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Abstract
Onconase (ONC) is a cytotoxic ribonuclease of the pancreatic ribonuclease A super-

family isolated from oocytes or early embryos of the Northern leopard frog (Rana pipiens). 
It shows anticancer activity and currently is in Phase IIIb clinical trial for unresectable 
malignant mesothelioma. We generated several variants of ONC possessing mutations 
in selected structural regions of the molecule that have altered ribonucleolytic activity 
and/or conformational stability. The relationship between the stability and ribonucleolytic 
activity of these variants and their cytostatic and cytotoxic properties was investigated 
on several tumor cell lines. Similar to ONC, all variants were inducing reproductive cell 
death detected by reduced clonogenicity. The surviving cells proliferated at reduced 
rates as reflected by diminished size of colonies and prolongation of G0/1 phase of the 
cell cycle. Some cells were undergoing apoptosis. The cytotoxic and cytostatic effects of 
ONC and its variants were predominantly determined by their catalytic activity rather 
than by conformational stability.

IntrOductiOn
Ribonucleases (RNases) are ubiquitous in nature and play a key role in RNA metabo-

lism and gene expression regulation.1,2 They are involved in cell maturation, in cell death 
pathways and in cell defence. A single cell can contain around 20 individual RNases with 
different or overlapping specificities.3

Onconase (ONC), initially named P‑30 Protein4 or ranpirnase, is an RNase isolated 
from oocytes or early embryos of the Northern leopard frog Rana pipiens.5,6 The enzyme 
is homologous to the main member of the pancreatic RNase superfamily (RNase A), 
and although less enzymatically active than RNase A, it possesses much higher cytotoxic 
activity.5,7 The intracellular tRNAs8 or microRNAs that mediate gene expression by 
RNA interference9 were proposed as intracellular targets of ONC. ONC shows antipro-
liferative activity in vitro, suppresses proliferation of different tumour cell lines,4,5,10,11 
inhibits production of HIV,12 and growth of certain tumors in mice.13 The discovery of 
these effects made ONC a promising anti‑tumour agent and the first RNase that entered 
clinical trials. ONC is currently in a confirmatory Phase IIIb clinical trial in malignant 
mesothelioma14 as well as a Phase I/II trial in nonsmall cell lung cancer (NSCLC) and 
other solid tumors.

One of the reasons why cytotoxicity of ONC is much higher compared to other members 
of the RNase A superfamily is attributed to differences in the binding affinity to the ribo-
nuclease inhibitor (RI) present in the cytosol.15‑18 While RNases from mammalian sources 
are inhibited by RI, ONC evades the inhibition. Another striking difference between 
ONC and other RNases is the conformational stability. Although the tertiary structures 
are very similar, ONC is the most stable member of the RNase A superfamily. The melting 
temperatures (Tm values) of RNase A and ONC differ by 30�C.19‑21 Structural reasons for 
the very high stability of ONC had been investigated by site‑directed mutagenesis.21 The 
following ONC variants with mutations in three regions of the enzyme, which structur-
ally differ remarkably from RNase A, were examined: (i) the N‑terminal pyroglutamate 
residue (<E1E‑ONC, <E1P‑ONC), (ii) the hydrophobic cluster located between helix I 
and the first ‑sheet (F28A‑ONC, F28T‑ONC, F36A‑ONC, F36Y‑ONC), and (iii) the 
C‑terminal disulfide bond (C87A/C104A‑ONC). The impact of the mutations on the 
activity and stability was in general different but congenerous for the respective affected 
structural regions. In the present study these enzyme variants were used to probe the 
interdependence between stability and/or activity and cytotoxicity. The results show that 
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cytotoxicity correlates with the ribonucleolytic activity rather than 
with the conformational stability.

MatEriaLs and MEthOds
Preparation of ONC and ONC variants. Expression, renatur-

ation, and purification of ONC and all variants were performed as 
described before.21 The gene for the ONC variant F36A‑ONC was 
generated by QuikChange� site‑directed mutagenesis as described 
for the other variants.21 The yields of the purified proteins were in 
the range of 15�30 mg per liter of culture.

Activity assay. Ribonucleolytic activity of ONC and the variants 
was determined by following the procedure of Corbishley et. al.22 
using yeast RNA as substrate. Yeast RNA was dissolved in 100 mM 
sodium acetate buffer, pH 5.5. To remove soluble oligonucleotides, 
three volumes of ice‑cold ethanol were added. After centrifugation, 
the pellet was dried under nitrogen and again dissolved in 100 mM 
sodium acetate buffer, pH 5.5. The concentration of RNA (2.8 mg 
mL‑1) was determined spectrophotometrically, where an absorp-
tion of 1 corresponds to 40 g mL‑1 RNA.23 The concentration of 
ONC and its variants was 59 nM (0.7 g mL‑1). Concentrations of 
enzyme and RNA were chosen in a way to ensure a linear increase 
of the absorbance with incubation time. After incubation on ice for 
20 min, the samples were centrifuged at 20.000 x g, 4�C for 20 min. 
The concentration of soluble nucleotides was determined using an 
absorption coefficient of  = 10 600 M‑1 cm‑1 at 260 nm.24 One unit 
(U) corresponds to the release of 1 mol of soluble ribonucleotides/
h. All used materials and solutions were treated with 0.01% (w/v) 
diethyl pyrocarbonate.

Stability. The thermal stability of F36A‑ONC was determined by 
differential scanning calorimetry (DSC) on a VP‑DSC microcalo-
rimeter (MicroCal, Nothhampton, USA) as described before.21 The 
Tm values were determined by use of the program Origin 7.0. Prior 
to the measurements, the protein solutions were dialyzed against  
100 mM sodium acetate buffer, pH 5.5, for at least 12 h and 
degassed (ThermoVac, MicroCal, Nothhampton, USA). A scan rate 
of 1.5 K min‑1 was used.

Cell culturing. The used cell lines were purchased from American 
Type Culture Collection (ATCC; Manassas, VA, USA) and were 
maintained in RPMI 1640 medium supplemented with 10% fetal 
bovine serum, 100 U mL‑1 penicillin, 100 g mL‑1 streptomycin and 
2 mM L‑glutamine (GIBCO, Invitrogen, Karlsruhe, Germany). The 
adherently growing cultures of epidermoid carcinoma cells (A‑253) 
and mesothelioma cells (NCI‑H2452) were maintained as monolayer 
cultures and were passaged by trypsination at least once a week; 
additionally, the medium was changed twice a week. The experi-
ments were carried out during their exponential growth, within 72 h 
after trypsination. The suspension cultures of chronic myelogenous 
leukemia cells (K‑562) were routinely passaged by reseeding twice  
a week at a seeding density of usually 1�2 x 105 cells mL‑1. The  
cells were studied during their exponential growth, within 72 h of 
their reseeding in fresh medium, before reaching density of 8 x 105 
cells mL‑1.

Cell growth and viability of A-253 cells. Cell growth and 
viability were determined in 50 mm Petri dishes (Falcon, Oxnard, 
CA) containing 30 000 A‑253 cells in 2 ml of medium. After cell 
reattachment, cell growth and viability were followed for up to 5 days 
in the absence or in the presence of 423 nM (5 g mL‑1) or 846 nM 
(10 g mL‑1) ONC or its variants, respectively. For monitoring the 
cell growth, the number of cells was determined by counting the cells 

using a phase contrast microscope (Swift Optics, San Jose, CA, USA). 
The percentage of dead cells was determined by the characteristic 
change in the staining property in the trypan blue exclusion test. The 
assays were run in triplicate.

Clonogenicity. For clonogenicity studies, A‑253 and NCI‑H2452 
cells from exponentially growing cultures were trypsinized and seeded 
at a cell density of 100 to 2 000 viable cells in 4 mL of medium in 
small cell culture flasks (Falcon, Oxnard, CA, USA). Best results were 
obtained with 1 000 viable cells in 4 ml medium. After allowing 
cell reattachment, cultures were treated with 34 nM (0.4 g mL‑1) 
of ONC and its variants. The culture flasks were rinsed after 4 days 
(A‑253) or 11 days (NCI‑H2452) with phosphate buffered saline 
(PBS) and the cells were fixed in 70% (v/v) ethanol and stained with 
1% crystal violet. Colonies containing 50 or more cells were counted. 
The clonogenicity assays were run in triplicate.

Flow cytometry. Cell cycle distributions and incidence of apop-
tosis were measured by flow cytometry. Briefly, A‑253 cells were 
maintained in cultures untreated or treated with either 423 nM or 
846 nM ONC for 1�5 days. The cells were trypsinized, fixed in 
70% (v/v) ethanol and the cellular DNA content, after cell staining 
with the DNA‑specific fluorochrome 4, 6‑diamidino‑2‑phenylindole 
(DAPI) was analyzed. The intensity of fluorescence of at least  
10 000 cells per each sample was measured by Coulter Epics Elite 
flow cytometer/sorter (Coulter/Beckman, Miami, FL, USA). The 
Multicycle program (Phoenix Flow Systems, San Diego, CA, USA) 
was used to analyze the DNA frequency histograms to estimate the 
frequency of cells in different phases of the cell cycle and incidence 
of apoptosis. Other details of flow cytometric analysis are described 
elsewhere.25

Cytotoxicity. The IC50 values were determined using the 
CellTiter‑Bluefi cell viability assay (Promega, Madison, WI, USA). 
Cell suspensions containing 37 500 K‑562 cells mL‑1 were incubated 
with 10 L of sterile solutions of ONC or its variants at various 
concentrations in 96‑well plates for 48 h. The solutions of ONC and 
its variants were diluted in PBS. The CellTiter‑Bluefi reagent (resa-
zurin) was added directly to each well and the plates were incubated 
at 37�C for 30 min. The increase of fluorescent signal was measured 
as a function of time. Every plate contained PBS treated cells and 
medium as a positive and negative control, respectively. Results from 
the cytotoxicity assay are expressed as a percentage of fluorescence 
increase (y) related to the fluorescence increase of PBS treated cells 

Table 1 Thermal stability and relative enzymatic activity  
 of ONC and its variantsa

	O NC variant	 Tm (°C)	 Relative activity (%)
	 ONC	 88.5 ± 0.1	 100b ± 4
	 <E1E-ONC	 87.0 ± 0.1	   41 ± 4
	 <E1P-ONC	 87.7 ± 0.2	   44 ± 8
	 F28A-ONC	 78.1 ± 0.2	   61 ± 7
	 F28T-ONC	 77.4 ± 0.2	   60 ± 4
	 F36A-ONC	 69.6 ± 0.1	   69 ± 3
	 F36Y-ONC	 79.2 ± 0.3	   80 ± 2
	 C87A/C104A-ONC	 69.4 ± 0.1	   66 ± 3

Values of Tm were determined at pH 5.5 by DSC. Activity was determined with yeast RNA as substrate at 
37ěC as described in Materials and Methods. aWith exception of the values for F36A-ONC, data were taken 
from reference 21. bSpecific activity of ONC was 2085 U mg-1 and set as 100%.
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(ymax) and the fluorescence increase of medium (ymin). The IC50 
values were calculated by fitting the data to the equation:

y = ymin + (ymax‑ymin)/(1 + c / IC50)

with c being the concentration of ONC or its variants. All cytotox-
icity assays were repeated at least three times.

REsuLts
Activity and stability of the ONC variants. To correlate the  

cytotoxicity with the conformational stability and/or catalytic 
activity, the transition temperature and the catalytic activity with 
RNA as substrate was determined for ONC and seven variants  
(Table 1). Mutations concerning different regions of the ONC 
molecule affected Tm and the catalytic activity rather differently.  

The impact on the catalytic activity was most pronounced for the  
variants concerning the N‑terminal pyroglutamate as this residue 
is part of the active site. The decrease of activity of the variant 
F36A‑ONC which was additionally used in this study is similar 
to the activity shown by other variants carrying mutations in the 
hydrophobic cluster. In contrast, mutations concerning the central 
hydrophobic cluster mainly affect the thermodynamic stability.21 
The additional variant with the mutation in the hydrophobic cluster 
(F36A‑ONC) resulted in a tremendous (~20�C) decrease in stability, 
comparable in extent to the variant missing the C‑terminal disulfide 
bond.

Growth and viability of A-253 cells. The cell growth and viability 
of adherently growing epidermoid carcinoma A‑253 cells were 
studied in cultures containing 423 or 846 nM ONC or its variants. 
The concentration of 423 nM proved to be optimal to detect differ-
ences in cell growth and viability. Therefore, all described effects 
apply to treatments with 423 nM ONC or its variants.

During the first 24 h, the effect of ONC treatment and its variants 
on cell growth (Fig. 1A) and cell viability (Fig. 1B) was rather minor. 
After 48 h, the differences between untreated and treated cells became 
accentuated, independent of the used ONC variant. At that time, cell 
proliferation was suppressed by approximately 45% compared to the 
exponentially growing untreated cultures. After 72 h, the cell growth 
was reduced by about 64% and slight differences between the vari-
ants appeared and became significant as time increased. Incubation 
for 120 h resulted in a suppression of the cell growth to approxi-
mately 25% for <E1E‑ONC and 29% for <E1P‑ONC whereas the 
proliferation of cells treated with ONC was only 13% in comparison 
to the untreated culture (insert in Fig. 1A).

Similar effects were found in assessing cell viability (Fig. 1B). 
After incubation with ONC or its variants for 120 h, the cell 
viability was reduced by 57 and 59% in the presence of <E1E‑ONC 
and <E1P‑ONC, respectively. For ONC and the ONC variants 
concerning the hydrophobic cluster or the C‑terminus, cell viability 
was reduced by 63�68%, compared to a reduction to 84% for 
untreated cultures.

Clonogenicity. Clonogenicity assays yield information on the 
efficiency of antitumor drugs to affect reproductive cell capability.26 

Figure 1. Effect of ONC and its variants on the A‑253 cell growth (A) and 
viability (B) as a function of time. Cell growth and viability were maintained 
in 50 mm Petri dishes, seeded with 30 000 A‑253 cells in 2 mL medium. After 
cell seeding (S), cells were allowed to attach for 24 h. At time zero 423nM 
ONC (n), <E1E‑ONC (p), <E1P‑ONC (q), F28A‑ONC (n), F28T‑ONC 
(p), F36A‑ONC (q), F36Y‑ONC (n), or C87A/C104A‑ONC (p) were 
added. As control, cells were incubated without ONC (l). Cell growth  
suppression after incubation with ONC and its variants for 120 h is shown 
in the insert of (A) as relative cell number in comparison to the untreated 
culture.

Table 2	 Number of colonies in A-253 and NHI-H2452 
 cultures and IC50 values after treatment with   
 ONC or its variants

	O NC variant	 number of colonies	 IC50 (µM) 
	                            A-253 cultures       NHI-H2452 cultures	 K-562 cells
	 Control	 1712 ± 64	 119.0 ± 5.5
	 ONC	  436 ± 21	     6.5 ± 0.7	  0.9 ± 0.1
	 <E1E-ONC	   976 ± 197	   29.0 ± 2.1	  9.9 ± 2.1
	 <E1P-ONC	  1108 ± 162	   34.8 ± 2.1	 15.0 ± 1.3
	 F28A-ONC	  584 ± 34	   25.3 ± 1.4	  4.3 ± 0.4
	 F28T-ONC	  556 ± 37	   26.5± 0.7	  3.7 ± 0.6
	 F36A-ONC	  530 ± 15	   23.5 ± 0.7	  3.9 ± 1.1
	 F36Y-ONC	  498 ± 27	   21.0 ± 0.8	  2.7 ± 0.5
	 C87A/	  758 ±  29	   27.5 ± 2.1	  4.6 ± 0.4 
	 C104A-ONC

The IC50 values were determined using the CellTiter-Blue® cell viability assay as described in Materials 
and Methods.




