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Abstract

Onconase (Onc) is a novel amphibian cytotoxic ribonuclease with antitumor activity and is currently
in a confirmatory phase I11 clinical trial for the treatment of malignant mesothelioma. It was recently
reported that Rana pipiens oocytes contain still another ribonuclease, named Amphinase (Amph).
Amph shows 38-40% amino acid sequence identity with onconase, presents as four variants varying
between themselves from 87-99% in amino acid sequence identity and has a molecular mass ~13,000.
In the present study we describe the effects of Amph on growth of several tumor cell lines. All four
variants demonstrated cytostatic and cytotoxic activity against human promyelocytic HL-60-, Jurkat
T-cell-and U-937 monocytic leukemia cells. The pattern of Amph activity to certain extent resembled
that of Onc. Thus, cell proliferation was suppressed at 0.5-10.0 pg/ml (38-770 nM) Amph
concentration with distinct accumulation of cells in G, phase of the cell cycle. In addition, the cells
were undergoing apoptosis, which manifested by DNA fragmentation (presence of “sub-G1” cells,
TUNEL-positivity), caspases and serine proteases activation as well as activation of
transglutaminase. The cytotostatic and cytotoxic effects of Amph required its ribonuclease activity:
the enzymatically inactive Amph-2 having histidine at the active site alkylated was ineffective. The
effectiveness and cell cycle specificity was generally similar for all four Amph variants and at the
equimolar concentrations was somewhat more pronounced than that of Onc. The observed cytostatic
and cytotoxic activity of Amph against tumor cell lines suggests that similar to Onc this cytotoxic
ribonuclease may have antitumor activity and find an application in clinical oncology.
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INTRODUCTION

Several members of the superfamily of pancreatic ribonuclease A (RNase A; EC 3.1.27.5) are
characterized by cytotoxic properties, with preference to tumor cells (reviewed in refs. 1-6).
The most researched of them, Onconase is an amphibian RNase of about 12,000 molecular
mass, isolated from oocytes of Northern Leopard frog (Rana pipiens).7,8 Onc demonstrates
toxicity towards a variety of tumor cells in vitro9-11 as well as in vivol2-14 and is synergistic
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with many antitumor modalities, markedly enhancing their effectiveness.14-18 Effectiveness
of Onc is also enhanced under conditions of mild hyperthermia.19 The preferred toxicity
towards tumor cells in vitro and in vivo activity in mice tumor models prompted the use of
Onc inclinical trials, which is currently in a phase 111 confirmatory clinical trial for the treatment
of malignant mesothelioma.20,21

It was recently reported that oocytes of Rana pipiens contain another homologue of RNase A,
with molecular mass ~13,000, which was named Amphinase (Amph).22,23 Four variants
(Amph 1-4) were isolated and sequenced. Sequence identities among the Amph variants
themselves are 86.8-99.1 % while identities of the Amph variants with respect to Onc are
38.2-40.0 %. Amph variants, in analogy to Onc, show relatively weak ribonucleolytic activity
that is not inhibited by recombinant human ribonuclease inhibitor protein (RI). The catalytic
efficiency, substrate specificity and glycosylation state of Amphinases are found to be novel,
distinct from the other well-characterized amphibian ribonucleases. The three-dimensional
structure of one of the variants (Amph-2) was determined by X-ray crystallography at 1.8 A
resolution.23 In the present study we explored the cytostatic and cytotoxic properties of Amph
against several tumor cell lines.

The Amph-1, -2, -3 and -4 protein sequence data will appear in the UniProt Knowledgebase

under accession numbers P85072, P85073, P85074 and P85075, respectively. The coordinates/
structure factors of Amph-2 and rAmph-2 will appear in the RCSB Protein Data Bank under
accession codes 2P7S and 2P6Z respectively.

MATERIALS AND METHODS

Cells and culture conditions

Human Jurkat T-cell leukemia cells were kindly provided by Dr. Douglas R. Green of La Jolla
Institute for Allergy and Immunology, Human promyelocytic HL-60 and monocytic U-937
leukemia cells were obtained from the American Type Culture Collection (ATCC; Manassas,
VA). The cells were grown in 25 ml FALCON flasks (Becton Dickinson Co., Franklin Lakes,
NJ) in RPMI 1640 supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 pg/
ml streptomycin and 2 mM L-glutamine (all from GIBCO/BRL Life Technologies, Inc., Grand
Island, N.Y.) at 37°C in an atmosphere of 5% CO, in air. At the onset of the experiments, there
were fewer than 5 x 10° cells per ml in culture such that the cells were at an exponential and
asynchronous phase of growth. The cells were treated with preparations of Onc or Amph
dissolved in culture medium, at different concentration as presented in figure legends.

The alkylated Amph-2 has been used as a control representing the enzyme in which the
ribonucleolytic activity has been reduced. This form of Amph-2, with alkylated histidine at the
active site, was prepared as described originally by Crestfield et al. in reference 24, with our
modification.7 In brief, Amph-2 was incubated with a 140-fold molar excess of sodium
iodoacetate (pH 5.5, 23°C, 8 h), desalted by size exclusion chromatography in dilute formic
acid, and lyophilized. The ribonucleolytic activity of the alkylated Amph-2 was reduced by
over 98%.23 Duration and other conditions of cell treatment with Amph are presented in figure
legends and in the Results section.

Analysis of cytostatic and cytotoxic effects of Amph

Cell growth rate and viability in control and Amph-treated cultures was estimated by cell count
combined with the trypan blue exclusion assay. The cell cycle distribution was assessed by

staining cells with the DNA fluorochrome diamidino-2-phenylindole (DAPI; Sigma Chemical
Co., St. Louis, MO) as described in reference 25. Apoptosis was detected by several methods,
including the detection of DNA fragmentation assessed by the presence of cells with fractional
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DNA content25 and by DNA strand break labeling with exogenous terminal transferase, as
described before in reference 26. Activation of caspases27 and serine proteases28,29 was
detected using fluorochrome-tagged high affinity inhibitors reactive with active center of these
enzymes. Activation of tissue transglutaminase (tTG) that induces extensive crosslinking of
cytoplasmic proteins in the course of apoptosis was assessed by measuring the resistance of
cells to nonionic detergent Triton X-100 as described by us previously in reference 28.
Fluorescence intensity of individual cells tagged with the fluorochromes used in the assays
described above was measured using EPICS/ELITE flow cytometer (Beckman Coulter, Miami,
FL) and employing UV and 488 nm lasers to excite these fluorochromes. At least 10° cells
were measured per sample. The DNA content frequency histograms were deconvoluted using
MultiCycle software (Phoenix Flow Systems, San Diego, CA). Each experiment was run in
duplicate or triplicate. Other details are given in figure legends.

Figure 1 illustrates the effect of Amph-2 on growth and viability of HL-60 cells. It is quite
evident that even at Amph-2 concentration as low as 1 pg/ml (80 nM) cell growth was
dramatically suppressed, while at 5 and 10 pg/ml concentration essentially there was no
evidence of proliferation at all. Cell viability was also markedly affected by Amph-2. Thus,
after 72 h incubation with 1 pg/ml Amph-2 over 50% of cells were unable to exclude trypan
blue. Even more dramatic effect was seen at 5 and 10 pg/ml concentration, when nearly all
cells were dead after treatment with Amph-2 for 96 h.

The effect of cell treatment with Amph-1 on cell cycle distribution and apoptosis is shown in
Figure 2. Due to extensive DNA fragmentation during apoptosis the apoptotic cells (Ap) can
be identified as the cells with fractional DNA content (“sub-G;” cell population).25,30 The
data show that frequency of Ap cells was markedly increased in cultures containing Amph-1
and was progressively higher at higher Amph-1 concentration. However, even at the lowest
(0.1 pg/ml; 8 nM) Amph-1 concentration there were 17% cells with fractional DNA content
compared to 1% of such cells in control. The data also show a marked increase in percentage
of G cells concomitant with a decrease in S and G,M-phase cells among the nonapoptotic cell
population upon treatment with Amph-1 (Fig. 2). Analogous data showing induction of
apoptosis, accumulation of cells in G; and reduction in percentage of S- and GoM- cells of
similar degree as for Amph-1, were induced by Amph-2, Amph-3 and Amph-4 (data not
shown). The response of HL-60 cells to Amph-1-4 was essentially similar to that of U-937
although HL-cells appeared to be somewhat more sensitive (not shown).

The induction of apoptosis characterized by DNA fragmentation by Amph-2 was confirmed
using Jurkat cell line and identifying apoptotic cells by labeling DNA strand breaks in the
TUNELZ26 assay (Fig. 3). The increase in percentage of apoptotic cells from 1% to 21 and 29%
was seen after cell treatment 0.5 or 1.0 pg/ml concentration of Amph-2 for 72 h, respectively.
In contrast, the alkylated form of Amph-2, whose ribonuclease activity was reduced by over
98%,23 essentially was without effect on induction of apoptosis (Fig. 3D).

Figure 4 illustrates the effect of Amph-1 4 variants and Onc on caspases activation in HL-60
cells. It is quite evident that each of the four Amph variants as well as Onc strongly induced
apoptosis characterized by caspases activation and consecutively, by the loss of plasma
membrane integrity. Note that even that Onc was administered at five-fold higher (5 pg/ml)
concentration than Amph (1 pug/ml) the induction of apoptosis in Amph and Onc treated
cultures was seen at approximately similar frequency. The Onc effect was distinctly lower at
1 pg/ml concentration (not shown).
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Similar pattern of induction of apoptosis by Amph 1-4 variants and by Onc was apparent when
the cells were assessed for activation of serine proteases and exclusion of Pl (Fig. 5). The probe,
FFCK is a fluorescent analog of TPCK, the inhibitor and irreversible ligand of chymotrypsin-
like proteases, which binds to such enzymes during their activation in apoptotic cells.28 The
data show the strong response of HL-60 cells to all four variants of Amph-1 as well as to Onc.

We have also tested effects of Amph 1-4 variants and Onc on activation of tTG in HL-60 cells
(Fig. 6). This assay is based on the detection intra- and inter-molecular crosslinking of
cytoplasmic proteins by the activated tTG which confers the resistance of cell to lysis by
detergents.29 Thus, treatment of nonapoptotic cells with detergent leads to lysis of their plasma
membrane and consequently leakage of cytosol and nuclear isolation. However, in apoptotic
cells cytoplasmic proteins are insoluble and remain crosslinked to nuclei. The protein-
fluorochrome sulforhodamine 101 used in this assay strongly stains apoptotic cells while
isolated nuclei of nonapoptotic cells show markedly reduced stainability.29 Their DNA
stainability is additionally reduced due to DNA fragmentation and loss of highly fragmented
DNA sections during the staining procedure.25,31 The data (Fig. 6) demonstrate that all four
Amph variants as well as Onc induced activation of tTG, still another marker of apoptosis, in
a large number of HL-60 cells.

DISCUSSION

The present data demonstrate cytostatic and cytotoxic effects of all four Amph variants. The
cytostatic effects manifest as accumulation of cells in G, phase of the cell cycle and reduction
of cells in S and GoM. This effect was most apparent at low concentration of Amph (0.1 pg/
ml; Fig. 1), when the cytotoxicity was relatively low. Although the cell cycle data are presented
with respect to HL-60 cells only, we observed similar accumulation of cells in G4 studying
U-937 and Jurkat cells in the instances when the cytotoxic effects of Amph were not much
pronounced [at low (0.1-1.0 pg/ml) Amph concentration and during the initial 24 - 48 h of the
treatment; data not shown]. This cytostatic effect, which reflects prolongation of G phase of
the cell cycle, is very much similar to the effect of Onc which was shown to partially arrest
cells in G1,9 most likely by the mechanism involving suppression of cyclin D3 expression,
upregulation of p16/NK4A ' p2] WAFL/CIP1 and n27KIP and decreased pRb phosphorylation.11

The cytotoxic effect manifested as classical apoptosis, which involved morphological changes
characterized by cell shrinkage, chromatin condensation and nuclear fragmentation (not
shown). Also, extensive DNA fragmentation was apparent, revealed by the presence of the
sub-G, cell population with fractional DNA content (Fig. 2) and the presence of DNA strand
breaks (Fig. 3) that were labeled with the fluorochrome tagged deoxynucleotide in the TUNEL
assay utilizing exogenous terminal deoxynucleotidyl transferase to attach the fluorochrome-
tagged deoxynucleotides to the 3'-OH ends of the breaks.26,32 Activation of caspases (Fig.
4), serine proteases (Fig. 5) and tTG (Fig. 6) was also detected. Activation of these enzymes
was evident in the cells treated with each of the four Amph variants as well as with Onc. These
findings are consistent with our earlier observations reporting pro-apoptotic effects of Onc on
different cell lines when we observed sequential activation of caspases, serine proteases and
tTG.27-30

The cytostatic and cytotoxic effectiveness of Amph, similar as that of Onc9-11 required its
enzymatic ribonuclease activity. The alkylated form of Amph, which is enzymatically inactive
but otherwise shows similar conformational structure as native Amph,23 neither showed
evidence of cytotoxicity (Fig. 3D) nor of cytostatic effects (not shown). This is consistent with
the hypothesis that the intercellular target of both Onc and Amph is intracellular RNA.
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It has been claimed that the actual substrate of Onc within the cell is tRNA and its destruction
by this drug, which leads to suppression of translation, is responsible for its cytostatic/cytotoxic
effects.10 However, we observed that transcription of several genes is actually upregulated in
the cells treated with Onc.11 This observation is incompatible with the mechanism in which
Onc, by solely targeting tRNA, would lead to indiscriminate overall suppression of translation.
Furthermore, the distinct specificity of Onc towards cancer cells can not be explained by
targeting tRNA alone. We proposed,33 therefore, that one of the targets of Onc and Amph is
the noncoding (micro; mi) RNA that is involved in regulation of gene expression through RNA
interference (RNAI).34-36 Targeting RNAi may be the mechanism responsible for higher
effectiveness of Onc towards tumor as compared to normal cells. Namely, it was recently
reported that development of many tumors is associated with early alterations at the level of
miRNA genes.37-40 The miRNA genes are often located at the genome hot spots associated
with cancer. There is growing body of evidence that miRNAs are extensively involved in
pathogenesis not only of leukemias or lymphomas but also of solid tumors and they promote
neoplastic growth by controlling the expression of protein-coding tumor suppressors and
oncogenes.38 By targeting RNAI, thus, ONC may be more effective in suppressing growth of
tumor- rather than normal- cells.

Onc and Amph are in abundant quantity in frog eggs or developing embryos and its
physiological function during embryogenesis is unknown. However, since RNA. plays critical
role in gene regulation during development36,41-45 the presence of Onc and different variants
of Amph in developing embryo would be consistent with their possible role in RNAi-mediated
gene regulation during embryogenesis.

The initial step for the cytosolic internalization of Onc, and most likely of Amph, is binding
to the cell surface, followed by a dynamin-independent endocytic pathway.46,47 The evidence
with regard to the presence of cell surface receptors to Onc in tumor cells is contradictory.
10,47 Onc and Amph, however, are strongly cationic molecules.7,22,23 The cell surface of
most tumor types cells is known to have distinctly higher negative charge compared to their
normal counterparts.47-49 In fact, cancer cells with high metastatic potential have still higher
negative membrane charge compared to the cells with low metastatic ability.48 It is likely,
therefore, that the electro-static interactions may play a role in preferential binding of Onc and
Amph to cancer cells, which could be an additional factor contributing to their higher sensitivity
to these RNases, as suggested by Lee and Raines.6 Consistent with this mechanism is also
observation of Ilianskaya et al., that the bacterial RNase binase that is preferentially cytotoxic
to tumor cells is strongly cationic.51

Although the comparable effects of Amph were seen at about five-fold lower its molar
concentration compared with Onc, there was similarity between Onc and Amph in terms of
mechanism of action, such as involvement of ribonucleolytic activity, induction of cytostasis
(G arrest), and apoptosis, which manifested by morphological changes, caspase and serine
protease activation, DNA fragmentation, and protein crosslinking by activated Tgase. As
mentioned in the Introduction, sequence identities among the Amph variants are between 86.8
and 99.1 % while identities of the Amph variants with respect to Onc are only between 38.2
and 40.0 %. Thus, despite similarity of mechanism of action, in light of the differences in
molecular structure of there RNases, it is likely that different tumor types may show preferential
sensitivity to either Onc or Amph, or even to different Amph variants. Further studies involving
in vivo testing of Amph to explore its potential in clinical application are warranted.
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ABBREVIATIONS
Amph, amphinase; DAPI, diamidino-2-phenylindole; FFCK, carboxyfluorescein phenylalanyl

ch
ch

loromethyl ketone; Onc, onconase; PI, propidium iodide; TPCK, tosyl phenylalanyl
loromethyl ketone; tTG, tissue transglutaminase (EC 2.3.2.13); TUNEL, terminal

transferase dUTP nick end labeling.
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Figure 1.

Growth and viability of HL-60 cells in absence and presence of Amph-1. Exponentially
growing HL-60 cells were left untreated (Ctrl) or were treated with 1-10 pug/ml of Amph-2.
The number and percent of cells excluding trypan blue was estimated at 0, 24, 48, 72 and 96
h after administration of Amph-1, and plotted as shown.
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Page 10

Effect of Amph-1 on cell cycle distribution and apoptosis of U-937 cells. Exponentially
growing U-937 cells were untreated (Ctrl) or treated with 0.1, 0.5 or 1.0 pug/ml of Amph-1 for
72 h then fixed, their DNA stained with DAPI, and cellular fluorescence intensity measured
by flow cytometry as described in references 25 and 30. The percent of apoptotic cells (Ap)
with fractional DNA content (“sub-G1 cell population”) as well as the percent of cells in
particular phases of the cell cycle, among the nonapoptotic cell population, is presented in each

panel.
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Figure 3.

Induction of apoptosis of Jurkat cell by Amph-2. The cells were untreated (Ctrl) or treated with
0.5 or 1.0 pg/ml of Amph-2, or with 1.0 pg/ml of the alkylated form of Amph-2 (Amph alk)
for 72 h, then fixed and the presence of DNA strand breaks was detected by the TUNEL assay,
26,32 DNA was counterstained with DAPI. The cells with DNA strand breaks above the
threshold marked by the dashed line were classified as apoptotic and their percent is shown

(Ap).
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Figure 4.

Induction of apoptosis (caspase activation) of HL-60 cells by Amph 1-4 variants and by Onc.
Exponentially growing cells were untreated (Ctrl) or treated with 1 pug/ml of Amph 1-4 or 5
pg/ml of Onc for 72 h, then incubated with the fluorochrome—(carboxyfluoresceine, FAM)
—tagged inhibitor-ligand of activated caspases (FAM-VAD-FMK; pan-caspase ligand) and
with propidium iodide (PI); their green (FAM) and red (PI) fluorescence was measured by flow
cytometry as described in reference 27. Activation of caspases is characterized by increased
binding of FAM-VAD-FMK above the background level marked by horizontal dashed line.
31 Four cell subpopulations (A-D) can be distinguished based on differences in binding of
FAM-VAD-FMK and degree of exclusion of P1.27,31 Population “A” represents live cells that
did not activate caspases and exclude PI; “B” cell population represents very early apoptotic
cells that show caspases activation but yet exclude PI; “C” cells are more advanced in apoptosis:
have activated caspases and start to loose integrity of plasma membrane, partially excluding
Pl; “D” cells are late apoptotic cells, activated caspase-positive, that lost plasma membrane
integrity and do not exclude, and thus strongly stain, with Pl. The events marked “E” are cell
debris.27,31
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Figure 5.

Induction of apoptosis (activation of serine proteases) of HL-60 cells treated with Amph 1-4
and by Onc. The cells were untreated (Ctrl) or treated with 1 pg/ml of Amph 1-4 or 5 pg/mi
of Onc for 72 h, then incubated with the fluorochrome—(F; carboxyfluorescein)—tagged
inhibitor and active center ligand of chymotrypsin-like proteases (FFCK) and with PI, and their
green and red fluorescence was measured by flow cytometry as described in reference 28.
Activation of serine proteases is detected by binding of FFCK above the background level
marked by horizontal dashed line.28 As in Figure 4, four cell subpopulations, representing live
cells (A) and cells at various stages of apoptosis (B-D), can be discriminated based on binding
FFCK and exclusion of PI. The events representing cell debris (Fig. 4,”E”) were gated out.
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Activation of tTG during apoptosis of U-937 cells induced by Amph variants 1-4 and by Onc.
The cells, incubated for 72 h in the absence (Ctrl) or presence of Amph 1-4 variants at 1 pg/
ml concentration, or with 5 pg/ml Onc, were treated with a solution of nonionic detergent
Triton X-100 containing the DNA fluorochrome DAPI and the protein fluorochrome
sulforhodamine 101. The nonapoptotic cells were lysed under these conditions, releasing
isolated nuclei that stain minimally with sulforhodamine 101. In contrast, apoptotic cells (Ap)
with activated tTG having crosslinked proteins, withstand the detergent treatment, their
cytoplasmic proteins stain strongly with the sulforhodamine 101 while DNA, due to extensive
fragmentation and chromatin condensation, stains at lower intensity compared to nonapoptotic
cells.25,29
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