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SMALL NUCLEOLAR RNP SCLERODERMA AUTOANTIGENS
ASSOCIATE WITH PHOSPHORYLATED SERINE/ARGININE SPLICING

FACTORS DURING APOPTOSIS

KARIN OVERZET, TIMOTHY J. GENSLER, SUSAN J. KIM, MEGHAN E. GEIGER,
WALTHER J. VAN VENROOIJ, K. MICHAEL POLLARD, PAUL ANDERSON, and PAUL J. UTZ

Objective. Proteins that are phosphorylated dur-
ing apoptosis are commonly precipitated by autoanti-
bodies found in the sera of patients with systemic lupus
erythematosus. We sought to determine whether sclero-
derma autoantigens such as small nucleolar RNPs
(snoRNP) also associate with phosphoproteins in re-
sponse to various cellular stressors.

Methods. We screened a panel of monoclonal
antibodies derived from mice exposed to mercury, a
well-characterized murine model of the anti-snoRNP
autoimmune response, for the ability to selectively pre-
cipitate phosphoproteins from radiolabeled lysates pre-
pared from Jurkat T cells subjected to stressful stimuli.

Results. Monoclonal antibodies reactive with
snoRNPs precipitated a phosphoprotein complex (pp42,
pp34, and pp23) from lysates prepared from apoptotic

cells. Several novel phosphoproteins (pp62 and pp18)
were also observed. The phosphorylation and/or recruit-
ment of these proteins to the snoRNP complex is
induced by multiple apoptotic stimuli (e.g., Fas ligation,
anisomycin, or ultraviolet irradiation), an effect that is
blocked by overexpression of Bcl-2. We were unable to
demonstrate an association of the phosphoprotein com-
plex with snoRNPs in cells treated with the xenobiotic
agent mercury. The snoRNP-associated phosphoprotein
complex is composed of serine/arginine (SR) splicing
factors, including SRp40.

Conclusion. The association of phosphorylated
SR proteins with snoRNPs in cells undergoing apoptosis
suggests that the immune response to fibrillarin that
characterizes a subset of patients with scleroderma may
be related to cell death induced by apoptotic stimuli
(e.g., Fas ligation, irradiation, or chemical toxins), or by
exposure to mercury.

The posttranslational modification of autoanti-
gens that occurs in response to cellular stress has been
implicated in the subsequent development of autoanti-
bodies in patients with systemic lupus erythematosus
(SLE), dermatomyositis, and scleroderma (1,2). Such
modifications include cleavage of proteins by caspases
(1,3–6), site-specific small nuclear RNA (snRNA),
Y-RNA, and ribosomal RNA (rRNA) cleavage (7–9),
and mercury-induced protein degradation and oxidation
(10,11). RNA binding proteins, including constituents of
the U1 small nuclear RNP (U1 snRNP) complex (3,12)
and the Ro/La RNP (9,13), both of which are common
SLE autoantigens, are subjected to posttranslational
modification during cell death (1,2). Little is known
regarding the fate, during apoptosis, of small nucleolar
RNPs (snRNP), a target of the immune response in
patients with scleroderma and in mice exposed to
mercury.
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We recently described an association of the U1
snRNP autoantigen complex with phosphorylated
serine/arginine (SR) splicing factors that is induced in
cells undergoing apoptosis (12). This observation sug-
gested that hyperphosphorylated SR proteins might
participate in the bypass of tolerance to spliceosomal
components that characterizes patients with SLE and
mixed connective tissue disease (MCTD) (14,15). We
sought to extend these initial studies by analyzing se-
lected snoRNP-specific monoclonal antibodies for their
ability to coprecipitate new phosphoproteins from ly-
sates prepared from apoptotic cells. We have confirmed
that a subset of human scleroderma sera can immuno-
precipitate a phosphoprotein complex from lysates pre-
pared from apoptotic cells, as can monoclonal antibod-
ies generated from mercury-treated mice, a murine
model of the immune response to the scleroderma
autoantigen fibrillarin (16,17). Our results demonstrate
that snoRNPs, like the U1 snRNP lupus autoantigen
complex, are dynamic structures that are influenced by
cellular stressors such as irradiation, chemotherapeutic
toxins, mercury exposure, and activation of death recep-
tors such as Fas.

MATERIALS AND METHODS

Cell culture. Jurkat cells were grown in 5% CO2 at
37°C using RPMI 1640 (BioWhittaker, Walkersville, MD)
supplemented with 9% heat-inactivated fetal calf serum
(HIFCS; Tissue Culture Biologicals, Tulare, CA) and penicil-
lin and streptomycin (Mediatech, Herndon, VA). Jurkat cells
were grown and harvested at mid-log phase. Jurkat T cells
overexpressing Bcl-2 (or empty vector), a kind gift from John
Reed (La Jolla Cancer Research Foundation, La Jolla, CA),
were grown in RPMI medium as described above, supple-
mented with G418 (Gibco BRL, Gaithersburg, MD) at a final
concentration of 500 mg/ml. Protein overexpression was con-
firmed by Western blotting.

Metabolic labeling of Jurkat cells. Jurkat cells were
incubated at a concentration of 2 3 106 cells/ml in labeling
medium containing the following: 90% RPMI 1640 lacking
phosphate (Gibco, Grand Island, NY), 2 mM glutamine (Me-
diatech), and 9% HIFCS that had been dialyzed to equilibrium
against 10 mM HEPES buffer (Sigma, St. Louis, MO). 32P-
labeled orthophosphate (Dupont NEN, Boston, MA) was
added at a concentration of 0.15 mCi/ml. Cells were incubated
at 37°C for 1–2 hours to allow them to reach steady state
before each treatment, unless otherwise indicated. This label-
ing protocol differs substantially from that used previously, in
which cells were labeled overnight prior to treatment (12,18).
The shorter period of preincubation with label used in the
present study allows for higher specific activity labeling of the
snoRNPs, thus increasing the sensitivity of the immunoprecipi-
tation assay. Cells were harvested at the end of the time course
to ensure equal labeling for each treatment.

Cell lysis. Jurkat cells were solubilized in Nonidet P40
(NP40) lysis buffer (1% NP40, 150 mM NaCl, 50 mM Tris [pH
7.8], 1 mM EDTA). NP40 lysis buffer was supplemented
immediately before use with 1 mM sodium vanadate and a
1003 protease inhibitor cocktail containing chymostatin, leu-
peptin, pepstatin A, phenylmethylsulfonyl fluoride, benzami-
dine, and aprotinin, prepared as described elsewhere (19). All
chemicals were purchased from Sigma. After addition of lysis
buffer, cells were incubated on ice for 30 minutes and centri-
fuged in a refrigerated microfuge (5402; Eppendorf, Hamburg,
Germany) at 14,000 revolutions per minute for 15 minutes, and
the supernatant was used immediately for each experiment.

Ultraviolet (UV) irradiation. Radiolabeled Jurkat cells
were plated in 100 3 15–mm polystyrene petri dishes (Nunc,
Thousand Oaks, CA) at a concentration of 2 3 106 cells/ml and
irradiated in a Stratalinker 2400 (Stratagene, La Jolla, CA) at
a distance of 9 cm for 18 seconds. After irradiation, cells were
incubated at 37°C for the indicated times prior to harvesting.

Cellular activation. Radiolabeled Jurkat cells were
treated with anti-Fas antibody 7C11 (IgM; kindly provided by
Michael Robertson, Indiana University, Bloomington, IN)
diluted from hybridoma supernatant (1:500 volume:volume).
Anti-CD3 antibody (Coulter Immunology, Hialeah, FL) was
added at a concentration of 5 mg/ml, followed by goat anti-
mouse antibody (Jackson ImmunoResearch, West Grove, PA)
at the same concentration. Cells were incubated at 37°C for the
indicated times prior to harvesting. Jurkat cells were treated
with 10 mg/ml anisomycin or 40 mM HgCl2 (Sigma) for varying
times prior to harvesting.

Immunoprecipitation and Western blot analysis. Ly-
sates were precleared once with 25 ml of a 50% solution of
protein A–Sepharose (Pharmacia, Uppsala, Sweden) in phos-
phate buffered saline (PBS) overnight, followed by two 20-
minute preclears with protein A–Sepharose. Mouse monoclo-
nal antibodies (5 mg purified antibody or 50 ml hybridoma
supernatant) and 5 mg rabbit anti-mouse immunoglobulin, or 2
ml patient serum alone, were used in precipitation experi-
ments. Human polyclonal antibodies were obtained from the
following sources and stored at 270°C until used: anti-U3/
fibrillarin (from T. Medsger and N. Fertig, University of
Pittsburgh School of Medicine, Pittsburgh, PA) and anti–RNA
polymerase I/III (serum KA), anti–polymerase I/III (serum
IM), and anti-U3/fibrillarin (from M. Kuwana, Keio University
Medical School, Tokyo, Japan).

Autoimmune sera capable of precipitating SR proteins
(pp54, pp42, pp34, and pp23) were described previously (18).
Mouse monoclonal antisera were obtained from the following
sources and stored at 270°C until used: anti-U1A/U2B0 (9A9,
described previously [20]); anti-SC35 (Sigma), which specifi-
cally recognizes the phosphorylated isoform of the SC35 splic-
ing factor; and antifibrillarin monoclonal antibodies (72B9.D31
and 17C12.G9) and a monoclonal antibody directed against
other unidentified snoRNP components (6G10.D3), all 3 of
which have been described previously (11). Serum from
healthy controls and scleroderma patients was a gift from P.
Fraser (Brigham and Women’s Hospital, Boston, MA).

Immunoprecipitations were performed in NP40 lysis
buffer in a total volume of 500 ml, with rotation in a 4°C cold
room for 2–24 hours. Precipitates were harvested by centrifug-
ing for 15 seconds at 14,000 rpm in a refrigerated Eppendorf
microfuge, washing 3 times with NP40 lysis buffer, resuspend-
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ing in sodium dodecyl sulfate (SDS) loading buffer with 9%
2-mercaptoethanol, boiling for 5 minutes, and separating by
SDS–polyacrylamide gel electrophoresis (PAGE) as described
(21). Proteins were transferred to nitrocellulose (Schleicher &
Schuell, Keene, NH) for Western blotting experiments, and
either exposed for autoradiography or subjected to Western
blot analysis as indicated. The mouse monoclonal antibody
4D7, anti–Bcl-2 (PharMingen, San Diego, CA) was used for
blotting studies at a dilution of 1:1,000. Bands were visualized
using species-specific antibody conjugated to horseradish per-
oxidase (Amersham, Arlington Heights, IL) at a dilution of
1:7,500 in 5% Blotto in PBS, and developed using enhanced
chemiluminescence performed according to the manufactur-
er’s instructions (Amersham).

DNA fragmentation. Unlabeled Jurkat cells were in-
duced to undergo apoptosis using the above triggers in exper-
iments parallel to those using radiolabeled cells. Cells were
collected at the indicated times and centrifuged for 5 minutes
at 1,000 rpm. The cell pellet was solubilized in 500 ml DNA
lysis buffer (20 mM Tris [pH 7.4], 5 mM EDTA, and 0.4%
Triton X-100) and incubated on ice for 15 minutes, mixing
several times. After centrifuging at 4°C, 14,000 rpm for 5
minutes, 400 ml supernatant was extracted with a 25:24:1
mixture of phenol:chloroform:isoamyl alcohol (Gibco). Next,
100 ml of 5M NaCl and 500 ml isopropanol were added to each
tube prior to incubating overnight at 270°C. Samples were
thawed and centrifuged at 14,000 rpm for 5 minutes, washed
once with 70% ethanol, and dried in a Speed-Vac. Pellets were
resuspended in 30 ml of Tris–EDTA buffer containing 0.1
mg/ml RNase A (Sigma) and incubated at 37°C for 30 minutes.
After the addition of 10 ml loading buffer, 10 ml of each sample
(corresponding to 1 million cells/lane) was separated on 0.8%
agarose gels and visualized by ethidium bromide staining
under UV light. A molecular size marker (1-kb ladder; Gibco)
was included on each gel.

Two-dimensional phosphopeptide analysis. Two-
dimensional tryptic phosphopeptide mapping was performed
as described (22) using trypsin (Worthington, Freehold, NJ) at
a concentration of 0.1 mg/ml in 100 mM ammonium bicarbon-
ate. Plates were exposed to film at 280°C with an intensifying
screen for 1–3 days.

RESULTS

Anti-snoRNP monoclonal antibodies derived
from mice exposed to mercury immunoprecipitate a
phosphoprotein complex from lysates prepared from
anti-Fas–treated Jurkat cells. We recently identified a
subset of SLE patients whose sera contain antibodies
that coimmunoprecipitate, from apoptotic Jurkat T cell
lysates, a complex composed of the U1 snRNP and
phosphorylated SR splicing factors (12,18). SR proteins
associate with the U1 snRNP following multiple differ-
ent apoptotic stimuli, an event that is inhibited in cells
overexpressing the apoptosis-inhibitory protein Bcl-2.
Identical results were obtained using monoclonal anti-
bodies that recognize either Sm components or the U1

snRNP–specific protein U1A, but not using antibodies
specific for other RNA binding proteins such as U2B0,
TIAR (23), TIA-1 (24), or the Ro/La snRNP (12). A
large number of other human autoimmune sera and
monoclonal antibodies failed to coimmunoprecipitate
SR proteins, suggesting that this phenomenon is specific
for U snRNPs. In the present study, we sought to extend
these experiments by addressing whether snoRNPs,
which are relatively common targets of the scleroderma
autoimmune response, may also be associated with
phosphoproteins during cellular stress (14,17).

In pilot experiments, we first screened a small
panel (15 patients) of scleroderma autoimmune sera for
their ability to precipitate phosphoproteins from cell
lysates prepared from apoptotic Jurkat cells. Eleven of
the sera precipitated no new phosphoproteins. However,
4 of these sera, all of which had been previously char-
acterized by Western blot, immunoprecipitation, and
immunoprecipitation RNA analysis, specifically recog-
nized fibrillarin, a major component of the U3 snoRNP
(data not shown). This pattern was reminiscent of that
observed for the U1 snRNP autoimmune sera reported
previously, suggesting that snoRNPs may also associate
with SR proteins during apoptosis (12).

A major problem associated with the use of
human sera for such experiments is that multiple auto-
antibody specificities may exist within individual patient
serum samples. We instead sought to confirm the results
obtained with the small number of polyclonal human
autoimmune sera identified in the pilot experiments
described above by repeating the experiments using
monoclonal antibodies specific for snoRNPs. A mouse
model of the anti-snoRNP/fibrillarin autoantibody re-
sponse has been established, in which mice treated
systemically with the xenobiotic mercury chloride de-
velop autoantibodies that recognize nucleolar compo-
nents, particularly fibrillarin (16,17). Monoclonal anti-
bodies derived from these animals have recently been
isolated to further study the molecular mechanism by
which the immune system of these animals is rendered
intolerant to nucleolar antigens (11).

We tested monoclonal antibodies directed
against fibrillarin (17C12, 72B9) or other unidentified
snoRNP components (6G10.D3) for their ability to
precipitate new radiolabeled phosphoproteins from ex-
tracts prepared from apoptotic Jurkat cells. Jurkat cells
metabolically labeled with 32P-orthophosphate were cul-
tured for varying times over a 5-hour period in the
absence or presence of a monoclonal antibody reactive
with Fas (anti-7C11), solubilized in NP40 lysis buffer,
and immunoprecipitated using each of these antibodies.
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Antibodies directed against other RNA binding pro-
teins, including U1A/U2B0 (9A9, lanes 13–16 in Figure 1
[20]), U2B0, SC35, Ro60 (25), Ro52 (26), La (26), TIAR
(6E3 [23]), and TIA-1 (ML29 [24]), were used as
controls (data not shown).

As shown in Figure 1, the U snRNP antibody
(9A9) precipitated 4 phosphoproteins (SR splicing fac-
tors, termed pp54, pp42, pp34, and pp23) from apoptotic
Jurkat cell lysates (lanes 13–16), and identical results
were obtained using anti-SC35, as reported previously
(12). These phosphoproteins were absent in experiments
using antibodies to U2B0, La, TIAR, TIA-1, and Ro (12;
data not shown). Surprisingly, all 3 snoRNP monoclonal
antibodies derived from mercury-treated mice coimmu-
noprecipitated a similar phosphoprotein complex from
lysates prepared from apoptotic Jurkat T cells (lanes
1–12). Moreover, the time course of phosphorylation
was similar, but not identical, to that observed using the
anti–U snRNP antibody (9A9). First, unlike the immu-
noprecipitation analysis using 9A9 or SC35, a prominent
62-kd band was present when immunoprecipitations

were performed with the monoclonal antibodies derived
from mercury-treated mice. Second, an 18-kd phospho-
protein was present in immunoprecipitations using the
antinucleolar antibodies, most prominently observed
with antibody 17C12 (lane 6). Finally, the intensity of the
bands was identical when comparing the 3- and 5-hour
time points in the 72B9 and 17C12 immunoprecipitates
(lanes 3, 4, 7, and 8). The protein complex completely
disappeared at a later 6-hour time point (e.g., see Figure
3A, lanes 3 and 4). In contrast, SR proteins associated
with the U1 snRNP were dephosphorylated between the
3- and 5-hour time points (Figure 1, lanes 15 and 16).

Taken together, these findings suggest that anti-
nucleolar monoclonal antibodies derived from mercury-
treated mice coimmunoprecipitate a phosphoprotein
complex in response to Fas ligation that resembles the
SR protein complex that associates with the U1 snRNP.
This complex also contains several novel phosphopro-
teins that uniquely associate with snoRNPs. Moreover,
the dephosphorylation kinetics of the phosphoproteins
are distinct from those associated with the U1
snRNP–SR complex.

A phosphoprotein complex associates with
snoRNPs containing fibrillarin in response to several
different apoptotic stimuli. We had previously demon-
strated that, in addition to death induced by Fas ligation,
phosphorylated autoantigens were also immunoprecipi-
tated during apoptosis triggered by other stimuli, includ-
ing gamma and UV irradiation, but not by T cell
receptor stimulation (18). We repeated this experiment
using the antifibrillarin monoclonal antibody 17C12 in
immunoprecipitation experiments using lysates derived
from 32P-labeled Jurkat cells subjected either to apopto-
tic stimuli or to an activation stimulus over a 6-hour time
course (Figure 2). This analysis showed that phosphor-
ylated autoantigens were first observed in immunopre-
cipitates between 1 and 3 hours following Fas crosslink-
ing (Figure 2, lanes 5–8) or UV irradiation (Figure 2,
lanes 9–12). Similar results were obtained when cells
were treated with the protein synthesis inhibitor aniso-
mycin (results not shown). In contrast, the phosphopro-
tein complex was not precipitated with 17C12 from
lysates prepared from mock-treated cells (Figure 2, lanes
1–4), or when the T cell receptor complex was ligated
using a monoclonal antibody reactive with CD3, a
stimulus that induces interleukin-2 production and en-
hances proliferation in these cells (12,18; data not
shown).

Mercury chloride rapidly kills eukaryotic cells in
a manner distinct from that of apoptosis (11). We did
not observe the phosphoprotein complex in immunopre-

Figure 1. Immunoprecipitation by anti–small nucleolar RNP mono-
clonal antibodies of a phosphoprotein complex from lysates prepared
from anti-Fas–treated Jurkat cells. Jurkat cells were labeled with
32P-orthophosphate and lysed at varying times following the addition
of anti-Fas 7C11. Proteins were then precipitated using the indicated
monoclonal antibody, separated on a 12% sodium dodecyl sulfate–
polyacrylamide gel, transferred to nitrocellulose, and exposed for
autoradiography. Individual monoclonal antibodies are described in
Materials and Methods. The time (in hours) is shown at the top of each
lane. The relative migration of molecular size markers (in kd) is shown
on the left. Bands corresponding to individual phosphoproteins
(serine/arginine splicing factors, or pp) are shown on the right. Lanes
are numbered at the bottom.
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cipitation experiments in which lysates prepared from
Jurkat cells treated with mercury chloride were probed
with 17C12 (Figure 2, lanes 13–16). This probably
resulted from the inability of 17C12 to bind fibrillarin,
which is rapidly modified in the presence of mercury,
thus altering its immunogenicity (11). To determine
whether SR proteins were phosphorylated in response to
mercury treatment, the identical experiment was per-
formed using anti-SC35 (Figure 2, lanes 17–20) and
anti-U1A/U2B0 (9A9; results not shown). No phosphor-
ylation was identified in either case, and no phospho-
proteins could be observed at the 6-hour time point
(Figure 2, lane 20). In fact, markedly less protein was
immunoprecipitated when cells were instead labeled
with 35S-methionine/cysteine, a result that was con-
firmed by staining the nitrocellulose filters with ponceau
S (results not shown). This suggests that mercury treat-
ment of Jurkat cells may also disrupt the ability of 9A9
and anti-SC35 to directly recognize the U1 snRNP and
SR proteins, respectively.

In vivo phosphorylation of snoRNP components
is inhibited in UV-irradiated Jurkat cells overexpress-
ing Bcl-2. We next asked whether the association of
these phosphorylated snoRNP components could be
inhibited by overexpression of the Bcl-2 protein, which
has been shown to efficiently block apoptosis induced by
multiple apoptotic stimuli, including gamma and UV
irradiation (18,27–30). As shown in Figure 3A, Jurkat T

cells stably transformed with either Bcl-2 (lanes 5–8) or
empty vector (lanes 1–4) were labeled with 32P-
orthophosphate and subjected to UV irradiation. Cells
were solubilized at the indicated times, and lysates were
precipitated using the antifibrillarin monoclonal anti-
body 17C12. While precipitation of phosphorylated
pp42, pp34, and pp23 was rapidly induced in Jurkat
(neo) control cells in response to UV irradiation (Figure
3A, lanes 1–4), the intensity of the bands corresponding
to the 3 phosphoproteins was unchanged in Jurkat
(Bcl-2) transformants treated with this same stimulus
(Figure 3A, lanes 5–8). Ectopic expression of Bcl-2
effectively inhibited apoptosis in response to UV irradi-
ation, as judged by the induction of DNA fragmentation
(Figure 3B). Taken together, these findings demonstrate
that Bcl-2 effectively inhibits the association of this
phosphoprotein complex with snoRNPs in response to
UV irradiation.

Phosphotryptic peptide maps comparing pp42
and the SR splicing factor SRp40 are identical. We
recently demonstrated that the U1 snRNP associates
with SR proteins by employing a combination of immu-
noprecipitation and 2-dimensional phosphopeptide ana-
lysis to identify proteins in the complex (12,18). We used
an identical approach to determine whether pp42, pp34,
and pp23 (coprecipitated with 17C12) might also be SR
proteins. Other higher molecular weight proteins could
not be efficiently separated by SDS-PAGE to allow for
clean excision for trypsin digests, preventing further
analysis of these bands. Jurkat cells metabolically la-
beled with 32P-orthophosphate were cultured for 3 hours
in the presence of a monoclonal antibody reactive with
Fas (anti-7C11), solubilized in NP40 lysis buffer, and
immunoprecipitated using 17C12 or anti-SC35 (a mono-
clonal antibody specific for the phosphorylated form of
the SR protein SC35). Labeled proteins were separated
by SDS-PAGE and transferred to nitrocellulose.

Figure 4A demonstrates that 17C12 and anti-
SC35 coprecipitated similar, although slightly different
(an extra band was present in the 17C12 immunopre-
cipitate that migrated between pp34 and the pp42
doublet), phosphoprotein complexes from lysates pre-
pared from apoptotic Jurkat cells. To confirm that the
respective proteins precipitated with each antibody were
identical, bands corresponding to pp42, pp34, and pp23
(from immunoprecipitates prepared independently us-
ing anti-SC35 and 17C12 [Figure 4A, lanes 1 and 2])
were localized by autoradiography, excised, and sub-
jected to 2-dimensional phosphotryptic mapping (22).
As shown for 1 of the bands (pp42), the phosphotryptic
maps were identical, and were composed of 14 major

Figure 2. Association of a phosphoprotein complex with small nucle-
olar RNPs following several different apoptotic stimuli. Jurkat cells
were labeled with 32P-orthophosphate, treated with the indicated
stimulus, and solubilized using Nonidet P40 lysis buffer at the times
shown. Proteins were then precipitated with antifibrillarin 17C12,
separated on a 12% sodium dodecyl sulfate–polyacrylamide gel,
transferred to nitrocellulose, and exposed for autoradiography. The
stressful stimulus is shown above each panel. The time (in hours)
following each stimulus is shown above each lane. The relative
migration of molecular size markers (in kd) is shown on the left. Bands
corresponding to phosphoproteins (pp) are shown on the right. Lanes
are numbered at the bottom. UV 5 ultraviolet.
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phosphopeptides (Figure 4B). Similar results were re-
producibly obtained when we compared phosphopeptide
maps corresponding to pp34 and pp23 (data not shown).
Moreover, maps comparing labeled, biochemically puri-
fied SR proteins (31) with the maps shown in Figure 4B
were identical, definitively identifying pp42 and pp23 as
the SR proteins SRp40 and SRp20, respectively. Taken
together, these findings demonstrate that snoRNPs con-
taining fibrillarin, a scleroderma autoantigen, associate
with SR splicing factors during apoptosis.

DISCUSSION

Since the initial demonstration by Casciola-
Rosen and colleagues that SLE autoantigens are clus-
tered in cell surface apoptotic blebs following UV
irradiation (32), there has been great interest in eluci-
dating the role played by apoptosis and other forms of
cell death in the pathogenesis of systemic autoimmune
diseases. In addition to relocalization of autoantigens to
apoptotic blebs, there is now ample evidence that mod-

Figure 3. Inhibition of in vivo phosphorylation of small nucleolar RNP components in UV-irradiated Jurkat cells overexpressing Bcl-2. A, Jurkat
(neo) control transformants (lanes 1–4) or Jurkat (bcl-2) transformants (lanes 5–8) were labeled with 32P-orthophosphate, subjected to UV
irradiation, solubilized in Nonidet P40 lysis buffer, precipitated using antifibrillarin 17C12, separated on a 12% sodium dodecyl sulfate–
polyacrylamide gel, transferred to nitrocellulose, and exposed for autoradiography. The relative migration of molecular size markers (in kd) is shown
on the left. Bands corresponding to pp42, pp34, and pp23 are shown on the right. The time (in hours) from initial exposure to UV irradiation is shown
at the top of each lane. Lanes are numbered at the bottom. B, Jurkat (neo) control transformants (lanes 1–4) or Jurkat (bcl-2) transformants (lanes
6–9) were treated as in A and processed for DNA ladders as described in Materials and Methods. DNA was separated on an 0.8% agarose gel and
visualized by UV light following ethidium bromide staining. Size standards are shown in lane 10. Lane 5 was not loaded. The relative migration of
molecular size markers (in kb) is shown on the right. The time (in hours) from initial exposure to UV irradiation is shown at the top of each lane.
Lanes are numbered at the bottom. See Figure 2 for definitions.
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ifications of autoantigens during apoptosis may also be
involved in the genesis of autoantibodies in several
diseases, including SLE and dermatomyositis (1,2). For
example, many autoantigens are cleaved in vivo and in
vitro by a family of proteases (caspases) at sites contain-
ing an aspartic acid residue at the P1 position (33,34).
Another protease, the cytotoxic granule protein gran-
zyme B, has recently been shown by Andrade et al (35)
and Casciola-Rosen et al (36) to uniquely cleave most
autoantigens at sites that are not recognized by caspases.
Other modifications of autoantigens, such as DNA
cleavage (37), DNA methylation (38), RNA cleavage
(7–9), protein transglutamination (39), citrullination
(40), and ubiquitination (41), have also been associated
with cell death. This largely observational body of evi-
dence is now supported by in vivo immunization studies

in which mice immunized with syngeneic (42) or human
(43) apoptotic cells develop antibodies that recognize
autoantigens, including Ku, U snRNPs, and ribosomes.

Unlike the situation with SLE, there exists only
circumstantial evidence that apoptosis may contribute to
the immunogenicity of autoantigens in scleroderma.
Several autoantigens commonly targeted in scleroderma
are cleaved by caspases during apoptosis, including
DNA-dependent protein kinase, heterogeneous nuclear
RNP C1 (hnRNP C1), hnRNP C2, and UBF NOR-90
(4,6,44). Topoisomerase I (Scl-70), antibodies to which
are a principal diagnostic test for scleroderma, is also
cleaved during apoptosis (6). Interestingly, topoisomer-
ase I has recently been shown to possess a kinase
activity, distinct from its DNA unwinding activity, that is
capable of phosphorylating SR proteins such as those

Figure 4. Equivalence of phosphopeptide maps comparing pp42 and SRp40. A, Jurkat cells were labeled with 32P-orthophosphate and lysed 3 hours
after the addition of anti-Fas 7C11. Proteins were then precipitated using the indicated monoclonal antibody, separated on a 12% sodium dodecyl
sulfate–polyacrylamide gel, transferred to nitrocellulose, and exposed for autoradiography. The relative migration of pp42 is shown on the left. The
relative migration of molecular size markers (in kd) is shown on the right. B, Two-dimensional phosphotryptic map of pp42. The 42-kd bands from
the anti-SC35 immunoprecipitate (lane 1 in A) and the 17C12 immunoprecipitate (lane 2 in A) were excised and digested with trypsin.
Phosphopeptides were separated electrophoretically at pH 1.9 in the first dimension, and by thin-layer chromatography in the second dimension,
prior to autoradiographic exposure. Peptides are numbered from 1 to 14. Direction of separation is shown by arrows. C 5 chromatography; E 5
electrophoresis; O 5 origin (see Figure 2 for other definitions).
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that coimmunoprecipitate with snoRNPs (45). Experi-
ments are in progress to test whether the native or
cleaved forms of this scleroderma autoantigen may be
involved in the kinase cascade that leads to SR protein
phosphorylation during apoptosis.

In addition to apoptosis, other forms of nonapo-
ptotic cell death have been associated with autoimmune
disease, particularly scleroderma. For example, Casiano
and colleagues have recently demonstrated that many
autoantigens are cleaved following necrotic stimuli such
as thermal injury (46). A second example is that of
mercury-induced cell death, which is morphologically
and biochemically distinct from apoptosis. Mice exposed
to mercury chloride develop antinucleolar autoanti-
bodies that specifically recognize an epitope on the
protein fibrillarin that is indistinguishable from that
recognized by human scleroderma autoimmune sera
(11,16,17). The immune response is genetically re-
stricted to the H2A region of the major histocompati-
bility complex (MHC) of H-2S mice (47). Mercury has
been shown to localize to the nucleoli of treated cells
(10), to modify fibrillarin in a reaction that requires the
presence of Cys105 and Cys274 (11), and to decrease the
affinity of autoantibodies for fibrillarin when analyzed
by immunoprecipitation (11). This observation suggests
the reason we were unable to demonstrate coimmuno-
precipitation of SR proteins with antifibrillarin anti-
bodies following exposure of cells to mercury—the
antibodies are no longer capable of recognizing and
immunoprecipitating fibrillarin. However, this observa-
tion does not address the conceptual issue of why these
antibodies fail to recognize antigen that has been mod-
ified by the same toxin.

Several mechanisms have been proposed to ex-
plain how mercury exposure breaks tolerance. For ex-
ample, there may be direct activation of autoreactive T
cells by binding of metal to the MHC and/or peptide.
Alternatively, stable interaction of metal with self pro-
teins, which then undergo selective or novel proteolysis
by antigen-presenting cells, may also play a critical role
(for review, see refs. 1 and 11).

SR proteins are highly conserved RNA binding
proteins that contain an SR-rich motif, usually in the
carboxyl terminus, that can be reversibly phosphorylated
by several different kinases (see below) (48). Members
of the SR protein family play important roles in both
constitutive and alternative messenger RNA (mRNA)
splicing, and their function is regulated by reversible
phosphorylation of their SR domains. SR proteins inter-
act with other SR domain–containing proteins such as
the U1–70 kd factor (49), an important constituent of

the U1 snRNP. U1–70 kd is a major autoantigen in SLE
and MCTD (14). SR proteins such as SC35 localize
principally to nuclear speckles, although they also shut-
tle between the nucleus and cytoplasm (50–54).

Our findings suggest that SR proteins may also
reside in the nucleolus, where they may interact with
snoRNPs containing fibrillarin. Alternatively, it is also
possible that snoRNPs relocalize to another cellular
compartment during apoptosis (e.g., within the nucleus
or within apoptotic blebs), where they then associate
with SR proteins, as has been observed for U1–70 kd
and SC35 (ref. 33 and Overzet et al: unpublished
observations). Fibrillarin is a constituent of many
snoRNPs, including the U3 snoRNP, which mediates the
rate-limiting step in the biogenesis of rRNA (55). We
speculate that SR proteins may function in the nucleolus
to regulate various steps in rRNA splicing, in a manner
analogous to the regulation of mRNA splicing by the
interaction of SR proteins and the U1 snRNP. It is not
known which snoRNPs specifically associate with SR
proteins during apoptosis, and experiments to address
this issue are ongoing.

Human autoimmune sera have been exceedingly
useful probes in identifying molecules that are cleaved
during apoptosis (4,6). We have used a similar approach
to uncover apoptosis signaling pathways by identifying
proteins, including SR splicing factors, that are phos-
phorylated in response to apoptotic stimuli. The ki-
nase(s) responsible for initiating this signaling cascade is
currently unknown. In addition to topoisomerase I (45),
2 other prominent families of kinases with the ability to
phosphorylate SR proteins have been identified. SR
protein kinases (SRPKs) are highly conserved kinases
with homologs in mice (56) and yeast (57,58). Both
human kinases (SRPK1 and SRPK2) can regulate splic-
ing of mRNA as well as relocalization of splicing factors
such as ASF/SF2 and SC35 (59–62). The second kinase
family, clk/sty kinases, is also highly conserved from
yeast to humans and consists of 3 human and 4 mouse
isoforms (63–68). Unlike SRPKs, clk/sty kinases them-
selves contain an SR domain and can be regulated by
phosphorylation (69). It is currently not known whether
one of these kinases or an as-yet-unidentified kinase is
responsible for the phosphorylation of SR proteins
during apoptosis. Future experiments will be aimed at
unraveling this novel signal transduction pathway, iden-
tifying which snoRNPs associate with SR proteins in vivo
and in vitro, and determining the role played by SR
proteins in breaking tolerance to autoantigens such as
fibrillarin.
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