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Abstract. Nuclear speckles (speckles) represent a distinct
nuclear compartment within the interchromatin space
and are enriched in splicing factors. In a previous study
(Meltdk et al., 2001), it has been shown that the pre-
spliceosomal assembly on microinjected splicing-compe-
tent precursor mRNA takes place in the speckles, and it
has been suggested that the targeting of RNA into speck-
les consists of two interdependent steps, namely the dif-
fusion process, followed by the energy-dependent
translocation of RNA into the speckles. In the present
study, we confirm the existence of these two steps and
show that this latter translocation is ATP dependent.

Most primary transcripts of mammalian protein-cod-
ing genes contain introns and have to be spliced before
being transported to the cytoplasm. Precursor mRNA
(pre-mRNA) splicing takes place in a large ribonucleo-
protein complex termed spliceosome. The spliceosomes
are generated by the constitutive assembly of U1, U2,
U5, U4/U6 small nuclear ribonucleoprotein particles
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(snRNPs) and various non-snRNP factors on pre-
mRNAS in a cascade of sequence-specific steps (Steitz et
al., 1988; Lamm and Lamond, 1993; Moore et al., 1993;
Newman, 1994; Kridmer, 1996). The formation of the
functional spliceosome is thus preceded by the formation
of a number of pre-spliceosomal complexes which con-
tain, together with unspliced pre-mRNA, defined combi-
nations of snRNP particles and non-snRNP factors (e.g.
Steitz et al., 1988; Lamm and Lamond, 1993; Moore et
al., 1993; Newman, 1994; Kréimer, 1996).

When RNA polymerase II transcriptional and
splicing components are mapped within the cell
nucleus, they exhibit frequent sites of high local
accumulation in the form of microclusters, which
likely represent the sites of active transcription and
co-transcriptional splicing (Neugebauer and Roth,
1997; Misteli and Spector, 1998). On the other hand,
beside these microclusters, an accumulation of fac-
tors of the splicing apparatus is typically mapped to
spatially distinct and large domains termed ,»Speck-
les*, ,,SC35 domains®, the antibody to splicing fac-
tor SC35 (Fu and Maniatis, 1990) being used regu-
larly for the visualization of speckles, or »splicing
factor compartments® (reviewed in Spector, 1990;
Fakan, 1994; Misteli, 2000). Even though there is a
consensus that speckles play a role in RNA metabo-
lism, their exact function is presently unknown.
These structures are not usually correlated with RNA
polymerase II transcription, but it has been shown at
the level of activation of some specific unique genes
that speckles serve as pools of splicing factors, which
are redistributed to the transcription/splicing sites
(Misteli et al., 1997).

The splicing of pre-mRNAs may be a co-tran-
scriptional event (Beyer and Osheim, 1988; Neuge-
bauer and Roth, 1997; Custodio et al., 1999), and it
has been shown that transcription and splicing are
coupled through interactions of certain factors par-
ticipating in both these processes (Corden and Pat-
turajan, 1997; McCracken et al., 1997; Steinmetz,
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Fig. 1. (A, B) After the consecutive microinjection of apyrase (B) or buffer (A), and of the Adl RNA labelled with fluorochrome (in

green), the cells were incubated at 37°C for 15 min. The cells were then labelled for the SC35 splicing factor (in red). The form of the

Adl RNA, consisting of two exons and one intron, is shown in A. Note a part of a non-microinjected nucleus in A. The two left

columns correspond to individual colour channels, the right column is the overlay. In A, RNA was accumulated within the speckles.

In B, the ATP depletion resulted in the accumulation of RNA in dots adjacent to the speckles. In the quantitative evaluation (inserts

in A and B), fluorescence intensities along the blue lines shown in A and B were scaled to the mimimum and maximum values. The

identical position of peaks A (insert) in the two colour channels testifies to the accumulation of RNAs in the speckles. Note the dif

ferences in the position of peaks in B (insert). The bar in A and B corresponds to 4 pm.

1997). However, not all pre-mRNA sequences are
processed co-transcriptionally and post-transcription-
al splicing does occur (Zachar et al., 1993; Baurén
and Wieslander, 1994; Wuarin and Schibler, 1994).
Importantly, isolated pre-mRNAs from mammalian
cells may contain both introns and poly(A) tails.
Splicing may then be a post-transcriptional event, at
least in some cases (McCracken et al., 1997; Min-
vielle-Sebastia and Keller, 1999), and it has been sug-
gested that speckles are involved in post-transcrip-
tional splicing (Meléak and Raska, 1996). With regard
to the spatial relationship of pre-mRNA accumula-
tions relative to speckle domains of splicing factor
accumulations, primary transcripts of certain genes as
well as the spliced RNAs have been mapped at sites
of active transcription and/or outside the speckles
(Zhang et al., 1994; Smith et al., 1999). However, pre-
mRNAs from some other genes have been shown to
be associated, or overlapped, with nuclear speckles
(Xing et al., 1993, 1995; Huang and Spector, 1996;
Dirks et al., 1997; Ishov et al., 1997; Jolly et al., 1999;
Smith et al., 1999; Snaar et al., 1999; Johnson et al,
2000; Melcék et al., 2000).

The suggested function of speckles in splicing has
been probed using a completely different approach in
which the behavior of microinjected (and fluorochrome-
labelled) pre-mRNA into the nuclei of Hela cells was

investigated (Wang et al., 1991; Melcak et al., 2001).
The rationale for this approach is based on the findings
of Graessmann and Graessmann (1982) that microinject-
ed intron-containing RNA is processed into functional
mRNA within the cell nucleus. These exogenous RNAs
skip the transcription context and behave similarly to
endogenous unspliced RNAs released from the sites of
transcription. Using model RNAs with a single intron, it
has been shown that these RNAs rapidly accumulate in
the speckles after microinjection in a process that is
dependent on the intron (Wang et al., 1991; Melcdk et
al., 2001) and that the pre-spliceosome assembly on
RNAs takes place within the speckles (Wang et al.,
1991; Melcak et al., 2001). RNA targeting to and accu-
mulation within the speckles is the result of the cumula-
tive loading of splicing factors to the pre-mRNA,

In this study, we expand the results with microinject-
ed adenovirus pre-mRNAs and demonstrate that the tar-
geting of microinjected pre-mRNA, together with
formed pre-spliceosomal complexes, to the speckles
consists of two interdependent steps, namely the move-
ment of pre-mRNA towards the speckles and its translo-
cation into the speckles, this second step requiring ATP.

Material and Methods

Synthesis of the fluorochrome-labelled and splicing-
competent adenovirus Adl RNA, containing a single
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intron, as well as Hela cell culture, microinjection,
SC35 immunolabelling and microscopy were per-
formed according to Mel¢ék et al. (2001).

In order to determine the effect of energy depletion
on RNA localization, an ATP depletion by microinject-
ed apyrase was performed. In order to reach this aim,
consecutive microinjections were performed. Cells
were microinjected with 500 U/ml of apyrase in 5 mM
Tris-acetate, pH 6.95, and incubated for 5 min at 37°C.
The same cells were then microinjected with RNA,
washed with fresh prewarmed medium and incubated
for 15 min at 37°C. The control cells were, instead of
apyrase, microinjected with buffer only.

Four series of experiments were perfomed and 30 to
40 cells were microinjected in each experiment. How-
ever, not all microinjected cells could be subsequently
investigated because a few cells either detached from
the support or were disrupted. Also for this reason the
described fluorescence pattern after apyrase microin-
Jection (Fig. 1) was observed in 75, 85, 89 and 90% of
microinjected cells.

Results and Discussion

The control experiment was found to be compatible
with the findings in previous studies (Wang et al., 1991;
Mel¢ék et al,, 2001) and documented the rapid move-
ment of microinjected splicing-competent Adl pre-
mRNA into the speckles. The RNA was localized with-
in the speckles, which were depicted by SC35 labelling
(Fig. 1A).

A striking change in the RNA distribution was seen
when the RNA microinjection was preceded by
apyrase microinjection. RNA was also targeted towards
the speckles, but remained accumulated outside this
nuclear compartment. It formed dots of accumulated
RNA adjacent to the speckles (Fig. 1B). Moreover, the
speckles rounded up. As the ATP depletion necessarily
led to transcription inhibition, the rounding up of the
speckles was in agreement with previous results (e.g.
O’Keefe et al., 1994; Melcak et al., 2000) documenting
that the normal pattern of speckles is converted into
round speckles in transcriptionally inactive cells.

The fluorescence pattern testified to the existence of
an ATP-dependent step, which allowed for RNA accu-
mulation within the speckles. Importantly, the fluores-
cence pattern was compatible with the experiment in
which microinjected HeLa cells with Adl RNA were
kept at 4°C, and strikingly resembled the fluorescence
pattern observed with several microinjected mutant
RNAs (Melcék et al., 2001). The mutant RNAs allow
for the generation of pre-spliceosomal complexes, but
only of such complexes which do not require ATP for
their formation in in vitro experiments (Seraphin and
Rosbach, 1989; Bennett et al., 1992, Michaud and
Reed, 1993; Query et al., 1997; see Meléék et al. (2001)
for detailed discussion).

In our previous study (Mel&ak et al., 2001), it was
suggested that the targeting of microinjected splicing-
competent RNA into speckles consisted of two interde-
pendent steps, namely the movement of RNA towards
the speckles, probably as a diffusion process, followed
by the energy-dependent translocation of RNA into the
speckles. The result of the performed ATP depletion
experiment, which resulted, on the one hand, in the
blocking of accumulation of the splicing-competent
RNAs in the speckles, but, on the other, in their accu-
mulation in the fluorescent dots adjacent to the speck-
les, demonstrates the existence of these two targeting
steps, and supports the concept that nuclear speckles are
involved in splicing.
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