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The nuclear body is a cellular structure that appears to be involved in the pathogenesis of acute promyelo-
cytic leukemia and viral infection. In addition, the nuclear body is a target of autoantibodies in patients with
the autoimmune disease primary biliary cirrhosis. Although the precise function of the nuclear body in normal
cellular biology is unknown, this structure may have a role in the regulation of gene transcription. In a previous
investigation, we identified a leukocyte-specific, gamma interferon (IFN-vy)-inducible autoantigen designated
Sp140. The objectives of the present study were to investigate the cellular location of Sp140 with respect to the
nuclear-body components PML and Sp100 and to examine the potential role of Sp140 in the regulation of gene
transcription. We used adenovirus-mediated gene transfer to express Sp140 in human cells and observed that
the protein colocalized with PML and Sp100 in resting cells and associated with structures containing PML
during mitosis. In cells infected with the adenovirus expressing Sp140 and incubated with IFN-vy, the number
of PML-Sp100 nuclear bodies per cell increased but immunoreactive Sp140 was not evenly distributed among
the nuclear bodies. Sp140 associated with a subset of IFN-y-induced PML-Sp100 nuclear bodies. To examine
the potential effect of Sp140 on gene transcription, a plasmid encoding Sp140 fused to the DNA-binding domain
of GAL4 was cotransfected into COS cells with a chloramphenicol acetyltransferase (CAT) reporter gene
containing five GAL4-binding sites and a simian virus 40 enhancer region. The GAL4-Sp140 fusion protein
increased the expression of the reporter gene. In contrast, Sp100 fused to the GAL4 DNA-binding domain
inhibited CAT activity in transfected mammalian cells. The results of this study demonstrate that Sp140
associates with a subset of PML-Sp100 nuclear bodies in IFN-y-treated cells and that Sp140 may activate gene
transcription. Taken together, these observations suggest that the nuclear bodies within a cell may be heter-

ogeneous with respect to both composition and function.

The nuclear body (also known as nuclear domain 10, the
PML oncogenic domain, and the Kr body) is a subcellular
domain that appears to be involved in the pathogenesis of a
variety of human diseases including acute promyelocytic leu-
kemia and viral infections. In addition, the nuclear body is a
target of autoantibodies in the serum of patients with the
autoimmune disease primary biliary cirrhosis (reviewed in ref-
erence 30). After immunohistochemical staining, nuclear bod-
ies appear as 5 to 30 discrete, punctate regions within the
nucleus. They are distinct from other subnuclear domains in-
cluding centromeres, kinetochores, coiled bodies, spliceo-
somes, and interchromatin granules (6). The number of nu-
clear bodies in the cell increases in response to stimuli
including interferons (IFNs), heat shock, and viral infection
(3). In a recent study, LaMorte et al. demonstrated that nas-
cent RNA associates with some but not all nuclear bodies (22).
The authors concluded that nuclear bodies may play a role in
transcriptional events and may have more than one functional
state.

The nuclear-body component promyelocytic leukemia pro-
tein (PML) is fused to the retinoic acid receptor « in the
majority of patients with acute promyelocytic leukemia. The
fusion protein appears to disrupt the normal differentiation of
promyelocytes (5, 9, 17, 26). In addition, PML-retinoic acid
receptor a alters the structure of nuclear bodies such that
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instead of the usual 5 to 30 discrete domains in the nucleus,
staining for nuclear-body components reveals numerous
smaller speckles. Treatment of promyelocytic leukemia cells
with retinoic acid results in differentiation of myeloid precur-
sor cells and re-formation of nuclear bodies (12, 21, 35). Pre-
vious investigators suggested that PML may function as a sup-
pressor of cellular growth and transformation (2, 24). Wang et
al. observed that homozygous disruption of the PML gene in
mice altered cellular proliferation, enhanced tumorigenesis,
and inhibited the differentiation of myeloid precursor cells
(34). The authors suggested that PML may mediate the
growth-suppressive and differentiating activities of retinoic
acid.

The nuclear body is a target of autoantibodies in approxi-
mately 40% of patients with primary biliary cirrhosis. These
autoantibodies are rarely detected in normal individuals or in
patients with other autoimmune diseases (13, 33). Szostecki et
al. used serum from patients with primary biliary cirrhosis to
identify a cDNA encoding the nuclear-body component Sp100
(32). Seeler et al. reported that Sp100 interacts with the het-
erochromatin protein 1 (HP1) family of nonhistone chromo-
somal proteins (29). Both Sp100 and HP1, when tethered to
DNA, behaved as transcriptional repressors in transfected
cells. The authors suggested that the PML-Sp100 nuclear body
may regulate gene transcription by modifying chromatin or
heterochromatin structure.

In a previous study, we used serum from a patient with
primary biliary cirrhosis to identify a cDNA encoding a nuclear
body autoantigen designated Sp140 (4). The amino-terminal
portion of Sp140 was 49% identical to the amino-terminal
region in Sp100. The carboxyl portion of Sp140 contained a
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plant homeobox domain and bromodomain and was 39% iden-
tical to the carboxyl portion of murine nuclear hormone re-
ceptor transcription intermediary factor la (TIFla) (25).
These structural features suggested that Sp140 may have a role
in the regulation of gene transcription. High levels of mRNA
encoding Sp140 were detected in human spleen and peripheral
blood leukocytes; much lower levels were expressed in all other
tissues examined. Using immunohistochemistry, we demon-
strated that Sp140 localized to nuclear bodies containing PML
in HL60 cells. These results suggested that Sp140 is a leuko-
cyte-specific component of the nuclear body.

Dent et al., as part of a study to identify novel lymphocyte-
restricted transcription factors, identified two cDNAs encoding
splice variants of Sp140, which were designated lymphoid-re-
stricted homologues of Sp100 (LySp100A and LySp100B) (8).
Using antiserum directed against LySp100, these investigators
observed a nuclear-body staining pattern in MBBI1 cells, an
Epstein-Barr virus (EBV)-transformed, human lymphoblas-
toid cell line. Interestingly, in MBB1 cells, LySp100 and PML
staining patterns were largely nonoverlapping. The authors des-
ignated the LySp100-containing nuclear bodies as “LySp100-
associated nuclear domains.”

The objectives of this study were to further investigate the
cellular location of Sp140 with respect to the PML-Sp100 nu-
clear body and to examine the potential role of Sp140 in the
regulation of gene transcription. The small amount of Sp140 in
peripheral blood leukocytes and myeloid cell lines made it
difficult to clearly establish the cellular location of this protein
by indirect immunofluorescence. In this study, we used a rep-
lication-deficient adenovirus vector to express Sp140 in human
cell lines. We confirm that Sp140 colocalizes with PML-Sp100
nuclear bodies in resting cells and demonstrate that Sp140
associates with a subset of PML-Sp100 nuclear bodies in IFN-
y-treated cells. To examine the potential effect of Sp140 on
gene expression, a plasmid encoding Sp140 fused to the GAL4
DNA-binding domain (GAL4-Sp140) was cotransfected into
mammalian cells with a chloramphenicol acetyltransferase
(CAT) reporter plasmid containing five GAL4 binding sites
and a simian virus 40 (SV40) enhancer domain. In contrast to
Sp100, which inhibited gene transcription when tethered to
DNA, the GAL4-Sp140 fusion protein activated expression of
the reporter gene. Taken together, our data suggest that nu-
clear bodies may be heterogeneous with respect to both com-
position and function.

MATERIALS AND METHODS

Antiserum, affinity-purified antibodies, and monoclonal antibodies. A mono-
clonal antibody directed against -galactosidase was obtained from Sigma Chem-
ical Co. (St. Louis, Mo.). A monoclonal antibody directed against PML was
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.), and was used
in indirect immunofluorescence to identify nuclear bodies in HeLa cells. The
preparation of rat antibodies directed against Sp140 was described previously
(4).

Antibodies in serum from patients with primary biliary cirrhosis were used to
identify nuclear bodies in HEp-2 cells. The diagnosis of primary biliary cirrhosis
in these patients was based on the presence of elevated liver function enzyme
levels and high-titer antibodies directed against the mitochondrial antigen E2
pyruvate dehydrogenase complex (E2 PDC). These antibodies are present in
approximately 95% of patients with primary biliary cirrhosis and are rarely seen
in normal individuals or in patients with other autoimmune diseases (reviewed in
reference 18). Antibodies directed against PML and Sp100 were immunoaffinity
purified from human serum by using recombinant proteins prepared as described
below.

To prepare recombinant Sp100, DNA encoding Sp100 was produced by PCR
with two oligonucleotides (5'-TTGAATTCGGTGGGAAGATGGCAGGTGG
G-3" and 5'-TTGAATTCCTGACATTCTGCAGGCCA-3") and cDNA pre-
pared from human spleen (Clontech, Palo Alto, Calif.). The nucleotide sequence
of the PCR product was determined and confirmed to encode Sp100. The DNA
fragment was treated with EcoRI and ligated into the EcoRI site of prokaryotic
expression vector pGEX (Pharmacia, Piscataway, N.J.). The plasmid was used to
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transform Escherichia coli, and expression of the fusion protein was induced by
treatment with isopropyl-1-thio-B-p-galactopyranoside. E. coli extracts contain-
ing the glutathione S-transferase-Sp100 fusion protein were fractionated by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose. The membrane was incubated in blocking solution
(phosphate-buffered saline [PBS] containing 5% nonfat dry milk) and then in
human serum diluted 1:10 with blocking solution. Bound antibodies were eluted
and concentrated as previously described (4). Successful purification of anti-
Sp100 antibodies from other antibodies present in patient serum was confirmed
by the absence of reactivity with E2 PDC on immunoblotting and indirect
immunofluorescence.

To prepare a DNA fragment encoding PML in frame with glutathione S-
transferase in the pGEX vector, the cDNA encoding PML (a generous gift of H.
de Thé, Hopital St. Louis, Paris, France) and two oligonucleotides (5'-TTGAA
TTCATGGAGCCTGCACCCGCCCGATCT 3’ and 5'-TTGAATTCGAGCTG
CTGATCACCACAACGCGT 3’) were used in the PCR. The PCR product was
treated with EcoRI and ligated into the EcoRI site of pGEX. Recombinant
protein and affinity-purified human antibodies were prepared as described above.

Construction of an El-deleted recombinant adenovirus vector containing
Sp140. The cDNA encoding Sp140 was cloned into the NotI and BamHI sites of
pAd.RSV4 (provided by D. Dichek, Gladstone Institute for Cardiovascular Dis-
eases, San Francisco, Calif.), which contains the Rous sarcoma virus long termi-
nal repeat promoter and the SV40 polyadenylation signal. The plasmid contain-
ing Sp140 was cotransfected into 293 cells with pJM17 (provided by F. L.
Graham, McMaster University, Hamilton, Ontario, Canada). Homologous re-
combination between the two plasmids resulted in an adenovirus that contained
Sp140 sequences in place of E1 sequences. Recombinant viruses in a plaque were
amplified in 293 cells, and a high-titer stock (strain Ad.Sp140) was prepared, as
previously described (14). The absence of replication-competent adenovirus in
the viral stock was confirmed by the failure of Ad.Sp140 to produce cytopathic
changes in A549 lung carcinoma cells. In addition, PCR failed to amplify a DNA
fragment corresponding to the E1 region of adenovirus by using oligonucleotides
and the Ad.Sp140 stock. A control virus carrying a nucleus-targeted form of
B-galactosidase (strain Ad.Bgal) (10) was provided by D. Dichek.

Cell culture, fixation and staining. HEp-2, HeLa, and COS cells (American
Type Culture Collection, Rockville, Md.) were maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal calf serum, L-glutamine (2
mM), penicillin (200 U/ml), and streptomycin (200 pg/ml).

To detect B-galactosidase in HEp-2 cells infected with Ad.Bgal, the cells
were fixed with glutaraldehyde and incubated with 5 mM K,Fe(CN),, 5 mM
K;Fe(CN)g, 1 mM MgCl,, and 1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside per ml in PBS for 4 to 6 h. Under light microscopy, cells containing
B-galactosidase appeared blue.

For immunofluorescence staining, HEp-2 and HeLa cells were grown in tissue
culture chambers (Nunc Inc., Naperville, I11.), fixed in 4% paraformaldehyde in
PBS at room temperature for 10 min, and permeabilized by treatment with
acetone at —20°C for 2 min. Rat anti-Sp140 antiserum and human antibodies
were incubated with substrate for 1 h at room temperature. Unbound antibodies
were removed by three successive washes with PBS. Bound rat antibodies were
detected with species-specific fluorescein isothiocyanate (FITC)-conjugated goat
anti-rat immunoglobulin G (IgG) antiserum (Boehringer Mannheim, Indianap-
olis, Ind.). Bound human antibodies were detected with species-specific Texas
Red ITC-conjugated goat anti-human IgG Fc antiserum. A species-specific
FITC-conjugated sheep anti-mouse Ig antiserum (Amersham) was used in stud-
ies with murine monoclonal antibodies.

To detect the cellular location of nuclear-body components with respect to
chromosomes in dividing cells, the cells were stained with the antibodies de-
scribed above as well as with 4',6-diamidino-2-phenylindole (DAPI; Sigma
Chemical Co.).

SDS-polyacrylamide gel electrophoresis and immunoblotting. HEp-2 cells
were harvested in cold PBS and lysed by boiling for 5 min in sample buffer (0.125
M Tris-HCI, 4% SDS, 20% glycerol, 10% B-mercaptoethanol). The proteins
were fractionated by SDS-polyacrylamide gel electrophoresis (8% polyacryl-
amide) and transferred to nitrocellulose membranes. Membranes were incu-
bated in blocking solution and then with human antibodies or rat antiserum.
Bound human antibodies were visualized by incubation with horseradish perox-
idase (HRP)-conjugated protein A (Amersham) and enhanced chemilumines-
cence (Amersham). For studies with the rat antiserum, bound antibodies were
detected by using HRP-conjugated goat anti-rat antiserum (Amersham) and
chemiluminescence.

CAT assays. A plasmid encoding Sp140 fused to the DNA-binding domain of
GALA4 (amino acids 1 to 147) was prepared by ligating a cDNA encoding Sp140
into expression plasmid pBXG (pBXG-Sp140) (19). A cDNA encoding Sp100
was prepared by PCR, as described above, and ligated into pBXG (pBXG-
Sp100). A plasmid encoding KRAB-A-interacting protein 1 (KRIP-1)/TIF18
fused to the GAL4 DNA-binding domain (pBXG-KRIP-1/TIF1B), previously
shown to inhibit expression of the CAT gene, was used as a control (19). A
plasmid encoding CAT under the control of five GAL4-binding sites, an SV40
enhancer, and an E1b TATA promoter (pG5SV-BCAT) was used as a reporter
construct. Plasmids pBXG, pBXG-KRIP-1/TIF1B, and pG5SV-BCAT were
kindly provided by S. Shu and J. Bonventre (Massachusetts General Hospital,
Boston, Mass.) (19).
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FIG. 1. Immunoblot of Ad.Sp140-infected and control HEp-2 cells. Rat anti-
Sp140 antiserum was used to detect Sp140 in uninfected HEp-2 cells or cells
incubated with Ad.Sp140 at MOIs of 10, 50, and 100 PFU/cell. There was a
dose-dependent increase in the level of Sp140 in infected HEp-2 cells.

COS cells were transfected with a total of 11 pg of DNA by using the Super-
Fect transfection system (Qiagen Inc., Valencia, Calif.). At 48 h after transfec-
tion, the cells were washed twice with PBS, harvested in 0.25 M Tris CI (pH 7.8),
and disrupted by alternate freezing and thawing. The cell supernatants were
assayed for CAT activity as described previously (27).

A plasmid encoding growth hormone was included in each transfection for
normalization of transfection efficiencies. The amount of growth hormone in
tissue culture medium 48 h after transfection was determined by a radioimmu-
noassay (Nichols Institute, San Juan Capistrano, Calif.).

RESULTS

Sp140 expression in cells infected with Ad.Sp140. Adenovi-
rus-mediated gene transfer was used to express Spl40 in
HEp-2 cells. These cells were chosen because they are easily
infected by adenovirus and because they express the nuclear-
body components PML and Spl100. To determine whether
Sp140 was expressed in HEp-2 cells exposed to Ad.Sp140, cells
were incubated with Ad.Sp140 for 48 h at multiplicities of
infection (MOIs) of 10, 50, and 100 PFU/cell. There was a
dose-dependent increase in the amount of immunoreactive
Sp140 in HEp-2 cells infected with Ad.Sp140 (Fig. 1). Sp140
was not detected in uninfected cells (lane 0) or in cells infected
with a control virus (Ad.Bgal) at the same MOIs (data not
shown). In the following experiments, HEp-2 cells were in-
fected with Ad.Sp140 at a MOI of 100 PFU/cell.

Cellular distribution of Sp140 in Ad.Sp140-infected cells.
To determine the cellular location of Sp140 in cells infected
with Ad.Sp140, HEp-2 cells were exposed to the virus for 48 h,
fixed, and stained with rat anti-Sp140 antiserum. Sp140 was
detected in a typical nuclear-body staining pattern (Fig. 2A).
To demonstrate that the adenovirus vector did not direct the
encoded protein to the nuclear body, cells were infected with
Ad.Bgal (which expresses B-galactosidase fused to a nucleus-
targeting sequence) and stained for B-galactosidase. In Ad.p
gal-infected cells, B-galactosidase was detected diffusely through-
out the nucleus (Fig. 2B). To confirm that the replication-
deficient virus vector did not disrupt nuclear bodies, HEp-2
cells were infected with Ad.Bgal and stained with monoclonal
antibody directed against B-galactosidase and with human se-
rum from patient F111, which contained antibodies directed
against PML and Sp100 (see below). Staining for B-galactosi-
dase was observed throughout the nuclei of infected cells (Fig.
2C). Staining for PML and Sp100 (Fig. 2D) revealed the same
nuclear-body pattern as that seen in uninfected cells (results
not shown).

The high efficiency of gene transfer with the adenovirus
vector permitted determination of the cellular location of
Sp140 in the relatively few cells undergoing mitosis. Sp140-
containing nuclear bodies were present near chromosomes
during metaphase (Fig. 3A and B), anaphase (Fig. 3C and D),
and telophase (Fig. 3E and F).
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FIG. 2. Cellular distribution of Sp140 or B-galactosidase expressed by an
adenovirus vector. (A) When rat anti-Sp140 antiserum was used, a typical nu-
clear-body staining pattern was observed in Ad.Sp140-infected HEp-2 cells. (B)
To demonstrate that the adenovirus vector did not direct the encoded protein to
the nuclear body, Ad.Bgal was used to infect HEp-2 cells. B-Galactosidase was
observed diffusely throughout the nucleus of these cells. (C and D) To confirm
that the replication-deficient adenovirus vector did not alter the cellular location
of nuclear-body components, cells were infected with Ad.Bgal and then stained
with monoclonal antibody directed against B-galactosidase and with human se-
rum containing antibodies directed against PML and Sp100. Staining for B-ga-
lactosidase was observed diffusely throughout the nucleus (C, green). Staining for
PML and Sp100 revealed the same nuclear body pattern (D, red) as that seen in
uninfected cells (results not shown).

Relationship of Sp140 to other nuclear-body components.
To determine the location of Sp140 with respect to the nuclear
bodies recognized by antibodies in a patient with primary bil-
iary cirrhosis, Ad.Sp140-infected HEp-2 cells were stained with
rat anti-Sp140 antiserum and serum from patient F111. This
serum was chosen because it contained antibodies directed
against PML and Sp100 but did not react with Sp140 as deter-
mined by immunoblotting (Fig. 4, lane 2) and by immunopre-
cipitation of in vitro-translated proteins (data not shown). An-
tibodies in F111 serum reacted with E2 PDC (70 kDa), PML
(~90 kDa), Sp100 (~80 kDa), and an as yet unidentified 120-
kDa protein. In contrast, serum from a second patient (K142)
reacted with E2 PDC, PML, Sp100, and Sp140 (lane 1). Rat
anti-Sp140 antibodies reacted only with the 140-kDa protein
(lane 3). Indirect immunofluorescence showed that rat anti-
Sp140 antibodies colocalized with F111 serum antibodies in
the nuclear bodies of Ad.Sp140-infected HEp-2 cells (see Fig.
6A to C). Note that the nuclear bodies identified by F111
serum did not differ in Ad.Sp140-infected cells and adjacent,
uninfected cells, confirming that infection with the replication-
deficient adenovirus did not alter the structure of the nuclear
body. Sp140 was also observed to localize to PML-Sp100 nu-
clear bodies in Ad.Sp140-infected T24 cells (data not shown)
and HeLa cells (see below).

To investigate the relationship between Sp140 and nuclear
bodies containing Sp100, Ad.Sp140-infected HEp-2 cells were
stained with anti-Sp140 antiserum and human affinity-purified
anti-Sp100 antibodies. The affinity-purified antibodies reacted
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FIG. 3. Sp140 associates with chromosomes in dividing cells. To determine
the cellular location of Sp140 during mitosis, cells were infected with Ad.Sp140
and stained with rat anti-Sp140 antiserum (green) and DAPI (blue), which selec-

tively binds to DNA. Sp140-containing nuclear bodies localized near chromosomes
during metaphase (A and B), anaphase (C and D), and telophase (E and F).

with Sp100 but not E2 PDC by immunoblotting (Fig. 5, lane 3).
In addition, in indirect immunofluorescence, affinity-purified
anti-Sp100 antibodies reacted with HEp-2 cell nuclear bodies
but not with cytoplasmic E2 PDC (Fig. 6D), confirming a suc-
cessful purification of anti-Sp100 antibodies from anti-E2 PDC
antibodies. Sp140 colocalized with Sp100 in resting cells (Fig.
6D to F).

To examine the relationship between Sp140 and nuclear
bodies containing PML, Ad.Sp140-infected HEp-2 cells were
stained with anti-Sp140 antiserum and a commercially avail-
able mouse monoclonal antibody directed against PML. The
monoclonal antibody did not detect endogenous PML in
HEp-2 cells (data not shown). As an alternative approach,
human anti-PML antibodies were affinity purified from patient
serum with a recombinant protein. Affinity-purified anti-PML
antibodies reacted with PML but not E2 PDC, as shown by
immunoblotting (Fig. 5, lane 2). In addition, indirect immuno-
fluorescence showed that the antibodies reacted with nuclear
bodies but not E2 PDC in the cytoplasm of HEp-2 cells (Fig.
6G), confirming that anti-PML antibodies had been purified
from anti-E2 PDC antibodies in the human serum. Sp140 co-
localized with nuclear bodies containing PML in Ad.Sp140-
infected HEp-2 cells (Fig. 6G to I).
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FIG. 4. Immunoblot of Ad.Sp140-infected HEp-2 cells with sera from pa-
tients with primary biliary cirrhosis or with rat anti-Sp140 antiserum. Antibodies
in serum from patient K142 with primary biliary cirrhosis (lane 1) reacted with
Sp140 (140 kDa), PML (90 kDa), Sp100 (~80 kDa), and E2 PDC (70 kDa).
Antibodies in serum from patient F111 (lane 2) reacted with PML, Sp100, E2
PDC, and an unidentified 120-kDa protein but did not react with Sp140. Rat
anti-Sp140 antiserum (lane 3) reacted only with the 140-kD protein. Note that we
and others have observed that Sp100 migrates as an ~80-kDa protein (31, 36).

To determine the cellular location of Sp140 with respect to
PML in dividing cells, HeLa cells were infected with Ad.Sp140
and stained with antibodies directed against Sp140 and PML.
The relatively high level of PML in HeLa cells permitted the
detection of PML with the commercially available monoclonal
antibody. Sp140 localized to PML-containing aggregates near
the chromosomal mass in metaphase (Fig. 7A to C). In addi-
tion, Sp140 associated with PML-containing nuclear bodies in
anaphase (Fig. 7D to F). These results demonstrated that
Sp140 associates with structures containing PML in both rest-
ing and dividing cells. As noted by other investigators, Sp100
did not associate with chromosomes in dividing cells (reference
31 and data not shown).

Sp140 interacts with a subset of nuclear bodies in IFN+vy-
treated, Ad.Sp140-infected cells. To investigate the effect of
IFN-y on the cellular location of Sp140, HEp-2 cells were
infected with Ad.Sp140 and treated with IFN-y (1,000 U/ml of
culture medium). As expected, IFN-y treatment increased the
number of nuclear bodies that were identified by using either
anti-PML (Fig. 8A) or anti-Sp100 (Fig. 8D) antibodies. In
contrast, the number of nuclear bodies that contained Sp140
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FIG. 5. Immunoblot of Ad.Sp140-infected HEp-2 cells demonstrating the
specificity of affinity-purified human antibodies. Antibodies in K142 serum (lane
1) reacted with Sp140 (140 kDa), PML (90 kDa), Sp100 (~80 kDa), and E2 PDC
(70 kDa). In contrast, anti-PML antibodies (lane 2) and anti-Sp100 antibodies
(lane 3), affinity purified from human serum, reacted only with the corresponding
proteins. Rat anti-Sp140 antibodies (lane 4) reacted only with the 140-kDa
protein.
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FIG. 6. Immunofluorescence microscopy of Ad.Sp140-infected HEp-2 cells. (A to C) Cells were incubated with serum from primary biliary cirrhosis patient F111
(A, red) and rat anti-Sp140 antiserum (B, green). (D to F) Affinity-purified anti-Sp100 antibodies reacted with nuclear bodies in Ad.Sp140-infected cells (D), and Sp140
was detected within these structures (E). (G to I) Anti-Sp140 antibodies (H) also colocalized with affinity-purified anti-PML antibodies (G) in Ad.Sp140-infected cells.
Colocalization of green and red fluorescence yields a yellow image (C, F, and I). To confirm the species specificity of the secondary antibodies used in this study,
Ad.Sp140-infected cells were stained with normal rat serum and serum from primary biliary cirrhosis patient F111 and were subsequently incubated with both secondary
antibodies. In these cells red but not green nuclear bodies were observed. In addition, infected cells were stained with rat anti-Sp140 antiserum and normal human serum
and were subsequently incubated with both secondary antibodies. In these cells green but not red nuclear bodies were observed (data not shown).

did not increase (Fig. 8B and E). Similar results were observed
independent of the order of treatment: IFN-y treatment of
cells for 48 h before Ad.Sp140 infection and infection of cells
48 h before addition of IFN-y produced the same results (data
not shown). These findings demonstrated that Sp140 associates
with a subset of PML-Sp100 nuclear bodies in Ad.Sp140-in-
fected cells treated with IFN-vy.

Transcriptional activation by Sp140. To examine the poten-
tial effect of Sp140 on gene transcription, a eukaryotic expres-
sion plasmid encoding Sp140 fused to the DNA-binding do-
main of GAL4 (pBXG-Sp140) was cotransfected with a CAT
reporter plasmid containing five GAL4 binding sites and an
SV40 enhancer region (pG5SV-BCAT) into COS cells. There
was a dose-dependent increase in CAT activity in cells trans-
fected with increasing amounts of pBXG-Sp140. In contrast, as
previously described (19, 29), both pPBXG-Sp100 and pBXG-
KRIP-1/TIF1B inhibited CAT activity when cotransfected with
the reporter plasmid (Fig. 9). These results demonstrated that
Sp140, when bound to a promoter, behaves as a transcriptional
activator in transfected mammalian cells.

DISCUSSION

The objectives of this study were to determine the cellular
location of Sp140 with respect to the PML-Sp100 nuclear body
and to investigate the potential role of Sp140 in the regulation
of gene expression. The small amount of Sp140 in primary cells
and myeloid cell lines was difficult to detect by indirect immu-
nofluorescence. We therefore used gene transfer to enhance
the expression of Sp140 in human cell lines. We chose the
method of adenovirus-mediated gene transfer because previ-
ous investigators demonstrated that replication-deficient ade-
novirus vectors did not, by themselves, disrupt the nuclear
body (1, 16). In addition, the high efficiency of gene transfer
afforded by the adenovirus vector permitted the localization of
Sp140 in nearly all cells in a population, including the relatively
few cells undergoing mitosis.

Sp140 colocalized with PML-Sp100 nuclear bodies in resting
cells, confirming our previous observations in HL60 cells (4)
but differing from the results of Dent et al., who observed that
Sp140 rarely colocalized with PML and Sp100 in the EBV-
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FIG. 7. Sp140 colocalizes with PML in dividing cells. To determine the cellular location of Sp40 during mitosis, HeLa cells were infected with Ad.Sp140 and stained
with antibodies directed against Sp140 and PML. (A and B) Sp140 (green, A) localized to PML-containing aggregates (red, B) near the chromosomal mass in cells in
metaphase. (D and E) In addition, Sp140 (green, D) associated with PML-containing nuclear bodies (E) in late anaphase. (C and F) DAPI was used to determine the

stage of cellular division.

transformed human lymphoblastoid cell line MBB1 (8). At
least two possibilities may explain the differences between the
two studies: EBV transformation may alter the relationship
between Sp140 and PML, or colocalization of Sp140 and PML
may be cell type specific. With respect to the second possibility,

we observed that Sp140 also colocalized with PML-Sp100 nu-
clear bodies in Ad.Sp140-infected T24 cells and HeLa cells,
demonstrating that colocalization of Sp140 with PML-Sp100 is
not unique to HEp-2 cells.

The number of nuclear bodies and the composition of these

FIG. 8. Immunofluorescence microscopy of IFN-y-treated, Ad.Sp140-infected cells. HEp-2 cells were infected with Ad.Sp140 and incubated with IFN-y for 48 h.
(A and B) They were subsequently fixed and stained with affinity-purified anti-PML antibodies (A) and rat anti-Sp140 antiserum (B). (D and E) In addition, cells were
stained with affinity-purified anti-Sp100 antibodies (D) and rat anti-Sp140 antiserum (E). (C and F) Colocalization of green and red fluorescence yields a yellow image.
As expected, IFN-y treatment increased the number of PML-Sp100-containing nuclear bodies (see, for comparison, Fig. 6D and G). The number of Sp140-containing

nuclear bodies did not increase.
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FIG. 9. Sp140 functions as a transcriptional enhancer when tethered to
DNA. The GAL4 DNA-binding domain or GAL4 DNA-binding domain fusions
of Sp140, Sp100, or KRIP-1/TIF1B were transfected into COS cells together with
a reporter plasmid. When 1, 5, and 10 pg of pPBXG-Sp140 were used, there was
a dose-dependent increase in CAT activity. In contrast, 10 pg of pPBXG-Sp100
and 1 pg of pBXG-KRIP-1/TIF1B markedly inhibited CAT activity. CAT re-
porter activity was expressed as a percentage of the activity obtained with the
GAL4 DNA-binding domain control. Transfections were performed in triplicate,
and 0.5 ng of reporter plasmid was used in each transfection. The total amount
of plasmid DNA was the same in each transfection. Results are presented as
means and standard errors of the means. To control for transfection efficiency, a
plasmid encoding growth hormone was cotransfected with the reporter plasmid
and the growth hormone levels in the tissue culture medium were measured 48 h
after transfection. There was no significant difference in transfection efficiency of
pBXG, pBXG-Sp140, pBXG-Sp100, or pBXG-KRIP-1/TIF1p.

structures change during the course of the cell cycle. Koken et
al. (20) observed that the smallest number of nuclear bodies is
present in G, and that the number increases until S phase.
Using immunofluorescence and immunoelectron microscopy,
Koken et al. observed staining for PML in “two or three
perichromosomal dots” during mitosis (20). Sternsdorf et al.
confirmed that “aggregates” containing PML but not Sp100
localized near chromosomes in dividing cells (31). In this study,
we demonstrated that Sp140 localized with PML in dividing
cells. The observation that Sp140-containing nuclear bodies
associate with chromosomes throughout mitosis suggests that
these structures are directly “inherited” by daughter cells. In
view of the recent findings suggesting that nuclear bodies are
involved in gene transcription (22) and our results that Sp140
may activate gene transcription, it is possible that Sp140-con-
taining nuclear bodies have a role in the epigenetic control of
gene expression.

Previous investigators demonstrated that the number of nu-
clear bodies increased in cells treated with IFN-y (15, 23). In
this study, the number of PML-Sp100-containing nuclear bod-
ies in Ad.Spl40-infected, IFN-v-treated cells increased but
only a subset of these nuclear bodies contained Sp140. Thus,
although the structure of Sp140 contains all of the information
required to localize to the nuclear body in resting cells, Sp140
associated with only a subset of nuclear bodies in IFN-y-
treated cells. The composition of the nuclear bodies appears to
vary both during the course of the cell cycle and in response to
IFN-y.

LaMorte et al. observed that nascent RNA associates with
some but not all nuclear bodies and suggested that individual
nuclear bodies within the cell may have different functions
(22). In this study, we demonstrated that Sp140, when tethered
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to DNA, activated gene transcription. In contrast, Sp100 and
KRIP-1/TIF1B (proteins that contain structural similarity to
Sp140) both inhibited gene transcription when cotransfected
into mammalian cells with a reporter plasmid. The observa-
tions that Sp140 associates with some but not all of the IFN-
v-inducible nuclear bodies and that Sp140 may activate gene
expression suggest that both the composition and the function
of nuclear bodies may be heterogeneous.

One potential limitation of this study relates to the use of
adenovirus-mediated gene transfer to express Sp140 in cells,
because proteins derived from the adenovirus vector may in-
teract with and disrupt the nuclear body. Several investigators
demonstrated that overexpression of adenovirus protein E4
ORF3 was sufficient to disrupt the nuclear body (7, 11, 28).
Although adenovirus E4 ORF3 is present within the genome
of Ad.Sp140, the virus lacks E1 and is replication deficient. At
the MOIs used in this study, neither Ad.Sp140 nor the control
adenovirus, Ad.Bgal, appeared to alter the structure of the
nuclear body. It seems likely that the level of E4 ORF3 ex-
pressed by these viruses was not sufficient to disrupt the nu-
clear body. Of note, He et al. demonstrated that adenovirus-
mediated expression of PML also did not disrupt the nuclear
body in prostate cancer cell lines (16). In addition, an adeno-
virus vector encoding cytomegalovirus protein IE2 did not
disrupt nuclear bodies in human diploid fibroblasts and Vero
cells (1).

A second potential limitation of this study concerns the
overexpression of Sp140 in cells that do not normally contain
this protein. HeLa or HEp-2 cells expressing Sp140 may not
completely reflect the in vivo situation in human leukocytes.

In summary, we have used adenovirus-mediated gene trans-
fer to demonstrate that Sp140 colocalized with PML-Sp100
nuclear bodies in resting cells and with structures containing
PML in dividing cells. In IFN-vy-treated cells, Sp140 associated
with a subset of PML-Sp100 nuclear bodies. In addition, when
bound to a promoter, Sp140 but not Sp100 enhanced the ex-
pression of a reporter gene. These results demonstrate that
nuclear bodies may be heterogeneous with respect to both
composition and function.
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