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ABSTRACT OF THE DISSERTATION
Epigenetic Activation of the Mouse T Cell Receptor Beta Recombination Center
by
Jiangyang Zhao
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Dr. Eugene M. Oltz

Lymphocytes are the work horses of adaptive immunity. Compared to the B lymphocyte lineage,
early stage progenitors of T lymphocytes maintain considerable potential for differentiation into
other hematopoietic lineages. T lineage commitment requires the continuous coordination of
transcription factors (TFs) by Notch1 signaling after multi-potent progenitors (MPPs) migrate to
thymus. One of the first hall marks of T lineage commitment is expression of the T cell receptor
β (TCRβ), which is encoded by the Tcrb locus following its assembly by V(D)J recombination, a
somatic shuffling of the genome that joins one V, one D, and one J gene segment. Tcrb assembly
is initiated at its recombination center (RC), composed of two DβJβ clusters. Tcrb-RC exhibits
features of regulatory regions called super-enhancers (SEs), which are characterized by high
level of active histone mark, H3K27ac, and by clusters of binding for TFs involved in cell fate
decisions. A key Tcrb-RC enhancer, called Eβ, harbors two composite ETS1-RUNX1 binding
motifs, which widely exist in regulatory elements for genes involved in T lymphopoiesis. ETS1
is sharply upregulated during T cell lineage commitment and recruits constitutively expressed
RUNX1 to Eβ. However, the independent roles of these two TFs remain unclear, especially since

xi

both are potent transactivators. In this study, I have shown that both ETS1 and RUNX1 are
sufficient to independently activate E in extrachromosomal reporter substrates. However, ETS1
by itself fails to activate Eβ in its native chromosomal context. By contrast, RUNX1 is sufficient
to activate the endogenous E element and its neighboring 25 kb region independently from
ETS1. In addition, RUNX1 is sufficient to mediate long-range promoter-E interactions,
nucleosome clearance, and robust transcription throughout the Tcrb recombination center (RC).
We also find that a RUNX1 domain, termed the negative regulatory domain for DNA binding
(NRDB), can compensate for loss of ETS1 binding at adjacent sites. Thus, we have defined
independent roles for RUNX1 in the activation of a T cell developmental enhancer, as well as its
ability to mediate specific changes in chromatin landscapes that accompany long-range induction
of RC promoters.
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Chapter 1 : Introduction
1.1

TCRβ expression is a hallmark of T lineage commitment

Adaptive immunity is a crucial feature for the survival of all jawed vertebrates (1, 2). In this
system, lymphocytes exist in large repertoires that contain different cell clones carrying antigen
receptors (AR) with different binding capacities to fight potential pathogens (1–3). There are two
types of lymphocytes for adaptive immunity, B and T cells, which are defined by their ARs,
termed B-cell receptors (BCR) and T-cell receptors (TCR), respectively (4, 5). Compared to B
cells, which secrete antibodies and recognize soluble antigens, T cells bind to peptide-MHC
complexes that are processed by antigen presenting cells (APC) (6). The phenotypic differences
between B and T cells result from choices of diverging transcriptional cascades from early stages
of lymphocyte development, which are reinforced by external signaling (4, 5, 7–9).

Unlike B cells, T cells still maintain their potential to differentiate into other lymphoid and
myeloid lineages during the early stages of their development (9, 10). Such plasticity has been
investigated extensively using mouse models, which revealed that T lineage commitment is
achieved as precursor cells gradually lose their potential for other lineages (9, 10). In mouse
bone marrow, some hematopoietic stem cells (HSC) differentiate into multipotent progenitors
(MPP), some of which further differentiate into common lymphoid progenitors (CLP) (11).
Progenitor cells then migrate to the thymus, where they become early T-cell precursors (ETP).
1

ETPs are continuously stimulated by intrathymic epithelial cells through the Notch signaling
pathways, which further induce expression of T-cell-specific transcription factors including
TCF1, GATA3, and ETS1 (9, 10). These CD4-CD8- double negative (DN) T cells will develop
into CD4+CD8+ double positive (DP) T cells, which eventually differentiate into helper CD4+
and cytotoxic CD8+ single positive (SP) T cells (5).

DN cells can be further categorized into four developmental stages using two additional surface
markers, CD44 and CD25 (12, 13). As precursor T cells progress from DN1 (CD44+CD25-) and
DN2 (CD44+CD25+) to DN3 (CD44-CD25+) stages, they gradually lose their plasticity and
eventually commit to the T lineage (10). At the DN3 stage, a small proportion (~2%) of cells will
express TCRγ and TCRδ chains to become γδ T cells (14). Most cells; however, successfully
express mature TCRβ chain, forming a surrogate TCR, termed pre-TCR, which is composed of
TCRβ, an invariant surrogate pTα chain, and CD3 molecules (15). Once the pre-TCR is
expressed the DN3 cells undergo β-selection to test TCR functionality (16). If they pass this
checkpoint, they will further develop into DN4 (CD44 -CD25-) and then DP cells (5). DP cells
that successfully express a TCRα chain will have the chance to become mature αβ T cells (5).
Therefore, TCRβ chain expression is the first critical event after precursor cells commit to the T
lineage.

2

1.2

V(D)J recombination of Tcrb locus generates TCRβ coding sequence

Expression of TCRβ depends on successful rearrangement of the T cell receptor beta (Tcrb)
locus. Like other AR loci, Tcrb is composed of linear arrays of coding segments named variable
(V), diversity (D), and joining (J) (17). The somatic shuffling process to rearrange these
segments is termed V(D)J recombination, in which one V, one D (if any), and one J segment are
randomly excised and joined together to form a mature coding sequence (1).

V(D)J recombination is a multi-step biochemical process utilizing many enzymes. This process
starts from recombination signal sequences (RSSs), which are located adjacent to all AR coding
segments and facilitate joining to other segments (18, 19). RSSs are directional, each with a
conserved heptamer, followed by a 12- or 23-nucleotide spacer, and an AT-rich nonamer (19).
RSSs are recognized by RAG1/2 recombinase, which juxtaposes one 12-spacer RSS and one 23spacer RSS (1). When coding segments are brought together by their RSSs, RAG1/2 will cleave
them from RSSs and they may lose or gain nucleotides (2). They are then ligated through the
non-homologous end joining (NHEJ) pathway (20).

The mouse Tcrb locus is located on chromosome 6 and spans over 660 kilobases (kb) (21). The
upstream region contains thirty Vβ segments and spans over 400 kb, which is separated from the
downstream DβJβ region by over 230 kb of trypsinogen genes (Fig. 1.1) (21, 22). Compared to
Vβ segments, the downstream region is much smaller and spans 25 kb (21). This region harbors
two Dβ-Jβ clusters, each with one Dβ, six usable Jβ, and a series of exons that encode the
3

constant region of TCRβ (Cβ) (21). At the very end of the Tcrb locus there is an isolated Vβ
segment in the reverse orientation (23). All Vβ segments are followed by 23-spacer RSSs,
whereas all Jβ segments are preceded by 12-spacer RSSs (1). The two Dβ segments are both
flanked by 12-spacer RSSs in the upstream and 23-spacer RSSs in the downstream, allowing
them to recombine with Vβ and Jβ segments, respectively (2). Although the RSS pairing
principle may allow Vβ to Jβ joining, such a scenario is very rare (2). Instead, the order of
recombination is tightly regulated to favor Dβ to Jβ joining before Vβ to DβJβ joining (24). It
should be noted that the human Tcrb locus, especially its Dβ-Jβ region, is highly similar to the
mouse gene, suggesting that conservation of the genetic structure and regulation across this
region may be important for T cell development (21).

Figure 1.1 Genetic structure of the mouse Tcrb locus.
Schematic representation of the mouse Tcrb locus with an emphasis on the downstream DβJβ
clusters. The V, D, and J segments are represented by black bars. Red and blue triangles
represent 23-RSS and 12-RSS, respectively. The grey boxes are silent trypsinogen genes (Trp).
The black boxes are constant regions.

1.3

Tcrb-RC is a super-enhancer driven by ETS1-RUNX1 co-binding

Despite lymphoid-specific expression, the RAG1/2 recombinase is allowed access to only a
limited selection of RSSs at given developmental stages (2). Compared to other parts of Tcrb, the
4

DβJβ region is marked by strong binding of RAG1/2 recombinase (22). Regulation of RAG1/2
accessibility to this region is achieved by providing an open chromatin environment, which is
marked by active histone modifications H3K27ac and H3K4me3 (25, 26). In addition, H3K4me3
directly recruits RAG2 by interacting with its PHD finger (26). Likewise, other AR loci initiate
V(D)J recombination from similar regions with high accessibility to RAG1/2 recombinase,
which are collectively termed recombination centers (RC) (22). The Tcrb-RC spans both DβJβ
clusters (27, 28).

The profile of histone marks and open chromatin at Tcrb-RC coincide with features of actively
transcribed genes (22, 29). Indeed, in DN cells with unrearranged Tcrb there is strong sterile
transcription, termed germline transcription, going through both upstream Dβ1Jβ1Cβ1 and
downstream Dβ2Jβ2Cβ2 clusters (30, 31). In the Dβ1Jβ1Cβ1 cluster, germline transcription is
initiated by its promoter, pDβ1, located upstream of Dβ1 (30). With regard to the Dβ2Jβ2Cβ2
cluster, both regions upstream and downstream of Dβ2 have promoter activity (Fig. 1.2) (31, 32).
Compared to the promoters, the enhancer Eβ, which is located between Cβ2 and Vβ31, exhibits
broader control over the whole Tcrb-RC (Fig.1.2) (33). Without Eβ activity, germline
transcription and histone acetylation throughout the Tcrb-RC are dramatically decreased (27, 29,
34). By contrast, loss of pDβ1 only affects its regional transcription; histone acetylation beyond
its close vicinity is still retained (28, 29). In our previous research, we showed that Eβ physically
interacts with pDβ1 to deliver the chromatin remodeling machinery SWI/SNF, which further
allows accessibility to RAG1/2 recombinase at the Tcrb-RC (29). Thus, cis-elements within the
Tcrb-RC are also termed accessibility control elements (ACEs) (35).
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The pivotal role played by the Tcrb-RC in controlling a locus as large and complex as Tcrb
makes it a phenotypical prototype for the recently developed concept super enhancer (SE) (36).
A super enhancer is a cis-element cluster with high levels of H3K27ac, which functions as a cell
fate switch in response to master regulators of transcription (37). Specifically, during T cell fate
commitment, V(D)J recombination at Tcrb is initiated by activating Eβ within the Tcrb-RC (22,
24). Eβ responds to induced expression of ETS1, which brings constitutive RUNX1 to the two
essential ETS1-RUNX1 composite motifs in Eβ (Fig. 1.2) (38). Loss of either ETS1 or RUNX1
binding completely abolishes Eβ activity (39). Notably, TF binding clusters harboring both ETS1
and RUNX1 sites exist widely in mouse and human enhancers (40–42). Of these clusters,
composite ETS1-RUNX1 motifs with overlapping binding sites exist mainly in enhancers close
to lymphocyte-specific genes, while other TF clusters harboring independent ETS1 and RUNX1
sites exist primarily in promoters (40). Therefore, a likely genetic activation network during T
cell fate commitment is controlling many different loci at the same time through ETS1-RUNX1
composite binding. Precise regulation of such binding is crucial for T cell development, since
aberrant genome-wide ETS1 and RUNX1 co-binding pattern is associated with autoimmunerelated T cells (43).

6

Figure 1.2 The mouse Tcrb-RC harbors two composite ETS1-RUNX1 binding sites.
The top panel is a schematic representation of the mouse Tcrb-RC with gene segments and ciselements. The black triangles are promoters for Dβ1 (pDβ1), upstream of Dβ2 (5`pDβ2), and
downstream of Dβ2 (3`pDβ2). The black square is enhancer Eβ. The middle panel is a zoom-in
showing main Eβ transcription binding site. Note that an additional non-essential RUNX1
binding site immediately upstream of the second ETS1-RUNX1 motif is not shown. The bottom
panel shows the domain structures of ETS1 and RUNX1 protein. ETS1 DBD and Runt DBD are
shown with black boxes. Exon VII domain and NRDB domain are shown with grey boxes. The
TAD for ETS1 and RUNX1 are labeled as TAD(E) and TAD(R) and shown with white boxes.
The lower left panel shows co-binding of ETS1 and RUNX1 at one of their composite sites.

1.4

ETS1 and RUNX1 are essential for T cell development

While ETS1 and RUNX1 cooperatively function at their composite sites, both of them have
essential roles at certain stages during hematopoiesis. They may work independently or
cooperatively with other proteins, which is a common strategy to realize complex gene
regulation.

7

ETS1 is a representative member of the ETS protein family, all of which share similar ETS DNA
binding domains (DBD) recognizing highly homologous binding sites (44, 45). There are more
than 20 other ETS family members with different domain topologies and expression patterns
(45). For example, PU.1 and SPIB, are primarily expressed in B lymphocytes (45). The closest
family member to ETS1 is ETS2, which is nearly identical to ETS1 in amino acid (aa) sequence
but is expressed primarily in placenta and hair follicles (46). By contrast, ETS1 is expressed
primarily in hematopoietic cells, especially T lineage cells (47). ETS1 knock-out mice are viable,
with aberrant thymic differentiation and greatly reduced T cell cellularity, as opposed to its
minor disruption to B lineage cells (48).

The predominant isoform of mouse ETS1 is the 440-aa protein, termed p54 (Fig1.2), which
accounts for around 90% of total endogenous ETS1 (49). The second abundant isoform is p42,
which accounts for around 10% of total ETS1 (50). Other isoforms, p68 and p27, are much less
expressed (44). Compared to p54, p42 lacks the exon VII domain, which inhibits ETS1 DNA
binding after being phosphorylated by CaMKII or MLCK (51, 52). Thus, p42 has higher affinity
to ETS1 binding sites than p54 (50). The DBD in ETS1 is a winged helix-turn-helix domain,
whose DNA binding capacity is masked by two N-terminus and two C-terminus alpha helices
(44). Therefore, although ETS1 is capable of DNA binding by itself, binding is greatly enhanced
if cooperating factors partners counteract the auto-inhibition of ETS domain (44).
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Compared to ETS1, RUNX1 belongs to a much smaller protein family with two additional
members, RUNX2 and RUNX3 (53). This family is defined by their common DBD, termed a
Runt domain (54). These proteins are also called core binding factor α (CBFα), since they
usually form heterodimers with another non-DNA binding protein, CBFβ (55). CBFβ binding
induces conformational changes of the Runt domain, which greatly enhance its DNA binding
capacity (55). RUNX family members are similar to each other in terms of aa composition, but
differ from each other in expression patterns (56). RUNX2 is primarily expressed in osteoblasts,
whereas RUNX3 is essential for CD8+ SP T cells and dorsal root ganglion neurons (56).
Compared to RUNX2 and RUNX3, RUNX1 is essential from the early stage of hematopoiesis
(57). Loss of RUNX1 leads to embryonic lethality due to a loss of hematopoiesis (57).
Conditional knock-out of RUNX1 at specific stages of lymphocyte development abolishes
affected lineages (57). There are three splicing isoforms of mouse RUNX1 (58). RUNX1a shares
the same promoter with RUNX1b and is a truncated version without transactivation capacity
(58). RUNX1c is transcribed from a different upstream promoter from that of RUNX1b, and
shares the same downstream exons with RUNX1b (58). The 451-aa RUNX1b is the major
isoform expressed in hematopoiesis lineages (Fig. 1.2) (58).

The common theme of individual ETS1 and RUNX1 DNA binding is auto-inhibition, which also
is relevant to binding at composite sites. Either ETS1 or RUNX1 by themselves bind poorly to
the composite site (39, 59, 60). By contrast, when the negative regulation of DNA binding
(NRDB) domain of RUNX1 physically interacts with the exon VII domain of ETS1,
conformational changes are induced in both the ETS and Runt domains, which greatly enhance
their co-binding affinity (59, 60). While previous research has established the mechanism for
9

ETS1-RUNX1 cooperative binding, little has been done to elucidate how these two factors
contribute to gene activation through their composite motifs. Both proteins may physically
recruit other transactivators. The transactivation domain (TAD) of ETS1 interacts with ATF2
and the TAZ domain of CBP (41, 61), while RUNX1 interacts with p300 and the nuclear factor
ALY (62, 63). Moreover, Runx1 is a context-dependent repressor for transcription. Its Cterminus VWRPY motif interacts with Groucho/TLE inhibitors at the CD4 silencer, which
abrogates CD4 expression (64). Given the complexity of potential downstream effects at ETS1RUNX1 composite motifs, it is necessary to experimentally determine specific roles of ETS1 and
RUNX1 proteins on these motifs.

1.5

Conclusion and scope of thesis

ETS1 and RUNX1 are crucial co-regulators at the Eβ-driven Tcrb-RC and other T-lineage super
enhancers harboring similar composite ETS1-RUNX1 motifs. Developmentally upregulated
ETS1 expression, combined with constitutive hematopoietic RUNX1 expression, promotes cell
fate commitment during T cell development via the genome-wide distribution of their co-binding
motifs. However, at the molecular level, the specific functions performed by ETS1 and RUNX1
at these super enhancers are not clear due to a lack of experimental dissection.
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Indeed, it was difficult to specifically recruit only ETS1 or RUNX1 to composite sites due to the
cooperative nature of binding. In this study, I used Tcrb-RC as a model locus to convert ETS1
and RUNX1 sites to Gal4 binding sites, and examined the restoration of mutant Eβ activity by
Gal4DBD fusion proteins. In Chapter 2, I test the feasibility of this approach using luciferase
reporters and found that both Gal4-ETS1 and Gal4-RUNX1 fusion proteins are able to rescue
their mutant enhancers. However, in cell models with knock-in alleles, only Gal4-RUNX1
activates its corresponding mutant Eβ. In Chapter 3, using a cell model with Eβ harboring double
binding site mutations, I show that RUNX1 is sufficient to activate Tcrb-RC independently from
ETS1. I further dissect RUNX1 domain functions using Gal4 fusion with truncated versions of
the transcription factor. I find that the RUNX1-TAD is sufficient for proximal gene activation.
To reach a distal promoter, the presence of either ETS1 or the NRDB domain is necessary. For
the first time, this study also demonstrates spatial and temporal heterogeneity of different
epigenetic and genetic processes during locus activation. In Chapter 2, I show that factor binding
across Tcrb-RC saturates faster than restoration of Eβ activity. In Chapter 3, I show that while
Eβ activity is fully restored at both DβJβ clusters, there is much less restoration of active histone
marks in the upstream Dβ1Jβ1 cluster than in the downstream Dβ2Jβ2 cluster. Thus, the overall
study provides mechanistic insight into super enhancer activation directed by ETS1-RUNX1
motifs. Moreover, the methodology used in this study will be applicable to dissect other complex
mechanisms of gene regulation.
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Chapter 2 : ETS1 and RUNX1 have distinct
transactivation capacities on chromosomal
and ectopic enhancers
2.1

Abstract

V(D)J recombination at the mouse T cell receptor β (Tcrb) is initiated from its recombination
center (RC). Accessibility of the recombination machinery to the Tcrb-RC is tightly controlled
by its enhancer, Eβ. Two transcription factors, ETS1 and RUNX1, bind cooperatively to the two
composite motifs within Eβ, and are essential for Eβ function. Upregulated ETS1 expression
during T cell lineage commitment recruits constitutive RUNX1 to Eβ. Since both proteins are
important transactivators during certain stages of lymphocyte development, an important
question is whether RUNX1 and ETS1 play independent roles during Tcrb-RC activation that
can be dissected from their cooperative binding. To examine individual functions of ETS1 and
RUNX1 at Eβ, I designed an inducible system and tested whether mutant versions of Eβ can be
rescued by Gal4 fusion proteins. In this chapter, I first show that ETS1 or RUNX1 are sufficient
to independently activate E mutants on extrachromosomal luciferase substrates. However, in a
cell model harboring knock-in Gal4 binding sites, ETS1 fails to activate its own enhancer
mutant. By contrast, Gal4 fusions of RUNX1 are sufficient to activate Eβ harboring RUNX site
mutations at the endogenous Tcrb-RC. I also observed delayed kinetics of germline transcription,
a hallmark of Eβ activation, compared to fast transcription factor loading at the Tcrb-RC. I have
also established a useful cell system to study Tcrb-RC activation and its epigenetic revision upon
induction of its master enhancer element.
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2.2

Introduction

Stepwise rearrangement of gene segments within antigen receptor loci, or V(D)J recombination,
is tightly regulated by accessibility of RAG1/2 recombinase to each locus (1, 2). At the mouse T
cell receptor beta (Tcrb) locus, the two downstream DβJβ clusters are highly enriched with
RAG1/2 and undergo D-J recombination in DN thymocytes (2, 3). This region then maintains its
accessibility to RAG proteins and allows further V-DJ recombination (3). Therefore, it is termed
the Tcrb recombination center (Tcrb-RC) (2). During T lymphocyte development, highly active
germline transcription throughout the Tcrb-RC loosens its chromatin structure, which permits
accessibility by RAG proteins to the locus (4–7). To precisely control the tissue specificity of
such transcription and, in turn, to restrict recombination of Tcrb to proper developmental stages,
a short and potent enhancer, Eβ, is essential (8). Eβ is directly bound by T-lineage-specific
transcription factors GATA3 and ETS1, both of which are upregulated with a network of other
proteins induced by the master factor TCF1 (9, 10). Thus, Tcrb rearrangement controlled by Eβ
is one of many processes essential for T cell development.

Of all the transcription factors that bind Eβ, ETS1 and RUNX1 are closely associated with each
other since they form a cooperative complex sharing two composite motifs essential for Eβ
function (11). The co-binding strategy is employed by many other loci with similar ETS1RUNX1 composite motifs, which are widely distributed throughout the mouse genome (12). The
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stringent requirement for both ETS1 and RUNX1 binding at these sites has raised interests in
what individual functions they perform at the loci that they regulate together. When they do not
binding cooperatively, both ETS1 and RUNX1 are independent transactivators (13–16). ETS1
deficiency in mice leads to severe defects and low T cellularity (17). RUNX1 deficiency leads to
embryonic lethality, due to the complete loss of hematopoietic cell development (18).
Conditional knock-out of RUNX1 at different T cell development stages severely blocks or alters
lineage commitment (18, 19). Since RUNX1 expression is turned on at the very early stages of
hematopoiesis and ETS1 is induced after T lineage commitment (20, 21), at least one possible
physiological reason for ETS1-RUNX1 composite site is to regulate RUNX1 recruitment by
newly expressed ETS1.

Still, this scenario does not explain the precise roles of ETS1 and RUNX1 in terms of enhancer
and locus activation at Tcrb. Previous research regarding ETS1-RUNX1 co-binding mainly
focused on their DNA binding capacity (22–24). Using in vitro assays with purified recombinant
truncations of ETS1 and RUNX1, as well as synthetic oligonucleotides, these studies have
identified DNA binding (DBDs) and interacting domains of both factors (22–24). ETS1 is
equipped with an ETS DBD at its C terminus, which follows an exon VII domain with the
capacity to interact with RUNX1 (23, 24). By contrast, the DBD of RUNX1, termed Runt, is
situated at its N terminus, which is followed by the ETS1-interacting domain, called negative
regulatory region of DNA binding (NRDB) (22, 24). When ETS1 and RUNX1 bind to each other
through their interacting domains, the conformational changes in their DBDs counteracts "autoinhibition" of DNA binding, and greatly increase their affinity to their composite sites (22–24).
However, apart from DNA binding, the exact functions of ETS1 and RUNX1 transactivation
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domains (TAD) are not well understood in the context of composite site binding. Although ETS1
and RUNX1 were examined for their activities at cis-elements using reporter assays (15, 25),
there is no systematic dissection of their individual and cooperative functions at Eβ. In this study,
I utilized truncations of ETS1 and RUNX1 proteins fused with Gal4DBD to test their activities
on extrachromosomal luciferase substrates with corresponding binding site mutants of Eβ. I
found that both ETS1 and RUNX1 independently activate mutant Eβ reporters.

Although reporter assays are informative to demonstrate the relative intensities of transactivation
by different transcription factors, further investigation of epigenetic changes over a long distance
requires an experimental systems in chromosomal settings. To construct cell and animal models
with specific mutations, gene targeting techniques were developed to introduce exogenous
vectors carrying the desired mutations into mammalian cells (26). However, traditional targeting
is mostly restricted to embryonic stem cells, which permit high levels of homologous
recombination (HR) (27). Even in these cells, the efficiency of targeting is still extremely low, so
that thousands of clones must be screened to obtain the correct ones (28). To solve this problem,
zinc finger nucleases (ZFN) were designed to generate site-specific double strand breaks (DSB),
which dramatically increase the chance of HR between genomic DNA and targeting vectors (29).
ZFNs are composed of a pair of FokI restriction enzymes fused with three to four zinc finger
DBDs (29). Each zinc finger is capable of specifically binding to a nucleotide triplet. Thus, the
combined sequence from three to four triplets constitutes a specific 9- to 12-nucloetide binding
site for one ZFN subunit. A ZFN pair then binds specifically to an 18- to 24-nucleotide binding
site. In this study, I successfully constructed cell models with Eβ mutation at Tcrb-RC using
ZFN-assisted targeting.
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The cell models revealed distinct behaviors by Gal4-ETS1 and –RUNX1 fusion proteins on their
mutant enhancers. Unlike luciferase reporter assays, only Ga4-RUNX1 is able to activate Eβ
with mutant RUNX1 binding sites. By contrast, Gal4-ETS1 does not activate Eβ with mutant
ETS1 binding sites, even when the steady-state levels of the fusion proteins are boosted by
inhibition of proteolysis. These results suggest that RUNX1 may be the major transactivator in
the ETS1-RUNX1 duo. Also, the difference between results from reporters and knock-in alleles
suggests the necessity to validate earlier research on reporter substrates using chromosomal
settings. In addition, our inducible gene activation system provides a valuable tool to study
kinetics of epigenetic changes at gene loci. Previously, kinetics studies of gene activation were
limited to cytokine- and hormone-inducible genes, which respond at the end of long signaling
cascades (30). Using similar strategies, it is possible to engineer inducible gene loci for many
developmentally important genes, the activation processes of which would otherwise be very
difficult to dissect.
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2.3

Materials and Methods

Cell culture
The RAG1/P53-deficient thymoma cell line P5424 and its derivative cells were cultured at 37 °C
and 5% CO2 in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM Lglutamine, 0.01% penicillin/streptomycin, and 50 μM β-mercaptoethanol. 293T cells were
cultured under the same condition as P5424 cells only except that the medium was DMEM.

Cloning of the luciferase reporters
The promoter-less luciferase reporter plasmid (P-E-) was generated by removing a BglII-HindIII
fragment from the pGL3-Promoter (Promega), which was then blunted and re-ligated. The
reporter with only small Dβ1 promoter (PsE- or P+E-) was generated by replacing the BglIIHindIII fragment on the pGL3-Promoter plasmid with a 0.46kb PCR-amplified fragment from a
previously described minilocus plasmid (31). A 0.57kb Eβ fragment amplified from a pBS vector
harboring this enhancer was introduced to the BamHI site on PsE- to generate PsEs (or P+E+).
Medium (2.39kb) and long (3.41kb) Eβ fragments were amplified directly from P5424 genomic
DNA and ligated to the blunted BamHI ends from cut PsE- to generate PsEm and PsEl reporters.
Medium (3.11kb) and long (3.65kb) Dβ1 promoters were amplified directly from P5424
genomic DNA and replaced the KpnI-HindIII fragment on the pGL3-Promoter plasmid to
generate PmE- and PlE- reporters. The short, medium and long Eβ fragments were then cloned
into the blunted BamHI sites on PmE- and PlE- reporters to generate PmEs, PmEm, PmEl, PlEs,
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PlEm, and PlEl, respectively. For luciferase reporters with mutant EG, RG, EmRG, and EL
enhancers, Gal4 or TF site mutations were first introduced into a 1.85 kb fragment spanning E
(HpaI-HindIII), using PCR-assisted mutagenesis with a high-fidelity polymerase according to the
manufacturer's protocol (Phusion, NEB M0503). Oligonucleotide sequences used for sitedirected mutagenesis and cloning are provided in Table 2.2. Mutagenesis was performed
sequentially to alter both ETS1-RUNX1 sites in E. Bacterial colonies from ligated plasmids
were first screened by regular PCR. Positive candidates were further digested with restriction
enzymes and confirmed by Sanger sequencing. Correct mutant Eβ fragments were then amplified
by PCR and cloned into the P+E- reporter.

Construction and expression of Gal4 and LexA fusion proteins

Except the Gal4VP16 cDNA described in previous research (32), all other Gal4-ETS1 and Gal4RUNX1 fusion proteins were prepared from an acceptor plasmid containing a cDNA for the
Gal4 DNA-binding domain (DBD, aa 1-147). Full-length and truncated ETS1 and RUNX1
cDNAs were cloned in-frame to the Gal4DBD cDNA from either its upstream for C-terminus
Gal4DBD fusions or its downstream for N-terminus Gal4DBD fusions. Each of these ETS1 and
RUNX1 cDNAs was generated by PCR using primers provided in Table 2.2 (ETS1GTVE aa 2440, ETS1GT aa 2-242, ETS1GTV aa 2-330, ETS1TVEG aa 1-439, ETS1TG 1-242, ETS1TVG aa 1330, RUNX1GRNT aa 1-451, RUNX1GNT aa 184-451, RUNX1GN aa 182-292, RUNX1GT aa 291451, RUNX1GNAD aa 184-372, and RUNX1GID aa 371-451). For LexA fusion proteins, ETSTVEL
and ETS1TVL cDNAs were cloned by swapping the Gal4DBD cDNA in ETS TVEG and ETS1TVG
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with PCR-amplified LexA cDNA (aa 1-202). The short Gal4DBD fusion cDNAs for
ETS1TVEG(65) and ETS1TVEG(93) were cloned by swapping the complete Gal4DBD cDNA in
ETS1TVEG with PCR-amplified cDNA for aa 1-65 and 1-93 of Gal4DBD. The final fused Gal4
and LexA fusion protein cDNAs were then excised and cloned into pcDNA3.1. Each version was
validated by sequencing and protein expression in 293T cells. Expression vectors based on
pcDNA3.1 were then used in luciferase assay. For constitutive Gal4-ETS1 fusion protein
expression in Figs. 2.6, 2.7, and 2.8, fusion protein cDNAs were shuttled into a MSCV retroviral
vector with IRES-hCD4 co-expression marker. For inducible expression of RUNX1GNT, the
cDNA was shuttled into the pFLRU:Thy1.1 tet-responsive lentiviral vector. Viruses containing
each Gal4-ETS1 and Gal4-RUNX1 expression cassette were packaged as described previously
(33) and used to spin-infect 5x106 O3-73 derivative cells. Infected cells were cultured for 10
days, sorted for high human CD4 expression with an EasySep Human CD4+ T Cell Enrichment
Kit (Stem Cell Technologies #19052), or for .high Thy1.1 expression by flow cytometry (AntiMouse/Rat CD90.1 APC, eBioscience 17-0900-82). Cells carrying Gal4-ETS1 expression
cassettes were then ready for harvest or MG132 treatment as in Fig. 2.8A. Cells with inducible
RUNX1GNT expression cassette were expanded, and induced with 1 g/mL doxycycline (Dox)
for 24 hours prior to molecular analysis.

Luciferase assay

Luciferase assays were perfumed with the Dual-Glo system (Promega Cat#2920). For each
reaction, 5x106 P5424 cells were transfected by electroporation (Biorad, 250 V/960 F ) with 5
28

μg of firefly luciferase reporter plasmid, 5 μg of transcription factor expression plasmid (if any),
and 0.1 μg of Renilla luciferase control plasmid and cultured in 5 mL medium for overnight.
Cells were harvested 24 hours post transfection, spun down, and resuspended in 20 μL culture
medium at room temperature. The suspension was first mixed with 20 μL of the lysis buffer with
firefly substrate and incubated at room temperature for 10 minutes before firefly luciferase
reading. Then the whole reaction was mixed with 20 μL of the quench buffer with Renilla
substrate and incubated at room temperature for another 10 minutes before Renilla luciferase
reading.

ZFN cutting and detection of DSB by CEL-I (SURVEYOR) assay

Two Zinc Finger Nuclease pairs were customized for this study (ZFNs; Sigma-Aldrich). Each
pair of ZFNs targets a DNA break to a site in Tcrb. ZFN1 targets sequence 5’GGACTTGTCCTTAACTCCCTTTACCTAGCAAGATAGG-3’ in the upstream of D1. ZFN2
target is downstream of E (5’-GTCTGTCTGTCCTGCATTCATTGGCTGGCTTTCGCT-3’).

CEL-I assay was performed with the SURVEYOR Mutation Detection Kit (Transgenomic Cat#
706025) as the manufacturer's description to detect potential double strand break (DSB).
Genomic DNA from samples was extracted with homemade lysis buffer and ethanol
precipitation. Phusion PCR was performed with primers listed in Table 2.2 spanning the ZFN
cutting site. Total PCR product was hybridized by heating and slow cooling on a thermocycler as
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recommended by the manual. The hybridized product was then directly divided into halves and
used for the non-cutting control and CEL-I cutting reactions at 42 °C for 1 hour. After cutting at
the recommended condition in the manual, the samples were run on 2% TAE agarose gel to
examine the digested product.

Construction of cell models

In O3-73 cloning, concurrent expression of 5x106 P5424 cells were transfected with 5 g of each
ZFN expression plasmid using electroporation (250 V/960 F). After two days of recovery, cells
were cloned by serial dilution and screened by PCR assays for the large Tcrb-RC deletion (Table
2.2). Clone O3-73 was selected as a parental cell line for future experiments (allele 1: intact
Tcrb-RC, allele 2: deletion of D1-D2-E).

To construct cell models within knock-in mutant enhancer, the same mutant fragments used in
luciferase reporters are cloned into targeting vectors, which were generated in pBS by
sequentially cloning a 3.2 kb 5’ homology arm (BamHI-HpaI), a 0.7 kb mutant E (HpaI-MluI),
a 1.9 kb loxP:PGK-promoter:Puro:loxP cassette (MluI-NheI), and a 2.1 kb 3` homology arm
(NheI-NotI).
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For targeting, 5x106 O3-73 cells were co-transfected with 20 g of a targeting vector and 5 g
each of expression plasmids for the ZFN2 pair, which introduce a DNA break ~200 bp
downstream of E. Two days post-electroporation, cells were selected with puromycin (1
g/mL) and cultured for 5-6 d before sub-cloning by limiting dilution. Initially, single cell clones
were screened by a PCR assay in which insertion of the targeting vector disrupts amplification
(Table 2.2). Candidate recombinant clones were then screened by a long-range PCR assay for
proper integration (Table 2.2), which was verified by sequencing. Successfully targeted clones
were transfected with 1 g of human CD4 expression plasmid and 10 g of CRE expression
plasmids and purified for CD4 expression. After one week, cultures were subcloned, screened for
deletion of the drug marker cassette, and mutant alleles were verified by sequencing.

RT-qPCR

Total RNA was extracted by TRIzol (Roche #1697478) from O3-73 and its derivatives. In each
reaction, 1 g total RNA was digested by RQ1 RNase-free DNase (Promega M199A) in 20 L
total volume, as recommended by the manufacturer. The treated RNA was split equally for
cDNA preparation with M-MuLV Reverse Transcriptase (NEB M0253) or used as a no RT
control, with random hexamers. Real-time qPCR was performed with SYBR Green JumpStart
Taq ReadyMix (Sigma S4438) using primers and conditions provided in Table 2.1.

Western blot
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O3-73 cell lysates were prepared in RIPA buffer (2x107 cells in 300 L) and sonicated for 40
cycles (30s, vortexed each 10 cycles, Diagenode Bioruptor Pico). Sonicated lysates were used
mixed with 2x Laemmli buffer, heated at 95 °C for 10 minutes, and chilled before loading to
12% PAGE gel (10 L). Gels were transferred to PVDF membranes, incubated with detection
antibodies and visualized by ECL substrate (Thermo Fisher Scientific #34087). Primary
antibodies were used at a concentration of 1 g/mL for protein detection and obtained from the
following sources: rabbit anti-Gal4DBD antibody (Santa Cruz sc-577x), rabbit anti-ETS1 (clone
N276; Santa Cruz sc-111), and mouse anti-GAPDH (clone G-9; Santa Cruz sc-365062).
Secondary antibodies, diluted 1:104, were goat anti-rabbit IgG-HRP (Santa Cruz sc-2004) and
goat anti-mouse IgG-HRP (Promega W4021).

ChIP-qPCR

ChIP assays were performed as described previously (34). Sheared chromatin from O3-73 and its
derivatives were prepared after fixation with 1% formaldehyde and sonication with Diagenode
Bioruptor Pico for 20 cycles (30 s each, vortexed every 5 cycles). ChIP antibodies (all rabbit IgG
isotypes) were coupled to Protein A Dynabeads and were obtained from the following sources:
RUNX1 C terminus was provided by Dr. Takeshi Egawa (35). ETS-1 C20 (Santa Cruz sc-350x)
and normal rabbit IgG (Santa Cruz sc-2027x) were commercially available. Eluted ChIP and

32

input DNAs were purified with Qiagen QIAquick PCR purification kit and analyzed by RTqPCR using primers and conditions provided in Table 2.1.
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2.4

Results

Both ETS1 and RUNX1 activate luciferase reporters with mutant Eβ in precursor T cells

To functionally dissect the roles of ETS1 and RUNX1 in Eβ activation, I needed a cell model in
which the Eβ-dependent activity of Tcrb-RC mimics that in primary mouse T cells. I chose the
P53-/- Rag1-/- thymoma cell line, P5424, which maintains unrearranged Tcrb-RC and active
germline transcription through this region (11, 36–38). To test the dependence of Eβ activity on
its ETS1-RUNX1 binding motifs in P5424, I constructed a series of luciferase reporter sharing
the same promoter for Dβ1 and transfected them into P5424 (Fig. 2.1). As expected, luciferase
signal driven by wild type (WT) Eβ was ten-fold higher than the promoter only vector, which
confirmed Eβ activity in P5424 cells. Since there are two ETS1-RUNX1 composite sites in Eβ, I
converted either both of the RUNX1 or both of the ETS1 binding sites to Gal4 sites (RG or EG),
which completely abolished the activity of Eβ (Fig. 2.1). In contrast, mutating only one ETS1
binding site (E1G and E2G) only partially crippled Eβ activity, suggesting that the two ETS1RUNX1 composite sites work independently from each other (Fig. 2.1). These results are
consistent with previous findings on Eβ composition (22).

To test whether ETS1 or RUNX1 proteins are sufficient to rescue their mutant enhancers, I cotransfected luciferase reporters with EG or RG mutant enhancers using Gal4 fusion protein
expression vectors into P5424 cells (Fig. 2.2). As a positive control for rescue by Gal4 fusion
proteins, Gal4VP16, a potent transactivator, induced both EG and RG mutant enhancers to at
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least ten-fold higher than the physiological level of WT Eβ (Fig. 2.2). However, when the fulllength RUNX1 or ETS1 proteins were fused to Gal4 DNA binding domain (DBD), the fusion
proteins (RUNX1GRNT or ETS1TVEG/ETS1GTVE) failed to fully restore RG or EG mutant enhancer
activity (Fig. 2.2). By contrast, if the Runt or ETS DBDs were replaced by Gal4DBD, the fusion
proteins (RUNX1GNT or ETS1TVG) were able to fully restore mutant RG or EG enhancer activity
(Figs. 2.2 and 2.3). These results suggest that apart from inhibition of DNA binding (22–24), the
Runt or ETS DBDs also inhibit the activity of transactivation domains (TAD) on reporter
substrates. Notably, both ETS1GTV and ETS1TVG were equally or more competent than ETS1GTVE
and ETS1TVEG, suggesting that activity of fusion proteins rely more on their composition than
their domain topology (Fig. 2.2). For ETS1, its core competence of activity on Eβ is within its
TAD, since both ETS1GT and ETS1TG restored EG activity to the WT level (Fig. 2.2). Similarly,
RUNX1 TAD by itself (RUNX1GT) is also sufficient to activate mutant RG enhancer (Fig. 2.4).

The sufficiency of Gal4 fusion proteins to rescue their corresponding EG and RG mutant
enhancers does not exclude the potential involvement of endogenous RUNX1 or ETS1 binding
at the intact halves of the composite sites. To further test the independent function of ETS1 and
RUNX1 proteins, I engineered EGRm and EmRG mutant enhancers in which the core RUNX1
and ETS1 binding nucleotides were mutated in addition to existing EG and RG mutation,
respectively (Fig. 2.3B). Surprisingly, ETS1 TVG failed to activate EGRm reporter as much as it
did to EG reporter (Fig. 2.3B). Therefore, intact RUNX1 binding sites are required for full
activity of ETS1TVG at the mutant ETS1 sites. This observation led to a hypothesis that the
presence of RUNX1 protein is required for activation of EG by Gal4-ETS1 fusion protein.
However, it is challenged by the observation that the potent Gal4VP16 activated EmRG to a
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similar high level to those of EG and RG, and only activated EGRm to a much lower level which
was comparable to that of WT Eβ (Fig. 2.3B). On EmRG and EGRm mutant enhancers, neither
Gal4VP16, nor the motifs recruit RUNX1. Thus, the difference between these two mutants is
more likely due to changes in the positions of the two binding sites. Moreover, both RG and
EmRG mutant enhancers were activated by ETS1TVG, although RUNX1GNT did activate EG, RG,
and EmRG more strongly than ETS1TVG (Fig. 2.3B). Taken together, I conclude that to activate
Eβ on luciferase reporters, the positions hosting RUNX1 binding sites in the wild-type enhancer,
whether mutant or not, must be accessible for transactivators.

In my system, the physiologically relevant scenarios for reporters with RG and EmRG mutant
enhancers are activation using Gal4-RUNX1 fusion proteins. Given the importance of RUNX1
binding sites, I continued to investigate how RUNX1 activates Eβ by further dissecting RUNX1
functional domains. In previous in vitro research with purified proteins, ETS1-RUNX1
interactions were identified as important features of ETS1-RUNX1 co-binding to increase their
affinity (22–24). Thus, it is possible that Gal4-RUNX1 fusion proteins recruit ETS1 via its
ETS1-interacting domain NRDB (22–24) and ETS1 is still essential for the activity of Gal4RUNX1 fusions. Indeed, losing ETS1 binding sites in mutant EmRG enhancer weakened its
activation by Gal4-RUNX1 fusions, as opposed to the mutant RG enhancer (green bars vs. blue
bars, Fig. 2.4). However, the TAD of RUNX1 by itself was sufficient to activate the mutant
EmRG enhancer to WT Eβ level without ETS1 recruited by its DNA motif or NRDB domain
(RUNX1GT, Fig. 2.4). By contrast, the NRDB domain of RUNX1 alone did not activate mutant
RG or EmRG enhancers, if there was any ETS1 recruited (RUNX1 GN, Fig. 2.4). These results
suggest that RUNX1 is able to activate Eβ mutant reporters independently from ETS1, although
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ETS1 may further assist such activation. Since RUNX1 C-terminus binds Groucho/TLE
inhibitors (39, 40), its TAD may be further dissected into activation and inhibition sub-domains
(AD and ID). As expected, AD, not ID, is responsible for RUNX1 activity on Eβ reporters
(RUNX1GNAD and RUNX1GID, Fig. 2.4).

Collectively, the luciferase reporter assays with different versions of mutant Eβ and Gal4ETS1/RUNX1 fusion proteins demonstrated that both ETS1 and RUNX1 may rescue their
respective Eβ binding sites mutants once actively tethered by Gal4DBD. Meanwhile, RUNX1
behaves more independently than ETS1 due to the importance of its binding sites and its
sufficiency without ETS1. To gain more physiological insights, it would be necessary to
investigate further questions in chromosomal settings in P5424 cells (Chapter 3).

Generation of cell models harboring mutant versions of Eβ using Zinc Finger Nucleases

To construct P5424 cell models with mutant Eβ, the Oltz lab customized a commercially
available Zinc Finger Nuclease (ZFN), which generates a double strand break (DSB)
downstream of Eβ (ZFN2, Fig. 2.5A). DSBs greatly increase the efficiency of introducing sitespecific homologous recombination (HR) between targeting vectors and chromosomes (41). For
the convenience of targeting and later analysis, we first used another ZFN recognizing the
upstream of pDβ1 (ZFN1, Fig. 2.5A) together with ZFN2 to delete the whole Tcrb-RC on one
allele (Allele 1, Fig. 2.5A) while leaving the other allele intact (Allele 2, Fig. 2.5A). This
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derivative of P5424 was termed O3-73 and was used as a wild type control in all experiments. In
O3-73, when ZFN2 cuts the genomic DNA downstream of Eβ, targeting vectors harboring
mutant Eβ and the drug selection cassette, loxP-Puro-loxP, flanked by long homologous arms
may crossover with the endogenous locus and yield a new allele with the mutant Eβ and the
puromycin-selectable marker (Fig. 2.5A). This allele, when treated with CRE recombinase, will
lose the Puro cassette and leave only one loxP site (Fig. 2.5A).

Since the EG, RG, and EmRG mutant enhancers were shown to be activated by their respective
Gal4-fusion proteins, I went on to make the corresponding mutant knock-in alleles (Figs. 2.5,
2.14, and 2.15). Cutting by ZFN2 was validated by CEL-I assay (Figs. 2.13A, 2.14A, and
2.15A). In the CEL-I assay, cut alleles repaired by non-homologous end joining (NHEJ)
pathways harbored mismatches compared to the uncut alleles. Thus, PCR products spanning the
cut sites were different for cut and uncut alleles. When they hybridized, they formed a "bubble"
for CEL-I enzyme to recognize, which was cut into two smaller fragments. As expected, only
samples with ZFN2 expression had CEL-I cutting products (Figs. 2.13A, 2.14A, and 2.15A).

During the cloning process, not all cells in culture undergo chromosomal modifications by HR or
CRE recombination, thus the resulted cells had to be sub-cloned and screened for correct clones.
The first step of screening was to check if the loxP-Puro-loxP cassette successfully replaced the
ZFN2 cutting site (Figs. 2.5B, 2.14B, and 2.15B). In this assay, a conventional PCR spanning the
ZFN2 cutting site lost its signal if the site was extended by the Puro cassette to much larger than
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it could amplify. Indeed, I obtained clones with either no product or non-specific bands, which
proceeded to further validation (Figs. 2.5B, 2.14B, and 2.15B).

Replacement of the ZFN2 site by the Puro cassette excluded clones without HR, but it could not
distinguish wrong crossovers from correct ones. When crossover happened downstream of Eβ
and in the upstream of ZFN2 cutting site, the new allele would have wild type Eβ and the Puro
cassette (Wrong crossover, Fig. 2.5C). Thus it would be necessary to use PCRs specific to wild
type and mutant Eβ to further screen clones. For example, in EG mutant cell cloning, two clones
were identified to bear the Puro cassette (marked with * and #, Fig. 2.5B). However, when tested
with wild type- and mutant-specific PCRs, only one clone (marked with *, Fig. 2.5C) carried the
correct mutation and the other was wild type (marked with #, Fig. 2.5C). Mutation of Eβ was
further validated by a functional readout, germline transcription through Jβ1.2 region (Fig. 2.5C).
Alternatively, we used this functional readout as a screen for other mutant Eβ alleles (Fig. 2.14C)
since it was difficult to find mutant-specific primers for genomic PCR. For the genomic PCR
assay, a stronger and yet more difficult strategy was using a forward primer in the upstream of
the left homologous arm together with wild type- or mutant-specific reverse primers, which
could further ensure the intactness of the resulted alleles by long-range (3 kb) PCR products (Fig.
2.13C). During EmRG cell cloning, there were only two clones with the Puro cassette (Fig.
2.15B). Both of them passed the more stringent validation by long-range PCR (Fig. 2.15C). For
all EG, RG, and EmRG clones passing validation of mutant Eβ, their exact genomic sequences
were eventually confirmed by Sanger sequencing.
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Cells with correct mutant Eβ sequences then went through another round of screening after CRE
deletion of the Puro cassette (Figs. 2.5D, 2.14D, and 2.15D). The screening strategy using
conventional PCR was similar to that for detection of replacement of the ZFN2 site by the loxPPuro-loxP cassette. The difference was that positive clones would show an amplicon on gel
instead of losing it. In addition, this new amplicon was slightly larger than that from O3-73 cells
due to the extra sequence from the residual loxP site (Figs. 2.5D, 2.14D, and 2.15D). After
screening, all correct EG, RG, and EmRG clones were further validated by Sanger sequencing.
With these cells, I proceeded to test the chromosomal behaviors of Gal4 fusion proteins.

Gal4-ETS1 fusion protein fails to rescue mutant Eβ in Tcrb-RC

Rescuing of the EG mutant enhancer activity on luciferase reporters by Gal4-ETS1 fusion
proteins inspired me to further test similar scenarios in a chromosomal setting. Unlike luciferase
reporters, EG mutant cells have the whole Tcrb-RC, with promoters positioned further upstream
from the EG mutant enhancer. To express the fusion transcription factors, I introduced their
cDNAs into EG mutant cells using a retroviral transduction system. As expected, EG mutant
enhancer completely abolished germline transcription through the Jβ1.2 and Jβ2.1 regions (Fig.
2.6). To our surprise, ETS1TVG, which maintains the domain topology closest to WT ETS1 in all
Gal4-ETS1 fusion proteins, failed to activate Jβ1.2 or Jβ2.1 germline transcription (Fig. 2.6). By
contrast, the potent Gal4VP16 did activate EG mutant enhancer for both Jβ1.2 and Jβ2.1 regions,
suggesting that this enhancer is accessible and activatable by Gal4 fusion proteins (Fig. 2.6).
Meanwhile, the total ETS1 transcription, including both endogenous ETS1 and ectopic ETS1TVG
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signals, was at doubled in EG cells expression ETS1TVG compared to untransduced cells (Fig.
2.6). This result suggests that, in terms of transcription levels, ETS1TVG is comparable to
endogenous ETS1.

However, transcription levels are not necessarily in proportion to steady-state protein levels,
which may be affected by translation efficiency and protein degradation (42). Indeed, previous
research observed that Gal4DBD fusion led to decreased expression of its fusion proteins (15).
To test the influence of Gal4DBD on the steady-state expression levels of ETS1 fusion proteins,
I needed a cell model in which ectopic wild type ETS1 protein and Gal4-ETS1 fusions are
clearly comparable to each other. Since ETS1 is abundantly expressed in T lineage cells, I used a
proB cell line 63-12, which expresses minimal endogenous ETS1, to compare different ectopic
proteins (Fig. 2.7). I designed ETS1 fusion proteins with different lengths of additional domains,
from the shortest HA tag (ETS1HA) to longer portions of Gal4DBD (ETS1TVEG(65), ETS1TVEG(93),
and ETS1TVEG(147), Fig. 2.7A). The HA tag did not change protein expression levels compared to
wild type ETS1 (Fig. 2.7B). By contrast, the 65 aa Gal4DBD portion slightly decreased its fusion
protein expression (Fig. 2.7B). If the Gal4DBD was extended to 93 aa or 147 aa, Gal4 fusion
protein expression was much weaker than wild type ETS1 (Fig. 2.7B). These results demonstrate
that Gal4DBD decreases the steady-state levels of its fusion proteins.

Given that low steady-state level of Gal4-ETS1 fusion protein fails to activate the EG mutant
enhancer, it is still possible that higher expression of this protein may pass a threshold to activate
the mutant enhancer. To boost the expression of Gal4-ETS1 fusion proteins, I first tested if
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Gal4DBD led to fusion protein degradation. Indeed, a low concentration (2 μM) of the protease
inhibitor MG132 greatly increased ETS1TVG expression in EG mutant cells, as detected by antiGal4 antibody (Fig. 2.8A). By contrast, endogenous ETS1 levels in cells without ectopic
ETS1TVG expression were not affected by titration of MG132 (Fig. 2.8A). Moreover, ETS1 TVG
detected by anti-ETS1 antibody was comparable to the endogenous ETS1 when treated with
2μM MG132 (Fig. 2.8A). Meanwhile, MG132 did not alter total ETS1 transcription levels in EG
mutant cells with or without ETS1TVG expression (Fig. 2.8B). These results suggest that 2 μM
MG132 increases ETS1TVG steady-state level without affecting other essential cellular processes.
However, increased ETS1 TVG expression failed to rescue Jβ1.2 germline transcription in EG
mutant cells (Fig. 2.8B). Taken together, I conclude that expression of Gal4-ETS1 fusion protein
does not activate knock-in EG mutant enhancer, as it does the luciferase reporters.

Fast binding of Gal4-RUNX1 fusion protein activates mutant Eβ in Tcrb-RC

The failure to rescue knock-in mutant Eβ activity by Gal4-ETS1 fusion naturally led to the
question if the Gal4-RUNX1 fusion is competent in similar scenarios. Although in luciferase
reporter assays, the Gal4-RUNX1 fusion protein RUNX1GNT exhibited stronger potency than
Gal4-ETS1 fusion protein ETS1TVG in mutant Eβ activation (Fig. 2.3), it is possible that the
Tcrb-RC allele harboring the RG mutant enhancer is not activatable. To test this possibility, I
transduced RG mutant cells with Gal4DBD and RUNX1GNT retroviral expression vectors (Fig.
2.9A). In contrast to EG mutant cells, Jβ1.2 germline transcription in RG mutant cells was
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rescued by the corresponding RUNX1GNT fusion protein to a level similar to that driven by WT
Eβ, suggesting that the knock-in RG mutant enhancer activity was fully restored (Fig. 2.9A).

This fully restored mutant Eβ activity provides a useful tool to track the kinetics of Tcrb-RC
activation process. In RG mutant cells bearing tet-inducible lentviral expression cassettes for
RUNX1GNT, Jβ1.2 germline transcription was fully restored to WT level at 24 hours post
induction by Dox (Fig. 2.9B). Before saturation, Jβ1.2 germline transcription gradually increased
over the course of 24 hours (Fig. 2.9B). By contrast, Gal4 transcription exhibited a sharper
increase from 0 to 4 hours post induction, after which its curve was much flatter (Fig. 2.9B). It
should be noted that the Jβ1.2 primers amplify only unspliced germline transcripts, which are
intermediate products quickly spliced into more stable transcripts. Thus, the level of unspliced
Jβ1.2 germline transcription detected by this PCR is closely related to instant activity of Eβ.
Similarly, since Gal4DBD actively causes its fusion proteins to degrade (Fig. 2.7), Gal4
transcription should reflect the instant levels of short-life Gal4 fusion proteins. Thus, different
kinetics from these transcriptional results may suggest that induced RUNX1GNT protein reaches
its steady state of expression level much faster than induced mutant Eβ activity.

Indeed, the kinetics of RUNX1GNT binding at Eβ measured by chromatin immuneprecipitation
(ChIP) was very similar to that of Gal4 transcription, which increased sharply from 0 to 6 hours
post induction and became flat afterwards, suggesting that available RUNX1GNT at Eβ was
quickly saturated post induction of its expression (Fig. 10A). Meanwhile, RUNX1GNT binding at
pDβ1 followed the same kinetics as its binding at Eβ (Fig. 10A). Since there is no RUNX1
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binding site at pDβ1, detected RUNX1GNT signal at pDβ1 was most likely from the same protein
binding to Eβ, which was delivered via promoter-enhancer interaction between pDβ1 and Eβ
(43). It is noticeable that ETS1 binding at both pDβ1 and Eβ also closely mimics RUNX1GNT
kinetics, which might result from a synergy between the intact ETS1 binding sites at RG mutant
enhancer, the NRDB domain of RUNX1GNT, and the ETS1 binding site at pDβ1 (13). Taken
together, these results suggest that Eβ activation induces instant promoter-enhancer interaction
between pDβ1 and Eβ, which leads to similar kinetics of transcription factor binding.
Transcription factor binding at pDβ1 and Eβ was much faster than Jβ1.2 germline transcription
as determined by two-way ANOVA test (Fig. 2.10B). By contrast, the differences between factor
binding kinetic curves were small. Based on these observations, I conclude that fast transcription
factor binding precedes gradual ascendance of Eβ activity during the process of Tcrb-RC
activation.

2.5 Discussion
ETS1 and RUNX1 proteins are critical in lymphocyte development through their binding to ciselements of lineage specific genes (18, 35, 44–47). Apart from functioning separately, they often
work as co-binding partners on their composite sites (11, 22–24). Previous research focused
mainly on their DNA binding capacity without detailed discussion of their individual functions.
In my study, I utilized a representative model of ETS1-RUNX1 composite sites, the enhancer Eβ
at mouse Tcrb-RC locus, to dissect ETS1 and RUNX1 functions. I found that in luciferase
reporter assays, both ETS1 and RUNX1 are competent in independently rescuing ETS1 and
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RUNX1 binding site mutations, although the RUNX1 binding sites seem more essential since
they should be accessible to transactivators. By contrast, in cell models with knock-in ETS1 and
RUNX1 binding site mutant alleles, only RUNX1 is able to activate the Tcrb-RC allele bearing
its own mutant binding sites. The different behaviors of these two proteins demonstrate that
results from luciferase substrate are not precise representation of actual chromosomal processes.
The rich knowledge accumulated through luciferase and other reporter assays on genetic
regulation in past research has to be validated using cell models bearing the same cis-element
mutations. Moreover, such cell models will allow more versatile studies than reporter assays. For
example, the kinetic comparison between facets of the RUNX1-induced gene activation process
would otherwise be impossible without RUNX1 binding site mutants.

Of all questions answerable by mutant knock-in cell models, the ones regarding ETS1-RUNX1
cooperativity show the most advantages of these models over luciferase reporter substrates.
ETS1 and RUNX1 interact with each other via the exon VII domain and the NRDB domain,
respectively (22–24). To clearly test if one of the two proteins is essential for the enhancer
activation mediated by the other, it is necessary to examine if the proteins physically bind to the
enhancer. Although ChIP assays were feasible on transfected plasmid-based reporters (48), the
binding patterns may be completely different between the same cis-elements on
extrachromosomal reporters and in native chromatin (49). Thus, it is possible that different
activities of ETS1 on reporters and EG mutant cells are due to the amounts of recruited RUNX1.
RUNX1 may activate the reporter substrate with EmRG mutant enhancer independently from
ETS1. This hypothesis will be more rigorously tested by ChIP assay to measure ETS1 binding on
EmRG mutant alleles.
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Additionally, the quantitative measurement by ChIP assay on mutant knock-in enhancers will
provide insight into the actual levels of binding by Gal4 fusion proteins to mutant enhancers.
Since Gal4DBD determines the low cellular steady-state level of Gal4-ETS1 fusion proteins
(Fig. 2.7), it is likely that expression levels of other Gal4 fusion proteins are also affected.
However, unlike Gal4-ETS1 fusions, which are unable to activate the chromosomal EG mutant
enhancer, Gal4-RUNX1 fusions activate RG mutant enhancer (Fig. 2.9). Thus, it is possible that
the local concentration of RUNX1GNT near the RG enhancer is sufficiently above a threshold for
Eβ activation. Indeed, RUNX1 signal at RG quickly saturated post induction of its expression
(Fig. 2.10). If I titrate the induced steady-state levels of RUNX1GNT with different Dox
concentrations, I may be able to quantitatively determine the required threshold of the Runx
TAD for Eβ activity using ChIP assay. In this experiment, an important difference between Gal4
fusion and wild type proteins has to be taken into consideration. Since Gal4DBD must dimerize
to bind its binding site, its fusion proteins also have two copies of other domains recruited to
Gal4 mutant sites, as opposed to their wild type counterparts. So at the molecular scale,
RUNX1GNT presents two TADs, which resemble ETS1-RUNX1 co-binding. Thus there are at
least two possible scenarios for the required amount and type of TAD for Eβ activation. If both
ETS1 and RUNX1 TADs are equally sufficient and necessary for Eβ, RUNX1GNT may need to
bind two fold as much as wild type RUNX1 to provide the same amount of TAD for Eβ
activation. Alternatively, if only RUNX1 TAD is required, RUNX1GNT may reach the same level
of activity by binding at the same amount of wild type RUNX1.
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Dimerization and low expression issues with the Gal4DBD may be overcome if we switch to
other DNA binding approaches. To bind a single copy of fusion protein, it is possible to use zinc
finger DBD (50). With three or four zinc finger domains, it will also increase the specificity of
DNA binding throughout the genome (29). Another option will be using the recently developed
CRISPR-Cas9 system with a mutant version of Cas9 protein without nuclease activity (51).
However, both of these approaches may suffer from the bulky sizes of their DNA binding
domains, which may affect the activity of TADs. For example, in our attempt to use LexA DBD
(52) instead of Gal4 DBD to make fusion proteins, LexA-ETS1 fusions only modestly activate
the luciferase reporters with LexA binding sites (Fig. 2.12). In this regard, Gal4DBD may still be
the most potent option for the rescuing approach.

The rescuing approach benefits from using knock-in alleles to provide a chromosomal
environment for the local interaction between Gal4 fusion proteins and mutant Eβ enhancers.
Apart from this, knock-in alleles also provide the opportunity to investigate how Eβ controls a
broad genomic region within the three-dimensional space of nucleus. Since the temporal tracings
of ETS1 and RUNX1 binding at pDβ1 closely resemble those at Eβ (Fig. 2.10), the holocomplex
between pDβ1 and Eβ must be formed quickly and instantly. Such scenarios are very difficult to
investigate using luciferase reporter substrates, although one of my attempts implied the potential
roles of genomic regions outside of known cis-elements in Tcrb-RC activation (Fig. 2.11). It has
been established that CTCF-cohesin complexes mediate many long-range interactions
throughout the human and mouse genomes (53). Since there are CTCF binding sites in the
upstream of pDβ1 and in the downstream of Eβ, I went on to test if including these regions
would increase Eβ luciferase reporter activity. When pDβ1 and Eβ fragments used in luciferase
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assay were extended to include more genomic sequence, only extension of Eβ but not pDβ1
dramatically increased luciferase reporter activities (Fig. 2.11). This result suggests that regions
other than the CTCF binding site in the downstream of Eβ further enhances its activity. It is
possible that matrix attachment regions (MAR) and lamin-associated domains (LAD) in the extra
sequences influenced the final activity of Eβ (54, 55). Nevertheless, all phenotypes resulting
from CTCF sites, MARs and LADs in future analyses will be more relevant to physiological
conditions on knock-in alleles. If I use Chromatin Conformation Capture (3C) assays in our
cellular system, I will be able to quantitatively determine the levels of Eβ interaction with pDβ1
and other cis-elements during Tcrb-RC activation. If the same approach is applied to other
genomic loci, it will eventually lead to a comprehensive and detailed understanding of the
epigenetic regulation mechanisms of not only Tcrb-RC but also genomic domains in general.
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2.6

Figures

Figure 2.1 Tcrb-RC enhancer reporter activity is dependent on both ETS/RUNX binding
motifs.
Schematic representation in the upper left panel shows a pGL3 luciferase reporter plasmid with a
0.49kb promoter upstream of Dβ1 (the red bar) and a 0.57kb wild-type enhancer Eβ of Tcrb-RC
(the blue bar). The green bars labeled by "LUC" indicate firefly luciferase cDNA. This plasmid
is termed P+E+. Reporter plasmids with the same promoter and different enhancer cassettes were
used in this experiment. For simplicity, the rest of the left panel shows only the close-up
depiction of the enhancer regions. "-" refers to no enhancer. WT refers to wild-type enhancer Eβ.
RG refers to mutation of both RUNX1 binding sites to Gal4 binding sites. E1G refers to
mutation of only the upstream ETS1 site to Gal4 site. E2G refers to mutation of only the
downstream ETS1 site to Gal4 site. EG refers to mutation of both ETS1 sites to Gal4 sites.
Firefly and control Renilla luciferase reporters were introduced to P5424 cells and measured as
described in Materials and Methods. The right panel shows firefly luciferase signals normalized
to Renilla signals from one experiment, which correspond to the enhancer variations on the left.
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Figure 2.2 Gal4 fusion proteins restore mutant Eβ activity on reporters.
Schematic representation in the left panel shows the combination of different enhancers and
transcription factors. All reporters share the same promoter for Dβ1 as described in Fig 2.1. For
enhancers, "none" refers to no enhancer. WT, RG and EG enhancers are as described in Fig. 2.1.
For transcription factors, "none" refers to no co-transfection. Gal4DBD refers to the 147 aa Gal4
DNA binding domain. Gal4VP16 refers to the fusion protein of Gal4DBD and VP16 activation
domain. RUNX1 consists of an N terminus Runt DNA binding domain (Runt), a negative
regulatory region of DNA binding domain (NRDB), and a transactivation domain (TAD).
RUNX1GRNT refers to the fusion of Gal4DBD and the full-length RUNX1. ETS1 consists of an N
terminus transactivation domain (TAD), an exon VII domain (VII), and an ETS DNA binding
domain (ETS). ETS1GTVE refers to the fusion of the full-length ETS1 and Gal4DBD at the N
terminus. ETS1GT refers to the fusion of Gal4DBD at the N terminus and the ETS1 TAD.
ETS1GTV refers to the fusion of Gal4DBD at the N terminus, the ETS1 TAD and the ETS1 exon
VII domain. ETS1TVEG refers to the fusion of the full-length ETS1 and Gal4DBD at the C
terminus. ETS1TG refers to the fusion of the ETS1 TAD and Gal4DBD at the C terminus.
ETS1TVG refers to the fusion of the ETS1 TAD, the ETS1 exon VII domain and Gal4DBD at the
C terminus. Firefly and control Renilla luciferase reporters were introduced to P5424 cells with
transcription factor expression plasmids and measured as described in Materials and Methods.
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The right panel shows firefly luciferase signals normalized to Renilla signals from two
experiments, which correspond to the enhancer/TF combinations on the left.
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Figure 2.3 Gal4-ETS1 and –RUNX1 fusion proteins activate Eβ with ETS1 and/or RUNX1
binding site mutation in an independent manner.
(A) Cartoon depictions of fusion proteins used in this experiment. Gal4DBD, Gal4VP16 and
ETS1TVG are as described in Fig. 2.2. RUNX1GNT refers to the fusion of Gal4DBD, the NRDB
domain of RUNX1 and the RUNX1 TAD. (B) Schematic representation in the left panel shows
different enhancers. All reporters share the same promoter for Dβ1 as described in Fig 2.1. WT,
"-", RG and EG enhancers are as described in Fig. 2.1. EGRm refers to mutation of both ETS1
binding sites to Gal4 binding sites and null mutation of both RUNX1 sites. EmRG refers to
mutation of both RUNX1 binding sites to Gal4 binding sites and null mutation of both ETS1
sites. In the right panel, different transcription factors are color-coded. Black refers to no ectopic
protein. Blue refers to Gal4DBD. Red refers to Gal4VP16. Green refers to ETS1TVG. Purple
refers to RUNX1GNT. All transcription factors are as described in Fig. 2.2. Data in the right panel
are grouped by the enhancer types on reporters. WT and "-" enhancers were done without cotransfection of transcription factors. Firefly and control Renilla luciferase reporter plasmids were
introduced to P5424 cells with transcription factor expression plasmids and measured as
described in Materials and Methods. The right panel shows firefly luciferase signals normalized
to Renilla signals from two experiments, which correspond to the enhancers on the left.

52

Figure 2.4 Gal4 fusion proteins with truncated RUNX1 identify functional domains
responsible for Eβ reporter activity.
Schematic representation in the upper left panel shows dissection of RUNX1 domains as
described in Fig. 2.2 and the further dissection of the TAD into Activation Domain (AD) and
Inhibition Domain (ID). The lower left panel shows fusion proteins used in this experiment.
Gal4DBD is as described in Fig. 2.2. RUNX1GNT is as described in Fig. 2.3A RUNX1GT refers to
the fusion of Gal4DBD and the RUNX1 TAD. RUNX1GNAD refers to the fusion of Gal4DBD,
the NRDB domain of RUNX1 and the AD sub-domain of the RUNX1 TAD. RUNX1GID refers
to the fusion of Gal4DBD and the ID sub-domain of the RUNX1 TAD. In the right panel,
enhancers on luciferase reporters are color-coded. WT, RG and EmRG enhancers are as
described in Figs. 2.1 and 2.3. "none" refers to no enhancer. All reporters share the same
promoter for Dβ1 as described in Fig 2.1. Black, grey, blue and green bars refer to WT, "none",
RG and EmRG enhancers, respectively. Data in the right panel are grouped by fusion proteins.
Firefly and control Renilla luciferase reporters were introduced to P5424 cells with transcription
factor expression plasmids and measured as described in Materials and Methods. The right panel
shows firefly luciferase signals normalized to Renilla signals from two experiments, which
correspond to the fusions on the left.
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Figure 2.5 Zinc Finger Nuclease facilitates cloning of a knock-in cell model with the mutant
EG enhancer.
(A) Schematic representation shows the overall cloning strategy. The top two alleles represent
endogenous O3-73 alleles. Allele 1 shows a 22 kb deletion from upstream of the promoter of
Dβ1 (pDβ1) to downstream of Eβ. Allele 2 shows pDβ1 and a close-up view of regions flanking
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Eβ, with in-between regions omitted. The red arrows denote the Zinc Finger Nuclease (ZFN)
cutting sites by ZFN1 and ZFN2. The regions on the targeting vector for recombination are
aligned with Allele 2, with left and right homologous arms, mutant Eβ (two mutations marked by
grey bars) and a loxP-Puro-loxP cassette for selection. The bottom two alleles represent the
intermediate product after homologous recombination (HR) and the final product after CRE
deletion of loxP cassette. (B) Schematic representation on top shows screening strategy for
clones with successful crossover using primers (Primers 1 and 2) flanking the ZFN cutting site.
The bottom shows representation of PCR products from different templates on 2% TBE agarose
gel. O denotes O3-73 genomic DNA. H denotes water control. Numbers 1-18 are clones. * and #
mark the same samples examined in later panels of this figure. Alignment of Primers 1 and 2 are
shown on both parental and product alleles. The primer and clone numbers only apply to this
panel. (C) The top schematic representation shows screening strategy for correct crossover
products. Primers 1 and 4 align with mutant sequences of the two ETS1/RUNX1 motifs,
respectively. Primers 2 and 3 align with consensus sequences of correct and wrong crossovers.
Primers 5 and 6 align with wild type sequences of the two motifs. The lower right panel shows
PCR product with different templates on 2% TBE agarose gel. O denotes O3-73 genomic DNA.
B denotes genomic DNA from the bulk prior to sub-cloning. H denotes water control. Numbers
1-9 are clones. * and # mark the same samples examined in panel B of this figure. The primer
and clone numbers only apply to this panel. The lower left panel shows RT-qPCR of unspliced
germline transcription through Jβ1.2 to validate mutant Eβ activity. proB refers to a proB cell
line R2K2. Clones 2 and 7 are the selected two correct clones. Data are presented as the average
values of two PCR replicates (+S.D.) from one experiment. (D) Schematic representation on top
shows the strategy to screen for clones with successful CRE deletion of the loxP-Puro-loxP
cassette. See panel A of this figure for detailed description of alleles. The primer and clone
numbers only apply to this panel. The lower panel shows PCR product with different templates
on 2% TBE agarose gel. H denotes water control. O denotes O3-73 genomic DNA. B denotes
genomic DNA from the bulk prior to sub-cloning. Numbers 1-5 are correct clones.
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Figure 2.6 Chromosomal mutant Eβ lacking ETS1 binding site is activated by Gal4VP16
but not Gal4-ETS1 fusion proteins.
The top panel shows schematic representation of Gal4VP16 and ETS1 TVG fusion proteins as well
as WT and EG enhancers (see also Fig. 2.2). The bottom panel shows RT-qPCR of unspliced
germline transcription through Jβ1.2, Jβ2.1 regions and total level of ETS1 transcription for
different versions of Eβ (WT and EG) induced by different transcription factors (ETS1TVG and
Gal4VP16, denoted by EVG and G4VP16, respectively). Data are presented as the average
values of two PCR replicates (+S.D.) from one experiment.
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Figure 2.7 Gal4DBD decreases steady-state levels of fusion proteins in lymphoma cells.
(A) Cartoon depictions of wild-type ETS1 and its fusion proteins with different tags. ETS1HA is
the fusion between full-length ETS1 and a C-terminus HA tag. ETS1TVEG(65), ETS1TVEG(93),
ETS1TVEG(147) are full-length ETS1 fused with aa 1-65, aa 1-93 and aa 1-147 from Gal4 DBD,
respectively. ETS1TVEG(147) is the same as ETS1 TVEG used in Fig. 2.2. (B) Western blotting
analysis for expression of the proteins in panel A in the 63-12 proB cell line. Cells were
transduced with retroviral vectors constitutively expression these proteins cells, enriched and
processed as described in Materials and Methods.
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Figure 2.8 Stabilized Gal4-ETS1 fusion protein fails to activate chromosomal mutant Eβ
lacking ETS1 binding site.
(A) The steady-state levels of ETS1TVG under the titration of the protease inhibitor MG132
concentration. The EG mutant cells were transduced with retroviral vectors constitutively
expressing ETS1TVG protein and enriched as described in Materials and Methods. MG132 was
added to the culture media of transduced and control samples at the labeled concentrations.
Equal number of cells (2x106) were harvested after 24 hours and processed for conventional
western blotting analysis for Gal4DBD or ETS1 epitopes. (B) RT-qPCR of total level of ETS1
transcription and unspliced germline transcription through Jβ1.2 region and for different versions
of Eβ (WT and EG). Cells constitutively expressing transcription factors ETS1TVG and control
cells were treated with or without 2μM MG132 for 24 hours prior to harvest. Data are presented
as the average values of three PCR replicates (+S.D.) from one experiment.
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Figure 2.9 Chromosomal mutant Eβ lacking RUNX1 binding site is activated by Gal4RUNX1 fusion protein.
(A) The right panel shows schematic representation of Gal4DBD and RUNX1 GNT fusion proteins
as well as WT and RG enhancers (see also Fig. 2.3). The left panel shows RT-qPCR of unspliced
germline transcription through Jβ1.2 region for different versions of Eβ (WT and RG) induced
by different transcription factors (Gal4DBD and RUNX1GNT, denoted by G4 and GNT,
respectively). EG cells were transduced with tet-inducible lentiviral vectors and enriched as in
Materials and Methods. Transduced cells were harvested 24 hours after treated with 1 μg/mL
Dox. Data are presented as the average values of three PCR replicates (+S.D.) from one
experiment. (B) Different induction kinetics for unspliced germline transcription through Jβ1.2
region and Gal4 cDNA transcription. RG mutant cells with tet-inducible lentiviral vector
expression RUNX1GNT (black dots and lines denoted by RG+GNT) were treated with 1 μg/mL
Dox for 0, 1, 2, 4, 8, 12, 18, and 24 hours prior to harvest. Data from O3-73 cells are blue dots
denoted by "WT". Data are presented as the average values of three PCR replicates (+S.D.) from
one experiment.
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Figure 2.10 Fast transcription factor binding at Tcrb-RC cis-elements precedes Eβ
activation.
(A) Different induction kinetics for unspliced germline transcription through Jβ1.2 region as well
as ETS1 and RUNX1 binding at Eβ and the promoter for Dβ1 (pDβ1). RG mutant cells with tetinducible lentiviral vector expression RUNX1GNT were treated with 1 μg/mL Dox for 0, 2, 4, 6,
8, 12, and 24 hours prior to harvest. RT- and ChIP-qPCR were performed on RNA and
chromatin collected for each time point, respectively, as described in Materials and Methods.
The RUNX1 antibody recognizes the C-terminus of RUNX1 protein, which also exists in
RUNX1GNT fusion protein. For the convenience of comparison, data at 24 hours were set to 1
and other times were normalized to them. In the left panel, ETS1 and RUNX1 binding at Eβ are
shown by green and blue dots and lines, respectively. The right panel shows ETS1 and RUNX1
binding at pDβ1. In both panels Jβ1 germline transcription is shown by black dots and lines.
Data are presented as the average values of three PCR replicates (+S.D.) from one experiment.
(B) Significant levels between all curves shown in panel A are determined by two-way ANOVA
using time as one factor and curve as the other factor. n.s., *, **, ***, and **** represent nonsignificant (p>0.05), p≤0.05, p≤0.01, p≤0.001, and p≤0.0001, respectively.
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Figure 2.11 Longer Tcrb enhancer but not promoter increases luciferase reporter signal.
Schematic representation in the left panel shows different lengths of promoters and enhancers
cloned to the pGL3 luciferase reporter plasmid. Short, medium, and long promoters sharing the
same downstream end are 0.49kb, 3.11kb, and 3.65kb, respectively. They are labeled Ps, Pm,
and Pl, respectively. Short, medium, and long enhancers sharing the same upstream end are
0.57kb, 2.39kb, and 3.41kb, respectively. They are labeled Es, Em, and El, respectively. The
reporter without promoter or enhancer is labeled as P-E-. The short promoter and enhancer are
also denoted in previous figures as P+ and E+, respectively. The red bars labeled by "P" are
promoters. The green bars labeled by "LUC" indicate firefly luciferase cDNA. The blue bars
labeled by "E" are enhancers. The black letter "C" indicates CTCF binding sites. All segments
are drawn to scale. Firefly and control Renilla luciferase reporters were introduced to P5424 cells
and measured as described in Materials and Methods. The right panel shows firefly luciferase
signals normalized to Renilla signals from one experiment, which correspond to the
promoter/enhancer variations on the left.
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Figure 2.12 LexA-ETS1 fusion proteins fail to fully restore mutant Eβ activity on reporters.
Schematic representation on the upper left panel shows the EL mutant enhancer with both ETS1
binding sites mutated to LexA binding sites. The lower left panel shows fusion proteins used in
this experiment. "none" refers to no co-transfected protein. LexADBD refers to LexA DNA
binding domain. ETS1TVEL refers to the fusion protein with ETS1 full-length protein and
LexADBD. ETS1TVL refers to the fusion protein with ETS1 TAD, ETS1 exon VII domain and
LexADBD. In the right panel, reporters with different enhancers are color-coded. The black bar
refers to WT. The grey bar refers to "none" or no enhancer. The blue bars refer to reporters with
EL mutant enhancer. Firefly and control Renilla luciferase reporters were introduced to P5424
cells with transcription factor expression plasmids and measured as described in Materials and
Methods. The right panel shows firefly luciferase signals normalized to Renilla signals from one
experiment, which correspond to the TF shown on the left.
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Figure 2.13 EG mutant knock-in allele cloning is quality-controlled by CEL-I assay and
long-range PCR.
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(A) Schematic representation on top shows the strategy and rationale for CEL-I assay. Doublestrand DNA cut by ZFN and repaired by Non-Homologous End Joining (NHEJ) pathway results
in gain or loss of nucleotides, which is shown as a mismatched bubble. The hybridized product
with DNA strands from both parental and repaired templates is then cut by CEL-I enzyme. The
bottom shows uncut and cut PCR products from different samples on 2% TAE agarose gel. (B)
Schematic representation on top shows the strategy of long-range PCR. The vector and alleles
show a close-up view of the left homologous arm, Eβ, and the loxP-Puro-loxP cassette, with
other upstream and downstream regions omitted. Primer 1 aligns only to the endogenous alleles.
Primers 2 and 3 align with mutant and wild-type sequences, respectively. The lower panel shows
PCR product with different templates on 1% TBE agarose gel. H denotes water control. O
denotes O3-73 genomic DNA. Numbers 1-3 are clones. * and # mark the same samples
examined in Fig. 2.5. The primer and clone numbers only apply to this panel.
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Figure 2.14 Screening and cloning of a knock-in cell model with the mutant RG enhancer.
(A) Schematic representation and experimental result of CEL-I assay used in RG cell cloning.
See detailed description in Fig. 2.13A. (B) Schematic representation and experimental design are
as described in Fig. 2.5B except that samples were from RG cell cloning. The bottom shows
representation of PCR products from different templates on 2% TBE agarose gel. O denotes O373 genomic DNA. H denotes water control. Numbers 1-23 are clones. Sample marked by * was
used in CRE deletion in panel D. The primer and clone numbers only apply to this panel. (C)
Mutant Eβ activity for selected clones from panel B was validated of by RT-qPCR of unspliced
germline transcription through Jβ1.2. O3-73 and EG denote O3-73 and EG cell RNA,
respectively. Other numbered columns denote RNA from the clones with the same numbers from
panel B. Data are presented as the average values of two PCR replicates (+S.D.) from one
experiment. (D) Schematic representation and experimental design are as described in Fig. 2.5D
except that samples were from RG cells cloning. The primer and clone numbers only apply to
this panel. The lower panel shows PCR product with different templates on 2% TBE agarose gel.
H denotes water control. O denotes O3-73 genomic DNA. B denotes genomic DNA from the
bulk prior to sub-cloning. Numbers 1-4 are clones.
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Figure 2.15 Screening and cloning of a knock-in cell model with the mutant EmRG
enhancer.
(A) Schematic representation and experimental result of CEL-I assay used in EmRG cell cloning.
See detailed description in Fig. 2.13A. (B) Schematic representation and experimental design are
as described in Fig. 2.5B except that samples were from EmRG cell cloning. The bottom shows
representation of PCR products from different templates on 2% TBE agarose gel. O denotes O373 genomic DNA. H denotes water control. Numbers 1-13 are clones. Sample marked by * was
used in long-range PCR in panel C. The primer and clone numbers only apply to this panel. (C)
Schematic representation and experimental design are as described in Fig. 2.13B except that
samples were from EmRG cells cloning. The lower panel shows PCR product with different
templates on 1% TBE agarose gel. H denotes water control. O denotes O3-73 genomic DNA.
Numbers 1 and 2 are clones. The primer and clone numbers only apply to this panel. (D)
Schematic representation and experimental design are as described in Fig. 2.5D except that
samples were from EmRG cells cloning. The primer and clone numbers only apply to this panel.
The lower panel shows PCR product with different templates on 2% TBE agarose gel. H denotes
water control. O denotes O3-73 genomic DNA. B denotes genomic DNA from the bulk prior to
sub-cloning. Numbers 1-4 are clones.
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2.7

Tables

Table 2.1 RT-qPCR and ChIP-qPCR primers
GAPDHF

GCCATCAACGACCCCTTCATTGACC

GAPDHR

GGTCTCGCTCCTGGAAGATGGTGAT

Jb1.2F

ATTGGTACCGTTAACCAGGCACAGTAGGACC

Jb1.2R

TTCCACCCGAGGTTCATCTTGACT

Jb2.1F

TATGCTGAGCAGTTCTTCGGACCA

Jb2.1R

AGTCCTGGAAATGCTGGCACAAAC

ETS1.F

GTCGATCTCAAGCCGACTCTCACCA

ETS1.R

TCCCAGTCGCTGCTGTTCTTTTGTG

Gal4.F

TCAAGGCTAGAAAGACTGGAACAGCT

Gal4.R

GGCATATCAGTCTCCACTGAAGCCA

EbFChIP

TTGACATTTACCAGGTCCTACA

EbRChIP

GTGGGGGAGCATTCACAGGCAC

pDb1FChIP

GCCCCTTCAGCAAAGATCATTTCAA

pDb1RChIP

TTGTGCAAGGTGGTGGTAAGATG

EaFChIP

CAGAAGCCACATCCTCTGGAAAGA

EaRChIP

GTGTAACGGCCCAGCCTACCTC

Note: Annealing at 60 ºC
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Table 2.2 Mutagenesis and cloning primers
ZFN1upF

ATCCCCAGCCAGATTCTTCT

ZFN2downR

CTCATGTGCTGTCTGCTCTGAATTC

ETS1Fmut

GAGATGGAGCTATGGCAGG

ETS1Rmut

CGGAGTACTGTCCTCCGTGTGGTTTGACATTTACCAGG

ETS2Fmut

CGGAGGACAGTACTCCGTGTGGCAAGTGTGGTTCC

ETS2Rmut

TCTCATGCAGCCCTTTCTAC

RUNX1Fmut

ACATCCTGTTGTGACTCCTG

RUNX1Rmut

CGGAGTACTGTCCTCCGTTGACATTTACCAGGTCCTACA

RUNX23Fmut

TCCCAAAATGCTCAGAATGTG

RUNX23Rmut

CGGAGTACTGTCCTCCGACATCCTGTCTTCAAACCCT

mutETS1Fmut

ACAGAAGGTTGTGACTCCTGGAGATGG

RUNX23Rmut.2

CGGAGGACAGTACTCCGCCCAAAATGCTCAGAATGTGA

mutETS2Rmut

ACAGAAGGTCTTCAAACCCTTCTCATGC

ETS1LexAmutF

ATATACAGTAGATGGAGCTATGGCAGG

ETS1LexAmutR

ATATACAGTTGTGGTTTGACATTTACCAGG

ETS2LexAmutF

ATATACAGTTGTGGCAAGTGTGGTTC

ETS2LexAmutR

ATATACAGTCTCATGCAGCCCTTTCTAC

5`armF

GCCAAGAAGATACTGGAGAATTATG

5`armR

AATCGGTCAGGGAAACAAGTATTAA

EbFclone

ATTGGTACCGTTAACCAGGCACAGTAGGACC

EbRclone

AATACGCGTGCAGGACAGACAGACCATCT

PuroF

AATACGCGTCCGATCATATTCAATAACCCTTAAT

PuroR

AATGCTAGCGAACCTCTTCGAGGGACCTA
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HygroF

CCGGAGATGAGGAAGAGGAGAACA

HygroR

TCAGCAGCCTCTGTTCCACATACA

3`armF

AATGCTAGCATTCATTGGCTGGCTTTCGCT

3`armR

ATTGCGGCCGCAGGAATTTTTACTGCTGCTTGCGTC

ZFN2cutF

AGCCCTTTCTACCTCAGCCTCTA

ZFN2cutR

ACTGGGGCCCCTTGACTGCT

ETSwtGeno

ACATCCTGTTGTGACTCCTG

ETSmutGenoR

TGGTAAATGTCAAACCACACGGA

RUNXmutGenoR TAGGACCTGGTAAATGTCAACGGA
WTRXGenoR

TGTAGGACCTGGTAAATGTCAAACC

mERXmutGenoR AGGACAGTACTCCGACAGAAG
Gal4DBDF

ATTCTTAAGATGAAGCTACTGTCT

Gal4DBDR

ATTGATATCAGAACCACCTGAACCTCCTGATCCACCCGATA
CAGTCAACTG

RUNX1.184F

AATGATATCGATGATCAGACCAAGCCCGGGA

RUNX1.451R

ATTGCGGCCGCTCAGTAGGGCCGCCA

RUNX1.292R

ATTGCGGCCGCTCAACTGGAAAGTTCTGCAGAGAG

RUNX1.291F

AATGATATCTCCAGTCGACTCTCAACG

RUNX1.1.F

ATTGATATCATGCGTATCCCCGTAGATG

RUNX1.372.R

ATTGCGGCCGCTCACGAGCCGGTCTGGAAGG

RUNX1.371.F

AATGATATCGGCTCGCCCTCCTACCA

ETS1.2.F

ATTGGATCCAAGGCGGCCGTCGATCTC

ETS1.440.sR

ATTGCGGCCGCTAGTCAGCATCCGGCTTTACATCC

ETS1.242.sR

ATTGCGGCCGCTAACTGGCTCTCCCCAGGCA
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ETS1.330.sR

ATTGCGGCCGCTATGTGTAGCCAGCCAGGGCA

ETS1.1.F

ATTGGTACCATGAAGGCGGCCGTCGATCTC

ETS1.440.nsR

ATTGGATCCGTCAGCATCCGGCTTTACATCC

ETS1.242.ns.R

ATTGGATCCACTGGCTCTCCCCAGGCA

ETS1.330.ns.R

ATTGGATCCTGTGTAGCCAGCCAGGGCA

LexA.F

ATTCCGCGGATGAAAGCGTTAACGGCCAG

LexA.R

ATTCCATGGTTACAGCCAGTCGCCGTT

Gal4.65.R

ATTCCATGGTCATTCCAGTCTTTCTAGCCTTGATTCCA

Ga.4.93.R

ATTCCATGGTCATAACAATGCTTTTATATCCTGTAAAGAAT
C

Note: Annealing at 62 ºC with Phusion enzyme. mutETS1F pairs with RUNX1R to make
upstream compsite site of EmRG.. 5`EbChIP in Table 2.2 and ZFN2cutR in this table are used to
detect genomic Eb deletion.
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3.1

Abstract

T lineage commitment requires the coordination of key transcription factors (TFs) in multipotent progenitors (MPP) that transition them away from other lineages and cement T cell
identity. Two important TFs for the MPP to T lineage transition are RUNX1 and ETS1, which
bind cooperatively to composite sites throughout the genome, especially in regulatory elements
for genes involved in T lymphopoiesis. Activation of the T cell receptor  (Tcrb) locus in
committed thymocytes is a critical process for continued development of these cells, and is
mediated by an enhancer, E, which harbors two RUNX-ETS composite sites. An outstanding
issue in understanding T cell gene expression programs is whether RUNX1 and ETS1 have
independent functions in enhancer activation that can be dissected from cooperative binding. We
now show that RUNX1 is sufficient to activate the endogenous mouse E element and its
neighboring 25 kb region by independently tethering this TF without coincidental ETS1 binding.
Moreover, RUNX1 is sufficient for long-range promoter-E looping, nucleosome clearance, and
robust transcription throughout the Tcrb recombination center (RC), spanning both DJ
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clusters. We also find that a RUNX1 domain, termed the negative regulatory domain for DNA
binding (NRDB), can compensate for the loss of ETS1 binding at adjacent sites. Thus, we have
defined independent roles for RUNX1 in the activation of a T cell developmental enhancer, as
well as its ability to mediate specific changes in chromatin landscapes that accompany longrange induction of RC promoters.

3.2

Introduction

Cell fate commitment is coordinated largely by the temporal regulation of lineage-specifying
transcription factors (TFs). During hematopoiesis in mammals, precursor cells in the thymus
maintain developmental plasticity until they extinguish “master” TFs for the myeloid and B cell
lineages, including SPI1 (1). Conversely, these precursor cells must induce or maintain
expression of TFs that control key aspects of T-lineage expression programs, including BCL11b,
TCF1, RUNX1, and ETS1 (1). Among the genomic targets for lineage-specifying factors are
regulatory regions, dubbed super-enhancers (SEs), which are densely-spaced collections of
enhancer elements associated with genes important for cell identity and function (2).

For T cell precursors, one such SE is associated with the locus encoding T cell receptor  (Tcrb)
(3), which has a powerful enhancer (E) situated near its 3’ terminus. E is essential for
generating the SE, which spans both clusters of DJ gene segments and neighboring promoters,
activating their expression as sterile transcripts in CD4–CD8–, double-negative (DN) thymocytes
(4–6). Potent transcription and deposition of activating histone modifications over the DJ-E
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super-enhancer (7, 8), render it a prime target for RAG-1 and RAG-2, the V(D)J recombinase.
Indeed, the Tcrb-SE has been designated as a “recombination center (RC)” due to its high load of
RAG-1/2 in DN thymocytes that, in turn, triggers rapid recombination of DJ gene segments,
an essential first step in the assembly of complete Tcrb genes (9, 10).

The critical regulatory element for formation of the Tcrb-RC is E, which, like many enhancers
that contribute to T-lineage SEs, has adjacent binding sites for the RUNX and ETS family of TFs
(7, 11, 12). The biological significance of recurrent ETS/RUNX motifs is further underscored by
their enrichment in T cell SEs harboring SNPs associated with auto-inflammatory conditions
(13). The RUNX and ETS families are defined by their respective DNA binding regions, termed
Runt and ETS domains, respectively (14, 15). Although these TFs can bind to isolated sites in
the genome, compound ETS-RUNX motifs are commonly employed to attain tissue-specific
cooperativity between family members in a number of cell lineages. For example, RUNX1 and
the ETS member, SPI1, cooperatively regulate a gene encoding the M-CSF receptor in myeloid
cells (16), while ETS1 and RUNX2 bind cooperatively to an element controlling the osteopontin
gene in colorectal cancer cells (17). In T-lineage cells, RUNX1 and ETS1 target E to generate
the Tcrb super-enhancer and initiate its assembly (7).

At the biochemical level, both RUNX1 and ETS1 harbor domains that partially inhibit their
binding to single, cognate sites, a feature that is overcome when the two bind cooperatively to
composite sites (18–20). Specifically, regions flanking the ETS1 DNA binding domain undergo
a significant conformational change when its exon-VII domain interacts with RUNX1, resulting
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in a higher affinity of ETS1 binding to composite sites (19, 20). RUNX1 is stabilized by its
interaction with a second protein, CBF, which protects RUNX1 from proteolysis and induces
conformational changes in its Runt domain that enhance DNA binding (18, 21). However, the
Runt domain of RUNX1 binds poorly to its cognate sites in chromatin until a region termed the
“Negative Regulatory DNA-Binding” (NRDB) interacts with ETS1 (18, 20). Once bound to
genomic sites, the transactivation domains (TADs) of ETS1 and RUNX1 recruit distinct sets of
downstream factors that potentiate enhancer activities. Importantly, the TADs of both ETS1 and
RUNX1 interact with the histone acetyltransferases p300/CBP, key enhancer-associated factors
that alter epigenetic landscapes for gene activation (22, 23).

During T-lineage commitment, multi-potent progenitors in the thymus constitutively express
RUNX1 but not ETS1 (24). Upon signaling through Notch and other receptor pathways, these
progenitors induce expression of BCL11b and TCF1, which, in turn, activate the Ets1 gene (1,
24, 25). Thus, ETS1 expression is a key development switch, pairing with RUNX1 to target
cohorts of regulatory elements that control genes important for the T cell program, including the
Tcrb-RC (26). Indeed, inactivation of either TF in mice leads to profound defects in T cell
development and activation (27, 28). Because of its central role in T cell development, E and its
pair of ETS-RUNX composite sites have been studied extensively, especially with regard to
activation of the Tcrb super-enhancer (7). Mutation of both ETS-RUNX composite sites within
E phenocopies a deletion of the entire enhancer (7, 20, 29, 30), including the loss of: (i) looping
to promoters near the D1 and D2 gene segments (7, 31), (ii) transcription derived from these
promoters (7, 30, 31), (iii) active histone modification over both DJ clusters (7, 31–33), and
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(iv) DJ recombination (7, 30, 31). Thus, E provides an excellent model to test mechanisms
by which RUNX1 and ETS1 coordinate activation of a developmentally important superenhancer, the Tcrb-RC, either through their individual or cooperative functions.

In this regard, we previously proposed a stepwise model for Tcrb activation in which promoterenhancer holocomplex formation precedes nucleosome clearance, transcription, and activation
(31). However, the unique roles for ETS1 and RUNX1 in each of these steps at Tcrb or any locus
remains unclear due primarily to the requirement for cooperative binding of the TFs at their
composite enhancer sites. Moreover, most cellular systems in which these mechanistic questions
can be addressed either rely on extrachomosomal reporters or asynchronous activation of an
endogenous gene (20, 34). Here, we report unique and cooperative functions of RUNX1 during
activation of the endogenous Tcrb-RC using precursor T cells in which a Gal4 fusion of this TF
is inducibly targeted to E. We find that, when uncoupled from its need to bind cooperatively
with ETS1, RUNX1 is sufficient to induce promoter-enhancer looping and transcription
throughout the Tcrb-RC. Long-range transactivation by RUNX1 is uncoupled from extensive
revisions to the chromatin landscape, features normally associated with promoter-driven
transcription. Thus, although expression of RUNX1 is sufficient for transcriptional activation of
the Tcrb-RC, ETS1 co-recruitment during T-lineage commitment may be required to boost
Tcrb’s epigenetic status to that of a super-enhancer, ensuring its efficient assembly and persistent
expression.

3.3

Materials and Methods
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shRNA depletion of ETS1 and RUNX1

Previously reported shRNA target sequences for Ets1 and Runx1 (35, 36) were cloned into the
pSIREN shuttle vector (Clontech), excised as BglII-MluI fragments, and inserted into pcDNA3.1
containing a truncated human CD4 cDNA (37). P5424 cells were cultured as described (38) and
were transfected by electroporation (Biorad, 250 V/960 F ) with control (scrambled GFP 5’AAGCTGGAGTACAACTACA-3’),

ETS1-specific

(target

sequence

5’-

GCAGACAGACTACTTTGCCAT-3’), or RUNX1-specific shRNA vectors (target sequence 5’GCCCTCCTACCATCTATACTA-3’). Transfected cells were purified 48 hours posttransfection with an EasySep Human CD4+ T Cell Enrichment Kit (Stem Cell Technologies
#19052).

Construction of cell models

P5424 cells were engineered to harbor only a single allele of the Tcrb-RC, termed O3-73 clone,
by concurrent expression of two Zinc Finger Nucleases (ZFNs; Sigma). Each pair of ZFNs
targets a DNA break to a site in Tcrb, one located upstream of D1 (ZFN1 pair, target 5’GGACTTGTCCTTAACTCCCTTTACCTAGCAAGATAGG-3’)
downstream

of

E

(ZFN2

pair,

and

a

second,
target

located
5’-

GTCTGTCTGTCCTGCATTCATTGGCTGGCTTTCGCT-3’). 5x106 cells were transfected
with 5 g of each ZFN expression plasmid using electroporation (250 V/960 F). After two days
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of recovery, cells were cloned by serial dilution and screened by PCR assays for the large TcrbRC deletion (Table 3.2). Clone O3-73 was selected as a parental cell line for future experiments
(allele 1: intact Tcrb-RC, allele 2: deletion of D1-D2-E).

Targeting vectors for mutation of E were generated as follows. Gal4 or TF site mutations were
first introduced into a 1.85 kb fragment spanning E (HpaI-HindIII), using PCR-assisted
mutagenesis with a high-fidelity polymerase according to the manufacturer's protocol (Phusion,
NEB M0503). Oligonucleotide sequences used for site-directed mutagenesis and cloning are
provided in Table 3.2. All E mutations were verified by sequencing. Mutagenesis was
performed sequentially to alter both ETS-RUNX sites in E. Targeting vectors were generated in
pBS by sequentially cloning a 3.2 kb 5’ homology arm (BamHI-HpaI), a 0.7 kb mutant E
(HpaI-MluI), a 1.9 kb loxP:PGK-promoter:Puro:loxP cassette (MluI-NheI), and a 2.1 kb 3`
homology arm (NheI-NotI). For the E targeting vector, a hygromycin-resistant cassette
flanked by FRT sites was used for drug selection.

For targeting, 5x106 O3-73 cells were co-transfected with 20 g of a targeting vector and 5 g
each of expression plasmids for the ZFN2 pair, which introduce a DNA break ~200 bp
downstream of E. Two days post-electroporation, cells were selected with puromycin (1
g/mL) or hygromycin (100 g/mL) and cultured for 5-6 d before sub-cloning by limiting
dilution. Initially, single cell clones were screened by a PCR assay in which insertion of the
targeting vector disrupts amplification (Table 3.2). Candidate recombinant clones were then
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screened by a long-range PCR assay for proper integration (Table 3.2), which was verified by
sequencing. Successfully targeted clones were transfected with 1 g of human CD4 expression
plasmid and 10 g of CRE or FLP expression plasmids and purified for CD4 expression. After
one week, cultures were subcloned, screened for deletion of the drug marker cassette, and mutant
alleles were verified by sequencing.

Gal4 fusion proteins
Expression vectors for all Gal4-RUNX1 fusion proteins were prepared from an acceptor plasmid
containing a cDNA for the Gal4 DNA-binding domain (DBD, aa 1-147), into which was cloned,
in-frame, cDNAs for portions of murine RUNX1. Each of these RUNX1 cDNAs was generated
by PCR using primers provided in Table 3.2 (RUNX1GNT aa 184-451, RUNX1GN aa 182-292,
and RUNX1GT aa 291-451). The final fused Gal4-RUNX1 cDNAs were then excised and cloned
into pcDNA3.1. Each version was validated by sequencing and protein expression in 293T cells.
For inducible expression, each variant was shuttled into the pFLRU:Thy1.1 tet-responsive
lentiviral vector. Viruses containing each Gal4-RUNX1 expression cassette were packaged as
described previously (39) and used to spin-infect 5x106 O3-73 derivative cells. Infected cells
were cultured for 10 days, sorted for high Thy1.1 expression by flow cytometry (Anti-Mouse/Rat
CD90.1 APC, eBioscience 17-0900-82), expanded, and induced with 1 g/mL doxycycline
(Dox) for 24 hours prior to molecular analysis.

RT-qPCR
88

Total RNA was extracted by TRIzol (Roche #1697478) from O3-73 and its derivatives. In each
reaction, 1 g total RNA was digested by RQ1 RNase-free DNase (Promega M199A) in 20 L
total volume, as recommended by the manufacturer. The treated RNA was split equally for
cDNA preparation with M-MuLV Reverse Transcriptase (NEB M0253) or used as a no RT
control, with random hexamers. Real-time qPCR was performed with SYBR Green JumpStart
Taq ReadyMix (Sigma S4438) using primers and conditions provided in Table 3.1.

Chromatin Immunoprecipitation
ChIP assays were performed as described previously (40). Sheared chromatin from O3-73 and its
derivatives were prepared after fixation with 1% formaldehyde and sonication with Diagenode
Bioruptor Pico for 20 cycles (30 s each, vortexed every 5 cycles). ChIP antibodies (all rabbit IgG
isotypes) were coupled to Protein A Dynabeads and were obtained from the following sources:
RUNX1 C terminus was provided by Dr. Takeshi Egawa (41), ETS-1 C20 (Santa Cruz sc-350x),
normal rabbit IgG (Santa Cruz sc-2027x), Gal4DBD (Santa Cruz sc-577x), total Histone H3
(Abcam ab1791), H3K4Me3 (Abcam ab8580) and H3K27Ac (Abcam ab4729). Eluted ChIP and
input DNAs were purified with Qiagen QIAquick PCR purification kit and analyzed by qPCR
using primers and conditions provided in Table S1.

Chromosome Conformation Capture assays
3C assays were performed on 107 O3-73 cells and its derivatives fixed with 2% formaldehyde.
Chromatin was isolated and digested with HindIII, as described (42, 43). Bacterial artificial
89

chromosomes (BACs) spanning the entire Tcrb locus and a control ERCC3 locus were digested
with HindIII, ligated, and used as controls for Taqman qPCR efficiency in all 3C analyses (43).
Primers and probes for these Taqman assays are listed in Table S1.

IP- and conventional western blotting
O3-73 cell lysates were prepared in RIPA buffer (2x10 7 cells in 300 L) and sonicated
for 40 cycles (30s, vortexed each 10 cycles, Diagenode Bioruptor Pico). For IP-westerns, each
lysate was incubated with rabbit anti-Gal4DBD antibody (1 g, Santa Cruz sc-577x) attached to
Dynabeads M-280 sheep anti-rabbit IgG (50 L) as described by the bead manufacturer. For
conventional western blotting, sonicated lysates were used directly (10 L). Whole cell or IP
lysates were fractionated on 12% PAGE gels, transferred to PVDF membranes, incubated with
detection antibodies and visualized by ECL substrate (Thermo Fisher Scientific #34087).
Primary antibodies were used at a concentration of 1 g/mL for protein detection and obtained
from the following sources: mouse anti-Gal4DBD antibody (clone RK5C1; Santa Cruz sc-510),
rabbit anti-ETS1 (clone N276; Santa Cruz sc-111), and mouse anti-GAPDH (clone G-9; Santa
Cruz sc-365062). Secondary antibodies, diluted 1:104, were goat anti-rabbit IgG-HRP (Santa
Cruz sc-2004) and goat anti-mouse IgG-HRP (Promega W4021).
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3.4

Results

E function requires both ETS1 and RUNX1 in precursor T cells

The critical element for conferring SE status to Tcrb is its conventional enhancer, E (8), which
contains a pair of composite ETS-RUNX binding motifs as its core (Fig. 3.1A). To dissect the
individual functions of these TFs in driving E activation, we required a genetically tractable
system for introducing mutations at the endogenous element. Such an approach in primary
thymocytes would be unwieldy, since these cells fail to grow in long-term cultures. Thus, genetic
and biochemical dissection of ETS-RUNX function at E would require in vivo studies of
multiple mutant mouse lines. To circumvent this obstacle, we selected a cell line that serves as an
excellent model for precursor T cells based on transcriptome-wide data, as well as the
transcriptional status of the Tcrb recombination center (44, 3). The cell line, P5424, is a
thymoma derived from RAG1/P53-deficient mice, which retains a germline but transcriptionally
active Tcrb locus (44). To serve as an appropriate model for dissecting ETS-RUNX
cooperativity, E function in P5424 must depend on these individual transcription factors.
Indeed, depletion of either ETS1 or RUNX1 using shRNAs significant decreased germline D1
or D2 transcripts in P5424 (Figs. 3.1B and C).
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These data; however, do not rule out the possibility that ETS1 or RUNX1 regulate Tcrb
transcription independent of their effects on E, including a potential role at the D1 or D2
promoters (5, 6). To definitively assess whether these factors are essential for E function, we
targeted the endogenous enhancer in P5424, introducing mutations at the ETS or RUNX motifs.
For this purpose, we used a version of P5424, called O3-73, in which we had deleted the TcrbRC (both DJ clusters and E) from one allele (Fig. 3.2A, see Materials and Methods).
Initially, we made three mutant versions of E in O3-73 using targeting vectors in combination
with a zinc finger nuclease that introduces double-strand breaks at a site ~200 bp downstream of
the core enhancer. The three mutant Tcrb alleles harbored (i) a complete E deletion (E), (ii) a
replacement of both ETS1 sites in E with Gal4 binding motifs (EG), or (iii) a replacement of
both RUNX1 sites in the enhancer with Gal4 binding motifs (RG, Fig. 3.2A). All three of these
targeted mutations were verified by sequencing. Replacement of either the ETS or RUNX motifs
with Gal4 sites abolished binding of ETS1 and RUNX1 to the enhancer, respectively (Fig. 3.2B),
as measured by chromatin immunoprecipitation (ChIP). Consistent with cooperative binding (11,
18, 20), the ETS mutations also abolished RUNX1 binding to the enhancer, while destruction of
the RUNX motifs dramatically attenuated ETS1 binding to E. Importantly, mutation of either
the ETS or RUNX binding sites in E crippled germline transcription throughout the
recombination center, mimicking the E allele, which completely lacks the enhancer (Fig.
3.2C). We conclude that E function in this precursor T cell model depends completely on its
two ETS-RUNX composite motifs.

Tethering of RUNX1 rescues mutant E function
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Replacement of the two RUNX motifs in E with Gal4 sites allowed us to recruit mutant
versions of RUNX1 to the enhancer for functional dissection. As a proof of concept, we
introduced into O3-73 mutants a lentiviral vector that is inducible by doxycycline (Dox) for
expression of a fusion protein in which the Runt domain of RUNX1 was replaced with the Gal4
DNA binding domain (RUNX1GNT, Fig. 3.3A). The RUNX1GNT fusion retains both the putative
ETS1 binding domain (NRDB) and its transactivation domain. Induced levels of RUNX1GNT
protein were similar in all O3-73 variants, and did not impact the expression of endogenous
ETS1 (Fig. 3.3B). Gal4-RUNX1 fusions efficiently targeted the mutant E enhancer (RG),
partially restoring ETS1 binding as measured by ChIP (Fig. 3.3C). Importantly, tethering of
RUNX1GNT was sufficient to rescue transcription of germline Tcrb alleles harboring the RG
mutant enhancer, reaching levels comparable to those observed in the parental O3-73 line (Fig.
3.3D). As a control, the Gal4DBD failed to rescue ETS1 or RUNX1 binding at E, nor did it
rescue transcription of the Tcrb-RC. Moreover, germline D1/D2 transcription remained silent
when RUNX1GNT was expressed in O3-73 lines lacking the enhancer element (E), excluding
potential indirect effects of the fusion protein. These data demonstrate that recruitment of
RUNX1 proteins containing only its NRDB and TAD portions is sufficient to restore E function
when binding of endogenous RUNX1 is precluded.

ETS1 binding is dispensable for restoration of enhancer function by RUNX1
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One hypothetical model for ETS-RUNX cooperativity is that either transcription factor alone
may be sufficient for enhancer activation, but stable binding of either to its target sites requires
NRDB/exon VII interactions and co-occupancy of composite sites. Although tethering of
RUNX1GNT to the RG mutant enhancer fully rescued Tcrb germline transcription, the fusion also
recruited significant amounts of ETS1 to E. To test whether RUNX1 binding to E is sufficient
for enhancer activation in the absence of ETS1 occupancy, we generated a fourth version of O373, in which the RUNX motifs of E were replaced with Gal4 sites and the two adjacent ETS
motifs were destroyed (EmRG, see Fig. 3.2A). We then introduced RUNX1GNT and Gal4-DBD
expression vectors into the mutant O3-73 cells, which exhibited comparable steady-state levels
of each protein (Fig. 3.4A). Additional mutation of the ETS motifs did not impair binding of
RUNX1GNT at E (Fig. 3.4B, top panel, compare RG and EmRG). In contrast, destruction of the
ETS motifs completely compromised ETS1 binding to the enhancer, despite elevated levels of
RUNX1GNT (Fig. 3.4B, bottom panel). These data indicate that the NRDB domain of RUNX1
cannot recruit ETS1 to E independently of the ETS sites in its composite motifs. Although the
EmRG enhancer lacked detectable ETS1, recruitment of RUNX1 GNT completely restored the
expression of germline DJ transcripts (Fig. 3.4C). We conclude that ETS1 is dispensable for
E function if RUNX1 recruitment is uncoupled from its cooperative binding to composite ETSRUNX motifs.

Dissection of RUNX1 functional domains for E activation
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The RUNX1 fusion that was sufficient to fully activate E contained two previously defined
functional domains (20). The NRDB has been shown in vitro to interact with exon VII of ETS1,
presumably stabilizing the binding of both factors to composite sites (20). However, our data
suggest that ETS1 recruitment is dispensable for activation by the tethered RUNX1 GNT fusion
(Fig. 3.4). The transactivation domain (TAD) of RUNX1, therefore, may be sufficient to support
E function if recruited to the enhancer independently of ETS1.

To further define functions of the two RUNX1 domains, we first expressed a Gal4 fusion of the
NRDB (RUNX1GN, Fig. 3.3A) in O3-73 cells with mutant versions of E (Fig. 3.5A). As shown
in Fig. 3.5B, the RUNX1GN fusion was recruited to E as efficiently as RUNX1GNT, which has
both the NRDB and TAD. However, only the TAD-containing fusion permitted recruitment of
ETS1 to its neighboring sites in the RG mutant version of E. These data indicate that the NRDB
of RUNX1 is insufficient for ETS1 recruitment, perhaps due to a lack of chromatin accessibility
at the mutant enhancer (see below). Consistent with these results, RUNX1GN failed to activate
germline transcription from the distal D1-J1 cluster, while it induced only modest levels of
D2-J2 transcripts (Fig. 3.5C). Thus, the NRDB of RUNX1 is insufficient for ETS1
recruitment to E and activation of this enhancer element.

To test whether the TAD of RUNX1 is sufficient for E activation, we expressed a Gal4-TAD
fusion (RUNX1GT, Fig. 3.3A) that was tethered to mutant enhancers with or without intact ETS
motifs (Fig. 3.5A). The RUNX1GT fusion tethered efficiently to both the RG and EmRG
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enhancer mutants (Fig. 3.5D). As expected, ETS1 was absent from the EmRG enhancer even
after RUNX1GT recruitment. In contrast, RUNX1GT permitted binding of ETS1 to the RG
enhancer, despite its lack of an NRDB domain, which is thought to be essential for cooperative
binding (Fig. 3.5D). This finding may reflect the ability of RUNX1 GT to endow E with
sufficient chromatin accessibility, allowing for a substantial, albeit sub-wild type, levels of ETS1
binding to its exposed site (see below).

Importantly, the TAD of RUNX1 was sufficient to fully activate germline transcription of the
Tcrb-RC when tethered to the RG enhancer, to which ETS1 also binds (Fig. 3.5E). In sharp
contrast, when ETS1 binding was precluded at the EmRG enhancer, RUNX1 GT failed to activate
transcription from the distal D1 promoter. The Gal4-TAD fusion; however, supported modest
expression levels from the more proximal D2 promoter, when tethered to the EmRG enhancer
(Fig. 3.5E). Together, these data provide several new insights into the function of RUNX1
domains at RUNX-ETS composite sites in E, including (i) the TAD is sufficient for enhancer
activation when modest levels of ETS1 are present, but is insufficient in the absence of ETS1 at
the enhancer, (ii) the NRDB is dispensable for some ETS1 recruitment to these composite sites,
(iii) the NRDB, in some manner, must compensate for an absence of ETS1 given that
RUNX1GNT fully activates the EmRG enhancer, and (iv) when activated solely by the TAD,
enhancer function is limited spatially to the most proximal D2 promoter. Thus, either ETS1 or
efficient binding of RUNX1 by itself is required for maximal, long-range activation by E.
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Epigenetic mechanisms for short- versus long-range activation of the Tcrb-RC

Initiation and augmentation of transcription by distal enhancers is a multi-step process involving
revisions to the regional epigenetic landscape and conformational changes that drive enhancerpromoter contacts (45, 46). Alterations in the epigenetic landscape germinate at the enhancer and
may spread into neighboring regions, permitting access to nuclear factors (47). Enhancerpromoter looping is thought to deliver nucleosome remodelers and components of the basal
transcription machinery to the promoter after initial recruitment to an activated/accessible
enhancer (31, 48).

Given that the RUNX1 TAD can partially activate the proximal D2, but not the more distal
D1 region, we tested whether specific aspects of multi-step promoter and SE activation are
supported by this domain when compared with the complete RUNX1 fusion. As shown in Fig.
3.6A, the H3K27ac activation mark, a hallmark of SEs, is at least partially restored at the
proximal D2J2 cluster when any TAD-containing version of RUNX1 fusions are recruited to
E, paralleling transcriptional activation of this region. Indeed, only modest levels of both
H3K27ac and D2J2 transcription are observed when the RUNX1GT is recruited to the EmRG
enhancer lacking ETS1. By comparison, mutant versions of E had little impact on levels of a
promoter activation mark, H3K4me3 (Fig. 3.6A). Complete deletion of E further reduced each
of the activation marks, but at D2J2, H3K27ac and H3K4me3 remained above background
levels observed in 3T3 fibroblasts (Figs. 3.7 E and F). These data indicate that mutant versions of
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E (RG and EmRG) retain some ability to modify chromatin and that the D2 region has an
inherent, E-independent function to partially activate chromatin in T-lineage cells.

In contrast to the proximal D2J2 cluster, recruitment of RUNX1 fusion proteins to mutant
versions of E induced only modest increases in H3K27ac levels and partial restoration of
H3K4me3 at the distal D1J1 region (Fig. 3.6A). Despite the minor impact on active chromatin
marks, many of the RUNX1 fusions fully restored D1J1 germline transcription. We conclude
that the long-range transactivation by RUNX1 is uncoupled from general revisions to the
epigenetic landscape of D1J1 normally associated with SE formation and promoter-driven
transcription.

A downstream effect of these epigenetic revisions may be changes in nucleosome density at
promoters (32, 49), driving germline D1 or D2 transcription. As such, we performed ChIP
assays for the H3 component of nucleosomes at the proximal D2 and the distal D1 promoters,
as shown in Fig. 3.6B. Inactivating mutations of E significantly increased nucleosome densities
on both D1 and D2 promoters. Recruitment of most RUNX1 fusions partially or fully reversed
the enhanced nucleosome occupancy at the promoters, compared with alleles harboring a fully
active E. One exception was the RUNX1GN fusion, which lacks the TAD and failed to activate
any transcription from the Tcrb-RC. Nucleosome density at D1 and D2 promoters was also
elevated when the RUNX1GT fusion was recruited to the mutant version of E lacking its ETS1
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binding sites (EmRG). These data suggest that full promoter activation by RUNX1 involves
nucleosome clearance, a process requiring either the NRDB domain or cooperation with ETS1.

Our prior studies have shown that nucleosome clearance at D1 involves E looping to its
promoter, which facilitates recruitment of the SWI/SNF chromatin remodeling complex (31, 32).
Indeed, transcriptional activation of D1 can be achieved in the absence of its promoter and E
looping if SWI/SNF is artificially tethered to this region (32). To examine the impact of RUNX1
fusions on promoter-enhancer loops in the Tcrb-RC, we performed chromosome conformation
capture (3C) assays using E as a viewpoint. As expected, inactivation of E disrupts its
communication with both D promoter regions (Fig. 3.6C). Recruitment of RUNX1 to mutant
enhancers with intact or disrupted ETS1 binding sites restored E looping to both D elements.
However, tethering of only the RUNX1 TAD to the enhancer with ETS sites mutations failed to
restore E association with either D1 or D2. Collectively, chromatin and conformational data
indicate that, like transcription, enhancer-promoter looping in the Tcrb-RC requires either
RUNX1 with an intact NRDB, or cooperative binding of at least some ETS1. Moreover, these
stringent requirements for D1 activation are partly dispensable for D2, which may rely on Eindependent chromatin modifications to offset any disruptions in looping or promoter
accessibility. For long-range activation of D1; however, both enhancer looping and subsequent
changes in chromatin accessibility are required for promoter activation, even if histone
modifications associated with SE status are not fully restored
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3.5

Discussion

Cell fate decisions during development are initiated by TF combinations that coordinate lineagespecifying gene expression programs through their binding to conventional- and super-enhancers
(2). Two such TFs, ETS1 and RUNX1, are particularly important for T lineage commitment,
during which, they bind in a cooperative manner to large cohorts of enhancers controlling T cell
expression programs. In this study, we probed the specific functions of RUNX1 in activating a
super-enhancer region for T lineage commitment, Tcrb, independent of its requirement for
cooperative binding with ETS1 to its target sites in E. We found that RUNX1 was sufficient to
initiate both promoter-E looping and germline transcription within both DJ clusters when
tethered directly to the enhancer. These data suggest that ETS1 and its transactivation domain
(TAD) are dispensable for E-mediated activation of the Tcrb super-enhancer in precursor T
cells. Instead, the critical function of ETS1 during this lineage-commitment process may be to
stabilize association of RUNX1 with the enhancer via cooperative binding. A contingent binding
of RUNX1 to E and other enhancers important for T lineage genes is consistent with the
temporal expression of the TFs during thymocyte development (1, 25). Specifically, RUNX1 is
constitutively expressed in many hematopoietic cells, including multi-potent progenitors. In
these T lineage precursors, ETS1 is initially silent, precluding premature gene activation via the
binding of RUNX1 to composite sites in key enhancers. When the multi-potent progenitors
receive T lineage commitment cues, including Notch signaling (25), subsequent expression of
ETS1 permits RUNX1 binding to composite sites, activating their target enhancers. In this way,
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ETS1 serves as a developmental gatekeeper for RUNX1-dependent expression programs that
guide T cell development.

The RUNX1-dominant model raised additional questions about specific roles for each of its
domains during Tcrb activation. Prior studies of RUNX1 and its ETS1 binding partner had
mainly focused on their DNA binding and interacting domains using purified proteins and
reporter assays (19, 20). These in vitro studies implicated that the NRDB of RUNX1 was
essential for its association with the ETS1 exon VII domain (20). We find that the NRDB was
neither necessary nor sufficient for ETS1 binding to the endogenous E element. However, both
of these observations may relate primarily to effects on neighboring chromatin accessibility
rather than direct protein-protein contacts. Indeed, the tethered NRDB failed to clear
nucleosomes from E, as measured by histone H3 occupancy, likely inhibiting the recruitment of
ETS1 to an adjacent site. Conversely, tethering of the RUNX1-TAD generated accessible
chromatin over E, which presumably led to modest binding of ETS1 at neighboring sites. The
chromatin opening function of the RUNX1-TAD may be mediated by its recruitment of the
histone acetyltransferase, p300 (23), leading to SWI/SNF association via its binding to acetylated
histones (49).

Notwithstanding, we provide the first evidence, to our knowledge, that the NRDB has any
function in transcriptional activation, since it can compensate for the complete absence of ETS1
at composite RUNX-ETS sites. Specifically, we found that the TAD of RUNX1, by itself, could
not activate E when the neighboring ETS1 sites were mutated. Enhancer activation; however,
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was rescued in the absence of ETS1 when both the NRDB and TAD of RUNX1 were tethered to
their native locations. Future studies using similar approaches may reveal the mechanisms by
which the NRDB can compensate for enhancer-activating functions of ETS1. Taken together,
our findings suggest that, in the native enhancer, the NRDB may contribute to a functional
synergy with the TADs of RUNX1 and ETS1.

Like many developmentally controlled enhancers, E-directed activation of the Tcrb-RC
involves multiple revisions to its epigenetic and structural landscape, including histone
modification, chromatin remodeling, and the formation of enhancer-promoter loops. The
temporal and contingent relationships between these processes, leading ultimately to
transcriptional activation, remains poorly understood at nearly all loci. Our study provided some
key clues to the step-wise activation of a super-enhancer associated with the Tcrb-RC. First, we
found that transcription could be largely uncoupled from acquisition of histone modifications
over the super-enhancer region. This was especially true for long-range activation at the D1J1
cluster. Recruitment of various Gal4-RUNX1 fusions to E completely restored transcription
through this cluster with only modest, at best, restoration of activating histone marks, H3K27ac
and H3K4me3. This finding is consistent with several reports showing that transcriptional
activation of inducible genes may be uncoupled from H3K4me3 or other histone modifications at
promoters (50, 51). In a broader sense, Tcrb, like many developmentally regulated genes, may be
transcriptionally induced before it acquires its final epigenetic state as a super-enhancer,
triggering key aspects of lineage commitment without full revisions of the epigenome (52).
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In contrast to changes in histone modifications, Tcrb-RC transcription completely parallels the
restoration of E-promoter looping and nucleosome clearance from both types of regulatory
elements, which are likely to be contingent processes. These new findings support a proposed
step-wise model for activation of the Tcrb-RC (31), in which promoter-E contacts generate a
stable "holocomplex" to recruit additional factors, including chromatin remodelers. Indeed,
recruitment of the nucleosome remodeling complex, SWI/SNF, to the Tcrb-RC, requires
promoter-E looping (31). In this study, we demonstrated that RUNX1 is sufficient to mediate
promoter-E looping, chromatin remodeling, and transcriptional activation. The RUNX1-TAD
was again sufficient to mediate these processes, when modest levels of ETS1 occupied E. Thus,
ETS1 may support modest levels of promoter-E looping in the absence of the RUNX1-NRDB,
perhaps via its known interaction with ATF2 (53), a transcription factor that binds to D
promoters (54). In the absence of ETS1, tethering of the NRDB and RUNX1-TAD to E is
sufficient to drive loop formation with its distal promoters. In this case, we propose that
association of RUNX1 with the nuclear factor, ALY (55), may be important to forge Epromoter contacts. Since ALY is known to dimerize (55), it may form a bridge between RUNX1
molecules bound to the enhancer and D promoters (38). Moreover, once the bridged promoters
become even minimally active, ALY may further stabilize E-promoter loops via its RNAbinding activity (56).

Together, our results demonstrate that RUNX1, when uncoupled from the requirement for
cooperative ETS1 binding, is sufficient to drive long-range loop formation by E, nucleosome
clearance at its target promoters, and full transcriptional activation of the Tcrb-RC. Given the
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broad distribution of ETS-RUNX motifs in the mammalian genome, our findings with the TcrbRC may be applicable to the activation of super-enhancers at other key hematopoietic genes.
Future studies with inducible experimental platforms, such as the one described here, will be
useful to address more detailed mechanisms for long-range enhancer activation of promoters for
developmentally regulated genes.
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3.6

Figures

Figure 3.1 E activity is dependent on ETS1 and RUNX1 in P5424 cells.
(A) Schematic representation of mouse Tcrb-RC showing promoters (pD1 and pD2), D
elements (D1 and D2), J elements (J1 and J2 clusters), constant regions (C1 and C2) and
the enhancer (E). TF binding sites in E identified by in vivo footprinting are highlighted below
(33), including a pair of composite ETS-RUNX sites (black bars). (B) P5424 cells were
transfected with shRNAs targeting ETS1, RUNX1, or control transcripts (GFP). Shown are
ETS1 and RUNX1 mRNA levels measured by RT-qPCR and normalized to Actb transcripts. (C)
Levels of spliced J1-C1 and J2-C2 germline transcripts in the indicated knock-downs as
measured by RT-qPCR. In B and C, data are presented as the average values of three PCR
replicates (+S.D.) and are derived from one of two biological replicates (see also Figs. 3.7 A and
B), ** denotes statistical significance (p<0.01), as determined by Student's t-test.
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Figure 3.2 Mutation of ETS or RUNX motifs abolishes E function.
(A) Schematic showing intact and mutant Tcrb alleles in O3-73 (top). As indicated, the entire
RC, including E, was deleted from the mutant allele. The intact allele was further targeted to
generate a variety of mutant E versions (bottom): EG (both ETS-RUNX sites converted to
ETS1/Gal4), RG (ETS1/RUNX1 to Gal4/RUNX1 sites), EmRG (ETS1/RUNX1 to mutant
ETS1/Gal4 sites). (B) ETS1 and RUNX1 binding at different versions of E(WT, EG, and RG)
measured by ChIP-qPCR. Control ChIPs with a non-specific IgG antibody are shown for WT
cells. (C) Unspliced germline transcripts corresponding to J1.2 and J2.1 gene segments in
cells with different versions of E (WT, , EG, and RG), as measured by RT-qPCR. For panels
B and C, data are presented as the average values of three PCR replicates (+S.D.) and are derived
one of two biological replicates (see also Figs. 3.7 C and D), ** denotes statistical significance
(p<0.01), as determined by Student's t-test.
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Figure 3.3 GAL4-RUNX tethering fully restores function to E mutants lacking RUNX
motifs.
A) Cartoon depictions of domains in full-length ETS1 and RUNX1 proteins, as well as in Gal4RUNX1 fusions. ETS1 consists of an N terminus transactivation domain (TAD), exon VII
domain (VII), and ETS DNA binding domain (ETS). RUNX1 consists of an N terminus Runt
DNA binding domain (Runt), a negative regulatory region of DNA binding domain (NRDB),
and a transactivation domain (TAD). (B) IP- and conventional western blotting analysis for
expression of fusion proteins. Transduced cells were treated with 1 µg/mL Dox for 24 hours, and
expression levels of Gal4 fusion proteins were detected by IP-western blotting. ETS1 and
GAPDH expression were measured by conventional western blotting using the same cell lysates.
(C) ChIP-qPCR assays for ETS1 and RUNX1 binding to the RG mutant enhancer upon
expression of RUNX1GNT. Control ChIPs with a non-specific IgG antibody are shown for WT
cells. TF denotes Gal4DBD and Gal4-RUNX1 fusion proteins. (D) Unspliced germline
transcripts corresponding to the J1.2 and J2.1 gene segments induced by RUNX1GNT in cells
with the RG mutant enhancer. For panels B and C, data are shown as averages (+ S.E.M.) from
three biological replicates, ** denotes statistical significance (p<0.01), as determined by
Student's t-test.

109

Figure 3.4 ETS1 is dispensable for E activation by RUNX1.
(A) Western blotting analysis for expression of Gal4-RUNX1 fusion proteins. Transduced cells
were treated with 1 µg/mL Dox for 24 hours, and expression levels of Gal4 fusions or GAPDH
were detected by IP- or conventional western blotting, respectively. (B) ChIP-qPCR assays for
ETS1 and RUNX1 binding to the RG and EmRG mutant enhancers upon expression of
RUNX1GNT, as described in Fig. 3.3C. (C) Unspliced germline transcripts for J1.2 and J2.1
segments induced by RUNX1GNT in cells with RG and EmRG mutant enhancers, as described in
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Fig. 3.3D. All cells for ChIP- and RT-qPCR assays were cultured in parallel with those shown in
Fig. 3.3, the data from which are included again for direct comparisons.
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Figure 3.5 The TAD of RUNX1 is sufficient for short- but not long-range activation of the
Tcrb-RC.
(A) Western blotting analysis for expression of indicated Gal4-RUNX1 fusion proteins, as
described in Fig. 3.4A. (B) ChIP-qPCR assays for ETS1 and Gal4DBD binding to the RG and
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EmRG mutant enhancers upon expression of RUNX1 GN, as described in Fig. 3.3C. (C)
Unspliced germline transcripts for J1.2 and J2.1 segments induced by RUNX1GN in cells with
RG and EmRG mutant enhancers (see Fig. 3.3D). (D) ChIP-qPCR assays for ETS1 and
Gal4DBD binding to the RG and EmRG mutant enhancers upon expression of RUNX1 GT. (E)
Unspliced germline transcripts corresponding to J1.2 and J2.1 segments induced by RUNX1GT
in cells with RG and EmRG mutant enhancers. For panels B-E, data are shown averages (+
S.E.M.) of three biological replicates, n.s. (non-significant), ** (p<0.01), as determined by
Student's t-test. All cells for ChIP- and RT-qPCR assays were cultured in parallel with those
shown in Figs. 3.3&3.4, the data from which are included again for direct comparisons.
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Figure 3.6 RUNX1 is sufficient to restore aspects of the Tcrb-RC epigenetic landscape.
(A) ChIP-qPCR assays for H3K27ac and H3K4me3 levels at J1 or J2 following induction of
the indicated Gal4-RUNX1 fusions in clones containing either the RG or EmRG mutant versions
of E. (B) Total histone H3 ChIPs showing changes in nucleosome occupancy induced by Gal4RUNX1 fusions. H3 levels were monitored at pD1, pD2, and immediately upstream of E
(5`E) in RG and EmRG mutant cells expressing the indicated RUNX1 fusion proteins. Clones
containing wild-type (WT) or E versions of Tcrb, as well as 3T3 fibroblasts are included as
controls. Values for IgG control ChIPs in both A and B were significantly lower than all samples
shown. (C) Promoter-enhancer interactions induced by Gal4-RUNX1 fusions at RG and EmRG
versions of E, as measured by 3C-qPCR (42). Data are presented as the average values of three
PCR replicates (+S.D.) and are derived one of two biological replicates (see also Fig. 3.8). For
panel C, n.s. (non-significant), ** (p<0.01), as determined by Student's t-test.
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Figure 3.7 Biological replicates for Figs. 3.1&3.2 and basal H3K27ac and H3K4me3 levels
at J1 or J2
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(A) and (B) show data from the biological replicate corresponding to experiments presented in
Figs. 3.1 B and C, respectively. (C) and (D) show data from the biological replicate
corresponding to experiments presented in Figs. 3.2 B and C, respectively. (E) ChIP-qPCR
assays for basal H3K27ac and H3K4me3 levels at J1 or J2 of the indicated cells (see Fig. 6A
for details). (F) Biological replicate for experiments shown in panel E.
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Figure 3.8 Biological replicates for Fig. 3.6
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A, B and C show data from the biological replicates corresponding to experiments presented in
Fig.6 A, B and C, respectively.
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3.7

Tables

Table 3.1 RT-qPCR, ChIP-qPCR, and 3C assay primers and probes
Jb1 F

GAACCAGACTCACAGTTGTAGAGG

Cb1 R

GCTCTCCTTGTAGGCCTGAG

Jb2 F

ACGACTCACCGTCCTAGAGG

Cb2 R

CATTCACCCACCAGCTCAG

ETS1 F

ACAGCTTTGTTGTCCATCTG

ETS1 R

AGATCTGTCCATCCTTCCTG

Actb F

GGCTGTATTCCCCTCCATCG

Actb R

CCAGTTGGTAACAATGCCATGT

Runx F

GGCACTCTGGTCACCGTCAT

Runx R

CGTTGAATCTCGCTACCTGGTT

GAPDHF

GCCATCAACGACCCCTTCATTGACC

GAPDHR

GGTCTCGCTCCTGGAAGATGGTGAT

Jb1.2F

ATTGGTACCGTTAACCAGGCACAGTAGGACC

Jb1.2R

TTCCACCCGAGGTTCATCTTGACT

Jb2.1F

TATGCTGAGCAGTTCTTCGGACCA

Jb2.1R

AGTCCTGGAAATGCTGGCACAAAC

EbFChIP

TTGACATTTACCAGGTCCTACA

EbRChIP

GTGGGGGAGCATTCACAGGCAC

Jb1upChIP

ATGCAGGCAAGCTCAACTGGGAGTA

Jb1downChIP

TACATCTTCCCTGCCCAAGCCTGTC

Jb2FChIP

AGAAACGCTGTATTTTGGCTCAGGA
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Jb2RChIP

CTGGCTATCCTTAGCCTGGGAAATG

pDb1FChIP

GCCCCTTCAGCAAAGATCATTTCAA

pDb1RChIP

TTGTGCAAGGTGGTGGTAAGATG

pDb2FChIP

TAGATGGATATCCGTTCCCAAGCCA

pDb2RChIP

TCTACCTCCAGAACTGGTAAGGCAA

5`EbFChIP

TGTAGCACTGACAGAATGGTAAGT

5`EbRChIP

CAGCACTGTCCCTTTGCAGGTCA

ERCC3F3C

GCCCTCCCTGAAAATAAGGA

ERCC3R3C

GACTTCTCACCTGGGCCTACA

ERCC3probe3C

AAAGCTTGCACCCTGCTTTAGTGGCC

EbF3C

TGGGACTAGTGAACTGAATATGTCTTC

Db1R3C

AAGGCATTGTTGCATGATCC

Db2R3C

TGGGGCCCTCACTTTTCTTA

Ebprobe3C

GGAGAGGCAGAGTGGTAGGAA

Note: Annealing at 60 ºC
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Table 3.2 Mutagenesis and cloning primers
ZFN1upF

ATCCCCAGCCAGATTCTTCT

ZFN2downR

CTCATGTGCTGTCTGCTCTGAATTC

ETS1Fmut

GAGATGGAGCTATGGCAGG

ETS1Rmut

CGGAGTACTGTCCTCCGTGTGGTTTGACATTTACCAGG

ETS2Fmut

CGGAGGACAGTACTCCGTGTGGCAAGTGTGGTTCC

ETS2Rmut

TCTCATGCAGCCCTTTCTAC

RUNX1Fmut

ACATCCTGTTGTGACTCCTG

RUNX1Rmut

CGGAGTACTGTCCTCCGTTGACATTTACCAGGTCCTAC
A

RUNX23Fmut

TCCCAAAATGCTCAGAATGTG

RUNX23Rmut

CGGAGTACTGTCCTCCGACATCCTGTCTTCAAACCCT

mutETS1Fmut

ACAGAAGGTTGTGACTCCTGGAGATGG

RUNX23Rmut.2

CGGAGGACAGTACTCCGCCCAAAATGCTCAGAATGTGA

mutETS2Rmut

ACAGAAGGTCTTCAAACCCTTCTCATGC

5`armF

GCCAAGAAGATACTGGAGAATTATG

5`armR

AATCGGTCAGGGAAACAAGTATTAA

EbFclone

ATTGGTACCGTTAACCAGGCACAGTAGGACC

EbRclone

AATACGCGTGCAGGACAGACAGACCATCT

PuroF

AATACGCGTCCGATCATATTCAATAACCCTTAAT

PuroR

AATGCTAGCGAACCTCTTCGAGGGACCTA

HygroF

CCGGAGATGAGGAAGAGGAGAACA

HygroR

TCAGCAGCCTCTGTTCCACATACA

3`armF

AATGCTAGCATTCATTGGCTGGCTTTCGCT
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3`armR

ATTGCGGCCGCAGGAATTTTTACTGCTGCTTGCGTC

ZFN2cutF

AGCCCTTTCTACCTCAGCCTCTA

ZFN2cutR

ACTGGGGCCCCTTGACTGCT

ETSwtGeno

ACATCCTGTTGTGACTCCTG

ETSmutGenoR

TGGTAAATGTCAAACCACACGGA

RUNXmutGenoR TAGGACCTGGTAAATGTCAACGGA
WTRXGenoR

TGTAGGACCTGGTAAATGTCAAACC

mERXmutGenoR AGGACAGTACTCCGACAGAAG
Gal4DBDF

ATTCTTAAGATGAAGCTACTGTCT

Gal4DBDR

ATTGATATCAGAACCACCTGAACCTCCTGATCCACCCG
ATACAGTCAACTG

RUNX1.184F

AATGATATCGATGATCAGACCAAGCCCGGGA

RUNX1.451R

ATTGCGGCCGCTCAGTAGGGCCGCCA

RUNX1.292R

ATTGCGGCCGCTCAACTGGAAAGTTCTGCAGAGAG

RUNX1.291F

AATGATATCTCCAGTCGACTCTCAACG

Note: Annealing at 62 ºC with Phusion. mutETS1F pairs with RUNX1R to make upstream
compsite site of EmRG.. 5`EbChIP in Table S1 and ZFN2cutR in this table are used to detect
genomic E deletion.
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Chapter 4 : Conclusions and Future
Directions
In my thesis, I first investigated ETS1-RUNX1 cooperativity at the developmentally important
super enhancer Tcrb-RC using extrachromosomal reporter substrates. My results demonstrated
independent competency of both ETS1 and RUNX1 proteins on Eβ in these substrates. Next, I
constructed cell models with knock-in mutant versions of Eβ to examine ETS1 and RUNX1
functions in chromosomal settings. In contrast to results from extrachromosomal substrates,
RUNX1, but not ETS1, was capable of activating chromosomal mutant Eβ. To further delineate
the mechanisms by which RUNX1 activates the Tcrb-RC, I constructed an inducible cell system
and dissected RUNX1 domain functions with or without the presence of ETS1. The results
established the sufficiency of RUNX1 in Eβ activation, which is independent from ETS1.
RUNX1 is able to tolerate loss of ETS1 activity by using its NRDB domain in long-distance
promoter activation by Eβ, while the RUNX1 TAD by itself maintains basal activity to proximal
cis-elements. In addition to analysis of RUNX1 domains in Tcrb-RC activation, my research also
revealed the spatial and temporal heterogeneity of different genetic and epigenetic processes
during locus activation. Specifically, simultaneous transcription factor loading to cis-elements
across the whole Tcrb-RC precedes maximal induction of Eβ activity on both distal and proximal
promoters. However, such activation, especially at the distal promoter, is uncoupled from full
restoration of nucleosome depletion and active histone marks.
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These results not only provided insights into mechanisms underlying Eβ function and Tcrb-RC
activation, but also offered several starting points for future studies: (i) further investigation of
ETS1 function at Eβ with recruited Gal4-ETS1 fusion proteins, (ii) the temporal and spatial
analysis of Tcrb-RC activation by high-throughput approaches, (iii) V(D)J recombination and
Vβ usage with mouse models, and (iv) cooperativity of similar transcription factors on other loci.
These proposed studies will deepen our understanding above and beyond the Tcrb gene
regulation.

Function of ETS1 in Eβ activation
In Chapter 2, I showed that the Gal4-ETS1 fusion protein failed to activate Dβ1 germline
transcription, even when its total protein level was boosted by MG132 protease inhibitor (Figs.
2.7 & 2.8). While ETS1 may not be the direct executer of long-range transactivation, it has been
suggested to assist RUNX1 TAD to reach upstream pDβ1 in Chapter 3 (Fig. 3.5). To obtain a
more complete picture on ETS1-RUNX1 cooperativity, it is necessary to know what epigenetic
changes ETS1 by itself induces. After overexpressing Gal4-ETS1 in EG mutant cells, ChIP assay
to examine active histone mark changes and 3C assay to examine long- and short-range
promoter-enhancer interactions could be performed. If the binding of Gal4-ETS1 is weak, it will
be necessary to use MG132 to boost its expression. In addition, it is possible that ETS1 by itself,
like the RUNX1 TAD, retains partial activity for proximal Dβ2 promoters. If this is true, it will
suggest that there is synergy between ETS1 and RUNX1 TAD in reaching a distal cis-element.
Together, they pass a certain threshold to reach beyond the proximal promoters and to activate
pDβ1 from a long distance.
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Kinetic analysis of Tcrb-RC
Kinetic studies of gene regulation involve two very different time-scales. To observe the
synthesis of a certain transcript, it is necessary to use high-speed microscopy to take motion
pictures of single cells over hundreds of seconds (1). Another observation focuses on the average
signals from a population of cells over hours of time (1, 2). In our previous studies, we proposed
a stepwise model for Eβ holocomplex formation and Tcrb-RC activation (3). To observe details
of this model would a resolution to distinguish temporal differences between epigenetic events.
For example, such resolution is needed to record the difference between factor loading on Eβ and
those on pDβ1. The reason is that factor loading on Eβ and pDβ1 seems highly synchronous,
suggesting that holocomplex formation is instant (Fig. 2.10). In this sense, we will need the highspeed microscope to observe the order of these events.

Meanwhile, the delayed restoration in germline transcription as opposed to factor binding
suggests that different types of genetic and epigenetic events may be resolved over the course of
hours and days (Fig. 2.10). Especially, in Chapter 3 I observed the uneven restoration of active
histone marks over Tcrb-RC at 24 hours post induction of Gal4-RUNX1 expression (Fig. 3.5). If
these marks are further restored over longer time, I may be able to observe the temporal
difference between histone modification and Eβ activation. To investigate the Tcrb-RC from as
many viewpoints as possible, one would use ChIP-chip or ChIP-Seq with H3K27ac and
H3K4me3 antibodies on Tcrb-RC at different time points. With these results, a full dynamic
depiction of how Tcrb-RC is ignited may emerge.
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V(D)J recombination and Vβ usage in mouse models
The final product of Tcrb gene activation is the TCRβ chain. In our cell models, we would be
able to test Dβ-Jβ recombination if we overexpress the RAG1 enzyme. This will further examine
the extent of Tcrb-RC activation. However, V segments at Tcrb in P5424 cells are largely silent
compared to primary cells (data unpublished). Therefore, it will be necessary to introduce the
inducible system into mouse models. With ZFN technology or the recently developed CRISPRCas9 system (4, 5), it will be convenient to construct mouse models with one mutant Eβ allele in
RAG1-deficient background. The mice will be bred to obtain homozygous Eβ mutants. These
mice will be crossed to mice carrying the tet-inducible expression cassettes of different Gal4
fusion proteins. One would first perform chromosome conformation capture carbon copy (5C)
assay to investigate potential loops between V segments and Tcrb-RC (6). Next, crosses between
the inducible mouse models with RAG1-sufficient mice would be able to examine the influence
of different Tcrb-RC activation processes on Vβ usage and on in Vβ to DβJβ recombination.

Inducible system for other loci and transcription factors
ETS1-RUNX1 composite binding motifs widely exist across the genome. For example, Eα, the
enhancer for Tcra locus, is also dependent on its single ETS1-RUNX1 binding motif (7). If Eα is
active in P5424, the same inducible system will be applicable to Tcra. The same principle may
apply to other loci given suitable cell models. Apart from ETS1-RUNX1 composite sites, other
transcription factor partnerships may also be studied using the inducible system. For example, in
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B lymphocytes, PU.1, an ETS family member, cooperate with IRF4 to activate their target sites
(8). Therefore, it is possible to construct cells with PU.1 and IRF4 binding site mutation and test
the rescuing by Gal4-PU.1 and Gal4-IRF4 fusion proteins.
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