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Apoptosis is characterized by a complex and re-
markably ordered choreography of events consisting
of the preparatory and execution steps that all culmi-
nate in disposal of the cell remnants. The disposal
occurs in a manner that is the least destructive to the
tissue: the remains of nuclear chromatin and cyto-
plasm are packaged in apoptotic bodies which are
then phagocytized by neighboring live cells without
invoking inflammatory or autoimmune response. In
the present study we describe that in the course of
apoptosis cellular RNA becomes sequestered and
packaged into granules and then into apoptotic bod-
ies, separately from DNA. This separation, which ap-
pears to be initiated by the nucleolar segregation, was
observed in HL-60 cells that were undergoing sponta-
neous apoptosis in cultures or were treated with the
DNA-damaging drug, DNA topoisomerase | inhibitor
camptothecin (CPT), or with the cell death ligand, tu-
mor necrosis factor-a. RNA separation was also ob-
served in apoptotic MCF-7 cells following treatment
with CPT. RNA and DNA in apoptotic cells were iden-
tified histochemically, by their differential stainabil-
ity with pyronin Y and Hoechst 33342 fluorochromes,
respectively, and immunocytochemically, by labeling
the RNA with BrU for various periods of time and
detection of the incorporated precursor with fluores-
ceinated anti-BrU mAb; DNA was counterstained with
7-aminoactinomycin D. Over 90% of apoptotic bodies
that contained RNA had no detectable DNA and vice
versa, the apoptotic bodies containing DNA had no
detectable RNA. Packaging RNA and DNA into sepa-
rate apoptotic bodies suggests that the phagosomes of
the cells that ingest these particles are specialized:
some of them are responsible for DNA degradation,
others for degradation of RNA. Such specialization
may facilitate heterophagic degradation of nucleic ac-
ids during apoptosis. © 2000 Academic Press
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INTRODUCTION

One of the most characteristic features of apoptosis
is orderly disposal of cell remnants. The disposal takes
place through cell fragmentation into apoptotic bodies;
the latter are engulfed by the neighboring cells that do
not necessarily have to be professional phagocytes (for
reviews, [1-4]). Phagocytosis is enabled by a change in
the plasma membrane of the dying cell that leads to
exposure of phosphatidylserine on the outer leaflet of
the membrane [5]. This phospholipid provides a signal
that attracts adjacent live cells and provokes them to
engulf the dead cell remnants. With no leakage of the
cytosol constituents into the intercellular space there is
no inflammatory response to cell death and no scar
formation [1-4].

An important step in cell disposal is degradation of
nucleic acids [1-4, 6]. The mechanism of cell-autono-
mous DNA degradation during apoptosis has been ex-
tensively studied. For a long time conflicting reports
appeared regarding involvement of different endo-
nucleases in this process (e.g., [7, 8]). Recent findings,
however, provided convincing evidence that the
caspase-activated DNase (CAD) is one of the main
nucleases that degrades chromosomal DNA during
apoptosis (for review, [9]). This endonuclease is well
conserved during evolution (75.9% identity between
human and mouse) but has no homology with DNase |
or DNase Il [9]. In live cells CAD remains in a complex
with its chaperone protein and the inhibitor ICAD
[9-11]. Activation of caspase-3 leads to cleavage of the
ICAD complex thereby releasing active CAD, which
initiates fragmentation of DNA. The DNA is initially
cleaved to large fragments of 50 to 300 kb in size.
Subsequently, DNA undergoes fragmentation to oligo-
and mononucleosomal (180 bp) sections [6]. Upon in-
gestion of the apoptotic bodies further DNA degrada-
tion takes place in lysosomes of the phagocyte [12-14].
Several nucleases, identified in the nematode Caeno-
rhabditis elegans as products of the NUC-1, CED-2,
CED-5, CED-6, and CED-10 genes, continue hetero-
phagic DNA degradation up to completion [12, 13].

Compared to DNA degradation the disposal of RNA
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during apoptosis has been studied less extensively. The
interferon-induced 2',5’-oligoadenylate-activated ribo-
nuclease L (RNase L, 2',5'-A-dependent RNase L) ap-
pears to be the enzyme that specifically degrades rRNA
during apoptosis in different cell systems [15, 16].
While 18S rRNA is not cleaved by this nuclease, 28S
rRNA is cleaved at several specific sites [17]. As would
be expected, the degradation of a 28S rRNA occurs
simultaneous with a cessation of protein synthesis
[18]. However, whereas the caspase-3 inhibitor
Z-DEVD-FMK was seen to prevent rRNA degradation
upon induction of apoptosis by anti-FAS antibody in
Jurkat cells, it had no effect on rRNA degradation in
U-937 cells triggered to apoptosis by tumor necrosis
factor « (TNF-«) [18]. Apparently, different pathways
may be used to activate RNase L during apoptosis in
different cell systems.

There is evidence in the literature that ribonucleo-
protein (RNP) complexes are extruded from the cells
undergoing apoptosis as separate structures. Namely,
using histochemical procedure to detect RNA (terbium
citrate) Biggiogera et al. [19] observed that during
spontaneous apoptosis of rat thymocytes RNA was ini-
tially removed from the nucleus, clustered within the
cytoplasm in separate areas, and then released at the
cell surface in the form of minute membrane-bounded
blebs. The proteins of RNP, detected immunocyto-
chemically, showed similar localization [20].

In the present study, using methodology and cell
systems different from those of Biggiogera et al. [19,
20], we provide further evidence of RNA separation
during apoptosis. We also identify two types of apopto-
tic bodies: those that contain RNA but have no DNA
and those that contain only DNA. Two means of RNA
vs DNA identification were used. In the first method
cellular RNA was labeled with BrU by growing the
cells in the presence of BrU for different periods of
time. The incorporated (sensitive to RNase) BrU was
then immunocytochemically detected using anti-BrU
mAb [21-23] while DNA was counterstained with
7-aminoactinomycin D (7-AAD) and fluorescence inten-
sity was measured by laser scanning cytometry (LSC;
Refs. [26, 27]). In the second method RNA and DNA
were differentially stained with pyronin Y and Hoechst
33342, respectively [24, 25]. These fluorochromes were
visualized within the cell by fluorescence microscopy.
The data show that RNA and DNA were specifically
segregated and packaged into different chromatin
granules which ultimately formed separate apoptotic
bodies. We hypothesize that separation of DNA and
RNA in distinct apoptotic bodies may facilitate their
efficient heterophagic degradation in phagosomes. The
latter may be specialized in terms of providing optimal
ionic and enzymatic environment for complete degra-
dation of either RNA or DNA.
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MATERIALS AND METHODS

Cells. Human promyelocytic leukemic HL-60 cells obtained from
the American Type Culture Collection (Rockville, MD) were main-
tained in RPMI 1640 supplemented with 10% fetal calf serum, 100
units/ml penicillin,100 mg/ml streptomycin, and 2 mM L-glutamine
(all from Gibco BRL Life Technologies, Inc., Grand Island, NY). At
the onset of experiments there were fewer than 5 X 10° cells per 1 ml
in cultures and the cells were at an exponential and asynchronous
phase of their growth. The cultures were maintained at 37.5°C in an
atmosphere of 5% CO, in air. The human breast carcinoma cell line
MCEF-7 was also obtained from the ATCC and the cells were grown in
two-chamber microscope slide tissue culture vessels (Lab-Tek; Nalge
Nunc, Naperville, IL) as described elsewhere [28]. In order to label
cellular RNA the cells were incubated in the presence of BrU (Sigma
Chemical Co., St. Louis, MO) included in the culture medium for
various periods of time from 20 min to 14 h as specified in the figure
legends. At shorter incubation times with BrU (20 min-2 h) the
precursor was added to obtain 1 mM as its final concentration in the
culture. With longer incubation times (>2 h) BrU was at 0.2 mM
concentration. Incubations with BrU and further handling of the
BrU-labeled cells up to the point when they were fixed were carried
out in dimmed light and the tissue culture flasks and centrifuge
tubes containing cell suspensions were wrapped in aluminum foil to
minimize cells’ exposure to light.

Induction of apoptosis. Exponentially growing HL-60 cells in
25-ml flasks were treated with either 0.15 uM DNA topoisomerase |
inhibitor camptothecin (CPT) (Sigma Chemical Co.) or a combination
of 0.3 nM TNF-a and 5 uM cycloheximide (CHX; both from Sigma)
for up to 6 h. MCF-7 cells were treated with 0.15 uM CPT for up to
48 h. HL-60 cells were harvested at different times after drug ad-
ministration as specified in the figure legends. For further analysis
by LSC HL-60 cells were attached to microscope slides using the
cytocentrifuge (Shandon, Inc., Pittsburgh, PA; 1000 rpm, 6 min,
room temperature) and the slides were fixed in ice-cold 1% solution
of methanol-free formaldehyde (Polysciences, Inc., Warrington, PA)
in PBS for 15 min and postfixed in cold 70% ethanol for at least 2 h
or stored at —20°C. Other details of cell preparation for analysis by
microscopy and by LSC are presented elsewhere [28, 29]. For anal-
ysis of RNA or DNA presence in apoptotic bodies under fluorescence
microscope the cells were cytocentrifuged at 1500 rpm for 10 min and
fixed as above.

Immunocytochemical detection of BrU-labeled RNA. After fixa-
tion in formaldehyde followed by 70% ethanol the slides were rinsed
in PBS and the cells were incubated with the mouse anti-BrdU mAb
(clone PRB1-U, IgG1 k type; Phoenix Flow Systems, Inc., San Diego,
CA). This antibody is advertised by the vendor as an anti-BrdU mAb
but it does cross-react with BrU and can be used to detect RNA that
has U substituted by BrU [22]. The anti-BrU mAb was used at 1
©g/100 wl concentration in a solution of 1% (w/v) bovine serum
albumin (BSA) in PBS and the cells were incubated with it overnight
at 4°C. The slides were then rinsed with 1% BSA in PBS and
incubated with the FITC-labeled goat anti-mouse antibody (DAKO,
Inc., Carpinteria, CA) at 1:30 titer for 30 min at room temperature in
the dark. Some slides prior to labeling with anti-BrU mAb were
incubated with 200 ug/ml DNase-free RNase A (Sigma) dissolved in
PBS.

Histochemical detection of DNA and RNA. Following the immu-
nocytochemical detection of the incorporated BrU the cellular DNA
was counterstained with 5 ug/ml 7-AAD (Molecular Probes, Inc.,
Eugene, OR) dissolved in PBS, for 10 min at room temperature. In
other cell preparations cellular DNA and RNA were differentially
stained with 2 pg/ml Hoechst 33342 and 20 pg/ml pyronin Y (both
from Molecular Probes), respectively, as described before [25].

Fluorescence measurement. The slides containing cells whose
RNA was detected immunocytochemically and whose DNA was
stained with 7-AAD were mounted with Vectashield (Vector Labora-
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Differential labeling of cellular DNA and RNA and measurement by laser scanning cytometer (LSC). Following 40 min incubation

with 1 mM BrU HL-60 cells were fixed and permeabilized and the incorporated BrU was detected immunocytochemically using anti-BrU
mADb followed by secondary fluoresceinated Ab (green fluorescence) as described under Materials and Methods. Cellular DNA was counter-
stained with the fluorescing red 7-AAD. Intensity of red and green fluorescence was measured by LSC. As is evident from the top scattergram
the cells most intensely incorporating BrU were in late S and G,; upon relocation by LSC [26, 27] they had largest nuclear size and showed
distinct green fluorescence (top row of cell gallery). Mid-S-phase cells incorporated less BrU and had yellow fluorescence (second row). Mitotic
cells (third row) showed no BrU incorporation while early G, cells (fourth row) had minimal, punctate, BrU immunofluorescence. The cells
that were pretreated with RNase A (bottom scatterplot and bottom row) showed no reactivity at all with anti-BrU mAb.

tories, Burlingame, CA) anti-fade mounting medium under the cov-
erslips and the fluorescence of individual cells was measured by LSC
(CompuCyte, Cambridge, MA). Fluorescence of FITC and 7-AAD was
excited by 488-nm argon ion laser and emission of those fluoro-
chromes was measured in the green and far red wavelengths, respec-
tively, using standard optical settings of the instrument. At least
5000 cells were analyzed per sample. Other details of cell analysis by
LSC were presented before [28, 29]. To quantify the percentage of
apoptotic bodies containing segregated RNA and DNA the slides
were analyzed under fluorescence microscope (Nikon Microphot
FXA, Obj. 40X) using mixed illumination, interference (Nomarski)
contrast, and either blue or green excitation light, as described in
legends to Fig. 5 and Table 1. At least 200 apoptotic bodies per slide
from triplicate cultures were analyzed to obtain the means = SE
shown in Table 1.

RESULTS

The initial experiments were designed to test effi-
ciency and specificity of immunocytochemical detection
of RNA using the RNA precursor BrU and mAb that

reacts with the incorporated BrU. This methodology is
relatively new and only few reports on its use have
appeared to date [21-23, 30]. It should be stressed that
not all commercially available anti-BrdU antibodies
cross-react with BrU and therefore not all can be used
in studies of RNA. Figure 1 illustrates the pattern of
cells’ labeling following a 40-min pulse with BrU. The
cellular DNA was counterstained with 7-AAD and in-
tensity of cell green (FITC) and red (7-AAD) fluores-
cence was measured by LSC. The differential staining
of DNA and RNA allowed us to correlate incorporation
of BrU with the cell cycle position. It is evident the cells
were very heterogeneous in terms of BrU incorpora-
tion. Maximally labeled were the S- and G,/M-phase
cells, minimally some cells in G, and mitotic cells. This
pattern of the cell transcriptional activity in relation to
its cell cycle position correlates inversely with the de-
gree of nuclear chromatin condensation, which was
shown to be minimal in late S and maximal in mitotic
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FIG. 2.

Incorporation of BrU after a 30-min pulse (left), 3-h pulse (middle), and 30-min pulse of BrU followed by 3 h cell growth of HL-60

cells in BrU-free medium (right). A short pulse of BrU labeled predominantly RNA in nucleoplasm with little incorporation of the precursor
into nucleoli (left). Nucleolar RNA was labeled more intensely after a longer pulse of BrU (middle). Nearly all BrU was lost from live cells
when the short pulse was followed by a 3-h chase in the BrU-free medium (right). Note, however, that the incorporated BrU remained in
distinct chromatin granules of the three cells that had fragmented nucleus, typical of apoptosis. These cells were undergoing spontaneous

apoptosis in the culture.

and postmitotic cells [31]. Essentially all green (FITC)
fluorescence was sensitive to RNase (Fig. 1, bottom).
Figure 2 shows localization of BrU-labeled RNA in
HL-60 cells that were incubated with BrU for 30 min
(left), 3 h (middle), or 30 min followed by 3 h growth in
BrU-free medium (right). Preferential nucleoplasmic
and nucleolar incorporation of BrU was evident in live
cells that were treated for 30 min and 3 h with the RNA
precursor, respectively. Approximately 5% of HL-60
cells undergo spontaneous apoptosis in cultures. Three
apoptotic cells, each having fragmented nucleus with
condensed chromatin, a typical sign of apoptosis, are
seen in the photomicrograph of the cells from the cul-
ture that was pulse-exposed to BrU for 30 min and
harvested 3 h later (in Fig. 2, right). It is quite evident
that almost all BrU was lost from the live cells. The
incorporated BrU, however, remained in the form of a
single granule in each of these apoptotic cells. Prein-
cubation of these samples with RNase abolished their
reaction with the anti-BrU mAb (not shown). Similar
distribution of BrU (one or two granules per cell) was
seen in the cells that were undergoing spontaneous

apoptosis in cultures labeled with BrU for various pe-
riods of time, from 20 min to 14 h (not shown).

Figure 3 illustrates separation of RNA from DNA
during apoptosis when RNA and DNA were differen-
tially stained with pyronin Y and Hoechst 33342 [24,
25]. Apoptosis of MCF-7 cells was induced by their
treatment with CPT. Only the RNA-associated red flu-
orescence of pyronin Y was excited upon illumination
of the specimen with green light (right) while only the
DNA-associated blue fluorescence of Hoechst 33342
was excited with UV light (left). It was quite apparent
that several granular structures outside the cells,
which most likely represent apoptotic bodies, showed
red fluorescence of pyronin Y only, which did not colo-
calize with the blue fluorescence of Hoechst 33342.

In the next series of experiments we prelabeled cel-
lular RNA with BrU by incubating the cells for 3-12 h
with the precursor and then treated them with the
inducers of apoptosis, either with CPT or with TNF-
a + CHX (Fig. 4). A distinct separation of RNA from
DNA and packaging of these nucleic acids into sepa-
rate granules, which in turn were packaged into sepa-
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FIG. 3. Separate packaging of RNA and DNA during apoptosis revealed by differential staining of DNA with Hoechst 33342 vs RNA with
pyronin Y. Exponentially growing MCF-7 cells were treated with 0.15 uM CPT for 24 h as described [28]. The cells were then fixed and
stained with Hoechst 33342 and pyronin Y, and the same field of view was observed sequentially under fluorescence microscope using either
UV (left) or green light (right) illumination. Note that several granular structures resembling nuclear fragments or apoptotic bodies (arrows)
stain with pyronin Y (red) but show no Hoechst 33342 (blue) fluorescence.

rate apoptotic bodies, were observed in all cells under-
going apoptosis in these cultures. As is evident in these
photomicrographs (Fig. 4) the sequestration of RNA
proceeded through the disappearance of RNA from nu-
cleoplasm and its apparent accumulation in one or two
sites, often associated with the nucleolus. In the cells
that were more advanced in apoptosis and showed
nuclear fragmentation the clustered RNA become sep-
arated from the nucleoplasm and formed a distinct
body(ies). The sequestration of RNA detected by anti-

BrU mAb was observed regardless of the duration of
BrU pulse, from 3 to 12 h prior to the addition of the
apoptosis-inducing agents.

Other evidence of RNA sequestration and separate
packaging into apoptotic bodies is provided in Fig. 5.
RNA in HL-60 cells was prelabeled with BrU and
apoptosis was induced by TNF-a + CHX. Cellular DNA
and RNA were detected with 7-AAD and anti-BrU
mADb, respectively; the latter was labeled with the
FITC-tagged secondary Ab. When the cells were exam-

FIG. 4. Separation of RNA from DNA at different stages of apoptosis. Apoptosis of HL-60 cells was induced by treatment either with
TNF-a + CHX for 1.5 h (A—C) or with CPT for 3 h (D, E). Prior to addition of these inducers of apoptosis cellular RNA was prelabeled by

incubation with BrU for 6 h (A, D) or 12 h (B, C, E).
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FIG. 5. Separate packaging of RNA and DNA into apoptotic bodies. RNA in HL-60 cells was prelabeled with BrU for 12 h and the cells
were treated with TNF-a + CHX for 2 h, fixed, and stained with 7-AAD and anti-BrU mAb, which then was detected with FITC-labeled
secondary Ab. The cells were examined under fluorescence microscope using blue light illumination, which excites both 7-AAD and FITC (left)
and green light illumination that excites only 7-AAD (middle). The right shows the same field under Nomarski interference contrast
illumination. Note three apoptotic bodies, one containing only RNA (marked with the asterisk above it) and the other two bodies that contain
only DNA (marked with the arrows).

ined under fluorescence microscope using blue light
illumination, which excited both 7-AAD and FITC (Fig.
5, left), a distinctly green-fluorescing apoptotic body
was apparent (asterisk) while the two adjacent apopto-
tic bodies showed weak red fluorescence. Upon illumi-
nation with green light, i.e., when the excitation of
7-AAD was more efficient compared to blue light, while
FITC was not excited, the red fluorescence of the two
apoptotic bodies become more intensive (arrows) but no
red fluorescence was detectable in the adjacent apopto-
tic body that was labeled with FITC. The interference
contrast illumination confirmed that all three objects
were indeed apoptotic bodies, located outside the intact
cells (Fig. 5, right).

Quantitative analysis of several hundred individual
apoptotic bodies selected based on their total separa-
tion from the neighboring cells by interference micros-
copy (as shown in Fig. 5) revealed that in over 90% of
them there was no colocalization of DNA and RNA that
could be detected using the combined histochemical
(7-AAD) and immunocytochemical (anti-BrU) means of
identification of these nucleic acids (Table 1). This was
the case in both the CPT and the TNF-a + CHX-
treated cultures following labeling RNA with BrU for
different periods of time, between 1 and 24 h.

DISCUSSION

Differential staining of DNA vs RNA in HL-60 or
MCF-7 cells undergoing apoptosis revealed that RNA
was segregated from DNA, sequestered, and packaged
into separate granules which were then packaged into
separate apoptotic bodies. The most convincing evi-
dence of the separation of these nucleic acids in the

apoptotic bodies stems from observation of them under
the fluorescence microscope following differential
staining of RNA with anti-BrU mAb and of DNA with
7-AAD. Over 90% of apoptotic bodies that could be
morphologically identified using Nomarski interfer-
ence contrast had either green (upon excitation with
blue light) and no detectable red fluorescence (upon
green light excitation) or red and no green fluorescence
(Fig. 5; Table 1). Differential staining of RNA vs DNA
with Hoechst 33342 and pyronin Y (Fig. 3) confirmed
these findings. Most apoptotic bodies, thus, were of the
two types: (i) containing RNA and no detectable DNA
or (ii) containing DNA and no detectable RNA.

The above findings are consistent with the observa-
tions by Biggiogera et al. [19, 20], who reported that

TABLE 1

The Percentage of Apoptotic Bodies Containing either RNA
or DNA but Not Both Types of Nucleic Acids

Cell treatment BrU pulse 1 h  BrU pulse 3 h  BrU pulse 24 h
CPT 97 =3 96 = 4 92 +6
TNF-a + CHX n.d. 96 = 3 n.d.

Note. HL-60 cells were prelabeled with BrU for 1, 3, or 24 h and
then rinsed free of BrU and incubated in the presence of CPT (for 3 h)
or TNF-a + CHX (2 h). The cells were then cytocentrifuged (1500
rpm, 10 min) and fixed, and the BrU-labeled RNA was detected by
anti-BrU mAb and the DNA was counterstained with 7-AAD. Apop-
totic bodies were identified under interference contrast and the pres-
ence of RNA or DNA in individual bodies was discerned by analyzing
their fluorescence upon excitation with either blue or green light, as
shown in Fig. 5. The bodies were scored as showing either green
(after excitation with blue light) or red (after excitation with green
light) but not both colors of fluorescence. n.d., not done.
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RNP was excluded from rat thymocytes undergoing
spontaneous apoptosis. Their observation was ex-
tended in the present study to other cell systems in
which apoptosis was induced either along the mito-
chondrial pathway, by DNA damage with CPT, or
along the death receptor pathway, by TNF-a + CHX.
By using BrU as a marker of RNA we were able to
observe that RNA segregation takes place regardless of
the duration of the BrU pulse, from 30 min to 24 h.
Because different RNA species have different turnover
rates and therefore, depending on length of BrU pulse,
are labeled to different degrees, our data suggest that
all RNA species that are present in the cell undergo
segregation and all end up in the same apoptotic body.
Furthermore, the immunocytochemical approach, be-
cause it is based on the combined evidence of (i) BrU
incorporation, (ii) immunoreactivity with the anti-BrU
mADb, and (iii) sensitivity to RNase, offers higher spec-
ificity in identification of RNA than the histochemical
procedure utilizing terbium ions [19]. We have been
unable, however, to see the numerous minute struc-
tures containing RNA detaching from the single cell by
the “blebbing” of the plasma membrane structure as
described by Biggiogera et al. [19]. Instead, we ob-
served that RNA was present in a single or in two
distinct and relatively large apoptotic bodies.

It appears that the RNA separation during apoptosis
was initiated by segregation of nucleoli. Nucleolar seg-
regation defines separation and condensation of the
granular and dense fibrillar nucleolar components, the
structures known to be composed of RNA, from the
central fibrillar component that contains DNA (for re-
views, [32—-34]). Nucleolar segregation was frequently
observed following the treatment with different types
of anti-tumor drugs, in particular with the intercala-
tors, many of them DNA topoisomerase | or Il inhibi-
tors [35-39]. It was assumed that nucleolar segrega-
tion induced by anti-tumor drugs is a specific cell
response to these drugs in terms of modulation of chro-
matin and nucleolar structure [33, 35, 37]. However, it
was noticed that nucleolar segregation occurs during
apoptosis [2—4] in which it appears to be an early
morphological change and a characteristic feature
(“hallmark”) of this mode of cell death [36]. The early
changes in cell nucleoli that we observed in the present
study are consistent with nucleolar segregation. Nucle-
olar segregation, thus, by initiating the overall process
of separation of RNA from DNA during apoptosis, in-
duced by different anti-tumor drugs including DNA
topoisomerase inhibitors, may be a manifestation of
apoptosis triggered by these drugs rather than being
related to the specific mechanisms by which they mod-
ulate chromatin and nucleolar structure [33, 35, 37]. It
should be noted that activation of caspase-3 during
apoptosis, detected by cleavage of poly(ADP-ribose)
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polymerase, is the most prominent in the nucleolus and
at the perinucleolar sites [40].

The changes in localization of RNA observed in the
present study suggest that simultaneous with—or sub-
sequent to—nucleolar segregation all RNA from nucle-
oplasm was translocated and aggregated together with
the nucleolar RNA. The increased RNA density in the
site of its aggregation in the nucleus was reflected by
the increased local intensity of the anti-BrU-associated
green fluorescence. Progressively, this site became en-
larged and underwent demarcation forming a granular
structure that was separated from the remaining nu-
clear fragments. Because at this stage RNA disap-
peared from the cytoplasm it is likely that the cytoplas-
mic RNA was translocated and aggregated within the
same site. It is possible, however, that cytoplasmic
RNA was released separately from the cell in the form
of the minute RNP granules as described by Biggiogera
et al. [19], which were too small to sediment on slides
during cytocentrifugation and therefore were not de-
tected.

As mentioned in the Introduction degradation of
rRNA during apoptosis by 2’,5'-A-dependent RNase L
is incomplete, leaving 18S rRNA intact and 28S rRNA
cleaved in few sites only [15, 16, 41]. The RNA-binding
and RNP-associated proteins, including hnRNP pro-
teins C1 and C2, components of the proteasome, and
the 70-kDa component of the U1 small ribonucleopro-
tein [42—45], are specifically cleaved by caspases. Little
is known about the fate of mMRNA or tRNA during
apoptosis but given the fact that rRNA is cleaved in-
completely it is likely that autonomous degradation of
the former RNAs may also be incomplete. Completion
of RNA degradation, thus, is expected to occur in
phagosomes of the cells that phagocytized apoptotic
bodies. Packaging RNA into separate granules sug-
gests that the phagosomes of the cells that ingest
apoptotic bodies are specialized: some are responsible
for DNA degradation, others for degradation of RNA.
Such specialization may facilitate heterophagic degra-
dation of nucleic acids. It has been suggested that
incomplete degradation of RNP during apoptosis re-
sults in development of autoantibodies targeted to
RNP-associated autoantigens and may lead to autoim-
mune disorders [46, 47]. The specialization of phago-
somes may also be of relevance in defense mechanisms
against RNA and DNA viruses.

This work was supported by NCI Grant CA 28704, the Chemother-
apy Foundation, and the “This Close” Foundation for Cancer Re-
search.
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