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SATBI is expressed primarily in thymocytes and orchestrates temporal and spatial expression of a large
number of genes in the T-cell lineage. SATB1 binds to the bases of chromatin loop domains in vivo, recognizing
a special DNA context with strong base-unpairing propensity. The majority of thymocytes are eliminated by
apoptosis due to selection processes in the thymus. We investigated the fate of SATB1 during thymocyte and
T-cell apoptosis. Here we show that SATB1 is specifically cleaved by a caspase 6-like protease at amino acid
position 254 to produce a 65-kDa major fragment containing both a base-unpairing region (BUR)-binding
domain and a homeodomain. We found that this cleavage separates the DNA-binding domains from amino
acids 90 to 204, a region which we show to be a dimerization domain. The resulting SATB1 monomer loses its
BUR-binding activity, despite containing both its DNA-binding domains, and rapidly dissociates from chro-
matin in vivo. We found this dimerization region to have sequence similarity to PDZ domains, which have been
previously shown to be involved in signaling by conferring protein-protein interactions. SATB1 cleavage during
Jurkat T-cell apoptosis induced by an anti-Fas antibody occurs concomitantly with the high-molecular-weight
fragmentation of chromatin of ~50-kb fragments. Our results suggest that mechanisms of nuclear degradation
early in apoptotic T cells involve efficient removal of SATB1 by disrupting its dimerization and cleavage of
genomic DNA into loop domains to ensure rapid and efficient disassembly of higher-order chromatin structure.

SATBI is a cell type-restricted protein expressed predomi-
nantly in thymocytes and is essential for T-cell development (2,
12). SATBI binds in a specialized DNA context wherein one
strand consists of mixed A’s, T’s, and C’s, but not G’s (ATC
sequences). Clustered ATC sequences have a high propensity
to unwind by extensive base unpairing when placed under a
negative superhelical strain. Such base-unpairing regions
(BURs), which are not more than 150 to 200 bp in length, are
typically identified in genomic segments known as matrix or
scaffold attachment regions (MARs or SARs; the term MARs
is used here). Within BURs, the core unwinding element can
often be identified, and mutation within such an element abol-
ishes the base-unpairing potential of the BUR within a MAR
(36). SATBI1 was originally cloned by employing a specific
sequence containing the core unwinding element derived from
the BUR (12, 36) located within the MAR 3’ of the immuno-
globulin heavy chain (IgH) gene enhancer (8). BURs are most
likely the critical sequences for MARs. This is because the high
unwinding capability of BURs has been shown to be important
for MAR activity, e.g., by conferring high-affinity binding to the
nuclear matrix in vitro and augmenting the activity of a re-
porter gene in a stably transformed cell line. When a BUR is
mutated to abrogate its unwinding capability, these activities
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are either lost or reduced for the MAR containing the mutated
BUR (4).

MARs, originally identified as DNA fragments with high
affinity to salt-extracted and DNase I-digested nuclei (called
nuclear matrix), have been postulated to contain sequences
that form the bases of chromosomal loops in both interphase
nuclei and metaphase chromosomes and thus play an impor-
tant role in the organization of higher-order chromatin struc-
ture (7, 28, 47; reviewed in reference 22). To address whether
SATBI1 binds to genomic DNA anchored to the underlying
structure of nuclei, a series of genomic sequences that bind to
SATBI in vivo in human Jurkat lymphoblastic cells were
cloned and used as probes for fluorescence in situ hybridiza-
tion. It was found that SATB1’s target sequences are tightly
associated with the nuclear matrix and located at the bases of
chromatin loop domains and that SATBI1 itself is bound to
these sites inside cells (11). Thus, SATB1 was characterized as
a thymocyte and a T-cell-specific in vivo MAR/BUR-binding
protein (we describe SATB1 as a BUR-binding protein in this
paper).

Recent transgenic-mouse studies have demonstrated the bi-
ological significance of certain MARSs in tissue-specific gene
expression and chromatin structure. In particular, studies on
MARs flanking the IgH enhancer showed that these sequences
are essential for the B-lymphocyte-specific transcription of a
rearranged w gene (20). These MARs have also been shown to
collaborate with the p enhancer to generate long-range chro-
matin accessibility to transcription factors. This phenomenon
correlates with extended demethylation of the gene locus in a
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transcription-independent manner (29). In addition, by using a
transfected cell line, it was found that B-cell-specific demeth-
ylation at the Ig(k) gene locus requires both the intronic kappa
enhancer and the nearby MAR (35, 43). Furthermore, recent
evidence suggests that the function of MARs in mediating
long-range chromatin accessibility involves generation of an
extended domain of histone acetylation (18). The potential
role of MARs in DNA recombination was studied for certain
MARs (reviewed in reference 59).

The biological roles of MAR/BUR-binding proteins in spe-
cific cell lineages were unknown. Recently, the role of SATB1
in the T-cell lineage was studied using SATB1 knockout mice
(2). SATBI1 was found to be essential for proper T-cell devel-
opment and T-cell activation. At the molecular level, multiple
genes (at least 2% of the total genes), including a proto-
oncogene, cytokine receptor genes, and apoptosis-related
genes, were derepressed at inappropriate stages of T-cell de-
velopment in SATB1 null mice. This is consistent with earlier
findings that SATB1 can act as a transcriptional repressor
mediated by BUR sequences (38, 44). SATBI is crucial in
coordinating the temporal and spatial expression of genes dur-
ing T-cell development, thereby ensuring the proper develop-
ment of this lineage. These data from SATB1 knockout mice
suggest that BUR-binding proteins can act as global regulators
of cell function in specific cell lineages (2).

Within the thymus, an estimated 99% of all thymocytes
undergo apoptosis, mainly due to lack of positive selection
based on the failure to make a productive T-cell receptor
(TCR) gene rearrangement and, to a lesser degree, due to
negative selection for producing autoreactive TCRs (60, 63).
Since SATBLI is bound to the bases of chromatin loop domains
presumably contributing to the higher-order chromatin struc-
ture in thymocytes, SATB1 may be an early target of degrada-
tion to efficiently disassemble chromatin. In this report, we
describe the fate of SATB1 in Jurkat T cells and mouse thy-
mocytes in response to apoptotic stimuli. A MAR-binding do-
main and homeodomain were hitherto identified as being es-
sential for recognition of the core unwinding element within
BURs (13, 50, 67); we show that SATBI exists as a homodimer
and that dimerization is essential for its DNA-binding activity.
The dimerization of SATBI is disrupted due to cleavage by a
caspase 6-like protease during apoptosis. Once SATB1 be-
comes a monomer, even if the MAR-binding domain and the
homeodomain remain intact, it readily dissociates from chro-
matin in vivo concomitant with the cleavage of its target se-
quences by apoptotic endonuclease(s).

MATERIALS AND METHODS

Reagents. Tosyl-L-lysine chloromethyl ketone (TLCK) and tosyl-L-phenylala-
nine chloromethyl ketone (TPCK) were purchased from Sigma Chemical Co. (St.
Louis, Mo.). Leupeptin was purchased from Boehringer Mannheim (Indianap-
olis, Ind.). Acetyl-Val-Ala-Asp-fluoromethyl ketone (Z-VAD-fmk) and acetyl-
Val-Glu-Ile-Asp-fluoromethyl ketone (Z-VEID-fmk) were obtained from En-
zyme Systems Products (Livermore, Calif.). Acetyl-Asp-Glu-Val-Asp-aldehyde
(Ac-DEVD-CHO) was procured from Pharmingen (La Jolla, Calif.). Stock so-
lutions of these inhibitors were prepared according to the manufacturer’s in-
structions. All other molecular-biology grade reagents were purchased from
Sigma. Double-stranded poly(dI-dC) was purchased from Amersham Pharmacia
Biotech (Piscataway, N.J.).

Cell culture and induction of apoptosis. Jurkat cells (American Type Culture
Collection, Manassas, Va.) were maintained in RPMI 1640 medium containing
2 mM pyruvate (GIBCO-BRL Life Technologies, Burlington, Ontario, Canada)
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and 10% fetal calf serum (Tissue Culture Biologicals, Tulare, Calif.) at 37°C with
5% CO, in a humidified incubator. For induction of apoptosis, Jurkat cells were
grown to 10° cells/ml and incubated with 100 ng of anti-Fas antibody (monoclo-
nal human anti-Fas clone CH-11; MBL International Corp., Watertown,
Mass.)/ml for various times prior to harvesting. The initial seeding density and
time of culture varied. The conditions that we typically employed involved either
seeding at a low density of 5 X 10* cells/ml and incubation for 8 days essentially
as described by Washo-Stultz et al. (68) or seeding at a higher density of 2 X 10°
cells/ml and incubation for 2 days. Mouse thymocytes were maintained in the
same medium as Jurkat cells but were induced by adding 2 uM dexamethasone
(Sigma Chemical Co.). For protease inhibitor assays, Jurkat cells were preincu-
bated with the respective inhibitors for 30 min. Apoptosis was then induced by
the addition of anti-Fas. Cells were harvested 4 h after induction of apoptosis.

Nuclear extracts, total cellular lysates, and Western blotting. Approximately
5 X 10° to 10 X 10° cells were used to prepare nuclear extracts for each time
point. Briefly, cells were collected, washed twice in ice-cold phosphate-buffered
saline (PBS), and stored overnight at —80°C. Cell pellets were thawed on ice the
next day and resuspended at 5 X 10° cells per 100 ul of buffer C (0.42 M NaCl,
10% glycerol, 20 mM HEPES [pH 7.9], 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM
dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF]) (14), fol-
lowed by centrifugation for 15 min at 10,000 X g. Total cellular lysates were
prepared from approximately 1 X 10° to 2 X 10° cells by lysing the cells directly
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) load-
ing buffer without dye. Protein concentrations were determined by a Bio-Rad
protein assay using bovine serum albumin (BSA) as a standard. Thirty micro-
grams of nuclear extract or 50 pg of total cellular lysate was separated by
SDS-10% PAGE and analyzed by Western blotting as described previously (37).
Antibodies used were polyclonal anti-PARP-1 (H-250) (Santa Cruz Biotechol-
ogy, Santa Cruz, Calif.) and anti-SATB1 (12). Antibodies were detected by
enhanced chemiluminescence using a SuperSignal West Pico detection kit
(Pierce Chemical Co., Rockford, IlL.).

Southwestern blotting. Southwestern blotting was performed essentially as
described previously (37). Briefly, 40 pg of nuclear extract was incubated with
SDS-PAGE sample buffer at 37°C for 10 min. The proteins were then separated
by SDS-10% PAGE such that the dye front ran out. Under this condition,
histone H1 and high-mobility-group (HMG) protein I/Y were removed from the
gel. The gel was then transferred onto an Immobilon-P membrane (Millipore
Corporation, Bedford, Mass.). The membrane was incubated in renaturation and
binding buffer containing 20 mM Tris, pH 7.4, 50 mM NaCl, 1 mM DTT, 0.1%
Tween 20, and 5% BSA for 1 h at room temperature to allow refolding of
proteins in situ. The blot was then incubated with competitor DNA followed by
32p_labeled wild-type (25); [WT (25),] probe in binding buffer. After being
washed the membrane was exposed to X-ray film for visualization of BUR-
binding activity.

Immunofluorescence. Thymocytes were plated onto poly-L-lysine-coated cov-
erslips (Sigma Chemical Co.), fixed for 5 min in 3% paraformaldehyde (J. B. EM
Services Inc., Pointe Claire, Dorval, Quebec, Canada), and permeabilized for 20
min in 0.2% Triton X-100 (Chromatographic Specialties Inc., Nepean, Ontario,
Canada). The cells were incubated for 60 min with primary antibodies and 45 min
with secondary antibodies and were counterstained for 1 min with 1 pg of
Hoechst 33258 dye (Sigma Chemical Co.)/ml. All incubations were performed at
room temperature. For double staining, the antibodies were applied sequentially
and the blocking step with 0.15% (wt/vol) gelatin (Bio-Rad, Mississauga, On-
tario, Canada) was added before application of the second antibody (69). The
following antibodies were used for immunofluorescence staining: a mouse mono-
clonal IgG1 anti-lamin B (dilution 1:50; clone 119D5-F1; provided by Y. Ray-
mond, Institut du Cancer de Montreal, Montreal, Quebec, Canada), fluorescein
isothiocyanate-conjugated goat anti-mouse IgG heavy-chain- and light-chain-
specific antibodies (dilution, 1:300; Sigma), rabbit polyclonal anti-SATBI1 (dilu-
tion, 1:300, batch 1583), and CY3-conjugated goat anti-mouse IgG (Jackson
Labs). The cells were examined using an Olympus Bmax fluorescence micro-
scope and Photosystems.

In vivo cross-linking of chromatin. In vivo cross-linking of DNA and protein
was carried out as described by Wedrychowski et al. (70). Briefly, mouse thymo-
cytes were isolated, washed in PBS, and treated with 2 uM dexamethasone.
Thirty million cells were used per sample and were treated with 3 mM cis-
diaminedichloro-platinum II (cis-DDP; Aldrich Chemical Co., Milwaukee, Wis.)
for 2 h at 37°C. Cells were washed in cold PBS and solubilized in 10 ml of 4%
SDS-50 mM Tris-HCI, pH 7.5-1 mM PMSF by rotation for 3 h at room tem-
perature. Samples were homogenized in a Dounce with a loosely fitting pestle
and centrifuged for 16 h at 100,000 X g at 20°C in an SW 41 rotor. The pellets
were resuspended in 5 M urea—4% SDS-50 mM Tris-HCI, pH 7.5-1 mM PMSF,
and centrifugation as described above was repeated. The DNA pellets were
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briefly air dried and resuspended in 0.5 ml of 2 mM Tris-HCl, pH 7.5-1 mM
PMSF using a wide-bore pipette tip. The solution was sonicated, and DNA was
quantitated by spectrophotometric absorption. Samples were precipitated with
acetone, resuspended in 40 pl of 2 mM Tris-HCI, pH 7.5-1 mM MgCl,-1 mM
PMSF, and digested with 15 mg of bovine pancreatic DNase I (Boehringer
Mannheim Corp.)/ml for 1 h at 37°C. The reaction was stopped by adding SDS
sample buffer containing 10% B-mercaptoethanol and boiling for 5 min. For
Western blots, one-fourth of the reaction mixture was loaded on an SDS-7.5%
polyacrylamide gel, which corresponded to approximately 60 pg of DNA as
determined before nuclease digestion or to chromatin from approximately 7.5 X
10° cells.

In vitro cleavage of SATB1. SATB1 was purified from mouse thymus by
passing the 0.42 M extract successively through the mutated and wild-type BUR
affinity columns as described previously (37). One hundred nanograms of puri-
fied native SATBI1 or 40 pg of Jurkat cell extracts was incubated with 1 pM
recombinant caspase 3, 6, or 7 (kind gift from Guy Salvesen, The Burnham
Institute, La Jolla, Calif.) for 1 h at 37°C in caspase activity buffer in a 20-pl
reaction volume (62). Reactions were terminated by adding an equal volume of
2X Laemmli SDS-PAGE sample buffer and heating the samples at 95°C for 5
min, or the samples were directly transferred to the band shift assay mixture.
Preparative scale digestion of SATBI for N-terminal sequencing of the 65-kDa
fragment was performed by incubating 5 pg of purified native SATB1 with 10
M purified recombinant caspase 6 for 1 h in caspase activity buffer in a 100-pl
reaction mixture.

Pulsed-field gel electrophoresis. Jurkat cells were induced for apoptosis using
anti-Fas antibody (clone CH-11) as described above. At defined time points (0.5
to 9 h) postinduction aliquots of cells were removed, washed in chilled PBS,
resuspended in PBS, and embedded in 1.2% low-melting-point agarose (Bio-
Rad, Hercules, Calif.). The agarose plugs were lysed and deproteinized by
incubation in 0.5 M EDTA-0.5-mg/ml proteinase K-1% Sarkosyl at 56°C for
16 h. The plugs were then washed extensively with 10 mM Tris-1 mM EDTA, pH
7.5. The digested plugs were then loaded into a 1% pulsed-field-certified agarose
(Bio-Rad) gel. High-molecular-weight DNA was resolved by pulsed-field gel
electrophoresis in a CHEF DR-III apparatus (Bio-Rad) at 120° included angle
and 14°C for 22 h. The switch time was set to 50 to 100 s, and the voltage was kept
constant at 6 V/cm. A phage lambda concatemeric DNA ladder and Saccharo-
myces cerevisiae chromosomal DNA were used as molecular size markers (Bio-
Rad). The gels were stained with Sybr gold dye (Molecular Probes, Eugene,
Oreg,) and photographed under UV illumination.

Isolation of low-molecular-weight DNA. Low-molecular-weight (nucleosomal)
DNA fragments were prepared from anti-Fas antibody-treated Jurkat cells as
described by Park and Patek (55). Briefly, 10° cells were washed with PBS and
lysed by resuspension in Tris-EDTA lysis buffer containing 0.1% NP-40. Lysed
cells were treated sequentially with RNase A and proteinase K to remove RNA
and proteins, respectively. The resulting DNA solution was loaded directly on a
1.6% agarose gel and electrophoresed for 3 h at 4 V/cm. The gels were stained
with Sybr gold dye and photographed under UV illumination.

Generation of caspase-resistant mutant and in vitro translation. Replacement
of aspartate at position 254 in the human SATBI1 primary sequence with alanine
was carried out by overlapping PCR. Briefly, a 1.1-kb fragment containing the
site to be mutagenized was subcloned into pBluescript KS(+) (Stratagene, La
Jolla, Calif.). Two oligonucleotides spanning the site were synthesized (MUT I,
5'GGTTGAAATGGCTAGCCTTTCTGAGC3'; MUT 11, 5'GCTCAGAAAG
GCTAGCCATTTCAACC3'). The oligonucleotides were engineered in such a
way that the amino acid sequence would be conserved but a new Nhel site would
be introduced to facilitate the screening of mutagenized clones. PCR was used to
amplify an 800-bp fragment using the M13 forward and MUT II primers and a
300-bp fragment using the M13 reverse and MUT I primers. The fragments were
mixed at equal molar concentrations, and a 1.1-kb fragment was amplified using
the M13 forward and reverse primers. The PCR product was digested with
EcoRI and Xbal and subcloned in pBluescript KS(+). The mutagenesis was
confirmed by automated sequencing using the T3 primer. The mutagenized
1.1-kb EcoRI-Xbal fragment was then cloned into the parental plasmid
(pAT1146) to obtain full-length D254A-SATB1 cDNA.

In vitro translation was performed using the coupled TNT-T3 reticulocyte
lysate system (Promega Corporation, Madison, Wis.) and [**S]methionine (Re-
divue; Amersham Pharmacia Biotech). The products of translation reactions
were heated in the presence of SDS-PAGE sample buffer and loaded directly on
SDS-10% polyacrylamide gels unless mentioned otherwise. The **S-labeled pro-
teins were visualized by autoradiography of dried gels.

EMSA. Electrophoretic mobility shift assays (EMSA) were performed basi-
cally as described previously (37, 50). Binding reactions were performed in a
10-pl total volume containing 10 mM HEPES (pH 7.9), 1 mM DTT, 50 mM KClI,
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2.5 mM MgCl,, 10% glycerol, 0.5 pg of double-stranded poly(dI-dC), 10 pg of
BSA, and 1 pl of the 3S-labeled in vitro translation reaction mixture. Samples
were preincubated at room temperature for 5 min prior to addition of 32P-
labeled WT (25), synthetic BUR DNA substrate (37). After 15 min of incubation
at room temperature, the products of such binding reactions were then resolved
by 6% native polyacrylamide gel electrophoresis. The gels were dried under
vacuum and exposed to two layers of X-ray film. The top film was developed to
detect the *?P-specific signal.

Yeast two-hybrid analysis. We subcloned the Dral fragment of SATB1 cDNA
that codes for most of the protein except the N-terminal 55 amino acids in yeast
two-hybrid expression vectors that allowed low-level expression of the fusion
proteins. We used residues 56 to 763 of SATBI fused to the GAL4 DNA-binding
domain (DBD) in the pGBT9 vector (Clontech Laboratories Inc., Palo Alto,
Calif.) as a bait for delineating the dimerization domain of SATB1. The Dral
fragment and various constructs with truncations from the N-terminal region of
SATBI were fused with the GAL4 activation domain (AD) in pGAD424 vector
(Clontech). The AD and DBD fusion constructs were cotransformed in a pair-
wise fashion in yeast strain CG-1945 (Clontech) as described previously (R.
Agatep, R. D. Kirkpatrick, D. L. Parchliuk, R. A . Woods, and R. D. Gietz,
Transformation of Saccharomyces cerevisiae by the lithium acetate/single-
stranded carrier DNA/polyethylene glycol (LiAc/ssDNA/PEG) protocol, Tech-
nical Tips Online, http:/tto.trends.com, 1998) and assayed for protein-protein
interaction using standard protocols, with HIS3 as the reporter gene.

RESULTS

SATBI dissociates from chromatin early during thymocyte
apoptosis. Thymocytes as well as peripheral lymphocytes are
known to undergo spontaneous apoptosis in response to vari-
ous physiological stimuli (33). BUR-binding protein SATBI is
predominantly and abundantly expressed in thymocytes and
activated T cells and is an important regulatory protein for
proper T-cell development (2). We studied the fate of SATB1
in T cells and thymocytes, first focusing on its intracellular
localization. The subcellular localization of SATBI in early
stages of dexamethasone-induced apoptotic thymocytes was
studied by immunostaining and visualization by confocal mi-
croscopy (Fig. 1A). Thymocytes exhibited a continuous rim of
peripheral nuclear staining when labeled with anti-lamin B as
previously reported (69). Untreated thymocytes contain
SATBI exclusively in their nuclei as evidenced by double stain-
ing with anti-lamin B and SATBI antibodies (Fig. 1A, a). As
apoptosis progressed, SATB1 relocalization became apparent
due to the fact that some SATB1 migrated out from the nu-
cleus to the cytoplasm (Fig. 1A, b). At later stages of apoptosis,
some SATBI remained in the nuclei for most thymocytes (Fig.
1A, ¢). To examine the relative locations of SATB1 and DNA,
double staining of a thymocyte population with Hoechst 33258
dye (for DNA) and an anti-SATBI1 antibody was performed at
0, 1, and 2 h after dexamethasone treatment. The results show
that SATB1 immediately circumscribes the DNA stained re-
gions in nonapoptotic thymocytes, and the two stained regions
remain for the most part mutually exclusive (Fig. 1B). This
remained true for apoptotic cells, but there was an apparent
decrease in the levels of SATBI1 for most of these cells with
chromatin condensation.

Change in the intracellular localization of SATBI early dur-
ing apoptosis suggests dissociation of SATB1 from genomic
DNA in vivo. To address this question, mouse thymocytes were
treated with dexamethasone to induce apoptosis and, at dif-
ferent time points, cells were removed and incubated in the
presence of cis-DDP to cross-link SATB1 to genomic DNA in
vivo. Under these conditions, only the proteins that are bound
to DNA were expected to be cross-linked. The genomic DNA
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FIG. 1. SATBI dissociates from chromatin early during apoptosis. (A) Confocal analysis of immunofluorescence staining of lamin B and
SATBI. Rat thymocytes treated with 2 wM dexamethasone for 2 h were double immunostained with anti-SATB1 antibody (red) and anti-lamin
B antibody (green). Individual cells in very early (a), middle (b), and late stages of apoptosis (c) are shown. (B) Double staining of genomic DNA
and SATB1 with Hoechst 33258 dye (top) and anti-SATB1 antibody (bottom) from thymocytes treated with dexamethasone (dex) for 0, 1, and 2 h.
Arrows indicate apoptotic cells with apparent morphological alteration. Differences in SATBI staining pattern and the sizes of cells reflect the
different developmental stages of the thymocyte (our unpublished result). (C) (Top) Dissociation of SATB1 from chromatin early in apoptosis.
Dexamethasone-treated thymocytes at different time points were incubated with 50 mM cis-DDP and solubilized in 4% SDS, and DNA-protein
complexes (cross-linked genomic DNA fraction) were pelleted by ultracentrifugation. The pellets were resuspended in 5 M urea-2% SDS, and
untracentrifugation was repeated to isolate DNA-cross-linked proteins. The pellets were sonicated and treated with DNase 1. The solubilized
protein fractions were subjected to SDS-7.5% PAGE and Western blot analysis using anti-SATB1 polyclonal serum. Positions of the molecular
mass markers (in kilodaltons) are indicated on the left. Arrow, band corresponding to full-length SATB1. Other faint bands, representing
nonspecific cross-reactivity of the anti-SATB1 antibody, became visible only after longer exposure of a Western blot. (Bottom) Densitometric
analysis of the SATBI signals shown at the top. Intensity of the band corresponding to full-length SATB1 was quantitated using a laser
densitometer and plotted as a function of time after dexamethasone treatment. All values were normalized to the intensity of the SATBI signal
in the absence of dexamethasone treatment (lane 2) and were expressed as percentages of the zero time value.

cross-linked to DNA-binding proteins (cross-linked DNA-pro-
tein fraction) was isolated, resuspended in buffer, and frag-
mented by sonication. DNA was quantitated and digested with
DNase I. To analyze SATB1 that was cross-linked to DNA on
a Western blot, proteins isolated from a defined amount of
cross-linked DNA (60 pg) were loaded in each lane. As a
control, genomic DNA was also prepared similarly from cells
that were not treated with cis-DDP. Figure 1C shows results of
Western blot analysis of SATB1 in the cross-linked genomic
DNA fraction using an anti-SATB1 antibody. Although the
amount of SATBI is small, probably due to nonquantitative
cross-linking and loss during repeated suspension and centrif-

ugation, SATBL is clearly detected in the cross-linked DNA-
protein preparations. The predicted molecular mass of SATB1
is 85.9 kDa, but it migrates anomalously at ~103 kDa on
SDS-polyacrylamide gels (50). In the control sample (Fig. 1C,
top, lane 1), there was no detectable SATBI signal, indicating
that non-cross-linked SATB1 was separated from DNA during
the preparation. On the contrary, the cross-linked DNA-pro-
tein sample shows a prominent band at 103 kDa, correspond-
ing to full-length SATBI1 (Fig. 1C, top, lane 2). The intensity of
the signal corresponding to the full-length SATB1 protein rap-
idly decreases upon onset of apoptosis, and, by 2 h following
dexamethasone treatment, approximately 65% of SATB1 was
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FIG. 2. Proteolytic cleavage of SATBI early during T-cell apopto-
sis. (A) Cleavage of SATBI in mouse thymocytes. Thymocytes were
collected from a 3-week-old mouse, treated with 2 puM dexamethasone
to induce apoptosis, and harvested. Nuclear extracts were prepared as
described in Materials and Methods, and 20 g of protein was resolved
by SDS-10% PAGE, transferred to a polyvinylidene difluoride mem-
brane, and probed with anti-SATBI. Left, positions of the molecular
weight markers; right, positions of the intact and cleaved (A) SATBI.
Bottom, immunoblot analysis of the same extracts using anti-PARP-1.
Positions of intact and cleaved (A) PARP-1 are indicated. (B) Cleav-
age of SATBI in a human lymphoblastic T-cell line. Jurkat cells were
grown continuously for 8 days in culture as described in Materials and
Methods and treated with 100 ng of anti-Fas antibody (clone CH-
11)/ml to induce apoptosis. Cells were harvested at the indicated times
(0.5 to 9 h) thereafter. Nuclear extracts were prepared, and 20 pg of
protein was resolved by SDS-10% PAGE and analyzed for SATB1 by
Western blotting. Bottom, status of PARP-1 in identical extracts. (C)
Loss of BUR-binding activity during apoptosis. The same series of
proteins used in panel A were separated on a 10% polyacrylamide gel
except that the gel was run longer than for panel A and subjected to
Southwestern analysis as described in Materials and Methods using a
radiolabeled WT (25),-mer probe. The autoradiogram shows a signal
corresponding to the BUR-binding activity of intact SATB1. The var-
ious time points after dexamethasone treatment (in hours) are indi-
cated above each lane.

already dissociated from chromatin (Fig. 1C, top, lane 4). Vir-
tually all SATB1 (over 90%) was dissociated by 4 h after
treatment (Fig. 1C, top, lane 5). The amount of SATB1 bound
to genomic DNA was measured by densitometric analysis of
the 103-kDa signal on the immunoblot (Fig. 1C, bottom).
SATBI is cleaved early during T-cell apoptosis. The rapid
dissociation of SATBI1 from the genomic DNA early during
apoptosis in vivo might be due to specific cleavage of SATB1 to
abrogate its DNA-binding activity. The integrity of SATB1 was
monitored by immunoblot analysis of extracts from dexam-
ethasone-treated mouse thymocytes prepared at different time
intervals using anti-SATB1 polyclonal serum 1583. As shown
in Fig. 2A, the antibody detects a prominent band of 103 kDa

CLEAVAGE OF SATB1 DURING APOPTOSIS 5595

corresponding to full-length SATB1 (Fig. 2A; lane 1). Within
0.5 h posttreatment, no appreciable change in the amount of
SATBI1 was detected (Fig. 2A, lane 2). However, at 1 h, a new
SATBI cleavage product started to appear as a faint band at a
position corresponding to an estimated molecular mass of 65
kDa, and this band became more intense after 2 h posttreat-
ment (Fig. 2A, lanes 3 to 7). We refer to the 65-kDa band as
the signature apoptotic fragment of SATB1. The complemen-
tary cleavage product, which is estimated to be an approxi-
mately 20-kDa polypeptide, was not detectable with polyclonal
serum 1583. By raising a polyclonal antibody against a C-
terminal peptide of SATBI1, we found that the 65-kDa band
contains the C terminus of SATB1 (data not shown), and
polyclonal serum 1583 fails to detect the N-terminal 254 amino
acids (as described below). A virtually identical pattern and
rate of SATBI1 cleavage occurred for human Jurkat cells
treated with anti-CD95 (Fas) antibody, at least until 6 h post-
treatment (Fig. 2B). Antibody-mediated ligation of CD95 mol-
ecules on the surfaces of Jurkat human lymphoblastic T cells
follows a rapid cell death pathway leading to the serial activa-
tion of caspase 8 and then caspases 3 and 6 (reviewed in
references 16 and 61). Similar to SATBI in either apoptotic
mouse thymocytes or human Jurkat cells, poly(ADP-ribose)
polymerase (PARP-1), which is known to be cleaved by
caspase 3 (40) and caspase 7 (reviewed in reference 16), was
cleaved, giving rise to an 89-kDa signature fragment starting at
1 h posttreatment (Fig. 2A and B, bottom, lanes 3). At later
time points of apoptosis, the overall signal of SATB1 declines,
indicating total destruction of the protein. This is also true for
PARP-1 (Fig. 2A and B, bottom), indicating protein degrada-
tion due to nonspecific proteolysis, which occurs after the spe-
cific cleavage.

In contrast to what was found for PARP-1 (Fig. 2A, bottom),
the full-length SATB1 protein remained at significant levels
even after 6 h post-dexamethasone treatment of thymocytes
(Fig. 2A, lane 6). A similar result was obtained for anti-Fas
antibody-induced Jurkat cells (Fig. 2A and B). This was unex-
pected in light of our results from the in vivo cross-linking
analysis, which indicated that SATB1 bound to chromatin was
lost in thymocytes by 4 h after dexamethasone treatment (Fig.
1C). These results suggest that full-length SATBI1 that re-
mained at 4 and 6 h after dexamethasone treatment may not
have BUR-binding activity. To examine this point further, we
monitored the BUR-binding activity of SATB1 during apopto-
sis by Southwestern blot analysis with the same series of thy-
mocyte proteins as that used for the Western blot analysis
shown in Fig. 2A. When the blot was probed with a radiola-
beled synthetic BUR probe [WT (25),] (12), we detected
BUR-binding activity only up to 2 h (Fig. 2C, lanes 1 to 4);
beyond 4 h, the BUR-binding activity due to SATB1 was un-
detectable (Fig. 2C, lanes 5 to 7). This is consistent with the
results obtained from the in vivo cross-linking study (Fig. 1C).
Apparently, the 65-kDa major apoptotic breakdown product of
SATBI1 does not bind to the labeled BUR probe (Fig. 2C).
When this Southwestern data were directly compared with the
Western blot data shown in Fig. 2A, especially for 2, 4, and 6 h
posttreatment, it was clear that at least two groups of SATB1s
exist, one with BUR-binding activity and the other without.
The results of the Southwestern analysis and the in vivo cross-
linking study and the timing of the appearance of the 65-kDa
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fragment indicated by Western analysis suggest that during
apoptosis SATB1 with BUR-binding activity is cleaved and
that, as a result, SATBI loses its binding activity. This hypoth-
esis was tested and shown to be true as described below.
SATBI is a phosphorylated protein (our unpublished observa-
tion). However, the exact biochemical difference(s) between
the two groups of SATB1 and their relative amounts remain to
be determined.

High-molecular-weight chromatin fragmentation occurs
concomitant with SATB1 cleavage. We examined the genomic
DNA fragmentation for anti-Fas-treated Jurkat cells by
pulsed-field gel electrophoresis to determine if there was any
correlation regarding the timing of SATBI cleavage and DNA
fragmentation. The cells treated with anti-Fas antibody in the
same manner as that shown in Fig. 2B exhibited the major
appearance of large DNA fragmentation in the range of 2 to 4
Mb as well as 50 to 300 kb at around 1 h posttreatment (Fig.
3B, lane 3). At this early time point, the nucleosomal ladder
was hardly detected (Fig. 3C, lane 3). Only after 2 to 4 h
posttreatment did we detect the nucleosomal ladder (Fig. 3C,
lanes 4 to 7) together with larger-size DNA fragmentation
(Fig. 3B, lanes 4 to 7). This result shows that the timing of the
cleavage of SATBI correlates well with the initial prominent
signals for the large-size DNA fragmentation.

To verify this observation, we examined the Jurkat cells
under different cell culture conditions so that these cells would
undergo apoptosis at a slower rate. It is known that time in
culture plays a critical role in determining the rate of apoptosis
(68). In fact, when Jurkat cell cultures that were seeded at high
density (2 X 10° cells per ml) and grown for 2 days until a
density of 10° cells per ml was reached, apoptosis proceeded
more slowly (Fig. 3D to F) than for cells seeded at 5 X 10* per
ml and continuously cultured for 8 days (Fig. 3A to C). For
Jurkat cells cultured for 2 days, SATBI1 cleavage started only
after approximately 2 h posttreatment (Fig. 3D, lane 5). More-
over, SATBI cleavage was also not complete until 9 h post-
treatment (Fig. 3D, lane 7). For these cells, the first visible
large-size DNA fragmentation signals (2 to 4 Mb and 50 to 300
kb) occurred only after 2 h (Fig. 3E, lane 4), and this timing
agrees with the timing of the onset of SATBI cleavage. The
nucleosomal ladder was not detected at 2 h, but it becomes
prominent at 4 h posttreatment (Fig. 3F, lanes 4 and 5). The
onset and kinetics of PARP-1 cleavage were similar to those of
SATB1 under the respective culture conditions (data not
shown). Even though we cannot determine if SATBI1 cleavage
precedes large-scale DNA fragmentation or vice versa from
these experiments, it is of interest that these two events occur
at a very similar timing during apoptosis.

Identification of the protease that cleaves SATB1. Serine
proteases are the most common proteases in cells, and cys-
teine-specific aspartate proteases or caspases constitute the
central component of the death machinery (reviewed in refer-
ence 16). We employed a series of inhibitors to identify the
class of protease(s) involved in the cleavage of SATB1 (Fig.
4A). Jurkat T cells were treated with a spectrum of protease
inhibitors. Cells pretreated in such manner were then induced
for apoptosis using a Fas monoclonal antibody (CH-11). As a
control, we used cells that were not exposed to any of the
inhibitors. Western blot analysis of cell extracts revealed that
the proteolytic degradation of SATB1 was affected neither by
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FIG. 3. High-molecular-weight DNA fragmentation coincides with
SATBI cleavage. (A and D) Immunoblot analysis of SATB1 in apo-
ptotic Jurkat cells. Jurkat cells were treated with anti-Fas, and the fate
of SATB1 was monitored by immunoblot analysis of cell extracts as
described in Materials and Methods. (B and E) Cleavage of genomic
DNA into 50- to 300-kb chromatin loops. Pulsed-field gel electro-
phoretic separation of apoptotic Jurkat cell DNA was performed as
described in Materials and Methods. Jurkat cells were induced for
apoptosis using anti-Fas antibody (clone CH-11). At defined time
points (0.5 to 9 h) postinduction aliquots of cells were removed and
embedded in LMP agarose. The agarose plugs were lysed and depro-
teinized as described in Materials and Methods. The digested plugs
were then loaded onto a 1% agarose gel, and the high-molecular-
weight DNA was resolved by pulsed-field gel electrophoresis as de-
scribed in Materials and Methods. Positions of the 50- to 300-kb
chromatin loops and 2- to 4-Mb giant DNA fragments are indicated.
(C and F) Low-molecular-weight DNA fragmentation. Low-molecular
weight DNA was prepared from apoptotic Jurkat cells as described
previously (55). For all panels, time (in hours) after the anti-Fas
treatment of cells in culture is indicated on top. Two different seeding
densities were used to culture Jurkat cells as described in Materials
and Methods. Fast (A to C), apoptotic cleavage profiles from an 8-day
continuous culture seeded at 5 X 10* cells/ml; slow (D to F), apoptotic
cleavage profiles from a 2-day culture seeded at 2 X 10° cells/ml.

100 or 200 uM leupeptin (Fig. 4A, lanes 5 and 6, respectively)
nor by 100 uM TLCK (Fig. 4A, lane 3), both of which are
inhibitors of serine proteases. However, at a concentration of
200 uM, TLCK completely abolished cleavage of SATBL1 (Fig.
4A, lane 4). TLCK at concentrations greater than 200 uM
induces necrosis in Jurkat cells and abolishes the features of
apoptosis (9). Next, we tested broad-range caspase inhibitor
Z-VAD-fmk at 10 and 20 uM (Fig. 4A, lanes 7 and 8, respec-
tively). At both these concentrations Z-VAD-fmk effectively
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FIG. 4. Identification of protease that cleaves SATB1 during apo-
ptosis. (A) Effect of protease inhibitors on in vivo SATBI1 cleavage in
Jurkat cells treated with anti-Fas antibody. Jurkat cells were preincu-
bated with control solvent (—) or with specific protease inhibitors for
30 min as indicated. An anti-CD95 monoclonal antibody (clone CH-
11) was then added (+) to a final concentration of 100 ng/ml, the cells
were incubated further for 3 h, and SATB1 proteolysis was analyzed by
immunoblotting. The 65-kDa band represents the major proteolytic
degradation product of SATBI. (B) In vitro cleavage by purified
caspases 7, 6, and 3. Purified native SATB1 from mouse thymus (top)
and Jurkat whole-cell extract (middle and bottom) were incubated with
indicated amounts of caspase 7 (lanes 1 and 2), 6 (lanes 3 and 4), or
caspase 3 (lanes 5 and 6) or without caspase (lane 7) for 1 h and
examined for SATBI1 (top and middle) and PARP-1 (bottom) cleavage
by Western blotting using the appropriate antibody. (C) In vivo inhi-
bition of SATBI cleavage by a caspase 6 inhibitor. Jurkat cells were
preincubated with solvent dimethyl sulfoxide alone (—; top) or with 10
uM Z-VEID-fmk (+; middle and bottom) for 30 min. Anti-Fas anti-
body was then added to a final concentration of 100 ng/ml. Aliquots of
cells were removed at indicated times, and protein extracts were pre-
pared as described in Materials and Methods. SATB1 proteolysis was
analyzed by immunoblotting as described in Materials and Methods.
As a marker for apoptosis, the Western blot (middle) was stripped and
reprobed (bottom) with anti-PARP-1 (H-250).

abolished the proteolytic cleavage of SATBI1. These results
indicated that cleavage of SATB1 during apoptosis is depen-
dent on the proteolytic activity of a caspase.

To further elaborate the caspase(s) involved in the proteol-
ysis of SATB1 during apoptosis, we asked whether SATB1
either in the form of purified native protein or as a component
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of whole-cell extract could be cleaved by activated recombinant
executioner caspase 3, 6, or 7 in vitro and, if so, whether the
pattern of cleavage resembled that observed in vivo. We found
that caspase 7 and 3 (Fig. 4B, top, lanes 1, 2, 5, and 6) failed to
cleave purified SATB1 from mouse thymus. However, caspase
6 effectively cleaved SATBI to its signature 65-kDa major
fragment at 20 and 200 nM (Fig. 4B, lanes 3 and 4). Treatment
of Jurkat whole-cell extracts with purified caspases also yielded
a similar pattern of specificity of cleavage (Fig. 4B, middle). As
a control, we probed this Western blot with an anti-PARP-1
antibody to demonstrate that caspases 3 and 7 are indeed
active. Incubation of Jurkat cell extract with caspase 7 (Fig. 4B,
bottom, lanes 1 and 2) and caspase 3 (Fig. 4B, bottom, lanes 5
and 6) led to the characteristic cleavage pattern of PARP-1.
However, PARP-1 is not cleaved by caspase 6 (Fig. 4B, bottom,
lanes 3 and 4), confirming the specificity of target selection by
different executioner caspases.

The involvement of a caspase 6-like protease in apoptotic
cleavage of SATBI in vivo was demonstrated by treating the
cells with Z-VEID-fmk, a cell-permeable peptide inhibitor for
caspase 6-like proteases (45). Immunoblot analysis of extracts
from cells that were not treated with the peptide inhibitor prior
to antibody-mediated CD95 ligation (Fig. 4C, top) showed a
time-dependent decrease in the signal corresponding to full-
length SATBL. For up to 1 h post-anti-Fas treatment there was
no apparent cleavage of SATB1 (Fig. 4C, top, lane 3). How-
ever, by 2 h approximately 30% of SATB1 was cleaved to
generate its signature 65-kDa major apoptotic fragment, re-
ferred to as ASATBLI (Fig. 4C, top, lane 4). At 4 and 6 h after
induction of apoptosis, approximately equal amounts of full-
size SATBI1 and the 65-kDa fragment were detected (Fig. 4C,
top, lane 7). In contrast, pretreatment of Jurkat cells with 10
pM Z-VEID-fmk in culture prior to the addition of anti-Fas
resulted in a complete inhibition of SATBI cleavage for up to
6 h postinduction (Fig. 4C, compare top and bottom lanes 7).
In contrast, PARP-1, which is known to be cleaved by caspase
3 (40) and caspase 7 (reviewed in reference 16), was cleaved in
the presence of Z-VEID-fmk. These data show the involve-
ment of caspase 6-like protease in anti-Fas-mediated apoptotic
cleavage of SATB1 in T cells.

Identification of the caspase cleavage site. Analysis of the
primary structure of SATBI1 for a potential caspase 6 cleavage
site revealed only one stretch of four amino acids, VEMD, that
is highly similar to optimal consensus recognition site VEID
for caspase 6 (65). While this work was in progress, it was
reported that SATB1 is cleaved in a caspase-dependent man-
ner and VEMD was predicted as a candidate cleavage recog-
nition sequence. However, this study did not identify the pro-
tease or confirm the cleavage site (24). The potential cleavage
site aspartate is located at amino acid position 254, and cleav-
age at this site would yield two proteolytic fragments with
calculated molecular masses of 20 and 65 kDa. The predicted
size of the larger fragment corresponds exactly with the esti-
mated molecular weight of the SATBI cleavage product that
we observed in vivo and in vitro. The polyclonal antibody that
we raised against full-length SATB1 does not recognize the
smaller cleavage product.

To ascertain that the cleavage indeed occurred after the
aspartate at position 254, we performed preparative-scale di-
gestion of purified native SATB1 using purified recombinant
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FIG. 5. Caspase 6 cleaves after aspartate 254 in SATBI. (A) Sche-
matic representation of various known functional domains in SATB1.
Black and gray boxes, MAR-binding domain and homeodomain (13),
respectively. The caspase 6 cleavage site is located at amino acid (aa)
position 254. The caspase 6 recognition sequence (aa 251 to 254) and
the N-terminal sequence of the 65-kDa cleavage product (aa 255 to
259) are indicated. (B) VEMD-to-VEMA mutation abolishes the
cleavage by caspase 6. Wild-type SATB1 (lanes 1 and 2) and the
caspase-resistant mutant SATB1-D254A (lanes 3 and 4) were tran-
scribed and translated in vitro and digested with recombinant activated
caspase 6 (lanes 2 and 4), as described in Materials and Methods. The
intact proteins and fragments were separated by SDS-4 to 15% gradi-
ent PAGE (Bio-Rad) and visualized by autoradiography. Positions of
the cleavage products are indicated on the right.

caspase 6. The digestion products were then resolved by SDS-
PAGE and transferred to a polyvinylidene difluoride mem-
brane, and the N-terminal sequence of the 65-kDa band was
determined by an N-terminal microsequencing method. The
sequence was 2>Ser-Leu-Ser-Glu-Leu®®, which confirmed the
predicted position of the cleavage site. The position of this
sequence with respect to the caspase 6 cleavage site and DBDs
in SATBI is depicted schematically in Fig. SA.

We then mutated the aspartate residue in the P4 position
(254) to alanine using an in vitro overlapping-PCR mutagen-
esis strategy. The mutagenized SATBI1 is referred to as
D254A-SATB1. When we digested the in vitro-translated wild-
type (Fig. 5B, lane 1) and D254A-*>*S-SATBI (Fig. 5B, lane 3)
proteins with caspase 6, we observed no degradation of
D254A-SATBI1 (Fig. 5B, lane 4), whereas wild-type SATB1
was completely cleaved to generate the 65-kDa major fragment
and ~30-kDa minor fragment (Fig. 5B, lane 2). The smaller
cleavage product apparently migrates anomalously since it is
expected be a 20-kDa peptide. In conclusion, the results of in
vivo as well as in vitro proteolysis studies strongly argue in
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FIG. 6. Cleavage by caspase 6 abolishes the DNA-binding activity
of SATBI1. Wild-type SATB1 was transcribed and translated in vitro
and digested with recombinant activated caspase 6 as described in
Materials and Methods. **P-labeled BUR probe WT (25), was pre-
pared as described previously (37). The binding reactions were per-
formed as described in Materials and Methods and then resolved by
6% native PAGE. Free, position of the labeled DNA substrate alone
(lanes 1 and 6). Mock-treated (lanes 2 to 5) and caspase 6-treated
(lanes 7 to 10) in vitro translation mixtures were serially diluted in
EMSA buffer and incubated with the labeled WT (25),-mer. One
microliter of either 20-fold-diluted (lanes 2 and 7), 10-fold-diluted
(lanes 3 and 8), or 5-fold-diluted (lanes 4 and 9) or undiluted (lanes 5
and 10) translation mixture was used for each binding reaction. The
positions of SATB1-DNA complexes (bound) and the free DNA probe
(free) are indicated on the left.

favor of caspase 6 or a caspase 6-like proteinase, and not
caspase 3 and/or caspase 7, in mediating the cleavage of
SATBI during apoptosis to generate the 65-kDa fragment.

Cleavage by caspase 6 abolishes the DNA-binding activity of
SATBLI in vitro. All the evidence gathered so far strongly sug-
gests that cleavage by caspase 6 alters the DNA-binding ability
of SATBL. To test this directly, we employed an in vitro system
wherein a >?P-labeled BUR DNA substrate was incubated with
increasing amounts of purified SATB1 with or without prior
incubation with purified recombinant caspase 6. The products
of such binding reactions were then resolved by native poly-
acrylamide gel electrophoresis. As depicted in Fig. 6, untreated
SATB1 bound the WT (25),-mer DNA substrate in a dose-
dependent manner (Fig. 6, lanes 2 to 5). However, when pre-
incubated with caspase 6, SATB1 completely lost its DNA-
binding activity (Fig. 6, lanes 7 to 10) as judged by the total lack
of a slow-migrating protein-DNA complex at the highest con-
centration of SATBI used (Fig. 6, lane 10). A parallel Western
blot analysis of caspase 6-treated SATBI1 indicated that virtu-
ally all of SATB1 was cleaved under the conditions employed
(data not shown). Results of this in vitro binding study strongly
indicate that the cleavage mediated by caspase 6 causes loss of
the DNA-binding activity of SATBI.

Delineation of an N-terminal domain necessary for SATB1
binding to BURs. The 65-kDa major apoptotic fragment of
SATBI, which results from the cleavage at position 254 by
caspase 0, still contains both the MAR-binding domain (resi-
dues 346 to 495) and homeodomain (residues 641 to 702)
previously characterized (13, 50). These two domains together
are essential for specific recognition of the core unwinding
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element of BUR and confer full DNA-binding activity when
fused with either glutathione S-transferase (GST) protein (13)
or protein A (50). Therefore, it was unexpected that the apo-
ptotic fragment containing both domains completely lost
BUR-binding activity. It is clear from our data, however, that
these two domains are not sufficient for BUR binding and that
an additional domain necessary for BUR binding must exist in
the N-terminal region. In vitro-translated SATB1 (amino acids
1 to 495) containing the N-terminal region and the MAR-
binding domain and the MAR-binding domain fused with GST
protein or protein A confers BUR-binding activity (13, 50).
Therefore, there must be a domain with a common activity
among fused peptides and the N-terminal region of SATBI.
First, a series of truncations were constructed to delineate this
additional domain in the N-terminal region, as shown in Fig.
TA.

A series of constructs with N-terminal deletion mutations
(constructs 2 to 7) as well as internal deletions (constructs 9 to
13) that spanned an ~160-amino-acid region immediately up-
stream of the caspase 6 cleavage site were prepared. In addi-
tion, truncated constructs lacking the C-terminal amino acids
downstream of the homeodomain (constructs 4 and 8) were
tested. All of these truncated versions were cloned into the
pBluescript vector (Stratagene) under the control of the T3
promoter, and the in vitro-translated proteins were tested for
their BUR-binding activity. The SDS-PAGE analysis of the
various translation products revealed that all of the truncated
proteins were translated efficiently, yielding comparable
amounts of the proteins and very few incomplete translation
products (Fig. 7B). The BUR-binding activity of each of these
translation products was determined by gel shift assay using a
labeled WT (25), probe (a synthetic BUR DNA) in the pres-
ence of excess competitor DNA as described previously (50).
Full-length SATBI1 binds very strongly to the WT (25), probe,
and virtually all of the probe is shifted in the form of a high-
molecular-weight complex, indicating DNA binding (Fig. 7C,
lane 1). On the other hand, the in vitro-translated MAR-
binding domain alone (amino acids 345 to 495) (data not
shown) or together with the homeodomain and the C-terminal
region (amino acids 330 to 763) (Fig. 7A, construct 2) failed to
bind the DNA (Fig. 7C, lane 2). A similar result was obtained
with the translation product that contained all of the residues
downstream of the caspase 6 cleavage site, including the cleav-
age recognition sequence itself (Fig. 7C, lane 3). The extreme
C-terminal 60 amino acid residues were found to be unneces-
sary for the DNA-binding activity of SATB1 (Fig. 7C, lane 4
and 8). Similarly, removal of 73 (Fig. 7C, lane 5) and 97 (Fig.
7C, lane 6) amino acids from the N terminus of SATB1 did not
have any measurable effect on its DNA-binding activity. Inter-
estingly, removal of 113 amino acid residues from the N ter-
minus resulted in complete loss of DNA-binding activity (Fig.
7C, lane 7), suggesting that the region encompassing residues
97 to 113 is required for the DNA-binding activity of SATBI1.
Although this region is necessary, it is not sufficient for restor-
ing the DNA-binding activity of the MAR-binding domain of
SATBI since the fusion product is not active (Fig. 7C, lane 9).

The C-terminal boundary of the additional domain in the
N-terminal region must therefore lie upstream of the caspase
6 cleavage site. To delineate the C-terminal boundary, we
created a series of MAR domain fusion proteins by serially
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FIG. 7. Identification of an N-terminal domain that is required for
the DNA-binding activity of SATB1. (A) Schematic representation of
SATBI1 N- and C-terminal and internal deletions. Various truncated
versions of SATB1 cDNA that were used as templates for coupled in
vitro transcription and translation are shown. Construct 1 depicts all
the known functional domains in SATBL1. All the constructs are named
according to the amino acids encoded by the full-length cDNA that
they represent. Black boxes, MAR-binding domain; gray boxes, home-
odomain. The result of DNA-binding studies using these constructs is
summarized in the “Activity” column. +, DNA-binding activity com-
parable to that of the full-length protein; —, total lack of DNA binding.
(B) SDS-PAGE analysis of in vitro translation products. Coupled in
vitro transcription and translation of SATB1 with various terminal and
internal deletions as depicted in panel A were performed as described
in Materials and Methods. The **S-labeled translation products were
resolved by SDS-10% PAGE and visualized by autoradiography. The
numbers above each lane correspond to the constructs depicted in
panel A. The dark patch at the bottom of the gel indicates position of
the dye front. (C) EMSA analysis. The DNA-binding activity of each of
the above constructs was monitored by EMSA analysis using a *?P-
labeled WT (25), probe as described in Materials and Methods. Num-
bers on top of lanes correspond to those of the constructs in panel A.
Lane 14, control binding reaction using vector (pBlueScript)-trans-
lated lysate. Free and bound, positions of the unbound and protein-
bound DNA probes, respectively.
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adding approximately 50 residues to the region spanning res-
idues 97 to 113 (Fig. 7A, constructs 9 to 12). Our data show
that the region spanning residues 90 to 204 is the minimal
region that can restore full binding activity of SATBI1 (Fig. 7C,
lane 11), while a shorter protein with residues 90 to 160 fused
with the MAR-binding domain is not active (Fig. 7C, lane 10).
To further examine the C-terminal boundary of this newly
discovered domain, we created another fusion in which resi-
dues 97 to 187 were fused with the MAR-binding domain (Fig.
7A, construct 13). This protein is inactive (Fig. 7C, lane 13),
suggesting that the C-terminal boundary of this domain lies
between a short stretch spanning residues 187 and 204. As a
control, a vector (pBluescript)-translated lysate did not bind to
the probe (Fig. 7C, lane 14). The results of these BUR-binding
studies are summarized as activities in Fig. 7A.

The N-terminal region of SATB1 is responsible for protein
dimerization. Next, we employed the yeast two-hybrid system
(19) to analyze whether the domain identified by the in vitro
DNA-binding studies is involved in mediating protein-protein
interaction. The various constructs that were used for trans-
formation are depicted in Fig. 8A. We found that expression of
full-length SATBI is toxic to yeast (our unpublished observa-
tion). However, expression of the Dral fragment of SATBI
cDNA that codes for most of the protein except the N-terminal
55 amino acids was tolerated, as indicated by using vectors
pGBT9 and pGADG624 (Clontech) that allowed low-level ex-
pression of the cDNAs. We used residues 56 to 763 of SATB1
fused to the GAL4 DBD as a bait for delineating the dimer-
ization domain of SATBI. Both the AD and DBD constructs
were transformed in a pairwise fashion in yeast strain CG-1945
(Clontech) and assayed for protein-protein interaction. Figure
8B depicts results of the yeast two-hybrid analysis. Cells car-
rying both the transformed plasmids were those that grew on a
plate lacking Leu and Trp (Fig. 8B, left). Any type of protein-
protein interaction between the fusion proteins would bring
the GAL4 DBD and AD in close proximity, thus activating
transcription of four reporter genes. We chose HIS3 as a re-
porter gene and scored for colony formation on media lacking
three amino acids, viz., Trp, Leu, and His. Coexpression of a
SATBI1 Dral restriction fragment fused to the GAL4 DBD
(GAL4 DBD:56-763) and to the GAL4 AD (GAL4 AD:56—
763) resulted in transcriptional activation of the HIS3 reporter
gene (Fig. 8B, right), indicating that SATB1 polypeptides in-
teract with each other, most probably by forming a ho-
modimer. Expression of any of the fusion protein along with
either the GAL4 AD or GAL4 DBD was not sufficient to
achieve transcriptional activation of the reporter gene (Fig.
8B). To further delineate the dimerization domain, we tested a
series of truncated versions of SATBI1 for interaction with
GAL4 DBD-SATBI. In agreement with the results of our in
vitro DNA-binding studies, we found that GAL4 AD fusions
with residues 90 to 117 and 90 to 160 were unable to interact
with the bait (GAL4 DBD-SATBI1); however, fusions with
residues 90 to 204 and 90 to 254 yielded transcriptional acti-
vation of HIS3, resulting in growth of colonies (Fig. 8B). The
results of these interaction studies demonstrated that the N-
terminal region comprising amino acids 97 to 204 alone is both
essential and sufficient for dimerization.

The dimerization domain of SATB1 is similar to the PDZ
domain. The dimerization domain of mouse and human
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FIG. 8. SATBI is a homodimer. (A) Schematic representation of
SATBI1 with N- and C-terminal deletions used in the yeast two-hybrid
assay. Various truncated versions of SATBI1 that were used as baits for
the yeast two-hybrid assay are shown. Two nearly full-length fusion
constructs of SATB1 were used to monitor the dimerization potential
of SATB1 (constructs 1 and 2). Constructs 3 to 6 represent various
truncations that were used to map the dimerization domain of SATBI.
(B) Yeast two-hybrid assay. Nearly full-length SATB1 ¢cDNA (encod-
ing amino acids 56 to 763) fused with the GAL4 DBD was cotrans-
formed in yeast strain CG1945 with one of the GAL4 AD-SATBI1
fusion constructs (constructs 2 to 6) as described in Materials and
Methods. The transformation mixtures were streaked in defined sec-
tors on minimal-medium plates lacking either Leu and Trp (left) or
Leu, Trp, and His (right). The numbers of constructs used for cotrans-
formation are indicated outside of each sector. Mock, transformation
mixture in which water was added instead of DNA.

SATBI was found by BLAST search (1) to be highly homolo-
gous to the two hypothetical proteins encoded by human and
Caenorhabditis elegans cDNAs and the Drosophila melano-
gaster Dve protein encoded by a defective proventriculus (dve)
gene. Dve is a homeodomain protein that is required for mid-
gut specification under the control of different extracellular
signals (51). The significance of the region in Dve that is
homologous to the SATB1 dimerization domain has not been
assigned. To further investigate whether the dimerization re-
gion of SATBI is similar to any domains of a known function,
the 90- to 204-amino-acid-peptide was used as the query se-
quence for a search against the Conserved Domain Database
(version 1.01). The program compared the SATB1 dimeriza-
tion sequence to 3,019 position-specific score matrices pre-
pared from domains derived from the Smart and Pfam collec-
tions. Two significant alignments were found to be the PcrB
family (code pfam01884; E value = 0.16) and the PDZ domain
(pfam00595; E value = 1.8). The function of the homologous
sequences in the PcrB family is unknown (30). The PDZ do-
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FIG. 9. SATBI1 dimerization domain is homologous to PDZ domains. Shown is an HMM-generated alignment of the dimerization domain of
SATBI and related sequences (MMSatb1 to CeORF) and selected PDZ domains (PSD-95 2 to CePAR-6). Columns containing residues that are
conserved in 6 or more of the 12 sequences are highlighted. Dots, columns that are most conserved (10 of 12 sequences) and residues that might
be functionally important owing to their spatial proximity on the surface of the PDZ domain based on the alignment in the context of the
three-dimensional structure. Hydrophobic columns are boxed. Numbers denote the numbers of amino acids that are not shown. Arrows and
cylinders, B-strands and a-helices taken from the nuclear magnetic resonance structure of the second PDZ domain of PSD-95 (PSD-95-2;
PDB-RCSB code 1QLC). Amino acids in lowercase within the alignment correspond to residues aligned to the insert state of the HMM. The
sequences shown are MmSATB1 (NP 033148), HsSSATB1 (NP 002962.1), HsSORF (Homo sapiens hypothetical protein KIAA1034; BAA82986.1),
DmDve (CAA09729.1), CeORF (hypothetical protein ZK1193.5; T27710), PD-95-2 (second PDZ domain of PSD-95), HsnNOS (P29475),
HsCASK (AAB88125), HsSIP-1 (AAB53042), MmSPA-1 (BAA01973), CePAR-3 (T34302), and CePAR-6 (T43216). Species abbreviations are as
follows: Mm, Mus musculus; Hs, H. sapiens; Ce, C. elegans; Dm, D. melanogaster.

main, on the other hand, is a well-studied protein-protein in-
teraction domain found in proteins that mediate targeting and
clustering of channels, receptors, cell adhesion proteins, and
other signaling enzymes at the specific sites of cell-cell contact,
including synapses (reviewed in reference 17). Canonical PDZ
domains contain ~80 to 100 amino acid residues. The PDZ
domains form a compact, globular structure consisting of a
six-stranded antiparallel B-barrel flanked by two a-helices (15,
48). We performed hidden-Markov model (HMM)-based anal-
ysis of the sequence homologs of SATB1 with several known
PDZ domain-containing proteins including the second PDZ
domain of postsynaptic density-95 (PSD-95 2; RCSB code
1QLC). PSD-95 is a neuronal-membrane-associated guanylate
kinase that associates with receptors and cytoskeletal elements
at synapses (reviewed in reference 42). The HMM-generated
alignment of these proteins is shown in Fig. 9. PDZ domains
are known to dimerize with other PDZ domains forming het-
erodimers or to bind to the carboxyl termini of interacting
proteins (reviewed in reference 17). However, the requirement
of a PDZ domain-mediated homodimerization for protein
function has not been reported to date. For SATBI, the puta-
tive PDZ domain is responsible for forming homodimers, and,
as a result of this dimerization, SATB1 binds genomic DNA
specifically recognizing BUR sequences.

DISCUSSION

Disruption of dimerization is the cause of SATB1 dissocia-
tion from chromatin. SATBI1 is tightly bound to genomic DNA
at the base of chromatin loop domains in Jurkat cells (11).
Therefore, to ensure rapid disassembly of higher-order chro-

matin structure, SATBI is expected to be an early target for
degradation during apoptosis. We analyzed SATB1 during an-
ti-Fas antibody-induced T-cell- and dexamethasone-induced
thymocyte apoptosis and found that it dissociates from chro-
matin in vivo early during apoptosis. Dissociation of SATB1
from chromatin is associated with its cleavage at amino acid
position 254 to generate a 65-kDa fragment containing both
the MAR-binding domain and the homeodomain. Although
these two domains, when fused with GST protein, were previ-
ously shown to be sufficient to confer both high specificity and
affinity toward the core unwinding elements of BURs, the
65-kDa fragment itself totally lacks DNA-binding activity. The
present study showed that an additional region (amino acids 90
to 204) is essential for the two domains to confer BUR-binding
activity, and this region was identified as a dimerization do-
main. This was demonstrated by a yeast two-hybrid assay sys-
tem, which has been previously employed for demonstrating
the in vivo dimerization of proteins including GCN4 (26) and
TRF1 (3). Our data show that SATBLI dissociates from chro-
matin due to its cleavage, which separates the dimerization
domain from the DBDs, thus becoming a nonfunctional mo-
nomeric protein.

SATBI is a target of caspase 6-like protease during T-cell
apoptosis. Caspases are the central component of the death
machinery (reviewed in references 16 and 61). We have shown
that SATBI is site-specifically cleaved at an aspartate at posi-
tion 254 by caspase 6 or a caspase 6-like protease. Although
many cytoplasmic and nuclear proteins have been reported as
targets for the effector caspases 3 and 7 (reviewed in reference
16), only a few target proteins for caspase 6 have been identi-
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fied so far. These include lamin A (54, 64), lamin B1 (10),
keratin 18 (6), the amyloid precursor protein-binding protein
(APP-BP1) (41, 56), and Huntingtin proteins (71). Our data
add SATBI to this short list as the first transcription factor that
is cleaved by a caspase 6-like protease.

Two proteins with binding specificity similar to that of
SATBI are also cleaved at an early stage during apoptosis. The
first is PARP-1, a DNA damage-sensing protein known to
preferentially bind nicked DNA. Using closed-circle double-
stranded DNA templates, PARP-1 was found to specifically
recognize BUR elements (21) and is cleaved simultaneously
with SATBI early during apoptosis, but by caspase 3 and
caspase 7 (reviewed in reference 16) instead of caspase 6.
Scaffold attachment region-binding protein SAF-A (hnRNPU),
a ubiquitous MAR-binding protein, is also cleaved by caspase
3 early during apoptosis and dissociates from chromatin (23).
Among sequences within MARs, SAF-A also confers specific-
ity to BUR elements (S. Galande, C. C. Lee, and T. Kohwi-
Shigematsu, unpublished results). Therefore, two chromatin-
binding proteins of similar binding specificities, PARP-1 and
SAF-A, are targets of caspase 3, whereas SATBI is uniquely
cleaved by caspase 6. However, not all BUR-binding proteins
are cleaved during apoptosis. The Ku70/86 heterodimer, which
has been shown to exhibit strong binding affinity and specificity
toward BURs using closed-circle DNA templates (21), remains
intact at least up to 9 h after the start of apoptosis (data not
shown). PARP-1 and Ku70/86 were shown to form a protein
complex in the absence of DNA, and the BUR-binding affinity
of this protein complex is synergistically augmented (21).
Therefore, once PARP-1 is cleaved, Ku70/86 may also disas-
semble from chromatin.

Our attempts at studying the effects of expressing caspase
6-resistant SATB1 in a cell culture system were hampered
because expression of either wild-type or mutated SATBI1 in
transfected T cells at levels any higher than those of endoge-
nous SATBLI induced cell death. We are currently taking an
alternative approach, which is to establish transgenic mice in a
SATBI null background and examine the effects of caspase
6-resistant SATB1 on T-cell development. Whether SATBI1
cleavage by caspase 6-like protease plays an important role in
selection of thymocytes must await further experimentation.

Degradation of genomic DNA into the loop domain size
fragments occurs concomitantly with SATB1 cleavage during
apoptosis. The DNA degradation into a specific pattern of
fragments is a characteristic feature of apoptosis (reviewed in
reference 49). These include 2- to 4-Mb giant-size fragments,
50- to 300-kb fragments, and a DNA ladder consisting of mul-
timers of approximately 200 bp (nucleosomal ladder). These
distinct sizes of DNA fragments most likely reflect the struc-
tural organization of chromatin in the nucleus. It has been
demonstrated that the first appearance of chromatin degrada-
tion to 50- to 300-kb fragments occurs just prior to internu-
cleosomal fragmentation in various apoptotic cells (53; re-
viewed in reference 66), and therefore genomic DNA
degradation starts with disassembly of higher-order chromatin
structure. We compared the timing of large-scale chromatin
fragmentation with that of SATB1 cleavage during apoptosis in
two different growth phases of Jurkat T-cell culture. It is
known that the susceptibility of cultured cells to apoptosis
heavily depends on their growth phase. In late log phase, cell
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cultures exhibit an increased susceptibility to apoptosis com-
pared with cultures in early log growth phase, and this differ-
ence is independent of cell density. In the experimental system
employed, where early and late log phases differ greatly with
respect to timing of DNA fragmentation, we observed that the
timing for the start of SATB1 cleavage matched with that of
the ~50-kb DNA fragmentation just preceding nucleosomal
ladder generation. These data suggest that, early during anti-
Fas antibody-induced Jurkat T-cell apoptosis, a higher-order
chromatin structure is first disassembled by removing SATB1
from the bases of chromatin loop domains, and these domains
are cleaved and digested further. Whether SATBI, which is an
abundant protein in thymocytes (2.5 X 10* to 5 X 10* mole-
cules/cell, data not shown), binds chromatin at virtually all of
their loop attachment sites or only a subset of them remains to
be investigated. Furthermore, whether there is any effect of
SATBI1 ablation on disassembly of higher-order chromatin
structure during apoptosis in SATB1-deficient thymocytes will
be studied in the future.

Identification of PDZ-like domain of SATB1 and its poten-
tial biological significance. The newly identified dimerization
domain of SATB1 (90 to 204 amino acids), which is essential
for its BUR-binding activity, was found to be homologous to
PDZ domains. PDZ domains are modular protein-binding do-
mains that have at least two distinct mechanisms for binding.
PDZ domains can bind to specific recognition sequences at the
carboxyl termini of proteins (31, 32, 39, 46, 52), or they can
bind with other PDZ domains forming heterodimers (5). Ow-
ing to these capabilities, PDZ domain-containing proteins can
form mutimeric protein complexes. Many PDZ domain-con-
taining proteins identified to date are associated with the
plasma membrane, and accumulated evidence suggests that
PDZ domains are involved in recruiting signaling proteins to
protein complexes at the membrane. For example, the second
PDZ domain of PSD-95 has been shown to bind directly to
PDZ domains within neuronal nitric oxide synthase at syn-
apses, thus coupling Ca®" entry through N-methyl-p-aspartate
channels to NO synthesis (5, 58). Although most PDZ domain
proteins are found at the plasma membrane, two nuclear pro-
teins that possess a domain similar to PDZ are known to date.
One is SIP-1, of unknown function, which interacts with human
Y-linked testis-determining gene SRY-encoded protein (57),
and the other is Spal, with a Ran GTPase-activating domain
(25). Recent evidence shows that CASK, a PDZ domain-con-
taining protein, is concentrated at neuronal synapses, enters
the nucleus, and interacts with a defined transcription factor to
regulate transcription (27). Although this interaction is medi-
ated by its guanylate kinase domain and not by the PDZ do-
main, it provides the evidence for the translocation of mem-
brane-associated PDZ domain-containing proteins to the
nucleus. The fact that chromatin-associated protein SATBI1
contains a putative PDZ domain has important biological im-
plications. For SATBI, the putative PDZ domain is responsi-
ble for homodimerization and is necessary to manifest BUR-
binding activity to the protein. It can be speculated that some
PDZ-interacting proteins can relay cell surface information to
the nucleus and derepress multiple genes by disrupting dimer-
ization of SATBI1. Recently, a protein domain called the SAF
box, which is structurally related to the homeodomain, has
been identified in various MAR-binding proteins (34).
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Whether a PDZ domain that has an activity similar to that
found in SATBI1 is present in other BUR-binding proteins
awaits future investigation.
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