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ABSTRACT OF THE THESIS

Association of E47 with Immunoglobulin Kappa Light Chain Enhancers in B

Lymphocytes and Its Implication in Allelic Exclusion

by

David Sehwan Hewett Kim

Master of Science in Biology
University of California, San Diego, 2008

Professor Cornelis Murre, Chair

The production of diverse antibodies in B cells is the end resulthef
combinatorial rearrangement of immunoglobulin genes. However, dgneechoice of
two immunoglobulin heavy or light chain alleles, a functional ezayement occurs
only on one allele at a given time, and B cells subsequently exqudase receptors
with a single specificity, a phenomenon termed allelic exclusithoAgh it has been a
subject of intensive research, the exact mechanisms for thkligsment of allelic
exclusion are yet to be fully understood. In this study, we provide resedeuggesting

that E47 might be involved in the differential accessibility 0b timmunoglobulin
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kappa light chain alleles. Using the combination of biarsenicaeygteine (TC)
labeling system and 3D fluorescence in situ hybridization (3DHF8 visualize E47
and the Ig locus, we demonstrate that the association of E47 with #hexignic/3”

enhancers in pro-B and pre-B cells is predominantly monoallelichétanore, the
analysis of the spatial distances between the distategion and the Ig enhancers
among pro-B and pre-B cells showing monoallelic E47 binding revelaédhe E47-
bound Ig alleles are in a more compact state than the non-E47-bouralldédes. In
addition, E47 association correlates with a more central subndotzdization of the
lgk locus.

Hence, our findings suggest that the monoallelic interactioraofs-acting
factors such as E47 and cis-acting regulatory DNA elemerghtmbntribute to the
establishment of allelic exclusion at thekIdocus by creating differential locus
environments. These findings may provide valuable insight into the @dteniversal

mechanism for allelic exclusion during lymphocyte development in general.
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Introduction

B lymphocytes are derived from hematopoietic stem cells jH&8Ghe bone
marrow through a series of highly regulated developmental st&ggs 1). Once
common lymphoid progenitors (CLPs) become committed to the B ai| they
undergo immunoglobulin heavy chain (IgH) rearrangement. This allowsthier
expression of a pre-B cell receptor (pre-BCR) whose subseqgeatisg serves as the
first developmental checkpoint and promotes the expansion and diffecanboépre-B
cells, followed by the rearrangement of immunoglobulin light cligh) genes. The
expression of a B-cell receptor (BCR) serves as the secondpmezital checkpoint,
ultimately leading to the generation of immature B cells. Thenaells migrate to
peripheral lymphoid tissues in which they become mature B celsuadergo Ig
isotype switching and somatic hypermutation upon antigen recognition.

The developmental progression of B cells is partly mediatettidogoordinated
action of lineage- and stage-specific transcription factoree €lass of transcription
factors known as basic helix-loop-helix (bHLH) proteins is of paldr importance.

Class | bHLH proteins, also known as E proteins, are transcription factors that

Pre-BCR BCR BCR BCR

IgH Dh~Jh
IgH Vh-Dhdh Igk DK -Jk Y Y Y

CLP —> | ProB e Pre-B —> | Immature | —> Mature | > | Activated
E2A E2A E2A E2A

E2A E2A

B220+ B220+ B220+ B220+
CD43+ CD43- CD25 Ight+
CD25 CDh25+ IgM+ IgD+
IgM- IgM- IgD-

Figure 1. Schematic diagram of B cell developmenShown is the progression of B cell development
and surface markers expressed at the correspostiggs. The developmental stages in which E2A is
known to function are noted with “E2A". (CLP = coramlymphoid progenitor)



specifically bind to the canonical “E box” sequence CANNKT@nd E boxes are found
in the promoters and enhancers of various lymphoid lineage-specific'yefike
mammalian E protein family includes E12, E47, E2-2, and HEB (Hebhaxebinding
proteinf®, all of which share a HLH dimerization domain and a basic redian t
mediates DNA bindint. In addition, E proteins have two highly conserved regions,
termed AD1 and AD2, that allow for the recruitment of co-activatoco-repressor
complexe®’. Among the E protein family members, E12 and E47, collectively known
as E2A proteins, are encoded by a single gdick2a, and arise from alternative
splicing of an exon encoding the bHLH redidrin developing B cells, E12 is generally
found as a heterodimer with E47 or other bHLH proteins, whereasug4iidn mainly

as a homodimér”®.

E2A proteins are highly expressed in developing B cells, and thporiemt
functions in B lineage specification and differentiation have beerodsimated in the
previous studies. First, E2A is required for the initiation of B delelopment in the
bone marrow as E2A-deficient mice show a complete developmental dtldbk pre-
pro-B cell stage, prior to the initiation of immunoglobulin heavy ithgene
rearrangemefit Additionally, E2A is crucial for the progression of B cell depenent
in the context of immunoglobulin gene rearrangement. It has been desedhshat the
over-expression of E47 in a pre-T cell line activates germlgie heavy chain
transcription and induces Dh-Jh rearrangeflefurthermore, the ectopic expression
of E2A along with RAG proteins in non-lymphoid cells such as embrykiditey cell
line BOSC23 is sufficient to activate germline transcription #md VkJ< gene

rearrangemeft™> Thus, these findings indicate that E2A proteins have potential to



promote immunoglobulin gene rearrangement and key regulators in the process.

The nature of interaction between E2A and immunoglobulin loci in theexb
of rearrangement can be further understood by studying the owtmatiture of
immunoglobulin loci and regulatory elements found within them. The murine
immunoglobulin kappa (kg light chain locus has been particularly well studied in this
regard. The murine iglocus is located on chromosome 6 and approximately 3.4 Mb
long™® (Fig. 2). There are about 14G\gene segments, which start about 20kb upstream
of five k gene segment cluster, and a single constant-region exypma@hly 2.5 kb
downstream of thexJgene segment clustaf®

Within the Ig locus, there are two well-characterized transcriptional resera:
« intronic enhancer () within the J-C introff*®and 3" enhancer (3idF° located 9 kb
downstream of €. Eik contains three E boxesE1, kE2, andE3. E2A proteins are
known to bind tocE2 andkE1 to a lesser extent, but ndE3*. Previous studies have
shown the importance of these enhancers, particularly E boxes fotiml tkem, for
lgk locus activation and gene rearrangement. It has been shown thationsut
introduced to eithexE1 orkE2 differentially reduce the efficiency efrearrangement,
and the effect of the simultaneous mutations of both E boxes is equivalent to that from

VK segments JK 1-5 segments

I | [ |

Figure 2. Schematic representation of murine germtie immunoglobulin kappa (Igk) light chain
locus. Ck, Eik, and 3"k denotexk-constant-region exong intronic enhancer, and k 3" enhancer,
respectively. The diagram is not drawn to scaleheThumber ofc gene segments shown are for
representation only, and do not reflect the aatuahber.




the deletion of the entire intronic enharféelherefore, understanding the importance
of E boxes within the Igenhancers in iggene rearrangement, it would be valuable to
study the binding of E47 to thedg@nhancers and its effect onclgpcus configuration.

If the nature of association between a protein and DNA regulalements
were to be understood, immunofluorescence in conjunction with FISH (fogores in
situ hybridization) can be used to characterize the interactionstudying the
localization and dynamics of a protein in living cells, the fusiogesfetically encoded
fluorescent proteins such as GFP to the protein of interesbdws a valuable tool.
However, GFP is potentially perturbative to the protein of @sedue to its large size
(238 amino acids), and therefore has potential to affect the actmiglization, and
conformation of its fusion partnet?: An alternative to GFP or other conventional
fluorescent proteins is biarsenical-tetracysteine (TC) lapediystem. Biarsenical-TC
labeling is used to fluorescently label recombinant proteins hgtigally attaching a
small motif (6 to 20 residues) containing the sequence -Cys-Qy&ly-Cys-Cys to
the protein of interest and exposing cells to a membrane-permeafitiorescent
biarsenical derivative of resorufin, ReA$HFig. 3). Upon the addition of ReAsH, each
arsenic atom in ReAsH forms a reversible covalent bond with a gbacysteine
residue®. ReAsH has the excitation and emission maxima at 593 and 608 nm,
respectively’, and the use of small competitive dithiol antidotes such as 1, 2-
ethanedithiol (EDT) minimizes non-specific binding and toxicity rskaic compounds
to endogenous proteins containing cysteine pairs

The biarsenical-TC labeling system provides unique capabildmnpared to

other conventional fluorescent proteins. First of all, its main advantage is that, due t
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Figure 3. ReAsH labeling of tetracysteine-tagged E4 (a) Chemical structures of resorufin and
ReAsH. (b) Design of MinVTAC E47TC construct. (@H@matic diagram of ReAsH labeling

the small size of the tag, the tetracysteine motif is mesk likely to perturb the
function of the protein of interéét> ReAsH also displays very little fluorescence
when complexed with EDT, but becomes brightly fluorescent upon bindimgTiG
motif*%. In addition, TC-tagged proteins are detectable immediately taieslatiori’,
whereas the folding of fluorescent proteins such as GFP igdar ihstantaneods
Thus, using the biarsenical-TC labeling system may provide a nodelnaproved
approach to visualize the interaction of a protein and its DNA-binding site.

In studying the binding of E47 to thexgenhancers in pre-B cells, IL-7
withdrawal can be used to differentiate pro-B to pre-B cellgitno. IL-7 is a stromal
cell-derived cytokine and necessary for the proliferation and diftetion of
committed B cell progenitors in vitt*®® Previous studies have shown that B cell
precursors grown in the presence of IL-7 undergo IgH VDJ rearragenetain IgL
locus in germline configuration, and do not express surfac€fg¥>* Upon IL-7
removal from the culture medium, there is an increase in RACGessipn, IgL gene

rearrangement, and expression of surface*lgMowever, upon IL-7 withdrawal, pro-B



cells undergo cell cycle arrest and subsequently cell death most likely dudd¢oadad
Bax to Bcl-2 ratio in the absence of IL-7 signaffagherefore, IL-7 withdrawal alone
would not allow for studying these cells through differentiation. Hawreit is known
that the over-expression of an anti-apoptotic protein, Bcl-2, promio¢esiability of
cytokine-dependent cells upon cytokine withdrawal. For instance, it teas db®wn
that the over-expression of Bcl-2 in IL-3-dependent pro-B cedisliand pro-myeloid
cell lines prolongs cell survival following IL-3 withdrawalTherefore, in order to
circumvent IL-7 withdrawal-induced apoptosis during the course of io pito-B to
pre-B cell differentiation, we over-expressed Bcl-2 in pro-Blscgrior to IL-7
withdrawal.

Using the combination of the ReAsH-TC labeling system and FISél, w
visualized the association of E47 with thex Ignhancers in pre-B cells, and
understanding the nature of the interaction has an important innohicat allelic
exclusion. Allelic exclusion, one of the most intriguing, yet eratic biological
phenomena, is the process by which B and T lymphocytes expresgla antigen
receptor, given the choice of two alleles for each gene. Henvekie underlying
assumption of this definition is that the rearrangement of Igsgenoeurs on a single
allele at a given time. Furthermore, a broader implicaticallelic exclusion is how the
rearrangement of Ig and TCR loci are controlled in differeneld@mental stages or
lineages. Despite new findings, the exact mechanisms behind alelicsion are far
from completely elucidated. However, many studies allowed ®rctnstruction of a
working model. One of the important underlying themes in allelitusian is negative

feedback inhibitior!. When there is a productive rearrangement on the first aliele a



subsequent expression of a functional receptor on the cell surfaG eRoression is
down-regulated, thus preventing rearrangement on the second’attgwever, if the
rearrangement on the first allele is not productive, RAG egpmesis not down-
regulated, and therefore the second allele can undergo rearentgelivhile this idea
is important for the maintenance of allelic exclusion, it doesaoccbunt for differential
rearrangement. Since RAG proteins are made available itmralinoglobulin loci for
potential rearrangement, it has been suggested that the conttwhmisen is probably
differential locus accessibility, Therefore, another theme that may contribute to the
establishment of allelic exclusion is differential chromatinngjes. There are two
cellular processes that could potentially mediate these changes: Digdhgdation and
histone acetylation. It has been demonstrated that DNA demetiytadrrelates with
locus accessibility and gene activation, and that the deraéthylof k genes is
monoallelic ink+ B cell§’*2 In addition, histone acetylation can also bring about
increased locus accessibility as it has been shown that indrbesdene acetylation
correlates with promotion of WDnl rearrangemefit The prevalent idea in DNA
demethylation and histone acetylation is that differential chiomelhanges are
mediated by local cis-acting eleméit€ Hence, these ideas suggest that allelic
exclusion is probably established at the chromatin level and in galiated by trans-
acting factors that bind to such cis-acting elements.

The potential role of E2A in allelic exclusion can be evaluated ogrihend of
differential locus environments mediated by its association thighlgc enhancers.
Locus compaction and subnuclear localization relative to nuclear psripdie serve as

indicators of relative locus accessibility. It has been showninth@aro-B cells IgH loci



show significantly higher frequencies of locus compaction comp&ved cells,
reflecting a locus state that is more conducive to rearrang@m@lso, it is well-
known that, when regulatory elements separated by relatively longakstare brought
into physical proximity, this leads to an open chromatin domain ancratct
transcription and other cellular proce$$€$” This is especially relevant forddocus
because its large size (>3Mb) poses a biophysical barrierp&aential gene
rearrangement. Thus, based on these ideas, the state of locustmmngzacreflect the
overall accessibility of a given locus.

Another way to assess locus accessibility is subnuclear latafiz Nuclear
periphery is known to be a transcriptionally repressive envirorffnédne study has
shown that IgH and IgL loci are preferentially located near aucperiphery in
hematopoietic progenitors and pro-T cells in which such perinuctezalidation
correlates with limited rearrangement, whereas these lgteatentrally located in Pro-
B cell§”*® Also,unopened alleles of immunoglobulin loci are known to be localized to
the nuclear periphery after B cells are induced to prolifétate

Therefore, if the correlation between E47 association and locus
compaction/central subnuclear positioning were to be made, this mighktder
additional evidence that E47 can potentially play a role in aléelcdusion. Based on
the previous findings that E47 has potential to control locus accdgsibli
immunoglobulin gene rearrangement during B cell development, itaatiten with Ig
enhancers is likely to be of importance. To address how E47 mightbcoatto the
establishment of allelic exclusion in pre-B cells, we empldipedReAsH-tetracysteine

(TC) labeling system and 3D fluorescence in situ hybridiza®®n KISH) to visualize



the association between E47 and the igtronic/3” enhancers. In this study, we
demonstrate that E47 associates with theigronic/3” enhancer region predominantly
monoallelically in pro-B and pre-B cells. Furthermore, E47 binding to thenbancers
correlates with locus compaction and central subnuclear lo¢gatizat pro-B cells and
pre-B cells. Thus, these findings indicate that the monoallelic enattiassociation
between trans-acting factors such as E47 and cis-acting t@gutéements is likely to
result in differential locus accessibility, and this mechanmsay prove to be a crucial

basis for the establishment of allelic exclusion.



Results

ReAsH signals observed upon labeling with ReAsH are tetracysteine tifespecific

We have previously generated the plasmid construct, MinVTAC E47TC,
containing E47 cDNA with a tetracysteine (TC) tag to allowtha expression of TC-
tagged E47 in pre-B cells. In order to test if TC-tagged E47 iesged and readily
detected with ReAsH above the background level, various control stainiegs
performed (Fig. 4a-e). When non-transduced Pro-B cells were staittednti-lamin
antibodies, no red fluorescence was observed as expected (Figwhah non-
transduced and MinVTAC E47-transduced pro-B cells were stawtbdReAsH, there
was little fluorescence observed in the nucleus (Fig. 4b-c). HAewéhere was some
background fluorescence detected in the cytoplasm, and this isiketstlue to thiol-
independent hydrophobic interactions between ReAsH and cellular compBramnts
increasing 1, 2-ethanedithiol (EDT), which helps to reduce beagkgr staining by
competitively binding to ReAsH, up to a millimolar concentratiosh bt significantly
reduce such non-specific staining in the previous optimization expatsn{data not
shown). On the contrary, upon labeling with ReAsH, MinVTAC E47TC-tlacsd
pro-B cells showed many distinct, concentrated puncta of Refgtals in the nucleus
(Fig. 4d). This indicated that TC-tagged E47 was properly lochlizethe nucleus.
Thus, these observations demonstrated that the fluorescence obselvelRedsH
staining upon the introduction of recombinant E47 was tetracysteine motifispecif

In addition, this study was the first attempt to visualize a BEp¥étein

interaction using the combination of the biarsenical-TC labeling systeml&hkid F

10
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non-transduced non-transduced MinVTAC E47-transduced MIinVTAC E47TC-transduced MinVTAC E47TC-transduced
ReAsH ReAsH ReAsH ReAsH/FISH

Figure 4. ReAsH signals are tetracysteine motif-spéic. (a-e) The staining conditions are denoted
above each image. The nuclear membrane is staiitbdamti-lamin antibodies and shown in blue. Red
and green are E47TC (labeled with ReAsH) and BACARP/IF16 (labeled with Alexa-488),
respectively. *All cells shown are cultured pro-&8ls.

Because some of the FISH procedures involve the use of HCI andenmgerature
incubations, all of which can potentially degrade proteins and intevigfre the
detection of TC-tagged proteins by ReAsH, we also tested the tbilyaof these
two labeling techniques. To this end, the stainings between ReAsHireatgd,
MIinVTAC E47TC-transduced pro-B cells and ReAsH/FISH-treatednVWIAC
E47TC-transduced pro-B cells were compared for ReAsH fluenesc(Fig. 4d-e). The
gualitative assessment of distribution and abundance of ReAsHssigaa done in
over 30 cells from each group (data not shown), and it did not ditjeifisantly
between two groups. Therefore, this indicated that ReAsH-TC iaoslystem and

FISH are compatible.

Pro-B cells display pre-B cell surface phenotypes following IL-7 whdrawal

It is known that, following the removal of IL-7 from the culture mediymo-B
cells up-regulate RAG expression, undergo IgL gene rarrangearghilisplay other
pre-B cell trait8®. Furthermore, the over-expression of Bcl-2 promotes the survival of

cytokine-dependent cells upon cytokine withdrawial order to differentiate pro-B
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Figure 5. Pro-B cells display pre-B cell surface pmotypes upon IL-7 withdrawal. (a-c) Flow
cytometry on cell size, CD43 and CD25 expressiced(fPro-B, Green: Pre-B (Day2), Blue: Pre-B (Day-
4), and Brown: Pro-B (unstained)). (d) Contour pp6tCD43 and CD25 expression at different time
points following IL-7 withdrawal. (e) Contour plof CD25 and IgM expression at different time points
following IL- withdrawal.

cells to pre-B cells in vitro and to promote cell survival, vemsduced pro-B cells with
a Bcl-2 construct prior to IL-7 withdrawal. During the course of/lwithdrawal, we
monitored cell size based on the forward scatter and surface pbenod evaluate the
extent of pro-B to pre-B cell differentiation in vitro. A drancatiecrease in cell size
was observed 2 days following IL-7 withdrawal, and there observedteef reduction
on day 4 post IL-7 withdrawal (Fig. 5a). This observation was consigfi¢h the fact
that large, cycling pro-B cells become smaller upon differentjanto non-cycling pre-

B cellg"*?*%
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We also measured the level of CD43 expression since ifpiessed on pro-B
cells, but not on pre-B cells. Flow cytometry data revealedtiea¢xpression of CD43
was down-regulated following IL-7 withdrawal (Fig. 5b, d). Althoutie cells
remained CD43 even 4 days following IL-7 withdrawal, CD4Bopulations were
usually observed 6 days after IL-7 removal (data not shown). Onothteagy, the
expression of CD25, which is expressed only on pre-B cells, folldivedpposite
pattern. Prior to IL-7 withdrawal, almost all cells were Z80(Fig. 5c, d). However,
even on day 2 post IL-7 withdrawal, there was a substantial propdrtibito) of
CD25 cell, and the proportion of cells expressing CD25 increased to ~37dayb.
Also, the CD25 expression was further up-regulated at later piongts (data not
shown). Lastly, we also checked if these pro-B cells couléréifitiate beyond the pre-
B cell stage in vitro. By day 4 post IL-7 withdrawal, a smedkction of IgM™ cells
started to appear (Fig. 5e), and as seen with CD25 expressiothex fys-regulation
was observed at later time points (data not shown). Thus, thesedlettad that pro-B
cells display pre-B cell surface phenotypes and, in general, m@aait® upon IL-7
withdrawal, and that this system can be used to study tHedgs in the context of pro-

B to pre-B cell differentiation.

Igk loci are more compact and centrally localized in pro-B angre-B cells than
Al12 cells.

Previously it has been shown that IgH loci show more compactionenthic
subnuclear localization in pro-B cells than T cells, and thesenfisdiemonstrated the

differential regulation of IgH in different lineagés Thus, before evaluating any
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specific interaction between E47 and the lgcus, we measured the locus compaction
state and subnuclear localization to see haowldgi are organized overall in different
developmental stages or lineages. By characterizing its organizae wanted to see
whether or not it is conducive to gene rearrangement. The conitguaditthe Ig locus

in pro-B and pre-B cells was determined by measuring the sdetiahce between two
regions found within the Iglocus by 3D FISH. Two different BAC probes were used
for this purpose: BAC RP23-234A12 probe targeting the distarégion and BAC
RP24-279F16 targeting thexdgntronic/3” enhancer region (Fig. 6a). In addition, A12
cells, which are 1.F9 E2A-deficient thymoma line transducigd ngtrovirus encoding
Bcl-2'3, were used as a non-B cell lineage control.

Our first observation was that thexlgpci were already compact in pro-B cells
and remained compact throughout pre-B cell differentiation (Fig. 6ljalyever, the
Igk loci were relatively non-compact in A12 cells (Fig. 6¢c-d). Whige average spatial
distances between the distak Yegion and enhancer region in pro-B and pre-B cells
were compared with those from Al12 cells, the differences statestically significant
in all cases as denoted by fhealues (Fig, 6d; Tab. 1). These results demonstrated that
the Igc loci are in a compact state in pro-B and pre-B cellseeefig overall locus
accessibility, and the locus compaction state is differentially resgbia B and T cells.

As another indicator of locus accessibility, we also assessdéxhuclear
localization by measuring the spatial distances from eitieedistal \« region or the
enhancer region to nuclear membrane. In both pro-B and pre-B cellgkthei are

centrally localized in comparison with A12 cells (Fig. 6e, &bTL.). Furthermore, we
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Figure 6. Overall Igk locus configuration and subnuclear localization irpro-B, pre-B, and A12 cells

(a) The murine Ig locus and positions of the two BAC probes aredatdid (not drawn to scale). The
colors of the probes are shown as follows: RP23A224(blue) and RP24-279F16 (green). (b} Igcus
compaction observed in pre-B cells (Day 2 post Wwithdrawal). (c) lg locus de-compaction observed
in A12 cells. (d) Scatter-plots of the spatial distes separating the distak Vegion and intronic/3”
enhancer region. (e) Scatter-plots of the spatshdces betweenw/2-135 and nuclear membrane. (f)
Scatter-plots of the spatial distances betweerEtké” enhancer region and nuclear membrane. Black
line represents the average distance within themr8&ignificant differences are denoted as follawin
*** (p < 0.001; extremely significant), ** (p < 01 highly significant), * (p < 0.05; significantand ns
(non-significant). Downward brackets indicate dgtaups taken for the pair-wise t test.

Table 1. Spatial distances separating & 2-135 and Ex/3 Ex, Vk 2-135 and nuclear membrane, and
Eik/3"Ex and nuclear membrane in pro-B, pre-B, and Al12 cedl Shown are average spatial distances
+ SD expressed in pnp values (*** and **) were calculated in comparisém A12 cells. (N = the
number of cells taken for analysis from each group)

Pro-B Pre-B (Day 2) Pre-B (Day 4) A12

N 60 68 88 30
Vk2-135-Eik/3'Ek | 0.34 £0.14 (***) 0.32+0.13 (**) 0.32 £ 0.12 (***) 0.59+0.30
Vk 2-135 — lamin 0.563 £0.33 (**) 0.57 £ 0.29 (***) 0.53 £0.30 (**) 0.39+0.26
Eik/3 Ex — lamin 0.57 £ 0.30 (***) 0.61 £0.29 (***) 0.58 +0.30 (***) 0.31+0.25
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observed that the tgenhancer region is farther away from nuclear periphery in pro-B
cells, whereas it is closer to nuclear membrane in Al2 cdiis. rBsulted in more
pronounced differential subnuclear positions of the enhancer regiowediathuclear
lamin in pro-/pre-B cells and A12 cells (Fig. 6f). Again thatistical significance was
measured based on thevalues (Tab. 1). Overall, these data indicated that the Igk loci
are in a relatively open configuration in pro-B and pre-B celig, that the Ig loci
already become accessible in pro-B cells. These results warsistent with our

findings on locus compaction state.

E47 associates with the Ig intronic/3” enhancers mostly monoallelically in pro-B
and pre-B cells

Our previous data compared the configuration of lgci among different
developmental stages and lineages. However, another important questgkwould
be how Igk loci are controlled within the same cell. The exgstinodel of allelic
exclusion suggests that differential locus accessibility deggrmine allelic choice for
rearrangement via DNA demethylation and histone acetyfafibff- Since such
chromatin changes are known to be mediated by the interaction betraes-acting
factors and cis-acting elements, we looked at the naturesefiaton between E47 and
the Igc intronic/3” enhancers to study its implication. We employeel ReAsH-
tetracysteine (TC) labeling system and 3D FISH to visudheeassociation in pro-B
and in vitro differentiated pre-B cells using IL-7 withdrawal. ihibe proportion of
cells showing monoallelic, biallelic, or no colocalization of E4thwihe Ig enhancers

was noted.
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Figure 7. The association of E47 with the Ig intronic/3” enhancers is predominantly monoallelic
(a) Proportion of cells in which monoallelic, bbéic, or no colocalization of E47 with thedgntronic/3”
enhancers is observed (N = the number of cellsyaedl from each group). (b-d) Examples of
monoallelic colocalization. (e-g) Examples of hétilt colocalization. Note: red (E47TC), green (BAC
RP24-279F16 probe targeting the lgnhancers), and blue (nuclear lamin). *When argoall is shown

in two images, Ig loci were found in different sections.

Our data revealed that E47 binds to the ilgronic/3” enhancer region mostly
monoallelically (Fig. 7a, b-d). We observed a substantial frequehaypomoallelic
association in pro-B cells, and the frequency of association sextefllowing IL-7
withdrawal: by day 4 about 50% of cells showed monoallelic agswtiaf E47. Also,
we observed a small fraction of cells (<10%) showing biallelisociation (Fig. 7a, e-Qg)
in all cases. However, in about 40-50% of cells at any givea piaint, there was no
association between E47 and thec lgnhancers observed. Thus, these findings

demonstrate that E47 interacts with thec lgnhancers mainly on one allele and
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the frequency of such monoallelic association increases in pre-B cells.

E47 association correlates with more compact iglocus configuration and central
subnuclear localization

Our previous results demonstrated the monoallelic association of E4Thei
Igk enhancers, and this suggests that such differential interactgin determine the
choice of allele during immunoglobulin rearrangement. However, inr aodassess if
E47 indeed plays a role in allelic exclusion, it is necessasyow that E47 association
somehow correlates with increased locus accessibility.eTore; we selected the cells
showing the monoallelic association of E47 with the &nhhancers, measured the
spatial distances between the distat ¥egion and the Ig enhancer region, and
compared the distances between the E47-associated alleletheamibn-associated
alleles. Our analysis revealed that the average spatiahcistdetween the distakV
region and lg enhancers were smaller on the E47-bound alleles comparedrtorthe
bound alleles. However, in order to understand the statistical isggraé of such
differences, a two-tailed t-test was performed pair-vBssed on the values, only the
difference in the spatial distances on day 2 was significaati. (2). While this alone
cannot conclusively establish the correlation, based on the overallinréimel average
spatial distances and the t-test data from day 2 post Illithdraiwal, we concluded that
E47 association correlates with more compact locus configuration pgemeking it a

more favorable environment for rearrangement.
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Table 2. Comparison of spatial distances betweenk2-135 and Ek/3 Ex between E47-bound and
unbound alleles in cells showing monoallelic assation of E47 and the Ik enhancers. (N = the
number of cells in which E47 associates with the &phancers monoallelically.y values were
calculated in comparison to non-colocalizing alieldthin each subgroup.

Pro-B Pre-B (Day 2) Pre-B (Day 4)

N 22 30 43

colocalizing allele 0.31+0.13(ns) | 0.28+0.13(*) | 0.30+0.12 (ns)

non-colocalizing allele 0351011 0.35+0.09 0321015

Table 3. Comparison of subnuclear localization of E7-bound and unbound alleles in cells showing
monoallelic association of E47 and the igenhancers.Shown are average distances between the distal
V« region or the Ig enhancer region and nuclear membranealues were calculated in comparison to
non-colocalizing alleles within each subgroup.

Pro-B Pre-B (Day 2) Pre-B (Day 4)
N 22 30 43
colocalizing allele 0.59 +0.22 (%) 0.63 +0.28 (ns) 0.54 +0.32 (ns)
Vk 2-135
non-colocalizing allele 0.50 +0.23 0.55 +0.27 0.52+0.26
colocalizing allele 0.61 +0.30 (ns) 0.65 +0.27 (ns) 0.59 +0.27 (ns)
Eik/3 Ex
non-colocalizing allele 0541024 0.60 +0.22 0.60+0.33

Based on the same idea, we wanted to see if E47 association amigtiate
with more central locus localization, another indicator of locussaduiéty. The spatial
distances between the distak Yegion or lg enhancer region and nuclear membrane
were compared between the E47-bound alleles and the non-bound alléleth pro-B
and pre-B cells, we saw more central localization associataded47 binding (Tab. 3),
but this difference was statistically significant only basedhe subnuclear localization

of the distal \& region at the pro-B cell stage. On day 2 post IL-7 withdrathal E47-
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bound alleles seemed farther away from nuclear periphery, but ffleeedce was
statistically non-significant based on the t-test. Interelstirgn day 4 following IL-7
withdrawal, we saw a reversed pattern of localization: althougte thvas not much
difference in the distances between the distalr&jion and nuclear membrane, when
we looked at the enhancer region, the E47-bound alleles actuallyclwsee to nuclear
periphery. However, based on the overall pattern, our data seemdicate that E47

binding associates with more central locus localization.



Discussion

During B cell development, allelic exclusion ensures that the ptiwduc
rearrangement of immunoglobulin heavy and light chain genes péd@s at one of two
given alleles, resulting in a monospecificity of all surfaceeptors. However, this
process brings a unique challenge for selective rearrangegieatt the ubiquitous
nature of the recombination machinery and recombination signal sequU&®8s),
there arises a need for mechanisms that determine which imlobualbg loci or allele
undergo rearrangement. Although feedback inhibition is known to be an amport
mechanism for maintaining allelic exclusion, this idea alonegsfficient to account
for the establishment of allelic exclusfdnThus, it has been suggested that differential
accessibility to the recombination machinery determines whiete atould rearrande
Furthermore, it has been proposed that differential accessilmlityrn, is established
by the interaction between trans-acting factors and enhanceather cis-acting
regulatory sequences, resulting in a cellular environment conduavethé
rearrangement of a given all&1é"*? In this study, we present evidence suggesting that
the differential association of E47 with thecligitronic/3” enhancers might contribute to

the establishment of allelic exclusion.

The Igk locus is in a compact configuration in pro-B and pre-B cells

A broader implication of allelic exclusion is the choice of immuabglin locus
for rearrangement at different stages during early Bdsselopment. For instance, Ig
gene rearrangement is sequentially controlled so that IgHsgemergo rearrangement

in pro-B cells as opposed to in pre-B cells, despite the aJ#yalwf the

21
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recombination enzymes to the IgL loci. Therefore, it would be impottakiow how
locus environments differ among different developmental stagesnwilié same
lineage or even different lineages. Therefore, we compared patals distances
between the distal % region and the ki3"Ex enhancer region in pro-B, pre-B, and
Al12 cells, and it was shown that thex llgci are in a more compact state in both pro-B
cells and pre-B cells, compared to A12 cells, which are non4B. ddlis observation
demonstrates that the lineage-specific control of locus environmaytallow for the
rearrangement of appropriate immunoglobulin genes at a given deweritgd stage.
Interestingly, the Ig locus was already compact in pro-B cells, and such compauftion
the locus might explain why igrearrangement could be observed before Ig heavy
chain expression in pro-B céffs

In addition, we looked at the localization of thec Ilpci relative to nuclear
periphery. As expected from our findings, the lgci were more centrally positioned in
pro-B and pre-B cells, reflecting their relatively open ogunfation. On the contrary,
the lgc loci remained close to nuclear periphery in A12 cells. Thus, altiglocus
compaction, the central localization of the& Igci reflects increased locus accessibility
in pro-B and pre-B cells. We also observed that theelghancer region is closer to
nuclear membrane in A12 cells than the distalr®gion is, whereas both the distal Vk
region and the enhancer region show comparable subnuclear positioningBrapdo-
pre-B cells. We previously saw a similar pattern with the &tHancer region and its
differential nuclear localization in pro-B and A12 cells (datastiawn). This raises the
possibility that the subnuclear positioning of such regulatoryeséwithin the Ig loci

may have a role in promotion of locus accessibility, but thiseisty be proven.
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E47 associates with the Igintronic/3” enhancers predominantly monoallelically

In order to understand the nature of association between E47 andkthe Ig
enhancers, we utilized the novel combination of the ReAsH-TC lgbgystem and 3D
FISH and noted the frequency of monoallelic, biallelic, and no cokataln of E47
with the Igc enhancers in pro-B and in vitro differentiated pre-B cells. Tiidyswas
the first to demonstrate that E47 associates with tkesidnancers monoallelically in
pre-B cells. Also it should be noted that we observed a significaoileince of
monoallelic association in pro-B cells. However, this was comsistéh the previous
finding that E boxes in both E£iand 3'Ek enhancers are already occupied in pro-B
cell*, Also this might explain why the dgoci are in a compact configuration in pro-B
cells as we observed previously.

Since the notion of differential locus activation in allelic esan would be
most easily explained by the monoallelic binding of E47, this findogfiecned our
initial hypothesis. However, we also observed a non-negligible propastipro-B and
pre-B cells showing the biallelic association of E47 and tkeelthancers. However,
this observation does not necessarily contradict the idea of difdrelocus
accessibility in allelic exclusion. The existing model of ladlexclusion allows for the
possibility that the second allele can become accessible and umdarggmgement if
the rearrangement of the first allele is not produtfiveurthermore, even following the
productive arrangement on the first allele, trans-acting factrse still presehtand
potentially interact with regulatory elements on the seconceall®wever, since RAG
expression is down-regulated upon the expression of a functional, pvedsigtface

receptor, the second allele can be in an open configuration, yet dandetgo
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rearrangemeht Nevertheless, it has been known that the expression of a functional
surface receptor also reduces the expression of E2A via fignigling®>. Thus, tonic
signaling should reduce the incidence of biallelic association. Howeseause E47 is
over-expressed in this study, and since the level of E2A has been shbenhe rate-
limiting step in the lg gene rearrangement as demonstrated in E2A heterozygous
mice®, a high level of E47 under the over-expression vector systencomigbute to
biallelic association. Thus, it is possible that such bialletisoeiation may not be

observed at the endogenous expression level of E2A.

Monoallelic E47 association correlates with differential locus ampaction and
subnuclear localization

The monoallelic association of E47 has an important implication in the
mechanism of allelic exclusion, but it alone is not sufficient xplaan how allelic
exclusion is achieved. Based on the fact that trans-actingy$azan mediate chromatin
changes, it would be imperative to draw a connection between E47 bimitingae
open locus configuration. In this study, we show that tkddgus is more compact on
the E47-bound alleles than the unbound alleles. A statistically sigmifdifference was
observed on day 2 post IL-7 withdrawal only, and the same trend wasexbser day
0 and 4. The lack of statistical significance at some of tme gpoints might be
attributed to the over-expression of E47, which can potentially aetitsatiownstream
targets and affect locus accessibility indirectly. Therefapeating this study using the
endogenous expression level of E47 would be insightful. Also, human E47 cDSIA wa

used for this study, and it is not clear how this would affect lcousmpaction
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differently than mouse E47. However, based on the overall trend of thial spa
distances, E47 binding seems to mediate locus compaction.

We also studied the subnuclear localization of theltgus as an alternative
strategy to see if E47 association correlates with an open kEousonment. We
observed a correlation between nuclear localization and E47 dgsoampro-B cells
showing the monoallelic association. However, such correlation wasupporsed by
thep value in pre-B cells on day 2, and on day 4 both E47-bound and unbound alleles
showed similar subnuclear localization with respect to the distategion, and the
Eix/3 Ex region was in fact closer to nuclear periphery on the E47-cadowphlleles.
This observation was in contrast to the previous finding that only omeallgle
localizes to nuclear periphery in pre-B cElif€ Such inconsistencies might stem from
the secondary effect of E47 over-expression or a relatively lowlsanumber used for
statistical analysis. Furthermore, since the statisticalysem were done on the
differentiating cells, it is the mixed populations of CD2Hhd CD25cells that might
have led to such statistical inconsistencies. However, basdtieonverall trend, it
seems that there is a correlation between E47 association andentna subnuclear

localization at the pro-B and early pre-B cell stages.

Potential mechanisms of how E47 might regulate locus accessibility

Our findings demonstrate that the nature of E47 association can doctrs|
accessibility. The next logical question to ask would be how Ed fealiate this. One
possible mechanism is histone acetylation, which has been implicatgtromatin

remodeling. Interestingly, E2A proteins are known to have potentialniwotdistone
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acetylation. It has been shown that E2A-deficient pre-B cells simpaired histone
acetylation at Ig intronic and 3" enhancers and reconstitution with E47 in these cells
can promote Ig histone acetylatidi. Furthermore, E2A has been shown to associate
with histone acetylatransferases such as p300 and EBf&long with the previous
observation that enhancers can recruit histone modifying enzymgsitioc?’, these
previous findings suggest that E2A may be directly involved in historiglaoen, and
E47 might act as a bridge between allelic exclusion and histoaeg/lation. Thus,
future studies might include the simultaneous visualization of E4R the Ig
enhancers and histone modifying enzymes at the Igk locus. If teoattelic
association of E47 and histone modifying enzymes is shown to pronifaeemlial
locus accessibility with the staining techniques we usedwibigd further support our
findings.

However, it is unlikely that E2A alone plays a role irx Igctivation. For
instance, the ectopic expression of early B cell factor (EBé1)g with RAG proteins
can induce IgH and IgL gene rearrangement in non-lymphoid €&lIFherefore, E2A
probably promotes locus accessibility along with other factogsedially in the context
of how E2A can promote locus accessibility, one possible candid&€&+4. Interferon
regulatory factor 4 (IRF-4) and related gene family memBé+-8 are known to be
necessary for the pro-B to pre-B cell transition and Igk loctisaiort>. It has been
shown that especially IRF-4 can directly bind d&d required for Ig activation in
pre-B cell$®. Previous studies have shown that IRF-4 can interact with Eftfe & E
cooperatively and IRF-4 promotes the recruitment of E2A t&3, Eurthermore, IRF-

4 deficiency leads to significant reduction of histone acetylation at bonlgancers.
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These findings suggest that E2A and other factors have potentiatitateadg loci
through histone modification and other mechanisms. Since our study irhateS2A
is at least partly responsible for differential locus acbédgyj it would be important to
find out what other factors can promotedcus activation along with E2A.

While the monoallelic nature of the interaction between tranagatdictors and
cis-acting enhancers could be one of several mechanisms fstéiishment of allelic
exclusion, additional studies will be necessary to truly undersienidniplication of our
findings. First of all, it would be important to study this phenomenonea¢hdogenous
expression level of E47. This could be done by creating knock-in mitte av
tetracysteine-tagged E2A exon in the endogenous locus and visualiziagstaation
of E47 with the Ig locus in primary pro-B and pre-B cells. If our findings werée
replicated using such transgenic mice, this would further supponatidity of our
results. Furthermore, it would be worth seeing if E12 could be involvedcus |
activation as its role in immunoglobulin gene rearrangement rgelia unknown.
Furthermore, Ig intronic and 3" enhancers are known to have differential functions in
the context of Ig rearrangement and gene expressibnBecause this study uses a
BAC probe spanning both intronic and 3~ enhancers, it does not difféeebéiveen
intronic enhancer and 3’ enhancer. Thus, it would be important to pinpdich w
enhancer E47 binds, and this can be done by using smaller DNA probesnight
reveal differential or synergistic roles of both enhancergsridcus activation prior to
rearrangement.

In this study, we have shown that E47 associates with tkeemdpancers

monoallelically in pro-B and pre-B cells, and that the E47-astsat alleles correlate
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with more open locus compared to the non-associated alleles. Thysrefudsents a
potential control mechanism for the establishment of alleldusion at the Ig loci.
Furthermore, the implication of monoallelic interaction betweanstacting factors
such as E2A and regulatory DNA elements might be extended t@ alelusion

observed at IgH and TCR loci.



Materials and Methods

Materials
ReAsH was a gift from Ben Giepmans in the Mark Ellismarbdratory

(University of California, San Diego, La Jolla, CA).

Mice and cell culture

All mice used were 6- to 8-week-old WT mice maintained onGb&BL/6
background. Pro-B cells were generated from femoral and tibial boaeow
suspensions by purification of B226ells using magnetic separation (Miltenyi Biotec)
and in vitro expansion for 7-8 days in Opti-MEM medium containing 10% tetlf
serum (FCS), 2% penicillin/streptomycin/L-glutamine (PSG), aB@uM -

mercaptoethanoB(ME) supplemented with IL-7 and SCF.

Generation of MinVTAC E47TC construct

pCSretTAC-E47TC was previously obtained from Kristina Beck. Both
pCSretTAC-E47TC and MIinVTAC E47 were digested with the mEg8in enzyme
Xhol. The restriction fragment containing the part of E47 cDNA &etracysteine
coding sequence from pCSretTAC-E47TC was ligated into MinVTAC &sliig T4
DNA ligase (Invitrogen). The tetracysteine motif FLNCCRGVIEP encoded by
MinVTAC E47TC was previously optimized for the increased affifolyReAsH and

dithiol resistance.

29
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Transfection for retrovirus production

HEK293T cells were used for retrovirus production. They were cdlture
DMEM with 10% FCS + 2% PSG. The medium was refreshed pricatsfection. For
a single transfection, 2ig of either MinV Bcl-2 or MinVTAC E47TC and fig of
pCL plasmid were added to deionized water up to 438 pl. Then 62 pl GaZM were
added to the DNA-dED mixture. The 500ul suspension was added dropwise to 500ul
2x HBS while vortexing the tube. Subsequently 1ml of the mixtureadded to culture
medium dropwise. The medium was aspirated 8h following transfie@nd HEK293T
cells were incubated in Opti-MEM containing 10% FACS, 2% PSG 5apiM 3-ME.

Viral supernatants were collected 24h and 48h following transfection.

Retroviral transduction and IL-7 withdrawal

After 7-8 days in culture, pro-B cells were transduced witm\MiBcl-2
construct. The viral supernantant supplemented with hexadimethrine branfig/ml
was incubated on ice for 10min. Cells were resuspended in viralnsuppant at the
final concentration of 1 x ECcells/ml, and the cell-virus suspensions were transferred
to a 6-well plate. Cells were centrifuged for 1.5h at 2500 ghn30C. Following
infection, cells were incubated for 2h at’G7 Subsequently cells were removed from
the 6-well plate and resuspended in Opti-MEM medium supplementedlwitrand
SCF at the concentration of 1.5 x*X@lls/ml. The following day, cells were transduced
with MinVTAC E47TC construct. Following the second infection, cellsenecubated
for two days, and huCD2%ells were purified using magnetic seperation (Miltenyi

Biotec). In order to remove IL-7, purified huCD2&ells were washed three times with
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Opti-MEM lacking IL-7 and SCF and incubated in the same mediu@7&E. The

medium was refreshed every other day following IL-7 withdrawal.

Flow cytometry

Fc receptors were blocked with anti-mouse CD16/32 antibody (eBiasgiéor
20 min on ice. Cells were stained with appropriate antibodies diimtéd. ml FACS
buffer (1x PBS/1% FCS) for 20 min on ice. Cells stained with hytattaed antibodies
were washed once with 1 ml of FACS buffer and incubated with atrept-
conjugated allophycocyanin (eBioscience) for 20 min on ice. Thewioly antibodies
were used for surface staining and purchased from either ed@ioscior BD
Biosciences: peridinin chlorophyll protein-conjugated anti-mouse CD45RVBRAS3-
6B2), fluorescein isothiocyanate-conjugated anti-mouse CD43 (eBioR2/60),
phycoerythrin-conjugated anti-mouse CD25 (PC61), and biotinylatednanise IgM
(11/41). Following surface staining, cells were analyzed on FA@®Bc™ flow

cytometer (Becton Dickinson).

ReAsH labeling

Prior to labeling, cells were washed twice with HBSS. Foh es&ining, ReAsH
labeling solution was freshly prepared by incubating 1mM ReAsH¥10M)2-
ethanedithiol (EDT) in DMSO for 10 min at room temperature. Thee rdixture was
then diluted 1:1000 in Hank’s balanced salt solution (HBSS; Invitrodeel)s were
suspended in 1ml of ReAsH labeling solution at 1.5%c&ls/ml. Cells were incubated

for 1.5 h at 37°C. After labeling, cells were rinsed once with HB&8®wed by three
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separate 10-min incubations with 100 uM EDT in HBSS at 37°C. Subsequeltsly
were rinsed twice with HBSS to remove residual EDT. Stainksl were applied onto
coverslips treated with poly-L-lysine (Invitrogen) and incubatedlfdrmin at 37°C.
The coverslips were washed once with 1x PBS to remove unattamls, and
subsequently the cells were fixed with 4% paraformaldehydel@omin at room
temperature (RT). Coverslips were washed once with 1x PBS eatgdrwith 0.1M
Tris-Cl (pH 7.2) for 10 min at RT. Then cells were washed ondxiRBS, and were
either used immediately for combined immunoflourescence/3D FISitboed in 0.1%

sodium azide in 1x PBS at 4°C for up to 1 month.

Combined immunofluorescence and 3D FISH

Following ReAsH staining and fixation, cells were permealdlizeith 1x
PBS/0.1% Triton X-100/0.1% saponin for 10 min at RT, and subsequently iadubat
with 20% glycerol/1x PBS solution for 20 min at RT. Then coverslipeeimmersed
in liquid nitrogen and thawed at RT, and two additional freeze-thales were done.
Coverslips were washed once with 1x PBS and incubated in 1x PBSIOitt¥ X-
100/5% bovine serum albumin (BSA) for 30 min at 37°C. The nuclear memivame
stained with anti-lamin A and B antibodies (Santa Cruz) dilutedkiRBS/0.1% Triton
X-100/5% BSA for 30 min at 37°C. Coverslips were washed twice i?B%/0.1%
Triton X-100/0.1% saponin for 10 min at RT with gentle agitation. Subsdgueells
were incubated with biotinylated anti-goat donkey antibodies supptethevith 5%
normal donkey serum for 30 min at 37°C. Coverslips were washed twide in

PBS/0.1% Triton X-100/0.1% saponin for 10 min at RT. Then cells washe&d once
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with 1x PBS and fixed with 2% paraformaldehyde in 1x PBS for 10 ah RT.
Coverslips were incubated in 0.1 M Tris-Cl (pH 7.2) for 5 min at & washed once
with 1x PBS. Subsequently cells were treated with 0.1 M HCI foni80at RT, washed
once with 1x PBS, and incubated in 1x PBS/3% BSA solution supplemerniied w
RNase A for 1h at 37°C. Then coverslips were washed with 1x PBS, and treated with 1x
PBS/0.5% Triton X-100/0.5% saponin for 30 min at RT. Coverslips were dasioe
with 1x PBS, and incubated in 2x SSC/70% formamide solution (pH. 7) fori@.atm
73°C, followed by an 1-min incubation in 2x SSC/50% formamide solution (pEit 7
73°C. Then excess formamide on coverslips was removed and 10 pl of zetidi
cocktail was added to each coverslip. Coverslips were mounted orshfless sealed
with rubber cement, and incubated overnight at 37°C. The hybridizationadockt
contained 400 ng of each labeled probe, 16 pg of mouse Cot-1 DNA, an® ug
salmon sperm DNA in 50% formamide, 2x SSC, 10% dextran sulfateprobes were
denatured for 5 min at 75°C, and chilled on ice. RP24-279F16 were labeled unsakg
translation kit (Roche) with Alexa-fluor 488-5-dUTP (Molecular PB)b8BAC RP23-
234A12 was labeled using a digoxigenin (DIG) nick translation kit li@pd~ollowing
37°C overnight incubation, coverslips were removed from glass sliddswashed
once in 2x SSC/50% formamide (pH. 7) for 15 min with gentle agitatand three
times in 2x SSC 5 min each at 37°C with gentle agitation. Subsequenghsiios were
incubated in 2x SSC/3% BSA/0.1% Tween-20 for 30 min at RT. The DIGe@iBAC
probe and lamin antibodies were detected by incubating cells Qyifaconjugated
mouse anti-DIG antibodies (Jackson Immunoresearch) and Marina Blusatey

neutravidin (Molecular Probes) diluted in 2x SSC/3% BSA/0.1% Twe€ior2B0 min
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at 37°C. Then coverslips were washed twice with 2x SSC/0.1%nFa@dor 10 min
each at RT with gentle agitation. Coverslips were washed onbelwiPBS at RT and

mounted on glass slides with Prolong.

Image acquisition and spatial distance calculation

Images were acquired with the DeltaVision deconvolution microscagiersy
(Applied Precision, Inc.) located at the UCSD Cancer Centaosuope facility. Using
a 100x (NA 1.4) lens, the images of 30-40 serial optical sectipased by 0.2 um,
were acquired. The data sets were deconvolved and optical sectpmisrposed to
produce 3D images using SoftWorx software (Applied Precision, dnca Silicon
Graphics Octane workstation. The 3D coordinates of the center sfohaach probe
were input into Microsoft Excel, and the distances separatin @acbe were

calculated using the equation

V(Xe— X022+ (Yo — V)2 + (Za — 23)2
where X, Y, Z are the coordinated of object a omphralues were calculated with
ANOVA test using nonparametric methods. All statisticaistegere done on GraphPad

Prism version 4.0.
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