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ABSTRACT The 60-kDa Ro ribonucleoprotein is an impor-
tant target of humoral autoimmune responses. However, the
ultrastructural locations of the 60-kDa Ro protein and its asso-
ciated small cytoplasmic RNAs (Y RNAs) have not been previously
determined, and the functions of the Ro protein and RNAs are not
known. In this study, the cellular locations of the 60-kDa Ro
protein and the Ro Y1 and Y4 RNAs are determined by immu-
noelectron microscopy and in situ hybridization electron micros-
copy, respectively. Both Ro protein and Y RNAs are concentrated
in discrete areas of the nucleoplasm, nucleolus, and cytoplasm of
cultured cells and human skin sections. The 60-kDa Ro protein
and Y RNAs are also present diffusely in the cytoplasm, where
they occur in ribosome-rich regions, and in the nucleus. The
presence of Ro ribonucleoprotein components in nucleoli and in
ribosome-rich cytoplasmic areas suggests a potential for the
involvement of Y RNAs and/or 60-kDa Ro protein in ribosome
synthesis, assembly, or transport. Double labeling experiments
show that Ro protein and Y RNAs colocalize in the nucleoplasm,
nucleolus, and cytoplasm. In addition, aggregates of Y RNA occur
unassociated with 60-kDa Ro protein, and aggregates of 60-kDa
Ro protein occur unassociated with Y RNA. Aggregates of both Ro
protein and Y RNAs label previously unreported nuclear and
cytoplasmic electron-dense bodies. We propose that these distinc-
tive Ro-associated electron-dense bodies may represent struc-
ture(s) important for cellular transport and/or Ro function.

Ro ribonucleoproteins (RNP) were first identified as targets of
humoral autoimmune responses in patients with systemic lupus
erythematosus and Sjogren syndrome. Antibodies to 60-kDa
Ro have been linked to specific subsets of lupus, including
“ANA-negative” systemic lupus erythematosus, subacute cu-
taneous lupus erythematosus, homozygous C, deficiency with
systemic lupus erythematosus, and neonatal lupus (1). In all of
these subsets, photosensitive skin disease is a prominent
finding, whereas internal organs are often minimally affected.
It appears that the autoantibodies may play a causative role,
since women who have anti-Ro may have babies with transient
subacute cutaneous lupus skin lesions (2).

The Ro RNP family includes the 60-kDa Ro protein, which is
associated with one of four human cytoplasmic RNAs (hY
RNAs). Four distinct small cytoplasmic RNAs (Y RNAs) are
immunoprecipitated from nucleated human cells with antibodies
to 60-kDa Ro (hY1, hY3, hY4, and hY5); they range from 85 to
112 nucleotides in length and are products of RNA polymerase
III transcription (3-6). Western blot analysis and DNA sequenc-
ing reveal a high conservation of the 60-kDa Ro protein among
vertebrates, with a 78% identity between the human and Xenopus
proteins (7, 8). Like the 60-kDa Ro protein, the 60-kDa Ro-
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associated Y RNAs are conserved among vertebrates by immu-
noprecipitation and by sequence, although the number of Y
RNAs present is not conserved (3, 6, 8-14).

That the Ro RNP is highly conserved and is, in addition,
present in every cell type tested suggests that it plays an important
role in cellular metabolism. That role, however, remains un-
known. Efforts to characterize the location of the Ro RNPs in
cells have included numerous immunofluorescence studies that
variably localized the 60-kDa Ro protein to the nucleus (15-17),
the cytoplasm (6, 18), or both (7, 19). Biochemical fractionation
studies have suggested that the majority of Ro protein and Y
RNAs reside in the cytoplasm of cells (5, 8, 20). Although one
such study found an exclusively cytoplasmic location for the Y
RNAs and the Ro RNP, a substantial amount of Y RNA-free Ro
protein was detected in the nucleus (21). More recent studies
include different approaches to determine the subcellular local-
ization of the Ro RNP components. Microinjection of 60-kDa Ro
into the cytoplasm of Xenopus oocytes resulted in redistribution
of the antigen to both the nucleus and the cytoplasm, whereas
microinjection of hY1 RNA into oocyte nuclei resulted in redis-
tribution to the cytoplasm (22). Overexpression of recombinant
60-kDa Ro cDNA in transfected HEp-2 cells resulted in a nuclear
speckled immunofluorescence pattern with prominently stained
nucleoli and weak cytoplasmic staining when reacted with anti-
60-kDa Ro-specific antisera (23). A study of the subcellular
localization of hY RNAs at the optical level by in situ hybridiza-
tion to hY RNA-specific oligonucleotides resulted in the detec-
tion of all four hY RNAs in the cytoplasmic compartment, as well
as detection of the hY1, hY3, and hY5 RNAs in the nuclear
compartment, with concentrated staining in small areas near the
periphery of nucleoli (24).

A speckled or particulate immunofluorescent staining pattern
has been observed in studies detecting 60-kDa Ro both in the
nucleus (referenced above) and cytoplasm (25) of cells, suggesting
that the protein could be concentrated in small areas of the cell.

In this study, the subcellular localization of components of the
Ro RNP has been examined by in situ hybridization electron
microscopy and immune electron microscopy in an effort to
identify unique ultrastructural features that may provide clues to
the function of the Ro complex and/or its components. Both Y
RNA and Ro protein are concentrated in small, discrete areas of
the human cell cytoplasm, nucleoplasm, and nucleolus, in frequent
association with novel subcellular particles we term “Ro-
associated electron-dense bodies.” These sites of Y RNA and Ro
protein do colocalize in some but not all instances, suggesting that
separate pools of Y RNA and Ro protein exist in cells, in addition
to RNP particles containing Y RNA and Ro protein. The presence
of Ro-associated electron-dense bodies in multiple cellular com-
partments, as well as at the nuclear membrane, suggest a possible
role for the dense bodies in cellular transport. Although Y RNAs
and Ro protein were not observed in coiled bodies, one site of
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spliceosome component accumulation, they were found, in human
skin, to label interchromatin granules, another site at which
spliceosomal components concentrate. The detection of Ro RNP
components in nucleoli and ribosome-rich cytoplasmic regions
suggests a potential for the involvement of Y RNAs and/or Ro
protein in ribosome synthesis, assembly, or transport.

METHODS

Cells and Specimen Preparation. HeLa and HEp-2 cells
were cultured as monolayers in 5-cm plastic dishes. Before
confluence, cell cultures were fixed in either 4% formaldehyde
(Merck) or 1.6% glutaraldehyde (Taab Lab Equipment, Read-
ing, U.K.) in 0.1 M Sorenson phosphate buffer (pH 7.3) for 1 h
at 4°C. During the fixation, cells were detached from the plastic
substrate and centrifuged. The pellets were washed for 2 h in
the phosphate buffer, dehydrated in increasing concentrations
of methanol, and embedded in Lowicryl K4M (26). Normal
human neonatal keratinocytes obtained from circumecision
were cultured in serum-free medium (27) and used at the
second or third passage at ~85% confluence. Keratinocytes
were processed as above, except fixation was in either 1.6% or
0.8% glutaraldehyde. Normal human neonatal skin was col-
lected immediately following circumcision and fixed in 1.6%
glutaraldehyde or 4% formaldehyde as above. Polymerization
of HeLa, HEp-2, and keratinocyte-embedded cells, as well as
human skin, was carried out under long wavelength UV light
(Philips fluorescence tubes TL 6W) for 5 days at —20°C and for
1 day at room temperature. Ultrathin sections were mounted
on carbon-Formvar-coated gold grids (200 mesh).

Biotinylated Probes. The biotinylated probes used to detect
Y RNAs were generated by nick-translation of pUCI18 plas-
mids containing full-length Y cDNAs. Two micrograms of
whole plasmid DNA was nick translated, incorporating biotin-
11-dUTP (Sigma), with the GIBCO/BRL nick-translation
system according to the manufacturer’s instructions. Reactions
were stopped by the addition of EDTA (pH 8.0) to a final
concentration of 15 mM. Biotinylated DNA was recovered by
ammonium acetate/ethanol precipitation in the presence 20
ug of carrier Escherichia coli genomic DNA. Three percent of
the recovered DNA was electrophoresed in a 5% denaturing
polyacrylamide gel, then electroblotted to nylon membrane.
Biotinylated probe was detected with an avidin-alkaline phos-
phatase conjugate (Sigma), followed by development with
nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phos-
phate as described (28). Labeled fragments ranged from 100
to 1,000 nucleotides in size. The probes were redissolved and
ethanol-precipitated twice more prior to resuspension in dis-
tilled water to a final concentration of about 60 pg/ml
biotinylated DNA. Storage was at —20°C.

In Situ Hybridization. Hybridization solutions contained 10
pg/ml either individual biotinylated probe or a mixture of all
biotinylated probes, 50% deionized formamide, 10% dextran
sulfate, 2X SSC (1x SSC = 0.15 M NaCl/0.015 M sodium
citrate, pH 7), and 400 pg/ml E. coli DNA. Probes were
denatured just prior to use by heating at 100°C for 4 min.

Grids bearing sections were floated for 3 h at 37°C on 2-ul
drops of denatured hybridization solutions, rinsed over three
drops (10 ul each) of PBS, and floated for 30 min over 5-ul drops
of goat antibiotin immunoglobulins conjugated to gold particles,
10 nm in diameter (Biocell Research Laboratories, Cardiff,
Wales), diluted 1:25 in PBS. After washing over three drops of
PBS and a jet of distilled water, grids were stained for 10 min with
5% aqueous uranyl acetate. Some grids were placed in contact
with the hybridization solutions following enzymatic treatments
performed at 37°C and then processed for the detection of
hybrids as described above. A 0.2 mg/ml protease pretreatment
of sections (bacterial protease type VI; Sigma) for 15 min was
performed to determine whether the accessibility of the probe to
the target was affected by the presence of protein. An RNase
pretreatment of sections [1 mg/ml RNase A (BDH) in 10 mM
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Tris'HCI buffer, pH 7.3] for 1 h was performed to evaluate the
specificity of the hybridization signal.

A number of control experiments included the use of
biotinylated human DNA probes specific for ribosomal RNA
(provided by J. P. Bachellerie, Laboratoire de Biologie Mo-
léculaire Eukaryote, Toulouse, France) and U1 and U2 small
nuclear RNAs [provided by J. P. Bachellerie, J. E. Dahlberg
(University of Wisconsin, Madison), and T. Pederson
(Worcester Foundation for Experimental Biology, Shrews-
bury, MA)], as well as a biotinylated poly(dT) probe (labeled
by us) consisting of a synthetic polynucleotide with an average
length of 171 nt (Pharmacia).

Anti-Ro Antibodies. Antiserum C is a patient antiserum positive
for anti-Ro and anti-nRNP that has been affinity-purified for
anti-Ro. This antiserum is one of a group of anti-Ro/anti-nRNP
positive sera that recognizes 60-kDa Ro well in Western blot (29).
For affinity purification, 10 mg of purified bovine Ro protein (30,
31) was coupled to 1 ml of preactivated Sepharose 4B (Sigma).
After passing antiserum C over the column, the unretained
fraction was reserved, whereas the retained fraction was eluted
with 3 M sodium thiocyanate. The unretained fraction was con-
centrated, reapplied to the column, and eluted twice more. The
resulting affinity-purified antiserum C was negative for anti-nRNP
by RNA immunoprecipitation, Western blot, and ELISA; it was
positive for anti-60-kDa Ro by RNA immunoprecipitation and
Western blot analysis. Although whole serum recognized 52-kDa
Ro on Western blot analysis, this recognition was undetectable
following affinity purification. All experiments with antiserum C
were performed with the affinity-purified material.

Antiserum A is a patient antiserum monospecific for 60-kDa
Ro by ELISA, immunoblotting, RNA immunoprecipitation,
and immunodiffusion. This serum is also negative for anti-52-
kDa Ro by immunoblotting and ELISA.

Immunocytology. Grids bearing sections were floated on
5-pl drops of antibody C or A, diluted 1:50 and 1:10 in PBS,
respectively, for 1 h at room temperature. After rapid washing
on drops of PBS, grids were floated for 30 min over 5-ul drops
of goat anti-human IgG conjugated to gold particles, 10 nm in
diameter (Amersham), diluted 1:50 in PBS. After washing in
a jet of distilled water, grids were stained for 10 min with 5%
aqueous uranyl acetate. Unless otherwise indicated, sections
were pretreated for 20 min at room temperature with normal
rabbit serum (1:10 in PBS) and 5% BSA mixed 1:1 (vol/vol).

To demonstrate the specificity of labeling with antisera C and
A, control experiments were performed by floating the grids for
1 h at room temperature over 5-ul drops of a mixture of purified
bovine Ro protein and C or A antibody (1.6 ug of Ro protein plus
5 pl of 1:50 C antibody). These blocking conditions were first
established in immunofluorescence studies. In addition, some
grids were placed in contact with the immune sera following a
protease pretreatment of sections performed as described above.
A number of control experiments were undertaken, including the
use of rabbit serum R288 directed against p80-coilin (provided by
E. K. L. Chan and E. M. Tan, The Scripps Research Institute, La
Jolla, CA) followed by anti-rabbit IgG conjugated to gold parti-
cles, 10 nm in diameter (Biocell Laboratories), and either anti-
B36 mAb directed against fibrillarin (provided by M. E. Chris-
tensen, Georgetown College, Georgetown, KY) or anti-Sm Y12
mAD (provided by J. A. Steitz, Howard Hughes Medical Institute,
New Haven, CT), each followed by anti-mouse antibody conju-
gated to gold particles, 10 nm in diameter (Biocell Laboratories).

Colocalization of hY RNA and Ro Protein. Grids bearing
sections were first hybridized to a cocktail of hY probes (1, 3,
4, and 5) for 1 h at 37°C as described above. Following washing
in PBS, the grids were then incubated in the presence of
antiserum C (1:50 in PBS) for 1 h at room temperature as
described above. Following washing in PBS, the grids were
incubated in a mixture of rabbit anti-biotin antibody (Enzo
Biochem) and anti-human IgG conjugated to gold particles, 10
nm in diameter (Amersham), for 30 min. The grids were once
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again washed in PBS, then incubated in anti-rabbit IgG
conjugated to gold particles, 5 nm in diameter (Biocell Lab-
oratories), for 30 min. Following washing in PBS, the grids
were stained with uranyl acetate as described above.

Electron Microscopy. Grids were observed in a Philips 400
electron microscope at 80 kV at magnifications between
X6,000 and X22,000. Micrographs of glutaraldehyde-fixed
cells originating from grids processed in parallel were used for
quantitative evaluations of gold particle density following
either in situ hybridization with biotinylated probes or immu-
nogold labeling with anti-Ro antibodies. The areas of the
various cell regions were measured using a Hewlett—Packard
9845B desktop computer interfaced with a 9111A graphic
tablet. The number of gold particles within the measured areas
was manually counted, and the density of labeling (number of
gold particles per square micrometer) was calculated.

RESULTS

Detection of Ro RNAs in Cultured Cells. In situ hybridization
was performed using a cocktail of biotinylated DNA probes for
all four hY RNAs, and gold labeling was used to localize the
binding of the probes. In cultured cells, gold labeling consisted of
clusters of 8—80 gold particles present over the nucleus (Fig. 1) or
cytoplasm, whereas a few individual gold particles were found
scattered over the cells. In the nucleus, clusters were present
mainly over the nucleoplasm, often adjacent to clusters of inter-
chromatin granules. A few clusters were observed at the nuclear
border, sometimes in association with masses of perinuclear
condensed chromatin, and clusters were occasionally seen over
the nucleolus. Labeling was excluded from the coiled bodies, the
nuclear bodies, the clusters of interchromatin granules, and their
associated zones (32-34). In the cytoplasm, clusters were ob-
served over the ribosome-rich regions at variable distances from
the nucleus and the plasma membrane. Other cytoplasmic or-
ganelles including mitochondria and the Golgi apparatus were
entirely devoid of labeling. The distribution of the labeling and the
frequency and size of the clusters of gold particles were unaf-
fected by protease pretreatment of thin sections. RNase digestion
of thin sections prior to hybridization, however, resulted in a total
absence of labeling. Results were similar in all cell types.

F1G. 1. Intranuclear localization of Ro RNA in a cultured kerati-
nocyte by in situ hybridization with hY1 + hY3 + hY4 + hYS5 probe
mixture. A cluster of gold particles (10 nm) is present within the
nucleoplasm. Glutaraldehyde fixation was 1.6%. Image produced by
uranyl acetate staining. (Bar = 0.5 um.)
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Hybridization was also performed with individual hY RNA
probes. The results using the h'Y1 and h'Y4 probes were similar to
those using the cocktail of all four probes, although labeling with
the h'Y4 probe was rarer than with either the hY1 or hY1 + hY3
+ hY4 + hYS5 probes. Hybridization with the hY3 probe was
much less efficient yet still had the aspect of clusters. Hybridiza-
tion with the hY5 probe was unsuccessful, possibly the result of
unstable hybrid formation due to the short length of the com-
plementary region of this probe. Therefore, the probes for the
hY1 and hY4 RNAs are primarily responsible for the signals
observed with the hY1 + hY3 + hY4 + hYS5 probe cocktail.

Successful hybridizations with biotinylated probes to other
cellular RNAs, including rRNAs, U RNAs, and poly(A)™*
RNAs, never gave labelings similar to the Y RNA probes, even
when the experiments were performed in parallel.

Distribution of Ro Protein in Cultured Cells. Affinity-
purified anti-Ro antibodies (antiserum C) were used to local-
ize the Ro protein. Clusters of gold particles were observed in
the nucleoplasm, in the cytoplasm, and occasionally at the
nuclear border and in the nucleolus. Often, clustered labeling
was present over small electron-dense bodies in the nucleo-
plasm, in the nucleolus, at the nuclear border (Fig. 24), and in
the cytoplasm (Fig. 2B) of all cell types tested. These labeled
dense structures were round or ovoid in shape, typically
130-240 nm in diameter. Labeled electron-dense bodies were
most easily and frequently observed in cultured keratinocytes.

In addition to clustered labeling, gold particles were also seen
scattered over the cells. In the nucleus, scattered labeling was
observed over the nucleoplasm and not over the clusters of
interchromatin granules or their associated masses. In the cyto-
plasm, labeling was observed over the ribosome-rich areas, and
mitochondria were devoid of labeling. Quantitative estimations
performed on glutaraldehyde-fixed cells revealed that in most of
the cells cytoplasmic labeling (6 = 2 gold particles per um?) was
more intense than nuclear labeling (3 = 1 gold particles per um?).

Results obtained following the use of antiserum A were
generally similar to those of antiserum C, with both clustered and
diffuse labeling observed. However, labeling was generally

A
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FiG. 2. Localization of Ro protein in cultured keratinocytes by
immunogold labeling with antiserum C. Gold particles (10 nm) accumu-
late over electron-opaque bodies (arrows) at the nuclear border (4) and
in the cytoplasm (B). ¢, Cytoplasm. Glutaraldehyde fixation was 1.6%.
Image produced by uranyl acetate staining. (Bars = 0.5 pum.)
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F1G. 3. Colocalization of hY RNA and Ro protein. Gold particles,
5 nm in diameter, label the hY RNA, whereas the 10-nm gold particles
label the Ro protein. Formaldehyde fixation was 4%. Image produced
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weaker with antiserum A, and no preferential labeling of nuclear
borders or nucleoli was observed. Since clustered labeling of these
latter sites was infrequent with antiserum C, and since fewer total
clusters were observed with antiserum A, the lack of nucleolar
and nuclear border clusters with antiserum A could be due to
differences in antibody titer, affinity, or avidity.

Sections stained with secondary antibody conjugate alone
were entirely devoid of labeling. In addition, the gold labeling
of HeLa and HEp-2 cells was reduced to near zero by
preincubation of sera with purified Ro protein or by pretreat-
ment of thin sections with protease. Although a few isolated
gold particles were occasionally seen under these conditions,
clusters of gold particles were never found. Immunocytology
performed on control sections with antibodies to p80-coilin,
fibrillarin, and Sm antigens gave the expected labelings, which
did not resemble the observed Ro binding pattern.

Colocalization of hY RNA and Ro Protein in HeLa Cells.
Double labeling of sections for hY RNA and Ro protein was
accomplished by first hybridizing a cocktail of probes for h'Y1
+ hY3 + hY4 + hY5 RNAs with sections of HeLa cells, then
subsequently incubating the sections with antiserum C. Bind-
ing was revealed by immunocytology, with Y RNA hybrids
being labeled with 5-nm gold particles and Ro protein with
10-nm gold particles. Control experiments conducted by la-
beling sections with secondary antibody and antibody/gold
conjugates alone resulted in an absence of labeling.

Clusters of gold particles, either 5 nm only (RNA clusters,
Fig. 34) or 10 nm only (protein clusters, Fig. 3B), were present
in the nucleus and in the cytoplasm. Clusters of 5-nm and
10-nm gold particles showing the same localization (RNA-
protein clusters, Fig. 3 C and D) were also observed in the
nucleoplasm, at the nuclear border, in the nucleolus, and in the
cytoplasm. Some RNA-protein clusters consisted of primarily
either 5-nm or 10-nm gold particles, whereas others contained
about the same proportion of the two sizes of gold particles.
The former observation suggested that antigenic sites of the
Ro protein could be hidden by the already bound probes.
Therefore, sections were incubated with antiserum C prior to
the hybridization step. This protocol did not significantly
modify the labeling. Thus, it would appear that probe hybrid-
ization to Y RNAs did not shield Ro protein epitopes. Clusters,
both mixed and those composed of only 10-nm gold particles,
were often over electron-dense bodies in both the cytoplasm
and the nucleus. In addition to clustered labeling, isolated gold
particles 10 nm in diameter and, to a lesser extent, 5 nm in
diameter were randomly scattered throughout the cells.

Ro Y RNA and Protein Localization in Human Skin. To
assess whether the Ro RNA and protein localization patterns
observed in cultured cells were also present in normal, uncul-
tured cells, in situ hybridization and immunocytology were
performed on sections of fixed and embedded fresh human
skin. Upon in situ hybridization with probes for the hY1 + hY3
+ hY4 + hY5 RNAs, clusters of 5-35 gold particles were seen
in the nucleoplasm, the cytoplasm, at the nuclear border, and
occasionally in the nucleolus, where clusters were observed
near the nucleolar periphery (Fig. 4). Scattered individual or
groups of 2 or 3 gold particles were seen throughout the cells,
including the intranuclear clusters of interchromatin granules.

by uranyl acetate staining. (4) Part of a nucleus of a HeLa cell. A
cluster of 5-nm gold particles only (arrow) is observed within the
nucleoplasm. Individual 5-nm and 10-nm gold particles are present. nu,
nucleolus. (B) Part of a nucleus of a HEp-2 cell. A cluster of 10-nm
gold particles only (arrow) labels an electron-opaque spot within the
nucleoplasm in which individual 10-nm gold particles are scattered. nu,
Nucleolus. (C) HEp-2 cell. A cluster of mixed 5-nm and 10-nm gold
particles (arrow) is present in the cytoplasm (c). (D) HEp-2 cell. A
cluster of mixed 5-nm and 10-nm gold particles (arrow) is present
within the nucleoplasm over an electron-opaque spot, which appears
as highly contrasted fibrils. ¢, Cytoplasm; n, nucleus. (Bars = 0.5 um.)
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FiG. 4. Intranuclear localization of Ro RNA in skin by in situ hybridization with hY1 + hY3 + hY4 + hYS5 probe mixture. A cluster of gold
particles (10 nm; arrow) is located at the periphery of the nucleolus (nu) in association with a portion of its fibrillar component, whereas individual
gold particles are scattered through the cell. Formaldehyde fixation was 4%. Image produced by uranyl acetate staining. (Bar = 0.5 um.)

Using affinity-purified antibody to identify Ro protein, clusters
of gold particles were once again seen in both the nucleus and
cytoplasm and at the nuclear border, on both the nucleoplasmic
and cytoplasmic faces of the nuclear membrane (Fig. 5). Scat-
tered individual gold particles were also seen in the nucleus and
cytoplasm of cells, at a frequency similar to that seen with in situ
hybridization of skin sections (9 = 2 and 10 = 2 gold particles per
wm? of nuclear and cytoplasmic compartments, respectively, of
glutaraldehyde-fixed cells). In contrast to cultured cells and
similarly to skin sections labeled with hY1 + hY3 + hY4 + hY5
probe cocktail, individual gold particles were present over the
clusters of interchromatin granules (Fig. 5). Results were similar
with antiserum A, although labeling was less frequent. In addi-
tion, labeling was blocked by preincubation of antibodies or
serum with purified Ro protein.

Clustered labeling observed in skin sections by both in situ
hybridization and immunoelectron microscopy was frequently
over electron-dense bodies similar in size and appearance to those
labeled in cultured cells. That dense bodies were readily labeled
by Y RNA probe cocktail in thin sections of skin is in contrast to
results from cultured cells, where detection of Y RNA containing
dense bodies with Y RNA probe cocktail was rare.

DISCUSSION

In situ hybridization electron microscopy and immunoelectron
microscopy has allowed detection of Ro RNP components at
high resolution using thin sections of Lowicryl-embedded cells.
Although this technique allows only those antigenic sites
exposed at the cut surface of the sections to be revealed (35),
excellent hybridization specificity as well as good structural
preservation is routinely obtained (32).

Human Y1 and Y4 RNAs detected by in situ hybridization in
three different cell lines and in human skin are found concentrated
in discrete areas within the cytoplasm and the nucleus. Within the
nucleus, Y RNAs are clustered in the nucleolus and in the
nucleoplasm but are not associated with known nuclear structures
such as coiled bodies, nuclear bodies, interchromatin granules, or
their associated zones. In skin, however, individual gold particles
are scattered over the interchromatin granules. This indicates that
at least in some cases clusters of interchromatin granules may
contain significant amounts of Y RNAs. Since the clusters of
interchromatin granules are known to contain small nuclear RNAs
(32), poly(A)" RNAs (33), and ribosomal RNAs (36), in addition
to spliceosomal components, the occasional detection of Y RNAs
in these structures suggests that interchromatin granules might be
storage or sorting sites for several RNA species. Although it is
possible that the apparent exclusion of Ro protein and Y RNAs
from interchromatin granules in cultured cells could have been due
to sampling error, the absence of labeling of interchromatin
granules in cultured cells more likely reflects a biological differ-
ence between cultured cells and normal tissue. In agreement with
a recent study of Y RNA cellular localization at the optical level
(24), Y RNAs localized in discrete areas within nucleoli near the
nucleolar periphery and also to perinucleolar sites. Some of these
sites may correspond to the perinucleolar compartment identified
at the optical level in that study.

Immunoelectron microscopy with anti-Ro-specific antisera,
which recognize determinants on the 60-kDa Ro protein, also
resulted in the detection of Ro protein in small, discrete areas
of the nucleus, including the nucleolus, and the cytoplasm. This
discrete binding, which was frequently associated with small,
electron-dense cellular bodies, occurred in addition to the

F1G. 5. Localization of Ro protein in skin by immunogold labeling with antiserum C. Isolated gold particles (10 nm) are scattered through the
cell, including the cluster of interchromatin granules (ig) but excluding the desmosomes (d). In addition, clusters of gold particles (10 nm) are present
within the nucleoplasm (1), at the nuclear border (2), and in the juxtanuclear cytoplasm (3) in association with electron-opaque bodies.
Formaldehyde fixation was 4%. Image produced by uranyl acetate staining. (Bar = 0.5 um.)
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presence of significant labeling that was scattered throughout
the cells. In skin, nonaggregated Ro protein was also localized
within the clusters of interchromatin granules, a nuclear
compartment in which spliceosome components accumulate.

The accuracy of Y RNA and 60-kDa Ro protein detection
was confirmed by colocalizing Y RNA and Ro protein upon
simultaneous in situ hybridization and immunoelectron mi-
croscopy. Interestingly, however, only subsets of the Y RNA
and Ro protein pools could be localized to the same sites in
cells, and this result cannot be explained by competitive
binding since the order of detection procedures for RNA or
protein did not significantly alter the results. These pools of
non-colocalized Y RNA or Ro protein, which may not be
components of Ro RNP complexes, were detected in both the
nucleus and the cytoplasm. This is in partial agreement with
others who have found pools of 60-kDa Ro protein not
associated with Y RNAs (21, 22) and, conversely, pools of Y
RNAs not associated with Ro protein (24) in the nucleus.

The presence of Ro protein in the nucleoplasm and Ro RNA
in the cytoplasm of cells is likely to be functionally significant since
these molecules must be relocated to these sites following their
syntheses. However, the functions of the Ro protein and its
associated Y RNAs have not been established. Since Ro protein
binds mutant 5S rRNA precursors from frog oocytes, it has been
suggested that uncomplexed nuclear Ro protein participates in
the degradation of these mutant RNAs (37). Our data are not
inconsistent with a transport model constructed from frog oocyte
microinjection data in which Ro protein is relocated to the
nucleus following translation, then, upon association with Y
RNA, is quickly transported back to the cytoplasm as a RNP
complex (22). If this model is correct, our data would further
suggest that (i) once present in the cytoplasm, Ro RNP complexes
can dissociate, and (i/) Ro RNPs assembled in the nucleoplasm
might also be transported to the nucleolus.

That Ro RNP components and Ro-associated dense bodies
localize to the nucleolus suggests a function for Ro in this
compartment, such as ribosome assembly or transport. Al-
though presumed Ro complexes are detected in the nucleolus
by colocalization, it is still unclear whether uncomplexed Ro
protein and RNA occur in this compartment, which could
indicate dissociation of the RNP complex at this site. The
answer to this question may be yes if perinucleolar compart-
ments containing uncomplexed Y RNAs are within the nu-
cleolus itself, as they appeared to be at the optical level (24).

Clustered labeling was often over electron-dense spots, which
we call Ro-associated dense bodies, in both the nucleus and the
cytoplasm, whether labeling detected Ro protein alone or colo-
calized Y RNA and Ro protein. Although we did not detect an
association of uncomplexed Y RNAs with dense bodies, further
study is needed to determine whether uncomplexed Y RNAs are
clearly not associated with these structures. Although the signif-
icance of the electron-dense bodies labeled in the current study
is uncertain, they could be Ro RNP-specific cellular structures,
analogous to the nuclear structures known to accumulate spli-
ceosome components (clusters of interchromatin granules, their
associated zones, and coiled bodies) (35, 38, 39). On the other
hand, although morphologically well identifiable typical nuclear
bodies were always unlabeled, another possibility would be that
the nuclear Ro-containing discrete domains might correspond to
a specific subset of simple nuclear bodies (40, 41). The latter
possibility is less likely since morphologically similar cytoplasmic
structures are also labeled by Ro RNP components. It seems
more likely that Ro-associated dense bodies are shuttled between
the different compartments, functioning primarily either in the
storage and transport of Ro components or in the transport of
other macromolecules.

To our knowledge, this is the first report describing Ro RNP
localization at the electron microscopic level as well as the first
one to examine Y RNA localization in human keratinocytes
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and skin. The results of this study suggest that the Ro RNP and
components of the Ro RNP complex are concentrated in
discrete areas of the nucleoplasm, the nucleolus, and the
cytoplasm of cells and may be seen in association with a novel
subcellular particle we have termed the Ro-associated elec-
tron-dense body. These findings may explain, at the ultrastruc-
tural level, the speckled or particulate Ro-associated immu-
nofluorescent staining patterns seen with visible fluorescence
in both the cell nucleus (15-17, 23) and cytoplasm (25).
Purification and characterization of the novel Ro-associated
dense bodies, including identification of any other colocalizing
molecules, should provide insight into Ro RNP function.
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