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IL-4 has been shown to protect various types of tumor cells, including breast cancer
cells, from chemotherapeutic agents. IL-4 activates two signaling pathways, the
signal transducers and activator of transcription (STAT)-6 pathway, and the insulin
receptor substrate (IRS) pathway. Both STAT6 and the IRS proteins, IRS1 and IRS2,
have been implicated in cancer due to their impact on the regulation of apoptosis,
motility, and proliferation. The IL-4-induced activation of STAT6 has been shown to
suppress chemotherapy-induced apoptosis by inducing expression of c-FLIP and
BCL-xL. However, the role of IRS1 or IRS2 in sensitivity to chemotherapy has
remained unclear. Therefore, the goal of this study was to test the hypothesis that
IRS1 and IRS2 would protect cells from chemotherapy-induced cell death and that
the addition of IL-4 would enhance this effect. However, using the myeloid cell line
32D, we found that expression of IRS1, but not IRS2, enhanced sensitivity to

chemotherapy-induced, caspase-mediated cell death; IL-4 did not modulate this
effect. The IRS1-mediated sensitization was partially due to up-regulation of
Annexin A2 and was abrogated by co-expression of IRS2. Furthermore, we found
that human MCF7 breast cancer cells expressed substantially higher levels of IRS1
and were more sensitive to taxol-induced death than human MDA-MB-231 breast
cancer cells. Decreasing IRS1 expression in MCF7 cells by shRNA-targeting
reduced their sensitivity to some, but not all, chemotherapeutic agents. Analysis of
human breast tumor microarrays demonstrated varied expression patterns of IRS1,
IRS2, STAT6 and tyrosine phosphorylated STAT6 depending on the tumor type and
tumor grade. In human tumors, elevated IRS1 was strongly correlated with ERα and
tyrosine phosphorylated STAT6. In contrast, elevated IRS2 showed a highly
significant correlation with increased tumor grade. Taken together, these results
suggest that increased expression of IRS1, in the absence of high levels of IRS2, may
be a good indicator for enhanced sensitivity to chemotherapy.
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I. CHAPTER 1: General Introduction
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1.1 Introduction to cancer
Cancer is a major public health issue in many countries. In 2008, there were
about 12.7 million new cancer cases and 7.6 million cancer deaths worldwide. More
than 50% of the new cancer cases and cancer deaths occurred in under-developed
countries [1]. In the United States a total of 565,469 cancer deaths were recorded in
2008 making cancer the second leading cause of death. Moreover, cancer is the
second most common cause of death among children between 1 and 14 years of
age [2]. Risk factors that can contribute to cancer include, but are not limited to, age,
sex, weight, family health history, genes, hormones, exposure to environmental
carcinogens, smoking tobacco, alcohol consumption, diet, sun exposure, ionizing
radiation, and infectious agents [3-6]. Cancer incidence and death vary among racial
and ethnic groups. Factors contributing to these disparities in mortality include
differences in cancer site, differences in exposure to underlying risk factors, access to
high-quality regular screening, and timely diagnosis and treatments [2].

1.1.1 Hallmarks of cancer
As normal cells evolve through a multistep process to a neoplastic state they
acquire hallmark properties. These properties include the ability to sustain
proliferative signaling, evade growth suppressors, resist cell death, enable replicative
immortality, induce angiogenesis, and activate invasion and metastasis [7]. Other
acquired hallmark properties include the ability to reprogram energy metabolism and
evade immune destruction. Many cancer cells acquire these hallmark properties
through the development of genomic instability that result in random mutations,
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including chromosomal rearrangements, or epigenetic modifications [7]. Tumors and
their microenvironments consist of cells that release growth factors. Growth factors
can bind cell surface receptors and emit signals that also regulate many of the
hallmark properties. Cancer cells may produce growth factor ligands themselves that
can stimulate autocrine or paracrine responses. In paracrine responses, stimulated
normal cells can then produce their own growth factors that act on the cancer
cells [7]. Deregulation of signaling in cancer cells can involve an increase in the
amount of receptors on the cancer cell’s surface or an alteration in the receptor
structure to promote ligand-independent signaling. Ligand-independent signaling can
also occur when cancer cells constitutively activate components of signaling
pathways. It is also possible that defects in negative-feedback loops are also
important for cells to acquire hallmark properties [7].

1.2 Cancer and the immune system
The inflammatory state of the tumors can also influence whether cancer cells
will acquire hallmark properties and progress [7, 8]. The microenvironment of
tumors consists not only of cancer cells, cancer stem cells, endothelial cells, cancerassociated fibroblasts, stromal cells, and pericytes, but also immune cells. Tumors
are also infiltrated by cells of the innate and adaptive immune system. This both
antagonizes and aids tumor development and progression. In some cases, the immune
system prevents tumor formation and progression and also works to eradicate tumors.
In other cases, cancer cells disrupt the immune system by secreting
immuosuppressive factors or recruiting immuosuppressive cells, including regulatory
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T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) [7, 9]. Ironically, the
immune system also promotes tumor development and progression by supplying
cancer cells with growth factors, survival factors, proangiogenic factors, extracellular
matrix-modifying enzymes, and other signals. Inflammatory cells can also release
mutagenic reactive oxygen species which can lead to more aggressive tumors [7].

1.3 Cancer treatment and treatment resistance
Proper cancer treatment is crucial for cancer survival. Six main types of
cancer treatment are surgery, radiation, biological therapy, targeted therapy, hormone
therapy, and chemotherapy [3, 5, 6, 10-12]. Often these treatments are used in
combination. When cancer is localized, surgery is used to remove the primary tumor
and surrounding tissues that potentially contain cancer cells. Radiation, which
damages the DNA in cancer cells so that they cannot grow, is also used to treat
localized cancers. Biological therapy uses the body’s immune system to fight cancer
or lessen the side effects of other treatments. Biological therapy can stop or slow
down cancer growth, aid immune cells in controlling cancer, or repair normal cells
damaged by other treatments [5, 6]. Targeted therapies more specifically affect
molecules that play a role in the cancer phenotype. They sometimes target cells with
mutations of particular genes or cells that express too many copies of particular genes
that can lead to cancer [3, 10-12]. Hormone therapy is given systemically to prevent
cancer cells from accessing the hormones that they need to grow [5]. Growth
hormones can promote cancer cell resistance to chemotherapy [13]. Chemotherapy is
used to treat advanced or metastatic cancers systemically [5, 6, 14-16]. In cases
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where chemotherapy does not cure the cancer it may still slow the cancer’s growth,
prevent the cancer from spreading or returning, or relieve symptoms caused by the
cancer [6, 10]. There are various types of chemotherapy that work by different
mechanisms. Alkylating agents directly damage DNA and therefore work in all
phases of the cell cycle. Anti-metabolites interfere with DNA and RNA synthesis by
substituting for the normal DNA and RNA building blocks. These agents damage
cells in the S phase of the cell cycle. Anti-tumor antibiotics, such as anthracyclines,
interfere with enzymes involved in DNA replication and work in all phases of the cell
cycle. Topoisomerase inhibitors interfere with topoisomerases that aid in separating
DNA strands during DNA synthesis [10, 17, 18]. Mitotic inhibitors can stop mitosis
or inhibit enzymes from making proteins that are necessary for mitosis. These
inhibitors can damage cells in all phases of mitosis [10, 19-21]. These anti-cancer
agents can induce double-strand breaks in DNA causing proliferating cells to growth
arrest and then undergo apoptosis [15-17, 19-22]. A major problem with systemic
treatment is that many patients show inherent or acquired resistance to chemotherapy
and their cancer cells do not undergo apoptosis. In some cases this resistance is due
to alterations in the levels of pro-apoptotic and anti-apoptotic proteins, efflux of the
drugs by transporters, inactivation of the drugs by detoxification enzymes or
increased DNA repair [14-16, 18, 19, 21].

1.3.1 Apoptosis- a type of programmed cell death
Apoptosis is a type of programmed cell death that leaves the plasma
membrane of the cell intact while showing morphological and biochemical
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characteristics such as cell shrinkage, plasma membrane blebbing, chromatin
condensation, internucleosomal DNA cleavage and exposure of phosphatidyl serine
on the extracellular side of the plasma membrane [16, 23, 24]. Apoptotic cells are
phagocytosed by macrophages and other neighboring cells to prevent inflammation.
Chemotherapeutic agents induce apoptosis by triggering damage signals at the sites of
DNA damage. These signals become coupled at loci such as the BCL-2
complex [16]. BCL-2, BCL-xL, BCL-w, MCL-1, and A1 are inhibitors of apoptosis
that bind to the pro-apoptotic trigger proteins such as BAX and BAK found in the
outer mitochondrial membrane. When BAX and BAK are no longer inhibited they
disrupt the outer mitochondrial membrane resulting in a decrease in mitochondrial
membrane potential and causing the release of pro-apoptotic signaling proteins. One
of the most important proteins released is cytochrome c which activates the
apoptosome and subsequent caspase cascade resulting in the morphological changes
associated with apoptosis [7, 24-26]. Other proteins such BAD, BID, and BIM, the
BH-3 only proteins, are initiators of apoptosis and are coupled to sensors of cellular
damage. They can interfere with the anti-apoptotic proteins or stimulate the proapoptotic proteins [7, 23, 26]. Cancer cells evade apoptosis by multiple mechanisms
one of which is to alter their levels of pro-apoptotic and anti-apoptotic proteins in
favor of apoptosis resistance [7, 15, 16].

1.4 Interleukin 4 (IL-4) and signaling through the IL-4 receptor (IL-4R)
Cells of the immune system and other cells can produce cytokines which can
bind cell surface receptors and initiate signals that regulate many of the hallmark
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properties of cancer including resisting apoptosis. IL-4 is a cytokine with many
functions that is produced mainly by TH2 T cells, basophils, and mast cells. It is also
expressed by NK T cells, γ/δ T cells, and eosinophils (as reviewed in [27-30]). IL-4
is important for naïve T cells to differentiate into TH2 cells, as well as for B cell
immunoglobulin class switching to IgG1 and IgE isotypes. IL-4 increases expression
of class II MHC molecules in B cells and monocytes, enhances B cell CD23
expression, up-regulates the expression of IL-4 receptor, and acts as a co-mitogen for
B cell, T cell, and mast cell growth. IL-4 also affects tissue adhesion. IL-4 receptors
are found in hematopoietic, endothelial, epithelial, muscle, fibroblast, hepatocyte and
brain tissues. They are also found on numerous types of cancer cells showing
increased expression and IL-4 binding affinity as compared to normal cells [31, 32].
In hematopoietic cells, the IL-4 receptor is comprised of a 140-kDa IL-4Rα chain that
binds IL-4 with high affinity and the common gamma chain (γc). In
nonhematopoietic cells, the IL-4Rα chain is complexed with the IL-13Rα1 accessory
chain (Figure 1). Signal transduction is activated when a ligand induces dimerization
of the receptors. Jak-1 (Janus-family tyrosine kinase-1) associates with the IL-4Rα
chain and Jak-3 associates with the γc chain and they both are tyrosine
phosphorylated (Figure 1) [27-30]. Fes, a src family kinase, also associates with IL4Rα and is activated upon IL-4 stimulation. When these kinases are recruited to the
receptor and are activated, they phosphorylate tyrosine residues on the receptor itself.
At this point the IL-4R can engage multiple signaling pathways. There are two main
pathways, which are the signal transducer and activator of transcription (STAT)-6
pathway that results in expression of IL-4-responsive genes, and the insulin receptor
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Figure 1. Type I and Type II IL-4 receptors. The type I IL-4 R is comprised of a
140-kDa IL-4Rα chain that binds IL-4 with high affinity and the common gamma
chain (γc). In the type II IL-4R, the IL-4Rα chain is complexed with the IL-13Rα1
accessory chain. Only IL-4 can bind the type I IL-4R, but both IL-4 and IL-13 can
bind the type 2 IL-4R. Signal transduction is activated when a ligand induces
dimerization of the receptors and Jaks (Janus-family tyrosine kinase) are recruited.
Jak-1 associates with the IL-4Rα chain and Jak-3 associates with the γc chain; they
both are activated by tyrosine phosphorylation. After Jak activation, the Jaks
phosphorylate tyrosine (Y) residues on the receptor itself. At this point the IL-4R can
engage multiple signaling pathways. This figure is adapted from a previously
published figure [27].
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substrate (IRS) 1/2 signaling pathway that influences cellular proliferation and
survival (Figure 2). The less studied Shc containing pathway may also influence
cellular proliferation, but this is debatable and might depend on cell type and other
circumstances [27-30].

1.4.1 IL-4 signaling through STAT6
One main IL-4 signaling pathway involves STAT6; the cytoplasmic region of
the IL-4R between residues 557 and 657 is responsible for its activation (Figure 2).
This region has three conserved tyrosine residues (Y575, Y603, and Y631); the
STAT6 pathway requires at least one of the functional tyrosine residues [27, 30].
After Jak1 and Jak3 phosphorylate tyrosines on the IL-4R, STAT6 binds the receptor
through its SH2 domain. The kinases then phosphorylate STAT6, at a C-terminal
tyrosine residue, which allows STAT6 to homodimerize when its SH2 domain
interacts with the C-terminal phosphotyrosine of another STAT6 molecule. The
homodimer enters the nucleus and binds a specific sequence, TTC-N4-GAA, at the
promoter of responsive genes. The STAT6 pathway results in the expression of IL-4
responsive genes. Through this pathway, IL-4 increases expression of class II MHC
molecules in B cells, enhances CD23 expression, and up-regulates the expression of
IL-4Rα chain. STAT6 also influences cell survival and cell cycle progression by
enhancing the expression of E4 binding protein-4 (E4BP4), and growth factor
independent-1 (GFI-1) [27, 30]. More recently it has been shown that STAT6 can be
deactivated by c-Jun N-terminal kinase (JNK) via serine 707 phosphorylation. This
phosphorylation event decreases the ability of STAT6 to bind DNA after IL-4
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Figure 2. Two main IL-4 survival signaling pathways: STAT6 and IRS. The
STAT6 pathway has been shown to regulate the expression of the anti-apoptotic
proteins BCL-xL and FLIP in cancer models. BCL-xL antagonizes mitochondrialmediated cell death, while FLIPL antagonizes receptor-mediated cell death. The IRS
pathway activates AKT, via PI3K recruitment, and can lead to the phosphorylation
and thus inhibition of Bad. This figure is adapted from a previously published
figure [27].
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stimulation and inhibits transcription of STAT6-responsive genes [33].

1.4.2 The role of STAT6 in cancer
Not only does STAT6 function in regulating normal immune responses, but
STAT6 is spontaneously activated in prostate cancers, Hodgkin lymphomas,
cutaneous T cell lymphomas, adult T cell leukemia/lymphomas, and primary
mediastinal large B-cell lymphomas [34-37]. The constitutive activation of STAT6
can be due to gene amplification, mutation, or translocations of the JAK genes, as
well as mutations in proteins that affect JAK activity [34, 35]. Studies showed that
STAT6 was important for the IL-4-induced protection of human colon and breast
cancer cells from spontaneous cell death, and in protecting primary B cells from
spontaneous and Fas-induced cell death [36, 38-40]. Protection of primary B cells
was due to STAT6-induced BCL-xL expression [38]. STAT6 has also been shown
to enhance cell survival by regulating gene expression of the transcription factor E4
binding protein-4 (E4BP4) [30]. STAT6 promotes cellular proliferation by
controlling the expression of p27Kip1, a cyclin-dependent kinase inhibitor, and growth
factor independent-1 (GFI-1), a transcriptional repressor that contributes to p27Kip1
regulation. STAT6 was responsible for the decrease in p27Kip1 protein levels upon IL4 treatment of lymphocytes [34]. In T cells, GFI-1 was shown to not only affect
proliferation, but to also regulate apoptosis by altering the expression of the apoptotic
factors, BAX and BAK [41]. In addition to the above functions, STAT6 also induces
survival-dependent glycolysis of primary B lymphocytes treated with IL-4. It is
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thought that impaired glycolysis may limit the oxidizable substrate needed to
maintain mitochondrial membrane potential resulting in apoptosis [42].

1.4.3 Insulin receptor substrates (IRSs) as adaptor proteins
Insulin receptor substrate (IRS) proteins 1-6 are large cytoplasmic docking
proteins that are important for receptor signaling. IRS1 and IRS2 are widely
expressed in tissues, including brain, muscle, heart, adipose, kidney, ovary, and
mammary gland, while the other family members (IRS3-6) have restricted expression
patterns [43, 44]. Most hematopoietic cells express IRS2, but not IRS1 [28, 45].
Other cell types, including many cancer cells, express IRS1, IRS2, or both [46, 47].
IRS3 is restricted to mouse adipose tissue while IRS4 is restricted to human brain,
liver, kidney, and thymus. IRS5 and IRS6 have less clear roles [43, 48]. IRS1 and
IRS2 are encoded by single exons on human chromosome 2q36-37 (mouse
chromosome 1), and human chromosome 12q341 (mouse chromosome 8),
respectively. IRS1 and IRS2 are 43% identical and they function as large adaptors
with many protein binding motifs that allow them to interact with other proteins.
IRS1 and IRS2 have a well conserved pleckstrin homology (PH) domain and a
phosphotyrosine binding (PTB) domain, which interact with phospholipids and
phosphorylated receptors respectively. Furthermore, they both have a large COOHterminal region containing many potential sites for tyrosine and serine/threonine
phosphorylation (Figure 3) [22, 49-52].
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Figure 3. Schematic of mouse IRS1 and IRS2 proteins. The major domains of the
IRS proteins, the PH domain and the PTB domain, some regulatory serine
phosphorylation sites of IRS1, and the corresponding sites of IRS2 are shown. This
figure is adapted from a previously published figure [46].
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1.4.4 IL-4 signaling through IRS1 and IRS2
The IL-4 receptor (IL-4R) also strongly activates the IRS1/2 adaptor proteins
that link the IL-4R to signaling pathways that regulate cellular proliferation and
survival (Figure 2). After the IL-4R is phosphorylated, the N-terminal
phosphotyrosine binding (PTB) domain of IRS1 or IRS2 binds the I4R (insulin-IL-4
receptor) motif, PLXXXXNPXY, of the IL-4 receptor [27]. This sequence motif is
also found in the insulin and IGF-1 receptors. IRS1/2 also contains an N-terminal
pleckstrin homology (PH) domain that localizes it to the plasma membrane. Once
bound to IL-4Rα, IRS1/2 is multiply phosphorylated by receptor-associated kinases.
IRS1 and IRS2 have ~ 20 potential tyrosine phosphorylation sites in their COOHterminal region. Once phosphorylated, IRS1 and IRS2 can recruit additional
signaling molecules and activate downstream signaling pathways. Phosphorylated
IRS1 and IRS2 have been shown to interact with SHP2, Fyn, Grb-2, Nck, Crk, and
p85, the regulatory subunit of phosphoinositide-3-kinase (PI-3-K) [27, 48, 53-56].
IRS1 and IRS2 have four and two possible p85 binding sites, respectively. The p85
subunit contains an N-terminal SH3 domain and C-terminal SH2 domains that
mediate its interaction with the p110 catalytic subunit of PI-3-K. The p110 subunit
can phosphorylate membrane lipids, which are involved in the activation of several
kinases, including AKT (also known as protein kinase B), that play an important role
in cell survival, cell growth, and cell cycle progression [27, 30, 57]. AKT promotes
cell survival by phosphorylating, and thus inhibiting, BAD, a proapoptotic factor.
AKT also inhibits the FOXO family of forkhead transcription factors that can induce
BIM expression, a BH3-only stress-sensitizing protein. AKT promotes cell growth
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by inhibiting the tuberous sclerosis complex 2 (TSC2). This inhibition results in
mTOR activation which activates ribosomal S6 kinase (S6K1) and inhibits the
elongation-initiation factor 4E-binding protein1 (4E-BP1). These events stimulate
protein translation. AKT promotes cell cycle progression by inhibiting GSK3, thus
promoting the stabilization of myc and cyclin D1. AKT’s inhibition of the FOXO
proteins also promotes cell cycle progression because FOXO proteins repress cyclin
D1 expression and enhances the expression of p27kip1 and p130Rb2, cell cycle
inhibitors [58, 59].

1.4.5 Regulation of IRS1 and IRS2 via tyrosine and serine/threonine phosphorylation
IRS1 and IRS2 have been shown to mediate signaling from additional
activated cell surface receptors including integrins, the receptors for insulin, insulinlike growth factor-1 (IGF-1), prolactin, growth hormone (GH), vascular endothelial
growth factor (VEGF), and several other cytokine receptors including those for
interleukin (IL)-9, -13, and -15 [43, 47, 49, 60, 61]. While the tyrosine
phosphorylation of certain residues leads to enhanced recruitment of downstream
pathways, tyrosine phosphorylation of IRS1 has also been shown to reduce certain
protein interactions. IRS1 has been shown to interact with the DNA repair protein
RAD51 via its PTB domain; tyrosine phosphorylation induced by IGF-1 suppressed
this interaction [22]. Furthermore, IRS1 has over 30 potential Ser/Thr
phosphorylation sites and this can enhance or inhibit signaling. Phosphorylation by
multiple kinases, including PI3K, JNK, mTOR, and PKC, has been shown to interrupt
the interaction of IRS1 with activated receptors and may promote IRS1 interaction
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with 14-3-3 proteins. Phosphorylated serines may act as docking sites to selectively
recruit downstream proteins; thereby, fine tuning IRS signaling. They may also
sterically prevent other proteins from binding to IRS1 (Figure 4). IRS proteins are
also regulated by ubiquitination, which can be mediated by Ser/Thr phosphorylation,
leading to proteasomal degradation [8, 43, 62-66]. In addition there are also nonproteasomal degradation pathways, possibly lysosomal, mediated by Ser/Thr
phosphorylation [66]. Activation of Ser/Thr kinase activity may create a negative
feedback loop to regulate IRS function [8, 27, 47, 51, 52, 57, 63-65, 67-69].
Although IRS2 has over 30 Ser/Thr phosphorylation sites, less is known about the
effects of IRS2 serine phosphorylation on IRS-mediated signaling [52]. On the other
hand, in some cases serine phosphorylation of IRS1 may actually promote cell
signaling. For example, in human prostate cancer cells, the serine phosphorylation of
IRS1 inhibited its tyrosine phosphorylation and promoted cell adhesion while
decreasing cell motility because of enhanced interactions with α5β1 integrins [70].

1.4.6 The role of IRS1 and IRS2 in cancer
Despite a similar structure and some similar functions, IRS1 and IRS2 can
differentially regulate cancer cell survival, growth, proliferation, and motility [26, 28,
36, 48, 49, 57, 71-75]. There is evidence that this may reflect differences in the
proteins recruited to IRS1 as compared to IRS2 [8, 28, 76-78]. In several breast
cancer cell lines IRS1 was responsible for IGF-I receptor-mediated cell proliferation,
and IRS2 was responsible for IGF-I and epidermal growth factor (EGF) receptor-
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Figure 4. IRS1 serine phosphorylation. Induction of serine phosphorylation of
IRS1 downstream of IRS2 negatively regulates IRS1 function by interrupting the
interaction of IRS1 with activated receptors; thus promoting its interaction with 14-33 proteins. Phosphorylated serines may also sterically prevent other proteins from
binding to IRS1. Kinases such as S6K, JNK, have been shown to phosphorylate
mouse IRS1 on serines 302 and 307, respectively. AKT and mTOR have been shown
to phosphorylate mouse IRS1 on serines 636, 639, 662, and 731. Additional kinases
also serine phosphorylate IRS1 at these sites as well as other sites. PH represents the
pleckstrin homology domain and PTB represents the phosphotyrosine binding
domain. This figure is adapted from a previously published figure [8].
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stimulated cell motility; IRS1 and IRS2 selectively coupled to downstream pathways
[36, 79-81]. Furthermore, expressing IRS1 in LNCaP prostate cancer cells that
lacked IRS1 decreased cell motility via interactions with integrins [70, 76, 82, 83]. It
was suggested that the differences between the IRS functions might also be due to
differences in tissue distribution since IRS1 and IRS2 are not interchangeable in
tissues necessary for glucose production, glucose uptake, and insulin production such
as the liver, skeletal muscle, and pancreatic beta cells [56, 76]. In addition,
subcellular localization may be important since IRS1 specifically expressed in the
nucleus was positively correlated with a well-differentiated, non-metastatic
phenotype for ductal breast cancer [8]. In invasive ductal carcinomas, IRS1 was
expressed in the nuclei and the cytoplasm, but IRS2 was expressed in the cytoplasm
and membrane, but not the nucleus [84].
Moreover, recent studies showed that IRS2 was involved in mammary tumor
metastasis, and that knocking out IRS2 rendered the tumor cells less invasive and
more apoptotic under conditions where serum was withdrawn [47, 85]. IRS1 was not
required for metastasis, and was actually suggested to be a suppressor of metastasis in
breast cancer. Studies by Deangelis et al. suggest that IRS1 inhibits cell motility by
interacting with c-met, a tyrosine kinase receptor that promotes motility. When IRS1
protein expression is increased, c-met protein expression is decreased, showing a
reciprocal down-regulation [77]. Knocking out IRS1 in tumor cells that expressed
IRS2 caused the cells to be highly invasive and resistant to serum withdrawal by
activating cell survival signaling pathways [47, 85]. IRS1 was shown to be
inactivated by serine phosphorylation in metastatic tumors, which prevented tyrosine
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phosphorylation and p85 interaction. This suggested a negative feedback mechanism
in which mTOR-dependent p70-S6 kinase serine phosphorylated IRS1, which
resulted in its inactivation. When IRS1 function was lost, IRS2-dependent PI3K
activation was increased resulting in a signaling increase in AKT and mTOR. The
increased mTOR signaling increased VEGF protein in breast cancer cells, thus
enhancing tumor angiogenesis. Tumor angiogenesis is important for tumors to
receive nutrients and oxygen and also to get rid of metabolic wastes and carbon
dioxide [7, 47, 57, 59]. IRS2 was resistant to negative feedback regulation in mouse
metastatic mammary tumors [47].

1.6 Effect of IL-4 on immune cells in the tumor microenvironment
T lymphocytes can be classified as CD8+ or CD4+. CD8+ T cells can be
further divided into type-1 cytotoxic (Tc1) cells that can produce IFN gamma and
type-2 cytotoxic (Tc2) cells that can produce IL-10 and IL-4. Tc1 cells can migrate
into tumors and aid in anti-tumor responses much better than Tc2 cells. CD4+ T cells
can be further divided into type-1 helper (Th1) or type-2 helper (Th2) subpopulations.
Th1 cells produce IFN-gamma, IL-2, and TNF. Th2 cells instead produce IL-4, IL-5,
IL-6, IL-10, and IL-13. CD8+ Tc1 cells and CD4+ Th1 cells can function to destroy
tumors. Th2 cytokines are detected in the microenvironment of various tumor types
and can promote the survival of tumors [86, 87]. A decreased Th1/Th2 ratio is
observed in many cancers and this impairs cytotoxity against tumors because IL-4 can
polarize CD8+ T cells to type 2 cytotoxic T cells that have impaired cytolytic activity
against tumor cells. Furthermore, IL-4, via STAT6, can suppress the expression of
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very late antigen (VLA)-4, a homing receptor, on type 1 CD8+ T cells and prevent
type 1 CD8+ T cells from infiltrating tumors in anti-tumor responses [87, 88]. IL-4
can induce the activity of tumor- promoting cysteine cathepsins in tumor-associated
macrophages (TAMs). Cathepsins have roles in tumor growth, angiogenesis,
invasion, and metastasis [89-91]. IL-4 may also contribute to the expression of
protumoral genes in TAMs via induction of c-myc [92].

1.7 Direct effect of IL-4 on cancer cells
Importantly, cytokines such as IL-4 do not act simply by modulating the
immune response [86, 93-95]. IL-4 can promote tumor cell survival directly and
may be produced by the cancer cells themselves or by CD4+ tumor-infiltrating
lymphocytes (TILs) [32, 94, 95]. There are numerous studies demonstrating that IL-4
can protect various types of tumor cells, such as prostate, bladder, breast, and thyroid,
from apoptosis induced by chemotherapeutic agents, CD95L, or hydrocortisone [86,
94, 96, 97]. One mechanism by which IL-4 protects some cancer cells from apoptosis
is by up-regulating anti-apoptotic proteins such as c-FLIPL, PED/PEA-15, BCL-2, or
BCL-xL via the STAT6 pathway [86, 94, 96-98]. A second mechanism is by the
activation of AKT and suppression of BAD via the IRS/PI3K pathway [45, 98]. Few
studies have examined the role of IRS1 or IRS2 in mediating the IL-4 response
important for protecting cells from chemotherapy-induced death; therefore, this was
the main focus of my thesis research.

1.8 Specific aims:
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IL-4 is a cytokine expressed in the microenvironment of many tumor types
and greatly impacts the immune response to the tumor by weakening anti-tumor
responses and promoting pro-tumor responses. IL-4 can also act directly on many
tumor cell types to prevent apoptosis [86, 93-95]. IL-4 mainly signals by activating
either the STAT6 pathway and/or the IRS1/2 pathway. Both the STAT6 pathway and
the IRS1 and IRS2 proteins have been associated with cancer due to their impact on
the regulation of apoptosis, motility, and proliferation. Most studies have focused
solely on the contribution of the STAT6 pathway in mediating the IL-4 response.
Few studies have examined the role of IRS1 or IRS2 and therefore this was the main
focus of my thesis.
The adaptors IRS1 and IRS2 link the IL-4R and IGF-1R to downstream
signaling pathways that regulate proliferation, motility, and survival. Previous
studies by our lab showed that in the presence of IL-4, IRS1 protected 32D cells from
IL-3 withdrawal-induced apoptosis and IRS2 protected resting B cells from
spontaneous apoptosis [45]. Recent studies suggest that IRS1 and IRS2 mediate
different functions in cancer pathogenesis. IRS1 promoted breast cancer proliferation
and inhibited metastasis, while IRS2 promoted metastasis [36, 47, 70, 79-81, 85].
The role of IRS1 and IRS2 in controlling cell responses to chemotherapy is unknown.
Therefore, to determine the role of IRS1 and IRS2 in the sensitivity of cells to
chemotherapy we used two models, the 32D model and a breast cancer model. The
32D cell line is a murine myeloid progenitor line that is IL-3 dependent [28]. Since
32D cells do not express mRNA for IRS1 or IRS2 this was a useful model to express
IRS proteins and determine their functions. The breast cancer model, on the other
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hand, was also a useful model because it allowed us to manipulate endogenous IRS1
levels and determine its function. We chose chemotherapeutic agents that are
currently used in the clinic to treat various types of cancer. The chemotherapeutic
agents and their mechanisms are shown in Table 1. Furthermore, we are able to
analyze human breast cancer tissues and determine correlations between IRS1, IRS2,
and STAT6 expression, as well as tumor type, and tumor grade. Based on previous
studies by our lab which showed that in the presence of IL-4, IRS1 protected 32D
cells from IL-3 withdrawal-induced apoptosis and IRS2 protected resting B cells from
spontaneous apoptosis, we proposed that IRS1 and IRS2 would protect 32D cells and
breast cancer cells from chemotherapy-induced cell death and that the addition of IL4 would enhance this protection [45]. We hypothesized that these effects were
mediated through up-regulation of anti-apoptotic proteins and down-regulation of
pro-apoptotic proteins. Two specific aims were designed to test this hypothesis.

1.8.1 Aim 1: To define the role of IRS1 and IRS2 in sensitivity to chemotherapyinduced apoptosis in the model 32D cell system.
The 32D cell line is a murine myeloid progenitor line that is IL-3 dependent
and expresses IL-4 receptors and STAT6, but does not express mRNA for IRS1 or
IRS2 [28]. Because this cell line is IL-3 dependent, removing IL-3 results in
apoptosis. This cell line has been used extensively as a model for growth control and
regulation of apoptosis [45, 52, 99-103]. We have previously developed 32D cell
lines over-expressing IRS1 or IRS2 as a result of transfection. To define the role of
IRS1 and IRS2 in sensitivity to chemotherapy, 32D cells that lack IRS proteins or that
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Drug

Mechanism

Cell Cycle Arrest

Vincristine

Inhibits microtubule assembly

G2/M

Taxol

Inhibits microtubule disassembly

G2/M

Camptothecin Binds DNA-topoisomerase I
Etoposide

Binds DNA-topoisomerase II

Daunorubicin Intercalates in DNA

S
S/G2
S, ?

Cisplatin

Binds DNA causing intrastrand
crosslinks

S, ?

Doxorubicin

Intercalates in DNA

S, ?

Table 1. Mechanism of action of various chemotherapeutic drugs. Several
chemotherapeutic drugs are used in the experiments of Aim 1 and Aim 2 to induce
apoptosis. We chose chemotherapeutic agents that are currently used in the clinic to
treat various types of cancer. These drugs work by different mechanisms to induce
DNA damage either by targeting microtubules or topoisomerases, or by targeting the
DNA directly. Chemotherapeutic drugs arrest the cells in the cell cycle and then
induce apoptosis.
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express either IRS1 or IRS2 were tested for sensitivity to chemotherapeutic drugs in
the presence or absence of cytokines. Based on previous studies by our lab which
showed that IL-4 signaling via IRS proteins protected cells from cytokine
withdrawal-induced apoptosis and spontaneous apoptosis we proposed that IRS1 and
IRS2 would protect 32D cells from chemotherapy-induced cell death and that the
addition of IL-4 would enhance this protection [45]. However, expression of IRS1,
but not IRS2, resulted in enhanced sensitivity to chemotherapy-induced cell death.
To complete this study, 32D cells expressing both IRS1 and IRS2 were developed
and tested for chemosensitivity. In addition, we examined the effect of IL-4 on these
responses. Finally we analyzed the expression of various cell death regulatory
proteins and, in collaboration with Dr. Gregory Carey, analyzed changes in
mitochondrial integrity in order to determine the mechanism by which IRS1
sensitized cells to chemotherapy.

1.8.2 Aim 2: To analyze the role of IRS1 and IRS2 in breast cancer cell
sensitivity to chemotherapy-induced death.
Both IRS1 and IRS2 link the IL-4R and IGF-1R to signaling pathways that
regulate cellular proliferation and survival, and both have been implicated in breast
cancer progression. However, recent studies showed a differential contribution of
IRS1 and IRS2 to cancer biology. It has been shown that IRS2 regulated breast tumor
metastasis while IRS1 was suggested to be a suppressor of metastasis and instead
promoted proliferation [36, 47, 70, 79-81, 85]. Knocking out IRS1 in tumor cells that
expressed IRS2 caused the cells to be highly invasive and resistant to serum
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withdrawal [47, 79, 85]. Previously published studies by our lab showed that IL-4
signaling via IRS proteins protected cells from cytokine withdrawal-induced
apoptosis and spontaneous apoptosis [45]. Therefore, we proposed that both IRS1
and IRS2 protected breast cancer cell lines from chemotherapy-induced cell death.
MCF7 cells are estrogen receptor alpha (ERα) positive and have low metastatic
potential; whereas, MDA-MB-231 cells are ERα negative and have much higher
metastatic potential. MCF7 cells are more sensitive to docetaxel-induced death as
compared to MDA-MB-231 cells [104]. We found that MCF7 cells highly expressed
IRS1 with little IRS2, while MDA-MB-231 cells expressed relatively equal amounts
of IRS1 and IRS2. To complete this study, we determined if MCF7 and MDA-MB231 cells would differentially respond to chemotherapy and if IL-4 would enhance
this response. We also examined whether decreasing IRS1 in MCF7 cells would
reduce their sensitivity to chemotherapy. Finally, in collaboration with Dr. Nhan
Tran at Translational Genomics Research Institute (TGen), we analyzed expression of
IRS1, IRS2, STAT6 and tyrosine phosphorylated STAT6 in a panel of human breast
cancer tissues. We found correlations between protein expression as well as tumor
type, and tumor grade.
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II. CHAPTER 2: Role of IRS1 and IRS2 in Protecting 32D Cells from
Chemotherapy-induced Death.
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2.1 Introduction
Insulin receptor substrate (IRS) proteins 1 and 2 are large cytoplasmic
docking proteins that mediate signaling from activated cell surface receptors
including the insulin, insulin-like growth factor-1 (IGF-1), and interleukin (IL)-4
receptors [43]. IRS1 and IRS2 are 43% identical; they have a well conserved
pleckstrin homology (PH) domain and phosphotyrosine binding (PTB) domain. Their
COOH-terminal region is more varied and contains many potential sites for tyrosine
and serine/threonine phosphorylation (Figure 3) [22, 49-52]. IRS1 and IRS2 are
widely expressed. Most hematopoietic cells express IRS2, but not IRS1 [28, 45].
Other cell types, including cancer cells, may express IRS1, IRS2, or both [26, 46].
When IRS proteins are bound to activated receptors they are multiply phosphorylated
by receptor-associated kinases. When phosphorylated, IRS1 and IRS2 can interact
with various proteins including SHP2, Fyn, Grb-2, Nck, Crk, and p85, the regulatory
subunit of phosphoinositide-3-kinase (PI-3-K) [27, 48, 53-56].
Despite similar structure and function, IRS1 and IRS2 have been implicated in
cancer progression by differentially regulating cell survival, growth, proliferation, and
motility [28, 36, 47-49, 57, 71-75]. IRS1 was shown to have positive affects on
proliferation and growth and inhibited metastasis, whereas IRS2 enhanced
metastasis [36, 76, 80]. Few studies have examined the role that IRS1 and IRS2 play
in sensitivity to chemotherapy. Therefore, to determine the role of IRS1 and IRS2 in
the protection of cells from chemotherapy-induced cell death, we utilized the 32D cell
model system. The 32D cell line is an IL-3 dependent myeloid progenitor line that
expresses IL-4 receptors, but lacks expression of IRS1 and IRS2 which makes this
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system ideal for analyzing the effects of IRS proteins on cells. 32D cells are
insensitive to insulin, IL-4 and IGF-1. Expression of IRS1 and IRS2 rescues the
mitogenic response to IL-4 and IGF-1 [52, 99]. The insulin response is restored when
the insulin receptor is co-expressed. These cells have been used extensively as
models for growth factor receptor signaling, proliferation, and regulation of
apoptosis [45, 52, 99-103].

We proposed that IRS1 and IRS2 would protect 32D

cells from chemotherapy-induced cell death and that the addition of IL-4 would
enhance this protection. We treated these cells with various chemotherapeutic drugs
that work by different mechanisms and are currently used in the clinic to treat various
types of cancer (Table 1). Then we analyzed drug sensitivity by multiple methods.

2.2 Materials and Methods
2.2.1 Materials
32D cells were obtained from Dr. J. H. Pierce [99]. Recombinant IL-4 (rIL-4)
and recombinant IGF-1 (rIGF-1) was purchased from R &D Systems and used at a
final concentration of 10 ng/ml and 5 ng/ml, respectively. The caspase inhibitor, QVD-OPh, was also purchased from R & D Systems and used at a final concentration
of 10 µM. Neomycin (G418) and tetramethylrhodamine (TMR) were purchased from
Invitrogen. Vincristine, etoposide, taxol, camptothecin, cisplatin, and daunorubicin
were purchased from Sigma-Aldrich. Taxol was also purchased from LC
Laboratories. Propidium Iodide (PI) was purchased from Sigma-Aldrich. Antibodies
for BCL-xL, pBAD(Ser136), BAD, BAK, GAPDH, and Annexin II were purchased
from Santa Cruz Biotechnology. Antibodies for pAKT(473), AKT, BAX, and BCL-
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2(50E3) were purchased from Cell Signaling Technologies. Antibody for alphatubulin was purchased from ebioscience. Antibodies for IRS1 and IRS2 were
purchased from Upstate Biotechnology. Imperial protein stain was purchased from
Thermo Scientific.

2.2.2 Cell Culture and Reagents
32D cells transfected with either IRS1 or IRS2 were maintained in complete
RPMI 1640 (Lonza) supplemented with 10% fetal bovine serum (FBS), 1%
glutamine, 1% pen-strep, plus 5% WEHI-3B supernatant as a source of IL-3 [45, 99].
32D cells transfected with both IRS1 and IRS2 were maintained in complete RPMI
plus 5% WEHI-3B supernatant and 800 µg/ml neomycin (Invitrogen). WEHI-3B
supernatant was prepared by growing WEHI-3B cells to terminal density in RPMI
1640 (Lonza) containing 15% fetal bovine serum (FBS), 1% glutamine, and 1% penstrep as described [99].

2.2.3 Transfection Experiments
32D cells stably expressing IRS1 (clone 484.2 and clone 260.3) were
previously described [99]. To express IRS2 or both IRS1 and IRS2 in 32D cells, 1 x
107 cells were washed and resuspended in 0.3 mls of phosphate buffered saline
(PBS). The cells were mixed with or without 10 µg of IRS1/pCMV-His expression
plasmid and 10 µg of IRS2/pcDNA3 expression plasmid containing a neomycin
resistance marker. The mixture was subjected to electroporation using a Bio-Rad
gene-pulsar set on 200 V and 960 µFa. The cells were returned to ice for 20 minutes
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and then cultured overnight in culture media before selection with 800 µg/ml
neomycin. Neomycin-resistant cells were tested for the stable expression of IRS1 and
IRS2 by western immunoblotting using an IRS1- or IRS2-specific antibody. The
phosphorylation of IRS1 and IRS2 after IL-4 stimulation was tested by
immunoprecipitation with an IRS1- or IRS2-specific antibody and then western
immunoblotting using a phosphotyrosine-specific antibody.

2.2.4 Knock-down of Annexin A2 in 32D-IRS1 Cells
32D-IRS1 (clone 260.3) cells were plated to 80% confluency in 2 mls of
culture media. Various amounts of Annexin A2 shRNA lenti-viral supernatant
(Sigma TRCN0000110696) were used to infect the cells. Two days after infection
cells were selected in 700 ng/ml puromycin. Puromycin-resistant pooled clones were
tested for the expression of Annexin A2 by western immunoblotting using an
Annexin A2- specific antibody. Two Annexin A2-depleted cell lines were generated
and characterized (101-2W3 and 101-2W4).

2.2.5 Immunoblotting
Cells were washed and deprived of serum for two hours. Cells were treated in
the presence or absence of IL-3, supplied as 5% WEHI-3B supernatant, or 10 ng/ml
IL-4 (R&D) for 30 minutes. Cells were washed with ice cold PBS and lysed with
lysis buffer (50 mM HEPES at pH 7.5, 0.5% NP-40, 5 mM EDTA, 50 mM NaCl, 10
mM Na pyrophosphate, 50 mM NaF, fresh 1 mM NaOV, fresh 1mM PMSF, fresh 1X
protease cocktail, and fresh 100 nM calyculin A). In some experiments, a protein
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subcellular fractionation kit (Pierce Biotechnology) was used to obtain lysates.
Protein concentrations were determined using a BCA Kit (Pierce Biotechnology).
Equal amounts of protein were loaded on the gel, separated by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis), and transferred to a
nitrocellulose membrane (Millipore). The blot was blocked with 3% BSA in TBST
(25 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20) wash buffer for 1 hour.
The appropriate primary antibody was added for either 1 hour or overnight. The blot
was then washed and the secondary antibody conjugated with horseradish peroxidase
was added for 1 hour. The blot was washed again and chemiluminescence reagents
(Denville Scientific) were used to visualize the signal on x-ray film. In some
experiments the membranes were stripped with a 37° Celsius stripping solution
(Millipore) for 30 minutes at room temperature. These membranes were then used
for immunoblotting with another antibody. For immunoprecipitation experiments,
specific antibodies were added to lysates containing equal, normalized amounts of
total cellular protein. Protein A/G -agarose beads were used to pull down antibodybound proteins prior to analysis by SDS-PAGE and western blotting.

2.2.6 Protein Identification and Sequence Alignment
Cell lysates were prepared from 32D and 32D-IRS1 cells, loaded on a gel, and
separated by SDS-PAGE. The proteins were stained and visualized with Imperial
protein stain overnight and then de-stained in distilled water. Bands that showed a
change in staining intensity compared to the control lysate were excised for further
analysis. Proteins were digested in gel with trypsin. Subsequently, the extracted
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peptides were analyzed by liquid chromatography, tandem mass spectrometry using
an LCQ Advantage ion trap mass spectrometry and nano-spray ion source equipped
with a 105 mm by 0.030 mm stainless steel emitter. Proteins were identified using
X!Tandem where the NCBI Refseq (mouse) database was used to identify peptides
and correlate those peptide hits to protein identifications [105]. Protein sequence
alignment was performed using the NCBI site.

2.2.7 Nuclear DNA Content Assay
Cells were treated with chemotherapy agents as described [22].

Cells were

cultured in RPMI 1640 media containing IL-3 supplied as 5% WEHI-3B-supernatant
which contained 0.75% serum. Various concentrations of chemotherapeutic drugs
were added for 24 hours. Cells were centrifuged and washed twice with PBS
(Lonza). Nuclear DNA was quantified with propidium iodide stain (0.1% Sodium
Citrate, 0.2% Triton, 50 µg/ml RNase, 50 µg/ml propidium iodide, in PBS). The cells
were analyzed by FACS as described in detail by Zamorano et al. [45]. Based on
multiple biochemical and morphological parameters, cells with < 2N DNA content
(hypodiploid) were considered apoptotic [45, 106].

2.2.8 PI Uptake Assay
Cells were pretreated in the presence or absence of 10 µM Q-VD-OPh, a
broad spectrum cell-permeant caspase inhibitor, for 1 hour and then treated in the
presence or absence of 4 µg/ml etoposide, for 20 hours. The cells were then washed
in HEPES Buffered Saline (HBS, pH 7.4), containing 25 mM HEPES and 137 mM
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NaCl and then resuspended in PBS containing 5 µg/ml Propidium Iodide (PI). FACS
analysis was used to measure the percentage of PI+ cells.

2.2.9 Mitochondrial Membrane Potential Assay
Cells were pretreated in the presence or absence of 10 µM Q-VD-OPh, a
broad spectrum cell-permeant caspase inhibitor, for 1 hour and then treated in the
presence or absence of 4 µg/ml etoposide, for 20 hours. Mitochondrial membrane
potential (MMP) was measured by labeling cells with 80 nM tetramethylrhodamine
(TMR) for 30 minutes as previously described [98]. FACs analysis was used to
measure the percentage of TMR low cells.

2.2.10 Proliferation Assay
Cells were washed with PBS and resuspended in either low serum RPMI
media containing IL-3 or in RPMI 1640 media containing 10% serum plus IL-3. Cell
numbers were determined every 24 hours by staining with Trypan Blue solution
(Sigma) and counting using a hemacytometer.

2.3 Results
Expression and tyrosine phosphorylation of IRS and STAT6 in 32D cells.
32D cells stably expressing IRS1 as a result of transfection have been
described previously [45, 99]. We generated 32D cells stably expressing IRS2 using
a similar strategy. The cDNA containing vector also encoded for a neomycin
resistance marker that was used for positive clone selection. Positive clones were
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selected in 800 µg/ml of G418. We verified the expression levels of IRS proteins in
these transfectants in the presence or absence of cytokines (Figure 5A). The
expression levels of the IRS proteins were not affected by the addition of recombinant
IL-4 or the cognate growth factor for 32D cells, IL-3, supplied as 5% WEHI-3B
supernatant. When we analyzed phosphorylation of these proteins, we observed basal
levels of IRS1 tyrosine phosphorylation that was increased by the addition of IL-4 or
WEHI-3B supernatant which contains IL-3 and 0.75% serum (Figure 5B). A second
and independent IL-4 signaling pathway activates STAT6 so we examined STAT6
tyrosine phosphorylation. Results showed that IL-4 induced STAT6 tyrosine
phosphorylation in the 32D cells and the transfectants (Figure 5C). Furthermore,
while 32D parental cells showed slightly higher levels of STAT6 tyrosine
phosphorylation in the presence of IL-4 when compared to the transfectants, the 32DIRS1 and 32D-IRS2 cells showed similar levels of STAT6 tyrosine phosphorylation
when compared to each other. Overall we see that both the IRS and STAT6 pathways
are induced by IL-4 in 32D cells and transfectants.

IRS1 expression sensitizes 32D cells to chemotherapy–induced cell death.
To test for sensitivity to chemotherapy without inducing cytokine withdrawal,
we treated the cells with various concentrations of vincristine in the presence of 5%
WEHI-3B supernatant. Vincristine inhibits microtubule assembly by binding tubulin
and inducing aggregate formation [19]. It arrests the cell cycle in the G2/M phase
and induces apoptosis. To test for sensitivity to chemotherapy without inducing
cytokine withdrawal, we treated the cells with various concentrations of vincristine in
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Figure 5. Expression and tyrosine phosphorylation of IRS and STAT6 in 32D
cells. A. 32D cells and cells transfected with either IRS1 or IRS2 cDNA were treated
in the presence or absence of IL-3 (5% WEHI-3B supernatant) or IL-4 (10 ng/ml) for
30 minutes. Cell lysates were prepared and the western blot was probed with antiIRS1, anti-IRS2, or anti-GAPDH antibodies. B. Cells were treated in the presence or
absence of IL-3 (5% WEHI-3B supernatant) or IL-4 (10 ng/ml) for 30 minutes. Cell
lysates were prepared and immunoprecipitated with antibodies specific for IRS1,
IRS2, or an isotype control antibody (IgG). The western blot was probed with antiphosphotyrosine (pY) antibody. C. Cells were treated in the presence or absence IL-4
(10 ng/ml) for 30 minutes. Cell lysates were prepared and immunoprecipitated with
antibodies specific for STAT6. The western blot was probed with an antiphosphotyrosine (pY) antibody.

36

the presence of 5% WEHI-3B supernatant. Nuclear DNA content was measured by
propidium iodide staining followed by FACS analysis. As previously described, this
approach identifies hypodiploid, apoptotic cells [45, 106]. Vincristine treatment of
32D cells increased the percentage of hypodiploid, apoptotic cells in a dosedependent manner and increased the percentage of cells in the G2/M phase of the cell
cycle (Figure 6A). Vincristine also induced cell death in the 32D cells expressing
IRS1 or IRS2; however, expression of the IRS proteins differentially affected the
sensitivity of 32D cells to apoptosis (Figure 6B). Specifically, 32D cells expressing
IRS1 were substantially more sensitive to vincristine than were the parental 32D cells
or IRS2 expressing 32D cells. To see if IRS1 would also sensitize 32D cells to other
chemotherapeutic drugs, we treated the cells with camptothecin, taxol, etoposide, or
daunorubicin and saw that 32D cells expressing IRS1 were also sensitive to
camptothecin and etoposide as well. Although taxol did not induce as much cell
death as the other drugs, it appears that IRS1 may sensitize 32D cells to taxol as well
as daunorubicin at some concentrations (Figure 6B and data not shown). Neither the
32D cells nor the transfectants were sensitive to cisplatin (data not shown).

IL-4 slightly protects 32D and 32D-IRS1 cells from chemotherapy-induced
death.
IL-4 has been shown to protect cancer cells from chemotherapy-induced cell
death [86, 94]. Our results from Figure 5 showed that both the IRS and STAT6
pathways are induced by IL-4 in 32D cells and transfectants. Therefore, we wanted
to determine if IL-4 or IGF-1, which also signal through IRS proteins, would protect
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Figure 6. IRS1 sensitizes 32D cells to chemotherapy -induced cell death. A. 32D
cells were treated with various concentrations of vincristine in the presence of IL-3,
supplied as 5% WEHI-3B supernatant which contained 0.75% serum, for 24 hours.
The percentage of cells with <2N DNA content (hypodiploid) was measured by
propidium iodide staining of nuclear DNA content followed by FACs analysis.
Representative histograms are shown. The percentage of hypodiploid cells is
indicated. B. 32D cells lacking or expressing IRS1 (clone 484.3) or IRS2 were
treated with various concentrations of vincristine, camptothecin, or taxol in the
presence of IL-3, supplied as 5% WEHI-3B supernatant which contained 0.75%
serum, for 24 hours. The percentage of hypodiploid cells was measured by
propidium iodide staining of nuclear DNA content followed by FACS analysis. The
percentage of hypodiploid cells is indicated.
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32D cells and transfectants from chemotherapy-induced cell death. Results showed
that IL-4 protected 32D and 32D-IRS1 cells from vincristine- and camptothecininduced death mostly at the lower drug concentrations (Figure 7A, B). IL-4 also
slightly protected 32D cells from taxol-induced death (Figure 7C). 32D-IRS2 cells
were not protected by IL-4. Importantly, even in the presence of IL-4, cells
expressing IRS1 still show the highest drug sensitivity at most concentrations. IGF-1
slightly protected 32D and 32D-IRS1 cells from vincristine-induced cell death at the
lower concentrations (Figure 7A).

32D cells expressing both IRS1 and IRS2 are resistant to chemotherapy.
Other cell types, including cancer cells, can co-express both IRS1 and IRS2;
therefore, we transfected both IRS1 and IRS2 into the 32D parental cells to examine
the effects of the expression of both IRS1 and IRS2 on chemotherapy-induced cell
death [46, 47]. We obtained a double-expressing clone that showed modest basal
phosphorylation of both IRS1 and IRS2. The tyrosine phosphorylation of both IRS1
and IRS2 was increased in response to IL-4, while IL-3, supplied as 5% WEHI-3B
supernatant, predominantly induced the tyrosine phosphorylation of IRS1 (Figure
8A). As mentioned above, WEHI-3B supernatant provides low serum (0.75%) which
may contain additional growth factors that signal via IRS1. Etoposide binds
topoisomerase II and arrests the cell cycle in S/G2 phase prior to undergoing
apoptosis [17]. To determine the effect of IRS1 on etoposide sensitivity, the cells
were treated with various concentrations of etoposide. The percentage of
hypodiploid, apoptotic cells was measured by propidium iodide staining of nuclear
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Figure 7. IL-4 slightly protects 32D cells and 32D-IRS1 cells from
chemotherapy-induced death. 32D cells lacking or expressing IRS1 (clone 484.3)
or IRS2 were treated with various concentrations of A. vincristine, B. camptothecin,
or C. taxol in the presence or absence of IL-4 (10 ng/ml) or IGF-1 (5 ng/ml). The
percentage of apoptotic cells was measured by propidium iodide staining of nuclear
DNA content followed by FACS analysis. The percentage of hypodiploid cells is
shown.
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Figure 8. IRS2 expression prevents IRS1 from sensitizing cells to chemotherapyinduced cell death. A. 32D cells were transfected with both IRS1 and IRS2. Clones
were selected and the cells were serum starved and treated in the presence or absence
of IL-3 (5% WEHI-3B supernatant) or IL-4 (10 ng/ml) for 30 minutes. Cell lysates
were prepared and immunoprecipitated with antibodies specific for IRS1, IRS2, or an
isotype control antibody (IgG). The western blot was probed with antiphosphotyrosine (pY) antibody. B. 32D cells lacking or expressing IRS1 (clone
260.3) or IRS2, or both IRS1 and IRS2 were treated with various concentrations of
etoposide in the presence of IL-3, supplied as 5% WEHI-3B supernatant which
contains 0.75% serum. The percentage of hypodiploid cells was measured by
propidium iodide staining of nuclear DNA content followed by FACS analysis. The
percentage of hypodiploid cells is shown. C. 32D cells and transfectants were
pretreated in the presence or absence of 10 µM Q-VD-OPh for 1 hr and then treated
in the presence or absence of 4 µg/ml etoposide for 20 hrs. Cells were analyzed by
FACS to determine the percentage of PI positive cells. Representative histograms are
shown.
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DNA content followed by FACS analysis (Figure 8B). Compared to the 32D-IRS1
cells that were persistently sensitive to chemotherapeutic-induced cell death, the 32DIRS1IRS2 cells were more resistant to etoposide-induced cell death. Results showed
a similar trend for death induced by vincristine and daunorubicin as well (data not
shown). These results suggest that expression of IRS2 modulates the effect of IRS1
on sensitivity to chemotherapy.

32D-IRS1 etoposide-induced cell death is caspase-mediated.
As a second measure of cell death, in collaboration with Dr. Gregory Carey,
we evaluated membrane integrity using propidium iodide uptake in the presence or
absence of the broad spectrum cell-permeant caspase inhibitor Q-VD (Figure 8C). In
the presence of WEHI-3B supernatant only, the percentage of PI+ cells was low,
ranging from ~3-10%. The addition of Q-VD made a negligible impact on this
percentage. Addition of etoposide increased the percentage of PI+ cells, with the
32D-IRS1 cells showing a larger percentage (40.9% PI+) than 32D (15.5%), 32DIRS2 (17.1%), or 32D-IRS1IRS2 (20.7%). Concomitant treatment with Q-VD
suppressed the etoposide-induced uptake of PI in all cases. These results demonstrate
that etoposide-induced death is caspase dependent and confirms that 32D cells
expressing IRS1 are more sensitive to etoposide.

IRS1 expression does not enhance 32D cellular proliferation.
Chemotherapeutic drugs target rapidly dividing cells more efficiently and it
has been published that IRS1 increases cell proliferation; therefore, we tested whether
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IRS1 expression enhanced cellular proliferation thereby making 32D cells more
sensitive to chemotherapy [19, 22, 36, 76]. Cells were cultured in the presence of IL3, supplied as 5% WEHI-3B supernatant which contained 0.75% (low) serum, or
normal cell culture media, supplemented with 5% WEHI-3B supernatant, which
contained 10% (high) serum total. Cell numbers were counted every 24 hours for 2
days. In the low serum conditions, even though the cells are in the presence of IL-3,
none of the 32D transfectants show an increase in proliferation (Figure 9A). On the
other hand, in high serum conditions, we see that all of the cells proliferate;
importantly, we noticed that 32D-IRS1 cells show no significant increase in
proliferation when compared to the other cells (Figure 9B). These results suggest that
IRS1 expression does not enhance proliferation of 32D cells in either low or high
serum conditions and thus can not be an explanation for enhanced 32D-IRS1 cell
sensitivity to chemotherapy.

High serum levels protect 32D-IRS1 cells from etoposide-induced cell death.
Because 32D-IRS1 cells showed higher sensitivity to serum withdrawal, even
in the absence of chemotherapeutic drugs, when compared to 32D, 32D-IRS2, and
32D-IRS1IRS2 cells we wanted to see if high serum conditions would make 32DIRS1 cells less sensitive to chemotherapy-induced apoptosis. Results showed that in
the presence of high serum 32D-IRS1 cells are less sensitive to etoposide-induced cell
death at the lower drug concentrations compared to low serum conditions (Figure
9C). This suggests that there are factors in serum that at higher levels promote cell
survival even when IRS1 is expressed.
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Figure 9. IRS1 expression does not enhance cellular proliferation. A. 1 x 105
32D cells lacking or expressing IRS1 (clone 260.3) or IRS2, or both IRS1 and IRS2
were plated in the presence of IL-3, supplied as 5% WEHI-3B supernatant which
contains 0.75% (low) serum. Cell numbers were counted every 24 hours after Trypan
Blue staining. B. 1 x 105 cells were plated in the presence of normal cell culture
media, supplemented with 5% WEHI-3B supernatant, which contains 10% (high)
serum total. Cell numbers were counted every 24 hours after Trypan Blue stain. C.
32D cells lacking or expressing IRS1 (clone 260.3) or IRS2, or both IRS1 and IRS2
were treated with various concentrations of etoposide in the presence of normal cell
culture media, supplemented with 5% WEHI-3B supernatant. The percentage of
hypodiploid cells was measured by propidium iodide staining of nuclear DNA
content followed by FACS analysis. The percentage of hypodiploid cells is shown.
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IRS1 expression does not alter the levels of pro- or anti-apoptotic proteins.
Since etoposide-induced cell death was caspase-mediated, we next tested
whether IRS1 expression would alter the levels of various pro- or anti-apoptotic
proteins. 32D cells and transfectants were treated in the presence or absence of IL-3,
supplied as WEHI-3B supernatant, or with IL-4 for 30 minutes and then lysed.
Western blotting and densitometric analysis showed equal levels of phosphorylated
AKT (pAKT), AKT, BCL-xL, BAD, BAX, and BAK in the cell lines in the presence
or absence of cytokines (Figure 10A and data not shown). We noted that, in the
presence of IL-3, BCL-2 levels were increased in all of the transfected cell lines as
compared to 32D parental cells. This increase is not specific to 32D cells expressing
IRS1 and therefore can not explain the differential response observed when only IRS1
is expressed. Interestingly, the anti-BAK antibody detected a ~ 38kDa protein that
was expressed at higher levels in 32D cells expressing IRS1 (Figure 10A-C).

Annexin A2 is increased in 32D cells expressing IRS1.
In order to identify the 38 kDa protein, lysates were prepared from 32D and
32D-IRS1 cells and separated by SDS-PAGE. The proteins were stained and
visualized with Imperial protein stain overnight and then destained in distilled water
(Figure 11A). Bands that showed a change in staining intensity compared to the
control lysate were excised for further analysis by mass spectrometry in collaboration
with Brian Hampton at the CVID Proteomics Core. Digests of proteins found in the
excised 38 kDa band isolated from the 32D-IRS1 sample contained 16 unique
peptides that correlated to the Annexin A2 amino acid sequence covering 44% of the
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Figure 10. IRS1 expression does not alter the levels of pro- and anti-apoptotic
proteins. A. 32D cells lacking or expressing IRS1 and/or IRS2 were serum starved
and treated in the presence or absence of IL-3, supplied as WEHI-3B supernatant
which contains 0.75% serum, or IL-4 (10 ng/ml) for 30 minutes. Cell lysates were
prepared and the western blot was probed with anti-pAKT, anti-AKT, anti-BCL-2,
anti-BCL-xL, anti- pBAD, anti-BAD, anti-BAX, anti-BAK and anti-tubulin
antibodies. Blots were stripped and re-probed no more than once. B. Densitometry
was used to quantify bands. C. Lysates from 32D cells lacking or expressing IRS1
treated in the presence or absence of IL-3 were probed with anti-BAK antibody.
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amino acid sequence. These peptides were not found in the digests of proteins
obtained from the excised band isolated from the 32D control sample. The identity of
this protein was confirmed by western blotting with the use of an Annexin A2
specific antibody. Expression of Annexin A2 was greater in 32D cells expressing
IRS1 (Figure 11B). BAK is a multi-domain BCL-2 family member that creates pores
in the mitochondrial membrane resulting in cytochrome c release [25]. To better
understand why the anti-BAK antibody detected Annexin A2, a protein sequence
alignment was performed. The sequence alignment demonstrates that there are 2
regions of mouse BAK and mouse Annexin A2 that are very similar. Amino acids
156-183 of Annexin A2 are 25% identical and 43% similar to amino acids 22-49 of
BAK. Amino acids 319-334 of Annexin A2 are 31% identical and 63% similar to
amino acids 25-40 of BAK (Figure 11C). This similarity is seen in human BAK and
human Annexin A2 as well (data not shown).

Annexin A2 and IRS1 are both found in the cytoplasmic and membrane
fractions of 32D-IRS1 cells.
Both Annexin A2 and IRS1 have been observed at the membrane and in the
nucleus of cells [46, 107]. In order to determine the subcellular location of Annexin
A2 and IRS1 in 32D-IRS1 cells, we performed subcellular fractionation as described
in the methods. Soluble extracts of the fractions were separated by SDS-PAGE.
Western blotting of 32D-IRS1 fractions showed that IRS1 was predominantly located
in the cytoplasmic fraction with some protein also present in the membrane fraction.
Annexin A2 was mainly present in the cytoplasmic, soluble nuclear, and cytoskeletal
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Figure 11. 32D-IRS1 cells express higher levels of Annexin A2. A. 32D cells
lacking or expressing IRS1 were treated with IL-3 for 30 minutes. Cell lysates were
prepared and loaded on a gel, separated by SDS-PAGE, and stained with Imperial
protein stain overnight. The region of the gel corresponding to ~ 38kDa was excised
for both samples. Proteins were eluted and analyzed by tandem mass spectrometry.
Peptide representation was compared between the two samples. B. 32D cells lacking
or expressing IRS1 and/or IRS2 were treated in the presence or absence of IL-3,
supplied as 5% WEHI-3B supernatant which contained 0.75% serum. Cell lysates
were prepared and the western blot was probed with an anti-Annexin A2 antibody.
Densitometry was used to quantify bands. C. Amino acid sequences for mouse
Annexin A2 (NP_031611.1) and mouse BAK (CAA73684.1) were aligned using the
NCBI site. Annexin A2 contains 339 amino acids and BAK contains 208 amino
acids.
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fractions, with lower levels in the membrane and chromatin-bound nuclear fractions
(Figure 12A). Thus, both Annexin A2 and IRS1 were located in the cytoplasmic and
membrane fractions. In cells expressing both IRS1 and IRS2, IRS1 and Annexin A2
localized to different fractions of the cell. IRS1 was mainly expressed in the soluble
nuclear fractions and weakly expressed in the cytoplasmic and chromatin bound
nuclear fractions. Annexin A2 was mainly expressed in the soluble nuclear,
chromatin bound nuclear, and cytoskeletal fractions and weakly expressed in the
cytoplasmic fraction. This suggests that expression of IRS2 altered the localization of
IRS1. Control blots demonstrated that HSP90 was predominantly located in the
cytoplasmic fraction of all cells as expected, while Sp1 was limited to the soluble
nuclear fraction. We noted that 32D-IRS1 cells lacked expression of Sp1.
Importantly, none of the nuclear fractions were positive for HSP90. Furthermore, we
noticed that in the presence of high serum (10%) IRS1 showed altered localization
(Figure 12B). In cells expressing only IRS1, IRS1 is mainly in the cytoplasmic and
membrane fractions and weakly expressed in the cytoskeletal fraction. In cells
expressing both IRS1 and IRS2, IRS1 localized to different fractions of the cell.
IRS1 was mainly expressed in the cytoplasmic fraction and weakly expressed in the
membrane, nuclear, and cytoskeletal fractions. We found that in some of the cell
lines Annexin A2 also showed different localization in high serum as compared to its
localization in low serum. It is important to note that in high serum, cells expressing
IRS1 were less sensitive to both serum withdrawal and chemotherapy compared to in
low serum, and this increase in IRS1 at the membrane may partially explain that
finding.
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Figure 12. Annexin A2 and IRS1 are expressed in overlapping subcellular
compartments and co-precipitate in 32D-IRS1 cells. A. 32D, 32D-IRS1, and 32DIRS1IRS2 cells were serum starved, treated with IL-3 (5% WEHI-3B supernatant) for
30 minutes and then lysed using a subcellular fractionation kit. The subcellular
fractions were prepared and analyzed by western blotting with anti-IRS1 and antiAnnexin A2 antibodies. A= cytoplasmic extract, B= membrane extract, C= soluble
nuclear extract, D= chromatin-bound nuclear extract, E= cytoskeletal extract. The
images for 32D cells and 32D-IRS1 cells were derived from the same exposure of the
same film. Antibodies that detect HSP90 and Sp1 were used as positive controls for
the cytoplasmic and soluble nuclear fraction, respectively. B. Experiment performed
as above except cells were in high serum conditions. C. 32D cells expressing IRS1,
IRS2, or both were serum starved and treated with IL-3 (5% WEHI-3B supernatant)
for 30 minutes. Cell lysates were prepared and immunoprecipitated with anti-IRS1,
anti-IRS2, or anti-Annexin A2 antibodies. Lysates were loaded on a gel and
separated by SDS-PAGE. Western blots were probed with anti-Annexin A2 or antiIRS1 antibodies. Several exposures of anti-IRS1 blot are shown. The images for
each cell line were derived from the same exposure of the same film.
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Annexin A2 and IRS1 interact in 32D-IRS1 cells.
Because we found that IRS1 and Annexin A2 localize to similar fractions of
the cell we wanted to determine if Annexin A2 interacts with IRS1. We performed
immunoprecipitations with anti-Annexin A2 and anti-IRS1 antibodies followed by
western blotting. We found that low amounts of IRS1 coprecipitated with antiAnnexin A2 in 32D-IRS1 cells, but not in 32D-IRS1IRS2 cells suggesting a weak
interaction between Annexin A2 and IRS1 (Figure 12C). No interaction was detected
between Annexin A2 and IRS2 in 32D-IRS2 cells (data not shown). Although, we
did not detect Annexin A2 in the anti-IRS1 precipitates, it is possible that the antiAnnexin A2 antibody binds a site that is concealed during the Annexin A2 and IRS1
interaction.

Decreasing Annexin A2 reduces 32D-IRS1 cell sensitivity to chemotherapy.
To determine if the ability of IRS1 to sensitize 32D cells to etoposide was
mediated by Annexin A2, we used shRNA to decrease Annexin A2 levels in 32DIRS1 cells. Two stable cell lines were generated (101-2W3 and 101-2W4). We
verified the expression of Annexin A2 and IRS1 by western blotting and
densitometry. While the Annexin A2 levels were decreased in the infected clones,
the IRS1 levels were not affected (Figure 13A). Using both the nuclear DNA-content
assay (Figure 13B) and, in collaboration with Dr. Gregory Carey, the PI uptake assay
(Figure 13C), we found that 32D-IRS1 cells were significantly less sensitive to cell
death induced by etoposide when Annexin A2 levels were decreased. The cell death
was more similar to what was obtained for 32D cells. Similar results were obtained
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Figure 13. Decreasing Annexin A2 reduces 32D-IRS1 cell sensitivity to
chemotherapy. A. 32D-IRS1 (260.3) cells were infected with Annexin A2 shRNA
lentivirus and two cell lines were generated (101-2W3 and 101-2W4). Cell lysates
were prepared and the western blot was probed with anti-Annexin A2, anti-IRS1 or
anti-Tubulin antibodies. The images for each cell type were derived from the same
exposure of the same film. Densitometry was used to quantify bands. B. 32D cells
and transfectants were treated with 4 µg/ml etoposide, in the presence of IL-3,
supplied as 5% WEHI-3B supernatant which contained 0.75% serum, for 24 hours.
The percentage of hypodiploid cells was measured by propidium iodide staining of
nuclear DNA content followed by FACS analysis. The percentage of hypodiploid
cells is shown. Two-tailed, unpaired, t-test was used to determine statistical
significance. C. 32D cells and transfectants were pretreated in the presence or
absence of 10 µM Q-VD-OPh for 1 hour and then treated in the presence or absence
of 4 µg/ml etoposide, for 20 hours. Cells were analyzed by FACS to determine the
percentage of PI positive cells. The percentage of PI positive cells was expressed as
fold change relative to media control which was set to 1. Two-tailed, unpaired, t-test
was used to determine statistical significance.
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when cells were treated with vincristine (data not shown). In all cases, treating the
cells with Q-VD suppressed the etoposide-induced cell death. Together these results
suggest that the ability of IRS1 to sensitize cells to chemotherapy-induced death is, at
least partially, mediated by Annexin A2.

IRS1 and Annexin A2 influence the etoposide-induced loss of mitochondrial
membrane potential.
Previous studies suggested that chemotherapeutic drugs induce apoptosis by
disrupting mitochondrial membrane potential [16, 23, 25]. In order to determine
whether expression of IRS1 and Annexin A2 influenced drug-induced changes in
mitochondrial membrane potential (MMP), in collaboration with Dr. Gregory Carey,
32D transfectant cells were labeled with tetramethylrhodamine (TMR), a fluorescent
probe that binds mitochondrial membranes in the presence of high mitochondrial
membrane potential. The cells were then incubated in the presence or absence of
etoposide and Q-VD. In the presence of WEHI-3B supernatant only, the percentage
of cells with reduced mitochondrial membrane potential (TMR-low) ranged from
~14-33.1%, with the 32D-IRS1 cells showing the highest background (Figure 14).
The addition of Q-VD made a negligible impact on this percentage. Addition of
etoposide increased the percentage of TMR-low cells, with the 32D-IRS1 cells
showing a greater percentage (78.6%) than 32D-IRS2 (57.8%). 32D-IRS1 cells with
reduced expression of Annexin A2, 101-2W3 and 101-2W4, demonstrated reduced
percentages of TMR-low cells (42.8 and 37.5%, respectively) in response to
etoposide. Concomitant treatment with Q-VD had little effect on the overall
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Figure 14. Decreasing Annexin A2 reduces 32D-IRS1 loss of mitochondrial
membrane potential. 32D cells that express IRS2 or IRS1 or that have reduced
Annexin A2 levels were pretreated in the presence or absence of 10 µM Q-VD-OPh
for 1 hr and then treated in the presence or absence of 4 µg/ml etoposide, for 20 hrs.
To measure mitochondrial membrane potential (MMP) cells were labeled with 80 nM
tetramethylrhodamine (TMR) for 30 mins. FACS analysis was used to measure the
percentage of TMR low cells. Representative histograms from FACs analysis are
shown.
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percentage of TMR-low cells observed after etoposide treatment. However, all three
IRS1-expressing cells (32D-IRS1, 101-2W3, and 101-2W4) demonstrated two peaks
in the TMR-low fraction. These results suggest that IRS1 expression sensitizes cells
to loss of mitochondrial membrane potential upstream of caspase activation and that
this is, in part, dependent on Annexin A2.

2.4 Discussion and Conclusions
Previous studies from our laboratory have implicated both IRS1 and IRS2 in
protection from factor-withdrawal-induced apoptosis [45]. However, analysis in
cancer models found that IRS1 and IRS2 have opposing roles in cellular proliferation,
growth, motility, metastasis, and survival [28, 36, 47-49, 57, 71, 72]. The role of
IRS1 and IRS2 in protecting cells from chemotherapy-induced cell death was
previously unknown. In this study, we utilized the well described 32D model system
to express IRS proteins [45, 99-103]. Disproving our hypothesis, we found that IRS1
expression enhanced the sensitivity of 32D cells to chemotherapy-induced death,
while IRS2 expression did not. IL-4 slightly protected 32D and 32D-IRS1 cells from
death induced by some chemotherapeutic agents. Because 32D parental cells do not
express IRS proteins this suggests that the STAT6 pathway is responsible for this IL4-induced protection. Moreover, the differences that we see in IL-4 protection
between 32D-IRS1 and 32D-IRS2 cells are more likely attributed to the expression of
the different IRS proteins rather than STAT6 since these cells showed similar STAT6
activation (Figure 5). Although IL-4 can signal via both IRS1 and IRS2, 32D-IRS2
cells were not protected from cell death by IL-4 and this could be due to the
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localization of IRS2 in these cells. On the other hand, 32D-IRS2 cells were protected
from most drugs especially at lower concentrations in the presence of IL-3, supplied
as 5% WEHI-3B supernatant which contained 0.75% serum, as shown in Figure 6.
Importantly, even in the presence of IL-4, cells expressing IRS1 still show the highest
drug sensitivity at most concentrations. This suggests that the slight IL-4 protection
of 32D-IRS1 cells does not counteract the ability of IRS1 to sensitize 32D cells to
chemotherapy-induced death. When examining the effects of the expression of both
IRS1 and IRS2 on chemotherapy-induced cell death, we found that 32D cells
expressing both IRS1 and IRS2 were less sensitive to chemotherapy-induced death
suggesting that the presence of IRS2 abrogates the IRS1 effect. This may be due to
IRS2 signaling which can result in the negative feedback, via serine phosphorylation,
upon IRS1, similar to that described in mammary tumors models [47].
In order to evaluate sensitivity to chemotherapy without inducing IL-3
withdrawal, our experiments were performed in the presence of 5% WEHI-3B
supernatant, the standard growth supplement for 32D cells. Based on previously
published studies, we maintained low serum (0.75%) conditions during the
chemotherapy treatment protocols [22]. As shown in Figures 5 and 6, these
conditions were sufficient to modestly induce tyrosine phosphorylation of IRS1,
although not to the same level as rIL-4. Interestingly, in some experiments we found
that 32D-IRS1 cells had a higher basal level of apoptosis as compared to the other
cells suggesting that they were even more dependent on other growth and survival
factors present in serum. Indeed, we found that in the presence of 10% fetal bovine
serum, the 32D-IRS1 cells became less sensitive to chemotherapy and responded
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similarly to the control and IRS2-expressing cells at the same drug concentrations
used in the other experiments. This resistance may be due to the increase in IRS1 at
the membrane, as shown in Figure 12B, which could facilitate IRS1 signaling and
access to the higher amounts of cytokines, hormones, and growth factors, including
insulin and IGF-1 found in serum; thereby, activating cell survival signaling pathways
dependent on the tyrosine phosphorylation of IRS1 and IRS2 [22].
In the absence of tyrosine phosphorylation, IRS1 interacts with the DNA
repair protein RAD51 in the perinuclear region of the cell preventing RAD51 from
localizing to the nucleus; RAD51 is not known to interact with IRS2 [22]. RAD51 is
a key enzyme in homologous recombination-directed DNA repair (HRR).
Proliferating cells repair their DNA by HRR or non-homologous end joining (NHEJ),
while quiescent cells favor NHEJ [22]. Under low serum conditions, the 32D cells
and transfectants were not proliferating and therefore may not utilize RAD51 for
DNA repair. On the other hand, under high serum conditions cells proliferate
normally and may utilize HRR to repair DNA in the presence of chemotherapy.
Signaling via growth factors in serum can lead to tyrosine phosphorylation of IRS1
which would inhibit its interaction with RAD51 and promote DNA repair and cell
survival in the presence of chemotherapeutic agents [22]. In medulloblastoma,
proteins such as estrogen receptor beta and JC virus T-antigen have been shown to
facilitate the IRS1 and RAD51 interaction. Furthermore, in this way JC virus Tantigen can sensitize cancer cells to cisplatin [108, 109]. The interaction between
IRS1 and RAD51 will be further explored in future studies.
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In addition to strongly activating anti-apoptotic pathways, growth factors have
been shown to alter the ability of IRS1 to interact with other proteins. IRS1 functions
are altered by a number of phosphorylation events. Serine phosphorylation of IRS1
prevented binding to the p85 subunit of PI3K and SHP-2 [8, 47, 57]. In cells
expressing both IRS1 and IRS2, IRS2-dependent signaling resulted in the serine
phosphorylation of IRS1, and thus inactivation of IRS1 creating a negative feedback
loop [47]. This type of regulation could explain why expressing both IRS1 and IRS2
in 32D cells de-sensitized the cells to chemotherapy-induced cell death. It would be
informative in the future to analyze the phosphorylation status of IRS1 using
proteomic approaches and to determine whether serine phosphorylation enhances or
inhibits the ability of IRS1 to sensitize cells to chemotherapy.
.

In testing whether IRS1 expression would alter the levels of pro-apoptotic

or anti-apoptotic proteins, a ~ 38 kDa protein, later identified as Annexin A2, was
detected by the anti-BAK antibody and showed increased expression in 32D cells
expressing IRS1. Similarly, using an anti-Bim antibody, Liu et al. identified a ~ 36
kDa protein that was identified as Annexin A2 by mass spectrometry [110]. Bim is a
BH3-only pro-apoptotic BCL-2 family member protein. Bim interacts with other
BCL-2 family members like the anti-apoptotic BCL-2 protein and other effector
molecules [25, 110]. These data suggest that Annexin A2 shares similarity with
multiple pro-apoptotic BCL-2 family members [110].
Annexin A2 is a calcium-dependent phospholipid-binding protein. It has an
N-terminus that contains a nuclear export signal and multiple phosphorylation sites.
In various cell types Annexin A2 has been shown to play a role in exocytosis,
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endocytosis, lipid raft formation, cell-cell adhesion, proliferation, cell surface
fibrinolysis, angiogenesis, osteoclast formation and bone resorption [111-114].
Annexin A2 is also expressed in tumors, but at variable levels depending on the
tumor type. Annexin A2 is increased in pancreatic, breast, brain, gastric, kidney,
liver, and lung cancers; as well as acute promyelocytic leukemias [115]. Conversely,
Annexin A2 is decreased in esophageal cancer, and osteosarcomas [115]. In prostate
carcinomas and head and neck carcinomas, the Annexin A2 expression results are
conflicting; some have reported Annexin A2 to be increased, while others have
reported Annexin A2 to be decreased. Annexin A2 suppressed prostate cancer cell
migration and inversely correlated with metastatic potential of human osteosarcoma
tumor samples and an osteosarcoma cell line [115]. In tumors, Annexin A2 has been
shown to play diverse roles in cell proliferation, adhesion, invasion and metastasis,
and apoptosis [110-112, 114, 116].
Our results showed that increased Annexin A2 correlated with increased IRS1
expression and that in 32D-IRS1 cells both Annexin A2 and IRS1 are located in the
cytoplasmic and membrane fractions. In the cytoplasm, IRS1 acts as a docking
protein allowing it to possibly recruit Annexin A2 to the membrane, either directly or
indirectly, in order to facilitate signaling that promotes apoptosis or inhibits cell
survival. Expression of IRS2 changed the localization of IRS1 causing IRS1 to be
mainly expressed in the nucleus, where Annexin A2 is also expressed. Although it is
not known how expression of IRS2 changes localization of IRS1, it is possible that
signaling via IRS2 causes the serine phosphorylation of IRS1 allowing IRS1 to
interact with proteins that facilitate IRS1 translocation to the nucleus. Because 32D-
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IRS1IRS2 cells were much less sensitive to chemotherapy-induced death than 32DIRS1 cells, we propose that the localization of either IRS1 and/or Annexin A2 in the
cytoplasm and/or membrane of the cell is needed for the increased sensitivity to
chemotherapy. Since Annexin A2 shares similarity with BAK and BIM, proapoptotic BCL-2 family members, future studies should determine whether Annexin
A2 similarly localizes to the mitochondria under certain conditions and also if
Annexin A2 has some functions similar to the BCL-2 family members.
We obtained some evidence that IRS1 and Annexin A2 may interact, although
the impact of this interaction is currently unknown. This is an interesting finding
because as mentioned above Annexin A2 shares similarity with multiple proapoptotic BCL-2 family members and Ueno et al. showed that both IRS1 and IRS2
can interact with BCL-2 in the perinuclear region and regulate its phosphorylation
and anti-apoptotic function [117]. IRS1 can also interact with BCL-xL, another antiapoptotic protein, but IRS1 does not interact with the apoptotic proteins BAX or BIK.
Moreover, although IRS-1, via its BCL-2 interaction, could protect Ba/F3 from IL-3
withdrawal, IRS1 could not protect the cells from apoptosis in the absence of
serum [117]. More exhaustive analyses with various antibodies and buffer formats
will be needed to further explore IRS1 interactions with Annexin A2 and BCL-2
family members.
Annexin A2 has multiple functions. One of its functions in the nucleus is to
participate in a primer recognition protein complex that enhances DNA polymerase α
activity, thus playing a role in DNA synthesis and cell proliferation [107]. IRS1 is
also found in the nucleus interacting with several other proteins that aid in its
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translocation, including viral oncoproteins, the upstream binding factor 1 (UBF1), βcatenin, and hormone receptors. In addition, IRS1 is found bound to promoter
sequences of multiple genes, including c-myc and cyclin D1, and regulates their
transcription [22, 46, 118-121] Thus, IRS1 has roles in gene transcription, nuclear
localization, and DNA repair. It is possible that IRS1 and Annexin A2 could interact
in the nucleus and together regulate transcription of genes that influence apoptosis.
Others have reported that Annexin A3, Annexin A4, and Annexin A11 were
implicated in chemoresistance [114]. Takano et al. suggested that Annexin A2 was
associated with rapid recurrence of human pancreatic cancers and shorter overall
survival of patients receiving adjuvant chemotherapy [122].

Chuthapisith et al.

showed that human breast cancers with enhanced expression of Annexin A2, together
with decreased expression of Annexin A1, had a poor response to neoadjuvant
chemotherapy. Importantly, those results also showed that neither Annexin A2 or
Annexin A1 alone was a good predictor of the response to this therapy [123].
Furthermore, our results showed that decreasing Annexin A2 made 32D-IRS1 cells
less sensitive to chemotherapy with reduced lost of mitochondrial membrane potential
suggesting a link between Annexin A2 and chemosensitivity. Annexin A2 can
undergo post-translational modifications and also proteolysis which can both result in
various forms of the protein [114]. This, as well as differences in cell types, and
localization of Annexin A2 in the cell may explain the conflicting results [115, 124,
125]. Future experiments should determine whether over-expressing Annexin A2 in
32D cells that lack IRS1 will be sufficient to sensitize the cells to chemotherapy or if
IRS1 is necessary for this response.
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In conclusion, our results show that IRS1 enhanced the sensitivity of 32D
cells to chemotherapy-induced, caspase-mediated cell death. This response is
partially mediated by Annexin A2 and abrogated by expression of IRS2. These
results, along with our other results described herein, suggest that high IRS1
expression, together with high Annexin A2 expression, could be a good indicator of
favorable responses to chemotherapy. These studies also suggest that antagonizing
IRS2 may provide a way to more efficiently inhibit cancer progression and to
enhance the efficacy of chemotherapy in vivo. Such enhancement is desirable since
current chemotherapy treatments for cancer patients have many side effects.
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III. CHAPTER 3: Role of IRS1 and IRS2 in Protecting Breast Cancer Cells from
Chemotherapy-induced Death.
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3.1 Introduction
Breast cancer is the second most commonly diagnosed cancer and the most
frequent cancer among women worldwide as of 2008 [1]. Fortunately, there has been
a decline in incidence of new breast cancer cases in the United States. Contributing
factors include changes in reproductive factors, rates of mammography screening,
environmental exposures, changes in diet, and reduced use of hormone replacement
therapy (HRT). In the U.S., female mortality due to breast cancer was 23.5 per
100,000 cases [2]. Despite the decline in incidence and the favorable survival of
breast cancer patients in developed regions, this heterogeneous disease still poses a
major health problem as the leading cause of cancer death in women worldwide as of
2008 [1, 11, 12, 126].
Breast cancer is formed from abnormal cell division of breast cells [11].
Breast cancer patients show varied features in terms of histology, biology, and
genetics [4]. The two most common types of breast cancer are ductal and lobular and
they are classified as adenocarcinomas, cancers of the glandular tissue of the body.
Ductal and lobular cancers that are in situ, in a specific region, make up 85-90% and
8% of breast cancers, respectively. There are also invasive ductal and lobular
cancers, as well as inflammatory breast cancers which are the most aggressive [3,
11]. Breast cancers can also be classified into molecular subtypes, that reflect their
biological characteristics, based on gene expression: luminal A, luminal B, human
epidermal growth factor receptor 2 (HER2) over-expressing, basal-like, and normal
breast tissue-like [127]. Luminal A subtypes express estrogen receptor (ER) and/or
progesterone receptor (PR), but do not express HER2. Luminal B subtypes express
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ER and /or PR as well as HER2. HER2 over-expressing subtypes express HER2, but
not ER or PR. Basal-like subtypes do not express ER, PR ,or HER2 (triple-negative),
but may express epidermal growth factor receptor (EGFR), and cytokeratins (CK) 5/6
and 17 [127]. Women with breast tumors that express both estrogen receptors and
progesterone receptors show lower risks of mortality after diagnosis compared to
women whose tumors express neither of these receptors [11]. Molecular subtypes
are considered when determining patient treatment [127]. Breast cancers are treated
with surgery, radiation, biological therapy, targeted therapy, hormone therapy, and/or
chemotherapy [3, 5, 6, 10-12].

Although chemotherapy has proven to increase the

survival of breast cancer patients, there are a significant number of patients who only
transiently respond to the treatment and ultimately develop metastatic cancers [15].
IL-4 is a cytokine found in the microenvironment of many breast tumors [86,
93-95]. IL-4 can signal via two main pathways, the STAT6 pathway and the IRS
pathway, which have both been implicated in mammary gland development and
breast cancer. Although mammary gland development is thought to be primarily
under the control of estrogen, progesterone, and prolactin, recent studies show a role
for STAT6 and IRS [128]. IL-4 and STAT6 were highly expressed in mouse
mammary glands during development. When STAT6 was deficient, mammary gland
lobuloalveolar development was delayed. Lymphocytes had little effect on mammary
gland development and therefore, this delay in development was due to epithelial
cell-autonomous effects. Furthermore, there was a switch from Th1 to Th2 cytokine
expression during differentiation of the luminal, milk-producing, epithelial
lineage [128]. IRS1 and IRS2 were also expressed during mammary gland
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development, and increased during pregnancy and lactation, but IRS1 was primarily
tyrosine phosphorylated compared to IRS2. Both IRS1 and IRS2 were lost during
involution [44, 51].
Not only was IL-4 important for mammary gland development, but it was also
implicated in breast cancer. IL-4 was shown to protect breast cancer cells from
chemotherapy-induced death, but IL-4 does not act simply by modulating the immune
response. IL-4 can promote tumor cell survival directly and may be produced by the
cancer cells themselves or by CD4+ tumor-infiltrating lymphocytes (TILs) [86, 9395]. STAT6 was important for the protection of human breast cancer cells from
spontaneous cell death both in the presence and absence of IL-4 [40]. Mice lacking
STAT6 showed reduced primary mammary tumor growth and metastasis [129].
Studies on the role of IRS in breast cancer were predominantly performed
independently of IL-4. Although IRS1 and IRS2 have similar structure, they have
unique functions in cancer progression. They differentially regulate cellular
processes such as survival, proliferation, and motility [28, 36, 47-49, 57, 71, 130].
IRS2 has been proposed to regulate mammary tumor metastasis in a mouse model of
breast cancer and in breast cancer cell lines since the lack of IRS2 rendered tumor
cells less invasive [8, 46, 47, 79-81, 85]. IRS1 was not required for metastasis and
was actually suggested to be a suppressor of metastasis in breast cancer; instead IRS1
enhanced breast cancer cell proliferation. One way that IRS1 is thought to inhibit cell
motility is through its interaction with c-met, a tyrosine kinase receptor, activated by
the hepatocyte growth factor (HGF), that promotes motility. The interaction between
IRS1 and c-met depends on tyrosine phosphorylation of IRS1 and has a reciprocal
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negative effect. Increased IRS1 expression down-regulates c-met expression and
increased c-met expression down-regulates IRS1 expression. In contrast, IRS2 and cmet do not interact [77]. Loss of IRS1 function resulted in increased VEGF protein
expression in tumors, thus enhancing tumor angiogenesis [8, 46, 47, 85]. IRS2
suppressed the function of IRS1 by strongly activating the Akt/mTOR signaling
pathway and inducing the serine phosphorylation of IRS1 (Figure 4) [8, 46, 47, 85].
Studies by Byron et al. using the T47D breast cancer cell line similarly showed roles
for IRS1 in proliferation and IRS2 in motility [36].
In the presence or absence of oxygen, cancer cells control cell growth and
division by altering their glucose metabolism as they increase their uptake and
utilization of glucose in glycolysis. Many tumors are under hypoxic conditions and
have up-regulated glucose transporters and enzymes of the glycolytic pathway. When
glycolysis is increased, it allows glycolytic intermediates to be used in biosynthetic
pathways such as those that generate nucleosides and amino acids. These nucleosides
and amino acids can then be used to synthesize macromolecules and organelles that
are used to form new cells [7]. It is thought that impaired glycolysis may limit the
oxidizable substrate needed to maintain mitochondrial membrane potential resulting
in apoptosis [42]. Under hypoxic conditions, HIF-1 and HIF-2 mediated an increase
in IRS2 mRNA; IRS2 protein expression was also increased. IRS2 stimulated the
surface expression of glucose transporter 1, Glut1, via PI3K/mTOR signaling and was
thus necessary for aerobic glycolysis. In this way, IRS2 promoted both tumor cell
survival and invasion by allowing cancer cells to thrive in hypoxic
environments [131, 132]. Conversely, under similar hypoxic conditions IRS1 protein

74

expression was decreased due to caspase 3- and caspase 7-mediated cleavage [133].
Knocking out IRS2 rendered mammary tumor cells more apoptotic in basal
conditions and also after serum deprivation; conversely, knocking out IRS1 rendered
the cells resistant to apoptotic stimuli in similar conditions [47, 85].
While these studies suggest that IRS1 and IRS2 regulate many cancer cell
processes, the roles of IRS1 and IRS2 in protecting tumor cells from chemotherapyinduced apoptosis has not been extensively studied. Previously published studies by
our lab showed that IL-4 signaling via IRS proteins protected cells from cytokine
withdrawal-induced apoptosis and spontaneous apoptosis [45]. Therefore, we
proposed that both IRS1 and IRS2 protected breast cancer cell lines from
chemotherapy-induced cell death. We used the MCF7 and MDA-MB-231 cell lines
to test this hypothesis and to determine if IL-4 enhances this response. We also
examined whether decreasing IRS1 in MCF7 cells would reduce their sensitivity to
chemotherapy. In collaboration with Dr. Nhan Tran at TGen, we stained human
breast cancer tissue microarrays with antibodies that detect IRS1, IRS2, STAT6, and
tyrosine phosphorylated STAT6 to investigate whether expression of these proteins
correlated with tumor type or tumor grade.

3.2 Materials and Methods
Materials
MCF7 and MDA-MB-231 cells were obtained from Dr. T. Antalis at
University of Maryland School of Medicine. IL-4 was purchased from R & D
Systems and used at a final concentration of 10 ng/ml. Puromycin, taxol,
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doxorubicin, etoposide, daunorubicin, vincristine and camptothecin were purchased
from Sigma-Aldrich. Taxol was also purchased from LC Laboratories. Purified
human IgG was purchased from Sigma-Aldrich. Antibodies for STAT6 (S-20), ERα,
RAD51, BCL-2, BCL-xL, BAK, and Annexin A2 were purchased from Santa Cruz
Biotechnology. Antibody for BAX was purchased from Cell Signaling Technologies.
Antibody for IRS1 was purchased from Upstate Biotechnology. Antibody for human
IRS2 was generated and tested by our lab. Antibodies for phospho-tyrosine and
tyrosine phosphorylated (pY 641) STAT6 were purchased from BD Biosciences.
Antibody for alpha-tubulin was purchased from ebioscience.

Cell Culture and Reagents
MDA-MB-231 and MCF7 cells were maintained in complete DMEM (Lonza)
containing 4.5g/L glucose and supplemented with 10% fetal bovine serum (FBS), 1%
glutamine, 1% pen-strep and 1% sodium pyruvate. MCF7 cells infected with either
IRS1 shRNA lentivirus or non-target shRNA lentivirus were maintained in complete
DMEM and 700 ng/ml puromycin (Sigma).

Generation of IRS1-depleted MCF7 Cells
MCF7 cells were plated to 80% confluency in 2 mls of culture media. IRS1
shRNA lenti-viral supernatant (Sigma TRCN0000039908) or non-target control
shRNA lenti-viral supernatant (Sigma SHC002V) was used to infect the cells. Two
days after infection, cells were selected in 700 ng/ml puromycin. Puromycin-resistant
cells were tested for the expression of IRS1 by immunoblotting using an IRS1-
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specific antibody. The phosphorylation of IRS1 was tested by immunoprecipitation
with an IRS1-specific antibody and then immunoblotting using a phosphotyrosinespecific antibody.

Immunoblotting
Cells were washed and treated with 10 ng/ml IL-4 (R&D Systems) for 30
minutes. Cells were lysed with lysis buffer (50 mM HEPES at pH 7.5, 0.5% NP-40,
5 mM EDTA, 50 mM NaCl, 10 mM Na pyrophosphate, 50 mM NaF, fresh 1 mM
NaOV, fresh 1mM PMSF, fresh 1X protease cocktail, fresh 100 nM calyculin A).
Protein concentrations were determined using a BCA Kit (Pierce Biotechnology).
Equal amounts of protein were loaded on the gel, separated by SDS-PAGE (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis), and transferred to a
nitrocellulose membrane (Millipore). The blot was blocked with 3% BSA in TBST
(25 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.1% Tween-20) wash buffer for 1 hour.
The appropriate primary antibody was added for either 1 hour or overnight. The blot
was then washed and the secondary antibody conjugated with horseradish peroxidase
was added for 1 hour. The blot was washed again and chemiluminescence reagents
(Denville Scientific) were used to visualize the signal on x-ray film. In some
experiments the membranes were stripped with a 37° Celsius stripping solution
(Millipore) for 30 minutes at room temperature. These membranes were then used
for immunoblotting with another antibody. For immunoprecipitation experiments,
specific antibodies were added to equal amounts of lysate. Agarose beads were used
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to pull down antibody-bound proteins prior to analysis by SDS-PAGE and western
blotting.

Type I IL-4 Receptor Surface Expression Analysis
Cells were suspended in FACS buffer (500 mL PBS with 0.1% BSA, and
0.1% Azide) and incubated with purified human IgG for 15 minutes followed by
staining with fluorochrome-conjugated antibodies to IL-4Rα chain, common gamma
(γc) chain, or an isotype control for 30 minutes in the dark. Cells were washed with
and resuspended in FACS buffer. Propidium iodine was used to stain dead cells so
that only live cells were analyzed. Surface expression of these chains was analyzed
by flow cytometry.

Chemosensitivity Assay
Cells were washed with culture medium, resuspended in culture medium, and
plated in triplicate. One day later, the cells were treated in the presence or absence of
10 µM taxol or daunorubicin for 24 hours. MTS assay (Promega) is a colorimetric
method used to measure live cells and thus chemosensitivity. MTS reagent consists
of MTS which is a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] and PES,
phenazine ethosulfate, which is a stabilizing electron coupling reagent. Live cells can
reduce the MTS compound into a colored formazan product that can be detected
using a plate reader to measure absorbance. The MTS reduction is presumably
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accomplished by NADPH or NADH produced by dehydrogenase enzymes in
metabolically active cells.

Tumor Tissue Microarray (TMA)
Breast cancer TMA slides were provided by Dr. Nhan Tran at TGen (Phoenix,
AZ). There were three tissue microarrays with 216, 246, or 231 tissue samples that
were mostly in triplicates and duplicates. Each array contained normal breast tissue
as a control. Sections (5 µm) were sequentially cut and stained by TGen TMA core
facility with antibodies we provided that detect IRS1, IRS2, tyrosine phosphorylated
(pY 641) STAT6, and STAT6 using a BondMax TMA autostainer (Vision
Biosystems, Inc.). Endogenous peroxidase activity was quenched by incubating
slides in 3% hydrogen peroxide for 10 minutes at 25°C. Slide blocking was done
with background Sniper from Biocare and slides were counterstained with
hematoxylin. A scoring system was used to measure staining intensity where 0=
negative, 1= weak, 2= moderate, and 3 =strong. Tests for pairwise correlations, using
the rank based Kendall’s tau statistic, were calculated using the cor.test function in
the R statistical package.

3.3 Results
Expression of IRS1, IRS2, STAT6, and tyrosine phosphorylated STAT6 in
human breast tumors.
Previously published studies showed that IRS1 was expressed at moderate to
high levels in human normal breast tissue and well differentiated primary breast
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tumors. Conversely, IRS1 expression was decreased in poorly differentiated, high
grade tumors [46, 134]. On the other hand, membrane localization of IRS2 was
associated with decreased overall survival in progesterone receptor (PR) negative
breast tumors [84]. In our studies, we used immunohistochemistry to examine
cytoplasmic expression of IRS1, IRS2, STAT6 and tyrosine phosphorylated STAT6
in human breast tumors. To our knowledge no study has examined all of these
proteins in the same patient specimen. We found that benign tumors such as human
cystasarcoma phyllodes (CSP) expressed low levels of both IRS1 and IRS2 and no
tyrosine phosphorylated STAT6, although total STAT6 was expressed at high levels
(Figure 15A) [135]. In contrast, localized tumors such as ductal carcinoma in situ
(DCIS) showed high levels of IRS1 and tyrosine phosphorylated STAT6. The IRS2
levels were lower comparatively and showed specific localization within the tumor
(Figure 15B). Conversely, invasive ductal carcinomas (IDC) showed high expression
of IRS2 and low expression of IRS1. No tyrosine phosphorylated STAT6 was
detected and STAT6 was expressed only at low levels in IDC (Figure 15C).

Correlation of IRS1, IRS2, STAT6, and tyrosine phosphorylated STAT6,
expression in human breast cancer.
Next we wanted to determine if there were any correlations between IRS1,
IRS2, STAT6 and tyrosine phosphorylated STAT6 levels in the human breast tumors
examined on our microarray. Results showed that human breast tumors have varied
expression patterns of IRS1, IRS2, STAT6 and tyrosine phosphorylated STAT6 and
that some highly significant positive correlations exist. As expected, we observed a
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Figure 15. Expression of IRS1, IRS2, STAT6, and tyrosine phosphorylated
STAT6 in human breast tumors. Representative samples from the microarray
showing IRS1, IRS2, STAT6 or tyrosine phosphorylated STAT6 (pSTAT6) staining
in A. cystasarcoma phyllodes (CSP), B. ductal carcinoma in situ (DCIS), and C.
invasive ductal carcinoma (IDC). A scoring system was used to measure staining
intensity where 0= negative, 1= weak, 2= moderate, and 3 =strong.
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strong correlation between STAT6 and tyrosine phosphorylated STAT6 (p value =
2.12 x 10-12) (Figure 16 and Table 2). We also found a strong correlation between
IRS1 with both STAT6 and tyrosine phosphorylated STAT6 (p values = 3.65 x 10-13
and 0, respectively). Surprisingly, we noticed that IRS1 and IRS2 also strongly
correlated (p value= 1.49 x 10-06). As expected, we found that in human breast
tumors there was a statistically significant correlation between IRS1 and ERα
expression (p value= 2.64 x 10-06). This supported previously published studies
which showed that IRS1 expression positively correlated with ERα levels [136].

Higher grade, more invasive, human breast tumors express high IRS2.
Next we wanted to determine if there was a correlation between IRS
expression and tumor type and grade. Results showed that nonneoplastic human
breast tissues showed no or low IRS2 staining while increasing grades of invasive
ductal carcinoma (IDC) showed increasing IRS2 staining intensities. Less than half
(~48%) of IDC-grade1 showed a staining score of 2 or 3; while, 63% of IDC-grade 2
and 96% of IDC-grade 3 had a score of 2 or greater. More invasive tumor types
showed high IRS2 expression compared to localized tumors (Figure 17 and Table 3).
None of the nonneoplastic breast tissues showed a staining score of 2 or 3 and only
11% of the ductal carcinoma in situ tissues showed a staining score of 2 or 3. In
contrast, ~70% of invasive lobular and ductal carcinomas showed a staining score of
2 or 3.
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Figure 16. Correlation of IRS1, IRS2, STAT6 and tyrosine phosphorylated
STAT6 expression in human breast cancer. The microarrays were analyzed by a
pathologist and scored for intensity of cytoplasmic staining on a scale from 0-3: 0,
negative; 1, weak; 2, moderate; 3, strong. The scatter plot shows the intensity of
staining for each human breast tumor tissue in pairwise comparisons.

84

Correlations between IRS1, IRS2, STAT6, and pSTAT6
expression
Protein , Protein 2
# of samples
p. value
IRS1, IRS2
533
1.49e-06*
IRS1, STAT6
527
3.65e-13*
IRS1, pSTAT6
538
0*
IRS2, STAT6
515
0.943
IRS2, pSTAT6
521
0.00444
STAT6, pSTAT6
523
2.12e-12*
* denotes highly significant positive correlations

Table 2. Correlations between IRS1, IRS2, STAT6, and tyrosine
phosphorylated STAT6 expression. The microarrays were analyzed by a
pathologist and scored for intensity of cytoplasmic staining on a scale 0-3: 0,
negative; 1, weak; 2, moderate; 3, strong. Pairwise comparisons for each sample
were performed. Tests for correlation using the rank based Kendall’s tau statistic
were calculated using the cor.test function in the R statistical package. Positive
correlations with highly statistically significant findings were noted.
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Normal

IDC grade 1

IDC grade 3

Figure 17. Higher grade tumors express more IRS2. Representative samples from
the microarray showing specific IRS2 staining in A. normal breast tissue, B. invasive
ductal carcinoma (IDC) grade 1, and C. IDC grade 3.
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Cytoplasmic staining intensity of IRS2
Score 1
Score 2
Score 3
5/6
0/6
0/6
(83.3%)
(0.0%)
(0.0%)

Breast tumor vs. control
Nonneoplastic Breast Tissues

Score 0
1/6
(16.7%)

Ductal Carcinoma In Situ

4/9
(44.4%)

4/9
(44.4%)

1/9
(11.1%)

0/9
(0.0%)

Invasive Lobular Carcinoma

2/20
(10.0%)

4/20
(20.0%)

10/20
(50.0%)

4/20
(20.0%)

Invasive Ductal Carcinoma

7/149
(4.7%)

35/149
(23.5%)

48/149
(32.2%)

59/149
(39.6%)

Grades of Invasive Ductal
Carcinoma
Grade 1

Score 0
4/27
(14.8%)

10/27
(37.0%)

10/27
(37.0%)

3/27
(11.1%)

Grade 2

1/43
(2.3%)

15/43
(34.9%)

17/43
(39.5%)

10/43
(23.3%)

Grade 3

0/44
(0.0%)

1/44
(2.3%)

7/44
(15.9%)

36/44
(81.8%)

Cytoplasmic staining intensity of IRS2
Score 1
Score 2
Score 3

Table 3. Higher grade, or more invasive, tumors express more IRS2.
The microarrays were analyzed by a pathologist and scored for tumor type and
intensity of cytoplasmic staining on a scale from 0-3: 0, negative; 1, weak; 2,
moderate; 3, strong. The numbers of samples scoring in each category are shown and
the percentages were calculated.
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MCF7 and MDA-MB-231 cells have differential IRS expression and tyrosine
phosphorylation.
To determine whether human breast cancer cell lines also have varied IRS
expression we utilized MCF7 and MDA-MB-231 cells. MCF7 cells are ERα positive
and have low metastatic potential; whereas, MDA-MB-231 cells are ERα negative
and have much higher metastatic potential. Published studies show that IL-4 receptor
expression is increased on numerous cancer cells, including breast cancer cells, as
compared to normal cells. Furthermore, the affinity of IL-4 binding to its receptors is
also increased, especially in breast cancer, as compared to normal cells [31, 32].
FACS analysis confirmed that both MCF7 and MDA-MB-231 cells express the type 1
IL-4 receptor that is comprised of the IL-4Rα chain and the common gamma (γc)
chain (Figure 18A). While MCF7 cells and MDA-MB-231 cells expressed similar
levels of IRS2, MCF7 cells expressed much higher levels of IRS1 than MDA-MB231 cells. In the presence of IL-4, MCF7 cells showed higher tyrosine
phosphorylation of both IRS1 and IRS2 than MDA-MB-231 cells (Figure 18B). This
supports published data that shows that in estrogen-receptor positive human breast
cancer cell lines, IRS1, not IRS2, is the predominant signaling molecule that gets
activated by IGF1, insulin, and IL-4 [137].

MCF7 and MDA-MB-231 cells have differential STAT6 expression and tyrosine
phosphorylation.
Another IL-4 activated signaling pathway is the STAT6 pathway (see Figure
2); therefore, we wanted to examine if MCF7 and MDA-MB-231 cells differentially
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Figure 18. MCF7 and MDA-MB-231 cells express the IL-4 receptor and have
differential IRS expression and tyrosine phosphorylation. A. MCF7 and MDAMB-231 cells were surface stained with antibodies that bind IL-4Rα or γc and
analysed by FACS. B. MCF7 and MDA-MB-231 cells were treated in the presence
or absence of IL-4 (10 ng/mL) for 30 minutes. Cell lysates were prepared and
immunoprecipitated with anti-IRS1 or anti-IRS2 antibodies. Western blots were
probed with anti-phosphotyrosine, anti-IRS1 or anti-IRS2 antibodies as appropriate.
Several exposures of the anti-pY blot are shown.
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express and phosphorylate STAT6. Western blotting showed that both MCF7 and
MDA-MB-231 cells expressed STAT6 (Figure 19). MDA-MB-231 cells expressed
higher levels of total STAT6 than MCF7 cells. Treatment of cells with IL-4 induced
tyrosine phosphorylation of STAT6 in both cell types, although the signal was greater
for MDA-MB-231 cells. It is important to note that although MDA-MB-231 cells
express higher STAT6 and pSTAT6, results from our human breast tumor tissues
showed a significant positive correlation between IRS1 and STAT6 and pSTAT6, but
not IRS2 and STAT6 or pSTAT6 (Table 2).

MCF7 cells are more sensitive to taxol-induced death than MDA-MB-231 cells.
Studies exploring the role of IRS1 and IRS2 in protecting tumor cells from
chemotherapy-induced apoptosis are limited. De et al. reported that MCF7 and
MDA-MB-231 cells are differentially sensitive to docetaxol [104]. In Chapter 2, I
showed that IRS1, but not IRS2, expression sensitized 32D cells to chemotherapyinduced death. Breast cancer is commonly treated with drugs such as taxol or
doxorubicin clinically. Taxol inhibits microtubule disassembly and doxorubicin
intercalates in DNA [19, 20, 138, 139].

In order to determine if IRS1 would also

sensitize breast cancer cells to chemotherapy-induced death, we treated MCF7 and
MDA-MB-231 cells with taxol or doxorubicin. As predicted based on their high
IRS1 expression, MCF7 cells were more sensitive to taxol-induced death than MDAMB-231 cells. On the other hand, doxorubicin-induced cell death was similar in both
cell lines (Figure 20A). These results suggest that breast cancer cells with unique IRS
expression patterns respond differently to chemotherapeutic agents. Moreover, our
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Figure 19. MCF7 and MDA-MB-231 cells have differential STAT6 expression
and tyrosine phosphorylation. A. MCF7 and MDA-MB-231 cells were treated in
the presence or absence of IL-4 (10 ng/mL) for 30 minutes. Cell lysates were
prepared and the western blot was probed with anti-pSTAT6 or anti-STAT6
antibodies. Lysates from U937 cells treated with IL-4 were used as a positive control.
B. MCF7 and MDA-MB-231 cells were treated in the presence or absence of IL-4 (10
ng/mL) for 30 minutes. Cell lysates were prepared and immunoprecipitated with an
anti-STAT6 antibody. The western blot was probed with anti-pY or anti-STAT6
antibodies. Several exposures of the anti-STAT6 blot are shown.

91

B
M

D

A

M
D
A

-M

-M
B

M
C

31
-2

C
M

Cells

-2
31

100
90
80
70
60
50
40
30
20
10
0
F7

% Absorbance (490nm)

100
90
80
70
60
50
40
30
20
10
0
F7

% Absorbance (490nm)

A.

Cells
No Doxorubicin
+ 10 µ M
Doxorubicin

No Taxol
+ 10 µ M Taxol

10

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

Absorbance (490nm)

B.

[µ
µ M Doxorubicin]
- IL-4
+ 10 ng/ml IL-4

Figure 20. MCF7 cells are more sensitive to taxol-induced death than MDAMB-231 cells. A. MCF7 and MDA-MB-231 cells were cultured at 8 x 103 cells/100
µl of complete media in the presence or absence of 10 µM taxol or 10 µM
doxorubicin for 24 hours. Cell survival was measured using the MTS assay. B.
MCF7 cells were treated with 10 µM doxorubicin for 24 hours in the presence or
absence of IL-4. Cell survival was measured using the MTS assay and shown as
maximum absorbance relative to untreated control.
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results revealed that IL-4 did not protect MCF7 cells from doxorubicin-induced death
(Figure 20B).

Decreasing IRS1 in MCF7 cells decreases ERα expression levels.
To further examine the role of IRS1 in sensitizing cells to chemotherapy, we
used shRNA to decrease IRS1 expression in MCF7 cells and generated two cell lines
(99-2W1 and 99-2W3). We verified the expression levels of IRS1 and IRS2 by
western blotting and densitometry. While the IRS1 levels were decreased in the cells
infected with IRS1 shRNA lentivirus, the IRS2 levels were either increased or not
affected (Figure 21). Previously published studies have suggested that crosstalk
exists between the IRS1 and ERα pathways [46, 136]. High expression of IRS1 was
partially due to ERα activity, as estrogens can enhance IRS1 expression and function.
Furthermore, nuclear IRS1 interacted with ERα and modulated its transcriptional
activity at estrogen response elements [46, 136]. Based on those observations, we
wanted to determine if IRS1 regulated ERα expression. We found that decreasing
IRS1 in MCF7 cells resulted in a decrease in ERα levels (Figure 21).

Decreasing IRS1 expression in MCF7 cells de-sensitizes these cells to some, but
not all chemotherapeutic agents.
To determine if MCF7 cells with depleted IRS1 levels would be less
responsive to chemotherapy, we treated the clones (99-2W1 and 99-2W3) with taxol
or doxorubicin and measured cell death. MCF7 cells with decreased IRS1 levels
were less sensitive to taxol-induced cell death, but not doxorubicin-induced cell
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Figure 21. Decreasing IRS1 in MCF7 cells decreases estrogen receptor α levels.
A. MCF7 cells were infected with IRS1 shRNA lentivirus and two cell lines were
generated (99-2W1 and 99-2W3). Cell lysates were prepared and the western blot
was probed with anti-IRS1, anti-IRS2, anti-ERα, or anti-Tubulin antibodies. B.
Densitometry was used to quantify bands.
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death, compared to parental MCF7 cells (Figure 22A, B). Given the differential
responses to taxol and doxorubicin, we examined cell sensitivity to additional drugs
that work by other mechanisms to see if the sensitizing effect of IRS1 is specific to
certain drugs. We treated the cells with etoposide, which binds DNA- topoisomerase
II, camptothecin, which binds DNA- topoisomerase I, daunorubicin, which
intercalates in DNA, vincristine, which inhibits microtubule assembly or tamoxifen
which antagonizes the estrogen receptor [17-19, 140-142]. Supporting our
hypothesis, we saw that MCF7 cells with decreased IRS1 levels were less sensitive to
etoposide- and vincristine- induced cell death (Figure 22C, E).

On the other hand,

decreasing IRS1 in MCF7 cells did not change the responses of these cells to
camptothecin, daunorubicin, or tamoxifen (Figure 22D, F and data not shown).
Together these results suggest that IRS1 plays an important role in sensitizing MCF7
cells to death induced by some, but not all chemotherapeutic drugs.

Decreasing IRS1 slightly decreases BAX expression levels.
In order to determine the mechanism by which IRS1 sensitizes MCF7 cells to
chemotherapy, we analyzed the levels of various proteins that regulate apoptosis,
BCL-xL, BAK, BCL-2, BAX, Annexin A2, and the levels of RAD51, a DNA repair
protein. We found that decreasing IRS1 did not alter the levels of BCL-xL, BAK,
BCL-2, or RAD51. In Chapter 2, we observed that Annexin A2 mediated IRS1
signaling to sensitize 32D cells to chemotherapy; therefore, we examined Annexin
A2. We found no change in Annexin A2 levels. Results did show a slight decrease
in the expression level of the pro-apoptotic protein BAX in both IRS1-depleted clones
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Figure 22. Decreasing IRS1 expression in MCF7 cells de-sensitizes these cells to
some, but not all chemotherapeutic agents. MCF7 cells and MCF7 IRS1-depleted
cells were cultured at 8 X 103 cells/100 µl of complete media and treated with or
without A. taxol, B. doxorubicin, C. etoposide, D. camptothecin, E. vincristine, or F.
daunorubicin for 24 hours. Cell survival was measured using the MTS assay and
shown as maximum absorbance relative to untreated control.

97

(Figure 23). This suggests that IRS1 may be sensitizing MCF7 cells to chemotherapy
via modest up-regulation of BAX.

3.4 Discussion and Conclusions
IRS proteins mediate signaling downstream of hormones, such as growth
hormone, prolactin, estrogen and progesterone, and growth factors, such as IGF-I,
that play a role in normal mammary gland development and breast cancer
development and progression. IRS1 and IRS2 gene transcription can be enhanced by
steroids, such as estrogen and progesterone, respectively, in the mouse mammary
gland and in breast cancer cells [46, 51, 80, 85, 143, 144]. In breast cancer cells,
both IRS1 and IRS2 are expressed, but in response to insulin, IGF-1, and IL-4,
estrogen receptor-positive cells mainly signal via IRS1, while estrogen receptornegative cells mainly signal via IRS2 in response to IGF-1 [51, 79, 137].
Prior studies examining the role of IRS1 in human breast cancer have been
contradictory. Some studies reported that IRS1 expression correlated with poorly
differentiated breast cancer and lymph node involvement and that high levels of IRS1
predicted worse disease-free survival for breast cancer patients [145, 146].
Conversely, other studies showed that normal breast tissue and well-differentiated
primary tumors expressed moderate to high IRS1 levels and poorly differentiated,
high grade tumors showed decreased IRS1 levels [134, 136]. Clark et al. showed
that in invasive ductal carcinomas, IRS1 is expressed in the nuclei and the cytoplasm,
but IRS2 is expressed in the cytoplasm and membrane and not the nucleus [84].
Furthermore, membrane localization of IRS2 was associated with decreased overall
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Figure 23. Decreasing IRS1 slightly decreases BAX expression levels. A. Cell
lysates were prepared from MCF7 cells and MCF7 IRS1-depleted cells. The western
blot was probed with anti-BCL-xL, anti-BAK, anti-BCL-2, anti-BAX, anti-Annexin
A2, anti-RAD51, or anti-Tubulin antibodies. B. Densitometry was used to quantify
bands.
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survival in progesterone receptor (PR) negative breast cancer patients which places
importance on hormone receptor expression and subcellular localization of the IRS
proteins in understanding IRS functions in breast cancer [84]. We found that benign
tumors such as human cystasarcoma phyllodes (CSP) expressed low levels of both
IRS1 and IRS2 and no tyrosine phosphorylated STAT6. Ductal carcinomas in situ
(DCIS) expressed high IRS1 and tyrosine phosphorylated STAT6, but moderate
IRS2. Conversely, higher grade, more invasive human breast tumors such as invasive
ductal carcinomas (IDC), which are the most common types of breast tumors,
expressed high IRS2, but low IRS1 and tyrosine phosphorylated STAT6. These
observations suggest that localized tumors may initially express IRS1 and that as
tumors become more aggressive they increase IRS2 expression. Because of the
opposing roles of IRS1 and IRS2 in breast cancer, we were surprised to find a
significant positive correlation between IRS1 and IRS2. Based on our data in Chapter
2 and published studies by other groups, it is feasible that tumors expressing both
IRS1 and IRS2 will have a phenotype similar to tumors expressing high IRS2 levels,
possibly due to the serine phosphorylation, and thus inactivation, of IRS1. Because
STAT6 is tyrosine phophorylated in many tumor types and is downstream of IL-4,
which is expressed in the microenvironment of many tumors, we also examined
STAT6 and tyrosine phosphorylated STAT6 expression in human breast tissue. We
found that all of the tumors expressed some level of STAT6, but only the ductal
carcinoma in situ, which express high levels of IRS1, expressed high levels of
tyrosine phosphorylated STAT6. Furthermore we found a significant positive
correlation between IRS1 and tyrosine phosphorylated STAT6. These results suggest

100

that differential expression of IRS1 and IRS2 and differential tyrosine
phosphorylation of STAT6 could impact breast cancer patient prognosis.
Few studies have looked at the role of IRS proteins in responsiveness of breast
cancer cells to chemotherapy. Our results showed that MCF7 cells, which expressed
high IRS1 levels, are more sensitive to taxol-induced death than MDA-MB-231 cells,
which expressed lower IRS1 levels. In support of this observation, De et al.
previously showed that MCF7 cells were more sensitive to docetaxel-induced death
compared to MDA-MB-231 cells [104]. MCF7 and MDA-MB-231 cells showed
similar cell death when treated with doxorubicin. We also found that IL-4 could not
protect MCF7 cells from doxorubicin-induced death. This is consistent with studies
by Vella et al. which showed that IL-4 does not protect MCF7 cells from
staurosporin-induced death [147]. Conticello et al. showed that IL-4 can protect
MDA-MB-231 cells from chemotherapy [86]. MDA-MB-231 cells and MCF7 cells
have unique IRS expression patterns, as shown above, and this expression pattern
may determine the effect of IL-4 on breast cancer cells. In addition, we found that
decreasing IRS1 made MCF7 cells more resistant to taxol, etoposide, and vincristine,
which can all arrest cells in the G2 phase of the cell cycle [17, 19, 20]. Decreasing
IRS1 did not change the sensitivity of MCF7 cells to doxorubicin, camptothecin, and
daunorubicin which all arrest cells in the S phase of the cell cycle [18, 138-140].
These results suggest that IRS1 may only sensitize cells to death by drugs that arrest
cells in the G2 phase of the cell cycle. It is also possible that IRS1 sensitizes cells to
drugs that cause cell cycle arrest in multiple phases, but that additional pathways
compensate for the loss of IRS1 in the presence of drugs that target cells in phases
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other than G2. This could explain why cells are protected even in the absence of
IRS1. Our studies in Chapter 2 showed that expression of IRS2 inhibited the ability
of IRS1 to sensitize 32D cells to chemotherapy. Future studies should determine if
over-expressing IRS2 in MCF7 cells will result in less sensitivity to taxol and
etoposide.
IRS1 expression positively correlates with ERα levels in human ductal breast
tumors [136]. It has been suggested that IRS1 and ERα show cross regulation.
17beta oestradiol can up-regulate IRS1 expression and function and ERα can interact
with IRS1 and increase the stability of IRS1. On the other hand, nuclear IRS1 can
interact with ERα and modulate its transcriptional activity at the oestrogen DNA
response element [46, 134, 136]. Our studies extend that data showing that
decreasing IRS1 in MCF7 cells resulted in a decrease in ERα expression levels.
Studies pertaining to estrogen receptor expression and response to chemotherapy have
been conflicting. Studies by Lippman et al. showed that patients with estrogen
receptor negative breast tumors had an enhanced response to chemotherapy compared
to those with estrogen receptor positive tumors [148]. On the other hand, Kiang et al.
showed that ER positive tumors showed better responses to chemotherapy compared
to ER negative tumors [149]. Our studies suggest that localized breast tumors that
express high ERα and low IRS2 would be much more sensitive to death induced by
specific chemotherapeutic agents due to their higher IRS1 levels.
It is important to consider hormone therapies since ERα positive breast
cancers are often initially treated with a form of hormone therapy such as aromatase
inhibitors, which inhibit the production of estrogen, or tamoxifen, which is a non-
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sterioidal anti-estrogen that antagonizes the estrogen receptor [141, 142]. Cesarone et
al. showed that decreasing IRS1 in ER positive MCF7 cells enhanced tamoxifeninduced cell death [150]. This result supports our finding that decreasing IRS1
resulted in a decrease in ERα levels. Ultimately, the likely decrease in ERα levels,
due to the decrease in IRS1, may potentially cause the MCF7 cells to be less
responsive to estrogen, independent of tamoxifen [149, 150]. Our results showed no
difference in MCF7 response to tamoxifen when IRS1 levels were decreased, but
there was a large experimental error in our experiments (data not shown). Studies by
Migliaccio et al. showed that patients with tumors that express nuclear IRS1, as
compared to no nuclear IRS1, had a better recurrence-free survival and overall
survival after tamoxifen treatment [151]. This is probably due to the high amounts of
estrogen receptor expressed in these cells. These findings may seem somewhat
conflicting, but the localization of IRS1 in these cells and the amount of estrogen and
estrogen receptor present in the tumor microenvironment may provide a better
understanding of the role of IRS1 in tamoxifen treatment.
Our finding that IRS1 plays an important role in sensitizing MCF7 cells to
taxol, etoposide, and vincristine suggests that it may be better to treat ERα positive
tumors that express high cytoplasmic IRS1 with specific chemotherapeutic agents in
combination with hormone therapies like tamoxifen and aromatase inhibitors. Overexpression of IRS1 in MCF7 cells, which are ER positive, has been shown to result in
estrogen independence, thereby mediating anti-estrogen resistance [136, 152].
Moreover, hormone therapies are only effective on a portion of ER positive tumors
and may result in the further selection of estrogen-independent cancer cells. ER
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positive tumors have been shown to convert to ER negative tumors in mouse
mammary tumor models and in human breast cancer during disease progression or
upon therapy [149]. Furthermore, when tumors that are initially ER positive are
treated with hormone therapy and the recurring tumors are treated with chemotherapy
this will likely be ineffective since hormone therapy can result in a reduction of
estrogen-induced IRS1 levels, thereby de-sensitizing the cells to chemotherapy [149,
151, 153]. This idea is supported by the work of Kiang et al. [149].
Exogenous factors that are implicated in breast cancer progression such as
elevated free fatty acids, obesity, and oxidative stress can impact IRS1 serine
phosphorylation levels which will negatively regulate IRS1 [8, 66]. It is important to
note that IRS expression may not be the sole predictor of breast cancer phenotype and
response to chemotherapy. It is necessary to consider the tyrosine and serine
phosphorylation status of these proteins within the breast cancer tissue samples in
order to more directly correlate the in vitro studies with the in situ studies.
In conclusion, these results showed that human breast tumors and cell lines
had varied IRS1, IRS2, STAT6 and tyrosine phosphorylated STAT6 expression
depending on the tumor type and grade. In human tumors, IRS1 and tyrosine
phosphorylated STAT6 showed a highly significant positive correlation. IRS1
sensitized MCF7 cells to specific chemotherapeutic agents suggesting that high IRS1
could be a good indicator of the effectiveness of specific types of chemotherapy in
breast cancer. We found that decreasing IRS1 resulted in a decrease in ERα
expression levels. We predict that lower grade, more differentiated, ERα positive
breast tumors that express high IRS1 would respond favorably to chemotherapy.
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Understanding the molecular programming of a cell may allow for the better
prediction of a patient’s response to treatment. Since the side effects of cancer
treatments can be very harmful long term it is important to avoid ineffective
treatments and focus on more promising therapies.

105

CHAPTER IV: Overall Discussion and Conclusions

106

4.1 Overall Discussion and Conclusions
Breast cancer is the second most commonly diagnosed cancer and the most
frequent cancer among women worldwide as of 2008 [1]. There has been a decline in
incidence and higher survival rates of patients in developed regions, but this disease is
still the leading cause of cancer death [1, 11, 12, 126]. A significant number of
patients only transiently respond to their treatments and ultimately develop metastatic
cancers [15]. IRS proteins mediate signaling downstream of hormones, cytokines and
growth factors that play a role in breast cancer development and progression, thereby
regulating cancer cell proliferation, motility and metastasis, and survival [43, 46, 47,
49, 51, 60, 61, 80, 85, 143, 144]. Published studies showed that IL-4 protected
various types of tumor cells, including breast tumors, from chemotherapy-induced
apoptosis [86, 94]. In our studies we examined the role of IRS1 and IRS2 in
responsiveness of cells to chemotherapy. In addition, we determined whether IL-4
would modulate their responsiveness via the IRS pathway.
In Chapter 2, we found that the effect of IL-4 differed depending on the
expression of IRS proteins and the type of chemotherapy utilized. In Chapter 3, we
did not see IL-4 protection when the MCF7 cells were treated with doxorubicin. As
discussed in Chapter 2, IRS expression patterns may determine the effect of IL-4 on
these breast cancer cells. It is possible that IL-4 will not protect breast cancer cells
that express high levels of IRS1 from cell death induced by specific stimuli.
Moreover, Wang et al. suggested that the effects of IL-4 may depend on the source of
the IL-4 and the target cells, the concentration and stimulation time, the presence of
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its signaling components in target cells, and other factors specific to the tumor
microenvironment [89].
Koller et al. have also seen varied results when examining the ability of IL-4
to protect cells from chemotherapy in vitro and in vivo. Their studies emphasized the
importance of the tumor microenvironment in the IL-4 response [154]. Their results
indicated that only one out of the four colon cancer cells lines that they tested in their
in vitro experiments showed IL-4-induced cell survival in the presence of a
chemotherapeutic agent. Furthermore, in an in vivo colon cancer model when they
knocked down IL-4Rα levels specifically in tumor cells, they saw no significant
increase in apoptosis. On the other hand, when they observed apoptosis in IL-4Rα
null mice, they noticed significantly fewer and smaller colon tumors. The levels of
apoptosis were significantly higher in the IL-4Rα null tumors [154]. In support of the
genetically manipulated model, when they used an IL-4 blocking chimeric agent to
systemically inhibit IL-4Rα-IL-4 interactions, they also saw that the levels of
apoptosis were significantly higher. It is suggested that colon cancer cell survival
may be an indirect IL-4 response mediated by other cells in the tumor
microenvironment [154]. In addition, Denardo et al. showed that macrophages, and
not only the tumor cells, played an important role in the mechanism by which IL-4
promoted breast tumors [91]. IL-4 regulated the pro-tumor phenotype of the tumorassociated macrophages (TAMs) and promoted metastasis by inducing macrophage
EGF expression, thereby enhancing EGFR-dependent invasion and metastasis [91].
Based on our findings and the findings of others, it will be important to consider the
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role of the tumor microenvironment when proposing experiments for future IL-4 in
vivo studies.
Although the effects of IL-4 on chemotherapy-induced cell death varied, the
effect of IRS1 was consistent in that IRS1 sensitized cells to several
chemotherapeutic agents. In Chapter 2, we found a role for Annexin A2 in mediating
this response in 32D cells. In Chapter 3, a decrease in IRS1 expression did not affect
Annexin A2 protein expression. Furthermore, there was no interaction detected
between IRS1 and Annexin A2 in breast cancer cells (data not shown). Further
studies will be needed to determine if Annexin A2 also has a role in mediating
chemotherapy-induced death in breast cancer. Moreover, future studies should also
consider additional proteins, including SAM68 and RAD51, that may affect the
ability of IRS1 to sensitize cells to chemotherapy, as Annexin A2 is not likely to be
the only mediator of this response.
SAM68 is a RNA-binding protein that can interact with AU-rich RNA targets
and other proteins such as PI3K, GRB2, and GAP [155, 156]. SAM68 is normally
found in the nucleus, but in response to various factors, such as insulin, SAM68 can
translocate to the cytoplasm where it interacts with signaling complexes. In the
nucleus, SAM68 is thought to regulate transcription and mRNA splicing, and in the
cytoplasm it is thought to mediate cell signaling [157, 158]. Similarly, IRS1 has roles
in transcription and may potentially have roles in rRNA synthesis and/or processing
as it binds upstream binding factor (UBF) which regulates RNA polymerase I activity
and ribosomal RNA synthesis [120]. Importantly, SAM68 has recently been shown
to directly interact with IRS1 in the nucleus and cytosol under basal conditions and
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with greater affinity upon insulin stimulation. This interaction was independent of
IRS1 tyrosine phosphorylation [158].
SAM68 and IRS1 both have important roles in normal breast development as
well as breast cancer proliferation, progression and metastasis. They are both overexpressed in several cancer types, including breast cancers [155, 157, 159]. SAM68
expression and cytoplasmic localization correlated with estrogen receptor expression,
and overall survival. It is suggested that SAM68, like IRS1, may co-regulate estrogen
receptor function [157]. SAM68 also has roles in cancer cell survival. Studies by
Busa et al. showed that down-regulating SAM68 sensitized LNCaP, prostate cancer,
cells to cisplatin and etoposide-induced apoptosis [160]. LNCaP cells do not express
IRS1 so it would be interesting to examine if expressing IRS1 in LNCaP cells would
negate the effect of SAM68 and sensitize the cells to etoposide [70]. IRS2 does not
interact with SAM68, which makes SAM68 an ideal protein to study in order to gain
a more complete understanding of the differential signaling between IRS1 and IRS2
in mediating response to chemotherapy [158].
Another protein to strongly consider as a factor in this novel role of IRS1 in
sensitizing cells to chemotherapy is RAD51. RAD51 is an important enzyme in
homologous recombination-directed DNA repair (HRR). Proliferating cells can
repair their DNA by HRR or non-homologous end joining (NHEJ ), while quiescent
cells favor NHEJ [22, 139]. RAD51 has been shown to directly bind IRS1 within the
perinuclear region of the cell. Stimulation by IGF-1 negatively regulated this binding
via IRS1 tyrosine phosphorylation thereby promoting HRR. Consequently, IGF-1
protected cells from cisplatin-induced death [22]. On the other hand, when JC virus
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T-antigen facilitated interaction between IRS1 and RAD51 in medulloblastoma cells
the cells showed sensitivity to cisplatin [108]. Koehn et al. showed that MDA-MB231 cells and MCF7 breast cancer cells differentially regulated RAD51 protein
expression [139]. MDA-MB-231 cells showed an increase in RAD51 in response to
several of the concentrations of doxorubicin tested. Conversely, MCF7 cells showed
a decrease in RAD51 expression under similar conditions [139]. Furthermore,
Urbanska et al. showed that estrogen receptor beta mediated nuclear interaction
between IRS1 and RAD51 which inhibited HRR [109]. Importantly, IRS2 does not
interact with RAD51 [22]. RAD51 is over-expressed in many tumors and facilitates
drug resistance; therefore, RAD51 should be studied to determine what role it might
play in the ability of IRS1 to sensitize breast cancer cells to chemotherapy [22, 139].
From our breast cancer model, we found that human breast tumors and cell
lines had varied IRS1, IRS2, STAT6 and tyrosine phosphorylated STAT6 expression
depending on the tumor type and grade. Our findings suggest that these proteins may
serve as useful markers in predicting patient response to chemotherapy.
Chemotherapy as a cancer treatment has been used to save many lives, but like many
other treatments at high doses it can cause damage to normal cells long term.
Alkylating agents can cause long-term bone marrow damage and in rare cases can
lead to leukemia [10]. Anti-tumor antibiotics, such as anthracyclines can cause
permanent heart damage if given in high doses [10, 18]. Topoisomerase inhibitors
can increase the risk of acute myelogenous leukemia (AML) [10]. Chemotherapy can
also have several common short term side effects including nausea and vomiting,
constipation or diarrhea, short-term hair loss, appetite loss and weight changes,
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increased chances of infections, and fatigue [5, 6, 10]. Hormone therapies that
interfere with hormone signaling are used to treat patients with ER positive tumors
and often result in positive responses. Although hormone therapies are thought to
have milder side effects, these types of treatment also have various long term and
short term side effects including weight changes, nausea, changes in fertility, and
increased risk of endometrial cancer and thromboembolism [5, 10, 141, 142].
Because of the unavoidable side effects of cancer therapeutics, avoiding
treatments that a patient will not respond to, and instead focusing on treatments that
are more likely to result in a better response is critical. Based on our findings we
propose that (1) ER positive breast cancers that express high IRS1 would respond
best to a combination of hormone therapy and chemotherapy and (2) ER negative
breast cancers that express high IRS1 and IRS2 would respond best to a drug that
inhibits IRS2, in combination with chemotherapy. Because breast tumors are
heterogeneous, combination treatments are likely to be effective. In designing future
clinical breast cancer studies, we must consider patient estrogen and ER levels,
IRS1/IRS2/STAT6 profiles and their prior cancer treatments and overall response
rates. Understanding the molecular programming of a cell may allow for the better
prediction of a patient’s response to treatment. An enhanced understanding of human
tumor pathogenesis will be important for the prevention and detection of cancer as
well.
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