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Abstract
The chromatin architecture of antigen receptor loci has been hypothesized to

facilitate the assembly of variable (V), diversity (D), and joining (Jegagments
during lymphocyte development. The 1.6 megafasa/Tcrdlocus is unique since it
undergoes highly divergefitrd andTcra recombination programs in CD@D8 double
negative (DN) thymocytes and CBZDS8" double positive (DP) thymocytes,
respectively. In this dissertation, we asked whether these divergent reatiorbi
programs are supported by distinct conformational states dtctlaéT crdlocus by using
three-dimensional fluoresceniresitu hybridization (3D-FISH) and chromosome
conformation capture (3C).

Using 3D-FISH, we found the 3' portion of the locus is contracted in both DN and
DP thymocytes as compared to B cells. Remarkably, the 5' portion of tiseisoc
contracted in DN thymocytes, but is decontracted in DP thymocytes. aegerthat the
fully contracted conformation in DN thymocytes alloWwsd rearrangements involving
V gene segments distributed over one megabase, whereas the unique 3’-doBiracte
decontracted conformation in DP thymocytes biases ifiited rearrangements to the
most 3' of the available \gene segments. This would maintain a large pool of distal V
gene segments for subsequent rounds of recombination.

To study the conformational changes at the molecular level, we used 3€db det
interactions between different sites spanning 400kb in the contracted 3’ portion of the

locus. TheTcraenhancer (B is known to activate Vand J segment promoters and to



stimulate V-to-J recombination in DP thymocytes. We detected various pair-wise
interactions between elements essential for infigah recombination, including

proximal V segments, TEA promoter, 5’ drray and E Notably, these interactions
occur specifically in DP thymocytes and all aredependent. We proposed that in
addition to regulating transcriptional activity, gromotes synapsis of RSSs by tethering
proximal V and 5'J segments together to facilitate initiedra recombination.

We also asked whether a known chromatin organizer, CTCF, regulates the
formation of the DP stage-specific,-Bependent chromatin hub. Using ChlP-seq, we
identified CTCF binding sites at ETEA promoter, and many \promoters in DN and
DP thymocytes. Loss of CTCF in DP thymocytes resulted in irgg@irimary V-to-J
recombination, reduced \and TEA germline transcription, and reduced interactions
between EandTcragenes. Strikingly, we also observed aberrantly increasetgene
transcription and interactions betweenadTcrd gene segments in CTCF-deficient DP
thymocytes. Our data suggest that CTCF help® Brganize a DP stage-specific

chromatin hub that sets the stage for synapsis and recombination of proxiarad ¥’

J segments in DP thymocytes.
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1. Introduction

1.1 V(D)J recombination

The jawed vertebrates developed an adaptive immune system that uses antigen
receptors expressed on T and B lymphocytes to recognize a variety of foreggnant
expressed by pathogens. The great diversity of antigen receptors sylagssembly of
variable (V), diversity (D), and joining (J) gene segments at T cell mc€pER) and
immunoglobulin (Ig) loci during lymphocyte development. This process, known as
V(D)J recombination, involves the breaking and joining of DNA segments toagener
diverse in-frame sequences encoding antigen receptors (Schatz and Swanson, 2011)

The initiation of V(D) recombination is catalyzed l®combination- etivating
genes land 2(RAG-1 and RAG-2, to hereafter referred as RAG) proteins, which
recognize and cleave thecombinationignal squences (RSSs) that flank all V, D, and J
gene segments (Fig. 1). A functional RSS contains a conserved hefdamer (
CACAGTG) that is adjacent to a coding gene segment, a less well cah4@roe 23
base-pair spacer, and a conserved nonamer (5’-ACAAAAACC) that flankpabers
(Schatz and Swanson, 2011). A synaptic complex is composed of a RAG tetramer (two
RAG-1 and two RAG-2 proteins) plus a 12RSS and a 23RSS, a restriction termed 12/23
rule (Gellert, 2002Grundy et al., 2009). Once a synaptic complex is formed, RAG
proteins will cleave between RSSs and their adjacent coding gene segngemsrsde
four double strand break (DSB) ends, including two sealed hairpins at the coding ends

and two blunt breaks at the RSS or signal ends. The DSBs generated by RAG proteins



will further trigger ubiquitous DNA repair machinery and be repaireoutin the on-
homologous ed joining (NHEJ) pathway. Through this pathway, the two coding ends

and two signal ends are ligated to generate new sequences called codiggarjdists.

During the formation of coding joints, new nucleotides are added between the two coding
ends, including those from palindromic sequences generated by RAG-dependent opening
of the sealed hairpins (also called P-nucleotides), and from termmalrdecleotidyl
transferase (TdT)-mediated addition of non-templated sequences (adsbNall

nucleotides). This imprecise DNA repair process at the coding endssesba

diversity of recombined antigen receptor sequences (Schatz and Ji, 2011).

V(D)J recombination events are regulated by complicated mechanisms during
lymphocyte development (Krangel, 2009). RAG protein expression occurs spigdifica
early lymphoid cells, which defines the cell type and time frame duringwKio)J
recombination can occur (Krangel, 2003). Beyond that, each antigen receptdrdscus
distinct properties that are regulated in lineage- and developmentakptgie ways
(Krangel, 2003). These properties include RSS accessibility for RAG binding, loc
nuclear localization, and locus conformation (Schatz and Ji, 2011). These layers of
regulation dictate that the TCR and Ig loci only recombine at specific Stagpscific
lineages, and prevent RAG proteins from generating DNA breaks outside ohantige
receptor loci, which may cause cell death or mutagenesis (Schatz and Ji,[2011)
addition, the two alleles of each antigen receptor locus are also regualatedmplex
way to insure that each lymphocyte expresses only one TCR or BCR compl&cess

termed allelic exclusion.



coding region RSS

heptamer 12 or 23 spacer nonamer

Cleavage

NHEJ DNArepair/ \
Coding joint | — « t ) Signal joint

Figure 1 Pathway of V(D)J recombination.

All variable (V), diversity (D), joining (J) gene segments at antigeeptor loci
are flanked by a recombination signal sequence (RSS) to allow them to ux@@jgo
recombination. Each RSS contains a conserved heptamer, a less well conserved 12- o
23-nucleotide spacer, and a conserved nonamer (top panel). The process of V(D)
recombination is initiated with the recognition of RSSs by recombinatioratinty gene-
1 and 2 (RAG-1 and RAG-2) proteins. Following that, RAG proteins mediate synapsis of
two different RSSs (12RSS and 23RSS), cleave the site between RSSs and coding gene
segments, and generate double strand breaks (DSBs) at both gene sefheBiSBs
recruit the non-homologous end joining (NHEJ) DNA repair factors that join tddimg
gene segments and two signal sequences (bottom panel) (Modified from Scieaiz,re
2011).



1.2 Lymphocyte development

Early development of T and B lymphocytes shares common features that depend
on V(D)J recombination events (Krangel, 2003). Blockage of recombination events by
deleting genes encoding RAG or disrupting specific antigen receptor sodlisrén arrest
of lymphocyte development (Shinkai et al., 1992; Mombaerts et al., 1992). On the
contrary, expression of a pre-rearranged antigen receptor transgenersatepro
lymphocyte differentiation to the next developmental stage (Shinkai e988).11n both
types of lymphocytes, RAG proteins are expressed during two stages tdweeate
recombination windows for distinct loci to recombine (Krangel, 2003). Each
recombination window is followed by a checkpoint to select cells that expiegssr pr
receptors and to ignore or eliminate those cells that fail to expresgp@ator or express
an inappropriate (e.g. non-reactive or autoreactive) receptor (Haydayramddgeen,

2007; Nemazee et al., 2006).

The T-cell receptor complex and B-cell receptor Ig heavy and light chain
(IgH/IgL) complex are formed in a similar way (Krangel, 2003). In the firs
recombination window, one chain of the receptor complex is produced first (IFICR
cells and IgH in B-cells) and this chain pairs with a surrogatptecchain to form a
pre-receptor complex. These pre-receptors are required for lymphocytes thgérst
checkpoint and differentiate to the next stage, in which RAG proteins are ressegteo
allow another chain (TCRin T-cells and IgL in B-cells) to recombine. The co-

expression of both antigen receptor chains forms a complete receptor complex on the



surface of immature lymphocytes. Positive and negative selection then edethidse

cells that are eligible to become mature lymphocytes (Krangel, 2003).

1.2.1 T lymphocyte development

Bone marrow-derived progenitors that migrate to the thymus can diffeeeatid
commit to the T-lineage (Hayday and Pennington, 2007). During intrathymad T-c
development (also called thymocyte development), the recombination of four TCR
protein-encoding genes, , and , is strictly regulated to generate two subsets of T-
cells, and (Fig.2) (Krangel, 2009; Shih et al., 2011). Early COB8 double
negative (DN) thymocytes can be divided into four sub-stages (DN1, DN2, DN3, and
DNA4) by surface expression of CD44 and CD25. Three TCR lpciand , recombine
initially in DN2 (CD44 CD25) thymocytes and mainly in DN3 (CD44D25)
thymocytes, coinciding with the first expression window of RAG proteigy/didy and
Pennington, 2007). A small subset of DN thymocytes with in-frong andTcrd
rearrangements may differentiate intoT lymphocytes. These T lymphocytes
express a TCR complex on the cell surface but lack CD4 or CD8 expression. After
passing through poorly understoodselection checkpoints, T lymphocytes emigrate
to their target organs, such as skin, intestinal epithelium, genital traciraquet(Hayday
and Pennington, 2007). In thymocytes with an in-frame T@Rombination, a TCR
protein will pair with the pre-T chain to form a pre-T cell receptor (pre-TCR) on the cell
surface (Hayday and Pennington, 2007; Shih et al., 2011). This allows early T cells to

pass the -selection checkpoint, during which pre-TCR signals cooperate with cytokine
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signals to down-regulate RAG protein expression and promote DN4-tatumarsingle
positive (ISP) differentiation. ISP cells express a low amount of CD8 metedut
eventually upregulate CD4 molecules to become double positive (DP) cells
after several rounds of cell division (Hayday and Pennington, 2007).

In DP thymocytes, the cell cycle is arrested at G1 phase before RA€ingrare
re-expressed to alloWcrarecombination. DP thymocytes can be further divided into
early large DP and late small DP based on their gradually reducesizeedind CD71
expression (Brekelmans et al., 1994). Once DP thymocytes successuiynge dcra
gene in-frame, a complete TCR heterodimer complex will be expressed on the cell
surface for surveillance by self-peptide-major histocompatibilitypter(MHC)
complexes (Hayday and Pennington, 2007). DP thymocytes that possess TCRs with low
self-peptide MHC affinity are positively selected. These thymsaytevn-regulate RAG
expression to prevent further recombination events, differentiate @4+ or CD8+
single positive (SP) T cells, and further enter the circulatory systdracome mature T
cells that can recognize and eliminate pathogens. Other DP thymocytexéad no
TCR signals will undergo secondargra recombination to continuously replace the
previous receptor until they generate a proper one (Shih et al., 2011). Those tegmocy
that receive too strong a signal will be negatively selected thraughaptotic pathway

(Hayday and Pennington, 2007).
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Figure 2 T lymphocyte development in thymus.

During thymocyte development, two waves of RAG protein expression @tow
loci encoding , , and chains to recombine in DN thymocytes, andThea locus to
recombine in DP thymocytes. Two black dashed lines indicate two checkpoirlecto se
appropriate pre-TCRs and TCR complexes.



1.2.1 B lymphocyte development

Progenitors that commit to the B-lineage undergo differentiation phjna the
bone marrow. Similar to T-cell development, there are two waves of RAGrprote
expression during B-cell development (Fig. 3). The first wave of RAG protei
expression initiates at the pre-pro-B stage and peaks at the pro-B sthoe tgtato
recombine (Krangel, 2003; Jung et al., 2006). The in-frame recomiginedpresses a

heavy chain protein that can pair with a surrogate light chain (includprg8 and 5
proteins) to form a pre-B cell receptor (pre-BCR) complex. Pre-B@fals are required
for the first checkpoint of B-cell development to ensure the production of a furictiona
Ilg protein. As is the case for the pre-TCR, these signals down-regulatexpAgsson
to terminate furthelgh recombination, and promote cell proliferation and differentiation
into the pre-B stage (Jung et al., 2006).

In small pre-B cells, the cell cycle is blocked at G1 phase and RAG wat®in
up-regulated again to allow the genes encoding Ig light chains to undeogabiaation.
Light chain recombination is ordered such tigatrecombination usually does not
initiate until bothlgk alleles fail to produce an appropriate light chain (Jung et al., 2006).
A functional light chain encoded by in-frame recombinatiofgkfor lg will pair with
the pre-existing heavy chain to form a complete IgH/IgL BCR complex, imgudio
identical heavy chains and two identical light chains. BCRs that posseaffihity to
self-antigen deliver weak signals that down-regulate RAG expression andtprBruoell
differentiating into the next stage. However, BCRs that autd-vélenaintain or re-
induce RAG expression to allow receptor editing by either deletingriti@al receptor

8



through secondargk recombination or rearranging anothgk allele or thdg locus,
until a non-autoreactive light chain is produced (Nemazee et al., 2006). Activee
BCRs can also lead to cell death, so called negative selection. The immagtlietBat
pass positive and negative selection will differentiate into naive matcedsBand
migrate to secondary lymphoid tissues where they may undergo antigen-driven and
activation-induced cytidine éaminase (AID)-mediated hypermutation and class switch

recombination of theilg genes.

pre-BCR Positive selection
selection Negative selection
p B : Large Small : .
re-pro- Pro-B : pre-B pre-B : ImmatureB  NaiveB
/’,//‘:-'\\ /'/7““\\ 1 /,/ o N P ] '/"rk"\\ // =
b i y X '
C )-0)+»C )-0)=( )~ ()
\\k‘_// J \\_f,/j : \‘\,_f/ \\‘—:j’/} : A .-/’/ \\,g‘_/
I o i
Rag1/2 ) 2 : - :
1 [ ]
IgH D>J V—>DJ
IgL ¢Igk and Igl} Vod

Figure 3 B lymphocyte development in bone marrow

During B cell development in bone marrow, two waves of RAG proteins allow
the Ig heavy chain genggh) to recombine at the pro-B stage, and Ig light chain genes
(lg andlg ) to recombine at the pre-B stage. Two black dashed lines indicate two
checkpoints to select appropriate pre-BCRs and IgH/IgL BCR complexes.

o



1.3 Organization of antigen receptor loci

The genes encoding seven antigen receptor proteins are distributed at stx geneti

loci that range in size from hundreds of kilobases (kb) to several megaldhs€Ei(.

4). Within these loci, the four largesgly, Igk, Tcrb andTcra/Tcrdloci) are organized in

a similar way in that the locus is mostly occupied by large numbergeh® segments,
followed by one or two D-J-C (constant) or J-C clusters at the 3’ end. Thewthlerct

(lg andTcrg) that are relatively small (~200 kb) and contain limited sets of gene
segments arranged in a unique order (Bossen et al., 2012; Jhunjhunwala et al., 2009;
Krangel, 2009).

Several regulatory elements have also been identified at each locus. A strong
promoter usually can be found at the 5’end of J or DJ segment arrays to direct
transcription of these gene clusters prior to rearrangement. Each V gerensbgs an
upstream promoter that regulates the germline transcription of indiwdgehe segment
prior to recombination and eventually directs the transcription of recombined \3Jor V
coding sequences (Roy et al.,2011; Shih et al., 2011). Many enhancers have been
identified near J and C segments at the 3’ ends of the loci (Jung et al., 2006},Krange
2003; Schlissel, 2004). These enhancers regulate promoter activity and mediate
recombination events over long distances. Elements that function as insulatcatsbave
been identified (Guo, Yoon and Franklin et al., 2011; Liu et al., 2002; Xiang et al., 2011;
Carabana et al., 2011). The various regulatory elements and their roles acaachill

be further described in this chapter.
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1.3.1Igh locus

The murindgh locus on chromosome 12 contains near 2Q@&he segments
spanning 2.7Mb, followed by tenDfour J;, and eight G gene segments (Jung et al.,
2006). The multiple Egenes allow class switch recombination that occurs in activated
mature B cells to produce different antibody isotypes. Ighdéocus recombines in an
ordered way in that Psegments recombine tg Segments first, followed by /to-DyJy
recombination (Fig. 3). [Pto-J, recombination initiates as early as in the pre-pro-B
stage and occurs in T-lineage cells as well (Jung et al., 2006). Howevter Dy
recombination only occurs in pro-B cells and is undetectable in other cell thpe
addition, \;-to-DpJy step is also subject to allelic exclusion and proceeds
asynchronously on two alleles. Hence, thet®-DyJy step is the critical control point to
insure that complete IgH recombination only takes place in B-lineage. Notabthgh
allele generally undergoesiMyJy recombination only once because the completion of
VyDuJy recombination deletes extra;[gene segments. The only exceptionis V
replacement, where an upstreagdan rearrange to a cryptic RSS within an already
rearranged M gene segment (Jung et al., 2006).

Several regulatory elements have been identified as essential for igihmal
recombination by regulating germline transcription and chromatin struotaig(Roy et
al.,2011). The well characterizégh intronic enhancer (termed Br iE) is located in
the region between;and G segments. Deletion of Br core E results in a dramatic
reduction of splenic B cells and impaired-i»-J; as well as \-to-DyJy recombination

in pro-B cells (Perlot et al., 2005; Afshar et al., 2006). The impaireth\Dy

12



recombination is likely a consequence of the inefficigpt®J, rearrangement. In
addition, E is also required for transcription activity across thg{xluster, but not for
transcription of ¥, segments, suggesting thatdontrolsigh V(D)J recombination

through mediating RJy accessibility (Perlot et al., 2005; Afshar et al., 2006; Bolland et
al., 2007). Surprisingly, mice that carry onedgficient allele reveal a dramatic increase
of splenic B cells that express dual IgM on the surface. Although &ispensable for

the transcription of rearrangégh gene, E seems to play a role Igh allelic exclusion at
late stages (Li et al., 2009).

The 3’IgH regulatory region (3’ RR) that contains seven DNase | hypérsins
sites (hs) is located downstream @f €xons. The first four hypersensitivity sites (hs3b,
hsl1.2, hs3a, and hs4) were shown essential for germline transcription of cagstand r
and for class switching in mature B cells but were found not to be eddoir Dy-to-J4
or Vy-to-DuJy recombination (Vincent-Fabert et al., 2010, Dunnuck et al., 2009).
However, the other three hypersensitivity sites (hs5, hs6, and hs7) are not required for
class switch, but surprisingly, suppress proximau¥age (Volpi et al., 2012). A 3’ CBE
(CTCF-binding element), which is downstream of 3' RR was identified as @aSETCF
binding (Garrett FE et al., 2005; Degner et al., 2011). 3’ CBE has been linked to the
regulation of locus architecture (Degner et al., 2011; Guo, Yoon and Franklin et al.
2011). However, the biological role of 3' CBE remains unknown.

Two sense and one antisense germline transcripts are regulate@eynion
and Perry, 1985; Thompson et al., 1995; Bolland et al., 2004). The two sense transcripts

are 0 and I, which initiate upstream of the last;@ene segment (DQ52) and
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heterogeneously within the Eegion, respectively. Both extend to. Meletion of the
DQ52 segment and its upstream promoter suggestedmaediates 3’ Jsegment
usage in P-to-34 recombination (Nitschke et al., 2001). However, selective deletion of
the DQ52 promoter in another study did not influen@germline transcription and.p
to-J4 recombination (Afshar et al., 2006). The role of the DQ52 promoter@nd
germline transcription is still enigmatic and requires further invesgtiga Antisense
germline transcription initiates at the 5’end of &d extends over 65 kb, upstream of the
Dy region (Bolland et al., 2007). This{Hependent antisense transcription was also
shown mediated by CTCF in ax vivoknockdown system and is believed to open the
Igh DJ cluster before pto-J4 recombination (Degner et al., 2011).

A 100 kb intergenic region between,¥nd Oy segments was shown to prevent
antisense germline transcription from extending into the proximaeygion and to
enforce lineage-specifigh recombination. Deletion of this region activates aberrant
Vy-to-DpJy recombination in thymocytes (Giallourakis et al., 2010). A recent study
narrowed down the functional domain to a 4.1 kilobase region termed intergenic control
region 1 (IGCR1), which is required for ordered, lineage-specific, arlctalle
excludedigh recombination events. The presence of IGCR1 prevepBVv
recombination from occurring beforg;0-J34 recombination and maintains a balanced
antibody repertoire by suppressing proximalisage (Guo, Yoon and Franklin et al.,
2011). The role of IGCRL1 is believed to be dependent on its two CTCF bindindpattes t

possess insulator function (Featherstone, 2010; Guo, Yoon and Franklin et al., 2011).
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Each \{; segment contains an upstream promoter that drives transcription before
and after \-to-DyJy recombination (Roy et al., 2011). However, whether there are other
regulatory elements for\/segments is unknown. Using histone modifications as
indicators, 14 conserved sequences were identified upstream of multipl&/digethe
segments, termedaR5-activated_ntergenic epeat (PAIR) elements (Ebert et al., 2011).
These PAIR sequences recruit a regulatory complex involving Pax5, EZ¥ &d
Rad21lin a developmental stage-specific manner and generate CTCF-and Paxigmtepe
antisense transcripts upstream of their CTCF binding sites in pro-B dedlgt € al.,

2011; Degner et al., 2011). PAIR elements are proposed as potential regeltepnts

controlling distal \, segment recombination.

1.3.2 Igk locus

The murindgk locus on chromosome 6 contains about 12@¥ne segments
that span 3.2 Mb, followed by four §iene segments and one €xon that are located
within 20 kb at the most 3’ end of the locus. Unlike ldtelocus, a recombinedk
allele can undergo secondaryNJ recombination to replace a previous rearranged
product that is out-of-frame or induces autoreactivity. The failure to produceteohal
and non-autoreactiigk chain can also be rescuedlgy recombination.

Threelgk enhancers have been identified: the MAR/intronic enhancer (iE
located between Jand C ; the 3’ enhancer (3'B located downstream of the @xon;
and the downstream enhancer (dibat is further downstream of E3’ (Schlissel, 2004).

Each enhancer has multiple functions, some of which are functionally reduiBaednt.
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iE and E3’ contribute to the regulationlgk recombination in pre-B cells; deletion of
either causes impaired but not abolishedlv recombination (Gorman et al., 1996;
Takeda et al., 1993; Xu et al., 1996). Deletion of both enhancers, however, completely
blockslgk recombination (Inlay et al., 2002). In addition, 3dtso plays a role in

mature B cells. Deletion of 3’'Eesults in a reduction of hypermutation and transcription
of recombinedgk genes. Like 3’'E dE regulates thégk locus at late developmental
stages including the expression of recombined gene segments and somaiititatjmer
(Xiang et al., 2008). However, dis not required for \AJ recombination. Two
promoters were identified upstream of thertay: a distal promoter, Skand a

proximal promoter, 3k Transcriptional activity of these two promoters is
developmentally regulated; the distal promoter is activated in pre-B calls, the

proximal promoter is activated in later stages (Amin et al., 2009; Taylar 208DB).
However, the function of these germline transcriptions is not well understood. A
recombination silencer, Sisiléncer in_ntervening squence), was identified within the
intergenic region between Vand J segments (Liu et al., 2002). Deletion of Sis results
in skewed V usage biased to proximal ¥egments (Xiang et al., 2011). Similar to
IGCR1 at thdgh locus, Sis is believed to regulate the Igk repertoire through its CTCF

binding sites (Ribeiro de Almeida et al., 2011).
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1.3.3Ilg locus

The ~250 kg locus is organized in a unique way in that it only possesses three
V and four J segments, and eachid linked to its own C Four J and four C
segments fall into two IC -J -C clusters that are ~160 kb apart. Twoségments
(V 2 and V3) are located about 50 kb upstream of the fiiGt dluster (J2-C 2-J 4-
C 4), and there is an enhancer downstream df Gimilarly, the secondG cluster
(J 3-C 3-J1-C 1) is flanked by an upstream gene segment and a downstream
enhancer. The Igrepertoire is relatively limited as compared to other loci due to the
small number of gene segments at this locus. As mentianececombination generally

occurs whengk recombination fails on both alleles.

1.3.4Tcra/Tcrd locus

TheTcra/Tcrdlocus on murine chromosome 14 carries Batka andTcrd gene
segments in a unique organization (Shih et al., 2010).T¢ra&Tcrdlocus spans 1.6Mb,
including over one hundred V segments distributed across 1.5Mb. Following the V
array, there is a cluster ®trd gene segments, 61 segments and one @Gll distributed
across 100 kb at the 3’end of the locus. The &luster of strain 129 mice contains two
highly homologous 400 kb regions that result from a duplication event. The duplicated
region is flanked by unique V segments at both ends. The high homology between these
regions poses challenges for their analysis. TRDV5, located downstreamard C

upstream of the Jrray, is the only V gene segment located outside of V array. TRDV5
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is in the reverse transcriptional orientation and can recombine Tattieluster by DNA
inversion (Krangel et al., 2004; Krangel, 2009; Shih et al., 2011).

TheTcrd cluster is composed of two § two Js, and one Csegments. In DN
thymocytes,Tcrd gene segments are activated to undergtm\D -to-J recombination.
Among the many V gene segments, only a small number of them are preferentially
used forTcrd recombination, including some located closé@¢ad cluster (e.g. TRDV1,
TRDV2-2, TRDV4, TRDV5) and some that are distributed across the centratatepli
region (e.g. TRAV15/DV6 family) (Shih et al., 2011). Similar to lidffelocus, complete
Tcrd recombination can only occur once on each allele due to the gene organization.
However,Tcrd recombination is not stringently ordered and allelically excluded.
Therefore, V-to-D can also be detected beforetb-J recombination and some T
cells express two receptors. Notably, the recombination of TRDV4 is develtaiye
regulated; it only occurs in fetal thymocytes but not in adult thymoc$ta €t al.,
2010).

Once thymocytes differentiate into the DP stageaM J segments are activated
to undergo V-J recombination. The first VJ recombination deletes the entirerd
locus, preventing crd recombination in DP thymocyted.cracan undergo synchronous
recombination on both alleles and proceed with multiple rounds-3f kkcombination
on each allele (Krangel, 2004; Krangel, 2009). Analyzing rearrahig@csequences
suggests that VJ recombination preferentially initiates with theproximal V
segments and 5’ $egments, and progressively uses more 5antl more 3’ Jgene

segments for secondary recombination (Krangel, 2004). This is supportedysysania
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ROR deficient-mice, which reveal a 5’-biasedusage due to shortened life-span of DP
thymocytes (Guo et al., 2002). In addition, this biasedsdge can be rescued by
expression of survival factor Bcl-x(L) transgene that extends DP thymbigtspan

(Guo et al., 2002). Secondary-¥ recombination deletes and replaces previous
unproductive rearrangements or productive rearrangements that do not lead to positive
selective, allowing a repetitive search for a proper T€Rain (Huang and Kanagawa,
2001; Pasqual et al., 2002).

TheTcrd enhancer (B andTcra enhancer (B are well-known regulators of
developmental stage-specificrd andTcrarecombination events (Hernandez-Munain et
al., 1999; Sleckman et al., 1997)., #hich is located between Dand C, is important
for efficient Tcrd recombination in DN thymocytes (Monroe et al., 1999). Deletion of E
results in a reduction of T cells. However, deletion of loes not completely block
Tcrd recombination, suggesting that unknown regulatory elements may also be involved
in the regulation of crd recombination. EregulatesTcrd recombination through
regulating transcription and histone modification within a 20 kb region from the D
cluster to TRDV5 (Shih et al., 2011). &an also regulate TRDV4 at a distance of 55kb
in fetal thymocytes (Hao and Krangel, 2011). Notablyisihot required for rearranged
TCR expression on mature T cells (Sleckman et al., 1997).

E , which is located at the 3’ end of tlera/dlocus, is activated specifically in
DP thymocytes to promote Mo-J recombination. Deletion of Elisrupts almost all
V -to-J recombination eventnd blocks T-cell development at the DP stage (Sleckman

et al., 1997; Hernandez-Munain et al., 1999).biadly regulates histone acetylation
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and germline transcription of the entirearay and of V gene segments up to 500 kb
away (Hawwari and Krangel, 2005b). Interestingly, althougts Bot required formcrd
recombination, it is important for transcription of rearrangex genes (Sleckman et al.,
1997).

The T early (TEA) promoter, which is located at the 5’ end o&day, is
activated by Ein DP thymocytes (Hernandez-Munain et al., 1999; Sleckman, 1997).
Active TEA transcription is believed to target the 5sé@gments for primary VJ
recombination by opening the chromatin structure and inhibiting downstream
J promoters. Deletion of TEA promoter results in a lack of Grdnscription and
rearrangement, and activation of centrgbtbmoters and rearrangement of central J
segments (Villey et al., 1996; Hawwatri et al., 2005a). Mouse models in whigh TE
transcription is blocked demonstrated that TEA transcripts rather thaEfpromoter
are essential for mediating ordered promoter activity and recombinati@nréegui and

Krangel, 2007).

1.3.5Tcrb locus

TheTcrblocus on chromosome 6 is composed of 3Z&ments and two DC
clusters, each containing one,Beven Jand one Csegments (Krangel, 2003; Krangel,
2009). The whole locus is separated into three parts by two unrilgisthogenarrays
that flank the main Vcluster. The most 5’ part of the locus is an isolateth¥t is 150
kb upstream of the main \¢luster. Another Vsegment outside of the main ®luster

is at the 3’ end of the locus in reverse orientation. The twoD clusters are located
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250 kb downstream of the main ¥luster and provid&crb two chances to recombine on
each allele. Similar ttgh, Tcrbrecombination is stringently regulated to insure allelic
exclusion and is ordered so thatfd-J occurs first, followed by \fto-D J

recombination (Krangel, 2003; Krangel, 2009).

TheTcrb enhancer (B, residing between Cand the most 3’ V, is essential for
Tcrbrecombination (Cobb et al., 2006). Deletion oftltocks thymocyte development at
the DN stage and inhibits Bo-J as well as V-to-D J recombination (Bories et al.,
1996; Leduc et al., 2000). Eegulates the accessibility and transcriptional activity of the
two D J clusters that are within 25 kb upstream ofMathieu et al., 2000). Each D
cluster carries one strong promoter (BRDr PD 2) associated with the Begment to
regulate the accessibility and transcription of each cluster (NaiVBind Sikes, 2008;
Sikes et al., 1998; Sikes et al., 2002; Whitehurst et al., 1999). Deletion bf PD
eliminates the recombination activity at the firstiDcluster, but the second D cluster

recombines normally (Whitehurst et al, 1999).

1.3.6Tcrg locus

TheTcrglocus on chromosome 13 contains sevesagments, four &nd four
C segments scattered across 200 kb. Each cluster is composed of a sigigknd C,
except for the A cluster, which has four \segments (Krangel, 2009). The twi-J

proximal V (V 3 and V4) recombine specifically in the early fetal thymus, whilg& V
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dominates at later developmental stages. Similar tothg repertoire of TCRis
relatively limited due to a small number of gene segments.

The C1 cluster is regulated by two enhancers: HsA betweBrakd V2, and
3'EC 1 located downstream of £(Spencer et al., 1991; Kappes et al., 1991; Baker et al.,
1999). These two enhancers play redundant roles in regulating transcription of
rearranged crg genes, but are dispensable Targ recombination (Xiong et al., 2002).
Programmed Vusage, however, is determined by a combination @irdmoter activity
(Baker et al., 1998), and genomic organization o$&gments (Xiong et al., 2004, Xiong

et al., 2008).

1.4 Regulation of V(D)J recombination

1.4.1 RAG proteins

The RAG-1 and RAG-2 proteins are the main enzymes catalyzing V(D)J
recombination reactions (Schatz and Ji, 2011). Knockout of either genes results in a
similar phenotype, including a loss of recombination and an early blockade of
lymphocyte development (DN3 stage in T cells and pro-B stage in B céllgkébet al.,
1992; Mombaerts et al., 1992Raggene expression is regulated by a complex set of
lineage-and developmental stage-spedciferegulatory elements during lymphocyte
development (Kuo and Schlissel, 2009). As noted previoRslggene expression is
regulated in part by signals from TCR or BCR complexes during lymphocyte

development.
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The RAG-1 and RAG-2 proteins have unique properties and function as part of a
tetrameric complex composed of two molecules each of RAG-1 and RAG-2 (Grtundy e
al., 2009). The RAG-1 protein possesses domains to recognize the conservedrheptame
and nonamer motifs of RSSs, and to catalyze RSS cleavage. The RAG+2 ¢oetenot
recognize RSS sequences. Instead, RAG-2 can, by virtue of its plant homeodomain
(PHD) domain, recognize and bind trimethylated histone H3 lysine 4, a histvkerm
correlated to transcriptional activity (Liu et al., 2007; Mathews.et20007; Ramon-

Maiques et al., 2007). The binding of RAG-2 to K4-trimethylated H3 histones
surrounding RSSs can stabilize the RAG1/2 tetramer and enhance RAG-1 cleavage
activity (Shimazaki et al., 2009).

RAG-1 and RAG-2 proteins can bind to antigen receptor loci in a lineage-and
stage-specific manner independent of each athero (Ji Y et al., 2010a).

Interestingly, both RAG proteins preferentially bind to a small regioach éocus,
including some or all D and J segments. This focal RAG binding pattern is hypethesiz
to form a recombination center that requires the recruitment of V segmenpsarimity

to precede synapsis for V(D)J recombination (Schatz and Ji ,2011).

1.4.2 The 12/23 rule

As mentioned earlier, recombination events require the synapsis of one 12RSS
and one 23RSS, termed the 12/23 rule (Gellert, 2002; Krangel, 2003). This rule restricts
the recombination partners of each gene segment on the same allele.thatlondergo

V-J recombinationl§ , 1g , Tcra, andTcrg), the V segments carry one type of RSS and
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J segments carry the other, so V segments can recombine to J segmehjs (Fig.
segments are equipped with RSSs on both sidedgiCaileles, both V and J segments
carry 12RSSs; therefore, they can only recombine to D segments that 23538Ss at

both ends (Gellert, 2002). For bdthrb andTcrd, each D segment is flanked 5’ by a
12RSS and 3’ by a 23RSS, allowing recombination with V segments (with 23RSSs) and
segments (with 12RSSs), respectively. Although the V and J segmentedothes

contain reciprocal RSSs, they do not recombine directly to eachiotigo. Therefore,

the 12/23 rule can only explain some of the restriction to V(D)J recombination avents

vivo (Bassing et al., 2000)
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Figure 5 Arrangements of RSSs at antigen receptor loci

The V, D, and J segments at antigen receptor loci are flanked by specifitdRSSs
allowV J,D J,orV DJrecombination following the 12/23 rule. (Modified from
Gellert, 2002)
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1.4.3 RSS accessibility

A well characterized layer of regulation that targets RAG binding te@pesf
RSSs during lymphocyte development is “RSS accessibility” (Sleckman £996).
This concept was first discussed based on the coincidence between redombirexits
and germline transcription activity at antigen receptor loci, which suggéstethé
status of chromatin may alter the ability of RSSs to support RAG binding ¢jganlos
and Alt, 1985). Supporting this, in experiments in which RAG proteins were used to treat
isolated nuclein vitro, RAG-dependent RSS double strand brealRsaandlg loci were
detected only in nuclei of cells of the appropriate lineage and developmental Btage
implied that the accessibility of these loci is developmentally regpiigtanhope-Baker
et al., 1996).

RSS accessibility is highly correlated with an “open” chromaturcsire
characterized by nuclease hypersensitivity, histone hyperaotylathd changes in
nucleosome positioning (Cobb et al., 2006). Assembling RSSs with nucleasories
completely blocks RAG-mediated DNA cleavage as compared with nucleefseen
RSSs (Golding et al., 1999). Germline transcription and RSS accessibdityigén
receptor loci are developmentally regulatectlsyregulatory elements, including
promoters and enhancers. In general, promoters locally redeladedlg loci, while
enhancers display a distant impact. For exampleckvates PDL or PD2 from a
distance, while both Dpromoters locally enhance downstreand xluster germline
transcription and RSS accessibility (Bories, et al., 1996; Leduc et al., 2000|l&tcM

and Sikes, 2008; Sikes et al., 1998; Whitehurst et al, 1999). Similarly, Etrédnkcus,
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E globally regulates germline transcription and histone modifications up to 500 kb,
while the TEA promoter and 49 promoter regionally regulate downstreansdgments
(Hawwari et al., 2005a; Hawwari and Krangel, 2005b, Villey et al., 1997)etiDelof
E and E completely blockrcraandTcrb recombination, while loss of the TEA
promoter or PDL results in retargeting recombination to downstream gene segments.
Germline transcription potentially mediates RSS accessibility ¢frahanges in
chromatin structure and nucleosome positioning. Transcriptional activitnhot
changes histone modifications including H3K4 trimethylation, which can tdRAfb-2
protein to RSSs, but also changes nucleosome positioning at RSSs, that may be
associated with accessibility (Schatz and Swanson, 2011). Disrupting TEAngerm
transcription by inserting a transcription terminator right downstrealasygephenotype
similar to TEA promoter deletion, suggesting that the transcriptioff itgdller than an
active promoter determines dccessibility (Abarrategui and Krangel, 2007). Consistent
with this, promoter-deleted alleles, enhancer-deleted alleles, and tpéinscierminator
alleles display a loss of RAG-1 binding (Ji Y et al., 2010b). However, maintaining
chromatin accessibility by introducing kto aTcrb allele cannot induc&crb
recombination at the DP stage (Jackson et al., 2005). In addition, deletidmeage
specific transcription factor Pax5 disrupts distgtd-DnJy rearrangement, even though
distal 4 germline transcription and accessibility remains normal (Hesslein, 003).
Hence, there is additional regulation beyond RSS accessibility to contral V(D)

recombination (Krangel, 2003).
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1.4.4 Nuclear localization

During the past decade, the focus of studying the regulation of V(D)J
recombination has shifted to the mechanisms beyond RSS accessibility. @eseof t
mechanisms is to regulate recombination events through the environment of antigen
receptor loci that is associated with their nuclear localization (Jhungdlarewal., 2009).
Nuclear compartments can be divided into pericentromeric heterochronfak) (P
regions, euchromatin regions and the nuclear periphery, which includes naciesx |
and nuclear-pore regions (Kosak and Groudine, 2004). Among these compartments, the
PCH and nuclear lamina regions have been characterized as transcriptepraésive
compartments, while the euchromatin and nuclear-pore regions are assoitlatedive
transcription. Three-dimensional fluoresceircsitu hybridization (3D-FISH) analyses
first demonstrated the correlation between nuclear localization and re@imbiactivity
of Ig loci (Kosak et al., 2002). The inactilgh andlgk loci tend to be near nuclear
periphery in non-lymphoid or T-lineage cells. The first nuclear rakatadn oflg loci
occurs in pro-B cells, in which botfgh andigk alleles move away from the periphery
and are centrally located in the nuclei (Kosak et al., 2002). In pre-Bloafhdgh or Igk
alleles revealed monoallelic association with PCH and the unreadatigles are
associated with PCH more frequently than rearranged alleles (Geldah, 2005;

Roldan et al.; 2005, Fitzsimmons et al., 2007). However, when this monoallelic PCH
recruitment occurs is controversial. One line of investigation suggestatidbeurred
beforelgk rearrangement, and is related to distinct replication timing of the twesllel

(Mostoslavsky et al., 2001). The PCH associg&dllele is the late replicating allele
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(Goldmit et al., 2005), which tends not to rearrange first (Mostoslavsky 20al).
Consistent with this, induction égk recombination in an Abelson-transformed pre-B
cell line revealed that the relocalization of dgk allele to PCH occurs befolgk
recombination (Fitzsimmons et al., 2007). However, a study reported that the
monoallelic pericentromeric recruitment of unrearranigedci is dependent on RAG-1
and ATM (aaxia elangiectasia ntated)-mediated damage responses from the
rearranged allele, and therefore, occurs ddlerearrangement (Hewitt et al., 2009).
Nevertheless, in either case, monoallelic pericentromeric recruithantearrangedtt
alleles is believed to be involved in allelic exclusion by inhibiting tapgon-
dependent recombination events.

Unlike Ig loci, which relocalize during B lymphocyte developmdrb alleles
are highly associated with repressive nuclear compartments agak $&kok et al.,
2007; Schlimgen et al., 2008). An initial study showed monoallelic associafiantof
alleles with PCH in DN thymocytes. According to this result, the authors mopoat
Tcrb allelic exclusion is controlled by releasing singjt@b allele from the repressive
compartment to undergo recombination (Skok et al., 2007). However, another study
looked at both the nuclear lamina and heterochromatin compartments and showed that
although the ratio varies, tAerb alleles are highly associated with these repressive
nuclear compartments at all stages. The distribution of two alleles endbegpartments
revealed a stochastic rather than a deterministic pattern (gelliet al., 2008). In
addition, unrearrangefbcrb alleles associated with both repressive compartments more

frequently than rearranged alleles, implying that these compartmentsippargss
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recombination. This result is not due to feedback signals from the reatralieles

because this result was observetlabh DN thymocytes. The frequent and stochastic
localization ofTcrb alleles with recombination-inhibitory compartments suggests that the
enforcement oT crb allelic exclusion by asynchronous recombination is due to low
efficiency recombination of bothcrb alleles that reduces the probability of simultaneous
recombination (Schlimgen et al., 2008).

Unlike Tcrb, Tcra/Tcrdalleles highly associate with both the nuclear lamina and
PCH in non-T cells, but move away from these compartments in both DN and DP
thymocytes foiTcrd andTcrarecombination, respectively (Skok et al., 2007; Schlimgen
et al., 2008). Disassociation of both alleles from repressive compartmantsontribute
to synchronized, sequential d rearrangements, with interallelic coincidence of J
usage and a fraction of T cells with two in-frame rearrangements. e\¢oyonly one
TCR is usually expressed on the surface, with the dtbex allele excluded by post-
translational mechanisms (Kuida et al., 1999; Lacorazza et al., 2004).

The regulation of nuclear relocalization of antigen receptor loci is poorly
understood. The central repositioninggfoci and of thel cra/Tcrdlocus was shown in
theRag2deficient pro-B cells and DN thymocytes, respectively (Kosakn et al., 2002;
Schlimgen et al., 2008), suggesting that the recombination events are not required for
these movement. Enhancers seem to be involved in the regulation of nucleartiooaliza
Deletion of iE caused an increase of biallelic pericentromeric recruitment of botgkthe
andlgh loci in pre-B cells, while deletion of 3'Ecaused aberraigk recruitment into

PCH in pro-B cells and a loss of monoalléfib heterochromatin recruitment in pre-B
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cells (Hewitt et al., 2009)lgk enhancer-mediatddh pericentromeric recruitment may
explain simultaneous relocation lgk andlgh, but the molecular mechanism remains to
be understood. THhegk recombination silencer Sis has been shown to tégget
transgene to pericentromeric region and is required for both endodgharsligk
pericentromeric recruitment (Liu et al., 2006, Xiang et al, 2011). However, loss of
pericentromeric recruitment in Sis-deficient mice did not imjggitor Igh allelic
exclusion, which challenges the previous hypothesis that this recruitmespogant for
allelic exclusion (Xiang et al., 2011). The biological role of pericentrmnnecruitment
and its molecular mechanisms remain to be understood. Ectopic insertiomtuf the
Tcrb locus localized it away from repressive compartments in both DN and DR. nincle
addition, these EinsertedTcrb alleles revealed an increased frequency of biallelic
recombination, supporting the idea that transcriptionally repressive conepds are

also inhibitory to recombination and that asynchroriere recombination is caused by
low frequency of recombination (Schlimgen et al., 2008). Howevelgketed
Tcra/Tcrdalleles remain centrally positioned in DP thymocytes, indicatingghat not

the only determinant offcra/Tcrdallele relocation.
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1.4.5 Locus contraction and decontraction

In 3D-FISH, the dynamics of locus conformation can be detected by using more
than one fluorescent DNA probe to target different regions of the locus. Locus
“contraction” and “decontraction” are defined by comparing the separation aofl paire
probes in different cell types (Fig. 6). Changes of locus conformation have been
discovered to coincide developmentally with stages during which V(D)J kecation
events occur. For example, a large-scale contraction éfttHecus occurs specifically
in pro-B cells, in which thégh locus undergoes Mto-DnJy recombination (Kosak et al.,
2002; Sayegh et al., 2005). Once produdiiNerecombination is complete, pro-B cells
will differentiate into early pre-B cells, in whidgh halts rearranging and undergoes
decontraction of the unrearranged allele (Roldan et al., 2005). Similarlgktloeus
specifically contracts in pre-B cells, in whittgk actively undergoes Vto-J
recombination, and decontracts subsequently (Roldan et al., 2005). Similar mmtract
and decontraction also occurslat loci (Skok et al., 2007). Developmental stage-
specific contraction of the four largest antigen receptor loci is thought to promot
synapsis of widely separated RSSs, while the subsequent decontraction siepad bel

promote allelic exclusion.
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Figure 6 Correlations between locus contraction and V(D)J recombinatin

In 3D-FISH, the fluorescent signals from DNA probes targeting to different
regions are represented by blue and red ovals. Their separation in niexdés the
dynamic configuration of each allele. (Summarized from Kosak et al., 20023jSalye
al., 2005, Roldan et al., 2005, and Skok et al., 2007).

The contractedgh locus conformation in pro-B cells was further characterized in
an elegant study by using 12 genomic markers in 3D-FISH (Jhunjhunwala et al., 2008).
A notable feature of the detailed conformation is that glgg€he segments are brought
into proximity of the [ Jy cluster in 3D-space. This is thought to provide allgéne
segments a similar opportunity for recombination, which may be particuigshyrtant
since individualgh alleles can support only a single round @Dy,J4 rearrangement
(Jhunjhunwala et al., 2008). Notably, the recruitment of distal and ceptsdgments
only occurs in pro-B cells, in whidigh undergoes W-to-DyJy recombination, but not in
pre-pro-B cells or thymocytes, suggesting that oniyt&DpJy recombination relies on

locus contraction.
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The molecular mechanisms of the “contraction” or “decontraction” of antigen
receptor loci are poorly understood. Certainly, recombination events are notdequi
the dynamic conformation changes because studies have shown locus contraction to
occur independent of recombinase expression (Fuxa et al., 2004; Jhunjhunwala et al.,
2008; Roldan et al., 2005; Skok et al, 200igh contraction is dependent on IL-7
signals, which are also required for distg| &ttivation and recombination (Corcoran et
al., 1998, Chowdhury et al., 2001). In addition, several transcription factors, including
Pax5, YY1, and Ikaros, have been shown essentidgiiccontraction (Fuxa et al., 2004;
Liu et al., 2007; Reynaud et al., 2008). Disruptiolgbfcontraction by depleting any of
these transcription factors causes a severe reduction of disteakfangement, even
though these distal Vregions are accessibleRax5or yyl deficient pro-B cells based
on the level of germline transcription and histone modification (Fuxa et al., R0Odt,
al., 2007). These studies suggest that disiaiovDyJy rearrangement relies on thgh
locus contraction. Enhancers are also involved in the regulation of locus contradtion a
decontraction. Contraction @fh alleles was shown dependent on the presenceiaf E
pro-B cells (Guo and Gerasimova et al., 2011), and decontractigh alleles was
shown to be influenced by thhgk enhancer, 3'E in pre-B cells, through inter-
chromosomal interactions (Hewitt et al., 2008). The involvemecisafilements and

trans-factors in TCR locus contraction and decontraction remains unclear.
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1.4.6 Loop formation

Formation of loops is one potential mechanism to mediate contraction and long-
range recombination. Early studies tried to characterize looping by zybgdihe 3’,
the middle, and the 5’ regions of antigen receptor loci in three-color 3D-FIgieed,
there are examples tf andTcr loci with two ends close to each other, while the middle
region is excluded (Roldan et al., 2005; Sayegh et al., 2005; Skok et al., 2007,
Fitzsimmons et al., 2007). However, there is much variation of allelic confyuthat
is difficult to quantify. Moreover, the description of looping is very crude due to the low
resolution of microscopy. Furthermore, hybridizing the entire length afribentracted
Igh locus revealed discontinuous signals rather than a rod-like shape, sugdestihg t
components of the locus distribute unevenly (Jhunjhunwala et al., 2008). This result is
consistent with previous studies showing several multi-looped rosette-likéusés in
chromatin by electron microscopy (Woodcock and Ghosh, 2010). Therefore, locus
contraction can result from the formation of a giant loop or the recruitment tpi@aul
multi-looped domains into proximity.

Chromosomal conformation capture (3C) can detect relative spatial dgstance
between DNA elements in nuclei and is an alternative method to determine locus
conformation at a molecular level. In 3C, interacting DNA sequences arediappe
formaldehyde-crosslinking (Fig. 7). After digestion with restriction enzynmeeracting
DNA sequences are ligated and then detected by quantitative PCR. Thke relati

frequency of DNA ligation is dependent on the spatial distances. Notably, unlike 3D-
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FISH visualization of locus conformation in individual nuclei, 3C measures the average

of conformational tendency in a population of cells.

1
v .
chromatin
N crosslinking

—
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| restriction
v enzyme
—— digestion

‘ ligation

reverse
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J_
i

TagMan-based qPCR

Figure 7 Chromosome conformation capture

Blue and red fragments indicate two DNA elements that are gelthyeseparated
but spatially close to each other. The physical interaction between theserheotsle
increases the probability of them being in the same complex generated iy kg
and fragmentizing chromatin in nuclei. These elements further joints by QEgelito
form a new sequence that can be detected and quantified by primers spedésigihed
for it. Tagman-probes are designed to increase the specificity ofidetec
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Developmental stage- or cell type-specific locus conformation detectd@ hgs
been linked to the regulation of gene activity at many loci, includiglpbin (Tolhuis et
al, 2002),H19-1gf2 (Murrell et al., 2004), and cytokine loci (Spilianakis and Flavell,
2004; Lee et al., 2005). Locus conformational changes either switch the target of
regulatory elements to turn on/off genes on the same allelel18glgf2locus) or allow
multiple genes to be regulated rapidly simultaneously (eg. cytokine loBasid on the
type of regulatory elements and proteins are involved, the genomic interaeiiobs ¢
divided into two main categories. First is the interaction between transicalpt
regulatory elements, such as promoters and enhancer/silencers. Thisitypeaction
relies on the activity of regulatory elements and directly impactsite@nt of the
transcription machinery. Another type of genomic contact is ruled by chromatin
organizers, such as CTCF (CCCTC-binding factor), Cohesin and SATB1 (spé&eial A
rich sequence binding protein 1), which modulate chromatin conformation or loop-
formation to regulate transcription.

Using conventional 3C or 3C-based methods that use a high-throughput strategy,
the complex network of DNA interactions at antigen receptor loci has beéllpar
revealed (de Wit and de Laat, 2012). Most of these interactions are assodiated wi
transcriptional regulation and are related to the binding of chromatin organiZ€s, C
and its associated cohesin complex (details will be described in the nexarghajie
lineage-specific interactions at antigen receptor loci wereidientified at thel'crb locus
(Oestreich et al, 2006). EBtrongly interacts with P and PD2 specifically in DN

thymocytes, as compared with B cells. ThePD 1 interaction, which depends on both
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E and PD1, is required for Emediated transcription and chromatin opening at tHe D
cluster that is needed for recombination. However, the conformation or tiegign
remains unclear.

Recently, the interactions kgth locus have been characterized in several studies
(Guo and Gerasimova et al., 2011; Guo, Yoon and Franklin et al., 2011; Degner et al.,
2011). Using anchors at¥0 (distal \{;), Vu3 (proximal \y) and E, three multi-looped
structures were identified at distal;Mproximal \\; and at the 3’ end (Guo and
Gerasimova et al., 2011). Within these three domains, only the interactions a¢iige 3’
domain were Edependent. Other studies also demonstrated that the regulatory elements
across this 300 kb domain, including ESCR1, 3'RR, and the region downstream of
3'RR (termed 3'CBE), interact with each other in pro-B cells (Guo, Yoon aartkkin et
al., 2011; Degner, 2011), suggesting that there is andtliated regulatory hub at the 3’
end. In addition, some of these interactions were also detectable in DP ttgsnocy
which explain low level R-J4 recombination in these cells (Guo and Gerasimova et al.,
2011; Guo, Yoon and Franklin et al.,2011). Interestinglyal&o interacts with two
regions upstream of the proximay, Yhulti-looped domain: one at the 5’end of the 7183
proximal V4 family, and one at the 3’end of the 558 distalfamily. These two EVy
region interactions were detectable in pro-B cells but not in DN thyr@scdistinct from
other E-dependent interactions. Therefore, there are two types of interactiondgit the
locus: (1) interactions within each chromatin domain that may bedeépendent and (2)
inter-domain E-dependent interactions that may correspond tddpendent contraction

(Guo and Gerasimova et al., 2011).
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Interaction between Eand TEA promoter at thEcra/Tcrdlocus and complex
interactions ongk alleles were also identified recently. Because these interact®ns a
related to CTCF and its associated cohesin complex, | will discuss thenfatidgheng

section.

1.5 CTCF and cohesin

CTCF (CCCTC-binding factor) is a ubiquitously expressed transcription factor
that is highly conserved in eukaryotes (Phillips and Corces, 2009). As a protein
containing eleven zinc fingers, CTCF can bind conserved consensus sequences that have
high GC content (Jothi et al., 2008). CTCF has been shown to function as a
transcriptional activator/repressor, as an insulator that blocks enhathegy ar
heterochromatin spreading, and as a chromatin organizer that mediates tangedis
interactions involving in higher-order chromatin architecture (Phillifgs@orces, 2009).

The latter two roles are thought to be the main functions of CTCF, which would be
consistent with the distribution of CTCF binding sites. Of ten thousands of CTCF
binding sites identified across the mammalian genome, around half aetllegttin
intergenic regions and many of them flank heterochromatin domains defined b
H3K27methylation (Kim et al., 2007; Jothi et al., 2008; Cuddapah et al., 2009; Xie et al.,
2007). In addition, CTCF has been shown to regulate the cell type-specific cghromat
architecture at various loci that is required for the regulation of geression

(Sekimata et al., 2009, Majumder et al., 2010).
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The cohesin complex is well known for its role in mediating sister-chromatid
cohesion during cell division (Wood et al., 2010). Recently, cohesin complexes were
found to colocalize with the majority of CTCF binding sites (around 70%) in intexphas
cells and binding was shown to be CTCF-dependent (Parelho et al., 2008; Wendt et al
2008, Rugio et al., 2008). Cohesin was also shown to display insulator and chromatin
organizer functions (Hadjur et al., 2009; Hou et al., 2010; Nativio et al., 2009, Chien et
al., 2011). Because there is no evidence showing that cohesin can bind chromatin
directly, it has been proposed that CTCF recruits cohesin complexes to tbese glay
insulator or organizer roles. However, other studies showed that cohesin can also
mediate CTCF-independent gene regulation and loop formation (Schmidt et al., 2010;
Kagey et al., 2010; Chien et al., 2011).

Binding sites of CTCF and cohesin subunit Rad21 have been mapped at Ig loci
(Degner et al., 2009; Ebert et al., 2011; Lucas et al., 2010)Ighhecus contains 64~85
CTCEF sites, the majority of which are distributed across theegion (Degner et al.,

2009; Ebert et al., 2011). Interestingly, CTCF binding sites identifiedrititiei

proximal Vi region are located at the 3’ end of functionglségment RSSs and are
evident in both B-and T-lineage cells. In contrast, CTCF binding sites hithidistal

V4 region are distributed intergenically and are only detectable in@&rbloping B-

cells (Degner et al., 2009; Lucas et al., 2010). Notably, CTCF associated Rad21 binds
the proximal \4 regions similarly in pro-and pre-B cells, but binds the distatégions
specifically in pro-B cells, suggesting that changes of Rad21 binding maibateto

the regulation of distal yYsegments (Degner et al., 2009). CTCF also binds to the newly
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identified_ Rax5-activated_ntergenic epeat (PAIR) elements, which are distributed across
the 5’ one-third ¥, region (Ebert et al., 2011). Antisense transcription at PAIR elements
is negatively regulated by CTCF and is activated by Pax5, which bindsé@ments
specifically in pro-B cells (Degner et al., 2011; Ebert et al., 2011). As mentiofued,be
Pax5 is required fdgh locus contraction and distalb\fecombination in pro-B cells, but
is not sufficient to induce contraction and distaldécombination in DP thymocytes
(Fuxa et al., 2004). Therefore, lineage-and developmental stage-sjggcdantraction
and distal ¥, recombination may rely on the coordination of CTCF, Rad21, Pax5 and
antisense transcriptions.

Only a few CTCF binding sites at thgh locus are outside ofMregion. Two
sites, ~3.2 and 5.6 kb upstream of the 5’ mqstFL16.1, were within the IGCR1
region that is between V and D segments and were shown contribute to the phenotype i
IGCR1-deficient mice (Degner et al., 2009; Guo, Yoon and Franklin et al., 2011).
Deletion of the pair of CTCF binding sites within IGCR1 resulted in a praii/s-
biasedgh repertoire with disordered and lineage-nonspetgticrecombination,
potentially a consequence of increased proximalr&nscription and accessibility (Guo,
Yoon and Franklin et al., 2011). Nine other CTCF binding sites are densely packed at
3'RR and 3'CBE and are involved in loop formation at the 3’ end of the locus (Degner et
al., 2011). Knock-down of CTCF in a pro-B cell line reduced DNA contacts between
IGCR1 and 3'RR (Degner et al., 2011). Deletion of hs5-7 in 3'RR also cause a mild
increase of proximal y usage and reduction of IGCR1-3'RR interaction. IGCR1 is also

required for E-dependent E3'CBE and E-IGCR1 interactions. Since there is no
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CTCF binding site at E it must mediate these interactions in a CTCF-independent
manner. Overall, the CTCF-dependent and CTCF-independent interactions at the 3’ end
of thelgh locus were proposed to preventfEbm activating proximal \{ segments in
order to inhibit proximal W-to-Dy recombination in pre-pro-B cells and proximal-i-
DuJy recombination in pro-B and thymocytes.

The number of CTCF binding sites at tg& locus varied in two studies (10 to 60
sites) (Degner et al., 2009; Ribeiro de Almeida et al., 2011). However, both studies
showed strong CTCF binding at recombination silencer, Sis (Xiang et al., 20XferDeg
et al., 2009; Ribeiro de Almeida et al., 2011). In the study that showed 60 CTCF sites,
they also identified four CTCF-poor regions within therggion. It was shown that
these regions interact with 3’ regulatory elements less frequently th@am@p-rich
regions, suggesting that the globgt conformation is organized by CTCF (Ribeiro de
Almeida et al., 2011). Conditional knock-out of CTCF in pre-B cells resulted in a bias
towards proximal Vrecombination and increased interactions of proximaagments
with other regulatory elements, including JB’E and Sis (Ribeiro de Almeida et al.,
2011). Similarly skewetgk repertoires in CTCF-knockout and Sis-deficient mice also
suggested that Sis might play an insulator role to preveriEE from interacting
with proximal V segments and that Sis function might be mediated by CTCF binding
(Ribeiro de Almeida et al., 2011; Xiang et al., 2011).

The role of CTCF atcr loci is less well understood. A CTCF site, downstream
of the core E was shown to function as an insultor that sepaiteslocus from

downstream housekeeping gebadl (Magdinier et al., 2004; Zhong and Krangel,
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1999). In addition, conditional knockout of cohesin subunit Rad21 in DP thymocytes
resulted in defective secondary (3'skgments) recombination, reducedranscription

and reduced interaction between the TEA promoter anduggesting that cohesin is
required to support normakra rearrangement (Seitan et al., 2011). Whether CTCF also

plays a role infcra/Tcrdlocus regulation is still unclear.
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2. Materials and Methods

2.1 Mice

E  mice (Sleckman et al., 1997), E mice (Monroe et al., 1999), TEAp
mice (Hawwari et al., 2005a) and TEA-T mice (Abarrategui and Kra@gQel7) have

ff/f

been describedCtcf™ mice were a kind gift from the Galjart lab (Heath et al., 2008). To

induce CTCF deletion in early DN thymocyt&¢cf” mice were bred with.ck-Cre mice
kindly provided by Dr. Jeff Rathmell. To study homogeneous, unrearrdmgad crd
alleles, we bred all mice witRag2 mice (Shinkai et al., 1992). All mice were of
mixed background but carried the strain T29a/Tcrdlocus. Rag2 mice on a
C57BL/6 background were also analyzed to exclude 129 strain-spemiéi€T crdlocus

phenotypes.

2.2 Cell collection

DN thymocytes were obtained from two-to-three weekRdg2 ,E Rag2 ,
E Rag2 ,TEAp Rag2 ,and TEA-IRag2 mice. DP thymocytes were obtained
from these mice ten days after a single i.p. injection of @zMti-CD3 antibody (145-
2C11, BioLegend). CTCF-deleted DP thymocytes were sorted@toffi’ Lck-Cre mice
or Ctcf"" Rag2 Lck-Cre mice seven days after a single i.p. injection ofj7nti-CD3
antibody (145-2C11, BioLegend) using anti-CD71-PE, anti-CD4-PE/Cy7, anti-CD8-

APC/Cy7 (BioLegend). Because deletion of CTCF induces expression of E@cZ (
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23A), cells were treated with LacZ substrate from a FluoRepottaZflow cytometry
kit (Invitrogen) before sorting in order to identify LacZ+ cells. Dipmocytes were
sorted from controCtcf™ littermates.

Splenic B lymphocytes were isolated from wild-type 129 or C57BL&rhy
depleting non-B cells on a MACS CS column using biotin-conjugated anti-CD11b, anti
Gr-1, anti-Thy1.1, anti-Thy1.2, anti-CD5 (eBioscience) and anti-CD43 (BD Rhgev)
antibodies together with Streptavidin-conjugated magnetic beads. Akelpathey
were sorted from wild-type 129 mice by using anti-B220- PE/Cy7 antibodies
(BioLegend) for gating B-cells and using anti-CD3-PE5 (BioLegendiyGib4-PES5
(BioLegend), and anti-CD8-PE5 antibodies (BioLegend) to exclude T cells.| Buciy

was approximately 90% with no detectable T-cell contamination.

2.3 FISH probes and antibodies.

BAC clones RP23-304L21 (probe A, distal V), RP24-334B8 (probe B, central V),
bMQ-440L6 (probe C, proximal V) and RP23-10K20 (probe D, 3' end) were used to
generate DNA probes. BACs were directly labeled with Alexa Fluore488TP
(Invitrogen) or Alexa Fluor® 586-5-dUTP (Invitrogen) using a nick-trarshakit
(Roche) or were labeled with digoxigenin-11-dUTP using a DIG-nick lahos kit
(Roche). Digoxigenin-conjugated DNA probes were detected by indodicarboeyani

(Cyb)-conjugated anti-digoxigenin antibody (Jackson Immunoresearchdtabes).
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2.4 Three-dimensional DNA Immuno-FISH

Cells were fixed and hybridized as described previously (Schlimgen et al., 2008).
Briefly, cells attached to poly-L-lysine-coated slides were fixed in(viétévol)
paraformaldehyde for 10 min, followed by permeabilization with 0.5% (wt/vobrsap
and 0.5% (vol/vol) TritonX-100 for 20 min and incubation with 0.1N HCI for 10 min.
After four cycles of freeze/thaw in 20% (wt/vol) glycerol, the slidessvatored at 80
°C. For hybridization, the cells were denatured by incubation at 78°C for 3 min in 70%
(vol/vol) formamide, 2X SSC followed by 1 min in 50% (vol/vol) formamide, 2X SSC.
The DNA probe cocktail consisted ofd of each DNA probe per slide and blocking
DNAs (mixture of mouse & DNA, human placental DNA and salmon sperm DNA) in
HYBRISOL VII (MP Biomedicals). Denatured slides were then hybridine@4-48 hrs
at 37 °C with boiled and pre-annealed probe cocktails. Excess probes were removed by
three incubations for 5-7 min at 42 °C in 50% (vol/vol) formamide, 2X SSC, followed by
three incubations at 63°C in 0.2X SSC. The slides were then blocked by incubation for
30 min in 4% BSA, 2X SSC and were then incubated for 1 hr with Cy5-conjugated anti-
DIG antibody in 4% BSA, 2X SSC. Excess antibodies were removed by three 5 min
incubations in 0.1% (vol/vol) Triton-X 100, 2XSSC. The slides were mounted in

VectaShield (Vector Laboratories).
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2.5 Confocal imaging, distance calculations, and st atistical
analysis.

Slides were imaged on a Leica SP5 confocal microscope using a 100X (NA 1.4)
objective lens and a 2X optical zoom. ImageJ software was used to proages using
a Kalman stack filter and to determine the coordinates (x,y,z) of focussetistances
between pairs of foci (d, inm) were calculated using the formufafx’-
X)*0.151F+[(y'-y) *0.151]%+[(z’-z) *0.126F, where 0.151m is the size of each pixel and
0.126 m is the z-plane separation. Only nuclei with distinguishable signals from two
alleles were analyzed. Mann-Whitney statistical tests weferped using Graphpad
Prism 3.0. The three dimensional models were built using the KiNG program (Chen et
al., 2009; Richardson and Richardson, 1992) with the coordinates calculated as below:
A(0, 0, 0), Bk, 0, 0), Cke, X, 0), Dy, Xd, Xq)

—2 —2 —_—2 —2 —2 —_—2
— AB AC BC [E— AB AD BD
% AB. X oag Y VAR XX oAE

—2 —2
AC AD CD 2 —
Yy > % %z, JAD x?
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2.6 Chromosome conformation capture

The 3C assays were performed as described previously with slight modifications
(Hagege et al., 2007). In brief, ten million cells were cross-linked in 8ml RPMI
containing 10% FBS (vol/vol) and 1% paraformaldehyde (vol/vol) for 10 min on ice,
followed by addition of glycine to 0.125M to stop the crosslinking reaction. After
washing with 1XPBS, cells were lysed in 20mM Tris pH8.0, 10mM NaCl and 0.2%
(vol/vol) NP-40 for 10 min on ice. Nuclei were pelleted by centrifugation and
resuspended with restriction enzyme buffer (NEBuffer 2), containing 0.38o(W6DS.

After one hour of incubation at 37°C, 2% (vol/vol) Triton-X was added before another
hour of incubation at 37°C to neutralize the SDS. Following that, 200 units of Hindlll
(NEB) were added to digest the chromatin overnight at 37°C. An additional 200 units of
Hindlll were added on the second day for a four-hour incubation at 37°C. The digestion
step was stopped by addition of SDS to 0.8% (wt/vol) and heat-inactivation at 68°C for
10 min. The digestion efficiency that was analyzed in selected samplesomasia

Table 1. Digested chromatin was purified from cellular proteins by aggeitibn

through 8M urea. The cross-linked chromatin pellet was resuspended in 2ml of 30mM
Tris-HCI and 10mM MgCJ, and dialyzed in the same buffer overnight to remove urea.
The volume of purified chromatin was enlarged to 7ml by adding same buffer, fdllowe
by addition of dithiothreitol (DTT) to 10mM and adenosine-5'-triphosphate (ATP) to
1mM. The chromatin then was ligated by addition of 200 units T4 ligase (NEB) for
overnight incubation at 16°C, followed by a second addition of 200 units T4 ligase for

additional four hour incubation. The ligated DNA products were collected after
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overnight incubation with 10g/ml proteinase K at 65°C and purification by a series of
phenol/chloroform extraction followed by ethanol precipitation. 3C products were
guantified by Tagman-based quantitative real-time PCR assays usgig@ycler® 480
probe master kit (Roche) and a LightCycler® 480 Real-Time PCR syRteche). The
following PCR program was used: 95°C for 10 min, followed by 48 cycles of 95°C for
10s, 65°C for 30s. All PCR reactions were run in duplicate. The sequences of probes
and PCR primers are shown in Table 2. An unbiased pool of 3C products generated by
digestion and religation of equally mixed bMQ-440L6 and bMQ-206H21 BACs were
used to generate standard curves. bMQ-440L6 spans most proxinsddvents from
TRAV19 to downstream of TRDV2-2, whereas bMQ-206H21 spans from TRDJ2 to
downstream obadl Samples were normalized by setting the 3C signal betweance

its downstream-neighboring fragment to one (Fig. 15, #15).

Table 1 Digestion efficiency of Hindlll at three Hindlll sites in 3C

Analysis of three digested and one un-digested 3C examples by quantitative PCR
was shown. The value indicates the ratio of DNA across Hindlll sitesaovieter-
Hindlll region. The digestion efficiency equals to subtraction of thesev/&lo® one.

Site 1 Site 2 Site 3

Sample 1 0.021 0.026 0.007
Sample 2 0.017 0.022 0.006
Sample 3 0.080 0.063 0.026
Control 0.995 0.917 0.967
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Table 2 3C probes and PCR primers

E probe

CTGCCTGCCTGAGGACTGCCA

E anchor primer

AAGTCAAGGCACAGACAGTC

Test primers Fragment #

TCGACCCTGCTATAGTCATC 1

CTCAGAGGGACTCAACAGAAG

GTCCCTCTGTGTAAGGATGG

CCATGATGTTTCCCTAGTGC

GGAGACCCAGTCACAGAAAG

CCAGGCACTTGGAAATGTTG

CTTTGTCCACCCTCCTAATG

GGTCTATGGGCAGTTTGATG

© 0 N|O 0|~ WwN

CCCAGTGTTTAAGAGCAGATG

GACAGTGTCCTCAGAGTTGG

[ =Y
o

AGGGGACCATATTAAAGGTG

=
[N

AACTCCTTCACCTGGATCAC

=
N

GGACAGTTAACACGCTTCAG 13

ATACAAGGCACCTAGTGACG 15

CCCATGCCACTCTCAGTTAG 16

CACATCAGAGGTGCTAAAGC 17

ACCGGGAAATCTTGGGTTAC 18

TGCAGTTCCCTGAGTAGAAG

GGGAAGGTGAAAGCATGTAG

ATCTCTGAGGGTCCAAAGC

GTGAAGGGACATTCACAGTC

CCACTCTTGTCTCACTCCTAG

a
b
C
GGGCCAACCAAACACTATAC d
e
f
GTTGCTAGAGGACACCCAAG g

AV21 probe

TGGACCCTCAGAGATCAGAGTGCCC

AV21 anchor primer

GGCAACTTATCCTTCACTGC

Test primers Fragment #

TCGACCCTGCTATAGTCATC DJ2

AGAACTCTACCATGATGTTTCCCT TEA

GGAGACAGACGTAATGGCTG E

GACCAACAGCACTGAGTTC Dv2-2
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TEAp probe

TCCGCAAGGTCTTTCTTCAAAGCAGGA

TEAp anchor primer

CACCAACGAAAGACAAGGAC

Test primers

Fragment #

CCCAGTGTTTAAGAGCAGATG

9

GACAGTGTCCTCAGAGTTGG

10

AACTCCTTCACCTGGATCAC

12

GGACAGTTAACACGCTTCAG

13

AAGTCAAGGCACAGACAGTC

ATACAAGGCACCTAGTGACG

CCCATGCCACTCTCAGTTAG

CACATCAGAGGTGCTAAAGC

ACCGGGAAATCTTGGGTTAC

TGCAGTTCCCTGAGTAGAAG

GGGAAGGTGAAAGCATGTAG

GTGAAGGGACATTCACAGTC

GTTGCTAGAGGACACCCAAG

DV2-2 probe

AGAACTCAGTGCTGTTGGTCCGTCTCC

DV2-2 anchor primer

GTGCTCTTCCTTTCCACTTC

Test primers

Fragment #

AGAACTCTACCATGATGTTTCCCT

TEA

GGAGACAGACGTAATGGCTG

E

GGCAACTTATCCTTCACTGC

AV21
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2.7 RT-PCR and transcript analysis

RNA was isolated using TRIzol (Invitrogen) reagent and was converted tA cDN
using Superscript Il (Invitrogen) and random hexamers according to theantaumaf’s
instructions. cDNA was quantified by real-time PCR using a Quant&™BR Green
PCR kit (Qiagen) and a LightCycler® 480 Real-Time PCR system (Rodlhe)
following amplification program was used: 95°C for 5 min, followed by 45 cycles of
95°C for 10s, 62°C for 30s. All PCR reactions were run in duplicate. Primers for
transcript analysis are shown in Table 3. Samples were normalizeddiyn PCR.

Table 3 Primers for transcript analysis

TGGAGCGACTCAGCCAAGTA TRAV17-F
CGTGCACAGAAGGTCTCAGG TRAV17-R
CCAGCCTGAAGACACAGCAG TRAV19-F
AGGGTCGCAGATGTCCTTGT TRAV19-R
CGGCTGTGTACCACTGTATCCT TRAV21-F
CTTGAGATGGATGCCTCTGCT TRAV21-R
TGAAGCGGCCTCCTATCATTA TRAV21-F
TGGCAATTCCACTCACACATC TRAV21-R
CCGCTTCTCTGTGAACTTCC TRDV2-2F
CCAGCCACTTCCTGTCATTC TRDV2-2R
TACGGCTGTGTTTCACTGTGGT TRDD1-F
GCTCAATGGACTCTTTGCAGTG TRDD1-R
AGCTGCTGAGGTTTTTGGAATG TRDJ1-F
ATCCCTCAGACCCTAACCCAGA TRDJ1-R
GCTGGTCCCAGACTGGTTATCT TRDJ2-F
AACTTACGGGGCTCCACAAAG TRDJ2-R
AAGCTTCCGAAGGTCAGAGAGA TRDV5-F
ACCGACTGGAAGGATGATTGTT TRDV5-R
GCACCTTCCTTCCAAGATTCCT TEA-F
GTGCTGGTCCTTGTCTTTCGTT TEA-R
CTGCTACTCGGCGCTTCAGT bActin-F
GAGAGGGGAAAGAGGCACTCA bActin-R
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2.8V -to-J rearrangement analysis

Genomic DNA was isolated from sorted DP thymocytes. Rearrangemerd
guantified by real-time PCR using a QuantiFast SYBR Green PCR kijéQ).
Genomic DNA from whole thymus of a wild-type mouse was used to gerstaatard
curves. The following amplification program was used: 95°C for 5 min, followed by 45
cycles of 95°C for 10s, 62°C for 30s. All PCR reactions were run in duplicate. Primers
are shown in Table 4. Samples were normalized by PCR analysis of an imetnal| c

B2M.

Table 4 Primers for V -J rearrangements

Forward primers

GCAGCAGCTCCTTCCATC AV12
TGGAGCGACTCAGCCAAGTA AV17
CCAGCCTGAAGACACAGCAG AV19
Reverse primers

ATGAGTCTTCCAGTCATGGC Jabl
AGCTCACTGTCAGCTTTGTCC Ja57
ACTCAGAACGGTTCCTTGACC Jab6
GGAATGACAGTCAAACTTGTTCC Ja49
AGAGTTTAGTGCCTTTCCCG Ja42
TGGTACCTGCTCCAAAGACG Ja40
AAATGAGCATAAAGCGACAG Ja37
TGGCTTGACAGAAAGCAGAG Ja32
CGGGATGAGTGAGAATTTGG Ja28
GTCCCAGTTCCAAACCTCTG Jal3
TGATGGCTAGGCTCCTTTTC Jal7
TCCCTTCCCCAAAGTAAGTC Ja7
AACTTGGAGTCTTGTCCCCC Jab
TACCGGGTTGCAAATGGTG Ja2
CTGCTACTCGGCGCTTCAGT B2M-F
GAGAGGGGAAAGAGGCACTCA B2M-R
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2.9 Acetylated H3 chromatin immunoprecipitation

Chromatin was prepared as previously described (Hao and Krangel, 2011).
Immunoprecipitation was performed using rabbit antiserum to acetylated tdBeh(66-
599; Millipore) or control rabbit IgG (ab-105-c; R&D Systems) as describad énd
Krangel, 2011). Samples were analyzed by quantitative real-time PCR usngFst
SYBR Green PCR kit. The following amplification program was used: 95°C for 5 min,
followed by 45 cycles of 95°C for 10s, 62°C for 30s. All PCR reactions were run in
duplicate. Signals were normalized first to the amount of input DNA and then to

acetylation of -actin. Mage served as a negative control. Primers are shown in Table 5.

Table 5 Primers for acetylated H3 ChIP-qPCR

TCCTAGTGACCATTCTGCTG TRAV17-F
TGTCCCTTGTGTAGATTCTGAC TRAV17-R
TGTGGGGTTGCTGCTTGAAG TRAV21-F
AACACTTACCCAAAGCCAGGAG TRAV21-R
TCCTGTTTTGAAGGTGAGACAG TRDV2-F
GCCTTCTTACCAAGAGAAGTGG TRDV2-R
TCCCAAATACTATCTGGCCTG TRDV4-F
TCTGCTGTAAAGGTGGTTTG TRDV4-R
TACGGCTGTGTTTCACTGTGGT TRDD1-F
GCTCAATGGACTCTTTGCAGTG TRDD1-R
AGCTGCTGAGGTTTTTGGAATG TRDJ1-F
ATCCCTCAGACCCTAACCCAGA TRDJ1-R
GCTGGTCCCAGACTGGTTATCT TRDJ2-F
AACTTACGGGGCTCCACAAAG TRDJ2-R
CTGGACTCTCTTTAACCATCCC TRDV5-F
TCCTTGGTAGAGGTATTCACCC TRDV5-R
CTGCTACTCGGCGCTTCAGT bActin-F
GAGAGGGGAAAGAGGCACTCA bActin-R
AACGTTTTGTGAACGTCCTGAG Mage-F
GACGCTCCAGAACAAAATGGC Mage-R
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2.10 CTCF chromatin immunopreciptation

Chromatin was prepared by formaldehyde cross-linking as previousl|ylsescr
(Carabana et al., 2011). Immunoprecipitation was performed using rabletamti®
CTCF (07-729; Millipore) or control rabbit IgG (ab-105-c; R&D Systems). Samples
were analyzed by quantitative real-time PCR using a QuantiFasR &fBen PCR Kkit.
The following amplification program was used: 95°C for 5 min, followed by 45 cycles of
95°C for 10s, 62°C for 30s. All PCR reactions were run in duplicate. Signals were

normalized to input DNA. Primers for CTCF ChIP are shown in Table 6.

Table 6 Primers for CTCF ChIP-gPCR

AGGAAGGAGCTGTCCACAAG CTCF-AV3-1-F
TCACCTGTCTGCACAGAGAG CTCF-AV3-1-R
GACTGGAGCACATTTCCTAC CTCF-AV6-1-F
GTGTTAGAAAACTCCACCCC CTCF-AV6-1-R
CAACTATCCTGAGACCACAAGG CTCF-AVT7-1-F
GCACCAAGCTTTTCCTCCAG CTCF-AV7-1-R
GTGACTTAACGCTGGCTTTG CTCF-AVl7a-F
CCCCAGACAGTTCCTACTAC CTCF-AVl7a-R

AAGGGGGCACTGTTGCATAGAC

CTCF-AV17b-F

GCTGCAAGGTATAAAGGCTCGC

CTCF-AV17b-R

GGGAATAGCTTGGCAAACTG CTCF-AV19-F
AAAGTAAACACTGCCCCCTC CTCF-AV19-R
AGATACTCACACAAGGTGGC CTCF-AV20-F
GGAAGCAAACTTCTCAGCTC CTCF-AV20-R
TCTTGAGCCTGAAACTGCAC CTCF-AV21-F
TACTCACTGGCAACCTTGAC CTCF-AV21-R
TACATTCGTGTGGTGGTGAG CTCF-DV1-F
GCAGCAGAGTCAGATTTCTC CTCF-DV1-R
CCTGAAGAGGGCACTGTTTC CTCF-AV23-F
ACACAGGAAGGGAGAGAAGG CTCF-AV23-R
AGAGCAGGAGTGCTAGGAAG CTCF-DV3-F
GCTCATGCATCCATTTTGCC CTCF-DV3-R
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TGTGAAGACAGAAGGCAGGA CTCF-DV5-F
TAGCCTCAATGTGGAGCAAC CTCF-DV5-R
TCCTTCCAGTGTCCTTTGAG CTCF-TEAp-F
CTCCAGTATGACCTGTTTATGG CTCF-TEAp-R
GCAGAAGGAGCTATCAACAG CTCF-Ja49-F
TCCTGGCATCAAGGATCATC CTCF-Ja49-R
GCTCAGAGTAGCTTCACAGC CTCF-Ja42-F
AGCGACATCATCTTCCCCTC CTCF-Ja42-R
AGGAAGTCGCAGAACCTGAA CTCF-Ea-F
GAGGGAGAAAGCCTTTTGGT CTCF-Ea-R
TACACTTACCTGGGCCTTTG CTCF-Dad1-F
ATGCACCTTTCCTATGCTGG CTCF-Dad1-R
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3. Distinct contracted conformations of the Tcra/d locus
during Tcra and Tcrd recombination

This chapter is modified from the following publicatidistinct contracted

conformations of theTcra/dlocus during Tcra and Tcrd recombination” (Shih and

Krangel, 2010).

3.1 Introduction

V(D) J recombination is regulated in a lineage- and developmental gtagéies
fashion during T lymphocyte development in the thymus, with four T cell rec@piér)
genes;Icra, Tcrh Tcrg, andTcrd, rearranging at two distinct developmental stages to
generate or T lymphocytes (Cobb et al., 2006; Krangel, 2009). As mentioned, the
Tcrb, Tcrg, andTcrd genes rearrange first, in COZD8 double negative (DN)
thymocytes, and a small subset of DN thymocytes with in-ffiong andTcrd
rearrangements may becomerT lymphocytes. A larger subset of DN thymocytes with
in-frameTcrb rearrangements differentiate to the COB8" double positive (DP) stage,
in which Tcra gene recombination occurs. In-fraifera rearrangement leads to cell
surface expression of TCRs, and those TCRs that can support positive selection
promote maturation of DP thymocytes to either the TIMB or CD4 CD8' single

positive stage.
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TcrdandTcragene segments are organized together in a complex genetic locus
(Krangel et al., 2004; Krangel, 2009). The murlea/Tcrdlocus spans 1.6 Mb and
contains about one hundred Vgene segments that occupy the largest portion of the
locus (Fig. 4). The 3’ 100 kb of the locus contains twpt®o J, and a Cgene
segment, followed by 61 &nd a C gene segment. As noted aboVerd andTcra
recombination events are distinct in their developmental timing. However,rithey a
distinct in other important respects as well. For example, only a small sfibsetgene
segments commonly rearrange toddd J segments in DN thymocytes, whereas
essentially all V gene segments rearrange tedgments in DP thymocytes (Krangel et
al., 2004; Krangel, 2009). The Vsegments that rearrange in DN thymocytes include
several that are relatively close to@hd J (eg., TRDV1, TRDV2-2, TRDV4, TRDV5)
and several that are as far as one Mb away (eg., TRAV15/DV6 farmitydlandTcra
recombination events also differ in the following way: Since germlingeDe segments
are eliminated by \{to-D -to-J rearrangement,crd has only a single opportunity for
recombination on an allele. In contrabtra typically undergoes multiple rounds of
to-J rearrangement (Krangel et al., 2004; Krangel, 200@)ya recombination initiates
with the use of relatively 3’ Vand 5’ J gene segments, and these initial rearrangements
can be replaced by multiple cycles of-¥-J rearrangement involving progressively
more 5’V and more 3’ Jgene segments as thymocytes search for a TCR that can
mediate positive selection (Pasqual et al., 2002).

The distinct dynamics ofcrd andTcra recombination events can be partly

understood based on the known properties of lodacting regulatory elements. The
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Tcrd enhancer (B is activated in DN thymocytes and is thought to locally regulate D
and J chromatin structure and accessibility to supportd/D -to-J rearrangement
(Bassing et al., 2003; Monroe et al., 1999; Hao and Krangel, 2011)T cfhenhancer
(E ) is activated in DP thymocytes and activates the T eafljEA) promoter at the 5’
end of the Jarray (Sleckman et al., 1997); TEA germline transcription is essential to
modify 5’ J chromatin and target 5’$egments for initial recombination events
(Abarrategui and Krangel, 2007; Hawwari et al., 2005a; Villey et al., 1996). During
subsequent rounds of recombination, promoters of the rearranggEh¥ segments
target additional Vrearrangements to progressively more 3jdne segments (Hawwari
and Krangel, 2007). Less is understood about the parameters that biaSaratial
rearrangements to relatively 3’ \gene segments and thereby result in a 3'-to-5’
progression of V gene usage. One idea is that the 3g€ne segments are preferred
initial targets for the recombinase because thesgevie segments are selectively
activated by E, which is known to function across the 3’ one-third of Thea/Tcrd

locus in DP thymocytes (Hawwari and Krangel, 2005).

A variety of studies have implicated conformational changes in antiggptoece
loci as important determinants of long-distance V(D)J recombination events
(Jhunjhunwala et al., 2009). Three-dimensional fluoresdengitu hybridization (3D-
FISH) analyses have demonstrated developmental stage-specific comtoact
immunoglobulin (Ig) and TCR loci that is thought to promote synapsis of widely
separated RSSs (Kosak et al., 2002; Roldan et al., 2005; Skok et al., 2007). For example,

the well studiedgh locus contracts in pro-B cells to prepare feitd-DyJy
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rearrangement, and then decontracts in the subsequent pre-B stage (RdldaaGH)a

Igh contraction depends on transcription factors Pax5, Ikaros, and YY1 (Fuxa et al.,
2004; Liu et al., 2007; Reynaud et al., 2008); depleting any of these factors redtades di
Vy rearrangement even though distal hromatin accessibility may be normal (Fuxa et
al., 2004; Hesslein et al., 2003; Liu et al., 2007). Recent elegant studies have provided a
detailed picture ofgh locus contraction in pro-B cells (Jhunjhunwala et al., 2008). A
notable feature of the contracted conformation is that,aly@he segments are brought
into proximity to the [Py cluster in three-dimensional space. This is thought to provide
all Vi gene segments a similar opportunity for recombination (Jhunjhunwala et al.,
2008), which may be particularly important since individgalalleles can support only

a single round of \-to-DyJy rearrangement.

In DN thymocytes th&cra/Tcrdlocus behaves similarly to thgh locus in that it
undergoes a single round of-Y6-D -to-J rearrangement and must allow rearrangement
of both D-proximal and -distal Vgene segments. However, in DP thymocytes the locus
behaves differently, with multiple rounds of ¥0-J recombination starting with
proximal V gene segments. This raises the question of whether these divergent modes
of recombination are supported by distinct conformational states during th@mocyt
development. Here we provide a detailed characterizatidorafTcrdlocus
conformation in DN and DP thymocytes. We find that the entire locus is ciaatiac
DN thymocytes, but that the 5’ portion is selectively decontracted in DP thyasocWe
suggest that decontraction of the 5’ region facilitates a transition of theftoousTcrd

to aTcramode of recombination during thymocyte development.
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3.2 Results

3.2.1 Visualization of locus conformation by 3D-FIS

To determine the spatial conformationTaira/Tcrdlocus during thymocyte
development, we used 3D-FISH to track the relative position of multiple regions on a
single allele. Four bacterial artificial chromosome (BAC), RP23-304RP24-334B8,
bMQ-440L6, and RP23-10K2 were used to hybridize the 5’end, centraiégion,
proximal V ; region, and the 3’ end dicra/Tcrdlocus (Fig.8 top panel, represented as
probes A, B, C and D)Tcra/Tcrdlocus V gene segments can be classified as proximal,
central and distal according to their positioning relative to the 3’ end,and J
segments. Sets of unique V gene segments are distributed across the proximadland dist
300 kb of the V array (detected by probes C and A, respectively) that flank thed ¥ent
gene segments (identified by probe B). The 400 Kb central V domain is deglica
strain 129 mice and triplicated in C57BL/6 mice, which results in the discontinodus a
extensive hybridization of the probe B. To compEecea/Tcrdlocus conformation at
different developmental stages, three cell types were analyzed:yDiddkites from
recombination-activating gene 2 deficieRag2 ) mice, DP thymocytes from
Rag2 mice injected with anti-CD3 antibody to stimulate DN-to-DP differdiaira and
control splenic B lymphocytes from wild-type mice. To assess the Ispatigguration
of single alleles, a three-probe strategy was used in three-color 3DaREBysis. Use of
these cell populations allowed us to analyze uniformly unrearrafgyedr crdloci; this

approach was valid because previous studies had shown locus contraction to occur
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independent of recombinase expression (Fuxa et al., 2004; Jhunjhunwala et al., 2008;

Roldan et al., 2005; Skok et al., 2007).
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Figure 8 Visualization of Tcra/Tcrd locus conformation by 3D-FISH

Top panel. Organization off cra/Tcrdlocus and relative positions of four BAC
probes (A, B, C, and D). V segments are categorized as proximal, central, central
duplication or distal. Probe B (C57BL/6 origin) hybridizes discontinuously to theatent
and central duplication regions of the strain T28a/Tcrdlocus. Bottom panel. 3D-

FISH analysis offcra/Tcrdlocus conformation in splenic B cells and recombinase-

deficient DN and DP thymocytes using probes A (red), B (green), and D (blaef). E
image represents a single z-plane with representative loci. Origagalification, 200x.
White scale bar = 1m.
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The four BAC probes were used in various three-way combinations (A-B-D, A-C-
D, and A-B-C) in three-color 3D-FISH followed by confocal microscopy. csete
images obtained from the A-B-D probe combination are shown in Fig. 8 (bottom panel).
In general, the three probes detected sites that were clearly resaivBlaells, but these

sites appeared to display different spatial relationships in DN and DP titgsoc

3.2.2 Two contracted conformations of thd cra/Tcrd locus

To quantify spatial relationships, we evaluated all pairwise distantssdaethe
centers of mass of the hybridization signals on large numbers of atielesch cell type.
We found that all median distances measured across the 3’ portion of the locus (B-D, B-
C, C-D) were substantially reduced in both DN and DP thymocytes as @airtpar
splenic B cells (Fig. 9, top row of panels). The B-C and C-D distances were
indistinguishable between DN and DP thymocytes; however there was a small but
significant difference in the B-D distance. From these data we concludbdigithalf
of theTcra/Tcrdlocus (B-C-D) is extended in B cells and is similarly, although not
identically, contracted in both thymocyte subsets. In contrast, all mezhéerd¢o-center
distances measured across the 5" end of the locus (A-B, A-C, A-D) were sudligtanti
reduced in DN thymocytes but then increased in DP thymocytes (Fig. 9, brottoot
panels). The measured increases in the A-C and A-D distances likely acskdettive
extension of the A-B segment, since the B-C, C-D and B-D distances areilalt 8im
DN and DP thymocytes. Thus, the 5’ end of the locus (A-B) displays a strikingly

different behavior than the 3’ end; it contracts in DN thymocytes but then dactsritr
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DP thymocytes. The results indicate thatToea/Tcrdlocus possesses different

contracted configurations in DN and DP thymocytes: in the former, it is ctedralong

its entire length, whereas in the latter, the 3’ portion is contracted but theibhgert

decontracted.

Distance (um)
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Distance (um)

0.51
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B DN DP ' B DN

DP ' DN DP

Figure 9 Region-specificTcra/Tcrd locus contraction and decontraction

Scatter-plots display pairwise distance measurements between thre oénte
probe hybridization compiled from use of the A-B-D, A-C-D and A-B-C probe
combinations. Data were accumulated from 2-5 independent experiments foeleach c
type (184-592 total alleles) with 78-126 alleles per experiment. Median values are
indicated by horizontal lines. **, P<0.01; ***, P<0.001; ns, not statistically significant.
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3.2.3 Contracted conformation in DN thymocytes is @t strain-specific

Our results conflict with those of a previously published study, which claimed
that theTcra/Tcrdlocus does not contract until the DP stage (Skok et al., 2007). One
potential difference is that we focused on 129 mice, which have an internal duplioation i
theTcra/Tcrdlocus, whereas Skok et al., analyzed C57BL/6 mice, which have an internal
triplication. Therefore, we analyzed C57BL/6 mice using probes B and D, whieh we
used in both studies (Skok et al., 2007). We detected contraction in CER8426
DN thymocytes as compared to C57BL/6 B cells, suggesting that the locusctiontin

DN thymocytes is not 129 strain-specific.
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Figure 10 Analysis of 3’ end contraction in DN thymocytes of C57BL/6 mice

Scatter-plots display measurements of distances between the ce®ensdoD
probe hybridization in B cells (226 total alleles) and DN thymocytes (148 tatbds3lof
C57BL/6 mice. Data were accumulated from two independent experiments foeach c
type. Median values are indicated by horizontal lines.
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3.2.4 Contracted central V segments in DN thymocyse

We noticed that on a fraction of alleles, probe B appeared to detect two or three
foci rather than a single focus (Fig. 10). In each instance, this complex hatioidiz
pattern could be attributed to a single allele because the second all@lelixseparated
as judged by simultaneous hybridization with additional probes. Alleles withphaulti
foci did not result from DNA replication, because additional probes always dktecte
single foci on the same allele (Fig. 10, bottom panel). Because probe B hybridizes
discontinuously to four segments spanning approximately 700 kb of the duplicated
central portion of the V array (Fig. 8, top panel), the detection of multiple foci by probe

B is likely to reflect an extended conformation of this portion offibi@/Tcrdlocus.

B cells DP thymocytes
b - - -

Figure 11 Conformation of central V region

Representative examples of alleles with multiple foci detected by prab8&
cells and DP thymocyteslcra/Tcrdalleles were detected using a combination of probes
A, B and C. The top row of images shows probe B hybridization; the bottom row shows
a combination of probes A and B. Probe C identified a single focus in each instdace (da
not shown). White scale bar = in.



We calculated the frequency of alleles with one, two, or three foci in 8 Gl
and DP thymocytes. Remarkably, examples of multiple probe B foci were frequgnt i
cells and DP thymocytes (38% and 30% of alleles, respectively), but weia 2K
thymocytes (5% of alleles) (Table 7). These data in combination withopeexesults
indicate that 5’-end extension of tfiera/Tcrdlocus includes both distal and central V
gene segments.

Table 7 Contracted central V segments in DN thymocytes

Enumeration of alleles with one, two and three probe B foci in B cells (158 total
alleles), DN thymocytes (140 total alleles) and DP thymocytes (166atlatias) is
shown. Data are from one experiment for each cell type. The proportion of altbles w
multiple probe B foci in DN thymocytes is significantly different froncd&ls and DP
thymocytes (p<0.0001 by Fisher’s exact test).

Probe B foci per allele

(% alleles)
1 2 3
B cells 62 35 3
DN thymocytes 95 5 0
DP thymocytes 70 24 6

3.2.5 Three-dimensional models ofcra/Tcrdlocus conformation

To evaluate the overall organization of the locus in three-dimensional space, we
calculated the coordinates of sites A, B, C and D from the full set of median distanc
measurements. The resulting models (Fig. 12, which presents two different vibwas of
superimposed models) depict the average conformation of the locus in nuclei okall thre

cell types. The range of conformations adopted by the locus is obviously much more
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complex, as indicated by the heterogeneous pattern of probe B hybridization and the
broadly distributed probe-to-probe distance measurements on the entire population of
alleles. Nevertheless, the models highlight a nonlinear average configuwthe locus

in nuclei of all three cell types. Further, the models emphasize that the catiborath
difference between B cells and thymocytes affects the entins,lathereas the
conformational difference between DN and DP thymocytes preferentighgats the 5°

half of the locus: there is a striking change in the A-B distance betweemdNR

thymocytes, with relative conservation of spatial relationships among Bj ©.a

—&— Bcell
—@— DN thymocyte
DP thymocyte

Figure 12 Three dimensional models of cra/Tcrd locus conformation

Median distances for the three cell types, determined from the entareatah
Fig. 9, were used to generate three dimensional models that are alighatiteeyt share
point A and the A-B axis. Two views are shown from different angles.
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3.2.6 E and E are not required for both contracted forms

Although several factors have been shown to be requirddHdocus contraction
in pro-B cells, the molecular mechanisms regulating locus contraction andrdetiont
are still unknown. Prior work has indicated thatkn regulate histone modifications
and transcription of unrearranged V gene segment promoters at a distancé/dQtear
kb (Hawwari and Krangel, 2005). Since enhancer-promoter communication is thought to
occur through direct long-distance interactions, we asked whetlpdaiys a role in 3'-
end contraction of th&cra/Tcrdlocus in DP thymocytes. However, comparison of wild-
type and E-deficient alleles in DP thymocytes revealed no significant differem@’-
end contraction (Fig. 13A). We also observed no significant difference in locus
contraction between wild-type and-&eficient or E-deficient alleles in DN thymocytes
(Fig. 13B). Our data suggest that neithen&r E is required fofTcra/Tcrdlocus

contraction.
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Figure 13 E and E are not required for Tcra/Tcrd locus contraction

(A) Measurements of distances between the centers of B and D probe hyibndiz&iP
thymocytes are shown as scatter-plots. DP thymocytes were obtaineafie@D3
antibody-injectedRag?2 andRag2 E  mice. Data include 280 wild-type alleles
(three experiments) and 136-Heficient alleles (one experiment). Median values are
indicated by horizontal lines.

(B) A-B and B-D distances were measured in DN thymocytes obtainecdRag2 |
Rag2 E andRag2 E mice. Data include 348 wild-type alleles (three

experiments), 130 Edeficient alleles (one experiment) and 112deficient alleles (one
experiment).
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3.3 Discussion

Previous studies have linked locus contraction with V(D)J recombination at the
Igh, Igk, Tcra, andTcrb loci (Jhunjhunwala et al., 2009). Here, we showed that the
Tcra/Tcrdlocus is contracted in both DN and DP thymocytes, but that the contracted
configurations in the two developmental compartments are distinct. We suggedbet
two Tcra/Tcrdlocus conformations support different modes of V gene segment usage
duringTcrd andTcrarecombination. We think that the globally contracted configuration
adopted in DN thymocytes provides widely distributedy€ne segments the opportunity
to undergo V-to-D -to-J rearrangement, and that this is important because there is only
one chance for Vto-D -to-J rearrangement per allele. In these ways Titre/Tcrd
locus in DN thymocytes resembles tga locus in pro-B cells. In contrast, we believe
that the 5’-decontracted, 3’-contracted conformatiomar&/Tcrdlocus in DP
thymocytes insures that primary %b-J rearrangement initiates with proximal gene
segments, thereby maintaining a large pool of distaléhe segments for subsequent
rounds of recombination. Because of the extended 5’ region, use of digifah®
segments would only be favored once they are brought into proximitygehé
segments by prior rounds of o-J recombination. A limitation of our study is that we
have only determined the conformation of unrearrafiged/Tcrdalleles in DP
thymocytes, even though maimgra/Tcrdalleles would normally have undergone prior
V -to-D -to-J rearrangement in DN thymocytes. We presume that the remaining

upstream V gene segments on previously rearranged alleles would adopt an extended
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configuration in DP thymocytes, thereby promoting orderedidage on these alleles as
well.

Previous studies have implicated decontraction ofghdocus in pre-B cells and
theTcrblocus in DP thymocytes in feedback inhibition of V segment recombination that
is associated with allelic exclusion (Roldan et al., 2005). Notably, analyses of
decontractedgh alleles in transgenic mice and in Pax5- or YY1-deficient mice have
demonstrated residual recombination that involves proximaegments only (Fuxa et
al., 2004; Liu et al., 2007). However, in none of these cases does restricted
recombination of proximal ¥ segments represent a significant physiological process. In
contrast, our data suggest a potential novel physiological role for locus decontazca
means to direct initial cra recombination events to relatively proximal §ene
segments, thus allowing a robust progression of primary and secondanydV
recombination events.

It is intriguing that E has been documented to regulBtea/Tcrdlocus
chromatin across a remarkably long 500 kb region that corresponds to the contracted
portion of the locus in DP thymocytes (Hawwari and Krangel, 2005). Since 3’-end
contraction appears to occur in aniedependent fashion, we speculate that whers E
activated in DP thymocytes, this pre-existing conformation may promotagtitas
between E and distant promoters, much as it may promote interactions between distant
RSSs for V-to-J recombination. If the 3’-end contracted conformation of the locus in
DP thymocytes dictates the region that is influenced hyHis conformation may be

viewed as promoting not only RSS synapsis, but RSS accessibility to RAG pesteins
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well. The same general principal may hold at other antigen receptor loci; ershamder
promoters may establish direct molecular contacts over long distanges(LGarrard,
2005; Oestreich et al., 2006), but they may do so only after having been brought into
proximity by an enhancer- and promoter-independent conformational change.

We cannot easily explain the apparent absence of contraction in DN thymocytes
in previously published study (Skok et al., 2007), since both studies analyzed 3’-end
contraction inrRag2 DN thymocytes using probes B and D. The background
differences in mice do not account for the different results, since weletlscted
contraction in C57BL/6 mice (Fig. 10). It remains possible that distirthedologies
for distance measurements may account for the different conclusions of thedies.st
We suggest that a contracted configuration of the locus in DN thymocytes gravide
logical basis for long-distandecrd gene recombination events that are known to occur in
DN thymocytes.

In conclusion, our data demonstratéaa/Tcrdlocus conformational change
during thymocyte development that we propose facilitates a transition flant-anode
to aTcramode of V gene segment usage. The unique 5-end extended and 3’-end
contracted configuration in DP thymocytes may provide a novel conformatiod-base
mechanism to direct Vto-J recombination events to the most proximal of the available
V gene segments. The molecular basis for locus subregion-specific conforinationa
changes will be important to unravel in future studies. Chromatin organizingngrotei
such as SATB1, CTCF and cohesin have been shown to promote long-distance looping

interactions at non-antigen receptor loci (Cai et al., 2006; Nativio et al., 2008%e5pt
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al., 2006). Whether they play similar roles at antigen receptor loci remains to be

established.
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4. T cell receptor alpha gene recombination is supp  orted
by a Tcra enhancer- and CTCF-mediated chromatin hub

4.1 Introduction

T and B cells produce diverse antigen receptors through the recombination of

variable (V), diversity (D), and joining (J) gene segments at the T celbtar {Tcra,

Tcrb, Tcrg, andTcrd) and immunoglobulinigh, Ig , andlg ) loci. The process of

V(D)J recombination is initiated by theaombination-etivating gene-1 and-2 (RAG-1

and RAG-2) proteins, which recognize tieeombination ignal ssquences (RSSs) that
flank all V(D)J gene segments, bring two RSSs into a synaptic complex, and then cleav
the DNA between the RSSs and the adjacent coding gene segments (Scha@0diig. J
V(D)J recombination is regulated developmentally by changes in RAGrmprote
expression and RSS accessibility to RAG proteins, as well as by the abRBAG-

bound RSSs to undergo synapsis (Schatz and Ji, 2011). RAG binding to accessible D and
J gene segments is thought to create a recombination center that supports D-to-J
recombination and recruits distant V gene segments for V-to-DJ or V-tmhbénation
(Schatz and Ji, 2011).

Conformational changes of antigen receptor loci are believed to support V(D)J
recombination events because they can bring distant RSSs into proximity anar¢éheref
increase the probability of RSS synapsis (Jhunjhunwala et al., 2009; Schatz2&dd )Ji
3D-FISH has shown that lineage- and development stage-specific locusctiontr
marks the recombination window at antigen receptor loci (Jhunjhunwala et al., 2009).
For example, the three megabé&gelocus contracts specifically in pro-B cells, during

which Vy-to-DpJy recombination occurs (Kosak et al., 2002; Sayegh et al., 2005). This
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contracted conformation brings distal and proximak¥gments, which are separated by
megabases in the linear DNA sequence, to the vicinityydf Dluster, presumably
allowing all V4 segments a similar opportunity for recombination (Jhunjhunwala et al.,
2008). The mapping a¢gh locus DNA contacts by chromosome conformation capture
(3C) and circular chromosome conformation capture (4C) identified three domadhs
composed of multiple DNA loops (Guo and Gerasimova et al., 2011)Ighlemhancer,

E , was found to promote DNA contacts within the 3' domain as well as locus
contraction, potentially through regulating inter-domain interactions (Gdo a
Gerasimova et al., 2011). However, our understanding of the molecular mechanisms
regulating locus contraction and DNA looping of antigen receptor loci remains
rudimentary.

The CCCTC-binding factor (CTCF) is well-known as an insulator and a
chromatin organizer that mediates DNA looping (Phillips and Corces, 2009). Recentl
several studies have suggested a role for CTCF in the regulation of ¥¢(Djdbination
at antigen receptor loci (Guo and Gerasimova et al., 2011; Guo, Yoon and Franklin et al.,
2011; Degner et al., 2011; Ribeiro de Almeida et al., 2011). Knock-down of CTCF in a
pro-B cell line reduced DNA contacts between regulatory elemertahka the QyJ4
cluster, reduced antisense transcription through thee@ion, and partially suppressed
Igh locus contraction (Degner et al., 2011). Deletion of a pair of CTCF-binding sites
between ¥, and [y segments led to activation of proximal yene segments as well as
elevated and developmentally inappropriate proximaté¢ombination (Guo, Yoon and

Franklin et al., 2011). In addition, conditional knock-out of CTCF allowed increased
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interactions of the intronilgk enhancer with proximal Vsegments and a bias towards
proximal V recombination (Ribeiro de Almeida et al., 2011). These studies suggest that
CTCF may influence V(D)J recombination by mediating DNA contacts tisatate or

restrict enhancer activity to defined portions oflgieandigk loci. Whether CTCF

impacts V(D)J recombination by playing a more direct role in fagiigaRSS synapsis
remains unclear.

TheTcra/Tcrdlocus is a complex genetic locus that contains bhoth andTcrd
gene segments that are distinctly regulated during thymocyte deeriofahih et al.,
2011). In CD4CD8 double negative (DN) thymocytes, therd enhancer (B activates
D and Jgene segments to promote-id-D -to-J rearrangement. In CD@D8" double
positive (DP) thymocytes, thcra enhancer (B activates proximal Vpromoters and
the TEA promoter (TEAp) at the 5’ end of theairay to initiate V-to-J rearrangement.
Recent work indicates that Mo-J recombination, as well as the ability of  interact
with and activate the TEAp, are compromised in mice conditionally deficient ininohes
(Seitan et al., 2011). Cohesin binds toaad the TEAp and is known to physically and
functionally interact with CTCF genome-wide (Parelho et al., 2008; Wendt et al., 2008,
Rugio et al., 2008). These observations suggest that cohesin (and perhaps CTCF)
regulatesl crarecombination by promoting looping interactions betweaemegulatory
elements needed to generate accessible RSSs.

We previously used 3D-FISH to document that the 5’ portion of tna/Tcrd
locus undergoes a large-scale conformational change between DN amghizie\ttes,

but that the 3’ end of the locus is contracted similarly in both thymocyte g@igiésand
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Krangel, 2010). In addition, contraction of the 3’ end is independent of eitloerEE in
DN and DP thymocytes. Becausedttivity and V-J recombination occur specifically
in DP thymocytes, we predicted that there must be DP-thymocyte s{@hbifl looping
and DNA contacts within the contracted 3’ region that cannot be resolved by 3D-FISH.
Here, we used 3C to document andependent chromatin hub at the 3’ end ofa/Tcrd
locus that forms specifically in DP thymocytes. This chromatin hub bringspabX

and 5’ J gene segments into proximity to support inifiararearrangement. We show,
as well, that th@cra/Tcrdlocus is rich in binding sites for CTCF and that loss of CTCF
in DP thymocytes dysregulates long-distance interactions amienggulatory elements,
suppresses chromatin hub formation, and impairoVJ rearrangement. Our data
suggests that Eand CTCF protein cooperate to create and organize a DP thymocyte-
specific chromatin hub that sets the stages for synapsis and recombinatioxioal V

and 5’ J segments in DP thymocytes.
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4.2 Results

4.2.1 E-dependent,DP stage-specific interactions within the Jarray

Previous studies indicated thatifegulates up to 500 kb of tAera/Tcrdlocus,
including the proximal Vgene segments and the entiraday (Hawwari et al., 2005a;
Sleckman et al., 1997). Activation of the TEA promoter (TEAp) at the 5’ end of the J
array is believed to occur through direct enhancer-promoter interaction myDBdytes
(Seitan et al., 2011). However, it is unclear how th&EAp interaction is regulated
during thymocyte development and whethe@aEtivates proximal Vgenes through
direct interactions as well. To answer these questions, we performed 3C ass5Ess
long-distance interactions across thepiEoximal 400 kb of th&cra/Tcrdlocus (Fig. 14,
red box). In 3C, interacting DNA sequences are trapped by formaldehyden&ingsl
After digestion with restriction enzymes, interacting DNA sequencdggated and then
detected by quantitative PCR. To map interactions in cells carrying hoemge
unrearranged cra/Tcrdalleles, we harvested DN thymocytes from recombinase-
deficientRag2 mice, in which thymocyte development is blocked at the DN3 stage.
We harvested DP thymocytes by injectRgg2 mice with anti-CD3 antibody to
stimulate DN-to-DP differentiation. To address the role ¢fAe analyzed E Rag2

mice in similar fashion. As a control, we also analyzed splenic B cells.
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Figure 14 Scheme of th@cra/Tcrd locus

The 1.6MbTcra/Tcrdlocus, which is composed of an array of V segments across
1.5Mb and D, J, and C segments at the 3’ end of the locus, is shown. The 3’ 400kb
region is expanded to show the distribution of unique proximak¥gments, the D C
cluster and the Jarray. V, D, J and C gene segments are shown as rectangles and
enhancers are shown as ovals. Arrows denote promoters.
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We first measured DNA interactions across th€ Jregion, spanning 120 kb
from TRDJ2, a segment 90 kb upstream qfteDadl, an unrelated gene extending 30
kb downstream of E(Fig. 15A). Using an Econtaining Hindlll fragment (#14) as an
anchor, in control splenic B cells (black line) we detected strong sigoais fr
neighboring fragments (#13 and #15), but very low signals at increasing distances
E , reflecting the absence of long-distance interactions within this regioDP |
thymocytes (red line), Bvas found to interact strongly with TEAp (#4) and to display
gradually diminishing interactions moving from 5’ to 3’ across thedion (#6 to #11).
Preferential interactions of Ewith 5 J gene segments likely reflects the presence of an
array of minor J promoters that are distributed across this region (Hawwari et al., 2005a
and Fig. 18A). In addition to these interactions, we noted relatively strongciiiesa
above the B cell background at sites flanking the anchor (#12 and #16). This suggests

that the whole region may be more compact in DP thymocytes as comparedIt B cel
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Figure 15 E -dependent long-distance interactions across Array
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Long-distance interactions during thymocyte development were add®gSC
assays. (A) The Econtaining Hindlll restriction fragment (black bar) is used as an
anchor to analyze Hnteractions across this 120kb region. The position and size of
numbered Hindlll fragments are indicted by grey bars. CTCF binding si#ésbeeled as
yellow dots (DN thymocytes, n=3-8; DP thymocytes, n=4-10:BP thymocytes, n=3-
9). (B) TEA promoter Hindlll restriction fragment (black bars) was useshaanchor to
analyze TEAp interaction with DN thymocytes, n=3; DP thymocytes, n=2-4BP

thymocytes, n=2; B cells, n=2). The mean+SEM is shown in the graph.
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DN thymocytes displayed substantially reduced interactions betwesmdE
TEAp and between Eand J segments (Fig. 15A, blue line). However, interactions with
sites around the TEAp region (#3 to #5) were clearly elevated above the B cell
background. To verify this point, we also analyzed TEAp interactions witisigg the
TEAp-containing fragment (#4) as an anchor (Fig. 15B). Indeed, TE&pghrand
specifically interacted with §#14) in DP thymocytes. Again, this interaction was
reduced in DN thymocytes but was substantially elevated as comparextlis.B

To determine the role of BEn mediating interactions across theCJ region, we
analyzed E DP and E DN thymocytes. In E DP thymocytes, the interactions
between the Eand TEAp and between Bnd J fragments were all reduced to the level
of the B cell background, suggesting that these interactions are dfrictgpendent (Fig.
15A and B, purple line). In addition, the weak but significarT EAp interaction
detected in DN thymocytes was also dependent on the presencé~aj.EL6). Because
E is not active in DN thymocytes, the weak BEAp interaction in these cells must be
mediated by Ebound factors independent of ongoing transcription. Overall, our data
demonstrate that Eparticipates in a range of lineage- and developmental stage-specific

long-distance interactions across tharday in DN and DP thymocytes.
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Figure 16 An E -dependent E-TEAp interaction in DN thymocytes

E -fragment (#14) was used as an anchor to analyze long-distance interactions i
E DN thymocytes as Fig. 15A (EDN thymocytes , n=2; DN and EDP thymocyte
data are the same as Fig. 15A). The mean+SEM is shown in the graph.
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4.2.2 E-proximal V interactions in DP thymocytes

We asked whether Bimilarly regulates the proximal \genes through direct
physical contacts in DP thymocytes. Using thdregment as an anchor, we found that
E interacted with several \gene segments (TRAV19, TRAV21, TRDV1, TRDV2-1
and TRDV2-2) at distances of 280~400 kb (Fig. 17A). These interactions wexgeline
specific, developmental stage-specific anelEpendent, since they were greatly
diminished in DN thymocytes, in £ DP thymocytes and in B cells. Similar results
were obtained by analysis using TRAV21 or TRDV2-2 as an anchor (Fig 1V8).
conclude that Einteracts with multiple elements extending across the proximal 400 kb of
theTcra/Tcrdlocus in DP thymocytes.

E could interact in pair-wise fashion with TEAp and 8&gments that are
themselves widely separated in nuclear space, or could interact withitheseith all in
close physical proximity. To test this, we analyzed interactions betwiegp and
proximal V segments. Indeed, the association between TEAp and proxirsabwents
(TRAV19, TRAV21 and TRDV2-2) and between two proximal V segments (TRAV21
and TRDV2-2) is high in DP thymocytes but low in DN thymocytes or Bgcell
suggesting these elements stay in proximity in DP thymocytes (Fig. 1dad B).
Importantly, all of these interactions weredependent, indicating that Bot only
interacts with proximal Vsegments and TEAp through direct pairwise interactions, but
also tethers them together to form a multi-component chromatin hub.

Notably, both Eand TEAp interacted less well with intergenic regions (Fig 17A

and C, sites b and e). Therefore, we suspect that non-functional regions areolatoped-

84



from this E-dependent, DP-specific chromatin hulve propose that this chromatin hub
functions to approximate Vand J RSSs to increase the probability of RSS synapsis, in

this way supporting primary VJ rearrangement.
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Figure 17 An E -dependent chromatin hub in DP thymocytes

Interactions between array and Jproximal V region (280~400 kb upstream of
E ) were analyzed using multiple combinations of primers and probes. (A) The
distribution of proximal V segments is shown. CTCF binding sites are labeled as yellow
dots. Interactions between &nd proximal V segments were analyzed using (A) E
(B) TRAV21 (left) or TRDV2-2 (right) fragments as an anchor (DN tbggtes, n=3, DP
thymocytes, n=4-7, E'DP thymocytes, n=2-4, B cells, n=2-4). Interactions between the
TEAp and proximal V segments were analyzed using (C) TEAp, (D) TRAV21 (left) or
TRDV2-2 (right) as an anchor (DN thymocytes, n=3, DP thymocytes, n=2'R)E
thymocytes, n=2-4, B cells, n=2-4). (E) Interactions between proximaéyments were
analyzed using TRAV21 (left) or TRDV2-2 (right) as an anchor (DN tloytes, n=3;
DP thymocytes, n=4; E'DP thymocytes, n=2; B cells, n=2-4Jhe mean+SEM is
shown in all graphs.
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4.2.3 The TEAp regulates E interactions in DP thymocytes

Because the TEA promoter region interacts witlaid multiple V segments in
the DP stage-specific chromatin hub, we asked whether the TEAp redoragatistance
interactions among these elements. To answer this, we collected TEAeddeP
thymocytes from anti-CD3 injected TEARag2 mice and performed 3C assays using
the E-fragment as an anchor. As compared to wild-type alleles (Fig. 18Bnegdthe
TEAp-deficient alleles demonstrated reduced interactions betwesamlEs’ J segments
(blue line, #5 and #6) and increased interaction with centssginents (#8 and #9).
This shift is consistent with the fact that 5’pfomoters are down-regulated and central J
promoters are up-regulated on TEAp-deleted alleles (Fig. 18A and Hawiveg;
2005a). Notably, we detected only a slight reduction eFEAp interaction on TEAp-
deleted alleles (#4), but dramatically increasedhEeractions with sites upstream of
TEAp, including the regions covering TRDJ2, E , and TRDV5 (#1 to #3). Increased
interactions, however, did not extend as far as the proximsé§ments (Fig. 19A and
B). We suspect that increased interaction betweemé& TRDV5 obscured a diminished
E -TEAp interaction on TEAp-deleted alleles. Further analysis als@alexvéhat
interactions between the TEAp and the proximatagion (TRAV21 and TRDV2-2)
were reduced, but interaction betwdeamd gene region (TRDJ2) and proximal kégion
(TRDV2-2) was elevated in TEAp-deleted DP thymocytes (Fig. 1#. Taken
together, our data indicate that the TEAp region is looped out from tledendent
chromatin hub in TEAp-deleted DP thymocytes and that the ndaroygene segments

are newly included in that hub.
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TEA promoter deletion could impact long-distance interactions due to reduced
TEA transcription or simply due to loss of TEAp-bound factors. To distinguish these
possibilities, we analyzed TEA-T DP thymocytes which have an activg Dt carry
an introduced transcription terminator immediately downstream (Fig. 18A)\-TTE
alleles mimic TEAp-deleted alleles with respect to the shift in pronaaterity from 5’
J s to central 3 (Abarrategui and Krangel, 2007), suggesting that TEA transcription
rather than the TEAp itself targets 6 different regions of the &rray. As compared to
wild-type, we found that the ETEAp interaction was unperturbed on TEA-T alleles
(Fig. 18B, dashed line, #4), that an¥ J interaction (#6) was clearly suppressed, and
that an E-central J interaction (#8) was clearly increased. We suspect that reduced
interactions with 5’ Jsegments are patrtially obscured by high level interaction with the
TEAp (#5). However, in other respects,iBteractions across the drray are quite
similar on TEAp-deleted and TEA-T alleles. Importantly, TEA-Tlafledo not display
the strong ETcrd gene interactions that were apparent on TEAp-deleted alleles. This
indicates that TEAp-bound factors, rather than TEAp-directed transcriptionkEl from
interacting with upstreamcrd gene segments. Our data demonstrate that TEAp limits
E interactions withlr'crd gene segments and with centraj@dne segments through

distinct mechanisms.
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Figure 18 The TEAp regulates E interaction with Tcrdand J segments

(A) The wild-type and two TEA mutant alleles are diagrammed. Thad’ a

central J segments are shown as black rectangles. Arrows denote identified promoters.
Gray bars mark the regions that revealed reduced accessibility anot@rativity as
compared with wild-type. Brackets label the deleted part on the TEApiésall€he

location of inserted terminator is shown on the TEA-T allele. (B) 3C assags we
performed on TEAp and TEA-T DP thymocytes using the-ttagment (black bar) as

an anchor (wild-type DP data is the same as Fig. 15A; TEB®P thymocytes, n=4-11;
TEA-T DP thymocytes, n=3-5). The mean+SEM is shown in the graph.
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Figure 19 The TEAp regulates interactions in the chromatin hub

(A) Interactions between Eand the proximal Vregion were analyzed using the
E fragment as an anchor (wild-type DP thymocytes, n=5; TEAJF thymocytes, n=2)
(B) Interactions between Eand proximal V region were analyzed using proximal V
(left: TRAV21,; right: TRDV2-2) fragments as anchors (wild-type Diftocytes, n=5;
TEAp DP thymocytes, n=2). (C) The interactions between proximaevies and the
TEAp were analyzed using proximal eft: TRAV21; right: TRDV2-2) fragments as
anchors (wild-type DP thymocytes, n=5; TEADP thymocytes, n=2). (D) The
interaction between proximal \gene (TRDV2-2) andcrd gene (TRDJ2) was analyzed
using TRDV2-2 as an anchor (wild-type DP thymocytes, n=4; TEAY thymocytes,
n=4). The meantSEM is shown in all graphs.
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4.2.4 The TEAp regulates upstream transcription anchistone
modification

To evaluate the biological consequence of increased interactions betwa®h E
Tcrd gene segments on TEAp-deleted alleles, we analyzed transcriptobivély and
chromatin accessibility. Interestingly, TEAp-deleted allede®aled 2-5-fold increased
transcription in the region upstream of TEAp, including TRDV4, TRDD1, TRDJ1,
TRDJ2 and TRDV5 (Fig. 20A). However, increased transcription did not extend to
further upstream proximal Vsegments (such as TRAV17, TRAV19, TRAV21 and
TRDV2-2), suggesting that the impact of TEAp is regional. We also analyzteddiH3
acetylation, a marker related to chromatin accessibility. Indeed¢cét@laion was also
increased afcrd gene segments immediately upstream of TEAp (TRDJ1, TRDJ2 and
TRDV5), but not at more distant sites (Fig. 20B). Hence, the TEAp reguiatebitity

of E to activate D and J gene segments.
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Figure 20 The TEAp locally regulatesTcrd transcription and histone
modification.

(A) Analysis of transcriptional activity on wild-type (WT) and TEAmlleles
from anti-CD3 stimulate®Rag2 and TEAp Rag2 mice (WT DP thymocytes, n=5;
TEAp DP thymocytes, n=3). (B) Analysis of H3 acetylation on wild-type (WD) a
TEAp alleles from anti-CD3 stimulatddag?2 and TEAp Rag2 mice (WT DP
thymocytes, n=2; TEAp DP thymocytes, n=2). The meantSEM is shown in both
graphs.
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4.2.5 CTCF binds regulatory elements at th&cra/Tcrd locus

Because CTCF has been implicated in long-distance DNA interactionskee a
whether CTCF contributes to the DNA contacts at the 3’ end of the locus. CTE€F Chl
seq data were kindly provided by Ann Feeney'’s laboratory. They assessed the
distribution ofTcra/Tcrdlocus CTCF binding sites iRag2 DN thymocytesRag2
Tcrb transgenic DP thymocytes, aRdg2 pro-B cells. A large number of CTCF
binding sites were identified across thera/Tcrdlocus, and the majority of these sites
were occupied in all three cell types (Fig. 21A). Included among these ai€rasite
associated with Ethat is eliminated on Edeleted alleles and a CTCF site associated
with TEAp that is eliminated on TEAp-deleted alleles. These two sitesals shown
to bind cohesin subunit Rad21 in a previous study (Seitan et al., 2011). CTCF sites also
appear to mark many of the ¥egment promoters (Fig. 21A and B; yellow dots in Fig.
1b and 2a). For example, among the 12 proximaj&he segments, nine have a nearby
CTCF binding site, most within 200bp upstream of the first exon (Fig. 21B and yellow
dots in Fig. 17A). Among the three CTCF-freeségments (TRAV22, TRDV4, and
TRDV2-1), one (TRAV22) is a pseudogene and one (TRDV4) is used seleatiVetgl
thymocytes. Similarly, CTCF binds to most distalpMomoters (data not shown). The
localization of CTCF at most regulatory elements suggests that CTCplayag role in

the regulation offcra/Tcrdlocus.
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Figure 21 CTCF binding across theTcra/Tcrd locus

CTCF ChlIP-seq analysis was performedRag2 DN thymocytesRag2 Tcrb
transgene DP thymocytes, aRdg2 pro-B cells on a C57BL/6 background. Called
peaks are marked by vertical lines below the graph. (A) ERtr@Tcrdlocus and (B)
3’ 400kb regions are shown with gene annotation in red on the bottom.
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4.2.6 E -dependent CTCF binding in DP thymocytes

The above ChIP-Seq experiments were conducted using samples that were of
C57BL/6 origin. Because 3C experiments were conducted on straifci@d crdlocus
alleles, it was important to verify that CTCF binding at sites across themaiogzortion
of the locus was conserved despite substahtiad/Tcrdpolymorphism between these
strains. In addition, although CTCF binding was generally conserved in thymaryte
B cells, some sites displayed binding that was stronger in or unique to DBcytes,
including sites at TRAV18, TRAV20, TRAV21, TRDV3 and42 (Fig. 21A and B).
Therefore, we also analyzed CTCF binding by ChIP-gPCR to confirm constimtive
DP stage-specific binding to the various sites on 129 alleles (Fig. 22A). Iadleed,
CTCF binding sites identified on the C57BL/6 alleles were also positive in 129 DP
thymocytes, as compared to a negative site upstreamlofuDb). Among these sites,
AV21 and J42 were positive in DP thymocytes but negative in DN thymocytes,
consistent with the developmental-stage specific CTCF binding displayedRrs€ty.

To ask whether DP stage-specific CTCF binding waddpendent, we compared wild-

type to E DP thymocytes (Fig. 22B). We found that sites displaying DP thymocyte
specific CTCF binding were Edependent whereas sites displaying constitutive CTCF
binding were not. Because CTCF binding sites co-localized with regions tfsatadly
interact with E (Fig 15B and 17A), we hypothesized that CTCF is situated at the base of

DNA loops and contributes to formation of thedependent chromatin hub.

96



2.0q
DN

I DP

1.5

1.0

0.5

Enrichment by -CTCF

0.0- — —
UDb AV6 AV2l DV5 TEA J 42 Ea Dadl

0.67 Il \WT DP
LJe bpP

0.5

L

(@]

'_

O 0.4

> }

o]

I l

]

e

S

‘= 0.2

c

]

0.1

00 = © - % o 0 q -
F L o A AT AP YWy RN S
SN 0 T A

Figure 22 E -dependent and independent CTCF binding in thymocytes

(A) CTCF ChIP-gPCR assays were performed in DN and DP thye®cyt
collected fromRag2 mice and anti-CD3 stimulatd®lag?2 mice, respectively (DN
thymocytes, n=1; DP thymocytes, n=1). (B) CTCF ChIP-qgPCR assayyemoemed in
DP thymocytes collected from anti-CD3 stimulaRah2 wild-type andRag2 E -
deficient mice (DP thymocytes, n=4; EDP thymocytes, n=4). For both (A) and (B),
gPCR primers were designed based on the CTCF binding sites identified byGDTIGF
Seq. Myc and PDb are positive and negative controls, respectively. The mearstSEM i
shown in both graphs.
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4.2.7 Conditional knockout of CTCF in DP thymocytes

To examine the role of CTCF in regulating thaa/Tcrdlocus, we analyzed DP
thymocytes ofCtcf -conditional knockout mice (Fig. 23A). In previous studies of mice
deficient for cohesin suburiRad2] deletion was triggered by@d4-Cre transgene. This
led to deletion in DP thymocytes that was too late to impact €arlyrecombination
events. To better assess the potential influence of CTT&arecombination, we bred
Ctcf” mice obtained from the Galjart laboratory wittk-Cre mice to initiate CTCF
deletion in DN thymocytes. We also bred these alleles oRegadeficient background
to study changes in germline transcription and locus conformation in the absence of
CTCF. InCtcf™ Lck-Cre mice, deletion of CTCF is initiated in DN2 thymocytes (data
not shown) and thymocyte development was partially blocked at the immatgie si
positive stage during the DN-to-DP transition, as was described previbigl28B and
Heath et al., 2008). We sorted CTCF-deficient DP thymocytes based on thessaxmpr
of a LacZ marker and compared them to DP thymocytes sorted from trebirypd (ck-
Cre) littermates (Fig. 23B). CTCF-deficient DP thymocyte prepamattypically

displayed over 85% loss of CTCF alleles and CTCF protein (Fig. 23C-E).
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Figure 23 Conditional deletion ofCtcfin DP thymocytes

(A) CTCF floxed alleles are diagrammed. Exons ofGhef gene are represented
by numbered black rectangles, loxP sites are represented by sjan§€K-puromycin
cassette (pufpis represented by a yellow rectangle, and a Splice accep®chssette,
SA-LacZ, is represented by a white/red rectangle. Qthédeleted alleles transcribe a
Ctcf-LacZhybrid product that can be used as a selection marker. (B) Representative
FACS analysis o€tcf” Lck-Cre mice (KO). Wild-type (WT) are mice from the same
litter withoutLck-Cre transgene. Gatings of CI¥D8 (left panel) and CD71or
CD71 cells (central panel) are shown. Signals from FDG, a substrate ofdacZ, i
CD71 (top)or CD71 (bottom) DP thymocytes are displayed in the right panel (KO,
black line; WT, gray shade). (C) Analysis of CTCF mRNA (left) and gen@NA
(right) levels in sorted wild-type (WT) and CTCF-deficient (KO) DP tbggtes (WT,
n=1; KO, n=2). The mean+SEM is shown in the graph. (D) Analysis of CTCF genomic
DNA levels in sorted CD71(left panel) and CD7Xright panel) DP thymocytes from
anti-CD3 stimulated wild-type (WT) and CTCF-deficient (KO) m{¢éT, n=1; KO,
n=2). (E) Representative western blot analysis of CTCF protein levelssartie
samples in (D).
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4.2.8 CTCF deficiency impairs primary V -J recombination

To examine the effect of CTCF-deletion on the efficiencyaf rearrangement,
we quantifiedTcra coding joints by gPCR using various combinations oéNd J
primers (Fig. 24). We sorted LacZ+ DP thymocytes from Lck@ef" mice and
LacZ- DP thymocytes from LckCr&tef” mice. Using a Vprimer targeting TRAV12
family members that are widely distributed across the centrabpat the V array, we
observed 50-90% reductions in rearrangements to differsegdnents in CTCF-
deficient DP thymocytes as compared to wild-type DP thymocyigsZ#A). Previous
studies already suggested that initial, or priméicya rearrangement typically joins
proximal V segments to 5’ lsegments and these rearrangements can then be replaced
by secondary rearrangements that use progressively moreafd\V3’ J gene segments
(Shih et al., 2011). Because secondary rearrangements are sensitive to DRtédhymoc
lifespan (Guo et al., 2002), we asked whether CTCF-deficiency impactefktpah of
DP thymocytes. We measured cell survival of DP thymo@ptesvqg and found that
survival of CTCF-deficient DP thymocytes in culture was slightly reduas compared
to wild-type (data not shown). To assess a direct effect of CTCFatetetiV -to-J
recombination, we specifically assayed primary recombination usingisispecific for
3’V and 5’ J gene segments in early DP thymocytes distinguished based on their large
size and CD71 expression (Fig. 23B). In wild-type large (CD71+) DP thyemoye
observed reduced andbl-biased recombination as compared to small (CD71-) DP
thymocytes, suggesting that we indeed isolated the cell population that wagoumgler
initial V -to-J recombination. Interestingly, we observed 70-80% reduction in proximal
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V -5"J recombined products in both large and small CTCF-deficient DP thymocytes, as
compared with wild-type DP thymocytes. Impaired rearrangement oihpabX

segments to 5’ segments displayed in CTCF-deficient large DP thymocytes iedicat

that CTCF is essential for efficient ¥o-J rearrangement (Fig. 24B) , independent of

any effects on DP thymocytes lifespan.

101



V -J recombination

04
Ja6l Ja57 Ja42 Jad0 Jal7 Ja2

Bl WT 71+DP
KO 71+DP
EEWT 71-DP
[C1KO 71-DP

2.0+
1.5+
1.0+

0.5+

O 10 1 Rallf

17-61 17-56 17-49 19-61 19-56 19-49

V -J recombination

Figure 24 CTCF deficiency impairs V-J recombination

(A) Genomic DNA isolated from wild-type (WT) and CTCF-deficient (KGR
thymocytes was analyzed to determine the frequency -6\ recombination. A
primer targeting TRAV12 family was paired with six differenfpdimers across Jrray
individually in gPCR to quantify recombined ¥ products (WT, n=1-6; KO, n=1-4).
(B) Genomic DNA isolated from CD7lnd CD71 DP thymocytes of wild-type (WT)
and CTCF-deficient (KO) mice were analyzed to determine the frequémpeymary V -
to-J recombination. Primers targeting two unique proximal V segments, TRAV17 and
TRAV19, were paired with three different 5’ grimers (J61, J56 and J49) in gPCR to
guantify recombined \fto-J products (WT, n=4; KO, n=4). Results for each PCR are
normalized to those for unfractionated WT thymocytes. The mean+SEM is ghown i
both graphs.
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4.2.9 CTCF is required to support normal transcription and
architecture within the DP stage-specific chromatirhub

To understand the mechanism by which CTCF regulates primary rearrangement
we analyzed germline transcription and locus conformatiohcoa/Tcrdalleles in sorted
LacZ+ DP thymocytes from anti-CD3 antibody-stimula@df” Rag2 Lck-Cremice.
Similar toRad21-deficient mice, loss of CTCF caused reduced transcription at TEA
(Fig.25). Remarkably, CTCF-deficiency impacts different gene sectioossate
Tcra/Tcrdlocus in distinct ways; it reduces transcription of some proximal V gene
segments (TRAV21, and TRDV2-2), but increases transcriptidicrafgene segments
(TRDJ1, TRDJ2 and TRDV5) (Fig. 25).

To ask whether the changes in transcriptional activity reflect ckangeT CF-
dependent long-distance interactions, we assessed interactions withia thgmocyte-
specific chromatin hub. Loss of CTCF reducedrieractions with TEAp, with J
segments (Fig. 26A and B) and with proximalgéne segments (Fig. 26C and D), and
reduced interactions of TEAp with proximal Yene segments (Fig. 26E and F).
However, loss of CTCF increased iBteractions withilcrd gene segments (Fig. 26A)
and slightly increased interactions between TRDV2-2 and TRDJ2 (Fig. 26G). We
conclude that CTCF promotes primdrgra gene rearrangement by targeting proximal
V and 5'J segments to interact with EBnd inhibitsTcrd recombination by preventing

E from activatingTcrd genes in DP thymocytes.
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Figure 25 CTCEF is required for normal transcription

Transcriptional activity on th&cra/Tcrdlocus was analyzed in wild-type (WT)
and CTCF-deficient (KORag2 DP thymocytes (WT, n=2-3; KO, n=4-6). The
mean+SEM is shown in the graph.
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Figure 26 CTCF is required to support a normal DP-specific chromati hub

(A) 3C assays were performed in sorted wild-type (WT) and CTCF-defficie
(KO) Rag2 DP thymocytes using the Eragment (black bar) as an anchor (WT, n=1-9;
KO, n=1-9). (B) Interactions between &nd the TEAp were analyzed using the TEAp
fragment as an anchor (WT, n=6; KO, n=6). (C) Interactions betweandeproximal
V region were analyzed using the fEagment as an anchor (WT, n=6; KO, n=6). The
location of Hindlll fragments is as shown in Fig. 17A. (D) Interactions éetvE and
proximal V region were analyzed using proximal {eft: TRAV21; right: TRDV2-2)
fragments as anchors (WT, n=5; KO, n=5). (E) The interactions between plakim
gene and the TEAp were analyzed using the TEAp fragment as an anchor BVKM=
n=5). The location of fragments is shown in Fig. 17A. (F) The interactions between
proximal V gene and TEAp were analyzed using the proxima(l&ft: TRAV21; right:
TRDV2-2) fragments as anchors (WT, n=5; KO, n=5). (G) The interaction éetwe
proximal V gene (TRDV2-2) andcrd gene (TRDJ2) was analyzed using TRDV2-2 as
an anchor (WT, n=5; KO, n=5). The mean+SEM is shown in all graphs.
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4.2.10 CTCF is not required for locus contractionn DP thymocytes

Because CTCEF is required for supporting normal chromatin interactions at the 3’
end of the locus, we asked whether CTCF is also involved in the large-scale contraction
in DP thymocytes. Using probe B and D in 3D-FISH (Fig. 8), we observed ayslightl
more contracted conformation in CTCF-deficient DP thymocytes as cethjzawild-
type (Fig. 27), suggesting that CTCF is not required for locus contraction.aSiesllts

were obtained from both 129 and C57BL/6 background mice.
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Figure 27 CTCF is not required for locus contraction in DP thymocytes

Scatter-plots display measurements of distances between the ceBenscoD
probe hybridization in wild-type (WT) and CTCF-deficient (KRag2 DP thymocytes
from both 129 and C57BL/6 background mice. Median values are indicated by
horizontal lines. Data are from one experiment for each cell type. *, P<0.05;00B<
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4.3 Discussion

We previously used 3D-FISH to show that the 3’ en@lay&/Tcrdlocus is
contracted similarly in DN and DP thymocytes as compared to its extendéglicatibn
in B cells. Here we used 3C to detect a network of interactions betigeregulatory
elements at the 3’ end @tra/Tcrdlocus specifically in DP thymocytes. This result
indicates the formation of a multi-component chromatin hub within the contracted
portion of the locus. We showed that formation of this hub depends critically loumt E
is fine-tuned by chromatin organizer CTCF. In this regardjdtetion disrupted all
detected interactions, whereas conditional knockout of CTCF dysregulatediiotes
such that some were suppressed and others were increased [@otent enhancer that
was known to regulatécra/Tcrdlocus transcription and histone modifications across
500kb in DP thymocytes. Here we showed that long-distance regulationdog s
through physical interactions with individual nd J gene segment promoters. More
importantly, E recruits V and J gene segments into proximity and thus mediates their
interactions that could facilitate synapsis ofahd J RSSs.Tcrarecombination is
ordered and starts with primary recombination events that use proxinaald\5’ J gene
segments. Since these are the gene segments preferentially dantaitle initial
chromatin hub by E our data suggest that this hub serves as a platform for supporting
orderedT crarecombination.

CTCEF is a strong candidate for regulating the DP-thymocyte chromatin hub
because it has been shown to facilitate DNA looping in other instances. UsirG€&nhIP

and ChIP-gPCR assays, we demonstrated that CTCF bindatmwl HEAp, and in the
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vicinity of a large number of V gene segments, in both DN and DP thymocytes. The
location and abundance of CTCF binding sites implies that CTCF may playia tiode
regulation of this locus. Indeed, the BEEAp interaction is partially diminished in CTCF
conditional knockout DP thymocytes, suggesting that the CTCF binding at thes&esvo s
may contribute to their interaction. In addition, loss of CTCF also reducedadtibes
between proximal Vand E and between proximal Vand 5°'J The defect in these
DNA contacts may also be related to their CTCF binding and may be the baksvfor
regulatedl cra gene transcription and impaired-¥6-J recombination in CTCF-
deficient DP thymocytes.

A previous study using a knockdown system demonstrated that CTCF is essential
for completegh locus contraction. However, in CTCF-knockout DP thymocytes, we did
not observe loss afcra/Tcrdlocus contraction as compared to wild-type DP thymocytes
(Fig. 27), indicating that CTCF is not required Tarra/Tcrdlocus contraction.
Similarly, loss of E results in disruption of ETEA interaction but no change in
contraction in DP thymocytes. We concluded that neither CTCF nerr&quired for
3’end contraction. Moreover, the fact that theTEEAp interaction is detectable in DN
and DP thymocytes but not in B cells, even though CTCF binds amdETEAp in all
three cell types, suggests that CTCF protein can only mediak& & interaction when
the 3’ end is contracted. We speculate that 3’'end contraction may be esseaikal
CTCF and Eto mediate long-distance interactions.

Although the 3’ end of the locus is contracted and CTCF binds &am&TEAp

similarly in both DN and DP thymocytes, the EEAp interaction is relatively low in
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DN as compared to DP thymocytes. Deletinglisrupted the weak ETEAp interaction

in DN thymocytes. Because I inactive in DN thymocytes, loss of interaction may
reflect loss of CTCF binding, consistent with a role of CTCF in tR@EAp interaction.

The increased ETEAp interaction in DP thymocytes may then depend on DP stage-
specific E activity. We propose that the 3’end of the locus already possesses a CTCF-
mediated “stand-by” status at the DN stage, which primes TEAp to béethimeE

when E is activated in DP thymocytes.

Notably, in CTCF knockout DP thymocytes, feduced its interactions with
CTCF-associated sites, but increased its interactionsiwithgene segments that are not
associated with CTCF. Therefore, CTCF is not essential for long-distantacts by
E . Rather, it preferentially targets these interactions to discretdrsitiee locus and
thereby suppresses aberrant interactions. Our data suggestahdt&TCF coordinate
the formation of a DP stage-specific chromatin hub.

Interestingly, both TEAp-deleted and CTCF-knockout thymocytes revealed
increased activation dfcrd gene segments and recruitment of this region into the DP-
specific chromatin hub. The similarity between these two systems suggeste Trad
activation phenotype of TEA-deleted alleles results from loss of CTCF bindihg a
TEA promoter. It has been shown that the CTCF-associated regions betywaed V
DuJy and between Vand J segments can insulate downstream enhancers from
activating the proximal V segments and, therefore, and proligiota Igk V segment
repertoires that are not biased to proximal V segments (Guo, Yoon and Franklin et al.,

2011; Ribeiro de Almeida et al., 2011; Xiang et al., 2011). Here, we demonstrated that
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CTCF binding at the TEA promoter inhibits ffom activatingTcrd gene segments
upstream of the J In this sense, the TEAp CTCF site may similarly be functioning as an
insulator, which would prevefitcrd recombination in DP thymocytes. We found that
roughly one-third off cra/Tcrdalleles in newly arrived DP thymocytes have not yet
undergone V -to-D recombination (data not shown). Therefore, inhibitiomat
transcription/recombination might be important for the commitment tetv-J rather

than V -to-D recombination at DP stage.
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5. Discussion and future directions

To build great diversity of antigen receptors and to insure that each lymphocyte
expresses a unique receptor complex, TCR and BCR loci are organized asfayeags o
segments that undergo recombination in a highly regulated fashion. RAG expeassi
RSS accessibility that are controlled in lineage-and developmesgal-specific ways
provide the basic regulatory framework for V(D)J recombination. These pesper
however, only explain part of the regulation. During the past decade, ressarave
explored the regulation of antigen receptor loci beyond RSS accessibhitge dspects
were focused on, including (1) nuclear localization (2) locus contraction/dectamira
and (3) loop/chromatin hub formation. These elements are believed to positidely
negatively regulate recombination events at each antigen receptor |gousrimting
synapsis of two RSSs or forcing allelic exclusion. This dissertation lsot&d recent
advancement about how V(D)J recombination is regulated beyond RSS aatgssibil
especially at the level of three-dimensional conformations of antigepta loci.

As mentioned in chapter 1, contraction and decontraction of four large antigen
receptor loci have been suggested to support or inhibit recombination activitg)Fig
Among these loci, th&cra/Tcrdlocus is unique in that it contains bdtbrd andTcra
gene segments, which recombine at two developmental stages in distincUsiags
3D-FISH, we demonstrated that thera/Tcrdlocus also possesses unique changes in its
configuration that may support the distinct recombination events. The locuy is ful
contracted in DN thymocytes and reveals a 5’-extended, 3’-contractaduratibn in

DP thymocytes. We proposed that the fully contra®@d/Tcrdlocus in DN
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thymocytes provides a basis for long-distaficed gene recombination events,
potentially similar to the contractégh locus, which recruits both distal\and proximal
V4 to the proximity of [pJy cluster pre-B stage (Jhunjhunwala et al., 2008). A fully
contracted conformation may be importantlfgir andTcrd recombination because both
have only one chance to recombine various V segments on each allele.

In DP thymocytes, th&cra/Tcrdlocus can undergo multiple rounds of-i9-J
recombination. This is unique because other antigen receptor loci do not have large J
arrays that would allow an allele to recombine so many times (Fig. 4).oBsestudies
have suggested that \degments recombine to Segments in an order such that J
proximal V and 5’J gene segments are preferentially used in initial recombination,
while more J-distal V and more 3'J gene segments are progressively used in secondary
recombination. Notably, a recent study showed that the distribution of RAGngrotei
theTcra/Tcrdlocus focuses at the 5’end of theadray (Ji et al., 2010a), forming a
potential recombination center. Therefore, the 5’-extended, 3’-contracted catiigur
we identified in DP thymocytes may facilitate the ordereetd/J recombination by
selectively recruiting proximal Vsegments to the recombination center and excluding
distal V segments during the initial rounds of recombination.

To date, the mechanisms that cause locus contraction are not understood.
Although several factors, including Pax5, YY1, Ikaros, and CTCF, and an enhancer, E
have been shown essential for complgtelocus contraction (Fuxa et al, Liu et al., 2007;
Reynaud et al., 2008; Degner et al., 2011; Guo and Gerasimova et al., 2011), how these

factors coordinate at thgh locus and whether they are involved in the regulation of
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other loci remains unknown. Among these factors, Pax5 is unlikely to be involved in
Tcra/Tcrdlocus contraction because it is a B-lineage specific transcription.faster
examined the role of known enhancers and CTCF in the regulation Dérd@ crdlocus
contraction. However, neither lBor E was found to be required for locus contraction in
DN thymocytes (Fig. 13B), and neither Bor CTCF was found to be required for 3’end
contraction in DP thymocytes (Fig. 13A and 27). We were unable to assess tfe role
CTCF in DN thymocytes because CTCF deletion was not complete at thstBde in
ourlck-Cre-induced conditional knockout system. It is possible thal¢heeTcrdlocus
contraction is regulated by unknown factors that are distinct from thggeee forigh
locus contraction.

The mechanism of locus decontraction is also a mystery. Increased separation of
two foci under microscopy, which we call “decontraction”, could result from dds
locus contraction or from enforced locus decontraction, which may be mechdpwistical
distinct. The less contractégh locus in pre-pro B cells or in Pax5-, YY1-, and Ikaros-
deficient pro-B cells may be organized differently from the decomildgh locus in pre-
B cells as a consequence of such mechanistic difference. Unfortunaddhglndetailed
comparison of the decontracted states ofghdocus under these different
circumstances. It will be interesting to comprehensively anddgjfzeonformation in
these cells by using 12 genomic markers in 3D-FISH as described before (Jhurghunwal
et al., 2008).

Although the 3’end of th&cra/Tcrdlocus is contracted similarly in DN and DP

thymocytes (see Chapter 2), our 3C studies revealed dramatically dstipéormation
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within this region during the DN-to-DP transition. In DP but not in DN thytes; an

E -dependent chromatin hub is formed at the 3’end of the locus. This chromatin hub
revealed strong associations with proximal(¥ig. 17A and C), 5’ Jsegments, and E
(Fig. 15A and B), but weak associations with intergenic regions (Fig. 17A afamg),
gene segments, and central J segments (Fig. 15A and B). This conformatsatesucl
essential elements required for initial-¥6-J recombination, and potentially functions
as a scaffold to facilitate initial Vto-J recombination. Notably, we found that B
required for interactions between proximal &d 5’ J segments in DP thymocytes (Fig.
17C and D). Although algh enhancer has been shown to be partially involved in the
locus contraction, our data provided the first direct evidence supporting the idéeethat
synapsis of two RSSs can be favored by a regulatory element. We conclule that
contributes tdl crarecombination not only at the transcription level but also at the
higher-order chromatin conformation level that promotes RSS synapsis.

How does E mediate interactions between proximaladhd 5’ J segments? One
possibility is that E introduces these elements into the same nuclear subcompartment.
Because germline transcription is required for recombination and RAG protdstpre
bind highly transcribed regions, transcription factories have been proposed tp overla
with the recombination centers (Lucas et al., 2011). The existence of transcripti
factories was first proposed based on the observation that new transcriptioncbiccarre
limited number of nuclear regions (Iborra et al., 1996). In addition, active gk
colocalize and interact with each other (Osborne et al. 2004; Li et al., 2012nplég

in these transcription factories. Eay, therefore, promote interactions between
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proximal V and 5’ J segments by recruiting them to the same transcription factories for
transcriptional activation. However, to prove this hypothesis is technicHludi

because currently there is no perfect way to identify or define trptisarfactories other
than by detecting foci of active RNA polymerase Il by microscopy.

As mentioned, th&cra/Tcrdlocus is fully contracted in DN thymocytes. We
expected thatcrd gene segments may also form a unique chromatin hub to sUjgpadrt
recombination. However, in 3C assays, we only detected weak interactimegibet
TRDV2-2 and TRDJ2/Efragments (data not shown) in DN thymocytes, even though
these segments can undefigwd recombination in DN thymocytes. Similarly, the
interaction between TRDV2-2 and TEA (very close to TRDV5) was low in DN
thymocytes (Fig. 17C and D). These data suggests that there are no high fré&jJanc
contacts foiTcrd recombination and that the fully contracted locus conformation may be
sufficient to supporTcrd recombination in DN thymocytes. This point could be further
verified by a more comprehensive analysis of interactions betWadrsegments in DN
thymocytes.

Although we identified multiple interactions at the 3’ end ofa/Tcrdlocus in
DP thymocytes, the breadth of interactions we can analyze is libytdte 3C technique.
To understand the global relationships between all sites at the locus,| werfoitm 4C-
seq, which allows unbiased analysis of all interactions with a specifioasith. 4C-seq
has been performed to identify three multi-looped structures as well as tereliff

types of interactions at thgh locus (Guo and Gerasimova et al., 2011). Using 4C, we
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could also detect any potential interchromosomal interactions and learrtadout
complex genomic network of interactions at different developmental stages.

CTCEF is well-known as a chromatin organizer and an insulator (Phillips and
Corces, 2009). Strikingly, within thecra/Tcrdlocus, CTCF binds almost all elements
essential foif cra recombination, including most \promoters, TEAp and E On the
contrary, CTCF does not bind theIDcluster and Eregions (Fig. 21A and B). This
unique CTCF distribution is distinct from the CTCF distributions atgheindigk loci
(described in Chapter 1.5, p.39-41) and may imply a unique role for CTQifan
recombination. However, knockout of CTCF does not completely disrupt the formation
of the E -dependent chromatin hub as-@&eletion does, suggesting that CTCF is not
essential for Einteractions (Fig. 26). In addition, in DP thymocytesskghtly
increases the amount of CTCF binding at certain proximaegments (Fig. 22A and
B), which may be important to stabilize the internal architecture of the afirohub.

As mentioned, knockout of CTCF in pre-B cells has recently been shown to
increase interactions betweenpdoximal V regions and regulatory elements at the 3’
end oflgk locus. Consistent with this, transcription of proximalivcreased and the
repertoire of V usage became proximal-Wiased in CTCF-deficient pre-B cells
(Ribeiro de Almeida et al., 2011). Similarly, deletion of CTCF-associatethBgk)
and IGCRL1 (atgh), both located between V and (D)J segments, resulted in proximal-V
biased repertoires, suggesting that these two CTCF site may play sotatain
orchestrating V segment usage at each locus (Xiang et al., 2011; Guo, Yoonrtid Fra

et al., 2011). However, in our research, knockout of CTCF in DP thymocytes resulted in
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reductions rather than increases of proximak¥gment transcription and interactions
with E . Strikingly, we observed aberrant interactions betwesd segments and
E and increasedicrd transcription in CTCF-deficient DP thymocytes (Fig. 26A and G).
Similar phenotypes were also observed in TEAPP thymocytes (Fig. 18B), in which a
CTCEF site at the core promoter is deleted. These data indicate that@GRreb@illing at
TEAp prevents Efrom activatingTcrd segments in DP thymocytes. Therefore, the
CTCF binding at TEAp may function similarly as at Sis and IGCR1, and ffieeeatt
phenotypes reflect replacement of proximal V segmeniicchygene segments at the
Tcra/Tcrdlocus. Nevertheless, the physiological role of the TEAp CTCF binding site is
difficult to formally evaluate because it is located within the core pranaoig is
required for TEAp activity in luciferase assays (Liang Chen, persomanunication).
Although potentially irrelevant to regulation in DP thymocytes, it will bergdgting to
determine whether TEAp has insulator activity by analyzing trgsts of rearranged
Tcrdgenes in TEAp T cells; transcription of recombindatrd genes is known to be
dependent on HSleckman et al., 1997).

Previous studies have shown that both conditional knockout of CTGk-Gre
in DN thymocytes and b@§d4-Cre in DP thymocytes results in defective TCRineage
development (Heath et al., 2008; Ribeiro de Almeida et al., 2009). Both mice revealed
reductions of DP and SP cellularity, but oflicf™ Ick-Cre mice displayed an increase in
ISP cells. The defect in thymocyte developmer@tct™ Ick-Cre mice was claimed to
be caused by impaired cell cycle progression during DN-to-DP transitiowe\tér,

what impairs DP-to-SP developmentGtcf” Cd4-Cre mice is unknown. In o@tcf
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Ick-Cre mice, we observed impaired-t6-J recombination in DP thymocytes. This
may partially contribute to the reductions of SP cells documented in pretiolisss

The cohesin complex has been shown to frequently colocalize with CTCF and to
function as an insulator and a chromatin organizer in a CTCF-dependent manner. In a
previous study, conditional knockout of cohesin subunit RadZ1d#Cre resulted in
reduced germline transcription of TEAp, reducedlEAp interaction in DP thymocytes
and impaired secondary Mo-J recombination (Seitan et al., 2011). Using CTCF ChIP-
seq and ChIP-gPCR, we confirmed that CTCF and Rad21 colocalize at TEAp, @sd E
described in the previous study (Seitan et al., 2011). Similar to the phenotiRze2ih
" Cd4-Cre mice, we detected reduced germline transcription of TEAp and reduced E
TEAp interaction in CTCF-deficient DP thymocytes isolated f@tef " Lck-Cre mice.
However, we observed that the defect intv-J recombination could be traced to a
defect in primary recombination instead of a selective defect in secardarbination
as in CTCF-deficient DP thymocytes. In addition, we detected algriraereasedrcrd
transcription and Enteractions with th&crd gene region in CTCF-deficient DP
thymocytes, that were not shown in Rad21-deficient DP thymocytes. The former
difference can be explained by the different timing of deletion. Rau21”" Cd4-Cre
mice used previously initiate deletion®&d21in early DP thymocyte, leaving sufficient
Rad21 protein to support primafgra recombination. Th€tcf™ Lck-Cre mice that we
used initiate deletion of CTCF in DN2 thymocytes, causing substantial @&QlEtion
in early DP thymocytes, thus, impact primary recombination. Howeveistitlipossible
that CTCF and cohesin have functions that are independent of each other. To prove that
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the different phenotypes &ad21” Cd4-Cre mice andCtcf” Lck-Cre mice result simply
from a difference in the timing of deletion, we have gener@tet{" Cd4-Cre mice that
will be used to compare witRad21" Cd4Cre mice.

According to Ann Feeney's CTCF ChIP-seq data, only a few CTCF binding sites
are located within intergenic regions. Among these CTCF binding sites, twargf the
which are located between TRDV3 and TRDV4 are particularly noticeligie1).

They stand out not only because of abundant CTCF binding but also because of their
unique location in th&cra/Tcrdlocus. These CTCF sites and the TEAp CTCF site form
the 5’ and 3’ borders of a region containing twg "Wo D and two Jsegments that are
used uniquely in T cells. Interestingly, we observed distinct regulation of
transcriptional activity upstream and downstream of these two CTCFrslieshi TEA-
deleted and CTCF knockout DP thymocytes (Fig. 20 and 25; the two CTCF sites are
located between DV2 and DV4), suggesting that they may function as anansoiat

this set ofTcrd gene segments.

A complication of studying these two CTCF sites is that they are alsodocate
within a novel 7kb potential/predicted regulatory element (PRE), which we igdriy
a formaldehyde-assisted isolation of regulatory elements meth@dn@ashown). The
accessibility of PRE varies in a developmental stage-specifiawaj¥Ap and E
suggesting that PRE may play a rold agrarecombination. However, besides CTCF
binding, PRE also possesses several properties, including (1) a novel serisgeger

transcript across PRE (data not shown), (2) an upstream RSS (tereasgbtor deleting

element or Rec, not attached to any coding gene segment and thought to deleté the D
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cluster by recombining to the 5’ th human DP thymocytes (de Villartay et al., 1988),
and (3) abundant RAG protein binding (David Schatz, personal communication). These
properties make it difficult to predict the physiological role of PRE an@TSF binding
sites. In addition, the fact that PRE is only activated at the DP stagamhé deleted in
anyTcrd andTcrarecombination events gives PRE a very narrow window to function.
Nevertheless, PRE still may be important to allow alleles that did not bacenm DN
thymocytes (~30%) to commit to Mo-J recombination in early DP thymocytes before
the Tcrd genes are deleted by the first round ofte-J recombination.

The mechanism of secondary recombination is less well understood than primary
recombination, but is thought to be driven by active promoters of rearrangahments
rather than by TEAp or other \promoters (Hawwari et al., 2007). We noticed that Ann
Feeney's Rad21 ChIP-seq data suggests that Rad21 preferentially biDEd@ding
sites in proximal V promoters but not those in distal @romoters, and that, like CTCF
binding, Rad21 binding is partially regulated by(Bata not shown). As mentioned,
Rad?21is required for secondafcra recombination (Seitan et al., 2011). Therefore, we
wonder whether Rad21 functions through binding to newly introducesements. To
further understand the regulation of secondama recombination, we will analyze
HYKI alleles, which replace proximal Vand 5’J segments with a recombined
sequence to mimic rearrangédra alleles (Buch et al., 2002). We will ask (1) whether
the newly introduced Vsegments are regulated bytBrough physical interactions; (2)
whether Rad21 binds to newly introducedtd target them for secondary recombination;

(3) whether CTCF is required for secondary recombination.
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To summarize, this dissertation enhanced our knowledge about regulaficnml of
andTcrarecombination by chromatin conformation both at the levels of large-scale
chromatin organization and DNA contacts. At the same time, organizatiechhmsms
were partially revealed. In DN thymocytes, the fully contradter@d/Tcrdlocus may
facilitate Tcrd recombination without high frequency DNA contacts. In DP thymocytes,
however, thél cra/Tcrdlocus adopts a 5’extended, 3’ contracted configuration and forms
a DP stage-specific chromatin hub within the contracted 3’end. This configuration
potentially facilitates initiall cra recombination by recruiting the proximal ¥egments
to the 5’J recombination center and thereby promoting RSS synapsis. Contraction and
decontraction of cra/Tcrdlocus is independent of known enhancers and CTCF, while
formation of the DP stage-specific chromatin hub is dependent andEis orchestrated

by CTCF.
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