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SATB1 is expressed primarily in thymocytes and can act as a transcriptional repressor. SATB1 binds in vivo to
the matrix attachment regions (MARs) of DNA, which are implicated in the loop domain organization of
chromatin. The role of MAR-binding proteins in specific cell lineages is unknown. We generated SATB1-null
mice to determine how SATB1 functions in the T-cell lineage. SATB1-null mice are small in size, have
disproportionately small thymi and spleens, and die at 3 weeks of age. At the cellular level, multiple defects
in T-cell development were observed. Immature CD3−CD4−CD8− triple negative (TN) thymocytes were
greatly reduced in number, and thymocyte development was blocked mainly at the DP stage. The few
peripheral CD4+ single positive (SP) cells underwent apoptosis and failed to proliferate in response to
activating stimuli. At the molecular level, among 589 genes examined, at least 2% of genes including a
proto-oncogene, cytokine receptor genes, and apoptosis-related genes were derepressed at inappropriate stages
of T-cell development in SATB1-null mice. For example, IL-2Ra and IL-7Ra genes were ectopically
transcribed in CD4+CD8+ double positive (DP) thymocytes. SATB1 appears to orchestrate the temporal and
spatial expression of genes during T-cell development, thereby ensuring the proper development of this
lineage. Our data provide the first evidence that MAR-binding proteins can act as global regulators of cell
function in specific cell lineages.
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SATB1 is a nuclear protein that was originally cloned by
virtue of its ability to bind to a core unwinding element
within the matrix attachment DNA region (MAR) lo-
cated 38 of the immunoglobulin µ heavy chain (IgH) gene
enhancer (Dickinson et al. 1992). MARs, including those
surrounding the IgH enhancer core (Cockerill et al.
1987), have been postulated to contribute to higher order
chromatin structure by mediating the attachment of
chromatin to the nuclear matrix, thereby folding chro-
matin into topologically independent loop domains
(Cockerill and Garrard 1986; Gasser and Laemmli 1987).
Results obtained from transgenic mouse studies indicate
that MAR sequences are important in vivo for cell-type-

specific gene regulation and chromatin structure. The
MAR sequences flanking the IgH enhancer are essential
for the transcription of a rearranged µ gene in transgenic
B lymphocytes (Forrester et al. 1994) and the generation
of an extended domain of chromatin that is accessible to
transcription factors (Jenuwien et al. 1997). The IgH
MARs together with the core enhancer induce extensive
demethylation across the chromatin domain (Jenuwien
et al. 1997). Similar to IgH MARs, MARs flanking the
immunoglobulin k enhancer are necessary for B cell-spe-
cific demethylation of the Igk locus (Kirillov et al. 1996).

SATB1 was the first cell-type-restricted MAR-binding
protein to be identified and is expressed predominantly
in thymocytes. Its expression is virtually undetectable in
other tissues except for low levels in testis, fetal brain,
and osteoblasts (Dickinson et al. 1992; T. Kohwi-Shige-
matsu, unpubl.). SATB1 binds to the minor groove of
DNA specifically recognizing a unique group of AT-rich
DNA sequences. There is no primary consensus se-
quence for these AT-rich regions; rather, they are repre-
sented by a specialized DNA context that contains a
cluster of sequences where one strand consists exclu-
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sively of well-mixed As, Ts, and Cs, excluding Gs (ATC
sequences; Dickinson et al. 1992). Under negative super-
helical strain, a region containing an ATC sequence clus-
ter has the intrinsic propensity to unwind by base un-
pairing. Such a region is referred to as a base unpairing
region (BUR) and is typically found in MARs. BURs are
usually 100–150 bp in length or less, and can be identi-
fied by unpaired DNA-specific chemical probes (for re-
view, see Leonard 1984; Kohwi-Shigematsu and Kohwi
1992). BURs are a potential hallmark of MARs because
unwinding propensity is important for MAR activity
(Kohwi-Shigematsu and Kohwi 1990; Bode et al. 1992).
SATB1 has a homeodomain and a BUR-binding domain,
both of which are necessary for recognition of the core
unwinding element within a BUR. If the core unwinding
element of a BUR is mutated to abolish the unwinding
property of the BUR, SATB1 binding is eliminated (Dick-
inson et al. 1992, 1997; Nakagomi et al. 1994; Wang et al.
1995). Besides SATB1, a B cell-specific protein, Bright
(Herrscher et al. 1995) as well as certain ubiquitous pro-
teins have been identified to specifically recognize and
bind BURs (Dickinson and Kohwi-Shigematsu 1995;
Galande and Kohwi-Shigematsu 1999; Liu et al. 1999a).

Recently, a group of genomic DNA sequences to
which SATB1 binds in vivo was cloned and individually
characterized. Proof that SATB1 in fact binds to MARs in
vivo was obtained by performing fluorescent in situ hy-
bridization (FISH) with each of these sequences and
showing that that these sequences hybridize to the ge-
nomic DNA remaining attached to the nucleoskeleton
(or the nuclear matrix; deBelle et al. 1998). Recent re-
ports suggest that, in at least two different experimental
systems, SATB1 can act as a transcriptional repressor
mediated by MARs (Kohwi-Shigematsu et al. 1997; Liu
et al. 1997). SATB1, a cell-type restricted BUR/MAR-
binding protein, may play a critical role(s) during devel-
opment by regulating multiple genes in specific cell lin-
eages. Unlike classic transcription factors, which bind
individual target genes to regulate transcription, SATB1,
which binds to multiple sites where chromatin is fas-
tened to form loop domains, may dictate the organiza-
tion and structure of chromatin domains, thereby or-
chestrating the transcription potential of multiple genes.

We examined the function of SATB1 by generating
SATB1-null mice by gene targeting in ES cells. Because
SATB1 is expressed predominantly in thymocytes (Dick-
inson et al. 1992) and is induced in peripheral T cells as
an immediate early gene product (Beadling et al. 1993),
we chose to examine the T-cell lineage in SATB1-null
mice to understand how a MAR-binding protein might
regulate development. Here we show that SATB1 abla-
tion leads to major dysregulation (mostly de-repression)
of multiple genes, including cytokine receptor genes. A
discrete set of genes was expressed in a disordered man-
ner that was incompatible with specific T-cell develop-
mental stages. SATB1 was found to be necessary at mul-
tiple stages in T-cell development and T-cell activation.
Our results suggest that SATB1 orchestrates T-cell de-
velopment by ensuring ordered spatial and temporal
gene expression.

Results

Generation of SATB1-null mice

The genomic structure of SATB1 was partially mapped,
including eight exons. A targeting construct was de-
signed to replace a 10.9-kb BglII–BamHI fragment, con-
taining the first five exons, which encode 213 amino
acids including the translation start codon, with a neo-
mycin resistance gene driven by the PGK promoter (Fig.
1A). The targeting construct, pSB1Neo3.2KO, also con-
tained a PGK–thymidine kinase (tk) gene. The targeting
construct was linearized, electroporated into ES cells,
and transfectants were grown in selection media con-
taining G418 and gancyclovir. G418r, gancr clones were
screened for homologous recombination by the PCR and
verified by Southern blot analysis (Fig. 1B). Six homolo-
gous recombinant clones were used to generate chimeric
mice by injection into 3-day-old C57BL/6 (B6) blasto-
cysts, and three of them yielded chimeric mice that
passed the mutated allele to the germ line. Homozygous
SATB1-targeted mice were obtained by mating heterozy-
gous F1 offspring from the chimeras. The absence of both
SATB1 transcripts and SATB1 protein was confirmed by
RT–PCR and Western blotting, respectively, of thymus
extracts from homozygous mutant mice (Fig. 1C and
data not shown).

Growth retardation of SATB1-null mice

Homozygous mice were indistinguishable from wild-
type and heterozygous littermates at birth. As early as 3
days after birth, however, the homozygotes were smaller
and thinner than their littermates, and this size differ-
ence became more pronounced with age (Fig. 2A). The
size of knockout mice was variable and may be due to
the mixed genetic background of the mice (C57BL/6 and
129/Ola). However, all homozygous mice died by 4
weeks after birth, with the majority dying between 21
and 26 days of age. Lifespan could be extended to at least
42 days by transferring 16-day old SATB1-null mice to a
foster mother to prolong nursing. However, no homozy-
gous mice survived weaning. Interestingly, SATB1-null
animals exhibited characteristics in common with mice
that have neurological defects, such as incomplete eye
opening and the clasping reflex (Fig. 2B) (Crowley et al.
1994; Klein et al. 1994; Urbánek et al. 1994). This finding
raises the possibility that SATB1 has a role in neurologi-
cal function, which is consistent with the detection of
SATB1 mRNA in fetal brain (Adams et al. 1993).

Despite the marked phenotypic differences between
SATB1-null and wild-type mice, gross dissection and his-
tologic examination revealed no obvious defects, except
for a striking size difference in the thymus, spleen, and
lymph nodes. In the knockout mice, these organs were
substantially smaller than in wild-type mice (Fig. 2C,D).
The size differences in the thymus, spleen, and lymph
nodes were much more pronounced in SATB1-null mice
that were older than 2 weeks of age. In SATB1-null
thymi, the number of thymocytes was typically reduced
1.5- to 2-fold at 2 weeks of age, and 10- to 100-fold by 3
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Figure 1. Targeted disruption of the
SATB1 gene. (A) Partial genomic structure
of SATB1 and the targeting strategy. This
deletion replaced the first five exons or
213 amino acids of the mouse thymus
SATB1 (Nakagomi et al. 1994), including
the translation start codon, with a neomy-
cin-resistance gene. The recombined allele
is shown at the bottom. Exons are indi-
cated by shaded boxes. The nucleotide po-
sitions encompassed by coding exons are:
exon 2, −34–211; exon 3, 212–388; exon
4, 389–515; exon 5, 516–639; exon 6, 640–
752; exon 7, 753–1205; exon 8, 1206–N.D.
(not determined). The exon labeled I tes
encodes the 58 UTR found in the human
SATB1 cDNA isolated previously from
testis (Dickinson et al. 1992). The corre-
sponding 58 UTR for the thymus cDNA
has not yet been located. (P) PstI; (BII)
BglII; (RI) EcoRI; (BHI) BamHI; (HIII)
HindIII; and (Xh) XhoI. The map for PstI is
incomplete. Restriction sites in parenthe-
ses were destroyed during construction of
the targeting construct. (B) Southern blot
of PstI-digested tail DNA from offspring of
a heterozygous mating. Probe A (400 bp)
was used for Southern blot analysis to de-
tect both the wild-type 2.9-kb and mutant
2.3-kb PstI genomic fragments. (C) West-
ern blot of protein lysates from 13-day-old
thymi using anti-SATB1 antibody as de-
scribed (Nakagomi et al. 1994). Symbols
represent wild type (+/+) and heterozygous
(+/−) and homozygous mutants (−/−).

Figure 2. Phenotype of the SATB1-null mice. (A) Shown are 22-day-old wild-type (WT; top) and knockout (KO; bottom) littermates
demonstrating a difference in size and ptosis of the eye. (B) A 26-day-old knockout mouse (right) displaying the clasping reflex in
comparison with a wild-type littermate (left). The thymus (C) and spleen (D) from the SATB1-null mouse shown in A are smaller than
that of the wild-type littermate. These organs were fixed in formalin and embedded in paraffin. Hematoxylin- and eosin-stained
sections revealed that the SATB1-null thymus (top right of C) has a higher cortex (purple) to medulla (pink) ratio than the wild-type
thymus (top middle of C) at a 40× magnification. The SATB1-null spleen (bottom right of D) has a significantly smaller white pulp
(purple) compared with the wild-type spleen (bottom middle of D) visualized at the same magnification (100×).
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weeks of age and 10- to 100-fold by 3 weeks of age (data
not shown). Profound histologic abnormalities were also
found in these organs, suggesting that SATB1 is neces-
sary for T-cell development. Specifically, SATB1-knock-
out thymi were composed mainly of cortex, with some
degenerating cells, and a sparse medulla (Fig. 2C). Also,
spleens from these animals had shrunken white pulp,
and lymph nodes contained a reduced number of lym-
phocytes (Fig. 2D; data not shown). Heterozygous and
wild-type mice were indistinguishable in this regard.

The CD3−CD4−CD8− triple negative population is
markedly reduced in SATB1-null thymi

Immature T cells develop in the thymus by progressing
through distinct stages that are characterized by the ex-
pression of different sets of cell-surface proteins (for re-
view, see Rothenberg 1992). On the basis of their expres-
sion of CD4 and CD8 accessory molecules, developing
thymocytes can be subdivided into four populations
that correspond to discrete developmental stages.
CD4−CD8− cells that lack T-cell receptor (TCR) expres-

sion (CD3−CD4−CD8− cells) are designated as triple
negative (TN) cells, and represent the most immature
thymocytes. TN cells give rise to CD4+CD8+ double
positive (DP) cells, which then mature into either CD4+

or CD8+ single-positive (CD4 or CD8 SP) cells.
Initial investigation into the cause of the reduced size

of the SATB1-null thymus and spleen focused on the
early TN thymocyte population by excluding cells that
stain with anti-CD3, anti-CD4, and anti-CD8 antibod-
ies. This trend reflected the fact that TN thymocytes
undergo rapid cell proliferation and account for the over-
all number of thymocytes (for review, see Fehling and
von Boehmer 1997). Total thymocytes were isolated
from wild-type and SATB1-null mice and mixed with
FITC-conjugated anti-CD25 and biotin-conjugated anti-
CD3, anti-CD4, and anti-CD8 antibodies. The cells bound
by the biotin-conjugated antibodies were detected by
streptavidin–Tri-Color. We found that SATB1-null mice
had a markedly reduced TN subpopulation (Tri-Color-
negative cells). In 14-day-old SATB1-null mice, the TN
subpopulation represented only 0.5% of total thymo-
cytes, as opposed to 6% of wild-type thymocytes (Fig.
3A). Thus, a decreased number of TN cells accounts, at

Figure 3. A great reduction in TN thymocytes in SATB1-null
thymi without changes in the ratio of specific TN subsets. (A)
CD3−CD4−CD8− TN cells were quantified by incubation of total
thymocytes with a combination of biotin-conjugated anti-CD3,
anti-CD4, and anti-CD8 antibodies plus Tri-Color–streptavidin
and FITC-conjugated anti-CD25 antibody and subjecting them to
FACS analysis. SATB1-null thymus (−/−) (right) has only 1/10 the
number of TN cells detected in a wild-type thymus (+/+) (left). A
total of 200,000 events were collected. In each dot plot, 4 × 105

thymocytes are depicted. In SATB1-null thymocytes, there exists a
Tri-Color-positive cell population that expresses an intermediate
level of CD25 as shown by three-dimensional plot. In contrast,
wild-type thymocytes have a well-defined population that is CD25
negative. (B) TN thymocytes were enriched by depletion of CD4-
and CD8-expressing cells from total thymocytes. TN cell subsets
from depleted thymocytes were purified further by gating out Tri-
Color-stained CD3-, CD4-, and CD8-positive T cells, B cells, granu-
locytes, dendritic cells, NK cells, and monocytes from thymocytes.
The TN cell subsets in region R2 in the upper dot plots were sub-
sequently subjected to FACScan analysis with PE-conjugated anti-
CD44-antibody and FITC-conjugated anti-CD25 antibody. Again,
the SATB1-null thymus contains significantly fewer CD25+ cells
than wild-type thymus (cf. top right with top left dot plot); how-
ever, the subsets of CD25+ and CD44+ TN cells (bottom right) are
represented in their normal proportions (bottom left dot plot). In
the top dot plots, 2.5 × 104 events are depicted, in the bottom dot
plots, 1 × 104 events are depicted. TN subsets in the order of de-
velopment are R3 (CD25−CD44+), R4 (CD25+CD44+), R5
(CD25+CD44−), and R6 (CD25−CD44−). The percentage of each sub-
set of the total cell population in the R2 region is shown in the
table to the right of each dot plot.
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least in part, for the small size of the thymus in SATB1-
null mice. Additionally, SATB1-null thymi contained a
Tri-Color-positive population that expressed an interme-
diate level of CD25. In contrast, virtually all Tri-Color-
positive cells were CD25 negative in wild-type thymi
(Fig. 3A). Further FACS analysis showed that the CD25-
expressing population in the SATB1-null mice was CD4
and CD8 positive (DP thymocytes; data not shown).

TN cells are divided into four subsets on the basis of
the expression of CD25 (interleukin-2 receptor a chain;
IL-2Ra) and CD44 (phagocyte glycoprotein-1/Pgp-1).
These subsets are, in order of development: CD25−CD44+,
CD25+CD44+, CD25+CD44−, and CD25−CD44− (God-
frey et al. 1993). Among the CD25+CD44− subset, those
cells that have rearranged one of their TCRb alleles in
frame, the process called b-selection, are selected to rap-
idly proliferate and progress to the CD25−CD44− stage
(Hoffman et al. 1996). To determine whether any of these
four TN subsets are deficient in the SATB1-null thymus,
the TN population was enriched by depleting most of the
CD4- and CD8-expressing cells (Suda and Zlotnik 1993).
After depletion, the triple-negative cells in region R2 rep-
resenting TN thymocytes were examined further for ex-
pression of CD25 and CD44 (Fig. 3B, bottom two panels).
Wild-type and SATB1-null TN cells exhibited a very
similar distribution of the four distinct TN subsets, ex-
cept that a modest twofold increase in CD25−CD44+(R3)
and CD25−CD44− (R6) cells was found in the SATB1-
null TN population. This result indicates that no par-
ticular developmental stage was skipped in SATB1-null
thymocytes (Fig. 3B). Also, the levels of CD25 and CD44
expression were similar in both the wild-type and
SATB1-null TN cell subpopulations. We confirmed by
Southern analysis that there was no defect in TCRb-
chain gene rearrangement in the SATB1-null thymo-
cytes (data not shown).

T-cell development is blocked at the CD4+CD8+ DP
stage in SATB1-null mice

We performed FACS analyses (represented as 1 × 104

events per sample) during the later phase of thymocyte
development and found a striking block in thymo-
cyte maturation in SATB1-null mice. During normal de-
velopment, CD25−CD44− thymocytes spontaneously
up-regulate CD4 and CD8 accessory molecules and
start to rearrange their TCRa loci resulting in a
CD4highCD8highabTCRlow DP stage (Rothenberg 1992).
From this DP stage, full maturation into either
CD4highCD8−abTCRhigh single positive (SP) helper T
cells or CD4−CD8highabTCRhigh SP cytotoxic T cells oc-
curs. SATB1-null thymocytes, however, were arrested
mainly at the DP stage, indicating that SATB1 is neces-
sary for maturation into SP cells (Fig. 4A).

The maturational block in thymocytes was apparently
not complete as a very small population of CD4highCD8low

to CD4highCD8med thymocytes was consistently ob-
served in SATB1-null mice (Fig. 4A). This population
presumably represents a stage of development interme-
diate between DP and CD4 SP stages. The well-defined

Figure 4. Flow cytometric analysis of lymphocytes from wild-
type, heterozygous, and knockout mice at 2 weeks of age. Data
is representative of staining from at least four separate mice.
Total number of cells collected for thymus in A is 2.7 × 108 +/−,
3.2 × 108 +/−, and 2.8 × 107 −/−, from lymph node in B is
1.4 × 106 +/+, 1.3 × 106 +/−, and 2.8 × 105 −/−, and for spleen in
C is 9.1 × 107 +/+, 9.0 × 107 +/−, and 2.6 × 107 −/−. For each
FACS analysis, 1 × 104 events are represented. In all cases, the
FACS analysis of heterozygotes showed the same pattern as
wild-type. (A) SATB1-null (−/−) thymus (right) contains few
CD4+ or CD8+ SP cells compared with wild-type (+/+) and het-
erozygous (+/−) thymi (left and middle) (B) SATB1-null T cells
in lymph nodes are greatly reduced in number and contain
CD4+CD8+ DP as well as some CD4 SP cells (upper right). These
cells express levels of TCRab (lower right) comparable to that of
SP cells within wild-type and heterozygous lymph node cells
(lower left and middle). (C) SATB1-null spleens have fewer T
cells and lack distinct CD4+ and CD8+ populations (top right)
compared with control wild-type and heterozygous spleens (top
left and middle). B cell populations appear to be unaffected in
SATB1-null spleen as assessed by IgM and B220 staining (bot-
tom).
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population of CD8 SP cells, as seen in wild-type and
heterozygous thymocytes, was much reduced or virtu-
ally undetectable in SATB1-null thymocytes. The FACS
profile for SATB1-null thymocytes in Figure 4A, which
was obtained from 14-day-old mice, was typical of 9- to
23-day SATB1-null thymi (data not shown). Addition-
ally, spleen and lymph nodes from SATB1-null mice con-
tained a reduced population of T cells that consisted of
abTCRhigh cells. In lymph nodes of SATB1-null mice,
most T cells consist of DP (CD4+ cells with varying lev-
els of CD8) and CD4 SP cells (Fig. 4B); the total CD4 SP
population was reduced by about sevenfold compared
with that in wild-type mice. For SATB1-null mice, it was
difficult to quantitate the CD8 SP cells in lymph nodes
as well as CD4 SP cells and CD8 SP cells in spleens,
because these cells did not fall into well-defined popula-
tions as shown by FACS. The total number of cells from
each organ was reduced by 3.5- to 5-fold for SATB1-null
mice, depending on individual animals (for total number
of cells, see Fig. 4 legend). For every 1 × 104 events shown
for each FACS analysis, the relative cell number for T
and B cells in either lymph nodes or spleens was com-
parable between wild-type and SATB1-null mice.

Although ablation of SATB1 resulted in a major defect
in T-cell development, the FACS profile of B cells in
SATB1-null mice was normal with respect to B220, IgM
and IgD expression (Fig. 4C and data not shown). The
mechanism for the effect of SATB1 ablation in B cell
number awaits further study.

SATB1-null peripheral T cells undergo apoptosis
in response to activating signals

T-cell activation occurs as a two-step process (Smith
1988). Quiescent T cells are activated at the cell surface
by antigen-presenting cells via the T-cell antigen recep-
tor/CD3 complex (TCR/CD3) and co-stimulatory mol-
ecules such as CD28 (Fraser et al. 1991), which enable
the cells to produce interleukin-2 (IL-2) and its receptor
IL-2R. Subsequently, the binding of IL-2 to IL-2R pro-
motes cell cycle progression and DNA replication. We
used 12-phorbol 13-myristate acetate (PMA) plus iono-
mycin that bypass cell-surface signaling by activating
protein kinase C and increasing the intracellular Ca2+

concentration to test whether the few SATB1-null T
cells present in lymph nodes, expressing high levels of
the TCR/CD3 complex, were capable of undergoing T-
cell activation. Because lymph nodes from wild-type
mice contained CD4 SP and CD8 SP cells whereas those
from SATB1-null mice contained mainly CD4 SP and DP
cells (Fig. 4), it was necessary to isolate CD4 SP cells
from both kinds of mice for a direct comparison. Isolated
CD4 SP cells at 98% purification (Fig. 5A, inset) from 11-
to 13-day-old mice were placed in a 96-well round-bot-
tom culture plate either in the presence or absence of
PMA plus ionomycin, and their cell numbers were moni-
tored at 24, 48, and 72 hr after treatment. At 24 hr after
stimulation, SATB1 CD4 SP cells underwent apoptosis
as evidenced by cell fragmentation and a reduction in
cell number by 50% (Fig. 5A). This loss of cells was due

to apoptosis as confirmed by staining with the early
apoptotic marker Annexin V followed by FACS analysis
(data not shown). Cell death occurred in response to the
activating stimuli because at 24 hr, >93% of these cells

Figure 5. Apoptosis induced by PMA and ionomycin for
SATB1-null peripheral CD4 SP cells. CD4 SP T cells were iso-
lated from lymph nodes of control (C, either +/+ or +/−) and
SATB1-null (KO) mice as described in Materials and Methods.
The +/+ and +/− mice gave identical results. (A) The FACS
profile of the purified CD4 SP cells from wild-type lymph nodes
is shown in the inset. In each well of a 96-well culture plate,
3 × 104 cells were seeded and cultured in medium with or with-
out PMA plus ionomycin. Cell number was determined at 24-,
48-, and 72-hr time points and the percentages of surviving cells
are shown. The cell number did not vary >4% among the three
samples. (m) KO (med.); (j) KO (PMA+I); (L) C (med.); (h) C
(PMA+I). (B) The IL-2 concentrations in the media were mea-
sured by ELISA assay at each time point after stimulation with
PMA plus ionomycin. The IL-2 amounts per viable cell (pg/cell)
are shown (the average values are shown by an open bar for
control and a solid bar for KO CD4 SP T cells). The minimum
and maximum pg/cell values obtained are indicated for each
bar.
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in media without PMA plus ionomycin were intact. The
SATB1-null T cells continued to die rather than prolif-
erate, and cell number was reduced to 38% by 48 hr and
29% by 72 hr (Fig. 5A). There was no evidence of cell
proliferation even at 96 hr after stimulation (data not
shown). Cell number of wild-type CD4 SP cells was once
reduced to 60% after 24 hr stimulation with PMA plus
ionomycin. In contrast to SATB1-null CD4 SP cells,
however, they began proliferation at about 48 hr and con-
tinued to proliferate beyond that time point under the
same conditions. The response of the SATB1-null CD4
SP cells to PMA plus ionomycin were not affected by
exogenously added IL-2 (data not shown). The amount of
secreted IL-2 was quantitated at 24, 48, and 72 hr after
activating stimuli for both wild-type and SATB1-null
CD4 SP cells, and these values per viable cell are shown
(Fig. 5B). Although maximum IL-2 concentration in the
media occurred within 24–48 hr for the control cells,
SATB1-null T cells produced IL-2 at a very low level at
24 hr and then produced IL-2 at higher levels at later
time points. Between 48 and 72 hr, cell number was re-
duced by an additional 9%, but the amount of secreted
IL-2 increased by >13%. The values calculated as IL-2
(picograms) per cell may not represent a totally accurate
estimate; nevertheless, the data show that SATB1-null
CD4 SP cells can produce IL-2 in response to PMA plus

ionomycin. It appears that maximal IL-2 production is
significantly delayed for SATB1-null CD4 SP cells com-
pared with that observed for wild-type CD4 SP cells.
Clumping of cells, which indicates a normal response of
T cells to activating signals, was also observed at a much
later time for these SATB1-null cells than for wild-type
cells.

Both IL-2R and IL-7R genes are ectopically transcribed
in SATB1-null DP thymocytes

On the basis of the DNA binding specificity of SATB1,
its ability to affect transcription, and the various pheno-
types observed in SATB1-null mice, we hypothesized
that SATB1 ablation resulted in altered regulation of
multiple genes. The expression of the developmental
markers TCRab, CD2, CD44, Thy1.2, and heat-stable
antigen (CD24/HSA) was similar in SATB1-null and
wild-type thymocytes by FACS analysis (Fig. 6A; data
not shown). TCRab (high) and CD2 (high) subpopula-
tions were missing in SATB1-null thymocytes presum-
ably because of the lack of mature SP cells. Expression of
IL-2Ra (CD25), on the other hand, was significantly
higher in isolated SATB1-null DP thymocytes relative to
wild-type DP thymocytes (Fig. 6A). This result is consis-
tent with the data shown in Figure 3A. The elevation in

Figure 6. Dysregulated expression of cer-
tain developmental marker proteins in
SATB1-null thymocytes and T cells. (A)
Total thymocytes from wild-type and
SATB1-null thymi were stained with a
biotin-conjugated anti-CD2/Cy-chrome–
streptavidin combination or Cy-Chrome-
conjugated anti-TCRab antibody alone.
CD5+ and CD25+ thymocytes in both
CD4+ CD8+ DP and CD4+ SP populations
were detected by PE-conjugated anti-CD8
antibody and biotin-conjugated anti-CD4
antibody/Tri-Color-streptavidin combined
with either FITC-conjugated anti-CD5 an-
tibody or FITC-conjugated anti-CD25 an-
tibody. (B) Peripheral T cells from wild-
type and SATB1-null lymph nodes were
stained singly with FITC-conjugated anti-
CD25 antibody, biotin-conjugated anti-
CD44 antibody/Cy-Chrome–streptavidin,
and biotin-conjugated anti-HSA antibody/
Texas Red–streptavidin and analyzed by
FACS. For histogram analysis, CD4−CD8−

double negative cells were excluded by
gating. In all histograms the bold line rep-
resents the distribution of 1 × 104 stained
T cells from SATB1-null mice while the
staining distribution of T cells from con-
trol littermates is depicted by the curve
with a narrow line.
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CD25 expression persisted even in the very small CD4
SP population in the thymi of SATB1-null mice (Fig. 6A).
In wild-type thymocytes, IL-2Ra/CD25 is expressed spe-
cifically during the TN stage (Ceredig et al. 1985; Raulet
1985) and is induced upon activation of peripheral T cells
(Smith 1988). Therefore, in SATB1-null mice, ectopic ex-
pression of IL-2Ra/CD25 was found not only in the DP
cells but also in more differentiated CD4 SP cells, in
which expression of this protein should be totally re-
pressed. Interestingly, SATB1-null thymocytes were able
to up-regulate CD2 (Fig. 6A), which should occur con-
current with down-regulation of CD25 at the TN to DP
stage transition (Shinkai and Alt 1994), indicating unco-
ordinated regulation of the genes in the absence of
SATB1.

Inconsistency in the developmental expression of CD5
is also evident. CD5 is markedly decreased in DP and
even in the small CD4 SP population of SATB1-null
mice (Fig. 6A). Expression of this protein normally in-
creases during the transition from the TN stage to the
DP stage, but SATB1-null thymocytes apparently cannot
up-regulate CD5 protein expression.

T-cell-surface markers exhibited an unusual pattern of
expression in the small SATB1-null peripheral T-cell
population. IL2Ra/CD25 was expressed at a high level
(Fig. 6B) even though it is normally absent in resting T
cells. High levels of CD5 are normally seen in wild-type
T cells, but SATB1-null T cells had an abnormally low
level of CD5 (data not shown). Therefore, the T cells in
SATB1-null lymph nodes appeared similar in phenotype
to those found in the thymus. This result indicates that
in SATB1-null mice, the DP thymocytes that normally
do not exit the thymus were found in the lymph nodes.
Additionally, whereas most activation markers, such as
CD3e, CD28, CD45, and CD122 (IL-2 receptor b-chain)
were unchanged in SATB1-null T cells (data not shown),
there was elevated expression of CD44 and HSA (Fig. 6B)
and CD69 (data not shown). In normal peripheral T cells,
these proteins are expressed after antigenic stimulation
and activation (Hubbe and Altevogt 1994; Taher et al.
1996). Abnormal expression of developmental markers
was not restricted to a specific subpopulation (DP or
CD4 SP) of peripheral T cells in SATB1-null mice.
Rather, all peripheral T cells, regardless of the level of
CD4 or CD8 expression, displayed abnormal protein ex-
pression (data not shown).

To test whether the transcript levels of cytokine re-
ceptors in thymocytes other than CD25/IL-2Ra are al-
tered in SATB1-null thymocytes, an RNase protection
assay was employed using a multi-probe template set
derived from IL-7Ra, IL-9Ra, IL-13Ra, IL-15Ra, IL-4Ra,
the common cytokine receptor gchain (gC), IL-2Ra and
IL-2Ra genes. Consistent with the results of our FACS
analysis (Figs. 3A and 6A), a striking enhancement in
mRNA expression was observed for the IL-2Ra gene in
total SATB1-null thymocytes relative to wild-type thy-
mocytes (Fig. 7A, lanes 2,3). In addition, IL-7Ra mRNA
was also dramatically increased. The level of IL-4Ra
mRNA, on the other hand, was decreased in SATB1-null
thymocytes. The abundance of other cytokine receptors

mRNAs examined in this assay were unaffected by
SATB1 ablation. As a loading control, a ZAP-70 probe
was added to the template set. In SATB1-null mice, key
players in surface-mediated signaling, including ZAP-70,
CD45, Lck and Fyn (for review, see Chan et al. 1994),
were found to be unaltered at the RNA and protein levels
on the basis of Western blotting and RT–PCR data (data
not shown). GAPDH, originally included in the set as a
loading control, reproducibly showed modest overex-
pression in the SATB1-null thymocytes, as determined
by RT–PCR (data not shown).

Unlike IL-2Ra which is expressed only in TN cells
among the total thymocyte population (Ceredig et al.
1985; Raulet 1985), IL-7Ra has been reported to be ex-
pressed in TN cells as well as in mature CD4 and CD8
SP cells, but not in DP cells (Sudo et al. 1993). In SATB1-
deficient mice, the majority of thymocytes are DP cells
(>94%). TN cells, which are expected to express IL-7Ra,
comprise <0.5% of the total thymocytes. Therefore, we
isolated SATB1-null DP cells and examined their IL-7Ra
gene transcription. We found that SATB1-null DP thy-
mocytes actively transcribe the IL-7Ra gene, giving rise
to a virtually identical RNase protected band as that ob-
tained from the total thymocytes (Fig. 7A,B). Therefore,
at the transcriptional level, the IL-7Ra gene was dere-
pressed, similar to the IL-2Ra gene in SATB1-null DP
thymocytes.

Next, we examined the level of surface IL-7Ra in TN,
DP, and the small CD4 SP subpopulations of wild-type
and SATB1-null thymocytes by FACS analysis. IL-7Ra
surface molecules were detected at a similar level in the
wild-type and SATB1-null CD4 SP (data not shown), but
at a slightly higher level in SATB1-null TN cells com-
pared with wild-type TN cells (Fig. 7C). In contrast to
IL-2Ra, however, a very low level of surface IL-7Ra was
detected in SATB1-null DP cells, and the FACS histo-
gram profile was identical between SATB1-null and
wild-type DP cells (Fig. 7D). From this data, we conclude
that the high level IL-7Ra mRNA is untranslated in
SATB1-null DP cells (Fig. 7B,D).

Dysregulated transcription of multiple genes occurred
during T-cell development in SATB1-null mice

To search for other genes that might be dysregulated as a
result of SATB1 ablation, we used the Atlas Mouse
cDNA expression Array (Clontech, CA), a nylon mem-
brane containing 588 mouse cDNAs and 9 housekeeping
cDNAs. Two identically prepared membranes were each
hybridized with cDNA probes prepared from RNA iso-
lated from either wild-type or SATB1-null thymocytes.
Two independent analyses, using a new filter set for each
experiment, showed >10 genes were significantly up-
regulated and one gene was down-regulated in SATB1-
null thymocytes. Consistent with our previous data, the
IL-7Ra gene was identified as one of these genes (Fig.
8A). Unfortunately, the IL-2Ra gene was not included in
this array. On the basis of this initial screening, the
genes that exhibited more than a 3.5-fold difference by
this expression array were individually assayed by RT–
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PCR using RNA from SATB1-null and wild-type DP thy-
mocytes. In these experiments, a total of 11 genes, in-
cluding the IL-2Ra gene, which was absent in the array,
were confirmed to be dysregulated in SATB1-null thy-
mocytes (Fig. 8B). This number (11/589) corresponds to
∼2% of the total genes tested. The retinoblastoma (Rb)
gene was chosen as a control for RT–PCR. Rb transcripts
remained totally unaltered in SATB1-null thymocytes
using RT–PCR under all conditions employed (Fig. 8B).
In SATB1 thymocytes, all the dysregulated genes except
for one were significantly up-regulated, some of them
showing an increase as large as that found for the IL-7Ra
and IL-2Ra genes. We also examined gene expression in
liver, a tissue in which SATB1 is normally totally absent.
When liver RNA was examined by array hybridization,
no dysregulation in SATB1-null livers in these same 10
genes was detected (Fig. 8A). The other genes displayed
on this array, including many highly transcribed genes,
were also shown to be unaltered in knockout livers by
array hybridization analysis (data not shown). This result
indicates that the dysregulated genes are found specifi-
cally in those cells that normally express SATB1.

The microarray data and RT–PCR analyses revealed
that gene expression of three apoptosis-related genes,
RIP, PD-1, and TDAG51, was highly dysregulated in
SATB1-null thymocytes. RIP is a serine/threonine ki-
nase with a death domain and mediates tumor necrosis
receptor (TNF)-induced NF-kB activation (Stanger et al.
1995; Hsu et al. 1996; Kelliher et al. 1998). PD-1 is a
member of the immunoglobulin superfamily, and is in-

duced by signal transduction through the antigen recep-
tor (Ishida et al. 1992). TDAG51, which is highly ex-
pressed in thymocytes, is required to link TCR signaling
and Fas expression (Park et al. 1996). The RIP and PD-1
genes were both upregulated, whereas TDAG51 expres-
sion was greatly repressed. A significant increase in tran-
script levels was also detected for the c-myc proto-onco-
gene in SATB1-null thymocytes compared with wild-
type thymocytes. Furthermore, dysregulated genes
include two tumor susceptibility genes, the adenoma-
tous polyposis coli (APC) gene, mutation of which leads
to multiple colonic adenomas (for review, see Polakis
1995), and the recently identified gene, TSG101 (Li and
Cohen 1996). Mig, the monokine induced by interferon-
g, is a CXC chemokine active as a chemoattractant for
activated T cells (Farber 1997). The Mig gene was also
greatly derepressed in SATB1-null thymocytes. In addi-
tion, two DNA-binding proteins (T160 and GABP) were
expressed at higher levels in SATB1-null thymocytes.
The T160 gene encodes a protein with homology to the
non-histone chromosomal protein HMG1 and binds to
DNA containing recombination signal sequences (Shi-
rakata et al. 1991). GABP, GA-binding protein, is in-
volved in regulating the ribosomal protein L32 gene
(Curcic et al. 1997).

Our results show that SATB1 regulates multiple, but
clearly a discrete set of, genes. Whether they are direct or
indirect targets of SATB1 regulation, as many as 2% of
the total number of genes tested were greatly altered in
their temporal and spatial expression during T-cell de-

Figure 7. Derepression of IL-2Ra and IL-
7Ra genes in SATB1-null DP thymocytes.
(A) RNA isolated from total thymocytes of
SATB1-null and wild-type thymi were ex-
amined by a multi-probe RNase protection
assay system containing a series of cyto-
kine receptor probes. [32P]UTP-labeled an-
tisense RNA probes (lane 1) were hybrid-
ized in excess to target total cellular RNA,
after which free probe and other single-
stranded RNAs were digested with RNase.
The remaining RNase-protected probes
derived from SATB1-null thymocytes
(lane 2) and wild-type thymocytes (lane 3)
were purified, and resolved on 6% dena-
turing polyacrylamide gels. (B) Identical to
A except that target RNA was isolated
from purified CD4+CD8+ DP cells by cell
sorting using a PE-conjugated anti-CD8
antibody and an FITC-conjugated anti-
CD4 antibody. (C) The CD3−CD4−CD8−

TN cell subset from depleted thymocytes,
as described in Fig. 3, were further purified
by excluding Tri-Color-stained CD3-,
CD4-, and CD8-positive T cells, B cells,
granulocytes, dendritic cells, NK cells, and
monocytes from thymocytes. The TN cell
subset was subsequently subjected to

FACS analysis with a PE-conjugated IL-7Ra antibody. (D) IL-7Ra+ cells in a CD4+CD8+ DP population were detected by a PE-
conjugated anti-CD8 antibody and an FITC-conjugated anti-CD4 antibody with Cychrome–streptavidin combined with a biotin-
conjugated anti-IL7Ra antibody. (C,D) (Bold line) SATB1 null mice; (narrow line) wild-type mice.
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velopment in response to SATB1 ablation. Most likely,
the net effect of this dysregulation in gene expression is
the chaotic defect in T-cell development observed in
SATB1-null mice.

Discussion

SATB1 is a BUR/MAR-binding protein expressed pre-
dominantly in the nuclei of thymocytes. SATB1 ablation
resulted in derepression of multiple genes in thymocytes
with impaired T-cell development and function. This
study provides the first evidence of the biological func-
tion of a MAR-binding protein in vivo. Our data suggest
that SATB1 orchestrates the orderly transcription of a
series of genes during T-cell development.

SATB1 ablation leads to disordered transcription
of multiple genes in thymocytes

Several lines of evidence suggest that genomic DNA is
organized into loop domains that vary in size between 5
and 100 kb (for review, see Gasser and Laemmli 1987;
Nelson et al. 1986). Such loop domains are presumably
formed by the attachment of specific genomic sequences
to the nuclear matrix. On the basis of a total DNA con-
tent of 6 × 109 bp per diploid nucleus, it is estimated that
∼1 × 105 such loops may exist within a nucleus. A spe-
cific group of genomic sequences to which SATB1 binds

in vivo are located at the bases of chromatin loops
(MARs) that are firmly anchored onto the nuclear matrix
(deBelle et al. 1998). The nuclear matrix appears to pro-
vide sites at which transcription factors are assembled
into factories (Jackson et al. 1993). As SATB1 has been
implicated in transcriptional regulation (Banan et al.
1997; Kohwi-Shigematsu et al. 1997; Liu et al. 1997), we
reasoned that SATB1 can regulate multiple genes in the
loop domains via MAR binding. Therefore, SATB1 abla-
tion might influence transcription of a large number of
genes, especially in cells such as thymocytes, which nor-
mally express SATB1. On the basis of analyses with
mouse cDNA expression arrays and RT–PCR, we con-
firmed that at least 10 genes were derepressed and that
one gene was down-regulated out of 589 genes tested in
SATB1-null thymocytes. At this rate, it is likely that
hundreds of genes may be dysregulated in thymocytes
upon SATB1 ablation, assuming that more than 1 × 104

to 2 × 104 genes are normally expressed in these cells.
The IL-2Ra and IL-7Ra genes were both highly ex-

pressed in the SATB1-null DP thymocytes. However,
both genes are known to be normally transcriptionally
silent at this developmental stage in wild-type thymo-
cytes. Both IL-2Ra and IL-7Ra are necessary for proper
T-cell development and function. IL-7Ra-deficient mice
suffer from profound lymphopenia (Peschon et al. 1994),
and IL-2Ra-deficient mice exhibit autoimmunity, in-
flammatory bowel disease, and premature death (Willer-
ford et al. 1995). The effect of overexpression of either

Figure 8. Dysregulation of multiple genes in SATB1-null thymocytes. (A) Genes that exhibited a >3.5-fold difference in their mRNA
levels between SATB1-null and wild-type thymi based on Atlas mouse cDNA Expression Array and confirmed by RT–PCR are shown
by solid bars. The ratio of these transcripts between knockout and wild-type liver are shown by open bars. (B) The RT–PCR results for
these genes as well as IL-2Ra, which was not included in the expression array, are shown (see Materials and Methods). The Rb gene,
which is expressed at a similar level in SATB1-null and wild-type thymocytes, was used as a control under varying RT–PCR condi-
tions.
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protein is unknown. In the case of the IL-2Ra gene, two
upstream genomic sequences that bind SATB1 in vivo in
thymocytes have been identified (data not shown),
strongly suggesting that SATB1 directly regulates this
gene by acting as a repressor in DP thymocytes. It is
likely that the IL-7Ra gene as well as other genes that are
similarly derepressed in DP thymocytes are also direct
targets of SATB1 regulation. Among these, the PD-1, c-
myc, and Mig genes are normally induced upon specific
stimulation in thymocytes. The apoptosis-related PD-1
gene is tightly regulated in murine thymocytes and is
induced in activation-induced apoptosis by in vivo anti-
CD3e antibody treatment (Ishida et al. 1992; Agata et al.
1996). It is mainly expressed in TN cells and only at a
very low level in DP cells (Nishimura et al. 1996). Also,
c-myc is known to be induced in thymocytes upon acti-
vation (Riegel et al. 1990; Broussard-Diehl et al. 1996).
Similarly, a chemokine gene Mig is induced by inter-
feron-g (Farber 1997). SATB1-null thymocytes that con-
sist largely of DP cells expressed high levels of these
genes without any stimulation. These data suggest that
SATB1 plays a role in keeping these genes repressed until
they are induced for expression.

The ectopic expression of the IL-2Ra and IL-7Ra
genes, as well as dysregulation of many other genes in-
cluding an oncogene, a chemokine gene, apoptosis-re-
lated genes, tumor susceptibility genes, DNA-binding
protein genes, and developmental surface markers was
found in SATB1-null thymocytes and peripheral T cells.
These results indicate that the spatial and temporal tran-
scription of multiple genes is disordered in thymocytes
and peripheral T cells in the absence of SATB1. In liver,
in which SATB1 expression is normally completely ab-
sent, no gene was found to be dysregulated in SATB1-
null mice.

Multiple defects in T-cell development and function
due to SATB1 ablation

SATB1-null mice exhibited multiple defects at almost
every developmental stage of T-cell development. This is
in contrast to, for example, knockout mice that lack
both lymphoid enhancer factor 1 (LEF-1) and T-cell fac-
tor 1 (TCF-1; Okamura et al. 1998), which exhibit an
arrest at a specific early stage of thymocyte development
with marked reduction in TCRa gene transcription. The
defects in SATB1-null mice include greatly reduced TN
cells, an arrest mainly at the DP stage, inappropriate mi-
gration of DP thymocytes to lymph nodes, and apoptosis
of peripheral CD4 SP cells in response to activating
stimuli. It is clear that SATB1-null thymocytes failed to
mature, and there was a dramatic reduction in mature
T-cell subsets. Both CD4 and CD8 SP thymocytes and
peripheral T cells were very low in number. Failure to
up-regulate CD5 is also consistent with the immature
phenotype of SATB1-null thymocytes. SATB1 is nor-
mally expressed in every thymocyte subpopulation; TN,
DP, and SP cells, and in T cells after activation (Beadling
et al. 1993; data not shown). Therefore, we interpret the

multiple defects as a net effect of disordered transcrip-
tion of multiple genes due to SATB1 ablation.

We have shown that SATB1-null peripheral T cells
undergo apoptosis and fail to proliferate, in response to
PMA plus ionomycin. SATB1-null thymocytes, as well
as peripheral T cells in lymph nodes, exhibit high inci-
dence of apoptotic cells especially beyond 2 weeks after
birth, as evidenced by TUNEL staining of tissue sections
(data not shown). The high susceptibility of SATB1-de-
ficient T cells and thymocytes for apoptosis accounts for
the greatly reduced size of thymi and lymph nodes in
SATB1-null mice compared with wild-type mice, par-
ticularly after 14 days of age. Derepressed apoptosis and
proliferation-related genes in SATB1-null thymocytes,
such as PD-1, RIP, and c-myc, may partially explain the
high susceptibility of SATB1-null thymocyes for apopto-
sis. It is noteworthy that CD44 is not expressed in DP
thymocytes (data not shown), whereas it is highly ex-
pressed in peripheral T cells of SATB1-null mice. Induc-
tion of peripheral SATB1-null CD4 SP T cells apoptosis
by activating signals could be due to the activated phe-
notype of these T cells as evidenced by up-regulation of
CD44 and CD25 (Fig. 6B) similar to JAK3-deficient T
cells. JAK3-deficient T cells also fail to proliferate in re-
sponse to mitogenic stimuli and are vulnerable to apop-
tosis (Thomis et al. 1995, 1997). Further studies are re-
quired to understand the role of SATB1 in apoptosis. The
effect of apoptosis on the interaction of SATB1 and chro-
matin will be described in a separate paper (S. Galande,
L. Dickinson, G. Salvesen, M. Sikorska, and T. Kohwi-
Shigematsu, in prep.).

Although the definitive cause for the death of SATB1-
null mice at about 3 weeks of age is unknown, apoptosis
of cells other than thymocytes that normally express
SATB1 may contribute to this. SATB1 is expressed not
only in thymocytes but also in other restricted cell types
including absorptive cells of intestinal epithelium, os-
teoblasts, ameloblasts, and fetal neurons (data not
shown). Up to 2 weeks of age, SATB-null mice are
healthy and active. At days 19–23, however, they be-
come emaciated as if they are suffering from malnutri-
tion and dehydration. We detected apoptosis of absorp-
tive cells of intestinal epithelium for animals after about
19 days, which would cause problems in absorbing nu-
trients and water. Together with developmental defects
in teeth, SATB1-null mice cannot survive past weaning.
Why apoptosis occurs within such a narrow window of
time remains a topic of further study.

How might SATB1 regulate multiple genes
but a distinct set of genes?

SATB1 is expressed at a very high level in thymocytes
and several potential BUR sites containing the ATC se-
quence cluster are typically found when any given gene
locus of 50–100 kb is examined. Yet the percentage of
genes affected by SATB1 ablation is estimated to be only
about 2% of the total genes examined. How could
SATB1 specifically affect certain genes but not others?
SATB1 may provide a framework that mediates assem-
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bly of specific protein complexes onto a discrete set of
BURs. Therefore, SATB1 may act as an architectural pro-
tein on the nuclear matrix. The consequence of such
protein–protein interactions may be transcriptional re-
pression, but in certain cases it could also be activation.
Recently, SATB1 was shown to associate with Cux pro-
tein (Liu et al. 1999b). Additional SATB1-binding pro-
teins have been identified (X. Wu and T. Kohwi-Shige-
matsu, unpubl.). Examining each of these associated pro-
teins may lead to clues about the specificity and activity
of SATB1 not only in transcription but also in recombi-
nation as well. A DNA segment that is important for
recombination of a d-deleting element (Janowski et al.
1997) binds to SATB1 in vivo (K. Janowski, T. Compan-
ion, W.-M. Liu, T. Kohwi-Shigematsu, and R. Hockett, in
prep.). SATB1 also binds in vivo to the BCL2 major
breakpoint region (Ramakrishnan et al. 2000).

SATB1 may also be able to alter chromatin structure
in selected loop domains to change accessibility of these
sites to transcription/recombination factors. Future re-
search will examine whether SATB1 recruits enzymes
responsible for modification of histone and nonhistone
proteins (for review, see Roth and Allis 1996), and/or
alters nucleosome positioning at BURs (Fragoso et al.
1995). The precise function of SATB1 and the mecha-
nism for its activity remain to be studied, making the
knockout mice an invaluable tool for future studies.

Materials and methods

Isolation and characterization of genomic clones

A probe spanning nucleotides 21–1727 of the human testis
SATB1 cDNA (Dickinson et al. 1992) was used to screen a
129Sv mouse genomic library in the Lambda FIX II vector ac-
cording to manufacturer’s instructions (Stratagene, La Jolla,
CA). Among 17 clones isolated, clone SB1-3.2 contained the
first five exons, encompassing the first 213 amino acids (837
nucleotides of the cDNA). The first exon encoded 58-untrans-
lated sequence only, and contained the testis-specific 58-UTR,
which is AT rich. The thymus-specific first exon, which is GC
rich, may also be contained in SB1-3.2, but its exact location has
yet to be determined. Clone SB1-8.1 contained exons 6, 7, and 8
encompassing a 261-amino-acid region of SATB1 containing the
129 out of 150 amino acids of the DNA-binding domain.

Targeting constructs and generation of chimeric mice

Clone SB1-3.2 was used to prepare the targeting vector
(pSB1Neo3.2KO). This vector contains a 2.7-kb EcoRI fragment
containing the PGK promoter-linked neomycin resistance gene
flanked by a 1.1-kb BglII–EcoRII (short arm) and a 5.1-kb Bam-
HI–HindIII (long arm) fragments derived from SB1-3.2, as well as
the herpes tk gene.

To generate heterozygous SATB1-targeted ES cell clones,
pSB1Neo3.2KO was linearized with SacI, transfected into ES
cells (E14 cells supplied by Dr. S. Tonegawa). Drug selection
was with 0.3 mg/ml G418 (Gibco BRL, Gaithersburg, MD) and
2.0 µM gancyclovir (Washington University Pharmacy). Drug-
resistant clones were screened for homologous recombination
of the targeting vector by PCR analysis with primers G7 (58-
GGGTGGGGTGGGATTAGATAAATG-38) and SB1-PC4 (58-
GCTCATAATTTGTCTTGACCAACAG-38) yielding a 1.8-kb

product. For Southern blotting, a 400-bp BglII–EcoRI fragment
derived from the SB1-3.2 clone was hybridized to genomic DNA
digested with PstI.

Three independent ES cell clones containing a targeted mu-
tation of SATB1 were injected into C57BL/6 blastocysts. The
resulting chimeras were bred to C57BL/6 mice.

Histochemistry

Thymi and spleens were isolated from 11- to 22-day-old mice,
fixed in 10% buffered formalin and embedded in paraffin. Sec-
tions were cut at a thickness of 5 µm, mounted, and stained
with a hematoxylin and eosin.

Flow cytometry of thymocytes and T cells

Thymi and lymph nodes were removed from 12- to 14-day-old
wild-type and SATB1-null mice. Mice from the same litter were
used in each comparative study. A cell suspension was made in
10 ml of RPMI/ 5% FCS media. The cells were then pelleted by
centrifugation and resuspended in 1 ml of staining buffer (1×
PBS with 4% FCS and 0.1% sodium azide). Single cell suspen-
sions of lymphocytes (∼2 × 105–5 × 105 cells) were stained with
the following antibody conjugates: anti-CD4–FITC (RM4-5),
anti-CD8a–phycoerythrin (PE) (53-6.7), anti-abTCR–Cy-Chrome
(H57-597), anti-B220–PE (RA3-6B2), anti-IgM FITC (R6-60.2),
anti-CD2–biotin (RM2-5), anti-CD44–biotin (IM7), and anti-
HSA–biotin (J11d), and anti-CD69–biotin (H1.2F3). Biotinylated
antibodies were detected with streptavidin–Cy-Chrome or
streptavidin–Texas Red. All antibodies were purchased from
PharMingen (San Diego, CA) unless otherwise specified. Lym-
phocytes were selected by Forward Scatter (FSC) and Side Scat-
ter (SSC) criteria, and 1 × 104 events were collected per sample.
The total number (n) of cells per tissue was counted.

To detect either CD5+ or CD25+ cells in each CD4+CD8+ DP
and CD4+ SP subset of thymocytes, total thymocytes were
stained with anti-CD4–biotin (RM4-5), anti-CD8–PE (53-6.7)
and either anti-CD5–FITC (53-7.3) or anti-CD25–FITC (7D4).
The cells were stained further with streptavidin–Tri-Color
(Caltag, South San Francisco, CA).

DP thymocytes were purified from SATB1-null and wild-type
thymocytes stained with anti-CD4–FITC and anti-CD8–PE by
use of a MoFlo MLS flow cytometer (Cytomation, Fort Collins,
CO) at a rate of 17,000 cells per second. For RNA analyses,
isolated DP thymocytes were sorted directly into TRI Reagent
(Sigma Chemical, St. Louis, MO).

Analysis of TN thymocytes

TN thymocytes were isolated by depletion of CD4+ and CD8+

thymocytes as described previously (Suda and Zlotnik 1991). To
examine CD25+ and CD44+ TN thymocytes, either depleted
thymocytes or total undepleted thymocytes were stained with
biotin-conjugated anti-CD3 (145-2C11), anti-CD4 (RM4-5),
anti-CD8 (53-6.7), anti-B220 (RA3-6B2), anti-Mac-1 (Caltag),
and anti-Gr-1 (RB6-8C5). These cells were stained further with
anti-CD44–PE (Caltag), anti-CD25–FITC (7D4) and streptavi-
din–Tri-Color (Caltag). Cells were washed twice between label-
ings with biotinylated antibodies and streptavidin reagents. A
minimum of 200,000 events per sample was collected. For total
thymocytes, the percent of the Tri-Color negative population
was determined by use of a FACStar-plus (Becton-Dickinson,
Milpitas, CA) and analyzed with Cellquest software. For de-
pleted thymocytes with an enriched TN population, 10,000
events of gated, Tri-Color negative cells were analyzed for
CD25- and CD44-positive cells.
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T-cell stimulation assay

The CD4 SP cell population was isolated by use of the Mouse
CD4 Subset Mini Column Kit (R&D Systems, Minneapolis,
MN) following the protocol supplied by the manufacturer. En-
richment was routinely 98% as confirmed by FACS analysis.
Cells (3 × 104) were seeded into each well of a 96-well round-
bottom culture plate (Corning/Costar, Cambridge, MA) and
cultured with 10 ng/ml PMA and 500 ng/ml ionomycin. Cell
number was determined at each time point by use of a hema-
cytometer. IL-2 production was measured by use of an anti-
mouse IL-2–horseradish peroxidase Biotrak ELISA system (Am-
ersham Pharmacia Inc., Piscataway, NJ). Exogenous IL-2 was
added at 100 U/ml (PharMingen, San Diego, CA). The lymph
nodes of SATB1-null mice were very small. Typically, 2 × 105 to
4 × 105 cells were isolated from lymph nodes from an 11- to
13-day-old SATB1-null mouse. Among these cells, approxi-
mately 0.5 × 105 to 1 × 105 CD4 SP cells were isolated per
SATB1-null mouse of this age group.

RNA analysis

Total RNA from flow-sorted DP thymocytes or total thymo-
cytes of day 12 SATB1-null and wild-type thymi was prepared
by a one-step acid guanidinium isothiocynate–phenol procedure
using the TRI Reagent (Sigma Chemical, St. Louis, MO). The
RNA was subsequently incubated at 37°C for 15 min in a solu-
tion containing 10 mM MgCl2, 1.0 mM DTT, 0.5 U/µl RNAsin
(Promega, Madison, WI) and 0.2 U/ml RNase-free DNase 1
(GIBCO BRL, Gaithersburg, MD), and then extracted with phe-
nol/chloroform and chloroform, precipitated with isopropanol,
washed in 75% ethanol, and resuspended in diethylpyrocarbon-
ate-treated water.

RNase protection analysis was performed with a RiboQuant
Ribonuclease Protection Assay (RPA) kit and the cytokine re-
ceptor template set MCR-1 from PharMingen (San Diego, CA)
according to the manufacturer’s protocol. A ZAP-70 template
was prepared and added to the labeling reaction. This template
was prepared by RT–PCR with primers containing KpnI or PstI
linkers for amplification of ZAP70 cDNA: 58-AGTTGGTACC-
GCTCTGGCAGCTGGTGGAGTACCTGAA-38 and 58-TGTTC-
TGCAGTTCAGCACCTTGATGGCCACGTCA-38. The result-
ing ZAP-70 cDNA fragment was cloned into the pBluescript
vector (Stratagene). A 600-bp PvuII fragment including the T7
promoter and the ZAP-70 cDNA fragment was gel purified for
in vitro transcription. The ZAP70 template (0.5 ng of DNA per
reaction) produces a 470-bp transcript, and the final protected
product is 410 bp in length.

Analysis by use of the Atlas Mouse cDNA Expression Array
(Clontech, Palo Alto, CA) was performed exactly following the
manufacturer’s protocol with 10 µg of total RNA prepared from
either thymus or liver of 12-day-old SATB1-null or wild-type
mice.

For RT–PCR, first-strand cDNA was synthesized with a pool
of antisense primers for selected genes (listed below) and 4 µg of
total RNA isolated from total and flow-sorted DP thymocytes of
day-12 SATB1-null and wild-type thymi as described above. Re-
verse transcription was carried out with the SuperScript RNase
H− Reverse Transcriptase (GIBCO BRL, Gaithersburg, MD).
Semiquantitative PCR was performed in the linear range of am-
plification by testing PCR products from different dilutions of
first-strand cDNA products. PCR amplification was performed
for 26 and 30 cycles with a 1:400 dilution, or 30 and 35 cycles
using a 1:800 dilution of the first-strand cDNA synthesized
above. Then, PCR products were electrophoresed on a 10% non-
denaturing acrylamide gel and detected by staining with SYBR

Gold (Molecular Probes, Eugene, OR) fluorescent dye. Subse-
quently, the intensity of the fluorescent bands was measured on
a Storm Imager (Molecular Dynamics, Sunnyvale, CA). Primers
used for RT–PCR were obtained from Clontech except for the
following: IL-2Ra (sense, 58-GTGGTGTTCTCTTTCATCTA-
38; antisense, 58-AGCCCTCTCCTACAAGAA-38), RIP (sense,
58-CCACCAGTTCCAAACTGCAT-38; antisense, 58-GGCA-
CTTCACCAATGTTG-38), Mig (sense, 58-GAGGTCTTTGAG-
GGATTTGT-38; antisense, 58-GACATTCTCGGACTTCAC-38),
c-myc (sense, 58-GGAAGCAGCTCGAATTTCTT-38; antisense,
58-GGGAAACTTTGCCCATTG-38), T160 (sense, 58-GACAG-
GAAGCAGCTTTTACT-38; antisense, 58-CCATCTGAGTAAC-
TGCTC-38), and TSG101 (sense, 58-GGATAGTGTCCTCACT-
GATT-38; antisense, 58-CCACCAAATACCTCCTAC-38).
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