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ABSTRACT
Signal Transducer and Activator of Transcription (STAT) 2 is one of seven
members of the STAT family of transcription factors with dual roles in signal
transduction and gene activation. STAT2 is a central transcription factor that
regulates the antiviral, apoptotic and cell growth inhibitory effects of type I
interferons (IFN-α/β), a small family of secreted glycoproteins induced by the
host after sensing the presence of tumor cells and pathogens. The creation of
Stat2-/- mice established the pivotal role of STAT2 in type I IFN signaling and in
antiviral immunity. In vitro studies conducted in STAT2 deficient tumor cell lines
suggested a role in suppressing tumor cell growth in response to IFN treatment.
Based on these properties STAT2 is presumed to have tumor suppressor
functions but data to support this notion in animal models of cancer are limited.
To address the role of STAT2 in cancer, I used the murine B16-F1 tumor
transplantation model of human melanoma. The B16-F1 melanoma cell line was
established from a spontaneous tumor that arose in mice. I discovered that tumor
cells transplanted subcutaneously in Stat2-/- mice grew more aggressively than in
the counterpart wild type mice. Closer examination of B16-F1 tumors harvested
from wild type and Stat2-/- mice revealed an unexpected dramatic similar
reduction of STAT2 and STAT1 proteins. Yet soluble factors secreted by B16-F1
tumors established in Stat2-/- mice alone were sufficient to enhance proliferation
of B16-F1 tumor cells. I further showed that tumor-bearing wild type mice treated
with IFN-β developed smaller tumors compared to Stat2-/- mice, whose tumors
continued to grow and hence were unresponsive to IFN intervention. Lastly, to
I

elucidate a mechanism that leads to enhanced tumor growth in Stat2-/- mice, I
questioned the involvement of the host immune response in restricting tumor
growth. I found that tumor specific T cell priming by Stat2-/- dendritic cells (DCs)
was defective since generated cytotoxic T cells (CD8+ T lymphocytes) produced
low levels of IFN-γ and IL-2 and adoptive transfer of these B16-F1 tumor specific
CD8+ T cells in B16-F1 bearing Stat2-/- mice did not cause tumor regression with
IFN-β intervention. Collectively, my findings reveal that host STAT2 restricts the
establishment of melanoma tumors. More importantly, type I IFN/STAT2
signaling on DCs plays a pivotal role in tumor antigen cross-presentation to
CD8+ T cells and in the development of a protective antitumor response resulting
in tumor rejection.
To now address whether STAT2 expression in cancer cells could
influence tumor establishment and the antitumor effects of type I IFNs, STAT2
expression was silenced in B16-F1 tumor cells. Contrary to my expectation,
silencing STAT2 augmented the growth inhibitory effects of IFN-βboth in vitro
and in vivo. However, loss of STAT2 expression in the tumor did not cause B16F1 tumor cells to grow more aggressively compared to control B16-F1 cells.
Furthermore, compared to B16-F1 control cells, STAT2-silenced B16-F1 cells
showed an initial delay but later persistent STAT activation and formation of the
ISGF3 transcriptional complex (consisting of STAT1, STAT2 and IRF9). This
observation paralleled with an initial delay and then later an increase in the
expression of IFN regulated genes. In addition, reduced activation of STAT5
induced by IFN-β was observed in STAT2-silenced B16-F1 cells. This may
II

partially explain the enhanced growth inhibitory effects of type I IFNs. Together
these results shed light on the unexpected role of tumor STAT2 expression in
diminishing the efficacy of type I IFN treatment of melanoma.
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CHAPTER 1
INTRODUCTION
1.1 Interferons and their signal transduction pathway
Overview of Interferons
Interferons (IFNs) are a family of cytokines with pleiotropic activity
including antiviral, antiproliferative, apoptotic, and immunomodulatory functions.
In 1954, two Japanese virologists, Yasu-ichi Nagano and Yasuhiko Kojima,
reported an “inhibitory factor” derived from tissue suspensions of attenuated
vaccinia virus-infected rabbit skin and testis (Nagano and Kojima, 1954). The
authors demonstrated that the inhibitory activity could be found in the
supernatant separated from the virus particles through ultracentrifugation, which
was supported by their follow-up study published in 1958 (Nagano and Kojima,
1958). Independently, a study conducted by Alick Isaacs and Jean Lindenmann
led to the similar observation in that heat-inactivated influenza virus added to
chick chorioallantoic membrane fragments could induce the formation of an
“interfering” reagent, capable of protecting other membranes from infection by a
live influenza virus challenge (Isaacs and Lindenmann, 1957). This interfering
factor was coined the term “interferon” by Isaacs and Lindenmann, and based on
its properties today is now classified as type I IFN.
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IFNs are relatively small, inducible glycoproteins secreted by vertebrate
cells in response to various biological stimuli. IFNs are also the first members of
a large family of glycoproteins known as cytokines. There are three groups of
IFNs: type I, type II and type III (Table 1.1). This classification is based on their
structure and biological properties. There are six members of the type I IFN
family identified in humans and mice (IFN-α, IFN-β, IFN-ε, IFN-κ, IFN-ω (human
only), Limitin (mouse only) and a pseudogene IFN-ν), that signal through the
shared type I IFN receptor: interferon-α/β receptor (IFNAR)1 and IFNAR2 and
the Janus kinases (JAK)-1 and TYK2, which phosphorylate the receptor. The
type II IFN family consists of only one member, IFN-γ, which recognizes and
binds interferon-γ receptors: interferon-gamma receptor (IFNGR)1 and IFNGR2
(Bekisz et al., 2004; Kontsek, 1994; Kontsek et al., 2003; Pestka, 2007) and
requires JAK1 and JAK2 to signal. Type III IFNs contain three members (IFN-λ1
(IL-29), IFN-λ2 (IL-28A) and IFN-λ3 (IL-28B)). They utilize a distinct
heterodimeric receptor from type I and II IFNs, consisting of IFN-λ receptor 1
(IFNLR1) and IL-10 receptor 2 (IL10R2). Type III IFNs were initially classified as
a subgroup in the type I IFN family because they activate the same signal
transduction pathway as type I IFNs using JAK1 and TYK2. Type I IFNs are likely
to be diverged from a common ancestral gene, through gene duplication
mechanisms (Miyata et al., 1985). Type I IFNs show only about 25-30% identity
in amino acids, but they share a common structural framework, which
corresponds to a bundle of five nearly parallel α-helices (Fig. 1-1). The
biologically active type I and type III IFN is in monomeric form, which unlike type

2

II IFN, it requires association of two monomers in an antiparallel fashion to
function as a homodimer.
For my studies, I concentrated mainly on type I IFN () because they are
found ubiquitously expressed in virtually all cells and are approved biologics in
the treatment of several diseases including cancer. The human and mouse IFN-α
family consists of 14 non-allelic functional intron-less genes (17 in mouse), which
in humans encode for 12 different IFN-α proteins (14 in mouse), and cluster on
the short arm of chromosome 9 in the human genome (chromosome 4 in the
mouse genome; Table 1.2 and Fig 1-2). The mature proteins of the IFN-α family
are made of 166 amino acids. There is 79-95% identity in amino acid sequence
among the various species of IFN-α (Kontsek, 1994; van Pesch et al., 2004). The
physiological significance of the different IFN-α subtypes remains understudied,
however, individual subtypes show quantitatively distinct patterns of antiviral and
antiproliferative activities (Pestka, 1983). Moreover, a recent study compared the
expression profile of IFN stimulated genes (ISGs) between subtypes of IFN-α in
T cells and dendritic cells (Hilkens et al., 2003), and showed elevated responses
to IFN-α2 and IFN-α21 compared to IFN-α1. Interestingly, despite the IFN-α
subtypes being the major species produced by virally-infected blood leukocytes,
they display lower specific antiviral activity to other type I IFNs. For instance, IFNβ, which is encoded by a single gene and consists of 166 amino acids is mainly
produced by fibroblasts induced by viruses or dsRNA and shows superior
antiviral activity than IFN-. IFN-has also been shown to trigger the
transcription of some unique genes, different from those induced by IFN-α
3

subtypes (Rani et al., 1996). One point to emphasize is that the plasmacytoid
dendritic cell is the natural producer of type I IFNs (Diebold et al., 2004).
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Table 1.1 The interferon family Types of interferon, members, their target
receptors, and receptor associated kinases.

Types

Members

Receptors

Type I IFN

IFN-α, IFN-β, IFN-ε, IFN-κ, IFNAR1/IFNAR2c
IFN-ω (human only), IFN-ν,
Limitin (mouse only)

JAK1, TYK2

Type II IFN

IFN-γ

IFNGR1/IFNGR2

JAK1, JAK2

IL10R2/IFNLR1

JAK1, TYK2

Type III IFN IFN-λ1(IL-29), IFN-λ2 (IL28A), IFNλ3 (IL-28B)

5

Receptorassociated kinases

Fig 1.1 Conformation of type I IFNs Diagram represents structure of type I IFN.
It contains a bundle of five nearly parallel α-helices, which is represented by
colored cylinders (A-E), linked by four loop structure. There is an important
disulfide bond between the A-B loop and E α-helix.
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Table 1.2 Human type I IFNs genes and proteins names of human type I IFN
genes and their major protein products are listed

Genes

Major proteins

IFNA1
IFNA2
IFNA4
IFNA5
IFNA6
IFNA7
IFNA8
IFNA10
IFNA13
IFNA14
IFNA16
IFNA17
IFNA21
IFNB1
IFNW1
IFNE
IFNK

IFN-α1a
IFN-α2b
IFN-α4b
IFN-α5
IFN-α6
IFN-α7a
IFN-α8b
IFN-α10a
IFN-α13 (sequence identical to IFN-α1a)
IFN-α14c
IFN-α16
IFN-α17b
IFN-α21b
IFN-β
IFN-ω
IFN-ε
IFN-κ
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Murine
Chromosome 4

Human
Chromosome 9

Region
9p21-p22

IFN-κ
IFN-β
IFN-αA
IFN-α14
IFN-α9
IFN-α12
IFN-α13
IFN-α6T
IFN-α2
IFN-αB
Limitin
IFN-α7/10
IFN-α11
IFN-α8/6
IFN-α5
IFN-α4
IFN-α1
IFN-ε

IFN-β
IFN-ω
IFN-α21
IFN-α4
IFN-α7
IFN-α10
IFN-α16
IFN-α17
IFN-α14
IFN-α5
IFN-α6
IFN-α13
IFN-α2
IFN-α8
IFN-α1
IFN-ε
IFN-κ

Fig 1.2 Chromosomal location of human and mouse type I IFN genes.
Location of IFN-α genes, IFN-β and IFN-ω (Limitin for mouse) mapped to the
short arm of human chromosome 9 and murine chromosome 4. The direction of
transcription is indicated by arrows.
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Type I IFN receptors
The type I IFN receptor complex (IFNARs) is a heterodimeric receptor
expressed on the surface of virtually all vertebrate cells, in relatively low numbers
(100-5000 molecules/cell) (Bekisz et al., 2004). IFNAR1 and IFNAR2 are the two
subunits of the receptor complex (Fig 1-3). The mature human IFNAR1 protein
consists of an extracellular domain, a transmembrane domain, and an
intracellular domain totaling 590 amino acid residues. The mouse IFNAR1
protein also contains these 3 domains consisting of 557 residues and shares ~85%
sequence homology with human IFNAR1. There are three splice variant forms of
IFNAR2, namely IFNAR2a, IFNAR2b and IFNAR2c. IFNAR2c is the full-length
protein, which can form a fully functional IFNAR complex together with IFNAR1.
There is about 80% amino acid sequence homology between human and murine
IFNAR2cs and the number of amino acids for human and murine IFNAR2cs is
very similar (513 and 515, respectively). IFNAR2a is a soluble form of the
receptor lacking both the transmembrane and cytoplasmic portions (Novick et al.,
1994). IFNAR2b contains a truncated form of the cytoplasmic portion, which is
only 67 amino acids long, therefore, functions as a decoy receptor repressing
IFN signaling (Novick et al., 1994; Pfeffer et al., 1997). No IFNAR2b chain has
been identified in the mouse (de Weerd et al., 2007).
IFNAR1 and IFNAR2 are members of the class II helical cytokine receptor
family (Uze et al., 1995), all of which share the conserved structural fibronectin
type III (FNIII) regions forming the extracellular ligand-binding domain. IFNAR1
has two extracellular domains consisting of four FN type III-like domains,
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separated by a three-proline motif, which is considered to be important in ligand
binding to the receptor, whereas IFNAR2 has two FNIII domains in the
extracellular portion (Bekisz et al., 2004; Uze et al., 1995). The cytoplasmic
portions of IFNAR1 and IFNAR2 are non-covalently associated with the tyrosine
kinases, TYK2 and JAK1, respectively, which are required for downstream
signaling (Novick et al., 1994; Stark et al., 1998; Uze et al., 1992). The
cytoplasmic domains of IFNAR1 and IFNAR2 lack intrinsic enzymatic activities
and rely on JAK kinases for their activation. Human IFNAR1 has low binding
affinity for type I IFNs (Kd ~10-7M), and alone binds only to IFN-α8. In contrast,
IFNAR2 shows high binding affinity (Kd ~10-9M); and as part of the IFNAR
complex exhibits (Kd ~10-11M) higher binding affinity for type I IFNs (Cutrone and
Langer, 1997; Mogensen et al., 1999; Novick et al., 1994; Russell-Harde et al.,
1995). Like human, murine type I IFNs demonstrate similar binding affinity for
their own receptors, and murine IFN-α4 was shown to weakly interact with
human IFNAR2, indicating that murine IFNs are inactive in human cells
(Kumaran et al., 2007).
Interestingly, although type I IFNs share the common receptor complex,
they interact with the two receptor chains differently. For instance, one study
showed that in response to IFN-β, tyrosine-phosphorylated IFNAR1 could be
detected in MOLT-4 cells, which was not seen when cells were stimulated with
IFN- suggesting IFN-β may trigger phosphorylation at distinct tyrosine sites on
IFNAR receptor complex that IFN-α does not (Platanias et al., 1996). In addition,
unlike IFN-α, IFN-β is known to activate transcription of some unique genes
10

(Rani et al., 1996). Possibly, there are more than one IFN binding sites on the
receptor complex, and/or additional proteins involved in the ligand binding
actions (Hu et al., 1993).
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Human IFNARs

Murine IFNARs

IFNAR1

IFNAR1

IFNAR2c

IFNAR2c

Extracellular space

Cell membrane
TYK2

TYK2

Cytoplasm
JAK1

590

513

JAK1

557

515

Fig 1.3 Human and murine type I IFN receptors. Structural representation of
the human and murine type I IFN receptors, IFNAR1 and IFNAR2c, in
relationship with the cell membrane. The numbers represent the total amino acid
content of the proteins. The associated TYK2 and JAK1 are not drawn to scale.
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JAK-STAT signaling pathway
Type I IFNs have been known for more than fifty years, but it was not until
the late 1980s that scientists started to uncover the mechanism of IFN signaling.
In 1984, the transcriptional stimulation of specific interferon-stimulated genes
(ISGs) was first demonstrated, and this process did not require protein synthesis
(Larner et al., 1984). Shortly after from the same group of James Darnell, Nancy
Reich proved that a 15 kDa protein (IFN-β-stimulated gene 15, ISG15) was
transcriptionally controlled by IFN treatment (Reich et al., 1987), and that led to
further identification of a highly conserved ~25 base pair region positioned ~100
nucleotides upstream of the transcriptional start site, termed interferon-stimulated
response

elements (ISREs).

Meanwhile,

Andrew Wilks and

coworkers

discovered two novel tyrosine kinases (Wilks, 1989; Wilks et al., 1991), which
were designated JAK1 and JAK2, named after the two-faced Roman god of
gates Janus because they contain two similar kinase domains (a structurally
similar kinase and a pseudo-kinase domain). Almost concurrently, John
Krolewski and others cloned a third JAK family member, TYK2 (Firmbach-Kraft et
al., 1990). However, at that time, none of the substrates for the JAK family
members were known. Utilizing gel-shift experiments, David Levy and colleagues
detected the binding of a protein complex to the ISRE DNA element occurring a
few minutes after IFN-β treatment, that today is known as ISGF3 for interferonstimulated gene factor 3 (Levy et al., 1989; Levy et al., 1988). Four proteins of
113, 91, 84, and 48 kDa were identified as components of the ISGF3 (Fu et al.,
1990). In 1992, the identity of these four proteins was revealed and given the
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names signal transducer and activator of transcription (STAT)-1; 91kDa),
STAT1 (84kDa), and STAT2 (113kDa), and interferon regulatory factor 9 (IRF9;
48kDa) by Schindler, Fu, Shuai, and others from the Darnell group (Fu, 1992; Fu
et al., 1992; Schindler et al., 1992a; Schindler et al., 1992b; Shuai et al., 1992;
Veals et al., 1992). In parallel, Sandra Pellegrini in the group of George Stark,
developed a forward genetics approach of using the frame-shift mutagen, ICR
191, to select mutant cells that were unresponsive to IFN; this strategy led to the
identification of TYK2 as a required molecule in the type I IFN signaling pathway
(Velazquez et al., 1992). Later, the Kerr and Stark labs showed that type I IFN
signaling required both JAK1 and TYK2 to tyrosine phosphorylate STAT1 and
STAT2 in response to IFN-α, while JAK1 and JAK2 were needed to
phosphorylate STAT1 in response to IFN-γ (Muller et al., 1993).
Together all the landmarks of findings led to the discovery of the classical
cytokine-activated JAK/STAT pathway. We now understand that activation of this
pathway, induced by type I IFNs, involves the interaction of the ligand with the
two receptor chains, IFNAR1 and IFNAR2, which are pre-associated with TYK2
and JAK1, respectively (Fig 1-4). TYK2 and JAK1 phosphorylate tyrosine
residues on the IFN receptors that provide docking sites for the src-homology-2
(SH2) domains of STATs. STAT1 and STAT2 are tyrosine phosphorylated by
JAKs and then released from the receptor to form heterodimers as well as
homodimers (STAT1). The STAT1:STAT2 heterodimer further associates with
the DNA binding protein IRF9, to form the ternary ISGF3 complex, which
translocates to the nucleus, binds the ISREs upstream of ISGs and initiates
14

gene transcription (Darnell et al., 1994; Levy and Darnell, 2002; Stark et al.,
1998). STAT1 homodimers also enter the nucleus and bind to a different DNA
element named GAS (gamma-activated sequence) found in many promoters of
ISGs.
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ISGF3

IFN target
genes

Fig 1.4 Type I IFN induced JAK/STAT signaling pathway. Major proteins
involved in the type I IFN signaling pathway are depicted. JAK kinases (JAK1
and TYK2) are pre-associated with the receptor chains in the absence of ligand.
Type

I

IFN triggers

association

of

the

receptor chains followed

by

phosphorylation of the JAK kinases, which in turn tyrosine-phosphorylate STAT1
and STAT2, leading to the formation of the ISGF3 complex (p-STAT1, p-STAT2
and IRF9). ISGF3 translocates to the nucleus and binds to ISREs in the promoter
regions of ISGs, thus activating gene transcription. P denotes tyrosine
phosphorylation.
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Type I IFNs in antitumor immunity
Although more than half-a-century has past by since the discovery of type
I IFNs; it was not until almost twenty years later some of the first studies
indicated a potential antitumor function for endogenously produced type I IFNs
(mainly IFN-α/β) (Affabris et al., 1987; Gresser et al., 1974; Gresser et al., 1983).
Neutralization of IFN-α/β with polyclonal antiserum in mice enhanced the growth
of transplanted tumor cells established in an immunocompetent host (Affabris et
al., 1987; Gresser et al., 1974; Gresser et al., 1983), and abrogated the rejection
of allogeneic or xenogeneic tumors (Gresser et al., 1988). Today, type I IFNs are
FDA approved biologicals to treat a range of malignancies, mainly leukemia,
melanoma, renal cell carcinoma and Kaposi sarcoma (Belardelli et al., 2002). For
a long time, it was thought that the growth inhibitory effects of type I IFNs were
targeted directly on the tumor and assumed to be the major mechanism involved
in the antitumor response in IFN-treated cancer patients. This observation was
based

mainly

on

preclinical

human

xenograft

tumor

models

using

immunodeficient mice in which administration of IFN- reduced tumor size
(Brosjo, 1989; Ramani et al., 1986). Indeed, type I IFNs can directly inhibit the
proliferation of normal and tumor cells in vitro and in vivo, and can exert other
direct effects on tumor cells, including down-regulation of proto-oncogene
expression, induction of tumor suppressor genes, and upregulation of major
histocompatibility complex (MHC) class I expression (Vilcek, 2006). However, an
initial study from the Schreiber group showed that endogenously produced IFNα/β was required for the prevention of the growth of primary carcinogen (3’17

methylcholanthrene, MCA)-induced and transplantable tumors (Dunn et al.,
2005). In this study, host hematopoietic cells were found to be important IFN-α/β
targets during development of protective antitumor responses as tumor cells
unresponsive to type I IFN were rejected when implanted in immunocompetent
mice indicating that the direct effect of type I IFNs on the tumor is dispensable.
Thus these findings highlight type I IFNs as critical components of the cancer
immunoediting process (Dunn et al., 2005), which emphasizes the dual functions
of the immune system in not only preventing but also in shaping neoplastic
disease (Dunn et al., 2002; Dunn et al., 2004a; Dunn et al., 2004b; Shankaran et
al., 2001). A recent study from the Schreiber group following up on their 2005
publication discovered the identity of the elusive hematopoietic cell that requires
type I IFNs to initiate a protective antitumor response (Diamond et al., 2011).
Type I IFN sensitivity is essential for tumor-specific T cell priming and tumor
elimination and this was demonstrated with the use of bone marrow chimeric
mouse models. Dendritic cells (DCs) were identified as the pivotal players in
conjunction with type I IFN in the development of antitumor immunity. Mice
carrying CD8+ DCs lacking IFNAR1 were defective in rejecting highly
immunogenic tumors as their DCs exhibited impaired tumor antigen crosspresentation to CD8+ T cells (Diamond et al., 2011). Together all these studies
shed light on the mechanism of how type I IFN functions in regulating the host
antitumor response, and possibly provide insights into achieving higher tumor
growth restricting effect.
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1.2 STAT2 and its biological role
The STAT family of transcription factors
Soon after the identification of ISGF3 as the type I IFN-inducible protein
complex bound to the ISRE (Levy et al., 1989; Levy et al., 1988), four proteins,
nominally 113, 91, 84, and 48 kDa in size were identified from the partially
purified ISGF3 (Fu et al., 1990). Based on this seminal finding, that both the 91
kDa and 113 kDa proteins are members of a novel gene family that become
tyrosine-phosphorylated in response to IFN stimulation and further function as
transcription factors, the name signal transducer and activator of transcription 1
and 2 (STAT1 and STAT2) was given to these proteins, respectively (Fu, 1992;
Fu et al., 1992; Schindler et al., 1992a; Schindler et al., 1992b; Shuai et al.,
1992). Several groups later identified another member of this family, STAT3, to
be tyrosine phosphorylated in response to IL-6 and EGF (Akira et al., 1994;
Zhong et al., 1994b), and almost at the same time STAT4 was discovered and
found to be activated by IL-12 (Jacobson et al., 1995; Yamamoto et al., 1994;
Zhong et al., 1994a). STAT5A and STAT5B, expressed differently in various
tissues, were identified shortly after (Mui et al., 1995; Wakao et al., 1994),
followed by the identification of STAT6 (the final STAT member up to this date)
(Hou et al., 1994), which is mainly expressed in bone marrow-derived cells.
STAT family members reside primarily in the cytoplasm in an inactive
state and contain six structural domains (Fig 1-5). The N-terminal domain (NTD)
mediates the interaction between two STAT dimers to form a tetramer; this
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interaction is not essential for STAT function, but can stabilize the binding of two
STAT dimers to adjacent sites in DNA. The coiled-coil domain (CC) is involved in
protein interactions with regulatory proteins and other transcription factors. The
DNA-binding domain (DBD) for most STATs makes direct contact with STATbinding sites in gene promoters, which have the consensus core sequence TT
(N4–6) AA. The linker domain has been shown to affect STAT1 association time
with DNA and thus further influences gene transcription (Yang et al., 2002). A
mutation in the linker domain of STAT3 (K531E) identified in a hyper-IgE
syndrome (HIES) patient suggests it is important for STAT3 function (Kim et al.,
2009). The Src-homology 2 (SH2) domain is essential in the dimerization of two
STATs proteins. The SH2 domain of one STAT protein and the phospho-tyrosine
(pY) residue of another STAT protein reciprocally interact to form dimers, and
this is required for the nuclear translocation and binding of STATs to DNA. The
transactivation domain (TAD) is involved in the transcriptional activation of target
genes

through

interactions

with

other

proteins,

such

as

histone

acetyltransferases. This carboxy-terminal domain contains a site of serine
phosphorylation (pS) that enhances transcriptional activity of some STATs.
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N-term Coiled-coil

STAT1

N

STAT2

N

STAT3

N

STAT4

N

STAT5a

N

STAT5b

N

STAT6

N

DNA-binding Linker

SH2

Transactivation

pY
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C
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C
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C
C
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C
C
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C

Fig 1.5 Structural domains of the STAT family Domains of the seven
members of the STAT family are shown in different colors. The N-terminal
domain (N-term), coiled-coil domain (C-C), DNA-binding domain (DBD), linker
domain, SH2 domain (SH2) and transactivation domain (TAD) as well as a
conserved tyrosine residue for phosphorylation preceding the TAD are present in
all members. Some STATs also share a conserved serine residue in the TAD for
phosphorylation and required for maximal gene transcription.
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STAT2 and its functional domains
STAT2 contains all six structural domains conserved in the STAT family
(Fig 1-6). The NTD of STAT2 is proposed to be involved in multiple functions: the
tyrosine phosphorylation of STAT2 in response to type I IFNs (Qureshi et al.,
1996), association of STAT2 with IFNAR2 (Li et al., 1997), and binding of
STAT1/STAT2 heterodimers or ISGF3 to promoters with tandem IFN-gamma
activation sequences (GAS) or ISREs, respectively (Li et al., 1998). The STAT2
CC domain is important for protein-protein interactions such as the STAT2-IRF9
association (Martinez-Moczygemba et al., 1997). The DBD of STAT2 was first
reported to lack the capacity to bind DNA as part of the ISGF3 complex
(Bluyssen and Levy, 1997).

Yet, other studies contradicting this observation

present indirect evidence that in the ISGF3-independent STAT2-containing
signaling complex, STAT2 binds DNA (Brierley and Fish, 2005b; Ghislain and
Fish, 1996; Ghislain et al., 2001). In addition, in the formation of the ISGF3
complex with STAT1, a stretch of basic residues in the DBD of STAT2, especially
Arg-409 and Lys-415, functions as a nuclear localization signal (NLS) (Melen et
al., 2001). Further, Lys-390 also located in the DBD of STAT2 can be acetylated
by the histone acetyltransferase CREB-binding protein (CBP) in response to IFN
stimulation leading to destabilization of the anti-parallel “inactive” STAT2/STAT1
dimer conformation in untreated cells, and favoring formation of the parallel
“active” STAT2/STAT1 heterodimer after tyrosine phosphorylation (Tang et al.,
2007). The function of the LD of STAT2 remains to be determined. The SH2
domain of STAT2 is required for STAT2 binding to phosphorylated IFNAR1, thus
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facilitating TYK2-mediated STAT2 tyrosine phosphorylation (Colamonici et al.,
1994; Yan et al., 1996), as well as binding to tyrosine phosphorylated STAT1 to
form the active heterodimer, with the amino acid residue Arg-601 being essential
for STAT2 activation (Arg-602 for STAT1) (Gupta et al., 1996). Within the STAT2
SH2 domain lies a four amino acid residue motif that is conserved in STAT1 and
STAT3. Proline 630 is critical in the phosphorylation (“activation”) of STAT2 by
type I IFNs and the ISRE-mediated transcription of ISGs (Gamero et al., 2004);
while Y-631 (shown not to be phosphorylated) is important in restricting IFN-αinduced apoptosis (Scarzello et al., 2007). Between the SH2 domain and the
TAD domain of STAT2 is located the critical tyrosine residue (Y690 in human and
Y689 in mouse) that becomes phosphorylated upon IFN stimulation. Mutation of
this tyrosine to phenylalanine abrogates type I IFN signaling by impairing
STAT1:STAT2 heterodimer formation and nuclear translocation of the ISGF3
complex (Leung et al., 1995). The TAD is essential for recruitment of
transcriptional regulators. The amino acids 740-751 constitute a leucine-rich
region that functions as a nuclear export signal (NES) recognized by the export
carrier CRM1 (Banninger and Reich, 2004). The NES together with the NLS
contribute to the steady nuclear-cytoplasmic shuttling of STAT2 that occurs
independently of IFN stimulation (Banninger and Reich, 2004).
The human and murine STAT2 share ~76% protein sequence homology in
all domains, except for the TAD. The mouse TAD of STAT2 contains extra
minisatellite sequences with no homology to other known proteins (Farrar et al.,
2000; Park et al., 1999).
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Murine STAT2 and human STAT2 can be activated interchangeably by
IFNs for induction of ISGs, when expressed in human and mouse cells,
respectively.
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Fig 1.6 Structural domains of STAT2 The six domains of STAT2 are mapped
to scale. Individual residue(s) or sequences important in different functions of
STAT2 are shown. NLS; nuclear localization signal and NES; nuclear export
sequence
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Role of STAT2 in the transcriptional machinery
STAT2 participates in canonical IFN signaling as a signaling component of
the ISGF3 transcriptional complex, whereas STAT1 homodimers participate in
IFN signaling by binding to GAS. Yet an IRF9-independent STAT2/STAT1
complex was reported to bind DNA sequences similar to GAS with low affinity
(Ghislain and Fish, 1996), and this STAT2/STAT1 heterodimer stimulates the
expression of a limited number of ISGs, which contain GAS elements in their
promoter regions (Brierley et al., 2006; Ghislain et al., 2001; Jia et al., 2007). A
few studies have reported STAT2 in association with other STATs. Heterodimers
composed of STAT2 and STAT3 were found in human myeloma U266 cells in
response to IFN-α (Ghislain and Fish, 1996), and STAT2/STAT6 heterodimers
were identified in B cells (Gupta et al., 1999) and hepatocytes (Wan et al., 2008).
Other studies show that STAT2 can constitutively interact with IRF9
independently of STAT1 (Martinez-Moczygemba et al., 1997), leading to weak
DNA association and ISGs expression (Bluyssen and Levy, 1997). This
STAT2/IRF9 complex is functional as it binds the ISRE in certain STAT1 deficient
or STAT1 knockdown cells when IRF9 is overexpressed (Lou et al., 2009; Sarkis
et al., 2006).
How STAT2 assists in the transcriptional induction via the ISGF3 complex
is by providing its TAD domain to recruit histone acetyltransferases (HATs) that
include the GCN5 and p300/CREB binding protein (CBP) (Bhattacharya et al.,
1996; Paulson et al., 2002). STAT2 can also interact with other proteins like
TAFII130 (a tata-box-binding protein component) and DRIP150 (Vitamin D
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receptor-interacting protein 150, a subunit of the multimeric Mediator coactivator
complex), to play roles in ISGF3-dependent gene transcription (Lau et al., 2003;
Paulson et al., 2002). In addition, STAT2 can bind to histone deacetylase 1
(HDAC1) upon type I IFN treatment resulting in ISG gene activation (Chang et al.,
2004; Nusinzon and Horvath, 2003). Further, STAT2 can also suppress gene
expression in response to IFNs. IFN-α treatment causes STAT2 and the
polycomb group protein Ezh2 to be recruited to the ISRE of the promoter region
of DNp73 oncogene (a p53 paralog), resulting in increased histone H3K27methylation and transcriptional repression (Testoni et al., 2011).

STAT2 in host defense
Type I IFNs mediate potent antiviral and antiproliferative activities on
target cells, which are important in host defense against viruses, bacteria,
parasites and cancer, via expression of ISGF3 mediated ISGs. STAT2 as a
component of the ISGF3 transcriptional complex is, therefore, critical in
modulating host defense. A study from the Schindler laboratory showed that
Stat2-/- mice have increased susceptibility to viral infection (vesicular stomatitis
virus (VSV)), as well as loss of a type I IFN autocrine/paracrine loop (Park et al.,
2000). Stat2-/- primary mouse embryonic fibroblasts (PMEFs) are impaired in the
induction of ISGF3 driven ISGs (i.e. MHC class I) by IFN-α in addition to having
significantly decreased expression of STAT1. Similar findings were not observed
in Stat2-/- macrophages, indicating distinct signaling mechanisms may be in place
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in different tissues (Park et al., 2000). Moreover, Stat2-/- lymphocytes harbor a
defect in augmenting the expression of Ly-6c, a T cell-specific marker, in
response to IFN-α treatment, as well as a loss of IFN-α block of T cell
proliferation stimulated by concanavalin A (Con A; a T cell mitogen) in vitro and
by dexamethasone (known to promote loss of CD4/CD8 double positive T cells)
in vivo (Park et al., 2000).
STAT2 regulates dendritic cell (DC) development and maturation via type I
IFN signaling (Hahm et al., 2005). Dendritic cells (DCs) are important in the
cross-presentation of foreign antigen to CD8+ T cells, which is the driving force in
the immune system to destroy cancer and virally infected cells. First, studies
revealed that IFN-α participates in a positive feedback regulation of DC
maturation (Asselin-Paturel et al., 2005; Montoya et al., 2002). Second, another
study demonstrated a significant reduction in the percentages of splenic
plasmacytoid DCs and conventional DCs in STAT2 mutant (Stat2m/m P117) mice
when compared to Stat2+/m or wild-type mice (Chen et al., 2009b). The STAT2
mutation (P117) derived from a T to A point mutation in the 5' splice site of
STAT2 intron 4–5 causes cryptic splicing and frame shift, leading to diminished
production of STAT2 protein. Thus the Stat2m/m P117 mouse closely resembles
the conventional Stat2-/- mice. Third and last, in vitro assays showed that Flt3Ldependent DC development and TLR ligand-mediated DC differentiation are also
defective in cells from STAT2 mutant mice, suggesting STAT2 positively
regulates DC development. Further, in a model of measles virus infection, type I
IFNs were shown to negatively regulate DC development in a STAT2-dependent
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but STAT1-independent manner indicating a mechanism of how certain viruses
evade the protective antiviral effects of type I IFNs via STAT2 (Hahm et al., 2005).

STAT2 in tumor cell growth control and apoptosis
Type I IFNs are well recognized important suppressors of cell proliferation.
In addition to protecting cells from viral infection, type I IFNs can inhibit the
growth of malignant cells and in certain tumor cell lines they are inducers of
apoptosis. Using a forward genetic approach, the human fibrosarcoma cell line
HT1080 containing a vector carrying an ISRE DNA element linked to an antibiotic
resistant reporter was subjected to multiple rounds of IFN treatment and further
mutagenized with the frameshift mutagen ICR191. Single clones defective in the
transcriptional responses to IFN and, therefore, unable to activate ISGF3 were
isolated (Pellegrini et al., 1989). One of these cell clones named U6A was
subsequently characterized and found to be deficient in STAT2 (Leung et al.,
1995). Reconstitution of STAT2 led to restoration of IFN-induced gene
transcription (Leung et al., 1995) and cell growth inhibition function (Brierley and
Fish, 2005a). Moreover, a study from our group showed that loss of STAT2
(induced by chronic exposure to IFN-) in a type I IFN apoptosis susceptible
human leukemic cell line named H123 became resistant and survived the lethal
effects of IFN-α (Romero-Weaver et al., 2010). Reconstitution of STAT2 restored
type I IFN-induced apoptosis. The molecular mechanism of this STAT2
dependent IFN-α-induced apoptosis of H123 cells is dictated primarily by the
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activation of the intrinsic mitochondrial dependent death pathway. In the
presence of STAT2, H123 cells display a loss of mitochondrial membrane
potential and caspase-3 activation (Romero-Weaver et al., 2010). To initiate
apoptotic signals, it is critical that STAT2 be phosphorylated at Y690 and
localized to the nucleus. A similar study using the human lymphocytic cell line
Daudi reached the same conclusions; that a loss of STAT2 induces IFNresistance in cells normally susceptible to the apoptotic effects of type I IFNs (Du
et al., 2009). In addition, a loss of STAT2 also protects Daudi cells from the
lethal effects of the DNA damaging drugs camptothecin and doxorubicin,
suggesting STAT2 is also involved in apoptosis signaling independent of the
JAK/STAT pathway (Du et al., 2009).

STAT2 in cancer
Members of the STAT family have been linked to cell transformation,
tumor development, and progression. The findings that STAT3 is constitutively
activated in transformed fibroblasts exogenously expressing the proto-oncogene
Src and that interrupting STAT3 signaling blocks the transformation of mouse
fibroblasts by the Src oncoprotein (Garcia et al., 1997; Turkson et al., 1998; Yu et
al., 1995) established the contribution of STATs to oncogenesis. Constitutive
activation of STAT3 has been detected at high frequency in different human
cancer cell lines and in tumor samples from patients (Bowman et al., 2000;
Buettner et al., 2002), including multiple myeloma, leukemia, breast cancer, head
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and neck cancer and melanoma. While STAT1, the binding partner of STAT2,
has been shown to promote (Khodarev et al., 2009; Kovacic et al., 2006; Schultz
et al., 2010) as well as suppress tumor growth (Wu et al., 2004), little information
is known about the role of STAT2 in cancer. Several in vitro studies indicate that
STAT2 is essential in restricting tumor cell growth by type I IFNs (Clifford et al.,
2003; Zhao et al., 2009). In a later study, the function of STAT2 was examined
using transgenic mice with constitutive IFN-α production in the central nervous
system and deficiency in STAT2 (CNS; GIFN/Stat2-/-). Compared to Stat1-/- mice
with transgenic CNS production of IFN-α (GIFN/Stat1-/-), GIFN/Stat2-/- mice die
prematurely due to spontaneous development of medulloblastoma. An increase
in the gene expression of pro-inflammatory IFN-γ in CD3+ T cells and activation
of STAT1, STAT3, STAT4 and STAT5 is observed in GIFN/Stat2-/- mice
indicating that STAT2 was needed in limiting inflammation (Wang et al., 2003).
This study also demonstrated that in the presence of IFN-α, host STAT2
functions as a tumor suppressor, independent of STAT1. However, a study from
our group reached a different conclusion in that STAT2 contributes to tumor
promotion. Using a model of colitis-induced inflammation to promote the
formation of colorectal tumors, mice were first exposed to the carcinogen
azoxymethane (AOM) followed by chronic exposure to the gut irritant dextran
sodium sulfate (DSS). Stat2-/- mice showed prolonged survival, lower adenoma
incidence, and smaller polyps. In contrast, 50% of the wild type mice died earlier
with large size polyps and high adenoma incidence. Similarly, in the two-stage
chemically-induced model of skin carcinogenesis involving an initial application of
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the carcinogen 7,12-dimethylbenz(a)anthracene (DMBA) followed by multiple
applications of 12-O-tetradecanoyl-phorbol-13-acetate (TPA), a deficiency in
STAT2, but not in STAT1 reduced the incidence of skin papillomas (Gamero et
al., 2010). One prominent feature observed in both cancer models was the
decreased expression of the pro-inflammatory cytokine IL-6 and reduced
activation of STAT3 in the absence of STAT2. IL6-mediated activation of STAT3
has been extensively documented to activate tumor progression in transformed
cells (Lin and Karin, 2007). This finding suggests that STAT2 functions as a
tumor promoter, in both chemically-induced models of cancer. The contribution of
type I IFNs in tumor development in these models, however, remains to be
determined. Interestingly, a study from the Carson group evaluated malignant
melanoma biopsies from patients treated with IFN-α and found no correlation
between STAT1 and STAT2 expression levels in the tumor and optimal
responses to IFN therapy (Lesinski et al., 2005). This finding suggests that the
expression levels of STAT2 in tumor cells may play different roles to those of
host STAT2. With this limited information on the role of STAT2 in tumorigenesis,
additional studies are warranted to determine whether host STAT2 operates as a
tumor suppressor or as an oncogene under certain conditions, in different models
of cancer, while STAT2 in the tumor may function differently from host STAT2.
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1.3 Melanoma
Overview of melanoma and other skin cancers
Melanoma is an aggressive malignant tumor of melanocytes; these cells
are located at the bottom layer (the stratum basale) of the skin's epidermis
producing melanin, the dark pigment, responsible for the color of the skin (Fig 17). The word melanoma comes from Greek “melas”, meaning dark. Melanoma
can appear anywhere in the human body where melanocytes reside. The
occurrence of melanoma is predominantly in the skin with much fewer chances in
the bowel, oral cavity and the eye. Melanocytes represent only ~1% of skin cells
and melanoma is not as common as other types of skin cancers. Despite of this,
melanoma can be more dangerous and cause about 75% deaths related to skin
cancer (Jerant et al., 2000). The primary causes of melanoma include ultraviolet
light (UV) exposure (both from the sun and tanning beds) (Kanavy and
Gerstenblith, 2011), which contribute to the high incidence rate in Oceania,
Northern America, Europe, southern Africa and Latin America (Parkin et al.,
2005), and genetic information (Firoz et al., 2009; Greene, 1999; Halachmi and
Gilchrest, 2001). In 2010, an estimated 68,130 new cases of melanoma were
diagnosed and approximately 8700 patients died of this disease in the United
States alone (Jemal et al., 2010). Newly diagnosed cases of melanoma cases
continue to be on the rise, more than any other malignancy except for lung
cancer, and melanoma is also considered to be second to adult leukemia in
terms of loss of years of potential life, per death (Coit et al., 2012). For early
detected melanoma, surgery is considered the primary treatment. The complete
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removal of melanoma in the early stages offers patients a high chance of cure.
Chemotherapy and immunotherapies are often used in patients who relapse or
develop metastasis.
There are two other major types of skin cancer in addition to melanoma,
namely basal cell cancer (BCC) and squamous cell cancer (SCC), which are
both named after the type of skin cell from which they arise. BCC comes from
cells at the lowest layer of the epidermis (Fig 1-7), while SCC originates from the
middle layer of the epidermis (Fig 1-7). BCC is the most frequent type of skin
cancer but least dangerous while SCC can be fatal when metastasizes. BCC is
easily treated with surgery or radiation therapy, since it rarely metastasizes and
causes death. In contrast, SCC is considered to be more harmful than BCC, with
a higher rate of metastasis, which remains relatively low and is treated with
surgery or radiation therapy. Other few rare skin cancers known to occur are
Dermatofibrosarcoma protuberans, Merkel cell carcinoma and Kaposi’s sarcoma.
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Fig 1.7 Structure of skin and epidermis. Schematics of the human skin,
structure, and the detailed epidermis. The three types of cells where the major
skin cancers originate from are shown (squamous cells, melanocytes and basal
cells).

35

Treatment of melanoma
Surgery is the first and the most effective treatment for primary melanoma.
Complete surgical excision with adequate surgical margins and assessment for
the presence of detectable metastasis along with short- and long-term follow-up
is the standard of care. Low-, intermediate-, high-dose IFN-α, and pegylated IFNα are used as adjuvant therapy for melanoma. Clinical trials of IFN
immunotherapy for malignant melanoma first began in the 1980s (Connors and
Silver, 1984; Creagan et al., 1984; Krown et al., 1984) evaluating different doses
of IFN-. Three clinical studies on stage IIB and stage III melanoma revealed that
neither low- nor intermediate-dose of IFN- improved both overall or relapse-free
survival (Cascinelli et al., 2001; Eggermont et al., 2005; Hancock et al., 2004),
while two other studies with low-dose of IFN- showed a significant relapse-free
survival benefit (Grob et al., 1998; Pehamberger et al., 1998). Two clinical trials
with high-dose IFN showed a relapse-free survival advantage, but not for overall
survival (Kirkwood et al., 2000; Kirkwood et al., 1996), and one study with
pegylated IFN-α therapy- this form of IFN is more stable in circulation- showed
similar benefit in a four year relapse-free survival but not in the overall survival
(Eggermont et al., 2008).
Recent studies identified somatic mutations in the BRAF gene in about 66%
of primary human melanomas (Brose et al., 2002; Davies et al., 2002; Dong et al.,
2003; Gorden et al., 2003). BRAF is classified as a proto-oncogene that belongs
to the raf family of serine/threonine kinases that regulate the MAPK signaling
pathway. All mutations are found in the kinase domain and 80% of them are
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V600E in exon 15, producing a constitutively active kinase while other mutations
are detected in exon 11. Vemurafenib is a small molecule developed as a
specific inhibitor of BRAF, and a randomized phase III trial revealed improved
overall and progression-free survival (Chapman et al., 2011). However, while the
drug is associated with 40-50% response rate in patients with mutated BRAF, the
median response duration is short of only 5 to 6 months as patients acquire
resistance to the therapy (Coit et al., 2012). Thus, combination therapy is
suggested, as well as defining drug resistance mechanisms in future research.
Radiation therapy is often applied after surgical resection for melanoma
patients with regional or distant metastasis. Studies showed that it may reduce
regional recurrence, but without improvement on the overall survival (Agrawal et
al., 2009; Bastiaannet et al., 2005). Various chemotherapy agents, including
dacarbazine (DITC), especially in previously untreated patients, are used to treat
melanoma, but the overall benefit in metastatic melanoma is limited (Bajetta et al.,
2002). The cytokine IL-2 is also used alone, or in combination with IFN-α, as
immunotherapy, with a possible complete and long-lasting remission; albeit only
seen in a small number of patients (Buzaid, 2004). Further, the human
monoclonal antibody anti-CTLA-4 (ipilimumab), which interrupts engagement of
the inhibitory signaling pathway or checkpoint during T-cell activation was
approved by the FDA as a single-agent therapy (2010; Hoos et al., 2010). The
adoptive T-cell therapy (ACT), using autologous expanded tumor-infiltrating
lymphocytes (TILs) has also showed incremental success and is now being used
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in combination with other treatment modalities (Besser et al., 2010; Boni et al.,
2010; Dudley et al., 2005).

The murine B16 cell line as a model of human melanoma
The murine B16 melanoma cell line was established from a tumor that
arose spontaneously in the skin at the base of the ear of a C57/BL6 mouse at the
Jackson Laboratory in 1954 (Green, 1968). The B16 tumor cell line had been
passaged continuously in mice and used in various investigations. In 1970s, the
Fidler laboratory performed detailed characterization of the B16 tumor cell line
panel and designated 11 lines from B16-F1 to B16-F11 based on their capacity
to metastasize in that order (Fidler, 1973; Fidler, 1975).
To understand genomic changes in melanoma, researches had first
identified inactivation of the Ink4a/Arf locus in 20-30% of multiple melanoma
families (Flores et al., 1996; Fountain et al., 1990; Monzon et al., 1998). Most
recently, V600E mutations in the BRAF gene rendering it catalytically active are
detected in more than 66% of human melanomas (Brose et al., 2002; Davies et
al., 2002; Dong et al., 2003; Gorden et al., 2003). While other somatic mutations
in BRAF have been identified, V600E remains the most common mutation in
melanoma and is found at a lower frequency in other types of cancer. Based on
these findings, a study conducted by the Ananthaswamy group characterized the
genomic alterations in the B16-F1subline of B16 and in a few other murine
melanoma cell lines. No activating mutations in exon 11 and exon 15 of BRAF
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were found in B16-F1, but loss of expression of the p16Ink4a and p19Arf tumor
suppressor proteins due to a large deletion spanning Ink4a/Arf exons 1α, 1β, and
2 (Melnikova et al., 2004) were found. This indicates that the spontaneous
murine B16-F1 melanoma, while it does not carry mutations in BRAF, it contains
features of melanoma tumors carrying wild type BRAF and thus cannot be
subjected to BRAF inhibitor therapy.
B16

melanoma

is

characterized

as

an

aggressive

and

poorly

immunogenic tumor. In particular, the B16-F1 subline is extensively used as a
model of tumor transplantation, does not spontaneously metastasize, and has
previously been shown to be growth-inhibited by type I IFN treatment in vitro
(Nishimura et al., 1985), and in vivo (Nishimura et al., 1985). Like human
melanoma, B16 melanoma cells have been found to carry constitutively active
STAT3 (Niu et al., 1999), and more specifically the B16-F1 subline (Yang et al.,
2009), indicating the common feature it shares with human melanoma.
Altogether, based on the properties of B16-F1 melanoma cells in that they are
poorly immunogenic, aggressive, harbors no BRAF mutation, expresses
activated STAT3, can be transfected with ease, and is responsive to type I IFN
therapy, this cell line is a suitable model to study the role of STAT2 in
oncogenesis.
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IFN signaling in dendritic cell cross-presentation
For cytotoxic T lymphocytes (CTLs) to acquire cytolytic activity to destroy
cancer cells and virally infected cells, naïve CD8+ T cells need first to be
activated by antigen presenting cells (APCs). APCs present foreign antigen
loaded on MHC class I molecules to T cells that has been processed internally.
When APCs are not directly infected, the mechanism they employ to acquire
exogenous antigens from infectious agent or tumor cells and present them on
MHC class I molecules is known as cross-presentation.

Among the various

types of APCs, dendritic cells (DCs) are considered to be the main crosspresenting APCs in vivo (Jung et al., 2002). Dendritic cells (DCs) are immune
cells forming part of the mammalian immune system, and their main function is to
process foreign material and present it as antigen on the surface to other
immune cells. DCs are present in tissues in contact with the external
environment, such as the skin, the inner lining of the nose, lungs, stomach, and
intestines. They can also migrate to lymph nodes once activated. Two main
intracellular pathways for cross-presentation of exogenous antigens have been
proposed, known as the ‘cytosolic’ and ‘vacuolar’ pathways (Joffre et al., 2012).
The cytosolic pathway depends on the proteasome, where digested peptides can
be transported into the endoplasmic reticulum (ER) by transporter associated
with antigen processing 1 (TAP1) and TAP2 for loading on newly formed MHC
class I molecules (Joffre et al., 2012). The cross-presentation through the
vacuolar pathway is independent of proteasomes and TAPs but dependent on
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lysosomes. Details of how both pathways operate are still incompletely
understood at both molecular and cellular levels (Joffre et al., 2012).
Based on accumulating evidence suggesting that IFN signaling, and
especially STAT2 are crucial in regulating DC development, maturation and
cross-presentation (Asselin-Paturel et al., 2005; Chen et al., 2009b; Diamond et
al., 2011; Fuertes et al., 2011; Montoya et al., 2002), I hypothesized that in the
B16 model of tumor transplantation, cross-presentation of tumor antigens to
CD8+ T cells by Stat2-/- DC is impaired and sensitivity to type I IFN is drastically
compromised resulting in defective development of a protective host antitumor
response.

pMEL transgenic mouse as a model to evaluate tumor antigen crosspresentation
To test my hypothesis that deficiency of STAT2 can result in impaired
tumor antigen cross-presentation to CD8+ T cells by DCs, leading to a failure of
CD8+ cytotoxic T cells to restrict tumor establishment, I chose to utilize the
pMEL-1 transgenic mouse model. The transgenic pmel-1 mouse carries a
rearranged T cell receptor transgene specific for the mouse homologue (pmel-1)
of human gp100, a cell surface marker involved in pigment synthesis that is
expressed by the majority of malignant melanoma cells including B16 melanoma,
as well as by normal melanocytes. CD8+ T cells from this mouse express a
transgenic TCR that recognizes an epitope of pmel-1 corresponding to amino
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acids 25-33 of gp100 presented by MHC class I molecules. Hence DCs primed
with peptide containing amino acids 25-33 of gp100 can present antigen to pmel1 transgenic CD8+ T cells resulting in CD8+ T cell expansion and maturation.
Finally, adoptive transfer of mature CD8+ T cells into tumor bearing mice can
demonstrate the efficiency of CD8+ T cells in rejecting tumors. This transgenic
mouse in conjunction with the poorly immunogenic B16 melanoma, a highly
aggressive tumor in C57BL/6 mice, provides a physiologically relevant tumor
model system for studies related to immunotherapy, which is advantageous in
comparison with another artificial mouse model wherein tumor cells overexpress
ovalbumin (OVA, a protein mainly found in egg white) as foreign antigen that is
recognized by CD8+ T cells from transgenic mice that express a TCR specific for
OVA.
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CHAPTER 2
STATEMENT OF GOALS
Years of studies have been devoted to understanding the process of
cellular transformation resulting in tumor formation known as tumorigenesis. The
detailed molecular mechanisms remain to be fully characterized. It is now well
recognized that transcriptional factors (TFs) play a pivotal role as the final
‘switches’ activating gene expression patterns that ultimately lead to malignancy.
One family of TFs named signal transducer and activator of transcription (STAT)
continues to draw increasing attention as molecular targets for cancer therapy.
Among its seven members, numerous studies highlight the role of STAT1, STAT3
and STAT5 in cancer (Yu and Jove, 2004). In stark contrast, hardly any
information is known about STAT2 in this disease. STAT2 is a key signaling
component in the type I interferon (IFN-α/β) induced activation of the JAK/STAT
signaling pathway (Darnell et al., 1994; Fu, 1992; Fu et al., 1992; Schindler et al.,
1992a; Schindler et al., 1992b). Following IFN treatment, STAT2 and STAT1 form
heterodimers and bind IRF9 to form an active transcriptional complex that
induces the expression of multiple genes that among other functions can inhibit
tumor cell growth and promote apoptosis. Studies that include work from our
laboratory have shown that STAT2 mediates the apoptotic and cell growth
inhibitory effects of type I IFNs (Du et al., 2009; Romero-Weaver et al., 2010). A
recent study demonstrated that Stat2-/- mice but not Stat1-/- mice with transgenic
expression of IFN-α in the central nervous system develop medulloblastoma
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(Wang et al., 2003). These observations support a role for STAT2 as a
transcription factor with tumor suppressor function. However, recent published
work from our laboratory shows that STAT2 operates as a tumor promoter of
chemically-induced colorectal and skin carcinogenesis (Gamero et al., 2010).
One likely explanation is that STAT2 activates the oncogenic STAT3 signaling
pathway. Furthermore, STAT1, independently of STAT2, has been shown to
having dual roles as a suppressor and promoter of tumorigenesis in different
animal cancer models (Khodarev et al., 2009; Kovacic et al., 2006; Schultz et al.,
2010; Wu et al., 2004). Therefore, my hypothesis was that STAT2 plays dual
roles in tumorigenesis, as a tumor suppressor and as a tumor promoter. To test
this hypothesis, I proposed to perform the following two aims:
1. Characterize the role of STAT2 in cancer using an established mouse
model of murine melanoma.
First,

I

found

that

B16-F1

melanoma

tumor

cells

transplanted

subcutaneously in Stat2-/- mice grew more aggressively than in wild type mice.
The tumors harvested from wild type and Stat2-/- mice showed an unexpected
dramatic decrease in the protein expression of both STAT2 and STAT1.
Interestingly, only B16-F1 tumors established in Stat2-/- mice released factors that
augmented the proliferation of B16-F1 tumor cells. Second, I showed that tumor
bearing wild type mice treated with IFN- developed smaller tumors whereas
Stat2-/- mice were unresponsive to the antitumor effects of IFN-β. Lastly, I
evaluated the involvement of the host immune response in restricting tumor
growth. I found that tumor specific T cell priming by dendritic cells (DCs) was
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defective in Stat2-/- mice. Melanoma tumor antigen specific CD8+ T cells primed
by Stat2-/- DCs produced low levels of IFN-γ and IL-2. Adoptive transfer of these
T cells to B16-F1 bearing Stat2-/- mice did not cause tumor regression with IFN-β
intervention. Collectively, these findings reveal that host STAT2 restricts the
establishment of melanoma tumors. More importantly, type I IFN/STAT2 signaling
on DCs plays a pivotal role in the development of antitumor immunity.
Using the mouse B16 transplantable melanoma model, my studies
indicate that host STAT2 exerts tumor suppressor activity as loss of STAT2
provides an advantageous environment for the establishment of B16 melanoma
tumors. Based on my results I postulate two mechanisms: first, secretion of
additional or enhanced production of soluble factors from the tumor
microenvironment promoting tumor growth is favored when STAT2 is disabled in
the host, and second, a defect in DC function due to a loss of STAT2 impairs
tumor antigen cross-presentation and the generation of cytolytic CD8+ T cells
resulting in tumor cells evading the radar of the immune system. Lastly, I showed
that B16-F1 tumors established in WT and Stat2-/- mice show a dramatic loss in
STAT2 and STAT1 proteins. My study is the first to make this observation
indicating that these proteins in the tumor may play important roles in
tumorigenesis, by yet unknown mechanisms and that the antitumor effects of
type I IFNs are indirect as they do not directly target the tumor due to impaired
activation of the JAK/STAT pathway because of loss of STAT2 and STAT1
proteins. Another aspect of the role of STAT2 in cancer to be examined is if a loss
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of STAT2 in tumor cells would affect tumor formation and/or response to IFN
therapy. Thus, the second aim of my thesis became:
2. Determine whether silencing of STAT2 in the tumor influences
tumorigenesis and the antitumor effects of type I IFNs.
First, I stably silenced the expression of STAT2 via shRNA approach in
mouse B16-F1 melanoma cells. This part of the study was started in parallel with
Aim1 and this was before I learned that tumor cells will lose expression of STAT1
and STAT2 when transplanted in mice. Silencing of STAT2 also led to a fifty
percent reduction in STAT1 protein. Quite contrary to my expectation, the
following observations were made: First, B16-F1 tumor cells lacking STAT2
protein and showing partial reduction in STAT1 were more responsive to the
growth inhibitory effects of IFN-than parental B16-F1 cells and B16-F1 carrying
empty vector, both in vitro and in vivo. In addition, no differences in the growth
rate of tumors established in wild type mice with STAT2 silenced B16-F1 cells or
with parental B16-F1 tumor cells were noted. Second, I evaluated and compared
the activation of STAT1 and STAT2 and binding of the ISGF3 transcriptional
complex (consisting of STAT1, STAT2 and IRF9) to DNA in control B16-F1 cells
and STAT2 silenced B16-F1 cells in response to IFN- treatment. Compared to
control cells, STAT2 silenced B16-F1 cells showed a delay in the activation and
formation of the ISGF3 complex. This was expected given that time was needed
for tumor cells to newly synthesize STAT2 with IFN- treatment. This correlated
with an initial delay and then later an increase in the expression of IFN regulated
genes. These results shed light on the unexpected role of STAT2 (and to some
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extent of STAT1) expression in melanoma tumors in diminishing the efficacy of
type I IFN therapy. Overall, my findings provide initial evidence that while host
STAT2 is required in restricting the establishment of melanoma tumors and in the
indirect antitumor effects of type I IFNs, STAT2 in the tumor should be evaluated
as a targetable molecule for the treatment of melanoma. Further studies are also
warranted to determine if STAT2 displays the same effects in other types of
cancer.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Reagents
Antibodies
Peptide-affinity

purified

specific

anti-STAT1

antibody

(E-23)

was

purchased from Santa Cruz (Santa Cruz, CA). Anti-STAT2 antibody was
obtained from Upstate for Western blot analysis (Billerica, MA) and anti-STAT2
antibody for immunocytochemistry analysis was a gift from Dr. Christian
Schindler (Columbia University, New York, NY). Anti-STAT3 antibody was a gift
from Dr. Andrew Larner (Virginia Commonwealth University, Richmond VA), antiSTAT5 and anti-Tyk2 antibodies were purchased from Transduction Laboratories
(Lexington, KY), and anti-pY701-STAT1 was purchased from BD Biosciences
(San Jose, CA). Anti-Jak1 (6G4), anti-pY705-STAT3 and anti-pY694-STAT5
antibodies were obtained from Cell Signaling (Danvers, MA), and anti-Actin
antibody was purchased from Abcam (Cambridge, MA). Horseradish peroxidaseconjugated goat anti-rabbit and rabbit anti-mouse antibodies were purchased
from Invitrogen (Carlsbad, CA) and used as secondary antibodies for Western
blotting. Fluorescein isothiocyanate (FITC)-anti-Rabbit IgG antibody and RPhycoerythrin (PE)-anti-Mouse IgG (Biolegend; San Diego, CA) were used for
immunohistochemistry and flow cytometry analysis. All primary antibodies were
used at 1:1000 dilution, and secondary antibodies were used at 1:5000 dilution,
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unless otherwise noted. Antibodies used for direct flow cytometry analysis were:
rat anti-mouse CD16/CD32 (clone 2.4G2), anti-CD3-FITC (Clone: 17A2), CD8αAPC (Clone: 53-6.7), CD4-PE-Cy7 (Clone: RM4-5), B220-PE (Clone: RA3-6B2),
Vβ13-FITC (clone: MR12-3) and CD25-Percp-Cy5.5 (Clone: P61), all purchased
from BD Pharmingen (San Diego, CA) and Foxp3-PE (Clone: FJk-16s)
purchased from eBioscience (San Diego, CA). Anti-IFNAR1 antibody was
provided by Dr. Robert Schreiber (Washington University), and FITC Rat antimouse IgG Clone: Poly4060 was obtained from Biolegend (San Diego, CA).
These antibodies were used for indirect flow cytometry analysis.
Cytokines
Recombinant murine IFN-β (specific activity 4×107U/ml) was generously
provided by Biogen Idec (Weston, MA). Recombinant murine granulocytemacrophage colony-stimulating factor (GM-CSF) was purchased from BD
Biosciences (San Diego, CA). Purified lipopolysaccharide (LPS) 3755 was
obtained from Sigma-Aldrich (St. Louis, MO) and human gp10025–33 peptide was
purchased from GenScript (Piscataway, NJ).
Buffers
Dulbecco’s Phosphate-Buffered Saline (DPBS) 1x was purchased from
Cellgro (Manassas, VA) and 0.9% sodium chloride solution for injections was
purchased from B. Braun Medical Inc. (Irvine, CA).

49

3.2 Animals
Stat2−/− mice were generated and kindly provided by Dr. Christian
Schindler (Columbia University). Strain-matched wild-type (WT) mice were
purchased from the Animal Production Area of the Frederick National laboratory
for Cancer Research (Frederick, MD). All mice were on a C57/BL6 genetic
background. Mice were bred in our own animal facility and housed under specific
Helicobacter pathogen-free environment. Pmel-1 transgenic mice on a C57/BL6
genetic background were purchased from The Jackson Laboratory (Bar Harbor,
Maine). These studies were done in accordance to the National Institute of
Health Guide for Care and Use of Laboratory Animals and approved by Temple
University Animal Care and Use Committee guidelines. All animals were
euthanized at the end of study by carbon dioxide inhalation.

3.3 Cell lines and growth conditions
The mouse melanoma cell line B16 (subclone F1), hereafter referred to as
B16-F1, was maintained in Dulbecco's Modified Eagle Medium (DMEM)
complete medium (Mediatech, Inc; Herndon, VA) containing 5% fetal bovine
serum (FBS), 2 mM L-glutamine, 1mM sodium pyruvate, 100 I.U/ml penicillin and
100 µg/ml streptomycin (Invitrogen Corp; Carlsbad, CA). The mouse MCA-304
and MCA-310 cell lines (3-methylcholanthrene-induced C57BL/6 squamous cell
carcinoma) were kindly provided by Dr. Bernard Fox (Oregon Health and Science
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University, Portland OR) and maintained in Roswell Park Memorial Institute
medium (RPMI) containing 10%

FBS, 2 mM L-glutamine, 4

µM 2-

mercaptoethanol (Sigma-Aldrich St. Louis, MO), 100 I.U/ml penicillin and 100
µg/ml streptomycin. The mouse MC-38 cell line (dimethylhydrazine-induced
murine colon adenocarcinoma) was maintained in DMEM containing 10% FBS, 2
mM L-glutamine, 100 I.U/ml penicillin and 100 µg/ml streptomycin. All cell lines
were maintained at 37 °C and 5% CO2.

3.4 Establishment of tumors, assessment of tumor growth, IFN
treatment, and adoptive transfer of pmel T cells
B16-F1 cells were harvested by trypsinization, followed by centrifugation
at 1000 rpm for 5 min at room temperature and cell numbers were counted using
a hemacytometer. Cells were resuspended (1×106) in 200 µl of 0.9% sodium
chloride solution and inoculated subcutaneously into the right flanks of 6-8 week
old C57BL/6 WT or Stat2-/- mice, using 1ml syringes with 25G needles. IFN
treatment was started three days after tumor cell injections. Murine IFN-β
(2×104U) in 100 µl of 0.9% sodium chloride solution was delivered to the tumor
site subcutaneously, using 1ml syringes with a 25G needles, three times weekly
for two weeks. Tumor size was measured three times weekly using a digital
caliper (NEIKO) from day 7 of injection. Tumor volume was calculated according
to the following formula: V= a2b, where a is the shorter diameter and b is the
longer diameter of the tumor (mm3). For adoptive cell transfer, in vitro-activated
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Pmel-1 T cells were first harvested in PBS. Three days after injection of tumor
cells, 5x106 pmel-1 lymphocytes in 0.5 ml of PBS were injected into the tail vein
of WT or Stat2-/- mice, using 1ml syringes with 29G needles. Twenty days after
adoptive transfer of Pmel T cells, draining inguinal lymph nodes of the mice were
harvested for flow cytometry analysis.

3.5 Protein analysis
Cell lysis
Tumor cells were disrupted in lysis buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 2 mM EDTA, 0.5% Triton-X-100 with 1mM sodium orthovanadate, 1mM
phenylmethylsulfonyl fluoride (PMSF) and complete mini protease inhibitors
cocktail (Roche, Indianapolis, IN), incubated on ice for 10 min followed by
centrifugation at 4°C (14,000 rpm for 10 min). The supernatant fraction (whole
cell lysate) was collected. To harvest cytoplasmic and nuclear proteins, cell
pellets were resuspended in two different buffers (refer to table 3.1). First, 400µl
of cold buffer A was added to cell pellets, left to swell on ice for 15 min, followed
by addition of 25 µl of 10% Triton-X100 and vigorously vortexed for 10 sec, and
centrifuged at 4°C (3000rpm for 3 min). The supernatant (cytoplasmic extract)
was collected and the insoluble pellets were lysed in 50 µl of buffer C, and placed
on a shaking platform for 15 min at 4°C. The tubes were then centrifuged at 4°C
(12,000 rpm for 5 min), and the supernatant fraction (nuclear extract) was
collected. The protein concentrations were measured using Biorad protein assay
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(Hercules, CA) and SmartSpec plus spectrophotometer (Biorad, Hercules, CA) at
595 nm wavelength. A standard curve of bovine serum albumin (BSA) ranging
from 0.08 to 1.14 µg/µl was used to calculate the protein concentration.
Table 3.1 Nuclear and cytoplasmic extract preparation buffers
Name
Part I (final concentration)
Part II (final concentration)
Buffer A 10mM HEPES (pH7.9)
1mM Na3VO4
10mM KCl
10mM Beta-gly-PO4
0.1mM EDTA
1mM DTT
0.1mM EGTA
0.5mM PMSF
Buffer C 20mM HEPES (pH7.9)
400mM NaCl
1mM EDTA
1mM EGTA
1mM PMSF

Western blot analysis
Protein extracts (whole cell lysates, 25 µg per lane) were resolved on
precast 4-12% gradient SDS-PAGE gels (NuPAGE 4-12% Bis-Tris Gel,
Invitrogen, Carlsbad, CA), ran on constant 150 volts for 1 h, transferred to
Millipore Immobilon polyvinylidene fluoride (PVDF; Billerica, MA) membranes
using Bio-Rad semi-dry system for 2 h, 60-120mA current. The resulting PVDF
membranes were blocked from nonspecific antibody binding using Blocker
Casein in TBS (Thermo Scientific, Rockford, IL) for 1 h at room temperature and
subsequently incubated with the indicated primary antibodies (4°C overnight or
room temperature 1 h). Blots were then washed three times (15 min each) in
Tris-buffered saline-Tween 20 (TBST; 20mM Tris-HCl, pH 7.5, 300mM NaCl,
0.05% Tween 20), followed by incubation with secondary antibody (room
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temperature 1h, IgG conjugated to horseradish peroxidase). Both primary and
secondary antibodies were dissolved in 3% BSA (Santa Cruz Biotechnologies;
Santa Cruz, CA) in TBST. Blots were further washed three times (15 min each) in
TBST and developed using enhanced chemiluminescence (ECL) reagent (GE
healthcare; Piscataway, NJ) and images captured using Alpha-Innotech HD2
image system (San Leandro, CA).

Electrophoretic Mobility Shift Assay (EMSA)
Synthetic double-stranded oligonucleotides corresponding to the ISRE of
the ISG15 promoter (5’-GATCCATGCCTCGGGAAAGGGAAACCGAAACTGAAGCC-3’)

and

the

GAS

element

of

FcγRI

promoter

GCATGTTTCAAGGATTTGAGATGTATTTCCCAGAAAAG-3’)

were

(5’-AATTAused

as

DNA probes. The probes (100 ng/µl each, 2 µl) were end-labeled with 2 µl of [γ32

P] ATP using 1 µl T4 polynucleotide kinase (New England Biolabs, Inc.),

together with 1 µl 10× T4 kinase buffer and 4 µl of H2O (Final volume 10 µl). The
mixture was then incubated at 37oC for 30 min and 1 l of 0.5M EDTA was
added to stop the reaction. Unincorporated -ATP was removed by adding 40 l
of H2O to the reaction and passing through a G25 filtration column (Millipore) by
centrifugation (2500 rpm for 3 min). Samples for EMSA were then assembled as
follows: each 40 µl reaction mixture contained 5 ng of labeled double stranded
oligonucleotide, 1 l of poly dI-dC (1mg/ml) (Amersham Biosciences), 5 g of
nuclear protein extract in ISRE binding buffer (20 mM HEPES, pH 7.0, 40 mM
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KCl, 1 mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT, 4% Ficoll, 0.02% Nonidet P-40)
or GAS binding buffer (10 mM Tris-HCl, pH 7.4, 100 mM KCl, 5 mM MgCl2, 1 mM
DTT, 10% glycerol). Molecular grade H2O was added if necessary to bring the
final reaction mixture volume to 40 l. The mixture was incubated at 25°C for 30
min and then left on ice for 30 min. The DNA-protein complexes were subjected
to electrophoresis on a 4.7% polyacrylamide gel in 0.25×Tris borate EDTA buffer
(0.9 M Tris-borate, 0.002 M EDTA) at 285 V for 2.5 h and visualized by
autoradiography (Gamero et al., 2004).

3.6 Quantitative Polymerase Chain Reaction (qPCR)
RNA extraction
RNA was extracted using RNA Bee Reagent (Amsbio; Lake Forest, CA).
Briefly, 1 ml of RNA Bee reagent per 6 cm culture dish was added and cells were
homogenized by repeated pipetting. Homogenate was then transferred to a clean
RNAse/DNAse free 1.5 ml eppendorf tube, followed by addition of 0.2 ml
chloroform and vigorously shaking (15-30 sec) to allow phase separation.
Samples were incubated on ice for 5 min then centrifuged at 4 oC (12,000g for 15
min). The aqueous phase (upper fraction) was transferred to a clean eppendorf
tube and mixed with 0.5 ml of isopropanol, stored 5-10 min at room temperature,
and followed by centrifugation at 4°C (12,000g for 5 min). The resulting RNA
pellets were washed twice with 75% ethanol (prepared with molecular grade H 2O)
and centrifuged at 4°C (7,500g for 5 min), then dissolved in molecular grade H2O.
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Contaminating DNA present in RNA samples was removed with DNA-free
reagent (Ambion; Austin, TX). Briefly, 0.1 volume of 10×DNase I buffer and 1µl of
rDNase I was added to RNA solution (final volume 20 µl), followed by incubation
at 37°C for 30 min, then 0.1 volume of resuspended DNase I inactivation reagent
was added. The mixture was incubated 2 min at room temperature, mixed
occasionally, and centrifuged at room temperature (10,000g for 1.5 min) and the
RNA solution was then transferred to fresh clean tubes. RNA concentrations
were measured using a NanoDrop 2000 spectrometer (Thermo Scientific,
Rockford, IL). Absorbance of one l sample was read at 260 nm and 280 nm.
First strand synthesis
RT-PCR was completed as a two-step process. The first strand synthesis
was performed using High Capacity cDNA Reverse Transcription (Applied
Biosystems; Foster City, CA). The reaction was set up according to the
manufacturer’s protocol:
Table 3.2 Reverse transcription reaction
Component
10×RT buffer

Volume/Reaction (µl)
2

25×dNTP mix (100mM)

0.8

10×RT random primers

2

MultiscribeTM reverse transcriptase

1

RNA sample

X (total of 2 µg)

Nuclease free H2O

14.2-X
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Total per reaction

20

The reaction conditions were: 25°C for 20 min, 37°C for 120 min, followed
by 85°C for 5 min and hold at 4°C. The cDNA was stored at -80°C until use for
real-time PCR.
Real-time PCR
Real-time PCR was performed using an ABI 7300 Fast Real Time PCR
system (Life technologies; Foster City, CA). Validated probes for target genes
were purchased from Life technologies (Foster City, CA) TaqMan® Gene
Expression Assays, which consist of a pair of unlabeled PCR primers and a
TaqMan® probe with a FAM™ dye label on the 5' end, and minor groove binder
(MGB) nonfluorescent quencher (NFQ) on the 3' end. For each reaction (20 µl
total), 10 µl of 2× Taqman Gene Expression Master Mix (Life technologies;
Foster City, CA) was added to 6 µl of cDNA (a 1:10 dilution from the above
reverse transcription reaction) plus 1 µl of probe and 3 µl of H2O. All reactions
were conducted in triplicates, on a MicroAmp Optical 96-well reaction plate (Life
technologies; Foster City, CA). The real-time PCR conditions were 50°C for 2
min, 95°C for 10 min (1 cycle), 95°C for 15 sec, 60°C for 1 min (40 cycles). Data
are presented as the expression level relative to -Actin, which serves as a
housekeeping gene and internal control for loading. Quantitation of gene
expression was calculated by comparing threshold cycle (Ct), which is the cycle
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number the PCR product is detected. The following equation for calculating fold
changes was used in my data analysis: 2 – (CT target gene – CT β-Actin).
Table 3.3 Probe information for qPCR
Target (Murine)

Assay ID

Reference

Exon

Assay

Amplicon

sequence

Boundary

location

length

STAT1

Mm00439531_m1

NM_009283.3

20-21

2078

85

STAT2

Mm01160664_m1

NM_019963.1

22-23

2257

156

IFIT1

Mm00515153_m1

NM_008331.3

1-2

97

80

IFIT2

Mm00492606_m1

NM_008332.3

2-3

477

66

RSAD2

Mm00491265_m1

NM_021384.4

5-6

958

70

SOCS1

Mm00782550_m1

NM_009896.2

2

793

88

β-Actin

4352933E

NM_007393.1

6

NA

115

3.7 Immunocytochemistry
Tumors harvested on day 7 and day 20 were embedded in Optimal
Cutting Temperature (O.C.T.) tissue preserving compound (Sakura Finetek,
Torrance, CA) and snapped frozen in liquid nitrogen. Tissue sections of 5 µm
thickness were sliced, placed on glass slides, then fixed using 100% methanol at
−20°C for 15 min, blocked with 10% normal goat serum for 20 min, washed three
times with PBS for 5 min, and followed by incubation with anti-STAT1 (1:100)
and anti-STAT2 Antibody (1:2500) for 1 h at room temperature. The slides were
then washed three times with1x PBS for 5 min, and incubation with FITC-antiRabbit IgG antibody and PE-anti-Mouse IgG was performed for 1 h at room
temperature and nuclei were counterstained using Vectashield mounting medium
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(Vector laboratories). Images were taken using a Nikon Eclipse TE2000-U image
system (Nikon; Melville, N.Y.)

3.8 Tumor condition medium and isolation of tumor cells
Collection of tumor conditioned medium
B16-F1 tumors harvested from WT and Stat2-/- mice (more than five per
group) were individually minced, weighed, and 100 mg of tumor tissue was
cultured in 1 ml of serum free DMEM in 6-well culture plates. Tumor conditioned
media (also referred to as tumor supernatant) were collected 24 h later
immediately followed by centrifugation at 10,000 rpm for 5 min at 4°C to remove
cell debris. Tumor supernatants were used for experiments as indicated.
Measurement of inflammatory cytokines
Tumor conditioned media collected both from individual tumors from WT
and Stat2-/- mice as described above were diluted 1:5 with serum free DMEM,
and levels of six different inflammatory cytokines were measured using BDTM
Cytometric Bead Array (CBA) Mouse Inflammation Kit (BD Biosciences; San
Diego, CA) containing six bead populations with distinct fluorescence intensities
coated with capture antibodies specific for IL-6, IL-10, MCP-1, IFN-γ, TNF-, and
IL-12p70 proteins. The assay was performed according to the manufacturer’s
instructions as follows: First, mouse inflammation standards were reconstituted in
Assay Diluent for 15 min. The standards were then further diluted by 1:2 serial
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dilutions using the Assay Diluent to create 9 standards with concentration of each
cytokine ranging from 5000 pg/ml to 20 pg/ml and one additional standard at 0
pg/ml. The six cytokine bead populations (10 l of each/sample to be analyzed)
were mixed together followed by transferring of 50 µl of mixed beads to each
assay tube. Next, Standard Dilutions or test samples (diluted) to the appropriate
sample tubes (50 µl/tube) were added, followed by addition of 50 µl/test of PE
Detection Reagent, and incubated all samples 2 h at room temperature in dark.
The samples were washed with 1 ml Wash buffer and centrifuge at 200g for 5
min. Lastly, 300 µl of Wash buffer was added to each sample and analyzed in the
FL2 channel of BD FACSCaliburTM flow cytometer (BD Biosciences; San Diego,
CA).
Isolation of tumor cells
Individual B16-F1 tumors harvested from WT and Stat2-/- mice were
minced into small pieces using dissecting scissors and forceps in a 60mm plastic
dish containing 5 ml of PBS. The dissociated tumor material was pipetted into a
330 µm filter bag (Nasco), smashed by rolling with a 5 ml plastic pipette.
Suspension of single tumor cells was then collected by pipetting and subjected to
serial filtration through 100 µm and 40 µm cell strainers (Fisher). Additional 3 ml
of 1x DPBS was added to the 330 m filter bag to collect residual tumor cells. To
remove cell debris, Ficoll gradient centrifugation was performed. Briefly, 2 ml of
Ficoll reagent (Amersham Biosciences) was added to a 15 ml polypropylene tube.
Next, the tumor cell mixture was layered on top of the Ficoll reagent slowly using
a 5 ml pipette to prevent mixing with the Ficoll. Tubes were then centrifuged at
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1600 rpm for 20 min at room temperature. The interphase fraction in which live
cells sediment was collected and transferred to a new 15 ml conical tube. The
tubes were filled with 1×DPBS and centrifuged at 1000 rpm for 5 min at room
temperature to remove Ficoll reagent. The cell pellets were then resuspended in
B16-F1 DMEM medium and cultured in vitro at 37°C and 5% CO2 for indicated
times to harvest proteins and conduct Western blot analysis.

3.9 Cell proliferation assay
B16-F1 cells were plated on a flat bottomed 96-well plate in quadruplicate
at 1x103 cells per well in 100 µl of B16-F1 DMEM medium. For proliferation
assays performed with tumor conditioned medium, B16-F1 cells were incubated
with medium alone or 50% tumor conditioned medium (supernatant diluted with
equal volume of medium) derived from tumors established in WT or Stat2-/- mice
at 37°C for 72 h. For other proliferation assays, cells were treated with or without
murine IFN-β at the listed concentrations and incubated at 37°C for 72 h for the
indicated times. Cell proliferation was assessed by using CellTiter 96-Aqueous
One Solution Reagent (Promega, Madison, WI) according to the manufacturer’s
instructions. Twenty µl of reagent was added to each well and the plate was
incubated at 37°C for 2 h. Wells containing medium alone without cells were
included as blank to subtract background. Absorbance was measured at 490 nm
using a VictorX5 multilabel plate reader (Perkin Elmer, Waltham MA).
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Background values were first subtracted from each well before proceeding with
determination of cell proliferation fold change or percent cell growth inhibition.

3.10 Generation of bone marrow-derived dendritic cells (DCs)
and in vitro priming of transgenic Pmel-1 T cells
Generation of bone marrow-derived dendritic cells (DCs)
Bone marrow (BM) precursors were flushed from femurs and tibias of WT
and Stat2-/- mice using 3 ml syringes with 26G needles filled with complete IMDM
medium (Iscove’s DMEM with 10% FBS, penicillin/streptomycin, gentamicin, and
beta-mercaptoethanol). Next, BM precursors were seeded in 24-well plates at
106 cells/ml in complete IMDM enriched with murine GM-CSF (3.3 ng/ml) to
differentiate into DCs as previously described (Sriram et al., 2007). Briefly, 1 ml
of IMDM medium was removed on day 2 from the wells and 1 ml of fresh IMDM
medium with GM-CSF was added and from day 5 replaced with fresh medium
with GM-CSF daily until the culture was used (day 6 or 7). Resting DC cultures
were stimulated with LPS 3755 (100 ng/ml), pulsed with peptide hgp10025–33 (5
μg/ml) for 2 h at 37°C and then harvested in cold PBS by pipetting and washed
once with complete IMDM by centrifugation at 180g. Lastly, DCs were counted
and resuspended in complete IMDM at the density of 10,000 cells in 100 μl to be
cultured with transgenic Pmel-1 T cells.

62

In vitro priming of transgenic Pmel-1 T cells
Lymphocytes from Pmel-1 TCR transgenic mice were isolated by
smashing spleens and peripheral lymph nodes onto a 100 μm cell strainer to
remove the splenic capsules and help release the cells from the spleen. The cell
mixture was then subjected to depletion of red blood cells using red blood cell
lysis buffer (Sigma-Aldrich) as follows: One ml of buffer was added to cell pellet
(cell pellet =1 spleen or 100-200 million cells). Cells were mixed gently by tapping
for 1 min, followed by diluting the buffer with 15-20 ml of complete IMDM. Cells
were then centrifuged at 250-500 g for 7 min at room temperature and the
supernatant decanted. The procedure was repeated if a large proportion of red
blood cells still remained in the cell pellet.
Lymphocytes free of red blood cells were then plated on 10 cm petri
dishes in complete IMDM for 1 h at 37°C; macrophages and dendritic cells
present in the cell mixture were depleted by adherence to petri dishes. The
floating cells (predominantly T cells) were harvested gently by pipetting from the
dish and replated in 96-well U-bottom tissue culture plates at the density of
100,000 cells/well in 100 μl. One hundred μl of day 6 BMDCs (10,000 cells) were
then co-cultured with 100 μl of Pmel-1 T cells (100,000 cells) at a ratio of 1:10
(DC: T). The culture supernatants were collected after 5 days and tested for
cytokine release. The primed Pmel-1 CD8+ T cells were then resuspended at 107
cells/ml with PBS and used for adoptive transfer into tumor-bearing mice.
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ELISA assay
The supernatants were collected after 5 days of incubation of Pmel-1
lymphocytes with WT or Stat2-/- BMDCs. Triplicate wells were analyzed for
mouse IFN-γ and IL-2 cytokine release using specific ELISA (BD OptEIA ELISA
kits) following the manufacturer’s instructions. For mouse IFN-γ ELISA, 50 µl of
ELISA Diluent was added to each well followed by 50 µl of standard or sample to
each well. The mixture was incubated 2 h at room temperature. The supernatant
was then aspirated and the wells were washed with wash buffer 5 times, followed
by addition of 100 µl prepared Working Detector to each well and incubation of 1
h at room temperature. Next, the supernatant was aspirated and wells were
washed/soaked 7 times, and 100 µl Substrate Solution was added to each well
followed by incubation for 30 minutes at room temperature. Lastly, addition of 50
µl Stop Solution to each well was performed. Absorbance was read at 450 nm
within 30 minutes and λ correction at 570 nm.
For mouse IL-2 ELISA, first, 100 μl of diluted capture antibody was added
to each well followed by incubation overnight at 4°C. Free unbound antibody was
removed by washing the wells 3 times with wash buffer. The plates were blocked
using 200 μl Assay Diluent added to each well incubated for 1 h at room
temperature followed by aspirating and washing 3 times. Next, 100 μl standard or
sample was added to each well and incubated 2 h at room temperature. Wells
were aspirated and washed 5 times. One hundred μl of Working Detector
(Detection Ab + SAv-HRP) was then added to each well and incubated for 1 h at
room temperature, followed by washing 7 times (with 30 sec to 1 min soaks), and
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addition of 100 μl Substrate Solution to each well. Next, the plates were
incubated 30 min room temperature in dark. Finally, addition of 50 μl stop
solution to each well was performed. Absorbance was read at 450 nm within 30
min with λ correction at 570 nm. Cytokine levels were calculated based on the
standard curve plotted by provided standards.

3.11 Flow cytometry
Phenotyping of transgenic T cells
Pmel-1 transgenic lymphocytes were stained before and after in vitro
activation with BMDCs. Lymphocytes were first washed with PBS, and then
resuspended in 50 µl fluorescence-activated cell sorting (FACS) buffer (PBS with
1% Bovine Serum Albumin and 0.1% sodium azide). Cells were incubated with
rat anti-mouse CD16/CD32 mAb for 10 min to block Fc receptors, and then
stained for 30 min on ice with the following anti-mouse antibodies: anti-CD3-FITC,
CD8α-APC, CD4-PE-Cy7, and B220-PE. Vβ13-FITC to quantify the percentage
of Pmel-1 transgenic lymphocytes present in the cell population. Cells were then
fixed in 1% formaldehyde and 10,000 cells were analyzed on a FACS Canto
cytometer (BD Biosciences).
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Detection of Tregs
After adoptive cell transfer to mice for 20 days, the inguinal lymph nodes
draining the tumor side of the mice and the contralateral lymph nodes were
harvested and stained for CD4-PE-Cy7, CD8α-APC, CD25-Percp-Cy5.5, and
Foxp3-PE to analyze for the presence regulatory T cells. Cells were stained and
fixed using the Foxp3 staining kit (eBioscience) following the manufacturer’s
instructions. Briefly, 100 μl of freshly prepared cells (approximately 1x106 cells)
were first stained for CD4, CD8, and CD25 following the Surface Staining
Protocol as described earlier. Next, the cell pellet was resuspended with a pulse
vortex and 1 ml of freshly prepared Fixation/Permeabilization working solution
was added to each sample. Pulse vortex was applied again followed by
incubation at 4°C between 30 min and 18 h in the dark. Cells were washed once
with 2 ml of 1X Permeabilization Buffer (made from 10X Permeabilization Buffer)
by centrifugation and the supernatant discarded; the washing step was repeated.
Next, without washing after blocking step, fluorochrome-conjugated anti-Foxp3
antibody or isotype control was added in 1X Permeabilization Buffer and cells
were incubated at 4°C for at least 30 minutes in the dark. Cells were washed
once with 2 ml of 1X Permeabilization Buffer again followed by centrifugation and
then the supernatant was discarded. Again washing was repeated once. Finally
cells were resuspended in an appropriate volume of Flow Cytometry Staining
Buffer and analyzed on a flow cytometer.
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Determination of surface IFNAR1
To measure surface type I IFN receptor expression, B16-F1 cells
expressing empty vector (EV) and shRNA sequence targeting STAT2 (STAT2KD)
were harvested from culture dishes by scrapping. The cells were then centrifuged
at 1200 rpm for 5 min at 4°C, and washed once with 3 ml of FACS buffer
followed by centrifugation. Cells were resuspended in 150 µl FACS buffer and
divided into three groups (unstained, control IgG and anti-IFNAR1). One µl of the
appropriate antibody (mouse serum for IgG and mouse IFNAR1 antibody, was
added and cells were incubated for 20 min on ice. The cells were then
centrifuged at 1200 rpm for 5 min at 4°C, washed once with 500 µl FACS buffer,
and further incubated with 2 µl of FITC Rat anti-mouse IgG, for 30 min protected
from direct light. Cells were processed under the same centrifugation conditions,
washed once with FACS buffer, and resuspended in 300 µl of 4%
paraformaldehyde (EMS; Hatfield, PA). Samples were kept in the dark at 4°C
until ready for flow cytometry analysis. FlowJo software was used for data
analysis.

3.12 Transfection, shRNA and DNA constructs
Cell transfection
Plasmid DNA constructs and shRNA retroviral plasmids were introduced
to cells using X-tremeGene HP DNA transfection reagent (Roche, Indianapolis,
IN). Twelve to 24 h before transfection, cells were plated on 6 cm dishes at ~50%
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confluency. Briefly, for each transfection, 4 µg of DNA was diluted and mixed in
400 µl of serum-free medium, followed by addition of 12 µl of the transfection
reagent and mixed by pipetting. The mixture was then incubated for 15 min at
room temperature, and added to the culture dishes dropwise. A proportion of
cells were collected 48 h after transfection for Western blot analysis and the rest
of the cells were cultured in vitro under the appropriate antibiotic selection.
DNA vector constructs
Knockdown of STAT2 expression in B16-F1 cells was accomplished by
transfecting a shRNA plasmid (HuSHTM, Origene; Rockville, MD) followed by 5
µg/ml of puromycin selection of stable expressing cells. The pRFP-C-RS vector,
which contains shRNA sequences targeting STAT2, has a pCMV driven tRFP
(red fluorescent protein) gene and a U6 promoter driven target sequence and a
reverse complement sequence linked by a CAAAGAG loop, as well as a SV40
early promoter driven puromycin selection marker. The bacterial selectable
marker for the vector is Chloramphenicol. The pooled population of cells obtained
after transfecting each of the STAT2 shRNA vectors individually was collected
and analyzed for STATs expression by Western blotting (data not shown). The
sequences I utilized are listed (table 3.4) and sequence C is the one that yielded
the highest STAT2 silencing and, therefore, used in subsequent experiments.
The stable knockdown population was further enriched by FACS sorting based
on RFP expression using a BD FACS-VantageSE/DiVa cell sorter (Fox chase
cancer center).
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Table 3.4 Summary of shRNA sequences for mouse STAT2
Number Sequence (5’-3’)
Target position (mRNA)
A

GTTCTCTAACGGCGCATCAGAACAGTCCA 4011(3’ UTR)

B

GTTCTCTCTTCCAGTTACCTCAGGTGTAC

3401(3’ UTR)

C

ACTCATTGTGATCTCTAACAGACAGGTGG

2232

D

CGAGTACTGAATACATCACAACCAACGAA

2792

3.13 Statistical analysis

Prism software (GraphPad, San Diego) was used for statistical analysis. In
vitro results were analyzed using unpaired t test and the in vivo results using
Mann-Whitney U test, and values of p< 0.05 were considered significant (marked
in the figures as * p< 0.05; ** p< 0.01; *** p< 0.001). Error bars were shown to
represent standard error (SE) of the mean.
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CHAPTER 4
RESULTS
4.1 Establishment of B16-F1 melanoma in Stat2-/- mice
B16-F1 melanoma tumors grow more aggressively in Stat2-/- mice
To address whether STAT2 plays a role in tumor establishment, I chose
the murine B16-F1 melanoma cell line for my studies to assess tumor formation
in wild type (WT) and Stat2-/- mice. This particular cell line is a well-characterized
mouse model of human melanoma and the tumor from which this cell line was
established arose spontaneously in a C56BL/6 mouse (Fidler, 1973; Fidler, 1975;
Green, 1968), and has the same genetic background of the Stat2-/- mice. In
addition, this tumor cell line has robust expression of the various STAT proteins
((Brown et al., 2006) and Fig 4-2). B16-F1 cells were cultured in vitro and one
million of cells were injected subcutaneously in the right flank of WT and Stat2-/mice. Starting from day 3 post-injection when a palpable tumor lesion was
evident, tumor volumes were measured three times weekly (Fig 4-1A). Tumors
that developed in Stat2-/- mice showed a significant increase in growth rate.
These tumors had larger volumes (mean of 4100 mm3 ± 480 mm3 on day 18)
compared to those that formed in WT mice (mean 1800 mm3 ± 400 mm3, Fig 41A and 4-1B on day 18).
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This finding illustrates that in the absence of host STAT2, tumor growth is
enhanced, therefore, STAT2 is important in limiting B16-F1 melanoma tumor
establishment. In other words, a STAT2 mediated antitumor host response is
pivotal in tumor rejection.

71

A

B

Tumor volume (mm 3)

5000

Stat2-/-

4000

**

3000
2000

WT

Stat2-/-

WT

1000
0
0

5

10

15

20

Time (days)

Fig 4.1 B16-F1 melanoma grows more aggressively in Stat2-/- mice. One
million B16-F1 cells were injected subcutaneously in mice and tumors were
measured 3 times weekly until day 20 of the study. (A) Tumor volumes of one
representative experiment of five from both WT (n=7) and Stat2-/- (n=10) mice,
and values are mean±SEM, p< 0.05 were considered significant (marked in the
figures as ** p< 0.01). (B) Representative image of five individual B16-F1
melanoma tumors harvested from wild type (WT) and Stat2-/- mice at day 20 post
injection.

72

Expression of STAT2 and STAT1 in the tumor is dramatically reduced
during tumor establishment
I next interrogated whether the expression and activation of STAT2, and
STAT1 in the tumors could be affected during the establishment of B16-F1
melanoma to help explain the observed differences in tumor growth between WT
and Stat2-/- mice. Western blot analysis was performed using whole cell extracts
prepared from tumors harvested from three individual WT and Stat2-/- mice (Fig
4-2A and 4-2B) at day 20 post injection. Quite unexpectedly, the levels of both
STAT2 and STAT1 were found to be dramatically reduced to similar levels in the
tumors that formed in WT and Stat2-/- mice when compared against B16-F1
tumor cells maintained in vitro (Fig 4-2A). I also evaluated changes in the protein
expression of STAT3 given its role in tumorigenesis. Despite a substantial
decrease in STAT2 and STAT1 proteins, STAT3 levels were not significantly
changed (Fig 4-2B). STAT1 and STAT2 activation in these tumors; albeit
expressing low levels of these two proteins, were also evaluated for changes in
their tyrosine phosphorylation, however, none was detected (data not shown).
The levels of basal tyrosine phosphorylated STAT3 remained unaffected (data
not shown).

This indicates that STAT1 and STAT2 activation may not be

involved in the later stages of B16-F1 melanoma establishment.
To determine whether changes in tumor STAT2 and STAT1 protein were
due to alterations occurring at the transcriptional level, quantitative PCR analysis
of STAT1 and STAT2 mRNA was performed, but did not show significant
changes in tumors established in WT mice (Fig 4-2C), indicating that loss of
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STAT2 and STAT1 proteins is regulated post-transcriptionally. In contrast, while
STAT1 mRNA levels were decreased by 50% in tumors established in Stat2-/mice, STAT2 mRNA levels remain unchanged when compared to B16-F1 cells
grown in vitro (Fig 4-2C). Therefore, this brings me to speculate that in the
absence of host STAT2, a tumor microenvironment permissive for tumor
establishment is favored. In addition, the molecular mechanisms for which tumor
STAT2 and STAT1 proteins are reduced are different in WT and Stat2-/- mice.
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B16 WT
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Stat2-/- mice

Fig 4.2 Dramatic decrease of STAT2/STAT1 during tumor establishment. (A)
Western blot analysis of STAT1 and STAT2 and (B) STAT3 in three individual
tumors harvested from WT and Stat2-/- mice on day 20. Actin was used as an
internal loading control. B16-F1 cells grown in vitro represent the initial level of
STAT proteins and also used as positive control. (C) qPCR analysis of STAT1
and STAT2 mRNA levels measured in six individual tumors harvested from WT
and Stat2-/-

mice on day 20. Data are shown as the mean fold change

determined by normalization to the housekeeping gene actin and values of p<
0.05 were considered significant (marked in the figures as *** p< 0.001).
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To determine the timing of when a loss of STAT2 and STAT1 in the
tumors occurred during tumor transplantation and whether these were different
between tumors that developed in WT and Stat2-/- mice, I performed
immunofluorescent staining of STAT2 and STAT1 on frozen tumor sections from
individual mice whose tumors were harvested on day 7 and day 20 after tumor
injection (Fig 4-3A). Immunostaining of B16-F1 cells grown in vitro served as a
positive control and as the initial baseline level for both STAT proteins to
compare against expression of STATs in the tumors. Already as early as day 7
when tumors are palpable, the expression of both STAT2 (in red) and STAT1 (in
green) was below detection levels and maintained until the end of the study on
day 20 when mice were sacrificed. In addition, the same tissue sections now
including the tumor with borders showed a dramatic decrease of STAT2 and
STAT1 protein occurring inside the tumor, whereas both proteins were expressed
normally on the edge of WT tumors, which contains connective tissue of the host
(Fig 4-3B). In addition, as expected, spleens and the borders of tumors harvested
from Stat2-/- mice were negative for STAT2 protein. Together, using different
approaches (Western blotting and immunocytochemistry), I confirmed that a loss
of STAT2 and STAT1 proteins occurred early and not later during B16-F1
melanoma tumor formation.
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Fig 4.3 Loss of STAT2/STAT1 occurred early during tumor establishment.
(A) Tumors harvested on day 7 and at the conclusion of the study on day 20
were processed for immunofluorescent staining for STAT1 (green) and STAT2
(red). Tissues were counterstained with nuclear stain DAPI (blue). (B) Images
from both inside and border of the same tumor sections are shown. Images of
spleen sections are shown as a positive control for protein expression of STAT2
and STAT1.
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4.2 Regulation of STAT2 and STAT1 expression in the tumor by
the host
The adaptive arm of the immune system does not influence STAT2 and
STAT1 expression in the tumor
To assess whether the adaptive arm of the immune system whose main
cellular components are mature T and B lymphocytes was contributing to the
observed drastic decrease of STAT2 and STAT1 expression in the tumor, B16F1 melanoma cells were transplanted in Rag1-/- mice. These mice are
categorized as immunodeficient because they lack mature T and B cells and
represent a suitable model to implant allogeneic and human tumors that are
difficult to establish in otherwise immunocompetent mice. Recombination
Activating Genes (RAGs) encode enzymes that play an important role in the
rearrangement and recombination of the genes of immunoglobulin and T cell
receptor molecules during the process of variable, diverse, and joining gene
(V(D)J) recombination. This is a mechanism of genetic recombination in the early
stages of immunoglobulin (Ig) and T cell receptors (TCR) production of the
immune system. RAG-1 and RAG-2 are central for the generation of mature T
and B lymphocytes (Jones and Gellert, 2004). Western blot analysis of B16-F1
tumor lysates prepared from tumors that formed in Rag1-/- mice displayed a
similar loss of STAT2 and STAT1 proteins that was earlier detected in B16-F1
tumors established in WT and Stat2-/- mice (Fig 4-4).
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This finding strongly indicates that the substantial reduction in STAT2 and STAT1
proteins does not involve the host adaptive immune system.

81

B16-F1 in Rag1-/1

2

3

4

5

6

7

STAT1
Actin
STAT2
Actin

Fig 4.4 Loss of STAT2 and STAT1 expression in B16-F1 tumors occurs
independently of the actions of the adaptive host immune response. One
million B16-F1 cells were injected subcutaneously in Rag1-/- mice. On day 20,
mice were sacrificed and tumors processed for Western blot analyses of STAT1
and STAT2. Actin was used as an internal loading control. Results from seven
individual tumors are shown.
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STAT2/STAT1 protein expression in the tumor is regulated by the
microenvironment
One important issue to address was to determine if the dramatic decrease
of STAT2/STAT1 proteins observed in the tumors was influenced by the
microenvironment and if this effect was transient or irreversible. To evaluate if
loss of STAT2 and STAT1 protein expression was reversible, I prepared single
cell suspensions of B16-F1 tumor cells isolated from fresh tumors harvested on
day 20 and cultured them in vitro. Western blot analysis revealed that only
STAT2, but not STAT1 expression in tumor cells derived from WT mice
maintained in culture for four days returned to levels comparable to those
detected in B16-F1 cells passaged in vitro (Fig 4-5). These results indicate that
the tumor microenvironment network may be involved in suppressing STAT2
protein expression in the tumor, but this effect is reversible once the tumor is
removed from this environment. In contrast, downregulation of STAT1 protein in
the tumor is an irreversible event, modulated via a different mechanism yet to be
identified.
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Fig 4.5 Decreased expression of STAT2 but not STAT1 in the tumor is
reversible. B16-F1 tumor cells isolated from tumors established in two individual
WT mice sacrificed at day 20, were cultured in vitro for the indicated times. B16F1 tumor cells passaged in vitro were used as a reference control to compare
levels of STAT1 and STAT2 in the tumor by Western blot analysis. Actin served
as an internal loading control.
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4.3 Soluble factors secreted by tumors established in Stat2-/mice do not regulate STAT2/STAT1 protein levels but trigger
STAT3 activation and augment cell proliferation
Tumor derived soluble factors do not affect STATs protein levels
One possible explanation for the loss of STAT2 and STAT1 protein in the
tumors could involve the actions of soluble factors such as cytokines and
chemokines secreted by the tumors to directly or indirectly suppress STAT2 and
STAT1 protein expression. To test this, I generated tumor conditioned medium
as described in Chapter 3. B16-F1 cells grown in vitro were cultured in 50%
diluted tumor conditioned medium for various times (Fig 4-6A and Fig 4-6B), and
the expression of STAT2 and STAT1 was determined by Western blot analysis.
No significant changes in the protein levels of STAT2 and STAT1 were seen after
incubation with WT or Stat2-/- tumor conditioned medium even as late as 72 h
(Fig 4-6A), indicating that at least tumor derived soluble mediators are not
directly involved in suppressing the expression of STAT2 and STAT1 proteins in
the tumor, a process that is occurring independently of a STAT2 deficiency.
Measurement of STAT2 mRNA levels by qPCR was also performed in B16-F1
cells that were incubated with tumor conditioned medium derived from tumors
established in WT or Stat2-/- mice for 72 h. Again, no significant changes were
detected at the transcriptional level and this corroborates our Western blot results
(data not shown). Interestingly, when STAT3 activation was analyzed in B16-F1
cells cultured with tumor conditioned medium derived from tumors established in
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Stat2-/- mice, an increase in the level of STAT3 activation was observed between
5 and 10 h after treatment. No such increase was seen when tumor conditioned
medium derived from tumors established in WT mice was used (Fig 4-6B). This
finding suggests that factors secreted by tumors that formed in Stat2-/- mice can
robustly activate STAT3 and this may potentially allow tumors to have a survival
advantage and grow more aggressively. The identity of these factors remains to
be determined.
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Fig 4.6 Soluble factors derived from B16-F1 tumors established in Stat2-/mice do not reduce the expression of STAT2 and STAT1 proteins but
augment STAT3 activation. Tumors harvested from WT and Stat2-/- mice were
minced and 100mg of tissue was cultured in 1 ml of serum free medium. Tumor
conditioned media (WT Sup or Stat2-/- Sup) were collected 24 h later and B16-F1
tumor cells were incubated with the indicated tumor supernatant diluted 50% for
5-72 h. One representative experiment of three is shown. (A) STAT1 and STAT2
protein levels and (B) Activated forms of STAT1 (pY701) and STAT3 (pY705)
were assessed by Western blot analysis. Actin was used as an internal loading
control.
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Analysis of pro-inflammatory mediators in tumor conditioned medium from
tumors established in WT and Stat2-/- mice.
To take this investigation one step further, I measured in the tumor
conditioned media the levels of six commonly inflammatory mediators implicated
in tumor development and progression. The tumor conditioned media were
collected in the same fashion as mentioned before, and levels of IL-6, MCP-1,
IFN-γ, TNF-α, IL-10 and IL-12p70 were analyzed using BDTM Cytometric Bead
Array (CBA) Mouse Inflammation Kit. Tumors that formed in WT or Stat2-/- mice
secreted similar levels of MCP-1 and IL-6, while IFN-γ, TNF-α, IL-10 and IL-12
were found at negligible levels or could not be detected (Fig 4-7). IL-6 is a well
characterized activator of STAT3 and while no changes in the secretion of this
cytokine by tumors that formed in WT and Stat2-/- mice were observed, there are
multiple growth factors in addition to IL-6 that can cause the activation of STAT3.
Hence, these results demonstrate that additional inflammatory mediators other
than MCP-1 and IL-6 may be contributing to the accelerated tumor growth
observed in Stat2-/- mice.
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Fig 4.7 Secretion of MCP-1 and IL-6 from tumors established in WT and
Stat2-/- mice. Tumor conditioned media collected from five individual tumors
were analyzed by BD™ Cytometric Bead Array (CBA) Kit to detect six different
inflammatory cytokines/chemokines. Levels of secreted MCP-1 and IL-6 are
shown. IFN-γ and TNF-α were detected at very low levels. IL-10 and IL-12 were
undetectable (data no shown). Data shown as mean±SEM.
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Soluble factors from tumors established in Stat2-/- mice augment B16-F1
cell growth in vitro
The observation that tumor conditioned medium derived from tumors
established in Stat2-/- mice (Fig 4-6) increased STAT3 activation prompted me to
examine if this tumor supernatant could enhance tumor cell proliferation. To that
effect, I cultured B16-F1 cells with medium alone or tumor conditioned medium
from tumors established in WT or Stat2-/- mice and cell proliferation was
measured at day 0 and every 24 h for 3 days by MTS assay (Fig 4-8). Both tumor
supernatants enhanced B16-F1 cell proliferation. However, tumor supernatant
from Stat2-/- mice induced a more robust increase in cell proliferation (compare
WT sup (~3.8 fold) vs Stat2-/- sup (~5.7 fold) at 48 h). These findings show that a
deficiency in STAT2 may promote the production of additional soluble mediators
from B16-F1 melanoma tumors established in Stat2-/- mice that may not be
induced when STAT2 is expressed. Alternatively, a loss of STAT2 may enhance
the levels of these growth factors that otherwise remain low in tumors that formed
in WT mice thus tilting the balance and favoring enhanced tumor growth.

90

B16 growth curve
Medium
WT Tumor Sup

Fold change

8

*

Stat2-/- Tumor Sup

6
4
2
0

0

20

40

60

80

Time (h)
Fig 4.8 Soluble factors released by B16-F1 tumors established in Stat2-/mice enhance tumor cell proliferation.

B16-F1 tumor cells were incubated

with 50% diluted tumor supernatant (tumor sup) derived from tumors established
in WT or Stat2-/- mice during the course of 3 days. Cell proliferation was
measured by MTS assay every 24 hours. One representative experiment of three
is shown. Data are presented as fold change from untreated (medium only) cells,
mean±SEM, p< 0.05 were considered significant (marked in the figures as * p<
0.05).
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4.4 Requirement of STAT2 in the antitumor effects of IFN-β
therapy
Tumor bearing Stat2-/- mice are unresponsive to IFN-β immunotherapy
Several studies have shown that STAT2 is essential in the antiproliferative
and apoptotic effects of type I IFNs. However, all of these observations come
from studies conducted in vitro. Consequently, I wanted to evaluate if STAT2 was
required in the antitumor activity of type I IFN immunotherapy when tested in vivo.
Using the B16-F1 tumor transplantation animal model, three days after delivery
of B16-F1 tumor cells, WT and Stat2-/- mice were divided into two groups. One
group received subcutaneous injections of IFN-β while the second group
received 0.9% sodium chloride solution (used as vehicle control). Both groups
were injected three times a week for two weeks (Fig 4-9A). IFN- treated WT
mice showed a significant reduction in tumor size (Fig 4-9B). In contrast, Stat2-/mice were unresponsive to IFN-β treatment as no differences in tumor size were
seen in mice treated with either 0.9% sodium chloride solution or IFN-β (Fig 49C).Thus these data show that the antitumor effects of type I IFNs on B16-F1
tumors must be indirect and host dependent given than the expression of STAT2
and STAT1 in the tumor, as presented earlier, is severely reduced early during
tumor formation.

92

A
Days: 0

3

B16-F1
cells

12

9

15

17

20

IFN-β (2 104U) or Vehicle

B

C

WT mice

10000
8000
6000
4000

***

2000

Stat2-/- mice

10000

Vehicle
IFN-
Tumor volume (mm3)

Tumor volume (mm3)

6

0

Vehicle
IFN-

8000

n.s
6000
4000
2000
0

0

5 10 15 20 25

0

Time (days)

5 10 15 20 25
Time (days)

Fig 4.9 The antitumor effects of type I IFNs are abrogated in Stat2-/- mice. (A)
Animal study design and scheduling of IFN-β administration. Tumors established
in (B) WT mice (n=8) and (C) Stat2-/- mice (n=8 for Vehicle control, n=9 for IFN-β)
were measured 3 times weekly. Tumor cells (106 in 200 l) and IFN-β (2×104 U
in100 l) were delivered subcutaneously. Values are shown as mean±SEM, p<
0.05 were considered significant (marked in the figures as *** p< 0.001) and
p>0.05 were considered not significant (n.s).
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4.5 Requirement of STAT2 in the antitumor host response
STAT2 is essential in tumor antigen cross-presentation by DCs and tumor
rejection
A recent study showed that STAT2 is important in the differentiation and
maturation of DCs (Chen et al., 2009b), leading me to the hypothesis that tumors
may grow aggressively in Stat2-/- mice because the tumor antigen crosspresentation by Stat2-/- DCs to T cells is impaired thus contributing to a deficiency
in tumor rejection by T lymphocytes. To test this hypothesis, I took advantage of
the Pmel-1 T-cell receptor (TCR) transgenic (Tg) mouse as a model to evaluate
and compare tumor antigen cross presentation function by DCs from WT and
Stat2-/- mice to T cells. Successful recognition of tumor antigen by T cells was
measured by the secretion of two cytokines: IFN- and IL-2.
The Pmel-1 mouse was engineered to carry a rearranged T cell receptor
that specifically recognizes an epitope derived from the self/melanoma antigen
gp100 that is important in pigment synthesis and is expressed by B16-F1
melanoma and a majority of human melanomas. Transgenic T cells in this mouse
are predominantly CD8+ T lymphocytes. CD8+ T cells, also known as cytotoxic
T cells (CTLs), express the CD8 glycoprotein at their surface, and destroy virally
infected cells and tumor cells.
To first examine tumor antigen cross presentation by DCs to T cells, I
harvested the spleens and peripheral lymph nodes from Pmel-1 TCR Tg mice,
and collected the lymphocytes that were CD3+ (T cell surface marker), B220- (B
cell surface marker), CD4- (T helper cells and regulatory T cells) and CD8a+
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(CTLs, Fig 4-10A). CTLs were activated in vitro for five days by either WT or
Stat2-/- bone marrow derived dendritic cells (BMDCs) previously differentiated in
the presence of GM-CSF and pulsed with human gp100 peptide (melanoma
surface antigen). No significant differences were seen in the percentages of
CD8a+ Tg CTLs primed by WT or Stat2-/- DCs, indicating that a deficiency in
STAT2 did not alter the frequency of Pmel-1 CD8+ T cells (Fig 4-10B).
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Stat2-/- DC

Fig 4.10 Pmel CD8+ T cells activated in vitro by WT or Stat2-/- BMDCs. Pmel
Tg lymphocytes were stained before (A) and 5 days after (B) in vitro activation
with WT or Stat2-/- BMDCs pulsed with human gp100 peptide. Surface markers
for T cells (CD3, CD4 and CD8) and B cells (B220) were analyzed by flow
cytometry. Dot plots show frequencies of gated populations in Pmel Tg cells.
Data are representative of two experiments.
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Next, ELISA assays showed a significant reduction (60~70%) in the levels
of IFN-γ and IL-2 by Pmel-1 Tg T lymphocytes co-cultured with Stat2-/- DCs
indicating an impairment in tumor antigen cross-presentation by DCs when
STAT2 is absent (Fig 4-11A).
The second objective was to determine the antitumor activity of Pmel-1 Tg
CTLs cross-presented by DCs when used in adoptive cell transfer studies.
Tumor reactive Pmel-1 Tg T lymphocytes alone when transferred to mice with
established B16-F1 have been shown not to cause tumor rejection unless it is
accompanied with accessory help in the form of immunomodulatory cytokines
such as IL-2 and IL-15 (Klebanoff et al., 2011; Roychowdhury et al., 2004).
Consequently, I adoptively transfer Pmel-1 Tg CD8+ T lymphocytes (obtained
from the co-culture experiments conducted with WT or Stat2 -/- DCs from above)
to mice injected three days before with B16-F1 tumor cells. WT and Stat2-/- mice
received Pmel-1 Tg T cells primed by WT DCs and Stat2-/- DCs, respectively.
One day later, mice were treated with IFN-β (2 104U) three times per week for
two weeks (Fig 4-11B). A separate group of animals (WT and Stat2-/- mice) that
was not injected with Pmel-1 Tg T cells were treated with either IFN- or 0.9%
sodium chloride solution and served as controls. Adoptive transfer of Pmel-1 Tg
T cells together with IFN-β intervention significantly reduced tumor size in WT
mice over WT mice that received IFN- alone. In contrast, Stat2-/- mice that
received Pmel-1 Tg T lymphocytes primed by Stat2-/- DCs failed to reduce tumor
growth with IFN- intervention (Fig 4-11B).

97

Together these findings provide evidence that DC cross-presentation of tumor
antigen to CTLs is defective in the absence of STAT2, leading to impaired tumor
rejection by CTLs.
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Fig 4.11 STAT2 is required for tumor antigen cross-presentation and tumor
rejection. (A) Decreased production of IFN- and IL-2 indicates impaired cross
presentation of tumor antigen by Stat2-/- dendritic cells (DC) to transgenic (Tg) T
cells specific for B16-F1 tumor antigen (gp100/pMel). (B) Tumor growth was
monitored in mice (n=5) with adoptively transferred pMel Tg T cells (primed by
WT-DCs → WT mice; primed by Stat2-/-DCs→ Stat2-/- mice) treated with IFN-β.
Mice treated with Vehicle or IFN- alone were included as controls. Values are
shown as mean±SEM, p< 0.05 were considered significant (marked in the figures
as *** p< 0.001) and p>0.05 were considered not significant (n.s).
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Regulatory T cells (Tregs) are important in B16-F1 melanoma establishment
Regulatory T cells (Tregs), also known as suppressor T cells, are a
subpopulation of lymphocytes that modulate the immune system and maintain
tolerance to self-antigens. Majority of Tregs express the markers CD4, CD25 and
forkhead box protein P3 (Foxp3) and participate in inhibition of immune
responses and prevention of autoimmunity (Hori et al., 2003). It is reasonable to
postulate that Stat2-/- mice may carry a deregulated subpopulation of Tregs,
since I did not detect changes in the percentages of CD8+ cytotoxic T cells in WT
and Stat2-/- mice (data not shown). Flow cytometry analysis of lymphocytes
collected from the draining lymph nodes of B16-F1 tumor bearing mice, at the
end of the study, revealed an unexpected but significant increase in the
percentage of CD8+Foxp3+ T lymphocytes in IFN- treated WT mice and a
decrease in IFN- treated Stat2-/- mice, while the percentage of CD4+Foxp3+ T
lymphocytes remained unchanged in response to IFN- treatment in both groups
of mice (Fig 4-12A). This suggests that CD8+Foxp3+ T lymphocytes rather than
suppressing antitumor CTLs, they could be important in restricting B16-F1 tumor
growth.
To further study whether the presence of a tumor changes the
composition of CD4+ and CD8+ T lymphocytes in WT and Stat2-/- mice, I
collected the draining inguinal lymph nodes (LN, proximal to the tumor site) and
the contralateral LN (CTRL, distal from the tumor site) for analysis of T cell
populations. First, there were increases in the absolute number of both CD4+
and CD8+ T cell populations in LNs, compared to CTRLs that were further
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increased with IFN- immunotherapy in WT but not in Stat2-/- mice (Fig 4-12B).
This is indicative that tumor cells were being recognized by circulating T cells in
the tumor bearing WT mice, while that was impaired in Stat2-/- mice, supporting
the notion that a deficiency of STAT2 in the host can impair T cell function.
Further, analysis of CD4+ and CD8+ Tregs subpopulations in the same LNs
(CD4+Foxp3+ and CD8+ Foxp3+) showed an increase in the total number of
these cells in LNs of WT mice but not of Stat2-/- mice (Fig 4-12C), indicating that
both CD4+ and CD8+ Tregs were responding to tumor challenge in WT mice,
while that was not evident in Stat2-/- mice. Together, these data provide evidence
that this small population of CD8+ Tregs may not be immunosuppressive and
could potentially participate in tumor rejection via STAT2 mediated type I IFN
signals.
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Fig 4.12 CD8+ not CD4+ Tregs may contribute to tumor rejection. Tumor
bearing WT and Stat2-/- (S2KO) mice were injected with PBS or IFN-β. Twenty
one days post tumor injection, (A) lymphocytes pooled from multiple lymph nodes
in B16-F1 tumor bearing WT and Stat2-/- mice treated with PBS or IFN-β were
analyzed for CD4+Foxp3+ and CD8+Foxp3+ by flow cytometry. (B)-(C) the
draining inguinal lymph nodes (LN) and the contralateral ones (CTRL) were
harvested and stained individually. (B) Absolute numbers of CD4+ and CD8+
cells. (C) Absolute numbers of CD4+Foxp3+ cells and CD8+Foxp3+ cells in
draining inguinal lymph nodes (LN) or contralateral ones (CTRL). Data of one
representative experiment is shown. Values are shown as mean±SEM, p< 0.05
were considered significant (marked in the figures as ** p< 0.01, * p< 0.05) and
p>0.05 were considered not significant (n.s). Each point represents one lymph
node from one mouse. Draining LNs are from 5-8 mice per group. Contralateral
LNs (CTRL) are from 3-6 mice per group.
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4.6 STAT2 in tumor transplantation models of skin and colon
cancer
Effect of STAT2 in the establishment of MCA304 skin squamous cell
sarcoma
To determine whether STAT2 was involved in restricting tumor growth of
other types of cancer such as non-melanoma skin cancer and colon cancer, I
employed three well established chemically-induced murine cell lines: the skin
squamous sarcoma MCA304 and MCA310 (Winter et al., 2003), and the colon
adenocarcinoma MC38, (Thurnherr et al., 1973). First, the MCA304 cell line
characterized previously as immunogenic was injected subcutaneously in the
right flank of WT and Stat2-/- mice. Tumor volumes were measured three times
weekly (Fig 4-13A) starting at day 3 when a palpable and measurable tumor was
evident. Tumors that developed in WT and Stat2-/- mice showed almost identical
growth patterns, indicating that STAT2 played no protective role in tumor
rejection. Surprisingly, STAT1 protein levels were found to be drastically
increased in the tumors that developed in WT and Stat2-/- mice to similar levels,
at least 10-fold more than what is expressed in MCA304 tumor cells maintained
in culture (Fig 4-13B). In contrast, while STAT2 protein levels were increased in
tumors established in WT mice, no such increase was evident in tumors that
formed in Stat2-/- mice (Fig 4-13B). Despite this difference, enhanced STAT3
activation was evident in tumors formed in both strains of mice (Fig 4-13B).
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Together these results demonstrate that STAT2 is dispensable in the
establishment of MCA304 tumors, which is different from what was observed with
B16-F1 melanoma.
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Fig 4.13 Loss of STAT2 does not enhance MCA304 tumor growth. One
million MCA304 cells were injected subcutaneously in mice and tumors were
measured 3 times weekly until day 20 of the study. (A) Mean tumor volumes of
one representative study of two that were performed, (B) Western blot analysis of
STAT1, STAT2 and STAT3 expression in individual MCA304 tumors established
in WT and Stat2-/- mice; WT (n=5) and Stat2-/- (n=5) mice. Values are shown as
mean±SEM, p>0.05 were considered not significant (n.s).
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Effect of STAT2 in the establishment of MCA310 squamous cell sarcoma
Next, one million MCA310 cells (characterized as poorly immunogenic)
were injected subcutaneously in the right flank of WT and Stat2-/- mice to
determine differences in tumor formation. Tumor volumes were measured three
times weekly (Fig 4-14A) starting at day 3 when a palpable and measurable
tumor was evident. Similarly to MCA304, MCA310 tumors that developed in WT
and Stat2-/- mice showed the same growth rates, indicating that a deficiency of
host STAT2 did not enhance tumor growth. Once again, STAT1 protein levels
were dramatically increased in the tumors that developed in WT and Stat2-/- mice
when compared to MCA310 cells grown in vitro (Fig 4-14B). In addition, STAT2
protein levels were found to be increased only in tumors established in WT mice
but not in Stat2-/- mice (Fig 4-14B). Together these results showed that MCA310
behaved similarly to MCA304 tumors in that tumor formation was not regulated
by host STAT2.
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Fig 4.14 Loss of STAT2 does not enhance MCA310 tumor growth. One
million MCA310 cells tumor cells were injected subcutaneously in mice and
tumors were measured three times weekly until day 30 of the study. (A) Mean
tumor volumes of one representative study of two that were performed, both WT
(n=4) and Stat2-/- (n=4) mice. (B) Western blot analysis of STAT2 and STAT1
expression of MCA tumors grown in WT and Stat2-/- mice. Values are shown as
mean±SEM, p>0.05 were considered not significant (n.s).
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Effect of STAT2 in the establishment MC38 colon adenocarcinoma
I next tested a different type of tumor to determine what role STAT2
played in tumor development. For this study, one million MC38 colon
adenocarcinoma cells were injected subcutaneously in the right flank of WT and
Stat2-/- mice to evaluate changes in tumor growth. Tumor volumes were
measured three times weekly (Fig 4-15A) starting at day 3 when a palpable and
measurable tumor was evident. Similar to B16-F1 melanoma, MC38 tumors
developed and grew more aggressively in Stat2-/- mice than in WT mice. With this
particular tumor type, host STAT2 was shown to be critical in suppressing MC38
colon tumor establishment. These tumors were then analyzed by Western blot
analysis for alterations in the expression of STAT2 and STAT1 proteins. STAT1
protein levels were found to be significantly decreased accompanied with a
partial reduction in STAT2 expression in individual tumors that developed in WT
and Stat2-/- mice when compared to MC38 tumor cells grown in vitro (Fig 4-15B).
This is similar to what was observed in B16-F1 tumors. Altogether these results
show that at least in two different tumor types (colon and melanoma), host
STAT2 is functioning as a tumor suppressor; whereas in skin squamous cell
carcinoma, STAT2 is dispensable in restricting tumor establishment.
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Fig 4.15 Profile of MC38 tumors established in WT and Stat2-/- mice. One
million MC38 cells were injected subcutaneously in mice and tumors were
measured 3 times weekly until day 16 of the study. (A) Mean tumor volumes of
one representative experiment of two, both WT (n=8) and Stat2-/- (n=5) mice.
Values are shown as mean±SEM, and values of p< 0.05 were considered
significant (marked in the figures as *** p< 0.001). (B) Western blot analysis of
STAT1 and STAT2 expression in MC38 tumors established in WT and Stat2-/mice.
110

4.7

Silencing

STAT2

in

B16-F1

cells

enhances

the
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Silencing STAT2 expression in B16-F1 cells
Another aspect of my study was to address the question whether STAT2
expression in the cancer cell had a role in tumor growth. It’s important to mention
that this second part of my study was started in parallel with Aim 1 before
learning that B16-F1 tumors that formed in mice incurred a dramatic reduction in
STAT2 and STAT1 proteins. Nevertheless, the results presented in this part of
my thesis have revealed very important and unexpected information on the role
of STAT2 in the antitumor effects of type I IFNs. Using shRNA approach to
silence gene expression, four different shRNA retroviral vectors targeting either
the coding region or the 3’ untranslated region of murine STAT2 were purchased
from Origene. These vectors carry the red fluorescent protein (RFP) gene and
puromycin gene that were used for cell sorting and as a selection marker to
establish a stable B16-F1 sub cell line, respectively, with little or no STAT2
expression (Fig 4-16A). The sorted puromycin resistance and RFP+ pooled
population transfected with STAT2 shRNA sequence C showed the most
effective silencing of STAT2 expression compared to B16-F1 parental cells and
B16-F1 cells carrying control retroviral vector (EV) as assessed by Western blot
analysis. This stable pooled population is referred hereafter as STAT2KD cells. It
is important to note that silencing STAT2 in B16-F1 cells also led to a partial
decrease in STAT1 expression (Fig 4-16B). This silencing effect in STAT1
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expression was also seen with other STAT2 shRNA vectors suggesting that
expression of STAT1 appears to be regulated by STAT2 (data not shown). This
regulatory effect of STAT2 on STAT1 expression has been seen before in STAT2
deficient PMEFs. STAT3 and STAT5, known to be important in the development
of many solid tumors, were also evaluated for total protein content and found to
be unaffected by STAT2 shRNA (Fig 4-16B). The expression levels of JAK1 and
TYK2, which are crucial in type I IFN signaling, were also not affected in
STAT2KD B16-F1 cells (Fig 4-16C). In addition, surface expression of the type I
IFN receptor, IFNAR1, analyzed by flow cytometry remained unchanged in
STAT2KD and control B16-F1 tumor cells (Fig 4-16D). Together these data
demonstrate that I successfully generated a pooled population of B16-F1 cells
with silenced STAT2 expression and reduced STAT1 expression. This did not
affect the expression of other components of the type I IFN signaling pathway.
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Fig 4.16 Generation of STAT2KD B16-F1 cells. (A) Vector map of retroviral
pRFP-C-RS plasmid for silencing STAT2. (B) Western blot analysis of various
STATs in parental B16-F1 (WT), B16-F1 stably carrying empty vector (EV) or
STAT2 shRNA (STAT2KD). (C) Western blot analysis JAK1 and TYK2 in B16-F1
EV and STAT2KD B16-F1 tumor cells. (D) Cell surface expression of IFNAR1 in
EV B16-F1 and STAT2KD B16-F1 cells by flow cytometry analysis.
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Silencing of STAT2 expression enhances IFN-β induced cell growth
inhibition of B16-F1 cells
STAT2 has been previously shown to be required in the antigrowth and
apoptotic effects of type I IFNs (Gamero and Larner, 2001; Romero-Weaver et al.,
2010; Scarzello et al., 2007). Therefore, I expected the STAT2KD cells to be
unresponsive to IFN-β. Surprisingly, silencing of STAT2 in B16-F1 cells resulted
in enhanced and not impaired IFN-β-induced cell growth inhibition (Fig 4-17, EV
55% vs STAT2KD 90% with 1000U/ml IFN-β), that was evident even at a lower
dose of IFN-β (100U/ml, EV 35% vs STAT2KD 60%). This effect was not due to
increased surface expression of IFNAR1 receptors. These results suggest that
silencing tumor STAT2 expression augments type I IFN responsiveness.
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Fig 4.17 Silencing of STAT2 in B16-F1 cells enhances IFN-β induced cell
growth inhibition. EV and STAT2KD B16-F1 tumor cells were left untreated or
treated with increasing doses of IFN-β for 72 h and cell proliferation was
measured by MTS assay. One representative experiment of three that were
performed is shown. Data are plotted as % growth inhibition from untreated cells
and values of p< 0.05 were considered to be significant (marked in the figures as
* p< 0.05).
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Silencing of STAT2 in B16-F1 cells does not increase tumor growth rate but
enhances the antitumor effects of IFN-β
To determine if silencing STAT2 would first, affect tumor formation and
second, IFN- responsiveness as it did in culture, one million of EV or STAT2KD
cells were injected subcutaneously in the right flank of WT mice to form
melanoma tumors. The mice received subcutaneous injections of IFN-β or 0.9%
sodium chloride solution (as vehicle control) near the tumor site three times a
week for two weeks (Fig 4-18A, B). Silencing STAT2 expression in B16-F1 cells
did not confer growth advantage in vivo (Fig 4-18A). In fact, B16-F1 tumor cells
with or without silenced STAT2 formed tumors of similar size in WT mice. As
expected, IFN- therapy reduced the mean size of EV tumors (untreated;
4863±525 mm3 vs IFN- treated; 2725±264 mm3) (Fig 4-18B, EV IFN).
Interestingly, STAT2KD tumors responded even better to IFN- therapy,
compared to the IFN-β treated EV group (untreated; 4241±377 mm 3 vs IFN-β
treated; 1584±227 mm3) (Fig 4-18B). These data demonstrates that STAT2
expression in B16-F1 tumor cells reduces the antitumor efficacy of type I IFNs.
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Fig 4.18 STAT2 KD B16-F1 tumors are more responsive to IFN-β therapy.
One million EV or STAT2KD B16-F1 cells were injected subcutaneously in WT
mice. Starting on day 3, mice were treated with (A) 0.9% sodium chloride solution
(100 l) or (B) IFN-β (2×104 U in100 l) as described before. Tumors were
measured three times weekly until day 20 of the study. Mean tumor volumes of
one representative study of two that were performed are shown. p< 0.05 was
considered significant (marked in the figures as * p< 0.05) and p>0.05 was
considered not significant (NS).
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4.8 Silencing of STAT2 in B16-F1 cells prolongs and enhances
ISG expression
STAT2KD B16-F1 tumor cells show prolonged and enhanced induction of
ISGs
To elucidate the underlying mechanism of the increased sensitivity of
STAT2KD B16-F1 cells to type I IFNs, I performed qPCR analysis to evaluate
changes in the expression of representative STAT2 dependent interferon
stimulated genes (ISGs) following treatment with IFN-β. mRNA levels of
interferon-induced protein with tetratricopeptide repeats (IFIT)1, IFIT2, radical Sadenosyl methionine domain 2 (RSAD2) and suppressor of cytokine signaling 1
(SOCS1) were found to be dramatically different between B16-F1 control (EV)
and STAT2KD cells at 6 and 18 h after incubation with IFN-β (Fig 4-19). In
response to IFN-, compared to control EV cells, STAT2KD B16-F1 cells showed
a dramatic increase in the expression of 2 ISGs (Ifit1 and Socs1) at 6 h whereas
the expression of Ifit2 and Rsad2 remained similar. However, at 18h of IFN-
treatment, these 2 genes including Ifit1 were highly up-regulated in STAT2KD
B16-F1 cells. In control EV B16-F1 cells, however, the expression of these same
three genes declined at 18 h; indicating a prolonged pattern of gene activation in
response to IFN-β in STAT2KD B16-F1 tumor cells. These results suggest that
silencing of STAT2 leads to changes in the kinetics of ISGs expression, which
may be regulated by transcriptional complexes containing STAT2 and perhaps
other STATs.
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Fig 4.19 STAT2KD B16-F1 cells show prolonged and increased induction of
ISGs. qPCR analysis of four Interferon ISGs was conducted in EV and STAT2KD
B16-F1 cells left untreated or treated with IFN-β for 6 and 18 h. One
representative experiment of three that were performed is shown. Data are
shown as fold change normalized to untreated. Each experiment was performed
in triplicate wells, and p< 0.05 was considered significant (marked in the figures
as ** p< 0.01; *** p< 0.001).
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Silencing of STAT2 in B16-F1 cells affects the kinetics of STAT activation
and formation of active transcriptional complexes
Binding of type I IFNs to its cognate receptor leads to the activation of
STAT1 and STAT2 followed by their association with IRF9 to form the
heterotrimeric complex ISGF3, which translocates to the nucleus to activate the
expression of IFN target genes. Consequently, I performed Western blot analysis
to examine activation of STATs in response to IFN-β in EV and STAT2KD B16F1 cells at various time points. As predicted, STAT2KD B16-F1 cells showed a
significant delay in STAT1 activation in response to IFN-β (Fig 4-20A). This was
expected given that these cells had little to no STAT2 expression. I also found
that although STAT2 was completely silenced in these cells, treatment with IFN-β
could still induced STAT2 expression; albeit at low levels. As shown, this reduced
amount of STAT2 was tyrosine phosphorylated by IFN-β treatment (Figure 420A). This observation agrees with the earlier finding that expression of ISGs
could not occur until 6 h when sufficient STAT2 was induced in STAT2KD B16F1 cells (Fig 4-19). Aside from detecting late activation of STAT2 and STAT1 in
STAT2KD cells, prolonged activation of STAT3 in STAT2KD cells and reduced
activation of STAT5 were observed (Fig 4-20A). While both STAT3 and STAT5
are well known transcription factors that promote tumor cell survival, reduced
activation of STAT5 in STAT2KD cells by type I IFNs may increase the sensitivity
of tumor cells to these cytokines (Fig 4-17). The prolonged activation of STAT3
could be an alternate or compensating survival pathway for the delay of STAT1
and STAT2 activation.
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Based on the above Western blot results, electrophoretic mobility shift
assay (EMSA) was performed to investigate a correlation between STAT
activation and their capacity to bind DNA when STAT2 is silenced. Using a
labeled DNA oligonucleotide probes that contains a consensus ISRE sequence
recognized by ISGF3 (Fig 4-20B) and GAS sequence recognized by STAT1
homodimers (Fig 4-20C), I could demonstrate an initial delay in the binding of the
ISGF3 complex to ISRE and STAT1 homodimers to GAS when STAT2 is
silenced that peaked at 6 h and maintained even at 24 h. In contrast, control EV
B16-F1 cells show optimal binding to DNA that peaked at 1 h and declined at 6 h
after IFN-β treatment. Collectively, silencing of STAT2 in B16-F1 cells resulted in
delayed activation of both STAT1 and STAT2 and binding of ISGF3 to DNA.
Reduced activation of STAT5 in STAT2KD B16-F1 cells in response to type I IFN
may contribute to higher sensitivity of STAT2KD cells to type I IFN-induced
growth inhibition.
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Fig 4.20 Silencing of STAT2 in B16-F1 cells results in a dramatic change in
the kinetics of STATs activation and delayed formation of transcriptional
complexes. (A) Western blot analysis of activated STATs and total levels of
STAT1 and STAT2 in B16-F1 cells stably carrying empty vector (EV) or STAT2
shRNA (STAT2KD) treated with and without IFN-β at various time points. One
representative experiment of three performed is shown.
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same as in (A).
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4.9 Effect of silencing STAT2 in murine skin squamous sarcoma
cells
Silencing of STAT2 in MCA304 cells impairs the antigrowth effects of IFN-β
To determine whether silencing of STAT2 in a non-melanoma cell line will
have the same effect as the one observed with the B16-F1 tumor cell line, I used
the same shRNA approach employed in B16-F1 cells to silence STAT2
expression in two squamous sarcoma cell lines, MCA304 and MCA310 used in
earlier experiments. I successfully silenced STAT2 expression in MCA304 cells
to almost 100% while STAT1 expression remained unaffected (Fig 4-21A). In
contrast, STAT2 expression in MCA310 cells was only reduced 20~30% (Fig 421B). The stable cell lines I established were pooled cell populations after
several rounds of cell sorting. In the case of MCA304, silencing of STAT2
significantly reduced the antigrowth effects of IFN-β by more than 50% (Fig 421C). This result is quite the opposite of what was observed in STAT2KD B16-F1
cells in which loss of STAT2 augmented IFN-β sensitivity. No significant changes
in the antigrowth effect of IFN-β were detected in STAT2KD MCA310 cells. This
was predicted because these cells only had a modest reduction in STAT2
expression even after several attempts to enrich for STAT2 silenced cells (Fig 421D). To sum up, these results show that the antigrowth effects of type I IFNs
can be modulated positively or negatively by tumor STAT2 depending on the
tumor cell line.
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Fig 4.21 Silencing of STAT2 in mouse skin squamous sarcoma cells does
not lead to higher sensitivity to IFN-β induced cell growth inhibition. (A-B)
Western blot analysis of STATs levels in MCA tumor cell lines stably expressing
empty vector (EV) and STAT2 shRNA (STAT2KD). (C-D) Proliferation of EV and
STAT2KD MCA304 and MCA310 cell lines untreated or treated with IFN-β using
two different doses (1x103U/ml to 3x103U/ml) for 72 h and measured by MTS
assay. One representative experiment of three that were performed is shown and
each experiment was performed in triplicate wells.
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CHAPTER 5
DISCUSSION
5.1 Role of host STAT2 in tumor establishment
The transcription factor STAT2 was discovered 20 years ago as an
essential molecular component of the type I IFN signal transduction pathway
(Darnell et al., 1994; Fu, 1992; Fu et al., 1992; Schindler et al., 1992b). It is well
established that endogenous type I IFNs play a pivotal role in preventing cellular
transformation and tumor development as demonstrated in spontaneous and
tumor transplantation models of cancer (Chen et al., 2009a; Diamond et al., 2011;
Dunn et al., 2005; Picaud et al., 2002). Yet, the contributing role of STAT2
functioning as a tumor suppressor thus mediating tumor rejection is inferred from
several in vitro studies, but has never been established. Up to now only two
studies have interrogated the role of STAT2 in cancer and these reports are
contradictory since one study indicates STAT2 suppresses tumor development
(Wang et al., 2003) whereas the second study indicates STAT2 contributes to
tumor promotion (Gamero et al., 2010). This raised a provocative question, that
STAT2 may be a transcription factor with dual roles, operating as a tumor
suppressor and proto-oncogene under specified conditions. For my Ph.D. thesis I
chose to explore this paradox using a tumor transplantation model of murine
B16-F1 melanoma that resembles human disease together with wild type and
Stat2-/- mice. STAT2 activation is only achieved by type I IFNs and because
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these cytokines are used in the adjuvant treatment of melanoma, I also evaluated
the antitumor effects of type I IFN therapy under two different conditions. The first
condition involved the role of host STAT2 and the second condition addressed
the role of tumor STAT2 in the efficacy of type I IFN therapy. For the latter,
studies were conducted with B16-F1 melanoma cells with or without silenced
STAT2. This was important to address given the variability in the efficacy of IFNα treatment observed among different patients. In my studies, I demonstrated
that host STAT2 is essential for suppressing melanoma tumor growth. Enhanced
tumor development was observed in Stat2-/- mice when compared to WT mice.
Targeted deletion of STAT2 caused B16-F1 melanoma to grow more aggressively,
and this could be explained in part through the actions of soluble factors secreted
by the tumors that developed in Stat2-/- mice thus promoting an environment
propitious for tumors to grow robustly. Six pro-inflammatory cytokines associated
with cancer were measured and IL-6 was found produced at high levels. IL-6 is
well recognized in the activation of the STAT3 oncogenic pathway in many types
of cancer. Yet no significant differences were observed in the levels of IL-6 in
tumor conditioned medium from WT and Stat2-/- derived tumors. It is possible that
other soluble mediators belonging to the IL-6 family of cytokines are secreted by
melanoma tumors and activate STAT3 to promote tumor growth (Looyenga et al.,
2012). Another possible mechanism is that a deficiency of STAT2 in the host
could promote the secretion of unidentified soluble factors that elevate the
activation of STAT3, as I had observed in tumors harvested from Stat2-/- mice
and this may have contributed to the enhanced tumor growth in Stat2-/- mice. An
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increase in the proliferation of B16-F1 melanoma cells was only seen when cells
were exposed to Stat2-/- tumor derived conditioned medium. This shows that
there are factors that are being produced by the tumor that may not be
expressed or not produced at high levels when STAT2 is present to augment cell
proliferation. These factors may be activating STAT3 or other survival pathways
such as NF-B. Further studies are warranted to determine a possible crosstalk
between STAT2 and STAT3.
Analysis of tumors collected from the mice led to the surprising finding that
the protein levels of STAT2 and STAT1 were dramatically decreased very early
during the establishment of B16-F1 melanoma, this phenomenon has not been
reported before. The detailed mechanism of how this takes place has yet to be
defined but what is clear is that loss of STAT2 and STAT1 in the tumors occurs
independently of the adaptive immune response. B16-F1 tumors established in
Rag1-/- mice (deficient in T and B lymphocytes) showed a similar reduction in
STAT2 and STAT1 proteins.
Only one earlier study has documented this phenomenon in tumor
biopsies of patients with squamous cell carcinoma that showed a gradual
reduction in STAT1 and or STAT2 protein levels during tumor progression
(Clifford et al., 2002). It is possible that loss of STAT2 and STAT1 in tumors may
confer tumor cells the advantage to proliferate in an uncontrollable fashion by
having STAT3 to become the primary STAT to activate oncogenic survival
pathways. This has been shown to occur in T lymphocytes deficient in STAT1 or
STAT2 where type I IFNs now acts as a growth factor and no longer inhibits cell
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proliferation (Gimeno et al., 2005). A previous study showed that IFN-γ can
switch the balance of IL-10 induced STAT activation from STAT3 to STAT1
(Herrero et al., 2003). It is important to note that qPCR analysis of STAT1 and
STAT2 mRNA expression suggests that in absence of host STAT2, the loss of
STAT1 protein expression lies at the transcriptional level (Fig 4-2C), while STAT2
protein appears to be regulated post-transcriptionally since no difference in
mRNA levels were observed (Fig 4-2C). Furthermore, inhibition of STAT2 and
not STAT1 expression, was a reversible process, in tumors established in WT
mice (Fig 4-5). This provides a substantial piece of evidence that during
melanogenesis, regulation of STAT2 and STAT1 expression is driven by distinct
mechanisms, suggesting that each transcription factor may play independent
roles in tumor formation. The dramatic reduction of STAT2/STAT1 expression
levels in tumors appears not to be mediated by tumor derived soluble factors (Fig
4-6), because B16-F1 cells incubated with tumor derived supernatants did not
show changes in the overall protein expression levels of STAT2 and STAT1.
Orchestration by the tumor microenvironment and direct cell-cell contact may
account for the dramatic decrease in STAT2/STAT1 expression.
Because type I IFNs activate the transcriptional activity of STAT2 and are
used routinely in the adjuvant treatment of melanoma, I tested whether the
efficacy of type I IFN therapy could be compromised due to a STAT2 deficiency
in the host. Tumor bearing Stat2-/- mice were found to be resistant to IFN-β
immunotherapy, indicating that the antitumor effects of type I IFNs must be
indirect and host mediated as previously suggested by the Schreiber group
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(Diamond et al., 2011; Dunn et al., 2005). This is strongly supported by my own
findings in that tumors that formed in WT mice had little to no expression of
STAT2 and STAT1, therefore, type I IFNs could not exert their antigrowth effects
directly on the tumor. To expand on these observations, I tested two other tumor
cell types to determine if this effect was restricted to B16-F1 melanoma. Similar
findings were observed with the colon cancer cell line MC38 but not with the skin
squamous carcinoma lines MCA304 and MCA301 indicating that host STAT2
role as a tumor suppressor is not global but restrictive to certain types of tumors.
The biological effects of type I IFN are mediated by the actions of IFN
stimulated genes (ISGs), whose transcription are initiated by binding of the
heterotrimeric transcriptional complex named ISGF3 (consisting of STAT1,
STAT2 and IRF9) to the IFN responsive element called ISRE that is found on
promoters of ISGs. While host STAT1 has been shown to promote (Kovacic et
al., 2006) as well as suppress tumor growth (Wu et al., 2004), the role of STAT2
in cancer remains poorly understood. Earlier studies from our group showed that
Stat2-/- mice were significantly protected from AOM/DSS-induced colorectal
carcinogenesis as well as from DMBA/TPA induced skin papillomagenesis,
unveiling host STAT2 as a tumor promoter, through upregulation of IL-6
production, which in turn activated the STAT3 oncogenic pathway (Gamero et al.,
2010). This observation does not contradict my current finding in that host STAT2
is essential for restricting melanoma establishment because chemical induced
carcinogenesis promotes chronic inflammation in the tumor microenvironment
and introduces mutations in a number of tumor suppressor genes such as p53
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rendering it inactive or introduces activating mutations in members of the MAPK
signaling pathway such as KRAS and BRAF that lead to uncontrolled tumor cell
growth. The B16-F1 melanoma model I have used in my studies is different in
many regards. First, this cell line was established from a spontaneous tumor and
was not chemically induced (Green, 1968). Second, B16-F1 does not harbor
mutations in KRAS, NRAS, BRAF or p53 (Melnikova et al., 2004) and these are
the type of mutations that are induced with carcinogens (Czajkowski, 2011; Miller
et al., 1998). And third, no differences in the production of IL-6 were noted by
tumors established in WT and Stat2-/- mice suggesting the existence of other
tumor soluble mediators that are produced when STAT2 is absent. While I was
able to show that the carcinogen-induced established MC38 cell line behaved
similar to B16-F1 with respect to decreased expression of STAT2 and STAT1 in
the tumor, it is possible that the type of carcinogen used to generate this cell line
may have introduced unique mutations that are different from those that were
introduced in the squamous carcinoma cell lines MCA304 and MCA310 since a
different carcinogen was used.
My study revealed that Stat2-/- DCs are defective in tumor antigen crosspresentation, another contributing component for which Stat2-/- mice may have
been more permissive to form tumors. Dendritic cells (DCs) are important for
cross-presenting antigen to CD8+ T cells, which is the driving force in the
immune system that destroys cancer cells. The role of type I IFN signaling in
maturation and differentiation of DCs has been intensively studied and is still
controversial (Asselin-Paturel et al., 2005; Diamond et al., 2011; Fuertes et al.,
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2011; Montoya et al., 2002; Swiecki et al., 2011). Recent studies from two
independent groups showed type I IFN is required for CD8α+ DCs in antigen
cross-presentation to CD8+ T cells, and restricting tumor growth, using different
approaches (Diamond et al., 2011; Fuertes et al., 2011). An earlier study showed
the STAT2 mutant mice, which demonstrated close functional similarity to Stat2-/mice, showed deficiency in maturation and differentiation of DCs (Chen et al.,
2009b). In my study, decreased levels of IFN-γ and IL-2 production by co-culture
of DCs from Stat2-/- mice with Pmel Tg T cells were detected; an indication that
tumor antigen cross-presentation of DCs to CD8+ T cells was impaired in Stat2-/mice. This also suggested that CTL function was compromised. In fact, in
combination with IFN- intervention, adoptive transfer of Pmel Tg T cells
previously primed by DCs from Stat2-/- mice failed to restrict melanoma tumor
growth, in comparison with Pmel Tg T cells primed by DCs from WT mice. This
indicated that STAT2 is indeed essential for DCs in antigen cross-presentation to
T cells for tumor rejection.
Regulatory T cells (Tregs), also known as suppressor T cells, are a
subpopulation of lymphocytes that inhibit the immune system; they maintain
tolerance to self-antigens, limit inflammation, and prevent autoimmune diseases.
Tregs are identified by the following markers: CD4, CD25, and forkhead box
protein P3 (Foxp3) (Hori et al., 2003). It was reasonable to postulate that Stat2-/mice may have an increased subpopulation of Treg to suppress the function of
cytotoxic T lymphocytes (CTLs) as another likely explanation for the observed
enhanced tumor growth since I did not detect changes in CD8+ cytotoxic T cells
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(both endogenous and exogenous from adoptive transfer) in WT and Stat2-/- mice
(data not shown). Unexpectedly, my studies revealed the opposite result. A
distinct population of CD8+Foxp3+ lymphocytes from lymph nodes, which is a
small subset of Tregs, was increased significantly in response to IFN-β treatment
in WT mice but not in Stat2-/- mice. This indicated that STAT2 is critical in type I
IFN mediated mobilization and recruitment of CD8+Foxp3+ lymphocytes in tumor
bearing mice. CD8+ Tregs were first observed in the early 1970’s (Gershon and
Kondo, 1970), but their function was not fully understood. Although not proven,
my findings showing that an increase rather than a decrease in the percentage of
CD8+ Tregs occurs in WT mice treated with IFN-β indicate that this
subpopulation of Tregs may mediate tumor regression. This is in agreement with
a recent report that found Tregs to be important regulators of CD8+ T cell priming
and play a critical role in the induction of high-avidity primary responses and
effective memory (Pace et al., 2012).
One of the most powerful immunotherapies up to this date for treating
metastatic melanoma is adoptive T-cell therapy (ACT), utilizing autologous ex
vivo-expanded tumor-infiltrating lymphocytes (TILs) to adoptively transfer back
into patients. The adoptive transfer of TILs for treating human metastatic
melanoma was first described in 1988 (Yang and Rosenberg, 1988). Dramatic
tumor regression as well as more than 50% of response rate, many of which are
lasting for years, were observed in clinical trials (Besser et al., 2010; Dudley et al.,
2002; Dudley et al., 2005; Rosenberg et al., 2011). Although ACT using
autologous TILs is now considered one of the most efficacious treatments for
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metastatic melanoma, the clinical response rates have reached a plateau (about
50% with cyclophosphamide plus fludarabine) (Rosenberg et al., 2011).
Moreover, patients often relapse after a period of remission, suggesting that their
tumors acquire resistance to ACT (Rosenberg et al., 2011). A recent study
reported that melanomas acquire ACT resistance through an inflammationinduced reversible dedifferentiation, leading to loss of melanocytic antigen
(Landsberg et al., 2012). By identifying STAT2 as being critical in DC tumor
antigen cross-presentation to cytotoxic CD8+ T cells in my study, this sheds light
on the expected efficacy of ACT therapies on which patients may carry DCs with
various levels of STAT2 expression or that the functional activity of STAT2 may
be impaired. This may potentially be useful to help establish whether STAT2
could be used as a biomarker to predict the antitumor efficacy of different cancer
therapies.
In summary, these findings reveal that host STAT2 is essential in
restricting melanoma tumor establishment as loss of STAT2 enhances tumor
growth (Fig 5-1). Host STAT2 is also very important in mediating the antitumor
effects of type I IFNs causing tumor rejection indirectly by relying on the host to
develop a protective antitumor response. The antitumor effects of type I IFN
therapy in this model are not direct because tumors that form in the mice express
little to no STAT2 and STAT1 proteins. Instead, it is the host that relies on
functional DCs to cross-present tumor antigen to CD8+ T cells, which destroy
tumor cells. DCs deficient in STAT2 are defective in tumor antigen cross
presentation and consequently, are unable to activate the adaptive arm of the
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immune system resulting in tumor formation. This helps explain in part why
Stat2-/- mice compared to WT mice grow larger tumors that even when IFN
therapy is administered, tumors are not rejected because the host is impaired in
developing a protective antitumor response. Tumors established in Stat2-/- mice
appear to secrete multiple soluble factors, which composition is different from
tumors established in WT mice. This is based on the observation that B16-F1
tumor cells cultured with tumor derived supernatant from tumors that formed in
Stat2-/- mice displayed a higher proliferation index. The identity of the factor(s)
augmenting the proliferation of B16-F1 remains to be determined. These same
factors may also be implicated in further impairment of DC and CTL function.
These findings shed light on the tumor suppressing role of host STAT2 signaling
in carcinogenesis and provide potential targets for cancer therapies.

135

Fig 5.1 A model of host STAT2 restricting establishment of B16-F1
melanoma. Host STAT2 is involved in suppressing tumor formation of B16-F1
melanoma. Left panel- In WT mice, DCs cross-present tumor antigen to CD8+ T
cells, resulting in the development of a protective antitumor response that
mediates tumor rejection. The antitumor effects of type I IFN are indirect as
tumors lose expression of STAT2 and STAT1 and instead rely on the host
antitumor response.

Soluble factors secreted by the tumor weakly promote

tumor cell proliferation. Right panel- In Stat2-/- mice, cross-presentation of tumor
antigen to CD8+ T cells by DCs is impaired causing a failure in the development
of a protective antitumor response and enhanced tumor growth. The antitumor
effects of type I IFN are impaired.
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Although tumors established in the Stat2-/- mice have lost expression of STAT2
and STAT1, they secrete factors that enhance tumor cell proliferation.
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5.2 STAT2 expression in melanoma modulates the antitumor
effects of type I IFN.
The STAT family of transcription factors, particularly STAT3 and STAT5,
have been implicated in tumorigenesis. Deletion or pharmacological inhibition of
STAT3 and STAT5 in several tumor cell types including melanoma leads to
tumor cell death. Yet how expression of STAT2 in cancer cells affects cell growth
or the efficacy of cancer therapies remains understudied. A study published a
decade ago, showed that tumor biopsies of patients with squamous cell
carcinoma from early to later stages of tumor progression had gradual reduction
in the expression levels of STAT1 and/or STAT2 (Clifford et al., 2002),
suggesting that STAT2 expression in cancer cells negatively impacted tumor
formation. A study from the Carson group evaluated malignant melanoma
biopsies from patients treated before and after with IFN-α and found no
correlation between STAT1 and STAT2 expression levels in the tumor and
optimal responses to IFN therapy (Lesinski et al., 2005). Further, studies
conducted in tumor cell lines that either lacked STAT2 or expressed dominant
negative STAT2 that impairs its transcriptional activity did not indicate whether
loss of STAT2 protein or activity enhanced tumor growth (Clifford et al., 2003;
Leung et al., 1995; Romero-Weaver et al., 2010). But what was clear was that a
loss of STAT2 impaired the antigrowth and apoptotic effects of type I IFNs when
examined in vitro, suggesting it may have tumor suppressive function. For this
part of my study, I evaluated the effects of silencing STAT2 in tumor cells to
dissect its potential role as a tumor suppressor. First, silencing of STAT2 in B16138

F1 melanoma cells was accompanied with 50% decrease in STAT1 expression.
This was confirmed not to be an off-target effect of the STAT2 shRNA sequences
since this effect was not seen in the MCA304 cell line indicating that in B16-F1
melanoma, STAT1 expression is uniquely regulated by STAT2. This effect of
STAT2 influencing STAT1 expression has been observed before in Stat2 -/primary mouse embryonic fibroblasts in which a deficiency in STAT2 decreased
STAT1 expression by 50% but the same effect was not seen in STAT2 deficient
macrophages (Park et al., 2000).
Next, STAT2KD B16-F1 tumor cells and control (EV) B16-F1 cells showed
the same kinetics of cell proliferation in vitro. This observation was confirmed in
vivo when these cell lines implanted in WT mice formed tumors of similar sizes.
Silencing of STAT2 also did not change the growth rate of tumor formation in
Stat2-/- mice. With or without tumor STAT2 expression, tumors of similar sizes
grew in Stat2-/- mice thus indicating that a loss of tumor STAT2 did not confer
growth advantage. Third, I evaluated the antigrowth and antitumor effects of type
I IFNs in STAT2KD B16-F1 cells and control B16-F1 cells. Contrary to what I had
expected, silencing of STAT2 enhanced the sensitivity of B16-F1 cells to type I
IFN stimulation. This observation challenges the current view of STAT2 as a
critical mediator of the growth inhibitory effects of type I IFNs (Brierley and Fish,
2005a; Romero-Weaver et al., 2010). More exciting was to confirm that my in
vitro observations were reproduced in vivo. STAT2KD B16-F1 tumors in WT mice
showed significant enhanced response to IFN-β therapy than B16-F1 control
tumors.
139

To elucidate why loss of tumor STAT2 would enhance type I IFN
responsiveness, a series of experiments were performed. First, I was able to
show that in response to IFN-β stimulation, silencing of STAT2 expression and
partially STAT1 delayed the activation of STAT1 and STAT2. This was expected
given that STAT2KD B16-F1 cells did not express STAT2 until 6 h when newly
synthesized STAT2 was induced by IFN-β. This observation was in agreement
with the observed initial delayed formation of the ISGF3 complex and later
maintained binding to DNA to activate ISGs transcription, due to the negligible
amounts of STAT2 and STAT1 proteins (Fig 5-2, initial stage). The later de novo
synthesized STAT2 and STAT1 activated by IFN-β is responsible for the shift in
the kinetics of ISGF3 formation and ISGs induction, at a later stage (Fig 5-2,
continuous stage). Maintenance of ISG expression at a later time may be
responsible for the enhanced effects of type I IFNs. Indeed, this phenomenon
has been observed in Daudi cells (a human lymphoblastoidcell line) that undergo
apoptosis compared to human fibroblasts, which undergo growth arrest in
response to type I IFNs. Prolonged activation of STATs and consequently ISG
expression was postulated as the determining factor in tumor cell fate (Lee et al.,
1997). Together these results show for the first time, that regulating STAT2 levels
or the ratio of STAT2/STAT1 protein expression ratio in tumor cells may predict
how tumor cells may respond to type I IFNs.
When assessing and comparing the kinetics of activation of other STAT
family members between control and STAT2KD B16-F1 tumor cells, I observed a
significant decrease in STAT5 activation by type I IFN in STAT2KD B16-F1 cells
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at the earlier time points examined (30 min and 1h, Fig 4-20A). Constitutive
STAT5 activation has been detected in many types of tumors including
melanoma and STAT5 is now widely accepted as a proto-oncogene sustaining
cancer cell survival (Buettner et al., 2002; Creamer et al., 2010; Hassel et al.,
2008). This finding may help explain, at least partially why silencing STAT2
expression in B16-F1 cells led to enhanced type I IFN responsiveness while
STAT3 may play a lesser role as a survival signal for tumor cells (Bowman et al.,
2000; Buettner et al., 2002).
To determine if the effect of silencing tumor STAT2 expression could be
observed in other tumor types, STAT2 was completely silenced in the squamous
carcinoma cell line MCA304. In this particular tumor cell line, no decrease in
STAT1 protein levels was seen as in B16-F1 tumor cells. This is the same cell
line that formed tumors equally well in WT and Stat2-/- mice showing that host
STAT2 played no role in restricting tumor growth. Interestingly, in the absence of
STAT2, MCA304 tumor cells were less responsive to the antigrowth effects of
type I IFNs. This is in agreement with what has been reported before in other
STAT2 deficient cell lines where STAT2 mediates the antigrowth effects of type I
IFNs. These findings raise several important points. For instance, (i) the
antitumor effects of type I IFNs are not always dependent on STAT2; (ii) this may
depend on the tumor type; (iii), the genetic signature of the tumor and (iv) preexisting inactivating or activating mutations of tumor suppressors and protooncogenes, respectively.
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To sum up, results from my studies are the first to illustrate the importance
of tumor STAT2 expression and the level of expression in regulating the
antitumor effects of type I IFN immunotherapy. This could in part help explain the
variability in response to type I IFN immunotherapy seen in melanoma patients.
Together, host STAT2 functions as a tumor suppressor in the B16-F1 melanoma
transplantation model, while tumor STAT2 expression in B16-F1 melanoma is
important in regulating type I IFN induced cell growth inhibition (Fig 5-3).
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Fig 5.2 Silencing of STAT2 in B16-F1 cells enhances the antitumor effects
of type I IFN therapy. Diagram of STAT2 and STAT1 protein expression
(relative to the size of green and red circles), in regulating ISGs expression
(relative to size of arrows) leading to enhanced type I IFN responsiveness and
antitumor activity (relative to size of blue boxes).
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Working Model
STAT2+ host

Tumor cell

STAT2+

Tumor suppressor

weakens the antitumor
effects of type I IFNs

Fig 5.3 Summary of the role of STAT2 in a murine model of melanoma. Host
STAT2 and tumor STAT2 have opposing roles in cancer. Host STAT2 functions
as a tumor suppressor while STAT2 in the tumor does not enhance tumor growth
but reduces the efficacy of type I IFN therapy.
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5.3 Future directions
In defining the role of STAT2 in tumorigenesis, I showed that using the
B16-F1 murine melanoma model, host STAT2 function as a tumor suppressor,
while similar findings were observed utilizing a carcinogen induced murine colon
cancer cell line, MC38. However, the carcinogen induced murine squamous
carcinoma models, MCA304 and MCA310 models, which are also skin cancer
models, yielded the opposite results, suggesting that possible unidentified gene
mutations in those two cells lines influenced the role of host STAT2 in tumor
formation. One important issue that remains to be addressed is if host STAT2
has tumor suppressor activity in other melanoma cell lines. Two UV induced
murine melanoma cell lines, namely, B2903 and B2905 that originated from
C57BL/6 mice and have the same genetic background as our Stat2-/- mice were
developed by Dr. Raza Zaidi (Temple University). Assessment of tumor formation
of these two cell lines in WT and Stat2-/- mice will illustrate if my findings can be
extended to other melanoma tumors aside from B16-F1
In studying the role of STAT2 expression in cancer cells, my results
showed that silencing STAT2 with a partial reduction in STAT1 led to increased
type I IFN induced growth inhibition. However, this observation alone does not
address the question if this phenotype is dependent on STAT2 expression alone,
or requires both STAT2 and STAT1 expression to be reduced. Restoration of
STAT2 and STAT1 expression, each individually in the STAT2 knockdown cells
to the levels of STAT2 and STAT1 in parental cells will help assess their
contribution in reducing the sensitivity of tumor cells to type I IFNs. This is of
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clinical importance in mapping out the role of STAT2 expression in cancer cells.
Furthermore, this will also reveal if restoration of STAT2 and STAT1 in STAT2KD
B16-F1 cells affects the activation of STAT5 and STAT3, in response to type I
IFNs. To understand the detailed mechanism of how tumor STAT2 functions in
regulating type I IFN induced cell growth inhibition, a transcriptional profile of
ISGs is needed. This will involve comparing the transcriptional signature between
parental cells and cells with silenced STAT2 exposed to type I IFNs to identify a
subset of ISGs dependent on STAT2 but independent of STAT1 in driving type I
IFN induced cell growth inhibition in cancer cells.
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APPENDIX
CONTROL OF TYPE I INTERFERON-INDUCED CELL DEATH BY
ORAI1-MEDIATED CALCIUM ENTRY IN T CELLS
This special chapter is a project started when I was a graduate student
under the guidance of Dr. Jonathan Soboloff, in collaboration with Dr. Ana
Gamero and the work was completed when I transferred to Dr. Ana Gamero’s
laboratory under her supervision. This work was also published in the Journal of
Biological Chemistry in December 2011.
ABSTRACT
Store operated Ca2+ entry (SOCE) is an essential process in T cell activation.
SOCE is controlled by the Ca2+ release activated Ca2+ (CRAC) channel encoded
by the gene Orai1 that is expressed on the plasma membrane and activated by
STIM1 when ER Ca2+ stores are depleted. Our earlier work showed that a
somatic T-cell line Jurkat mutant H123 bearing a defect in Ca 2+ signaling was
susceptible to the apoptotic effects of type I interferons (IFN-α/β). The nature of
the mutation and whether this mutation was linked to IFN-α/β apoptotic
susceptibility was unknown. Here we show that H123 cells lacked Orai1 and
exhibit reduced STIM1 protein. Reconstitution of both Orai1 and STIM1 in H123
cells rescued SOCE in response to thapsigargin and ionomycin and abrogated
IFN-α/β-induced apoptosis. Reciprocally, overexpression of the dominant
negative Orai1-E106A in either parental Jurkat cells or an unrelated human T cell
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line (CEM391) inhibited SOCE and led to sensitization to IFN-α/β-induced
apoptosis. Furthermore, we showed that the Ca2+ response pathway antagonized
the IFN-α/β -induced transcriptional responses; in the absence of SOCE, this
negative regulatory effect was lost. However, the inhibitory effect of Ca 2+ on type
I IFN-induced gene transcription was diminished by pharmacological inhibition of
NF-κB in cells with intact SOCE. Our findings reveal an unexpected and novel
regulatory crosstalk mechanism between type I IFNs and store-operated Ca2+
signaling pathways mediated at least in part by NF-κB activity with significant
clinical implications to both viral and tumor immunology.
INTRODUCTION
Type I interferons (IFN-) are family of cytokines that exert many
pleiotropic

effects

on

cells,

immunomodulatory functions.

including

antiproliferative,

antiviral

and

Type I IFNs are notable in modulating T cell

responses. One such effect is the direct inhibition of proliferation of mitogen and
T cell receptor (TCR) activated CD4+ T lymphocytes [1, 2]. For instance, IFNcan delay naïve T cells from entry into the cell cycle after TCR engagement
and abrogate IL-2 production [2, 3].

Another effect of IFN-is to support and

maintain the survival of memory CD8+ T cells [4] and rescue CD4+ T cells from
undergoing apoptosis early upon TCR/CD28 activation [5]. However, the antiapoptotic effect of IFN- is impaired in human immunodeficiency virus (HIV)
infected CD4+ T cells [6].
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In our earlier studies, we reported the existence of a crosstalk between
TCR and type I IFN signaling. The antiproliferative effects of IFN- in T cells
required Lck, Zap70 and CD45, all components of the TCR signal transduction
pathway [7].

These studies were conducted using both somatic mutants of

human Jurkat T cells and primary murine T cells derived from knockout mice
missing individually these signaling components, all of which carried defects in
the Ca2+ release from ER stores upon TCR activation. In a subsequent study, we
examined type I IFN responses in a new somatic Jurkat mutant designated H123
[8]. H123 is a clone of mutagenized Jurkat cells that were selected for a
deficiency in Ca2+ signaling following pervanadate and TCR stimulation and this
defect coincided with cells undergoing apoptosis in response to IFN-stimulation
[9]. At that time the nature of the mutation that made H123 cells defective in the
induction of Ca2+ transients had not been identified.
Recent investigations have led to the identification of members of the
STIM and Orai protein families as the molecular mediators of store-operated Ca2+
entry (SOCE) [10, 11]. Hence, STIM1 and STIM2, which are Ca2+ sensors on ER
membrane, sense changes in ER Ca2+ content via their ER luminal EF hands [12,
13], while Orai1 is the store-operated Ca2+ channel located on the plasma
membrane [14-19]. When ER Ca2+ stores are depleted, STIM proteins aggregate
and make contact with the plasma membrane. This in turn results in the opening
of the Orai1 channel, leading to extended elevation of cytosolic Ca 2+ levels,
which triggers Ca2+ dependent signaling responses. In this study, we now report
that impaired SOCE sensitizes T cells to type I IFN-induced apoptosis.
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Conversely, Ca2+ activated signals appear to be protective as they can inhibit T
cells from undergoing apoptosis by IFN-. Overall, our data indicate a novel role
for SOCE in antagonizing the apoptotic and transcriptional activities of type I
IFNs.
EXPERIMENTAL PROCEDURES
Cell culture and reagents-The human leukemic T-cell line Jurkat (subclone E6),
its somatic mutant H123, CEM391 and MOLT-4 cells were maintained in RPMI
1640 complete medium (Mediatech, Inc; Herndon, VA) containing 10% fetal calf
serum (FCS), 2 mM L-glutamine, penicillin and streptomycin (Invitrogen Corp;
Carlsbad, CA) at 37 °C and 5% CO2. H123 cells were isolated from Jurkat cells
mutagenized with ICR-191 that failed to mobilize or sustain intracellular Ca2+ in
response to pervanadate [8, 9]. This approach facilitated the isolation of loss of
function mutations in more distal components of the Ca2+ response pathway.
Recombinant human IFN-α was purchased from Peprotech (Rocky Hill, NJ).
Ionomycin (Iono), PMA,thapsigargin (Tg), EGTA and BTP2 were purchased from
Sigma (St. Louis, MO). NF-κB peptide inhibitor was a kind gift of Dr. Michael May
(University of Pennsylvania, PA).
Transfection- Human YFP-STIM1, Orai1-CFP, and Orai1 E106A were generated
as previously described [17, 20]. Parental and H123 Jurkat cells as well as
CEM394 and MOLT-4 cells were transfected accordingly by electroporation using
the Gene Pulser Xcell Electroporation system (Biorad; Hercules, CA) at 280V,
1000 µF (25 ms pulse length). Cells were also transfected with empty vector
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alone and used as control cells. Cells stably expressing Orai1 were selected in
complete RPMI 1640 medium in the presence of 500 μg/ml of G418. The
surviving populations were sorted two to three times for CFP fluorescence using
a Becton Dickinson FACS-VantageSE/DiVa flow cytometer. >95% of the cells
were positive for CFP.
Cytosolic Ca2+ Measurements- Ratiometric imaging of intracellular Ca2+ using
fura-2 was performed as previously described [21]. Cells were plated on
coverslips coated with poly-L-lysine (Sigma; St. Louis, MO) for 3 h before being
placed in a cation-safe solution (107 mM NaCl, 7.2 mM KCl, 1.2 mM MgCl2, 11.5
mM glucose, 20 mM Hepes-NaOH, 1 mM CaCl2 pH 7.2) and loaded with fura2/acetoxymethylester (2 µM) for 30 min at 24°C. Cells were washed and dye
was allowed to de-esterify for a minimum of 30 min at 24°C. Ca2+ measurements
were taken using a Leica DMI 6000B fluorescence microscope controlled by
Slidebook Software (Intelligent Imaging Innovations; Denver, CO). Fluorescence
emission at 505 nm was monitored while alternating between 340 and 380 nm
excitation wavelengths at a frequency of 0.67 Hz. Intracellular Ca 2+ measurements are shown as 340/380 nm ratios obtained from groups of 35 to 45
individual cells. Measurements shown are representative experiments of at least
three that were performed.
Preparation of protein extracts and Western blot analysis- Cells were lysed in
NP40 lysis buffer (1% w/v NP-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0 with
protease inhibitors), followed by centrifugation at 4°C. The supernatant fraction
was collected and protein concentration was measured using Biorad protein
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assay (Hercules, CA). Proteins were resolved on 8% SDS PAGE gels,
transferred to PVDF membranes and analyzed with the indicated antibodies.
Peptide-affinity purified specific anti-STIM1 antibody was produced by 21st
Century Biochemicals (Marlboro, MA), anti-STIM2 antibody was obtained from
Cell Signaling (Danvers, MA), anti-Orai1 antibody was produced by Sigma (St.
Louis,MO) and anti-Actin antibody was purchased from Abcam (Cambridge, MA).
Horseradish peroxidase-conjugated goat anti-rabbit and rabbit anti-mouse
antibodies were purchased from Invitrogen (Carlsbad, CA) and used as
secondary antibodies. Blots were developed using ECL (GE healthcare;
Piscataway, NJ) and images captured using AlphaInnotech HD2 image system
(San Leandro, CA).
Quantitative PCR- RNA was extracted using TRI Reagent (MRC; Cincinnati, OH).
RNA

concentrations

were

measured

using

a

Biorad

Smartspec

Plus

spectrometer by reading the absorbance at 260nm and 280nm. RT-PCR was
completed as a two-step process using High Capacity cDNA Reverse
Transcription (Applied Biosystems; Foster City, CA) followed by SYBR Green
PCR on a 7300 Real Time PCR machine. The real-time PCR conditions were
95°C for 10 min (1 cycle) and 95°C for 15 sec, 60°C for 1 min (40 cycles). Data
are presented as the level relative to Tata-box binding protein (TBP), which
serves as a housekeeping gene. The following equation was used in our data
analysis: 2 – (CT target gene – CT TATA-binding protein).
Measurement of apoptosis by fluorescence imaging- H123 cells stably
expressing Orai1-CFP or Orai1 E106A-CFP were electroporated with either
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pEYFP (Clontech; Mountain View, CA) or YFP-STIM1 plasmid DNA vectors.
Twenty-four h after transfection, viable cells were recovered after Ficoll
(Invitrogen) gradient centrifugation. Cells were left untreated or treated with IFN-α
(1000 U/ml) for 48 h followed by staining with Annexin V-Alexa Fluor 594
(Molecular Probes; Eugene, OR) for 10 min in Annexin V binding buffer (10mM
Hepes, 140mM NaCl, 2.5mM CaCl2, pH 7.4) at 37°C in the dark. Cells were
viewed under a Leica DMI 6000B fluorescence microscope controlled by
Slidebook Software. Each group of cells was counted under the microscope with
a minimum number of 200 cells. Each independent experiment was performed at
least three times.
Measurement of apoptosis by flow cytometry- CEM391 stably expressing empty
vector (pIRES) or Orai1 E106A-CFP were left untreated or treated with IFN-α
(3000 U/ml) for 72 h followed by staining with FITC Annexin V (Biolegend; San
Diego, CA) for 10 min in Annexin V binding buffer (10mM Hepes, 140mM NaCl,
2.5mM CaCl2, pH 7.4) at 37°C in the dark, and then analyzed by BD FACS
Calibur Flow Cytometer. Each experiment was performed at least three times.
Cell proliferation- Cells were plated on a 96-well plate in quadruplicate at 5x103
cells per well. Cells were left untreated or treated with IFN-

and incubated at

37°C for 72 h. Cell proliferation was assessed by using CellTiter 96-Aqueous
One Solution Reagent (Promega, Madison, WI). Absorbance was measured at
490 nm using a VictorX5 multilabel plate reader (Perkin Elmer, Waltham MA).
Background values were first subtracted from each well before proceeding with
determination of percent of cell growth inhibition.
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Luciferase reporter assay- Cells were electroporated with 10 g of 3x-NFATluciferase reporter, 5x-ISRE or 5x-NF-κB luciferase reporter plasmids. To
normalize for luciferase activity and control for transfection efficiency, 2 g of
pRL-TK (Promega) was also included in the transfection. After overnight
incubation at 37oC, NFAT driven transcriptional activity was measured in cells
treated with or without ionomycin (2 M) plus PMA (10ng/mL) for 6 h. To
determine ISRE driven transcriptional activity, cells were treated with or without
IFN- (1000 U/ml) for 6 h in the absence or presence of 2 M ionomycin. NF-κB
transcriptional activity was measured in cells stimulated with ionomycin plus PMA
for 6 h. To determine a role for NF-κB in the ISRE response, cells were preincubated with cell permeable NF-κB inhibitor (50 M) for 1 h prior to treatment
with IFN- in the presence or absence of ionomycin. Cell lysates were prepared
and luciferase activity was measured with a Victor X5 multilabel plate reader
using the dual-luciferase reporter system according to the manufacturer
(Promega).
Statistical analysis- Standard deviation was calculated using GraphPad Prism 5
software (LaJolla, CA). Statistical differences between groups were determined
using unpaired Student's t test. P values of <0.05 between were considered
statistically significant. Error bars and shaded regions of calcium traces were
shown to represent standard error (SE) of the mean.
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Table A.1 Primer sequences for qPCR and PCR
Target
gene

STIM1
STIM2
Orai1
TBP
XBP1

Primer →

Forward

TGGAGAAGGTCCATCTGGAAA

Reverse

TGGGCTTCCTGCTTAGCAA

Forward

CCAGGATAGCAGTGCACGAA

Reverse

GACTCCGGTCACTGATTTTCAAC

Forward

TGTCCTGGCGCAAGCTCTA

Reverse

GTCCGGCTGGAGGCTTTAA

Forward

GCCAGGCACCACAGCTCTT

Reverse

CGGCAAGGGTGCAGTTG

Forward

CCTTGTAGTTGAGAACCAGG

Reverse

GGGGCTTGGTATATATGTGG
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Predicted
size

Nucleotide
location

63

833
896

62

983
1045

54

414
468

52

579
631

441 or 415

375

816

RESULTS
Impaired SOCE in somatic Jurkat variant H123.
Chemical mutagenesis of the human T-cell line Jurkat with the ICR-191
frameshift mutagen has led to the identification of a number of critical signaling
molecules needed in T cell activation [9, 22].

We initially reported that the

somatic Jurkat variant H123 harboring a defect in Ca2+ signaling was susceptible
to the apoptotic effects of type I IFNs (IFN-) while parental Jurkat was growth
inhibited in the absence of apoptosis [8]. What remained unclear was whether
this gain of apoptotic function induced by IFN- in H123 cells was intimately
linked to a defect in the Ca2+ response pathway. First, to confirm that H123 cells
had a defect in Ca2+ signaling, parental and H123 Jurkat cells were transiently
transfected with a NFAT-responsive luciferase reporter plasmid (Fig. 1A) While
robust NFAT transactivation was observed in parental Jurkat T cells after
treatment with ionomycin and PMA, no NFAT activity was observed in similarly
treated H123 Jurkat cells.

Next, we compared the relative abilities of

thapsigargin (Tg, Fig. 1B) or ionomycin (Iono, Fig. 1C) to stimulate SOCE in
parental and H123 Jurkat cells. Significant endoplasmic reticulum (ER) Ca 2+
release was observed in both cell lines after exposure to Tg or Iono (first peak,
Figs. 1B and 1C); although the total amount of Ca2+ released was moderately
less in H123 cells. In contrast, a drastic deficiency of Ca 2+ re-entry after store
depletion was observed in H123 cells (second peak, Figs. 1B and 1C) in
comparison to parental Jurkat cells. Of note, IFN- treatment of either parental or
H123 Jurkat cells did not influence Ca2+ mobilization (data not shown).
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Thus our results show that unlike previously reported somatic Jurkat mutants,
H123 Jurkat cells have a deficiency in SOCE, which has been recognized as the
major route of Ca2+ entry for T cells.
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Figure A.1 Jurkat variant H123 cells have impaired store-operated Ca2+ entry
(SOCE). (A) Parental and H123 Jurkat cells were transfected with an NFATluciferase reporter and left untreated or treated with Iono (2 μM) plus PMA (10
ng/mL) for 6 h. Cells were harvested for determination of luciferase activity. Values
were normalized against Renilla luciferase activity. Results from a representative
experiment are shown as mean ± S.E.M of triplicate samples. (B) Parental Jurkat
(solid line) and the Jurkat variant H123 (dashed line) cells were loaded with 2.5μM
fura-2/AM. Thapsigargin (Tg, 2 μM) or Ca2+ (1 mM) was added or removed as
indicated. (C) Same as in (B) except parental Jurkat (solid line) and H123 (dashed
line) cells were treated with ionomycin (Iono, 2 μM) before removal and addition of
Ca2+ (1 mM).
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H123 cells lack Orai1 protein.

STIM1, STIM2, and Orai1 are now well

recognized as critical components of SOCE [15, 23]. Therefore, we assessed
their relative levels of expression using quantitative RT-PCR and Western blot
analysis. Compared with parental Jurkat cells, H123 cells demonstrated a ~30%
reduction in STIM1 at both the RNA (Fig. 2A) and protein (Fig. 2B, top panel)
levels. No obvious changes in the expression of STIM2 were found between
parental and H123 Jurkat cells (Figs. 2A-B). In contrast, although no striking
differences in the amount of Orai1 RNA were found; a dramatic loss of Orai1
protein was detected in H123 cells (Fig. 2B). Sequence analysis of Orai1 mRNA
revealed a deletion of a single nucleotide mapped to the intracellular portion of
the protein that resulted in a frame-shift mutation and early termination of
translation (Supplementary Fig. S1). Thus it is likely that a deficiency in SOCE in
H123 cells is due to the combination of loss of Orai1 and reduction in STIM1
protein content.
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Figure A.2 Orai1 and STIM protein expression is impaired in H123 cells. (A)
STIM1, STIM2, and Orai1 mRNAs were measured in parental and H123 Jurkat
cells by quantitative RT-PCR. The level of mRNA transcripts was normalized to
TATA-box binding protein (TBP). (B) Cells extracts were analyzed for detection
of the indicated proteins by Western blot analysis. Actin was used to monitor
equal loading of proteins.
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Proline-Rich Domain

Wildtype 1
H123
1

MHPEPAPPPSRSSPELPPSGGSTTSGSRRSRRRSGDGEPPGAPPPPPSAVTYPDWIGQSY 60
MHPEPAPPPSRSSPELPPSGGSTTSGSRRSRRRSGDGEPPGAPPPPPSAVTYPDWIGQSY 60

Wildtype 61
H123
61

SEVMSLNEHSMQALSWRKLYLSRAKLKASSRTSALLSGFAMVAMVEVQLDADHDYPPGLL 120
SEVMSLNEHSMQALSWRKLYLSRAKLKASSRTSALLSGFAMVAMVEVQLDADHDYPPGLL 120

TM1

TM2

Wildtype 121 IAFSACTTVLVAVHLFALMISTCILPNIEAVSNVHNLNSVKESPHERMHRHIELAWAFST 180
H123
121 IAFSACTTVLVAVHLFALMISTCILPNIEAVSNVHNLNSVKESPIAFSACTTVLVAVHLF 180
TM3

Wildtype 181 VIGTLLFLAEVVLLCWVKFLPLKKQPGQPRPTSKPPASGAAANVSTSGITPGQAAAIAST 240
H123
181 ALMISTCILPNIEAVSNVHNLNSVKESPMSACTATSSWPGPSPPSLARCSS[STOP]
TM4

Wildtype 241 TIMVPFGLIFIVFAVHFYRSLVSHKTDRQFQELNELAEFARLQDQLDHRGDHPLTPGSHYA 301

Supplemental Figure AS.1 Alignment of Orai1 revealing mutation in H123
cells. Deletion of nucleotide C492 in H123 cells causes a frameshift mutation.
This dramatically changes the amino acid sequence after P163 within the 2, 3
intracellular loop of Orai1. Green indicates aligned sequences. TM =
transmembrane domain.
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SOCE is restored in H123 cells by re-expression of Orai1 and STIM.

To

determine if the loss of expression of STIM1 and Orai1 was the cause of loss of
SOCE in H123 cells, we generated both H123 (Fig 3A) and parental Jurkat (Fig
3B) cell lines stably expressing empty vector or Orai1. Cells were then transiently
transfected with either YFP or YFP-STIM1 to compare SOCE levels. Consistent
with prior studies [16], SOCE was restored only after re-expression of both
STIM1 and/Orai1 (Fig. 3A); only modest changes in SOCE were observed when
expressed individually. In parental Jurkat cells no changes in SOCE were
observed in response to either STIM1 expression or STIM1+Orai1 expression
(Fig 3B); consistent with prior studies, expressing Orai1 alone inhibited SOCE
[16]. We were somewhat surprised by the fact that co-expression of STIM1 and
Orai1 failed to further increase SOCE above control levels in parental Jurkat cells.
In an effort to determine if this reflected fura-2 saturation, experiments were also
performed using 300 µM extracellular Ca2+ (supplemental Fig. S2A), with similar
results. However, examination of YFP intensity revealed approximately 50% less
STIM1 expression in Jurkat cells stably expressing Orai1 compared with parental
Jurkat cells (supplemental Fig S2B). This may indicate that elevated Ca 2+ levels
due to co-expression of STIM1 and Orai1 may be too high to be tolerated in this
cell type. Irrespective, these observations reveal that re-expression of STIM1
and Orai1 in H123 cells restores SOCE.
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Figure A.3 Re-expression of STIM1 together with Orai1 rescues SOCE in H123
cells. Intracellular Ca2+ concentration was measured in fura-2 loaded (A) H123
Jurkat and (B) parental Jurkat cells. Cells stably expressing either mock vector or
Orai1-CFP were transiently transfected with YFP or YFP-STIM1. Thapsigargin
(Tg, 2 μM) or Ca2+ (1 mM) was added or removed as indicated.
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Supplemental Figure AS.2 Over-expression of STIM1 and Orai1 influences
SOCE in Jurkat cells. A. Intracellular Ca2+ concentration was measured in fura2 loaded parental Jurkat cells. Cells stably expressing either empty vector or
Orai1-CFP were transiently transfected with YFP or YFP-STIM1. Thapsigargin
(Tg, 2 μM) or Ca2+ (300µM) was added or removed as indicated. B. YFP intensity
was determined by imaging Jurkat cells stably expressing either empty vector or
Orai1-CFP transiently transfected with YFP-STIM1.
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Orai1 and STIM1 overexpression reverses the apoptotic effects of IFN- in H123
cells. To determine if defective expression of Orai1 and/or STIM1 proteins was
associated with H123 cells susceptibility to IFN--induced apoptosis, H123
cells reconstituted with Orai1 and/or STIM1 were examined for the presence of
apoptotic cells following treatment with IFN-α for 48 h. Images of Annexin Vstained cells expressing CFP-Orai1 and/or YFP-STIM1 before and after IFN-α
treatment are depicted in Figure 4A. As predicted, given the absence of any
difference in SOCE, expressing pEYFP (empty vector), CFP-Orai1 or YFPSTIM1 had no effect-on IFN-α-induced apoptosis in H123 cells (Fig. 4B). In
contrast, H123 cells co-expressing CFP-Orai1 and YFP-STIM1 were fully
protected against IFN-α-induced apoptosis (Figs. 4A; bottom panel and 4B).
Hence, H123 cells exhibiting defective SOCE were vulnerable to the lethal
effects of type I IFNs. Given the role of SOCE in the maintenance of endoplasmic
reticulum (ER) Ca2+ concentration and the critical link between ER Ca2+
concentration and ER stress [24, 25], we examined the processing of XBP1, an
early indicator of ER stress [26]. However, we found no evidence that type I IFNs
induced ER stress response in either parental or H123 Jurkat cells
(Supplementary Fig. S3), indicating that ER stress likely has little or no role in
protection from IFN-induced apoptosis by Orai1/STIM1 overexpression.
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Figure A.4 STIM1 and Orai1 inhibit IFN-α-mediated apoptosis of H123 cells. (A)
H123 cells stably expressing empty vector or Orai1-CFP cells were transiently
transfected with either YFP or YFP-STIM1. Twenty-four hrs after transfection,
cells were left untreated or treated with 1000 U/ml IFN-α for 48 h and then
stained with Hoechst (blue) and annexin-V (red). Yellow fluorescence indicates
cells expressing YFP-STIM1. Apoptotic cells are shown as red. (B) Percent
apoptosis was calculated by counting the number of annexin-V-PE positive cells
divided by the total number of cells (control) or those expressing YFP-STIM1
and/or Orai1-CFP when expressed. A minimum of 200 cells were counted in
each individual experiment and data collected from three individual experiments
are shown. Results are shown as mean ± S.E.M.
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Supplemental Figure AS.3 IFN- does not induce ER stress. Jurkat, H123
and G401 (a rhabdoid tumor cell line used as positive control) cells were treated
with medium, IFN-α (1000 U/ml) for 6 or 24 h, or Thapsigargin (Tg, 2 μM) for 3 h.
Total RNA was extracted and RT-PCR was performed with primers targeting
Xbp1 or the housekeeping gene GAPDH. PCR products were separated by
electrophoresis; images depicting the presence of unspliced (u) and spliced (s)
Xbp1 were obtained under UV after ethidium bromide staining.
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SOCE inactivation causes IFN--induced apoptosis in T cells.

Reciprocal

experiments in parental Jurkat cells were performed to confirm if SOCE
impairment could switch T cells to now undergo IFN--induced apoptosis. To this
effect, parental Jurkat cells were transfected with a dominant negative form of
CFP-Orai1 (Orai1E106A); known to dramatically inhibit SOCE (see Fig. 5A). As
reported before and shown in Figure 5B and 5C, IFN-stimulation did not induce
apoptosis in parental Jurkat cells (Fig 5C; <2.5%). However, Jurkat cells became
sensitive to IFN-α when Orai1E106A was expressed, with apoptosis observed in
~12-15% of the cells after 48 h of treatment, as detected by Annexin-V staining
(Fig. 5B and 5C). An increase in the level of IFN--induced apoptosis (~35%)
was observed after 72 h of treatment (data not shown).
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Figure A.5 Inhibition of SOCE sensitizes parental Jurkat cells to IFN-α-induced
apoptosis. (A) Intracellular Ca2+ concentration was measured in parental Jurkat
cells stably expressing empty vector or Orai1 E106A-CFP. Cells were loaded
with 2.5 μM fura-2/AM. Thapsigargin (Tg, 2 μM) or Ca2+ (1 mM) was added or
removed as indicated (B) Parental Jurkat cells stably expressing empty vector or
Orai1 E106A-CFP were left untreated or treated with 1000U/ml IFN-α for 48 h,
and then stained with Hoechst (blue) and annexin-V (red). Apoptotic cells are
shown as red. (C) Percent apoptosis was calculated by counting the number of
annexin V-positive cells divided by the total number Orai1-CFP positive cells,
from three individual experiments. (D) Parental Jurkat cells were left untreated
(ctl) or treated with 3µM BTP2 for 1 h, then with or without 1000U/ml or 3000U/ml
IFN-α for 72 h, followed by quantification of apoptosis measured by dually stain
cells with annexin-V-FITC and propidium iodide and analyzed by flow cytometry.
Percentages of apoptosis are normalized to untreated cells. (E) Similar to (D)
except parental Jurkat cells were left untreated (ctl) or treated with 0.6mM EGTA,
with or without 1000U/ml or 3000U/ml IFN-α for 72 h. Results from three
individual experiments are shown as mean ± S.E.M.
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To confirm that this effect was not restricted to Jurkat T cells, we stably
expressed empty vector or CFP-Orai1E106A in the human CD4+ T cell line
CEM391. Over-expression of Orai1E106A did not change the growth inhibitory
effects of IFN- when compared to CEM391 expressing empty vector alone (Fig.
6A). However, overexpression of Orai1E106A caused a remarkable apoptotic effect
in CEM391 cells as 45% of these cells were in the early stages of apoptosis
(Annexin V+/propidium iodide-) 48 h after IFN- stimulation (Fig. 6B and 6C).
Similar findings were also observed in the human CD4 + T MOLT-4 cell line stably
expressing Orai1E106A; albeit at reduced levels due to low expression of CFPOrai1E106A (data not shown). Thus our results indicate an unexpected and
previously unidentified negative regulatory role for SOCE in the induction of
apoptosis by type I IFNs in T cells.
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Figure A.6 Expression of Orai1E106A sensitizes CEM391 cells to IFN-α-induced
apoptosis. CEM391 cells that were untransfected (UnTfx), carrying mock vector
(EV) or stably expressing Orai1 E106A-CFP were treated with or without IFN-α
(3000U/ml) for 72 h. (A) Cell growth inhibition responses were measured by MTS
assay. (B) Apoptosis was shown by Hoechst (blue) and annexin-V (red) stain and
expressing of Orai1 E106A-CFP was shown in cyan. (C) Quantification of
apoptosis was measured in cells dually stained with annexin-V-FITC and
propidium iodide and analyzed by flow cytometry. Results from three individual
experiments are shown as mean ± S.E.M.
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Transcriptional responses to IFN- are negatively regulated by Ca2+ signals.
Type I IFNs inhibit the proliferation of T cells via utilization of the JAK/STAT
pathway [1, 7]. Hence, our findings that impaired SOCE changes the IFN-α/β
response from growth inhibitory to apoptotic may reveal an inhibitory effect of
Ca2+ signaling pathways on IFN-α/β transcriptional responses. To test this
possibility, parental and H123 Jurkat cells were transiently transfected with an
IFN-responsive ISRE-luciferase reporter plasmid. No ISRE reporter activity was
detected in cells treated with ionomycin alone. While IFN- induced the
transactivation of the ISRE reporter to 12-fold in both cell lines (Fig. 7A, second
bars in both groups), the reporter activity was inhibited by nearly 50% in parental
Jurkat cells co-stimulated with ionomycin. As expected, due to defective SOCE,
the inhibitory effect of ionomycin was lost in H123 cells (Fig. 7A, fourth bars in
both groups). Furthermore, a reciprocal experiment assessing the ability of
ionomycin to affect ISRE reporter activity in parental Jurkat cells stably overexpressing Orai1E106A revealed substantially the same result; loss of ionomycinmediated inhibition (Fig. 7B). Thus our results reveal SOCE-mediated negative
regulation of type I IFN-induced gene transcription.
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Figure A.7 IFN-stimulated ISRE driven transcriptional activity is not abrogated
by ionomycin in H123 cells. (A) Parental and H123 Jurkat cells were transiently
transfected with a 5X-ISRE-luciferase reporter construct. Cells were left
untreated or treated with IFN- (1000U/mL) for 6 h in the presence or absence of
ionomycin (2 M) and harvested for determination of luciferase activity. (B)
Parental Jurkat cells were transiently co-transfected with either CFP or Orai1
E106A-CFP and a 5X-ISRE luciferase reporter and treated as in (A). Values are
normalized against Renilla luciferase activity. Results from a representative
experiment are shown as mean ± S.E.M. of triplicate samples.
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NF-κB mediates the inhibitory effects of Ca2+ signals on IFN--induced gene
transcription.

The transcription factor NF-κB activates cell survival pathways

and protects against apoptosis [27]. Because Ca2+ signals activate NF-κB [2831] and NF-κB has been shown to regulate the expression of a subset of IFNinduced ISGs [32], the possibility that NF-κB could be implicated in mediating
Ca2+-dependent inhibition of ISG transcription was explored. A selective NF-κB
inhibitor that blocks the interaction between NEMO and the IB kinase complex
[33] was used to evaluate in parental Jurkat cells alterations in IFN-responsive
ISRE-luciferase activity. As expected, IFN-transactivated the ISRE reporter to
7-fold (Fig. 8A, second bar), which was inhibited by ionomycin by nearly 50%.
Pre-treatment with NF-κB inhibitor followed by co-stimulation with IFN- plus
ionomycin diminished the inhibitory effects of ionomycin by almost 50% (Fig. 8A,
fourth bar). Intriguingly, this almost precisely matches the percentage that
ionomycin/PMA-induced NF-κB activity was inhibited (Fig 8B). Additional studies
showed that over-expression of Orai1E106A in Jurkat and CEM391 cells impaired
dramatically NF-κB activation (supplemental Fig. S4). Both observations reveal a
regulatory mechanism by which Ca2+ modulated NF-κB activity suppresses
transcriptional responses to type I IFNs.
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Figure A.8 NF-κB mediates Ca2+ induced suppression of IFN-stimulated ISRE
driven transcriptional activity. (A) Parental Jurkat cells were transiently
transfected with a 5X-ISRE-luciferase reporter plasmid. Cells were pre-incubated
with or without NF-κB peptide inhibitor (50 μM) for 1 h followed by treatment with
IFN- (1000 U/mL) in the presence or absence of ionomycin (2 M) and PMA (10
ng/ml) as indicated. (B) Similar to (A) except a 5X- NF-κB-luciferase reporter
plasmid was used for transfection and cells were only stimulated with or without
ionomycin plus PMA. Values are normalized against Renilla luciferase activity.
Results from a representative experiment are shown as mean ± S.E.M. of
triplicate samples.
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Supplemental Figure AS.4 Expression of Orai1E106A inhibits NFκB activity.
A.Jurkat and B. CEM cells stably expressing either empty vector (EV) or
Orai1E106A were treated with or without ionomycin (2 μM) plus PMA (10 ng/mL)
for 6 h, and NFκB activity was measured by luciferase reporter assay.
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DISCUSSION
Ca2+ signals are critical secondary messengers that orchestrate T cell
activation, differentiation, and transcriptional regulation [34-36]. Type I IFNs are
essential pleiotropic cytokines known for their role among others in host defense
against infection and the development of adaptive immunity via modulation of T
cell responses [37, 38]. Our earlier work characterized a Ca2+ signaling-defective
somatic mutant Jurkat (H123) to be sensitive to the apoptotic effects of type I
IFNs [8]. What was not established then was whether the lethal effects of type I
IFNs were linked to deficiencies in Ca2+ signaling. In the current study, we have
characterized the nature of the defect in Ca2+ signaling impairment in H123. Most
notably, while H123 cells display normal ER Ca2+ content, they exhibit a marked
deficiency in Ca2+ entry due to a lack of Orai1 and reduced expression of STIM1
protein. More remarkably, our findings reveal that SOCE influences the antiproliferative and apoptotic effects of IFN-.
The increase in intracellular Ca2+ concentration via engagement of the
TCR in T cells is divided in two phases. The first phase is dictated by the release
of Ca2+ from ER stores that when depleted activates the second phase
characterized by prolonged Ca2+ entry via the CRAC channel now recognized as
Orai [14, 35]. Whereas four previously characterized somatic mutants derived
from Jurkat cells exhibit defects in the first phase of TCR induced Ca +2
mobilization due to loss of Lck, Zap70, CD45, or InsP 3R1 [22, 39] H123 cells
exhibit defects in the second phase of the TCR Ca 2+ response. It is important to
note that while T cells devoid of Lck, ZAP70, and CD45 are resistant to the
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antiproliferative effects of IFN-α/β [7], InsP3R1-null T cells, are highly resistant to
apoptotic stimuli, suggesting that calcium release from the ER is an apoptotic
trigger in T cells [39-41].
In our study, we found that defective SOCE impacted on T cell survival.
Inactivation of SOCE in T cells changed the antiproliferative effects of type I IFNs
from cell growth inhibition to apoptosis. While IFN- slowed down the
proliferation of T cells with intact SOCE in the absence of apoptosis [7], overexpression of dominant negative Orai1E106A to inhibit SOCE sensitized Jurkat,
CEM391 and MOLT-4 T cells to the apoptotic effects of IFN-α, albeit to varying
degrees. Although overexpression of Orai1E106A in parental Jurkat cells did not
produce the same level of apoptosis detected in H123 cells, further
characterization of H123 cells has revealed that additional proteins other than
Orai1 are missing (data now shown). The anti-apoptotic role of these genes is
currently being validated in our laboratory and could potentially be important in
the enhanced susceptibility to type I IFNs.
While these differences in the degree of apoptosis likely reflect the unique
character of each of these cell lines, the fact that IFN-induced apoptosis was
stimulated by loss of SOCE in all cases suggests that this may actually reflect a
bona-fide role for SOCE in modulating IFN responses. If so, these findings may
provide insight into the reduction of the anti-apoptotic effect of IFN- in HIVinfected CD4+ T cells [6], since CD4+ T cells incubated with HIV envelope protein
gp160 exhibit reduced Ca2+ entry [42].
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The biological effects of type I IFNs are mediated by the actions of IFNstimulated genes (ISGs)[43]. While the expression of these genes is primarily
driven by STAT transcription factors, there is a subset of genes that is negatively
regulated by the actions of the transcription factor NF-κ [32]. Paradoxically, type
I IFNs have been reported to activate the NF-κ pathway via PI3K and Akt as a
survival mechanism to protect cells against apoptosis [44]. Impairment of the
NF-κ pathway by expression of the Iκ suppressor sensitizes tumor cells to
type I IFN-induced death [45]. Further, prior studies have firmly established that
Ca2+ signals stimulate NF-κ [28-31], supporting the possibility that NF-κB
activation may serve a mediatory role in Ca2+-dependent suppression of ISG.
Indeed, we find that pharmacological inhibition of NF-κB restores transcriptional
responses to IFN indicating that NF-κB has a negative regulatory role in
obstructing the apoptotic response to type IFNs. This finding is also supported by
the observation that expression of dominant negative Orai1 E106A suppresses the
induction of NF-κB activity while promoting IFN-induced apoptosis. These
observations clearly establish a previously unidentified mechanism whereby, in
addition to its well-defined role in T cell activation, SOCE also serves to
negatively regulate IFN responses. Given the critical role IFNs play in the control
of immune function, these novel findings have wide reaching and highly
significant implications.
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