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Abstract. Onconase (Onc) is a ribonuclease from amphibian oocytes that is
cytostatic and cytotoxic to many tumour lines. It shows in vivo antitumour activity
in mouse tumour models and is currently in Phase III clinical trials. The present
study was designed to test whether cytotoxic effects of ONC can be modulated by
differentiating agents. Human leukaemic HL-60 and prostate cancer LNCaP and
JCA-1 cells were treated with Onc in the absence and presence of several inducers
of differentiation and frequency of apoptosis was assessed using three different
cytometric methods and confirmed by analysis of cell morphology. A moderate
degree of apoptosis observed after 4872 h incubation of HL-60 cells in the
presence of 0.42 uM Onc alone was markedly potentiated by administration of
retinoic acid (all trans), sodium butyrate or dimethylsulfoxide at concentrations
known to induce differentiation but be minimally cytotoxic. Likewise, the
frequency of apoptosis of LNCaP and JCA-1 cells treated with Onc was increased
in the cultures to which phenylbutyrate was added. Although cell treatment with
Onc alone, with each of the differentiating agents alone or with Onc in
combination with the differentiating agents led to an increase in the proportion of
G cells, no specific cell cycle phase preference in induction of apoptosis was
observed. The data suggest that cells undergoing differentiation are particularly
vulnerable to Onc; a combination of Onc and differentiating agents should be
considered for further in vivo tests to assess its possible usefulness in the clinic.

INTRODUCTION

Onconase (Onc), initially named Pannon or Protein P30, is a ribonuclease of 12 000 MW
isolated from amphibian oocytes (Darzynkiewicz et al. 1988; Ardelt et al. 1991; Mosimann et
al. 1994). This protein is homologous to other members of the pancreatic RNase superfamily
(review: Rybak & Newton 1999) and shows weak enzymatic activity (Ardelt, Mikulski &
Shogen 1991; Ardelt et al. 1994; Boix et al. 1996). Onc suppresses proliferation of several
tumour cell lines of different lineage (Darzynkiewicz et al. 1988; Mikulski et al. 1992a;
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Mikulski, Viera & Shogen 1992b; Rybak et al. 1993; Boix et al. 1996; Rybak et al. 1996; Wu
et al. 1996) and inhibits growth of certain tumours in mice (Mikulski et al. 1990a). In its
cytotoxic and antitumour activity Onc is synergistic with many chemotherapeutic agents
(Mikulski et al. 1990b; Mikulski et al. 1992a; Rybak et al. 1996; Deptala et al. 1998; Mikulski
et al. 1998). Onc is currently in Phase III clinical trials where it appears to demonstrate
activity towards malignant mesothelioma (Mikulski et al. 1995; Constanzi et al. 1996).

The mechanism of antitumour activity of Onc is not well understood. The cytostatic effect
of Onc manifesting as an increase in proportion of cells in G; phase of the cell cycle becomes
evident after 48-72 h exposure of cells and is accompanied by apoptotic cell death
(Darzynkiewicz et al. 1988; Deptala et al. 1998). The cytostatic effect, at least in the case of
U937 cells, appears to be mediated by down-regulation of cyclin D3 combined with
upregulation of the inhibitors of cyclin-dependent kinases (CKIs) p27%™F! p16™K4A and
p2 1 WAFICIPL e events that prevent phosphorylation of pRb during Gy, and result in cell
arrest at the restriction point (Juan et al. 1998). In several other cell lines, however, only
p27%P! was up-regulated by Onc while levels of pl16™%4A and p21WAFVCIPL were unchanged
(unpublished). Onc binds to the receptors on plasma membrane of the sensitive cells and
becomes internalized (Wu et al. 1993; Wu et al. 1996). Because inhibition of protein synthesis
which follows the internalization requires Onc to be enzymatically active, it has been
postulated, that the cytostatic and cytotoxic effects result from degradation of intracellular
RNA, primarily tRNA, by this enzyme (Wu et al. 1993; Lin et al. 1994). However, since Onc
quite specifically modulates the cell cycle progression machinery (p275'"" upregulation) it is
likely that its mechanism of action is more complex than just inhibition of overall protein
synthesis. Onc shows relatively low toxicity and side-effects in animal tests (Mikulski et al.
1990) and in clinical trials (Mikulski et al. 1995; Constanzi et al. 1996) but it is unclear why
tumour cells are more sensitive to this drug compared to normal cells.

As mentioned, Onc shows synergisms with several antitumour drugs. This suggests that its
clinical utility may be enhanced in the treatment protocols that use these drug combinations.
Continuing our search for other antitumour drugs that may be synergistic with Onc, in
particular the drugs of low toxicity to patients, we have turned to the agents that induce cell
differentiation. There is evidence in the literature that cytostatic and/or cytotoxic effects of
antitumour agents are modulated by induction of cell differentiation (e.g. Bernhard et al.
1999; Studzinski, Bhandal & Brelvi 1986; Waxman ez al. 1992; Solary et al. 1993; Del Bino et
al. 1994; Huang & Waxman 1994, 1998). Under certain conditions of sequential cell
treatments with antimetabolites or DNA damaging agents and induction of differentiation,
an enhancement of apoptosis can be observed (Bhatia et al. 1995; Waxman et al. 1992;
Huang & Waxman 1998). The mechanism of these synergisms may involve modulation of the
regulatory and/or execution machinery of apoptosis known to occur in the course of
differentiation (e.g. Adam et al. 1997, McMahon, Alsina & Levy 1984; Kozopas et al. 1993;
Lotem & Sachs 1993; Krajewski, Krajewska & Reed 1996; Wang & Studzinski 1997; Watson
et al. 1997; Hung & Chuang 1999). The present data show that the frequency of apoptosis is
increased in combinations of Onc with the differentiating agents under the conditions when
apoptosis induced by the latter alone is relatively minor.

MATERIALS AND METHODS

Cells and cell treatments
Human leukaemic cell lines HL-60, LNCaP and JCA-1 were obtained from American Type
Culture Collection (Rockville, MD). The cells were maintained in RPMI 1640 media
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supplemented with 10% fetal bovine serum and antibiotics, as described by us before
(Deptala et al. 1998; Juan et al. 1998). All media, supplements and antibiotics were obtained
from Life Technologies (Grand Island, NY, USA). The cultures were periodically tested for
Mycoplasma infection. To maintain asynchronous exponential growth the suspension cultures
of HL-60 cells were passaged by re-seeding the cells (1 : 5 dilution) in fresh medium before
the cultures reached 5 x 10° cells/ml density. The adhering cell cultures (LNCaP and JCA-1)
were trypsinized before reaching subconfluence and split at 1 : 10 dilution. Onc, provided by
Alfacell Corporation (Bloomfield, NJ, USA), was diluted in culture medium and in most
experiments was used at a final concentration 0.42 uM. Stock solution of a/l trans retinoic
acid (RA; 1 mM) in dimethylsulfoxide (DMSO) was stored at —20°C (both from Sigma
Chemical Co., St. Louis MO, USA). The sodium salt of n-butyric acid (Sigma) and
phenylbutyrate (kindly provided by Dr Dvorid Samid of the University of Virginia at
Charlottesville, VA, USA) were directly dissolved in media to obtain the desired
concentration. When used as a differentiating agent DMSO was administered at a
concentration 1.2% (v/v) directly into the cultures. When used as a diluent to RA DMSO
was at < 1 pg/ml concentration in the culture, and the respective control cultures were
treated with the equivalent DMSO concentration. In most experiments Onc was used in
cultures at 0.42 um, RA at 20 nMm, n-butyrate at 1 mm, and phenylbutyrate at 2 mm final
concentration. In preliminary experiments we explored different sequence of cell treatment
with Onc and n-butyrate by adding the latter 24 h pre-administration, at administration, and
24 h after-administration of Onc. Because the highest degree synergism was observed when
Onc and n-butyrate were added at the same time, in all further experiments (reported here)
Onc and the differentiating agent were administered into exponentially growing cultures at
the same time and the cells were harvested either after 48 or 72 h. Special care was exercised
to collect all cells from the treated cultures: because apoptotic cells in adherent cultures
detach from the surface of the flasks, the trypsinized cells were pooled with the cells that were
floating in the media (Darzynkiewicz et al. 1997).

Identification of apoptotic cells

Apoptotic cells were identified, and their frequency quantified by three different flow
cytometric methods (Darzynkiewicz et al. 1997). The first one was based on the analysis of
cellular DNA content following fixation of the cells in ethanol and extraction of the
fragmented low molecular weight DNA with phosphate-citrate buffer of high molarity (Gong,
Traganos & Darzynkiewicz 1993). The cellular DNA content, after cell staining with DNA
specific fluorochrome 4,6-diamidino-2-phenylindole (DAPI), was measured by ICP-22 flow
cytometer (Ortho Instruments, Westwood, MA, USA) using mercury lamp UV light
illumination. In the second method the cells were permeabilized with nonionic detergent Triton
X-100 (Sigma) and cellular DNA and RNA were differentially stained with metachromatic
fluorochrome acridine orange (AO; Molecular Probes, Eugene, OR, USA) as described before
(Darzynkiewicz 1994) and their fluorescence was measured with a FACScan flow cytometer
(Becton Dickinson, San Jose, CA, USA). In both methods apoptotic cells were distinguished
on the DNA content frequency histograms as the cells with fractional DNA content (‘sub-G,’
cell subpopulation) and quantified using a MultiCycle deconvolution software (Phoenix Flow
Systems, San Diego, CA). The third method of identification of apoptotic cells was based on in
situ DNA strand break labelling with digoxygenin-tagged dUTP using exogenous terminal
deoxynucleotidyl transferase as described by us before (Gorczyca et al. 1992), initially
employing ApopTag kit provided by ONCOR Inc. (Gaithersburg, MD, USA) and
subsequently the APO-DIRECT kit offered by Phoenix Flow Systems.
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Figure 1. Effect of Onc, RA and combined treatment with Onc and RA acid on cell cycle and apoptosis
of HL-60 cells; univariate analysis of DNA content. Cellular DNA content frequency histograms of HL-
60 cells, untreated (a) and treated with Onc (b), RA (c) and Onc + RA (d) for 48 h. Apoptotic cells (Ap,
arrowheads), having fractional DNA content are recognized as the ‘sub-G;’ cell subpopulation (review:
Darzynkiewicz et al. 1997). A decrease in proportion of S and G,/M-phase cells in the culture treated
with RA (c) and high frequency of apoptotic cells in the culture treated with Onc + RA (d) are
apparent.

Immunocytochemical detection of Bcl-2 and Bax

The cells were rinsed with PBS and prefixed in suspension in 1% formaldehyde in PBS for
15 min on ice. The cells were then rinsed again and resuspended in ice-cold 80% ethanol for
up to 24 h. After fixation the cells were rinsed twice with PBS containing 0.25 Triton X-100
(Sigma) and 1% bovine serum albumin (BSA; Sigma), centrifuged and the cell pellet (~ 10°
cells) suspended in 100 ul 1% of BSA in PBS containing 1 : 100 diluted anti Bc/-2 mAb
(clone 124, DAKO, Carpintiera, CA, USA) and incubated overnight at 4°C. The cells were
then centrifuged, and the pellet suspended in 100 ul 1% of BSA in PBS containing FITC
conjugated goat antimouse Ab [(Fab)2 fragment] at 1 : 30 titre. The cells were incubated for
30 min at room temperature in the dark then counterstained with 10 ug/ml propidium iodide
(PI; Molecular Probes) containing 0.1% RNase A (Sigma). To detect Bax, the cells were
treated as described above except that mouse antihuman Bax Ab (Coulter/Beckman, Miami,
FL, USA) at 1:200 titre was used. Control cells were incubated with the same batch of
isotypic antibody. The bivariate green (FITC) red (PI) fluorescence was measured by
FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA). The mean values of Bax
and Bcl-2 immunofluorescence of the measured cell populations (after subtraction of the
background fluorescence of the cells stained with isotype IgG Ab) were also calculated to
measure a change in Bax/Bcl-2 ratio after the treatments. Each experiment was repeated at
least twice.

RESULTS

Several methods have been used in the present study to identify and quantify apoptotic cells
and also to detect changes in the cell cycle distribution of the treated cells. Figure 1 illustrates
representative cellular DNA content frequency histograms of HL-60 cells untreated and
treated with Onc or RA alone or with Onc and RA together. Apoptotic cells having
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Figure 2. Effect of Onc, RA, and combined treatment with Onc + RA on cell cycle and apoptosis of
HL-60 cells: bivariate analysis of cellular DNA and RNA content. Bivariate distributions (scatterplots)
of DNA vs. RNA (stained with AO) of HL-60 cells, untreated (a) and treated with Onc (b), RA (c) and
Onc + RA (d) for 72 h. Apoptotic cells are recognized as the cells with fractional DNA content (located
in region 1; R1).Very late apoptotic cells (necrotic phase of apoptosis) have minimal DNA content
(Darzynkiewicz et al. 1997) and are located below the R1 gate. Insets show the DNA content histograms
of these cells.

600 800 1000

fractional DNA content are distinguished by their characteristic ‘sub-G;’ position on these
histograms (Darzynkiewicz er al. 1997). As it is evident, the frequency of apoptotic cells was
many-fold increased in the HL-60 culture that was treated with both Onc + RA compared to
the cultures exposed to Onc or RA alone (Fig. 1). Actually, treatment with RA as a single
agent while lowering the proportion of cells in S and G,/M had a minimal effect on the
induction of apoptosis for up to 72 h. For example in the experiment shown in Fig. 1 fewer
than 1% apoptotic cells were present in the untreated culture whereas in the Onc-, RA- and
Onc + RA-treated cultures were 23, 1 and 57% such cells, respectively.

Figure 2 presents results of the experiment similar to that shown in Fig. 1 except that the
cells were counterstained with the metachromatic fluorochrome AO. Simultaneous differential
staining of RNA and DNA with AO also reveals apoptotic cells as the cells with fractional
DNA content (Darzynkiewicz 1994). In the scatterplots shown in Fig. 2 these apoptotic cells
are located in the gating region 1 (R1). Moreover, the very late apoptotic cells (‘necrotic
phase’ of apoptosis) have a DNA content further decreased compared to the cells represented
by the cluster located in R1 and are marked on these scatterplots by the arrows. In this
experiment the frequency of apoptotic cells in the untreated cultures was 4% while in the
cultures treated with RA Onc, and Onc + RA was 24, 3, and 47%, respectively. These data
also convincingly demonstrate that while the treatment with RA alone resulted in diminished
proportion of cells in S and G,/M but had no significant effect on apoptosis, and Onc
treatment led to a modest increase in frequency of apoptotic cells, the combined treatment
with Onc + RA induced massive apoptosis.

The third method of identification of apoptotic cells presently used, based on detection of
the in situ DNA strand breaks ("TUNEL’ assay; Gorczyca et al. 1992), has an advantage that
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Figure 3. Effect of Onc (b), RA (c), n-butyrate (d), Onc + RA (e) and Onc plus n-butyrate (f) on cell
cycle and apoptosis of HL-60 cells: bivariate analysis of cellular DNA content and DNA strand breaks
(Gorcezyca et al. 1992). Apoptotic cells (Ap) are identified by the presence of DNA strand breaks. Their
increased frequency in the cultures treated with Onc + RA (e) and Onc plus n-butyrate (f) for 72 h is
apparent. (a) cells from the untreated, control culture. Insets show the DNA content frequency
histograms of these cells.

in addition to providing the quantitative estimate of the frequency of apoptosis it offers a
possibility to correlate apoptosis with the cell cycle position. Figure 3 illustrates the effects of
Onc, RA and n-butyrate, each administered alone, and the latter two in combination with Onc,
analysed by the TUNEL assay. In support of the data shown in Figs 1 and 2, these bivariate
DNA content vs. DNA strand break contour plots also show that while RA alone essentially
had no effect, and Onc or n-butyrate induced apoptosis in relatively small proportion, a
combination of Onc either with RA or with n-butyrate led to the apparent rise in the
percentage of apoptotic cells in HL-60 cell cultures. This synergistic effect also is evident in the
case of prostate cancer JCA-1 cells treated with Onc and phenylbutyrate (Fig. 4).

Analysis of the cell cycle distribution revealed the increase in proportion of G cells in all
cultures treated with Onc alone, with each of the differentiating agents alone, or treated with
Onc in combination with each of the differentiating agents. However, no significant differences
between the apoptotic and nonapoptotic cell populations in cell cycle distribution were
observed (data not shown). Morphological examination confirmed the apoptotic mode of cell
death in the cultures treated with Onc in combination with differentiating agents (Fig. 5).

Table 1 summarizes the results of many experiments in which various differentiating agents
were studied and apoptotic cells were discriminated by three different methods. The data
indicate that regardless of the method used the frequency of apoptotic cells in the cultures
treated with a combination of Onc and either of the differentiating agents was greater than it
would be expected from the additive effects of Onc and each of these agents if acting alone.

Administration of Onc alone, phenylbutyrate alone or Onc plus phenylbutyrate into JCA-1
cultures had a relatively modest effect on expression of Bcl-2: a decrease by 10-30% in mean
values of Bcl-2 immunofluorescence was observed (not shown). Expression of Bax, however,
was increased in the cells from the Onc, phenylbutyrate, and Onc plus phenylbutyrate treated
cultures (Fig. 6, panels A-D). Bax/Bcl-2 ratio was increased approximately by two-fold in
JCA-1 cells incubated with Onc or phenylbutyrate, but nearly four-fold in the cells treated
with Onc plus phenylbutyrate (Fig. 6, bars diagram).

© 2000 Blackwell Science Ltd, Cell Proliferation, 33, 407-417.
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Figure 4. Bivariate analysis of cellular DNA content and DNA strand breaks of JCA-1 cells untreated
(a) and treated for 48 h with phenylbutyrate alone (b), Onc alone (c) and Onc + phenylbutyrate (d).

DISCUSSION

The present data demonstrate that administration of Onc together with differentiating agents
led to potentiation of apoptosis. The results were similar regardless of the method of assaying
apoptosis, and apoptotic mode of cell death was confirmed by observing changes in cell
morphology (Fig. 5). It should be noted, however, that of the three flow cytometric methods
of identification of apoptotic cells used in this study the one utilizing AO provided the most
distinct resolution of apoptotic cells (Fig. 2). The potentiation of apoptosis was observed with
each differentiating agent (n-butyrate, phenylbutyrate, RA, DMSO) and with each cell type
(HL-60, LNCaP, JCA-1) under the conditions when differentiating agents alone either did
not induce apoptosis at all (e.g. RA) or had minimal effect (Table 1).

Since the end-stage of the terminally differentiated cell is often death by apoptosis it is not
surprising that differentiation is associated with the increased cell predilection to apoptosis
(Krajewski et al. 1996; Adam et al. 1997; Wang & Studzinski 1997; Watson et al. 1997; Hung
& Chuang 1999). In general, both the regulatory (e.g. Bcl-2/Bax family of proteins) and the
execution (e.g. caspases) machinery of apoptosis is altered during the differentiation process
in the direction that facilitates apoptosis. Thus, the down-regulation of antiapoptotic and up-
regulation of pro-apoptotic proteins of Bcl-2/Bax family is quite common during cell
differentiation (e.g. Xu et al. 1993). In the present study we observed that while the level of
Bcl-2 was relatively little changed the expression of Bax was increased in JCA-1 cells treated
with Onc, phenylbutyrate and Onc plus phenylbutyrate. The Bax/Bcl-2 ratio was maximally
increased in cultures treated with Onc and phenylbutyrate (Fig. 6, bar diagram). While it is
possible that other members of the Bc/-2/Bax protein family also are modulated by Onc and
the differentiating agents, differently than Bc/-2 and Bax in JCA-1 cells, it was not in the
scope of the present study to analyse the whole panel of these proteins.

Although differentiating agents such as RA or vitamin D3 alone play a role in treatment of
certain tumour types their efficiency in inducing apoptosis is enhanced in combination with
other drugs. Antitumour strategies therefore have been designed to combine differentiating
agents with other treatments (Studzinski et al. 1986; Solary et al. 1993; Del Bino et al. 1994,
Huang & Waxman 1994; Bhatia et al. 1995; Bonnotte et al. 1998; Huang & Waxman 1998).
Often the sequence of drug administration determines their efficiency. It was observed, for
example, that induction of apoptosis was suppressed when the cells were initially treated with
differentiating agents and subsequently with the classic antitumour drugs, particularly those
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Table 1. Percent of apoptotic cells in HL-60, LNCaP and JC-1 cultures untreated and treated with
0.42 uM Onc in the absence or presence of differentiating agents. Apoptotic cells were identified by two
methods utilizing different DNA fluorochromes, DAPI and acridine orange (AO), and the third one,
based on the presence of DNA strand breaks (Gorczyca et al. 1992) as shown in Figs 2-4. Their
frequency was estimated by flow cytometry, as described in Materials and Methods. nd, not done

Cells Onconase Differentiating agent Method 1 Method 2 Method 3
(DAPI) (AO) (‘TUNEL’)

HL-60 — - 1+1 1 1

HL-60 + — 19+5 22 21

HL-60 - retinoic acid 242 2 1

HL-60 — n-butyrate 7+1 15 11

HL-60 - DMSO 6+3 7 8

HL-60 + retinoic acid 53+£10 52 51

HL-60 + n-butyrate 83+ 6 76 67

HL-60 + DMSO 49+2 54 68
LNCaP — — nd nd 3
LNCaP + — nd nd 3
LNCaP — phenylbutyrate nd nd 32
LNCap + phenylbutyrate nd nd 62

JCA-1 — - nd nd 3+3
JCA-1 + — nd nd 3+4
JCA-1 — phenylbutyrate nd nd T7+5
JCA-1 + phenylbutyrate nd nd 308

that target DNA or DNA replication (Del Bino er al. 1994). In contrast, apoptosis was
potentiated when cells were pre-exposed to DNA damaging drugs prior to induction of
differentiation (Bhatia et al. 1995; Huang & Waxman 1998). However, in the present study
the synergistic effects of Onc and the differentiating agents were most pronounced when Onc
and the agents were added into the cultures at the same time. Administration of Onc 24 h or
more after induction of differentiation or vice versa, addition of the differentiating agents
24 h or more after Onc, were less effective (data not shown).

What mechanism may be responsible for the observed synergism between Onc and
differentiating agents in induction of apoptosis? As mentioned, the synergism appears to be
unrelated to the chemical nature of the differentiating agents. n-Butyrate and phenylbutyrate
are inhibitors of desacetylase and they induce accumulation of hyperacetylated forms of
histones resulting in gross and molecular changes in chromatin structure (Darzynkiewicz et
al. 1981; Wade, Pruss & Wolffe 1997; Luo & Dean 1999). RA or DMSO on the other hand,
are not known to induce such types of changes in chromatin. RA acts quite specifically
through receptors while the polar compound DMSO lacks the specificity. The common
feature of all these agents is that they alter the pattern of cell transcription towards
suppression of cell proliferation and the development of the differentiation-associated cell
phenotype. It is possible that the presence of Onc, an active ribonuclease, within the cell,
interferes with the orderly transition of the transcriptional and translational patterns from
proliferation to differentiation. Specifically, one may expect that Onc has a different affinity
and accessibility to different RNA molecules and species (mMRNA, tRNA, rRNA) in the cell,
and thus hydrolyses them with different efficiency. As a result it induces an imbalance in
relative proportions of different RNAs. The cells induced to differentiation, which are
characterized by a changeable pattern of transcription and translation, thus, may be more
vulnerable to such an imbalance than the cells that have more stable pattern of these
activities such as the cells during constant exponential phase of their growth.

© 2000 Blackwell Science Ltd, Cell Proliferation, 33, 407-417.
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Figure 5. Photomicrographs illustrating morphology of HL-60 cells, untreated (left) and treated with
0.42 um Onc plus 20 nM RA for 48 h (right). The cells were stained with the DNA fluorochrome DAPI
and viewed under an incident UV excitation and differential interference contrast (Nomarski) combined
illumination. As is evident, apoptotic cells, characterized by extensive chromatin condensation, DNA
hyperchromicity and nuclear fragmentation, are more frequent in the treated culture. Nikon Microphot
FXA, x40 objective.

Both Onc as well as many differentiating agents are already in clinical trials, and compared
with other chemotherapeutic agents, their toxicity is low and side-effects relatively minor.
Regardless of the mechanism of the observed synergism, the present data suggest that their
clinical efficacy may be increased if used in combination.
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