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We have used in situ hybridization and immunocytochemistry to compare the nuclear localization of a 

specific nascent pre-mRNA and the essential non-snRNP splicing factor SC-35. Nascent c-los transcripts were 

detected in serum-induced mouse fibroblasts by in situ hybridization with genomic c-fos probes. Prior to 

serum induction no c-fos RNA is detected, but these transcripts localize to two dots in the interphase nucleus 

after induction. The time course of appearance of the dots correlates with the previously determined time 

course of transcriptional activation of the gene. Upon further analysis by confocal laser scanning microscopy, 

we have determined that the dots extend through the depth of the nucleus, forming paths. By using 

high-voltage electron microscopy, we have found that the c-fos path extends out and comes into direct contact 

with the nuclear envelope. We have also compared the localization of c-fos transcripts with the speckled 

nuclear regions that are enriched in snRNPs and the non-snRNP splicing factor SC-35. Direct observations of 

three-dimensional rotations have revealed a close association between the c-los transcripts and the nuclear 
speckles. This study demonstrates a direct link between specific nascent RNA transcripts and nuclear speckles 

that are enriched in pre-mRNA splicing factors. 
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Pre-mRNA transcripts must be processed and trans- 

ported to the cytoplasm, where they are translated into 

proteins. For most RNA polymerase II transcripts such 

processing includes the addition of a 7-methylguanosine 

cap structure at the 5' end of the nascent RNA tran- 

scripts, heterogeneous nuclear ribonucleoprotein 

(hnRNP) assembly, splicing, polyadenylation, and the 

exchange of hnRNP proteins for messenger ribonucle- 

oproteins (mRNP) (for review, see Krainer and Maniatis 

1988; Steitz et al. 1988; Bindereif and Green 1990). Splic- 

ing of nuclear pre-mRNA molecules occurs in spliceo- 

somes--macromolecular complexes composed of small 

nuclear ribonucleoprotein particles (snRNPs), hnRNPs, 

and other splicing factors (for review, see Krainer and 

Maniatis 1988; Bindereif and Green 1990). 

While the factors and steps involved in pre-mRNA 

processing have been studied extensively at the bio- 

chemical level both in vivo and in vitro, much less in- 

formation is available about where and when these 

events take place within the cell nucleus, and the rela- 

tionship of pre-mRNA processing to nuclear structure 

and organization. Localization studies with snRNP-spe- 

cific antibodies (Spector et al. 1983; Reuter et al. 1984; 

Spector 1984; Nyman et al. 1986; Verheijen et al. 1986; 

Habets et al. 1989) or antibodies to the essential non- 

snRNP splicing factor SC-35 (Fu and Maniatis 1990; 

1Corresponding author. 

Spector et al. 1991) have shown that these splicing fac- 

tors are concentrated in a speckled nuclear immuno- 

staining pattern that forms a three-dimensional lattice- 

work (Spector 1990; Spector et al. 1991). However, an in 

situ hybridization study with 2'O-methyl oligonucle- 

otide probes to various specific small nuclear RNAs 

(snRNAs) has suggested a more restricted distribution of 

U2, U4/U6, and U5 snRNAs in the nucleoplasm (Carmo- 

Fonseca et al. 1991a, b). Recently, we have used the same 

2'O-methyl oligonucleotide probes complimentary to 

U1 or U2 snRNAs and have found a complete colocal- 

ization to the speckled pattern upon increasing the time 

of hybridization (Huang and Spector 1991). Peptide an- 

tibodies to U2AF have shown diffuse nuclear staining in 

addition to three to four foci (Zamore and Green 1991). It 

is unclear at this time whether the difference in U2AF 

staining is a reflection of function or of the sensitivities 

of the respective reagents and/or techniques. A clearer 

understanding of splicing and nuclear structure will re- 

sult from elucidation of the relationship of specific pre- 

mRNA substrates and splicing factors in the same cell. 

We have chosen to evaluate c-los pre-mRNA at the 

single-cell level because induction of the c-los gene is 

well-characterized at the level of transcription. The c-fos 
gene is highly conserved among vertebrates {Curran et al. 

1982), and its protein product serves a role in coupling 

external stimuli such as mitogens to long-term tran- 

scriptional responses, which leads to cell proliferation. 

The c-fos gene encodes a nuclear protein that forms a 
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part of the AP-1 transcription factor complex and is 

thought to regulate the transcription of a diverse com- 

plement of genes associated with cellular growth and 

differentiation (for review, see Curran and Franza 1988; 

Sheng and Greenberg 1990). c-fos gene expression is 

highly inducible throughout the cell cycle (Bravo et al. 

1986) as a result of a specific transcriptional response to 

growth factors such as PDGF, TPA, or serum (Greenberg 

and Ziff 1984; Kruijer et al. 1984; Muller et al. 1984). 

Biochemical data have shown that c-fos transcription is 

detectable within 5 min after serum stimulation in NIH- 

3T3 cells, peaks within 10 min, and returns to basal lev- 

els after 30-60 min (Greenberg and Ziff 1984). In addi- 

tion, preincubation of quiescent cells with the protein 

synthesis inhibitor anisomycin results in an increase in 

both the magnitude (-100-fold) and duration (240 min) 

of c-fos transcriptional activation, which occurs upon 

serum stimulation (Greenberg et al. 1986). 

In this study we have investigated the three-dimen- 

sional distribution of nascent c-fos transcripts within 

NIH-3T3 cells. The experimental system used allows us 

to induce c-fos pre-mRNA transcription, follow its path- 

way through the nucleoplasm, and compare its localiza- 

tion to the localization of bona fide splicing factors 

within the same cell nucleus. Our studies show that this 

cellular transcript extends as a "path" from the site of 

transcription to the nuclear envelope, with which it 

comes into direct contact. In addition, we demonstrate 

an association of c-fos transcripts with regions of the cell 

nucleus that are concentrated in splicing factors, which 

suggests that these nuclear regions are the sites of pre- 

mRNA splicing. 

Results 

c-fos RNA transcripts are localized to discrete nuclear 
regions 

c-fos RNA transcripts were localized in NIH-3T3 cells by 

Nascent transcripts and splicing factors 

in situ hybridization with nick-translated biotinylated 

DNA probes. The primary probe is a plasmid containing 

a 4.4-kb genomic fragment of the mouse c-fos gene, 

which includes the 5'- and 3'-flanking sequences in ad- 

dition to the entire coding region (Fig. 1). The gene en- 

codes a 3.5-kb pre-mRNA that is spliced to form a 2.2-kb 

mRNA. The average size of the nick-translated probe 

ranged from 100 to 300 bp. When cells became quiescent 

by culturing them in serum-free medium for 24 hr there 

was no detectable c-fos signal in the cell nucleus (Fig. 

2b). However, when serum-starved cells were stimulated 

by the addition of 20% serum plus anisomycin for 15 

min, a hybridization signal of two dots was observed in 

each nucleus (Fig. 2d). It is interesting to note that the 

two c-fos alleles are not located next to each other in the 

interphase nucleus. The intensity of the dots varied from 

cell to cell, and in many cells one dot appeared brighter 

and/or larger than the other dot, suggesting a possible 

differential level of expression of the two c-fos alleles. 

When cells were treated with the RNA polymerase in- 

hibitor actinomycin D at a concentration of 10 ~g/ml for 

2 hr prior to serum induction, no signal was detected in 

the cell nucleus 15 min after induction (Fig. 2f). This 

indicated that the signal observed is dependent on the 

presence of functionally active RNA polymerase II and 

represents RNA transcripts. To demonstrate that the ob- 

served signal is specific for the c-fos transcript we per- 

formed hybridization, in serum-stimulated cells, with 

the vector sequence alone and found no signal (Fig. 2h). 

This result indicated that the fluorescent dots seen in 

Figure 2d were a result of a specific hybridization to the 

mouse c-fos probe. 

To further confirm that the signals observed in serum- 

induced cells were RNA transcripts, cells were treated 

with either RNase A or DNase I prior to in situ hybrid- 

ization. Serum-stimulated cells incubated with the c-fos 
probe after RNase A treatment did not show hybridiza- 

tion signal (Fig. 3d) when compared with cells that were 

not treated with RNase A (Fig. 3b). However, cells pre- 
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Figure 1. (A) Diagrammatic representation of the mouse c-los gene. (B} The 4.4-kb c-fos genomic fragment was cloned into the pBS( - J 
vector {Miller et al. 1984). (C} Intron I (0.7 kb) was subcloned into the pGEM-4Z vector. 
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Figure 2. c-los transcripts are localized to discrete nuclear regions. In situ hybridization with a biotinylated c-los genomic probe. Cells 

st imulated with 20% FCS plus anisomycin for 15 min  exhibit two dots in their nuclei (d). Serum-starved cells show no hybridization 

signal (b). Cells incubated with act inomycin D for 2 hr prior to serum stimulation (f) or hybridized with biotinylated vector sequences 

minus insert (h) did not  exhibit any hybridization signal. (a,c,e,g) Differential interference contrast images of corresponding cells. 

2 2 9 0  GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Nascent transcripts and splicing factors 

Figure 3. Nuclease sensitivity of transcript localization signal. Cells incubated with RNase A prior to hybridization did not show any 
specific nuclear staining (d) as compared with cells not treated with RNase A (b). Cells treated with DNase I exhibited a reduced 
nuclear staining for c-fos transcripts (f). Lack of DAPI staining indicates the complete digestion of DNA in these cells (g). (a,c,e) 
Differential interference contrast images of corresponding cells. 

treated wi th  RNase-free DNase I showed hybridization 

wi th  the c-los probe (Fig. 3f). To ensure that the cellular 

DNA was removed, cells were stained wi th  the DNA 

fluorophor 4',6-diamidino-2-phenylindole: 2HC1 (DAPI). 

Cells treated wi th  DNase I prior to hybridizat ion did not 

exhibit  any DAPI staining (Fig. 3g). Al though the DNase 

I t reatment  did not e l iminate  hybridizat ion wi th  the 

c-los probe, the in tensi ty  of the signal was reduced in 

GENES & DEVELOPMENT 2291 

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Huang and Spector 

comparison with cells that had not been treated with 

nuclease (Fig. 3b). Such a reduction in signal intensity 

could be due to the removal of some of the c-fos tran- 

scripts that were attached to the DNA template at the 

time of DNase treatment. The inducibility of the hybrid- 

ization signal by serum stimulation, the specificity of 

the signals to the c-los genomic probe, the effects of acti- 

nomycin D or nuclease treatment on these signals, and 

the fact that cellular DNA was not made accessible to 

the probe since it was not denatured confirmed that we 

were observing the localization of c-fos RNA transcripts. 

c-fos transcripts form a path that extends 
to the nuclear envelope 

While the detection of fluorescent signals by conven- 

tional epifluorescence microscopy provides informative 

data on the distribution of cellular components, a limi- 

tation inherent in this approach is that data from three- 

dimensional structures are visualized and recorded in a 

two-dimensional format. To overcome this shortcoming 

of conventional epifluorescence microscopy, we ana- 

lyzed the organization of c-fos transcripts in three-di- 

mensions by confocal laser scanning microscopy. Data 

to span the depth of the nucleus were compiled from 

20--25 optical sections; each section measured 250 nm in 

thickness. The stacks of optical sections were recon- 

structed at 10 ~ intervals over 360 ~ Data sets were then 

examined as 360 ~ rotations. When reconstructions were 

examined at 0 ~ (i.e., no rotation) the transcripts appeared 

as dots, similar to those observed by conventional epi- 

fluorescence microscopy (Fig. 4a, c,e). However, when 

the reconstructions were rotated 90 ~ , so that the nucleus 

was observed on its side, the transcripts appeared to ex- 

tend through the depth of the nucleus, forming a path 

(Fig. 4b, d,f). The length of the path varied from 0.75 to 

1.5 lxm in distance. The word path represents the elon- 

gated distribution of the c-fos transcripts when observed 

in the Z-axis. We do not imply a predetermined route by 

the use of this word. 

To determine whether the paths of c-los RNA tran- 

scripts extend to the nuclear envelope, we localized c-fos 
RNA transcripts with a genomic probe by high-voltage 

(600 kV) electron microscopy. The advantage of this type 

of microscopy is that thick sections can be examined at 

high resolution with minimal sample damage by the 

electron beam. Cells were first hybridized with a biotin- 

ylated DNA probe to c-los RNA that was detected by 

peroxidase-conjugated avidin. One-micrometer sections 

were cut in the Z-axis of the cell so that the transcript 

path could be observed in a single thick section. Analysis 

of such sections, from six cells examined, confirmed the 

confocal microscopy data, from >100 cells examined, 

which showed the transcripts to be organized in a path 

that extended in the depth of the nucleus (Fig. 5). Fur- 

thermore, when viewed as stereo pairs (using stereo 

glasses), the path of c-fos transcripts was observed to 

extend out and come into direct contact with the nuclear 

envelope (Fig. 5). Immunoreactivity was also observed in 

Figure 4. c-/os transcripts form a path through the depth of the 
nucleus. When three-dimensional reconstructions of optical 
sections of cell nuclei obtained by confocal laser scanning mi- 
croscopy were observed at 0 ~ {no rotation) c-los transcripts lo- 
calized as two dots in the interphase nuclei {a,c,e). However, 
when the nuclei were rotated 90 ~ the dots appeared as paths that 
extended 0.75-1.5 ixm in depth (b,d,f). 

the cytoplasm. The cytoplasmic staining occurred on the 

side of the nucleus where the path of the transcripts 

exited. We believe that this represented transcripts that 

had just been transported through the nuclear pores. 

These results support the hypothesis that c-los tran- 

scripts move in a path from their site of synthesis to the 

2292 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Nascent transcripts and splicing factors 

Figure 5. The transcript path extends from the site of transcription to the nuclear envelope. Stereo-pair electron micrograph of a cell 
cut in cross section, showing the localization of c-fos transcripts visualized by peroxidase-conjugated streptavidin. The 1-~m-thick 
section was examined at 600 kV by using a high-voltage electron microscope. The transcript path (large arrowhead) comes into direct 
contact with the nuclear envelope (NE). The path extends into the cytoplasm (small arrowhead), and transcripts are observed in the 
cytoplasm (C) on the side of the nucleus (N) where the path of the transcripts exited. Section was not poststained. 

nuclear envelope where they enter the cytoplasm as ma- 

ture mRNP structures. 

An intron-specific probe detects unspliced transcripts 
within the path 

To determine whether c-fos pre-mRNA was a compo- 

nent of the hybridization pattern detected by the geno- 

mic clone, we proceeded to localize c-fos pre-mRNA 

transcripts with an intron-specific probe. A 0.7-kb frag- 

ment of the first intron of the c-fos gene was amplified by 

polymerase chain reaction (PCR) and then subcloned 

into the pGEM-4Z vector to generate an intron-specific 

probe (Fig. lc). In situ hybridization with this probe pro- 

duced two fluorescent dots in each cell nucleus (Fig. 6b) 

similar to those observed by in situ hybridization with 

the genomic probe (Fig. 6a). However, the intron-specific 

dots were decreased in intensity. The localization of in- 

trons in the transcript-containing dots suggested that 

these transcripts represented, at least partially, pre- 

mRNA. To confirm that the probes recognizing genomic 

or intron-specific sequences of c-fos transcripts localized 

to the same sites, both probes were used in a double-label 

experiment. The genomic probe was labeled with biotin- 

11-dUTP and detected by fluorescein-conjugated avidin, 

and the intron-specific probe was labeled with digoxige- 

nin-ll-dUTP and detected by rhodamine-conjugated 

anti-digoxigenin. When cells labeled in such a manner 

were examined with different filter combinations, the 

two dots detected by the genomic probe (Fig. 6c) colocal- 

ized with the two dots detected by the intron probe (Fig. 

6d). Because cells labeled with each probe separately also 

resulted in two dots, the colocalization was not due to 

bleed-through of fluorescent signals. These results con- 

firmed our earlier assumption that the observed localiza- 

tion of c-fos transcripts was in part represented by un- 

spliced c-fos pre-mRNA. 

Visualization of c-fos transcripts parallels known 
kinetics of c-los induction 

To examine the timing of the appearance of c-fos tran- 

scripts and the movement of these transcripts out of the 

nucleus, cells hybridized with probe were observed at 

various times after serum induction. After serum starva- 

tion for 24 hr, cells were stimulated with 20% fetal bo- 

vine serum (FBS) without anisomycin for 5, 15, 30, 45, 

and 60 min, hybridized with the c-fos genomic probe, 

and photographed at the same exposure times to allow a 

quantitative as well as qualitative examination of the 

distribution of c-fos transcripts at the cellular level. An- 

isomycin was not used in this experiment because it 

prolongs the expression of c-fos transcription. Cells that 

were serum-starved for 24 hr did not exhibit any c-los 
transcripts in their nuclei (Fig. 7a). At 5 min after serum 

stimulation, 71% of the cells showed c-fos RNA tran- 

scripts (Fig. 8) localized as two dots in each nucleus (Fig. 

7b). In many cases, it was impossible to photograph both 

dots in a cell population because they were in different 

focal planes. At 15 min postserum induction, 92% of the 

cells (Fig. 8) expressed c-fos RNA (Fig. 7c). At 15 min 

after serum induction, cytoplasmic staining was detect- 

able. This cytoplasmic staining is probably a result of the 

transport of mRNA into the cytoplasm for translation. 

Between 30 and 45 min after serum induction the per- 

centage of cells showing c-fos expression decreased dra- 
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Figure 6. An intron-specific probe detects unspliced transcripts within the path. Unspliced c-fos transcripts were localized with a 
0.7-kb intron-specific probe (b}. The localization of transcripts with the intron-specific probe appeared to be similar to the localization 
of c-los transcripts with the genomic probe (a). Double-labeling with a biotinylated genomic c-los probe (c) and a digoxigenin-labeled 
intron-specific probe (d) confirmed the colocalization. 

matically from 67% at 30 rain to 4% at 60 rain (Fig. 8), 

and staining in many cells appeared to be weaker (Fig. 

7d, e). After 1 hr of serum induction, c-fos RNA was no 

longer detectable among the majority of cells (Fig. 7f). 

The time course of c-fos transcriptional induction de- 

tected by in situ hybridization at the cellular level is 

consistent with that described by biochemical assays 

(Greenberg and Ziff 1984). The fact that not all of the 

cells were expressing c-fos RNA transcripts at any given 

time, and that cell-to-cell differences in signal intensity 

were observed, is representative of the heterogeneity in 

NIH-3T3 cell populations (Rubin et al. 1990). 

To evaluate the distance that the c-fos transcript paths 

extend through the depth of the nucleus, cells were ex- 

amined at 5 min (Fig. 9a-d), 15 min (Fig. 9e-h), and 30 

min (Fig. 9i-1) postserum stimulation. Cells showing 

both shorter and longer paths of c-los RNA transcripts 

were found at each of these time points. However, after 

15 min of serum inductionwthe peak of c-fos transcrip- 

t ion- longer  paths were observed more commonly than 

at other time points, and at 30 min the paths were pre- 

dominately shorter. The variations observed in the 

length of the transcript paths suggest that these paths 

represent a dynamic movement of transcripts from their 

sites of synthesis toward the nuclear envelope. The vari- 

ation in the length of the transcript paths between dif- 

ferent cells could reflect a difference in the response to 

serum induction, transcription rate, post-transcriptional 

modification, and the rate of mRNA transport. 

c-fos transcripts associate with nuclear regions 
enriched in splicing factors 

To determine the three-dimensional relationship of c-los 
transcripts to nuclear regions enriched in splicing fac- 

tors, optical sections were obtained by confocal micros- 

copy from cells that had been hybridized with the geno- 

mic c-fos probe and immunocytochemically labeled 

with an antibody to SC-35, an essential non-snRNP 

splicing factor (Fu and Maniatis 1990; Spector et al. 

1991). SC-35 has been shown to colocalize in speckled 

nuclear regions with snRNPs (Fu and Maniatis 1990). 

The three-dimensional images of both c-los RNA tran- 

scripts and SC-35 localization were collected in separate 

files and superimposed by computer software. The posi- 

tions of c-fos RNA transcripts and SC-35 were directly 

compared in rotations at all angles through 360 ~ . Photo- 

graphs taken from three different cells showing the rela- 
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Figure 7. Visualization of c-fos transcripts parallels known kinetics of c-fos induction. The localization of c-fos RNA transcripts was 
examined at various time points after serum stimulation in the absence of anisomysin. Transcripts were first observed 5 rain after 
stimulation (b) and were no longer detectable after 60 min of serum stimulation (f). 

t ionship between the c-fos RNA transcripts and SC-35 at 

0~ ~ 100 ~ and 150 ~ of rotation are shown in Figure 10. 

In all cases (50 cells examined) it is clear that the c-fos 
RNA transcripts are in extremely close proximity  to the 

location of SC-35. Portions of the c-fos transcripts (yel- 

low regions) appear to wrap around the SC-35 speckles 

(red regions) in some cells (Fig. 10a, b,f). In other cells, the 

transcripts appear to extend into speckles (Fig. 10e-l). A 

complete colocalization between transcripts and speck- 

led nuclear  regions was not observed. The partially over- 

lapping pattern of localization of c-fos pre-mRNA and 

the splicing factor SC-35 provides additional support for 

the hypothesis  that pre-mRNA splicing occurs on the 

periphery of or adjacent to nuclear  speckles. This  f inding 

is consistent wi th  previous results that showed [3H]uri- 

dine incorporation sites at the periphery of nuclear  

speckles (Spector 1990). 

D i s c u s s i o n  

In this paper we have reported on the three-dimensional  

localization of nascent  c-fos RNA transcripts in the in- 

terphase nucleus of NIH-3T3 cells. As a means  of eval- 

uating more closely the relat ionship of pre-mRNA splic- 
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Figure 8. Histogram of the percentage of cells exhibiting de- 
tectable c-los transcripts at indicated times after serum stimu- 
lation in the absence of anisomysin. For each time point the 
first 100 cells observed were counted. 

ing to nuclear structure and organization, we analyzed 

the RNA transcripts of the c-fos gene because their ex- 

pression can be regulated by serum depletion or stimu- 

lation (Greenberg and Ziff 1984; Muller et al. 1984). Us- 

ing in situ hybridization combined with confocal laser 

scanning microscopy, we observed c-los transcripts in 

the nuclei of cells within 5 min of serum stimulation of 

quiescent NIH-3T3 cells, and by 15 rain poststimulation 

the c-los signal peaked. Our findings, at the single-cell 

level, of the transient expression of c-fos transcripts are 

consistent with previous biochemical studies that eval- 

uated runoff transcripts from nuclei isolated at various 

time points poststimulation (Greenberg and Ziff 1984). 

In our experiments, the c-fos transcripts were present as 

two discrete dots in the nuclei of NIH-3T3 cells. A sim- 

ilar dot-like distribution has been shown for the distri- 

bution of string RNA within cells of a cycle-14 Droso- 
phila embryo (O'Farrell et al. 1989). The dots that we 

observe with the c-fos probe appear to represent tran- 

scripts from each of the two c-fos alleles in this cell line. 

Occasionally, three dots were observed in nuclei (data 

not shown). Because NIH-3T3 cells are known to spon- 

taneously change ploidy level in culture we attribute the 

occurrence of a third dot to an additional copy of the 

c-los gene in these cells. We interpret the intensely 

stained dots to represent the active sites of transcription 

and the localization of transcripts that are still attached 

to the DNA backbone. This possibility is likely in light 

of our findings that DNase I digestion decreased the size 

of the dots. We interpret these results to mean that upon 

removal of the cellular DNA a subset of the c-[os tran- 

scripts that were being transcribed and were therefore 

still attached to the DNA were removed as well. 

When observed in the Z-axis, the c-fos RNA dots were 

found to be elongated, forming paths that came into di- 

rect contact with the nuclear envelope. We propose that 

the path-like distribution represents the movement of 

nascent transcripts from the site of transcription to the 

nuclear envelope. The localization of c-fos nascent RNA 

transcripts to a path within the interphase nucleus sug- 

gests that RNA processing and transport may be spa- 

tially organized processes that are dependent on nuclear 

architecture (for review, see Berezney 1984). Blobel 

(1985} proposed that the position of chromosomes, tran- 

scription, and RNA transport may be under strict regu- 

lation in a three-dimensional spatial manner. It was sug- 

gested that specific genes are associated with particular 

nuclear pore complexes and the transcripts produced by 

that gene are "gated" to exit the nucleus by way of that 

pore complex. Although our study has not distinguished 

a direct interaction between the c-fos gene or its product 

and a specific nuclear pore, our observation of c-los RNA 

localization would support a basic premise of the gene- 

gating hypothesis. That is, specific transcripts reach the 

nuclear periphery at a very limited area that could be 

related to a group of nuclear pores rather than a single 

pore complex. Our observation of the organization of na- 

scent cellular transcripts as a path is consistent with an 

earlier study (Lawrence et al. 1989) reporting that Ep- 

stein-Barr virus (EBV) RNA transcripts in Namalwa cells 

can be detected as a "track" in the nuclei. The EBV RNA 

tracks were reported to average 5 ~m in length. The dif- 

ference in length between EBV tracks and c-los paths 

may be due to differences in cell type, cell preparation 

methods, distance of the originating gene from the nu- 

clear envelope, or the amount of transcript. 

Although export of mRNA from the cell nucleus is a 

basic biological process required for gene expression, lit- 

tle information on the details of this process is available 

(for review, see Feldherr and Dworetzky 1988). It has 

been proposed by Agutter (1988) that mRNA transport is 

a solid-state process by which mRNA is structurally 

bound rather than freely soluble before, during, and after 

movement across the nuclear envelope. Our observation 

on the localization of c-fos transcripts is consistent with 

such a model. A path-like distribution of the RNA tran- 

scripts indicates that the movement of the RNA tran- 

scripts follows a confined route through the nucleus. 

Such a three-dimensional spatially regulated pathway 

suggests that the flow of RNA transcripts through the 

nucleus may be conducted on a solid support rather than 

in a soluble form that would diffuse in all directions. The 

solid support in the nucleus may consist of nuclear ma- 

trix components. It has been reported that nuclear actin 

and myosin may be involved in mRNA transport in the 

nucleus (LeStourgeon 1978; Schindler and Jiang 1986). In 

addition, splicing factors (Vogelstein and Hunt 1982; 

Spector et al. 1983), pre-mRNA {Ciejek et al. 1982; Ma- 

riman et al. 1982; Xing and Lawrence 1991), and func- 

tional spliceosomes (Zeitlin et al. 1989) have been shown 
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Figure 9. c-fos transcript paths vary in length at different times following serum induction; the longest paths predominate at 15 rain 
postserum induction. Three-dimensional reconstructions of optical sections of cell nuclei were obtained by confocal laser scanning 
microscopy. The lengths of the c-los transcript paths were examined at 5 rain (b,d), 15 rain (f,h), and 30 rain (j,1) after serum stimulation 
in the absence of anisomysin. (a,c,e,g,i,k) Overlays of fluorescent in situ hybridization signals and differential interference contrast 
images of the same cells at 0 ~ of rotation. (b,d,f,h,j,1) Fluorescent hybridization signals of the respective cells rotated 90 ~ 

to be associated wi th  the nuclear matrix. These observa- 

tions suggest that the RNA transcripts and splicing fac- 

tors, together wi th  some type of nuclear skeleton sup- 

port, may  form a solid but dynamic  mesh  work, which  

traverses around the euchromatin-enriched nuclear  re- 

gions and may  be involved in pre-mRNA processing and 

m R N A  transport. 

When we compared the localization of c-fos tran- 

scripts wi th  the localization of SC-35--an essential  

splicing factor--we found the transcripts to be in close 

proximity to a portion of the speckled nuclear regions 

enriched in SC-35 and snRNPs. The regions enriched in 

trancripts and splicing factors were observed to be inter- 

mingled and/or in the same environs. The possibil i ty 

that  this association is a random event is un l ike ly  in 

light of the fact that  the nuclear  speckles were deter- 

mined  to occupy - 1 7 %  of the nuclear  volume and the 

c-fos transcripts occupied < 1% of the nuclear volume of 

NIH-3T3 cells. These data are in agreement wi th  that of 

our previous study in CHOC400 cells, which  showed 

that  the speckled pattern occupied - 1 8 %  of the nuclear 

volume. Furthermore, Wang et al. (1991) showed re- 

cently that pre-mRNA microinjected into cell nucle i  of 

l iving cells localized to the speckled pattern identif ied by 

anti-SC-35 or anti-Sm antibodies. These data show that  

both endogenous and microinjected transcripts are asso- 

ciated wi th  speckled nuclear  regions and suggest that  

these regions may  be involved in pre-mRNA processing. 

A basic, unanswered question in the fields of RNA 

processing and nuclear  structure has been: What  is the 

spatial relat ionship of RNA processing to t ranscript ion 

and nuclear structure? Several studies have presented ev- 

idence that pre-mRNA splicing occurs cotranscription- 

ally on the nascent  transcripts of early Drosophila em- 

bryo genes (Beyer and Oshe im 1988), genes in mouse  and 

Drosophila somatic  cells (Fakan et al. 1986), as wel l  as 

puffs and Balbiani rings in Chironomus polytene chro- 

mosomes (Sass and Pederson 1984). Electron microscopy 

studies in m a m m a l i a n  cells have shown that  snRNPs 

(Fakan et al. 1984; Puvion et al. 1984), h n R N P  antigens 

(Fakan et al. 1984), and the non-snRNP splicing factor 

SC-35 (Spector et al. 1991) localize to nuclear  structures 
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Figure 10. c-fos transcripts are closely associated with nuclear regions enriched in the essential splicing factor SC-35. Cells were 
hybridized with a biotinylated c-fos genomic probe (yellow regions) and subsequently immunolabeled with anti-SC-35 antibodies {red 

regions). Three-dimensional reconstructions of optical sections of cell nuclei were obtained by confocal laser scanning microscopy. 
Three cells are shown at 0 ~ 50 ~ 100 ~ and 150 ~ of rotation. (a-d, e-h, and i-1 represent three different cells.) 

called p e r i c h r o m a t i n  fibrils. These  fibrils, wh ich  are dis- 

t r ibuted  t h roughou t  the  nucleus ,  have  been proposed to 

represent  the  sites of act ive t ranscr ip t ion  on the  basis of 

the i r  heavy  labeling w i t h  [3H]uridine (Bachellerie et al. 
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1975; Fakan et al. 1976). These data suggest that  splicing 

components  are present at the sites of active transcrip- 

tion. 

In addition to staining per ichromatin  fibrils, snRNPs 

(Spector et al. 1983; Fakan et al. 1984; Puvion et al. 1984) 

and SC-35 (Spector et al. 1991) have been shown by im- 

munoelectron microscopy to localize to in terchromatin  

granule clusters. On the basis of fluorescent and electron 

microscopic staining of snRNPs and SC-35, we deduce 

that  the per ichromatin  fibrils and in terchromat in  gran- 

ules form an interconnected speckled distribution pat- 

tern in the interphase nucleus. A ribonucleoprotein net- 

work was first described by Smetana et al. (1963) and 

later elaborated upon by Puvion and Bernhard ( 19 75). We 

propose that  the in terchromat in  granule-containing por- 

tion of the fluorescent staining pattern serves as storage 

and/or assembly sites for splicing factors. Support for 

this premise comes from previous in situ autoradio- 

graphic studies showing that  following [3H]uridine in- 

corporation, even after prolonged periods of chase, little 

to no labeling occurs over in terchromat in  granule clus- 

ters (Fakan and Bernhard 1971,1973; Fakan et al. 1976; 

Fakan and Nobis 1978). We propose that  upon activation 

of a gene, factors from a nearby in terchromat in  granule 

cluster may  move to the site of the active gene and as- 

sociate directly wi th  the nascent  transcripts (perichro- 

mat in  fibrils). Therefore, the speckled staining pattern, 

observed by immunofluorescence  microscopy, repre- 

sents both the localization of transcripts (perichromatin 

fibrils) and the localization of storage and/or assembly 

sites ( interchromatin granules). Our  results, which show 

a close association of nascent  c-fos transcripts wi th  nu- 

clear speckles, support this hypothesis.  Future studies 

will a t tempt  to elucidate the signals that  are responsible 

for coordinating the efficient movemen t  of splicing fac- 

tors between storage sites and splicing sites. 

Our interpretat ion of the localization of splicing fac- 

tors in m a m m a l i a n  cells has some similarities wi th  the 

organization of splicing factors that  has been reported in 

amphibian germinal  vesicles (Gall and Callan 1989; Wu 

et al. 1991; for review, see Gall 1991). The nascent  RNA 

chains comprising the loops of lampbrush chromosomes 

have been shown to be uniformly stained wi th  antibod- 

ies against hnRNP proteins, snRNPs, and SC-35. Thus, 

the loops appear to be packaged into a ribonucleopro- 

tein complex that  includes all of the components  of the 

spliceosome for which  probes are available. This situa- 

tion would be comparable to the staining of perichroma- 

tin fibrils in m a m m a l i a n  cells by ant i -snRNP (Fakan et 

al. 1984; Puvion et al. 1984), ant i -hnRNP (Fakan et al. 

1984), and anti-SC-35 (Spector et al. 1991) antibodies. 

Therefore, it is l ikely that  p re -mRNA splicing occurs in 

close proximity  to the sites of transcription in both 

m a m m a l i a n  cells and amphibian germinal vesicles. In 

amphibian germinal  vesicles anti-spliceosome antibod- 

ies also stain large ext rachromosomal  particles desig- 

nated snurposomes (Wu et al. 1991). Snurposomes have 

been divided into three classes, designated A, B, and C. 

The A snurposomes appear to contain exclusively U1 

snRNPs, the B snurposomes contain U1, U2, U4, U5, and 

U6, as well as SC-35, and the C snurposomes consist of 

an aggregate of B snurposomes (Wu et al. 1991). While B 

snurposomes may  be equivalent to clusters of interchro- 

mat in  granules, counterparts  for A and C snurposomes 

in m a m m a l i a n  cells have not  been identified thus far. 

In summary,  we have observed the localization and 

nuclear association of nascent  c-los RNA transcripts in 

the cell nucleus. The R N A  transcripts  appear to be dis- 

tributed in a path that  extends to the nuclear  membrane .  

Such a distribution represents the pa thway  by which the 

c-fos pre-mRNA is processed and transported through 

the nucleus. Most  interestingly, a portion of this path is 

closely associated wi th  nuclear  speckles that  contain 

pre-mRNA splicing factors. These results suggest that  

the sites of interaction between the c-fos RNA tran- 

scripts and the speckles are the sites where the c-fos 

pre-mRNA is spliced. The vectorial t ransport  of c-fos 

RNA transcripts toward the nuclear envelope indicates a 

highly organized and regulated means  of transport  of 

m R N A  through the nucleus to the nuclear  pores. 

Mater ia l s  and m e t h o d s  

Probes and nick translation 

p302-356 pBS(-), a 7.5-kb plasmid that contains a 4.4-kb frag- 

ment of mouse c-los genomic sequence (Miller et al. 1984), was 
generously provided by Dr. Michael Gilman, Cold Spring Har- 
bor Laboratory. The 4.4-kb fragment includes the 3'- and 5'- 

flanking sequences and the entire coding region of the mouse 
c-fos gene. The gene encodes a 3.5-kb pre-mRNA that is later 
spliced into a 2.2-kb mRNA. The first intron of c-fos was sub- 

cloned by PCR into a pGEM-4Z vector (Promega) at the BamHI 
site between the Sp6 and T7 promoters. These two plasmids 
were nick-translated in the presence of either biotin-11-dUTP 
(SigmaJ or digoxigenin-11-dUTP (Boehringer Mannheim) to gen- 

erate labeled DNA probes. The DNase concentration and the 
duration of the nick translation reaction were adjusted so that 

the probe fragment size was 100--300 bp after the nick transla- 
tion. The fragment size of the probe was monitored by agarose 

gel electrophoresis. Biotin incorporation was detected by alka- 
line agarose gel electrophoresis. DNA was transferred to nitro- 
cellulose filters and visualized by using streptavidin and biotin- 
ylated alkaline phosphatase (BRL). 

Cell culture 

NIH-3T3 cells were grown on coverslips in 35-mm Petri dishes 
in Dulbecco's modified Eagle medium (DMEM) supplemented 

with 10% FBS. To prepare cells for in situ hybridization, cells 
were grown for 2 days to ~60% confluency. Cells were then 

synchronized to G o by complete deprivation of serum in the 
growth medium for 24 hr. At 15 rain prior to the fixation of 
cells, or at the time indicated in the text, cells were stimulated 

by DMEM with 20% FBS and 20 }xg/ml of anisomysin, a protein 
synthesis inhibitor, which can enhance c-fos transcription 

(Greenberg et al. 1986). For inhibition of transcription, cells 
were incubated in 10 ~xg/ml of actinomycin D for 2 hr before 
fixation. 

Fixation 

Cells were fixed in 3% paraformaldehyde in PBS (pH 7.3) con- 

taining 5 mM MgC12 for 15 min at 20~ Cells were then washed 
three times (for 10 rain each) in 0.3 M glycine in PBS to quench 
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any free aldehydes. Cells were permeabilized with  0.5% Tri- 

ton-X 100 in PBS for 5 min  on ice and washed twice in PBS (10 

min  each), followed by washes wi th  2x SSC and 2x SSC plus 

50% formamide for 10 min  each. For RNase A and DNase I 

digestion, cells were incubated wi th  either 100 ~g/ml of RNase 

or 5 U/30 ~1 of RNase-free DNase (Boehringer Mannheim) at 

37~ for 1-2 hr and washed in PBS prior to hybridization. 

Hybridization 

The in situ hybridization protocol was modified from a proce- 

dure developed by Singer et al. {1986). The labeled probes, rang- 

ing in concentrat ion from 100 to 500 ng, were dried in a Speed- 

vac, together wi th  20 ~g of Escherichia coli tRNA and 5 ~g of 

sheared salmon sperm DNA. The probes were resuspended in 10 

~1 of deionized formamide,  heat-denatured at 75~ for 10 min, 

and immedia te ly  placed on ice. The final hybridization mixture  

of 20 ~l/coverslip contained 0.6 MNaC1, 0.01 M Tris-HC1 (pH 

7.2), 0.001 M EDTA, 5% dextran sulfate, 1 x Denhardt 's  buffer, 

50% formamide (vol/vol), denatured probe DNA, tRNA, and 

sheared salmon sperm DNA. The hybridization mixture  was 

applied to the coverslip, which  was inverted onto an RNase-free 

baked glass slide and sealed with rubber cement.  The hybrid- 

izations were carried out at 42~ in a humidif ied chamber over- 

night. After hybridization cells were washed three t imes (15 

min  each) in 2x SSC at 45~ and once for 15 min in 1 xSSC at 

20~ 

Signal detection 

Hybridization wi th  biotinylated DNA probes was detected by 

FITC-conjugated avidin DCS {Vector). Samples were incubated 

at 20~ with  2 ~zg/ml of FITC-conjugated avidin in PBS contain- 

ing 0.5% BSA for 30 min. Cells were then washed three t imes 

(10 min  each) in 4x SSC with  0.1% Tween  20. To visualize total 

DNA, cells were stained with DAPI at a concentrat ion of 1 

mg/ml  for 2 rnin and rinsed with PBS before mounting.  Hybrid- 

ization with  digoxigenin-labeled probes was detected by 

rhodamine-conjugated sheep anti-digoxigenin antibodies (Fab 

fragments, Boehringer Mannheim).  Cells were incubated with  

the antibody at a 1 : 5 dilution for 1 hr at 20~ followed by three 

washes in PBS (10 min  each). Finally, the coverslips were 

mounted  onto glass slides in mount ing  med ium containing 

90% glycerol in 0.2 M Tris-base (pH 8.0) wi th  3.5% n-propyl 

gallate {Sigma) as an antifading agent. Cells were examined with  

a Nikon  FXA microscope equipped wi th  epifluorescence and 

differential interference contrast optics or wi th  a Zeiss confocal 

laser scanning microscope as described below. 

Immunolabeling 

After detection of the hybridization signal by FITC-conjugated 

avidin, cells were washed three t imes (10 min  each) in PBS 

containing 1% normal  goat serum. Cells were then incubated 

wi th  anti-SC-35 monoclonal  antibody (Fu and Maniatis 1990) at 

a di lut ion of 1 : 50 for 1 hr and rinsed in PBS containing 1% 

normal  goat serum (NGS) three t imes {10 min  each). Cells were 

then incubated wi th  Texas Red-conjugated goat anti-mouse an- 

tibody at a di lut ion of 1 : 20 for 1 hr, followed by three washes 

in PBS for 10 min  each. The coverslips were mounted  and ob- 

served wi th  a N ikon  FXA microscope as described above or wi th  

a Zeiss confocal laser scanning microscope as described below. 

Confocat laser scanning microscopy 

Cells were hybridized and immunolabe led  as described above 

and examined wi th  a Zeiss confocal laser scanning microscope 

equipped wi th  a 63X/1.4 N.A. oil imersion lens. Optical sec- 

tions of 0.25 ~m were observed by using an Argon laser (~ = 488 

nm) to view FITC fluorescence and a HeNe  laser (~ = 543) to 

observe Texas Red fluorescence. Optical sections spanning the 

depth of the nucleus were reconstructed by using an INDEC 

image analysis system, which  was l inked directly to the confo- 

cal microscope. Fluorescently labeled 6-~m spheres were opti- 

cally sectioned and X-Z-scanned to confirm that  stretching in 

the Z-axis was not occurring in our preparations. By using the 

program package MicroVoxel (INDEC), images were recon- 

structed every 10 ~ through 360 ~ and viewed as rotations. For 

double-labeling, reconstructions of hybridization and antibody 

staining were assigned different gray levels, fused, and 

pseudocolored on the basis of gray level. Images were recorded 

by using a Sony UP5000 color video printer or a Matrix Multi- 

Color image recording system. 

Pre-embedding in situ hybridization electron microscopy 

Following hybridization, as described above, cells were incu- 

bated wi th  2 ~g/ml of horseradish peroxidase-conjugated 

streptavidin in PBS for 1 hr  and washed three t imes in PBS (10 

rain each). Cells were postfixed in 2% glutaraldehyde in PBS for 

20 rain at room temperature,  washed twice in PBS, and once in 

0.05 M Tris buffer (pH 7.6) for 10 rain. The peroxidase reaction 

product was developed by incubat ion in 0.5% diaminobenzi- 

dine containing 0.01% H202 for 5 rain at 20~ Cells were then 

fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.3) 

and prepared for electron microscopy as described previously 

(Spector and Smith 1986). Thick  sections (1 ~m} were examined 

with an AEI high-voltage transmission electron microscope 

(HVEM) {Wadsworth Center, Albany, NY) operated at 600 kV. 

Images were high-pass-filtered and contrast-enhanced by using 

STERECON at the Albany HVEM laboratory. 
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