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ABSTRACT:

The ribonuclease inhibitor (RI) is a cytosolic
protein and a potent inhibitor of bovine pancreatic ribonuclease (RNase A). Amphibian homologues and variants
of RNase A that evade RI are cytotoxic. Here, we employ
RNA interference along with amphibian and mammalian
ribonucleases to demonstrate that RI protects cells against
exogenous ribonucleases. These data indicate an imperative for the molecular evolution of RI and suggest a means
of enhancing the cytotoxicity of mammalian ribonucleases.

Cells have evolved means of controlling the catalytic activities
of enzymes that would otherwise be toxic. The enzymes that
degrade proteins and nucleic acids, the conveyors of biochemical
information, are especially worrisome in this regard. Consequently, many proteases are synthesized as zymogens, which
are activated in an appropriate spatial and temporal manner.
Some proteases also have cognate inhibitor proteins that protect
cellular proteins against deleterious degradation. Although no
natural zymogens of ribonucleases are known (1), cognate
inhibitor proteins do exist. One, the ribonuclease inhibitor
protein (RI),1 is especially notable.
RI is a cytosolic protein that has been detected in all examined
mammalian cell types (2). RI binds with femtomolar affinity to
bovine pancreatic ribonuclease (RNase A), as well as mammalian
homologues (Figure 1A) (3-6). Although these ribonucleases are
secretory enzymes, they are able to invade mammalian cells and
degrade cellular RNA, including siRNA (7). The binding of
ribonucleases to RI prevents the manifestation of their ribonucleolytic activity in the cytosol, disarming them as cytotoxins (8).
Onconase (ONC) and other amphibian homologues of
RNase A do not bind to RI under physiological conditions
(10, 11). These amphibian ribonucleases demonstrate potent
toxicity toward tumor cells, in particular (12, 13), and ONC is on
the verge of approval as a second-line chemotherapeutic agent
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for malignant mesothelioma. Like ONC, engineered variants of
both RNase A (14, 15) and its human homologue (5, 16) that
evade RI are cytotoxic (17). Their cytotoxic activity correlates
strongly with their catalytic activity in the presence of RI (15, 18,
19). These self-consistent observations were confounded by a
recent publication, which concluded that the role of RI is only to
neutralize those ribonucleases that are intrinsically cytotoxic (20).
In other words, RI might not be a guardian against ribonucleases,
despite its extraordinary affinity for these enzymes (3-6). Herein,
we have examined this conclusion, which is critical to the understanding of the biological role of both ribonucleases and RI.
We employed RNA interference [RNAi (21, 22)] to silence
cytosolic RI and thereby impair the putative protection afforded
by the inhibitor. We examined the effects of RI silencing in three
human cell lines: HeLa (cervix), K-562 (bone marrow), and Hep3b (liver). Cells that contained normal or silenced levels of RI
were exposed to both RI-evasive and nonevasive ribonucleases.
Plasmid pGE-pos, which directs the transcription of a short
hairpin RNA (shRNA) that targets RI, was capable of reducing
RI production in all three cell lines. Analysis of the lysates of the
cells transfected with pGE-pos or GE-neg (which directs the
expression of an shRNA that does not have significant similarity
to any sequence in the human genome) indicated that the
knockdown of RI was substantial. Still, bands indicative of low
levels of RI were present in the lysates of all three cell lines
(Figure 1B). Normalizing the intensity of these bands to the
intensity of an actin control (Figure 1B) and known amounts of
RI (Figure 1C) enabled quantitation of the extent of knockdown
to be 85-93% (Figure 1D). These values are typical for RNAimediated knockdown (21, 22). Next, we tested the susceptibility
of cells transfected with pGE-pos or pGE-neg to RI-evasive and
nonevasive ribonucleases. These ribonucleases were ONC, an
RNase A variant (G88R RNase A) that has diminished affinity
for RI but retains full ribonucleolytic activity (14), and wild-type
RNase A.
Human cells transfected with pGE-pos or pGE-neg were
equally vulnerable to ONC (Figure 2 and Table 1). This finding
is consistent with the lack of affinity of RI for ONC (10, 11) and
demonstrates that RI does not neutralize every foreign ribonuclease that is intrinsically cytotoxic. Importantly, this finding also
indicates that any nonspecific silencing by RNAi, which has been
observed in other systems (23), is not an issue in our system.
In contrast to their response to ONC, human cells transfected
with pGE-pos or pGE-neg were not equally vulnerable to G88R
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RNase A (Figure 2 and Table 1). The level of proliferation of cells
exposed to this variant decreased substantially upon knockdown
of RI. Clearly, RI modulates the effect of exogenous ribonucleases on human cells. The increased vulnerability (4.3-6.7-fold)
is close to that expected for cells that have lost 85-93% of their
RI (Figure 1D). The order of the imposed effects correlates as
well (HeLa > K-562 ≈ Hep-3b). These data are consistent with

FIGURE 1: (A) Structure of the porcine RI 3 RNase A complex

[PDB entry 1dfj]. (B) Immunoblot of a lysate (30 μg of total protein)
from HeLa, K-562, and Hep-3B cells transfected with pGE-neg or
pGE-pos, and probed with anti-RI or anti-actin antibodies.
(C) Immunoblot of RI (5-100 ng) probed with an anti-RI antibody.
(D) Bar graphs showing quantitation of the data in panels A and B:
(white bars) pGE-neg and (black bars) pGE-pos. Values indicate the
extent of knockdown.

the overproduction of RI conferring human cells with additional
protection against a ribonuclease (24).
Finally, human cells transfected with pGE-pos or pGE-neg
were equally vulnerable to wild-type RNase A (Figure 2 and
Table 1). What is the expectation here? The cytosolic concentration of RI is ∼4 μM in a wide variety of cell types (24). In vitro,
the value of its Ki is 44 fM for RNase A (3). In cellulo, this value
is substantially lower due to the effects of molecular crowding
(25, 26). Accordingly, the concentration of RNase A in the
cytosol must reach a high level to manifest measurable toxicity.
The translocation of ribonucleases to the cytosol is, however,

FIGURE 2: Graphs showing the effect of ribonucleases on the
proliferation of HeLa, K-562, and Hep-3B cells transfected with
pGE-pos or pGE-neg. Cell proliferation was measured by monitoring the incorporation of [methyl-3H]thymidine into genomic DNA.
Data points indicate the mean ((standard error) of three separate
experiments conducted in triplicate: (white symbols) pGE-neg and
(black symbols) pGE-pos. IC50 values are listed in Table 1.

Table 1: Effect of RI Knockdown on the Inhibition of Cell Proliferation by Ribonucleases [IC50 ( μM)]

HeLa
K-562
Hep3b

cell line

ONC

pos
ICneg
50 /IC50

G88R RNase A

pos
ICneg
50 /IC50

RNase A

pos
ICneg
50 /IC50

negative
positive
negative
positive
negative
positive

0.9 ( 0.2
0.8 ( 0.2
0.49 ( 0.07
0.51 ( 0.06
0.14 ( 0.03
0.13 ( 0.03

1.1 ( 0.4

67 ( 11
10 ( 2
4.5 ( 0.6
0.97 ( 0.09
13 ( 2
3.0 ( 0.9

6.7 ( 1.1

>200
>200
>200
>200
>200
>200

;
;
;
;
;
;

0.96 ( 0.18
1.1 ( 0.3

4.6 ( 0.8
4.3 ( 1.5
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inefficient (27, 28). Thus, retaining 7-15% of its RI (Figure 1D)
could certainly afford a cell with adequate defense against
RNase A, which was observed here (Figure 2 and Table 1).
The absence of an effect cannot be interpreted to mean that
RNase A lacks intrinsic cytotoxicity. Indeed, the microinjection
of wild-type RNase A to a concentration of only 29 pM was
found to be cytotoxic to amphibian cells (29), which lack RI
and are defenseless against mammalian ribonucleases. In that
study, RNase A was at least as cytotoxic as ricin and diptheria
toxin, and 102-fold more cytotoxic than R-sarcin.
Our findings have practical consequences. Gene therapy regimens that employ RNAi are not on the immediate horizon.
In contrast, the use of small-molecule antagonists to interfere
with protein-protein interactions is achieving notable success
(30-32). The interface in the human RI 3 RNase 1 complex
contains 19 hydrogen bonds within its 2800 Å2 of buried surface
area (5). Our data indicate that this interface, though unusually
large and polar, is an opportune target for antagonists, which
could enhance the cytotoxicity of an exogenous or endogenous
mammalian ribonuclease. Work to discover such antagonists is
ongoing in our laboratory.
SUPPORTING INFORMATION AVAILABLE
Experimental procedures. This material is available free of
charge via the Internet at http://pubs.acs.org.
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