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Abstract

1.

As members of the basic helix-loop-helix (bHLH) family of transcription factors, E proteins
function in the immune system by directing and maintaining a vast transcriptional network that
regulates cell survival, proliferation, differentiation, and function. Proper activity of this network is
essential to the functionality of the immune system. Aberrations in E protein expression or
function can cause numerous defects, ranging from impaired lymphocyte development and
immunodeficiency to aberrant function, cancer, and autoimmunity. Additionally, disruption of
inhibitor of DNA-binding (Id) proteins, natural inhibitors of E proteins, can induce additional
defects in development and function. Although E proteins have been investigated for several
decades, their study continues to yield novel and exciting insights into the workings of the immune
system. The goal of this chapter is to discuss the various classical roles of E proteins in
lymphocyte development and highlight new and ongoing research into how these roles, if
compromised, can lead to disease.

INTRODUCTION

The immune system maintains the health of the host by identifying, responding to, and
subsequently eliminating harmful pathogens. These processes involve a multitude of cell
types, which are loosely separated into two main branches of the immune system, the innate
immune system and the adaptive immune system. A great deal of research has gone into
elucidating the mechanisms and pathways involved in the development of the immune
system. Of particular interest have been the developmental pathways of B and T cell
development. As members of the adaptive immune system, B and T cells undergo an
exceptionally complicated developmental process, including the acquisition of a diverse
repertoire of antigen receptor specificities capable of recognizing virtually any antigen,
previously encountered by the host or otherwise. Upon recognizing cognate antigen, Band T
cells further adapt and evolve to better counter an identified threat. Following elimination of
a pathogen, cells of the adaptive immune system form a pool of memory cells, capable of
responding to a new challenge by the same pathogen with even greater rapidity and
efficiency.

These processes supply the host with an effective, adaptive defense; however, the complex
developmental and regulatory pathways that control the adaptive immune system can also be
harmful if they are disrupted by genetic mutations. Production of B or T cells capable of
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responding to host proteins can initiate a destructive autoimmune response against critical
tissues and organ systems in the body. Additionally, the high expression of particular
lymphocyte-specific genes poses a potential problem as well. Translocation of various
oncogenes to the transcriptional control of lymphocyte-specific regulatory elements, notably
those of the antigen receptor genes, is a frequent event in tumorigenesis and is very common
in leukemias and lymphomas. As such, it is critical that mechanisms exist to ensure that the
immune system is kept in balance. These mechanisms have been and continue to be the
subject of intense research.

One of the major regulatory mechanisms in directing lymphocyte development and function
that has been frequently implicated in disease processes is the E protein transcriptional
network. E proteins are members of the larger basic helix-loop-helix (bHLH) family and are
widely expressed within the immune system. These proteins have been demonstrated to play
critical roles at nearly every step of B and T cell development and function, from acquisition
of a functional antigen receptor to cell survival and proliferation to maintaining proper
functionality during an immune response. This chapter will focus primarily on the roles of E
proteins in the development of B and T cells, their function within the immune system, and
how these roles, when compromised, lead to severe consequences for the host.

2. E PROTEINS

E proteins are a family of transcription factors comprising a subgroup of the much larger
basic bHLH family (Ephrussi, Church, Tonegawa, & Gilbert, 1985). The bHLH protein
family comprises a group of widely expressed transcription factors involved in the
development and maintenance of numerous cell types. bHLH proteins have been categorized
into several classes. Most notable are the Class | bHLH proteins, which are widely expressed
within the immune system and on which the majority of this chapter will be focused
(Henthorn, Kiledjian, & Kadesch, 1990). These proteins recognize a canonical CANNTG
DNA sequence, termed an E box. As such, Class | bHLH proteins are referred to as E
proteins.

The E protein family is defined by the presence of several main protein domains: a C-
terminal basic DNA-binding domain (the b in bHLH) and a helix-loop-helix domain (the
HLH) comprising a pair of closely spaced alpha helices (Murre, McCaw, & Baltimore,
1989). These HLH domains facilitate the dimerization of bHLH proteins, an event that is
required for their transcriptional activity (Murre & Baltimore, 1993). The bHLH domain has
also been shown to interact with p300, a major component of the cell’s ubiquitous
transcriptional machinery (Eckner, Yao, Oldread, & Livingston, 1996). bHLH proteins also
contain two transcriptional activation domains, AD1 and AD2 (Aronheim, Shiran, Rosen, &
Walker, 1993). AD?2 is located within the central portion of the protein and is capable of
driving expression of reporter constructs containing bHLH-regulated genes. AD1 is located
at the N-terminus and has been shown to recruit the SAGA chromatin-remodeling complex
(Massari et al., 1999).

Class | bHLH proteins (E proteins) include the E2A (also referred to as TCF-3), HEB (also
referred to as TCF-12), and E2-2 (also referred to as TCF-4). The £2A and HEB genes
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encode several proteins by way of alternative splicing. The £2A gene encodes the proteins
E12 and E47, while the HEB gene encodes the canonical HEB protein (HEBcan) as well as
a shorter alternative variant (HEBalt) (Wang et al., 2006). While E47 is capable of readily
binding DNA as a homodimer, E12 contains a different basic region, allowing it to only
function efficiently as a heterodimer with other bHLH proteins (Sun & Baltimore, 1991).
Mutations within these dimerization and DNA-binding regions can be disastrous, as shown
by the recent discovery of a dominant-negative mutation in the E47 protein, which led to
agammaglobulinemia and severe immunodeficiency (Boisson et al., 2013). Within
developing B cells, dimers of £2A gene products are the predominant E protein
transcriptional regulators, whereas developing T cells utilize primarily heterodimers of £2A
and HEB gene products (Sawada & Littman, 1993). E protein dimers function by regulating
a large array of genes. Dimerization between particular E proteins subtly alters the
complex’s preferred DNA-binding sequence, suggesting a similar alteration in the set of
genes being regulated (Hsu et al., 1994; Hu, Olson, & Kingston, 1992). E proteins have been
shown to function as both transcriptional activators as well as transcriptional repressors,
maintaining a vast transcriptional network (Greenbaum, Lazorchak, & Zhuang, 2004).

E protein activity is regulated by the inhibitor of differentiation (Id) gene family (Benezra,
Davis, Lockshon, Turner, & Weintraub, 1990). Id proteins are similar to E proteins in that
they also contain a conserved bHLH domain capable of dimerization with E proteins.
However, Id proteins lack the basic DNA-binding domain. This lack of a DNA-binding
domain effectively prevents the protein dimer from binding DNA and directing transcription.
As such, Id proteins essentially inhibit E protein activity by out-competing functional E
protein—E protein dimer formation in favor of nonfunctional E protein—Id protein dimer
formation. This process effectively reverses the E protein transcriptional network, shutting
down transcription of genes promoted by E proteins and removing repression of genes kept
silent. In this way, E proteins can be thought of as a transcriptional “switch,” maintaining a
network of gene expression until “switched off’ by upregulation of Id proteins.

Within the immune system, the primary active Id protein family members are /a3and /a2
(Rivera, Johns, Quan, Johnson, & Murre, 2000; Sun, Copeland, Jenkins, & Baltimore,
1991). In lymphocytes, Id proteins are upregulated upon receipt of an activating signal. /d3
is rapidly upregulated following lymphocyte activation, while /a2 is upregulated more
slowly (Bain et al., 2001). This suggests that 1d3 and 1d2 function in a semiredundant
manner after activation to modulate the E protein transcriptional network, although their
individual unique roles are not yet well understood.

2.1. E proteins and cell-cycle control

One of the major global transcriptional programs controlled by E proteins is the control of
survival and cell-cycle progression. E2A-deficient cells develop an aggressive T cell
leukemia (discussed in more detail below) characterized by rapid proliferation of developing
thymocytes (Bain et al., 1997). Interestingly, restoration of E2A by ectopic expression in
these cells did not arrest proliferation of these tumor cells, but rather resulted in cell death,
indicating a role for E2A in cell survival as well (Engel & Murre, 1999). Subsequent
experiments have demonstrated that E proteins do indeed regulate cell survival of developing
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lymphocytes, as conditional deletion of E2A was sufficient to drive cell death in otherwise
healthy cells (Lazorchak, Wojciechowski, Dai, & Zhuang, 2006). Additional work has
further implicated E proteins in regulating cell-cycle progression. Removal of E2A in some
cell types was found to result in reduced levels of cyclin D2 and cyclin D3 and impaired
entry into cell cycle (Zhao, Vilardi, Neely, & Choi, 2001). Interestingly, other work indicated
that loss of E2A resulted in increased proliferation in lymphocytes (Park, Nolan, & Sun,
1999). Additionally, restoration of E2A in these cells halted growth. Thus, it appears that E
proteins are capable of differentially regulating cell-cycle progression in a cell type-specific
manner.

3. E PROTEINS IN LYMPHOCYTE DEVELOPMENT

As mentioned above, E proteins play many critical roles in lymphocyte development,
particularly in the development of B and T cells. Developing B and T lymphocytes progress
through a series of developmental stages in a highly regulated manner. E proteins have been
shown to play a critical role in these processes.

3.1. Antigen receptor recombination

One of the primary characteristics of B and T cells is the acquisition of a highly diverse
repertoire of antigen receptors (reviewed in detail here; Krangel, 2003). These antigen
receptors are used to recognize and respond to antigens either directly, in the case of B cells,
or after uptake, processing and subsequent presentation in the context of major
histocompatibility complex (MHC) molecules in the case of T cells. These antigen receptor
genes are the immunoglobulin heavy chain (IgH) and light chain (IgL) in B cells and the T
cell receptor (TCR) genes in T cells. These antigen receptor genes share a unique structure,
containing numerous sets of similar gene segments upstream of a conserved domain, termed
the constant (C) region. These gene segments are divided into three subsets, termed variable
(\V), diversity (D), and joining (J) units. Upon successful recombination, the IgH and IgL
chains combine to form the B cell receptor (BCR), also termed antibody. T cells contain two
separate pairs of antigen receptor genes, giving rise to two distinct subsets of T cells. The
TCR alpha and beta genes are capable of dimerization, producing an ap TCR, while the
TCR gamma and delta genes pair to produce a y& TCR. Cells bearing these TCRs are
referred to as ap and y& T cells, respectively. Interestingly, the 7CR& locus is housed within
the 7CRa locus, such that recombination of the 7CRa locus removes a large part of the
TCRS locus, preventing further development toward the -y6 lineage. While the mechanisms
of recombination are similar between B cells, afp T cells, and 6 T cells, the process and
timing of recombination varies in each cell type. The regulation of these processes will be
discussed in greater, cell type-specific detail later.

Acquisition of a functional antigen receptor occurs by splicing of the antigen receptor genes
in a highly regulated manner. This splicing process is dependent on the recombination
activating gene (RAG) family, known targets of E proteins (Hsu et al., 2003; Yu et al., 1999).
RAG-mediated splicing begins upon transcriptional activation of the antigen receptor genes,
a process that has been shown to be regulated in part by E proteins. RAG proteins recognize
splice sites located between the various V, D, and J gene segments and facilitate the joining
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of these various gene segments into a functional antigen receptor gene. These events proceed
in a highly regulated manner. Prior to RAG-mediated recombination, transcription of the
germline IgH gene (in developing B cells) or the TCRB, TCRy, and TCRé& genes (in
developing T cells) is initiated, opening up the chromatin environment surrounding the
genes and making them more readily accessible to the recombination machinery. Animals
lacking the £2A gene display an inability to initiate germline transcription of the IgH gene,
leading to a block in B cell development, suggesting that E proteins play a role in initiating
germline antigen receptor gene transcription (Bain et al., 1994; Zhuang, Soriano, &
Weintraub, 1994). Further research showed that E proteins indeed play a direct role in
activating germline transcription of antigen receptor loci and that ectopic expression of E47
alone is capable of initiating germline IgH transcripts in non-B cell lines (Choi, Shen,
Radomska, Eckhardt, & Kadesch, 1996; Schlissel, Voronova, & Baltimore, 1991). Upon
successful recombination of /gH (in B cells) the functional protein pairs with a conserved
binding partner, the surrogate light chain to form a primordial antigen receptor. Successful
recombination of the 7CRB gene is analogous to this process in T cells, pairing with the pre-
Ta gene. This event allows the developing lymphocyte to receive a signal, leading to
upregulation of Id proteins and subsequent reversal of E protein activity. This leads to
repression of RAG genes as well as promotion of cell-cycle progression, proliferation,
metabolic activity and expression of antiapoptotic genes, notably Bc/-2 (Maraskovsky et al.,
1997). Additionally, successful recombination of both the 7CRy and TCR& genes will result
in the formation of a functional -y6 TCR and yields a functional -y6 T cell. Unsuccessful
recombination resulting in an inability to pair with the surrogate light chain (in the case of B
cells) or pre-Ta (in the case of aBT cells) will result in cell death, as failure to reverse E
protein transcription will result in a lack of nutrient uptake, proliferation, and poor
expression of antiapoptotic genes.

Following this proliferative burst, Id protein expression subsides, allowing E protein-
mediated transcriptional control to resume (Bain et al., 2001). Proliferation ceases and RAG
expression resumes, allowing recombination of the /gL genes in B cells and the 7CRa gene
in T cells (Yu et al., 1999). Successful recombination of the /gL or TCRa genes results in
the development of a complete antigen receptor. The highly variable nature of this process
results in the generation of a lymphocyte pool with a wide array of antigen specificities,
although not all of these specificities are useful or desirable, notably in the case of
autoreactive antigen receptors.

3.2. Lymphocyte selection

Following completion of VV(D)J recombination, developing B and T cells must undergo a
process of selection. Developing B or T cells capable of recognizing some form of antigen
receive a signal through the antigen receptor, resulting in upregulation of Id proteins and a
process similar, but not identical, to that described above will take place (these processes
will be discussed in more detail below). RAG expression ceases, preventing further
recombination of antigen receptor genes. Antiapoptotic genes begin to be expressed,
promoting the survival of the cell. Any developing B or T cell that is incapable of
recognizing some form of antigen will fail to receive this signal, resulting in cell death.
While a B cell must simply express a functional antigen receptor, T cells must express a
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receptor capable of recognizing antigen peptide presented by MHC molecules (Anderson,
Jenkinson, Moore, & Owen, 1993). Successful recognition of a peptide-MHC complex
transmits a signal to the T cell that allows the cell to fully mature. This process is termed
positive selection (Hogquist et al., 1994). Additionally, any B or T cells capable of
recognizing host-derived antigens will be deleted via apoptosis in a process termed negative
selection (Buch, Rieux-Laucat, Forster, & Rajewsky, 2002). Should a B or T cell develop
bearing a TCR capable of recognizing self-antigens (termed an autoreactive TCR), it will
receive a signal that is inherently different than one that yields positive selection. Receipt of
a negative selection signal will result in cell death. This process ensures that the immune
system will not recognize the host as a foreign pathogen and will not initiate immune
responses against it. This lymphocyte-host nonaggression pact is referred to as self-tolerance
and ensures that no lymphocytes capable of initiating an immune response against the host
are permitted to develop. Negative selection, however, occasionally fails due to genetic
defects or environmental perturbations. When this occurs, autoreactive B and/or T cells
initiate an immune response against the host, resulting in a condition generally referred to as
autoimmune disease. As mentioned above, autoimmune diseases destroy critical body
tissues, resulting in dramatically decreased quality of life or even death.

Thus, proper recombination of the antigen receptor loci, and by extension, the role of E
proteins in these processes, is critical to the survival of the health and survival of the host.
An inability to produce an antigen receptor will result in severe immunodeficiency,
rendering the host susceptible to numerous opportunistic pathogens. On the other hand, a
failure to properly dispose of autoreactive cells can result in inappropriate lymphocyte-
mediated destruction of body tissues, leading to reduced quality of life or even death.

4. E PROTEINS IN B CELL DEVELOPMENT

E proteins also play unique roles specific to B or T cells. Development of B cells from
hematopoietic stem cells occurs in a highly regulated fashion, with E proteins, most
significantly E2A, playing critical roles from a very early stage (Bain et al., 1994). During
this process, developing B lymphocyte progenitors gradually lose the properties of
hematopoietic stem cells while gaining B cell characteristics, becoming progressively more
committed to the B cell lineage (see Fig. 4.1). A progenitor cell begins the journey to
becoming a B cell when E protein activity is initiated in a common lymphoid progenitor cell
(Dias, Mansson, Gurbuxani, Sigvardsson, & Kee, 2008). Activation of the E protein
transcriptional network initiates expression of a series of additional transcription factors that
cooperatively direct B cell development. The first of these is the early B cell factor (EBF)
gene, which has been shown to be critically important in B cell development, permitting B
cell progenitors to develop into pro-B cells (Lin & Grosschedl, 1995). Prior to its activation,
the EBFgene is located at the transcriptionally repressive nuclear periphery (Lin, Benner, et
al., 2012). Upon activation by E2A, the £BF gene relocates to a centralized, transcriptionally
permissive environment and transcription begins (Lin, Benner, et al., 2012). Together, E2A
and EBF begin to cooperatively initiate antigen receptor recombination (Romanow et al.,
2000). Similar to the case of the £EBF gene, the /gH locus also repositions itself away from
the repressive nuclear periphery and DJ joining proceeds. It is likely that this repositioning
facilitates not only germline transcription but also facilitates DNA accessibility for the RAG
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complex, as mice lacking EBF fail to generate B cells, as development is blocked at the pro-
B cell stage prior to DJ rearrangement (Lin & Grosschedl, 1995). EBF has also recently
been shown to promote B cell development by repressing the /d2and /d3 genes, effectively
ensuring that E2A activity is allowed to continue (Thal et al., 2009).

The coordinate activities of E2A and EBF also function to promote the transcription of the
Paxb5 (also known as BSAP) gene (Nutt, Heavey, Rolink, & Busslinger, 1999; Urbanek,
Wang, Fetka, Wagner, & Busslinger, 1994). As with mice lacking E2A or EBF, mice lacking
Pax5 also show a block in B cell development at the pro-B cell stage (Nutt et al., 1999).
Unlike £2A or EBFnull B cells however, Pax5-deficient B cells have been shown to be
capable of abandoning the B cell developmental pathway and adopting different cell fates,
including T cells and macrophages (Nutt et al., 1999). To this end, Pax5-deficient B cells are
capable of expressing several genes normally expressed in other cell types, including pre-Ta
and macrophage colony-stimulating factor, while these genes are silenced in WT B cells,
suggesting that Pax5 plays a role in silencing gene sets utilized by other lymphocyte
lineages. Furthermore, experiments using conditional deletion of £2A in developing B cells
have indicated that Pax5 alone is capable of driving B cell development beyond the pre-B
cell stage (Kwon et al., 2008). However, these £2A-deficient mature B cells display
impaired functionality, indicating that E proteins play additional distinct roles in B cell
development and function apart from their roles in conjunction with Pax5 activity (Kwon et
al., 2008). As such E2A and Pax5 function to promote commitment to the B cell lineage.

In addition to promoting commitment to the B cell lineage, Pax5 has been shown to play a
role in /JgH recombination. While EBF-deficient pro-B cells contain unrearranged /gH loci,
Pax5-deficient pro-B cells complete DJ recombination, but fail to complete V-DJ
recombination (Fuxa et al., 2004). There are several possible explanations for this
phenomenon. First, Pax5-binding sites have been located near the V gene segments of the
lgH locus. Additionally, Pax5 has been shown to regulate the conformation and location of
the /gH locus. Prior to Pax5 expression, the /gH locus is located at the nuclear periphery;
upon Pax5 expression, the locus relocates to the interior of the nucleus, suggesting that the
location of the locus may play a role in the recombination process (Fuxa et al., 2004).
Additional research into gene expression and RAG-mediated recombination suggests that
localization at the nuclear periphery results in impaired V-DJ recombination. It is likely that
these alterations in gene localization function to modulate the ability of RAG complexes to
access the DNA (Chan et al., 2013). It is possible that E proteins or their cooperative activity
with transcription factors such as Pax5 and/or EBF mediate this repositioning, as binding
sites for these factors exist in several regulatory regions flanking the locus (Henthorn et al.,
1990). Furthermore, Pax5 has been shown to promote chromatin interactions between
recombined DJ segments and the distant V gene segments, bringing the two into close
contact (Fuxa et al., 2004). In-depth analysis into these chromatin interactions has indicated
that the distant V gene segments form large-scale looping structures, providing visual
confirmation of earlier biochemical data (Sayegh, Jhunjhunwala, Riblet, & Murre, 2005).
Thus, in addition to driving commitment to the B cell lineage, E2A and Pax5 also promote
further development along the B cell developmental pathway by promoting completion of
IgH recombination.
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Following completion of /gH recombination, the newly rearranged IgH protein pairs with
the surrogate light chain (composed of A5 and V-pre-B, both E2A targets) and Iga and Igp
signaling chains, forming the pre-B cell receptor (Loffert et al., 1994). Developing B cells
that fail to produce a functional, in-frame /gH locus are destined for apoptosis, while those
cells that successfully express a functional pre-B cell receptor become pre-B cells and
undergo several subsequent, simultaneous events. First, further /gH recombination is
blocked in a process referred to as “allelic exclusion,” preventing simultaneous expression of
multiple BCR specificities in a single B cell (Loffert et al., 1994). This prevents B cells from
reacting to multiple, potentially unrelated, antigens. Second, a short burst of proliferation is
initiated, allowing amplification of successfully recombined IgH chains (Yankee & Clark,
1999). During this time, E protein expression transiently declines, along with the E2A
targets RAGI and RAGZ, preventing further recombination (Yu et al., 1999). Following this
period of proliferation, E protein expression resumes and recombination of the /gxand /g1
light chain (IgL) loci begins (Hardy & Hayakawa, 2001).

Similar to /gH recombination, E proteins also play roles in /gL recombination. Ectopic
expression of E2A proteins in addition to the RAG genes has been shown to activate /gL
transcription as well as V-J recombination in transformed cells (Romanow et al., 2000). E2A
has been demonstrated to promote /gL recombination by inducing chromatin remodeling in
conjunction with IRF-4 (Lazorchak, Schlissel, & Zhuang, 2006). Interestingly, these genes
are also present during the pro-B cell stage, although IgL recombination does not occur. It is
possible that EBF provides a mechanism for preventing /gL expression, as coexpression of
E2A and EBF has been shown to drive DJ recombination on the /gH locus, while
recombination of the /gL loci does not occur (Goebel et al., 2001).

Following successful recombination of an IgA or Igx chain, the recombined IgL protein
pairs with the previously recombined IgH protein to produce the BCR, also termed antibody.
In the event that the resulting BCR recognizes a host antigen, it is deleted through apoptosis
in a process called “negative selection” (Nossal, 1983). Those B cells that do not recognize
host antigen are then released from the bone marrow to colonize the body’s peripheral
lymphoid organs. By preventing B cells capable of responding to host antigens from
completing the developmental process, the B cell pool becomes tolerant to its host.
Disruption of this process often leads to an autoimmune response against the host, with B
cells often producing antibodies against antigens such as DNA and ribosomal proteins as
well as other host proteins particular to individual autoimmune diseases.

As discussed above, the E protein network plays critical roles in B cell development, ranging
from transcriptional regulation of key developmental genes to antigen receptor
recombination, but the mechanisms underpinning this regulatory network have largely
remained elusive. However, recent research has begun to bring these mechanisms to light.
With the development of large-scale biochemistry and DNA sequencing, it has become
possible to examine transcription factor activity on a global scale. These experiments have
revealed intriguing roles for E2A beyond simply turning genes on or off. E2A has been
shown to regulate gene transcription on several levels. Recent work has demonstrated that
global chromatin accessibility is regulated, both positively and negatively, in part by E
proteins (Lin, Jhunjhunwala, et al., 2010). E proteins have been shown to be capable of
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recruiting chromatin-remodeling complexes to the various genes they regulate (Lazorchak,
Schlissel, et al., 2006; Sakamoto et al., 2012). E protein-mediated chromatin remodeling has
been shown to be increasingly finely regulated by many of the transcription factors
described above. In concert with EBF, E proteins have been shown to fine-tune the E protein
network by initiating chromatin remodeling at loci jointly regulated by E2A and EBF prior
to transcription initiation, making these loci effectively “poised” for transcription (Treiber et
al., 2010). In this manner, E protein activity initiates a complex global transcriptional
program that develops in concert with the cells themselves, evolving as additional
developmental coregulators such as EBF and Pax5 are progressively activated (Lin,
Jhunjhunwala, et al., 2010). These events fine-tune the E protein network and facilitate the
completion of upcoming developmental processes, while shutting down activities occurring
in previously completed developmental stages.

5. E PROTEIN ROLES IN MATURE B CELLS

Even after B cells complete development, the E protein network remains an integral part of
B cell activity. B cells that pass the selection checkpoint are released into the periphery
where they patrol the body and protect it from pathogens. Upon recognizing a pathogen via
the BCR, the B cell is activated and undergoes a number of changes, many of them involving
E proteins. In resting B cells, E2A levels are low, while E2A is highly expressed in activated
B cells (Quong, Harris, Swain, & Murre, 1999). Shortly after BCR stimulation, the 1d3 gene
is rapidly upregulated (Deed, Hara, Atherton, Peters, & Norton, 1997). B cells lacking the
1d3 gene display impaired proliferation, consistent with the role of E proteins in regulating
cell cycle (Pan, Sato, Frederick, Sun, & Zhuang, 1999). Additionally, activated B cells
undergo class switching, altering their BCR to better respond to the activating pathogen
(Goldfarb, Flores, & Lewandowska, 1996). Notably, B cells lacking the £2A gene fail to
initiate class switching, although most other events in B cell activation proceed normally,
including expression of the activation markers CD69 and CD44 (Quong et al., 1999). This is
largely due to the role of E proteins in regulating the expression of AID, the molecule
responsible for class switching (Sayegh, Quong, Agata, & Murre, 2003). Further supporting
the role of E proteins in class switching, ectopic expression of the /dZ gene in B cells yields
an impairment similar to the one observed in £2A-deficient cells (Goldfarb et al., 1996).

While the roles of E2A in B cell development have been studied in depth, the HEB and £2-2
genes have also been shown to play roles in B cell development. Unlike mice lacking £2A,
mice lacking either £2-2or HEB are able to successfully produce mature B cells; they
display a dramatic reduction in numbers of pro-B cells, suggesting roles for these genes in
promoting survival at the pro-B cell stage (Zhuang, Cheng, & Weintraub, 1996).

6. E PROTEIN ROLES IN T CELL DEVELOPMENT

Similar to developing B cells, E proteins have been shown to play critical roles in T cell
development as well. Whereas homodimers of £2A gene products predominate in
developing B cells, heterodimers of £2A and HEB gene products predominate in thymocytes
(Sawada & Littman, 1993). T cell development begins when early thymic progenitor cells
migrate from the bone marrow to the thymus. The thymus is a complex organ, containing
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two major regions, the outer cortex and the inner medulla (see Fig. 4.2). Similar to
developing B cells, thymocytes must undergo recombination of their antigen receptor genes.
During this process, they must also migrate to particular regions of the thymus for
development to proceed properly. Interestingly, E proteins have been shown to play
important roles in the completion of this migratory process, while disruption of the E protein
network can produce dramatic impairments in thymocyte development.

Developing thymocytes are broadly classified by their expression of the CD4 and CD8
coreceptor molecules as well as expression of an ap or y6 TCR. Upon entry into the
thymus, thymocytes express neither CD4 nor CD8 and are referred to as DN cells. These
cells migrate into the thymic cortex and initiate recombination of the 7CRB, TCRYy, and
TCRS& genes. This process is dependent on CXCR4, a chemokine receptor (Plotkin, Prockop,
Lepique, & Petrie, 2003). Expression of CXCR4 has been shown to be regulated in part by E
proteins, as cells lacking E2A and HEB fail to upregulate this marker (Jones & Zhuang,
2007). As in developing B cells, expression of E proteins is required for activation of
germline antigen receptor transcription, although full activation of the 7CRB, TCRy, and
TCR-6 loci has been shown to require expression of both E2A as well as HEB (Ghosh,
Romanow, & Murre, 2001; Jia, Dai, & Zhuang, 2008; Langerak, Wolvers-Tettero, Van
Gastel-Mol, Oud, & Van Dongen, 2001). Again, germline transcription of the antigen
receptor genes is coupled with subnuclear repositioning of the DNA, paving the way for
RAG-mediated recombination (Schlimgen, Reddy, Singh, & Krangel, 2008). Successful
recombination of the 7CRy and TCR& genes yields a y6 T cell, while successful
recombination of the 7CRB gene allows the TCR protein to pair with the pre-T cell
receptor alpha (pre-Ta) chain, analogous to the surrogate light chain of B cells (Kruisbeek et
al., 2000). This process, called p-selection, initiates a burst of proliferation as well as
initiation of CD&and CD4 expression, becoming double-positive (DP) thymocytes (Barndt,
Dai, & Zhuang, 2000). Again, E proteins play key roles in these processes. Upon pre-Ta
expression, /a3 expression is upregulated, inhibiting E protein activity (Engel, Johns, Bain,
Rivera, & Murre, 2001). It is likely that E proteins play a role in restricting passage of DN
thymocytes to the DP stage, as elimination of E2A is sufficient to permit DN thymocytes to
transition to the DP stage without a rearranged 7CRg allele (Engel et al., 2001).
Additionally, the HEB gene has been shown to be required for proper expression of pre-Ta,
leading to a block in T cell development at the B-selection checkpoint (Herblot, Steff Hugo,
Aplan, & Hoang, 2000). Furthermore, overexpression of 1d3 recapitulates the phenotype
observed in HEB-deficient thymocytes, generating a block in thymocyte development, partly
by blocking pre-Ta expression (Blom et al., 1999).

Following B-selection, a developing ap T cell downregulates CXCR4 and migrates to the
thymic medulla, a process requiring upregulation of the CCR7 chemokine receptor. As with
CXCR4 expression, CCR7 expression is also regulated by E proteins, albeit in an opposite
(repressive) manner (Jones & Zhuang, 2007). Recombination of the 7CRp genes ceases,
with the unrearranged allele relocating to the nuclear periphery so as to prevent further
recombination (Chan et al., 2013). Removal of E proteins allows for spontaneous
upregulation of CCR7 along with continued development of thymocytes in the absence of p-
selection. This defect will be discussed in more detail below. Upon migration into the thymic
medulla, recombination of the 7CR-f genes ceases and 7CRa recombination begins (Von
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Boehmer, 1994). Following successful 7CRa recombination, a functional afp TCR can be
expressed on the cell surface. Cells expressing an af TCR then undergo the processes of
positive and negative selection. As mentioned above, in order to successfully pass the
positive selection checkpoint, a given TCR must be capable of recognizing antigenic peptide
presented by either MHC class | or MHC class |1 (reviewed in detail here; Robey &
Fowlkes, 1994). Thymocytes-recognizing antigen presented by MHC class | will lose CD4
expression, becoming CD8 single-positive (SP) cells, while those recognizing antigen
presented by MHC class Il will lose CD8 expression and become CD4 SP cells. Again, E
proteins play key roles in positive selection. Upon receiving a signal through the TCR, /d3is
rapidly upregulated (Bain et al., 2001). /d3 upregulation is coupled with upregulation of
S1P1, a molecule required for exit from the thymus (Matloubian et al., 2004). When E2A
and HEB are removed in DP thymocytes, it appears that Id protein upregulation is no longer
required for continued development, permitting developing T cells to bypass the need for
any signal through the TCR (Jones & Zhuang, 2007), removing the need for an antigen
receptor signal results in the development of T cells lacking a functional TCR. Interestingly,
removal of E2A and HEB in developing T cells results in a complete block in the
development of CD4 T cells, suggesting that the CD8 lineage is a “default” developmental
pathway.

Disruption of Id proteins in developing T cells also results in numerous developmental
defects. Elimination of the /d3 gene results in several major phenotypes. The first is the
preferential development and/or expansion of a unique subset of y& T cells (Ueda-
Hayakawa, Mahlios, & Zhuang, 2009). These cells all bear a TCR using the Vy1.1 and
V86.3 gene segments and share many characteristics with innate immune cells, including
cytokine production, expression of PLZFand dependence on the signaling adaptor protein
SAP (Verykokakis et al., 2010). This population is developed very early in life and is
maintained through self-renewal. Deletion of 1d3 in these Vy1.1/V86.3* cells was found to
cause a dramatic expansion early in life, although Vy1.1/V86.3* cells developed later in life
did not share this property (Zhang, Dai, Li, & Zhuang, 2013). Interestingly, this phenotype
shows a peculiar strain-dependence, as 1d3 deficiency on the C57BL/6 background results in
a strong phenotype, while the same deletion on the 129/sv background does not (Azuara,
Grigoriadou, Lembezat, Nagler Anderson, & Pereira, 2001). This difference in y& T cell
development was traced to a strain-specific mutation in the /a2 gene resulting in weaker 1d2
expression in C57BL/6 mice (Zhang, Lin, Dai, & Zhuang, 2014). /d3-deficient mice have
also been shown to have defects in thymocyte selection (Rivera et al., 2000). A
disproportionately small number of DP thymocytes are capable of making the leap to mature
SP cells, suggesting that the early upregulation of /a3 plays a critical role in the development
of a large number of thymocytes. These defects in T cell development are coupled with the
initiation of an autoimmune disease reminiscent of human Sjogren’s Syndrome (SS) (Li,
Dai, & Zhuang, 2004). These data also suggest that 1d2 is capable of compensating for the
loss of 1d3, at least partially. While 1d2 can compensate for some roles of 1d3 in thymocyte
development, it also plays unique roles as well. Disruption of the /a2 gene has been shown
to result in a block in natural killer (NK) and natural Killer-T (NKT) cell development, while
af and y& development proceeds seemingly normally (Boos, Yokota, Eberl, & Kee, 2007).
Further investigation into the roles of E proteins in NK cell development indicated that
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combined deletion of /d2and /a3in DN thymocytes was sufficient to drive a dramatic
expansion of invariant NKT (iNKT) cells (Li, Wu, Jiang, & Zhuang, 2013). E proteins were
also shown to have a role in regulating the proliferation of these iINKT cells (Hu et al., 2013;
Li et al., 2013; Verykokakis et al., 2013). Intriguingly, partial restoration of Id proteins
resulted in a switch from iNKT development to & T cell development, suggesting that fine
regulation of E protein activity is required in the development of various T cell subsets (Li et
al., 2013).

While the removal of 1d3 or 1d2 alone permits relatively normal ap T cell development,
removal of both 1d2 and 1d3 in DP thymocytes results in profound developmental
aberrations. While removal of the E2A and HEB genes results in the development of large
numbers of CD8 T cells, many of which lack a functional TCR, deletion of /o2and /d3
results in a complete lack of CD8* T cells (Jones-Mason et al., 2012). Additionally,
development of CD4* T cells is severely restricted. Taken together with the results derived
from E2A/HEB double-knockout T cells, these data indicate that E proteins are required for
the development of CD4* T cells.

7. ROLES OF E PROTEINS IN MATURE T CELLS

Following maturation within the thymus, naive T cells migrate to the periphery. There, they
protect the host from invading pathogens. Upon recognition of a pathogen via the TCR, a
naive T cell becomes activated and begins to adapt its response to the current pathogenic
challenge. During this process, a naive T cell response will further develop into one of a
number of effector responses, each with its own signature array of inflammatory mediators.
For example, an intracellular pathogen, such as a virus, induces a T helper type 1 (Th1)
response, including production of IFN--y. This response features significant activity by CD8
cytotoxic cells, which eliminate infected host cells. By contrast, extracellular pathogens give
rise to other responses. A Th2 response is characterized by production of I1L-4, IL-5, and
IL-13 as well as marked recruitment of B cell activity, which aids in removal of blood-borne
pathogens.

As ever, E proteins play important roles in regulating these processes. 1d3 expression has
been shown to be relatively high in naive T cells (Miyazaki et al., 2011). Elimination of the
1d3 gene results in spontaneous upregulation of surface markers characteristic of
differentiated, effector-memory cells (Miyazaki et al., 2011). These results indicate that 1d3-
mediated suppression of E proteins in naive T cells is required to prevent spontaneous
maturation into effector cells. These results were further supported by experiments
investigating the various roles of 1d2 and 1d3 in naive T cells (Yang et al., 2011). 1d3
expression was found to correlate with long-lived memory cell formation, while 1d2 was
associated with the development of short-lived, effector-memory cells (Yang et al., 2011).
Additionally, deletion of either /a2 or /d3resulted in a failure to generate effector-memory
or long-lived memory cells, respectively. The role of 1d3 in supporting memory cell
formation is likely regulated in part by Blimp-1, as high B/imp-1 expression downregulated
/d3and limited the generation of long-lived memory cells (Ji et al., 2011). Id proteins have
also been implicated in the adoption of particular T helper responses. A large-scale gene-
association study found that /a2and /a3 are differentially regulated in particular T helper
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populations (Lund et al., 2007). This evidence is further supported by the finding that mice
lacking /a2 display disproportionately Th2-skewed T cell responses (Kusunoki et al., 2003).
The role of 1d2 in this developmental skewing is in fact profound enough to affect
autoimmune disease progression. An analysis of /d2-deficient T cells demonstrated that
removal of /a2in T cells was sufficient to protect mice from experimentally induced
autoimmune encephalomyelitis, a Th17-mediated disease (Lin, Jones-Mason, et al., 2012).
Although pathogenic cells were developed, they did so at a greatly reduced rate, as
proapoptotic proteins were found to be upregulated in /a2-deficient T cells, leading to
increased cell death (Lin, Jones-Mason, et al., 2012). These results further highlight the role
of the E protein system in maintaining and regulating the T cell response to antigen.

8. E PROTEINS IN LYMPHOID DISEASES

As demonstrated above, E proteins play critical roles in the highly complex developmental
pathways and subsequent functions of B and T cells. These roles include controlling cell
proliferation, ensuring developmental checkpoints remain enforced, maintaining self-
tolerance and regulating the effector functions of mature cells. In general, E proteins tend to
function as gatekeepers, ensuring a cell does not proceed to another developmental stage
before it has completed the steps required to do so. By enforcing these checkpoints, E
proteins keep the immune system operating normally. Because E proteins play so many roles
in these sensitive processes, it is critical that their function remain undisturbed, as serious
consequences could result from defects in these processes. Failures in selection or antigen
receptor generation could lead to severe immunodeficiency. Failures in selection could lead
to autoimmune reactions. Failures in cell-cycle regulation could lead to tumor formation.
The remainder of this chapter will focus on the ways in which these developmental
mechanisms can be co-opted to induce diseases, particularly autoimmunity and cancer.

8.1. E proteins in autoimmunity

SS is an autoimmune disease characterized by progressive destruction of the salivary and
lachrymal glands, resulting in impaired saliva and tear production (Bloch, Buchanan, Wohl,
& Bunim, 1965). This gland destruction is mediated by lymphocytic infiltration into the
gland tissue, provoking an inflammatory response within the gland (Greenspan, Daniels,
Talal, & Sylvester, 1974). This inflammatory response results in development of fibrotic scar
tissue within the gland, leading to increasingly poor secretory function (Tarpley, Anderson,
& White, 1974). In humans, SS primarily affects women, typically becoming apparent in the
fourth or fifth decade of life. Among available mouse models, the /a3 knockout mouse has
been established as a unique model for human primary SS (Lee, Gauna, Pauley, Park, &
Cha, 2012).

The /d3-deficient mouse develops many of the same characteristics of human SS (Li et al.,
2004). Significantly impaired gland function is readily apparent in /a3 knockout mice within
2 months of age. By 4 months, pronounced lymphocytic infiltration begins to occur. The
initial infiltrating lymphocytes are primarily ap T cells, with B cells arriving shortly
thereafter. Beyond 6 months of age, mice begin to show outward signs of disease: increased
water consumption and lesions around the face due to repeated scratching of dry eyes.
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Autoantibody production, notably anti-Ro and anti-La, typically begins around 1 year of age
(Alexander, Hirsch, Arnett, Provost, & Stevens, 1981; Alexander, Arnett, Provost, &
Stevens, 1983). Historically, SS was thought of as a Th1-mediated disease, as human
patients frequently displayed elevated levels of IFN--y, although animal models did not
typically share this phenotype (Dalavanga, Drosos, & Moutsopoulos, 1985; Mahlios &
Zhuang, 2011; Szodoray, Alex, Brun, Centola, & Jonsson, 2004). Additionally, it has been
demonstrated that removal of 1d3 in T cells alone was sufficient to initiate the disease
process (Guo et al., 2011). Adoptive transfer of /d3-deficient T cells into sublethally
irradiated WT hosts was also sufficient to transfer disease (Li et al., 2004). However,
additional cell types have proved to be important disease mediators as well, as depletion of
B cells was capable of improving disease symptoms in mice (Hayakawa, Tedder, & Zhuang,
2007). In addition to B cell involvement, mice suffering from SS were found to contain
markedly elevated numbers of mast cells within the gland tissue (Mahlios & Zhuang, 2011).
Together, the immune cells drive extensive fibrotic remodeling of the gland tissue, leading to
degradation of gland function. Interestingly, elevated E protein activity has been implicated
in driving fibrotic remodeling in other tissues, suggesting an additional potential
nonlymphoid role in gland impairment (Slattery, Mcmorrow, & Ryan, 2006). Furthermore,
with later discoveries of additional effector T cell subtypes and the cytokines they produce,
notably IL-13, it became clear that the disease process was in fact far more complicated than
originally thought (McKenzie et al., 1993).

Identification of 1L-13 as a part of the Th2 effector response led to reevaluation of several
immune processes, such as allergic processes and epithelial inflammation (De Vries, 1998;
Grinig et al., 1998). This paradigm shift was not limited to typical foreign-antigen
responses, as elevated levels of IL-13 were soon identified in patients with SS symptoms
(Mitsias et al., 2002). This discovery was also observed in the /ad3-deficient mouse model of
SS (Mahlios & Zhuang, 2011). Additional research into the role of IL-13 in SS pathogenesis
has been enlightening. Neutralization of circulating IL-13 was sufficient to improve gland
function in /d3-deficient mice and caused a mild reduction in the numbers of mast cells
residing within the gland tissue, although the source of I1L-13 remained elusive (Mahlios &
Zhuang, 2011). As IL-13 is known to be produced by T cells, elimination of ap T cells in
1d3-deficient mice was sufficient to reduce IL-13 concentrations in serum to near-WT levels,
though 1L-13 was still slightly elevated. Elimination of ap T cells was also capable of
impeding the disease process; disease symptoms still appeared in /d3/TCR3 double-
deficient mice, albeit much later than in 1d3 knockout mice (Mahlios & Zhuang, 2011).

The above results indicate that SS is a highly complex disorder with numerous cell types
involved in its pathogenesis. Many of the cell types known to be involved (CD4* T cells, y&
T cells, B cells, mast cells, etc.) likely contribute to gland impairment in multiple ways,
ranging from gland infiltration to cytokine production to tissue remodeling. Recent research
in both humans and animal models has highlighted the importance of I1L-13, particularly T
cell-derived IL-13, in disease progression. These findings raise the possibility of IL-13 as a
potential diagnostic tool or therapeutic target in the treatment of patients with SS.
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8.2. E proteins in cancer

The prevalent roles of E proteins in regulating gene expression and developmental
progression ensure that lymphocytes develop and function in a way that is beneficial to the
host. We have already discussed how defects in lymphocyte development and selection can
turn the immune system against the host. The role of E proteins in regulating gene
expression can also be dysregulated, oftentimes resulting in tumorigenesis.

8.2.1 Burkitt Lymphoma—Many B cell cancers arise from a translocation event
between the /gH promoter, which is constitutively active in B cells, and the ¢c-Myc
oncogene, a prosurvival transcription factor. Upon placing ¢-Myc under the control of the
IgH promoter, the resultant B cell is highly resistant to apoptosis. This event can lead to
several different varieties of B cell cancers, including both Burkitt’s Lymphoma (BL) and
Diffuse Large B Cell Lymphoma (DLBCL). Intriguingly, recent work has shown that, upon
B cell activation, the c-Myc locus becomes transcriptionally active and frequently
repositions itself adjacent to the IgH locus, greatly facilitating this translocation event
(Osborne et al., 2007). While both BL and DLBCL often share certain underlying mutations,
recent research has shown them to be quite different. For example, low-dose
cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) therapy has been
successfully used in the treatment of DLBCL, however, much larger doses have been shown
to be required for effective treatment of BL (Butler & Hainsworth, 1993). Additionally, use
of treatments capable of passing the blood-brain barrier have been shown to be required for
proper treatment of BL, while these measures have proven unnecessary for DLBCL (Bishop,
Rao, & Wilson, 2000). These remarkable differences between cancers sharing such similar
mutations have led to a great deal of research into the genetic differences underlying these
disparities.

Several groups have recently performed extensive comparative analysis of BL and DLBCL
(Love et al., 2012; Richter et al., 2012; Schmitz et al., 2012). These groups discovered that,
while BL and DLBCL may share an initial mutation, many secondary mutations are unique
to each tumor. Indeed, more than two thirds of BL tumors have been found to contain
mutations within the /d3gene (Love et al., 2012; Richter et al., 2012). Interestingly, the
majority of these mutations were determined to be within the bHLH region of the protein
and were frequently nonsense or frameshift mutations (Love et al., 2012; Richter et al.,
2012). These results suggest that the secondary mutations within the /a3 locus are loss-of-
function mutations, resulting in dysregulation of the E protein transcriptional network.
Intriguingly, these mutations were almost entirely absent from DLBCL tumors. Additional
work by Staudt and colleagues corroborated this finding and additionally identified frequent
mutations within the £2A gene (Schmitz et al., 2012). While mutations within the /a3 gene
were biallelic and predominantly resulted in a loss-of-function, the mutations within the
EZ2A gene typically monoallelic and resulted in elevated transcription. Strikingly, in BL
tumors bearing E2A mutations, nearly all mutations were restricted to the bHLH or DNA-
binding domains of the E47 splice-variant, while the E12 variant remained unchanged. In
many £2A alleles containing mutations within the DNA-binding domain, these changes
resulted in alterations in the canonical “CANNTG” binding sequence preferred by E protein
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dimers (Schmitz et al., 2012). Additionally, E47 was expressed at a higher level than E12 in
these tumors, suggesting a nonredundant role for these proteins in BL pathogenesis.

While BL tumors have been shown to contain secondary mutations in /d3and/or £E2A, the
effects of these mutations are not well understood. As mentioned above, mutations in /d3
and £2A are typically found within the bHLH region. In addition to increased expression of
E47 (in the case of E2A mutations), one of the primary effects of these mutations has been
shown to be an inhibition of dimerization between E proteins and Id proteins (Schmitz et al.,
2012). In the case of 1d3 and E2A, this inhibition results in an inability of 1d3 to reverse the
E protein transcriptional network. In BL tumors bearing 1d3 mutations, this has been shown
to result in increased progression through the cell cycle. Expression of several genes
involved in cell-cycle initiation, including CDK7, E2F1, and MCM10were found to be
elevated in BL cells bearing /a3 mutations. Additionally, introduction of individual BL-
derived /d3mutant alleles into BL lines containing wild-type /a3 genes resulted in a
significantly reduced proportion of cells in G1 as well as an increased proportion of cells
entering S phase (Love et al., 2012). Furthermore, reintroduction of wild-type /d3into BL
cells expressing /a3 mutants was sufficient to slow the rate at which cells entered the cell
cycle (Love et al., 2012).

In addition to altering progression into the cell cycle, mutations in /@3and £E2A have been
shown to have notable effects on cell survival. Reintroduction of E2A expression has been
shown to result in significantly increased cell death in several tumor lines, while alteration of
E2A activity is a major oncogenic factor in primary BL cells (Engel & Murre, 1999;
Schmitz et al., 2012). Recent work has shown that E protein regulation of PI3K signaling
may be responsible for this increased survival (Schmitz et al., 2012). PI3Ks regulate a wide
range of biological processes by generating lipid-based second-messenger molecules
(Okkenhaug & Vanhaesebroeck, 2003). In lymphocytes, PI3K plays an important role in
antigen receptor and coreceptor signal transduction. Notably, PI3K signaling is known to
activate AKT, which in turn regulates cell growth, survival, and metabolism (Stocker et al.,
2002; Vanhaesebroeck & Alessi, 2000). PI3K is activated within seconds of tyrosine
phosphorylation of antigen receptor molecules, notably Iga and Igp (also known as CD79a
and CD79b, respectively) (Okada, Maeda, lwamatsu, Gotoh, & Kurosaki, 2000; Tuveson,
Carter, Soltoff & Fearon, 1993). Following PI3K activation, AKT is phosphorylated and
activates survival, proliferation, and metabolic pathways, largely through activation of the
mTOR pathway (Mendoza, Er, & Blenis, 2011). This pathway is negatively regulated by
tyrosine phosphatase proteins, notably SHP-1 (Sathish et al., 2001). SHP-1
dephosphorylates tyrosine residues on antigen receptor and coreceptor molecules, inhibiting
activation of AKT. In BL tumors bearing mutations in £2A or /a3, levels of SHP-1 were
found to be lower than in WT cells; additionally, knockdown of E2A was found to increase
SHP-1 levels while simultaneously decreasing phospho-AKT levels (Schmitz et al., 2012).
These results suggest that, in addition to regulating entry into the cell cycle, disruptions in
the E protein system can also alter antigen receptor signaling to further promote growth,
survival, and nutrient uptake.

Taken together, the results discussed above suggest that mutations targeting the E protein
transcriptional network are capable of supporting the oncogenic nature of c-Myc
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translocation in a manner distinct from other c-Myc-driven cancers. It has been suggested
that these mutations, as well as their downstream effects, may be used as diagnostic criteria,
allowing clinicians to better identify cases of BL and separate them from other, similar
cancers, thereby allowing improved, more specialized treatment. It is also possible that a
more complete understanding of the mechanisms and cellular pathways involved in and
unique to BL may allow for the development of new therapeutic options, yielding improved
prognoses for patients.

8.2.2 E2A-PBX1 translocation in B cell acute lymphocytic leukemia—As
mentioned previously, E proteins control a large transcriptional network, regulating events
such as lymphocyte development, cell survival and proliferation. Loss of E or Id proteins can
cause significant defects in these processes. Alterations in the gene networks regulated by E
proteins can have similarly deleterious effects. E proteins have also been found to play a role
in other types of B cell cancers, notably pre-B cell Acute Lymphocytic Leukemia (pre-B
ALL). The t(1;19)(g23;p13.3) translocation is found in approximately 25% of patients with
pre-B ALL. In the vast majority of these patients, the translocation event joins the promoter
and transcriptional activation domain of the E2A gene with the DNA-binding region of the
Pre-B Cell Homeobox-1 (PBX1) gene. While £2A is widely expressed throughout the body,
PBX1 is not normally expressed within the immune system. PBX1 mediates its
transcriptional activity by forming part of a molecular complex that includes Class 1
Homeobox (HOX) proteins as well as MeisI and pKnoxI (Knoepfler, Calvo, Chen,
Antonarakis, & Kamps, 1997). In addition to disrupting one copy of the E2A gene, which
has been shown to lead to an increased incidence of lymphoid tumors, this fusion event
results in constitutive activation of many of the genes regulated by PBX1 in cells expressing
E2A. This transactivation has been shown to require both the DNA-binding region of PBX1
as well as the transcriptional activation domain of E2A, as disruption of either of these
sequences eliminates the tumorigenicity of the E2A—PBX1 fusion protein (Monica et al.,
1994). Monica and colleagues further characterized the effects of mutations within the E2A
portion of E2A—PBX1, noting that disruption of the AD1 domain resulted in a loss of
transcriptional activation in both lymphoid and fibroblast lines, while disruption of AD2
only impaired expression in fibroblast lines, indicating potential separate roles for the AD1
and AD2 domains in tumorigenesis (Monica et al., 1994).

While both E2A and E2A—PBX1 are potent transcriptional activators in lymphoid cells,
PBX1 alone is not (Lu & Kamps, 1996). In fact, expression of PBX1 has been shown to
inhibit some of the activity of other HOX proteins (Lu & Kamps, 1996). Intriguingly, the
E2A—PBX1 fusion protein produces further aberrations in transcriptional activity beyond
simple abnormal expression of PBX1. While normal activity of PBX1 requires interactions
with Meis1 and pKnox1, the E2A—PBX1 fusion protein is incapable of interacting with
these proteins (Knoepfler et al., 1997). This is likely due to the fact that the residues required
for interaction with Meis1 and pKnox1 are contained in the portion of PBX1 replaced by the
E2A gene (Knoepfler et al., 1997). Thus, the transcriptional activity of the E2A—PBX1
protein results in expression of a different set of genes than does native PBX1. Later
research into the tumorigenicity of the E2A—PBX1 fusion protein yielded several intriguing
gene targets, in particular, Wnt16 and EB-1. Wnt16is a member of the Wnt family of
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proteins, which are involved in promoting cell growth. The Wnt family of proteins is
expressed in numerous cell types and has been shown to be frequently mutated in several
types of cancers (Polakis, 2000). Interestingly, Wnt16is not normally expressed in pre-B
cells (McWhirter et al., 1999). However, a role for the Wnt signaling pathway in early
hematopoiesis and proliferation of developing B cells has been described (Austin et al.,
1997; Reya et al., 2000; Van Den Berg et al., 1998). These results indicate that the E2A—
PBX1 fusion protein may exert some of its negative effects by aberrantly activating the Wnt
signaling pathway, leading to inappropriate proliferation of pre-B cells.

EB-1was identified by Kamps and colleagues while investigating genes activated by E2A-
PBX1 (Fu et al., 1999). The £B-1 gene encodes protein containing a phosphotyrosine-
binding element and two SAM domains, similar to other genes playing roles in tyrosine
kinase signal transduction and cell proliferation. EB-1 expression is normally restricted to
the brain and testes, however, upon introduction of E2A—PBX1, EB-1 expression in
developing B cells increased nearly 100-fold. Such a result suggests that E2A—PBX1-
driven EB1 expression may alter one or more of the signaling pathways responsible for
regulating cell growth.

Taken together, the above observations indicate that the E2A—PBX1 translocation leads to
pre-B ALL in part by disrupting the sensitive E protein transcriptional network as well as
initiating the aberrant expression of several tissue-specific genes via the unique
transcriptional activity of E2A—PBX1. Several of these genes have been shown to regulate
cell growth and proliferation, further amplifying the oncogenic effects of the initial
translocation event. The Wnt pathway has been well studied in the context of neurobiology,
particularly in Alzheimer’s disease (Caricasole et al., 2003). The association of Wnt
pathway activity in E2A—PBX1 tumorigenesis may provide opportunities for the
development of new therapeutic strategies (Barker & Clevers, 2006).

8.2.3 E proteins in T cell cancers—E proteins have also been shown to play
significant roles in T cell leukemias and lymphomas as well (Yan et al., 1997). While mice
deficient in E2A often die perinatally, those that survive their infancy often develop an
aggressive T cell lymphoma comprised of immature thymic progenitors. It is likely that the
loss of E2A results in enhanced proliferation, as reintroduction of E2A proteins is able to
induce cell death in E2A-deficient tumors (Engel & Murre, 1999). Furthermore, as
mentioned above, DN thymocytes lacking E proteins are capable of spontaneously
bypassing the p-selection checkpoint. Given that one of the consequences of B-selection is
rapid proliferation during the period of 1d3-mediated E protein suppression, disruption of E
protein-mediated cell-cycle control seems a likely culprit in the development of these
tumors. In fact, recent work has demonstrated that loss of E2A is indeed a major player in
Sézary Syndrome, a subtype of human T cell lymphoma (Steininger et al., 2011).
Restoration of E2A in these tumor cells resulted in a reduction in proliferation and increased
cell death, corroborating previous data implicating E proteins in cell-cycle control. E2A-
deficient tumors are characterized by a greatly enlarged thymus with an abnormal
architecture, lymphadenopathy and frequent metastasis to other lymphoid and nonlymphoid
organs. These tumorigenic T cells expressed little to no surface TCR, highlighting their
immaturity. The lack of surface TCR on these cells is likely due to the removal of the
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requirement for p-selection. Interestingly, particular tumor incidences were found to be
made up of either CD4*/CD8* cells, CD4!°W/CD8*, or CD4~/CD8" cells, lending support
the role of E proteins in regulating T cell lineage choice.

Last, recent work investigating the /d3-deficient mouse model of SS revealed an intriguing
finding. Mice lacking the 1d3 gene were found to occasionally develop a lymphoma
comprised of TCRy&* T cells, a condition which is very rare occurrence in humans (Lin,
Jhunjhunwala, et al., 2010). These lymphomas presented themselves primarily with
splenomegaly, hepatomegaly, and lymphadenopathy. Additionally, tumor cells were found
within the bone marrow, kidneys, lungs, and thymus. Indeed, splenic involvement was such
that the overall architecture was almost completely destroyed. Interestingly, the majority of
these lymphomas were comprised of cells bearing TCRs featuring the Vy1.1 gene segment,
likely due to the preferential development of these cells in /d3-deficient mice. Some
lymphomas consisted of cells using the Vy3 gene segment, but none were found to use V-y2.
This suggests that 1d3 may play some role in tumor suppression in addition to its role in
suppressing the development of Vy1.1* cells. It is possible that the /d3-deficient mouse
model may also be useful in the study of human y& T cell lymphoma, as no additional
model of this disease is known to exist.

9. CONCLUSION

Since their discovery, E proteins and their inhibitors, Id proteins, have proven to be major
players in the immune system at virtually every stage. Even though they were first
discovered decades ago, ongoing research continues to uncover new intricacies of the E
proteins. Recent research has repeatedly demonstrated the roles of E and Id proteins in
maintaining the state of a lymphocyte, preventing them from improper maturation,
proliferation, and functional activity (Miyazaki et al., 2011). Breakdowns in the E protein
system can cause serious defects in the immune system, causing aberrant activity and
autoimmunity (Guo et al., 2011). Subtle changes in E protein function, even those that alter
dimerization properties can also produce profound immunodeficiencies (Boisson et al.,
2013). New research has also shown that E protein functionality can differentiate types of
cancer formerly thought to be highly similar (Love et al., 2012; Richter et al., 2012).
Because E proteins and Id proteins play such numerous and such varied roles in lymphocyte
development and function, sometimes in a cell type-specific manner, and because their
expression level must remain finely tuned, their use as potential therapeutic targets has been
limited. For example, loss of E protein activity blocks B cell development, but can also lead
to aberrant T cell development (Bain et al., 1994, 1997). Furthermore, simply restoring E
protein activity (or removal of Id proteins) can also yield deleterious results in these models
(Engel & Murre, 1999). As such, more research is required to better understand the
mechanisms by which breakdowns in the E protein system contribute to developmental and
functional abnormalities in particular cell types and particular stages of development.

Fortunately, recent research into the targets of the E protein network has been promising.
The evolution of large-scale sequencing has identified numerous downstream gene targets of
E proteins, as well as transcription factors, some of them cell type-specific, involved in fine-
tuning the E protein network (Lin, Jhunjhunwala, et al., 2010). However, further research is

Curr Top Dev Biol. Author manuscript; available in PMC 2019 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Belle and Zhuang

Page 20

necessary to more fully understand which E protein functions are ubiquitous and which are
unique to particular cell types or cell stages. By better understanding how the E protein
network is regulated in particular cell types, E protein activity can be better connected to the
pathways that modulate its downstream effects. A more complete understanding of the ways
in which E proteins function to regulate downstream events in the many cellular processes
involved in development could yield therapeutic targets useful in the treatment of the many
diseases that can result from abnormalities in the E protein system.
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