Evidence for Covalent Modification of the Nuclear Dot-associated Proteins

PML and Sp100 by PIC1/SUMO-1

Thomas Sternsdorf, Kirsten Jensen, and Hans Will

Heinrich-Pette-Institut fiir Experimentelle Virologie und Immunologie an der Universitdt Hamburg, D-20251 Hamburg, Federal

Republic of Germany

Abstract. PML and Sp100 proteins are associated with
nuclear domains, known as nuclear dots (NDs). They
were discovered in the context of leukemic transforma-
tion and as an autoantigen in primary biliary cirrhosis,
respectively. Both proteins are expressed in the form of
many COOH-terminally spliced variants, and their ex-
pression is enhanced by interferons (IFN). The recent
finding that PIC1/SUMO-1, a small ubiquitin-like pro-
tein, is covalently linked to the RanGAP1 protein of
the nuclear pore complex and also binds PML in yeast
cells led us to determine whether PML is covalently
modified by PIC1/SUMO-1 and whether the same is
true for Sp100. We found an immune reaction of PML
and Sp100 proteins with a PIC1/SUMO-1-specific
monoclonal antibody by immunoblotting when using
cell extracts prepared from stably transfected cells in-

ducibly expressing one isoform of each protein as well
as from nontransfected cells. In contrast, both proteins
did not react when synthesized in vitro. Immunofluo-
rescence staining showed that PIC1/SUMO-1 colocal-
ized with Sp100 and PML in NDs except in mitotic
cells, in which PML and Sp100 are dissociated. Cell
fractionation and immunoblotting demonstrated that
PIC1/SUMO-1 immunoreactive Sp100 in IFN-treated
and untreated cells was exclusively nuclear, whereas
nonmodified Sp100 was also found in the cytoplasm.
Taken together, these data strongly suggest covalent
modification of specific nuclear isoforms of Sp100 and
PML by PIC1/SUMO-1. This modification may play a
regulatory role in ND structure, composition, and func-
tion.

(NDs)! were originally discovered as targets of

autoantibodies in patients suffering from the au-
toimmune disease primary biliary cirrhosis (PBC) (Bern-
stein et al., 1984; Powell et al., 1984). They belong to the
heterogeneous group of nuclear bodies (Brasch and Ochs,
1992) and are distinct subnuclear organelles that do not
colocalize with any of the other known nuclear substruc-
tures (Ascoli and Maul, 1991; Raska et al., 1992; Stuurman
et al., 1992; Dyck et al., 1994; Weis et al., 1994). NDs
gained major attention when their disruption in the he-
matopoietic malignancy acute promyelocytic leukemia
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(APL) was discovered (Daniel et al., 1993). NDs were also
reported to play a role in cell transformation, growth con-
trol (Mu et al., 1994; Ahn et al., 1995; Koken et al., 1995;
Le et al., 1996), and cellular stress response (Maul et al.,
1995). Furthermore, several viral oncoproteins and trans-
activators were found to influence ND structure and com-
position (Maul et al., 1993; Carvalho et al., 1995; Desbois
et al., 1996; Korioth et al., 1996; for review see Sternsdorf
et al., 1997a).

Among the currently known ND-associated proteins,
the Sp100 and PML proteins are the best characterized so
far. Although very different in primary structure, PML
and Sp100 share many properties. Expression of both pro-
teins is strongly enhanced by interferons (IFN), and with
very similar kinetics (Guldner et al., 1992; Chelbi-Alix et
al., 1995; Lavau et al., 1995; Grotzinger et al., 1996b). A
large number of variant proteins is expressed from both
genes because of extensive COOH-terminal alternative
splicing (Xie et al., 1993; Dent et al., 1996) (Guldner, H.,
C. Szostecki, and H. Will, manuscript submitted for publi-
cation). A further common feature of both proteins is their
autoantigenicity in PBC (Szostecki et al., 1997). The Sp100
protein was originally identified as an autoantigen in PBC
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(Szostecki et al., 1987, 1990), whereas the PML protein
was discovered as a fusion protein with the retinoic acid
receptor o (RAR) in cells of APL patients (de Thé et al.,
1990; Goddard et al., 1991; Kakizuka et al., 1991). The ex-
pression of the PML/RAR fusion protein in APL cells is
due to a chromosomal translocation and is sufficient for
transformation of these cells and the development of leu-
kemia (Altabef et al., 1996; Brown et al., 1997; Grisolano
et al., 1997). Unlike in normal cells, both PML and Sp100
were reported to be microdispersed into hundreds of tiny
dots in the nucleus and the cytoplasm in APL cells (Dyck
et al., 1994; Koken et al., 1994; Weis et al., 1994). After
treatment of APL cells with all-trans retinoic acid, the nor-
mal ND pattern is restored in the nucleus (Daniel et al.,
1993), and concomitantly, the differentiation block in the
promyelocytes is released (Huang et al., 1988). Since treat-
ment of patients has the same effect on APL cells and fre-
quently leads to disease remission, disintegration of NDs is
believed to play a key role in the development of APL. This
is consistent with the observation that the normal PML pro-
tein has growth- and transformation-suppressing proper-
ties (Mu et al., 1994; Ahn et al., 1995; Koken et al., 1995).
For the Sp100 protein, transcription transactivating proper-
ties were reported (Xie et al., 1993) (Guldner, H., C. Szostecki,
and H. Will, manuscript submitted for publication).

Recently, a protein directly interacting with PML, termed
PML interacting clone 1 (PIC1), was identified by using
the yeast two-hybrid interaction assay (Boddy et al., 1996).
In independent studies addressing questions ranging from
nuclear pore complex function, apoptotic signaling, and
DNA recombination/repair processes, four other research
groups isolated cDNAs coding for the same protein and
termed it SUMO-1 (small ubiquitin-related modifier)
(Mahajan et al., 1997), GAP modifying protein 1 (GMP1)
(Matunis et al., 1996), Sentrin (Okura et al., 1996), and
ubiquitin-like 1 (UBL1 ) (Shen et al., 1996b), respectively.
This protein, designated here PIC1/SUMO-1 to stress the
aspects studied in our report (see below), has a calculated
molecular mass of 11.5 kD and migrates in SDS-PAGE at
~17-22 kD (Boddy et al., 1996; Matunis et al., 1996). It
has a considerable sequence homology with ubiquitin and
is covalently linked to the nuclear pore complex-associ-
ated protein RanGAP1 (Matunis et al., 1996; Mahajan et
al., 1997). In a very recent publication, conjugation of
PIC1/SUMO-1 to uncharacterized nuclear proteins has
been demonstrated (Kamitani et al., 1997). PIC1/SUMO-1
is a member of the so-called ubiquitin-homology family.
For many of these proteins, functions different from ubiq-
uitin-dependent proteolytic degradation were reported
(Watkins et al., 1993; Nakamura et al., 1995; Aso et al., 1995;
Garrett et al., 1995; Biggins et al., 1996).

The recent findings of an interaction of PIC1/SUMO-1
with PML, the sequence homology of PIC1/SUMO-1 with
ubiquitin, as well as its function in covalent modification of
one protein stimulated us to investigate whether PML
does not only bind but is covalently modified by PIC1/
SUMO-1. We further tested whether Sp100, which colo-
calizes with PML and has many other common features, is
also modified by PIC1/SUMO-1. In this report, we provide
strong evidence for covalent linkage of specific nuclear but
not cytoplasmic isoforms of PML and Sp100 by PIC1/
SUMO-1 or an immunologically cross-reactive protein.
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Materials and Methods

Cell Extracts, Immunoblotting, and Antibodies

Preparation of total cellular protein extracts, SDS-PAGE (7.5% or 12.5%
polyacrylamide), and protein transfer onto nitrocellulose filters were car-
ried out according to standard protocols (Sambrook et al., 1989). Blots
were blocked in 5% (wt/vol) dry milk in water and incubated with primary
antibodies (Abs) in the same solution. After washing four times in TBS
(10 mM Tris-HCI, pH 7.6, 150 mM NaCl) or PBS (8 mM Na,HPO,, 1.5
mM KHPO,, 140 mM NaCl, 2.6 mM KClI, pH 7.3), bound Abs were de-
tected with HRP-conjugated secondary Abs and enhanced chemilumines-
cence. Rat anti-PML and rat anti-Sp100 Abs were diluted 1:1,000 and 1:2,000,
respectively. The mAb 21C7 was diluted 1:1,000 in 5% dry milk (in water).
Secondary Abs were diluted 1:10,000. Production of the rat and rabbit
anti-Sp100 and rat anti-PML Abs was described elsewhere (Sternsdorf et
al., 1995; Grotzinger et al., 1996b). A ubiquitin-specific mAb (Ubi-1) was
purchased from Zymed Laboratories Inc. (WAK-Chemie, Bad Homburg,
Germany).

Subcellular Fractionation

Cells grown as monolayer were harvested, washed once with PBS, and the
pellet was resuspended in two volumes (pellet volumes [PV]) hypotonic
buffer A’ (10 mM Hepes, 1.5 mM MgCl,, 10 mM KCI, 1% NP-40, com-
plete® protease inhibitor cocktail [Boehringer Mannheim Corp., India-
napolis, IN]) (Dignam et al., 1983). After 15 min of incubation on ice, cells
were pelleted at 800 g for 10 min (4°C). The supernatant was cleared by
centrifugation at 10,000 g, mixed with an equal volume of 2X SDS sample
buffer (Sambrook et al., 1989) and boiled for 10 min. The pellet contain-
ing crude nuclei was washed once or twice in a large volume of buffer A’.
Optionally, the second washing step was performed in two PV of buffer
A’ followed by 10 min of incubation on ice to check for leakiness of the
nuclei. The resulting supernatant was mixed with an equal volume of 2X
SDS sample buffer and boiled for 10 min. Washed nuclei were resus-
pended in two PV buffer A’, mixed with an equal volume of 2X SDS sam-
ple buffer, sonicated three times for 20 s, and boiled for 10 min. Alterna-
tively, cells were fractionated using a detergent-free method described
previously (Sternsdorf et al., 1997b). Briefly, cells were resuspended in
buffer A (buffer A’ without NP-40). After 15 min swelling on ice, cells
were homogenized in a Kontes all glass Dounce homogenizer (Type B
pestil). Proteins of the supernatant were precipitated by addition of ice-
cold acetone.

Immunoprecipitation

Cell nuclei were isolated with one of the methods described above, and
nuclei were resuspended in four PV. Buffer E (140 mM NaCl, 1.5 mM
MgCl,, 10 mM Tris-HCI, pH 8.0, and protease inhibitor cocktail). Na-des-
oxycholate (DOC) was added to a final concentration of 1.5%. Benzonase
(Merck, Darmstadt, Germany) was added to a final concentration of 1 U/
pl, and the nuclei were incubated for 20 min at room temperature for di-
gestion of genomic DNA and RNA. After centrifugation at 2,000 g, the
supernatant was removed, cleared by centrifugation at 10,000 g, and used
for immunoprecipitation (DOC-supernatant). The supernatant contained
most of the nuclear PML and Sp100 proteins as determined by control ex-
periments. For quantitative immunoprecipitation, 50 pl serum were incu-
bated with 60 pl protein G-Sepharose for 1 h at 4°C, washed three times
with RIPA buffer (Sambrook et al., 1989), containing proteinase inhibitor
cocktail (= washing buffer). The complexes were then incubated for 2 h at
4°C with 100-150 pl of the DOC-supernatant and washed five times for 10
min in washing buffer. The pellets were boiled for 5 min in an adequate
volume of 2X SDS loading buffer. For immunoprecipitation, rabbit anti-
PML and rabbit anti-Sp100 (anti-SpDF or anti-SpGH) Abs were used.

In Vitro Transcription/Translation

For in vitro transcription and translation of PML and Sp100, the coupled
TNT® reticulocyte lysate system (Promega Corp., Madison, WI) was used.
In vitro translation was carried out without addition of radiolabeled me-
thionine, according to the manufacturer’s instructions. Plasmids pSGS5-
Sp100, pSP65-SpAlt-C, and pSGS5-PML were used, which contain cDNAs
encoding Sp100 (GenBank/EMBL/DDBJ accession number M60618),
SpAlt-C (GenBank/EMBL/DDBJ accession number L79986), and PML
(GenBank/EMBL/DDBJ accession number S50913) proteins under con-
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trol of the T7 (pSGS-derivative vectors) or the SP6 promoter (pSP65-deriv-
ative vector). 2-5 pl of a 50-pl reaction were used for SDS-PAGE and
subsequent immunoblotting.

Cells, Cytokines, Transfections, and Indirect
Immunofluorescence Microscopy

Human HEp-2, HeLa S3, HuH-7, and MG63 cells were maintained in
DME (GIBCO-BRL, Gaithersburg, MD) supplemented with 10% FCS.
The hematopoietic progenitor cell line TF-1 was maintained as described
previously (Kitamura et al., 1989). Human IFN (1,000 U/ml) was added to
the medium for 15-20 h. Plasmid DNAs were introduced into cells using
the calcium phosphate precipitation procedure (Sambrook et al., 1989). 1-5
wg of pSGS5-Sp100, pRKS-SpAlt-C, or pSG5-PML plasmids adjusted to 10
wg DNA with pUC19 were precipitated per 6-cm dish. For indirect immu-
nofluorescence staining, cells were grown on coverslips and treated as in-
dicated. Cells were fixed either in 1% freshly prepared paraformaldehyde
in PBS for 5 min, followed by permeabilization in PBS containing 0.2%
Triton X-100 and 20 mM glycine for 20 min (at room temperature), or at
—20°C for 5 min in methanol, and for 20 s in acetone. Rabbit or rat anti-
Sp100 (Sp26) and rat anti-PML (anti-PML-N) antibodies were diluted 1:400.
mAb 21C7 was diluted 1:400. Cells were incubated with Abs for 30 min at
room temperature. For detection, DTAF- or LRSC-conjugated donkey
anti-mouse, goat anti-rabbit, or donkey anti-rat IgG Abs (DIANOVA,
Hamburg, FRG) were diluted 1:200 in PBS.

Establishment of Cell Lines with Inducible High Levels
of PML or SpAlt-C Protein

Establishment of the HeLa-PML*™ cell line was described previously
(Sternsdorf et al., 1995). Cell lines expressing high levels of the SpAlt-C
protein upon induction were produced accordingly by transfection of
HtTA-1 cells (kindly provided by M. Gossen and H. Bujard, Zentrum fiir
Molekulare Biologie, Heidelberg, FRG) with an SpAlt-C expression vec-
tor. These cell lines allow inducible expression of PML or SpAlt-C from
the integrated copies of the transfected plasmid upon removal of tetracy-
cline. Cells were grown in DME supplemented with L-glutamine, vitamins,
nonessential amino acids, 1 pg/ml tetracycline, 200 pg/ml hygromycine,
500 pg/ml neomycine, and 10% FCS. Induction was carried out for 24-48 h
by removal of tetracycline. Correct expression of the cDNAs was verified
by reverse transcriptase PCR using total RNA of induced HeLa-PML**
and HeLa-SpAltC** cell lines and complete sequencing of the cDNA in-
serts from two independent clones per cell line.

Results

Evidence for Posttranslational Modification of Sp100
and PML Proteins

Differences in electrophoretic mobility of proteins synthe-
sized by in vitro transcription/translation compared with
the same ones synthesized in living cells can provide indi-
rect evidence for post- or cotranslational modification.
However, this type of evidence is hard to obtain when sev-
eral splice variants are expressed in cells that give rise to
many bands in immunoblots. To circumvent this problem,
part of our analysis was focused on only one splice variant
of each of both proteins. This was achieved by using ex-
tracts from HeLa-derived cell lines with low endogenous
Sp100 and PML expression that were stably transfected
with expression constructs containing cDNA of one Sp100
or one PML splice variant. Expression of the correspond-
ing proteins can be switched off or on in these cell lines by
using culture medium with or without tetracycline, respec-
tively (for details see Material and Methods). The stably
transfected cell lines are designated in the following with
HeLa-SpAltC** and HeLa-PML*", respectively. For
comparison, the same proteins were synthesized by in
vitro transcription/translation or by transient expression in
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Figure 1. Schematic representation of sequence motivs in the
Sp100 and PML splice variants used. Sp100 represents the origi-
nally described major splice variant (Szostecki et al., 1990). In its
NH,-terminal region, Sp100 harbors a region with homology to
MHC class I molecules, followed by a domain that is conserved in
its murine homologue (Grotzinger et al., 1996a; Weichenhan et
al., 1997) and in a lymphocyte-specific ND protein (Bloch et al.,
1996; Dent et al., 1996), termed HSR domain (Sternsdorf et al.,
1997a). Also depicted is a region of sequence homology to the
HIV I Nef-protein. The COOH terminus of Sp100 is acidic and
contains a consensus phosphorylation site for casein kinase 2.
This region (32 amino acids) is replaced by a basic stretch of 24
amino acids in SpAlt-C (Guldner, H., C. Szostecki, and H. Will,
manuscript submitted for publication). The PML splice variant
used in this study contains the proline-rich NH, terminus, the
RING-finger-B-Box motiv, followed by the predicted coiled coil
region (de Thé et al., 1991). At its COOH terminus, the PML
protein contains the nuclear localization signal (NLS), a serine-
rich region, and five repeats of the amino acid motiv LASP(L).

the human hepatoma cell line HuH-7. Moreover, all PML
and Sp100 proteins expressed from the endogenous genes
were analyzed on immunoblots using extracts from IFN-
treated and untreated HeLa S3 cells. A schematic repre-
sentation of the PML and Sp100 splice variants used in
these experiments is given in Fig. 1. Note that PML and,
more drastically, Sp100 have aberrant electrophoretic mo-
bility. In addition, we found that the relative mobility
changes depending on the percentage of the polyacryla-
mide gel used. Apparent molecular masses of the corre-
sponding isoforms are given for 7.5% gels.

In vitro transcription/translation of PML resulted in a
protein migrating at ~85 kD as visualized by immunoblot-
ting with a polyclonal rat anti-PML antibody (Fig. 2, lane
IVTL PML, band A). When the same protein was ex-
pressed transiently in HuH-7 cells by short term transfec-
tion, a major band at the position of ~95 kD and a minor
band at ~130 kD were visualized (Fig. 2, lane HuH-7 #
PML, bands B and C). Interestingly, in cell line HeLa-
PML** three PML proteins with even slower electro-
phoretic mobility (Fig. 2, lane HeLa-PML*™, bands D-F)
in addition to those seen in transiently transfected HuH-7
cells were observed. These data suggest that the PML pro-
tein analyzed is post- or cotranslationally modified by a
covalently linked moiety. This modification was most
prominent in the stably transfected cells, only weak in
transiently transfected cells, and not detected when the
protein was synthesized in vitro. The size differences be-
tween the PML proteins expressed in the different systems
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Figure 2. Immunoblot analysis of in vitro translated PML, SpAlt-C,
and the Sp100 protein as well as of proteins of total cell extracts
from various cells (HuH-7 cells transfected with PML, SpAlt-C
and Sp100 expression vectors, induced HeLa-PML** and HeLa-
SpAItC*™ cells, and HeLa S3 cells with and without prior treat-
ment with IFN) separated by 7.5% SDS-PAGE. PML protein
synthesized in vitro (lane 7, [VTL PML) has a higher electro-
phoretic mobility (band A) than the same PML protein expressed
in transiently transfected HuH-7 (lane 2, band B) or in HeLa-
PML** cells (lane 3, band B), the latter showing additional bands
of lower electrophoretic mobility (lane 3, bands C-F). PML pro-
teins expressed from the endogenous gene are visualized as mul-
tiple bands in IFN-treated HeLa S3 cells (lane 5). In untreated
cells, only the most prominent one is observed (lane 4). SpAlt-C
protein comigrates when synthesized in vitro or in HuH-7 cells
(lanes 6 and 7, band 7). When expressed in HeLa-SpAltC** cells
(lane 8, band I), an additional band corresponding to a 110-kD
protein is visualized (lane 8, band II). The Sp100 protein trans-
lated in vitro differs from that expressed transiently in HuH-7
cells by ~3 kD (lane 10, bands I1I and IV). Sp100 proteins ex-
pressed from the endogenous gene in IFN-treated HeLa S3 cells
are visualized as multiple bands; the major ones are indicated
(lane 12, bands IV-VI). In untreated HeLa S3 cells, little Sp100
protein is detected (lane 17).

is roughly expected for PML covalently linked to one up
to approximately four molecules of PIC1/SUMO-1, re-
spectively.

We next tested whether any of the putative modified
forms of the single PML splice variant expressed in HeLa-
PML™** cells corresponds in electrophoretic mobility to
any of the multiple PML proteins expressed from the en-
dogenous PML gene. This was done by immunoblot analy-
sis of total extracts of untransfected, IFN-treated, and un-
treated HeLa S3 cells with anti-PML antibodies. As
expected, upon long exposure of the blot a large number
of immune reactive PML proteins corresponding to the
many variants were observed in untreated cells and more
intense and even more numerous in IFN-treated cells
(data not shown). Upon short exposure of the gel, cell ex-
tracts from untreated cells showed a dominant signal cor-
responding to a protein of 130 kD (Fig. 2, lane 4), which
corresponded to one of the slowly migrating, putatively

The Journal of Cell Biology, Volume 139, 1997

modified PML variants previously detected in transiently
transfected HuH-7 and stably transfected HeLa-PML**
cells (Fig. 2, compare lanes / to 4, band C). The same dom-
inant signal, but much increased in intensity, was observed
with extracts from IFN-treated cells (Fig. 2, lane 5). In ad-
dition to the dominant signal for the protein in band C, the
second most intense signal appeared at the position of the
modified PML splice variant located in band D. Taken to-
gether, these data strongly argue for co- or posttransla-
tional modification of a subfraction of the major PML pro-
tein in HeLa S3 cells.

A similar conclusion was reached for Sp100 when an
analogous study was performed with the major Sp100 pro-
tein and the minor splice variant SpAlt-C, as well as with
Sp100 proteins expressed from the endogenous gene in
IFN-treated and untreated HeLa S3 cells. SpAlt-C pro-
duced by in vitro translation or when expressed in tran-
siently transfected HuH-7 cells migrated at a position
corresponding to a protein of 85 kD (Fig 2, band I). In
HeLa-SpAItC* ™ cells, the 85-kD SpAlt-C protein was also
observed, but an additional strong signal corresponding to
a SpAlt-C protein of 110 kD (Fig. 2, band /II) and weak
signals for proteins with even higher apparent molecular
mass emerged. These data indicate that SpAlt-C is co- or
posttranslationally modified, presumably by covalent link-
age to one or several small proteins in cell line HeLa-
SpAItC*™* but not when synthesized in vitro or in tran-
siently transfected HeLa S3 cells.

Since SpAlt-C is only a minor splice variant expressed
from the endogenous gene, we also analyzed whether the
major Spl00 protein synthesized by in vitro translation
comigrates with Sp100 when expressed in transiently
transfected cells. In contrast to SpAlt-C, a minor differ-
ence in electrophoretic mobility between the Sp100 pro-
teins expressed in the two systems was observed (Fig. 2,
lanes 9 and 10, bands /II and IV). This may be due to co-
or posttranslational modification of the major Sp100 pro-
tein by small molecules such as phosphate groups, when
expressed by transient transfection in HuH-7 cells but not
when synthesized in vitro. As performed for PML, we also
used extracts from IFN-treated and untreated HelLa S3
cells to examine whether the co/posttranslationally modi-
fied forms of SpAlt-C identified in stably and transiently
transfected cells comigrate with any of the Sp100 proteins
expressed from the endogenous gene. Two major bands
(Fig. 2, bands IV and V) corresponding to proteins of 88
and 105 kD, respectively, in addition to several minor ones
were detected in IFN-treated cells (Fig. 2, lane 12). In un-
treated cells, only the signal corresponding to the 88-kD
Sp100 protein (Fig. 2, lane 11, band IV) was observed at
this exposition of the blot. This endogenous 88-kD protein
migrates at exactly the same position as the major Sp100
when produced in transiently transfected cells. Therefore,
it probably represents this Sp100 protein with the minor
modification. In contrast, the most abundant endogenous
Sp100 proteins with higher molecular mass did not comi-
grate with any of the modified forms of SpAlt-C, which are
obviously only minor variants. This indicates that they are
not modified SpAlt-C proteins but either correspond to
modified forms of the major Sp100 protein or to additional
Sp100 splice variant proteins that are most strongly ex-
pressed in IFN-treated cells. In summary, our data strongly
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suggest that at least some of the many PML and Sp100
proteins are co- or posttranslationally modified within
cells but not when produced by in vitro translation. This
discrepancy could well be due to the lack of components
and enzymatic machinery from translation-competent retic-
ulocyte lysates required for the attachment of the modifi-
cation(s) or for proper ND protein folding, which may be a
prerequisite for modification.

Evidence for Stable Modification of PML and
Sp100 Proteins by PIC1/SUMO-1 or Immunologically
Cross-reactive Polypeptides

The difference in apparent molecular mass between the in
vivo- and in vitro—generated isoforms of PML and Sp100/
SpAlt-C described above could correspond to covalent
modification by one or several molecules of PIC1/SUMO-1.
This possibility and the previous report of covalent linkage
of PIC1/SUMO-1 to RanGAP1 (Mahajan et al., 1997; Ma-
tunis et al., 1996) stimulated us to test whether PML and/
or Sp100 are also modified by this protein. If such modi-
fied proteins exist, they should immunologically react with
PIC1/SUMO-1-specific antibodies. This was experimen-
tally examined by using extracts of induced and noninduced
HeLa-PML** and HeLa-SpAItC** cell lines and immu-
noblotting with the PIC1/SUMO-1-specific mouse mAb
21C7 (Matunis et al., 1996) and in addition with polyclonal
rat or rabbit Abs against PML and Sp100, respectively.

In immunoblots with extracts from induced and nonin-
duced HeLa-PML** cells or HeLa-SpAItC** cells, a
strong signal for a protein of ~90 kD was observed with
mADb 21C7 (Fig. 3, band RG). This protein corresponds in
electrophoretic mobility to the previously described iso-
form of the Ran-GTPase-activating protein covalently
modified by PIC1/SUMO-1 (Matunis et al., 1996; Mahajan
et al., 1997). Four mAb 21C7-specific signals were ob-
served on the blot with the cell extracts from the induced
but not in extracts from noninduced HeLa-PML*™* cells
(Fig. 3, bands C-F). All four signals corresponded to pro-

teins immune stained with anti-PML (Fig. 3, PML). This
observation strongly suggests that bands C and D contain
PIC1/SUMO-1-modified isoforms of the PML splice vari-
ant overexpressed in these cells. Note, however, band B,
which most strongly stained with anti-PML (Fig. 3, second
lane) and which was previously shown to contain modified
PML (see Fig. 1), did not react with mAb 21C7 (Fig. 3,
fourth lane). Therefore, the co- or posttranslationally
modified overexpressed PML protein of 95 kD in band B
is obviously not modified by PIC1/SUMO-1 and could be
linked to a related protein that lacks the binding site of
mADb 21C7. The analogous blots with the extracts from in-
duced and noninduced HeLa-SpAltC*™ cells revealed that
only the SpAlt-C protein isoform of 110 kD but not the 88-
kD isoform immune reacted with mAb 21C7 (Fig. 3, bands
11 and I, respectively). Therefore, the SpAlt-C variant pro-
tein tested is also presumably covalently modified by
PIC1/SUMO-1 molecules or an immunologically cross-
reactive polypeptide. The number of these peptides conju-
gated to the PML splice variant tested seems to vary and
can be higher than those conjugated to SpAlt-C.

To investigate whether Sp100 and PML proteins ex-
pressed from the endogenous genes are also modified by
PIC1/SUMO-1, we performed immunoblots using extracts
from untreated and IFN-treated HeLa S3 cells (Fig. 3,
HeLa S3, lanes @ and IFN, respectively). When total cell
extracts were blotted with mAb 21C7, a strong signal for
the PIC1/SUMO-1-modified RanGAP1 protein (band
RG) among the large number of bands detected (Fig. 3,
HeLa S3, panel 21C7) emerged, but only very faint IFN-
enhanced signals, which may correspond to PIC1/SUMO-
1-modified Sp100 or PML proteins, emerged (lane /FN).
This suggests that PIC1/SUMO-1-modified proteins ex-
pressed from the endogenous PML and Sp100 genes (see
below) are much less abundant than the modified RanGAP1
protein or the PML and SpAlt-C proteins expressed from
the transgenes. In addition, they may be less well recog-
nized by the mAb and therefore hardly detectable among
the many other bands recognized.

HeLa-SpAltC*+ Figure 3. Immunoblot with proteins of total
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extracts from noninduced (lanes + TET) and
induced (lanes @ TET) HeLa-PML*" and
HeLa-SpAItC** cells, and of untreated
(lanes @) and IFN-treated (lanes IFN) HeLa
S3 cells, separated by 12.5% SDS-PAGE. For
detection, blots were incubated with poly-
clonal rat-anti-PML (PML), rat-anti-Sp100
(Sp100) Abs, and PIC1/SUMO-1-specific
mAb 21C7 (21C7). In induced HeLa-PML**
cells, several strong bands were stained with
anti-PML Abs (bands B-F) but only some of
them (bands C-F) with anti-PIC1/SUMO-1
mADb. This indicates covalent linkage of PIC1/
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SUMO-1 or a related polypeptide to proteins in the latter bands. In induced HeLa-SpAltC**, two major bands emerged when stained
with anti-Sp100 Abs (bands I and IT), whereas only the protein in band 7, but not in band 7, reacted with mAb 21C7. This indicates that
band II represents the PIC1/SUMO-1-like modified form of the protein present in band /. In total extracts from untreated and IFN-
treated HeLa S3 cells, a minor increase in staining by mAb 21C7 after IFN treatment in the range of 100-200 kD was observed. In all
lanes, a 90-kD protein was recognized (band RG), which represents PIC1/SUMO-1-modified RanGAP1 protein (compare Fig. 4).
Staining of the same blots with Ponceau S shows similar amounts of protein in all lanes (right; Ponceau S, shown for HeLa-SpAItC**).
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Evidence for PIC1/SUMO-1-modified Sp100 Proteins
by Immunoprecipitation

To increase the sensitivity and specificity of our detection,
we performed immunoprecipitation with anti-PML and
anti-Sp100 Abs using extracts of untreated and IFN-
treated HuH-7 (Fig. 4) or HeLa S3 (not shown) cells.
Since none of the various anti-PML Abs available to us ef-
ficiently immunoprecipitated PML (data not shown), we
demonstrate the result of such an immunoprecipitation ex-
periment with rabbit anti-Sp100 Abs only. In the protein
extracts from IFN-treated HuH-7 cells, high Sp100 protein
levels compared with untreated cells were detected as re-
vealed by immunoblotting of total nuclear extracts (Fig. 4,
lanes NE total; Sp100-specific bands are marked with IV,
V, and VI as in Fig. 2). After precipitation of Sp100 pro-
teins with an Sp100-specific polyclonal Ab and blotting of
the precipitated proteins and, as a control, of the corre-
sponding supernatants, Spl100 proteins were detected as
strong signals in the precipitate of IFN-treated cells but
only very faintly in the precipitate of untreated cells (Fig.
4, Sp100, lanes IP). Hardly any Sp100 was found in the su-
pernatants (Fig. 4, Sp100, lanes SN), indicating that Sp100
proteins were precipitated almost quantitatively. Immuno-
blotting of the same extracts with mAb 21C7 revealed a
band corresponding to Sp100 band V only in the precipi-
tate of IFN-treated cells but not in untreated cells (Fig. 4,
21C7, lanes IP). On the contrary, the Sp100 band IV was
not recognized by the antibody supporting the interpreta-
tion that band IV corresponds to unmodified and band V'
to the PIC1/SUMO-1-modified form of the major cellular
Sp100 protein. A faint signal corresponding to the 90-kD
PIC1/SUMO-1-modified form of the RanGAP1 protein
was found unspecifically in equal amounts both in the pre-
cipitate of untreated and IFN-treated cells, confirming
that equal amounts of protein were used for precipitation.
All other 21C7-reactive bands, including most of the 90-kD
RanGAP1 protein, were found in the supernatant (Fig. 4,
21C7,lanes SN). To confirm the identity of the 90-kD pro-
tein detected by mAb 21C7, a control incubation of a par-
allel blot with the RanGAP1-specific mAb 19C7 (Matunis
et al., 1996) was performed (Fig. 4, 19C7, shown for super-
natant of IFN-treated cells; position of RanGAP1 marked
by asterisk). Note, band IV Sp100 protein has in 12.5%
gels a slightly lower electrophoretic mobility than the
RanGAP1 protein (Fig. 3) but migrates faster than
RanGAP1 in 7.5% gels (Fig. 4). This is probably a conse-
quence of the unusual distribution of charged amino acids
in the Sp100 protein.

Since the PIC1/SUMO-1 protein shows homology with
ubiquitin, we determined whether any of the Sp100 pro-
teins present in the precipitate also react with a mAbD spe-
cific for ubiquitin. However, even after long exposure of
the blot, we could not visualize any bands in the precipi-
tate that reacted with this mAb (Fig. 4, Ubiquitin, lanes
IP). In contrast, a large number of proteins was detected
in the supernatant (Fig. 4, Ubiquitin, lanes SN), again em-
phasizing the high specificity of the immunoprecipitation.
In a parallel experiment using total extracts of induced
and noninduced overexpressing cell lines, reactivity of this
mAb with the modified PML- or SpAlt-C proteins was
again not observed (data not shown). These results also in-

The Journal of Cell Biology, Volume 139, 1997

NE
total SN P - SN r SN IP
z Z Zz w Z. 4 z
g8 o ak oE o8 EL“EE kD
—200
Y] - "ﬂr'l
~_ 5 | =120
i - 3 | ==
Iv—= Wa . - J ==
v i " ‘
15 ' _
- = —50
Sp100 19C7 21C7 Ubiquitin

Figure 4. Detection of endogenous Sp100 carrying the PIC1/
SUMO1-like modification after immunoprecipitation from total
nuclear extracts of HuH-7 cells with rabbit anti-Sp100 Abs
(SpDF). Immunoblot of total nuclear extracts (lanes NE fotal),
supernatants (lanes SN), and precipitates (lanes /P) from un-
treated (lanes @) and IFN-treated (lanes IFN) cells, separated on
a 7.5% SDS gel. Blots were incubated with rat anti-Sp100 Abs,
mAb 19C7 (specific for RanGAP1), 21C7 (specific for PIC1/
SUMO-1), or Ubi-1 (specific for ubiquitin). After immunoprecip-
itation, Sp100 proteins are detected in the precipitate of IFN-
treated cells but hardly in the precipitate of untreated cells or in
the supernatant. When incubated with mAb 21C7, a band corre-
sponding to Sp100 band V became visible only in the precipitate
of IFN-treated cells but not of untreated cells, indicating that
band V corresponds to a PIC1/SUMO-1-modified form of Sp100.
A large number of bands became visible in the supernatant, with
the most prominent band at a relative mobility of 90 kD. Control
staining of a parallel blot with mAb 19C7 confirms that this band
represents the PIC1/SUMO-1-modified form of the RanGAP
protein (shown for supernatant of IFN-treated cells; position of
RanGAP marked by asterisk). A blot with the same extracts
stained with a ubiquitin-specific mAb showed no detectable reac-
tive protein in the precipitate, even after long exposure of the
blot. In contrast, many bands corresponding to ubiquitinylated
cellular proteins were observed in the supernatant.

dicate that endogenous cellular Sp100 proteins can be
modified by PIC1/SUMO-1 or a related polypeptide,
which must be different from ubiquitin.

Detection of PIC1/SUMO-1-associated
Sp100, SpAlt-C, and PML by Immunofluorescence
Staining of Cells

To analyze whether PIC1/SUMO-1 colocalizes with
SpAlt-C and the PML splice variant proteins expressed in
induced and noninduced HeLa-SpAltC** and HeLa-
PML™** cells, double immunostaining for PIC1/SUMO-1
with mAb 21C7 and for Sp100 or PML with rabbit anti-
Sp100 or rat anti-PML Abs, respectively, was performed
(Fig. 5). The cells were fixed with methanol/acetone,
which makes ND complexes accessible for antibodies.

In induced, nonmitotic HeLa-PML** cells, both the
PML Ab (Fig. 5 A) and mAb 21C7 (Fig. 5 B) stained pre-
dominantly identical large ND-like structures. In addition,
mAb 21C7 showed diffuse nuclear staining, which might
be due to staining of modified RanGAP1. Interestingly,
the staining pattern with both antibodies was drastically
different in mitotic cells. PIC1/SUMO-1 was homoge-
neously distributed, and the PML splice variant protein
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was localized in large irregular aggregates (Fig. 5, A and B,
mitotic cell marked by an arrow). In noninduced Hel.a-
PML** cells, very few tiny dots were stained with anti-
PML Abs (Fig. 5 D), whereas staining with mAb 21C7
(Fig. 5 E) was mainly homogeneous and nuclear. These
data strongly support our conclusion that a large fraction
of the PML splice variant is modified by PIC1/SUMO-1 in
induced HeLa-PML "™ cells. Moreover, the data indicate
that the PIC1/SUMO-1-modified PML splice variant lo-
calizes predominantly in NDs in nonmitotic cells, whereas
PIC1/SUMO-1 modification is absent from aggregated
PML in mitotic cells.

The analogous experiment performed with HeLa-
SpAItC** cells showed the following. In induced HeLa-
SpAItC** cells, SpAlt-C localized in a microspeckled nu-
clear staining pattern with some additional larger dots,
whereas PIC1/SUMO-1 staining was homogeneous with
only a few additional dotlike structures (Fig. 5, G and H).
In noninduced cells, Sp100 protein staining was weak and
only present in few NDs in nuclei, whereas PIC1/SUMO-1
staining was homogeneously nuclear (Fig. 5, K and L).
Taking into account our previous demonstration of PIC1/
SUMO-1-modified SpAlt-C in these cells (see Fig. 3), our
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Figure 5. Immunofluores-
cence staining of induced and
noninduced HeLa-SpAltC**
and HeLa-PML** cells fixed
with methanol/acetone. In in-
duced HeLa-PML*" cells,
rat anti-PML Ab shows bright
and enlarged ND staining in
nonmitotic cells and large ag-
gregates in a mitotic cell (A,
arrow), whereas only a few
small dots were stained in the
noninduced cells (D). Dou-
ble staining of the same
slides with mAb 21C7 shows
overlapping ND staining in
induced nonmitotic cells (D)
and a diffuse homogeneous
pattern in noninduced cells
(E). In mitosis, induced
HeLa-PML** cells resulted
in no staining of PML aggre-
gates with mAb 21C7 (B, ar-
row). For comparison, phase
contrast images are given in
C and F. In induced HeLa-
SpAItC** cells, rabbit anti-
Sp100 Abs resulted in a mi-
crospeckled pattern with
some large dots (G), whereas
only a few small dots were
stained in the noninduced
cells (K). Additional incuba-
tion of the same slides with
mAb 21C7 led to homoge-
nous staining both in induced
(H) and noninduced cells
(L). For comparison, phase
contrast images are given in /
and M. Bar, 10 pm.

findings suggest that the epitope recognized by mAb 21C7
is either not at all or only weakly accessible on PIC1/
SUMO-1-modified SpAlt-C fixed by methanol/acetone,
or that the PIC1/SUMO-1-modified SpAlt-C is mainly ho-
mogeneously distributed in nuclei.

We next tested whether PIC1/SUMO-1 localizes in NDs
of IFN-treated HeLa S3 cells, in which all splice variants of
Sp100 and PML are most strongly expressed. Consistent
with the previous colocalization of PIC1/SUMO-1 in non—
IFN-treated cells, mAb 21C7 stained NDs brightly in non-
mitotic IFN-treated HeLa S3 cells (Fig. 6, B and E). The
same cells double stained with anti-PML and anti-Sp100
polyclonal Abs, respectively, showed largely overlapping
ND staining (Fig. 6, A and B). Interestingly, the localiza-
tion of the three proteins was drastically different in mi-
totic compared with nonmitotic cells (Fig. 6, mitotic cells
marked by arrows). None localized in NDs, PIC1/SUMO-1
and Sp100 were homogeneously distributed, and PML lo-
calized in large aggregates. Three major conclusions can
be drawn from these studies. First, Sp100 and PML pro-
teins are clearly separated in mitotic cells. Second, PIC1/
SUMO-1 is either displaced from PML in mitosis, or the
PIC1/SUMO-1 mAb 21C7-specific epitope is not accessi-
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ble. Third, PIC1/SUMO-1-modified Sp100 and PML pro-
teins are presumably localized primarily in the nucleus.

Predominant Nuclear Localization
of PIC1/SUMO-1-modified PML and Sp100 Splice
Variant Proteins

Three major reasons led us to examine by subcellular
fractionation in which cellular compartment PIC1/SUMO-
1-modified Sp100 and PML proteins are present. First,
PIC1/SUMO-1 modification was reported for the cyto-
plasmic part of a receptor protein, for a nuclear mem-
brane-associated as well as for nuclear proteins (Boddy et
al., 1996; Matunis et al., 1996; Okura et al., 1996; Shen et
al., 1996; Mahajan et al., 1997). Second, evidence that ND-
associated proteins are not always localized exclusively in
nuclei (Koken et al., 1995; Gambacorta et al., 1996) are
compatible with their modification in the cytoplasm and/
or nuclei. Third, the predominant nuclear localization of
PIC1/SUMO-1 by immunofluorescence staining suggested
but did not prove modification of PML and SpAlt-C pre-
dominantly or exclusively in nuclei. Moreover, we also
wondered whether IFN treatment has any effect on the ra-
tio and subcellular localization of PIC1/SUMO-1-modi-
fied and nonmodified Sp100 and PML proteins.

To address these questions and to examine further
whether there are cell type—specific differences, subcellu-
lar fractions were prepared from untreated and IFN-
treated cells of different origins: the hematopoietic pro-
genitor cell line TF-1, the hepatoma cell line HuH-7, the
osteosarcoma cell line MG63, and the fibroblastoid cell
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Figure 6. Immunofluores-
cence staining of methanol/
acetone-fixed, IFN-treated
HeLa S3 cells. Cells were ei-
ther double-labeled with
polyclonal rat anti-PML
(green) and mADb 21C7 (red)
(A-C), with polyclonal rabbit
anti-Sp100 antibodies (green)
and mAb 21C7 (red) (D to
F), or with anti-PML Abs
and anti-Sp100 Abs (G-I). In
a mitotic cell, PML is aggre-
gated at the periphery of the
cell (A and G, arrow),
whereas Sp100 and PIC1/
SUMO-1 are diffusely dis-
tributed (B, D, E, and H), in-
dicating that PIC1/SUMO-1
and Spl00 dissociate from
PML in mitosis. Bar, 10 pm.

lines HEp-2 and HeLa S3 (for fractionation procedure see
Materials and Methods). In addition, protein extracts from
induced and noninduced HeLa-SpAltC** and HeLa-
PML™** cell lines were analyzed to investigate the localiza-
tion of PIC1/SUMO-1-modified forms of a single, specific
Sp100 and PML splice variant protein expressed in stable
cell lines from transgenes instead of from the endogenous
genes.

Interestingly, in these fractionation experiments we ob-
served cytoplasmic forms of Sp100 in all cell lines tested so
far. Immunoblot analysis of protein extracts from un-
treated (Fig. 7 A, lanes @) TF-1 and MG63 cells with anti-
Sp100 antibodies revealed predominantly an Sp100 pro-
tein of 88 kD (Fig. 7 A, band IV) in the cytoplasmic (lanes
C) and nuclear (lanes N) fraction. Intriguingly, in extracts
from untreated HEp-2 and HuH-7 cells the same protein
was detected mainly or even exclusively in cytoplasmic ex-
tracts. These data demonstrate not only that Sp100 pro-
teins are present in nuclei but also that a substantial frac-
tion is always, and in some cells predominantly, in the
cytoplasm of untreated cells. After IFN treatment (Fig. 7
A, lanes IFN), the amount and number of immunoreactive
Sp100 proteins did not only increase in all cell lines as ex-
pected, but the ratio between nuclear and cytoplasmic
Sp100 proteins drastically changed towards dominant nu-
clear localization. Most notably, the Sp100 proteins previ-
ously shown to immunoreact with anti-PIC1/SUMO-1
mADb 21C7 (compare Figs. 3 and 4, bands V and VI) as well
as one additional band with low electrophoretic mobility
(Fig. 7, band VII) were detected exclusively in the nuclear
fractions.
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exception of HuH-7, an Sp100 protein of ~88 kD (band /V) is detected not
only in the nuclear (lanes N) but also in the cytoplasmic fractions (lanes C)
of all cell lines tested. In untreated HuH-7 cells, this protein is detected ex-
clusively in the cytoplasmic fraction. With the exception of MG63 cells, IFN
treatment strongly increases Sp100 levels in the nuclear fractions and only
moderately in the cytoplasmic fractions. Isoforms of Sp100 with slower elec-
trophoretic mobility (bands V-VII, arrow) are detectable only in the nuclear
fractions. A similar amount of proteins of the respective fractions was loaded
as documented by Ponceau S staining (Ponceau). (B) Immunoblot with nu-
clear and cytoplasmic extracts of HuH-7 and HEp-2 cells and polyclonal rab-
bit anti-HNF-1 (HNF-1) and monoclonal anti-Spl (SpI) antibodies, and a
human autoimmune serum, recognizing among other proteins the mitochon-
drial 74-kD dihydrolipoamide acetyltransferase subunit (p74). The transcrip-
tion factors HNF-1 and Sp1 are detected predominantly in the nuclear frac-
tion (lanes N) of HuH-7 or HuH-7 and HEp-2, cells, respectively (arrows).
In contrast, the 74-kD mitochondrial protein was detected exclusively in the
cytoplasmic fraction of HEp-2 cells (p74, lanes C, arrow). Treatment of the
cells with interferon does not alter the subcellular localization of these pro-
teins (lanes IFN). Lanes LM, Ponceau S staining of the molecular mass

marker of the corresponding blots. (C) Differentiation of nuclear and cytoplasmic forms of Sp100 proteins in untreated () and IFN-
treated (IFN) HeLa S3 cells, in induced (@ Ter) and noninduced (+ Tet) HeLa-PML*™" as well as in HeLa-SpAlt-C** cells by immuno-
blotting (12.5% SDS-PAGE) with anti-Sp100 or anti-PML antibodies. Similar to A, Sp100 as well as PML proteins are both in the
nuclear (lanes N) and cytoplasmic (lanes C) fractions. IFN treatment as well as induction of HeLa-PML** or HeLa-SpAltC** cells in-
crease their amounts predominantly in the nuclear fraction. Modified Sp100 proteins (bands /I, V, and VI) are exclusively nuclear.
Modified PML protein also is detected exclusively in nuclei of HeLa-PML** cells. This is not evident in nontransfected HeLa S3 cells.
Little Sp100 and PML proteins are detected in a nuclear wash fraction (lanes W).

To exclude the possibility that the cytoplasmic localiza-
tion of Sp100 observed in these experiments was due to
leakage of the nuclei and release of a weakly bound nu-
clear form of Sp100, we performed immunoblotting exper-
iments with the HuH-7 and HEp-2 extracts as in Fig. 7 A
and used antibodies against the transcription factors HNF-1
(liver-specific, nuclear) and Sp1 (ubiquitous, nuclear) and
an autoimmune serum containing autoantibodies against
the dihydrolipoamide acetyltransferase (p74), which is a
mitochondrial protein (Van de Water et al., 1988) (Fig. 7
B). Since these transcription factors can easily be ex-
tracted from nuclei by established procedures (Dignam et
al., 1983), they were chosen as an adequate control for the
quality of the fractionation. In these blots, HNF-1 (Fig. 7
B, HNF-1, shown for HuH-7 cells) and Sp1 (Fig. 7 B, Sp1,
shown for HuH-7 and HEp-2 cells) were observed pre-
dominantly in the nuclear fraction (Fig. 7 B, lanes N), and
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the mitochondrial protein (Fig. 7 B, p74, shown for HEp-2
cells) was observed in the cytoplasm (Fig. 7 B, lanes C).
This implies that cytoplasmic and nuclear proteins are effi-
ciently separated by our fractionation method and rules
out a major cross contamination by leakage of nuclear
proteins into cytoplasm or vice versa. Taken together, we
conclude from these experiments that IFN treatment
greatly enhances association of Sp100 proteins with nuclei
even in cells in which Sp100 proteins are predominantly or
exclusively cytoplasmic before treatment. Most impor-
tantly, Sp100 proteins modified by PIC1/SUMO-1 as well
as other Sp100 proteins with low electrophoretic mobility
are predominantly or exclusively associated with nuclei.
Analogous experiments performed with anti-PML yielded
tentatively similar results (data not shown) but were less
convincing because of the low sensitivity of PML protein
detection by immunoblotting.
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Fractionation experiments with induced and nonin-
duced HeLa-SpAlt-C** and HeLa-PML™** cells and, for
comparison, with IFN-induced and noninduced HeLa S3
cells revealed the following. In untreated HeLa S3 and
noninduced HeLa-SpAItC*™ cells, a single signal corre-
sponding to an Sp100 protein of 88 kD (Fig. 7 C, band IV)
was observed with cytoplasmic extracts (Fig. 7 C, lanes C
superscribed with @ and + Tet). The same signal, but less
intense, and a signal (band V) for an Sp100 protein of
~105 kD (Fig. 7 C, lanes N superscribed with @ and + Tet)
were observed with nuclear extracts. This implies that
Sp100 proteins expressed from the endogenous gene in
both cell lines are cytoplasmic and nuclear, whereas modi-
fied Sp100 proteins are exclusively associated with the nu-
cleus. Upon IFN treatment of HeLa S3 cells and induction
of transgene expression in HeLa-SpAltC*™ cells, the in-
tensity and number of signals for immune reactive Sp100
proteins increased (Fig. 7 C, lanes IFN and @Ter). In the
cytoplasm, only the Sp100 proteins of 88 and 85 kD (bands
1V and I) were identified whereas additional ones corre-
sponding to PIC1/SUMO-1-modified Sp100 (Fig. 7 C,
bands V and VI) and SpAlt-C (band II) proteins were ex-
clusively nucleus associated. The analogous experiment
with anti-PML also showed that PML proteins are not
only associated with nuclei but are also present at least in
part in the cytoplasm (Fig. 7 C, PML). Similar to Sp100,
the ratio of nuclear versus cytoplasmic PML proteins
strongly increased upon IFN treatment. This was also ap-
parent when extracts from induced HeLa-PML*" cells
were blotted. However, in this case an additional immune
reactive protein of 130 kD (Fig. 7 C, band C), previously
shown to correspond to PIC1/SUMO-1-modified PML,
was exclusively in the nuclear extract (Fig. 7 C, last lane).

Since previous immunofluorescence-based localization
studies only revealed nuclear Spl00 staining, we also
tested whether Sp100 can be localized in the cytoplasm by
immunofluorescence staining. For this experiment, we
used the HuH-7 hepatoma cell line, which almost com-
pletely lacked nuclear Sp100 unless treated with IFN.
Since a weak but specific cytoplasmic staining is hard to
differentiate from nonspecific staining by antibodies, we
have cocultivated HuH-7 cells with rat R1H cells. None of
our anti-Spl00 antisera stained the corresponding rat
Sp100 in these cells. Therefore, they were used as an inter-
nal negative control. In untreated HuH-7 cells, no ND
staining was observed with polyclonal anti-Sp100 Abs
(Fig. 8, Sp100/@). However, in these cells a diffuse or
granular cytoplasmic staining was visualized. The adjacent
R1H cells, however, at this exposition of the image were
not visibly stained by the anti-Sp100 Abs. The correspond-
ing phase contrast picture demonstrates that the two cell
types can easily be discriminated by morphological crite-
ria. Treatment of the cells with IFN led to clear ND stain-
ing in HuH-7 cells in addition to the cytoplasmic staining
(Fig. 8, Sp100/IFN). The R1H cells visible on the same
slide again did not visibly stain with the anti-Sp100 Abs.
Therefore, in full agreement with the fractionation data,
immunofluorescence analysis of HuH-7 cells shows exclu-
sively cytoplasmic localization of Sp100 in untreated cells
and after IFN treatment in addition in NDs.

Taken together, these data indicate that PML and Sp100
proteins localize in a cell type—dependent manner either in
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Figure 8. Detection of cytoplasmic Sp100 protein in a coculture
of human HuH-7 and rat R1H cells by immunofluorescence anal-
ysis. Untreated HuH-7 cells when stained with polyclonal rabbit
anti-Sp100 Abs (Sp26) lack ND staining but show cytoplasmic
fluorescence (Spl100/@). After treatment with IFN, a clear ND
staining became visible in addition to the cytoplasmic staining
(SpI100/IFN). Both images were taken at the same exposure time.
At this exposure, rat R1H cells are not visibly stained by the Abs
and serve as an internal negative control. Localization of the rat
cells is visible in the corresponding phase contrast pictures given
below. Bar, 10 wm.

part, predominantly, or even exclusively (Sp100 in HuH-7
cells) in the cytoplasm. Upon IFN treatment, both types of
proteins predominantly fractionate with nuclei. Both PIC1/
SUMO-1-modified proteins are detectable exclusively in
nuclei, regardless of prior IFN treatment. These findings
may imply that PIC1/SUMO-1 conjugation enhances Sp100
and PML nuclear transport and/or matrix association.

Discussion

In this report, we provided several lines of evidence
strongly suggesting that a fraction of some nuclear Sp100
and PML proteins is co- or posttranslationally modified by
covalent linkage to the ubiquitin-like protein PIC1/SUMO-1
or an immunologically cross-reactive protein. Specific
variants of both proteins, when expressed in vivo, had
electrophoretic mobilities compatible with this modifica-
tion but not when synthesized in vitro. A PIC1/SUMO-
1-specific mAb but not an ubiquitin-specific mAb specifi-
cally reacted with some Sp100 and PML proteins when
using total cell extracts or proteins immunoprecipitated
with anti-Sp100 Ab. Using subcellular fractionation, the
putative PIC1/SUMO-1-modified proteins were exclu-
sively associated with nuclei. Moreover, our data indicate
that IFN strongly enhances the amount of PIC1/SUMO-
1-modified Sp100 proteins in the nucleus and suggest that
PML is not modified by PIC1/SUMO-1 in mitotic cells.
These findings imply a possible cell cycle-dependent role
of PIC1/SUMO-1 modification of PML and Sp100 pro-
teins in structure and function of NDs.

Our strongest argument for covalent linkage of Sp100
and PML proteins to PIC1/SUMO-1 is their immune reac-
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tivity with a PIC1/SUMO-1 mAb and appropriate electro-
phoretic mobility in SDS-gel electrophoresis. Although
we have no definite proof for covalent modification, the
immune reactivity of the proteins with mAb 21C7 after
boiling in SDS under reducing conditions leaves hardly
any other interpretation. However, strong binding of
PIC1/SUMO-1 to Sp100 and PML, which resists this treat-
ment, is not ruled out by our experiments. Additional and
strong arguments for covalent linkage of PIC1/SUMO-1 to
Sp100 and PML proteins are the sequence similarity of
PIC1/SUMO-1 with ubiquitin and the recent demonstra-
tion of covalent modification of another nucleus-associ-
ated protein, RanGAP1, by PIC1/SUMO-1 (Matunis et
al., 1996; Mahajan et al., 1997). Furthermore, preliminary
evidence that the modification is reversible when nuclei
are incubated at 37°C in the absence of ionic detergents
(data not shown) argues also for covalent (de)modifica-
tion, which depends on enzymatic processes, similar to
what is known for PIC1-modified RanGAP1 (Matunis et
al.,, 1996) and classical ubiquitinylation (Hochstrasser,
1996b). Therefore, it is most reasonable to assume that
PIC1/SUMO-1 is covalently linked to PML and Sp100,
probably through an isopeptide bond formed between
e-amino groups of lysine residues in Sp100/PML and the
COOH-terminal carboxyl group of PIC1/SUMO-1.

The immune reactivity of some Sp100 and PML proteins
with mAb 21C7 is also compatible with the assumption
that both proteins are modified by a protein different from
but immunologically cross-reactive with PIC1/SUMO-1.
Modification of Sp100 and PML by one other ubiquitin-
like protein, ISG15 (Loeb and Haas, 1992), was ruled out
experimentally by performing immunoblots with poly-
clonal anti-ISG15 antiserum, similar to that done with
mADb 21C7. On these blots, there was no indication for
proteins reacting both with Sp100/PML and ISG15 (data
not shown). One may also argue that the Sp100 and PML
proteins reactive with mAb 21C7 may correspond to clas-
sically ubiquitinylated proteins. However, our data with
the commercially available mAb Ubi-1, which reacts with
ubiquitins from humans to Caenorhabditis elegans, are not
consistent with this possibility.

The large number of proteins detected with mAb 21C7
on immunoblots with total cell lysates suggests that this
mAD either cross-reacts immunologically with other ubig-
uitin-like proteins and/or with PIC1/SUMO-1 present on
many cellular proteins in addition to those known so far
and described here. Despite the most dominant reactivity
of mADb 21C7 with PIC1/SUMO-1, additional cross-reac-
tion of mAb 21C7 with PIC1/SUMO-1-related proteins
different from ubiquitin is conceivable. This would be in
line with the observation that the modified form of Sp100
reacts more weakly with the PIC1/SUMO-1-specific mAb
21C7 than the modified PML or especially the RanGAP1
protein (see Fig. 3). On the other hand, this could also be
explained by a different accessibility of the corresponding
21C7 epitopes in the various conjugates. The 15-kD differ-
ence between the most dominant PML protein expressed
in induced HeLa-PML** cells and the same protein syn-
thesized in vitro, however, is more likely due to covalent
modification with proteins that do not cross-react with
mADb 21C7. In any case, a final definite answer to the ques-
tion as to whether PIC1/SUMO-1 and other ubiquitin-like
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proteins are covalently linked to PML and Sp100 protein
requires protein sequence data.

When we analyzed PML in induced HeLa-PML** cells,
several proteins with slow electrophoretic mobility were
observed (Fig. 2 A), which could represent covalent modi-
fication of this specific PML splice variant protein by more
than one PIC1/SUMO-1 molecule. This could indicate the
modification of more than one lysine residue in the PML
protein. However, multiple modification of PML might
also result from formation of multimeric PIC1/SUMO-1
conjugates. Formation of such multimeric conjugates is
typical for modification of cellular proteins by polyubig-
uitin chains (Hochstrasser, 1996b). For conventional poly-
ubiquitinylation, the e-amino group of lysine at position 48
of ubiquitin is most frequently used and was reported so
far mostly in the context of protein degradation. However,
other lysine residues are known to be used alternatively
(Arnason and Ellison, 1994; Baboshina and Haas, 1996;
Hodgins et al., 1996), though less frequently. In PIC1/
SUMO-1, one of these residues (corresponding to lysine 6
in ubiquitin) is conserved, suggesting that PIC1/SUMO-1
can potentially also form oligomers that are linked to a
subpopulation of the PML protein(s). Since polyubiquiti-
nylation at residues other than lysine 48 was speculated to
play a role not only in proteolytic but also in nonpro-
teolytic processes (Arnason and Ellison, 1994; Hoch-
strasser, 1996a), the latter function is likely for PIC1/
SUMO-1 modification of ND proteins. This speculation is
consistent with the absence of an analogous lysine at posi-
tion 48 in PIC1/SUMO-1 and the fact that there is no evi-
dence for increased degradation of modified Sp100 and
PML proteins. In contrast to PML, there was no indication
for modification of Sp100 proteins by oligomers of PIC1/
SUMO-1. This could imply that PML and Sp100 contain
different variants of PIC1/SUMO-1-related molecules,
one with and one without oligomerisation potential.

Our observation that PML is not modified by PIC1/
SUMO-1 when synthesized in vitro is consistent with the
reported failure of PML/PIC1 coprecipitation when syn-
thesized by in vitro translation and weak or no binding of
PIC1 to PML-GST fusion protein (Boddy et al., 1996).
However, in the same study, interaction of PIC1/SUMO-1
with a PML protein was observed when tested in the yeast
two-hybrid system. To further characterize this interac-
tion, we have performed analogous experiments in mam-
malian cells (HuH7 and HeLa S3) with various constructs
expressing full-length and truncated fragments of PML
and Sp100 fused to Gal4-DNA binding- or VP16-transacti-
vation domains. Upon cotransfection of these constructs
with constructs expressing PIC1/SUMO-1 fused to Gal-4
or VP16, we observed no interaction (data not shown).
This finding is consistent with the lack or very inefficient
modification of PML and Sp100 by PIC1 that we observed
in transiently transfected cells. Moreover, these data sug-
gest that the interaction of PIC1/SUMO-1 with PML in
yeast is due to long-term expression of both proteins,
yeast-specific PML and/or PIC1/SUMO-1 conformations,
and possibly more abundant ubiquitin-conjugating enzymes.

An interesting observation in our study was the absence
of detectable PIC1/SUMO-1 in large PML aggregates in
mitotic cells, which may imply that this modification regu-
lates ND protein function in a cell cycle-dependent man-
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ner as well as ND protein interaction. The known cell cy-
cle-dependent variation in size and number of NDs is
consistent with this hypothesis and is currently being ex-
amined experimentally by using extracts from cells in dif-
ferent stages of the cell cycle. In this context it is worth
mentioning that the PML and Sp100 (SpAlt-C) variants
used and overexpressed stably in the inducible cell lines
have a remarkably different distribution within the nuclei.
Whereas PML forms enlarged, brightly staining dots and
therefore might use previously existing NDs to accumu-
late, SpAlt-C exhibits a more disperse and finely granular
pattern of distribution. The apparent lack of staining of
these fine granular structures by mAb 21C7 in immunoflu-
orescence might be merely due to the lower concentration
of antigen when compared with the PML overexpressing
cells.

Interestingly, in a prior publication (Matunis et al., 1996)
staining of the mitotic spindle by PIC1/SUMO-1-specific
antibodies was demonstrated. The lack of such staining
pattern in our experiments is presumably due to differences
in the fixation procedure. With PML- and Sp100-specific
antibodies, we never observed a staining of the mitotic
spindle, regardless of the fixation conditions, indicating
that a different PIC1/SUMO-1-modified protein might be
responsible for this staining. Matunis et al. (1996) reported
that this might be RanGAP1.

The coexistence of Sp100 and PML proteins with and
without PIC1/SUMO-1 modification in the nucleus, the
lack of this modification in mitotic cells (for PML) as sug-
gested by immunofluorescence data, as well as the staining
of the mitotic spindle apparatus with the mAb 21C7 (Ma-
tunis et al., 1996) may be an indication for cell cycle-depen-
dent regulation of PIC1/SUMO-1 modification for other
proteins as well. Moreover, if PIC1/SUMO-1 modification
of PML and Sp100 occurs at the nuclear membrane, in a
way similar to that described for RanGAP1, this could be
the signal for nuclear pore association, subsequent nuclear
transport, and/or attachment to the nuclear matrix. The
latter is less likely since preliminary experiments with nu-
clear fraction incubated at 37°C showed that a large
amount of Sp100 remained nuclear matrix-associated even
though there was no more PIC1/SUMO-1-modified Sp100
detectable under these conditions (data not shown).

The covalent modification of RanGAP1 and Sp100/PML
by PIC1/SUMO-1, the ubiquitin-like nature of PIC1/SUMO-1,
and the cell stage specific modification of PML postulate
the existence of enzymes that mediate modification and
demodification, respectively. The most likely candidate
enzyme that may mediate covalent linkage of PIC1/SUMO-1
to PML and Sp100 is UBE2I/HsUbc9, a human homolog
of the yeast UBC9 ubiquitin-conjugating enzyme (Kov-
alenko et al., 1996; Yasugi and Howley, 1996). This en-
zyme is known to play a role in S- and M-phase cyclin deg-
radation and mitotic control, but most importantly, it was
recently shown to interact with PIC1/SUMO-1 (Shen et
al., 1996a) as well as with RADS51/52 proteins known to as-
sociate with PIC1/SUMO-1 (Shen et al., 1996b). A very
good candidate for removal of PIC1/SUMO-1 from ND
proteins is the cellular HAUSP protein, a recently de-
scribed herpes simplex virus—associated ubiquitin-specific
protease that dynamically associates with NDs (Everett et
al., 1997). The authors speculated that the viral transacti-
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vator protein ICPO/Vmw110 might use this protease to ini-
tiate the well-documented dispersal of Sp100 and PML
proteins from NDs. The authors also speculated that PIC1/
SUMO-1 could be a target for HAUSP (Everett et al., 1997).
Our observation that dissociation of PML and Sp100 hap-
pens concurrently with loss of PIC1/SUMO-1 modification
of PML provides indirect support for these exciting specu-
lations and furthermore argues for a regulatory role of this
modification in ND composition, integrity, and function.
The drastic increase in the amount of modified Sp100 only
in the nucleus after IFN treatment argues in the same di-
rection. The identification of PIC1/SUMO-1 as an interac-
tion partner of proteins with very different functions
points to a broad physiological relevance of this modifica-
tion in cell biology. The modification of the RanGAP1
protein is known to mediate its association to the nuclear
pore, whereas the nonmodified 70-kD isoform remains en-
tirely cytoplasmic (Matunis et al., 1996; Mahajan et al.,
1997). This strongly resembles the situation with—and
may be functionally similar for—Sp100 and PML proteins.
Furthermore, the association of PIC1/SUMO-1 with the
death domains of Fas/APO-1 and tumor necrosis factor re-
ceptor 1 was speculated to have an antiapoptotic effect
(Okura et al., 1996). Our study raises the question as to
whether PIC1/SUMO-1-modified ND proteins contribute
to this antiapoptotic effect. The association of PIC1/
SUMO-1 with DNA repair proteins RAD51/RADS?2 pro-
teins (Shen et al., 1996b) may have consequences for sev-
eral of their functions and of their interaction partners.
Since the breast cancer susceptibility protein BRCA1 is
one of the interaction partners (Scully et al., 1997), a possi-
ble role of PIC1/SUMO-1 modification of these and other
proteins in tumorigenesis is therefore well conceivable.
Consistent with this speculation is the key role of ND dis-
ruption in the development of acute promyelocytic leuke-
mia (Dyck et al., 1994; Koken et al., 1994; Weis et al.,
1994). This may be triggered by the possible loss of the
PIC1/SUMO-1 modification site in the PML-RAR fusion
protein, resulting in a functionally deregulated PML protein.
Potent and specific inhibitors for PIC1/SUMO-1 modifica-
tion would be useful to test this hypothesis and would also
help to gain new information on the putative function of
NDs in regulation of growth and differentiation, autoim-
munity, and virus infection.
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