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CHAPTER I

INTRODUCTION

Cancer Progression and Tumor Microenvironment
Cancer is the second leading cause of death in the United States, with
numbers of expected new cases and deaths rising every year. Research is
directed at learning the mechanisms by which cancer progresses, and is leading
us to novel treatments, but we still have a long way to go to eradicate cancer as
a major cause of illness and death. Cancer progression entails several different
processes, and is regulated by many different mechanisms (Figure 1) (Brooks et
al., 2010; Gassmann and Haier, 2008). At the primary site, this involves tumor
initiation and growth. Tissue remodeling occurs, mediated by processes such as
new blood vessel growth by angiogenesis or vasculogenesis, and immune cell
and bone marrow derived cell infiltration, underscoring the importance of the
tumor microenvironment in cancer progression. As the tumor progresses, the
tumor cells invade the surrounding tissues, and intravasate into the blood
circulation. Once in the blood stream, these cells can arrest at distant sites,
extravasate, and form secondary tumors, or metastases. While this process is
very inefficient, with the majority of tumor cells dying before a metastatic growth
can be established, the outcome of metastasis is severe, and the majority of
cancer deaths are linked to metastases.
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Figure 1. Model of cancer progression. At the primary site of tumor growth, the
tumor cells are proliferating, immune cells are infiltrating, and other stromal cells,
such as fibroblasts, are contributing to tumor growth. As the tumor grows, some
tumor cells are able to invade the surrounding tissue and migrate to blood
vessels. Once at a blood vessel, a tumor cell can intravasate, and move in the
bloodstream to a distant site, where it can then extravasate, and move into the
tissue outside of the blood vessel. There, the tumor cell can proliferate, and form
a secondary tumor, or a metastatic growth.
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Tumor progression is closely linked with host response, and is mediated
by interactions between the many cell types in the stroma, such as leukocytes
and fibroblasts, as well as the tumor cells. The tumor microenvironment also
contains extracellular matrix and other factors secreted by the tumor and stromal
cells that can greatly affect tumor progression. As progression occurs, the tumor
cells secrete many cytokines and chemokines, leading to recruitment of
leukocytes. Leukocytes that infiltrate into the tumor have been shown in many
studies to be able to function in both pro-and anti-tumor fashions, indicating that
they have an important role in tumor progression (DeNardo et al., 2008). While
natural killer (NK) cells are in many cases tumoricidal, myeloid derived
suppressor cells and T regulatory cells lead to immune tolerance. In addition,
leukocytes in the tumor can secrete factors that lead to more leukocyte infiltration,
as well as angiogenesis, leading to promotion of tumor growth. Infiltrating
leukocytes have also been shown to be pro-metastatic through production of
proteinases and cytokines, mediating intravasation of tumor cells (DeNardo et al.,
2008).

Angiogenesis
As tumor cells proliferate at the primary site, the tumor quickly outgrows its
nutrient and oxygen supply from nearby blood vessels. In order for the tumor to
progress further, new blood vessel growth must occur. Blood vessels can form
through a couple of processes. Vasculogenesis is the process by which blood
vessels form de novo, usually involving bone marrow derived cells (BMDCs), or
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endothelial progenitor cells (EPCs), that differentiate into endothelial cells and
form vasculature at the site (Yancopoulos et al., 2000). Vasculogenesis occurs
mostly in fetal development, but can occur in the tumor (Patenaude et al., 2010;
Yancopoulos et al., 2000). More common in physiological and pathological
settings in adults is angiogenesis, defined as the process of vessel formation by
capillary sprouting from surrounding pre-existing blood vessels. In tumor
angiogenesis, the cells comprising the nutrient starved and hypoxic tumor
secrete factors which promote destabilization of existing blood vessels,
endothelial cell proliferation and migration, and formation of new vessel
structures, which can then provide blood supply to the growing tumor (Carmeliet
and Jain, 2000; Yancopoulos et al., 2000) (Figure 2).
One major factor controlling blood vessel formation is vascular endothelial
growth factor/vascular permeability factor (VEGF/VPF). VEGF, signaling through
its receptor, VEGFR2, and to a smaller extent, VEGFR1, on endothelial cells,
mediates endothelial cell survival and migration, as well as permeability of blood
vessel structures (Ferrara, 2004). VEGF can also have an effect on
hematopoiesis, promoting stem cell survival and blood cell migration (Ferrara,
2004) (Olsson et al., 2006). VEGF can be induced by hypoxia, through the
transcription factor, hypoxia-inducible factor-1 (HIF-1), as well as by several
growth factors and inflammatory cytokines, and is produced and secreted by both
tumor and stromal cells (Ferrara, 2004; Olsson et al., 2006). While VEGFR1
signaling is not the major pathway indicated for VEGF driven angiogenesis, this
signal has been shown to induce matrix metalloproteinase 9 (MMP9) production
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Figure 2. Model of tumor angiogenesis. As tumors grow and progress, their
requirement for nutrients and oxygen, as well as waste removal, increases. The
cells comprising the tumor, both tumor cells themselves and stromal cells,
secrete factors such as vascular endothelial growth factor (VEGF) and
angiopoietins. These factors mediate the destabilization of existing blood vessels
by promoting the disassociation of pericytes from endothelial cells, endothelial
cell proliferation and migration, and formation of new vessel structures. These
new vessels, while abnormal in morphology, help provide blood supply to the
growing tumor.
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in endothelial cells (Hiratsuka et al., 2002), which could be involved in
extracellular matrix remodeling, angiogenesis, and metastasis. Other factors that
play a role in angiogenesis include fibroblast growth factor (FGF), transforming
growth factor- (TGF-), epidermal growth factor (EGF), angiopoietins, and many
inflammatory factors, among others (Ferrara, 2004). It is important to note that
tumor blood vessels are structurally and functionally abnormal. They are
generally leaky, enlarged, and tortuous when compared to normal blood vessels
(Carmeliet and Jain, 2000). In addition, they often lack mature pericytes,
indicating that the tumor vessels are unstable. The vascular network can also be
used by tumor cells as a way to spread. As the tumor cells become invasive, they
migrate towards the vessels, and intravasate into the bloodstream, where they
can then move to distant locations and form metastases. Without the process of
angiogenesis, tumor progression could not occur. Also important in tumor
progression is lymphangiogenesis. Lymphangiogenesis describes the process of
capillary sprouting from existing vessels made up of lymph endothelial cells
(Werynska et al., 2009). These vessels support the lymph system, which is
known to be important for metastasis, as tumor cells can also exit the tumor via
lymphatic vessels (Sleeman et al., 2009; Werynska et al., 2009). Similar
molecules regulate lymphangiogenesis, including VEGF receptor 3 (VEGFR3),
VEGF-C, VEGF-D, FGF, and angiopoietins (Olsson et al., 2006; Sleeman et al.,
2009; Werynska et al., 2009).
Many factors and types of cells can play a role in angiogenesis,
particularly within a tumor setting. Under normal conditions, inhibitory factors
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balance the angiogenic factors, keeping the endothelial cells quiescent and
preventing angiogenesis from occurring (Carmeliet and Jain, 2000). Once a
tumor has reached the point of needing new blood vessels, this balance shifts,
throwing the “angiogenic switch” on. Infiltrating immune cells are major players in
turning on the “angiogenic switch.” Monocytes, macrophages, neutrophils, etc.,
have been shown to promote vascularization of tumors by secreting factors such
as VEGF, FGF, and TGF-, all of which potently affect endothelial cells
(Carmeliet and Jain, 2000; Coffelt et al., 2010; Murdoch et al., 2008; Okamoto et
al., 2005; Sunderkotter et al., 1994). Further, there is a subset of monocytes that
express Tie2, a receptor for angiopoietins, which have been shown to provide
paracrine support for angiogenesis (Coffelt et al., 2010; Murdoch et al., 2008).
These infiltrating cells also produce and secrete proteases, such as MMP-9,
which enhance matrix remodeling, and therefore VEGF bioavailability and
vascular remodeling associated with angiogenesis (Coffelt et al., 2010; Murdoch
et al., 2008; Nozawa et al., 2006). In addition, infiltrating leukocytes produce
inflammatory factors, such as tumor necrosis factor  (TNF) and interleukin-1
(IL-1), which also have been shown to promote angiogenesis (Coffelt et al.,
2010; Kofler et al., 2005; Murdoch et al., 2008; Sunderkotter et al., 1994).

Immune response
The immune response to tumors mediated by leukocytes plays a major
role in tumor progression. There are two major types of immune response
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studied in response to cancer, although it is becoming clear that more types
occur (DeNardo and Coussens, 2007; DeNardo et al., 2008; Tan and Coussens,
2007). The first is a type 1 response. A type 1 immune response is theorized to
have developed to help combat intracellular pathogens such as viruses. As such,
this type of immune response promotes cell killing. This response is mediated by
CD4+ T helper cells (TH1 cells) that produce factors such as IFN. Macrophages
have an M1 phenotype, and produce cytokines such as IL-12 to help promote
this response from TH1 cells. CD8+ cytotoxic T lymphocytes (CTLs) and B cells
respond by secreting lytic enzymes or antibodies, respectively, leading to killing
of the tumor cell. The type 1 immune response is able to keep the tumor in check,
if not lead to overall rejection altogether.
The immune response most seen under tumor conditions is the type 2
response (DeNardo and Coussens, 2007; DeNardo et al., 2008; Tan, 2007). This
response is theorized to have developed in order to combat parasites and
extracellular pathogens. It has been shown to be involved in wound healing,
where a large amount of tissue remodeling must occur. In this response, innate
cells, such as macrophages and myeloid derived suppressor cells (MDSCs),
secrete cytokines, for example IL-10, which lead to polarization of T helper cells
to a type 2 phenotype (TH2). These TH2 cells secrete cytokines such as IL-4, IL-6,
and IL-13, which mediate the type 2 response. Macrophages acquire an M2
phenotype, where they secrete proteases and factors that support tumor growth
and angiogenesis (Balkwill et al., 2005; Pollard, 2004). CTLs are inhibited, and a
population of T cells that is immune suppressive, the T regulatory cells (Tregs),

8

accumulates. B cells produce large amounts of antibodies; however, these
immunoglobulins form complexes that accumulate in the extracellular matrix,
promoting recruitment of more leukocytes instead of leading to killing of tumor
cells. Overall, these cells promote an environment of tolerance, considered to be
anti-inflammatory, which leads to tumor promotion and progression.

Myeloid Derived Suppressor Cells
Immune response is a key factor in host response to tumor growth. Ideally,
immune cells, such as NK cells and cytotoxic T cells should attack tumor cells.
However, there is mounting evidence suggesting that tumors can “reprogram”
immune response and produce an environment in which immune cells promote
tumor progression. Myeloid derived suppressor cells (MDSCs) play an integral
role in modulating the immune response to tumor cells, creating an environment
to facilitate tumor progression (Figure 3). MDSCs increase in tumor bearing hosts,
including human patients, at the expense of more mature cells, such as dendritic
cells (Almand et al., 2001; Kusmartsev et al., 2000; Melani et al., 2003; Prins et
al., 2002; Solheim et al., 2007; Yang et al., 2004). Accumulation has been shown
to be mediated by inflammatory and angiogenic factors, for example, GM-CSF,
PGE2, IL-1β, and VEGF (Gabrilovich et al., 1998; Melani et al., 2003; Serafini et
al., 2004a; Sinha et al., 2007b; Solheim et al., 2007; Varga et al., 2008; Bunt et
al., 2006; Bunt et al., 2007; Huang et al., 2007b), and is likely due in part to Stat3
activity (Gabrilovich and Nagaraj, 2009). Stat1, Stat6, and NF-κB have all been
implicated in the function of MDSCs (Gabrilovich and Nagaraj, 2009). These cells
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Figure 3. Role of MDSCs in tumor progression. Cells within the tumor secrete
factors which lead to the accumulation of MDSCs. MDSCs can then affect
immune response by inhibiting activation of T cells, B cells, NK cells, and
dendritic cells. They can also mediate the accumulation of T regulatory cells, and
promote a type 2 response from macrophages, further promoting immune
tolerance of the tumor. MDSCs also secrete MMPs and factors such as VEGF,
which can then enhance vascular remodeling and angiogenesis. In addition,
remodeling of the matrix by MMPs secreted by MDSCs can enhance metastasis.
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can promote tumor vascularization and enhance metastasis (Murdoch et al.,
2008; Shojaei et al., 2007a; Yang et al., 2004; Yang et al., 2008). Furthermore,
MDSCs accumulate in response to some tumor vaccine models in mice,
promoting tumor progression and negating the effects of the vaccines, and can
also play a role in refractoriness to anti-VEGF tumor therapy (Prins et al., 2002;
Serafini et al., 2004a; Shojaei et al., 2007a).
MDSCs are composed of a heterogeneous population of Gr-1+CD11b+
immature cells in mice, and can be differentiated into various types of cells of
hematopoietic origin, including dendritic cells and granulocytes (Bronte et al.,
2000; Kusmartsev et al., 2003; Kusmartsev and Gabrilovich, 2002; Kusmartsev
and Gabrilovich, 2005; Kusmartsev et al., 2005; Kusmartsev et al., 2000;
Mazzoni et al., 2002; Van Ginderachter et al., 2006). Gr-1 expression is
considered to be a marker of granulocytic differentiation, with expression
increasing as granulocytes differentiate; however, its function is still under
investigation. CD11b is the M integrin subunit of the complement receptor 3
(CR3), also known as Mac-1. In humans, the markers used to distinguish MDSCs
are not as clear cut, especially since humans do not express Gr-1. Different
studies have highlighted human cells with immunosuppressive function from
tumor patients ranging from immature dendritic cells, to monocytes, to immature
polymorphonuclear cells (Almand et al., 2001; Almand et al., 2000; Peranzoni et
al., 2010). Several studies have attempted to assign particular functions to
particular subsets. Most of the research has focused on Ly6C+CD11b+ versus
Ly6G+CD11b+ subsets in mice. The antibody against the Gr-1 antigen
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recognizes two different cell surface molecules, Ly6C, which is found on the
mononuclear subset of MDSCs (MO-MDSCs), and Ly6G, which is found on the
polymorphonuclear subset of MDSCs (PMN-MDSCs). Two separate studies
determined that although both subsets have immune suppressive activity, they
use different mechanisms, and the amount of MDSCs and proportions of MOMDSCs and PMN-MDSCs is dependent on the specific tumor (Movahedi et al.,
2008; Youn et al., 2008).
Moreover, another subset of these cells has been shown to express CD31,
a marker for endothelial cells (Bronte et al., 2000), and when under angiogenic
conditions, some MDSCs can be transdifferentiated into endothelial cells,
indicated by cobblestone shape, VEGFR2 and VE-cadherin expression, and lowdensity lipoprotein uptake (Yang et al., 2004). This is not surprising as
endothelial cells and hematopoietic cells are thought to have a common
precursor (Choi et al., 1998; Park et al., 2005; Shaw et al., 2004). Also, bone
marrow-derived cells, in particular myeloid cells, have been shown to become
endothelial cells (Bailey et al., 2006; Conejo-Garcia et al., 2004; Coukos et al.,
2005; Fernandez Pujol et al., 2000; Fernandez Pujol et al., 2001; Fujiyama et al.,
2003; Graf, 2002; Harraz et al., 2001; Lyden et al., 2001; Schmeisser et al., 2001;
Young, 2004). Alternatively, it has been shown that bone marrow cells contribute
to the formation of vasculature through acting as pericytes and providing
paracrine signals (De Palma et al., 2005; Rajantie et al., 2004). As mentioned
above, MDSCs are an immature population of cells, and when these cells
increase, mature myeloid cells decrease. When MDSCs were led to differentiate
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into dendritic cells in mice in vivo, immune response improved (Li et al., 2004). In
addition, in mice and human patients, treatment with all-trans retinoic acid
(ATRA), a factor that induces differentiation, led to a decrease in immature
myeloid cells while enhancing dendritic and T cell responses (Kusmartsev et al.,
2003; Mirza et al., 2006). Thus, determining the mechanisms of differentiation
and function of these cells may have an impact on patient survival.
MDSCs play an important role in tumor angiogenesis. MDSCs promote
increased vascularization in tumors, leading to decreased apoptosis of tumor
cells, and decreased hypoxic and necrotic regions in tumors (Yang et al., 2004).
This correlates with increased tumor burden (Yang et al., 2004). The proangiogenic function of MDSCs has been linked in part to matrix metalloprotease9 (MMP9) expression; MMP9 expression led to increased VEGF/VEGFR2
association, suggesting that the MDSC produced MMP9 enhanced the
bioavailablilty of VEGF (Yang et al., 2004). Furthermore, culturing endothelial
cells on a collagen matrix with MDSCs led to increased tube formation compared
to endothelial cells alone (Kujawski et al., 2008). Kujawski et al. determined that
this pro-angiogenic function of MDSCs was due to Stat3-dependent production of
VEGF and basic FGF, both of which are potent angiogenic factors (Kujawski et
al., 2008). These studies suggest that MDSCs may contribute to angiogenesis by
production of factors which add to or alter the tumor microenvironment in a proangiogenic manner.
MDSCs are known to inhibit immune response by affecting other immune
cells, including T cells, macrophages, NK cells, dendritic cells, and T regulatory
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cells (Almand et al., 2001; Bronte et al., 2000; Bronte et al., 2003a; Bronte et al.,
2003b; Bronte et al., 1998; Ezernitchi et al., 2006; Gabrilovich and Nagaraj, 2009;
Kusmartsev and Gabrilovich, 2005; Kusmartsev et al., 2005; Kusmartsev et al.,
2004; Liu et al., 2007; Mazzoni et al., 2002; Melani et al., 2003; Serafini et al.,
2006a; Serafini et al., 2004a; Serafini et al., 2004b; Serafini et al., 2006b; Serafini
et al., 2008). Gr-1+CD11b+ cells mediate apoptosis of CD8+ T cells, and IL-4
seems to promote this activity of MDSCs (Bronte et al., 2000; Bronte et al.,
2003a; Bronte et al., 1998). One study has even shown that MDSCs can process
and present antigen in the tumor to T cells, but instead of activating the T cells,
they promote anergy, and therefore immune tolerance (Kusmartsev et al., 2005).
MDSCs are known to express high levels of two enzymes, arginase 1 and
inducible nitric oxide synthase (iNOS), which both use L-arginine as a substrate.
Arginase 1 is induced by IL-4 or activated TH2 cells, and iNOS is induced by IFN
or TH1 cells, indicating that a mixture of immune reactions occurs (Bronte et al.,
2003a). Kusmartsev et al. also found that IFN plays a role in the inhibition of T
cells by MDSCs (Kusmartsev et al., 2000). The resulting lack of L-arginine in the
microenvironment leads to decreased T cell proliferation (Bronte et al., 2003a;
Bronte et al., 2003b). In addition, a recent study has shown that MDSCs are able
to deplete the microenvironment of other amino acids necessary for immune cell
function (Srivastava et al., 2010). MDSCs make high levels of reactive oxygen
species (ROS), nitric oxide (NO), and peroxynitrite, which can then affect the
surrounding cells (Bronte et al., 2003b; Kusmartsev and Gabrilovich, 2003;
Kusmartsev et al., 2004; Kusmartsev et al., 2000). Peroxynitrite can lead to
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nitration and nitrosylation of several amino acids, which can affect protein
function in target cells. For example, high levels of peroxynitrite led to nitration of
the T cell receptor (TCR) and inhibited signaling (Nagaraj et al., 2007). MDSCs
can also mediate the down-regulation of the  chain of the TCR, leading to
immune suppression (Bronstein-Sitton et al., 2003; Ezernitchi et al., 2006). In
addition, one study found that MDSCs upregulated heme-oxygenase-1 and IL-10
in response to lipopolysaccharide stimulation, mediating the immune suppressive
activity of MDSCs (De Wilde et al., 2009).
MDSCs have been shown to present antigen to T regulatory cells,
promoting their expansion and immune tolerance in an arginase-dependent
manner (Serafini et al., 2008). Data indicate that MDSCs are able to inhibit NK
cell cytotoxicity in a cell-cell contact dependent manner (Liu et al., 2007). Cell-cell
contact has also been found to be necessary for T cell activity inhibition (De
Wilde et al., 2009; Ezernitchi et al., 2006; Mazzoni et al., 2002). Sinha et al.
showed that reducing the numbers of MDSCs and increasing levels of M1
macrophages could promote the rejection of metastases (Sinha et al., 2005).
MDSCs produce IL-10, which along with a cell-cell contact dependent
mechanism, leads to decreased production of IL-12 by macrophages, resulting in
the skewing of immune response from an anti-tumor type 1 response, to a protumor type 2 response (Sinha et al., 2007a). Furthermore, some data indicate
that MDSCs can differentiate into tumor associated macrophages, which can
also mediate death of T cells and immune suppression (Kusmartsev and
Gabrilovich, 2005).
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In addition to affecting prognosis by differentiating the MDSCs, several
treatments appear promising. Gemcitabine, a nucleoside analog used for
chemotherapy, selectively reduces the number of MDSCs in tumor bearing mice,
leading to increased immune response to the tumor cells (Ko et al., 2007; Suzuki
et al., 2005). Sunitinib, a tyrosine kinase inhibitor, reduced MDSC levels and
enhanced immune response to tumors in human patients, suggesting that
targeting the factors that lead to accumulation of MDSCs would be therapeutic
(Ko et al., 2009). PGE2 has also been implicated in MDSC function, leading to
upregulation of arginase 1 (Rodriguez et al., 2005). Accordingly,
cyclooxygenase-2 (COX-2) inhibitors can abrogate production of arginase 1, and
enhance immune response (Talmadge et al., 2007; Zea et al., 2005). In addition,
phosphodiesterase 5 inhibitors, such as sildenafil, are able to decrease the
production of both arginase 1 and iNOS, again, blocking the tumor-promoting
functions of MDSCs and enhancing immune response in the mice (Serafini et al.,
2006b). Another drug, nitroaspirin, shown to inhibit production of reactive oxygen
species, also inhibits arginase 1 and iNOS, and therefore MDSC suppressive
function (De Santo et al., 2005). Several of the drugs that have been found to
target MDSCs are already in use for cancer treatment. When used in
combination with other tumor therapies, these drugs should not only affect the
tumor cells themselves, but also prevent the tumor enhancing capabilities of
MDSCs, leading to a better prognosis for the patient.
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Monocyte Chemoattractant Protein – 1
Monocyte chemoattractant protein-1 (MCP-1), also known as CCL2, is a
chemokine important for cell migration (Loetscher et al., 1996; Melgarejo et al.,
2009; Rollins, 1997; Rollins et al., 1991). It signals through CCR2, a G protein
coupled receptor found on monocytes, endothelial cells, T cells, etc. (Loetscher
et al., 1996; Melgarejo et al., 2009; Salcedo et al., 2000) (Figure 4). Early studies
correlated higher levels of MCP-1 with inflammatory conditions, such as arthritis,
fibrosis in asthma patients, infections, etc., and found that inflammatory factors
such as IL-1 and TNF, which as mentioned above are found produced under
tumor conditions, induce MCP-1 expression (Proost et al., 1996). Increased
MCP-1 production in tumors has been found to be associated with increased
tumor progression, and has been suggested to play a role in metastasis, by
acting on stromal cells such as macrophages, as well as the tumor cells
themselves (Craig and Loberg, 2006; Loberg et al., 2006; Raman et al., 2007).
The MCP-1/CCR2 chemokine axis is implicated in the recruitment of myeloid
suppressor cells, likely similar to MDSCs, to tumors (Huang et al., 2007a). In
addition, MCP-1 is a potent angiogenic factor, promoting angiogenesis through
indirect effects, such as through monocyte migration or induction of molecules
like VEGF and MMP9 (Goede et al., 1999; Raman et al., 2007; Varney et al.,
2005), or by directly functioning on endothelial cells (Salcedo et al., 2000).
Furthermore, blocking MCP-1 with a neutralizing antibody inhibited angiogenesis,
and led to decreased tumor metastases and increased survival in a mouse tumor
model (Salcedo et al., 2000).
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Figure 4. MCP-1 signaling through CCR2. MCP-1 binds to CCR2 as a dimer,
and activates downstream signaling. CCR2 has been shown to couple to Gq
and Gi proteins. Among the pathways known to be activated by MCP-1/CCR2
signaling are Rho, PKC, NF-κB, Ca2+ mobilization, and Akt pathways.
References are indicated for the signaling pathways.
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While MCP-1 is known to mediate cell migration, studies also report an
important role of MCP-1 in modulating immune response. Mice deficient in MCP1 are not able to mount a TH2 response (Gu et al., 2000). In contrast, mice
deficient in the receptor for MCP-1, CCR2, exhibit both reduced TH1 and TH2
responses, and are considered to be defective in TH1 immunity (Boring et al.,
1997; Conti and Rollins, 2004; Warmington et al., 1999). However, MCP-1 is not
the only chemokine that can signal through the CCR2 receptor, suggesting that
these other chemokines may be playing a role with CCR2 in determining immune
response (Luther and Cyster, 2001). Blocking or knocking out MCP-1 in several
models led to the decrease of TH2 mediators, particularly IL-4 (Gonzalo et al.,
1998; Gu et al., 2000; Lu et al., 1998), and induction or addition of MCP-1 led to
decreased TH1 and increased TH2 responses (Karpus et al., 1998; Karpus et al.,
1997). Due to the effects of MCP-1 on tumor cells, immune cell infiltration, type of
immune response induced, and angiogenesis within a tumor, this molecule is
likely an important player in the tumor microenvironment.

Regulator of G protein Signaling Family of Proteins
Signaling through G protein coupled receptors (GPCRs) mediates many
responses within the cell. GPCRs are seven transmembrane-domain receptors
that are coupled to intracellular heterotrimeric guanine nucleotide binding
proteins (G proteins) (McCudden et al., 2005). The heterotrimer consists of 3
subunits: Gα, Gβ, and Gγ. Gα in its inactive state is bound by GDP. When a
signal is received by the GPCR, it acts as a guanine nucleotide exchange factor
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(GEF), leading to the exchange of GDP for GTP. The conformational change
instigated by bound GTP then leads to the dissociation of Gβγ from Gα, and both
are now free to interact with effector proteins. The Gα subunit has intrinsic
GTPase activity, resulting in the hydrolysis of GTP to GDP, and the subsequent
reassociation of the Gα and Gβγ subunits and cessation of signaling. GPCR
signaling is tightly regulated by several mechanisms.
Regulator of G protein signaling (RGS) proteins act as GTPase-activating
proteins (GAPs), enhancing the intrinsic GTPase activity of the Gα subunit, and
thereby decreasing the time that the G protein subunits are dissociated (De Vries
and Gist Farquhar, 1999; De Vries et al., 2000; Hollinger and Hepler, 2002; Ross
and Wilkie, 2000). These proteins function through their RGS domain, a
conserved 128 amino acid domain (Burchett, 2003; Ross and Wilkie, 2000). The
RGS domain functions to stabilize the transition state of Gα-GTP by stabilizing
the switch regions of Gα, promoting hydrolysis (Srinivasa et al., 1998; Tesmer et
al., 1997). The proteins in this family, approximately 30 proteins, all contain the
RGS domain, but they are further classified into subfamilies based on structures
outside of the RGS domain, with the larger RGS proteins containing domains for
interactions with other proteins. Rgs2 is one of the smaller RGS proteins,
consisting of the RGS domain with short N- and C-terminal extensions (Kehrl and
Sinnarajah, 2002).
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Regulator of G protein signaling-2
Rgs2 was first discovered through a screen of blood mononuclear cells
treated with lectin and cyclohexamide in an attempt to discover genes which may
act as regulators of the transition from G0 to G1 (G0 switch genes). Siderovski et
al. found that the mRNA of this gene accumulated in stimulated cells, and named
the gene G0S8 (Siderovski et al., 1990; Siderovski et al., 1994). The gene was
found to encode a protein product of 211 amino acids derived from 5 exons,
generating a basic, hydrophilic protein with a molecular weight of about 24 kDa
(Figure 5A). Through sequence analyses and protein database comparisons, this
gene was predicted to code for a putative basic helix-loop-helix (bHLH) protein
with several potential phosphorylation sites (Siderovski et al., 1994). In 1996,
several groups independently discovered that proteins with a conserved domain,
the RGS domain, could function as GAPs for Gα subunits; G0S8 was found to
belong to this group of proteins and was renamed Rgs2 (Druey et al., 1996;
Koelle and Horvitz, 1996; Siderovski et al., 1996).

Expression of Rgs2
Rgs2 is known to be widely expressed, with mRNA detected in multiple
murine organs, including the heart, brain, spleen, lung, kidney, white blood cells,
bone marrow, adrenal gland, ovary, prostate, bladder, uterus, brown fat, and
murine bone marrow-derived dendritic cells (Chen et al., 1997; Park et al., 2002;
Reif and Cyster, 2000) (Shi et al., 2004; Su et al., 2002). In human tissues, Rgs2
mRNA was found in human monocyte-derived dendritic cells, blood cells, B cells,
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Figure 5. Role of Rgs2 in GPCR signaling. (A) Scheme of Rgs2 protein. Rgs2
is one of the smaller members of the Regulator of G Protein Signaling (RGS)
family, comprised of 211 amino acids with a molecular weight of approximately
24 kDa. Outside of its RGS domain, shown in gray, it has a small N-terminal
region, and even smaller C-terminal region. (B) Diagram of Rgs2 in signaling.
Rgs2 functions on G subunits, enhancing the intrinsic GTPase activity of the
subunit, leading to decreased time that the trimer is dissociated, and therefore
leading to cessation of signaling. Rgs2 can also directly inhibit some forms of
adenylyl cyclase (AC), preventing cAMP production.
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NK cells, dendritic cells, myeloid cells, uterus, ovary, prostate, pancreatic islets,
pituitary gland, and adrenal gland (Shi et al., 2004; Su et al., 2002). In addition,
Rgs2 mRNA levels are lower in bone marrow cells of AML patients compared to
bone marrow of normal individuals and in common and blastoid variant mantle
cell lymphoma compared to B cells from normal individuals (Larramendy et al.,
2002; Schwable et al., 2005; Zhu et al., 2002).
Rgs2 functions in a negative feedback loop with regard to GPCRs; ligand
stimulation of the GPCR leads to increased expression of Rgs2, which then
attenuates signaling through the GPCR (De Vries and Gist Farquhar, 1999). A
summary of stimuli that induce Rgs2 in various cell types and cell lines can be
found in Table 1. Rgs2 has been shown to be transcriptionally regulated, and
expression is rapidly induced, but quite transient (Grant et al., 2000; Song et al.,
1999; Tsingotjidou et al., 2002). Several reports indicate mRNA stabilization is
not involved (Heximer et al., 1997a; Homme et al., 2003). There is no evidence
that alternative splicing of Rgs2 occurs; however, Gu et al. have reported
alternative translation sites producing different sized proteins (Gu et al., 2008).
While Rgs2 is expressed in a wide variety of cell and tissue types, the signals
involved in regulation appear to vary between cell types, and perhaps even
between primary cells and cell lines.
Heximer et al. found no response of Rgs2 mRNA with TPA stimulation in
isolated human blood mononuclear cells, which is in contrast to the results of
Schwable et al., which demonstrated that Rgs2 mRNA levels were affected by
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Table 1. Upregulation of Rgs2 mRNA. The signals that stimulate upregulation
are listed with cell type. Con A- concanavalin A, PMA- Phorbol 12-Myristate 13Acetate, PGE- prostaglandin E, ATRA- all-trans retinoic acid, DMSO- dimethyl
sulfoxide, PTH- parathyroid hormone, PTHrP- parathyroid hormone-related
peptide, PB- peripheral blood, S1P- sphingosine-1-phosphate, TLR3- toll like
receptor 3

Cell Type

Signal

References

Human blood mononuclear cells

Lectin, Con A, ionomycin (not PMA)

Heximer et al., 1997a
Siderovski et al., 1990
Siderovski et al., 1994

Human PB T cells

cAMP (decreased by IL-2)

Beadling et al., 1999

U937, HL-60, NB4 cell lines

PGE1, PGE2, ATRA, PMA, DMSO

Beadling et al., 1999

Murine B cells

activation by antigen

Reif and Cyster, 2000

Bone marrow derived macrophages

poly(I:C) TLR3 activation

Riekenberg et al., 2009

Rat primary cardiomyocytes

Forskolin, isoproterenol, PMA,

Hao et al., 2006

Schwable et al., 2005

phenylephrine/timolol

Zou et al., 2006

Rat vascular smooth muscle cells

angiotensin II, PMA, S1P

Grant et al., 2000

human primary thyroid cells

thyrotropin

Eszlinger et al., 2004

PC12, 1321N1, SH-SY5Y cell lines

Forskolin (not SH-SY5Y cells), carbachol,

Pepperl et al., 1998

Hendriks-Balk et al., 2009

isoproterenol, PMA
Rat brain tissue

Neuronal stimuli, amphetamine

Zmijewski et al., 2001b
Song et al., 1999
Burchett et al., 1998
Ingi et al., 1998

Rat C6 astrocytoma cell line,

Isoproterenol

Kim et al., 2006

Primary murine osteoblasts

PTH, Forsklin, PMA, PTHrP, ATP

Tsingotjidou et al., 2002

Rat bone and primary osteoblasts

PTH, PTHrP, PGE2

Miles et al., 2000

ROS 17/2.8, MC3T3-E1, Py1a,

PTH, forskolin, dibutyryl cAMP

Miles et al., 2000

primary astrocytes
Roy et al., 2006b

Tsingotjidou et al., 2002

UMR 106-01 cell lines

Homme et al., 2003
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TPA stimulation in myeloid cell lines (Heximer et al., 1997a; Schwable et al.,
2005). This indicates that freshly isolated cells may have different expression of
Rgs2 than cell lines. Heximer et al. also found that Rgs2 levels were responsive
to ionomycin stimulation, showing a transient increase with stimulation by the
calcium ionophore, suggesting that Rgs2 mRNA expression may be regulated by
calcium dependent mechanisms.
Similar to other studies, Beadling et al. found that Rgs2 mRNA levels are
increased in human peripheral blood T cells that have undergone the G0/G1
transition (Beadling et al., 1999; Siderovski et al., 1990; Siderovski et al., 1994).
Also, IL-2 and cAMP levels within the cell have opposite effects on Rgs2 levels;
IL-2 decreases the response of Rgs2 mRNA, and subsequent increase in
intracellular cAMP can increase Rgs2 mRNA (Beadling et al., 1999). Stimulation
of U937 cells with PGE1 and PGE2 increases Rgs2 expression while blocking
proliferation of these cells. Treatment of PC12 cells with forskolin to increase
cAMP levels led to an increase in Rgs2, but treatment with ionomycin had no
effect on Rgs2 levels, in contrast to the study above (Pepperl et al., 1998).
Hao et al. demonstrated that Gq signaling and increased intracellular
cAMP (by forskolin stimulation) can lead to increased expression of Rgs2 mRNA
in cardiomyocytes (Hao et al., 2006). Zmijewski et al. found that Rgs2 levels are
increased in a rapid and transient manner in 1321N1 cells by stimulation of the
inositol signaling pathway and by increased cAMP (Zmijewski et al., 2001b). Reif
et al. found that in vivo activation of B cells led to increased Rgs2 mRNA
expression (Reif and Cyster, 2000). Ingi et al. found that Rgs2 mRNA is
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upregulated in brain neurons in response to synaptic activity (Ingi et al., 1998).
Parathyroid hormone induced Rgs2 mRNA in UMR 106-01 cells by a cAMP/PKA
pathway, and pretreatment with vitamin D enhanced this effect (Homme et al.,
2003). Thyrotropin was found to increase Rgs2 mRNA in primary human thyroid
cells, which could inhibit thyrotropin receptor mediated IP3 accumulation, but had
no affect on cAMP accumulation (Eszlinger et al., 2004). Sphingosine-1phosphate (S1P) treatment of primary rat vascular smooth muscle cells led to
increased Rgs2 mRNA levels, likely through S1P receptor 2, but not through
Gi/o (Hendriks-Balk et al., 2009).
Song et al. found that Rgs2 mRNA levels increase in SH-SY5Y cells upon
stimulation of muscarinic receptors through a protein kinase C (PKC) dependent
mechanism (Song et al., 1999); when PKC activity was inhibited, the increase in
Rgs2 mRNA was blocked. Stimulation with PMA, which leads to the activation of
PKC, led to induction of increased Rgs2 mRNA expression, which was also
blocked by inhibition of PKC activity. Rgs2 levels increased rapidly due to
increased transcription, much like in other studies. However, unlike other studies,
levels remained high for a long period of time. In direct contrast with other studies,
forskolin-induced increase in intracellular cAMP did not increase Rgs2 mRNA
levels in these cells (Song et al., 1999). Heat shock leads to a rapid and transient
increase in Rgs2 mRNA levels in SH-SY5Y cells, indicating that cell stress can
regulate Rgs2 levels (Song et al., 2001). After differentiation of SH-SY5Y cells,
Rgs2 levels decreased. Treatment of the differentiated SH-SY5Y cells with
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carbachol, PMA, or heat shock led to subsequent increases in Rgs2 levels. Again,
forskolin treatment had no effect.
Toll-like receptor (TLR) signaling can also modulate Rgs2 levels. In bone
marrow derived macrophages and a macrophage cell line, stimulation and
activation of TLR2 and TLR4 with lipopeptides or lipopolysaccharides, or
stimulation of TLR9 with CpG oligo-nucleotide, led to downregulation of Rgs2
mRNA levels (Riekenberg et al., 2009). However, stimulation of TLR3 with
poly(I:C) increased Rgs2 mRNA levels (Riekenberg et al., 2009). Furthermore,
LPS stimulation of RAW264.7 macrophages with LPC led to decreased Rgs2
mRNA levels through TLR4 signaling involving phospholipase D2 (PLD) and
protein kinase C- (PKC) (Lee et al., 2010). Activation of natural killer cell
receptors Ly49A or Ly49D both led to increased Rgs2 mRNA and protein
(Kveberg et al., 2005). These data suggest that Rgs2 may have a role outside of
GPCR signaling, or that it is upregulated in response to other signals in order to
provide crosstalk with GPCR signaling.

Cellular localization of Rgs2
RGS proteins localize to various compartments within the cell, which has
been postulated to be a mechanism by which RGS protein function is regulated
(De Vries et al., 2000). Rgs2 has been shown to localize predominantly in the
nucleus, with some localization at the plasma membrane. Zmijewski et al.
determined that Rgs2 is mainly localized to the nucleus in 1321N1 cells,
examining endogenous expression by immunocytochemistry and cell
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fractionation, and exogenous expression of a tagged Rgs2 by fluorescent and
confocal microscopy (Zmijewski et al., 2001b). Rgs2 could also be seen lining the
plasma membrane in these cells, as would be expected for interactions with Gα
subunits. Song et al. also saw a mostly nuclear localization of GFP-Rgs2 in SHSY5Y cells by confocal microscopy (Song et al., 2001). In addition, transfection
of L1-2, 3T3, or COS-7 cells with GFP-tagged or c-myc-tagged Rgs2 indicated a
nuclear localization for this protein (Bowman et al., 1998; Chatterjee and Fisher,
2000). Gu et al. found that some Rgs2 protein can be found to colocalize with
nucleolar proteins (Gu et al., 2008).
For Rgs2 to function as a GAP for the Gα subunit, it would need to be
present at the plasma membrane in order to interact with its target; yet, data
suggest that this is a nuclear protein. Rgs2-GFP expressed in HEK 293 cells
localized mainly to the nucleus, but to some degree in the cytoplasm and at the
plasma membrane (Heximer et al., 2001). When Rgs2-GFP was co-expressed
with a constitutively active Gαq mutant, Rgs2-GFP was found to be localized
more to the plasma membrane, an effect not seen when the N-terminal domain
of Rgs2 is deleted. These results were confirmed in a later study as well. Roy et
al. found that GFP-Rgs2 localized to the nucleus in HEK 293 cells, but when coexpressed with Gαq or Gαs (but not Gαi), it was recruited to the plasma
membrane (Roy et al., 2003). They further demonstrated that when GFP-Rgs2
was co-transfected with receptors that activate Gαq or Gαs, recruitment to the
plasma membrane was observed. These data suggest that Rgs2 is recruited to
the plasma membrane when the pertinent signaling pathway is activated, lending
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further evidence to the idea that cellular localization may be a way in which RGS
proteins are regulated.
How does this recruitment occur? The RGS domain of Rgs2 contains a
consensus nuclear localization sequence, and GFP-tagged RGS domains
localized to the nucleus, implying that nuclear localization is controlled by this
domain (Chatterjee and Fisher, 2000). In addition, Rgs2, having a molecular
weight of only 24 kDa, can diffuse freely into and out of the nucleus, without the
assistance of nuclear transport, suggesting that a nuclear retention mechanism
exists for this protein (Siderovski et al., 1994). Heximer et al. demonstrated that
Rgs2 is not actively transported, but rather passively diffuses into the nucleus
where it is then retained (Heximer et al., 2001). They attached a GST tag to the
Rgs2-GFP fusion protein, which then made the protein too large to passively
diffuse; as a result, no Rgs2-GFP was seen in the nucleus. In addition, exclusion
from the nucleus did not affect the GAP function of Rgs2. Perhaps signaling from
the GPCR leads to inhibition of nuclear retention, allowing Rgs2 to leave the
nucleus and move to the plasma membrane.
Heximer et al. also found that a domain within the N-terminus of Rgs2 was
necessary and sufficient for localization of this protein to the plasma membrane,
and found that this region was conserved in some small RGS family members
(Heximer et al., 2001). Further analysis indicated that this region forms an
amphipathic α-helix, which has the ability to associate with vesicles in vitro. A
subsequent study found that the hydrophobic residues adjacent to the
amphipathic helix in the N-terminus of Rgs2 also contributed to plasma
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membrane association, explaining why Rgs2 is better at membrane association
than other members of its subfamily (Gu et al., 2007). Heximer et al. also
suggested that the N-terminal domain may play a role in directing nuclear
accumulation, as several of the mutations created there resulted in loss of or
changes in nuclear localization (Heximer et al., 2001). It is conceivable that Rgs2
is retained in the nucleus by a protein binding at this domain and concealing this
region, and that upon stimulation, binding is disrupted, allowing for recruitment of
Rgs2 to the plasma membrane.

Functions and Interactions of Rgs2
There are different isoforms of Gα, generally classified as Gαs, Gαq, Gαi,
and Gα12/13 (McCudden et al., 2005). RGS proteins were first found to act upon
Gαi, then Gαq (Berman et al., 1996; Hepler et al., 1997). Rgs2 was at first only
thought to act upon Gαq. Heximer et al. demonstrated that Rgs2 binds to Gαq,
and not Gαi, as well as performed GTPase assays to confirm this result (Heximer
et al., 1997b). Furthermore, they showed that Rgs2 could inhibit the activation of
phospholipase C (PLC), indicating that Gαq signaling was inhibited. It has since
been found that Rgs2 can indeed act upon Gαi. Ingi et al. found that Rgs2 not
only acted upon Gαq in vitro, but also upon Gαi when the M2 muscarinic
acetylcholine receptor, which couples to Gαi, was also present in reconstituted
phospholipid vesicles in vitro (Ingi et al., 1998). In COS cells expressing this
receptor, Rgs2 was also able to inhibit G protein signaling. However, Rgs2
functions more efficiently as a GAP for Gαq than for Gαi (Heximer et al., 1999).
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Although some evidence points toward a direct interaction of Rgs2 with
Gαs, it is still uncertain whether this interaction occurs (Abramow-Newerly et al.,
2006). However, Rgs2 is known to interact with a downstream signaling molecule
of the Gαs signaling pathway. Rgs2 interacts with certain isoforms of adenylyl
cyclase (AC) and inhibits production of the second messenger cAMP (Roy et al.,
2006a; Roy et al., 2003; Salim et al., 2003; Sinnarajah et al., 2001). Rgs2 affects
AC III, V, and VI, but not AC I and II in vitro (Sinnarajah et al., 2001). Rgs2
functions to decrease cAMP in cells through direct interaction with AC. The
interaction of Rgs2 with AC V has been characterized, and it was determined that
the N terminus of Rgs2 is important for this interaction (Salim et al., 2003).
Smaller Rgs2 proteins generated by alternative translation sites are missing
portions of the N-terminus, and therefore cannot inhibit AC (Gu et al., 2008).
Furthermore, signaling through Gs and AC V specifically upregulates the full
length Rgs2, which can feedback to inhibit signaling (Gu et al., 2008). Roy et al.
found that co-expression of GFP-Rgs2 and AC isoforms (I, II, V, VI) in HEK 293
cells led to the localization of GFP-Rgs2 at the plasma membrane. They further
demonstrated through the utilization of bioluminescence resonance energy
transfer (BRET) in these cells that Rgs2 can exist in association with Gαs and AC
II and IV, and with AC III when Gαs is also present (Roy et al., 2006b). However,
these results do not indicate a direct interaction, just a close association.
Hao et al. found that Rgs2 selectively regulates Gq signaling in
cardiomyocytes (Hao et al., 2006). They also found that this molecule does not
appear to affect AC directly in these cells. Rgs2 attenuated Gαq signaling, but not
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Gαi signaling in HEK 293 cells as determined by examining the IL8/CXCR1/MAPK pathway (Beadling et al., 1999). These data suggest that Rgs2
function may be cell type-specific. Also, the receptor itself plays a role in
selectivity; Rgs2 was found to bind directly to the third intracellular loop of the M1
muscarinic acetylcholine receptor, an interaction that was mediated by the Nterminal region of Rgs2 (Bernstein et al., 2004). Rgs16 did not bind this receptor,
suggesting that the interaction of the receptor and Rgs2 is selective (Bernstein et
al., 2004). Rgs2 was also found to bind to the third intracellular loop of the 1Aadrenergic receptor, whereas Rgs16 did not (Hague et al., 2005). This interaction
required the N-terminus of Rgs2, as well. Furthermore, when Rgs2 was truncated
to only express the RGS domain, it was no longer able to inhibit signaling
through GPCRs, indicated by increased inositol phosphate accumulation,
suggesting the interaction of the N-terminus is important for function (Tikhonova
et al., 2006). While Rgs2 has been shown to bind to the third intracellular loop of
receptors by several studies, one study found that it binds to spinophilin, an
adaptor molecule that binds to GPCRs in the same region (Wang et al., 2005b).
Wang et al. found that the N-terminus of Rgs2 was involved in this interaction,
which led to increased inhibitory activity of Rgs2 (Wang et al., 2005b).
Interactions with the plasma membrane and receptors are not the only
mechanisms involved in modulation of Rgs2 activity. Rgs2 inhibited activation of
ERK and Akt downstream of M3 muscarinic receptors, but Rgs3 could only inhibit
Akt activation (Anger et al., 2007). While Rgs3 could inhibit Akt and ERK
activation downstream of M2 muscarinic receptors, Rgs2 could only inhibit Akt
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activation (Anger et al., 2007). These data indicate that other mechanisms are in
place to regulate Rgs2 protein function. Indeed, one study has shown that
palmitoylation of Rgs2, mediating a conformational change, inhibits its function
as a GAP for G proteins (Ni et al., 2006). Phosphorylation of Rgs2 by protein
kinase C (PKC) also leads to decreased function as a GAP (Cunningham et al.,
2001). Phosphorylation by type I cGMP-dependent protein kinase (cGKI)
leads to increased Rgs2 GAP activity (Tang et al., 2003); however, cGKI activity
also mediates proteasomal degradation of Rgs2 in a manner not dependent on
phosphorylation of Rgs2, providing another level of feedback in this signaling
pathway (Osei-Owusu et al., 2007).
As Rgs2 is highly expressed in hematopoietic cells, which are known to
undergo chemotaxis due to GPCR chemokine receptor activation, its role in cell
migration has been assessed. Bowman et al. found that Rgs2 has no effect on
migration of lymphocytic cells (Bowman et al., 1998). They co-transfected pre-B
lymphocytic L1-2 cells with vectors encoding the chemokine receptors CXCR1
and CCR-2B, along with different RGS proteins. When migration towards IL-8 or
MCP-1 was assayed, Rgs2 did not inhibit migration, whereas Rgs1 and Rgs3 did.
Reif et al. found that in the B cell line 2PK3, exogenous Rgs2 had little to no
effect on migration of these cells to the B cell chemokines stromal-derived factor1 (SDF-1), B lymphocyte chemoattractant (BLC), or EBV-induced molecule 1
ligand chemokine (ELC) (Reif and Cyster, 2000). These results may be explained
by the findings that Rgs2 is not a strong GAP for Gαi, which is the main α subunit
utilized by chemokine receptors.
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There has been accumulating evidence that RGS proteins have functions
other than their GAP activity. One other way by which RGS proteins might act to
inhibit G protein mediating signaling is to inhibit G protein-effector interactions
(Hepler et al., 1997). Rgs2, and its subfamily member Rgs4, were found to
compete for binding to Gq with GRK2, a Gq effector, suggesting they can
indeed function as allosteric inhibitors (Shankaranarayanan et al., 2008).
Cunningham et al. designed experiments aimed at separating the effects of Rgs2
GAP activity from its potential effector antagonist activity, and found that Rgs2
was better at inhibiting signaling when it was able to function as a GAP
(Cunningham et al., 2001). Other studies have focused on roles for Rgs2 outside
of GPCR signaling. Sullivan et al. found Rgs2 and Rgs4 bind to β’-COP, a
subunit of the COPI complex involved in Golgi trafficking (Sullivan et al., 2000).
While they did not report a role for Rgs2, Rgs4 binding to COPI inhibited
transport and secretion of proteins, suggesting Rgs2 may have a similar role
(Sullivan et al., 2000). Rgs2 interacts with TRPV6, a Ca2+ channel, through its Nterminus, and attenuates the ion current, providing evidence that Rgs2 can affect
Ca2+ levels outside of functioning as a GAP alone (Schoeber et al., 2006). Lastly,
Rgs2 has been shown to bind to eukaryotic initiation factor 2B  subunit (eIF2B)
and inhibit protein translation (Nguyen et al., 2009). The binding site is within the
RGS domain, but binding does not occur with Rgs4, suggesting this is specific for
Rgs2 (Nguyen et al., 2009). More studies are likely to follow examining roles of
Rgs2 outside of its capability as a GAP for G proteins. One common theme that

34

emerges, though, is that the various roles of Rgs2 all indicate that it is an
inhibitory molecule.

Rgs2 in Cell Stress and Cell Cycle
There is mounting evidence in the literature that Rgs2 may play a role in
the cell other than as a GAP for G proteins. Heat shock can lead to a rapid and
transient increase in Rgs2 mRNA levels in SH-SY5Y cells, indicating that cell
stress can regulate Rgs2 levels (Song et al., 2001). After differentiation of SHSY5Y cells, Rgs2 levels decreased (Song et al., 2001). In addition, hydrogen
peroxide, peroxynitrite, and heat shock all quickly increase Rgs2 mRNA in
1321N1 cells (Zmijewski et al., 2001a). Protein levels of Rgs2 also increased,
and it was found mainly in the nucleus in the hydrogen peroxide treated cells.
Furthermore, treatment of SH-SY5Y cells with camptothecin to induce DNA
damage increases Rgs2 mRNA levels (Song and Jope, 2006). Addition of cdk2
inhibitors abrogated the Rgs2 increase, and treatment with an inhibitor of Hsp90
increased Rgs2 mRNA alone and in an additive manner when applied in
conjunction with camptothecin treatment (Song and Jope, 2006). Stimulation of
U937 cells with PGE1 and PGE2 increases Rgs2 expression while blocking
proliferation of these cells (Beadling et al., 1999). Further, Rgs2 inhibited growth
of androgen-independent LNCaP cells (Cao et al., 2006). Chemically induced
ischemia in astrocytes mediated upregulation of Rgs2 mRNA, which was
associated with increased cell death (Endale et al., 2010). These data indicate a
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role for Rgs2 in the cell cycle that may not be related to its role as a GAP for G
proteins.

Role of Rgs2 in Differentiation and Cancer
Rgs2 is suspected to act in differentiation of myeloid cells. In one study,
Schwable et al. examined the receptor activating Flt3-ITD mutation in acute
myelogenous leukemia (AML), and found that Rgs2 expression was
downregulated in cells with this mutated receptor compared to cells with the wild
type receptor. Also, when comparing Rgs2 levels in the bone marrow of healthy
patients with that of patients with AML, it was found that the bone marrow of
healthy patients had much higher levels of Rgs2 (Schwable et al., 2005). They
also found that the expression levels of Rgs2 in AML cells matched that of
CD34+ progenitor cells, suggesting that Rgs2 levels are low in more immature
cells. This then led them to examine the role that Rgs2 may be playing in
signaling though the Flt3 receptor. They demonstrated that Rgs2 was able to
negatively regulate proliferation of Flt3-ITD/32D cells. Additionally, Rgs2 was
able to reverse the block in differentiation that is caused by the Flt3-ITD mutation.
They further confirmed in differentiation studies of cells lines that Rgs2 is
upregulated during myeloid differentiation (Schwable et al., 2005). Rgs2 has also
been implicated in macrophage foam cell production; lipopolysaccharide (LPS)
induced foam cell formation by downregulating Rgs2 levels (Lee et al., 2010).
When Rgs2 was overexpressed, foam cell production was inhibited (Lee et al.,
2010).
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As transformed cells are speculated to exist at less differentiated states,
repression of Rgs2, which may positively regulate differentiation, may play an
important role in tumorigenesis. Indeed, Rgs2 inhibited growth of androgenindependent LNCaP cells (Cao et al., 2006). However, the role of Rgs2 in tumor
progression is not clear. Whereas Schwable et al. were able to detect Rgs2 in
normal bone marrow by real time reverse transcriptase-PCR (RT-PCR), Wu et al.
were unable to detect this mRNA in bone marrow by RT-PCR, but they detected
Rgs2 in leukemic and lymphoblastic cells lines as well as in the majority of AML
and acute lymphoblastic leukemia (ALL) cases (Wu et al., 1995). Rgs2 was
detected in cases of chronic myelogenous leukemia (CML), but only those in the
blast crisis phase. In addition, Rgs2 was detected in several other cancerous cell
lines, including HeLa (cervical), OVCAR-3 (ovarian), and A-172 (glioblastoma)
(Wu et al., 1995). Furthermore, Rgs2 was found to be expressed at higher levels
in human breast cancer cells compared to normal breast cells (Smalley et al.,
2007). However, in human colorectal cancer, Rgs2 was found to be
downregulated, with low Rgs2 expression being an indicator of poor prognosis
(Jiang et al., 2010). The presence of Rgs2 in these tumor cells is in direct
contradiction with the idea that Rgs2 downregulation may have a role in
promoting tumor growth, and demonstrates that there is much more to be
learned about the functions of this molecule.
Rgs2 appears to play a role in differentiation of cell types other than
myeloid cells. James et al. demonstrated by microarray analysis and confirmed
by RT-PCR and in situ hybridization that Rgs2 is upregulated for a period of time
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during chondrocyte differentiation (James et al., 2005). Rgs2 has even been
implicated in adipocyte differentiation. Imagawa et al. found that Rgs2 was
expressed early in adipocyte differentiation, using mouse 3T3-L1 cells, and that
this protein was only expressed in stimulated cells that were not proliferating
(Imagawa et al., 1999). The same group continued to examine this role for Rgs2,
showing that in NIH-3T3 fibroblast cells, Rgs2 only functions to promote
adipocyte differentiation in the presence of ligand for the peroxisome proliferatoractivated receptor γ (PPAR γ) (Nishizuka et al., 2001). In addition, Rgs2 was
found to bind to tubulin and increase microtubule formation, playing a role in
neuron differentiation (Heo et al., 2006). While the possibility for a role for Rgs2
in differentiation of several cell types is becoming evident, the exact nature of this
role is still unknown. Evidence points toward an anti-proliferative role for Rgs2.
As cells must stop proliferation as they differentiate, perhaps with further study,
the role of Rgs2 in differentiation will be found to be related to this antiproliferative effect.

Rgs2 in mammals
In an effort to further understand the roles of this molecule, mice deficient
in Rgs2 were generated by replacing exons 4-5 (which contain the RGS domain)
and part of the 3” UTR with a Neo resistance cassette (Oliveira-Dos-Santos et al.,
2000). These mice are fertile and appear to grow normally. Curiously, these mice
seem to have no defects in hematopoietic differentiation. As this gene product
was first identified in T cells, the effect of Rgs2 deficiency was first examined in
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these cells. Development of T cells appeared to be comparable to wild type mice,
but when activation was examined, differences were noticed. Proliferation of T
cells and IL-2 production were mildly impaired in Rgs2 deficient mice upon T cell
activation. The decreased ability to produce activated T cells led to a lower level
of response in vivo to viral challenge. T cell response to chemokines appeared
unaffected, and B cell production and activation also were not affected. Outside
of the immune system, polymorphisms in Rgs2 and CREB regulated
transcriptional coactivator 3 (CRTC3), a molecule that upregulates Rgs2
expression, have been linked to adiposity and metabolic disorder in humans
(Freson et al., 2007; Song et al., 2010).
Studies have shown upregulation of Rgs2 in vascular smooth muscle cells
and cardiomyocytes in response to different stimuli, suggesting that this molecule
may play a role in the cardiovascular system (Grant et al., 2000; Hao et al., 2006).
Indeed, studies in the knockout mice indicate that these mice, even with a
heterozygous phenotype, develop hypertension (Heximer et al., 2003). The
hypertensive mice displayed signs of vascular smooth muscle cell hypertrophy or
hyperproliferation in the aorta and renal arteries, prolonged constriction in
response to vasoconstrictors, and increased Ca2+ signaling in vascular smooth
muscle cells (Heximer et al., 2003; Sun et al., 2005). In vascular smooth muscle
cells, cGMP-dependent protein kinase I- (PKGI-) phosphorylates and activates
Rgs2, which can then turn off constrictor signaling through protease-activated
receptor-1 (PAR-1), enhancing the vasodilatory effects of nitric oxide and cGMP
(Obst et al., 2006; Osei-Owusu et al., 2007; Sun et al., 2005; Tang et al., 2003).

39

Angiotensin II treatment of Rgs2 deficient mice led to increased blood pressure,
likely though decreased attenuation of signaling through the angiotensin II type 1
receptor (Hercule et al., 2007). One recent study used kidney transplantation to
establish that lack of Rgs2 in the kidneys alone is sufficient to mediate
development of hypertension (Gurley et al., 2010). Rgs2 has been shown to
reduce hypertrophy caused by -adrenergic signaling in ventricular rat
cardiomyocytes, and decreased Rgs2 levels are detected before hypertrophy
occurs in models of increased Gq signaling (Zhang et al., 2006; Zou et al.,
2006). Transverse aortic constriction led to increased cardiac hypertrophy, heart
failure, and mortality in Rgs2-/- mice (Takimoto et al., 2009). Moreover, mutations
and single nucleotide polymorphisms in Rgs2 have been linked to hypertension
in humans (Li et al., 2010; Riddle et al., 2006; Yang et al., 2005b). One study has
linked a mutation found in hypertensive patients to increased proteasomal
degradation of Rgs2, providing a mechanism for the hypertensive phenotype
(Bodenstein et al., 2007).
Rgs2-/- mice exhibit differences in behavior, indicating a role for Rgs2 in
the central nervous system, specifically in the hippocampus (Oliveira-Dos-Santos
et al., 2000). The male null mice are less aggressive and more anxious than their
wild type counterparts. Decreased spine density in the CA1 neurons in the
hippocampus of Rgs2 deficient mice has been observed, indicating a smaller
number of synapses (Oliveira-Dos-Santos et al., 2000). Overexpression of Rgs2
increased neurite growth, and Rgs2 localizes in the neurites of PC12 cells (Heo
et al., 2006). Furthermore, Rgs2 is present in the synapses of neurons, and has
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been found to regulate Gi/o and Ca2+ influx, leading to modulation of vesicle
release in synapses (Han et al., 2006). Several single nucleotide polymorphisms
in Rgs2 were found to correlate with anxiety disorders in humans (Koenen et al.,
2009; Leygraf et al., 2006). However, a different study found no correlation
between anxiety disorders and polymorphisms in Rgs2 (Mouri et al., 2010).
Recently, a microRNA, miR-22, was found to correlate with anxiety disorders,
and one of the targets of miR-22 is Rgs2 (Muinos-Gimeno et al., 2010). Further
study is warranted to understand the role of Rgs2 in human anxiety disorders.

Rgs2 Summary
In summary, Rgs2 functions as a GAP for Gαq, and to some degree for
Gαi. It is localized in the nucleus until stimulation of GPCRs and activation of Gα
mediates recruitment to the plasma membrane (Figure 5B). Once at the
membrane, Rgs2 interacts with Gα or AC, leading to the attenuation of signaling
and cAMP production, respectively. In addition, interactions of Rgs2 and other
molecules have been shown. While the exact mechanisms are unknown, Rgs2
appears to play a role in differentiation of many cell types. Rgs2 regulation
appears to occur primarily at the transcriptional level, but regulation by posttranslational modifications, such as phosphorylation of the protein, have also
been shown to occur. Rgs2 is proving to be an important molecule in many cells,
and future studies are likely to elucidate more functions for this molecule.
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Summary and Dissertation Goals
MDSCs play an important role in cancer progression, and elucidating the
mechanisms involved in the accumulation and function of these cells is important
in the fight against cancer. In a microarray comparing splenic Gr-1+CD11b+ cells
from nontumor bearing mice and tumor bearing mice, Rgs2 was found to be
upregulated in the tumor derived cells. Based on published data, we
hypothesized that Rgs2 plays a role in myelopoiesis, and as such, would play a
role in MDSC production or differentiation. In Chapter II, the role of Rgs2 in
hematopoiesis and myeloid cell differentiation was examined. Overall
hematopoiesis was not affected by loss of Rgs2, and mature myeloid cells were
not altered. While lack of Rgs2 did promote a delay in granulocytic differentiation,
the delay was small and quickly overcome by the Rgs2-/- cells. In addition, while
Rgs2-/- mice are more sensitive to serial 5-fluorouracil treatment, further studies
found that lack of Rgs2 did not greatly affect stem cell or multipotent progenitor
cell production. These data suggest that Rgs2 does not play a major role in
hematopoiesis or myelopoiesis. In Chapter III, the role of Rgs2 in MDSCs was
investigated. Rgs2 deficiency in MDSCs abrogated the tumor promoting roles of
these cells, leading to retarded tumor growth along with decreased vascular
density. While lack of Rgs2 did not affect the production or heterogeneity of
MDSCs within the spleens of tumor mice, it did lead to decreased MCP-1
production. Further, MCP-1 deficiency of Rgs2-/- MDSCs led to decreased tube
formation and migration of endothelial cells, and a shift from IL-4 production to
IFN production in splenocytes cultured with the tumor MDSCs. Together, these
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data suggest that Rgs2 affects the tumor promoting functions of MDSCs through
mediating MCP-1 production. Understanding the mechanisms by which MDSCs
promote tumor growth and progression is important in determining how to target
these cells. In targeting the signaling pathway involving Rgs2 in MDSCs, we can
not only prevent the promotion of angiogenesis and immune tolerance caused by
these cells, but also perhaps shift these cells to mediators that promote killing of
tumor cells by the immune system.
.
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CHAPTER II

RGS2 DOES NOT AFFECT HEMATOPOIESIS UNDER NORMAL OR STRESS
CONDITIONS

Summary
Hematopoiesis is a process involving many different molecules and many
different signaling pathways, all coming together to produce mature, functional
cells such as red blood cells, myeloid cells, and lymphocytes. Rgs2 for years has
been suspected to play a role in hematopoiesis, either through affecting
proliferation or differentiation of myeloid cells. Here, we have examined the role
of Rgs2 in several aspects of hematopoiesis. We found that although Rgs2-/mice are more sensitive to serial 5-fluorouracil treatment, they do not have any
major defects in stem cell development or function. We also found that although
there is a slight delay in granulocytic differentiation, there is no difference in
levels of mature granulocytes, or other hematopoietic cells. There is also no
difference in numbers of myeloid progenitors in the bone marrow of wild type and
Rgs2-/- mice measured in methocellulose assays. All together, our data point to
a small to no role for Rgs2 in hematopoiesis.
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Introduction

Hematopoiesis is the process by which blood cells develop and mature. It
is a tightly regulated process, starting with stem cells. Hematopoietic stem cells
(HSCs) are characterized by the ability to be quiescent most of the time, but
proliferate and undergo self-renewal with the right signals, as well as being able
to repopulate each of the cells of the hematopoietic system. Studies have shown
that hematopoietic stem cells reside in the bone marrow (BM) of adult mammals
in a hematopoietic niche (Eliasson and Jonsson, 2010; Levesque et al., 2010).
Early studies also indicated that some HSCs and early progenitor cells can be
found moving from the BM to the blood, and back again (Goodman and Hodgson,
1962; Levesque et al., 2010; Wright et al., 2001). Homing into the niche involves
cell-cell interactions between the HSCs and the endothelial cells of the vessels in
the BM, as well as cytokine and chemokine gradients in the BM (Levesque et al.,
2010). Once in the BM, the HSCs are kept there by interactions with the
surrounding cells, such as mesenchymal stem cells, osteoblasts, and
osteoblastic progenitors (Levesque et al., 2010). One interaction known to be
involved is the SDF-1/CXCR4 chemokine axis (Aiuti et al., 1997; Hattori et al.,
2001; Jo et al., 2000; Mohle et al., 1998; Peled et al., 1999; Zou et al., 1998).
Treatment with G-CSF, known to mediate mobilization of stem cells (Morrison et
al., 1997), leads to upregulation of proteases within the BM that can cleave SDF1 and CXCR4, among other important proteins, disrupting the retention signal
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(Kopp et al., 2005; Lapidot and Petit, 2002; Levesque et al., 2010; Levesque et
al., 2003; Petit et al., 2002).
Recent studies have uncovered the importance of osteoblasts and
osteoblastic progenitors in the hematopoietic niche (Levesque et al., 2010).
Indeed, long term repopulating HSCs have been found to reside in the endosteal
region of the BM, close to osteoblasts, and are deeply quiescent (Kubota et al.,
2008; Levesque et al., 2010; Nilsson et al., 2001; Wilson et al., 2008). The HSC
niche in the endosteal region is hypoxic, creating an environment for the HSCs
conducive to decreased damage from reactive oxygen species, as well as
decreased proliferation (Chen et al., 2008; Eliasson and Jonsson, 2010;
Levesque et al., 2010; Parmar et al., 2007; Winkler et al., 2010). Those HSCs
found in the less hypoxic vascular areas of the BM, or further from the
endosteum, have been found to be more proliferative (Levesque et al., 2010; Lo
Celso et al., 2009; Winkler et al., 2010). Several intracellular molecules have
been shown to regulate stem cell proliferation, self-renewal, and quiescence,
including c-myc (Eliasson and Jonsson, 2010; Levesque et al., 2010; Wilson et
al., 2004). HSCs express lower levels of c-myc compared to progenitor cells,
and deletion of c-myc leads to increased self renewal (Wilson et al., 2004).
However, the lack of c-myc in HSCs also prevented differentiation of more
mature cells, and overexpression of c-myc in HSCs was detrimental in BM
reconstitution assays (Baena et al., 2007; Wilson et al., 2004). Interestingly, HIF1 has been shown in fibroblast cell lines to displace c-myc from the promoter of
the gene encoding the p21waf1/cip1 protein, derepressing it and leading to cell cycle
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arrest (Koshiji et al., 2004). Perhaps a similar mechanism of hypoxia induced
HIF-1 is leading to p21 production and function in HSCs. Without p21, stem
cells exhibit increased proliferation and subsequent exhaustion (Cheng et al.,
2000). It is important for stem cells to remain quiescent in order to prevent
exhaustion, or loss of the ability to self-renew, due to multiple rounds of cell
cycles (Eliasson and Jonsson, 2010; Harrison and Astle, 1982; Mauch and
Hellman, 1989). As such, a recent study suggests that in addition to more
replicative HSCs, there is a “highly dormant” pool of stem cells than only replicate
about 5 times during the life of the mouse under normal conditions, but can
rapidly respond to stimulation, and then return to dormancy (Wilson et al., 2008).
HSCs, often defined as Lineage- Sca-1+ cKit+ (LSK) cells by flow
cytometry, can be broken into groups by the presence of Flt3 receptor (Flt3R) on
the cell surface. LSK cells negative for Flt3R are considered to be long-term stem
cells (LT-HSCs) capable of fully repopulating the hematopoietic system, and LSK
cells positive for Flt3R comprise the short term HSCs (ST-HSCs) and multipotent
progenitor cells (MPPs) incapable of reconstituting the hematopoietic system for
the long term (Adolfsson et al., 2001; Christensen and Weissman, 2001;
Guenechea et al., 2001; Wilson et al., 2008). MPPs include cells that can
differentiate into the erythroid, myeloid, and lymphoid lineages (Lai and Kondo,
2006; Lai et al., 2005). Committed progenitor cells, the common lymphoid
progenitors (CLPs) and the common myeloid progenitors (CMPs), are considered
to have made a “decision” to progress along a particular lineage, and produce
the cells of the lymphoid and myeloid lineages, respectively (Akashi et al., 2000;
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Kondo et al., 1997). The resulting mature cells depend on intrinsic and extrinsic
factors, and the interplay of transcription factors, such as C/EBP family members,
PU.1, c-Myb, GATA family members, among others, is extremely important in
modulating lineage paths (Anderson, 2006; Friedman, 2002; Laiosa et al., 2006;
Lenny et al., 1997; Tenen et al., 1997).
Rgs2 has been suggested to play a role in hematopoiesis, specifically in
the myeloid lineage, or myelopoiesis. Studies have indicated that Rgs2
expression increases in differentiating myeloid cell lines, such as NB4, U937, and
HL-60 cell lines (Schwable et al., 2005). Also, when comparing Rgs2 levels in the
bone marrow of healthy patients with that of patients with AML, it was found that
the bone marrow of healthy patients had much higher levels of Rgs2, whereas
the levels of Rgs2 in the AML samples matched that of CD34+ progenitor cells,
suggesting that Rgs2 levels are low in more immature cells (Schwable et al.,
2005).
AML is exemplified by increased proliferation and decreased
differentiation of myeloid progenitor cells, and almost one third of AML cases
involve activating mutations in the Flt3 receptor (Gilliland and Griffin, 2002).
Schwable et al. examined the receptor activating Flt3-ITD mutation in AML, and
found that Rgs2 expression was downregulated in cells with this mutated
receptor compared to cells with the wild type receptor (Schwable et al., 2005).
They also demonstrated that Rgs2 was able to negatively regulate proliferation of
Flt3-ITD/32D cells. Additionally, Rgs2 overexpression was able to reverse the
block in differentiation that is caused by the Flt3-ITD mutation. These data led us
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to hypothesize that Rgs2 plays a role in hematopoiesis by regulating proliferation
and/or differentiation of myeloid cells.

Methods

Mice: Rgs2-/- mice were obtained from Dr. Josef Penninger at the Institute of
Molecular Biotechnology GmbH, have previously been characterized (OliveiraDos-Santos et al., 2000), and were bred at Vanderbilt. Age and gender matched
wild type control mice were purchased from Jackson Laboratories. Mice were
kept in clean housing according to IACUC regulations.

Cell Lines: The HL-60 cell line was cultured in RPMI 1640 + 10% FBS + 1%
penicillin/streptomycin at 37 °C, 5% CO2. 32D cells were cultured in RPMI 1640 +
10% FBS + 1% penicillin/streptomycin, supplemented with medium from CHO-IL3 cells to provide IL-3 at 37 °C, 5% CO2. OP9-DL1 cells were cultured in MEM
with 20% heat inactivated FBS and 1% penicillin/streptomycin.

Differentiation of cell lines: HL-60 cells were treated with 1.3% DMSO in growth
medium to induce granulocytic differentiation. Medium was replaced with fresh
medium every other day. 32D cells were switched to IMDM medium,
supplemented with 15% FBS, 1% glutamine, 1% penicillin/streptomycin, and
CHO-IL3 cell conditioned medium. To differentiate these cells to granulocytes, 50
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ng/ml G-CSF (R&D Systems) was added. Cells were given fresh medium every
other day.

Flow cytometry and MACS: Tissues were prepared into single cell suspensions
and labeled with antibodies for markers of mature and immature blood cells (BD
Biosciences). Cells were analyzed using a BD LSRII or BD FACScan. For
magnetic activated cell sorting (MACS) of lineage negative or lineage negative
Sca-1+ cells, bone marrow was first isolated from femurs and tibias of mice with
phosphate buffered saline (PBS). The cells were labeled using a lineage
depletion kit (Miltenyi), and lineage negative cells were collected as they exited a
depletion column (Miltenyi). For further Sca-1+ isolation, the cells were labeled
using a Sca-1 isolation kit (Miltenyi), and collected from a column (Miltenyi).

Methocellulose assay: Tibias and femurs were isolated from mice, and bone
marrow was flushed with cold IMDM supplemented with 2% FBS. Marrow was
pooled from two mice per group. A single cell suspension was prepared, and
added to Methocult 3234 (StemCell Technologies) + 50 ng/ml SCF (R&D
Systems), 10 ng/ml IL-3 (R&D Systems), 10 ng/ml IL-6 (R&D Systems), and 3
U/ml EPO (StemCell Technologies) at 5x104 cells/ml. Colonies were scored after
nine days of culture in a CO2 incubator at 37°C. Each assay was performed in
duplicate.
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Granulocytic differentiation assay: Tibias and femurs were isolated from mice,
and bone marrow was flushed with cold DMEM supplemented with 15% FBS and
1% antibiotics. Bone marrow cells were cultured in DMEM, 15% FBS, 1%
antibiotics + 10 ng/ml IL-3 (R&D Systems), 50 ng/ml Flt3L (R&D Systems), 100
ng/ml SCF (R&D Sytems), and 10 ng/ml TPO (R&D Systems) at < 1x107 cells/ml
in a CO2 incubator at 37°C. After three days in culture, the light density cells were
purified using Histopaque (Sigma), and Lin- Sca-1+ cells were isolated with kits
from Miltenyi Biotec. The cells were cultured in DMEM, 15% FBS, 1% antibiotics
+ 100 ng/ml SCF overnight. The next day, Day 0 of the assay, the cells were
washed, and cultured in 100 ng/ml G-CSF (R&D Systems) and 100 ng/ml SCF.
Medium was changed every other day, using fresh G-CSF and SCF. Samples
were taken at different time points for cytospin, stained with the Three Step Stain
(Richard Allan Scientific), and examined by a hematopathologist for morphology.

5-fluorouracil (5-FU) serial treatment: Mice were injected intraperitoneally (I.P.)
with 150 mg/kg of 5-FU or 10% DMSO in PBS vehicle once per week until the
mice began to show signs of distress. Upon signs of ruffled fur, hunched back,
etc., the mice were sacrificed.

BrdU incorporation: Mice were injected with 1 mg of BrdU I.P. two hours before
being sacrificed. Femurs and tibias were removed, and bone marrow cells were
isolated using PBS. The cells were depleted of lineage marker positive cells, and
BrdU antibody labeling was performed using a kit (BD Biosciences). Briefly, c-Kit
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and Sca-1 surface proteins were labeled with antibody, and the cells were fixed
and permeabilized. The cells were then subjected to DNase treatment at 37 °C,
followed by labeling with anti-BrdU.

Annexin V labeling: Femurs and tibias from mice were removed, and bone
marrow cells were isolated using PBS. The bone marrow cells were depleted of
cells expressing lineage markers by MACS, and labeled with antibodies against
Annexin V, c-Kit, and Sca-1, then analyzed.

OP9-DL1 co-culture: The assay was performed as previously described (de
Pooter and Zuniga-Pflucker, 2007; Holmes and Zuniga-Pflucker, 2009; Wang et
al., 2006). Briefly, bone marrow cells were isolated, and Lineage- Sca-1+ cells
were isolated using MACS. The isolated cells were seeded on top of irradiated
OP9-DL1 cells in MEM + 20% heat inactivated FBS + 1%
penicillin/streptomycin, supplemented with 5 ng/ml Flt3 ligand (R&D Systems)
and 5 ng/ml IL-7 (Miltenyi Biotec). The cells were filtered and passaged onto
fresh irradiated OP9-DL1 cells with fresh growth factors on Day 7, and on 4 day
intervals afterwards. The cells were counted on the days indicated, and the
numbers of cells at each time point were plotted.

Statistical analysis: Data were averaged and compared using Student’s t test.
Error bars on graphs represent standard error across experiments.
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Results

Rgs2 mRNA levels increase in myeloid cells as they differentiate
Previous data from other groups has suggested a role for Rgs2 in
differentiation of myeloid cells, and Schwable et al. have shown that in some
myeloid cell lines, Rgs2 mRNA levels increase with differentiation (Schwable et
al., 2005). We sought to determine if this is true in human and mouse myeloid
cell lines. To test this, we first differentiated HL-60 human acute promyelocytic
leukemia cells with DMSO treatment for 7 days. We isolated RNA from samples
taken at the indicated time points, and with subsequent real time PCR, we found
that Rgs2 mRNA levels increased with differentiation of these cells (Figure 6A,
left). We confirmed differentiation on Day 7 by comparing CD11b expression
levels on undifferentiated and DMSO differentiated cells by flow cytometry
(Figure 6A, right). The differentiated HL-60 cells express more CD11b, a
molecule acquired during differentiation. We also examined Rgs2 levels in 32D
murine progenitor cells as they were differentiated into granulocytes with G-CSF
treatment. Again, Rgs2 mRNA levels increased with differentiation (Figure 6B,
left). We confirmed differentiation by examining the morphology of the 32D cells
with and without G-CSF treatment (Figure 6B, right). The undifferentiated cells
have round, uniform nuclei when stained and visualized. The G-CSF
differentiated 32D cells have lobed nuclei, indicating that the cells have become
granulocytes.
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Figure 6. Rgs2 mRNA levels increase as myeloid cells differentiate. (A) HL60 human leukemia cells were differentiated with 1.3% DMSO over a course of 7
days. Samples were taken at the time points indicated, and Rgs2 levels were
measured by real time PCR. Samples were normalized to -actin, and compared
to Rgs2 levels in undifferentiated controls (left). Flow cytometry was used to
confirm differentiation on Day 7 by measuring upregulation of CD11b, a
maturation marker (right). (B) 32D mouse hematopoietic progenitor cells were
differentiated into granulocytes with 50 ng/ml G-CSF over a course of 8 days.
Samples were taken at the time points indicated, and Rgs2 levels were
measured by real time PCR. Expression was normalized to -actin, and
compared to Rgs2 levels in undifferentiated controls (left). Differentiation was
confirmed by examining morphology of undifferentiated and differentiated cells
stained with Three Step Stain (Richard Allan Scientific) (right).
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Rgs2 deficiency does not affect production of mature or progenitor hematopoietic
cells
In order to study the role of Rgs2 in hematopoiesis further, we utilized
Rgs2 -/- mice. These mice have no major defects; they are fertile and viable
(Oliveira-Dos-Santos et al., 2000). We examined the mature immune cell
populations using flow cytometry and antibodies against cell surface molecules
characteristic to B lymphocytes, T lymphocytes, TH lymphocytes, cytotoxic T
lymphocytes, dendritic cells, monocytes, and granulocytes. We did not observe
differences in the populations between wild type and Rgs2 null mice within the
spleen (Figure 7). As Rgs2 has been proposed to be a stress-response gene, we
decided to determine if there would be a difference in hematopoiesis if we stress
the mice. We gave the mice a one time injection of 5-fluorouracil (5-FU) at 200
mg/kg intraperitoneally. 5-FU is a pyrimidine analog of thymidine, and inhibits
DNA replication, leading to death of rapidly proliferating cells, such as
hematopoietic progenitor cells. After 24 hours, we examined the populations of
mature cells in the spleens by flow cytometry. As before, we did not observe any
difference in the mature cells studied (Figure 7).
In addition, when we tested the progenitors in the bone marrow using a
methocellulose assay, we did not observe any significant differences in the
colony forming units, indicating no difference in the levels of progenitors present
(Figure 8). We also tested the role of Rgs2 in myeloid differentiation using an ex
vivo granulocytic differentiation assay. We isolated Lineage - Sca-1+ stem cells
from bone marrow of wild type and Rgs2 -/- mice, and used G-CSF to
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Figure 7. Lack of Rgs2 does not affect populations of mature leukocytes.
Mice were treated with 200 mg/kg of 5-FU intraperitoneally for 24 hours. Spleens
were isolated from control and 5-FU treated WT and Rgs2-/- mice, processed
into single cell suspensions, labeled with the indicated antibodies, then analyzed
by flow cytometry. Experiment was performed 3 times with 3-4 mice per group.
Representative graphs are shown.
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Figure 8. Rgs2 deficiency does not affect numbers of hematopoietic
progenitors. Bone marrow from femurs and tibias of wild type and Rgs2-/- mice
was isolated and cultured in methocellulose with growth factors to produce
colony forming units. The graph shows the average of 3 independent
experiments performed in duplicate with bone marrow pooled from 2 mice each.
BFU-E, burst forming unit- erythroid; GEMM-CFU, granulocyte erythroid
macrophage megakaryocyte- colony forming unit; GM-CFU, granulocyte
macrophage- colony forming unit; G-CFU, granulocyte- colony forming unit; MCFU, macrophage- colony forming unit.
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differentiate them in vitro. We found that monocyte production was not affected
by Rgs2 deficiency (Figure 9A). When looking at the neutrophil series, we found
that Rgs2 deficiency led to a short delay in differentiation, beginning at Day 3 and
more evident at Day 4 (Figure 9B). However, the Rgs2 deficient cells recover and
catch up by Day 6. Together, the data point to no major role for Rgs2 in
hematopoietic progenitor or mature cell production or differentiation.

Rgs2 deficiency leads to increased sensitivity to serial 5-fluorouracil treatment
In an effort to determine if lack of Rgs2 could have an effect on
hematopoiesis under stressful conditions, we treated the mice serially with 150
mg/kg of 5-FU once per week. As mentioned, 5-FU leads to the death of rapidly
proliferating cells, such as hematopoietic progenitor cells. By treating the mice
multiple times with 5-FU, we are creating a situation in which the stem cells must
remain active to replenish the dying progenitor cells. This eventually leads to
exhaustion of the stem cells, and the mice cannot recover. Rgs2 deficient mice
are more sensitive to serial 5-FU treatment, succumbing to 5-FU more quickly
than wild type counterparts (Figure 10). Control mice injected with 10% DMSO in
PBS were not affected (data not shown). These data suggest that there may be a
defect in Rgs2 -/- hematopoietic stem cells.

58

A

100

Percent of Cells

90

stem
monoblast
promonocyte
monocyte

80
70
60
50
40
30
20
10
0

B

WT
Rgs2-/Day 0

WT
Rgs2-/- WT Rgs2-/Day 1
Day 3

WT
Rgs2-/Day 4

WT Rgs2-/Day 6

100
stem
myeloblast
promyelocyte
myelocyte
metamyelocyte
band
neutrophil

Percent of Cells

90
80
70
60
50
40
30
20
10
0

WT
Rgs2-/Day 0

WT
Rgs2-/Day 1

WT
Rgs2-/Day 3

WT
Rgs2-/Day 4

WT
Rgs2-/Day 6

Figure 9. Rgs2 deficiency leads to a small delay in in vitro granulocytic
differentiation. (A) Monocytic lineage. (B) Granulocytic lineage. Bone marrow
was isolated from femurs and tibias of wild type and Rgs2-/- mice, and depleted
of cells with lineage markers, followed by purification of Sca-1+ cells. The LinSca-1+ cells were cultured in medium containing SCF and G-CSF to promote
differentiation, and samples were taken on the indicated days, placed on slides
using a cytospin centrifuge, and stained for morphology. The slides were scored
by a hematopathologist in a blind fashion. The experiment was performed two
times with bone marrow pooled from 8-10 mice per group.
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Figure 10. Rgs2-/- mice are more sensitive to serial 5-FU treatment. Mice
were injected intraperitoneally with 150 mg/kg of 5-FU or 10% DMSO in PBS
(vehicle) once per week until the mice began to show signs of distress. Upon
signs of ruffled fur, hunched back, etc., the mice were sacrificed. A survival curve
was plotted. Experiment was performed twice. n=5
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Lack of Rgs2 does not have a major impact on stem cell function
In order to examine function of Rgs2 deficient stem cells, we first
examined the levels of Sca-1+cKit+Flt3- long term stem cells and Sca1+cKit+Flt3+ short term stem cells and multipotent progenitor cells. We isolated
bone marrow from wild type and Rgs2 -/- mice, depleted the bone marrow cells
of Lineage+ cells by magnetic activated cell sorting (MACS), and then used flow
cytometry to observe the populations. We found that there was no difference in
the percentages of stem cells and multipotent progenitors (Figure 11A). Next, we
analyzed proliferation of Rgs2 deficient stem cells. Mice were injected with BrdU
intraperitoneally, and bone marrow was isolated from the mice two hours later.
The cells were then depleted of Lineage+ cells using MACS, followed by
processing for BrdU, Sca-1, and cKit labeling. We used flow cytometry to
observe BrdU labeling of the Lineage-Sca-1+cKit+ (LSK) stem cells. We did not
observe a significant difference in proliferation as measured by BrdU
incorporation between wild type and Rgs2 null stem cells (Figure 11B). We also
investigated turnover of LSK cells between wild type and Rgs2-/- mice. We
removed the bone marrow and isolated LSK cells as before, then used an
Annexin V antibody to label dying cells. We did find that Rgs2-/- stem cells are
significantly more positive for Annexin V (Figure 11C). However, the amount of
Annexin V positive cells in either group is very low, and the increase in apoptosis
in the Rgs2-/- stem cells is not reflected in the overall numbers of stem cells.
These data, together, indicate that stem cell function is not substantially different
between wild type and Rgs2-/- mice.
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Figure 11. Rgs2-/- mice do not exhibit defects in stem cell function. (A)
Bone marrow from wild type and Rgs2-/- mice was isolated from the femur and
stained with antibodies against B220, c-Kit, Sca-1, and Flt-3, then analyzed by
flow cytometry. Gates were placed on the B220-, Sca-1+ cells, and the
percentages of c-Kit+Sca-1+Flt-3+ and c-Kit+Sca-1+Flt-3- cells were calculated
and graphed. (B) Wild type and Rgs2-/- mice were injected with 1 mg of BrdU
intraperitoneally. After 2 hours, bone marrow was isolated from the femurs and
tibias, and depleted of cells with lineage markers. The Lin- cells were stained
with antibodies against Sca-1 and c-Kit, fixed and permeabilized, treated with
DNase, and labeled with anti-BrdU. Samples were read by flow cytometry. (C)
Bone marrow was isolated from femurs and tibias of wild type and Rgs2-/- mice,
and depleted of cells with lineage markers. The Lin- cells were then labeled with
antibodies against Sca-1, c-Kit, and Annexin V, and analyzed by flow cytometry.
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Rgs2 deficiency does not affect multipotent progenitor cells
As we observed a difference in 5-FU sensitivity, but did not see a
difference in stem cell number or proliferation, and only a small difference in stem
cell death, we then focused on the multipotent progenitor cells (MPPs). These
cells are directly affected by 5-FU, and typically express the Flt3 receptor
(Adolfsson et al., 2001; Christensen and Weissman, 2001; Guenechea et al.,
2001; Wilson et al., 2008). Rgs2 has previously been implicated to play a role in
Flt3 signaling (Schwable et al., 2005), suggesting that MPPs may be affected by
loss of Rgs2. To examine this hypothesis, we first analyzed the levels of these
cells in the bone marrow after a one time 5-FU injection at 48 and 72 hours
(Figure 12A). We did not observe a difference in the levels of MPPs at either time
point.
We next examined Flt3R responsiveness in an assay dependent on Flt3
signaling. Bone marrow cells were removed from tibias and femurs, and LineageSca-1+ cells were isolated using MACS. The isolated cells were seeded on top of
irradiated OP9-DL1 cells, and supplemented with 5 ng/ml Flt3 ligand and 5 ng/ml
IL-7, to induce development and proliferation of T lymphocytes. The cells were
filtered and passaged onto fresh OP9-DL1 cells with fresh growth factors on Day
7, and then again in 4 day intervals. Flt3 ligand was previously shown to promote
proliferation without influencing differentiation in this co-culture assay, so we
counted cells to assess response to Flt3 signaling (Wang et al., 2006). The cells
were counted on the days indicated, and the numbers of cells at each time point
were plotted (Figure 12B). We did not observe a difference in proliferation
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Figure 12. Rgs2 deficiency does not affect numbers of multipotent
progenitors. (A) Wild type and Rgs2-/- mice were injected intraperitoneally with
150 mg/kg of 5-FU. At 48 and 72 hours post-injection, bone marrow was isolated
and labeled with antibodies against c-Kit receptor, Sca-1, and Flt3 receptor, then
analyzed by flow cytometry. The average percentages of triple positive cells at
each time point is shown. n=3 (B) Bone marrow cells were isolated from wild type
and Rgs2-/- mice, and Lineage- Sca-1+ cells were further isolated using MACS.
The isolated cells were seeded on top of irradiated OP9-DL1 cells, supplemented
with 5 ng/ml Flt3 ligand and 5 ng/ml IL-7. The cells were filtered and passaged
onto fresh OP9-DL1 cells with fresh growth factors on Day 7, and then again in 4
day intervals. The cells were counted on the days indicated, and the average
numbers of cells at each time point were plotted. n=3
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between wild type and Rgs2 deficient cells, indicating that there is no difference
in responsiveness to Flt3, as the role for this growth factor is one of proliferation
in these cells.

Discussion
Based upon data presented in the literature, we hypothesized that Rgs2
played a role in hematopoiesis. We found that in accordance with published data,
Rgs2 mRNA levels do increase as myeloid cell lines differentiate. We examined
the populations of mature hematopoietic cells in wild type and Rgs2-/- mice by
flow cytometry, and did not observe any differences. We also determined that
while Rgs2 deficiency led to a delay in granulocytic differentiation in vitro, this
delay was small and quickly overcome. Furthermore, the numbers of progenitor
cells, analyzed by methocellulose assays, are not different between wild type and
Rgs2 deficient mice. These data together indicate that Rgs2 does not play a role
in hematopoiesis under normal conditions.
Since Rgs2 has been implicated as a stress response gene in other cell
types, we wondered if Rgs2 might be involved in the hematopoietic response to
stress. While we did not see a difference in mature cell populations after 5-FU
treatment for 24 hours, we found that serial treatment with 5-FU led to increased
lethality in Rgs2-/- mice, suggesting that stem cells in mice deficient for Rgs2 are
exhausted more quickly. However, when we assayed stem cells directly, we did
not find any major differences between Rgs2-/- and wild type mice. Since serial
5-FU had an increased effect on Rgs2 deficient mice, and 5-FU directly affects

65

actively proliferating cells, we wondered if the MPPs may have defects. If we
were to see a difference in MPP production or differentiation, this might explain
the delay in granulocytic differentiation we observed in vitro. We began with
lineage negative, Sca-1 positive cells in that assay, which would include stem
cells that had to move past the MPP stage, as well as MPPs. In AML cases with
activating Flt3-ITD mutations, Rgs2 has been found to negatively regulate
signaling through the Flt3-ITD receptor (Schwable et al., 2005). MPPs express
the Flt3 receptor, and Flt3 signaling is important in proliferation of these cells.
This led us to examine the role of Rgs2 in MPPs and their Flt3 ligand
responsiveness. We did not observe a difference in numbers of MPPs after 5-FU
treatment, suggesting that lack of Rgs2 did not affect MPP production or
differentiation. Furthermore, we did not observe a difference in proliferation of
MPPs in response to Flt3 ligand stimulation, indicating that Rgs2 may not play
the same role in Flt3 wild type receptor signaling as in activated Flt3-ITD receptor
signaling.
Our data collectively suggest that Rgs2 does not play a role in
hematopoiesis under normal conditions or under stressful conditions. We have
not ruled out the possibility that another RGS protein is compensating for the lack
of Rgs2 in hematopoiesis. However, studies have shown that other closely
related family members, such as Rgs3 and Rgs16, cannot inhibit the same
signaling pathways or bind to the same receptors, respectively, in response to
the same stimuli, indicating that compensation likely is not complete or that it
may take several family members (Anger et al., 2007; Bernstein et al., 2004;
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Hague et al., 2005). While Rgs2 mRNA levels increase as myeloid cells are
differentiated, this could be a side effect of differentiation, possibly due to
increased expression of a receptor upstream of Rgs2. In addition, the increased
sensitivity to serial 5-FU treatment could be a result of a cell type other than
hematopoietic cells. 5-FU is also known to have cardiac toxicity in humans, and
several studies have highlighted important roles for Rgs2 in cardiac function (Ang
et al., 2010; Hercule et al., 2007; Jensen et al., 2010; Stewart et al., 2010;
Takimoto et al., 2009; Zhang et al., 2006; Zou et al., 2006). Our challenge of the
mice with 5-FU could have led to an increase in cardiac toxicity in the Rgs2-/mice compared to the wild type mice, enhancing illness in the mice. Further study
is necessary to determine the underlying cause of increased serial 5-FU
treatment sensitivity in the Rgs2 deficient mice.
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CHAPTER III

RGS2 REGULATES PRO-ANGIOGENIC AND IMMUNE SUPPRESSIVE
FUNCTIONS OF MYELOID DERIVED SUPPRESSOR CELLS IN THE TUMOR
MICROENVIRONMENT

Summary
Tumor growth is intimately linked with stromal interactions, such as
angiogenesis and immune response. Myeloid derived suppressor cells (MDSCs)
are dramatically elevated in cancer patients and tumor bearing mice. MDSCs
modulate the tumor microenvironment through attenuating host immune
response and increasing vascularization. In searching for molecular mediators
responsible for these pro-tumor functions, we found that Rgs2 is highly increased
in tumor-derived MDSCs compared to control MDSCs. Genetic deletion of Rgs2
in mice resulted in a significant retardation of tumor growth, and the tumors
exhibit increased cell death, decreased vascular density, and increased
leukocyte infiltration. Consistently, while wild type MDSCs promoted tumor
growth in reconstitution assays, Rgs2-/- MDSCs did not, showing similar growth
as with 3LL cells alone. Molecular profiling identified that Rgs2-/- tumor MDSCs
produce less MCP-1, leading to decreased angiogenesis, which could be
restored with addition of recombinant MCP-1. Additionally, stimulated T cells in
co-culture with Rgs2-/- MDSCs produced more IFNγ and less IL-4 than those
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cultured with wild type MDSCs, indicating a switch from a type 2 to a type 1
immune response. Together, our data identify Rgs2 as a critical regulator of proangiogenic and immune suppressive functions of MDSCs in tumor conditions,
likely through MCP-1 production.

Introduction
Over the past several years, it has become clear that the tumor
microenvironment plays an important role in tumor progression. Tumors are
comprised of several cell types, including fibroblasts, smooth muscle cells,
endothelial cells, immune cells, and epithelial cells, each contributing to the
microenvironment in ways we are only beginning to understand (Tlsty and
Coussens, 2006). In addition to the cells present, the tumor microenvironment
contains extracellular matrix (ECM) and other factors secreted by the tumor and
stromal cells that can greatly affect tumor progression.
Immune suppression and promotion of angiogenesis are essential for
tumor growth and progression. Interestingly, myeloid derived suppressor cells
(MDSCs) possess both properties, and create an environment to facilitate tumor
progression. MDSCs increase in tumor bearing hosts, including cancer patients,
and this accumulation is mediated by inflammatory and angiogenic factors
(Gabrilovich and Nagaraj, 2009). MDSCs are known to inhibit immune response
by affecting other immune cells, including T cells, macrophages, etc. (Gabrilovich
and Nagaraj, 2009). MDSCs are also known to promote a shift to a type 2, tumorpromoting response in macrophages (Sinha et al., 2007a). In addition, they also
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infiltrate into tumors, and promote tumor vascularization, tumor growth, and
metastasis through modulating VEGF bioavailability and protease activity in the
tumor microenvironment (Murdoch et al., 2008; Shojaei et al., 2007b; Yang et al.,
2004; Yang et al., 2008). The pro-angiogenic function of these myeloid cells is
sufficient to confer tumor refractoriness to anti-VEGF treatment (Shojaei et al.,
2007a), a common target for anti-angiogenic therapy. This further illustrates the
importance of MDSCs in tumor progression, as well as in molecular therapies for
cancer.
MDSCs are composed of a heterogeneous population of Gr-1+ CD11b+
immature myeloid cells. When MDSCs were led to differentiate into dendritic cells
in mice in vivo, immune response improved (Li et al., 2004). In addition, in mice
and human patients, treatment with all-trans retinoic acid (ATRA), a factor that
induces differentiation, led to a decrease in immature myeloid cells while
enhancing dendritic and T cell responses, underscoring the importance of these
cells in the immune response to tumors (Kusmartsev et al., 2003; Mirza et al.,
2006).
Rgs2 contains a conserved Regulator of G protein Signaling domain, and
functions as a GTPase-activating protein (GAP) for several Gα subunits of G
proteins (Druey et al., 1996; Koelle and Horvitz, 1996; Siderovski et al., 1996).
Rgs2 enhances the intrinsic GTPase activity of the Gα subunit, and thereby
decreases the time that the G protein subunits are dissociated, leading to
decreased signaling (De Vries et al., 2000; Ross and Wilkie, 2000). Rgs2 is
widely expressed, and is detected in most cell types and tissues (Chen et al.,
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1997; Park et al., 2002; Reif and Cyster, 2000; Shi et al., 2004; Su et al., 2002).
A variety of stimuli could induce Rgs2 expression, most of which signal through
G proteins. Therefore, Rgs2 functions in a negative feedback loop with regard to
G protein coupled receptors (GPCRs). In addition, cell stress, such as heat shock
or DNA damage, can also increase Rgs2 levels (Song and Jope, 2006; Song et
al., 2001; Zmijewski et al., 2001a). Rgs2 inhibits cell proliferation, and is a known
mediator of cell differentiation in several cell types, including myeloid cells
(Schwable et al., 2005).
Monocyte chemoattractant protein-1 (MCP-1) is a chemokine important for
cell migration (Loetscher et al., 1996; Melgarejo et al., 2009; Rollins, 1997;
Rollins et al., 1991). It signals through CCR2, a GPCR found on monocytes,
endothelial cells, T cells, etc. (Loetscher et al., 1996; Melgarejo et al., 2009;
Salcedo et al., 2000). In part due to a migratory effect on endothelial cells, MCP1 is a potent angiogenic factor, promoting vascularization ex vivo and in vivo
(Salcedo et al., 2000). Blocking MCP-1 with a neutralizing antibody inhibited
angiogenesis, and led to decreased tumor metastases and increased survival in
a mouse tumor model (Salcedo et al., 2000). In addition, MCP-1 can affect T
helper cell response. Mice deficient in MCP-1 cannot mount a TH2 response, and
several studies have linked MCP-1 expression with upregulation of type 2
cytokines, such as IL-4, and downregulation of type 1 cytokines, such as IFNγ
(Gonzalo et al., 1998; Gu et al., 2000; Karpus et al., 1998; Karpus et al., 1997; Lu
et al., 1998).
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Here, we report a novel role of Rgs2 in tumor growth and progression.
Tumor conditions upregulate Rgs2 expression in MDSCs, and inactivation of
Rgs2 leads to a significant reduction of MCP-1 in MDSCs, which retards tumor
angiogenesis and tumor progression, as well as mediates a shift in T cell
response. Thus, this study identifies Rgs2 as a critical mediator of pro-angiogenic
and immune suppressive functions associated with MDSCs in the tumor
microenvironment. Therapeutically targeting Rgs2 activity could potentially not
only inhibit tumor angiogenesis, but also reverse immune suppression,
decreasing tumor progression.

Methods
Mice: Rgs2-/- mice were obtained from Dr. Josef Penninger at the Institute of
Molecular Biotechnology GmbH, have previously been characterized (OliveiraDos-Santos et al., 2000), and were bred at Vanderbilt. Age and gender matched
wild type control mice were purchased from Jackson Laboratories. Mice were
kept in clean housing according to IACUC regulations.

Cell Lines: Human HL-60 and murine 3LL cell lines were cultured in RPMI 1640 +
10% FBS + 1% penicillin/streptomycin at 37°C, 5% CO2. The 3LL cell line is a
subclone of the LLC (Lewis lung carcinoma) cell line from C57Bl/6 mice. The
melanoma B16 cell line, also from C57Bl/6 mice, was grown in DMEM + 10%
FBS + 1% penicillin/streptomycin at 37°C, 5% CO2. Human umbilical vein
endothelial cells (HUVECs) were obtained from Lonza, and cultured in EGM-2
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Bulletkit medium, also from Lonza, at 37°C, 5% CO2. HUVECs were used
between passages 3 to 7. HUVECS were transfected using the HUVEC AMAXA
nucleofector kit according to manufacturer’s instructions.

RT-PCR and Real Time PCR: RNA was isolated from cells using the RNeasy kit
from Qiagen according to the manufacturer’s protocol. When starting with
primary cells, on column DNase digestion (Qiagen) was also performed
according to the manufacturer’s protocol. iScript cDNA synthesis kit (BioRad)
was used according to the manufacturer’s protocol to produce cDNA. cDNA was
then used for PCR using the Hi-Fidelity PCR mix (Promega), or for real time PCR
using the SYBR green kit (BioRad) and an iCycler or MyiQ machine (BioRad).
For real time PCR, B-actin was used as an internal control.

Tumor cell injection: For tumor growth studies, 3LL or B16 cells were injected
subcutaneously into the left hindlimbs of mice. Tumor size was measured by
caliper, and tumor volume was calculated as volume= length x (width)2 x 0.5. For
the reconstitution assay, 3LL cells were mixed with wild type or Rgs2-/- MDSCs
isolated by fluorescence activated cell sorting (FACS) at a ratio of 10:1 and
injected as before. Again, tumor size was measured by caliper and volume was
calculated.

Tumor sections: Tumor samples were flash frozen in OCT (Sakura) or fixed in
formalin and embedded in paraffin, then sectioned. Sections were incubated with
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primary antibodies overnight (CD45, Gr-1, CD31 from BD Biosciences, PCNA
from Santa Cruz, von Willebrand Factor from Dakocytomation, and active
caspase-3 from Promega), and then either fluorescent or biotin-labeled
secondary antibodies for immunofluorescent or immunohistochemical analysis,
respectively.

Isolation of lung microvascular cells: Procedure was performed as previously
described (DeBusk et al., 2010). Briefly, mice were sacrificed, and the chest
cavity was opened. The right ventricle of the heart was punctured with a 25
gauge butterfly needle and syringe. The heart and lungs were flushed with PBS +
2 mM EDTA until the lungs were white, followed by 0.25% trypsin + 2 mM EDTA
until the lungs were pink. Lungs were removed, pumped with more trypsin, and
allowed to incubate at 37°C for 20 minutes. The lungs were then diced, and the
tissue was pipetted several times in DMEM + 10% FBS. After centrifugation, the
cell pellet was resuspended in EGM, and seeded into plates. Medium was
changed the next day to remove cell debris and red blood cells.

Flow cytometry, FACS, and MACS: Tissues were prepared into single cell
suspensions and labeled with antibodies for markers of mature and immature
blood cells (BD Biosciences). Cells were analyzed using a BD LSRII or BD
FACScan.
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For fluorescence activated cell sorting (FACS), spleen cells were labeled with Gr1 (Miltenyi Biotec) and CD11b (BD Biosciences) and sorted in the VA Flow
Cytometry Resource.
For magnetic activated cell sorting (MACS) of MDSCs, tumors were digested
with 3 mg/ml collagenase A (Sigma) and 100 units/ml hyaluronidase (Sigma) and
processed into single cell suspensions. Spleens were processed into single cell
suspensions. The cells were labeled with anti-Gr-1-PE (Miltenyi), then anti-PE
multisort beads, and run through a column. Then, the beads were cleaved
enzymatically, and the Gr-1+ cells were labeled with CD11b beads, and run
through another column. The resulting cells were > 98% pure for spleen MDSCs,
and > 80% pure for tumor MDSCs.

MDSC morphology: MDSCs were isolated from spleens of wild type and Rgs2-/tumor bearing mice by MACS. The samples were placed on a slide using a
cytospin, stained with the Three Step Stain (Richard Allan Scientific), and
analyzed for morphology by a histopathologist.

Migration assays: Tumor MDSCs were isolated by MACS and cultured in RPMI,
1% FBS, 2% penicillin/streptomycin overnight. Transwells with 8 micron pores
(Corning) were coated with fibronectin in 0.1% gelatin at 37°C one hour prior to
addition of HUVECs. Transwells were placed over the cultured MDSCs, and
HUVECs were added in basal RPMI at 1 x 105/ well and allowed to migrate for
3.5 hours. The Transwells were then fixed in formalin and stained with crystal
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violet. Migrated HUVECs were counted under microscopy. For primary
endothelial cells and HUVECs overexpressing Rgs2, 1x105 cells were placed in
the top chamber of a Transwell in EBM, and migrated to EGM for 4 hours. Cells
on the bottom of the Transwell were fixed, stained with crystal violet, and counted.

Tube formation assay: MDSCs were isolated by MACS from tumor tissue, and
cultured in EBM (Lonza) plus 1% FBS and 2% penicillin/streptomycin overnight.
Wells of 48-well plates were coated with Matrigel (BD Bioscience) and incubated
at 37°C until Matrigel was firm. HUVECs were suspended in MDSC conditioned
medium and plated over Matrigel at 8x104 cells/ well. Tube formation was scored
by counting branch points at 48 and 72 hours.

Cytokine array: Tumor MDSCs were isolated using MACS, and the cytokine
array (RayBiotech) was performed according to the manufacturer’s protocol.
Briefly, the cells were lysed in the presence of protease inhibitors, and the
lysates at equal protein amounts were incubated on membranes overnight. The
membranes were incubated with biotin-conjugated cytokine antibodies, then
HRP-conjugated strepavidin, then detection buffer, before exposure to X-ray film.
Film was developed, and analyzed by densitometry, with each band being
normalized to internal controls.

MDSC and splenocyte co-culture: MDSCs were isolated from tumors using
MACS, and incubated overnight in 96-well tissue culture treated plates at
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125,000 cells/ well in 100 ul RPMI 1640 plus 10% heat inactivated FBS, 2mM Lglutamine, and 1% penicillin/streptomycin. 96-well ELISA plates were coated with
2 ug/ml CD3 antibody (BD Biosciences) for 3 hours at room temperature, and
then washed. Splenocytes from C57Bl/6 mice were isolated, and plated at
125,000 cells/well in 100 ul in the coated plates. The MDSCs were then
transferred to the wells containing splenocytes, and they were co-cultured for 24
hours. The cells were then removed from stimulation, and cultured for 48 hours.
The cells were transferred to a new CD3 antibody-coated plate for restimulation,
and incubated for 48 hours. Media was removed and assayed by ELISA for IL-4
and IFNγ.

Statistical analysis: Data were averaged and compared using Student’s t test.
Error bars on graphs represent standard error across experiments.

Results
Rgs2 is dramatically increased in tumor derived MDSCs
It is well documented that MDSCs from tumor bearing mice function
differently from those from non-tumor bearing mice. In an effort to investigate the
mechanism the tumor utilizes to condition the MDSCs, we isolated MDSCs from
spleens of BALB/c mice, either tumor bearing or non-tumor bearing, using
magnetic activated cell sorting. We were able to purify the Gr-1+CD11b+ cells to
98% purity (Figure 13A). We then compared Rgs2 mRNA levels. We found that
Rgs2 was dramatically upregulated in MDSCs from tumor bearing mice
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compared to control mice (Figure 13B-C). Further analysis showed that hypoxia,
a stress commonly associated with tumors, significantly increased Rgs2 mRNA
levels in the human myeloid cell line, HL-60, in vitro (Figure 13D), consistent with
published studies indicating that Rgs2 may be a stress response gene,
increasing rapidly under conditions which are stressful for the cell. In addition, we
found Rgs2 mRNA levels were affected in HL-60 cells by treatment with various
factors (Figure 14). One hour treatment with GM-CSF, M-CSF, and IL-3 all
significantly decreased Rgs2 levels compared to untreated control. In addition,
treatment with 3LL tumor conditioned medium (containing 10% FBS), mediated a
small, but significant increase in Rgs2 levels. However, treatment with
inflammatory factors, such as IL-1 or TNF, did not affect Rgs2 mRNA levels.

Lack of Rgs2 in MDSCs retards tumor growth
Because MDSCs of tumor bearing mice upregulate Rgs2 expression, we
sought to understand the role Rgs2 plays in MDSCs in tumor progression using
Rgs2 knockout mice. Mice without Rgs2 are viable, healthy, and fertile, but have
defects in hippocampal development (Oliveira-Dos-Santos et al., 2000). We
injected Rgs2-/- mice and syngeneic C57BL/6 wild type controls with 3LL cells
subcutaneously in the hindlimb, and measured tumor growth over time. The null
mice exhibited significantly lower tumor volumes than the wild type mice (Figure
15A). Similar results were achieved when the mice were injected with a
melanoma tumor line, B16 (Figure 15B). These results reveal a positive role of
Rgs2 in tumor growth and progression.
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Figure 15. Tumor growth is retarded in Rgs2 deficient mice. (A) Rgs2-/- and
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in the hindlimb, and tumor size was measured by caliper over time (n=12 mice
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type mice were injected with 1x105 B16 tumor cells subcutaneously in the
hindlimb, and tumor size was measured by caliper over time. n=5 mice per group.
* p< 0.05.
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To examine the role Rgs2 plays specifically in MDSCs, we performed a
reconstitution experiment. MDSCs were isolated from spleens of tumor bearing
wild type or null mice by magnetic sorting using antibodies against Gr-1 and
CD11b. We achieved greater than 95% purity (data not shown). These MDSCs
were co-injected with 3LL cells subcutaneously in the hindlimb of wild type mice,
and tumor growth was measured over time (Figure 16). We found that while wild
type MDSCs were able to promote tumor growth, Rgs2-/- MDSCs lost this tumor
promoting function, compared to growth of the tumor cells alone or in the
presence of wild type MDSCs (Figure 16). These data demonstrate an essential
role of Rgs2 in the tumor promoting function associated with MDSCs in vivo.

Tumors from Rgs2-/- mice exhibit decreased vascularization and increased cell
death
MDSCs are known to infiltrate into tumors and promote tumor
angiogenesis. Histological analysis of size-matched tumors from wild type and
Rgs2-/- mice revealed a significantly lower vascular density, as measured by
CD31-positive vessel structures, in tumors harvested from null mice than from
wild type controls (Figure 17A-B). Similar results were observed when we used
another vascular marker, von Willebrand factor (data not shown). Consistently,
there is a significant increase in cell death, as indicated by cleaved caspase-3
staining in tumors from the null mice (Figure 17C-D). We did not see any
significant difference in cell proliferation, as measured by PCNA staining,
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between the two groups (Figure 17E-F). These findings point to an angiogenic
role of Rgs2 in MDSCs in tumor growth and progression.
Since we were interested in the immune cells present in the tumor, tumor
infiltrating leukocytes were examined using a pan leukocyte marker, CD45.
Surprisingly, we found that the null tumors exhibited significantly higher levels of
leukocytes (Figure 18A-B). Furthermore, we found that the tumors in null mice
had significantly higher numbers of Gr-1 positive cells, a marker for granulocytic
myeloid cells, including MDSCs (Figure 18C-D). Together, these data are
indicative of an important role of Rgs2 in modulating MDSC function and/or
differentiation.

Lack of Rgs2 in endothelial cells does not seem contribute to the tumor
phenotype
We first examined how the lack of Rgs2 affects endothelial cells, since
there is a decrease in vessel density, and the mice are not a conditional knockout
model. We performed assays with endothelial cells (ECs) isolated from the lungs
of wild type and Rgs2-/- mice. We were not able to detect a difference in
migration of wild type and Rgs2-/- ECs using a Transwell migration assay (Figure
19A). Furthermore, we did not observe a difference in BrdU incorporation or
proliferation, measured in vitro (Figure 19B-C). We also did not observe a
difference in survival (data not shown). Lastly, we did not observe a difference in
tube formation on Matrigel between the wild type and Rgs2-/- ECs (Figure 19D).
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endothelial cells were isolated from lungs of wild type and Rgs2-/- mice and
cultured. (A) 1x105 cells were placed in the top chamber of a Transwell, and
migrated to growth medium for 4 hours. Cells on the bottom of the Transwell
(migrated cells) were fixed, stained with crystal violet, and counted. Experiment
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These data suggest that the phenotype we observe in the tumor is not due to
lack of Rgs2 in ECs. As such, we focused on the MDSCs.

Rgs2 does not play a major role in MDSC expansion and differentiation
MDSCs are elevated in tumor bearing hosts, and display different
differentiation profiles compared to cells from non-tumor bearing hosts (Yang,
2004). Since Rgs2 is elevated in tumor derived MDSCs, we first determined
whether Rgs2 has a role in MDSC expansion by analyzing spleens from tumor
bearing wild type and null mice by flow cytometry. We found that spleens of both
mice contained similar numbers of MDSCs (Figure 20A). Then, to determine if
the lack of Rgs2 affects the proportions of the cells that comprise the
heterogeneic Gr-1+CD11b+ fraction, we isolated Gr-1+CD11b+ cells from
spleens of tumor bearing wild type and Rgs2-/- mice and phenotyped them by
morphology (Figure 20B). We observed a small, but significant decrease in the
more monocytic MDSCs. However, no other cell types were different. We also
analyzed MDSCs from spleen (Figure 21) and bone marrow (data not shown) by
flow cytometry using various myeloid markers, and consistent with our other
findings, there were no significant differences between wild type and null MDSCs.
In addition, we examined the role of Rgs2 deficiency in production of T cells, B
cells, monocytes, dendritic cells, NK cells, and granulocytes within the spleen
(Figure 22) and bone marrow (data not shown) of wild type and Rgs2 -/- mice
with or without tumors, and we saw no difference in any of these populations.
These data together indicate that Rgs2 plays a role other than expansion and
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Figure 20. Rgs2 deficiency has minimal effects on MDSC expansion and
differentiation. (A) Wild type and Rgs2-/- mice were injected with 1x105 3LL
cells in the hindlimb, and 15-20 days later, spleens were isolated and analyzed
by flow cytometry for Gr-1+CD11b+ MDSCs. This experiment was performed at
least 3 times, and the graphs shown are results from pooling of 3 mice per group.
(B) MDSCs were isolated from spleens of tumor bearing Rgs2-/- and wild type
mice using the MACS system, spun onto slides using a cytospin centrifuge, and
stained. The slides were read by a hematopathologist in a blind fashion, and cells
were categorized by morphology. This experiment was performed 4 times. * p<
0.01.
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Figure 21. Analysis of cell surface molecules on Gr-1+CD11b+ MDSCs.
Spleens were harvested from 3LL tumor bearing WT or Rgs2-/- mice between
days 17-21 post-injection, processed into single cell suspensions, and labeled
with antibodies against the indicated cell surface molecules. Representative plots
are shown. Experiment was performed 3 times with 3-4 mice per group. Shaded
= WT, open = Rgs2-/-.
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differentiation in MDSCs. This led us to consider a role of the gene in regulating
MDSC function.

Rgs2 positively regulates MCP-1 in MDSCs
A major role for MDSCs is secretion of factors, contributing to the cytokine
milieu that promotes tumor growth. To determine if lack of Rgs2 affects cytokine
production, we performed a protein cytokine array on the lysates of wild type and
null MDSCs isolated directly from tumor tissue. We found a dramatic reduction
(~9-10-fold) in MCP-1 in null MDSCs compared to wild type MDSCs (Figure 23A).
Furthermore, real time RT-PCR using RNA isolated from tumor-derived MDSCs
confirmed that, similar to the cytokine array, MCP-1 mRNA levels were
significantly reduced in Rgs2 null MDSCs compared to wild type MDSCs (Figure
23B). Moreover, cultivation of MDSCs isolated from tumors of wild type and
Rgs2-/- mice for 48 hours revealed a dramatic reduction in the MCP-1 levels
secreted by Rgs2-/- MDSCs (Figure 23C). We also correlated MCP-1 mRNA
levels to Rgs2 mRNA levels (Figure 23D). We analyzed RNA from spleens of
nontumor bearing wild type mice and tumors of tumor bearing wild type mice,
and found that as Rgs2 levels increase in MDSCs from tumors, so do MCP-1
levels.

Rgs2 mediates pro-angiogenic function in MDSCs through induction of MCP-1
MCP-1 is a potent angiogenic factor, and we found that tumors in Rgs2-/mice have decreased vascular density compared to tumors in wild type mice
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Figure 23. Rgs2 regulates MCP-1 expression in MDSCs. MDSCs were
isolated from 3LL tumor tissues of wild type or Rgs2-/- mice by magnetic sorting
after digestion of the tissues with hyaluronidase and collagenase. (A) Protein
lysates from the isolated cells were analyzed using a cytokine array. Each
cytokine is detected in duplicate, and intensity was determined using ImageJ
software. Positive controls provided on the array were used for normalization.
This experiment was performed twice. (B) RNA was extracted from the isolated
MDSCs, and analyzed by real time PCR. b-actin was used as an internal control.
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from tumors of wild type and Rgs2 null mice, and cultured for 48 hours. Culture
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(Figure 17A-B). To determine whether decreased production of MCP-1 in the null
MDSCs is responsible for defective angiogenesis associated with the Rgs2 null
condition, we performed in vitro angiogenic assays. MDSCs isolated from tumor
tissues of wild type or Rgs2-/- mice were cultivated overnight. Endothelial cells,
(HUVECs) were then cultivated in the conditioned media from the MDSCs on
Matrigel, which allowed vascular tube structures to form. Branch points were
counted over time. We found that significantly fewer vascular structures
developed in the group treated with Rgs2-/- MDSC conditioned medium
compared to those treated with wild type MDSC conditioned medium (Figure
24A-B).
Next, we performed Boyden chamber migration assays to assess the
ability of endothelial cells to migrate towards wild type and null MDSCs. For this
assay, MDSCs were isolated from the tumor tissues of wild type and Rgs2-/mice and cultivated overnight. Then, HUVECs were placed in the top of a
Boyden chamber and allowed to migrate toward the bottom chamber containing
the MDSC for 3.5 hours. Consistent with poor vascular tube formation induced by
Rgs2 null MDSC conditioned medium, a significant reduction was observed in
HUVEC migration towards the null MDSCs compared to wild type cells (Figure
24C). Consistent with a role for MDSC-derived MCP-1, addition of neutralizing
MCP-1 specific antibody completely blunted wild type MDSC mediated HUVEC
migration. The number of migrated endothelial cells is not statistically different
from the retarded migration observed toward Rgs2 null MDSCs (Figure 24C).
Conversely, addition of recombinant MCP-1 with the Rgs2-/- MDSCs rescued
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defective migratory function (Figure 24C). Together, these data suggest that
MCP-1 is a major contributor responsible for Rgs2-mediated tumor angiogenesis
in MDSCs.

Rgs2 deficiency in MDSCs affects T cell response
MCP-1 is also a potent regulator of immune responses, as it regulates
migration and polarization of T helper cells. Several studies have demonstrated
that the presence of MCP-1 leads to decreased IFNγ but increased IL-4
production by T helper cells. So, we first treated plate-coated anti-CD3stimulated splenocytes with 10 ng/ml recombinant MCP-1 for 72 hours, and upon
re-stimulation with plate-coated anti-CD3, secreted IFNγ and IL-4 were assayed
by ELISA. The data revealed that MCP-1 treatment led to decreased IFNγ and
increased IL-4 levels compared to untreated splenocytes, confirming published
data (Figure 25A).
To examine the role of Rgs2 and MCP-1 in the immune response to
tumors, a co-culture polarization experiment was performed. MDSCs were
isolated from tumor tissue of wild type and Rgs2-/- mice; overnight cultures were
then plated with splenocytes from wild type mice concurrently stimulated with
plate-coated anti-CD3. After re-stimulation, culture supernatants were assayed
by ELISA for IFNγ and IL-4 to determine whether Rgs2 expression within MDSCs
regulates T helper cell polarization toward TH1 or TH2 responses. As expected,
splenocytes co-cultivated with wild type MDSCs mediated a TH2 response as
evidenced by higher IL-4 and lower IFNγ secretion in the co-culture (Figure 25B).
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Figure 24. Angiogenic function of Rgs2 in MDSCs is mediated through
MCP-1. (A) and (B) Wild type and Rgs2-/- MDSCs were isolated from 3LL tumor
tissues by magnetic sorting, and incubated overnight at 37°C. 8x104 HUVECs
were plated in each well of a 48-well plate on top of Matrigel in the conditioned
medium derived from the isolated MDSCs. Representative images are shown at
72 hours, and vascular network branch points were scored at the times indicated.
This experiment was performed in duplicate and repeated twice. (C) MDSCs
were isolated from tumors of Rgs2-/- and wild type mice by magnetic sorting, and
incubated overnight. Transwells containing 1x105 HUVECs in the top chamber
were added and allowed to migrate for 3.5 hours. MCP-1 neutralizing antibody
(Ab) at 1 ug/ml was added to wild type cells, or 1 ng/ml of recombinant MCP-1
was added to Rgs2-/- cells. This experiment was performed 3 times in duplicate.
* p≤ 0.05, ** p< 0.005, *** p< 0.001, **** p< 0.00005.
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Figure 25. Rgs2-/- MDSCs promote a shift in anti-tumor immune response.
(A) Splenocytes were isolated from wild type mice, and seeded onto anti-CD3coated plates, incubated for 24 hours, then transferred to an uncoated plate and
cultured for two more days. The splenocytes were re-stimulated by transferring
them to a new anti-CD3-coated plate. Culture supernatants were assayed 48
hours later by ELISA for IFNγ and IL-4. (B) Wild type and null MDSCs were
isolated from tumors of mice and incubated overnight. Splenocytes were isolated
from wild type mice and seeded onto anti-CD3-coated plates. MDSCs were
added to the stimulated splenocytes. The co-culture was incubated for 24 hours
and then transferred to an uncoated plate and cultured. After two more days, the
cultures were re-stimulated by transferring them to a new anti-CD3-coated plate.
Culture supernatants were assayed 48 hours later by ELISA for IFNγ and IL-4.
This experiment was performed twice in triplicate. At 1:1 for IFNγ p< 0.01, and at
1:2 for IFNγ p< 0.05. At 1:1 for IL-4, p≤0.05.
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Notwithstanding, the Rgs2-/- MDSCs induced higher IFNγ and lower IL-4 from
anti-CD3-stimulated splenocytes, indicating a switch from a TH2 response,
normally observed with wild type MDSCs, to a TH1 response. These data identify
Rgs2 as a critical regulator of the immune suppressive function of MDSCs.

Discussion
MDSCs play a major role in tumor progression. They promote tumor
growth at the primary site, as well as enhance metastasis (Yang et al., 2004;
Yang et al., 2008). They have been linked to resistance to therapy in cancer
(Crawford and Ferrara, 2009; Rodriguez and Ochoa, 2008; Shojaei et al., 2007a).
Efforts focused at differentiating or attenuating the function of MDSCs have been
promising, leading to improved immune response against the tumor and a better
prognosis for the patient (Gabrilovich and Nagaraj, 2009). Clearly, identifying
molecular mediators important for MDSC function will enhance our ability to
better target these cells for cancer treatment.
MDSCs utilize different mechanisms to promote tumor growth and
progression, two of which are promotion of tumor angiogenesis and modulation
of host immune response. With critical relevance to this role of MDSCs, we
discovered a single regulatory molecule Rgs2, which controls tumor
neoangiogenesis and polarizes T helper cell responses toward pro-tumor
conditions, both of which are requisites for promotion of tumor progression. Thus,
in this study, we found that tumor conditions upregulate Rgs2 expression in
MDSCs, and MDSCs lacking Rgs2 were no longer capable of promoting tumor
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growth. Tumors in Rgs2-/- mice grew more slowly, and had less vascular density
and increased cell death. We also found that the tumors in the null mice had
more infiltrating immune cells. These data suggest that Rgs2-/- MDSCs create a
different environment from wild type MDSCs, in which the immune response is
likely less tolerogenic, and more anti-tumor, than that normally seen in tumors
(Balkwill et al., 2005; Johansson et al., 2008; Noonan et al., 2008; Sinha et al.,
2005).
Furthermore, we found that Rgs2-/- MDSCs isolated from tumors produce
drastically reduced levels of MCP-1 compared to wild type. While MCP-1 has
been reported to promote migration of MDSCs (Huang et al., 2007a; Sawanobori
et al., 2008), production of MCP-1 by MDSCs has previously not been well
studied. MCP-1 is a potent angiogenic factor. It promotes angiogenesis through
indirect effects, such as through monocyte migration or induction of molecules
such as VEGF and MMP9 (Goede et al., 1999; Raman et al., 2007; Varney et al.,
2005), or by directly functioning on endothelial cells (Salcedo et al., 2000). In this
study, we show that wild type MDSCs secrete MCP-1, which promotes
endothelial cell migration and vascular tube formation. Rgs2-/- MDSCs secrete
much lower levels of MCP-1, which leads to reduced angiogenesis in tumors
from Rgs2-/- mice.
While MCP-1 is known to mediate cell migration, in particular migration of
monocytes, studies also report an important role of MCP-1 in modulating immune
response. Mice deficient in MCP-1 are not able to mount a TH2 response (Gu et
al., 2000). In contrast, mice deficient in the receptor for MCP-1, CCR2, exhibit
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both reduced TH1 and TH2 responses, and are considered to be defective in TH1
immunity (Boring et al., 1997; Conti and Rollins, 2004; Warmington et al., 1999).
Blocking or knocking out MCP-1 in several models led to the decrease of TH2
mediators, particularly IL-4 (Gonzalo et al., 1998; Gu et al., 2000; Lu et al., 1998),
and induction or addition of MCP-1 led to decreased TH1 and increased TH2
responses (Karpus et al., 1998; Karpus et al., 1997). Our data indicate that MCP1 produced by MDSCs affects the immune response mounted towards the tumor.
Splenocytes cultured with Rgs2-/- MDSCs possessed a TH1 cytokine profile with
regard to IL-4 and IFN production, compared to splenocytes cultured with wild
type MDSCs, which had a TH2 cytokine profile.
Our data show that tumor conditions, such as hypoxia and likely secreted
factors, upregulate Rgs2 expression in MDSCs, which leads to production of
MCP-1. The MCP-1 then mediates both the angiogenic effects and the response
of T helper cells. While it is uncertain how Rgs2 modulates MCP-1 levels, Rgs2
was predicted to encode a basic helix-loop-helix protein (Siderovski et al., 1990;
Siderovski et al., 1994). Nuclear expression of Rgs2 was reported in several
studies including our unpublished data. These findings point to a function of Rgs2
in gene transcription.
A well studied mediator of MCP-1 upregulation is NF-κB (Melgarejo et al.,
2009). Alternatively, MCP-1 production has been linked to Stat3 signaling, which
has a major role in MDSC expansion and myeloid cell-dependent angiogenesis
(Gabrilovich and Nagaraj, 2009; Kujawski et al., 2008). In addition to functioning
as a GAP for Gα proteins, Rgs2 can also directly inhibit several isoforms of
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adenylyl cyclase, thereby affecting cAMP levels (Roy et al., 2006a; Salim et al.,
2003; Sinnarajah et al., 2001). In human airway smooth muscle cells, stimulating
adenylyl cyclase, which leads to PKA activation through increasing cAMP levels,
led to a decrease in MCP-1 (Wuyts et al., 2003). In cultured rat mesangial cells,
decreased MCP-1 was observed with increased cAMP levels (Iwamoto et al.,
2003). However, other studies indicate a role for increased cAMP and active PKA
in MCP-1 upregulation in monocytic cells (Fietta et al., 2002; Hirano et al., 2007).
The adenylyl cyclase/cAMP/PKA pathway activates the transcription factor CREB,
and CREB shares coactivators with NF-κB, such as CBP. These coactivators are
present in limited numbers, creating a situation where there is competition
(Almawi and Melemedjian, 2002; Kim et al., 2003; Takahashi et al., 2002).
Therefore, Rgs2 might be increasing MCP-1 levels through NF-κB by inhibiting
adenylyl cyclase. Future studies will be necessary to elucidate the mechanism
involved.
This study links the tumor promoting roles of Rgs2 in MDSCs to a
secreted molecule, MCP-1. MCP-1 is produced mainly under pathological
conditions, and is expressed by several cancer types, suggesting that it could be
a good target for therapy (Conti and Rollins, 2004; Raman et al., 2007). Indeed,
neutralizing antibodies and several CCR2 antagonists have been used in vitro
and in vivo in rodents to show that blocking MCP-1/CCR2 signaling ameliorates
symptoms of diseases associated with increased MCP-1 levels, including
inflammatory arthritis, a model of multiple sclerosis, and renal fibrosis
(Brodmerkel et al., 2005; Buntinx et al., 2008; Furuichi et al., 2003; Kitagawa et

101

al., 2004; Shin et al., 2009; Tominaga et al., 2009). In addition, in a mouse model
of breast cancer, treatment with neutralizing antibodies against MCP-1 enhanced
survival and decreased metastasis (Salcedo et al., 2000). Selective targeting of
this pathway in human disease will likely prove beneficial, specifically, as our
data suggest, in cancer.
In summary, our studies indicate that Rgs2 and MCP-1 are important
molecules for the effector functions of MDSCs. Lack of Rgs2 leads to decreased
levels of MCP-1, along with slower tumor progression and decreased vascular
density in tumors. We show that these phenotypes are directly linked to the
deficiency in MCP-1 seen in Rgs2-/- mice. Targeting Rgs2 and MCP-1 signaling
may have important clinical implications, through inhibiting tumor growth and
increasing host immune response, thus leading to a better prognosis for cancer
patients.
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CHAPTER IV

CONCLUSION

Summary

The current body of work has attempted to elucidate the role of Rgs2 in
hematopoiesis and in tumor myeloid derived suppressor cell biology. In Chapter
II, we provide evidence that Rgs2 does not greatly affect hematopoiesis. We
show that although Rgs2 levels do increase as myeloid cells are differentiated,
this molecule does not appear to play a role directly in differentiation of these
cells. We show this in vivo, using flow cytometry to examine cell populations, as
well as in vitro, using a granulocytic differentiation assay and a methocellulose
assay. Whereas the Rgs2 deficient mice do show a level of increased sensitivity
to serial 5-FU treatment, we find no major defects in hematopoietic stem function
or multipotent progenitor development. Our data also indicate that although Rgs2
has been implicated to play an important role in Flt3-ITD mutation signaling in
leukemia (Schwable et al., 2005), it does not appear to have a major role in
normal Flt3 signaling. This suggests that targeting Rgs2 in this signaling pathway
in leukemias with this mutation may be beneficial to the patient, as normal
signaling in non-cancerous blood cells should not be affected.
In Chapter III, we present evidence that Rgs2 plays a major role in MDSC
function. Gr-1+CD11b+ cells isolated from spleens of tumor bearing mice
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produce significantly more Rgs2 mRNA than those from spleens of non-tumor
bearing mice. Furthermore, Rgs2 mRNA is increased in cells treated with tumor
conditioned medium or placed under hypoxic conditions, which are commonly
found in tumors. Tumors in mice deficient in Rgs2 grow significantly slower
compared to those in wild type mice, and a reconstitution assay shows that this is
due to the lack of Rgs2 in MDSCs. In addition, the tumors from Rgs2 -/- mice
exhibit less vascular density, increased tumor cell death, and increased
leukocyte infiltration, including Gr-1+ cells, one of the markers for MDSCs. MDSC
production is not altered in Rgs2 deficient mice, nor is the morphological or cell
surface molecule phenotype, suggesting that the defect is in the function of
MDSCs. We found that Rgs2 null MDSCs isolated from tumor tissue produce
significantly reduced levels of MCP-1 compared to wild type MDSCs, and this
translates functionally into angiogenic and immunological defects within the null
MDSCs. In sum, these data point to a pathway where Rgs2 is upregulated under
tumor conditions in MDSCs, which leads to upregulation of production and
secretion of MCP-1. The secreted MCP-1 can then function in both proangiogenic and anti-inflammatory manners, leading to a pro-tumor environment
(Figure 26).
Taken together, our findings point to novel pathway to target for cancer
therapy. We show that Rgs2 does not have a major role in hematopoietic cell
production or differentiation, suggesting that targeting this pathway would not
affect normal hematopoietic cell development, but could target the ability of
MDSCs to promote tumor progression in cancer patients. In targeting this
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Figure 26. Proposed model of Rgs2 function in MDSCs. Tumor conditions,
including hypoxia, upregulate Rgs2 in MDSCs, which leads to increased MCP-1
production into the tumor microenvironment. The increased MCP-1 mediates
tumor vascularization and immune tolerance of the tumor.
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pathway, we would be able to inhibit the pro-tumor functions of MDSCs, both
angiogenesis and suppression of immune function.

Preliminary data and future directions
While we have convincing data that Rgs2-driven MCP-1 production is
important in the immune modulatory role of MDSCs (Figure 25), further work is
necessary to fully elucidate the mechanisms involved. We have in vitro data, but
would like to move into in vivo models, as well. For example, we could use flow
cytometry to examine the subpopulations of T cells within the tumors of wild type
and Rgs2-/- mice to determine if there is a skewing of immune response in vivo,
as would be suggested by our in vitro data, by observing the cytokines produced
using intracellular staining. We may even find that in vivo we have a stronger
shift from TH2 to TH1 responses. A couple of studies have reported data
indicating that MCP-1 stimulation reduces IL-12 production in monocytes and
macrophages, and neutralizing MCP-1 leads to increased IL-12 production by
macrophages (Braun et al., 2000; Chensue et al., 1996), suggesting that the
decreased MCP-1 production in MDSCs of Rgs2-/- mice may contribute to
increased levels of M1 macrophages. As such, we could examine markers of
tumor associated macrophages to ascertain whether these cells have a type 1 or
a type 2 profile. Additionally, as technology improves for culturing and
transducing MDSCs, we could perform experiments where we “rescue” the
Rgs2-/- phenotype by tranducing MCP-1 into Rgs2-/- MDSCs and examining the
resulting immune and angiogenic responses in vitro and in vivo.
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We found that Rgs2 mediates MCP-1 production, but the mechanism is
unknown. Inflammatory factors, such as TNF and IL-1, have previously been
shown to induce MCP-1 expression, suggesting that MCP-1 is downstream of
NF-κB activity (Melgarejo et al., 2009; Proost et al., 1996). We isolated MDSCs
from spleens of tumor bearing wild type and Rgs2 deficient mice, spun them onto
slides, and stained them for NF-κB p65 and p50 molecules. We did not see a
difference in p65 (data not shown); however, we found that Rgs2 -/- tumor
derived MDSCs had higher levels of p50, and increased nuclear p50, seen by
immunofluorescent staining (Figure 27). The p50 subunit can either be activating
or inhibitory (Pereira and Oakley, 2008), depending on the other molecules that it
is complexed with. As such, we cannot speculate on its role in these cells fully.
We are limited in the assays we are capable of performing to study signaling
within MDSCs, as isolating even small numbers of the cells is quite expensive.
As technology improves for isolating, or even culturing these cells, we would like
to perform electromobility shift assays (EMSA) or chromatin immunoprecipitation
assays (ChIP) in order to determine the other subunits/binding partners present,
as well as observe if p50 or other NF-κB subunits are at the promoter region of
MCP-1 with modulation of Rgs2 levels.
The loss of MCP-1 expression coupled to Rgs2 deficiency suggests that
Rgs2 is somehow promoting MCP-1 expression. However, Rgs2, as a regulator
of G protein signaling, promotes cessation of signaling downstream of GPCRs. In
addition to functioning as a GAP for Gα proteins, Rgs2 can also affect cAMP
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Figure 27. Rgs2 deficiency increases the level of p50 in the cell, particularly
in the nucleus. MDSCs were isolated from spleens of tumor bearing wild type
and Rgs2-/- mice by MACS using anti-CD11b and anti-Gr-1 antibodies. The
MDSCs were placed on slides using a cytospin centrifuge, fixed, and then
stained with a p50 antibody (sc-114) and DAPI. Merging of the images was
performed in Adobe Photoshop.
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levels by directly inhibiting some isoforms of adenylyl cyclase (Roy et al., 2006a;
Salim et al., 2003; Sinnarajah et al., 2001). Studies indicate that active adenylyl
cyclase leading to increased cAMP levels, and subsequent activation of PKA,
mediates a decrease in MCP-1 levels in smooth muscle cells (Iwamoto et al.,
2003; Wuyts et al., 2003). However, in myeloid/monocytic cells, other studies
point to a role for increased cAMP and active PKA in upregulation of MCP-1
(Fietta et al., 2002; Hirano et al., 2007). The adenylyl cyclase/cAMP/PKA
pathway activates the transcription factor CREB, which shares coactivators with
NF-κB. Competition for the small pools of coactivators, such as CBP, is one way
cells control transcription (Almawi and Melemedjian, 2002; Kim et al., 2003;
Takahashi et al., 2002). Therefore, Rgs2 might be increasing MCP-1 levels
through NF-κB by inhibiting adenylyl cyclase.
In order to determine if and how Rgs2 enhances signaling through the NFκB pathway, we performed luciferase reporter experiments. We overexpressed
Rgs2 or vector control along with a NF-κB driven luciferase reporter in 293 cells,
and found that luciferase activity increased two-fold with Rgs2 expression (Figure
28). This increase in luciferase activity was present even when we used a mutant
of Rgs2 that has lost its GAP function (RGS2N149A) or a mutant that cannot
inhibit adenylyl cyclase (RGS2NT1), the two major known functions of Rgs2
(Salim et al., 2003). Rgs2 was originally predicted to encode a basic helix-loophelix protein (Siderovski et al., 1990; Siderovski et al., 1994), and it has been
widely published that it is mainly expressed in the nucleus. These data suggest
that there may be an unknown role for Rgs2 within the nucleus, perhaps in
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regulating gene transcription. However, further study is necessary, as the fold
increase in luciferase activity is comparatively low. This may be due to
endogenous Rgs2 activity in 293 cells. We have observed that transfection itself
can induce Rgs2 mRNA, consistent with Rgs2 being a stress response gene
(data not shown). To circumvent this issue, we attempted to perform this assay in
bone marrow cells isolated from Rgs2-/- mice. While we were able to detect
upregulation of Rgs2 mRNA, the cells did not survive long enough to perform the
luciferase assay (data not shown).
Alternatively, MCP-1 production has been linked to Stat3 signaling, which
has a major role in MDSC expansion and myeloid cell-dependent angiogenesis
(Gabrilovich and Nagaraj, 2009; Kujawski et al., 2008; Schroer et al., 2011). In
hepatocytes, it has been reported that increased levels of Rgs2 can inhibit the
phosphorylation, and therefore activity, of Stat3 (Han et al., 2008). However,
several studies have reported roles for unphosphorylated Stat3 (and Stat1) in
transcription under pathological conditions (Chatterjee-Kishore et al., 2000; Yang
et al., 2005a; Yue et al., 2010), suggesting that accumulation of Rgs2 in MDSCs
could lead to increased levels of unphosphorylated Stat3 driven transcription.
Interestingly, increased unphosphorylated Stat3 has been linked to abnormal
Rgs2 expression (Yue et al., 2010). Further studies are necessary in order to
determine if Stat3, phosphorylated or unphosphorylated, could be involved in the
loss of MCP-1 observed in the Rgs2-/- mice, or in Rgs2 expression in tumor
derived MDSCs.
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One other possibility is that Rgs2 is acting as a transcription factor.
Beyond the original study suggesting that Rgs2, then known as G0S8, was a
putative basic helix-loop-helix protein based upon its sequence, no evidence has
been published indicating a nuclear role for Rgs2 (Siderovski et al., 1994).
However, our data suggest that Rgs2 may have a role in gene expression
outside of its functions as a GAP for G proteins or as an adenylyl cyclase
inhibitor (Figure 28). Rgs2 has been shown to passively diffuse into the nucleus,
where it is likely bound by another protein or set of proteins in order to retain it in
the nucleus (Heximer et al., 2001). This suggests that upon GPCR signaling,
Rgs2 must be released in order to exit the nucleus. In addition, post-translational
modifications of Rgs2 have been shown to reduce its GAP activity (Cunningham
et al., 2001; Ni et al., 2006), indicating that there are mechanisms outside of
nuclear retention which work to mediate the function of Rgs2. Therefore, it seems
unlikely that the cell would go to such lengths to keep Rgs2 in the nucleus if
Rgs2 did not have a nuclear function. However, whether Rgs2 can indeed bind
DNA (directly or indirectly) has yet to be determined. The lack of a specific
antibody for Rgs2 has contributed to the dearth of experimental evidence for, or
against, a role of Rgs2 within the nucleus. With a good antibody, one could not
only determine if Rgs2 binds to DNA, but also track the localization of Rgs2 with
different stimuli. If Rgs2 indeed has a role within the nucleus, it is likely we would
see nuclear localization with hypoxia or tumor conditioned medium treatment.
While other RGS domain containing proteins have not been found bound to DNA,
SRB-RGS, or Rgs3, has been found bound to the estrogen receptor (which binds
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Figure 28. Rgs2 enhances NF-κB activity independently of RGS domain
function or adenylyl cyclase inhibitory function. 293 cells were transfected
with RGS2, RGS2N149A, RGS2NT1, or pcDNA3 control, and a luciferase
reporter construct under the control of a NF-κB promoter or control vector using
Lipofectamine 2000. After 24 hours, cells were lysed and assayed for
luminescence using the Promega Dual Reporter Luciferase Assay Kit. Renilla
luciferase was used as an internal control. RGS2N149A and RGS2NT1 were
kindly provided by Dr. Carmen Dessauer. **p< 0.005
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to DNA) and is suggested to inhibit transcriptional activity of genes with an
estrogen response element (Ikeda et al., 2007), indicating that RGS proteins can
have nuclear roles. Interestingly, Rgs3 belongs to the same subfamily as Rgs2,
and can inhibit similar signaling pathways (Anger et al., 2007). Perhaps with
further study and the development of the right tools, we will find that Rgs2 can
also affect transcription within the nucleus.
As we observed increased leukocyte and Gr-1+ myeloid cell infiltration into
tumors (Figure 18), we wondered whether Rgs2 plays a role in migration. Since
Rgs2 is a negative regulator of G protein signaling, and can function on Gi
subunits (albeit weakly), which are normally coupled to chemokine receptors, we
hypothesized that we would observe increased migration of Rgs2-/- MDSCs to
FBS in a transwell assay. We isolated tumor derived splenic MDSCs using FACS,
and placed the cells in the top of a transwell with FBS in the bottom chamber.
After 3.5 hours, we counted migrated cells, and indeed found that more null
MDSCs migrated than wild type MDSCs (Figure 29). Previous studies have
indicated that Rgs2 does not play a role in migration of leukocytes (Bowman et
al., 1998; Reif and Cyster, 2000); however, these studies were performed by
transfecting cells with Rgs2 or vector. We have found that transfection itself
induces Rgs2 mRNA (data not shown), which makes it difficult to determine
differences between the experimental sample and the control sample.
Our data indicate that Rgs2 plays a role in MDSC migration, mediates
production of MCP-1, enhances angiogenesis, and affects immune response to
tumor cells. We began to speculate on the signaling upstream of Rgs2,
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Figure 29. Rgs2 deficiency in MDSCs leads to increased migration. MDSCs
were isolated from spleens of tumor bearing wild type and Rgs2-/- mice by flow
cytometry using anti-CD11b and anti-Gr-1 antibodies. The MDSCs were seeded
into the top wells of transwells, and allowed to migrate to medium containing 10%
fetal bovine serum for 3.5 hours. The migrated cells were collected from the
bottom chamber of the transwell and counted. The experiment was performed
twice in duplicate. The bars indicate the average number of migrated cells per
transwell, and the error bars represent standard error across experiments.
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wondering what molecules could be signaling to Rgs2. One molecule,
sphingosine-1-phosphate (S1P), has been linked in several studies to these
functions, affecting migration, polarization of immune response, and cytokine
production (Rivera et al., 2008; Rosen and Goetzl, 2005). S1P is a biologically
active sphingolipid produced by nearly all cells, but released mostly by apoptotic
tumor cells and cells of hematopoietic origin (Rivera et al., 2008; Rosen and
Goetzl, 2005; Weigert et al., 2007). S1P is produced by first cleaving
sphingomyelin to ceramide, then cleaving ceramide to sphingosine, followed by
phosphorylation by sphingosine kinases (Rivera et al., 2008; Rosen and Goetzl,
2005; Spiegel and Milstien, 2003). S1P can be degraded by phosphatases or by
a lyase. The enzymes involved in producing S1P, and therefore S1P, are
induced in response to inflammatory factors, such as TNF (Ledgerwood et al.,
2008; Memon et al., 1998; Xia et al., 1998). S1P functions intracellularly to
regulate cell survival and proliferation (Spiegel and Milstien, 2003). In addition,
extracellular S1P is a ligand for a group of G protein coupled receptors (Rivera et
al., 2008; Rosen and Goetzl, 2005; Spiegel and Milstien, 2003). There are 5
mammalian receptors known to date, S1P receptors 1-5 (S1P1-5), with S1P1
being the most well studied (Hla, 2003; Rivera et al., 2008; Rosen and Goetzl,
2005; Siehler and Manning, 2002; Spiegel and Milstien, 2003).
S1P-S1P receptor pathways have been studied, in particular, in cells of
the immune system. S1P agonist treated mature and immature dendritic cells
and S1P treated macrophages showed increased type 2 and decreased type 1
immune responses (Hughes et al., 2008; Idzko et al., 2002; Jin et al., 2003;
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Muller et al., 2005; Weigert et al., 2007). In macrophages, the increase in type 2
response was accompanied by decreased LPS-induced NF-κB signaling
(Weigert et al., 2007). Reduction of chemotaxis and decreased levels of two of
the receptors, S1P1 and S1P4, were observed with agonist treatment of dendritic
cells (Muller et al., 2005). Antagonism of S1P receptors inhibits tumor
progression and decreases tumor vascularization (LaMontagne et al., 2006).
Hughes et al. demonstrated that S1P treatment of macrophages decreased the
level of LPS induced MCP-1 (Hughes et al., 2008). S1P treatment of vascular
smooth muscle cells led to an increase in Rgs2 levels (Hendriks-Balk et al.,
2009). Furthermore, Rgs2 was shown to bind to S1P1 and affect migration at
high ligand concentrations (Kohno and Igarashi, 2008). Since Rgs2 has been
implicated in S1P signaling, and S1P treatment led to reduced MCP-1 in LPStreated macrophages, we hypothesized that S1P was signaling through a
receptor upstream of Rgs2 to produce the phenotype we observe in MDSCs.
We first determined whether MDSCs isolated from spleens of tumor
bearing mice expressed receptors for S1P, and what differences there may be in
Rgs2-/- MDSC expressed S1PRs, by RT-PCR. We found that there was a
difference in S1P receptor 4 (S1P4) between wild type and Rgs2-/- MDSCs
(Figure 30A). Rgs2-/- MDSCs have higher levels of this receptor. In addition,
S1P3 and S1P5 were undetectable, S1P1 was barely detectable (but not
different between groups), and a small increase in S1P2 in the Rgs2-/- MDSCs
was observed. Furthermore, when we treated 32D myeloid cells with 3LL tumor
conditioned medium, we observed upregulation of S1P4 (Figure 30B).
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Figure 30. S1P4 is induced by tumor secreted factors, and is elevated in
Rgs2-/- MDSCs. (A) MDSCs were isolated from spleens of wild type and Rgs2-/mice by MACS. RNA was isolated, and cDNA was synthesized, followed by PCR
for S1P receptors. S1P3 and S1P5 were undetectable (B) 32D cells were treated
with 3LL tumor cell conditioned medium (TCM) containing 10% FBS for 24 hours.
The cells were collected, and RNA was isolated. cDNA was synthesized, and
PCR was run for the S1P4 receptor. β-actin was used as a control in both.
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S1P4 is found specifically in lymphoid and hematopoietic tissues, and has
been shown to couple to Gi and G12/13 (Graler et al., 1998; Graler et al., 2003;
Kohno et al., 2003). In T lymphocytes, overexpression of S1P4 led to decreased
T cell proliferation, and decreased secretion of IL-4, IL-12, and IFN, but
increased secretion of IL-10 (Wang et al., 2005a). However, there are conflicting
reports about the role of S1P4 in cell migration; Matsuyuki et al. concluded that
S1P1 and S1P4 work together to mediate migration of T cells, whereas Wang et
al. found that S1P4 signaling does not have an effect on T cell migration
(Matsuyuki et al., 2006; Wang et al., 2005a). As signaling from some receptors
feeds back positively to increase receptor levels, and in particular, on some cell
types, high levels of S1P stimulation maintained S1P1 levels and function
(Graeler et al., 2003), we treated 32D myeloid cells with S1P and assessed
receptor levels (Figure 31A). Again, S1P5 was practically undetectable. S1P1,
S1P3, and surprisingly, S1P4 levels did not change with treatment. However,
S1P2 levels increased with treatment.
Consistent with data published with vascular smooth muscle cells, S1P
treatment of 32D cells led to a significant increase in Rgs2 mRNA (Figure 31B),
suggesting that S1P signaling may be involved in the increase of Rgs2 levels
observed in MDSCs from tumor bearing mice. We also assessed migration of
wild type and Rgs2-/- MDSCs isolated from spleens of tumor bearing mice with
MACS to S1P. Migration to BSA was assessed as a control, as the S1P was
solubilized in a solution of fatty acid free BSA. Migration to BSA was not
detectable, nor was migration detectable at 10-8 M S1P (Figure 32). At 10-7 M
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Figure 31. S1P treatment of 32D cells upregulates Rgs2 and S1P2
expression, but not S1P4 expression. 32D cells were treated with 10-6 M S1P
for 24 hours. Cells were collected, and RNA was isolated. cDNA was synthesized.
(A) RT-PCR was performed for S1P1-5, using β-actin as a control. (B) Real time
PCR was performed for Rgs2, using β-actin as a control. Experiment was
performed two times in duplicate. *, p< 0.05.
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Figure 32. Rgs2-/- MDSCs exhibit decreased migration to S1P compared to
wild type MDSCs. MDSCs were isolated from spleens of tumor bearing wild type
and Rgs2-/- mice using MACS. 1x105 MDSCs were placed in the top chamber of
transwells, and allowed to migrate to different concentrations of S1P for 3.5
hours. Migrated cells were then counted, and the average was plotted. BSA
solution was assessed as a control, as the S1P was solubilized in a solution of
fatty acid free BSA. n=2 **, p<0.005.
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S1P, we observed migration of wild type and Rgs2-/- MDSCs; however, we found
that Rgs2-/- MDSCs showed significantly less migration to S1P compared to wild
type MDSCs. These data indicate that although we see increased migration in
Rgs2-/- MDSCs to FBS, S1P is likely not the factor involved. Further study is
necessary to elucidate the mechanisms behind the increased migration of
Rgs2-/- MDSCs.
We hypothesize that tumor secreted S1P is partly responsible for the
increase in Rgs2 in MDSCs, which leads to increased MCP-1 and tumor
progression, perhaps through mediating NF-κB or Stat3 function (Figure 33A). In
the knockdown mice, we further posit that loss of Rgs2 leads to increased S1P4
in tumor derived MDSCs compared to wild type MDSCs, and the increase in
S1P4 and its downstream signaling mediate subsequent downregulation of MCP1 (Figure 33B). This suggests that S1P4 is mediating an inhibitory signal that
Rgs2 would normally turn off. Not much is known about the signaling
downstream of S1P4. Hughes et al. found that treatment of LPS treated
macrophages with S1P inhibited NF-κB activity by signaling through S1P1
(Hughes et al., 2008). Perhaps a similar mechanism is employed by S1P-S1P4
signaling. We have observed increased NF-κB p50 within the nuclei of Rgs2-/tumor derived MDSCs compared to wild type (Figure 27), and have hypothesized
that this p50 is inhibitory. It is possible that S1P-S1P4 signaling is the cause of
the increased nuclear NF-κB p50. More work is necessary to determine if S1PS1P4 signaling plays a role in the loss of MCP-1 expression in Rgs2-/- mice, and
to ascertain the mechanism of S1P4 upregulation due to loss of Rgs2.
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Figure 33. Proposed model of the role of S1P in the induction of Rgs2 and
MCP-1. (A) The tumor cells and infiltrating leukocytes release S1P, which can
then lead to upregulation of Rgs2 in MDSCs, likely through an S1P receptor. This
increase in Rgs2 leads to upregulation of MCP-1 and subsequent promotion of
angiogenesis, immune tolerance, and tumor progression. MCP-1 expression may
be regulated by NF-κB or Stat3, or even Rgs2 itself in a proposed nuclear role.
(B) In Rgs2-/- mice, S1P4 is upregulated, perhaps through lack of inhibition of
signaling by Rgs2. MCP-1 is not upregulated, leading to decreased angiogenesis
and immune tolerance, and consequently, slower tumor growth compared to wild
type animals.
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Final remarks
In conclusion, this body of work has established an important role for Rgs2
in MDSCs and cancer progression. Rgs2 does not affect production or
differentiation of myeloid cells, but instead mediates pro-angiogenic and immune
suppressive functions of MDSCs through regulation of MCP-1 production.
Targeting this pathway in cancer treatment could promote decreased
angiogenesis and increased immune response, leading to decreased tumor
progression and increased patient response. Further work will elucidate the
mechanisms involved in Rgs2 regulation and the role of Rgs2 in MCP-1
modulation.

123

REFERENCES

Abramow-Newerly, M., Roy, A. A., Nunn, C., and Chidiac, P. (2006). RGS
proteins have a signalling complex: interactions between RGS proteins and
GPCRs, effectors, and auxiliary proteins. Cell Signal 18, 579-591.
Adolfsson, J., Borge, O. J., Bryder, D., Theilgaard-Monch, K., AstrandGrundstrom, I., Sitnicka, E., Sasaki, Y., and Jacobsen, S. E. (2001). Upregulation
of Flt3 expression within the bone marrow Lin(-)Sca1(+)c-kit(+) stem cell
compartment is accompanied by loss of self-renewal capacity. Immunity 15, 659669.
Aiuti, A., Webb, I. J., Bleul, C., Springer, T., and Gutierrez-Ramos, J. C. (1997).
The chemokine SDF-1 is a chemoattractant for human CD34+ hematopoietic
progenitor cells and provides a new mechanism to explain the mobilization of
CD34+ progenitors to peripheral blood. J Exp Med 185, 111-120.
Akashi, K., Traver, D., Miyamoto, T., and Weissman, I. L. (2000). A clonogenic
common myeloid progenitor that gives rise to all myeloid lineages. Nature 404,
193-197.
Almand, B., Clark, J. I., Nikitina, E., van Beynen, J., English, N. R., Knight, S. C.,
Carbone, D. P., and Gabrilovich, D. I. (2001). Increased production of immature
myeloid cells in cancer patients: a mechanism of immunosuppression in cancer.
J Immunol 166, 678-689.
Almand, B., Resser, J. R., Lindman, B., Nadaf, S., Clark, J. I., Kwon, E. D.,
Carbone, D. P., and Gabrilovich, D. I. (2000). Clinical significance of defective
dendritic cell differentiation in cancer. Clin Cancer Res 6, 1755-1766.
Almawi, W. Y., and Melemedjian, O. K. (2002). Negative regulation of nuclear
factor-kappaB activation and function by glucocorticoids. J Mol Endocrinol 28,
69-78.
Anderson, M. K. (2006). At the crossroads: diverse roles of early thymocyte
transcriptional regulators. Immunol Rev 209, 191-211.
Ang, C., Kornbluth, M., Thirlwell, M. P., and Rajan, R. D. (2010). Capecitabineinduced cardiotoxicity: case report and review of the literature. Curr Oncol 17, 5963.
Anger, T., Klintworth, N., Stumpf, C., Daniel, W. G., Mende, U., and Garlichs, C.
D. (2007). RGS protein specificity towards Gq- and Gi/o-mediated ERK 1/2 and
Akt activation, in vitro. J Biochem Mol Biol 40, 899-910.

124

Baena, E., Ortiz, M., Martinez, A. C., and de Alboran, I. M. (2007). c-Myc is
essential for hematopoietic stem cell differentiation and regulates Lin(-)Sca1(+)c-Kit(-) cell generation through p21. Exp Hematol 35, 1333-1343.
Bailey, A. S., Willenbring, H., Jiang, S., Anderson, D. A., Schroeder, D. A., Wong,
M. H., Grompe, M., and Fleming, W. H. (2006). Myeloid lineage progenitors give
rise to vascular endothelium. Proc Natl Acad Sci U S A 103, 13156-13161.
Balkwill, F., Charles, K. A., and Mantovani, A. (2005). Smoldering and polarized
inflammation in the initiation and promotion of malignant disease. Cancer Cell 7,
211-217.
Beadling, C., Druey, K. M., Richter, G., Kehrl, J. H., and Smith, K. A. (1999).
Regulators of G protein signaling exhibit distinct patterns of gene expression and
target G protein specificity in human lymphocytes. J Immunol 162, 2677-2682.
Berman, D. M., Wilkie, T. M., and Gilman, A. G. (1996). GAIP and RGS4 are
GTPase-activating proteins for the Gi subfamily of G protein alpha subunits. Cell
86, 445-452.
Bernstein, L. S., Ramineni, S., Hague, C., Cladman, W., Chidiac, P., Levey, A. I.,
and Hepler, J. R. (2004). RGS2 binds directly and selectively to the M1
muscarinic acetylcholine receptor third intracellular loop to modulate Gq/11alpha
signaling. J Biol Chem 279, 21248-21256.
Bodenstein, J., Sunahara, R. K., and Neubig, R. R. (2007). N-terminal residues
control proteasomal degradation of RGS2, RGS4, and RGS5 in human
embryonic kidney 293 cells. Mol Pharmacol 71, 1040-1050.
Boring, L., Gosling, J., Chensue, S. W., Kunkel, S. L., Farese, R. V., Jr.,
Broxmeyer, H. E., and Charo, I. F. (1997). Impaired monocyte migration and
reduced type 1 (Th1) cytokine responses in C-C chemokine receptor 2 knockout
mice. J Clin Invest 100, 2552-2561.
Bowman, E. P., Campbell, J. J., Druey, K. M., Scheschonka, A., Kehrl, J. H., and
Butcher, E. C. (1998). Regulation of chemotactic and proadhesive responses to
chemoattractant receptors by RGS (regulator of G-protein signaling) family
members. J Biol Chem 273, 28040-28048.
Braun, M. C., Lahey, E., and Kelsall, B. L. (2000). Selective suppression of IL-12
production by chemoattractants. J Immunol 164, 3009-3017.
Brodmerkel, C. M., Huber, R., Covington, M., Diamond, S., Hall, L., Collins, R.,
Leffet, L., Gallagher, K., Feldman, P., Collier, P., et al. (2005). Discovery and
pharmacological characterization of a novel rodent-active CCR2 antagonist,
INCB3344. J Immunol 175, 5370-5378.

125

Bronstein-Sitton, N., Cohen-Daniel, L., Vaknin, I., Ezernitchi, A. V., Leshem, B.,
Halabi, A., Houri-Hadad, Y., Greenbaum, E., Zakay-Rones, Z., Shapira, L., and
Baniyash, M. (2003). Sustained exposure to bacterial antigen induces interferongamma-dependent T cell receptor zeta down-regulation and impaired T cell
function. Nat Immunol 4, 957-964.
Bronte, V., Apolloni, E., Cabrelle, A., Ronca, R., Serafini, P., Zamboni, P., Restifo,
N. P., and Zanovello, P. (2000). Identification of a CD11b(+)/Gr-1(+)/CD31(+)
myeloid progenitor capable of activating or suppressing CD8(+) T cells. Blood 96,
3838-3846.
Bronte, V., Serafini, P., De Santo, C., Marigo, I., Tosello, V., Mazzoni, A., Segal,
D. M., Staib, C., Lowel, M., Sutter, G., et al. (2003a). IL-4-induced arginase 1
suppresses alloreactive T cells in tumor-bearing mice. J Immunol 170, 270-278.
Bronte, V., Serafini, P., Mazzoni, A., Segal, D. M., and Zanovello, P. (2003b). Larginine metabolism in myeloid cells controls T-lymphocyte functions. Trends
Immunol 24, 302-306.
Bronte, V., Wang, M., Overwijk, W. W., Surman, D. R., Pericle, F., Rosenberg, S.
A., and Restifo, N. P. (1998). Apoptotic death of CD8+ T lymphocytes after
immunization: induction of a suppressive population of Mac-1+/Gr-1+ cells. J
Immunol 161, 5313-5320.
Brooks, S. A., Lomax-Browne, H. J., Carter, T. M., Kinch, C. E., and Hall, D. M.
(2010). Molecular interactions in cancer cell metastasis. Acta Histochem 112, 325.
Bunt, S. K., Sinha, P., Clements, V. K., Leips, J., and Ostrand-Rosenberg, S.
(2006). Inflammation induces myeloid-derived suppressor cells that facilitate
tumor progression. J Immunol 176, 284-290.
Bunt, S. K., Yang, L., Sinha, P., Clements, V. K., Leips, J., and OstrandRosenberg, S. (2007). Reduced inflammation in the tumor microenvironment
delays the accumulation of myeloid-derived suppressor cells and limits tumor
progression. Cancer Res 67, 10019-10026.
Buntinx, M., Hermans, B., Goossens, J., Moechars, D., Gilissen, R. A., Doyon, J.,
Boeckx, S., Coesemans, E., Van Lommen, G., and Van Wauwe, J. P. (2008).
Pharmacological profile of JNJ-27141491 [(S)-3-[3,4-difluorophenyl)-propyl]-5isoxazol-5-yl-2-thioxo-2,3-dihydro-1 H-imidazole-4-carboxyl acid methyl ester], as
a noncompetitive and orally active antagonist of the human chemokine receptor
CCR2. J Pharmacol Exp Ther 327, 1-9.
Burchett, S. A. (2003). In through the out door: nuclear localization of the
regulators of G protein signaling. J Neurochem 87, 551-559.

126

Burchett, S. A., Volk, M. L., Bannon, M. J., and Granneman, J. G. (1998).
Regulators of G protein signaling: rapid changes in mRNA abundance in
response to amphetamine. J Neurochem 70, 2216-2219.
Cao, X., Qin, J., Xie, Y., Khan, O., Dowd, F., Scofield, M., Lin, M. F., and Tu, Y.
(2006). Regulator of G-protein signaling 2 (RGS2) inhibits androgen-independent
activation of androgen receptor in prostate cancer cells. Oncogene 25, 37193734.
Carmeliet, P., and Jain, R. K. (2000). Angiogenesis in cancer and other diseases.
Nature 407, 249-257.
Chatterjee-Kishore, M., Wright, K. L., Ting, J. P., and Stark, G. R. (2000). How
Stat1 mediates constitutive gene expression: a complex of unphosphorylated
Stat1 and IRF1 supports transcription of the LMP2 gene. EMBO J 19, 4111-4122.
Chatterjee, T. K., and Fisher, R. A. (2000). Cytoplasmic, nuclear, and golgi
localization of RGS proteins. Evidence for N-terminal and RGS domain
sequences as intracellular targeting motifs. J Biol Chem 275, 24013-24021.
Chen, C., Liu, Y., Liu, R., Ikenoue, T., Guan, K. L., and Zheng, P. (2008). TSCmTOR maintains quiescence and function of hematopoietic stem cells by
repressing mitochondrial biogenesis and reactive oxygen species. J Exp Med
205, 2397-2408.
Chen, C., Zheng, B., Han, J., and Lin, S. C. (1997). Characterization of a novel
mammalian RGS protein that binds to Galpha proteins and inhibits pheromone
signaling in yeast. J Biol Chem 272, 8679-8685.
Cheng, T., Rodrigues, N., Shen, H., Yang, Y., Dombkowski, D., Sykes, M., and
Scadden, D. T. (2000). Hematopoietic stem cell quiescence maintained by
p21cip1/waf1. Science 287, 1804-1808.
Chensue, S. W., Warmington, K. S., Ruth, J. H., Sanghi, P. S., Lincoln, P., and
Kunkel, S. L. (1996). Role of monocyte chemoattractant protein-1 (MCP-1) in Th1
(mycobacterial) and Th2 (schistosomal) antigen-induced granuloma formation:
relationship to local inflammation, Th cell expression, and IL-12 production. J
Immunol 157, 4602-4608.
Choi, K., Kennedy, M., Kazarov, A., Papadimitriou, J. C., and Keller, G. (1998). A
common precursor for hematopoietic and endothelial cells. Development 125,
725-732.
Christensen, J. L., and Weissman, I. L. (2001). Flk-2 is a marker in hematopoietic
stem cell differentiation: a simple method to isolate long-term stem cells. Proc
Natl Acad Sci U S A 98, 14541-14546.

127

Coffelt, S. B., Lewis, C. E., Naldini, L., Brown, J. M., Ferrara, N., and De Palma,
M. (2010). Elusive identities and overlapping phenotypes of proangiogenic
myeloid cells in tumors. Am J Pathol 176, 1564-1576.
Conejo-Garcia, J. R., Benencia, F., Courreges, M. C., Kang, E., MohamedHadley, A., Buckanovich, R. J., Holtz, D. O., Jenkins, A., Na, H., Zhang, L., et al.
(2004). Tumor-infiltrating dendritic cell precursors recruited by a beta-defensin
contribute to vasculogenesis under the influence of Vegf-A. Nat Med 10, 950-958.
Conti, I., and Rollins, B. J. (2004). CCL2 (monocyte chemoattractant protein-1)
and cancer. Semin Cancer Biol 14, 149-154.
Coukos, G., Benencia, F., Buckanovich, R. J., and Conejo-Garcia, J. R. (2005).
The role of dendritic cell precursors in tumour vasculogenesis. Br J Cancer 92,
1182-1187.
Craig, M. J., and Loberg, R. D. (2006). CCL2 (Monocyte Chemoattractant
Protein-1) in cancer bone metastases. Cancer Metastasis Rev 25, 611-619.
Crawford, Y., and Ferrara, N. (2009). Tumor and stromal pathways mediating
refractoriness/resistance to anti-angiogenic therapies. Trends Pharmacol Sci 30,
624-630.
Cunningham, M. L., Waldo, G. L., Hollinger, S., Hepler, J. R., and Harden, T. K.
(2001). Protein kinase C phosphorylates RGS2 and modulates its capacity for
negative regulation of Galpha 11 signaling. J Biol Chem 276, 5438-5444.
De Palma, M., Venneri, M. A., Galli, R., Sergi Sergi, L., Politi, L. S., Sampaolesi,
M., and Naldini, L. (2005). Tie2 identifies a hematopoietic lineage of
proangiogenic monocytes required for tumor vessel formation and a
mesenchymal population of pericyte progenitors. Cancer Cell 8, 211-226.
de Pooter, R., and Zuniga-Pflucker, J. C. (2007). T-cell potential and
development in vitro: the OP9-DL1 approach. Curr Opin Immunol 19, 163-168.
De Santo, C., Serafini, P., Marigo, I., Dolcetti, L., Bolla, M., Del Soldato, P.,
Melani, C., Guiducci, C., Colombo, M. P., Iezzi, M., et al. (2005). Nitroaspirin
corrects immune dysfunction in tumor-bearing hosts and promotes tumor
eradication by cancer vaccination. Proc Natl Acad Sci U S A 102, 4185-4190.
De Vries, L., and Gist Farquhar, M. (1999). RGS proteins: more than just GAPs
for heterotrimeric G proteins. Trends Cell Biol 9, 138-144.
De Vries, L., Zheng, B., Fischer, T., Elenko, E., and Farquhar, M. G. (2000). The
regulator of G protein signaling family. Annu Rev Pharmacol Toxicol 40, 235-271.

128

De Wilde, V., Van Rompaey, N., Hill, M., Lebrun, J. F., Lemaitre, P., Lhomme, F.,
Kubjak, C., Vokaer, B., Oldenhove, G., Charbonnier, L. M., et al. (2009).
Endotoxin-induced myeloid-derived suppressor cells inhibit alloimmune
responses via heme oxygenase-1. Am J Transplant 9, 2034-2047.
DeBusk, L. M., Boelte, K., Min, Y., and Lin, P. C. (2010). Heterozygous
deficiency of delta-catenin impairs pathological angiogenesis. J Exp Med 207,
77-84.
DeNardo, D. G., and Coussens, L. M. (2007). Inflammation and breast cancer.
Balancing immune response: crosstalk between adaptive and innate immune
cells during breast cancer progression. Breast Cancer Res 9, 212.
DeNardo, D. G., Johansson, M., and Coussens, L. M. (2008). Immune cells as
mediators of solid tumor metastasis. Cancer Metastasis Rev 27, 11-18.
Druey, K. M., Blumer, K. J., Kang, V. H., and Kehrl, J. H. (1996). Inhibition of Gprotein-mediated MAP kinase activation by a new mammalian gene family.
Nature 379, 742-746.
Eliasson, P., and Jonsson, J. I. (2010). The hematopoietic stem cell niche: low in
oxygen but a nice place to be. J Cell Physiol 222, 17-22.
Endale, M., Kim, S. D., Lee, W. M., Kim, S., Suk, K., Cho, J. Y., Park, H. J.,
Wagley, Y., Oh, J. W., and Rhee, M. H. (2010). Ischemia induces regulator of G
protein signaling 2 (RGS2) protein upregulation and enhances apoptosis in
astrocytes. Am J Physiol Cell Physiol 298, C611-623.
Eszlinger, M., Holzapfel, H. P., Voigt, C., Arkenau, C., and Paschke, R. (2004).
RGS 2 expression is regulated by TSH and inhibits TSH receptor signaling. Eur J
Endocrinol 151, 383-390.
Ezernitchi, A. V., Vaknin, I., Cohen-Daniel, L., Levy, O., Manaster, E., Halabi, A.,
Pikarsky, E., Shapira, L., and Baniyash, M. (2006). TCR zeta down-regulation
under chronic inflammation is mediated by myeloid suppressor cells differentially
distributed between various lymphatic organs. J Immunol 177, 4763-4772.
Fernandez Pujol, B., Lucibello, F. C., Gehling, U. M., Lindemann, K., Weidner, N.,
Zuzarte, M. L., Adamkiewicz, J., Elsasser, H. P., Muller, R., and Havemann, K.
(2000). Endothelial-like cells derived from human CD14 positive monocytes.
Differentiation 65, 287-300.
Fernandez Pujol, B., Lucibello, F. C., Zuzarte, M., Lutjens, P., Muller, R., and
Havemann, K. (2001). Dendritic cells derived from peripheral monocytes express
endothelial markers and in the presence of angiogenic growth factors
differentiate into endothelial-like cells. Eur J Cell Biol 80, 99-110.

129

Ferrara, N. (2004). Vascular endothelial growth factor: basic science and clinical
progress. Endocr Rev 25, 581-611.
Fietta, A. M., Morosini, M., Meloni, F., Bianco, A. M., and Pozzi, E. (2002).
Pharmacological analysis of signal transduction pathways required for
mycobacterium tuberculosis-induced IL-8 and MCP-1 production in human
peripheral monocytes. Cytokine 19, 242-249.
Freson, K., Stolarz, K., Aerts, R., Brand, E., Brand-Herrmann, S. M., KaweckaJaszcz, K., Kuznetsova, T., Tikhonoff, V., Thijs, L., Vermylen, J., et al. (2007). 391 C to G substitution in the regulator of G-protein signalling-2 promoter
increases susceptibility to the metabolic syndrome in white European men:
consistency between molecular and epidemiological studies. J Hypertens 25,
117-125.
Friedman, A. D. (2002). Transcriptional regulation of granulocyte and monocyte
development. Oncogene 21, 3377-3390.
Fujiyama, S., Amano, K., Uehira, K., Yoshida, M., Nishiwaki, Y., Nozawa, Y., Jin,
D., Takai, S., Miyazaki, M., Egashira, K., et al. (2003). Bone marrow monocyte
lineage cells adhere on injured endothelium in a monocyte chemoattractant
protein-1-dependent manner and accelerate reendothelialization as endothelial
progenitor cells. Circ Res 93, 980-989.
Furuichi, K., Wada, T., Iwata, Y., Kitagawa, K., Kobayashi, K., Hashimoto, H.,
Ishiwata, Y., Asano, M., Wang, H., Matsushima, K., et al. (2003). CCR2 signaling
contributes to ischemia-reperfusion injury in kidney. J Am Soc Nephrol 14, 25032515.
Gabrilovich, D., Ishida, T., Oyama, T., Ran, S., Kravtsov, V., Nadaf, S., and
Carbone, D. P. (1998). Vascular endothelial growth factor inhibits the
development of dendritic cells and dramatically affects the differentiation of
multiple hematopoietic lineages in vivo. Blood 92, 4150-4166.
Gabrilovich, D. I., and Nagaraj, S. (2009). Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol 9, 162-174.
Gassmann, P., and Haier, J. (2008). The tumor cell-host organ interface in the
early onset of metastatic organ colonisation. Clin Exp Metastasis 25, 171-181.
Gilliland, D. G., and Griffin, J. D. (2002). The roles of FLT3 in hematopoiesis and
leukemia. Blood 100, 1532-1542.
Goede, V., Brogelli, L., Ziche, M., and Augustin, H. G. (1999). Induction of
inflammatory angiogenesis by monocyte chemoattractant protein-1. Int J Cancer
82, 765-770.

130

Gonzalo, J. A., Lloyd, C. M., Wen, D., Albar, J. P., Wells, T. N., Proudfoot, A.,
Martinez, A. C., Dorf, M., Bjerke, T., Coyle, A. J., and Gutierrez-Ramos, J. C.
(1998). The coordinated action of CC chemokines in the lung orchestrates
allergic inflammation and airway hyperresponsiveness. J Exp Med 188, 157-167.
Goodman, J. W., and Hodgson, G. S. (1962). Evidence for stem cells in the
peripheral blood of mice. Blood 19, 702-714.
Graeler, M. H., Kong, Y., Karliner, J. S., and Goetzl, E. J. (2003). Protein kinase
C epsilon dependence of the recovery from down-regulation of S1P1 G proteincoupled receptors of T lymphocytes. J Biol Chem 278, 27737-27741.
Graf, T. (2002). Differentiation plasticity of hematopoietic cells. Blood 99, 30893101.
Graler, M. H., Bernhardt, G., and Lipp, M. (1998). EDG6, a novel G-proteincoupled receptor related to receptors for bioactive lysophospholipids, is
specifically expressed in lymphoid tissue. Genomics 53, 164-169.
Graler, M. H., Grosse, R., Kusch, A., Kremmer, E., Gudermann, T., and Lipp, M.
(2003). The sphingosine 1-phosphate receptor S1P4 regulates cell shape and
motility via coupling to Gi and G12/13. J Cell Biochem 89, 507-519.
Grant, S. L., Lassegue, B., Griendling, K. K., Ushio-Fukai, M., Lyons, P. R., and
Alexander, R. W. (2000). Specific regulation of RGS2 messenger RNA by
angiotensin II in cultured vascular smooth muscle cells. Mol Pharmacol 57, 460467.
Gu, L., Tseng, S., Horner, R. M., Tam, C., Loda, M., and Rollins, B. J. (2000).
Control of TH2 polarization by the chemokine monocyte chemoattractant protein1. Nature 404, 407-411.
Gu, S., Anton, A., Salim, S., Blumer, K. J., Dessauer, C. W., and Heximer, S. P.
(2008). Alternative translation initiation of human regulators of G-protein
signaling-2 yields a set of functionally distinct proteins. Mol Pharmacol 73, 1-11.
Gu, S., He, J., Ho, W. T., Ramineni, S., Thal, D. M., Natesh, R., Tesmer, J. J.,
Hepler, J. R., and Heximer, S. P. (2007). Unique hydrophobic extension of the
RGS2 amphipathic helix domain imparts increased plasma membrane binding
and function relative to other RGS R4/B subfamily members. J Biol Chem 282,
33064-33075.
Guenechea, G., Gan, O. I., Dorrell, C., and Dick, J. E. (2001). Distinct classes of
human stem cells that differ in proliferative and self-renewal potential. Nat
Immunol 2, 75-82.

131

Gurley, S. B., Griffiths, R. C., Mendelsohn, M. E., Karas, R. H., and Coffman, T.
M. (2010). Renal actions of RGS2 control blood pressure. J Am Soc Nephrol 21,
1847-1851.
Hague, C., Bernstein, L. S., Ramineni, S., Chen, Z., Minneman, K. P., and Hepler,
J. R. (2005). Selective inhibition of alpha1A-adrenergic receptor signaling by
RGS2 association with the receptor third intracellular loop. J Biol Chem 280,
27289-27295.
Han, C., Bowen, W. C., Michalopoulos, G. K., and Wu, T. (2008). Alpha-1
adrenergic receptor transactivates signal transducer and activator of
transcription-3 (Stat3) through activation of Src and epidermal growth factor
receptor (EGFR) in hepatocytes. J Cell Physiol 216, 486-497.
Han, J., Mark, M. D., Li, X., Xie, M., Waka, S., Rettig, J., and Herlitze, S. (2006).
RGS2 determines short-term synaptic plasticity in hippocampal neurons by
regulating Gi/o-mediated inhibition of presynaptic Ca2+ channels. Neuron 51,
575-586.
Hao, J., Michalek, C., Zhang, W., Zhu, M., Xu, X., and Mende, U. (2006).
Regulation of cardiomyocyte signaling by RGS proteins: differential selectivity
towards G proteins and susceptibility to regulation. J Mol Cell Cardiol 41, 51-61.
Harraz, M., Jiao, C., Hanlon, H. D., Hartley, R. S., and Schatteman, G. C. (2001).
CD34- blood-derived human endothelial cell progenitors. Stem Cells 19, 304-312.
Harrison, D. E., and Astle, C. M. (1982). Loss of stem cell repopulating ability
upon transplantation. Effects of donor age, cell number, and transplantation
procedure. J Exp Med 156, 1767-1779.
Hattori, K., Heissig, B., Tashiro, K., Honjo, T., Tateno, M., Shieh, J. H., Hackett,
N. R., Quitoriano, M. S., Crystal, R. G., Rafii, S., and Moore, M. A. (2001).
Plasma elevation of stromal cell-derived factor-1 induces mobilization of mature
and immature hematopoietic progenitor and stem cells. Blood 97, 3354-3360.
Hendriks-Balk, M. C., Hajji, N., van Loenen, P. B., Michel, M. C., Peters, S. L.,
and Alewijnse, A. E. (2009). Sphingosine-1-phosphate regulates RGS2 and
RGS16 mRNA expression in vascular smooth muscle cells. Eur J Pharmacol 606,
25-31.
Heo, K., Ha, S. H., Chae, Y. C., Lee, S., Oh, Y. S., Kim, Y. H., Kim, S. H., Kim, J.
H., Mizoguchi, A., Itoh, T. J., et al. (2006). RGS2 promotes formation of neurites
by stimulating microtubule polymerization. Cell Signal 18, 2182-2192.
Hepler, J. R., Berman, D. M., Gilman, A. G., and Kozasa, T. (1997). RGS4 and
GAIP are GTPase-activating proteins for Gq alpha and block activation of

132

phospholipase C beta by gamma-thio-GTP-Gq alpha. Proc Natl Acad Sci U S A
94, 428-432.
Hercule, H. C., Tank, J., Plehm, R., Wellner, M., da Costa Goncalves, A. C.,
Gollasch, M., Diedrich, A., Jordan, J., Luft, F. C., and Gross, V. (2007). Regulator
of G protein signalling 2 ameliorates angiotensin II-induced hypertension in mice.
Exp Physiol 92, 1014-1022.
Heximer, S. P., Cristillo, A. D., and Forsdyke, D. R. (1997a). Comparison of
mRNA expression of two regulators of G-protein signaling, RGS1/BL34/1R20
and RGS2/G0S8, in cultured human blood mononuclear cells. DNA Cell Biol 16,
589-598.
Heximer, S. P., Knutsen, R. H., Sun, X., Kaltenbronn, K. M., Rhee, M. H., Peng,
N., Oliveira-dos-Santos, A., Penninger, J. M., Muslin, A. J., Steinberg, T. H., et al.
(2003). Hypertension and prolonged vasoconstrictor signaling in RGS2-deficient
mice. J Clin Invest 111, 1259.
Heximer, S. P., Lim, H., Bernard, J. L., and Blumer, K. J. (2001). Mechanisms
governing subcellular localization and function of human RGS2. J Biol Chem 276,
14195-14203.
Heximer, S. P., Srinivasa, S. P., Bernstein, L. S., Bernard, J. L., Linder, M. E.,
Hepler, J. R., and Blumer, K. J. (1999). G protein selectivity is a determinant of
RGS2 function. J Biol Chem 274, 34253-34259.
Heximer, S. P., Watson, N., Linder, M. E., Blumer, K. J., and Hepler, J. R.
(1997b). RGS2/G0S8 is a selective inhibitor of Gqalpha function. Proc Natl Acad
Sci U S A 94, 14389-14393.
Hirano, Y., Shichijo, M., Deguchi, M., Nagira, M., Suzuki, N., Nishitani, Y., Hattori,
M., and Arimura, A. (2007). Synergistic effect of PGD2 via prostanoid DP
receptor on TNF-alpha-induced production of MCP-1 and IL-8 in human
monocytic THP-1 cells. Eur J Pharmacol 560, 81-88.
Hla, T. (2003). Signaling and biological actions of sphingosine 1-phosphate.
Pharmacol Res 47, 401-407.
Hollinger, S., and Hepler, J. R. (2002). Cellular regulation of RGS proteins:
modulators and integrators of G protein signaling. Pharmacol Rev 54, 527-559.
Holmes, R., and Zuniga-Pflucker, J. C. (2009). The OP9-DL1 system: generation
of T-lymphocytes from embryonic or hematopoietic stem cells in vitro. Cold
Spring Harb Protoc 2009, pdb prot5156.

133

Homme, M., Schmitt, C. P., Himmele, R., Hoffmann, G. F., Mehls, O., and
Schaefer, F. (2003). Vitamin D and dexamethasone inversely regulate
parathyroid hormone-induced regulator of G protein signaling-2 expression in
osteoblast-like cells. Endocrinology 144, 2496-2504.
Huang, B., Lei, Z., Zhao, J., Gong, W., Liu, J., Chen, Z., Liu, Y., Li, D., Yuan, Y.,
Zhang, G. M., and Feng, Z. H. (2007a). CCL2/CCR2 pathway mediates
recruitment of myeloid suppressor cells to cancers. Cancer Lett 252, 86-92.
Huang, Y., Chen, X., Dikov, M. M., Novitskiy, S. V., Mosse, C. A., Yang, L., and
Carbone, D. P. (2007b). Distinct roles of VEGFR-1 and VEGFR-2 in the aberrant
hematopoiesis associated with elevated levels of VEGF. Blood 110, 624-631.
Hughes, J. E., Srinivasan, S., Lynch, K. R., Proia, R. L., Ferdek, P., and Hedrick,
C. C. (2008). Sphingosine-1-phosphate induces an antiinflammatory phenotype
in macrophages. Circ Res 102, 950-958.
Idzko, M., Panther, E., Corinti, S., Morelli, A., Ferrari, D., Herouy, Y., Dichmann,
S., Mockenhaupt, M., Gebicke-Haerter, P., Di Virgilio, F., et al. (2002).
Sphingosine 1-phosphate induces chemotaxis of immature and modulates
cytokine-release in mature human dendritic cells for emergence of Th2 immune
responses. FASEB J 16, 625-627.
Ikeda, M., Inoue, S., Muramatsu, M., and Minatogawa, Y. (2007).
Characterization and identification of a steroid receptor-binding protein, SRBRGS. Biol Pharm Bull 30, 1056-1064.
Imagawa, M., Tsuchiya, T., and Nishihara, T. (1999). Identification of inducible
genes at the early stage of adipocyte differentiation of 3T3-L1 cells. Biochem
Biophys Res Commun 254, 299-305.
Ingi, T., Krumins, A. M., Chidiac, P., Brothers, G. M., Chung, S., Snow, B. E.,
Barnes, C. A., Lanahan, A. A., Siderovski, D. P., Ross, E. M., et al. (1998).
Dynamic regulation of RGS2 suggests a novel mechanism in G-protein signaling
and neuronal plasticity. J Neurosci 18, 7178-7188.
Iwamoto, M., Osajima, A., Tamura, M., Suda, T., Ota, T., Kanegae, K., Watanabe,
Y., Kabashima, N., Anai, H., and Nakashima, Y. (2003). Adrenomedullin inhibits
pressure-induced mesangial MCP-1 expression through activation of protein
kinase A. J Nephrol 16, 673-681.
James, C. G., Appleton, C. T., Ulici, V., Underhill, T. M., and Beier, F. (2005).
Microarray analyses of gene expression during chondrocyte differentiation
identifies novel regulators of hypertrophy. Mol Biol Cell 16, 5316-5333.

134

Jensen, S. A., Hasbak, P., Mortensen, J., and Sorensen, J. B. (2010).
Fluorouracil induces myocardial ischemia with increases of plasma brain
natriuretic peptide and lactic acid but without dysfunction of left ventricle. J Clin
Oncol 28, 5280-5286.
Jiang, Z., Wang, Z., Xu, Y., Wang, B., Huang, W., and Cai, S. (2010). Analysis of
RGS2 expression and prognostic significance in stage II and III colorectal cancer.
Biosci Rep 30, 383-390.
Jin, Y., Knudsen, E., Wang, L., Bryceson, Y., Damaj, B., Gessani, S., and
Maghazachi, A. A. (2003). Sphingosine 1-phosphate is a novel inhibitor of T-cell
proliferation. Blood 101, 4909-4915.
Jo, D. Y., Rafii, S., Hamada, T., and Moore, M. A. (2000). Chemotaxis of
primitive hematopoietic cells in response to stromal cell-derived factor-1. J Clin
Invest 105, 101-111.
Johansson, M., Denardo, D. G., and Coussens, L. M. (2008). Polarized immune
responses differentially regulate cancer development. Immunol Rev 222, 145154.
Karpus, W. J., Kennedy, K. J., Kunkel, S. L., and Lukacs, N. W. (1998).
Monocyte chemotactic protein 1 regulates oral tolerance induction by inhibition of
T helper cell 1-related cytokines. J Exp Med 187, 733-741.
Karpus, W. J., Lukacs, N. W., Kennedy, K. J., Smith, W. S., Hurst, S. D., and
Barrett, T. A. (1997). Differential CC chemokine-induced enhancement of T
helper cell cytokine production. J Immunol 158, 4129-4136.
Kehrl, J. H., and Sinnarajah, S. (2002). RGS2: a multifunctional regulator of Gprotein signaling. Int J Biochem Cell Biol 34, 432-438.
Kim, S. D., Lee, W. M., Suk, K., Park, S. C., Kim, S. K., Cho, J. Y., and Rhee, M.
H. (2006). Mechanism of isoproterenol-induced RGS2 up-regulation in astrocytes.
Biochem Biophys Res Commun 349, 408-415.
Kim, S. H., Shin, K. J., Kim, D., Kim, Y. H., Han, M. S., Lee, T. G., Kim, E., Ryu,
S. H., and Suh, P. G. (2003). Luteolin inhibits the nuclear factor-kappa B
transcriptional activity in Rat-1 fibroblasts. Biochem Pharmacol 66, 955-963.
Kitagawa, K., Wada, T., Furuichi, K., Hashimoto, H., Ishiwata, Y., Asano, M.,
Takeya, M., Kuziel, W. A., Matsushima, K., Mukaida, N., and Yokoyama, H.
(2004). Blockade of CCR2 ameliorates progressive fibrosis in kidney. Am J
Pathol 165, 237-246.

135

Ko, H. J., Kim, Y. J., Kim, Y. S., Chang, W. S., Ko, S. Y., Chang, S. Y.,
Sakaguchi, S., and Kang, C. Y. (2007). A combination of chemoimmunotherapies
can efficiently break self-tolerance and induce antitumor immunity in a
tolerogenic murine tumor model. Cancer Res 67, 7477-7486.
Ko, J. S., Zea, A. H., Rini, B. I., Ireland, J. L., Elson, P., Cohen, P., Golshayan, A.,
Rayman, P. A., Wood, L., Garcia, J., et al. (2009). Sunitinib mediates reversal of
myeloid-derived suppressor cell accumulation in renal cell carcinoma patients.
Clin Cancer Res 15, 2148-2157.
Koelle, M. R., and Horvitz, H. R. (1996). EGL-10 regulates G protein signaling in
the C. elegans nervous system and shares a conserved domain with many
mammalian proteins. Cell 84, 115-125.
Koenen, K. C., Amstadter, A. B., Ruggiero, K. J., Acierno, R., Galea, S.,
Kilpatrick, D. G., and Gelernter, J. (2009). RGS2 and generalized anxiety
disorder in an epidemiologic sample of hurricane-exposed adults. Depress
Anxiety 26, 309-315.
Kofler, S., Nickel, T., and Weis, M. (2005). Role of cytokines in cardiovascular
diseases: a focus on endothelial responses to inflammation. Clin Sci (Lond) 108,
205-213.
Kohno, T., and Igarashi, Y. (2008). Attenuation of cell motility observed with high
doses of sphingosine 1-phosphate or phosphorylated FTY720 involves RGS2
through its interactions with the receptor S1P. Genes Cells 13, 747-757.
Kohno, T., Matsuyuki, H., Inagaki, Y., and Igarashi, Y. (2003). Sphingosine 1phosphate promotes cell migration through the activation of Cdc42 in Edg6/S1P4-expressing cells. Genes Cells 8, 685-697.
Kondo, M., Weissman, I. L., and Akashi, K. (1997). Identification of clonogenic
common lymphoid progenitors in mouse bone marrow. Cell 91, 661-672.
Kopp, H. G., Avecilla, S. T., Hooper, A. T., and Rafii, S. (2005). The bone marrow
vascular niche: home of HSC differentiation and mobilization. Physiology
(Bethesda) 20, 349-356.
Koshiji, M., Kageyama, Y., Pete, E. A., Horikawa, I., Barrett, J. C., and Huang, L.
E. (2004). HIF-1alpha induces cell cycle arrest by functionally counteracting Myc.
EMBO J 23, 1949-1956.
Kubota, Y., Takubo, K., and Suda, T. (2008). Bone marrow long label-retaining
cells reside in the sinusoidal hypoxic niche. Biochem Biophys Res Commun 366,
335-339.

136

Kujawski, M., Kortylewski, M., Lee, H., Herrmann, A., Kay, H., and Yu, H. (2008).
Stat3 mediates myeloid cell-dependent tumor angiogenesis in mice. J Clin Invest
118, 3367-3377.
Kusmartsev, S., Cheng, F., Yu, B., Nefedova, Y., Sotomayor, E., Lush, R., and
Gabrilovich, D. (2003). All-trans-retinoic acid eliminates immature myeloid cells
from tumor-bearing mice and improves the effect of vaccination. Cancer Res 63,
4441-4449.
Kusmartsev, S., and Gabrilovich, D. I. (2002). Immature myeloid cells and
cancer-associated immune suppression. Cancer Immunol Immunother 51, 293298.
Kusmartsev, S., and Gabrilovich, D. I. (2003). Inhibition of myeloid cell
differentiation in cancer: the role of reactive oxygen species. J Leukoc Biol 74,
186-196.
Kusmartsev, S., and Gabrilovich, D. I. (2005). STAT1 signaling regulates tumorassociated macrophage-mediated T cell deletion. J Immunol 174, 4880-4891.
Kusmartsev, S., Nagaraj, S., and Gabrilovich, D. I. (2005). Tumor-associated
CD8+ T cell tolerance induced by bone marrow-derived immature myeloid cells. J
Immunol 175, 4583-4592.
Kusmartsev, S., Nefedova, Y., Yoder, D., and Gabrilovich, D. I. (2004). Antigenspecific inhibition of CD8+ T cell response by immature myeloid cells in cancer is
mediated by reactive oxygen species. J Immunol 172, 989-999.
Kusmartsev, S. A., Li, Y., and Chen, S. H. (2000). Gr-1+ myeloid cells derived
from tumor-bearing mice inhibit primary T cell activation induced through
CD3/CD28 costimulation. J Immunol 165, 779-785.
Kveberg, L., Ryan, J. C., Rolstad, B., and Inngjerdingen, M. (2005). Expression
of regulator of G protein signalling proteins in natural killer cells, and their
modulation by Ly49A and Ly49D. Immunology 115, 358-365.
Lai, A. Y., and Kondo, M. (2006). Asymmetrical lymphoid and myeloid lineage
commitment in multipotent hematopoietic progenitors. J Exp Med 203, 18671873.
Lai, A. Y., Lin, S. M., and Kondo, M. (2005). Heterogeneity of Flt3-expressing
multipotent progenitors in mouse bone marrow. J Immunol 175, 5016-5023.
Laiosa, C. V., Stadtfeld, M., and Graf, T. (2006). Determinants of lymphoidmyeloid lineage diversification. Annu Rev Immunol 24, 705-738.

137

LaMontagne, K., Littlewood-Evans, A., Schnell, C., O'Reilly, T., Wyder, L.,
Sanchez, T., Probst, B., Butler, J., Wood, A., Liau, G., et al. (2006). Antagonism
of sphingosine-1-phosphate receptors by FTY720 inhibits angiogenesis and
tumor vascularization. Cancer Res 66, 221-231.
Lapidot, T., and Petit, I. (2002). Current understanding of stem cell mobilization:
the roles of chemokines, proteolytic enzymes, adhesion molecules, cytokines,
and stromal cells. Exp Hematol 30, 973-981.
Larramendy, M. L., Niini, T., Elonen, E., Nagy, B., Ollila, J., Vihinen, M., and
Knuutila, S. (2002). Overexpression of translocation-associated fusion genes of
FGFRI, MYC, NPMI, and DEK, but absence of the translocations in acute
myeloid leukemia. A microarray analysis. Haematologica 87, 569-577.
Ledgerwood, L. G., Lal, G., Zhang, N., Garin, A., Esses, S. J., Ginhoux, F.,
Merad, M., Peche, H., Lira, S. A., Ding, Y., et al. (2008). The sphingosine 1phosphate receptor 1 causes tissue retention by inhibiting the entry of peripheral
tissue T lymphocytes into afferent lymphatics. Nat Immunol 9, 42-53.
Lee, H. K., Yeo, S., Kim, J. S., Lee, J. G., Bae, Y. S., Lee, C., and Baek, S. H.
(2010). Protein kinase C-eta and phospholipase D2 pathway regulates foam cell
formation via regulator of G protein signaling 2. Mol Pharmacol 78, 478-485.
Lenny, N., Westendorf, J. J., and Hiebert, S. W. (1997). Transcriptional
regulation during myelopoiesis. Mol Biol Rep 24, 157-168.
Levesque, J. P., Helwani, F. M., and Winkler, I. G. (2010). The endosteal
'osteoblastic' niche and its role in hematopoietic stem cell homing and
mobilization. Leukemia 24, 1979-1992.
Levesque, J. P., Hendy, J., Takamatsu, Y., Simmons, P. J., and Bendall, L. J.
(2003). Disruption of the CXCR4/CXCL12 chemotactic interaction during
hematopoietic stem cell mobilization induced by GCSF or cyclophosphamide. J
Clin Invest 111, 187-196.
Leygraf, A., Hohoff, C., Freitag, C., Willis-Owen, S. A., Krakowitzky, P., Fritze, J.,
Franke, P., Bandelow, B., Fimmers, R., Flint, J., and Deckert, J. (2006). Rgs 2
gene polymorphisms as modulators of anxiety in humans? J Neural Transm 113,
1921-1925.
Li, N. F., Zhang, J. H., Yang, J., Zhou, L., Luo, W. L., Guo, Y. Y., Yao, X. G.,
Wang, H. M., and Chang, J. H. (2010). Association of genetic variations of
regulator of G-protein signaling 2 with hypertension in the general Xinjiang
Kazakh population. Clin Exp Hypertens 32, 256-261.

138

Li, Q., Pan, P. Y., Gu, P., Xu, D., and Chen, S. H. (2004). Role of immature
myeloid Gr-1+ cells in the development of antitumor immunity. Cancer Res 64,
1130-1139.
Liu, C., Yu, S., Kappes, J., Wang, J., Grizzle, W. E., Zinn, K. R., and Zhang, H. G.
(2007). Expansion of spleen myeloid suppressor cells represses NK cell
cytotoxicity in tumor-bearing host. Blood 109, 4336-4342.
Lo Celso, C., Fleming, H. E., Wu, J. W., Zhao, C. X., Miake-Lye, S., Fujisaki, J.,
Cote, D., Rowe, D. W., Lin, C. P., and Scadden, D. T. (2009). Live-animal
tracking of individual haematopoietic stem/progenitor cells in their niche. Nature
457, 92-96.
Loberg, R. D., Day, L. L., Harwood, J., Ying, C., St John, L. N., Giles, R., Neeley,
C. K., and Pienta, K. J. (2006). CCL2 is a potent regulator of prostate cancer cell
migration and proliferation. Neoplasia 8, 578-586.
Loetscher, P., Seitz, M., Baggiolini, M., and Moser, B. (1996). Interleukin-2
regulates CC chemokine receptor expression and chemotactic responsiveness in
T lymphocytes. J Exp Med 184, 569-577.
Lu, B., Rutledge, B. J., Gu, L., Fiorillo, J., Lukacs, N. W., Kunkel, S. L., North, R.,
Gerard, C., and Rollins, B. J. (1998). Abnormalities in monocyte recruitment and
cytokine expression in monocyte chemoattractant protein 1-deficient mice. J Exp
Med 187, 601-608.
Luther, S. A., and Cyster, J. G. (2001). Chemokines as regulators of T cell
differentiation. Nat Immunol 2, 102-107.
Lyden, D., Hattori, K., Dias, S., Costa, C., Blaikie, P., Butros, L., Chadburn, A.,
Heissig, B., Marks, W., Witte, L., et al. (2001). Impaired recruitment of bonemarrow-derived endothelial and hematopoietic precursor cells blocks tumor
angiogenesis and growth. Nat Med 7, 1194-1201.
Matsuyuki, H., Maeda, Y., Yano, K., Sugahara, K., Chiba, K., Kohno, T., and
Igarashi, Y. (2006). Involvement of sphingosine 1-phosphate (S1P) receptor type
1 and type 4 in migratory response of mouse T cells toward S1P. Cell Mol
Immunol 3, 429-437.
Mauch, P., and Hellman, S. (1989). Loss of hematopoietic stem cell self-renewal
after bone marrow transplantation. Blood 74, 872-875.
Mazzoni, A., Bronte, V., Visintin, A., Spitzer, J. H., Apolloni, E., Serafini, P.,
Zanovello, P., and Segal, D. M. (2002). Myeloid suppressor lines inhibit T cell
responses by an NO-dependent mechanism. J Immunol 168, 689-695.

139

McCudden, C. R., Hains, M. D., Kimple, R. J., Siderovski, D. P., and Willard, F. S.
(2005). G-protein signaling: back to the future. Cell Mol Life Sci 62, 551-577.
Melani, C., Chiodoni, C., Forni, G., and Colombo, M. P. (2003). Myeloid cell
expansion elicited by the progression of spontaneous mammary carcinomas in cerbB-2 transgenic BALB/c mice suppresses immune reactivity. Blood 102, 21382145.
Melgarejo, E., Medina, M. A., Sanchez-Jimenez, F., and Urdiales, J. L. (2009).
Monocyte chemoattractant protein-1: a key mediator in inflammatory processes.
Int J Biochem Cell Biol 41, 998-1001.
Memon, R. A., Holleran, W. M., Moser, A. H., Seki, T., Uchida, Y., Fuller, J.,
Shigenaga, J. K., Grunfeld, C., and Feingold, K. R. (1998). Endotoxin and
cytokines increase hepatic sphingolipid biosynthesis and produce lipoproteins
enriched in ceramides and sphingomyelin. Arterioscler Thromb Vasc Biol 18,
1257-1265.
Miles, R. R., Sluka, J. P., Santerre, R. F., Hale, L. V., Bloem, L., Boguslawski, G.,
Thirunavukkarasu, K., Hock, J. M., and Onyia, J. E. (2000). Dynamic regulation
of RGS2 in bone: potential new insights into parathyroid hormone signaling
mechanisms. Endocrinology 141, 28-36.
Mirza, N., Fishman, M., Fricke, I., Dunn, M., Neuger, A. M., Frost, T. J., Lush, R.
M., Antonia, S., and Gabrilovich, D. I. (2006). All-trans-retinoic acid improves
differentiation of myeloid cells and immune response in cancer patients. Cancer
Res 66, 9299-9307.
Mohle, R., Bautz, F., Rafii, S., Moore, M. A., Brugger, W., and Kanz, L. (1998).
The chemokine receptor CXCR-4 is expressed on CD34+ hematopoietic
progenitors and leukemic cells and mediates transendothelial migration induced
by stromal cell-derived factor-1. Blood 91, 4523-4530.
Morrison, S. J., Wright, D. E., and Weissman, I. L. (1997).
Cyclophosphamide/granulocyte colony-stimulating factor induces hematopoietic
stem cells to proliferate prior to mobilization. Proc Natl Acad Sci U S A 94, 19081913.
Mouri, K., Hishimoto, A., Fukutake, M., Nishiguchi, N., Shirakawa, O., and Maeda,
K. (2010). Association study of RGS2 gene polymorphisms with panic disorder in
Japanese. Kobe J Med Sci 55, E116-121.
Movahedi, K., Guilliams, M., Van den Bossche, J., Van den Bergh, R.,
Gysemans, C., Beschin, A., De Baetselier, P., and Van Ginderachter, J. A.
(2008). Identification of discrete tumor-induced myeloid-derived suppressor cell
subpopulations with distinct T cell-suppressive activity. Blood 111, 4233-4244.

140

Muinos-Gimeno, M., Espinosa-Parrilla, Y., Guidi, M., Kagerbauer, B., Sipila, T.,
Maron, E., Pettai, K., Kananen, L., Navines, R., Martin-Santos, R., et al. (2010).
Human microRNAs miR-22, miR-138-2, miR-148a, and miR-488 Are Associated
with Panic Disorder and Regulate Several Anxiety Candidate Genes and Related
Pathways. Biol Psychiatry.
Muller, H., Hofer, S., Kaneider, N., Neuwirt, H., Mosheimer, B., Mayer, G.,
Konwalinka, G., Heufler, C., and Tiefenthaler, M. (2005). The immunomodulator
FTY720 interferes with effector functions of human monocyte-derived dendritic
cells. Eur J Immunol 35, 533-545.
Murdoch, C., Muthana, M., Coffelt, S. B., and Lewis, C. E. (2008). The role of
myeloid cells in the promotion of tumour angiogenesis. Nat Rev Cancer 8, 618631.
Nagaraj, S., Gupta, K., Pisarev, V., Kinarsky, L., Sherman, S., Kang, L., Herber,
D. L., Schneck, J., and Gabrilovich, D. I. (2007). Altered recognition of antigen is
a mechanism of CD8+ T cell tolerance in cancer. Nat Med 13, 828-835.
Nguyen, C. H., Ming, H., Zhao, P., Hugendubler, L., Gros, R., Kimball, S. R., and
Chidiac, P. (2009). Translational control by RGS2. J Cell Biol 186, 755-765.
Ni, J., Qu, L., Yang, H., Wang, M., and Huang, Y. (2006). Palmitoylation and its
effect on the GTPase-activating activity and conformation of RGS2. Int J
Biochem Cell Biol 38, 2209-2218.
Nilsson, S. K., Johnston, H. M., and Coverdale, J. A. (2001). Spatial localization
of transplanted hemopoietic stem cells: inferences for the localization of stem cell
niches. Blood 97, 2293-2299.
Nishizuka, M., Honda, K., Tsuchiya, T., Nishihara, T., and Imagawa, M. (2001).
RGS2 promotes adipocyte differentiation in the presence of ligand for
peroxisome proliferator-activated receptor gamma. J Biol Chem 276, 2962529627.
Noonan, D. M., De Lerma Barbaro, A., Vannini, N., Mortara, L., and Albini, A.
(2008). Inflammation, inflammatory cells and angiogenesis: decisions and
indecisions. Cancer Metastasis Rev 27, 31-40.
Nozawa, H., Chiu, C., and Hanahan, D. (2006). Infiltrating neutrophils mediate
the initial angiogenic switch in a mouse model of multistage carcinogenesis. Proc
Natl Acad Sci U S A 103, 12493-12498.
Obst, M., Tank, J., Plehm, R., Blumer, K. J., Diedrich, A., Jordan, J., Luft, F. C.,
and Gross, V. (2006). NO-dependent blood pressure regulation in RGS2deficient mice. Am J Physiol Regul Integr Comp Physiol 290, R1012-1019.

141

Okamoto, R., Ueno, M., Yamada, Y., Takahashi, N., Sano, H., Suda, T., and
Takakura, N. (2005). Hematopoietic cells regulate the angiogenic switch during
tumorigenesis. Blood 105, 2757-2763.
Oliveira-Dos-Santos, A. J., Matsumoto, G., Snow, B. E., Bai, D., Houston, F. P.,
Whishaw, I. Q., Mariathasan, S., Sasaki, T., Wakeham, A., Ohashi, P. S., et al.
(2000). Regulation of T cell activation, anxiety, and male aggression by RGS2.
Proc Natl Acad Sci U S A 97, 12272-12277.
Olsson, A. K., Dimberg, A., Kreuger, J., and Claesson-Welsh, L. (2006). VEGF
receptor signalling - in control of vascular function. Nat Rev Mol Cell Biol 7, 359371.
Osei-Owusu, P., Sun, X., Drenan, R. M., Steinberg, T. H., and Blumer, K. J.
(2007). Regulation of RGS2 and second messenger signaling in vascular smooth
muscle cells by cGMP-dependent protein kinase. J Biol Chem 282, 31656-31665.
Park, C., Ma, Y. D., and Choi, K. (2005). Evidence for the hemangioblast. Exp
Hematol 33, 965-970.
Park, I. K., He, Y., Lin, F., Laerum, O. D., Tian, Q., Bumgarner, R., Klug, C. A., Li,
K., Kuhr, C., Doyle, M. J., et al. (2002). Differential gene expression profiling of
adult murine hematopoietic stem cells. Blood 99, 488-498.
Parmar, K., Mauch, P., Vergilio, J. A., Sackstein, R., and Down, J. D. (2007).
Distribution of hematopoietic stem cells in the bone marrow according to regional
hypoxia. Proc Natl Acad Sci U S A 104, 5431-5436.
Patenaude, A., Parker, J., and Karsan, A. (2010). Involvement of endothelial
progenitor cells in tumor vascularization. Microvasc Res 79, 217-223.
Peled, A., Petit, I., Kollet, O., Magid, M., Ponomaryov, T., Byk, T., Nagler, A.,
Ben-Hur, H., Many, A., Shultz, L., et al. (1999). Dependence of human stem cell
engraftment and repopulation of NOD/SCID mice on CXCR4. Science 283, 845848.
Pepperl, D. J., Shah-Basu, S., VanLeeuwen, D., Granneman, J. G., and
MacKenzie, R. G. (1998). Regulation of RGS mRNAs by cAMP in PC12 cells.
Biochem Biophys Res Commun 243, 52-55.
Peranzoni, E., Zilio, S., Marigo, I., Dolcetti, L., Zanovello, P., Mandruzzato, S.,
and Bronte, V. (2010). Myeloid-derived suppressor cell heterogeneity and subset
definition. Curr Opin Immunol 22, 238-244.
Pereira, S. G., and Oakley, F. (2008). Nuclear factor-kappaB1: regulation and
function. Int J Biochem Cell Biol 40, 1425-1430.

142

Petit, I., Szyper-Kravitz, M., Nagler, A., Lahav, M., Peled, A., Habler, L.,
Ponomaryov, T., Taichman, R. S., Arenzana-Seisdedos, F., Fujii, N., et al. (2002).
G-CSF induces stem cell mobilization by decreasing bone marrow SDF-1 and
up-regulating CXCR4. Nat Immunol 3, 687-694.
Pollard, J. W. (2004). Tumour-educated macrophages promote tumour
progression and metastasis. Nat Rev Cancer 4, 71-78.
Prins, R. M., Scott, G. P., Merchant, R. E., and Graf, M. R. (2002). Irradiated
tumor cell vaccine for treatment of an established glioma. II. Expansion of
myeloid suppressor cells that promote tumor progression. Cancer Immunol
Immunother 51, 190-199.
Proost, P., Wuyts, A., and Van Damme, J. (1996). Human monocyte chemotactic
proteins-2 and -3: structural and functional comparison with MCP-1. J Leukoc
Biol 59, 67-74.
Rajantie, I., Ilmonen, M., Alminaite, A., Ozerdem, U., Alitalo, K., and Salven, P.
(2004). Adult bone marrow-derived cells recruited during angiogenesis comprise
precursors for periendothelial vascular mural cells. Blood 104, 2084-2086.
Raman, D., Baugher, P. J., Thu, Y. M., and Richmond, A. (2007). Role of
chemokines in tumor growth. Cancer Lett 256, 137-165.
Reif, K., and Cyster, J. G. (2000). RGS molecule expression in murine B
lymphocytes and ability to down-regulate chemotaxis to lymphoid chemokines. J
Immunol 164, 4720-4729.
Riddle, E. L., Rana, B. K., Murthy, K. K., Rao, F., Eskin, E., O'Connor, D. T., and
Insel, P. A. (2006). Polymorphisms and haplotypes of the regulator of G protein
signaling-2 gene in normotensives and hypertensives. Hypertension 47, 415-420.
Riekenberg, S., Farhat, K., Debarry, J., Heine, H., Jung, G., Wiesmuller, K. H.,
and Ulmer, A. J. (2009). Regulators of G-protein signalling are modulated by
bacterial lipopeptides and lipopolysaccharide. FEBS J 276, 649-659.
Rivera, J., Proia, R. L., and Olivera, A. (2008). The alliance of sphingosine-1phosphate and its receptors in immunity. Nat Rev Immunol 8, 753-763.
Rodriguez, P. C., Hernandez, C. P., Quiceno, D., Dubinett, S. M., Zabaleta, J.,
Ochoa, J. B., Gilbert, J., and Ochoa, A. C. (2005). Arginase I in myeloid
suppressor cells is induced by COX-2 in lung carcinoma. J Exp Med 202, 931939.

143

Rodriguez, P. C., and Ochoa, A. C. (2008). Arginine regulation by myeloid
derived suppressor cells and tolerance in cancer: mechanisms and therapeutic
perspectives. Immunol Rev 222, 180-191.
Rollins, B. J. (1997). Chemokines. Blood 90, 909-928.
Rollins, B. J., Walz, A., and Baggiolini, M. (1991). Recombinant human MCP1/JE induces chemotaxis, calcium flux, and the respiratory burst in human
monocytes. Blood 78, 1112-1116.
Rosen, H., and Goetzl, E. J. (2005). Sphingosine 1-phosphate and its receptors:
an autocrine and paracrine network. Nat Rev Immunol 5, 560-570.
Ross, E. M., and Wilkie, T. M. (2000). GTPase-activating proteins for
heterotrimeric G proteins: regulators of G protein signaling (RGS) and RGS-like
proteins. Annu Rev Biochem 69, 795-827.
Roy, A. A., Baragli, A., Bernstein, L. S., Hepler, J. R., Hebert, T. E., and Chidiac,
P. (2006a). RGS2 interacts with Gs and adenylyl cyclase in living cells. Cell
Signal 18, 336-348.
Roy, A. A., Lemberg, K. E., and Chidiac, P. (2003). Recruitment of RGS2 and
RGS4 to the plasma membrane by G proteins and receptors reflects functional
interactions. Mol Pharmacol 64, 587-593.
Roy, A. A., Nunn, C., Ming, H., Zou, M. X., Penninger, J., Kirshenbaum, L. A.,
Dixon, S. J., and Chidiac, P. (2006b). Up-regulation of endogenous RGS2
mediates cross-desensitization between Gs and Gq signaling in osteoblasts. J
Biol Chem 281, 32684-32693.
Salcedo, R., Ponce, M. L., Young, H. A., Wasserman, K., Ward, J. M., Kleinman,
H. K., Oppenheim, J. J., and Murphy, W. J. (2000). Human endothelial cells
express CCR2 and respond to MCP-1: direct role of MCP-1 in angiogenesis and
tumor progression. Blood 96, 34-40.
Salim, S., Sinnarajah, S., Kehrl, J. H., and Dessauer, C. W. (2003). Identification
of RGS2 and type V adenylyl cyclase interaction sites. J Biol Chem 278, 1584215849.
Sawanobori, Y., Ueha, S., Kurachi, M., Shimaoka, T., Talmadge, J. E., Abe, J.,
Shono, Y., Kitabatake, M., Kakimi, K., Mukaida, N., and Matsushima, K. (2008).
Chemokine-mediated rapid turnover of myeloid-derived suppressor cells in
tumor-bearing mice. Blood 111, 5457-5466.
Schmeisser, A., Garlichs, C. D., Zhang, H., Eskafi, S., Graffy, C., Ludwig, J.,
Strasser, R. H., and Daniel, W. G. (2001). Monocytes coexpress endothelial and

144

macrophagocytic lineage markers and form cord-like structures in Matrigel under
angiogenic conditions. Cardiovasc Res 49, 671-680.
Schoeber, J. P., Topala, C. N., Wang, X., Diepens, R. J., Lambers, T. T.,
Hoenderop, J. G., and Bindels, R. J. (2006). RGS2 inhibits the epithelial Ca2+
channel TRPV6. J Biol Chem 281, 29669-29674.
Schroer, N., Pahne, J., Walch, B., Wickenhauser, C., and Smola, S. (2011).
Molecular pathobiology of human cervical high-grade lesions: paracrine STAT3
activation in tumor-instructed myeloid cells drives local MMP-9 expression.
Cancer Res 71, 87-97.
Schwable, J., Choudhary, C., Thiede, C., Tickenbrock, L., Sargin, B., Steur, C.,
Rehage, M., Rudat, A., Brandts, C., Berdel, W. E., et al. (2005). RGS2 is an
important target gene of Flt3-ITD mutations in AML and functions in myeloid
differentiation and leukemic transformation. Blood 105, 2107-2114.
Serafini, P., Borrello, I., and Bronte, V. (2006a). Myeloid suppressor cells in
cancer: recruitment, phenotype, properties, and mechanisms of immune
suppression. Semin Cancer Biol 16, 53-65.
Serafini, P., Carbley, R., Noonan, K. A., Tan, G., Bronte, V., and Borrello, I.
(2004a). High-dose granulocyte-macrophage colony-stimulating factor-producing
vaccines impair the immune response through the recruitment of myeloid
suppressor cells. Cancer Res 64, 6337-6343.
Serafini, P., De Santo, C., Marigo, I., Cingarlini, S., Dolcetti, L., Gallina, G.,
Zanovello, P., and Bronte, V. (2004b). Derangement of immune responses by
myeloid suppressor cells. Cancer Immunol Immunother 53, 64-72.
Serafini, P., Meckel, K., Kelso, M., Noonan, K., Califano, J., Koch, W., Dolcetti, L.,
Bronte, V., and Borrello, I. (2006b). Phosphodiesterase-5 inhibition augments
endogenous antitumor immunity by reducing myeloid-derived suppressor cell
function. J Exp Med 203, 2691-2702.
Serafini, P., Mgebroff, S., Noonan, K., and Borrello, I. (2008). Myeloid-derived
suppressor cells promote cross-tolerance in B-cell lymphoma by expanding
regulatory T cells. Cancer Res 68, 5439-5449.
Shankaranarayanan, A., Thal, D. M., Tesmer, V. M., Roman, D. L., Neubig, R. R.,
Kozasa, T., and Tesmer, J. J. (2008). Assembly of high order G alpha q-effector
complexes with RGS proteins. J Biol Chem 283, 34923-34934.
Shaw, J. P., Basch, R., and Shamamian, P. (2004). Hematopoietic stem cells
and endothelial cell precursors express Tie-2, CD31 and CD45. Blood Cells Mol
Dis 32, 168-175.

145

Shi, G. X., Harrison, K., Han, S. B., Moratz, C., and Kehrl, J. H. (2004). Toll-like
receptor signaling alters the expression of regulator of G protein signaling
proteins in dendritic cells: implications for G protein-coupled receptor signaling. J
Immunol 172, 5175-5184.
Shin, N., Baribaud, F., Wang, K., Yang, G., Wynn, R., Covington, M. B., Feldman,
P., Gallagher, K. B., Leffet, L. M., Lo, Y. Y., et al. (2009). Pharmacological
characterization of INCB3344, a small molecule antagonist of human CCR2.
Biochem Biophys Res Commun 387, 251-255.
Shojaei, F., Wu, X., Malik, A. K., Zhong, C., Baldwin, M. E., Schanz, S., Fuh, G.,
Gerber, H. P., and Ferrara, N. (2007a). Tumor refractoriness to anti-VEGF
treatment is mediated by CD11b+Gr1+ myeloid cells. Nat Biotechnol 25, 911-920.
Shojaei, F., Wu, X., Zhong, C., Yu, L., Liang, X. H., Yao, J., Blanchard, D., Bais,
C., Peale, F. V., van Bruggen, N., et al. (2007b). Bv8 regulates myeloid-celldependent tumour angiogenesis. Nature 450, 825-831.
Siderovski, D. P., Blum, S., Forsdyke, R. E., and Forsdyke, D. R. (1990). A set of
human putative lymphocyte G0/G1 switch genes includes genes homologous to
rodent cytokine and zinc finger protein-encoding genes. DNA Cell Biol 9, 579-587.
Siderovski, D. P., Hessel, A., Chung, S., Mak, T. W., and Tyers, M. (1996). A
new family of regulators of G-protein-coupled receptors? Curr Biol 6, 211-212.
Siderovski, D. P., Heximer, S. P., and Forsdyke, D. R. (1994). A human gene
encoding a putative basic helix-loop-helix phosphoprotein whose mRNA
increases rapidly in cycloheximide-treated blood mononuclear cells. DNA Cell
Biol 13, 125-147.
Siehler, S., and Manning, D. R. (2002). Pathways of transduction engaged by
sphingosine 1-phosphate through G protein-coupled receptors. Biochim Biophys
Acta 1582, 94-99.
Sinha, P., Clements, V. K., Bunt, S. K., Albelda, S. M., and Ostrand-Rosenberg,
S. (2007a). Cross-talk between myeloid-derived suppressor cells and
macrophages subverts tumor immunity toward a type 2 response. J Immunol 179,
977-983.
Sinha, P., Clements, V. K., Fulton, A. M., and Ostrand-Rosenberg, S. (2007b).
Prostaglandin E2 promotes tumor progression by inducing myeloid-derived
suppressor cells. Cancer Res 67, 4507-4513.
Sinha, P., Clements, V. K., and Ostrand-Rosenberg, S. (2005). Reduction of
myeloid-derived suppressor cells and induction of M1 macrophages facilitate the
rejection of established metastatic disease. J Immunol 174, 636-645.

146

Sinnarajah, S., Dessauer, C. W., Srikumar, D., Chen, J., Yuen, J., Yilma, S.,
Dennis, J. C., Morrison, E. E., Vodyanoy, V., and Kehrl, J. H. (2001). RGS2
regulates signal transduction in olfactory neurons by attenuating activation of
adenylyl cyclase III. Nature 409, 1051-1055.
Sleeman, J., Schmid, A., and Thiele, W. (2009). Tumor lymphatics. Semin
Cancer Biol 19, 285-297.
Smalley, M. J., Iravani, M., Leao, M., Grigoriadis, A., Kendrick, H., Dexter, T.,
Fenwick, K., Regan, J. L., Britt, K., McDonald, S., et al. (2007). Regulator of Gprotein signalling 2 mRNA is differentially expressed in mammary epithelial
subpopulations and over-expressed in the majority of breast cancers. Breast
Cancer Res 9, R85.
Solheim, J. C., Reber, A. J., Ashour, A. E., Robinson, S., Futakuchi, M., Kurz, S.
G., Hood, K., Fields, R. R., Shafer, L. R., Cornell, D., et al. (2007). Spleen but not
tumor infiltration by dendritic and T cells is increased by intravenous adenovirusFlt3 ligand injection. Cancer Gene Ther 14, 364-371.
Song, L., De Sarno, P., and Jope, R. S. (1999). Muscarinic receptor stimulation
increases regulators of G-protein signaling 2 mRNA levels through a protein
kinase C-dependent mechanism. J Biol Chem 274, 29689-29693.
Song, L., and Jope, R. S. (2006). Cellular stress increases RGS2 mRNA and
decreases RGS4 mRNA levels in SH-SY5Y cells. Neurosci Lett 402, 205-209.
Song, L., Zmijewski, J. W., and Jope, R. S. (2001). RGS2: regulation of
expression and nuclear localization. Biochem Biophys Res Commun 283, 102106.
Song, Y., Altarejos, J., Goodarzi, M. O., Inoue, H., Guo, X., Berdeaux, R., Kim, J.
H., Goode, J., Igata, M., Paz, J. C., et al. (2010). CRTC3 links catecholamine
signalling to energy balance. Nature 468, 933-939.
Spiegel, S., and Milstien, S. (2003). Sphingosine-1-phosphate: an enigmatic
signalling lipid. Nat Rev Mol Cell Biol 4, 397-407.
Srinivasa, S. P., Watson, N., Overton, M. C., and Blumer, K. J. (1998).
Mechanism of RGS4, a GTPase-activating protein for G protein alpha subunits. J
Biol Chem 273, 1529-1533.
Srivastava, M. K., Sinha, P., Clements, V. K., Rodriguez, P., and OstrandRosenberg, S. (2010). Myeloid-derived suppressor cells inhibit T-cell activation
by depleting cystine and cysteine. Cancer Res 70, 68-77.

147

Stewart, T., Pavlakis, N., and Ward, M. (2010). Cardiotoxicity with 5-fluorouracil
and capecitabine: more than just vasospastic angina. Intern Med J 40, 303-307.
Su, A. I., Cooke, M. P., Ching, K. A., Hakak, Y., Walker, J. R., Wiltshire, T., Orth,
A. P., Vega, R. G., Sapinoso, L. M., Moqrich, A., et al. (2002). Large-scale
analysis of the human and mouse transcriptomes. Proc Natl Acad Sci U S A 99,
4465-4470.
Sullivan, B. M., Harrison-Lavoie, K. J., Marshansky, V., Lin, H. Y., Kehrl, J. H.,
Ausiello, D. A., Brown, D., and Druey, K. M. (2000). RGS4 and RGS2 bind
coatomer and inhibit COPI association with Golgi membranes and intracellular
transport. Mol Biol Cell 11, 3155-3168.
Sun, X., Kaltenbronn, K. M., Steinberg, T. H., and Blumer, K. J. (2005). RGS2 is
a mediator of nitric oxide action on blood pressure and vasoconstrictor signaling.
Mol Pharmacol 67, 631-639.
Sunderkotter, C., Steinbrink, K., Goebeler, M., Bhardwaj, R., and Sorg, C. (1994).
Macrophages and angiogenesis. J Leukoc Biol 55, 410-422.
Suzuki, E., Kapoor, V., Jassar, A. S., Kaiser, L. R., and Albelda, S. M. (2005).
Gemcitabine selectively eliminates splenic Gr-1+/CD11b+ myeloid suppressor
cells in tumor-bearing animals and enhances antitumor immune activity. Clin
Cancer Res 11, 6713-6721.
Takahashi, N., Tetsuka, T., Uranishi, H., and Okamoto, T. (2002). Inhibition of
the NF-kappaB transcriptional activity by protein kinase A. Eur J Biochem 269,
4559-4565.
Takimoto, E., Koitabashi, N., Hsu, S., Ketner, E. A., Zhang, M., Nagayama, T.,
Bedja, D., Gabrielson, K. L., Blanton, R., Siderovski, D. P., et al. (2009).
Regulator of G protein signaling 2 mediates cardiac compensation to pressure
overload and antihypertrophic effects of PDE5 inhibition in mice. J Clin Invest
119, 408-420.
Talmadge, J. E., Hood, K. C., Zobel, L. C., Shafer, L. R., Coles, M., and Toth, B.
(2007). Chemoprevention by cyclooxygenase-2 inhibition reduces immature
myeloid suppressor cell expansion. Int Immunopharmacol 7, 140-151.
Tan, T. T., and Coussens, L. M. (2007). Humoral immunity, inflammation and
cancer. Curr Opin Immunol 19, 209-216.
Tang, K. M., Wang, G. R., Lu, P., Karas, R. H., Aronovitz, M., Heximer, S. P.,
Kaltenbronn, K. M., Blumer, K. J., Siderovski, D. P., Zhu, Y., and Mendelsohn, M.
E. (2003). Regulator of G-protein signaling-2 mediates vascular smooth muscle
relaxation and blood pressure. Nat Med 9, 1506-1512.

148

Tenen, D. G., Hromas, R., Licht, J. D., and Zhang, D. E. (1997). Transcription
factors, normal myeloid development, and leukemia. Blood 90, 489-519.
Tesmer, J. J., Berman, D. M., Gilman, A. G., and Sprang, S. R. (1997). Structure
of RGS4 bound to AlF4--activated G(i alpha1): stabilization of the transition state
for GTP hydrolysis. Cell 89, 251-261.
Tikhonova, I. G., Boulegue, C., Langer, I., and Fourmy, D. (2006). Modeled
structure of the whole regulator G-protein signaling-2. Biochem Biophys Res
Commun 341, 715-720.
Tlsty, T. D., and Coussens, L. M. (2006). Tumor stroma and regulation of cancer
development. Annu Rev Pathol 1, 119-150.
Tominaga, T., Miyazaki, D., Sasaki, S., Mihara, S., Komatsu, N., Yakura, K., and
Inoue, Y. (2009). Blocking mast cell-mediated type I hypersensitivity in
experimental allergic conjunctivitis by monocyte chemoattractant protein-1/CCR2.
Invest Ophthalmol Vis Sci 50, 5181-5188.
Tsingotjidou, A., Nervina, J. M., Pham, L., Bezouglaia, O., and Tetradis, S.
(2002). Parathyroid hormone induces RGS-2 expression by a cyclic adenosine
3',5'-monophosphate-mediated pathway in primary neonatal murine osteoblasts.
Bone 30, 677-684.
Van Ginderachter, J. A., Meerschaut, S., Liu, Y., Brys, L., De Groeve, K.,
Hassanzadeh Ghassabeh, G., Raes, G., and De Baetselier, P. (2006).
Peroxisome proliferator-activated receptor gamma (PPARgamma) ligands
reverse CTL suppression by alternatively activated (M2) macrophages in cancer.
Blood 108, 525-535.
Varga, G., Ehrchen, J., Tsianakas, A., Tenbrock, K., Rattenholl, A., Seeliger, S.,
Mack, M., Roth, J., and Sunderkoetter, C. (2008). Glucocorticoids induce an
activated, anti-inflammatory monocyte subset in mice that resembles myeloidderived suppressor cells. J Leukoc Biol 84, 644-650.
Varney, M. L., Olsen, K. J., Mosley, R. L., and Singh, R. K. (2005). Paracrine
regulation of vascular endothelial growth factor--a expression during
macrophage-melanoma cell interaction: role of monocyte chemotactic protein-1
and macrophage colony-stimulating factor. J Interferon Cytokine Res 25, 674683.
Wang, H., Pierce, L. J., and Spangrude, G. J. (2006). Distinct roles of IL-7 and
stem cell factor in the OP9-DL1 T-cell differentiation culture system. Exp Hematol
34, 1730-1740.

149

Wang, W., Graeler, M. H., and Goetzl, E. J. (2005a). Type 4 sphingosine 1phosphate G protein-coupled receptor (S1P4) transduces S1P effects on T cell
proliferation and cytokine secretion without signaling migration. FASEB J 19,
1731-1733.
Wang, X., Zeng, W., Soyombo, A. A., Tang, W., Ross, E. M., Barnes, A. P.,
Milgram, S. L., Penninger, J. M., Allen, P. B., Greengard, P., and Muallem, S.
(2005b). Spinophilin regulates Ca2+ signalling by binding the N-terminal domain
of RGS2 and the third intracellular loop of G-protein-coupled receptors. Nat Cell
Biol 7, 405-411.
Warmington, K. S., Boring, L., Ruth, J. H., Sonstein, J., Hogaboam, C. M., Curtis,
J. L., Kunkel, S. L., Charo, I. R., and Chensue, S. W. (1999). Effect of C-C
chemokine receptor 2 (CCR2) knockout on type-2 (schistosomal antigen-elicited)
pulmonary granuloma formation: analysis of cellular recruitment and cytokine
responses. Am J Pathol 154, 1407-1416.
Weigert, A., Tzieply, N., von Knethen, A., Johann, A. M., Schmidt, H., Geisslinger,
G., and Brune, B. (2007). Tumor cell apoptosis polarizes macrophages role of
sphingosine-1-phosphate. Mol Biol Cell 18, 3810-3819.
Werynska, B., Dziegiel, P., and Jankowska, R. (2009). Role of
lymphangiogenesis in lung cancer. Folia Histochem Cytobiol 47, 333-342.
Wilson, A., Laurenti, E., Oser, G., van der Wath, R. C., Blanco-Bose, W.,
Jaworski, M., Offner, S., Dunant, C. F., Eshkind, L., Bockamp, E., et al. (2008).
Hematopoietic stem cells reversibly switch from dormancy to self-renewal during
homeostasis and repair. Cell 135, 1118-1129.
Wilson, A., Murphy, M. J., Oskarsson, T., Kaloulis, K., Bettess, M. D., Oser, G.
M., Pasche, A. C., Knabenhans, C., Macdonald, H. R., and Trumpp, A. (2004). cMyc controls the balance between hematopoietic stem cell self-renewal and
differentiation. Genes Dev 18, 2747-2763.
Winkler, I. G., Barbier, V., Wadley, R., Zannettino, A. C., Williams, S., and
Levesque, J. P. (2010). Positioning of bone marrow hematopoietic and stromal
cells relative to blood flow in vivo: serially reconstituting hematopoietic stem cells
reside in distinct nonperfused niches. Blood 116, 375-385.
Wright, D. E., Wagers, A. J., Gulati, A. P., Johnson, F. L., and Weissman, I. L.
(2001). Physiological migration of hematopoietic stem and progenitor cells.
Science 294, 1933-1936.
Wu, H. K., Heng, H. H., Shi, X. M., Forsdyke, D. R., Tsui, L. C., Mak, T. W.,
Minden, M. D., and Siderovski, D. P. (1995). Differential expression of a basic

150

helix-loop-helix phosphoprotein gene, G0S8, in acute leukemia and localization
to human chromosome 1q31. Leukemia 9, 1291-1298.
Wuyts, W. A., Vanaudenaerde, B. M., Dupont, L. J., Demedts, M. G., and
Verleden, G. M. (2003). Modulation by cAMP of IL-1beta-induced eotaxin and
MCP-1 expression and release in human airway smooth muscle cells. Eur Respir
J 22, 220-226.
Xia, P., Gamble, J. R., Rye, K. A., Wang, L., Hii, C. S., Cockerill, P., KhewGoodall, Y., Bert, A. G., Barter, P. J., and Vadas, M. A. (1998). Tumor necrosis
factor-alpha induces adhesion molecule expression through the sphingosine
kinase pathway. Proc Natl Acad Sci U S A 95, 14196-14201.
Yancopoulos, G. D., Davis, S., Gale, N. W., Rudge, J. S., Wiegand, S. J., and
Holash, J. (2000). Vascular-specific growth factors and blood vessel formation.
Nature 407, 242-248.
Yang, J., Chatterjee-Kishore, M., Staugaitis, S. M., Nguyen, H., Schlessinger, K.,
Levy, D. E., and Stark, G. R. (2005a). Novel roles of unphosphorylated STAT3 in
oncogenesis and transcriptional regulation. Cancer Res 65, 939-947.
Yang, J., Kamide, K., Kokubo, Y., Takiuchi, S., Tanaka, C., Banno, M., Miwa, Y.,
Yoshii, M., Horio, T., Okayama, A., et al. (2005b). Genetic variations of regulator
of G-protein signaling 2 in hypertensive patients and in the general population. J
Hypertens 23, 1497-1505.
Yang, L., DeBusk, L. M., Fukuda, K., Fingleton, B., Green-Jarvis, B., Shyr, Y.,
Matrisian, L. M., Carbone, D. P., and Lin, P. C. (2004). Expansion of myeloid
immune suppressor Gr+CD11b+ cells in tumor-bearing host directly promotes
tumor angiogenesis. Cancer Cell 6, 409-421.
Yang, L., Huang, J., Ren, X., Gorska, A. E., Chytil, A., Aakre, M., Carbone, D. P.,
Matrisian, L. M., Richmond, A., Lin, P. C., and Moses, H. L. (2008). Abrogation of
TGF beta signaling in mammary carcinomas recruits Gr-1+CD11b+ myeloid cells
that promote metastasis. Cancer Cell 13, 23-35.
Youn, J. I., Nagaraj, S., Collazo, M., and Gabrilovich, D. I. (2008). Subsets of
myeloid-derived suppressor cells in tumor-bearing mice. Journal of Immunology
181, 5791-5802.
Young, M. R. (2004). Tumor skewing of CD34+ progenitor cell differentiation into
endothelial cells. Int J Cancer 109, 516-524.
Yue, H., Li, W., Desnoyer, R., and Karnik, S. S. (2010). Role of nuclear
unphosphorylated STAT3 in angiotensin II type 1 receptor-induced cardiac
hypertrophy. Cardiovasc Res 85, 90-99.

151

Zea, A. H., Rodriguez, P. C., Atkins, M. B., Hernandez, C., Signoretti, S.,
Zabaleta, J., McDermott, D., Quiceno, D., Youmans, A., O'Neill, A., et al. (2005).
Arginase-producing myeloid suppressor cells in renal cell carcinoma patients: a
mechanism of tumor evasion. Cancer Res 65, 3044-3048.
Zhang, W., Anger, T., Su, J., Hao, J., Xu, X., Zhu, M., Gach, A., Cui, L., Liao, R.,
and Mende, U. (2006). Selective loss of fine tuning of Gq/11 signaling by RGS2
protein exacerbates cardiomyocyte hypertrophy. J Biol Chem 281, 5811-5820.
Zhu, Y., Hollmen, J., Raty, R., Aalto, Y., Nagy, B., Elonen, E., Kere, J., Mannila,
H., Franssila, K., and Knuutila, S. (2002). Investigatory and analytical
approaches to differential gene expression profiling in mantle cell lymphoma. Br J
Haematol 119, 905-915.
Zmijewski, J. W., Song, L., Harkins, L., Cobbs, C. S., and Jope, R. S. (2001a).
Oxidative stress and heat shock stimulate RGS2 expression in 1321N1
astrocytoma cells. Arch Biochem Biophys 392, 192-196.
Zmijewski, J. W., Song, L., Harkins, L., Cobbs, C. S., and Jope, R. S. (2001b).
Second messengers regulate RGS2 expression which is targeted to the nucleus.
Biochim Biophys Acta 1541, 201-211.
Zou, M. X., Roy, A. A., Zhao, Q., Kirshenbaum, L. A., Karmazyn, M., and Chidiac,
P. (2006). RGS2 is upregulated by and attenuates the hypertrophic effect of
alpha1-adrenergic activation in cultured ventricular myocytes. Cell Signal 18,
1655-1663.
Zou, Y. R., Kottmann, A. H., Kuroda, M., Taniuchi, I., and Littman, D. R. (1998).
Function of the chemokine receptor CXCR4 in haematopoiesis and in cerebellar
development. Nature 393, 595-599.

152

