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Abstract

Breast cancer occurs in approximately 1 in 8 women and 1 in 37 women with breast cancer
succumbed to the disease. Over the past decades, new diagnostic tools and treatments have
substantially improved the prognosis of women with local diseases. However, women with
metastatic disease still have a dismal prognosis without effective treatments. Among different
molecular subtypes of breast cancer, the HER2-enriched and basal-like subtypes typically have
higher rates of metastasis to the brain. Basal-like metastatic breast tumors frequently express
EGFR. Consequently, HER2- and EGFR-targeted therapies are being used in the clinic and/or
evaluated in clinical trials for treating breast cancer patients with brain metastases. In this review,
we will first provide an overview of the HER2 and EGFR signaling pathways. The roles that
EGFR and HER2 play in breast cancer metastasis to the brain will then be discussed. Finally, we
will summarize the preclinical and clinical effects of EGFR- and HER2-targeted therapies on
breast cancer metastasis.
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2. INTRODUCTION

According to the American Cancer Society, approximately 231,840 new cases of breast
cancer will be diagnosed and about 40,290 deaths will occur from breast cancer in 2015 (1).
It is also estimated that breast cancer will be the most frequently diagnosed cancer in women
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in 2015. Of 8 women, one is expected to develop breast cancer in her lifetime while
approximately 1 in 37 women with the disease is estimated to succumb to the disease.
Approximately 2,430 deaths in women with breast cancer are younger than age 45 and the
majority of breast cancer deaths, 37,860, tend to be in women older than 45 years. Although
the survival rate for women with non-metastatic breast cancer is 98.5.%, there is a
significant drop in survival rates of metastatic breast cancer ranging from 84% to as low as
24% (1).

Metastasis is described as the dissemination of primary cancer cells to a distant organ
leading to another tumor. Metastasis is a complex multi-step process involving epithelial-
mesenchymal transition (EMT), detachment from the basement membrane, local invasion,
intravasation into the circulatory system, extravasation out of the circulatory system into a
distant organ, mesenchymal-epithelial transition (MET), and lastly colonization in the
distant organ (2).

Approximately 20-30% of breast cancers become metastatic, mainly to the lung, brain,
bone, and liver and the metastatic disease contributes to 90% of breast cancer mortality (3—
5). Breast cancer metastasis to the brain is observed in approximately 10-20% of women
and leads to dismal life expectancy rates of 8-30 months (6—10). This poor prognosis is
attributed to the fact that we still do not fully understand the factors driving breast cancer
cells to the brain, the biology of brain metastases, or the bidirectional interplay between the
breast cancer cells and the brain microenvironment. Due to these gaps of knowledge, we still
do not have effective treatments for women with breast cancer brain metastases (BCBM).
The standard of care for brain metastases includes surgical resection, stereotactic
radiosurgery, and whole brain radiotherapy (WBRT). Individual techniques, or a
combination of these techniques, used depends on the number of metastases, size of
metastases, anatomical location of metastases, and the presence of neurological symptoms
among other factors (11). WBRT has been a mainstay in treatment for brain metastases for
many years but recent evidence indicates radiation-induced brain injury and cognitive
impairment in patients with extended survival (12,13).

Breast cancers are divided into five different subtypes based on expression levels of
hormone receptors (ERa and PR), HERZ2, cytokeratins (CKs) 5/6, and claudins 3/4/7. The
five subtypes are luminal A, luminal B, HER2-enriched, claudin-low, and basal-like (14,
15). Luminal A tumors are positive for ERa and PR, low for Ki67 and are responsive to
hormone therapy and chemotherapy. Luminal B tumors are positive for ERa, PR, HER2,
and Ki67 with variable response to chemotherapy. HER2-enriched tumors are negative for
ERa and PR, but positive for HER2 and Ki67. Claudin-low tumors are triple-negative breast
cancer (TNBCs) that are negative for ERa, PR, and HER2 with low expression of Ki67, E-
cadherin and claudins 3/4/7. Basal-like tumors tend to be TNBC (approximately 75%) that
are positive for CKs, EGFR and Ki67 (16,17). TNBC accounts for 20% of breast cancers
and has a high potential to metastasize mainly to the brain (17,18).

In the course of gaining insights in the molecular pathways driving breast cancer progression
and metastasis, many lines of evidence indicate a pivotal role that the epidermal growth
factor receptor (EGFR) family of receptors plays in regulating the process (19). The EGFR
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family is comprised of four structurally similar receptors including EGFR (ErbB-1, HER1),
HER2 (ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4) (20-22). Particular interests have
been centered on EGFR and HER2 because of their frequent overexpression and/or
hyperactivation in breast carcinomas (23-25). EGFR is overexpressed in 15-30% of breast
carcinomas and is associated with poor patient outcomes (16, 26-28). Overexpression of
HER?2 is found in 15%-35% of invasive breast cancers and aberrant HER?2 signaling
increases the likelihood of developing metastasis resulting in reduced survival (5,26,27,29).
It is estimated that HER2 overexpressing TNBC breast cancer subtypes metastasizes to the
brain 25-55% of the time (30). There is significant evidence suggesting both EGFR and
HER?2 are highly expressed in BCBM playing an active role in facilitating brain-specific
metastatic spread. Preclinical and clinical studies further demonstrated that EGFR and
HER?2 are important therapeutic targets for women with BCBM.

3. OVERVIEW OF THE EGFR AND HERZ2 SIGNALING PATHWAYS

The discovery of epidermal growth factor (EGF) and its receptor EGFR was made more
than 40 years ago (31-34). EGFR is a transmembrane receptor tyrosine kinase (RTK) which
undergoes homodimerization or heterodimerization and trans-autophosphorylation after
ligand binding. The most common ligands of EGFR include EGF, heparin-binding EGF-like
growth factor (HB-EGF), and transforming growth factor-a (TGF-a) (32,34). As shown in
Figure 1, once phosphorylated and activated, EGFR initiates a number of downstream
signaling molecules leading to cell survival, cell growth, and tumor progression (35-39).
The signaling transduction cascade begins with EGFR recruitment and binding of adaptor
proteins via their SH2 domains allowing for the recruitment and activation of subsequent
signaling molecules, including Ras, phosphatidylinositol-3 kinase (PI-3K), phospholipase C-
v (PLC-y), and Janus-activated kinase (JAK) (40).

The traditional Ras mediated pathway can be activated by EGFR leading to the recruitment
of the adaptor protein GRB2 and activation of the guanine exchange factor Sos and the small
GTP-binding protein Ras. This leads to a kinase cascade that activates RAF, MEK, and ERK
allowing for changes in protein activity and gene expression in the nucleus (39, 41,42). The
canonical PI-3K pathway includes successive phosphorylation of PI-3K to
phosphatidylinositol-4,5-bisphosphate (PIP,) to phosphatidylinositol-3,4,5-triphosphate
(PIP3) resulting in activation of the serine/threonine protein kinase B (PKB, Akt) by
phosphoinositide-dependent kinase-1 (PDK-1) and mammalian Target of Rapamycin
(mTOR). Dephosphorylation of PIP3 by phosphatase and tensin homolog (PTEN), a tumor
suppressor, prevents activation of Akt (43). Akt leads to inhibition of apoptosis and cell
survival. Cell survival regulation by Akt is mediated by increased glucose uptake through
the upregulation of GLUT4 receptors (37,39,43-45). Additionally, activation of the PLC-y
pathway involves binding of PLC-y to phosphorylated EGFR resulting in the hydrolytic
cleavage of PIP; to yield inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol (DAG).
These second messengers are important for intracellular calcium release to activate Ca2*
dependent enzymes, interactions between the lipids and proteins, interactions between
phosphosugars and proteins, and protein kinase C (PKC) activation (35,37,39).
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Activated EGFR can also directly phosphorylate signal transducer and activator of
transcription 3 (STAT3) transcription factor and oncoprotein, leading to their dimerization,
translocation to the nucleus, and regulation of gene expression (46, 47). STAT3 belongs to
the large STATS family of proteins comprised of seven members STAT1, STAT2, STATS,
STAT4, STAT5a, STATSh, and STATSG. Inactive STATS are located in the cytoplasm and
become activated upon phosphorylation by EGFR or by JAK? at a tyrosine residue. This
leads to homo- and hetero-dimerization of two STAT proteins which can then enter the
nucleus, bind to specific elements in target gene promoters, and regulate expression of genes
important for apoptosis, cell growth, tumor progression and differentiation (36,47-50).
Additionally, EGFR can also translocate to the nucleus to regulate gene expression,
phosphorylate nuclear proteins, and modulate functions of nuclear proteins (19,51-54).
Increased nuclear EGFR is associated with poor clinical outcomes in multiple types of
cancer (19,28,55,56). EGFR also undergoes mitochondrial translocation to antagonize
therapy-induced apoptosis (57,58). In summary, EGFR overexpression, frequent activation,
or activation mutations contribute to tumor progression and therapeutic resistance (42,59-
61).

HER2 is a 185 kDa transmembrane protein encoded by the HER2/neu gene (62,63). HER2
is more closely related to EGFR compared to HER3 and HER4 (64).There are no known
ligands that bind to HER2 thus far. However, HER2 has a functional tyrosine kinase domain
that can be activated upon interactions with ligand-activated EGFR or HER3 (65-67). HER2
is also believed to form homodimers at high concentrations (68). Activated HER2 (hetero-
and homo-dimer) proteins initiate phosphorylation events, similar to EGFR, and leads to
activation of several signaling pathways, all of which are implicated in breast cancer
progression (Figure 2). These pathways include STAT3, RAS-MAPK, and PI1-3K which
leads to inactivation of proteins triggering apoptosis and upregulation of genes for cell
growth allowing the proliferation of tumor cells (50, 69-71). Recently, our laboratory found
that HER2 directly interacts with the pro-apoptotic protein, p53 upregulated modulator of
apoptosis (PUMA), and phosphorylates PUMA leading to its degradation and tumor cell
survival (72). Overexpression of HER2 is found in 15%-35% of invasive breast cancers
(5,26,27,29). In addition to breast cancer, HER2 has been found to be overexpressed in other
types of cancer (66,73). In summary, HER2 plays a vital role in breast cancer progression
(64,74-76).

4. MODEL SYSTEMS FOR STUDYING BRAIN METASTASIS

4.1. In vitro models

While there are many in vitro models to study metastasis in general, there are also several
approaches to study brain metastasis specifically, which primarily center on extravasation
and colonization of breast cancer cells in the brain microenvironment. One useful model
system is a model to mimic the blood brain barrier (BBB). This has been done using a
transwell Boyden chamber with brain microvascular endothelial cells lining one side of the
chamber and human astrocytes lining the other size of the membrane (77). Fluorescently-
labelled breast cancer cells are then seeded in the upper chamber for a defined time period to
allow breast cancer cells to pass through the model BBB. In addition to crossing the BBB,
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others have also studied the interaction between breast cancer cells and astrocytes by using
co-culture of breast cancer cells and astrocytes or incubation of breast cancer cell
conditioned medium with astrocytes (78). Lastly, organ selective metastatic cell lines, such
as MDA-MB-231 brain-specific cells have been developed (79-82). These cells have been
used in multiple in vitro systems to compare the brain-selective cells with the parental cells
to elucidate mechanisms that drive cells toward the brain.

4.2. In vivo models

Similar to in vitro models, there have been several in vivo models established to study
metastasis with some that are specific to brain metastasis. The primary method of
determining brain metastasis is using intracardiac injection of breast cancer cells in mice that
allows cells to seek out specific organs (most often the bone and brain) for metastatic
colonization. This model has been used to confirm in vitro studies on brain metastasis in
vivo by expressing or inhibiting proteins that affect the BBB and consequently have an
effect on brain colonization by breast cancer cells (77). Brain-selective metastatic cell lines
were engineered by intracardiac injection followed by extraction and growth in culture of
brain-metastatic cells (79-82). The brain-selective metastatic cells are also frequently used
in this model to test the efficacy of targeting therapies to prevent brain metastasis. Together,
these models used to study brain metastasis can give clues to the mechanisms driving
metastasis toward the brain. The in vivo models primarily lack the influence of the immune
system because they are mostly xenograft studies using human breast cancer cells in
immunocompromised mice. Further study using a syngeneic mouse model with an intact
immune system may give more clues into the specificity of why certain cancer cells choose
the brain for colonization. For example, inflammation can have a significant impact on
vessel permeability and, therefore, it is likely that inflammation can affect the BBB to
influence cancer cell colonization in the brain.

5. ROLE OF EGFR IN BREAST CANCER BRAIN METASTASIS

5.1. Correlative studies

Brain metastasis of breast cancer is observed in approximately 10-20% of breast cancer and
the patients survive 16-30 months following diagnosis of metastatic disease (6-9,18).
EGFR-expressing basal-like tumors (16,17) have a high likelihood to metastasize to the
brain (83,84). IHC and fluorescence in situ hybridization (FISH) of BCBM patient samples
showed that 56% expressed ER, 33% expressed PR, 39% expressed EGFR, 89% expressed
Ki67, 33% were triple negative and 50% expressed CK5/6 indicating a higher prevalence of
brain metastasis in the basal subtype (5,26). The expression of Ki67, a diagnostic marker for
proliferation, was previously shown to be correlated to expression of nuclear EGFR (85).
Interestingly, primary breast cancer patient samples with no known brain metastasis after 10
years showed only 7% EGFR expression, 29% CK5/6 expression, and 14% were triple-
negative (5). Gaedcke et al. demonstrated that EGFR was increased by 40% in brain
metastatic tumors compared to primary tumors which showed only 16% of EGFR
expression. However, it is important to also note that 75-85% of primary tumors and brain
metastatic tumors were shown to have constant EGFR (26,27). A study of BCBM
overexpressing HER2 revealed a 5-fold increase in HER2 mRNA levels and a 9 fold
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increase in EGFR mRNA levels using quantitative-RT-PCR of epithelial cells (86). IHC of
matched primary tumors and brain metastases show an average increase in HER3 expression
from 29% to 59% as well as increased activation of downstream signaling molecules
involved in the MAPK and PI-3K pathways (87). Selection of HER3 expressing tumors
leading to brain metastasis may be due to increased levels of neuregulin 1, the ligand for
HER3, in the brain compared to other sites in the body. Also, neuregulin 1 is released in the
brain under hypoxic conditions which was demonstrated by increased HIF-1a expression in
brain metastatic tumors (87).

Additionally, array-comparative genetic hybridization (CGH) that compares patterns of
chromosomal aberrations between primary breast cancers and brain metastatic tumors shows
that EGFR is overexpressed in 80% of brain metastases compared to only 13% of primary
breast tumors (88). Microsatellite analysis for allelic imbalance shows that 64% of brain
metastases and 19% primary breast tumors had an allelic imbalance at the PTEN locus in
HER2 negative breast cancers (88). Primary breast cancers with metastasis to the brain have
significant modifications on chromosome 7 and 10 g, specifically on the loci of EGFR and
PTEN. These genetic modifications were mainly observed in TNBCs in both the primary
and metastatic tumors indicating that this genetic makeup of the primary tumor may lead to
an increased possibility of developing brain metastasis. However, genetic alterations of
P1-3K did not show an increased risk of brain metastasis in this TNBC subtype (6). Loss of
PTEN leads to the activation of AKT through the PI-3K pathway, downstream of EGFR
(60). In many BCBM patients, PI-3K activity is upregulated regardless of the subtype of the
primary tumor. Loss of PTEN is also associated with a shorter time for disease recurrence at
distant sites including the brain (89). Increased levels of PTEN mutation, leading to loss of
function, was observed in triple-negative BCBM and associated with poor overall survival in
comparison to triple negative BCBM with functional PTEN. Levels of PTEN expression in
matched primary breast tumors and their brain metastasis are also highly correlated and may
be utilized as a potential prognostic marker to predict recurrence in the brain (89).
Combined, these findings strongly suggest that EGFR plays an important role in brain
metastasis.

5.2. Mechanistic studies

Zhang et al. conducted in vitro studies of preferential brain colonizing TNBC cells,
transfected to express HER2 and already expressing EGFR, which has been shown to
increase levels of heparanase (90). Heparanase degrades heparan sulfate allowing the release
of growth factors from the cell surface and extracellular matrix leading to the progression of
tumor growth and metastasis (91). Activation of EGFR/HER2 leads to heparanase
translocation to the nucleolus where it can increase Topoisomerase 1 activity, an enzyme
necessary for gene transcription, allowing increased cell growth (92). Further studies by
Zhang et al. show that heparanase effects EGFR and HER2 phosphorylation allowing for an
alternate pathway of EGFR activation. Inhibition of heparanase with Roneparstat increased
sensitivity of BCBM cells to lapatinib, a dual EGFR/HER? inhibitor (90).

Invitro, in vivo, and comparative gene expression analysis studies has identified several
genes that mediate BCBM (79). Of these genes, heparin-binding EGF (HBEGF), a ligand
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for EGFR, was identified specifically in brain metastasis compared to the bone and lung.
HBEGF was shown to increase migration and invasiveness of cancer cells. Another gene of
importance identified was cyclooxygenase-2 (COX2), an enzyme upregulated by nuclear
EGFR that synthesizes prostaglandins and plays an important role in permeabilizing the
BBB in response to inflammation (77). Lastly, a third gene was identified specific to brain
metastatic cancer cells, a2,6-sialyltransferase (ST6GA LNAC5) which allows cell-cell
interactions and was shown to aid in penetrating the BBB through adhesion of cancer cells
to brain endothelial cells. Knockdown of STEGALNACS and inhibition of EGFR with
cetuximab decreased brain metastasis (79). Together, HBEGF, COX2, and ST6GALNAC5
expression in primary breast cancer results in increased extravasation of cancer cells and
metastasis to the brain (19, 60, 79).

Once cancer cells have intravasated into the circulation they have to develop mechanisms to
survive in the circulatory system and colonize to distant organs. Circulating tumor cells
(CTCs) isolated from BMBC patients were shown to overexpress specific proteins for brain
metastasis versus lung metastasis such as EGFR, HER2, Heparanase, and Notch1.
Expression of these proteins in breast cancer CTCs led to an invasive phenotype and ability
to colonize the brain (93). Gene expression analysis and in vitro studies of TNBC and brain
metastasis demonstrated that periplakin (PLL), a protein involved in maintaining epithelial
cell barriers, and MAPK13 showed higher expression in primary TNBC cells compared to a
brain metastatic cell line. Results of silencing PLL or MAPK13 led to increased cell
proliferation and decreased cell motility (94). These results suggest that TNBCs may need
an increased proliferation ability in order to colonize in the brain.

Matrix metalloproteinases (MMPs) degrade the extracellular matrix where many growth
factors are sequestered leading to their release. Degradation of the extracellular matrix
(ECM) is important for cancer cell invasion and MMPs have been shown to be upregulated
in brain metastatic breast cancer (77,95,96). MMP1, specifically, has recently been shown to
target metastatic breast cancer cells to the brain and that MMP1 was upregulated by COX2-
mediated prostaglandins (77). We have shown that COX2 is a direct target of nuclear EGFR
and EGFRVIII (53) in addition to upregulation of other genes supporting metastasis such as
c-Myc (97), cyclin D1 (98), inducible nitric oxide synthase (iNOS) (51), aurora A (99), and
breast cancer resistant protein (BCRP) (100). Additionally, in vitro and in vivo studies show
that MMP2 expression is directly linked to ERK1/2 (96), a pathway frequently upregulated
in EGFR-overexpressing tumors. Thus, MMPs seem to play an important role in targeting
metastatic breast cancer cells to the brain.

The BBB is mainly comprised of brain endothelial cells and astrocytes and serves as a
protective layer for the brain leading to decreased penetration of many chemotherapeutics.
Kim et al. co-cultured mice astrocytes with human breast cancer cells resulting in increased
expression of glutathione s-transferase alpha 5 (GSTAS; mediates drug resistance), BCL2L1
(anti-apoptotic Bcl-2 family protein), and TWIST1 (transcription factor that mediates EMT).
Interestingly, these genes were only overexpressed in brain metastases but not in the lung
metastases indicating the impact of the microenvironment on the cancer cells. Also, GSTAS5,
BCL2L1, and TWIST1 were shown to be regulated by AKT and MAPK which are
downstream signal transducers of EGFR and HER2 (40,81,101). Although EGFR is
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upstream of many of these pathways, the exact link to EGFR has yet to be shown in
regulating these pathways specific to brain metastasis of breast cancer.

EGFR is also significantly involved in glioblastoma (GBM), the most common malignant
brain tumor in adults. EGFR is overexpressed or amplified in 40-60% of GBMs (102,103).
Additionally, there is an oncogenic EGFR deletion variant termed EGFRVIII that is frequent
in GBM (104,105). We, and others, have found that these alterations in EGFR expression or
function significantly increase the aggressiveness of GBM (23,53, 57,59,85,106). As
mentioned above, it has been shown that there is a 40% increase in EGFR expression in
brain metastases compared to primary breast tumors (27). Additionally, non-small cell lung
cancer (NSCLC) has a high frequency of activating EGFR gene alterations and a high
incidence of metastasis to the brain (107-109). Considering these results it may indicate
EGFR drives metastatic tumors toward the brain and/or the brain microenvironment and
provides a selective pressure toward EGFR genetic alterations.

6. ROLE OF HER2 IN BREAST CANCER BRAIN METASTASIS

6.1. Correlative studies

Primary breast tumors with modifications in protein expression, gene copy number, or
mutations of HER2 lead to increased brain metastasis. Overexpression of HER2 is found in
15%-35% of invasive breast cancers and signaling leads to reduced survival and increases
the likelihood of developing metastasis (5,26,27,29). HER2 amplification was observed in
30-35% of metastatic breast cancers with 25-40% of these metastases going to the brain (5,
8,18,26,110). Patients with brain metastasis were generally younger than 50 years and their
breast cancers were usually negative for hormone receptors. IHC showed that 37% of
BCBM were positive for both ER and HER2 whereas 62% were positive for HER2 (110).
The average overall survival for patients with HER2-positive BCBM was 20-30 months (8,
110). IHC of both EGFR and HER2 revealed that 15% of BCBM expressed both EGFR and
HER2 (26). Interestingly, 81% of HER2 BCBM patients that underwent surgery along with
systemic treatment resulted in a longer overall survival rate implicating promising results for
this treatment strategy in HER2-positive brain metastatic patients (18).

Evidence shows that several primary breast cancers, originally negative for HER2, were
HER2 positive after metastasizing to the brain (6).Quantitative analysis of matched primary
and BCBM tumors for HER2 and truncated HER2 (p95HER?2) showed that there was a 2.1
fold increase in HER2 and a 1.5 fold increase in p95HER?2 expression from the primary
breast tumor to the brain metastasis (111). Additionally, CTCs from BCBM patients were
assessed for HER2 expression by antibody based analysis and RT-PCR. Comparison of the
primary tumor and the CTCs showed a 30-50% increase of HER2 expression (112,113).
Combined, these results indicate that overexpression of HER2 and p95HER2 may increase
the ability of breast cancer CTCs to survive in the circulatory system and ultimately
metastasize to the brain.

6.2. Mechanistic studies

Understanding the role of HER2 overexpression leading to brain metastasis is important for
developing targeted therapies. Increased activation of Src, a tyrosine kinase protein, was
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shown to enhance cancer cell extravasation and penetration of the BBB in HER2 amplified
and TNBC (114). Src activation plays a role in the heterodimerization of HER2 to HER3
allowing for activation of downstream signaling pathways and Src is also a downstream
signal transducer of EGFR (114,115). It has also been previously shown that Src and EGFR
co-localize on lipid rafts to more effectively relay signals for cell proliferation, growth, and
survival (19). Additionally, results of combinatorial treatment with lapatinib and a Src
inhibitor decreased progression to BCBM (114, 15).

Gupta et al. demonstrated a role of HER2 in epithelial to mesenchymal transition (EMT),
invasion, and metastasis of breast cancer (116). Results showed that increased expression of
HER?2 allowed for the production of transforming growth factor  (TGFp) and activation of
the TGFB/SMAD signaling pathway, potentially through the Ras signaling cascade, which
ultimately upregulated transcription and activation of Slug, Snail, and ZEB-1 (101,116,117).
These proteins are transcription factors that play an important role in EMT by decreasing E-
cadherin and cytokeratin-18 expression and increasing N-cadherin expression leading to a
mesenchymal phenotype (116,118). Inhibition of HER2 and TGF signaling with
cucurbitacin (CuB), a triterpenoid steroid, resulted in decreased size of metastatic tumors in
the brain, lungs, and liver. Interestingly, pretreatment of mice with CuB before intracardiac
injection of highly aggressive stage IV breast cancer cells overexpressing HER2
significantly reduced brain metastasis (116). These findings further support the interaction
of HER2 and TGFp leading to EMT and metastasis (116).

Similar to EGFR, HER2 can directly regulate gene expression (119). HER2 signaling
upregulates many pro-metastatic and proliferative pathways and it can also localize to the
nucleus to upregulate genes (120-122). Most notably, nuclear HER2 can directly upregulate
expression of COX-2 in addition to previously elucidated pathways in which membrane
HER2 can upregulate COX-2 (122,123). As mentioned above, COX-2-mediated levels of
PGE; induce expression of MMP1 leading to the BBB being susceptible to brain metastasis
(77). Thus, both EGFR and HER2 can directly and indirectly upregulate COX-2, which has
been shown to induce brain-specific metastatic targeting.

A decrease in HER2 expression was observed in breast cancer cells overexpressing the
transcription factor forkhead box P3 (FOXP3) as well as a decrease in other aggressive
metastatic proteins including c-myc and the chemokine receptor CXCRA4. It was also shown
that expression of FOXP3 was significantly decreased in invasive breast cancer tissue
compared to normal breast tissue suggesting that FOXP3 acts as a tumor suppressor and is
downregulated in metastatic breast cancers (124).

HER2 may also aid in brain colonization and brain tumor growth. Western blot analysis of
triple negative human breast cancer cells with a tendency to metastasize to the brain
revealed an increased expression of phosphorylated EGFR, AKT, and ERK compared to
MDA-MB-231 cells that tend to colonize the bone (86). Additionally, HER2 transfected
cells had a significant 3-fold increase in size of the brain tumor compared to the control (86).
While these findings highlight the role of HER2 in colonization and tumor progression in
brain metastasis, these studies emphasize the fact that more work is needed in order to
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elucidate the mechanisms by which HER2-positive breast cancer cells target the brain and
how they cross the BBB.

7. EFFECTS OF EGFR- AND HER2-TARGETED THERAPIES ON BREAST
CANCER METASTASIS

7.1. Preclinical studies

Although there are several small molecule inhibitors and a monoclonal antibody approved
by the FDA for BCBM, the BBB and mutated/alternate signaling pathways of receptor
tyrosine kinases leads to increased drug resistance and decreased therapeutic effects.
Therefore, it is important to develop novel therapies for the treatment of breast cancer brain
metastasis. Gupta et al. demonstrated the therapeutic effects of phenethylisothiocyanate
(PEITC), a natural product in cruciferous vegetables in in vitro and in vivo studies using
triple negative breast cancer cells overexpressing HER2. Intracardiac injections of breast
cancer cells in mice and oral treatment with 10 pmol of PEITC resulted in significantly
decreased brain metastasis and reduced metastatic growth by 50-55% (125). Brain sections
of treated mice showed decreased expression of HER2 by 90%, EGFR by 50% and vascular
endothelia growth factor (VEGF) by 60%. Also, the average survival time increased by 20%
in mice treated with PEITC (125). Another approach of targeting brain metastatic breast
cancer is through the use of molecularly targeted agents. Fu et al., developed a brain
metastatic breast cancer cell-binding peptide (BRBP1) linked to a cell penetrating peptide
(TAT) and a pro-apoptotic peptide (KLA) (126). This BRBP1-TAT-KLA was shown to
efficiently enter the brain and reduce tumor growth and metastasis of mice with minimal
toxicity to the surrounding normal tissues which makes it a great candidate for clinical trials
in order to treat metastatic breast cancers (126).

7.2. Clinical studies

There are currently 49 clinical trials targeted for treating breast cancer brain metastasis and
nine trials have been completed, as outlined in Table 1. Of the completed trials, five studies
used treatments to target EGFR/HER2 or downstream signaling molecules of these
receptors. Interestingly, all nine of these studies included the HER2 overexpressing subtype
of breast cancer brain metastasis which further enhances the importance of HER2 in breast
cancer brain metastasis. Preliminary results of one completed trial using afatinib, a dual
inhibitor of EGFR/HERZ2, indicate improved overall survival of HER2 positive patients with
brain metastases (NCT01441596). Results of these early phase completed trials targeting
EGFR/HER2 demonstrate tolerability and improved patient outcomes. Therefore, the
following trials are ongoing to further asses the efficacy of targeting EGFR and HER?2 to
reduce brain metastasis or improve survival. There are currently 11 open clinical studies
directly targeting BCBM overexpressing EGFR/HER2 or indirectly targeting signaling
molecules tightly linked to the EGFR/HER2 pathways. The trial designs are summarized
below.

7.2.1. NCT02154529 (Recruiting)—A combination therapy of KD019 (tesevatinib) and
trastuzumab for breast cancer patients with brain metastasis overexpressing HER2 in a phase
1b/2a trial in order to determine the safety and efficacy of this combined treatment.
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Trastuzumab is a monoclonal antibody against the HER2 receptor which prevents activation
and downstream signaling of the HER2 pathway. However, many breast cancers become
resistant to trastuzumab through alternate signaling pathways. KD019 is a multi-kinase
inhibitor that is orally bioavailable which targets Src, EGFR, HER2, and vascular
endothelial growth factor receptor 2 (VEGFR2/KDR) (127). This open label trial, for an
estimated 67 patients, contains five arms in phase 1b with 8 mg/kg of trastuzumab every 3
weeks and a range of orally administered KD019 from 150 mg — 400 mg daily. Phase 2a of
this study contains two groups and both will be administered 8mg/kg of trastuzumab every 3
weeks in combination with the maximally tolerated dose (MTD) of KD109 daily. The
patients in group 1la have HER2 positive breast cancer that progressed to the brain after
radiation therapy. The patients in group 2a have HER2 positive breast cancer with no/
minimal metastasis to the brain that does not need neurosurgery or radiation therapy
immediately. The primary outcome measures are to determine the MTD and to investigate
the safety and tolerability.

7.2.2. NCT01921335 (Recruiting)—An open label, randomized, phase I trial of
ARRY-380 with trastuzumab for HER2-positive BCBM is being conducted to determine the
safety and efficacy of this combined treatment. ARRY-380 is a reversible, small molecule
inhibitor of the HER2 receptor that is orally bioavailable and targets the ATP binding region
of HER2 (128). This study contains 2 arms and an estimate of 50 patients with HER2-
positive breast cancer brain metastases. In both arms patients will be given 6 mg/kg of
trastuzumab intravenously every 3 weeks. In the first arm patients will be administered
orally 450 mg ARRY-380 twice-daily. In the second arm patients will be administered
orally 750mg ARRY-380 once-daily. The primary outcome measure is to define the MTD of
ARRY-380 with trastuzumab.

7.2.3. NCT01494662 (Recruiting)—An open label phase Il study is being conducted in
HER2-positive BCBM patients to determine the efficacy and bioavailability of HKI-272
(neratinib) in the central nervous system. HKI-272 is an irreversible, small molecule,
tyrosine kinase inhibitor of HER1, HER2, and HERA4 that is orally bioavailable (129). This
trial has approximately 105 participants across 3 arms. Arm 1 contains patients with new or
progressive brain metastasis who will be given 340 mg of HKI-272 orally once-daily.
Participants in arm 2 must have brain metastases, be eligible for neurosurgery and will be
administered 240 mg of HKI-272 orally once-daily and a biopsy will be done to determine
the concentration of HKI-272 in the sample, in the cerebrospinal fluid, and plasma. Lastly,
arm 3 is broken into two parts where participants in arm 3a have no prior treatment with
lapatinib. These patients will be given 240 mg of HKI-272 orally once-daily in combination
with 750 mg/m? capecitabine, a 5-FU prodrug that inhibits DNA and RNA synthesis, twice-
daily for 14 days with subsequent rest for 7 days. A comparative study will be done in arm
3b where participants that have had prior treatment with lapatinib will undergo a similar
regimen. The primary outcome measure is to determine the objective response rate.

7.2.4. NCT02000882 (Recruiting)—A phase II, open label trial of BKM120 (Buparlisib)
with capecitabine to treat TNBC brain metastases is being carried out in order to determine
the safety and effectiveness of this combined treatment. BKM120 is an orally bioavailable
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kinase inhibitor of PI3K (130). This trial contains 1 arm and includes approximately 40
TNBC patients with brain metastases that have received at least 3 systemic treatments
previously. Patients will be orally administered 100 mg BKM120 daily in combination with
1000 mg/m? twice-daily for 14 days followed with rest for 7 days. The primary outcome
measure of this study is to identify the clinical benefit rate.

7.2.5. NCT00263588—An open label phase Il trial is being performed to determine the
safety and effectiveness of lapatinib for breast cancer patients with HER2 positive brain
metastases after systemic therapy with trastuzumab and cranial radiotherapy. In this single
arm study of 242 participants, individuals who have previously undergone cranial
radiotherapy, treatment with trastuzumab, and have progressing brain cancer are orally
administered 750 mg lapatinib twice-daily. The primary outcome measure is to determine
the response rate to lapatinib.

7.2.6. NCT00820222—A phase 111, open label, randomized comparison of lapatinib and
capecitabine versus trastuzumab and capecitabine is being conducted in grade IV HER2-
positive breast cancer patients with previous treatments of anthracyclines or taxanes. This
study includes 546 participants and 2 arms to investigate the effect of lapatinib on HER2-
positive breast cancer metastasis to the brain. In arm 1 of the trial, patients are given 1250
mg lapatinib once-daily and 2000 mg/m?/day capecitabine for 14 consecutive days in a 21
day cycle. In the second arm of the study, patients are intravenously administered
trastuzumab at 6 mg/kg every 3 weeks. Preliminary results indicate 3% of patients had
metastasis to the brain as the first site of metastasis in the lapatinib treated group compared
to 5% of patients in the Trastuzumab group. Despite a slightly higher clinical benefit in the
lapatinib treatment group, the overall survival of these patients was not improved in the
lapatinib treated group.

7.2.7. NCT01783756 (Recruiting)—An open label, phase 1b/2 study investigating the
combinatorial treatment of lapatinib, everolimus, and capecitabine for breast cancer patients
with HER2-positive brain metastases after treatment with trastuzumab is being done to
evaluate the safety and effectiveness of the treatment. Everolimus is an inhibitor of mMTOR, a
downstream signaling molecule of PI3K. In this single-arm trail of approximately 47
participants, individuals are orally administered lapatinib once-daily, everolimus, once-
daily, and capecitabine twice-daily for the first 14 days of a 21 day period over 17 cycles.
The primary outcome measure of this study is the CNS objective response rate.

7.2.8. NCT01305941—Similarly, a phase 11, single-arm, open label study is being done to
investigate the safety and effectiveness of the combinatorial treatment of everolimus,
trastuzumab, and vinorelbine on breast cancer patients with HER2-positive brain metastasis.
Vinorelbine is chemotherapeutic agent that interacts with tubulin to inhibit mitosis (131).
Approximately 35 patients will be orally administered 5 mg everolimus once-daily and
intravenously 25 mg/m? vinorelbine along with 2 mg/kg trastuzumab weekly for 3 cycles.
The primary outcome measure is the intracranial object response rate.

7.2.9. NCT01622868—An open label, randomized, phase 1l trial is ongoing to compare
whole-brain radiation therapy (WBRT), with or without lapatinib, on breast cancer patients
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with HER2-positive brain metastases. This study includes approximately 143 patients with
at least one non-irradiated brain metastasis of HER2-positive breast cancer across two arms.
Participants in arm 1 will receive WBRT once-daily for 5 days per week over 3 weeks for a
total of 37.5 Gy (132). Individuals in arm Il will receive similar WBRT as in arm | along
with 1000 mg lapatinib for 21 days during WBRT and 21 days after WBRT. The primary
outcome measure of this study is to examine the complete response rate in the brain.

Taken together these ongoing clinical studies targeted to EGFR and HER2, along with
downstream signaling molecules, for breast cancer patients with brain metastases highlights
the importance of these receptors in developing therapeutic regimens. Also, further
understanding of alternate signaling pathways by EGFR/HER?2 leading to drug resistance
and metastasis to the brain is needed to further enhance the likelihood of finding an effective
therapy.

8. CONCLUSIONS AND FUTURE DIRECTIONS

Metastasis of breast cancer to the brain remains a major health problem associated with
increased resistance to current treatment options and exceptionally poor patient survival. To
improve the overall survival rates of patients and decrease drug resistance, a more targeted
therapy for breast cancer is warranted. Treatment options for patients can be enhanced with
a better understanding of tumor biology through expression profiling analysis, mechanistic
studies of receptors, and downstream signaling molecules specific to brain metastasis of
breast cancer cells. Correlative studies show that EGFR expression is increased in the brain
compared to the primary breast tumor, HER2 amplification/mutations led to increased
metastases to the brain, HER2 negative primary tumors become positive for HER2 once
colonized in the brain, and increased levels of PTEN mutations, a downstream signaling
target of EGFR, leads to increased metastases specific to the brain. Several mechanistic
studies, linked to EGFR and HER2, reveal specific targets for breast cancer cells to
extravasate, permeabilize the BBB, and colonize in the brain. However, the complete
mechanistic role of EGFR/HER2 and their downstream targets during each step of
metastasis to the brain is not well understood. Several questions are left unanswered
including: What allows the change in expression of EGFR/HER?2 in the primary tumor
versus the brain tumor? What role does EGFR/HER?2 play in aiding angiogenesis, escaping
anoikis, and evasion of the immune system? What are alternate signaling pathways of
EGFR/HER? that leads to drug resistance of brain tumors? In this review, the importance of
EGFR and HER?2 signaling leading to breast cancer metastasis to the brain has been
identified and further studies are needed to improve treatment for this patient population.
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Figure 1.
Ligand binding to the receptor initiates hetero- or homodimerization, trans

autophosphorylation and subsequent activation of several kinase cascades including RAS-
RAF-MEK-MAPK, PI-3K-AKT-mTOR, PLC-y-Ca2+/PKC, and JAK-STAT3, which
promote expression of genes that drive brain metastasis. Additionally, nuclear EGFR, in
concert with STAT3, has also been shown to directly upregulate genes that promote brain
metastasis.
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Figure2.
HER?2 receptor forms a heterodimer with HER3 after ligand binding to HER3. This leads to

a kinase cascade of signaling molecules targeted to the nucleus including P1-3K-Akt-mTOR,
Ras-Raf-MEK-MAPK, and STAT3 which upregulate expression of genes that activate
epithelial-to-mesenchymal transition (EMT) and brain metastasis. Additionally, nuclear
HER2 can promote expression of genes driving cell proliferation and brain metastasis.
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