest prognostic
factors. In ER-negative cancers, the expression of prolifer-
ation-related genes is usually high and, therefore, gene sig-
natures have failed to stratify ER-negative breast cancers
into separate prognostic subgroups (Mook et al. 2009, 2010;
Wirapati et al. 2008). Even adenoid cystic carcinoma of the
breast, which is ER-negative and has an indolent clinical
course, is classified by gene signatures as having a poor
prognosis (Weigelt et al. 2008). Chemotherapy targets rap-
idly proliferating cells, and since the gene signatures pre-
dominantly measure proliferation-related genes, most of the
gene signature assays also correlate with response to che-
motherapy. In addition, meta-analyses have shown that
tumor size and lymph node status provide prognostic
information that is independent of the results from the
prognostic signatures. The accuracy of the predictions of the
prognostic signatures seems to be time-dependent, with
more accurate predictions seen at 5 years than at 10 years
after diagnosis.

The genetic profiles use a variety of techniques to per-
form the assays in the reported studies. All studies of
21-gene RT-PCR assay have used the commercial test as
opposed to the signature, whereas the studies of the 70-gene
signature have used either the signature or the assay. Only
the large multicenter validation by (Buyse et al. 2006)
used the marketed MammaPrint assay. The study that
compared the results of the marketed MammaPrint test to the
signature on the same samples showed that about 9 % of
the patients were placed into different risk groups when the
marketed test was used (Glas et al. 2006). Almost all of
the studies that looked at the H/I ratio calculated the test in
slightly different ways.

The accurate use of these tests in clinical decision making
will be vitally important. Only the 21-gene RS has been
shown to be prognostic as well as predictive for a benefit
from both tamoxifen and chemotherapy. This was based on
data from the randomized, clinical trials, NSABP B-14 and
B-20 (Paik et al. 2004, 2006). The other genomic tests are
purely prognostic and indicate the likely outcome, inde-
pendent of therapy. These tests have limited data regarding
their predictive abilities, but it is assumed that patients who
have a low risk of recurrence or death may forgo
chemotherapy.

The study populations that were used to validate the
various gene signature tests were not uniform. The 21-gene
RS used the most clinically and therapeutically homoge-
neous population. This is reflected in the inclusion criteria
for the test: patients with ER-positive, lymph node-negative,
stage I or II disease who receive tamoxifen. The 70-gene
signature was tested in a more heterogeneous population,
with both lymph node-positive and lymph node-negative
patients, and patients with ER-positive and ER-negative
diseases.

15 Conclusion

In early-stage breast cancer, the standard approach has been
to use clinical and pathological variables, such as tumor size,
lymph node metastases, tumor grade, ER, PR, and HER2
status to create treatment guidelines (e.g., adjuvant! online,
the NCCN guidelines, the NIH Consensus Development
Criteria, and the St. Gallen criteria). These guidelines pro-
vide risk classifications which help guide decisions regard-
ing adjuvant therapy. These approaches have been
successful, and there has been a steady reduction in breast
cancer mortality over the past three decades. However, with
the development of individualized medicine, genomic sig-
natures can provide a more accurate assessment of the risk of
recurrence and the benefit of adjuvant therapy.
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Recently, many gene expression profiles have been
developed for breast cancer. Several of these tests are now
commercially available, and more new tests are being
developed. These gene expression profiles appear to provide
additional prognostic and predictive information that com-
plements the traditional clinical and pathological parameters.
However, most of the genetic profiles have not been validated
in prospective randomized trials. Also, there have not been
any large, prospective, head-to-head comparisons between
the different tests. Each test looks at a different set of genes,
and there is little overlap in the tested genes. Despite the lack
of overlap, these tests identify the same group of patients as
having a poor prognosis, probably because all of the signa-
tures rely heavily on proliferation-related genes (Wirapati
et al. 2008). The tests are often only informative in ER-
positive breast cancers, which limits their utility. Also, the
tests are expensive and may have limited availability.

With so many tests available or in development, some
important questions need to be answered: Is the test accurate
and reliable? Does the evidence show that it is strongly
prognostic? Is there evidence that the test result is predictive
of chemotherapy benefit? What is the level of evidence for
the accuracy of the assay? Has the assay been incorporated
into treatment guidelines?

In spite of all these caveats, the new genetic signatures
almost uniformly allow a more accurate prediction of out-
comes in breast cancer patients. As the tests are improved,
and comparison studies are conducted, the role of the various
profiles and the importance of individual genes in the pro-
files will be better understood. The results from these tests
will allow oncologists to spare many women from the tox-
icities and long-term side effects of unnecessary adjuvant
chemotherapy. These multigene assays will contribute to
major improvements in the treatment of breast cancer.
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Abstract

Ductal carcinoma in situ (DCIS) is a non-invasive breast
cancer in which neoplastic cells are confined within the
breast milk duct basement membrane. Prior to the
widespread use of screening mammography DCIS was
a rare diagnosis, but now comprises 20–30 % of all
newly diagnosed breast cancers in the US. This diagnosis
is often treated in a fashion similar to invasive breast
cancer. Standard treatment typically consists of breast-
conserving surgery (with or without radiotherapy) or
mastectomy. There is a growing clinical concern that
many patients with DCIS are being over-treated since
their disease will never progress to invasive life-threat-
ening carcinomas. But how can this indolent subset be
identified? A better understanding of the biology of
DCIS and how it transforms into invasive cancer will
shed light on this important clinical goal. In this chapter,
we identify important molecular pathways responsible
for regulating cellular proliferation, apoptosis, and
genome integrity that are altered in DCIS. We find
surprisingly few differences on a genomic or gene-
expression level between DCIS and invasive disease. We
introduce diverse models of DCIS progression that are
stochastic versus predetermined and discuss how the
empirical data supports or challenges these models. Due
to the considerable difficulty of studying DCIS, many
unanswered questions remain. Improvements in molec-
ular assays and model systems may provide further
insights into the etiology and natural history of this
disease entity.
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GEM Genetically engineered mice
HER2 Human epidermal growth factor receptor 2
IDC Invasive ductal carcinoma
IHC Immunohistochemistry
MIN Mammary intraepithelial neoplasia
MRI Magnetic resonance imaging
PR Progesterone receptor
RNA Ribonucleic acid
TDLU Terminal ductal lobular unit

1 What is Ductal Carcinoma In Situ?

The human breast is composed of thousands of terminal
ductal lobular units (TDLUs), clusters of glands that pro-
duce milk that is carried to the nipple via a coalescing
network of milk ducts (Sgroi 2010). A cross-section through
this mammary ductal system reveals an inner layer of
luminal epithelial cells, myoepithelial cells, and a basement
membrane (Fig. 1). Ductal carcinoma in situ (DCIS) is a
non-invasive breast cancer, arising primarily in the TDLUs
(Wellings et al. 1975), where the proliferating neoplastic
cells are still confined within the basement membrane
(Allred 2010). DCIS is thought to be a non-obligate pre-
cursor to the most common invasive breast cancer, invasive
ductal carcinoma (IDC), wherein cancerous cells have
invaded beyond the basement membrane into the sur-
rounding breast stroma (Fig. 1).

Before the widespread use of screening mammography,
DCIS comprised only *1–2 % of all newly diagnosed
breast cancers (Allred 2010). These DCIS lesions were
large, palpable, and described as ‘‘comedo’’ due to the
necrotic ooze that poured out of them when squeezed. With
the advent of screening mammography, the incidence of
DCIS skyrocketed to comprising 20–30 % of newly diag-
nosed breast cancers in the US today (Kerlikowske 2010;
Virnig et al. 2010). Mammographic screening also revealed
a previously unexplored spectrum of DCIS lesions with
diverse histological, molecular, and genetic characteristics.
In this chapter, we will delve into what is known regarding
the biology of this remarkably heterogeneous disease, and
how it transforms itself into invasive carcinomas.

Radiographically, the classic presentation of DCIS
comes in the form of calcifications on X-ray mammogra-
phy, with a diversity of shapes and spatial distributions
(D’Orsi 2010). Magnetic resonance imaging (MRI), while
not as widely used X-ray mammography, has the highest
sensitivity for DCIS of all clinically used imaging modali-
ties (Kuhl et al. 2007). DCIS presents with a distinctive
nonmass-like morphology on MRI, with clumped internal

enhancement in a segmental, linear, or regional distribution
(Jansen et al. 2007; Lehman 2010; Jansen 2011). Although
DCIS is a preinvasive cancer, it is not necessarily small—
the average size of DCIS is 10–20 mm (Allegra et al. 2010),
but some lesions can extend through most of a major breast
lobe (Tot 2010).

Histologically, DCIS is classified according to metrics
initially developed for IDC such as grade. DCIS is catego-
rized as low, intermediate, or high grade based on a variety of
nuclear features including size and mitotic activity. Overall,
DCIS lesions are classified either as well-, moderately-, or
poorly-differentiated depending on how closely they resem-
ble normal cells (Fig. 1) (Allred 2010). Unlike IDC, DCIS has
distinctive growth/architectural patterns describing how the
cells are distributed within the duct lumen: solid, papillary,
micropapillary, cribriform or comedo. Necrosis is extensive
and predominant in comedo DCIS while focal or absent in the
other architectural subtypes.

Current treatment paradigms for DCIS include mastec-
tomy (Hwang 2010), lumpectomy alone, or lumpectomy
with radiation therapy (Kane et al. 2010). Approximately
20 % of DCIS patients treated with lumpectomy alone
experience a recurrence, half as DCIS and half as invasive
cancer (Kerlikowske et al. 2010). Both radiation therapy
and adjuvant Tamoxifen have been shown to reduce
recurrence rates by approximately 50 % in DCIS (Correa
et al. 2010; Eng-Wong et al. 2010; Solin 2010). Given
current management strategies, the prognosis for DCIS is
excellent with a 10-year disease-specific survival rates of
98 % (Bijker and van Tienhoven 2010; Kerlikowske et al.
2010; Schnitt 2010). Concomitantly high incidence and
survival rates imply that by 2020, an estimated 1 million
women will be living with a diagnosis of DCIS in the US
alone (Allegra et al. 2010).

In many ways, DCIS represents a success story in breast
cancer management—the combination of early detection
and effective treatments yields excellent cure rates in these
patients. However, there is a growing clinical concern that a
significant portion of DCIS patients are actually being over-
diagnosed and over-treated, as indirect evidence suggests
that approximately 50 % of DCIS will not progress to
invasive, life-threatening diseases (Erbas et al. 2006; Kuerer
et al. 2009; Allegra et al. 2010). However, there is no way
now to identify this subset of women with indolent disease
who may benefit from less aggressive therapeutic inter-
ventions. As highlighted by a 2009 National Institutes of
Health State of the Science Conference Statement, the pri-
mary task for research going forward is to identify subsets
of DCIS patients based on their risk of progression to
invasive carcinoma (Allegra et al. 2010). An important step
toward achieving this goal is to better characterize the
biology of DCIS and understand the key events responsible
for its transition to invasive carcinoma.
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2 The Biology of DCIS

Cancer is a genetic disease wherein malignant transforma-
tion is driven by changes in DNA. There are many types of
alterations that can occur, including gross chromosomal
gains/losses, genomic amplification, genomic rearrange-
ments, activation of oncogenes, and inactivation of tumor
suppressor genes via mutation, deletion, methylation, or
transcriptional repression. As a consequence of these
genomic events, the cancer transcriptome can exhibit
marked irregularities compared to normal tissue. These
transcriptional changes, usually represented by up or
downregulated gene signatures in gene-expression profiles,
are then translated into the proteome, resulting in proteins
that are overexpressed, lost, or have amino-acid substitu-
tions that confer gain or loss of function. Additionally, post-
transcriptional and post-translational modifications not
reflected at the mRNA level can also affect the function,
stability, and distribution of proteins. Characterization of
cancer at all levels—DNA, RNA, and protein—is a major
goal of cancer biology, as it can elucidate both the molec-
ular pathways critical for cancer etiology and identify
subtypes of disease that provide prognostic information or
predict therapeutic efficacy. For example, breast cancers
that express estrogen receptor (ER) are often treated with
selective ER modulators in an adjuvant setting.

In the larger context of breast cancer biology and evo-
lution, DCIS is thought to be a precursor to IDC. However,
it is not direct observation of DCIS progression to invasive

disease in women that underpins this belief—due to the
obligate surgical excision of newly diagnosed cancers
including DCIS it is very challenging to track the natural
history of disease in women (Erbas et al. 2006). Rather, the
status of DCIS as a precursor to IDC is due to a large body
of compelling yet indirect evidence demonstrating con-
nections between the two. This evidence includes sharing
similar risk factors (Kerlikowske 2010), the increased risk
of recurrence as IDC at the tumor bed for women with
DCIS, frequent co-existence of DCIS and IDC together in
the same lesion (Allred et al. 2008), and the finding that
DCIS and IDC harbor many of the same molecular and
genetic abnormalities (Polyak 2010). Further evidence
temporally linking DCIS to IDC comes from follow-up of
women with DCIS initially misdiagnosed as benign disease
showing that 14–50 % eventually develop IDC (Erbas et al.
2006), and work in animal models where more direct
observations of preneoplastic progression are possible
(Maglione et al. 2001, 2004; Namba et al. 2004, 2006;
Damonte et al. 2008). Although our primary focus is on
DCIS, we will begin with a brief examination of the key
biological features of invasive cancers. This will serve as a
platform for our subsequent discussion of the genomic,
gene-expression, and protein level characteristics of DCIS.

There is a caveat to what is presented below relating to
the challenge of applying molecular assays to DCIS surgical
specimens. Limitations include small patient cohorts, mixed
screening and unscreened populations, and small lesion
size. An additional challenge is getting access to tissue in
the first place, particularly for patients with pure DCIS

Fig. 1 The stages of breast cancer. Within the normal mammary duct
and TDLU, an inner layer of luminal epithelial cells and a basal layer
of myoepithelial cells are surrounded by a basement membrane. In
benign hyperplasia, epithelial cells have proliferated within the duct
while retaining a largely normal phenotype. In ductal carcinoma in situ
(DCIS), the cells appear phenotypically different from normal
epithelia—poorly differentiated DCIS more so than well-differentiated
DCIS—yet are still confined by the basement membrane. DCIS is

classified into several subtypes based on its histopathological presen-
tation, including grade, growth pattern, and necrosis. Once the
neoplastic cells invade beyond a degraded basement membrane into
the surrounding breast stroma, they have transitioned to invasive
ductal carcinoma (IDC). In subsequent figures, the luminal cells,
myoepithelial cells, and basement membranes are displayed with the
same color scheme as shown above
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where most of the tissue must be processed to histologically
rule out microscopic regions of invasion. Consequently,
many studies describing the molecular features of DCIS
often include lesions that have both IDC and DCIS com-
ponents. The unavoidable limitations of studies of DCIS are
important to consider when interpreting the empirical data.

2.1 The Genome and Transcriptome
of Invasive Carcinoma

On the genomic level, grade I invasive carcinomas show
low levels of genomic instability, with frequent recurrent
loss of 16q and gain at 1q. Conversely, grade III invasive
cancers show higher levels of genomic instability with
amplification of 17q12, 11q13, loss of 8p, 11q, 13q, and
gains of 1q, 8q, 17q, and 20q (Buerger et al. 1999a, b;
Roylance et al. 1999). Grade II IDC can exhibit mixed
features between these two (Sgroi 2010). The frequent loss
of 16q in low but not high-grade carcinomas is salient for
modeling breast cancer evolution. It suggests that the
majority of grade III invasive carcinomas do not arise from
a grade I precursor, as this would imply the recovery of
genetic material at 16q. Rather, the restriction of the loss of
16q to low-grade invasive carcinoma suggests that the dif-
ferent grades of invasive carcinoma arise from different
pathways. Empirical data complicate this interpretation
since approximately 20 % of grade III IDC also harbor loss
of 16q (Roylance et al. 1999), suggesting that the low to
high-grade transition may occur in a subset of women.
These high-grade lesions with loss of 16q are mostly ER+
(Smart et al. 2011).

Comprehensive gene expression profiling based on the
influential studies by Perou et al. (2000) and Sorlie et al.
(2001) have resulted in the molecular subtype classification
of breast cancers into four categories. The major distinction
is at the level of ER, and secondarily on the level of human
epidermal growth factor receptor 2 (HER2). Two subtypes
are ER–: the basal (HER2–) and ERBB2 (HER2+) groups,
and two subtypes are ER+: the luminal A (HER2–) and
luminal B (HER2+) groups. These transcriptome-based
subtypes correlate well with other histological and clinical
features; luminal A and B often exhibit lower grade and
more favorable prognosis compared to the basal and
ERBB2 subtypes, which are often higher grade with poorer
prognosis (Sorlie et al. 2001).

2.2 The Genome and Transcriptome of DCIS

Remarkably, there are essentially no progression-specific
changes in DCIS compared to IDC on the genome or
transcriptome level. On the contrary, the characteristics of

DCIS mirror those of invasive breast cancer, including
exhibiting distinct molecular characteristics by grade (Por-
ter et al. 2001, 2003). Low-grade DCIS also harbors fre-
quent recurrent loss of 16q, while high-grade DCIS shows a
more complex genomic pattern with loss at 8p, 11q, 14q,
gains at 1q, 8q, and 17q and high level of amplification at
17q12 and 11q13 (Buerger et al. 1999a, b; Hwang et al.
2004; Vincent-Salomon et al. 2008). DCIS can also be
classified into the four molecular subtypes of breast cancer
(basal, ERBB2, luminal A and B) that in turn correlate with
different grades (Vincent-Salomon et al. 2008). This evi-
dence suggests that the bulk of genetic transformation in
breast cancer does not occur during the (putative) DCIS to
IDC phase change. Indeed, Ma et al. performed gene-
expression profiling comparisons of normal breast tissue,
DCIS, and IDC lesions and found that the largest tran-
scriptional changes occur from the normal to DCIS transi-
tion, not the DCIS to invasive transition (Ma et al. 2003).
With these qualitative similarities between DCIS and IDC
noted, it is important to point out that quantitative analysis
does reveal differences, for example in the levels of gene
expression (Ma et al. 2003) and in the proportions of
molecular subtypes found (Vincent-Salomon et al. 2008;
Clark et al. 2011; Yu et al. 2011). Therefore, while similar
genes may be affected in DCIS versus IDC, there may be
differences in the dynamics (i.e., timing and levels) of such
transcription.

Thus, from a genome and transcriptome perspective, we
have not found molecular alterations that are specific to
DCIS and not invasive disease. Rather there are dramatic
changes from normal tissue to DCIS, and also between
different grades regardless of whether invasive or nonin-
vasive (Ma et al. 2003). This evidence further supports a
multi-pathway grade-specific model of breast cancer pro-
gression that extends to the preinvasive stage.

2.3 Molecular Markers of DCIS

Analysis of protein expression in DCIS, most often assessed
via immunohistochemistry (IHC) on tissue sections, is an
important tool for studying the molecular pathways altered
in DCIS and identifying subtypes of disease based on dif-
ferential protein expression. An advantage of IHC is that the
spatial distribution of proteins, both within the cell (i.e.,
cytoplasmic or nuclear) and across the lesion, can be
visualized. An inherent limitation is that for many molec-
ular markers, methods for determining positivity in DCIS
have not been fully standardized. Most commonly, a lesion
is classified as positive (‘+’) if a certain threshold number of
cells within the lesion exhibit positive staining, and nega-
tive (‘-’) if that threshold is not met (Lari and Kuerer
2011). The most studied molecular markers in DCIS are ER
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and HER2. However, other important signaling pathways
responsible for regulating proliferation, apoptosis, angio-
genesis, and genome stability have also been examined
(Lari and Kuerer 2011) (Table 1).
• Estrogen and progesterone receptors. Approximately

70–80 % of DCIS lesions are ER+ (Tamimi et al. 2008;
Kerlikowske et al. 2010). ER+ DCIS is less likely to be
high grade, HER2+, p53+, and Ki-67+ or display comedo
growth patterns (Lari and Kuerer 2011). PR expression
correlates closely with ER.

• HER2. HER2 is a member of the ErbB family of proteins and
is involved in regulating cellular proliferation and apoptosis
through a variety of signaling pathways, including MAPK,
Akt, and STAT. Approximately 20–30 % of DCIS patients
have HER2 overexpression (Tamimi et al. 2008; Ker-
likowske et al. 2010), as assessed by IHC or fluorescence in
situ hybridization (FISH) to measure amplification of the
ErbB2 gene. HER2+ DCIS is more likely to be ER-, PR-,
Bcl-2-, p53+, Ki-67+, p21+, have high nuclear grade and
exhibit comedo necrosis (Lari and Kuerer 2011). Although
the proportion of HER2+ DCIS is comparable to IDC, the
triple-negative i.e., ER-/PR-/HER2- phenotype is less
common in DCIS (Kuerer et al. 2009)

• p53. p53 is an important tumor suppressor protein that
plays a critical role in a cell-cycle regulation, apoptosis,
and genomic stability. Mutations in the TP53 gene occur

in approximately 20 % of invasive breast cancers and
10–30 % of DCIS (Livasy et al. 2007; Kerlikowske et al.
2010) and can manifest itself on IHC as accumulated p53
protein expression. DCIS lesions that are p53+ are more
likely to have high nuclear grade and comedo necrosis
(Lari and Kuerer 2011). Likewise, TP53 mutations are
more frequently observed in basal-like and HER2+ DCIS
than those in the luminal group (Polyak 2010). As dis-
cussed in more detail below, p53 expression is correlated
with increased intratumor heterogeneity in DCIS, which
may arise as a result of increased genomic instability
upon aberrant p53 activity.

• Rb/p16 pathway. A key regulator of cellular proliferation
is the Rb tumor suppressor pathway. Rb functions to
inhibit expression of genes required for cellular prolif-
eration by assembling transcription repression com-
plexes. This activity is reduced in proliferating cells by
the action of CDK/cyclin complexes that phosphorylate
Rb. In particular, the CDK4/cyclin D complex is the rate-
limiting step for Rb inactivation; this complex is itself
counteracted by p16. The Rb-cyclinD-p16 network
defines a pathway that is functionally inactivated in most
cancers, although Rb itself may not be mutated or lost.
For example, simultaneous expression of both p16 and
Ki-67 could be indicative of Rb functional loss, as
recently suggested by Witkiewicz et al. for DCIS

Table 1 Summary of the molecular markers used to characterize DCIS

Molecular markers Functions Molecular signatures correlating with increased
risk of recurrence

ER, PR Steroid receptors ER-

HER2+
ER-/HER2+
ER-/HER2 +/Ki-67+

HER2 Regulates proliferation and apoptosis

p53 Regulates cell-cycle, apoptosis, and genomic stability; p53 is an
important tumor suppressor

p53+

Rb/p16 pathway Regulates cell-cycle; Rb is an important tumor suppressor p16+
Ki-67+
COX-2+
p16+/COX-2-/Ki-67+ (DCIS recurrence)
p16+/COX-2+/Ki-67+ (invasive recurrence)

Ki-67 Proliferation marker

COX-2 Enzyme for prostaglandin synthesis; expressed during
inflammatory response

Akt/PTEN pathway Regulates proliferation, survival and motility; PTEN is an
important tumor suppressor

BRCA1/2 DNA damage repair

c-myc Transcription factor that can activate proliferation; c-myc is a
proto-oncogene

VEGF, vascular
patterns

Angiogenesis and vascular markers

Cyclin A, cyclin E,
p21, p27

Cell-cycle regulators p21+

Bcl-2, Bax, Survivin Apoptosis regulators Bcl-2-

Survivin+

Included are the molecular signatures that have been shown to correlate with an increased risk of subsequent recurrence in some reports
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(Witkiewicz et al. 2011). Abrogation of the Rb pathway
has recently been proposed as a mechanism by which
DCIS can survive the hypoxic and stressful intraductal
environment (Espina and Liotta 2011). Approximately
70, 60, and 35 % of DCIS lesions are Rb+, cyclin D1+,
and p16+, respectively (Gauthier et al. 2007; Millar et al.
2007; Kulkarni et al. 2008; Okumura et al. 2008; Ker-
likowske et al. 2010), while 22 % are both p16+/Ki-
67+ (Kerlikowske et al. 2010).

• Akt/PTEN pathway. The Akt pathway regulates many
diverse biological functions, including cellular motility,
proliferation, and survival. Components of this pathway,
particularly PTEN, are deregulated in a wide spectrum of
human cancers. The PTEN tumor suppressor is an
important negative regulator of the Akt pathway, and is
altered in approximately 40 % of invasive breast cancers.
Using tissue microarrays comprised of pure DCIS and
IDC, Bose et al. evaluated the expression of Akt pathway
members at different stages of breast cancer progression.
They found that Akt and its downstream proteins mTor
and S6 are activated in 30 % of DCIS and IDC lesions.
Interestingly, PTEN was differentially expressed by
stage: only 11 % of DCIS exhibited loss of PTEN com-
pared to 26 % of invasive cancers (Bose et al. 2006).
PTEN loss has also been linked to the basal subtype of
DCIS (Polyak 2010).

• BRCA1/2. The tumor suppressors BRCA1 and BRCA2
function to repair damaged DNA. Women with deleteri-
ous mutations in the BRCA1/2 genes are at high risk for
developing invasive breast cancers with earlier onset. A
prior misconception had been that the natural history of
BRCA-related tumorigenesis differed significantly from
its sporadic counterpart, by passing very quickly through
the in situ phase (if at all). However, more recent studies
have reaffirmed DCIS as a relevant stage in BRCA-
related breast cancer. In BRCA mutation carriers, DCIS
is diagnosed in comparable proportion as in other patient
cohorts (Hwang et al. 2007; Arun et al. 2009). Further-
more, the prevalence of BRCA1 and BRCA2 mutations
among DCIS lesions is comparable to that of invasive
carcinomas (Claus et al. 2005; Smith et al. 2007). Inter-
estingly, recent evidence suggests that DCIS is more
difficult to detect with MRI in BRCA1 mutation carriers
compared to other high-risk women including BRCA2
mutation carriers (Sardanelli et al. 2010; Jansen 2011;
Warner et al. 2011). This points to possible differences in
underlying physical or physiological properties, leading
to evasion of MRI detection.

• c-myc. The proto-oncogene c-myc is a transcription factor
that plays a role in proliferation, malignant transforma-
tion, and apoptosis. The observed genomic alterations in
DCIS implicate the activation of the c-myc gene located
at 8q24; this includes frequent observation in DCIS of

gains at 8q and the loss of CTCF, a transcriptional reg-
ulator of c-myc, at 16q. Approximately 60 % of DCIS are
c-myc+, and these lesions are more likely to be HER2+
and proliferative (Altintas et al. 2009).

• Angiogenesis. As a non-invasive stage of breast cancer,
DCIS is not necessarily associated with dense, leaky
neovasculature as invasive cancers can be. In carefully
examining the vascular distribution associated with
DCIS, Guidi et al. found they could be categorized into
two patterns: ‘‘diffusely’’ permeating blood vessels in the
stroma, or vascular ‘‘cuffing’’ wherein blood vessels pack
densely around neoplastic ducts (Guidi et al. 1994).
Expression of VEGF, a potent angiogenic factor, has
been found in approximately 85 % of DCIS lesions
(Hieken et al. 2001).

• Other markers. Other important molecular markers
including cell-cycle regulators, proliferation, and
apoptosis markers have been found to be differentially
expressed in subsets of DCIS. These include cyclin
A, cyclin E, p21, p27, Bcl-2, Bax, Survivin, Ki-67, and
COX-2 (Clark et al. 2011; Lari and Kuerer 2011). The
latter two, used often to characterize invasive carcinomas,
may be particularly relevant for DCIS. Ki-67 is a nuclear
protein used as a cellular marker for proliferation.
Approximately 40 % of DCIS lesions are positive
for Ki-67 (Livasy et al. 2007; Kerlikowske et al. 2010).
Increased Ki-67 expression is associated with high
grade and comedo necrosis (Lari and Kuerer 2011).
Alterations to COX-2 expression and the accumulation of
its enzymatic product prostaglandins have been impli-
cated in a variety of human cancers, including approxi-
mately 45–65 % of DCIS (Boland et al. 2004;
Kerlikowske et al. 2010; Glover et al. 2011). COX-2
expression has been associated with high nuclear grade
and the Ki-67+/ER- molecular signatures (Lari and
Kuerer 2011).
In analyzing protein expression levels, we have identified

key pathways governing proliferation, apoptosis, and
genomic stability that are altered in DCIS, and have also
revealed subtypes of DCIS wherein molecular markers are
differentially expressed i.e., exhibit marked inter-tumor
heterogeneity. However, DCIS also exhibits considerable
intra-tumor heterogeneity as it is often possible to find a
variety of grades and molecular subtypes within the same
lesion (Polyak 2007). This heterogeneity could be explained
by several possible mechanisms, including genomic insta-
bility due to telomere shortening, epigenetic instability,
malignant stem cells, or phenotypic plasticity (Chin et al.
2004; Marusyk and Polyak 2010). In studying clonal diver-
sity, Allred et al. observed that 50 % of DCIS lesions include
diverse nuclear grades and molecular markers, and that this
intratumor heterogeneity correlated with p53 expression on
IHC (Allred et al. 2008). They proposed that aberrant p53
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activity leads to genetic instability and the development of
multiple neoplastic clones within the same lesion. These
diverse regions in DCIS then compete for dominance,
suggesting that poorly differentiated DCIS evolves from
well-differentiated DCIS by randomly acquiring genetic
defects. Intratumor heterogeneity itself may be a useful
molecular marker for the potential of preinvasive cancers to
progress to invasion—clonal diversity measures in Barret’s
esophagus can predict progression to esophageal adenocar-
cinoma (Maley et al. 2006)—although this has not been fully
explored in DCIS. The mechanisms underlying the etiology
of intratumor heterogeneity in DCIS are still poorly defined.
They may be better understood within the context of models
of preinvasive cancer progression.

3 Progression of DCIS to Invasive Disease

Until now we have mostly focused on a thorough molecular
characterization of DCIS at the snapshot in time that it was
diagnosed. But how does DCIS evolve over time and progress
to invasive carcinoma? Investigating this question will not only
shed light on the etiology of breast cancer, but will also address
the critical clinical goal of identifying subsets of DCIS patients
based on risk of progression to invasive carcinoma (Allegra
et al. 2010). With this clinical motivation in mind, we will ask
the following two questions of the DCIS progression models
we present below: given a newly diagnosed DCIS lesion, can it
(i) predict the type of invasive cancer that will arise? and (ii)
determine the risk of progression to invasive cancer?

3.1 Predictive Markers of DCIS Progression

The empirical data regarding molecular attributes that can
predict risk of DCIS progression to IDC are murky due to the
tremendous challenge of performing such investigations in
humans. Limitations include small population sizes, lack of
long-term follow-up of outcome, and difficulty controlling for
different treatments. Perhaps most constraining is the clinical
necessity of surgical excision of DCIS instead of observa-
tion—this precludes following its natural history to truly
determine which features of DCIS predict the risk of pro-
gression to invasive carcinoma. As a surrogate endpoint,
recurrence is used to assess progression of disease in most
studies (Kerlikowske et al. 2010; Lari and Kuerer 2011).
Higher nuclear grade, comedo growth pattern, necrosis, and
positive surgical margins are linked with increased rates of
local recurrence in DCIS (Shamliyan et al. 2010). Addition-
ally, there is some evidence implicating the following
molecular markers as correlating with a subsequent recur-
rence event (Table 1): ER-, PR-, HER2+, Ki67+, cyclin
D1-, p21+, p53+, BCL-2-, Survivin+ and possibly most

convincingly, p16+ and COX-2+ (Lari and Kuerer 2011;
Rakovitch et al. 2012). The largest study to date was per-
formed by Kerlikowske et al. examining a diversity of
molecular markers in 1162 women diagnosed with DCIS
(Kerlikowske et al. 2010). They found that the molecular
signature p16+/COX-2-/Ki-67+ was predictive of a sub-
sequent DCIS but not invasive recurrence, while the p16+/
COX-2+/Ki-67+ signature was predictive of a subsequent
invasive recurrence. This establishes a role for COX-2 in
promoting invasive potential of DCIS, and also implicates
aberrant Rb pathway activity in the p16+/Ki-67+ signature
(Gauthier et al. 2007; Witkiewicz et al. 2011). They also
found the ER-/HER2+ and ER-/HER2+/Ki-67+ signatures
to correlate with DCIS recurrence. Although there are many
caveats in such studies, the empirical data suggests it is
possible for distinct molecular signatures to predict risk of
DCIS progression to invasive carcinoma. But is this possi-
bility consistent with models of breast cancer evolution?

3.2 Models of DCIS Progression

The traditional sequential model of cancer progression that
has been proposed for many tissue types (Vogelstein et al.
1988) posits that genetic and epigenetic modifications
accumulate gradually over time, governing the transition
from normal to in situ and then invasive carcinoma (Fig. 2).
Consequently, at the time of DCIS diagnosis it would not be
possible to predict either the risk of progression or the type
of invasive cancer that could arise because the transforming
biological events conferring invasion have likely not yet
occurred. However, the similarities we have seen between
DCIS and IDC on the genome and transcriptome level
leaves little room for genetic events to dictate the transition
from preinvasive to invasive disease. Rather, it suggests that
the bulk of malignant transformation within the epithelial
cells has already occurred by the DCIS stage.

One possible mechanism for this relates to the cancer
stem cell hypothesis (Fig. 3). As suggested by Cardiff et al.
and others, a precancer stem cell, capable of self-renewal
and reestablishing a preinvasive cancer, could be the cell of
origin for DCIS (Cardiff and Borowsky 2010). An initiating
tumorigenic event occurring in a precancer stem cell would
in turn generate an intrinsic subtype of cancer based on both
the characteristics of the initiating event itself and the target
precancer stem cell. The biology of the lesion including its
potential for progression to IDC is thus ‘pre-encoded’ in its
preinvasive state. In this way, the critical somatic mutations
that determine the cell’s fate have already occurred before
the appearance of DCIS and do not change significantly
with progression to IDC. Subsequent epigenetic or micro-
environment effects can modulate the timing of progression
(Cardiff and Borowsky 2010).
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An alternative mechanism is via the telomere crisis
(Fig. 4) (Chin et al. 2004). Here, an initiating tumorigenic
event, such as aberrant Rb activity, results in proliferation of
epithelial cells leading to hyperplasia. However, because
epithelial cells normally lack active telomerase, after exten-
ded proliferation the cells experience telomere shortening
and eventually telomere loss. This telomere crisis leads to
genomic instability and subsequent elimination by damage
surveillance mechanisms. However, a few cells can reactivate
telomerase, thereby surviving and continuing to clonally
proliferate with stabilized genetic and epigenetic content.
Continued low level instability can yield further evolution
over time. Chin et al. position occurrence of the telomere
crisis between hyperplasia and DCIS (Chin et al. 2004),
suggesting that by the DCIS stage most genomic alterations
have already occurred. Only one or two cells will survive the

telomere crisis, and this post-transition immortal cell and its
progeny would have a feature ascribed to tumor stem cells:
active telomerase and the ability to propagate indefinitely.

It is therefore mechanistically conceivable via these two
models that the majority of genetic and molecular events
important for breast tumorigenesis have already occurred by
the DCIS stage in epithelial cells. In both, genetic events
occurring in a single cell of origin (either a precancer stem cell
or the cell that survives the telomere crisis) largely define the
molecular and biological path of the subsequent preinvasive
and invasive cancer that will arise. Yet, the empirical data
indicate there are not an infinite number of such paths; rather
that only a few have been selected from an evolutionary
perspective to lead to DCIS and IDC. There are four molec-
ular subtypes of DCIS (basal, ErbB2, luminal A, luminal B),
and three grades (low, intermediate, high). It has therefore

Fig. 2 The sequential model of DCIS progression. Tumorigenic
events (e.g., oncogene activation, loss of tumor suppressor) targeting
epithelial cells govern the transition between the different stages of
breast cancer. In this model, an additional genetic hit is required for

progression from DCIS to IDC. Therefore, at the time of DCIS
diagnosis it is not possible to predict the type of invasive cancer that
will arise

Fig. 3 The precancer stem cell model of DCIS progression. DCIS
lesions arise as a result of tumorigenic events (e.g., oncogene
activation, loss of tumor suppressor) occurring initially in a precancer
stem cell. The molecular and biological properties of the ensuing DCIS

lesion including its potential for progressing to invasive disease are
pre-encoded within the initial target cell. In this way, the bulk of
malignant transformation has occurred by the DCIS stage
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been proposed that breast cancer progression occurs along
grade and/or subtype specific pathways. While this would be
consistent with the large-scale genomic similarities between
DCIS and IDC, it does not account for the significant intra-
tumor heterogeneity observed in DCIS. Allred et al.
hypothesized that poorly differentiated DCIS can arise from
well-differentiated DCIS as multiple clonal variants compete
within the tumor in a process of clonal evolution and selection
(Allred et al. 2008). Furthermore, the finding that a minority
of high-grade ER+ invasive cancers also exhibit loss of 16q
again supports the idea of low to high-grade progression in a
subset of luminal breast cancers. In light of these observa-
tions, a modified version of the grade-specific pathway that
accounts for the potential of low to high-grade progression in
a subset of patients has been proposed (Fig. 5) (Sgroi 2010;
Bombonati and Sgroi 2011).

Unlike the sequential model, in this multi-pathway
grade-specific model it is possible to predict (at least to
some extent) the type of invasive cancer that would sub-
sequently arise if a newly diagnosed DCIS were left
undisturbed. However, neither model provides compelling
insight into whether a DCIS lesion is likely to progress in
the first place. Perhaps this is because both narrowly focus
on events occuring only within the tumor cells.

3.3 Role of the Microenvironment

Neoplastic epithelial cells exist within a complex micro-
environment. The intraluminal microenvironment of DCIS
consists of myoepithelial cells, inflammatory cells, and the

basement membrane. Beyond the TDLU walls, the stromal
microenvironment consists of fibroblasts, myofibroblasts,
inflammatory cells, and endothelial cells. Given the paucity
of tumor cell-specific genetic signatures of DCIS compared
to IDC, recent efforts have shifted the spotlight from the
biological events occurring within the neoplastic epithelial
cell compartment to the microenvironment. Allinen et al.
found significant differential gene expression in myofi-
broblasts and myoepithelial cells of DCIS compared to
normal ducts, including increased cathepsins F,K,L,
MMP2, CXCL12, and CXCL14 (Allinen et al. 2004).
Interestingly, they did not find significant genetic differ-
ences between these non-epithelial cells at different stages
of progression, pointing to the possibility of epigenetic
alterations in the microenvironment confirmed experi-
mentally by Hu et al. (2005). Ma et al. performed global
gene expression analysis of the epithelial versus stromal
compartments in normal, DCIS, and IDC tissue. They
found that over 300 genes were differentially regulated in
the stromal compartment in DCIS versus IDC compared to
only three epithelial genes. In particular, they implicate
stroma produced MMPs (MMP2, MMP11, MMP14) as the
key players in driving the DCIS to invasive transition (Ma
et al. 2009). This evidence suggests that changes in the
microenvironment transcriptome may condition DCIS
lesions and affect whether and when they progress to an
invasive cancer (Cardiff and Borowsky 2010). Conversely,
clonally selected genetic alterations appear to be limited to
the tumor cells (Allinen et al. 2004), although alternative
theories suggest that a field of genetic instability can exist
in the normal tissue around a tumor (Tot 2011).

Fig. 4 The telomere crisis model of DCIS progression. An initiating
proliferative event (e.g., loss of tumor suppressor) confers increased
proliferation, such as aberrant Rb pathway activity. As the epithelial
cells proliferate, their telomeres shorten and are eventually lost. This
telomere crisis results in increased genomic instability and usually cell
elimination due to damage surveillance mechanisms. However, a cell

may survive beyond the crisis by reactivating telomerase. This cell
then continues to clonally proliferate into DCIS, retaining the accrued
genetic and epigenetic aberrations accumulated during the telomere
crisis. In this way, the bulk of malignant transformation has occurred
by the time a cell and its progeny become DCIS, and continued
evolution is possible over time
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4 Future Directions and Challenges

The multi-pathway grade-specific model of DCIS progres-
sion appears to be qualitatively consistent with much, but
not all, of the empirical data regarding DCIS. Recent studies
have found prominent genomic changes during DCIS pro-
gression (Johnson et al. 2011; Knudsen et al. 2011;
Hernandez et al. 2012), and evidence contrary to a low-
grade pathway (King et al. 2011). To capture the com-
plexity and heterogeneity of DCIS, it is likely that a com-
bination of models will be necessary—sequential, precancer
stem-cell, grade-specific, and others yet to be introduced.
Additionally, it is critical for qualitative models of cancer
progression to be augmented by mathematical approaches

to quantitatively test their predictive power. For example,
Sontag et al. found that a parallel rather than linear math-
ematical model of DCIS progression to IDC was a better fit
to co-occurrence data (Sontag and Axelrod 2005).

Clearly, there are many unanswered questions regarding
the biology of DCIS and progression to invasive disease.
These include the cell of origin responsible for preinvasive
breast cancer, a more complete understanding of the DCIS
to IDC transition including the complex interaction with the
microenvironment, the proper placement of the intermediate
grade phenotype in the evolution of DCIS, and the degree to
which the fate of a preinvasive cancer is pre-encoded in its
molecular/genetic/epigenetic phenotype. Addressing these
outstanding questions is very challenging in patients
because (i) the full natural history of DCIS cannot be

Fig. 5 The multi-pathway,
grade-specific model of DCIS
progression. The evolution of
cancer occurs along pathways
determined largely by grade.
Along the well-differentiated
pathway, lesions are of low
nuclear grade (yellow cells) with
low-grade gene expression
signatures (luminal A and B
subtypes) and low genomic
instability with frequent loss at
16q. In a minority of lesions,
progression from low to
intermediate (green cells) and
high (blue cells) grade lesions is
possible (gray arrows). Along the
poorly differentiated pathway,
lesions are of higher nuclear
grade with high-grade gene
expression profiles (basal and
ERBB2 subtypes) and high
genomic instability. Empirical
data regarding the genomic and
gene expression similarities
between DCIS and IDC, as well
as the intra-lesion heterogeneity
in DCIS, can be consistent with
this model
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tracked, due to obligate surgical excision, (ii) large cohorts
are required, and (iii) long-term follow-up of patients must
be linked to tissue repositories.

As an alternative to human studies, mouse model systems
are an appealing experimental framework because in princi-
ple they do not suffer from the clinical limitations that con-
found human investigations. There are several types of DCIS
models, including xenografts utilizing human DCIS cell lines
injected into immuno-compromised mice (Miller et al. 2000;
Behbod et al. 2009; Valdez et al. 2011), genetically engi-
neered mice (GEM) that genetically disrupt pathways
implicated in human DCIS (Green et al. 2000; Schulze-Garg
et al. 2000; Maglione et al. 2001; Frech et al. 2005; Li et al.
2008), and orthotopic transplant models derived from GEM
(Maglione et al. 2001, 2004; Medina et al. 2002; Namba et al.
2004, 2006; Damonte et al. 2008) (Fig. 6). Each type of

model has its advantages and disadvantages. Xenograft
models are appealing because human cells or tissues are used,
while GEM are excellent for modeling the stochastic events
occurring during preinvasive cancer development and pro-
gression, within the context of an intact microenvironment.
Such mouse models have already provided some important
insights into DCIS (Fig. 6).

5 Summary

In examining the biology of DCIS, we have seen that
important molecular pathways responsible for regulating
cellular proliferation, apoptosis, and genome integrity are
altered and exhibit marked inter- and intra-lesion hetero-
geneity. Yet the significance of these molecular signatures

a Xenograft

b Genetically engineered mice c Syngeneic orthotopic transplant

Human  DCIS
In vitro culture

Patient derived

Stochastic tumorigenesisStochastic tumorigenesis Transplant into syngeneic mice

Inject into immuno-
compromised mice

Fig. 6 Insights on DCIS progression from mouse models. a Xenograft
models of DCIS use cells derived from human DCIS that are usually
passaged in vitro many times before being injected into the mammary
glands of immuno-compromised mice. MCF10DCIS and SUM-225 are
the most commonly used established human DCIS cell lines and are
injected either directly into the mammary fat pad or intraductally via
the nipple (Miller et al. 2000; Behbod et al. 2009). Subsequently, DCIS
develops and eventually progresses to invasive carcinoma. In work by
Hu et al., co-injection of MCF10DCIS cells with myoepithelial cells
suppressed DCIS progression, whereas co-injection with fibroblasts
cells had a promoting effect, in part due to increased COX-2 expression
(Hu et al. 2008, 2009). This highlights the importance of the
microenvironment and suggests that loss of normal myoepithelial cell
function is critical in promoting invasion. More recently, novel patient-
derived xenograft models have been developed, wherein cells derived
directly from freshly excised human DCIS are injected intraductally
into immuno-compromised mice (Valdez et al. 2011), thereby recapit-
ulating the diversity seen in human disease. b Genetically engineered
mice (GEM) target genetic and molecular alterations implicated in
human DCIS to arise specifically in the mammary glands of immuno-
competent mice (Schulze-Garg et al. 2000; Maglione et al. 2001; Frech

et al. 2005; Li et al. 2008). High-grade mammary intraepithelial
neoplasia (MIN) arising in these GEMs can resemble human DCIS
(Cardiff et al. 2000) and precede the development of invasive
carcinomas. An example is the C3(1) SV40 Tag model, wherein the
Rb and p53 tumor suppressors are functionally inactivated (Maro-
ulakou et al. 1994; Green et al. 2000). Serial MRI scans following MIN
lesion development and progression over time in this model suggests
that lesions have different latencies to progression, with some not
progressing at all, even though they share the same genetic events
(Jansen et al. 2009). This suggests that epigenetic or microenvironment
factors influence invasive progression. c Syngeneic orthotopic trans-
plant models collect tissue from MIN lesions in GEMs, serially
transplant them in the cleared mammary fat pads of mice with the same
genetic background and track progression to invasive cancer over time.
Serial transplantation of individual MIN lesions arising in PyV-mT
transgenic mice into FVB mice demonstrates that the distinct molecular
characteristics and invasive potential of each MIN is stably maintained,
and exhibits similar gene expression as its invasive stage (Maglione
et al. 2001, 2004; Namba et al. 2004, 2006). This evidence supports the
hypothesis that invasive potential and molecular characteristics are pre-
encoded in DCIS (Damonte et al. 2008; Cardiff and Borowsky 2010)
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in terms of predicting risk of DCIS progression to invasive
carcinoma is not fully known. We have found surprisingly
few differences on a genomic or gene-expression level
between DCIS and IDC. Yet the differences between grades
and molecular subtypes of disease are profound, regardless
of whether preinvasive or invasive, which led us to the
multi-pathway grade-specific DCIS progression hypothesis.
A question remains: how much of preinvasive breast cancer
progression is predetermined, and how much is governed by
stochastic events happening over time? Likely both are
involved and very likely the microenvironment plays an
important role. Improvements in molecular assays and
model systems will provide further insights. From a clinical
perspective, understanding the biology of DCIS and pro-
gression to invasive cancer is critical for achieving the
important goal of identifying low-risk subsets of women
that could benefit from less aggressive therapeutic inter-
ventions (Sorlie 2011). From a cancer biology perspective,
focusing on this earliest stage of breast cancer can shed light
on the origin breast cancer as well as the cancer pathways
and mechanisms responsible for its progression.

Acknowledgments I would like to thank Dr. Amit Adhikari and the
NIH Fellows Editorial Board for useful feedback.

References

Allegra CJ, Aberle DR, Ganschow P, Hahn SM, Lee CN, Millon-
Underwood S, Pike MC, Reed SD, Saftlas AF, Scarvalone SA,
Schwartz AM, Slomski C, Yothers G, Zon R (2010) National
Institutes of Health state-of-the-science conference statement:
diagnosis and management of ductal carcinoma in situ september
22–24, 2009. J Natl Cancer Inst 102:161–169

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici J,
Huang H, Porter D, Hu M, Chin L, Richardson A, Schnitt S, Sellers
WR, Polyak K (2004) Molecular characterization of the tumor
microenvironment in breast cancer. Cancer Cell 6:17–32

Allred DC (2010) Ductal carcinoma in situ: terminology, classifica-
tion, and natural history. J Natl Cancer Inst Monogr 2010:134–138

Allred DC, Wu Y, Mao S, Nagtegaal ID, Lee S, Perou CM, Mohsin SK,
O’Connell P, Tsimelzon A, Medina D (2008) Ductal carcinoma in
situ and the emergence of diversity during breast cancer evolution.
Clin Cancer Res 14:370–378

Altintas S, Lambein K, Huizing MT, Braems G, Asjoe FT, Hellemans H,
Van Marck E, Weyler J, Praet M, Van den Broecke R, Vermorken JB,
Tjalma WA (2009) Prognostic significance of oncogenic markers in
ductal carcinoma in situ of the breast: a clinicopathologic study.
Breast J 15:120–132

Arun B, Vogel KJ, Lopez A, Hernandez M, Atchley D, Broglio KR,
Amos CI, Meric-Bernstam F, Kuerer H, Hortobagyi GN, Albarr-
acin CT (2009) High prevalence of preinvasive lesions adjacent to
BRCA1/2-associated breast cancers. Cancer Prev Res (Phila)
2:122–127

Behbod F, Kittrell FS, LaMarca H, Edwards D, Kerbawy S, Heestand JC,
Young E, Mukhopadhyay P, Yeh HW, Allred DC, Hu M, Polyak K,
Rosen JM, Medina D (2009) An intraductal human-in-mouse
transplantation model mimics the subtypes of ductal carcinoma in
situ. Breast Cancer Res 11:R66

Bijker N, van Tienhoven G (2010) Local and systemic outcomes in
DCIS based on tumor and patient characteristics: the radiation
oncologist’s perspective. J Natl Cancer Inst Monogr 2010:178–180

Boland GP, Butt IS, Prasad R, Knox WF, Bundred NJ (2004) COX-2
expression is associated with an aggressive phenotype in ductal
carcinoma in situ. Br J Cancer 90:423–429

Bombonati A, Sgroi DC (2011) The molecular pathology of breast
cancer progression. J Pathol 223:307–317

Bose S, Chandran S, Mirocha JM, Bose N (2006) The Akt pathway in
human breast cancer: a tissue-array-based analysis. Mod Pathol
19:238–245

Buerger H, Otterbach F, Simon R, Poremba C, Diallo R, Decker T,
Riethdorf L, Brinkschmidt C, Dockhorn-Dworniczak B, Boecker
W (1999a) Comparative genomic hybridization of ductal carci-
noma in situ of the breast-evidence of multiple genetic pathways.
J Pathol 187:396–402

Buerger H, Otterbach F, Simon R, Schafer KL, Poremba C, Diallo R,
Brinkschmidt C, Dockhorn-Dworniczak B, Boecker W (1999b)
Different genetic pathways in the evolution of invasive breast
cancer are associated with distinct morphological subtypes.
J Pathol 189:521–526

Cardiff RD, Borowsky AD (2010) Precancer: sequentially acquired or
predetermined? Toxicol Pathol 38:171–179

Cardiff RD, Anver MR, Gusterson BA, Hennighausen L, Jensen RA,
Merino MJ, Rehm S, Russo J, Tavassoli FA, Wakefield LM, Ward
JM, Green JE (2000) The mammary pathology of genetically
engineered mice: the consensus report and recommendations from
the Annapolis meeting. Oncogene 19:968–988

Chin K, de Solorzano CO, Knowles D, Jones A, Chou W, Rodriguez EG,
Kuo WL, Ljung BM, Chew K, Myambo K, Miranda M, Krig S, Garbe
J, Stampfer M, Yaswen P, Gray JW, Lockett SJ (2004) In situ analyses
of genome instability in breast cancer. Nat Genet 36:984–988

Clark SE, Warwick J, Carpenter R, Bowen RL, Duffy SW, Jones JL
(2011) Molecular subtyping of DCIS: heterogeneity of breast
cancer reflected in pre-invasive disease. Br J Cancer 104:120–127

Claus EB, Petruzella S, Matloff E, Carter D (2005) Prevalence of
BRCA1 and BRCA2 mutations in women diagnosed with ductal
carcinoma in situ. JAMA 293:964–969

Correa C, McGale P, Taylor C, Wang Y, Clarke M, Davies C, Peto R,
Bijker N, Solin L, Darby S (2010) Overview of the randomized
trials of radiotherapy in ductal carcinoma in situ of the breast.
J Natl Cancer Inst Monogr 2010:162–177

Damonte P, Hodgson JG, Chen JQ, Young LJ, Cardiff RD, Borowsky AD
(2008) Mammary carcinoma behavior is programmed in the precancer
stem cell. Breast Cancer Res: BCR 10:R50

D’Orsi CJ (2010) Imaging for the diagnosis and management of ductal
carcinoma in situ. J Natl Cancer Inst Monogr 2010:214–217

Eng-Wong J, Costantino JP, Swain SM (2010) The impact of systemic
therapy following ductal carcinoma in situ. J Natl Cancer Inst
Monogr 2010:200–203

Erbas B, Provenzano E, Armes J, Gertig D (2006) The natural history
of ductal carcinoma in situ of the breast: a review. Breast Cancer
Res Treat 97:135–144

Espina V, Liotta LA (2011) What is the malignant nature of human
ductal carcinoma in situ? Nat Rev Cancer 11:68–75

Frech MS, Halama ED, Tilli MT, Singh B, Gunther EJ, Chodosh LA,
Flaws JA, Furth PA (2005) Deregulated estrogen receptor alpha
expression in mammary epithelial cells of transgenic mice results
in the development of ductal carcinoma in situ. Cancer Res
65:681–685

Gauthier ML, Berman HK, Miller C, Kozakeiwicz K, Chew K, Moore D,
Rabban J, Chen YY, Kerlikowske K, Tlsty TD (2007) Abrogated
response to cellular stress identifies DCIS associated with subsequent
tumor events and defines basal-like breast tumors. Cancer Cell
12:479–491

46 S. A. Jansen



Glover JA, Hughes CM, Cantwell MM, Murray LJ (2011) A
systematic review to establish the frequency of cyclooxygenase-2
expression in normal breast epithelium, ductal carcinoma in situ,
microinvasive carcinoma of the breast and invasive breast cancer.
Br J Cancer 105:13–17

Green JE, Shibata MA, Yoshidome K, Liu ML, Jorcyk C, Anver MR,
Wigginton J, Wiltrout R, Shibata E, Kaczmarczyk S, Wang W, Liu ZY,
Calvo A, Couldrey C (2000) The C3(1)/SV40 T-antigen transgenic
mouse model of mammary cancer: ductal epithelial cell targeting with
multistage progression to carcinoma. Oncogene 19:1020–1027

Guidi AJ, Fischer L, Harris JR, Schnitt SJ (1994) Microvessel density
and distribution in ductal carcinoma in situ of the breast. J Natl
Cancer Inst 86:614–619

Hernandez L, Wilkerson PM, Lambros MB, Campion-Flora A,
Rodrigues DN, Gauthier A, Cabral C, Pawar V, Mackay A,
A’Hern R, Marchio C, Palacios J, Natrajan R, Weigelt B, Reis-
Filho JS (2012) Genomic and mutational profiling of ductal
carcinomas in situ and matched adjacent invasive breast cancers
reveals intra-tumour genetic heterogeneity and clonal selection.
J Pathol 227(1):42–52

Hieken TJ, Farolan M, D’Alessandro S, Velasco JM (2001) Predicting
the biologic behavior of ductal carcinoma in situ: an analysis of
molecular markers. Surgery 130:593–600 discussion 600–591

Hu M, Yao J, Cai L, Bachman KE, van den Brule F, Velculescu V,
Polyak K (2005) Distinct epigenetic changes in the stromal cells of
breast cancers. Nat Genet 37:899–905

Hu M, Yao J, Carroll DK, Weremowicz S, Chen H, Carrasco D,
Richardson A, Violette S, Nikolskaya T, Nikolsky Y, Bauerlein
EL, Hahn WC, Gelman RS, Allred C, Bissell MJ, Schnitt S, Polyak
K (2008) Regulation of in situ to invasive breast carcinoma
transition. Cancer Cell 13:394–406

Hu M, Peluffo G, Chen H, Gelman R, Schnitt S, Polyak K (2009) Role
of COX-2 in epithelial-stromal cell interactions and progression of
ductal carcinoma in situ of the breast. Proc Natl Acad Sci U S A
106:3372–3377

Hwang ES (2010) The impact of surgery on ductal carcinoma in situ
outcomes: the use of mastectomy. J Natl Cancer Inst Monogr
2010:197–199

Hwang ES, DeVries S, Chew KL, Moore DH 2nd, Kerlikowske K,
Thor A, Ljung BM, Waldman FM (2004) Patterns of chromosomal
alterations in breast ductal carcinoma in situ. Clin Cancer Res
10:5160–5167

Hwang ES, McLennan JL, Moore DH, Crawford BB, Esserman LJ,
Ziegler JL (2007) Ductal carcinoma in situ in BRCA mutation
carriers. J Clin Oncol (Official Journal of the American Society of
Clinical Oncology) 25:642–647

Jansen SA (2011) Ductal carcinoma in situ: detection, diagnosis, and
characterization with magnetic resonance imaging. Semin Ultra-
sound CT MR 32:306–318

Jansen SA, Newstead GM, Abe H, Shimauchi A, Schmidt RA,
Karczmar GS (2007) Pure ductal carcinoma in situ: kinetic and
morphologic MR characteristics compared with mammographic
appearance and nuclear grade. Radiology 245:684–691

Jansen SA, Conzen SD, Fan X, Markiewicz EJ, Newstead GM,
Karczmar GS (2009) Magnetic resonance imaging of the natural
history of in situ mammary neoplasia in transgenic mice: a pilot
study. Breast Cancer Res 11:R65

Johnson CE, Gorringe KL, Thompson ER, Opeskin K, Boyle SE,
Wang Y, Hill P, Mann GB, Campbell IG (2011) Identification of
copy number alterations associated with the progression of DCIS to
invasive ductal carcinoma. Breast Cancer Res Treat

Kane RL, Virnig BA, Shamliyan T, Wang SY, Tuttle TM, Wilt TJ
(2010) The impact of surgery, radiation, and systemic treatment on
outcomes in patients with ductal carcinoma in situ. J Natl Cancer
Inst Monogr 2010:130–133

Kerlikowske K (2010) Epidemiology of ductal carcinoma in situ.
J Natl Cancer Inst Monogr 2010:139–141

Kerlikowske K, Molinaro AM, Gauthier ML, Berman HK, Waldman F,
Bennington J, Sanchez H, Jimenez C, Stewart K, Chew K, Ljung
BM, Tlsty TD (2010) Biomarker expression and risk of subsequent
tumors after initial ductal carcinoma in situ diagnosis. J Natl Cancer
Inst 102:627–637

King TA, Sakr RA, Muhsen S, Andrade VP, Giri D, Van Zee KJ,
Morrow M (2011) Is there a low-grade precursor pathway in breast
cancer? Ann Surg Oncol 19:1115–1121

Knudsen ES, Ertel A, Davicioni E, Kline J, Schwartz GF, Witkiewicz AK
(2011) Progression of ductal carcinoma in situ to invasive breast
cancer is associated with gene expression programs of EMT and
myoepithelia. Breast Cancer Res Treat

Kuerer HM, Albarracin CT, Yang WT, Cardiff RD, Brewster AM,
Symmans WF, Hylton NM, Middleton LP, Krishnamurthy S,
Perkins GH, Babiera G, Edgerton ME, Czerniecki BJ, Arun BK,
Hortobagyi GN (2009) Ductal carcinoma in situ: state of the
science and roadmap to advance the field. J Clin Oncol (Official
Journal of the American Society of Clinical Oncology) 27:279–288

Kuhl CK, Schrading S, Bieling HB, Wardelmann E, Leutner CC,
Koenig R, Kuhn W, Schild HH (2007) MRI for diagnosis of pure
ductal carcinoma in situ: a prospective observational study. Lancet
370:485–492

Kulkarni S, Patil DB, Diaz LK, Wiley EL, Morrow M, Khan SA (2008)
COX-2 and PPARgamma expression are potential markers of
recurrence risk in mammary duct carcinoma in situ. BMC Cancer 8:36

Lari SA, Kuerer HM (2011) Biological markers in DCIS and risk of
breast recurrence: a systematic review. J Cancer 2:232–261

Lehman CD (2010) Magnetic resonance imaging in the evaluation of
ductal carcinoma in situ. J Natl Cancer Inst Monogr 2010:150–151

Li Y, Zhang Y, Hill J, Kim HT, Shen Q, Bissonnette RP, Lamph WW,
Brown PH (2008) The rexinoid, bexarotene, prevents the devel-
opment of premalignant lesions in MMTV-erbB2 mice. Br J
Cancer 98:1380–1388

Livasy CA, Perou CM, Karaca G, Cowan DW, Maia D, Jackson S, Tse
CK, Nyante S, Millikan RC (2007) Identification of a basal-like
subtype of breast ductal carcinoma in situ. Human Pathol 38:197–204

Ma XJ, Salunga R, Tuggle JT, Gaudet J, Enright E, McQuary P,
Payette T, Pistone M, Stecker K, Zhang BM, Zhou YX, Varnholt
H, Smith B, Gadd M, Chatfield E, Kessler J, Baer TM, Erlander
MG, Sgroi DC (2003) Gene expression profiles of human breast
cancer progression. Proc Natl Acad Sci U S A 100:5974–5979

Ma XJ, Dahiya S, Richardson E, Erlander M, Sgroi DC (2009) Gene
expression profiling of the tumor microenvironment during breast
cancer progression. Breast Cancer Res: BCR 11:R7

Maglione JE, Moghanaki D, Young LJ, Manner CK, Ellies LG,
Joseph SO, Nicholson B, Cardiff RD, MacLeod CL (2001)
Transgenic polyoma middle-T mice model premalignant mammary
disease. Cancer Res 61:8298–8305

Maglione JE, McGoldrick ET, Young LJ, Namba R, Gregg JP, Liu L,
Moghanaki D, Ellies LG, Borowsky AD, Cardiff RD, MacLeod CL
(2004) Polyomavirus middle T-induced mammary intraepithelial
neoplasia outgrowths: single origin, divergent evolution, and
multiple outcomes. Mol Cancer Ther 3:941–953

Maley CC, Galipeau PC, Finley JC, Wongsurawat VJ, Li X,
Sanchez CA, Paulson TG, Blount PL, Risques RA, Rabinovitch
PS, Reid BJ (2006) Genetic clonal diversity predicts progression to
esophageal adenocarcinoma. Nat Genet 38:468–473

Maroulakou IG, Anver M, Garrett L, Green JE (1994) Prostate and
mammary adenocarcinoma in transgenic mice carrying a rat C3(1)
simian virus 40 large tumor antigen fusion gene. Proc Natl Acad
Sci U S A 91:11236–11240

Marusyk A, Polyak K (2010) Tumor heterogeneity: causes and
consequences. Biochim Biophys Acta 1805:105–117

Biology of DCIS and Progression to Invasive Disease 47



Medina D, Kittrell FS, Shepard A, Stephens LC, Jiang C, Lu J, Allred DC,
McCarthy M, Ullrich RL (2002) Biological and genetic properties of
the p53 null preneoplastic mammary epithelium. FASEB J 16:
881–883

Millar EK, Tran K, Marr P, Graham PH (2007) p27KIP-1, cyclin A
and cyclin D1 protein expression in ductal carcinoma in situ of the
breast: p27KIP-1 correlates with hormone receptor status but not
with local recurrence. Pathol Int 57:183–189

Miller FR, Santner SJ, Tait L, Dawson PJ (2000) MCF10DCIS.com
xenograft model of human comedo ductal carcinoma in situ. J Natl
Cancer Inst 92:1185–1186

Namba R, Maglione JE, Young LJ, Borowsky AD, Cardiff RD,
MacLeod CL, Gregg JP (2004) Molecular characterization of the
transition to malignancy in a genetically engineered mouse-based
model of ductal carcinoma in situ. Mol Cancer Res 2:453–463

Namba R, Maglione JE, Davis RR, Baron CA, Liu S, Carmack CE,
Young LJ, Borowsky AD, Cardiff RD, Gregg JP (2006) Hetero-
geneity of mammary lesions represent molecular differences. BMC
Cancer 6:275

Okumura Y, Yamamoto Y, Zhang Z, Toyama T, Kawasoe T, Ibusuki M,
Honda Y, Iyama K, Yamashita H, Iwase H (2008) Identification of
biomarkers in ductal carcinoma in situ of the breast with microin-
vasion. BMC Cancer 8:287

Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA,
Pollack JR, Ross DT, Johnsen H, Akslen LA, Fluge O, Pergamen-
schikov A, Williams C, Zhu SX, Lonning PE, Borresen-Dale AL,
Brown PO, Botstein D (2000) Molecular portraits of human breast
tumours. Nature 406:747–752

Polyak K (2007) Breast cancer: origins and evolution. J Clin Invest
117:3155–3163

Polyak K (2010) Molecular markers for the diagnosis and management
of ductal carcinoma in situ. J Natl Cancer Inst Monogr 2010:
210–213

Porter DA, Krop IE, Nasser S, Sgroi D, Kaelin CM, Marks JR,
Riggins G, Polyak K (2001) A SAGE (serial analysis of gene
expression) view of breast tumor progression. Cancer Res
61:5697–5702

Porter D, Lahti-Domenici J, Keshaviah A, Bae YK, Argani P, Marks J,
Richardson A, Cooper A, Strausberg R, Riggins GJ, Schnitt S,
Gabrielson E, Gelman R, Polyak K (2003) Molecular markers in
ductal carcinoma in situ of the breast. Mol Cancer Res 1:362–375

Rakovitch E, Nofech-Mozes S, Hanna W, Narod S, Thiruchelvam D,
Saskin R, Spayne J, Taylor C, Paszat L (2012) HER2/neu and Ki-
67 expression predict non-invasive recurrence following breast-
conserving therapy for ductal carcinoma in situ. Br J Cancer
106:1160–1165

Roylance R, Gorman P, Harris W, Liebmann R, Barnes D, Hanby A,
Sheer D (1999) Comparative genomic hybridization of breast
tumors stratified by histological grade reveals new insights into the
biological progression of breast cancer. Cancer Res 59:1433–1436

Sardanelli F, Podo F, Santoro F, Manoukian S, Bergonzi S, Trecate G,
Vergnaghi D, Federico M, Cortesi L, Corcione S, Morassut S, Di
Maggio C, Cilotti A, Martincich L, Calabrese M, Zuiani C, Preda L,
Bonanni B, Carbonaro LA, Contegiacomo A, Panizza P, Di Cesare E,
Savarese A, Crecco M, Turchetti D, Tonutti M, Belli P, Maschio AD
(2010) Multicenter surveillance of women at high genetic breast
cancer risk using mammography, ultrasonography, and contrast-
enhanced magnetic resonance imaging (the high breast cancer risk
italian 1 study): final results. Invest Radiol 46:94–105

Schnitt SJ (2010) Local outcomes in ductal carcinoma in situ based on
patient and tumor characteristics. J Natl Cancer Inst Monogr
2010:158–161

Schulze-Garg C, Lohler J, Gocht A, Deppert W (2000) A transgenic
mouse model for the ductal carcinoma in situ (DCIS) of the
mammary gland. Oncogene 19:1028–1037

Sgroi DC (2010) Preinvasive breast cancer. Ann Rev Pathol 5:193–221
Shamliyan T, Wang SY, Virnig BA, Tuttle TM, Kane RL (2010)

Association between patient and tumor characteristics with clinical
outcomes in women with ductal carcinoma in situ. J Natl Cancer
Inst Monogr 2010:121–129

Smart CE, Simpson PT, Vargas AC, Lakhani SR (2011) Genetic
alterations in normal and malignant breast tissue. In: Tot T (ed)
Breast cancer: a lobar disease. Springer, London

Smith KL, Adank M, Kauff N, Lafaro K, Boyd J, Lee JB, Hudis C,
Offit K, Robson M (2007) BRCA mutations in women with ductal
carcinoma in situ. Clin Cancer Res (Official Journal of the
American Association for Cancer Research) 13:4306–4310

Solin LJ (2010) The impact of adding radiation treatment after breast
conservation surgery for ductal carcinoma in situ of the breast.
J Natl Cancer Inst Monogr 2010:187–192

Sontag L, Axelrod DE (2005) Evaluation of pathways for progression
of heterogeneous breast tumors. J Theor Biol 232:179–189

Sorlie T (2011) How to personalise treatment in early breast cancer.
Eur J Cancer 47(Suppl 3):S310–S311

Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie
T, Eisen MB, van de Rijn M, Jeffrey SS, Thorsen T, Quist H,
Matese JC, Brown PO, Botstein D, Eystein Lonning P, Borresen-
Dale AL (2001) Gene expression patterns of breast carcinomas
distinguish tumor subclasses with clinical implications. Proc Natl
Acad Sci U S A 98:10869–10874

Tamimi RM, Baer HJ, Marotti J, Galan M, Galaburda L, Fu Y, Deitz
AC, Connolly JL, Schnitt SJ, Colditz GA, Collins LC (2008)
Comparison of molecular phenotypes of ductal carcinoma in situ
and invasive breast cancer. Breast Cancer Res 10:R67

Tot T (2010) The origins of early breast carcinoma. Semin Diagn
Pathol 27:62–68

Tot T (2011) Subgross morphology, the sick lobe hypothesis, and the
success of breast conservation. Int J Breast Cancer 2011:634021

Valdez KE, Fan F, Smith W, Allred DC, Medina D, Behbod F (2011)
Human primary ductal carcinoma in situ (DCIS) subtype-specific
pathology is preserved in a mouse intraductal (MIND) xenograft
model. J Pathol 225:565–573

Vincent-Salomon A, Lucchesi C, Gruel N, Raynal V, Pierron G,
Goudefroye R, Reyal F, Radvanyi F, Salmon R, Thiery JP, Sastre-
Garau X, Sigal-Zafrani B, Fourquet A, Delattre O (2008)
Integrated genomic and transcriptomic analysis of ductal carci-
noma in situ of the breast. Clin Cancer Res 14:1956–1965

Virnig BA, Wang SY, Shamilyan T, Kane RL, Tuttle TM (2010)
Ductal carcinoma in situ: risk factors and impact of screening.
J Natl Cancer Inst Monogr 2010:113–116

Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC,
Leppert M, Nakamura Y, White R, Smits AM, Bos JL (1988)
Genetic alterations during colorectal-tumor development. N Engl J
Med 319:525–532

Warner E, Causer PA, Wong JW, Wright FC, Jong RA, Hill KA,
Messner SJ, Yaffe MJ, Narod SA, Plewes DB (2011) Improvement
in DCIS detection rates by MRI over time in a high-risk breast
screening study. Breast J 17:9–17

Wellings SR, Jensen HM, Marcum RG (1975) An atlas of subgross
pathology of the human breast with special reference to possible
precancerous lesions. J Natl Cancer Inst 55:231–273

Witkiewicz AK, Rivadeneira DB, Ertel A, Kline J, Hyslop T, Schwartz
GF, Fortina P, Knudsen ES (2011) Association of RB/p16-pathway
perturbations with DCIS recurrence: dependence on tumor versus
tissue microenvironment. Am J Pathol 179:1171–1178

Yu KD, Wu LM, Liu GY, Wu J, Di GH, Shen ZZ, Shao ZM (2011)
Different distribution of breast cancer subtypes in breast ductal
carcinoma in situ (DCIS), DCIS with microinvasion, and DCIS
with invasion component. Ann Surg Oncol 18:1342–1348

48 S. A. Jansen



Cancer Stem Cells and Radiotherapy

Jian Jian Li

Contents

1 Introduction .......................................................................... 49

2 CSC-Mediated Tumor Repopulation ................................ 50

3 Enhanced DNA Repair in CSC Radioresistance ............. 51

4 Other Prosurvival Signaling Network in CSCs ............... 52

5 NFjB-Initiated Pro-survival Network .............................. 52

6 HER2 and Breast Cancer Radioresistance ...................... 53

7 NFjB and HER2 Crosstalk in Signaling Breast Cancer
Radioresistance .................................................................... 54

8 Conclusion ............................................................................ 54

References ...................................................................................... 55

Abstract

In clinic, tumor recurrence and metastasis are the major
barriers to further improve the overall cancer patients’
survival. The theory of tumor repopulation due to
radiation described decades ago is being supported by
new experimental data. The heterogeneity of cancer cell
populations in a given tumor is recently evidenced by the
present of cancer stem cells (CSCs) that are different
from other non-CSC tumor cells and maintain unique
self-renewal and tumor-initiating phenotypes. The CSCs
isolated from many human tumors including the breast
cancer stem cells (BCSCs) are demonstrated to hold
specific characteristics and are demonstrated to be
resistant to an array of anti-cancer agents and radiation
therapy. In this chapter, a number of prosurvival
pathways and biomarkers found in BCSCs will be
discussed. Several prosurvival features including CSCs
repopulation, DNA repair ability, as well as the HER2-
NFjB-HER2 signaling loop in the radioresistant BCSCs
will be illustrated. Further clarification of the specific
networks associated with the radioresistant phenotype of
BCSCs will shed new light on the molecular mechanism
of tumor radioresistance, and will help to generate
targets to detect and treat therapy-resistant tumor cells.

1 Introduction

Despite a trend toward overall improvement in early
detection and therapy outcomes, breast cancer (BC) mor-
tality remains unacceptably high, especially for patients
with recurrent or metastatic tumors (Lacroix 2006). Recent
data suggest that tumors contain cancer stem cells (CSCs)
which play an integral role in tumor growth and resistance
to treatment. The CSC classification emerges from data
showing that only a small proportion of tumor cells are able
to form colonies or new tumors (Bonnet and Dick 1997;
Al-Hajj et al. 2003). Specific cell surface markers such as
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CD44+/CD24-/low in breast cancer stem cells (BCSCs)
(Al-Hajj et al. 2003) are shown to have increased expression
of pro-invasive genes required for metastasis such as IL-1a,
IL-6, IL-8, and urokinase plasminogen activator (Sheridan
et al. 2006). Additionally, CSCs appear to exhibit notable
radioresistance. In tumor cells under genotoxic stress con-
ditions (such as ionizing radiation), activation of pro-
survival pathways and inhibition of pro-apoptotic pathways
are responsible for tumor radioresistance. The molecules
involved in these pathways are potential targets to enhance
tumor radiosensitivity. Clinical data suggest that breast
cancer patients with tumors overexpressing HER2/neu, a
member of ErbB family of receptor tyrosine kinases, show a
poor prognosis compared to HER2/neu negative tumors,
and the HER2 gene enhancement is correlated with the time
to relapse of the disease (Slamon et al. 1987). The poorer
prognosis of women with Her2/Neu amplified tumors is
entirely abrogated if they are treated with anti-HER2 ther-
apy. Upon irradiation, cells overexpressing HER2 are able
to activate NFjB, a key transcription factor in stress
response that regulates a pro-survival network (Guo et al.
2004). Importantly, the NFjB binding motif in the HER2
gene promoter region is found to be responsible for radia-
tion-induced HER2 expression (Cao et al. 2009). Defining
the central role of NFjB in these pathways may offer new
therapeutic targets for breast cancer treatment. This chapter
will focus on CSCs, tumor radioresistance, and the role of
NFjB-Her2 in mediating radioresistance, with an emphasis
on experimental laboratory data. Clarification of such pro-
survival networks activated in CSCs will not only help to
develop effective targets to sensitize tumor cells to radio-
therapy, but also generate specific diagnostic approaches for
the detection of recurrent or metastatic tumors.

2 CSC-Mediated Tumor Repopulation

Tumor resistance to radiotherapy and chemotherapy poses
serious challenges to current cancer treatments including
breast cancer therapies (Stockler et al. 2000). Increased
tumorigenicity of CSCs with specific surface markers was
first studied in acute myeloid leukemia (Bonnet and Dick
1997; Pardal et al. 2003). A CSC is thus defined as a spe-
cific tumor cell that has stem-cell like properties including
the capacity to self-renew and to generate the heterogeneous
lineages of cancer cells that comprise the tumor. A key
feature of CSC theory is that only a small subset of tumor
cells has the ability to proliferate in an uncontrolled manner
(Al-Hajj et al. 2003; Al-Hajj 2007; Dalerba et al. 2007;
Hurt et al. 2008). CSC theory challenges the transitional
assumption that each tumor cell is capable of renewing the
entire tumor. Al-Hajj et al. demonstrated that breast cancer
cells expressing CD44 (CD44+) but not CD24 (CD24-/low)

are more tumorigenic; as few as 100 cells with this phe-
notype are able to form tumors in mice, while millions of
cells without this feature cannot. These results suggest that
CD44+/CD24-/low may be a marker of breast CSCs (Al-Hajj
et al. 2003). However, expression of the CD44+/CD24-/low

feature alone is not sufficient for the spread of breast cancer
(Sheridan et al. 2006), suggesting there is great complexity
of CSCs and their biomarkers. Recent work has demon-
strated that the inhibition of aldehyde dehydrogenase
(ALDH) activity reduces chemotherapy and radiation
resistance of stem-like ALDH(hi)CD44 (+) human breast
cancer cells (Croker and Allan 2011), indicating that ALDH
and other prosurvival molecules may be required for the
aggressive growth of BCSCs (Ginestier et al. 2007).
Although many aspects of CSCs remain to be elucidated,
accumulating evidence suggests that CSCs are present in
many kinds of human cancer and may be associated with
tumor reoccurrence, aggressiveness, and therapy-resistance.

Long-term observations of irradiated cells using com-
puterized video time-lapse analyses reveal alternative cell
fates other than apoptosis. The outcomes among irradiated
tumor cells vary by the timing of induction and execution of
cell death in cells with the same genomic background
(Prieur-Carrillo et al. 2003; Forrester et al. 2000). This is
strong evidence indicating that a tumor population previ-
ously thought to be homogeneous, in fact, contains different
subpopulations with divergent behaviors. As an example,
breast cancer MCF7 cells appear to be part of a heteroge-
neous population and the individual clones—derived after
irradiation with fractionated doses—show varied radiosen-
sitivities (Li et al. 2001). These observations are compatible
with the idea that CSCs are more radioresistant than the
non-stem cells (Baumann et al. 2008).

Repopulation of cancer cells during, or after completion
of, anticancer therapy has long been considered the cause of
treatment failure (Kim and Tannock 2005). Bao et al.
(2006) report that glioma stem cells are able to promote
radioresistance by enhancing DNA damage repair. Phillips
et al. grew CD44+/CD24-/low cancer-initiating cells isolated
from breast cancer cell lines MCF7 and MDA-MB-231;
these cells were found to propagate as mammospheres, a
behavior that may explain their relative radioresistance
(Phillips et al. 2006). Using the model of xenogeneic tumors
treated with chemotherapy, Dylla et al. identified the
repopulation of colorectal CSCs with the marker of
CD44+ ESA+ (Dylla et al. 2008). These authors demon-
strated that after anticancer therapy, the remaining colon
cancer cell population is enriched for CSCs and thus, the
remaining cells are more tumorigenic (Dylla et al. 2008).
Importantly, enrichment of a tumor cell population for
CSCs has been supported clinically. In clinical study,
the proportion of putative CSCs in a residual tumor has
been shown to increase following cytotoxic chemotherapy
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(Diehn et al. 2009). The resistance of stem cells to cytoxic
therapy, at least in some cell lines, may relate to the pres-
ence of a subset of quiescent CSCs that are more treatment-
resistant than rapidly dividing cells (Diehn et al. 2009). The
existence of different subclones of CSCs with varied sets of
mutations and genomic alterations may be likely since
heterogenous tumors consist of unstable genomes. During
chemo- and/or radio- therapy, the most resistant CSCs
would be selected and continue to sustain the tumor. These
findings shed light onto a new conceptual paradigm of how
CSCs or tumor-initiating cells contribute to the radiation
response. Identification of CSC-associated radioresistance
needs to be further evaluated in clinical studies.

3 Enhanced DNA Repair in CSC
Radioresistance

It has long been proposed that a balance between the degree
of DNA damage and activation of pro-survival signaling
pathways determines the fate of an irradiated cell (Wolff
1989; Weichselbaum et al. 1994; Maity et al. 1997;
Waldman et al. 1997; Schmidt-Ullrich et al. 2000). Some
irradiated cells are also able to increase their survival rate
by reducing or repairing radiation-induced damage via the
activation of stress responsive signaling networks con-
trolled by several radiation-inducible transcription factors
including NFjB (Stecca and Gerber 1998; Wolff 1998;
Feinendegen 1999; Li et al. 2001; Feinendegen 2002;
Guo et al. 2003). The induced protection/tolerance of irra-
diated cells is especially evident when a cell is pre-exposed
to a low or intermediate dose of x- or c-rays, which can
reduce the lethal effects and genomic instability caused by
subsequent exposure to higher doses of radiation (Wolff
1989; Olivieri et al. 1984; Kelsey et al. 1991; Suzuki et al.
1998; Skov 1999; Robson et al. 2000; Suzuki et al. 2001).
In this case, the activation of a survival network by an initial
exposure to radiation is protective against the potentially
lethal effects of a subsequent exposure.

The activation of the survival responses leading to a
lower rate of apoptosis in CSCs is thought to be one of the
major mechanisms for the resistance of cancer stem cells to
radiation and chemotherapy (Frosina 2009). The increased
capacity of CSCs for DNA repair (Johannessen et al. 2008)
accounts for their low rate of apoptosis in response to
cancer treatment. Glioma stem cells are able to promote
radioresistance by enhancing DNA damage repair and
reducing the rate of apoptosis following the repopulation of
CD133+ tumor cells after irradiation (Bao et al. 2006).
Furthermore, CD133+ glioma cells are shown to survive
radiation by preferentially activating DNA damage check-
points, repairing the radiation-induced DNA damage more
effectively, and thus undergoing apoptosis less frequently

than CD133- cells. After radiation treatment, increased
activation of DNA damage checkpoint proteins is observed
in CD133+ cells, which ensures more efficient DNA repair
in these cells. The addition of inhibitors specific for Chk1
and Chk2 checkpoint kinases are shown to radiosensitize
the radioresistant CD133+ glioma cells (Bao et al. 2006). It
may be that the transient activation of the DNA checkpoints
leads to cell cycle arrest, a required step for the initiation of
DNA repair process. An interesting conclusion derived
from these studies is that increased activation of checkpoint
proteins, with no associated change in protein expression, is
detected in cancer stem cells in response to radiation-
induced DNA damage. This suggests the involvement of
other mechanisms to regulate checkpoint activity and the
survival of the cancer stem cells (Rich 2007).

Accumulating evidence reveals the relationship between
radioresistance and DNA repair and cell cycle control via a
variety of mechanisms that involve several signaling path-
ways (Puc et al. 2005; Skvortsova 2008). It is important to
clarify if these mechanisms are activated more in the CSCs.
Skvortsova et al. suggests that glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and phosphoglycerate kinase 1
(PGK1) have roles in both DNA replication and repair in
mammalian cells (Skvortsova 2008). Moreover, PGK1 is
identified as a downstream effector in HER2 signaling and
contributes to the aggressiveness of the breast cancer.
Additionally, DNA-(apurinic or apyrimidinic site) lyase
(APEX1) is also found to be upregulated in radioresistant
prostate cancer cells and it is shown to have a role in DNA
damage repair via the regulation of several transcription
factors including NFjB (Skvortsova 2008). In addition,
PTEN function is important for the localization of Chk1 and
the loss of PTEN leads to genetic instability (Puc et al.
2005), contributing to the radioresistance of glioma cells
(Jiang et al. 2007). Interestingly, loss of PTEN has also been
associated with the induction of NFjB, a transcriptional
suppressor of PTEN, via PI3 K/Akt pathway, which is
suggested to be involved in chemoresistance in acute lym-
phoblastic leukemia cell lines (Guo et al. 2004). In addition
to PI3 K/Akt pathway, NFjB can be activated by other
signaling pathways including Ras/MAPK induced by sev-
eral cytokines, growth factors and tyrosine kinases. NFjB
activation is a transient process that has to be tightly reg-
ulated in order to avoid over-enhancing cell survival. In
tumor cells, deregulation of different signaling pathways as
well as alterations in the activity or the expression of several
genes may lead to the disregulation of NFjB, enabling its
constitutive activity. There are genes involved in cell cycle
control, migration, adhesion, and apoptosis among the
NFjB target genes (Dolcet et al. 2005). Lavon et al.
reported the original observation indicating a role of NFjB
in the regulation of DNA repair mechanisms. O6-Methyl-
guanine-DNA-Methyltransferase (MGMT) is a DNA repair
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enzyme responsible for resistance to several alkylating
agents, thus conferring chemoresistance to certain tumor
types (Lavon et al. 2007; Margison et al. 2003). Elevated
activity of MGTM has been detected in many types of
tumors including breast cancer, although the levels of
activation are variable and even absent in some tumors
(Margison et al. 2003). In glioma cell lines, the activity of
NFjB is associated with the expression of MGTM (Lavon
et al. 2007). Further experiments showed that NFjB is a
major player in the regulation of MGTM, suggesting a new
model for the mechanism of DNA damage repair mediated
by NFjB upon exposure to alkylating agents (Lavon et al.
2007). Based on these data, it is plausible to posit that there
is an orchestrated response of activation of NFjB regulated
DNA damage checkpoint proteins in radioresistant CSCs.
Further studies are needed to determine if this relation is
exclusive to CSCs and whether it contributes significantly
to clinical radioresistance.

4 Other Prosurvival Signaling Network
in CSCs

Therapeutic radiation not only causes DNA damage but also
generates oxidative stress, both of which can activate spe-
cific signaling pathways in an irradiated cell (Spitz et al.
2004). Depending on the extent of DNA damage, either pro-
apoptotic or pro-survival pathways can be initiated. Studies
of glioma CSCs give a general idea about the complex
regulation of CSCs. Several pathways including the acti-
vation of receptor tyrosine kinases (RTKs), Bone Morpho-
genetic Proteins (BMPRs), Hedgehog and Notch are shown
to be important for governing glioma CSCs. EGFR, a
member of RTK family, is shown to play a significant role
in proliferation and neurosphere formation in glioma CSCs.
Activation of pro-survival AKT/phosphoinositide 3-hy-
droxykinase pathway, which is downstream of RTKs, has
been shown to be more dominant in glioma CSCs compared
to non-stem glioma cells. Hedgehog pathway is reported to
be active in gliomas, and it has been suggested that it is
necessary for self-renewal of CSCs (Li et al. 2009). It has
been proposed that after irradiation at least three different
populations of tumor cells exhibit differing responses. The
main tumor cell population, which is radiosensitive,
undergoes p53-dependent apoptosis, whereas the other two
cell populations are radioresistant. The CSC population will
undergo p53-dependent cell cycle arrest allowing for DNA
repair. The non-proliferating tumor cell population does not
respond to radiation at all (Hambardzumyan et al. 2008).
Phillips et al. (2006) showed that NOTCH signaling path-
way is activated in breast CSCs through PI3 K pathway
upon exposure to radiation. Their study indicates that the
CSC population is enriched in breast cancer via NOTCH

signaling pathway which is activated by radiation (Phillips
et al. 2006). Several genes, including HER2, which is
related to radioresistance, cyclinD1, CDK2, and NOTCH-4
have been identified to be upregulated via activation of
NOTCH-1 signaling (Phillips et al. 2006). Downregulation
of SirT1 (silencing information regulator) has been shown
to enhance the radiosensitivity in prostate cancer cell and in
CD133+ glioblastoma cells, which are believed to be the
brain cancer stem cells. SirT1 can physically bind to many
proteins and interact with several pathways including p53,
NFjB, and ATM (Chang et al. 2009). Thus, it is clear that
many complex signaling pathways are involved in the
maintenance, tumorigenicity and radio-resistance of CSCs.

5 NFjB-Initiated Pro-survival Network

NFjB is a sequence-specific gene regulator involved in
inflammation and carcinogenesis and one of the major tran-
scription factors activated by DNA damage stress in mam-
malian cells (Baldwin 1996; Karin 2006). The major NFjB
components, p65 and p50, form a heterodimer that remains
inactive in the cytoplasm in association with its inhibitor, IjB.
The phosphorylation, dissociation, and proteolysis of IjB are
mediated by the IKK (the IjB kinase) complex that contains
two catalytic subunits, IKKa/IKK1 and IKKb/IKK2, and a
regulatory subunit IKKc/NEMO (NFjB essential modulator).
Upon release by IjB, NFjB is free to translocate to the nucleus
and regulate the expression of its target genes (Lenardo and
Baltimore 1989; Granville et al. 2000; Li and Verma 2002).
Apart from its role in carcinogenesis, NFjB is shown to pre-
vent apoptosis in transformed cells and enhance survival in
many types of cancers (Jung et al. 1995; Baldwin 2001; Tang
et al. 2001; Kataoka et al. 2002; Gilmore 2003; Kucharczak
et al. 2003; Danial and Korsmeyer 2004). Not surprisingly,
NFjB controlled effector genes play a role in cellular response
to low or high doses of radiation (Brach et al. 1991; Luo et al.
2005; Fan et al. 2007). Radiation-induced NFjB activation can
be mediated via the nuclear DNA damage through activation of
DNA damage sensor protein ATM (Ataxia Telangiectasia
Mutated). The ATM protein in turn activates the SUMO (small
ubiquitin-like modifier) pathway that sumoylates another
factor, NEMO, resulting in its nuclear translocation and sub-
sequent association with ATM in the nucleus. ATM-dependent
phosphorylation causes the nuclear export of NEMO and
activation of the typical pathway (Curry et al. 1999; Locke
et al. 2002). This is a very important finding that established the
mechanism of activation of cytoplasmic stress sensors like
NFjB by DNA damage signals that are predominant in the
nucleus of an irradiated cell.

Many studies have investigated the effects of the inhi-
bition of NFjB activity in the radiation response. Inhibition
of NFjB has been shown to modulate ATM-associated
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apoptosis (Jung and Dritschilo 2001; Jung et al. 1997) and
notably to enhance heat-mediated radiosensitization (Curry
et al. 1999; Locke et al. 2002). However, blocking NFjB
activity results in different effects in a tumor that is
receiving radiation treatment. This may be related to many
different NFkB effector genes involved in a wide array of
physiological functions (Barkett and Gilmore 1999; Ro-
mashkova and Makarov 1999). Therefore, more specific
NFjB effector genes that mediate the survival response
after irradiation, especially those in tumor-acquired radio-
resistance and/or radiation-resistant cancer stem cells, need
to be identified in order to understand the specificity of the
response and linked pathophysiology. Importantly, the
NFjB signaling network might be activated in breast cancer
stem cells (Diehn et al. 2009). NFjB can be activated via
HER2 overexpression and subsequently cause more over-
expression of HER2 in breast cancer cells that have the
radioresistant phenotype (Cao et al. 2009). We believe that
these findings are exciting because they may indicate the
existence of a very elegant survival strategy used specifi-
cally by cancer stem cells. Future studies should include
experiments with live sorting of cancer cells in order to
obtain CSCs and be used to confirm that this loop is actually
activated only in the cancer stem cells upon radiation
exposure.

6 HER2 and Breast Cancer
Radioresistance

The HER2 proto-oncogene, which is located in the long arm
of human chromosome 17 and encodes a 185 kD trans-
membrane glycoprotein in various tissues of epithelial,
mesenchymal, and neuronal origin (Soomro et al. 1991;
Olayioye 2001), belongs to the ErbB family of receptor
tyrosine kinases. The ErbB family of receptor tyrosine
kinases is composed of four members; the Epidermal
Growth Factor receptor (EGFR) ErB1/HER1, ErbB2/HER2/
Neu, ErbB3/HER3, and ErbB4/HER4 (Citri and Yarden
2006). Signal transduction is initiated by an agonist binding
to the extracellular domain of an ErbB receptor followed by
receptor dimerization and trans-autophosphorylation of
specific tyrosine residues within the cytoplasmic domain.
The phosphorylated receptor recruits downstream signaling
proteins that contain Src homology 2 (SH2) and phospho-
tyrosine binding (PTB) domains that have a high affinity for
phosphotyrosine residues. There is no known soluble ligand
for HER2 but it is still very important because of its strong
kinase activity and the fact that it is the preferred dimer-
ization partner of other ErbB family members (Citri and
Yarden 2006; Warren and Landgraf 2006). Moreover,
HER2 can spontaneously form homodimers and automati-
cally phosphorylate itself to obtain intrinsic tyrosine kinase

activity (Eccles 2001). The binding of specific effector
proteins to the activated receptor leads to the activation of
many different signaling pathways including Ras–mitogen-
activated protein kinase (Ras-MAPK), phosphatidylinositol
3’kinase-protein kinase B (PI3 K-PKB/Akt) and phospho-
lipase C–protein kinase C (PLC-PKC) pathways and
enables receptor coupling to biological responses (Warren
and Landgraf 2006). Not surprisingly, altered ErbB sig-
naling has been shown to be involved in cancer develop-
ment and progression as it is responsible for regulating
proliferation, survival and/or differentiation by activating
multiple signal transduction pathways (Warren and
Landgraf 2006; Britten 2004).

Depending on the type of breast cancer, up to one-third of
breast cancers show HER2 overexpression or gene amplifi-
cation and individual tumor cells can have more than 2 mil-
lion HER2 receptors (Haffty et al. 1996; Valabrega et al.
2007). HER2 overexpression is associated with aggressive
tumor growth, resistance to treatment, metastasis and a high
risk of local relapse and recurrence resulting in poor prog-
nosis (Slamon et al. 1987; Haffty et al. 1996; Holbro et al.
2003). HER2 is linked to BCSCs (Diehn et al. 2009) and is
valuable both as a prognostic marker and as a predictive factor
for response to targeted agents to the Her-2 pathway (Haffty
et al. 1996; Hicks et al. 2005). Research on ErbB family
members and their involvement in cancer development and
progression led scientists to develop antibodies against some
individual members. The anti-HER2 monoclonal antibody,
rhumAbHER2 (trastuzamab/herceptin) is the first of anti-
cancer agents suppressing HER2 expression (Uno et al.
2001). It is the humanized form of the murine 4D5 antibody
that is directed to the external domain of HER2, inhibiting
growth of the cells with HER2 overexpression and was
approved by FDA as both an adjuvant therapy in conjunction
with chemotherapy and to be used in the setting of metastatic
breast cancer overexpressing HER2 (Slamon et al. 2001;
Liang et al. 2003). Herceptin, which has been shown to inhibit
proliferation of breast cancer cells, also promotes the radia-
tion-induced apoptosis and, depending on the level of HER2
overexpression, radiosensitizes cancer cells (Liang et al.
2003).

HER2 overexpression induces mammary carcinogenesis,
tumor growth and invasion affecting normal and malignant
mammary stem cells (Korkaya et al. 2008). It has been
found that stem/progenitor cells increase in normal mam-
mary epithelial cells upon overexpression of HER2. More-
over, the tumorigenicity of mammary cell lines is enhanced
when HER2 is present and this group of cells shows an
increased frequency of aldehyde dehydrogenase 1
(ALDH1)-positive cells (Diehn et al. 2009). These data are
significant given that ALDH1 is suggested as a CSC mar-
ker, including breast cancer (Ginestier et al. 2007; Diehn
et al. 2009).
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7 NFjB and HER2 Crosstalk in Signaling
Breast Cancer Radioresistance

HER2 overexpression influences the response to radiother-
apy but the key elements mediating HER2-radioresistance
have not been well established (Summers et al. 1989).
Overexpression of HER2 not only increases cell prolifera-
tion and survival (Kurokawa and Arteaga 2001), but also
causes NFjB activation via PI3 K/Akt pathway, which can
be inhibited by the tumor suppressor phosphatase PTEN
(Pianetti et al. 2001). NFjB and its regulated genes are
activated in breast cancer MCF7 cells with HER2 overex-
pression (Guo et al. 2004). MCF7 cells overexpressing
HER2 are resistant to radiation-induced apoptosis with
increased post-radiation clonogenic survival (Liang et al.
2003; Pietras et al. 1999). Overexpression of HER2
enhances NFjB activation while stable transfection of
mutant IjB (MCF7/HER2/mIjB) or treatment with Her-
ceptin inhibits NFjB activity and radiosensitizes MCF7
cells (Guo et al. 2004). Moreover, it has been found that Akt
is required for HER2-mediated NFjB activation in radia-
tion response (Guo et al. 2004). Liang et al. suggests that
the MAPK and PI3 K/Akt pathways are involved in HER2-
mediated resistance to radiation-induced apoptosis in breast
cancer cells (Liang et al. 2003). Akt-mediated NFjB acti-
vation blocks apoptosis in HER2-expressing cells (Yang
et al. 2000). Taken together, it is highly possible that NFjB
and HER2 are mutually dependent in the activation of a
prosurvival signaling pathway in irradiated breast cancer
and other human cancer cells. Importantly, the HER2-neg-
ative cancer cells such as MCF7 cells that do not express
HER2, may be induced to express HER2 and thus related to

tumor adaptive radioresistance (Guo et al. 2004; Cao et al.
2009). Accumulating data also demonstrate that radiation-
induced NFjB regulates HER2 overexpression in radiore-
sistant breast cancer cells selected from FIR-derived het-
erogenic population. These results demonstrate a loop-like
pathway of HER2-NFjB-HER2 induced in tumor adaptive
radioresistance (Fig. 1a, b). It would be important to answer
the question of whether the HER2-NFjB-HER2 loop is
specifically conjugated with CD44+/CD24-/low and other
biomarkers of BCSCs. Identification of this loop in BCSC
radioresistance may generate new therapeutic targets to
sensitize BCSCs and other cancer stem cells to
radiotherapy.

8 Conclusion

Accumulating experimental evidence supports the existence
of a subpopulation of cancer cells known as cancer stem
cells (CSCs). These cells comprise a small portion of most
tumors and are uniquely able to regenerate an entire tumor.
This population of cells may express different cell surface
markers than most other tumor cells; in breast cancer, some
evidence suggests that CSCs exhibit a CD44+/CD24-/phe-
notype. In addition to their role as a progenitor population,
CSCs appear to be especially resistant to anticancer thera-
pies, including radiotherapy. The radio-resistance of CSCs
appears to be mediated by both the activation of pro-sur-
vival pathways and the inhibition of pro-apoptotic path-
ways. Early data suggest that activation of the NFjB
pathway is integral to radio-resistance: NFjB initiates a
pro-survival pathway by enhancing DNA repair through the
control of cell cycle checkpoints, and NFjB also
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in turn enters into the nucleus and
binds to the promoter of HER2
gene causing its transactivation.
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activity thus accelerating the
HER2-NFjB-HER2 loop, which
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contributes to radio-resistance through the inhibition of
apoptosis. Importantly, the NFjB pathway is initiated by
the HER2 signaling pathway, itself an important therapeutic
target in breast cancer. There is emerging evidence that
NFjB may feedback to enhance HER2 signaling, a positive
feedback mechanism dubbed the HER2-NFjB-HER2 loop.
The molecular mechanisms underlying CSC-related radio-
resistance are not yet fully elucidated. It is hoped that
clarification of these pathways will yield insights into the
design of pharmaceuticals to overcome radio-resistance
(and chemo-resistance) and render the all-important CSCs
vulnerable to cytotoxic therapies.
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Abstract

Individual variations in sensitivity to radiation toxicity are
clinically important, but their genetic basis is poorly
understood. Single nucleotide polymorphisms (SNPs) in
many genes have been correlated to a higher risk of acute
or late radiation toxicity. This chapter discusses cellular
studies predictive of radiation sensitivity and studies of
specific genes of interest, with a focus on breast cancer
research. Radiogenomics studies of ATM, XRCC1, and
TGFB1 are discussed, and other genes and SNPs
associated with radiation toxicity are summarized. Recent
results of the RAPPER study indicate that the candidate
gene approach is inadequate to discover clinically useful
indicators of radiation sensitivity. Genome-wide associ-
ation studies (GWAS) and international collaborations
may hold the key to future progress in this area.

1 Introduction

In the early days of radiation therapy, skin erythema was
used as a measure of the radiation dose delivered. However,
radiation oncologists have long noticed that normal tissue
sensitivity to radiation can vary significantly between indi-
viduals. This is particularly evident in the case of breast
cancer and head and neck cancer patients, where visible
differences in the severity of radiation dermatitis are seen
between individuals treated with the same dose of radiation.
Occasionally, individuals will experience such debilitating
acute toxicities, such as dermatitis with moist desquamation
in large areas, that they require breaks from treatment or are
unable to complete the planned treatment course. Late effects
on the dermis, including fibrosis and telangiectasia, vary in
severity as well. Individuals with greater inherent radiosen-
sitivity could theoretically be more susceptible to toxicity
with even more dire consequences, such as cardiac disease
or second malignancies, but individuals could be susceptible
to particular types of toxicity and not others. Investigations
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into the differences in “radiosensitive” individuals have
implicated a variety of genetic variations that may be
responsible for the level of radiation toxicity seen in these
patients. There are rare autosomal recessive syndromes
caused by known genetic mutations, in which individuals are
particularly radiosensitive, but patients with these syndromes
are rarely encountered in clinical practice. These include
ataxia-telangiectasia (caused by mutations in the ATM gene)
and Nijmegen breakage syndrome (NBS, caused by muta-
tions in NBS1). LIG4 syndrome (caused by mutations in the
gene for DNA ligase IV) is very rare and has also been
associated with radiation sensitivity (Chistiakov et al. 2009;
Girard et al. 2004). Attempts have been made to develop
assays that could measure or predict which individuals
would be more sensitive to radiation, outside of these syn-
dromes, but none have yet been applied regularly in clinical
practice. This chapter reviews the evidence thus far on the
genetic basis of normal tissue radiosensitivity, including
early and late toxicity, with a focus on topics relevant to
breast cancer treatment. Most of the evidence has been
accumulated in the modern era of “radiogenomics”, defined
by Catharine West as the study of the genetic variation that
underlies how a cancer patient responds to radiotherapy
(West et al. 2001).

2 Cellular Studies Predictive of Radiation
Sensitivity

Direct observation and measurement of radiation sensitivity
in human lymphocytes and fibroblasts has supported the
hypothesis that individuals vary greatly in the radiation
sensitivity of their normal cells (Burnet et al. 1992). Pre-
sumably, this is due to their genomic variations and may
very well represent polygenic effects. The potential of
in vitro radiosensitivity to predict clinically relevant normal
tissue toxicity has been demonstrated in some studies, but no
individual cellular assay has been well established to deter-
mine an individual’s likelihood of radiation toxicity.

Burnet and colleagues in the UK and Sweden obtained skin
fibroblast lines from six patients treated with radiation after
mastectomy for breast cancer. Patients were selected from a
clinical trial to represent a wide range of acute and late normal
tissue reactions. Radiation survival curves were generated for
these fibroblast lines, and a “striking relationship” was seen
between in vitro sensitivity and radiation toxicity, particularly
with acute reactions (Burnet et al. 1992). Fibroblast clono-
genic assays require 2–3 months to yield results and thus are
not clinically useful. West and collaborators in Manchester
carried out a prospective study in cervical cancer in which
peripheral lymphocytes were grown from 123 patients with
cervical cancer (West et al. 2001). Clonogenic assays were

carried out to determine inherent radiosensitivity. The radio-
sensitivity of these lymphocytes was a prognostic factor for
late morbidity in pelvic organs. Unfortunately, the authors
reported that the assay is not suited for clinical use, because
assay errors were around one-half of the variation between
individuals. Further development of predictive assays has
more recently focused on specific genetic alterations, rather
than an in vitro cellular phenotype.

3 BRCA1 and BRCA2 Mutations

Two genes that are mutated in familial cancer susceptibility,
BRCA1 and BRCA2, are tumor suppressor genes involved
in DNA damage repair and genome stabilization and thus
have been suspected as factors in radiation toxicity. The
normal BRCA1 and BRCA2 proteins are involved in DNA
double-strand break repair by homologous recombination.
Heterozygous mutations in these genes, including a variety
of protein-truncating mutations, have been found in most
cases of truly hereditary breast cancer. These mutations are
the subject of routine testing in patients with a family history
suggestive of hereditary susceptibility. Many different
approaches have been taken to examine the relationship
between BRCA1 and BRCA2 in radiation toxicity, and most
results have been negative.

Leong and collaborators in Australia identified 22 cancer
patients, 12 of whom were breast cancer patients, who
developed particularly severe acute or late radiation toxici-
ties (Leong et al. 2000). BRCA1 and BRCA2 mutations
were assayed using a protein truncation test and were not
detected in any of the patients tested. Thus, these genes may
not be a major cause of extreme radiation hypersensitivity.
Of note, 8 of the patients had specifically been tested for
ATM mutations, and these were also negative.

Another approach is to take known carriers of BRCA1 and
BRCA2mutations and to measure the radiosensitivity of their
normal cells at a chromosomal level. Baeyens and a team in
Belgium assayed chromosomal radiosensitivity in 20 breast
cancer patients with BRCA1 or BRCA2 mutations and 12
healthy mutation carriers and compared them to non-carriers
with breast cancer and to healthy women (Baeyens et al.
2004). Lymphocytes were exposed to radiation and then
micronuclei were scored for the G0-micronucleus assay, or
they were arrested after irradiation and chromatid breaks were
scored in metaphase in the G2 assay. No significant differ-
ences were seen in chromosomal radiosensitivity. Contrasting
findings were reported by Ernestos and colleagues in Greece,
who also used the G2 assay in lymphocyte cultures from
familial breast cancer patients and compared them to cells
from healthy mutation carriers and healthy controls (Ernestos
et al. 2010). In this study, a higher number of chromatid
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breaks indicated greater radiosensitivity in BRCA1 and
BRCA2 carriers, whether they were breast cancer patients or
healthy carriers, compare to normal controls.

Despite the increased radiation sensitivity demonstrated
by some in vitro studies (Shanley et al. 2006; Buchholz et al.
2002), multiple clinical studies have shown no impact of
BRCA1 and BRCA2 mutations on the radiation toxicity
observed in patients. A multicenter analysis in North
America, published by Pierce, reported no difference in
acute and chronic toxicity from breast cancer radiotherapy in
71 mutation carriers and matched controls at 5 years of
follow-up (Pierce et al. 2000). Shanley and a large, collab-
orative team in the UK carried out a retrospective study of
55 BRCA1 and BRCA2 mutation carriers treated with
radiation for breast cancer and compared them to matched
controls with around 7 years of follow-up in both groups.
There were no differences in late toxicity (Shanley et al.
2006). BRCA1 and BRCA2 mutations are thus not consid-
ered as a factor in making radiotherapy recommendations.
However, these individuals are already at a higher cancer
risk and may have greater chromosomal instability in
response to radiation, suggesting a potentially higher risk of
secondary malignancies over the long term.

4 Ataxia-Telangiectasia and the ATM
Gene

The gene that has the greatest evidence linking it with nor-
mal tissue radiosensitivity in a significant number of patients
is the ATM gene. Ataxia-telangiectasia, a rare autosomal
recessive disease, is caused by homozygous mutations in the
ATM gene. In addition to neurological and immune disor-
ders, individuals with the disease are susceptible to cancer
and have extreme skin sensitivity to ionizing radiation. Cells
isolated from these individuals (lymphocytes and fibroblasts)
are more sensitive to ionizing radiation as well. The gene
encodes a kinase that is critical in the repair of DNA double-
strand breaks induced by ionizing radiation. ATM normally
signals to p53, resulting in cell cycle inhibition, but this
process is impaired in the mutated kinase and therefore DNA
damage does not lead to cell cycle arrest. Patients with
Nijmegen breakage syndrome (NBS) also have demon-
strated sensitivity to ionizing radiation. ATM phosphorylates
NBS, allowing NBS to form a DNA repair complex with
Rad50 and MRE11 that repairs double-strand breaks. The
checkpoint response to ATM may also depend on NBS.
Both ataxia-telangiectasia and Nijmegen breakage syndrome
are seldom seen clinically, but they offer clues as to radiation
sensitivity in the larger population.

In one early study, blood relatives of patients with ataxia-
telangiectasia were identified as heterozygous for “the A-T
gene” based on genetic marker analysis and 13 cases were

identified, 11 of whom had their breast or chest wall irra-
diated. These individuals did not demonstrate increased
early or late normal tissue toxicity (Weissberg et al. 1998).
Multiple other studies in the late 1990s that included breast
cancer patients, usually with small sample sizes, used protein
truncation tests and single-strand conformation polymor-
phism tests to identify individuals carrying ATM mutations.
These failed to demonstrate a positive association with
normal tissue radiation toxicity (See Table 1).

Researchers persisted with more specific and sensitive
methods to detect individuals who carry germline ATM
mutations without the ataxia-telangiectasia syndrome, and
the majority of modern studies from the last decade showed
clinical evidence of greater radiotherapy toxicity or a posi-
tive association as part of a multi-gene profile (see Table 1).
Others continued to yield negative results or were not
reproducible. Studies in other diseases, including prostate
cancer and lung cancer, also suggested that ATM poly-
morphisms have an impact on radiosensitivity in other sites
of the body and thus support the potential importance of this
gene in breast cancer patients. These studies are summa-
rized, with references, in Table 1.

Considered as a body of evidence, these data suggest that
one possible mechanism for heightened radiosensitivity
outside of a major syndrome may be seen in carriers of
mutations in proteins involved in the DNA damage
response, particularly in ATM mutation carriers who do not
have the clinical syndrome of ataxia-telangiectasia. The
significance of ATM polymorphisms in clinical practice,
together with all other polymorphisms that have been linked
to radiosensitivity, was cast into doubt recently due to results
of a British clinical trial (Barnett et al. 2012). The study was
named the RAPPER (Radiogenomics: Assessment of Poly-
morphisms for Predicting the Effects of Radiotherapy) trial,
and the size and scope was unprecedented in the field of
radiogenomics. The details of the trial will be discussed later
in this chapter, but the authors suggest that most studies in
this field have yielded false-negative results due to smaller
sample sizes or focused on rare variants that are too rare to
be clinically significant, including studies of ATM. Thirteen
ATM SNPS, including those SNPs that had been previously
implicated in adverse reactions to breast radiotherapy and
tag SNPS designed to represent all known variants of the
gene, were studied in the RAPPER trial, and none was
associated significantly with radiation toxicity. Nevertheless,
the strongest association in the study of 92 SNPs was found
between an ATM SNP (rs4988023, a surrogate for
rs1801516) and acute bladder toxicity in prostate cancer. No
SNP in ATM approached significance for late sequelae in
breast cancer patients.

Of course, polygenic effects may be particularly relevant
to clinical practice, possibly in combination with non-
genetic factors contributing to normal tissue toxicity.
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Polymorphisms in many other genes involved in DNA
double-strand break repair and in the radiation response have
been hypothesized to be likely to play an important role in
radiotherapy toxicity. SNP profiles or genotypes, including
ATM together with multiple genes, have been associated
with radiation toxicity in smaller studies of breast cancer,
head and neck and other cancers (Alsbeih et al. 2010; Azria
et al. 2008). These also yielded negative results in the
RAPPER study (Barnett et al. 2012).

5 XRCC1 Variants

XRCC1 is a base excision repair gene that has been impli-
cated in radiation toxicity by several studies. It has been
linked to both acute reactions and late effects in breast cancer
patients treated with radiation, although negative studies
have also been reported (Table 2). Andreassen and team
initially showed evidence correlating an XRCC1 variant to

late fibrosis and to telangiectasia after post-mastectomy
radiation in 75 patients from the Danish post-mastectomy
study cohort (Andreassen et al. 2003). An Arg399Arg
genotype in XRCC1 (the most common genotype, found in
51 % of patients) was associated with a higher risk of grade
3 fibrosis and a higher risk of telangiectasia. This effect was
enhanced in combination with other candidate SNPs. The
same team was unable to reproduce the finding of increased
fibrosis risk in a larger study of 120 subjects from the same
cohort (Andreassen et al. 2006a, b). Several other European
studies also associated acute and late radiation reactions with
specific XRCC1 polymorphisms in patient cohorts of sub-
stantial size (details and references in Table 2).

The scientific investigations into this topic with the
greatest numbers of patients have been conducted in Ger-
many. Tan and colleagues in a team led by Chang-Claude
conducted a study of 446 breast cancer patients, 77 of whom
developed acute toxicity from radiation for breast-conserving
treatment. They selected variants in 3 candidate genes and

Table 1 Studies correlating ATM mutation status with radiotherapy toxicity in cancer

Cancer Patients studied Assay Association References

Breast cancer

Breast/various 23 (16 breast) PTT No Appleby et al. (1997)

Breast 15 PTT No Ramsay et al. (1998)

Breast/various 5 PTT No Clarke et al. (1998)

Breast 80 PTT No Shayeghi et al. (1998)

Breast/various 20 SSCP No Oppitz et al. (1999)

Breast 46 DHPLC Yes, late fibrosis Lannuzzi et al. (2002)

Breast 1,100 SSCP No Bremer et al. (2003)

Breast 254 PTT, RFLP, DHPLC Positive, acute and/or late reactions
(Asn1853Asn), negative (intronic SNPs)

Angèle et al. (2003)

Breast 52 SNPE No, cosmesis Andreassen et al. (2005)

Breast 41 DHPLC Yes, late fibrosis Andreassen et al. (2006a)

Breast 120 DHPLC No, late fibrosis Andreassen et al. (2006b)

Breast 252 DHPLC Yes, lung/pleural late effects
(Leu1420Phe, others)

Edvardsen et al. (2007)

Breast 131 DHPLC Yes, late fibrosis (1853Asn) Ho et al. (2007)

Breast 399 MALDI-TOF No, acute dermatitis Suga et al. (2007)

Breast/various 34 DHPLC, RFLP Yes, severe late (minor allele SNPs) Azria et al. (2008)

Breast 69 RFLP, MALDI-TOF Only in combination with risk alleles
in other genes, fibrosis

Zschenker et al. (2010)

Prostate cancer

Prostate 17 DNA seq Yes Hall et al. (1998)

Prostate 37 DHPLC Yes Cesaretti et al. (2005)

Lung cancer

Lung 213 RFLP Yes (−111 A and 126713 A), pneumonitis Zhang et al. (2010)

A portion of this material is reproduced with permission of Springer-Verlag (West et al. 2010). Associations are with skin and subcutaneous soft
tissue toxicity unless otherwise stated
DHPLC denaturing high performance liquid chromatography; DNA seq DNA sequencing;MALDI-TOF mass spectrometry; PTT protein truncation
test; RFLP restriction fragment length polymorphism; SNPE single nucleotide primer extension; SSCP single-strand conformation polymorphism
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used melting point analysis to detect polymorphisms. There
was no significant association overall, but a protective effect
of the XRCC1 Arg399Gln allele against acute toxicity was
shown only in breast cancer patients of normal weight (Tan
et al. 2006). Chang-Claude and team focused on late toxicity
in a subsequent study, in which they prospectively genotyped
409 breast cancer patients who received radiation after breast-
conserving surgery (Chang-Claude et al. 2009). The primary
technique for genotyping was real-time PCR. They selected
six candidate genes with functional importance in DNA repair
and two “damage response” genes and selected several can-
didate functional polymorphisms of these genes for geno-
typing, including four polymorphisms of XRCC1 (one of
them was Arg399Gln). They then compared the proportion of
patients with the polymorphism in the patients with telangi-
ectasia or fibrosis versus the patients without these late effects
at a median follow-up of 51 months. They did not offer a
subgroup analysis based on patient weight, as in their previous
study. The SNPs were not associated with late toxicity,
whether alone or in combination.

Patients with cancer at other sites have been the subjects
of similar studies of XRCC1 polymorphisms in recent years.
For instance, XRCC1 SNPs have been correlated with
radiation fibrosis after lung cancer treatment (Alsbeih et al.
2010) and with acute reactions in head and neck cancers,
when two SNPs in XRCC1 are found in combination

(Pratesi et al. 2011). Once again, the clinical significance of
such studies is unclear in the light of the RAPPER study
results. Twelve SNPs in XRCC1 were included in the trial.
As with ATM, the researchers also selected tag SNPs rep-
resenting all known variants in the gene and there were no
statistically significant associations with radiation toxicity
(Barnett et al. 2012). However, there were SNPs that came
close to significance and the authors felt warranted further
study in even larger patient cohorts: These included XRCC1
SNPs rs1799782 and rs25487. They were specifically asso-
ciated with altered pigmentation and telangiectasia, respec-
tively, after breast irradiation.

6 TGFB1

Another gene that has been widely implicated in radiation
toxicity is TGFB1, encoding TGF-beta, a cytokine known to
stimulate a strong inflammatory response and to be involved
in late radiation toxicities such as pneumonitis and fibrosis
(Hall and Giaccia 2011). SNPs in the gene have been linked
to radiation toxicity in the treatment of breast cancer and in
other sites. Alsbeih and colleagues in Saudi Arabia dem-
onstrated a significant association of 10Leu with soft tissue
fibrosis in head and neck cancers (Alsbeih et al. 2010). In
prostate cancer, TGFB1 SNPs have been correlated with

Table 2 Studies correlating XRCC1 variants with radiotherapy toxicity, specifically in breast cancer

Patients
studied

Assay Association of studied SNP(s) or genotypes with toxicity References

Significant associations

41 SNPE Positive (Arg399Arg), late fibrosis (not telangiectasia) Andreassen et al. (2003)

254 RT-PCR and VSRED Positive (399Gln with 194Trp), acute and/or late Moullan et al. (2003)

247 RFLP Positive (399Gln with 194Cys and in a genotype with 2 others),
acute and/or late

Brem et al. (2006)

446 MPA Protective (399Gln) in normal BMI, acute Chang-Claude et al. (2005)

167 RFLP Positive (Arg399Gln), late telangiectasia Giotopolous et al. (2007)

399 MALDI-TOF Protective (genotype), acute Suga et al. (2007)

69 RFLP and MALDI-
TOF

Positive (399Arg) only in genotype of 6 genes, late Zschenker et al. (2010)

87 SNPE and RT-PCR Positive (Arg194Trp with Arg399Gln), acute Mangoni et al. (2011)

No significant associations

52 RT-PCR and SNPE None, cosmesis Andreassen et al. (2005)

120 RT-PCR None, late fibrosis Andreassen et al. (2006a, b)

409 RT-PCR None (includes 399 and 194 alone and in a genotype with 2
others),
late

Chang-Claude et al. (2009)

43 RFLP None, acute Sterpone et al. (2010)

57 Pyro None, late fibrosis or fat necrosis (single fraction PBI) Falvo et al. (2012)

Associations are with skin and subcutaneous soft tissue toxicity unless otherwise stated
BMI body mass index; MPA melting point analysis; PBI partial breast irradiation; Pyro pyrosequencing; RFLP restriction fragment length
polymorphism; RT-PCR real-time PCR; SNPE single nucleotide primer extension; VSRED variant-specific restriction enzyme digestion
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radiation toxicity in one study (Peters et al. 2008) but other
reports have been negative (see Table 3). In lung cancer,
TGFB1 SNPs have been associated with pneumonitis risk
(Yuan et al. 2009) and esophagitis risk (Zhang et al. 2010).

This association has also been investigated in many
studies of breast cancer patients (Table 3). In a study of
breast cancer patients published by Andreassen, late fibrosis
risk was associated with TGFB1 alleles 509T and 10Pro
(Andreassen et al. 2003) and the same group also reported a
higher risk of altered breast appearance with these alleles in
26 matched case–control pairs (Andreassen et al. 2005). A
subsequent, larger study by the same group failed to validate
the link to radiation fibrosis (Andreassen et al. 2006a, b).
Over recent years, a handful of smaller studies in breast
cancer gave mixed results, and a few positive associations of
TGFB1 SNPs with late effects and breast fibrosis were
published (Table 3). The largest study in breast cancer, prior
to work by Barnett and the RAPPER trial, was reported by
Suga and colleagues in Japan, who showed no relationship
with acute toxicity in 399 patients. In the RAPPER trial, this
gene was a focus of careful study and was represented by tag
SNPs for all variants, as with ATM and XRCC1, and no
significant relationship to radiotherapy toxicity was found in
breast and prostate cancer treatment (Barnett et al. 2012).

7 Other Polymorphisms Implicated
in DNA Repair and Radiation Toxicity

ATM, BRCA1 and BRCA2, XRCC1, and TGFB1 are only a
few representatives of a long list of genes known to be
important in the radiation response and DNA damage rec-
ognition and repair. Pathways that could be involved in
normal tissue radiosensitivity also include activation of cell
cycle checkpoints, oxidative stress responses, inflammation,
and apoptosis, among others. Many studies have been car-
ried out looking at candidate genes from these pathways and
their normal variations between individuals, particularly
single nucleotide polymorphisms (SNPs), to determine if
there is a link to radiation sensitivity. These studies were
often limited by small sample sizes and essentially failed to
yield conclusive findings. No positive associations reported
have been consistently validated in subsequent studies with
other patient cohorts (Alsner and Andreassen 2008) and
most of these yielded no statistically significant associations
with late toxicity in the RAPPER study (Barnett et al. 2012).
Breast cancer patients have been the most widely studied
patient group in the genetic basis of radioresponse (Parlia-
ment and Murray 2010). Table 4 summarizes a number of
the genes with SNPs that have been studied in this regard.

Table 3 Studies correlating TGFB1 mutation status with radiotherapy toxicity in cancer

Cancer Patients studied Association References

Breast cancer

Breast 103 Yes (10Pro and −509 T), fibrosis Quarmby et al. (2003)

Breast 41 Yes, fibrosis (10Pro and −509 T), not telangiectasia Andreassen et al. (2003)

Breast 52 Yes, breast appearance (10Pro and −509T) Andreassen et al. (2005)

Breast 120 No, late fibrosis Andreassen et al. (2006a, b)

Breast 167 Positive (−509 T), late fibrosis, not telangiectasia Giotopolous et al. (2007)

Breast 399 No (position −509 and more), acute skin effects Suga et al. (2007)

Breast/various 34 Yes, severe late (minor allele SNPs) Azria et al. (2008)

Breast 778 No (codon 10 or −509) RAPPER study early report
(Barnett et al. 2010)

Breast 69 Yes (only as part of a 6-gene genotype), late fibrosis Zschenker et al. (2010)

Prostate cancer

Prostate 141 Yes (minor alleles in codons 10 and 25, position −509),
E.D., not urinary QOL

Peters et al. (2008)

Prostate 445 No (codon 10), late effects, E.D. and QOL Meyer et al. (2009)

Prostate 197 No (position −509), late effects Suga et al. (2008)

Other cancers

Cervical/endometrial 78 No, late gastrointestinal De Ruyck et al. (2006)

Head and neck 60 Yes, late fibrosis (10Leu) Alsbeih et al. (2010)

Lung 164 Negative, pneumonitis (10Pro is protective) Yuan et al. (2009)

Lung 213 Positive, esophagitis (−509 T) Zhang et al. (2010)

E.D. erectile dysfunction; QOL quality of life
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Table 4 Various genes with SNPs studied in relationship to radiotherapy toxicity in breast cancer (excludes genes summarized separately: ATM,
BRCA1, BRCA2, XRCC1, and TGFB1)

Gene/SNP Effects studied Significant associations? Reference(s)

ABCA1b Acute Yes, acute (3 SNPs in 2 haplotype
blocks)

Isomura et al. (2008)

APEX1b Acute Yes, 148Glu with XRCC1 399Gln in
normal BMI

Chang-Claude et al. (2005)

Acute/late mixed None Chang-Claude et al. (2009)

Late None;
Yes, −509T and 10Pro
(breastappearance);
None (fibrosis);
None

Andreassen et al. (2003, 2005, 2006b),
Giotopoulos et al. (2007)

CAT, MPOb Acute Yes, MPO in women with increased
BMI

Ahn et al. (2006)

Late None (severe) Kuptsova et al. (2008)

CDKN1Ab Acute None;
None

Badie et al. (2008), Tan et al. (2006)

Mixed acute/late None Chang-Claude et al. (2009)

ERCC2b Acute None Chang-Claude et al. (2005)

GSTA1b Acute None Ambrosone et al. (2006)

Late Yes (telangiectasia) Kuptsova et al. (2008)

GSTM1, GSTT1 Acute None;
None (allele deletion)

Ambrosone et al. (2006), Mangoni et al. (2011)

Late None Edvardsen et al. (2007)

GSTP1b Acute Positive (105Val) Ambrosone et al. (2006)

Late Positive (105Val, pleural thickening)
None (severe);
Positive, only as part of a 6-gene
genotype
(fibrosis);
Positive (Ile105Val, fibrosis and fat
necrosis after SF-PBI)

Edvardsen et al. (2007), Kuptsova et al. (2008),
Zschenker et al. (2010), Falvo et al. (2012)

HAP1 Late fibrosis None Andreassen et al. (2006b),
Chang-Claude et al. (2005)

IL12RB2b Acute Yes (3 SNPs in one haplotype block) Isomura et al. (2008)

MAD2L2b Acute Positive (allele and genotype) Suga et al. (2007)

MC1R Mixed acute/late Positive (160Trp, acute) Fogarty et al. (2010)a

MLH1b, MGMT Acute None Mangoni et al. (2011)

MSH2b, MSH3 Acute Positive (MSH2 variant) and positive
(MSH3 variant)

Mangoni et al. (2011)

NBN Acute None Popanda et al. (2006)

Mixed acute/late None Chang-Claude et al. (2009)

NOS3b Acute Yes, in women with increased BMI Ahn et al. (2006)

Late (severe) Yes, telangiectasia Kuptsova et al. (2008)

(continued)
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Table 4 (continued)

Gene/SNP Effects studied Significant associations? Reference(s)

OGG1 Acute None Sterpone et al. (2010)

RAD21b Late Positive (minor allele) Azria et al. (2008)a

RAD51 Late None (after SF-PBI) Falvo et al. (2012)

SOD Late None Andreassen et al. (2005)

SOD2b Acute None Ahn et al. (2006)

Late No (codon 26, cosmesis);
Positive (16Ala for fibrosis);
None (fibrosis);
Positive (minor allele);
None (severe);
Yes, only as part of a 6-gene genotype
(fibrosis)

Green et al. (2002), Andreassen et al. (2003,
2006a, b),
Azria et al. (2008)a, Kuptsova et al. (2008),
Zschenker et al. (2010)

TP53b Acute Protective trend in normal BMI
(72Pro);
None

Tan et al. (2006), Badie et al. (2008)

Mixed acute/late None Chang-Claude et al. (2009)

XPD Acute None (Asp312Asp, Lys751Gln) Mangoni et al. (2011)

Late Yes, only as part of a 6-gene genotype
(fibrosis)

Zschenker et al. (2010)

XRCC2 Acute None Popanda et al. (2006)

Mixed acute/late None (including telangiectasia) Chang-Claude et al. (2009)

XRCC3b Acute None;
None;
Positive (241Met)

Popanda et al. (2006), Sterpone et al. (2010),
Mangoni et al. (2011)

Mixed acute/late None (including telangiectasia) Chang-Claude et al. (2009)

Late telangiectasia/
fibrosis

Positive (Thr241Thr);
None (breast appearance);
None;
Positive (minor allele)

Andreassen et al. (2003, 2005, 2006a, b),
Azria et al. (2008)a

Other genes with significant
associations

ALADb,
BAXb,
CD44b,
COMT,
LIG3b,
MAP3K7b,
MAT1Ab,
NEIL3b,
NFE2L2b,
OGG1,
PTTG1b,
RAD9Ab,
RAD17b,
REV3Lb,
SHG3L1b,
TGFB3b,
TGFBR3b

Acute Positive or negative (allele, genotype
and/or haplotype associated with acute
dermatitis)

Suga et al. (2007)

CX3CR1, DHFR,
EPHX1-alpha,
MTR,
MTHFR

Late None (fibrosis, telangiectasia) Giotopoulos et al. (2007)

SF-PBI single fraction accelerated partial breast irradiation
a Study included other cancer sites
b Gene with SNP(s) included in the RAPPER trial, no statistically significant association with acute or late radiation toxicity

66 D. MacDermed



8 The RAPPER Trial: The End
of Radiogenomics as We Know It

The RAPPER (Radiogenomics: Assessment of Polymor-
phisms for Predicting the Effects of Radiotherapy) study was
conducted out of multiple medical facilities in the UK, with
participation by Dr. Bentzen from the University of Wis-
consin (Barnett et al. 2012). Blood samples were obtained
from 1,613 patients in four clinical trials. 976 of these were
women with breast cancer, treated with breast conservation
surgery and adjuvant radiation, most of whom (942) were
enrolled in a breast IMRT trial which required that the
patient’s conventional treatment plan had inhomogeneities
resulting in substantial high-dose “hot spots” of over 107 %
of the prescribed dose. These 942 patients were randomized
to conventional radiation or IMRT. 34 patients in the
RAPPER trial were from a separate study of breast toxicity,
all of whom were treated with breast conservation therapy.
The remainder of the patients in the initial analysis (871)
were from two prostate cancer trials: Patients in one trial
were treated with standard-dose or escalated-dose radiation
and the other treated with IMRT. Toxicity data were
obtained prospectively. Acute and late toxicity and cosmesis
were recorded using standardized scales. A STAT score,
representing an overall assessment of late toxicity at 2 years,
was calculated using a validated formula. Breast toxicity
end-points included breast shrinkage, telangiectasia, breast
edema, pigmentation, induration/fibrosis, breast pain, and
oversensitivity. A large number of clinical covariates were
recorded and included in the analysis for breast cancer
patients, including age, breast size, surgical cosmesis, hot
spots, and acute toxicity. Prostate cancer patients had a
separate set of endpoints, including late damage to multiple
organs.

46 Genes and 98 SNPs in these genes were selected using
a comprehensive literature search through the end of 2009,
with 66 SNPs chosen because they were specifically asso-
ciated with late toxicity. Others were selected because of
associations with cancer susceptibility, in vitro radiosensi-
tivity, or other functional associations. Tag SNPs were
selected to cover all variants in ATM, XRCC1, TGFB1,
XRCC3, and HIF1A, due to particular interest of the
researchers in these genes, three of which have been care-
fully profiled in this chapter. Many of the other genes with
SNPs included in the trial are listed in Table 4. In addition,
six specific multi-gene profiles that were previously reported
to be associated with radiosensitivity were analyzed. Geno-
types were analyzed from blood samples using Fluidigm
dynamic arrays and the Taqman sequence detection system.
92 SNPs passed quality control measures and were included
in final analysis.

With corrections for covariates and multiple comparisons,
no significant p-value was obtained for an association of any
single SNP with the overall late toxicity score or with spe-
cific endpoints in individual cancer types (such as telangi-
ectasias in breast cancer). The strongest association was
found between an ATM SNP (rs4988023, a surrogate for
rs1801516) and acute bladder toxicity in prostate cancer.

There were a few SNPs that the authors felt warranted
further study in an even larger sample size, due to borderline
significance above their corrected p-value threshold. For
sequelae of prostate cancer treatment, these were in the
genes RAD21 (urinary incontinence), SOD2 (proctitis), and
SART1 (acute bladder toxicity). For breast cancer treatment,
there were two SNPs in XRCC1 with borderline significance
(altered pigmentation and telangiectasia). The study is
continuing with further patient accrual and analysis will be
repeated after longer follow-up, when more toxicity data will
be available.

This large-scale research effort with meticulous statistical
analysis may change the paradigm of radiogenomics
research. The majority of the studies discussed in this
chapter have focused on selecting candidate genes and
testing them in a population of less than 500 patients, or
often less than 100 patients. This approach appears to yield
results that cannot be reproduced with significance in a
larger patient population or with effect sizes that are too
small to detect. However, the RAPPER study focused on late
radiation toxicity endpoints alone, while the results of
smaller studies have suggested that acute and late radiation
toxicity may differ in their relationship to genetic variants.
Acute toxicity could be more closely related to some of the
candidate genes than late toxicity. Also, the p-value cor-
rection for multiple comparisons was a very stringent
approach, given that most of the SNPs had already been
correlated with toxicity in previous studies, and thus would
be less likely to randomly yield false positives. Nevertheless,
the results make it seem that small studies of candidate genes
will probably not yield clinically useful indicators of radia-
tion toxicity.

9 Outlook

It might be that the biological basis of radiation toxicity is
still too complex to be adequately predicted by variations in
one or a small set of genes. There may be interactions
between large numbers of genes and other clinical and
environmental factors that all contribute to how a patient’s
normal tissues respond to radiation. Variations in tumor
response and sensitivity to chemotherapy or hormone ther-
apy may also contribute to late outcomes. There is great
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motivation to elucidate this process and to discover the key
elements in it, in order to enable radiation therapy to move
further into the era of personalized medicine. A Radioge-
nomics Consortium was established in 2009 in order to help
guide further research approaches and study design in radi-
ogenomics and to enable more large-scale trials.

Genome-wide association studies (GWAS) may be a
useful approach to discovering meaningful SNPs. A small
genome-wide study has been reported, looking at SNPs
associated with erectile dysfunction in African–American
men after prostate cancer radiotherapy (Kerns et al. 2010).
This identified one statistically significant SNP, in the fol-
licle-stimulating hormone receptor (FSHR) gene, which
probably would not have been selected as a candidate gene
using previous methods. The team behind the RAPPER
study reports that a genome-wide analysis of specific late
toxicity endpoints has been done, presumably including
breast cancer patients, and the team is in the process of
validation and replication. They will also perform a meta-
analysis of other genome-wide studies at that time. Whether
there will be SNPs with clinical relevance out of this effort
remains to be seen, but is likely to yield different gene
candidates.

Currently, dose prescriptions and treatment planning are
carried out with no knowledge of the radiation sensitivity of
a given patient’s normal tissues. The same normal tissue
tolerance is assumed in all patients. The study of radioge-
nomics offers the hope of more personalized treatment
planning in the future by testing patients for their radiation
sensitivity profile. This could help patients to successfully
complete their prescribed treatment by reducing acute tox-
icities and could maximize ultimate quality of life by mini-
mizing late effects. Clearly, more scientific progress is
needed before genetic profiling of radiation sensitivity can
be brought to clinical practice.
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Abstract

In this article, the controversial issue of breast-conserving
therapy (lumpectomy followed bywhole breast irradiation)
is reviewed. Given the relatively recent identification of the
BRCA1 and BRCA2 genes in the mid-1990s, the expense
associated with testing, and the inherent selection biases,
the available literature has inherent limitations with
relatively small patient numbers and lack of prospective
randomized trials in this subset of patients. However,
a number of retrospective and case–control studies have
demonstrated acceptable results with breast-conserving
surgery and radiation, though without active prophylactic
measures to reduce secondary malignancies late local
in-breast relapses and contralateral secondary breast cancer
events remain an issue. Acknowledging the limitations in
the available data, there does not appear to be any evidence
of compromised normal tissue reactions or compromised
long-term survival rates in women electing breast-
conserving surgery and radiation.

1 Introduction

Pierre Paul Broca in 1866 was the first to describe a familial
genetic predilection to breast cancer in the literature. In his
treatise, Traité des Tumeurs, he was able to develop a ped-
igree of four generations demonstrating a heritable breast
cancer pattern. Dr. Broca speculated that perhaps a “germ”
leads to the inheritance of this phenotype, and he wondered
why it was that the individual was normal until the day the
phenotype expressed itself. The pedigree Dr. Broca descri-
bed had a very high penetrance. Penetrance is the likelihood
that the presence of a given allele will lead to its expression,
and the frequency with which a heritable trait is manifested
by individuals carrying the principal gene or genes condi-
tioning it. Complete penetrance of an allele means the gene
or genes for a trait are expressed in the entire carrier popu-
lation. Incomplete penetrance means the genetic trait is
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expressed in only part of the population with the allele. The
highly penetrant breast cancer susceptibility genes such as
BRCA1 and BRAC2 are associated with approximately
15–20 % of familial breast cancer; carriers have a 50–80 %
lifetime risk of receiving a breast cancer diagnosis. CHK2,
ATM, and PALB2 are intermediate penetrance genes and are
characterized by rare loss of function mutations that confer a
more modest risk (RR 2–4) (Turnbull et al. 2012). Many of
these mutations are due to nonsense mutations.

Tumor suppressor genes exhibit a disproportionate
number of nonsense mutations, while most mutations in
oncogenes are missense. A nonsense mutation is a single-
nucleotide base substitution or point mutation in a sequence
of DNA that encodes for a premature stop codon. For
example, if an original codon is CAG but undergoes a point
mutation, substituting a thymine for the original cysteine.
The new codon TAG now encodes a stop codon and the
resulting protein will be truncated. This in turn leads to a
protein product that lacks the functionality of a normal
non-mutated protein.

In humans and other organisms, it has been found that
after nonsense mutations take place, a process known as
nonsense-mediated mRNA decay pathway (NMD) may
occur. NMD is the process by which the body degrades
mRNAs which contain nonsense mutations before they are
translated into truncated protein products. Nonsense muta-
tions that undergo this mRNA decay process may come to
clinical attention due to loss of NMD function (Mort et al.
2008). There are several genetic diseases where this takes
place, namely in the dystrophin protein in Duchenne mus-
cular dystrophy, in the cystic fibrosis transmembrane con-
ductance regulator gene (CFTR) in cystic fibrosis, and with
β-globin in β-thalassemia. Seventy to 80 % of BRCA1
mutations identified in families with heritable breast cancer
are due to nonsense mutations, or small insertions and
deletions that shift the codon reading frame, causing pre-
mature protein termination. Many of these mutations likely
trigger the NMD and therefore share this process in common
with other genetic diseases at the molecular level.

Interestingly enough, in cystic fibrosis, the down regu-
lation of NMD has been taken advantage of for therapy. Due
to down regulation of NMD, there is an increased number of
mRNA nonsense CFTR transcripts present. In the presence
of gentamicin, in vivo readthrough, or overriding of the stop
codons has been shown to take place, leading to expression
of full-length proteins or correction of the protein function in
certain patients (Linde et al. 2007; Wilschanski et al. 2000).
Much of the research targeting NMD has been done in the
non-oncologic setting, with cystic fibrosis, Duchenne mus-
cular dystrophy, and Becker muscular dystrophy and has
shown promise in preliminary studies. Perhaps targeting of
the nonsense-mediated decay pathway in the setting of

heritable breast cancer may lead to impactful therapeutic
solutions, as 70–80 % of BRCA mutations result from
premature termination codons may also be regulated by
NMD (Fitzgerald et al. 1996).

1.1 BRCA-Associated Breast Cancer

Breast-conserving therapy is considered standard of care for
the majority of women with early-stage breast cancer, but its
appropriateness in patients with germ line mutations of
BRCA1 and BRCA2 is unclear and understudied. The
BRCA1/2 genes are involved in the repair of DNA damage,
but their full molecular functions are not completely
understood. Despite concerns of enhanced radiation sensi-
tivity leading to radiation-induced complications in normal
tissues of patients with BRCA1/2 mutations, clinical expe-
rience has not supported higher rates of normal tissue reac-
tions or complications in BRCA carriers. Still, concerns
regarding elevated risks of second breast cancers in the
contralateral and conservatively treated ipsilateral breast
remain. The published literature on breast-conserving man-
agement of patients with BRCA1/2 mutations is reviewed in
this chapter.

2 Background of Breast-Conserving
Surgery and Radiation

The treatment of breast cancer was dominated by radical
mastectomy or modified radical mastectomy of the affected
breast prior to the 1970s (Fisher and Anderson 1994). This
consists of an en bloc removal of the breast, muscles of the
chest wall, and contents of the axilla and was considered the
most appropriate local therapy for women with early-stage
breast cancers. However, the results of the National Surgical
Adjuvant Breast and Bowel Project (NSABP) B-06 and other
studies found equivalent survival rates among women treated
with either mastectomy or breast conservation therapy (or
BCT, consisting of lumpectomy followed by whole breast
irradiation) (Fisher et al. 2002a; Veronesi et al. 2002). The
NSABP B-06, which compared mastectomy to lumpectomy
with and without radiotherapy in women with invasive car-
cinoma, found a 39 % local recurrence rate at 20 years with
lumpectomy alone, which was decreased to 14 % with the
addition of radiotherapy (Fisher et al. 2002a). Several other
randomized studies demonstrated statistically equal long
term survival and disease-free survival rates in patients
treated with BCT compared to mastectomy (Veronesi et al.
2002; Blichert-Toft et al. 1992; Poggi et al. 2003; van
Dongen et al. 2000). In addition, several randomized studies
comparing lumpectomy alone to lumpectomy and radiation
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clearly demonstrate an approximate threefold reduction
in local relapse with the use of radiation following breast-
conserving surgery (Clark et al. 1996; Fisher et al. 2002b;
Liljegren et al. 1999; Veronesi et al. 2001; Winzer et al.
2004). From these data, BCT became the standard of care for
women with stage 0, I, and II breast cancer.

BCT involves the surgical removal of the primary tumor,
evaluation of the axillary nodes, and local breast irradiation;
this treatment is extremely well tolerated with minimal
long-term complications and favorable cosmetic outcomes
(Vrieling et al. 1999, 2000). Furthermore, BCT results in
improved quality of life, body image, and sexual functioning
when compared with mastectomy (Verhoef et al. 1991;
Blichert-Toft 1992; Schain et al. 1994), even when com-
pared to women who have undergone chest wall recon-
structions (Schain et al. 1994; Mock 1993).

3 Breast Cancer and Second Malignancies
in BRCA Carriers

Breast cancer develops in approximately 12 % of women
over the course of an average life span. Although many
women who develop breast cancer have a family history of
breast cancer, only about 5–6 % have an identifiable and/or
known inherited (germ line) mutation responsible for the
phenotype. Of these, mutations in BRCA1 and BRCA2
genes represent the majority. Although the prevalence of
BRCA mutations in unselected American women with
breast cancer is relatively low, as many as 10–20 % of very
young women with breast cancer (age less than 40) and
12–30 % of breast cancers in Ashkenazi women may be
attributable to BRCA mutations (Fitzgerald et al. 1996;
Abeliovich et al. 1997).

The BRCA1 and BRCA2 genes function in the repair of
double-strand DNA breaks through homologous recombi-
nation between DNA strands (Venkitaraman 2002). Muta-
tions in these genes can result in the accumulation of
abnormalities and a propensity for tumorigenesis. BRCA
genes are inherited in an autosomal dominant fashion with
variable (but usually high) penetrance. BRCA mutations
have been associated with breast cancer (roughly 50–80 %
lifetime risk of breast cancer), ovarian cancer (roughly
40–50 % lifetime risk for BRCA1 and 15–25 % with
BRCA2), prostate cancer, and pancreatic cancer. Typical
patient characteristics of BRCA-associated breast cancer can
include young age at onset and bilateral involvement. His-
topathology features are often more aggressive, with higher
nuclear grade, aneuploidy, and high proliferation indices;
tumors with a medullary component are more common
among BRCA1 carriers. Estrogen and progesterone recep-
tors are more likely to be negative in BRCA1 carriers, but

are more likely to be positive in BRCA2 carriers. Although
there are some conflicting data, BRCA1/2 carriers with
breast cancer appear to have equivalent survival after ther-
apy when compared to age and staged matched patients with
sporadic disease (The Breast Cancer Linkage Consortium
1999; Ansquer et al. 1998; Robson et al. 2001, 2004;
Seynaeve et al. 2004).

The risk of both contralateral primary breast cancer and
ovarian cancer is substantially higher in patients with
BRCA1/2 mutations than sporadic counterparts. The Breast
Cancer Linkage Consortium estimated a 64 % risk of con-
tralateral breast cancer by the age of 70 years in patients who
have had BRCA1-associated breast cancer (The Breast
Cancer Linkage Consortium 1999; Anglian Breast Cancer
Study Group 2000). The cumulative risk of ovarian cancer in
these patients was 44 % by the age of 70 years. Women with
BRCA2 mutations have a risk of breast cancer similar to
patients with BRCA1 mutations, but have a lower risk of
ovarian cancer, with a cumulative risk of less than 10 % by
the age of 70 years (The Breast Cancer Linkage Consortium
1999; Robson et al. 2001; Anglian Breast Cancer Study
Group 2000).

Because BRCA-associated breast cancers typically occur
in young women, a host of difficult and emotionally
charged issues must be considered when formulating optimal
treatment strategies for these women. Competing issues
include the obvious need for curative therapy, the potential
toxicities and side effects of curative options, risk reduction
for future malignancies, and quality-of-life issues including
body image, sexual and reproductive function, as well as
cancer-related anxiety, and anxiety about transmitting the
mutations to children and the potential for health insurance
discrimination.

4 Breast-Conserving Surgery
and Radiation in BRCA Carriers

Women with BRCA-associated breast cancer may be offered
mastectomy or breast-conserving surgery as an acceptable
initial local therapy of the affected side. Again, it is impor-
tant to note that appropriately treated women with BRCA-
associated breast cancer can generally expect disease control
outcomes comparable to women without BRCA mutations
(adjusting for histopathological variables, age, and stage)
(Brekelmans et al. 2007; Rennert et al. 2007). Women who
choose ipsilateral mastectomy often may elect to have a
prophylactic contralateral mastectomy (Metcalfe et al. 2008).
Prophylactic mastectomy results in a 90 % risk reduction in
the incidence of contralateral breast cancer (Rebbeck et al.
2004). However, a bilateral mastectomy, even with the most
advanced and skillful surgical reconstructions may be a
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suboptimal outcome for young women desirous of breast
preservation (Brandburg et al. 2008). Whether breast con-
servation therapy is an appropriate option for women with
known deleterious mutations in the BRCA1/2 genes is
unresolved but may be a reasonable strategy for young
women interested in breast conservation. Since it is unlikely
that a randomized trial comparing mastectomy to breast-
conserving therapy specifically in BRCA1/2 carriers will be
conducted in the near future, we must rely on a handful of
retrospective reports to attempt to answer this question.

Haffty et al. (2002) reported on breast conservation ther-
apy in germ line BRCA1/2 carriers with early-onset breast
cancer. One hundred and twenty-seven women diagnosed
with breast cancer at age 42 years or younger agreed to
undergo genetic testing, and 22 were found to have BRCA1/2
mutations. It is important to note that in this series, adjuvant
tamoxifen or oophorectomy was not used in any of the
patients in the carrier cohort. Patients in the genetic group
were younger than sporadic patients, and this difference was
significant on multivariate analysis. Treatment outcomes
were compared with results from patients with sporadic dis-
ease. With a median follow-up of 12.7 years, the genetic
group had a higher rate of ipsilateral (49 % vs. 21 %,
p = 0.007) and contralateral breast events (42 % vs. 9 %,
p = 0.001). Nine of the 11 ipsilateral breast recurrences were
classified as second primary tumors, based on a difference in
tumor location and/or histology. Relapse-free survival in
BRCA1/2 carriers was similar to noncarriers at 5 years and
then progressively declined with time. Notably, all second
events in BRCA1/2 carriers were successfully salvaged, and
patients remained disease-free at last follow-up.

Steinmann et al. (2001) reported on a small series of
BRCA1/2 carriers where they noted an increased risk of
developing local relapses, particularly in BRCA1/2 carriers
with bilateral disease. Similar studies by Seyneave et al. and
Robson et al. also support a slightly higher rate of late
ipsilateral relapses in BRCA1/2 carriers, though these did
not reach statistical significance (Seynaeve et al. 2004;
Haffty et al. 2002; Pierce et al. 2006; Robson et al. 1999,
2005). Robson and colleagues retrospectively reported on 87
patients who had a history of BCT for early-stage breast
cancer and deleterious mutations in BRCA 1/2. They
reported an IBTR rate of 14 % at 10 years (Robson et al.
2005). The authors felt this rate was comparable to the
expected IBTR rate for similar patients. This report is sig-
nificantly limited by the fact that oophorectomy rates in this
group were not reported; 30 % of women received tamoxi-
fen. Median follow-up for the cohort was only 76 months.

In contrast, Kirova et al. (2005) who showed no signifi-
cant increase in local relapse among 29 BRCA1 carriers
compared to 107 matched familial breast cancers and 271
sporadic controls. They point out, as has been noted by

several other series, that young age, rather than BRCA1/2
status, is the more important driving factor related to local
relapses. In a follow-up to the Seynaeve study, Brekelmans
and colleagues at the Rotterdam Family Cancer Clinic
identified three cohorts of women with heritable breast
cancer: cases occurring in families with known BRCA1
mutations (n = 223), cases occurring in families with known
BRCA2 mutations (n = 103), and cases occurring in families
tested negative for deleterious BRCA1 and 2 mutations
(Brekelmans et al. 2007). In addition, they identified a
sporadic breast cancer cohort without a suggestive family
history (n = 759). Notably, the study patients were recruited
from a high-risk clinic that follows families with heritable
breast cancers. Individual testing was not required and uni-
form in the familial cohorts. The sporadic group was also
untested. The median follow-up was 4.3 years in the BRCA
groups and 5.1 years in the sporadic group. Forty-five per-
cent of patient in the heritable group had breast conservation;
55 % in the sporadic group had breast conservation. No
differences in local control were detected in the heritable
versus sporadic groups. The BRCA-associated groups had
significantly higher rates of contralateral breast cancer; no
differences were detected in breast-cancer-specific survival.

Although the high rate of local relapses and contralateral
events as seen in the Haffty et al. report are cause for con-
cern, it is likely that the use of risk reduction strategies, such
as tamoxifen and/or oophorectomy, would reduce these
events. Specifically, several large studies in BRCA1 or
BRCA2 carriers have demonstrated that the use tamoxifen,
oophorectomy, or both substantially reduce the risk of sec-
ondary breast cancers in BRCA1 and BRCA2 carriers.

This was demonstrated recently in a well-conducted study
of breast-conserving surgery and radiation reported by Pierce
et al. (2006). In this large collaborative effort, the investiga-
tors evaluated a total of 160 BRCA1/2 mutation carriers with
breast cancer matched to 445 controls with sporadic breast
cancer. Median follow-up was 7.9 years for mutation carriers
and 6.7 years for controls. Although there were no significant
differences in IBTR between carriers and controls (15-year
estimates were 24 % for carriers and 17 % for controls
(hazard ratio [HR], 1.37; P = 0.19). A subset analysis
revealed higher rates of local relapse in those carriers who
had not undergone prophylactic oophorectomy. Multivariate
analyses for IBTR found BRCA1/2 mutation status to be
an independent predictor of IBTR when carriers who had
undergone oophorectomy were removed from analysis
(HR, 1.99; P = 0.04); the incidence of IBTR in carriers who
had undergone oophorectomy was not significantly different
from that in sporadic controls (P = 0.37). Contralateral breast
cancers were significantly more frequent in carriers versus
controls, with 10- and 15-year estimates of 26 and 39 % for
carriers and 3 and 7 % for controls, respectively (HR, 10.43;
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P < 0.0001). Tamoxifen use significantly reduced the risk of
contralateral breast cancers in mutation carriers (HR, 0.31;
P = 0.05). Thus, it appears that this study confirms the
findings of Haffty et al. that BRCA1/2 carriers have a higher
rate of both contralateral and ipsilateral breast events, if they
do not undergo specific measures to reduce the risk of sub-
sequent breast cancers by undergoing oophorectomy and/or
tamoxifen.

Finally, in a noteworthy study from Pierce et al. (2000),
71 women with BRCA-associated breast cancer were mat-
ched 1:3 to 213 sporadic controls. Conditional logistic
regression was used to compare rates of complications in
cases versus controls. No significant increase in acute or
chronic toxicities was apparent. These data are certainly
reassuring for BRCA-carrying women considering breast
conservation.

5 Comparison of Breast-Conserving
Surgery and Mastectomy in BRCA
Carriers

As noted previously, there are no randomized comparisons
of breast-conserving surgery and radiation with mastectomy
specifically in BRCA carriers. However, in a separate col-
laborative effort, Pierce and colleagues collated data on 655
patients with known deleterious mutations in the BRCA
genes, 302 of whom had breast conservation, while the
balance had mastectomy (Pierce et al. 2010). The 15-year
cumulative estimated risk of local events as a first failure
was 23.5 % following breast conservation versus 5.5 %
for mastectomy (p < 0.0001). 15-year rates of contralateral
breast cancer were similar but were expectedly high
(approximately 40 %). Most importantly, regional and dis-
tant control was similar among the two groups, as was
overall survival.

6 Breast-Conserving Surgery and Partial
Breast Irradiation in BRCA Carriers

To date, there are no significant studies evaluating breast-
conserving surgery and partial breast irradiation. Although
partial breast irradiation may be considered in selected
patients following breast-conserving surgery, use of partial
breast irradiation in BRCA carriers should be avoided
or strictly reserved to investigational studies. The recent
ASTRO consensus panel classified patients with BRCA
mutations as those who should not be offered partial breast
irradiation outside of the context of an investigational trial
(Smith et al. 2009).

7 We Will Now Examine Some
of the Intermediate to Low Penetrance
Genes that Play a Role in Heritable
Breast Cancer

7.1 Other Genetic Syndromes Associated
with Breast Cancer

7.1.1 CHEK2
CHEK2, also known as CHK2, is the human homolog of
Rad53 and Cds1. These kinases are activated in response to
DNA double-strand breaks or replicative stress. CHEK2 is
activated by ATM and ATR. These proteins catalyze the
phosphorylation of the CHEK2-specific domain leading to
its transient dimerization, leading to CHEK2 autophospho-
rylation and its full activation. Activated CHEK2 monomers
phosphorylate numerous downstream substrates, including
the p53 tumor suppressor, CDC25 family proteins, and
BRCA1. This in turn activates cell cycle checkpoints and
increases DNA repair efficiency. In mammalian cells,
CHEK2 modulates checkpoints following ionizing radiation
in an ATM-dependent manner. CHEK2 phosphorylates p53
in addition to activating CDC25A and CDC25C, which in
turn initiates the G1/S, S, and G2/M checkpoints, respec-
tively (Chehab et al. 2000; Hirao et al. 2000; Matsuoka et al.
1998; Shieh et al. 2000) (3–6). In addition, BRCA1 is
phosphorylated by CHEK2 following DNA damage.

Recently, studies have shown that nonsense mutations
in CHEK2, encoding the CHK2 protein, were found to
predict resistance to anthracycline therapy in some tumors
harboring wild-type TP53 (Bertheau et al. 2007; Kandioler-
Eckersberger et al. 2000; Knappskog and Lonning 2012;
Lonning 2004). Further studies must be done to confirm
these results.

Nonsense mutations account for approximately 11 % of
all described gene lesions causing human inherited disease
and approximately 20 % of disease-associated single-base
pair substitutions affecting gene-coding regions. The
CHEK2-1100delC mutation encodes for a nonfunctional (or
“dead”) kinase. Transmission of this allele is associated with
somatic loss of heterozygosity in tumor specimens (Bell
et al. 2007). CHEK2-1100delC mutation is a moderate risk
factor for breast cancer and perhaps prostate cancer.

In some European populations, CHEK2-1100delC is
present at a frequency of 1 % and confers a RR of twofold for
female breast cancer and 10-fold for bilateral breast cancer and
for male breast cancer in non-BRCA1/BRCA2 linked fami-
lies, as well as a twofold increased risk of developing a second
breast cancer. Bell et al. compared the DNA of women with
familial and sporadic breast cancers in multiple ethnic groups
with controls in the same ethnic groups (Bell et al. 2007).
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They also searched for new CHEK2 variant polymorphisms.
They found that the 1100delC mutation was present in 0.5 %
of sporadic breast cancer, 0.5 % of early-onset breast cancer,
and 1 % of familial breast cancer cases. Notably, an increased
prevalence of CHEK2-1100delC was detected in 1.0 % of
breast cancer cases in Whites and 0.8 % of African American
breast cancer cases, however, it did not reach statistical
significance among Latinas and was undetectable in Japanese
and native Hawaiian populations. A second recurrent CHEK2
variant, P85L was observed in African American and
Ashkenazi Jewish populations. However, it did not confer an
increased risk to breast cancer. Another CHEK2mutation that
has generated considerable interest is I157. It is a missense
variant encoding a protein capable of phosphorylating and
inactivating CDC25C leading to G2 arrest. This, however,
appears to be more associated with prostate cancer (Seppala
et al. 2003).

The Women’s Environmental, Cancer, and Radiation
Epidemiology (WECARE) study is a population-based case-
controlled study to compare cases with contralateral breast
cancer (CBC) to cases with unilateral breast cancer. All
participants are younger than 55 and were diagnosed between
1985 and 2000 with the early-stage breast cancer without
lymph node involvement. Cases were diagnosed with a sec-
ond invasive primary at least 1 year after primary diagnosis.
Controls are patients with unilateral breast cancer who did
not develop a second primary during the study period. Broeks
et al. (2004) evaluated the CHEK2 (1100delC) mutation in
the WECARE study population and reported a significant
interaction between CHEK2 mutation status and radiation
therapy. They demonstrated an elevated risk of contralateral
breast cancers in affected carriers of this gene treated with
radiation for their index breast cancer.

7.1.2 ATM
ATM or ataxia-telangiectasia mutated gene is located on
chromosome 11q22.3 and encodes a checkpoint kinase that
plays a role in DNA repair. Homozygous mutations for this
gene are linked to the rare human autosomal receive disorder
called ataxia telangiectasia (Savitsky et al. 1995). A hetero-
zygous mutation of ATM does not lead to the AT pheno-
type, but carriers have a twofold to fivefold risk of breast
cancer (Renwick et al. 2006; Tassone et al. 2003). ATM is a
part of the BRCA1-associated genome surveillance complex
(BASC). This complex includes MSH2, MSH6, MLH1,
BLM, the RAD50–MRE11–NSB1 complex, and the DNA
replicative factor C. Members of this complex have roles in
recognition of abnormal or damaged DNA. It is postulated
that BASC serves as a sensor of DNA damage and as a
regulator of the repair process that takes place after repli-
cation (Wang et al. 2000). Studies examining single-nucle-
otide polymorphisms in ATM that leads to heritable diseases
have been reported (Zhao et al. 2012).

Genome-wide association studies (GWAS) allow for the
identification of multiple common variants predisposing to a
given disease and allow for recognition of gene–gene inter-
actions. Through the genomic analysis of 7,325 individuals,
Turnbull et al. identified some examples of gene–gene
interactions in breast cancer susceptibility genes; ATM,
CHEK2, BRCA1, and BRCA2. They demonstrated that the
frequency of ATM mutations in BRCA-positive cases is
similar to that in controls, but is significantly lower in BRCA
negative cases, which were defined as familial breast cancer
cases without BRCA1/2 mutations. There was a similar
relationship with CHEK2_1000del C. They demonstrated
that in a pathway where BRCA1 or BRCA2 are mutated, the
addition of an upstream mutation, such as ATM or CHEK2,
might not add anything further to the risk of breast cancer.
This observation would have implications for models
assessing genetic risk (Turnbull et al. 2012). There are many
other GWAS looking into different areas of the genome that
lead to risk for hereditable breast cancer. As many of these
are preliminary studies, the genome continues to answer
questions while leading to many more (Brennan et al. 2012;
Long et al. 2012).

Patients with ATM homozygosity who phenotypically
express ataxia-telangiectasia have been shown to have fatal
and/or severe reactions to radiation therapy. In these
patients, radiation should be avoided. However, current
efforts to see if modulated fractionation can be used in these
patients to decrease their normal tissue response, which is
exquisitely sensitive to radiation, are underway. Other
patients with homozygous loss of function mutations that
lead to DNA-repair-defective proteins have also been found
to have severe and even fatal reactions to radiation. They
include Nijmegen breakage syndrome, Fanconi’s anemia,
and DNA 4LIG deficiency (Pollard and Gatti 2009).

There are mixed and inconsistent reports regarding the
effects of radiation therapy in ATM heterozygotes. Certain
sequence variants of ATM may be associated with increased
fibrosis, while others have reported normal tissue toxicities
(Bremer et al. 2003; Edvardsen et al. 2007; Ho et al. 2006).
In a study examining women enrolled in the WECARE
study, there was a small but statistically significant elevated
risk of contralateral breast cancers in women exposed to
radiation for a first breast cancer who carried an exception-
ally uncommon ATM missense variant (Broeks et al. 2004).
(31) Further studies need to be done to illuminate these
genetic interactions and their impact on patient outcomes.

7.1.3 TP53
TP53, or tumor protein p53, is a tumor suppressor gene
located on chromosome 17p13.1 encoding a nuclear phos-
phoprotein. TP53 acts as a transcription factor and is involved
in the control of cell cycle progression, repair of DNA
damage, genomic stability, and apoptosis. In Li–Fraumeni
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syndrome, TP53 is mutated. This syndrome leads to an
autosomal dominant predisposition to breast cancer and other
forms of cancer. Most of the mutations are point mutations
that lead to defective expression. However, interestingly
enough, TP53 is more commonly altered in BRCA1- and
BRCA2-related breast cancer than non-BRCA2-related
hereditary breast cancer (Turnbull et al. 2012). However, in
BRCA1 mutation carriers, the location of these TP53 muta-
tions does not coincide with the common sites well described
in noncarriers. These BRCA1 patients typically have a better
prognosis when compared to those who had mutations in
conserved or structural domains. When investigated on the
molecular level, these mutations were found to be frameshift,
nonsense, and other mutations which lead to a truncated TP53
product. Thus, loss of p53 function appears to be important in
BRCA1 tumorigenesis (Alsner et al. 2000; Chappuis et al.
2000; Holstege et al. 2009). Finally, Kulkarni and colleagues
recently reported that a polymorphic variant in MDM4, a key
regulator of p53, resulted in earlier onset of estrogen-receptor-
negative breast cancer (Kulkarni et al. 2009).

7.1.4 RAD50
RAD50 is a highly conserved component of the MRN com-
plex and is involved early in the detection of DSB and initial
processing of DNA ends. The MRN complex or MRE11–
RAD50–NSB1 complex is part of the BRCA1 associated
genome surveillance complex. This complex takes part in
recognition of damaged DNA and is a regulator of repair.
After the acquisition of double-strand breaks, the MRN
complex acts to stabilize the broken strands of DNA at the
break and carry out initial processing of the free DNA ends.
RAD50 is thought to approximate DNA ends together to
allow for further processing. The MRN complex recruits
ATM to the site of damage and aids in its activation. Then, as
mentioned previously, ATM goes on to activate a number of
downstream targets by phosphorylation, to aid in DNA repair.
RAD50 is an essential gene. Knockout mice of the mouse
homologue result in embryonic lethality and sensitivity to
ionizing radiation.

Brooks et al. (2012) examined 152 SNPs from six genes
(CHEK2, MRE11A, MDC1, NBN, RAD50, and TP53BP1)
were genotyped in the WECARE cohort to see if any of
them conferred a higher risk for CBC. The authors reported
an increased risk of contralateral breast cancer in patients
with a particular SNP of RAD50. These results will need to
validate by other groups to affect clinical practice.

7.1.5 PALB2
PALB2 was originally identified in 2006, as a BRCA-inter-
acting protein, crucial for BCRA2 functions. PALB2 is essen-
tial to the recruitment of RAD51 to the double-strand break
point in homologous recombination repair after exposure to
ionizing radiation. Recent studies also suggest that PALB2

directly binds to BRCA1 to form a BRCA1–PALB2–BRCA2
complex (Zhang et al. 2009). Germ line mutations in PALB2
have been associated with a 1 % chance of hereditary breast
cancers. Tischkowitz et al. (2011) analyzed patients from the
WECARE study to identify nonsense or missense mutations in
PALB2 that confer risk for contralateral breast cancer. They
identified 5 PALB2 truncating mutations that confer increased
risk of contralateral breast cancer. Additionally, different ethnic
populations have been studied for the association of PALB2
mutations and increased risk for breast cancer. Recently, two
rare missense variants and one common variant were identified
in 139 African American women, but did not associate with
increased risk of breast cancer in this small cohort (Ding et al.
2011). PALPB2 germ line deleterious truncating mutations
have been associatedwith breast cancer in an Italian population
case-–control study (Balia et al. 2010).

8 Conclusions

Although the conservative management of breast cancer in
patients with BRCA1 and BRCA2 germ line mutations
warrants further study, the available evidence indicates that
breast-conserving therapy followed by radiation therapy is an
appropriate alternative to bilateral mastectomy in early-stage
breast cancer in select women desirous of breast preservation.
Risk counseling will be important in this group of women.
Theoretical concerns for radiation-induced complications or
radiation-induced malignancies have not been demonstrated
to date in the available data (Pierce et al. 2000). Although
development of second primary tumors in the ipsilateral and
contralateral breast remains a concern for women with intact
breasts, the available evidence suggests that prophylactic
oophorectomy and tamoxifen will significantly reduce the
probability of these secondary events (Robson et al. 2001;
Pierce et al. 2006; Narod et al. 2000; Rebbeck 2000). Pro-
phylactic oophorectomy is even more critical in the risk
reduction strategy for the development of primary tumors of
the ovary. For those women considering breast-conserving
surgery and radiation therapy, strategies to reduce secondary
events, including prophylactic oophorectomy as soon as
child-bearing issues have been addressed and resolved, with
or without tamoxifen or other hormonal agents as indicated,
appear to be a rational and viable option. Despite some evi-
dence that tamoxifen reduces the risk of secondary breast
cancers in patients who are carriers of BRCA1 and BRCA2
mutations, the use of tamoxifen in BRCA1 breast cancer
patients who are estrogen-receptor-negative remains unre-
solved and controversial.

It should be emphasized that the available data evaluating
outcomes in BRCA1/2 carriers, although increasing, is pri-
marily retrospective and relatively limited. Local relapse
rates in these relatively small series are often confounded by
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other factors which may influence local relapse, including
follow-up, radiation doses and techniques, use of systemic
therapy, margin status, and young age. While these studies
have attempted to adjust for these factors, there remain
caveats in their interpretation. Since most BRCA1/2 carriers
are younger women, in addition to the risk-reducing strate-
gies outlined above to prevent second tumors in the ipsi-
lateral and contralateral breast, careful attention should be
paid to surgical technique, margin status, radiation doses,
and appropriate use of systemic therapy to minimize the risk
of local relapses in these young women.
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Abstract

Advancement of radiation-based breast cancer therapy is
driven by highly strategic approaches to target diseased
tissue. As a core premise, radiation therapy is designed
to maximize therapeutic potential while minimizing harm
to surrounding healthy tissue. Recently, advances in
material design, synthesis, and characterization have lead
to a surge in the number of approaches intended to shrink
or eliminate the tumor burden of breast cancer. These
latest advancements serve as the focus of the following
chapter. While the topic is broad in nature, this review
will emphasize the latest advancements in molecular-
based and gene-based targeting, intralesional and intra-
operative designs, and, importantly, the expanding sphere
of nanomaterials. The topic of nanoscale materials will be
developed to include approaches of organic-based sys-
tems, inorganic-based systems, and biological hybrid
nanomaterials.

1 Introduction

Traditional approaches to breast cancer management have
revolved around three well-established tenants: disease
excision with surgery, local control with radiation, and
cytotoxic or receptor-based systemic therapy. Often these are
used in a multimodal approach; the combining of treatments
is intended to increased local control, disease-free survival,
and freedom from distant metastasis. However, each
modality is limited by morbidity for the patient and hold the
possibility of mortality.

In this context, radiation therapy (RT) for breast cancer is
often heralded as the least invasive of local treatment
modalities. The radiation side-effect profile for breast cancer
treatment is generally recognized to include a variety of skin
changes (edema, erythema, and pigmentary changes), pneu-
monitis, pleuritis, cardiac perfusion defects, and contribution

B.M. Rabatic (&)
Department of Radiation Oncology,
Georgia Regents University, 821 St. Sebastian Way,
Augusta, GA 30912, USA
e-mail: bmrabatic@gmail.com

J. Strauss et al. (eds.), Breast Cancer Biology for the Radiation Oncologist, Medical Radiology. Radiation Oncology,
DOI: 10.1007/174_2014_1047, © Springer-Verlag Berlin Heidelberg 2015
Published Online: 23 December 2015

81



to the risk of lymphedema and a small risk of secondary
malignancy (Perez et al. 2004). Breast conservation treat-
ment, in combination with radiotherapy, has significantly
improved morbidity outcomes, while maintaining clinically
relevant disease response rates (Holli et al. 2009; Veronesi
et al. 2001; Fisher et al. 2002). Hormone receptor-based
adjuvant therapy has evolved to become standard-of-care
treatments in suitable patients (Hughes et al. 2004; Fisher
et al. 2002; Fyles et al. 2004). For appropriate patients having
non-metastatic disease, the effectiveness of trimodal therapy
response rates is curative and serves as the goal for future
therapeutic options.

Continued optimization and evolution of radiation-based
treatment strategies has been the focus since Keynes’ (1937)
first description of breast conserving treatment in 1937.
Radiotherapy has evolved to include tangential beam, 3D
plans, IMRT and tomographic techniques, intra-operative,
and interstitial brachytherapy approaches (Cho et al. 2002;
Keall et al. 2001; Neal et al. 1995; Oliver et al. 2007; King
et al. 2000; Veronesi et al. 2001). When contemplating the
sophisticated microscopic and molecular nature of neoplasm,
these macroscopic techniques can be considered crude tools.
The future of breast cancer treatment lies in advancement of
therapies at a higher resolution: the onco-scale.

Developing new therapies and materials that function at a
length scale relevant to cancer is a complex challenge.
Currently, our field is upon a precipice; there is great
potential for therapy advancement with new materials, but it
must be furnished by multi- and inter-disciplinary approa-
ches. This chapter will serve to highlight recent advance-
ments among relevant therapeutic disciplines that will shape
future development.

2 Molecular Approaches

From the radiation oncologist’s perspective, a chemical/
molecular therapy to cancer therapy is typically in the adju-
vant setting (Eifel et al. 2000). The well-known and well-
established protocols of sequential breast cancer treatment
being surgery, adjuvant chemotherapy, and/or radiation
treatment are standard approaches. Concurrent chemotherapy
with radiation has been successfully used (Haffty et al. 2006)
however, the additional toxicity, especially with adriamycin-
based chemotherapy, has relegated the approach to occasional
use (Recht 2003). Conversely, concurrent receptor (i.e., HER)
and hormone treatments (i.e., tamoxifen, anastrozole, and
sxemestane) are routinely given with radiation schedules
(Pierce et al. 2005; Ahn et al. 2005; Harris et al. 2005).

The experimental forefront of utilizing molecular
approaches with radiation treatment is quite diverse and
complex. For example, radiotherapy-induced gene upregu-
lation holds particular promise for future targeted cancer

treatment advancements. Investigators have demonstrated
that ionizing radiation is able to activate inherent cellular
cytotoxins and immune modulators within human tumors
(Hallahan et al. 1995). This “gene therapy” approach is
based on the finding that tumor necrosis factor (TNF-α) is
upregulated with X-ray exposure. TNF-α is thought to be
cytotoxic in some tumor cells and is involved in the acti-
vation of immune response (Larrick and Wright 1990).
Through activation of Egr-1 gene with irradiation, the intra-
tumor concentration of TNF-α is specifically increased. This
increase is confined within the treatment volume and
enhanced tumor control has been shown with in vitro models
(Hallahan et al. 1995).

The above concept of using radiation to activate intra-
cellular processes is fostering the design of radiation-guided
drug delivery for cancer cells (Hariri et al. 2010; Lowery
et al. 2011). Uniquely, a treatment strategy in this approach
would offer the advantages of anatomical site/tumor speci-
ficity, as determined by the treatment field, and increased
bioavailability as an effect of cellular response to irradiation.
For this therapy, irradiated tumors are screened in vivo
against an array of phage display peptides to isolate epitopes
that selectively bind tumor cells. Hallahan and co-workers
have isolated a short peptide sequence of HVGGSSV, which
preferentially binds irradiated cells and has been shown to
serve as a targeting mechanism. To serve as a discrete
therapy, the peptide can be incorporated onto the surface of
liposome drug delivery system for doxorubicin. Ultimately,
this type of cellular targeting allows for the enhanced
delivery of chemotherapeutic agents, increased intra-tumor
concentration, and lengthened half-life to augment tumor
cell apoptosis, necrosis, and reduction in cell proliferation
(Lowery et al. 2011). Importantly, these effects are beyond
that which would be expected from an EPR-induced effect.

In a complimentary approach to modulating gene
expression in tumor cells, many researchers have targeted
other upregulated proteins in cancer cells. Investigators have
targeted the overexpression of the oncogene protein Bcl-2
that is associated with chemoresistance and inhibition of cell
apoptosis (Reed et al. 1996; Tsujimoto 1998). Lopes de
Menezes and Mayer (2002) report on a Bcl-2 antisense
oligonucleotide, which is combined with doxorubicin and
intended to accumulate and treat mice with breast tumor
xenografts. Their investigation is unique in that they eluci-
date the pharmacokinetics of a targeted therapy to under-
stand the breakdown of products and systemic accumulation,
in addition to the delivery of the therapeutic to the tumor
site. In similar fashion, Boucier et al. (2010) have demon-
strated that silencing siRNA peptides can selectively be
added to the surface of drug carriers to affect gene function.
Their “nanocapsule” carriers are comprised of poly(ethyl-
ene)glycol to which peptide segments are attached. They
utilize specific peptide segments that target ERα to inhibit
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transcription of E2, which decreases estrogen production to
deregulate cell cycle progression. Their investigation shows
that delivery of mixed peptide segments that target both
ERα1 and ERα2 are effective in the estrogen downregulating
role. Other targets of downregulation, such as PRDM14
gene expression and PRDM14 protein synthesis have also
been targeted with siRNA agents (Bedi et al. 2011). This
form of gene silencing can have profound impact in future
therapies, furthermore, by incorporating materials that have
enhanced permeability or sequestering with irradiation, more
sophisticated therapies for the radiation oncologist can be
envisioned.

3 Intralesional

The drive to create an intra-lesional approach is focused on
attempts to further minimize morbidity for patients. Current
bi- or tri-modal techniques are sequential in practice, time
consuming, and physically taxing on patients. Patients
undergo a surgical procedure, lesional and peri-lesion pathol-
ogy is obtained, and then, if appropriate, adjuvant radiation
and/or chemotherapy are commenced. In an effort to streamline
this arduous process, intraoperative approaches are being
created.

A wide variety of experimental approaches have sought
to increase efficiency of the overall breast cancer treatment
process. For instance, the speed of obtaining surgical
pathology is being targeted. In a unique example, Bickford
et al. (2008, 2010) are looking at a nanotechnology-based
process to better detect the hormone receptor expression of
breast tissue. They utilize a biophotonic system to facilitate
intraoperative tumor margin assessment ex vivo at the cel-
lular level. In this construct, core-shell nanoparticles con-
sisting of silica coated with gold is labeled with anti-HER2/
neu fragments. When incubated with breast tissue of resec-
ted samples, they noticed enhanced receptor detection in
HER-positive cells (Bickford et al. 2010). They find that the
ex vivo detection limits were significantly improved (five-
fold increase) while correspondingly decreasing the average
detection time to 5-min. The logistical advantages of faster
intra-operative detection are obvious for patient benefit, in
that it improves margin determination and reduces time of an
operative procedure.

A novel approach for targeting lesions is being investi-
gated by DeNardo and co-workers, as well as, other inves-
tigators (DeNardo et al. 2011; Alexiou et al. 2010; Gruttner
et al. 2007; Kim et al. 2010). Their system utilizes alter-
nating magnetic fields (AMF) to locally heat and thereby
treat tumors. In this construct, chimeric monoclonal anti-
bodies are linked to iron oxide nanoparticles and introduced
systemically. Importantly, the targeting system was found to
preferentially locate to the tumor volume. Tumors receiving

the bioprobes and AMF had statistically decreased tumor
growth rate with a significantly increased mean time to
tumor repopulation (DeNardo et al. 2011). Unique here is
the applied magnetic fields serve as a form of non-ionizing
radiation source to locally heat and destroy the target tissue.

In the setting of a patient requiring ionizing radiation,
reducing or eliminating the need for daily visits to a treat-
ment facility is appealing. For the radiation oncologist,
therapy motivation is spurred by increasing local–regional
control, decreasing morbidity, and increasing survival.
Currently, brachytherapy techniques are implemented with
less frequency than eternal beam modalities. A technique
referred to as accelerated partial breast irradiation (APBI), in
which RT is delivered only to the operative bed and not the
whole breast, can be delivered by a multi-cather-based
approach, or a balloon or strut device. When using a balloon
approach, the implant is positioned after BCS procedure and
serves to define the treatment volume. For treatment, the
balloon cavity is loaded with an Iridium-192 source or an
electronic X-ray generator, which delivers the prescribed
dose and subsequently is removed (Dooley et al. 2011;
Mehta et al. 2010; Mille et al. 2010). Overall, the technique
may reduce exposure to radiation healthy tissue and body
organs, such as the heart and lungs (Dickler et al. 2007;
Milele et al. 2009). Additionally, APBI has demonstrated
equivalent control rates to whole breast irradiation following
BCS in several studies (King et al. 2000; Vinci et al. 2001;
Wazer et al. 2002).

4 Nanomaterials

Nanoscience has taken aim at the disease processes of a
variety of cancer sites, (Conde et al. 2011; Bhattacharyya
et al. 2011; Horcajada et al. 2010; Vivero-Escoto et al. 2010;
Farokhzad et al. 2006) with breast tumors serving as an
important target (Rivera 2003; Steinhauser et al. 2006;
Tanaka et al. 2009). Formally, nanomaterials emphasize the
regime of 1–100 nm (http://nano.cancer.gov; Balogh 2010),
whereby manufacturing capability is seemingly the limitation
to design in this unique size range. The promise of utilizing
progressively decreasing length scales has established the
field of nano-medicine. This developing area of science is
grounded in the unique physical properties related to the
complex intermolecular, intramolecular, electron orbital
states, and partitioning forces that dictate material interac-
tions at this scale (Nel et al. 2009). For cancer pharmacology,
nanoparticles can be used to both passively and actively
target tumors and enhance the intracellular concentration of
drugs within cancer cells (Hoffman 2008; Malam et al. 2009).
Specifically for the radiation oncologist, a straightforward
classification scheme of these materials can broadly orga-
nized as organic-based, inorganic-based, and hybrids.
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As the above description would imply, organic nanoma-
terials encompass the realm of drug encapsulation by lipo-
somes or vesicles, biodegradable and synthetic polymers,
and dendrimers. In contrast, inorganic nanoparticles are
typically comprised of metallic, mono-element systems (i.e.,
silver, gold, and platinum), metal oxides, nano-ceramics, or
semiconductors (also known as “quantum dots”) (Sekhon
and Kamboj 2010a, b). The growing popularity of these
inorganic materials is related to the unique optical, electronic
and thermal properties, and high efficiency cellular uptake
(Murray et al. 1995; Alivisatos 1996; Jamison et al. 2007).

A particularly inspiring area of nanoparticle-based
research has been with composite systems. Often referred to
as nano-bio-hybrids, these materials typically consist of an
inorganic nanoparticle, of which the surface has been func-
tionalized with a biological molecule (Jamison et al. 2007;
Taylor-Pashow et al. 2010; Paunesku et al. 2003; Loo et al.
2005; Liu et al. 2009). This system architecture is inherently
open to biological and synthetic variability and is designable
to target the onco-scale through gene and protein interac-
tions. Overall, nanomaterials are intended to serve multiple
purposes, including delivery, silencing, radiosensitization,
and radioprotection and it must be noted that materials and
designs are continuously evolving. The radiation oncologist
should be familiar with all of these, as they work coopera-
tively with our treatment modality.

4.1 Organic-Based Nanomaterials

Several institutional and clinical trials have looked at using
organic molecules, either individually or as self-assembled
ensembles for drug delivery (Farokhzad et al. 2006; Kievit
et al. 2011; Kratz et al. 2001; Kim et al. 2004). The utility of
this promising area of research is a nano-drug delivery plat-
form, which can significantly increase circulation times and/
or increase concentration within tumors. One important
model that has reached clinical utility has been the Abraxane
formulation of paclitaxel. This material consists of paclitaxel,
which is bound to a 130 nm particle of serum albumin that
acts as a carrier. Albumin increases the drug circulation time
and allows for improved efficacy with reduced systemic
toxicity (Milele et al. 2009; Sabbatini et al. 2004). Experi-
mental approaches continue to evolve and include a variety of
delivery systems (typically lipids, small molecule amphi-
philes, polymers, or dendrimers) and are constructed to
encapsulate or shield a chemotherapeutic or radiosensitizer.
Importantly, approaches have also included viral, protein,
and peptide-based carriers (Gradishar et al. 2005). Several
decades of research has been invested to understanding how
liposomal or vesicular drug delivery can be enacted to deploy
their drug payloads (Gradishar et al. 2005; Cho et al. 2008).
As purported by Koukourakis et al. (2010) use of liposomes

can result in highly selective localization of drugs systems
within tumors, which can serve as an effective modality of
treatment when chemotherapy is combined with radiotherapy
(Patel et al. 1984). This concept has particular importance
for radiation oncology as the radiation exposure to normal
tissue within the radiation field can be reduced while main-
taining high intratumor concentrations of a chemo agent
(Patel et al. 1984).

4.1.1 Liposomal, Micellar, and Polymeric Systems
To improve delivery of drugs systemically, molecular ther-
apies can be encapsulated within a self-organized assembly
or covalently bound to a matrix. Liposomes represent a class
of self-organizing structures, which create a spherical or
colloidal particle to surround a drug agent. These systems
are similar to the lipid bi-layer construct of cell membranes
whereby lipids or amphiphiles organize into structures to
entrap a hydrophilic drug within a central cavity. To further
enhance drug delivery (passively), these systems must have
high circulation lifetimes. Tailoring the size and surface
modifiers of nanoparticles is pivotal for increasing circula-
tion time, in particular by avoiding the reticulendothelial
system elimination pathway. Ideally, these structures should
be sized to escape capture by the macrophage and filter
mechanisms of the liver and spleen (less than 100 nm)
(Koukourakis et al. 2010; Wisse et al. 1996) and have a
hydrophilic surface which helps evades the bodily defenses
and engulfment by macrophages (Yuan et al. 1995). “Nano-
formulations” of cancer drugs have already been granted
FDA approval with liposomal preparations for treatment of
metastatic breast cancer, and these include formulations of
daunorubicin and doxorubicin (Moghimi and Szebeni 2003;
Markman 2006, Rivera 2003b) and are utilized with the
trade names of DaunoXome®, Myocet®, and pegylated
liposomal doxorubicin Doxil® and Caelyx®. These encap-
sulations have been able to overcome fundamental problem
of poor solubility and newer formulations are currently in
clinical trials (http://clinicaltrials.gov; Hofheinz et al. 2005).

Next generation liposomal systems are also being inves-
tigated for more specific cellular interactions. These targeted
therapies take advantage of upregulated cell surface and
endosomal receptors (Astsaturov et al. 2007; Sini 2005). By
exploiting gene expression, proteins or gene fragments can
become targets for therapies. These lipid-based nanoparticles
have been developed to molecularly target receptors and
have tumor-specific interactions to spare the surrounding
healthy tissue. In breast tumor targeting, this concept has
been applied to target the Bcl-2 gene, as previously descri-
bed (Lopes de Menezes 2002).

Micellar networks are based on the self-organization of
amphiphilic small molecules, which assemble in water to
form an encapsulating vesicle. These typically are simple
surfactant molecules that aggregate in similar fashion to
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liposomes, to form a hydrophobic core containing the
chemotherapeutic drug. Genexol®-PM (PEG-poly(D,L-lac-
tide))-paciltaxel is a micellar formulation of the taxane
which has found clinical trial success with patients having
refractory malignancies (Kratz et al. 2001). Importantly, in
micellar systems, as well as liposomal, the amphiphile
chemical structure can be customized to include ligands for
targeting purposes.

In addition to the liposomal and micellar encapsulation
schemes, polymeric preparations for drug delivery are also
available. In this construct, the drug is either physically
entrapped within or covalently bound to a polymer matrix.
These polymer trapped nanoparticles act similarly to the
liposomal systems to circulate within the body, extend
release half-life and take advantage of enhanced permeability
and retention (EPR) effect to preferentially accumulate inside
a tumor. Albumin, as discussed above, is one type of poly-
mer–drug conjugate and is a naturally occurring material, as
are constructs of chitosan and heparin (Sini et al. 2005).
Drugs are also conjugated to synthetic polymers that have
biodegradable characteristics to aid in their elimination.
Compounds of taxol and doxorubicin have been coupled to
polymers of poly-L-glutamic acid (Janes et al. 2001; Yoo
et al. 1999) and N-(2-hydroxypropyl)-methacrylaminde (Yoo
et al. 2000). Conjugates of PGA have shown significantly
enhanced lifetimes for tumor targeting (Vasey et al. 1999).
Clinical trials with polyethylene glycol (PEG) and PGA-
camptothecin are now in clinical trials (Kim et al. 2004; Li
2002). Wang and coworkers have developed a polymer-
based delivery of paciltaxel, which specifically targets folate
receptor upregulation, in a “ChemoRad” organic nanoparticle
system (Bhatt et al. 2003; Wang et al. 2010).

4.1.2 Dendrimers
A synthetic extension of polymeric systems, dendrimers are
novel carrier media for an incorporated therapy agent. The
surge of interest in dendrimers was marked by Tomalia’s
finding in the mid-1980s (Werner et al. 2011). Since then,
the use and complexity of dendrimers has evolved at an
impressive rate (Tomalia et al. 1985; Malik et al. 1999,
2000). The interest in dendrimers lies in that they can be
synthesized with a variety of peripheral functional groups,
which when combined with a hydrophobic drug, solubility
and bioavailability are increased.

Khan and co-workers have been pivotal in the investi-
gation of using dendrimers in biological systems for delivery
of drugs. They have identified the biodistribution of pol-
yamidoamine (PAMAM) dendrimers to tumor and normal
tissue with in vivo studies (El-Sayed et al. 2001). Continuing
with this concept, they created a novel concept referred to as
systemic-targeted radiation therapy (STaRT) (Nigavekar
et al. 2004). Their approach is intended to create a cell tar-
geting “nanodevice,” which is a functionalized dendrimer

surface intended to be used as a platform for the detection
and treatment of primary and metastatic cancers. They make
use of the PAMAM dendrimer construct, which is resistant
to enzymatic breakdown, non-immunogenic, highly water
soluble, and is able to be eventually removed from circula-
tion by filter organs (Nigavekar et al. 2004). The nanodevice
is functionalized with an αvβ3 integrin binding cyclic-RGD
(Phe(f)-Lys-Arg- Gly-Asp) epitope on the surface to aid in
specificity of targeting cancer cells. They found with in vitro
studies, the material was non-toxic at physiologic concen-
trations and the binding epitope was able to specifically
target the integrin pocket.

The use of folate-targeted therapies has corresponded to
the increased interest in dendrimers. While many examples
exist with liposome and polymeric systems, dendrimers also
serve as a platform for targeting the upregulated folate
receptors. Employing PAMAM dendritic polymers acety-
lated with folic acid, Baker and co-workers have shown that
tumors can be selectively targeted with folic acid–dendrimer–
methotrexate conjugates. Importantly, they demonstrated
tumor volume control at significantly lower systemic dosages
than control experiments, as well as improved survivability
from systemic toxicities (Lesniak et al. 2007). This is espe-
cially important in that folate receptors are frequently over-
expressed in breast cancer and a targeting carrier loaded with
a chemotherapeutic would result in improving therapy to the
tumor site, while reducing systemic toxicities. For the radi-
ation oncologist, one can envision using this targeted scheme
to also deliver a radiosensitizer and “dose paint” the treatment
field.

4.2 Inorganic-Based Nanomaterials

With high atomic number (Z) materials, there is a significant
probability for X-ray photon–material interaction. The sub-
sequent photoelectric effect of this interaction has been
proven to be useful for dose enhancement with iodine and
gadolinium contrast agents (Kukowska-Latallo et al. 2005;
Mello et al. 1983). The interest in inorganic nanoparticles
and RT increased with the discovery that gold nanoparticle
can form free radicals upon gamma-irradiation (Mesa et al.
1999; Khan 2003; Robar et al. 2002). The energy imparted
by photoelectric and Auger electron charge transfer is rele-
vant in that O2

− and OH− species are generated at the par-
ticle surface and subsequently are involved in water lysis
(Rahman et al. 2009; Kong et al. 2008). It was demonstrated
that microscale gold particles when loaded into cells result in
an effective dose enhancement, both in vitro and in vivo
(Mello et al. 1983; Misawa and Takahashi 2011). Further
studies sought to answer whether metallic nanoparticles have
similar utility. Several authors have showed that gold
nanoparticles (AuNP) were able to enhance radiotherapy
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(Robar et al. 2002; Herold et al. 2000) and further work has
showed that irradiation of gold nanoparticles contributes to
enhanced cancer cell death (Hainfeld et al. 2004), specifi-
cally breast cancer cells (Rahman et al. 2009). In targeting
breast cancer, Kong et al. report that small diameter AuNPs
(*10.8 nm) act as a cancer cell targeting moiety and have
radio-cytotoxicity effects on breast cancer cell lines (Rahman
et al. 2009). Extension beyond the fundamental relationship
between atomic number and radiation has lead to metal
NP’s being used as cell imaging, imaging platforms, anti-
angiogenic materials, and nanothernostics (Liu et al. 2008;
Bhirde et al. 2011; Mukerjee et al. 2005). Additionally, the
surface of these nanoparticles can be modified to form
electron shuttles for drugs, at which point they are consid-
ered “hybrids,” which will be discussed in the next section.

4.3 Hybrid Nanomaterials

A hybrid nanomaterial is specifically designed to increase
both the biological activity and response of the material.
Typically, these systems are composites of a metal oxide
nanoparticles (titanium, silicon, and zinc) coupled to a bio-
active organic molecule (Vivero-Escoto et al. 2010; Jamison
et al. 2007; Taylor-Pashow et al. 2010). The spectrum of
hybrid materials can range from those that are surface
modified with a cell-penetrating ligand to those in which
each component has a specific physical property and, when
combined, create a material with multiple unique attributes
(Kim et al. 2010; Xie et al. 2010; Hariri et al. 2011). Material
choice ranges from that which are selectively photoactive,
promote ROS formation, or are pH sensitive. Important to
the utility of these systems is the ability to incorporate into
cellular machinery. Several studies have reported on the
uptake of nanocomposite materials, showing that multiple
mechanisms are possible routes of cellular entry. Generally,
phagocytosis is the preferred mechanism of entry for the
immune cell, whereas, (i) clathrin-mediated endocytosis; (ii)
caveolin-mediated endocytosis; (iii) macropinocytosis; and
(iv) the clathrin/caveolin-independent pathway are possible
for endocyctic pathways. Additionally, passive uptake is a
possible mechanism for cellular entry (Tanaka et al. 2009;
Rabatic et al. 2006; Mosesson et al. 2008; Johannes and
Lamaze 2002).

As previously described, multi-functionality and tissue
specificity are the hallmark features for developing a hybrid
system. For example, the unique attributes of dendrimer
systems to deliver hydrophobic drugs systemically, along
with the tunable physical properties of inorganic nanoparti-
cles, can be combined into a dendrimer nanocomposite.
These materials are organic–inorganic hybrid nanoparticles
composed of organic dendrimer surrounding a small, uni-
form domain of inorganic atoms and are termed “composite

nanodevices” (CNDs). These are functional units that utilize
the dendrimer exterior to serve as a biocompatible and
selective targeting carrier for the therapeutic or imaging
contrast inorganic material trapped within (Kirkham and
Parton 2005; Balogh et al. 2007). The advantages of this
system design are numerous. The dendrimers provide a
3-dimensional system, which can interact with biological
systems; using PAMAM for instance, allows for cationic,
anionic, neutral, lipophilic, lipophobic, or mixed surfaces
carriers. When using gold, silver, or platinum inorganic
domains, the properties can be individually sized and
thereby “tuned” and have optimized properties (Tomalia
et al. 1985; Malik et al. 1999; Kirkham and Parton 2005).
The goal of these systems is to ensure that their bio-distri-
bution is adequate for cancer treatment. Importantly, Khan
and colleagues have shown these composite nanodevices
with a PAMAM-gold construct, are able to preferentially
target tumors.

Interestingly, these systems can also be used in the context
of brachytherapy (Pan et al. 2007). For radiation medicine,
CNDs combined with a radioisotope, similar to immunoiso-
tope therapy techniques, can selectively target particular
tumors, tumor sites, and/or tumor types. Additionally, the
nanocomposite can be designed to carry a number of radio-
isotopes. Khan and colleagues have shown that 198Au can be
contained within the PAMAM dendrimer network and be
delivered in either a fractionated or systemic method to tumor
sites in vivo. These nanocomposites, due to their smaller size,
are able to overcome some of the limitation of antibody-
mediated delivery schemes of radioisotopes by not being
diffusion limited or antigen dependant (Pan et al. 2007). This
approach serves as a proof of principle design for delivery,
but also lends itself to be combined with radiation-guided or
receptor-guided modalities (Khan et al. 2008).

Woloschak and coworkers have been investigating the
use of metal oxide nanoparticles and their uptake within
cancer cell lines, as well as their ability to serve as selective
carriers for chemotherapeutics (Leuschner et al. 2006). Core-
shell doxorubicin nanocarriers consisting of iron oxide
central core of 2–3 nm and a titanium dioxide shell for a
6–8 nm overall diameter nanocomposite particle were sur-
face modified with doxorubicin. These nano-hybrids were
studied in vitro and shown to bypass the P-glycoprotein drug
resistance mechanism of ovarian cancer cells (Green et al.
2007). This system displays the unique advantage nanoma-
terials provide for future therapies; they demonstrate that
drug delivery to adriamycin resistant cells is possible, the
nanocarrier can be further functionalized for targeted ther-
apy, and the core-shell nanocarrier construct is also functions
as a MRI modality (Arora et al. 2012).

As concern increases to limit amount of radiation expo-
sure to healthy tissue, the use of radioprotectors has gained
considerable interest. Currently, free radical scavengers
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(aminothiols and phosphorothioates) are being trial tested to
serve as a protective agents (Wu et al. 2011; Menard et al.
2003; Small 2003); however, nanohybrid materials can also
be used. Protection of healthy tissues during external beam,
radioimmunotherapy, or brachytherapy techniques allows for
significantly higher doses of radiation that could translate into
increased treatment efficacy and safety. In this context, hybrid
nanoparticles capable of resisting the damaging effects of
ionizing radiation are gaining interest. Dadachova and
colleagues have established that fungal-derived melanin pig-
ment, with its conjugated π-electron system, is able to dissi-
pate high-energy electron forces and suppress secondary
ionization and free radical formation (Pamugula et al. 2005).
By functionalizing 20 nm silica oxide nanoparticles with
a L-DOPA melanin surface coating, they have demon-
strated that bone marrow can be radioprotected during RT
(Schweitzer et al. 2009). In mice, the melanin covered nano-
particles impart a protective function which results in signif-
icantly elevated WBC post-irradiation levels (Schweitzer
et al. 2010).

5 Conclusions

Current experimental therapies in breast cancer treatment
continue the precedent of evolving at a brisk pace and have
brought new insights to the interface of materials science and
RT. Although these materials are complex, the nature of
these novel therapies is developing with a trend toward
merging disciplines. It is evident that investigators are
focusing on targeted approaches and are finding novel ways
of introducing therapies to safeguard normal surrounding
tissue for radiotherapy patients. From a historical perspec-
tive, a targeted strategy can be fraught with fortune and
disappointment. While it may be logical to target an
upregulated receptor, often, we find that cancer biology is
not willing to succumb to our treatment goals. The unpre-
dictable nature of cell biology and, more specifically, cancer
biology simultaneously evades and motivates us to unlock
its secrets. It is necessary to continue the evolution of inter-
disciplinary approaches, novel materials, and accrual of
knowledge to advance breast cancer treatment strategies at
the onco-scale.
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