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Abstract

Special AT-rich Binding Protein 1 (SATB1) functions as a genome organizer capable of modulating chromatin
architecture via binding to base-unpaired regions in chromatin. Previous transgenic studies identified a cis-acting
element (termed L2a) that resides ~4.5 kb upstream of the mouse Cd8α gene within the Cluster 2 (CII) enhancer.
L2a was shown to function as a CD8 silencer positively regulated by SATB1. To further investigate the function of
L2a, we generated knock-in (KI) mice in which L2a sequences required for SATB1 binding were either mutated or
completely abolished. Unexpectedly, based on the transgenic studies, L2a knock-in mice showed no observable
defects in T cell development and only modest, variegated CD8αβ derepression in thymocytes, peripheral T cell
subsets or Intraepithelial Lymphocytes (IELs). However, strong derepression of CD3-stimulated CD8αα+ IEL and
CD8αα+ dendritic cells was observed in the guts of both knock-in strains. These observations suggest that SATB1-
L2a interaction contributes primarily to silencing CD8αα expression.

Keywords:  Genome; Intraepithelial lymphocytes; Transcription
factors; Thymocytes

Introduction
A number of cis-regulatory elements and transcription factors (TFs)

involved in control of the CD8αβ co-receptor have been identified over
the past twenty years. These studies were fundamental in providing
insight into regulation of CD8 expression, as well as how CD4 vs. CD8
fate choice is regulated in single positive (SP) and double positive (DP)
thymocytes [1-4].

CD8 is typically expressed from closely linked Cd8α and Cd8β
genes as a heterodimer on conventional T cells [5]. There are at least 5
cis-regulatory elements that achieve this complex regulatory and
developmental stage, subset, and lineage-specific control [6-11] (Figure
1A). Several of these enhancers also have been ascribed to CD8αβ
epigenetic regulation [12-15]. Further complicating the issue, activated
CD8+ and naïve CD8+ T cells appear to regulate Cd8αβ differentially
[16]. E8I, the first enhancer discovered within the Cd8 locus, was
shown to be essential for expression of mature CD8+ SP T cells and for
CD8αα+ intraepithelial lymphocytes (IEL) in the gut [8,9]. Knockout of
E8I further established its requirement in transcription of CD8αα+

γδTCR IEL and confirmed that conventional CD8αβ expression was
unaffected [6,10].

A second, more recently identified enhancer, termed E8VI (Figure
1B), was shown to direct expression of CD8αα DC but not CD8αα IELs
[17]. Thus, the cis-acting regulatory networks controlling CD8
expression continue to expand. Numerous TFs have been identified as
critical regulators of Cd8, including T-BET, BLIMP-1, ID2, IRF4,
BATF, ZEB2, TCF-1, EOMES, ID3, E proteins, BCL-6, FOXO1, MAZR,
RUNX-3, BCL11B, and ThPOK [18,19].

Another implicated regulator, and the topic of this report, is Special
AT-rich Binding protein 1 (SATB1). SATB1 functions in CD8 T cell
genome organization [19,20] by forming complexes with chromatin
modulators such as SWI/SNF [21-23]. Expression of SATB1 is
established in hematopoietic stem cells and then restricted to T cell
lineages [24,25].

SATB1 regulates numerous target genes involved in various cellular
functions, including lymphoid lineage specification and/or
commitment [24]. In SATB1 null mice, T cell development is
interrupted at CD8αβ SP and DP stages [23]. SATB1 also is required
for regulatory T (Treg) expression and function [26].

Transgenic studies from our laboratory established that SATB1 also
functions as a silencer of CD8α transcription [27]. We identified a
strong SATB1 binding site (termed L2a) near the 5’ end of the E8III
enhancer proximal to the second DNase Hypersensitivity (DH site) of
cluster II (CII-2) (Figure 1).

In mice containing an L2a wild type (WT) transgene, CD8 reporter
expression was silenced in both DP and CD8 SP thymocytes. When
L2a WT transgenic mice were crossed onto a SATB1-deficient
background, a fraction of variegated-expressing CD8SP thymocytes
and splenocytes were significantly reduced.

The implication of these results-that SATB1 might overcome L2a
silencing to re-express CD8 at a certain developmental stage(s)-was
consistent with our finding that SATB1 is indispensable for re-
initiation of CD8 transcription during the co-receptor reversal process
of transition from CD4+CD8 low to CD8hiSP during positive selection
[28].
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Figure 1 A. Map of the mouse Cd8α and Cd8 gene loci. Horizontal
arrows indicate the transcriptional orientation of the ~34 kb Cd8α
and Cd8 1 locus (upper left, 2 kb scale bar) with exons denoted in
red. DNaseI-hypersensitivity (DH) clusters I to IV (CI-CIV,
indicated at the top) include individual DH sites (triangles). The
horizontal blue bars denote established enhancers (E8I, E8II, E8III,
and E8IV). The green boxes and arrows denote the recently
discovered E8VI enhancer Sakaguchi et al (17) and L2a (described
within) CD8αα enhancers. E, EcoR1; B. BamH1 restriction sites.
Adapted from Sakaguchi, et al (17) and Yao, et al (27).B.
Confirmation of SATB1 and CUX1 binding to L2a. Electrophoretic
Mobility Shift Assays (EMSAs) were performed with Jurkat cell
nuclear extract and 32P-radiolabeled E8III probes (p) spanning a
2.2 kb region that includes the ~200 bp L2a enhancer. The order of
probes loaded in wells is not the same as that shown in schematic
map above. The arrows indicate SATB1 or CDP/Cux complexes.

To further investigate the function of SATB1 as a CD8 repressor, we
produced mutant knock-in mice either lacking or carrying mutations
within the SATB1-binding L2a site. We observed no change in T cell
development and only modestly increased expression of CD8 in
thymocytes or peripheral T cell subsets. However, intestinal IELs from
mutants lacking or mutated within L2a showed significant increases in
CD8αα cells. Our results indicate that SATB1 binding near the 5’ end
of the E8III region selectively represses CD8αα expression
predominantly within IELs.

Materials and Methods

Generation of L2a knock-in mice
The knock-in constructs (30 μg) were linearized with Not I and

transfected into 129SvEV embryonic stem cells using electroporation.
Transfected ES cells were cultured on irradiated SNL76/7 cells, and
G418 (Genticin, GIBCO) was added (200 μg/ml) after one day.
Ganciclovir was added (2 μM) after an additional two days, and
individual ES colonies were isolated approximately nine days after
transfection. Half of each colony was frozen, and the remainder was
used to prepare DNA for identification of recombinants. Southern
hybridization was used to screen for recombined positive clones using
probe 1 or 2 for left arm or right arm respectively. Correctly targeted
ES cell clones were injected into day 3.5 C57BL/6J blastocysts and
transferred into CD1 pseudopregnant females. Male chimeric mice
were backcrossed to C57BL/6 females, and agouti progeny were
screened for germline transmission of targeted gene by Southern blot

of tail DNA. Mice carrying targeted gene were crossed with EIIA
ubiquitous Cre mice to delete the neo gene. After the removal of the
neo cassette, PCR was used to determine the neo-deleted allele.

Preparation of genomic DNA from mouse tails
Mouse tails were digested in 300 μl of tail buffer (50 mM Tris (pH

8.0), 100 mM EDTA, 1% SDS, and 0.15 mg/ml Proteinase K) at 55°C
overnight. Tails samples were extracted sequentially with 300 μl of
phenol, phenol-chloroform (1:1), and chloroform, and the DNA was
precipitated with 100 μl of 30% PEG and 1.5 M NaCl solution. DNA
was pelleted (14,000 rpm, 15 min), washed once with 70% ethanol,
dried, and resuspended in 100 μl of TE (10 mM Tris-HCl, (pH8.0), 1
mM EDTA).

Southern blot analysis
The purified genomic DNA (25 μg) was digested with restriction

enzyme to completion. A 0.7% agarose gel was used to separate
digested DNA by electrophoresis. The DNA was transferred to a nylon
membrane (MSI), and the blot was hybridized overnight with random-
primer labeled probes in Ultrahyb solution (Ambion). After
hybridization, blot was washed twice with solution containing 2X SSC,
0.1% SDS at 55 °C for 5 min, then washed twice with 0.1X SSC, 0.1%
SDS solution at 55 °C for 15 min. Blots were air dried briefly and
exposed using a phosphoimaging cassette. The [32P] labeled probes
were generated by random primer synthesis using a decaprime DNA
labeling kit (Ambion).

Isolation of cells from mouse thymus, lymph nodes and
spleen
Thymus, lymph nodes and spleen were removed from euthanized

mice and placed into 60 mm dishes containing HBSS (Sigma) buffer.
Tissues were passed through a 70 micron nylon cell strainer (BD
Biosciences) to prepare single cell suspension. To remove red blood
cells, isolated cells were incubated in RBC lysis buffer (0.5 M NH4Cl,
0.15 M Tris-HCl [pH 7.65]) for 5 min at room temperature. Cells were
washed with HBSS and ready for desired treatment and analysis.

FACS staining
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 1 × 106 cells were
used for subsequent staining. After incubation on ice with Fc-block
(provided by Dr. Ellen Richie, M.D. Anderson Cancer Research
Center) for 15 min, cells were stained with the desired antibodies for
45 min. Following two washes with 1 ml Hanks buffer, 1 ml HBSS
once, cells were fixed using 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 first staining. Cells were then washed and analyzed on a BD
FACS calibur using CellQuest Pro software.

Cell sorting
Cells of interest were sorted and separated by a Magnetic Cell

Sorting and Separation (MACS) System (Miltenyi Biotec GmbH).
Briefly, cells were labeled by desired antibodies with magnetically
labeled MicroBeads. After magnetic labeling, cells were passed through
a separation column which was placed in a strong permanent magnet.
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The magnetically labeled cells were retained in the column, while the
unlabeled cells passed through. The retained fraction was eluted and
used immediately for culture and subsequent studies.

Preparation of probes for EMSA
All the probes were end-labeled with [α-32P] dATPs using exo-

Klenow enzyme (Biorad). L2a 200(L+S) probe and its mutant probes
were cloned into pBluescript vector and excised out by appropriate
restriction enzymes for end-labeling. EMSA probes for the DH cluster
II fragment and E8III fragment were created by PCR. BamHI or EcoRI
restriction sites were added to the 5’ end of primers, and PCR
amplified fragment were digested with both enzymes and purified for
end-labeling (S-Figure 1).

S-Figure 1. Primers used to make EMSA probes for DH cluster II.
All probes were end-labeled with [α-32P] dATPs using exo-Klenow
enzyme. EMSA probes for the E8III region were created by PCR.
BamHI or EcoRI restriction sites were added to the 5’ end of
primers, and PCR amplified fragment were digested with both
enzymes and purified for end-labeling.

Electrophoretic mobility shift assay (EMSA)
Nuclear extracts were prepared as described by Dignam et al. [29].

All steps were performed at 4°C or on ice. Nuclear extracts (2-5 μg)
were mixed with poly-(dI-dC,2 μg) in binding buffer (20 mM HEPES
[pH 7.9], 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 10 mM DTT, and
protease inhibitor cocktail). Binding reactions were performed in 25 μl
total volume at room temperature for 5 min. After 20 min incubation
with end-labeled probe (0.2 μg), samples were electrophoresed at 120
V for ~3 h through a 4% polyacrylamide gel (29:1) in 1X TBE buffer
(90 mM Tris-HCl [pH 8.0], 90 mM boric acid, and 2 mM EDTA).

Gels were dried for 1 h and autoradiographed for 4 h, using a
phosphoimage screen, or overnight using films with an intensifying
screen at -80°C.

Transient transfection and luciferase assays in cultured cells
293T cell transfections were carried out using Fugene 6 (Roche)

following the product instructions. L2a Firefly luciferase constructs
were co-transfected with Renilla luciferase vectors into 293 cells. 36 h
after transfection, cells were washed with PBS and resuspended in Lysis
Buffer (Dual-Luciferase Reporter Assay System, Promega). Cell lysates
were applied to dual-luciferase assay following product instruction.
The Firefly intensities were normalized by Renilla intensities to obtain
the relative activities.

In vitro T cell activation
Isolated splenocytes were washed and resuspended in RPMI culture

media. Cells were distributed to 24-well plates at a concentration of 2.5
× 106/ml and 2 ml/well. Anti-CD3ε antibody (BD Biosciences) was
added to the cells to a final concentration of 1 μg/ml. Cells were
sampled at day 2 or day 4 and applied to FACS analysis.

Isolation of intestinal intraepithelial lymphocytes (IELs)
IELs were isolated by a modified method based on a procedure

previously described [9].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 30 ml of
RPMI for 45 min at 37°C with low speed rotation to release the IELs.
The released IELs were passed through a 70 μm cell strainer to filter
out debris. Cells were centrifuged (1000 rpm, room temperature) and
resuspended in appropriate volume of RPMI medium. Cells were then
purified with Ficoll-Pague Plus (Amersham) centrifugation (2000 rpm,
30 min, room temperature), and washed with HBSS buffer.

L2a transgenic constructs and procedures
A human (h) CD2 reporter gene [30], containing the mouse CD4

exon I, a portion of intron I lacking the CD4 silencer, and the
untranslated portion of exon II (a CD4 splicing module) was fused in
frame to hCD2 cDNA appended by a SV40 polyadenylation site [31].
A PCR-amplified mouse Cd8α promoter [32] was inserted into the
polylinker to make a construct termed Tg-α [9]. A wild type construct
(L2aWT) was constructed by poly-linker insertion of a ~4 kb DH
cluster II fragment, and an L2a deleted (L2aD) construct carries a
deletion of the 210 bp L2a elements. Transgenic C57BL6 mice were
created by pronuclear injection for each construct as previously
detailed [27]. The number of integrated copies was determined by
comparing signal intensities of wild type and transgene-containing
bands in liver DNA by Southern blot analysis. We estimated that
L2aWT and L2aD employed in this study carried 8 and 5
concatermized copies, respectively.

Results

Targeted deletion/knock-in approach to the function of L2a
We previously reported [27] that over-expression of transgenes

carrying deletions of a 3.4 kb genomic region containing the L2a
element (DH clusters CII-1 and CII-2; Figure 1A) led to aberrant
thymocyte development. This was characterized by a large population
of thymocytes that failed to extinguish CD8 gene expression and
concomitant decreases in thymic and peripheral CD8SP T cells. These
results suggested that the L2a element, which is bound strongly by
SATB1 and CDP/Cux (Figure 1B), acts to silence CD8 gene
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transcription. To further investigate the putative role of L2a in its
natural in vivo chromosomal context, knock-in mice were produced
with deletion of and mutations within L2a.

Generation of L2a knockout and knock-in mice
The targeting strategy is shown in Figure 2A and detailed further in

Appendix I. We first generated a 200 bp deletion that included the
SATB1 and CDP/CUX protected region and the L+S flanking region
(termed KI- L2a; red box in Figure 2).

Figure 2. L2a knockout (KO) and knock-in (KI) strategies. A.
Schematic of the targeting construct, the Cd8 locus before and after
homologous recombination and the genomic locus after Cre
recombinase-mediated deletion of the neo gene to create the 200 bp
deletion of L2a (indicated in red). Restriction enzymes required for
cloning and characterization are indicated with further details
provided in Appendix 1. B. Southern blots of Bgl II (left) and Bcl I
(right) digested DNA isolated from a wild-type (WT) ES cell clone
(+/+) and from an ES cell clone after homologous recombination
(+/KI); Left arm (Probe 1/ Bgl II) and right arm (Probe2/ Bcl I). C.
PCR genotyping of the targeted locus after the deletion of the neo
cassette. The neo cassette and loxP sites are flanked by primers that
provide a 40 bp size difference for WT and Δneo bands. D. Knock-
in mutants of SATB1 (M1) created by insertion into KI-ΔL2a.
Shown are ~100 bp of L2a containing WT and mutated binding
sites for SATB1. Amino acids are in single letter code; identities are
indicated by dashes. KI-M1 was generated and cloned into the
knock-in targeting construct (as indicated in A) to generate KI-M1
mice. M1 abolishes the binding of SATB1, but leaves the binding of
CDP/Cux intact.

The wild type (WT) L2a 200 bp fragment was knocked back into the
KI- L2a vector to create a sequence identical with the WT control
(termed KI-WT; Figure 2). Comparative FACS analyses of KI-WT
mice (which contained recombined loxP sites) in C57BL/6x129/Sv
mice (from which ES cells were obtained) indicated no differences
between expression of CD4, CD8 as other surface makers. We next
created point mutations within amino acids required for SATB1
binding and then reinserted them into KI- L2a. This mutant termed
KI-M1, carries 5 substitutions that abolish the binding of SATB1 to
L2a, but leave the L2a binding site of CDP/CUX intact.

Expression of CD8 is unaltered in KI-M1 mice point-
mutated within the SATB1 binding site within L2a

Cells were isolated from lymph nodes and thymus from
homozygous KI-WT and KI-M1 mice, then stained with antibodies
specific for CD4 and CD8α. FACS analyses of 5 independent founder
strains (Figure 3) detected no alteration of CD8 expression. To

examine whether loss of L2a resulted in T cell maturation defects,
several developmental T cell surface markers were tested in CD4SP,
CD8SP and DP thymocytes. KI-WT and KI-M1 mice showed similar
expression of CD3, CD5, CD24, CD44 and CD69 molecules (Figure 3).

Figure 3. Loss of SATB1 binding to L2a has no effect on levels of
CD8, CD4 or T cell markers in thymocytes or lymph nodes. A.
Lymph node cells and thymocytes from KI-M1 and KI-WT controls
were isolated from homozygous KI-WT and KI-M1 mice, stained
with antibodies against CD4 and CD8α, and analyzed by flow
cytometry. Percentages of each cell population are indicated. Data
were representative of 5 independent embryonic stem (ES) cell
founder strains. B. Expression of T cell surface markers is
unperturbed in KI-M1 mice. The indicated developmental T cell
surface markers were tested on CD4SP, CD8SP and DP thymocytes.
KI-WT and KI-M1 mice showed similar expression levels of CD3,
CD5, CD24, CD44 and CD69 as measured by MFI.

RT-PCR further confirmed that there were no changes in levels of
CD8α (data not shown). These results indicated that the M1 mutation,
which abolishes SATB1 binding, does not significantly perturb
conventional CD8 expression nor T cell development.

Complete L2a elimination (KI- L2a) results in modest
derepression of CD8 thymocyte expression

Four out of six independently derived KI- L2a mice showed only
modest phenotypic changes in both thymic and LN-derived CD4 and
CD8 T cell expression (Figure 4).

However, two additional founder lines demonstrated no apparent
differences between KI and controls (data not shown). One
explanation for the observed lack of correspondence is that loss of L2a
results in a variegated phenotype. Variegated expression of the Cd8-
Cd4 locus has been documented in several previous studies
[12,27,33-35] and is readdressed in Discussion. In the mutation
phenotype shown in Figure 4A, full L2a deletion resulted in a non-
significant, upward trend in CD4SP (9.9% to 16.9%; p ≤ 0.07), whereas
CD8SP thymocytes were significantly increased (2.5%-4.0%, p ≤ 0.05).
No significant effect was observed in either CD4SP or in CD8SP lymph
nodes (LN). However, analysis of thymocytes from KI- L2a mice for T
cell developmental and activation markers (CD3, CD5 and CD69;
Figure 4B,C) consistently detected a ~1.8-fold (p ≤ 0.05) increase in
thymic DP levels, consistent with a modest decline in TcR expression
in L2a-deleted thymocytes.

Collectively the results indicated that germline deletion of the ~140
bp spanning the L2a element within the CII regulatory region (Figure
1A,1B) results in significant, but modest SATB1 derepression. These
results were unanticipated based on the robust repression we observed
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from this identical 140 bp segment in the transgene gain-of-function
context [27].

Figure 4. KI-ΔL2a mice show a modest increase in CD8SP
expression in lymph nodes and thymus. A. Lymph node cells and
thymocytes were isolated from homozygous KI-WT and KI- L2a
mice, stained with antibodies against CD4 and CD8α and then
analyzed by FACS. Percentages of each cell population are shown.
The MFIs of CD4 and CD8 were similar in all populations. Three
out of five KI- L2a homozygous mice had modest, statistically
insignificant reduction in CD4 and modest statistical reduction (p ≤
0.05) in CD8 expression in thymocytes and lymph nodes. Results
from one of the three homozygous KI- L2a mice are shown. B.
Expression of T cell surface markers CD3, CD5 and CD69 are
modestly altered in DP thymocytes from KI-WT mice. Changes in
percentages and MFIs of positive cells are shown. Diagrammatic
representation of the data of Figure 4B indicating that CD3
expression is significantly (p ≤ 0.05) elevated on CD4CD8 DP KI-
L2a thymocytes. For comparison, control levels of CD4SP, CD8SP
and CD4CD8DP were adjusted to a value of 1 (dotted line). The
data are averaged from 4 independent measurements with standard
deviation indicated by vertical lines within each box.

CD8αα and CD8αβ expression is modestly increased in
intraepithelial lymphocytes of KI and M1 mice

Intraepithelial lymphocytes (IELs) from gut and intestine express
exclusively CD8αα homodimers [36,37]. L2a-M1 mice, in which
SATB1 binding to L2a is eliminated by point mutation (Figure 2B),
were tested for expression of CD8αα homodimer expression on their
IELs.

TCRαβ+CD8β+, TCRαβ+CD8β- and TCRγδ+CD8β- IELs were
isolated from mouse intestines, gated and stained for CD8α expression
as described in Materials and Methods. Modestly increased CD8αα
expression and MFI were observed on TCRαβ IEL derived from KI-
M1 mice (Figure 5A). KI- L2a mice, in which ~1.5 kbp spanning L2a
was deleted, also showed modest elevation of CD8αα homodimers on
both TCRαβ+CD8β- and TCRγδ+ CD8β- IELs (Figure 5B).

These results showed a consistent trend (p ≤ 0.6) towards elevated
expression of CD8αα in IELs resulting from loss of SATB1 binding due
to L2a mutation or deletion. The data suggest that SATB1 and L2a may
act in concert to silence CD8αα expression in IELs.

Figure 5. CD8αα is modestly increased on intraepithelial
lymphocytes (IELs) of both KI-M1 and KI-ΔL2a mice. Expression
of CD8αα homodimers in IELs was tested on KI-WT and KI-ΔL2a
mice. IELs were stained, gated, and analyzed as described in the
legend to Figure 4 and in Materials and Methods. Percentages and
MFIs of positive cells are shown. A. KI-M1 point mutants within
L2a show modest, statistically insignificant elevated expression of
CD8αα homodimers on TCRαβ IEL. B. KI-ΔL2a mutant mice in
which the 200 bp region spanning L2a is deleted show modest but
statistically insignificant elevation of CD8αα homodimers on both
TCRαβ+CD8β- and TCRγδ+CD8β- IELs.

The L2a element collaborates with E8I to promote robust
CD8αα repression in activated IELs

It has been previously shown that CD8αα expression can be induced
upon antigenic stimulation to promote the survival and differentiation
of activated lymphocytes into memory CD8 T cells-α process
controlled by the E8I enhancer [6].

The L2a element and DH cluster II region have been shown to
collaborate with E8I in transgenic studies. Thus, we deemed it
informative to determine whether L2a is involved in the induced
expression of CD8αα in activated IELs.

Intestines from KI-WT, KI-M1 and KI- L2a homozygous mice were
isolated, and following conversion to single cell lysates, were cultured
and stimulated with anti-CD3ε antibody. CD8αα expression was
analyzed by staining with thymic leukemia (TL) tetramers [38,39],
shown previously to bind preferentially to the CD8αα homodimer
[40-45].

Four days of culture led to ~8-fold activation in CD8αα expression
in L2a-deleted KI-L2a mice (p ≤ 0.001, Figure 6). Consistent with that
result, L2a-point mutated KI-M1 showed ~10 fold stimulation in
CD8αα expression as compared to KI-WT controls (p ≤ 0.001).

These increases in CD8αα are consistent with the hypothesis that
L2a is a silencer, and its deletion relieved repression of TCR-mediated
(i.e., anti-CD3) induction of CD8αα expression-an event particularly
critical to survival and differentiation of memory cells [46].

Splenic CD8αα+ dendritic cell (DC) expression is modestly
repressed by L2a

In the mouse spleen, a subset of dendritic cell also expresses CD8αα
homodimers [47] which develop from both myeloid and lymphoid
progenitors [48]. To test whether L2a contributes to dendritic cell
expression, we employed a transgenic approach detailed previously
[27] and summarized in Materials and Methods.
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Figure 6. L2a collaborates with E8I for CD8αα expression in
activated peripheral T cells. Splenocyte cultures from KI-WT, KI-
M1 and KI-ΔL2a homozygous mice were stimulated with anti-
CD3ε antibody and 4 days later analyzed for CD8αα expression by
staining with thymic leukemia (TL) tetramers. Percentages and
MFIs of positive cells are shown within each profile box. Activated
splenocytes from KI-ΔL2a mice displayed significantly increased (p
≤ 0.001) CD8αα expression upon stimulation.

Briefly, the CD2 coding sequences serve as a surrogate reporter
when appended directly to the basal CD8α promoter downstream of
the E8i-C2 enhancer cassette in the presence or absence of L2a (Figure
7A).

Splenocytes were isolated from transgenic mice carrying either the
L2a WT or the enhancer lacking L2a. Cells were stained with anti-
CD11c (a pan DC antibody), anti-CD8α and anti-hCD2 for detection.

A representative analysis of gated cells is shown in Figure 7B. L2a-
WT and L2a-D both expressed equivalent levels of the hCD2 reporter
as the MFIs of CD8αα on CD11c+CD8αα+ DC and CD11c–CD8αα+
T cells were quite similar.

However, while its levels were significantly lower than CD11c–
CD8αα+ T cells (~4-fold; p ≤ 0.01), L2a-D clearly activated detectable
levels of the hCD2 reporter in DC (Figure 7B). These data indicated
that L2a directs expression of SATB1 in CD8αα+ splenic DC.

Its significantly lower levels suggest that SATB1 regulation of
CD8αa expression in dendritic cell differs both quantitatively and
qualitatively from that in CD8 T cells.

Figure 7. Splenic CD8αα+ Dendritic Cell (DC) expression is
modestly repressed by L2a in transgenic mice. A. L2a transgenic
constructs. A human (h) CD2 reporter gene contains the mouse
CD4 exon I, a portion of intron I lacking the CD4 silencer, and the
untranslated portion of exon II (a CD4 splicing module) fused to
hCD2 cDNA and an SV40 polyadenylation site. A PCR-amplified
mouse CD8α promoter was inserted into the polylinker to make a
construct termed Tg-α . The wild type construct (L2aWT) is a 4 kb
DH cluster II fragment, and the L2aD construct carries a deletion of
the 210 bp L2a sequence. Transgenic C57BL6 mice were created
with each construct as previously detailed [27]. The number of
integrated copies was determined by comparing signal intensities of
WT and transgene-containing bands by Southern blot analysis of
transgenic liver DNAs. We estimated that L2aWT employed in this
study had 8 concatermized copies, and L2aD carried 5. B.
Splenocytes isolated from L2aWT8 and L2aD5 mice were stained
with anti-CD11c, anti-CD8α and anti-hCD2 antibodies. Gated cells
were analyzed as shown. Percentages and MFIs of hCD2 positive
subsets are shown.

KI- L2a but not KI-M1 mice are deficient in intestinal
expression of CD8αα+ DC

A recently identified enhancer, E8VI, that resides ~5 kbp telomeric
to E8I (Figure 1A), was shown to direct expression of CD8αα DC-but
not CD8αα IEL [17]. Those results and the data of Figure 7 prompted
us to determine the effect of L2a loss on this subset in the intestine.
Intestinal IEL were isolated and analyzed as outlined in Materials and
Methods.

As shown in Figure 8A, the relative frequency of CD11c+CD8αα+
DC in KI-M1 mice, which bear mutations within the SATB1 binding
site of E8i (Figure 2), was indistinguishable from that of KI-WT
controls (20.4% vs. 27.5%).

However, when assayed in KI- L2a mice, which carry a 200 bp
deletion of L2a that eliminate binding of both SATB1 and CDP/CUX1
(Figure 1B), the frequency of CD8αα expressing DC was substantially
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decreased when compared to KI controls (8.8% KI- L2a vs. 27.46% KI;
p ≤ 0.001; Figure 8B).

These observations suggest that either CUX1, or another as yet to be
identified L2a binding factor within the L2a enhancer, is required for
maximal CD8αα+ dendritic cell function.

Figure 8. CD8αα expression is unaltered on KI-M1 yet significantly
reduced on KI-ΔL2a CD8αα+ intestinal dendrite cells. The
expression of CD8αα homodimers expressed on the intestinal
subset of CD11c+ DCs was analyzed as shown in previous FACS
figures. Percentages and MFIs of positive cells are shown. A. CD11c
+ DCs from KI-M1 mice showed no difference from KI-WT
controls in expression of CD8αα (20.4% vs. 27.5%). B. Decreased
CD8αα expression on dendrite cells of KI-ΔL2a mice. Percentages
and MFIs of positive cells are indicated (/) inside the profile boxes.
CD8αα expression on CD11c+ DCs from KI-ΔL2a mice is
decreased ~3-fold (p ≤ 0.001).

Discussion
Previously we employed a transgenic approach to test whether L2a

is the element within DH cluster II responsible for modifying the
function of the E8I enhancer [27]. Our results identified L2a as a
silencer of Cd8 transcription and further implicated SATB1 as a
positive transactivator whose expression contributes to reversing the
L2a-mediated silenced state. Here we report results of knock-in studies
aimed at further investigation of the function of the L2a element in
regulating Cd8α. This approach confirmed our earlier observations in
conventional CD8 T cells, albeit repression was modest. However, we
identified an unsuspected and more penetrant function of SATB1-L2a
interaction in CD8αα+ Intraepithelial Lymphocytes (IEL) and CD8αα+

dendritic cells (DC).

L2a repression in conventional T cells
The M1 mutant knock-in mice, which carry mutated residues

within the L2a binding site that eliminate SATB interaction (Figure 1A
and 2D), showed no significant changes in T cell developmental
markers nor in CD8 expression in thymocyte or in peripheral T cell
subsets (Figure 3). Three out of five knock-in mice (KI-L2a), in which
the entire L2a element was deleted, showed modest, yet statistically
increased CD8SP expression in thymocytes but not in LNs (Figure 4).
We observed ~2-fold elevation in CD8CD4 DP CD3 expression
(Figure 4 B,C), suggesting that L2a-deficient thymocytes might be
more activated and/or proliferative than WT controls. These results
confirm, our findings in transgenic mice in which overexpression of
L2a led to the same heterogeneous outcome [27].

We suggest that the observed heterogeneity owes to variegation-a
phenomena resulting in silencing of a gene in some, but not all, cells
via abnormal juxtaposition with heterochromatin or chromatin
conformation [49]. Variegated expression of the Cd8 locus has been
documented in several previous studies. For example, while targeted
deletion of either E8I or E8II had no effect on CD8 expression in
thymocytes or CD8 T cells [6,9], combined deletion of both enhancers
resulted in variegated expression of CD8 in DP thymocytes and
reduced CD8 expression in mature CD8 T cells

Crossing these mice to mice with conditional deficiency in DNA
methyltransferase 1 [12] partially reversed variegation, suggesting a
partial epigenetic block of CD8 expression due to deleted cis-acting
elements. Loss of the TF MAZR, shown to negatively regulate
chromatin modification of the E8II element [50], led to variegated
CD8 expression in DP thymocytes [34]. Finally, double deletion of E8II
and E8III led to mildly variegated repression of both Cd8α and Cd8β
[35]. These observations suggest that loss of L2a results in a variegated
phenotype that manifests either as a frank mutation, which appears to
be the predominant outcome, or as a much less penetrant effect.
Nonetheless, the results here are significantly less robust than those
observed in transgenic studies [27]. This may owe to compensatory
effects of other cis-acting elements present in the knock-in germline
configuration but missing from the genomic transgenic locus.

SATB1 mediated repression of L2a IEL
IEL are found in epithelial layers of mammalian mucosa, including

the gastrointestinal (GI) and reproductive tracts [37]. IELs provide
protection at gut epithelial surfaces by regulating gut homeostasis,
rapid responses to infection, and adaptive vs. innate immune responses
without the need for priming [37]. IELs display either αβ or γδ TCRs
(TCR) with the vast majority expressing the CD8αα coreceptor
[36-39].

We observed a modest, yet consistent (p ≤ 0.6), trend of CD8αα
homodimer enhancement on both TCRαβ+CD8β- and TCRγδ
+CD8β- IEL following either full loss (KI-L2a) or SATB1 binding site
mutation (KI-M1) (Figure 5). However, when these intestinal IELs
were stimulated with anti-CD3ε antibody for 4 days and analyzed with
thymic leukemia (TL) tetramers [39,41], we observed dramatic
activation of CD8αα expression in both L2a-deleted KI- L2a (~8-fold;
p ≤ 0.001; Figure 6A) and L2a-point mutated KI-M1 mice ( ~10 fold; p
≤ 0.001; Figure 6B). The data suggest that SATB1 acts cooperatively
through L2a binding to repress expression of CD8αα in IELs.

Recently Sakaguchi et al. [17] observed equally robust stimulation of
TCRαβ+CD8αα+ IELs that was dependent upon a newly characterized
Cd8-associated enhancer termed E8VI (Figure 1A). E8VI, while shown
to be bound by RUNX/CBFβ and BCL11b TFs, bears no EMSA-
detectable or sequence homology-identified SATB1 binding sites
(Figure 1B; data not shown). Thus, while SATB1 does not appear to
contribute to E8VI-based transcription, it must be considered as a new
addition to the TCR-CD8αβ/γδ and CD8αα regulatory network
controlled by the CII enhancer (Figure 1A).

L2a repression of CD8αα+ in splenic and intestinal dendritic
cells

Murine DCs are classified into two lineages: Lymphoid and myeloid
[51,52]. Based on expression of CD8αα homodimers, which originally
were thought to be expressed exclusively on T cells, DC can be further
divided into several additional subtypes [53]. These include CD8αα+
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DC, which lack the myeloid maker CD11b and were originally thought
to develop exclusively from lymphoid-committed thymic T cell
progenitors at low frequencies [54]. However, Traver et al. [48]
demonstrated that both CD8αα+ and CD8αα- DC can be generated
from common myeloid and lymphoid progenitors in mouse thymus
and spleen. Their results suggested that CD8αα expression on DC
reflects the differentiation or maturation status of DCs but does not
indicate a lymphoid origin. While we observed no effect of SATB1
point mutation (KI-M) on CD8αα+CD11c+ DC isolated from gut
(Figure 7A), robust reduction (~3.5-fold; p ≤ 0.001) was achieved
following complete SATB1 elimination (KI- L2a; Figure 7B). Again, we
suspect that additional(s) factors deleted within the L2a 200 bp
spanning region are responsible for this significant loss.

Conclusions and Extensions
There are multiple lineage-specific and stage-specific cis-acting

elements involved in the regulation of Cd8 expression, suggesting a
complex regulatory network of these closely linked elements. In
contrast to its modest silencer function in unstimulated T cells and
IELs, we found that L2a exerts a far more penetrant function in CD3-
stimulated CD8αα+ IELs and CD8αα+ DC. Several of our findings
implicating SATB1 in the context of the 125 bp mutation spanning the
SATB1 binding site (KI-L2a), were not replicated in point-mutated KI-
M1. We close here by considering one cis-acting and two trans-acting
regulatory factors that might contribute.

The 12 bp palindrome (12-mer; S-Figure 2A) within the L2a
INTER-LS region that separates SATB1 and CDP/CUX1 binding sites
[27] is one such cis target. Introduction of a 2 bp substitution (termed
NCO11; S-Figure 2A) into the palindrome (PAL) dramatically altered
the binding pattern of SATB1 as well as CDP/CUX1 (S-Figure 2A, B).

Two point mutations within the 12-mer abolished complexes
(termed A and B) formed by unidentified proteins (S-Figure 2B). A
trimerized 12-mer palindrome (S+P3; S-Figure 2C) was sufficient to
capture these two proteins (S-Figure 2D) and was employed in affinity
columns to purify them (S-Figure 2E).

Mass spectrometry (data not shown) identified one as PIGPEN,
known as modulator of endothelial cell differentiation and
angiogenesis [55]. The other (EST gi/26334035) is without ascribed
function. But both have conserved Zn finger DNA binding domains.

A third candidate for a 12-mer binding protein, suggested by
analysis of L2a using a transcription binding factor database
(www.genomatix.de), was the OLF-1/EBF-associated zinc finger
protein, ROAZ.

ROAZ binds to inverted repeats of GCACCC separated by 2 bp-
sequences almost identical to the L2a 12-mer element (S-Figure 2F). A
member of this family, EBFAZ/EV14 is essential for normal mouse B
cell development but has yet to be characterized in other
hematopoietic cells [56,57].

Finally, additional unpublished in vitro analyses (not shown) as well
as previous studies [58,59] indicate that CDP/CUX1and SATB1
recognize the L and S motifs in fundamentally different ways and likely
collaborate, since their binding sites, at least partially, overlap. To test
this model directly, we are developing knock-in mice with targeted
point mutations within the CDP/CUX1 L2a binding site.

S-Figure 2. Identification of two L2a palindromic 12-mer binding
proteins. A. Upper: Schematic of L2a showing 12-mer (red), L
region (red) and L region (magenta). Lower: Two point mutations
(red) introduced into the 12-mer and constructed as an EMSA
probe, termed Nco11. B. Schematic EMSA probe (termed L+P3)
composed of a trimer of the 12-mer palindrome created by PCR. D.
Purification of palindromic 12-mer binding proteins 1 and 2. EMSA
probes noted at the top are the 200 bp spanning L2a and the L site
palindromic trimer (L+P2). Left two lanes, unfractionated BW5147
extract; right two lanes, L+P3-Separose column affinity purified
BW5147 extract. E. Coomassie stained SDS PAGE of proteins from
(D) reveals two intensified bands. These were excised from the gel
and determined by mass spectrometry to be PIGPEN [55] and EST
gi/26334035 (no ascribed function). F. Comparison of the WT L2a
palindromic 12-mer with the binding site of the ROAZ TF via
sequence analysis using the www.genomatix.de database.

Acknowledgement
We thank Dr. Hilde Cheroutre (La Jolla Institute of Immunology)

for providing thymic leukemia (TL) tetramers. We thank Dr. Wilfried
Ellmeier, Institute of Immunology, Medical University of Vienna
(Vienna, Austria), for advice and for providing subclones for
construction of transgenes. We thank June Harriss for her excellent
contribution to all aspects of the animal husbandry, Chhaya Das and
Maya Ghosh for help in cell culture and molecular techniques, and
Paul Das for help with manuscript submission. We thank members of
the Tucker laboratory for discussions and reading of the manuscript.
Support for this work was provided by NIH Grant R01CA31534,
Cancer Prevention Research Institute of Texas (CPRIT) Grants
RP100612, RP120348; and the Marie Betzner Morrow Centennial
Endowment (to H.O.T). Finally, we recognize the late Dr. Paul Gottlieb
for initiating this project and for providing the spirit for its completion.

Author Contributions
XY and HOT designed research; XY performed research; XY, GR

and HOT analyzed data; XY, GR and HOT wrote the manuscript.

References
1. Singer A, Adoro S, Park JH (2008) Lineage fate and intense debate: myths,

models and mechanisms of CD4 versus CD8lineage choice. Nat Rev
Immunol 8: 788-801.

2. Carpenter AC, Bosselut R (2010) Decision checkpoints in the thymus.
Nat Immunol 11: 666.

Citation: Yao X, Rathbun G, Tucker HO (2018) SATB1 Binding to an Element within the Cd8α Gene Enhancer Silences Expression of CD8αα+

Intraepithelial Lymphocytes and Dendritic Cells. J Cell Signal 3: 1000190. doi:10.4172/2576-1471.1000190

Page 8 of 10

J Cell Signal, an open access journal
ISSN:2576-1471

Volume 3 • Issue 3 • 1000190

mailto:https://doi.org/10.1038/nri2416.
mailto:https://doi.org/10.1038/nri2416.
mailto:https://doi.org/10.1038/nri2416.
mailto:https://doi.org/10.1038/ni.1887
mailto:https://doi.org/10.1038/ni.1887


3. Taniuchi I, Ellmeier W (2011) Transcriptional and epigenetic regulation
of CD4/CD8 lineage choice. Adv Immunol 110: 71-110.

4. Xiong Y, Bosselut R (2012) CD4CD8 differentiation in the thymus:
connecting circuits and building memories. Curr Opin Immunol 24:
139-145.

5. Gorman SD, Sun YH, Zamoyska R, Parnes JR (1988) Molecular linkage of
the Ly3 and Ly2 genes. Requirement of Ly2 for Ly3 surface expression. J
Immunol 140: 3646-3653.

6. Hostert A, Garefalaki A, Mavria G, Tolaini M, Roderick K, et al. (1998) 
Hierarchical interactions of control elements determine CD8alpha gene
expression in subsets of thymocytes and peripheral T cells. Immunity 9:
497-508.

7. Hostert A, Tolaini M, Festenstein R, McNeill L, Malissen B, et al. (1997) 
ACD8 genomic fragment that directs subsetspecific expression of CD8 in
transgenic mice. J Immunol 158: 4270-4281.

8. Hostert A, Tolaini M, Roderick K, Harker N, Norton T, et al. (1997) A
region in the CD8 gene locus that directs expression to the mature CD8 T
cell subset in transgenic mice. Immunity 7: 525-536.

9. Ellmeier W, Sunshine MJ, Losos K, Hatam F, Littman DR (1997) An
enhancer that directs lineagespecific expression of CD8 in positively
selected thymocytes and mature T cells. Immunity 7: 537-547.

10. Ellmeier W, Sunshine MJ, Losos K, Littman DR (1998) Multiple
developmental stagespecific enhancers regulate CD8 expression in
developing thymocytes and in thymusindependent T cells. Immunity 9:
485-496.

11. Zhang XL, Seong R, Piracha R, Larijani M, Heeney M, et al. (1998) 
Distinct stagespecific cisactive transcriptional mechanisms control
expression of T cell coreceptor CD8 alpha at double and singlepositive
stages of thymic development. J Immunol 161: 2254-2266.

12. Ellmeier W, Sunshine MJ, Maschek R, Littman DR (2002) Combined
deletion of CD8 locus cisregulatory elements affects initiation but not
maintenance of CD8 expression. Immunity 16: 623.

13. Garefalaki A, Coles M, Hirschberg S, Mavria G, Norton T, et al. (2002) 
Variegated expression of CD8 alpha resulting from in situ deletion of
regulatory sequences. Immunity 16: 635-647.

14. Feik N, Bilic I, Tinhofer J, Unger B, Littman DR, et al. (2005) Functional
and molecular analysis of the doublepositive stagespecific CD8 enhancer
E8III during thymocyte development. J Immunol 174: 1513-1524.

15. Bilic I, Koesters C, Unger B, Sekimata M, Hertweck A, et al. (2006) 
Negative regulation of CD8 expression via Cd8 enhancermediated
recruitment of the zinc finger protein MAZR. Nat Immunol. 7: 392-400.

16. Hassan H, Sakaguchi S, Tenno M, Kopf A, Boucheron N, et al. (2011) Cd8
enhancer E8I and Runx factors regulate CD8α expression. Proc Natl Acad
Sci 108: 18330-18335.

17. Sakaguchi S, Hombauer M, Hassan H, Tanaka H, Yasmin N, et al. (2015) 
A novel Cd8-cis-regulatory element preferentially directs expression in
CD44hiCD62L+ CD8+ T cells and in CD8αα+ dendritic cells. J Leukoc
Biol 97: 635-644.

18. Naito T, Tanaka H, Naoe Y, Taniuchi I (2011) Transcriptional control of
T-cell development, Internat Immunol 23: 661-668.

19. Taniuchi I (2018) CD4 Helper and CD8 Cytotoxic T Cell Differentiation.
Ann Rev Immunol 36: 579-601.

20. Dickinson LA, Joh T, Kohwi Y, Zohwi-Shigematsu T (1992) A tissue-
specific MAR/SAR DNA-binding protein with unusual binding site
recognition. Cell 70: 631-645.

21. Cai S, Lee CC, Kohwi-Shigematsu T (2006) SATB1 packages densely
looped, transcriptionally active chromatin for coordinated expression of
cytokine genes. Nat Genet 38: 1278-1288.

22. Yasui D, Miyano M, Cai S, Varga-Weisz P, Kohwi-Shigematsu T (2002) 
SATB1 targets chromatin remodelling to regulate genes over long
distances. Nature 419: 641-645.

23. Alvarez JD, Yasui DH, Niida H, Joh T, Loh DY, et al. (2000) The MAR-
binding protein SATB1 orchestrates temporal and spatial expression of
multiple genes during T-cell development. Genes Dev 14: 521-535.

24. Satoh Y, Yokota T, Sudo T, Kondo M, Lai A, et al. (2013) The Satb1
protein directs hematopoietic stem cell differentiation toward lymphoid
lineages. Immunity 38: 1105-1115.

25. Will B, Vogler TO, Bartholdy B, Garrett-Bakelman F, Mayer J, et al. (2013) 
Satb1 regulates the self-renewal of hematopoietic stem cells by promoting
quiescence and repressing differentiation commitment. Nat. Immunol 14:
437-445.

26. Beyer MY, Thabet RU, Müller T, Sadlon S, Classen K, et al. (2011) 
Repression of the genome organizer SATB1 in regulatory T cells is
required for suppressive function and inhibition of effector
differentiation. Nat Immunol. 12: 898-907.

27. Yao X, Nie H, Rojas IC, Harriss JV, Maika SD, et al. (2010) The L2a
element is a mouse CD8 silencer that interacts with MAR-binding
proteins SATB1 and CDP. Mol Immunol. 48: 153-163.

28. Nie H, Maika SD, Tucker PW, Gottlieb PD (2005) A role for SATB1, a
nuclear matrix association region-binding protein, in the development of
CD8SP thymocytes and peripheral T lymphocytes. J. Immunol. 174:
4745-4752.

29. Dignam JD, Lebovitz RM, Roeder RG (1983) Accurate transcription
initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res 11: 1475-1489.

30. Sawada S (1994) A lineage-specific transcriptional silencer regulates CD4
gene expression during T lymphocyte development. Cell 77: 917-929.

31. Sayre PH (1987) Molecular cloning and expression of T11 cDNAs reveal a
receptor-like structure on human T lymphocytes. Proc Natl Acad Sci 84:
2941-2945.

32. Nakauchi H (1987) Isolation and characterization of the gene for the
murine T cell differentiation antigen and immunoglobulin-related
molecule, Lyt-2. Nucleic Acids Res 15: 4337-4347.

33. Lee PP (2001) A critical role for Dnmt1 and DNA methylation in T cell
development, function, and survival. Immunity 15: 763-774.

34. Bilic I (2006) Negative regulation of CD8 expression via Cd8 enhancer-
mediated recruitment of the zinc finger protein MAZR. Nat Immunol 7:
392-400.

35. Feik N (2005) Functional and molecular analysis of the double-positive
stage-specific CD8 enhancer E8III during thymocyte development. J
Immunol 174: 1513-24.

36. Yamada K, Kimura Y, Nishimura H, Namii Y, Murase M, et al. (1999) 
Characterization of CD4+CD8αα+ and CD4–CD8αα+ intestinal
intraepithelial lymphocytes in rats, Internat. Immunol 11: 21-28.

37. Cheroutre H, Lambolez F, Mucida D (2011) The light and dark sides of
intestinal intraepithelial lymphocytes. Nature Rev Immunol 11: 445-456.

38. Madakamutil LT (2004) CD8alphaalpha-mediated survival and
differentiation of CD8 memory T cell precursors. Science 304: 590-593.

39. Cheroutre H (2004) Starting at the beginning: new perspectives on the
biology of mucosal T cells. Annu Rev Immunol 22: 217-246.

40. Weber DA (2002) Peptide-independent folding and CD8αα binding by
the nonclassical class I molecule, thymic leukemia antigen. J Immunol
169: 5708-5714.

41. Attinger A (2005) Molecular basis for the high affinity interaction
between the thymic leukemia antigen and the CD8αα molecule. J
Immunol 174: 3501-3507.

42. Devine L, Rogozinski L, Naidenko OV, Cheroutre H, Kavathas PB (2002) 
The complementarity-determining region-like loops of CD8α interact
differently with β2-microglobulin of the class I molecules H-2Kb and
thymic leukemia antigen, while similarly with their α3 domains. J
Immunol 168: 3881-3886.

43. Leishman AJ (2001) T cell responses modulated through interaction
between CD8αα and the nonclassical MHC class I molecule, TL. Science
294: 1936-1939.

44. Teitell M, Mescher MF, Olson CA, Littman DR, Kronenberg M (1991) 
The thymus leukemia antigen binds human and mouse CD8. J Exp Med
174: 1131-1138.

Citation: Yao X, Rathbun G, Tucker HO (2018) SATB1 Binding to an Element within the Cd8α Gene Enhancer Silences Expression of CD8αα+

Intraepithelial Lymphocytes and Dendritic Cells. J Cell Signal 3: 1000190. doi:10.4172/2576-1471.1000190

Page 9 of 10

J Cell Signal, an open access journal
ISSN:2576-1471

Volume 3 • Issue 3 • 1000190

mailto:https://doi.org/10.1016/j.coi.2012.02.002
mailto:https://doi.org/10.1016/j.coi.2012.02.002
mailto:https://doi.org/10.1016/j.coi.2012.02.002
mailto:http://www.jimmunol.org/content/140/10/3646/tab-article-info
mailto:http://www.jimmunol.org/content/140/10/3646/tab-article-info
mailto:http://www.jimmunol.org/content/140/10/3646/tab-article-info
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9806636
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9806636
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9806636
mailto:https://doi.org/10.4049/jimmunol.1003355
mailto:https://doi.org/10.4049/jimmunol.1003355
mailto:https://doi.org/10.1016/S1074-7613(00)80374-X
mailto:https://doi.org/10.1016/S1074-7613(00)80374-X
mailto:https://doi.org/10.1016/S1074-7613(00)80374-X
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9354474
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9354474
mailto:https://www.ncbi.nlm.nih.gov/pubmed/9354474
mailto:https://doi.org/10.1016/S1074-7613(00)80632-9
mailto:https://doi.org/10.1016/S1074-7613(00)80632-9
mailto:https://doi.org/10.1016/S1074-7613(00)80632-9
mailto:https://doi.org/10.1016/S1074-7613(00)80632-9
mailto:http://www.jimmunol.org/content/161/5/2254
mailto:http://www.jimmunol.org/content/161/5/2254
mailto:http://www.jimmunol.org/content/161/5/2254
mailto:https://www.ncbi.nlm.nih.gov/pubmed/12049715
mailto:https://www.ncbi.nlm.nih.gov/pubmed/12049715
mailto:https://www.ncbi.nlm.nih.gov/pubmed/12049715
mailto:https://doi.org/10.1016/S1074-7613(02)00308-4
mailto:https://doi.org/10.1016/S1074-7613(02)00308-4
mailto:https://doi.org/10.4049/jimmunol.174.3.1513
mailto:https://doi.org/10.4049/jimmunol.174.3.1513
mailto:https://doi.org/10.4049/jimmunol.174.3.1513
mailto:https://doi.org/10.1038/ni1311
mailto:https://doi.org/10.1038/ni1311
mailto:https://doi.org/10.1073/pnas.1105835108
mailto:https://doi.org/10.1073/pnas.1105835108
mailto:https://doi.org/10.1073/pnas.1105835108
mailto:https://doi.org/10.1189/jlb.1HI1113-597RR
mailto:https://doi.org/10.1189/jlb.1HI1113-597RR
mailto:https://doi.org/10.1189/jlb.1HI1113-597RR
mailto:https://doi.org/10.1093/intimm/dxr078
mailto:https://doi.org/10.1093/intimm/dxr078
mailto:https://doi.org/10.1146/annurev-immunol-042617-053411.
mailto:https://doi.org/10.1146/annurev-immunol-042617-053411.
mailto:https://www.ncbi.nlm.nih.gov/pubmed/1505028
mailto:https://www.ncbi.nlm.nih.gov/pubmed/1505028
mailto:https://www.ncbi.nlm.nih.gov/pubmed/1505028
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17057718
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17057718
mailto:https://www.ncbi.nlm.nih.gov/pubmed/17057718
mailto:https://doi.org/10.1038/nature01084
mailto:https://doi.org/10.1038/nature01084
mailto:https://www.ncbi.nlm.nih.gov/pubmed/10716941
mailto:https://www.ncbi.nlm.nih.gov/pubmed/10716941
mailto:https://www.ncbi.nlm.nih.gov/pubmed/10716941
mailto:https://doi.org/10.1016/j.immuni.2013.05.014.
mailto:https://doi.org/10.1016/j.immuni.2013.05.014.
mailto:https://doi.org/10.1016/j.immuni.2013.05.014.
mailto:https://doi.org/10.1038/ni.2572.%20Epub%202013%20Apr%207.
mailto:https://doi.org/10.1038/ni.2572.%20Epub%202013%20Apr%207.
mailto:https://doi.org/10.1038/ni.2572.%20Epub%202013%20Apr%207.
mailto:https://doi.org/10.1038/ni.2084.
mailto:https://doi.org/10.1038/ni.2084.
mailto:https://doi.org/10.1038/ni.2084.
mailto:https://doi.org/1016/j.molimm.2010.08.014.
mailto:https://doi.org/1016/j.molimm.2010.08.014.
mailto:https://doi.org/1016/j.molimm.2010.08.014.
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15814699
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15814699
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15814699
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15814699
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC325809/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC325809/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC325809/
mailto:https://www.ncbi.nlm.nih.gov/pubmed/8004678
mailto:https://www.ncbi.nlm.nih.gov/pubmed/8004678
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC304776/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC304776/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC304776/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC340851/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC340851/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC340851/
mailto:https://www.ncbi.nlm.nih.gov/pubmed/11728338
mailto:https://www.ncbi.nlm.nih.gov/pubmed/11728338
mailto:https://doi.org/10.1038/ni1311
mailto:https://doi.org/10.1038/ni1311
mailto:https://doi.org/10.1038/ni1311
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15661911
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15661911
mailto:https://www.ncbi.nlm.nih.gov/pubmed/15661911
mailto:https://doi.org/10.1093/intimm/11.1.21
mailto:https://doi.org/10.1093/intimm/11.1.21
mailto:https://doi.org/10.1038/nri3007.
mailto:https://doi.org/10.1038/nri3007.
mailto:https://doi.org/10.1126/science.1092316
mailto:https://doi.org/10.1126/science.1092316
mailto:https://doi.org/10.1146/annurev.immunol.22.012703.104522
mailto:https://doi.org/10.1146/annurev.immunol.22.012703.104522
mailto:https://doi.org/10.4049/jimmunol.169.10.5708
mailto:https://doi.org/10.4049/jimmunol.169.10.5708
mailto:https://doi.org/10.4049/jimmunol.169.10.5708
mailto:https://doi.org/10.4049/jimmunol.174.6.3501
mailto:https://doi.org/10.4049/jimmunol.174.6.3501
mailto:https://doi.org/10.4049/jimmunol.174.6.3501
mailto:https://doi.org/10.4049/jimmunol.168.8.3881
mailto:https://doi.org/10.4049/jimmunol.168.8.3881
mailto:https://doi.org/10.4049/jimmunol.168.8.3881
mailto:https://doi.org/10.4049/jimmunol.168.8.3881
mailto:https://doi.org/10.1126/science.1063564
mailto:https://doi.org/10.1126/science.1063564
mailto:https://doi.org/10.1126/science.1063564
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2119000/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2119000/


45. Tsujimura K (2003) Thymus leukemia antigen (TL)-specific cytotoxic T
lymphocytes recognize the α1/α2 domain of TL free from antigenic
peptides. Int Immunol 15: 1319-1326.

46. Zhong W, Reinherz EL (2005) CD8 alpha homodimer expression and role
in CD8 T cell memory generation during influenza virus A infection in
mice. Eur J Immunol 35: 3103-3110.

47. Lipscomb MF, Masten BJ (2002) Dendritic cells: immune regulators in
health and disease. Physiol Rev 82: 97-130.

48. Traver D (2000) Development of CD8alpha-positive dendritic cells from a
common myeloid progenitor. Science 290: 2152-2154.

49. Tartof KD, Hobbs C, Jones M (1984) A structural basis for variegating
position effects. Cell 3: 869-878.

50. Kobayashi A (2000) A combinatorial code for gene expression generated
by transcription factor Bach2 and MAZR (MAZ-related factor) through
the BTB/POZ domain. Mol Cell Biol 20: 1733-1746.

51. Suss G, Shortman K (1996) A subclass of dendritic cells kills CD4 T cells
via Fas/Fas-ligand-induced apoptosis. J Exp Med 183: 1789-1796.

52. Steinman RM, Cohn ZA (1974) Identification of a novel cell type in
peripheral lymphoid organs of mice. II. Functional properties in vitro. J
Exp Med 139: 380-397.

53. Lipscomb MF, Masten BJ (2002) Dendritic cells: immune regulators in
health and disease. Physiol Rev 82: 97-130.

54. Ardavin C (1997) Thymic dendritic cells. Immunol Today 18: 350-361.
55. Yoshida T, Sato Y, Morita I, Abe M (2010) Pigpen, a nuclear coiled body

component protein, is involved in angiogenesis. Cancer Sci
101:1170-1176.

56. Tsai RY, Reed RR (1998) Identification of DNA recognition sequences
and protein interaction domains of the multiple-Zn-finger protein Roaz.
Mol Cell Biol 18: 6447-6456.

57. Warming S (2003) Evi3, a common retroviral integration site in murine
B-cell lymphoma, encodes an EBFAZ-related Kruppel-like zinc finger
protein. Blood 101: 1934-1940.

58. Chattopadhyay S, Whitehurst CE (1998) A nuclear matrix attachment
region upstream of the T cell receptor beta gene enhancer binds
Cux/CDP and SATB1 and modulates enhancer-dependent reporter gene
expression but not endogenous gene expression. J Biol Chem 273:
29838-29846.

59. Banan M (1997) Interaction of the nuclear matrix-associated region
(MAR)-binding proteins, SATB1 and CDP/Cux, with a MAR element
(L2a) in an upstream regulatory region of the mouse CD8a gene. J Biol
Chem 272: 18440-18452.

 

Citation: Yao X, Rathbun G, Tucker HO (2018) SATB1 Binding to an Element within the Cd8α Gene Enhancer Silences Expression of CD8αα+

Intraepithelial Lymphocytes and Dendritic Cells. J Cell Signal 3: 1000190. doi:10.4172/2576-1471.1000190

Page 10 of 10

J Cell Signal, an open access journal
ISSN:2576-1471

Volume 3 • Issue 3 • 1000190

mailto:https://doi.org/10.1093/intimm/dxg131
mailto:https://doi.org/10.1093/intimm/dxg131
mailto:https://doi.org/10.1093/intimm/dxg131
mailto:https://doi.org/10.1002/eji.200535162
mailto:https://doi.org/10.1002/eji.200535162
mailto:https://doi.org/10.1002/eji.200535162
mailto:https://doi.org/10.1152/physrev.00023.2001
mailto:https://doi.org/10.1152/physrev.00023.2001
mailto:https://www.ncbi.nlm.nih.gov/pubmed/11118150
mailto:https://www.ncbi.nlm.nih.gov/pubmed/11118150
mailto:https://doi.org/10.1016/0092-8674(84)90422-7
mailto:https://doi.org/10.1016/0092-8674(84)90422-7
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC85356/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC85356/
mailto:https://www.ncbi.nlm.nih.gov/pmc/articles/PMC85356/
mailto:https://www.ncbi.nlm.nih.gov/pubmed/8666935
mailto:https://www.ncbi.nlm.nih.gov/pubmed/8666935
mailto:https://www.ncbi.nlm.nih.gov/pubmed/4589990
mailto:https://www.ncbi.nlm.nih.gov/pubmed/4589990
mailto:https://www.ncbi.nlm.nih.gov/pubmed/4589990
mailto:https://doi.org/10.1111/j.1349-7006.2010.01494.x
mailto:https://doi.org/10.1111/j.1349-7006.2010.01494.x
mailto:https://doi.org/10.1111/j.1349-7006.2010.01494.x
mailto:https://doi.org/10.1128/MCB.18.11.6447
mailto:https://doi.org/10.1128/MCB.18.11.6447
mailto:https://doi.org/10.1128/MCB.18.11.6447
mailto:https://doi.org/10.1182/blood-2002-08-2652
mailto:https://doi.org/10.1182/blood-2002-08-2652
mailto:https://doi.org/10.1182/blood-2002-08-2652
mailto:https://doi.org/10.1074/jbc.273.45.29838
mailto:https://doi.org/10.1074/jbc.273.45.29838
mailto:https://doi.org/10.1074/jbc.273.45.29838
mailto:https://doi.org/10.1074/jbc.273.45.29838
mailto:https://doi.org/10.1074/jbc.273.45.29838
mailto:https://doi.org/10.1074/jbc.272.29.18440
mailto:https://doi.org/10.1074/jbc.272.29.18440
mailto:https://doi.org/10.1074/jbc.272.29.18440
mailto:https://doi.org/10.1074/jbc.272.29.18440

	Contents
	SATB1 Binding to an Element within the Cd8α Gene Enhancer Silences Expression of CD8αα+ Intraepithelial Lymphocytes and Dendritic Cells
	Abstract
	Keywords:
	Introduction
	Materials and Methods
	Generation of L2a knock-in mice
	Preparation of genomic DNA from mouse tails
	Southern blot analysis
	Isolation of cells from mouse thymus, lymph nodes and spleen
	FACS staining
	Cell sorting
	Preparation of probes for EMSA
	Electrophoretic mobility shift assay (EMSA)
	Transient transfection and luciferase assays in cultured cells
	In vitro T cell activation
	Isolation of intestinal intraepithelial lymphocytes (IELs)
	L2a transgenic constructs and procedures

	Results
	Targeted deletion/knock-in approach to the function of L2a
	Generation of L2a knockout and knock-in mice
	Expression of CD8 is unaltered in KI-M1 mice point-mutated within the SATB1 binding site within L2a
	Complete L2a elimination (KI- L2a) results in modest derepression of CD8 thymocyte expression
	CD8αα and CD8αβ expression is modestly increased in intraepithelial lymphocytes of KI and M1 mice
	The L2a element collaborates with E8I to promote robust CD8αα repression in activated IELs
	Splenic CD8αα+ dendritic cell (DC) expression is modestly repressed by L2a
	KI- L2a but not KI-M1 mice are deficient in intestinal expression of CD8αα+ DC

	Discussion
	L2a repression in conventional T cells
	SATB1 mediated repression of L2a IEL
	L2a repression of CD8αα+ in splenic and intestinal dendritic cells

	Conclusions and Extensions
	Acknowledgement
	Author Contributions
	References


