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ABSTRACT

Regulation of E protein Activity During Dendritic Cell Development

Lucja Grajkowska

Dendritic cells are a key population in the immune system. There are two main
subsets: conventional DC (sometimes called classical DC, cDCs), which survey
tissues for pathogens and activate naive T cells, and plasmacytoid dendritic cells
(pDCs), which produce high amounts of IFNα in response to viral products. Both
subsets begin development in the bone marrow from common dendritic progenitor
(CDP), and driven by Flt3 signaling induced by the growth factor Flt3L. The CDP
gives rise to a cDC committed preDC which exits the bone marrow and seeds
peripheral organs to give rise to cDCs, while pDCs finish development in the bone
marrow and migrate into the periphery as mature cells.
pDC development is directed by E2-2, a member of the E protein family of
basic helix-loop-helix transcription factors that are obligate dimers and bind an E-box
sequence. E proteins are antagonized by Id proteins, and Id family member Id2 is
required for cDC development. The apparently cell intrinsic choice of pDC vs. cDC
fate is determined by the net activity of E proteins. Loss of E2-2 affects only pDC
development, but its expression is not as specific, as E2-2 is also expressed in cDCs,
macrophages and B cells. E2-2 expression in cDCs was particularly puzzling,

considering the dependence of cDCs on Id2, the E2-2 antagonist. We strived to
address the discrepancy between the very specific activity of E2-2 in pDC
development and its broader expression. This work shows that the E2-2 locus
encodes two independently regulated isoforms. E2-2Long, the more active isoform is
expressed only in pDCs, and E2-2Short, the less transcriptionally active isoform, is
expressed more broadly. Moreover, E2-2Long is required for optimal pDC
development. Homozygous loss of just E2-2Long leads to lower pDC frequency in the
spleen and phenotypically affected pDCs in the periphery.
Although E2-2 is essential for pDC development, no signal has yet been
identified that induces E2-2 expression to influence pDC over cDC fate. Given the
essential nature of E2-2 in pDC development, we aimed to understand better how
E2-2 is regulated during pDC fate specification. We examined an E2-2Long reporter
and found that E2-2Long expression precedes pDC commitment in early progenitors.
E2-2 is only upregulated in committed pDCs, and actively shut down in cDCs through
the expression of Id2. Analysis of E2-2 in an in vitro time controlled model of dendritic
cell development showed that all dendritic cells (both cDCs and pDC) go through an
E2-2 expressing stage only to resolve into E2-2- cDCs and E2-2+ pDCs. Early E2-2
expression and E2-2 upregulation upon pDC commitment hinted at the presence of
an E2-2 controlled cis-regulatory module. ChIP-Seq data showed only one peak of
E2-2 binding located 150 kb downstream of the TCF4 gene. Heterozygous deletion
of this region in the in vitro DC development model led to impaired pDC development
and a fail to undergo the E2-2+ stage described above. The regulatory element is
essential for E2-2 upregulation during DC development.

This work describes two new mechanisms of E protein regulation during
dendritic cell development: cell specific differential isoform usage and a distal cis
regulatory element responsible for enforcing and upregulating E2-2 expression.
These new mechanisms can lead to better understanding of how this family of
broadly expressed and pleiotropic transcription factors is regulated, with implications
in overall development, not only dendritic cell fate decision.
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1. General Introduction
1.1

Immune System

Innate Immune System
The immune system is divided into two branches: innate and adaptive. Innate
immune cells respond immediately to foreign substances by recognizing broad motifs,
or microbe associated molecular patterns (MAMPs) that bind pattern recognition
receptors (PRRs) (1, 2). MAMP binding to PRR causes the cell to secrete inflammatory
cytokines. MAMPs are essential, immutable, and common elements of pathogens that
are not present in the host. They include, for example, carbohydrate building blocks of a
bacterial cell wall (LPS) (3), or a nucleic acid form not present in the host (dsRNA or
unmethylated CpG motif) (4). The innate immune system can also be triggered by nonmicrobial patterns such as DAMPs (danger associated molecular patterns). Tissue cell
necrosis, accumulation of uric acid (5) or other signs of cellular stress (6) can also
trigger immune cells to secrete inflammatory cytokines, and lead to recruitment of
immune cells, which will promote healing of damaged area and clear away cellular
debris (7, 8).
The toll like receptor (TLR) family is a class of PRRs. Humans have ten TLRs,
while mice have twelve. Most TLRs are expressed on the cell surface, but some, those
that recognize nucleic acids, are expressed in endosomes. Both bacteria and viruses
contain MAMPs recognized by TLRs. Lipids or carbohydrate components of cell wall,
can be MAMPs, since those elements are essential to the existence of pathogenic
1

organism and cannot be changed by mutation. It is rare for proteins to be recognized by
PRRs, because their motifs could be mutated. The exception is TLR5 and its protein
MAMP, flagellin, whose highly conserved structure and function are unlikely to be
mutated (9). The TLRs that recognize nucleic acids are hidden away in endosomes, and
encounter their ligands from endocytosed extracellular debris. Nucleic acid elements
that are distinct from host nucleic acid, for example unmethylated CpG motifs or double
stranded RNA (10). This is likely to prevent activation of these TLRs in response to self
nucleic acids, which could lead to autoimmune disease (11) (7, 12).
In

response

to

PRR

activation,

innate

immune

cells,

which

include

macrophages, neutrophils, monocytes and natural killer cells, will produce inflammatory
cytokines and chemokines to recruit more immune cells to the site of infection. The
primary cytokines involved in initiating an inflammatory state are IL-1 and TNFα. Both of
these are secreted in response to NF-κB activation by a variety of innate immune cells.
TNFα is essential in activating the initial inflammatory state. It enhances the recruitment
of leukocytes to the injured area through inducing blood vessels to become more
permeable and upregulation of adherence markers that recruit circulating leukocytes to
the inflamed region. It also induces proliferation of fibroblasts, which promotes healing
and tissue repair. Overproduction of TNFα, as in response to sepsis, can cause death
due to excessive vascular leakage (13). IL-1 is the other pleiotropic pro-inflammatory
cytokine. It has effects on immune cells including boosted cytokine production and
enhanced survival (14).
Interferon alpha (IFNα) is an innate cytokine produced in response to viral
infection. While almost any cell can produce IFNα in response to foreign nucleic acid
2

sensed by cytoplasmic receptors, the fastest and most important source is the
plasmacytoid dendritic cell (pDC). IFNα works by inducing cells to become resistant to
viral infection (15), as well as enhancing the killing activity of NK and CD8+ T cells.
IFNα also plays roles in activating other cells of the immune system and can play a role
in bacterial infections (16).
In addition to inducing an inflammatory state, innate immune cells like
macrophages and neutrophils will also attempt to clear the pathogen through
phagocytosis. Macrophages and neutrophils express high levels of Fc receptors, which
bind the constant region of antibodies. This allows them to recognize and clear immune
complexes, working in concert with the adaptive immune response. Phagocytes also
ingest whole microbes, and then storage granules filled with antimicrobial substances
aid with destruction of the pathogens (17). In instances where the pathogen is too large
to be endocytosed, neutrophils can undergo a specialized form of apoptosis called
“NETosis”, where the nuclear contents are expelled from the cell to trap the pathogen in
the net (18). While dendritic cells are also capable of phagocytosis, they lack the proper
antimicrobial enzymes in the lysosomes to degrade the phagocytosed material, as
destruction of pathogens is not their major function (19, 20).
The innate immune response is broad, but immediate, and forms the first line of
defense, thus giving the host time to mount an adaptive response (21). Moreover, the
inflammatory state induced by the innate immune response is necessary to initiate the
adaptive response. Without the adjuvant effects of MAMPs, most foreign materials are
not immunogenic (8).

3

Adaptive Immune System
Adaptive immune cells (B and T cells), instead of responding to broad patterns,
express receptors that have very defined specificity, and are randomly generated
through gene rearrangement during their development (B cell receptor, BCR and T cell
receptor, TCR) (22). Very few cells recognize the specific antigen and thus several days
are required for the activated cells to undergo clonal expansion after activation and to
differentiate into effector cells (21). A marked advantage of the adaptive system is
memory. After the infection is cleared the expanded population contracts, however a
small number of long-lived memory cells remain (23). Memory cells are quicker to
activate than naïve cells, and can mount a response much faster. Immunological
memory is the basis for vaccination: a harmless version of the pathogen is used to
mount an adaptive immune response and create a subset of memory cells that can
provide lifetime protection from the real pathogen (24).
B cells
B cells recognize soluble antigens and extracellular pathogens. Activated B cells
become either short term plasmablasts (25), which secrete high levels of antibodies, or
form a Germinal Center to create antibodies with higher affinity and switched class. The
Germinal Center is a morphological structure in the spleen that forms about 7 days post
infection. Activated B cells seed a nascent germinal center, along with Follicular Helper
T cells. The B cells begin to multiply at a high rate and undergo two processes: affinity
maturation and class switch recombination (26, 27). In the dark zone, somatic
hypermutation is the process of mutating the variable region of the immunoglobulin
locus in order to find a possible antibody with higher affinity than the original (28). The
4

enzyme Activation Induced Deaminase (AID) creates mutations in the locus through
deamination of cytidine to uracil, which is processed by a mutagenic repair pathway
(29). The same enzyme is responsible for creating the double strand breaks necessary
for Class Switch Recombination, a process which changes the constant region of the
immunoglobulin in order to achieve antibodies with different effector functions (30).
Class Switch Recombination occurs in the Light Zone, where germinal center B cells
also test out their newly generated antibody though binding to the antigen. The antigen
is deposited in immune complexes bound to the follicular dendritic cells (31), and
Follicular Helper T cells provide survival signals through CD40-CD40L interaction.
Germinal Center B cells that do not form functional BCR, or do not engage with
Follicular T Helper cells die by apoptosis (32). At the end of the process, germinal
center B cells either become Plasma Cells and produce high levels of the class
switched, high affinity antibody, or they become long-lived Memory B cells that can
mount a better, faster response in the future (33) (34).
Antibodies bound to the antigen will create immune complexes, which are
cleared by phagocytes. Certain classes of antibodies can fix complement, a large
protein complex, which forms pores in the membrane of pathogens and leads to cell
lysis (35). Each class of antibody provides different function, and is determined by the
types of cytokines produced by Helper T cells during the class switching process (36).
T cells
While B cells secrete antibodies that recognize soluble antigens, T cells
recognize cellular antigens in the context of an MHC molecule (37). MHC, the major
histocompatibility complex (MHC) is a dynamic system of cell surface molecules that
5

display a short peptide derived from degraded proteins from the cell (38). Following
activation, T cells proliferate and begin to fight off the infection. Cytotoxic T cells (CD8+)
destroy infected tissue cells (39), while Helper T cells (CD4+) produce cytokines that
help steer the appropriate response. Upon activation, helper T cells can become
polarized based on the cytokines they are exposed to during activation. Presence of IL4 during T cell activation will polarize it to a Th2 type T cell, which will produce IL-4 and
IL-5 and IL-13 (40). These cytokines induce class switching in activated B cells, and
epithelial cells to produce mucus, thus Th2 type responses are best suited for
extracellular pathogens including parasites (41). IL-12 presence during antigen
presentation will polarize the T cell to a Th1 type. A Th1 cell will produce IFNγ, IL-2 and
TNFβ, which provide help to CD8+ T cells and macrophages, and is thus best suited for
viral infections and intracellular pathogens (42). Class I MHC (recognized by CD8+
cytotoxic T cells) is present on the surface of every nucleated cell, including tissue cells,
and provides the immune system with information about the types of proteins that are
produced inside the cells (43), while Class II MHC (recognized by CD4+ helper T cells)
is predominantly on specialized immune cells called Antigen Presenting Cells (APC),
and display on the surface peptides ingested from the extracellular environment (44)
(45).
Dendritic Cells
Dendritic cells are the main antigen presenting cells (APCs) (46). They are
distributed throughout the host in tissues and lymphoid organs (47) as they survey their
surroundings through endocytosis. Dendritic cells express a wide array of PRRs: TLRs
and other cytoplasmic DNA sensors. However, not all DCs express all TLRs, there is
6

specialized division of labor (48). Since the purpose of DC endocytosis is not clearance
of the debris, rather sampling, only small amounts are endocytosed in a process called
pinocytosis (49). Dendritic cells in the peripheral tissues and spleen exist in an
immature state. Immature DCs acquire materials through pinocytosis, and then process
the contents, and then peptide fragments are presented on the cell surface in MHC II
molecules (50, 51). The MHC II peptide presentation on the surface of immature DCs is
highly dynamic, undergoing a high turnover rate, constantly replaced with newly
acquired peptides (52, 53). When a DC encounters a pathogen, which activates one of
the PRRs, it will stop the turnover of MHC II and allow the peptide loaded MHC
molecules to accumulate on the cell surface, while at the same time expressing costimulatory molecules (52, 53). Then, the mature activated DCs travel through the
lymph system to the draining lymph node to present the antigen to T cells that reside in
the lymph node (54). When a specific T cell binds to the MHC molecule and the costimulatory molecules and it becomes activated, begins to proliferate and differentiate
into an effector T cell (55, 56). Mature dendritic cells also begin secreting cytokines that
serve the dual function of activating an inflammatory state, and steering the type of
adaptive immune response appropriate to the pathogen.
While other cells, including B cells and macrophages, express MHC Class II and
can act as APCs, dendritic cells have unique features that allow them to activate naïve
T cells more efficiently than other cell types. B cells can efficiently internalize soluble
antigens bound to the BCR, process and present the antigen derived peptides on the
MHC II, and they express high levels of co-stimulatory molecules, however they are not
phagocytic cells and do not process whole microbes (57). Conversely, macrophages
7

efficiently degrade whole microbes following phagocytosis, but lack the high expression
of MHC II and co-stimulatory molecules (19). Dendritic cells express the highest levels
of MHC II, and following activation high levels of co-stimulatory molecules and thus are
the primary cells responsible for naïve T cell activation (58). Even though they belong to
the innate immune branch, dendritic cells are specialized in surveying the tissue for
signs of pathogens, and their main function is to activate the adaptive immune branch
(59).

1.2

Dendritic Cell Subsets

Dendritic cells can be divided into two major subsets. Conventional dendritic cells
(also called classical DCs, cDCs) are the original antigen presenting cells, discovered
for their unique morphology and unparalleled ability to induce T cell proliferation. The
other type of DC, Plasmacytoid dendritic cell was described independently, for its ability
to produce large quantities of type I Interferon in response to viral products (60-62).
Later, it was discovered that the two subsets were closely related (63), arising from a
common progenitor and relying on the same growth factor Flt3L for development (64).
The three subsets of DCs are summarized in Table 1.
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Table 1: Summary of Dendritic Cell Subsets
pDC

cDC

Morphology:

Primary Function:

IFN⍺ production

CD11b+
Antigen
presentation

CD8⍺+
Cross presentation

Other Functions:

T cell priming

Th2 & Th17 priming

Th1 priming

Surface Markers:

B220, Bst2,
Siglec H, CCR9,

CD11b, 33D1,
CD172a (Sirp⍺)

CD8, DEC205,
Langerin, Clec9A

Transcription Factors:

E2-2, SpiB, Runx2

Notch2, IRF4

Batf3, Id2, IRF8

Human Markers:

CD123, BDCA4

BDCA1

BDCA3, CD141

Conventional Dendritic Cells
Conventional dendritic cells have a unique morphology, with cytoplasmic
processes that aid with pinocytosis (65). They express high levels of the integrin CD11c
as well as MHC II on their surface (51, 66). They express high levels of Toll Like
Receptors and other PRRs (67). Conventional dendritic cells are distributed throughout
all tissues (68-71) as well as secondary lymphoid organs (72). Some cDCs reside in the
spleen, surveying the filtered blood for possible pathogens (73, 74). Once a dendritic
cell encounters a pathogen, it matures in a process that includes migration through the
lymph system into the lymph node, and then an upregulation of co-stimulatory
molecules (59).
CD11b+ cDC
Conventional dendritic cells can be subdivided into two subsets: CD11b+
(previously referred to as “myeloid”) and CD8/CD103+ (75). The two subsets arise from
9

the same progenitors, but their development is driven by different transcription factors
(76). The division between the subsets is not based only on phenotypic markers, they
are functionally distinct and there is a genetic basis for the distinction. CD11b+ cDCs
are the major subset in the spleen and most non-lymphoid tissue. CD11b+ cDCs are
responsible for presenting extracellular material on the MHC II (77), and thus activating
CD4+ helper T cells (78). Activated TH cells proliferate and begin secreting cytokines
that steer the immune response tailored to the specific type of pathogen (79).
CD8+ cDC
The other subset of cDCs is the CD8/CD103+. These cells are specialized in a
process called Cross Presentation. While all nucleated cells express MHC I, and CD8+
cytotoxic T cells are able to recognize peptides presented by tissue cells, CD8+ cDCs
are specialized in activating naïve CTLs (cytotoxic CD8+ T lymphocytes). The pathway
for presentation on MHC I in tissue cells normally consists of processing cytoplasmic
byproducts of proteins produced by the cell (43), while exogenous proteins are
presented on MHC II through processing of proteins acquired through endocytosis.
Cross Presentation is the process of shuttling exogenous product from endosomes into
the cytoplasm (80), so they can be presented on the surface of the cDC in the context of
MHC I (81) with proper co-stimulatory molecules (77).
An elegant demonstration of the ability to cross present is the injection of
Cytochrome C. A normal component of the cell, Cytochrome C is normally stored inside
mitochondria but becomes an inducer of apoptosis when the mitochondria membrane
becomes inverted. Injected Cytochrome C is taken up by dendritic cells and other
phagocytes, and stored in endosomes then degraded. However, in cross presenting
10

CD8+ cells, the Cytochrome C like other scavenged material, is shuttled out of
endosomes into the cytoplasm (80). Normally the scavenged material in the cytoplasm
enters the MHC class I presentation pathway, but Cytochrome C in the cytoplasm is a
signal for apoptosis, and thus leads to specific selective suicide of cells capable of cross
presentation (82) (83).
CD8+ cDCs are specialized in finding and scavenging dead cells. Two markers
specific for this subset, Clec9A and CD36 are involved in sensing necrotic and apoptotic
cells (84, 85). Dying cells are an important source for possible antigens to present to a
cytotoxic T cell. CD8 is the marker for the cross presenting subset in the spleen. In
peripheral tissues, the cross presenting dendritic cells can be recognized by expression
of CD103 (86). A similar subset of DCs with the same function has been described in
humans, and while they do not carry the CD8α marker, they prime CD8 T cells better
than other cDC subsets (87).
Plasmacytoid Dendritic Cells
Plasmacytoid dendritic cells (pDCs) are a separate subset of DCs. As their name
suggests they have a plasma cell-like morphology, with a large endoplasmic reticulum
characteristic of cells poised for secretion of large amounts of protein. In the case of
pDCs, the secreted protein is Type I Interferon (IFN) (63). pDCs bear the surface
markers of dendritic cells, CD11c and MHC Class II (though at lower levels than cDCs),
as well as markers related to B cells (B220). Additionally, pDCs can be distinguished by
their expression of SiglecH and Bst2 in steady state. Bst2 is an Interferon inducible
gene, so after stimulation, it is no longer pDC specific (88-92). pDCs can sense virus
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derived nucleic acids through TLR7 and TLR9 when directly infected (93), or they can
sense other infected cells through cell-cell contact (94).
Interferon is a cytokine important in viral immunity (16). While all cells have the
ability to produce Type I IFN, pDCs are able to produce it very rapidly and in large
quantities. Thanks to constitutive expression of IRF7 (a transcription factor crucial in the
initial Interferon response), their plasma cell-like morphology, and expression of nucleic
acid recognizing TLRs in their endosomes, pDCs are uniquely equipped for rapid
production of IFNα. pDCs are able to produce up to 10pg/cell of interferon, which is 10100 times more than any other cell (95). The main feature of pDCs that allows them to
respond so quickly with IFNα production is their constitutive expression of IRF7. In other
cells IRF7 expression is induced by IFNAR (IFNα Receptor) signaling in an autocrine
positive feedback loop to induce more IFNα production (96). Constitutively high
expression of IRF7 allows pDCs to respond quickly and in high volume (97).
In addition to producing interferon, pDCs also play a role in T cell activation. A
pDC-less mouse model (CD11c-Cre; E2-2-/fl) showed that pDCs are important for T cell
activation during viral infection (98). During chronic LCMV infection, the infected CKO
mice failed to mount a robust T cell response. During a persistent infection, IFNα
signaling supports CD8+ and CD4+ T cell expansion (98).
Interferon alpha is a powerful cytokine, essential for anti-viral immunity, and
pDCs are an important source of IFNs. However, aberrant IFNα production can lead to
autoimmune disorders (16, 99). Indeed pDCs and the interferon they produce play a
role in autoimmune disorders including systemic lupus erythematosus (SLE) (100). This
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is why, in addition to being poised for immediate interferon response, pDCs must also
employ mechanisms to dampen the immune response. Several pDC specific markers
are in fact inhibitory receptors, including Siglec H in mouse (88) and BDCA-2 in human
pDCs (101). A newly described pDC specific marker, conserved between mouse and
human also plays a role in inhibiting IFN response (Bunin et al. 2015, Immunity, in
press)
Non-canonical cDC subsets
Division of cell subsets based on phenotypic markers is suboptimal because a
population of cells carrying the same surface marker can be heterogeneous, and often
the surface markers carry no functional properties. Recently, genetically based subset
definition has led to the discovery of non-canonical subsets. In the CD8+ cDC
compartment, two populations exist. The canonical CD8+ cDCs, known for their cross
presentation ability, as well as a non-canonical population of unknown function are
present in the spleen. Non-canonical CD8+ cDCs are resistant to the selective suicide
after cytochrome c injection. They are also dependent on E2-2, and bear marks of the
pDC lineage, the recombination of the J region of the Heavy chain Ig locus (a mark of
transient RAG expression), which occurs in all B cells and some pDCs, but not any
other cDCs (83). However, they are not able to produce IFNα, and do not carry any
mature pDC markers. It has been postulated that these non-canonical DCs may be the
byproduct of pDC development (102).

13

1.3

Cellular stages of DC development

Common Dendritic Progenitor (CDP)
All dendritic cells begin their development in the bone marrow (BM) from a
common dendritic cell progenitor (CDP), which gives rise to antigen-presenting
conventional dendritic cells (cDCs) as well as interferon producing plasmacytoid
dendritic cells (pDCs) (103, 104). CDP-derived cDC progenitors (pre-DCs) migrate into
the periphery through the blood, seed tissues and lymphoid organs and go on to
differentiate into CD11b+ ("myeloid") and CD8+ (CD103+) cDC subsets with distinct
functions mentioned above (105, 106). Conversely, pDCs finish their development in the
bone marrow, and exit to the periphery as mature cells. A committed pDC precursor has
not been defined, but two stages of pDCs development have been described. In the
bone marrow, Ly49Q- and Ly49Q+ cells are present. Ly49Q marks more mature pDCs,
in the periphery pDCs are uniformly Ly49Q+ (107, 108).
The CDP is the first DC restricted progenitor; it can give rise to both types of DCs
(pDC and cDC), but not other cell types at the clonal level, in the presence of Flt3L. It is
defined as being Lineage-, Sca-1-, cKit int, Flt3+, CD115+ (109, 110).
Other Hematopoietic Sources of Dendritic Cells
Committed progenitors of other lineages, like common myeloid progenitor (CMP)
and common lymphoid progenitor (CLP) can also give rise to dendritic cells (111).
Essentially, any progenitor that can respond to Flt3L (is Flt3+) still has DC potential.
Dendritic cells that reside in the thymus arise mostly from early thymic progenitors
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(direct precursors of T cells). (112, 113) A summary of DC development is depicted in
Figure 1-1.

1.4

Flt3L

The growth factor Flt3L, and its receptor Flt3 are essential signals in specifying
dendritic cell fate (114). While Flt3L is produced by several cell types, including stromal
cells, endothelium and activated T cells (115), Flt3 is only expressed on progenitor cells
and dendritic cells, in fact dendritic cells are the only terminally differentiated cells that
express Flt3 (116). Loss of Flt3 leads to decreased numbers of progenitors and
dendritic cells, while overexpression or injection of Flt3L leads to expansion of dendritic
cells. Interestingly, not all dendritic cell subsets expand equally following Flt3L
injections; CD8+ cDCs expand the most (117).

Flt3 signals through PI3K/mTOR

pathway to promote cell survival, proliferation and/or differentiation (118).
Dendritic cells are short lived (2-3 weeks) and are constantly replenished from
the bone marrow (119). Mature cDCs can expand in situ in response to an increase in
Flt3L in the serum (64), which can increase in response to decreased dendritic cell
numbers (120) or inflammatory state.
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Figure 1-1: Basic scheme of Dendritic Cell Development
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1.5

Transcription Factors involved in DC development

Common to all DCs
In addition to common origins, pDCs and cDCs share related gene expression
profiles and common dependence on the cytokine Flt3L and its receptor Flt3. STAT3 is
the main transcription factor induced by Flt3 signaling (79). Furthermore, the
development of pDCs and cDCs is jointly controlled by several transcription factors
including PU.1 and Irf8 (121, 122). PU.1 is generally involved in myeloid development,
and drives the specification of several myeloid cell types like macrophages and
monocytes (123). Recently C/EBPα has been described as an early transcription factor
involved in DC development. It is required for the transition from early progenitor stages
to the common dendritic progenitor, but is dispensable in later stages of dendritic cell
development (124).
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CD11b cDC specific
CD11b cDCs require signaling from RelB and IRF4 for proper development.
Additionally, a subset of CD11b cDCs has been described in the lab to be dependent on
Notch2 signaling (125). The Notch dependent cDCs were shown to be better at antigen
presentation to T cells than their Notch independent counterparts, which are better at
secretion of cytokines and are more monocyte-like (78).
CD8 cDC specific
While Id2 is involved in overall cDC development (126), primarily through
suppressing E2-2 and the pDC program, the deletion of Id2 affects only CD8+
(CD103+) cDCs (127). Indeed, analysis of Id2 reporters shows a higher Id2 expression
in CD8+ cDC vs. CD11b cDC (128). Moreover, Id2 overexpression leads to reduced
numbers of pDCs, while leaving normal numbers of cDCs (129). Batf3 is another
transcription factor, which though it is expressed in all cDCs, its deficiency only affects
CD8+/CD103+ cDCs. Batf3 KO mice have a specific defect in cross presentation (130)
(131).
pDC specific
Work in our lab has shown E2-2 to be an important regulator of pDC
development. E2-2 is an E protein transcription factor encoded by the Tcf4 gene. (Also
called ITF-2 or SEF2) E2-2 should not to be confused with T Cell Factor 4, which is
encoded by Tcf7l2 gene and is involved in Wnt/βcatenin signaling, but is sometimes
called TCF4 (132, 133). E2-2-deficient mice show normal development of all immune
cell types but lack pDCs (134). Additionally E2-2+/- mice and human patients with E2-2
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haplodeficiency (Pitt-Hopkins syndrome)(135) show reduced pDC numbers as well as
impaired IFNα response after CpG stimulation (134).
E2-2 drives a pDC specific program, which includes several genes required for
pDC function, including TLR9 and IRF7 (136), and two direct targets of E2-2 are
transcription factors: Spi-B (137) and Runx2 (138). Both are required for late pDC
development, downstream of E2-2, as they play roles in directing pDC maturation and
exit from the bone marrow. pDCs from mice lacking SpiB exit the bone marrow
precociously, as shown through an accumulation of immature, Ly49Q- pDC in the
periphery (137). Conversely, pDCs from mice lacking Runx2 accumulate mature pDCs
in the bone marrow, shown to be due reduced expression of CCR5 and CCR2
chemokine receptors particularly in the mature Ly49Q+ pDCs in the bone marrow (138).
Another strong E2-2 target Bcl11a is also involved in pDC development, but
unlike Runx2 and SpiB, its role is prior to pDC commitment. Loss of Bcl11a leads to an
absence of pDCs and a defect in IFNα response, but normal cDC development. ChIPSeq analysis of the pDC cell line Cal-1 showed strong Bcl11a binding to E2-2, Mtg16
and Id2. The early loss of pDCs as well as interaction with the E2-2 locus suggests that
Bcl11a is possibly upstream of E2-2 in pDC development, or that it works together with
E2-2 in a positive feedback loop (139).
pDC vs. cDC fate
Importantly, clonogenic CDPs can give rise to both pDCs and cDCs when
cultured with Flt3L in the absence of any additional signals (140), While culture with
Flt3L and additional factors like TNFα or GM-CSF produces only cDCs and no pDCs.
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To date no factor has been described that skews dendritic cell development to produce
only pDCs. The mechanisms of the pDC vs. cDC fate are not fully understood, however
the balance of E2-2 and Id2 plays a role in the fate decision.
Accordingly, pDCs express E2-2 whereas cDCs express Id2, which is particularly
abundant in CD8+ cDCs (86, 128) and is required for their development (126). E2-2
directly activates pDC-specific gene expression program, and its loss from committed
pDCs causes their spontaneous differentiation into cDC-like CD8+ cells (136). The in
vivo counterpart of such “defaulted” pDCs may be represented by a non-canonical
subset of CD8+ cDCs, which express many pDC-enriched genes including E2-2 (83,
102)
The activity of E2-2 is facilitated by its ETO protein cofactor Mtg16, which
promotes pDC development and restricts CD8+ cDC development (141). Thus, net E
protein activity appears as a critical determinant of the pDC vs. cDC lineage
specification, raising important questions about its regulation.

1.6

E proteins and Related Factors

E proteins
E proteins are a class of bHLH transcription factors. Their main characteristic is a
basic domain, which mediates binding to the consensus sequence CANNTG (where N
is any nucleotide) (E-box), and helix-loop-helix dimerization domain (142-144). This
class of transcription factors is highly conserved throughout evolution; the drosophila
counterpart is daughterless (145). The mammalian genome contains three E protein
genes, which encode four E proteins. The TCF4 gene encodes E2-2 and TCF12
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encodes HEB. TCF3 (E2A) encodes E12 and E47, which arise through alternative
splicing, vary in the basic region of bHLH domain (146), and thus bind the E box
sequence with different affinity and specificity. E proteins are essential to many
developmental processes in various tissues. As obligate dimers, E proteins can
homodimerize or heterodimerize either with other E proteins or with other HLH proteins
(147).
Traditionally, E proteins have been categorized as Class I bHLH factors, which
have broad expression patterns and weak binding to the E-box sequence and thus low
specificity. Class II bHLH factors have high tissue specificity and strong binding to the E
box sequence. E proteins are broadly expressed and play important roles throughout
development, where they pair with Class II bHLH proteins (147). For example, during
myogenesis, E2A pairs with MyoD to drive differentiation into muscle cells (148). E2-2,
which plays a role in neurodevelopment has been shown to form transcriptionally active
heterodimers with several Class II bHLH proteins. Math1 and E2-2 pair up in a subset of
neural progenitors in the dorsal hindbrain (149). E2-2 also interacts with Hash1,
NeuroD2 and Olig2. All E proteins bind an E-box sequence, with CANNTG. The binding
preference for two middle nucleotides vary between bHLH factors, and heterodimers
can determine E-box binding specificity. For example, E2-2/HASH-1 dimer binds a
CACCTG sequence (150). E protein activity in neurodevelopment and other tissue
specification is confounded by complex expression patterns of binding partners, which
makes it difficult to study E protein regulation specifically. During hematopoiesis
however, E proteins mostly form either homodimers or heterodimers with other E
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proteins (151), which makes it a good system to study E protein activity and regulation
during cell fate specification without the added variable of other binding partners.
E proteins have well described roles during hematopoiesis and cell fate decision.
The best studied of the E proteins, E2A, plays an essential role in B cell development.
HEB is involved in T cell development (152).
Id Proteins
Class V bHLH factors, the defining features of which is an HLH domain and lack
of a basic domain, is made up of the 4 Id proteins (Id1-4) (153). Due to the lack of the
basic domain, they are dominant negative regulators of E proteins, since the basic
domain is required for DNA binding. An E/Id heterodimer cannot bind DNA, and thus the
E protein is unable to activate transcription. Id proteins effectively neutralize E proteins,
and so E protein activity is ultimately determined by the ratio of Id: E protein. The name
Id stands for Inhibition of DNA binding or Inhibition of Differentiation; there are four Id
family members Id1-4 (154). An Id protein ortholog exists in Drosophila, emc, and has
the same function. Id proteins consist only of an HLH domain, which allows the Id
protein to heterodimerize with an E protein. Id proteins have known roles in embryonic
development, as well as in hematopoiesis. They play a major role in the differentiation
of Natural Killer Cells. NK cells are lymphocytes that do not express a rearranged
antigen receptor (like B and T cells), so they belong in the innate immune branch, but
develop from the same progenitors as B cells. Since B cell development is highly
dependent on E proteins, the defect in NK cells from Id2 -/- mice can be attributed to an
excess of E protein activity (155). Conversely, overexpression of Id3 leads to an
increase in NK cell numbers at the expense of T cell numbers. Another role for Id
21

proteins in cell fate choice during lymphocyte development is during specification of
CD8 vs. CD4 T cells in the thymus (156).
ETO Proteins
The ETO family of transcriptional co-repressors contains three members: ETO
(MTG8), ETO2 (MTG16) and MTGR1 (157).

ETO proteins contain four domains:

NHR1-4 (named for homology to the Nervy protein in Drosophila) (158). NHR1 (also
called TAFH) contains a KIX motif, which binds LXXLL motifs (present in AD1 of E
proteins) (159) (Figure 1-2). The other domains are responsible for oligomerization and
recruitment of Histone Deacetylases (HDACs) (160) that, together with the inhibition of
p300/CBP recruitment, create a transcriptionally repressive chromatin environment. E
protein dimers, which are normally transcriptional activators, become repressors when
coupled with ETO proteins (161).
ETO and Id proteins are similar in the sense that both inhibit E protein mediated
transcription activation. However, the two processes are distinctly different (Figure 1-2).
Id proteins indiscriminately prevent E protein binding to DNA, and thus are a dominant
repressor the E protein led transcription program. Conversely, ETO proteins bind E box
sequences together with E proteins and repress transcription, and can become part of
the E protein mediated transcription program.

For example, E2-2 and Mtg16 work

together to repress Id2 expression during pDC development (141).

Thus, through

repression of E protein inhibitors, an ETO protein becomes a pro-E protein factor. The
distinction between activated and repressed E protein targets is not currently fully
understood and another co-factor likely plays a role. Indeed, in the case of E2-2 and
Mtg16 in pDCs, it is clear that Mtg16 plays a crucial role in repressing expression of
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E2-2 antagonist Id2. However, it should be noted that ChIP-Seq analysis of both Mtg16
and E2-2 in a human pDC cell line showed Mtg16 binding at almost all E2-2 targets,
including both activated and repressed targets (141).
Figure 1-2: Transcription regulation by E proteins and related co-factors
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E protein Structure and Function

E2-2 is a member of the E protein family of bHLH transcription factors, which
bind an E-box sequence (162). Each member of the E protein family contains several
regions that are highly conserved between all E proteins. These regions have been
studied and several distinct domains have been described (Figure 1-3). Each E protein
contains a Helix-loop-helix domain immediately downstream of a basic domain. The
helix-loop-helix domain mediates dimerization between the E protein and other helixloop-helix containing proteins, while the basic domain is required for DNA binding to the
E box sequence. The other domains are involved in the regulation of transcription. AD1
and AD2 are transactivation domains, while AD3 stabilizes the transcription initiation
complex. The DES domain is required for interaction with ETO proteins, which are cofactors.
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Figure 1-3: Diagram of E Protein domains
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AD1 Domain
Starting at the N terminus of E proteins, the first domain is Activation Domain 1.
While conserved from yeast to mammals, the sequences of AD1 and AD2 are not found
in any other class of proteins, and are thought to be unique to E proteins (163).
Represented by the first 99 amino acids, AD1 contains a high concentration of serines
and glycines. A region of very highly conserved 26 residues forms an α-helix, which
when mutated, results in complete loss of transactivation activity (163). Included in the
conserved 26-residue region is an LXXLL motif, also called p300 CBP ETO Target
(PCET). This region recruits co-activators and histone acetyltransferases (p300 and
CBP) to the transcription initiation site (164). Histone acetyltransferase recruitment to
the transcription start site is essential for transcriptional activation, since acetylated
histones cause the nucleosomes to loosen and fall away, exposing the core promoter
and allowing recruitment of other factors, including General Transcription Factors
(GTFs) (Figure 1-2) (159). This interaction between bHLH transcription factors and
Histone Acetyltransferases is highly conserved, since an overlapping motif (LDSF)
recruits the SAGA histone acetyltransferase complex in yeast (165). A class of E-protein
co-factors, ETO proteins, can compete for binding at this PCET site through a Lysine at
position 98 (KIX motif) of the TAFH domain and prevent histone acetyltransferase
recruitment and thus act as a co-repressor (161).
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DES Domain
Located between AD1 and AD2 is the DES domain. DES stands for downstream
ETO-interacting sequence. Immediately downstream of AD1, the DES domain interacts
with both the TAFH and NHR2 domains of ETO proteins. This interaction is independent
of the PCET-TAFH (KIX motif) interaction, but has a dominant repressive effect on AD1.
DES domain and ETO protein interaction represses E protein transcription activity on
two levels, chromatin dependent and independent. While ETO interaction blocks
transcription activation through blocking PCET recruitment of HATs, the interaction is
not fully dependent on PCET-KIX. DES domain is essentially a dock for ETO protein to
position it for blocking the AD1 recruitment of HATs. Firstly, it inhibits p300 recruitment
and thus prevents histone acetylation and chromatin remodeling. Additionally, ETO
binding at the DES domain also prevents TFIID recruitment and assembly of the preinitiation complex, thus it is acting as a co-repressor both at the level of chromatin
remodeling and transcription initiation (166).
AD3 Domain
Following Histone Acetyltransferase (HAT) recruitment by AD1 and subsequent
chromatin remodeling at the transcription start site (TSS); the next step in activating
transcription is the assembly of the pre initiation complex (PIC). The PIC is composed of
RNA Polymerase II and several general transcription factors (GTFs) (167). The GTF of
interest here is TFIID, which includes TATA Binding Protein (TBP) and over a dozen
TAF’s (TATA Associated Factors). All of these components are recruited to the
Transcription Start Site prior to initiation of transcription (168). AD3 is a recently
described, highly conserved domain of the E protein is located between DES domain
25

and AD2. AD3 was shown to strongly interact with dTAFH domain of TAF4 subunit of
the TFIID complex, and stabilize the complex at the TSS, facilitating transcription. The
stabilized complex allows TBP to bind the TATA box. Isolated AD3 can strongly activate
transcription, and has strong synergy with AD1. Interaction of AD3 and TFIID allows for
another mechanism of ETO repression of E protein through binding at DES domain.
The DES domain is directly upstream of AD3, and ETO binding there may hinder the
interaction of AD3 and TFIID (169).
AD2 Domain
AD2 is the second transactivation domain located farther downstream, at
residues 335-406 of E2-2. The domain was initially described as the LH domain for
“Loop-helix”. The sequence for AD2 contains a high concentration of leucine, in the
formation LX6LX6TX6LX6L, which forms into a leucine zipper conformation (170). The
leucine zipper is important for the domain’s transactivation ability, and is conserved from
daughterless, the drosophila ortholog of E proteins (171). Like AD1, AD2 can also
interact with p300 and CBP, though not through a specifically defined motif. The
acetyltransferase activity of p300 and CBP at AD2 may not have anything to do with
acetylation of histones, but rather enhanced retention of the E protein in the nucleus
through acetylation of conserved Lysines. This effect of p300/CBP was observed to be
independent of AD1 (172). The two activation domains (AD1 and AD2) can activate
transcription independently of bHLH, which provides sequence specificity and DNA
binding to the E-box (173).
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bHLH Domain
The bHLH domain is responsible for DNA binding at the consensus sequence
CANNTG (E-box) and dimerization. The N in the consensus sequence can be any
nucleotide, though each E protein has preferred E box sequences.

E-proteins are

obligate dimers, and can for either homo- or heterodimers with other E proteins or other
transcription factors that contain the Helix-loop-helix domain. The HLH domain is
constructed of two amphipathic helices with hydrophobic residues on one side and
hydrophilic residues on the other. The hydrophobic sides of the amphipathic helices are
the interface of the dimerization and are highly conserved. The dimerized bHLH domain
forms a four-helix bundle with a hydrophobic core (174). The amino acid sequence of
the helices contains a 4-3 repeat, which is distinctive of a coiled coil motif. The helices
are linked together with a loop, the length and sequence of which is conserved in E
proteins, but can vary in other HLH-containing proteins. The loop is essential for the
formation of the antiparallel helices.
A string of highly conserved basic residues on the N-terminal side of the Helix 1
is essential to DNA binding and the specificity to the E-box motif. Mutation of just one of
the basic residues results in loss of DNA binding capability (162). The four-helix bundle
positions the basic residues to interact with the major groove of DNA. Each half of the
dimer interacts with half of the CANNTG consensus sequence (174). The bHLH domain
alone is generally unable to activate transcription, except in certain cell types (173); an
isolated bHLH domain is unable to rescue a B cell development defect in E2A null mice
(175). Immediately downstream of the second helix sequence is Domain C. This domain
is only found in E proteins, not other bHLH proteins, and is required for efficient
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dimerization in vivo. It is thought to stabilize the dimer under physiological conditions
(176). A class of E protein antagonists (Id proteins) contains only the Helix-loop-helix
domain, lacking the basic region, and thus renders the E protein/Id dimer unable to bind
DNA.
E protein Isoforms
A potentially important aspect of E protein regulation is the expression of two
classes of isoforms, long and short. The long isoform contains AD1 and a full DES
domain, while the short isoform lacks AD1 and most of DES (Figure 1-3). Both isoforms
contain AD3, AD2 and bHLH domains. The short isoform can contain a unique short
sequence of 23 amino acids of unknown function called an Alt domain (177). An
important distinction between the two isoforms is the ability to interact with ETO and act
as a repressor, since the short isoform lacks both ETO interacting domains. Indeed, the
first description of the Long E2-2 isoform (ITF-1B) identified it as an inhibitory
transcription factor, while the E2-2Short (ITF-2A) was activating (178). Another
difference between the two classes is that the Long isoform, containing both AD1 and
AD2, is more efficient at activating transcription by orders of magnitude based on a
luciferase reporter model. Moreover, the Long isoform also contains a Nuclear
Localization Signal (NLS), while the short isoform requires dimerization with an NLS
containing protein to gain entry into the nucleus (179). Taken together this means that
the Long isoform is a more potent transcription factor, more able to activate or repress
transcription (depending on the context), than the Short Isoform. The significance of this
distinction has not yet been fully investigated in vivo.
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1.8

E2-2 In Human Disease

While most functional studies of E2-2 (TCF4) have been done in the context of
pDC development, insights into E2-2 regulation may have impact on other areas where
E2-2 plays a role. E2-2 is known to play a role in neurodevelopment (149, 150). Early in
development E2-2 is involved in epithelial-mesenchymal transition (EMT) (180). In
addition to the previously mentioned haplodeficiency of E2-2, which leads to severe
intellectual disability in Pitt Hopkins syndrome caused by a rare null mutation, common
variants E2-2 has been implicated in other neurological disorders. Several genome wide
association studies identified SNPs in E2-2 as one of the strongest links with
schizophrenia (181-183). Sequencing of patients with schizophrenia concluded that the
E2-2 variants present in schizophrenia patients are not the same as the mutations
present in Pitt-Hopkins patients. This suggests that the schizophrenia associated
variants are not null mutations, rather they exert another change in the function of E2-2
(184). Carriers of the schizophrenia risk allele rs9960767 have reduced pre-pulse
inhibition (PPI) (185), a readout for sensorimotor gating that is considered a reliable
schizophrenia endophenotype (186). The reduced PPI has also been observed in E2-2
overexpressing transgenic mice (187).
In addition to schizophrenia, common variants in E2-2 are also associated with
higher risk of Fuch’s Endothelial Corneal Dystrophy (FECD), an adult onset disorder
resulting in loss of vision due to degeneration of corneal endothelium (188). The FECD
risk allele rs613872 is characterized by a trinucleotide expansion (CTG), in intron 3
(187, 189, 190).
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As mentioned previously, E protein activity outside the immune system is usually
in concert with other bHLH factors. With the added variable of regulation with other
binding partners, study of E2-2 in the brain is difficult. A more complete understanding
of how E2-2 expression is regulated in the immune system, where E2-2 partners with
itself or other E proteins, may help shed light on overall E2-2 regulation in other tissues
as well.

1.9

Regulation of E Protein Activity in Dendritic Cell Development

Despite extensive knowledge of how E proteins activate transcription of their
target genes and how they interact with other bHLH proteins and co-factors, how E
proteins are regulated is still an underlying question of E protein biology. Here, we show
two novel mechanisms of E2-2 regulation with direct biological applications in the
context of dendritic cell development, and implications for E proteins in cell fate decision
throughout development.
In addition to trying to understand the underlying mechanisms of E protein
regulation, the essential goal of studying the balance between E proteins and Id
proteins in cell fate decisions is to understand more clearly how one cell can give rise to
two very different fates with only one signal. In the specific case of dendritic cell
development, a single CDP gives rise to both cDCs and pDCs with only Flt3L as the
signal (110) and the mechanism of that cell fate decision is poorly understood.
As mentioned above, the committed DC progenitor, CDP faces a cell fate
decision of pDC vs. cDC. This cell fate decision is determined by two antagonistic
transcription factors E2-2 and Id2, in a mechanism that is common in cell fate decisions

30

throughout development and also in the immune system. E Protein: Id protein balance
determines cell fate decision between B cells and NK cells developing from common
lymphoid progenitors (191). Also, immature double positive T cells in the thymus
determine CD4 vs. CD8 fate through this mechanism (156).
Despite the detailed knowledge of how E proteins activate transcription, interact
with co-factors and regulate expression of their target genes, not much is known about
how E protein expression is regulated. In development, E proteins are considered
almost ubiquitous because of their very broad expression pattern. The specificity of E
Protein activity in development is determined by the expression of other Class II bHLH
binding partners. E protein activity in the immune system offers a unique model for
studying E Protein regulation, since E Proteins in immune cells form homodimers or
heterodimers only with other E Proteins. This allows for deeper investigation into how E
Protein activity is regulated in cell fate decision without the variable of binding partners.
Knowledge acquired from studying E protein activity regulation in cell fate decisions of
the immune system can then be applied to broader areas where E proteins are
involved, for example E2-2 in brain development.
The goal of this thesis is to investigate two aspects of E Protein regulation.
Firstly, two out of three E proteins (E2-2 and HEB) are expressed as two classes of
isoforms. The biological significance of the two isoforms has not been investigated in
vivo. The activity of E2-2 in driving pDC fate is much more specific than the expression
pattern of E2-2. This work shows that the two E2-2 isoforms are expressed from two
independent promoters, and the pDC-restricted expression of the more active long
isoform explains the discrepancy between broad E2-2 expression and specific activity.
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Secondly, we found that E2-2 is expressed prior to pDC commitment throughout
hematopoietic progenitors and appears to facilitate its own expression. Moreover, we
found a regulatory region 150kb downstream of E2-2 that is responsible for upregulation
of E2-2 expression during pDC development.
Additionally, the newly described pDC specific isoform of E2-2 is expressed in
only one other mature cell type, the dark zone germinal center B cell. Since E2-2 has
been implicated in a germinal center derived lymphoma, and given the very specific
activity of the pDC specific isoform, we hypothesized that E2-2 plays a role in the
germinal center dark zone B cell. We did not find a specific role for E2-2 in the germinal
center, any role for E2-2 is likely compensated by E2A.
In the process of investigating the regulation of E2-2 in dendritic cell
development, we developed new in vitro tools with powerful potential for in vitro
modeling and genetic manipulation of dendritic cell development and function, as well
as a new cell line with a rapid and easy readout of IFNβ activity.
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2. Materials and Methods
2.1

Animals

Id2 hCD5
A cassette containing IRES Human CD5 was inserted into 3’ UTR of Id2 locus,
and does not disrupt endogenous expression of Id2.

Thus, it can be bred to

homozygosity to boost the signal of the reporter without disrupting Id2 expression (156).
Tcf4 LacZ
The Tcf4 knock-in/reporter allele (Tcf4tm1a(EUCOMM)Wtsi) has been generated at the
Wellcome Trust Sanger Institute as part of the Mouse Knockout Project (KOMP) (192).
Embryonic stem cells (JM8.F6 line, C57BL/6) were injected into C57BL/6 blastocysts at
the KOMP/Mouse Biology Program at the University of California, San Diego, and the
resulting chimeras were crossed to C57BL/6 mice to generate Tcf4LacZ mice on pure
C57BL/6 background. The strain was maintained by backcrossing to C57BL/6 mice or
intercrossed where indicated. The locus has conditional potential after breeding with an
Flp Recombinase strain, which excises the gene trap/reporter cassette, leaving the
exon 4 flanked by LoxP sites (Figure 2-1).
Tcf4fl/fl mice were crossed to R26-CreER mice. To induce recombination, adult
mice were fed through gavage 3mg/ml Tamoxifen for 3 days. Tamoxifen was dissolved
in 10% Ethanol and 90% sunflower oil at 37°C for 20 min.
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Figure 2-1: E2-2L gene trap/reporter allele
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conditional KO
Schematic of the Tcf4LacZ allele, in which the gene trap/reporter cassette has been
inserted upstream of the E2-2L-specific exon 5. The cassette includes splice acceptor
(SA), LacZ and neomycin resistance (Neo) genes separated by the T2A cleavage
signals, and a polyA addition signal.
The gene trap/reporter cassette can be excised by breeding to a Flp recombinase
strain to create a flox conditional strain.

ase1  CTSS  mouse  tracks  pooled  filtered  with  3  or  more  tags  per  library  and  rle  normalized  [rev:143.0  fwd:6844.7  scale:6844.66]  rle
Ifnb-YFP Mice
The homozygous Ifnb-YFP (Ifnb1

tm1Lky

) mice expressing IRES-driven enhanced

yellow fluorescent protein (EYFP) from the endogenous Ifnb1 locus (193) were obtained
from Jackson Labs.
Chimeric Mice
For hematopoietic reconstitution with Tcf4LacZ/LacZ cells, 2x106 total bone marrow
cells from wild type or surviving adult Tcf4LacZ/LacZ mice were injected iv into lethally
irradiated recipient mice. For hematopoietic reconstitution with Tcf4LacZ/LacZ Id2hCD5/hCD5
cells, no viable adult progeny could be obtained from the intercross of Tcf4LacZ/+ mice on
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Id2hCD5/hCD5 background. Therefore, timed matings of Tcf4LacZ/+ Id2hCD5/hCD5 mice were
established and livers from Tcf4LacZ/LacZ Id2hCD5/hCD5 or control Tcf4+/+ Id2hCD5/hCD5 fetuses
were used for reconstitution. All recipients were F1 progeny of 129SvEv and B6.SJL
mice congenic for the CD45.1 allele. Donor-derived hematopoietic cells were identified
as CD45.2+ CD45.1- and comprised >90% in all recipients (data not shown).
E2-2 CKO CD19Cre mice
For analysis of the role of E2-2 in germinal center B cells, E2-2 fl/fl mice (194)
were crossed to CD19 Cre mice (The Jackson Laboratory).

2.2

Cell Analysis

FACS Analysis
Single-cell suspension of splenocytes or BM cells were subjected to red blood cell
lysis, washed, and then stained for multicolor analysis with the indicated fluorochromeconjugated antibodies (BD Biosciences or eBioscience). The samples were acquired on
an LSRII flow cytometer or sorted on FACSAria II flow sorter (BD Biosciences) and
analyzed with FlowJo software (TreeStar). The pDCs were defined as B220+ CD11clo
Bst2+; cDCs were defined as B220- CD11chi and further sub-divided into subsets as
indicated. For progenitor analysis, BM cells were stained with a cocktail of antibodies to
lineage markers (CD3, NK1.1, CD19, CD11b, Gr1) and the DC marker CD11c, unless it
was used in a separate fluorescence channel. Id2 expression was detected by surface
staining with a fluorochrome-conjugated antibody specific to Human CD5 (clone
UCHT2, eBioscience).
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FDG Staining
The protocol for analysis of LacZ expression was adapted from (195). Single cell
suspensions were washed and resuspended in HBSS with 1mM HEPES and 2% FBS,
incubated for 20 min at 37°C, mixed with pre-warmed 2mM fluorescein di-β-Dgalactopyranoside (FDG, Sigma Aldrich) in a hypotonic solution for 1 min, placed on ice
and washed with ice-cold HBSS buffer. Endogenous β-gal activity from lysosomes was
inhibited by .3mM chloroquine diphosphate. Following FDG loading, cells were stained
for surface markers and analyzed by flow cytometry.
Intracellular Staining
For intracellular E2-2 staining, single cell suspensions were stained for surface
markers, fixed/permeabilized with the intracellular fixation and permeabilization buffer kit
(eBioscience) for 1h at 4°C, and incubated with 2% mouse serum for 15 min. Cells
were stained for 1h at room temperature with control rabbit IgG (control) or with a rabbit
monoclonal antibody to E2-2 that was custom-generated in the Staudt lab and has been
previously used for ChIP-Seq (141). The cells were then washed, incubated with PEconjugated anti-rabbit IgG antibody (Jackson Immunoresearch) and analyzed by flow
cytometry.

2.3

Gene Expression Analysis

RNA
RNA from total or sorted cell samples was isolated using TRIzol reagent (Life
Technologies), reverse transcribed (SuperScript III; Life Technologies) and assayed by
SYBR Green-based real-time PCR. The expression of Id2 was detected with the
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primers listed in Table 2. The expression of the two E2-2 isoforms was detected with
forward primers specific to each isoform, and a common reverse primer.

The

sequences of the primers are listed in Table 2. Both primer sets showed similar
amplification efficiency against the titrated amounts of template. For the expression of
AID (primer sequence provided by Reiner Lab) and IRF4 in germinal center B cells, the
sequences are provided in Table 2. The expression of target genes was normalized to
that of housekeeping gene Actb and quantified using the ΔΔCT method.
Id2 F

5’-GAGAACGACACCTGGGCAAGA-3’

Id2 R

5’-CGTCAGCCTGCATCACCAGA-3’

E2-2L F

5’-CCAGGAACCCTTTCGCCCACCAAAC-3’

E2-2S F

5’-ATCCCGGGCATGGGCGGCAACTC-3’

E2-2 Common R

5’-TGCTGGCTGCTGGCTTGGAGGAA-3’

AID F

5’-CGTGGTGAAGAGGAGAGATAGTG-3’

AID R

5’-CAGTCTGAGATGTAGCGTAGGAA-3’

IRF4 F

5’-CCCATTGAGCCAAGCATAAG-3’

IRF4 R

5’-GGTCAGCTCTTTCACGAGGA-3’
Table 2: qRT-PCR Primers

Western Blot
For protein analysis, cell pellets were lysed with a nuclear lysis buffer (1% SDS,
150 mM Tris-HCL pH 8.25, 10mM EDTA), sonicated briefly to facilitate pipetting and
boiled for 10 min in the presence of 1% SDS loading buffer. Lysates from equal cell
numbers were analyzed by SDS-PAGE followed by Western blotting with antibodies to
E2-2 or to tubulin as a loading control.
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2.4

Cell Culture

Gen2.2
The human pDC cell line Gen2.2 was kindly provided by Drs. L. Chaperot and J.
Plumas (EFS Rhone-Alpes Grenoble, France) and cultured in RPMI media
supplemented with 10% fetal bovine serum. The cells are grown on a feeder layer of
MS-5 fibroblast cells, previously arrested with Mitomycin C. MS-5 cells are grown until
they are confluent, and then they are treated with 10µg/ml Mitomycin C for 2h and
washed. 2x106 arrested MS-5 cells were plated in a 25 cm dish and allowed to adhere.
Gen2.2 cells were added to the feeder layer at 1x106 and allowed to grow over 7 days.
Gen 2.2 cells were then collected from the supernatant for protein expression analysis.
(196).
GM12878
The human B cell lymphoblastoid line GM12878 was obtained from the Coriell
Cell Repositories and cultured as suggested by the distributor. Cells were cultured in
RPMI medium supplemented with 2mM L-glutamine and 15% fetal bovine serum. Cells
were seeded at 5x105 cells/ml in 3ml media in a 6-well-plate. Cells were incubated at
37°C and 5% CO2.
HoxB8-FL
The murine progenitor HoxB8-FL cell line was derived from primary bone marrow
cells immortalized by retroviral transduction of the HoxB8 gene under the control of the
estrogen receptor. In the presence of β-estradiol, the cells are immortal and arrested at
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the progenitor stage. Removal of β-estradiol from the growth medium arrests growth
and induces differentiation into dendritic cells. A new cell line can be derived from any
mouse strain through the following method. A single cell suspension of bone marrow
cells was purified through Ficoll gradient (Sigma) to isolate mononuclear cells.
Mononuclear cells were cultured for 2 days in a cytokine cocktail to induce
hematopoietic stem cell proliferation and make progenitors permissive to retroviral
transduction. The cytokine cocktail included RPMI + 15% FBS + 1% pen/strep, 1% Lglutamine, 10ng/ml murine IL-3, 20ng/ml murine IL-6 and 10ng/ml murine SCF
(PeproTech). Following cytokine pre-stimulation the cells were spinoculated with the
HoxB8 carrying retrovirus at 1,000 G for 90 min at 30°C. The retroviral vector carrying
the HoxB8 gene was kindly provided by Hans Hacker. The virus was produced by
transient transfection of 293T cells with HoxB8 virus vector packaging plasmid.
Spinoculated cells were incubated overnight and the following day the virus
containing spinoculation media was replaced with progenitor outgrowth media that
contained 10µM β-estradiol (for activating the HoxB8 gene) and 10% Flt3L supernatant.
No selection was necessary as over the course of several weeks, non-transduced cells
differentiated and died. Cells were counted and re-plated every two days. When all cells
in uninfected control differentiated and died, the HoxB8 transduced cells were frozen as
polyclonal back-up stocks and cloned by limiting dilution (197). 96-well plates were
seeded with .3 cells/well in 100µl of media. Several days later, clonal populations were
transferred to a larger well and expanded. Clones were tested for their ability to grow
and differentiate into dendritic cells upon removal of β-estradiol. This protocol was
developed in the Hans Hacker lab (198).
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The cells were grown in RPMI supplemented with 10% FCS, 10% supernatant
from the Flt3L-producing B16 cell line, and 10µM β-estradiol. Cells were generally
seeded at 1x106/dish (10 cm dish with 15 ml of medium), and split ever 2 days. The
cells were induced to differentiate into DCs by washing and re-plating in the same
medium without β-estradiol at the density of 200,000 cells/well of a 6–well plate in 3ml
medium and allowed to differentiate over 7 days.
Flt3L BM Derived DCs
For pDC development in vitro, total BM cells (2x106/ml) were cultured for 7 d with
10% supernatant from Flt3L producing B16 cells (199). For protein analysis, pDCs were
enriched by magnetic sorting (Miltenyi Biotech) for B220+ cells.
Flt3L supernatant from B16 cells
The Flt3L expressing cell line was acquired from Dr. Glenn Dranoff (200). The
cells were cultured in DMEM supplemented with 10% fetal bovine serum, 1%
Pen/Strep, 1% Non-essential amino acids, 1% Na-pyruvate, 1% L-glutamine. Cells were
incubated at 37°C and 5% CO2. Cells were allowed to grow until confluent and
supernatant was collected several days later. The supernatant was sterilized through
.2µm filter, then stored at -80°C. Each batch of Flt3L supernatant was titrated to find the
optimal dose for dendritic cell development.
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2.5

CRISPR

Deletion of putative regulatory region
The putative distal regulatory element was targeted using the CRISPR/Cas9
approach-using short guiding RNAs to DNA elements flanking the region summarized in
Figure 2-2. The sgRNA sequences were designed using the Zhang Lab software,
crispr.mit.edu. A guide RNA is a 20 base pair recognition sequence that must be
followed by a PAM sequence (NGG) on the target DNA. Cas9 enzyme will create a
double strand break approximately 3-4 base pairs upstream of the PAM sequence.
sgRNA sequences are scored on the likelihood of off-target binding. The Zhang Lab
software ranks the available sgRNA sequences based on an algorithm, which takes into
account number of mismatches and location of the mismatches taking into special
account the distance from the PAM sequence (201). sgRNAs with scores highest
possible scores were chosen; neither scored less than 80 out of 100. Relative to Tcf4,
the sgRNA sequences are listed in Table 3.
5’ sgRNA

5’-ATTGGGAGTCTGACCAAATTC-3’

3’ sgRNA

5’-ATTAAAAGACTCGGGAGCGT-3’
Table 3: sgRNA sequences

The 5’ sgRNA was cloned into the pLX-sgRNA lentiviral vector (Addgene
#50662) (202) that confers blasticidin resistance. pLX-sgRNA vector was used as a
template for overlap extension PCR, which replaced a generic sequence with the 20bp
sgRNA sequence. The final PCR product containing the 20bp sgRNA sequence was
digested with XhoI and NheI, gel purified, ligated into a digested pLX-sgRNA vector,
and transformed into chemically competent Stbl3 cells.
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WT F

5’-TCAATCTCAGACTGGGTAGGGAAT-3’

WT R

5’-ATCCCCCCTGGCTTTCTTTGCT-3’

Targeted R

5’-GTGCATGCCTATTTGTTCGGG-3’

Table 4: Genotyping Primers for CRISPR targeting
The 3’ sgRNA was cloned into the LentiCRISPR v2 vector (Addgene #52961)
(203) that also encodes Cas9 and confers Puromycin resistance. The vector was
digested with BsmBI, which creates incompatible overhangs. sgRNA-carrying oligos,
with overhangs compatible with the ends created by BsmBI digestion on the vector,
were ordered and annealed, then ligated into the digested vector, and transformed into
chemically competent Stbl3 cells. All sgRNA constructs were confirmed by sequencing.
VSV-G-pseudotyped lentiviral particles were produced from both vectors using transient
transfection in 293T cells. Undifferentiated HoxB8-FL cells were spinoculated for 90 min
at 1,000G with the 5’ sgRNA vector, batch selected with blasticidin, spinoculated with
the 3’ sgRNA vector and batch selected with puromycin. The resulting population was
either analyzed in bulk or cloned by seeding 0.3 cells/well in 96 well plates, and the
resulting clones were screened by PCR for the wild type and targeted alleles.
Genotyping primers are listed in Table 4.	
  Clones that carried the heterozygous deletion
of the putative regulatory region were expanded, and induced to differentiate by removal
of β-estradiol from the media.
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Figure 2-2: Schematic of E2-2 cis regulatory element CRISPR targeting

A

HoxB8 cells

Virus 1 ( 5’ sgRNA)
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Virus 2 (Cas9 + 3’ sgRNA)
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(A) The strategy of targeting by sgRNA/CAS9-expressing lentiviruses in the HoxB8FL cells.
(B) Schematic of the targeted region in the mouse Tcf4 locus, showing sgRNAs
(vertical arrows) and genotyping primers (horizontal arrows)
(C) Genomic PCR of the targeted clones, showing the products of the wild-type (WT)
and deleted (Del) alleles.

43

Inducible Cas9 cell line
Lentiviral vector containing a Cas9 vector under the control of Tet-ON promoter
(Addgene 50661) was developed by the Lander Sabatini group (202) and acquired from
Addgene (Plasmid # 50661). VSV-G-pseudotyped lentiviral particles were produced
from both vectors using transient transfection in 293T cells.
Undifferentiated HoxB8-FL cells were transduced with the Tet-ON Cas9 lentivirus
through spinoculation for 90 min at 1,000G at 30°C, then incubated overnight. The
following day, the media was replaced with selection media containing 3µg/ml
puromycin.
Following puromycin selection over several days, the bulk population was cloned
by limiting dilution by seeding .3 cells/well in a 96-well plate (197). Clonal populations
were tested for Cas9 induction by culturing with 500 ng/ml Doxycycline for 24 hours.
The Tet-ON Cas9 vector contains 3x flag tag following the Cas9 gene, and Cas9
expression was tested by Anti-Flag M2 western (Sigma).

2.6

Germinal Center Analysis

Sheep Red Blood Cell Immunization
To analyze germinal center formation, mice were injected i.p. with 0.3 ml of the
3.3% solution of sheep red blood cells (Cocalico Biologicals) and analyzed 14 days
later. 1ml of sheep red blood cells was resuspended in 10 ml of PBS and washed twice.
Following the second wash, the pellet was resuspended in 6ml PBS to form the 3.3%
solution.
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NP-KLH Immunization
To analyze somatic hypermutation, WT and CKO mice were immunized i.p with
NP-KLH with Complete Freund’s Adjuvant. A 1:1 mix of Complete Freud’s adjuvant and
NP-KLH (1µg/ml) was vortexed for 10 minutes, then sonicated 3 times in 5-minute
intervals. Mice were injected i.p. with 200µl of the emulsion. 14 days later, the spleen
was collected and germinal center B cells were FACS sorted for B220+ CD95+ PNA+.
Somatic Hypermutation Assay
RNA from sorted cell samples was isolated using TRIzol reagent (Life
Technologies), split in two and either reverse transcribed (SuperScript III; Life
Technologies) with primers listed in Table 5 for somatic hypermutation assay, or reverse
transcribed for mRNA analysis with random hexamer primers.
A semi-nested PCR was performed on the cDNA. Both PCR conditions:
denaturation 95°C/30s; annealing 70°C/30s; elongation 72°C/90s. First PCR, 20 cycles,
2µl cDNA, and primers: V186 2L, Cγ1. Second PCR, 30 cycles, 3µl first PCR product,
and primers: V186.2 SN, Cγ1.
Second PCR product was gel purified, diluted to 62.5 ng DNA in 6.4 µl and Atailed for 20 min at 70°C, then ligated into pGEM-T vector, transformed into competent
cells. Colony PCR was performed with 32 cycles and V186.2, Cγ1 primers. Colony PCR
products were sequenced with Cγ1. Mutation analysis was performed on VBASE2
software (204), clones bearing the same D region sequence were counted as one
clone. This protocol was kindly provided by Ulf Klein.
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Cγ1 cDNA

5’-CATGGAGTTAGTTTGGGCAG-3’

Cm cDNA

5’-CCACCAGATTCTTATCAGAC-3’

V1862SN

5’-CATGCTCTTCTTGGCAGCAACAG-3’

V1862L

5’-AGCTGTATCATGCTCTTCTTGGCA-3’

Cγ1 PCR

5’-ATCCAGGGGCCAGTGGATAGAC-3’

Table 5: Primers used in SHM analysis

2.7

Genome Data Analysis

FANTOM consortium data (205) (206) were visualized using the ZENBU genome
browser (http://fantom.gsc.riken.jp/zenbu/). ENCODE consortium data (207, 208) were
visualized using the UCSC genome browser (http://genome.ucsc.edu/). Genome
conformation capture (Hi-C) data for GM12878 (209) were re-mapped, binned at 10 Kb
resolution, corrected for biases and visualized as described (210).

2.8

Statistical analysis

Statistical significance was estimated using unpaired two-tailed Student’s t-test.

2.9

In vivo stimulation

Mice were injected retro-orbitally with 5µg CpG (ODN2216, Invivogen) + 30 µl
DOTAP in PBS (150µl total volume). Blood was collected prior to injection and 6 hours
post injection through submandibular puncture. Blood was centrifuged at 13,200 rpm for
15 min and serum was collected then stored at -20°C.
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2.10 In vitro stimulation
HoxB8-FL cells were cultured as described and for DC differentiation, cells were
replated and cultured for 6 days without estrogen in the medium with 10% charcoalstripped FCS and Flt3L. The resulting cells containing >90% pDCs were replated at
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5x10 /mL, allowed to settle for 1 hour and stimulated with 1 µM CpG-A (ODN 2216,
Invivogen) for 3-8 hrs.
For Ptprs/Ptprf crosslinking, the plates were pre-coated with goat anti-PTPRS or
control IgG (1 µg/ml in PBS). For Fc receptor blockade, 2.5 µg/ml anti-mouse CD16/32
blocking antibody (Fc Block, EBioscience) or 2% goat serum were added to the culture.
To immobilize anti-Ptprs antibody via Fc fragments, plates were coated with anti-goat
IgG Fc fragment secondary antibody at 10 µg/mL for 1 hour at 37°C, washed and
incubated similarly with anti-PTPRS or control IgG at 4 µg/mL prior to cell plating. For
tyrosine phosphatase inhibition phosphatase inhibitor cocktail 2 (Sigma) containing
sodium orthovanadate was added at the time of plating at a dilution of 1/100. Similar
results were obtained with sodium orthovanadate alone.

2.11 IFNα ELISA
Nunco (Thermo) 96-well plates were coated with rat monoclonal anti-IFNα
antibody (PBL) for 1h at 37°C, then blocked for 1h at 37°C with Blocking Buffer (1X
PBS + 1% BSA + 1% FBS). Serum was diluted 1:1 and 50µl was added to the plate.
Recombinant IFNα was diluted serially from 106 pg/ml stock to form a standard 105,
5000, 2500, 1250, 625 and 312.5 pg/ml. The plate with standard and serum was
incubated at 4°C overnight. Next the plates were washed, incubated with rabbit
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polyclonal anti-IFNα antibody 1h at Room Temperature, then with Anti-Rabbit HRP
conjugated antibody 2 hours at Room Temperature. After washing, the ELISA was
developed with TMB substrate, reaction stopped with 1M HCl and imaged with ELISA
plate reader measuring OD at 405 nm.
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3. Differential Usage of E2-2 Isoforms
3.1

Abstract

E2-2 is essential in the development and maintenance of pDCs, but does not
have a strong phenotype elsewhere in the hematopoietic system. While E2-2 is
expressed at very high levels in pDCs, it is expressed in other cell types where it does
not seem to have an essential function. This discrepancy between very specific activity
and broad expression was an open question in the field. E2-2 belongs to the E protein
family of transcription factors with two other members, E2a and HEB, which are also
involved in hematopoiesis. Both E2a and HEB have functionally distinct isoforms E12
and E47 for E2a and HEBCan and HEBAlt for HEB. The E2-2 locus also undergoes
extensive alternative splicing giving rise to two classes of isoforms. E2-2Long contains all
encoded domains, while E2-2Short is a weaker transcription factor lacking an activation
domain and a co-factor interacting domain. In addition to products of alternative splicing,
closer analysis of the Tcf4 locus revealed two distinct promoters drive the transcription
of the two isoforms. RNA from FACS sorted immune cells was analyzed by qPCR with
isoform specific primers, and showed that E2-2Long was exclusively expressed in pDCs,
while E2-2Short was highly expressed in pDCs but also expressed in other cells. A knockin LacZ reporter targeted specifically to E2-2Long confirmed the qPCR results, with high
reporter signal only in pDCs. While E2-2 drives pDC development, its antagonist Id2 is
involved in cDC development. Analysis of an E2-2Long/Id2 double reporter confirmed
mutually exclusive expression of E2-2 and Id2 in the cell types they control. Additionally,
the double reporter confirmed the existence of an Id2 independent E2-2 expressing
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subset of non-canonical CD8+ cDCs. The knock-in E2-2Long reporter is also a gene trap
knock-out, and homozygous loss of E2-2Long leads to reduced pDC numbers in the bone
marrow, an abnormal phenotype of remaining pDCs and accumulation of non-canonical
CD8+ cDCs, confirming the essential role of the specifically expressed E2-2Long in pDC
development. These results suggest that E2-2Long, the more active isoform is pDC
specific, while E2-2Short has a broader expression pattern. Additionally, E2-2Long is
required for optimal pDC development.

3.2

Introduction

E2-2 was previously shown in our lab to be very specifically involved in pDC
specification during hematopoietic differentiation.

Loss of E2-2 led to a normal

development of all blood cell types except for pDCs, which were absent (134, 136). This
very specific activity of E2-2 did not completely align with the expression pattern. While
E2-2 is expressed at very high levels in pDCs, it is also present in both subsets of cDCs
as well as B cells and macrophages (134). This is unusual for a “master regulator,”
which are generally only expressed in the cell type for whose development they are
responsible. For example Pax5 in B cell development (211), or Bcl11b in T cell
specification (212).
A detailed analysis of the human E2-2 transcripts revealed that the locus
undergoes extensive alternative splicing that leads to two classes of E2-2 transcripts.
The long isoform, a full-length transcript, contained all the domains including AD1 and
DES (161, 179). A class of truncated transcripts, which lack AD1, most of DES domain
and the nuclear localization signal were also present. Transactivation analysis showed
that the two AD domains act synergistically and that the full length E2-2 was orders of
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magnitude better at activating transcription in an artificial transcription assay. A
luciferase reporter assay, where the E2-2 isoforms were co-transfected with a luciferase
reporter downstream of a minimal promoter and 12 tandem E box sequences, showed
very high reporter activity in cells transfected with full length E2-2 isoforms (179). AD1
and DES domains are also required for interaction with co-factors, including the
activating p300/CBP and repressive Mtg16 (166). Until now, no biological function has
been ascribed to the two isoforms. It is possible that the discrepancy in E2-2 activity and
expression could be explained by differential usage of the two classes of isoforms.
Previous knockout models of E2-2 targeted the bHLH region common to both isoforms,
and thus led to complete loss of all E2-2 transcripts.
Different classes of E2-2 isoforms arising from alternative splicing were initially
described in the context of myocyte development and ability to initiate transcription
when paired with MyoD, another bHLH factor (178). The goal of this thesis is to
understand how E Proteins are regulated during dendritic cell development. In this
section, we hypothesized that the two E2-2 isoforms have different and cell type specific
functions. Here we describe that E2-2 isoforms are products of differentially regulated
separate promoters. Additionally, we show that the full length E2-2Long isoform is
specifically expressed in pDCs and required for their optimal development.

3.3

E2-2Long expression is specific to pDCs

E2-2Long expression in mouse
To reconcile the broad expression of E2-2 with its pDC-specific activity, we
analyzed the expression of its transcriptional isoforms. Short 5’ capped transcripts
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accumulate at transcription start sites. CAGE, or capped analysis of genome expression
is the whole genome sequencing of these short transcripts and has emerged as a tool
for novel promoter discovery. In addition to the previously described alternative splicing
isoforms (179), the FANTOM atlas of transcription start sites in murine tissues
suggested two main transcription start sites of the murine Tcf4 gene, thereby defining
two distinct promoters (Figure 3-1). The distal promoter gave rise to the “long” isoform
of E2-2 (here denoted E2-2Long, previously also referred to as the "B" isoform (213)) that
contains all functional domains (Figure 1-3). The proximal promoter gave rise to an
alternative “short” isoform (E2-2Short, previously also referred to as the "A" isoform) that
lacks the AD1 domain and ETO-binding domains and the Nuclear Localization signal
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The analysis of E2-2 isoform expression in sorted murine immune cells by qRTPCR showed that E2-2S was prominent in pDCs but also present in other cell types
including B cells and cDCs (Figure 3-2). This expression pattern largely coincided with
the overall expression pattern of E2-2 previously published (134), as confirmed by RT52

PCR for common exons. In contrast, the expression of E2-2Long was detected
exclusively in pDCs (Figure 3-2).

Relative Expression

Figure 3-2: E2-2 isoform expression in sorted immune cells
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Additionally, analysis of probes from MicroArrays in the ImmGen database of sorted cell
types confirmed the qPCR results. Detailed analysis of relative signal from each exon
confirmed two things. Firstly, that expression of E2-2 in pDCs is the highest among
immune cells by an order of magnitude. Second, that exons belonging to E2-2Long are
specifically expressed in pDCs, when compared to uniform expression of E2-2Short
(Figure 3-3 Green line). Of note is the expression of E2-2Long exons in the CDP
population, a committed precursor of all dendritic cells, including cDCs and pDCs
(Figure 3-3 Orange line).

53

Figure 3-3: Expression of each exon in immune cell types
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Probe reads of Tcf4 gene from ImmGen database. Shown is the relative abundance
of reads from each exon in the indicated sorted cell type. Exons 1-8 are only present
in long isoform.

Combined, the results of qPCR and the MicroArray ImmGen Database show that in the
mouse, transcripts from the distal E2-2Long promoter are expressed only in pDCs and
not other immune cells, while transcripts from the proximal E2-2Short promoter are more
broadly expressed.
The primers used in isoform specific qPCR share a common reverse primer, and
were tested to have similar efficiency. This allows for comparison of the relative
abundance of the two isoforms. During pDC development in the bone marrow, two
populations can be distinguished. The less mature pDCs lack expression of Ly49Q. As
pDCs prepare for exit into periphery, they begin to express Ly49Q. Ly49Q expression
is maintained in the periphery, as pDCs in the spleens are uniformly Ly49Q+ (107, 108).
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With the use of the common reverse, isoform specific primers, we analyzed the relative
abundance of the two isoforms in developing pDCs. During pDC development, E2-2Long
is expressed at higher levels, but the difference is reduced as the cells mature, leading
to equal expression in fully mature peripheral pDCs (Figure 3-4). This result suggests
that E2-2Long is more important during cell fate specification, but less important in the
maintenance of cell fate.
Figure 3-4: Relative Abundance of E2-2 Isoforms in pDCs
Relative Expression
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a common reverse primer. Data represent transcript levels relative to E2-2L in the
Ly49Q- sample (mean ± S.D. of triplicate PCR reactions).

The specificity and relative abundance of the two E2-2 isoforms were confirmed
by Western blot of pDCs derived in Flt3L-supplemented BM cultures (Figure 3-5A).
Flt3L cultures of BM cells lead to differentiation of both cDCs and pDCs (199). E2-2Long
was only detected in the pDC fraction, and only a small amount of E2-2Short was
detected in the cDC fraction.

55

Figure 3-5: E2-2 protein expression
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(A) Western blot analysis of E2-2 protein expression in pDCs and cDCs isolated from
Flt3L-supplemented cultures of normal mouse BM. The long and short isoforms are
indicated.
(B) Western blot analysis of E2-2 protein expression in the human B cell line
GM12878 and pDC line Gen2.2.

Collectively, these data show that E2-2Long expression is restricted to pDCs and
the previously reported broad expression of E2-2 is due to E2-2Short. Additionally, the
dominance of E2-2Long in less mature pDC in the bone marrow suggests that E2-2Long
plays an important role in pDC development.
E2-2L expression in human
The analysis of FANTOM atlas data for human tissues revealed the same distal
and proximal promoters as the mouse Tcf4 locus in the human TCF4 (Figure 3-6A).
Furthermore, TCF4 transcripts derived from human pDCs were highly abundant at the
distal promoter (p1), whereas transcripts from B cells were specifically enriched at the
proximal promoter (p2) (Figure 3-6B). Accordingly, the human pDC cell line Gen2.2
expressed both E2-2 isoforms, whereas the human B lymphoblastoid line GM12878
expressed only E2-2Short (Figure 3-5B). The “intermediate” promoter (p4) with transcripts
mostly from endothelial cells was also detected in the human TCF4 (Figure 3-6B), as
well as in the murine locus (Figure 3-1). The differential expression of the two isoforms
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in cells specific manner is conserved between mouse and human, suggesting that this
is an important mechanism for the regulation of E2-2 expression and activity.
Figure 3-6: Human TCF4 Locus and cell specific expression
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(A) Shown is the transcriptional map of the human TCF4 locus, including major
annotated transcripts and the 5' transcription sites in the FANTOM atlas, in the sense
(purple) or antisense (green) orientation relative to TCF4. The three major promoters
corresponding to E2-2L (p1), E2-2S (p2) and a third isoform (p4) are indicated as
annotated by FANTOM.
(B) Expression of the three promoters across individual cell and tissues in the
FANTOM database. Individual samples corresponding to human primary pDCs, B
cells and blood endothelial cells are indicated. TPM, transcripts per million reads.

E2-2Long Reporter
To analyze the expression of E2-2L in vivo at the single-cell level, we used a Tcf4
allele with a reporter cassette inserted upstream of the E2-2Long-specific exon (Figure
2-1). The splice acceptor in the cassette traps E2-2Long transcript and drives the
expression of bacterial β-galactosidase (LacZ), which can be visualized by flow
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cytometry using the fluorescent substrate fluorescein di-β-D-galactopyranoside (FDG).
The analysis of heterozygous Tcf4LacZ/+ reporter mice revealed a homogeneous and
high LacZ expression in pDCs that was absent from other immune cells including
lymphocytes and cDCs (Figure 3-7).
Figure 3-7: E2-2L reporter expression in immune cells
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The expression of E2-2L reporter cassette in the ex vivo isolated immune cells, as
determined by staining for LacZ. Shown are representative histograms of LacZ
expression in the indicated gated populations from the spleen or BM of Tcf4LacZ/+
reporter mice or wild-type controls (WT).

To compare the expression of E2-2L with that of its functional antagonist Id2, we
crossed Tcf4LacZ/+ mice with the Id2hCD5 reporter strain that expresses surface marker
hCD5 from the Id2 locus. Simultaneous staining for E2-2Long (LacZ) and Id2 (hCD5)
showed that pDCs were E2-2L+ Id2-, cDCs and NK cells were E2-2L- Id2+, and B cells
were E2-2L- Id2- (Figure 3-8).
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Figure 3-8: E2-2L/Id2 double reporter expression in immune cells
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The expression of E2-2L and Id2 reporter cassettes in the ex vivo isolated immune
cells from Tcf4LacZ/+ Id2hCD5/hCD5 reporter mice.

Non-canonical CD8+ cDCs
In the cDC compartment, CD11b DCs were uniformly E2-2L- Id2+, though Id2
expression on CD11b DCs was lower than CD8 DC. This is consistent with the
phenotype of Id2 loss as it only affects CD8 DCs. While the majority of CD8+ cDCs
showed the expected E2-2L- Id2hi phenotype, a minor E2-2L+ Id2lo population was also
detected. These Id2lo cells had low side scatter (SSC) and low CD86 expression (Figure
3-9) typical of the pDC-related non-canonical CD8+ cDCs (83). The non-canonical CD8+
cDCs vary in number between mouse strains, and their existence has been called into
question. The double reporter data clearly shows two separate populations expressing
mutually exclusive transcription factors, giving further genetic proof to the existence of
these cells as a distinct subset.
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Figure 3-9: CD8+ cDC phenotype
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The phenotype of gated E2-2L+ (red) and Id2+ (blue) populations of splenic CD8+
cDCs in the Tcf4LacZ/+ Id2hCD5/hCD5 reporter mice.

Collectively, these data show that E2-2Long is expressed specifically in pDCs and
reciprocally to Id2, which is predominant in canonical cDCs.

3.4

E2-2Long is required for optimal pDC development

E2-2Long Gene trap/reporter mouse strain
To test the role of E2-2Long in pDC development, we took advantage of the gene
trap functionality of the Tcf4LacZ allele. By qRT-PCR, the expression of E2-2Long was
reduced ~2-fold in Tcf4LacZ/+ mice and nearly abolished in Tcf4LacZ/LacZ mice, whereas
the expression of E2-2Short was unaffected (Figure 3-10A). A specific ablation of the E22Long protein isoform was confirmed by Western blot on total BM cells (Figure 3-10B).
Very few weaning-age homozygous Tcf4LacZ/LacZ mice could be derived from the
intercross of Tcf4LacZ/+ parents (Figure 3-10C), and those rare mice were runted and
showed abnormal behavior, often dying around weaning age (data not shown).
Additionally, there was noted attrition of Tcf4LacZ/+ pups pointing to the absolute
requirement of E2-2 during development. The developmental phenotype of Tcf4LacZ/LacZ
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mice was less severe than complete loss of both E2-2 isoforms, which is completely
embryonically lethal.
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Figure 3-10: Tcf4 LacZ allele targets E2-2Long specifically
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(A) The expression of E2-2 isoform transcripts in Tcf4LacZ-carrying animals. Total
spleen and BM cells from Tcf4+/+ wild-type (WT), Tcf4LacZ/+ heterozygous (Het) and
Tcf4LacZ/LacZ knockout (KO) littermate mice were analyzed by qRT-PCR for E2-2
isoforms. Data represent transcript levels of each isoform relative to the WT spleen
sample (mean ± S.D. of triplicate PCR reactions).
(B) Western blot analysis of E2-2 protein expression in total BM cells from mice of the
indicated genotypes.
(C) The distribution of genotypes at 2 weeks of age in the progeny of Tcf4LacZ/+
intercross. Total number of animals from 26 litters is indicated for each genotype.

E2-2Long is required for proper pDC development
The surviving adult Tcf4LacZ/LacZ mice showed a significant reduction in the
fraction of pDCs in the BM (Figure 3-11). pDCs in the periphery showed a slight but not
statistically significant reduction, however they did show an altered phenotype, namely
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increased CD11c. The altered phenotype of pDCs in the spleen is addressed in more
detail later (Figure 3-16). The slight reduction of pDCs in heterozygous Tcf4LacZ/+
animals was not significant, validating their utility as reporters.
Figure 3-11: Mice lacking E2-2L have defect in pDC development
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The pDC population in the BM and spleen of Tcf4+/+ wild-type (WT),
Tcf4LacZ/+
+/++/--/heterozygous (Het) and Tcf4LacZ/LacZ knockout (KO) littermate mice. Shown are
representative staining profiles of gated B220+ BM cells with the CD11clo Bst2+ pDC
population highlighted, and the frequency of pDCs among total BM cells (mean ±S.D.
of 6 mice per group).

To examine pDC development in the absence of confounding health defects in
Tcf4LacZ/LacZ mice, we reconstituted wild-type recipients with control or Tcf4LacZ/LacZ
hematopoietic cells. The fraction of Tcf4LacZ/LacZ pDCs among total donor-derived cells
was reduced several-fold in the BM and spleen of the resulting chimeras (
Figure 3-12A). Similarly, the fraction of mature pDCs in Flt3L-supplemented
cultures of Tcf4LacZ/LacZ recipient BM was strongly reduced (Figure 3-12B). Unlike the
surviving Tcf4LacZ/LacZ animals, the pDC fraction in the spleen was significantly reduced.
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This is likely due to the stress of reconstitution, E2-2Short was not able to compensate to
the same level as during the steady state.
Figure 3-12: E2-2L is required for optimal pDC development (BM chimera)
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(A) The pDC population in chimeras reconstituted with Tcf4+/+ (WT) or Tcf4LacZ/
LacZ (KO) hematopoietic cells. Shown are representative staining profiles of gated
B220+ cells from the BM or spleen, and the frequency of donor-derived CD45.1pDCs among the total donor cells (mean ±S.D. of 4 mice per group).
(B) pDC development in Flt3L-supplemented cultures of the BM from Tcf4+/+ (WT) or
Tcf4LacZ/LacZ (KO) mice. The fraction of B220+ pDCs and CD11b+ cDCs are
indicated (mean ± range of 2 mice).

Loss of E2-2Long leads to aberrant cDC phenotype on pDCs
As mentioned above, pDCs in the periphery of Tcf4LacZ/LacZ animals showed an
altered phenotype. The conditional deletion of full E2-2 (both isoforms) or Mtg16 causes
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the loss of several pDC markers such as Ccr9 and CD4, upregulation of markers
characteristic of CD8+ cDCs, and the induction of cDC-enriched genes including Id2
(136, 141). Similarly, we found that pDCs from Tcf4LacZ/LacZ mice showed a complete
loss of Ccr9 and CD4 and a reduction of Bst2 and Ly-6C (Figure 3-13). Conversely,
cDC markers CD11c and CD8, and to a lesser extent MHC II, were upregulated. To
analyze the development of E2-2L-deficient cDCs, we reconstituted wild-type recipients
with Tcf4LacZ/LacZ hematopoietic cells carrying the Id2hCD5 reporter. Donor-derived pDCs
in these mice showed the same induction of CD8 and CD11c, and a slight but
consistent induction of Id2 expression.
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Figure 3-13: E2-2Long is required for maintenance of pDC phenotype
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The expression of characteristic pDC (top row) and cDC (bottom row) markers in the
gated pDCs from Tcf4+/+ (WT) or Tcf4LacZ/LacZ (KO) mice.

E2-2Long restricts development of non-canonical CD8+ cDCs
CD11b+ cDCs were unaffected by the deletion of E2-2L. We noted an increase in
splenic CD8+ cDCs in E2-2Long KO vs. WT mice. Further analysis showed that canonical
(defined as Id2+) CD8+ cDCs were unaffected, the non-canonical subset, earlier
defined as Id2- increased in number (Figure 3-14).
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Figure 3-14: E2-2L restricts development of non-canonical CD8+ cDCs
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Splenic cDC population in recipients of Id2hCD5 (WT) or Tcf4LacZ/LacZ Id2hCD5
(KO) hematopoietic cells. Shown are representative staining profiles of donor-derived
CD11chi cDCs and the expression of Id2 reporter in the CD8+ cDC subset. The
fraction of cDC subsets among donor-derived CD45.1- splenocytes in the chimeras
described above. CD8+ cDCs were separated into the canonical Id2+ and noncanonical Id2- cDCs (mean ± SD of 4 mice).

We conclude that E2-2L facilitates optimal pDC differentiation and restricts the
development of the closely related non-canonical cDC subset.

3.5

E2-2Long CKO

The developmental impairment of Tcf4LacZ/LacZ mice precluded functional
analysis. To circumvent this issue, we took advantage of the conditional potential of the
TCF4LacZ allele. The Tcf4LacZ strain was crossed to a R26 Flp recombinase strain to
excise the gene trap/reporter cassette, leaving exon 4 flanked by LoxP sites. The mice
were then crossed to R26-CreER strain, which induces recombination following
exposure to Tamoxifen. While the gene trap/reporter allele efficiently trapped the entire
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E2-2Long transcript, it appears that due to alternative splicing, the conditional allele only
excises the Long isoform specific exons, allowing for the expression of the downstream
exons. This leads to a milder phenotype than the loss of the entire Long isoform
transcript.
Figure 3-15: pDC development in E2-2L CKO
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BM

% of live cells

Spleen
CD11c

BM

% of live cells

WT

2.5
2.0
1.5
1.0
0.5
0.0

p=0.03

Spleen

0.3 WT
CKO
0.2

WT
CKO
0.0347

0.1
0.0

Bst2

WT
CKO

0.4004

The pDC population in Tcf4fl/fl Cre- (WT) or Tcf4fl/fl Cre+ (CKO). Shown are
representative staining profiles of gated B220+ cells from the BM or spleen, and the
frequency of pDCs among live cells (mean ±S.D. of 4 mice per group).

Adult mice were fed 3 mg/ml Tamoxifen for 3 days and analyzed 14 days later.
Deletion efficiency was confirmed by qPCR (data not shown). The CKO mice exhibited
a phenotype similar to the gene trap/reporter allele. The fraction of pDCs in the bone
marrow was significantly decreased (Figure 3-15).
The fraction of pDCs in the spleen was not significantly reduced, but the pDCs
did exhibit an altered phenotype, with increased expression of cDC markers (Figure
3-16).
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Figure 3-16: pDCs from E2-2L CKO mice exhibit abnormal phenotype
WT
CKO
CD11c

CD8

MHC II

The expression of characteristic cDC markers in the gated splenic pDCs from Tcf4fl/fl
Cre- (WT) or Tcf4fl/fl Cre+ (CKO) mice.

We took advantage of the conditional potential of the gene trap/reporter allele in
order to assess the effect of the loss of E2-2Long on pDC ability to respond to CpG
stimulation in vivo without the confounding effects of developmental problems. We did
not observe a defect in IFNα production in response to CpG injection (Figure 3-17).
Overall, the E2-2Long fl/fl strain is a good model for studying loss of E2-2Long in
adult animals without the problems of constitutive loss during development. However,
the deletion may only remove long isoform domains, and through alternative splicing,
allow the expression of short isoform domains driven by long isoform promoter. This
may lead to a higher dose of E protein than the E2-2Long constitutive knock out.
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Figure 3-17: IFNα production in E2-2Long CKO
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IFNα production following in vivo CpG injection of Tcf4fl/fl Cre- (WT) or Tcf4fl/fl Cre+
(CKO). Shown are IFNα ELISA results from serum. n=14 (WT), 17 (CKO)

3.6

Discussion

E2-2 belongs to a class of transcription factors called E proteins. E proteins have
many redundant functions, and it was once thought that E protein dosage was the
primary mode of regulation of their activity. More detailed research into E protein
regulation led to the discovery of new regulatory mechanisms.
One member of the family, E2A, encodes two distinct gene products (E12 and
E47) through alternative splicing of one exon (146, 214). The difference between the
two gene products is in the basic region of bHLH domain, which mediates DNA binding
specificity. The two isoforms have distinct functions in B cell development. E47, but not
E12 is essential in early B cell development. During the pre-B and immature B cell
stages, both E47 and E12 are required, and play a role in regulating the VJ
rearrangement of the light immunoglobulin chain (146).
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Meanwhile, the other E protein family member, HEB, is expressed as two
versions, a long and short isoform (HEBCan and HEBAlt respectively) (152). Both
HEBCan and HEBAlt are involved in T cell development. HEBAlt helps enforce T cell
development by inhibiting alternative B cell or myeloid fates, while HEBCan could only
suppress B cell fate and could not work together with Notch to suppress myeloid fate
(152, 215).
Both of these exhibit additional ways that these transcription factors are
regulated, and regulate gene expression. The discrepancy between E2-2’s specific
activity in pDC development and its broader expression in other immune cells hinted at
the fact that there must be a level heretofore unexplored in the regulation of E2-2
activity. Here, we show that E2-2 expression is regulated in a cell specific manner
through the differential use of isoforms. The two distinct promoters act independently,
and lead to pDC specific expression of the more active Long isoform, and broader
expression of the less active Short isoform.
E2-2Long contains all functional domains encoded by the gene. This includes AD1
and DES domains. These domains are essential for interaction with co-factors (Figure
1-2). The finding that E2-2Long is in higher abundance than E2-2S in developing
immature pDCs, suggests that E2-2Long is more essential in situations where chromatin
remodeling may be necessary. During cell fate decisions, many genes are activated and
silenced through chromatin remodeling. AD1’s PCET domain directly interacts with
p300/CBP histone acetyltransferases, which loosen chromatin to make it more
permissive to transcription. In situations where the target gene is already in a
permissive state, E2-2S contains all the domains necessary to stabilize the TFIID
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complex and all its TATA binding proteins (169). Moreover, transcriptional regulation
during cell fate decision includes suppression of alternative fates. In the case of cDC vs.
pDC fate, Id2 antagonizes E2-2 and suppresses pDC fate to drive cDC fate (126).
However, the converse must also be true, E2-2 must suppress Id2 expression to
suppress cDC fate during pDC development. Indeed that is true, loss of E2-2 in mature
pDCs leads to de-differentiation into the alternative fate (136). E2-2 is able to suppress
Id2 expression during pDC development through the ETO protein Mtg16. E2-2 and
Mtg16 work together to inhibit Id2 expression, and indeed loss of Mtg16 leads to derepression of Id2 and impairs pDC development (141). Mtg16 interacts with E2-2 at the
PCET domain of AD1 and DES domain downstream of E2-2 (166).
E2-2Short lacks these domains and is unable to interact with any ETO proteins.
Thus, during development the more potent transcription factor, E2-2Long is necessary,
but for cell maintenance, E2-2Short is sufficient. This is supported by the less striking
pDC phenotype in the periphery. It is possible that the other E proteins present in pDCs
(E2A and HEB) are able to dimerize with E2-2. While the other E proteins are
expressed at high levels in pDCs, they are both not necessary and not sufficient to drive
pDC development (134). It is possible that E2-2Short can provide the specificity of E box
binding necessary for E2-2 activity, but heterodimerize with another E protein to provide
Long isoform abilities of Mtg16 interaction and HAT recruitment. Heterodimers between
E2-2 and E2a have been shown (216), though the DNA binding specificity of the
heterodimers has not been explored. Additionally, the derepression of Id2 in E2-2Long
KO is not as striking as the Id2 derepression in Mtg16 KO (141). The role of E2-2Short in
pDC development remains an open question. A combination of ChIP-Seq and RNA-seq
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of E2-2Short and E2-2Long KO of an in vitro model of DC development would go a long
way to elucidating the role of E2-2Short and which genes it is able to regulate in the
absence of E2-2Long both during pDC development and maintenance of mature pDCs.
Loss of both copies of E2-2Long exhibits a milder phenotype than loss of both
copies of both isoforms, but more severe than loss of one copy of both isoforms. E2-2+/mice survive, but have a strong defect in pDC development and a disproportionate
effect on their function. The remaining pDCs in E2-2+/- mice cannot produce IFNα after
CpG stimulation, and the degree of the defect is not proportionate to the loss in
numbers. Conversely, E2-2Long CKO mice can produce IFNα. IFNα production by pDCs
is much too quick to be a result of any gene expression changes that require chromatin
remodeling, as the peak response happens 2-4h post activation (217). It is likely that the
supportive role E2-2S plays in pDC maintenance in the periphery is enough to mount an
IFN response.
Non-canonical CD8+ cDCs are a newly described subset of unknown function
(83). They depend on E2-2 for development, and bear marks of transient RAG
expression in their past (like about half pDCs and all B cells). These cells do not cross
present like canonical CD8+ cDCs or produce IFNα like pDCs (83). It was previously
suggested that this cell subset might represent a default pathway for failed pDCs (102).
Loss of E2-2Long leads to an increase of these cells and a decrease in pDCs. E2-2Long
LacZ reporter shows these cells as expressing E2-2Long. We see this as genetic proof
that these cells are related to pDCs and in situations where pDCs fail to mature, but go
past pDC commitment stage, they default into this cell type.
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Figure 3-18: Summary of E proteins in DC development

A

A schematic of the hierarchy of E protein associated transcription factors in the pDC
vs cDC cellB
fate decision.

In the hierarchy of E protein associated transcription factors involved in dendritic
cell development, Id2 drives cDC development, since loss of Id2 leads to complete
absence of CD8+ cDCs and a reduction of CD11b cDCs (126) (Figure 3-18). CD11b+
cDCs are likely less affected by changes in E protein activity due to the positive cell
fate-driving role of Notch2 in their development (78, 125). Loss of Mtg16 leads to a
derepression of Id2, and a subsequent loss of pDCs and increase of canonical CD8+
cDCs. Loss of total E2-2 leads to a complete loss of both pDCs and non-canonical
CD8+ cDCs, while loss of E2-2Long leads to a reduction of pDCs and an accumulation of
non-canonical CD8+ cDCs. With all this in mind, early repression of Id2 through E2-2
and Mtg16 during the cell fate decision is essential to maintaining the pDC vs. cDC
balance, and once pDC commitment proceeds, E2-2 is required to drive the pDC fate.
The non-canonical CD8+ cDCs are a byproduct of pDC-committed cells that did not

Figure
S7 enough E2-2 to drive pDC development.
accumulate
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Overall, this section addresses a new regulatory mechanism for E2-2 activity
during pDC development: the differential expression of isoforms in a cell type specific
manner. It addresses a previous question of E2-2 specificity in pDCs despite a broader
expression pattern.
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4. E2-2 regulation during DC development
4.1

Abstract

All subsets of DCs arise from a common progenitor, the CDP, in the presence of
the growth factor Flt3L. A single CDP will give rise to both pDCs and cDC, but no signal
has been identified that can push a CDP to produce only one kind of DC. This suggests
that the pDC vs. cDC fate decision is cell intrinsic, and likely is determined by the net E
protein activity, which depends on the ratio of E:Id proteins. The process of pDC vs.
cDC fate specification is not fully understood, and an upstream regulator of E2-2 and
Id2 has not been identified. In order to address this question, we analyzed E2-2Long
reporter expression in various progenitors and discovered that E2-2Long is expressed at
low levels throughout hematopoietic progenitors, while Id2 is induced in cDC-committed
pre-cDCs. E2-2 expression is confirmed in an in vitro model of DC development. The
discovery of early and low E2-2 expression suggested that E2-2 must be responsible for
its own upregulation upon pDC commitment. The absence of any E2-2 binding regions
near the Tcf4 promoter or any intronic region suggested a distal cis regulatory element
was responsible. ChIP-Seq and CAGE analysis converged to find a candidate
regulatory element 150kb downstream of TCF4. The element bears all hallmarks of an
enhancer, including balanced bidirectional capped transcripts in pDCs and E2-2
expressing cell line. The region also bears the correct histone marks, and binds to
several relevant transcription factors as well as the histone acetyltransferase and coactivator p300. Heterozygous deletion of the putative regulatory region in an in vitro
model of DC development leads to a defect in pDC development.
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These results suggest that E2-2 is expressed prior to pDC commitment.
Expression of E2-2 maps with pDC potential, in progenitors able to respond to Flt3L,
and likely does not signify DC commitment, rather DC potential. Additionally, E2-2 can
self-enforce its own expression during pDC development. Thus, E2-2 is expression
precedes pDC commitment and can direct E2-2 upregulation upon pDC commitment
through a distal cis regulatory element.

4.2

Introduction

E proteins have well described roles in early progenitors. E2a is required to
prevent proliferation of hematopoietic stem cells (HSCs) (218). E2a is also required for
proper development of lymphoid primed multipotent progenitors (219). Though E2-2
does not seem to have a specific role given that E2-2 KO bone marrow reconstitutes all
hematopoietic cells except pDCs (134). Common Dendritic Progenitors (CDPs) are a
precursors for both pDCs and cDCs. In the presence of Flt3L and Flt3 signaling, the
CDP will always give rise to both subsets of dendritic cells, pDC and cDCs, even
without input from any other cell or other signals (220). No signal or transcription factor
has been specifically identified push the CDP into producing exclusively pDCs, however
bone marrow culture with Flt3L and TNFα or GM-CSF will produce only cDCs (140).
Ultimately the choice between pDC vs. cDC fate likely comes down to the E
protein activity level determined by the balance of E2-2 and Id2, since changing the
balance, either by overexpression of Id2 (129) or loss of the E2-2 co-repressor Mtg16
(141), both leading to an increase in CD8+ cDCs at the expense of pDCs, changes the
cDC: pDC balance. But the question remains, how is the balance of E2-2 and Id2
regulated and what is upstream of E2-2. Moreover, transcription factors involved in cell
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fate specification and maintenance should have the ability to enforce their own
expression in a positive feedback loop. ChIP-Seq analysis of E2-2 in a human pDC cell
line failed to reveal E2-2 binding to or near the TCF4 promoter or any introns of the
TCF4 gene (141).

Regulation of the E2-2:Id2 balance during Dendritic Cell

development is not well understood.
Gene regulation is an important aspect of cell biology, and attempts to find cis
regulatory elements have been underway for many years. Cis regulatory elements or
modules (CRM) include both promoters and enhancers. Both are bound by transcription
factors and other co-factors. Promoters are easier to find, they are generally within 100
base pairs of the transcription start site, or reside in CG rich regions (CpG islands). A
whole genome can be scanned for such signatures. The search for enhancers is more
difficult. Enhancers can be as far away as 1Mb, and the only sequence feature they
may have is the consensus sequence motif of the specific transcription factor that might
bind there (221).
An initial search for enhancers attempted to scan the genome for transcription
factor binding motifs. This approach was not successful because it led to many false
positive reads since the motifs are often not very specific. Gene regulatory mechanisms
are often conserved through evolution, so the next approach looked for conserved noncoding regions (222). This approach led to the discovery of several CRMs of FoxP3 for
example (223), however some transcription factors are so closely conserved that all
surrounding sequences are equally conserved and no part of the sequence stands out,
as it is in the case of E2-2. Moreover, sequence analysis did not provide any information
about enhancer activity in space and time (221). Gene regulation is a dynamic process,
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which changes by cell type and over time, while sequence does not change. However,
transcription factor binding motifs and sequence conservation through evolution serve
as confirmation to regulatory elements discovered by other means. The most successful
approach would take into consideration stages of development and cell type (224).
Enhancers are cis regulatory modules that are short sequences where specific
transcription factors bind. They can be close to the gene they regulate (225), or up to
1Mb away (226). They act independently of context, orientation or distance. An
enhancer must have several transcription factor binding sites, it is the multiplicity of
transcription factors that provide the enhancement of transcription (227, 228). Moreover,
the specificity of transcription factors that bind to the enhancer provide cell type and
temporal specificity of expression regulated by the enhancer (222). In addition to
specific transcription factors, transcription co-factors like p300 also bind, and p300
binding can be used to predict active enhancers with 50%-80% success (229-231).
Enhancers also recruit transcription machinery including RNA-PolII (232), which results
in short bi-directional transcription. Whole genome sequencing of these short transcripts
(CAGE) can also identify enhancers. Chromatin around an enhancer is usually
permissive, with H3K4me1 and H3k27ac (while an active promoter region will have
H3K4me1 histone marks only) (233).
Recently, a push for discovery of new transcription regulatory elements has
taken advantage of technological developments in sequencing. ChIP-Seq for histone
marks or RNA PolII binding and CAGE (Cap analysis of gene expression) (206) have
led to a more accurate genome-wide discovery tools for enhancers and other regulatory
elements. Enhancers are sites of balanced bidirectional capped transcripts. Another
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sequencing method aims to show DNA-DNA interactions through genome wide
chromosome conformation capture (HiC) (209).
Most importantly, the genome wide searches for regulatory elements do not
focus on a single cell type. Instead, they strive to sample many tissues, developmental
stages and cell lines. The dynamic nature of gene expression is most accurately
captured when cell types and developmental stages can be compared. With these tools,
the search for cis regulatory elements or motifs goes beyond searching for binding
motifs or conserved sequences, and yields much more meaningful results (224).
With the convergence of genome with sequencing databases and our own ChIPSeq analysis of E2-2 in a pDC cell line, our goal was to find a regulatory element
responsible for E2-2 expression during pDC development. We have identified such an
element and through an in vitro dendritic cell development model and CRISPR-Cas9
genome editing (introduced in more detail in Chapter 6, p.104), we showed that this
region is essential for E2-2 expression during pDC development.

4.3

E2-2 expression precedes pDC commitment

E2-2 expression in bone marrow progenitors
To characterize the regulation of E2-2Long expression during pDC development,
we stained hematopoietic progenitors from Tcf4LacZ/+ reporter mice for LacZ. While fully
differentiated cells lacked LacZ signal, LacZ expression was consistently detected in
hematopoietic stem cells (HSCs); myeloid progenitors (MPs) and common dendritic cell
progenitors (CDPs), albeit at lower levels than in pDCs (Figure 4-1B). The expression of
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E2-2 in these progenitor populations was confirmed by intracellular staining for total E22 protein (Figure 4-1C).

A

Figure 4-1: E2-2 expression precedes pDC commitment
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(A) Representative gating strategy for progenitor populations in he BM
(B) The expression of E2-2L reporter in the stem/progenitor populations from
Tcf4LacZ/+ reporter mice. Shown are histograms of LacZ expression in gated Lin- BM
populations including HSC (Flt3- Sca-1+ c-Kit+), MP (Flt3+ Sca-1- c-Kit+), CDP
(Sca-1- c-Kitlo Flt3+ CD115+), CD115- lymphoid and DC progeitors (Sca-1- c-Kitlo
Flt3+ CD115-). Gated pDCs and B cells are shown as a positive and negative control,
respectively.
(C) The expression of E2-2 protein in the stem/progenitor populations from wild-type
mice. Shown are histograms of intracellular E2-2 expression in gated Lin- BM
populations including the HSC-containing LSK subset (c-Kit+ Sca-1+), myeloid
progenitors (MP, Sca-1- Flt3+ c-Kit+ CD115-), macrophage/DC progenitor (MDP,
Sca-1- Flt3+ c-Kit+ CD115+), CDP (Sca-1- Flt3+ c-Kitint CD115+ CD11c-). The
staining with control IgG is shown for the HSC population and is representative of all
indicated populations.
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The antibody used for E2-2 intracellular staining was developed by Michele
Ceribelli in the Staudt Lab at the NIH. The antibody recognizes both E2-2 isoforms as it
is targeted to a region just upstream of the bHLH domain. This region offered highest
sequence divergence to the closest related E protein: HEB. Thus, the antibody is very
specific to E2-2, and provides very clear signal (Figure 3-5).
By qRT-PCR, E2-2Long and E2-2Short transcripts were comparably expressed in
progenitors, followed by E2-2Long upregulation in the BM pDCs (Figure 4-2). Although
the CD115- subset of CDPs was reported to express high E2-2 levels comparable to
pDCs (220), this was not observed in our analysis. Conversely, Id2 transcript was
upregulated in the cDC-committed BM progenitors (pre-DCs) (Figure 4-2). Thus, the
expression of E2-2 is initiated at the stem/progenitor stage and precedes the pDC vs.
cDC lineage split. Notably, the balance of the two isoforms changes with DC
commitment. E2-2Short is the dominant isoform in progenitor cells, but in committed DCs,
E2-2Long becomes dominant.
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Figure 4-2: E2-2 isoform and Id2 expression in sorted progenitors
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The expression of E2-2 isoform and Id2 transcripts in sorted stem/progenitor
populations from wild-type mice. The Lin- BM populations including common
lymphoid progenitors (CLP, Flt3+ IL-7R+ CD11c-), CDP (Flt3+ IL-7R- CD11cCD115+), CD115- CDP (Lin- Flt3+ IL-7R- CD11c- CD115-), pre-DC (Lin- Flt3+ IL-7RCD11c+) were analyzed by qRT-PCR for E2-2 isoforms. Data represent transcript
levels relative to E2-2L in pDCs (mean ± S.D. of triplicate PCR reactions).

HoxB8-FL cell line
To further resolve the temporal dynamics of E2-2 expression during pDC
development, we used a conditionally immortalized progenitor cell line, HoxB8-FL (198).
The cell line was developed in the Hacker Lab through retroviral transduction of the
oncogene HoxB8 under the control of the estrogen receptor into bone marrow
progenitors. New cell lines can be developed from primary bone marrow cells of any
mouse strain using this protocol. The activity of the HoxB8 gene keeps the cells
immortal and undifferentiated. Withdrawal of estrogen from these cells inactivates the
immortalizing HoxB8 oncogene and induces differentiation, which in the presence of
Flt3L yields mature pDCs and cDCs (Figure 4-3A,C).
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Figure 4-3: HoxB8-FL Cell line produces functional pDCs
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(A) Schematic of HoxB8-FL cell line
(B) IFNα ELISA of d7 differentiated HoxB8-FL
(C) FACS plot profile of HoxB8-FL cell line 7d post βestradiol withdrawal. Gated on
live cells.
(D) Time course of differentiation of HoxB8 cells. Indicated is day post βestradiol
withdrawal.

E2-2 expression during pDC development in HoxB8-FL cell line
The resulting pDCs were confirmed to be fully functional, producing high
amounts of IFNα in response to CpG stimulation (Figure 4-3B). The differentiating
cultures first showed the presence of CD11c-expressing DCs on days 4-5 and were
largely comprised of CD11c+ cells by day 7 (Figure 4-3D). As described (198),
differentiated cultures on day 7 contained both B220+ Bst2+ pDCs and MHCIIHI cDCs
(Figure 4-3C). In this system, pDCs do not express MHCII, while cDCs are MHCIIHI.
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Figure 4-4: Time course of E2-2 expression during development in vitro
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(B) The expression of E2-2 protein in the differentiating HoxB8-FL cells as
determined by intracellular staining with anti-E2-2 mAb or control IgG.
(C) The expression of E2-2 protein at the early (day 5) and late (day 7) stages of DC
differentiation. Shown are plots of E2-2 expression versus the markers of
differentiated pDCs (Bst2, B220) or cDCs (MHC II).
(D) The expression of E2-2 isoform transcripts in the differentiating HoxB8-FL cells.
Total HoxB8-FL cells at the indicated days of differentiation were analyzed by qRTPCR using E2-2 isoform-specific primers. Data represent transcript levels relative to
E2-2L expression on day 0 (mean ± S.D. of triplicate PCR reactions).

Notably,

E2-2

protein

expression

preceded

differentiation

and

was

homogeneously high on day 3 (Figure 4-4A). By day 7, cultures contained both E2-2+
and E2-2- cells (Figure 4-4A), with E2-2 expression enriched in B220+ Bst2+ pDCs and
excluded from mature MHC II+ cDCs (Figure 4-4B). Cells that began showing cDC
specific marker (MHCII) were still E2-2+ at day 5, becoming fully E2-2- by day 7. qRTPCR of total cells at each time point showed a coordinate increase of both E2-2
isoforms on days 3-5, with a particularly notable induction of E2-2Long (Figure 4-4C). The
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net levels of E2-2 transcripts were reduced by day 7, consistent with the emergence of
E2-2-negative cDCs. The balance of the isoforms shows the same pattern of bone
marrow progenitors (Figure 4-2). E2-2Short is the dominant isoform early in development,
but as differentiation progresses, E2-2Long becomes the dominant isoform (Figure 4-4C).
Together with the analysis of ex vivo progenitor populations, these data suggest
that the expression of E2-2, and particularly of the E2-2Long isoform, precedes pDC
commitment and is subsequently maintained in pDCs and downregulated in cDCs and
other mature immune cell types. It appears that like the ability to respond to Flt3L, E22Long expression marks access to the Dendritic Cell fate.

4.4

Distal cis-regulatory element aids in E2-2 upregulation

CAGE and ChIP-Seq identify distal cis regulatory element
The expression of E2-2 prior to pDC commitment suggests that E2-2 and its
target genes may maintain and amplify their own expression in the developing pDCs.
This scenario would predict the binding to and activation of the TCF4 gene by its own
product E2-2. However, genome-wide chromatin immunoprecipitation (ChIP-Seq)
analysis of E2-2 targets in the human pDC cell line CAL-1 (141) showed no E2-2
binding within the promoters or introns of TCF4. The sole region of specific E2-2 binding
was located ~150 Kb 3’ of TCF4, in a region that has no annotated coding genes
(Figure 4-5A). Notably, the FANTOM project reported transcription antisense to TCF4 in
this region and predicted enhancer activity for it (Figure 4-5A).
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Figure 4-5: Putative 3' regulatory element in Human
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(A) The regulatory landscape of the human TCF4 locus. Top, the peaks of E2-2
binding compared to total chromatin input as determined by ChIP-Seq in the human
pDC line CAL-TCF4 and the predicted enhancer regions in the FANTOM database;
bottom, the ENCODE project ChIP-Seq analysis of H3K27 acetylation in human cell
lines, with TCF4 is highlighted in red.
(B) Enlarged view of the 3’ regulatory region. Top, the peaks of E2-2 binding in
CAL-1; middle, ENCODE project data including H3K27Ac, combined transcription
factor binding by ChIP-Seq, and DNase I hypersensitive sites in GM12878; bottom,
conservation across vertebrate species including the conservation index and
identified conserved elements.

The majority of FANTOM-annotated short transcripts in this region were derived
from human pDCs, whereas out of out cell lines tested by ENCODE, GM12878 has the
highest expression (Figure 4-6). While all the transcription factor binding data and
H3k27Ac ChIP (Figure 4-5B) have been done in the GM12878 cell line, it is clear that
the enhancer is most active in mature pDCs and less active in progenitors. By
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comparison, the GM12878 cell line has about 10% of the activity that mature pDCs
have.
Figure 4-6: Populations expressing transcripts from enhancer region
Fantom5 Enhancers
Fantom5 CAGE

ENCODE CAGE

pDC
Basophil
CD19 B cells
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GM12878

GM12878
Huvec
Hepg2
K562

Cell populations expressing 5’ capped transcripts from the putative enhancer region
by FANTOM5. Shown are the top ranking populations and their percentile in the
sense (green) and antisense (purple) direction. Shown are the different cell
populations tested by FANTOM CAGE (Red) and cell lines tested by ENCODE (Blue)

In the ENCODE database of epigenetic regulation in human cell lines, this region
showed activating histone H3 lysine 27 acetylation marks (H3K27Ac) only in the B
lymphoblastoid cell line GM12878, which expresses E2-2S (Figure 3-5B). ChIP-Seq
analysis by ENCODE also shows strong binding to the region by several transcription
factors. Notably, p300 (the histone acetyltransferase known to interact with AD1 of E
proteins), E2A, HEB, Bcl11a, IRF4, STAT3, PU.1 and C/EBPα all show strong binding
specifically to the enhancer predicted peaks. A detailed figure of the transcription factors
found to bind to the region in the GM12878 cell line is shown in Appendix 2 (p. 155).
Furthermore, genome-wide analysis of chromatin conformation in GM12878 cells (209),
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analysis performed by Leonid A. Mirny, showed the interaction of this region with the
proximal promoter and transcribed gene body of TCF4 (Figure 4-7).
Figure 4-7: Chromatin Conformation across the TCF4 locus
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Chromatin conformation across the TCF4 locus in the human B cell line GM12878.
Shown are the results of high-throughput chromosome conformation capture (Hi-C)
analysis (Rao et al., 2014) of chromatin interactions downstream of TCF4. Indicated
are the proximal TCF4 promoter, the putative regulatory element (asterisk) and the
expected interaction of the two elements (magenta arrow).

The two peaks of E2-2 binding in this region aligned with the H3K27Ac peaks,
DNase hypersensitive sites and the binding clusters of multiple transcription factors in
GM12878 cells, and are conserved in vertebrates (Figure 4-5). Moreover, the mouse
ENCODE database showed that the orthologous region 3’ of the mouse Tcf4 undergoes
histone 3 lysine 4 monomethylation (H3K4m1) in the spleen, which contains E2-2expressing B cells and pDCs (Figure 4-8A). The H3K4m1 and DNase hypersensitivity in
this region were distributed in two peaks corresponding to the two E2-2 binding peaks in
the human genome (Figure 4-8B). The alignment of orthologous human and mouse
sequences revealed several conserved E boxes (Appendix 1, p. 154).
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Thus, the TCF4 distal 3’ region containing two conserved sub-regions is bound
by E2-2 and shows hallmarks of enhancer activity in E2-2-expressing immune cells.
Figure 4-8: A putative regulatory element downstream of Tcf4 in mouse

A
H3K4m1
H3K4m3
H3K36m3
H3K27Ac

B
H3K4m1
DNase HS
conservation
(A) The regulatory landscape of the murine Tcf4 locus in the spleen. Shown is the
Mouse ENCODE project ChIP-Seq analysis of the indicated histone modification in
the mouse spleen. The region orthologous to the putative regulatory region in the
human TCF4 in previous figure is highlighted in red.
(B) Enlarged view of the putative 3’ regulatory region in murine Tcf4, Top, H3K4Me1
ChIP-Seq and DNase I hypersensitive sites in the spleen from the Mouse ENCODE
project; bottom, conservation across vertebrate species.

Deletion of putative regulatory element impairs pDC development
To test the role of the putative 3’ regulatory region in E2-2 expression, we
targeted it in the HoxB8-transformed cell line using the Crispr/CAS9-based genome
editing. The CRISPR targeting scheme is described in detail in the Materials and
Methods section (p. 41), and described here briefly. The cells grown in the progenitor
state with estrogen were sequentially transduced with a lentivirus encoding short
guiding RNA (sgRNA) for the Tcf4-proximal end of the region, and then with a lentivirus
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encoding CAS9 and sgRNA to the Tcf4-distal end (Figure 2-2). The cells were batchselected after each round of transduction, cloned by limiting dilution (197) and screened
for the presence of the wild type and deleted alleles. Whereas no homozygous deletions
were found, we identified 2 out of 81 clones with a heterozygous deletion (Figure 2-2C).
Consistent with the predominance of non-targeted clones, the bulk sgRNA/CAS9expressing culture efficiently generated CD11b- MHC II- Bst2+ B220hi pDCs (Figure 4-9).
Figure 4-9: Polyclonal HoxB8-FL cells differentiate normally
22.7
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1.41

Bst2

Bst2
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69.7

B220
CD11b
The differentiation output of polyclonal HoxB8-FL cells expressing Cas9 and sgRNAs
targeting 3’ regulator region. Batch selected cells with predominantly non-targeted
clones were differentiated for 7 days shown are staining plots for CD11b and MHC II,
with the Bst2+ B220+ mature pDCs highlighted.
B220

In contrast, the two deletion-carrying clones failed to produce mature Bst2+
B220hi pDCs (Figure 4-10A). Moreover, the induction of E2-2 expression prior to pDC
differentiation on day 4 of the cultures was markedly reduced in the targeted clones
(Figure 4-10). Both E2-2 isoforms were reduced, with the induction of E2-2Long nearly
abolished. Reduction of E2-2 shown by qPCR is confirmed with intracellular staining.
Deletion carrying clones have reduced amount of E2-2 staining at day 4, and lack an
E2-2HI population at day 7 compared to the control clone (Figure 4-10B).
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Figure 4-10: Haploinsufficiency of the 3' regulatory element impairs pDC
development in HoxB8-FL cell line
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(A) The differentiation output of two clones with heterozygous deletion (Del-1 and -2)
and a control non-targeted clone, differentiated and stained as above.
(B) Intracellular staining for E2-2 in differentiating clones. Shown is a histogram of
E2-2 expression in live cells at d4 (orange) and d7 (green) post induction of
differentiation compared to Control Ig (black)
(C) The expression of E2-2 isoform transcripts during the differentiation of enhancertargeted clones shown above. Total cultures on days 0, 4 or 7 of differentiation were
analyzed by qRT-PCR using E2-2 isoform-specific primers as in Fig. 1D. Data
represent transcript levels relative to E2-2L expression on day 0 (mean ± S.D. of
triplicate PCR reactions).

The observed strong effects of monoallelic targeting are consistent with the
haploinsufficiency of E2-2, which is particularly evident in Flt3L-driven pDC
development in culture (134). Overall, these data suggest that the 3’ distal regulatory
region is required for the induction of E2-2 in immature pDCs and for the ensuing pDC
differentiation.
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4.5

Discussion

E2-2 is an essential gene for commitment to the pDC fate. However, no specific
upstream signals have been described. This work shows that E2-2 (both isoforms) is
expressed as early as the hematopoietic stem cell and throughout several progenitor
stages. Though the CDP is the earliest DC restricted progenitor, many other progenitors
have access to the DC fate, including the common lymphoid progenitor and common
myeloid progenitor, even early thymic progenitors (234). The potential for DC
differentiation is linked to the expression of Flt3 and ability to respond to Flt3L (116,
235, 236). Likewise, the early expression of E2-2 likely signifies pDC potential rather
than a commitment, as shown by the high expression of E2-2 in the CDP, which gives
rise to both cDC and pDC. In an isolated in vitro model of DC differentiation, where an
immortalized progenitor is provided only with Flt3L, we observed an E2-2 positive stage
for all cells, even those already exhibiting cDC markers. However, E2-2 is completely
dispensable for cDC development. This work suggests that the default pathway for DC
development is the cDC, and expression of E2-2 is required to keep open pDC
potential.
As in all cell fate choice models, there has been a long standing debate about
which fate is the default. Gene expression analysis of the Common Dendritic Progenitor
showed expression of pDC related genes in the CDP (237). This led to the theory that
the pDC fate was the default. This theory does not fit with what we know about the E2-2
vs. Id2 balance in the cell fate decision. It also doesn’t fit with the data that no growth or
transcription factor can skew the CDP to produce only pDCs, while addition of GM-CSF
or TNFα to a Flt3L culture will skew the CDP to produce only cDCs (140). E2-2 must
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drive an extensive pro-pDC program to push a pDC fate, while the cDC fate requires
only to suppress E2-2. Additionally, the increase in CD8+ cDCs in Mtg16 KO animals
suggests that in the absence of Id2 repression, even the presence of E2-2 is not
enough to drive pDC development. The data presented here suggests an explanation
for the presence of pDC related genes in DC progenitors. The expression of E2-2 in
progenitors would drive E2-2 target genes. Additionally, we observe the presence of E22 even in cDC restricted pre-cDCs, though it is effectively neutralized by the expression
of Id2 at this stage. In agreement with our FACS sorted progenitor qPCR for E2-2
isoforms and Id2, single cell RNA-seq of various DC committed populations showed Id2
expression only in a cluster of late pre-cDCs (238). Together, the data suggest that the
default fate is the cDC, and low E2-2 expression in progenitors is required to maintain
pDC potential until it is actively shut down by Id2 in the cDC restricted pre-DCs.
Continuous low expression and subsequent upregulation of E2-2 after pDC
commitment suggests that E2-2 is able to upregulate and enforce its own expression.
However, ChIP-Seq of E2-2 showed no E2-2 binding at the TCF4 promoter or any
intronic region. The closest area of E2-2 binding was a region 150 kb downstream. This
region shows all hallmarks of an enhancer, including DNAse hypersensitivity, histone
marks, and balanced bi-directional capped transcripts. Additionally the site is conserved
between mouse and human, and contains several conserved E box sequences.
Moreover both peaks show strong p300 binding in a cell line that expresses E2-2Short
(GM12878), another hallmark of a cis regulatory element.
Specifically, this cis regulatory element is bound strongly by several transcription
factors know to be involved in DC development. STAT3 is a crucial element of Flt3
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signaling, and thus is essential in starting the DC program. Bcl11a and C/EBPα were
both shown recently to have an important role in early DC development (124, 139). The
binding of these transcription factors is specific to the cell line that expresses E2-2Short
(appendix 2, p. 155). This shows the specificity of this element to regulate E2-2.
The loss of one copy of the regulatory element causing a severe impairment in
pDC development is consistent with the haploinsufficiency of E2-2 during in vitro Flt3L
culture (134). The data suggests that the ability to upregulate the expression of E2-2,
and E2-2Long more specifically is crucial for pDC development, and this regulatory
element is essential for this function. The normal development of cDCs in this model
gives weight to the idea that cDCs are the default fate, and the low expression in
progenitors and E2-2+ stage cDCs undergo are not essential for cDC development, but
they are required for optimal pDC development.
Further work will focus on understanding how the regulatory element influences
expression of either isoform and at what stage of pDC development. Lack of E2-2
binding at either the E2-2Long or E2-2Short promoter suggests that this element regulates
both, but the full mechanism of the isoform specificity and balance is not fully
understood yet.
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5. E2-2 in Germinal Center B cells
5.1

Abstract

E2-2 has recently been associated with a type of lymphoma that arises in the
germinal center: diffuse large B cell lymphoma (DLBCL). Activated B cells form the
germinal center to undergo somatic hypermutation and class switch recombination. B
cells in the dark zone of the germinal center divide at a high rate, and activation induced
deaminase (AID) mutates the immunoglobulin genes in hopes of creating an antibody
with a higher affinity. In the light zone, GC B cells try out the newly mutated receptor,
and when it binds with high affinity to the antigen, they receive survival help from T cells
and undergo class switching. While E2-2 expression has been reported in B cells, in
most B cells this expression is the less active E2-2Short. E2-2Long LacZ reporter analysis
of GC B cells revealed that a fraction of dark zone GC B cells express E2-2Long, while a
fraction of light zone GC B cells express Id2. Specific as it is, expression of E2-2Long in
the germinal center might be important. However analysis of E2-2 CKO in B cells
revealed no defect in germinal center or the proportion of light zone and dark zone GC
B cells. The dark zone is where cells undergo affinity maturation, so we tested the ability
of E2-2 CKO B cells to mutate in response to NP-KLH immunization. E2-2 CKO B cells
had no defect in affinity maturation. The role of E2-2Long in GC B cells may be masked
by the high expression of E2a and redundancies between E proteins. Further analysis
of E2-2/E2a double KO B cells is likely necessary to reveal a role for E2-2Long.
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5.2

Introduction

B cells are antibody-producing cells that arise from the bone marrow. During
development, each B cell undergoes BCR rearrangement that results in a unique
receptor on their surface that can recognize an antigen. Following BCR activation,
activated B cells create a germinal center in the spleen, where they undergo affinity
maturation and class switching. In the dark zone, B cells multiply and undergo the
highest mutation rate reported in vertebrates in order to generate a BCR with a higher
binding affinity to the antigen. Germinal center B cells from the dark zone that create a
functional BCR after mutation travel to the dark zone, where they test out the new
receptor on antigens deposited on the surface of follicular dendritic cells (no relation to
cDC or pDC) and receive survival signals from Follicular T helper cells. Failure to bind
an antigen or receive signal from T cell results in apoptosis. Additionally, GC B cells in
the light zone undergo class switch recombination, where the constant region of the
antibody gene is permanently changed to a different class of antibody. Successful
Germinal Center B cells can either become antibody producing Plasma cells, or longlived Memory B cells.
Both somatic hypermutation and class switch rearrangement are mediated by
AID. Activation induced deaminase removes an amine group from Cytosine, which
converts it to a Uracil. Mismatch repair machinery recognizes the Uracil and replaces it
with a Thymine, thus creating a mutation. During class switch recombination, the activity
of AID at the switch sequence near the constant region locus creates a double strand
break, which results in a removal of the genomic sequence between the two constant
region genes. AID activity during these two processes is highly regulated by several co95

factors, since both the high mutation rate and double strand breaks can result in
deleterious mutations and chromosomal rearrangements and lead to cancer.
E proteins have essential and well-described functions B cell development and
function; E proteins were initially described for their binding activity to enhancer regions
of the immunoglobulin locus (142, 216). E2a is essential for B cell development and
function. It is responsible for inducing the expression of the B cell master regulator Pax5
and the gene responsible for Immunoglobulin rearrangement, RAG. (151). Additionally,
E2A also plays a role in activated B cells and the regulation of AID (239).
In addition to their roles in cell fate specification in hematopoiesis, E proteins also
play an important role in regulation of cell proliferation. Loss of E protein activity, either
through overexpression of Id proteins (E protein antagonists) (240), or through
chromosomal translocations that lead to loss of one allele (241, 242), contributes to
malignancy.
Recently, E2-2 has been implicated in a malignancy of germinal center B cells
diffuse large b cell lymphoma (DLBCL) (243, 244). While E2-2 expression has been
reported in B cells, we showed that this is due to the more broad expression pattern of
the less active isoform E2-2Short (Chapter 3, p. 49). Given the known specificity of E22Long in cells where E2-2 activity is essential, our goal was to investigate the expression
of E2-2Long in B cell subsets, and assess the role of E2-2 in B cell biology. We found that
E2-2Long was expressed only in a subset of dark zone germinal center B cells. However,
we did not find a role of E2-2 in the germinal center, or the dark zone associated
process of somatic hypermutation. Likely, the role of E2-2 is masked by compensation
from other E proteins highly expressed in B cells.
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5.3

E2-2 is expressed in dark zone germinal center B cells

E2-2 has been recently associated with a diffuse large B cell lymphoma
(DLBCL), a type of lymphoma that originates in the germinal center (243, 244). To
address the question of whether

E2-2 also has a role in normal germinal center

function, or whether expression of E2-2 in GC B cells was due to the generally broad
expression of E2-2S, we analyzed E2-2L expression through the LacZ reporter in several
B cell populations, including GC B cells and plasma cells from sheep red blood cell
immunized animals. Although E2-2L was absent from peripheral B cells as mentioned
previously (Figure 3-7) and plasma cells, we observed its low-level expression in the
germinal center (GC) B cells (Figure 5-1).
Figure 5-1: E2-2L expression in B cell populations
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The expression of E2-2L in germinal center (GC) B cells. Wild-type (WT) & Tcf4LacZ/+
mice were immunized with sheep red blood cells (SRBC) and analyzed 14 days later.
Shown are representative staining profiles of B220+ B cells with PNA+ CD95+ GC B
cells and CD138+ plasma cells highlighted, and the expression of LacZ in these gated
populations. The expression in pDCs is shown for comparison.
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Specifically, it was detected in the Cxcr4+ Cd83- dark zone population that
undergoes activation-induced deaminase (AID)-dependent somatic hypermutation and
class switch recombination (245, 246). Conversely, the Cxcr4- Cd83+ light zone GC B
cells lacked E2-2Long but expressed low levels of Id2 (Figure 5-2B). These data are
consistent with the proposed role of E proteins in AID-mediated DNA rearrangements
(239) and suggest that E2-2Long might contribute to it in combination with E2a.
Expression of E2-2Long in dark zone GC B cells is lower than in pDCs, and only about
half are positive for E2-2Long.
Figure 5-2: E2-2L expression in GC B cell populations
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(A) The expression of E2-2L in the indicated subsets of germinal center GC B cells
gated as above.
(B) The expression of E2-2L and Id2 in the subsets of germinal center GC B cells
gated as above in SRBC-immunized Tcf4LacZ/+ Id2hCD5/hCD5 mice.
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E2-2 and Id2 are antagonists of each other, so it is expected that the two
transcription factors be expressed on a mutually exclusive basis in the germinal center
B cells.

5.4

No GC Defect in E2-2 CKO

To investigate the possible role of E2-2 in the germinal center reaction, we
crossed E2-2 fl/fl (mice targeted to both isoforms of E2-2) to CD19 cre, which deletes
floxed alleles starting at the early B cell stage. We noted an increase in the expression
of IRF4, and no difference in AID expression. E2-2 deletion efficiency was not complete
by qPCR (Figure 5-3).
Figure 5-3: Transcription factor expression in E2-2 CKO GC B cells
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The expression of E2-2, IRF4 and AID in sorted germinal center B cells from SRBC
immunized E2-2 wt; CD19 cre+ (WT) and E2-2 fl/fl; CD19 cre+ (CKO) mice. Germinal
center B cells were sorted based on B220+ PNA+ CD95+.
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Figure 5-4: GC B cells in SRBC immunized E2-2 CKO
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Germinal Center (GC) B cells in E2-2 wt; CD19 Cre + (WT) & E2-2 fl/fl Cre+ (CKO)
mice were immunized with sheep red blood cells (SRBC) and analyzed 14 days later.
Shown are representative staining profiles of B220+ B cells with PNA+ CD95+ GC B
cells. GC B cells are further stained for Dark zone (CXCR4+ CD83-) and Light Zone
(CXCR4- CD83+).

We did not observe a defect in the germinal center population, or a difference in
the proportion of dark zone to light zone germinal center B cells between WT and CKO
mice immunized with SRBC (Figure 5-4).
In the Germinal Center, two populations of cells are distinguished: Dark Zone GC
B cells (also called centroblasts) and Light Zone GC B cells (also called centrocytes).
The majority of E2-2 LacZ signal originated from a fraction of dark zone GC B cells,
which undergo somatic hypermutation. We tested whether E2-2 CKO mice had a defect
in affinity maturation. Following immunization with the hapten NP-KLH, B cells that
recognize NP form a germinal center and mutate at a high rate to find a higher affinity
BCR. In the case of NP-KLH the BCR sequence that recognizes NP is known: VH186.2;
DFL16.2; JH2. In this combination of variable regions, the mutation of Tryptophan at
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position 33 to a Leucine confers a 10-fold increase in binding affinity. GC B cells that
carry this mutation are selected and exit the germinal center to become either antibody
producing plasma cells or memory B cells. The frequency of this mutation among BCRs
carrying the VH186.2 BCR is a readout of the ability of the mouse to undergo affinity
maturation. In addition to checking for the specific mutation, overall mutation frequency
can also be calculated. Mice with conditional deletion of E2-2 (CD19 cre; E2-2fl/fl) did not
have a defect in the W33L mutation or overall mutation frequency (Figure 5-5). There is
a slight increase in both the W33L mutation and the overall mutation frequency, but
neither difference was statistically significant. Detailed analysis of the mutated V region
sequences can be found in Appendix 3 (p.156).

A

Figure 5-5: Mutation frequency of VH186.2 locus
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(A) Fraction of analyzed samples carrying the W33L mutation of NP-KLH immunized
WT (E2-2 wt; CD19 cre+) and CKO (E2-2 fl/fl; CD19 cre+) animals
(B) Overall mutation frequency of the VH186.2 locus of NP-KLH immunized WT (E2-2
wt; CD19 cre+) and CKO (E2-2 fl/fl; CD19 cre+) animals
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Despite its very specific expression pattern that includes only pDCs and a
fraction of Dark Zone GC B cells, we failed to find a role for E2-2 in the germinal center.
It’s likely that other E proteins play a redundant role, and the function of E2-2 might be
more elucidated in a double KO of E2A and E2-2.

5.5

Discussion

E proteins have been well studied in the fate specification and activation of
lymphocytes. A recent association of E2-2 with DLBCL hinted at the fact that E2-2 might
play a role in the germinal center. While E2-2Short is broadly expressed in all peripheral
B cells, we noted a specific expression of E2-2Long in Dark Zone GC B cells. The only
other cells in the immune system that expresses E2-2Long are pDCs. The conditional
loss of E2-2 in B cells did not reveal a specific defect in overall GC B cell composition or
function. However, the high expression of other active E proteins in B cells may hide the
true role of E2-2Long. More extensive studies of E2-2 and E2A double KO mice may help
elucidate a specific role for E2-2. E2-2L was only expressed in a fraction of Dark Zone
GC B cells, which suggests that this population of cells is heterogeneous. Further
subdivision of these cells may help find a role for E2-2Long.
There are several ways in which E2-2L could play a role in GC B cells. One way
is to modulate hypermutation. An RS transgene undergoes much higher mutation rate
than surrounding sequence, and this increase in mutation was shown to require an E
box sequence. E2A and an unknown E protein bound to those E boxes (247). E2-2
could be the other E protein, modulating chromatin access to sites of mutation during
germinal center reaction. Additionally, E47 directly regulates expression of AID in the
germinal center (239), and Id3 overexpression reduces AID activity. E2-2 could play a
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role in activating AID expression alongside E2A. And finally, E2-2 may play a role in
regulating IRF4, which plays many roles in the germinal center (248). As shown, IRF4
expression in the Germinal Center is increased in E2-2 CKO B cells. The lack of an
obvious defect in E2-2 CKO GC B cells points to redundancy between E2A and E2-2. A
double KO would be required to find a specific role for E2-2 in the germinal center.
Moreover, understanding the role, if any, of E2-2 in the germinal center will help
understand its role in DLBCL.
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6. Novel tools for screens of DC development and function
6.1

Abstract

The study of mechanisms governing dendritic cell development and function
have long been hindered by, the scarce numbers of the cells in vivo, the inability of the
cells to survive in culture and the absence of a faithful in vitro model. Current in vitro
models, both pDC cell lines and bone marrow derived Flt3L have other limitations. Flt3L
derived bone marrow dendritic cells cannot be stably modified, since they do not survive
long enough, while pDC cell lines are mature cells that do not undergo differentiation,
and they do not produce IFNα. A recently developed dendritic cell line based on the
conditional overexpression of HoxB8 has the potential to revolutionize the study of
dendritic cells. The cells grow as immortal progenitors, then are induced to differentiate
into functional cDCs and pDCs. This two-stage system allows for virtually unlimited cell
numbers and gene modifications in the immature stage. Additionally, a new cell line can
be derived from bone marrow cells of any mouse strain. The combination of this new in
vitro model with the emerging new tools for genome editing promises new
developments in ways to study dendritic cell development and function. Here, we report
two newly developed tools utilizing the new cell line and CRISPR-Cas9 genome editing.
Firstly, the original HoxB8 cell line has been transduced with a lentivirus expressing an
inducible Cas9 under the control of the Tet-ON promoter, with Cas9 expression induced
by culture with doxycycline. The inducible model can help reduce off target effects.
Additionally, we developed a new HoxB8 cell line from the IFNβ-YFP reporter mouse
strain. The cell line can be used as a quick readout for factors that alter the IFN
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response in pDCs. Here, we used the new HoxB8-YFP cell line to show the effects of
the inhibitory receptor Ptprs on the IFN response. These new tools, with relatively fast
and easy gene modification, combined with a fast readout for changes in DC
development and IFN response will allow for discovery of novel mechanisms in
development and function of dendritic cells.
Note: The experiments with Ptprs on HoxB8-YFP cells were preformed by Anna
Bunin as part of a larger project describing the inhibitory properties of Ptprs in pDCs
(Bunin et al. 2015, Immunity, In press)

6.2

Introduction

Dendritic cells, while they are a key population in the immune system, constitute
a very small percentage of the lymphoid organs. Additionally, dendritic cells do not
proliferate and survive poorly in culture, lasting only a few days.
Two pDC cell lines exist: Gen2.2 (196) and CAL-1 (249), however they have
several disadvantages. Firstly, the cells do not produce IFNα when stimulated with the
pDC specific TLR9 ligand CpG. Additionally, these cells are in vitro models of mature
pDCs, and are not good models of dendritic cell differentiation. The two pDC cell lines
have led to important discoveries of the mechanisms involved in pDC biology, but are
not suitable for studies of dendritic cell development, or function. In vitro bone marrow
derived dendritic cells from Flt3L culture offer a solution to the cell number problem,
however these are unsuitable for gene editing (199), as they do not survive long
enough.
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HoxB8-FL cell line
Recently a new in vitro dendritic cell model has been developed. Through the
conditional retroviral transduction of the HoxB8 oncogene, any bone marrow cells from
any mouse strain. The Hox family of genes is responsible for increasing self-renewal
and arresting cell differentiation (250). Several genes from this family including Hoxa9
and Hoxb8 have been used to establish progenitor cell lines committed to specific
populations (251). Such a cell line, transduced with an estrogen dependent HoxB8
retrovirus has been developed in the presence of Flt3L, a growth factor essential for
dendritic cell development. This cell line HoxB8-FL, is immortal and arrested at the
progenitor stage in the presence of estrogen, which keeps the Hoxb8 gene active. Upon
removal of estrogen from the media, the cells stop dividing and differentiate into
functional conventional and plasmacytoid dendritic cells (Figure 4-3), (198). The advent
of these cells can be an enormous advantage in the study of mechanisms governing
development and functions of dendritic cells. Previous attempts at elucidating dendritic
cell development and functions were limited by small cell numbers and the lack of a
faithful in vitro model. This cell line allows for virtually unlimited cell numbers at various
time points throughout dendritic cell development, making protein analysis of developing
dendritic cell stages possible. Most importantly however, these cells can be genetically
modified through CRISPR genome editing. While as suspension cells, they are resistant
to lipofectamine mediated DNA transfection, lentiviral transduction is possible. Unlike
pDC cell lines like Gen2.2 and CAL-1, which are mature pDCs, specialized in anti-viral
responses, the HoxB8 cell line is grown as an immature progenitor. This allows for viral
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DNA delivery and gene expression modifications prior to development of the anti-viral
responses of mature pDCs.
CRISPR-Cas9
Recently, CRISPR-Cas9 genome editing has emerged as a powerful tool for
introducing genomic modifications in cells. CRISPR (clustered regularly interspersed
palindromic repeats) occurs naturally in several prokaryotic organisms as an adaptive
defense system, using antisense RNAs as memory signatures of past invasions (252).
The bacterial defense system against invading viruses works by cleaving foreign DNA
based on recognition through complementarity with a 20bp guide RNA. The large
enzyme Cas9 contains 2 endonuclease domains. The HNH nuclease domain cleaves
the DNA strand complementary to the guide RNA, while a RuvC-like domain cleaves
the opposite strand, creating a double strand break (253, 254).
Cas9 binds to DNA based on the recognition through 20bp the short guide RNA
(sgRNA). The sgRNA complementary sequence on the genomic DNA must be followed
by a PAM sequence (NGG). The PAM sequence is used when designing the sgRNA to
target a specific genomic sequence, but is not part of the 20bp sgRNA sequence.
sgRNA design is also based on minimizing off target binding. Several algorithms exist
for designing sgRNA with minimal off target binding, with different weight given to
mismatches near the PAM sequence (201). The sgRNA design tool developed by the
Zhang lab, www.crispr.mit.edu, scores possible sgRNA sequences on a scale out of
100, with points deducted for the number of off-target hits. Off-target hits with
mismatches near the PAM sequence deduct fewer points, since such a mismatch is
particularly disruptive to Cas9 activity (201). ChIP-Seq analysis of nuclease-dead Cas9
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showed that Cas9 binds many more sequences than it actually cleaves, and that near
perfect complementarity between the guide RNA and target DNA is necessary for
cleavage to occur (255). While off-target effects are a concern with CRISPR-Cas9 gene
modification, with good sgRNA design, these effects can be minimized.
Variants of Cas9 have emerged, a DNA nickase with a mutation in one of the
endonuclease domain creates a single strand break, and a Cas9 with both
endonucleases mutated that recognizes and binds a DNA sequence based on the guide
RNA, but does not modify it. The single strand Cas9 nickase can be used with two
guide RNAs designed to recognize target sequences close together, that will lead to a
double strand break, but with increased specificity and decreased chance of off-target
effects. The double mutant Cas9 can be used to temporarily modify gene expression
though blocking access of transcription factors, but without permanent DNA
modifications (253, 254).
Our goal is to create an in vitro system capable of high throughput functional
screen for factors affecting dendritic cell development and function. With the use of
CRISPR genome editing technology combined with HoxB8-FL cell line, we hope to find
new mechanisms of dendritic cell development and function. Additionally, a new HoxB8FL cell line from IFNβ-YFP reporter mouse can serve as a functional readout for both
genetic and small molecule factors that affect pDC activation. Here we show preliminary
data of new genetic tools for study of dendritic cell development and function in vivo.
We also show an application of the one of the new tools in the study of an inhibitory
pDC surface molecule.
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6.3

Results

HoxB8-FL cell line with inducible Cas9
The HoxB8-FL cell line was transduced with lentivirus carrying the Cas9 gene
followed by 3 x Flag tag, and under the control of the Tet-On promoter (202). The bulk
population of puromycin resistant cells after transduction was cloned by limiting dilution
(197) and the resulting clones were tested for the ability to induce expression of Cas9.
The inducible Tet-On promoter is activated by the presence of doxycycline in the media.
Cells were treated for 24h with doxycycline and Cas9 expression was analyzed by
Western Blot for with anti-Flag antibody. 2 clones showed negative expression of Cas9
in the absence of doxycycline and strong induction of Cas9 expression following
doxycycline exposure (Figure 6-1).
The two clonal populations can now be transduced with pLX-sgRNA lentivirus
carrying blasticidin resistance. The inducible Cas9 allows for disruption of target gene
with minimizing the off-target effects. Additionally, the inducible nature of the system will
allow for a high throughput genetic screen for genes that impact dendritic cell
development and function. Since HoxB8-FL cells produce functional pDCs that secrete
IFNα and cDCs that induce T cell proliferation, they are also suitable for a high
throughput screen of genes affecting DC function. To further the goal of a high
throughput pDC functional screen, a new cell line from Ifnb-YFP reporter mice was
made.
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Figure 6-1: Cas9 induction following doxycycline exposure
Clone E1
Clone E7
Dox

+

−

+

−

Flag

Tubulin
Western blot analysis of Flag expression in 2 HoxB8-FL clones stimulated with
Doxycycline for 24h

IFNβ-YFP reporter HoxB8-FL cell line
The HoxB8-FL cell line can be derived from bone marrow cells of any mouse
strain. We took advantage of this, and derived a new cell line from IFNβ-YFP reporter
mice. The process of deriving a new HoxB8 cell line is detailed in the Materials and
Methods section. Following clonal selection by limited dilution,
We derived HoxB8-FL cells expressing yellow fluorescent protein (YFP) reporter
from the IFN-encoding Ifnb gene. Newly derived HoxB8 cell lines produce clones with
varying abilities to produce dendritic cells and with different proportions of pDC: cDC.
This is likely due to the retroviral transformation occurring at different stages of
progenitors, since the transduction of HoxB8 is done on bulk bone marrow cells.
Additionally, the location effect of integration site may have an effect on the resulting
clonal cell line. Of the several clones that arose from the limiting dilution, we chose the
clone with the highest robust growth and differentiating into pDCs with >90% efficiency
(Figure 6-2A). The differentiated HoxB8-YFP cells showed rapid induction of YFP in
response to CpG (Figure 6-2B).
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Figure 6-2: HoxB8-YFP cells produce YFP upon CpG Stimulation
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Consistent with prior reports (257-259), CpG-induced YFP expression by HoxB8YFP cells was reduced by an inhibitor of tyrosine phosphorylation (Figure 6-5). The
inhibitory effect of anti-PTPRS was minimal in the presence of the inhibitor, suggesting
that LAR phosphatases exert their function by reducing tyrosine phosphorylation in
pDCs.
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The IFNβ response as reported by YFP expression changes dynamically with
crosslinking of the inhibitory receptor Ptprs in this in vitro model, consistent in vivo
results. The system can be scaled up or down, and IFNβ-YFP offers a fast and easy
readout of the effects of modulators on pDC function. This series of experiments serves
as a proof of concept that the HoxB8-YFP cell line is a good model for high through put
screens and study of mechanisms of pDC function.

6.4

Discussion

The study of dendritic cell development and function has long been hindered by
the lack of a faithful in vitro model. The two applications of the HoxB8-FL cell line
described above will serve well for high throughput genetic and small molecule screens.
A high throughput genetic screen can find unexpected genes and pathways involved in
dendritic cell development.
As shown in the previous section, CRISPR-Cas9 mediated deletion of a
regulatory region had a dramatic impact on pDC development. This shows how
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powerful these two tools can be. With the addition of an inducible Cas9 in the HoxB8-FL
cell line, the gene disruption can be induced at various time points, even after DC
differentiation was initiated. Another advantage of this cell line combined with CRISPRCas9, is the virtually unlimited cell material that can be acquired. The scarce numbers of
dendritic cells in both mouse and human tissues have made proteomic and genome
wide ChIP studies of these cells unfeasible. With the HoxB8-FL cell line, RNA-seq and
ChIP seq are possible at various stages of DC development. These powerful tools are
finally available to dendritic cells, and the insights gained from the study of this cell lines
will have broad implications in both dendritic cell biology.
Interferon alpha response is an essential part of the antiviral response. However,
dis-regulated IFNα production can have dire consequences resulting in auto immune
disorders. Finding factors that mediate pDC production of IFNα can have implication in
human health. The HoxB8-YFP cell line is an ideal system for screening small
molecules or genetic factors that mediate the interferon response. With a rapid and
simple readout, as well as the ability to scale up or down this new system will prove to
be a powerful tool for discovery of novel drugs and mechanisms of the interferon
response.
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7. Discussion
7.1

Implications for dendritic cell development

E proteins are Class I bHLH transcription factors that play many diverse roles in
development, mainly through binding with Class II bHLH factors. During development, E
proteins are broadly expressed, and the specificity of their activity is determined by the
expression pattern of their binding partner (147, 149). This makes studying regulation of
E protein rather complicated. During hematopoiesis however, E proteins mostly form
homodimers or heterodimers with other E proteins, and rarely dimerize with Class II
bHLH proteins. This is why study of E proteins in the immune system can give us clues
about the way they are regulated, and this can be applied to E protein roles in other
tissues.
In this work, we addressed the underlying questions of E protein regulation
during DC development. The fate choice between pDC and cDC is directed by two
opposing forces. E2-2 drives pDC development, and restricts the cDC fate through
inhibiting expression of Id2 with the help of Mtg16 (134, 141) (Figure 7-1). Conversely,
during cDC development, inhibition of E2-2 activity through Id2 is essential (128, 129).
However, E2-2 expression was still detected in cDCs, which did not align with the
paradigm mentioned above. Here, we show that the cDC vs. pDC fate decision
paradigm is correct and that the more active E2-2 isoform is very pDC specific. Of the
two isoforms, only E2-2Long is able to interact with Mtg16 and repress expression of Id2
(Figure 7-1) (Figure 1-2). Additionally, with the use of the double reporter, we showed
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further proof of the existence of the non-canonical CD8+ cDC subset, and provided a
possible source of these cells as by-products of pDC development.
Figure 7-1: E2-2 and Id2 during DC fate decision
cDC

Flt3
E2-2
Id2
CDP

Enhancer

E2-2

Flt3L

E2-2

pDC

Id2
Enhancer

E2-2

Mtg16
Id2
A schematic
Flt3 summarizing the activity of transcription factors in cell fate choice during
dendritic cell development. In cDC fated progenitors, Id2 neutralizes any present
E2-2, and only the E2-2Short is present. In pDC fated cells, E2-2Long pairs with Mtg16
to repress expression of Id2, and E2-2Long enforces its own expression through the
cis regulatory element and drive the pDC program.

In all studies of DC development, no factor has been identified that skews the
CDP to produce only pDCs. While there are pDC
Id2 and cDC specific transcription factors,
E2-2
like Batf3 or Notch2 for the two cDC subsets and SpiB and Runx2 for pDCs, both cell
types depend highly on Flt3L signaling and both arise from the same progenitor,
additionally, a CDP provided only with Flt3L will always make both pDC and cDCs
meaning that the fate decision is cell intrinsic. The question of a factor that turned on
either E2-2 or Id2 was still outstanding. Here we show that E2-2 is expressed at low
levels in all early progenitors with DC potential, and is actively shut down in cDC
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committed cells. E2-2 is absolutely not required for cDC development, so the
expression is likely maintaining pDC potential rather than overall DC commitment.
Moreover we showed that E2-2 expression during pDC development is regulated by a
distant cis regulatory element 150kb downstream of the E2-2 locus.
Overall we have identified two modes of E2-2 regulation during pDC
development. Differential isoform usage in a cell specific manner, and self propagated
expression of E2-2 during pDC development. In doing so, we have confirmed the DC
development paradigm of cDC + Id2 vs. pDC + E2-2, and provided genetic proof and a
possible source of the non-canonical CD8+ cDCs.
Loss of E2-2Long, while proving the need for E2-2Long during pDC development,
also showed that E2-2Short can and does play a supportive role. More work is necessary
to gain better understanding of the different activities of the two isoforms. Unfortunately,
the E2-2 antibody recognizes both isoforms, so there is no way to distinguish them in
FACS staining or ChIP-Seq. However, with the advent of CRISPR deletion, it is possible
to easily delete one isoform at a time, and with the combination of the HoxB8 cell line,
enough cell material can be collected to perform ChIP-Seq and RNA-Seq. The question
of whether the two isoforms regulate different genes, recruit different co-factors and the
role of each isoform during development, maintenance and activation can all be
addressed.
Altogether, this work helps explain how the balance of E2-2 and Id2 determines
the cell fate choice between pDC and cDC. As the CDP proliferates, both E2-2 and Id2
may be expressed in a stochastic Gaussian distribution with varying levels of either
transcription factor (260) (Figure 7-2). As cells become more and more committed, their
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fate becomes self-enforcing. In cells where Id2 had higher expression, the cells are
fated to become cDCs. The Id2 expressed dominantly inhibits any E2-2 that was
present and shuts off pDC potential. As shown, low levels of expression of E2-2 in
progenitors correlate with dendritic cell potential. In cells where E2-2 was allowed to
accumulate, cells are fated to become pDCs. As E2-2 levels rise, the E2-2 expression is
enforced through the enhancer and leads to the expression of E2-2 target genes like
Spi-B, Bcl11a, Runx2, all of which are shown to bind to the enhancer region along with
E2-2. In addition to the target genes that enforce pDC fate through enforcing and
enhancing E2-2 expression, the alternative fate is actively repressed through corepression activity of Mtg16 working together with E2-2 to shut down Id2 expression.
Studying the balance of E2-2 and Id2 in progenitor cells has helped explain how one
cell can give two divergent fates with only one signal.

118

Figure 7-2: Model of cell fate decision

Flt3

Id2

E2-2

(Adapted from Reiner et al 2014)

A schematic of the hypothetical Gaussian distribution of the two transcription factors,
E2-2 and Id2, specifying dendritic cell fate

In the process of investigating the possible E2-2 enhancer, we developed two
sets of tools with powerful potential in the search for new modulators of dendritic cell
development and function. An inducible Cas9 in the HoxB8-FL cell line will allow for a
high throughput screen for genetic factors that affect dendritic cell development while
minimizing the off-target effects in the CRISPR-Cas9 system. This is the first time
dendritic cell development can be observed in isolation of other factors in vitro with
virtually unlimited cell material. This makes whole genome sequencing and proteomics
analysis possible. Combined with the ability to modify gene expression, the in vitro
model will yield better understanding of dendritic cell development, and the mechanisms
of cell fate decision in general. Additionally, the development of an IFNβ-YFP reporter
cell line is the first rapid and easy readout of IFNβ activity with the possibility of genetic
modification of gene expression. The HoxB8-YFP model is a faithful representation of
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pDC activity in vivo. The cells produce IFNβ to stimulus, and the expression of YFP
changes with exposure to inhibitors. The experiments with Ptprs crosslinking serve as a
proof of concept that this cell line is suitable for exploring IFN response in a high
throughput screen.

7.2

Implications for E Protein regulation

The E protein family of transcription factors are Class I bHLH proteins. As such,
in development they are very broadly expressed, and their specificity is generally
regulated through the expression of specific binding partners, Class II bHLH proteins.
This makes the study of E protein regulation rather difficult, with the added variable of
binding partner expression pattern. In the immune system however, E proteins generally
act through forming homodimers, or heterodimers with other E proteins, thus eliminating
the Class II bHLH variable. This makes the immune system a great model for studying
E protein regulation, that can then be applied to other areas of E protein function, for
example during neurodevelopment (147).
The work described here shows the cell type specific usage of E2-2 isoforms to
direct the differentiation of pDCs. The other two E proteins are also expressed through
differentially regulated isoforms. E2a isoforms arise through alternative splicing of the
exon encoding the basic region, which mediates DNA binding specificity. The two
isoforms have different roles in B cell development (146). HEB, like E2-2 is expressed in
two isoforms, a long Can isoform and short Alt isoform. HEBAlt was shown to play a
role independent of HEBCan in T cell development, inhibiting the activity of E2a to
suppress the alternative B cell fate (177). Here, we showed that E2-2Long is essential for
optimal pDC development, and that they expression of the two isoforms is
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independently regulated, making E2-2Long expression specific to pDCs. The mechanism
of pDC specificity is not yet fully understood, and neither is the role, if any of E2-2Short.
Unlike HEBAlt, E2-2Short likely plays a supportive role to E2-2Long, since loss of E2-2Long
did not lead to a complete loss of pDC, though it is still possible that E2-2Short. works like
HEBAlt in suppressing alternative cell fates.
This work shows that the activity of al three E protein can be regulated in cell
type and differentiation stage through the usage of different isoforms, either through
alternative splicing or through differentially regulated promoters.

7.3

Implications for cell fate decisions

As cells progress in differentiation from a stem cell to a terminally differentiated
cell, they lose potential to differentiate into alternative cell fates. This process had long
thought to be permanent and irreversible, until genetic tools showed that terminally
differentiated cells could de-differentiate upon loss of their “master regulator.” This was
the case with Pax5 in B cells (261). Loss of Pax5 in mature B cells caused them to dedifferentiate. While the “master regulator” transcription factor could still drive cell fate,
the terminal fate was more plastic than initially thought. In the case of pDC
development, E2-2 is the driver of pDC fate and required for the maintenance in the
periphery (134, 136). Our data shows that E2-2 expression is also required to keep pDC
potential. We showed that low level expression of E2-2 correlates with the progenitor
cells that have dendritic cell potential and express Flt3. In the case of E2-2 and pDC
development, E2-2 is responsible for driving pDC fate, pDC maintenance and
maintaining pDC potential during development.
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7.4

Implications for E2-2 in human disease

Recently E2-2 has been implicated in several human diseases through genome
wide association studies. E2-2 variants are highly associated with schizophrenia and
Fuch’s corneal dystrophy (262). Importantly, of the two variants initially identified as
having a link to schizophrenia, one is located in the same region as the putative distal
regulatory element of E2-2 (263). Several more variants have been identified, mapping
to intronic regions (181). While FANTOM CAGE studies did not identify any neuron
populations that had activity at the enhancer region, it is possible that another distant cis
regulatory element is responsible for regulating E2-2 expression in the brain, while the
one identified in this study regulates hematopoietic expression of E2-2. One highly
associated risk variant, SNP rs12966547 maps near the enhancer region (Appendix 4,
p. 158). Interestingly, the region shows p300 binding in a neuroblastoma cell line
according to ENCODE transcription factor ChIP-Seq. This region is worth investigating
as a neuron specific regulatory region of E2-2. Other risk alleles, like rs17512836, are
located in the intronic regions of E2-2Long.
Additionally, the trinucleotide expansion associated with increased risk of Fuch’s
Endothelial Corneal Dystrophy (rs613872) (Appendix 4, p. 158) is located in intron 3,
which is located in the long isoform. An intronic trinucleotide expansion is not well
characterized, other trinucleotide expansions were located in coding regions, and
affected protein folding, like the one that causes Huntington’s disease (264). The
FANTOM CAGE analysis identified a third transcription start site for E2-2, in between
the E2-2Long and E2-2Short. (Figure 3-6) This intermediate promoter, was only active in
endothelial cells, and not in any other cell type or tissue analyzed by the FANTOM
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consortium. The intermediate promoter is located farther downstream of the
trinucleotide expansion, but it is possible that the region disrupted by the expansion
contains a regulatory element for the intermediate promoter.
E2-2 has known roles in neurodevelopment, and perhaps these genetic variants
in the enhancer region are aberrantly activated, causing dis-regulation of E2-2
expression. Further studies into E2-2 regulation during pDC development are likely to
yield new insights into E protein regulation in general, as well as provide key information
about possible dis-regulation during disease.
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9. Appendix
9.1

Appendix 1: Alignment putative TCF4 regulatory region
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AAATCTCCCTGCTCCCACCCTGAGCGACGCAGCATGCGAGGTGTGAGGTGTGATGTCCCA
||||||||||||| |||||||||| | ||| ||| | |||||| |||| |||||
AAATCTCCCTGCTTGCACCCTGAGCAGCAGAGCTTGCAAAATGTGAG-TGTGTTGTCCTG

69823577

CAAGCCAGGTGCTCAGA--TGCTGTGCCTACATGAGGGTGTGGGCTGAATGGGAGTCTCG
|
|||||||||| || ||| || || ||| ||||||||||||||| ||||| |||
CCTTCCAGGTGCTCGGACGTGCGGT--CTGCATAAGGGTGTGGGCTGAAAAGGAGTTTCG
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GTGGCATTTTGCAAGGGGAt------ttttttGTCTGGTGTTTCTGTGCTGCGTGGGATG
||||||||| || |
|
||||||| || | ||||||||||| |||||| |
-TGGCATTTTTGAAAGTTTTCTCTTTTTTTTTGGCTAGCATTTCTGTGCTGTGTGGGACG
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|
||||| |
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GGATGCATTTTTTTTGTTGTTTTCACTTCCTACATTAGCAGTGGCAGGTGCACAATTATG
GAGAACTTCATCCCTCCCTGTCTGCTTCAGGGGTTTGTGTGTGGTC-AAGTGGGACTGAA
||||||||||||| ||| | | ||| || || |||||||||||||| ||| | || ||
GAGAACTTCATCCTTCCTTCTGTGCCTCGGGTGTTTGTGTGTGGTCAAAGATGCACCAAA
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| | || |||||||| ||| ||||
|||||||| |
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GGAAAGCGACTCTCTGAACACAAGAGGGCACAAAGTGTCAAAGAATGCAGCCCAGGCCTC
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TTCTCTC-ATGCTGTCCAGCTGGGACAGG--TCACAAGAAGGGGGTAATATTTTAGAGAT
|| ||| ||| ||| |||| |
|| | || |
|
| |||| | |
-TCCCTCGATG-TGTGCAGCAAGCTAGGGGCTGCCATGTCTTCCTT--CACCTTAG-GCT
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CTTAAGGCAGGGATCTCAGAGTCCAGGAGACAAAGATGACTGCTGAAATTCATCACCTGC
| | || ||||| | | || | | | || ||||||||||| ||||||||
GTCTAAACAAGGATCCCGTACACCTAGCAAGACTGACAACTGCTGAAATCTATCACCTGA
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AGCCACTTCTCTCCTTCCTCAGCTCACTCTCAATGGACACTTGACCCATTACCCCCGGAG
|||| ||| || |||||| |||| ||||| || ||
|| || ||
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||||||
||||| ||||| | |
|| |
||| || | || ||||
TCCCCAAAGCAGCCCCACACAACAGCAATATAGTCACTAGCACCA-GGAAAAGGCGCCTA
GGGAAGCCCTGTCAGAGGGGCCTGAGTTTACAGGAAAAGTCTAGTTTCCCA-GCAAGGGA
||||||||| | |||| ||| ||| | |||
| || | |||||| | | || |||
GGGAAGCCC-CTTGGAGGAGCCCGAGCTGACACAGAGAG-CCCGTTTCCTAGGAAATGGA
GACAGGCATTTTTTACTCATTTTATCAAGGCCAAGTTGATTTGGAACCAGTGCCCACTGA
||| |||||| ||| |||| | |||||||||||| |||| ||| || | ||||| |
GACGGGCATTACTTATTCATCGT-TCAAGGCCAAGTGGATTCTGAATCACCG-CCACTAA
TTGCCTGAATGGAGGTCAGGACTGTGTCGAAAATCTGGGCACATTTCCCTTTAAGCATTT
| | || || |||||||| |||||||||||||||||||| ||||||||| |||||||
TAGTCTAAACAGAGGTCAGACCTGTGTCGAAAATCTGGGCATATTTCCCTTAGAGCATTT
GCACGTTCCATATTTGAAAGCCAAATCTGAGTCCAGGGACAAAA
||| ||
| | | | ||| || | ||| || || |||||||
GCATGTAATGTGTCTTAGAGCTAAGTATGAATCTAGAGACAAAA
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ACCACTAGCCCATGGTTCCCGGTGTGTCAGGGCTTATCTGGGAC--CTCAAACTTAGCAT
||||||| ||
| || ||||| || || ||| || || || ||||| || | |
ACCACTACACCCCAGCTCTCGGTGGGTTAGCACTTCTCAGGAACACCTCAAGCTCTGTAC
ATCTAAAACCAAACCCTTATCTTTTCCCCAAACCAAATCCCCTTTCAGACTTCTCAGTTT
|| |||||||||||
||||||| |||||||||||||||||| | ||||| ||||
CCCTGAAACCAAACCCCAGCCTTTTCCTCAAACCAAATCCCCTTTCGGGTTTCTCGGTTT
CTGTCAGCTGTAACA
||||||||||| |||
CTGTCAGCTGTGACA
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1301
69826170
1361
69826110

1376
69826095

Alignment of Mouse and Human sequence of the putative cis regulatory region.
Highlighted in red are conserved E box sequences.
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9.2

Appendix 2: Detailed ENCODE analysis of enhancer region

A detailed Transcription factor binding of various transcription factors to the putative cis
regulatory region in GM12878 cell line from ENCODE
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JH25mouse
TGTGCAAGAGGCTACTATGGTAACCACTTTGACTACTGG
musIGHV057
0
0
1 DSP2.15(same5score:5DSP2.7;5DSP2.5)
GGCTACTATGGTA
JH25mouse
TGTGCAAGAGGGAGGTTGGGTTTCCACTTTGACTACTGG
musIGHV057
5
0
1 P7inv5(same5score:5P8inv;5PseudoD1inv;5IGHD6I1*02inv;5IGHD6I2*02inv)
GGGAGGTTGGGTTTCC
JH25mouse
TGTGCAAGAGGGTACTACGGTACCCACTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 GGGTACTACGGTACCC
JH25mouse
TGTGCAAGGTATTACTACGGTTGGTACTTCGATGTCTGG
musIGHV057
3
0
1 DFL16.1 GTATTACTACGGT
JH1B6,5JH1
TGTGCAAGGTATTACTACGGTAGTAGCTACTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 GTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGGTATTATTACTACGGTAGTAGCTCGTACTTCGATGTCTGG
musIGHV057
4
0
2 DFL16.1 GTATTATTACTACGGTAGTAG
JH1B6,5JH1
TGTGCAAGATACCATTACTACGGTAGTAGTCTCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACCATTACTACGGTAGTAGTCT
JH25mouse
TGTGCAAGATACCGGCTCTACGGTAGCTACTTTGACTACTGG
musIGHV057
6
0
0 DFL16.1 TACCGGCTCTACGGTAG
JH25mouse
TGTGCAAGATACCGTTACGGGTATGTTATGGACTACTGG
musIGHV057
6
2
1 DSP2.45(same5score:5DSP2.6;5DSP2.12;5DSP2.3)
TACCGTTACGGG
JH45mouse
TGTGCAAGATACCGTTACGGGTATGTTATGGACTACTGG
musIGHV057
4
2
1 DSP2.45(same5score:5DSP2.6;5DSP2.12;5DSP2.3)
TACCGTTACGGG
JH45mouse
TGTGCAAGATACGATTACTACGGTAGTATTTTTGACTACTGG
musIGHV057
3
0
0 DFL16.1 TACGATTACTACGGTAGTATT
JH25mouse
TGTGCAAGATACGCTTACTACGGTAGTAGCTGTTTTGACTACTGG
musIGHV3435(same5score:5musIGHV057)
7
0
0 DFL16.1 TACGCTTACTACGGTAGTAGCTGT
JH25mouse
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACGCTTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACGCTTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACGCTTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACGCTTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACGCTTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACTACTACGGTAGTTACTTCGATGTCTGG
musIGHV057
6
1
1 DFL16.1 TACTACTACGGTAGT
JH1B6,55JH1
TGTGCAAGATACTACTACGGTAGTTACTTTGACTACTGG
musIGHV057
3
1
0 DFL16.1 TACTACTACGGTAGT
JH25mouse
TGTGCAAGATACTACTACGGTAGTTACTTTGACTGCTGG
musIGHV057
4
1
1 DFL16.1 TACTACTACGGTAGT
JH25mouse
TGTGCAAGATACTACTACGGTAGTTACTTTGACTACTGG
musIGHV057
6
1
0 DFL16.1 TACTACTACGGTAGT
JH25mouse
TGTGCAAGATACTCCTATTACTACGGTAGTAGCTACTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACTCCTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATACTCCTATTACTACGGTAGTAGCTACTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TACTCCTATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATATCCCTATTACTACGGTAGTAGCTTTTTTGACTACTGG
musIGHV057
4
0
0 DFL16.1 TATCCCTATTACTACGGTAGTAGCTTT
JH25mouse
TGTGCAAGATATCGTTACTACGGTAGTACCTACGACTACTGG
musIGHV057
4
1
0 DFL16.1 TATCGTTACTACGGTAGTACCTAC
JH25mouse
TGTGCAAGATATTACTACGCCCGGTACTTCGATGTCTGGGACACAGGGACCACGGTCACCGTCTCCTCA
musIGHV057
4
0
2 DFL16.1 TATTACTACGCCC
JH1B6,5JH1
TGTGCAAGATATTACTACGGCCTCTACTTTGACTACTGG
musIGHV057
1
0
0 DFL16.15(same5score:5DFL16.2)
TATTACTACGGCCT
JH25mouse
TGTGCAAGATATTACTACGGCCTCTACTTTGACTACTGG
musIGHV057
3
0
0 DFL16.15(same5score:5DFL16.2)
TATTACTACGGCCT
JH25mouse
TGTGCAAGATATTACTACGGGTGGTACTTCGATGTCTGG
musIGHV057
1
0
1 DFL16.1 TATTACTACGGG
JH1B6,5JH15
musIGHV057
2
1
0 DFL16.1 TATTACTACGGGAGG
TGTGCAAGATATTACTACGGGAGGTACTTTGACTACTGG
JH25mouse
TGTGCAAGATATTACTACGGGAGGTACTTTGACTACTGG
musIGHV057
4
1
0 DFL16.1 TATTACTACGGGAGG
JH25mouse
musIGHV057
3
1
0 DFL16.1 TATTACTACGGGAGG
TGTGCAAGATATTACTACGGGAGGTACTTTGACTACTGG
JH25mouse
TGTGCAAGATATTACTACGGTAGAAGCCTCGATGTCTGG
musIGHV057
7
1
1 DFL16.1 TATTACTACGGTAGAAGCC
JH1B6,5JH15
TGTGCAAGATATTACTACGGTAGTAGCTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATATTACTACGGTAGTTTCTTTGACTACTGG
musIGHV057
2
0
0 DFL16.1 TATTACTACGGTAGTTT
JH25mouse
TGTGCAAGATATTACTACGGTAGTTTCTTTGACTACTGG
musIGHV057
6
0
0 DFL16.1 TATTACTACGGTAGTTT
JH25mouse
musIGHV057
2
2
0 DFL16.1 TATTACTACGGTAGTTTCTTTGACTACTGGGG TGTGCAAGATATTACTACGGTAGTTTCTTTGACTACTGGGGCAAGGCACCACTCTCACAGTCTCCTCA
JH25mouse Out of frame rearrangement!
TGTGCAAGATATTACTACGGTGGCTACTTTGACTACTGG
musIGHV057
3
0
0 DFL16.1 TATTACTACGGTGG
JH25mouse
TGTGCAAGATATTACTACGGTTACTACTTTGACTACTGG
musIGHV057
5
0
0 DFL16.1 TATTACTACGGTT
JH25mouse
TGTGCAAGATATTACTACGGTTACTACTTTGACTATTGG
musIGHV057
7
0
2 DFL16.1 TATTACTACGGTT
JH25mouse
TGTGCAAGATATTACTTCGGTAGTTTCTTTGACTACTGG
musIGHV057
4
1
1 DFL16.1 TATTACTTCGGTAGTTT
JH25mouse
TGTGCAAGATATTATTATTGCTATAGCTACTTTGATGACTGG
musIGHV057
3
1
6 DSP2.12 TATTATTATTGCTATAG
JH25mouse
TGTGCAAGATATTGCCATTACTACGGTAGTAGCTACTTTGACTACTGG
musIGHV057
0
0
0 DFL16.1 TATTGCCATTACTACGGTAGTAG
JH25mouse
TGTGCTCGATATTACTACGGTAGTAGCTACTTTGATTACTGG
musIGHV057
0
0
7 DFL16.1 TCGATATTACTACGGTAGTAG
JH25mouse
TGTGCAAGATCTCTACAGTTTGCTTACTGG
musIGHV057
7
1
0 PseudoD25(same5score:5IGHD6I2*02)
TCTCTACA
JH35mouse
TGTGCTCTTTATTACTACGGTAGTAGCATCTTTGCTTACTGG
musIGHV057
0
0
0 DFL16.1 TCTTTATTACTACGGTAGTAGCATC
JH35mouse
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4
3
0
0
7
0
2.77916667

2
3
6

7
0
4

1
3

4
4
4
2

0

4.75

3
7
0

0
5
0
3
0
4
0
6
5

0.8

unique
mutations
6
1
0.5

9.3
Appendix 3: Detailed sequence analysis of V186.2 locus

A table summarizing all analyzed clones of the somatic hypermutation assay. Each
clone was analyzed for a unique D region sequence: duplicates were discounted (grey)

157

3
4
4
6
1
0
4
1
4
0
0
4
4
3
4
3
4
4
2
13
9
4
2
2
7
6
0
5
6
3
2
6
3
0
0
0
7
4
2
2
8

x$(33)

x$(30)

3
2
3
4
9
0
0
7
0
x
0
1
1
1
1
0
0
1
2
2
0
0
0
1
1
1
1
1
1
0
1
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
0
2

0
1
0
0
1
0
0
0
1

D gene
mutations mutations

aa34 (TGG) W- V gene

-> L
Sample #
cko147 Yes$(ttg)
cko39
Yes$(tta)
cko158 Yes$(ttg)
cko180 No
cko176 Yes$(ttg)
cko143 No
cko154 No
cko111 Yes$(ttg)
cko153 No
cko177 x
cko52
no
cko100 no
cko55
no
cko38
Yes$(tta)
cko56
no
cko157 No
cko43
Yes$(ttg)
cko107 No
cko145 No
cko45
no
cko178 No
cko179 No
cko173 Yes$(ttg)
cko106 No
cko159 No
cko148 Yes$(ttg)
cko182 no
cko142 No
cko149 Yes$(ttg)
cko103 No
cko138 Yes$(ttg)
cko48
no
cko151 No
cko175 No
cko181 Yes$(ttg)
cko44
Yes$(ttg)
cko109 No
cko144 No
cko46
no
cko51
Yes$(ttg)
cko101 Yes$(ttg)
cko140 No
cko110 Yes$(ttg)
cko174 Yes$(ttg)
cko183 No
cko112 No
cko102 No
cko155 Yes$(ttg)
cko57
Yes$(ttg)
cko105 No
cko141 No
cko99
Yes$(ttg)

x
0
0
0
2
0
0
1
1
1
1
0
0
1
1
1
0
0
2
1
1
0
4
1
0
2
2
3
1
0
1
1
1
1
0
0
0
0
0
0
0
0
2

0
2
1
1
0
1
1
0
1

J gene
mutations

AACTACGGTAGTTG
AAGGTACTATATA
CATATTATTACTACGGTAGTAGCTC
CATATTATTACTACGGTAGTAGCTC
CATATTGCTACGGTAGTAC
CCGTTATTACTACGGTTT
CCGTTATTACTACGGTTT
CTATTACTACGGTAGTAGCTCAA
GGGAACTACCCGT
GGGGGATTTTTCC
GGGTATTACTACGGTAGTAGAC
GGGTATTACTTCGGTAGTAGGC
GGGTATTACTTCGGTAGTAGGC
GGTTATAACTACGGTAGTATTC
TACCCTTATGGAGG
TACCGGTACTACGGTAGTAGCTC
TACCGTCTAGGA
TACCGTTACTACGGTGGTAG
TACCTACTCCCTT
TACGACTACGGTAGTCT
TACGCTTATTACTACGGTAGTAG
TACGCTTATTACTACGGTAGTAG
TACGGTTATTACTACGGTCAGA
TACTACTACGGTAGAACCC
TACTACTACGGTAGTAG
TACTACTACGGTAGTAGCC
TACTACTACGGTAGTAT
TACTACTACGGTAGTCCCTT
TACTACTACGGTAGTTCCCTC
TACTACTATGGTAAA
TACTACTATGGTGCCTTT
TACTGTTACTACGGTAGTAG
TATCGTCTGGGA
TATCGTTACTACGGTAGTACCTAC
TATGATTACCGCTT
TATGGTT
TATTACTACGGT
TATTACTACGGT
TATTACTACGGTAGTAG
TATTACTACGGTAGTAG
TATTACTACGGTAGTAGCC
TATTACTACGGTAGTAGCC
TATTACTACGGTAGTAGT
TATTACTACGGTAGTCTCC
TATTACTACGGTAGTCTCCTC
TATTACTACGGTAGTTCT
TATTACTACGGTAGTTCT
TATTACTACGGTCGT
TATTACTACGGTCGTACCC
TATTACTACGGTGGTCTG
TATTCCCATTACTACGGTAGTAG
TATTTCTACGGTGGTAGCC

D gene sequence

TGTGCAAGATATTACTACGGTAGTAGCTACTTTGACTACTGG
TGTGCAAGATATTACTACGGTAGTAGCTACTTTGACTGCTGG
TGTGCAAGATATTACTACGGTAGTAGCCTCGATGTCTGG
TGTGCAAGATATTACTACGGTAGTAGCCTCGATGTCTGG
TGTGCAAGATATTACTACGGTAGTAGTTACTTTGACTACTGG
TGTGCAAGATATTACTACGGTAGTCTCCTTGACTACTGG
TGTGCAAGATATTACTACGGTAGTCTCCTCGACTACTGG
TGTGCAAGATATTACTACGGTAGTTCTTACTTTGACTACTGG
TGTGCAAGATATTACTACGGTAGTTCTTACTTTGACTACTGG
TGTGCAAGATATTACTACGGTCGTTACTTTGACTACTGG
TGTGCAAGATATTACTACGGTCGTACCCTTGACTACTGG
TGTGCAAGATATTACTACGGTGGTCTGTTTGACTACTGG
TGTGCAAGATATTCCCATTACTACGGTAGTAGCTACTTTGACTACTGG
TGTGCAAGATATTTCTACGGTGGTAGCCTCGATGTCTGG

TGTGCAAGATACCGTCTAGGATATGTTATGGACTACTGG
TGTGCAAGATACCGTTACTACGGTGGTAGCTTCTTTGACTACTGG
TGTGCAAGATACCTACTCCCTTATTACTCTGCTATGGACTACTGG
TGTGCAAGATACGACTACGGTAGTCTCTTCGATGTCTGG
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
TGTGCAAGATACGCTTATTACTACGGTAGTAGCTTTGACTACTGG
TGTGCAAGATACGGTTATTACTACGGTCAGAACTTTGACTACTGG
TGTTCAAGATACTACTACGGTAGAACCCTTGACTACTGG
TGTGCAAGATACTACTACGGTAGTAGCTTTGACTATTGG
TGTGCAAGATACTACTACGGTAGTAGCCACTTTGACTACTGG
TGTGCAAGATACTACTACGGTAGTATCTTTGACTACTGG
TGTGCAAGATACTACTACGGTAGTCCCTTCTTCTTTGACCACTGG
TGTGCAAGATACTACTACGGTAGTTCCCTCGACTACTGG
TGTGCAAGATACTACTATGGTAAATACCTTGACTACTGG
TGTGCAAGATACTACTATGGTGCCTTTTTTGACTACTGG
TGTGCAAGATACTGTTACTACGGTAGTAGCTCGTTCTTCGATGTCTGG
TGTGCAAGATATCGTCTGGGATATGTTATGGACTACTGG
TGTGCAAGATATCGTTACTACGGTAGTACCTACGACTACTGG
TGTGCAAGATATGATTACCGCTTCTACTGGAACTTCGATGTCTGG
TGTGCAAGATATGGTTATTACCAAGCTATGGACTACTGG
TGTGCAAGATATTACTACGGTTGGAATTTCGATGTCTGG
TGTGCAAGATATTACTACGGTTGGTACTTCGATGTCTGG

TGTGCAAGAGGGGGATTTTTCCTCGATGTCTGG
TGTGCAAGAGGGTATTACTACGGTAGTAGACACTTTGACTACTGG
TGTGCAAGAGGGTATTACTTCGGTAGTAGGCACTTTGACTACTGG
TGTGCAAGAGGGTATTACTTCGGTAGTAGGCACTTTGACTACTGG
TGTGCAAGAGGTTATAACTACGGTAGTATTCACTTTGACTGCTGG
TGTGCAAGATACCCTTATGGAGGTGCTATGGACTACTGG
TGTGCAAGATACCGGTACTACGGTAGTAGCTCCTACTTTGACTACTGG

TGTGCAAGAAACTACGGTAGTTGCTTTGACTACTGG
TGTGCAAGAAAGGTACTATATAGGTATTTCGATGTCTGG
TGTGCAACATATTATTACTACGGTAGTAGCTCCTTCTTTGACTACTGG
TGTGCAACATATTATTACTACGGTAGTAGCTCCTTCTTTGACTACTGG
TGTGCAACATATTGCTACGGTAGTACCTACTTTGACTACTGG
TGTGCCCGTTATTACTACGGTTTGTACTTCGATGTCTGG
TGTGCCCGTTATTACTACGGTTTGTACTTCGATGTCTGG
TGTGCAAGCTATTACTACGGTAGTAGCTCAACTATGGACTACTGG
TGTGCAAGAGGGAACTACCCGTACTGCTTTGACTACTGG

Junction (V P N P D P N P J)

unique
V gene
D gene
J Gene
Remarks
mutations
musIGHV057 DFL16.1 JH2$mouse
3
musIGHV057 DSP2.xinv$(same$score:$DSP2.12)
JH1B6,$JH1$
2
musIGHV057 DFL16.1 JH2$mouse
3.5
musIGHV057 DFL16.1 JH2$mouse
musIGHV057 DFL16.1 JH2$mouse
9
musIGHV057 DFL16.1 JH1B6,JH1
0
musIGHV057 DFL16.1 JH1B6,JH1$
musIGHV057 DFL16.1 JH4$mouse
7
musIGHV057 DSP2.5$(same$score:$DSP2.1;$DSP2.7;$DSP2.8)
JH2$mouse
0
musIGHV341 DQ52a.1 JH1B6$mouse$(same$score:$JH1$mouse)
The$used$V$gene$is$a$pseudogene!$
musIGHV057 DFL16.1 JH2$mouse
0
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
musIGHV057 DFL16.1 JH2$mouse
6
musIGHV057 DFL16.1e JH4$mouse
1
musIGHV057 DFL16.1 JH2$mouse
0
musIGHV341 DFL16.1invJH4$mouse The$used$V$gene$is$a$pseudogene!$
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1invJH4$mouse
1
musIGHV057 DFL16.1 JH1$mouse
4
musIGHV057 DFL16.1 JH2$mouse
0
musIGHV057 DFL16.1 JH2$mouse
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
3
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
3
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DSP2.1$(same$score:$DSP2.5;$DSP2.7)
JH2$mouse
2
musIGHV057 DSP2.13 JH2$mouse
13
musIGHV057 DFL16.1 JH1B6,JH1
9
musIGHV057 DQ52a.2$(same$score:$DQ52)
JH4$mouse
4
musIGHV057 DFL16.1 JH2$mouse
2
musIGHV343$(same$score:$musIGHV057)
DSP2.2 JH1B6,$JH1
2
musIGHV057 DSP2.3$(same$score:$DSP2.4;$DSP2.6)
JH4$mouse
7
musIGHV057 DFL16.1 JH1B6,$JH1
3
musIGHV057 DFL16.1 JH1B6,$JH1
musIGHV057 DFL16.1 JH2$mouse
5.5
musIGHV057 DFL16.1 JH2$mouse
musIGHV057 DFL16.1 JH1B6,$JH1
2.5
musIGHV057 DFL16.1 JH1B6,$JH1
musIGHV057 DFL16.1 JH2$mouse
6
musIGHV057 DFL16.1 JH2$mouse
3
musIGHV057 DFL16.1 JH2$mouse
0
musIGHV057 DFL16.1 JH2$mouse
0
musIGHV057 DFL16.1 JH2$mouse
musIGHV057 DFL16.1 JH2$mouse
7
musIGHV057 DFL16.1 JH2$mouse
4
musIGHV057 DFL16.1 JH2$mouse
2
musIGHV057 DFL16.1 JH2$mouse
2
musIGHV057 DFL16.1e JH1B6,$JH1
8
3.630952

9.4

Human risk alleles associated with TCF4

Schizophrenia SNP
pDC cis regulatory element

Mapping of the common schizophrenia risk allele SNP RS12966547

PGC SCZ GWAS (Sept. 2011)

Observed (−logP)

8

0.8

0.6

0.4

0.2

rs12966547, incl. replication (P = 2.6e−10)

1 . rs12966547 :

Schizophrenia(3E−8)

2 . rs17594526 :

Schizophrenia(1E−7)

3 . rs9960767 :

Schizophrenia(4E−9)

4 . rs17512836 :

Schizophrenia(1E−6)

5 . rs1452787 :

Sclerosing_cholangitis_and_ulcerative_colitis_(combined)(3E−8)

6 . rs613872 :

Fuchs's_corneal_dystrophy(1E−18)

4

p = 5.0e−08

40

1

6

rs17512836 (P = 2.35e−08)

2

rs17512836, incl. replication (P = 1.05e−06)

4
20

3
2

56
0

0
RAB27B

Recombination rate (cM/Mb)

1

TCF4

CCDC68

CCDC68

50700

50800

51100

51400

51500

Chromosome 18 (kb)

Human risk alleles associated with the TCF4 region. Figure obtained from PGC
schizophrenia analysis (broadinstitute.org/mpg/ricopili/). (265)
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