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Down-regulated RPS3a/nbl Expression during Retinoid-induced Differentiation of
HL-60 Cells: A Close Association with Diminished Susceptibility to Actinomycin

D-stimulated Apoptosis

Lyndal Russell, Honami Naora, and Hiroto Naora”
Research School of Biological Sciences, The Australian National University, Canberra, ACT, 2601, Australia

ABSTRACT. The efficacy of anticancer agents significantly depends on the differential susceptibility of undiffer-
entiated cancer cellsand differentiated normal cellsto undergo apoptosis. We previoudy found that enhanced ex-
pression of RPS3a/nbl, which apparently encodes a ribosomal protein, seems to prime cells for apoptoss, while
suppressing such enhanced expression triggers cell death. The present study found that HL-60 cellsinduced to dif-
ferentiate by all-transretinoic acid did not undergo apoptosisfollowing treatment with actinomycin D whereasun-
differentiated HL-60 cells were highly apoptosis-susceptible, confirming earlier suggestions that differentiated
cells have diminished apoptosis-susceptibility. Undifferentiated HL-60 cells highly expressed RPS3a/nbl whereas
all-transretinoic acid -induced differentiated cells exhibited markedly reduced levels, suggesting that apoptosis-re-
sistance of differentiated cells could be dueto low RPS3a/nbl expression. Down-regulation of enhanced RPS3a/nbl
expression was also observed in cellsinduced to differentiate with theretinoid 4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-
tetramethyl-2-napthalenyl)-1-propenyl]benzoic acid without any significant induction of cell death. While down-
regulation of RPS3a/nbl expression during differentiation did not apparently induce apoptosis, RPS3a/nbl anti-
sense oligomer striggered death of undifferentiated HL -60 cells, but not of retinoid-induced differentiated cells. It
therefore seemsthat while down-regulation of enhanced RPS3a/nbl expression can induce apoptosisin undifferen-
tiated cells, down-regulation of enhanced RPS3a/nbl expression during differentiation occurs independently of

apoptosis, and could be regarded asreverting the primed condition to the unprimed (low RPS3a/nbl) state.

Key words:

Apoptosisis a physiological process that occurs during nor-
mal development and maturation of most tissues, and culmi-
natesin the elimination of cell fragmentswithout significant
burden to amulticellular organism (Kerr et al., 1972; Wyllie
et al., 1980; Wyllie, 1992). Successful cancer chemotherapy
largely depends on the innate and acquired propensities of
target cancer cells to undergo such an apoptotic program in
response to anticancer agents. The difference in susceptibil-
ity of undifferentiated cancer cells and differentiated normal
cells to undergo apoptosis in response to anticancer agents
is one of the most crucial aspects of clinical treatment that
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needs to be considered.

Retinoids efficiently activate differentiation and/or apop-
totic processes by binding to specific nuclear retinoid recep-
tors: the retinoic acid receptors (RARS) and retinoid X
receptors (RXRs) (Nagy et al., 1995). In particular, al-trans
retinoic acid (ATRA) has been shown to activate RARs and
induce differentiation of leukaemic cells (Giguere et al.,
1987; Martin et al., 1990). It has been observed that HL-60
cells treated with ATRA or other differentiation-inducers
become increasingly less susceptible to apoptosis stimulat-
ed by a variety of anticancer agents which inhibit gene ex-
pression (Solary et al., 1993; Del Bino et al., 1994; McCar-
thy et al., 1994; Terui et al., 1995). However, this may not
aways imply that differentiated cells are less susceptible
than parental undifferentiated cells to the anticancer agents
tested. Although inhibitors of gene expression reportedly
trigger apoptosis of undifferentiated HL-60 cells, but not of
HL-60 cell-derived differentiated cells, the decreased sus-
ceptibility of differentiated cells has been correlated with



the cell cycle position of the target cellsrather than the cell’s
differentiation state (Terui et al., 1995). The influence of
gene expression inhibitors on ATRA-stimulated cells is
complicated by the ability of ATRA to not only induce dif-
ferentiation, but also to stimulate apoptosis which is be-
lieved to be a secondary effect (Nagy et al., 1995). There-
fore, the susceptibility of ATRA-induced differentiated cells
to apoptosis induced by gene expression inhibitors such as
Act D requires further confirmation.

While the molecular mechanisms underlying differences
in apoptosis-susceptibility of normal and cancer cells are as
yet unclear, our previous studies indicate an important role
of the expression level of RPS3a/nbl, which apparently en-
codes a ribosomal protein (Naora et al., 1995, 1996, 1998a
1998hb; Naora and Naora, 1999). Enhanced RPS3a/nbl ex-
pression, either constitutive or transient, seems to be a pre-
requisite for “priming” a cell for apoptosis, while abrupt
suppression of such enhanced expression leads to execution
of apoptosis (Naora et al., 1998a, 1998b; Naora and Naora,
1999). Of particular interest is that many cancer cells, such
as parental HL-60 cells, constitutively express RPS3a/nbl at
high levels, whereas normal cells maintain low levels of
RPS3a/nbl expression (Naora et al., 1995, 1996). This im-
plies that cancer cells, by virtue of their high constitutive
RPS3a/nbl expression, are already “primed” for apoptosis
and thus show a high potential for apoptotic induction by
gene expression inhibitors. In contrast, norma cells, e.g.
thymocytes, appear to have to undergo an initial priming
step with a transient enhancement of RPS3a/nbl expression
and thus exhibit little or no apoptosis in response to various
gene expression inhibitors (Naora et al., 1995; Naora and
Naora, 1999).

Given the critical role which the level of RPS3a/nbl ex-
pression apparently plays in regulating apoptosis-suscepti-
bility of cancer cf. normal cells, it was of interest in the
present study to investigate its role in regulating apoptosis-
susceptibility of undifferentiated cf. differentiated cells.
Using ATRA-induced differentiation and Act D-induced ap-
optosis of HL-60 cells as amodel system, we confirmed that
during incubation with Act D apoptotic cells are exclusively
derived from undifferentiated, not differentiated, HL-60
cells. More importantly, we also show that susceptibility to
apoptosis induced by Act D is associated with the level of
RPS3a/nbl expression in these cells. Finally, we observe
that the primed cellular condition of undifferentiated cells
with enhanced RPS3a/nbl expression can be reverted to the
unprimed state, i.e. low levels of RPS3a/nbl expression,
separately from the apoptotic process.

Materials and Methods

Cell Culture

HL-60 cells were cultured in RPMI 1640 medium (GIBCO-BRL,
Grand Idand, NY, USA) with 10% fetal bovine serum (GIBCO-
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BRL) (Naora and Naora, 1995). Cells were incubated at 2x10°
cellssmL with either 1uM ATRA (al-trans retinoic acid) or
1uM TTNPB (4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-
napthalenyl)-1-propenyl]benzoic acid) (both from Sigma, St Lou-
is, MO, USA) for 5 days unless otherwise stated. In some experi-
ments, aliquots of 1x106 cellsymL were taken after the indicated
length of incubation with or without the differentiating agents, and
resuspended in fresh media for 6 hours with or without 1ug/mL
Act D (Sigma, St Louis, MO, USA) (Naora et al., 1996) or 1ug/
mL A23187 (Boehringer Mannheim GmbH, Mannheim, Germa-
ny) (Naora and Naora, 1995). Phosphorothioate oligomers used in
the present experiments were the same as those used previously
(Naoraet al., 1998a). The RPS3a/nbl antisense oligomer contained
the sequence complementary to the ATG initiation codon and the
next four codons: 5-CTTGCCAACCGCCAT-3. A control oligo-
mer contained random sequences of the same base composition as
the RPS3a/nbl antisense oligomer; 5-TCCAAGCCTTACGCC-3..
Oligomers were added at a concentration of 20uM to 1x10* cellsin
96-well plates. Undifferentiated and differentiated cells were re-
suspended in 100uL fresh medium and incubated for 2 days with
or without oligomers. ATRA was supplemented at 1uM to the
fresh incubation medium for the differentiated cells. M ononuclear
cells (MNC) were isolated from healthy human peripheral blood
using LymphoSep Lymphocyte Separation Medium (ICN, NSW,
Ausdtralia) according to manufacturer’sinstructions.

Morphological assessment of cell populations

We identified apoptotic and non-viable cells by the procedure of
trypan blue dye exclusion using the criteria previousy described
(Naora et al., 1996). Briefly, viable cells were identified as those
cells that excluded trypan blue dye. Apoptotic cells were identified
as those cells which were refractile and showed membrane convo-
lution but still excluded trypan blue dye, whereas those cells
whose membrane integrity was compromised and failed to exclude
trypan blue dye were considered non-viable (Wyllie et al., 1980;
Naoraet al., 1996, 1998a). In each experiment, a minimum of 400
cells were counted. This procedure was found to be more accurate
for identifying the number of apoptotic and non-viable cells than
the cytospinning-Giemsa staining method and flow cytometry. In
the present studies, unless otherwise stated, the numbers of apop-
totic and non-viable cells were pooled together and presented as
“apoptotic/non-viable” cells.

Cytospins from aliquots of the cultures were prepared, fixed
with methanol and stained with Giemsa stain (Histochrome, Me-
dos Pty Ltd, Vic, Australia) (Naoraet al., 1998a). Ratios of differ-
entiated:undifferentiated cells in a popul ation were determined by
morphological criteria described elsewhere (Nagy et al., 1995).
Cells showing morphological features of metamyelocytes and
more matured forms were scored as “ differentiated” cells as used
by other researchers (Nagy et al., 1995). A minimum of 300 cells
were scored.

I solation and quantification of RNA
The RPS3a/nbl cDNA probe, isolation and Northern blot analysis
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of RNA, and quantification of hybridised mRNA levels by Phos-
phorlmager (Molecular Dynamics, Sunnyvale, CA, USA) anaysis
has been described elsewhere (Naora et al., 1995). The 0.95kb
EcoRI fragment of pB4, containing the full length of human bcl-2
cDNA (kindly donated by Dr. Y. Tsujimoto, University of Osaka,
Osaka, Japan) was used.

Flow cytometry

Quantitation of the immunostained protein contents per cell were
performed with a FACScan flow cytometer (Becton Dickinson,
San Jose, CA, USA) using WinMDI software.

Immunostaining. For indirect staining with RPS3a/nbl antibody,
cells were fixed in 70% ethanol overnight (Kimura et al., 1995) or
0.25% paraformaldehyde for 1 hour, followed by 70% methanol
overnight at 4°C. Cells were then incubated with primary RPS3a/
nbl antibody for 1 hour at 4°C, followed by washing and incuba-
tion with goat anti-rabbit-FITC antibody (Calbiochem-Novabio-
chem Corporation, SanDiego, CA, USA) for 30 minutes at 4°C.
The polyclonal antibody raised in rabbits against a synthetic pep-
tide compromising amino acid residues 241 to 264 of RPS3a/nbl
was the same as that used in previous studies (Naora et al., 1998a).
Cells fixed in 0.25% paraformadehyde-methanol were aso
stained with bcl-2-FITC antibody clone 124 (DAKO, Carpinteria,
CA, USA). In other experiments, cells were washed and then
stained with CD11b-RPE antibody (Ancell Corporation, Bayport,
MN, USA) or CD45-RPE antibody (Ditec, AS, Odo, Norway),
followed by washing and fixing in 0.25% paraf ormaldehyde-meth-
anol. Cells were then stained with antibodies against either RPS3a/
nbl or bcl-2 as described above. FITC-labeled mouse 1gG1 (DA-
KO) served as a negative control.

Cytometric determination of apoptosis using propidium iodide.
The percentage of cells containing fragmented DNA indicative of
apoptosiswas determined using propidium iodide staining of etha-
nol-fixed cells as previoudy described (Russell et al., 1998).
Sorting cell populations. Aliquots of parental HL-60 cells, Act D-
incubated and ATRA-treated cells were fixed in 0.25% paraform-
aldehyde-methanol as described above. Populations of undifferen-
tiated and differentiated cells, and of apoptotic cells were resolved
using forward versus side light scatter parameters. Differentiated
cells were collected from ATRA-treated cultures, undifferentiated
cells collected from cultures of parental HL-60 cells, and apoptotic
cells collected from Act D-incubated cultures. Giemsa-stained
cytospin slides of sorted popul ations were microscopically exam-
ined.

Results

Morphological and molecular alterations during Act
D-induced apoptosis of HL-60 cells

Following addition of Act D (1ug/mL) to HL-60 cdll cul-
tures, it has been observed that apoptotic cells, which were
shrivelled but still excluded trypan blue dye, appeared rap-
idly and reached a maximum (approximately 40% of total

cell population) at 6 hours (Naoraet al., 1996). A rapid, ear-
ly decrease in forward light scatter, i.e. 3 to 6 hours after
Act D addition (Fig. 1), corresponded exactly to the time
course of apoptotic morphological changes detected by try-
pan blue dye exclusion and also to DNA ladder formation
(Naora et al., 1996). In contrast, changes in propidium io-
dide DNA-staining patterns continued up to 12 hours when
smeared DNA fragmentation patterns, rather than distinct
DNA ladders, were observed on agarose gels (Naora et al.,
1996). We therefore used a 6 hour incubation with 1ug/mL
Act D and the procedure of trypan blue dye exclusion as our
routine assay system, and included propidium iodide and
Giemsa staining for further confirmation of apoptosis in-
duction.

To analyse molecular events occurring in HL-60 cells fol-
lowing Act D addition, RPS3a/nbl and bcl-2 expression
were examined. Rapid decay of RPS3a/nbl mRNA was ob-
served (haf life: 57 minutes), while the RPS3a/nbl level
was down-regulated at a much slower rate (half life: 8.6
hours) (Fig. 2). The bcl-2 level decreased at a faster rate
(half life: 3.7 hours) than that of RPS3a/nbl during the first
6 hours and thereafter was reduced at a slower rate (half
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Fig. 1. Changes in forward light scatter patterns of HL-60 cells during
Act D-induced apoptosis. HL-60 cells were incubated with 1pug/mL Act D
for the indicated times and analysed by flow cytometry. Cell debris, identi-
fied on forward v side light scatter dotplots, were excluded from andysis.
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Fig. 2. Alterations in RPS3a/nbl and bcl-2 mRNA and protein levels in
HL-60 cells during Act D-induced apoptosis. HL-60 cells were incubated
with 1ug/mL Act D, except at 5pg/mL (block triangle), for the indicated
times. Levels of RPS3a/nbl mRNA (block circle/triangle), RPS3a/nbl
(open circle), bcl-2 mRNA (block diamond) and bcl-2 (open diamond)
were quantified as described in the text. The measured levels were norma-
lised such that the initid values prior to Act D addition equaled 100. The
occurrence of mgor dterationsin DNA integrity are indicated by arrows.

life: 18.5 hours). At 6 hours following Act D addition, the
RPS3a/nbl content was approximately 70% of the original
level, and apoptotic and non-viable cells comprised 33%
and 4%, respectively, of the tota cell population. It seems
possible that a substantial amount of RPS3a/nbl was re-
duced in an apoptotic cell before the cell becomes unable to
exclude trypan blue dye while non-apoptotic viable cells
maintained their origina RPS3a/nbl levels. Down-regula
tion of RPS3a/nbl levels was also observed when apoptosis
was induced by the calcium ionophore A23187, suggesting
that down-regulation of RPS3a/nbl levels was not a specific
effect of Act D, but probably a conserved process in apopto-
sis.

Differentiated cells are insensitive to the induction of
apoptosis by Act D

As mentioned earlier, ambiguity exists regarding the view
that HL-60 cell-derived differentiated cells become insensi-
tive to induction of apoptosis by various agents, e.g. Act D.
We therefore carried out the following experiments. HL-60
cells were treated with 1uM ATRA for a period of 3 to 7
days. ATRA-treated HL-60 cells were then treated with
1ug/mL Act D for 6 hours. No dteration in total cell num-
bers was observed during the second incubation; the per-
centage of cellsrecovered after incubation with Act D being
104+7%. After incubation with Act D, three different cell
types: undifferentiated, differentiated (as identified by the
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cytospinned-Giemsa staining procedure), and apoptotic/
non-viable (as identified by the trypan blue dye exclusion
procedure) were scored. Theratio of differentiated cells:un-
differentiated cells in the total cell population increased
with the length of ATRA stimulation and the net increment

n the apoptotic/non-viable cell population following Act D
nduction inversely decreased with the length of prior

ATRA stimulation. The size of the population of differenti-
ated cells did not significantly ater during Act D treatment.
The net increment in the apoptotic/non-viable cell popula
tion during Act D treatment was found to closely match the
net decrement in the undifferentiated cell population. Figure
3 shows a summary of the observations made with increas-

ng ratios of differentiated:undifferentiated cells. Extrapola-

tion of increment and decrement lines reveals that both
cross exactly at the point of 100 : 0 with equal rates of alter-
ation, indicating that no apoptosis was induced by Act D if
al cells had already been differentiated and that all of apop-
totic/non-viable cells which were induced by Act D were
directly derived from undifferentiated cells.
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Fig. 3. Relationship between the appearance of apoptotic/non-viable cells
and disappearance of undifferentiated cells during Act D-induced apopto-
sis. HL-60 cells (1x10° cell/mL) pre-stimulated with 1uM ATRA for 3 to
7 days were incubated for a further 6 hours with 1ug/mL Act D. The total
number of undifferentiated and apoptotic/non-viable cells were counted be-
fore and after Act D addition. Numbers of these two cell types following
Act D addition were expressed as a decrement below and an increment
abovetheinitial numbers of these cells prior to Act D addition. Each set of
symbols represents the value of the decrement and increment, taken from
numerous experiments, scored under a ratio of differentiated cells: undif-
ferentiated cells.



RPS3a/nbl Expression during Differentiation and Apoptosis

Flow cytometric analysis of ATRA-treated and
untreated HL-60 cells

Three distinct HL-60 cell populations were identifined by
their light scatter patterns. The mgority of ATRA-untreated
cells were seen in the Group 2 (G2) cell population (high
forward scatter) and some in the Group 1 (G1) cell popula
tion (low forward scatter) (Fig. 4a). Very few were seen in
the Group 3 (G3) cell population (high side scatter). Follow-
ing ATRA stimulation, a marked increase in the G3 cell
population and concomitant decrease of the G2 cell popula-
tion was observed (Fig. 4c), strongly suggesting that the G2
and G3 cell populations comprised undifferentiated and dif-
ferentiated cells, respectively. This was verified by micro-
scopic observations of cells sorted from the G2 and G3 pop-
ulations.

When ATRA-untreated HL-60 cells were incubated with
Act D for 6 hours, the cell population located between the
G2 and G3 cell populations increased with a concomitant
decrease in the G2 cell population (Fig. 4b). Since incuba
tion with Act D induced apoptosis, it seems likely that these
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Fig. 4. Forward and side light scatter patterns of untreated and ATRA-
treated HL-60 cells. HL-60 cells were incubated for 5 days with (c, d) or
without (a, b) IuM ATRA, followed by afurther 6 hour incubation with (b,
d) or without (a, ¢) 1ug/mL Act D. Different cell populations were identi-
fied by their distinct forward v side light scatter patterns. The G1 cell pop-
ulation includes cell debris. The G2 and G3 cell populaions comprise un-
differentiated and differentiated cells, respectively, while non-viable/
apoptotic cells are primarily located in the region between the G2 and G3
populations. These populations were verified by the microscopic appear-
ance of cells sorted from each population and their expression patterns of
differentiation markers (see text).
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newly migrated cells were apoptotic. Thiswas confirmed by
microscopic examination of the cells sorted from this re-
gion. Apoptotic cells comprised only a minor proportion of
the G2 and G3 cell populations. The cell population located
between the G2 and G3 cell populations was considerably
smaller in cultures of ATRA-stimulated cells following Act
D incubation (compare Fig. 4d with Fig. 4b).

Expression patterns of various cell surface markers indi-
cated that cells in the G3 population were differentiated,
whereas those in the G2 population were undifferentiated
HL-60 cells. ATRA-untreated HL-60 cells expressed
CD11b, a widely used differentiation marker (Repo et al.,
1993; Park et al., 1994; Kimuraet al., 1995; Kanatani et al.,
1997; Watson et al., 1997), at very low or negligible levels.
Increased CD11b expression was observed concomitantly
with the increased population size of G3 following ATRA
stimulation (Fig. 5a). A modest increase in CD45 expres-
sion was reproducibly seen following ATRA stimulation
(Fig. 5b), as likewise observed by others in leukaemic cell
undergoing differentiation (Taetle et al., 1991; Buzzi et al.,
1992).

A small fraction of ATRA-untreated HL-60 cells, show-
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Fig. 5. Enhancement of CD11b and CD45 expression on ATRA-stimulat-
ed HL-60 cells. Changesin surface expression of (@) CD11b and (b) CD45
were assessed by immunofluorescence analysis of parental undifferentiated
HL-60 cells (unshaded histograms), and HL-60 cells induced to differenti-
ate by 1uM ATRA stimulation for 5 days (shaded histograms). Negative
controls are also shown.



ing “granulocyte’-like morphology, were seen in the G3 cell
population and showed increased CD11b and CD45 expres-
sion similar to cells of the G3 population in ATRA-stimulat-
ed cultures. Therefore, it seems likely that a small fraction
of ATRA-untreated HL-60 cells spontaneously underwent
differentiation. Also, cellsthat remained in the G2 cell pop-
ulation after 5 days ATRA stimulation showed virtualy
identical levels of CD11b and CD45 expression as the G2
population in ATRA-untreated cultures. Thus, it can be con-
cluded that cells present in the G3 cell population were dif-
ferentiated, whereas those in the G2 population were undif-
ferentiated.

Changesin RPS3a/nbl levels during differentiation of
HL-60 cellsby ATRA

Since up-regulating RPS3a/nbl expression in cells which
normally express RPS3a/nbl at low levels increases their
susceptibility to Act D-induced apoptosis (Naora et al.,
1998b), we considered the possibility that the diminished
apoptosis-susceptibility of ATRA-induced differentiated
cells to Act D could be associated with down-regulated
RPS3a/nbl expression. When HL-60 cells were induced to
differentiate by treatment with ATRA for 5 days, RPS3a/nbl
expression drastically decreased to 9.0+ 1.7% of the original
level (Fig. 6aand b, Table ). The basal level of RPS3a/nbl
expression in MNC isolated from heathy human blood was
10.4+0.4% of that of undifferentiated HL-60 cells (Table),
indicating that the reduced RPS3a/nbl content of ATRA-in-
duced differentiated cells was at the level of normal in vivo
differentiated cells. Induction of differentiation asoledto a
decrease in bcl-2 levels (Fig. 7), as likewise observed by
others (Bradbury et al., 1996; Mengubas et al., 1996); bcl-2
levels decreased to 36.0+4.0% of the original level after 5
days of ATRA treatment. Down-regulated RPS3a/nbl ex-
pression was also observed in spontaneously differentiated
cells in ATRA-untreated HL-60 cultures (Table 1). Con-
versely, high RPS3a/nbl expression was maintained in HL-
60 cells which remained undifferentiated following 5 days
ATRA stimulation (Table |). These observations together
suggest that down-regulation of RPS3a/nbl expression in
differentiated cellsis not a response peculiar to ATRA stim-
ulation, but could be involved in the progression and/or
maintenance of cell differentiation.

We also examined changes in RPS3a/nbl levels of undif-
ferentiated and ATRA-induced differentiated cells follow-
ing Act D treatment. Following incubation of parental HL-
60 cellswith Act D, we anaysed the RPS3a/nbl content of
these cells which were primarily found in the apoptotic cell
population located between the G2 and G3 cell populations
and in the G3 cell population (Fig.4b). As shown in Figure
6a, RPS3a/nbl levels significantly decreased during Act D-
induced apoptosis of undifferentiated HL-60 cells (Fig. 6a,
compare unshaded region with shaded region, +Act D). In
contragt, little change was observed in the RPS3a/nbl distri-
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Fig. 6. Act D-induced changesin RPS3a/nbl expression in undifferentiat-
ed and ATRA-induced differentiated HL-60 cells. (a) Parental undifferenti-
ated HL-60 cells and (b) HL-60 cells induced to differentiate by 1uM
ATRA gimulation for 5 days were incubated with 1ug/mL Act D for afur-
ther 6 hours. Changes in RPS3a/nbl levels were assessed before (unshaded
histogram) and after (shaded histogram) Act D addition. Negative controls
are also shown. A direct comparison of (&) and (b) can be made.

bution pattern of differentiated cells following Act D treat-
ment (Fig. 6b); though a slightly elevated shoulder was not-
ed (shaded region), which corresponded to the peak RPS3a/
nbl level in apoptotic undifferentiated cells. Since a minor
population in the ATRA-treated cultures remained undiffer-
entiated, it seems likely that the residua undifferentiated
cells become apoptotic during Act D treatment and the de-
creased RPS3a/nbl levels of such apoptotic cells were de-
tected at the shoulder of the RPS3a/nbl distribution pattern.
These results indicate a strong association between high re-
sistance to apoptosis-induction by Act D and low levels of
RPS3a/nbl. This implies that high RPS3a/nbl-expressing
cells, i.e. undifferentiated cells, are readily susceptible to
apoptosis induced by Act D, whereas cells in which RPS3a/
nbl expression was down-regulated, i.e. differentiated cells,
are no longer susceptibleto Act D.

RPS3a/nbl antisense oligomers induce apoptosisin
undifferentiated cells, but not in differentiated cells

It has been shown that apoptosis can be induced in cells
which express RPS3a/nbl at high but not at low levels by
specificaly inhibiting RPS3a/nbl expression (Naora et al.,
1998a). Since differentiated cells contain low RPS3a/nbl
levels, we considered the possibility that ATRA-treated HL -
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Table I. RELATIVE RPS3a/nbl CONTENTS OF DIFFERENTIATED AND UNIDIFFERENTIATED CELLS

. . Apoptotic/ Ratios of
Relative RPS3a/nbl contents® non-viable  differentiated:
cells in undifferentiated
in vivo Spontaneously Chemically Chemically total call cells within
Treatments differented differentiated induced induced population®  non-apoptotic, viable
of cells cells cells differentiated cells undifferentiated cells (%0) cell population®
No treatment —— 0.098+0.026° — — 10.1£2.7 7.542.8:92.5+2.8
(n=6) (n=13) (n=19)
ATRA — — 0.090%0.0179 1.128+0.123 52.5%15.3 77.5%4.1:22.5+4.1
(1uM, 5 days) (n=6) (n=7) (n=7) (n=5)
TTNPB —_— e 0.098+0.007¢ 0.990+0.072 16.5£3.6 72.3+5.9:27.7%5.9
(1pM, 5 days) (n=6) (n=6) (n=5) (n=5)

Human MNC  0.104£0.004°

(n=2)

a) Relative RPS3a/nbl contents are expressed as meantS.E. of the ratios between the mean fluorescence intensities of the indicated cell popu-
lation and the mean fluorescence intensities of untreated, undifferentiated HL-60 cells with the numbers (n) of experimental samples mea-

sured shown in parentheses below.

5 Apoptotic/non-viable cells and the ratios of differentiated:undifferentiated cells were measured by microscopic observations as described in

the Materials and Methods and expressed as meantS.E.

9 Differences between the value of human MNC and those of spontaneously or chemically induced differentiated cells are not statistically

(¢ test) significant.

60 cells become resistant to apoptosis triggered by specifi-
cally inhibiting RPS3a/nbl expression with RPS3a/nbl anti-
sense oligomers. Parental HL-60 cells were incubated with
RPS3a/nbl antisense oligomers for 2 days at afinal concen-
tration of 20 uM, conditions under which significant inhibi-
tion of RPS3a/nbl expression has been previousy reported
(Naora et al., 1998a). Such cultures showed a marked in-
crease in numbers of non-viable cells and of cells exhibiting
typical features of apoptosis such as shrinkage, blebhing,

bcl-2

Differentiated cells

1 GControl ¥ Undifferentiated cells

103 104

101

Fluorescence

Fig. 7. Down-regulation of bcl-2 expression in ATRA-induced differenti-
ated cells. Changes in bcl-2 expression were assessed by immunofluores-
cence analysis of parental undifferentiated HL-60 cells (unshaded region),
and HL-60 cells induced to differentiate by 1uM ATRA stimulation for 5
days (shaded region).
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chromatin condensation, nuclear and cell fragmentation as
previously reported (Naora et al., 1998a) (Fig. 8). In con-
trast, oligomers comprising random sequences did not in-
duce any apoptotic cell death, with there being no signifi-
cant difference in viability from cells incubated without
oligomers (Fig. 8). This result indicates that the cell death
observed with antisense oligomers is not due to possible
non-antisense-specific effects of phosphorothioate oligo-
mers which have been observed in other experimental sys-
tems (Krieg, 1992; Vaerman et al., 1995). In contrast to un-
differentiated cells, cultures of ATRA-induced differentiated
cells showed no increase in numbers of apoptotic and non-
viable cells following incubation with RPS3a/nbl antisense
oligomers (Fig. 8). It seems therefore that undifferentiated
HL-60 cells are highly susceptible to apoptotic induction by
specific inhibitory RPS3a/nbl antisense oligomers, whereas
HL-60 cells, once they are differentiated, are no longer sus-
ceptible.

Down-regulation of RPS3a/nbl levels during ATRA-
induced differentiation isinvolved in the differentiation
process, independently of apoptosis

It has been reported that cellular differentiation proceeds in-
dependently of apoptosis through ligand activation of RARS
(Park et al., 1994; Nagy et al., 1995). While ATRA prefer-
entialy bindsto RARs and induces differentiation (Nagy et
al., 1995), the population of apoptotic cells seen in ATRA-
treated cultures was higher than the small pool of spontane-
ously apoptotic cells observed in untreated parental HL-60
cultures (Table 1). Apoptosis following ATRA treatment of
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Fig. 8. Effect of RPS3a/nbl antisense oligomers on undifferentiated and
ATRA-induced differentiated HL-60 cells. Parental HL-60 cells and HL-60
cells pre-stimulated with ATRA for 5 days were incubated with no oligo-
mers (open bar), RPS3a/nbl antisense oligomers (solid bar) or random oli-
gomers (dotted bar). The number of apoptotic/non-viable cells per well
were scored as described in the Materials and Methods. Results were nor-
malised such that the values observed with no oligomer equalled 100. Val-
ues represent mean * S.E. of duplicates.

HL-60 cells has been observed by others and has been at-
tributed to in vitro isomerization of ATRA to 9-cis retinoic
acid which activates RXRs and triggers apoptosis (Nagy et
al., 1995). To assess whether down-regulation of RPS3a/nbl
levels during ATRA-induced differentiation is involved in
the differentiation process per se, we used the retinoic acid
analog TTNPB, which is highly specific for RARs and pref-
erentially induces differentiation but not apoptosis (Sheikh
et al., 1994; Nagy et al., 1995). As shown in Table I, the
population size of apoptotic/non-viable cells in TTNPB-
treated cultures was markedly smaller than that seen in
ATRA-treated cultures and only marginally higher than that
observed in untreated parental cultures. Cells in TTNPB-
treated cultures exhibited typical “granulocyte” like mor-
phology, were primarily located in the G3 cell population
and showed increased CD11b and CD45 expression, as like-
wise observed in ATRA-treated cultures.

RPS3a/nbl levels in TTNPB-induced differentiated cells
were found to be almost identical to those in ATRA-induced
differentiated cells (Table I), indicating that RPS3a/nbl lev-
els were down-regulated in differentiated cells even under
conditions in which the apoptotic process was not specifi-
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cally activated. bcl-2 levels aso decreased during TTNPB-
induced differentiation. High levels of RPS3a/nbl, identical
to those of untreated, undifferentiated HL-60 cells, were
maintained in cells which remained undifferentiated follow-
ing TTNPB treatment (Table I). It therefore seems that TT-
NPB did not down-regulate RPS3a/nbl expression unless a
cell was differentiated or in progress towards differentia
tion. These observations indicate that down-regulation of
RPS3a/nbl levels observed during ATRA-treatment is not
involved as part of the apoptotic process, but occurs as part
of the differentiation process.

Discussion
Our previous studies have supported a model in which en-
hanced RPS3a/nbl expression could be regarded as priming
acell for apoptosis, the execution of which requires abrupt
suppression of such enhanced expression (Naora et al.,
1996, 1998a, 1998b; Naora and Naora, 1999). The present
study found undifferentiated HL-60 cells to be highly sus-
ceptible to Act D-induced apoptosis, whereas ATRA-in-
duced differentiated cells are resistant. While undifferentiat-
ed HL-60 cells highly expressed RPS3a/nhl, it appears that
the apoptosis-resistance observed in differentiated cells
could be due to their markedly reduced levels of RPS3a/nbl
which were similar to those of normal in vivo differentiated
MNC. It was reveaed, furthermore, that down-regulation
of RPS3a/nbl expression during ATRA treatment was not
directly linked to the apoptotic process triggered via RXRs
activation, as down-regulation of enhanced RPS3a/nbl ex-
pression was aso observed in HL-60 cellsinduced to differ-
entiate with the highly RAR-specific retinoid TTNPB with-
out any significant induction of cell death. While down-
regulation of enhanced RPS3a/nbl expression during differ-
entiation did not apparently induce cell death, apoptosis
could be actively triggered by inhibiting enhanced RPS3a/
nbl expression in undifferentiated cells since, at least under
the experimental conditions used, incubation with RPS3a/
nbl antisense oligomers triggered death of parental HL-60
cells. It therefore appears that down-regulation of enhanced
RPS3a/nbl expression during differentiation takes place in-
dependently of apoptosis which aso requires down-regula
tion of enhanced RPS3a/nbl expression. This notion is con-
sistent with the genera conclusion drawn from various
studies that differentiation and apoptosis of retinoid-treated
cells, while closely linked, proceed independently via dis-
tinct pathways (Park et al., 1994; Nagy et al., 1995, 1998).
While down-regulation of the high RPS3a/nbl levelsin un-
differentiated cells apparently triggers cell death, down-reg-
ulation of RPS3a/nbl levels during retinoid-induced differ-
entiation could be regarded as unpriming the cellular
apoptotic machinery; in other words, safely reverting the
primed apoptotic condition of undifferentiated cells to the
unprimed state.

Various mechanisms could explain how down-regulation
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of enhanced RPS3a/nbl expression occurs during differenti-
ation without triggering cell death. The rate of RPS3a/nbl
down-regulation during differentiation could play a vital
role in avoiding apoptosis. While RPS3a/nbl down-regula-
tion during apoptosis has been in general abrupt, in the or-
der of hours both in vitro and in vivo experiments (Naora et
al., 1995, 1996, 1998b), retinoid-induced differentiation
gradually proceeded over severa days. Since apoptosis and
differentiation are multi-gene processes, other molecules
could be involved in protecting cells during reversion from
the primed (high RPS3a/nbl) to unprimed (low RPS3a/nbl)
state. Such a mechanism could be built in the system re-
quired for the differentiation process or maintenance of the
differentiated state, and could explain how all normal differ-
entiated cells studied so far maintain RPS3a/nbl expression
at low constitutive levels without their survival being ad-
versely compromised. It is unlikely that bcl-2 per se is di-
rectly involved in preventing cell death from occurring
during RPS3a/nbl down-regulation in cells undergoing dif-
ferentiation, since we find that bcl-2 levels are also down-
regulated. From similar observations made in earlier stud-
ies, it was concluded that differential apoptosis-susceptibili-
ty of undifferentiated and differentiated cells could be regu-
lated by mechanisms independent of bcl-2 (Bradbury et al.,
1996; Mengubas et al., 1996). However, various members
of the bcl-2 family could be cooperatively involved in the
mechanism in which differential apoptosis-susceptibility at
low and high levels of RPS3a/nbl expression is regulated.
Cooperative involvement could include direct protein-pro-
tein interactions, as various individual ribosomal proteins
can interact with, and modulate the activities of, growth reg-
ulatory factors. For example, ribosomal protein L34 hasre-
cently been reported to modulate the activities of cyclin de-
pendent kinases 4 and 5 via protein-protein interactions
(Moorthamer and Chaudhuri, 1999), while the role of the
pituitary tumor-transforming gene product in male germ cell
differentiation could involve its interaction with ribosomal
protein S10 (Pei, 1999). A few possible models of the direct
or indirect interactions of RPS3a/nbl with bcl-2 family
members are attractive, but are purely speculative at present
and thus await experimental confirmation.

The observation that retinoid-induced differentiated cells
contain markedly reduced levels of RPS3a/nbl similar to
those in normal in vivo differentiated MNC raises the ques-
tion asto the role and biologica significance of low RPS3a/
nbl expression in differentiated cells. The observed parallel
down-regulation of RPS3a/nbl and bcl-2 levels during dif-
ferentiation could play a significant role in the limited life
span of differentiated cells. While our observations indicate
that undifferentiated cancer cells undergo apoptosis more
readily than differentiated cells, it should be noted that dif-
ferentiated cells do not proliferate and ultimately die under
in vitro and in vivo conditions. Differentiated cells would
presumably undergo apoptosisif cells are reprimed for apo-
ptosis by genuine inducers. Such repriming steps could in-
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clude transient enhancement of RPS3a/nbl expression as
observed in thymocytes (Naoraet al., 1995). Act D isclear-
ly not the genuine apoptosis-inducer for differentiated cells;
rather it suppresses the priming responses required for apo-
ptosis thereby blocking the apoptotic process in differentiat-
ed cells.

Since RPS3a/nbl is an important ribosomal component
(Naora and Naora, 1999), down-regulation of its levels
could disrupt ribosome formation and thereby protein syn-
thesis. Disrupted protein synthesis could in turn trigger ap-
optosis by reducing levels of labile survival/anti-apoptotic
factors (Steller, 1995; Kho et al., 1996). While increased ri-
bosomal protein expression and ribosome biogenesis occur
in actively proliferating cells (Tushinski and Warner, 1982),
down-regulated expression of various ribosomal protein
genes has been observed during differentiation of leukaemic
cells(Lin et al., 1994). It is possible that safe conversion of
the apoptotic primed state to the unprimed state which oc-
curs during differentiation is associated with down-regulat-
ed ribosome biogenesis and/or reduced protein synthetic ac-
tivity. However, a role of RPS3a/nbl in translation per se
cannot fully account for the prerequisite of RPS3a/nbl lev-
els to be enhanced for apoptotic priming. Many individual
ribosomal proteins can apparently function in a capacity in-
dependent of and mechanistically distinct from that in trans-
lation (reviewed in Wool, 1996; Naora and Naora, 1999).
Various genes that have been identified as encoding pre-
sumptive ribosomal proteins were originally cloned in a
search for non-ribosomal functions. For example, an endo-
nuclease involved in DNA repair is apparently identical to
ribosomal protein S3 (Kim et al., 1995), while a monocyte
chemotactic factor has been identified as a homodimer of ri-
bosomal protein S19 (Horino et al., 1998). In fact, RPS3a/
nbl was originally isolated by virtue of its abundance in a
Namalwa Burkitt Lymphoma cDNA library (Naora et al.,
1995) and found to encode sequences of aclone isolated by
screening an expression library with a RPS3a antibody
(Metspalu et al., 1992). Since the notions of “gene recruit-
ment” and “one gene-dua function” have become increas-
ingly accepted (see Wistow, 1995), it is quite possible that
RPS3a/nbl plays a crucial role in apoptosis in an extraribo-
somal capacity.
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