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Abstract

Previous transgenic-reporter and targeted-deletion studies indicate that the subset-specific
expression of CD8af heterodimers is controlled by multiple enhancer activities, since no silencer
elements had been found within the locus. We have identified such a silencer as L2a, a previously
characterized ~220 bp nuclear matrix associating region (MAR) located ~4.5 kb upstream of
CD8a. L2a transgenes driven by the E8I enhancer showed no reporter expression in thymic
subsets or T cells in splenic, inguinal and mesenteric lymph node peripheral T cells. Deletion of
L2a resulted in significant reporter de-repression, even in the CD4+CD8+ double positive (DP)
thymocyte population. L2a contains binding sites for two MAR-interacting proteins, SATB1 and
CDP. We found that that binding of these factors was markedly influenced by the content and
spacing of L2a sub-maotifs (L and S) and that SATBL1 binds preferentially to the L motif both in
vitro and in vivo. A small fraction of the transgenic CD8+ single positive (SP) thymocytes and
peripheral CD8+ T cells bypassed L2a-silencing to give rise to variegated expression of the
transgenic reporter. Crossing the L2a-containing transgene onto a SATB1 knockdown background
enhanced variegated expression, suggesting that SATBL is critical in overcoming L2a-silenced
transcription.
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Introduction

The mechanism underlying CD4 and CD8 T cell lineage commitment has been the subject
of intense investigation over many years. ldentification of cis-acting regulatory elements and
factors controlling CD4 and CD8 gene transcription has been critical to the understanding of
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CD4/CD8 lineage differentiation. DNAse | hypersensitivity site (DH) measurements and
transgenic reporter assays of the ~80 kb region spanning the murine genomic CD8a and
CD8p locus identified four clusters (CI-CIV) of DH sites (Fig. 1A;(Hostert et al., 1997a).
Subsequently four enhancers (E8i-ES8iv, Fig. 1A), which overlap DH sites between CD8a
and CD8p, were shown to be involved in CD8 gene expression in CD8ap* T cells (Ellmeier
etal., 1997;Ellmeier et al., 1998;ElImeier et al., 2002;Garefalaki et al., 2002;Hostert et al.,
1998;Hostert et al., 1997b;Kioussis and Ellmeier, 2002). Each enhancer is CD8 lineage-
specific and is active at a defined T cell developmental stage.

Studies on the cis-regulatory elements within these enhancers revealed a complex network
of multiple lineage-specific elements. E8I, which overlaps CIl1-1,2 (DH cluster 111 sites 1
and 2), was shown to regulate expression of the CD8a gene in mature CD8+ T cells from
spleen and inguinal lymph nodes and in CD8ao homodimer-expressing intraepithelial
lymphocytes (IELS). Inactive in double positive (DP) thymocytes, E8; becomes functional
after positive selection (Ellmeier et al., 1998; Hostert et al., 1998). Enhancer E8,; (CIV-4, 5)
directs reporter expression in DP and CD8SP thymocytes as well as in mature peripheral
CD8+ T cells. E8yj; (CIV-3) is only active in DP thymocytes, whereas E8ly, (CIV-1,2)
directs reporter gene expression in both CD8* T cells and a subset of CD4™ T cells (Ellmeier
et al., 1998). These enhancers (I1-1V) are active in thymus-derived T cells, but not in
CD8oa* IELs.

Targeted disruption of E8I (ClI1-1,2) in vivo had no effect on CD8a and CD8p expression in
thymus-derived T cells, but CD8a.a expression in IELs was eliminated, suggesting that other
cis-acting elements could compensate for the loss of E8I in thymus-derived T cells (Ellmeier
et al., 1998; Hostert et al., 1998). Combined deletion of E8I and E8, resulted in variegated
expression of CD8SP and DP thymocytes as well as in reduced CD8 expression on mature
CD8* T cells (Ellmeier et al., 2002). Further studies demonstrated that E8; and E8,; deletion
led to impaired chromatin remodeling during T cell development (Bilic et al., 2006).
Combined targeted deletion of E8); and E8y;, did not significantly alter expression levels of
CD8a and CD8p in thymocytes or T cells (Feik et al., 2005). DH cluster Il was inactive in
transgenic reporter analysis, but as observed in E8-E8;, double deletion mice, cluster |1
deletion led to impaired CD8 SP frequencies with a small % of variegated expression
observed in peripheral CD8" T cells (Garefalaki et al., 2002).

The L2a element is located ~4.5 kb upstream of the CD8a gene (Fig. 1A, lower section)
where it resides within the first DH site of DH cluster Il (ClI-1), a short distance upstream of
two GATA-3 binding sites (Landry et al., 1993). L2a was defined by in vitro nuclear matrix
binding assays as a nuclear matrix attachment region (MAR) (Banan et al., 1997). MARs
frequently reside in close proximity to promoters and enhancers and have been shown to be
important transcriptional regulators during chromatin remodeling (Hart and Laemmli, 1998).
In stable transfection studies, inclusion within constructs of a 900 bp fragment that spanned
L2a significantly reduced the frequency of CD8+ T cells, suggesting that L2a may
negatively regulate CD8 transcription (Lee et al., 1994). This interpretation is consistent
with the observations (cited above) that deletion of the DH cluster 11/Cl11-1,2 region (which
spans L2a) results in variegated CD8 expression (Garefalaki et al., 2002) and that inclusion
of a fragment spanning DH cluster Il enables E8, to activate reporter gene expression in DP
thymocytes (Hostert et al., 1998).

Two MAR-binding proteins, SATB1 (Special AT-rich Binding protein 1) and CDP
(CCAAT displacement protein), bind L2a within AT-rich regions (L and S) separated by a
DH-containing region, INTER-LS (Banan et al., 1997; Lee et al., 1994) (Fig. 1A). SATBL1 is
predominantly expressed in the thymus and has been shown to bind to numerous MARS,
including those within the IgH and TCRf enhancers (Scheuermann and Garrard, 1999), and
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to associate with chromatin remodeling complexes (Yasui et al., 2002). SATB1 has been
shown to be critical for expression of the MHC Class | locus and the T2 cytokine locus
(Cai et al., 2006; Galande et al., 2007; Kumar et al., 2007). Targeted disruption of SATB1
blocked thymocyte development primarily at the DP stage, suggesting an essential role for
SATBL1in the development and maturation of CD+ 8 SP T cells (Alvarez et al., 2000;
Sinclair et al., 2001). Recent studies showed that SATB1 can promote breast tumor growth
and metastasis by re-programming chromatin organization and transcriptional profiles (Han
et al., 2008). CDP is ubiquitously expressed and binds to MARs and regulatory regions of
many genes of immunological interest. CDP knockout mice display neonatal lethality
(Luong et al., 2002) with both intrinsic and extrinsic defects in lymphoid development
(Sinclair et al., 2001; Zhu et al., 2004).

Here we utilized a transgenic approach to test whether L2a is the element within DH cluster
Il responsible for modifying the function of the E8, enhancer. Our results identify L2a as a
silencer for regulating CD8 expression. They further implicate SATBL1 as a positive
transactivator whose expression contributes to reversing the L2a-mediated silenced state.

2. Materials and Methods

2.1 Generation of transgenic mice

Wildtype (L2aWT) transgene construction was performed as described previously (Ellmeier
et al., 1998). The human (h) CD2 reporter gene was derived from a mouse CD4 reporter
gene construct produced by Sawada and coworkers (Sawada et al., 1994). hCD2 contains the
mouse CD4 exon I, a portion of intron | lacking the CD4 silencer, and the untranslated
portion of exon Il (a CD4 splicing module) fused to a human CD2 cDNA (Sayre et al.,
1987) with the SV40 polyadenylation site. It was modified by Ellmeier et al. (1998) to
contain a polylinker and a PCR-amplified mouse CD8a promoter (Nakauchi et al., 1987).
Mutant (L2aD) was created by a deleting the 210 bp Accl-BstX1 fragment spanning L2a
from L2aWT. The ~18 kB inserts were excised from the vector using Not I, purified, and
microinjected into the male pronucleus of C57BL/6 zygotes as previously described (Nie et
al., 2005). The C57BL/6 zygotes were chosen to generate transgenic mice to obtain an
inbred background. After the microinjection of transgene constructs, the zygotes that
survived injection were cultured overnight and those that developed to 2-cell embryos were
transferred into the oviducts of 0.5-dpc pseudopregnant female C57BL/6 mice.

2.2 Generation of transgenic mice with reduced levels of SATB1 protein

L2aWT, L2aD and L2aR transgenic mice were crossed to mice termed SATB1 “reduced”
(Nie et al., 2005) in which SATB1 expression was reduced specifically in T cells by
homozygous anti-sense inhibition (strain designated as As*/*) as measured by quantitative
western analysis in peripheral T cells and in thymocytes. In addition, to further reduce
SATBLin T cells, one SATB1 allele in As*'* was disrupted by homologous recombination
(strain designation As**SATB1*/7) (Nie et al., 2005). Backcrosses of L2aWT and L2aD
mice with As*'* mice produced L2aWT*As*"* and L2aD*As** mice. These mice were then
bred to As**SATB1*/~ such that ~25% of the offspring resulted in the most highly reduced
(~32% of wildtype) L2aWT*As**SATB1*~ and L2aD*As**SATB1*/~ genotypes.
Southern blots of tail DNA were used to identify positive founders that developed from
injected zygotes using a probe from the CD4 splicing module of the hCD2 portion of the
transgenes (Sawada et al., 1994). Founders were bred to C57BL/6 to obtain transgenic
progeny for subsequent analyses. All animals analyzed were between 4 and 8 wk old
following euthanasia according to IACUC guidelines.
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2.3 Isolation of lymphocytes from mouse thymus, lymph nodes and spleen

Thymus, inguinal lymph nodes and spleen were removed from euthanized mice and placed
into 60mm dishes containing HBSS (Sigma) buffer. Tissues were passed through a 70
micron nylon cell strainer (BD Biosciences) to prepare single cell suspensions. To remove
red blood cells, isolated cells were incubated in RBC lysis buffer (0.5M NH,4CI, 0.15M Tris-
HCI [pH7.65]) for 5 minutes at room temperature. Cells were washed with HBSS and ready
for desired treatment and analysis.

2.4 Isolation of intestinal IELs

IELs were isolated by a modified method based on a procedure previously described
(Ellmeier et al., 1997). The small intestine was removed from euthanized mice and washed
with RPMI medium. The small intestine was turned inside-out over a glass tubing and
incubated in 30ml of RPMI for 45 minutes at 37°C with low speed rotation to release the
IELs. The released IELs was passed through a 70 micron cell strainer to filter out debris.
Cells were centrifuged (1,000 rpm, room temperature) and resuspended in appropriate
volume of RPMI medium. Cells were then purified with Ficoll-Pague Plus (Amersham)
centrifugation (2,000 rpm, 30 min, room temperature), and washed with HBSS buffer.

2.5 Flow cytometric analyses

Isolated cells were washed with HBSS (Sigma) buffer twice at 1,000 rpm, 4°C, and
resuspended in Hanks buffer (HBSS with 2% FBS and 0.1% sodium azide) on ice. Cells
were counted and ~1x106 cells were used for subsequent staining. After incubation on ice
with Fc-block for 15 min, cells were stained with the desired antibodies for 45 min. Flow
cytometric analysis was carried out with monoclonal antibodies (BD Pharmingen) directed
at the following cell surface molecules: hCD4 (RM4-5), CD8a (53-6.7), CD8p (53-5.8) and
human CD2. Following two washes with Hanks buffer and one wash with HBSS, cells were
fixed in 1% paraformaldehyde and analyzed immediately. Cells requiring secondary
antibody staining were incubated on ice with the appropriate reagent for 30 min after the
wash steps of the first staining. Cells were then washed and analyzed on a BD FACScalibur
using CellQuest Pro software. Accurate CD8a. transcriptional reporting by hCD2 staining
has been established in previous studies (Elimeier et al., 1997; Ellmeier et al., 1998;
Ellmeier et al., 2002; Garefalaki et al., 2002; Hostert et al., 1998; Hostert et al., 1997b;
Kioussis and Ellmeier, 2002) and was confirmed in several of our transgenic lines by semi-
quantitative RT-PCR (data not shown).

2.7 Cell sorting

Thymic, lymph node and splenic tissues were teased to a single-cell suspension through a 70
um cell strainer (BD Labware) in tissue medium. Cells were centrifuged at 485g for 5 min
and resuspended in tissue medium. Cells were labeled with anti-CD4 and CD8 antibodies
and separated on magnetically labeled MicroBeads (Miltenyi Biotec GmbH) as previously
described (Nie et al., 2008). Retained fractions were eluted and used immediately for culture
and subsequent studies. Thymocyte populations were also sorted by flow cytometry on a BD
FACS Aria to >95% purity based on CD4/CD8 expression off a CD3 gate (Nie et al., 2005).

2.8 Preparation of nuclear extracts

Nuclear extracts were prepared as described by Dignam et al. (Dignam et al., 1983). All
steps were performed at 4°C or on ice. Approximately 2x108 cells were harvested and
washed in PBS. The cells were resuspended in 5 ml buffer A (10mM HEPES [pH7.9],
1.5mM MgCl,, 10mM KCI, 0.5mM DTT, and protease inhibitor cocktail (Roche) and
incubated for 10 min. The cells were pelleted at 1,000g for 10 min and resuspended in 2ml
of buffer A. Cells were lysed with an homogenizer (10 strokes, B pestle), and the nuclei
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were pelleted at 1,000g for 10 min. The nuclei were washed once with 2 ml of buffer A and
then resuspended in 0.5-1.0 ml of buffer C (20mM HEPES [pH7.9], 25% glycerol, 0.42M
NaCl, 1.5mM MgCl,, 0.2mM EDTA, 0.5mM DTT, and protease inhibitor cocktail), and
homogenized (20 strokes, A pestle). The sample was magnetically stirred for 30 min and
then pelleted at 15,0009 for 30 min. The supernatant was recovered and dialyzed against
buffer D (20mM HEPES [pH 7.9], 20% glycerol, 0.1M KCI, 0.2mM EDTA, 0.5mM DTT,
and protease inhibitor cocktail) for 3 hr. After dialysis, nuclear extracts were centrifuged at
15,000g for 20 min, and supernatants were quick frozen in liquid nitrogen and stored at
—80°C. Protein concentration was determined by Bradford assay.

2.9 Electrophoretic mobility shift assays (EMSAS)

Nuclear extracts (2-5ug) were mixed with poly-(dI-dC)(2ug) in binding buffer (20mM
HEPES [pH 7.9], 20% glycerol, 0.1M KCI, 0.2mM EDTA, 10mM DTT, and protease
inhibitor cocktail). Binding reactions were performed in 25ul total volume at room
temperature for 5 min. After 20 min incubation with end-labeled probe (0.2 ng), samples
were electrophoresed at 120V for ~3 hr through a 4% polyacrylamide gel (29:1) in 1XTBE
buffer (90mM Tris-HCI [pH 8.0], 90mM boric acid, and 2mM EDTA). Gels were dried for 1
hr and autoradiographed for 4 hr, using phosphoimage screens, or overnight, using films
with intensifying screens at —80°C. For competition assays, unlabeled competitor DNA
fragments were added to the reaction before the addition of radiolabeled probes. For
antibody inhibition assays, 2l of appropriate dilutions of polyclonal anti-SATB1 (Banan et
al., 1997) and anti-CDP (Wang et al., 1999) were added to the reaction before the addition
of radiolabeled probes. Immunodepletions were carried out as previously described (Banan
et al., 1997) under conditions and criteria detailed in the legend to Figure 3.

2.10 Chromatin immunoprecipitation (ChlIP)

ChIP was performed as described previously (Sheldon et al., 2001) with minor
modifications. Total thymocytes or magnetically sorted DP and CD8SP thymocytes were
fixed in PBS containing 1% formaldehyde at 37 °C for 10 min, followed by further
incubation at 4 °C for 2 hr. Nuclei were isolated and digested with micrococcal nuclease at
37 °C for 10 min. Soluble material containing predominantly mono-nucleosome and bi-
nucleosome (>90%) was isolated by centrifugation and diluted with buffer containing 0.01%
SDS, 1% Triton X-100, 1.5 mM EDTA, 15 mM Tris, pH 8.0, 15 mM NaCl, 5 mM sodium
butyrate, 10 mM NaF, and 1X protease inhibitor cocktail (Roche). Nucleosomes were pre-
cleared first by incubation with protein G beads alone, then mouse 1gG1 and protein G
beads. Pre-cleared samples were divided and incubated overnight with anti-SATB1 mouse
monoclonal antibody (Transduction Labs) or mouse 1gG1. Agarose-conjugated immune
complexes were washed, eluted and then digested with proteinase K, followed by phenol/
chloroform extraction and ethanol precipitation with glycogen, and the precipitate was
resuspended in 50 pl of TE buffer. Five ng of DNA was added to a PCR reaction using
either primers that amplify the entire L2a region (forward:
CATCATGCTGGCAATGAACT,; reverse: GGGAAGCAGTGAGCAACTTC) or primers
specific for the L sub-region (forward: AAGTGAGGTCCAGGACAGTC; reverse:
GACCAGCATGAGTGCTTCTG). Twenty five cycles of PCR were performed (TagDNA
polymerase Kit; Invitrogen Life Technologies) in which each cycle consisted of 30 s of
denaturing at 94°C, 1 min of annealing at 59°C, 90 s of elongation at 72°C, and 10 min at
72°C. PCR products were resolved on 5% acrylamide gels and stained during
electrophoresis by ethidium bromide.

2.11 DNase | footprinting

The DNase | footprinting of EMSA-isolated bands was performed as described (Banan et
al., 1997). Following addition of optimized concentrations of DNase | (Ambion), samples
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were were loaded onto a 4% polyacrylamide gel (29:1) and electrophoresed at 120V for ~3
hr. The retarded bands and free probes were excised, eluted in 0.2M NaCI-TE,
phenol:chloroform (2:1) extracted and ethanol precipitated with 100pg/ml yeast tRNA
carrier. The dried DNA samples were resuspended in 0.1M NaOH:formamide (1:2 v/v),
0.1% xylene cyanol, 0.1% bromophenol blue) and then electrophoresed through an 8%
sequencing gel. The markers were produced by PCR using a DNA sequencing kit
(Promega).

2.12 Cell lines

3. Results

The murine T cell lines VL3.B4 (provided by Dr. I. Weissman, Stanford University) and
BW5147 were grown in DMEM media supplemented with 10% fetal bovine serum (FBS).

3.1 Construction and initial expression analyses of wild-type and L2a-lacking transgenes

An hCD2 reporter gene previously demonstrated to accurately report CD8a expression
(Owen et al., 1988) was utilized for our transgenic constructs (Fig. 1A). In addition to the
wild type L2a-containing construct (L2aWT), a 210 bp Accl-BstX1 fragment was deleted
from the 4 kb DH cluster 11 fragment to generate a construct lacking L2a (termed L2aD; Fig.
1B). Seven independent L2aWT and 5 independent L2aD mutant strains with copy numbers
varying from 2 to >10 (Table 1, Suppl. Fig. 1) were constructed in C57BL/6 mice. We
observed no correlation of copy number with reporter expression (Table 1), nor did we
observe significant variation of reporter expression within any of the transgenic lines after
2-3 generations (data not shown). Data were consistent among all of the independent lines
with the exception of L2aWT1 and L2aD3 (Table 1) in which aberrant expression likely
resulted from positional effects. No significant alterations in T cell development were
observed in any of the transgenic strains (representative analyses in Fig. 2A-C, left panels
and full data sets in Suppl. Figs. 2-4).

3.2 Transgenic expression of a CD8a reporter containing L2ais silenced in T cells

A representative analysis of thymocytes isolated from one of seven independent transgenic
mice carrying the L2aWT transgene is shown in Fig. 2A (center panels). Six out of seven of
our L2aWT transgenic mice showed very low to undetectable levels of hCD2 expression in
thymus-derived DP and CD8SP or peripheral CD8+ T cells from inguinal LN (Figs. 2A and
2B, Table 1, Suppl. Figs. 2 and 3). Only one L2a-containing transgenic line, L2aWT1,
expressed significant levels of hCD2 in CD8SP (80.4%) and DP (80.3%) cells (Table 1,
Suppl. Figs. 2 and 3). This may result from a strongly enhancing position effect of transgene
integration. Neither CD4SP thymocytes nor LN-derived CD4+ T cells expressed hCD2 on
their surface, confirming the CD8+ T cell subset specificity of the transgenic E8,-driven
construct (Figs. 2B and 2C, Suppl. Figs. 2 and 3).

3.3 Reporter expression in both thymocytes and mature T cells is observed in transgenic
mice lacking the L2a element

Representative flow cytometric analyses of hCD2 expression on thymocytes and lymph
nodes from one of five L2aD transgenic mice are shown in Figs. 2A and B (right panels)
with full data sets shown in Suppl. Figs. 6 and 7, and summarized in Table 1. Significant
CD8 reporter expression was observed in CD8SP and DP thymocytes and in LN CD8+ T
cells in 4 of 5 L2a-deleted mice. Thus, L2a is the element responsible for silencing the
reporter activity of our WT transgenes in the thymus and the periphery.

We also observed that four of five L2aD transgenics expressed detectable levels of hCD2
reporter activity in CD4SP thymocytes but not in peripheral CD4* T cells (Fig. 2, Suppl.

Mol Immunol. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao etal. Page 7

Figs. 6-8). These results suggest that in addition to its silencer function, L2a may contribute
to the exclusive CD8 subset specificity of the E8; enhancer.

3.4 L2arepresses CD8 reporter expression in CD8aa* intraepithelial lymphocytes

CD8aa+ homodimers are expressed on IELs within the small intestine (Traver et al., 2000).
To determine if the hCD2 gene is co-expressed on cells bearing CD8aa+ homodimers, IELs
were isolated from both L2aWT and L2aD transgenic mice and tested for reporter
expression (Fig. 2C, Table I, Suppl. Fig. 4 and 8). Reporter expression on both CD8aa™ and
CDS8up* IELs isolated from the L2aWT strains showed similar silencing as CD8+ T cells
isolated from inguinal LN. Furthermore, variegated reporter expression was also observed in
IELs from L2aWT mice. In IELs isolated from L2aD mice, which lack the L2a element in
the transgene, hCD2 reporter expression was observed on both CD8ao+ and CD8af+
subsets at levels comparable to those in lymph node CD8* T cells (Fig. 2B and Table I).
Thus, L2a acts as a silencer element that controls CD8a transgene reporter expression in
CD8aa+ IELs as well as in CD8af3 thymocytes and peripheral T cells.

3.5 Variegated expression of CD8a reporter activity in CD8 T cells

Although our six transgenic L2aWT strains demonstrated suppressed reporter expression in
thymic CD8SP and CD8+ peripheral T cells, four independent strains exhibited significant
hCD2 expression levels within a small population (1-5%) of CD8SP thymocytes (Figs. 2A
and 2B, Table 1, and Suppl. Fig. 2). This small subset had similar reporter levels (MFI: 42 —
91) as CD8SP thymocytes in L2aD mice (see below) and they formed a population clearly
distinct from the majority of reporter-negative cells. A small population of CD8*, hCD2-
positive T cells (2-9%) with significant MFI (61-107) was observed in LN as well (Fig. 1C,
Table 1, Suppl. Fig. 3).

These populations are reminiscent of E8l-mediated variegated expression observed
previously (Ellmeier et al., 1997; Ellmeier et al., 1998; Ellmeier et al., 2002; Garefalaki et
al., 2002; Hostert et al., 1998; Hostert et al., 1997b; Kioussis and Ellmeier, 2002). Sorted
CD8SP transgenic thymocytes were treated with pronase to remove surface hCD2 and
placed in culture at 37°C for 18 hours. Reporter expression on both L2aWT5 and L2aD5
sorted cells was restored within 18 hours of treatment (Suppl. Fig. 5). This indicated that the
transgenes have retained their ability to re-express the reporter molecules and that the
L2aWT hCD2 reporter activity in the small fraction of CD8* T cells is the product of stable,
variegated expression. Further consistent with this conclusion, four independent lines of
transgenic mice that were bred for several generations expressed a reporter positive
variegated reporter population of CD8+ T cells in thymus and the periphery.

These results indicated that rare cells have bypassed L2a-mediated silencing and exhibit
normal CD8 cell surface protein expression, resulting in variegated expression of the hCD2
reporter within the majority of the repressed CD8+ T cell subset.

3.6 Differential recognition and binding modalities of SATB1 and CDP for L2a

The L2a element was first identified as a MAR which bound SATB1 and CDP at the A/T-
rich L site (Fig. 1A) (Banan et al., 1997). We reasoned that determining the mode by which
SATB1 and CDP bind to L2a might help to explain how the L2a region represses CD8
reporter transcription.

Banan et al (1997) had suggested that CDP binding required both the L and S motifs (Fig.
1A), whereas SATB1 binding required only L, indicating that the spacing and/or
composition of the intervening region (INTER-LS spacer) was critical. We created L2a
mutants in which the INTER-LS spacer was expanded by variable GC-rich, 22 bp insertions
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(Fig. 3A). These were evaluated in EMSAS using nuclear extracts from BW5147, a DN
thymoma that expresses CDP, but not SATB1, and in VL3, a CD8+ T cell lymphoma that
expresses both CDP and SATBL1 (Banan, et al, 1997). EMSA performed in BW5147
revealed that expanding the INTER-LS spacer markedly decreased CDP binding (Fig. 3B).
Consistent with this observation, unlabeled spacer mutant fragments competed poorly
compared to wild type for CDP binding (Fig. 3C). Spacer insertions significantly reduced
CDP binding in VL3 (Fig. 3D), although the inclusion of non-specific (Fig. 3E pre-immune
lanes) or anti-SATBL1 (Fig. 3E anti-SATB1 Ab lanes) antibodies appeared to ameliorate
inhibition, particularly with the shorter (GC-2 and GC-4) insertions.

In contrast, SATB1 bound to all of the mutant probes (Fig. 3D), often forming stronger
complexes with the insertions (Fig. 3E). Notably, SATB1 bound most strongly to the most
extended (GC-4) spacer to which CDP bound most poorly (Fig. 3D). Furthermore, the
mobilities of the SATB-1 complexes were retarded as spacer length was increased (Figs. 3D,
E and re-addressed below). Anti-CDP and anti-SATB1 antibody ablations eliminated their
respective complexes, but had no reciprocal effects, suggesting that binding of SATB1 and
CDP is not cooperative (Fig. 3E). Two experiments support this interpretation: First, when
the VL3 extract was immunodepleted (Materials and Methods) of the CDP-DNA complex
and EMSA carried out with the spacer mutated (GC-1 and GC-2) oligos as probes, the
pattern of SATBL1 binding (Fig. 3E) was similar to that observed in Fig 3D (data not shown).
Second, DNAse footprinting of these same probes indicated that CDP binds to both L and S
wild-type L2a, but did not induce any conformational alterations, and binding is lost as the
spacer is extended; SATBL1 binds primarily to L in all probes with strong hypersensitivity
induced within the INTER-LS (Suppl. Fig. 9 and 10)

These results are consistent with the predictions of Banan et al (1997) and indicate that CDP
binding to L2a is influenced by spatial constraints imposed by the distance or
conformational relationships between the L and S motifs. SATB1 appears to bind to the L-
region independently of CDP regardless of context alteration (ie, DNase | hypersensitivity)
achieved by INTER-LS insertions.

3.7 SATB1 outcompetes CDP in binding to the L2a element in vitro

A potential consequence of the differential L2a binding modes of CDP and SATB1 would
be that one of the two factors may be able to efficiently displace the other from occupied L
motifs. To test this possibility in vitro, protein competition-EMSA assays were performed
using nuclear extracts from the VL3 cell line that had been immunodepleted of one or the
other factor (Materials and Methods). This allowed us to compare relative binding of the two
factors and their T cell-associated complexes semi-quantitatively using equivalent amounts
of L2a binding activity (Fig. 4A, lanes 8-9; Fig 4B, lanes 1-2). When extracts containing
binding equivalents of CDP and SATB1 were mixed 1:1, SATB1, but not CDP bound
limiting amounts of radiolabeled L+S (WT200) probe; Fig. 4A, lanes 1-4). CDP-DNA
complexes were observed only where the probe was no longer limiting (Fig. 4A, lanes 5-7).
The same results were observed when two-fold excesses of either CDP (Fig 4B, lanes 3-8)
or SATBL1 (data not shown) binding activity were analyzed in similar mixing experiments.

3.8 SATB1 is recruited to L2a L-site chromatin in T cells

The above observations indicate that SATBL, a transcriptional activator in thymocytes,
binds to L2a with significantly higher affinity than the general transcriptional repressor,
CDP. We performed ChlIP assays using primers designed to specifically amplify the entire
L2a region or the L-site-bound chromatin. As shown in Fig. 4C, L2a-site-containing
chromatin prepared from unfractionated, DP and CD8SP thymocytes was specifically
immunoprecipitated by anti-SATB1 (Fig. 4C). Specific SATB1 recruitment was also
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observed for the L-site. However, recruitment of SATBL1 to the S-site or recruitment of CDP
to L2a of either subsite was undetectable (data not shown).

We conclude that L2a, and specifically the L region of L2a, is an in vivo target of SATB1 in
thymocyte populations where functional repression via L2a was observed.

3.9 L2a-dependent CD8 variegated expression requires SATB1 in vivo

We reasoned that if SATB1 promotes L2a-mediated CD8 silencing, reducing SATB1 levels
should increase the variegated CD8 expression observed in L2a WT transgenics (Fig. 2,
Table 1, Suppl. Figs. 2-4). Alternatively, if SATB1 overcomes L2a-depending silencing
mediated by CDP (or some unknown repressor), variegated expression levels should
decrease. SATB1 homozygous knockout (KO) mice survive to only 3 weeks after birth with
T cell development blocked mainly at the DP stage; the few SP T cells remaining undergo
rapid apoptosis (Alvarez et al., 2000). To circumvent this problem, we bred our L2aWT and
L2aD transgenes onto strains (Nie et al, 2005) in which T-cell specific expression of SATB1
is reduced to ~62% of WT levels by homozygous expression of an LCK-driven SATB1
antisense (As*/*) transgene. We achieved stronger SATB1 reduction (~32% of WT) by
crossing L2aWT/ As*/* or L2aD/As™* mice onto heterozygous SATB1 KO (SATB1*/)
mice, yielding L2aWT*As**SATB1*~ and L2aWT*As**SATB1*/~ test mice.

Under highly reduced (L2a*As**SATB1*/~) SATB1 conditions, variegated expression of
L2aWT was reduced significantly in both thymic (~3-fold) and lymph node (~2-fold)
derived CD8+ T cells (Fig. 5, upper panels). No effect of SATB1 reduction was observed in
L2aD mutant T cell subsets (Fig. 5, lower panels), confirming the effect required L2a. These
results suggest that SATB1 is involved in overcoming silenced CD8 expression mediated by
L2a.

4. Discussion

The transgenic studies reported here indicate that the L2a element is a cis regulatory silencer
of CD8a. In mice containing the L2a wild type transgene (L2aWT), CD8 reporter (hCD2)
expression is repressed in both DP and CD8SP thymocytes (summarized in Table 1),
suggesting that the L2a silencing occurs at an early stage in CD8 T cell development. CD8
reporter expression within a small population (~5%) of CD8SP thymocytes and peripheral
CD8+ T cells bypassed silencing, resulting in variegated reporter expression in these two
populations. When the L2a element was deleted (L2aD mice), robust expression of the CD8
reporter was observed in all thymic and lymph node CD8 expressing cells, including DP
thymocytes (Table 1). Parallel results were observed for L2a-mediated CD8 repression with
variegated expression in CD8aa+ IELS (Table 1).

Our results are consistent with those of Garefalaki et al. (2002) in which a DH cluster I1,
L2a-lacking transgene allowed ES8I to activate a CD8 reporter in DP thymocytes. Our data
suggest that thymocytes and IELs share similar CD8 regulatory mechanisms and are
consistent with the view that the thymus is the critical source of IEL CD8ao. T cells
(Cheroutre and Lambolez, 2008).

Our results appear to conflict with observations showing that the L2a-containing DH cluster
Il region facilitates E8; enhancer-driven reporter expression in DP thymocytes (Hostert et
al., 1998) and IELs (Ellmeier et al., 1998). An explanation may be revealed by a closer
comparison of the transgenes employed. Hostert et al. (1998) placed the DH cluster 11
downstream of the hCD2 reporter, in the opposite direction with respect to CD8
transcription and with respect to the germline configuration employed in our constructs (Fig.
1A, Suppl. Fig. 11A). Although the orientation of E8; enhancer does not affect reporter
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expression (Ellmeier et al., 1997; Ellmeier et al., 1998; Hostert et al., 1998; Hostert et al.,
1997b), this is not the case for for L2a. In the single line (L2aR) that we created in which the
orientation of the Hindlll fragment (containing DH Cluster Il and L2a) was reversed (Suppl.
Fig. 11A), L2a silencing of hCD2 reporter expression was de-repressed in both DP and
CDB8SP thymocytes as well as in CD8+ splenocytes (Suppl. Fig. 11B). These results indicate
that the silencing function and SATB1-mediated transactivation of the L2a element is
sensitive to positional orientation

The modest yet stable levels of variegated CD8 reporter expression observed in L2aWT
constructs was CD8-restricted, as predicted by previous studies employing E8I-driven
transgenes (Ellmeier et al., 1997; Ellmeier et al., 1998; Hostert et al., 1998; Hostert et al.,
1997b). However, we found that loss of the L2a silencing element seemed to compromise
subset specificity of the E8I enhancer, allowing a modest but consistently detectable level of
CD8 reporter expression in a small fraction of CD4SP thymocytes but not in CD4*
peripheral T cells (Fig. 2, Suppl. Figure 6-8). Breech of E8, specificity has been previously
attributed to transgene integration artifacts (Ellmeier et al., 1997; Garefalaki et al., 2002),
but this seems an unlikely explanation for our results given the multiple L2aD transgenic
lines tested. The small CD4* population we observed may represent CD4*CD8ao* thymus-
derived IELs with Treg-like properties that are generally absent in the periphery (Das et al.,
2003). Alternatively, they may represent CD4"'CD8!°" DP T cells that have been blocked
through L2a-mediated silencing from undergoing co-receptor reversal transition to CD8NSP
(Singer et al., 2008).

Nuclear matrix-associated regions (MARs) are short AT-rich DNA sequences that are
widespread throughout the eukaryotic genome and have great affinity for the nuclear matrix
in vitro (Blasquez et al., 1989; Sander and Hsieh, 1985). MAR-binding proteins SATB1 and
CDP were shown previously to specifically interact with the L2a element (Banan et al.,
1997). Our in vitro analyses revealed that CDP and SATBL1 recognize the L and S motifs
within the L2a element in fundamentally different ways when their spacing and, potentially,
their conformation are perturbed by elongating the intervening spacer with GC insertions
(Fig. 3). We found that CDP binding requires the presence of both L and S sites and is
highly sensitive to proper spacing, as strongly suggested by probe mobility and DNasel
hypersensitivity changes (Fig. 3 and Suppl. Fig. 9). The CDP protein contains a
homeodomain and three cut repeats, and each of them may have specific and unique DNA
binding activities (Maeda et al., 2002; Nepveu, 2001).

In contrast, SATB1 binding was unperturbed or even more avid in direct proportion to
spacer elongation (Fig. 3 and Suppl. Fig. 10). SATBL1 binding sites normally show a
propensity to become stably base-unpaired (Dickinson et al., 1992). In addition, SATB1 can
act by itself or as a platform for remodeling factors to induce novel chromatin architecture in
the thymocyte nucleus (Cai et al., 2003;Cai et al., 2006;Pavan Kumar et al., 2006;Yasui et
al., 2002). These features, along with the significant increase in DNase | hypersensitivity
induced within the Inter-LS spacer by SATB1 binding, may underlie both the observed
retardation of SATB1-DNA complexes as well as its strong L-site affinity (Figs. 3,4, and
Suppl. Fig. 10). When coupled with previous observations that the CDP repressor associates
with DNA in a rapid and unstable fashion (Sansregret and Nepveu, 2008), it was not
surprising that SATB1 successfully outcompeted CDP for L-site binding (Fig. 4).

It has been proposed by others that ratios of SATB1 and CDP may determine the outcome of
silencing or activation (Liu et al., 1999). Given the strong dominance of SATB1 L-site
binding, we tested whether its reduction in vivo promoted or de-repressed L2a-mediated
CD8 reporter silencing. When the L2ZWT mice were crossed onto a background reduced ~5-
fold in SATB1 expression, reporter activity within the small fraction of variegated-
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expressing CD8SP thymocytes and peripheral CD8* T cells was consistently decreased 2—3-
fold (Fig. 5). SATB1 expression required both the presence (Fig. 5) and appropriate
orientation (Suppl. Fig. 11B) of L2a. These results suggest that SATBL1 is required to re-
establish CD8 expression exerted by L2a at the E8; enhancer, or the CD8a promoter, or
both. Our findings are also consistent with the previous finding (Nie et al., 2008) that
SATBL is indispensable for re-initiation of CD8 transcription during coreceptor reversal
(transition from CD4*CD8'°% DP to CD8" SP). We could not address this issue further
because our transgenes lack the E8,;; DP enhancer, which also may account for our inability
to detect DP variegated expression (Fig. 2, Table 1). We also point out that studies by Kiefer
et al (2002) and our own unpublished EMSA experiments identified a number of additional
SATBI sites scattered across the CD8B-CD8a. intergenic region, including two within
Cluster I1. While these sites played no role in SATB1-mediated variegated expression of our
transgenic reporter (Fig. 5), they must be considered in terms of endogenous locus
regulation. These issues must await results from L2a and L sub-site knockout mice currently
under investigation. Our efforts to test the complimentary prediction--that CDP promotes
L2a-mediated silencing-- were uninformative (data not shown), owing we suspect to the
maximum reduction of less than 2-fold achievable in the heterozygous CDP knockout
background (homozygotes are early embryonic lethal; Sinclair et al., 2001).

We conclude that L2a represents the first identified cis-acting silencer within the CD8 locus.
This ~220 bp MAR may act alone or in concert with other, as yet to be identified regulatory
control sequences within DH Clusters Il and 111, to contribute to silencing or activation
decisions crucial to CD8SP thymic development and peripheral CD8* expression. On the
basis of our results and earlier studies on SATB1 and CDP and their interaction with the L2a
element (Banan et al., 1997; Lee et al., 1994), we propose that SATB1 and CDP operate
with L2a as a switch for activating or silencing CD8a transcription.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

DN double negative

DP double positive

SP single positive

MAR matrix-associated region

SATB1 Special AT-rich Binding protein 1
CDP CCAAT displacement protein
EMSA electrophoretic mobility shift assays.
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Figure 1. The L2a element

(A) Schematic of the murine CD8 locus and intergenic region with expanded details of L2a.
Positions of established exons (red boxes), enhancer regions (blue lines) and DNAse 1
hypersensitivity sites (blue arrows) shown to be critical for CD8 transcriptional regulation
are indicated. A third cluster of two hypersensitive sites (Cluster I, not shown) resides 3’ to
CD8a but is yet to be implicated in its regulation. The L2a element (green) is located ~4.5
kb upstream of the mouse CD8a gene. The 270 bp Accl/Sstl fragment spanning L2a is
expanded to show the L, S, and INTER-LS regions identified in footprinting studies. A 12
bp palindromic sequence is found located at the end of the INTER-LS region close to the S
region. (B) Schematic of the transgenic constructs. Both wildtype (WT) and L2a deleted
(L2aD) constructs were derived from a human CD2 reporter gene construct (Sawada et al.,
1994) and a CD8 intergenic construct (Tg-a) modified by Ellmeier et al. (1997). For
L2aWT, a 4.3 kb Hindlll/Hindlll1 DH Cluster 1l fragment containing L2a was introduced
upstream of the CD8a promoter, and a 7.6 kb BamHI/BamHI fragment containing the E8,
enhancer was subcloned upstream of DH cluster Il fragment. Components of the constructs
are highlighted. The L2aD deletion mutant was generated by deletion of a 200 bp Accl/
BstXI fragment spanning L2a. This fragment served as the WT200 L+S probe in EMSA
experiments.
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Figure 2. L2a silences CD8 reporter expression on thymic, lymph node and intraepithelial (IEL)

T cells

Representative fluorescent activated cytometric analyses of T cells isolated from one
(L2aWT5) of seven independent L2aWT transgenic mice and one (L2aD5) of five
independent L2aD transgenic lines. Transgenic thymic (A) and lymph node (B) were stained
with anti-CD4, anti-CD8a and anti-hCD2. Transgenic intestinal IELs (C) were stained with
anti-CD8a, anti-CD8p and anti-hCD2. Expression of the hCD2 reporter gene on gated
populations (circled in red) were analyzed and results are represented in histograms.
Percentages and MFIs of hCD2 positive (>1.0%) subsets are shown.
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Figure 3. Differential recognition and binding modalities of SATB1 and CDP for L2a

(A) Schematic of the wildtype L2a element, WT200 (L+S), and mutants with elongated
INTER-LS regions. The insert sequence (GC) is shown below the construct schematics.
GC-1, 2 and 4 contained one insert, two inserts and four spacer inserts, respectively,
separating the L and S sites. (B) Weakened binding of CDP to L2a mutants with elongated
GC inserts between the L and S sites. EMSA analysis was performed with BW5147 nuclear
extract, radiolabeled 200(L+S) probe and mutated probes. The arrow indicates CDP
complexes. (C) Probes with increased distance between the L and sites are unable to
compete for CDP binding. Competition EMSAs were performed with BW5147 nuclear
extract, WT200(L+S) probe, and unlabeled mutated GC-1, GC-2, GC-4 competitors. 10-200
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molar excess of competitors were added after the addition of radiolabeled probe. (D)
Supershifted pattern of SATB1 binding to mutant probes. EMSA was performed with VL3
nuclear extract, radiolabeled 200(L+S), and mutated 200(L+S) GC probes. (E) CDP and
SATB1 binding patterns in the absence of the other protein. Antibodies to SATB1 or CDP
used in EMSA supershift assays in (D) were added to VL3 nuclear extracts followed by
addition of radiolabeled WT200(L+S) and mutated GC probes. The arrows indicate SATB1
or CDP complexes. No shifted complexes were observed for probe alone lanes or antibody
plus probe only lanes (data not shown). Please note that the ratios of the SATB1/CDP bands
are higher in the absence of pre-immune sera (compare lanes of Fig. 3D to equivalent lanes
in Fig 3E, pre-immune). Since pre-immune sera does not react with either of the purified
proteins or with their DNA complexes, we suspect that selective degradation or non-specific
interactions with other proteins in the nuclear extracts accounts for these differences.
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Figure 4. SATBL1 binds preferentially to L2a in vitro and in vivo

(A) In vitro EMSA binding competition by equivalent amounts of CDP and SATB1. Since
purified preparations of endogenous, post-translationally modified SATB1 and CDP were
unavailable, competition experiments were carried with VL3 nuclear extracts that had been
immunodepleted of either protein. An equivalent amount of CDP or SATB1 was defined as
the quantity in SATB1-depleted or CDP-depleted VL3 extract required to shift 90% of 1 ng
of the wildtype L2a (L200 L+S) probe. Lanes 1-7 in (A) and Lanes 3-8 in (B) contain
SATBI- depleted and CDP-depleted VL3 extract in amounts equivalent to CDP and SATB1
protein present singly in lanes 8 and 9 in (A), and Lanes 1 and 2 in (B). The small amount of
SATBI- retarded band observed with the SATB1-depleted extract alone (A, Lane 9) reflects
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careful titration of the anti-SATB1 antibody used for depletion so that no free anti-SATB1
antibody remains behind to interact with SATB1 in the CDP-depleted extract following
mixing. Similar precautions were taken to determine the amount of anti-CDP antibody used
to deplete VL3 extract of CDP. (B) In vitro EMSA binding competition assays using CDP in
2-fold excess. Immunodepleted VL3 nuclear extract was tested essentially as described for
(A) except that the CDP binding activity (SATB1-depleted extract, lanes 3-8) was in two-
fold excess. Amounts of probe in (A) and (B) are as indicated above the figure. No shifted
complexes were observed for probe alone lanes or antibody plus probe only lanes (data not
shown). (C) In vivo recruitment of SATBL1 to L2a chromatin in unfractionated, DP, and
CDB8SP thymocytes. Primer pairs indicated by arrows above the L2a schematic were
designed (Materials and Methods) to amplify either the entire L2a region (L+S) or the sub-
site (L), which was established by EMSA and footprinting experiments to be the binding
region for SATBL in vitro. The input lanes were loaded as 10% of IP lanes. Amplicon sizes
are indicated on the schematic and to the right of the gel.
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Figure 5. L2a-dependent variegated CD8 reporter expression requires SATB1 in vivo

L2aWT?2 (top panels) and L2aD5 (lower panels) transgenic mice were crossed to SATB1
“reduced” mice that exhibit ~62% (As*'*) or ~32% (As**SATB1*~) of WT SATB1 levels
in thymic and peripheral T cells (Nie et. al, 2005; Materials and Methods). Expression of the
hCD2 reporter on thymic CD8SP and DP or from CD8"* lymph node T cells was analyzed
and percentages and MFIs of hCD2 positive (>1.0%) subsets are shown as representative of
3 independent experiments. Under highly reduced (L2a*As*/*SATB1*/~) SATB1
conditions, variegated expression of L2aWT was reduced significantly whereas no effect of
SATB1 reduction was observed on L2aD mutant mice.
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